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Pulmonary alveolar proteinosis (PAP) is a life-
threatening, rare lung syndrome for which there is
no cure and no approved therapies. PAP is a disease
of lipid accumulation characterized by alveolar
macrophage foam cell formation. While much is
known about the clinical presentation, there is a
paucity of information regarding temporal changes in
lipids throughout the course of disease. Our objec-
tives were to define the detailed lipid composition of
alveolar macrophages in PAP patients at the time of
diagnosis and during treatment. We performed
comprehensive mass spectrometry to profile the lipid
signature of alveolar macrophages obtained from
three independent mouse models of PAP and from
PAP and non-PAP patients. Additionally, we quanti-
fied changes in macrophage-associated lipids during
clinical treatment of PAP patients. We found
remarkable variations in lipid composition in PAP
patients, which were consistent with data from three
independent mouse models. Detailed lipidomic anal-
ysis revealed that the overall alveolar macrophage
lipid burden inversely correlated with clinical
improvement and response to therapy in PAP pa-
tients. Specifically, as PAP patients experienced
clinical improvement, there was a notable decrease in
the total lipid content of alveolar macrophages. This
crucial observation suggests that the levels of these
macrophage-associated lipids can be utilized to assess
the efficacy of treatment.Hl These findings provide
valuable insights into the dysregulated lipid meta-
bolism associated with PAP, offering the potential

for lipid profiling to serve as a means of monitoring
therapeutic interventions in PAP patients.

Supplementary key words Cholesterol « foam cells « lipidomics «
lipids « phospholipids « pulmonary surfactant « pulmonary alveolar
proteinosis « alveolar macrophages

Pulmonary alveolar proteinosis (PAP) is a rare lung
disorder with no cure or approved therapies (1). PAP is
primarily a disease of surfactant and lipid accumula-
tion within alveolar macrophages that arises due to
various biochemical defects. It is categorized into pri-
mary, secondary, and congenital etiologies (2). The most
common form of disease is primary PAP that occurs
either from high levels of neutralizing antibodies to
granulocyte macrophage colony stimulating factor
(GM-CSF) or from hereditary mutations in the GM-CSF
receptor (3, 4). Congenital PAP is the rarest disease type
caused by mutations in genes that are essential for
surfactant production (2). Secondary PAP is associated
with underlying diseases that secondarily affect alve-
olar macrophages (1). Approximately 90% of patients
have primary autoimmune PAP (aPAP), characterized
by the presence of autoantibodies against GM-CSF,
leading to the disruption of GM-CSF signaling in alve-
olar macrophages (1). GM-CSF is a key pulmonary
hormone that mediates alveolar —macrophage
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maturation and self-renewal (5, 6). In the absence of
GM-CSF signaling, alveolar macrophages are impaired
in their ability to regenerate and mature and also
catabolize surfactant (6). Mice deficient in GM-CSF
(Csfz7) or its receptor (Csf2ra™’~ and  Csf2rb™/7)
develop PAP-like pulmonary histopathology and are
used as preclinical mouse models to study PAP (7-9).
Current treatment is limited and focused on managing
symptoms and treating disease complications. The
standard of care is whole lung lavage (WLL), which is
invasive, not widely available, and often only tran-
siently effective; however, some experimental therapies
including administration of inhaled GM-CSF have
shown recent promise (2, 10).

We and others have demonstrated that alveolar
macrophages isolated from either PAP patients or
Csf2”’~ and Csf2r~’~ mice have increased levels of
cholesterol in addition to changes in the levels of tri-
glycerides (TGs), free fatty acids (FFAs), and phospho-
lipid species compared to macrophages obtained from
healthy counterparts (11, 12). Alveolar macrophages
isolated from PAP patients or mouse models of PAP
have also been shown to have significantly lower
expression of ATP-binding cassette transporter family
member Gl (ABCGIl) and peroxisome proliferator-
activated receptor gamma, important mediators of
cholesterol and lipid efflux from macrophages (13-18).
We recently reported that treatment of a subset of PAP
patients with statins, a class of drugs commonly used to
treat hypercholesterolemia due to their ability to lower
plasma cholesterol levels, markedly reduced pulmonary
abnormalities and improved PAP disease (11). Further,
we demonstrated that statin treatment reduced alveolar
macrophage cholesterol content by increasing choles-
terol efflux (11). Taken together, these data are consis-
tent with the idea that alterations in lipid homeostasis,
and particularly cholesterol homeostasis, have a signitf-
icant role in the pathogenesis of PAP (11, 12).

Although the lipid composition of bronchoalveolar
lavage fluid (BALF) from patients with PAP was
recently described (19), the detailed lipidome of alveolar
macrophages, the main cell type that drives pathogen-
esis of PAP, remains unknown. We reasoned that un-
derstanding the lipid composition of these key effector
cells could provide new insights into the mechanisms
underlying PAP, contribute to a better understanding of
disease progression, and potentially identify novel
therapeutic targets. We also hypothesized that because
reducing macrophage cholesterol content is associated
with improved disease (11), changes in lipid composition
may correlate with a patient’s clinical course and disease
progression, an area that represents a significant unmet
need in the PAP patient community.

To address these knowledge gaps, we utilized unbi-
ased comprehensive mass spectrometry to profile and
quantify the lipidome of alveolar macrophages from
non-PAP and PAP patients. In addition, the lipid profile
of alveolar macrophages from PAP patients during
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their clinical course was also examined. We found
remarkable variations in lipid composition both among
individual PAP patients and compared to non-PAP
patients, consistent with data obtained from animal
models of PAP. We also observed that the overall lipid
burden in alveolar macrophages correlated with clin-
ical improvement and the response to therapy in PAP
patients. Specifically, as patients experienced clinical
improvement, there was a significant decrease in the
total lipid content of alveolar macrophages. These data
represent a significant advancement in our under-
standing of human PAP disease and shed light on the
role of macrophage-associated lipids in disease severity.
The correlation between lipid composition and disease
progression holds promise for developing biomarkers
that can aid in monitoring disease progression and
response to therapy.

MATERIALS AND METHODS

Patients and ethical approvals

All patients included in this study were male and female
adults who have underlying non-PAP (n = 11) pulmonary
disease or autoimmune PAP (n = 8) and are being treated at
the University of California, Los Angeles. Ages ranged from
26 to 72 years old. The institutional review board of the
University of California, Los Angeles, approved this study
(IRB#0003456). All human participants provided written
informed consent according to the Declaration of Helsinki.

Collection of human and mouse bronchoalveolar
fluid

Human bronchoalveolar (BAL) fluid was collected from
discarded material of non-PAP patients (n = 11) undergoing
bronchoscopy with diagnostic BAL or PAP patients (n = 8)
undergoing therapeutic WLL. Non-PAP patients had bron-
choscopies with BAL performed to evaluate for non-PAP
related issues, including infections and airway complications.
None of these patients went on to develop secondary PAP.
Mouse BAL fluid was collected from mice as previously
described (14).

Mice

AbegI™"~ (16, 20), Csf2rb~"~ (9), and RasgrpI~’~ (18), mice on a
C57BL6/] background were generated as previously
described. All animals were maintained on normal rodent diet
(5001; Ralston Purina Company) at UCLA on a 12 h/12 h light/
dark cycle with unlimited access to food and water. Animals
used in this study ranged from 6-8 weeks (Csf2r™"7) to
8-12 months of age (Abegl™’~ and Rasgrpl™/"). All animal ex-
periments were approved by the Office of Animal Research
Oversight and the Institutional Care and Use Committee at
the University of Los Angeles.

Isolation of alveolar macrophages

Alveolar macrophages were isolated from human or mouse
BAL by low-spin centrifugation to preserve cellular integrity
at 200 g for 5 min. Cells were washed and resuspended with
Ammonium-Chloride-Potassium lysing buffer to lyse red
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blood cells. Cells were counted and aliquoted at 2 x 10° or 5 x
10° cells in 200 pl of phosphate-buffered solution (PBS) before
being stored at —80°C. Macrophage purity was >95% as pre-
viously described (14, 17). For frozen samples, cells were frozen
immediately at —80°C and counted after being thawed and
prior to lipid extraction. The duration of the cells in the
freezer ranged from 0.1 to 8 years before analysis. Long-term
stability of the cells and lipids in human lavage fluid for these
lengths of time has been previously described (19).

Lipid extraction and lipidomic analysis

A modified Bligh and Dyer extraction was performed on
human alveolar macrophages (21, 22). For alveolar macro-
phages, 5 x 10° cells were resuspended in 200 ul of PBS. Prior
to the biphasic extraction, the 54 internal standard Lipidyzer
Mix (supplemental Table S1) was added to each sample to
quantify 13 different subclasses (AB Sciex, 5040156). In later
experiments (analyzed after 2021), a 74 standard mixture was
utilized to measure 17 lipid subclasses (Avanti 330820, 861809,
330726, 330729, 330727, 791642). Following two successive ex-
tractions, pooled organic layers were dried down in a Genevac
EZ-2 Elite. Lipid samples were resuspended in 1:1 methanol/
dichloromethane with 10 mM ammonium acetate and trans-
ferred to robovials (Thermo, 10,800,107) for analysis.

Samples were analyzed by direct infusion on a Sciex 5500
with differential mobility device (comparable to Sciex Lip-
idyzer Platform) with a targeted acquisition list consisting of
~1100 lipid species (supplemental Table S2). Later experiments
(analyzed after 2021) were analyzed using an expanded
acquisition list targeting 1450 lipid species. The differential
mobility device was tuned with SelexION tuning kit (Sciex,
5040141) or EquiSPLASH LIPIDOMIX (Avanti, 330731). Data
analysis was performed with in-house data analysis workflow.
Instrument settings, MRM lists, and analysis method are
available for original and expanded methods (23). Quantitative
values were normalized to cell counts. Fatty acids identified
represent species composition but not positional specificity.

Processing and analysis of samples for gas
chromatography/mass spectrometry

For alveolar macrophages, 2 x 10° cells were resuspended in
200 pl of PBS to perform acid methanolysis with methanol,
toluene, and hydrochloric acid (HCI). Standards were created
from a stock cholesterol standard (Avanti Polar Lipids,
700000P-100 mg) and diluted with hexane. Prior to adding the
acid methanolysis mix, a stigmastanol internal standard lipid
was added to each sample and standard. Once the mix was
added, the samples were incubated at 45°C for about 8-12 h.
Then, lipids were extracted by adding 1:1 0.4 M NaCl and
hexane, mixing, spinning, and transferring the top layer to
new tubes. This then underwent cholesterol derivatization via
sialylation reaction with pyridine (Sigma, 270,970-100 ml) and
N,O-Bis(trimethylsilyljtrifluoroacetamide ~ with  trimethyl-
chlorosilane (Supelco, 33,155-4) before being run on the gas
chromatography/mass spectrometry (GC-MS) machine to
measure total cholesterol. The instrument settings and tuning
settings are available upon request. The data were analyzed
on the MassHunter software with quantitative values being
normalized to cell counts.

Statistical analysis

Results are represented as mean + SEM. Statistical analysis
was performed using GraphPad Prism 8 software. We
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analyzed data for Gaussian distribution using the
Shapiro-Wilk normality test. Data that were determined to be
parametric were analyzed by unpaired two-tailed Student’s ¢
test to compare two independent groups or by paired two-
tailed Student’s ¢ test to compare two time points. Data
determined to be nonparametric were analyzed by Mann-
Whitney U-test for comparison of two groups. N and P
values are reported in the figure legends. P value <0.05 was
used to indicate statistical significance.

RESULTS

Extensive lipid heterogeneity in animal models of
PAP

PAP is primarily a disease of lipid and surfactant
accumulation, yet the detailed lipidome of alveolar
macrophages, the main cell type driving pathogenesis
of PAP, remains unknown. To gain a better under-
standing of the lipid composition in PAP, we first
sought to establish the detailed lipid profile in different
mouse models of PAP. Lipids were extracted from
whole lung tissue from wild type, Csf2rb™/~ (a model of
primary hereditary PAP), RasgrpI~’~ (a model of auto-
immune PAP), and Abcgl™’~ (a model of spontaneous
PAP) mice and analyzed by mass spectrometry. As ex-
pected, all PAP mice had increased total lipid content in
their lungs (Fig. 1A). Unbiased shotgun lipidomic
profiling revealed significant increases in phosphati-
dylcholine (PC) (Fig. 1B; teal; supplemental Fig. SIA) and
cholesterol ester (CE) (Fig. 1B; red; supplemental
Fig. SIE) in the lungs of mice with PAP, consistent
with previous reports by us and others (11, 12, 19). We
also noted significant increases in phosphatidyletha-
nolamine (PE) (Fig. 1B; orange) and sphingomyelin (SM)
(Fig. 1B; salmon), along with significant decreases in
TGs (Fig. 1B; yellow) and FFAs (Fig. 1B; green). We then
stratified mice with PAP by the pathogenesis of disease.
We observed striking differences in the lipid composi-
tion in the lungs of mice with PAP (Fig. 1C-E;
supplemental Fig. SIB-D, F-H). AbcgI™/~ mice, a model
of spontaneous PAP, had marked increases in both CE
and PC (Fig. 1C-E), accompanied by smaller increases in
PE (Fig. IC). In contrast, Csf2rb~’~ mice, a model of he-
reditary PAP, primarily had increased PC (Fig. 1C, D),
with modest increases in CE content (Fig. 1C, E), and
decreased PE content (Fig. 1C, F). RasgrpI™/~, a recently
described model of autoimmune PAP (18), demon-
strated an intermediate phenotype with large increases
in PC (Fig. 1G, D) and PE (Fig. 1C, F) and modestly
increased CE (Fig. 1C, E).

Analysis of the individual PC species demonstrated
that although the different models of PAP accrued PC
to varying degrees (Fig. 1G and supplemental Fig. SIC,
D), there were more similarities in the types of PC
species that accumulate. Interestingly, the composition
of PC species was remarkably similar among Csf2rb™"",
RasgrpI™’~, and wild-type animals (Fig. 1G; pie chart),
whereas Abcgl™/~ mice accumulated proportionally

Macrophage lipid burden correlates with PAP disease activity 3
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Fig. L.

In-depth lipidomic profiling reveals heterogeneity among animal models of PAP. A: Quantitative measurement of lipid class

profile in alveolar macrophages from wild-type mice and mice with PAP. B: Compositional lipid analysis of alveolar macrophages
from wild- type mice and mice with PAP. (C) Compositional lipid analy51s of alveolar macrophages from wild type, Abegl™~ Csj27b

and Rasg'r[)]
Rasgrpl

mice. D-F: Total PC (D), CE (E), and PE (F) content in alveolar rnacrophages from wild type, Abegl™’~ Csf2rb
mice. G-I: Composition analysis of PC (G), CE (H), and PE (I) species in alveolar macrophages from wild type, Abagl -

and

Csf2rb™"~, and RasgrpI™/~ mice. All samples are run in triplicate. Data are mean + SEM. Significance was determined at P < 0.05 by
Student’ s ¢ test (A), or Kruskal-Wallis test with Dunn’s correction (D-F). #*P < 0.001.

more PC16:0/16:0 and PC16:0/16:1 (Fig. 1G; pie chart).
There were striking differences in the amount of CE
accumulation between the different animal models of
PAP, with Abcgl™~ mice accumulating significantly
more CE than either Csf2rb™/~ or Rasgrpl™’~ animals
(Fig. 1H and supplemental Fig. S1G, H). There was
further discordance in the types of CE species accu-
mulating. The composition of CE species was similar
between Csf2rb~’~ and wild-type animals (Fig. 1H; pie
chart). In contrast to PC species, the CE composition of
RasgrpI™/~ animals was more similar to that of Abegl™~
animals (Fig. 1H; pie chart). Despite the marked differ-
ences in the amount of PE accumulating (Fig. 1F, I),
there were relatively minor differences in the compo-
sition of PE species among the different animal models
of PAP pathogenesis (Fig. 1I; pie chart). Together, these
data demonstrate that there are important differences
in lipid homeostasis and composition in different ani-
mal models of PAP.

Alveolar macrophages from PAP patients show
broad changes in lipid homeostasis

We next wanted to examine whether this heteroge-
neity in lipid composition existed in human patients
with PAP. In order to define the lipid signature in PAP
patients, we obtained alveolar macrophages from
bronchoscopy with BAL on non-PAP (Table 1) and
WLL on PAP patients (Table 2). Lipids were extracted
from isolated macrophages and analyzed by mass
spectrometry.

Consistent with our data from animal models of PAP
(Fig. 1), alveolar macrophages from PAP patients
demonstrated an overall increase in total lipid content
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compared to non-PAP patients (Fig. 2A). The predom-
inant lipid class recovered in both non-PAP and PAP
alveolar macrophages was PC (Fig. 2A, B; teal). Indi-
vidual lipid profiles of non-PAP patients displayed
broad heterogeneity in terms of lipid composition
(Fig. 2C and supplemental Fig. S2A), possibly due to
individual variability or the variety of pulmonary pa-
thologies present in these patients (Table 1). Impor-
tantly, none of these patients went on to develop
secondary or acquired PAP. In almost all of the non-
PAP patients, the major lipids recovered from macro-
phages were PC and PE (Fig. 2B, C; teal and orange,
respectively). These cells contained lower abundance of
other major lipid classes, which included FFA (green),
SM (salmon), TG (yellow), and CE (red) (Fig. 2B, C).
Overall, we observed a marked difference in the lipid
composition of the alveolar macrophages from PAP
patients compared to non-PAP patients (Fig. 2B and
supplemental Fig. S2A, B). In non-PAP alveolar mac-
rophages, PC and PE species represent 46% and 18%,
respectively, of the total lipid (Fig. 2B), whereas in PAP
alveolar macrophages, PC represents almost 75% of the
total lipid, and PE represents only 2% (Fig. 2B). We also
performed lipidomic profiling on the clear (cell-free)
BALF fluid (supplemental Fig. S2C). We observed that
the total lipid content was increased 2-fold in BALF
from PAP patients compared to non-PAP patients;
however, there was no significant change in lipid
composition.

In all PAP patient alveolar macrophage samples, the
predominant lipid species recovered was PC (Fig. 2B, D),
with levels increased 3-fold in PAP alveolar macro-
phages compared to non-PAP alveolar macrophages
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TABLE 2.

Characteristics of eight autoimmune PAP patients

Characteristics

PAP 1

PAP 2 PAP 3 PAP 4 PAP 5 PAP 6 PAP 7 PAP 8

Age (years old) 42 54 50 63 29 59 34 26
Sex Male Female Male Female Male Male Female Female
Race White Black Black Hispanic ~ White Asian Hispanic Black
BMI 18.5-24.9 >40 25-29.9 30-39.9  25-29.9 185-24.9 185-24.9 25-29.9
Imaging - presence of No No No No No Yes Yes Yes

pulmonary fibrosis
Treatment Inhaled Statin Rituximab, Statin None Statin Inhaled GM-CSF, None

(apart from WLL) GM-CSF plasmapheresis, statin, pioglitazone,

statin, pioglitazone Rituximab,
plasmapheresis

Smoking status Never Never Never Never Never Never Never Never
Comorbidities

Hyperlipidemia No Yes Yes Yes No Yes No No

Hypertension No Yes Yes Yes No Yes No Yes

Diabetes No No Yes Yes No Yes No No

(Fig. 2I), we performed further compositional analysis
(supplemental Fig. S3). There were striking changes in
diacylglycerol, lactosylceramide, LPC, PE, and SM
composition (supplemental Fig. S3). Together, these
data demonstrate significant changes in alveolar
macrophage lipid composition in addition to the well-
documented accumulation of surfactant PC in pa-
tients with PAP.

Lipid profile of alveolar macrophages correlates
with clinical improvement

PAP patients often display variable disease progres-
sion ranging from progressive deterioration to stable,
yet unremitting disease, to clinical improvement.

However, the reasons underlying these marked differ-
ences are not well understood. Further, there are no
validated or reliable biomarkers of a patient’s disease
progression or response to therapy. Because PAP is a
disease of lipid accumulation, we hypothesized that the
lipid profile (composition and/or total lipid level) of
alveolar macrophages would correlate with a patient’s
disease progression or regression. Here, we provide
detailed analysis of PAP patients displaying different
disease progression and the relative change in their
alveolar macrophage lipid profiles.

The first patient, PAP 1, is an otherwise healthy 42-
year-old male, who was diagnosed with aPAP in early
2014 (Fig. 4). He required 2-3 WLL per year due to
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of lipid classes in alveolar macrophages of individual non-PAP patients (C) and PAP patients (D). E, F: Total PC (E) and CE (F) content
in non-PAP versus PAP patients. G: Total cholesterol content measured by GC/MS in alveolar macrophages of PAP patients
compared to non-PAP patients. H: Total LacCer, LPC, PE, and TG content in alveolar macrophages of non-PAP and PAP patients. I:
Quantitative measurement of lipid class profile in alveolar macrophages of PAP patients and PAP patients with fibrosis. All samples
are run in duplicate or triplicate. Data are mean + SEM. Significance was determined at P < 0.05 by Student’s ¢ test (E-H). ***P < 0.001.

6

J. Lipid Res. (2024) 65(2) 100496

ASBMB



A

Alveolar macrophage PC profile
500

Alveolar macrophage
PC composition

nonPAP
» Bl PC(16:0/16:0)
< 1000 [ PC(16:0/18:1)
o B PC(16:0/18:2)
) [ PC(16:0/16:1)
= = PC(16:0/18:0)
g 500 - B PC(16:0/20:4)
c I PC(16:0/14:0)
g [ Other
0 T T
nonPAP PAP
E Alveolar macrophage
Alveolar macrophage CE profile CE composition
0 nonPAP
Il CE 16:0
2 50 I CE 16:1
o = CE18:1
'S 404 = CE 18:0
= [ CE 20:4
g [ CE 18:2
£ 20 B CE 140
Bl Other
0_

nonPAP PAP

Alveolar macrophage sat PC content Alveolar macrophage unsat PC content
800 500 P
dkk 400
» 600 2
@ [
8 S 300
~ ~
S 400+ <
3 S 200
: :
200 1004
0- 0-
nonPAP PAP nonPAP PAP
Alveolar macrophage sat CE content Alveolar macrophage unsat CE content
30 ™ 60
1
ns
° »
g 20 2 40
'S 'S
= =
©° ©
g 10 g 20-
c c
0_

nonPAP PAP nonPAP PAP

Fig. 3. PAP alveolar macrophages display a significant shift in lipid compositional content. A, B: Absolute quantification (A) and
compositional analysis (B) of the most abundant PC species, including PC(16:0,/16:0), PC(16:0,/16:1), PC(16:0,/18:0), PC(16:0,/18:1), PC(16:0/
18:2), and PC(16:0/20:4), in alveolar macrophages from PAP patients compared to non-PAP patients. C, D: Quantitative measurement
of saturated (C) and unsaturated (D) PC content in alveolar macrophages from non-PAP versus PAP patients. (E, F) Absolute
quantification (E) and compositional analysis (F) of the most abundant CE species, including CE(14:0), CE(16:0), CE(16:1), CE(18:0),
CE(181), CE(18:2), and CE(20:4), in alveolar macrophages from PAP patients compared to non-PAP patients. G, H: Quantitative
measurement of saturated (G) and unsaturated (H) CE content in alveolar macrophages from non-PAP versus PAP patients. All
samples are run in duplicate or triplicate. Data are mean + SEM. Significance was determined at P < 0.05 by Student’s ¢ test (C, D, G,

H). *P < 0.05, ***P < 0.001

dyspnea before being initiated on inhaled GM-CSF in
February 2016 (Fig. 4A). After receiving inhaled GM-
CSF for approximately 9 months, his clinical status
improved markedly, and he has not required further
WLL to date (Fig. 4A). Clinical improvement is evi-
denced by decreased ground glass opacities (red
asterisk) and septal thickening (red arrowhead) on im-
aging between his diagnostic CT in 2014 prior to
treatment (Fig. 4B, No Tx) and his 2018 CT after
receiving multiple WLL and inhaled GM-CSF (Fig. 4B,
WLL+Tx).

Alveolar macrophages were obtained in 2014 shortly
after diagnosis and after initiation on inhaled GM-CSF
(Fig. 4A; blue boxes). Unbiased lipidomic profiling
revealed that the most abundant lipid classes were PC,
FFAs, and CE. Consistent with his noted clinical
improvement (Fig. 4B, WLL+TXx), the total lipid content
and overall levels of all major lipid classes decreased
after 10 months of inhaled GM-CSF therapy (Fig. 4C, D).
These data demonstrate that the macrophages present
in the alveolar space after 10 months of GM-CSF have
lipid profiles that are more similar to those seen in non-
PAP cells, consistent with normal, or near-normal,

SASBMB

macrophage lipid metabolism. Total cholesterol levels
as measured by GC-MS were also significantly
decreased after being on inhaled GM-CSF, indicating
improvement in surfactant lipid catabolism (Fig. 4E).
The overall amount of PC and CE species significantly
decreased after the patient was placed on inhaled GM-
CSF (Fig. 4F, G). Surprisingly, PC and CE species com-
positions were not drastically altered in alveolar mac-
rophages before and after GM-CSF inhalation (Fig. 4F,
G), suggesting that changes in overall macrophage lipid
burden are more reflective of clinical improvement.
We observed similar findings in a second patient, PAP 3
(supplemental Fig. S4). He is a 50-year-old male diag-
nosed with aPAP in 2010, who was taking oral statin
therapy for hyperlipidemia. He received subcutaneous
injections of GM-CSF, multiple doses of rituximab, and
repeated rounds of plasmapheresis, before being
placed on pioglitazone and inhaled GM-CSF in addition
to his continued oral statin (supplemental Fig. S4A).
Since 2021, he has not required further WLL
(supplemental Fig. S4A), indicating some degree of
clinical improvement. Alveolar macrophages were ob-
tained in 2019 before initiation of inhaled GM-CSF and
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Fig. 4. Decreased alveolar macrophage lipid burden is associated with clinical improvements in PAP disease in response to therapy.
(A) Clinical course of a 42-year-old patient with disease improvement after being initiated on inhaled GM-CSF. Red stars indicate
whole lung lavages that were performed at UCLA. Green triangles denote when CT chest scans were taken. Blue boxes represent
whole lung lavages used for analysis in (C-G). B: CT chest scans of the patient at the time of presentation to UCLA (March 2014; No
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inhaled GM-CSF (WLL+Tx). Samples are run in triplicate. Data are mean + SEM. Statistical significance determined by
Mann-Whitney U-test. ¥P < 0.05, *¥P < 0.001. Tx, treatment, which includes inhaled GM-CSF.

in 2021 after 12 months of inhaled GM-CSF therapy
(supplemental Fig. S4A; blue boxes). Similar to the pa-
tient in Fig. 4 and consistent with a reduced require-
ment for WLL, the total lipid content and overall levels
of all major lipid classes were decreased (supplemental
Fig. S4C-F). Together, these data suggest that restora-
tion of lipid homeostasis and reductions in total lipid
burden correlate with clinical improvement.

In contrast, the third patient, PAP 7, had a markedly
different clinical course (Fig. 5A). She is an otherwise
healthy 34-year-old female diagnosed with aPAP in
late 2017. She had two whole lung lavages before
developing severe hypoxic respiratory failure
requiring admission to the intensive care unit. She was
initiated on inhaled GM-CSF therapy but continued to
require frequent whole lung lavages (Fig. 5A). Because
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of the severe nature of her disease, she received rit-
uximab and was started on a statin, followed by pio-
glitazone, plasmapheresis, and additional doses of
rituximab (Fig. 5A). Despite these interventions, the
patient remained short of breath and hypoxic. The
patient eventually underwent a bilateral lung trans-
plant in 2021 due to declining respiratory status and
worsening pulmonary fibrosis despite multiple thera-
pies (Fig. 5A). A chest CT scan in 2020 after receiving
the above therapies and prior to lung transplant
(Fig. 5B; WLL+Tx) confirmed a lack of clinical
improvement with evidence of ongoing diffuse
ground glass opacifications (red asterisk) and septal
thickening (red arrowhead) with new subpleural
fibrotic changes when compared to her CT scan in
2018 (Fig. 5B; WLL).
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Alveolar macrophages were obtained when the pa-
tient was first on inhaled GM-CSF and after initiation
on a statin (Fig. 5A; blue boxes). Analysis of the lipid
profile of the patient’s alveolar macrophages indicated
that the most abundant lipid classes were PC, CE, SM,
and LPC, which differed from both non-PAP patients
and patient PAP 1 (Fig. 5C, D compared with Figs. 2B
and 4C, respectively). Both total PC and CE levels in
alveolar macrophages significantly increased as the
patient’s disease worsened (Fig. 5C, D), whereas total
macrophage cholesterol levels were only modestly
increased (Fig. 5E). The fatty acid composition of PC
and CE species in the alveolar macrophages was not
significantly altered as the patient’s disease progressed;
however, the total amount of both PC and CE was
increased 2-fold in just over a year (Fig. 5F, G). We also
noted similar trends in another patient PAP 8, who
demonstrated little to no clinical improvement despite
being treated with WLL and inhaled GM-CSF. She ul-
timately developed pulmonary fibrosis and underwent
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a bilateral lung transplant in 2020 (supplemental
Fig. S5). Unfortunately, she later died due to trans-
plant complications. Alveolar macrophages were ob-
tained after initiation of inhaled GM-CSF in 2019 and
prior to lung transplant (supplemental Fig. S5; blue
boxes). As the patient’s disease worsened, CE levels
significantly increased, while total PC and cholesterol
levels decreased (supplemental Fig. S5C-F). Total alve-
olar macrophage lipid burden did not change
(supplemental Fig. S5C). Taken together with our ob-
servations above (Figs. 4 and 5 and supplemental
Fig. S4), these data suggest that changes in overall
alveolar macrophage lipid burden are most reflective
of a patient’s clinical progress.

DISCUSSION

PAP is a rare, life-threatening syndrome of lipid
accumulation in the alveolar space and particularly
within alveolar macrophages (4). Alveolar macrophages
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are crucial immune cells responsible for clearing debris
and foreign substances, as well as maintaining surfac-
tant homeostasis in the lungs, and are the main cellular
target of the downstream effects of autoantibodies to
GM-CSF. Despite the significance of alveolar macro-
phages in PAP, lipid profiles of isolated alveolar mac-
rophages from PAP patients have not been previously
reported. To address this knowledge gap, we conducted
the first comprehensive study to define the lipidome of
human alveolar macrophages in PAP. We show that in
comparison to alveolar macrophages recovered from
non-PAP patients, PAP-afflicted alveolar macrophages
exhibited increased levels of numerous lipids,
expanding upon the previously reported elevation in
PC (7-9, 11-13, 15, 19, 25, 26). These findings indicate that
there are broader changes in lipid metabolism within
PAP alveolar macrophages than previously observed
through more qualitative analyses. Importantly, our
study highlights the significant heterogeneity of PAP as
the lipid composition within alveolar macrophages
varies considerably among individual patients. This
variability underscores the diverse nature of the disease
and points to potential differences in disease severity
and progression.

Previously, lipid profiling studies in PAP have
focused on analyzing lipids within the BALF in the
alveolar space (19). By directly studying alveolar
macrophage lipidomes, we aimed to bridge the knowl-
edge gap in understanding the lipid abnormalities in
cells known to drive PAP. A previous study reported an
overall increase of total lipid concentration within the
BALF recovered from the alveolar airspace with free
cholesterol being increased the most (60-fold), followed
by CE and PC (19). It is worth noting that comparing our
findings with these previous studies posed significant
challenges due to differences in sample preparation
and methodology. In their reported sample prepara-
tion, WLL fluid from healthy individuals was centri-
fuged to remove cellular content, and the remaining
cell-free lavage fluid was analyzed by direct flow in-
jection electrospray ionization tandem mass spectrom-
etry. However, in the case of PAP patients, unprocessed
lavage fluid including cellular components was utilized
for analysis. Because lavage fluid is a complex mixture
of surfactant, alveolar macrophages, proteinaceous
material, and in some cases other cell types, the inclu-
sion and/or exclusion of these components can
significantly affect lipidomic data and interpretation of
results. Hence, a direct comparison between our find-
ings and those reported by other researchers is not
feasible.

There are currently no quantitative measures of
disease burden for PAP patients. In addition, there are
no studies on macrophage lipid profiles and disease
progression or regression. We noted that the absolute
abundance of lipids correlated with disease severity in
patients with improving or persistent, worsening clin-
ical disease. Additional studies will be required to
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determine whether the alveolar macrophage lipidome
or a specific combination of lipids could be used as a
biomarker to determine severity of disease or predict
response to therapy in PAP.

Alveolar macrophages are the main cell type
affected by loss of normal GM-CSF signaling in PAP
(4). Our previous study demonstrated that treatment of
a subset of PAP patients with statins led to a remarkable
improvement in their clinical symptoms, likely by
reducing alveolar macrophage cholesterol content '°.
Whether statins affect the macrophage CE species in
the treatment-responsive patients is currently un-
known. Additionally, not all patients respond to statin
therapy, suggesting that there is a need for further
studies on the lipidome of alveolar macrophages and
molecular targets. Furthermore, there is also a subset of
PAP patients whose disease is stable, and these patients
do not require WLL therapy. Detailed study of the
alveolar macrophage lipidome of these patients will be
extremely interesting and could provide further valu-
able insights into the disease mechanisms.

In conclusion, expanding our understanding of the
lipidome in alveolar macrophages from a larger cohort
of PAP patients, including those undergoing different
therapies, is crucial for gaining further insights into
disease pathogenesis, discovering robust biomarkers for
disease severity and prediction of treatment response
prediction, as well as identifying potential therapeutic
targets. By elucidating the complex lipid abnormalities
and heterogeneity within alveolar macrophages, we can
pave the way for more personalized and effective ap-
proaches to managing and treating PAP disease.
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