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Prostaglandin E2 enhances Th17 responses via
modulation of IL-17 and IFN-c production by memory
CD41 T cells
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Federica Sallusto
Institute for Research in Biomedicine, Bellinzona, Switzerland
The contribution of Th1 and Th17 cells in chronic inflammatory conditions leading to
autoimmunity remains highly controversial. In inflamed tissues, production of prostaglandins by COX-2 has been proposed to favor Th17 responses indirectly by increasing
IL-23 and blocking IL-12 release from APC. We report here that prostaglandin E2 (PGE2)
can directly modulate cytokine production by human memory CD41 T cells. TCR triggering
in the presence of PGE2 increased IL-17 and reduced IFN-c production by freshly isolated
memory T cells or T-cell clones. PGE2 triggered the EP2 and EP4 receptors expressed on
T cells leading to a rapid increase of retinoic-acid-related orphan receptor-ct (ROR-ct) and
decrease of T-cell-specific T-box transcription factor 21 (T-bet) mRNA. Moreover, PGE2
promoted the selective enrichment of IL-17-producing cells by differentially modulating
the proliferation of memory T-cell subsets in vitro. Taken together our results indicate that
T-cell effector function is a direct target for PGE2 modulation and suggest a novel
mechanism by which inhibitors of prostaglandin synthesis, such as COX-2 inhibitors,
exert their anti-inflammatory effect.
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Introduction
IL-17-producing T cells (Th17) have been recently characterized
as a distinct lineage of CD4+ Th cells. IL-17 and Th17 cells have
been shown to mediate protection against extracellular pathogens by promoting neutrophil recruitment [1–4] but also to cause
immunopathology in different models of autoimmunity [5].
Differentiation of mouse Th17 cells from uncommitted naı̈ve
T-cell precursors is controlled by the lineage-specific transcription
factors retinoic-acid-related orphan receptor-gt (ROR-gt) [6] and
ROR-a [7], is promoted by an IL-21-autocrine loop triggered by
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TGF-b and IL-6 [8, 9] and inhibited by Th1- or Th2-promoting
stimuli, such as IL-12, IFN-g and IL-4. Human Th17 cell
differentiation is associated with increased expression of ROR-g,
is induced by IL-1b and enhanced by IL-6 and IL-23 [10, 11]
while requirement for TGF-b is still debated and may be different
depending on experimental conditions [12–14]. Both in vitrodifferentiated human and mouse Th17 cells selectively upregulate expression of the chemokine receptor CCR6 [15, 16]. CCR6 is
also expressed on circulating human memory Th17 cells and it
has been shown to mediate recruitment of pathogenic Th17 cells
in a mouse arthritis model [16].
The notion that Th17 cells are implicated in the onset and
maintenance of autoimmune diseases is supported by compelling
evidence. In mice, transfer of Th17 but not Th1 cells induce EAE
These authors contributed equally to this work.
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[17] and mice lacking IL-17 or treated with IL-17-blocking antibodies have delayed disease onset or much reduced inflammation
in EAE or collagen-induced arthritis (CIA) [18–22]. In humans,
IL-17 and IL-17-producing cells have been identified in active
lesions in the brains of patients with MS and in other chronic
inflamed tissues [23–25] while Th17-associated factors such as
IL-17, IL-22, ROR-gt and IL-23 are highly expressed in psoriatic
lesions [11] and have been associated with ulcerative colitis and
Crohn disease [26–28].
Before identification of Th17 cells, Th1 cells and the Th1associated cytokine IFN-g were thought to play a pathogenic role
in autoimmune diseases [29]. However, the findings that IFN-gand IFN-R-deficient mice had higher susceptibility to EAE and CIA
compared with wild-type mice [30–32] and that administration
of neutralizing antibodies to IFN-g exacerbated MS in human
patients [33] were pointing to an anti-inflammatory activity of
IFN-g both in the onset and in the progression of at least
some autoimmune diseases. In a recent study the increased
susceptibility of IFN-g- and IFN-R-deficient mice to autoimmune
diseases correlated with an increased number of IL-17-producing
T cells [34], suggesting that one possible mechanism by which
IFN-g exerts its anti-inflammatory activity is through inhibition of
Th17 cell differentiation and function. Notably, in humans,
high IL-17 and low IFN-g concentration in inflammatory
arthritis are linked to the development of rheumatoid arthritis
(RA), while high IFN-g and low IL-17 correlated with non-rheumatoid persistent synovitis [35]. Thus, a dampening of Th1
together with an increase in Th17 responses can contribute
to the shift from a balanced self-resolving inflammatory reaction
to a chronic pathological inflammation; however, what
could lead to a differential modulation of Th1 and Th17
responses is poorly understood. Paradoxically high Th1 and low
Th17 cell numbers are found in synovial fluid of patients with
established RA [36], whereby relatively low concentrations
of IFN-g [37] and high concentrations of IL-17 are detected
[38, 39].
Although the mechanisms underlying this discrepancy are
unknown, it is likely that the bias towards IL-17 production
in a Th1-rich environment might depend on the presence of
inflammatory mediators able to locally modulate cytokine release
by already differentiated Th1 and Th17 cells. Several immunomodulatory molecules are abundant in chronically inflamed
tissues and may directly or indirectly influence the release of
IL-17 and IFN-g. IL-23, IL-1 and IL-6 promote differentiation and
expansion of human Th17 cells [10, 11, 40] whereas high
concentrations of TGF-b inhibit Th1 responses in vivo [41] and
both Th1 and Th17 responses in vitro [12]. TNF, prostaglandin
E2 (PGE2) and IL-15 are abundant in chronically inflamed
tissues where they sustain the inflammatory process. However,
their possible role in modulating the IL-17/IFN-g balance has not
been investigated. TNF neutralization [42] and inhibition
of PGE2 synthesis by means of COX-2 inhibitors are
standard treatments in chronic inflammatory diseases [43]
while a novel strategy involving IL-15 neutralization has been
proposed [44].
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In this context, we set out to determine whether some of the
inflammatory mediators abundant in inflamed tissues are able to
enhance IL-17 secretion by locally influencing T-cell effector
responses, skewing in situ the Th1/Th17 balance towards a
pathogenic Th17 response.

Results
PGE2 modulates IL-17 and IFN-c release acting directly
on memory CD41 T cells
To address whether soluble factors found in chronically inflamed
tissues are able to modulate release of effector cytokines by immune
cells, we stimulated total PBMC from healthy donors with the
bacterial superantigen toxic shock syndrome toxin 1 (TSST-1) in the
absence or presence of different inflammatory mediators and
measured IL-17 and IFN-g release in culture supernatants. As
shown in Fig. 1A, IL-6 and TNF had no effect on IL-17 or IFN-g
release by TSST-stimulated PBMC. IL-1b increased production of
both IFN-g and IL-17, whereas IL-12 and IL-15 selectively increased
IFN-g production and IL-23 selectively increased production of
IL-17. Strikingly, PGE2 had opposite effects since compared with
untreated controls it increased IL-17 production (p 5 0.0006) and,
at the same time, strongly reduced release of IFN-g (p 5 0.0153).
Inhibition of endogenous PGE2 production by addition to PBMC
cultures of the COX inhibitor indomethacin (INDO) also resulted in
reduced release of IL-17 compared with untreated controls
(p 5 0.0036), although in this case IFN-g production was not
affected (Fig. 1B and Supporting Information Fig. S1).
Since PGE2 is able to enhance secretion of IL-23 by dendritic
cells [45], we asked whether the effects observed above were
indirectly mediated by IL-23. To address this, PBMC were stimulated with TSST-1 in the absence or presence of PGE2
and blocking antibodies to IL-23 or antibodies to IL-12p40 that
block both IL-12 and IL-23. In the absence of PGE2, neutralization
of IL-12p40 strongly inhibited IFN-g release without
affecting IL-17, indicating that reduced production of IFN-g was
not sufficient per se to induce increased production of
IL-17 by TSST-stimulated PBMC (Fig. 1C). Addition of PGE2
increased IL-17 production even in the presence of IL-23- or
IL-12p40-blocking antibodies, indicating that its effect was independent from IL-23. Blocking antibodies to IL-1b or IL-6 had also no
effect on the ability of PGE2 to increase IL-17 production, although
they limited accumulation of IL-17 in PBMC culture supernatants.
The above results suggested the possibility that PGE2 could affect
IL-17 and IFN-g production by acting directly on T cells. To assess
this possibility, highly purified CD41CD45RA CD25 memory
T cells were stimulated with plate-bound CD3 and CD28 antibodies
in the presence of increasing concentrations of PGE2. As shown in
Fig. 1D, PGE2 increased IL-17 and decreased IFN-g production by
activated T cells over a wide range of concentrations. Interestingly,
PGE2 inhibited production of IL-22, a cytokine that has been associated with Th17 responses, suggesting that these two cytokines are
differentially modulated.

www.eji-journal.eu

Eur. J. Immunol. 2009. 39: 1301–1312

Immunomodulation

Figure 1. PGE2 distinctly affects IL-17 and IFN-g release by PBMC and memory CD41 T cells. (A) Total PBMC were stimulated with 10 ng/mL TSST-1
with or without the indicated immunomodulatory molecules. IL-17 and IFN-g were measured in the 36 h supernatant and cytokine levels are
shown as fold change compared with TSST-1 stimulation in the absence of additional immunomodulators. Each symbol represents cells obtained
from different donors. p-Value was calculated using one-sample t-test of the fold change in the presence of PGE2 with a hypothetical mean value
of 1 (TSST-1alone). (B) Total PBMC were stimulated with TSST-1 in the presence or absence of 10 mM INDO. Cytokines were measured in the 36 h
supernatant and results are depicted as mean of duplicate cultures. One representative donor out of four is shown. (C) Total PBMC were stimulated
for 36 h with TSST-1 with or without the indicating neutralizing antibodies in the presence or absence of 0.5 mM PGE2. For each condition the fold
change compared with stimulation with TSST-1 alone is plotted and data represent means1SD of five different donors. (D) CD41CD45RA CD25
total memory T cells were stimulated for 36 h with anti-CD3/anti-CD28 coated plates in the presence of the indicated concentration of PGE2. IL-17,
IFN-g and IL-22 concentrations were measured in the 36 h supernatant and data are depicted as fold change compared with cells stimulated in the
absence of PGE2. Data represent mean1SD of six different donors. p-Values of one-sample t-test of the fold changes in the presence of PGE2 with a
hypothetical mean value of 1 (anti-CD3, anti-CD28 alone) are po0.1, po0.01, po0.001.
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PGE2 affects the early transcription of IL-17, ROR-ct,
IFN-c and T-bet
We then investigated the features of PGE2-mediated modulation
of IL-17 and IFN-g production. We asked whether combination of
PGE2 with other cytokines could further modulate IL-17 and
IFN-g release by memory T cells. Addition of IL-23, TGF-b and
IL-4 had no effect whereas IL-1b plus IL-6 synergized with PGE2
to enhance IL-17 production without affecting IFN-g production.
In contrast, IL-12 did not influence PGE2-mediated increase of IL17 but completely abrogated PGE2-mediated inhibition of IFN-g
(Fig. 2A and Supporting Information Fig. S2).
Next, we asked whether the continuous presence of PGE2 in the
culture medium was needed for modulation of cytokine release. To
address this, we stimulated total memory CD41 T cells with
immobilized CD3 and CD28 antibodies in the presence of PGE2 for
2 h. Cells were then washed and re-plated in CD3 and CD28 antibody-coated plates in the presence or absence of PGE2 for the
remaining time of stimulation. Evaluation of the levels of IL-17 and
IFN-g indicated that 2 h stimulation in the presence of PGE2 was
sufficient to increase IL-17 production but was not sufficient to
downregulate IFN-g production (Supporting Information Fig. S3A).
Differentiation of Th1, Th2 and Th17 cells is controlled by the
master transcription factors T-cell-specific T-box transcription
factor 21 (T-bet), GATA-binding factor 3 (GATA-3) and ROR-gt,
respectively [46]. Expression of these transcription factors is
maintained in resting memory Th1, Th2 and Th17 cells and is
further upregulated upon stimulation. T-bet and ROR-gt have been
shown to directly control transcription of IFN-g [47] and IL-17
[48], respectively. Thus, we asked whether PGE2 affects production of IL-17 and IFN-g through modulation of these transcription
factors. Memory T cells were stimulated in the absence or presence
of PGE2 and the abundance of mRNA for ROR-gt, T-bet and GATA3 as well as for IL-17 and IFN-g and IL-4 was measured by quantitative PCR 4 h after stimulation (Fig. 2B and data not shown).
PGE2 increased expression of ROR-gt and decreased the expression of T-bet mRNA. This effect correlated with increased amounts
of IL-17 mRNA and decreased amounts of IFN-g mRNA. GATA-3
and IL-4 transcripts were comparable to untreated controls (data
not shown). In conclusion, PGE2 has a rapid effect on IL-17 and
IFN-g transcription, which correlates with early modulation of the
master transcription factors ROR-gt and T-bet.

Figure 2. Modulation of cytokine production by PGE2. (A) CD41
CD45RA CD25 memory T cells were stimulated with anti-CD3/antiCD28 coated plates and various cytokines in the presence or absence of
PGE2. Cytokines were measured in the 36 h supernatants and results
are displayed as mean of duplicate cultures. One representative donor
out of four is shown. (B) CD41CD45RA CD25 memory CD41 T cells
were stimulated for 4 h with anti-CD3/anti-CD28 coated plates in the
presence or absence of 0.5 mM PGE2. Transcripts for Ifng, Il17, tbx21 and
rorc were determined by real-time PCR. The levels of transcripts in cells
cultured in the presence of PGE2 are depicted as fold change compared
with controls (cells cultured in the absence of PGE2). Results represent
the mean of two donors.

PGE2 modulates cytokine production of Th-cell subsets
Recently, we described that functionally distinct human memory
T-cell subsets can be identified by a differential expression of the
chemokine receptors CCR6, CCR4 and CXCR3 [15]. Th17 cells
express CCR6 together with CCR4, whereas Th2 cells express
CCR4 but do not express CCR6. Th1 cells are distributed within
two CXCR31 subsets: a CCR61CXCR31 subset that comprises also
some IFN-g/IL-17 double-producer T cells and a CCR6 CXCR31
subset that includes some IFN-g/IL-4 double-producers. By using
chemokine receptors as surface markers to isolate functionally

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

distinct memory T cells we asked whether PGE2 modulated cytokine
production in different subsets and whether it could differentially
affect cytokine production also in cells capable of producing both
IL-17 and IFN-g.
As shown in Fig. 3A and in Supporting Information Fig. S4,
PGE2 increased IL-17 production by activated CCR61CCR41
Th17 cells and inhibited production of IFN-g by CCR6 CXCR31
Th1 cells. Moreover, PGE2 increased IL-17 and decreased IFN-g
production in the CCR61CXCR31 subset, which comprises IL-17/
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Figure 3. PGE2 directly modulates IL-17 and IFN-g release by purified CD41 memory T-cell subsets and IL-17/IFN-g double-producing clones.
(A) Memory CD41 T-cell subsets sorted according to the expression of chemokine receptors CCR6, CCR4, CXCR3 were stimulated with anti-CD3/
anti-CD28 coated plates in the presence or absence of 0.5 mM PGE2. IL-17, IFN-g and IL-4 were determined by ELISA in the 36 h supernatant and are
depicted as mean of duplicate cultures. One representative donor out of six is shown. (B) Five different IL-17, IFN-g and IL-22 triple-producing
clones and three IL-17, IFN-g double-producing clones were stimulated with anti-CD3/anti-CD28 coated plates in the presence or absence of 0.5 mM
PGE2. IL-17, IFN-g and IL-22 concentrations were determined by ELISA in the 36 h supernatant. Each symbol represents a different clone. (C) Mean1
SD of the fold changes of cytokines produced by clones stimulated in the presence of PGE2 compared with cells stimulated in the absence of PGE2
for all the clones stimulated in B. p-Values of one-sample t-test of fold changes in the presence of PGE2 with a hypothetical mean value of 1 (antiCD3/anti-CD28 alone) are p 5 0.0053, p 5 0.0006. (D) Five different IL-17, IFN-g double-producing clones were cultured for 4 h with anti-CD3/antiCD28 coated plates in the presence or absence of 0.5 mM PGE2. Transcripts for tbx21 and rorc were determined by real-time PCR in cultured (4 h) and
non-cultured cells (0 h). Data show the fold induction of transcripts for tbx21 and rorc in cultured cells in the presence or absence of PGE2 compared
with non-cultured cells, each symbol represents an independent clone. p-Values of one-sample t-test of fold changes in the presence of PGE2 with
a hypothetical mean value of 1 (anti-CD3/anti-CD28 alone) for tbx21 is p 5 0.0002, for rorc is p 5 0.109.

IFN-g double-producer T cells. Interestingly, PGE2 was not able
to induce production of IL-17 by any of the CCR6 subsets. We
then stimulated CD41 T-cell clones capable of producing both
IL-17 and IFN-g in the absence or presence of PGE2. PGE2
consistently increased IL-17, albeit to a lower extent compared
with memory cells, and inhibited IFN-g production by stimulated
T-cell clones (Fig. 3B and C), suggesting that PGE2 signaling can
concomitantly increase IL-17 transcription and decrease IFN-g
transcription within the same cell. IL-22, which was produced by
some of the IL-17/IFN-g double-producer T-cell clones, was not
significantly inhibited by PGE2. Finally, we asked whether the
differential regulation of IL-17 and IFN-g in double-producer
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T-cell clones correlated with a modulation of the expression of
ROR-gt and T-bet expression. T-bet upregulation was strongly
inhibited by PGE2 treatment, while expression of ROR-gt was
moderately increased (Fig. 3D).

PGE2 differentially influences expansion of Th cell
subsets
Upon encounter with cognate antigens memory T cells are
activated and proliferate to give rise to an expanded pool of
effector cells. T-cell expansion is regulated by several cytokines,

www.eji-journal.eu

1305

1306

Giorgio Napolitani et al.

Eur. J. Immunol. 2009. 39: 1301–1312

IL-17/IFN-g double-producing cells (Fig. 4B). The presence of
PGE2 for the first 24 h of culture was sufficient to induce an
increase in IL-17-producing cells and a decrease in IFN-gproducing cells (Supporting Information Fig. S3B).
Interestingly, PGE2 markedly affected the percentage of IL-17
and IFN-g-producing cells within the dividing population
(Supporting Information Fig. S5); therefore, we next addressed
whether this effect was dependent on a differential effect on the
proliferation of the different memory T-cell subsets. Sorted
CCR61CCR41, CCR61CXCR31, CCR6 CXCR31 and CCR6
CCR41 memory T-cell subsets were stained with CFSE and
stimulated with plate-bound CD3 and CD28 antibodies in the
absence or presence of PGE2. As shown in Fig. 4C, PGE2 inhibited proliferation of all memory T-cell subsets. However, the
CCR6 subsets showed higher susceptibility to PGE2 inhibition
than the CCR61 IL-17-producing subsets. This behavior may
explain the increase induced by PGE2 of IL-17-producing cells
after in vitro expansion of memory CD41 T cells.

EP2 and EP4 receptors mediate cytokine modulation by
PGE2

Figure 4. PGE2 favors the enrichment of Th17 cells by differentially
modulating proliferation of T-cell subsets. (A) CD41CD45RA CD25
memory T cells were expanded with anti-CD3/anti-CD28 coated beads
for 5 days in the presence of PGE2. Intracellular expression of IL-17 and
IFN-g was determined by flow cytometry after 5 h stimulation with
PMA/ionomycin. Plots are representative of six independent experiments. (B) Percentage of cytokine-producing cells determined as in (A),
from six different donors. p-Values calculated using a one-sample
t-test of the fold changes of the percentage of cytokine-producing cells
in the presence of PGE2 with a hypothetical mean value of 1 (anti-CD3/
anti-CD28 coated beads alone) p 5 0.0034, for IL-17-producing cells;
p 5 0.0008 for IFN-g-producing cells . (C) CFSE-labeled memory CD41
T-cell subsets were stimulated for 5 days with anti-CD3/anti-CD28
coated plates in the presence or absence of 0.5 mM PGE2. Percentages of
proliferating cells that have diluted CFSE (CFSElow) were determined by
flow cytometry. Each symbol represents cells from a different donor.
Percentage of CFSElow cells in the CCR41CCR6 and CXCR31CCR6 cells
cultured in the presence of PGE2 were significantly different from the
percentage of CFSElow cells in the other subsets and CD25 CD45RA
CD41 memory T cells cultured in the same condition as determined by
one-way ANOVA followed by Bonferroni’s multiple comparison test.
po0.01, po0.005 compared with CD25 CD45RA CD41 memory
T cells.

including IL-15, IL-2 and IL-7 [49]. We asked whether PGE2 had
any effect on proliferation of memory T cells. First, we isolated
total CD41 memory T cells and induced proliferation by
polyclonal stimulation in the absence or presence of PGE2; the
percentage of cytokine-producing cells was evaluated after
5 days of culture (Fig. 4A). Approximately a twofold increase
in IL-17-producing cells and a twofold decrease in IFN-gproducing cells were observed in cultures where PGE2 was
added (Fig. 4B). No difference was observed in the percentage of
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Prostaglandins bind to four distinct receptors – EP1, EP2, EP3 and
EP4 – that are coupled to distinct signaling pathways and are
differentially expressed in different cell types [50, 51]. To
determine which of these receptors mediate the effects of PGE2
in T cells we analyzed their expression by quantitative PCR and
assessed the activity of receptor-specific agonists. The results in
Fig. 5A show that EP2 and EP4 were expressed in human T cells
whereas EP1 and EP3 were not detected. The pattern of receptor
expression was consistent with the findings that sulprostone, an
EP1- and EP3-specific agonist, did not affect production IL-17 or
IFN-g by T cells (Fig. 5B), and butaprost and OH-PGE1, which are
EP2 and EP4 selective agonists, respectively, increased IL-17 and
decreased IFN-g production, although not as efficiently as PGE2.
We asked whether the different susceptibilities of the distinct T-cell
subsets to the inhibitory effect of PGE2 on TCR-mediated
proliferation (Fig. 4) correlated with a differential expression of
EP2 and EP4 receptors. No relevant differences were observed in
the expression of EP2 and EP4 in the CCR61CCR41, CCR61
CXCR31, CCR6 CCR41 and CCR6 CXCR31 memory T-cell
subsets (Fig. 5C). This is consistent with the observation that
PGE2 treatment affects either cyotkine production or cell
proliferation or both in all the different subsets. Thus, the partial
resistance of the CCR61 subsets to the inhibitory effects of PGE2
on proliferation might depend on factors downstream the EP
receptors.

IFN-b inhibits IL-17 but not IFN-c release by purified
memory CD41 T cells
PGE2 is a proinflammatory mediator involved in chronic
inflammation and COX inhibitors that block PGE2 synthesis are
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Figure 5. PGE2 modulation of T-cell activation is mediated by the EP2 and EP4 receptors. (A) The abundance of RNA encoding for EP1, EP2, EP3 and
EP4 was determined by quantitative PCR in PBMC and purified memory CD41 T cells of three different donors. AU, arbitrary units. (B) Memory
T cells were stimulated with anti-CD3/anti-CD28 coated plates in the presence or absence of PGE2 and EP1/EP3 agonist sulprostone, EP2 agonist
butaprost and EP4 agonist OH-PGE1. Cytokines were measured in the 36 h supernatants and shown as fold change compared with cytokine
concentration in vehicle-treated cultures. Each symbol represents cells from different donors. p-Values for cytokine production in the presence of
the indicated agonists versus cells stimulated in the absence of any agonists of EP receptors: po0.1, po0.05, po0.001. (C) The abundance of RNA
encoding for EP2 and EP4 was determined by quantitative PCR in the total CD25 CD45RA CD41 memory T cells and the different sorted subsets.
Data are representative of four separate experiments.

currently used in the treatment of several autoimmune
diseases. The above results showing that PGE2 has the unique
capacity to increase IL-17 production and, at the same time,
to decrease IFN-g production by CD41 T cells may
provide a possible mechanism by which inhibitors of
PGE2 synthesis exert their beneficial effects in chronic inflammatory disease where IL-17 is believed to play an important
role [43].
Treatment with recombinant IFN-b has been shown to reduce
progression of disease in the relapsing remitting form of MS [52], but
the mechanism by which IFN-b can limit central nervous system
inflammation is not clear. Thus, we asked whether recombinant
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IFN-b was able to modulate release of IL-17 and IFN-g by memory
CD41 T cells limiting pathogenic Th17 responses and enhancing
potentially beneficial Th1 responses. Purified total memory
CD41 T cells were stimulated in the presence of increasing concentrations of IFN-b. A substantial inhibition of IL-17 but not of IFN-g
release was observed (Fig. 6A). However, when total PBMC were
stimulated with TSST-1 in the presence of IFN-b, not only IL-17 but
also IFN-g release was strongly inhibited (Fig. 6B). These results
suggest that IFN-b can differentially modulate cytokine production by
CD41 memory T cell but that the anti-inflammatory effect of IFN-b
might be only partially explained by its direct effect on T-cell cytokine
release.
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Figure 6. IFN-b differentially modulates IL-17 and IFN-g release by
memory T cells. (A) CD41CD45RA CD25 total memory T cells were
stimulated with anti-CD3/anti-CD28 coated plates in the presence of
different concentrations of IFN-b. IL-17 and IFN-g concentrations were
measured in the 36 h supernatant and are shown as fold change
compared with the concentration of 0 U/mL. Data represent mean1SD
of six different donors. (B) Total PBMC were stimulated with TSST-1 in
the presence of different concentrations of IFN-b. IL-17 and IFN-g
concentrations were measured in the 36 h supernatant and are shown
as fold change compared with the concentration of 0 U/mL. Data
represent mean1SD of four different donors. p-Values of one-sample
t-test of fold changes in the presence of PGE2 with a hypothetical mean
value of 1 (anti-CD3/anti-CD28 alone for (A), TSST-1 alone for (B)).
po0.01, po0.001.

Discussion
We describe here that PGE2, an inflammatory mediator that is
targeted by common anti-inflammatory drugs, can act directly on
effector T cells leading to an increase in IL-17 production and at
the same time to an inhibition of IFN-g production. Thus, in
chronically inflamed tissues PGE2 may dramatically influence the
balance between the highly inflammatory cytokine IL-17 and the
negative feedback loop exerted by IFN-g.
The modulatory effects of PGE2 are mimicked by specific
agonists acting on either the prostaglandin receptors EP2 or EP4,
suggesting a redundant role for these two receptors in the
response of T cells to PGE2. This is consistent with recent reports
showing that mice deficient in each of the different EP receptors
were as susceptible as wild-type mice to the development of CIA,
while partial but significant suppression was achieved by
combined inhibition of the EP2 and EP4 receptors [53].
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While this manuscript was in preparation Chizzolini et al.
reported that PGE2 favored Th17 expansion in vitro leading to an
increased accumulation of IL-17 in the culture supernatant [54].
Our data are in agreement with these observations and provide
evidence that PGE2 acts by inhibiting expansion of CCR6 T cells
rather than increasing proliferation of CCR61 Th17 cells. In
addition to its effect on T-cell proliferation, our results also
demonstrate that PGE2 can directly act on T cells by rapidly
enhancing IL-17 production and, at the same time, inhibiting IFN-g
production. By modulating effector function of memory T cells,
PGE2 would enhance IL-17 production even in the presence of
effector cells capable of producing IFN-g, providing a mechanism
to explain why Th17 responses prevail in chronic inflammation
sites, despite the presence of high numbers of Th1 cells. Moreover,
the finding that PGE2 had a rapid effect on already differentiated
effector T cells is in line with the fact that treatment with nonsteroidal anti-inflammatory drugs (NSAID) is effective shortly after
administration even when the disease is already established, and
that it is able to relieve the symptoms but does not prevent disease
progression [55]. Interestingly, PGE2 was able to increase IL-17
but inhibited IL-22, a cytokine that is also produced by Th17 cells
and has been implicated in skin inflammatory processes such as
psoriasis [56]. This finding may provide a possible explanation for
the reported worsening of skin diseases in psoriatic arthritis
patients treated with NSAID or COX-2 inhibitors [57].
Among different immunomodulators that are known to be
produced at sites of inflammation, PGE2 was unique in its ability to
enhance IL-17 production and, at the same time, inhibit IFN-g
production by human T cells. PGE2 had been already shown to
increase Th17 responses by favoring IL-23 and dampening IL-12
release by APC [58, 59]. In addition, PGE2 is known to inhibit T-cell
responses by blocking T-cell proliferation and IFN-g production
[60]. Our results indicate that PGE2 can directly act on T cells and
promote Th17 responses independently from the presence of IL-23
and IL-12. Interestingly however, we observed that different cytokines were able to modulate the effect of PGE2. Thus, IL-12 abrogated the ability of PGE2 to inhibit IFN-g production, while IL-1b
and IL-6 synergized with PGE2 to favor IL-17 release. These results
highlight that the crosstalk among different modulators present at
the inflammatory site may be critical to determine the type of
effector response and the outcome of the inflammatory reaction.
The mechanism by which PGE2 enhanced IL-17 production
and inhibited IFN-g production was likely mediated by the rapid
increase of the Th17 transcription factor ROR-gt and a decrease
in T-bet, the Th1-specific transcription factor, although we cannot
exclude that other mechanisms could contribute to the modulation of these two cytokines. In addition, PGE2 could favor the
enrichment of IL-17-producing cells at inflammatory sites by
preferentially inhibiting proliferation of CCR6 T cells, which
include Th1 cells, but not of CCR61 Th17 cells.
Recombinant IFN-b has pleiotropic anti-inflammatory effects
[61] and is currently used as treatment of relapsing remitting MS
[52]. We found that IFN-b had a reverse effect compared with
PGE2 since it was able to inhibit production of IL-17 by purified
CD41 T cells without affecting IFN-g, leading to a skewing of the
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IFN-g/IL-17 balance in favor of IFN-g. However, while the effect
of PGE2 was the same in total PBMC or purified T cells, IFN-b
inhibited both IL-17 and IFN-g production by stimulated PBMC,
suggesting that IFN-b may affect IFN-g release indirectly acting
on myeloid cells, which had been recently proposed to mediate
the immunosuppresive function of IFN-b [62].
Chronic inflammation is a multifaceted process associated with
tissue infiltration of different inflammatory cell types and accumulation of proinflammatory mediators. PGE2 has been identified
as a key player in this process based on the findings that it is
present in large amounts in chronic inflamed tissues, such as the
synovium of RA patients, and has pleiotropic proinflammatory
activities in vitro [60]. Inhibition of prostaglandin synthesis by
NSAID that target COX activity is a widely used treatment for RA
patients, reducing the extent and number of swollen joints.
However, the use of NSAID as well as of the more recently
developed COX-2 inhibitors is associated with gastrointestinal and
cardiovascular toxicity that limit their use at least for long-term
treatments [43]. Understanding the mechanisms by which PGE2
exerts its inflammatory function may lead to the identification of
new targets for safer and less-toxic anti-inflammatory treatments.
Recently, some reports demonstrated that encephalitogenic
Th1 and Th17 cells are both capable of triggering EAE syndromes
that, despite similarities, have distinct histopathological and
immunological features mediated by distinct proinflammatory
pathways [63]. Importantly, the Th1-mediated and the Th17mediated forms of EAE differ in responsiveness to specific
immunomodulatory interventions. In this context, our findings
that PGE2 has opposite effects on IL-17 and IFN-g may be of great
therapeutic relevance and may provide a rationale for the use of
NSAID in the treatment of Th17-mediated inflammatory diseases.

Materials and methods
Cell purification
Blood samples were obtained from the Basel Swiss Blood Center.
Permission to do experiments on human primary cells was
obtained from the Federal Office of Public Health (A000197/2 to
F.S.). PBMC were obtained by density gradient centrifugation on
Ficoll-Paque PLUS (GE Healthcare). CD4+ T cells were isolated
by positive selection with anti-CD4 microbeads (Miltenyi Biotec).
CD41CD45RA CD25
memory T-cell subpopulations were
isolated to 495% purity by FACSAria (BD Bioscience) cell
sorting after five-color staining using the following antibodies:
anti-CD25 FITC, anti-CD45RA FITC (both from Beckmann
Coulter), anti-CCR6 PE, anti-CXCR3 APC and anti-CCR4 PE-Cy7
(all from BD Biosciences).

Cell culture
Cells were cultured in RPMI 1640 medium containing 10% v/v
FBS (GIBCO BRL) and supplemented with 2 mM glutamine,
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1% v/v non-essential amino acids, 1% v/v sodium pyruvate,
50 mg/mL kanamycin, 50 U/mL penicillin and 50 mg/mL streptomycin. PBMC (2  105) were cultured for 36 h with or without
10 ng/mL TSST-1 (Toxin Technology). CD41CD45RA CD25
memory CD41 T cells or T-cell clones (5  104/200 mL) were
cultured for 1, 4 or 36 h in plates coated with 2 mg/mL CD3
antibodies (clone TR66) and 2 mg/mL CD28 antibodies (BD
Biosciences). CD41 T cells were expanded for 5 days with beads
coated with CD3 and CD28 antibodies (Miltenyi Biotec) following
the manufacturer’s instructions. When indicated, cultures were
supplemented with 5 ng/mL TGF-b, 10 ng/mL IL-1b, 10 ng/mL
IL-12, 10 ng/mL IL-15, 10 ng/mL TNF, 10 ng/mL IL-23 (all from
R&D Systems), 20 ng/mL IL-6 (BD Biosciences) or 0.5 mM PGE2
(Cayman Chemical). The following neutralizing antibodies to
IL-1b (8516.311, R&D Systems), IL-6R (17506, R&D Systems),
IL-12/23p40 (C8.6, BD Biosciences) or IL-23 (253810, R&D
Systems) were used at a concentration of 10 mg/mL. The EP1/EP3
agonist sulprostone, the EP2 agonist butaprost and the EP4
agonist prostaglandin E1 alcohol (Cayman Chemical) were used
when indicated at concentrations of 1 mM. INDO (Alexis) was
used at the concentration of 10 mM). Labeling of cells with CFSE
was performed as described previously [64]. T-cell clones were
generated from sorted CD45RA CD25 CCR61CXCR31 memory
CD41 T cells in non-polarizing conditions by single-cell deposition as described [65].

ELISA and intracellular cytokine staining
Cytokine concentrations in culture supernatants were assessed by
ELISA using reagents from R&D Systems according to standard
protocols and analyzed with the Softmax program. Intracellular
IFN-g and IL-17 were detected after stimulating cells with PMA
and ionomycin in the presence of 10 mg/mL brefeldin A (SigmaAldrich). Cells were fixed and permeabilized with BD Cytofix/
Cytoperm Plus (BD Bioscience) according to the manufacturer’s
instruction. Cells were incubated with FITC-labeled antibody to
IFN-g and APC-labeled antibody to IL-17 (eBioscience), washed
and acquired on FACSCanto (BD Bioscience) or FACSCalibur (BD
Biosience) and analyzed using the FlowJo software (Tree Star).

Real-time quantitative PCR
Total RNA was extracted using the ABI PRISM 6100 Nucleid Acid
PrepStation (Perkin-Elmer Applied Biosystems) according to the
manufacturer’s instructions. Random hexamer and an MMLV
reverse transcriptase kit (Stratagene) were used for cDNA
synthesis. Transcripts were quantified by real-time quantitative
PCR on an ABI PRISM 7700 Sequence Detector (Perkin-Elmer
Applied Biosystems) with Applied Biosystems predesigned
TaqMan Gene Expression Assays and reagents according to the
manufacturer’s instructions. The following probes were used:
RORC Hs01076112_m1, TBX21 Hs00203436_m1, GATA3
Hs00231122_m1, Il17a Hs99999082_m1, Ifng Hs99999041_m1,
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Il4 HS00174122_m1, EP1 Hs00168752_m1, EP2 Hs00168754_m1,
EP3 Hs00168755_m1, EP4 Hs00168761_m1. For each sample, the
mRNA abundance was normalized to the amount of 18S rRNA and
was expressed as arbitrary units.
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Statistical analysis
Statistical significance was analyzed using various statistical tests
as indicated in the legend of each figure. A one-sample t-test
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analyze the fold change in cytokine release in cells cultured in the
presence or absence of PGE2. One-way ANOVA followed by
Dunnett post-test was used to compare the effect in IL-17
and IFN-g release of the combination of PGE2 with different
modulatory cytokines. One-way ANOVA followed by Bonferroni’s
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significant differences in the percentage of CFSElow cells in
memory T-cell subsets stimulated in the presence of PGE2.

Orphan Nuclear Receptors RORalpha and RORgamma. Immunity 2008. 28:
29–39.
8 Zhou, L., Ivanov, I. I., Spolski, R., Min, R., Shenderov, K., Egawa, T., Levy,
D. E. et al., IL-6 programs T(H)-17 cell differentiation by promoting
sequential engagement of the IL-21 and IL-23 pathways. Nat. Immunol.
2007. 8: 967–974.
9 Korn, T., Bettelli, E., Gao, W., Awasthi, A., Jager, A., Strom, T. B., Oukka, M.
and Kuchroo, V. K., IL-21 initiates an alternative pathway to induce
proinflammatory T(H)17 cells. Nature 2007. 448: 484–487.
10 Acosta-Rodriguez, E. V., Napolitani, G., Lanzavecchia, A. and Sallusto, F.,
Interleukins 1beta and 6 but not transforming growth factor-beta are
essential for the differentiation of interleukin 17-producing human
T helper cells. Nat. Immunol. 2007. 8: 942–949.
11 Wilson, N. J., Boniface, K., Chan, J. R., McKenzie, B. S., Blumenschein,
W. M., Mattson, J. D., Basham, B. et al., Development, cytokine profile and
function of human interleukin 17-producing helper T cells. Nat. Immunol.
2007. 8: 950–957.
12 Manel, N., Unutmaz, D. and Littman, D. R., The differentiation of
human T(H)-17 cells requires transforming growth factor-beta and
induction of the nuclear receptor RORgammat. Nat. Immunol. 2008. 9:

Acknowledgements: We thank David Jarrossay for help with cell
sorting and Markus Manz and Mariagrazia Uguccioni for critical
reading and comments. This work was in part supported by the
Swiss National Science Foundation (Grants 31000-116440 to F.S.
and 31000-112678 to A.L.) and the European Commission FP6
Programme (LSB- CT-2005-518167, INNOCHEM). The Institute
for Research in Biomedicine is supported by the Helmut Horten
Foundation.
Conflict of interest: The authors declare no financial or
commercial conflict of interest.

641–649.
13 Yang, L., Anderson, D. E., Baecher-Allan, C., Hastings, W. D., Bettelli, E.,
Oukka, M., Kuchroo, V. K. and Hafler, D. A., IL-21 and TGF-beta are
required for differentiation of human T(H)17 cells. Nature 2008. 454:
350–352.
14 Volpe, E., Servant, N., Zollinger, R., Bogiatzi, S. I., Hupe, P., Barillot, E.
and

Soumelis,

V.,

A

critical function

for

transforming

growth

factor-beta, interleukin 23 and proinflammatory cytokines in driving
and modulating human T(H)-17 responses. Nat. Immunol. 2008. 9:
650–657.
15 Acosta-Rodriguez, E. V., Rivino, L., Geginat, J., Jarrossay, D., Gattorno, M.,
Lanzavecchia, A., Sallusto, F. and Napolitani, G., Surface phenotype and
antigenic specificity of human interleukin 17-producing T helper
memory cells. Nat. Immunol. 2007. 8: 639–646.

References

16 Hirota, K., Yoshitomi, H., Hashimoto, M., Maeda, S., Teradaira, S.,
Sugimoto, N., Yamaguchi, T. et al., Preferential recruitment of CCR6expressing Th17 cells to inflamed joints via CCL20 in rheumatoid arthritis

1 Ye, P., Rodriguez, F. H., Kanaly, S., Stocking, K. L., Schurr, J., Schwarzenberger, P., Oliver, P. et al., Requirement of interleukin 17 receptor signaling
for lung CXC chemokine and granulocyte colony-stimulating factor
expression, neutrophil recruitment, and host defense. J. Exp. Med. 2001.
194: 519–527.
2 Mangan, P. R., Harrington, L. E., O’Quinn, D. B., Helms, W. S.,
Bullard, D. C., Elson, C. O., Hatton, R. D. et al., Transforming growth
factor-beta induces development of the T(H)17 lineage. Nature 2006. 441:
231–234.
3 Huang, W., Na, L., Fidel, P. L. and Schwarzenberger, P., Requirement of
interleukin-17A for systemic anti-Candida albicans host defense in mice.
J. Infect. Dis. 2004. 190: 624–631.
4 Mills, K. H., Induction, function and regulation of IL-17-producing T cells.
Eur. J. Immunol. 2008. 38: 2636–2649.
5 Bettelli, E., Korn, T., Oukka, M. and Kuchroo, V. K., Induction and effector
functions of T(H)17 cells. Nature 2008. 453: 1051–1057.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and its animal model. J. Exp. Med. 2007. 204: 2803–2812.
17 Langrish, C. L., Chen, Y., Blumenschein, W. M., Mattson, J., Basham, B.,
Sedgwick, J. D., McClanahan, T. et al., IL-23 drives a pathogenic T cell
population that induces autoimmune inflammation. J. Exp. Med. 2005.
201: 233–240.
18 Komiyama, Y., Nakae, S., Matsuki, T., Nambu, A., Ishigame, H.,
Kakuta, S., Sudo, K. and Iwakura, Y., IL-17 plays an important role in
the development of experimental autoimmune encephalomyelitis.
J. Immunol. 2006. 177: 566–573.
19 Nakae, S., Nambu, A., Sudo, K. and Iwakura, Y., Suppression of immune
induction of collagen-induced arthritis in IL-17-deficient mice. J. Immunol.
2003. 171: 6173–6177.
20 Hofstetter, H. H., Ibrahim, S. M., Koczan, D., Kruse, N., Weishaupt, A.,
Toyka, K. V. and Gold, R., Therapeutic efficacy of IL-17 neutralization in
murine experimental autoimmune encephalomyelitis. Cell Immunol. 2005.
237: 123–130.

www.eji-journal.eu

Eur. J. Immunol. 2009. 39: 1301–1312

Immunomodulation

21 Uyttenhove, C. and Van Snick, J., Development of an anti-IL-17A autovaccine that prevents experimental auto-immune encephalomyelitis.
Eur. J. Immunol. 2006. 36: 2868–2874.

37 Firestein, G. S., Evolving concepts of rheumatoid arthritis. Nature 2003.
423: 356–361.
38 Kotake, S., Udagawa, N., Takahashi, N., Matsuzaki, K., Itoh, K.,

22 Lubberts, E., Koenders, M. I., Oppers-Walgreen, B., van den Bersselaar, L.,

Ishiyama, S., Saito, S. et al., IL-17 in synovial fluids from patients with

Coenen-de Roo, C. J., Joosten, L. A. and van den Berg, W. B., Treatment

rheumatoid arthritis is a potent stimulator of osteoclastogenesis. J. Clin.

with a neutralizing anti-murine interleukin-17 antibody after the onset of
collagen-induced arthritis reduces joint inflammation, cartilage destruction, and bone erosion. Arthritis Rheum. 2004. 50: 650–659.

Invest. 1999. 103: 1345–1352.
39 Ziolkowska, M., Koc, A., Luszczykiewicz, G., Ksiezopolska-Pietrzak, K.,
Klimczak, E., Chwalinska-Sadowska, H. and Maslinski, W., High levels of

23 Lock, C., Hermans, G., Pedotti, R., Brendolan, A., Schadt, E., Garren, H.,

IL-17 in rheumatoid arthritis patients: IL-15 triggers in vitro IL-17

Langer-Gould, A. et al., Gene-microarray analysis of multiple sclerosis

production via cyclosporin A-sensitive mechanism. J. Immunol. 2000.

lesions yields new targets validated in autoimmune encephalomyelitis.

164: 2832–2838.

Nat. Med. 2002. 8: 500–508.

40 Liu, H. and Rohowsky-Kochan, C., Regulation of IL-17 in human CCR61

24 Tzartos, J. S., Friese, M. A., Craner, M. J., Palace, J., Newcombe, J., Esiri,
M. M. and Fugger, L., Interleukin-17 production in central nervous
system-infiltrating T cells and glial cells is associated with active disease
in multiple sclerosis. Am. J. Pathol. 2008. 172: 146–155.

effector memory T cells. J. Immunol. 2008. 180: 7948–7957.
41 Gorelik, L., Constant, S. and Flavell, R. A., Mechanism of transforming
growth factor beta-induced inhibition of T helper type 1 differentiation.
J. Exp. Med. 2002. 195: 1499–1505.

25 Pene, J., Chevalier, S., Preisser, L., Venereau, E., Guilleux, M. H.,
Ghannam, S., Moles, J. P. et al., Chronically inflamed human tissues are
infiltrated by highly differentiated Th17 lymphocytes. J. Immunol. 2008.

42 Feldmann, M., Development of anti-TNF therapy for rheumatoid
arthritis. Nat. Rev. Immunol. 2002. 2: 364–371.
43 Hinz, B., Renner, B. and Brune, K., Drug insight: cyclo-oxygenase-2

180: 7423–7430.
26 Annunziato, F., Cosmi, L., Santarlasci, V., Maggi, L., Liotta, F., Mazzinghi,
B., Parente, E. et al., Phenotypic and functional features of human Th17

inhibitors--a critical appraisal. Nat. Clin. Pract. Rheumatol. 2007. 3:
552–560.
44 Baslund, B., Tvede, N., Danneskiold-Samsoe, B., Larsson, P., Panayi, G.,

cells. J. Exp. Med. 2007. 204: 1849–1861.
27 Duerr, R. H., Taylor, K. D., Brant, S. R., Rioux, J. D., Silverberg, M. S., Daly,
M. J., Steinhart, A. H. et al., A genome-wide association study identifies
IL23R as an inflammatory bowel disease gene. Science 2006. 314:

Petersen, J., Petersen, L. J. et al., Targeting interleukin-15 in patients with
rheumatoid arthritis: a proof-of-concept study. Arthritis Rheum. 2005. 52:
2686–2692.
45 Sheibanie, A. F., Tadmori, I., Jing, H., Vassiliou, E. and Ganea, D.,

1461–1463.
28 Fujino, S., Andoh, A., Bamba, S., Ogawa, A., Hata, K., Araki, Y., Bamba, T.
and Fujiyama, Y., Increased expression of interleukin 17 in inflammatory

Prostaglandin E2 induces IL-23 production in bone marrow-derived
dendritic cells. FASEB J. 2004. 18: 1318–1320.
46 Weaver, C. T., Hatton, R. D., Mangan, P. R. and Harrington, L. E., IL-17

bowel disease. Gut 2003. 52: 65–70.
29 Steinman, L., A brief history of T(H)17, the first major revision in the
T(H)1/T(H)2 hypothesis of T cell-mediated tissue damage. Nat. Med. 2007.

family cytokines and the expanding diversity of effector T cell lineages.
Annu. Rev. Immunol. 2007. 25: 821–852.
47 Szabo, S. J., Kim, S. T., Costa, G. L., Zhang, X., Fathman, C. G. and

13: 139–145.
30 Ferber, I. A., Brocke, S., Taylor-Edwards, C., Ridgway, W., Dinisco, C.,
Steinman, L., Dalton, D. and Fathman, C. G., Mice with a disrupted IFNgamma gene are susceptible to the induction of experimental auto-

Glimcher, L. H., A novel transcription factor, T-bet, directs Th1 lineage
commitment. Cell 2000. 100: 655–669.
48 Ichiyama, K., Yoshida, H., Wakabayashi, Y., Chinen, T., Saeki, K.,
Nakaya, M., Takaesu, G. et al., Foxp3 inhibits RORgammat-mediated

immune encephalomyelitis (EAE). J. Immunol. 1996. 156: 5–7.
31 Rosloniec, E. F., Latham, K. and Guedez, Y. B., Paradoxical roles of IFNgamma in models of Th1-mediated autoimmunity. Arthritis Res. 2002. 4:

IL-17A mRNA transcription through direct interaction with RORgammat.
J. Biol. Chem. 2008. 283: 17003–17008.
49 Boyman, O., Purton, J. F., Surh, C. D. and Sprent, J., Cytokines and T-cell

333–336.
32 Willenborg, D. O., Fordham, S., Bernard, C. C., Cowden, W. B. and

homeostasis. Curr. Opin. Immunol. 2007. 19: 320–326.

Ramshaw, I. A., IFN-gamma plays a critical down-regulatory role in the

50 Narumiya, S., Sugimoto, Y. and Ushikubi, F., Prostanoid receptors:

induction and effector phase of myelin oligodendrocyte glycoprotein-

structures, properties, and functions. Physiol. Rev. 1999. 79: 1193–1226.

induced

autoimmune

encephalomyelitis.

J.

Immunol.

1996.

157:

3223–3227.
33 Panitch, H. S., Hirsch, R. L., Schindler, J. and Johnson, K. P., Treatment of
multiple sclerosis with gamma interferon: exacerbations associated with
activation of the immune system. Neurology 1987. 37: 1097–1102.
34 Chu, C. Q., Swart, D., Alcorn, D., Tocker, J. and Elkon, K. B., Interferon-

51 Sugimoto, Y., Narumiya, S. and Ichikawa, A., Distribution and function of
prostanoid receptors: studies from knockout mice. Prog. Lipid Res. 2000.
39: 289–314.
52 Jacobs, L. D., Cookfair, D. L., Rudick, R. A., Herndon, R. M., Richert, J. R.,
Salazar, A. M., Fischer, J. S. et al., Intramuscular interferon beta-1a
for disease progression in relapsing multiple sclerosis. The Multiple

gamma regulates susceptibility to collagen-induced arthritis through

Sclerosis Collaborative Research Group (MSCRG). Ann. Neurol. 1996. 39:

suppression of interleukin-17. Arthritis Rheum. 2007. 56: 1145–1151.

285–294.

35 Raza, K., Falciani, F., Curnow, S. J., Ross, E. J., Lee, C. Y., Akbar, A. N., Lord,

53 Honda, T., Segi-Nishida, E., Miyachi, Y. and Narumiya, S., Prostacyclin-IP

J. M. et al., Early rheumatoid arthritis is characterized by a distinct and

signaling and prostaglandin E2-EP2/EP4 signaling both mediate joint

transient synovial fluid cytokine profile of T cell and stromal cell origin.

inflammation in mouse collagen-induced arthritis. J. Exp. Med. 2006. 203:

Arthritis Res. Ther. 2005. 7: R784–R795.

325–335.

36 Yamada, H., Nakashima, Y., Okazaki, K., Mawatari, T., Fukushi, J. I.,

54 Chizzolini, C., Chicheportiche, R., Alvarez, M., de Rham, C., Roux-

Kaibara, N., Hori, A. et al., Th1 but not Th17 cells predominate in the

Lombard, P., Ferrari-Lacraz, S. and Dayer, J. M., Prostaglandin E2 (PGE2)

joints of patients with rheumatoid arthritis. Ann. Rheum. Dis. 2007. 67:

synergistically with interleukin-23 (IL-23) favors human Th17 expansion.

1299–1304.

Blood 2008. 112: 3696–3703

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eji-journal.eu

1311

1312

Giorgio Napolitani et al.

Eur. J. Immunol. 2009. 39: 1301–1312

55 Malfait, A. M., Williams, R. O., Malik, A. S., Maini, R. N. and
Feldmann,

M.,

Chronic

relapsing

homologous

collagen-induced

arthritis in DBA/1 mice as a model for testing disease-modifying
and

remission-inducing

therapies.

Arthritis

Rheum.

2001.

44:

1215–1224.

64 Geginat, J., Sallusto, F. and Lanzavecchia, A., Cytokine-driven proliferation and differentiation of human naive, central memory, and effector
memory CD4(1) T cells. J. Exp. Med. 2001. 194: 1711–1719.
65 Messi, M., Giacchetto, I., Nagata, K., Lanzavecchia, A., Natoli, G. and
Sallusto, F., Memory and flexibility of cytokine gene expression as

56 Zheng, Y., Danilenko, D. M., Valdez, P., Kasman, I., Eastham-Anderson, J.,
Wu, J. and Ouyang, W., Interleukin-22, a T(H)17 cytokine, mediates

separable properties of human T(H)1 and T(H)2 lymphocytes. Nat.
Immunol. 2003. 4: 78–86.

IL-23-induced dermal inflammation and acanthosis. Nature 2007. 445:
648–651.
57 Nash, P. and Clegg, D. O., Psoriatic arthritis therapy: NSAIDs and
traditional DMARDs. Ann. Rheum. Dis. 2005. 64: ii74–ii77.
58 Khayrullina, T., Yen, J. H., Jing, H. and Ganea, D., In vitro differentiation of
dendritic cells in the presence of prostaglandin E2 alters the IL-12/IL-23
balance and promotes differentiation of Th17 cells. J. Immunol. 2008. 181:

Abbreviations: CIA: collagen-induced arthritis  GATA-3: GATA-binding
factor 3  INDO: Indomethacin  NSAID: non-steroidal antiinflammatory drugs  PGE2: prostaglandin E2  RA: rheumatoid
arthritis  ROR-ct: retinoic-acid-related orphan receptor-gt  T-bet:
T-cell-specific T-box transcription factor 21  TSST-1: toxic shock
syndrome toxin 1

721–735.
59 Sheibanie, A. F., Khayrullina, T., Safadi, F. F. and Ganea, D., Prostaglandin
E2

exacerbates

collagen-induced

arthritis

in

mice

through

the

inflammatory interleukin-23/interleukin-17 axis. Arthritis Rheum. 2007.
56: 2608–2619.
60 Harris, S. G., Padilla, J., Koumas, L., Ray, D. and Phipps, R. P., Prosta-

Full correspondence: Dr. Giorgio Napolitani, Institute for Research in
Biomedicine, Via Vincenzo Vela 6, CH-6500 Bellinzoma, Switzerland
Fax: 41-91-820-03-12
e-mail: giorgio.napolitani@irb.unisi.ch

glandins as modulators of immunity. Trends Immunol. 2002. 23:
144–150.
61 Benveniste, E. N. and Qin, H., Type I interferons as anti-inflammatory
mediators. Sci STKE. 2007. 2007: pe70.
62 Prinz, M., Schmidt, H., Mildner, A., Knobeloch, K. P., Hanisch, U. K.,

Current address: Dr. Eva V. Acosta-Rodriguez, CIBICI-CONICET, H de la
Torre y M. Allende, Ciudad Universitaria, X5000HUA, Cordoba,
Argentina

Raasch, J., Merkler, D. et al., Distinct and nonredundant in vivo functions
of IFNAR on myeloid cells limit autoimmunity in the central nervous
system. Immunity 2008. 28: 675–686.

Supporting Information for this article is available at
www.wiley-vch.de/contents/jc_2040/2009/38969_s.pdf

63 Kroenke, M. A., Carlson, T. J., Andjelkovic, A. V. and Segal, B. M., IL-12and IL-23-modulated T cells induce distinct types of EAE based on
histology, CNS chemokine profile, and response to cytokine inhibition.
J. Exp. Med. 2008. 205: 1535–1541.

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Received: 6/10/2008
Revised: 29/1/2009
Accepted: 27/2/2009

www.eji-journal.eu

