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Abstract

Purpose of Review Autoimmune pulmonary alveolar proteinosis is a heterogenous clinical syndrome of disordered surfactant
clearance due to a dysfunctional granulocyte—-macrophage colony-stimulating factor signaling axis in the setting of poly-
clonal autoantibody generation. Recent advancements identifying key mechanistic drivers of this disease have been made.
This clinical review summarizes current knowledge of autoimmune pulmonary alveolar proteinosis with an emphasis on
contemporary findings on pathogenesis and emerging therapies.

Recent Findings A disturbed granulocyte—macrophage colony-stimulating factor signaling axis leads to downstream dys-
regulation of cholesterol export within alveolar macrophages. Accumulation of cholesterol impedes surfactant clearance and
propagates the syndrome’s disease process.

Summary Whole lung lavage therapy is an invasive procedure performed under general anesthesia which remains the stand-
ard of care for autoimmune pulmonary alveolar proteinosis. Augmentation of the defective signaling axis with recombinant
human granulocyte-macrophage colony-stimulating factor is a promising treatment modality.

Keywords Alveolar macrophage - Alveolar macrophage lipidome - Autoimmune pulmonary alveolar proteinosis -
Granulocyte—-macrophage colony-stimulating factor - Pulmonary alveolar proteinosis - Pulmonary surfactant
Introduction
Pulmonary alveolar proteinosis (PAP) is a clinical syn-

drome of disordered surfactant homeostasis which leads
to accumulation of surfactant-derived lipoproteinaceous

> gifal?;;z%medicine.uﬂ.edu material within the distal airspaces and results in impaired
Akshay Mathavan gas exchange and progressive respiratory compromise. The
akshay.mathavan @medicine.ufl.edu estimated prevalence of PAP is at least 7 cases per million
Akash Mathavan individuals [1]. Due to its rarity and nonspecific phenotypic

profile, the syndrome is commonly associated with diag-
nostic delay as well as a significant burden of comorbidity,
healthcare utilization, and economic cost [2]. First iden-
tified in 1958, PAP is now recognized as a heterogenous
spectrum of disorders characterized by defective surfactant
clearance primarily due to a loss of a functional alveolar
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colony-stimulating factor (GM-CSF) signaling secondary to
an autoimmune pathology (i.e., GM-CSF autoantibodies) or
inheritance of defective subunits of the GM-CSF receptor.
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Secondary PAP manifests from various underlying disease
states (e.g., hematologic malignancies, immunodeficiency
syndromes) leading to relative impairment of alveolar
macrophages. Congenital PAP arises in conditions of dys-
regulated surfactant processing due to mutations in genes
required for normal production. Of these types, autoimmune
PAP accounts for over 90% of cases [6]. This clinical review
summarizes current knowledge of autoimmune PAP with an
emphasis on contemporary findings on pathogenesis and
emerging therapies.

Pathogenesis

The primary mechanistic driver of PAP pathogenesis is a
reduction of surfactant clearance. Pulmonary surfactant is a
surface-active agent composed of phospholipids (80%, pri-
marily dipalmitoylphosphatidylcholine), surfactant proteins
(10%), and neutral lipids (10%, primarily cholesterol) [7].
Adsorption of pulmonary surfactant to the air-liquid inter-
face functions to reduce surface tension and prevent end-
expiratory alveolar collapse. Surfactant homeostasis is prin-
cipally regulated by type II alveolar epithelial cells, which
synthesize and secrete constituents of the surfactant layer on
the alveolar surface. Pulmonary surfactant is then degraded
or recycled within the lamellar structures of type II alveolar
epithelial cells or by alveolar macrophages. Components of
the degraded surfactant, including phospholipids and neutral
lipids, are cleared via independent processing pathways.

GM-CSF is a 23 kDa glycoprotein produced by multi-
ple cell types with a wide activity spectrum which exerts
its biological effects through distinct intracellular signal-
ing pathways [8]. The growth factor and immunomodula-
tory cytokine activates a cascade of transcription factor and
effector protein functions to generate the proliferation, ter-
minal differentiation, and activation of multiple cell types
including matured myeloid cells (i.e., granulocytes, mac-
rophages). Within the realm of PAP, crucial molecular dis-
coveries have informed contemporary understanding of the
syndrome’s pathogenesis. Preserved GM-CSF signaling is
required for terminal differentiation of pulmonary alveolar
macrophages and critical processing and effector functions
[8]. GM-CSF also regulates a crucial signaling axis that
involves transcription factors purine-rich box1 (PU.1) and
peroxisome proliferator-activated receptor gamma (PPAR-y)
[9]. PPAR-y, a type II nuclear receptor, is a known regulator
of adipogenesis and lipid metabolism. In a JAK2-mediated
mechanism, PPAR-y colocalizes with PU.1 and acts on tar-
get protein ATP binding cassette subfamily G member 1
(ABCG1), a regulator of intracellular sterol stores [10].

In pulmonary alveolar macrophages, the biological
effects of the GM-CSF-PU.1-PPARy-ABCG]1 signal-
ing axis is important with respect to the handling of
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cholesterol following surfactant degradation and clearance.
GM-CSF has been shown to constitutively regulate the rate
of cholesterol efflux and reverse transport within alveolar
macrophages. Disruption of GM-CSF signaling results in
impaired cholesterol export that is unsuccessfully amelio-
rated by alternative compensatory pathways including that
of liver X receptor a (LXR- a), a key modulator of lipid
and cholesterol homeostasis via target protein ATP binding
cassette subfamily A member 1 (ABCA1) [11]. The excess
sterol is esterified and stored in lipid droplets, producing
“foamy macrophages” that progressively become engorged
with insoluble material. Thus, the primary pathogenic
insult of PAP is pathologic accumulation of cholesterol
within pulmonary alveolar macrophages which secondarily
impedes surfactant clearance and begets a dysfunctional
surfactant layer with an elevated cholesterol:phospholipid
ratio [12, 13].

In autoimmune PAP, disturbance of GM-CSF signaling
is due to generation of polyclonal immunoglobulin G
autoantibodies [12, 14]. These high affinity neutralizing
autoantibodies quell GM-CSF bioactivity via binding to
multiple exclusive target epitopes distributed throughout
the molecule [15]. One study conducted GM-CSF epitope
mapping of autoantibodies collected from the sera of 107
patients with autoimmune PAP [16]. Results showed that
although target epitopes varied, amino acids residues 78
to 94 were consistently recognized — a segment noted to
be part of an important functional domain of GM-CSF.
Provoking agents for the unconstrained generation of
GM-CSF autoantibodies have not been clearly identified.
Inhalation of tobacco smoke or toxic substances (e.g., silica,
titanium dioxide) has an association with autoimmune PAP,
but the data is not robust [17]. Interestingly, low levels of
GM-CSF autoantibodies have been detected in healthy
subjects [18]. This finding has been ascribed to an innate
supervisory mechanism which regulates cellular immunity
and myeloid activity. Only when autoantibody production
is deranged beyond a critical concentration threshold
does the symptomatology of PAP manifest. Moreover, it
is clear that the central pathogenic mechanism extends
beyond a concentration-dependent autoantibody mediated
targeting of GM-CSF molecules as serum autoantibody
levels do not correlate with disease severity [19]. Lastly,
interference of GM-CSF signaling in autoimmune PAP
necessarily impairs the antimicrobial capacity of alveolar
macrophages and compromises a spectrum of lymphocyte
and neutrophil mediated defensive functions against
intracellular pathogens, such as antigen presentation, cellular
adhesion, and phagocytosis [20-23]. In combination with a
thickened, defective surfactant layer secondary to an elevated
cholesterol:phospholipid ratio, autoimmune PAP diminishes
the integrity of respiratory function and oxygen delivery as
well as confers an elevated risk of opportunistic infections.
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Clinical Presentation

The median age of diagnosis of autoimmune PAP is in the forties
to fifties and there is a slight predilection for the male sex as well
as an elevated risk in tobacco smokers [1]. Patients demonstrate
a significantly variable natural history with a clinical presentation
ranging from indolent to critically emergent. Studies indicate that
up to one-third of patients may be asymptomatic at the time of
diagnosis, while the remaining individuals will generally report
exertional dyspnea followed by non-productive cough [6, 24,
25]. A productive cough or constitutional symptoms of fever or
weight loss are less common and often associated with infec-
tion by an underlying opportunistic agent (e.g., Mycobacterium
tuberculosis, Nocardia, Aspergillus, Cryptococcus) [26, 27]. A
detailed history of environmental and toxic exposures as well
as a family history of malignancy should be obtained. Physical
examination is often normal but there can be evidence of cya-
nosis or fine end-expiratory crackles. The latter finding may be
particularly evident in cases of autoimmune PAP and pulmonary
fibrosis, which may occur in up to 9% of patients and is theorized
to be an end-stage evolution of ineffective GM-CSF signaling
[28]. Interestingly, a study of GM-CSF knockout murine models
also demonstrated evidence of hepatic micro- and macrovesicu-
lar steatosis and fibrosis, attributed to a maladaptive hepatopul-
monary axis in the setting of deranged lipid homeostasis [29].
Another study of GM-CSF ~~ mice with observable features of
PAP has also exhibited distinct complex fertility defects [30]. The
potential for and incidence of these findings in human subjects
with autoimmune PAP has not yet been reported.

Diagnostic Evaluation

Radiographic imaging of the chest will most often demon-
strate bilateral alveolar infiltrates in a perihilar and basilar
distribution; however, atypical cases including asymmetric

Fig. 1 High resolution com-
puted tomography of the chest
in axial (A) in coronal (B) view
demonstrating bilateral diffuse
ground-glass-airspace opacities
with interlobular and intralobu-
lar septal thickening, termed a
"crazy paving" pattern

alveolar filling or multiple foci of fibrosis may be seen.
High-resolution computed tomography can demonstrate var-
iable intralobular lines and interlobular thickening against
a background of diffuse ground-glass opacities, forming a
polygonal pattern that has been termed “crazy paving” due
to its resemblance with irregularly shaped paving stones
(Fig. 1) [31]. However, the crazy paving pattern is not spe-
cific to PAP and has been described in numerous acute, sub-
acute, and chronic disease processes. Pulmonary function
testing is largely nondiagnostic but will most often show a
decreased diffusing capacity for carbon monoxide (DLCO)
with or without a restrictive ventilatory defect [32].

A patient with a clinical presentation and radiographic
findings compatible with PAP should be evaluated for auto-
immune PAP using serum GM-CSF autoantibody testing
(Fig. 2). Quantification of serum GM-CSF autoantibodies by
enzyme-linked immunosorbent assay is a validated diagnos-
tic tool and, when above a pre-specified threshold value, is
near 100% specific and sensitive for autoimmune PAP with
immediate distinction from hereditary, secondary, and con-
genital etiologies [4, 33, 34ee_35]. Recently, an enzyme-linked
immunosorbent assay developed for quantification of GM-CSF
autoantibodies from a dried blood spot card using fingertip
capillary sampling demonstrated similar reliability [36]. In
instances of autoantibody concentrations near the threshold
value, assessment of diminished or absent GM-CSF signaling
via STATS phosphorylation or cell-surface CD11b stimulation
index tests may be employed [37, 38]. Conditions in which
intermediate levels of neutralizing GM-CSF autoantibodies
have been detected, including isolated infection by Cryptococ-
cus or Nocardia without clinically apparent autoimmune PAP;
synthesizing the clinical presentation, radiologic findings, and
signaling analyses can likely resolve these cases [39, 40]. A
host of additional serum biomarkers for diagnosis and prog-
nostication of autoimmune PAP are under active investigation,
but their clinical utility has not yet been realized [41].
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Clinical presentation and radiographic findings consistent with PAP
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Fig.2 Diagnostic algorithm for pulmonary alveolar proteinosis. A
serum GM-CSF (granulocyte/macrophage colony—stimulating factor)
autoantibody test is one of the principal tests to perform as it is highly
sensitive and specific for diagnosis of autoimmune pulmonary alve-
olar proteinosis. In the event of a negative result, a combination of
clinical history, additional serum testing, and mutational analysis will
confirm alternate etiologies. Definition of abbreviations: BAL =bron-
choalveolar lavage; GM-CSF = granulocyte—macrophage colony-stim-
ulating factor; PAP=pulmonary alveolar proteinosis. Adapted with
permission of the American Thoracic Society. Copyright © 2024

Patients with autoimmune PAP may often undergo flexible
bronchoscopy with bronchoalveolar lavage. With the avail-
ability of GM-CSF autoantibody testing the need for bronchos-
copy may not be necessary, however when bronchoalveolar
lavage is performed the fluid return will appear opaque and
milky. There will be lymphocyte-predominant cellularity and
cytology exhibits foamy alveolar macrophages with periodic
acid-Schiff-positive, diastase-resistant extracellular mate-
rial. Stains and cultures for opportunistic infections should
be obtained. Biopsy specimens are not often diagnostically
necessary but would reveal periodic acid-Schiff-positive
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lipoproteinaceous material with surrounding foamy-appearing
alveolar macrophages. Immunohistochemical staining can be
positive for surfactant protein A.

Treatment and Outcomes

There are currently no curative therapies for autoimmune
PAP. Standard of care is whole lung lavage; however, emerg-
ing pathogenesis-based therapies targeting the dysfunctional
GM-CSF signaling axis are under active investigation.
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Whole Lung Lavage

Whole lung lavage is a therapeutic intervention utilized
in all etiologies of PAP to facilitate removal of accumu-
lated pulmonary lipoproteinacious material [4, 5e, 12].
Common indications include activity-limiting dyspnea, a
decline in lung function (i.e., DLCO, forced vital capac-
ity), or observable radiologic progression [42]. Whole
lung lavage is a procedure performed under general anes-
thesia in which a double lumen endotracheal tube is placed
in a patient to ventilate the nontreated lung with 100%
oxygen while the contralateral lung is lavaged with normal
saline warmed to 37 °C. Although there is a wide degree
of operator-dependent variability for the parameters of the
procedure, the infusion—recovery cycle typically involves
incremental instillation of 200-500 mL aliquots of saline
after which chest percussion is performed to emulsify the
sediment and the fluid is drained to gravity under a closed
system. A total of 15-20 L of normal saline is generally
administered of until the fluid return is clear. The ini-
tial effluent will be thick and milky with an observable
sediment layer while terminal fluid returns clear with a
reduced optical density. Remaining fluid may be aspirated
with a flexible bronchoscope. Continuous intraoperative
and post-operative monitoring of oxygenation status and
lung function is recommended. The untreated, venti-
lated lung will typically be lavaged in a separate session.
Patients may receive 2-3 treatments in a 5-year period.
Many modifications to the procedure have been reported,
including single session sequential bilateral lavage, lower
infusion volume of 7 L saline, rapid infusion system as
opposed to gravity drainage, concomitant veno-venous
extracorporeal membrane oxygenation, manual or high-
frequency percussive ventilation, and use of automated
lung parenchymal pattern analysis of imaging data to
quantify therapeutic response [43—49]. Complications are
uncommon and include pneumothorax, pleural effusions,
acute respiratory distress syndrome, saline spillover into
the ventilated lung, and dilutional acidosis.

Although whole lung lavage has not been validated in
randomized prospective trials, retrospective studies have
emphasized therapeutic benefit. An early study evaluating
treatment response to whole lung lavage reported treat-
ment response in greater than 80% of patients with PAP for
a median duration of 15 months [26]. Paired data indicated
a significant primary improvement in partial pressure of
oxygen (PaO2) with secondary benefit to Alveolar-arterial
oxygen gradient (A-aDO,), forced expiratory volume in
1 s, and vital capacity. Similar post-treatment trends in
lung function data as well as improvement of symptoms,
functional status and radiographic findings have been
observed in a meta-analysis of 12 studies involving 206
patients with PAP and other contemporary investigations

[50-53]. A recent retrospective analysis of 276 patients
with PAP included 20 patients (14 with primary and 6
with secondary etiology, respectively) who underwent
whole lung lavage. Two multivariate models demonstrated
significant survival benefit in individuals who received
whole lung lavage within 3 months of diagnosis (hazard
ratio 0.12 [0.02—0.88] and 0.11 [0.02—0.85] for models
1 and 2, respectively) [53]. This is consistent with a review
of literature asserting superior 5-year survival in patients
who receive whole lung lavage compared to those who
do not (94 +2% vs. 85+5%, p=0.04) [26]. A finding of
hemoptysis prior to whole lung lavage has been associated
with treatment failure [52].

GM-CSF Augmentation

In 1996, subcutaneous recombinant GM-CSF therapy was
administered to one individual with PAP who had exhibited
only brief periods of clinical benefit to whole lung lavage
therapy, with results demonstrating enhanced functional
capacity and A-aDO,.[54] These findings stimulated inter-
est in augmentation of the dysfunctional signaling axis in
primary PAP using recombinant GM-CSF therapy (Table 1).
Early studies of subcutaneous recombinant GM-CSF in
patients with PAP demonstrated a response rate of 43-75%
[55-57]. Primary endpoints generally included a narrowed
A-aDO,; improved symptom scores, PaO2, spirometric
data, DLCO, and radiographic findings were also variably
observed [55-59]. A subset of patients demonstrated ces-
sation of supplemental oxygen requirements and reduced
frequency of whole lung lavage therapy. Treatment response
varied but lasted up to 3 years. Notably, clinical improve-
ment was often not observed until 6 to 12 weeks of subcu-
taneous recombinant GM-CSF administration, which may
reflect the time for therapeutic levels to overcome neutral-
izing autoantibodies as well as for successful terminal differ-
entiation of progenitor cells. Treatment-related eosinophilia
was predictive of therapy response, but this was not consist-
ent across studies, which may be due to heterogenous hemat-
opoietic stimulation from exogenous GM-CSF [56]. Adverse
events most often included local erythema or injection-site
edema, headache, and dyspnea. Neutropenia and asympto-
matic splenomegaly were rarely reported.

Following positive results of an initial case in 2004, the use
of aerosolized recombinant GM-CSF therapy subsequently
became an attractive treatment modality for PAP [60]. Stud-
ies of nebulized sargramostim and molgramostim have ranged
from retrospective observational investigations to larger ran-
domized controlled clinical trials [61-70, 71ee, 72]. A 2010
large multicenter, self-controlled, phase II trial investigated
outcomes of a pre-specified regimen (high-dose followed by
maintenance low-dose therapy) of aerosolized GM-CSF in
39 patients with autoimmune PAP, of whom 35 successfully
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completed treatment [63]. There was a 62% response rate with

compared the therapeutic efficacy of subcutaneous and
inhaled GM-CSF [74]. Results indicated that, compared
to subcutaneous GM-CSF, inhaled therapy was associated
with a significantly higher pooled response rate (89% vs.
71%; p=0.023) including greater improvement in PaO2
(21.02 mmHg vs. 8.28; p<0.01) and reduction in A-aDO,
(19.63 mmHg vs. 9.15 mmHg; p <0.01). Pooled disease
recurrence rate was not significantly different between
treatment modalities (19% vs. 24%; p=0.262). Subse-
quently, a 2020 phase I/II single-site open label study
reported results of 6 months of subcutaneous GM-CSF
therapy in 20 patients [75]. Treatment response was 85%
(17 of 20 patients) and 83% (14 of 17 patients) at 6-month
and 12-month follow-ups, respectively. There was sig-
nificant post-treatment improvement in PaO2, A-aDO,,
forced vital capacity, DLCO, radiographic findings, and
6MWD at 6-month follow-up; compared to pre-treatment
baselines, all parameters remained significantly improved
at 12-month follow-up except A-aDO, and forced vital
capacity. A subsequent 2023 systematic review and

2020 Phase II, multi-site, double-blind RCT

2024 Phase I, singe-site, open-label

2020 Phase II, multi-site, open label
2022 Retrospective, observational

Year Trial Design

- i = Q
o -3 = e C . : .
RS E En g, (:Q; 2 ; ;O significant improvement in the primary endpoint of A-aDO,. A
B S g2 .
& A § R ;D S g 30-month follow-up of these 35 patients demonstrated that 23
'§ 8 g L: é z g -°§ s (66%) had no symptomatic recurrence while remaining indi-
B T2 5B & é & oo viduals received additional inhaled treatments [73]. Notably,
5 <3 8 = E g s Yy
£ S s 2 2 :] g EE a low baseline vital capacity was significantly associated with
BTy 7y _ s o (5} . .
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Response rates and findings are reported as detailed; authors defer differentiation of intention-to-treat and per-protocol analysis to individual studies

6-min walk distance, MGM molgramostim, SGM sargramostim, D day, MO month, WK week

Table 1 (continued)
Tian et al. [70]
Trapnell et al. [71ee]
Livingstone et al. [72]
Campo et al. [77]

Study
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meta-analysis examined 6 existing studies of 288 partici-
pants who received nebulized recombinant human GM-
CSF [76]. Pooled results comparing treatment and control
groups revealed improvements in symptom (St. George's
Respiratory Questionnaire) scores (mean difference 8.09;
p<0.01), A-aDO, (mean reduction 4.36 mmHg; p <0.01),
and DLCO (mean increase 5.09% of predicted; p<0.01).
There was no significant change in 6 MWD (mean increase
21.72 m; p=0.08). No significant adverse events were
reported in studies of inhaled GM-CSF. Recently, a 2024
randomized single-site phase II study investigated clini-
cal outcomes of inhaled sargramostim in 18 patients with
moderate-to-severe autoimmune PAP [77]. All patients
received a baseline whole lung lavage during enrollment
into the study. Patients were randomized in a 1:1 ratio
to receive inhaled sargramostim (3 months of high-dose
therapy followed by 6 months of low-dose therapy) or no
scheduled therapy (control group). The primary endpoint
of time until the first rescue whole lung lavage was signif-
icantly longer in the treatment group (30 vs. 18 months;
p<0.01), with an associated sevenfold increase in relative
risk for requiring rescue whole lung lavage in the control
group. Secondary endpoints of PaO2, A-aDO,, DLCO,
and serum biomarkers were also significantly improved
in the treatment group. This study suggests that inhaled
GM-CSF therapy may be more effective after a whole
lung lavage. Currently, the phase 3 IMPALA-2 trial, a
double-blinded, randomized, international study inves-
tigating daily inhaled molgramostim 300mcg versus pla-
cebo, just completed enrollment with anticipated results
later this year [NCT02702180].

Summarily, GM-CSF augmentation with recombinant
human GM-CSF therapy is a well-tolerated treatment and
appears to be effective for patients with autoimmune PAP.
A combination of whole lung lavage to deplete the accu-
mulated surfactant burden with inhaled GM-CSF therapy
to restore alveolar macrophage bioactivity may also be
a promising treatment regimen. Optimal dosing has not
yet been elucidated and is likely variably dependent on
patients’ individual accumulated surfactant and autoan-
tibody levels.

Lipid Homeostasis

Following recognition of the dysfunctional GM-
CSF-PU.1-PPARYy-ABCG]1 signaling axis which results
in defective alveolar macrophage cholesterol export, the
alveolar lipidome became an increasingly attractive thera-
peutic target (Table 2) [78]. In fact, PAP may be associated
with systemically dysregulated lipid homeostasis. When
compared to 130 healthy adults, an analysis of fasting blood
samples in 122 patients with PAP (116 with autoimmune
etiology) revealed significantly higher levels of triglycerides,
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total cholesterol:high-density lipoprotein cholesterol ratio,
triglyceride:high-density lipoprotein cholesterol ratio, and
non-high-density lipoprotein cholesterol as well as lower
levels of high-density lipoprotein cholesterol [79]. Total
cholesterol:high-density lipoprotein cholesterol ratio and
non-high-density lipoprotein cholesterol were also inde-
pendent risk factors for severity of PAP. One study per-
formed a quantitative lipidomic analysis of lipids and sur-
factant proteins in bronchoalveolar lavage samples from 34
patients with PAP (14 with autoimmune PAP) [80]. Results
showed that, compared to healthy control subjects, the total
lipid concentration of the alveolar fluid was increased up
to 59-fold, suggesting that this expanded lipid pool could
impede gas exchange. Furthermore, the concentration of free
cholesterol was increased by 60-fold and cholesteryl esters
by 24-fold. Concentration of ceramide and other sphingolip-
ids was increased by more than 130-fold; these species have
been associated with a proapoptotic microenvironment.
Importantly, the free cholesterol:phospholipid ratio was
elevated by twofold compared to healthy control subjects,
which may be more pathogenically relevant than absolute
elevations of concentration of lipid constituents within the
alveolar surfactant system. These findings did not signifi-
cantly differ by the mechanistically distinct etiologies of
PAP and offered insight into targetable pathways for PAP.

The rise in the free cholesterol content of the alveolar
macrophage lipid profile encouraged the clinical potential
of statin therapy. A 2018 case study presented a patient
with severe autoimmune PAP who demonstrated only
transient improvement following multiple whole lung lav-
age treatments [13]. After 6 months of oral statin therapy,
the patient exhibited remarkable improvement of dyspnea,
oxygen requirements, radiographic disease severity, forced
vital capacity, and DLCO. A similar response was seen in a
second patient after 1 year of statin therapy. In a follow-up
analysis, foamy alveolar macrophages derived from a patient
with PAP were exposed to statin therapy ex vivo for 24 h.
Lipid analysis revealed a 40% reduction in cholesterol con-
tent compared to control cells. Interestingly, mRNA tran-
script levels for ABCG1 and ABCAL transporter proteins
were elevated, revealing the mechanistic driver of clinical
response to statin therapy. Positive treatment response to
statin therapy was similarly seen in case studies of patients
with PAP with or without dyslipidemia [81, 82]. Prospective
observational studies of 40 and 50 patients with PAP treated
with atorvastatin demonstrated at least a 65% response rate
with improved PaO2 and DLCO as well as radiographic
findings via quantitative analysis of high-resolution com-
puted tomography scans [83, 84]. A higher baseline total
cholesterol:high-density lipoprotein cholesterol ratio was
associated with treatment response.

Because PAP is associated with abnormal alveolar
macrophage expression of PPARy and ABCG1 as well
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Table 2 Selected Studies of Lipid-Targeting and Immunomodulatory Therapies in the Literature

Study Year

Trial Design N

Drug

Findings

Lipid homeostasis
McCarthy et al. [13] 2018

Shi et al. [81] 2021

Takano et al. [82] 2022

Shi et al. [83] 2022

Shi et al. [84] 2022

Dupin et al. [86] 2020

Vis et al. [87] 2020

Lee et al. [88] 2024

Immunomodulation
Akasaka et al. [91] 2015

Borie et al. [95] 2009

Amital et al. [96] 2010

Kavuru et al. [98] 2011

Malur et al. [99] 2012

Soyez et al. [100] 2018

Case study 2

Case study 1

Case study 1

Prospective, 40
observational

Prospective, 50
observational

Case study 1

Case study 1

Retrospective, 8
observational

Retrospective, 31
observational

Case study 1

Case study 1

Phase II, single-site, open label 10

Phase 11, single-site, open label 10

Retrospective, 13
observational

Rosuvastatin

Atorvastatin

Rosuvastatin

Atorvastatin

Atorvastatin

Pioglitazone

Pioglitazone

Varied

Prednisolone

Rituximab

Rituximab

Rituximab

Rituximab

Rituximab

Improved symptoms, oxygen requirements, spirometric data,
DLCO, and radiographic findings after 6 mo in patient 1;
improved symptoms, DLCO, and radiographic findings
after 12 mo in patient 2

Improved symptoms, spirometric data, and radiographic
findings after 18 mo in patient without hypercholester-
olemia and unclassified PAP with poor response to prior
WLL and inhaled GM-CSF treatments

Stable symptoms and radiographic findings without need for
lung lavage therapy after 10 mo in patient with autoim-
mune PAP and dyslipidemia

65% response in patients without hypercholesterolemia after
12 mo; 4 patients with complete response and 22 with
partial response, including improved PaO2, DLCO, radio-
graphic findings; no change to A-aDO2

Improved radiographic findings via quantitative analysis of
HRCT scans after 12 mo; decreased total lung opacifica-
tion was correlated with improved PaO2 and DLCO, but
not spirometric data

Modestly improved dyspnea, PaO2, spirometric data, DLCO,
and radiographic findings after 12 mo of therapy (30 mg/d)
with prior failed responses to WLL, inhaled/subcutaneous
GM-CSF, and rituximab

Clinical stability without improvement or deterioration
in patient with autoimmune PAP after 9 mo of therapy
(30 mg/d) with prior failed responses to WLL) and pro-
gressive fibrosis

Improved AM lipid content in patient 1 after 10 mo of
inhaled GM-CSF and patient 3 after statin, pioglitazone,
and inhaled GM-CSF for at least 12 mo (prior subcutane-
ous GM-CSF, rituximab, plasmapheresis)

Overall cumulative worsening rate of 80.8% during steroid
therapy; significantly higher worsening rate with elevated
prednisolone dosages; increased risk of infection following
steroid treatment

Treatment (1000 mg IV on d 1 and 15) resulted in improved
dyspnea, A-aDO,, spirometric data, DLCO, radiographic
findings, and 6MWD after 12 mo; reduced serum anti-GM-
CSF IgG and neutralizing activity

Patient with only partial remission with WLL and subcuta-
neous GM-CSF demonstrated improved PaO2, DLCO, and
6MWD after treatment (375 mg/m? every wk for 1 mo)

78% response; improved PaO2, A-aDO,, spirometric data,
and radiographic findings; reduced levels of BAL GM-CSF
IgG autoantibodies, which correlated with disease severity;
no change to autoantibodies in sera

Follow-up analysis of BAL from above study showed rituxi-
mab increased expression of mRNA levels for PPARY,
ABCG]1, and LPLA? proteins; oil-red-o intensity of AM
was reduced post-treatment

30% response with improved A-aDO, after 12 mo but
otherwise no clinical improvement; patients without prior
specific therapy or higher levels of GM-CSF autoantibod-
ies were more likely to demonstrate response
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Table 2 (continued)

Findings

Study Year Trial Design N Drug
Bird et al. [97] 2022 Case study 1
Kavuru et al. [101] 2003 Case study 1
Luisetti et al. [102] 2009 Case study 1
Garber et al. [103] 2015 Case study 1
Keske et al. [104] 2022 Case study 1

Rituximab

Treatment (1000 mg IV on d 1 and 15) resulted in improved
Pa02, A-aDO,, spirometric data, radiographic findings,
and 6MWD after 6 mo in patient with failed response to
multiple prior WLL

Plasmapheresis Treatment (10 sessions of 1.5 L plasma volume exchanges

over 2 mo) resulted in improved symptoms, PaO2, and
radiographic findings in patient with failed response to
WLL and subcutaneous GM-CSF

Plasmapheresis Treatment (10 sessions of 1.5 L plasma volume exchanges

over 2 mo) lowered autoantibody titer but did not reflect
clinical improvement in a patient with multiple prior WLL

Plasmapheresis Treatment (5 sessions of 1.5 L plasma volume exchanges

over 5 consecutive d — rituximab) lowered autoantibody
titer accompanied by improved symptoms and DLCO

Plasmapheresis Treatment (5 sessions in 6 d— 5 sessions in 9 d — rituximab)

failed to produce clinical benefit in a patient with failed
response to prior WLL and inhaled GM-CSF

Response rates and findings are reported as detailed; authors defer differentiation of intention-to-treat and per-protocol analysis to individual

studies

Definition of abbreviations: A-aDO, Alveolar-arterial oxygen gradient, ABCG1 ATP binding cassette subfamily G member 1, AM alveolar mac-
rophage, BAL bronchoalveolar lavage, DLCO diffusing capacity for carbon monoxide, GM-CSF granulocyte—-macrophage colony-stimulating
factor, HRCT high-resolution computed tomography, /gG immunoglobulin G, LPLA2 lysosomal phospholipase A2, PaO2 partial pressure of
oxygen in the arterial blood, PAP pulmonary alveolar proteinosis, PPARy peroxisome proliferator-activated receptor gamma, WLL whole lung

lavage, 6BMWD 6-min walk distance, D day, MO month, WK week

as LXR- o and ABCA1, pharmacologic correction of this
pathway was investigated in murine models [85]. Molecu-
lar targeting of PPARYy with pioglitazone, an oral agonist,
resulted in elevated mRNA transcript levels for ABCG1 and
ABCAL transporter proteins in alveolar macrophages as well
as reduced cholesterol levels and lavage turbidity in PAP-
afflicted mice. Administration of LXRa agonist T0901317,
although not currently approved for human use, exhibited
similar positive findings. A 2020 case study of a patient
with autoimmune PAP with disease progression after mul-
tiple whole lung lavage treatments, inhaled GM-CSF, rituxi-
mab, and subcutaneous GM-CSF exhibited modest clinical
improvement (i.e., symptoms, radiographic disease sever-
ity) following 12 months of oral pioglitazone therapy [86].
An assay measuring reactive oxygen species production of
neutrophils and monocytes showed levels were comparable
to a healthy control and significantly different from treat-
ment-naive patients with PAP. Another study of a patient
with autoimmune PAP treated with pioglitazone showed a
significant decrease in mean alveolar macrophage size as
well as a nonsignificant trend towards reduced periodic acid-
Schiff-positive stained material [87]. Recently, a 2024 study
analyzed the lipidomic profile of 8 patients with autoim-
mune PAP compared to 11 healthy controls [88]. There was
remarkable heterogeneity in the lipid profile of patients with
PAP. Overall, the total alveolar macrophage lipid burden
was increased in patients with PAP when compared to the
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control group. Furthermore, in patients with PAP, elevated
lipid content was significantly associated with pulmonary
fibrosis. Importantly, in a subset of patients with PAP who
demonstrated clinical improvement following treatment
with a range of therapies, including GM-CSF augmenta-
tion, statins, pioglitazone, rituximab, and plasmapheresis,
repeat profiling of the alveolar macrophages showed reduced
total lipid content and overall levels of major lipid classes.

The findings from these studies indicate lipid-targeted
therapies may serve as an adjunct treatment in patients
with PAP. Routine profiling of macrophage-associated
lipids can assist in measuring treatment response. Future
therapies may include aerosolized pioglitazone, LXRa
agonism, and inhibition of proprotein convertase subtili-
sin/kexin type 9 (PCSK9) [89, 90].

Immunomodulation

The production of GM-CSF autoantibodies in autoimmune
PAP naturally motivates interest in immunomodulatory
therapies (Table 2). Corticosteroid therapy has largely
failed to produce clinical benefit in patients with PAP, with
administration associated with worsening of disease sever-
ity as well as an elevated risk of opportunistic infection
[91-93]. Stimulators of B-lymphocyte and immunoglobulin
G production (i.e., B-cell activating factor, A proliferation-
inducing ligand) are elevated in patients with autoimmune
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PAP and negatively associated with various laboratory
parameters, suggesting a role for B-lymphocyte deple-
tion therapy [94]. Case studies of anti-CD20 rituximab in
patients with autoimmune PAP indicated clinical benefit
with or without prior whole lung lavage therapy [95-97].
A 2011 phase II, single-site, open label study adminis-
tered intravenous rituximab to 10 patients with PAP [98].
Pa02, A-aDO,, spirometric data, and radiographic find-
ings improved in 7 of 9 patients who completed the study.
Peripheral blood CD19 + B-lymphocytes were reduced for
at least 3 months. Total levels of GM-CSF IgG autoantibod-
ies were reduced in bronchoalveolar lavage fluid, correlat-
ing with disease severity, but not in sera after 6 months.
Follow-up analysis also showed that rituximab increased
mRNA expression for PPARy and ABCG1 proteins as well
as mRNA expression for lysosomal phospholipase A2, an
enzyme involved in surfactant degradation [99]. However,
a subsequent retrospective study of 13 patients treated with
rituximab failed to show a significant or sustained clini-
cal response to therapy [100]. Plasmapheresis has been
employed in refractory cases of PAP to effectively remove
the disease-causing autoantibody [101-104]. However, a
sustained clinical response has only variably been achieved
even with consistently reduced anti-GM-CSF antibody
titers. Although not yet reported in cases of autoimmune
PAP, intravenous immunoglobulin is a biological agent that
may be of future interest for treatment.

Lung Transplantation

Lung transplantation for end-stage autoimmune PAP has
only rarely been described [105, 106]. While there can be
significant laboratory, radiographic, and clinical improve-
ment after the procedure, the risk for recurrence remains and
the patient should receive long-term follow-up at a special-
ized care center.

Conclusion

Autoimmune PAP is a disease of disordered surfactant
clearance mediated by polyclonal anti-GM-CSF antibod-
ies, the measurement of which remains the cornerstone of
diagnosis. Understanding of its pathogenesis has advanced
to emphasize dysregulated cholesterol efflux as a princi-
pal mechanistic driver of this disease. Whole lung lavage
therapy remains the primary treatment modality, although
prospective trials and standardization of the procedure are
needed. Augmentation with recombinant human GM-CSF
therapy likely improves clinical outcomes, particularly as
a continuous inhaled administration. Lipid-targeting agents
are emerging as noteworthy adjunct therapies. Investigations
of emerging therapies are actively ongoing.

Abbreviations ABCA1: ATP binding cassette subfamily A member
1; ABCG1: ATP binding cassette subfamily G member 1; A-aDO,:
Alveolar-arterial oxygen gradient; DLCO: Diffusing capacity for carbon
monoxide; GM-CSF: Granulocyte—-macrophage colony-stimulating
factor; PaO2: Partial pressure of oxygen in the arterial blood; PAP:
Pulmonary alveolar proteinosis; PPAR-y: Peroxisome proliferator-
activated receptor gamma; PU.1: Purine-rich box1; 6MWD: 6-Minute
walk distance
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