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ABSTRACT OF THE DISSERTATION

The Role of Lipids in Pulmonary Alveolar Proteinosis

Elinor Lee
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2020

Professor Elizabeth (Tarling) Aguiar Vallim, Chair

Pulmonary alveolar proteinosis (PAP) is a rare lung syndrome that has no cure and no
FDA approved therapies. It is characterized by the accumulation of surfactant within alveoli due
to disruption of granulocyte-macrophage colony stimulating factor (GM-CSF) signaling. The
pathogenic mechanism that underlies PAP remains unknown. Early studies suggested that PAP
resulted from dysfunction in phospholipid homeostasis that led to the accumulation of
phospholipid-enriched surfactant. However, more recent studies suggest that PAP pathogenesis

is driven by changes in cholesterol homeostasis that may be linked to alveolar macrophages. The



goal of this dissertation is to investigate the molecular mechanisms that lead to lipid
dysregulation in PAP.

First, we examined the lipid content of both alveolar macrophages and type 2 epithelial
cells, two primary cells involved in surfactant homeostasis in a mouse model of PAP (4bcgl™~
mice). Compared to wildtype animals, 4bcgl~~ mice had increased lipid deposition in both
alveolar macrophages and type 2 epithelial cells, suggesting both cells are involved in the
pathogenesis of PAP. Next, we observed that PAP patients who were treated with a cholesterol-
lowering agent, statin, demonstrated improvements in their lung disease. We then treated
Csf2rb”~ mice, another PAP mouse model, with a statin and found that they had improvement in
their lung disease due to increased efflux of cholesterol from alveolar macrophages. Finally, we
utilized lipidomic analysis and mass spectrometry to measure lipid composition of PAP alveolar
macrophages. We found that compared to non-PAP alveolar macrophages, PAP alveolar
macrophages were enriched in phosphatidylcholine (PC) and cholesterol ester (CE).
Furthermore, clinical improvement in treated PAP patients was associated with a decrease in PC
and CE classes, indicating that levels of these lipids correlated with the severity of the disease.

Our studies demonstrate that disruption of both phospholipid and cholesterol homeostasis
contributes to the pathogenesis of PAP. This new mechanistic insight has provided us with a
better understanding of the pathophysiology of PAP and will be instrumental in our endeavor to

find novel therapeutic targets and ultimately a cure for these patients.
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CHAPTER 1

Introduction



Lipids are integral to lung function

The lungs are not typically considered as an organ with active lipid metabolism. The
maintenance of lipid homeostasis, however, is paramount to the optimal function of the lungs,
especially in the alveolar space where gas exchange occurs. This is highlighted by the fact that
any disturbance in the amount or composition of surfactant, which is predominantly comprised
of lipids, leads to respiratory conditions that range from more common ones, like chronic
obstructive pulmonary disease, to rare ones, such as pulmonary alveolar proteinosis (1, 2).
Furthermore, different lipids are also essential structural components, integral for energy storage,
and play a role in various signaling functions during physiological processes. With the advent of
more sophisticated and sensitive methods of measuring and analyzing lipid data, we are rapidly
gaining insight into how important pulmonary lipids are to lung function and how dysregulation

of lipid homeostasis may lead to pulmonary disease pathology.

Pulmonary alveolar proteinosis is an important clinical problem to study

Pulmonary Alveolar Proteinosis (PAP) is a rare lung syndrome characterized by the
accumulation of surfactant within the alveoli that affects about 6-7 people per million in the
United States (3). The pathogenesis of this syndrome is heterogenous with various biochemical
defects that ultimately lead to the accumulation of surfactant within the alveoli. PAP is
categorized into primary, secondary, and congenital etiologies (4). Primary PAP is the most
common form of disease that occurs either from elevated levels of neutralizing antibodies to
granulocyte-macrophage colony stimulating factor or GM-CSF (autoimmune PAP) or from
hereditary causes due to mutations in the GM-CSF receptor (hereditary PAP). Autoimmune PAP

is the most common type of primary PAP, representing about 90% of all patients (5). There is a



critical threshold of neutralizing antibodies to GM-CSF, which is 100% sensitive and specific for
the diagnosis of patients with autoimmune PAP; if the antibody level is below this value, the
patient does not develop disease (6). Interestingly, the level of GM-CSF autoantibodies has not
been reported to correlate with disease severity (7). Secondary PAP is associated with underlying
diseases that secondarily affect alveolar macrophage number and function, such as hematologic
malignances, immunologic syndromes, infections, or toxic inhalational exposures. Congenital
PAP is the rarest type and is caused by mutations in genes that are essential for surfactant
production, such as surfactant protein B (SP-B), surfactant protein C (SP-C), and ATP-binding
cassette subfamily A member 3 (ABCA3) (8).

The clinical course of PAP is heterogenous and ranges from spontaneous resolution to
stable persistent disease to progressive deterioration leading to death or need for lung
transplantation. Spontaneous resolution of PAP occurs in about 5-7% of cases (9-11). Pulmonary
fibrosis and end stage lung disease develop in approximately 20% of patients with PAP;
however, it remains unclear why patients develop fibrosis (12). Notably, there is no specific
validated biomarker or method currently available to risk stratify patients who will develop
progressive lung disease and/or fibrosis from those who will not.

Compared to non-PAP patients, PAP patients have increased healthcare utilization and
costs, including increased outpatient visits, emergency room visits, and prolonged hospital stays.
Additionally, the annual per-patient healthcare costs are five-fold higher compared to those of
patients without PAP (3). These patients are susceptible to infections from common respiratory
pathogens and opportunistic organisms, such as Mycobacterium tuberculosis, Mycobacterium
avium-intracellulare, Nocardia spp., Pneumocystis jirovecii, and Aspergillus spp (13-15). This

has been attributed to the fact that PAP patients have malfunctioning macrophages and



neutrophils (16, 17). Historically, survival rate has been reported at 79%, 75% and 68% at 2, 5
and 10 years, respectively (18). The majority of deaths are related to respiratory failure, and a
minority are caused by uncontrolled infections.

Currently, there is no cure or FDA approved therapy for PAP. Treatment is focused on
managing symptoms and preventing progression of disease. Whole lung lavage (WLL) is the
current standard of care. This entails placing a double lumen endotracheal tube under general
anesthesia to ventilate one lung while filling and emptying the other lung with normal saline to
remove lipid-loaded and proteinaceous surfactant. Five-year survival in PAP is about 85% + 5%
without therapy and about 94% + 2% with WLL (18). Other therapy modalities that have been
shown to reduce anti-GM-CSF levels and improve lung function include exogenous GM-CSF
given subcutaneously or aerosolized, rituximab, and plasmapheresis (19-26). Although these
newer approaches have shown promising results, further studies need to be performed to assess
their efficacy and safety profiles in patients with PAP. Lung transplantation has been performed
mainly in pediatric patients and patients with end stage fibrosis; however, there is concern for
recurrence although the data are limited (27, 28). Lastly, experimental approaches involving
currently available drugs have been recently discovered. Thiazolidinediones, which are a class of
diabetic medications that also improve dyslipidemia, have been shown to ameliorate PAP disease
severity in mice (29). An open-label, phase I clinical trial using this class of medication has been
completed; however, results have yet to be published. More studies need to be done to determine

if thiazolidinediones are indicated for the treatment of PAP.



Tight regulation of surfactant homeostasis is essential for normal lung function

Surfactant is essential for breathing and gas exchange. It is a complex mixture composed
of 80% phospholipids, 10% cholesterol, and 10% proteins that forms a thin film that lines the
alveolar epithelium and lowers surface tension, preventing alveolar collapse and reducing the
work of breathing (30). Furthermore, it is the first line of defense against the entry of harmful
particles and pathogens through the lung, which has a large body surface area exposed to the
environment (31, 32). Surfactant lipids and proteins are made in the type 2 epithelial cells, which
are then packaged tightly into organelles called lamellar bodies (LB) and secreted into the thin
fluid phase that lines the alveoli (33). Once the LB are secreted into the liquid phase, the
surfactant unpacks and creates a highly organized network called tubular myelin that adsorbs to
the air-liquid interface of the alveoli and forms the surface-active film (34). Some of the
surfactant also becomes other structures, such as unilamellar and multilamellar vesicles, that also
adsorb and make up the surface-active film.

Phosphatidylcholine (PC) is the predominant phospholipid present in surfactant with
dipalmitoylphosphatidylcholine (DPPC) accounting for about 40-50% of the PC species (35, 36).
The saturated fatty acid chains of DPPC allow for maximal packing in the surface-active film,
enabling the reduction of surface tension to very low values at the end of expiration. PC is
produced de novo in the endoplasmic reticulum (ER) of type 2 epithelial cells through the
Kennedy pathway or the cytidine diphosphocholine (CDP):choline pathway (35, 37). Because de
novo synthesis of PC is slow, about 55-75% of surfactant DPPC is generated by remodeling (33,
38-40). The remodeling pathway involves phospholipase A2 (PLA2), which generates lyso-PC
that is then re-acetylated with saturated fatty acid species by lysosomal enzyme acyl CoA:

lysophosphatidylcholine acyltransferase 1 (LPCAT1) (41). Interestingly, PLA2”~ mice do not



develop respiratory issues, but mice homozygous for a hypomorphic allele of Lpcatl have shown
varying perinatal mortality from respiratory failure (42, 43). Cholesterol plays an essential role in
modulating the structure of surfactant membranes (32, 44, 45). The origin of cholesterol in
surfactant remains unclear. Earlier studies using iodine-labeled lipoproteins have demonstrated
that the majority of pulmonary cholesterol is obtained from serum lipoproteins (46, 47).
However, other studies utilizing [3H] cholesterol suggest that serum cholesterol is accumulated
in the limiting membrane of the LB and not secreted into the alveolar space with other surfactant
lipids (48). Rather, other cells, such as alveolar lipofibroblasts, may be supplying cholesterol to
surfactant (49). Surfactant proteins are divided into two groups, hydrophobic and hydrophilic.
Hydrophobic surfactant proteins B and C (SP-B and SP-C, respectively) are integral for
formation and stabilization of the film during respiratory cycles, while hydrophilic surfactant
proteins A and D (SP-A, and SP-D, respectively) are important in lung-defense related roles,
recognizing and binding to pathogens (35).

Surfactant homeostasis is maintained by alveolar type 2 epithelial cells, which secrete
and clear surfactant by recycling or degradation, and alveolar macrophages, which clear
surfactant by catabolism (33). Alveolar type 2 epithelial cells secrete surfactant in response to
stimulation, such as stretching and adenosine triphosphate (ATP) (50, 51). On the other hand, the
surfactant pool size appears to influence the rate of catabolism although the exact molecular
pathways involved remain unclear (52). About 20-30% of surfactant is catabolized by alveolar
macrophages, while the majority is recycled or degraded by type 2 epithelial cells (37, 53). In
type 2 epithelial cells, surfactant is re-internalized via clathrin-mediated endocytosis in response
to the interaction of SP-A with its receptor, P63, on the type 2 epithelial cells (54). There is also

GPR116, which is an orphan G protein-coupled receptor (GPCR), that behaves both as an



inhibitor of surfactant secretion and stimulator of surfactant reuptake in type 2 epithelial cells
(55). Additionally, there is an ABCA3-mediated LB reuptake, demonstrating that some
components of LB can be recycled via clathrin-independent pathways (56). ABCA3 is a member
of the ATP-binding cassette (ABC) transporter superfamily of transmembrane proteins involved
in transporting molecules across membranes. The internalized lipids and proteins are then
transferred to the LB within the type 2 epithelial cells, where a portion is rapidly recycled to the
cell surface, while another portion is targeted for actin-dependent degradation (36, 57, 58). In
alveolar macrophages, there may be uptake of LB or transport of individual lipids by various
lipid transporters, but the exact mechanism remains unclear (33). There are scavenger receptors,
such as CD36, scavenger receptor class A, type 1 (SR-A1), and scavenger receptor class B, type
1 (SR-B1), that are found in the alveolar macrophages and may be directly involved in
internalizing lipids (33).

Once lipids are taken up within the alveolar type 2 epithelial cells and alveolar
macrophages, lipid transporters that are present in both cells may become activated to help
maintain lipid homeostasis. Specifically, there are ABC transporters Al and G1 (ABCA1 and
ABCG1, respectively), which are part of the ABC transporter superfamily and transcriptionally
regulated by liver X receptor (LXR), which senses the cellular levels of cholesterol (59, 60).
ABCAL is known to efflux phospholipid and cholesterol to lipid-free apolipoprotein, while
ABCGI is involved in efflux of cholesterol to high-density lipoprotein (HDL) (61-64). When
oxysterols accumulate during cholesterol overload in the cells, they activate LXR, which then
upregulates ABCA1 and ABCG1 to promote cholesterol efflux. Mice deficient in ABCA1
(Abcal”) or ABCG1 (Abcgl”") develop an age dependent pulmonary lipidosis with

accumulation of phospholipids and cholesterol in the lungs, similar to PAP (54, 63, 65).



Interestingly, PAP patients have reduced expression of ABCG1 but increased expression of
ABCAL1 in their alveolar macrophages, suggesting that ABCGI is the primary lipid transporter
in these cells (66). The expression of these transporters has not been studied in type 2 epithelial

cells of PAP patients.

GM-CSF signaling plays a critical role in surfactant homeostasis

GM-CSF signaling has been shown to be crucial for surfactant homeostasis. In the lungs,
type 2 epithelial cells secrete GM-CSF, which then interacts with its receptor on various cell
types, including type 2 epithelial cells and alveolar macrophages (67, 68). The receptor is a
heterodimer that consists of two subunits, an alpha subunit, which is the major GM-CSF binding
subunit, and a beta subunit, which is the major signaling subunit (69-71). The disruption of GM-
CSF signaling has been shown to cause impairment of surfactant catabolism and accumulation of
surfactant in the lungs (72). Its role in surfactant recycling by type 2 epithelial cells remains
unclear. Mice deficient in GM-CSF (Csf27) or its receptor (Csf2ra”" and Csf2rb”", which are
mice deficient in the alpha and beta subunits of the GM-CSF receptor, respectively) will develop
a PAP-like pulmonary histopathology and are used as mouse models to study PAP (73-75).
When GM-CSF was expressed locally under the control of SP-C gene promoter in lung epithelial
cells of Csf2”" mice, the surfactant lipid and protein concentrations were corrected to normal
levels (76). Furthermore, Csf2rb”" mice had reversal of their PAP phenotype after bone marrow
transplantation, suggesting that the lack of GM-CSF in alveolar macrophages is responsible for
PAP in this model rather than the lack of GM-CSF in type 2 epithelial cells (77). Therefore, the

majority of studies examining PAP focus on alveolar macrophages.



In type 2 epithelial cells, GM-CSF has been shown to enhance lung growth and induce
type 2 cell hyperplasia (71). Its role in type 2 epithelial cell maturation has not yet been
identified. In alveolar macrophages, GM-CSF has been identified as a key mediator of alveolar
macrophage maturation, self-renewal, and population size (78, 79). Alveolar macrophages are
derived from fetal monocytes in the yolk sac that seed the lung before birth and develop into
mature alveolar macrophages after birth in response to GM-CSF signaling. PU.1 and peroxisome
proliferator-activated receptor gamma (PPARY) have also been shown to be crucial transcription
factors downstream from GM-CSF for the maturation of alveolar macrophages in order to
prevent development of PAP (80-82). Throughout life, adult circulating monocytes minimally
contribute to the steady-state alveolar macrophage pool, and the majority of the alveolar
macrophages are locally regenerated from its own pool in the lungs (79, 83). Thus, without
proper GM-CSF signaling, the alveolar macrophages are unable to self-maintain, mature, and

function properly, including catabolize surfactant efficiently or effectively.

Disruption of cholesterol metabolism may be causing PAP

In the past, the accumulation of surfactant in PAP was attributed to the impaired
catabolism of phospholipids in alveolar macrophages (84-86). Recent studies have demonstrated,
however, that the relative proportion of cholesterol to total phospholipids in surfactant was
elevated in PAP mice compared to wild-type (WT) mice, while the relative proportion of
saturated phosphatidylcholine to total phospholipids remained the same (29). Additionally, the
alveolar macrophages from PAP mice have increased levels of esterified and free cholesterol but
minimal changes in the level of triglycerides, free fatty acids, and phospholipid species

compared to healthy counterparts (29). Furthermore, the addition of PAP patient-derived



surfactant to bone marrow-derived macrophages (BMDM) from WT versus PAP mice resulted in
higher levels of total, free, and esterified cholesterol in the macrophages of PAP mice, while the
addition of phospholipid-containing/cholesterol-free pharmaceutical surfactant to bone marrow
derived macrophages from WT versus Csf2”- mice demonstrated no difference between the two
groups. Changes in the level of phospholipids within the alveolar macrophages were not
measured. Previous studies have shown that PAP alveolar macrophages have altered expression
of the cholesterol ABC transporters, ABCA1 and ABCGI, and of the nuclear receptor PPARY,
important mediators of cholesterol trafficking in macrophages (64, 66, 80). These data imply that
an impairment in cholesterol homeostasis underlies the pathogenesis of PAP; however, the exact

mechanism remains unknown.

The dissertation

This dissertation investigates molecular mechanisms that lead to lipid dysregulation in
PAP, describes for the first time the lipidome of PAP alveolar macrophages, identifies a potential
novel biomarker that may be utilized in clinical setting, and proposes a novel pharmacotherapy
for PAP. In order to accomplish this, we utilized samples from various PAP mouse models and
autoimmune PAP patients. Our results confirm the heterogeneity of the disease process that has
made it challenging not only to cure but also to treat. Additionally, our data suggest that it is not
the impaired catabolism of only phospholipid or only cholesterol that drives PAP but the
dysregulation of both phospholipid and cholesterol metabolism that leads to PAP.

Chapter 2 is a reprint of “ABCG1 regulates pulmonary surfactant metabolism in mice and
men”’, which was originally published in Journal of Lipid Research. In this study, we examined

the role of ABCGI in both type 2 epithelial cells and alveolar macrophages and demonstrated
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that ABCG1 is critical for both surfactant and type 2 epithelial cell (T2 cell) homeostasis. We
were able to create both macrophage-specific ABCG1-deficient mice and T2 cell-specific
ABCG1-deficient mice. Consistent with prior studies, loss of ABCG1 led to increased deposition
of lipids in alveolar macrophages. It also led to increased lamellar body content in type 2
epithelial cells as well as increased amounts of phospholipid and cholesterol in the alveolar
space. Furthermore, we were able to identify polymorphisms in regulatory regions of the ABCG1
locus that corresponded to a putative LXR response element in the alveolar macrophages from
one PAP patient. The induction of ABCGI/ mRNA in response to LXR activation was reduced in
the alveolar macrophages from the PAP patient. This suggests that this patient population may
express polymorphisms that may affect the expression and/or function of ABCG1, thus
contributing to the development of PAP.

Because the lack of ABCG1 leads to PAP, one could hypothesize that a therapy that
increases expression and function of ABCG1 may be able to reverse the disease process. We
were able to demonstrate this in Chapter 3 with statin therapy. Chapter 3 is a reprint of “Statin as
a novel pharmacotherapy of pulmonary alveolar proteinosis” from Nature Communications.
Here, we demonstrated a marked increase in cholesterol content in PAP alveolar macrophages as
well as an increase in the ratio of cholesterol to total phospholipids in pulmonary surfactant of
PAP patients. We also identified statin as a potential novel pharmacotherapy for PAP. Mice and
patients with PAP had improvement in their lung disease with reduction of cholesterol levels in
alveolar macrophages after being treated with oral statin therapy by increasing the expression of
ABCA1 and ABCGI1 and enhancing cholesterol efflux from alveolar macrophages. Our data
support the novel paradigm that improving cholesterol homeostasis leads to improvement in PAP

disease.
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Although statin therapy improved disease in some of our PAP patients, it did not work for
all of our PAP patients. Therefore, we wanted to better examine the lipid profile of alveolar
macrophages with mass spectrometry to identify other lipid classes or species that may be
involved and be used as novel targets for therapeutics in the future. Previous studies have
examined lipid composition of alveolar macrophages but in a cruder fashion with colorimetric
assays and thin layer chromatography. We present our findings in Chapter 4, which is entitled
“Alveolar macrophage lipid levels and plasma anti-GM-CSF antibodies correlate with
improvements in disease in patients with pulmonary alveolar proteinosis”. In this study, we not
only defined the alveolar lipidome quantitatively in non PAP and PAP patients but also followed
how the alveolar macrophage lipid content changes in response to treatment. Compared to non-
PAP patients, PAP patients demonstrated high levels of PC, especially PC 16:0/16:0, and
cholesterol ester (CE) classes in their alveolar macrophages. Furthermore, a decrease in PC and
CE classes correlated with improvement in disease. Therefore, we could use the lipid profile to
correlate disease severity. In light of the invasive and expensive nature of obtaining lavage fluid
from patients, we sought to identify an alternative approach and found that relative plasma GM-
CSF antibody levels may be a novel biomarker that can be utilized to correlate with disease
severity. In autoimmune PAP patients, patients with improvement in their disease process had a
reduction in anti-GM-CSF antibody titer; however, patients with unremitting disease did not
show a decrease in antibody level until they underwent plasmapheresis to physically remove
circulating antibody levels.

Chapter 5 is a concluding summary of the dissertation and discusses future directions for
examining the mechanism of lipid dysregulation in PAP in order to identify other novel

biomarkers and therapies for PAP as well as to advance the field of lung lipid biology.
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Clearance of surfactant is dependent upon T2 cells and mac-
rophages. ABCGl is highly expressed in both T2 cells and
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Surfactant is a complex mixture of lipids and proteins
that forms a monolayer lining the alveolar sacs in the lungs
to maintain surface tension and prevent the collapse of al-
veoli (1). Surfactant is composed of ~85% phospholipids
[predominantly dipalmitoyl phosphatidylcholine (PC)],
~10% neutral lipids (mostly cholesterol), and ~5% pro-
teins. The latter include surfactant proteins (SPs), SP-A,
SP-B, SP-C, and SP-D. These proteins play critical roles in
the formation, function, and metabolism of surfactant (2-5).
SP-A and SP-D also play critical roles in the immune re-
sponse to foreign antigens (3-6).

Surfactant lipids are synthesized and secreted by epithe-
lial type 2 (T2) pneumocytes (also called T2 cells). Initially,
lipids and SPs, SP-B and SP-C, are packed into lamellar
bodies, specialized secretory organelles within T2 cells,
prior to fusion with the plasma membrane and secretion
into the hypophase of the alveoli (7). Other proteins recov-
ered in surfactant, including SP-A and SP-D, are secreted

Abbreviations: Ad-ABCG1, ABCGI adenovirus; BAL, broncho-alveolar
lavage; BM, bone marrow; HF/HC, high fat/high cholesterol; LXR,
liver X receptor; PAP, pulmonary alveolar proteinosis; PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; SP,
surfactant protein; T2, type 2.
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through a different lamellar body-independent pathway
(8). It is estimated that most of the surfactant phospholip-
ids are synthesized in situ by T2 cells, whereas cholesterol is
derived from serum lipoproteins with less than 1% being
derived from de novo synthesis (9).

The mechanisms involved in subsequent clearing of
the extracellular surfactant are not fully understood. It is
known that both T2 cells and alveolar macrophages partici-
pate in the uptake of lipids from the alveolar hypophase in
a process mediated by SP-A and SP-D (2, 8, 10). T2 cells
recycle most of these lipids, repackaging them into lamel-
lar bodies prior to resecretion. In contrast, surfactant phos-
pholipids taken up by macrophages are thought to be
catabolized. Intratracheal administration of radiolabeled
dipalmitoyl PC suggests that T2 cells and macrophages
contribute equally to surfactant uptake and/or degrada-
tion in vivo (11).

ABCGI is a member of the ABC family of transmem-
brane transporters [reviewed in (12-15) ]. ABCG1 has been
shown to facilitate cholesterol efflux from cells to a variety
of exogenous lipid acceptors that include LDL, phospho-
lipid vesicles, phospholipid/apolipoprotein complexes, and
mature HDL, but not lipid-poor apoAl (16-23). We have
demonstrated that ABCGI localizes to intracellular organ-
elles of the endosomal pathway, where it functions to
regulate intracellular sterol homeostasis (24, 25). This is
consistent with work from Sturek et al. (26), who reported
that ABCGI is important for pancreatic -cell cholesterol
homeostasis and insulin secretion.

Abcglf/ " mice have normal plasma lipid levels, but ex-
hibit an age-related progressive pulmonary disease that
has many of the properties associated with human respira-
tory distress syndromes, including lipidosis and chronic
inflammation (27-30). Although the lungs of young mice
(<6 weeks) appear visually normal, they are already accu-
mulating small amounts of lipid. By the age of 6-8 months,
the lungs of chow-fed Abcglf/ " mice are white as a result of
lipid accumulation within macrophages and T2 cells and in
the extracellular spaces (17, 27, 28, 30). The lungs of aged
Abcgl ~/~ mice contain large numbers of lipidloaded mac-
rophages and 5-fold more T2 cells (28). Compared with T2
cells in wild-type mice, T2 cells in Abcglik mice contain
5-fold more lamellar bodies that are both larger and more
dense, consistent with intracellular accumulation of surfac-
tant lipids that likely contributes to the overall pulmonary
lipidosis (28). In addition, the lungs ()fAbchﬁF mice show
evidence of inflammation, as judged by increased lympho-
cytic infiltration, increased expression of cytokines, and
the presence of chitinase-3-like crystals (27, 28, 30). All
these changes are greatly accelerated when Abﬁglf/ " mice
were fed a Western diet containing 21% fat and 0.2% cho-
lesterol (17, 28). In contrast to the abnormalities of mac-
rophages and T2 cells in the lungs of Abegl /™ mice,
endothelial cells and type 1 epithelial cells that line the al-
veoli appear normal, as determined by standard lipid stain-
ing techniques and electron microscopy (17, 28).

Taken together, these studies identified pivotal roles
for ABCGI in controlling pulmonary homeostasis in vivo
(17, 27, 28, 30, 31). Interestingly, functional loss of two

other ABC transporters (ABCA3 and ABCA1) also results
in pulmonary lipid abnormalities (32, 33). Loss of ABCA3
results in early postnatal death in both humans and mice
due to the inability of Abea3”” T2 cells to package surfac-
tant into lamellar bodies and subsequently secrete these
lipid organelles into the hypophase (33-35). In contrast,
loss of ABCA1 (Tangier disease) results not only in >95%
loss in plasma HDL in mice and humans, but also in a mild
pulmonary lipidosis in mice (32). To our knowledge, pul-
monary lipidosis has not been described in Tangier pa-
tients (36, 37).

In order to determine whether ABCG1 has a cell-
autonomous function in T2 cells, we used bone marrow
(BM) transplants to generate mice in which the lungs
contained chimeric mixtures of wild-type and Abegl™’~
cells. Further, we generated mice lacking ABCGI in either
T2 cells (AbchTQ'KO) or macrophages (AbchMAC'KO). Analy-
ses of these various mice identify differential, but critical,
roles for ABCG1 in both T2 cells and macrophages that
affect pulmonary lipid and surfactant homeostasis and im-
munoglobulin levels.

MATERIALS AND METHODS

Mice

Abtgl“ux’/ﬂm‘ mice created on a C57BL6/] background [from
Dr. Catherine Hedrick, La Jolla Institute for Allergy and Immu-
nology (38)] were crossed with Sfipc-Cre mice [from Dr. Brigid
Hogan, Duke University (39)] to obtain Sftpc-Cre" Abcglﬂm‘/ﬂuX and
control Sftpc-Cre” Abcgl 1ox/OX ice. Abcgl X hice were crossed
with LysM-Cre mice (catalog 004781; Jackson Laboratory) to
obtain LysM-Cre" Abcglﬂ“/"m and control LysM-Cre~ Abnglﬂm‘/ flox
mice. All mice used were 12-week-old males. Mice were fed a stan-
dard rodent chow diet (Purina 5001) until weaning. At weaning,
mice were fed a high cholesterol diet containing 0.2% cholesterol
and 21% calories from fat (D12079B; Research Diets) for 4 weeks.
Mice were bred and maintained at the University of California Los
Angeles in temperature-controlled pathogen-free conditions, un-
der a 12 h light/dark cycle. All protocols involving mice were re-
viewed and approved by the University of California Los Angeles
Animal Research Committee.

BM chimera generation
Abnglf/f/LanZ knock-in mice on a C57Bl/6 background were

maintained on a standard rodent diet (Purina 5001), as described
(17, 28). For BM transplantation studies, recipient wild-type and
Abcglik mice (10 weeks old) were y-irradiated with 900 rad be-
fore transplantation with cells (3 x 106) from 8- to 10-week-old
donor male wild-type or Ablrgl?/i animals via tail vein injection.
After a 4 week recovery period, mice were fed a 21% fat and 0.2%
cholesterol diet (Research Diets #D12079B) for 16 weeks.

Histopathologic analysis and immunohistochemistry
Hematoxylin-eosin staining of paraffin-embedded lung sec-
tions was performed as described (17). Morphometric analysis of
T2 cells was performed with Image Pro software (Media Cybernet-
ics, Inc.). Oil red O and filipin staining of frozen lung sections was
performed as described (40). Frozen lung sections were stained
with antibodies for macrophages (anti-mac3 1:1,000; BD Biosci-
ences) and T2 cells (anti-prosurfactant protein C 1:1,000; BD
Biosciences). Filipin (25 pg/ml) was added during overnight
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incubation of slides with antibodies. Immunostaining of adjacent
sections in the absence of primary antibody was used as a negative
control.

Electron microscopy

Fixed tissues were incubated with 2.5% glutaraldehyde and
2% paraformaldehyde in 100 mM cacodylate buffer (pH 7.4)
overnight. Samples were then treated with 1% osmium tetroxide
in 100 mM cacodylate buffer for 1 h, washed in distilled water
four times (10 min/wash), and then treated with 1-2% aqueous
uranyl acetate overnight at 4°C in the dark. Samples were then
washed and sequentially dehydrated with increasing concentra-
tions of acetone (20, 30, 50, 70, 90, and 100%) for 30 min each,
followed by three additional treatments with 100% acetone for
20 min each. Samples were then infiltrated with increasing con-
centrations of Spurr’s resin (25% for 1 h, 50% for 1 h, 75% for
1 h, 100% for 1 h, 100% overnight at room temperature), and
then incubated overnight at 70°C in a resin mold. Sections of
50-90 nm were cut on a Leica ultramicrotome with a diamond
knife. Imaging then took place using an FEI Talos F200X operat-
ing at 200 kV.

T2 pneumocyte isolation

Mouse lung cells were isolated as previously described (41),
with some modifications. Lungs were perfused with PBS via the
right ventricle. Lungs were inflated with enzyme solution [colla-
genase type I (450 U/ml; Roche Applied Science), dispase 1I
(5 U/ml; StemCell Technologies), DNase I (0.33 U/ml; Sigma-
Aldrich), and elastase (4 U/ml; Roche Applied Science)] for
3 min. Lungs were removed and minced into small pieces
and incubated at 37°C for 25 min with shaking. Enzymatically
digested samples were passed through needles and filtered
through a 70 wM cell strainer (Fisher Scientific). After treatment
with red blood cell lysis buffer, cells were filtered through a
40 uM cell strainer (Fisher Scientific) and resuspended in DMEM
(Invitrogen) containing 10% FBS (Omega Scientific), 100 U/ml
penicillin (Invitrogen), and 100 wg/ml streptomycin sulfate (In-
vitrogen). Hematopoietic cells were depleted from the lung cell
suspension using the autoMACS separator with anti-mouse CD45
antibody-coated micro-beads according to the manufacturer’s
instructions (Miltenyi Biotech). Sorted CD45  lung cells were
stained with phosphatidylethanolamine (PE)-anti-mouse epithe-
lial cell adhesion molecule (EpCAM; eBioscience; catalog #12-
5791-83; Clone G8.8) and Alex Fluor 488-anti-mouse Podoplanin/
Tla (eBioscience; catalog #53-5381-82; Clone 8.1.1). T2 pneu-
mocytes were classified as EpCAMhi/Tlai, as previously de-
scribed (41).

RNA isolation and analysis

RNA was isolated and analyzed by real-time quantitative (q)
PCR, as described (40). Each qPCR assay was performed in tripli-
cate using cDNA samples isolated from individual mice (n = 4-6
mice/group). Primer sets are available upon request. Values were
normalized to 36B4.

Immunoblotting

T2 cells and alveolar macrophages were isolated from mouse
lung and broncho-alveolar lavage (BAL) fluid, respectively, as
described, and lysed with RIPA buffer (Boston Bioproducts)
containing protease inhibitors [25 pg/ml N-acetyl-L-leucyl-L-
leucyl-L-norleucinal, 10 pg/ml leupeptin, 1 pg/ml pepstatin, and
1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich)]. Protein
quantification was performed using BCA protein assay reagent
(Thermo Fisher Scientific). Forty milligrams of protein per sam-
ple were loaded into SDS-PAGE and sequentially immunoblotted
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with anti-ABCG1 antibody (1:1,000; catalog NB400-132; Novus
Biologicals).

Surfactant isolation

Pulmonary surfactant was isolated by BAL, as previously de-
scribed (28). Briefly, tracheas were exposed and cannulated be-
fore the lungs were flushed three times with 1 ml aliquots of BAL
buffer [10 mM Tris, 100 mM NaCl, and 0.2 mM EGTA (pH 7.2)].
The aliquots were combined and centrifuged (200 g, 5 min) to
separate surfactant and alveolar cells.

Lipid measurements

Plasma cholesterol and triglycerides were measured using an
enzymatic kit (Wako Chemicals) according to the manufacturer’s
instructions. Tissue lipids were extracted into CHCI; by a modi-
fied Folch method, and quantitated using enzymatic kits for cho-
lesterol, triglycerides, or phospholipid using the accompanying
protocols (Wako Chemicals).

Cholesterol and phospholipid analysis

Cells, BAL fluid, or lung tissue was snap-frozen in liquid nitro-
gen. Lung tissue was homogenized on ice in PBS. Cell suspen-
sions, BAL fluid, or lung homogenates were subsequently
subjected to modified Bligh-Dyer extraction (42) in the presence
of lipid class internal standards, including eicosanoic acid, choles-
teryl heptadecanoate, and 1,2-dieicosanoyl-sn-glycero-3-phospho-
choline (43). Fatty acids were converted to their pentofluorobenzyl
esters and subsequently quantified using GC-MS with negative-ion
chemical ionization using methane as the reactant gas (44). For
phospholipids, lipid extracts were diluted in methanol/chloro-
form (4/1, v/v) and molecular species were quantified by ESI-
MS/MS on a triple quadrupole instrument (Thermo Fisher
Quantum Ultra) using shotgun lipidomics methodologies (45).
PC molecular species were quantified as sodiated adducts in the
positive-ion mode using neutral loss scanning for 59.1 amu (colli-
sion energy = —28 eV). Neutral loss scanning for 368.5 amu (col-
lision energy = —25 eV) was performed for quantification of
sodiated CE molecular species in positive ion mode. Individual
molecular species were quantified by comparing the ion intensi-
ties of the individual molecular species to that of the lipid class
internal standard, with additional corrections for type I and type
11 [*C] isotope effects (45).

Ab549 lipid analysis

Total lipids were extracted from 50 mg whole lung tissue and
quantified, as previously described (17). A549 cells were seeded in
12-well plates (1 x 10° cells/well) and were infected overnight with
either control GFP adenovirus, or adenovirus expressing ABCGI1.
Cells were then incubated in medium (0.2% BSA or 10% FBS)
supplemented with 1 pCi/ml [HC]acetate (50-60 mCi/mmol)
for the indicated time. Cells were washed two times in PBS and
incubated in medium (0.2% BSA or 10% FBS) + secretagogue
mixture [100 wM ATP, 0.1 uM phorbol-12-myristate-13-acetate,
and 20 uM terbutaline (46)]. After the indicated time, the cells
were washed three times in PBS. Lipids were extracted from the
medium and cells using the Bligh and Dyer method (42). Extracted
lipids were dissolved in chloroform (100 pl), and aliquots (30 pl)
were analyzed by thin-layer chromatography, as described (47, 48).

Measurement of antibody titers

Total antibody titers were determined by chemiluminescent
enzyme immunoassays, as previously described (49). In brief, cap-
ture antigens were coated on plates at 5 wg/ml in PBS overnight
at 4°C [IgM (1:100 goat anti-mouse IgM; Sigma-Aldrich), IgG
(1:400 goat anti-mouse IgG; Pierce Protein Biology), IgG1 (1:250
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goat anti-mouse IgGl; Jackson ImmunoResearch Laboratories),
IgG (1:250 goat anti-mouse IgG2c; Jackson ImmunoResearch
Laboratories), IgA (1:100 goat anti-mouse IgA; Sigma-Aldrich)].
Plates were blocked with 1% BSA in TBS, and serially diluted anti-
serum or BAL fluid from individual mice was added. Plates were
incubated for 1.5 h at room temperature. Bound immunoglobu-
lin isotype levels were assessed with various anti-mouse Ig isotype-
specific alkaline phosphatase conjugates using Lumi-Phos 530
(Lumigen, Southfield, MI) solution and a Dynex luminometer
(Dynex Technologies, Chantilly, VA). Several secondary antibod-
ies were used at dilutions of 1:30,000. These included alkaline
phosphatase-labeled goat anti-mouse IgM (p-chain specific), goat
anti-mouse IgG (y-chain specific), and goat anti-mouse IgA (a-chain
specific) (all from Sigma-Aldrich). Specific controls were used for
each specific antibody, and formal antibody dilution curves were
determined in an initial study to identify the linear range of each
antibody titer measurement. It was determined from these dilu-
tion curves that plasma samples could be optimally measured at
1:250 to 1:1,000 dilutions and BAL fluid samples could be opti-
mally measured at 1:5 to 1:250 dilutions to yield concentrations
within the linear detection range for each assay.

Human alveolar macrophage analysis

Human BAL fluid was collected at the University of California
Los Angeles, Division of Pulmonary and Critical Care Medicine
from patients with pulmonary alveolar proteinosis (PAP) under-
going whole lung lavage. Enrolled patients included both men
and women, aged 42-59 years, who had previously been diag-
nosed with PAP and presented for a medically necessary whole
lung lavage (see supplemental Table S1 for a general character-
ization of the human subjects group studied). Pulmonary surfac-
tant and alveolar macrophages were isolated by centrifugation
(200 g, 5 min). Genomic DNA was isolated from alveolar macro-
phages using the DNeasy extraction kit (Qiagen) according to
manufacturer’s instructions. ABCGI regulatory regions were se-
quenced by Sanger sequencing (GENEWIZ, LLC). Primers are
available on request.

Treatment of human macrophages

Human macrophages were plated in 6-well plates in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin sulfate (medium A) on day 0. On day 1, cells were
placed in medium A in the presence or absence of 1 pM GW3965
for 0,0.5, 1,2, 4, or 8 h. Cells were harvested in QIAZOL (Invitro-
gen) and total RNA extracted according to the manufacturer’s
instructions. Gene expression was analyzed by real-time qPCR.
Each qPCR assay was performed in triplicate using cDNA samples
isolated from replicate wells (n = 3 replicate wells per treatment
and time point). Primer sets are available upon request. Values
were normalized to 36B4.

Statistical analysis

Significance was measured, as stated, by either one-way ANOVA
followed by Bonferroni correction, two-way ANOVA followed by
Bonferroni correction, or by Student’s ttest.

Study approval

Animal use was approved by the University of California Los
Angeles and followed the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. All experiments were ap-
proved by the University of California Los Angeles Institute for
Animal Care and Use Committee. Informed consent was obtained
from human subjects for the use of BAL samples, with the ap-
proval of the Institutional Review Board for Medical Research at
the University of California Los Angeles.

RESULTS

BM transplant studies identify an important role for
ABCGI1 expression in nonhematopoietic-derived cells

ABCG1 is highly expressed in T1 and T2 epithelial cells,
interstitial and alveolar macrophages, and endothelial cells
(17, 28, 40). Given the widespread expression of ABCG1
within the lung, it was not possible to determine which cell
types contribute to the morphologic and lipid abnormalities
observed in the lungs of Abcglﬁf mice (17, 28, 40). Previ-
ous studies indicated that accumulation of Oil red O-positive
neutral lipids in the lung was greatly attenuated following
BM transplantation of wild-type donor BM into recipient
AbegI™"™ mice (30). This led to the proposal that the pul-
monary lipidosis and inflammation were solely dependent
on the presence of Abnglik macrophages in the lungs of
the recipient mice (30). Based on the high expression of
ABCGI in pulmonary T2 cells and the critical role these
cells play in surfactant metabolism, we have reevaluated the
role of ABCGI in T2 cell function and pulmonary lipidosis.

In initial studies, we performed BM transplants using
wild-type and Abcglik mice as donors and/or recipients
(Fig. 1A). This approach resulted in chimeric mice in
which the lungs of the transplanted mice contain either: 7)
all AbegI™”* cells (wild-type phenotype); i) all Abegl™ ™ cells
(Abegl™’~ phenotype); #ii) Abegl” " epithelial and endothe-
lial cells and Abegl”’~ macrophages/lymphocytes
(AbegI™"™ ); or 4v) Abegl”" macrophages/lymphocytes
and Abegl™’~ epithelial and endothelial cells (Abegl™ ).
After BM transplantation, mice were allowed to recover for
4 weeks on a standard chow diet before being fed a high
fat/high cholesterol (HF/HC) diet for 16 weeks (21% fat,
0.2% cholesterol) (Fig. 1A).

As expected, lungs of Abcgf/ " mice were morphologi-
cally normal and lacked any Oil red O-positive lipid drop-
lets (supplemental Fig. S1A). In contrast, but consistent
with earlier studies (17, 28), the lungs of mice containing
Abcglik macrophages exhibited reduced alveolar spaces,
especially in the sub-pleural areas, as well as accumulation
of Oil red O-positive cells (supplemental Fig. SIB, D). Im-
portantly, histological analysis of the lungs of AbchEEGKO
chimeric mice (wild-type BM — Abegl ™ mice) indicates
that they were structurally abnormal, despite the absence
of Oil red O-positive cells (supplemental Fig. S1C). Table 1
shows that lung weights of Abcglf/ o, AbcglM/ KO "and Abe-
LI”"(V’KO mice were increased by 82, 19, and 20%, respec-
tively, in comparison to wild-type lungs. Further, the levels
of free and esterified cholesterol as well as phospholipids
were significantly increased in all three experimental
groups (Abegl /™ > AbegI™"™° and AbegI™ ). These data
indicate that abnormal lipid homeostasis occurs not only
when pulmonary macrophages and/or lymphocytes lack
ABCG]I, but also when ABCG1 is deleted from epithelial
T1 and T2 cells and endothelial cells (AbegI™ ™ mice).

T2 cells lacking ABCG1 accumulate unesterified
cholesterol

The finding that the lungs of Abcg! mice (containing
wild-type macrophages,/lymphocytes and Abegl '~ epithelial

EEGKO
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Fig. 1. ABCGI has a critical role in nonhematopoietic cells. A: Schematic of BM transplantation studies. Wild-type and Abcgl ’~ mice were
irradiated and received BM from either wild-type or Abng’/’ donor animals. After a 4 week recovery period, all mice were fed a HF/HC
(21% fat, 0.2% cholesterol) diet for 16 weeks. B-E: Frozen lung sections (10 pM) of BM-transplanted mice [as in (A)] were stained with fili-
pin for the presence of free cholesterol. White arrows mark filipin-positive areas. Images are at 20x magnification. F: Frozen lung sections
(10 wM) from Abr,gl’:’:r'KO mice (Al)fgli/i mice receiving A])rgr/* BM) were stained with antibodies for T2 cells (pro-SP-C; green arrows) and
macrophages (Mac-3; red arrows), followed by staining with filipin (blue arrows) for free cholesterol. White arrows indicate areas of colocal-
ization. Images are at 100x magnification. G—J: Representative electron micrographs (original magnification: 9,900x) from BM-transplanted
mice [as in (A)]. K: The relative area of lamellar bodies within each T2 cell was determined in electron micrographs (n = 32) from each
group of transplanted mice (G-J). Significance was measured by two-way ANOVA followed by Bonferroni correction. Data are expressed as
mean + SEM. *P< 0.01 wild-type versus Abrgli/i donor; SP<0.01 wild-type versus Abz:g]i/i recipient. AM, alveolar macrophage; CC, choles-

terol crystal; LB, lamellar body; LD, lipid droplet.

and endothelial cells) contained a high ratio of unesterified:
total cholesterol (Table 1, column 3) was unexpected be-
cause excess unesterified cholesterol is generally toxic to
cells and, hence, usually esterified and stored in lipid drop-
lets (50). To determine whether unesterified cholesterol
deposition (Table 1) localized to a specific cell type, we
performed filipin staining using frozen lung sections from
BM-transplanted mice. Filipin staining was only observed
in the lungs of AbegI™ ™ and Abegl™' ™ mice (Fig. 1D, E)
suggesting that unesterified cholesterol was accumulating
in endothelial and/or epithelial cells. Consequently, we
costained frozen sections from the lungs of Abegl™
mice with filipin and antibodies against SP-C or Mac-3 that
identify T2 cells and macrophages, respectively (Fig. 1F).
The data show colocalization of filipin staining with SP-C
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(Fig. 1F; white arrows). Thus, we conclude that the filipin-
positive cells are T2 cells and that these cells have unusu-
ally high levels of unesterified cholesterol in the lungs of
AbegI™° mice fed a HF/HC diet.

Pulmonary Abcgl ™~ T2 cells are abnormal in the
presence of wild-type macrophages

We previously demonstrated that Abegl '~ mice showed
altered pulmonary surfactant metabolism, including in-
creased lipid and protein levels in pulmonary surfactant
recovered from BAL and abnormal T2 cells that contained
increased numbers of enlarged electron-dense lamellar
bodies (28). To our knowledge, it is not known whether
these dramatic changes in T2 cells were a result of the loss
of ABCGI from T2 cells, macrophages, or both cell types.
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TABLE 1. Altered lipid content of the lungs of bone-marrow transplanted mice

Wild-type Recipient

Abegl™’~ Recipient

Wild-type Donor Abegl””” Donor Wild-type Donor AbegI”"Donor
Lung weight (mg) 412+1.2 484+ 14" 50.7 + 2.0" 75.7 + 2.4
Lung lipids (pg/mg)
Total cholesterol 0.66 + 0.1 2.56 + 0.2° 3.32+0.6" 8.34+1.3"
Unesterified cholesterol 0.46 + 0.1 1.04+0.1° 2.84+0.4" 3.42 +0.4"
Esterified cholesterol 0.20 +0.1 1.52 +0.2° 0.48 +0.2 4.99 + 1.4*"
Phospholipids 1.86+0.3 4.34+0.4" 6.50 + 1.1" 11.09 2.7

Tissue lipid levels were determined as described in the Materials and Methods. Data are expressed as mean +
SEM (n = 4-6 mice/group). Significance was determined by two-way ANOVA followed by Bonferroni correction.

“P< 0.01 wild-type versus Abcgl”'~ donor.
'P<0.01 wild-type versus Alu,gli/i recipient.

Morphometric analysis of electron micrographs revealed
that the T2 cells of Abcg]ﬁi mice had a 3-fold increase in
lamellar bodies (Fig. 1], K). These data are consistent with
a prior study showing a 5-fold increase in lamellar bodies
per T2 cell in the lungs of old whole-body Abcgl ™ mice
(28). We now report that the T2 cells in both the AbcglEEGKO
(Fig. 11, K) and Abegl™"™*® (Fig. 1H, K) chimeric mouse
models contain a 47% increase in lamellar bodies. Taken
together, these data suggest that ABCG1 plays critical cell-
specific roles in both T2 cells and macrophages. It also sug-
gests that T2 cell function can be modulated by signals
from alveolar macrophages that lack ABCGI.

Specific loss of ABCG1 from T2 cells has broad effects on
lung morphology and gene expression

The above studies do not allow us to attribute the ob-
served abnormalities to individual cell types. To directly
define the specific role and importance of ABCGI1 in the
lung, we first crossed AbegI"™™* mice with mice express-
ing Sfpte-Cre to generate mice in which ABCG1 was specifi-
cally deleted from T2 cells (Abcngz'KO) . The fresh weight of
lungs from Abcg]Tz'Ko mice was increased by 50%, as com-
pared with AbegI"™"* mice (Fig. 2A) indicating that loss
of ABCGI from T2 cells has a dramatic effect on lung de-
velopment and/or metabolism. This effect occurs even
though T2 cells represent only ~15% of the cells in the
lung and cover <5% of the alveolar surface (51). Further
analysis of the lungs of AbcglTZKO mice indicated that they
had altered histopathology consistent with sub-pleural pro-
liferation (supplemental Fig. S2A), and did not stain with
Oil red O, indicating that the tissue did not accumulate
neutral lipids (supplemental Fig. S2B). Detailed morpho-
metric analysis of multiple electron micrographs (n = 28)
from the lungs of Abegl"™"* and AbegI™* mice demon-
strates that the lungs of Abegl™™™ mice contain a 3-fold
increase in the number of T2 cells (Fig. 2B, C) and a 2.5-
fold increase in the number of lamellar bodies per T2 cell
(Fig. 2B, D). In contrast, alveolar macrophages in the lungs
of the Abcg]TzKo mice appeared normal (Fig. 2B).

We performed positive selection followed by FACS to iso-
late cell populations highly enriched in either T2 or CD45"
cells (Fig. 2E). T2 cells isolated from Abcgl"*™ ® mice
showed an approximate 75% decrease in both the Abcgl
mRNA and protein (Fig. 2F, G). This effect was cell-type
specific because Abcgl mRNA in CD45" cells was similar in

cells isolated from control AbegI™™"* and Abegl™*° mice
(Fig. 2H). Consistent with the observed increases in T2
cells and lamellar bodies in the lungs of Abegl™*° mice
(Fig. 2B-D), we noted a 2.8-fold increase in Abca3 mRNA
expression in freshly isolated T2 cells lacking Abcgl (Fig. 2I).
Abcal mRNA levels were also increased (Fig. 2I), likely as
compensation for the loss of Abcgl, as previously observed
in Abcg]f/f mice (28). Isolated T2 cells lacking ABCG1
also displayed decreased mRNA levels corresponding to
Srebp-2 and Srebp-2 target genes (Fdps and Ldlr) (Fig. 2J),
suggesting increased levels of sterols in these cells. T2 cells
lacking ABCG1 also showed increased expression of a
number of inflammatory markers that included 1718, 116,
and Tnfo (Fig. 2K). As expected, fold changes in mRNA
levels in extracts from the whole lungs of Abcglmm were
much smaller than the changes observed in isolated T2
cells lacking Abcgl (compare supplemental Fig. S3A-C to
Fig. 2I-K).

Loss of ABCG1 from T2 cells increases surfactant and
immunoglobulin levels

We have previously reported that the lungs of Abﬁg]f/ B
mice accumulate excess B-1a B cells and natural antibodies
(52). We now demonstrate that BAL fluid from Abcg]TZ'KO
mice contains increased titers of IgG (Fig. 3A), IgG2c (Fig.
3B), and IgA (Fig. 3C). These changes were specific be-
cause the levels of IgG1 and IgM were similar in the lungs
of Abegl™™ " and AbegI™* mice (Fig. 3D, E). Plasma im-
munogloblulin levels were unchanged in Abcngz'KO mice
(supplemental Fig. S3D-F).

To determine whether the abnormalities observed in la-
mellar body and surfactant in AbcngZKo mice were associ-
ated with disruptions in intracellular lipid homeostasis, we
performed lipidomic analyses on BAL fluid and T2 cells.
The data show that there were significant increases in total
cholesterol, cholesteryl ester, and PC levels in the surfac-
tant of Abegl™*° mice (Fig. 3F). These increases corre-
sponded to the 18:2 and 18:1 cholesterol ester species and
the 32:1 and 34:1 PC species (Fig. 3G, H). In contrast, the
lipid content of T2 cells or alveolar macrophages isolated
from control and AbcngzKo mice were not significantly dif-
ferent (supplemental Fig. S3G, H). However, the decreased
levels of Srebp-2 target genes suggest that despite minimal
differences in total cellular cholesterol, there may still be
changes in intracellular cholesterol distribution. Together
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Fig. 2. Mice with selective deletion of Abcgl in T2 cells have abnormal surfactant and lamellar body homeostasis. A: The fresh weight of the
lungs was increased in Abtglvl.z'k’o mice. B: Representative electron micrographs from Abrg]”ux'/“ux and Abrg]w'KO mice (original magnifica-
tion: 17,400x). Increased T2 cell number (C) and relative area of lamellar bodies within each T2 cell (D). E: Flow cytometry gating strategy
to identify T2 cells (defined as EpCAM]"Tlof cells). Single-cell suspensions of negatively selected CD45 cells were stained with fluorophore-
conjugated antibodies and analyzed by flow cytometry. Among single cells, the live cells were selected for further analysis to identify T2 cells
(EpCAMh‘Tlof). F: Abcgl expression is significantly reduced in EpCAMI"_Tlaf T2 cells. G: ABCG1 protein is absent from EpCAMh'Tl(f T2
cells. H: Abcgl expression is unchanged in CD45 " cells isolated from Abcg]‘ ** mice. I: Increased Abca3and Abeal expression in EpCAM]"Tlof
T2 cells. J: Decreased Srebp-2, Fdps, and Ldlrexpression in EpCAMh'TIOF T2 cells. K: Increased I11B, 116, and Tnfx expression in EpCAM‘"Tlof

T2 cells. Significance was measured by Student’s #test. Data are expressed as mean + SEM. #*P< 0.05, ##P < 0.01, *#**P< 0.001.

these data suggest that ABCGI in T2 cells has a critical role
that affects pulmonary and surfactant lipid homeostasis, as
well as modulating the immune response.

Expression of ABCG1 in A549 cells alters lipid synthesis
and secretion

The studies presented here demonstrate that ABCG1
plays a critical role in T2 cell biology and homeostasis. The
human-derived A549 cell line exhibits a number of T2-like
properties, including the presence of lamellar body-like
organelles and the ABC transporter, ABCA3 (53). In addi-
tion, treatment of A549 cells with secretogogues increases
secretion of lamellar bodies/phospholipids into the media
(54). To determine whether ABCG1 affects synthesis and
secretion of specific lipids, we infected A549 cells with con-
trol adenovirus or ABCG1 adenovirus (Ad-ABCG1). After
24 h, cells were incubated with HCracetate for 6 h in medium
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containing 0.2% BSA (data not shown) or 10% FBS prior
to quantification of radioactive cell-associated lipids (Fig.
4A, B). The data of Fig. 4A, B show that overexpression of
ABCGI results in increased incorporation of “Cacetate
into cholesterol (Fig. 4A, B; 46-52%), consistent with our
earlier observation that overexpression of ABCG1 increases
cholesterol synthesis genes (24, 55). Further, overexpres-
sion of ABCG1 increased incorporation of MCuacetate into
FFA and DG (Fig. 4A; 71% and 74%, respectively), as well
as PC (15%), PE (13%), PA/PS phospholipids (10%), and
SM (20%) (Fig. 4B). The incorporation of "C-acetate into
triacylglycerol, phosphatidylglycerol (PG), and PI remained
largely unchanged (Fig. 4B). Similar results were seen with
0.2% BSA-containing medium (data not shown).

In a second series of experiments, we determined the
role of ABCGI in surfactant secretion. A549 cells were in-
fected with control adenovirus or Ad-ABCG1, as in Fig. 4A, B.
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Fig. 3. Disrupted lipid homeostasis and immunity in Ab(g]Tz'KO mice. A-E: BAL fluid from Abcg]”m/“"x and Abcgl

T2KO . . =
mice was diluted 1:5

to 1:250 and tested for binding to IgG (A), IgA (B), IgG2¢ (C), IgG1 (D), and IgM (E). ALP-conjugated antibodies were used for detection.
Data are presented as mean antibody titer (ng/ml) + SEM (n = 5-10 mice/genotype). F-H: Cholesterol, cholesteryl ester, and PC and their

derivatives were quantified by ESFMS/MS in BAL fluid from Alzq’rlﬂox’/“oX and Abcgl

T2KO . o
mice. Data are presented as mean lipid level

(pmol/pl) + SEM (n = 3-6 mice/genotype). Significance was measured by Student’s ttest. *P < 0.05, **P< 0.01.

After 24 h, cells were pulsed with "C-acetate for 4 h to label
newly synthesized lipids. Cells were washed and chased for
2 h in medium containing either 0.2% BSA (supplemental
Fig. S4A) or 10% FBS (Fig. 4C) in the presence or absence
of a surfactant secretagogue cocktail (28). Consistent with
the secretion of lamellar bodies, the cocktail increased se-
cretion of PC (38%), PE (85%), SM (66%), and choles-
terol (85%) into the medium (Fig. 4C; supplemental Fig.
S4A, lanes 5, 6 vs. 1, 2 and lanes 7, 8 vs. 3, 4). ABCGI1 over-
expression increased secretion of both cholesterol (248%)
and PC (33%), independent of whether the cells were in-
cubated in lipid-free medium (supplemental Fig. S4A,
0.2% BSA; lanes 3, 4) or medium containing exogenous
lipid acceptors (Fig. 4C, 10% FBS; lanes 3, 4).

Lastly, we determined the role of silencing ABCG1 on
lipid secretion. A549 cells were transfected with a scram-
bled siRNA sequence or siRNA sequences targeted against
ABCGI (Fig. 4D). Consistent with our observations in
AbegI™*° mice (Fig. 21), silencing ABCGI in A549 cells re-
sulted in compensatory increases in ABCAI and ABCA3
mRNA (supplemental Fig. S4B). Silencing ABCGI in A549
cells resulted in increased total cellular cholesterol and
phospholipids (Fig. 4E), and decreased cholesterol and
phospholipid secretion into the medium (Fig. 4F).

Abcgl_/ ~ macrophages modulate wild-type T2 cell
surfactant homeostasis

Data from our BM transplant studies suggested that T2
cell function can be modulated by signals from alveolar

macrophages and/or lymphocytes that lack ABCGI. To
test this hypothesis, we generated conditional KO mice in
which ABCGI1 was selectively deleted in macrophages using
LysM-Cre. ABCG1 deletion in alveolar macrophages was
confirmed by mRNA expression and Western blotting
(Fig. 5A, B). As expected, and consistent with previous
studies (28, 30, 40), Ab(:glMAﬁKo lungs displayed altered his-
topathology, increased proliferation in the sub-pleural space,
and accumulation of Oil red O-positive macrophages (sup-
plemental Fig. S5A, B). Morphological analysis of the lungs
from Abge™*“° mice demonstrated the accumulation of
giant alveolar macrophages filled with lipid droplets and
cholesterol crystals (Fig. 5C). Upon closer inspection of in-
dividual micrographs, we noted that the T2 cells in the
Iungs of Abcgln‘\c'l(o mice were also enlarged with multiple
irregularly shaped and electron dense lamellar bodies (Fig.
5D). Quantification of T2 cells and lamellar bodies demon-
strated that AbegI™ ™ lungs have 4-fold more T2 cells
(Fig. BE), and each T2 cell contained 2.2-fold more lamel-
lar bodies (Fig. bF). These data suggest that the absence of
ABCGI specifically from macrophages also significantly
impacts T2 lamellar body and surfactant homeostasis.

ABCG1 human variants in PAP

Overall, our data demonstrate that ABCGI plays a criti-
cal role in normal T2 cell and surfactant homeostasis in mice.
Importantly, we wanted to determine whether ABCGI is
important in pulmonary surfactant metabolism in humans.
Chronic respiratory diseases are the third leading cause of
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Fig. 4. ABCGI is required for the synthesis and secretion of cholesterol and phospholipids from A549 T2 cells. A, B: A549 T2 cells were
infected overnight with either control adenovirus or Ad-ABCG1. Cells were incubated with MG acetate in medium containing 10% FBS for
6 h before total cellular lipids were extracted and separated by thin-layer chromatography to determine levels of neutral lipids (A) and phos-
pholipids (B). C: A549 T2 cells were infected as in (A, B). Cells were pulse labeled with YCacetate for 4 h, followed bya 2 h chase in medium
containing 10% FBS in the presence or absence of a secretagogue cocktail (100 uM ATP, 0.1 uM phorbol-12-myristate-13-acetate, 20 pM
terbutaline). Total secreted lipids were extracted from the medium and separated by thin-layer chromatography to determine the levels of
phospholipids. D-F: A549 T2 cells were transfected with a control scrambled siRNA sequence or siRNA sequences directed against ABCGI.
D: Reduced ABCGI expression in Ab49 cells treated with ABCGI siRNA. Total cellular (E) and secreted (F) cholesterol and phospholipids
were quantified by enzymatic assay according to manufacturer’s instructions. Data are presented as mean + SEM (n = 6 replicates/condition).

Significance was measured by one-way ANOVA followed by Bonferron

death (56), and PAP is a rare disease caused by the accumu-
lation of SPs and lipids in the pulmonary alveoli, resulting
in respiratory distress (57, 58). Patients with autoimmune
idiopathic PAP have reduced alveolar macrophage expres-
sion of ABCGI (59) and exhibit a remarkable resemblance
to the phenotype observed in the lungs of Abegl /™ mice.
We hypothesized that polymorphisms in the human ABCGI
locus may result in decreased ABCG1 function and, subse-
quently, altered pulmonary function.

We obtained human BAL samples from PAP patients un-
dergoing whole lung lavage at the University of California
Los Angeles. Information on the human subjects is de-
tailed in supplemental Table S1. Genomic DNA isolated
from patient alveolar macrophages was sequenced and
compared with published reference sequences (NCBI).
We found multiple sequence polymorphisms in one PAP
patient, which correspond to a region containing a puta-
tive liver X receptor (LXR) response element (Fig. 6A) (60).
LXRa is a well-known regulator of macrophage function

29

i correction. #*P< 0.01.

(61, 62). To determine whether this sequence polymor-
phism affected the response to LXR activation, we gener-
ated luciferase reporter genes in which the 2,000 bp
upstream of the ABCGI transcriptional start site containing
the published reference or mutated putative LXRE se-
quence were inserted upstream of the luciferase coding
sequence (Fig. 6B, C). Plasmids containing these reporter
genes and expression plasmids for LXRa and RXRa were
transfected into HEK293 cells, and the cells treated for
24 h with either LXR and RXR agonists or vehicle. Figure 6B
shows that LXR activation resulted in a significant increase
in luciferase activity with the reference plasmid. However,
no significant increase in luciferase activity was observed
with the plasmid containing the mutated LXRE sequence
(Fig. 6C). We next treated control or PAP patient macro-
phages with LXRa agonist for the indicated time period
(Fig. 7). ABC transporter gene expression was determined
by real-time qPCR. The data of Fig. 7A demonstrate that
induction of ABCGI mRNA levels by a specific LXRa

0202 ‘1 1equisydag uo ‘}sanb Aqg 610 | mmm woly papeojumoq



SASBMB

JOURNAL OF LIPID RESEARCH

-html

Supplemental Material can be found at:
http://www_jlr.org/content/suppl/2017/03/06/jir. M075101.DC1

>

15 Macrophages

B Alveolar Macrophages c
Abcg1

Flox MAC-KO

S e i+

o

mRNA Level
(thd Change)
g

Fekk
L

Abcg1 Flox MAC-KO

m

*%

T2 cells per field
b

Fig. 5. Abcgli’/i macrophages signal to wild-type T2 cells. A, B: ABCGI is absent in alveolar macrophages isolated from Abcg!

Flox MAC-KO Abcg? Flox MAC-KO

*kk

n
e

LB per T2 cell (%)

MACKO .
mice.

A: Abcgl expression in alveolar macrophages isolated from Abcg]ﬂm(/ﬂ”x and AbchMACKO mice. B: ABCGI protein in alveolar macrophages

isolated from Abcglﬂox/ﬂox and Abcg]MAC'KO

mice. C: Representative electron micrographs from Abﬂg]ﬂox/ﬂox and Abcgl
magnification: 17,400x). D: Electron micrograph of a T2 cell from Abcgl
number (E) and relative area of lamellar bodies within each T2 cell (F) in Abcgl

MACKO . e
mice (original

mice (original magnification: 22,600x). Increased T2 cell
MAGKO ice. Data are expressed as mean + SEM (n = 4-6

MACG-KO

mice/genotype). AM, alveolar macrophage; CC, cholesterol crystal; LB, lamellar body; T2, T2 cell. Significance was measured by Student’s

rtest. ¥ P < 0.01, #*¥%¥P<(0.001.

agonist were significantly impaired in PAP patient macro-
phages (Fig. 7A), while minimal differences were noted in
the induction of other LXR target genes, including ABCA1,
IDOL, and LPCATS3 (Fig. 7B-D). Together these data sug-
gest that the sequence polymorphism identified within the
ABCGI locus could be, in part, responsible for the reduced
ABCGI function observed in PAP patient macrophages
(Fig. 7) (59).

DISCUSSION

Improper pulmonary lipid homeostasis results in differ-
ent respiratory syndromes, such as PAP, respiratory distress
of the newborn, idiopathic pulmonary fibrosis, or chronic
obstructive pulmonary disease (34, 35, 63-67). Studies in
both patients and mice have identified GM-CSF, SP-B, SP-
C, SP-D, ABCA3, ABCALI, and lysosomal acid lipase (LAL)
as genes involved in some of these syndromes (32, 34, 35,
63, 65-67). We previously reported a severe lipidosis in the
lungs of aged Abcg]ik mice fed a normal chow diet (28).
Abcglik lungs accumulated foamy macrophages and
abnormal T2 cells, and displayed massive deposition of
cholesterol (both unesterified and esterified) and phos-
pholipids. Additionally, severe signs of inflammation that
included lymphocytic infiltration and increased expression
of cytokines were observed in the lungs of Abcg]f/ " mice.

Interestingly, this phenotype could be accelerated in
younger animals by feeding a HF/HC diet (17).

An important question that remained to be established
in those studies was the relative importance of alveolar
macrophages and T2 cells for the development of the lung
phenotype in Abcg]ﬁf mice. The presence of a LacZ
knock-in cassette, under transcriptional control of the en-
dogenous Abcgl promoter, allowed us to unequivocally
identify both alveolar macrophages and T2 cells that nor-
mally express ABCG1 (17, 28). Wojcik et al. (30) previously
reported that, following BM transplants, Oil red O deposi-
tion and cytokine induction in the murine lungs correlated
with the presence of Abegl’~ BM-derived cells, indepen-
dent of the genotype of the recipient mice. However, we
note that, in contrast to the study reported herein, the
mice studied by Wojcik et al. (30) were not challenged with
a HF/HC diet, were euthanized after only 9 weeks post-
transplantation, and the lipid content of T2 cells was not
reported.

Here we show that ABCG1 is critical for surfactant and T2
cell homeostasis. AbchTQ'KO mice allowed us to specifically
study the function of ABCG1 in T2 cells, while use of Abcg-
I"“*© and BM chimeras allowed us to study the contribu-
tion of ABCG1 in other lung cell types, such as macrophages.
Our results are consistent with previous reports (30) that
loss of ABCGI expression in BM-derived cells leads to depo-
sition of Oil red O-positive lipids (i.e., cholesteryl esters)
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in pulmonary macrophages (supplemental Fig. S1, Table 1).
In addition to these observations, we demonstrate that, un-
der conditions of dietary challenge with a HF/HC diet, loss
of ABCG1 function in alveolar T2 cells results in increased
lamellar body content, and increased pulmonary phospho-
lipids and unesterified cholesterol (Fig. 1, Table 1). These
results highlight the importance of ABCGI function not
just in alveolar macrophages, but also in T2 cells. The data
also suggest that loss of ABCG1 in either cell type results in
phenotypic changes related to pulmonary lipid homeo-
stasis. Therefore, perhaps not surprisingly, total loss of the
transporter in the lungs (Abegl”’~ BM — Abegl™’ ™ recipi-
ent mice) leads to a more severe phenotype (Fig. 1, supple-
mental Fig. S1, Table 1).

T2 cell-specific ABCGl-deficient mice accumulated ab-
normal electron-dense lamellar bodies, and had increased
surfactant levels of cholesteryl ester, PC, and immunoglob-
ulins (Figs. 2, 3). These data demonstrate that ABCG1 ex-
pression in T2 cells not only regulates T2 surfactant lipid
homeostasis, but also immune response and immunoglob-
ulins, consistent with previous reports that ABCGI plays
important roles in both lipid homeostasis and immunity
(30, 38, 52, 68-74). Loss of ABCG1 in T2 cells compromises
their ability to secrete and/or recycle surfactant lipids, re-
sulting in hypertrophied cells that accumulate enlarged
lamellar bodies [(28) and this study]. We have previously
shown that continual uptake of cholesterol-rich surfactant by
Abcg]f/ " macrophages, coupled with impaired macrophage
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ter activity was normalized to B-galactosidase activity. Data are presented as

01.

cholesterol efflux, results in the generation of macrophage
foam cells (28). These data strongly suggest that the phe-
notype observed in Abngf/* mice is the result of not only
cell-specific events, but also complex interactions between
the different pulmonary cell types, particularly alveolar
macrophages and T2 cells.

LacZ staining of frozen sections from mice lacking
ABCGTI revealed that ABCGI is also expressed in endothe-
lial cells and epithelial cells lining the bronchioles (17, 27,
28, 40). It is likely that alterations in these cells as a result of
loss of ABCGI expression may also contribute to the phe-
notype observed in the lungs of Abegl~’~ mice. Endothelial
cells are known to produce and secrete numerous cyto-
kines in response to a variety of stimuli [reviewed in (75)].
Some of these molecules have been described to modulate
monocyte/macrophage migration and/or T2 cell prolifer-
ation in the lungs during inflammation or following tissue
damage (75). The role of such crosstalk between endothe-
lial cells and macrophages and T2 cells in the lungs re-
mains to be elucidated.

To our knowledge, no functional mutations have been
described in human ABCGI. However, Thomassen et al. (76)
reported that a subgroup of patients with PAP showed a
marked decrease in ABCGI mRNA expression in alveolar
macrophages recovered from BALSs, compared with samples
from healthy volunteers. This same group has also demon-
strated that lentiviral overexpression of ABCGI1 improves
the lipidloaded macrophage phenotype of Gmcsf*/ " mice
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Fig. 7. Reduced activation of ABCG1 by LXR in a patient with PAP. A-D: Macrophages isolated from a PAP
patient and non-PAP control were plated and treated with a specific LXR agonist (1 pM GW3965) for the in-
dicated time period. ABCGI (A), ABCAI (B), IDOL (C), and LPCAT3 (D) activation by LXR. Gene expression
was normalized to 36B4 and presented as fold changes. Data are presented as mean + SEM. Significance was
measured by two-way ANOVA followed by Bonferroni correction. *P< 0.001.

(77). Importantly, we identified sequence polymorphisms
in ABCGI in one PAP patient that correspond to a puta-
tive LXR response element. We show that the normal in-
duction of ABCGI mRNA in response to LXR activation
was greatly attenuated in alveolar macrophages isolated
from one PAP patient (Fig. 7). In contrast, induction of
other LXR target genes, including ABCAI, IDOL, and
LPCATS3, in control and patient-derived cells were not sig-
nificantly different. These data suggest that polymorphisms
that affect the expression and/or function of ABCG1 may
result in an increased risk of pulmonary lipidosis and
inflammation.

In summary, our results identify a critical role for ABCG1
in controlling T2 cell surfactant metabolism and pulmo-
nary immunoglobulin levels. We also identify sequence
polymorphisms in ABCGI in a human patient with PAP
that impact the regulation of ABCGI expression by LXR.
Our data suggest that a decline in pulmonary ABCG1 levels
may affect the pathogenesis of PAP. Finally, the current
studies support the proposal that altering intracellular cho-
lesterol metabolism in T2 cells affects both surfactant se-
cretion/recycling and pulmonary immunity B
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Supplemental Data

Supplemental Table S1. Characteristics of PAP patients.

Patient Characteristics Cohort
Number of subjects 7
Males 6
Females 1
White 4
African-American 1
Hispanic 2
Median Age (yr)

Male 46.5

Female 50
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Supplemental Figure S1. (A-D) Frozen lung sections (10 pM) from mice treated as in Figure 1 were
stained with Oil red O to identify neutral lipids. Arrows indicate positively stained areas. (A) Abcgl™*
donor bone marrow (BM) = A4bcgl™" recipient mice. (B) Abcgl~~ donor bone marrow (BM) = Abcgl™*
recipient mice. (C) 4bcgl** donor bone marrow (BM) = Abcgl~~ recipient mice. (D) Abcgl~~ donor
bone marrow (BM) = Abcgl~ recipient mice.
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Supplemental Figure S2. Frozen lung sections (10 pM) from Abcg /" (Flox) and Abcg1™X° (T2-KO)
mice were stained with hematoxylin and eosin (A) or Oil red O (B).
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Supplemental Figure S3. (A-C) Whole lung mRNA expression of (A) Abcal and Abca3, (B) Srebp-2,
Fdps, and Ldlr, and (C) 1113, 1i6, and Tnfein Abcg "' (Flox) and Abcg1™%° (T2-KO) mice. Gene
expression was normalized to 36B4 and presented as fold change. Data are expressed as mean mRNA
level £SEM (n = 4-6 mice/genotype). (D-F) Plasma was diluted 1:250-1:1000 and tested for binding to
1gG (D), IgM (E) and IgA (F). HRP-conjugated antibodies were used for detection. Data are presented as
mean antibody titer (ng/mL) £SEM (n = 3-6 mice/genotype). (G-H) Cholesterol, cholesteryl ester,
phosphatidylcholine and their derivatives were quantified by ESI-MS/MS in T2 cells (G) and alveolar
macrophages (H) from 4bcg " and Abcg1™>%° mice. Data are presented as mean lipid level
(pmol/million cells) £SEM (n = 3-6 mice/genotype). Significance was measured by Student’s ¢ test. * p <
0.05.
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Supplemental Figure S4. (A) A549 T2 cells were infected as in Figure 4. Cells were pulse labeled with
14C-acetate for 4 h, followed by a 2 h chase in media containing 0.2% BSA in the presence or absence of a
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the levels of phospholipids. (B) Increased ABCA3 and ABCAI expression in A549 cells treated with
ABCGI siRNA. Data are presented as mean =£SEM (n = 6 replicates/condition). Significance was
measured by one-way ANOVA followed by Bonferroni correction. * p < 0.05.
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Supplemental Figure S5. Frozen lung sections (10 pM) from Acg]ﬂ/ﬂ (Flox) and 4bcg M4<K0 (MAC-
KO) mice were stained with hematoxylin and eosin (A) or Oil red O (B).
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Statin as a novel pharmacotherapy of pulmonary alveolar proteinosis
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alveolar proteinosis
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Pulmonary alveolar proteinosis (PAP) is a syndrome of reduced GM-CSF-dependent,
macrophage-mediated surfactant clearance, dysfunctional foamy alveolar macrophages,
alveolar surfactant accumulation, and hypoxemic respiratory failure for which the pathoge-
netic mechanism is unknown. Here, we examine the lipids accumulating in alveolar macro-
phages and surfactant to define the pathogenesis of PAP and evaluate a novel
pharmacotherapeutic approach. In PAP patients, alveolar macrophages have a marked
increase in cholesterol but only a minor increase in phospholipids, and pulmonary surfactant
has an increase in the ratio of cholesterol to phospholipids. Oral statin therapy is associated
with clinical, physiological, and radiological improvement in autoimmune PAP patients, and
ex vivo statin treatment reduces cholesterol levels in explanted alveolar macrophages. In
Csf2rb—/— mice, statin therapy reduces cholesterol accumulation in alveolar macrophages
and ameliorates PAP, and ex vivo statin treatment increases cholesterol efflux from mac-
rophages. These results support the feasibility of statin as a novel pathogenesis-based
pharmacotherapy of PAP.
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marily phosphatidylcholine, and multiple less-abundant

phospholipid species, 10% neutral lipids, primarily free
cholesterol with small amounts of triglycerides and free fatty
acids, and 10% surfactant proteins!? Since cholesterol content
regulates the fluidity and surface tension-lowering effects of
surfactant, which are critical to alveolar stability and lung func-
tion, surfactant composition is tightly regulated®. Surfactant
homeostasis is maintained by balanced secretion by alveolar
epithelial type II cells and clearance via recycling and catabolism
in these cells and by catabolism in alveolar macrophages®. Prior
studies reporting the relative fractional composition of surfactant
phospholipids is normal in pulmonary alveolar proteinosis (PAP)
patients® and Csf2—/— mice®, led to a widely-held belief that
surfactant accumulation in PAP is caused by impaired catabolism
of phospholipids within alveolar macrophages’, however, to date,
no such mechanism has been identified.

Alveolar macrophages require granulocyte/macrophage-col-
ony-stimulating factor (GM-CSF) for maturation in the lungs and
to enable surfactant clearance in vitro and in vivo®®. Further,
disruption of GM-CSF signaling by either GM-CSF auto-
antibodies as occurs in autoimmune PAP'%-12 or by CSF2RA or
CSF2RB mutations as occurs in hereditary PAP13-15 mediates
pathogenesis in >90% of PAP patients. PAP has no approved
pharmacotherapy and is currently treated by whole lung lavage
(WLL), an invasive, inefficient procedure that is repeatedly
required and not widely available. Based on the observation that
impaired GM-CSE-dependent cholesterol clearance within
alveolar macrophages drives reduction of macrophage-mediated
surfactant clearance in Csf2rb—/— micel®, a validated animal
model of human PAP, here, we evaluate cholesterol content in
human alveolar macrophages and pulmonary surfactant from
PAP patients, and test cholesterol homeostasis as a novel target
for development of pharmacotherapy of PAP.

P ulmonary surfactant is composed of 80% polar lipids, pri-

Results

Statin therapy and resolution of autoimmune PAP lung dis-
ease. We identified a 58-year-old woman with severe auto-
immune PAP who responded poorly to WLL but improved
dramatically on statin therapy. She initially presented with pro-
gressive dyspnea of insidious onset and a past medical history
positive only for hypercholesterolemia. Pulmonary function
testing revealed a forced vital capacity (FVC) of 74% of the
predicted value and a diffusing capacity for carbon monoxide
(DLCO) of 41% of predicted. A high-resolution computed
tomogram (HRCT) of the chest revealed diffuse, ground glass
opacification and septal thickening (Fig. 1a) and a lung biopsy
identified histopathology typical of PAP (Fig. 1b). A serum GM-
CSF autoantibody test'® was abnormal (74 mcg/ml, normal <5.0
mcg/ml) and a STAT5-phosphorylation index!3 test indicated
GM-CSF signaling was not detectable, thereby establishing a
diagnosis of autoimmune PAP. Dyspnea and resting hypoxemia
were treated with continuous low-flow oxygen. Multiple bilateral
high-volume WLL treatments (each ~501 saline/lung) were
performed 1, 3, 7, 11, and 25 months after presentation with some
symptomatic relief but no major effect on hypoxemia or sup-
plemental oxygen requirement (Fig. 1d); radiographic abnorm-
alities (Fig. la) and severely reduced DLCO (41-54% of
predicted) persisted (Fig. 1f). GM-CSF autoantibody and STAT5-
phosphorylation index tests remained abnormal at all times.
Thirty-two months after presentation, statin therapy was initiated
for hypercholesterolemia and lowered serum cholesterol as
expected (Supplementary Table 1). Six months later, she experi-
enced unanticipated improvement in dyspnea and elimination of
her oxygen requirement (Fig. 1d), HRCT revealed reduced

pulmonary ground glass opacification (Fig. 1a) and 42 months
after initiating statin therapy, the abnormal PAP-related surfac-
tant accumulation had completely resolved as determined by two
different, previously validated, quantitative computed tomo-
graphy (CT)-based methods (categorical parenchymal-pattern
assessment (CALIPER) and densitometry19’21). CALIPER ana-
lysis indicated the percentage lung parenchyma affected by PAP
had declined from 32% to 0% during three and half years on
statin therapy (Fig. 1a, ¢, Supplementary Tables 2, 3). Further-
more, at this time, the FVC increased to 100% of predicted and
the DLCO increased to 80% of predicted (Fig. le, f). Thus,
initiation of statin therapy was associated with sustained clinical
and radiological improvement of PAP lung disease and WLL
therapy was no longer required or administered.

Subsequently, we identified a 66-year-old female with unremit-
ting, slowly progressive autoimmune PAP (serum GM-CSF
autoantibody: 109.1 mcg/ml) who had not received WLL or
other therapy of PAP. Three years after diagnosis, dyspnea on
exertion was persistent, the DLCO was reduced to 69% of
predicted, and HRCT revealed moderate PAP (Supplementary
Fig. 1a). Independently, oral statin was initiated as therapy for
hypercholesterolemia; after 4 months, dyspnea had resolved and
after 1 year, she remained asymptomatic, the DLCO had
normalized (85% of predicted), and CALIPER analysis indicated
the percentage of lung parenchyma affected by PAP had declined
from 38% to 15% (Supplementary Fig. 1a, b).

Statins reduce alveolar macrophage cholesterol in PAP.
Prompted by the clinical improvement these patients experienced
on statin therapy and the recent observation that loss of GM-CSF
signaling disrupts cholesterol homeostasis in Csf2rb—/— mice!®,
we examined the alveolar material accumulating in autoimmune
PAP by studying total surfactant lipids (ie., polar and neutral
together) rather than just the polar lipid fraction as had been
done previously”. Alveolar macrophages from autoimmune PAP
patients were foamy (Fig. 2a) and contained large amounts of free
and esterified cholesterol and only a small increase in phospho-
lipids (Fig. 2b, ¢). Importantly, the ratio of cholesterol to phos-
pholipids in pulmonary surfactant was markedly increased
(Fig. 2d). This latter observation has physiological implications, as
cholesterol regulates surfactant fluidity?? as well as diagnostic
implications as its measurement could serve as an adjunct to the
bronchoscopic evaluation of patients with ground glass opacifi-
cation identified by chest CT examination.

To determine whether statin therapy may act via a direct effect
on alveolar macrophages, PAP patient-derived foamy alveolar
macrophages were exposed to statin therapy ex vivo for 24 hours
and cholesterol content was measured. Statin treatment reduced
cholesterol content by 40% compared with paired control cells
(Fig. 2e). As statins inhibit 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR) thus reducing endoplasmic reticulum (ER)
cholesterol levels resulting in increased expression of sterol
regulatory element-binding protein-2 (SREBP2)?3?4, we evalu-
ated the effects of statin on this pathway in alveolar macrophages.
Statin therapy increased expression of SREBP2 (Fig. 2f) and its
downstream target genes (Supplementary Fig. 2a) including
neutral cholesterol ester hydrolase-1 (NCEH) (Fig. 2f), an enzyme
responsible for converting esterified cholesterol to free choles-
terol, which facilitates cholesterol efflux. Because ATP-binding
cassette transporter family members Al and G1 (ABCAl and
ABCGI, respectively) mediate cholesterol efflux from macro-
phages and their expression is abnormal in PAPZ>26, we
evaluated the effects of ex vivo statin exposure on ABCGI/
ABCAI mRNA levels in PAP patient-derived alveolar macro-
phages. Statin increased mRNA transcript levels of both ABCA1I
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Fig. 1 Resolution of PAP associated with oral statin therapy. a HRCT chest at diagnosis and after WLL therapy or statin therapy. HRCT image illustrating
quantitative categorical parenchymal-pattern analysis (green-masking: uninvolved/normal lung parenchyma, yellow-masking: PAP-involved/abnormal lung
comprising ground glass and reticular changes). Glyphs showing parenchymal-pattern analysis of total lung parenchyma segmented by right, left; upper,
middle, and lower zones. b Lung histology at diagnosis. Haematoxylin and eosin. ¢ Percentage of lung affected by PAP determined by parenchymal-pattern
analysis. Supplemental oxygen requirement (d), FVC (e), and DLCO (f) before and after statin therapy. Data are mean  SD, statistical differences
determined by Student's t test or Mann-Whitney test. P< 0.05, **P < 0.01, ***P <0.001, ****P<0.0001

and ABCGI compared to paired control cells (Fig. 2f). These
results indicate statin therapy may act through a direct effect on
foamy, cholesterol-laden alveolar macrophages in PAP patients
by promoting cholesterol efflux.

Statins improve PAP lung disease in Csf2rb—/— mice. Next, we
asked if the clinical benefit of statin therapy could be recapitu-
lated in vivo in a validated PAP model. To address this question,
Csf2rb—/— mice received statin therapy by oral administration
for 6 weeks. Compared with age-matched, untreated controls,
statin-treated mice had reduced bronchoalveolar lavage (BAL)
turbidity (Fig. 3a) (an excellent global measure of PAP sediment
accumulation reflecting disease severity!”) and reduced choles-
terol levels in BAL (Fig. 3b) and alveolar macrophages (Fig. 3c)
(excellent biochemical measures of PAP disease severity!”).
Similar to results for human alveolar macrophages treated with

VIMUNICAT

statin ex vivo, alveolar macrophages from statin-treated mice had
increased mRNA transcript levels in for Srebp2, Nceh, Abcal, and
Abcgl compared with age-matched, untreated controls (Fig. 3d-g,
Supplementary Fig. 2b).

Statins increase Csf2rb—/— macrophage cholesterol efflux.
Because statin therapy reduced cholesterol levels in foamy
alveolar macrophages from autoimmune PAP patients ex vivo
and Csf2rb—/— mice in vivo (Figs. 2e, 3¢), and cholesterol efflux
is reduced in macrophages from apoE—/—GM-CSF—/— mice?’,
we measured the effects of statin on efflux of radiolabelled cho-
lesterol from alveolar macrophages or bone marrow-derived
macrophages in the presence of cholesterol acceptors—high-
density lipoprotein (HDL) or apolipoprotein-Al (Apo-Al),
which preferentially accept cholesterol from macrophages via
ABCG1 and ABCAL, respectively?®. Compared with untreated
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Fig. 2 Cholesterol accumulation in human PAP alveolar macrophages and correction by statin. a Human alveolar macrophages (AMs) stained with Diff-
Quick (DQ), Oil-red O (ORO), periodic acid-Schiff (PAS), or electron microscopy (EM). b Thin-layer chromatography of AM total lipids from healthy
people (control) or PAP patients (PAP). ¢ AM cholesterol levels in PAP or controls (n =8 PAP/4 control). d The ratio of cholesterol to total phospholipids
in pulmonary surfactant of PAP or controls (n =7 PAP/5 control). e Total cholesterol and f mRNA levels for SREBP2, NCEH, ABCA1, ABCGT in PAP AMs
without and after statin treatment for 24 h ex vivo (n=3-6 per group). Data are mean + SD, statistical differences determined by ANOVA with
Bonferroni's post hoc test. *P < 0.05, **P< 0.01, ***P<0.001, ****P<0.0001

paired cells, statin-treated alveolar macrophages had increased
efflux in the presence of HDL but not Apo-Al (Fig. 3h, i),
whereas statin-treated bone marrow-derived macrophages
(BMDMs) had increased efflux in the presence of both Apo-Al
and HDL (Fig. 3j, k). These results support the concept that statin
may provide benefit as therapy of PAP by a direct effect on
alveolar macrophages by increasing cholesterol clearance.

Discussion
This study showed that cholesterol—not un-metabolized
surfactant or phospholipids—was the predominant material

accumulating in alveolar macrophages in PAP patients and
was associated with a marked increase in the ratio of
cholesterol to phospholipids in pulmonary surfactant. Statin
therapy was associated with improvement in lung disease in
autoimmune PAP patients, reduced cholesterol levels in alveolar
macrophages from autoimmune PAP patients ex vivo, increased
cholesterol efflux from Csf2rb—/— macrophages ex vivo, and
ameliorated lung disease in Csf2rb—/— mice in vivo. Together,
these results identify oral statin therapy as a novel pathogenesis-
based pharmacotherapeutic approach for patients with auto-
immune PAP.
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Fig. 3 Statin therapy improves cholesterol efflux from macrophages and ameliorates PAP in Csf2rb—/— mice. a-g Mice received oral statin therapy for
6 weeks or untreated age-matched Csf2rb—/— or wild type (WT) mice. Disease severity evaluated by bronchoalveolar lavage a turbidity and b total
cholesterol. € Alveolar macrophage cholesterol and mRNA levels for Srebp2 d, Nceh e, Abcal f, and Abcgl g. Cholesterol efflux capacity of Csf2rb—/—
AMs (h, i) or BMDMs (j, k), treated with statin for 24 hours, measured by percentage of [3H]-cholesterol transferred to Apo-A1 (h, j) or HDL

(i, k). Data are mean £ SD (3-6 mice/group), statistical differences determined by ANOVA with Bonferroni's post hoc test. *P < 0.05, **P< 0.01,

#4P:-210.001, ®p:<:0.0001

The observation that abnormal accumulation of cholesterol in
alveolar macrophages and pulmonary surfactant is similar in
autoimmune PAP patients and in Csf2rb—/— mice!® suggests a
similar mechanism may drive PAP pathogenesis. In mice, GM-
CSF signaling via PU.1 is required to stimulate differentiation and
functions of alveolar macrophages including surfactant clear-
ance®. In humans, GM-CSF, PU.18, and PPARy®? are required
for alveolar macrophage differentiation and surfactant clearance.
In nonhuman primates, passive transfer of PAP patient-derived
GM-CSF autoantibodies reduced expression of GM-CSF signaling
axis components in alveolar macrophages in parallel with devel-
opment of PAP30, GM-CSF is critical to cholesterol homeostasis
in murine macrophages and stimulates cholesterol clearance in a
constitutive, dose-dependent, and reversible fashion!®. Csf2rb
—/— macrophages readily clear cholesterol-deficient surfactant
but clearance is reduced when cholesterol is present. Finally,
ABCAI and ABCGI are vital to cholesterol homeostasis in mac-
rophages and expression of both is abnormal in alveolar macro-
phages in human and murine PAP16232631  Further,
macrophage-specific Abcgl gene-ablation causes PAP with
accumulation of pulmonary cholesterol®2. These results suggest a
mechanism explaining the pathogenesis of autoimmune PAP
(Fig. 4): reduced GM-CSF-PU.1-PPARYy axis signaling in alveolar
macrophages — reduced ABCGI/ABCAI expression — reduced

cholesterol clearance — secondarily reduced surfactant uptake
and clearance (not impaired surfactant phospholipid catabo-
lism) — surfactant accumulation in pulmonary alveoli — clinical
manifestations. Several findings suggest the change in ABCGI
expression may be more important to the pathogenesis of PAP
than that of ABCAI, which may comprise an incompletely
effective compensatory response to increased cholesterol. In
Csf2rb—/— alveolar macrophages, Abcal is overexpressed while
Abcgl is severely reduced (Fig. 3f, g) and a similar pattern seen in
primary alveolar macrophages from autoimmune PAP2%, how-
ever, both were reduced in cultured BMDMs in the absence of
cholesterol exposure (albeit Abcgl more severely)!®. Despite
increased expression of ABCAI in PAP alveolar macrophages,
these cells remain filled with cholesterol-rich droplets (Fig. 2a, b).

The observation that statin increased cholesterol transporter
expression and efflux and reduced cholesterol levels in alveolar
macrophages from PAP patients ex vivo and in Csf2rb—/— mice
in vivo suggests a direct therapeutic effect of statins on alveolar
macrophages. Indeed, statins have been reported to directly affect
alveolar macrophage inflammatory cytokine release, phagocy-
tosis, efferocytosis, and particulate clearance3>3%. Further, statins
increase cholesterol efflux from the macrophage-like cell
line THP-13° and activate PPARY®, which is known to
increase ABCAI/ABCGI expression and cholesterol efflux in
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macrohpages®>3l. Our proposed mechanism of action of statin
therapy in PAP involves inhibition of HMGCR activity leading to
reduced ER cholesterol content, thus increasing SREBP2 expres-
sion. In turn, this increases NCEH expression/activity-38,
allowing hydrolysis of cholesterol esters and liberation of cho-
lesterol, which increases liver X receptor (LXR) activity, ABCA1/
GI expression, and subsequent efflux through these transporters
primarily to HDL (Fig. 4).

Our results do not exclude the possibility that effects of statin
therapy on serum cholesterol and HDL may contribute to ther-
apeutic efficacy in PAP. Indeed, autoimmune PAP patients have
an increased serum LDL:HDL ratio and reduced HDL levels3%40
and the LDL to HDL ratio is inversely correlated with disease
severity>. This study did not define the optimal dose of statin
therapy or the time required to reach maximal treatment effect
and additional studies are needed to further determine the spe-
cific mechanism of action, pharmacokinetics, and the potential
role of statin therapy in autoimmune PAP. We have previously
targeted cholesterol homeostasis by oral administration of PPARy
or LXR agonist therapy in Csf2rb—/— micel. Although both
statins and PPARy agonists are available and commonly used,
clinical trials will be needed to determine the relative safety and
potential efficacy of these pharmacotherapies in patients with
autoimmune PAP.

Finally, these results highlight the potential utility of two novel
clinical outcome/diagnostic measures in the differential diagnosis
of PAP. First, categorical parenchymal-pattern assessment using
CALIPER software and quantitative densitometry of the lung CT
scans provide continuous variable-based measures of pulmonary
surfactant accumulation, which are useful in assessing PAP dis-
ease severity and may be favorable compared to semiquantitative
visual assessment4!. Second, measurement of cholesterol levels
(or the cholesterol to phospholipid ratio of surfactant) in BAL
could be used to evaluate patients with diffuse ground glass
opacification as an adjunct to the bronchoscopic evaluation of
PAP, which may reduce the need for a lung biopsy and the
associated morbidity.

Methods

Ethical approval. The institutional review boards of the Cincinnati Children’s
Hospital Medical Center and University of California Los Angeles approved this
study. All human participants or their legal guardians gave written informed
consent. All animal experiments were approved by the Institutional Animal Care
and Use Committee (IACUC) at Cincinnati Children’s Hospital Medical Center
and the Office of Animal Research Oversight (OARO) at University of California
Los Angeles.

Computed tomography densitometry analysis. A semi-automated image ana-
lysis algorithm was developed to segment the lungs and quantify the change in lung
mass over serial CT images. Lung segmentation was performed using a commer-
cially available software program (Amira, Hillsboro Oregon, USA). The whole-
lungs were segmented from the body and major vasculature using an initial
threshold of <500 Hounsfield units (HU), with user oversight. The average HU
values of the left and right lung were quantified along with the respective lung
volumes, which were measured by summing the voxel-volumes within the lungs.
Based on the average HU of each lung, mean lung tissue densities (pCT) of both left
and right lungs were determined via the following equation.
1000 — (HU)
(pCT) = ( 1000 )

Studies show that lung density decreases slightly in proportion to height*2,
accordingly, a small correction was used to calculate the total lung mass (TLM)
using the following formula: Predicted TLM (g)—height (cm) x 9.8759—1019.1.
The data were also expressed as a percentage of the predicted TLM using the
following formula: Percent error = ((TLM—Predicted TLM)/Predicted TLM) x
100). Predicted TLM was calculated from standard CT in 10 healthy control
individuals (Supplementary Table 2). The patient’s predicted TLM was calculated
based on the height of the patient (Supplementary Table 3).

CALIPER parenchymal computed tomography analysis. The CALIPER (Com-
puter-Aided Lung Informatics for Pathology Evaluation and Ratings) image ana-
lysis software was developed at Mayo Clinic (Rochester, MN, USA). CALIPER
provides automated characterization and quantitative assessment of pulmonary
parenchymal disease on high-resolution CT data. Comprehensive description of
CALIPER methodology has been previously published®?. In brief, data processing
includes extraction of lung parenchyma from the surrounding thoracic structures
(chest wall, central airways and vessels). There is additional segmentation of the
lung into 12 regions (left/right with central/peripheral areas within bilateral upper/
middle/lower zones) using pre-defined landmarks. Using a 15 x 15 x 15 voxel and
sliding box technique, each pixel of the lung parenchyma is mapped to a par-
enchymal tissue type. The classification is based on the similarity of the sampled
voxel histogram to the signature of regions previously determined by consensus
agreement of thoracic radiologists and additional morphological characteristics.
Through this process, each pixel is labeled as normal parenchyma, low attenuation
areas (mild, moderate, and severe subtypes) and increased attenuation areas
(ground glass opacity, reticular densities) or honeycombing. The volume of each of
these characteristics and percent of total parenchyma for each feature can be
quantified. For the assessment of PAP, the sum of high density features (ground
glass opacity and reticular densities) was considered “Involved Lung Parenchyma”
and the sum of normal and low attenuation areas was considered “Uninvolved
Lung Parenchyma”. The percent involved vs. uninvolved regions was calculated
based on the volume of each characteristic divided by the total segmented lung
parenchymal volume.

Human BAL and alveolar macrophages. Human BAL fluid and alveolar mac-
rophages were obtained from BAL using flexible bronchoscopy or from discarded
material of PAP patients undergoing therapeutic WLL. After the fluid was cen-
trifuged at 283 x g for 10 minutes, the cellular pellet was resuspended in the culture
medium. Human alveolar macrophages were isolated by adherence to tissue culture
plastic. Extracellular debris was removed by gentle washing with phosphate-
buffered saline (PBS). Cells were maintained in the culture medium of Dulbecco’s
modified eagle’s medium (DMEM) (Life Technologies) plus 10% fetal bovine
serum (FBS), 50 U/ml penicillin, and 50 pug/ml streptomycin.

Mice used in this study. Cs/2rb gene-deficient (Csf2rb~'~) mice backcrossed onto a
C57BL6/] background were used for this study and the phenotype has been pre-
viously reported®4. C57BL6/] mice (referred to as wild type or WT mice) were
purchased from the Jackson Laboratory. All mice were bred and housed at the
Cincinnati Children’s Research Foundation (CCRF) Vivarium or University of
California Los Angeles (UCLA). Mice were maintained on a 12 hour/12 hour light/
dark cycle with unlimited access to food and water. All animal experiments were
approved by the JACUC at CCRF and the OARO at UCLA.

Collection of mouse BAL fluid. Bronchoalveolar lavage (BAL) was performed in
mice to acquire epithelial lining fluid and alveolar macrophages. BAL was collected
from mice using five 1 ml aliquots of PBS plus 0.5 mM EDTA!7. The 1 ml aliquots
were pooled and the recovered volumes recorded. The turbidity of the fluid was

measured as described below. Aliquots of the BAL were taken as pre-spun samples
and total BAL lipids were extracted using chloroform and methanol. Cholesterol
was measured by the Amplex red cholesterol assay, described in more detail below.
Total phosphate and saturated phosphatidylcholine were measured as described

below?346, From the remaining BAL fluid alveolar macrophages were isolated by
spinning the BAL at 280 x g for 10 minutes at 4°C to isolate a cellular pellet. The
supernatant was removed and the cellular pellets were resuspended in the culture
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media (DMEM) for isolation of alveolar macrophages by adherence to tissue
culture plastic'®.

Diff-Quick staining. Cells were sedimented and stained with buffered eosin and
methylene blue (Diff-Quick, Fisher) and evaluated by light microscopy.

Oil Red O staining. Cells were stained with Oil Red O staining using the Oil Red O
staining kit (Poly Scientific R&D Corporation) according to the following protocol.
Briefly, cells were fixed with 4% PFA and washed twice with distilled water. Cells
were placed in absolute propylene glycol for 5 minutes. Propylene glycol was
removed and cells were stained in a 0.5% Oil Red O solution in propylene glycol for
30 minutes. Cells were rinsed in an 85% propylene glycol solution for 5 minutes
and washed twice with distilled water followed by a hematoxylin counterstain for
2 minutes. Cells were mounted with an aqueous mounting medium (glycerin jelly).

Electron microscopy. Alveolar macrophages were collected by centrifugation
(3000 rpm, 3 minutes, room temperature), incubated in modified Karnovky’s
fixative (2% paraformaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate
buffer plus 0.1% calcium chloride, pH 7.3) for 2 hours, at room temperature and
cell blocks were prepared and evaluated as previously described?’.

Lipid extraction from BAL fluid. A chloroform-methanol extraction was used to
extract lipids from cells and BAL for further analysis. 1 ml of BAL was diluted in
1 ml of DPBS, subsequently 2 ml of 100% methanol, and 4 ml of 100% chloroform
were added. This was mixed and then centrifuged at 4°C @1000 rpm. The lower
phase containing the extracted lipids was transferred to a new glass tube for
analysis.

Cellular lipid analysis. To collect cellular lipids from primary alveolar macro-
phages, culture media was aspirated and then 100% isopropanol was added to the
tissue culture wells. Cellular lipids were extracted for 2 hours at room temperature
or overnight at 4°C. The isopropanol was then transferred into glass tubes and half
the volume of new isopropanol was added back to the tissue culture plate for

30 minutes to recover any remaining sample and combined with the original
volume. Following removal of isopropanol, a Pierce BCA (bicinchoninic acid assay)
protein assay (Thermo Fisher Scientific) was performed on the tissue culture wells
to determine the cellular protein concentration.

iomal fhin ] }

Tri-one dil yer cl phy (TOD-TLC). Alveolar macro-
phages (AMs) were isolated from BALF based on adherence to tissue culture plastic
as described above. Cells were repeatedly washed with PBS to remove extracellular
surfactant and then 100% isopropanol was added to the tissue culture wells, 1 ml
for a 12-well plate and 2 ml for a six-well plate. Cellular lipids were extracted for
2 hours at room temperature or overnight at 4°C. The isopropanol was then
transferred into glass tubes and half the volume of new isopropanol was added back
into the tissue culture plate for 30 minutes to recover any remaining sample and
combined with the original volume. Lipid samples were then evaporated using a
stream of nitrogen and a water bath set to 52°C. Cellular lipid samples were then
loaded onto high performance thin-layer chromatography plates pre-coated with
silica gel 60 (Fisher). Plates were prewashed with chloroform and methanol to
remove any contaminants and dried overnight at 120°C. Plates were developed in a
solvent system modified from White et al.%. In brief, plates were first developed in
a Solvent mixture of chloroform, ethanol, triethylamine, and water (30:35:35:6) up
to 7 cm of a 10 cm plate. Plates are removed from the chamber, dried, and placed in
a second solvent of hexane and diethylether (90:10) up to 9 cm of a 10 cm plate.
Plates are again removed from the chamber, dried, and then placed in the final
solvent of pure hexane and run to the top of the plate. Bands are visualized by
spraying with a 0.05% solution of primuline in acetone and water (80:20) and
detected as ultraviolet spots at 366 nm on a Typhoon 9500 molecular imagerS.
Lipid band densities were calculated using ImageQuant Software (GE Healthcare
Life Sciences) based upon standard curves.

Cholesterol analysis. Total and free cholesterol levels were measured by fluoro-
metric enzymatic assay as previously described!¢. Esterified cholesterol was then
calculated by subtracting free cholesterol from the total value.

BAL turbidity. The turbidity of the fluid was measured as previously described!74%,
In brief; 250 pl of the BAL were diluted into 750 ul of PBS and the optical density
measured at a wavelength of 600 nm and multiplied by the dilution factor.

BAL phospholipid levels. Aliquots of the BAL were taken as pre-spun samples and
total BAL lipids were extracted using chloroform and methanol. Total phosphate
and saturated phosphatidylcholine were measured as previously reported?>46,

Ex vivo human phage statin tr After purifying alveolar macro-
phages as described above, fresh media was added to the adherent alveolar macro-
phages containing human M-CSF (R&D) (25 ng/ml) only or M-CSF plus simvastatin
(Calbiochem) (5 uM) and Mevalonic acid (Sigma Aldrich) (100 uM). After 24 hours
of culture, cholesterol analysis or qRT-PCR was performed as described.

RNA isolation and gene expression analysis. Total RNA was isolated using
Qiazol (Life Technologies) and was converted to complementary DNA (cDNA)
using the High Capacity cDNA reverse transcription kit (Applied Biosystems)
according to the manufacturer’s protocol. Gene expression was determined by
quantitative real-time PCR (QRT-PCR) using a Lightcycler480 Real-time qPCR
machine and Lightcycler480 mastermix (Roche Diagnostics). Relative gene
expression was determined using an efficiency corrected method and efficiency was
determined from a 3-log serial dilutions standard curve made from cDNA pooled
from all samples. Primers were designed across exon-exon boundaries (Supple-
mentary Data 1). Results were normalized to 36b4 mRNA.

In vivo statin treatment of Csf2rb-/- mice. For oral statin administration studies
in mice, simvastatin or pravastatin was incorporated into standard rodent chow
(Laboratory Rodent Diet 5001; LabDiet) at a dose expected to deliver 10 mg/kg/
BW/Day (Research Diets). BAL turbidity and cholesterol levels were measured as
described above. Primary alveolar macrophages were isolated and cholesterol
assays and qQRT-PCR were performed as described above.

Bone marrow-derived macrophages. Bone marrow cells were obtained from
6-week old Csf2rb-/- mice by crushing the tibias and femurs with the culture
media (DMEM (Life Technologies) plus 10% FBS, 50 U/ml penicillin, and 50 pg/ml
streptomycin). Mononuclear cells were isolated by centrifugation over a Ficoll-
Paque (GE Healthcare Life Sciences) gradient at room temperature for 30 minutes.
The buffy coat was washed in PBS and the cellular pellet resuspended in the culture
medium with M-CSF (R&D Systems) (10 ng/ml) and cells were cultured in a 10 cm
dish overnight at 37°C and the next day non-adherent cells were recovered and
transferred to a new dish and cultured under the same conditions for an additional
24 hrs. At this stage, non-adherent cells were discarded and adherent cells cultured
for an additional 5 days to allow differentiation of BMDMs.

Radialabelled chol I

ol efflux ysis. Alveolar macrophages or bone
marrow-derived macrophages were obtained from Csf2rb—/— mice as

described. Macrophages were plated in 24-well plates (1 x 107 cells/well) in
media (DMEM) containing 10% FBS and allowed to adhere for 2 h. Cells were
washed and incubated for an additional 24 h in fresh media containing bovine
serum albumin (BSA) (0.2% w/v), M-CSF (10 ng/ml), supplemented with an
ACAT inhibitor (58-035; 2 ug/ml) and *H-cholesterol (1uCi/ml). After 24 h, the
cells were washed with PBS and incubated in fresh media containing 0.2% BSA and
M-CSF (10 ng/ml) for a further 24 h equilibration period, with simvastatin (5 uM)
and mevalonic acid (50 pM) or DMSO control. To determine cholesterol efflux, the
cells were rinsed and then incubated for 4 h in media containing 0.2% BSA and M-
CSF (10 ng/ml) with Apo-AI (15 pug/ml) or HDL (50 pg/ml). The media was
removed, the cells washed in PBS, and the radioactive content of the media and
cells determined as described®. Cholesterol efflux was determined by dividing the
radioactive content of the media by the sum of the radioactivity in the cells and
media.

Statistical analysis. Statistical analysis was performed using GraphPad Prism

7 software. Each data point represents Mean + SEM. For comparison of two
groups, parametric (f test) or non-parametric (Mann-Whitney test) tests were
done where appropriate. For comparison of three groups or more, statistical
analysis was carried out using one-way analysis of variance, followed by Bonfer-
roni’s post hoc test. N and P values are indicated in figure legends, and P values <
0.05 was considered statistically significant.

Data availability. The authors declare that all data supporting the findings of this
study are available within the paper and its supplementary information files or
upon reasonable request from the authors.
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Supplementary Figure 1
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Supplementary Figure 1. a, HRCT chest images from Case 2 prior to and 1 year after initiating
statin therapy. HRCT image illustrating quantitative categorical parenchymal-pattern, CALIPER
analysis (green-masking: uninvolved/normal lung parenchyma, yellow-masking: PAP-
involved/abnormal lung comprising groundglass and reticular changes). Glyphs showing
parenchymal-pattern analysis of total lung parenchyma segmented by right, left; upper, middle,
and lower zones. b, Percentage of lung affected by PAP determined by parenchymal-pattern

analysis.
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Supplementary Figure 2
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Supplementary Figure 2. Statin therapy increases expression of SREBP2 targets in alveolar
macrophages (AMs). a, Human AM mRNA levels for SREBP2 downstream targets: HMGR,
FDPS, LDLR and SQS in PAP AMs without and after statin treatment for 24h ex vivo. b, Mouse
AM mRNA levels for Srebp2 downstream targets: Hmgr, Fdps, Ldlr and Sgs in AMs from
Csf2rb-/- mice that received oral statin therapy for six weeks or untreated age-matched Csf2rb-/-
mice. Data are MeanzSD, (n=6 per group) statistical differences determined by Student’s t-test.

*P<0.05,**P<0.01.***P<0.001.
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Supplementary Table 1

Serum cholesterol levels of case report patient over a 10 year period (2008-2017)

Total Total
Cholesterol HDL LDL Cholesterol:HDL Statin
Date (mg/dL) (mg/dL) (mg/dL) Ratio Therapy
9/13/2008 328 77 205 4.26 -
3/21/2012 214 111 87 1.93 -
2/12/2013 338 194 131 1.74 -
8/22/2013 336 45 271 7.47 -
7/120/2014 270 45 183 6.00 +
11/28/2014 265 44 192 6.02 4
2/17/2015 173 67 81 2.58 +
4/6/2015 194 68 104 2.85 +
2/23/2016 219 88 112 2.49 +
6/6/2017 175 90 72 1.94 i
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Supplementary Table 2

Lung mass in healthy people determined by quantitative chest computed tomography
densitometry.

Left Right Total Predicted Percent of

lung lung lung Total predicted

Age Height  mass mass mass lung Percent  total lung

Subject (y) Gender (cm) (9) (9) (9) mass (g)*  errort massi

1 41 F 154.9 255 285 540 511 5.7 106
2 42 F 172.7 306 360 660 687 3.9 96.1
3 44 F 165.1 244 259 503 611 17.7 82.3
4 44 F 162.5 307 327 634 586 8.2 108
5 45 F 160.0 302 352 654 561 14.2 117
6 46 M 177.8 306 347 653 737 11.4 88.6
7 46 F 165.1 313 339 652 611 6.7 107
8 49 M 200.6 506 558 1064 962 10.6 111
9 54 F 172.7 313 365 678 687 1.3 98.7
10 62 M 180.3 314 349 663 762 13.0 87.0

* Predicted TLM (g) = height (cm) x 9.8759 — 1019.1
1 Percent error = ((TLM - Predicted TLM) + Predicted TLM) x 100
1 Percent predicted TLM = (TLM (g) + Predicted TLM) x 100

Abbreviations: TLM, total lung mass.
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Supplementary Table 3

Lung mass in the patient (Case 1) determined by quantitative chest computed
tomography densitometry.

Left lung Right lung Total lung Predicted total Percent of predicted
Date mass (g) mass (g) mass (g) lung mass (9)*f total lung massti
5/6/2011 727 862 1589 587 271
2/20/2012 685 685 1370 587 233
2/23/2013 497 513 1010 587 172
6/5/2017 310 351 661 587 113

* Predicted TLM (g) = height (cm) x 9.8759 — 1019.1
T Percent error -= ((TLM — Predicted TLM) + Predicted TLM) x 100

1 Median age of the control cohort (Supplementary Table 2) was younger than that of the case,
however, CT measurements were normalized to body height, as described in the methods
section. A marked improvement in relative lung weight was appreciable over time.
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CHAPTER 4
Alveolar macrophage lipid levels and plasma anti-GM-CSF antibodies correlate with

disease improvement in patients with pulmonary alveolar proteinosis
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Abstract:

Pulmonary surfactant is essential for the maintenance of alveolar structure and surface
tension required for gas exchange and breathing. Surfactant synthesis, secretion, and metabolism
are dependent upon two primary cell types, alveolar type II epithelial cells and alveolar
macrophages. Pulmonary Alveolar Proteinosis (PAP) is a rare lung syndrome characterized by
the accumulation of surfactant and lipid-loaded macrophages within the alveoli due to disruption
of granulocyte-macrophage colony stimulating factor (GM-CSF) signaling in alveolar
macrophages. This results in alveolar macrophages that are deficient in surfactant catabolism.
Early studies suggested that PAP resulted from dysfunction in phospholipid homeostasis that led
to the accumulation of phospholipid-enriched surfactant. However, more recent studies suggest
that PAP pathogenesis is driven by changes in cholesterol homeostasis that may be linked to
alveolar macrophages. We now report on the use of mass spectrometry to define the lipid
signature of alveolar macrophages obtained from PAP patients. In addition, we quantify how
these macrophage-associated lipids change during clinical treatment of these patients. Our
studies demonstrate that compared to non-PAP macrophages, PAP alveolar macrophages are
significantly enriched in both phosphatidylcholines (PC), especially PC16:0/16:0, and
cholesterol esters (CE). Importantly, clinical improvement in treated PAP patients is associated
with a decrease in PC and CE species, indicating that levels of these macrophage-associated
lipids correlate with the severity of the disease. Lastly, we identify plasma antibodies to GM-
CSF as a previously unrecognized clinical biomarker that correlates with regression of disease in

treated patients.
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Introduction

Pulmonary Alveolar Proteinosis (PAP) is a rare lung disorder with no cure or FDA
approved therapies (1). The pathogenesis of this syndrome is heterogenous with various
biochemical defects that lead to the accumulation of surfactant within the alveoli. It is
categorized into primary, secondary, and congenital etiologies (2). Primary PAP occurs due to
altered GM-CSF signaling from either high levels of neutralizing antibodies to GM-CSF or
hereditary causes due to mutations in the GM-CSF receptor (CSF2RA or CSF2RB, which
encode the alpha and beta chain peptides of the GM-CSF receptor, respectively). Secondary PAP
is associated with underlying diseases that secondarily affect alveolar macrophage number or
function such as hematologic malignances, immunologic syndromes, infections, or toxic
inhalational exposures. Congenital PAP is the rarest type and caused by mutations in genes that
are essential for surfactant production. About 90% of patients have primary PAP, specifically
autoimmune PAP (aPAP), characterized by the presence of autoantibodies against GM-CSF,
leading to the disruption of GM-CSF signaling in alveolar macrophages (1). GM-CSF has been
identified as a key mediator of alveolar macrophage maturation, self-renewal, and population
size (3, 4). In the absence of GM-CSF signaling, alveolar macrophages are impaired in their
ability to regenerate, mature, and catabolize surfactant (4). Furthermore, mice deficient in GM-
CSF (Csf27) or its receptor (Csf2ra”” and Csf2rb”") develop PAP-like pulmonary histopathology
and are utilized as mouse models to study PAP (5-9). Current treatment is limited and focused on
controlling symptoms and preventing progression of disease. The standard of care is whole lung
lavage (WLL), which is relatively ineffective and not widely available; however, there are

multiple experimental therapies including administration of inhaled GM-CSF (2).
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Surfactant is comprised of 80% phospholipids, most of which is dipalmitoyl
phosphatidylcholine (DPPC; PC16:0/16:0), 10% neutral lipids (mostly cholesterol ester), and
10% proteins (10). Surfactant homeostasis is maintained by the actions of alveolar type II
epithelial cells and alveolar macrophages. Alveolar type II cells synthesize and secrete
surfactant. About 20-30% of surfactant is taken up and catabolized by alveolar macrophages,
while the majority is recycled for additional rounds of secretion or degraded by type II epithelial
cells (10). It was originally proposed that PAP was the result of impaired catabolism of
phospholipids in alveolar macrophages (11-13). However, more recent studies comparing WT
mice and Csf2”- mice have demonstrated that the relative proportion of cholesterol in surfactant
was elevated in Csf2” mice, while the relative proportion of saturated to total phospholipids
remained comparable in both groups (14). Additionally, alveolar macrophages isolated from
PAP patients and Csf2” or Csf2rb”" mice have increased levels of both esterified and
free/unesterified cholesterol but minimal changes in the level of triglycerides, free fatty acids,
and phospholipid species compared to macrophages obtained from controls (14, 15).

It has also been reported that alveolar macrophages isolated from PAP patients or mouse
models of PAP have significantly lower expression of the ATP binding cassette transporter G1
(ABCG1) and peroxisome proliferator-activated receptor gamma (PPARY), important mediators
of cholesterol and lipid efflux from macrophages (5, 16-20). Furthermore, we recently reported
that treatment of a subset of PAP patients with a statin, a drug that targets HMG-CoA reductase
leading to reductions in plasma cholesterol levels, which markedly reduced pulmonary
abnormalities in PAP lung disease (15). These data are consistent with the concept that

alterations in cholesterol homeostasis have a significant role in the pathogenesis of PAP(14, 15).
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Surprisingly, to date, the lipidomic profile of alveolar macrophages in PAP remains
unknown. Given the key role of alveolar macrophages in the catabolism of surfactant and in
cholesterol metabolism, we hypothesized that defining the lipid composition of these cells might
provide new mechanistic insight into PAP and identify novel therapeutic targets. Here, we report
on studies that utilized mass spectrometry to quantify and characterize the lipidome of alveolar
macrophages from nonPAP and PAP patients. Further, we report on the lipid profile of alveolar
macrophages from two PAP patients during their clinical course. Based on these data, we have
identified an association between specific macrophage lipids and the severity of PAP disease.
We also identify a potential novel biomarker that may prove useful in predicting the response of

individual PAP patients to treatment.

Materials and Methods
Patient selection and ethical approval

All patients included in this study are male and female adults who have autoimmune PAP
and are being treated at University of California, Los Angeles and Cincinnati Children’s Hospital
Medical Center. Ages range from 21 to 66 years old. The institutional review boards of
University of California, Los Angeles and of Cincinnati Children’s Hospital Medical Center

approved this study. All human participants gave their written informed consent.

Measurement of GM-CSF antibody levels

GM-CSF autoantibody levels were measured at Cincinnati Children’s Hospital Medical

Center as described by Uchida et al (21).
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Collection of human bronchoalveolar fluid and isolation alveolar macrophages

Human bronchoalveolar (BAL) fluid was collected from discarded material of PAP
patients undergoing therapeutic WLL. Alveolar macrophages were isolated by centrifugation at
200 g for 5 minutes. Cells were resuspended with Ammonium-Chloride-Potassium (ACK) lysing
buffer to lyse red blood cells. Cells were counted and aliquoted at 2x10° or 5x10° cells in 200 pL
of phosphate-buffered solution (PBS). Macrophage purity was >95% as previously described
(17, 20, 22). 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 0.1-8
years before analysis. Long-term stability of the lipids in human lavage fluid for these lengths of

time has been previously described (23).

Lipid extraction and analysis for lipidyzer

A modified Bligh and Dyer extraction was performed on human alveolar macrophages
(24). For alveolar macrophages, we used 5x10° cells in 200 puL of PBS. Prior to the biphasic
extraction, a 13 lipid class Lipidyzer Internal Standard Mix (AB Sciex, 5040156) was added to
each sample. Two successive extractions were done, and the resulting organic layers were pooled
and dried down in a Genevac EZ-2 Elite. Lipid samples were then resuspended in 1:1
methanol/dichloromethane with 10 mM ammonium acetate and transferred to robovials
(Thermo, 10800107) for analysis.

Samples were analyzed on the Sciex Lipidyzer Platform for targeted quantitative
measurement of 1,100 lipid species across 13 classes including cholesterol esters (CE),
ceramides (CER), dihydroceramides (DCER), diacylglycerols (DAG), free fatty acids (FFA),

hexosylceramides (HCER), lactosylceramides (LCER), lysophosphatidylcholines (LPC),
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lysophosphatidylethanolamines (LPE), phosphatidylcholines (PC),
phosphatidylethanolamines(PE), sphingomyelins (SM), and triacylglycerols (TAG). The
quantification processing has been well described previously (25). Differential Mobility Device
on the Lipidyzer was tuned with SelexION tuning kit (Sciex, 5040141). The instrument settings,
tuning settings, and multiple reaction monitoring (MRM) list are available upon request. The
data was analyzed on the Lipidyzer software with the quantitative values being normalized to

cell counts.

Processing and analysis of samples for gas chromatography/mass spectrometry (GC-MS)
For alveolar macrophages, we used 2x10° cells in 200 uL of PBS to perform acid
methanolysis with methanol, toluene, and hydrochloric acid (HCl). Standards were created from

a stock cholesterol standard (Avanti Polar Lipids, 700000P-100mg) 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 8-12
hours. Then, lipids were extracted by adding 1:1 0.4M NaCl and hexane, mixing, spinning, and
transferring the top layer to new tubes. This then underwent cholesterol derivatization via
silylation reaction with pyridine (Sigma, 270970-100 mL) and N,O-
Bis(trimethylsilyl)trifluoroacetamide with trimethylchlorosilane (BSTFA+TMCS; Supelco,
33155-4) before being run on the GC-MS machine to measure total cholesterol. The instrument
settings and tuning settings are available upon request. The data was analyzed on the

MassHunter software with quantitative values being normalized to cell counts.
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Statistical analysis

Results are represented as mean = SEM. Statistical analysis was done with GraphPad
Prism 8 software. Paired t-tests were performed for comparison of two time points in an
individual’s clinical course. Two-way ANOVA followed by Bonferroni correction was done for
comparison of three groups. N and P values are reported in the figure legends. A P value of

<0.05 was considered statistically significant.

Results
Alveolar macrophages from PAP patients show broad changes in lipid homeostasis

In order to define the lipid signature in alveolar macrophages, we performed whole lung
lavages and/or bronchoscopy with bronchoalveolar lavage (BAL) on PAP patients and on one
nonPAP patient (Table 1). The nonPAP patient had a bronchoscopy with BAL performed to
evaluate for infection. Macrophages were isolated from whole lung lavage fluid by
centrifugation, and lysed red blood cells were removed by subsequent centrifugation. Lipids
were extracted from the enriched macrophages and analyzed by mass spectrometry.

As expected, the major lipids recovered from the macrophages of the nonPAP patient
were phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (Figure 1A). These cells
contained lower levels of other major lipid classes, which included free fatty acid (FFA),
sphingomyelin (SM), triglyceride (TAG), and cholesterol ester (CE) (Figure 1A). In contrast,
analysis of alveolar macrophages from PAP patients demonstrated an overall increase in most
lipid classes compared to the nonPAP patient; PC and CE were the most abundant lipid classes in
the majority of PAP patients (Figure 1B-C). PC levels were increased by 50- to 140- fold in the

PAP alveolar macrophages compared to the nonPAP alveolar macrophages, and CE levels were

65



increased by 40- to 130- fold (Figure 1B-C). In contrast, PE was only increased by 1.5- to 3- fold
in the PAP macrophages (Figure 1B-C). Furthermore, total cholesterol content as measured by
gas chromatography-mass spectrometry (GC-MS) was significantly elevated by 20- to 80- fold in
PAP alveolar macrophages compared to the nonPAP alveolar macrophages (Figure 1D).
Unexpectedly, although the major surfactant lipid in both nonPAP and PAP patients is
PC16:0/16:0, the PC species in the alveolar macrophages differed significantly; in
nonPAP/control cells, the PC containing 16:0/16:0 and 16:0/18:1 fatty acids represented
approximately 15% and 30% of the total cellular PC, respectively (Figure 1E) (23, 26). In
contrast, in PAP cells, PC16:0/16:0 and PC16:0/18:1 represented 40-50% and 10-15% of the
total cellular PC, respectively (Figure 1E). Cholesterol ester (CE) represented the other major
lipid class that differed between macrophages derived from control versus PAP patients (Fig. 1B-
C). The saturated (16:0) and unsaturated (18:2) fatty acids present in the CE of nonPAP cells
represented approximately 10% and 40% of the total CE, respectively (Figure 1F). In contrast,
the corresponding values from the PAP patient macrophages were 20-30% and 10-20% (Figure
1F). Together, these data suggest that alveolar macrophages from PAP patients can take up
surfactant lipid effectively, but further metabolism/catabolism of cholesterol and fatty acid is

defective.

Lipid profile of alveolar macrophages changes during patients’ clinical courses

Because PAP is a disease of lipid accumulation, we next determined whether the lipid
profile of alveolar macrophages correlated with disease progression. Here, we provide examples
of two autoimmune PAP (aPAP) patients, who were not included in the prior analyses (Table 2).

The first patient, patient A, an otherwise healthy 47 year old male, was diagnosed with aPAP in
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early 2014. He required 2-3 whole lung lavages per year before being initiated on inhaled GM-
CSF in February 2016. After being on inhaled GM-CSF for 9 months, his clinical status
improved markedly, and he has not required any additional whole lung lavages (Figure 2A). His
clinical improvement was evidenced by the improvement of his lung disease on imaging. CT
images were obtained at diagnosis in 2014 when the patient had received no treatment (Figure
2B, No Tx) and in 2018 after receiving multiple whole lung lavages (WLL) and inhaled GM-
CSF for 33 months (Figure 2B; WLL+Tx). Improvement in lung disease was characterized by
less ground glass opacifications and septal thickening on his CT scan in 2018 compared to his
initial CT scan in 2014 (Figure 2B). Interestingly, his plasma GM-CSF antibody level also
decreased, corresponding to the improvement in his disease; however, the level was still elevated
in the abnormal range compared to healthy individuals (Figure 2C). Alveolar macrophages were
obtained in 2014 shortly after diagnosis and after initiation on inhaled GM-CSF (Figure 2A; blue
boxes). Lipidomics of the alveolar macrophages in 2014, shortly after diagnosis, revealed that
the most abundant lipid classes included phosphatidylcholine, free fatty acid, and cholesterol
ester (Figure 2D-E). The levels of these three lipids were greatly elevated compared to the
corresponding levels from nonPAP alveolar macrophages. Interestingly, the overall levels of the
major lipid classes in the alveolar macrophages of the patient decreased 10 months after being
initiated on inhaled GM-CSF (Figure 2D-E). 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 nonPAP cells, consistent with normal, or near-normal, macrophage lipid
metabolism. Indeed, total cholesterol levels as measured by GC-MS were significantly decreased
in his alveolar macrophages 10 months after being on inhaled GM-CSF, indicating improvement

in surfactant lipid catabolism (Figure 2F). Furthermore, PC and CE species compositions were
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altered in alveolar macrophages before and after GM-CSF inhalation (Figure 2G-H). The overall
amount of PC and CE species significantly decreased after the patient was placed on inhaled
GM-CSF (Figure 2G-H). Specifically, PC 16:0/16:0 was increased, but PC 16:0/18:1 was
decreased (Figure 2G). CE16:0 and CE 18:2 species were increased, while CE18:0 and CE 18:1
species were decreased after GM-CSF initiation (Figure 2H).

In contrast, the second patient, patient B, had a much different clinical course (Figure
3A). A 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 but continued to require intermittent whole lung
lavages (Figure 3A). Because of the severe nature of her disease, she received rituximab and was
started on a statin (Figure 3A). Despite these interventions, the patient remained short of breath
and oxygen-dependent. She was then started on pioglitazone, plasmapheresed, and received
additional doses of rituximab (Figure 3A). The patient currently remains on supplemental
oxygen (5-6L/min) and is awaiting lung transplantation due to declining respiratory status in
spite of multiple therapies (Figure 3A). Recent CT imaging of the chest in 2020 (Figure 3B;
WLL+Tx) confirmed a lack of clinical improvement with evidence of ongoing diffuse ground
glass opacifications and septal thickening with new subpleural fibrotic changes when compared
to her CT scan 2 years earlier following two whole lung lavages (Figure 3B; WLL). Her GM-
CSF antibody levels also remained elevated despite all the interventions (Figure 3C). However,
as shown in Figure 3C, her plasma GM-CSF antibody levels did decrease markedly after the
physical removal of the antibodies by plasmapheresis. Interestingly, the frequency of WLL
decreased following the reduction in plasma levels of antibodies to GM-CSF (Figure 3A),

suggesting that plasmapheresis was effective as a temporizing measure although her overall
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clinical condition has not significantly improved. Alveolar macrophages were obtained when the
patient was initiated on inhaled GMCSF and after initiation on a statin (Figure 3A; blue boxes).
Analysis of the lipid profile of the patient’s alveolar macrophages indicated that the most
abundant lipid classes were PC and CE, which differed from both the nonPAP patient and patient
A (Figure 3D-E compared with Figures 1A and 2D-E, respectively). Both total PC and CE
cellular levels increased in the later timepoint of the patient’s clinical course. In contrast, total
macrophage cholesterol levels were only modestly increased following multiple therapies
(Figure 3F). The fatty acid composition of PC and CE species in the alveolar macrophages also
changed as the patient’s disease progressed. In contrast to patient A where there was a decrease
in most fatty acid species, the proportion of PC16:0/16:0 species decreased, while the proportion
of other PC species increased (Figure 3G; pie chart). Additionally, the proportion of CE 16:0 and
CE 18:1 species decreased, while CE 18:2 species increased (Figure 3H). These data are
consistent with continued impaired macrophage surfactant lipid metabolism and worsening PAP

disease.

GM-CSF antibody levels change during patients’ clinical courses and correlate to disease
severity

Because it is difficult and invasive to obtain lavage fluid and analyze the lipidomics of
alveolar macrophages from PAP patients, we looked for other surrogate markers that may be
able to assess the disease severity. We identified a reduction in GM-CSF antibody levels in three
different PAP patients who demonstrated clinical improvement, requiring less frequent whole

lung lavages (Figure 4), which was similar to what we saw in patient A (Figure 2C). This
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suggests that the relative level of GM-CSF antibody for an individual patient correlates to his or

her disease severity, and a decline in the antibody levels is associated with clinical improvement.

Discussion

This is the first report defining in depth the lipidome of PAP alveolar macrophages and
examining how the lipidome changes with treatment. In comparison to the alveolar macrophages
recovered from a nonPAP patient, the alveolar macrophages from all PAP patients prior to
treatment exhibited increased levels of numerous lipids, including total cholesterol, PC, CE,
LPC, SM and FFA. We focused on analyzing PC and CE in more detail since they displayed the
most significant changes in lipidomic analyses. PC 16:0/16:0 was the predominant lipid species
and enriched in the macrophages of all PAP patient samples, where it comprised around 40-50%
of all PC species. In contrast, PC 16:0/16:0 represented just 15% of PC species in the nonPAP
macrophages. Compared to CEs in the nonPAP macrophages, the CEs of PAP patient
macrophages were also all enriched in C16:0. However, the composition of CE species varied for
each patient, demonstrating the heterogeneity of the lipid accumulation in this disease.

Surprisingly, lipid profiles of alveolar macrophages in PAP have not been previously
defined. However, Griese and colleagues, recently performed the first broad lipidomic analysis
of bronchoalveolar lavage fluid of patients with various types of PAP (23). In this sample
preparation, whole lung lavage fluid was centrifuged to remove cellular content, and the
remaining lavage fluid was analyzed. They reported an overall increase of total lipid
concentration within the lavage fluid recovered from the alveolar airspace with free cholesterol
being increased the most by 60-fold followed by CE and PC that increased by 24-fold and 17-

fold, respectively. Since lavage fluid is a mixture of surfactant, alveolar macrophages,

70



proteinaceous material, and other cell types and because in these latter studies, alveolar
macrophages were removed prior to lipidomic analysis, it is not possible to directly compare the
results of Griese et al. with those reported in the current study.

In order to determine if there was any relationship between the macrophage lipid profile
and disease progression or regression, we followed the lipid profile of alveolar macrophages
throughout the treatment course of individual PAP patients. We noted that the absolute
abundance of lipids, specifically PC and CE, correlated with disease severity. Alveolar
macrophage PC, CE and total cholesterol levels decreased by 13%, 47% and 37%, respectively,
in one autoimmune PAP patient who had clinical improvement in his lung disease after being
initiated on inhaled GM-CSF. In contrast, a second patient who failed to improve clinically but
rather exhibited progression and worsening of lung disease despite initiation of various
experimental therapies, exhibited a 2-fold increased levels of PC and CE in her alveolar
macrophages. Additional studies will be required to determine if the alveolar macrophage
lipidome or a specific combination of lipids could be used as a biomarker to determine severity
of disease.

Notably, it is challenging, expensive, and invasive to obtain lavage fluid and evaluate the
lipid profile of alveolar macrophages from PAP patients. Therefore, we sought to find alternative
approaches to assess disease severity since there are no specific validated biomarkers currently
available for PAP. We analyzed anti-GM-CSF antibody levels in our autoimmune PAP patients
and discovered that the patient with clinical improvement also had a reduction in his anti-GM-
CSF antibody titer. Consistent with unremitting PAP disease, the patient with progressive and
worsening disease did not show a decline in anti-GM-CSF antibody level until she underwent

plasmapheresis to physically remove circulating antibodies. Interestingly, after plasmapheresis,
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the patient did require less frequent whole lung lavages. Prior studies have suggested that there is
no significant correlation between serum levels of anti-GM-CSF antibody and disease severity
among cohorts of PAP patients (27-30). Seymour and colleagues reported an overall decrease in
anti-GM-CSF antibody levels in patients who received subcutaneous GM-CSF treatment
regardless of their response to treatment. Response was defined as greater than or equal to 50%
improvement in A-a gradient, Trco, and/or radiographically defined volume of pulmonary
abnormalities. Interestingly, there was a trend for having a larger difference in the change in anti-
GM-CSF antibody level before and after therapy in responders versus non-responders (median
change = -90 pg/mL vs -60 png/mL, respectively), consistent with our observations (27). More
studies that follow autoimmune PAP patients with different clinical courses and on different
therapies longitudinally will be needed to see if there is a true relationship between the anti-GM-
CSF antibody levels and the disease process in individual patients.

In conclusion, here, we define the first detailed report of the lipidome of PAP alveolar
macrophages. We report that PC and CE are the most abundant lipid classes in PAP alveolar
macrophages. While PC(16:0/16:0) is the predominant PC species in all PAP patients, the most
abundant CE species varies for each patient, demonstrating the heterogenous nature of the
disease. Furthermore, increased concentrations of PC and CE in alveolar macrophages appear to
correlate with more severe or progressive PAP disease. Our recent study demonstrated that
treatment of a subset of PAP patients with statins led to a remarkable improvement in their
clinical symptoms (15). Whether statins affect the macrophage CE species in the responsive
patients is currently unknown. Elucidation of the lipidome in PAP, particularly from patients on

different therapies, will provide further insight into the pathogenesis of PAP, assist in
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discovering new biomarkers to predict severity of disease and response to treatment, and identify

novel therapeutic targets.
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FIGURE LEGENDS

Figure 1. High-resolution lipidomic profiling reveals an overall increase of all lipid classes
in alveolar macrophages of PAP patients compared to nonPAP patients with
phosphatidylcholine and cholesterol ester being the most abundant lipid classes in the
majority of PAP patients.

All of the analysis was done on an ABSciex Lipidyzer Platform. (a) The quantitative
measurement of lipid classes (nmol/107 cells) in the alveolar macrophage of a nonPAP patient.
(b) The quantitative measurement of lipid classes (nmol/107 cells) in the alveolar macrophages of
PAP patients compared to a nonPAP patient. (c) The quantitative measurement of the most
abundant lipid classes (nmol/107 cells) apart from phosphatidylcholine in the alveolar
macrophages of PAP patients compared to a nonPAP patient. (d) Total cholesterol content
(nmol/10° cells) measured by GC/MS in the alveolar macrophages of PAP patients compared to
a nonPAP patient. (¢) Lipid measurement of the most abundant PC species (nmol/107 cells),
including PC(16:0/14:0), 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
nonPAP patient. Compositional analysis of PC species of alveolar macrophages from PAP
patients compared nonPAP patient. (f) Lipid measurement of the most abundant CE species
(nmol/107 cells), including CE(14:0), CE(16:0), CE(16:1), CE(18:0), CE(18:1), CE(18:2), and
CE(20:4), in alveolar macrophages from PAP patients compared to nonPAP patient. All samples
are run in duplicate or triplicate. Data are mean = SEM. CE = cholesterol esters; CER=
ceramides; DCER= dihydroceramides; DAG= diacylglycerols (DAG); FFA= free fatty acids;

HCER= hexosylceramides; LCER= lactosylceramides; LPC= lysophosphatidylcholines; LPE=
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lysophosphatidylethanolamines; PC= phosphatidylcholines; PE= phosphatidylethanolamines;

SM= sphingomyelins; TAG= triacylglycerols.

Figure 2. There is a decreased amount of phosphatidylcholine and cholesterol ester in the
alveolar macrophages of PAP patient who have received therapy, which appears to be
related to improving disease.

(a) Clinical course of a 47 year old patient with an improvement in disease 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 and shown in part b. Boxes represent whole
lung lavages used for analysis in parts d-g. (b) CT chest scans of the patient at the time of
presentation to UCLA (March 2014) and after inhaled GM-CSF therapy (November 2018). Red
stars indicate ground glass opacities, and red arrowheads indicate septal thickening. (c) GM-CSF
antibody levels (mcg/mL) measured throughout patient’s clinical course. (d and e) Two
representations of the quantitative measurement of lipid classes (nmol/107 cells) in alveolar
macrophages of the patient before and after initiation of inhaled GM-CSF. (f) Total cholesterol
content (nmol/10° cells) measured by GC/MS before and after patient has been on inhaled GM-
CSF. (g and h) Lipid measurement of the most abundant PC species (nmol/107 cells) (g) and of
the most abundant CE species (nmol/107 cells) (h) in alveolar macrophages of the patient before
and after being placed on inhaled GM-CSF. Samples are run in triplicate. Data are mean + SEM.
Statistical significance determined by student’s t test. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001. WLL= whole lung lavage; Tx = treatment, which includes inhaled GM-CSF. CE =
cholesterol esters; CER= ceramides; DCER= dihydroceramides; DAG= diacylglycerols (DAG);

FFA= free fatty acids; HCER= hexosylceramides; LCER= lactosylceramides; LPC=
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lysophosphatidylcholines; LPE= lysophosphatidylethanolamines; PC= phosphatidylcholines;

PE= phosphatidylethanolamines; SM= sphingomyelins; TAG= triacylglycerols.

Figure 3. There is an increased amount of phosphatidylcholine and cholesterol ester in the
alveolar macrophages of PAP patient despite receiving therapy, which appears to be
associated with worsening, unremitting disease.

(a) Clinical course of a 34 year old patient with worsening PAP disease and unresolving hypoxia
despite multiple therapies. Stars indicate whole lung lavages. Red stars indicate whole lung
lavages that were performed at UCLA. Green triangles denote when CT chest scans were taken
and shown in part b. Boxes represent when the whole lung lavages from patients were used for
analysis in parts d-g. (b) CT chest scans of the patient at the time of presentation to UCLA (April
2018) and after multiple therapies (January 2020). Red stars indicate ground glass opacities, and
red arrowheads indicate septal thickening. (¢) GM-CSF antibody levels (mcg/mL) measured
throughout patient’s clinical course. (d and e) Two representations of the quantitative
measurement of lipid classes (nmol/107 cells) in alveolar macrophages of the patient before and
after being initiated on multiple therapies. (f) Total cholesterol content (nmol/10° cells) measured
by GC/MS before and after being started on multiple therapies. (g and h) Lipid measurement of
the most abundant PC species (nmol/107 cells) (g) and of the most abundant CE species
(nmol/107 cells) (h) in alveolar macrophages of the patient before and after being placed on
multiple therapies. Samples are run in duplicate (samples from only whole lung lavage) or
triplicate (samples after patient has been initiated on multiple therapies). Data are mean + SEM.
Statistical significance determined by student’s t test. * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001. WLL= whole lung lavage; Tx = treatment, which includes inhaled GM-CSF, statin,
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pioglitazone, rituximab, and plasmapheresis. CE = cholesterol esters; CER= ceramides; DCER=
dihydroceramides; DAG= diacylglycerols (DAG); FFA= free fatty acids; HCER=
hexosylceramides; LCER= lactosylceramides; LPC= lysophosphatidylcholines; LPE=
lysophosphatidylethanolamines; PC= phosphatidylcholines; PE= phosphatidylethanolamines;

SM= sphingomyelins; TAG= triacylglycerols.

Figure 4. A decline in GM-CSF antibody levels correlates with clinical improvement in
PAP patients.

(a) Clinical course of a 21 year old patient who had improvement in PAP disease after being
initiated on inhaled GM-CSF therapy. Stars indicate whole lung lavages. (b) GM-CSF antibody
levels (mcg/mL) measured throughout patient’s clinical course. (¢) Clinical course of a 60 year
old patient who had improvement in PAP disease after being initiated on statin therapy. Stars
indicate whole lung lavages. (d) GM-CSF antibody levels (mcg/mL) measured throughout
patient’s clinical course. (e) Clinical course of a 66 year old patient who had worsening of PAP
disease after being taken off of statin and then improvement in PAP disease after being re-
initiated on statin therapy and given a dose of rituximab. Stars indicate whole lung lavages. Red
stars indicate whole lung lavages that were performed at UCLA. (f) GM-CSF antibody levels
(mcg/mL) measured throughout patient’s clinical course. Stars indicate whole lung lavages.

WLL= whole lung lavage. Rx= treatment, which includes statin.

77



Figure 1

A. NonPAP Alveolar macrophage lipid profile B. Alveolar macrophage lipid profile
20 DCER
4000 B DAG
Il nonPAP 60 \ LCER
% "1 2 \ 2 30004 — B LPE
© 3 20 = \8 || CER
> 101 S - "5\ 2000 HORR
3 = LN A
£ . g N B s
€ 5 E 204 E o0
c 0 B LPC
IN PE
0- 0- gul | B FFA
w o 14 o owouw
SHZHEREEEEERZ : z =
e a I 2 o : mm rC
2 c
C. Alveolar macrophage lipid profile D. Total cholesterol content in alveolar macrophages
250 300
Il nonPAP
@ 2004 B PAP1 » 200 80x
3 PAP 2 3
O 150 B PAP3 s
e B PAP4 2 100 40x
oS 100+ ° 0x
£ £
c c
50+ 3
I LAk .I I -I I
0 T T T T Art 0 a P S
-
CE FFA LPC PE SM TAG E z & o a
t £ 8 £ &
c
E. Phosphatidylcholine Species F. Cholesterol Ester Species
2500 PC(16:0/20:4) 150 CE(20:4)
PC(16:0/18:2) 0.8 CE(18:2)
15 . 2000+ PC(16:0118:1) : @ CE(18:1)
‘= PC(16:0/18:0) w 2 CE(18:0)
O = =1
) R 15004 - I PC(16:0/16:1) 3 0.6+ '-’\\100 E@ CE(16:1)
g 10 'E:\\ PC(16:0/16:0) [ ':o_ \ CE(16:0)
v:o_ % 1\990- - PC(16:0/14:0) = 0.4+ % \;h CE(14:0)
= \ - =
©° 59 g S — g E \ [ 2o o
£ 500+~ _— e 0.2+ N
c — \\\ ] \\\ e | —
0 T 0 1 T T T T 0.0 0 T T T T T
5 ' & S is s o:
o o o o
o o a o
5 e & & & & < s & & & &
< < 2 c

78



Figure 2
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Figure 3
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Figure 4
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Table 1. Baseline characteristics of nonPAP and 4 individual PAP patients.

NonPAP PAP patient 1 PAP patient 2 | PAP patient 3 | PAP patient 4

Sex

Race and
ethnic group

Body-mass
index

Imaging

Insurance
Smoking status
Co-morbidities

Hyperlipidemia

Hypertension
Diabetes

Cancer

61 yo
Male
White

25-29.9

No pulmonary
fibrosis

Commercial

Never smoker

No

No
No
No

28 yo
Female
Black

25-29.9

Pulmonary
fibrosis

Commercial

Never smoker

No

Yes
No
No

55vyo
Female
Black

240

No pulmonary
fibrosis

Commercial

Never smoker

Yes

Yes
No
No

82

66 yo
Male

Asian

18.5-24.9

Pulmonary
fibrosis

Commercial

Never smoker

Yes

Yes
Yes

No

50 yo
Male
Black

25-29.9

No pulmonary
fibrosis

Commercial

Never smoker

Yes

Yes
Yes

No



Table 2. Baseline characteristics of patients with autoimmune PAP on various experimental
therapies.

Characteristics Patient A Patient B

Age 47 yo 34 yo

Sex Male Female

Race and ethnic  Non-Hispanic Hispanic

group white

Body-mass index 18.5-24.9 18.5-24.9

Imaging No pulmonary Pulmonary
fibrosis fibrosis

Insurance Commercial Medicaid

Smoking status Never smoker Never smoker

Co-morbidities

Hyperlipidemia No No
Hypertension No No
Diabetes No No
Cancer No No
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CHAPTER 5

Conclusion
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The study of PAP has led to important discoveries

A disease is labeled as “rare” if it has a prevalence of <200,000 persons in America.
Using this definition, there is an estimate of over 7000 rare diseases that affect an estimated 25-
30 million people in the US (1). Because of their low prevalence, rare diseases have often been
neglected and deemed less economical to study than more common diseases. Therefore, it is
often challenging to generate interest and acquire funding for rare diseases. It is also difficult to
recruit large numbers of patients to studies involving rare diseases and obtain samples. Contrary
to the popular misconception that the study of rare diseases has low impact, research on rare
diseases has provided many insights into common disorders and the human body as a whole.
This holds true for PAP.

PAP is a rare lung disorder that occurs due to the accumulation of pulmonary surfactant
in the alveolar space due to a disruption in GM-CSF signaling. There is currently no FDA-
approved therapy or cure. In the past, GM-CSF was thought to be an important hematopoietic
growth factor that stimulates the survival, proliferation, and differentiation of myeloid cells and
their precursors (2). Recent studies have shown that GM-CSF is more than simply a
hematopoietic growth factor. The development of GM-CSF-deficient mice models has elucidated
the importance of GM-CSF in surfactant homeostasis, which is critical for proper lung
physiology and protection from infection. These mice were found to have accumulation of
surfactant in the alveolar space; interestingly, they did not have any major perturbation of
hematopoiesis (3). This was also true of mice deficient in the GM-CSF receptor (4, 5). These
results suggested that surfactant catabolism required GM-CSF, particularly in alveolar
macrophages, and led to extensive research on the role of GM-CSF signaling in alveolar

macrophages. GM-CSF has been identified as a key regulator of alveolar macrophage
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maturation, self-renewal, and population (6, 7). In the absence of GM-CSF signaling, the
alveolar macrophages have impairment in their ability to self-maintain, mature, and catabolize
surfactant as well as to phagocytose organisms and release reactive oxygen species (7-9).
Interestingly, surfactant uptake was unaffected by the lack of GM-CSF (10, 11). Many advances
have been made in the field of lung lipid biology due to the discovery and understanding of PAP.

However, much still remains to be discovered.

A dysregulation in phospholipid and cholesterol metabolism leads to PAP

In the past, there was a widely-held belief that the accumulation of surfactant in PAP was
due to the impaired catabolism of phospholipids in alveolar macrophages. Early studies
demonstrated an increased content of total lipid and phospholipid in the lung tissue and BAL
washings from patients with PAP compared to patients without this disease; however, the
relative proportions of the phospholipid and fatty acids were similar in the non-PAP and PAP
patient groups (12). Furthermore, there was no difference in phospholipid synthesis by the lung
between non-PAP and PAP patients based on radiolabeled palmitic acid experiments, but there
was delayed dissipation of radiolabeled phospholipid in the washings from PAP patients
compared to the non-PAP patients, thus suggesting that there was an impairment in the removal
or degradation of alveolar phospholipid. This was also demonstrated in GM-CSF-deficient mice
(10). Therefore, it was thought that PAP resulted from impaired clearance of phospholipids;
however, such mechanism has yet to be identified (10, 12, 13).

More recent studies have suggested that a disruption in cholesterol homeostasis underlies
the pathogenesis of PAP. Sallese and colleagues demonstrated that alveolar macrophages from

GM-CSF-deficient mice had markedly increased levels of free and esterified cholesterol and
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minimally increased levels of phospholipid compared to WT mice, which was determined by
thin-layer chromatography and colorimetric assay (14). The relative proportion of cholesterol
was elevated in the surfactant of GM-CSF-deficient mice, while the relative composition of PC,
which is the predominant phospholipid class in surfactant, remained the same between WT and
GM-CSF-deficient mice. Furthermore, the addition of PAP patient-derived surfactant to BMDM
from WT and GM-CSF-deficient mice led to higher levels of total, free, and esterified
cholesterol in the macrophages of GM-CSF-deficient mice. There was marked impairment of
cholesterol clearance in the macrophages of the GM-CSF-deficient mice. Other studies have also
shown that PAP alveolar macrophages have abnormal expression of ABCA1, ABCG1, and
PPARY, important mediators in cholesterol transport in macrophages (15-17). This suggests that
a dysregulation in cholesterol metabolism, possibly due to a defect in cholesterol clearance in
alveolar macrophages, leads to PAP.

To evaluate this novel paradigm, we decided to further explore the role of ABCG1, a
known lipid transporter involved in cholesterol efflux which has been shown to be
downregulated in patients with PAP (16). Previous studies using ABCG1 whole body knockout
mice demonstrated a build-up of lipid-laden, foamy alveolar macrophages and large type 2
epithelial cells filled with lamellar bodies (LB) as well as extracellular lipid accumulation within
the lungs (18-20). Because both alveolar macrophages and type 2 epithelial cells are involved in
surfactant homeostasis and because they both express ABCG1, we created macrophage-specific
and type 2 epithelial cell-specific ABCG1-deficient mice (Abcg IMAKO and Abcg17%K©,
respectively) to evaluate each cell’s role in the development of pulmonary lipidosis and in
surfactant homeostasis. As expected, AbcgIM4¢K0 mice had large, foamy alveolar macrophages

with increased lipid deposition in the lungs compared to Abcg °*/°* mice. Interestingly, there
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was also an increase in the number of type 2 epithelial cells, but these type 2 epithelial cells were
enlarged with increased amount of LB within the cells, suggesting that alveolar macrophages
may be modulating type 2 epithelial cells and their role in surfactant metabolism (21).
Abcg1™K0 mice also demonstrated an increase in the number of type 2 epithelial cells with
increased amount of LB within these cells in the lungs compared to Abcg 7°/°* mice; however,
the alveolar macrophages appeared normal. Further, the lipid content of surfactant was altered
with increased levels of PC, CE, and total cholesterol, thus suggesting that ABCG1 may be
playing an important role in type 2 epithelial cells to maintain surfactant homeostasis. Even
though the alveolar macrophages appear normal in the Abcg17?-%© mice, it remains unclear
whether or not their ability to clear surfactant is impacted, thus contributing to the changes seen
in the lipid content of surfactant. Together, our data suggest that an important communication
between alveolar macrophages and type 2 epithelial cells exist and is integral to maintain
surfactant homeostasis. More studies need to be done to elucidate the connection between these
two cells.

We also decided to examine the cholesterol content in the alveolar macrophages and
BAL fluid of PAP patients, because prior studies were mostly done in mouse models.
Cholesterol, measured by thin-layer chromatography and colorimetric assay, was the
predominant material accumulating in the alveolar macrophages and was associated with an
increase in the ratio of cholesterol to phospholipids in pulmonary surfactant (22). Additionally,
we treated Csfirb2”- mice with statin, an already available medication known to decrease plasma
cholesterol by inhibiting HMG-CoA reductase, the rate limiting enzyme of cholesterol synthesis,
and found a reduction of cholesterol levels in alveolar macrophages as well as lavage fluid.

These mice also had improvement in their lung disease, which was shown by a decrease in BAL
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fluid turbidity, a marker that has been shown to reflect disease severity in mice (23). Excitingly,
we were also able to identify PAP patients who were started on a statin for dyslipidemia and
found to have improvement in their disease based on their improvement in symptoms and
imaging, lack of need for oxygen, and no longer requiring whole lung lavage therapies. We were
also able to demonstrate that their alveolar macrophages had a reduction in cholesterol levels
after statin therapy. Furthermore, we were able to show that statin increased cholesterol efflux in
the PAP alveolar macrophages by ultimately increasing the expression of ABCA1 and ABCGl,
the two lipid transporters involved in cholesterol efflux. Our discovery supports the feasibility of
statin as a new pharmacotherapy for PAP patients; however, clinical trials need to be done to
evaluate the efficacy and safety of statin in these patients. Additionally, we may able to measure
cholesterol in BAL fluid as an adjunct to imaging for patients who are undergoing evaluation for
PAP and minimize the need for lung biopsy. Our data support the hypothesis that impaired
cholesterol clearance in alveolar macrophages is driving PAP pathophysiology.

After demonstrating the importance of cholesterol homeostasis in PAP, we wanted to
investigate the lipidome of PAP alveolar macrophages to not only further corroborate this novel
paradigm but also identify other lipids that may be contributing to the disease pathology. We
were able to utilize mass spectrometry, a sophisticated and sensitive technology that enables us
to quantify over 600 lipid species, to evaluate the lipid composition of alveolar macrophages in
PAP. Surprisingly, the lipid profiles of PAP alveolar macrophages have not been previously
defined. Griese and colleagues did recently perform the first broad lipidomic analysis on the
lavage fluid of patients with various types of PAP and demonstrated an overall increase of total
lipid concentration within the lavage fluid; however, the alveolar macrophages were removed

prior to their analysis (24). In comparison to the alveolar macrophages from a non-PAP patient,
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the alveolar macrophages from PAP patients had an overall marked increase in the lipid content.
PC and CE were the most abundant lipid classes in the majority of patients. Additionally, total
cholesterol content, as measured by GC-MS, was significantly elevated in the PAP alveolar
macrophages compared to the non-PAP alveolar macrophages. These data suggest that PAP
alveolar macrophages can take up surfactant lipid effectively; however, metabolism of
cholesterol and fatty acid may be defective. We also examined the lipid profile of alveolar
macrophages throughout patients’ clinical courses to see if it reflects patients’ disease severity.
Levels of PC and CE decreased in the alveolar macrophages of a PAP patient who had
improvement in his clinical disease after being started on inhaled GM-CSF. In contrast, levels of
PC and CE increased in the alveolar macrophages of a PAP patient who has progressing disease
despite multiple therapies and is currently undergoing lung transplant evaluation. The absolute
abundance of PC and CE appears to correlate with disease severity, but additional studies need to
be done to see if the alveolar macrophage lipidome or a specific combination of lipids could be
used as a biomarker to determine severity of disease. Further, our analysis of the PAP alveolar
macrophage lipidome suggests that both phospholipid and cholesterol are playing important roles
in the pathogenesis of PAP, not just one or the other; they were the most abundant lipid classes
in the PAP alveolar macrophages, and a reduction in both phospholipid and cholesterol content
led to disease improvement in clinical setting. More studies need to be done to investigate the
mechanisms underlying the dysregulation of phospholipid and cholesterol metabolism that leads

to impaired surfactant clearance in PAP.
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Future directions

Our data suggest that a disruption in both phospholipid and cholesterol homeostasis leads
to surfactant accumulation in PAP. We have demonstrated that PC and CE species are the
predominant lipid classes in PAP alveolar macrophages. Additionally, increased concentrations
of PC, CE, and total cholesterol appeared to correlate with more severe or progressive disease.
We plan to repeat this analysis on more non-PAP and PAP patients to validate our current
findings. This will also enable us to better understand the heterogeneity of the disease and see if
a specific lipid or combination of lipids could be used as a biomarker to determine severity of
disease or response to treatment. Because lavage samples can be challenging, invasive, and
expensive to obtain, we will also examine the lipid content of non-PAP and PAP patients’
plasma to see if there is a particular lipid or a combination of lipids that could be used as a
surrogate marker to correlate disease severity or response to therapy. PC 16:0/22:6 and PC
18:0/22:6 have been found to be significantly elevated in the plasma of GM-CSF knockout mice
compared to control mice; however, this has not yet been studied in patients (25).

Although the majority of PAP patients have a good prognosis of 94% + 2% survival rate
at 5 years with WLL therapy, about 20% of PAP patients develop fibrosis that can lead to end-
stage lung disease and ultimately death (26, 27). There is currently no assay or biomarker
available that can identify which patients will develop fibrosis. We will divide the PAP patients
into groups with or without fibrosis and analyze the lipid profile of their alveolar macrophages
and BAL fluid to see if a difference exists between the groups (27). In our preliminary analysis
of lung tissue from patients with and without idiopathic pulmonary fibrosis, a different, more
common pulmonary condition that results in lung scarring for an unknown reason, we have

noticed that there is a larger amount of triglycerides in patients with fibrosis; however, we have
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not seen that trend in our PAP patients who develop fibrosis compared to those who do not
develop fibrosis. We did see that PAP patients with fibrosis had higher amounts of CE in their
alveolar macrophages compared to PAP patients without fibrosis. We also want to measure
oxidized lipids in these patients, because prior studies have shown how they may play a role in
driving fibrosis in the lungs (28, 29). One study demonstrated an increased amount of oxidized
phosphatidylcholine (0xPC) in the alveolar macrophages and BAL fluid of mice that underwent
bleomycin-induced fibrosis (28). The direct instillation of oxPC into mouse lung stimulated foam
cell formation and initiated a fibrotic response. Further, the deletion of ABCG1 in mice that were
treated with bleomycin resulted in an increase in the size of the foamy macrophages and
exacerbation of lung fibrosis (28). Treating with GM-CSF decreased the lipid accumulation
within the alveolar macrophages and attenuated the fibrotic response. Additionally, our lab has
shown in the past that Abcg!”- mice accrued oxidized lipids in the lungs (30). These mice also
develop fibrosis in their lungs (unpublished data). If we are able to identify a certain quantity
and/or a specific set of oxidized lipids associated with patients who develop fibrosis, especially
in the BAL fluid of patients prior to the development of fibrosis, we may able to utilize it in the
clinical setting to predict who might develop fibrosis. By identifying this set of patients sooner,
we may be able to intervene more aggressively with more frequent whole lung lavages to remove
these lipids or even start patients on anti-fibrotic therapies sooner to halt or slow down the
progression of their disease. Our findings may also provide insight into the mechanism of more
common pulmonary diseases, such as idiopathic pulmonary fibrosis, or other medical conditions,
like sarcoidosis and rheumatoid arthritis, where patients have the potential to develop pulmonary

fibrosis, and help identify novel therapeutic strategies for these other disease processes.

95



Much of the research on PAP has been focused on the clearance of surfactant by the
alveolar macrophages. This may be due to the fact that Csf2rb”~ mice had reversal of their PAP
phenotype after WT bone marrow transplantation or after instillation of WT bone-marrow-
derived macrophages into the lungs, suggesting that the lack of GM-CSF in alveolar
macrophages is responsible for PAP (23, 31). However, our lab has shown that Abcgl”" mice,
which develop an age-dependent pulmonary lipidosis, not only have an increase in lipid
deposition in alveolar macrophages but also an increase in lamellar body and lipid content in
type 2 epithelial cells (20). This was also true in macrophage-specific-ABCG1-deficient mice,
suggesting that alveolar macrophage-type 2 epithelial cross talk may be influencing type 2
epithelial cell function and its role in surfactant homeostasis (21). Type 2 epithelial cell-specific-
ABCG]-deficient mice also develop enlarged type 2 epithelial cells with increased numbers of
LB within the cells and higher amounts of phospholipids and cholesterol in the surfactant
compared to control Abcg /¥ mice, yet their alveolar macrophages appeared normal. Our data
suggest that type 2 epithelial cells may be playing an unappreciated role in impaired surfactant
clearance that underlies PAP. Therefore, if possible, we want to obtain explanted lung tissue
from PAP patients who underwent lung transplantation and perform electron microscopy to
better characterize the appearance of type 2 epithelial cells. If these cells have an increase in
lamellar bodies and/or are lipid laden, it will be important to elucidate the mechanism underlying
this. We want to understand if this is (i) the result of increased uptake of surfactant by the type 2
epithelial cells in an attempt to remove the overabundance of surfactant in the alveolar space via
recycling, (i) if the cells are unable to release the recycled or de novo surfactant due to the
overabundance of surfactant in the alveolar space, (iii) if there is an increase in surfactant,

especially lipid, synthesis, or (iv) if there is some other process. Because isolating type 2
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epithelial cells from PAP patients is extremely challenging, we may need to employ an ex vivo
system and generate alveolospheres containing induced type 2 epithelial cells from pluripotent
stem cells (PSC) (32). We can generate alveolospheres from disease-specific iPSC from patients
with CSF2, CSF2RA, or CSF2RB mutation and evaluate what happens to the lipid content and
lamellar bodies. We can also utilize CRISPR/Cas9 technology to correct the CSF2, CSF2RA, or
CSF2RB alleles, resulting in a corrected line to differentiate into alveolospheres and do
comparisons with the diseased alveolospheres. Then, we could theoretically expose the
alveolospheres to surfactant from non-PAP and PAP patients and measure the lipid content. We
may also utilize mouse models of PAP to evaluate lipid synthesis in the lungs in vivo by using
isotope-labeled water and measuring lipids by GC-MS and Lipidyzer. Hunt and colleagues
previously observed an increase in the absolute rate of PC synthesis within the lungs of GM-CSF
knockout mice compared to control animals; however, they were unable to assess the rate of PC
secretion into the BAL fluid (25). The study of type 2 epithelial cells will provide more insight
into the pathogenesis of PAP and possibly identify novel pharmacotherapy targets.

Although studying lipid profiles has enabled us to better understand PAP, we also plan to
perform RNA sequencing (RNA-seq) on alveolar macrophages and plasma RNA to investigate
the molecular mechanisms underlying the disease process of PAP. This will enable us to look at
the transcriptome and identify possibly new pathways that may be involved with the disease.
This will also help us find novel drug targets. Because this disease is so heterogenous and
because there is currently no specific biomarker available, we additionally want to see if there is
an association with a specific transcriptomic profile and a patient’s improving or worsening
clinical course. We want to identify novel biomarkers that may predict those who may have

spontaneous resolution of disease, those who may have stable, chronic disease, those who may
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have progressive disease, and those who may develop fibrosis. With this information, we can
help prognosticate a patient’s clinical trajectory and appropriately tailor a patient’s treatment
plan. Additionally, we may be able to find novel therapeutic targets. We also plan to perform
RNA-seq on patients who are on various therapies. Once again, we hope to find biomarkers that
may help predict responders and non-responders to specific therapies so that we can provide
personalized medicine to the patients in order to prevent adverse reactions from ineffective
therapies. Furthermore, we may consider to do single cell RNA-seq on lung tissues from PAP
mouse models, which would enable us to identify other cell populations that may be playing a
role in the disease. For example, Hunt and colleagues discovered neutral-lipid droplet
accumulations in alveolar lipofibroblasts in the lungs of Csf2”~ mice, suggesting that other cells
might be involved in PAP (25).

Another area of interest is the role of lipids and the immune response. Autoimmune PAP
is characterized by high levels of neutralizing GM-CSF autoantibodies in patients (33, 34).
Transfer of highly purified, human GM-CSF antibodies to primates caused the development of
PAP in the non-human primates (35). Interestingly, low levels of GM-CSF autoantibodies exist
in healthy individuals; however, patients with aPAP have concentrations of autoantibodies that
cross a “critical threshold” and result in the inhibition of GM-CSF signaling (36-38). These
antibodies are composed of polyclonal immunoglobulin G (predominantly subclasses 1 and 2)
and appear to target multiple non-overlapping epitopes throughout the GM-CSF molecule,
suggesting that the autoantibody formation is not likely due to a pathogen-related, cross-reacting
epitope (33, 39). Furthermore, there are numerous somatic mutations in GM-CSF autoantibodies,
suggesting that T cells are involved and that B cells have re-entered germinal centers and

undergone somatic mutation and affinity selection (40). It is unclear why patients develop these
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antibodies. Notably, our lab has demonstrated in the past that specific lipids, like oxidized
phospholipids and/or sterols, elicit a lung-specific response in Abcgl” mice (19, 30). There is an
increase in natural antibody (Nab)-secreting B-1 B cells in response to the lipid accumulation
that is associated with an increase in titers of IgM, IgA, and IgG against oxidation specific
epitopes in the lungs. This was also seen in Abcg17>%° mice, where there were increased titers of
IgG, 1gG2c, and IgA in the BAL fluid compared to the Abcg **/°* mice (21). This may also be
true in PAP where specific lipids are homing B-1 B cells to the lungs. We want to measure B-1 B
cells and immunoglobulins in the BAL fluid of aPAP patients in addition to the oxidized lipid
species as mentioned previously, especially since B-1 B cells have been implicated in other
autoimmune diseases (41, 42). An increase in B-1 B cell population may be contributing to the
high levels of GM-CSF autoantibodies in autoimmune PAP. Although B-1 B cells tend to secrete
IgM or IgG3, they may be serving as antigen presenting cells to T cells, thus triggering an
adaptive immune response (43, 44). More studies need to be done to better understand the role of

B-1 B cells in PAP if they are indeed present.

Concluding remarks

PAP is a life-threatening, rare lung disease that is caused by an accumulation of
surfactant in the alveolar space and has no cure. In the past, the dysregulation of phospholipid
metabolism was thought to drive the pathogenesis of PAP and result in the accrual of surfactant
in the lungs. More recent studies have shifted the paradigm and suggested that the impairment of
cholesterol clearance is the primary defect that causes PAP. This dissertation investigated
molecular mechanisms that lead to impaired surfactant clearance in PAP and discovered that in

fact, it is the disruption in both phospholipid and cholesterol homeostasis that leads to PAP. We
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were also able to identify possible novel biomarkers, specifically PC and CE levels in alveolar
macrophages and relative plasma titers of GM-CSF antibody, that can be used to correlate with
disease severity. Finally, we demonstrated that statin, a medication that is currently available to
decrease plasma cholesterol, improved disease severity in PAP mice and patients, thus proposing
it as a possible new pharmacotherapy for PAP. Although advances in research have vastly
improved our understanding of PAP in recent years, more studies need to be done to better

understand the pathophysiology of PAP and ultimately find a cure for these patients.
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