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Label-free Quantification and Shotgun Analysis
of Complex Proteomes by One-dimensional

SDS-PAGE/NanoLC-MS

EVALUATION FOR THE LARGE SCALE ANALYSIS OF INFLAMMATORY HUMAN ENDOTHELIAL CELLS*(SI

Violette Gautiert§], Emmanuelle Mouton-Barbosa§9], David Bouyssié}§1|,
Nicolas Delcourt§, Mathilde Beaut§, Jean-Philippe Girardt§|,, Corinne Cayrolt§|,
Odile Burlet-Schiltzt§, Bernard Monsarrat}§**, and Anne Gonzalez de Peredo§tt

To perform differential studies of complex protein mix-
tures, strategies for reproducible and accurate quantifi-
cation are needed. Here, we evaluated a quantitative pro-
teomic workflow based on nanoLC-MS/MS analysis on an
LTQ-Orbitrap-VELOS mass spectrometer and label-free
quantification using the MFPaQ software. In such label-
free quantitative studies, a compromise has to be found
between two requirements: repeatability of sample pro-
cessing and MS measurements, allowing an accurate
quantification, and high proteomic coverage of the sam-
ple, allowing quantification of minor species. The latter is
generally achieved through sample fractionation, which
may induce experimental bias during the label-free com-
parison of samples processed, and analyzed indepen-
dently. In this work, we wanted to evaluate the perfor-
mances of MS intensity-based label-free quantification
when a complex protein sample is fractionated by one-
dimensional SDS-PAGE. We first tested the efficiency of
the analysis without protein fractionation and could achieve
quite good quantitative repeatability in single-run analysis
(median coefficient of variation of 5%, 99% proteins with
coefficient of variation <48%). We show that sample frac-
tionation by one-dimensional SDS-PAGE is associated with
a moderate decrease of quantitative measurement repeat-
ability while largely improving the depth of proteomic cov-
erage. We then applied the method for a large scale pro-
teomic study of the human endothelial cell response to
inflammatory cytokines, such as TNFaq;, interferon vy, and
IL1, which allowed us to finely decipher at the proteomic
level the biological pathways involved in endothelial cell
response to proinflammatory cytokines. Molecular & Cel-
lular Proteomics 11: 10.1074/mcp.M111.015230, 527-539,
2012.
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With recent advances in mass spectrometry, label-free
quantitative proteomic approaches have progressed and are
now considered as reliable and efficient methods to study
protein expression level changes in complex mixtures. These
approaches, which have been reviewed recently (1, 2), are
based on the measurement either of the MS/MS sampling rate
of a particular peptide or of its MS chromatographic peak
area, these values being directly related to peptide abun-
dance. The increase of instrument sequencing speed has
benefited MS/MS spectral counting approaches by improving
MS/MS sampling of peptide mixtures, whereas the introduc-
tion of high resolution analyzers such as FT-Orbitrap has
boosted the use of methods based on peptide intensity mea-
surements by greatly facilitating the matching of peptide
peaks in different complex maps acquired independently. The
most obvious advantage of these methods over isotopic la-
beling techniques is their ease of use at the sample prepara-
tion step, because they do not require any preliminary treat-
ment to introduce a label into peptides or proteins. Being
more straightforward, they also do not present the classical
drawbacks of labeling methods, i.e., cost, applicability to
limited types of samples (mostly cultured cells in the case of
metabolic labeling) and the limited number of conditions that
can be compared. On the other hand, the use of label-free
strategies is hampered by two main difficulties: 1) the varia-
bility of all sample processing steps before MS analysis and of
the analytical measurement itself, because the samples to be
compared are processed and analyzed individually, and 2) the
complexity of the MS data analysis step, which requires
proper realignment, normalization, and peptide peaks match-
ing across different nanoLC-MS runs.

Many bioinformatic tools have been developed in recent
years for the quantification of MS data generated in label-
free experiments, either by spectral counting (3-5) or by
peptide MS signal intensity measurement (6-9). In the later
field, a lot of emphasis has been put on peptide pattern-
based methods, in which the software performs feature
detection in LC-MS maps through analysis of the charac-
teristic isotopic pattern of a peptide ion in the m/z dimen-
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sion, and on its chromatographic elution peak in the reten-
tion time (RT)" dimension. The total ion current integrated
under this MS feature can then be used as a quantitative
measurement of the peptide concentration. The primary ad-
vantage of this approach is that any signal detected by the
mass spectrometer in the MS survey scan can be in principle
analyzed and quantified, whether or not the peak has been
selected for MS/MS sequencing. Bioinformatic programs
based on peptide feature detection as the starting step for
label-free analysis include among others SuperHirn (8),
MSiInspect (6), OpenMS (9), Decon2LS (7), or the commercial
software Progenesis LC-MS. Although they offer an attractive
and powerful analysis of the data, algorithms based on rec-
ognition of peptide features and LC-MS maps alignment re-
quire intensive computer calculation, making the quantifica-
tion time-consuming and difficult to perform on a large
number of LC-MS files. In addition, integration of MS features
quantitative data with MS/MS identification results from
search engines occurs as a second step, and depending on
the bioinformatic tool used, retrieving quantitative values for
the list of identified and validated peptides, and then for the
associated list of proteins, can be difficult to implement. Fi-
nally, because the LC-MS maps are usually analyzed individ-
ually, low intensity features near the cut-off value set for the
recognition process are detected in an irreproducible way,
and most of the available software generates quantitative data
sets containing many missing values, which complicates fur-
ther statistical analysis of the results.

On the other hand, another approach to extract quantitative
data from MS survey scans is based on the reverse process,
i.e., making use initially of peptide identification results to go
back in the MS scans to obtain peptide intensity values. For
each peptide ion identified from MS/MS sequencing, experi-
mentally measured RT and monoisotopic m/z values can be
used as a starting point to retrieve the associated extracted
ion chromatograms (XIC) of this ion. In that case, confident
extraction of a peptide signal (versus chemical noise) is sup-
ported by the identification result, and because the charge
state of the ion is known, definition of isotopic patterns and
extraction of intensity values for the different isotopes of a
same peptide ion is facilitated. Such a method, which is in
principle more simple and rapid, has been used in a few
software packages such as Serac (10), Quoil (11), Ideal-Q (12),
and MFPaQ (13, 14). A drawback of this method, however, is
that only identified peptides can be quantified. For analysis of
highly complex peptide mixtures, MS/MS undersampling thus
limits the number of identified and quantified proteins. De-
pending on the software, this problem can be alleviated by a

' The abbreviations used are: RT, retention time; XIC, extracted ion
chromatogram; EC, endothelial cells; IFNv, interferon y; HUVEC, hu-
man umbilical vein endothelial cells; FDR, false discovery rate; PAI,
protein abundance index; CV, coefficient of variation; MHC, major
histocompatibility complex.

cross-assignment of peptide signals across different replicate
LC-MS/MS runs: if a peptide ion is identified in only one or a
few runs, its signal can be extracted in the other analytical
runs by using a predicted RT value, even if identification
results are missing for this particular peptide in these runs
because of MS/MS undersampling. Thus, acquisition of mul-
tiple replicate runs allows to increase the number of identified
and thus quantified peptides and proteins. Nevertheless, the
performances of identity-based methods are still strictly
linked to the number of identifications and to the depth of the
proteomic analysis on highly complex samples.

In a study focusing on label-free quantitative analysis of
clinical samples (14), we previously described an approach
based on the use of the MFPaQ software to circumvent the
undersampling problem. Following extensive proteomic anal-
ysis of cerebrospinal fluid after treatment with combinatorial
libraries of peptide ligands and one-dimensional SDS-PAGE
fractionation, we generated an identification database con-
taining sequences of identified peptides, along with their m/z
and retention time-associated values that were then used to
extract the XIC of these peptides in the one-shot analytical
runs of unfractionated samples. This method was well suited
for the analysis of clinical series in which very limited or no
fractionation at all is performed on the samples, because of
the large number of analyses (number of patients and tech-
nical replicates), and we showed that it indeed allowed sig-
nificant increase of the number of proteins correctly quantified
in replicate runs of individual samples. However, not all of the
peptides from the database could be retrieved in the individ-
ual runs, because of the limited dynamic range of the instru-
ment during the one-shot analysis of complex peptide mix-
tures. To overcome also the dynamic range limitation, a
commonly used and efficient approach is to prefractionate
individually the samples to be compared and perform
nanoLC-MS/MS analysis of each fraction separately. Al-
though it requires longer analytical time, this shotgun type of
analysis clearly offers an improved coverage of the sample
and allows the detection of low abundance proteins that
remain undetected when the whole sample is analyzed in one
run. To that aim, one-dimensional SDS-PAGE is often se-
lected as a robust and simple method to fractionate most
kinds of protein samples, even membrane ones, and is par-
ticularly used on SILAC or ICAT labeled proteomes, because
the two samples to be compared are gathered and can be
processed simultaneously. However, when label-free quanti-
fication is to be performed, parallel processing steps such as
electrophoretic migration, gel cutting, and in-gel digestion
represent different sources of variability that may alter the final
quantitative comparison of the samples.

In the present study, our objective was to perform an in-
depth quantitative analysis of the endothelial cell (EC) pro-
teome using a label-free approach. First, we thus checked
whether SDS-PAGE fractionation of the individual samples,
which gives the best dynamic range on a global analysis, is

528

Molecular & Cellular Proteomics 11.8



SBMB

A

—~
—~

MOLECULAR & CELLULAR PROTEOMICS

P

MC

Label-free Proteomics of Inflammatory Endothelial Cells

compatible with accurate label-free quantitation based on
peptide signal intensity measurement. We evaluated the per-
formances of a label-free quantitative workflow in terms of
repeatability and number of quantified proteins, with or with-
out protein fractionation by one-dimensional SDS-PAGE, for
the analysis of a complex cellular proteome. We applied the
MFPaQ software, which uses an identity-based extraction
approach, to quantify the data obtained from the nanoLC-
MS/MS analysis of a total lysate of primary cultured human
vascular ECs. New data normalization and integration proce-
dure dedicated to shotgun experiments were introduced in
the software, allowing integration at the protein level the
quantitative data from different fractions and correction of
errors related to nonreproducible electrophoretic migration of
proteins. We showed that the approach based on peptide XIC
extraction provides good quality quantitative data on the iden-
tified proteome and that high repeatability is obtained on
proteins quantified in single run analysis (median CV of 5%,
99% proteins with CV values of <48%). When the protein
sample is fractionated by one-dimensional SDS-PAGE, the
repeatability of the quantitative measurement decreases, al-
though in a moderate way (median CV of 7%, 99% proteins
with CV values of <62%), and concomitantly the depth of
proteomic coverage is largely increased. We then applied the
method for a large scale proteomic study of the response of
ECs to proinflammatory treatments with TNFa/IFN+y or IL18. It
allowed us to identify and quantify more than 5400 unique
proteins, providing an in-depth analysis of the endothelial cell
proteome and a detailed characterization of the proteomic
variations associated with the inflammatory response.

MATERIALS AND METHODS

EC Culture and Cytokine Stimulation—Primary human umbilical
vein ECs (HUVECs) were purchased from Clonetics, grown in ECGM
medium (Promocell, Heidelberg, Germany), and used after four pas-
sages for proteomic analyses. Cytokine treatment was performed by
incubating the ECs for 12 h in OptiMEM medium (Invitrogen) with a
combination of TNFa (25 ng/ml; R & D Systems) and IFNvy (50 ng/ml;
R & D Systems) or with IL18 (5 ng/ml; R & D Systems).

Protein Sample Processing—The cells were lysed in a buffer con-
taining 2% of SDS and sonicated, and protein concentration was
determined by detergent-compatible assay (DC assay; Bio-Rad). Pro-
tein samples were reduced in Laemmli buffer (final composition: 25
mm DTT, 2% SDS, 10% glycerol, 40 mm Tris, pH 6.8) for 5 min at
95 °C. Cysteine residues were alkylated by addition of iodoacetamide
at a final concentration of 90 mm and incubation for 30 min at room
temperature in the dark. During the alkylation reaction, the pH of the
samples was adjusted using small amounts of 1 m Tris, pH 8. Protein
samples were loaded on a homemade one-dimensional SDS-PAGE
gel (separating gel 1.5 mm X 5 cm, 12% acrylamide polymerized in
SDS 0.1%, 375 mwm Tris, pH 8.8, and stacking gel 1.5 mm X 1.5 cm,
4% acrylamide polymerized in 0.1% SDS, 125 mm Tris. For one-shot
analysis of the entire mixture, no fractionation was performed, and the
electrophoretic migration was stopped as soon as the protein sample
(15 ng) entered the separating gel. The gel was briefly stained with
Coomassie Blue, and a single band, containing the whole sample,
was cut. For shotgun analysis, electrophoretic migration was per-
formed to fractionate the protein sample (100 ng) into 12 gel bands.

For replicate and comparative analyses, the samples were processed
on adjacent migration lanes that were cut simultaneously with a long
razor blade. To evaluate gel to gel repeatability, different gels were
prepared and migrated in parallel, and the same number of homoge-
neous gel slices were cut successively on the separate gels, following
the same cutting pattern. Gel slices were washed by two cycles of
incubation in 100 mm ammonium bicarbonate for 15 min at 37 °C,
followed by 100 mm ammonium bicarbonate/acetonitrile (1:1) for 15
min at 37 °C. The proteins were digested by 0.6 ug of modified
sequencing grade trypsin (Promega) in 50 mm ammonium bicarbon-
ate, overnight at 37 °C. The resulting peptides were extracted from
the gel by incubation in 50 mm ammonium bicarbonate for 15 min at
37 °C and twice in 10% formic acid/acetonitrile (1:1) for 15 min at
37 °C. The three collected extractions were pooled with the initial
digestion supernatant, dried in a SpeedVac, and resuspended with 17
wul of 5% acetonitrile, 0.05% TFA.

NanoLC-MS/MS Analysis—The Resulting peptides were analyzed
by nanoLC-MS/MS using an Ultimate3000 system (Dionex, Amster-
dam, The Netherlands) coupled to an LTQ-Orbitrap Velos mass spec-
trometer (Thermo Fisher Scientific, Bremen, Germany). Five ul of each
sample were loaded on a C-18 precolumn (300-um inner diameter X
5 mm; Dionex) at 20 ul/min in 5% acetonitrile, 0.05% TFA. After 5 min
of desalting, the precolumn was switched online with the analytical
C-18 column (75 um inner diameter X 15 cm; PepMap C18, Dionex)
equilibrated in 95% solvent A (5% acetonitrile, 0.2% formic acid) and
5% solvent B (80% acetonitrile, 0.2% formic acid). The peptides were
eluted using a 5 to 50% gradient of solvent B during 80 min at 300
nl/min flow rate. The LTQ-Orbitrap Velos was operated in data-de-
pendent acquisition mode with the XCalibur software. Survey scan
MS were acquired in the Orbitrap on the 300-2000 m/z range with the
resolution set to a value of 60,000. The 10 most intense ions per
survey scan were selected for CID fragmentation, and the resulting
fragments were analyzed in the linear trap (LTQ). Dynamic exclusion
was employed within 60 s to prevent repetitive selection of the same
peptide.

Database Search and Data Validation—The Mascot Daemon soft-
ware (version 2.3.2; Matrix Science, London, UK) was used to perform
database searches, using the Extract_msn.exe macro provided with
Xcalibur (version 2.0 SR2; Thermo Fisher Scientific) to generate peak-
lists. The following parameters were set for creation of the peaklists:
parent ions in the mass range 400-4500, no grouping of MS/MS
scans, and threshold at 1000. A peaklist was created for each ana-
lyzed fraction (i.e., gel slice), and individual Mascot (version 2.3.01)
searches were performed for each fraction. The data were searched
against Homo sapiens entries in Uniprot protein database (release
2010_09, September 21, 2010; 1,215,533 sequences). Carbamidom-
ethylation of cysteines was set as a fixed modification, and oxidation
of methionine and protein N-terminal acetylation were set as a
variable modifications. Specificity of trypsin digestion was set for
cleavage after Lys or Arg, and two missed trypsin cleavage sites were
allowed. The mass tolerances in MS and MS/MS were set to 5 ppm
and 0.6 Da, respectively, and the instrument setting was specified as
“ESI-Trap.” To calculate the false discovery rate (FDR), the search
was performed using the “decoy” option in Mascot. Peptide identifi-
cations extracted from Mascot result files were validated at a final
peptide FDR of 5%. Peptide matches were validated if their score was
greater than the Mascot homology threshold (when available, other-
wise the Mascot identity threshold was used) for a given Mascot p
value. The FDR at the peptide level was calculated as described in
Navarro and Vazquez (15). Using this method, the p value was auto-
matically adjusted to obtain a FDR of 5% at the peptide level. Vali-
dated peptides were assembled into proteins groups following the
principle of parsimony (Ocam’s razor), which involves the creation of
the minimal list of protein groups explaining the list of peptide spec-
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trum matches. Protein groups were then rescored for the protein
validation process. For each peptide match belonging to a protein
group, the difference between its Mascot score and its homology
threshold (or identity threshold) was computed for a given p value
(automatically adjusted to increase the discrimination between target
and decoy matches), and these “score offsets” were then summed to
obtain the protein group score. Protein groups were validated based
on this score to obtain a FDR of 1% at the protein level (FDR =
number of validated decoy hits/(number of validated target hits +
number of validated decoy hits) X 100). In the case of sample frac-
tionation on one-dimensional SDS-PAGE, the MFPaQ software was
used to create a unique nonredundant protein list from the identifi-
cation results of each fraction by clustering protein groups containing
sequences matching the same set of peptides. If a final group was
composed of several TrEMBL and SwissProt entry names, a Swis-
sProt entry was singled out, and the associated protein description
was reported in the final lists (supplemental Tables | and II).

Data Quantification— Quantification of proteins was performed us-
ing the label-free module implemented in the MFPaQ v4.0.0 software
(http://mfpag.sourceforge.net/). For each sample, the software uses
the validated identification results and XICs of the identified peptide
ions in the corresponding raw nanoLC-MS files, based on their ex-
perimentally measured RT and monoisotopic m/z values The time
value used for this process is retrieved from Mascot result files, based
on an MS2 event matching to the peptide ion. If several MS2 events
were matched to a given peptide ion, the software checks the inten-
sity of each corresponding precursor peak in the previous MS survey
scan. The time of the MS scan that exhibits the highest precursor ion
intensity is attributed to the peptide ion and then used for XIC extrac-
tion as well as for the alignment process. Peptide ions identified in all
the samples to be compared were used to build a retention time
matrix to align LC-MS runs. If some peptide ions were sequenced by
MS/MS and validated only in some of the samples to be compared,
their XIC signal was extracted in the nanoLC-MS raw file of the other
samples using a predicted RT value calculated from this alignment
matrix by a linear interpolation method. Quantification of peptide ions
was performed based on calculated XIC areas values. To perform
normalization of a group of comparable runs, the software computed
XIC area ratios for all the extracted signals between a reference run
and all the other runs of the group and used the median of the ratios
as a normalization factor. To perform protein relative quantification in
different samples, a protein abundance index was calculated, defined
as the average of XIC area values for at most three intense reference
tryptic peptides identified for this protein (the three peptides exhibit-
ing the highest intensities across the different samples were selected
as reference peptides, and these same three peptides were used to
compute the PAI of the protein in each sample; if only one or two
peptides were identified and quantified in the case of low abundant
proteins, the PAl was calculated based on their XIC area values). In
the case of SDS-PAGE fractionation, integration of quantitative data
across the fractions was performed as indicated in the text, by sum-
ming the PAI values for fractions adjacent to the fraction with the best
PAI (the same three consecutive fractions for all the samples to be
compared). For differential studies, a Student’s t test on the PAI
values was used for statistical evaluation of the significance of ex-
pression level variations. For proteins specifically detected in one
condition and not in the other, the t test p value was calculated by
assigning a noise background value to the missing PAI values. A
2-fold change and p value of 0.05 were used as combined thresholds
to define biologically regulated proteins.

Quantitative PCR Experiments—Total RNA from HUVEC cells
(mock treated, TNFa + IFN+vy-treated, or IL1B-treated) was isolated
using the Absolute RNA kit from Stratagene (Agilent Technologies,
Santa Clara, CA), and cDNAs were synthesized using SuperSript llI

First strand cDNA synthesis system for RT-PCR (Invitrogen) accord-
ing to the manufacturer’s instructions. Quantitative PCR was per-
formed using the ABI7300 Prism SDS real time PCR detection system
(Applied Biosystems, Foster City, CA) with a SYBR Green PCR Master
Mix kit (Applied Biosystems) and a standard temperature protocol.
The results are expressed as relative quantities and calculated by the
2-AACT method. Actin was used as a control gene for normalization.
Three separate experiments were performed. Primers used were pur-
chased from Qiagen (QuantiTect primer assay), except Actin, GAPDH,
NFKB2, ICAM1, and VCAM1 (from Sigma Genosys).

RESULTS

Analytical Workflow — A total lysate of cultured primary hu-
man vascular ECs was used for all experiments and pro-
cessed in all cases through one-dimensional SDS-PAGE, as
shown in Fig. 1. When the samples were to be analyzed in one
analytical nanoLC-MS/MS run (no fractionation), the electro-
phoretic migration was stopped immediately after the protein
samples entered the separating part of the gel, so that the
whole sample was isolated into a unique gel band and sub-
sequently in-gel digested. In our hands, processing in this
way, the total cell lysate for tryptic digestion gave slightly
better proteomic coverage than digestion in solution. For
sample fractionation and shotgun analysis, migration was
performed so that 12 gel bands could be cut afterward along
the migration lanes. Gel cutting was performed systematically
with a long razor blade to simultaneously cut all the corre-
sponding gel bands for the different samples to be compared,
perpendicularly to the migration direction. All in gel digestion
steps were manually performed in parallel. The resulting tryp-
tic digests were analyzed by nanoLC-MS/MS on an Orbitrap-
Velos instrument with high sequencing speed to improve the
MS/MS sampling and analytical coverage of the samples. MS
scans were recorded in the Orbitrap, and MS/MS CID spectra
were recorded in the ion trap using a classical parallel acqui-
sition mode to obtain high resolution MS" data for peptide
quantification while optimizing the number of MS? sequencing
events to increase peptide identifications. Database searches
using MS/MS sequencing data were performed through Mas-
cot, and the results files were parsed and validated based on
target decoy calculated FDRs, set at 5% for peptides and 1%
for proteins. After realignment in time of nanoLC-MS runs, the
software uses the m/z and time values associated to validated
peptides ions of validated proteins, to extract the XIC of each
of them. If some peptide ions were sequenced by MS/MS and
validated only in some of the samples to be compared, their
XIC signal was extracted in the nanoLC-MS raw file of the
other samples using a predicted RT value and a time toler-
ance window. For protein quantification, a PAl was calcu-
lated, defined as the average of XIC area values of at most
three intense reference tryptic peptides identified for this
protein.

Repeatability of the Label-free Quantification without Sam-
ple Fractionation—We first evaluated the repeatability of the
label-free analytical workflow by comparing replicate LC-MS
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Lane2 Lane3

One Lane Lane1

One Band Band1 Band2 Band3

Il

Injection replicates:
3 LC-MS analyses of
all the bands from the

same lane

Gel replicates:
1 LC-MS analysis
of the 3 gel bands

Injection replicates:
3 LC-MS analyses
of the same band

Gel replicates:
1 LC-MS analysis of
all the bands from the
3 gel lanes

Fic. 1. Experimental design to estimate the accuracy of label-free quantification with or without sample fractionation. The same
endothelial cell lysate was loaded on a one-dimensional SDS gel and either collected in a single band or fractionated into 12 gel bands cut
along the migration lane, and to assess how repeatability is affected by each step of the analytical process, we compared either nanoLC-
MS/MS injection replicates or gel replicates. Four experiments were performed. A, the protein sample (15 ug) was collected in a single band
and digested, and the corresponding peptide digest was analyzed three times by nanoLC-MS/MS. B, three identical protein samples (15 ug
each) were loaded on the gel and collected in three bands, and after digestion, one-third of each corresponding peptide digest was analyzed
once by nanoLC-MS/MS. C, the protein sample (100 ng) was fractionated by electrophoresis into 12 gel fractions, the 12 bands were digested,
and each of the corresponding peptide digests was consecutively analyzed three times by nanoLC-MS/MS. D, three identical protein samples
(150 g each) were loaded on the gel and fractionated into 12 gel bands, and after digestion, the corresponding molecular weight bands of

each gel lane were consecutively analyzed once by nanoLC-MS/MS (one-third of resulting peptide digests for each band).

analyses of the same sample, without any fractionation. The
first experiment consisted in triplicate nanoLC-MS/MS injec-
tions of the tryptic digest prepared from one gel band con-
taining the whole protein mixture (Fig. 1A). In that case,
sources of errors in the final quantitative results include only
the variability of the nanoLC separation, of the mass spec-
trometry measurement, as well as of potential inconsistencies
related to bioinformatic extraction of peptide XICs by the
software. To evaluate the additional variability related to up-
stream sample processing steps (gel loading, gel migration,
manual band cutting, in-gel trypsin digestion and peptide
extraction), three nanoLC-MS/MS analyses were then per-
formed on the tryptic digests obtained from ftriplicate gel
bands containing each the same sample loaded on the gel
(Fig. 1B). In both cases, the number of proteins identified from
the three analytical runs was very similar (respectively 718 and
715 proteins for injection replicates or gel replicates; supple-
mental data 1). Although some of these proteins were identi-
fied by MS/MS in only one or two of the triplicates, the
cross-assignment procedure used in MFPaQ allowed extrac-
tion of their MS signal in the runs, which did not contain any
identification data for these particular proteins. As shown in
supplemental data 2, this method generated a very modest
number of missing values for quantification, at both the pep-
tide and protein levels, leading to quantification of 715 and
686 proteins in these two experiments. To evaluate repeat-
ability, the CVs of the PAI values obtained for these proteins
were calculated. As shown in Fig. 2, the distribution of CVs for
proteins quantified in the three gel replicates is very similar to
that of CVs obtained with three injection replicates. The me-
dian CV is 5 and 6%, respectively, for the two experiments,
and the interquartile range of the CV distribution is slightly

increased in the case of gel replicates compared with injection
replicates. Experimental steps such as gel migration or gel
band processing may account for this little decrease of quan-
tification accuracy observed for gel replicates. However,
when the sample is isolated in only one band, such processes
are supposed to be quite reproducible. Indeed, they seem to
bring only a little additional variability, because the results
show that a high percentage of the protein population is still
correctly quantified (99% of proteins have CVs under 50%),
with a relatively small absolute number of outlier proteins with
extreme CV values. These results also confirm that label-free
quantification using the identity-based signal extraction pro-
cedure in MFPaQ allows an accurate quantification of more
than 600 proteins on a complex sample analyzed in a single
run. This can also be seen from the correlation plots and
the distribution of protein PAI ratios calculated between rep-
licate nanoLC-MS/MS analyses (supplemental data 3).
Label-free Quantification after One-dimensional SDS-PAGE
Shotgun Analysis—The sample was then submitted to one-
dimensional SDS-PAGE and fractionated into 12 gel bands.
Again, to assess how repeatability is affected by each step of
the analytical process, we performed either three LC-MS/MS
analyses of the 12 gel bands from the same migration lane or
LC-MS/MS analyses of the gel bands from three replicate
migration lanes of the same sample loaded on the gel. In this
latter case, the bands within a particular molecular weight
from the three lanes were analyzed successively, and peptide
identifications from each of them were used to extract XICs in
the corresponding bands, by cross-assignment of peptide
signals in replicate LC-MS/MS runs. As expected, after frac-
tionation the analytical coverage of the protein mixture was
greatly improved, because more than 3500 unique proteins
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(1band) (3x1band) | (12 bands) (3x12 bands)
Total number of 725 696 3553 3590
identified proteins
Number of proteins 3 5 36 66
with CV>50%
Number of proteins 0 0 3 8
with CV>100%
Maximum CV 69,1 75,6 114,8 1454
Median CV 55 6,0 47 7,2
99% CV distribution 374 48,4 49,9 61,2
95% CV distribution 19,6 30,8 243 32,9
75% CV distribution 9,4 11,9 8,6 13,1

Fic. 2. Coefficients of variation for protein PAIl values between
triplicate LC-MS measurements. The results are shown for exper-
iments without fractionation (one gel band analyzed three times or
three replicate gel bands analyzed once by LC-MS) or with one-
dimensional SDS-PAGE fractionation (each of the 12 molecular
weight fractions from one gel lane analyzed three times consecutively
or analysis of three gel lanes). A, histogram of CVs distribution in the
different experiments. B, box and whisker plots showing the disper-
sion of protein CVs near the median value. The bottoms and tops of
the boxes correspond to the 25th and 75th percentiles of the CV
distribution, and whiskers correspond to the lowest and highest val-
ues within 1.5X interquartile range of these limits. Extreme values
falling out of the box plots correspond to outliers. C, number of
proteins and quantitative repeatability in each experiment.

were identified in both experiments (supplemental data 1).
Even on this larger population, the signal extraction per-
formed by the software allowed retrieval of quantitative data
for almost 99% of the proteins after triplicate sample fraction-
ation through one-dimensional gel (supplemental data 2). Pre-
processing of the raw quantitative data was performed to
remove the systematic effects and variations because of the
measurement process. As for one-shot analysis, a hormaliza-
tion step was used to take into account variability of the
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Fic. 3. Effect of normalization and integration procedures on
the quantitative results after SDS-PAGE fractionation. A, histo-
grams of CVs for 1) nontransformed protein PAI values calculated on
raw data, 2) normalized protein PAI values transformed with a global
correction factor (ratio of summed PAI values for all proteins along
each migration lane in replicate experiments), or 3) protein PAIl values
calculated from normalized XIC signals for each group of matching
gel bands. B, histograms of CVs for protein PAI values calculated
after normalization of XIC signals in matching gel bands, taking into
account only the fraction with the best PAI for proteins identified in
several gel bands, or after integration by summing PAI values on three
consecutive gel bands near the best intensity fraction.

nanoLC ESI-MS signal, and in the case of gel replicates,
unequal amounts of protein were loaded on the gel and gel
processing variability. When this normalization procedure was
performed at the scale of the whole experiment (i.e., by com-
paring signal intensity of all the peptides detected all along the
migration lane in replicate experiments), a global correction
factor was calculated and used to correct the protein PAI
values of replicates experiments against a reference. As
shown in Fig. 3A, this process improves to some extent the
CVs of PAIl values for proteins detected in replicate gel lanes
but only in a limited way. A significantly better correction was
achieved by comparing intensities of peptides detected in
matching gel bands, allowing derivation of 12 different nor-
malization factors applied separately to correct quantitative
values in each group of molecular weight gel fractions repli-
cates. Obviously, this approach is best suited to correct
LC-MS variability, because it compares samples that were
measured within a shorter lapse of time and that contain
similar protein subpopulations. An automatic normalization
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TABLE |
Statistics of peptide migration across the SDS-PAGE fractions

Peptide apex count distribution indicates the number of peptide
precursor ions that were detected at their maximal intensity in the
same matching fractions across all three replicates (one fraction), in
the same fraction in only two replicates (two fractions), or in different
fractions in the three replicates (three fractions). Peptide apex dis-
tance distribution illustrates the maximal gap between apex fractions
when peptides were detected in nonmatching fractions across the
replicates.

No. of precursor ions

Peptide apex Three migration ~ Three injections

lanes of one lane
Count distribution
One fraction 33,932 34,769
Two fractions 1,402 364
Three fractions 91 0
Distance distribution
0 33,932 34,769
1 1,269 312
2 53 22
3 21 10
4 12 4
5 11 1
6 10 3
7 9 6
8 54 1
9 38 4
10 15 1
11 1 0

procedure to correct peptide intensities of matching fractions
in the case of fractionation experiments was thus included in
MFPaQ and used in this study.

In addition, to correct for gel migration variability from lane
to lane, an integration procedure was also included to sum up
the signal of proteins detected in several fractions over the
SDS-PAGE lane. However, bands along the migration lane will
be corrected with different normalization factors, and integra-
tion of signal from very distant gel bands can generate quan-
titative errors. To evaluate gel migration variability, MFPaQ
was used to retrieve the apex of the electrophoretic gel mi-
gration pattern for each peptide identified in each replicate
experiment. Table | shows the apex count distribution, reflect-
ing the number of peptides that were detected at their max-
imal intensity in nonmatching fractions in the three different
replicates. As expected, the apex of the vast majority of
peptide ions was detected in the same gel band, but in the
case of replicate gel lanes, for 1402 of the peptide ions (~4%
of the total number of precursors) the “best” gel band is
identical in only two replicates of three, and for a small mi-
nority of them (91 peptide ions, 0.25%), it is different in all
three replicates. To some extent, these figures include cases
that may be explained by LC-MS variability: indeed, in the
case of LC-MS replicates, there is also a small degree of
disparity between apex fractions (364 peptide ions, 1% of
total, for which the maximal intensity is measured in a nonre-
producible way in one injection replicate). However, variability
of the electrophoretic migration of proteins along the gel lanes

and manual cutting of the fractions account for the majority of
the discrepancies in the case of replicate gel lanes. Of the
1493 peptide ions for which conflicts were detected, as
shown in Table |, the maximal distance between apex frac-
tions is 1 for 1269 precursors, i.e., the maximal intensity is
measured in matching gel bands or in an adjacent band for all
three replicates. In many cases, this is probably due to gel
cutting inside protein migration patterns and unequal parti-
tioning of these proteins into adjacent gel bands depending
on the migration lane. In a small number of other cases, the
apex fractions are more distant, probably because of migra-
tion problems, irreproducible degradation or precipitation of
some proteins, or wrong signal extraction by the software. To
correct the most frequent artifacts associated with the SDS-
PAGE fractionation process, without introducing additional
errors, we thus decided to integrate quantitative data by sum-
ming the PAI values for fractions adjacent to the fraction with
the best PAI (the same three consecutive fractions for all the
replicates to be compared). Fig. 3B shows the result of this
integration procedure on the CVs of PAIl values for proteins
detected in replicate gel lanes, compared with CVs calculated
by retrieving only the best PAIl in one fraction (identified across
all the replicates, and the same matching fraction for all of
them). Although the distributions are globally very similar,
integration brings a small improvement on the CVs, in partic-
ular by reducing the number of extreme values (89 proteins of
3585 are measured with a CV higher than 50% when the PAI
is retrieved from the best intensity fraction, versus 66 proteins
when integration is performed). Thus, PAI values were
summed up from three consecutive fractions in the case of
fractionation experiments.

Finally, as shown in Fig. 2, in the case of sample fraction-
ation, the number of quantified proteins clearly increases, but
this is associated with a higher number of extreme values
falling of the normal distribution of CVs for both experiments,
a significant number of proteins quantified with CVs above
50%, and a higher interquartile range for gel replicates. In the
case of replicate injections, quantitative errors occur again
from the same causes than in the first one-shot experiment
(variations in the nanoLC peptide separation, MS analysis,
and bioinformatic processing), and globally, the accuracy of
the quantification is thus similar (median CV of ~5% and
comparable interquartile ranges). However, the presence of
extreme values can be explained by the higher number of low
abundance species that are quantified compared with one-
shot measurements. Indeed, by increasing the depth of pro-
teome analysis, the fractionation strategy generates quantita-
tive data on low intensity signals that may be subject to larger
fluctuations from one run to another or that may be incorrectly
extracted by the software. This is illustrated by CV to PAI
plots, which reflect a significant decrease of quantitative re-
peatability for lower PAI values (supplemental data 4). On the
other hand, when the 12 gel bands from the three different
migration lanes are analyzed independently, additional errors

Molecular & Cellular Proteomics 11.8

533


http://www.mcponline.org/cgi/content/full/M111.015230/DC1

SBMB

A

MOLECULAR & CELLULAR PROTEOMICS =

P

MC

Label-free Proteomics of Inflammatory Endothelial Cells

, \ — — m——

Control

Lo

Fic. 4. Experimental design and
identification results of the large
scale quantitative proteomic study of
endothelial cells. Three independent
biological experiments were performed
by stimulating HUVECs with inflamma-
tory cytokines in culture (either a com-
bination of TNFa and IFNy or IL1B).
Total cell lysates from control and stim-
ulated samples were loaded and frac-
tionated on six parallel gel lanes and
cut into 12 gel [GRAPHIC]bands. The
table indicates the number of proteins
identified for each gel lane, and the
total number of proteins identified and
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as the number of proteins detected as controll
differentially expressed. Number of

identified 4044

proteins /lane

3881 | 4095 |4029|3981|3907| 4471 | 4506 | 4542 |4691|4533|4387

Total number of

(fold>2, p<0.05)

quantified 4842 5477
proteins
Variant proteins 207 153

related to the one-dimensional SDS-PAGE fractionation pro-
cess (migration and gel band cutting), which was expected to
be the most important source of variability, are introduced.
The distribution of CVs is shifted compared with what was
obtained for injection replicates and now has a median of 7%.
Thus, the gel fractionation process contributes to the varia-
bility of the measurement. However, even in that case, still
99% of the protein population has CVs for PAI values under
70%. These values illustrate the variability of the gel fraction-
ation process when samples are loaded on adjacent lanes, on
the same gel. To further evaluate gel to gel repeatability, which
may be an important parameter when numerous samples have
to be processed, we also performed triplicate fractionation ex-
periments on different gels. As shown in supplemental data 5,
the median CV of proteins PAI shifts from 7% when they are
fractionated and quantified on one gel, to 9% when they are
quantified from samples fractionated on different gels, and
the distribution of CVs is slightly broader. In conclusion, sample
fractionation largely improves the depth of proteome coverage,
although this is obtained at the expense of quantification accu-
racy. However, the repeatability of the method is still acceptable
for a differential quantitative study, performed with statistical
analysis of replicate gel migration lanes.

Large Scale Label-free Quantitative Proteomic Analysis of
Human Primary ECs under Inflammatory Conditions—The

workflow was then used in the context of a real differential
biological analysis, in which we stimulated primary HUVECs
with TNFo/IFN+y or IL1, which represent potent proinflamma-
tory cytokines that trigger inflammatory and immunological
responses. The cells were lysed directly in SDS buffer and
sonicated, and the resulting protein extract was loaded on a
one-dimensional gel. Three biological experiments were per-
formed, with three control samples and three stimulated sam-
ples fractionated independently on six migration lanes (Fig. 4).
Using the fractionation workflow, we could identify and quan-
tify 4842 and 5477 proteins, respectively, from ECs in the
TNFa/IFNy and IL183 experiments (supplemental data 6 and
7). Statistical analysis was performed on protein PAIl values
calculated after normalization and integration, as described
above. For defining expression changes, two criteria were
applied to derive confident data sets of modulated proteins:
Student’s t test p value <0.05 and expression fold change
>2, as described in previous studies (16). Based on these
cut-off values, 207 proteins were found to exhibit a significant
variation following TNFa/IFNvy stimulation (175 up-regulated
and 32 down-regulated) (supplemental data 6). Endothelial
cell response to IL1 stimulation was slightly more restricted,
because we measured 153 modulated proteins (119 over-
regulated and 34 down-regulated) (supplemental data 7).
Functional analysis of modulated proteins using the Protein-
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Fic. 5. Quantitative analysis of endothelial cells proteome following TNFa-IFNy stimulation. The volcano plot of the statistical
significance of expression level changes (t test p value) as a function of protein expression ratio between control and inflamed endothelial cells.
The red and blue dots indicate up-regulated and down-regulated genes, respectively.

Center software shows an important enrichment of functional
categories related to inflammation and immune response
(supplemental data 8). Fig. 5 shows the volcano plot repre-
senting statistical significance in function of protein variation
between treated and control ECs in the case of TNFa/IFNy
stimulation. Among the most induced proteins, we found
many well known cell surface membrane proteins involved in
leukocyte recognition and recruitment (E-selectin, ICAM-1,
V-CAM1, and ICOSLG), proteins involved in antigen process-
ing and presentation through the class | major histocompati-
bility complex, but also inflammatory mediators, such as sig-
naling molecules and transcription factors downstream the
TNFa pathway (TRAF1, NF-«B, and RELB) or IFNy pathway
(JAK1 and STAT transcription factors), as well as many char-
acteristic interferon-induced proteins involved in antiviral re-
sponse, as illustrated in Fig. 6. Interestingly, 42 proteins were
found to be up-regulated both by IL18 and TNFa/IFNy (sup-
plemental data 9). Most of them have been described as NF-«B
target genes, confirming the role of NF-kB as a key mediator of
IL1 and TNFa pathways. To corroborate the results obtained
using our quantitative workflow, we tested by quantitative PCR
the up-regulation of a series of genes corresponding to modu-
lated proteins identified by the proteomic approach. All of the
genes tested confirmed the results of the proteomic study,
including strongly induced genes coding for proteins well
known to be involved in the inflammatory process and also
other genes moderately up-regulated, corresponding to
proteins less described in the literature to be part of endo-
thelial cell response to cytokines, such as ROBO1 (supple-
mental data 10). Altogether, this study shows that the quan-
titative label-free workflow used here can successfully
identify the pathways activated under inflammatory condi-

tions, and it provided a detailed proteomic characterization
of the response triggered by inflammatory cytokines in ECs.

DISCUSSION

Global analysis and quantitative comparison of large pro-
teomes is a fruitful approach to get insights into molecular
mechanisms of complex biological systems. To obtain a com-
prehensive picture of such systems, proteomic analysis must
be as deep as possible, to map and quantify a large range of
protein species, even low abundant ones. Although they have
been greatly improved in recent years, the dynamic range and
the sequencing speed of mass spectrometers still represent
limiting factors for discovery-based proteomics, and in clas-
sical experimental LC-MS designs, they restrict the list of
proteins that can be detected and quantified in a single-run
analysis. To extend the list of identified proteins and obtain
quantitative data on minor species, sample prefractionation is
thus generally combined to nanoLC-MS analysis, either at the
protein level (mainly by SDS-PAGE) or at the peptide level
(often by SCX or isoelectric focusing). In recent studies, sev-
eral thousand proteins could be identified from eukaryotic
cells following sample fractionation (1, 17-19). This upstream
separation step is often performed on isotopically labeled and
mixed samples, ensuring accurate quantification. Here, we
evaluated the repeatability of an analytical workflow combin-
ing SDS-PAGE fractionation and label-free quantification
based on MS signal analysis. Some features of the label-free
quantification performed through the MFPaQ software in this
study were 1) extraction in raw MS files of XICs from identified
and carefully validated peptides, 2) use of a global index for
relative quantification at the protein level, derived from the
intensity values of at most three intense peptides, and 3)
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Fic. 6. Biological pathways activated upon inflammatory response of endothelial cells after TNF«/IFN+y stimulation. Proteins found to
be up-regulated from the proteomic analysis are illustrated and classified in function of the biological processes in which they are involved or

their subcellular location, according to literature data.

integration of the quantitative data from different fractions and
overview of the shotgun experiment through the MFPaQ in-
terface. The identity-based approach allowed extraction of
signal for confidently identified peptides in an automated
batch mode, directly on the 72 raw files of the comparative
experiment (two conditions, three replicates, and twelve frac-
tions). Quantitative data can be viewed at the peptide level
through the MFPaQ interface, which displays the XICs of the
peptide ions in all of the raw files corresponding to matched
fractions but was also directly integrated by the software at
the protein level, by computing the mean value of at most
three intense peptides per protein. In the case of relatively
abundant proteins identified with more than three peptides,
this allowed calculation of PAI values on the highest quality
signals, for a more accurate quantification. However, minor
species identified with less than three peptides were also
quantified based on the available peptide signals. Finally, data
normalization and integration procedures were used in MF-
PaQ to correct LC-MS variability and errors related to nonre-
producible electrophoretic migration of proteins in the case of
sample fractionation.

Overall, our approach proved to behave in a robust way for
the quantification of a complex proteome. Our results show
that for one-shot analysis, label-free quantification can be

achieved with good accuracy (median CV of 5%, 99% pro-
teins with CV values < 48%). Sample fractionation largely
improved the depth of proteomic coverage, and this was
associated with a moderate decrease of quantitative mea-
surement repeatability (median CV of 7%, 99% proteins with
CV values of <62%). Thus, prefractionation by SDS-PAGE
appears to be compatible with label-free quantitation for the
extensive analysis of complex proteomes. In the present
study, it provided a detailed characterization of the proteomic
variations associated with the inflammatory response in hu-
man primary ECs. Although they can be maintained for some
time in culture, these primary cells are not easily amenable to
SILAC labeling, and label-free methods were particularly con-
venient for their quantitative analysis. For each condition (con-
trol or stimulated cells), triplicate samples were fractionated
by SDS-PAGE, and analysis of each gel lane led to the iden-
tification of up to 4600 unique proteins, based on a protein
FDR of 1%. Globally, analysis of the six different gel lanes by
nanoLC-MS/MS and cross-assignment of peptide signals be-
tween samples led to the identification and quantitation of
more than 5400 unique proteins in the IL18 experiment. In a
recent study, the use of very long LC-MS gradients on 50-
cm-long columns was described for in-depth analysis of com-
plex proteomes without prefractionation (20). Such experi-
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mental strategies are probably not yet routinely applicable
because they generally require high pressure chromatography
devices and generate very large raw files that may be difficult
to process with most current bioinformatic tools. However,
they appear to be a promising approach that in principle could
combine the advantages of extensive proteomic coverage
and quantitative accuracy that can be obtained in single-run
analysis. However, the quantitative repeatability of these sev-
eral-hours-long LC-MS gradients is still to be assessed on
replicate analytical runs. Regarding analytical time, analysis of
12 fractions of a one-dimensional gel lane in 2-h-long LC-MS
gradients on conventional LC systems is three times longer,
but technically easier to implement, than analysis of the whole
sample on a long column with an 8-h gradient. On the other
hand, sample prefractionation still probably represents up to
now the most efficient way to get the deepest analytical
coverage of a complex proteome, and the present study
shows that the additional variability associated with this up-
stream process does not preclude quantitative analysis. Thus,
although there is a trade-off between analytical time, quanti-
tative accuracy, and proteomic coverage, putting the empha-
sis on this last parameter would probably require both sample
fractionation and extensive peptide separation with long gra-
dients for very extensive characterization of complex pro-
teomes like the human one. Here, by using only a shotgun
approach based on one-dimensional protein fractionation,
sufficient depth was obtained here to detect changes on very
low abundance proteins such as some transcription factors
and signaling molecules. Although this label-free approach
requires more analytical time than a SILAC-based experiment,
because the samples are injected separately, it also avoids
possible quantitation errors caused by superposition of one
peptide of the SILAC pair with other different isotopic peptide
patterns. In our hands, it also yielded a higher number of
identified proteins, because the same MS/MS sequencing
time is spent on less complex mixtures, containing half the
number of peaks compared with isotopically labeled and
mixed samples. Thus, MS intensity-based label-free quantifi-
cation associated with SDS-PAGE fractionation appears as a
valuable strategy for the differential analysis of complex
proteomes.

The shotgun approach used in our study provided an in-
depth characterization of the EC proteome and the label-free
quantitative proteomic workflow allowed deciphering the in-
flammatory response of these cells. TNFa and IFNy are potent
pleiotropic cytokines that exert a number of biological effects
and trigger a set of complex molecular programs in response
to microbial or viral infection. IFNy is produced mainly by NK
cells and T helper type | cells and, through binding to its
specific type Il IFN receptor, activates the JAK-STAT signaling
pathway, to induce the expression of a large number of genes
(21, 22). In this large scale proteomic experiment, we mea-
sured an up-regulation of the JAK1 kinase and STAT1 tran-
scription factor, which are known to mediate IFN+y response

and regulate genes downstream of y-activated sequence el-
ements. We could also detect an increase of proteins involved
in the TNFa signal transduction pathway, such as TRAF1,
TANK, and RIPK2, converging to the activation of the NF-«B
transcription factor (23). Accordingly, we measured overex-
pression of NF-kB subunits (NFKB2, NFKB1, and RELB) and
a decrease of the inhibitor of NF-«B (IKBB), which controls
nuclear translocation of NF-«kB and undergoes proteasomal
degradation upon TNFa signaling (24). In addition, several
other proteins involved in transcriptional regulation were
shown to be up-regulated after stimulation by the two cyto-
kines (Fig. 6), such as members of the STAT family (STAT2
and STATG6); the PARP-14 protein, which enhances STAT6-
dependent transcription (25); or the IRF1 secondary transcrip-
tion factor, which is induced by STAT1 and plays a key role in
orchestrating the IFN-induced inflammatory response (26).
One major biological process that makes part of this re-
sponse in ECs is recruitment and activation of leukocytes to
the inflammatory site. ECs line the blood vessel walls, and
upon stimulation by cytokines, they secrete chemokines,
which are chemoattractants for lymphocytes and monocytes,
and express at their surface adhesion molecules that capture
circulating leukocytes. We measured in our analysis the
strong up-regulation of a panel of chemokines, such as Frac-
talkine, IL8, CXCL10, CXCL11, CXCL9, CXCL1, or CCL8, and
of other secreted signaling molecules such as IL27b, or IL32.
Indeed, IL32 was recently shown to be a critical regulator of
EC function, which is strongly increased upon IL18 or TNF«
stimulation and mediates in particular the expression of cell
surface adhesion molecules involved in lymphocytes binding
such as VCAM1 (27). Although our analysis was performed on
a whole cell lysate and not focused on membrane proteins,
we could clearly measure the overexpression of several cell
surface proteins involved in cell-cell interactions. Leukocyte
adhesion molecules such as E-selectin, ICAM1, and VCAMA1
were the among the most strongly induced gene products
and represent major players in the initial rolling and arrest step
of leukocytes-EC interaction along the blood vessel walls (28).
Simultaneously, molecules known to promote procoagulant
activity at the EC surface such as plasminogen activator
inhibitor 1 (Serpine 1) were also induced (29). Other cell sur-
face proteins were shown to be overexpressed in response to
TNFo/IFNy treatment, such as the ICOS-ligand protein, which
is an important costimulator in EC-mediated T cell activation
(80); the ROBO1 receptor that may play a role in leukocyte
migration (31); or the programmed cell death 1 receptor ligand
PDL1, involved in immune regulation (32). Additionally, the
expression of cell surface class | MHC molecules was also
increased upon stimulation by inflammatory cytokines. ECs
constitutively express class | MHC molecules in vivo, which
are significantly decreased during cell culture but can be
restored upon IFNy or TNFa treatment (33). Following stimu-
lation, we observed concomitantly the induction of all the
machinery for antigen processing and presentation, including
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the immunoproteasome responsible for degradation of cyto-
plasmic endogenous or viral proteins; TAP proteins involved
in antigenic peptide transport to the endoplasmic reticulum;
and Tapasin, which binds to the TAP complex and allows
antigen loading to assembled MHC molecules (34). Finally, a
wide range of interferon-induced proteins were detected as
strongly up-regulated, such as small GTPases (guanylate-
binding proteins, Mx1, and Mx2) and the 2'-5'-oligoadenylate
synthase family, which play an essential role on viral RNA
degradation and the innate immune response to viral infection
(21).

The EC response to IL1 stimulation, as characterized from
the second large scale proteomic experiment, shared many
features with the response induced by the TNFa/IFNvy treat-
ment. Major biological processes of EC inflammatory activa-
tion were again highlighted, i.e., secretion of chemoattractant
molecules and other cytokines (CXCLS6, interleukin 8, CXCL1,
CXCL2, CCL2, granulocyte colony-stimulating factor, macro-
phage colony-stimulating factor, interleukin 27, and interleu-
kin 32), expression of cell surface leukocyte ligands (ICAM1,
VCAMT1, selectin, ICOS ligand, Syndecan-4), as well as anti-
gen processing and presentation through MHC class | mole-
cules (immunoproteasome subunits, TAP1, Tapasin, and HLA
molecules). As IL1B signals through the NF-«B pathway,
many proteins induced by IL18 were also induced by TNFa
(see supplemental data 9). Both cytokine are, for example,
endogenous pyrogens that cause fever, and in both experi-
ments, we found an up-regulation of the prostaglandin G/H
synthase 2 of the prostaglandin G/H synthase 2 (cyclooxyge-
nase-2, COX2), which is responsible for synthesis of prosta-
glandin E, prostaglandin, the key molecule for activation of
thermosensitive neurons in the hypothalamus (35, 36). Addi-
tionally, in the IL1B8 experiment, we detected the induction of
phospholipase A,, which hydrolyzes glycerophospholipids to
produce arachidonic acid, the rate-limiting step in the synthe-
sis of prostaglandin E, by COX2. In this experiment, we could
also specifically detect the induction of the cysteine protease
caspase 1, which is directly involved in cleavage of proactive
IL18 into its mature form, as well new regulatory molecules
such as TC1, which has been described as a novel endothelial
inflammatory regulator that is up-regulated by IL18 and am-
plifies NF-«B signaling via a positive feedback (37).

Many proteins could be identified that were not previously
described as activated in ECs, deserving further studies to
determine their exact function in the inflammatory process.
For example, the ROBO1 receptor protein has been described
to be involved in axon guidance and neuronal precursor cell
migration (38), but its potential role in mediating cell-cell in-
teractions at the endothelial surface under inflammatory con-
ditions has been poorly described (39). Here, we show that
this protein is overexpressed in HUVECs after TNFa/IFNy
stimulation, and the induction of the corresponding gene was
confirmed by quantitative PCR for both TNFa/IFNy and IL13
treatment. Another example is the circadian deadenylase

Nocturnin, which was found to be significantly induced by
both TNFa/IFN+y and IL18 stimulations. This protein, that is
under circadian regulation, can also mediate immediate early
gene responses, and it has been hypothesized that it could be
involved in the post-transcriptional regulation of both rhyth-
mic and acutely inducible mRNAs, by controlling mRNA de-
cay through poly(A) tail removal (40). Indeed, very recently it
was shown that Nocturnin can be induced by endotoxin li-
popolysaccharide and that it stabilizes the proinflammatory
transcript inducible nitric-oxide synthase (40), suggesting that
Nocturnin could play a role in the circadian response to in-
flammatory signals. The proteomic data obtained here indi-
cate that it is also induced in endothelial cells upon stimula-
tion with TNFa/IFN+y and IL18 and thus support the idea that
this protein could play a general role in the regulation of
cytokine-induced inflammatory response.

In conclusion, this is the most extensive proteomic study of
EC to date, performed on the widely used in vitro primary
endothelial cell model HUVEC. It allowed identification in
these endothelial cells of more than 5400 proteins, adding
some more depth to a large scale data set previously pub-
lished (41), in which ~3800 proteins were identified and 1300
proteins could be quantified by "0 labeling, following treat-
ment with the proangiogenic factor vascular endothelial
growth factor. The present study provides the first complete
characterization at the proteomic level of the EC response to
inflammatory cytokines such as TNFq, IFNvy, and particularly
IL18. The list of proteins modulated by these factors, as
characterized here in a global way, can thus represent a
reference to study the function of other newly discovered
interleukins of the IL1 family that may trigger similar re-
sponses but also some specific pathways.
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