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Abstract. Interleukin-17 (IL-17) is a prototype member
of a new cytokine family with six species identified to
date. IL-17 is secreted mainly by activated CD4" and
CDS8" T lymphocytes, while its receptor is distributed
ubiquitously. IL-17 has been classified as a proinflamma-
tory cytokine because of its ability to induce the expres-
sion of many mediators of inflammation, most strikingly
those that are involved in the proliferation, maturation

and chemotaxis of neutrophils. Increased levels of IL-17
have been associated with several conditions, including
airway inflammation, rheumatoid arthritis, intraperi-
toneal abscesses and adhesions, inflammatory bowel dis-
ease, allograft rejection, psoriasis, cancer and multiple
sclerosis. This review provides an overview of IL-17
activities, concentrating on those that lead to neutrophil
recruitment.
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Introduction

Inflammation is a complex reaction of host defence
mechanisms aiming at neutralization of an insult and
restoring normal tissue structure and function. A key
pathological event in an acute phase of many forms of in-
flammation is the recruitment of polymorphonuclear
leukocytes in response to a perceived pathogen. This is
especially important for innate immunity, which provides
the first and fast line of defence for the host. The molec-
ular mechanisms that orchestrate the influx of neutrophils
to the site of inflammation are not entirely clear. It is now
believed that cells traditionally viewed as those associ-
ated with adaptive immunity and tolerance, such as
T lymphocytes, may also significantly contribute to and
modulate the course of inflammatory reaction. Evidence
has been accumulating to suggest that one of the mole-
cules that may serve as a mediator of the T cell response
to pathogens is interleukin-17 (IL-17) — an archetype
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member of a new cytokine family. Although identified
only a decade ago, IL-17 has quickly captured the atten-
tion of the scientific community. As a result, it has be-
come apparent that IL-17 represents a unique cytokine
system that may be involved in a number of inflammatory
diseases, but also transplant rejection and tumour growth
[1-6].

Discovery and expression of IL-17 cytokines

IL-17 (IL-17A)

IL—-17, also referred to as IL-17A, was discovered in a
search for T-cell-derived molecules with immune func-
tions. It was cloned from a T cell hybridoma produced by
fusion of a mouse cytotoxic T cell and rat T cell lym-
phoma [7]. It was originally believed to derive from
mouse cells and to belong to a family of cytotoxic T-lym-
phocyte-associated antigens (CTLAs). In fact, however, it
was derived from the rat lymphoma fusion partner [8, 9].
IL-17 was found to display striking homology to the pro-
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tein encoded by the open reading frame 13 of Her-
pesvirus saimiri (HVS13) [10]. Sequence homology be-
tween human IL-17 and HVS13 is 75 % at the nucleotide
level and 72 % at the amino acid level. H. saimiri is a nat-
urally occurring benign pathogen of squirrel monkeys but
induces fulminant lymphomas in many other New World
primates. It is also capable of transforming human T cells
to continuous growth in vitro [11]. Remarkable homol-
ogy between IL-17 and HVS13 sequences has led to the
hypothesis that during evolution, the virus captured a por-
tion of the human IL-17 gene to gain a survival advantage
during infection [10]. This strategy appears to be com-
mon among the herpesviruses, as exemplified by the
presence of homologs of IL-10 in the Epstein-Barr virus
and of IL-6 in the Kaposi sarcoma-associated virus
[12—14]. Deletion of the IL-17 sequence from Her-
pesvirus saimiri does not appear to affect its ability to
cause devastating lymphomas in cottontop tamarins [15].
However, the presence of IL-17 was found to increase the
virulence of the vaccinia virus in mice, causing decreased
natural killer (NK) cell activity and animal survival [16].
The human IL-17 gene was originally mapped on human
chromosome 2q31 [7]; however, it has also been located
in a sequence from a chromosome 6p12 clone [1, 17]. The
gene encodes a 20—30 kDa protein of 155 amino acids
[8, 18]. IL-17 polypeptide consists of a 19-amino-acid
signal sequence followed by a 136-amino-acid mature
segment. It contains at least one N-glycosylation site and
six cysteine residues that form intermolecular bonds dur-
ing dimerization [§8]. Human IL-17 exhibits 63 and 58 %
amino acid identity compared with the mouse and rat
sequences, respectively [9].

Sources of IL-17 appear to be rather restricted; expres-
sion of IL-17 has been detected mainly in activated CD4*
and CD8" T lymphocytes (predominantly of the memory
CD45RO" subset) [8, 18—21]. Later studies detected the
presence of IL-17 messenger RNA (mRNA) transcripts
also in neutrophils [22] and eosinophils [23]. In mice, the
production of IL-17 has been reported to occur also in
TCRa/B'CD4-CD8 thymocytes [9]. Importantly, IL-17-
producing T cells cannot be classified into either Thl or
Th2 subtypes, since the clones that release IL-17 have
been reported to differ in their ability to produce IFN-y,
TNFa and IL-4 — the cytokines that typically identify
Th1/Th2 classes [24—27].

Other IL-17 isoforms

In recent years several other proteins homologous to
IL-17 have been identified and designated as IL-17B,
IL-17C, IL-17D, IL-17E and IL-17F [17, 28—-32]. These
molecules have a molecular weight of 20—30 kDa and
consist of 163—202 amino acids that bear 20—50% ho-
mology to IL-17, especially within the C-terminal region.
They share four conserved cysteine residues that may
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participate in formation of intermolecular disulphide
linkages.

In contrast to restricted expression of IL-17, the IL-17B
mRNA can be detected in a wide range of tissues, includ-
ing spinal cord, testis, stomach, small intestine, pancreas,
prostate and ovary [28, 29]. IL-17C expression has been
confined only to rare expression sequence tags (ESTs) in
adult prostate and foetal kidney libraries [28]. IL-17D ap-
pears to be most homologous to IL-17B and is expressed
widely in skeletal and heart muscle, brain, adipose tissue,
lung and pancreas. The most abundant cellular source of
IL-17E (classified also as IL-25 [33]) appears to be Th2-
polarized T cells [33]. Mast cells have also been found to
produce IL-17E/IL-25 upon immunoglobulin (Ig)E
cross-linking [34]. At the tissue level transcripts of
IL-17E/IL-25 were detected at very low levels in testis,
kidney, pancreas and prostate [30, 35]. The expression
pattern of IL-17F appears to be similar to that of IL-17
and includes only activated CD*4 T cells and monocytes
[32]. Analysis of the crystal structure of IL-17F has re-
vealed that, surprisingly, IL-17 family members adopt a
cysteine knot fold in a manner that is typical for the su-
perfamily of cysteine knot proteins [17]. This family in-
cludes a number of growth factors (NGF, PDGF, TGF-p),
which, however, have no significant sequence identity
with IL-17. An IL-17F isoform, named ML-1, shares a
significant amino acid sequence homology with IL-17F
and is similarly expressed in activated T cells, but also in
basophils and mast cells [36]. In addition, the tissue dis-
tribution of ML-1 differs from that of IL-17, since in con-
trast to IL-17, the most abundant presence of ML-1 tran-
scripts was detected in liver, lung, placenta and ovary
[36].

Detailed information on chromosome locations, amino
acid sequence alignments, homology and evolutionary
associations of IL-17 cytokines can be found in other re-
view articles [1, 3].

Induction of IL-17

Under in vitro conditions T cells have been shown to re-
lease IL-17 in response to such nonspecific stimuli as ion-
omycin and phorbol 12-myristate 13-acetate [8], but also
after stimulation with IL-15 [22, 37]. More recently it has
transpired that the production of IL-17 and IL-17F can be
triggered by IL-23 [38], a cytokine produced by dendritic
cells [39]. Interestingly, IL-23 appears to stimulate IL-17
production mainly in memory, but not naive T cells [38].
Also Eschericia coli-derived lipopolysaccharide has been
found to induce the release of IL-17 from T cells, but it re-
quired the presence of macrophages — another antigen-
presenting cell type [40]. Indeed, in vivo data have con-
firmed that in the course of pneumonia caused by Gram-
negative bacteria, dendritic cells are stimulated to secrete
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IL-23, which acts further to induce IL-17 in CD4* and
CDS8" T cells [21]. This effect appears to be mediated by
bacterial lipopolysaccharide, which activates the Toll-like
receptor 4 (TLR4) signalling pathway in antigen-present-
ing cells [21] (fig. 1 A). It has also been demonstrated that
T cells can be driven to produce IL-17 when primed with
cognate peptide and stimulated with microbial lipopep-
tides [27, 38]. In addition, peripheral blood mononuclear
cells have been found to express IL-17 in response to the
outer membrane protein from Porphyromonas gingivalis
[41]. Increased expression of IL-17 has been detected in
Helicobacter pylori-colonized gastric mucosa [42], syn-
ovial fluid of patients with Borrelia burgdorferi-induced
arthritis [27], lung homogenates in experimental Kleb-
siella pneumoniae infection [43] and gingival tissue from
patients with gingivitis [41]. The upregulation of IL-
17E/IL-25 mRNA has been detected in the lung and gut of
mice challenged with Aspergillus fumigatus and Nip-
postrongylus brasiliensis [44].

These observations indicate that IL-17 may act to serve as a
mediator of infection-induced immune responses (see be-
low). The precise mechanism by which cells generate IL-17
in response to stimulation has not been fully elucidated.
Blocking experiments suggest that the process is cal-
cineurin- and cyclic AMP (cAMP)-dependent [19, 20, 37].
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Figure 1. A suggested role of IL-17 in inflammatory response to
bacterial infection. (4) Bacterial lipopolysaccharide stimulates anti-
gen-presenting cells to produce IL-23, which then stimulates CD4*
and CD8* T cells to release IL-17 [21]. IL-17 acts further on both
tissue macrophages and structural cells. (B) In response to IL-17,
cells generate neutrophil-specific CXC chemokines (IL-8, GRO«)
and granulopoietic cytokines (G-CSE, GM-CSF). By acting on
macrophages, IL-17 stimulates the release of TNFa, which syner-
gizes with IL-17 in its effects on structural cells. Accumulating neu-
trophils may produce IL-15 [22], which then may further stimulate
T cells to release IL-17 [37].
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IL-17 receptors

In contrast to relatively restricted expression of IL-17, re-
ceptors that bind IL-17 have been found to be ubiqui-
tously expressed in all cell types and tissues examined
[1, 3, 10, 45]. Surprisingly, it appears that the protein
structure of IL-17R is unrelated to those of other cytokine
receptor families. The human IL-17R gene has been
mapped to chromosome 22 [45]. IL-17R complementary
DNA (cDNA) encodes an extremely long type I trans-
membrane protein of 866 amino acids. The molecule in-
cludes an N-terminal signal peptide with a cleavage site
after amino acid 27, followed by a 293-amino-acid extra-
cellular domain, a 21-amino-acid transmembrane do-
main, and an unusually long cytoplasmic tail of 525
amino acids. The IL-17R chain contains at least seven
N-linked glycosylation sites, and the molecular mass of
nascent IL-17R protein is approximately 112 kDa. Bind-
ing studies have revealed that IL-17 binds to its receptor
with relatively low affinity with K, values of approxi-
mately 2 x 107 -2 x 103/M.

Recent studies show that new members of the IL-17 fam-
ily bind preferentially to other forms of IL-17R. Newly
characterized IL-17R homolog-1 (IL-17Rh1 or IL-17BR)
was found to bind IL-17E [30] and to lesser extent also
IL-17B [29]. IL-17Rh1 is a molecule of 48 kDa. It is
made up of 426 amino acids, the sequence of which is
19% identical to that of IL-17R [29]. Compared with
IL-17R, the smaller size of IL-17Rh1 appears to be pre-
dominantly related to the much shorter cytoplasmic do-
main. IL-17Rh1 mRNA expression is most pronounced
in liver, kidney, pancreas, colon, small intestine and testis,
but is absent from lymphoid organs and peripheral blood
leukocytes [29]. Interestingly, IL-17Rh1 mRNA expres-
sion in rodents was found to be dramatically upregulated
during intestinal inflammation [29].

Another form of IL-17R has been termed IL-17Rh2 or IL-
17RL [46] and claimed to bind either IL-17F or
IL-17B [1]. Its presence has been detected in a variety of
tissues. Alternatively spliced IL-17Rh2 variants have been
suggested to act as soluble decoy receptors antagonizing
cytokine signalling [46]. In a very recent study Yang et al.
have identified a new IL-17R-like protein (termed hSEF)
[47]. It is expressed predominantly in endothelial and ep-
ithelial cells. Surprisingly, it does not appear to bind any
IL-17 family members. Instead, it has been found to form
complexes with a type 1 fibroblast growth factor receptor
(FGFR1) and inhibit FGF signalling when overexpressed
in human 293T kidney cells [47].

IL-17 signalling

IL-17 has been shown to induce expression of several cy-
tokines known to contain nuclear factor kappa B (NF-xB)
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binding sites in their promoters. Indeed, subsequent stud-
ies have demonstrated that IL-17 is capable of activating
NF-xB transcription factors in many cell types, including
fibroblasts [48], macrophages [49], chondrocytes [50,
51], intestinal epithelial cells [52, 53], and colonic and
pancreatic myofibroblasts [54, 55]. In the absence of
stimulation NF-«xB is retained in cytoplasm in complexes
with inhibitory ¥B (IxB) proteins. Upon stimulation, [xB
proteins are phosphorylated by IxB kinases and rapidly
degraded. It results in the release of NF-xB, which enters
the nucleus and activates target genes. It has been demon-
strated that activation of [xB kinases by IL-17 requires tu-
mour necrosis factor (TNF) receptor-associated factor-6
(TRAF6) adapter protein as a signal transducer [48, 52].
In fibroblasts from TRAF6-deficient mice IL-17 fails to
activate [xB kinases and consequently cannot induce NF-
kB-dependent genes [48]. The activation of NF«xB has
also been demonstrated in response to IL-17D, IL-17E
and IL-17F [31, 32, 56].

IL-17 signalling has been shown to use pathways regu-
lated by three different classes of mitogen-activated pro-
tein kinases (MAPKSs): extracellular signal-regulated ki-
nases (ERK1 and ERK2), stress-induced c-Jun N-termi-
nal kinases (JNK-1 and JNK-2), and p38 MAPK [50-52,
54, 55, 57—-61]. ML-1-induced cytokine production has
also been reported to be mediated by ERK (but not JNK
and p38) [36]. It has been suggested that at least in renal
epithelial cells, the upstream events leading to IL-17-in-
duced MAPK may involve phosphorylation of src kinases
[60]. In addition, it has been demonstrated that in the
monocytic leukaemia cell line IL-17 induces a signalling
pathway of Janus kinases (JAKs) and signal transducers
and activators of transcription (STATs). It involves
tyrosine phosphorylation of several members of the

Table 1. Mediators induced by IL-17 in vitro.
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JAK/STAT family, including Tyk2, JAK1-3 and STAT1-4
[62].

Biological activity of IL-17

IL-17 and neutrophil migration

In vitro studies have demonstrated that by acting on a
wide range of stromal cells, IL-17 induces a number of
proinflammatory mediators (table 1). Interestingly, IL-17
appears to stimulate predominantly the production of cy-
tokines that either specifically attract neutrophils to the
site of inflammation (IL-8, GROa, GCP-2) or stimulate
granulopoiesis in bone marrow (IL-6, G-CSF, GM-CSF).
Moreover, 1L-17 was found to induce IL-13 and TNFa in
macrophages [49], and these cytokines can further syner-
gize with IL-17 to amplify the synthesis of CXC neu-
trophil-specific chemokines and granulocyte/macro-
phage colony-stimulating factor (GM-CSF) [63—-65]. In
contrast, IL-17 appears to inhibit the TNFa- and inter-
feron (IFN)-y-stimulated production of RANTES, a
chemokine which acts mainly on mononuclear leuko-
cytes [66—68]. Since RANTES is a potent chemoattrac-
tant for lymphocytes, it has been speculated that the inhi-
bition of RANTES secretion by lymphocyte-derived IL-
17 may represent a regulatory mechanism limiting
lymphocyte infiltration [68].

While IL-17 itself does not effect neutrophil chemotaxis
in vitro [63], the supernatants from IL-17-treated fibrob-
lasts, epithelial and endothelial cells stimulate neutrophil
migration [63, 67]. This effect is largely related to IL-17-
induced chemokines, since anti-chemokine antibodies
can significantly reduce it. In vivo studies led to a similar
conclusion since intratracheal or intraperitoneal adminis-

Mediator Cell type References

CINC intestinal epithelial cells [52,71]

Complement’s C3 fibroblasts, renal proximal tubule epithelial cells [71,72]

IL-1 macrophages, chondrocytes [49, 50]

IL-6 bronchial and renal epithelial cells, pancreatic periacinar and colonic myofibro- [8, 18, 50, 54, 55, 59, 60,
blasts, chondrocytes, keratinocytes, fibroblasts, synoviocytes, cervical carcinoma 71,73-75]
and melanoma cell lines

1L-8 bronchial and renal epithelial cells, endothelial cells, pancreatic periacinar and [8, 18, 54, 58, 60, 63, 66,
colonic myofibroblasts, keratinocytes, fibroblasts, synoviocytes, cervical car- 71,73,75-77]
cinoma and melanoma cell lines

TNFa macrophages [49]

G-CSF fibroblasts, synoviocytes, bronchial epithelial cells [18, 76, 78]

GM-CSF bronchial epithelial cells, venous endothelial cells [65]

GRO«a peritoneal mesothelial cells, bronchial fibroblasts and epithelial cells, synovio- [23, 58, 64, 76]
cytes, pancreatic periacinar myofibroblasts

GCP-2 bronchial epithelial cells [79]

ICAM-1 fibroblasts [8]

MCP-1 renal epithelial cells, pancreatic periacinar and colonic myofibroblasts [54, 60, 71, 77]

Nitric oxide
PGE,/COX,

chondrocytes, astrocytes, endothelial cells
synoviocytes, chondrocytes, macrophages

[50, 51, 80, 81]
[18, 50, 61]




CMLS, Cell. Mol. Life Sci.  Vol. 61, 2004

tration of IL-17 [63, 64] or adenovirus-mediated IL-17
overexpression [43] resulted in a substantial induction of
chemokines and neutrophil infiltration (fig. 1 B). These
observations were further confirmed in studies with ge-
netically modified animals.

Although IL-17-deficient mice do not show any gross
phenotypic abnormalities, they display suppressed hyper-
sensitivity responses and decreased T-cell-dependent an-
tibody production [69]. These effects are related to insuf-
ficient hapten-specific CD4* T cell activation in the sen-
sitization phase. In addition, IL-17-deficiency results in
reduced tissue chemokine expression and decreased neu-
trophil infiltration in the elicitation phase of immune re-
sponses. This observation is consistent with that made in
IL-17 receptor-knockout mice [70]. These animals dis-
play reduced constitutive and stimulated expression of
neutrophil-specific chemokines (MIP-2) and granu-
lopoiesis-stimulating factors (G-CSF), which results in
impaired neutrophil infiltration and increased mortality
in response to infection.

IL-17 and granulopoiesis

In their seminal paper Fossiez et al. have demonstrated
that IL-17 does not have a direct effect on human CD34*
umbilical cord blood-derived stem cells in vitro [18].
However, when cultured together with IL-17-stimulated
fibroblasts, these precursor cells proliferate and differ-
entiate preferentially into neutrophils. It indicates that
IL-17-treated fibroblasts secrete hematopoietic media-
tors that support the growth and differentiation of CD34*
progenitor cells. Subsequent in vivo experiments by the
group of Kolls et al. have demonstrated that adenovirus-
mediated overexpression of IL-17 induces granu-
lopoiesis in mice [82]. This effect can be partly attributed
to the ability of IL-17 to stimulate the release of G-CSF
and to induce the transmembrane form of stem cell fac-
tor (SCF) in bone marrow stromal cells. G-CSF and SCF
synergize together, and both are required to effect opti-
mal granulopoiesis in response to IL-17 [83]. Experi-
ments with anti-G-CSF antibodies in Steel-Dickie mice,
which do not express the transmembrane domain of SCF,
indicate that there also exists a G-CSF/SCF-independent
mechanism that contributes to IL-17-induced neu-
trophilia [83]. Further studies have demonstrated that IL-
17 is also capable of mobilizing hemopoietic precursor
cells and peripheral blood stem cells that have both
short- and long-term repopulating ability and can rescue
lethally irradiated mice [84]. Moreover, increased levels
of both IL-17 and G-CSF have been detected in mice de-
ficient in leukocyte adhesion molecules. These animals
display significant neutrophilia that correlates with
plasma levels of IL-17 and G-CSF and that can be re-
duced by blocking IL-17 and G-CSF [85, 86]. In this re-
spect, it has been suggested that IL-17 and G-CSF form
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a regulatory axis important for neutrophil homeostasis
and migration [85].

Effects of other IL-17 family members

Unlike IL-17, both IL-17B and IL-17C fail to induce IL-
6 in fibroblasts but stimulate TNFa and IL-1f in the
THP-1 monocytic leukaemia cell line [28]. IL-17D was
found to induce the production of IL-6, IL-8 and GM-
CSF in endothelial cells [31]. Surprisingly, however, it
suppressed the proliferation of myeloid progenitors in
colony formation assays [31]. This is in contrast to its
ability to stimulate the production of GM-CSF, which
supports progenitor cell maturation. IL-17F has been
found to induce G-CSF and IL-8 in fibroblasts [17] and
transforming growth factor (TGF)-f in endothelial cells
[32]. Mice given an adenoviral IL-17F construct showed
significant bronchoalveolar lavage (BAL) neutrophilia
and increased pulmonary expression of cytokines associ-
ated with Thl responses, including IL-6, IFN-y, IFN-y
inducible protein-10 (IP-10) and monokine induced by
IFN-y (MIG). On the other hand, IL-17F was found to in-
hibit in vitro angiogenesis [32].

Biological activities of IL-17E/IL-25 seem to be quite
different from those of other IL-17 cytokines. Although
IL-17E/IL-25 was found to stimulate IL-8 synthesis in
human kidney-derived cell lines in vitro [30], in vivo
studies point rather to the involvement of IL-17E/IL-25 in
Th2-mediated reactions. Administration or overexpres-
sion of IL-17E/IL-25 in mice resulted in marked
eosinophilia, elevated IgE and increased tissue expres-
sion of IL-4, IL-5, IL-13 and eotaxin [35, 44, 87]. These
changes were associated with chronic inflammation in
multiple organs, including heart, lungs, lymph nodes and
liver. Severe cholangitis and hepatitis gave rise to
markedly elevated liver enzymes and jaundice.

Involvement of IL-17 in disease

Airway inflammation

Significant insight into the role of IL-17 in the airways
has been gained by Kolls et al. from experiments, which
employed a murine model of Klebsiella pneumoniae pul-
monary infection [2]. In this setting the bacterial chal-
lenge resulted in the induction of IL-17 via a TLR4- and
IL-23-dependent pathway [21, 43]. The biological rele-
vance of IL-17 induction was clearly demonstrated by a
homozygous deletion of the IL-17R gene in mice, which
resulted in reduced chemokine levels and markedly di-
minished neutrophil recruitment into the lung during in-
fection [70]. This led to impaired bacterial clearance and
animal survival. In contrast, pretreatment with an aden-
ovirus encoding IL-17 resulted in elevated chemokines,
enhanced neutrophil influx and increased early survival
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after challenge with bacteria [43]. These data point to an
important role of IL-17 in pulmonary host defence mech-
anisms.

On the other hand, increasing evidence suggests that ex-
cessive IL-17 induction may contribute to airway inflam-
matory diseases such as chronic bronchitis, chronic ob-
structive pulmonary disease and severe exacerbation of
asthma [1, 88—90]. All these conditions are characterized
by the recruitment and activation of neutrophils in the air-
ways. Indeed, increased levels of free, soluble IL-17 pro-
tein have been detected in BAL fluid obtained either from
human airways in the course of inflammation caused by
exposure to organic dust [91] or from mice exposed to in-
tranasal endotoxin [40]. In both situations the elevation of
IL-17 was associated with increased numbers of neu-
trophils in the airways. In mice, the degree of neutrophil
infiltration could be reduced by the systemic blockade of
IL-17 with a neutralizing antibody [40].

As indicated earlier, the mechanism by which IL-17 pro-
duces neutrophilia in the airways is most likely related to
the induction of neutrophil-mobilizing cytokines. In vitro
studies have demonstrated that bronchial epithelial cells
stimulated by IL-17 release GROa, IL-8, GCP-2, G-CSF
and GM-CSF [63, 65, 76, 79, 92]. In rodents, intratra-
cheal administration or adenovirus-mediated overexpres-
sion of IL-17 in the lung also results in increased levels of
cytokines such as MIP-2, IL-6 and G-CSF [40, 43, 63,
65]. Indeed, it has been found that neutrophil accumula-
tion in the airways induced by either IL-17 or a combina-
tion of TNFa and IL-17 can be reduced by neutralization
of MIP-2 and GM-CSEF, respectively [63, 65]. Further-
more, it has been demonstrated that the neutrophil influx
triggered by IL-17 may be modulated in vivo by endoge-
nous tachykinins acting via NK-1 receptors [93]. Al-
though IL-17 does not activate neutrophils in vitro, it may
indirectly contribute to neutrophil activation in vivo, as
evidenced by increased levels of myeloperoxidase and
elastase in the airways of rats exposed to IL-17 [94].

The role of IL-17 in asthma remains to be fully eluci-
dated. Immunocytochemical studies have detected an in-
creased number of cells expressing IL-17 in sputum,
BAL fluid [23] and bronchial biopsies [95] obtained from
patients with asthma. In some asthmatic subjects chal-
lenged with an allergen, BAL cells have been found to ex-
press the IL-17F homolog, ML-1, rather than IL-17 [36].
On the other hand, the concentration of free IL-17 in asth-
matic patients was found to be moderately elevated only
in samples of BAL fluid [23], while the levels detected in
serum and sputum, albeit seemingly higher, were not sta-
tistically different from those of healthy controls [96, 97].
In mice with experimental ovalbumin-induced allergic
asthma, an increase in IL-17 mRNA expression in the
lung has been observed upon acute antigen challenge
[98]. The rise in IL-17 expression was accompanied by a
significant neutrophil influx into the airways, which
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could be markedly reduced by pretreatment with anti-
IL-17 antibodies [98]. Interestingly, decreased ovalbu-
min-induced airway hypersensitivity response and re-
duced pulmonary inflammation have also been observed
in IL-177- x DO11.10 Tg mice which are deficient in
IL-17 but bear ovalbumin-specific T cell receptor [69].
Decreased response of these animals to methacholine ap-
pears to be in line with a recent observation of increased
IL-17 concentrations in the sputum of patients with
bronchial hyperactivity [97]. Interestingly, IL-17 has also
been found to stimulate the in vitro expression of mucin
genes MUCS5B and MUCS5AC in tracheobronchial epithe-
lial cells [99]. If occurring in vivo, this effect may con-
tribute to mucus hypersecretion in asthma.

Although all these observations suggest IL-17 involve-
ment in asthma, blocking IL-17 activity may not be as
beneficial as expected. While neutralization of IL-17 in
mice with experimental allergic asthma was found to ef-
fectively reduce the influx of neutrophils into the airways,
it also caused a significant increase in IL-5 levels and ex-
acerbation of eosinophilic lung inflammation [98]. It is
also not clear how other IL-17 cytokines contribute to al-
lergic reactions in the airways. As indicated earlier, mice
treated with IL-17E/IL-25 show a Th2-biased immune re-
sponse with increased pulmonary expression of IL-5, IL-
13, eotaxin, marked eosinophilia and striking histological
changes in the airways, including eosinophilic infiltrates,
increased mucus production and epithelial cell hyperpla-
sia [33, 44].

Peritoneal inflammation

Formation of intraabdominal adhesions and/or abscesses
is a severe complication of peritoneal injury by surgery
or infection. These events are commonly associated with
intraperitoneal accumulation of neutrophils. In fact,
however, the whole process may be controlled by CD4*
T cells via an IL-17-dependent mechanism [100, 101].
Recent experimental studies in mice have revealed that
the development of adhesions and abscesses following
peritoneal injury or Bacteroides fragilis infection was as-
sociated with the accumulation of IL-17-producing
T cells in the peritoneum. Administration of anti-IL-17
antibodies significantly reduced the degree of subse-
quent adhesion and abscess formation. In addition, the
development of adhesions could be reduced by treatment
with an antibody that blocks the receptor for CXC
chemokines, CXC receptor type 2 (CXCR2) [101]. On
the other hand, the intraperitoneal injection of recombi-
nant IL-17 in mice caused a rapid increase in CXC
chemokine levels (KC and MIP-2), followed by a selec-
tive influx of neutrophils [64]. Accordingly, anti-
chemokine antibodies could suppress this IL-17-induced
neutrophil infiltration. The main source of IL-17-in-
duced chemokines appears to be the peritoneal mesothe-
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lium: in vitro studies demonstrated a remarkable capac-
ity of mesothelial cells to synthesize a CXC chemokine
GRO« in response to IL-17 [64]. These observations
suggest that a link between T cells and peritoneal in-
flammation is mediated by IL-17 and neutrophil-specific
chemokines. This view has gained further support from
experiments in which animals depleted of T cells bearing
afTCR or deficient in CD4" cells were found to produce
less CXC chemokines and did not (or very rarely) de-
velop abscesses or adhesions after peritoneal injury
[100, 101].

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
ease characterized by the destruction of articular cartilage
and bone. Although T cells are present among the cells in-
filtrating the synovium, their precise role in the patho-
genesis of disease has long been disputed. Recent studies
indicate that the likely involvement of T cells is mediated
to a significant extent by IL-17. First, elevated levels of
IL-17 have been detected in the synovial fluid from pa-
tients with RA, but not with osteoarthritis [37, 102, 103].
Then, explants of the rheumatoid synovium were found to
express and release IL-17 [104]. Immunostaining with
anti-IL-17 antibodies identified T cells within the inflam-
matory infiltrates as a source of this cytokine, albeit the
percentage of IL-17-producing T cells was estimated to
be only ~1% [104]. Furthermore, it has been demon-
strated that mononuclear cells isolated from the synovial
fluid of RA patients produce IL-17 in response to IL-15,
which can be found at high levels in the inflamed syn-
ovium [37]. Once released, IL-17 may act further on all
other cell types in the rheumatoid joint [105]. In these ac-
tions IL-17 often synergizes with IL-18 and TNFa, which
are expressed and upregulated at the protein and mRNA
levels in the synovial tissue of RA patients [106—108]. In
synoviocytes IL-17 has been found to stimulate or am-
plify IL-1B- and TNFa-induced production of cytokines,
including IL-6, IL-8, growth-related oncogene o
(GROaq), leukaemia inhibitory factor (LIF) and MIP-3«
[58, 109—111]. In the inflamed joint IL-17-induced CXC
chemokines may attract neutrophils, while MIP-3a may
be responsible for the recruitment of dendritic and T cells.
On the other hand, IL-6 and LIF most probably contribute
to cartilage destruction (reviewed in [112]). Other studies
have demonstrated a reduced proteoglycan synthesis and
an increased collagen breakdown in murine and bovine
cartilage explants treated with IL-17 [113, 114]. The
modulating role of IL-17 in the turnover of articular ex-
tracellular matrix may also be related to its ability to
induce matrix metalloproteinases (MMPs) [103, 114—
116].

Further compelling evidence of IL-17 involvement in the
pathogenesis of RA came from animal studies. Intraar-
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ticular injection of IL-17 in mice resulted in joint in-
flammation and cartilage degradation [117, 118]. Simi-
larly, adenovirus-mediated overexpression of IL-17 in
the knee joint in the course of experimental collagen-in-
duced arthritis in mice led to markedly aggravated joint
destruction [119]. In contrast, neutralization of endoge-
nous IL-17 significantly alleviated the extent of tissue
damage in either collagen- or adjuvant-induced experi-
mental arthritis [119, 120]. Recently, a beneficial effect
of IL-17 blockade was also observed in a model of Borel-
lia burgdorferi-induced arthritis [121]. In addition, IL-
17 was found to mediate bone erosion in affected joints
by inducing osteoclast formation [102]. Acting on stro-
mal osteoblasts, IL-17 appears to stimulate COX-2-de-
pendent prostaglandin E, (PGE,) synthesis, which is re-
quired for the cells to express a membrane-associated os-
teoclast differentiation factor (ODF/RANKL). The
ODF/RANKL protein conveys an essential signal for os-
teoclastogenesis sensed by specific ODF receptors
(RANK) on osteoclast progenitors. Indeed, local aden-
ovirus-mediated IL-17 overexpression in joints of mice
with collagen-induced arthritis resulted in increased
RANKL/RANK expression and osteoclastic bone de-
struction [122]. Very recently, markedly increased IL-17
expression has been documented in IL-1 receptor-antag-
onist-deficient (IL-1Ra”") mice that spontaneously de-
velop articular lesions resembling human rheumatoid
arthritis [123]. When, however, IL-1Ra” animals are de-
pleted also of IL-17 (IL-17" x IL-1Ra”") they do not
develop arthritis.

The specific activities of IL-17 cytokines in joint disease
have recently been extensively reviewed [3].

Inflammatory bowel disease

The involvement of IL-17 in the pathogenesis of inflam-
matory bowel disease (IBD) has been suspected because
of the presence of lymphocytic infiltrates in the inflamed
colonic mucosa. Indeed, while IL-17 is absent from nor-
mal colorectal tissue, its expression has been detected
in specimens from patients with active IBD [124, 125].
Double immunohistochemical staining localized the ex-
pression of IL-17 in CD3* T cells and CD68" monocytes
[124]. Moreover, patients with active IBD have been
found to have significantly elevated serum IL-17 con-
centrations compared with healthy individuals [124].
In vitro studies have demonstrated that IL-17 stimulates
human colonic subepithelial myofibroblasts to produce
both cytokines (IL-6, IL-8, MCP-1) [54] and a matrix
metalloproteinase-3 [126]. Moreover, the IL-17-induced
IL-6 synthesis can be further amplified by TNFa«
[54] and IL-4 [127]. In contrast, IL-17 downregulates
TNF a-driven regulated upon activation normal T cell ex-
pressed and secreted (RANTES) synthesis in the same
cells [68].
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Demyelinating disorders

In multiple sclerosis increased expression of IL-17 has
been detected both in brain lesions [128] and in mononu-
clear cells isolated from blood and cerebrospinal fluid
[129]. Moreover, IL-17 has been found to modulate the
course of experimental demyelinating inflammatory
polyneuroparthy in rats [130]. Administration of IL-17
exacerbated the acute phase of neuritis, as shown by in-
creased mononuclear cell infiltration of peripheral
nerves, more extensive demyelination and elevated
plasma TNFa levels. At later stages of disease, however,
the animals receiving IL-17 made faster and complete re-
covery, compared with untreated rats.

Allograft rejection

IL-17 has been suggested to play a role in host versus
graft reaction (HVGR). Increased IL-17 mRNA levels
have been detected in rejected kidney transplants both in
humans and in experimental animals [71, 131, 132]. In-
terestingly, IL-17 mRNA transcripts were consistently
found in mononuclear cells of urinary sediment of pa-
tients with subclinical borderline rejection [132]. In vitro
studies have shown that in human proximal tubular ep-
ithelial cells IL-17 stimulates the production of IL-6,
IL-8 and MCP-1 [71], and synergizes with another T-cell-
derived mediator, CD40L, to induce RANTES [133].
Therefore in the clinical situation, IL-17-induced
chemokines may be responsible for the influx of leuko-
cytes into the graft and subsequent tissue destruction. The
blockade of IL-17 activity with an IL-17R domain fused
to a Fc IgG fragment was found to inhibit T cell prolifer-
ation in vitro and to prolong acute survival of vascular-
ized and nonvascularized heart allografts [134, 135].
However, neutralization of IL-17 did not prevent chronic
rejection of aortic transplants in mice [136]. In addition,
the observations made in IL-17-deficient mice do not
suggest the IL-17 involvement in acute GVHR [69].

Inflammatory diseases of skin and cornea

IL-17 expression could not be detected in normal skin,
but was found in skin lesions in allergic contact dermati-
tis and psoriasis [66, 73]. It was also observed in corneas
of patients with fulminant herpetic stromal keratitis [67].
Interestingly, the expression of IL-17 was detected in T
cell clones derived from these skin and corneal lesions. In
addition, in keratinocytes IL-17 has been shown to induce
IL-6, IL-8, GROa, GM-CSF and ICAM-1 by acting ei-
ther directly or in combination with IFN-y, IL-4 and
TNFa [26, 66, 73]. In human corneal fibroblasts, the
combination of IL-17 together with TNF « synergistically
increased the production of IL-6, IL-8, MIP-1a and MIP-
3a [67]. Interestingly, as in colonic myofibroblasts, IL-17
was found to inhibit the TNFa-stimulated release of
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RANTES both from keratinocytes [66] and corneal fi-
broblasts [67]. The involvement of IL-17 in allergic con-
tact dermatitis has gained further support by an observa-
tion of markedly reduced contact hypersensitivity re-
sponses in IL-17-knockout mice [69].

Tumour growth

Several studies addressed the issue of IL-17 function in
cancer. However, the data obtained so far appear to be
conflicting. There are reports showing that IL-17 may
support tumour growth, probably by stimulating angio-
genesis [137, 138]. In contrast, other studies suggest that
IL-17 may promote T-cell-mediated tumour rejection
[139—141]. For an extensive review of IL-17 activities in
cancer, the reader is directed elsewhere [3].

Concluding remarks

IL-17 appears to be an important mediator of inflamma-
tion, especially in neutrophil-dominated responses to
bacterial challenge. This connection is intriguing given
that expression of IL-17 is restricted to memory T cells,
which are associated with an adaptive immune response,
while neutrophils are viewed primarily as mediators of in-
nate immunity. It has been hypothesized that by secreting
IL-17, which subsequently induces chemokines and gran-
ulopoietic factors, memory T cells may enhance faster
and more effective recruitment of neutrophils [142]. In
this respect IL-17 may serve as a modulator of early im-
mune responses to pathogens, and as such may be an im-
portant element of host defence. On the other hand, the
overproduction of IL-17 may aggravate inflammatory re-
actions and contribute to tissue injury. In such situations
IL-17 may be viewed as a potential target for therapeutic
intervention, and this approach is now intensively being
explored by the pharmaceutical industry (reviewed in
[1]). Of other IL-17 family members, IL-17E/IL-25 ap-
pears to be of particular interest because of its possible in-
volvement in Th2-mediated reactions.
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