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ABSTRACT: Pulmonary alveolar proteinosis is characterised by accumulation of surfactant-like

material in the distal air spaces. Since lysosomes play a crucial role for degradation of large

biomolecules taken up from the cell’s environment, it was hypothesised that oxidant-induced

lysosomal disruption and ensuing cell death might play a role in disease development.

In the present study, alveolar macrophages, harvested by whole-lung lavage from a patient

diagnosed with pulmonary alveolar proteinosis, are shown to contain large amounts of

undigested material within lysosomes, and the same organelle exhibits increased amounts of

haemosiderin-bound iron. Compared with murine macrophage-like J774 cells (iron exposed or

not), the status of human macrophages was pro-oxidative, i.e. macrophages exhibited a low level

of the antioxidant glutathione and large amounts of iron available for Fenton-type chemistry. As a

consequence, macrophageal lysosomes were particularly fragile when exposed to physiological

concentrations of hydrogen peroxide (generated by glucose oxidase in culture medium). Such

lysosomal disruption resulted in extensive cell death by both necrosis and apoptosis independent

of caspase-3 activation.

Considering the potential role of iron-catalysed oxidant-induced lysosomal rupture and ensuing

cell killing for pulmonary alveolar proteinosis pathology and disease progression, whole-lung

lavage might be considered early in those cases in which cytochemical staining reveals great

numbers of haemosiderin-laden alveolar macrophages.
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P
ulmonary alveolar proteinosis (PAP) is a
rare lung disorder [1]. PAP is charac-
terised by a dense accumulation of

surfactant-like material composed of phospho-
lipids and proteins, typically deposited in alveoli
and bronchioles [2, 3]. The primary form of PAP
is most common [2, 3]. Reduced macrophageal
clearance of surfactant is caused by decreased
activity of the granulocyte-macrophage colony-
stimulating factor (GM-CSF), due to the presence
of neutralising antibodies against GM-CSF [2, 3].
Other forms, secondary to haematological malig-
nancies or exposure to inorganic dust (e.g. silica
and aluminium), results in surfactant accumula-
tion by a numerical deficiency of alveolar macro-
phages (AMs) and/or functional impairment of
these cells to degrade surfactant [2, 3].

Lysosomes play a crucial role for the cell’s iron
metabolism by continuously degrading cytosolic
iron-containing elements (e.g. ‘‘worn-out’’ mito-
chondria and ferritin) and large biomolecules taken
up from the environment [4–6]. Degradation

products (i.e. metals, amino acids, monosacchar-
ides, etc.) are delivered to the cytosol for re-use
[4–6]. Due to a highly reductive intra-lysosomal
milieu, liberated iron largely exists in a redox-active
status inside lysosomes [7–9]. In the presence of
hydrogen peroxide (H2O2), Fe2+ catalyses Fenton-
type chemistry, by which hydroxyl radicals damage
lysosomal membranes [10, 11]. Massive lysosomal
disruption results in necrosis, while apoptosis
follows more moderate lysosomal leakage [10, 11].

Oxidant-induced macrophageal cell death is a
proposed mechanism in lung inflammation and
fibrosis development [10, 12]. Transmission elec-
tron microscopy (TEM) studies of PAP-AMs
demonstrate an abundance of lysosomes filled
with material in the process of degradation [3].
Indeed, PAP-AMs are thought to die overfed by
excessive amounts of surfactant [13]. Considering
the pivotal role of macrophageal lysosomes for
PAP pathology, the present authors hypothesised
that an oxidant-induced lysosomal pathway of
cell death might be of some importance.
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PATIENT PRESENTATION
A nonsmoking male (aged 22 yrs) was referred to the
Department of Pulmonary Medicine (University Hospital,
Linköping, Sweden) because of a routinely performed chest
radiograph revealing discrete bilateral infiltrates (but was
otherwise normal). On high-resolution computed tomography
(HRCT), these infiltrates had a ground glass appearance. The
patient was asymptomatic and had no previous history of
exposure, medication or diseases. Apart from slightly elevated
lactate dehydrogenase (LDH), complete blood count and
chemistry profile were normal. Pulmonary function tests were
normal (table 1).

The patient performed 160% of predicted (350 W), but the
alveolar–arterial oxygen tension difference (PA-–a,O2) difference
was elevated at maximal work rate (fig. 1). Differential cell
counts in bronchoalveolar lavage (BAL) fluid was normal,
cultures (including Mycobacteria) were negative, CD4/CD8
ratio was slightly low and cytological examination was
without signs of inflammation or neoplasia. Transbronchial
biopsy specimens were not diagnostic, while open lung biopsy
specimens, obtained by video-assisted thoracoscopy, were

characteristic for PAP. In time, the patient experienced some
shortness of breath with exercise but was otherwise asymptom-
atic, lung function and performance during exercise were
preserved but a second HRCT (performed 13 months after the
first one) demonstrated progression of infiltrates (fig. 2a).
Whole-lung lavage (WLL) was therefore performed as pre-
viously described [3]. Under general anaesthesia and independ-
ent lung ventilation, the right lung was infused with normal
saline (NS) at 37uC. Tidal washing volume was 1,000 mL for
each cycle. 23 L of NS were infused during chest percussion
until clearing of the lavage effluent. Cultures were negative. The
left lung was lavaged with 26 L of NS 4 weeks later. HRCT,
performed 1 month after the second WLL, revealed a significant
improvement (fig. 2b).

MATERIALS AND METHODS

Ethical considerations
The study protocol was approved by the local ethical committee
(Linköping, Sweden) according to the guidelines of the Helsinki
declaration. Fully informed consent was obtained before WLL

TABLE 1 Pulmonary function tests

Pulmonary function test Volume L (% pred)

VC 6.4 (113)

FEV1 5.2 (112)

TLC 7.6 (100)

RV 1.3 (74)

DL,CO 11.4 (96)

VC: vital capacity; FEV1: forced expiratory volume in one second; TLC: total

lung capacity; RV: residual volume; DL,CO: diffusing capacity of the lung for

carbon monoxide.
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FIGURE 1. Response of arterial oxygen tension (Pa,O2; $) and alveolar–arterial

oxygen tension difference (PA-–a,O2; #) to exercise before whole-lung lavage.

Compared with values at rest (R), significant changes of Pa,O2 and PA-–a,O2 became

evident during excercise. PA-–a,O2 .5.3 kPa is a criterion for when to proceed to

whole-lung lavage [3].

a)

b)

FIGURE 2. Chest high-resolution computed tomography (HRCT) performed a)

before and b) after whole-lung lavage (WLL). a) Pre-WLL HRCT shows patchy

geographic ground-glass attenuation with superimposed intra- and interlobular

septal thickening. The polygonal appearance, representing secondary lobules, is

referred to as ‘‘crazy-paving’’. b) Note the significant improvement following WLL of

both lungs.
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and written consent was obtained for publication of medical
history, radiological images and study results.

Cell cultures and treatments
Due to initial methodological problems, the data presented
derives from the second WLL only. AMs, harvested from the
recovery of the first cycle of lavage (performed without chest
percussion), were filtered through a nylon filter (pore diameter
100 mm; Syntab Product AB, Malmö, Sweden), centrifuged
(4006g, 10 min, 4uC) and rinsed in PBS (4uC). Murine
macrophage-like histiocytic lymphoma (J774) cells were used
as a reference. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM; GIBCO, Paisley, UK) supplemented
with 10% fetal bovine serum (FBS), 100 IU?mL-1 penicillin and
100 mg?mL-1 streptomycin at standard culture conditions (37uC
and humidified air with 5% CO2).

Cells were seeded in 35 mm Petri dishes, rinsed in PBS and
attached cells (0.46106 cells?dish-1) were returned to standard
culture conditions for 36 h. J774 cells were exposed (or not) to a
stock solution of FeCl3 added directly to the medium ,8 h
before oxidant challenge. In the medium, FeCl3 forms a
hydrated Fe–phosphate complex, which is phagocytosed by
the cells and ends up in the lysosomes.

Cells were oxidatively stressed for 60 min at standard culture
conditions by adding a stock solution of glucose oxidase (GO;
Sigma-Aldrich Inc., St. Louis, MO, USA) directly to the culture
medium. The concentration used generates a stable concentration
of H2O2 (,40–60 mM), thus mimicking the conditions in vivo.

Prussian blue staining technique and the sulphide silver
method
The Prussian blue staining procedure was used to assess
haemosiderin-bound nonreactive Fe (Fe3+) in PAP-AMs and
J774 cells (the latter exposed to 0–100 mM FeCl3) [14].

Cells were ranked for haemosiderin content using the following
scale. 0: no colour; 1: faint blue in a part or the whole cytoplasm
with or without single deep granules; 2: medium colour
intensity throughout the cytoplasm with or without dark blue
granules in minor (,50%) portions of the cytoplasm; 3: deep
blue granules in major (.50%) portions of the cytoplasm; or 4:
deep blue granules throughout the cell [15]. A haemosiderin
score (HS) was calculated per 100 cells. A score of 0–20 was
regarded as low, 21–100 as intermediate and .100 as high [15].

In control experiments, Prussian blue stained J774 cells (Fe-
exposed or not) were compared with J774 cells stained for
lysosomal ferrous Fe (Fe2+) using the sulphide silver method
(SSM) [9, 16]. A typical lysosome-sized silver precipitation
pattern corresponds to Fe-deposits within lysosomes, as shown
by TEM [16, 17].

Analysis of reduced glutathione and total cellular iron
Samples for reduced glutathione (GSH) analysis were pre-
pared by collecting the cells in 0.5 M HClO4 supplemented
with 1 mM EDTA. Following centrifugation (3006g, 10 min,
4uC), supernatants were used for assessment of intracellular
GSH using high-performance liquid chromatography (HPLC)
[18]. Fe was measured in cell lysates using a Z-8270 Polarised
Zeeman atomic absorption spectrophotometer (Hitachi, Kyoto,
Japan) equipped with an Fe lamp (243.3 nm). GSH and Fe

concentrations were calculated from standard curves and
normalised by the protein concentration of each sample
(protein was determined by the bicinchoninic acid method,
using egg albumin as a standard).

Lysosomal membrane integrity assay
Acridine orange (AO; Gurr, Poole, Dorset, UK) is a meta-
chromatic fluorophore and a lysosomotropic base (pKa510.3). It
is retained in its charged form (AOH+) by proton trapping inside
the acidic vacuolar compartment, preferentially in secondary
lysosomes (pH 4–5). When highly concentrated within intact
lysosomes, AO exhibits red fluorescence. Lysosomal membrane
damage was therefore monitored cytofluorometrically as a
decrease in AO red fluorescence [5, 7].

Determination of caspase-3 activation
The fluorescence of AMC (7-amino-4-methyl-coumarin), liber-
ated from Ac-DEVD-AMC (Becton Dickinson, Mountain View,
CA, USA) by active caspase-3-like caspases, was analysed at an
excitation wavelength of 380 nm and emission wavelength of
435 nm in a Shimadzu RF-1501 spectrofluorophotometer
(Shimadzu, Kyoto, Japan).

Evaluation of apoptotic DNA and cell morphology
The fraction of fragmented apoptotic DNA was determined
cytofluorometrically using propidium iodide (PI; Sigma
Chemical Co., St. Louis, MO, USA) [19]. The same method
was applied to assess the amount of low-fluorescent PI-stained
material (silica particles and large biological particles such as
surfactant) liberated from the cells’ interior/lysosomal
vacuome following cell lysis.

The frequency of cells with apoptotic or necrotic morphology (i.e.
cytoplasmic budding and pycnotic or fragmented nuclei and
membranous rupture or cellular/nuclear swelling, respectively)
was also estimated.

Statistical analysis
Results are given as mean¡SD. Statistical comparisons were
made using ANOVA.

RESULTS
Haemosiderin-bound ferric Fe is located mainly within the
lysosomes
AMs stained robustly for haemosiderin-bound Fe3+ (fig. 3a).
Indeed, all cells scored 3 or more, giving a haemosiderin score
(HS) per 100 cells .300. Simultaneously stained J774 control
cells (i.e. negative control) exhibited only small amounts of
haemosiderin (HS ,3). J774 cells exposed to increasing
concentrations of Fe (positive controls) displayed
haemosiderin-bound Fe3+ in a dose-dependent manner. Only
J774 cells exposed to 100 mM FeCl3 demonstrated HS in the
same range as cultures of AMs.

Next, the staining pattern of Prussian blue was compared with
silver precipitation using SSM. Following phagocytosis, FeCl3
was administered to lysosomes, therefore preferentially
increasing Fe deposits within this organelle. Both Prussian
blue granularity and silver precipitation were distributed
within J774 cells in a way typical for lysosomes (fig. 3b shows
results using SSM) and increased dose-dependently following
lysosomal Fe loading with FeCl3.
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Lysosomes of AMs contain large amounts of undegraded
material
From TEM studies of PAP-AMs [13] and silica-exposed AMs
[20–22], it is known that lysosomal degradation of surfactant-
like material in time becomes impaired. The lysosomal vacuome
becomes expanded by accumulating amounts of undigested
material [3]. This scenario is, in the light microscope, reflected
by foamy AMs containing numerous vacuoles (fig. 4a). Upon
cell lysis, such material is released in vivo into the alveolar space
[13] and in vitro into the culture medium [23].

In the present experimental setting, this was evident when AMs
lysed in a hypotonic PI solution were analysed cytofluoro-
metrically. Indeed, PAP-AMs (not oxidatively stressed) exhibited
a great fraction of low-fluorescent particles, which clearly were
not derived from DNA (fig. 4b). In control experiments, J774
cells exposed to silica particles demonstrated a similar flow

cytometrical pattern. In these experiments, cells were protected
against harmful silica-induced plasma membrane damage by
protein-coating the particles before use [23]. Following phagocy-
tosis, particles remain inside lysosomes and, when cells are lysed,
they are released into the PI solution (fig. 4c).

The redox balance of AMs is pro-oxidative
Supporting the Prussian blue studies, AMs contained a large
amount of Fe (table 2), comparable with that of J774 cells exposed
to 25–50 mM FeCl3 for 8 h. The concentration of GSH was, on the
other hand, much lower in AMs (table 2). GSH scavenges free
radicals and may act as a cofactor for peroxidases in the
glutathione family, through which H2O2 is reduced to H2O.
Notably, in J774 cells cellular level of GSH decreased by exposure
to increasing concentrations of Fe, indicating that Fe, per se, has a
great impact on cells’ anti-oxidative status.

a) b)

FIGURE 3. Cytochemical demonstration of a) ferric Fe in pulmonary alveolar proteinosis alveolar macrophages using the Prussian blue technique, and b) ferrous Fe in

iron-exposed J774 cells by the sulphide silver method. a) Prussian blue granularity in a perinuclear distribution corresponding to lysosomes (typically for pulmonary alveolar

proteinosis, alveolar macrophages are very large). b) Silver precipitation in J774 cells following FeCl3-exposure (100 mM) colocalise to lysosomes (cells developed 20 min).

No counterstaining used. Scale bars550 mm.
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FIGURE 4. Assessment of intra-cellular material. a) Light micrograph of a foamy macrophage containing numerous vacuoles. Cytofluorometric pattern of b) pulmonary

alveolar proteinosis alveolar macrophages and c) J774 cells (previously exposed to protein-coated silica particles) following lysis in propidium iodide solution. Opposed to

propidium iodide-stained DNA (as indicated), material from ruptured lysosomes, i.e. phospholipids and silica particles, appear as a great fraction of low-fluorescent events

(no gating performed). Scale bar550 mm.
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A low level of GSH and an excess of Fe is likely to set the
delicate balance of cellular oxidants and antioxidants in favour
of a pro-oxidative status. Given that intra-lysosomal Fenton-
type chemistry mainly depends on the influx of H2O2

(escaping degradation in the cytosol) and the amount of
available lysosomal reactive Fe [7–11], macrophageal lyso-
somes are expected to be very susceptible to oxidative stress.

Oxidative stress causes lysosomal damage and
macrophageal cell death independent of caspase-3
activation
By assessing emitted AO-induced red fluorescence, which is
proportional to the size of the lysosomal vacuome [16], the
lysosomal compartment of AMs were found to be much
greater than that of J774 cells (Fe-exposed or not; fig. 5a). Upon
oxidant exposure, AMs demonstrated pronounced lysosomal
disruption, reflected by a decrease of AO red fluorescence
during the first hour after completed oxidant challenge
(fig. 5b). Lysosomes of J774 cells were more stable but became
fragile following Fe-loading (fig. 5b). In J774 cells committed to
apoptosis, a significant increase of caspase-3 activity was noted
at 5 h after oxidant challenge (fig. 5c), thus occurring much
later than lysosomal disruption. In contrast, dying AMs did not
exhibit caspase-3 activity (fig. 5c), most likely because cell
death mainly was due to necrosis.

For both cell types, apoptotic cells were frequent at 10–12 h
after completed oxidant challenge but necrotic cells dominated
in dishes containing oxidatively stressed PAP-AMs (fig. 6a).
Regarding apoptosis, flow cytometric analysis of apoptotic
DNA gave a similar result (fig. 6b).

Clearly, oxidant-induced cell killing (frequency and mode)
occurs in proportion to the magnitude of preceding lysosomal
leakage. These observations are in line with previous kinetic
studies of the apoptotic cascade taking place within oxidant-
challenged J774 cells. Starting with intralysosomal Fenton-type
chemistry (assessed by electron paramagnetic resonance (EPR) in
the absence or presence of lysosome-targeting Fe chelators),
ensuing lysosomal leakage causes a loss of mitochondrial
membrane potential and an activation of caspases, ultimately
leading to DNA degradation and apoptotic morphology [8, 9, 24].

DISCUSSION
A lysosomal pathway of cell killing is proposed to play a role for
inflammatory lung disease [10, 12] but, to the present authors’
knowledge, this idea has never been tested on human AMs. Here,
for the first time it is shown that lysosomes of AMs, harvested
from a patient suffering from PAP, are very susceptible to
oxidative stress. Pronounced lysosomal disruption gave rise to

extensive cell death, mainly by necrosis. In contrast, J774 cells
exhibited only moderate lysosomal damage following exposure
to H2O2 and, consequently, cell death was mainly due to
apoptosis. This difference is partly explained by a very low level
of GSH in PAP-AMs, thereby letting greater amounts of H2O2 to
diffuse into lysosomes and react with Fe.

Surprisingly, however, PAP-AMs were found to contain
excessive amounts of haemosiderin-bound lysosomal Fe,
further sensitising lysosomes and cells to oxidant challenge.
Since all data derive from the second WLL, it might be argued
that the great number of haemosiderin-laden AMs was caused
by a bleeding in the alveolar space, in turn being a result of
barotrauma during single-lung ventilation. In the present
authors’ opinion, this possibility is less likely. This patient
did not exhibit any clinical or radiological signs of post-WLL
haemorrhage. In the case of a subclinical lung bleeding, most,
if not all, haemosiderin-laden AMs would be cleared by the
lung during the time passed (4 weeks) between the two
procedures [25]. Moreover, the HS of PAP-AMs was extremely
high (.300), a finding not likely to be explained by a
pulmonary bleeding, since only conditions presenting with
acute severe alveolar haemorrhage, such as vasculitis and
Goodpasture’s syndrome, exhibit HS higher than 100 [15].

Previous reports describing haemosiderin-laden AMs in PAP
patients are scarce. TEM studies of AMs obtained from patients
suffering from lysinuric protein intolerance, an even rarer
condition presenting with PAP-like pathology, reveal a marked
intra-macrophageal accumulation of Fe [26]. The case records of
the Massachusetts General Hospital provides interesting in vivo
observations [27]. A 42-yr-old female was admitted to the
intensive care unit because of severe dyspnoea. Numerous
haemosiderin-laden AMs were found in BAL fluid [27].
Conditions causing alveolar bleeding were thoroughly ruled
out and the PAP diagnosis was obtained by open lung biopsy
[27]. Very recently, in fact while we were finalising our own
work, GHIO et al. [28] reported that Fe homeostasis is severely
disrupted in the lungs of patients with idiopathic PAP. A several-
fold increase of Fe, transferrin, transferrinreceptors, lactoferrin
and ferritin was found in cell-free WLL fluid (n520) [28]. In line
with the present results, excessive amounts of Fe and ferritin
were found in AMs and lung tissues of PAP patients [28]. Because
of depressed levels of ascorbate, urate and GSH in WLL fluid,
metal-catalysed oxidative stress was suggested as a mechanism
involved in PAP [28].

For some time, the present authors’ group [5, 9] and others [6]
have argued that release of Fe from the Fe-storing protein ferritin
requires lysosomal degradation of the protein shell. Partial or

TABLE 2 Total cellular Fe and reduced glutathione (GSH) in alveolar macrophages (AMs) and J774 cells

J774 AM

0 mM Fe 10 mM Fe 25 mM Fe 50 mM Fe 100 mM Fe

Fe ng?mg-1 protein 1.29¡0.82 3.08¡0.46 3.30¡0.42 5.58¡0.68 10.84¡1.72 4.53¡0.34

GSH nmol?mg-1 protein 55.35¡4.56 43.94¡14.38 28.97¡4.81 29.26¡8.55 27.15¡4.26 13.35¡0.15

Data are presented as mean¡SD. J774 cells were exposed to increasing concentrations of FeCl3 (or not) for 8 h (n52).
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incomplete intra-lysosomal degradation of ferritin results in an
aggregation of haemosiderin inside secondary lysosomes [29]. If
normal lysosomal degradation is impaired by large amounts of
intralysosomal material taken up by AMs, a logical consequence
would be that the number of haemosiderin-positive AMs
increases due to accumulating amounts of material within the
alveolar space. Therefore, the cytology specimen of the BAL fluid
was reviewed (from the initial bronchoscopy performed while
disease progression still was mild) and it was found that the
number of haemosiderin-laden AMs was far less in BAL fluid
than in the WLL fluid. Indeed, HS of AMs in BAL was 95, thus
much lower than that of AMs in WLL (HS .300). This way of
assessing disease progression may be more sensitive than
traditional methods, i.e. lung function test and HRCT.

Conclusions
Very much is still not known about the nature and prognosis of
pulmonary alveolar proteinosis. Although whole-lung lavage
is the accepted treatment, it is still not clear when to proceed to
this procedure and what the effects of this therapy are on
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FIGURE 6. Cell death assays. a) The frequency of cells with apoptotic or

necrotic morphology was estimated by light microscope 10–12 h after completed

oxidative stress. b) Assessment of the fraction of hypodiploid DNA from apoptotic

cells was performed at 10 h after completed oxidative stress. Data are presented as

mean¡SD, no2. Pair-wise comparisons were made using ANOVA. h: viable cells;

&: apoptotic cells; &: necrotic cells. *: p,0.05; **: p,0.01; ***: p,0.001; all

significant differences versus oxidatively stressed pulmonary alveolar proteinosis

alveolar macrophages (AMs).

FIGURE 5. Assessment of a) lysosomal size, b) lysosomal integrity and c)

caspase-3 activation. J774 cells, pre-exposed (or not) to FeCl3 for 8 h, and

pulmonary alveolar proteinosis alveolar macrophages (PAP-AMs) were oxidatively

stressed (or not) by a stable concentration of H2O2, generated by adding glucose

oxidase to culture medium for 1 h, and then re-incubated at standard culture

conditions until analysis. a) Lysosomal compartment size was estimated as the red

fluorescence emitted from acridine orange (AO)-loaded intact lysosomes in

nonoxidatively stressed cells and expressed in arbitrary units (AU). b) Oxidant-

induced lysosomal membrane damage, appearing during the first h after ended

oxidant challenge, was evaluated as the decrease of red AO fluorescence intensity

(expressed as % of control). c) Change of caspase-3 activity from control (%) at 5 h

after completed oxidative stress. Data are presented as mean¡SD, no2. Pair-wise

comparisons were made using ANOVA. *: p,0.05; **: p,0.01; ***: p,0.001; all

significant differences versus PAP-AMs.
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prognosis. It is known, however, that some of these patients
tend to deteriorate severly, eventually developing lung
fibrosis. Considering the results of the present study in the
light of the study by GHIO et al. [28], it seems reasonable to
assume that Fe-catalysed oxidant-induced lysosomal rupture
and ensuing macrophageal cell killing is involved in pulmon-
ary alveolar proteinosis pathology. Assessment of lysosomal
Fe, in the clinical setting reflected by the number of
haemosiderin-laden alveolar macrophages in bronchoalveolar
lavage fluid, might serve as a marker of disease progression
and prognosis. The present authors propose that alveolar
macrophages are routinely stained for haemosiderin when
pulmonary alveolar proteinosis is suspected and, in cases of
haemosiderin-laden alveolar macrophages in bronchoalveolar
lavage, consider to proceed to whole-lung lavage already in an
early phase of the disease.
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Medicine, Linköping, Sweden) for their kind help in reviewing
the paper prior to submission.

REFERENCES
1 Rosen SH, Castleman B, Liebow AA. Pulmonary alveolar

proteinosis. N Engl J Med 1958; 258: 1123–1142.
2 Doerschuk CM. Pulmonary alveolar proteinosis – is host

defense awry? N Engl J Med 2007; 356: 547–549.
3 Shah PL, Hansell D, Lawson PR, Reid KB, Morgan C.

Pulmonary alveolar proteinosis: clinical aspects and
current concepts on pathogenesis. Thorax 2000; 55: 66–77.

4 De Duve C. In: F.H. Dingle JT ed. Lysosomes in Biology
and Pathology (volume 1). Amsterdam, North-Holland
Publishing Company, 1969; pp. 3–40.

5 Persson HL, Nilsson KJ, Brunk UT. Novel cellular defenses
against iron and oxidation: ferritin and autophagocytosis
preserve lysosomal stability in airway epithelium. Redox
Rep 2001; 6: 57–63.

6 Kidane TZ, Sauble E, Linder MC. Release of iron from
ferritin requires lysosomal activity. Am J Physiol Cell Physiol
2006; 291: C445–C455.

7 Persson HL, Svensson AI, Brunk UT. a-Lipoic acid and a-
lipoamide prevent oxidant-induced lysosomal rupture and
apoptosis. Redox Rep 2001; 6: 327–334.

8 Persson HL, Yu Z, Tirosh O, Eaton JW, Brunk UT.
Prevention of oxidant-induced cell death by lysosomotropic
iron chelators. Free Radic Biol Med 2003; 34: 1295–1305.

9 Yu Z, Persson HL, Eaton JW, Brunk UT. Intralysosomal
iron: a major determinant of oxidant-induced cell death.
Free Radic Biol Med 2003; 34: 1243–1252.

10 Persson HL, Richardson DR. Iron-binding drugs targeted to
lysosomes: a potential strategy to treat inflammatory lung
disorders. Expert Opin Investig Drugs 2005; 14: 997–1008.

11 Persson HL. Radiation-induced lysosomal iron reactivity:
implications for radioprotective therapy. IUBMB Life 2006;
58: 395–401.
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