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Abstract

Autoimmune pulmonary alveolar proteinosis (PAP) is a rare
disease characterized by myeloid cell dysfunction, abnormal
pulmonary surfactant accumulation, and innate immune
deficiency. It has a prevalence of 7–10 per million; occurs in
individuals of all races, geographic regions, sex, and
socioeconomic status; and accounts for 90% of all patients with
PAP syndrome. The most common presentation is dyspnea of
insidious onset with or without cough, production of scant white
and frothy sputum, and diffuse radiographic infiltrates in a
previously healthy adult, but it can also occur in children as
young as 3 years. Digital clubbing, fever, and hemoptysis are not
typical, and the latter two indicate that intercurrent infection may
be present. Low prevalence and nonspecific clinical, radiological,
and laboratory findings commonly lead to misdiagnosis as
pneumonia and substantially delay an accurate diagnosis. The
clinical course, although variable, usually includes progressive

hypoxemic respiratory insufficiency and, in some patients,
secondary infections, pulmonary fibrosis, respiratory failure, and
death. Two decades of research have raised autoimmune PAP
from obscurity to a paradigm of molecular pathogenesis-based
diagnostic and therapeutic development. Pathogenesis is driven
by GM-CSF (granulocyte/macrophage colony–stimulating factor)
autoantibodies, which are present at high concentrations in blood
and tissues and form the basis of an accurate, commercially
available diagnostic blood test with sensitivity and specificity of
100%. Although whole-lung lavage remains the first-line therapy,
inhaled GM-CSF is a promising pharmacotherapeutic approach
demonstrated in well-controlled trials to be safe, well tolerated,
and efficacious. Research has established GM-CSF as a
pulmonary regulatory molecule critical to surfactant homeostasis,
alveolar stability, lung function, and host defense.
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Autoimmune pulmonary alveolar
proteinosis (PAP) is a rare disease
characterized by progressive accumulation of
surfactant in pulmonary alveoli and resulting

hypoxemia (Figure 1), disruption of
GM-CSF (granulocyte/macrophage
colony–stimulating factor) signaling, alveolar
macrophage and neutrophil dysfunction,

innate immunodeficiency, and in some
individuals serious secondary infections,
pulmonary fibrosis, respiratory failure, and
death (1–6). It belongs to a heterogeneous
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group of distinct PAP-causing diseases
defined by a shared cardinal feature, the
abnormal accumulation of pulmonary
alveolar surfactant; the constellation of
surfactant accumulation and associated
symptoms and signs is referred to as PAP
syndrome prior to disease-specific
diagnosis (7).

Historically, the reporting of PAP-
causing diseases was challenged by their
overlapping radiographic appearance;
histopathology; pathophysiology;
symptomatology; clinical presentation in
men, women, children, and infants; and lack
of disease-specific diagnostic tests.
Nevertheless, they are usefully grouped
mechanistically as disorders of surfactant
clearance or surfactant production (7). The
clearance disorders can be further divided
into those caused by disruption of GM-CSF
signaling (primary PAP) or by an underlying
condition that reduces either the number
and/or the functions of alveolar macrophages
(secondary PAP). The disorders of surfactant
production constitute a group of genetic
diseases resulting in either insufficient or
dysfunctional surfactant (congenital PAP or
pulmonary surfactant metabolic dysfunction
disorders). Other systems of nomenclature
have also been proposed (3, 8).

Advances over the past two decades
have improved our understanding of
autoimmune PAP, led to novel methods for
its diagnosis and treatment, and,
importantly, defined the critical role
pulmonary GM-CSF plays in alveolar
macrophage specification, pulmonary
surfactant homeostasis, alveolar structure,
lung function, host defense, and
inflammatory and autoimmune diseases.
Consequently, in this review we focus on
autoimmune PAP.

Epidemiology

A national PAP registry study in Japan
identified 248 adult patients with PAP
syndrome, of whom 223 (89.9%) had
autoimmune PAP (on the basis of GM-CSF
autoantibody testing; see below), 24 (9.7%)
had secondary PAP, and 1 (0.4%) had
unclassified PAP; pediatric cases were not
counted (9). The incidence and prevalence
of autoimmune PAP were estimated at
0.496 0.13 and 6.7 per million, respectively.
A study conducted in the United States on
the basis of comprehensive health insurance
claims data for 15 million covered

individuals estimated the prevalence of PAP
syndrome to be 6.87 per million in the
general population, similar to the Japanese
estimate (10). Notwithstanding agreement of
these estimates, 69 (31%) of the Japanese
patients were identified through mandatory
health screening and were asymptomatic at
diagnosis, suggesting that symptom-based
ascertainment may underestimate detection.
Indeed, a recent study using a Poisson-based
analysis of annual incidence data returned
values of 1.65 and 26.6 per million for the
incidence and prevalence of autoimmune
PAP, respectively (11). Analysis of 1,045
different patients reported in several large
studies confirmed that autoimmune PAP
accounts for 90% of cases (3, 9, 12–14). Age
and smoking are risk factors (3). Although
occupational inhalation exposure contributes
to the development of secondary PAP, its
contribution to autoimmune PAP is less
clear (15). Several studies have sought a
genetic predisposition to the development of
autoimmune PAP (16, 17); one evaluating
198 patients with autoimmune PAP and 395
control subjects of Japanese ancestry
identified two major histocompatibility
complex alleles as independent risk factors:
HLA-DRB1*08:03 (odds ratio, 5.2;
P=4.83 10212) and HLA-DPb1 (odds ratio,
0.28; P=3.73 1027) (17). In summary,
autoimmune PAP accounts for about 90% of
all cases of PAP syndrome; occurs in men,
women, and children of all ethnic
backgrounds and geographic locations,
independent of sex, race, and socioeconomic
status; and has an estimated prevalence of
7–10 (possibly up to 26) per million in the
general population.

Pathogenesis

Historical Perspective
PAP was first recognized as a disorder of
pulmonary surfactant accumulation in the
mid-1950s (1), shortly after surfactant was
discovered (18). Subsequently, the
observation of enlarged, foamy, lipid-laden
alveolar macrophages with reduced survival,
chemotaxis, adhesion, and microbial
killing suggested that the alveolar
microenvironment was abnormal (19). The
concept that an abnormal protein may
mediate pathogenesis was supported by
reports that lung lavage from patients with
PAP blocked the proliferation of monocytes
(20) and contained a 40-kDmacrophage
function–inhibiting protein (21) and that

whole-lung lavage (WLL) therapy improved
alveolar macrophage functions (22). The
observation that PAP spontaneously
develops in gene-knockout mice deficient in
GM-CSF serendipitously implicated the
absence of GM-CSF signaling in the
pathogenesis of PAP (23, 24). Subsequently,
the “inhibitory factor” in PAP lung lavage
(and serum) was found to be polyclonal
immunoglobulin that bound and neutralized
GM-CSF (25, 26). Subsequent studies
characterized these antibodies and
established their role in what is considered
an autoimmune disease specifically targeting
GM-CSF (2, 27–30).

Lung Abnormalities
The cardinal histopathological feature of
autoimmune PAP on light microscopy of a
lung biopsy sample is near complete filling
of alveoli with acellular, eosinophilic,
periodic acid–Schiff–positive sediment
(1, 3, 7). Interstitial B- and T-cell
lymphocyte infiltration is also typically
present but is somewhat variable
(1, 31, 32). Importantly, the alveolar
architecture is usually well preserved
except when pulmonary fibrosis is also
present (7), which may occur late in the
clinical course. Electron microscopic
examination reveals the presence of
surfactant sediment and foamy alveolar
macrophages (33, 34).

Surfactant Abnormalities
Normally, pulmonary surfactant is
composed of approximately 80% polar lipids,
10% neutral lipids, and 10% proteins (35).
The polar lipid fraction is composed of
�75% phosphatidylcholine and�10%
phosphatidylglycerol by mass and lesser
amounts of other species (35); half of the
phosphatidylcholine is unsaturated. The
neutral lipid fraction is composed of�90%
cholesterol and lesser amounts of mono-,
di-, and triacylglycerol and free fatty acids,
mainly palmitate (36). The protein fraction
includes four surfactant protein (SP) species,
SP-A, SP-B, SP-C, and SP-D (37, 38).
Anatomically, surfactant normally comprises
a multilaminar film on the alveolar wall thick
enough to reduce the surface tension on the
alveolar wall and prevent alveolar collapse
and thin enough to permit sufficient
diffusion of gas (39). SP-B and SP-C are
lipophilic and contribute to the surface-active
biophysical properties of surfactant, while
SP-A and SP-D are hydrophilic and
contribute to lung host defense (40–43). The
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cholesterol content determines surfactant
layer fluidity (36, 44, 45), which is regulated
dynamically, for example, during extremes of
atmospheric temperature in reptiles (46),
during hibernation (47), and during exercise
in humans (48). Surfactant homeostasis is
maintained by tightly balanced secretion of

surfactant lipids and proteins from type 2
alveolar epithelial cells and clearance in
roughly equal proportions both by type 2
cells (through recycling and catabolism) and
by alveolar macrophages (through
catabolism of phospholipids and proteins
and export of cholesterol) (49, 50).

In autoimmune PAP, alveolar surfactant
accumulation is due to an increase in polar
lipids and an even greater increase in
nonpolar lipids, primarily cholesterol and
esterified cholesterol (51, 52). Early studies
demonstrating preservation of the relative
proportions of various phospholipid species
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Figure 1. Schematic depicting the anatomy and biology of the alveolus in health (left) and autoimmune pulmonary alveolar proteinosis (PAP)
(right). Normally, alveolar structure and function are maintained by a surfactant layer sufficiently thick (about one to three molecules) to reduce
surface tension and thin enough to permit adequate diffusion of oxygen across the alveolar wall. Homeostasis is maintained by balanced
secretion of surfactant by alveolar type II cells and clearance by type II cells and by alveolar macrophages, which require GM-CSF
(granulocyte/macrophage colony–stimulating factor) to export cholesterol normally. In autoimmune PAP, autoantibodies bind and block GM-CSF
from activating receptors on alveolar macrophages (and other cells, e.g., neutrophils). Because surfactant uptake by alveolar macrophages is
GM-CSF independent and export of surfactant-derived cholesterol is GM-CSF dependent, cholesterol accumulates within the cytoplasm.
Alveolar macrophages esterify and sequester cholesterol within intracytoplasmic vesicles (as a cell-protective mechanism), resulting in foamy-
appearing cells with secondary impairment of multiple macrophage functions, including phagocytosis and surfactant clearance. Over time,
alveoli fill with insoluble surfactant sediment, cellular debris, cholesterol crystals, and several cytokines (indicated; see text). A thickened
surfactant layer and surfactant-filled alveoli contribute to reduced oxygen delivery, resulting in hypoxemia, dyspnea, and in severe cases
polycythemia, respiratory failure, and death. Pulmonary fibrosis (not shown) also occurs in some patients. See text for further details. MCP-
1=monocyte chemoattractant protein-1; M-CSF=macrophage colony–stimulating factor.
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normally present in surfactant (53, 54) led to
a widely held belief that surfactant
composition was essentially normal in PAP
except for uncleared cytokines and cellular
debris (55). However, simultaneous
evaluation of polar and neutral lipids
revealed that cholesterol was increased
relatively more than phospholipid in
autoimmune PAP (51, 52). Quantitative
lipidomic analysis on the basis of mass
spectrometry confirmed this increase in
cholesterol-to-phospholipid ratio in
autoimmune PAP and identified some other
changes in lipid composition in autoimmune
PAP (56). The cholesterol-to-phospholipid
ratio in surfactant is also increased in several
other PAP-causing diseases (56) (B. Trapnell,
unpublished results) and may represent a
common biochemical manifestation caused
by the disruption of macrophage-mediated
cholesterol clearance by different
mechanisms.

GM-CSF Signaling Disruption
GM-CSF is a 23-kD dimeric glycoprotein
cytokine identified in the 1970s, cloned in
1984 (57), and studied intensely because of
its ability to stimulate the proliferation and
differentiation of neutrophilic and
monocyte/macrophage lineage colonies from
hematopoietic cells in vitro (58–60).
GM-CSF is present in most if not all
mammalian species (59); expressed by a
variety of cell types, including lung epithelial
cells (60, 61); and widely recognized for its
role in inflammation, autoimmunity, and
host defense (62, 63). Human and
nonhuman primate GM-CSF are highly
homologous (95%) and functionally
interchangeable, whereas human and mouse
GM-CSF share little homology (55%) and
are not immunologically cross-reactive or
functionally interchangeable (64–67).
Despite structural differences, GM-CSF
regulates myeloid cell functions in a
strikingly similar fashion in all three species
(27–29), highlighting evolutionary
conservation and the importance of
GM-CSF–regulated functions. Pulmonary
GM-CSF stimulates the survival,
proliferation, differentiation, and functions
of alveolar macrophages (68–71) and in mice
is essential for establishing this population at
birth (72, 73), for maintaining it by self-
renewal throughout normal adult life (74),
and for determining population size through
a reciprocal feedback loop (75).
Notwithstanding, physiological

concentrations of GM-CSF are low and often
undetectable (76–79).

The pleiotropic, dose-dependent effects
of GM-CSF are mediated by heterodimeric
cell-surface receptors composed of a low-
affinity GM-CSF–binding a chain
(CDw116), an affinity-enhancing b chain
(CD131) (both without known enzymatic
activity [80]), and the b chain–associated
Janus-activating kinase 2 (JAK2), which has
tyrosine phosphorylation activity (81).
Ligand binding causes the assembly of GM-
CSF/a/b/JAK2 dodecameric (and higher
order) complexes, proximity-dependent
reciprocal phosphorylation and activation of
JAK2, phosphorylation of the a (82) and b
(83, 84) chains, and activation of multiple
intracellular signaling pathways (85–88).
Signaling via the b chain is mediated by
phosphorylation of either a serine or a
tyrosine residue in a cytoplasmic tail motif,
which functions as a molecular switch
converting an analog input (GM-CSF
extracellular concentration) into a binary
output (signaling via phospho-Ser585 or
phospho-Tyr577) (89). Phosphorylation of
Ser585 occurs in GM-CSF dose–dependent,
unimodal fashion with a peak at 1 pM, while
phosphorylation of Tyr577 occurs as a
GM-CSF dose–dependent, exponential rise
to a maximum starting at 1 pM and
plateauing at�100 pM (89). Low
concentrations of GM-CSF initiate signaling
via Ser585 with recruitment and
phosphorylation-mediated activation of the
transcription factor 14-3-3 and are associated
with alveolar macrophage survival and
differentiation (69, 89). High concentrations
initiate signaling via Tyr577 with recruitment
and phosphorylation-mediated activation of
extracellular signal–regulated kinase and
STAT5 (signal transducer and activator of
transcription 5) and are associated with
survival, proliferation, and activation (86,
89). GM-CSF receptors are expressed on
alveolar macrophages and a number of other
cells, including monocytes, granulocytes,
lymphocytes, and alveolar epithelial cells.
The b chain is also common to IL-3 and IL-5
receptors, which may operate by a similar
mechanism (86, 90–92).

Mice deficient in either GM-CSF or the
a or b subunit of its receptor (Csf2KO,
Csf2raKO, or Csf2rbKO mice, respectively)
spontaneously develop PAP similar to
autoimmune PAP regarding physiological,
radiological, histopathological, biochemical,
and immunological manifestations
(23, 24, 93, 94). These mice are also

susceptible to a broad range of microbial
pathogens (23, 71, 95–99) and have increased
infection-related mortality (3, 27, 95). PAP is
reversed in Csf2KO mice by expression of
GM-CSF in the lungs (100–102), in Csf2rbKO

mice by transplantation of normal bone
marrow (103, 104), and in Csf2rbKO and
Csf2raKO mice by pulmonary macrophage
transplantation (75, 105). GM-CSF is present
at very low or undetectable (but nonzero)
concentrations in the lungs normally (69);
however, its absence causes PAP, and
constitutive high concentrations cause
marked accumulation of alveolar
macrophages and a phenotype resembling
desquamative interstitial pneumonitis (106).
Polycythemia develops over time in the
absence of GM-CSF signaling (75).

These results identify alveolar
macrophages as the cellular site of
pathogenesis in models of experimental PAP
and identify pulmonary GM-CSF as a low-
abundance, albeit critical, regulator of
surfactant homeostasis, alveolar structure,
lung function, and host defense.

In 1999, Nakata’s group observed
GM-CSF–specific autoantibodies in patients
with acquired (idiopathic) PAP but not in
patients with secondary PAP or other
lung diseases or in healthy people (25, 26),
a finding confirmed in subsequent
studies (2, 3, 9, 107, 108). The GM-CSF
autoantibodies were polyclonal, were
composed predominantly of IgG1 and IgG2,
were highly specific for GM-CSF, bound
epitopes throughout the molecule with high
affinity (KD=�20 pM) exceeding that of the
GM-CSF receptor a-chain binding
(KD=�1–10 nM), and neutralized GM-CSF
at concentrations thousands of times higher
than physiological concentrations of
GM-CSF (26, 107, 109). Yet, GM-CSF
autoantibody concentrations do not correlate
with lung disease severity in patients with
PAP (108). Furthermore, GM-CSF
autoantibodies were later found to be
ubiquitous in healthy people, albeit at
concentrations far lower than in patients
with PAP (109), and were also present in
pharmaceutical immunoglobulin prepared
from healthy individuals (30, 110).

A “Koch’s postulates” approach was
used to demonstrate that a high
concentration of GM-CSF autoantibodies
mediated the pathogenesis of PAP (2,
27–29). Results showed that GM-CSF
autoantibodies were present at high
concentrations only in patients with (then)
idiopathic PAP (2), could be isolated in pure
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form from these patients (27), reproduced
the cardinal features of PAP after injection
into healthy nonhuman primates (28), and
had the same functional capacity after
recovery directly from these patients or from
passively immunized nonhuman primates
(29). These data provided strong evidence
that GM-CSF autoantibodies were in fact the
pathogenic driver of idiopathic PAP, which is
now recognized as “autoimmune PAP” (30).

The lack of correlation between disease
severity and serumGM-CSF autoantibody
concentrations in patients with PAP was
reconciled by the identification of a critical
threshold of GM-CSF autoantibodies
(5 μg/ml serum) required for an increased
risk of autoimmune PAP (108, 109). Values
above this threshold are strongly associated
with the development of autoimmune PAP
in humans (109) and passively immunized
nonhuman primates (29); below this
threshold, GM-CSF signaling is reduced in
proportion to the concentration of GM-CSF
autoantibodies in humans (109) and
passively immunized nonhuman primates
(29). Furthermore, the discovery of
neutralizing GM-CSF autoantibodies in
patients with PAP also provided an
explanation for the absence of a
GM-CSF–stimulated increased in peripheral
blood neutrophils (111), which is normally
seen in healthy people (60).

Although the etiology of the increased
GM-CSF autoantibody concentrations in
patients with autoimmune PAP remains
unknown, detailed studies of patient-derived
monoclonal GM-CSF autoantibody clones
revealed that they use multiple
immunoglobulin V genes and target at least
multiple nonoverlapping epitopes, suggesting
that GM-CSF itself, and not a cross-reactive,
pathogen-related B-cell epitope, is
responsible (112).

Macrophage Abnormalities
In patients with autoimmune PAP and mice
deficient in GM-CSF signaling, alveolar
macrophages are abnormally large and
foamy, have reduced viability, and have
impaired functions, including reduced
expression of multiple receptors,
proinflammatory cytokine responses,
phagocytosis, microbial killing, cell adhesion,
and clearance of surfactant and debris from
the alveolar surface (2, 19, 53, 70, 71,
113–116). In Csf2KO mice, all these defects
can be corrected by restoring GM-CSF
expression specifically in the lungs
(100–102). Pharmacologic administration of

inhaled GM-CSF also corrects alveolar
macrophage abnormalities in patients with
autoimmune PAP (32, 114).

Without GM-CSF, human andmurine
alveolar macrophages internalize and process
surfactant-derived phospholipids and
proteins but are unable to export surfactant-
derived cholesterol normally (51, 52).
Consequently, cytoplasmic cholesterol
accumulates and is esterified and sequestered
in intracytoplasmic lipid droplets (as a
cellular protective mechanism) resulting in
the characteristic foamy appearance and
enhanced oil red O staining (7).
GM-CSF–deficient bone marrow–derived
macrophages have abnormalities similar to
those of alveolar macrophages except
without the foamy appearance, which can be
induced by exposure to cholesterol-
containing surfactant but not cholesterol-free
surfactant (51). GM-CSF withdrawal slows
the clearance of cholesterol-containing
surfactant (the half-life increases from 1.75 to
21 h) but does not affect the clearance of
cholesterol-free surfactant (51). As lipid
droplets accumulate, the cells become
increasingly disabled and unable to clear
additional surfactant.

Cholesterol export by macrophages is
mediated by several pathways, including
membrane transporters (ABCG1 [ATP-
binding cassette subfamily Gmember 1],
ABCA1 [ATP-binding cassette subfamily A
member 1], SRB1 [scavenger receptor class B
type 1]), fat-binding protein carriers (ApoE
[apolipoprotein E]), and cholesterol-
modifying enzymes (sterol-27-hydroxylase)
(117–121). Despite this redundancy, several
observations suggest that ABCG1 is critical
for cholesterol export in alveolar
macrophages. First, ABCG1 is abundant in
normal alveolar macrophages but reduced in
alveolar macrophages from patients with
autoimmune PAP and GM-CSF
signaling–deficient mice (119). Second,
ABCG1-deficient mice develop a severe form
of PAP lung disease (122). Third, GM-CSF
stimulates Abcg1 gene expression and
cholesterol export in macrophages in a
reversible, rheostatic, and dose-dependent
fashion (51).

GM-CSF signaling requires the master
macrophage transcription factor PU.1
(purine box binding protein 1) to regulate
the differentiation and functions of human
andmouse alveolar macrophages (69, 114).
Numerous impaired functions of
GM-CSF–deficient macrophages, including
surfactant clearance, can be restored by

vector-mediated, forced expression of PU.1
in the absence of GM-CSF (69). The lipid
metabolism–related transcription factor
PPARg (peroxisome proliferator–activated
receptor g) is also required for specification
of alveolar macrophages but not for
development of macrophages in the
peritoneum, liver, brain, heart, kidneys,
intestine, and fat (123). Both transcription
factors regulate ABCG1 gene expression and
are required for macrophage-mediated
surfactant clearance and export of cholesterol
frommacrophages (51, 52, 124–126).
Conditional disruption of Pparg gene
expression in mice simultaneously reduces
expression ofAbcg1, causes cholesterol
accumulation in alveolar macrophages, and
causes the development of PAP (125).
Nevertheless, although GM-CSF is required
for differentiation of alveolar macrophages,
the specific intracellular signaling pathways
involved are incompletely defined, and how
their disruption impairs alveolar macrophage
functions in PAP is poorly understood.

Neutrophil Abnormalities
Neutrophils from patients with autoimmune
PAP and GM-CSF–deficient mice have
normal morphology, ultrastructure, and
phenotypic marker expression, suggesting
that they are fully differentiated; however,
they have impaired host defense functions,
including phagocytosis, adhesion, oxidative
burst capacity, andmicrobial killing (27).
Primates injected with patient-derived
GM-CSF autoantibodies also have
morphologically normal but functionally
impaired neutrophils (29). In vitro exposure
of normal human neutrophils to GM-CSF
autoantibodies also causes functional
impairment (27). Studies in humans,
nonhuman primates, andmice indicate that
GM-CSF constitutively regulates the basal
functional capacity of neutrophils in vivo in
rheostatic fashion (27). Functionally
impaired neutrophils contribute to innate
immune deficiency and provide an
explanation for the increased infection
risk observed in humans and mice with
PAP caused by disruption of GM-CSF
signaling (27).

Other Cell Abnormalities
Interstitial lymphoid hyperplasia is a
histopathological feature of PAP caused by
disruption of GM-CSF signaling in humans
andmice (1, 31, 32). Although increased
pulmonary concentrations of MCP-1
(monocyte chemoattractant protein-1) may
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contribute to pulmonary lymphocyte
accumulation, the precise mechanism(s)
responsible have not been defined. Type II
alveolar epithelial cells normally express
GM-CSF receptors and respond to
pulmonary overexpression of GM-CSF by
proliferating and becoming hyperplastic
(127). However, no major abnormalities
of alveolar epithelial cells have been
reported in humans or mice with PAP
caused by disruption of GM-CSF
signaling.

Natural History

Presentation
Autoimmune PAP usually presents as
dyspnea of insidious onset between the third
and fifth decades of life, although it can
present in children as young as 3 years and
adults as old as 90 years (7, 9, 13).Most
patients describe exertional dyspnea that
progresses to resting dyspnea overmonths to
years. Some patients also present with throat
clearing, chest pain, chest congestion, or
production of scant whitish sputum
(Figure 2A). Fever and hemoptysis are
uncommon unless secondary infection is also
present (7). In the Japanese national registry,
31% of patients were asymptomatic at
diagnosis and were identified incidentally by
mandatory health screening (9). Generally,
the physical examination is unremarkable but
can identify crackles or even cyanosis in
severe cases. Digital clubbing is not a feature
of autoimmune PAP.

Clinical Course
No longitudinal studies on the natural
history of PAP have been reported, but
several large cross-sectional cohorts have
provided some information (3, 9, 12–14).
The clinical course of autoimmune PAP
comprises three patterns: stable disease,
progressive deterioration, and spontaneous
resolution (2). In the largest study reported
to date, a meta-analysis of 343 patients with
PAP revealed survival rates of 78% at 2 years,
75% at 5 years, and 68% at 10 years; more
than 80% of deaths occurred within 12
months of diagnosis, and respiratory failure
was the most common cause of death,
followed by uncontrolled infection (3). In a
separate cross-sectional cohort of 223
patients with autoimmune PAP, no deaths
occurred over the 5-year period of the study
(9). Spontaneous alleviation of autoimmune
PAP appears to occur; indeed it was reported

in the initial description of PAP syndrome
(1), and in the largest meta-analysis to date,
7.9% of cases were reported to have
experienced spontaneous resolution (3). In
contemporary studies from cohorts in Japan,
China, Germany, and Italy, it is estimated
that spontaneous resolution may occur in
5–7% of patients (9, 12–14).

Secondary Infections
Autoimmune PAP is associated with an
increased risk of serious infections,
consistent with the observed impaired innate
immune functions of myeloid cells, which
include reduced phagocytosis, microbial
killing, proinflammatory signaling, and
others (27, 69, 95, 109, 128). Causative
organisms include community-acquired and
opportunistic microbial pathogens (4, 27).
Commonly identified opportunistic
pathogens includeNocardia spp.,
Mycobacteria, andAspergillus, and resulting
infections are associated with a poor
prognosis and increased mortality (129).
Secondary infections are relatively common,
account for 18–20% of deaths attributable to
PAP, and occur at presentation or during the
clinical course, at intra- or extrapulmonary
sites, consistent with the systemic innate
immunodeficiency caused by disruption of
GM-CSF signaling (3, 27).

Pulmonary Fibrosis
Clinically significant pulmonary fibrosis can
occur in autoimmune PAP but is among
the least well-defined manifestations of the
disease (4, 7, 130, 131). In one recent
study, pulmonary fibrosis was reported in
9 (�20%) of 44 patients with PAP
syndrome and was associated with a
poorer outcome (132). Of the 33 patients
in the series with autoimmune PAP, 9
(�27%) initially had minimal radiological
features of fibrosis but subsequently
developed traction bronchiectasis, and
computed tomography (CT) findings
worsened over time (132). The pathogenic
mechanism driving fibrosis in autoimmune
PAP is not known but has been speculated
to result from WLL or long-term exposure
to higher-than-normal oxygen
concentrations from supplemental oxygen
therapy (133, 134). Another possibility
suggested by murine studies is that
reduction in GM-CSF stimulated
expression of prostaglandin E2, a potent
antifibrotic eicosanoid (135). Although
pulmonary fibrosis can occur and may be
infrequent in autoimmune PAP, it can be a

prominent feature of secondary PAP
caused by toxic inhalation of silica and
other dusts (13, 136–139) and is a major
component of the pathology in congenital
PAP caused by surfactant gene mutations
(41, 140–142).

Evaluation and Diagnosis

Pulmonary Function Tests
Results of spirometry are normal in many
patients with autoimmune PAP, limiting its
diagnostic and prognostic utility. Lung
volumes can be normal in patients with mild
disease or may show a restrictive ventilatory
pattern of impairment with lung volumes
reduced in proportion to disease severity,
especially in more advanced disease (3, 128).
DLCO is typically reduced in proportion to
disease severity in most patients with
autoimmune PAP and provides a useful
means to follow changes in disease severity
over time (3, 9). A 6-minute-walk test can
identify exercise-induced decline in SpO2

(peripheral blood oxygen saturation) but is
hindered by variation in patient effort and
test performance; in mild cases, results do
not clearly identify an abnormality. Arterial
blood gas analysis is generally effective in
identifying a decrease in PaO2

, an increase in
alveolar–arterial difference in oxygen
concentration (A-aDO2), and an increase in
arterial shunt fraction; PaCO2

is often
unaffected unless respiration is severely
compromised (143). Increases in A-aDO2 and
exercise-induced reduction in PaO2

correlate
with decreases in DLCO, providing useful
measures of disease severity and the need for
treatment in patients with autoimmune PAP
(3, 143).

Radiological Evaluation
Chest radiography in patients with
autoimmune PAP (Figures 3A and 3B)
typically reveals nonspecific, diffuse, patchy,
bilateral air space disease similar in
appearance to that of pulmonary edema but
without the other radiographic findings of
left heart failure (144, 145). Other patterns
occur, including mixed alveolar,
interstitial, or nodular infiltrates and
focal or asymmetrical abnormalities
(1, 7, 146).

High-resolution CT (HRCT) of the
chest without contrast (Figures 3C–3F)
reveals a pattern of ground-glass
opacification resulting in polygonal shapes
with sharp-angled borders and

STATE OF THE ART

State of the Art 1021



superimposed interlobular septal
thickening referred to as “crazy paving”
(145, 147). Although characteristic, this
pattern is not diagnostic of autoimmune
PAP and can also be seen in other PAP-
causing diseases, cardiogenic pulmonary
edema, hypersensitivity pneumonitis,
Pneumocystis jirovecii pneumonia,
lymphangitic carcinomatosis, and acute lung
injury/acute respiratory distress syndrome
(147). HRCT findings do not distinguish
autoimmune PAP from other PAP-causing

diseases (148) but do correlate with disease
severity as measured by the degree of
hypoxemia (145).

Bronchoscopy Findings
Bronchoscopic examination of the airways
is unremarkable in autoimmune PAP,
while BAL fluid has a distinctive, opaque,
milky-white/yellow appearance in
nonsmokers and a tan/brown appearance in
smokers and becomes pink/red if procedural
bleeding occurs (3, 7, 32). A layer of

sediment forms in the BAL when left
standing, the height of which reflects the
amount of alveolar sediment recovered and
can reflect disease severity (2). BAL cytology
reveals copious extracellular debris; enlarged,
foamy-appearing alveolar macrophages
(Figures 2B–2D); lymphocytes; fragmented
cells in various stages of decay; and isolated
nuclei (3, 7, 32). Neutrophils and other
inflammatory cells may also be present and
prominent if infection is also present.
Periodic acid–Schiff staining identifies

CB

D

A

E

2 �m

F G H

Figure 2. Sputum, sputum cytology, and alveolar macrophage ultrastructure in autoimmune pulmonary alveolar proteinosis (PAP). (A) Gross
appearance of freshly expectorated sputum from a patient with autoimmune PAP. (B–E) Microscopic appearance of sputum cytology after
staining with periodic acid–Schiff reagent (B); Diff-Quick, showing a foamy alveolar macrophage (C); Papanicolaou reagent (D); or oil red O,
showing an oil red O–positive alveolar macrophage (E). (F) Alveolar macrophage obtained by BAL from an 18-year-old man with autoimmune
PAP several months after lung transplantation performed as therapy for pulmonary fibrosis. Note the numerous, single membrane–delimited,
intracytoplasmic lipid droplets. Scale bar, 2 mm. (G and H) Uranyl acetate staining. Alveolar macrophages obtained from a nonhuman primate
passively immunized with highly purified, human GM-CSF (granulocyte/macrophage colony–stimulating factor) autoantibodies derived from
patients with autoimmune PAP, showing intracytoplasmic lipid droplets (G), or a saline-injected primate, showing a normal macrophage
appearance (H).
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basophilic, acellular globules (149) and
enlarged, foamymacrophages (Figure 2B),
which also stain strongly with oil red O
(Figure 2E) because of the accumulated
intracytoplasmic lipid droplets (3, 9, 150, 151).
Differential cytometry is hindered by the
copious amounts of sediment and fragility
of the enlarged, foamy macrophages, and
findings can be normal or demonstrate
increased numbers of CD41 and CD81

lymphocytes and uncleared neutrophils
(152). Electron microscopy demonstrates
that the acellular globules comprise tubular
myelin and lamellar structures
characteristic of pulmonary surfactant and
that alveolar macrophages are enlarged and
foamy because of the accumulation of
intracytoplasmic lamellar bodies and
numerous, small, single
membrane–delimited lipid droplets

(Figure 2F). This morphology can be
induced in nonhuman primates by
injection of GM-CSF autoantibodies
derived from patients with PAP
(Figures 2G and 2H) (28, 29). Biochemical
analysis reveals that surfactant lipids
recovered by BAL contain increased
phospholipids, proteins, and cholesterol; a
markedly increased cholesterol-to-
phospholipid ratio; and increased amounts

A B

C

F

D

E

Figure 3. Appearance of the chest radiograph and chest computed tomography scan in autoimmune pulmonary alveolar proteinosis (PAP).
(A and B) Posterior–anterior (A) and lateral (B) chest radiographs of a 19-year-old woman with autoimmune PAP showing diffuse ground-glass
opacification of the lung parenchyma. (C–F) Representative images from computed tomography of the chest showing the diversity of
radiographic findings in autoimmune PAP in a 45-year-old man (C), a 58-year-old woman (D), a 15-year-old girl (E), and an 18-year-old man (F).
(C) Image showing ground-glass opacification involving some but not all secondary lobules resulting in a distinctive “geographic” pattern. Also,
note the disproportionate involvement of the left and right lung parenchyma. (D) Image showing a distinctive pattern of interlobular septal
thickening superimposed on ground-glass opacification, often referred to as “crazy paving.” Also, note the sharply demarcated differences in
the degree of involvement between adjacent lung lobes. (E) Image revealing a homogeneous pattern of crazy paving throughout all regions of
the lung parenchyma. (F) Image revealing extensive pulmonary fibrosis with parenchymal distortion from traction bronchiectasis. This patient
underwent bilateral lung transplantation for pulmonary fibrosis and respiratory failure shortly after this image was obtained.
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of macrophage colony–stimulating factor
and MCP-1 (4, 56, 153, 154).

GM-CSF Autoantibody Test
GM-CSF autoantibodies are markedly
increased in patients with autoimmune PAP
(2, 155, 156), but concentrations do not
correlate with disease severity, prognosis,
pulmonary function test results, or other
biomarkers of PAP (9, 108). While GM-CSF
autoantibodies are ubiquitous in individuals
without PAP, albeit at far lower
concentrations (109), a serumGM-CSF
autoantibody test can reliably identify
autoimmune PAP and can accurately
distinguish it from other PAP-causing
diseases, other lung diseases, and people
without lung disease (Figure 4A). This
diagnostic approach has been in use for two
decades, and its sensitivity and specificity for
a diagnosis of autoimmune PAP are both
reported to be 100% (155, 156). GM-CSF
autoantibody diagnostic testing is provided
by specific centers located in the United
States, Europe, China, and Japan.

GM-CSF Signaling Tests
Because autoantibodies cause PAP by
blocking GM-CSF signaling, several
measures of the GM-CSF–neutralizing
capacity of blood have been developed into
diagnostic tests. On such tests, the GM-CSF
signaling index (GM-CSF-SI) test measures
the ability of exogenously added GM-CSF to
stimulate STAT5 phosphorylation in
leukocytes in freshly obtained heparinized
blood (77, 157, 158). This test also readily
identifies patients with autoimmune PAP
(Figure 4B). Because GM-CSF neutralization
can be caused by high concentrations of
autoantibodies of moderate
GM-CSF–binding affinity or lower
concentrations of autoantibodies of high
GM-CSF–binding capacity, this test can be a
useful complement to the GM-CSF
autoantibody test by providing functional
data related to the GM-CSF–neutralizing
capacity of blood. Other such tests to
measure the neutralization of GM-CSF
signaling in whole blood include the CD11b
stimulation index test (159) and the GM-CSF
signaling EC50 test (effective [GM-CSF]
concentration required to achieve a GM-CSF
signaling response) (160).

Other Laboratory Tests
Routine laboratory tests are typically normal
in autoimmune PAP except for serum lactate
dehydrogenase, which is nonspecific but is

elevated in proportion to disease severity as
measured by A-aDO2 (3, 143). Serum
concentrations of SPs (SP-A–SP-D), YKL-40
(chitinase-3-like protein 1), MCP-1, Cyfra21-
1 (cytokeratin 19 fragment), and KL-6 (Krebs
von den Lungren protein-6) are often
elevated in autoimmune PAP, and the degree
of increase correlates with disease severity
(9, 108, 161–165), but they can also be
increased in individuals with other lung
diseases (166, 167), thereby limiting their
diagnostic value. Nevertheless, these serum
biomarkers can be useful to monitor disease
activity over time; indeed, KL-6 has been
shown to better predict disease progression
and therapeutic need than serum lactate
dehydrogenase or PaO2

(168).

Genetic Tests
Although an association with two
histocompatibility alleles has been reported
(16, 17), no genetic tests are available to
diagnose autoimmune PAP.

Lung Biopsy
The cardinal features of lung histopathology
in autoimmune PAP include alveoli filled
with granular eosinophilic material and well-
preserved septa, extracellular debris,
enlarged, foamy-appearing alveolar
macrophages, cholesterol crystals, and
interstitial lymphoid hyperplasia (1–3, 32).
Importantly, however, although microscopic
examination of a transbronchial or surgical
lung biopsy can demonstrate that PAP is
present, lung histopathology cannot
specifically identify autoimmune PAP or any
other PAP-causing disease. Furthermore,
because of the patchy involvement of the
lung in autoimmune PAP, lung biopsies fail
to identify the presence of PAP in a
substantial number of cases, 29% in one
report (169).

Diagnosis
The diagnosis of autoimmune PAP is
challenged by its low prevalence, nonspecific
symptoms and radiographic findings,
minimal physical examination findings, and
normal routine laboratory test results. It is
usually misdiagnosed as pneumonia until the
failure of several courses of “appropriate”
therapy (antibiotics) prompts diagnostic
reconsideration, referral, and disease-specific
testing (2, 4, 7, 9, 170). Results from the U.S.
National PAP Registry indicate that an
accurate diagnosis of PAP is delayed by a
median of 1.5 years (interquartile range,
0.5–13.5 years) after onset of symptoms

(171). Thus, heightened awareness is
important for a timely and accurate
diagnosis.

PAP should be suspected in an afebrile
patient with progressive dyspnea of insidious
onset with or without cough, chest
congestion, scant production of whitish
sputum, and diffuse bilateral infiltrates on
chest radiography. HRCT of the chest can
confirm the characteristic radiographic
findings and aid in determining disease
severity. The “cloudy” gross appearance and
“dirty”microscopic appearance of the BAL
fluid can help confirm the presence of PAP.
Although a transbronchial or surgical lung
biopsy can confirm that PAP is present, a
biopsy cannot identify the PAP-causing
disease, fails to confirm the presence of PAP
in a substantial proportion of cases, and is
associated with significant morbidity.
Therefore, a lung biopsy is not necessary in
most cases and is recommended only for
more difficult cases after other tests fail to
result in diagnosis. These findings are useful
criteria for the diagnosis of autoimmune
PAP (Table 1).

In patients with suspected or confirmed
PAP, a serumGM-CSF autoantibody test
(Figure 4A) should be performed because it
is highly sensitive and specific for a diagnosis
of autoimmune PAP, which accounts for
90% of all cases of PAP (2, 9, 171). Although
the serumGM-CSF autoantibody
concentration is markedly increased in most
patients with autoimmune PAP (median,
84 μg/ml; 90% confidence interval,
10.2–499 μg/ml; n=339) compared with
healthy individuals (median, 0.33 μg/ml; 90%
confidence interval, 0.3–0.4 μg/ml; n=153)
(B. Carey and B. Trapnell, unpublished
results from the Cincinnati PAP Clinical
Research Diagnostic Testing Program),
for test results at the low end of the
abnormal range, evaluation of the
GM-CSF–neutralizing capacity of whole
blood (by performing a GM-CSF-SI test) can
be a useful follow-up confirmatory test
(Figure 4B). These two measures of the
disease-causing GM-CSF autoantibodies
(concentration and neutralizing capacity)
constitute a diagnostically useful
complementary test pair because
autoimmune PAP can be caused either by
higher concentrations of lower-affinity
autoantibodies or by lower concentrations of
higher-affinity autoantibodies.

Autoimmune PAP can be differentiated
from hereditary PAP caused by GM-CSF
receptor mutations because in the latter,
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GM-CSF autoantibody test results are
normal (negative) and GM-CSF signaling
index test results are abnormal; further tests
include measurement of serumGM-CSF

(which is undetectable in autoimmune PAP
andmarkedly increased in hereditary PAP).
Follow-up testing for hereditary PAP
includes evaluation for the presence of

CD116 and CD131 on blood leukocytes by
flow cytometry (77) and/or nucleotide
sequencing to detect biallelic mutations in
CSF2RA or CSF2RB (77, 158, 172, 173).
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Figure 4. Blood-based tests used to diagnose autoimmune pulmonary alveolar proteinosis (PAP). (A) Measurement of serum GM-CSF
(granulocyte/macrophage colony–stimulating factor) autoantibody concentration by the serum GM-CSF autoantibody test. Shown are results for
individuals with the indicated diseases and interpretive ranges for the test results. Each symbol represents the test result for one individual
determined by ELISA using a patient-derived, affinity-purified, polyclonal GM-CSF autoantibody reference standard as previously reported (155).
The reference ranges used for test result interpretation (normal, <3.1 mg/ml; indeterminate, .3.1 to ,10.2 mg/ml; and abnormal, >10.2 mg/ml)
were determined according to guidelines established by the Clinical and Laboratory Standards Institute (234), and updated on April 5, 2019,
on the basis of results for 153 healthy individuals (median, 0.33 mg/ml; 90% confidence interval [CI], 0.3–0.4 mg/ml) and 339 patients with
autoimmune PAP (median, 84 mg/ml; 90% CI, 10.2–499 mg/ml). Test results within the indeterminate range are typically confirmed by evaluation
of GM-CSF signaling. (B) Measurement of GM-CSF signaling by the GM-CSF signaling index (GM-CSF-SI) test. Shown are results for individuals
with autoimmune PAP and healthy people and the interpretive ranges for the test results. Each symbol represents the test result for one
individual determined by incubating heparinized whole blood with recombinant human GM-CSF (10 ng/ml, 30 min) followed by flow cytometry to
quantify phosphorylated STAT5. Results are expressed as GM-CSF-SI, calculated as the mean fluorescence intensity (MFI) in
GM-CSF–stimulated cells minus the MFI of unstimulated cells divided by the MFI of unstimulated cells and multiplied by 100, as previously
reported (75). The reference ranges used for test result interpretation (normal, >216 units; indeterminate, .20 to ,216 units; abnormal, <20
units) were determined according to guidelines established by the Clinical and Laboratory Standards Institute (234) and updated on April 8,
2019, on the basis of results for 77 healthy individuals (median, 506 units; 90% CI, 483–564 units) and 80 patients with autoimmune PAP
(median, 2.2 units; 90% CI, 0–4.2 units). STAT5=signal transducer and activator of transcription 5.
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Differentiation from secondary PAP is
usually possible by the identification of an
underlying clinical condition known to cause
secondary PAP (137, 174–183), normal
GM-CSF autoantibody test results, and
normal GM-CSF signaling test results
(Figure 5). Differentiation from congenital
PAP is typically determined by genetic
testing to identify mutations in in SFTPB,
SFTBC,ABCA3, andNKX2.1 (40, 41,
184–186). The differential diagnosis of PAP
syndrome has been reviewed (4, 7).

Therapy

Soon after the description of PAP as
a disorder of phospholipid/protein
accumulation, multiple therapies were tested
empirically, including antibiotics,
corticosteroids, physical dissolution using
potassium iodide, streptokinase, trypsin,
heparin, acetylcysteine, and saline “washing”
(for a review, see Reference 187). With the
serendipitous discovery of PAP in
GM-CSF–deficient mice and subsequent
identification of GM-CSF–neutralizing
autoantibodies in patients with (then)
idiopathic PAP, therapeutics focused to
GM-CSF augmentation, plasmapheresis, and
anti–B lymphocyte therapy. Here, we focus
on lung lavage and GM-CSF augmentation.

Therapeutic Lung Lavage
Initially, this procedure involved
administration of saline through a
transtracheal catheter at 50–60 drops/min for
1–2 hours four times daily for 2–3 weeks to
induce cough-mediated clearance, which

improved DLCO, radiographic appearance,
and lung histopathology but was distressing,
time consuming, and poorly accepted
(188, 189). Subsequently, incorporation of a
double-lumen endotracheal tube to isolate
each lung, permitting one lung to be washed
with large volumes of saline while ventilating
the other lung, resulted in a procedure, WLL,
that could be completed in a single session
and was feasible, effective, and safe (190,
191). Despite further refinements, proposed
modifications, and global acceptance as the
standard therapy for PAP for nearly six
decades, no single optimized protocol has
been developed and adopted universally, nor
have the indications for its therapeutic use or
methods to assess treatment responses been
standardized. Accordingly, theWLL
procedure itself is described briefly together
with indications for its clinical use,
contraindications, complications, efficacy,
and durability of the treatment response; for
further procedural details, the reader is
referred to published reports (including a
global practice survey) (187, 192–197).

Optimally, WLL is performed by an
experienced team that includes nursing,
anesthesiology, respiratory therapy, and
interventional pulmonary medicine or
surgery staff members. The preoperative
assessment and preparation are similar to
those used for bronchoscopy and BAL,
including the management of
anticoagulation (187). After induction of
general anesthesia, a double-lumen
endotracheal tube is placed and the adequacy
of endotracheal lung isolation confirmed
(187). Although various body positions have
been reported, few data are available to

recommend any one position forWLL other
than supine; repositioning the tube is difficult
duringWLL, and care must be taken to
prevent spillage into the contralateral lung.
The nontreated lung is denitrogenated by
ventilating with 100% oxygen. In adults, a
total saline volume of 30–50 L should be
anticipated. Saline is warmed to 37�C,
instilled in incremental volumes of
500–1,000 ml, and drained under gravity
using a closed system. Chest percussion is
performed to loosen and emulsify the
accumulated sediment, either using a
wraparound vest or by manual percussion
(194, 198). Interestingly, a modified lavage
technique involving the use of controlled
manual ventilation during the
infusion–recovery cycle resulted in
significant improvement in sediment
removal compared withWLL without the
use of controlled manual ventilation (199).
Initial returns are typically milky or turbid
and form a sediment layer on standing, the
thickness of which corresponds to the
efficacy of sediment removal. Each cycle of
infusion and drainage takes 3–5 minutes
(longer if asthma is present). The process is
continued until the effluent becomes clear or
the optical density (l=405 nm) of the
effluent is reduced to,0.4 (199).
Intraoperative monitoring should include
continuous measurement of peripheral
oxygen saturation and serial readings of
arterial blood gas concentrations, vital signs,
and infusion and effluent volumes, as well as
observation of leakage into the contralateral
lung or pleural space. At the end of the
procedure, residual saline is drained and
aspirated from the lung, ventilation with

Table 1. Criteria for Diagnosis of Autoimmune Pulmonary Alveolar Proteinosis*

Essential criterion
Abnormal serum GM-CSF autoantibody test result†

Supporting criteria
Chest HRCT scan showing diffuse ground-glass opacification and superimposed septal thickening (“crazy-paving sign”)‡

BAL cytopathology showing extensive, mostly extracellular, amorphous PAS-positive cell fragments/debris, ghost cells, and/or large
foamy (PAS-positive, oil red O–positive) macrophages§

Lung biopsy histopathology showing alveoli filled with eosinophilic (PAS-positive) granular sediment, enlarged foamy-appearing
alveolar macrophages, and/or cholesterol crystals (clefts)jj

Definition of abbreviations: GM-CSF=granulocyte/macrophage colony–stimulating factor; HRCT=high-resolution computed tomography;
PAS=periodic acid–Schiff.
*Diagnosis requires the presence of the essential criterion and any one of the supporting criteria.
†Usually determined quantitatively by ELISA. The (laboratory-specific) cutoff value for an abnormal test result depends on the nature of the
GM-CSF autoantibody reference standard and the assay protocol (see text for details).
‡Ground-glass opacification may occur without superimposed septal thickening in mild disease and usually but not always involves multiple
lobes, with or without subpleural sparing.
§BAL fluid usually appears opalescent and milky white (or brown in smokers) and contains a waxy sediment, which appears quickly on standing
at room temperature or in the cold.
jjA lung biopsy is often unnecessary and should be performed only if clinically indicated (see text for details).
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100% oxygen is resumed, the double-lumen
tube is replaced with a single-lumen tube,
remaining fluid is aspirated with a flexible
bronchoscope if necessary, and monitoring is
continued in the recovery unit until
extubation. In patients with advanced disease
and respiratory failure, WLL can be
performed using extracorporeal membrane
oxygen (200), or segmental lung lavage can
be performed by bronchoscopy (201).

Although the indications forWLL vary
among centers, the primary indication is
limitation of daily activities because of
dyspnea (194, 198). Other indications
include decline in lung function, declining
oxygenation, a shunt fraction greater than
10–12%, radiographic disease progression,
and a desire to reduce the requirement for

supplemental oxygen therapy (192). WLL
should not be performed in patients with
active microbial lung infection, because of
the risk of disseminated infection, sepsis, and
shock. Most centers performWLL in
separate sessions for each lung, with the most
severely affected lung treated first and the
other lung treated several days to weeks later
(194, 198).

Although no randomized controlled
trials have documented efficacy and safety,
WLL therapy for PAP is widely regarded as
the current standard of care and is capable
of alleviating symptoms and improving
radiographic findings and gas exchange in
patients with PAP (202, 203). In one
comprehensive study, the increased 5-year
survival was higher in patients with PAP

undergoingWLL than untreated patients
(946 2% vs. 856 5%; n=146 and 85;
P=0.04) (3). Most (70%) patients underwent
WLL within 5 years of diagnosis; the median
number of procedures was two, and among
55 treated individuals, the median duration
of benefit was 15 months; and only 20% of
patients did not require repeat WLL at
3 years. Among 41 patients with PAP,WLL
improved arterial PaO2

by 20.1 mmHg;
improvement in other pulmonary function
parameters was less impressive. WLL was
effective in more than 95% of patients;
however, a small fraction did not respond
despite aggressive lavage, presumably
because of pulmonary fibrosis. Treatment-
related improvement results from the
physical removal of the accumulated

Patient with PAP based on compatible history and radiographic findings

Serum GM-CSF autoantibody test

Autoimmune
PAP

Secondary
PAP 

Hereditary
PAP

Surfactant
production
disorder

Other types
of PAP

Positive

Disease known to cause secondary PAP present

Negative

Serum GM-CSF test/GM-CSF signaling deficiency test

Present Absent

Positive Negative

Positive Negative

Histology
compatible
with PAP

Surfactant-related gene
mutation tests*

GM-CSF receptor analysis and
CSF2RA/B gene mutation tests

Positive

PAP confirmed by BAL gross/cytologic evaluation

Negative

Figure 5. Algorithm for diagnosis of pulmonary alveolar proteinosis (PAP). PAP is suspected on the basis of history and radiographic findings
and can be confirmed by the gross and microscopic appearance of BAL fluid. A serum GM-CSF (granulocyte/macrophage colony–stimulating
factor) autoantibody test is performed and is highly sensitive and specific for diagnosis of autoimmune PAP. Secondary PAP is diagnosed in
individuals with a negative test result who have a condition known to cause PAP. Those with negative test results and no known PAP-causing
disease should undergo blood GM-CSF signaling testing and serum GM-CSF testing to identify hereditary PAP caused by CSF2RA or CSF2RB
gene mutations, followed by appropriate confirmatory genetic testing. Patients with normal concentrations of serum GM-CSF (e.g., low/
undetectable) and normal GM-CSF signaling test results (e.g., detectable) should undergo genetic testing used to identify surfactant production
disorders (also known as congenital PAP), including mutational analysis of SFTPC, SFTPB, ABCA3, and NKX2.1 (*). A transbronchial or surgical
lung biopsy may be needed if all test results are negative, and further genetic testing may be needed to identify other ultrarare PAP-causing
diseases (i.e., methionine-transfer RNA mutations [235], lysinuric protein intolerance [236], or lymphoid cell deficiency–related PAP [237])
Adapted from Reference 4.
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surfactant and can happen within hours
of completion of therapy. Although it is
generally considered safe, the potential
complications ofWLL include hypoxemia,
hydropneumothorax, pneumonia, acute
respiratory distress syndrome, and sepsis.

GM-CSF Augmentation
Within a year of the discovery of PAP in
GM-CSF–deficient mice, Seymour and
colleagues reported (204) that subcutaneous
administration of GM-CSF in a patient with
(then) idiopathic PAP for 70 days was
associated with improvement in clinical,
radiographic, and physiological
manifestations of PAP (Table 2). These
findings were confirmed in case reports
(205–208) and two open-label dose-
escalation studies of subcutaneous GM-CSF
(5–20 μg/kg once daily for 1.5–3 mo or 5–18
μg/kg once daily for 6–12 mo, respectively),
which reported improvement in A-aDO2 in
6 of 14 (165) or 12 of 25 (208, 209)
autoimmune PAP patients, respectively. The
latter study also reported improvement in
DLCO, radiographic appearance, and the
distance covered in a 6-minute-walk test
(Table 2). Subcutaneous GM-CSF
administration (8 μg/kg/d for 12 wk) was
also noted to improve BAL cytology in
patients with autoimmune PAP (32).
Although injection site irritation was noted
in 85% of patients in one study (208), no
significant treatment-associated adverse
events were noted in any of these studies
(Table 2).

The initial evaluations of inhaled
GM-CSF in autoimmune PAP reported
improvement in A-aDO2 and BAL cytology
(210–212). One retrospective study of
escalating doses (250–500 μg) of GM-CSF
inhaled twice daily every other week for 64
weeks reported improvement in A-aDO2 and
DLCO in 11 of 12 patients (213), while
another evaluating a single dose (250 μg) of
GM-CSF inhaled once daily for 4 days of
every 8-day period for 64 weeks reported
improvement in A-aDO2, DLCO, symptom
scores, and radiographic findings in 6 of 6
patients with autoimmune PAP (214). A
larger prospective, open-label study of
inhaled GM-CSF (250 μg/d on Days 1–8 of
every 14-d period for 12 wk, followed by
125 μg/d on Days 1–4 of every 14-d period
for 12 wk) demonstrated improvement in
A-aDO2 in 24 of 35 patients with
autoimmune PAP and that it was safe and
well-tolerated (215) (Table 2); a follow-up
study showed that 23 of 35 patients had

durable treatment responses (216).
Additional case reports confirmed these
results (217–222). One randomized, placebo-
controlled, open-label study of inhaled
GM-CSF (150 μg twice daily on alternating
weeks for 24 wk) (or placebo) in 36 patients
with mild to moderate autoimmune PAP in
China reported improvement in DLCO and
St. George’s Respiratory Questionnaire score
but not A-aDO2, radiographic appearance, or
requirement forWLL (223).

The first randomized, placebo-
controlled, double-blind study of inhaled
GM-CSF, the PAGE trial (Pulmonary
Alveolar Proteinosis GM-CSF Inhalation
Efficacy Trial in Japan), was conducted in 64
patients with autoimmune PAP with mild to
moderate disease (defined as PaO2

, 75 mm
Hg and.50 mmHg) in Japan (224).
Patients received blinded intervention
(treatment group: GM-CSF 125 μg [on
alternating weeks], inhaled twice daily;
control group: placebo, inhaled twice daily)
for 24 weeks (224). Results showed a
significant reductions in A-aDO2 in the
treatment group compared with placebo
(24.506 9.03 vs. 0.176 10.50 mmHg,
respectively; P=0.02), CT lung densitometry
scores (indicating a reduction in pulmonary
surfactant accumulation), and biomarkers of
PAP but no significant improvement in
clinical or patient-reported outcomes (Table
2). Inhaled GM-CSF was well tolerated and
was not associated with an increase in serious
adverse events (Table 2).

A second (global) randomized, placebo-
controlled, double-blind study in 138
patients with autoimmune PAP, the
IMPALA (InhaledMolgramostim in
Autoimmune Pulmonary Alveolar
Proteinosis Patients) trial, compared three
interventions: continuous GM-CSF,
intermittent GM-CSF, and placebo
(continuous arm: 300 μg GM-CSF inhaled
once daily; intermittent arm: 300 μg
GM-CSF inhaled once daily every other week
[alternating with placebo to maintain
blinding]; placebo arm: placebo inhaled once
daily); all interventions were administered
for a 24-week (blinded treatment) period,
which was followed by an open-label
treatment extension period in which patients
received intermittent GM-CSF for 48 or
72 weeks (225). Results showed significant
improvements in A-aDO2, DLCO, chest CT
ground-glass opacification score, St. George’s
Respiratory Questionnaire total score, and
PAP biomarkers in the continuous GM-CSF
group compared with placebo (Table 2).

Inhaled GM-CSF was well tolerated and not
associated with an increase in serious adverse
events (Table 2). An important outcome was
the demonstration that continuous daily
administration of GM-CSF resulted in
greater clinical benefit than intermittent daily
GM-CSF (225). A third global, randomized,
placebo-controlled, double-blind (IMPALA-
2) trial is currently under way to evaluate the
safety and efficacy of long-term daily
administration of GM-CSF therapy for
autoimmune PAP.

Several case reports found that prior
administration ofWLL improved the
response to inhaled GM-CSF in patients with
autoimmune PAP (218, 226). In a
randomized, open-label study in 18 patients
with autoimmune PAP in Italy,
administration of inhaled GM-CSF after
WLL resulted in a marked reduction in the
requirement for subsequentWLL therapy
(227).

In summary, GM-CSF is a promising
(currently off-label) pharmacotherapeutic
approach for autoimmune PAP, which is
supported by numerous small studies and
two completed and one ongoing large,
randomized, placebo-controlled, double-
blind trials. Efficacy is greater when GM-CSF
is administered by inhalation rather than
subcutaneously and by daily administration
rather than daily on alternating weeks. A
treatment response occurs in one-half to
two-thirds of patients when administered at
250–300 μg/d. Anecdotal observations have
indicated the existence of a dose-dependent
treatment response, but the relationship has
yet to be defined. Importantly, no studies
have identified drug-related safety concerns.
Additional studies are needed to determine
the optimal starting dose and treatment time
and whether an induction–maintenance
dosing strategy will be useful.

Other Treatment Approaches
Of the numerous other treatment approaches
tested in autoimmune PAP, several deserve
brief mention. Although no prospective trials
evaluating corticosteroids in autoimmune
PAP have been reported, this approach is
often considered or used. Recently, a
retrospective study in 31 patients with
autoimmune PAP found that corticosteroid
therapy worsened the lung disease and
increased the risk of infection in patients
with autoimmune PAP (228).

Theoretically, plasmapheresis to remove
the GM-CSF–neutralizing autoantibodies is a
sound approach that has been tried (229).
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However, the procedure must be repeated
frequently (daily for 2 wk) to reduce the very
high autoantibody concentrations present
(B. Trapnell, unpublished results). Thus, this
approach appears impractical and unviable
in our opinion.

Anti–B lymphocyte therapy with
rituximab is also theoretically attractive.
Several case reports, a small phase II study,
and a more recent retrospective study of
rituximab therapy for autoimmune PAP
have been reported (230–232). However, the
results are not particularly strong or
convincing, and no specific treatment
approach has been identified as effective.
Thus, the role for rituximab in autoimmune
PAP should be reserved for patients who are
refractory to other therapy.

Rosuvastatin administration was
associated with significant clinical
improvement in several patients with
autoimmune PAP (52), but the available
results are insufficient to recommend this
approach at the present time.

In patients with autoimmune PAP who
develop pulmonary fibrosis, WLL becomes
ineffective and lung transplantation is
required; however, the autoimmune PAP lung
disease returns andmust be treated (233).

Conclusions

In the two decades since the comprehensive
review of PAP syndrome by Seymour and
Presneill (3), our understanding has
advanced considerably. Idiopathic PAP has
been redefined as an autoimmune disease
mediated by polyclonal GM-CSF
autoantibodies that block GM-CSF signaling,
reduce GM-CSF–dependent cholesterol
clearance, and result in foamy, cholesterol-
stuffed, poorly differentiated macrophages
unable to clear surfactant or perform other
functions. Research advances also identified
GM-CSF as a regulatory molecule critical for
surfactant homeostasis, alveolar structural
integrity, lung function, and lung host
defense, altogether suggesting that
GM-CSF is an essential pulmonary
hormone.

Autoimmune PAP accounts for 90% of
all cases of PAP and has a prevalence of 7–10
per million in the general population.
Nonspecific clinical presentation,
radiographic appearance, and normal
routine laboratory findings often result in
misdiagnosis of autoimmune PAP as
pneumonia and long delays in an accurateT
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diagnosis. The observation of symptoms
unexpectedly milder than expected based on
extensive radiographic abnormalities present
is of diagnostic utility and should raise the
suspicion of PAP; heightened awareness is
important for an accurate and timely
diagnosis. A now commercially available
diagnostic test, the serumGM-CSF
autoantibody test, has revolutionized the
diagnosis of autoimmune PAP and rendered
lung biopsies unnecessary in most cases.
Lung biopsies should be reserved for more
complex cases of PAP syndrome.

The clinical course of autoimmune PAP
varies among patients with unremitting/
slowly progressive disease in most patients,
spontaneous improvement in a small
percentage (5–7%), and rapid progression
and/or pulmonary fibrosis, respiratory
failure, and death in others. AlthoughWLL
remains the first-line therapy for

autoimmune PAP and is effective in most
patients, it is invasive, inefficient, dependent
on operator experience, and unavailable at
many medical institutions, and it does not
prevent ongoing surfactant accumulation.
Numerous case reports, small studies, and
two completed randomized, placebo-
controlled trials support the safety,
tolerability, and efficacy of inhaled GM-CSF
as a promising pharmacotherapy for
autoimmune PAP.

Despite enormous progress in our
understanding, questions remain regarding
etiology, pathogenesis, and therapy for
autoimmune PAP. What causes the
breakdown of immune tolerance leading to
high concentrations of GM-CSF
autoantibodies in autoimmune PAP? How
does loss of GM-CSF signaling impair
myeloid cell differentiation and functions?
Regarding inhaled GM-CSF therapy, what

are the dose–response relationship, optimal
starting dose, and optimal treatment time?
What is its mechanism of action, and why
does it not increase the GM-CSF
autoantibody concentration? Will prior
WLL treatment improve efficacy or
accelerate the treatment response?
Validated outcome measures are needed to
accelerate pharmacotherapeutic
development, and clinical practice
guidelines are needed to improve the
diagnosis and treatment of patients with
autoimmune PAP. �
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text of this article at www.atsjournals.org.
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