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Rationale: The molecular mechanisms underlying Hermansky-Pudlak
syndrome-associated interstitial pneumonia (HPSIP) are poorly un-
derstood but, as in idiopathic pulmonary fibrosis, may be linked to
chronic alveolar epithelial type Il cell (AECII) injury.

Objectives: We studied the development of fibrosis and the role of
AECIl injury in various murine models of HPS.

Methods: HPS1, HPS2, and HPS6 monomutant mice, and HPS1/2 and
HPS1/6 double-mutant and genetic background mice, were killed at
3 and 9 months of age. Quantitative morphometry was undertaken
in lung sections stained with hemalaun—eosin. The extent of lung
fibrosis was assessed by trichrome staining and hydroxyproline
measurement. Surfactant lipids were analyzed by electrospray
ionization mass spectrometry. Surfactant proteins, apoptosis, and
lysosomal and endoplasmicreticulum stress markers were studied by
Western blotting and immunohistochemistry. Cell proliferation was
measured by water-soluble tetrazolium salt-1 and bromodeoxyur-
idine assays.

Measurements and Main Results: Spontaneous and slowly progressive
HPSIP was observed in HPS1/2 double mutants, but not in other HPS
mutants, with subpleural onset at 3 months and full-blown fibrosis at
9 months. In these mice, extensive surfactant abnormalities were
encountered in AECII and were paralleled by early lysosomal stress
(cathepsin D induction), late endoplasmic reticulum stress (activat-
ing transcription factor-4 [ATF4], C/EBP homologous protein [CHOP]
induction), and marked apoptosis. These findings were fully corrob-
orated in human HPSIP. In addition, cathepsin D overexpression
resulted in apoptosis of MLE-12 cells and increased proliferation of
NIH 3T3 fibroblasts incubated with conditioned medium of the
transfected cells.

Conclusions: Extensively impaired surfactant trafficking and secretion
underlie lysosomal and endoplasmic reticulum stress with apoptosis
of AECII in HPSIP, thereby causing the development of HPSIP.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

No reports are available to date regarding the development
of pulmonary fibrosis in murine models of Hermansky-
Pudlak syndrome and the underlying mechanisms of Her-
mansky-Pudlak syndrome-associated interstitial pneumonia
in mice and humans.

What This Study Adds to the Field

Apoptosis of alveolar epithelial type II cells in Hermansky-
Pudlak syndrome-associated interstitial pneumonia in both
mice and humans, due to severe lysosomal and endoplas-
mic reticulum stress, may represent a prominent reason for
development of lung fibrosis.

Hermansky-Pudlak syndrome (HPS) is a rare autosomal re-
cessive disorder associated with oculocutaneous albinism and
hemorrhagic diathesis (1). Several HPS genes have been
identified in both humans and mice that encode several pro-
tein complexes, the precise function of which is only partially
known and that affect various lysosome-related organelles
(LROs), including the lamellar bodies of the lungs. Hence,
on the basis of their role in LRO trafficking, these genes have
an enormous impact on a wide range of basic physiological
processes such as immune recognition, coagulation, and neu-
ronal function (2).

Pulmonary fibrosis due to HPS, entitled Hermansky-Pudlak
syndrome-associated interstitial pneumonia (HPSIP), is
known to develop in patients with HPS1 and HPS4 mutations,
the genes of which encode the “biogenesis of lysosome-related
organelle complexes” (BLOC)-3 (2-5). HPSIP is the most
serious complication and the main reason for death of patients
with HPS (6-8) and usually evolves during the third or fourth
decade of life. The clinical course of HPSIP shows great
similarities to the disastrous fate of patients with idiopathic
pulmonary fibrosis (IPF). Accordingly, the radiographic ap-
pearance of HPSIP is comparable to that of IPF and the
predominant histopathological pattern is that of usual intersti-
tial pneumonia (UIP) (9, 10).

In contrast to IPF/UIP, however, a characteristic foamy
swelling of alveolar epithelial type II cells (AECII) with
lamellar bodies of increased size and number (“giant lamellar
body degeneration”) is regularly observed in patients with
HPSIP (10).
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Figure 1.

Development of pulmonary fibrosis only in HPS1/2 double-mutant mice: (a) Representative hematoxylin—eosin (H&E) stainings of

complete right lungs of HPS monomutant mice, double-mutant mice, and background wild-type (WT) control mice at the ages of 3 and 9 months.
(b) Higher magnification pictures of H&E- and trichrome-stained lungs of all the HPS mutants and WT controls analyzed in this study at the ages of 3
and 9 months. Original magnification, X200 (scale bar, 100 um). (c) Quantitative determination of lung hydroxyproline concentration in HPS1/2
double-mutant mice in comparison with WT control mice. *P < 0.05, n = 5 mice per group. n.s. = not significant.

As the proteins encoded by the HPS genes and their precise
functions are only partly known, the pathogenesis of HPSIP is
still poorly understood. However, in light of the previously
mentioned histopathological findings, it has already been spec-
ulated that—like in IPF—chronic AECII injury may underlie
the development of lung fibrosis (10, 11).

Interestingly, the HPS mutations occur not only in humans
but also in mice, and several mono-, double-, and triple-mutant
HPS mice have been characterized largely on the basis of coat
color and platelet function. In some of these mice, including the
herein studied HPS1/2 (ep/pe) mice, abnormal lung structure
and abnormalities of surfactant transport and secretion in
AECII had been described (12, 13). However, the development
of HPSIP has not yet been described in murine HPS.

These reports prompted us to carefully assess a potential
development of HPSIP in several of these murine models and to
disclose potential underlying pathways. Some of the results of
this study have been previously reported in the form of two
abstracts (14, 15).

METHODS

Mice

Breeding pairs of HPS monomutant mice and HPS1/6 double-mutant
mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Breeding pairs of HPS1/2 double-mutant mice were a kind gift from R.
Swank (Roswell Park, Buffalo, NY). C57BL/6J was the background strain
for the HPS1, HPS2, HPS6, and HPS1/2 mice. HPS1/6 mice were on the
B6C3Fe background. All mice were mated and maintained under specific
pathogen—free conditions, and five mice per group were killed at the ages
of 3 and 9 months and genotyped as described in the online supplement.

Quantification of Lung Collagen

Hydroxyproline levels in murine lungs were determined as described
elsewhere (16) and in the online supplement.

Computerized Lung Morphometry

Morphometric analysis was performed on hematoxylin and eosin—stained
lung tissue sections by determining the mean interalveolar distance and
mean septal thickness (linear intercept measurement). AxioVision
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Figure 2. Increase in mean linear intercept in Hermansky-Pudlak syndrome (HPS) mice: Graphic representation of the length distribution of

airspaces in (a) HPS1/2 mice and (b) HPS1/6 mice as well as the length distribution of septal thickness of (c) HPS1/2 mice and (d) HPS1/6 mice in
comparison with respective wild-type (WT) controls. Twenty to 30 regions, covering the entire periphery of one digitally scanned lung slide stained
with hematoxylin—eosin, were introduced with grids, comprising a total of 40,000 chords in the horizontal and vertical directions, with a distance of
40 pm. Each caption was analyzed by automated line-to-line intercept analysis, according to the criteria mentioned in MetHobs. Five 9-month-old
mice per group were analyzed and the data are represented as the frequency distribution of either (a and b) alveolar diameter or (c and d) septal
thickness. In addition, the conventional parameters “mean linear intercept” and septal thickness are indicated in (e) and (f), respectively. ***P <

0.001,**P < 0.01, *P < 0.05; n.s. = not significant.

software (Carl Zeiss Microlmaging GmbH, Jena Germany) was used
for the analysis as outlined in the online supplement.

Isolation of Murine Alveolar Epithelial Type Il Cells

Murine AECII from the lungs of 3-month-old HPS1/2 and wild-type
(WT) control mice were isolated according to the protocol given in the
online supplement.

Cloning and Cell Culture

Full-length murine cathepsin D was cloned into the pcDNA3.1 expres-
sion vector and transfected into mouse lung epithelial (MLE)-12 cells,
using primers and protocols described in the online supplement. NIH 3T3
mouse fibroblasts were then incubated with conditioned medium from
either cathepsin D— or empty vector-transfected MLE-12 cells (24 h
posttransfection). WST-1:4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tet-
razolio]-1,3-benzene disulphonate or BrdU: 5-bromo-2’-deoxyuridine
(Roche Applied Science, Mannheim, Germany) was added as described
in the online supplement and absorbance was measured at 450 nm.

Western Blot

Samples were subjected to denaturing sodium dodecyl sulfate—
polyacrylamide gel electrophoresis followed by electroblotting on

polyvinylidene difluoride membrane and immunostaining for the de-
sired proteins. Protocol and the source of antibodies are given in the
online supplement.

Phospholipid Analysis, Isolation of Large Surfactant
Aggregates, and Assessment of Surface Activity

Phospholipids (PLs) were extracted from bronchoalveolar lavage fluid
(BALF) or tissue extracts according to the Bligh and Dyer method as
referred to in the online supplement. Characterization and surface
activity of large surfactant aggregates (LAs) was undertaken as out-
lined in the online supplement.

Lipidomics

Lipids were quantified by electrospray ionization—tandem mass spec-
trometry in positive ion mode, as described in the online supplement.

Immunohistochemistry and in Situ Apoptosis Assay

ZytoChem Plus (AP) Broad Spectrum (Fast Red) kit (ZytoMed
systems, Berlin, Germany) was used with paraffin-embedded lung
sections for immunohistochemical localization of proteins according
to the manufacturer’s instructions. The protocol and source of anti-
bodies are given in the online supplement. The degree of cellular
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Figure 3. Loss of surfactant in bronchoalveolar lavage fluid (BALF) of HPS1/2 mice: Western blot analysis of (a) mature surfactant protein (SP)-B and
(b) mature SP-C in BALF from Hermansky-Pudlak syndrome (HPS) mice along with their respective wild-type (WT) control mice at the ages of 3 and
9 months. An equal volume (20 wl per sample) of BALF was used for each analysis. (c) Data set showing phospholipid (PL) concentration and the
relative amount of large surfactant aggregates (LA content, given as a percentage of total PL) in BALF of HPS1/2 and WT control mice. (d and e)
Surface activity of LA from HPS1/2, HPS1/6, and WT control mice was characterized at a PL concentration of 2 mg/ml, employing a pulsating bubble
surfactometer. (d) vags (surface tension after 12 s of film adsorption) and (e) ymin (minimal surface tension after 5 min of film oscillation) are given as
millinewtons per meter (mMN/m). *P < 0.05, **P < 0.01; n = 5 mice per group.

apoptosis was determined by the terminal deoxynucleotidyltransferase 2 mice analyzed in this study, the extent of fibrosis differed
dUTP nick end labeling (TUNEL) method, using the in situ cell death somewhat from mouse to mouse. At hlgher magniﬁcati0n7
detection kit, AP (Roche Applied Science) according to the manufac-  jymphoplasmacellular infiltration and extracellular matrix de-
turer’s instructions. All stan}ed sections were analyz_ed on digital slide position, with a dramatic increase in AECII size but roughly
scanning, employing a Mirax scanner (Carl Zeiss GmbH, Jena, . .
: > . preserved lung structure, were evident at 3 months (Figure 1b).
Germany). Mirax Viewer software (Carl Zeiss GmbH) was used to I trast. d fibrosi ith extensi deli i th
analyze and make snapshots of the stained tissue sections. N contrast, dense TOSIS W1 _eX ens.lve remodeling o €
alveolar lung structure was prominent in 9-month-old HPS1/2
Statistics mice (Figure 1b, second row), because of which quantitative
lung morphometric analysis did not reveal any significant
increase in enlarged airspaces in HPS1/2 mice (Figure 2a) but
revealed a more than twofold increase in septal thickness, when

Unless indicated otherwise, all data are expressed as means = SEM of
at least five mice. Statistical evaluation was performed by Mann-
Whitney U test (comparison of two groups) and by Kruskal-Wallis H

test (if more than two groups were analyzed). The level of significance TABLE 1. DIFFERENTIAL BRONCHOALVEOLAR LAVAGE COUNTS

is indicated in the figure legends and footnotes as follows: *#P < 0.5, 3
*EHED < ()01, #HEHEED < 0.001. IN VARIOUS HERMANSKY-PUDLAK SYNDROME GROUPS

AMs PMNss Lymphocytes
C57BL/6 controls 99.5 = 0.7 0 0.5 +0.7
RESULTS HPS1/2 74.6 = 5.4 10.7 = 6.4 14.6 = 3.5
Development of Pulmonary Fibrosis in HPS1/2 HPST 67+ 40.0 0 33 =400
HPS2 93.6 =104 0.6 = 0.8 58 +104
In HPS1/2 double-mutant mice, but not in HPS1/6 or HPS1, HPS6 43.8 = 17.9 0.4 *0.2 55.8 + 23
HPS2, or HPS6 mice, spontaneous development of lung fibrosis HPS1/6 controls 99 = 1.0 0 0.5 +0.7
was evident at the age of 3 months (Figure la, lefr). Being ~ HPS1/6 1.5+48 0 885+ 4.8
PatChY and subpleural at the beginning, the .extent of .lung Definition of abbreviations: AMs = alveolar macrophages; HPS = Hermansky-
fibrosis progressed over the age of 9 months (Figure 1a, right). Pudlak syndrome; PMNs = polymorphonuclear lymphocytes.

Although fibrosis was encountered in all the 9-month-old HPS1/ Data represent means = SD.
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Figure 4. Accumulation of hydrophobic surfactant proteins in HPS1/2 lung tissues: (a) Western blot analysis of lung homogenates (LH; equal
protein load) of (left) 3-month-old and (right) 9-month-old HPS1/2 double-mutant and wild-type (WT) controls for pro—surfactant protein (SP)-B,
mature SP-B, pro-SP-C, and mature SP-C. (b) Western blot analysis of isolated alveolar epithelial type Il cells (AECII; equal protein load) and LH for
mature SP-B and mature SP-C from 3-month-old HPS1/2 mice and WT controls. [Please note that the blots in (a) and (b) have been developed to
show adequate staining for HPS1/2 mouse samples; longer development forwarded staining for mature SP-C also in AECIl and LH of WT mice.]
Representative blots are from n = 5 mice per group, and three independent experiments are shown. (c—h) Densitometry was performed from all
Western blot analyses of all HPS mouse lung homogenates. The target protein/B-actin ratio was calculated and is given as a percentage of the
respective WT controls. ***P < 0.001,**/##P < 0.01, *#P < 0.05; n = 5 mice per group.

compared with WT controls (Figures 2¢ and 2e; and see Figure
El in the online supplement). As a result of such fibrotic
changes, lung hydroxyproline content was significantly elevated
(Figure 1c). In HPS1/2 mice at 3 months, HPS1 and HPS2
monomutant mice at 9 months, and even more in HPS1/6
double-mutant mice at 9 months, airspace enlargement was
a prominent finding (Figure 1b; and Figures 2b, 2d, and 2f).

Disturbed Composition and Function of the Alveolar
Surfactant Pool in HPS1/2 Mice

As compared with WT mice, mature surfactant protein (SP)-B
was undetectable in BALF from 3- and 9-month-old HPS1/2
mice and appeared greatly reduced in HPS1/6 mice of the same
age. In contrast, BALF levels of mature SP-B remained un-
changed in any of the other monomutant HPS mice (Figure 3a).
Similarly, significantly reduced levels of mature SP-C were
observed in the BALF of HPS1/2 mice at 3 and 9 months, but
appeared unchanged in all other HPS mutants (Figure 3b). In
addition, the total phospholipid content, but not the relative
content of large surfactant aggregates (LAs), was significantly
decreased in BALF from HPS1/2 mice (Figure 3c). As com-
pared with WT controls, LA preparations from HPS1/2 BALF,

but not from HPS1/6 BALF, showed a significant reduction in
surface activity (Figures 3d and 3e). From these data, we
concluded that HPS1/2 mice do have a significant defect in
surfactant secretion, resulting in inappropriately low alveolar
phospholipid and surfactant protein concentrations, thus lead-
ing to increased alveolar surface tension.

In addition, BALF cellular profiles from various HPS mice
were analyzed. Of interest, many enlarged alveolar macrophages
were encountered (data not shown), especially in HPS1/2 mice.
In addition, a modest lymphocytic alveolitis was observed in all
of the HPS mice analyzed (Table 1), and there was no sig-
nificant difference between HPS1/2 and the other mice.

Accumulation of Hydrophobic Surfactant Proteins
in HPS1/2 Lungs

A dramatic increase in intracellular content of almost all forms
of the pro- and mature forms of the hydrophobic surfactant
proteins SP-B and SP-C was encountered in lungs of HPS1/2
mice in comparison with their respective WT controls (Figure
4a). At the age of 3 months, especially 21-kD pro-SP-C, mature
SP-B, and mature SP-C were elevated. In 9-month-old HPS1/2
mice, a more extensive accumulation of all pro- and mature
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forms of SP-B/C, with the exception of 42-kD pro-SP-B, was
encountered (Figure 4a). Densitometric analysis revealed a 25-
fold increase in mature SP-C and a 5-fold increase in mature SP-
B in HPS1/2 lung homogenates (Figures 4¢ and 4h). To confirm
that such accumulation would reflect the situation within the
AECII, the intracellular SP-B/C content was analyzed in AECII
isolated from 3-month-old HPS1/2 mice and WT mice. Accu-
mulation of mature SP-B and SP-C was seen exclusively in the
AECII of HPS1/2 mice (Figure 4b), but not in any other HPS
mutants (Figure E2). Regarding the proforms, only 19-kD pro—
SP-B appeared highly up-regulated in all HPS mice (although
significantly higher in HPS1/2), and some minor increases were
encountered for 21-kD pro-SP-C and 25-kD pro-SP-B in these
mice (Figures 4c—4f; and see Figure E2). Gene expression
analysis did not show any differences in the expression of SP-
B and SP-C between HPS1/2 and control mice (Figure E3a).
Consistent with previous reports on the subcellular distribution
of pro- and mature forms of the hydrophobic surfactant proteins
in healthy AECII (17, 18) and with the ultrastructural appear-
ance of AECII in humans with HPSIP (10), mature surfactant
compounds seem to accumulate in the distal part of the
lysosomal transport axis of AECII from HPS1/2, and hence
largely in lamellar bodies.

Accumulation of Surfactant Phospholipids in HPS1/2 Lungs

We next analyzed the total phospholipid content of lung homog-
enates in all HPS mono- and double-mutant mice along with
their WT controls. Phospholipid content was increased in all HPS
mice, but to various extents. The strongest increase was found in
HPS1/2 mice (approximately threefold), which was also signif-
icantly higher as compared with all other HPS mice (Figure 5a).
It seems noteworthy to mention that, in contrast to the changes in
mature SP-B/C, the phospholipid content of HPS1/2 lung homog-

respective WT control mice. Col-
umns depicted here represent
fatty acid distribution of (b) the
phosphatidylcholine (PC) fraction
and (c) the relative content of
dipalmitoylated phosphatidylcho-
line (DPPC) within the PC frac-
tion. Values are expressed as the
molar percentage (mol %) of the
respective lipid class, related to
total PC. */#P < 0.05, **/##p <
0.01, ***/###p < 0.007; n.s. = not
significant; n = 5 mice per group.

enates did not further increase beyond the age of 3 months. In
AECII, the combinatory loss of HPS1 and HPS2 genes thus does
not seem to affect early lysosomal transport processes, as sug-
gested for HPS1 or HPS2 gene products in other cell types (19, 20).

Lipidomic Profiling in HPS Mice

Because we observed differences in total phospholipids in HPS
mice, we further performed mass spectrometry—based lipido-
mics analysis of lung tissues from all 9-month-old HPS and WT
control mice. As evident from Table E1 in the online supple-
ment and Figure 5a, extensive alterations of the phospholipid
profile were encountered. In particular, HPS1/2 mice showed
a significant increase in phosphatidylcholine (PC). To some
extent this also held true for HPS1/6 mice. Of note, phospha-
tidylethanolamine plasmalogens were markedly depressed in
HPS1/2 versus the other mice (Table E1). Moreover, a signifi-
cant increase in saturated PC species was encountered in HPS1/
2 mice and, to some extent, also in HPS1/6 mice (Figure 5b),
which could be ascribed almost entirely to a marked increase in
dipalmitoylated phosphatidylcholine (DPPC, PC-32:0; Figure
5c). Another interesting observation was a significant increase
in glucosylceramides (GlcCer) in 9-month-old HPS1/2 mice,
with a ceramide/GlcCer ratio of 3.9 in HPS1/2 mice compared
with 7.6 in controls (see also Table E2). Because the expression
level of the synthesizing enzyme (glucosylceramide synthase)
remained unchanged (data not shown), the observed accumu-
lation of GlcCer in HPS1/2 mice might be due to their de-
creased clearance.

AECII Apoptosis in HPS1/2 Mice

Accumulation and impaired secretion of pulmonary surfactant
may have resulted in chronic cell stress and apoptosis of AECII
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Figure 6. Alveolar epithelial type Il cell (AECII) stress and apoptosis in HPS1/2 mice: (a) Serial paraffin-embedded lung tissue sections from (top) 9-
month-old HPS1/2 mice and (bottom) wild-type (WT) controls were immunostained either for (left) cleaved caspase-3 or (right) pro—surfactant
protein (SP)-C. Arrows indicate the same AECII stained for both proteins. (b) Western blot analysis of cleaved caspase-3 in lung homogenates of 3-
and 9-month-old HPS1/2 mice in comparison with that of 9-month-old WT controls. (c and d) Western blot analysis of cathepsin D in (c) lung
homogenates of HPS1/2 mice (3 and 9 mo of age) and in (d) isolated AECII of HPS1/2 and WT controls (3 mo of age). (e) Immunohistochemistry on
serial sections of (top) HPS1/2 and (bottom) WT mouse lungs for (left) cleaved caspase-3, (middle) pro-SP-C, and (right) cathepsin D. Arrows indicate
positive staining of AECII for all three proteins. Inset: High-magpnification image, illustrating diffuse cytoplasmic staining of cathepsin D within the
AECII of HPS1/2 mice. Arrowhead indicates cathepsin D staining in macrophages in a WT mouse lung tissue section. (f) Western blot analysis for
activating transcription factor-4 (ATF4) and C/EBP homologous protein (CHOP) in lung homogenates of HPS1/2 mice and age-matched WT
controls. (g) Serial sections were stained for either (left) ATF4, (middle) pro-SP-C, or (right) CHOP in 9-month-old HPS1/2 and WT controls. Arrows
indicate the same AECII stained positive for all three proteins. Original magnification, X400 (scale bar, 50 nm). Original magnification of inset, X800
(scale bar, 20 pm). Representative blots and stainings from each group are shown, from n = 5 mice per group.

in lungs of HPS1/2 mice. To identify apoptotic AECII, we
performed immunohistochemistry for cleaved, activated cas-
pase-3, along with pro-SP-C on serial sections of HPS1/2 and
control mouse lungs. It was found that the pro-SP-C—positive
cells (AECII) also stained positive for cleaved caspase-3 in
HPS1/2 tissue sections, whereas no signal for cleaved caspase-3
was detected in any WT control (Figure 6a). Western blot
analysis for caspase-3 produced a similar result (Figure 6b).
Alternatively, we performed TUNEL staining, along with
immunohistochemistry, for the AECII-specific marker pro-
SP-C on serial sections from all HPS and control mice. As
depicted in Figure E4a in the online supplement, numerous
TUNEL-positive AECII were already evident only in the lung
tissue of HPS1/2 mice at an age of 3 months (but not in other
mutants), indicating that AECII apoptosis is an early event in
these mice. Thus, TUNEL data fully confirmed the cleaved
caspase-3 immunohistochemistry and again suggest that AECII

undergo extensive apoptosis in HPS1/2 mice, but not in other
HPS or control mice.

Lysosomal and Endoplasmic Reticulum Stress Underlie AECII
Apoptosis in HPS1/2 Mice

Observations to this point indicated that intracellular accumu-
lation of surfactant was especially prominent in HPS1/2 mice
and possibly related to the increased apoptosis of AECII, thus
favoring fibrosis development in HPS1/2 double-mutants. To
further study the pathways that may interconnect surfactant
accumulation and AECII apoptosis in HPS1/2 mice, it was
hypothesized that such surfactant accumulation may cause
primarily lysosomal stress in these mice. Therefore, a well-
known lysosomal aspartyl protease, cathepsin D, which has
been shown to induce apoptosis by several mechanisms (21, 22),
was analyzed by Western blotting. Increased levels of proca-
thepsin D (~44 kD), its glycosylated form (~54 kD), and
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Figure 7. Apoptosis of alveo-
lar epithelial type Il cells
(AECII) due to lysosomal and
endoplasmic reticulum stress
in human Hermansky-Pudlak
syndrome-associated intersti-
tial pneumonia (HPSIP): (a)
Representative immunohisto-
chemistry performed on serial
paraffin-embedded lung tissue
sections from (top) human

Healthy donor

patients with HPS and (bot-
tom) healthy donors for (left)
cleaved caspase-3, (middle)
pro-surfactant protein (SP)-C,
and (right) cathepsin D. Ar-
rows indicate the same AECII|
stained for all three proteins.
Inset: High-magpnification im-
age, illustrating diffuse cyto-

o

plasmic staining of cathepsin
D within the AECII of HPSIP.
Arrowhead indicates cathepsin
D staining in macrophages in
a lung tissue section of
a healthy donor. (b) Serial
lung tissue sections from
(top) human patients with
HPS and (bottom) healthy do-
nors were stained for (left)
activating transcription factor-4
(ATF4), (middle) pro-SP-C, or
(right) C/EBP  homologous

subsequent cleavage products were observed in lung homoge-
nates of 3- and 9-month-old HPS1/2 mice and in the AECII of
3-month-old HPS1/2 mice when compared with respective
controls (Figures 6¢ and 6d). Interestingly, cathepsin D levels
in lung homogenates of all other HPS mice were found to be
virtually identical (see Figures E5a—ES5c in the online supple-
ment). Cathepsin D gene expression in HPS1/2 mice, however,
did not differ from controls (Figure E5d). In colocalization
studies employing immunohistochemistry for cathepsin D,
cleaved caspase-3, and pro—SP-C on serial sections, we identi-
fied all three proteins on identical regions in HPS1/2 lungs
(Figure 6e) with a pan-cytoplasmic distribution pattern for
cathepsin D (inset in Figure 6e).

Apart from the lysosomal stress response, the possible
existence of an endoplasmic reticulum (ER) stress response
was also assessed in HPS mice. For this purpose, the late ER
stress marker C/EBP homologous protein (CHOP; GADD153),
which represents an obligatory and important proapoptotic ER
stress compound, as well as activating transcription factor-4
(ATF4), which serves as a direct transcription factor for CHOP,
were studied. Western blot analysis using lung homogenates
revealed an up-regulation of both proteins in HPS1/2 mice, at
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the age of 9 months (Figure 6f) but not at an age of 3 months
(data not shown). To check whether the ATF4 and CHOP
signals of lung homogenates originate from AECII, immuno-
histochemistry of ATF4, CHOP, and pro-SP-C was performed
on serial sections. Interestingly, these stainings illustrated that
pro—SP-C—positive cells stained positive for ATF4 and CHOP in
lung sections from 9-month-old HPS1/2 mice, whereas control
mouse sections showed no positivity (Figure 6g), thus indicating
that AECII from HPS1/2 mice undergo ER stress during a later
stage of the disease.

AECII Apoptosis Due to Lysosomal and ER Stress Is Also
a Prominent Finding in Human HPSIP

Lysosomal and ER stress pathways were characterized in
human HPSIP. Lack of frozen lung material from transplanted
human patients with HPS restricted the current work to avail-
able serial lung sections from paraffin-embedded lung tissues
from only two patients with HPS, on which immunohistochem-
istry was performed. Interestingly, AECII from patients with
HPSIP not only showed much more pronounced reactivity for
pro-SP-C as compared with donor lungs, but also showed
positive staining for both cleaved caspase-3 and cathepsin D
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(Figure 7a), thus fully confirming the data observed in the elder
and fibrotic HPS1/2 mice. Diffuse cytoplasmic staining for
cathepsin D within AECII was also observed in lung sections
of HPSIP (inset in Figure 7a). Of interest, in healthy lung tissues
from mice (Figure 6e) and humans (Figure 7a) cathepsin D
staining was observed primarily in alveolar macrophages but
not in AECII, again underscoring the significance of the
observed increase in cathepsin D in AECII under conditions
of HPSIP. In addition, we investigated the expression of the
proapoptotic ER stress factor CHOP and its transcription factor
ATF4 in human HPSIP. As depicted in Figure 7b, immunore-
activity for CHOP and ATF4 was found in AECII of HPSIP
lungs, but not of donor lungs, again providing evidence for
a proapoptotic ER stress response in the AECII of these
patients.

Cathepsin D Promotes Apoptosis of Alveolar Epithelial Cell
Line and Fibroblast Proliferation

In addition, to assess the causative role of cathepsin D over-
expression in alveolar epithelial cell apoptosis and its role in
fibroblast proliferation, we overexpressed full-length mouse
cathepsin D in AECII-like MLE-12 cells. By analysis of cleaved
caspase-3, we observed significant cell death in cathepsin D-
transfected cells, as compared with empty vector-transfected
cells (Figure 8a). These cells were largely detached from the
culture plate, 24 hours posttransfection. Conditioned medium
from cathepsin D-transfected cells was then applied on NIH
3T3 fibroblasts and this resulted in increased viability and
proliferation, as measured by WST-1 assay (Figure 8b) and
BrdU incorporation (Figure 8c), respectively. Incubation of

2.5x10% with equal protein loading
(B-actin, bottom). Supernatant
from cells transfected with
empty vector did not contain
enough cells (protein) to be
included. (b and ¢) Condi-
tioned medium from either
cathepsin D— or empty vector—
transfected MLE-12 cells was
applied to an equal number of
NIH 3T3 fibroblasts and their
viability was assessed by (b)
water-soluble tetrazolium salt
(WST)-1 assay at various cell
numbers or their proliferation
was measured by (¢) bromo-
deoxyuridine (BrdU) incorpo-
ration. *P < 0.05, **P < 0.01;
n.s. = not significant.

10*

Cell number

Empty vector

NIH 3T3 fibroblasts with conditioned medium from empty
vector—transfected cells resulted in a significantly depressed
proliferative signal.

DISCUSSION

In patients with HPS, impaired lysosomal trafficking axis causes
a complex spectrum of cell- and organ-specific disturbances,
including severe pulmonary fibrosis in a larger subpopulation of
patients with HPS1 and HPS4 mutations. Another entity caused
by disturbed lysosomal transport is the Chédiak-Higashi syn-
drome (CHS), a bleeding disorder with severe and recurrent
infections. In murine models of CHS (beige mice with a muta-
tion in lysosomal trafficking regulator lystl [23], and chocolate
mice with a rab38 mutation [24]), increased cellularity and
modest interstitial inflammation have been described (23, 24),
and emphysema was a prominent finding in HPS1/2 (12). In
chocolate mice and in HPS1/2 mice, accumulation of mature
surfactant components and giant lamellar body degeneration
have been described to various extents. However, this is the first
study to show spontaneous development of lung fibrosis in
a murine model of HPS, which fully mimicks clinical HPSIP.
An obvious explanation for phenotypic differences in differ-
ent mouse models may be that, as compared with HPS1/2, in
other models, the accumulation of intracellular surfactant levels
may not have reached a critical threshold level to induce
chronic cellular stress and AECII apoptosis. In line with this,
beige mice exhibit modest PC (~1.5-fold) and SP-B accumula-
tion in lung homogenates, a slight reduction of SP-B in BALF at
24 weeks, and only a twofold increase in disaturated PC in
adulthood (25). Regarding the surfactant pool size in tissue and
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airspace enlargement, these mice are thus comparable to HPS1,
HPS2, HPS6, and HPS1/6 mice (26), but they do not seem to
develop fibrosis. Several factors may contribute to the de-
velopment of lung fibrosis exclusively in HPS1/2.

First, activation of macrophages and elevation of basal
inflammatory cytokine levels, as reported for HPS1 and HPS2
mice (23, 27), may also support fibrotic reactions. Indeed,
macrophage activation has also been described in patients with
HPS1 mutations (28). On the other hand, with the exception of
altered morphology of macrophages (data not shown), our
HPS1/2 mice did not show a significantly different differential
cell count as compared with the other genotypes. Although such
assessment is certainly incomplete, it does not suggest a sub-
stantially different level of inflammatory changes between mice
that develop fibrosis and those that do not.

Second, changes in the extracellular surfactant pool may
contribute to the development of lung fibrosis. In HPS1/2 mice,
we now observed greatly increased alveolar surface tension
paralleled by a far-reaching absence of both hydrophobic sur-
factant proteins, most likely reflecting the severity of the intra-
cellular transport deficiency. In contrast, although also almost
deficient in SP-B at the alveolar level, HPS1/6 mice still had
reasonably high amounts of SP-C in the alveolar space and,
accordingly, normal surface tension-reducing characteristics of
the alveolar surfactant film. At a quick glance, such an obser-
vation may place SP-C at the center of a pathomechanistic concept,
especially bearing in mind that SP-C may well play a role in
maintaining lung mechanics (as suggested with SP-C~/~ mice
[29]). However, we believe that the loss of surface activity in
HPS1/2 mice is more simply related to the simultaneous loss of
SP-B and SP-C at the alveolar level, a feature well known from
term babies with respiratory distress, in whom a complete (no
gene expression) loss of SP-B and a functional (no processing of

HPSIP AECII

Figure 9. Proposed model for
induction of apoptosis of alve-
olar epithelial cells type Il
(AECIl) in Hermansky-Pudlak
syndrome-associated intersti-
tial pneumonia (HPSIP) lungs:
On the left, a healthy AECII is
shown, with regular surfactant
processing, transport, and se-
cretion. On the right, our data
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which giant lamellar bodies,
defective surfactant transport,
and impaired secretion of sur-
factant are shown. Alveolar
surface tension in HPSIP lungs
is increased, indicating the re-
duced surface activity of the
alveolar surfactant pool in
these lungs. Within the AECII,
an increase in cathepsin D,
glucosylceramides, and CHOP-
induced apoptosis of the cell
may result in the development
of lung fibrosis. CHOP = C/EBP
homologous protein; ER = en-
doplasmic reticulum; Glccer =
glucosylceramides; LBs = lamel-
lar bodies; MVB = multivesicu-
lar bodies; PL = phospholipids;
SP = surfactant protein; TM =
tubular myelin; ULV = unila-
mellar vesicles.

pro-SP-C) loss of SP-C are encountered (30). At present, we
certainly cannot exclude a pathomechanistic role of the in-
creased alveolar surface tension in the process of lung fibrosis,
especially when keeping in mind the role of biomechanical
forces in fibroblast activation (31). Further experiments are
needed to precisely define the role of elevated alveolar surface
tension, a common feature in, for example, subjects with IPF
(32), in the development of lung fibrosis.

Third and, from our understanding, most importantly, an
intriguing interpretation of our data and those of others is that
the observed accumulation of mature and intermediate surfac-
tant compounds in AECII may be of potential harm for this cell
type and that—depending on the cellular stress level—airspace
enlargement or lung fibrosis may represent the phenotypic conse-
quences. Such an idea is supported by our observation that con-
ditioned medium from cathepsin D-transfected epithelial cells,
which are prone to apoptosis, promotes fibroblast proliferation.

In contrast to mice, in which HPSIP is provoked only by
a double hit affecting both HPS1 and HPS2 (33), single
mutation of HPS1 or HPS4 in humans resulted in HPSIP (4,
34, 35). In higher eukaryotes, HPS1 and HPS4 encode BLOC
(biogenesis of lysosomal-related organelle complex)-3 (36),
which was suggested to regulate endosomal and lysosomal
movements by microtubule- and actin-dependent mechanisms
(37-39). Adaptor protein (AP)-3 is affected in HPS2 and has
been suggested to play a role in transporting selected proteins
from trans-Golgi to lysosomes, endosomes, or lysosome-related
organelles and was shown to form a tripartite complex with
BLOC-1 and phosphatidylinositol-4-kinase type 11 o (PI4KIIa)
(40). Interestingly, one study showed anatomically different
AP-3-regulatory mechanisms in brain (41). It is also known to
directly interact with some other HPS gene products (but never
with BLOC-3) and cellular factors involved in lysosomal trans-
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port and secretion (42, 43). Similarly, in samples from patients
with HPS1 mutations, the intracellular localization of the AP-3
complex remained unaltered in fibroblasts (44, 45). Drawn
against this background and observations by Feng and col-
leagues (46), it appears highly unlikely that AP-3 directly
interacts with HPS1/BLOC-3, although these studies have never
been performed in active secretory cells in general and in
AECII in particular. Of note, in HPS1/2 mice, cumulative
accumulation of lysosomal enzymes (B-glucuronidase, (3-galac-
tosidase) in lungs and kidneys again supports the concept of
a functional redundancy of HPS1 and HPS2 in surfactant
trafficking (46). Hence, only if both complexes are affected in
parallel will extensive accumulation of surfactant, cell stress,
and apoptosis occur, leading to fibrosis in mice (Figure 9).
Although unclear at present, a lack of functional redundancy
between BLOC-3 and AP-3 in humans could be a potential
explanation for the development of HPSIP with single BLOC-3
or AP-3 mutations.

Another explanation for all these differences between mice
and humans could involve environmental (e.g., smoking) or
medical factors. Regarding the latter, steroids and B-mimetics,
agents that may be frequently used in subjects with HPSIP, may
in fact increase surfactant expression and production and
aggravate the level of intracellular stress (47).

In general, HPS proteins were suggested to be responsible for
(1) cargo sorting and transport vesicle formation, (2) movement
of transport carriers across the cytoskeletal axis, and (3) tether-
ing, docking, and fusion of vesicles at the target membrane (48).
Inview of the herein described accumulation of mature surfactant
compounds in HPS1/2, it appears likely that the biosynthetic
surfactant pathway is affected more in the distal part, starting at
the level of the multivesicular body (MVB; Figure 9), as it is well
known that the MVB is the earliest lysosomal organelle in which
maturation of SP-B/C occurs. The inability of isolated AECII
from HPS1/2 mice to adequately secrete surfactant even in
response to ATP (13) lends credence to the assumption that
a more distal transport process is altered in HPS1/2 mice.

Consistent with such reasoning, we observed an early
lysosomal stress reaction in HPS1/2 mice, characterized by
a significant increase in cathepsin D levels in AECII. Although
representing a normal lysosomal constituent, cathepsin D
potentially induces apoptosis in many cell types (21, 22) via
different mechanisms (49-51). Supporting this view, in the
present study, we observed apoptosis of MLE-12 cells in
response to overexpression of cathepsin D, and increased
proliferation of fibroblasts when incubated with conditioned
medium from cathepsin D-transfected cells. These observations
fully corroborate our findings in HPS mice and human samples,
in which highly increased levels of cathepsin D were observed in
AECII, signifying its prominent role in the development of
HPSIP. The development of AECII apoptosis and lung fibrosis
in HPS1/2 mice was further strengthened by lipidomic profiling
of lung tissue, particularly with a significant increase in gluco-
sylceramides. In fibroblasts isolated from patients with
Gaucher’s disease, such an accumulation of GlcCer was found
to cause oxidative stress and apoptosis (52). Moreover, accu-
mulation of gangliosides (gangliosidosis) or sphingomyelin
(Niemann-Pick disease) were shown to provoke the unfolded
protein response, causing neuronal death (53, 54). In line with
such reasoning, a severe ER stress response had been previously
shown to be the primary cellular consequence of mutations of
the SFTPC gene (55), a rare reason for development of familial
forms of idiopathic interstitial pneumonias. Mutations in the
BRICHOS domain of the carboxy-terminal part of pro-SP-C
resulted in misfolding and accumulation of the proprotein,
finally also leading to induction of ER stress and AECII
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apoptosis (55, 56). Furthermore, severe ER stress, with the
induction of ATF4 and activation of the apoptosis mediator
CHOP, was observed in HPSIP (both in mice and humans) in
our study, similar to previous studies by our group in patients
with sporadic IPF (57). This ER stress response in HPSIP could
be due to increasing amounts of accumulating SP-B/C or
retrograde stacking of lysosomal surfactant compounds into
the ER. In any case, such additional ER stress adds further to
the lysosomal stress—induced AECII apoptosis. Drawn against
observations in IPF, these data suggest that apoptosis of
alveolar epithelium due to chronic lysosomal/ER stress indeed
represents a common observation in HPSIP (Figure 9) and
a pivotal event in the evolution of lung fibrosis in general. ER
stress has been implicated in many diseases such as Alzheimer’s
disease, diabetes, Parkinson disease, and, more recently, also in
chronic obstructive pulmonary disease (58, 59). Increasing
evidence suggests that certain chemical chaperons such as
sodium 4-phenyl butyrate or butylated hydroxyanisole (which
is also an antioxidant) may help to dampen the unfolded protein
response, thereby preventing cells from undergoing ER stress—
induced apoptosis (60, 61). As an attempt to rescue AECII from
ER stress-induced cell death in HPSIP, use of similar agents
may be discussed, but their ability to also circumvent lysosomal
stress, the primary injurious event in HPSIP to AECII, has yet
to be investigated.

Regarding the clinical similarities of IPF and HPSIP, it is an
intriguing thought that the herein identified HPS1/2 mice would
represent a much better model as compared with the widely
used bleomycin model, in which excessive inflammation before
the onset of lung fibrosis and its cessation after several weeks of
bleomycin challenge are ascertained drawbacks. Lack of effec-
tive treatment for IPF or HPSIP makes HPS1/2 mice a more
admissible murine fibrosis model.
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