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Abstract
Mycobacterium tuberculosis (M. tb) is an intracellular pathogen possessing a complex mixture of
cell wall lipids that are thought to modulate the activities of host macrophages. In this study, we
employed two state-of-the-art quantitative proteomic approaches, metabolic labeling SILAC and
chemical isobaric tagging iTRAQ, to study changes in macrophage protein expression in response
to exposure to M. tb lipids. From a total of 1286 proteins identified, 463 were discovered by both
isotope-labeling strategies at a high consistency, and the rest of proteins were detected by only one
of the two approaches. Upon exposure to mycobacterial cell wall lipids, 166 macrophage proteins
showed differential expression. These included proteins involved in the immune response, oxidation
and reduction, and vesicle transport, as well as other cellular processes. The response of the
macrophage proteome to M. tb lipids reflects the cell’s innate defense mechanisms as well as lipid-
induced processes that may benefit the pathogen.

Keywords
Cell wall lipids; macrophage; iTRAQ; SILAC; differential expression

Introduction
Mycobacterium tuberculosis (M. tb), the causative agent of tuberculosis, is a major cause of
mortality worldwide, killing two million people annually and establishing long term, persistent
infections in approximately one-third of the world’s population.1 Most infected individuals
are clinically asymptomatic for infection with M. tb and can harbor the bacteria for much of
their lifetime, all the while at risk for conversion to an active disease state.2 In persistent,
asymptomatic infections, M. tb exists intracellularly in host macrophages that are themselves
encased within granulomas. M. tb is able to survive for an extended period within its host by
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modulating host bactericidal responses, including phagosome-lysosome fusion, apoptosis, and
a robust pro-inflammatory immune response.3

M. tb possesses highly elaborated cell wall lipids that display potent biological activities and
are considered central effectors in M. tb pathogenesis.4, 5 Importantly, it has been found that
these cell wall lipids can be released into the host cell cytoplasm, where they accumulate in
vesicular organelles such as lysosomes6 or exocytose and traffic into neighboring cells7. For
example, lipoarabinomannan (ManLAM) is known to have a vast array of effector functions
such as inhibition of macrophage activation, repression of cytokine production, regulation of
apoptosis, and obstruction of phagosome maturation.8,9 Interestingly, M. tb also
biosynthesizes another glycolipid, lipomannan (LAM), that counteracts some of the effects of
ManLAM by stimulating a strong pro-inflammatory response in macrophages. To further our
understanding of how M. tb modulates host responses, we investigated the global effect of
constitutive mycobacterial lipids on macrophage protein expression patterns using state-of-
the-art proteomics techniques.

Quantitative proteomics, employing stable-isotope labeling and high resolution mass
spectrometry, has gained success in deciphering diverse biological processes due to its high
level of coverage of the proteome, accuracy in quantification and high-throughput platforms.
10–12 Metabolic labeling and chemical labeling are two major strategies used for relative
quantification of protein abundance under different conditions. Stable-isotope labeling by
amino acids in cell culture (SILAC) involves metabolic incorporation of isotope mass tags into
proteins and has been widely applied to large-scale kinetic analysis of proteomes and post-
translational modifications13–17. SILAC has been used to eliminate false-positives in protein
interaction studies18–20 and to measure protein/peptide turnover via transient labeling21–
23. Chemical labeling has also attracted widespread interest in proteomics community, the
benchmark technique being ICAT.24–27 Recently, the technique termed “isobaric tag for
relative and absolute quantitation” (iTRAQ) has emerged as a superior choice due to its high
proteome coverage and labeling efficiency.28–35 However, SILAC and iTRAQ, the two most
popular and promising techniques in quantitative proteomics have never been utilized in one
system to compare their performance and verify quantification results. Therefore, in this study
we employed both methods to study the macrophage proteome upon exposure to M. tb lipids.

Experimental Procedures
M. tb growth and lipid extraction

M. tb strain H37Rv was grown to stationary phase in liquid 7H9 medium (Difco) supplemented
with 10% OADC, 0.5% glycerol, and 0.1% Tween80. Ten (10) mL of culture was pelleted by
centrifugation (15,000 × g), washed with PBS and extracted with 2.5 mL of 2:1
chloroform:methanol by vigorous shaking for 2 h at rt. The organic phase was clarified by
centrifugation and dried under nitrogen gas and reconstituted in DMEM cell culture medium
(GIBCO #11965) by water-bath sonication to prepare low-dose (10 µg/mL) and high-dose (50
µg/mL) lipid suspensions.

Macrophage infection with M. tb Lipids
Murine macrophage cell line J774A.1 was cultured as a monolayer in DMEM medium (GIBCO
#11965) supplemented with 10% fetal bovine serum, 100 units/mL penicillin/streptomycin,
and 2 mM L-glutamine (GIBCO). Adherent cells were washed with PBS and treated with media
alone, low-dose or high-dose M. tb lipid extracts for 24 h until 70–80% confluence was
achieved. For SILAC labeling, unstimulated cells were grown in stable isotope-labeled medium
lacking lysine and arginine yet supplemented with both 13C6-lysine and 13C6, 15N4-arginine
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(Cambridge Isotope Labs, Andover, MA). The cells were cultured for at least 6 doublings to
allow full incorporation of labeled amino acids before exposure to M. tb lipids.

Sample treatment for iTRAQ and SILAC labeling
For iTRAQ labeling, 3 plates (4.5 × 107 cells) of J774A.1 cells treated with media alone, high
dose or low dose lipid extracts were harvested by scraping and centrifuged at 1300 rpm to pellet
the cells. The cells were rinsed three times with ice cold PBS, resuspended in 500 mM
triethylammonium bicarbonate (TEAB, Sigma) containing 0.05% SDS and protease inhibitor
cocktail (Sigma), and lysed using a micro-tip sonicator (VirSonic, Gardiner, NY). The cell
lysates were clarified by centrifugation at 14,000 rpm for 30 min and protein concentrations
were determined by BCA assay (Pierce, Rockford, IL). Protein (70 µg) from each sample was
reduced with TCEP, cysteine-blocked by treatment with iodoacetamide, digested with trypsin,
and labeled with an isobaric tag reagent as per manufacturer’s directions (Applied Biosystems,
Foster City, CA) and as described by Ross et al28. Samples were labeled and pooled (Scheme
1). iTRAQ-labeled peptide samples were aliquoted, snap-frozen, and stored at −80 °C until
further analysis. For SILAC labeling, isotope-labeled cells and cells exposed to high-dose M.
tb lipid extract were harvested by scraping, resuspended in 8 M urea, 50 mM Tris-HCl (pH
8.0) containing protease inhibitor cocktail (Sigma), and lysed by sonication. Protein
concentrations were measured using with the BCA assay. Protein lysate (100 µg) from isotope
labeled cells or high-dose lipid treated normal cells were pooled, subjected to reduction,
alkylation and trypsin digestion (Scheme 1). Both iTRAQ and SILAC-labeled peptides were
extensively desalted using C18 MacroSpin columns (The Nest Group, Southbotough, MA)
according to the manufacturer’s directions and dried via speed vacuum.

2D LC-MS/MS analysis
iTRAQ- and SILAC-labeled peptide mixtures were separated by two-dimensional liquid
chromatography and analyzed by electrospray ionization tandem MS. Briefly, the peptide
mixture was separated by off-line strong cation exchange (SCX) chromatography using an
Ultimate HPLC with a UV detector (Dionex-LC Packings, Sunnyvale, CA). Labeled samples
were resuspended in SCX running buffer (5 mM KH2PO4, 25% acetonitrile (ACN), 0.1%
formic acid (FA)) and loaded onto a PolyLC Polysulfoethyl A column (2.1 mm × 200 mm,
The Nest Group, Southboro, MA). Peptides were eluted with increasing concentrations of 800
mM KCl, 5 mM KH2PO4, 25% ACN, and 0.1% FA using a three step gradient: 0–10% over
10 min, 10–25% over 30 min, and 25–100% over 10 min. Fifteen fractions were collected at
a flow rate of 300 µL/min according to UV trace at 214 nm.

Fractions were partially evaporated to remove ACN on a speed vacuum and desalted using
C18 MacroSpin columns. Desalted fractions were dried and reconstituted in 0.1% FA. Half of
each fraction was injected onto a PepMap100 trapping column (0.3 mm × 5 mm). Reversed-
phase separation was completed on a LC Packings PepMap C18 column (3 µm, 0.075 × 150
mm) at a flow rate of 200 nL/min using buffers 2% ACN, 0.1% FA (A) and 80% ACN, 0.1%
FA (B). The gradient was 0–30% B in 100 min, 30–100% B in 10 min, and 100% B for 10
min. The samples were directly injected into an ESI Q-TOF Mass Analyzer (QSTAR® Hybrid
Quadrupole TOF, Applied Biosystems, Framingham, MA) via nanoelectrospray ionization.
The QSTAR system carried out a survey scan in the mass range of m/z 350–1600. Excising
dynamic exclusion, up to three precursor ions exceeding a total ion current of 30 counts were
selected for fragmentation in MS/MS analysis. Product ions were detected in the range of m/
z 70–2000. The instrument was calibrated and tuned following each batch of five injections.
Both iTRAQ- and SILAC-labeled samples were analyzed twice on the same platform.
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Database search and relative quantification
LC-MS/MS data from both labeling routes were analyzed with Protein Pilot 2.0 software
(Applied Biosystems MDS Sciex) as described by Wolff et al.36 The ‘Search Effort’ parameter
‘Thorough ID’, which provides a broad search of various protein modifications and multiple
mass cleavages, was chosen. The Paragon™ algorithm used in Protein Pilot requires no
definition of peptide/fragment mass tolerance, as it iteratively searches for the optimal mass
error for a dataset. It also examines a number of common modification forms included in a
generic workup set. Searches were performed against the International Protein Index (IPI)
database (mouse, version 8–25–2006) downloaded to the local engine. The majority of average
protein ratios reported by Protein Pilot have a p-value (evaluating the statistical difference
between the observed ratio and unity) and EF (error factor) for each protein ID. The EF term
indicates the actual average value lies between (reported ratio)/(EF) and (reported ratio) × (EF)
at a 95% confidence. Only those protein matches having a p-value < 0.05 and a meaningful
EF (<2), and at least two unique peptides identified, were saved for protein identification and
relative quantification. The false positive rates of the aforementioned filter criteria were all
below 5%, estimated by using an individual reversed (decoy) sequence database of the entire
mouse genome as described previously.37 In brief, false positive rates are calculated by
dividing the number of decoy hits by that of hits acquired in search against forward sequence
database. All statistical tests and analyses were performed using Excel and R programs.

ELISA for TNF-α
Normal or SILAC-labeled J774.A1 cells were seeded in 24-well tissue culture plates at 5 ×
106 cells/well with DMEM media or DMEM isotope enriched media, respectively. After 1 h
of cultivation, 10 µg/mL or 50 µg/mL of M.tb lipid extract, or 0.1 µg/mL LPS were added to
the wells in duplicate. After 24 h, supernatants were collected and levels of TNF-α were
measured using a cytokine kit (R&D Systems, Minneapolis, MN) according to the
manufacturer’s directions. The experiment was performed three times to calculate the mean
TNF-α concentration.

Results
Isotope-labeled macrophages mount a similar pro-inflammatory response as unlabeled cells

Once stimulated by agonists such as the gram negative bacterial cell wall component
lipopolysaccharide (LPS) or M. tb lipid extracts, macrophages undergo a potent pro-
inflammatory response generating cytokines such as TNF-α.38 To confirm that isotope-labeled
macrophages are able to mount an immune response similar to unlabled cells, unlabeled and
labeled macrophages were treated with increasing amounts of M. tb lipid extract or LPS, and
TNF-α released was quantified via ELISA (Fig. 1). Comparable levels of TNF-α were observed
from cells grown in stable isotope-enriched media and regular DMEM medium, suggesting
that isotopic labeling of the cellular proteome does not alter the characteristic inflammatory
response pathways.

Identification and relative quantification of macrophage proteins via SILAC and iTRAQ
labeling strategies

Scheme 1 illustrates our protocols for using the iTRAQ and SILAC techniques to study the
response of macrophages to M. tb lipid exposure. Two injection replicates were performed for
analyzing the peptide mixture obtained from each method. Only those protein IDs meeting the
aforementioned three filtering criteria (as described in experimental procedures) were saved
for further analysis. The number of non-redundant macrophage proteins identified by SILAC
was 852 and by iTRAQ was 952 (Fig. 2), representing a total of 1286 unique proteins that were
found by combining all four datasets. The use of injection replicates and biological replicates
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(i.e. cells treated identically with the exception of metabolic isotope-labeled biomass for
SILAC experiment and protein digests chemically labeled for iTRAQ experiment)
significantly increased the number of proteins identified and quantified (Fig. 2). Approximately
50% more unique proteins were found by analyzing a second injection for both labeling
approaches. This is higher than the 5~33% increment in protein IDs from duplicate injections
reported by Chong et al39. We assume the larger genome of murine cells dramatically increases
the sample complexity compared with the smaller genome organisms used in previous
proteomic studies, thus allowing for more variation in precursor selection and peptide
sequencing during MS analysis. Therefore, multiple injection of the same labeling sample
achieves higher proteome coverage and provides reproducible data for quantification.

SILAC and iTRAQ identified 518 proteins in common. For each protein ratio reported by the
software, an EF (error factor) value is calculated by the software based on the variance of
peptide ratios to indicate a 95% confidence limit of the measurement error term of a given ratio
(see Experimental Procedures for details). We selected those hits with EF<2 as ‘quantifiable
entries’ with a variation below 20%35,36. Specifically, if the protein was identified in the
injection duplicates with EF<2, an average of the two ratios was calculated to represent its
differential expression; otherwise, only the ratio with EF<2 was saved for that protein. This
data filtration resulted in 463 pairs of quantifiable proteins whose expression ratios (RiTRAQ
and RSILAC) were measured by both labeling approaches. The protein IDs and expression ratios
are listed in Supplementary Table 1. To determine the quantification variance, we plotted the
log ratio distribution of RiTRAQ/RSILAC for each quantified protein (Figure 3) and found a
normal distribution with narrow variability in standard deviation (SD) of only 0.08. Notably,
this SD was smaller than the typically reported 0.1 in iTRAQ experiments28,32,40, which
indicates a good consistency between the two measurements. We also did the paired-t test on
log-transformed RiTRAQ and RSILAC to evaluate the statistical difference between the two large
datasets. The p-value (0.90) was considerably larger than 0.05, suggesting that the distribution
of these two data series does not significantly differ from each other. As a direct demonstration
of the reproducible results obtained by both SILAC and iTRAQ, several mass spectra from
representative peptides and their relative ratios are shown in Supplementary Fig. 1. For the 463
co-quantified proteins, we then calculated the average of each pair of RiTRAQ and RSILAC.
Based on the standard deviation model (2 SD, P=0.05), any protein with an average ratio either
above 1.23 or below 0.81, can be considered showing a significant degree of up- or down-
regulation compared with the mean (1.00).

Differential expression of macrophage proteins upon stimulation with M. tb lipids
Supplementary Table 2 includes all of the protein IDs from four individual datasets
(SILAC-1/-2 and iTRAQ-1/-2) and statistical parameters for quantification. Among the strictly
identified proteins, we defined three additional thresholds for selecting proteins that had
significantly altered expression when macrophages were exposed to M. tb lipid extract: 1) P-
value for that protein ratio (S1:C0 or S2:C0) given by the software is < 0.05, which indicates
the ratio statistically differs from unity (>95% confidence); 2) The ratio is either above 1.23
or below 0.81 (using the same cutoff for analyzing iTRAQ and SILAC co-quantified pairs);
and 3) Must be a ‘quantifiable entry’ with EF (error factor) <2. Applying these filtering criteria,
a subset of regulated proteins were identified (see Supplementary Table 3 for quantification
details), and then the total number of protein IDs (with P-value and EF), the number of proteins
with P<0.05, and the number of regulated hits (meeting all three requirements) found by two
labeling approaches were determined. SILAC and iTRAQ found a similar number of protein
IDs and hits with P<0.05 (Table 1). But SILAC revealed a larger population of significant
changes in protein expression than did iTRAQ. Many of the iTRAQ-determined ratios that
surpass the p-value threshold show a small magnitude of change (no more than 20% beyond
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unity). Thus, it appears that the iTRAQ method may be more sensitive for identifying minor
changes in protein expression level.

In response to high-dose M. tb lipid stimulation, a total of 51 and 103 non-redundant proteins
were found to be down-regulated (ratio <0.81) or up-regulated (ratio >1.23), respectively
(Supplementary Table 4). The low-dose lipid stimulation significantly downregulated the
expression of one protein and upregulated the expression of 15 proteins. According to the
functional description (see details in Supplementary Table 4), all significantly changed proteins
fell into 11 major groups: immune response, oxidation and reduction, signal transduction,
vesicle transport, apoptosis, cytoskeleton, extracellular matrix (ECM), protein biosynthesis,
metabolism, transcription and translation, and miscellaneous (unclassified). Their relative
distribution is shown in Fig.4.

Discussion
Comparison of SILAC and iTRAQ

In recent years, the proteomics field has increasingly focused on relative protein quantification
via labeling multiple samples with distinct stable isotope-enriched mass tags. Stable isotope
labeling approaches fall into three main categories: metabolic, chemical, or enzymatic.
Currently, SILAC is the most commonly used metabolic isotope labeling approach, while
iTRAQ is a newly emerging technique that labels peptide mixtures via a chemical reaction.
iTRAQ confers higher sensitivity, better proteome coverage, and allows for multiple sample
comparison, making it a more promising technique than the widely used chemical labeling
approach ICAT.41

However, SILAC and iTRAQ both possess distinct strengths and weaknesses (summarized in
Table 2). iTRAQ-based quantification uses isotope tags that are only detectable in MS/MS, so
it requires high quality MS/MS spectra and sufficient LC resolution to avoid errors in precursor
ion selection.11, 42 In contrast, SILAC quantifies peptide isoforms in MS scans and requires
fewer chemical processes, which reduces variation introduced by sample preparation.42
Further, SILAC is compatible with gel-based protein separation, while iTRAQ is usually used
to label in-solution digests. SILAC has been applied mostly to eukaryotic cell line studies,
whereas iTRAQ has no limitation on sample sources and offers a relatively large multiplexing
scale.

Until now, no direct comparison between SILAC and iTRAQ has been reported, though a
comparison of quantification between 2D-gel and different stable isotope labeling methods has
been made on small sets of proteins36, 43. Notably, comparisons between 2D-gel and ICAT
(the well-established isotope-labeling approach) demonstrate quantitative differences in
certain protein ratios due to imperfect protein separation and assignment of post-translational
modifications in both platforms44, 45.

In this study, we sought to directly compare the SILAC and iTRAQ labeling approaches.
Statistical analysis suggests high agreement between SILAC and iTRAQ quantification.
Therefore, for the 463 pairs of co-identified proteins, the ratios determined by one approach
were verified using the other. Notably, we observed a small number of proteins with discrepant
ratios measured by two methods. Manual inspection of the raw data for these hits revealed that
a few have poorly identified peptides contributing to the average protein ratio. However, in
other cases where the raw MS and MS/MS spectra were of high quality, the variation between
SILAC and iTRAQ ratios reflected intrinsic differences between the two technologies with
respect to labeled moieties, chemical treatment, and MS signals used for quantification, all of
which should be investigated more closely.
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Interestingly, we also noticed that among the 1286 unique proteins identified with two labeling
approaches, 768 proteins were distinctly identified by only one labeling route. This could be
due to the complexity of the total cell lysate, which also leads to a low duplication of protein
IDs between technical replicates (Fig. 2), or to differences in sample preparation such as lysis
buffer composition.

Very consistent peak ratios were observed for different peptides from the same protein
identified in either SILAC replicates or by iTRAQ analysis. In Supplementary Fig. 1, the first
three proteins are members of Rab family, which are small GTPases mediating vesicular
trafficking and fusion. These proteins tend to co-migrate in 2D gels, rendering them impossible
to quantify individually by densitometry analysis alone. In contrast, we were able to determine
the relative ratios of each Rab protein using isotope labeling approaches and found they were
regulated to different extent.

We also observed interesting features of SILAC vs iTRAQ regarding the discovery of
significant changes in protein expression. Among 166 proteins of differential expressions, 40
were quantified by iTRAQ and 134 by SILAC. In fact, iTRAQ labeling identified a significant
number of proteins of modest expression changes at a high certainty, whereas SILAC was more
capable of tracking dramatic changes of protein expression (Table 1). In the extreme cases, a
few proteins reported by SILAC were only present in either control or lipid-treated cells, with
the ratio S2:C0 to be 0 or infinite. Therefore, the double-standard quantification method
described here combines the strengths of both techniques to identify far more significant
changes in protein expression than either one would alone.

Significant protein regulation occurred upon macrophage exposure to M. tb lipid extract
The exotic lipids of the mycobacterial cell wall comprise 60% of the dry weight of the bacterium
and serve as mediators of host-pathogen interactions. Purified M. tb cell wall components have
been shown to modulate the host immune response as well as pathogenic processes5,46–48.
Interestingly, recent studies have shown that lipids and lipid conjugates are actively trafficking
out of the mycobacterium-containing phagosomes into the host cell cytosol, or even transferred
to nearby cells.6, 7, 49 This finding further expands the possible mechanisms by which
mycobacterial lipids might exert their immunomodulatory functions.

The pathways by which M. tb lipids might directly affect host cells have not yet been
characterized via proteomic approaches. Notably, a previous proteomic study examined
changes in macrophage protein levels upon infection with live M. tb.50, yet only found three
differentially expressed proteins. In contrast, our MudPIT platform coupled with isotopic
labeling uncovered a total of 166 unique macrophage proteins that are differentially expressed
upon treatment with M. tb lipid extract. The majority of proteins detected in our study remained
virtually unchanged, indicating that the lipids released by pathogenic mycobacteria may target
and regulate a specific small set of host proteins.

The significantly changed proteins engage in diverse cellular processes (Fig. 4 and Table 3),
which suggests a complex interaction between the bacterium and the host. That is, while M.
tb lipids appear to act as immunostimulants, they may simultaneously undermine host cell
processes that would otherwise limit pathogenesis.

Several immunologically relevant proteins changed upon M. tb lipid stimulation include CD14,
Fc gamma receptor type IIb (FcRIIb), TAP binding protein isoform1 (tapasin 1), cathepsin L,
and dipeptidyl-peptidase 1 precursor (cathepsin C). CD14 is a GPI-anchored, leucine-rich
repeat (LRR) protein expressed mainly on the cell surface of myeloid lineage cells.51 CD14
has been shown to bind bacterial lipopolysaccharides (LPS) in conjunction with TLR452,
53, which leads to proinflammatory response54. Although the M. tb cell wall does not contain
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LPS, our study found CD14 upregulated by 25% upon exposure to a high-dose of M. tb lipids
(50 µg/mL). Previous microarray studies reported a 2-fold increase of CD14 transcripts in
macrophages exposed to heat-killed M. tb.55 The modest increase in CD14 protein that we
observed might reflect less potency of the isolated lipids compared to intact bacilli.
Alternatively, post-transcriptional regulation could account for the discrepancy in RNA versus
protein abundances.56–58

In addition to CD14, we found FcRIIb to be upregulated 1.7-fold upon high-dose lipid
treatment. This low affinity inhibitory IgG receptor, when engaged, blocks calcium influx and
inhibits phagocytosis, cytokine release and proinflammatory activation against pathogens.59

Cathepsin L and tapasin 1, both important for antigen processing and loading onto MHC
molecules, were upregulated by 2.1 fold and 1.4 fold, respectively. Thus, lipids released by the
pathogen may activate the host’s machinery for antigen presentation. Our observed induction
of cathepsin L agrees with microarray data on M. tb-infected host response55, while
upregulation of tapasin is a new finding. Cathepsin C, whose expression is suppressed upon
lipid treatment, is a protease involved in activating granule-associated serine proteases that
degrade pathogen proteins. Its down-regulation could reflect a host anti-bactericidal response
to M. tb lipid treatment.

The oxidative burst via reactive oxygen and nitrogen intermediates (ROI and RNI) is a critical
mechanism by which macrophages kill intracellular mycobacteria.60, 61 Not surprisingly, we
observed significant changes in redox-related protein levels upon mycobacterial lipid
treatment. P67phox, a subunit of the NADPH oxidase Phox, is necessary for the generation of
ROI and their delivery to the pathogen-contained vacuole.60 This protein was up-regulated
44% by high-dose lipid stimulation. Another protein NCF1, required for activation of latent
Phox, was upregulated 1.5-fold, presumably to coordinate the process. Macrophage migration
inhibitory factor (MIF), a cytokine important for macrophage activation and production of
nitric oxide,62 underwent a lipid dose-dependent increase in its cytosolic expression (1.3-fold
change at high-dose stimulation), indicating RNI burst might have been still triggered as a
result of M. tb lipid stimulation.

Interestingly, we observed upregulation of several macrophage proteins that are able to
counteract the effect of oxidative stress, including Mn-dependent superoxide dismutase
(MnSOD), peroxiredoxin-1 (prdx-1), peroxiredoxin 5 (prdx5), and heme oxygenase 1. MnSOD
and prdx-1 are both antioxidants important for quenching ROI and hydrogen peroxides to
prevent cellular damage.63 The induction of MnSOD was observed in a proteomic study of a
human monocyte cell line infected with live M. tb.50 The authors speculated that its elevated
expression might protect the host cell and pathogen from O2

−-mediated toxicity, a potential
function of specific M. tb lipids.

With respect to endocytosis and vesicle transport, the observed upregulation of vacuolar ATP
synthase (H+ transporter) upon low-dose lipid stimulation attracted our attention. It is known
that live M. tb or microbeads heavily coated with ManLAM are able to block acidification of
the endocytic compartment containing the pathogen or its constituents.1 Therefore, it is
insightful to note that H+-ATPase induction is weakened at high-dose lipid exposure, perhaps
to favor pathogen survival inside the host. However, further experiments should be carried out
to investigate whether the dose of lipid extract inversely lowers the pH of endosomes/
phagosomes, and which specific lipid components are inducers or suppressors.

Conclusion
SILAC and iTRAQ, the two most predominantly used isotope-labeling approaches for
quantitative proteomics, provided accurate and reproducible values for relative expression of
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proteins under cellular stresses. The two methods allowed mutual validation of identified
proteins, while expanding our knowledge of the macrophage response to M. tb cell wall lipids.
A number of macrophage proteins were found to be regulated by M. tb lipids. The observed
response suggests that M. tb lipids can both induce host anti-bacterial responses while also
modulating host processes to favor bacterial survival.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effects of M. tb lipid extract on TNF-α production of macrophages grown in normal (black
bar) and isotope-enriched (white bar) media (containing 13C6-lysine and 13C6, 15N4-arginine).
Cells were incubated for 24h with different amount of M. tb lipid extract or LPS (100 ng/mL)
and the cell-free supernatants were collected for measurements of TNF-α secretion via ELISA.
The experiment was repeated in triplicate and error bars indicate the standard deviation of the
mean.
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Figure 2.
Venn diagram of protein identification via either iTRAQ or SILAC approach. Two injection
replicates were made for each method, which are indicated by 1 and 2.
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Figure 3.
Distribution of protein ratios in a log scale. RiTRAQ and RSILAC refer to the expression ratio
measured by iTRAQ and SILAC for a specific protein. The SD (0.08) reflects a narrow
variability.
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Figure 4.
Relative distribution of macrophage protein subsets regulated by M. tb lipid exposure. Proteins
are grouped by their cellular functions. The up- and down-regulated hits are combined in each
group. The ‘Miscellaneous’ group consists mostly of proteins of unknown function.
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Scheme 1.
Schematic of the iTRAQ and SILAC strategy for labeling and quantifying the macrophage
proteome under stimulation of a low (S1) or high (S2) dose of M. tb lipid extract.
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Table 1
Comparison of the number of proteins identified in each dataset selected by different criteria

Dataset No. Total number of protein IDs1 Number of hits with P<0.052 Number of differentially expressed hits3

SILAC-1 571 149 72 (48.3%)

SILAC-2 545 181 75 (41.4%)

iTRAQ-1 633 123 10 (8.1%)

iTRAQ-2 705 167 20 (12.0%)
1
Refers to hits with both P-value (indicating at least two unique peptides contributing to ID) and EF

2
Selected from the pool of protein IDs and having P-value <0.05 (indicating significant difference of the ratio beyond unity)

3
Selected from the pool of protein IDs and meeting the additional standards stated in the text for differential expression. The percentage in the parentheses

refers to the proportion of differentially expressed hits over all those with P<0.05
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Table 2
Distinct features of metabolic and chemical isotope mass tagging strategy for quantitative proteomics

SILAC (metabolic) iTRAQ (chemical)

Tagging molecule Protein Peptide

Tag detection mode MS MS/MS

Tag residue(s) H, C, N atoms of any amino acid Primary amines

Specificity High (via targeting one amino acid) Low

Proteome coverage High (via labeling appropriate amino acids) High

Requirement on LC separation and MS/MS quality Medium High1

Compatible mass analyzers All types Except ion trap

Compatible digestion Both in-gel and in-solution In-solution

Multiplexing scale 2~3 4 or 8

Sample source Mainly mammalian cell lines2 Cells & tissues

Cost Medium High
1
iTRAQ is more susceptible to errors in precursor selection due to insufficient LC separation41; and low-quality MS/MS leads to less accuracy in

quantification.

2
New methods have been developed to widen its application to animal organs or microorganisms64, 65 yet they are not as readily used as chemical labeling

approaches.
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Table 3
Global modulation of macrophage cellular functions upon M. tb lipid stimulation

Cellular Function of
Macrophages

Global Effect of M. tb Lipid Stimulation

Immune response Receptor binding, cytokine production, protease activation and MHC class I and II processing may be
affected

Oxidation & reduction A few proteins important for respiratory burst are induced, while others involved in protection against
oxidative stress are upregualted as well

Signal transduction Protein components of multiple pathways (PKC, MAPK, Ca2+, etc.) change expression

Vesicle transport Proteins involved in endocytosis and endosome/lysosome fusion & maturation are regulated

Metabolism Many proteins involved in glycolysis are induced

J Proteome Res. Author manuscript; available in PMC 2010 January 2.


