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RESEARCH ARTICLE
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Alveolar epithelial cell (AEC) dysfunction underlies the pathogenesis of pulmonary fibrosis in
Hermansky-Pudlak syndrome (HPS) and other genetic syndromes associated with interstitial
lung disease; however, mechanisms linking AEC dysfunction and fibrotic remodeling are
incompletely understood. Since increased macrophage recruitment precedes pulmonary

fibrosis in HPS, we investigated whether crosstalk between AECs and macrophages determines
fibrotic susceptibility. We found that AECs from HPS mice produce excessive MCP-1, which was
associated with increased macrophages in the lungs of unchallenged HPS mice. Blocking MCP-1/
CCR2 signaling in HPS mice with genetic deficiency of CCR2 or targeted deletion of MCP-1in
AECs normalized macrophage recruitment, decreased AEC apoptosis, and reduced lung fibrosis
in these mice following treatment with low-dose bleomycin. We observed increased TGF-§
production by HPS macrophages, which was eliminated by CCR2 deletion. Selective deletion

of TGF-p in myeloid cells or of TGF-p signaling in AECs through deletion of TGFBR2 protected
HPS mice from AEC apoptosis and bleomycin-induced fibrosis. Together, these data reveal a
feedback loop in which increased MCP-1 production by dysfunctional AECs results in recruitment
and activation of lung macrophages that produce TGF-§, thus amplifying the fibrotic cascade
through AEC apoptosis and stimulation of fibrotic remodeling.

Introduction
Hermansky-Pudlak syndrome (HPS), the most penetrant of the genetic pulmonary fibrosis syndromes,
provides a compelling paradigm for studying the cellular pathogenesis of pulmonary fibrosis. Recessive
mutations in ubiquitously expressed HPS genes result in dysfunction of key hetero-oligomeric intracellular
protein trafficking complexes, leading to clinical manifestations that include oculocutaneous albinism and
a bleeding diathesis (1). To date, 10 genetic loci have been associated with HPS in humans, and pulmonary
fibrosis has been reported in several of these subtypes, including HPS1 and HPS2 (1-5). Naturally occur-
ring mutations in HPS mice reliably model important features of the human disease, including susceptibil-
ity to profibrotic stimuli, which is restricted to the same HPS subtypes that are associated with pulmonary
fibrosis in humans (6—8). We have demonstrated that intrinsic defects in the alveolar epithelium due to
HPS mutations underlie the fibrotic susceptibility in HPS mice. Specifically, epithelial-specific transgenic
correction of the 1 subunit of adaptor protein 3 (AP-3) in HPS2 mice protected the animals from bleomy-
cin-induced alveolar epithelial cell (AEC) apoptosis and fibrosis (7). However, the mechanisms by which
dysfunctional AECs facilitate lung fibrosis following injury remain incompletely defined.

Compelling data from HPS patients demonstrate that lung inflammation precedes pulmonary fibrosis (9).
HPS patients with preserved lung function have increased numbers of macrophages in bronchoalveolar lavage
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Figure 1. Increased MCP-1 production by type Il alveolar epithelial cells correlates with excess macrophage accumula-
tion in the lungs of HPS1 and HPS2 mice. (A) F4/80* macrophages from lungs of unchallenged mice were quantitated
by flow cytometry with gating on CD45* viable cells. Data are presented as box-and-whisker Tukey plots; n =14 WT, n =
6 HPS1, n =9 HPS2, and n = 5 HPS3. Comparison between groups was conducted by ANOVA, *P < 0.01vs. WT and HPS3
mice. (B) MCP-1was measured by ELISA in cell culture media from type Il alveolar epithelial cells (AECs) from unchal-
lenged mice after 24 hours in culture; n =15 WT, n = 6 HPS1, n = 9 HPS2, and n = 6 HPS3. Comparisons between groups
were conducted by Kruskal-Wallis test with Dunn’s multiple comparisons post-test, *P < 0.001 vs. WT and HPS3.

(BAL), and macrophage alveolitis has been described in lung histology from HPS patients (9). Although
alveolar macrophages have been implicated in lung fibrosis, macrophages may alternately promote fibrosis
or resolution at different times after injury (10-18). We postulated that aberrant signaling between AECs
and lung macrophages contributes to the marked sensitivity to low-dose bleomycin in susceptible HPS mice
and provides a mechanistic link between AEC dysfunction and subsequent development of lung fibrosis.
Our studies show that increased production of monocyte chemotactic protein-1 (MCP-1; also known as C-C
motif ligand 2 [CCL2]) by AECs from HPS mice regulates macrophage recruitment and TGF-f production
via CCR2. Macrophage-derived TGF-f then drives a feedback cycle promoting AEC apoptosis and further
MCP-1 production. These studies provide evidence for epithelial-macrophage interactions that impact devel-
opment of lung fibrosis.

Results

HPS AECs produce excess MCP-1. By flow cytometry, we found that numbers of F4/80* macrophages were
increased in the lungs of unchallenged HPS1 and HPS2 mice compared with WT controls and HPS3 mice
(which do not have increased susceptibility to bleomycin-induced fibrosis) (Figure 1A), suggesting that
increased numbers of macrophages are associated with the propensity to develop fibrosis in HPS. In con-
trast, the numbers of dendritic cells, granulocytes, and CD4* and CD8* T lymphocytes were similar in the
lungs of HPS and WT mice (data not shown). We next examined potential mechanisms for excess recruit-
ment of macrophages in the lungs of HPS mice. We isolated primary type II AECs from unchallenged HPS
and WT mice and evaluated production of monocyte/macrophage chemoattractants as well as other cyto-
kines to identify factors that were elevated in conditioned media from AECs from both HPS1 and HPS2,
but not fibrosis-resistant HPS3, mice. Primary type II AECs from unchallenged HPS1 and HPS2 mice
secreted excess MCP-1 compared with WT and HPS3 AECs (Figure 1B). Levels of MCP-1 were reduced
in a HPS2 transgenic model with AEC-specific correction of AP-3 expression (7). In contrast, similar lev-
els of other monocyte/macrophage chemoattractants, including MCP-3, MCP-5, granulocyte-macrophage
colony-stimulating factor (GM-CSF), macrophage CSF (M-CSF), RANTES, and MIP1a, were produced
by WT and HPS AECs (Supplemental Figure 1; supplemental material available online with this article;
doi:10.1172/jci.insight.88947DS1). Together, these findings from HPS mice were consistent with those of
prior reports demonstrating increased concentration of MCP-1 and increased macrophages in BAL from
HPS patients (9) and suggested that epithelial-derived MCP-1 could be responsible for recruitment of mac-
rophages to the lungs in HPS.

The MCP-1/CCR2 pathway regulates macrophage recruitment and fibrotic susceptibility in HPS mice. To
determine whether MCP-1 contributes to macrophage recruitment and fibrosis in HPS mice in vivo,
we crossed mice that were globally deficient for the MCP-1 receptor, CCR2 (CCR2”-, C57BL/6J back-
ground), with HPS1 or HPS2 mice. The increased recruitment of F4/80" myeloid cells observed in the
lungs of unchallenged HPS1 and HPS2 mice was blocked in both HPS1/CCR2~~ and HPS2/CCR2~~
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Figure 2. CCR2 regulates increased recruitment of macrophages and exaggerated fibrotic susceptibility in HPS mice. HPS1 or HPS2 mutant mice were
bred to homozygosity with global CCR2-deficient (CCR27-) mice. (A) Numbers of macrophages in unchallenged and bleomycin-treated mice (day 7) were
quantified by flow cytometry using the F4/80 marker. Data are presented as box-and-whisker Tukey plots. For unchallenged groups, n =13 WT, n =9 WT/
CCR27~, n =6 HPS1, n = 4 HPS1/CCR2-, n = 4 HPS2, and n = 10 HPS2/CCR2~. For bleomycin-challenged groups, n =7 WT and WT/CCR27-, n = 4 HPS1 and
HPS1/CCR27-, n =10 HPS2, and n = 6 HPS2/CCR2/~. Comparisons between groups were conducted by Kruskal-Wallis test with Dunn’s multiple compari-
sons post-test, *P < 0.05 vs. unchallenged WT and CCR27/~ groups, **P < 0.05 vs. bleomycin-challenged WT and CCR2/~ groups. (B) Survival after IT bleo-
mycin; n = 8/group WT and WT/CCR27-, n =14 HPS2, and n = 10 HPS2/CCR2~. P < 0.05 for HPS2/CCR27~ vs. other groups by log-rank test. (C) Histology of
lung sections from mice 7 days after bleomycin challenge. Representative H&E images; original magnification, x10. (D) Lung collagen content of left lung
quantified by Sircol assay in unchallenged mice or 7 days after bleomycin challenge (mean + SEM). For unchallenged groups, n =4 WT and n = 6 WT/CCR2/-.
For bleomycin-challenged groups, n =11 WT, n =10 WT/CCR27/~, n =17 HPS1, n = 19 HPS1/CCR27/~, n = 24 HPS2, and n = 15 HPS2/CCR2~. Comparisons
between groups were conducted by Kruskal-Wallis test with Dunn’s multiple comparisons post-test, *P < 0.001 for HPS2/CCR2*/* and HPS1/CCR2*/* vs. WT
and CCR27/- groups. (E) Modified Ashcroft fibrosis score from trichrome-stained lung sections. Data are presented as box-and-whisker Tukey plots;

n = 4/group, except n = 5 HPS1/CCR2/- and HPS2, and n = 6 HPS2/CCR2/~, with comparisons between groups conducted by Kruskal-Wallis test with
Dunn’s multiple comparisons post-test, *P < 0.01vs. WT and CCR2/- groups. (F) TUNEL* alveolar epithelial cells (AECs) in lung sections from mice 24
hours after bleomycin challenge; n = 6 HPS1, n = 5 HPS2, n = 10 HPS1/CCR27/-, and n = 7 HPS2/CCR2/~. Comparison with CCR27/- groups was assessed using
Mann-Whitney U analysis, *P < 0.01.

mice (Figure 2A). Further examination of myeloid subpopulations in HPS mice indicated that the subset
of interstitial macrophages (identified by F4/80°, CD11c"°, CD11b*, Grl") was selectively increased in
unchallenged HPS mice compared with WT controls, while no differences were observed in the numbers
of alveolar macrophages (F4/80%, CD11c*, CD11b-, Grl-) or monocytes (F4/80"°, CD11c, CD11b*,
GrlP) (Supplemental Figure 2). CCR2 deficiency reduced the number of interstitial macrophages in
unchallenged HPS mice to levels similar to those of WT controls (with or without CCR2 deletion). In
contrast, CCR2 deletion did not affect the population of alveolar macrophages and similarly reduced
monocytes in the lungs of HPS and WT strains.
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Figure 3. Epithelial MCP-1 drives fibrotic susceptibility in HPS2 mice via CCR2 signaling in myeloid cells. (A-D) MCP-1was deleted in the lung epithe-
lium of HPS mice by crossing HPS2 mice with SPC.Cre/MCP1 floxed mice (HPS2/MCP1*5¢ mice). (A) MCP-1 production determined by ELISA from alveolar
epithelial cells (AECs) isolated from unchallenged mice (mean + SEM); n = 6 for WT groups and n = 12 for HPS groups. Comparisons between groups were
conducted by ANOVA with Tukey post-test, *P < 0.05 vs. WT, **P < 0.001vs. others. (B) Bronchoalveolar lavage MCP-1 levels 24 hours after bleomycin chal-
lenge (mean + SEM); n =9 WT and n = 5 each for WT/MCP145¢, HPS2, and HPS2/MCP144E¢, Comparisons between groups were conducted by Kruskal-Wallis
test with Dunn’s multiple comparisons post-test, *P < 0.01vs. other groups. (C) Lung collagen content of left lung quantitated in age-matched unchal-
lenged mice or 7 days after bleomycin (mean + SEM). For unchallenged groups, n = 4 WT and n = 6 WT/MCP1*€¢, For bleomycin-challenged groups, n = 6
WT/MCP124E¢ n = 3 WT/SPC.Cre" littermate controls, n = 7 HPS2/MCP1**€¢, and n = 8 HPS2 SPC.Cre” littermate controls. Comparisons between groups were
conducted by Kruskal-Wallis test with Dunn’s multiple comparisons post-test, *P < 0.05 vs. other bleomycin-challenged groups. (D) Fibrosis score. Data
are presented as box-and-whisker Tukey plots; n = 4 for WT groups, n = 5 for HPS groups, and n = 3 SPC.Cre” controls. Comparisons between groups were
conducted by Kruskal-Wallis test with Dunn’s multiple comparisons post-test, *P < 0.01vs. WT, **P < 0.05 vs. HPS2/MCP14€¢, (E and F) Mice underwent
whole body irradiation followed by transplantation of whole marrow from WT, HPS2, or WT/CCR2/~- mice. After 60 days, transplanted mice were chal-
lenged with bleomycin. (E) Lung collagen content of the left lung quantitated in unchallenged transplant controls or 7 days after bleomycin treatment
(mean + SEM). For unchallenged groups, n =4 WT and n = 10 HPS2. For bleomycin-challenged groups, n =10 recipients of WT marrow and n = 11 recipients
of CCR2- marrow. Comparisons between bleomycin-challenged groups were conducted using Mann-Whitney U analysis, *P < 0.01. (F) Fibrosis score. Data
are presented as box-and-whisker Tukey plots; n = 6 per group. Comparisons were conducted using Mann-Whitney U analysis, *P < 0.05.

In CCR2-deficient HPS mice, we observed a reduction in F4/80* macrophages after intratracheal (IT)
bleomycin treatment compared with the matched HPS strain (Figure 2A). In addition, CCR2 deficiency
was associated with significantly improved survival in response to bleomycin treatment in HPS2 mice (Fig-
ure 2B), which exhibit accelerated fibrotic susceptibility and high mortality following low-dose bleomycin
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Figure 4. Interstitial mac-
rophages from HPS mice
produce increased M2 markers
after bleomycin treatment.
(A-D) Quantitative PCR was per-
formed for a panel of M1 (A and
C) and M2 (B and D) markers
from WT and HPS macrophages
isolated from bronchoalveolar
lavage (BAL) by adherence

to cell culture plates. BAL
macrophages were recovered
from unchallenged mice (A and
B) and mice at 24 hours after
bleomycin treatment (C and D).
Gene expression was normalized
to GAPDH. Data are presented
as box-and-whisker Tukey
plots; n = 3-5/group. Compari-
son between WT and HPS for
each gene was assessed using
Mann-Whitney U analysis, *P

< 0.05. (E and F) Evaluation of
cell populations in the airways
of WT and HPS1 mice. BAL cells
were recovered from unchal-
lenged mice (E) and mice at 24
hours after bleomycin treat-
ment (F). Flow cytometry was
performed on BAL cells with
cell types defined as follows:
alveolar macrophages, F4/80¢,
CD11c*, CD11b-, Gr17; interstitial
macrophages, F4/80'", CD11c",
CD11b*, Gr17; and neutrophils,
F4/80-, CD11b*, Gr1*; n = 4/group
for unchallenged mice and n

= 3/bleomycin-treated group.
*P < 0.05 by Mann-Whitney U
analysis. (G-1) Comparison of
gene expression from alveolar
macrophages (AM) and intersti-
tial macrophages (IM). Quanti-
tative PCR was performed for
Tnfa (G), Tgfb (H), and Arg1 (1),
normalized to Act, with results
presented in comparison to
flow-sorted WT unchallenged
alveolar macrophages. Data are
presented as box-and-whisker
Tukey plots; n = 6/group. Com-
parison between macrophage
subtypes were performed using
Kruskal-Wallis test with Dunn’s
multiple comparisons post-test,
*P < 0.05, **P < 0.001.

challenge (6, 7). Consistent with mortality data, CCR2-deficient HPS mice exhibited a marked reduction
in fibrosis compared with HPS mice at 7 days after bleomycin treatment, as measured by collagen content
assay and histologic assessment of lung sections (Figure 2, C-E). In contrast, CCR2 deficiency did not alter
the mild fibrotic response of WT mice to low-dose bleomycin. Since AEC apoptosis has been linked to sub-
sequent fibrosis in bleomycin-treated mice (6, 7), we quantified TUNEL* AECs and found that apoptotic
AECs were reduced in CCR2-deficient HPS1 and HPS2 mice compared with HPS1 and HPS2 mice at 24

hours after bleomycin challenge (Figure 2F).

doi:10.1172/jci.insight.88947
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Since multiple cell types can produce MCP-1 and express CCR2, we performed experiments to directly
test whether the lung epithelium was the relevant cellular source of MCP-1 in HPS mice in vivo. For these
studies, we used the SPC.Cre promoter to generate a model in which MCP-1 was deleted specifically in epi-
thelial cells (MCP12AE€), resulting in reduced MCP-1 in the BAL of HPS mice (Figure 3, A and B). Follow-
ing bleomycin treatment, HPS2/MCP1*4E€ mice had reduced lung collagen content and improved fibrosis
scores compared with HPS2 mice, thus supporting the idea that the epithelial MCP-1/myeloid CCR2 axis
regulates fibrosis in HPS mice (Figure 3, C and D). This conclusion was further supported by bone mar-
row transplantation experiments using CCR2”~ and WT mice as donors and HPS2 mice as recipients.
Compared with HPS mice that were transplanted with WT marrow, HPS mice that received CCR2~~ mar-
row had significantly reduced lung collagen content and fibrosis scores after bleomycin challenge (Figure
3, E and F). Taken together, these studies demonstrate that epithelial MCP-1 recruits macrophages to the
lungs via CCR2 signaling and that these cells play an important role in mediating the exaggerated fibrotic
susceptibility of HPS mice.

HPS macrophages express increased M2 markers after bleomycin treatment. We next aimed to determine how
macrophages were contributing to lung fibrosis in HPS mice. We isolated macrophages from the BAL of
HPS and WT mice and used quantitative PCR to examine gene expression profiles. Macrophages in BAL
from unchallenged HPS mice had a gene expression profile similar to that of cells from WT mice, except
for increased expression of Tufa (Figure 4, A and B), a finding consistent with our prior reports (8). At 24
hours after bleomycin treatment, M1 markers were similarly increased in macrophages isolated from BAL
of HPS and WT mice; however, we identified increased expression of the M2 markers 1710, Ccl17, Argl, and
Tgfb in HPS macrophages relative to WT cells (Figure 4, C and D). Macrophages from HPS1 mice exhib-
ited similar expression profiles as cells from HPS2 mice (data not shown). To determine which subgroup of
macrophages was responsible for increased M2 marker expression after bleomycin treatment, we examined
macrophage subpopulations present in the airways of WT and HPS mice. While almost all BAL cells from
unchallenged HPS and WT mice had cell surface markers consistent with alveolar macrophages, increased
numbers of interstitial macrophages and neutrophils were present in the BAL from both HPS and WT
mice at 24 hours after bleomycin treatment (Figure 4, E and F). More interstitial macrophages were pres-
ent in BAL from HPS mice compared with WT mice after bleomycin treatment, and these cells expressed
increased levels of M2 markers 7gfb and Argl compared with cells from WT mice. In contrast, Tnfa expres-
sion was highest in alveolar macrophages from HPS mice (Figure 4, G-I). Collectively, these data indicate
that increased numbers of interstitial macrophages are recruited to the lungs of HPS mice followed bleo-
mycin injury and these cells are skewed toward production of M2 macrophage markers, including TGF-p.

Excess TGF-8 produced by HPS macrophages is controlled by lung epithelium. Given the increased TGF-$
expression by HPS lung macrophages (6) and the well-established role of TGF-f in fibrosis, we wondered

doi:10.1172/jci.insight.88947 6
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Figure 6. Macrophage TGF-f contributes to fibrotic susceptibility in HPS1 mice. (A-C) Mice deficient in myeloid TGF-B1 (LysM.Cre/TGFb1"f; denoted WT/
TGF-p*"e) were studied in comparison to LysM.Cre" littermate controls (LysM.Cre-/TGFb17f; denoted WT). (A) Macrophages were isolated by bronchoalveo-
lar lavage (BAL), and total TGF-B1was measured in the cell culture media by ELISA after 24 hours in culture (mean + SEM); n = 3/group; *P < 0.05 by Mann-
Whitney U analysis. (B) BAL cell counts from unchallenged mice; n =5 WT and n = 7 WT/ TGF-B*"e, P = NS by Mann-Whitney U analysis. (C) Total TGF-B1in
lung homogenates from unchallenged mice. Data are presented as box-and-whisker Tukey plots; n = 4/group, P = NS by Mann-Whitney U analysis. (D-H)
TGF-B*™e mice were bred onto the HPS1 background to generate HPS1/TGF-B*™e mice or HPS1/Cre” littermate controls (denoted HPS1). (D) Total TGF-B1
was determined by ELISA in BAL fluid from unchallenged mice; n = 15 WT/TGF-B*"e, n = 8 HPS1/TGF-p2™e, n = 7 WT controls, and n = 11 HPS1 controls.
Comparisons between groups were conducted by Kruskal-Wallis test with Dunn’s multiple comparisons post-test, *P < 0.01vs. WT, **P < 0.05 vs. HPS1/
TGF-B*™e, (E) Representative H&E histologic images (original magnification, x10) of lung sections at 7 days after IT bleomycin. (F) Lung collagen content
of the left lung in unchallenged mice and at 7 days after bleomycin (mean + SEM). For unchallenged groups, n = 6. For bleomycin-challenged groups, n =

3 WT, n =6 WT/TGF-B*"e, n = 21 HPS1, and n = 15 HPS1/TGF-B*"*e mice. Comparisons between bleomycin-challenged groups were conducted by Kruskal-
Wallis test with Dunn’s multiple comparisons post-test, *P < 0.01vs. other bleomycin-challenged groups. (G) Fibrosis scoring on trichrome-stained lung
tissue (mean + SEM); n = 3/group for WT and n = 6/group for HPS1, *P < 0.05. (H) TUNEL* alveolar epithelial cells in lung sections from mice 24 hours after
bleomycin challenge (mean + SEM); n =10 WT/LysM.Cre™ (WT) and n =12 for other groups. Comparisons between groups were conducted by Kruskal-Wallis
test with Dunn’s multiple comparisons post-test, *P < 0.01vs. WT, **P < 0.05 vs. HPS1/ TGF-pAMre,

whether CCR2 signaling was regulating TGF-f levels in HPS macrophages. Consistent with the data pre-
sented above, macrophages isolated from BAL of IT bleomycin-treated HPS mice by adherence to cell cul-
ture plates produced increased TGF-p compared with WT macrophages in a manner that was diminished
by CCR2 deficiency (Figure 5A). Utilizing our epithelial-specific corrected HPS2 transgenic model (7),
we showed that the lung epithelium regulates increased TGF-§ production by HPS macrophages. Further
studies showed that MCP-1 induced TGF-f production by WT macrophages in vitro (Figure 5B), support-
ing a direct effect of MCP-1 on macrophage activity in addition to its chemoattractant properties. Taken
together, these data demonstrate that the lung epithelium regulates TGF-B production by HPS macro-
phages through the MCP-1/CCR2 axis.
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Macrophage TGF-f contributes to the excess fibrotic response in HPS mice through TGF-f receptor signaling in
AECs. In order to directly test the contribution of macrophage TGF-f to fibrotic susceptibility, we gener-
ated mice with selective deletion of TGF-1 in myeloid cells (TGF-B*™¥) by breeding mice expressing
Cre recombinase under control of the lysozyme M promoter (LysM.Cre) with TGFB1”f mice. We con-
firmed the absence of measurable TGF-B1 production from macrophages in this model (Figure 6A). No
significant differences were observed in total BAL cell counts (Figure 6B) or in lung histology (data not
shown) in these mice compared with age-matched WT controls. Although total lung TGF-B1 levels were
not significantly different (Figure 6C), TGF-p*™¥* mice showed a marked reduction in TGF-§ levels in
BAL, indicating that macrophages are largely responsible for producing TGF-B present in the airspaces
(Figure 6D). We then generated HPS1/TGF-B*™* mice for study in comparison to LysM.Cre" littermate
controls and showed that these mice had decreased total TGF-$ in BAL compared with HPS1 mice (Fig-
ure 6D). Following bleomycin treatment, biochemical and histologic evidence of fibrosis was reduced in
HPS1/TGF-B*™* mice compared with HPS1 mice (Figure 6, E-G). In addition, the number of TUNEL*
AECs was also diminished in lung sections from HPS1/TGF-B*™* mice compared with HPS1 mice
(Figure 6H). To confirm findings in the HPS2 model, we performed complementary experiments utiliz-
ing bone marrow transplant chimeras. In these studies, irradiated HPS1 or HPS2 mice were recipients
of bone marrow from either TGF-B*™*¢ or WT control mice. When bleomycin challenge was performed
60 days after marrow transplantation, a similar reduction in fibrotic endpoints was observed in both the
HPS1 and HPS2 recipients of marrow from myeloid TGF-B—deficient mice compared with those trans-
planted with WT marrow (Supplemental Figure 3). Together, these data demonstrate that macrophages
play an important role in HPS pulmonary fibrosis through local production of TGF-f.

To better examine the role of myeloid TGF-p in lung fibrosis in WT mice, we performed experiments
in which we challenged TGF-*™* or WT mice with a higher dose of IT bleomycin (0.05 units), which
produces substantial fibrosis at 14 days. Deletion of myeloid TGF- reduced lung collagen content and his-
tologic fibrosis scores in TGF-B*M¥¢ mice compared with WT littermate controls (Supplemental Figure 4).
These data suggest that the mechanisms by which macrophages contribute to fibrosis in HPS may provide
generalizable insights into common pathways mediating lung fibrosis.

Deficiency of TGFBR2 disrupts the TGF-f signaling pathway, as binding of TGF-f to TGFBR2 at
the cell surface results in recruitment of TGFBR1, which forms a heterodimer, with subsequent phos-
phorylation of TGFBR1 by the kinase activity of TGFBR2. To determine how increased TGF-f levels
in the airways could contribute to fibrosis, HPS1 mutant mice were crossed with SPC.Cre/ TGFBR2"*
mice (19). Isolated type IT AECs from HPS1/TGFBR2*EC mice showed minimal pSMAD?2 signaling
in response to TGF-f stimulation as compared with HPS1 controls, thus confirming effective reduction
of TGF-p signaling (Supplemental Figure 5). BAL cell counts and lung histology were similar in 8- to
10-week-old HPS1/TGFBR24AEC mice compared with littermate controls (data not shown). Following
low-dose bleomycin treatment, HPS1/TGFBR2AE¢ mice were protected from lung fibrosis compared
with HPS1 mice (Figure 7, A-F). Further, compared with HPS1 mice, we found a significant reduction
in numbers of TUNEL* AECs in the lungs of HPS1/TGFBR24EC mice (Figure 7G). The protection
from fibrosis and AEC apoptosis occurred despite a significant increase in total TGF-f levels in the BAL
fluid of mice with epithelial TGFBR2 deficiency (Figure 7H). In addition, AEC MCP-1 production was
reduced, but not eliminated, in HPS1/TGFBR2AE€ mice compared with HPS1 mice (Figure 7I), and
exogenous TGF-B enhanced MCP-1 production from WT AECs (Figure 7J). Together, these findings
indicate that epithelial dysfunction in HPS stimulates TGF-p production in macrophages via the MCP-
1/CCR2 signaling axis, amplified by a TGF-p—driven feedback loop promoting AEC apoptosis and
further MCP-1 production, resulting in pulmonary fibrosis.

Discussion

These studies demonstrate that cross-talk between AECs and macrophages determines fibrotic suscepti-
bility in HPS, thus illuminating a mechanism by which AEC dysfunction underlies the pathogenesis of
pulmonary fibrosis in HPS. We found that increased macrophage influx into the lungs of unchallenged
HPS mice was associated with excessive MCP-1 production from AECs. Blocking MCP-1/CCR2 signal-
ing eliminated increased macrophage recruitment and attenuated the excess fibrotic response to low-dose
bleomycin in HPS mice. Further, we demonstrated that the MCP-1/CCR2 axis regulated excess TGF-3
production by HPS macrophages and that selective deletion of TGF-$ in myeloid cells or blockade of
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Figure 7. Epithelial-specific deletion of TGFBR2 attenuates lung fibrosis in HPS1 mice. HPS1 mice were bred to homozygosity with SPC.Cre*/TGFBR2f
mice (denoted HPS1/TGFBR2%) and studied in comparison to HPS1/SPC.Cre” littermate controls (denoted HPS1). (A-D) Representative histologic
images of lung sections from mice at 7 days after bleomycin. (A and C) H&E images (original magnification, x10). (B and D) Trichrome images (original
magnification, x20). (E) Lung collagen content of left lung in unchallenged mice or at 7 days after bleomycin (mean + SEM); n = 5 WT unchallenged, n =
4 WT bleomycin, n =5 WT/TGFBR2 2*€¢; n =13 HPS1/TGFBR2*¥5; and n = 18 HPS1. Comparisons between groups were conducted by Kruskal-Wallis test
with Dunn’s multiple comparisons post-test, *P < 0.01vs. unchallenged groups and WT bleomycin groups, **P < 0.05 vs. HPS1/ TGFBR2**C, (F) Fibrosis
scoring on trichrome-stained lung tissue. Data are presented as box-and-whisker Tukey plots; n = 6 WT/TGFBR2%4¢, n = 5 HPS1/ TGFBR2%%E¢, n = 4 WT/
Cre" littermate controls, and n = 6 HPS1 controls, *P < 0.05 vs. all other groups. (G) TUNEL* alveolar epithelial cells (AECs) in lung sections from mice 24
hours after bleomycin challenge; n = 10 HPS1/TGFBR2*E¢ and n = 6 HPS1. Comparison between groups was assessed using Mann-Whitney U analysis,
*P < 0.01. (H) Total TGF-B1in BAL from unchallenged mice quantitated by ELISA; n = 14 HPS1/TGFBR2**5¢ and n = 13 Cre controls; Mann-Whitney U
analysis, *P < 0.001. () MCP-1 production from type Il AECs isolated from unchallenged mice and cultured for 24 hours; n = 9 WT/TGFBR2 €€ and HPS1/
TGFBR2**(C and n = 6/group for WT and SPC.Cre" littermate controls. Comparisons between groups were conducted by Kruskal-Wallis test with Dunn’s
multiple comparisons post-test, *P < 0.05 vs. WT, **P < 0.01vs. HPS1/TGFBR2*4¢, (J) MCP-1 production from WT type Il AECs after exposure to TGF-p.
WT AECs were cultured for 24 hours in the presence of 20 ng/ml TGF-f or vehicle control, and MCP-1levels were measured in the cell culture media by
ELISA (mean + SEM); n = 4 WT + vehicle and n = 8 WT + TGF-B, *P < 0.001.

TGF-B signaling in AECs through deletion of the cognate receptor TGFBR2 protected HPS mice from
AEC apoptosis and bleomycin-induced fibrosis. Together, these data reveal a feedback loop in which
increased MCP-1 production by dysfunctional AECs results in recruitment and activation of the produc-
tion of TGF-f in lung macrophages, which thereby amplifies the fibrotic cascade through AEC apoptosis
and stimulation of fibrotic remodeling (Figure 8).
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to reliably model the subtype-specific fibrotic
susceptibility observed in HPS patients (7, 8, 20). Therefore, we utilized HPS mouse models as a platform to define
the role of activated macrophages in fibrosis in a human disease model. We utilized both HPS1 and HPS2 models
in these studies; inclusion of both models provided additional confidence regarding mechanisms important for
HPS pulmonary fibrosis. We identified increased numbers of macrophages with cell surface markers consistent
with the interstitial macrophage phenotype in the lungs of unchallenged HPS mice. In addition, we found increased
recruitment of interstitial macrophages into the airways and a propensity for expression of M2 markers in HPS
macrophages after bleomycin treatment, including increased TGF-f3 production. Utilizing genetic approaches and
bone marrow transplantation experiments, we directly tested the contribution of macrophage TGF-f to fibrosis in
HPS mice. Our studies demonstrate that macrophages, through generation of TGF-, substantially contribute to
AEC apoptosis and lung fibrosis in HPS mice. Together, these studies provide definitive evidence that macrophages
play an important role in HPS pulmonary fibrosis and mechanistically link excess local production of TGF-§ by
macrophages in the alveolar space with AEC apoptosis and fibrotic susceptibility in HPS mice.

‘We have previously established that HPS fibrotic susceptibility and macrophage activation are direct con-
sequences of type II AEC dysfunction and not due to intrinsic defects in macrophage function (7). Data that
support this conclusion include that the constitutive activation phenotype of HPS macrophages was attenu-
ated by targeted transgenic correction of the HPS2 defect in the alveolar epithelium, whereas the abnormali-
ties in BAL macrophages in both HPS1 and HPS2 mice were not corrected by transplantation of WT bone
marrow and were not conferred by transfer of HPS marrow into WT mice (7). Further, BAL fluid from HPS1
and HPS2 mice induced activation of WT macrophages (8). Thus, having established in the current study
that HPS macrophages substantially contribute to pulmonary fibrosis, we sought to define the mechanisms of
paracrine activation of macrophages by HPS AECs. We identify excess MCP-1 production by HPS AECs as
a mechanism for both macrophage activation and recruitment in both HPS1 and HPS2 mice. We found that
primary type II AECs from unchallenged HPS1 and HPS2, but not HPS3, mice secrete excess MCP-1 and
that the accumulation of excess macrophages in the lungs of HPS mice tracks with AEC MCP-1 production
and HPS subtype-specific fibrotic susceptibility. The mechanisms underlying how HPS mutations result in
AEC dysfunction, including MCP-1 production, remain incompletely understood; however, recent publica-
tions have implicated lysosomal stress (21); mistrafficking of specific cargo, such as Prdx6 (22) or IL-13Ra2
(23); and autophagy (24). In our current studies, eliminating MCP-1/CCR2 signaling, macrophage TGF-
production, or TGF-f signaling in AECs reduced apoptosis of AECs in HPS mice. Our data also indicate that
the TGF-f signaling axis contributes to excess MCP-1 production by HPS AECs through direct interactions
that are amplified with subsequent injury through a feedback loop. Taken together, these data suggest that,
while intrinsic trafficking abnormalities are responsible for HPS AEC dysfunction, cell-cell interactions also
play a role and further investigation is required to define the mechanisms of AEC dysfunction that lead to
paracrine activation of macrophages in HPS pulmonary fibrosis.
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In addition to macrophage recruitment, MCP-1 contributes to angiogenesis and fibroblast recruitment,
survival, and differentiation. CCR2 deficiency has been shown to attenuate fibrosis in WT mice in a vari-
ety of fibrosis models, including bleomycin, FITC, IL-10 overexpression, and diphtheria toxin—targeted
epithelial injury (13, 14, 25-29). Our results in HPS are largely consistent with these prior studies, but
there are several key differences and advances, starting with the elucidation of cell-specific mechanisms in
unchallenged HPS mice. The immune consequences of CCR2 deficiency in mice are complex, and MCP-1
signaling regulates both stromal cells and bone marrow—derived populations in the lung. Therefore, we uti-
lized complementary approaches with MCP-1 and CCR2 as well as bone marrow transplantation experi-
ments using CCR2-deficient mice as bone marrow donors. This approach enabled us to dissect central cell-
specific relationships in HPS pulmonary fibrosis: MCP-1 specifically from the lung epithelium is sufficient
for fibrotic susceptibility in HPS mice, and CCR2 signaling in myeloid cells directly contributes to fibrosis
in HPS mice. Further, our data reveal that epithelial-macrophage interactions are coordinated through the
MCP-1/CCR2 pathway in regulating macrophage TGF-p production. The extent of correction achieved
with interruption of MCP-1/CCR2 signaling was similar to that observed with the HPS2 epithelial-specific
transgenic correction in HPS mice (7), suggesting that these mechanisms are the predominant explanation
for how AEC dysfunction leads to fibrotic susceptibility in HPS mice.

Elevated levels of MCP-1 have been found in the blood, BAL, and lungs of patients with HPS and
idiopathic pulmonary fibrosis (IPF), and concentrations correlate with severity of pulmonary function
impairment (9, 30-34). Substantial preclinical data exist regarding targeting of the MCP-1/CCR2 axis in
animal models of diabetes, inflammatory disorders, and malignancies (35-38). Notably, a phase II trial in
IPF (NCT00786201) using a human monoclonal antibody to CCL2 (MCP-1) showed no effect on disease
progression, pulmonary function parameters, or mortality. However, free CCL2 levels remained elevated
above baseline in subjects in this trial, suggesting pharmacologic failure of this particular therapeutic agent
(39). Thus, further studies will be needed to determine whether the CCL2/CCR2 axis can be effectively
targeted in the lung. In this regard, the recognizable clinical features of HPS (i.e., oculocutaneous albinism)
provide a uniquely promising opportunity to identify patients at early stages of disease and implement
targeted therapeutic and/or preventative strategies before significant pulmonary fibrosis occurs. Thus, we
propose that strategies to target macrophage activation in HPS pulmonary fibrosis may be more promising
than those in advanced stages of IPF.

While we identified MCP-1 as a key driver of macrophage recruitment and activation in HPS mice,
BAL fluid from HPS patients also contains elevated levels of both M-CSF and GM-CSF (9). Although
HPS AECs produced only modestly elevated levels of GM-CSF, it is possible that these and other factors
in addition to MCP-1 also play a role in macrophage recruitment and activation in HPS. For example,
levels of chitinase 3-like 1 (CHI3L1) are increased in the plasma of HPS patients and may also contribute
to M2 macrophage polarization and AEC apoptosis (23). In addition to excessive TGF-f} production, we
recognize that there are other potential mechanisms by which HPS macrophages could contribute to lung
fibrosis. For example, BAL macrophages from HPS patients produce excess levels of several cytokines and
chemokines ex vivo (9), and our previously published data demonstrate that murine HPS macrophages are
primed, exhibiting hyperresponsiveness to LPS, TLR2, and TLR3 agonists (8). Our findings are consistent
with a recent publication demonstrating that macrophage-derived TGF- contributes to fibrosis in WT mice
and that macrophages from IPF patients exhibit increased TGF-f3 expression (40). While our data indicate
that macrophage TGF-f promotes fibrosis through a major effect on the lung epithelium in HPS, additional
roles for macrophage-derived TGF-p are likely, including activation and differentiation of fibroblasts (40).

In summary, our studies have dissected the mechanism by which macrophages contribute to fibrosis in
HPS, revealing that MCP-1 production by dysfunctional AECs results in recruitment and activation of lung
macrophages that produce TGF-, thus amplifying the fibrotic cascade through AEC apoptosis and stimula-
tion of fibrotic remodeling. This feedback loop identifies promising targets for therapeutic intervention and
prevention of pulmonary fibrosis in HPS and may inform approaches to more common fibrotic disorders.

Methods

Mice. HPS mice with homozygous mutations on a congenic C57BL/6J background were used in these
studies (7, 41-44), with C57BL/6J WT mice from Jackson Laboratories or littermate controls as indi-
cated. The HPS2 model was predominantly utilized for studies relating to our previously published epi-
thelial-specific correction model, with mice on the HPS2 background (7), while we also performed key
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confirmatory studies in the HPS1 model, as HPS1 is the most common subtype associated with fibro-
sis in humans. Other murine models utilized were bred onto the HPS backgrounds as summarized in
Supplemental Table 1, including the following models from Jackson Laboratories: global CCR2-deficient
(CCR27") mice (stock 004999), mice with loxP sites flanking exon 6 of the Tgfbl gene (TGF-B1"%; stock
010721), and mice with loxP sites flanking exons 2—-3 of the Ccl2 gene (encoding MCP-1; MCP1"%; stock
016849). LysM.Cre mice were as previously described (45), and mice with Cre recombinase under the
control of the surfactant protein C promoter (SPC.Cre) were a gift from Brigid Hogan, Duke University
(Durham, North Carolina, USA) (19, 46). Mice were housed in the animal facility at Vanderbilt Univer-
sity, and studies were performed in both male and female mice.

Antibodies and reagents. Recombinant mouse MCP-1 and recombinant mouse TGF-B1 were from R&D Sys-
tems. Rabbit polyclonal psmad2 was from Cell Signaling, Cy3-conjugated secondary antibody was from Jackson
Immunoresearch Laboratories, and DAPI with Vectashield mounting medium was from Vector Laboratories.

BAL. BAL with total and differential cell counting was performed as previously described (6, 8).

Isolation of murine macrophages and type I AECs. BAL macrophages were isolated and cultured on plastic
as previously described (8). Type II AECs were isolated from 5- to 6-week-old mice according to published
methods using dispase and negative selection on antibody-coated plates to separate leukocyte and monocyte
populations (7, 47). Type IT AECs were plated at a density of 1 x 10° in 12-well plates coated with 500 pl
of Cultrex basement membrane extract (Trevigen) and cultured in Bronchial Epithelial Cell Growth Media
(Lonza Walkersville Inc.) with 5% fetal bovine serum and 10 ng/ml of recombinant KGF (Peprotech).

Quantitativereal-time PCR analysis. Total RNA for quantitative real-time PCR was isolated and reverse tran-
scribed by standard methods using the Qiagen RNEasy kit (Qiagen) and the Bio-Rad iScript cDNA synthesis
kit (Bio-Rad). Quantitative real-time PCR was performed using Sybr Green PCR Master Mix (Applied Bio-
systems) with quantification on an Applied Biosystems Step One Plus Cycler. PCR primers used were as fol-
lows: Tnfa(F:5'-AAGCCTGTAGCCCACGTCGTA-3',R: 5-GGCACCACTAGTTGGTTGTCTTTG-3'),
CCL3 (F: 5-TGCCCTTGCTGTTCTTCTCT-3", R: 5-GATGAATTGGCGTGGAATCT-3"), CXCLI0
(F:  5-TGAATCCGGAATCTAAGACCATCAA-3', R: 5-AGGACTAGCCATCCACTGGGTA-
AAG-3), iNOS (F: 5-CACCTTGGAGTTCACCCAGT-3; R: 5-ACCACTCGTACTTGGGAT-
GC-3), 1110 (F: 5-ACCTGCTCCACTGCCTTGCT-3; R: 5-GGTTGCCAAGCCTTATCGGA-3"),
Fizzl (F: 5-TCCCAGTGAATACTGATGAGA-3; R: 5-CCACTCTGGATCTCCCAAGA-3), Yml
(F: 5-GGGCATACCTTTATCCTGAG-3; R: 5-CCACTGAAGTCATCCATGTC-3), CCLi17 (F:
5-TGCTTCTGGGGACTTTTCTG-3’, R: 5-CATCCCTGGAACACTCCACT-3"), Argl (F: 5-ATG-
GAAGAGACCTTCAGCTAC-3, R: 5-GCTGTCTTCCCAAGAGTTGGG-3"), TGF-f1 (F: 5'-CAATAC-
GTCAGACATTCGGGAAGC-3, R: 5-CTGGTAGAGTTCTACGTGTTGCTC-3"), and GAPDH (F:
5"TGAGGACCAGGTTGTCTCCT-3’; R: 5-CCCTGTTGCTGTAGCCGTAT-3'). The PCR reactions
and relative quantifications were performed in triplicate using 5 ng of cDNA per reaction. For each sample,
expression was normalized to Gapdh or Actin.

Measurement of protein concentrations. Cytokine levels were measured in cell culture media supernatant
or BAL fluid by ELISA (R&D Systems : MCP-1, #MJE00; MCP-5, #MCC120; MIP-1a, # MMAOQO;
GM-CSF, #MGMO00; RANTES, #MMRO00; TGFp1, MB100B; and Abcam: MCP-3, #ab205571; and
M-CSF, #ab155457).

Flow cytometry. Lungs were perfused with chilled PBS, harvested, and digested in DNAse type I and
collagenase type XI (Sigma-Aldrich) for 40 minutes at 37°C, followed by passage through a 70-uM filter to
generate a single-cell suspension as previously described (6, 48). Cells were treated with ACK red blood cell
lysis buffer (Lonza Group) for 5 minutes, washed with FACS buffer (PBS, 0.5% BSA, and 2mM EDTA),
and incubated with anti-CD16/CD32 (BD Biosciences) prior to antibody staining. In additional studies,
BAL was performed to collect cells for flow cytometry. Cell surface antibodies used for staining with FACS
buffer included CD45-APC, F4/80-PE, CD11b-AlexaFluor 700, CD11c-PerCP-Cy5.5, Gr-1-APC/Cy7,
CD14-PE/Cy7, CD4-FITC, and CD8-APC and DAPI as a viability dye (eBioscience Inc.). Samples were
analyzed using a LSR II flow cytometer (BD Biosciences) and Flow Jo v.10.1 software (Tree Star).

Bleomycin challenge. Pharmaceutical-grade bleomycin sulfate (0.03 units, unless otherwise noted) was
administered by IT instillation to 8- to 12-week-old male and female mice (6).

Lung histology, immunohistochemistry, and evaluation of apoptosis. Lung tissues were prepared and studied
as previously described (7). A modified Ashcroft fibrosis score was determined as previously described,
based on scoring of the entire right lung by two observers (49). For evaluation of apoptosis, lungs were
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harvested 24 hours after IT bleomycin challenge. TUNEL staining was performed using the In Situ Cell
Death Detection Kit (Roche Diagnostics). Quantitation of TUNEL* AECs was determined by scoring
of a minimum of 10 images of x20 magnification fields by two independent observers as previously
described (6, 7).

Quantitation of lung collagen content. Whole left lung total soluble collagen was measured using the Sircol
assay (Biocolor, Accurate Chemical And Scientific Corporation) according to manufacturer’s instructions
and as previously described (7).

Bone marrow transplantation. Bone marrow transplantation was performed as previously described (7)
with minor modifications, such that recipient mice were exposed to 11 Gy of whole body irradiation, fol-
lowed by tail vein injection of whole marrow from donors. Transplanted mice were studied a minimum of
60 days after transplantation.

Statistics. Numeric data are presented as mean + SEM or box-and-whisker Tukey plots. Statistical analy-
ses were performed using GraphPad Prism. Parametric data were evaluated by ANOVA with Tukey’s post-
hoc analysis, and nonparametric data were evaluated by the Kruskal-Wallis test with Dunn’s multiple compar-
isons post-test or by the Mann-Whitney test. A 2-sided P value of less than 0.05 was regarded as significant.

Study approval. All animal studies were approved by the Institutional Animal Care and Use Committee
at Vanderbilt University.
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