The Journal of Clinical Investigation

RESEARCH ARTICLE

Macrophage-derived netrin-1 drives adrenergic
nerve-associated lung fibrosis

Ruijuan Gao,"? Xueyan Peng, Carrighan Perry," Huanxing Sun,' Aglaia Ntokou,?® Changwan Ryu," Jose L. Gomez,’
Benjamin C. Reeves,' Anjali Walia,' Naftali Kaminski,' Nir Neumark,' Genta Ishikawa,’ Katharine E. Black,* Lida P. Hariri,**
Meagan W. Moore,' Mridu Gulati,’ Robert J. Homer,"¢ Daniel M. Greif,>’ Holger K. Eltzschig,® and Erica L. Herzog"®

'Section of Pulmonary, Critical Care, and Sleep Medicine, Department of Internal Medicine, Yale School of Medicine, New Haven, Connecticut, USA. 2Department of Oncology, Institute of Medicinal

Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing, China. 3Section of Cardiology, Department of Internal Medicine, Yale School of Medicine, New Haven,

Connecticut, USA. *Division of Pulmanary and Critical Care Medicine, and *Department of Pathology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts, USA. ®Department

of Pathology, and "Department of Genetics, Yale School of Medicine, New Haven, Connecticut, USA. ®Department of Anesthesiology, University of Texas at Houston Medical School, Houston, Texas, USA.

Introduction

Fibrotic pathology is common to nearly all organ systems and
contributes to approximately 45% of deaths worldwide (1, 2). Its
development involves prolonged or recurrent epithelial injury that
activates fibroblasts through poorly understood mechanisms. This
process is to varying degrees orchestrated by macrophages (3), a
myeloid population implicated in the scarring of diverse organs
such as the lung (4), skin (5), liver (6), and kidney (7). Macro-
phages are equally important in the central nervous system, where
microglia support the formation, maintenance, and pruning of
axons and synapses (8) via an array of functions that may be sim-
ilarly tuned in peripheral nerves (9). Although nerve-derived sig-
nals have been recently shown to regulate the phenotype of mac-
rophages in an array of organs (10-14), corresponding input from
macrophages to lung innervation remains undescribed.

A substantial hindrance to curing fibrosis is our limited under-
standing of the mechanisms through which injury and sterile
inflammation produce a scar. One realm of interest in this area
is neuronal guidance proteins (NGPs), a diverse and conserved
family of molecules, including netrins, semaphorins, ephrins, and
neuropilins, which together with their receptors are increasingly
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Fibrosis is a macrophage-driven process of uncontrolled extracellular matrix accumulation. Neuronal guidance proteins such as
netrin-1 promote inflammatory scarring. We found that macrophage-derived netrin-1 stimulates fibrosis through its neuronal
guidance functions. In mice, fibrosis due to inhaled bleomycin engendered netrin-1-expressing macrophages and fibroblasts,
remodeled adrenergic nerves, and augmented noradrenaline. Cell-specific knockout mice showed that collagen accumulation,
fibrotic histology, and nerve-associated endpoints required netrin-1 of macrophage but not fibroblast origin. Adrenergic
denervation; haploinsufficiency of netrin-1's receptor, deleted in colorectal carcinoma; and therapeutic o, adrenoreceptor
antagonism improved collagen content and histology. An idiopathic pulmonary fibrosis (IPF) lung microarray data set showed
increased netrin-1expression. IPF lung tissues were enriched for netrin-1* macrophages and noradrenaline. A longitudinal

IPF cohort showed improved survival in patients prescribed o, adrenoreceptor blockade. This work showed that macrophages
stimulate lung fibrosis via netrin-1-driven adrenergic processes and introduced o, blockers as a potentially new fibrotic therapy.

studied at the interface of injury and repair (15). Unlike the unidi-
rectional interactions induced by cytokines and chemokines, the
bidirectional responses of NGPs occur via attractive or repulsive
receptors, which enact inflammatory remodeling in the lung (16),
liver (17), adipose tissue (18), and kidney (19). In addition to these
roles, NGPs were originally described as patterning growth cone
movement at developing axon tips (20, 21) and at least one NGP,
the laminin-like protein netrin-1 (NTN1), mediates peripheral
nerve repair via the attractive receptor, deleted in colorectal can-
cer (DCC) (22, 23). These properties are recapitulated in postnatal
development, where the interaction between NTN1 and DCC con-
trols adrenergic innervation of maturing vessels and viscera (24).
Interestingly, although adrenergic nerve-derived signals influ-
ence immune activation in several disease models (12, 25, 26), a
reciprocal role for immune cells in controlling this type of innerva-
tion in peripheral organs remains obscure.

In this study, we proposed that macrophage-derived NTN1
contributes to fibrosis through its axonal guidance and remodeling
functions. In mice, fibrosis due to inhaled bleomycin engendered
NTNI1-expressing macrophages, remodeled adrenergic nerves,
and augmented noradrenaline. In cell-specific knockout mice,
collagen accumulation, fibrotic histology, and nerve-associated
endpoints required NTN1 of macrophage but not fibroblast origin.
Adrenergic denervation, haploinsufficiency of the NTN1 receptor
DCCG, and therapeutic o, adrenoreceptor antagonism improved
collagen content and histology. An existing microarray data set
from patients with idiopathic pulmonary fibrosis (IPF) showed
increased NTNI expression. IPF lung tissues were enriched for
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NTNI1* macrophages and noradrenaline. In a longitudinal IPF
cohort, patients prescribed o, adrenergic antagonists experienced
improved survival. These findings showed that NTN1* drives
adrenergic nerve-associated fibrosis in organs such as the lung
and introduces a, adrenoreceptor antagonism as a potentially new
treatment for IPF and related disorders.

Results

NTNI-expressing macrophages accumulate in the fibrotic lung.
NGPs such as NTN1 participate in the remodeling of multiple tis-
sues, but the source and mechanism of this function is not fully
known. To address this knowledge gap, we used the fibrotic lung
as a modeling system and randomized wild-type (WT) mice to
receive a single inhaled dose of vehicle control or 1.25 U/kg of
pharmacological grade bleomycin. After 14 days, immunohisto-
chemistry of vehicle- and bleomycin-challenged lungs revealed
NTN1* cells with the morphology of macrophages, fibroblasts,
epithelia, and endothelia that were more numerous in the fibrotic
lung (Figure 1, A and B; and Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI136542DS1). When these observations were quantified using
FACS, enumeration of macrophages (F4/80*CD11b*CD1lc?),
fibroblasts (CD45 Colla*), epithelia (CD45CD326*CD31), and
endothelia (CD45°CD31*CD326") revealed a large increase in the
proportion of NTN1* macrophages, with a much smaller increase
seen in endothelial cells and no change in either fibroblasts or epi-
thelial cells (Figure 1, C-F). Total quantities were also enhanced,
with NTN1* macrophages and fibroblasts increasing dramatical-
ly and the NTN1* epithelium and endothelium expanding to a
much smaller extent (Figure 1, C-F). Because both percentages
and quantities of NTN1* macrophages were enhanced after bleo-
mycin, we presumed these cells to be a critical part of the fibrotic
response and took the additional step of confirming their presence
with imaging mass cytometry (IMC). IMC is a powerful method
pairing heavy metal-tagged antibodies with inductively coupled
mass spectroscopy and time-of-flight mass cytometry to allow
unbiased, quantitative histology unencumbered by artifacts such
as autofluorescence (27). Using this approach, NTN1* macro-
phages were also found to accumulate after bleomycin exposure
(Supplemental Figure 2), a further indication that these cells may
drive fibrosis in adult organs such as the lung.

NTNI derived from macrophages, but not fibroblasts, regulates
experimentally induced lung fibrosis. Because NTN1-expressing mac-
rophages were most substantially increased after bleomycin, we
surmised that they may drive pulmonary fibrosis. To determine the
validity of this hypothesis, we generated several strains of mice with
cell-specific Ntnl deficiency and subjected them to the bleomycin
model. To delete Ntnl from macrophages, Ntnl/# mice were crossed
with LysM-Cre animals to delete Ntnl in cells with an active lysozyme
2 (Lyz2) promoter, which targets myeloid cells and a small population
of type II pneumocytes (28). Specific deletion of NTN1 in macro-
phages was confirmed by Western blotting (Supplemental Figure 3).
Baseline lung morphology and macrophage content were unchanged
between unchallenged animals with a WT Ntnl locus (LysM-Cre
Nitnl**, unless stated otherwise, from here on called “intact”) or
deleted (LysM-Cre Ntnl™", from here on called “deleted,” Supple-
mental Figure 4). After bleomycin, LysM-Cre Ntn1¥# lungs contained
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significantly reduced collagen compared with LysM-Cre Ntnl*/*
lungs (Figure 1G and Supplemental Figure 5). Improvements in his-
tological endpoints such as modified Ashcroft scores (MAS, Figure
1H) and trichrome staining (Figure 1, I and J) were also observed. To
determine the specificity of this contribution, we also generated a
model of pan-fibroblast Ntnl deletion, produced by crossing Ntn1##
mice to Colla2-CreER mice (Colla2-CreER Ninl™#), which failed to
affect these same fibrotic endpoints. Specifically, relative to identical
animals receiving corn oil control (“intact”), Colla2-CreER Ntn1!
mice receiving 7 days of tamoxifen (“deleted”) before bleomycin
displayed equivalent collagen accumulation (Figure 1K), modified
Ashcroft scores (Figure 1L), and fibrotic histology (Figure 1, M and
N) despite a significant reduction in NTN1* fibroblasts (Supplemen-
tal Figure 6). These observations indicate that for maximal induction
of fibrosis in this model, NTN1 derived from myeloid cells such as
macrophages is required and NTN1 derived from collagen Ia2-pro-
ducing cells such as fibroblasts is dispensable.

Macrophage-derived NTNI participates in adrenergic nerve remod-
eling. NTN1 regulates processes related to inflammatory fibrosis in
peripheral organs, but a contribution of its most well-described
function, neuronal guidance, has not been proposed. Because
NTN1 controls adrenergic innervation of visceral organs and the
remodeling of injured peripheral nerves, we evaluated these end-
points in the bleomycin model. In naive and bleomycin-challenged
WT mouse lungs, confocal imaging of 150 pm thick sections
revealed adrenergic nerves identified by the rate-limiting enzyme
in catecholamine synthesis, tyrosine hydroxylase (TH, Figure 2,
A-D and Supplemental Figure 7), and the pan-neuronal marker,
protein-gene-product 9.5 (PGP9.5, Figure 2, E-G). These struc-
tures were juxtaposed to a-smooth muscle actin-positive (aSMA")
airways and vessels, as well as within the lumens of larger airways,
in the distribution that has been previously reported for this class
of neurons (13, 14) (Figure 2, A and B and Supplemental Figure 8).
In the fibrotic lung, they were accompanied by aberrantly located
TH! linear structures clustered in parenchymal regions (Figure 2, C,
D, and H). The possibility of these filaments being remodeled yet
functional adrenergic nerves was supported by detection of the neu-
rotransmitter noradrenaline, whose presence in the lung derives
mainly from local nerves or adrenal sources, being increased in lung
tissue out of proportion to adrenaline, which is only delivered to the
lungs from a systemic source (Figure 2I). No such change in the ratio
of noradrenaline to adrenaline was observed in bleomycin-chal-
lenged bronchoalveolar lavage (BAL) fluid (Supplemental Figure
9). All of these findings were absent in the lungs of myeloid Ntnl-
deleted mice after bleomycin (Figure 2, J-O and Supplemental Fig-
ure 10). Although cultured Ntnl-deficient macrophages displayed
the expected alterations in cytokine production (29, 30) (Supple-
mental Figure 11), the in vivo findings did not appear to stem from
baseline differences in noradrenaline/adrenaline or in alterations
in the magnitude of injury, acute inflammation, or accumulation
of fibrosis-promoting macrophages expressing the mannose recep-
tor C-type 1 (MRC1) (31) at early, intermediate, or late time points,
respectively (Supplemental Figure 12). When viewed in combina-
tion, these data suggest that NTN1’s role in fibrosis may involve a
previously unrecognized mechanism involving adrenergic nerves.

Adprenergic denervation attenuates experimentally induced lung
fibrosis. We next reasoned that if nerve-derived noradrenaline is
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Figure 1. Macrophage-derived NTN1 in experimentally induced lung fibrosis. (A and B) WT mice received a single orotracheal dose of vehicle or 1.25 U/kg
pharmacological grade bleomycin and were followed for 14 days. After the mice were euthanized, the lungs underwent immunohistochemical detection of NTN1
(brown stain). Vehicle- (A) and bleomycin-challenged lungs (B) contained multiple populations of NTN1* cells that appeared more numerous in the bleomycin
condition. Slides were counterstained with hematoxylin and are shown as x10 original magnification. (C-F) Flow cytometric detection of NTN1* macrophages (C,
identified with the markers F4/80*CD11b*CD11c*), fibroblasts (D, identified with the markers CD45 Collal1*), epithelial cells (E, identified with the markers CD45"
CD31"EpCAM?) and endothelial cells (F, identified with the markers CD45-EpCAM-CD31*) in single-cell suspensions prepared from lungs of WT mice challenged
with vehicle (round symbol) or bleomycin (triangle). Left axis shows percentages, and right axis shows quantities. (G-J) Relative to mice with “intact” expression
of Ntn1in macrophages (LysM-Cre, Ntn1*+, round symbol), mice with macrophage Ntn1 “deleted” (LysM-Cre, Ntn1"#, triangle) show reduced right lung collagen
(G, P = 0.0056, 2-tailed Student’s t test) and, in a separate group of mice, both MAS (H, P = 0.0013 by 2-tailed Student’s t test) and trichrome staining (I, “intact”
and J, “deleted”). (K-N) Relative to mice with “intact” expression of Ntn1in fibroblasts (corn oil-treated Colla2-CreER, Ntn1"f animals, round symbol), mice with
Ntn1“deleted” in fibroblasts (tamoxifen-treated Collo2-CreER, Ntn1"f mice, triangle) show unchanged right lung collagen (K), and in a separate group of mice,
both MAS (L) and trichrome staining (M, “intact” and N, “deleted”). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are shown as mean + SEM.
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Figure 2. Adrenergic nerve remodeling in experimentally induced lung fibrosis. (A-D) Immunofluorescence detection of aSMA (red), TH (green), and DAPI
(blue) in vehicle- (A and B) and bleomycin-challenged (C and D) lungs from WT mice at the 14-day time point. In the vehicle-exposed sample in B, white arrows
indicate TH staining in an airway (left) and artery (right). In the bleomycin image in D, white arrows indicate TH* linear structures in the parenchyma that are
not associated with airways or vessels. (E-G) Colocalization of TH (E, green) with the pan-neuronal marker PGP39.5 (F, red). Merge shows overlay with DAPI
staining (G, blue). Original magnification, x60. (H) Comparison of TH* fibers in the lung parenchyma of WT mice challenged with vehicle (round symbol, not
easily visible because of fibers being undetectable) and bleomycin (triangle, P = 0.0053, 2-tailed Student's t test). (I) Comparison of the ratio between nor-
adrenaline and adrenaline (ratio is NA/A) in WT mice challenged with vehicle (round symbol) and bleomycin (triangle) revealed that relative to vehicle-treated
groups, the NA/A ratio in lung tissue was increased at the 5-day (P < 0.01) and 14-day (P < 0.01) time points (2-way ANOVA with Tukey’s post hoc test). (J-M)
Immunofluorescence detection of aSMA (red), TH (green), and DAPI (blue) in the lungs of vehicle-challenged mice with macrophage Ntn1intact (J) or deleted
(K), and bleomycin-challenged mice with macrophage Ntn1intact (L) or deleted (M). (N and 0) Relative to mice with intact Ntn7, the lungs of macrophage-
deleted Ntn1 mice displayed reduced detection of parenchymal TH* fibers (F, P = 0.032, 2-tailed Student’s t test) and NA/A ratio (G, P = 0.0005, 2-tailed Stu-
dent’s t test). Scale bars: 100 um in all images. For H and I and N and O, *P < 0.05, **P < 0.01, and ***P < 0.001. Data are shown as mean + SEM.
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profibrotic, then adrenergic denervation should block fibrosis.
To test this hypothesis, we compared mice treated with either
the sympathetic neurotoxin 6-hydroxydopamine hydrochloride
(6-OHDA) or vehicle control (L-ascorbic acid) (32) for a 2-week
period. Denervated lungs displayed close to absent TH* nerve
content around airways and blood vessels (Figure 3, A-D), along
with reduced lung tissue noradrenaline/adrenaline (Figure 3E),
but sustained content of macrophages expressing either NTN1
or MRC1 (Supplemental Figure 13). When mice that did or did
not receive 6-OHDA were evaluated in the bleomycin model
after 14 days, substantially reduced collagen content was found
in the denervated lungs (Figure 3F). Although we cannot rule out
a direct effect of 6-OHDA treatment on immune activation and
fibroproliferation, because the denervated lungs were so marked-
ly protected, it is both possible and likely that a process linked to
adrenergic nerves, perhaps related to macrophage-derived NTN1,
participates in pulmonary fibrosis.

Dcc haploinsufficiency attenuates adrenergic nerve remodeling
and pulmonary fibrosis. To evaluate a direct effect of NTN1 on
adrenergic nerve biology, we investigated its receptor DCC. This
transmembrane dependence receptor is implicated in adrenergic
nerve development (24) and sensory nerve repair (23), but has not
been evaluated in fibrotic disease. In support of a potential role in
pulmonary fibrosis, Dcc expression was found to be significantly
increased in whole lung lysates prepared from bleomycin-chal-
lenged lungs, where it colocalized with TH in airway lumens after
bleomycin administration (Supplemental Figure 14). Because this
observation suggested a potential link to nerve remodeling and
fibrosis, we employed a spontaneous mouse model of Dcc hap-
loinsufficiency (Dcct*%*). These animals show reduced expres-
sion of Dcc without the severe developmental deformities seen in
Dcckenea/kangs animals (33), and are therefore suitable for studies in
adult mice. Baseline lung noradrenaline/adrenaline (Supplemen-
tal Figure 15) and adrenergic nerve content (Supplemental Figure
15) were equivalent between Dcc*/* and Dcck"¢/* mice. However,
after bleomycin, Dect¢%* lungs contained reductions in the nor-
adrenaline/adrenaline ratio (Figure 3G) and in ectopically located
TH* structures (Figure 3, H-]). Furthermore, fibrotic indices such
as collagen content (Figure 3K), MAS (Figure 3L), and trichrome
staining (Figure 3, M and N) were also ameliorated. These data
provide evidence that macrophage-derived NTN1impacts adren-
ergic nerve remodeling and its association with lung fibrosis
through a receptor-mediated interaction with DCC.

Therapeutic a, adrenoreceptor antagonism suppresses lung fibrosis.
Because a critical deficiency in the field of fibrosis is the availabil-
ity of efficacious, well-tolerated, and inexpensive medications, we
aimed to illuminate potentially new therapeutic approaches. In
considering this goal, we thought that targeting the NTN1-DCC
interaction — while mechanistically sound — would be difficult
because of the lack of an existing therapeutic pipeline. Sympathec-
tomy is similarly infeasible because of the anatomic challenge of
interrupting the sympathetic trunk when it enters the lung and the
obvious concern for off-target effects with chemical denervation.
As a result, the most attractive, rational, and direct application of
our work is the repurposing of safe and well-tolerated adrenorecep-
tor antagonists that are already approved by the FDA and available
in generic form. Based on noradrenaline’s o, adrenergic receptor
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binding properties (34), as well as previous work demonstrating a
fibrostimulatory function for this receptor class in otherwise nor-
mal rat lungs (35), we tested o, adrenergic receptor antagonism
(also called “a, blockers”) in the bleomycin model. FACS-based
enumeration of the 3 «, adrenergic receptor subtypes (ADRAIA,
ADRAI1B, and ADRA1D) was first performed. Because expression of
ADRA subtypes on leukocyte function is implicated in a number of
inflammatory conditions (36, 37), we interrogated these receptors
on CD45" cells after bleomycin (Figure 4, A-F). Here we found only
negligible expression of ADRAI1A in both conditions (Figure 4, A
and B), with an increase in quantities but not percentages of CD45"
cells expressing ADRA1B during fibrosis (Figure 4, C and D). In
contrast, we found a substantial increase in both the quantities and
percentages of CD45*ADRA1D" cells after bleomycin (Figure 4, E
and F). In addition, CD45 Collal* fibroblasts expressed all 3 recep-
tors at baseline and in a manner that was increased after bleomycin
(Supplemental Figure 16, A-C). Epithelial cells possessed close to
undetectable or absent expression of ADRA1 subtypes (data not
shown). Endothelial cells showed minimal expression of ADRAIA
(data not shown) and an increase in quantities of endothelial cells
that expressed ADRA1D but not ADRA1B after bleomycin (Sup-
plemental Figure 16, D and E). In an attempt to target these recep-
tors, bleomycin-challenged mice were then randomized to receive
therapeutic dosing of the o, adrenoreceptor antagonist terazosin,
which targets all ADRA1 subtypes (38), or vehicle control. In a regi-
men of daily dosing initiated at day 5 and continued until the mice
were euthanized at day 14, terazosin significantly reduced collagen
accumulation (Figure 4G and Supplemental Figure 17A), MAS (Fig-
ure 4H), and trichrome staining (Figure 4, I and J). Similar to cur-
rently available FDA-approved antifibrotics (39), when terazosin
was started at the 10-day time point and continued to 21 days, no
effect was seen, indicating a mechanism of action involving active
fibrogenesis rather than reversal of existing disease (Supplemen-
tal Figure 17B). These data show that the fibrosis associated with
NTNI1-driven, adrenergic nerve-derived noradrenaline responds
to treatment with o, adrenergic blockade.

Increased NTNI gene expression in IPF lungs. Our work’s clinical
relevance was then probed in a publicly available microarray data
set generated from samples collected under the Lung Genomics
Research Consortium (LGRC) protocol (40). Data were available
for 119 individuals with IPF and 50 controls. Demographic and
physiological characteristics are presented in Table 1. Examina-
tion of patient variables revealed the groups to be matched for
gender, but the IPF cohort was significantly older with evidence
of physiological impairment based on the percentage of predict-
ed forced vital capacity (FVC%) and diffusion capacity of the lung
for carbon monoxide (DLCO%). Individuals with IPF had higher
NTNI expression than controls that persisted despite adjustment
for age and lung function (Figure 5A). These findings were con-
firmed in archived lung biopsy samples obtained from the Yale
Lung Repository (TYLR), where relative to the unaffected mar-
gins of nodule resections from patients that were found to have a
nonmalignant process, biopsies obtained from patients with IPF
contained increased expression of NTNI relative to the internal
control B-actin gene, ACTB (Figure 5B).

Increased NTNI protein expression in IPF macrophages. To
assess the source of this increase in NTN1, we performed NTN1
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immunofluorescence on archived lung biopsy tissues from TYLR.
Here, NTN1 was found to colocalize with the macrophage marker
Macl in control (Figure 5, C and D) and fibrotic samples (Figure 5,
E and F), with a significant increase in the number of NTN1*Mac1*
cells seen in the IPF subjects (Figure 5G). These findings linked
the IPF disease state with macrophage-derived NTN1.

IPF lungs are enriched for noradrenaline. Next, we measured
noradrenaline and adrenaline in tissues derived from lungs
that were unsuitable for use as transplant donors (control) or
obtained from IPF patients at the time of transplant. As with
the animal studies described above, the noradrenaline/adrena-
line ratio was substantially increased in IPF lungs (Figure 5H),
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Figure 4. Therapeutic benefit of o, adrenoreceptor antagonism in experimentally induced lung fibrosis. (A-F) The lungs of WT mice that were sacrificed 14
days after a single inhaled dose of vehicle control (round symbol) or 1.25 U/kg bleomycin (triangular symbol) underwent FACS-based enumeration of percentag-
es (A) and quantities (B) of CD45* hematopoietic cells expressing ADRA1A; (C and D) percentages (C) and quantities (D) of CD45* hematopoietic cells expressing
ADRA1B; and (E and F) percentages (E) and quantities (F) of CD45* hematopoietic cells expressing ADRA1D. Only percentages of ADRA1D-expressing cells were
significantly increased 14 days after inhaled bleomycin (E, P = 0.0454, 2-tailed Student’s t test), whereas an increase was seen in quantities of both CD45*ADR-
A1B* (D, P = 0.0172, 2-tailed Student's t test) and CD45*ADRA1D* cells (F, P = 0.0267, 2-tailed Student'’s t test). (G-J) Relative to bleomycin-exposed mice treated
with vehicle control (round symbol), bleomycin-challenged mice treated with daily i.p. injections of 1 mg/kg terazosin (triangle) showed improvements in right
lung collagen (G, P = 0.0165, 2-tailed Student's t test) and in separate experiments, MAS (H, P = 0.0079, 2-tailed Student's t test) and trichrome staining (I and
J). In all comparisons, *P < 0.05 and **P < 0.01. Data are shown as mean + SEM. Original magnification of images, x10.

suggesting a relationship between NTN1, macrophages, and
noradrenaline in this setting.

Use of a, adrenoreceptor antagonists is associated with improved
survival in IPF. Finally, we confirmed the therapeutic potential of
a, adrenoreceptor antagonism in IPF by examining the historical
data of IPF subjects followed at the Yale Interstitial Lung Disease
Center of Excellence. At the time of analysis, 264 subjects with
IPF had been enrolled in our registry. To avoid confounders such
as evolving clinical practice and immunosuppression use before
2011, our analysis focused on newly referred, treatment-naive
subjects enrolled under the 2011 European Respiratory Soci-
ety/American Thoracic Society criteria (41). Medication review
identified no patients using an o, adrenoreceptor antagonist for
a cardiovascular indication. However, a substantial number of
patients were prescribed these drugs for a prostate-related indi-
cation. Because these individuals were male (n = 22), further
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analysis was restricted to this gender to result in the moderately
sized cohort of 89 patients described in Supplemental Table 1.
This entirely male cohort was mostly white (93%) with a mild-
ly impaired FVC%; severely impaired predicted DLCO%; and
a gender, age, and physiology (GAP) index score of 4, which is
associated with a 42% 3-year mortality (42).

All-cause mortality was then assessed during a 1000-day
longitudinal follow-up, which is within the median survival
length for this cohort, in patients who were (n = 22) or were not
taking (n = 67) a, antagonists (Table 2). Of the 22 patients using
a, blockers, 17 were prescribed tamsulosin and 5 were prescribed
terazosin. Notably, patients taking o, adrenoreceptor antagonists
trended toward being older, yet exhibited significantly better
FVC%, DLCO%, and GAP scores (Table 2). Receiver opera-
tor curve (ROC) analysis revealed a, antagonist use to reliably
dichotomize subjects for all-cause mortality (Supplemental
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Table 1. Demographic characteristics of the LGRC cohort

IPF
n 19

Age median [IQR] 64 [58-68]
Male sex % (n) 65% (77)
FV(% predicted 62 [50-72]
DLCO% predicted 44 [29-59]
NTN1 (log, of normalized array) 6.3[6.2-6.5]

Control Pvalue
50
47[33-60] <0.01
54% (27) 0.26
n/a
n/a
6.1[5.9-6.2] 14x107°

Data are presented as median and IQR. FVC% = percentage of predicted forced vital capacity. DLCO% = percentage of predicted diffusion capacity of the

lung for carbon monoxide.

Figure 18A). Kaplan-Meier analysis showed that o, antagonism
conferred a significant survival benefit (Supplemental Figure
18B) that persisted after covariate adjustments for age, FVC%,
DLCO%, and GAP index (Figure 5I). These data impart the clin-
ical impact of our basic science studies by framing a, adrenergic
blockers as a viable, potentially new treatment strategy in IPF.

Discussion

Because a major unmet need in the field of inflammatory remod-
eling is the discovery of intervenable processes driving fibrotic
pathologies (1), our study aimed to uncover potentially new dis-
ease mechanisms that can be easily treated. The central discov-
ery reported herein is that macrophage-derived NTN1 drives the
development of fibrosis through a mechanism involving remod-
eled adrenergic nerves, their secretory product noradrenaline, and
o, adrenoreceptors; and that this axis is at least partially intact in
humans with IPF where it may be targeted with safe and well-toler-
ated o, adrenoreceptor antagonists that are already FDA approved.
Our work has relevance for scarring conditions affecting the lung,
including IPF and the related and often fatal parenchymal disor-
ders arising in the setting of connective tissue disease, sarcoidosis,
toxins and irradiation, and acute interstitial pneumonia. Because
macrophages and/or NGPs are implicated in the inflammatory
remodeling of multiple organs, our work has significance for dis-
eases affecting the liver, kidney, skin, and bone marrow as well.
Finally, because adrenergic innervation has been linked to cancer
and obesity, our work may be relevant in these domains.

We used the lung as a modeling system to introduce several
potentially new concepts in the field of fibrosis. The first poten-
tially new idea is that the development of fibrosis is driven by
adrenergic nerves. Despite the increasingly recognized contribu-
tion of adrenergic innervation to pathologies of the bone mar-
row (43), adipose tissue (12), liver (44), and some malignancies
(45), its role in fibrotic repair is undefined. Based upon the tim-
ing of noradrenaline accumulation, the accumulation of ADRA1-
expressing hematopoietic and stromal cells, and the response
to both chemical denervation and delayed initiation of treat-
ment in the mouse model, we propose that nerve-derived nor-
adrenaline operates downstream of injury and inflammatory cell
recruitment to impact the fibroproliferative aspects of disease.
This could occur either through direct activation of the ADRA1
receptors, indirectly via noradrenaline uptake and recycling via
solute carrier family 6 member 2 and monoamine oxidase A (12),

or via additional mechanisms that have yet to be defined. The
improved outcomes seen in IPF patients prescribed o, adrenore-
ceptor antagonists suggest real clinical impact of our work. Given
the widespread adrenergic innervation that exists in the lung and
elsewhere, it is likely that additional processes affecting blood
vessels, airways, and distal organs are implicated. Other forms
of autonomic innervation are undoubtedly involved, as vagoto-
my in animal models has been shown to prevent fibrosis (46) and
suppress NTN1 (25). How these observations are linked to the
adrenergic system remains unknown. Nevertheless, given the
robust suppression of fibrosis and improved outcomes achieved
via therapeutic a, blockade in mice and humans, respectively, it
is easy to envision the relatively rapid repurposing of this drug
class for fibrotic indications such as IPF.

The current study tested the novel hypothesis that NGPs
participate in fibrosis via their axon-related functions and dis-
covered that the prototypical NGP, NTN1, mediates fibrosis and
stimulates adrenergic nerve remodeling. NGPs are implicated as
drivers of apoptosis (47); proliferation and survival (47); produc-
tion of 18-glycosyl hydrolase proteins (48); protection of mito-
chondrial integrity and function (49); recruitment, retention,
and activation of immune cells (50-52); activation of TGF-p1
(50); and production and secretion of lipid mediators (25). Our
study adds to this body of literature by demonstrating a role for
myeloid-derived NTN1 in nerve remodeling, neurotransmitter
accumulation, and fibrosis. NTN1 could act on nerve sprouting,
migration, and/or survival, or could function indirectly through
effects on neighboring cells. The reduction of fibrosis in the
Dcckne/+ mice suggests the former function, although we have
not evaluated a role for DCC in other cell populations or parts of
the fibrotic response. Further study is required to determine the
validity of this hypothesis and whether it extends to other NGPs.

We also report the provocative finding that macrophages con-
tribute to postinjury pulmonary nerve remodeling. Recent work
reports the presence of nerve-associated macrophages in multiple
organs, including the lung (10, 12); however, ours is the first study,
to our knowledge, to show that macrophages contribute to nerve
homeostasis in the adult lungs in a manner reminiscent of microg-
lial function in the central nervous system. We targeted Ntnl in
LysM-Cre* cells throughout development using the Lyz2 promoter.
This promoter is primarily active in cells of myeloid lineage (28)
and to a much smaller extent in alveolar epithelial type II cells.
We used multiple complementary methods to identify the critical
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Figure 5. NTN1 expression, noradrenaline content, and effect of o, adrenoreceptor antagonist use on survival in human IPF. (A) Evaluation of publicly
available microarray data from the LGRC cohort revealed that relative to the controls (n = 50, round symbol), IPF lungs (n = 119, triangle) exhibited higher NTN1
expression (6.3 £ 0.3vs. 61+0.2, [Iog2], FDR-adjusted P < 0.01). (B) Compared with the control, the expression of NTN1 relative to ACTB was increased in IPF
lung tissues (P = 0.0398, Mann-Whitney comparison). (C-F) Immunofluorescence detection of NTN1 (red) and Mac1 (green) in archived lung biopsy specimens
from controls (C and D) and IPF patients (E and F). The boxed areas in the low-power views are shown directly beneath. Slides were counterstained with

DAPI (blue). Original magnification, x20. (G) Compared with control samples, the number of Mac1* cells coexpressing NTN1 counted per high-powered field
(HPF) was increased in IPF (P = 0.0073, 2-tailed Student’s t test). (H) Compared with explanted donor lung tissues, the NA/A ratio was increased in IPF lungs
obtained at the time of transplant (P = 0.003, 2-tailed Student’s t test). (I) Kaplan-Meier analysis adjusted for age, sex, FVC, DLCO, and GAP index comparing
patients prescribed an o, adrenergic receptor antagonist (black line, n = 22) to those not on such therapy (red line, n = 67) showed a hazard ratio for all-cause
mortality of 0.30 (P = 0.008). *P < 0.05, **P < 0.01, and ***P < 0.001. Data are shown as either median with 95% confidence interval or mean + SEM.

NTN1*-expressing population as macrophages, but cannot rule
out the contribution from other Lyz2* cells. We also cannot rule
out other functions of macrophages and cannot, with any certain-
ty, make conjectures regarding the effector myeloid/macrophage
population. However, the immunostaining results from both the
mouse and human work would suggest at least a partial contri-
bution of lung-resident, long-lived, yolk sac-derived alveolar
macrophages (53). Further work will be required to determine the
identity of these cells and how they can best be targeted in human
disease, and whether NTN1 produced by additional populations
such as fibroblasts, epithelia, and endothelia at different periods
of fibrogenesis is similarly implicated in this process.

The limitations of our work constitute the framework for
multiple new areas of related investigation. The potential ben-
efit of o, adrenergic antagonism will require replication in pro-
spectively conducted, appropriately controlled studies including
female patients. The effect of noradrenaline on ADRA1 recep-
tor-expressing stromal and immune cells requires further inves-
tigation, and the role of other nerve-derived catecholamines
such as dopamine should also be assessed (54). Unraveling the
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benefit of myeloid Ntnl deletion will require the generation
of bone marrow chimeras and use of inducible macrophage-
specific promoters to avoid undetected developmental or off-tar-
get effects. The specificity of the NTN1/DCC interaction would
be better studied with the use of inducible Dcc deletion in TH*
cells and evaluation of additional cell populations expressing
DCC. The origin and identity of macrophages that can remodel
adrenergic nerves have yet to be identified. Finally, the relevance
of our observations to other fibrosing disorders will require study
in additional disease models and patient cohorts.

In conclusion, we have described a process of adrenergic
nerve-associated lung fibrosis that is driven by macrophage-
derived NTNI1 and responds to treatment with o, adrenoreceptor
blockade. Because NTN1-expressing macrophages have beeniden-
tified in numerous contexts, and the medications used in our study
are available for nonfibrotic indications, our findings are of broad
importance with high clinical relevance. A better understanding of
the mechanism through which myeloid NTN1 regulates adrenergic
nerve remodeling and downstream o, adrenergic receptor activa-
tion holds promise for the treatment of fibrotic disease.
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Table 2. Demographic characteristics of IPF patients from TYLR

(=) a1 adrenergic antagonist

N 67
Age (years)
Mean + SD 7119+ 6.83
Race/ethnicity n (%)
White 62 (92.54)
African American 2(2.98)
Hispanic 3(4.48)
Smoking status n (%)
Ever/Current 55 (82.09)
Never 12 (17.91)

FVC% at enrollment

(Percentage predicted mean + SD) UZEAIEEY
DLCO% Hgb at enroliment

(Percentage predicted mean + SD) 41.88 £ 1519
GAP index at enrollment 464+133

(Percentage predicted mean + SD)
o adrenergic antagonist n (%)
Tamsulosin
Terazosin

(+) a1 adrenergic antagonist P value
22

7416 £5.29 0.067
21(95.45) >0.999
1(4.55) >0.999
0(0.00) 0.572
18 (81.82) >0.999
4(18.18)

83.00 +16.83 0.009
5118 £17.69 0.019
3.96 + 0.99 0.029

17(77.2)
5(22.8)

Data are presented as mean + SD. FVC% = percentage of predicted forced vital capacity. DLCO% = percentage of predicted diffusion capacity of the lung for

carbon monoxide. GAP = gender, age, physiology.

Methods
Detailed methods are available in Supplemental Methods.

Study design. Power analysis was performed for the in vivo studies.
All data were included in the final analysis, and outliers were not exclud-
ed. Primary endpoints were prospectively determined, and appropriate
corrections were made for multiple testing. Mouse studies were repeated
twice. Randomization occurred manually. The human studies were per-
formed once. The objectives of our study were to determine the mecha-
nism through which NTN1 drives pulmonary fibrosis and to test the pre-
specified hypothesis that its role involves adrenergic nerve remodeling.
The units of investigation included genetically modified and WT mice,
existing data sets, and archived samples and data from healthy control
and IPF participants. The overall design involved evaluation of fibrosis in
genetically modified mice orin WT animals subjected to chemical dener-
vation or o, blocker treatment. Archived samples and historical data from
humans were used to support the clinical relevance of our experimental
observations. Analysis was performed in triplicate using randomization
to avoid block effect. Mice and samples were numerically coded, and
animal handlers and laboratory staff were blinded to the study group.

Animals. Mice were backcrossed for more than 10 generations onto
a C57BL/6] background. Male and female mice were used between age
7 and 9 weeks. WT, Collo2-CreER (55), LysM-Cre (28), and Dcct¥* (33)
mice were purchased from The Jackson Laboratory. Nenl"? (56) and
Ninl*- (16) mice were described previously.

Drugs. Pharmacological grade bleomycin was obtained from McKes-
son Medical Surgical, Inc. 6-OHDA (H4381), terazosin (T4680), tamox-
ifen (T5648), and urethane (U2500) were purchased from MilliporeSig-
ma. Isoflurane (50019100) was ordered from Zoetis Inc.; 1,2-propanediol
(30948) was purchased from Alfa Aesar.

Bleomycin models. Bleomycin administration, BAL, and lung harvest
were performed according to our previous description (57). Unless stat-
ed otherwise, groups were evenly divided between males and females.

Collagen quantification. Collagen content was assessed by Sircol
Soluble Collagen Assay (Biocolor Ltd., CLS 1111) according to our pre-
vious methods (31).

Vibratome sectioning and staining. Vibratome sectioning and
immunofluorescence staining were carried out using either the
pan-neuronal marker PGP9.5 or for the rate-limiting enzyme in the
biosynthesis of catecholamines, TH, as a sympathetic neuron mark-
er. Lung preparation for vibratome sectioning was performed as pre-
viously described (58). The 150-um-thick lung sections were blocked
overnight with 5% normal goat serum (NGS) in 0.5% Triton X-100/1x
PBS (PBS-T) at 4°C on a shaker. Sections were then incubated with
rabbit anti-TH (1:100, Abcam, ab112) and mouse anti-a-SMA (1:250,
Abcam, ab7817) antibodies for 3 days at 4°C. The colocalization stain-
ing was carried out using rabbit anti-TH and mouse anti-PGP9.5
(1:100, Abcam, ab8189). After the washing with PBS-T, lung sections
were continuously incubated overnight with the corresponding Alexa
Fluor-488 goat anti-rabbit IgG (1:500, Invitrogen, A11008) and Alexa
Fluor 555-goat anti-mouse IgG (1:500, Invitrogen, A21422) for 24
hours at 4°C. Finally, lung sections were washed 4 times with PBS-T
and mounted with the VECTASHIELD antifade mounting medium
containing 1.5 pg/mL DAPI (Vector Laboratories, H-1200). Images
were taken using an SP8 confocal laser microscope with the software
of Leica Application Suite X (Leica Microsystems Inc.), and TH fibers
were quantified visually in serial sections of multiple lobes as fibers/
mm?®/tissue. Antibodies are listed in Supplemental Table 2.

Imaging mass cytometry. After dewaxing and rehydration, tissue
sections were blocked with 0.3% BSA in Dulbecco’s PBS (DPBS) for
30 minutes at room temperature in a hydration chamber and then
incubated overnight with the prepared antibody cocktail (Supple-
mental Table 3, Netrin-1-152Sm, CD11b-149Sm, F4/80-159Tb, and
HistoneH3-176Yb [to identify nuclei]) in 100 pL DPBS at 4°C in a
hydration chamber. The next day, slides were washed, and sections
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were stained with Ir-Intercalator in DPBS for 60 minutes at room tem-
perature in a hydration chamber, then washed with TBS-T for 5 min-
utes (twice), then washed with Milli-Q water for 5 minutes (twice), and
then allowed to air-dry for more than 30 minutes at room temperature.
Slides were imaged with the Hyperion Imaging Mass Cytometer (27).
Data were analyzed using Histology Topography Cytometry Analysis
Toolbox (HistoCAT) (59). The fold change in cell density per mm? was
calculated and compared between groups.

Determination of noradrenaline and adrenaline concentrations in
BAL and lung tissues. Concentrations of noradrenaline and adrenaline
were determined in BAL and lung tissues using commercially avail-
able noradrenaline and adrenaline high-sensitivity ELISA kits (DLD
Diagnostika, GMBH, NOU39-K01 and ADU39-KO01) that have been
used for this application in other publications (60).

Chemical sympathectomy. Chemical sympathectomy was performed
to abrogate presynaptic noradrenaline release according to previous
descriptions using 6-OHDA as the specific sympathetic neurotoxin (61).

FACS. FACS was performed on an LSRII flow cytometer on digest-
ed lung tissue suspensions prepared according to a method already in
use in our lab (51). The mice of interest were euthanized and the lungs
were flushed with 1x PBS as described above. Lungs were harvested,
chopped into small pieces, and then digested in DMEM with high glu-
cose containing 150 pg/mL collagenase (MilliporeSigma, C5138) and
20 U/mL DNase I (Roche, 04716728) for 1 hour at room temperature.
This digestion was halted by addition of 1x PBS. The digested tissue
was mechanically dissociated, filtered through a 100-um cell strainer,
and then centrifuged at 495¢ for 10 minutes at 4°C. The supernatants
were dumped, and 10 mL of 1x PBS were added into the pellets for
cell counting. After centrifuging again, the pellets were resuspended
in FACS buffer (1x PBS containing 2% FBS, 0.01% NaN,, and 1 mM
EDTA) at a density of 2 x 107 cells/mL. Next, 2 x 10° cells were taken
and incubated with the surface antibodies in FACS buffer containing
10% NGS for 1 hour at 4°C. Antibodies are shown in Supplemental
Table 4. The following surface antibodies were used: rat CD45 mAb
FITC (1:100, eBioscience, 11-0451-82), rat PE CD45 (1:100, BD
Biosciences, 553081), rat CD45 mAb PerCP (1:1000, eBioscience,
45-0451-82), rat CD45 APC (1:100, eBioscience, 17-0451-82), rab-
bit anti-ADRAIA (1:5000, Abcam, ab22519), rabbit anti-ADRA1B
(1:1000, Abcam, ab169523), rabbit alpha-1D adrenoceptor (1:100,
Invitrogen, PA5-77286), rat PE CD31 (1:100, BD Biosciences, 553373),
rat CD326 (EpCAM) (G8.8) APC (1:200, Invitrogen, 17-5791-82), rat
PE anti-CD11b (1:200, BD Biosciences, 557397), Armenian-hamster
CD11c (N418) PerCP-cyanine 5.5 (1:800, eBioscience, 45-0114-80),
and rat F4/80 (BM8) APC (1.5:100, Invitrogen, 17-4801-82). After
washing with FACS buffer, cell pellets were permeabilized in 500 pL
of 1x fixation/permeabilization buffer (eBioscience, 005123-43) over-
night at 4°C. The next day, cells were washed with 1x permeabilization
buffer (eBioscience, 00-8333-56) and then continuously labeled with
intracellular antibodies for 1 hour at room temperature. The following
intracellular antibodies were used: rat FITC CD206 (MRC1) (1.5:100,
BioLegend, 141704), goat anti-type I collagen (1:100, Southern Bio-
tech, 1310-01), and mouse netrin-1-FITC (1:200, Novus Biologicals,
NB600-1344F). Where relevant, secondary detection of unconjugat-
ed primary antibodies was then performed. Finally, cells were washed
with FACS buffer and filtered through a 100-pm cell strainer. Acqui-
sition was performed on an LSRII flow cytometer using FACSDiva
acquisition software. Flow]Jo software (FlowJo, LLC) was used for data
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analysis. The positive and negative gates were set based on relevant
isotype control. Antibodies are listed in Supplemental Table 3.

Terazosin treatment. Briefly, mice received a single dose of vehicle
or bleomycin (1.25 U/kg) on day O. Five days later, these mice were
randomly divided into 2 groups. One group was i.p. injected with 1
mg/kg terazosin from day 5 to day 13; another group was synchronous-
ly treated with saline and served as vehicle controls. Mice were eutha-
nized on day 14. In later experiments, bleomycin-exposed mice were
treated with terazosin or vehicle from day 10 to day 21.

Histologic analysis, immunohistochemistry, and immunofluorescence.
Whole left lungs were harvested from experimental mice for histologi-
cal analysis. FFPE sections were stained with H&E to assess gross mor-
phology or Masson’s trichrome stains to visualize collagen deposition
(50). MAS was performed with a minor modification of previously pub-
lished method (62). This quantitative scoring system assigns a numer-
ical value between O and 8 that correspond to the extent of fibrosis in
a histologic sample. NTN1 immunohistostaining was performed on
unstained paraffin sections. NTN1 was detected with primary antibody
(R&D Systems, ab301324) followed by anti-rabbit HRP secondary
antibody (Abcam, ab205718) and detected with a brown liquid DAB*
substrate chromogen system (Dako, 34688). Cell nuclei were coun-
terstained with modified Meyer's hematoxylin (Abcam, ab220365).
Immunofluorescence detection of NTN1 on human lung biopsy spec-
imens was performed using goat polyclonal netrin-1 antibody (Novus,
NBP1-51922) and rat monoclonal Mac1 antibody (Abcam, ab8878) fol-
lowed by secondary detection and DAPI counterstaining.

RNA extraction, cDNA synthesis, and quantitative real-time PCR.
RNA isolation, cDNA reverse transcription, quantitative real-time
PCR, and relative quantification using the 2" method were carried
out as previously reported by our lab (31).

TUNEL staining. Paraffin-embedded 5-um sections from FFPE
lung tissues were detected by the TUNEL assay using the ApopTag
Peroxidase in Situ Apoptosis Detection Kit (MilliporeSigma, S7100)
according to the manufacturer’s protocol, as we have reported (31).

The LGRC cohort. Gene expression data for the NTNI gene were
measured at the probe-level (probe ID: 8004880), from the Affyme-
trix Human Gene 1.0 ST Array (Affymetrix), and used in the LGRC
cohort as previously described (40).

Data and materials availability. All materials reported in this man-
uscript are either commercially available or can be obtained under a
materials transfer agreement. Apart from FACS data showing absent
ADRAL1 receptor expression on epithelium and endothelium, all the
data are available in the main text and Supplemental Methods.

Statistics. Parametric data are graphed as mean * SEM and
were analyzed using GraphPad Prism version 7.01. Nonparametric
data are graphed as median with IQR. Multiple comparisons were
achieved using 2-way ANOVA with appropriate multiple-com-
parisons test. Comparisons between 2 groups were made using an
unpaired 2-tailed Mann-Whitney comparison or Student’s ¢ test. For
LGRC and TYLR data, R software (R Foundation for Statistical Com-
puting) was used for data analysis. The R stats package version 3.4.3
was implemented. Results were reported as medians and IQRs (25%
to 75%) unless otherwise specified. For the LGRC cohort, the P val-
ue for NTNI represents probe-level statistics adjusted for multiple
comparisons. Continuous variables were tested using nonparametric
tests, including the Kruskal-Wallis test. Categorical variables were
analyzed with Fisher’s exact test. Kaplan-Meier analysis determined

+



] -

RESEARCH ARTICLE

survival associations. Multivariate Cox regression hazards ratio was
used to model association with relevant covariates. P values of less
than 0.05 after multiple-comparisons testing (where relevant) were
considered statistically significant.

Study approval. These studies were performed with approval
from the Yale TACUC and IRB. All animal experiments were per-
formed according to the principles approved by the Yale University
IACUC with handling adhering to the Guide for the Care and Use of
Laboratory Animals. All human studies were performed with approv-
al from institutional human investigation committee(s) at Yale Uni-
versity or Massachusetts General Hospital, and written informed
consent was received from participants before inclusion in the study.
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