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Abstract Measurements and Main Results: FSTL-1 Hypo mice developed

spontaneous emphysema, independent of smoke exposure. Fstl1 is

Rationale: The role of FSTL-1 (follistatin-like 1) in lung homeostasis
is unknown.

Objectives: We aimed to define the impact of FSTL-1
attenuation on lung structure and function and to identify
FSTL-1-regulated transcriptional pathways in the lung. Further,
we aimed to analyze the association of FSTL-1 SNPs with lung
disease.

Methods: FSTL-1 hypomorphic (FSTL-1 Hypo) mice underwent
lung morphometry, pulmonary function testing, and micro-
computed tomography. FstlI expression was determined in wild-
type lung cell populations from three independent research
groups. RNA sequencing of wild-type and FSTL-1 Hypo

mice identified FSTL-1-regulated gene expression,

followed by validation and mechanistic in vitro examination.
FSTL1 SNP analysis was performed in the COPDGene (Genetic
Epidemiology of Chronic Obstructive Pulmonary Disease)
cohort.

highly expressed in the lung by mesenchymal and endothelial cells but
not immune cells. RNA sequencing of whole lung identified 33 FSTL-
1-regulated genes, including Nr4al, an orphan nuclear hormone
receptor that negatively regulates NF-«kB (nuclear factor-«B) signaling.
In vitro, recombinant FSTL-1 treatment of macrophages attenuated
NE-kB p65 phosphorylation in an Nr4a1-dependent manner. Within
the COPDGene cohort, several SNPs in the FSTLI region corresponded
to chronic obstructive pulmonary disease and lung function.

Conclusions: This work identifies a novel role for FSTL-1 protecting
againstemphysema development independent of smoke exposure. This
FSTL-1-deficient emphysema implicates regulation of immune
tolerance in lung macrophages through Nr4al. Further study of the
mechanisms involving FSTL-1 in lung homeostasis, immune
regulation, and NF-«B signaling may provide additional insight into
the pathophysiology of emphysema and inflammatory lung diseases.
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At a Glance Commentary

Scientific Knowledge on the
Subject: The genetic basis of
emphysema is complex, and risk
factors for emphysema development
remain incompletely defined.

What This Study Adds to the Field:
FSTL-1 (follistatin-like 1)
hypomorphic mice developed
spontaneous emphysema associated
with altered immunoregulatory gene
expression, including reduced Nr4al.
Exogenous FSTL-1 treatment of
macrophages suppressed nuclear
factor-kB p65 phosphorylation in an
Nr4al-dependent manner, suggesting
that FSTL-1 function in the lung is
critical for lung homeostasis. Human
SNP analysis of the FSTLI locus
identified a correlation with chronic
obstructive pulmonary disease status
and lung function.

FSTL-1 (follistatin-like 1) is a 306-amino
acid glycoprotein implicated in a myriad of
settings, including embryonic development
and cardiac and vascular disease and repair,
as well as tumorigenesis, metastasis, and
inflammation (1-8). A growing body of
evidence has illustrated that FSTL-1 plays
an important role in lung biology. FSTL-1
is critical for normal lung development by
antagonizing BMP4 (bone morphogenetic
protein 4) (2), whereas FSTL-1 also
promotes pulmonary fibrosis in the
bleomycin model (1). FSTL-1 expression
has also been implicated in asthma and
asthmatic airway remodeling (9-11).
Embryonic expression of FstlI has
identified several lung cell populations
producing FSTL-1 (12). However, the role
of FSTL-1 in postnatal lung homeostasis is
unclear. In vivo models have been limited
due to the observation that global germline
FSTL-1 knockout mice display a perinatal
lethal phenotype associated with multiple
lung, skeletal, and urogenital defects (3, 13).
Several techniques have been used in
murine models to study FSTL-1 function,
including neutralizing antibodies, siRNA,
adenoviral-gene transfer, and FSTL-1
transgenic models, to begin characterizing
in vivo functions of FSTL-1 (1, 2, 4, 5, 7, 14,
15). We had previously used a mouse with
reduced FstlI gene expression, termed

ESTL-1 hypomorphic (FSTL-1 Hypo), to
identify that FSTL-1 mediates experimental
Lyme arthritis and also influences bone
marrow stromal cell transcriptional
regulation (16, 17).

In the present study, we sought to
characterize the lung phenotype of the
FSTL-1 Hypo mouse to better understand
the role of FSTL-1 in postnatal lung
homeostasis. We identified that FSTL-1
Hypo mice spontaneously developed
pulmonary emphysema. To examine the
mechanism(s) by which FSTL-1 protects
against emphysema, we exposed mice
to long-term cigarette smoke and,
unexpectedly, found that smoke exposure
did not affect FSTL-1-deficient emphysema.
FSTL-1-expressing lung cell types were
identified by fluorescence-activated cell
sorter (FACS)-sorted gene expression and
immunohistochemistry. RNA sequencing
identified FSTL-1 Hypo mice had reduced
antiinflammatory genes and pathways,
including Nr4al, a known inhibitor of LPS-
stimulated NF-kB (nuclear factor-«B)
signaling in macrophages. After confirming
these findings at the RNA and protein
expression level in vivo, we identified that
exogenous FSTL-1 treatment of
macrophages in vitro attenuated NF-kB
activation in an Nr4al-dependent manner.
The genetic contribution underlying
chronic obstructive pulmonary disease
(COPD) and lung disease has been
extensively studied in human populations
using genome wide association studies
(18-21), which enabled analysis of the
well-characterized COPDGene (Genetic
Epidemiology of COPD) cohort (22). Here,
SNPs near the FSTLI locus were associated
with COPD and lung function. Together,
our findings reveal a novel role of FSTL-1
in lung homeostasis by identifying FSTL-
1-producing and responsive cell types,
wherein FSTL-1 suppresses NF-«B
signaling in macrophages. This work
suggests that FSTL-1 may serve as a
therapeutic target in inflammatory lung
disease. Some of the results have been
previously reported as an abstract (23).

Methods

Animal Experiments

All animal experiments were performed in
accordance with the Institutional Animal
Care and Use Committee of the University
of Pittsburgh School of Medicine. Animals
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were housed in a pathogen-free barrier
facility with free access to autoclaved water
and irradiated pellet food. Female C57Bl/6
(Jackson Laboratories) or FSTL-1 Hypo
mice were exposed to room air or cigarette
smoke (4 exposures/d, 5 d/wk) beginning at
10 weeks of age, as previously described (24,
25). Briefly, mice were exposed to cigarette
smoke with 426 mg of total particulate
matter/m>/s for 30 minutes using Kentucky
Reference Cigarettes (3R4F) that were
obtained from the Tobacco and Health
Research Institute of the University of
Kentucky. Following smoke exposure, mice
were killed by carbon dioxide inhalation,
tracheostomized, and lungs were removed
and inflated with 10% buffered formalin
to a constant pressure of 25 cm H,O for
10 minutes. Lungs were fixed for 24 hours
in formalin before embedding in paraffin.
Serial midsagittal sections were obtained
and stained with modified Gill’s stain.
Using Scion Image software (Version
4.0.2; Scion Corp.), mean alveolar linear
intercept was calculated using 8 randomly
selected 200X fields per slide (24, 26).
Airway and vascular structures were
manually masked to exclude them from the
analysis.

Lung Imaging

In vivo micro-computed tomography
acquisition. Respiration-gated in vivo
micro-computed tomography (micro-CT)
imaging was performed with Siemens
Inveon Multi-modality micro-CT-SPECT-
PET system with the following parameters:
full rotation, 720 projections, high
magnification, 2 X 2 binning, effective pixel
size of 22.48 pm, transaxial field of view
43.89 mm with 3,904 pixels, axial field of
view 34.54 mm with 3,072 pixels, 80 kV
of voltage, a current of 400 pA, and an
exposure time of 1,500 milliseconds. The
three-dimensional (3D) micro-CT images
were reconstructed using the Feldkamp
reconstruction algorithm and were
calibrated to read out in Hounsfield units,
with distilled and deionized water set to

0 HU, whereas air was set to —1000 HU.

Micro-CT Image Analysis

The 3D micro-CT image stacks were
analyzed using the Inveon Research
Workplace. The region of interest (ROI)
analysis function was used with a
thresholding tool to create several ROIs
of different Hounsfield units. First, a
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cylindrical 3D ROI was drawn around the
body cavity to encompass the entire chest
cavity. Next, all the external air around the
mouse was excluded from the ROL A
threshold of —800 HU was applied to the
whole stack, and the whole-lung volume
and mean lung density were calculated. The
mouse lung density typically ranges from
—840 to —910 HU.

Lung Gene Expression Analysis and
Tabula Murina Data

The Lung Gene Expression Analysis
(LGEA) Web Portal was identified as a
multiplatform web-based application for
gene expression (https://research.cchmc.
org/pbge/lunggens/mainportal html). From
the Lung Sorted Cells tool, a single-gene
query for Fstll of Mouse Major Cell
Types from Postnatal Day 28, as well as
data from a single-gene query for FSTLI of
Major Cell Types from 20-month-old
human lung, was acquired on March 14,
2019.

The Tabula Muris was identified as a
web-based application for single-cell gene
expression (https://tabula-muris.ds.
czbiohub.org). From the Visualization
section, we queried the Gene “Fstl1” of
“Lung” Tissue by the “FACS” Method on
April 16, 2019.

FSTL-1 SNPs in COPDGene

We analyzed genotypic data extracted
from the COPDGene dataset. Details on
COPDGene study design and methods,
including COPD phenotyping and cohort
genotyping, have been previously described
in detail (19, 22). For our analysis, we
focused on 356 SNPs located in a 76.8 kb
region in the human FSTLI locus on
chromosome 3 (£10 kb flanks). Our
outcomes were COPD affection status
(COPD yes/no), post-bronchodilator
FEV,% predicted, and post-bronchodilator
FEV,/FVC. We analyzed associations
between SNPs and outcomes in non-
Hispanic white participants, separately for
ex-smokers and for current smokers. We
used logistic or linear regression as
appropriate, under additive coding. All
models were adjusted for age, sex, and the
genotype principal components (to
account for population stratification).
Models were additionally adjusted for
pack-years (for the analyses in smokers)
and for COPD case/control status (for the
analyses of FEV;% predicted and
FEV,/EVC).
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Statistical Analysis
Investigators were not blinded to treatment
but were blinded to individual/group during
data analysis. Experimental group size is
noted in the figure legends, and each
experiment was repeated at least once to
ensure reproducibility. All in vivo and
in vitro statistical analyses were performed
using Prism 7 (GraphPad). Briefly, all data
are presented with mean = SEM. Studies
comparing two groups were analyzed by
two-sided Student’s ¢ tests. Studies
comparing more than two groups were
analyzed by ordinary one-way ANOVA
with Tukey’s multiple comparisons. All
statistical analyses considered P < 0.05
significant.

Additional details of the methods
employed for this work are described in
detail in the online supplement.

Results

FSTL-1 Attenuation Results in
Smoke-Independent Emphysema
FSTL-1 Hypo mice were generated as
previously described (17) and backcrossed
more than 10 generations onto a C57Bl/6
background. We observed that FSTL-1
Hypo mice had increased airspace size
consistent with emphysema. We next
employed the chronic cigarette smoke
exposure model to further characterize the
FSTL-1-deficient emphysema phenotype.
To our surprise, FSTL-1-dependent
emphysema was not exacerbated by
cigarette smoke exposure, though smoke-
exposed wild-type (WT) C57Bl/6 mice
developed increased airspace, as expected
(Figures 1A and 1B). Given the histologic
evidence of emphysema in FSTL-1 Hypo
mice exposed only to room air, we assessed
pulmonary function by forced oscillatory
measurements (flexiVent; Scireq) in the
absence of smoke exposure. Consistent with
lung histology, FSTL-1 Hypo mice had
increased lung compliance, decreased tissue
elastance, decreased hysteresis, and
decreased tissue resistance when compared
with WT animals (Figures 1C-1F).
Representative pressure-volume loops
showed a leftward/upward deflection in
FSTL-1 Hypo illustrative of
emphysematous lung physiology

(Figure 1G). To assess lung structure

in vivo, ESTL-1 Hypo mice and WT
controls underwent micro-CT scan (see
Figure E1 in the online supplement). Using

respiratory gating, we observed that FSTL-1
Hypo mice had increased lung volumes and
decreased lung density (Figures 1H and 1I).
Together, these findings suggested that
reduced FSTL-1 expression was sufficient to
cause mice to develop histologic, functional,
and radiographic findings consistent with
pulmonary emphysema, independent of
chronic cigarette smoke exposure. We
additionally queried the Gene Expression
Omnibus Database (GSE6591) to
determine how aging, a major contributor
to emphysema, affected lung Fstl1
expression, which showed that C57Bl/6 and
DBA/2 mice have reduced Fstll in aged
mice (see Figure E2) (27).

FSTL-1 Expression in Postnatal

Mouse Lung

We next sought to investigate the cellular
expression of Fstll in the lung to identify
potential cellular sources of FSTL-1. A
single-cell suspension was prepared from the
lungs of C57Bl/6 mice and were sorted into
four groups based on surface expression of
CD45 (cluster of differentiation 45), epithelial
cell adhesion molecule (EpCAM), and CD31:
immune cells (CD45"EpCAM ™~ CD31"),
epithelial cells (CD45 EpCAM "CD31"),
endothelial cells (CD457EpCAM7CD31+), and
mesenchymal cells (CD45  EpCAM ™~ CD31 ")
(Figure 2A). Sorted cell populations were
assessed for gene expression of the surface
markers used for sorting Cd45, Cd31, and
Epcam (see Figure E3), confirming that our
sorting strategy isolated the intended
populations. Interestingly, Fst/I was highly
expressed in endothelial cells as well as
mesenchymal cells, both significantly more
so than epithelial cells and immune cells
(Figure 2B). To confirm our experimental
findings, we analyzed data from the LGEA
Web Portal, an interactive web-based tool
for lung cell gene expression (28, 29). In
sorted murine lung cells at Postnatal Day
28, Fstll was most highly expressed in
“endothelium” and “mesenchyme” cells
(Figure 2C), consistent with our FACS-
sorted data. To determine whether murine
Fstll expression correlated with human
lung cell FSTLI expression, we again
analyzed LGEA data from 20-month-old
human lung tissue, which identified FSTLI
expression in endothelium, epithelium,
and, most highly, in mesenchyme cells
(Figure 2D). To additionally verify our
findings, we analyzed single-cell
transcriptomics from Tabula Muris, a web-
based tool for single-cell gene expression
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Figure 1. FSTL-1 (follistatin-like 1) attenuation results in smoke-independent emphysema. (A) Representative images from wild-type (WT) and FSTL-1
hypomorphic (FSTL-1 Hypo) mice exposed to room air or smoke for 6 months. (B) Mean linear intercept from WT and FSTL-1 Hypo mice exposed to room
air or smoke (n =7 per group from one of two representative experiments). (C—-G) Lung function measurements of WT and FSTL-1 Hypo room air-exposed
mice, to determine lung compliance (C), tissue elastance (D), hysteresis (E), tissue resistance (F), and representative pressure-volume loops (G) from WT
and FSTL-1 Hypo mice (n =10-11 per group from two combined experiments). (H and /) Micro-computed tomography scan measurements of mean lung
volume (H) and mean lung density (/) in WT and FSTL-1 Hypo mice (n=7 per group from two combined experiments). *P < 0.05, **P < 0.001, and

***p < 0.0001.

from 20 murine organs (30). Upon
querying for Fstll by the FACS Method
for Lung Tissue, we again noted high
expression within “stromal cell” and “lung
endothelial cell” populations (see Figure
E4). Notably, in each analysis, very little, if
any, FSTL-1 gene transcript was detected in
immune cells. We next assessed FSTL-1
protein expression in murine lung tissue by
immunohistochemistry. Compared with

Henkel, Partyka, Gregory, et al.:

isotype control (Figure 2E), anti-FSTL-1
staining was strongly detectable in
endothelium, airway smooth muscle,

and weakly to moderately detected in
interstitial and epithelial cells at 40X
(Figure 2F) and 80X (Figure 2G). Together,
these observations identify endothelial

and mesenchymal cells as the primary
producers of FSTL-1 in the postnatal
lung.

FSTL-1 Attenuation Causes Emphysema

FSTL-1-Dependent Gene Expression
in the Lung

To investigate the mechanism(s) involved in
leading FSTL-1 Hypo mice to develop
emphysema, we performed RNA sequencing
on 20-week-old WT and FSTL-1 Hypo mice
with and without smoke exposure

(Figure 3A). This identified 33 significantly
differentially expressed genes between WT
and FSTL-1 Hypo mice irrespective of the
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Figure 2. FSTL-1 (follistatin-like 1) expression in the lung. (A) Wild-type mice had whole-lung single-cell preparations made, followed by fluorescence-
activated cell sorting based on the gating strategy, based on forward scatter (FSC), side scatter (SSC), CD45 (cluster of differentiation 45), epithelial cell
adhesion molecule (EpCAM), and CD31. (B) Fst/7 gene expression from lung cell populations sorted by CD31* (endothelium), CD45™ (leukocytes),
EpCAM* (epithelium), and CD31~CD45 EpCAM~ (mesenchyme) (n =3 mice from one of two representative experiments). (C) Fst/7 gene expression
from sorted Postnatal Day 28 murine lung cells. (D) FSTL1 gene expression from sorted 20-month-old human lung cells. (E-G) Immunohistochemistry
for FSTL-1 of wild-type paraffin-embedded lung tissue stained with isotype antibody (Ab) at 10X (E), anti-FSTL-1 Ab at 10X (F), and anti-FSTL-1 Ab at
20X (G). *P<0.01 and **P <0.001. RPKM =reads per kilobase of transcript per million mapped reads.

presence of smoke exposure (controlling the  (FDR < 0.10; see Table E1); within the top ~ innate immune, and cellular kinase
false discovery rate [FDR] at 0.10), including 50 (FDR < 0.004), there was upregulation of regulation pathways.
Fstll as a positive control (P=1.41 X 10~"%). 44 genes, including CypIbl, Gpx2, and

Notably, several gene regulation and Aldh3al, transcripts elicited by smoke FSTL-1 Attenuation Is Associated
macrophage antiinflammatory genes were exposure, and downregulation of 6 genes, with Decreased Nr4a1/Nur77
differentially expressed in an FSTL-1- including Hhip, a transcript protective Expression in Distinct Lung Immune
dependent manner, including the nuclear against emphysema development (see Figure —Cells

orphan receptor Nr4al, also known as E5) (31, 32). Gene set enrichment analysis of We next evaluated gene expression by
Nur77 (P=4.45 X 10~ >; see Table E1). the FSTL-1-dependent differentially qRT-PCR and found significantly decreased
Confirming our experimental approach, expressed genes between WT and FSTL-1 Nr4al gene expression in FSTL-1 Hypo
smoke exposure (compared with room air) ~ Hypo mice identified 41 enriched signature  mice, as well as smoke-exposed WT mice,
in WT mice was associated with the pathways (FDR < 0.2; Figure 3B); these when compared with room air WT mice
differential expression of 354 genes included gene regulatory, protein folding, (Figure 4A). We next sought to identify
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lung cell populations differentially expressing
Nr4al in room air. By FACS, FSTL-1 Hypo
mice had decreased total Nur77" expression
in the lung of FSTL-1 Hypo mice and
specifically within the CD45" population
(Figures 4B-4D). Within the CD45 "
population, FSTL-1 Hypo mice had increased
CD11c"F4/80" SiglecF " CD11b ™ cells
(alveolar macrophages), wherein these cells
had reduced Nur77 positivity (Figures 4E and
4F). Additionally, the CD45" population had
increased CD11b"CD11c" cells, which also
revealed reduced Nur77" status (Figures 4G
and 4H). Together, this illustrated that
reduced FSTL-1 expression is associated with
decreased Nr4al expression and Nur77"
staining within the lung, which corresponded
with increases in myeloid cell abundance and
reduced myeloid Nur77 positivity, suggesting
that FSTL-1 may act directly on macrophages
to influence Nr4al/Nur77 function.

Exogenous FSTL-1 Treatment of
Macrophages Reduces NF-«kB p-p65
via Nrd4at

Nr4al/Nur77 has been shown to suppress
proinflammatory cytokine production in
macrophages via decreased NF-kB activity
in the context of LPS stimulation by
associating with the p65 subunit,
preventing its phosphorylation, nuclear
translocation, and interaction with the kB
element (33, 34). Thus, to examine a causal
relationship between FSTL-1 and Nur77,
we used the RAW 264.7 murine
macrophage cell line to assess NF-«kB
activity as determined by LPS responsive
NEF-kB p65 phosphorylation (p-p65). Here
we found that recombinant FSTL-1
(rFSTL-1) protein treatment of RAW cells
attenuated LPS-stimulated p-p65, as shown
by Western blot (Figure 5A). FACS analysis
of RAW 264.7 cells showed that rFSTL-1
reduced the percentage of LPS-stimulated
p-p65" cells (Figure 5B). Further, confocal
immunofluorescence microscopy also found
that LPS treatment increased p-p65 in RAW
264.7 cells but that rFSTL-1 reduced LPS-
stimulated p-p65 intensity (Figures 5C and
5D). In comparison, cigarette smoke extract
failed to stimulate p-p65 except at very high
concentrations (100 pg/ml) (see Figures E6A
and E6B), in contrast to prior studies using
cigarette smoke extract in macrophages (35).
At this high dose, rFSTL-1 did not attenuate
p-p65 (see Figure E6C), which is consistent
with our in vivo observation that FSTL-1
Hypo emphysema is not impacted by
cigarette smoke exposure.
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To determine if Nr4al is required for
FSTL-1-attenuated p-p65 following LPS
stimulation, we next studied primary
murine alveolar macrophages from WT
and Nr4al '~ mice (Nr4al knockout) by
confocal immunofluorescence. WT alveolar
macrophages had very little p-p65 positivity
under baseline or rFSTL-1-treated
conditions. However, following LPS-
stimulation, p-p65 staining was
significantly increased, whereas this
increase was significantly attenuated under
LPS + rFSTL-1 conditions (Figures 5E and
5G). In Nr4al ™'~ alveolar macrophages,
some p-p65 was detectable in control and
rFSTL-1-only conditions, which LPS
stimulation predictably increased.
Remarkably, rFSTL-1 treatment of
Nr4al~'~ alveolar macrophages failed to
reduce p-p65 levels (Figures 5F and 5G).
Together, these observations suggested that
rFSTL-1 attenuates NF-kB p-p65 in
macrophages via Nr4al/Nur77. To
determine if exogenous FSTL-1 could
increase Nr4al expression in vivo, we
administered rFSTL-1 daily to FSTL-1
Hypo mice, wherein we observed that
rFSTL-1 significantly increased Nr4al
expression (Figure 5H), suggesting that
extracellular FSTL-1 acts within the lung
microenvironment to regulate Nr4al.

To explore a functional consequence of
this Nr4al-mediated protective mechanism
requiring FSTL-1, we noted that in unique
cell populations both Nr4al and FSTL-1
have been shown to influence cell survival
via apoptosis (36-41). Therefore, we
reasoned that lung cell apoptosis, a known
cause of emphysema development (42-47),
could explain the observed FSTL-1 Hypo
phenotype. We tested the hypothesis that
endothelial or epithelial cell apoptosis
would explain the FSTL-1 Hypo
phenotype by performing FACS analysis of
murine lung tissue to identify cell-specific
apoptosis in the lung, using the markers
CD45, EpCAM, and CD31: immune cells
(CD45"EpCAM ™~ CD317), epithelial cells
(CD45 EpCAM "CD317), endothelial
cells (CD45 EpCAM ~CD31%), and
mesenchymal cells (CD45 EpCAM ™ CD31 ),
paired with Annexin V/7~ AAD staining to
identify apoptotic cells (Annexin

V*/77AAD™). We observed that FSTL-1
Hypo mice had no difference in the
percentage of apoptosis in endothelial,
epithelial, or mesenchymal cells but did have
greater apoptosis in CD45" cells (see Figure
E7). We then determined that, within the
lung, distinct lung immune cell populations
had increased apoptosis in FSTL-1 Hypo
mice, though notably not alveolar
macrophages (CD11b~/CD11c"/SiglecF")
cells. However, CD11b"/CD11c¢" and
CD11b*/CD11c™ cells showed increased
apoptosis in the FSTL-1 Hypo lung (see
Figure EB).

SNPs of the Human FSTL-1 Locus Are
Associated with COPD and Lung
Function

We next sought to explore the role of
FSTL-1 in the clinical context of human
emphysema. As shown in Figure 2G, FSTL1
is expressed within the human lung in
distinct cell populations. Noting that Fst/I
germline deletion is incompatible with
survival in the mouse, we suspected that, in
humans, nonsynonymous or nonsense
FSTL1 mutations would be uncommon.
Thus, we queried the Exome Aggregation
Consortium database, a catalog of protein-
coding gene variants for 60,706 (mostly
healthy) individuals. Using Exome
Aggregation Consortium, Lek and
colleagues (48) determined the probability
of loss-of-function intolerance (pLI)

for each gene (pLI> 0.9 denotes
haploinsufficiency). FSTLI had a pLI=0.96,
identifying strong evolutionary selection
against FSTLI haploinsufficiency.

To investigate whether FSTL1 SNPs
were associated with COPD-related
phenotypes, we analyzed genotype data
from non-Hispanic white participants in
the COPDGene project, focusing on 356
SNPs within 10 kb flanking the FSTLI locus
(see Table E1). Notably, among non-current
smokers, we identified 71 FSTLI SNPs
associated with COPD disease status at
P < 0.05, with the lowest P=0.0012 for
reference SNP (rs)2488 (Figure 6A).
Likewise, we found 49 SNPs associated with
FEV,/FVC (lowest P=0.0037 for
rs13326852; Figure 6B) and 44 SNPs
associated with FEV;% predicted (lowest

P=0.0092 for rs11712887; Figure 6C). In
contrast, the same analyses among smokers
yielded 27 SNPs for disease status (lowest
P=0.012), 1 for FEV; (lowest P=0.04), and
10 for FEV,/FVC (lowest P=0.01) (see Table
E1). Recently, two large meta genome-wide
association studies for COPD and lung
function were published (20, 21). Here we
found that rs2488, (the most significant SNP
for COPD disease status in COPDGene)
showed nominal significance for COPD
(P=0.009548) and FEV, (P=0.01), though
not FEV/FVC (P=0.49). Together, these
data suggest that FSTL-1 loss-of-function
mutations are poorly tolerated in humans
and that genetic polymorphisms in the
FSTLI locus may influence COPD and lung
function in a subset of individuals.

Discussion

Several studies have identified FSTL-1 to be
essential in mammalian biology, from
embryonic development, tissue repair, and
paracrine signaling to maintaining tissue
homeostasis. FSTL-1 been shown to both
mediate inflammation and to protect against
inflammation in different models of disease,
including systemic infection and
autoimmunity. Within the lung, little is
known about the homeostatic function of
ESTL-1, though its expression during
development is essential for normal
branching morphogenesis. In an FSTL-1
haplosufficient mouse model, FSTL-1 was
shown to promote a fibrotic response to
bleomycin that was driven by myofibroblast
expression of FSTL-1, whereas a chronic
ovalbumin-driven asthma model
demonstrated that FSTL-1 mediates
eosinophilic airway remodeling in part
through macrophages. The current study
examined the postnatal consequences of
reduced FSTL-1 expression in the absence of
experimental insult. Surprisingly, FSTL-1
Hypo mice developed spontaneous
pulmonary emphysema as determined using
histologic, functional, and radiographic
approaches, standard clinical metrics of
emphysema, thus confirming a critical role
for FSTL-1 in maintaining lung
homeostasis. Previous studies have
identified several specific lung cell types that

Figure 5. (Continued). (E-G) Confocal immunofluorescence at 40X magnification for p-p65 of primary alveolar macrophages from wild-type (WT) (E) and
Nr4a1~'~ (F) mice with fluorescence quantification (G) (from one representative experiment). (H) Nr4a1 gene expression of WT, FSTL-1 hypomorphic
(Hypo), and rFSTL-1-treated FSTL-1 Hypo lung (n=4-5 per group from one representative experiment). (C, E, and F) Scale bars, 50 pm. “P < 0.05,
**P <0.01, and ***P < 0.0001. rFSTL-1 =recombinant FSTL-1; rm =recombinant murine; Unstim = unstimulated.
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can produce FSTL-1 during embryonic
development, including mesenchymal cells,
vascular endothelial cells, and smooth
muscle (12). However, postnatal
mammalian lung cell expression of Fstl1
has not been characterized. The current
study identified that, by FACS sorting
whole lung, several cell types express Fstll,
including high levels in endothelial and
mesenchymal cells, whereas epithelial cells
also express Fstll. Contrasting the
ovalbumin-asthma model, wherein
macrophage-specific deletion of Fstl1

Henkel, Partyka, Gregory, et al.:

attenuated airway remodeling (10), in the
present study, CD45" cells recovered from
the naive lung had no detectable Fstl1
transcript. Our findings were confirmed by
data from the LungMAP investigators,
Tabula Muris investigators, and the
embryonic lung as determined by FSTL-
1-reporter mice, wherein FSTL-1 was
found to be expressed most highly in
endothelial cells and smooth muscle cells
and to a select population of CCSP™ cells
and Type II alveolar sac cells but not
PDGFRa" (platelet-derived growth factor

FSTL-1 Attenuation Causes Emphysema

a—positive) fibroblasts (12). These results
suggest that finer resolution of FSTL-1
expression in the lung, specifically in the
dynamic lung macrophage populations that
are recruited during chronic inflammation,
may help refine the understanding of cell-
intrinsic and extrinsic expression of FSTL-1.
The observation that FSTL-1 Hypo
mice developed spontaneous pulmonary
emphysema suggested that novel pathways
mediating pulmonary emphysema could be
identified. Given the global impact of smoke
exposure in emphysema and COPD, we
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employed the gold-standard model of
cigarette smoke-induced emphysema

and were surprised to find that smoke
exposure did not impact the severity of
emphysema in FSTL-1 Hypo mice.
Although this model has been invaluable to
studying mediators of emphysema
development, our findings suggested that
FSTL-1-dependent emphysema and
smoke-dependent emphysema may have
divergent mechanisms. Our unbiased gene
expression analysis identified a limited set
of genes that were associated with FSTL-1
expression, none of which have previously
been shown to mediate pulmonary
emphysema development. Though
annotated pathways associated with FSTL-
1-dependent gene sets were limited, it was
notable that several macrophage
antiinflammatory genes were differentially
expressed, suggesting that FSTL-1 may
influence macrophage tissue homeostasis or
signaling to constrain emphysema
development, including Nr4al.

The orphaned nuclear receptor
Nr4al/Nur77 is expressed in several cell
types, including macrophages, lymphocytes,
and lung epithelial cells. In macrophages
and lung epithelial cells population, Nur77
limits proinflammatory signaling by
binding to the NF-kB p65 subunit to inhibit
its phosphorylation, subsequent nuclear
translocation, and proinflammatory
transcriptional program activation (33, 49).
The finding that FSTL-1 Hypo mice have
reduced Nr4al expression and reduced

Nur77 positive cells, coupled with the lack
of Fstll expression in CD45" cells,
suggested that FSTL-1 could act on
macrophages to maintain Nur77 inhibition
of proinflammatory pathways. Indeed, our
findings identify that FSTL-1 acts on lung
macrophages, and the finding that exogenous
rFSTL-1 treatment of macrophages
attenuated LPS-induced NF-kB p-p65 was
Nr4al-dependent identified a causal
relationship between FSTL-1, Nr4al, and NF-
kB activation. Although the role of Nr4al in
pulmonary emphysema is unknown, Nr4al
has previously been shown to mediate
noninflammatory (tolerogenic) macrophage
handling of apoptotic lung cells. Several
studies have identified Nr4al as an essential
transcriptional and metabolic regulator in
immune cells, including macrophages, that
represses inflammation (50-52). The precise
nature of an FSTL-1/Nr4al/NF-kB pathway
in emphysema/COPD remains to be defined,
and further investigation is needed to
determine what role Nr4al plays in
emphysema development, including if
enhanced Nr4al function/expression can
rescue the FSTL-1 Hypo phenotype or other
models of emphysema, such as chronic
cigarette smoke exposure.

Because haploinsufficient variants in
FSTL-1 are selected against in the human
population, protein-coding FSTL1 SNPs
may be under-represented in the COPD
study populations. How intolerance of
FSTL1 loss-of-function in the human
population impacts SNP abundance in

distinct disease states remains unclear. Our
analysis identifies SNPs surrounding the
FSTL1I locus that were associated with
COPD affectation status and lung function
among non-smokers in the well-
characterized COPDGene cohort, further
supported by the nominal significance of
our top SNP in larger genome-wide
association study data. This work
represents the first description of FSTLI
gene polymorphisms associated with
human lung disease, supporting our in vivo
observations.

Conclusions

The present study identifies FSTL-1 as a
previously unrecognized monogenic cause
of spontaneous pulmonary emphysema in
a mouse model. Further, by identifying
Fstl1-expressing lung cell populations and
FSTL-1-dependent genes, we observed a
role for FSTL-1 in promoting immune cell
tolerance. Mechanistically, FSTL-1 directly
influences NF-kB signal transduction in
macrophages via modulation of the
inflammation repressor Nr4al/Nur77,
providing insight into candidate molecular
mediators of FSTL-1 signaling. Further
exploration into the role of FSTL-1 and
Nr4al in lung homeostasis, inflammation,
and immune function is needed to enhance
understanding of the therapeutic potential
of FSTL-1 in lung diseases.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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