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Background: Increased pulmonary ceramide levels are suggested to play a causative role
in lung diseases including COPD. Neutral sphingomyelinase-2 (nSMase-2) and acid SMase
(aSMase), which hydrolyze sphingomyelin to produce ceramide, are activated by a range of
cellular stresses, including inflammatory cytokines and pathogens, but notably cigarette smoke
appears to only activate nSMase-2. Our primary objective was to investigate nSMase-2 and
aSMase protein localization and quantification in lung tissue from nonsmokers (NS), smok-
ers (S), and COPD patients. In addition, various ceramide species (C16, C18, and C20) were
measured in alveolar macrophages from COPD patients versus controls.

Materials and methods: Patients undergoing surgical resection for suspected or confirmed
lung cancer were recruited, and nSMase-2 and aSMase protein was investigated in different
areas of lung tissue (small airways, alveolar walls, subepithelium, and alveolar macrophages)
by immunohistochemistry. Ceramide species were measured in alveolar macrophages from
COPD patients and controls by mass spectrometry.

Results: nSMase-2 and aSMase were detected in the majority of small airways. There was
a significant increase in nSMase-2 immunoreactivity in alveolar macrophages from COPD
patients (54%) compared with NS (31.7%) (P<<0.05), and in aSMase immunoreactivity in
COPD (68.2%) and S (69.5%) alveolar macrophages compared with NS (52.4%) (P<<0.05).
aSMase labeling was also increased in the subepithelium and alveolar walls of S compared
with NS. Ceramide (C20) was significantly increased in alveolar macrophages from COPD
patients compared with controls.

Conclusion: nSMase-2 and aSMase are both increased in COPD alveolar macrophages at
the protein level; this may contribute toward the elevated ceramide (C20) detected in alveolar
macrophages from COPD patients.

Keywords: sphingomyelinase, COPD, ceramide, cigarette smoke

Background
COPD is characterized by airflow limitation that is in most cases progressive and
associated with an abnormal inflammatory response of the lung to the inhalation of
noxious particles.! Oxidative stress generated as a consequence of cigarette smoke
exposure is thought to contribute toward the inflammatory processes and tissue destruc-
tion observed in COPD patients.? Current anti-inflammatory therapies for COPD have
limited effects, and there is a pressing need for new and more effective therapies.?
Ceramide is an important bioactive molecule, as well as a precursor of other bioac-
tive sphingolipids; these molecules play essential roles in a broad range of physiological
processes including cell growth, survival, and death.* There are different species of
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intracellular cell ceramides with long N-acyl chains typically
ranging from 16 to 26 carbons in length. There is growing
evidence to suggest that ceramide levels are elevated in
the lungs of patients with a variety of respiratory diseases
including COPD,>” ¢ystic fibrosis,? and idiopathic pulmonary
fibrosis.’ Furthermore, ceramide levels are associated with
the severity of COPD.%’

Ceramide may contribute to tissue destruction and remod-
eling that occurs in COPD? as excessive ceramide accumula-
tion causes apoptosis of structural cells in the airways, such
as epithelial cells.*¢ Furthermore, some COPD patients suffer
from bacterial colonization and infectious exacerbations,
which are the causes of high morbidity and mortality,'® and
ceramide may also play a role here as it causes increased
infection susceptibility.!!

The sphingomyelinase (SMase) family of enzymes regu-
lates the formation of ceramide. Diverse stimuli including
inflammatory cytokines, pathogens, and oxidative stress
activate neutral sphingomyelinase-2 (nSMase-2) and acid
SMase (aSMase).'>!3 nSMase activity, and consequently
ceramide generation, is upregulated in bronchial epithelial
cells exposed to oxidative stress.' Furthermore, oxidative
stress-induced human bronchial epithelial cell apoptosis is
attenuated by siRNA silencing of nSMase-2.'*

Alveolar macrophage numbers are increased in COPD.
Cigarette smoking appears to cause alveolar macrophage
dysfunction, as COPD macrophages display reduced
phagocytosis and efferocytosis.'* 7 Ceramide can modulate
macrophage function. The expression of nSMase-2 and
aSMase in COPD macrophages has not been properly
explored. Furthermore, it is not known whether overproduc-
tion of ceramide species by these cells occurs.

It has been reported that nSMase-2 protein is upregulated
in lung tissue of smokers with emphysema and is co-localized
with ceramide and apoptotic cells.'® However, this study had

Table | Subject demographics

a limited sample size of six emphysema patients and six
controls. This is a potentially important finding, but these
protein studies require confirmation using a larger sample
size. We therefore sought to enhance these findings by;
1) comparing nSMase-2 and aSMase protein levels in lung
tissue from COPD patients of both smoking and non-smoking
controls using a larger sample size than previously reported;
2) identifying specific cell types that express these proteins;
and 3) measuring various ceramide species (C16, C18, and
C20) in alveolar macrophages from patients with COPD
compared to controls.

Materials and methods
Subjects

Intotal, 89 patients undergoing surgical resection for suspected
or confirmed lung cancer were recruited at the University
Hospital of South Manchester; the demography of patients in
each experiment is shown in Table 1. COPD was diagnosed
based on a history of smoking for >10 pack-years (1 pack-
year equals 20 cigarettes smoked per day for 1 year), typical
symptoms (productive cough, breathlessness, or wheeze) and
airflow obstruction, defined as forced expiratory volume in
1 second <80% predicted, and forced expiratory volume in
1 second/forced vital capacity ratio <70%. Controls with
normal lung function were categorized as either smokers (S)
(=1 pack-year history) or nonsmokers (NS) (<1 pack-year
history). All subjects gave written informed consent. The
study was approved by the local research ethics committee
(South Manchester Research Ethics Committee).

Immunohistochemistry

Tissue blocks were obtained from an area of the lung as
far distal to the tumor as possible and were processed as
described previously." Histological samples from a subset
of patients were analyzed by pathologists at the University

Immunohistochemistry PCR Ceramide determination

NS S COPD NS S COPD NS S COPD
Number 12 14 14 4 12 16 2 5 10
Age (years) 69 (8.4) 62 (11.7) 66 (7.2) 72 (10.7) 67 (7.8) 65 (5.7) 745 (13.4) 66 (14.7) 65 (9.2)
Male/female 3/9 5/9 6/8 1/3 517 12/4 0/2 2/3 713
Smoking status (current/ex) 0 14/0 14/0 0 6/6 917 0 2/3 5/5
Smoking history (pack-years) 0 39 (19.3) 51(267) 0 33 (24.8) 51(136) O 259 (22.8) 49.5(154)
FEV, % predicted 117 (19.6) 106 (11.8) 57 (8) I11(35) 101 (183) 65(145) 109 4.2) 93.2 (26) 60.1 (10.9)
FEV /FVC ratio 75 (7.8) 77 (6.3) 54 (10.7) 81 (9.3) 74 (4.7) 58 (8.6) 72,6 (6.2) 70.7 (5.2) 574 (8.2)
ICS usage % 0 0 43 0 0 38 0 0 40

Note: Data are presented as mean (SD).

Abbreviations: COPD, chronic obstructive pulmonary disease; FEVl, forced expiratory volume in | second; FVC, forced vital capacity; ICS, inhaled corticosteroids;

NS, nonsmoker; PCR, polymerase chain reaction; S, smoker; SD, standard deviation.
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Hospital of South Manchester, and an emphysema score had
been generated. Blocks were labeled using anti-nSMase-2 and
anti-aSMase primary antibodies. Further details of methods
and antibodies are described in the Supplementary materials.

Labeling in each patient was quantified and reported for
small airways, subepithelium, alveolar walls, and alveolar
macrophages. Alveolar macrophages were identified using
morphology (mononuclear cells with a clearly defined cyto-
plasm) and location (situated within the alveolar space) as
the distinctive morphology of these cells easily allows iden-
tification without the need for counterstaining.?*** Staining
of nSMase-2 and aSMase in alveolar macrophages was also
confirmed by the presence of cluster of differentiation 68
(CD68) on these morphologically distinct cells in serial
sections (Figure S1). Antibody specificity was confirmed by
analyzing alveolar macrophage cell lysates by Western blot,
for the presence of a band of the appropriate size. Predicted
molecular weights for aSMase and nSMase-2 were 65 and
71 kDa, respectively (Figure S2).

Alveolar macrophage culture

Table 1 summarizes the details of the patients from which
macrophages were obtained for the nSMase-2/aSMase gene
expression study. Alveolar macrophages were isolated from
patient lung samples as described previously? and were
seeded at 4x10° per well of 24-well plate for gene expres-
sion analysis or 1x10° per well of six-well plate for ceramide
determination. Further details are in the Supplementary
materials.

nSMase-2 and aSMase gene expression

nSMase-2 and aSMase gene expression levels were compared
between macrophages from COPD patients and controls
using real-time polymerase chain reaction (PCR) as described
in the Supplementary materials; the endogenous housekeep-

ing control glyceraldehyde-3-phosphate dehydrogenase.

Ceramide determination
Alveolar macrophages were prepared for ceramide deter-
mination as described in the Supplementary materials. For

quantitative determination of C16-, C18-, and C20-ceramides
in cell samples, the methods??® were modified and adapted
accordingly. The analysis was performed on an Agilent 1290
Infinity UHPLC-System (Agilent Technologies, Santa Clara,
CA, USA), directly coupled to the AP_ESI source of an
Agilent 6490 triple quadrupole mass spectrometer (Agilent
Technologies) run in MRM. For detailed methods, see the
Supplementary materials.

Statistical analysis

All data were analyzed using GraphPad PRISM version 5
(GraphPad Software, Inc., La Jolla, CA, USA) and InStat
Version 3.06 (GraphPad Software). Immunohistochemis-
try and ceramide data were analyzed using the one-way
analysis of variance and Dunnett’s multiple comparison
test. Quantitative PCR data were analyzed using the
Kruskal-Wallis test. Differences were considered significant
when P<<0.05.

Results

nSMase-2 immunohistochemistry

Distinct brown labeling of nSMase-2 expression in NS
(n=12), S (n=14), and COPD patients (n=14) was visualized
as shown in Figure 1, with quantitative analysis shown in
Figure 2. nSMase-2 immunoreactivity was observed within
the small airway epithelium in all the samples. nSMase-2
was observed within the cytoplasm of the epithelial cells
with a more pronounced expression toward the apical
surface (Figure 1A—F). There was no difference in epithelial
nSMase-2 immunoreactivity between groups.

nSMase-2 immunoreactivity was observed within the
alveolar macrophages and alveolar walls in all the samples
(Figure 1G-I). There was a significant increase in the
percentage of alveolar macrophages expressing nSMase-2
in COPD (54%) compared with NS (31.7%); P<<0.05
(Figure 2D). No difference was detected between NS and S
(47%) or S and COPD (P>0.05 for both comparisons),
and there was no difference between groups in nSMase-2
labeling in the alveolar walls. There was a trend toward an
association between nSMase-2 expression levels within the
alveolar walls and the emphysema score (P=0.09, r=0.4087;
Figure S3).

There was little nSMase-2 expression within the sub-
epithelium, with no difference between groups. nSMase-2
immunoreactivity was observed in larger blood vessels with
staining observed within occasional endothelial cells and the
subjacent vascular smooth muscle (Figure S4). nSMase-2
immunoreactivity was not observed within the airway smooth
muscle or within lymphocytic follicles (Figure S4).

aSMase immunohistochemistry

Representative pictures illustrating distinct brown labeling of
aSMase in NS, S, and COPD patients are shown in Figure 3,
with quantification shown in Figure 4. aSMase immunore-
activity was observed within the small airway epithelium in
all the samples. Unlike nSMase-2, aSMase was observed
within what morphologically appears as a nuclear location
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Figure | nSMase-2 labeling in human lung tissue.

Notes: Representative images for nSMase-2 expression (brown) within the peripheral lung tissue from (A, D, G) NS, (B, E, H) S, and (C, F, I) COPD patients. nSMase-2
was detected within the small airway epithelium (A—F) with a more pronounced expression toward the apical surface (inset arrow). nSMase-2 was also detected within the
alveolar macrophages and alveolar walls (G-I). nSMase-2-positive alveolar macrophages (black arrows) observed near alveolar macrophages lacking nSMase-2 expression
(red arrows). Magnification X200 (A-C) x600 (D-1).

Abbreviations: NS, nonsmoker; S, smoker.
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Figure 2 Quantification of nSMase-2 in lung tissue.

Notes: All data are presented in graphs as means and standard errors of the mean. (A) The percentages of intact small airways with nSMase-2 labeling, (B) the number of
cells with nSMase-2 labeling per mm? of the subepithelium, (C) the number of cells with nSMase-2 labeling per mm of the alveolar wall, and (D) the percentage of alveolar
macrophages with nSMase-2 labeling. *P<<0.05 according to Dunnett’s multiple comparison test.
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Nonsmoker

Figure 3 aSMase labeling in human lung tissue.

Notes: Representative images for aSMase expression (brown) within the peripheral lung tissue from (A, D, G) NS, (B, E, H) S, and (C, F, I) COPD patients. aSMase was
detected within the small airway epithelium (A—F) with a pronounced nuclear expression (inset arrow). aSMase was also detected within the alveolar macrophages and
alveolar walls (G-I). aSMase-positive alveolar macrophages (black arrows) observed near alveolar macrophages lacking nSMase-2 expression (red arrows). Magnification
%200 (A—C) x600 (D-I).

Abbreviations: NS, nonsmoker; S, smoker.
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Figure 4 Quantification of aSMase labeling in lung.
Notes: All data are presented in graphs as means and standard errors of the mean. (A) The percentages of intact small airways with aSMase labeling, (B) the number of cells

with aSMase labeling per mm? of the subepithelium, (C) the number of cells with aSMase labeling per mm of the alveolar wall, and (D) the percentage of alveolar macrophages
with aSMase labelling. *P<<0.05 according to Dunnett’s multiple comparison test.
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in epithelial cells (Figure 3A—F). There was no difference in
epithelial aSMase immunoreactivity between the groups.

aSMase immunoreactivity was observed within the
alveolar macrophages and alveolar walls in all the samples
(Figure 3G-1). There was a significant increase in the per-
centage of alveolar macrophages expressing aSMase in both
S (69.5%) and COPD patients (68.2%) compared with NS
(52.4%); P<<0.05 for both comparisons (Figure 4D). aSMase
was significantly increased within the alveolar walls of
S compared with NS (P<<0.05; Figure 4C) but no difference
between COPD patients compared to the other groups. There
was a trend toward an association between aSMase expres-
sion levels within the alveolar walls and the emphysema
score (P=0.117, =0.3148; Figure S3).

There was significantly increased aSMase labeling in the
subepithelium of S compared with NS P<<0.05 (Figure 4B).
aSMase immunoreactivity was observed in larger blood
vessels with staining observed within the endothelial cells and
occasionally within the subjacent vascular smooth muscle
(Figure S4). aSMase immunoreactivity was observed within
the nuclei of lymphocytic follicles but not in the airway
smooth muscle (Figure S4).

nSMase-2/aSMase gene expression in alveolar
macrophages

Having observed increased nSMase-2 and aSMase protein
expression in COPD alveolar macrophages, a gene expres-
sion analysis was performed for both of these enzymes using
alveolar macrophages from NS (n=4), S (n=13), and COPD
patients (n=15) (Figure 5). No significant difference could be
detected in nSMase-2 or aSMase gene expression between the
groups, and no difference could be detected in nSMase-2 or

A nSMase-2 gene expression
0.003 -
0.002 A
-
b
~
0.001 4
——
0.000 T T T
Nonsmokers ~ Smokers COPD

Figure 5 nSMase-2 and aSMase gene expression in alveolar macrophages.

aSMase gene expression in macrophages isolated following
1 or 16 hours adherence (P>0.05, Figure S5).

Ceramide species in alveolar macrophages isolated

Alveolar macrophages from controls (n=2 NS and n=5 S)
and COPD patients (n=10) were analyzed for C16, C18, and
C20. There were numerical increases in the levels of all three
species in COPD patients, with C20 ceramide levels signifi-
cantly increased in COPD patients compared with controls
(P=0.024) (Figure 6). The increase in C16 just failed to reach
statistical significance (P=0.054). There were no differences
in ceramide levels based on emphysema score (Figure S6).

Discussion
It has been shown that nSMase-2 and aSMase protein levels
are increased in alveolar macrophages from patients with
COPD. A small study conducted by Filosto et al'® also
demonstrated that nSMase-2 was increased in lung tissue
examined from emphysema patients. Protein expression
findings using a larger sample size have been reproduced,
and the increase of aSMase expression in the lungs of
COPD patients has been shown. A more detailed analysis
of the localization and quantification of these enzymes in
lung tissue were performed, and it is reported that COPD
alveolar macrophages have increased nSMase-2 and aSMase
protein expression. This may be a contributor to the elevated
ceramide (C20) levels detected in alveolar macrophages.
Modulation of SMase activity can affect murine mac-
rophage function. For example, a nonselective aSMase/
nSMase inhibitor prevented lipopolysaccharide-induced
macrophage activation?’” and also inhibited oxidative stress-
induced cell injury;* in the latter study, a reduction in C16

B aSMase gene expression
0.025 -
0.020- I
~ 0.015-
o
T
N 0.0104
e
0.005+
0.000 T T y
Nonsmokers ~ Smokers COPD

Notes: RNA was extracted from NS (n=4), S (n=13), and COPD (n=14) alveolar macrophages. Complementary DNA was synthesized by RT-PCR and analyzed for
(A) nSMase-2 and (B) aSMase expression using Tagman gene expression primers in a QPCR. Relative expression levels were determined using the ACt method normalizing
to the endogenous control (GAPDH). Both box and whisker plots illustrate data as medians with the maximum/minimum values out with the upper/lower quartile.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT-PCR, reverse transcription polymerase chain reaction; QPCR, quantitative polymerase chain

reaction; NS, nonsmoker; S, smoker.
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Figure 6 Quantification of ceramide species (C16, C18, and C20) in alveolar macrophages.
Notes: Ceramide species (C20, C16, and CI18) were quantified by mass spectrometry. A significant increase in C20 but not in Cl6é or CI8 was observed in alveolar
macrophages from COPD patients (n=10) compared with non-COPD patients (n=7), according to Dunnett’s multiple comparison test.

and CI18 ceramide levels was observed. Our findings in
human alveolar macrophages suggest that abnormal SMase
expression in COPD macrophages results in elevated cer-
amide C20 levels. Further investigations would be needed
to prove this link, although this is hard to prove in humans in
vivo and more easily explored in in vitro experiments. C16
also appeared to be elevated in COPD macrophages, but this
just failed to reach statistical significance (P=0.054) possibly
due to the relatively small sample size. C16, C18, and C20
but not C22 are all elevated in cystic fibrosis lung tissue;®
however, people are not aware of studies that have investi-
gated the levels of these specific ceramide species in COPD
tissue or indeed their relative potential importance in
COPD. However, other ceramide species not investigated in
this study should be considered in the context of COPD.

A potential role for ceramide in emphysema has been
proposed, but recent work has shown only a weak correla-
tion between ceramide levels and caspase-3 expressing cells,
suggesting that ceramide does not induce apoptosis in all
cells.’ In vitro activation or de novo synthesis of SMase
enzymes leads to increased ceramide-induced apoptosis

in murine pulmonary endothelial cells,”” a potential key
mechanism in emphysema development.® Understanding
the roles of individual ceramide species could therefore be
fundamental in unravelling the cellular mechanisms driving
emphysema. Ceramide levels are elevated in other respira-
tory diseases such as lung fibrosis and cystic fibrosis.>®
It is not clear whether the observed increase of a specific
ceramide species is specific to COPD or also occurs in other
lung diseases.

The cellular location of nSMase-2 in epithelial cells
observed here suggests an active role in ceramide produc-
tion. Under basal conditions, nSMase-2 resides in lysosomes
within the cytoplasm. It has been shown that oxidative
stress causes nSMase-2 accumulation at the plasma mem-
brane where it regulates ceramide production and promotes
apoptosis;'**® a similar cellular location is observed in the
present study. Conversely, under antioxidative conditions,
nSMase-2 translocates to a perinuclear location preventing
ceramide production and subsequent apoptosis.'+*

During normal membrane recycling, aSMase resides
within the lysosomes converting sphingomyelin into
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phosphocholine and ceramide. Upon membrane damage or
microbial insult, lysosomal aSMase translocates to the plasma
membrane, where it cleaves surface-exposed sphingomyelin.’!
Predominant nuclear aSMase-2 protein expression in
epithelial cells was observed; the functional implication of
this finding is unclear and warrants further investigation to
determine its relevance.

Altered macrophage efferocytosis has been observed in
macrophages from S and patients with COPD,">'” and exces-
sive lung ceramide levels have been implicated.” As observed,
increased nSMase-2 and aSMase in COPD macrophages is
associated with elevated macrophage ceramide levels; then
one could hypothesize that an inhibitor of aSMase and/or
nSMase-2 could reduce the elevated ceramide levels and
thus have the potential to modulate and potentially restore
normal macrophage function.

Cigarette smoke-induced ceramide generation has been
connected to nSMase-2 and not aSMase activity.!*!8 Results
clearly show that the expression of both the proteins is
increased in macrophages from COPD patients compared
with NS. Interestingly, there was also evidence that smoking
alone increases aSMase expression, as S had higher levels of
this protein compared with NS in the alveolar walls, alveolar
macrophages, and subepithelium. Studies in mice have shown
that nSMase-2 protein expression is elevated in lung tissue
by acute cigarette smoke exposure.'* The reason for this
difference may be species differences or a difference in the
chronicity of the exposure to cigarette smoke.

There is also evidence to suggest that nSMase-2 but
not aSMase is specifically activated by cigarette smoke in
isolated airway epithelial cells in culture.'*'® It was observed
that aSMase, rather than nSMase-2, levels were increased in
S epithelium compared with NS. The differences in results
between the acute epithelial cell culture model and our lung
immunohistochemistry may again be due to chronicity of
smoke exposure. Increased aSMase expression was observed
in S epithelium and alveolar walls, but not COPD patients;
this may be due to a feedback mechanism associated with
the pathological development of COPD. Increased aSMase
expression in smokers may signify an involvement of this
enzyme in the early stages of COPD, but this activity then
becomes blunted with disease progression and a change in
macrophage phenotype. It is recognized that macrophages
change their phenotype toward an alternative activation
(M2) state with progression from being a smoker with nor-
mal lung function to developing established COPD.*? The
gene expression analysis for nSMase and aSMase did not
reproduce the differences between groups observed for pro-
tein expression. This suggests that the immunohistochemistry

results are due to post-transcriptional mechanisms. The
sample size of NS in this experiment was small, as the
majority of patients undergoing lung surgery have a history
of smoking, making it practically difficult to recruit NS. The
negative result may be related to the small sample size for
NS. While the effect of medicines used to lower lipid levels
(eg, statins) on lipid composition within the lung is unknown,
ceramide monohexoside and sphingomyelin are elevated
within the brains of Wistar rats following statin treatment.>
The possibility that some of our subjects were on statins, due
to cardiovascular comorbidities, may influence the aSMase,
nSMase-2, and ceramide levels observed.

A limitation of the studies reported here is that the gene
expression and ceramide species identification studies
(shown in Figures 5 and 6, respectively) had limited numbers
of samples from NS. The majority of patients undergoing
surgery for lung cancer have a significant smoking history,
so within the timeframe of this study there were few new
samples from NS samples. Fresh (not stored) samples were
needed for macrophage gene expression and ceramide spe-
cies identification. In contrast, stored tissue could be used
for immunohistochemistry, so a greater number of NS can
be obtained for these experiments. For ceramide identifica-
tion, the NS samples with S were pooled to avoid statistical
comparisons between groups with low sample numbers.

Conclusion

In conclusion, both nSMase-2 and aSMase protein levels are
increased in COPD lung tissue; this increase was observed
in alveolar macrophages and was associated with elevated
ceramide (C20) levels in COPD alveolar macrophages.
Inhibition of aSMase and/or nSMase-2 may have therapeutic
potential in COPD.
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