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Abstract

Resolution of inflammation is an active process that is tightly regulated to achieve
repair and tissue homeostasis. In the absence of resolution, persistent inflamma-
tion underlies the pathogenesis of chronic lung disease such as chronic obstruc-
tive pulmonary disease (COPD) with recurrent exacerbations. Over the course
of inflammation, macrophage programming transitions from pro-inflammatory
to pro-resolving, which is in part regulated by the nuclear receptor Peroxisome
Proliferator-Activated Receptor y (PPARY). Our previous work demonstrated an
association between Fatty Acid Binding Protein 5 (FABP5) expression and PPARy
activity in peripheral blood mononuclear cells of healthy and COPD patients.
However, a role for FABP5 in macrophage programming has not been examined.
Here, using a combination of in vitro and in vivo approaches, we demonstrate
that FABPS is necessary for PPARy activation. In turn, PPARy acts directly to
increase FABP5 expression in primary human alveolar macrophages. We fur-
ther illustrate that lack of FABP5 expression promotes a pro-inflammatory mac-
rophage programming with increased secretion of pro-inflammatory cytokines
and increased chromatin accessibility for pro-inflammatory transcription factors
(e.g., NF-kB and MAPK). And finally, real-time cell metabolic analysis using the
Seahorse technology shows an inhibition of oxidative phosphorylation in FABP5-
deficient macrophages. Taken together, our data indicate that FABP5 and PPARy
reciprocally regulate each other's expression and function, consistent with a
novel positive feedback loop between the two factors that mediates macrophage
pro-resolving programming. Our studies highlight the importance of defining tar-
gets and regulatory mechanisms that control the resolution of inflammation and

may serve to inform novel interventional strategies directed towards COPD.
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1 | INTRODUCTION

Chronic inflammation underlies the pathogenesis of many
chronic lung diseases. Thus, defining mechanisms by
which pulmonary inflammation is regulated and resolved
is highly significant to understanding disease processes.
Macrophages are a hub for the resolution of inflammation,
including engulfment of apoptotic cells and activation of
anti-inflammatory and repair processes."”” Macrophages
are known to generate cytokines (e.g., interleukin
(IL)-6, tumor necrosis factor (TNFw), etc.) that alert the
body in response to infection or injury (pro-inflammatory
programming) but can also secrete anti-inflammatory cy-
tokines (e.g., IL-10, IL-33) that promote repair at the cellu-
lar and tissue level (pro-resolving programming).

In chronic obstructive pulmonary disease (COPD),
although cigarette smoking is the cardinal risk factor, re-
peated and sustained infections are clearly linked to non-
resolving inflammation and are responsible for COPD
exacerbations.® Interestingly, COPD exacerbations are a
risk factor for additional exacerbations, suggesting that
un-resolving chronic inflammation predisposes individ-
uals for future episodes.* However, macrophage recruit-
ment and function during COPD are a matter of debate.
Several studies have demonstrated that COPD macro-
phages are not only increased in number, but also differ
in function with an increased pro-inflammatory over pro-
resolving programming.>® Thus, understanding mecha-
nisms of macrophage polarization could be important in
the treatment of COPD.

Peroxisome Proliferator-Activated Receptor y (PPARY)
activation is required for the pro-resolving programming
of macrophages but has been shown to be impaired in
COPD.” It is a ligand-dependent transcription factor and
a member of the nuclear receptor superfamily,® and has
been shown to have pro-resolving capabilities.”*° PPARy
agonists were shown to dampen macrophage activation
in vitro,""** and as such PPARy has been targeted for
therapeutic interventions."* However, PPARy regulates a
diverse spectrum of physiological processes and the use
of synthetic PPARYy ligands has been associated with nu-
merous off-target effects.'*'> Therefore, exploring alterna-
tive mechanisms of PPARy activation could lead to novel,
better-targeted therapies available to patients with COPD
and other diseases associated with chronic inflammation
of the airways.

Fatty Acid Binding Proteins (FABPs) may promote anti-
inflammatory functions by transporting anti-inflammatory
mediators, among them ligands for PPARy.'*"'® FABPs are
a family of small, highly conserved, cytoplasmic proteins
that bind long-chain fatty acids and other hydrophobic
ligands and are involved in fatty acid uptake, transport,
and metabolism.' As such, they have the potential to

contribute to either pro- or anti-inflammatory properties
of immune cells based on their binding partners. Fatty
Acid Binding Protein 5 (FABP5), one of the FABPs ex-
pressed in macrophages, is suggested to sequester anti-
inflammatory mediators from their target, creating a
pro-inflammatory environment.”*** However, we have
shown that FABP5-deficient mice develop increased in-
flammation following influenza A infection that persists
long after wild type mice recovery, likely indicating a
complex role for FABP5 in modulating inflammatory re-
sponses in vivo.

While exploring the potential for signaling between
FABP5 and PPARY, we have previously demonstrated that
FABP5 expression is necessary to promote PPARYy activity
and that FABP5 expression and PPARy activity are posi-
tively correlated in human peripheral blood mononuclear
cells (PBMCs).** However macrophages are the critical
cell type in the resolution of inflammation. Here, we ex-
tend our previous work to identify and characterize a novel
role for FABP5/PPARYy crosstalk in macrophage polariza-
tion using multiple in vitro and in vivo approaches. Our
data demonstrate for the first time in macrophages that (1)
FABP5 and PPARy physically interact with one another,
and that FABP5 expression increases PPARy activity, (2)
in turn, PPARy increases FABP5 expression through di-
rect transcriptional modulation, and (3) lack or reduc-
tion of FABP5 increases macrophage pro-infammatory
programming. Altogether, these results support FABP5
as a promising alternative therapeutic target to stimulate
PPARy-induced macrophage pro-resolution in chronic in-
flammatory lung diseases such as COPD.

2 | MATERIALS AND METHODS
2.1 | RNA in situ hybridization
(RNAscope)

Advanced Cell Diagnostics (ACD) designed and gener-
ated probes and reagent kits for RNA in situ hybridization.
The probes and reagents are based on ACD proprietary
RNAscope technology that integrates probe design with
signal amplification and detection to achieve single-
molecule detection. We followed the procedure instruc-
tions provided by the manufacturer.

2.2 | Cell culture and patient
tissue samples

BEAS-2B cells (ATCC) were cultured in Dulbecco's
Modified Eagle Medium (DMEM; Corning) containing
L-glutamine and 4.5 g/L glucose, supplemented with 10%
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fetal bovine serum (VWR) and 1% penicillin/streptomy-
cin (Corning). The human monocytic THP-1 cells (ATCC)
were cultured in RPMI-1640 supplemented with 10%
heat-inactivated fetal bovine serum (FBS), beta mercap-
toethanol (0.05 mM), penicillin (100 U/ml), and strepto-
mycin (0.1 mg/ml). Monocyte-derived macrophages were
obtained by differentiation with PMA (10 nM) for 72 h.
Primary human alveolar macrophages were obtained from
the Human Lung Tissue Consortium at National Jewish
Health. Cells were plated on 150 mm plates to allow mac-
rophages to adhere for 2 h in DMEM (Corning) containing
L-glutamine and 4.5 g/L glucose, supplemented with 10%
fetal bovine serum (VWR), 1% penicillin/streptomycin
(Corning) and 2.5 pg/ml Amphotericin B (Sigma).

2.3 | Flag and Myc immunoprecipitation
BEAS-2B cells were transfected with mPPARy-flag
[PCS4 3XFlag-PPARgammal was a gift from Jaewhan
Song (Addgene plasmid # 78769)]*> and mFABP5-c-
Myc (OriGene plasmid #MR200811) constructs using
Lipofectamine 2000 (Invitrogen). Cells were washed with
ice-cold PBS and lysed in lysis buffer (50 mM HEPES-
KOH, pH 7.4; 1 mM EDTA; 150 mM NaCl; 10% glycerol;
0.5% Triton X-100) supplemented with protease inhibi-
tors (Thermo Scientific) for 30 min at 4°C followed by
centrifugation at 15 000 rpm for 15 min at 4°C. Cleared
protein lysate was quantified using BCA assay (Thermo
Scientific). One hundred pg of proteins were immunopre-
cipitated overnight at 4°C using flag (Sigma) or Myc con-
jugated beads (Pierce). Beads were washed 3 times before
elution with Laemmli buffer, and Western blot was per-
formed as outlined below.

2.4 | Western blot

Cells were washed with ice-cold PBS and lysed in lysis
buffer (50 mM HEPES-KOH, pH 7.4; 1 mM EDTA,;
150 mM NacCl; 10% glycerol; 0.5% Triton X-100) supple-
mented with protease inhibitors (Thermo Scientific) for
30 min at 4°C followed by centrifugation at 15 000 rpm
for 15 min at 4°C. Cleared protein lysate was quantified
using BCA assay (Thermo Scientific). Protein extracts
were denatured in Laemmli buffer (Bio-rad) for 10 min at
70°C and loaded onto precast 4%-12% bis-tris protein gels
(Invitrogen). Proteins were transferred onto PVDF mem-
branes (Bio-rad) using Novex Minicell (Invitrogen) per
manufacturer's instructions. Membranes were blocked
using 5% BSA in TBST for 1 h and incubated overnight
at 4°C with the appropriate antibody in 5% BSA in TBST.
Membranes were washed 3 times and incubated with
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HRP-conjugated secondary antibodies unless using HRP-
conjugated primary antibody. Membranes were visualized
using Luminata Forte Western HRP substrate (Millipore)
on a Biorad ChemiDoc imaging system. Densitometry was
performed using grayscale measurements in ImageJ soft-
ware (NIH) and normalized to the loading control when
appropriate. A list of the antibodies used can be found in
Table S1.

2.5 | Mouse models

FabpS_/ ~ mice, on a C57BL/6J background, were
kindly provided by Dr. Gokhan Hotamisligil at Harvard
University (Boston, MA). All experimental animals used
in this study were covered under protocols approved by
the Institutional Animal Care and Use Committee of
National Jewish Health.

To reconstitute FABPS5 in vivo in alveolar macrophages,
we used our previously described mouse FABP5 lentivi-
ral vector.”* Intranasal administration of either the lenti-
FABPS5 or lenti-control vectors was performed on 6-week
old FabpS_/ ~ mice. The amount of 1 X 10° TU of lenti-
FABP5 or lenti-control vectors were administered per
mouse as described previously.**

Two weeks after intranasal treatment, FabpS_/ ~ mice
were exposed to smoke from non-filtered research ciga-
rettes (2R4; University of Kentucky, Lexington, Kentucky,
USA), 5 h a day for 6 months using a Teague-10 smoke
chamber. The mice were exposed to a mixture of main-
stream (11%) and sidestream (89%) cigarette smoke with
a carbon monoxide (CO) concentration of 190 to 300 ppm
and a total suspended particle (TSP) of 85 to 120 mg/m>.*
Between exposures, mice were housed in a holding room
with circulating filtered air and given free access to water
and standard rodent chow. Control mice were exposed
to filtered air. On the last day of air or cigarette smoke
exposure, animals under anesthesia were infected with
Pseudomonas aeruginosa (10° CFU/mouse) or saline (con-
trol) by oropharyngeal aspiration and euthanized 16 h later
by intraperitoneal injection of Fatal Plus (2 ul/g of body
weight) and tracheotomized. The lungs were perfused
with 10 ml phosphate buffered saline (PBS). Right lung
lobes were used for PPARy activity assay. Left lung lobes
were inflated and fixed in 10% phosphate-buffered forma-
lin for immunofluorescence and confocal microscopy.

2.6 | Immunofluorescence and
confocal microscopy

Inflated and fixed mouse left lung lobes were paraffin-
embedded and cut into 5 pm sections. Human lungs were
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obtained from the Human Lung Tissue Consortium at
National Jewish Health from transplant donors with lungs
unsuitable for transplantation. Excised human lungs were
dissected from segmental bronchi to distal airways. Each
dissected lung tissue specimen was fixed in 10% neutral
buffered formalin for 24-36 h, paraffin-embedded and cut
into 5 pm sections. Sections were deparaffinized, rehy-
drated, and antigen retrieval performed, which consisted
of boiling slides in a microwave pressure cooker (Tender
Cooker; NordicWare) for 10 min in 0.01 M citrate buffer
(pH 6.0). After blocking with 10% normal goat serum
(Sigma) in PBS for 1 h, tissue sections were incubated with
primary antibodies. Secondary antibodies were applied
for 1 h. Sections were mounted with Vectashield medium
containing DAPI, and cells were analyzed using a Zeiss
LSM 700 confocal microscope and Zen Black software
package (Carl Zeiss MicroImaging) with 10 X 63 magnifi-
cation. A list of antibodies used can be found in Table S1.

2.7 | PPARy activity assay

Frozen lung tissues were pulverized and homogenized in
nuclear protein extraction buffer to extract nuclear pro-
teins following manufacturer's instructions (Active Motif,
Carlsbad, CA). Nuclear proteins (20 pg per sample) were
used to perform PPARy ELISA (Active Motif, Carlsbad,
CA) to quantify PPARy activation. The results are ex-
pressed as absorbance read at 450 nm with a reference
wavelength at 650 nm.

2.8 | KEGG pathway analysis

We accessed RNA-seq data available in the NCBI Gene
Expression Omnibus (GEO Accession #GSE57148) from
a study examining lung tissues of healthy and COPD pa-
tients.”” We separated the samples into two groups based
on FABP5 mRNA levels (Figure S1) (FABP5"€", 10 high-
est; FABPSIOW, 10 lowest), and then performed differential
expression analysis between the two groups across the
genome-wide dataset. Genes with significantly greater ex-
pression (>2-fold, p < .05) in FABP5"€" vs FABP5"Y sam-
ples were then subjected to the KEGG pathway analysis
using the DAVID Functional Annotation Tool (v6.8; david.
ncifcrf.gov).

2.9 | Quantitative PCR

RNA was isolated from cell pellets using the QIAGEN
RNeasy Plus kit per manufacturer's instructions. 10 ng/ul
RNA was used with the Tagman RNA-to-Ct 1-Step kit

(Applied Biosystems) to perform qRT-PCR as previously
described” for FABP5 (Hs02339439_g1, amplicon length
91) and GAPDH (Hs03929097_gl1, amplicon length 58)
as an internal control. The comparative threshold cycle
method was used to calculate the relative mRNA expres-
sion level of FABP5.

210 | Chromatin immunoprecipitation
and qPCR

Primary human alveolar macrophages were treated with
Rosiglitazone (10 pM) or vehicle (DMSO) for 1 h. Cells
were then fixed with 1% formaldehyde, lysed, and chro-
matin was sonicated to obtain chromatin fragments of 200
to 1000 base pairs as previously described.”® Chromatin
immunoprecipitations (ChIP) were performed using 3 pg
of PPARy antibody (Diagenode C15410367) or Rabbit
Polyclonal IgG (BioLegend, clone Poly29108) and nutated
for 2 h at 4°C with ChIP-Grade Protein G Magnetic Beads.
Following cross-link reversal, DNA was purified using
the ChIP DNA Clean and Concentrator kit from Zymo
Research. Enrichment of target DNA sequences was an-
alyzed by quantitative PCR (qPCR) using SYBR Green.
ChIP-gPCR primer sequences can be found in Table S2.

2.11 | Lentivirus-mediated FABP5
knockdown and bone marrow-derived
macrophages

THP-1 cells were transduced with either GFP-tagged
pLL3.7-shFABP5 or pLL3.7-shFirefly luciferase as previ-
ously described.”

BMDM were generated in vitro by flushing bone mar-
row from mouse tibias and femurs. Progenitor cell suspen-
sions were cultured for 7 days in DMEM containing 10%
FBS, 100 U/ml penicillin, 100 ug/ml streptomycin and
20 ng/ml M-CSF (Peprotech). Macrophage differentiation
was confirmed by flow cytometry (>95% positive for F4/80
and CD11b).

2.12 | Macrophage polarization

For THP-1 cells, following shRNA transduction which
itself promotes pro-inflammatory programming, the cells
were treated with IFNy + LPS (20 ng/ml and 10 pg/ml,
respectively) for 72 h. Cells were then scraped,
counted using trypan blue exclusion, and stained using
HLA-DR APC (BioLegend 307610). To identify the
pro-inflammatory macrophage population, we gated
on GFP+ live cells (positive for shRNA transduction),
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excluded doublets, and finally gated on HLA-DR" cells.
Samples were acquired using a LSR Fortessa Flow
Cytometer (BD), and data analyzed using the FlowJo
10.6 software (Tree Star, Inc.).

For BMDM, after 6 days of culture, cells were scraped,
counted and plated at 100 000 cells/well in a 96-well plate,
and treated with IL-4 (20 ng/ml) or IFNy + LPS (20 ng/ml
and 10 pg/ml, respectively) for 72 h. Supernatants were re-
moved and frozen at —80°C until cytokine determination.

2.13 | Cytokine determination

Human cytokines from THP-1 cell supernatants were
measured using ELISA MAX (BioLegend) for IL-10, and
human IL-6 Elisa kit (abcam). Cytokine concentrations
in BMDM cell supernatants were measured using the
MSD Pro-inflammatory panel 1 (mouse) kit (Meso Scale
Discovery) per manufacturer's instructions.

2.14 | Assay for transposase-accessible
chromatin by sequencing and
computational analysis

Bone marrow-derived macrophages (BMDM) were
washed twice with 1X PBS and collected by scraping prior
to counting. Approximately 50 000 cells were pelleted and
processed in duplicate for Omni-ATAC-seq as described
previously.* Uniquely indexed libraries were pooled and
sequenced on an Illumina NovaSeq 6000 using 150 bp
paired-end reads at the Genomics Shared Resource at the
University of Anschutz Medical Campus.

Assay for transposase-accessible chromatin by se-
quencing (ATAC-seq) reads were trimmed for adapters,
length and quality using the bbduk tool from the BBMap
Suite (v. 38.05) with arguments ‘ref = adapters.fa ktrim =
r qtrim = 10 k = 23 mink = 11 hdist = 1 ftr = 36 maq =
10 minlen = 20’. Quality control was monitored both pre-
and post-trim for all samples using FastQC (v. 0.11.8).
Trimmed reads were mapped to the mouse genome
(mm10; downloaded from http://igenomes.illumina.com.
s3-website-us-east-1.amazonaws.com/Mus_musculus/
UCSC/mm10/Mus_musculus_UCSC_mm10.tar.gz on
December 21, 2021, with corresponding hisat2 index files)
using hisat2 (v. 2.1.0) in ‘--very-sensitive’ mode. Resulting
SAM files were converted to sorted BAM files using sam-
tools (v. 1.3.1) and then passed to MarkDuplicates (Picard
v. 2.6.0) with setting ‘REMOVE_DUPLICATES = true’ to
remove PCR and sequencing duplicates. Deduplicated
BAM files were converted to bedGraph format and sorted
using genomeCoverageBed and sortBed, respectively,
from the BEDTools suite (v. 2.25.0). Read coverage was
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normalized to reads per million mapped using a custom
python script and normalized bedGraphs were converted
to TDF format using to TDF from igvtools (v. 2.3.75) for
visualization in the Integrative Genomics Viewer (IGV).
Peak calling was performed using MACS2 (v. 2.1.1) call-
peak with ‘--SPMR -f BAMPE -q 0.00001’ arguments
on sorted deduplicated BAM files for each pair of repli-
cates, after which ENCODE-blacklisted regions (down-
loaded from https://github.com/Boyle-Lab/Blacklist/
blob/master/lists/mm10-blacklist.v2.bed.gz on December
20, 2021) were removed using bedtools intersect ‘v’ to
yield clean peak files. Clean peak files were subjected to
Transcription Factor Enrichment Analysis (TFEA; v. 1.1.4;
https://github.com/Dowell-Lab/TFEA®") to detect differ-
ential central enrichment of consensus binding motifs
represented in the HOCOMOCOV11 core mouse database
(downloaded from https://hocomocoll.autosome.ru/
final_bundle/hocomocol1/core/MOUSE/mono/HOCOM
OCOv11l_core_ MOUSE_mono_meme_format.meme on
December 24, 2021; mapped with a p-value cutoff of 1e-5),
as described in detail in Ref. [32]. Enrichment scores
(E-scores) for each motif were calculated and corrected for
sequence content to reduce known biases associated with
local GC enrichment and p-values are determined using
Z-scores.

2.15 | Metabolic phenotyping

Oxygen consumption rate (OCR) was measured using
the Agilent Seahorse XFe96 Bioanalyzer. Macrophages
(5 x 10" per well) were plated in quadruplets onto
Seahorse 96-well plates and pre-incubated in Seahorse XF
media (DMEM, 10 mM glucose, 1 mM sodium pyruvate
2 mM glutamine, pH 7.4) at 37°C for 1 h in a non-CO,
incubator. OCR was measured under basal conditions
and after sequential addition of Oligomycin, Carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
and Rotenone/Antimycin A following manufacturer’s in-
structions. Each measured value was reported on Wave
software (Agilent Technologies) and normalized to the
number of cells in each well. The cell count per well was
determined by fluorescent cell counting using the BioTek
Cytation 1/5 instrument.

2.16 | Statistical analysis

Data are expressed as mean + SEM. Statistical tests were
performed using Prism 8 software (GraphPad). One-way
analysis of variance was used for multiple comparisons,
and Tukey's post-hoc test was applied where appropri-
ate. Student's t-test was used when only two groups were
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compared. Differences were considered statistically sig-
nificant when p < .05.

3 | RESULTS
3.1 | FABP5 colocalizes and interacts
with PPARy

To determine whether PPARy and FABP5 are co-
expressed, we used the RNAscope assay to show that
the mRNA of both PPARy and FABP5 were detected in
human lung macrophages (Figure 1A). Next, to determine
whether PPARy and FABP5 physically interact with one
another, we transfected BEAS-2B cells, a human airway
epithelial cell line exhibiting low PPARy and FABP5 ex-
pression under basal culture conditions, with expression
plasmids for mouse Ppary and mouse Fabp5 that were
respectively tagged with Flag and Myc. Upon Fabp5-
Myc immunoprecipitation, Ppary could be detected in
the pull down (Figure 1B) and reciprocally, following
Ppary-Flag immunoprecipitation, Fabp5 could be de-
tected (Figure 1C), consistent with a physical interaction
between FABP5 and PPARy under these conditions. We
further observed FABP5, PPARy and CD68 colocalization
in alveolar macrophages from human lung tissues using
immunofluorescence (Figure 1D). Taken together, these
data indicate that FABP5 and PPARy physically interact
and colocalize with one another in human lung cells.

3.2 | FABP5 expression modulates PPARy
activity in vivo

We next asked whether FABP5 expression augments
PPARy activity in vivo. We took advantage of our pre-
viously described mouse model of FABP5 lentiviral

s FABP5
Non PPARy
transfected co-transfected
ws: P> @8 60kDa ws: P
PPARy PPAR y
: 15 kDa WB:
wa: P> Bl i
FABP5
IP: Myc - + - + IP: Flag

transfected  co-transfected

re-expression in FABP5-deficient macrophages.** To
mimic a COPD exacerbation, mice were exposed to
6-months of cigarette smoke followed by P. aeruginosa
infection and harvested 16 h later (Figure 2A). We first
confirmed using immunofluorescence that PPARy colo-
calized with FABP5 in mouse alveolar macrophages that
received Lenti-FABP5 (Figure 2B). We next compared
PPARYy activity between mice that received Lenti-control
and mice that received Lenti-FABP5. Interestingly,
PPARY activity was significantly enhanced in mouse lung
tissue that received Lenti-FABPS5 (Figure 2C). In further
demonstration of FABP5 modulation of PPARy in COPD
pathogenesis, we used previously deposited RNA-seq data
(GSE57148) (Figure S1) to show that the PPARy pathway
was the most significantly enriched pathway in human
lungs with high levels of FABP5 expression, followed by
lysosomal and phagosomal pathways along with lipid
metabolism (Figure 2D). In aggregate, our data suggest
that FABP5 can enhance PPARy activity in vivo in lung
macrophages.

3.3 | FABP5is a direct transcriptional
target of PPARy

To examine whether FABP5 expression is recipro-
cally controlled by PPARy, human monocyte-derived
macrophage THP-1 cells were treated with the PPARy
agonist Rosiglitazone. Rosiglitazone increased both
FABP5 mRNA (Figure 3A) and protein expression
(Figure 3B). Furthermore, publicly available PPARy ChIP-
seq peaks previously generated in mouse macrophages33
were visualized in the UCSC Genome Browser at the
Fabp5 locus (Figure S2). Two PPARy ChIP-seq peaks were
identified within 10 kb down-stream of the Fabp5 coding
region (Figure S2A). Both peaks correspond to regions of
moderate-to-high conservation with the human genome.

(D)

FABP5
Non PPARy

& S 60«2

‘ 15 kDa

+ - +

FIGURE 1 FABPS5 and PPARy are binding partners in cells from human lungs. (A) FABP5 and PPARy mRNA expression were detected
using RNAscope multiplex dual-fluorescent assays in human lung tissue. Scale Bar 20 um. Representative picture of 6 independent donor

lungs. (B and C) BEAS-2B cells were left non transfected or were co-transfected with Fabp5-Myc and Ppary-Flag. Cell lysates (—) or
immunoprecipitated samples (+) were run on a SDS gel, transferred onto a nitrocellulose membrane and Western blotted for PPARy (Top)
or FABPS5 (Bottom). (B) Myc immunoprecipitation. (C) Flag immunoprecipitation. (D) FABP5 and PPARY colocalization in CD68-positive
cells in human lung tissue. Scale bar 10 um. Representative picture of six independent donor lungs
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FIGURE 2 FABP5 promotes PPARYy activity. (A) Schematic of the reconstitution of FABP5 expression using a lentivirus in FABP5-
deficient mice by intranasal instillation. (B) FABP5 and PPARYy colocalization in CD68-positive cells in lung tissues of FABP5-deficient

mice reconstituted with Lenti-FABP5 and exposed to cigarette smoke and bacterial infection. Representative picture of two independent
experiments with 4-5 mice in each group. (C) PPARy activity measured by an ELISA-based assay in whole lung of FABP5-deficient mice
reconstituted with Lenti-Control (green) or Lenti-FABP5 (red) and exposed to cigarette smoke and bacterial infection. *p < .05. n = 4 mice
per group. (D) KEGG pathway analysis of genes significantly enriched by at least 2-fold among FABP5"®", compared to FABP5"" expression
among healthy human and COPD lung samples. Data were analyzed from a previous RNA-seq study (GSE57148)*

Transcription factor binding motif analysis using the
MatlInspector software (Genomatix) uncovered matches
to the PPARy consensus binding sequence within both
PPARy ChIP-seq peaks; however, only the binding site
match within peak 2 exhibited high conservation between
mice and humans (Figure S2B). Additional binding motif
analysis indicated that the human ortholog of the con-
served peak 2 region contains at least 3 matches to the

PPARy consensus binding motif (Figure S2C). We con-
firmed increased PPARy occupancy at all three sites by
performing ChIP-qPCR in primary human alveolar mac-
rophages (Figure 3C). Overall, these results demonstrate
that PPARy acts directly to increase FABP5 expression
in primary human alveolar macrophages, and in context
with the findings above, indicate that FABP5 and PPARy
exert reciprocal regulatory effects on one another.
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FIGURE 4 FABP5-deficiency promotes pro-inflammatory macrophage programming. (A) HLA-DR surface expression determined

by flow cytometry and inflammatory cytokines measured in the supernatant of THP-1 cells transduced with Luciferase shRNA (blue) or
FABP5 shRNA (red) and treated with IFNy and LPS for 72 h. *p < .05, **p < .01. (B) Inflammatory cytokines measured in the supernatant of
WT (blue) or FABP5~/~ (red) BMDM treated with IFNy and LPS for 72 h. **p < .01. (C) IL-10 measured in the supernatant of THP-1

cells transduced with Luciferase shRNA (blue) or FABP5 shRNA (red) and treated with IFNy and LPS for 72 h. **p < .01. (D) IL-10 and IL-
33 measured in the supernatant of WT (blue) or FABP5~/~ (red) BMDM treated with IL-4 for 72 h. Rk <0001

3.4 | FABP5 expression modulates
macrophage polarization

To probe the biological significance of FABP5 and PPARy
interaction, we investigated macrophage polarization.
Indeed, deletion of PPARy in macrophages gravely im-
pairs their ability to induce oxidative metabolism with
reduced rates of fatty acid p-oxidation.** Consequently,
PPARy null macrophages are unable to fully ac-
quire the anti-inflammatory phenotype in response to

IL-4 stimulation.®® To determine whether FABP5-
deficiency would affect macrophage polarization, we
first used THP-1 cells that were transduced with FABP5-
shRNA and compared them to cells that were transduced
with Luciferase-shRNA as control. Upon LPS and IFNy
treatment, FABP5-shRNA transduced cells demonstrated
significantly increased expression of HLA-DR and in-
creased secretion of IL-6 and TNF«, all markers of pro-
inflammatory polarization, compared to cells transduced
with Luciferase-shRNA (Figure 4A). Similarly, BMDM
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from FABP5-deficient mice had heightened secretion
of pro-inflammatory cytokines, including IL-6, KC and
TNFa, in response to LPS and IFNy treatment compared
to BMDM from WT mice (Figure 4B). However, IL-10 pro-
duction, which is a marker of macrophage pro-resolution
polarization, was reduced in THP-1 cells transduced
with FABP5-shRNA in comparison with cells transduced
with Luciferase-shRNA (Figure 4C). FABP5-deficient
BMDM also failed to induce IL-10 and IL-33 production
in response to IL-4 treatment as compared to WT BMDM
(Figure 4D). Taken together, these data indicate that
down-regulation of FABP5 in macrophages inhibits IL-10
and IL-33 secretion while increasing pro-inflammatory
cytokines and HLA-DR expression.

3.5 | FABP5-deficiency increases
pro-inflammatory transcription
factor signaling

To define transcriptional mediators of differential genomic
responses to FABP5-deficiency, we performed genome-
wide profiling of chromatin accessibility using the Assay
for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) in unstimulated WT and FABP5-deficient
BMDM cultures. We then used a Transcription Factor
Enrichment Analysis (TFEA) pipeline® to probe differ-
ential central enrichment for consensus transcription
factor binding motifs in the ATAC-seq peak sequences
identified in FABP5-deficient vs WT BMDM. This anal-
ysis identified significant differential enrichment for
pro-inflammatory transcription factors binding motifs,
including Rela, NF-xb, Fos, and Jun within open chro-
matin structures in FABP5-deficient BMDM in compari-
son to WT BMDM (Table 1). These data strongly indicate
that FABP5-deficient macrophages exhibit an increased
pro-inflammatory phenotype with increased chromatin
accessibility in regions enriched for pro-inflammatory
transcription factor binding motifs.

3.6 | Absence of FABP5 reduces
macrophage oxidative metabolism

Macrophage activation and function are controlled by
metabolic processes.*® To determine whether FABP5 also
controls macrophage metabolism, we used the Seahorse
XF Cell Mito Stress Test. As illustrated in Figure 5A
FABP5-deficient BMDM display a sharp reduction of their
mitochondrial oxidative capabilities in comparison with
WT BMDM, shown by a large decline of the maximal res-
piration and spare respiratory capacity (Figure 5B). Since
pro-resolving macrophages are dependent on oxidative

FASE‘BJOURNAL

TABLE 1 Significantly enriched pro-inflammatory
transcription factors in untreated FABP5-deficient BMDM

Corrected

Gene Corrected E-score Pagj

TF65 0.074642542 1.00E-08
NFKB2 0.067278835 1.00E-06
NFKB1 0.067123189 1.00E-05
FOSB 0.066874078 1.00E-03
JUNB 0.066422989 1.00E-03
FOS 0.054960969 1.00E-04
RELB 0.050344295 1.00E-02
JUND 0.046729207 1.00E-02

Note: Motif enrichment distributions of significantly enriched transcription
factor binding motifs from TFEA of differentially regulated MACS2-called
ATAC-Seq peaks between WT and FABP5-deficient BMDM at baseline
(untreated).

Abbreviations: ATAC-Seq, assay for transposase-accessible chromatin using
sequencing; TFEA, transcription factor enrichment analysis.

phosphorylation as a source of energy, the lack of FABP5
prevents the acquisition of macrophage pro-resolving
programming.

4 | DISCUSSION

The present study not only confirms FABP5 and PPARy
interaction in lung macrophages, but our findings show
that FABP5 plays a critical role in macrophage pro-
resolving programing where it induces the oxidative
metabolism. Those results suggest that increasing the
expression level of FABP5 could represent a metabolic
switch that convert a pro-inflammatory to a pro-resolving
macrophage (Figure 6). Our studies illustrate the impor-
tance of understanding the mechanisms controlling the
resolution of inflammation in the lung and will likely lead
to the identification of interventional strategies directed
towards COPD.

Historically, in vitro macrophages have been divided
into two distinct polarization states depending on exog-
enous stimulators: the classically activated phenotype,
which is closely linked to pro-inflammatory responses,
and the alternatively activated phenotype that plays a key
role in pro-resolving responses.’’ Although the impor-
tance of PPARy in macrophage reprogramming from a
classical to an alternative phenotype is well described,*®
our data suggest that FABP5 and PPARY regulate each oth-
er's expression in a novel positive feedback loop. Here, we
demonstrate not only that FABP5 re-expression in mouse
lung tissue significantly increases PPARYy activity, but also
that PPARy agonism directly increases FABP5 expression
in primary human alveolar macrophages. In addition,
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independent experiments

when FABP5 expression is reduced or absent, it leads to
a dampening of macrophage pro-resolving programming,
similar to what was described in PPARy-deficient macro-
phages.** How this positive feedback loop between FABP5
and PPARy is contained requires further investigation.

In accordance with the data presented here, we previ-
ously showed that in vivo FABP5-deficient inflammatory
macrophages produced increased amounts of iNOS in
response to Listeria monocytogenes infection and FABP5-
deficient bone marrow derived-macrophages (BMDM)
produced higher amounts of NO,™ when stimulated with
TNFa, IFNy or LPS.* Additionally, we demonstrated that
FABP5-deficient macrophages are better equipped at kill-
ing L. monocytogenes than their WT countelrpaurt.39 In two
additional studies, we showed that FABP5-deficient mice
have increased viral- and bacterial-induced lung inflam-
mation compared to WT mice.”*** The increased bacte-
ricidal activity of FABP5-deficient macrophages suggests
a pro-inflammatory programming, while the persistence
of lung inflammation suggests a deficit in pro-resolving

programming. The current study suggests that FABP5-
deficiency prevents macrophage polarization towards a
pro-resolving phenotype, favoring a pro-inflammatory
phenotype instead. Indeed, we demonstrate that polarized
FABP5-deficient macrophages using LPS and IFN-y secrete
more inflammatory cytokines, while an IL-4 polarization
leads to decreased amounts of IL-10 and IL-33. Similar
to IL-10, IL-33 has been shown to amplify the polariza-
tion of pro-resolving macrophages.*’ Furthermore, using
a completely agnostic approach that included ATAC-seq
followed by TFEA, we demonstrate that FABP5-deficient
macrophages, at baseline, exhibit differential chromatin
accessibility for pro-inflammatory transcription factor
binding, including Rela, NF-«B, Fos, and Jun. These data
further support the notion that FABP5-deficient macro-
phages display a pro-inflammatory programing.
Interestingly, FABP5 was one of the gene signatures
that was identified to be associated with a cluster of
monocyte-derived tumor associated macrophages (Mo-
TAM) that are actively phagocytosing cells, debris and
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FIGURE 6 Model of FABP5-PPARY crosstalk and macrophage programming in healthy and COPD exacerbation lung. In a healthy
lung, the presence of FABPS5 increases PPARYy activity which in turn promotes FABP5 transcription and activates the pro-resolving

macrophage programming, including oxidative metabolism as a source of energy and secretion of IL-10 and IL-33, while pro-inflammatory

cytokine secretion and HLA-DR expression are inhibited. In a COPD lung with exacerbation, the absence of FABPS increases macrophage

pro-inflammatory programming by increasing the secretion of IL-6 and TNF-a and chromatin accessibility for pro-inflammatory

transcription factor binding, while decreasing macrophage oxidative metabolism and secretion of pro-resolving cytokines

lipid-rich molecules.* TAM have been associated with a
poor prognosis in cancer patients, likely due to their ability
to suppress inflammation and therefore enhance tumor cell
proliferation, promote metastasis, and stimulate angiogen-
esis.*” This is another instance where FABP5 expression is
shown to modulate anti-inflammatory macrophages.
Macrophage activation and function are also controlled
by metabolic reprogramming, which is now recognized as
a new regulatory circuit that shapes immune responses.
Indeed, pro-resolving macrophages mainly rely on oxi-
dative metabolism as a source of energy.*’ In agreement
with this observation, we show here that FABP5-deficient
macrophages display greatly reduced mitochondrial activ-
ity with mitigated maximum respiration and limited spare
respiratory capacity, which may inhibit their pro-resolving
programming. Given the fact that FABP5 is decreased
in COPD airway epithelial cells,* but also in PBMCs of

patients with COPD and further decreased in patients
reporting one or more COPD exacerbation episode,?* it
is tempting to speculate that in COPD, FABP5 reduction
may promote this chronic lung inflammation (Figure 6).
Macrophage polarization states in COPD are, however,
less apparent than in vitro, even though macrophages
have been described to play a key role in the development
of the disease.*® Macrophages and neutrophils are thought
to be recruited by injured epithelial cells in response to
cigarette smoke exposure and release of inflammatory
cytokines and chemokines as well as damage-associated
molecular patterns.*® Macrophages produce matrix metal-
loproteinases that contribute to tissue-damage-induced
emphysema.?’ They also contribute to oxidative imbal-
ance, which results in further tissue damage.48 However,
a clear macrophage polarization in COPD has never been
proven, and cigarette smoke, rather than COPD was shown
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to be more influential on macrophage polarization, sug-
gesting that the environment plays a role in macrophage
polarization.** Additionally, impaired phagocytosis and
efferocytosis have been described in COPD*>* and may,
thus, additionally contribute to the lingering inflamma-
tion and non-resolution due to persistence of infectious
particles and apoptotic cells.

In aggregate, our data suggest that FABP5 may repre-
sent a valuable target for pharmacological intervention, in
order to stimulate macrophage pro-resolving programming.
The question that remains is whether activation of FABPS5,
rather that PPARy and its many side-effects, can be a benefit
to COPD patients suffering from persistent inflammation.
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