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the following effects: inducing apoptosis, changing differentiation fate, inhibition of cytokine release,
inhibition of migration and other features. Distinct molecular mechanisms of the glucocorticoid receptor
(GR) contribute to different anti-inflammatory effects. Recently inflammatory models have been inves-
tigated using conditional knockout and function selective mice shedding light on critical cell types and
molecular mechanisms of endogenous and therapeutic GC actions. Here we review the multiple effects of
GCs on major immune cells, dendritic cells, myeloid cells and B- and T-lymphocytes and give a summary

al GR

nflammation
onditional knock out mice of studies using condition

. Introduction

Glucocorticoid (GC) or steroid therapy is a common medication
hroughout westernized medicine to combat allergic and chronic
nflammatory diseases, such as asthma, dermatitis, rheumatoid
rthritis and even some cancers. Chronic treatment however,
vokes severe side effects due to the catabolic actions of glucocor-
icoids (GCs) in mesenchymal tissues, such as atrophy of the skin,

uscle weakness and osteoporosis. Due to its metabolic actions in
he liver, in particular gluconeogenesis, GC access leads to insulin
esistance and diabetes. Thus, a molecular understanding of cell
ype specific effects of this pleiotropic hormone is required to
evelop strategies to overcome side effects by maintaining the ther-
peutic efficacy of steroids. Here we discuss molecular mechanisms
f the glucocorticoid receptor (GR) in different cell types of the
mmune system. We describe results from studies using conditional
R knockout mice defining the requirement of the GR in selective
ell types for therapy.

. Molecular mechanisms of the glucocorticoid receptor

GCs act primarily via a nuclear receptor namely the glucocor-
icoid receptor (GR), a member of the nuclear receptor family. In
he absence of ligands the GR resides in the cytoplasm in com-

lex with chaperonic molecules composed of heat shock proteins
sp90, 70, 23 and immunophilins FKBP51, FKBP52, Cyp44 and PP5

1] (see also Fig. 1). In the cytoplasm the ligand bound GR can
nteract with signaling pathways such as PI3K, JNK, 14-3-3 pro-
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teins and components of the T cell receptor (TCR) signaling complex
[2] (Fig. 1), and thereby modulate pro-inflammatory gene expres-
sion. Seemingly more important and better characterized are GR
actions in the nucleus. Upon ligand binding the chaperonic com-
plex is remodeled, exposing nuclear localization sequences on the
GR, which leads to its nuclear translocation. In the nucleus the GR
regulates gene expression by two major mechanisms (Fig. 1). The
first one involves binding of a dimerized GR to palindromic gluco-
corticoid response elements (GRE) within the promoter of genes,
the subsequent recruitment of co-activators leading to chromatin
remodeling and facilitation of transcription. Although GREs were
long time considered to be conserved, genome wide analysis of GR
binding revealed that base pair variations within the GRE sequence
lead to different GR activities [3]. Furthermore it could recently be
shown by global ChIP studies that the liganded and – surprisingly –
the unliganded GR can bind to highly various DNA themes utilizing
different co-activator complexes in a cell type specific manner [4].
Whether the latter always translate to changes of gene expression
remain to be proven by further ChIP sequencing approaches.

The second mode of transcriptional regulation is independent of
dimerization and DNA binding by tethering of the GR monomer to
pro-inflammatory transcription factors, such as AP-1, NF-�B, IRF-3
STAT, CREB, NFAT, T-Bet and GATA-3 (reviewed in [5]). These inter-
actions require the presence of recently identified co-integrators
for GR-mediated interference [6,7]. Often this tethering results in
the inhibition of pro-inflammatory genes and is supposed to act
in the resolution of inflammation by GCs [8]. Lately, synergistic
activity of the GR with members of the peroxisome proliferator-

activated receptor (PPAR) family namely PPAR� [9] and PPAR� [10]
had been reported to suppress NF-�B and IRF-3 dependent target
genes via tethering mechanisms as well, opening the possibility to
increase anti-inflammatory efficacy with GCs when co-treated with
PPAR ligands. In the light that PPAR� ligands were newly demon-

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:jan@fli-leibniz.de
dx.doi.org/10.1016/j.jsbmb.2010.03.058
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Fig. 1. Molecular mechanisms of GR action. Glucocorticoids act on cells by crossing the cell membrane and binding to the cytoplasmatic glucocorticoid receptor (GR). After
ligand binding the chaperonic molecules dissociate from the GR (1). The ligand bound GR exhibit cytoplasmatic activities in particular interfering with signal transducers
such as MAP kinases or PI3 kinases, but also with components of the T cell receptor (2). This often results in suppression of these signaling events. The interaction with
PI3K can be positive or negative depending on GC concentrations. The hormone bound GR translocates very efficient to the nucleus (3). As a dimer it binds as a bona fide
transcription factor to DNA and recruits co-activators such as p160/SRC and CBP leading to chromatin remodeling and facilitated gene transcription (4). Some of the gene
products regulated by the GR exert anti-inflammatory activities such as the phosphatase DUSP-1. Enhanced DUSP-1 expression upon GC exposure leads to inhibition of
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38 MAPK and JNK (5). The GR monomer also interacts by a tethering mechanism
ranscription factors (6). Co-activators such as GRIP-1 may be also sequestered from
re modulated or even repressed (6). Recently, the cooperative action of peroxisome
ranscription factors had been demonstrated.

trated to bind to the GR as partial agonists [11], it is more than
orthy to look further into this therapeutic possibility. General

t is believed that targeting the tethering mechanism of the GR
xclusively by selective GR agonists (SEGRAs) allows to maintain
mmunosuppressive properties of GR ligands. Side effects depen-
ent on GR DNA binding however would be omitted by these
ompounds [12]. Indeed cells and mice carrying a mutated GR
ith a point mutation abrogating the dimerization interface of the
R in the DBD (GRdim) still possess efficient suppression of NF-�B
nd AP-1 while the induction of GRE dependent gluconeogenetic
enes in the liver or transfected mouse mammary tumor virus LTRs
s absent [13–15]. Initial studies with GRdim mice also revealed
otent anti-inflammatory activities of GCs in irritated skin mod-
ls, indicating that the tethering mechanism is sufficient for this
rocess [15]. However the extension of analyses of GRdim mice in
ther inflammatory diseases [16] reveals a requirement of dimer-
zation dependent activity of the GR for anti-inflammation. This
s in agreement with the finding, that some of the identified SEG-
As are potent in some inflammatory assays in vivo and in part
how reduced side effects [17,18], whereas others fail to reduce side
ffects in vivo (reviewed in [19]). In particular, the induction of GRE
ependent genes such as DUSP1/MKP-1 can contribute substan-
ially to anti-inflammatory activities of the GR [20]. MKP-1 induced
y the liganded GR is a phosphatase, dephosphorylating JNK and

APK p38, which leads to suppression of pro-inflammatory gene

xpression and an anti-inflammatory response in some [21,22], but
ot all animal models [23].

Different GR mechanisms in different cell types might be there-
ore required for full anti-inflammatory activities of GCs. Below
co-integrators such as TRIP6 and STAMP at sites of pro-inflammatory DNA bound
complexes by the GR. By these mechanisms the activities of AP-1, NF-�B and IRF-3

erator-activated receptors (PPARs) with the GR in suppression of pro-inflammatory

we summarize briefly what has been described for GC effects on
selected immune cell types.

3. Cell type specific actions of the GR

3.1. Dendritic cells

Dendritic cells (DCs) are considered as the professional antigen
presenting cells, which take up antigen and mature by processing
the antigen. Once mature they migrate to draining lymph nodes
and potently induce antigen specific T helper cells. Glucocorticoids
influence DCs on virtual all levels of their life cycle (Fig. 2). Before
they mature after encountering antigen, GCs are potent inducers
of DC apoptosis, but not of apoptosis in monocytes, from which
they differentiate [24]. Strong activation of DCs by CD40 ligands can
counteract this caspase independent apoptosis [25]. GCs stimulate
antigen uptake [26,27] and DC activation is potently suppressed
by GCs, i.e. by reduction of MHCII, of co-stimulatory molecules,
and of cytokine expression [28,29]. Also migration towards the
lymph nodes in general is inhibited, as shown by in vivo [16,30]
and in vitro studies presumably due to down regulation of CCR7
expression [31]. However, in an asthma model GC treatment in
vivo did not affect DC maturation during the sensitization phase
[32].
GCs do not simply suppress DC activity they also seem to
induce a tolerogenic DC phenotype by suppression of DC activa-
tion markers and concomitant up regulation of phagocytic activity
and enhanced IL-10 expression [27,33]. Tolerogenic DCs induce
T cell anergy, suppression of T cells and generate regulatory T
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Fig. 2. Multiple effects of the GR on major immune cells. GCs influence neutrophil functions by suppressing rolling, adhesion and transmigration by reducing the expression of
adhesion molecules like integrins, selectins (E-Sel., L-Sel.) and intercellular adhesion molecules (ICAMs) in neutrophils and endothelial cells. GCs efficiently suppress classical
macrophage activation by induction of IL-10, an immunomodulatory cytokine and by the inhibition of the release of pro-inflammatory cytokines like TNF�, IFN� or IL-1�.
Cytokines are suppressed by mechanisms requiring the dimerized GR (by activating GRE dependent genes like DUSP-1) as well as tethering mechanisms, i.e. interfering with
N cycle.
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F-�B, AP-1 and IRF-3. GCs influence dendritic cells (DCs) on all levels of their life
eduction of MHCII, co-stimulatory molecules and cytokine expression. Furthermor
reatment leads to a reduction of splenic and lymph node B cell numbers, reduction
s affected by GCs through repression of pro-inflammatory cytokines and by regula

ells. Thereby they protect from autoimmunity or graft versus host
esponse [33]. GCs were found to be among the most potent induc-
rs of tolerogenic DCs [34]. Inducing tolerance reveals therefore a
owerful mechanism of anti-inflammatory action of GCs.

.2. Macrophage

Macrophages derive from monocytes and play a central role
n innate immunity and at the initiation of adaptive immunity.
heir activation by microbial pattern recognition receptors (e.g.
oll-like receptors, TLRs) and their large repertoire to release
nflammatory regulators make these cells a prominent relevant
arget for anti-inflammatory therapy by steroids. Indeed a num-
er of cytokines is efficiently suppressed by GCs by mechanisms
equiring both GR dimerization and tethering mechanisms [15,16]
Fig. 2). Extensive expression profiling of murine macrophages
evealed mainly tethering mechanisms with p65/NF-�B and IRF-

for repressed genes [9]. For suppression of IRF-3 activity a
equestering mechanism by competing of GR with IRF-3 and
ith the co-activator/co-repressor GRIP-1 had been proposed [35].
owever, recently an alternative anti-inflammatory phenotype of
uman monocyte derived macrophages was observed upon expo-
ure to GCs. These immunosuppressive properties are exemplified
n a gene expression profile with enhanced phagocytotic activ-
ty by up regulation of the scavenger receptor CD163 [36] and
nduced expression of the immunomodulatory cytokine IL-10. This
nti-inflammatory phenotype was also detected in murine cells
ccompanied with elevated CD163 and Gr-1 expression and down
egulation of the CX3CR1 chemokine receptor, a hallmark of inflam-
atory monocytes [37]. Interestingly, these cells display a high

igratory capacity and a similar phenotype like functional myeloid

uppressor cells, which share a similar surface expression. How sta-
le this phenotype is in vivo under chronic GC treatment remains to
e proven and would give some promise for anti-tumorigenic GC
herapy. This phenotype could contribute to the anti-inflammatory
They facilitate antigen uptake of immature DCs but suppress their maturation by
potently induce apoptosis of DCs and reduce their migratory capacity. Chronic GC
production but enhanced IgE generation. T helper cell differentiation and function
transcription factors (for details see Fig. 3).

activity by increasing non-phlogistic phagocytosis of apoptotic
neutrophils [38,39].

3.3. Neutrophil granulocytes

Neutrophils or polymorphonuclear leukocytes (PMN) are
present in the blood stream and comprise the major infiltrating
cell type in acute inflammation. Their attraction by chemokines
released by mast cells, endothelial cells and other myeloid cells
and their infiltration involves a series of events which are modu-
lated by GCs [40]. Rolling, adhesion, activation, and transmigration
through the blood vessel are steps to invade the tissue. GCs sup-
press adhesion via reducing L-selectin expression in PMNs and E-
and P-selectin in endothelial cells. Rolling and firm adhesion is
performed by the interaction of the leukocyte integrins �2 (VLA-
4) and �2 (LFA-1 and Mac-1) with the endothelial counterparts
VCA-1, ICAM-1, ICAM-2 and ICAM-3, which are all reduced in the
presence of GCs [40–42] (see Fig. 2). In contrast to the suppres-
sion of extravasation of PMNs, GCs increase bone marrow-derived
neutrophils in the blood stream. This function is utilized clinically
to combat neutropenia usually in combination with G-CSF [43].
However, the molecular mechanism for this phenomenon is not
resolved yet. Intriguingly GCs delay granulocyte apoptosis and shift
them to a necrosis during acute inflammation which has poorly
understood consequences on the resolution of inflammation under
GC treatment [38].

3.4. B cells

Despite the long term use of GCs also in B cell dependent

pathologies, the actions of GCs on B cells are not intensively investi-
gated. The predominant observations of GC treatment on B cell are
basically a reduction of splenic and lymph node B cell numbers at
chronic GC treatment, an attenuation of early B cell progenitor pro-
liferation and enhanced IgE, but suppressed IgG production [44,45]
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Fig. 3. Complex role of the GR in T cells. GC actions on T helper cells affect thymocyte maturation and Th cell differentiation. DP thymocytes are very sensitive towards
GC-induced apoptosis, whereas SPs are less sensitive due to enhanced CD28 expression (left). At physiological doses GCs can cause a shift from Th1 response towards Th2
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mmunity (left below). Pharmacological doses exert anti-inflammatory effects on th
egulation of transcription factors (right). ROR�t expression is reduced by GCs in Th
olerogenic myeloid cells. Whether FoxP3 is regulated by GCs is not known. In Th1 ce
nteractions. In Th2 cells the GR prevents the nuclear import of GATA-3 and suppre

Fig. 2). Thus GCs could be involved in an enhanced Th2 response.
he paucity of animal models with a specific deletion of the GR in B
ell lineage prevents a greater insight in GC actions on B cells. Once
hese animals are generated the relevance of actions of GCs on B
ells in complex diseases will be unveiled.

.5. T cells

In contrast to GC action on B cells a lot of attention has been
rawn to T cells. T cells are the main players in the adaptive immune
ystem. The development occurs in the thymus where the cells
ature from a double negative (DN: CD4−CD8−) stage via a double

ositive stage (DP: CD4+CD8+) to the final stage of maturation, the
ingle positive stage (SP: CD4+ or CD8+). At the double positive (DP)
tage, positive and negative selection occurs. The positive selection
rocess is mainly determined by a strong T cell receptor (TCR) sig-
aling triggered apoptosis. Negative selection occurs in the virtual
bsence of TCR signaling also leading to apoptosis. Interestingly, DP
cells are very sensitive towards GC-induced apoptosis (reviewed

n [46]) (Fig. 3). GC-induced apoptosis requires the dimerization of
he GR [14] and is mediated via the BH3 only pro-apoptotic proteins
uma and Bim [47,48].

In vitro studies showed that TCR signaling can antagonize GC-
nduced apoptosis and vice versa, GC treatment alleviated TCR
riggered apoptosis. Furthermore it was observed that thymic
ndothelial cells produce GCs locally [49,50]. A ‘mutual antago-
ism’ model had therefore been suggested for thymocyte selection
51,52]. Thymocytes expressing TCRs with high avidity for self-

eptides/MHC undergo apoptosis due to the strong TCR signal that
annot be overruled by the GR signal. Thymocytes with suboptimal
CR signaling would receive the unopposed GR signal resulting in
C-induced apoptosis. Finally in thymocytes expressing a TCR with
low or moderate TCR avidity for self-peptide, the TCR and GR
rent T helper cell populations by repression of pro-inflammatory cytokines and by
lls by an unknown mechanism. Treg numbers are increased by IL-10 released from
T4 and T-bet activity is inhibited by the activated GR through direct protein–protein
TAT6 function.

signal neutralize each other leading to cell survival and differenti-
ation. However, the in vivo evidence of endogenous GC action on
thymocyte selection is controversial. In studies with mice express-
ing an antisense GR which reduced endogenous GR expression, the
thymus indeed led to a diminished repertoire of TCRs, thereby sup-
porting this model [52,53]. In contrast, mice with T cells entirely
lacking GR by targeted gene deletion do not change their TCR reper-
toire at all [54], although they are resistant to GC-induced apoptosis
induced either directly by GC administration or by triggering the
HPA axis by systemic inflammation [54,55]. Thus, if and how GC-
induced apoptosis plays a role in the selection process in thymus
remains to be further explored.

In contrast to the findings in thymocytes, in vivo evidence from
GR knockout/knockin mice is present for antagonism of TCR medi-
ated cell death in the peripheral T cells by the GR. Using T cell
specific deletion of the GR (GRLckCre) and GRdim mice, it could
be demonstrated that activation induced cell death (AICD), which
reduces the T cell response after infection, is modulated by GCs. This
is achieved via suppressing CD95 death protein expression through
binding of the dimerized GR to a nGRE binding site [56].

The molecular mechanism of the mutual interference of TCR
signaling and GR activity is being to be revealed. Recently, it
was shown for peripheral T cells that short-term treatment with
GCs cause the disruption of the TCR multi-protein complex and
impaired TCR signaling via a non-genomic action of GR [57,58].
In murine and human T cells, GR is part of the multi-protein TCR
complex containing the theta TCR chain, ZAP-70 kinase, heat shock
protein 90 (HSP90), LCK and FYN kinases [57,58]. GC treatment

induced dissociation of this protein complex which results in abro-
gated LCK/FYN activities and reduced TCR signaling. Interestingly,
based on knock down experiments Löwenberg et al. claim a require-
ment of the unliganded GR for normal TCR signaling [59]. This
provocative assumption is challenged by an efficient TCR signal-
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ng in T-lymphocytes in the absence of the GR [56,60]. However, a
ompensatory mechanism in GR knockout mice replacing the GR in
he TCR complex cannot be excluded. Thus, a temporal conditional
eletion of the GR in vivo could finally answer this discrepancy.

Interestingly, mature SP thymocytes and peripheral T cells are
ess sensitive towards GC-induced apoptosis and display a delayed
inetic of cell death. Reichardt and co-workers propose that in con-
rast to immature DP thymocytes increased CD28 signaling in SP
hymocytes and peripheral T cells counteracts the rapid apoptotic
esponse to GCs [61].

Differentiated peripheral CD4+ T helper cells are central regula-
ors of the adaptive immune response and participate also in innate
mmune responses. Upon stimulation with antigen during infection
r inflammation, naïve Th cells differentiate into different lineages
f Th cells: Th1, Th2, Th17 or Tregs, each of them with distinct func-
ions. Th1 cells that express the lineage specific transcription factor
-bet and activated STAT4 mainly release the pro-inflammatory
ytokines IFN�, IL-2 and TNF� [62]. Their activity facilitates the
ctivation of effector T cells, NK cells and macrophages. Th2 cells
xpress selectively the transcription factors GATA3 and are char-
cterized by the expression of IL-5, IL-4, IL-10 and IL-13 [63]. Th2
ells stimulate mainly B cells to produce antibodies and activate
osinophils and mast cells in allergic responses. IL-17 producing
h17 cells depend on STAT3 mediated induction of the nuclear
rphan receptors ROR�t and ROR� [64–66]. Th17 cells play an
mportant role in autoimmune diseases and in host defense against
nfection. Regulatory T cells depend in their fate on the transcrip-
ion factor Foxp3 and counteract Th1 and Th2 cell responses and
uppress a variety of pathogenic autoimmune syndromes [67].

GCs inhibit the transcription of many T cell derived cytokines
Fig. 2) and can cause a shift from Th1 to Th2 immunity at physi-
logical doses [68] (Fig. 3). At pharmacological doses GCs are able
o reduce the synthesis and release of Th1 cytokines like IL-2 and
FN� and reduce STAT4 activity [69] and Th2 cytokines like IL-4 and
L-5 [70] (Fig. 3). Furthermore pharmacological doses suppress the
ctivity of Th1 lineage specifying transcription factor T-bet by direct
rotein–protein interactions. The interaction results in diminished
inding of T-bet to DNA. [71]. Also the activity of the Th2 defining
ranscription factor GATA-3 is suppressed by the GR. This occurs
ia two mechanisms: first by competition of GATA-3 and the GR
or importin and second by preventing phosphorylation of GATA-3
y GC-induced DUSP1/MKP-1 expression. [72]. Furthermore STAT6
ctivity, involved in Th2 lineage specification is affected by the GR
resumably by protein–protein interaction [73].

How GCs act on IL-17 producing T cells has not been extensively
tudied so far. In RA patients it was found that GC therapy atten-
ated IL-17 levels [74] and also in asthma patients treated orally
ith steroids a decrease in IL-17 production could be observed.
nimal and in vitro studies concerning the role of GCs in Th17 cells
re however controversial (Fig. 3). In rat lymphocytes methylpred-
isolone inhibited antigen-induced IL-17 expression probably due
o reduced ROR�t expression or diminished IL-6 release by non-
cells [75]. In contrast McKinley and colleagues show that Th17

ell cytokine production is not sensitive to dexamethasone treat-
ent and in a Th17 mediated airway inflammation mouse model

lucocorticoids did not attenuate cytokine responses [76].
Whether the modulation of Th17 by GCs is required for the

uppression of allergic or autoimmune diseases is not entirely
nderstood and requires specific conditional mouse models, espe-
ially to prove eventual functional correlations between the
nti-inflammatory features of GCs and Th17 cells.
In contrast to pro-inflammatory acting T cells it was reported
hat CD4+CD25+ Treg cell populations are enhanced upon dexam-
thasone treatment in vitro and in mice by being more resistant to
C-induced apoptosis [77,78] (Fig. 3). Tregs primed by GCs in vitro
ere indeed capable to reduce EAE (Experimental autoimmune
mistry & Molecular Biology 120 (2010) 69–75 73

encephalomyelitis) in mice [79]. However, we found that endoge-
nous Tregs in an EAE model are suppressed to a similar extent like
other Th subsets in GC therapy of EAE [80].

Overall, to address the specific requirement of GCs in Th sub-
sets in steroid therapy, targeted deletion of the GR in those cell
populations is required. Those mice will be generated soon, since
respective cre transgenic mouse lines are now available.

4. Critical cells types and mechanisms of the GR for
anti-inflammatory GC action

The generation of conditional GR mutant mice in the recent
years enabled the finding of critical cell types required for anti-
inflammatory GC action. In addition knockin mice such as the GRdim

mice allow determining the contribution of dimerization depen-
dent GR action towards steroid therapy in inflammatory diseases.

4.1. Inflammatory skin diseases

A widely used model for irritant and unspecific skin inflamma-
tion is phorbol-ester (PMA)-induced edema formation. The skin
irritation is characterized by swelling associated with massive and
rapid influx of neutrophils and mononuclear cells. GC treatment
leads to inhibition of the inflammatory response. In this model
for the anti-inflammatory effect the dimerization of the GR is not
required. GRdim mice, a total knockin mouse that lack the dimer-
ization function of the GR, show an efficient reduction of the
PMA-induced skin irritation [15].

Contact hypersensitivity (CHS), a rodent model for contact der-
matitis, is in contrast to the PMA-induced skin irritation, a T cell
dependent immune response. In CHS however, binding of the GR
to the DNA and an efficient suppression of IL-1� and chemokines,
but not of TNF� is required for the anti-inflammatory effect [16].
Using tissue specific GR knockout mice, it turned out that the pri-
mary targets of GC therapy in CHS are myeloid cells. GRLysMCre mice,
lacking the GR in macrophages and neutrophils, were refractory to
GC therapy. In T cells and in keratinocytes GC action is dispensable
since GRLckCre mice, lacking the GR in T cells and GRK14Cre mice,
lacking the GR in keratinocytes, show perfect anti-inflammatory
response to GC treatment [16].

4.2. Experimental autoimmune encephalomyelitis (EAE)

Multiple sclerosis (MS), an autoimmune disease of the central
nervous system, is mainly treated with a high-dose GC therapy. A
commonly used rodent model of MS is the EAE model. The animals
are immunized with myelin oligodendrocyte glycoprotein (MOG),
which leads to a chronic fulminant inflammation, demyelinating
lesions and subsequent axonal damage. Using different GR deficient
mutant mice, we could show that GCs mainly act on peripheral T
cells and not on CNS residing T cells or macrophages via induc-
tion of apoptosis and suppression of adhesion molecules [80]. The
therapeutic effect of GC treatment is accompanied by induction of
apoptosis and down-regulation of adhesion molecules in periph-
eral Th17 and bystander T cells. Furthermore, dexamethasone did
block the migration of T cells to the CNS. In contrast to contact
allergy, T cells are critical for GC therapy in this autoimmune dis-
ease.

4.3. Septic shock
A systemic strong inflammatory response that requires the
action of endogenous GCs is septic shock. Sepsis is a complex dereg-
ulation of inflammation arising when the host is unable to defeat
an infection successfully. Subsequently a fulminant inflammatory
response leads to organ damage and finally to death. Septic shock
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n rodents can be induced by bolus injection of toll-like recep-
or 4 (TLR4) agonists, e.g. lipopolysaccharides (LPS). Endogenous
Cs are required for survival of septic shock, since adrenalec-

omized rodents have impaired survival [81]. Patients with severe
epsis often have the additional complication of adrenal insuffi-
iency. Conditional GR knockout mice lacking the GR in myeloid
ells exhibit a similar lethality, suggesting that in myeloid cells
R is required to limit endotoxic shock [22]. Here, a defect in
R-mediated inhibition of p38 MAPK by an absence of DUSP-
expression was shown to be the underlying mechanism. This

iew is challenged by the fact that GR dimerization deficient
acrophages that were activated by LPS and concomitantly treated
ith dexamethasone exhibit a similar induction of DUSP-1/MKP-1

21], although GRdim animals display a strong impairment of GC
ction in septic shock (Kleyman and Tuckermann, unpublished).

Thus, multiple mechanisms lead to a general suppression of
ytokine expression and activation of macrophages in septic shock.
pen questions are which monocyte subsets might be specifically

nvolved in the protection of septic shock by GCs—and whether
n anti-inflammatory phenotype as described for in vitro treated
onocytes/macrophages [36,37] occur in that process.

.4. Perspective

So far only a few examples of inflammatory diseases have
een analyzed with conditional GR knockout mice, in particular
kin inflammation, septic shock and experimental autoimmune
ncephalomyelitis (EAE). Important common allergic and chronic
nflammatory diseases, where GCs are the mainstay of therapy,
ave not been exploited in mutant animals, yet. For instance,
heumatoid arthritis has been treated with GCs for 60 years, despite
he development of new drugs. In this disease numerous cell types,
mmune cells and also non-hematopoietic mesenchymal cells are
mportant. The specific cell types that respond to GCs to ensure
uccessful therapy remain to be identified. Deletion of the GR in T
ells, B cells, dendritic cells and in fibroblasts or osteoblasts in mice
ill achieve this goal. The identification of such cell types will give

he rationale for defining specific steroids that are active only in
articular tissues – so-called soft steroids – whose development is

ust at the beginning [82]. Finally novel GR knockin mice addressing
he function of this receptor in the cytoplasm, or specific interfer-
nce with other signaling pathways will help to clarify molecular
echanisms of steroid therapy in vivo.

eferences

[1] W.B. Pratt, D.O. Toft, Regulation of signaling protein function and trafficking by
the hsp90/hsp70-based chaperone machinery, Exp. Biol. Med. (Maywood) 228
(2) (2003) 111–133.

[2] M. Löwenberg, C. Stahn, D. Hommes, F. Buttgereit, Novel insights into mech-
anisms of glucocorticoid action and the development of new glucocorticoid
receptor ligands, Steroids 73 (9–10) (2008) 1025–1029.

[3] S.H. Meijsing, M.A. Pufall, A.Y. So, D.L. Bates, L. Chen, K.R. Yamamoto, DNA bind-
ing site sequence directs glucocorticoid receptor structure and activity, Science
324 (5925) (2009) 407–410.

[4] S. John, P.J. Sabo, T.A. Johnson, M.H. Sung, S.C. Biddie, S.L. Lightman, T.C. Voss,
S.R. Davis, P.S. Meltzer, J.A. Stamatoyannopoulos, G.L. Hager, Interaction of the
glucocorticoid receptor with the chromatin landscape, Mol. Cell 29 (5) (2008)
611–624.

[5] K. De Bosscher, G. Haegeman, Minireview: latest perspectives on antiinflam-
matory actions of glucocorticoids, Mol. Endocrinol. 23 (3) (2008) 281–291.

[6] O. Kassel, S. Schneider, C. Heilbock, M. Litfin, M. Gottlicher, P. Herrlich, A nuclear
isoform of the focal adhesion LIM-domain protein Trip6 integrates activating
and repressing signals at AP-1- and NF-kappaB-regulated promoters, Genes
Dev. 18 (20) (2004) 2518–2528.

[7] Y. He, S.S. Simons Jr., STAMP, a novel predicted factor assisting TIF2 actions in

glucocorticoid receptor-mediated induction and repression, Mol. Cell. Biol. 27
(4) (2007) 1467–1485.

[8] M Karin, New twists in gene regulation by glucocorticoid receptor: is DNA
binding dispensable? Cell 93 (4) (1998) 487–490.

[9] S. Ogawa, J. Lozach, C. Benner, G. Pascual, R.K. Tangirala, S. Westin, A. Hoffmann,
S. Subramaniam, M. David, M.G. Rosenfeld, C.K. Glass, Molecular determinants

[

mistry & Molecular Biology 120 (2010) 69–75

of crosstalk between nuclear receptors and toll-like receptors, Cell 122 (5)
(2005) 707–721.

10] N. Bougarne, R. Paumelle, S. Caron, N. Hennuyer, R. Mansouri, P. Gervois, B.
Staels, G. Haegeman, K. De Bosscher, PPARalpha blocks glucocorticoid receptor
alpha-mediated transactivation but cooperates with the activated glucocor-
ticoid receptor alpha for transrepression on NF-kappaB, Proc. Natl. Acad. Sci.
U.S.A. 106 (18) (2009) 7397–7402.

11] L. Matthews, A. Berry, M. Tersigni, F. D’acquisto, A. Ianaro, D. Ray, Thiazolidine-
diones are partial agonists for the glucocorticoid receptor, Endocrinology 150
(1) (2008) 75–86.

12] H. Schacke, M. Berger, H. Rehwinkel, K. Asadullah, Selective glucocorticoid
receptor agonists (SEGRAs): novel ligands with an improved therapeutic index,
Mol. Cell. Endocrinol 275 (1-2) (2007) 109–117.

13] S. Heck, M. Kullmann, A. Gast, H. Ponta, H.J. Rahmsdorf, P. Herrlich, A.C. Cato,
A distinct modulating domain in glucocorticoid receptor monomers in the
repression of activity of the transcription factor AP-1, EMBO J. 13 (17) (1994)
4087–4095.

14] H.M. Reichardt, K.H. Kaestner, J. Tuckermann, O. Kretz, O. Wessely, R. Bock, P.
Gass, W. Schmid, P. Herrlich, P. Angel, G. Schutz, DNA binding of the glucocor-
ticoid receptor is not essential for survival, Cell 93 (4) (1998) 531–541.

15] H.M. Reichardt, J.P. Tuckermann, M. Göttlicher, M. Vujic, F. Weih, P. Angel, P.
Herrlich, G. Schütz, Repression of inflammatory responses in the absence of
DNA binding by the glucocorticoid receptor, EMBO J. 20 (24) (2001) 7168–7173.

16] J.P. Tuckermann, A. Kleiman, R. Moriggl, R. Spanbroek, A. Neumann, A. Illing,
B.E. Clausen, B. Stride, I. Forster, A.J. Habenicht, H.M. Reichardt, F. Tronche, W.
Schmid, G. Schutz, Macrophages and neutrophils are the targets for immune
suppression by glucocorticoids in contact allergy, J. Clin. Invest. 117 (5) (2007)
1381–1390.

17] H. Schacke, A. Schottelius, W.D. Docke, P. Strehlke, S. Jaroch, N. Schmees, H.
Rehwinkel, H. Hennekes, K. Asadullah, Dissociation of transactivation from
transrepression by a selective glucocorticoid receptor agonist leads to sepa-
ration of therapeutic effects from side effects, Proc. Natl. Acad. Sci. U.S.A. 101
(1) (2004) 227–232.

18] P. Dewint, V. Gossye, K. De Bosscher, W. Vanden Berghe, K. Van Beneden,
D. Deforce, S. Van Calenbergh, U. Muller-Ladner, B. Vander Cruyssen, G. Ver-
bruggen, G. Haegeman, D. Elewaut, A plant-derived ligand favoring monomeric
glucocorticoid receptor conformation with impaired transactivation poten-
tial attenuates collagen-induced arthritis, J. Immunol. 180 (4) (2008) 2608–
2615.

19] A. McMaster, D.W. Ray, Modelling the glucocorticoid receptor and producing
therapeutic agents with anti-inflammatory effects but reduced side-effects,
Exp. Physiol. 92 (2) (2007) 299–309.

20] S.M. Abraham, A.R. Clark, Dual-specificity phosphatase. 1: a critical regulator
of innate immune responses, Biochem. Soc. Trans. 34 (Pt 6) (2006) 1018–1023.

21] S.M. Abraham, T. Lawrence, A. Kleiman, P. Warden, M. Medghalchi, J. Tucker-
mann, J. Saklatvala, A.R. Clark, Antiinflammatory effects of dexamethasone are
partly dependent on induction of dual specificity phosphatase 1, J. Exp. Med.
203 (8) (2006) 1883–1889.

22] S. Bhattacharyya, D.E. Brown, J.A. Brewer, S.K. Vogt, L.J. Muglia, Macrophage
glucocorticoid receptors regulate Toll-like receptor 4-mediated inflammatory
responses by selective inhibition of p38 MAP kinase, Blood 109 (10.) (2007)
4313–4319.

23] J.V. Maier, S. Brema, J. Tuckermann, U. Herzer, M. Klein, M. Stassen, A. Moorthy,
A.C. Cato, DUSP1 knockout mice show enhanced susceptibility to anaphylaxis
but are sensitive to glucocorticoids, Mol. Endocrinol. (2007).

24] M. Moser, T. De Smedt, T. Sornasse, F. Tielemans, A.A. Chentoufi, E. Muraille, M.
Van Mechelen, J. Urbain, O. Leo, Glucocorticoids down-regulate dendritic cell
function in vitro and in vivo, Eur. J. Immunol. 25 (10) (1995) 2818–2824.

25] K.D. Kim, Y.K. Choe, I.S. Choe, J.S. Lim, Inhibition of glucocorticoid-mediated,
caspase-independent dendritic cell death by CD40 activation, J. Leukcyte Biol.
69 (3) (2001) 426–434.

26] L Piemonti, P. Monti, P. Allavena, B.E. Leone, A. Caputo, V. Di Carlo, Glucocor-
ticoids increase the endocytic activity of human dendritic cells, Int. Immunol.
11 (9) (1999) 1519–1526.

27] L. Piemonti, P. Monti, P. Allavena, M. Sironi, L. Soldini, B.E. Leone, C. Socci, V. Di
Carlo, Glucocorticoids affect human dendritic cell differentiation and matura-
tion, J. Immunol. 162 (11) (1999) 6473–6481.

28] T. Kitajima, K. Ariizumi, P.R. Bergstresser, A. Takashima, A novel mechanism of
glucocorticoid-induced immune suppression: the inhibiton of T cell-mediated
terminal maturation of a murine dendritic cell line, J. Clin. Invest. 98 (1) (1996)
142–147.

29] M.K. Matyszak, S. Citterio, M. Rescigno, P. Ricciardi-Castagnoli, Differential
effects of corticosteroids during different stages of dendritic cell maturation,
Eur. J. Immunol. 30 (4) (2000) 1233–1242.

30] M. Cumberbatch, R.J. Dearman, I. Kimber, Inhibition by dexamethasone
of Langerhans cell migration: influence of epidermal cytokine signals,
Immunopharmacology 41 (3) (1999) 235–243.

31] C. Vizzardelli, N. Pavelka, A. Luchini, I. Zanoni, L. Bendickson, M. Pelizzola, O.
Beretta, M. Foti, F. Granucci, M. Nilsen-Hamilton, P. Ricciardi-Castagnoli, Effects
of dexamethazone on LPS-induced activationand migration of mouse dendritic

cells revealed by a genome-wide transcriptional analysis, Eur. J. Immunol. 36
(6) (2006) 1504–1515.

32] R.E. Wiley, M. Cwiartka, D. Alvarez, D.C. Mackenzie, J.R. Johnson, S. Goncharova,
L. Lundblad, M. Jordana, Transient corticosteroid treatment permanently
amplifies the Th2 response in a murine model of asthma, J. Immunol. 172 (8)
(2004) 4995–5005.



Bioche

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

cocorticoids in experimental autoimmune encephalomyelitis, J. Immunol. 180
U. Baschant, J. Tuckermann / Journal of Steroid

33] S. Rutella, S. Danese, G. Leone, Tolerogenic dendritic cells: cytokine modulation
comes of age, Blood 108 (5) (2006) 1435–1440.

34] S. Chamorro, J.J. Garcia-Vallejo, W.W.J. Unger, R.J. Fernandes, S.C.M. Bruijns,
S. Laban, B.O. Roep, B.A.T. Hart, Y. Van Kooyk, TLR Triggering on tolerogenic
dendritic cells results in TLR2 up-regulation and a reduced proinflammatory
immune program, J. Immunol. 183 (5) (2009) 2984–2994.

35] M.M. Reily, C. Pantoja, X. Hu, Y. Chinenov, I. Rogatsky, The GRIP1:IRF3 inter-
action as a target for glucocorticoid receptor-mediated immunosuppression,
EMBO J. 25 (1) (2006) 108–117.

36] J. Ehrchen, L. Steinmuller, K. Barczyk, K. Tenbrock, W. Nacken, M. Eisenacher,
U. Nordhues, C. Sorg, C. Sunderkotter, J. Roth, Glucocorticoids induce dif-
ferentiation of a specifically activated, anti-inflammatory subtype of human
monocytes, Blood 109 (3) (2007) 1265–1274.

37] G Varga, J. Ehrchen, A. Tsianakas, K. Tenbrock, A. Rattenholl, S. Seeliger,
M. Mack, J. Roth, C. Sunderkoetter, Glucocorticoids induce an activated,
anti-inflammatory monocyte subset in mice that resembles myeloid-derived
suppressor cells, J. Leukocyte Biol. 84 (3) (2008) 644–650.

38] S.J. Heasman, K.M. Giles, C. Ward, A.G. Rossi, C. Haslett, I. Dransfield,
Glucocorticoid-mediated regulation of granulocyte apoptosis and macrophage
phagocytosis of apoptotic cells: implications for the resolution of inflammation,
J. Endocrinol. 178 (1.) (2003) 29–36.

39] S. Yona, S. Gordon, Inflammation: glucocorticoids turn the monocyte switch,
Immunol. Cell Biol. (2007).

40] C. Pitzalis, N. Pipitone, M. Perretti, Regulation of leukocyte–endothelial inter-
actions by glucocorticoids, Ann. N. Y. Acad. Sci. 966 (2002) 108–118.

41] B.N. Cronstein, S.C. Kimmel, R.I. Levin, F. Martiniuk, G. Weissmann, A mech-
anism for the antiinflammatory effects of corticosteroids: the glucocorticoid
receptor regulates leukocyte adhesion to endothelial cells and expression
of endothelial-leukocyte adhesion molecule 1 and intercellular adhesion
molecule 1, Proc. Natl. Acad. Sci. U.S.A. 89 (21) (1992) 9991–9995.

42] C. Pitzalis, N. Pipitone, G. Bajocchi, M. Hall, N. Goulding, A. Lee, G. Kings-
ley, J. Lanchbury, G. Panayi, Corticosteroids inhibit lymphocyte binding to
endothelium and intercellular adhesion: an additional mechanism for their
anti-inflammatory and immunosuppressive effect, J. Immunol. 158 (10) (1997)
5007–5016.

43] D.F. Stroncek, Y.Y. Yau, J. Oblitas, S.F. Leitman, Administration of G-CSF plus
dexamethasone produces greater granulocyte concentrate yields while causing
no more donor toxicity than G-CSF alone, Transfusion 41 (8) (2001) 1037–1044.

44] T.R. Cupps, L.C. Edgar, C.A. Thomas, A.S. Fauci, Multiple mechanisms of B cell
immunoregulation in man after administration of in vivo corticosteroids, J.
Immunol. 132 (1) (1984) 170–175.

45] T.R. Cupps, T.L. Gerrard, R.J. Falkoff, G. Whalen, A.S. Fauci, Effects of in vitro
corticosteroids on B cell activation, proliferation, and differentiation, J. Clin.
Invest. 75 (2) (1985) 754–761.

46] M.J Herold, K.G. McPherson, H.M. Reichardt, Glucocorticoids in T cell apoptosis
and function, Cell. Mol. Life Sci. 63 (1) (2006) 60–72.

47] M. Erlacher, V. Labi, C. Manzl, G. Bock, A. Tzankov, G. Hacker, E. Michalak, A.
Strasser, A. Villunger, Puma cooperates with Bim, the rate-limiting BH3-only
protein in cell death during lymphocyte development, in apoptosis induction,
J. Exp. Med. 203 (13) (2006) 2939–2951.

48] M Erlacher, E.M. Michalak, P.N. Kelly, V. Labi, H. Niederegger, L. Coultas,
J.M. Adams, A. Strasser, A. Villunger, BH3-only proteins Puma and Bim are
rate-limiting for gamma-radiation- and glucocorticoid-induced apoptosis of
lymphoid cells in vivo, Blood 106 (13) (2005) 4131–4138.

49] M.S. Vacchio, V. Papadopoulos, J.D. Ashwell, Steroid production in the thymus:
implications for thymocyte selection, J. Exp. Med. 179 (6) (1994) 1835–1846.

50] A. Pazirandeh, Y. Xue, I. Rafter, J. Sjövall, M. Jondal, S. Okret, Paracrine glucocor-
ticoid activity produced by mouse thymic epithelial cells, FASEB J. 13 (8) (1999)
893–901.

51] M. Erlacher, M. Knoflach, I.E. Stec, G. Bock, G. Wick, G.J. Wiegers, TCR signaling
inhibits glucocorticoid-induced apoptosis in murine thymocytes depend-
ing on the stage of development, Eur. J. Immunol. 35 (11) (2005) 3287–
3296.

52] G.L. Stephens, J.D. Ashwell, L. Ignatowicz, Mutually antagonistic signals regulate
selection of the T cell repertoire, Int. Immunol. 15 (5) (2003) 623–632.

53] M.S. Vacchio, J.Y. Lee, J.D. Ashwell, Thymus-derived glucocorticoids set the
thresholds for thymocyte selection by inhibiting TCR-mediated thymocyte acti-
vation, J. Immunol. 163 (3) (1999) 1327–1333.

54] J.F. Purton, R.L. Boyd, T.J. Cole, D.I. Godfrey, Intrathymic, T cell development and
selection proceeds normally in the absence of glucocorticoid receptor signaling,
Immunity 13 (2) (2000) 179–186.

55] J.A. Brewer, O. Kanagawa, B.P. Sleckman, L.J. Muglia, Thymocyte apoptosis
induced by T cell activation is mediated by glucocorticoids in vivo, J. Immunol.
169 (4) (2002) 1837–1843.

56] S. Baumann, A. Dostert, N. Novac, A. Bauer, W. Schmid, S.C. Fas, A. Krueger,
T. Heinzel, S. Kirchhoff, G. Schutz, P.H. Krammer, Glucocorticoids inhibit

activation-induced cell death (AICD) via direct DNA-dependent repression of
the CD95 ligand gene by a glucocorticoid receptor dimer, Blood 106 (2) (2005)
617–625.

57] M. Lowenberg, J. Tuynman, J. Bilderbeek, T. Gaber, F. Buttgereit, S. van Deventer,
M. Peppelenbosch, D. Hommes, Rapid immunosuppressive effects of glucocor-
ticoids mediated through Lck and Fyn, Blood 106 (5) (2005) 1703–1710.

[

[

mistry & Molecular Biology 120 (2010) 69–75 75

58] M. Lowenberg, A.P. Verhaar, J. Bilderbeek, J. Marle, F. Buttgereit, M.P. Pep-
pelenbosch, S.J. van Deventer, D.W. Hommes, Glucocorticoids cause rapid
dissociation of a T-cell-receptor-associated protein complex containing LCK
and FYN, EMBO Rep. 7 (10) (2006) 1023–1029.

59] M. Löwenberg, A.P. Verhaar, J. Bilderbeek, J.V. Marle, F. Buttgereit, M.P. Pep-
pelenbosch, S.J. Van Deventer, D.W. Hommes, Glucocorticoids cause rapid
dissociation of a T-cell-receptor-associated protein complex containing LCK
and FYN, EMBO Rep. 7 (10.) (2006) 1023–1029.

60] J.A. Brewer, B. Khor, S.K. Vogt, L.M. Muglia, H. Fujiwara, K.E. Haegele, B.P.
Sleckman, L.J. Muglia, T-cell glucocorticoid receptor is required to suppress
COX-2-mediated lethal immune activation, Nat. Med. (2003).

61] D. Wang, N. Müller, K.G. McPherson, H.M. Reichardt, Glucocorticoids engage
different signal transduction pathways to induce apoptosis in thymocytes and
mature T cells, J. Immunol. 176 (3) (2006) 1695–1702.

62] T.R. Mosmann, R.L. Coffman, TH1 and TH2 cells: different patterns of lym-
phokine secretion lead to different functional properties, Annu. Rev. Immunol.
7 (1989) 145–173.

63] J.D. Farrar, W. Ouyang, M. Lohning, M. Assenmacher, A. Radbruch, O. Kana-
gawa, K.M. Murphy, An instructive component in T helper cell type 2 (Th2)
development mediated by GATA-3, J. Exp. Med. 193 (5) (2001) 643–650.

64] A. Laurence, C.M. Tato, T.S. Davidson, Y. Kanno, Z. Chen, Z. Yao, R.B. Blank, F.
Meylan, R. Siegel, L. Hennighausen, E.M. Shevach, J.J. O’Shea, Interleukin-2 sig-
naling via STAT5 constrains T helper 17 cell generation, Immunity 26 (3) (2007)
371–381.

65] C.S. Ma, G.Y.J. Chew, N. Simpson, A. Priyadarshi, M. Wong, B. Grimbacher, D.A.
Fulcher, S.G. Tangye, M.C. Cook, Deficiency of Th17 cells in hyper IgE syndrome
due to mutations in STAT3, J. Exp. Med. 205 (7) (2008) 1551–1557.

66] I.I. Ivanov, B.S. McKenzie, L. Zhou, C.E. Tadokoro, A. Lepelley, J.J. Lafaille, D.J.
Cua, D.R. Littman, The orphan nuclear receptor RORgammat directs the differ-
entiation program of proinflammatory IL-17+ T helper cells, Cell 126 (6) (2006)
1121–1133.

67] D.J. Campbell, S.F. Ziegler, FOXP3 modifies the phenotypic and functional prop-
erties of regulatory T cells, Nat. Rev. Immunol. 7 (4) (2007) 305–310.

68] F. Ramirez, D.J. Fowell, M. Puklavec, S. Simmonds, D. Mason, Glucocorticoids
promote a TH2 cytokine response by CD4+ T cells in vitro, J. Immunol. 156 (7)
(1996) 2406–2412.

69] D. Franchimont, J. Galon, M. Gadina, R. Visconti, Y. Zhou, M. Aringer, D.M.
Frucht, G.P. Chrousos, J.J. O’Shea, Inhibition of Th1 immune response by
glucocorticoids: dexamethasone selectively inhibits IL-12-induced Stat4 phos-
phorylation in T lymphocytes, J. Immunol. 164 (4) (2000) 1768–1774.

70] P.J. Barnes, Th2 cytokines and asthma: an introduction, Respir. Res. 2 (2) (2001)
64–65.

71] A.C. Liberman, J. Druker, D. Refojo, F. Holsboer, E. Arzt, Glucocorticoids
inhibit GATA-3 phosphorylation and activity in T cells, FASEB J. 23 (5) (2009)
1558–1571.

72] K. Maneechotesuwan, X. Yao, K. Ito, E. Jazrawi, O.S. Usmani, I.M. Adcock, P.J.
Barnes, Suppression of GATA-3 nuclear import and phosphorylation: a novel
mechanism of corticosteroid action in allergic disease, PLoS Med. 6 (5) (2009)
e1000076.

73] A. Biola, K. Andréau, M. David, M. Sturm, M. Haake, J. Bertoglio, M. Pallardy,
The glucocorticoid receptor and STAT6 physically and functionally interact in
T-lymphocytes, FEBS Lett. 487 (2) (2000) 229–233.

74] M. Ziolkowska, A. Koc, G. Luszczykiewicz, K. Ksiezopolska-Pietrzak, E. Klim-
czak, H. Chwalinska-Sadowska, W. Maslinski, High levels of IL-17 in rheumatoid
arthritis patients: IL-15 triggers in vitro IL-17 production via cyclosporin A-
sensitive mechanism, J. Immunol. 164 (5) (2000) 2832–2838.
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