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ABSTRACT. Background: Alveolar macrophages are implicated in the pathogenesis of lung sarcoidosis. Their in-
teraction with T-cells leads to an inflammatory response that may either resolve within 2 years, or become
chronic with an increased risk to develop lung fibrosis. Objective: To perform quantitative profiling of the mem-
brane-associated proteome of alveolar macrophages in sarcoidosis patients and healthy individuals to identify
specific proteins and pathways involved in sarcoidosis pathology. Mezhods: Differential proteomic analysis was
performed on iTRAQ (isobaric Tag for Relative and Absolute Quantitation) labeled samples using tandem
mass spectrometry. Subsequently, uni- and multivariate statistical analyses and pathway- and network analyses
were performed. Resu/ts: Eighty proteins were differentially expressed between healthy and sarcoidosis patients.
Down-stream pathway analysis confirmed our recent reports of up-regulation of two phagocytotic pathways:
Fey receptor-mediated phagocytosis and clathrin-mediated endocytosis signaling. An additional pathway, pyru-
vate metabolism, was found to be up-regulated in sarcoidosis patients. The oxidative phosphorylation pathway
was differentially expressed in subgroups of sarcoidosis, with up-regulation in Lofgren’s patients and down-reg-
ulation in non-Loéfgren’s patients. Conclusion: This unprecedented proteome profiling of the membrane-asso-
ciated fraction of alveolar macrophages confirmed previous findings of alterations in phagocytotic pathways due
to sarcoidosis, as well as indicated a differential dysregulation of the oxidative phosphorylation pathway relat-
ed to disease outcome in sarcoidosis. (Sarcoidosis Vasc Diffuse Lung Dis 2016; 33: 17-28)
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INTRODUCTION multi-factorial disease where genetic predisposition
and environmental exposure both play important
Sarcoidosis is a systemic granulomatous inflam- roles (2, 3). The clinical manifestations are heteroge-
matory disease often affecting the lungs (1). It is a neous and can be classified into two main groups: Pa-
tients with Lofgren’s syndrome, representing 35% of
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inflammation and an increased risk of developing fi-
brosis (5). Our group has previously identified a ge-
netic predisposition for the respective disease courses
with strong associations between HLA-DRB1-03
and good prognosis especially in Lofgren’s syndrome,
and between HLA-DRB1-14/15 and a more chron-
ic disease course, respectively (4). HLA-DR mole-
cules are membrane-spanning proteins localized to
the surface of antigen presenting cells (APC) includ-
ing alveolar macrophages (AMs). AMs carry out
multiple functions associated with the innate im-
mune response, and also act as a link to the adaptive
immune response. In addition to expressing HLA
class II molecules, they also display co-stimulatory
CD40, CD80 and CD86 required for interaction
with CD4r T-cells, and activation of an adaptive
(Th1) response (6). The subsequent TNF-o produc-
tion by AMs is essential for the formation of non-
caseating granulomas, which are the histological hall-
mark of sarcoidosis (7). As such, it is evident that a
number of membrane-associated proteins (MAPs)
are of importance in the pathology of sarcoidosis, yet
no global investigations of this specific sub-proteome
have been undertaken in AMs to date.

The number of proteomics studies investigating
the characteristics of human macrophages is very lim-
ited (for review, see (8, 9)). Jin et al. performed a thor-
ough investigation of the differences between the pro-
teomes of circulating blood monocytes and resident
AM (10), revealing differential protein expression
profiles particularly in proteinases (e.g. cathepsins)
and actin regulatory elements involved in e.g. phago-
cytosis and cytokine release, as well as up-regulations
of oxidant defence systems required for adaptation to
the oxidative environment of the lung. While these
investigations provide an important basis for under-
standing of macrophage differentiation and polariza-
tion occurring in the lung, global proteomics studies
investigating phenotypic alterations of human prima-
ry AM in response to respiratory disease are scarce.
Exceptions include investigations of AM proteome
responses to infection by Porcine reproductive and
respiratory syndrome virus (11), influenza A virus
(12), and COPD (13). Previous proteomics studies on
sarcoidosis have mainly been performed on bron-
choalveolar lavage (BAL) fluid and serum (14-21),
thereby primarily reflecting proteins actively secreted
or exudated into the bronchoalveolar lumen, such as
plasma proteins and anti-oxidant proteins.

We recently performed quantitative profiling of
the soluble proteome by means of gel-based pro-
teomics approaches of primary AMs in sarcoidosis
(22). In the current study we performed comple-
mentary proteome profiling of the membrane-asso-
ciated fraction of AMs from sarcoidosis patients ver-
sus healthy controls using mass-spectrometry based
shotgun proteomics approach, with the purpose of
identifying additional, yet undiscovered proteins
and pathways of relevance for sarcoidosis pathology.

MATERIALS AND METHODS
Study Population

The study was approved by the Regional Ethi-
cal Review Board in Stockholm, Sweden (case num-
ber 02-427) and all subjects gave their written con-
sent. Bronchoscopy was performed on six healthy
control subjects and on eight sarcoidosis patients as
part of the initial diagnostic routine investigation
within three months after onset of symptoms (4, 23).
The patients were included in a consecutive way af-
ter referral to the Department of Respiratory Medi-
cine at the Karolinska University Hospital, Stock-
holm, Sweden. The diagnostic criteria for sarcoido-
sis patients was in accordance with the WASOG
criteria (1), including typical chest radiographic
changes. Also, granulomas were present in airway
epithelial biopsies and the CD4/CD8 ratio was in-
creased (= 3.5) in bronchoalveolar lavage (BAL) T-
cell populations. Patients (5 males and 3 females,
median age 38 (23-73) years) had either a sudden
onset with fever, erythema nodosum and/or arthritis
(Lofgren’s syndrome, n=4) or an insidious onset of
symptoms with pronounced fatigue and unproduc-
tive cough (non-Lofgren’s patients, n=4). Extra-tho-
racic involvement, apart from ankle arthritis and/or
erythema nodosum in Léfgren’s syndrome patients,
was observed in two of the non-Lofgren’s patients
(S3: superficial lymphnodes; S5: CNS, uveitis). The
patients’ chest radiographic changes were classified
into stage I-III. None of the patients included were
under any immunosuppressive treatment > 1 month
prior to BAL (S7 received a single infusion of etan-
ercept >1 month prior to BAL). Three of the pa-
tients were ex-smokers (>1 year since last cigarette),
and four were never-smokers, and one reported
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Table 1. Clinical data

Subject Diagnosis ~ Chest -  Lofgren’s Smoking Cell Total AMs Lympho- CD4/ FVC FEV1 TLC DLco
1D X ray syndrom  history Viability  cells % cytes  CD8 X % % %
stage x106 %

Hi1 Healthy 0 NA No 91 13.6 86 11 1.6 126 109 ND ND
H2 Healthy 0 NA No 86 17.5 82 14 ND 104 100 ND ND
H4 Healthy 0 NA No 88 18.6 94 3.8 ND 116 107 ND ND
H5 Healthy 0 NA No 86 19.9 76 23 1.8 132 111 ND ND
Heé Healthy 0 NA No 82 12.8 90 6.4 ND 113 105 ND ND
H7 Healthy 0 NA No 92 5.8 87 12 ND ND ND ND ND
S2 Sarcoidosis I yes No 93 39.8 87 13 6 83 87 84 100
S3 Sarcoidosis 111 No No* 92 24.4 93 6.8 4.7 99 102 89 107
S4 Sarcoidosis 11 No Ex 96 47.5 47 52 8.9 88 85 96 85
S5 Sarcoidosis I No No 98 61.5 73 25 4.9 81 80 ND ND
S6 Sarcoidosis I yes Ex 95 33.0 67 29 4.8 97 99 97 77
S7 Sarcoidosis I yes Ex 92 21.9 70 29 13 94 82 91 87
S8 Sarcoidosis I yes Ex 75 58.7 65 34 9 89 88 91 77
S9 Sarcoidosis 1I No No 94 29.9 87 11 2.5 91 80 79 102

X-ray stage (0): Normal; (I): Bilateral hilar lymphoma (BHL); (II): BHL w ith infiltrates; (III):parenchymal infiltration

Smoke: non-smoker (no), ex-smoker (ex) [>1 year]

NA: not applicable; ND: not determined; AM: alveolar macrophages

FVC = forced vital capacity (% predicted), FEV1 = forced expiratory volume in one second (% predicted), TLC = total lung capacity,

DLco = diffusion capacity for carbon monoxide
* Occasional use of w ater-pipe reported

recreational use of water-pipe. All healthy subjects
(1 male and 5 females, median age 28 (21-35) years)
were never-smokers and free from any symptoms in-
dicating respiratory disease and all had normal chest
x-ray and lung function (see table 1). None of the in-
dividuals had any signs of respiratory infection with-
in the last four weeks prior to BAL. The majority of
the subjects listed in table 1 were also included in our
recent gel-based proteomics characterizations of the
soluble macrophage proteome (51-S7, H2-H7), and
the Subject IDs correspond to the ones used in our
previous publication (22).

Peptide labeling and LC-MS/MS analysis

Macrophages were isolated from bronchoalveolar
lavage (BAL) cells using a Percoll™ density gradient
as previously described (22, 24). The inertia of the
Percoll reagents in terms of inducing activation dur-
ing Percoll separation has been verified on a number
of antigen presenting cell types, including alveolar
macrophages (25-27). Cells were then lysed and pro-
teins were subfractionated through ultracentrifuga-
tion as previously described (22, 28) (see Figure S1'
for experimental workflow). Briefly, protein ho-
mogenates were subjected to ultracentrifugation at

100 000 x g and the resulting pellets were suspended
in 500 ul. 2.5 M NaBr for 45 min on ice with shak-
ing. Another ultracentrifugation was performed at
4°C for 1 hour at 100,000 x g. The supernatant con-
taining membrane-associated proteins (MAPs) was
stored at -80°C until further analysis. MAP proteins
were precipitated with acetone, solubilized in 50 uL
1% SDS, after which additional 50 ul. water was
added (final SDS concentration 0.5%), and protein
concentrations were determined using the Bio-Rad
Dc protein assay (Bio-Rad Laboratories, Hercules,
CA, USA). The samples were then diluted to 0.1%
SDS using water and 1 M TEAB buffer (final con-
centration TEAB buffer 0.025 M). 75 ug of protein
from the MAP fraction of each sample was reduced (5
mM DTT, 30 min at 56°C), alkylated (0.015 M
iodoacetamide, 30 min), and digested using Trypsin
(modified sequencing grade, Promega, Madison, WI,
USA) overnight at 37°C. A pooled internal standard
was created by pooling 12 ug from each sample. Sub-
sequently, 20 ug of each sample was labeled with
iTRAQ reagents (8-plex; Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s in-
structions. The pooled sample was cleaned using an
SCX-cartridge (StrataSCX, Phenomenex, Torrence,
CA, USA). iTRAQ-labeled tryptic peptide samples

"To view supporting figures and tables, see additional files online version
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were dissolved in 200 uL. 8 M urea. Narrow range
IPG-strips (pH 3.5 - 4.5, 24 cm long, GE Healthcare
Bio-Sciences, Uppsala, Sweden) were rehydrated in 8
M Urea and 1% Pharmalyte™ 2.5-5 (GE Healthcare,
Bio-Sciences) over night. Dry sample application gels
(33x3x2 mm) were rehydrated in sample over night.
The IPG strips were put in the focusing tray and the
application gels containing the samples were placed
on the anodic end of the IPG strips with filter paper
between the application gels and the electrodes. The
strips were covered with mineral oil and the focusing
was performed on an Ettan™ IPGphor™ (GE
Healthcare Bio-Sciences) until 100 kVh had been
reached. After focusing, the strips were passively elut-
ed into 72 continuous fractions using milliQ water us-
ing an IPG extractor. Samples were then freeze dried
in a vacuum centrifuge and kept at -20°C until use.
Prior to analysis, each fraction was re-suspended in 8
ul 3% acetonitrile, 0.1% formic acid.

LC-ESI-LTQ-Orbitrap analyses

Thirty-six of totally 72 IPG fractions were ana-
lyzed by LC-MS/MS. 3 ul from each fraction was
injected into online HPLC-MS connected to a hy-
brid LTQ-Orbitrap Velos mass spectrometer (Ther-
mo Fischer Scientific, San Jose, CA, USA). An Ag-
ilent HPLC 1200 system (Agilent Technologies,
Santa Clara, CA, USA) was used to provide the gra-
dient for online reversed-phase nano-LC at a flow of
0.4 wl/min. Solvent A was 97% water, 3% ACN,
0.1% formic acid; and solvent B was 5% water, 95%
ACN, 0.1% formic acid. The curved gradient went
from 2% B up to 40% B in 45 min, followed by a
steep increase to 100% B in 5 min. The sample was
injected on a C18 guard desalting column (Agilent
Technologies) prior to a 15 cm long C18 picofrit col-
umn (100 wm internal diameter, 5 wm bead size,
Nikkyo Technos Co., Tokyo, Japan) installed on to
the nano electrospray ionisation (NSI) source of the
Orbitrap Velos instrument. Acquisition proceeded in
~3.5 s scan cycles, starting by a single full scan MS at
30000 resolution (profile mode), followed by two
stages of data-dependent tandem MS (centroid
mode): the top 5 ions from the full scan MS were se-
lected firstly for collision induced dissociation (CID,
at 35% energy) with MS/MS detection in the ion
trap, and finally for higher energy collision dissocia-

tion (HCD, at 45% energy) with MS/MS detection

in the orbitrap. Precursors were isolated with a 2 m/z
width and dynamic exclusion was used with 60 s du-
ration.

Protein identification and quantification

The MS/MS spectra were searched by Mascot
2.2 (Matrix Science Limited, London, UK) under
the software platform Proteome Discoverer 1.1
(Thermo Fischer Scientific, San Jose, CA, USA)
against the IPI human target decoy (update 100524)
protein sequence database. A precursor mass toler-
ance of 10 ppm and product mass tolerances of 0.02
Da for HCD-FTMS and 0.8 Da for CID-ITMS
were used. Quantitation of iTRAQ 8-plex reporter
ions was done by Proteome Discoverer on HCD-
FTMS tandem mass spectra using an integration
window tolerance of 20 ppm. Results were limited to
> 2 high confident peptides/protein for quantifica-
tion using a false discovery rate of <5%.

Statistical Analysis

Univariate data analysis was carried out using
Significance Analysis of Microarrays (SAM) (29),
version 3.09. The data was log transformed (base 2)
and the parameters were as follows: response type:
two-class unpaired, analysis type: standard, test sta-
tistic: T-statistic. The normality of the data was test-
ed by means of Shapiro-Wilk test, and >95% of the
proteins displayed a normal distribution in all three
groups following log transformation. Multivariate
analysis using principal component analysis (PCA)
and orthogonal projections to latent structures
(OPLS) analysis were performed using SIMCA P
13.0 (Umetrics, Umea, Sweden). Model perfor-
mance is reported as cumulative correlation coeffi-
cients for the model (R?) and predictive performance
based on seven-fold cross validation calculations

(@), as well as cross-validated ANOVA (CV-
ANOVA) p-values for the OPLS models.

Pathway- and Network Analyses

Ingenuity Pathway software (Ingenuity Systems
Inc., Redwood City, CA, USA) was used for the
pathway- and network analysis on differentially ex-
pressed proteins. Protein gene names and log-trans-
formed expression levels of selected proteins were
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loaded into IPA, and adjusted Fisher’s exact test was
used for statistical testing in the pathway analyses.

REesuLTs

In the current study, quantitative proteomics
investigations of a fraction enriched for membrane-
associated proteins was performed on AMs from
Healthy subjects (n=6) compared to sarcoidosis pa-
tients (n=8), subdivided into non-Lofgren’s (n=4) or
Lofgren’s syndrome (n=4). The majority of these
subjects (all of the Healthy, 6 of the sarcoidosis pa-
tients) were also included in our recently reported
gel-based proteomics profilings of the soluble frac-
tion of AMs.

Alterations in AM Proteome Profiles due to Sarcoidosis

A total of 1656 proteins were identified; 423
with at least two high confidence (95%) peptides and
detection levels above the limit of quantification
(LOQ) across all 16 samples by means of 8-plexed
iTRAQ (isobaric Tag for Relative and Absolute
Quantitation) labeling (table S1)'. Applying univari-
ate statistical analysis with a false discovery rate of
5% (FDR<0.05, Figure S2)', 80 proteins were dif-
ferentially expressed between controls and sarcoido-
sis patients (table S2)'. Notably, only two of these
proteins overlapped with the findings from our pre-
viously performed characterizations of the soluble
AM proteome from primarily the same subjects us-
ing gel-based proteomics approaches (22), thereby
confirming the complementary nature of the two
studies. Subsequent multivariate analysis using un-
supervised principal component analysis (PCA)
showed a separation of sarcoidosis patients and con-
trols driven by both the 1* and 2" principal compo-
nents (Figure 1). No strong outliers were identified
in the data set, and all subjects were included in the
downstream supervised multivariate modeling using
orthogonal projections to latent structures (OPLS).
In contrast to the more commonly used PCA mod-
eling, OPLS analysis is a supervised method de-
signed to pull out the predictive variance of interest
from the variance unrelated to the hypothesis of in-
terest (e.g. Lofgren’s vs. non-Lofgren’s patients),
thereby acting as a noise filter which improves the
interpretability of the multivariate model, particular-
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Fig. 1. Multivariate data analysis: PCA. Scores plot of PCA us-
ing all 423 proteins (R?=0.44; Q*=0.16). The sarcoidosis patents
separate well from the healthy individuals (dotted line). A tight
clustering of patients with Lofgren’s disease (red) can be ob-
served, while non-Lofgren’s patients (green) are more spread out,
reflecting the more heterogeneous phenotype of these patients

ly in relating the observed group separation to spe-
cific protein biomarkers (30). OPLS thus gives easi-
er identification of biomarkers of interest as well as
an improved and more accurate assessment of the
predictive power of the selected biomarkers.

OPLS was performed to evaluate the predictive
power to separate the sarcoidosis subjects from
healthy controls (Figure 2). An optimized model
was created through iterative variable selection using
a Variable Influence on the Projection (VIP) score
cutoff of 1.0. The selected subset of 13 putative bio-
marker proteins resulted in a highly significant sep-
aration between healthy and sarcoidosis patients
(p[CV-ANOVA]J=0.0009, 1 predictive and O or-
thogonal components, R?=0.76) with 72% predictive
power (Q?= 0.72) based on 7-fold cross validation
(Figure 2 and table 2). Three of the 13 proteins are
involved in endocytic transport; MP1 (mitogen-acti-
vated protein kinase scaffold protein 1), C11orf59
(regulator complex protein PDRO) and RAB7A
(ras related protein Rab-7a). MP1 and C110rf59 are
part of a protein complex called the Ragulator com-
plex. This complex is anchored to lipid rafts in late
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Fig. 2. Multivariate data analysis: OPLS. OPLS analysis of sar-
coidosis patients versus control subjects (scores plot, top panel)
resulted in a robust separation between groups (R?=0.76; Q*<0.72,
p=0.0009), with primarily 13 proteins driving the separation be-
tween the groups (displayed in the column loading plot, bottom
panel)

endosome membranes via C1lorf59, recruits
mTORC1 to lysosomal membranes in amino acid
signalling and is also involved in MAPK signalling
(31). Additionally, RAB7A has a role in the matu-
ration of phagosomes (32). One of the 13 model
proteins, a mitochondrial protein termed the com-
plement component 1 Q subcomponent-binding
protein, is involved in host-virus interactions (33).
The remaining 9 proteins in the final OPLS model
are involved in DNA repair, alcohol metabolism,
protein folding and ribosomal activity (table 2).

Pathway and Network Analyses

Downstream pathway analysis performed on
the 80 proteins differentially expressed (FDR<0.05)
in AM of sarcoidosis patients compared to healthy
controls showed significant alteration of four path-
ways. In concordance with the parallel study per-
formed by means of gel-based proteomics on the
soluble fraction from AMs (22), we found an up reg-
ulation of two pathways associated with phagocyto-
sis; the Fey receptor-mediated phagocytosis (p-value
1.5*10%) and the clathrin-mediated endocytosis sig-
naling (p=9.6*10°). Through the complementary
proteome profiling approaches used in the current
study, significant alterations of two additional path-
ways was identified; up-regulation of the pyruvate
metabolism pathway (p=7.5*10"), and down-regula-
tion of the oxidative phosphorylation pathway (Fig-
ure 3; p=1.010"°) in the sarcoidosis group compared

Table 2. Proteins included in the final OPLS predictive model. The upward arrow indicates up-regulation in sarcoidosis patients

Protein name Acronym Function

Aldehyde dehydrogenase, mitochondrial 1 ALDH2 Alcohol metabolism

Histone H2A.x H2AFX DNA repair

Mitogen-activated protein kinase scaffold protein 1 MAPKSP1 Late endosome membrane, crucial signal transduction
60S ribosomal protein 118 1 RPL18 Protein synthesis

Ribosomal protein S9, isoform CRA.c RPS9 Protein synthesis

Putative uncharacterized protein RAB7A RAB7A Maturation of phagosomes

AFG3-like protein 2 AFG3L2 ATP-dependent protease

Putative Rab-43-like protein ENSP00000330714 N/A Membrane network

Isoform 2 of DnaJ subfamily C member 10 1 DNAJC10 Protein folding, ER

RhoA activator C11orf59 C110RF59 Endosome system

Complement component 1 Q subcomponentbinding protein C1QBP Host-virus interaction

Isoform 2 of GPI ethanolamine phosphate transferase 3 PIGO Glycosylphosphatidylinositolanchor biosynthesis
Putative uncharacterized protein SLTM 1 SLTM Inhibition of transcription
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Fig. 3. Pathway analysis. Proteins in the mitochondrial respiratory chain were down-regulated in sarcoidosis patients. This alteration was
driven completely by patients with non-acute (non-Léfgren’s syndrome) sarcoidosis

to healthy. Notably the latter was completely driven
by the non-Lofgren group, as no alterations were
observed in patients with Lofgren’s syndrome.

Differences in AM Proteome Expression of Lifgren’s
and Non-Ldfgren’s Sarcoidosis sub-phenotypes

OPLS modeling with respect to Lofgren’s syn-
drome revealed a highly robust separation between
patients with Lofgren’s syndrome from the non-
Lofgren’s group. The selected subset of 14 putative
biomarker proteins resulted in a highly significant
separation between subjects with Lofgren’s syn-
drome and non-Loéfgren’s sarcoidosis patients
(p[CV-ANOVA]J=0.008, 1 predictive and 0 orthog-
onal components, R?=0.90) with 85% predictive
power (Q?= 0.85) based on 7-fold cross validation
(Figure S3)'. Three of the 14 proteins are key com-
ponents of the oxidative phosphorylation pathway.

Discussion

Here we present a quantitative investigation of
alterations in the expression levels of the membrane-
associated fraction of AMs of patients with lung sar-
coidosis compared to healthy controls. In contrast to
our recently reported gel-based proteomics investiga-
tion of the soluble fraction of AMs from primarily
the same subjects (22) the current study applied mass
spectrometry based shotgun proteomics approaches,

which has been shown in numerous studies to target
a complementary subsection of the cellular proteome
(34, 35). Traditional univariate statistical analysis
showed that the expression levels of 80 proteins were
significantly altered due to sarcoidosis. Downstream
pathway analysis revealed that the observed changes
were associated with significant alterations of four bi-
ological pathways, including a significant up-regula-
tion of two phagocytosis-related pathways in sar-
coidosis; the Fcy receptor-mediated phagocytosis in
macrophages (p=1.5*10") and clathrin-mediated en-
docytosis signaling (p= 9.6*10; Figure 4). These re-
sults confirm our observations in a previous investi-
gation focusing on the soluble proteome of alveolar
macrophages (22). The fact that these fundamentally
different proteomics approaches performed on differ-
ent fractions of AMs identified the same two path-
ways emphasizes the potential importance of these
two pathways in sarcoidosis.

Phagocytosis is a central process in macrophage
functionality, associated with both innate and adap-
tive immune responses, where the Fey receptor-me-
diated phagocytotic pathway is one of the main acti-
vation pathways. This mechanism mediates internal-
ization of pathogens (bacteria, virus and parasites)
into membrane-derived vacuoles and phagosome
system which finally leads to degradation of
pathogens and the presentation of specific antigens
to memory T-cells in the lungs (36). The FcR also
mediates signal transductions that regulate the pro-

duction of reactive oxygen species (ROS). These re-
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Rab 11: Ras-related protein Rab-11A

Rab 4: Ras-related protein Rab-4

Rab 5: Ras-related protein Rab-5

AP2: Clathrin assembly protein complex 2 a
ARP2/3: Actin-related protein 2

Hsc 70: Heat shock cognate 71 kDa protein

Fig. 4. Pathway analysis. Proteins part of the Clathrin-mediated

endocytosis signaling were up-regulated in sarcoidosis patients

active oxygen species, including superoxide anion
(O;"), hydroxyl radical (OH) and hydrogen peroxide
(H,O,), are important in the innate response for
degradation of pathogens by alveolar macrophages.
However, excessive levels of ROS lead to oxidative
stress and cause tissue damage. The mitochondria
represent the main potential source of non-specific
endogenous ROS generation (37, 38), with defective
oxidative phosphorylation releasing large amounts of
ROS (39).

In addition to alterations in phagocytotic path-
ways, results from pathway analyses in the current
study also showed a significant down-regulation of
the oxidative phosphorylation pathway (Figure 3;
p=1.0%10"), as well as significant up-regulation of
pyruvate metabolism (p=7.5*107). Interference in

the mitochondrial electron transport and the result-
ing ROS production has been associated with in-
creased inflammation in the airways (40, 41). High
exposure to ROS and the resulting redox imbalance
in the cell has also been shown to cause damage to
cellular and mitochondrial proteins, leading to mito-
chondrial dysfunction (42-44). Redox imbalance has
been associated with a number of chronic inflamma-
tory lung diseases including COPD (45), asthma
(46), lung fibrosis and cancer (47). In sarcoidosis,
AM:s have been shown to produce high levels of su-
peroxide anion, (48, 49), and specific protein mark-
ers for oxidative stress have been reported in BAL
fluid from sarcoidosis patients (16). Also systemic
oxidative stress has been reported in pulmonary sar-
coidosis (50).

High concentrations of ROS can in addition to
tissue damage also trigger changes in signal trans-
duction. Studies have shown that imbalance in redox
signaling leads to activation of NFkf where ROS
are directly implicated as second messengers by reg-
ulating ubiquitination and degradation of Ik (51).
In the network analysis from this study (Figure 5) we
also observed alterations in the expression of pro-
teins related to the extended NFKP signaling net-
work responsible for the activation of several inflam-
matory genes, also in concordance with our previous
findings (22). Pyruvate has been shown to act as an
endogenous anti-inflammatory molecule by protect-
ing cells from ROS and suppressing both TNF-a
secretion and NF-kB expression (52). The up-regu-
lation of pyruvate metabolism observed in sarcoido-
sis could thus represent a general protective response
to counterbalance the increased oxidative stress.

The down regulation observed at three key sites
in the mitochondrial electron transport chain (Com-
plexes I, IIT and IV, Figure 3) may lead to a mito-
chondrial dysfunctionality of AMs which can be of
importance in sarcoidosis pathogenesis and the sub-
sequent development of fibrosis. Interestingly, the
observed alterations in the oxidative phosphorylation
pathway were completely driven by the non-Lof-
gren’s patients, down-regulation of proteins from
the mitochondrial electron transport pathway occur-
ing in non-Lofgren’s sarcoidosis patients alone. Fur-
thermore, multivariate modeling by OPLS showed a
highly significant group separation between Lof-
gren’s and non-Lofgren’s patients (p(CV-ANO-
VA)=0.008), with 3 of the 14 proteins driving the
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Fig. 5. Network analysis. Network analysis revealed a number of the significantly altered proteins to be associated with the extended

NFkB regulatory network.

separation being key components in oxidative phos-
phorylation.

Accordingly, the observed alterations in the ox-
idative phosphorylation pathway may be of clinical
relevance for non-Lofgren’s patients, which accounts
for the majority of all sarcoidosis patients. Indeed,
this subset of sarcoidosis patients is characterized by
a tendency to present an unresolved chronic inflam-
mation, frequently leading to fibrosis. In lung sar-
coidosis, where about 20% of non-Lofgren’s patients
may develop some degree of fibrosis; there is a need
for new treatments in addition to standard corticos-
teroids, and anti-oxidant might be a possible com-
plementary alternative. Demedts and coworkers

found that treatment with N-acetylcysteine anti-ox-
idative therapy as a supplement to traditional corti-
costeroids treatment reduced fibrosis progression in
patients with idiopathic pulmonary fibrosis (53).
Based on the findings presented here, it may be rel-
evant to investigate whether similar regimens may
have a protective effect also in non-Lofgren’s sar-
coidosis patients. It should be highlighted that the
number of subjects included in the current study is
very limited, and the results should be interpreted
with some caution. However, the fact that all three
bioinformatics-based validation approaches utilized
(cross-validation of the multivariate models, path-
way- and network analysis) all point to the same re-
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sults provides validity to the biological relevance of
the findings.

In summary, two phagocytotic pathways were
found to be up-regulated in AMs of sarcoidosis pa-
tients; the Fcy receptor-mediated phagocytosis and
the clathrin-mediated endocytosis signaling, thereby
verifying our previous findings from proteome char-
acterizations of the soluble proteome of AMs. The
fact that these fundamentally different proteomics
approaches performed on different fractions of AMs
identified alterations in the same two pathways, with
minimal overlap in the specific proteins identified,
emphasizes the potential importance of these two
pathways in sarcoidosis. In addition, these comple-
mentary studies revealed down-regulation of path-
ways related to mitochondrial respiration, which
could lead to an imbalance in the oxidative home-
ostasis, in turn triggering increased levels of ROS
formation. These alterations were observed exclu-
sively in non-Lofgren’s sarcoidosis patients, and
could thereby represent a piece in the puzzle ex-
plaining their unresolved inflammation and pro-
longed disease course. This imbalance in oxidative
homeostasis could potentially be associated with the
increased risk of development of fibrosis observed in
this sarcoidosis phenotype.

ACKNOWLEDGEMENTS

This work was supported by the Swedish Heart-Lung
foundation the Swedish Medical Research Council, the US
National Institutes of Health, the American Thoracic So-
ciety and the Foundation for Sarcoidosis Research, the
Séderberg Foundation, the King Oscar II Jubilee Founda-
tion, the Stockholm Country Council, VINNOVA and
Karolinska Institutest. We thanks research nurses Helene
Blomqvist, Margitha Dahl and Gunnel de Forest as well as
biomedical analyst Benita Dahlberg for sample collection
and preparation.

The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium (http://pro

teomecentral.proteomexchange.org) via the PRIDE part-
ner repository (54) with the dataset identifier PXD000752.

REFERENCES

1. Costabel U, Hunninghake GW. ATS/ERS/WASOG statement on
sarcoidosis. Sarcoidosis Statement Committee. American Thoracic
Society. European Respiratory Society. World Association for Sar-

coidosis and Other Granulomatous Disorders. The European respi-
ratory journal. 1999;14(4):735-7. Epub 1999/11/26. PubMed
PMID: 10573213.

2. Grunewald J. Genetics of sarcoidosis. Current opinion in pulmonary
medicine. 2008;14(5):434-9. Epub 2008/07/31. doi: 10.1097/MCP.
0b013e3283043de7. PubMed PMID: 18664974.

. Sato H, Grutters JC, Pantelidis P, Mizzon AN, Ahmad T, Van
Houte AJ, et al. HLA-DQB1*0201: a marker for good prognosis in
British and Dutch patients with sarcoidosis. American journal of res-
piratory cell and molecular biology. 2002;27(4):406-12. Epub
2002/10/03. doi: 10.1165/rcmb.4782. PubMed PMID: 12356573.

4. Grunewald J, Eklund A. Lofgren’s syndrome: human leukocyte anti-
gen strongly influences the disease course. American journal of respi-
ratory and critical care medicine. 2009;179(4):307-12. Epub
2008/11/11. doi: 10.1164/rccm.200807-10820C. PubMed PMID:
18996998.

. Grunewald ], Brynedal B, Darlington P, Nisell M, Cederlund K,
Hillert J, et al. Different HLA-DRBI1 allele distributions in distinct
clinical subgroups of sarcoidosis patients. Respiratory research.
2010;11:25. Epub 2010/03/02. doi: 10.1186/1465-9921-11-25.
PubMed PMID: 20187937; PubMed Central PMCID: PMC
2846896.

6. Grunewald ], Eklund A, Wigzell H, Van Meijgaarden KE, Otten-
hoff TH. Bronchoalveolar lavage cells from sarcoidosis patients and
healthy controls can efficiently present antigens. Journal of internal
medicine. 1999;245(4):353-7. Epub 1999/06/05. PubMed PMID:
10356597.

7. Fehrenbach H, Zissel G, Goldmann T, Tschernig T, Vollmer E,
Pabst R, et al. Alveolar macrophages are the main source for tumour
necrosis factor-alpha in patients with sarcoidosis. The European res-
piratory journal. 2003;21(3):421-8. Epub 2003/03/29. PubMed
PMID: 12661995.

8. Castagna A, Polati R, Bossi AM, Girelli D. Monocyte/macrophage
proteomics: recent findings and biomedical applications. Expert re-
view of proteomics. 2012;9(2):201-15. Epub 2012/04/03. doi:
10.1586/epr.12.11. PubMed PMID: 22462790.

9. Wu HM, Jin M, Marsh CB. Toward functional proteomics of alve-
olar macrophages. American journal of physiology Lung cellular and
molecular physiology. 2005;288(4):L585-95. Epub 2005/03/11. doi:
10.1152/ajplung.00305.2004. PubMed PMID: 15757951.

10. Jin M, Opalek JM, Marsh CB, Wu HM. Proteome comparison of
alveolar macrophages with monocytes reveals distinct protein charac-
teristics. American journal of respiratory cell and molecular biology.
2004;31(3):322-9. Epub 2004/05/08. doi: 10.1165/rcmb.2004-
00800C. PubMed PMID: 15130903.

11. Zhang H, Guo X, Ge X, Chen Y, Sun Q, Yang H. Changes in the
cellular proteins of pulmonary alveolar macrophage infected with
porcine reproductive and respiratory syndrome virus by proteomics
analysis. Journal of proteome research. 2009;8(6):3091-7. Epub
2009/04/04. doi: 10.1021/pr900002f. PubMed PMID: 19341299.

12. Liu L, Zhou J, Wang Y, Mason R], Funk CJ, Du Y. Proteome al-
terations in primary human alveolar macrophages in response to in-
fluenza A virus infection. Journal of proteome research.
2012;11(8):4091-101. Epub 2012/06/20. doi: 10.1021/pr3001332.
PubMed PMID: 22709384; PubMed Central PMCID: PMC
3412919.

13. Kohler M, Sandberg A, Kjellqvist S, Thomas A, Karimi R, Nyren S,
et al. Gender differences in the bronchoalveolar lavage cell proteome
of patients with chronic obstructive pulmonary disease. The Journal
of allergy and clinical immunology. 2013;131(3):743-51. Epub
2012/11/14. doi: 10.1016/j.jaci.2012.09.024. PubMed PMID:
23146379.

14. Bons JA, Drent M, Bouwman FG, Mariman EC, van Dieijen-Viss-
er MP, Wodzig WK. Potential biomarkers for diagnosis of sarcoido-

sis using proteomics in serum. Respiratory medicine. 2007; 101 (8):

w

v



Proteomics of macrophages in sarcoidosis

27

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1687-95. Epub 2007/04/21. doi: 10.1016/j.rmed.2007.03.002. Pub
Med PMID: 17446058.

Maver A, Medica I, Peterlin B. Search for sarcoidosis candidate
genes by integration of data from genomic, transcriptomic and pro-
teomic studies. Medical science monitor : international medical jour-
nal of experimental and clinical research. 2009;15(12):SR22-8. Epub
2009/12/01. PubMed PMID: 19946248.

Rottoli P, Magi B, Cianti R, Bargagli E, Vagaggini C, Nikiforakis
N, et al. Carbonylated proteins in bronchoalveolar lavage of patients
with sarcoidosis, pulmonary fibrosis associated with systemic sclero-
sis and idiopathic pulmonary fibrosis. Proteomics. 2005;5(10):2612-
8. Epub 2005/06/01. doi: 10.1002/pmic.200401206. PubMed
PMID: 15924291.

Rottoli P, Magi B, Perari MG, Liberatori S, Nikiforakis N, Bargagli
E, et al. Cytokine profile and proteome analysis in bronchoalveolar
lavage of patients with sarcoidosis, pulmonary fibrosis associated with
systemic sclerosis and idiopathic pulmonary fibrosis. Proteomics.
2005;5(5):1423-30. Epub 2005/03/12. doi: 10.1002/pmic.20030
1007. PubMed PMID: 15761959.

Sabounchi-Schutt F, Astrom J, Hellman U, Eklund A, Grunewald J.
Changes in bronchoalveolar lavage fluid proteins in sarcoidosis: a
proteomics approach. The FEuropean respiratory journal.
2003;21(3):414-20. Epub 2003/03/29. PubMed PMID: 12661994.
Sabounchi-Schutt F, Mikko M, Eklund A, Grunewald J, J AS.
Serum protein pattern in sarcoidosis analysed by a proteomics ap-
proach. Sarcoidosis, vasculitis, and diffuse lung diseases : official
journal of WASOG / World Association of Sarcoidosis and Other
Granulomatous Disorders. 2004;21(3):182-90. Epub 2004/11/24.
PubMed PMID: 15554074.

Silva E, Bourin S, Sabounchi-Schutt F, Laurin Y, Barker E, New-
man L, et al. A quantitative proteomic analysis of soluble bron-
choalveolar fluid proteins from patients with sarcoidosis and chronic
beryllium disease. Sarcoidosis, vasculitis, and diffuse lung diseases :
official journal of WASOG / World Association of Sarcoidosis and
Other Granulomatous Disorders. 2007;24(1):24-32. Epub
2007/12/12. PubMed PMID: 18069416.

Song Z, Marzilli L, Greenlee BM, Chen ES, Silver RF, Askin FB,
et al. Mycobacterial catalase-peroxidase is a tissue antigen and target
of the adaptive immune response in systemic sarcoidosis. The Journal
of experimental medicine. 2005;201(5):755-67. Epub 2005/03/09.
doi: 10.1084/jem.20040429. PubMed PMID: 15753209; PubMed
Central PMCID: PM(C2212832.

Silva E, Souchelnytskyi S, Kasuga K, Eklund A, Grunewald ],
Wheelock AM. Quantitative intact proteomics investigations of alve-
olar macrophages in sarcoidosis. The European respiratory journal.
2013;41(6):1331-9. Epub 2012/10/13. doi: 10.1183/09031936.001
78111. PubMed PMID: 23060632.

Eklund A, Blaschke E. Relationship between changed alveolar-cap-
illary permeability and angiotensin converting enzyme activity in
serum in sarcoidosis. Thorax. 1986;41(8):629-34. Epub 1986/08/01.
PubMed PMID: 3024350; PubMed Central PMCID: PMC460409.
Silva E, O'Gorman M, Becker S, Auer G, Eklund A, Grunewald J, et
al. In the eye of the beholder: does the master see the SameSpots as the
novice? Journal of proteome research. 2010;9(3):1522-32. Epub
2010/01/30. doi: 10.1021/pr9010298. PubMed PMID: 20108985.
Karhumaki E, Viljanen ME, Cottler-Fox M, Ranki A, Fox CH,
Krohn K]J. An improved enrichment method for functionally compe-
tent, highly purified peripheral blood dendritic cells and its applica-
tion to HIV-infected blood samples. Clinical and experimental im-
munology. 1993;91(3):482-8. Epub 1993/03/01. PubMed PMID:
8383023; PubMed Central PMCID: PMC1554699.

Kopp WC, Suelzer MT, Richerson HB. Alveolar macrophage im-
munosuppression is maintained in rabbit models of hypersensitivity
pneumonitis. The Journal of allergy and clinical immunology.

1988;82(2):204-12. Epub 1988/08/01. PubMed PMID: 2457042.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Saha B, Bandyopadhyay D, Roy S. Immunobiological studies on ex-
perimental visceral leishmaniasis. IV. Kinetics of evolution of discase-
promoting versus host-protective cells of monocyte-macrophage lin-
eage and their characterization. Scandinavian journal of immunology.
1995;42(5):540-6. Epub 1995/11/01. PubMed PMID: 7481559.
Eriksson H, Lengqvist ], Hedlund J, Uhlen K, Orre LM, Bjellqvist B,
et al. Quantitative membrane proteomics applying narrow range pep-
tide isoelectric focusing for studies of small cell lung cancer resistance
mechanisms. Proteomics. 2008;8(15):3008-18. Epub 2008/07/26.
doi: 10.1002/pmic.200800174. PubMed PMID: 18654985.

Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays
applied to the ionizing radiation response. Proceedings of the Nation-
al Academy of Sciences of the United States of America.
2001;98(9):5116-21. Epub 2001/04/20. doi: 10.1073/pnas.09106
2498. PubMedPMID: 11309499; PubMed Central PMCID: PMC33173.
Trygg J, Wold S. Orthogonal projections to latent structures (O-
PLS). J Chemometr. 2002;16(3):119-28. doi:  Doi
10.1002/Cem.695. PubMed PMID: ISI:000174234000001.

Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini
DM. Ragulator-Rag complex targets mTORC1 to the lysosomal
surface and is necessary for its activation by amino acids. Cell.
2010;141(2):290-303. Epub 2010/04/13. doi: 10.1016/j.cell.2010.
02.024. PubMed PMID: 20381137; PubMed Central PMCID:
PMC3024592.

Harrison RE, Bucci C, Vieira OV, Schroer TA, Grinstein S. Phago-
somes fuse with late endosomes and/or lysosomes by extension of
membrane protrusions along microtubules: role of Rab7 and RILP.
Molecular and cellular biology. 2003;23(18):6494-506. Epub
2003/08/29. PubMed PMID: 12944476; PubMed Central PMCID:
PMC193691.

Beatch MD, Hobman TC. Rubella virus capsid associates with host
cell protein p32 and localizes to mitochondria. Journal of virology.
2000;74(12):5569-76. Epub 2000/05/24. PubMed PMID:
10823864; PubMed Central PMCID: PMC112044.

VanGuilder HD, Bixler GV, Kutzler L, Brucklacher RM, Bronson
SK, Kimball SR, et al. Multi-modal proteomic analysis of retinal pro-
tein expression alterations in a rat model of diabetic retinopathy. PloS
one. 2011;6(1):e16271. Epub 2011/01/21. doi: 10.1371/journal.
pone.0016271. PubMed PMID: 21249158; PubMed Central PM-
CID: PMC3020973.

Alvarez S, Berla BM, Sheffield J, Cahoon RE, Jez JM, Hicks LM.
Comprehensive analysis of the Brassica juncea root proteome in re-
sponse to cadmium exposure by complementary proteomic approach-
es. Proteomics. 2009;9(9):2419-31. Epub 2009/04/04. doi: 10.1002/
pmic.200800478. PubMed PMID: 19343712.

Daeron M. Fc receptor biology. Annual review of immunology.
1997;15:203-34. Epub 1997/01/01. doi: 10.1146/annurev.immunol.
15.1.203. PubMed PMID: 9143687.

Adam-Vizi V, Chinopoulos C. Bioenergetics and the formation of
mitochondrial reactive oxygen species. Trends in pharmacological
sciences. 2006;27(12):639-45. Epub 2006/10/24. doi: 10.1016/j.tips.
2006.10.005. PubMed PMID: 17056127.

Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial metabo-
lism of reactive oxygen species. Biochemistry Biokhimiia. 2005; 70
(2):200-14. Epub 2005/04/06. PubMed PMID: 15807660.

Fiskum G, Murphy AN, Beal MF. Mitochondria in neurodegenera-
tion: acute ischemia and chronic neurodegenerative diseases. Journal
of cerebral blood flow and metabolism : official journal of the Inter-
national Society of Cerebral Blood Flow and Metabolism.
1999;19(4):351-69. Epub 1999/04/10. doi: 10.1097/00004647-
199904000-00001. PubMed PMID: 10197505.

Rahman I, Biswas SK, Kode A. Oxidant and antioxidant balance in
the airways and airway diseases. European journal of pharmacology.
2006;533(1-3):222-39. Epub 2006/02/28. doi: 10.1016/j.¢jphar.
2005.12.087. PubMed PMID: 16500642.



28

H. Kjellin, E. Silva, R.N. Branca, et al.

4

—_

42.

43.

44,

45.

46.

47.

48.

. Aguilera-Aguirre L, Bacsi A, Saavedra-Molina A, Kurosky A, Sur S,

Boldogh I. Mitochondrial dysfunction increases allergic airway in-
flammation. ] Immunol. 2009;183(8):5379-87. Epub 2009/09/30.
doi: 10.4049/jimmunol.0900228. PubMed PMID: 19786549;
PubMed Central PMCID: PMC3028535.

Riedl MA, Nel AE. Importance of oxidative stress in the pathogen-
esis and treatment of asthma. Current opinion in allergy and clinical
immunology. 2008;8(1):49-56. Epub 2008/01/12. doi: 10.1097/
ACI.0b013e3282f3d913. PubMed PMID: 18188018.

Bulteau AL, Szweda LI, Friguet B. Mitochondrial protein oxidation
and degradation in response to oxidative stress and aging. Experi-
mental gerontology. 2006;41(7):653-7. Epub 2006/05/09. doi:
10.1016/j.exger.2006.03.013. PubMed PMID: 16677792.

Li N, Sioutas C, Cho A, Schmitz D, Misra C, Sempf ], et al. Ultra-
fine particulate pollutants induce oxidative stress and mitochondrial
damage. Environmental health perspectives. 2003;111(4):455-60.
Epub 2003/04/05. PubMed PMID: 12676598; PubMed Central
PMCID: PMC1241427.

Repine JE, Bast A, Lankhorst I. Oxidative stress in chronic obstruc-
tive pulmonary disease. Oxidative Stress Study Group. American
journal of respiratory and critical care medicine. 1997;156(2 Pt
1):341-57. Epub 1997/08/01. doi: 10.1164/ajrccm.156.2.9611013.
PubMed PMID: 9279209.

Henricks PA, Nijkamp FP. Reactive oxygen species as mediators in
asthma. Pulmonary pharmacology & therapeutics. 2001;14(6):409-
20. Epub 2002/01/10. doi: 10.1006/pupt.2001.0319. PubMed
PMID: 11782121.

MacNee W. Oxidative stress and lung inflammation in airways dis-
ease. European journal of pharmacology. 2001;429(1-3):195-207.
Epub 2001/11/08. PubMed PMID: 11698041.

Groen H, Hamstra M, Aalbers R, van der Mark TW, Koeter GH,
Postma DS. Clinical evaluation of lymphocyte sub-populations and

4

Nel

50.

51

52.

53.

54.

oxygen radical production in sarcoidosis and idiopathic pulmonary fi-
brosis. Respiratory medicine. 1994;88(1):55-64. Epub 1994/01/01.
PubMed PMID: 8029515.

. Cassatella MA, Berton G, Agostini C, Zambello R, Trentin L,

Cipriani A, et al. Generation of superoxide anion by alveolar
macrophages in sarcoidosis: evidence for the activation of the oxygen
metabolism in patients with high-intensity alveolitis. Immunology.
1989;66(3):451-8. Epub 1989/03/01. PubMed PMID: 2539325;
PubMed Central PMCID: PMC1385236.

Koutsokera A, Papaioannou Al, Malli F, Kiropoulos TS, Katsabeki
A, Kerenidi T, et al. Systemic oxidative stress in patients with pul-
monary sarcoidosis. Pulmonary pharmacology & therapeutics.
2009;22(6):603-7. Epub 2009/09/15. doi: 10.1016/j.pupt.2009.09.
002. PubMed PMID: 19747558.

Rahman I, MacNee W. Role of transcription factors in inflammato-
1y lung diseases. Thorax. 1998;53(7):601-12. Epub 1998/11/03. Pub
Med PMID: 9797762; PubMed Central PMCID: PMC1745272.
Das UN. Is pyruvate an endogenous anti-inflammatory molecule?
Nutrition. 2006;22(9):965-72. Epub 2006/07/04. doi: 10.1016/j.nut.
2006.05.009. PubMed PMID: 16814517.

Demedts M, Behr J, Buhl R, Costabel U, Dekhuijzen R, Jansen HM,
et al. High-dose acetylcysteine in idiopathic pulmonary fibrosis. The
New England journal of medicine. 2005;353(21):2229-42. Epub
2005/11/25. doi: 10.1056/NEJMo0a042976. PubMed PMID: 1630
6520.

Vizcaino JA, Cote RG, Csordas A, Dianes JA, Fabregat A, Foster
JM, et al. The PRoteomics IDEntifications (PRIDE) database and
associated tools: status in 2013. Nucleic acids research. 2013;41
(Database issue): D1063-9. Epub 2012/12/04. doi: 10.1093/nar/
gks1262. PubMed PMID: 23203882; PubMed Central PMCID:
PMC3531176.



