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Rationale: The pulmonary phenotype of Hermansky-Pudlak syn-
drome (HPS) in adults includes foamy alveolar type 2 cells, inflam-
mation, and lung remodeling, but there is no information about
ontogeny or early disease mediators.

Objectives: To establish the ontogeny of HPS lung disease in an animal
model, examine disease mediators, and relate them to patients with
HPS1.

Methods: Mice with mutations in both HPS1/pale ear and HPS2/
AP3B1/pearl (EPPE mice) were studied longitudinally. Total lung ho-
mogenate, lung tissue sections, and bronchoalveolar lavage (BAL)
were examined for phospholipid, collagen, histology, cell counts,
chemokines, surfactant protein D (SP-D), and S-nitrosylated SP-D.
Isolated alveolar epithelial cells were examined for expression of in-
flammatory mediators, and chemotaxis assays were used to assess
their importance. Pulmonary function test results and BAL from
patients with HPS1 and normal volunteers were examined for clinical
correlation.

Measurements and Main Results: EPPE mice develop increased total
lung phospholipid, followed by a macrophage-predominant pulmo-
nary inflammation, and lung remodeling including fibrosis. BAL fluid
from EPPE animals exhibited early accumulation of both SP-D
and S-nitrosylated SP-D. BAL fluid from patients with HPS1 exhibited
similar changes in SP-D that correlated inversely with pulmonary
function. Alveolar epithelial cells demonstrated expression of both
monocyte chemotactic protein (MCP)-1 and inducible nitric oxide
synthase in juvenile EPPE mice. Last, BAL from EPPE mice and
patients with HPS1 enhanced migration of RAW267.4 cells, which
was attenuated by immunodepletion of SP-D and MCP-1.
Conclusions: Inflammation is initiated from the abnormal alveolar
epithelial cells in HPS, and S-nitrosylated SP-D plays a significant role
in amplifying pulmonary inflammation.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The development of clinically significant lung disease in
adult patients with Hermansky-Pudlak syndrome (HPS) is
becoming increasingly recognized.

What This Study Adds to the Field

Using HPS mouse models, this data establishes that alveolar
epithelial cell dysfunction initiates inflammation early in
HPS, providing a rationale for the development of novel
therapies and justification for more detailed examination of
pediatric patients with HPS.

Hermansky-Pudlak syndrome (HPS) is a group of genetic dis-
orders recognizable by the combination of clinical findings of
oculocutaneous albinism, platelet dysfunction, and in some cases
progressive pulmonary fibrosis and/or granulomatous colitis (1).
Of the eight clinical subtypes of HPS, only HPS1, HPS2 (2), and
HPS4 are known to be associated with pulmonary fibrosis. The
genes responsible for HPS, except for HPS2, have no established
function; the HPS2 gene is AP3BI1, a subunit of the AP-3 com-
plex responsible for intracellular membrane trafficking. HPS
proteins participate in heteropolymeric complexes (called
BLOCS, for biogenesis of lysosome-like organelle complexes),
but the precise functions of these complexes remain unclear (1).
BLOCs are ubiquitously expressed but play critical roles in
specialized lysosome-like organelles, such as melanosomes and
platelet dense granules. Thus, defective melanosome biogenesis
in melanocytes accounts for the oculocutaneous albinism, and
defective platelet dense granule formation accounts for the
bleeding disorders in patients with HPS.

Alveolar type 2 cells also contain a lysosome-like secretory
organelle. The surfactant-containing lamellar body exhibits an
acidic pH, undergoes regulated secretion, and possesses lysosomal
transmembrane proteins in the limiting membrane, notably
Lamp1 and Lamp3. Autopsy studies of adults with HPS have dem-
onstrated foamy degeneration of alveolar type 2 cells as well as
hyperplasia, alveolar inflammation, and pulmonary fibrosis (3).
Mouse models of HPS, including the mouse homologs of HPS1
(pale ear) and HPS2 (pearl), similarly display foamy degenera-
tion of alveolar type 2 cells of adult animals. Adult pale ear and
pearl animals exhibit a macrophage-predominant alveolar inflam-
mation (4, 5) and develop emphysema with aging but do not
develop pulmonary fibrosis unless exposed to fibrogenic stimuli
such as bleomycin, albeit at much lower doses than for littermate
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controls (6). Intercrossing HPS1/pale ear and HPS2/pearl strains
results in a more severe phenotype (4) that more closely resem-
bles the pulmonary manifestations of human HPS. Adult pale
ear/pearl doubly homozygous (EPPE) mice exhibit foamy alveo-
lar type 2 cells associated with defective surfactant secretion (7),
macrophage-predominant alveolar inflammation, and lung
remodeling most notable for tissue destruction (4). Older animals
have been shown also to exhibit epithelial cell apoptosis and
spontaneous pulmonary fibrosis (8).

To better understand the pathogenesis of HPS lung disease,
we have performed a detailed longitudinal analysis of pale ear,
pearl, and EPPE mice over 32 weeks of age. Whereas the single
mutations result in modest changes in phospholipid accumula-
tion and inflammatory cell infiltration, the doubly homozygous
animals exhibit a more severe phenotype than is explainable
by the single mutations alone. We demonstrate that intracellular
phospholipid accumulation within alveolar type 2 cells of EPPE
mice is an early event, and precedes the influx of macrophages
into the alveolar space. We show that alveolar inflammation is
temporally associated with the appearance and increase in both
the monocyte/macrophage chemokine monocyte chemotactic
protein (MCP)-1 as well as S-nitrosylated surfactant protein D
(SNO-SP-D), itself a potent stimulus for alveolar inflammation
and macrophage chemotaxis (9). Mechanistically, we define the
alveolar type 2 cell in HPS mice as the source of both MCP-1
and nitric oxide, which contribute to the development of the
observed inflammation and the formation of SNO-SP-D. Impor-
tantly, we also show that S-nitrosylated SP-D is increased in
humans with HPS1 and correlates with disease severity. Last,
as proof of principle, the proinflammatory effects of bronchoal-
veolar lavage (BAL) from both EPPE mice and humans with
HPS1 on macrophage migration were mitigated by immunode-
pletion of these two keys mediators, SNO-SP-D and MCP-1.
Together, these data suggest that early, progressive dysregulat-
ion of alveolar epithelial homeostasis is a mechanism for
chronic alveolar inflammation in Hermansky-Pudlak syndrome.

A portion of the results of this study has been previously
reported in the form of an abstract (10).

METHODS

Complete and detailed methods can be found in the online supplement.

Animals

Wild-type C57BL/6J mice and mutant HpsI/Hps1?, Ap3bI17*/Ap3b1~¢
(EPPE) mice on the same C57BL/6J background were maintained and
bred at the Laboratory Animal Facility in the Abramson Research
Center at the Children’s Hospital Research Institute of the Children’s
Hospital of Philadelphia (Philadelphia, PA). All animal protocols were
reviewed and approved by the Institutional Animal Care and Use
Committees and adhered to the principles of the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.

Alveolar Epithelial Cell Isolation

Isolated primary alveolar epithelial cells from wild-type (WT) and
EPPE animals were cultured in the presence or absence of brefeldin
A (10 wg/ml; Sigma, Inc., St. Louis, MO) for 4 hours. Cells were then
either used to isolate RNA or were fixed in 4% paraformaldehyde for 1
hour for immunostaining.

Phospholipid Analysis of Lung Tissue Samples

A sample of the right upper lobe of mouse lung was homogenized in
500 pl of distilled water. Aliquots were analyzed for protein (11) and
the lipids were extracted with chloroform-methanol (12) followed by
phospholipid analysis (13).

Sircol Assay

Acid-soluble collagens in homogenates of frozen lung tissue were ana-
lyzed using the Sircol assay (Biocolor Ltd., Carrickfergus, UK).

Samples and Data from Patients with HPS

As previously described (14), subjects with HPS1 and healthy research
volunteers were evaluated at the National Institutes of Health Clinical
Center (Bethesda, MD) and were enrolled in protocols 95-HG-0193 and/
or 04-H-0211, which were approved by the Institutional Review Boards
of the National Human Genome Research Institute (Bethesda, MD).

Polyacrylamide Gel Electrophoresis and Immunoblotting

Total BAL SP-D was analyzed by denaturing sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, SP-D quaternary structure by na-
tive gel electrophoresis, and S-nitrosylated SP-D by the biotin-switch
method as previously described (15).

Nitric Oxide Measurements

BAL samples were analyzed for nitric oxide (NO) metabolites by chem-
ical reduction and chemiluminescence, using the Ionics/Sievers nitric
oxide analyzer 280 (NOA 280; Ionics Instruments, Boulder, CO) as pre-
viously described (9).

Cytokine Analysis

Multiplex cytokine analysis was performed on samples of BAL (Endogen
Searchlight; Pierce, Rockford, IL). For samples from animals greater
than 2 weeks of age, each sample consisted of single animals. For animals
not more than 2 weeks of age, samples were pooled from two to five ani-
mals as needed to meet the minimal volume requirements for the assay.

Chemotaxis Assay

Directed migration (chemotaxis) of cells was performed with Boyden
chambers and RAW 264.7 cells as previously described (9).

Quantitative Real-Time Polymerase Chain Reaction

Total cellular RNA from BAL cells and epithelial cells was isolated with
an RNeasy kit (Qiagen, Valencia, CA) and a singleplex polymerase chain
reaction (PCR) strategy using an ABI Prism 7900 system (ABI, Foster
City, CA) as described previously (16). The primer/probe sets used were
as follows: Ccl2 Mm00441242_m1, Nos2 Mm00440485_ml, IL-12b
Mm00434174_m1, 18s Hs99999901_s1. Results are depicted as relative
quantities (RQ) of RNA after correcting for 18S to normalize for vari-
ability in loading followed by normalizing to an appropriate WT sample.

Statistical Analysis

Data analyses were performed with Prism 5.0a software for the Macintosh
(GraphPad Software, San Diego, CA). Parametric data were analyzed
by single or two-way analysis of variance, each employing Bonferonni’s
post-hoc test, and results are expressed as means =+ standard error. In all
cases a P value less than 0.05 was considered as significant.

RESULTS

Age-related Increases in Lung Tissue Phospholipid, Alveolar
Macrophages, and Fibrosis in EPPE Mice

We examined the lungs of animals doubly homozygous for the
pale ear (HPS1) and pearl (HPS2; AP3b1) mutations between
3 days postnatally and 32 weeks of age. Total phospholipids were
measured in lung tissue after bronchoalveolar lavage (Figure
1A). Total lung tissue phospholipids were nearly doubled by 3
days of age in the EPPE animals. Lung phospholipid levels
reached a plateau by 2 weeks of age and were nearly fivefold
elevated over those of wild-type (WT) animals. Although total
phospholipid levels were elevated in pale ear and pearl mice (34
and 47%, respectively, by 16 wk), these did not achieve statis-
tical significance compared with WT animals.
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Figure 1. Ontogeny of phos-
pholipid accumulation and in-
flammation in  EPPE mice.
Wild-type (WT), EPEP (pale
ear), PEPE (pearl), and EPPE
(pale ear/pearl) animals were
examined at 3 days and 1, 2,
4, 8, 16, and 32 weeks of age.
(A) Lung tissue phospholipid
(micrograms of phospholipid
[PL] per milligram of total pro-
tein) from three animals per
time point (*P < 0.01 by two-
way analysis of variance). (B)
Total cell counts from bron-
choalveolar lavage (BAL; n =
5-13 animals per time point;
*P < 0.01). (C) WT and EPPE
lungs were examined after in-
flation fixation, paraffin sec-
tioning, and hematoxylin and
eosin staining (n = 3 animals
per age, genotype). Shown is
a representative set of photo-
micrographs from 1- to 32-
week WT and EPPE animals at

Complete bronchoalveolar lavage was performed on animals
and cell counts were obtained from single animals. WT animals
demonstrated increasing total BAL cells with age over the entire
32-week period (Figure 1B). A similar increase was seen in
singly homozygous pale ear and pearl animals, with modest
elevations compared with WT animals that did not achieve sta-
tistical significance. The EPPE mice had a significant, progres-
sive increase in total BAL cells beginning after 2 weeks of age.
BAL cells consisted of predominantly macrophages in all ani-
mals, with no significant differences between the percentages of
macrophages, neutrophils, and lymphocytes among genotypes
(data not shown).

To relate phospholipid content and BAL cell counts to the pul-
monary phenotype in the mouse model, we inflation-fixed lungs in
situ after bronchoalveolar lavage of animals between 1 and 32
weeks postnatal age, and stained serial paraffin sections with
either hematoxylin and eosin, or trichrome. Lungs from EPPE
animals were notable for hyperplasia of foamy type 2 cells that
were foamy in appearance and increasing tissue destruction (Fig-
ure 1C) as previously described by others using this model (4).
Only lungs from EPPE animals at 32 weeks displayed increased
trichrome staining compared with WT animals (Figure 2A) as
previously described by others (17). Increased fibrosis in EPPE
mice was confirmed by the finding of elevated soluble collagen in
the total lung homogenate only at 32 weeks (Figure 2B).

Early-onset Inflammation in EPPE Animals Is Associated with
Increasing Amounts of SP-D and S-nitrosylated SP-D

SP-D, an important immunomodulator in the alveolus (15, 18-21),
was increased in the BAL fluid of EPPE animals (Figure 3A) even
after accounting for the normal developmental increase in SP-D
seen in WT animals. Neither Pale ear nor Pearl single mutation
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animals exhibited increases in BAL SP-D (data not shown). The
magnitude of the difference in total SP-D between WT and EPPE
animals increased with age, reaching nearly fourfold by 16 weeks
(Figure 3B). This is in contrast to our prior report, in which we did
not find differences in large and small aggregate total SP-D levels
in comparing WT and EPPE animals at 16 weeks of age (7). In
the present study we used an antibody with higher specificity
for mouse (and human) SP-D (as described in the online
supplement), and analyzed equal volumes of unfractionated
BAL for total SP-D (4, 7). By comparison, SP-A levels were
not elevated in the BAL of EPPE animals (data not shown).

We next examined BAL specimens for the presence of SP-D
modifications. When controlled for input SP-D (Figure 4A, bot-
tom), BAL from 2-week EPPE animals exhibited a fourfold in-
crease in S-nitrosylated SP-D (SNO-SP-D) that increased further
with age (Figure 4A, top). Increasing SNO-SP-D in EPPE ani-
mals was also associated with the presence of lower molecular
weight forms of SP-D, evident by native gel electrophoresis of the
BAL specimens (Figure 4A, middle), as we have previously dem-
onstrated in other models of inflammation (9, 15). By contrast,
BAL fluid from WT animals did not demonstrate disassembly of
SP-D by native gel electrophoresis (2-wk WT as shown in Figure
4A; other ages not shown). SNO-SP-D formation was associated
with increased NO production in EPPE mice as indicated by total
NO in BAL fluid (data not shown). Increased production of
nitrate relative to nitrite (Figure 4B) indicates that oxidative me-
tabolism of NO predominates within EPPE mice.

Humans with HPS1 Exhibit Increased Alveolar SP-D and
SNO-SP-D in Relation to Disease Severity

Seven patients with HPS1 were categorized as having minimal to
mild disease (n = 3; FVC, 90 = 9%; diffusing capacity of carbon
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Figure 2. Ontogeny of pulmonary fibrosis in the pale ear/pearl (EPPE)
model of Hermansky-Pudlak syndrome. (A) Wild-type (WT) and EPPE
lungs were examined after inflation fixation, paraffin sectioning, and
trichrome staining (n = 3 animals per age, genotype). Shown is a rep-
resentative set of photomicrographs from 32-week WT and EPPE ani-
mals at an original magnification of X10 (top) and X20 (bottom). The
frames in the top panels indicate the images illustrated in the bottom
panels. Blue staining indicating collagen deposition is readily seen in the
EPPE lung only at 32 weeks of age (arrowhead). (B) Soluble collagen as
determined by the Sircol assay in lung tissue from WT and EPPE animals
at 16 and 32 weeks of age (n = 7 or 8 animals per group, one-way
analysis of variance).

monoxide [DLco], 77 = 8%) or moderate to severe disease (n =
4; FVC, 59 = 5%; DLco, 59 * 13%) on the basis of pulmonary
function testing performed at the time of bronchoscopy. Four
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normal volunteers similarly underwent bronchoscopy and pul-
monary function testing for comparison (FVC, 103 * 10%;
DLco, 98 = 10%). In aggregate, there was a trend toward in-
creased total SP-D in patients with minimal/mild HPS1
disease, whereas the increase in patients with moderate/severe
disease compared with normal volunteers reached statistical
significance (Figures 5SA and 5B). By comparison, SP-A levels
were not elevated in the BAL of patients with HPS1 (data not
shown). SNO-SP-D and lower molecular weight forms of SP-D
on native gel electrophoresis were elevated in all patients with
HPS1 (Figure 5C). In aggregate, there was a trend toward in-
creased SNO-SP-D levels in the BAL from patients with
minimal/mild HPS1 disease compared with normal volunteers,
whereas SNO-SP-D levels were significantly elevated in BAL
samples from patients with HPS1 with moderate/severe disease
(Figure 5D).

Alveolar Type 2 Cells from EPPE Animals Produce
Chemoattractant Cytokines

Enhanced local nitric oxide production is a primary mechanism
for protein S-nitrosylation (22). This has been demonstrated for
S-nitrosylation of SP-D as well (9), typically by activated macro-
phages in animal models of inflammation (23) although also
more recently in humans (24). Although S-nitrosylated SP-D
has been shown to be chemotactic for macrophages (9), our
data indicate that SNO-SP-D was elevated before the infiltra-
tion of macrophages into the lungs of EPPE mice (Figure 1B),
suggesting that other chemokines may be important in the early
inflammatory response. There was a trend toward increased
BAL JE, the mouse homolog of macrophage chemotactic
protein-1 (subsequently referred to as MCP-1, also known as
Ccl2), as early as 1 week postnatal age in EPPE mice, whereas
other chemokines such as IL-12p40 were not elevated through 4
weeks of age in the EPPE mice (Figure 6A). This raised the
possibility that alveolar type 2 cells, known to produce MCP-1
and nitric oxide synthase-2 (NOS2) in association with inflam-
mation and injury (25-31), contribute to macrophage migration
and local nitric oxide production in HPS. To test this, we col-
lected BAL cells and isolated alveolar epithelial cells from 2-
and 4-week animals as described in the online supplement.
RT-PCR showed that epithelial cells were the primary source
of MCP-1 in EPPE mice (average C, for EPPE epithelial cells,
27.4 = 2.9; Figure 6B). By contrast, alveolar epithelial cell ex-
pression of IL-12p40 was undetectable in WT and EPPE
animals, and increased BAL cell expression of IL-12p40 was
increased in EPPE cells over WT only in 4-week animals.
Immunostaining of EPPE alveolar epithelial cells, after 4 hours

Figure 3. EPPE (pale ear/pearl) mice exhibit an
increase in bronchoalveolar lavage (BAL) surfac-
tant protein D (SP-D) levels. (A) Equal volumes
of BAL from wild-type (WT) and EPPE mice at 2,
4, and 16 weeks of age were analyzed for total
SP-D by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, under reduced conditions
followed by Western immunoblotting with
anti-SP-D antibody. Data shown are representa-
tive of three independent experiments (n = 5 in

(Fold change relative to WT 2 wks)

SP-D --

WT 2wk 2wk 4 wk 16 wk

—_—l—— . —

2wk

each group). (B) Quantification of SP-D content
as described in MetHoDs. Open columns, WT
mice; solid columns, EPPE mice. *P < 0.05 versus
2-week WT level; #P < 0.05 versus WT at corre-
sponding age, using one-way analysis of variance.

4 wk 16 wk

Age (weeks)
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Figure 4. EPPE (pale ear/pearl) animals exhibit
S-nitrosylation of surfactant protein D (SP-D) and
altered SP-D quaternary structure. (A) Bronchoal-
veolar lavage (BAL) containing equal amounts of
total SP-D (described in the online supplement
and shown at bottom) from wild-type (WT) and
EPPE mice at various ages was analyzed for S-nitro-
sylated SP-D (SNO-SP-D) content by the biotin-
switch method. Data shown are representative
of two separate analyses for each group (n = 5
animals per age, genotype). SNO-SP-D formation
consistently increased with age in EPPE animals (4,
top). BAL containing equal amounts of total SP-D
(A, bottom) was subjected to native gel electro-
phoresis to determine the quaternary structure
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of brefeldin A exposure to inhibit cytokine secretion, localized
production of MCP-1 to ABCA3-positive alveolar type 2 cells
(Figure 7).

To determine the source of NO production for the formation of
SNO-SP-D, we examined alveolar epithelial cells and BAL cells
for NOS2 expression by RT-PCR. Alveolar epithelial cells from 2-
and 4-week-old EPPE mice expressed more NOS2 RNA (average
C, for EPPE epithelial cells, 29.5 = 1.2 cycles) than WT
epithelial cells and than WT and EPPE BAL cells (Figure 6C).
Together these data indicate that alveolar epithelial cells produce
the inflammatory mediators MCP-1 and NOS2 early in HPS lung
disease in EPPE animals.

S-Nitrosylated SP-D in Animals and Patients with HPS
Enhances Macrophage Migration together with MCP-1

We have previously shown that S-nitrosylated SP-D induces
inflammatory cell activation (9). To test whether the SNO-SP-D
or MCP-1 from EPPE animals or patients with HPS1 could be
responsible for the increasing macrophage-predominant inflam-
mation, we performed migration assays using the macrophage
cell line RAW 264.7, and BAL from EPPE mice (Figure 8A) or
patients with HPS1 (Figure 8B). BAL from 4-week WT animals
did not increase cellular migration above control (defined as
random migration toward culture medium). Chemically S-nitro-
sylated BAL fluid from WT animals (BAL-SNO) resulted in
increased cell migration. By comparison, BAL from EPPE mice
exhibited a nearly threefold increase in RAW cell migration com-
pared with BAL-SNO. Pre-incubation of EPPE BAL with ascor-
bate to reduce S-nitrosothiols or with antibody directed against
SP-D each decreased migration by more than 60%. Preincubation
of RAW cells with antibody directed against CD91, a receptor for
SNO-SP-D interactions (9), also reduced migration by more than
60%. Last, preincubation of EPPE BAL with MCP-1 antibody
reduced migration by nearly 50% alone, and resulted in a further
reduction of migration when combined with anti-SP-D.
Migration experiments were repeated with pooled BAL from
patients with moderate to severe HPS1. S-nitrosylation of BAL

of SP-D (A, middle). Data shown are representative
of two independent experiments (n = 5 animals
per age, genotype). BAL from SP-D—deficient mice
(SP-D™/7) was included as a negative control.
Multimeric SP-D is incapable of entering the gel
at the top, whereas lower molecular weight forms
are seen only in BAL from EPPE mice. (B) BAL
samples from WT and EPPE mice at 2, 4, and 16
weeks of age were analyzed for total NO metab-
olites and NO,™ as described in MeTHoDS, and the
data are expressed as the nitrate/nitrite ratio (n =
5; mean = SEM; *P < 0.05 vs. WT at correspond-
ing age, using one-way analysis of variance).

4 wk 16 wk
Age (weeks)

from normal volunteers (NV-SNO) resulted in increased migra-
tion compared with unmodified BAL (NV). Pretreatment of
NV-SNO BAL with ascorbate or anti-SP-D decreased migra-
tion to levels seen in unmodified NV BAL, and there was no
effect of pretreatment with anti-MCP-1 on NV-SNO BAL. By
contrast, BAL from patients with HPS1 with moderate—severe
fibrosis elicited greater than twofold enhanced migration com-
pared with NV-SNO. Migration in response to HPS1 BAL was
reduced by pretreating HPS1 BAL with ascorbate, anti-SP-D,
or anti-MCP-1, whereas migration was not affected by pretreating
with normal mouse IgG. Combining anti-SP-D and anti-MCP-1
in the pretreatment of HPS1 BAL reduced the migration of
RAW cells to levels comparable to unmodified BAL from nor-
mal volunteers.

DISCUSSION

Hermansky-Pudlak syndrome is a devastating multisystem dis-
ease afflicting roughly 1,000 patients worldwide but especially
1 in 1,800 inhabitants of Puerto Rico, caused by a genetic muta-
tion in the HPS1 gene that has propagated in the population
through a founder effect (32). Pulmonary findings commonly
described in adults with HPS from case series and case reports
include macrophage-predominant inflammation, ceroid deposits
within macrophages, and progressive honeycombing on high-
resolution computed tomography indicative of progressive pul-
monary fibrosis (3, 33, 34). Longitudinal studies establishing the
natural history of HPS lung disease are limited and have in-
cluded only adults after presentation with restrictive lung
remodeling. With this in mind, we sought to improve our un-
derstanding of the pulmonary disease pathogenesis in HPS
through the use of an animal model, specifically to identify early
events and their molecular basis.

Our first objective was to describe the ontogeny of lung
disease in the pale ear/pearl (EPPE) mouse model, a model char-
acterized by others as spontaneously developing fibrotic lung
remodeling (8). The EPPE mouse model, a cross between two
HPS mouse strains, was developed previously to facilitate
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studies of HPS lung disease (4). The pale ear and pearl parent
strains, although demonstrating lamellar body enlargement and
an inflammatory cell infiltrate, did not develop fibrosis unless
challenged with bleomycin (6). Single-mutation animals
exhibited increased susceptibility to LPS challenge with more
exuberant cytokine responses (5). Although macrophages from
adult pale ear or pearl animals exhibited some evidence of ac-
tivation, specifically increased tumor necrosis factor-a and
IL-12p40, it was attributed to an abnormal alveolar milieu be-
cause these macrophages rapidly became quiescent when cul-
tured in vitro, and cell-free BAL from these animals was able to
activate otherwise normal alveolar macrophages.

The advantage of the EPPE mouse model is that it recapit-
ulates all the features of adult HPS lung disease with the pres-
ence of giant lamellar bodies in alveolar epithelial cells,
inflammation, and lung remodeling including fibrosis, albeit also
in the context of airspace enlargement not reported in human
HPS (4, 8). The present study uses this animal model to estab-
lish the temporal relationships between each facet of the dis-
ease. We have demonstrated a reproducible ontogeny for the
onset of HPS lung disease in EPPE mice that begins with la-
mellar body enlargement and tissue phospholipid accumulation
followed by alveolar inflammation, with these events being sep-
arated by up to 4 weeks and with each increasing in severity into
adulthood. Furthermore, alveolar inflammation precedes lung
remodeling, consisting of both airspace enlargement and sub-
sequent collagen deposition (8). Our longitudinal survey dem-
onstrated that alveolitis began much earlier than previously
suggested by BAL studies in both HPS mouse models carrying
single mutations, and adult patients with HPS1 (14, 34, 35).
These data provide strong support for a more comprehensive

evaluation of the pediatric HPS population, and suggest that
earlier treatment protocols (before the development of clini-
cally apparent restrictive lung disease) may be important in
modifying the disease course.

Our longitudinal studies uncovered an interesting period in
the natural history of HPS in the EPPE mouse. We identified
a period during which there is evidence of a growing aberrant
type 2 cell phenotype signified by lamellar body distention,
increasing tissue phospholipid deposition, and type 2 cell hy-
perplasia, which precedes the initiation of the macrophage-
predominant alveolar infiltrate. Thus, the second objective of
our study was to explore this period for potential disease mech-
anisms. There has been increasing evidence that epithelial cell
injury is an important factor in the development of HPS lung dis-
ease. Both Mahavadi and colleagues (8) and Young and col-
leagues (6) have reported evidence of epithelial cell injury,
and prior work by Young and colleagues (5) suggests that the
alveolar inflammation is a reactive and not a primary feature of
HPS. Our data strongly support the alveolar type 2 cell as the
initiator of lung disease in HPS. Isolated type 2 cells from EPPE
mice as early as 2 weeks of age exhibit a proinflammatory phe-
notype with the production of at least two molecular mediators,
specifically MCP-1 and inducible nitric oxide synthase (iNOS).
Although it is likely that other cytokines and chemokines are
produced by the alveolar epithelium from EPPE animals, our
studies indicate that together MCP-1 and SNO-SP-D contribute
the majority of the chemotactic activity in the alveolar space
early in HPS lung disease, accounting for up to 75% of the
chemotaxis induced by EPPE mouse BAL as early as 4 weeks
of age. Although MCP-1 production by alveolar macrophages
may play a more prominent role in macrophage activation with
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advanced disease in patients with HPS1 (14), our data are the
first to suggest that the alveolar epithelium may play a promi-
nent role in elaborating inflammatory mediators early in HPS
disease.

Whereas MCP-1 has clearly been linked to the pathogenesis of
HPS lung disease in studies of patients with HPS1 (14), our data
establish the importance of SP-D in the pathogenesis of HPS lung
disease in both mice and humans. SP-D has emerged as a key
modulator of inflammation in the alveolar space (36). In its multi-
meric form, the lectin-binding domains interact with surface
receptors such as SIRPa on effector cells, attenuating NF-«B-
mediated proinflammatory gene expression (37). In a variety of
models of pulmonary inflammation using exogenous inflamma-
tory stimuli (bleomycin, Prneumocystis), we have shown previ-
ously that alveolar inflammation leads to local production of
NO metabolites via increased iNOS expression by activated mac-
rophages, promoting S-nitrosylation of SP-D and disrupting SP-D
tertiary structure (9, 15). Studies of patients with asthma similarly
show that SNO-SP-D was associated with pulmonary inflamma-
tion and was predictive of response to segmental allergen

(ND, none detected; *P < 0.05 vs. WT alveolar
type 2 [AT2] cells at corresponding age by one-
way ANOVA). EPEP = pale ear; EPPE = pale ear/
pearl; PEPE = pearl.

challenges (24), expanding the usefulness of SNO-SP-D as a bio-
marker of inflammation. The mechanism by which SNO-SP-D
promotes a proinflammatory state stems from trimeric SNO-
SP-D having accessibility to surface receptors, such as CD91,
that trigger proinflammatory responses such as macrophage
migration and induction of iNOS (9). This signaling pathway,
which is highly sensitive to small amounts of SNO-SP-D, is not
otherwise accessible to multimeric SP-D (9). By contrast, ox-
idized SP-D, which results in cross-linking of SP-D, results in
inactivation of LPS agglutination by SP-D (38) and does not
stimulate inflammatory responses (24).

Our initial studies of the EPPE mouse model (7), in which we
characterized surfactant abnormalities in adult mice but did not
demonstrate differences in SP-D, highlight an important issue.
It is becoming clear from animal models and human studies
that the complex oligomeric structure of SP-D and its liability
for disruption in disease models call for a comprehensive
analysis of SP-D (36). The availability of new antisera (39)
with better specificity for murine and human SP-D than we used
previously, and the advent of new techniques including the
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Figure 7. Alveolar type 2 (AT2) cells from animal models of Hermansky-
Pudlak syndrome produce monocyte chemotactic protein-1 (MCP-1).
Representative photomicrographs of isolated alveolar epithelial cells from
2-week (A and C) and 4-week (B and D), wild-type (WT) (A and B) and
EPPE (pale ear/pearl) (C and D) animals treated with brefeldin for 4 hours
(n = 3 experiments each in which AT2 cells were derived from four
animals). Samples were examined for the presence of ABCA3 (red; 3¢9
antibody) as a marker of AT2 cells and for the presence of MCP-1 (green).
4',6-Diamidino-2-phenylindole was used to counterstain nuclei (blue).

biotin-switch assay to detect S-nitrosyl protein modifications
and native gel electrophoresis to examine the quaternary struc-
ture of SP-D, enabled us to revisit the role of SP-D in HPS. In
the current study, we found both increases in total SP-D and
SNO-SP-D in HPS BAL from both EPPE mice and patients
with HPS1. In our prior study we normalized total SP-D immu-
noblotting data to BAL total protein and total phospholipid.
This normalization presented a problem in retrospect because
of elevated total protein and reduced total phospholipid in BAL
from EPPE mice, as we and others have reported (4, 7), leading
us to conclude that total SP-D was not altered in the EPPE
mice. In the present study we instead reported total SP-D in
equivalent volumes of BAL from EPPE mice (Figure 3) and
patients with HPS1 (Figure 5), and found dramatic differences
that progressed with age in EPPE mice, and with disease sever-
ity in patients with HPS1. In examining SNO-SP-D and changes
in quaternary structure, we instead started with samples con-
taining equal amounts of total SP-D, so that the analysis was not
confounded by the already increased SP-D in BAL from EPPE
mice and patients with HPS1. Together, this more thorough
examination in both the EPPE mouse and patients with HPS1
has uncovered an important role for SNO-SP-D as an amplifier
of inflammation in HPS lung disease.

The effects of SNO-SP-D in EPPE mice and patients with
HPS1 are reminiscent of our prior studies in bleomycin-
treated mice, in which enhanced chemotaxis in vitro due to
BAL SNO-SP-D was mitigated by removal of S-nitrosothiols,
using ascorbate or by immunodepletion SP-D (9). It is interest-
ing that whereas SNO-SP-D has been shown to mediate both
migration and activation of macrophages in response to bleo-
mycin injury, in our current study the dominant effect of SNO-
SP-D is on macrophage migration early in the pathogenesis of
HPS lung disease in EPPE mice. Another interesting difference
between our prior work using the bleomycin model and our
current studies in EPPE animals relates to the source of
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Figure 8. Hermansky-Pudlak syndrome type 1 (HPS1) bronchoalveo-
lar lavage (BAL) induces macrophage chemotaxis in part through
S-nitrosylated surfactant protein D (SNO-SP-D). BAL from 4-week-old
wild-type (WT) and pale ear/pearl (EPPE) mice was assayed for the
ability to induce RAW 264.7 macrophage migration, using a modified
Boyden chamber as described in mMeTHoDS. Briefly, suspensions of RAW
264.7 cells (2 x 10° cells/ml in Dulbecco’s modified Eagle’s medium)
were allowed to migrate toward BAL fluid from 4-week-old WT versus
EPPE mice (A), or normal volunteers (NV) versus patients with HPS1 (B)
for 3 hours with 5% CO, at 37°C. Basal migration was expressed as the
numbers of cells migrating toward medium only. Positive controls con-
sisted of samples exposed to L-S-nitrosocysteine (L-SNOC) (200 mM)
to S-nitrosylate all available proteins from 4-week-old WT (BAL SNO) or
NV (NV-SNO). Samples of BAL were also pretreated overnight with
anti-SP-D (20 mg/ml) = anti-MCP-1 (20 mg/ml) antibody followed
by immunoprecipitation before adding sample to the Boyden cham-
ber. The importance of SNO-SP-D to chemotaxis was demonstrated by
pretreatment of RAW 264.7 cells with anti-CD91 antibody (20 mg/ml)
or 20 mM ascorbic acid for 20 minutes before exposure to BAL. Data
are normalized as the percentage of cells migrated toward BAL of
4-week EPPE mice (A: *P < 0.05 vs. 4-wk WT mice; P < 0.05 vs.
4-wk EPPE mice; ‘P < 0.05 vs. pretreatment with MCP-1 antibody)
or BAL of patients with HPST (B: *P < 0.05 vs. NV; #P < 0.05 vs.
patients with HPST). All measurements were performed in triplicate
and are representative of three independent experiments analyzed
by one-way analysis of variance.

NO. S-nitrosylation of proteins largely occurs in the context
of increased NO production (22), which in the lung occurs
typically from activated macrophages expressing iNOS (23).
In bleomycin-treated animals, S-nitrosylation resulted from
enhanced NO production via iNOS induced in alveolar mac-
rophages (9). In young EPPE animals, the source of NO
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production uncharacteristically arose from the alveolar epithe-
lium. NO production from the induction of type 2 cell iNOS has
been described previously in response to external inflammatory
stimuli, in cell lines (29, 31) and with injury from bleomycin in
vivo (30). In HPS lung disease, the stimulus is endogenous,
possibly from pathways within alveolar type 2 cells activated
in response to lamellar body enlargement.

The role of inflammation in the pathogenesis of pulmonary
fibrosis has been controversial, with more recent evidence vali-
dating the central role of repetitive epithelial injury in fibropro-
liferation (40). Studies of type 2 cell-targeted expression of
diphtheria toxin receptor suggest that not only epithelial injury
but injury to important progenitor cells in the alveolus initiate
fibroproliferation (41). Pulmonary fibrosis from overexpression
of transforming growth factor (TGF)-B,, using adenovirus,
emphasizes the role of the epithelial-mesenchymal transition
(EMT) to the process of fibroproliferation (42), and conditional
overexpression of TGF-o now makes a strong case for non-
EMT pathways in the process of pulmonary fibrosis (43).
However, two of these models of fibrosis have similarly been
associated with alveolar inflammation (44, 45). Thus, inflam-
mation may simply be a proxy for alveolar epithelial injury,
or may function as an amplifier of injury that contributes to
the process of remodeling, as seen in acute exacerbations of
idiopathic pulmonary fibrosis (46).

The data presented in this study point to a chronic, unremitting
injury of alveolar epithelial cells in HPS, leading to the elaboration
of proinflammatory mediators. Like others (6, 8), we are unable to
determine from our present studies whether the observed inflam-
matory signals in EPPE animals directly contribute to the devel-
opment of fibrosis in animal models of HPS, or are simply an
earlier marker of a failing epithelial cell. Although inflammation
may be a secondary manifestation of alveolar type 2 cell dysfunc-
tion, it represents a reliable early end point for future studies as
well as a potential therapeutic target. Moreover, SNO-SP-D as
a mediator of inflammation in HPS is an attractive candidate for
a new biomarker in HPS lung disease that tracked well with
disease progression in both the mouse model as well as in patients
with HPS1. Taken together, these studies clarify the ontogeny of
HPS lung disease in a reliable mouse model for future studies of
disease pathogenesis and preclinical testing of therapeutic agents,
and establish key mediators of the disease as well as a potential
biomarker for expanded investigation in patients with HPS.
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