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THE ROLE OF SPHINGOLIPIDS AND LIPID RAFTS IN DETERMINING CELL FATE
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Abstract Ceramide-accumulation is known to be
involved in the pathogenesis of chronic inflammatory lung
diseases including cigarette smoke-induced emphysema
(CS-emphysema) but the exact sphingolipid metabolite that
initiates emphysema progression remains ambiguous. We
evaluated here a novel role for the sphingolipid, lactosyl-
ceramide (LacCer), as a potential mechanism for patho-
genesis of CS-emphysema. We assessed the expression of
LacCer, and LacCer-dependent inflammatory, apoptosis
and autophagy responses in lungs of mice exposed to CS,
as well as peripheral lung tissues from COPD subjects
followed by experimental analysis to verify the role of
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LacCer in CS-emphysema. We observed significantly ele-
vated LacCer-accumulation in human COPD lungs with
increasing severity of emphysema over non-emphysema
controls. Moreover, increased expression of defective-
autophagy marker, p62, in lung tissues of severe COPD
subjects suggest that LacCer induced aberrant-autophagy
may contribute to the pathogenesis of CS-emphysema. We
verified that CS-extract treatment significantly induces
LacCer-accumulation in both bronchial-epithelial cells
(BEAS2B) and macrophages (Raw264.7) as a mechanism
to initiate aberrant-autophagy (p62-accumulation) and
apoptosis that was rescued by pharmacological inhibitor of
LacCer-synthase. Further, we corroborated that CS expo-
sure induces LacCer-accumulation in murine lungs that can
be controlled by LacCer-synthase inhibitor. We propose
LacCer-accumulation as a novel prognosticator of COPD-
emphysema severity, and provide evidence on the thera-
peutic efficacy of LacCer-synthase inhibitor in CS induced
COPD-emphysema.

Keywords LacCer - Lipid-rafts - Autophagy - Apoptosis -
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Introduction

Even though the mechanisms directing the development of
chronic obstructive pulmonary disease (COPD) are not
completely deciphered, toxic substances and free radicals
in cigarette smoke (CS) have been shown as the leading
cause for pathogenesis of emphysema in COPD subjects
[1, 2]. The CS induced inflammatory-oxidative stress is
clearly demonstrated as a mechanism for pathogenesis of
CODP-emphysema [3-5]. Recently, we and others dem-
onstrated the role of ceramide-accumulation as a
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mechanism for inflammatory-oxidative stress in cystic
fibrosis (CF) [6, 7], emphysema and COPD [6, 8-11], but
the exact ceramide species or sphingolipid metabolite that
induces chronic lung disease or COPD-emphysema is not
identified [12, 13].

Ceramide is enzymatically converted to a metabolite,
lactosylceramide (LacCer) that regulates several important
cellular functions, including regulation of cell proliferation,
adhesion, angiogenesis and apoptosis [14, 15]. Altered
expression of LacCer or LacCer-synthase (the enzyme
which converts glucosylceramide to LacCer) is associated
with cancer, neuroinflammatory diseases [16] and human
polycystic kidney disease [17-19] but its role in patho-
genesis of lung diseases such as CS induced COPD-
emphysema is not investigated. Based on our recent studies
on pathogenic mechanisms of lipid-raft signaling in
chronic obstructive lung diseases (COPD-emphysema and
CF) [6, 8], we predicted that ceramide may be leading to
membrane LacCer-accumulation as a critical pathogenic
step that regulates inflammation, autophagy and apoptosis
responses in lung injury and emphysema. Thus, in this
study, we sought to identify the specific sphingolipid
involved in pathogenesis of CS induced COPD-emphy-
sema, as it may lead to the development of effective
therapeutics to alleviate chronic lung disease.

Results

LacCer accumulation correlates with severity
of emphysema in COPD

To identify the role of sphingolipid, LacCer in CS induced
COPD-emphysema, we procured human lung tissue and
sections [non-emphysema controls (GOLD 0) and

Fig. 1 Increased LacCer accumulation correlates with severity of
emphysema. a The human lung tissue sections from non-emphysema
controls [(GOLD 0, n = 5, smokers (Smk) and n = 10 non-smokers
(non-smk)] and COPD subjects (GOLD I-IV) with emphysema
[(n = 40, smokers (Smk) and n = 5 non-smokers (non-smk)] were
immunostained with LacCer. The nuclear staining (Hoechst, blue)
shows the selected tissue area. The data implies a significant positive
correlation (lower panel, densitometry analysis, p < 0.01) between
increased LacCer with severity of emphysema in COPD subjects.
b The co-immunolocalization of LacCer with lipid-raft marker, ZO-2
in the lung tissue sections (n = 60) demonstrate that LacCer-
accumulation in lipid-rafts increases with severity of emphysema in
COPD subjects. ¢ The lipid-raft proteins isolated from human lung
tissue from non-emphysema control (GOLD 0) and emphysema-
COPD (GOLD 1V) subjects were used to verify the significant
increase (lower panel, densitometric analysis, p < 0.05) in raft-
LacCer accumulation in severe COPD-emphysema (n = 3). The o-
actin was used as a loading control. d Immunoblotting of total protein
lysates from lung tissues of non-emphysema control (GOLD 0) and
emphysema-COPD (GOLD 1V) subjects show a significant increase
in p62 (defective-autophagy marker), p53 (senescence marker) and
CHOP (apoptosis marker) expression (n = 4) in the COPD-emphy-
sema subjects compared to non-emphysema controls (p < 0.05).
Scale white bar 50 pm, red bar 10 pm (Color figure online)

emphysema COPD (GOLD I-IV), smokers/non-smokers,
Table 1)] and analyzed the statistical correlation of Lac-
Cer-accumulation with the severity of emphysema in
COPD subjects. We observed a significant statistical cor-
relation between LacCer-accumulation and increasing
severity of emphysema in COPD subjects (Fig. 1a). We
previously reported that CS exposure elicits a defective-
autophagy response marked by perinuclear accumulation
of p62 via lipid-raft ceramide-accumulation [8]. Further,
we have recently reported that p62-accumulation statisti-
cally correlates with the severity of emphysema [20],
similar to LacCer (Fig. 1a) suggesting that LacCer medi-
ated aberrant-autophagy may be a novel mechanism for
COPD-emphysema pathogenesis. We postulated based on

Table 1 Classification of non-emphysema and emphysema COPD subjects

Parameters GOLD 0 GOLD 1 GOLD 11 GOLD III GOLD IV
Average age (year)
Mean + SD 65.8 + 9.2 66.4 + 9.5 659 + 7.4 60.6 + 11.6 56.3 + 6.6
Sex
M/F (#) M @), F (11) M (6), F (6) M (8), F (3) M (2), F (8) M (3), F (9)
Smoking
Status Current (0) Current (1) Current (2) Current (1) Current (0)
Ever (5) Ever (9) Ever (8) Ever (9) Ever (10)
Never (10) Never (2) Never (1) Never (0) Never (2)
Packs (year) (average) 21.6 + 21.0 459 4+ 23.1 68.8 £ 51.7 67.6 £ 25.6 33.7 £ 21.8
FEV1-% predicted, mean + SD 954 + 10.7 86.5 + 8.9 573 +9.2 312 +£53 1835
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«Fig. 2 Cigarette smoke extract (CSE) induces LacCer mediated
aberrant-autophagy and apoptosis. a The BEAS2B- and Raw264.7-
cells were treated with DMSO (control) or cigarette smoke extract
(CSE, 200 pg/ml, 24 h) and the increase in percentage of LacCer-
positive cells was quantified by flow cytometry. CSE treatment shows
a very significant (p < 0.001) increase in LacCer-accumulation (34-
fold, BEAS2B and 99.7-fold, Raw264.7 cells). b The Raw264.7 cells
were treated with DMSO (control), CSE (200 pg/ml) and/or LacCer-
synthase inhibitors (p-PDMP & PBPP, 50 pM) for 24 h and the
percentage of p62-positive cells were analyzed by flow cytometry.
The data indicates that p-PDMP and PBPP efficiently control the
number of CSE induced aberrant-autophagic cells. ¢ The Raw264.7
cells were treated with LacCer, dihydro-lactosylceramide (dLac) or
di-galactosylceramide (di-Gal) (2 pg/ml each) for 12 h and the
percentage of p62-postive cells in treatment group as compared to no-
treatment control was analyzed by flow cytometry. The data indicate
the specificity (p < 0.01) of LacCer in inducing aberrant-autophagy
as compared to other structurally related molecules (dLac, diGal).
d Flow cytometry of Raw264.7 cells shows the specificity of
pharmacological inhibitor of LacCer-synthase, p-PDMP (50 puM,
12 h) in controlling the LacCer expression (p < 0.01). e Immunoflu-
orescence microscopy of Raw264.7 cells transiently transfected with
LC3-GFP and Ub-RFP plasmids for 12 h followed by DMSO
(control) or CSE (200 pg/ml) treatment for 24 h shows increased
number of LC3-Ub-positive bodies (white arrows) after CSE
treatment. Moreover, treatment with LacCer synthase inhibitor,
p-PDMP (50 pM), significantly (n = 3, p < 0.01) controls the
number of CSE induced LC3-Ub-positive bodies. At least three
independent experiments were performed, and the representative data
is shown. f The apoptotic changes in murine peritoneal macrophages,
treated in vitro with CSE (200 pg/ml) and/or LacCer-synthase
inhibitors, p-PDMP/PBPP (50 uM, 12 h) was analyzed by propidium
iodide (PI) staining. Data shows a significant reduction (p < 0.001) in
percentage of CSE induced apoptotic cells (M1-sub-Gl1 fraction) upon
treatment with LacCer-synthase inhibitors (n = 3)

this data (defective-autophagy) and known functions
(apoptosis and inflammatory-oxidative stress) of LacCer
that it’s increased membrane accumulation can be a
potential mechanism leading to chronic lung injury and
emphysema in COPD. We verified that LacCer accumu-
lates in the membrane lipid-rafts (similar to ceramide) by
co-immunostaining with lipid-raft marker, ZO-2 (Fig. 1b).
This was further validated by an increased LacCer accu-
mulation in the purified lipid-raft fractions from lung tis-
sues of COPD subject’s (GOLD IV) with emphysema
compared to non-emphysema controls (GOLD 0, Fig. 1c).
We also found a significant increase in p62 expression in
total protein lung extracts from emphysema subjects
(COPD, GOLD 1V) compared to non-emphysema controls
(GOLD 0) (Fig. 1d). This was accompanied by a signifi-
cant increase in p53 and CHOP expression verifying
senescence and apoptosis in COPD-emphysema subjects as
previously described [21, 22]. The limited number of non-
smoker emphysema subjects in the study group suggests
that smoking may induce membrane LacCer-accumulation,
increased ZO-2 expression and perinuclear p62-accumu-
lation (Online resource 1A) that warrants further experi-
mental verification in human subjects (ongoing studies in

larger non-smoker population), and murine and in vitro
models (this study). The present data identifies a novel role
of the sphingolipid, LacCer, as a potential pathogenic step
for COPD-emphysema pathogenesis.

Cigarette smoke induces LacCer mediated aberrant-
autophagy and apoptosis

LacCer is an important signaling intermediate for the
induction of pro-inflammatory mediators and astrogliosis
[16, 23]. The activation of NADPH oxidase and NFxB
signaling cascades are believed to be involved [15, 23] in
LacCer mediated inflammatory signaling. We have previ-
ously shown that CS induces inflammation, apoptosis and
aberrant-autophagy in murine lungs and airways cells [8,
20, 21]. To verify whether CS induces LacCer-accumula-
tion, and if LacCer is a critical step for inducing inflam-
matory-apoptotic responses and defective-autophagy, we
used human bronchial epithelial (BEAS2B) and macro-
phage (Raw264.7) cells treated with CS-extract (CSE) and
murine lung injury and emphysema models [C57BL/6 mice
exposed to acute-, sub-chronic- or chronic-CS and Pseu-
domonas aeruginosa Lipopolysaccharide (Pa)-LPS]. We
further substantiated the role of LacCer in COPD-emphy-
sema pathogenesis using the pharmacological inhibitors of
LacCer-synthase (D-PDMP or PBPP) in these models fol-
lowed by functional analysis of inflammatory, apoptotic
and aberrant-autophagy responses. We first confirmed that
CSE treatment significantly increases LacCer-accumula-
tion in both epithelial (BEAS2B) cells and macrophages
(Raw264.7) (Fig. 2a). Next, we observed that inhibiting
LacCer-accumulation by p-PDMP and PBPP was effective
in significantly reducing the number of CSE-induced p62-
positive cells (Fig. 2b). Since CSE induces LacCer-accu-
mulation and aberrant-autophagy, we confirmed whether
LacCer treatment could increase the number of p62-posi-
tive cells over other structurally related molecules (con-
trols) (Fig. 2c). We also evaluated the specificity of
pharmacological inhibitor of LacCer-synthase (p-PDMP)
in controlling LacCer synthesis and accumulation
(Fig. 2d). Accumulation of p62 along with the auto-
phagosome marker-LC33 and ubiquitinated protein
aggregates (aggresome) is considered as a functional
marker of defective-autophagy [24]. Thus co-localization
of LC3-GFP and Ubiquitin-RFP in Raw264.7 cells was
used as a functional reporter to access if CSE induces
aberrant-autophagy via LacCer. As anticipated, CSE
induces perinuclear co-localization of LC3-GFP and Ub-
RFP (aggresome) while p-PDMP inhibits LC3-Ub accu-
mulation (Fig. 2e). Since LacCer-synthase inhibitors
decreased the number of CSE-induced p62-positive cells
(Fig. 2b) and LC3-Ub accumulation (Fig. 2e) we confirm
that LacCer plays a crucial role in regulating CSE-induced
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«Fig. 3 LacCer mediates cigarette smoke (CS) or Pa-LPS induced
lung inflammation and apoptosis. a Immunostaining shows increased
LacCer-accumulation (red) in longitudinal lung tissue sections from
acute-CS (A-CS, 1 week) exposed C57BL/6 mice (n = 3) compared
to air controls. b—-d Treatment of acute-CS-exposed mice with
pharmacological inhibitors of LacCer-synthase [D-PDMP and PBPP,
50 pg/mouse, intra-tracheal (i.t), 24 h] controls acute-CS induced
lung inflammation [(b H&E, ¢ BALF-interleukin-6 (IL-6)] and
apoptosis (d lung-caspase-3/7 activity). e Immunostaining shows
increased LacCer-accumulation (red) in longitudinal lung tissue
sections from Pa-LPS (20 pg/mouse, 36 h) treated C57BL/6 mice
(n = 3) compared to PBS controls. Treatment with LacCer-synthase
inhibitors (50 pg/mouse) significantly control Pa-LPS induced
inflammation (f H&E and g BALF-IL-6 levels) and apoptosis
(h lung-caspase-3/7 activity) (n = 3, p < 0.05). Data represents at
least triplicate independent experiments. Scale white/black bar 50 pm
(Color figure online)

autophagy response. A recent study demonstrates the cru-
cial role of LacCer in NSMase induced apoptosis [25]. We
verified here that CSE induces apoptosis via LacCer as
seen by a significant increase in sub-Gl fraction (M1) in
the presence of CSE that can be rescued to basal levels with
LacCer-synthase inhibitors (Fig. 2f).

LacCer mediates CS or Pa-LPS induced emphysema
and lung inflammation

Having identified lipid-raft LacCer-accumulation as a
potential mechanism for inflammatory-oxidative stress,
apoptosis and aberrant-autophagy induction, we authenti-
cated these findings in murine models of CS and Pseudo-
monas aeruginosa-LPS (Pa-LPS) induced lung injury.
Recent studies show that both acute-CS and LPS induce
lung injury and emphysema-like phenotype in mice [3].
Subsequently, we found that acute-CS/Pa-LPS exposure of
C57BL/6 mice induced LacCer-accumulation in murine
lungs (Fig. 3a, e). The functional role of LacCer in mod-
ulating inflammation, apoptosis and autophagy responses
during lung injury was verified by using pharmacological
inhibitors of LacCer-synthase, p-PDMP or PBPP. We
found that treatment with p-PDMP and PBPP successfully
controlled acute-CS; sub-chronic CS/Pa-LPS induced lung
inflammation, apoptosis and aberrant-autophagy (Figs. 3,
4; Online resource 1B, C).

To further validate if CS induced LacCer-accumulation
leads to the development of emphysema we exposed
C57BL/6 mice to chronic-CS and treated with p-PDMP as
per the experimental timeline shown in Fig. 5a. We found
that chronic-CS exposure significantly induces LacCer-
accumulation in the lungs that correlate with severity of
emphysema (Fig. 5b, e). Moreover, accumulation of
ubiquitinated proteins and increased expression of defec-
tive-autophagy marker (p62) (Fig. 5d) was observed with
Chronic-CS exposure. We verified the role of LacCer in
emphysema pathogenesis using the pharmacological

inhibitor of LacCer-synthase, p-PDMP that not only ame-
liorates chronic-CS induced inflammation but can also
control CS induced alveolar airspace enlargement (Fig. Se,
f). We also found that level of pro-inflammatory cytokine,
IL-6 in bronchoalveolar lavage fluid (BALF) of chronic-CS
exposed mice was significantly decreased by p-PDMP
treatment (Fig. 5g). Overall, we observed that p-PDMP
treatment can control CS-induced chronic inflammation,
alveolar airspace enlargement, macrophage infiltration
(Fig. 5) and defective-autophagy (Fig. 6).

We anticipate based on these and our previous study [6]
that CS-exposure modulates lipid-raft clustering by
inducing LacCer accumulation via CFTR, as Cftrf/ ~ mice
intrinsically show increased LacCer accumulation
(Fig. 7a). This clustering of lipid-rafts is known to augment
apoptotic and NFkB mediated pro-inflammatory signaling
through TNFR, IL-1R, TLR and/or FAS receptors [8, 26—
28]. LacCer is known to be involved in inflammatory-
oxidative signaling [15] and LPS/IFNy induced iNOS
generation [23]. Our data also suggest that CS induces
aberrant proteostasis [21] that leads to Ub-p62-dependent
perinuclear aggregation of misfolded proteins (aggre-
somes). Intriguingly, CFTR is essential to maintain a
robust autophagy response to clear-off p62-positive ag-
gresomes that accumulate in CF lung disease [24]. We
predict that defective-autophagy [20], inflammation and
apoptosis, all contribute to CS-LacCer mediated emphy-
sema. Additionally, increase in membrane-LacCer-accu-
mulation recruit’s caveolin-1 to lipid-raft microdomains
[24] that in turn may enhance the susceptibility to LacCer
induced emphysema by p53-dependent cellular senescence
mechanisms [22, 29] (Fig. 7b).

To summarize, we demonstrate here that LacCer-accu-
mulation is a common pathogenic intermediate that regu-
lates apoptotic-inflammatory responses and aberrant-
autophagy, as a mechanism for COPD-emphysema patho-
genesis. Moreover, we demonstrate the therapeutic-efficacy
of pharmacological LacCer-synthase inhibitors in control-
ling chronic-CS induced emphysema.

Discussion

The pathogenesis of chronic inflammatory lung diseases
including CS induced emphysema is proposed to involve
lipid-raft ceramide-accumulation [6-8] but the exact
sphingolipid metabolite that initiates emphysema progres-
sion remains to be identified. In this study we identified and
verified a novel role of the sphingolipid, LacCer in CS-
induced COPD-emphysema. We found that CS induced
LacCer-accumulation is a common pathogenic mechanism
that induces apoptotic-inflammatory responses and aber-
rant-autophagy leading to severe emphysema in COPD.
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We and others have recently elucidated the critical role of
lipid-raft signaling platforms in mediating chronic inflam-
matory-apoptotic responses and lung injury in both CF and
COPD [6-8]. LacCer is a lipid-raft associated glycosphin-
golipid (GSL) [30] that is known to be involved in inflam-
matory-oxidative signaling [15] and LPS/IFNy induced
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our recent studies [6, 8] that CS-exposure modulates lipid-
raft clustering by inducing LacCer-accumulation via CFTR
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totic and NFxB mediated pro-inflammatory signaling
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«Fig. 4 LacCer-synthase inhibition ameliorates sub-chronic-CS
induced lung injury and aberrant-autophagy. a The longitudinal lung
tissue sections of air- or sub chronic-CS (SC-CS)-exposed (4 weeks)
and/or p-PDMP [50 pg/mouse, intra-tracheal (i.t.) for the last 24 h]
treated C57BL/6 mice were either stained with H&E to detect the
inflammatory state, or immunostained with NFxB, F4/80, NIMP R-14
and p62 polyclonal antibodies. Subchronic-CS-exposure significantly
induces the levels of the inflammatory (NFxB, F4/80, NIMP R-14)
and defective-autophagy marker (p62) that are controlled by
treatment with D-PDMP (right panels, densitometric analysis,
p < 0.05). n = 3, Scale white/black bar 50 pm. The nuclear staining
(Hoechst) in the bottom panel of each staining shows the selected
tissue area. b The subchronic CS-exposed mice show a significant
increase in bronchoalveolar fluid (BALF) IL-6 levels (p = 0.029) that
are controlled by LacCer-synthase inhibitor, p-PDMP (p < 0.01,
n = 3). ¢ The flow cytometry analysis of BALF-cells isolated from
subchronic-CS-exposed and/or p-PDMP treated mice show that
LacCer-synthase inhibition significantly (p < 0.01) controls sub-
chronic-CS induced macrophage (Mac-3-positive cells) infiltration

28]. As anticipated, our data demonstrates a positive statis-
tical correlation of LacCer-accumulation with increasing
severity of emphysema in COPD lungs (Fig. 1a). Moreover,
we also verified the expression of known apoptotic and
senescence related proteins, CHOP (GADD153) and p53
[21-23, 31] with emphysema progression (Fig. 1d) sug-
gesting that LacCer-accumulation may induce inflamma-
tory-apoptotic signaling leading to chronic lung disease and/
or severe emphysema. Next, we experimentally verified that
CSE/CS can significantly induce LacCer-accumulation in
BEAS2B/Raw?264.7 cells and murine lungs (acute/chronic-
CS/Pa-LPS) (Figs. 2, 3, 4, 5, 6). Moreover, we confirmed
the functional role of CS-induced LacCer-accumulation in
inducing inflammatory-apoptotic signaling by using phar-
macological inhibitors of LacCer-synthase (D-PDMP/PBPP)
(Figs. 2, 3, 4, 5, 6). These LacCer-synthase inhibitors have
been previously used to validate the role of LacCer in cell
migration and proliferation of human aortic smooth muscle
cells [14], TNFa-induced proliferation of rat primary
astrocytes [16] and the lipopolysaccharide/interferon-y-
mediated inducible nitric oxide synthase gene expression
[23]. As discussed above, we treated the CSE/CS-exposed
cells and mice with p-PDMP and PBPP and found their
efficacy in controlling CS-induced inflammation and apop-
tosis. Our human- and murine-COPD-emphysema data
suggests the role of significantly elevated LacCer-accumu-
lation in inflammatory-apoptotic signaling similar to previ-
ous reports for other disease states such as cancer [17, 32],
neuroinflammatory conditions [23], atherosclerogenesis and
atherosclerosis [14]. LacCer is also known to mediate
TNFa-induced superoxide/ROS production from neutro-
phils and endothelial cells [15, 33]. Moreover, treatment
with the specific inhibitors of LacCer-synthase, p-PDMP or
PBPP abates LacCer-mediated inflammation, cancer cell
migration and oxidative damage [17, 25, 34]. Another recent

report shows that reducing GSL biosynthesis by treatment
with anti-sense oligonucleotides against GSL synthesis
enzymes, including the inhibition of LacCer-synthase, in
airway cells partially ameliorates disease outcomes in
mouse model of allergic asthma [35]. Our current data not
only suggests a novel role of LacCer in the pathogenesis of
CS-induced lung injury and emphysema but also demon-
strate the therapeutic potential of LacCer synthase inhibitors
in controlling CS induced COPD-emphysema.

We recently reported that the cytoplasmic accumulation of
misfolded/polyubiquitinated proteins in aggresome bodies in
response to CS-exposure induces inflammatory-apoptotic
signaling [20, 21]. We predict that CS induced aggresome
formation may be a result of autophagy-dysfunction since
autophagy is a cytoprotective mechanism that participates in
the clearance of misfolded/polyubiquitinated proteins by
targeting them for degradation [24]. A recent study by Choi
et al. reported elevated autophagy in the lungs of COPD
patients and CS-exposed murine lungs [36]. They proposed a
crucial role of autophagic protein, LC3f in mediating CS-
induced apoptosis and emphysema [36]. Our current and
previous studies suggests that autophagy dysfunction leads to
COPD-emphysema pathogenesis and clearly support that CS
induced aberrant-autophagy [21] leads to Ub-p62-dependent
perinuclear aggregation of misfolded proteins (aggresomes)
that mediates chronic inflammation, apoptosis and emphy-
sema. Since autophagy is central to clearance of aggresomes,
we propose that defective-autophagy is a critical mechanism
of CS-induced lung injury and emphysema. In accord with
this, we observed an accumulation of aberrant-autophagy
markers, p62/Ub [21] in COPD-emphysema subjects and CS-
exposed murine lungs ([20]; Figs. 4, 6; Online resource 1B).
We verified that CSE-induces perinuclear co-localization of
LC3-GFP and Ub-RFP (indicator of aberrant-autophagy) that
can controlled by b-PDMP treatment (Fig. 2e) supporting the
critical role of LacCer in regulating CSE induced aberrant-
autophagy. Intriguingly, CFTR is also essential to maintain a
robust autophagy response to clear-off p62-positive aggre-
somes that accumulate in CF lung disease [24]. We and others
have shown that CS down regulates CFTR expression and
function [6, 37] and this could be one potential mechanism for
CS-induced aberrant-autophagy (Fig. 7b). Although, itis also
possible that CS directly influences autophagy [20] in addi-
tion to CFTR dependent mechanism. Our recent study dem-
onstrates a significant increase in constitutive and CS-induced
p62- and LC3B-expression in the CFTR-deficient cells and
mice [8], supporting the role of CFTR in controlling
autophagy responses in CS-induced lung injury and emphy-
sema. In the present study, we found that Cftr "~ mice lungs
have higher LacCer-accumulation compared to Cfir™" mice
(Fig. 7a). We predict that CS directs aberrant-autophagy via
its effect on membrane-CFTR expression and function [24,
38] that controls lipid-raft LacCer-accumulation. Our in vitro
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«Fig. 5 LacCer-synthase inhibitor ameliorates chronic-CS induced
lung inflammation and emphysema. a The experimental timeline for
treatments with LacCer-synthase inhibitor (p-PDMP; 10 pg/mouse,
n = 4-5) in chronic-CS induced emphysema murine model. The
longitudinal lung tissue sections from mice exposed to room air- or
chronic-CS shows a considerable increase in LacCer-accumulation
upon chronic-CS-exposure (b) that is significantly downregulated by
D-PDMP treatment (c; p < 0.05). The nuclear staining (Hoechst, blue)
in the bottom panel shows the selected tissue area. d The total lung
protein lysates from chronic-CS exposed mice show an increase in
p62 expression compared to air exposed mice, indicating a defective-
autophagy response that is verified by an increase in ubiquitin-
accumulation. B-actin was used as the loading control. ¢ The H&E
staining of these lung tissue sections show a decrease in CS induced
inflammation on treatment with p-PDMP. f The morphometric
analysis of lung tissue sections stained with H&E (e) demonstrate a
significant increase in alveolar diameter upon chronic-CS exposure
(1.55-fold, p = 0.000017). This chronic-CS induced alveolar space
enlargement is significantly inhibited (1.55 to 1.23-fold, p = 0.0016)
by LacCer-synthase inhibitor (b-PDMP). g The chronic-CS exposed
mice show a significant increase in BALF IL-6 levels (p = 0.01) that
can be rescued to basal levels by treatment with p-PDMP (n = 3,
p = 0.009). h The flow cytometric analysis of bronchoalveolar fluid
(BALF)-cells isolated from chronic-CS exposed and/or p-PDMP
treated mice shows that p-PDMP treatment significantly controls
(p < 0.01) chronic-CS induced activated-macrophage (F4/80-NFkB-
positive cells) infiltration. Data represents at least triplicate indepen-
dent experiments. Scale white/black bar 50 pm

experiments in Raw264.7 cells validate that CS induces
LacCer-accumulation that leads to p62-accumulation
(Fig. 2a—). This implies that CS exposure promotes defec-
tive-autophagy response through LacCer-accumulation.
Based on our in vitro and in vivo functional rescue experi-
ments with specific LacCer-synthase inhibitors (p-PDMP/
PBPP) we propose that controlling LacCer-accumulation
may mitigate the CS-induced aberrant-autophagy [20, 21] and
inflammatory-apoptotic signaling that contribute to CS-Lac-
Cer mediated COPD-emphysema pathogenesis.

Overall, LacCer-accumulation in human and murine
emphysema and its association with severity of lung dis-
ease demonstrates its potential utility as a prognosticator of
emphysema state and aforementioned therapeutic strategy
for COPD-emphysema subjects.

Materials and methods
Human subjects and murine experiments

Frozen lung tissue samples and longitudinal sections were
obtained from the NHLBI Lung Tissue Research Consor-
tium (LTRC, NIH). The clinical severity, sample size and
classification of COPD lung disease subjects was graded on
the basis of stages defined by Global Initiative for Chronic
Obstructive Lung Disease (GOLD) [Control (GOLD 0) and
COPD (GOLD I-1V), n = 10-15 for each stage, see

Table 1 [39, 40]. None of the control- or COPD-subjects
had any other underlying condition other than emphysema
for COPD subjects (Gold I-IV). Moreover, one patient in
each group (Gold I-IV) had first-degree blood relatives
with chronic bronchitis. The study protocol was approved
by the Institutional Review Board (IRB), Johns Hopkins
University as exempt, and subject’s lung function data and
other clinical parameters were obtained from each of the
LTRC contributing centers without disclosing the subject’s
name and information. The lung samples were analyzed by
immunostaining or immunoblotting and statistical corre-
lation of the data was calculated (described below). The
results of the human data were experimentally verified
using CS and Pa-LPS induced emphysema and lung injury
murine models. All animal experiments were carried out in
accordance with the Johns Hopkins University (JHU)
Animal Care and Use Committee (ACUC) approved pro-
tocols. We used age, weight and sex matched (8—10 weeks
old) C57BL/6 mice (NCI Animal Production Program and
in house breeding), n = 3—4 for all experiments. All mice
were housed in controlled environment and pathogen-free
conditions. Mice were exposed to room-air (control) or
acute-(1 week), sub-chronic-(4 weeks) or  chronic-
(24 weeks) CS using the TE-2 cigarette smoking machine
[6, 8, 21] (Teague Enterprises, Davis, CA). The CS was
generated by burning research-grade cigarettes (3RF4;
0.73 mg nicotine per cigarette) purchased from the
Tobacco Research Institute (University of Kentucky,
Lexington, KY) for 3 h/day direct smoke followed by 2 h
in the same chamber resulting in an average total particu-
late matter of 150 mg/m>. The air- and CS-exposed mice
were treated intra-tracheally with 50 pg/mouse p-PDMP/
PBPP (details in ‘in vitro and ex vivo experiments’;
Matreya LLC, Pleasant Gap, PA) for acute and sub-
chronic CS/air-exposure experiments. In a separate
experiment, mice were treated with Pa-LPS (Sigma, St.
Louis, MO, intra-tracheal; 20 pg/mouse) for 36 h [6] and/
or p-PDMP/PBPP (50 pg/mouse) for the last 24 h. We
assessed the dose dependent efficacy of p-PDMP in Pa-
LPS murine model and identified 10 pg/mouse b-PDMP as
a potent minimal dose that can control both inflammation
and aberrant-autophagy. The selected dose was given to
the mice at the indicated time points (Fig. 5a) to test its
efficacy in controlling chronic-CS induced emphysema.
To evaluate the effect of CFTR-deficiency on LacCer-
accumulation, we used the Cftril ~ murine model as
recently described [6, 8].

In vitro and ex vivo experiments
The BEAS2B (human bronchial epithelial cells) and

Raw264.7 (human macrophages) cells were cultured at
37 °C/5 % CO, in DMEM F-12 and RPMI media
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tissue area. The data indicate that treatment with LacCer synthase
inhibitor (D-PDMP) significantly (right panels p < 0.05, densitomet-
ric analysis) ameliorates chronic-CS induced inflammation and
chronic lung injury

CSE (200 pg/ml, Murty Pharmaceuticals), LacCer, dihy-
drolactosylceramide (dLac), di-galactosyldiglyceride (di-
Gal) (2 pg/ml, Matreya, LL.C), LacCer-synthase inhibitors,
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Fig. 7 Absence of CFTR
triggers LacCer-accumulation.
a The longitudinal lung sections
from Cftr’/ ~ mice lungs show a
significant increase (lower
panel, densitometric analysis,

p < 0.001) in LacCer-
accumulation as compared to
Cftr'™* mice lungs. The nuclear
staining (Hoechst) in the middle
panel shows the selected tissue
area. The data indicate that
absence of CFTR induces
LacCer-accumulation. Scale
white bar 50 pm. b Schematic
elucidating the proposed
mechanisms of LacCer
mediated chronic lung injury
and emphysema in COPD.
Cigarette smoke exposure
decreases lipid-raft CFTR that
leads to accumulation of a novel
sphingolipid, LacCer. This
promotes clustering of lipid-
rafts that augments apoptotic
and NFxB mediated pro-
inflammatory signaling via
TNFR, IL-1R, TLR and/or FAS
receptors. Moreover, CS
induces aberrant proteostasis
that leads to Ub-p62-dependent,
misfolded protein accumulation
as perinuclear aggregates
(aggresomes). The
accumulation of p62™
aggresomes indicate defective-
autophagy that contributes to
CS induced COPD-emphysema
pathogenesis. Additionally,
increase in membrane-LacCer-
accumulation may recruit
caveolin-1 to lipid-raft
microdomains that in turn may
enhance the susceptibility to
LacCer induced emphysema by
p53-dependent cellular
senescence mechanisms
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D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol
(p-PDMP)/p-threo- 1-phenyl-2-benzyloxycarbonylamino
3pyrrolidino-1-propanol (PBPP) (50 uM, Matreya, LLC)
for 24 h. After these treatments the cells were fixed using
1 % paraformaldehyde (USB, Cleveland, OH) and washed
in FACS buffer (1X, 2 % FBS in PBS). The non-specific
antibody binding was blocked by incubating the cells with
either donkey or goat serum (1:10; Sigma) for 30 min. The
cells were stained with LacCer (rabbit polyclonal, Abbio-
tec, San Diego CA) or p62 (mouse monoclonal, BD Bio-
sceinces, Franklin Lakes, NJ) primary antibodies followed
by anti-rabbit FITC or anti-mouse phycoerythrin (PE)
secondary antibodies (Invitrogen) for 1 h, respectively. The
FIX& PERM ™ cell permeabilization kit (Invitrogen) was
used for p62 and NFkB intracellular staining following the
manufacturer’s protocol. Similarly, BALF-cells isolated
from sub-chronic- or chronic-CS-exposed and/or p-PDMP
treated mice were fixed and stained with F4/80 (rat
monoclonal, scbt), Mac-3 (rat monoclonal, Abcam) and/or
NF«B-FITC (scbt) primary antibodies followed by anti-rat
R-PE secondary antibody (Invitrogen). Finally, cells were
washed in FACS buffer (1X), resuspended in 0.1 % para-
formaldehyde and data was acquired and analyzed using
the BD FACS Caliber instrument and BD Cell Quest Pro
software. Appropriate secondary antibody controls (anti-
rat-PE, anti-rabbit-FITC, anti-mouse-PE) were used in all
the flow cytometry experiments. For quantifying effect of
LacCer synthase inhibitors on apoptosis, thioglycolate-
elicited murine peritoneal macrophages were treated with
CSE (200 pg/ml) and/or p-PDMP/PBPP (50 uM) for 24 h
and fixed in ice cold 10 % ethanol followed by propidium
iodide (PI) staining [41]. The data was acquired using the
BD FACS Caliber instrument and the number of apoptotic
cells (M1-sub-G1 fraction) were quantified using the BD
Cell Quest Pro software.

Immunostaining, microscopy, lipid-raft isolation,
immunoblotting, ELISAs and apoptosis-autophagy
assays

Detailed methods in online resource 3.
Statistical analysis

Data is represented as the mean £+ SD (flow cytometry,
immunostaining, autophagy reporter assay) or SEM (lung
morphometry, ELISA, caspase 3/7 assay, western blotting)
of at least three experiments. The Student’s ¢ test and
2-way ANOVA were used to determine the statistical
significance. The murine and human microscopy data were
analyzed by densitometry (Matlab R2009b, Mathworks
Co.) followed by for Spearman’s correlation coefficient
analysis to calculate the significance among the indicated

@ Springer

groups. While the total number of apoptotic, inflammatory
and autophagic cells were quantified by TUNEL, immu-
nostaining and autophagy reporter assays followed by
Spearman’s correlation coefficient analysis to calculate the
significance among the indicated groups.
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