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Abstract Several genome-wide transcriptome studies have
shown that chronic inflammatory responses generally taking
place in the inflamed tissue are also reflected at the level of
peripheral blood leukocytes. Blood monocytes are highly
sensitized cell type continuously activated under inflammatory
conditions. For a better understanding of the transcriptional
imprinting influenced by a multitude of pro- and anti-
inflammatory mediators, we established a whole blood in
vitro system to explore cell- and stimulus-specific gene
expression signatures in peripheral monocytes. In an
explorative study, whole blood from healthy donors was
stimulated with tumour necrosis factor-alpha (TNF-α) or
lipopolysaccharide (LPS) for 1.5 h. Subsequently, monocytes
were isolated with a purity of >99% by high-speed fluores-
cence activated cell sorting. Transcriptional changes were

explored by whole genome Affymetrix arrays using highly
validated filtering algorithm to identify differentially expressed
genes. In vitro stimulation of whole blood samples with TNF-
α and LPS resulted in 4,529 and 5,036 differentially expressed
genes, respectively. Although both stimuli induced similar
inflammatory profiles in monocytes, TNF-α- or LPS-specific
gene signatures were characterized. Functional classification
identified significant numbers of differentially expressed
cytokines, cytokine receptors and apoptosis-associated genes.
To our knowledge, this is the first study presenting cell- and
stimulus-specific gene expression signatures that can be used
to decipher complex disease specific profiles of acute and
chronic inflammation. Once a library of signatures from the
most important inflammatory mediators is defined, it can be
helpful to identify those signatures, which are predominantly
driving the disease pathogenesis and which are of potential
interest for a therapeutical intervention.
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Introduction

Inflammation that accompanies autoimmune diseases could
affect different tissues and organs like skin, kidneys, central
nervous system in systemic lupus erythematosus (SLE),
joints, lungs, heart in rheumatoid arthritis (RA), brain and
spinal cord in multiple sclerosis [1], skin and joint in psoriasis
[2]. Although different organs are affected, peripheral blood
as easily accessible sample material reflects acute and
chronic inflammatory responses. Changes in the number of
leukocytes or of specific leukocyte population, and elevated
levels of blood markers like erythrocyte sedimentation rate,
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C-reactive protein, and fibrinogen are of relatively limited
diagnostic importance, considering that these commonly
used biological markers are more inflammation than diseases
dependent. Nevertheless, some of inflammatory markers like
anti-nuclear antibodies or anti-citrullinated peptide/protein
antibodies and rheumatoid factor (RF) are more specific for
SLE or RA, respectively. A possibility to improve diagnosis
and to get a better insight into disease pathogenesis using
blood as the sample material emerged with appearance of
microarray technology. The DNA microarray technology, as
a comprehensive approach for identifying thousands of
differentially expressed genes at a given time, was used to
reveal alterations in gene expression of peripheral blood cells
(PBC) or peripheral blood mononuclear cells (PBMC) [3–8].
PBMCs have been used as the source for the establishment
of disease-related profiles in patients with RA [3], psoriatic
arthritis (PsA) [4, 5], dermatomyositis [6], SLE [7], type 1
diabetes [8] and multiple sclerosis (MS) [9]. However,
changes in the fraction of leukocytes within PBMCs
correlate with the alteration of overall PBMC's gene
expression. In RA patients monocytes related gene expres-
sion profiles, monocytosis as well as activation of monocytes
associated genes during relapse of disease have been
described [3, 10, 11]. To circumvent the complexity and
the cellular heterogeneity of PBCs or PBMCs, we have
introduced an approach of cell-specific gene expression
profiling [12]. Using this approach transcriptional patterns
of monocytes have been established for discrimination
between different rheumatic diseases like RA, SLE and
ankylosing spondylitis (AS) from healthy donors [12]. To
interpret disease-related changes of gene expression and to
understand molecular pathomechanisms, it is essential to
know response pattern of different cell types to specific
triggers. For example, in vitro stimulation of PBMCs with
interferons (IFNs) was the key experiment to identify the
corresponding IFN type I gene expression signature in various
diseases like SLE [7], dermatomyositis [6] and in a subset of
RA patients [13]. Based on these findings we focused on the
development of tumour necrosis factor-alpha (TNF-α) and
lipopolysaccharide (LPS) signatures in human monocytes.
TNF-α has been reported as one of the major inflammatory
cytokine involved in septic shock, malaria, cancer, as well as
in pathogenesis of many autoimmune diseases, like RA, PsA,
AS and Crohn's disease [14, 15]. Produced predominantly by
monocytes/macrophages but also by lymphocytes and NK
cells, this potent cytokine acts through TNFR-1 (the p55 TNF
receptor) and TNFR-2 (the p75 TNF receptor). These
receptors are expressed on nearly all human cells and they
are responsible for the pleiotropic effect of this cytokine [16].
On the other side, LPS as a component of the outer membrane
of gram-negative bacteria is a powerful inducer of TNF-α
production. As one of the strongest activators of the innate
immune system including monocytes, the LPS-induced

systemic inflammatory response is characterized by the
release of other inflammatory mediators as well, such
as IL-1α, IL-1β, IL-6, IL-8, CCL2, and CCL8.
The relevance of monocytes/macrophages, as the main
producers of TNF-α, as well as the significance of these
cells in response to anti-TNF-α therapy [17], emphasize
the importance of these cells in the development of
autoimmune diseases such as RA [18] and AS [19].
Although response of all leukocytes and whole body in
general is present under inflammatory condition, focus
on a specific leukocyte population could improve
understanding of altered circumstances, especially those
where monocytes and their inflammatory mediators have a
great impact like SLE, RA, sepsis and atherosclerosis.

Materials and methods

Blood collection and study design of in vitro signatures

A 200 ml of peripheral blood from four healthy donors was
collected in Vacutainer Heparin tubes (Becton Dickinson,
Heidelberg, Germany). Donors used in this study were
Caucasian in origin and non-smoker; two donors were females
(24 and 27 years old) and two were males (28 and 30 years old)
and not under any medication. Samples that represent unstimu-
lated controls were immediately processed. Other samples were
incubated for 1.5 h at 37°C either without stimulus or were
stimulated with 100 ng/ml TNF-α (Peprotech, London, UK)
and 100 ng/ml LPS (O111:B4 E.coli, Sigma, Germany),
respectively. After stimulation, blood samples were lysed by
EL buffer (Qiagen, Hilden, Germany) at 4°C according to the
instruction of the manufacturer. Subsequent depletion of
granulocytes was performed using CD15-conjugated microbe-
ads (MACS, Miltenyi Biotec, Bergisch Gladbach, Germany)
and the automated separation system Auto-MACS (Miltenyi
Biotec). CD15-depleted fraction was stained with CD14-
fluorescein isothiocyanate (FITC) antibody (Becton Dickinson)
to label monocytes and with propidium iodide to exclude dead
cells. Using FACSAria cell sorter (Becton Dickinson) mono-
cytes were isolated with purity and viability of >99%.
Absolute numbers of monocytes were estimated after their
separation, and comparable cell numbers were obtained from
all donors: 6.3±1.6×105 from 10 ml of blood (mean±SD).
The Ethics Committee of the Medical Faculty of Charité
Universitätsmedizin Berlin approved the study.

RNA isolation, Affymetrix gene chip hybridization
and quality checks

After sorting, monocytes were immediately lysed in RLT
buffer (Qiagen), containing β-mercaptoethanol. Lysates
were stored at −80°C until RNA isolation. RNA isolation,
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Affymetrix gene chip hybridization and quality checks were
performed as already described [20]. Since not all 16
samples passed stringent quality criteria for a successfully
hybridized microarray, recommended by Affymetrix, finally,
12 arrays were used for comparative data analysis. To obtain
maximal statistical power as demonstrated elsewhere [21], we
performed group-wise comparison analysis instead of donor-
matched analysis. By this way, if comparing two groups of 2
and 3 arrays respectively, the results of six comparisons are
still available, as compared with two comparisons only,
when donor-matched analysis would be performed. The
chips from four donors were labelled from 1 to 4 and
numbers relate to the same donors in all four groups:
unstimulated 0, unstimulated 1.5 h, TNF-α 1.5 h and
LPS1.5 h. Each of the 3 chips of the TNF-α (TNF-1,
TNF-3 and TNF-4) or the LPS groups (LPS-2, LPS-3,
LPS-4) was compared with each of two chips of the
unstimulated group “unstim 0 h” (UN0-1 and UN0-2).
Thus, six comparisons were available for the determina-
tion of TNF-α and LPS profiles, respectively. However, if
available, donor-matched analysis is also included as a
part of group-wise comparison. For example one of six
comparisons in TNF-α vs UN0 represents donor-matched
analysis: TNF-1 vs UN0-1. All chips included in the
analysis are also apparent in heat-maps of Figs. 1, 4, 5a,
6a and 8a. To reveal probe sets which behave sensitive to
in vitro incubation (STIVI genes), four chips of the
unstimulated group “unstim 1.5 h”, which represents
samples that were incubated at 37°C for 1.5 h without
any stimuli, were compared with two chips of the
unstimulated group “unstim 0 h”, which represents
samples of monocytes processed immediately after their
isolation. Array data will be publically available in the
BioRetis database (http://www.bioretis-analysis.de) and
explanation of their selection is provided in Electronic
supplementary File 1.

Chip data analysis and cluster algorithms

For chip data analysis we used all relevant data of the
Affymetrix GCOS/MAS5 software, imported these into the
BioRetis database (www.bioretis-analysis.de), performed
group comparisons and filtered the significant differentially
expressed probe sets as described before [21]. In detail,

�Fig. 1 Gene expression profile of TNF-α- and LPS-stimulated
monocytes for 1.5 h in whole blood. Hierarchical clustering of
11678 Affymetrix probe sets, which correspond to about 5896 known
genes that distinguish stimulated monocytes from unstimulated cells.
Each row represents one probe set and each column indicates one
subject. Red indicates increased and green decreased expression
compared with the mean. The colour intensity represents the
magnitude of the deviation from the mean. Expression value
intensities are depicted according to the colour-indicator key and
range from -2 to 2
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each chip was globally normalized and scaled to an average
intensity of 150 (target value TGT=150) to adjust for
global differences in hybridization. All data of the GCOS
software (expression heights, call for presence of transcript,
p value for presence or absence of transcripts, log2 value of
fold change and 95% confidence intervals of it, call for the
significance of differential expression, the non-parametric p
value for that call and additionally calculated strict
Bonferroni corrected Welch t tests) were included in
filtering significant probe sets (High Performance Chip
Data Analysis, HPCDA; unpublished). Some of the data of
all of these combined genes and probe sets are available in
Electronic supplementary Table 1. For hierarchical cluster
analysis (as Eisen plot), we used the programme Genes@
Work [22]. It was used with gene vectors for normalization
and Pearson w/mean for similarity measure. As cluster type,
we used method centre of mass.

FACS staining and analysis

For intracellular staining monocytes were stimulated in the
presence of 5μg/ml Brefeldin A (Sigma). Cells were fixed with
3% paraformaldehyde, permeabilized with 0.5% saponine and
labelled with human anti-IL-1β FITC (BD Bioscience), anti-
IL-6 FITC (BD Bioscience), anti-IL-8 PE (BD Bioscience) and
anti-TNF-α FITC (in-house generated) antibodies. The proce-
dure for detection of NFκB phosphorylation was performed
after 30 min stimulation. Fixed cells were permeabilized with
70%methanol and stained with human anti-pNFκB p65 FITC-
labelled antibody (BD Bioscience). The experiments were
repeated at least three times. Measurements were performed on
a FACS Calibur (BD) and unstimulated monocytes immedi-
ately processed and unstimulated monocytes incubated for
1.5 h at 37°C were used as controls.

Microarray data from anti-TNF-α-treated RA patients

In the study of Stuhlmüller et al. [23] peripheral human
monocytes were isolated from rheumatoid arthritis patients
(RA) before and after treatment with the TNF-α-blocker
adalimumab, labelled as RA1, RA2, RA3, RA5 and RA7,
before Th and after therapy (anti-TNF). Array data were
generated by using Affymetrix HG-U 133A gene chips.

Results

Defining genes induced by ex vivo incubation
of monocytes for 1.5 h

To determine the genes that are sensitive to the in vitro
manipulation of whole blood samples, we compared the
samples of isolated monocytes after whole blood incubation

for 1.5 h at 37°Cwith the samples of immediately isolated cells.
The comparison identified 899 differentially expressed probe
sets (correspond to 655 genes) in monocytes that were sensitive
to in vitro incubation—STIVI (Electronic supplementary
Table 1). These STIVI genes served as a technical control
for the analysis of TNF-α and LPS effects in monocytes. Out
of 899 STIVI probe sets, expression of 389 (270 genes) were
increased and of 510 (385 genes) were decreased. Within this
group of genes we identified up-regulation of TLR1 (FC=
1.22) and CCR5 (FC=1.56), and down-regulation of CCR2
(FC=−1.56) and IL-6R (FC=−2.53). However, expression of
the same genes was more affected by TNF-α and LPS

Fig. 2 Overall distribution of differentially expressed probe-sets
sensitive to in vitro incubation “STIVI”-, TNF-α- and LPS. Venn
diagram represents 11,678 differentially expressed probe sets in TNF-
α- and LPS-stimulated monocytes for 1.5 h in whole blood together
with STIVI probe sets, whose expression was detected during
incubation for 1.5 h. Values in parenthesis indicate the absolute
number of differentially expressed probe sets in all three groups
compared with unstimulated and immediately isolated monocytes

Fig. 3 NFκB phosphorylation in monocytes detected 30 min after TNF-
α and LPS stimulation in whole blood. After activation in whole blood
monocytes were isolated using MACS technology, namely with CD15
magnetic beads granulocytes were removed and pure monocytes were
obtained with additional MACS CD14 positive cell sorting. The
alterations in phosphorylation of NFκB were measured by flow
cytometry on a FACSCalibur. Histograms represent mean fluorescence
intensity (MFI) of unstimulated and immediately processed monocytes
(filled in gray), unstimulated monocytes incubated for 1.5 h (gray line),
TNF-α stimulated (green line) and LPS stimulated (red line). Data show
representative histogram from three independent experiments
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stimulation, like down-regulation of CCR2 by FC=−13.93
and FC=−38.5, respectively.

TNF-α- and LPS-induced transcriptomes reveal common
and stimulus-specific inflammatory profiles

To identify the response of monocytes to inflammatory
conditions we studied gene expression profiles of isolated
monocytes which were stimulated for 1.5 h in the whole blood
by TNF-α- and LPS. Stimulated samples were compared with
those that were unstimulated and immediately isolated, and
which were used as a control group in chip data analysis.
Considerable numbers of differentially expressed probe sets
were identified, 8,321 after TNF-α and 9,711 after LPS
stimulation (Fig. 1). Probe sets for uncharacterized genes

were removed, and different probe sets of one gene were
combined, revealing 4,529 and 5,036 genes differentially
expressed by TNF-α and LPS, respectively. Both stimuli
induced considerably overlapping expression profiles (Fig. 2).
The differential regulation of 6,497 probe sets in common is
consistent with the fact that both TNF-α and LPS activate
signalling pathways, such as IKK-NFκB, and Jnk-AP1.
Phosphorylation of NFκB, which we used as an indication
of early monocytes activation and a control parameter for our
experimental setup, was identified 30 min after TNF-α and
LPS stimulation (Fig. 3). On the other hand, each stimulus
also induced specific changes in expression, characterized
with 1,703 probe sets (1,093 genes) which were TNF-α
specific, while 3,151 probe sets (1,945 genes) were affected
by LPS stimulation only (Fig. 4a, b). Down-regulation of

Fig. 4 Gene expression profiles
that discriminate TNF-α- from
LPS-stimulated monocytes. a
Hierarchical clustering of 1,824
Affymetrix probe sets differen-
tially expressed just by TNF-α. b
Hierarchical clustering of 3,214
Affymetrix probe sets differen-
tially expressed only by LPS. c
Hierarchical clustering of 94
Affymetrix probe sets regulated
by TNF-α and LPS that belong
to common inflammatory profile
but showed opposite direction of
changes. Each row represents
one probe set and each column
indicates one subject. Red indi-
cates increased and green de-
creased expression compared
with the mean. The colour in-
tensities are depicted to the de-
viation from the mean.
Expression value intensities are
depicted according to the colour-
indicator key and ranged from −2
to 2
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Table 1 Functional classification of TNF-α and LPS differentially expressed genes

UN 1.5h vs UN 0h TNF-α 1.5h vs UN 0h LPS 1.5h vs UN 0h

p Value p Value,
Bonferroni corr

p Value p Value,
Bonferroni corr

p Value p Value,
Bonferroni corr

Up-regulated biological processes

Functional group 1. Signal transduction

GO:0007165∼signal transduction NI NI 1.95113E-07 0.001024013 1.45187E-08 7.62348E-05

GO:0009967∼positive regulation of
signal transduction

NS NS 1.75557E-08 9.21805E-05 6.60009E-08 0.000346511

GO:0007242∼ intracellular signalling cascade NI NI 4.85998E-17 2.55198E-13 2.39094E-11 1.25548E-07

GO:0007243∼protein kinase cascade NI NI 1.05731E-10 5.55191E-07 7.62452E-12 4.00366E-08

GO:0007249∼I-kappaB kinase/NF-kappaB cascade NS NS 2.93761E-11 1.54254E-07 5.56165E-10 2.92042E-06

GO:0043122∼regulation of I-kappaB
kinase/NF-kappaB cascade

NS NS 1.64932E-09 8.66053E-06 2.8929E-09 1.51905E-05

GO:0043123∼positive regulation of I-kappaB
kinase/NF-kappaB cascade

NI NI 2.53645E-09 1.33188E-05 1.95211E-08 0.0001025

Functional group 2_Apoptosis

GO:0006915∼apoptosis NI NI 3.37965E-14 1.77225E-10 4.2752E-13 2.24505E-09

GO:0006916∼anti-apoptosis NI NI 4.24543E-06 0.022046168 1.91943E-06 0.010028294

GO:0008219∼cell death NI NI 4.36561E-13 2.29227E-09 5.09535E-13 2.67529E-09

GO:0016265∼death NI NI 4.36561E-13 2.29227E-09 5.09535E-13 2.67529E-09

GO:0008632∼apoptotic program NI NI 0.000268376 NS 0.000488007 NS

GO:0006917∼ induction of apoptosis NI NI 0.00076769 NS 9.75975E-05 NS

GO:0042981∼regulation of apoptosis NI NI 5.61818E-11 2.95011E-07 1.69012E-11 8.87485E-08

GO:0043065∼positive regulation of apoptosis NI NI 0.00023117 NS 2.60968E-05 NS

GO:0043066∼negative regulation of apoptosis NI NI 5.01037E-08 0.00026306 1.12325E-07 0.000589644

GO:0043281∼regulation of caspase activity NI NI 0.000218093 NS 0.00015017 NS

GO:0043280∼positive regulation of caspase activity NI NI 0.001767342 NS 0.004448026 NS

GO:0006919∼caspase activation NI NI 0.001855499 NS 0.005025105 NS

GO:0043154∼negative regulation of caspase activity NI NI NS NS 0.027228421 NS

Functional group 3. Immune/inflammatory response

GO:0006955∼ immune response NI NI 1.46813E-09 7.70913E-06 1.03836E-24 5.45241E-21

GO:0006954∼ inflammatory response NS NS 5.90855E-08 0.00031021 3.07367E-12 1.61397E-08

GO:0006952∼defense response NI NI 1.51662E-05 NS 3.87978E-12 2.03728E-08

GO:0006950∼response to stress 0.0213 NS 1.28897E-08 6.76816E-05 3.61985E-10 1.90078E-06

GO:0009611∼response to wounding NS NS 7.54758E-07 0.003955395 4.30625E-10 2.26121E-06

GO:0050896∼response to stimulus NS NS 0.000502016 NS 1.20858E-11 6.34624E-08

GO:0009605∼response to external stimulus NS NS 2.52081E-05 NS 6.30429E-08 0.000330983

Functional group 4. Cytokines. Cytokine Receptors

KEGG_PATHWAY: hsa04060:Cytokine–cytokine
receptor interaction

NI NI 0.000296713 0.066254126 2.2926E-07 5.29577E-05

SP_PIR_KEYWORDS: cytokine NI NI 0.000729952 NS 4.43414E-06 0.004711234

SP_PIR_KEYWORDS: cytokine receptor NI NI 0.000237422 NS 1.82655E-06 0.001943386

GO:0005125∼cytokine activity NI NI 0.000620078 NS 7.12609E-08 0.000204925

GO:0001816∼cytokine production NS NS 0.002419912 NS 0.000117169 NS

GO:0019955∼cytokine binding NI NI 0.008862208 NS 0.00557255 NS

GO:0006935∼chemotaxis NI NI 6.82232E-07 0.003575994 1.00316E-08 5.26747E-05

GO:0008009∼chemokine activity NI NI 1.39855E-05 0.039424439 5.40558E-08 0.000155452

GO:0042379∼chemokine receptor binding NI NI 1.89742E-05 NS 8.09868E-08 0.000232891

GO:0019221∼cytokine and chemokine
mediated signalling pathway

NI NI 0.009966274 NS 0.00260285 NS

GO:0001819∼positive regulation of cytokine production NI NI 0.003136241 NS NS NS

GO:0001817∼regulation of cytokine production NI NI 0.007760885 NS 0.049235575 NS

GO:0042107∼cytokine metabolic process NS NS 0.010848582 NS 0.000473845 NS
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TNFSF10, TLR8, EPOR, CD1A, CASP10 and up-regulation
of FPR3, GPR35, CD22, CASP3 constitute part of the TNF-
α-specific profile. Genes like TLR6, TNFSF14, TNFRSF1A
as down-regulated and IFNB1, SOCS1, INHBA, CD200,
IRF1, IRF7, IRF8 as up-regulated represent part of the LPS-
specific pattern (Electronic supplementary Table 2). Note-
worthy is the set of genes which were differentially
expressed by TNF-α and LPS but in opposite direction
(Fig. 4c). Remarkable numbers of these genes are considered
as part of an IFN signature like IFIT1, IFIT3, IFIT5, IFI44,
OAS1, OAS2 and XAF1. Our results revealed that LPS
induced their expression as well, while these genes were
suppressed by TNF-α (Electronic supplementary Table 2).

Functional classification of differentially expressed genes
in monocytes stimulated by TNF-α and LPS

Database for Annotation, Visualization and Integrated Discov-
ery [24] was used for functional classification and biological
interpretation of differentially expressed genes. Within the
group of up-regulated genes, those involved in signal
transduction, apoptosis, and immune/inflammatory response

were identified among the top most significant biological
processes (Table 1). Genes involved in metabolic processes
and genes encoding components of mitochondria were
significantly down-regulated. “Metabolic process” was the
functional group with the highest significance (Bonferroni
corrected p values, p=8.46 10−20 for TNF-α and p=1.57 10-
32 for LPS). We next evaluated all differentially expressed
cytokines, cytokine receptors and apoptosis-associated genes
using Gene Ontology annotations as selection criteria and
described two profiles in monocytes in more detail: the
cytokine–cytokine receptor profile (Fig. 5a) and the apoptosis-
survival profile (Fig. 6a).

Cytokine–cytokine receptor profile is composed of 120
differentially regulated genes, and subdivided into interleu-
kins and interleukin receptors named here as “Interleuki-
nome”, chemokines and chemokine receptors, named as
“Chemokinome”, TNF–TNFR family members, as well as
interferons, growth-, differentiation- and proliferation-factors
and their corresponding receptors (Fig. 5b, Electronic
supplementary Table 3).

The Interleukinome consisted of 37 differentially
expressed genes. Beside interleukins and interleukin receptors

Table 1 (continued)

UN 1.5h vs UN 0h TNF-α 1.5h vs UN 0h LPS 1.5h vs UN 0h

p Value p Value,
Bonferroni corr

p Value p Value,
Bonferroni corr

p Value p Value,
Bonferroni corr

GO:0042089∼cytokine biosynthetic process NS NS 0.020964855 NS 0.001105806 NS

GO:0042035∼regulation of cytokine biosynthetic process NS NS 0.033474492 NS 0.000623864 NS

GO:0042108∼positive regulation of cytokine
biosynthetic process

NI NI 0.019241269 NS 0.000470854 NS

Decreased biological processes and cellular compartment

Functional group 1. Metabolic process

GO:0008152∼metabolic process NI NI 1.61233E-23 8.46634E-20 2.98E-36 1.57E-32

GO:0043170∼macromolecule metabolic process NI NI 9.22187E-20 4.8424E-16 1.47929E-34 7.76774E-31

GO:0043283∼biopolymer metabolic process NI NI 1.41346E-16 5.82978E-13 5.21991E-29 2.74097E-25

GO:0006139∼nucleobase, nucleoside, nucleotide
and nucleic acid metabolic process

NI NI 8.23119E-09 4.3221E-05 9.87221E-22 5.1839E-18

GO:0009987∼cellular process 0.01225 NS 1.38E-04 NS 2.39E-11 1.25E-07

Functional group 1. Metabolic process

GO:0005739∼mitochondrion NS NS 1.69022E-29 1.4688E-26 3.90468E-35 3.39317E-32

GO:0031966∼mitochondrial membrane NI NI 1.16092E-08 1.00883E-05 1.54533E-10 1.34289E-07

GO:0044429∼mitochondrial part NI NI 1.0571E-15 9.64784E-13 2.58567E-21 2.24695E-18

GO:0005740∼mitochondrial envelope NI NI 1.12776E-10 9.80023E-08 4.40531E-12 3.82817E-09

GO:0005743∼mitochondrial inner membrane NI NI 3.72621E-05 0.031862674 1.70276E-08 1.47968E-05

GO:0031967∼organelle envelope NI NI 1.743E-12 1.51471E-09 5.70217E-14 4.95899E-11

GO:0031975∼envelope NI NI 2.4726E-12 2.14867E-09 8.83557E-14 7.67968E-11

GO:0019866∼organelle inner membrane NI NI 6.32265E-06 0.005479333 9.64878E-09 8.38475E-06

This table provides an overview of the biological processes and cellular compartment represented by the genes that were significantly
differentially expressed in unstimulated 1.5 h, TNF-α 1.5 h and LPS 1.5 h samples compared with unstimulated controls. Biological processes and
cellular compartments were identified by DAVID analysis, and they were selected as significant after Bonferroni correction of modified Fischer's
exact p value (<0.05)

NS not significant, NI not identified
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caspase 1, also known as IL-1β converting enzyme, was also
included. This enzyme has a crucial role in processing of
inactive IL-1 family members, such as IL-1β and IL-18 into
their active forms [25], and was induced both by TNF-α and
LPS. Up-regulation of IL-1α, IL-1β and IL-18, the classical
IL-1 family members, was a common feature of both stimuli.
However, up-regulation of IL-1F9, a recently identified
member of this family [26], was specific for LPS.

On the protein level we also identified IL-1β production
induced after 1.5 h stimulation by TNF-α and LPS (Fig. 7a)
and in respect to cytokine production monocytes exhibited
a stronger response to LPS as compared with TNF-α
stimulation. In addition our results revealed production of
other pro-inflammatory cytokines such as IL-6 and IL-
8 (Fig. 7b) already 1.5 h after stimulation. The production
of above mentioned cytokines correlated with their up-
regulation detected within the Interleukinome.

The changes observed for the Interleukinome indicate
that stimulation with TNF-α and LPS induces not only an
inflammatory but an anti-inflammatory response as well,
represented by down-regulation of IL-1RAP (IL-1 receptor
accessory protein), and up-regulation of IL-1R2 (IL-1
receptor 2), IL-1RN (IL-1 receptor antagonist) and IL-10.

The Chemokinome of TNF-α- and LPS-stimulated
monocytes contains 29 differentially expressed chemo-
kines: ten belong to the CCL chemokine family, ten to the
CXCL family and nine to the family of chemokine
receptors (Fig. 5b). All differentially expressed CCL and
CXCL genes were up-regulated. Up-regulation of CCL18,
CCL19 and CXCL9 was specific for LPS. The expression
of chemokine receptors is also important for the overall
tuning of the chemokine-chemokine receptor system during
inflammation. Our data revealed decreased expression of
CCR2, CXCR2, CXCR4 and CX3CR1, while expression of
CCRL2, CCR5 and CCR7 were increased. CCR1 was
specifically up-regulated by TNF-α, whereas CXCR7, the

recently identified chemokine receptor for CXCL11 and
CXCL12 [27, 28], was exclusively up-regulated by LPS.

Profile of TNF and TNFR family members differentially
expressed in TNF-α and LPS-stimulated monocytes
includes ten ligands, 12 receptors and one enzyme “A
disintegrin and metalloproteinase domain 17” (ADAM17,
also known as TACE). The most of the TNF superfamily

Fig. 5 Cytokine–cytokine receptor gene expression profile with
functional classification. a Hierarchical clustering of 120 differentially
expressed cytokine and cytokine receptor genes that distinguish TNF-
α- and LPS-stimulated monocytes from unstimulated samples. Blue
bars of the dendrogram represent unstimulated samples, red bars
TNF-α stimulated and black bars LPS stimulated. b Functional
classification of cytokines and cytokine receptors which are differen-
tially expressed by TNF-α and LPS stimulation. Differentially
expressed genes in TNF-α- and LPS-stimulated monocytes compared
with unstimulated samples can be classified into functional families.
The cytokine–cytokine receptor profile is subdivided into the
following families: Interleukinome (interleukins and interleukin
receptors), Chemokinome (chemokines and chemokine receptors),
TNF–TNFR family members and IFNs, growth-, differentiation- and
proliferation-factors and their receptors. Bars present the log2 of the
average fold change in gene expression level of STIVI- (yellow bars),
TNF-α- (green bars) and/or LPS- (red bars) regulated genes
compared with unstimulated samples

b
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ligands were influenced both after TNF-α and LPS
stimulation such as up-regulation of TNF-α itself, LTB,
CD30L and VEGI and down-regulation of TWEAK and
APRIL. TNF-α- and LPS-stimulated monocytes also
showed the up-regulation of ADAM17, the enzyme that
cleaves the membrane-bound form of TNF-α and generates
its soluble form.

Profile of IFNs, growth-, differentiation- and proliferation-
factor family members and their receptors contains 34
differentially expressed genes, such as IFNs (IFNβ and
IFNε), growth factors like HGF, INHBA, INHBC, and their
corresponding receptors IFNAR1, IFNGR1, IFNGR2, MET,
ACVR1, ACVR1B, ACVR2, ACVR2A (Fig. 5b). Members
of the IFN family such as IFNβ1 and IFNε1 were induced
only by LPS. Also IFNGR1, receptor for IFN type II, was
down-regulated with the same stimulus. IFN response
triggered via TLR4 is part of inflammatory profile that is
LPS specific.

Profile of “Apoptosis-Survival” genes in TNF-α- and LPS-
activated monocytes exhibits 240 genes, both pro- and anti-
apoptotic. 190 genes were regulated by TNF-α- and 213 by
LPS. Out of these genes 163 were affected by both stimuli and
belong to the common inflammatory profile in monocytes.
Nevertheless, 27 genes were differentially expressed only by
TNF-α, and 50 genes only by LPS (Electronic supplementary
Table 4). Beside the overall response of monocytes regarding
differential expression of all pro- and anti-apoptotic genes,
we described in more detail specific profiles for differentially
expressed BCL2- and caspase family members. The BCL2
family, which includes both pro- and anti-apoptotic mem-
bers, represents a death-survival check-point in cells.
Another major component of the cell death machinery is
the family of caspases, which notably contributes to the
regulation of apoptosis by its proteolytic activity.

The caspase family members that changed their gene
expression level following stimulation were CASP1, CASP3,
CASP4, CASP5, and CASP7 which were up-regulated and
CASP2, 6, 8 and 10 which were down-regulated (Fig. 6b).
Up-regulation of CASP3 and down-regulation of CASP10
were specific for TNF-α stimulation.

Fig. 6 Hierarchical clustering of the apoptosis-survival gene expres-
sional profile with functional classification of caspase- and BCL2-
family members in monocytes following TNF-α and LPS stimulation
for 1.5 h. a 240 pro- and anti-apoptotic genes showed altered
expression by stimulation for 1.5 h with TNF-α and LPS compared
with unstimulated samples. Blue bars of the individual dendrogram
represent unstimulated samples, red bars TNF-α stimulated and black
bars LPS stimulated. b Members of caspase- and BCL2-family, as a
part of apoptosis-survival profile, that were differentially expressed in
monocytes following TNF-α and LPS stimulation for 1.5 h. Genes
from apoptosis-survival profile that are caspase or BCL2 family
members were selected. Bars present log2 of the average fold change
in gene expression level of STIVI (yellow bars), TNF-α (green bars)
and LPS (red bars) genes compared with unstimulated ones

b
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The BCL-2 family members are important regulators of the
mitochondrial pathway of apoptosis. The members of this
family are subdivided in three main groups based on the
function and BCL2 homology region (BH domains). There are
one anti-apoptotic and two pro-apoptotic groups. Members of
the anti-apoptotic group were up-regulated, such as BCL2A1
andMCL1 by TNF-α and LPS. Also BCL2, as amember of the
same anti-apoptotic group was up-regulated, but only by LPS.
Themembers of themultidomain pro-apoptotic groupBAX and
BAK1 showed decreased expression. But the members of the
BH3 pro-apoptotic group showed both down- and up-
regulation, such as BIM, BAD, BMF, BNIP3 and BNIP3L
which decreased their expression and BID, NOXA and
BCL2L14 which displayed increased level in their expression.

Application of the in vitro TNF-α-gene signature
to monitor anti-TNF-α-induced effects in monocytes
of Adalimumab-treated RA patients

Based on gene expression data published very recently by
Stuhlmüller et al., we have monitored the imprinting of our
in vitro-generated TNF-α-signature in monocytes of RA
patients before and after successful treatment with a TNF-
α-blocking antibody (Adalimumab) [23]. Since different
array types were used in our study (HG-U133 Plus 2.0
representing nearly 54.000 probe sets) and in that of
Stuhlmüller et al. (HG-U133A representing only 22.000
probe sets), we could not perform direct group comparison
analyses. Therefore, we have determined the overlap of
TNF-α-regulated probe sets identified by our in vitro
approach and the profile of differentially regulated genes
before and after treatment. Thus, 179 out of 471 treatment-
regulated probe sets (457 were up- and just 14 were down-
regulated) were common in both gene expression profiles
and used for hierarchical cluster analyses (Fig. 8 and listed

in the Electronic supplementary Table 5). In Fig. 8a, it is
shown that 174 out of these 179 common probe sets were
down-regulated in vitro and allowed a clear classification of
unstimulated and TNF-α-stimulated samples. Interestingly,
the majority of these probe sets was reversely regulated in
monocytes isolated from anti-TNF-α-treated samples,
which have been compared with cells before treatment
(Fig. 8b). TXNIP, HHEX, P2RY5, ZNF217, SAMD4A,
HDAC9, APEX1 and LARP4 were identified as the
strongest up-regulated genes by anti-TNF-α responders,
while very few genes, like EREG, PDE4B, PLAUR,
PFKFB3 were found to be down-regulated.

Discussion

Our approach focuses on the generation of cell-specific
gene expression profiles that can be used to unravel
complexity of gene expression signatures underlying
inflammatory diseases. Given that inflammatory responses
are driven by more or less specific cytokines, such as type I
IFN in SLE [7, 20] or TNF-α in RA and septicaemia [14],
it would be very helpful for a better functional understand-
ing of inflammatory diseases, to know which genes are
specifically induced by a certain cytokine in a certain cell
type. Although microarray technology has made serious
progress with respect to robustness and reproducibility, a
functional understanding of genes differentially expressed
under pathophysiological conditions remains a major
challenge for bioinformatics. Functional annotation soft-
ware, such as Ingenuity, Panther or Kyoto Encyclopaedia of
Genes and Genomes pathway (KEGG), are promising steps
in the right direction, but often end up in a new level of
confusion. In general, it has to be considered that gene
expression studies possess the inherent limitation of not

Fig. 6 (continued)
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being able to unambiguously elucidate a molecular mecha-
nism right to its last detail without doing additional functional
studies. But this technology possesses the unique potency to
reveal molecular alterations at the transcriptional level that can
be assigned to a particular mechanism. Therefore, the
knowledge about cytokine-specific gene signatures will help
to strengthen the validity of gene expression profiles available
from different cells or tissues, which are embedded in a
cytokine network under inflammatory conditions.

In a first attempt, we have focused on human monocytes
isolated from whole blood that have been stimulated for
1.5 h with TNF-α or bacterial LPS, respectively and which
were analyzed by genome-wide expression arrays. Our
method of whole blood stimulation has been designed as an
approach, which resembles more physiological conditions

for short-term cell stimulation as compared with approaches
using cells or cell lines completely separated from their
physiological milieu. Stimulation of cells in whole blood
under continuous agitation and their subsequent isolation,
which was performed continuously at 4°C, seems to be the
most promising way to circumvent an artificial activation of
monocytes, which is almost inevitably induced when these
cells are first isolated and then cultured. The combined
MACS/FACS procedure applied for the isolation of
peripheral blood monocytes has been optimized to avoid
almost any additional stimulation [29]. Therefore, we
assume that the ex vivo generation of gene expressional
profiles from monocytes stimulated in whole blood will
provide more precisely insights into their transcriptome
than any other in vitro model described in the literature
[30]. Although we have focused on early TNF-α and LPS
responses in monocytes to exclude indirect effects, some
cytokines like IL-1β or IL-8 were already produced within
90 min of stimulation, which may have an additional
impact on the monocytes. Otherwise, we are aware that
short-term stimulation only partially reflects a chronic
inflammatory response that is caused by a long-lasting
inflammatory milieu. However, short-term exposure to
TNF-α and LPS might be able to provide a stimulus-
specific signature which resembles the initial phase of
chronic inflammation.

Incubation of whole blood ex vivo for 1.5 h at 37°C
without any stimulus was already associated with an altered
gene transcription reflecting an early response to the
artificial in vitro milieu. Although only minor changes
occurred compared with the effects induced by TNF-α or
LPS, these genes sensitive to in vitro stimulation (STIVI
genes should be considered when performing in vitro
manipulations of monocytes to distinguish artificially
induced from pathophysiologically relevant profiles.

Stimulation with LPS was performed as a prototype of
gram-negative bacterial infection that strongly activates
monocytes. On the other side, cell activation by TNF-α,
which reflects a result of already changed environment, was
reported in pathogenesis of sepsis, atherosclerosis, RA, AS,
Crohn's disease, and psoriatic arthritis [14, 31, 32].

We could identify several thousands of genes, which
were differentially expressed in response to TNF-α and
LPS, respectively. Considering that both stimuli are able to
activate the same signalling pathways via their receptors,
TNFR1 and TLR4 [33, 34], it was not surprising that their
gene expression profiles showed large overlap. As a result
most of the TNF-α- and LPS-regulated genes constitute a
more common inflammatory signature, which is described
by 6,497 probe sets that correspond to 3,735 genes. Besides
TNF-α and LPS, stimuli-like IL-1 and other TLR agonist
are also able to activate NFκB, and we were prompted to
deduce that the convergence of different signalling pathways

Fig. 7 Detection of cytokines production and expression of surface
molecule CD83 in monocytes following TNF-α and LPS stimulation
in whole blood. Whole blood was left unstimulated or was treated
with TNF-α (100 ng/ml) and LPS (100 ng/ml) for 1.5 h in the
presence of Brefeldin A for intracellular staining or without it for
CD83 staining. After activation in the whole blood monocytes were
isolated using MACS technology, namely with CD15 magnetic beads
granulocytes were removed and pure monocytes were obtained with
additional MACS CD14-positive sorting. The alterations in cytokine
production, IL-1ß, IL-6 and IL8, and expression of CD83 were
measured by flow cytometry on a FACSCalibur. Mean fluorescence
intensities (MFI) for control samples, unstimulated and immediately
processed (filled in gray) and unstimulated but incubated samples for
1.5 h (gray line), and for TNF-α (green line) and LPS (red line)
stimulated cells are presented. Data show representative histograms
from three independent experiments
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toward activation of the same transcription factors is relevant
for the induction of a more general inflammatory response.

To describe TNF-α specific gene signature, we compared
TNF-α induced genes with those of LPS and identified 1,824
probe sets that reflect 1,093 genes more specifically regulated
by TNF-α. Genes like SYNGR3, GJA3, ARNTL2, CD22,
SPP1, MAP3K7IP3, PPAP2A, GPR35 and FPR3 were
identified as specifically TNF-α up-regulated. Specificity of
LPS in comparison to TNF-α is displayed in 3,214 probe sets
(1,945 genes), and among them are IFNB1, IFNE1, SOCS1,
INHBA, DEFB1, CD200, CFB.

Moreover, profiling of TNF-α- and LPS-stimulated mono-
cytes revealed relatively small but relevant group of genes,
which belong to TNF-α and LPS common inflammatory
profile but whose expression were changed in opposite
direction, like OAS1, OAS2, IFI44, IFIT1, IFIT3, IFIT5 and
STAT1, RSAD2 (CIG5). Namely, while TNF-α silenced, LPS
promoted their expression. Interestingly, these genes are

considered as the part of already described type I IFN
signature. The evidence that part of LPS expressional pattern
resemble with IFN signature is in addition supported with the
group of genes that are specifically induced by LPS, such as
ADAR, IFI35, IFI44L, IFI6, IFIT2, IFITM1, IFITM3, MX1,
MX2, OAS3, SOCS1. The genes that have not been described
as a part of IFN profile but which were up-regulated by LPS
are IFNB1, IFNE1 themselves, and transcription factors IRF1,
IRF7, and IRF8. The finding that a fraction of LPS-regulated
genes resembles an IFN signature could be explained by the
fact that a more general and comprehensive response is
triggered by LPS than by IFN or TNF-α. In fact, two
components of the TLR4 signalling pathway are activated
by LPS, a Myd88-dependent and a Myd88-independent
branch. The first one results in an activation of NFκB
and thereby inducing the transcription of pro-
inflammatory target genes, which results in similarity
with TNF-α stimulation. The other one, a Myd88-

Fig. 8 Gene expression profile of in vitro TNF signature in monocytes
that overlapped with anti-TNF-α responders in RA patients but show
opposite direction of changes. a Gene expression profile of TNF-α in
vitro stimulated monocytes that show opposite direction of changes
when compared with monocytes from RA patients before and after anti-
TNF-α treatment. Hierarchical clustering of 179 Probe sets that are
common for in vitro stimulated monocytes by TNF-α- and for anti-
TNF-α-treated RA patients before and after therapy. These common
probe sets show opposite direction of changes, 174 probe sets which
were down-regulated by TNF-α were up-regulated after anti-TNF-α
treatment and five in vitro TNF-α up-regulated were down-regulated in
monocytes from patients that responded to anti-TNF-α therapy. For
hierarchical clustering, gene vectors for normalization, Euclidian
distance for similarity measure, and centre of mass as cluster type were

used. b 179 Probe sets that show differential gene expression in
monocytes from five RA responders before and after anti-TNF-α
therapy and that overlapped with in vitro TNF-α signature. Altogether
471 Probe sets from anti-TNF-α responder were selected when 80% of
pair-wise comparisons revealed significantly increased or decreased
expression (Electronic supplementary Table 5), but 179 Probe sets were
overlapped with in vitro TNF signature. Each row represents the
average signal for one gene, while each column indicates one subject.
Genes which are expressed at higher levels relative to the mean
expression levels are presented in red, and genes that are expressed at
lower levels relative to the mean expression levels are presented in
green. The colour intensity represents the magnitude of the deviation
from the mean. Expression value intensities are depicted according to
the colour-indicator key and ranged from −2 to 2
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independent, preferentially mediates induction of IFN-
inducible genes via IRF3 and IRF7, that resemble the
IFN stimulation [34].

An IFN type I signature is detected in SLE, dermato-
myositis, subgroup of RA patients, but interestingly, it is
also induced in Systemic Onset Juvenile Idiopathic Arthritis
(SoJIA) patients following anti-TNF-α treatment [35]. A
part of therapeutically induced type I IFN genes were
identified as TNF-α down-regulated, like IFIT1, IFIT3,
OAS1, RSAD2. Namely, these genes were suppressed by
TNF-α stimulation. The identification of these genes
supports the hypothesis regarding the dominance of either
TNF-α or IFN type I as the key cytokines involved in
driving autoimmune diseases like SLE or RA [36].

In addition, the pro-apoptotic genes XAF1 and TRAIL
(TNFSF10) contribute to the discrimination of IFN type I
and LPS common genes from one side and TNF-α
regulated genes from the other side [37]. Up-regulated by
type I IFN and LPS, but down-regulated by TNF-α, they
seem to be responsible for inflammation-dependent apo-
ptotic processes. The final outcome of apoptotic response
which includes both pro- and anti-apoptotic genes seems to
be finely tuned, especially considering that monocytes
apoptotic behaviour could be beneficial or detrimental
depending of the overall inflammatory context.

Our results showed remarkable numbers of pro- and anti-
apoptotic genes in monocytes affected by TNF-α and LPS
stimulation that we used to describe the apoptosis-survival
profile. BCL2 family members showed a more anti-apoptotic
programme considering that all anti-apoptotic genes, BCL2,
BCL2A1 and MCL1 were up-regulated and most of the pro-
apoptotic genes were down-regulated. Part of the apoptosis-
survival profile also constitutes caspases, proteolitic enzymes
whose activation is responsible for cell death. Beside their role
in apoptosis some of them, like CASP1, CASP4, CASP5, and
CASP12 are involved in cytokine processing and associate
inflammation and apoptosis [38].

To show the applicability of in vitro-generated cytokine
signatures in practice, we used the TNF-α-signature to
monitor RA patients before and after treatment with
Adalimumab, a TNF-α-blocking antibody [23]. Thus, we
could identify a profile of 174 probe sets that was obviously
silenced by TNF-α, since these genes were found to be
down-regulated in response to TNF-α in vitro and up-
regulated in successfully treated RA patients if compared
with monocytes analyzed before treatment. Nearly 30% of
this 174 probe sets were not only suppressed in vitro, but
were also identified as being suppressed in vivo when
untreated RA samples were compared with a group of
monocytes isolated from healthy donors (data not shown).
Thus, reversed changes in gene expression detected in
monocytes stimulated with TNF-α from the one side and
monocytes from RA patients, which were treated with

TNF-α blockers from the other side, make it promising to
assume that our concept of using in vitro-generated gene
signatures in a cell-specific manner will be helpful for
following and predicting therapeutic responses.

Altogether, to our knowledge, the present study demon-
strates for the first time a challenging opportunity to
analyze cytokine-specific gene expression profiles in a
cell-specific manner. The development of additional
cytokine-specific signatures in monocytes, such as IFN
type I, IFN type II, IL-1, IL-6 will be necessary to improve
specificity of already determined signatures. This complex
knowledge seems to be not only indispensable to under-
stand complexity of acute and chronic inflammatory
diseases, but is also fundamental in the field of systems
biology exploring physiological and pathophysiological
dysregulations mainly triggered by pro- and anti-
inflammatory cytokine responses.
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