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Abstract

The cytokine interleukin-15 (IL-15) has a key role in promoting survival, proliferation and activation of natural killer (NK) and CD8+ T
cells. Despite its functional similarities to IL-2, IL-15 affects a wider range of target cell populations and utilizes different mechanisms of
signaling. Here, we review recent advances in the IL-15-mediated signaling, and in the functional properties on cells besides T lymphocytes
and NK cells. These are discussed in the context of their potential clinical and therapeutic relevance.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interleukin-15 (IL-15) is a pleiotropic cytokine of the 4-
a-helix bundle cytokine family that includes not only
cytokines such as IL-2, IL-3, IL-4, IL-6 and IL-21, but also
growth factors like granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), granulocyte colony-stimulating
factor (G-CSF), erythropoietin and classical hormones,
including human growth hormone and prolactin [1]. As a
member of this large and very diverse family, IL-15 exerts
profound effects on the proliferation, survival and differ-
entiation of many more distinct cell types than was
originally appreciated at the time of its discovery.

IL-15 was independently discovered in 1994 by two
groups, due to its ability to mimic IL-2-dependent T cell
proliferation [2,3]. Burton et al. demonstrated that the
human T-cell leukemia virus-1 (HTLV-1) cell line HuT-102
secreted a 14 kDa lymphokine capable of stimulating T cell
proliferation and large granular lymphocytes activation,
which was provisionally designated as IL-T [2]. Simulta-
neously, Grabstein et al. reported the isolation of a 14—
15kDa cytokine termed IL-15, which shared many
biological properties with IL-2, from the supernatants of
the simian kidney epithelial cell line CV-1/EBNA [3].
Human IL-15 has been cloned from the human bone marrow
(BM) stromal cell line IMTLH, using simian IL-15 cDNA as
a probe [3]. The predominant IL-15 message in HuT-102
cells corresponded to a chimeric mRNA where a segment of
the long terminal repeat of HTLV-1 was fused in frame
upstream of the 5'-untranslated region (UTR) of IL-15,
thereby eliminating about 200 nucleotides of the IL-15 5'-
UTR, including 8 of 10 AUGs, which are present in normal
IL-15 messages and impede IL-15 translation [4]. Later, it
was confirmed using anti-cytokine antibodies that both
groups had identified the same interleukin [4]. This was
designated IL-15.

A special feature of IL-15 is that it shares with IL-2,
another member of the 4-a-helix bundle cytokine family, the

IL-2 receptor beta (IL-2RB) and IL-2 receptor gamma/
gamma common (IL-2R+vy/yc) chains [5]. The vyc receptor
chain is also shared by several other cytokines, such as IL-4,
IL-7, IL-9 and IL-21, all of which use additional private
receptor subunit(s) responsible for the specificity of binding
and/or downstream signaling [6]. Given that cytokines often
share receptor subunits and can therefore display a high
degree of redundancy, the existing similarities in the action
between IL-2 and IL-15 on cells of the same type are not
surprising [2,3,7]. Together with the observed proliferation-
stimulatory effects of both cytokines on various T-cell
populations in vitro, this had initially encouraged the
speculation that IL-2 and IL-15 exert very similar, if not
identical functions [2,3]. However, a series of later studies
have shown that, despite their many overlapping functional
properties, IL-2 and IL-15 are, in fact, quite distinct players
in the immune system (see below).

In essence, the concept has emerged that while IL-2
operates as a key modulator of T-cell-dependent adaptive
immune responses, IL-15 serves a much broader spectrum
of bioregulatory purposes. These range from those of a
prototypic cytokine of innate immunity [8] via the
modulation of selected adaptive immune responses [9,10]
and a key role in the development of distinct immunocyte
populations (namely natural killer (NK) cells) [11] to those
of a potent, general inhibitor of apoptosis in multiple
systems [12]. In addition, while IL-2 expression appears to
be restricted to T cells [13], and possibly dendritic cells
(DCs) stimulated with LPS [14], numerous different cell
types engage in IL-15 transcription (even though much
fewer seem to actually translate and secrete it (see below)).
As the literature witnesses a steady flow of documented or
proposed new functions of IL-15, initial proposals that IL-15
is a rather special member of the 4-a-helix bundle family
with distinct functions have turned into an irreversible
torrent of evidence [11,12,15-17].

This review argues that IL-15, indeed, is not only an
unusually pleiotropic, but also a unique cytokine in several
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respects (including mechanisms of cytokine synthesis,
presentation, secretion and cytokine-induced signaling
events), which we shall explore. Undoubtedly, one reason
for the distinctness of IL-2 and IL-15 functions is that each
cytokine has its own unique high affinity a chain, which
recognizes only its cognate cytokine, thereby conferring
ligand specificity [18,19]. However, as we shall emphasize,
the differences between IL-2 and IL-15 (and, for that matter,
any other member of this cytokine family!) do not stop here,
but extend to almost every level of cytokine biology—from
the regulation of cytokine gene transcription, translation,
cytokine membrane expression and secretion, and the
signaling induced by it. This ever-expanding universe of
IL-15/IL-15R biology makes it one of the currently most
fascinating in the cytokine world. Since the functional
importance of IL-15/IL-15R biology in T cells and NK cells
has been exceptionally well-covered before [8,9,10,11,17],
the current review will purposely explore the physiological
role of IL-15/IL-15R signaling in systems other than T and
NK cells.

2. IL-15
2.1. Genetic and structural features of IL-15

IL-15 is conserved among different species, exhibiting
97% sequence identity in the coding region between human
and simian IL-15 [3], 82% identity between human and
porcine IL-15 [20] and 73% of identity comparing human
and mouse forms of this cytokine [21]. Recently, rabbit [22],
feline [23], woodchuck [24] and chicken [25] IL-15 have
been cloned, as well. The IL-15 gene spans more than 34 kb,
and was mapped to the human chromosome 4q31 and the
central region of the mouse chromosome 8 [21,26]. In
contrast to the genomic architecture of IL-2, whose
structural pattern is characterized by four exons and three
introns [27], the IL-15 gene consists of nine exons and eight
introns [21,28-32]. These include previously reported exons
1-8 [21,26] and an additional alternative exon 4a that was
subsequently identified in humans [28-32] (Fig. 1). Yet, the
mature 114-aa IL-15 protein is coded by only four exons (i.e.
exons 5-8) and three introns [21]. This resembles the exon/
intron structure of other a-helix bundle family cytokines,
including IL-2 [1].

IL-15 contains two disulfide bonds at positions
42Cys—*8Cys (which is analogous to the only disulfide bond
in IL-2) and 35Cys—BSCys [3]. The secondary structure
prediction for IL-15 indicates strong helical sections for
regions 1-17, 18-57, 6578 and 94-112, supporting a 4-a-
helix bundle-like structure of this cytokine [3,33]. The C-
terminus of IL-15 also contains two sites for N-linked
glycosylation [34]. Although structural similarities between
IL-15 and IL-2 are clearly conserved, IL-15 has no primary
sequence homology at the nucleotide or protein level with
IL-2 or other members of the cytokine superfamily [3].
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Fig. 1. Schematic diagram of IL-15 and IL-15Ra genes. (A) IL-15 gene
consists of nine exons and eight introns located on human chromosome
431 and mouse chromosome 8. Two isoforms of IL-15 containing short
(21-aa) or long (48-aa) signal peptide (IL-15SSP and IL-15LSP, respec-
tively) exist. Alternative exon 4a in human corresponds to exon 5A in the
mouse /L-15 gene. (B) IL-15Ra gene consists of seven exons, and a number
of various protein isoforms were described as a result of an alternative
splicing mechanism in both human and mice.

2.2. Expression of IL-15

Two alternatively spliced mRNA products account for
the existence of two distinct IL-15 isoforms, which differ
only in the length of their signal peptide [28-32]. The
originally identified form of human IL-15 cDNA contains a
rather long 5'-untranslated region of at least 316 base pairs
(bp), a coding sequence of 486 bp, 3’-UTR of at least
400 bp; this translates into an IL-15 precursor protein with a
48-aa long signal peptide (IL-15LSP) [3]. This classical
signal peptide is encoded by exons 3-5 of the human IL-15
gene, and is present in a 1.6 kb mRNA. Later, another
transcript was described that contains three premature
termination codons, and an alternative downstream transla-
tion initiation site with a poor Kozak context, resulting in a
precursor IL-15 protein with a 21-aa short signal peptide
(IL-15SSP) [28-32]. This signal peptide shares with the
long variant 11-aa encoded by exon 5, but has an additional
119 bp sequence inserted between exons 4 and 5. This is
encoded by a new alternative exon 4a, and is present in a
transcript that lacks exon 1 of the original message [28,30].
A similar alternative transcript was also described in the
mouse, where insertion of exon 5A (136 bp in length) would
lead to IL-15 isoform, with a shortened 26-aa signal peptide
compared to the 48-aa leader sequence encoded by the
transcript lacking exon SA [29]. Thus, in human and mouse,
both alternative transcripts produce a mature IL-15 protein
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that contains differences only in the sequence of the signal
peptide (Fig. 1).

Two distinct isoforms of IL-15 exhibit differential
patterns of intracellular distribution, trafficking, secretion
and endosomal localization; this points to an important
role of the signal peptide in multiple mechanisms
controlling IL-15 production [28-32,34-36]. Importantly,
IL-15SSP is not secreted, but rather stored intracellularly
in the cytoplasm, where it does not co-localize either with
the Golgi apparatus, early endosomes or the endoplasmic
reticulum (ER) [34,35]. Conversely, IL-15LSP is found in
the Golgi, early endosomes and the ER, a pathway
possibly leading to cytokine secretion [34-36]. Two IL-15
isoforms may also exhibit nuclear localization [36]. The
localization of both IL-15 and IL-15Ra in the nuclear
membrane or nucleus raises the question whether IL-15
and/or IL-15Ra may act as direct or indirect regulators of
distinct transcriptional events [36,37]. Indeed, Nishimura
et al. recently showed that the non-secreted IL-15 isoform
co-localizes with IL-15Ra in the nucleus, where it
downregulates /L-15 gene transcription through a novel
autocrine regulatory mechanism [38]. However, additional
studies are necessary to gain a comprehensive under-
standing of how intracellular IL-15 and/or IL-15Ra may
be involved in diverse intracellular functions, including the
control of transcription.

2.3. Transcriptional and translational regulation

Contrary to IL-2, which is produced mainly by
activated T cells, IL-15 mRNA is constitutively expressed
by a large variety of cell types and tissues, including
monocytes/macrophages, DCs, keratinocytes and epider-
mal skin cells, fibroblasts and epithelial cells of various
origin, nerve cells, kidney, placenta, lung, heart and
skeletal muscle [3,39-46]. Freshly isolated peripheral
blood mononuclear cells (PBMCs), normal T cells and T-
cell lines express IL-15 mRNA at very low levels [3,30],
whereas detection of IL-15 protein appears to be mostly
restricted to monocytes, epithelial cells, DCs and
fibroblasts [39,41,43,47]. Despite such widespread dis-
tribution, however, it is extremely difficult to detect IL-15
in cell culture supernatants. Indeed, most primary cells
and cell lines which express IL-15 mRNA do not release
detectable amounts of this cytokine into the culture
medium [28,34,35].

This striking discrepancy between IL-15 transcription
and protein secretion is explained by the fact that IL-15 has a
complex, multifaceted control of expression with regulation
at the levels of transcription, translation and intracellular
trafficking and translocation [32,34-36,38,48], while con-
trol of IL-2 expression predominantly occurs at the levels of
transcription and message stabilization [49]. Since the
diverse mechanisms controlling IL-15 production have been
extensively discussed elsewhere [50], only the major
checkpoints that regulate IL-15 transcription as well as

mRNA translation into the IL-15 precursor protein are
summarized below.

Human and mouse IL-15 have a number of conserved
regulatory transcription factor binding motifs that control
IL-15 transcription. These include consensus sites within the
human and mouse promoter regions for NF-kB, IRF-E,
YIRE, NF-IL-6, myb, oIFN-2 and GCF [48]. The NF-«B
consensus sequence is located at the —75 and —65 regions
upstream of the transcription initiation site of the human IL-
15 promoter, and is important for transactivation of the IL-15
gene by HTLV-1-encoded Tax protein [48]. This suggests a
potential role of IL-15 in HTLV-1-associated diseases, such
as adult T-cell leukemia (ATL) and HTLV-1-associated
myelopathy/tropical spastic paraparesis (HAM/TSP) [48].
Interferon regulatory factor 1 (IRF-1)-induced IL-15
expression controls the development of NK, NK/T cells
and intraepithelial lymphocytes (IELs) [S1]. Remarkably, an
upregulated IL-15 expression was observed upon infection
with various pathogens, including Candida albicans,
Toxoplasma gondii, Mycobacterium tuberculosis, Bacillus
Calmette-Guerin (BCG) as well as with herpesvirus 6 and 7
[40,50,52,53].

IL-15 translation is handicapped, first, by multiple
translation initiation sites (AUGs) located in the 5’-UTR
(12 in humans, 5 in mice), and the removal of such
upstream start codons enhances IL-15 production approxi-
mately 10-15-fold [4]. Nevertheless, the overall IL-15
concentration was still three-fold lower than that of IL-2
after transfection with a comparable IL-2 construct, despite
equal mRNA levels for these two cytokines [54]. Second,
the IL-15 signal peptide drives cytokine production rather
inefficiently (e.g. the replacement of the long signal peptide
of IL-15 by that of IL-2 increases IL-15 production 17-20-
fold, and translation and secretion of IL-15 also increases
when the IL-15 signal peptide is replaced by the CD33
signal peptide [30,54]). A third molecular brake on IL-15
production seems to be present in the C-terminus of the IL-
15 mature protein coding sequence or protein [54]. The
relevance of these constraints on IL-15 production is
illustrated by the finding that deletion of all three major
checkpoints leads to a more than 250-fold increase in IL-15
production [54].

Based on this experimental evidence, Bamford et al. have
suggested that mRNA for IL-15, unlike that for IL-2, may
exist in translationally inactive pools [54]. This already hints
at the possibility that an excessive IL-15 activity could exert
potentially harmful effects upon an individual cell or the
entire organism.

3. IL-15 receptor complex
3.1. High affinity IL-15 receptor o

IL-15 receptor a (IL-15Ra) is a type I transmembrane
protein structurally related to the IL-2Ra chain [18,19]

UMass Exhibit 2078 - Page 4 of 22

Forte Biosciences v. UMass - PGR2023-00014



V. Budagian et al./ Cytokine & Growth Factor Reviews 17 (2006) 259-280 263

(A) I[.-lSRu. IL-2Ra
exon
1
»  Cytokine binding =i
(Sushi domain) L
= —g
3  Linker i
Pro/Thr rich “ || second sushi domain
45 domain \ L (absent in IL-15Ra)
Vil—s
= \
6 Transmembrane \
domain \
& i
¥
Cytoplasmic \ T -
domain \

(B)

o B

I o,
WSXWs
Leucin zipper
SH2

High affinity IL-15R

Intermediate affinity IL-1SR

Fig. 2. Schematic structure of IL-15Ra and IL-15R complex. (A) Structural
comparison between IL-15Ra and IL-2Ra. Disulfide bridges characteristic
of the sushi domain are shown. IL-15Ra contains one sushi domain,
whereas IL-2Ra contains two. (B) High affinity IL-15Ra complex consists
of IL-15Rafy, IL-15Ra or IL-15Raf chains. Intermediate affinity IL-
15Ra complex consists of IL-15RBy chains. The typical characteristics of B
and vy chain domains are shown.

(Fig. 2). In both the human and the mouse genome, the
IL-15Ra and IL-2Ra genes are very closely linked, mapped
to chromosome 10 in human and to chromosome 2 in mouse,
and have similarities in the intron—exon structure [19]. This
suggests that these genes have a common ancestral origin,
and positions these two receptors as founding members of a
new receptor family [18,19]. However, IL-15 binds to its
private o receptor chain with high affinity—even in the
absence of the IL-23 and IL-2v/vyc receptor subunits (with a
K, greater or equal to 10" M~y [18]. This is in striking
contrast to IL-2Ra, which shows only low affinity for IL-2
(K, ~ 10°M™") in the absence of IL-2RBy [55].

Both IL-15Ra and IL-2Ra have common structural
features that include rather short cytoplasmic domains and
Pro/Thr-rich extracellular regions containing a conserved
protein-binding motif (sushi domain, also known as the
glycoprotein-I motif or short consensus repeat) [18] (Fig. 2).
Sushi domains are common motifs, which contain four
cysteines forming two disulfide bonds in a 1-3 and 2-4
pattern and found in a number of proteins involved in the
complement and coagulation cascades [56]. The Sushi

domain is essential for the ligand binding [57]. However, IL-
15Ra contains only one sushi domain, while IL-2Ra has two
[18]. Remarkably, human IL-15 has at least two binding sites
for recombinant soluble IL-15Ra (sIL-15Ra) [58], and the
interaction between IL-15 and IL-15Ra involves a large
network of ionic interactions [59], with explains the
exceptionally high affinity of the IL-15/IL-15Ra complex
essential for the biological effects of this cytokine. This is in
contrast to the familiar hydrophobic forces dominating the
interaction interface between cytokines and their cognate
receptors [55].

Human IL-15Ra protein has a signal peptide of 32-aa, a
173-aa extracellular domain, a 21-aa single membrane-
spanning transmembrane stretch, a rather short 37-aa
cytoplasmic part, and contains N- and O-linked glycosyla-
tion sites [19]. Remarkably, the cytoplasmic portion of
human IL-15Ra is considerably longer than that of IL-2Ra
(37-aa versus 11-aa, respectively), whereas in mouse this
difference is even more obvious (41-aa versus 11-aa,
respectively) [18,19] qualifying the IL-15Ra chain as a
signaling receptor.

Like mRNA for IL-15, the IL-15Ra message is expressed
in a variety of immune and non-immune cell types and
tissues, including T cells, B cells, NK cells, macrophages,
thymic and bone-marrow cells, brain, intestine, liver,
skeletal muscle, lung, heart and kidney [18,19,50,60-62].
This suggests that the IL-15/IL-15Ra signaling system
operates at multiple levels of bioregulation throughout the
organism, which is not only recruited to modulate cellular
functions in many different systems, but which, in principle,
is also capable of functionally linking these systems with
each other.

A number of different isoforms of human and murine IL-
15Ra were recently described that result from alternative
splicing within the IL-15R« gene [19,37,63]. These isoforms
include deletions of exon 2, exon 3, an alternative usage of
exon 7 or 7' [19,37] as well as deletions of exon 4, exons 3
and 4, and exons 3-5 [63]. These isoforms exhibit a diffuse
cellular distribution and have been detected within the
plasma membrane, the ER and the Golgi apparatus; the
isoform that contains exon 2 has also been co-localized with
the nuclear membrane [37,63]. Interestingly, IL-15Ra
lacking exon 2 was unable to bind IL-15, suggesting that
this isoform may associate with IL-2/IL-15RB+y subunits,
thereby limiting their availability for the functional high
affinity IL-15R complex [37]. Exon 2 reportedly contains a
putative nuclear localization signal, and the isoform lacking
this exon was found only in the non-nuclear membrane
compartments, indicating an important role for exon 2 in
post-translational routing of IL-15Ra [37].

3.2. Intermediate affinity IL-15R complex (IL-2/IL-
15RBy/yc)

Similar to IL-2, IL-15 can bind and signal through the
heterodimeric, intermediate affinity IL-2/IL-15RfBvy com-
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plex (K, ~10°M™") — even in the absence of its high
affinity a chain (Fig. 2) [5,64]. The IL-2/IL-15Rp and yc
receptors participate in both ligand binding and signal
transduction. Mature human IL-2R3 (CD122, p75) protein
is preceded by a 26-aa signal peptide and consists of 525-aa.
These include a 214-aa extracellular part, a 25-aa
hydrophobic transmembrane domain and a 286-aa cyto-
plasmic tail [65]. The human yc (CD132, p64) chain is 369-
aa in length, consisting of a 22-aa signal peptide, a 233-aa
extracellular part, a 28-aa hydrophobic transmembrane
sequence and an 86-aa cytoplasmic tail [66]. Both proteins
are members of the hematopoietin family of cell surface
receptors, which is characterized by extracellular domains
that include the canonical Trp-Ser-Xaa-Trp-Ser (WSXWS)
pentapeptide motif (where Xaa is any amino acid), and four
conserved cysteines [67] (Fig. 2). Because these proteins do
not possess intrinsic enzymatic activity, cytokine binding
induces their oligomerization, and signaling by the IL-2R[3
and yc subunits requires the association or recruitment of
kinases to the cytoplasmic domains of these molecules (see
below).

3.3. Soluble IL-15Ra

We [68] and others [69] have recently demonstrated that
murine and human IL-15Ra not only exist in membrane-
bound, but also in a soluble form. In both species, natural
sIL-15Ra is constitutively generated from the transmem-
brane receptor through a defined proteolytic cleavage, and
this process is further enhanced by certain chemical agents,
such as PMA [68,69]. The constitutive and inducible
shedding of murine IL-15Ra involves the activity of tumor
necrosis factor-a-converting enzyme (TACE/ADAMI17),
and is inhibited by appropriate metalloproteinase inhibitors
[68,69].

Murine sIL-15Ra has a molecular mass of about 30 kDa
due to the N-linked glycosylation, which is reduced to
26 kDa after N-glycosidase treatment [68], whereas the
human soluble form was reported to be about 42 kDa in size
[69], and, supposedly, is also glycosylated. Murine or human
SIL-15Ra could be detected in mouse serum and cell-
conditioned medium, or cell supernatants, respectively
[68,69].

In distinct physiological and/or pathological situations,
the proteolytic release of N-glycosylated IL-15Ra could be
of substantial functional importance, and could affect the
signaling properties of IL-15 in several respects. The
presence of sIL-15Ra in biological fluids may negatively
affect the availability of free IL-15, in the first place by
competing for the cytokine with cognate membrane-bound
receptors, thereby counteracting the IL-15-induced signal-
ing. Thus, sIL-15Ra could represent an important protective
mechanism against excessive IL-15 activity [15,68,69].
Given that this pleiotropic cytokine plays important roles in
both innate and adaptive immunity, and is associated with a
wide range of immunopathological reactions, the bioavail-

ability of sIL-15Ra could represent yet another checkpoint
in the complex mechanisms regulating IL-15 release, which
is tightly controlled at multiple levels. Conversely, sIL-15Ra
could also prolong the half-life of IL-15 and slow the release
of the ligand from a complex between the soluble receptor
and IL-15 so as to control the actual cytokine concentration
in a given tissue environment. Distinct sIL-15Ra isoforms
could also potentiate IL-15 signaling, as was already shown
for the soluble IL-6 receptor [70]. In fact, a recent report of
Mortier et al. shows that a recombinant soluble sushi domain
of IL-15Ra serves as a potent and selective agonist of IL-15
action through intermediate affinity IL-2/IL-15R3vy hetero-
dimer, although it does not affect IL-15 binding and function
of the trimeric IL-15Rafy [71]. Conversely, such sushi
domains were also reported to antagonize IL-15 function
[57]. In this manner, sIL-15Ra may not only influence the
nature and/or duration of IL-15-dependent signaling, but
may also expand IL-15 actions from autocrine or juxtacrine
signaling to paracrine or endocrine modes of signaling,
including systemic cytokine effects [15]. This demonstrates
a new level of complexity in the biology of the IL-15/IL-
15Ra system. In addition, the ability of sIL-15Ra to form
receptor—ligand complexes with IL-15 may cause difficul-
ties in the detection of free IL-15, and may confound
corresponding measurements in serum or culture super-
natants [15].

4. IL-15-mediated signal transduction
4.1. Signaling mediated by the IL-15 receptor

Sharing of receptor subunits (IL-2R/IL-15RBvy/yc
chains) can explain in part the existing functional
similarities between IL-2 and IL-15 [5,64]. IL-15-mediated
signaling in T lymphocytes results in the activation of Janus
kinase (JAK) [72]. JAKSs play critical signaling roles for a
number of members of the cytokine receptor superfamily by
activating signal transducer and activator of transcription
(STAT) proteins [73]. After receptor—ligand interaction,
associated JAKs are brought into close apposition, which
allows their cross-phosphorylation and activation. The IL-
2RB chain recruits JAKI1, whereas IL-2R+vy/yc activates
JAK3, which in turn results in the phosphorylation and
activation of STAT3 and STATS, respectively [72]. Specific
tyrosine residues in the cytoplasmic domains of the IL-2Rf3
and yc subunits also become phosphorylated, and serve as
docking site(s) for STATs via the STAT Src homology 2
(SH2) domain [74] (Fig. 3). Subsequently, recruited STAT's
are phosphorylated by activated JAKs [73]. The tyrosine-
phosphorylated STAT transcription factors form either
homo- and/or heterodimers and translocate to the nucleus
to bind to their target DNA regulatory elements and
participate in the activation of gene expression [73].

JAK-STAT signaling by IL-2, IL-4, IL-7, IL-9 and IL-15
is critically important in the generation of immune and
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Lymphocytes

ool i

NF«xB Bcl2 c-myc cfos/jun
Proliferation / Differentiation

Mast cells

c-myc L4
Protection from apoptosis / Proliferation

Fibroblasts

NF-«B
Belx, Bel-2

Protection from apoptosis

Fig. 3. Summary of the IL-15R-mediated signal transduction events in different cells. In lymphocytes that express the IL-15R complex consisting of three subunits
(IL-15Ra/IL-2R B/ chains), IL-15 activates Jak 1/Jak3 and STAT3/STATS pathways, Syk kinase and PLC, Lck kinase, She, resulting in the activation of PI3K/Akt
and Ras/Raf/MAPK cascades. These pathways lead to the subsequent expression of bcl-2, c-myc and c-fos/jun genes and NF-kB activation. IL-15Ra activation in
mast cells that express IL-15Ra and yc chains involves Jak2, Tyk2 and Syk kinases, STAT3, STATS and STAT6, leading to the expression of Bel-x;, and c-myc, and
secretion of IL-4. In fibroblasts that express IL-15Ra and yc chains, IL-15 stimulation leads to transactivation of Axl receptor tyrosine kinase pathway, including the
phosphorylation of PI3K/Akt and upregulation of Bcl-x; and Bcl-2, as well as the recruitment of TRAF2 to IL-15Ra and activation of NF-kB.

inflammatory responses and in T-cell expansion and
differentiation. Lack of signaling by these cytokines, as
occurs in genetic deficiency of either IL-2Ry or JAK1/JAK3,
results in severe combined immunodeficiency (SCID) in
humans and mice, demonstrating the importance of the JAKs
in signaling by «yc chain-utilizing cytokines [75]. Knock-out
mice lacking STATSa/b, STATSb and JAK3 are NK cell
deficient [60,76-78].

Additional signaling pathways activated by IL-2 and IL-
15 involve the phosphorylation of the Src family
cytoplasmic tyrosine kinases Lck, Fyn, and Lyn, Syk
kinase, phosphatidylinositol 3 kinase (PI3-kinase) and Akt,
induction of Bcl-2 anti-apoptotic protein as well as the Ras/
Raf/MEK/mitogen-activated protein kinase (MAPK) path-
way [79-82]. IL-15 has also been shown to activate NF-kB
and AP-1 transcription factors [79,83], and control c-myc
[84].

It has been shown that IL-2Ra, IL-15Re, IL-2/IL-15R{
and yc chains, as well as MHC class I and II glycoproteins,
form supramolecular receptor clusters in lipid rafts, and both
o chains are at least partially homodimerized/oligomerized
[85,86]. The binding of the respective cytokine results in the
formation of high-affinity heterotrimeric receptors, suggest-
ing a direct role for the a-subunits in tuning cellular
responses to IL-15 or IL-2 [86].

Given that the cytoplasmic portion of IL-15Ra is rather
short and seemingly does not contain obvious signaling
motifs and docking sites, it has been suggested that the IL-
15Ra chain, like IL-2Re, is not capable of signaling when it

is expressed in the absence of IL-2R{ or yc [5]. Contrary to
this idea, IL-15 was shown to induce signaling in a colonic
epithelial cell line expressing IL-15Ra, but not IL-15Rf3
[87]. Furthermore, our data demonstrated that IL-15 is
capable of rescuing murine L.929 fibroblasts from the TNFa-
induced apoptosis through recruitment of TNFR-associated
factor 2 (TRAF2) to the IL-15Ra chain, and NF-«B
activation [88]. The ability of IL-15Ra to recruit TRAF2
was also supported by studies in other cell systems [36]. We
have since shown that IL-15Ra mediates signaling in the
human B cell line Raji via the association of IL-15Ra chain
with Syk kinase, significantly reducing the numbers of C2-
ceramide-induced apoptotic cells [82]. These findings were
further confirmed by study of Ratthé and Girard, which
showed the importance of the IL-15Ra chain for the ability
of IL-15 to enhance neutrophil phagocytosis via Syk-
dependent mechanism [89]. Experimental evidence argues
in favor of a direct physical association between IL-15Ra
and Syk [82,89]. Therefore, IL-15Ra may function and
signal independently of the other two chains of the
heterotrimeric complex (Fig. 3).

Signaling pathways mediated by IL-15 in mast cells
reportedly occur through an alternative receptor, provision-
ally designated as IL-15RX, and do not require IL-23 and yc
chains, leading to the activation of JAK2/STATS5 or Tyk2/
STAT6 [90-92]. We recently reported that murine mast cells
also express several functional alternatively spliced isoforms
of conventional IL-15Ra [63]. The IL-15-mediated signal-
ing through the newly identified IL-15Ra isoforms in
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murine mast cells involves the phosphorylation of STAT3,
STATS, STAT6, JAK2 and Syk kinase, which is dependent,
at least partially, on the particular IL-15Ra subtype [63]
(Fig. 3).

Cross-communication between diverse signaling net-
works represents a growing field in our understanding of
how complex and diverse environmental stimuli are
translated into appropriate cellular reactions and adaptive
responses. Recently, we found that the IL-15Ra chain
constitutively associates in murine fibroblasts with a
receptor tyrosine kinase, Axl, whereby stimulation of IL-
15Ra by IL-15 transactivates Axl [93]. The subsequent
activation of the Axl signaling pathway induces activation of
PI3K/Akt and upregulation of Bcl-2 and Bcl-x;, which is
essential for the anti-apoptotic action of IL-15 [93] (Fig. 3).
These facts lend further credence to the emerging concept
that unrelated receptors systems are engaged in cross-
communication, a biological phenomenon which might
underlie the ability of cell to integrate a variety of stimuli
under physiological or pathological conditions through
diversification of downstream signaling. Transactivation of
epidermal growth factor receptors is considered as a
classical example of interreceptor signal transmission
[94]. Our findings identify Axl as yet another member of
the RTK family that can integrate signaling from hetero-
logous receptor systems and may serve as a key signaling
element for the integration of multiple, changing environ-
mental influences.

4.2. Juxtacrine signaling

Although IL-15 was initially identified as a soluble factor
and belongs to the cytokine superfamily, there is increasing
evidence that IL-15 mediates many specific biological
responses also in a cell membrane-associated form
[16,39,43,62,95-98]. In fact, the difficulties in the detection
of free IL-15 in biological fluids, taken together with a rather
widespread existence of cell-associated IL-15, suggest that
this protein may perform a number of its primary biological
functions in a membrane-bound form.

Substantial experimental evidence clearly indicates an
important role for the membrane-associated IL-15 in
supporting growth of nearby cells, which express only IL-
2@ and IL-2vy/IL-157v (yc) subunits or the trimeric IL-15R
complex [95-98]. In this model, IL-15 is not directly
anchored onto the plasma membrane and the presence of IL-
15 associated to the cell membrane is explained by the
ability of IL-15Ra and IL-15 to form stable complexes on
the cell surface of activated monocytes [95]. The formation
of specific high affinity IL-15/IL-15Ra complexes on the
cell membrane induces a trans-endosomal recycling of both
molecules, thereby resulting in the persistence of surface-
bound IL-15. An essential role of the IL-15Ra cytoplasmic
domain for the recycling process has been demonstrated
[95]. While the expression of the high affinity IL-15Ra on T
cells is dispensable for the generation and maintenance of

memory CD8+ T cells [99], it is important to recognize that
the expression of the high affinity IL-15Ra on cells other
than T cells (e.g. stromal or DCs) is absolutely crucial for the
generation and maintenance of memory CD8+ T cells via
IL-15Ra-mediated presentation of IL-15 in frans to memory
CD8+ T cells expressing intermediate affinity IL-2/IL-
15RBy/yc subunits [62,97,100].

This concept is exemplarily underlined by the finding
that, e.g. wild-type memory CD8+ T cells did not divide
after transfer into IL-15Ra—/— mice and that virus-specific
memory CD8+ T-cell proliferation was driven by IL-15
produced either by BM-derived or parenchymal cells [62].
BM-derived cells were critical in driving memory CD8+ T-
cell division in the spleen, while both parenchymal and BM-
derived cells promoted cell division in the lung. The basal
proliferation of memory CD8+ T cells was shown to be
mediated by trans-presentation of IL-15 on BM-derived
cells [62].

Experiments using mixed BM chimera from IL-15Ra-
and IL-2/IL-15RB-deficient mice showed that IL-15Ra-
competent, IL-2/IL-15RB-deficient cells are able to support
IL-15Ra-deficient NK and memory CD8+ T cells, thereby
demonstrating that IL-15Ra-mediated presentation of IL-15
in trans may represent a primary mechanism by which IL-
15Ra functions in vivo [62,97]. Surprisingly, these studies
also revealed that both IL-15 and IL-15Ra must be co-
expressed by the same cells to trans-present IL-15,
indicating the existence of some cellular mechanism(s)
responsible for the elaboration of IL-15 [97]. Thus, IL-15Ra
appears to control both the production and the presentation
of IL-15 in trans to neighboring NK and CD8+ T cells
[62,96,97].

It is still not clear how long IL-15 is retained on the cell
surface bound to its high affinity chain, and why it does not
induce detectable levels of activation of signaling molecules
on the cells, which express it in frans. Remarkably, human
IL-15 reportedly has at least two binding sites for
recombinant sIL-15Ra [58], thereby inviting a speculation
that binding of trans-presented IL-15 to IL-15Ra on cells,
which also express this high affinity chain, may result in the
formation of a receptor—ligand—-receptor structure, where IL-
15 is supposedly captured by two IL-15Ra molecules
expressed on the surface of different cell types. This
complex structure could theoretically be able to induce
signaling in both directions, triggering activation of IL-
15Ra-mediated signaling events in both cell types. Future
experiments are necessary to address whether such bi-
directional signaling is possible.

Given the fact that virtually no free IL-15 could be
detected in biological fluids or the supernatants of activated
cells expressing IL-15 mRNA at considerable levels, the
trans-presentation of IL-15 in complex with its high affinity
chain on the plasma membrane, thereby enabling IL-15 to
activate nearby cells, provides an attractive explanation as to
how IL-15 elicits its diverse effects on NK cells and CD8+ T
cells, although mechanism(s) by which IL-15 reaches its
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high affinity receptor chain on the cell membrane remain
obscure.

4.3. Reverse signaling

Another important aspect of membrane-associated IL-15
is its ability to mediate reverse signaling events. We have
recently demonstrated that membrane-associated IL-5 is
implicated in reverse signaling in human monocytes and PC-
3 prostate carcinoma cells [15,101,102]. In monocytes, the
amount of membrane-associated IL-15 was reduced after
acidic treatment, indicating that at least some proportion of
endogenous IL-15 is bound to its high affinity o chain [101].
Conversely, PC-3 human prostate cancer cells were devoid
of components of the IL-15R complex, and did not exhibit
any reduction in the number of membrane-bound IL-15LSP
molecules after the acidic treatment or trypsinization,
thereby indicating that, at least in these cells, IL-15LSP
is presumably directly anchored to the cell surface [101].
Notwithstanding, the mechanism(s) that account for IL-15
anchoring remain to be elucidated. These may include the
usage of the unusually long signal peptide or a predicted
GPI-anchor [101,102].

The existence of reverse signaling is well established by
now, and a broad array of experimental data from diverse
sources and systems convincingly demonstrate its biological
significance. This biological phenomenon is well exempli-
fied by members of the TNF ligand (L) family, which exist in
both soluble forms and as transmembrane proteins with
relatively long intracellular domains, many of which are
involved in reverse signaling. Reverse signaling has been
shown for such members of the TNFL family as TNFa,
CD30L, CD40L, OX40L, CD137L and FasL [103].

Upon stimulation with recombinant sIL-15Ra or anti-IL-
15 Abs, membrane-bound IL-15 mediated the phosphoryla-
tion of members of the MAP kinase family ERK1/2 and p38,
and focal adhesion kinase (FAK) [101]. Importantly,
although no physical association between IL-15 and MAP
kinases or FAK was detected, transmembrane IL-15 was
phosphorylated at serine residues upon agonistic stimulation
[101]. Furthermore, the reverse signaling through membrane
IL-15 considerably increased the production of several pro-
inflammatory cytokines by monocytes including IL-6, IL-8
and TNFq, thereby indicating the relevance of this process to
the complex immunomodulatory function of these cells
[101,102]. The stimulation of transmembrane IL-15 also
enhanced the transcription of IL-6 and IL-8 in PC-3 cell line,
and promoted migration of PC-3 cells as well as LnCap
human prostate carcinoma cells stably expressing IL-15
upon the cell surface [101]. These data are in agreement with
a recent report of Neely et al., showing the ability of
monocyte surface-bound IL-15 to function as an activating
receptor and participate in reverse signaling events [102].
The ligation of surface IL-15 by cross-linked anti-IL-15 Abs
was found to activate a number of signaling pathways,
including ERK1/2 and p38, as well as the small Rho-family

GTPase Rac3. In addition, it resulted in the MAPK-
dependent IL-8 secretion, and induced monocyte adhesion
[101,102].

Interestingly, IL-15LSP and TNFa showed remarkable
similarities in the protein structure organization [15]. It is
thus plausible that IL-15LSP may naturally function as a
membrane-bound type II protein and mediate biologically
relevant reverse signaling events in a manner similar to the
members of the TNFL family. The fact that IL-15 can exist
as a biologically active transmembrane molecule that
possesses dual ligand/receptor qualities with a potential to
induce bi-directional signaling provides another striking
example of a unique role of this pleiotropic cytokine in
immune homeostasis.

5. Physiological functions of IL-15/IL-15R«
signaling

5.1. IL-15 and immune cells (except T and NK cells)

It is now recognized that signaling via the IL-15/IL-15R
system modulates not only T-cell functions, but numerous
different other cell populations, as well. Given that a number
of recent reviews have discussed in depth the functional
importance of IL-15/IL-15R biology for T lymphocyte
development and homeostasis, and memory CD8+ T-cell
and NK cell development, maintenance, expansion and
activities (see [8,9,10,11,17]), in the following we shall only
explore the functional role of IL-15/IL-15R signaling in
systems other than T and NK cells. Effects and signaling
pathways induced by IL-15 in other immune cells are
summarized in Table 1.

5.1.1. Neutrophils and eosinophils

IL-15 controls secretory activities and survival of
neutrophils and eosinophils, and modulates phagocytosis
[104-109]. In human neutrophils, IL-15 stimulates IL-8 but
not superoxide anion production, enhances antifungal
activity and phagocytosis of C. albicans and opsonized
sheep red blood cells [83,105,106] and induces synthesis and
secretion of IL-1R antagonist [108]. IL-15 can inhibit
neutrophil apoptosis by at least three mechanisms: (1)
induction of de novo synthesis and secretion of IL-1R
antagonist [108] (although the blocking of IL-13 activity by
preincubation with IL-1R antagonist reversed the suppres-
sion of inflammatory neutrophil apoptosis [110]); (2)
prevention of the loss of the anti-apoptotic myeloid cell
differentiation factor-1 (Mcl-1) expression [107,108]; (3)
decrease in the activity of caspases-3 and -8 that results in an
inhibition of vimentin cleavage, and downregulation of pro-
apoptotic Bax protein expression [108,111]. Signaling
pathways induced by IL-15 in neutrophils include the
activation of Jak2, p38 and ERK1/2 MAP kinases, Syk
kinase and NF-kB transcription factor [83,89,107]. Remark-
ably, IL-15 can enhance human neutrophil phagocytosis by a
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Table 1

Functional effects and signal transduction mechanisms of IL-15 on immune cells (besides T and NK cells)

Cell type Signaling mechanisms

Functional effects References

B lymphocytes Activation of Syk kinase and PLCy

Mast cells Activation of STAT3, Jak2/STATS,
Tyk2/STAT6 and Syk, induction of

Bcl-x;. and c-Myc expression

Activation of Jak2, Syk, p38, ERK1/2, NF-kB.
Downregulation of Bax, increase in Mcl-1
stability, decrease in caspases-3 and -8 activity

Neutrophils

Eosinophils Induction of NF-kB expression
Monocytes/ Activation of Lck, ERK1/2 in U937 cells
macrophages
Reverse signaling: activation
of FAK, Rac3, p38, ERK1/2
Dendritic cells ?

Protection from apoptosis, induction of [12,63,82,129-133]
proliferation and differentiation, and Ig production
Inhibition of apoptosis, support of

proliferation, IL-4 secretion

[63,90-92]

Protection from apoptosis, activation of
phagocytosis, production of IL-8 and IL-1R
antagonist, activation of anti-microbial functions
Protection from apoptosis, stimulation of
GM-SCF production

[109,112]

[39,40,52,101,
102,114-118]

Increases phagocytosis and bacteria clearance,
induction of IL-8, IL-12, MCP-1, and superoxide
production. Stimulation of IL-6, IL-8, TNFa
secretion and migration via reverse signaling

Protection from apoptosis. Increases expression [41,100,119,120]
of CD86, CD40 and MHC II, IFNvy release

and enhances the ability to stimulate T cells

[83,89,104-108,111]

Syk-dependent mechanism, whereby IL-15Ra plays a key
role in mediating this process by interacting with Syk [89].

In human eosinophils, IL-15 regulates survival by
reducing spontaneous eosinophil apoptosis in vitro via
upregulating the autocrine production of GM-CSF and NF-
kB activation [109]. This is in accordance with a clinical
case report of a patient with hypereosinophilic syndrome
that had elevated serum levels of IL-15 [112], and
underscores the concept that IL-15 is capable of upregulat-
ing the expression and secretion of other apoptosis-
inhibitory factors.

5.1.2. Mast cells

The development and proliferation of mast cells require
proper signaling from multiple growth factors and cytokines,
among which the stem cell factor (SCF) and IL-3 are the best
studied [113]. However, IL-15 can also serve as a growth
factor for mast cells: in rather high concentrations in vitro, it
supports the proliferation of bone marrow-derived mast cells
(BMMCs) [90] and prevents apoptosis of BMMCs and MC/
9 cells upon withdrawal of IL-3 or treatment with anti-Fas
antibodies through STAT6-mediated Bcl-x; expression [91].
In addition, IL-15 induces STAT6-dependent production of
IL-4 [92].

As already mentioned above, despite the widespread
expression of conventional IL-15Ra, IL-15 reportedly uses a
novel distinct high affinity-binding receptor and a different
signal transduction pathway in mast cells, whereas the
classical IL-15Ra chain has been suggested to play a
negligible role [90]. This receptor, provisionally designated
as IL-15RX, has a molecular mass of about 60—-65 kDa [90].
In contrast to T lymphocytes, where IL-15 activates JAK1/
JAK3 and STAT3/STATS [72], signaling pathways mediated
by IL-15 in mast cells lead to the activation of JAK2/STATS
or Tyk2/STAT®6, and do not require IL-2(3 and yc chains [90-
92]. On the other hand, we showed that murine mast cells

also express several functional isoforms of conventional IL-
15Ra which derive from an alternative splicing mechanism
within the IL-15Ra gene: IL-15RaA4 (missing exon 4), IL-
15RaA3,4 (missing exons 3 and 4) and IL-15RaA3,4,5
(missing three exons 3-5) [63]. These isoforms are fully
functional and bind IL-15 with the affinity similar to that of
the full-length receptor, whereby IL-15 induces the
phosphorylation of STAT3, STATS, STAT6, JAK2 and
Syk. Given that three different, fully functional conventional
IL-15Ra isoforms are expressed and utilized by mast cells,
the physiological significance of the alternative high affinity
IL-15RX [90] remains to be demonstrated conclusively.

5.1.3. Monocytes/macrophages and dendritic cells
Monocyte and macrophage cell lineages effectively
transcribe and translate IL-15 mRNA, which is further
upregulated by infection-associated key stimuli like IFNvy
and LPS as well as by bacterial, protozoan, and viral
infection [39,40,52,53,114]. They also answer to stimula-
tion with IL-15 by augmented anti-infection immune
responses: for example, IL-15 increases Leishmania
infantum clearance by PMA-activated macrophages via
upregulation of IL-12 production [115], and clearance of
M. tuberculosis in mice [116]. IL-15 also induces the
production of IL-8 and monocyte chemotactic protein 1
(MCP-1) by monocytes [117], and TLR-dependent IL-15/
IL-15Ra upregulation is essential for differentiation and
expansion of DC-SIGN* phagocytic monocytes in leprosy
[118]. Membrane-bound IL-15 on monocytes stimulates
via juxtacrine signalling, e.g. the proliferation of ConA-
stimulated T cells and CTLL cell line [39,114], whereas
its stimulation with specific agonists (sIL-15Ra or anti-
IL-15 antibodies) induces reverse signaling events in host
cells, resulting in activation of FAK, Rho, p38, ERK1/2,
and expression of pro-inflammatory cytokines, such as
TNF«, IL-6 and IL-8 [101,102]. This underscores the
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features of IL-15 as a protagonistic innate immune
defense cytokine.

However, since IL-15 also affects key aspects of acquired
immunity, it provides the perfect example of a cytokine
which demonstrates that the long-cherished innate/acquired
immunity dichotomy is far too simplistic and, in fact,
misleading: IL-15 clearly modulates immune responses
beyond the innate/acquired divide, and effectively links
these two immune response theatres. For example, DCs
express mRNA for both IL-15 and IL-15Ra, which is further
upregulated by IFNaf, double-stranded RNA, LPS or
Listeria monocytogeneses infection [41,100,119]. More-
over, stimulation of DCs with IL-15 leads to upregulation of
the co-stimulatory molecules CD86, CD40, MHC class II
and MHC class I-related chains A and B on the cell surface,
increases IFNy release and enhances the ability of DCs to
stimulate Ag-specific CD8+ T cell proliferation and to
activate NK cells [41,120].

The IL-15/IL-15R system is critical for the functional
maturation of DCs and macrophages in response to
microbial infection, controlling both IL-12 production and
IL-12 responsiveness of APCs [8]. Also, the production of
IL-2 by myeloid DCs depends on the IL-15 expression in
humans and mice [121]. Furthermore, IL-15 is a survival
signal for murine DCs: these show signs of increased
apoptosis in IL-15—/— mice, and both IL-15—/— and IL-
15Ra—/— mice have reduced amounts of DCs in peripheral
blood and spleen, which can partially be compensated by
transgenic expression of IL-15 or by IL-15 injection [100].

Moreover, in combination with GM-CSF, IL-15 is able to
skew the differentiation of monocytes into DCs bearing
features of potent antigen-presenting Langerhans cells able
to promote CD4+ T-cell proliferation [122], and to prime
robust CD8+ T-cell responses with high levels of Thl
cytokines in vivo [123,124]. In addition, results from two
distinct delayed-type hypersensitivity (DTH) mouse models
have invited the postulate that DC-derived IL-15 is an
absolute requirement for the initiation of DTH response: an
autocrine IL-15/IL-15Ra signaling loop in DCs is essential
for inducing CD8+-mediated Thl immune responses in
paracrine or juxtacrine fashion [125]. In fact, IL-15-
expressing DCs stimulate the expansion and differentiation
of memory CDS8+ cells [123,125], and proliferation and
activation of NK cells [126]. A particularly intriguing
question in this context is whether the activities exerted on
NK and T cells by IL-15 which is produced by dendritic cells
or monocytes/macrophages require a frans-presentation
[16,95,96] or simply a stabilization of cytokine-binding via
shed IL-15Ro.

5.1.4. B lymphocytes

Since genetically modified mice which are deficient for
IL-15 or IL-15Ra do not reveal significant abnormalities in
B cell responses [127,128], it was long thought that IL-15
plays little, if any, role in B cell biology. This concept is

changing rapidly, as several lines of evidence now indicate
an essential role of IL-15 in modulating B cell activities.

While IL-15 exerts no activity on resting B cells, it does
stimulate proliferation of anti-IgM- and PMA-activated B
cells and, in combination with recombinant CD40L, the
production and secretion of IgA, IgGl and IgM [129]. In
addition, IL-15 induces proliferation of lymphoblasts from
patients with B-cell chronic lymphocytic leukemia [130],
supports HIV-1-driven polyclonal B cell responses [131] and
contributes to tumor propagation in multiple myeloma
[132]. Moreover, IL-15 potently inhibits apoptosis induced
by anti-Fas, anti-IgM or anti-IgM and dexamethason of
activated human B lymphocytes in vitro and mouse B
lymphocytes in vivo [12]. In the human B lymphoblastoid
cell line, Raji, IL-15 stimulation induces the recruitment of
Syk, a non-receptor protein-tyrosine kinase, to the IL-15Ra
chain; this protects Raji cells from ceramide-induced
apoptosis [82]. IL-15 effectively supports growth of IL-3-
dependent BA/F3 cells expressing functional IL-15Ra in the
absence of 1L-3 [63].

Finally, IL-15 has been shown to be active in germinal
center reactions since it is produced by follicular DCs, which
are contained within the germinal centers and are key
cellular components in the regulation of B cell survival and
proliferation [98]. IL-15 is here biologically active in the
membrane-bound form and supports germinal center B cell
proliferation via a cell-cell contact-dependent mechanism
[98]. At the same time, this may help to understand why IL-
15 can promote the development of B-cell lymphoma
[132,133].

5.2. IL-15 and non-immune cells

Perhaps, one of the most defining functional differences
between IL-2 and IL-15 is that IL-15 is increasingly being
recognized as a major modulator of many different types of
non-immune cells, while the characteristic functions of IL-2
are almost exclusively restricted to T cells. Interestingly, IL-15
mRNA is found to be highly expressed in mesenchymal stem
cells and their differentiated cell types, including osteoblasts,
adipocytes, endothelial cells and myoblasts [46,134-136].
The role of the IL-15 cytokine transcript enrichment in these
cells as well as its significance for the regulation of
hematopoietic stem cell localization, self-renewal and
differentiation is still largely unexplored. The effects of IL-
15 on non-immune cells are summarized in Fig. 4.

5.2.1. Fibroblasts

Fibroblasts from human spleen, gingiva and skin
constitutively express IL-15 [43,137,138]. In patients with
RA, fibroblasts expressing elevated levels of IL-15 are
considered as a main source of the increased levels of IL-15
in the synovium [139]. Interestingly, IL-15 also inhibits
apoptosis of synovial fibroblasts [140]. Spleen-derived,
membrane IL-15-expressing fibroblasts induce NK cell
differentiation from CD34+ progenitors [137], while dermal
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Fig. 4. Functional properties of IL-15. Schematic diagram of the IL-15-mediated effects in different non-immune cell types.

fibroblasts expressing membrane-bound IL-15 support
proliferation of activated T cells [43]. IL-15 is able to
protect mouse 1929 fibroblasts from TNFa-induced
apoptosis. Stimulation of IL-15Ra by IL-15 induces
recruitment of TRAF2 to the IL-15Ra, NF-kB activation
[88], and transactivates Axl receptor tyrosine kinase
pathway, which results in the activation of PI3K/Akt and
upregulation of Bcl-2 and Bel-xp. [93]. IL-15-mediated Axl
transactivation is also essential to sustain the survival of
serum-deprived mouse embryonic fibroblasts [93]. Thus,
while fibroblasts can be a significant source of IL-15, at least
defined fibroblast subpopulations also are important IL-15
targets, e.g. by exploiting IL-15 as a suppressor of apoptosis.

5.2.2. Osteoclasts

The elevated levels of IL-15 found in the synovial fluid of
patients with rheumatoid arthritis (RA) [141] raised the
question whether IL-15 is not only involved in bone
pathology, but also in bone development and physiology.
Indeed, IL-15 stimulates the formation of osteoclast-like

cells in rat bone-marrow culture in vitro [142]. Simulta-
neously, IL-15 induces expression of calcitonin receptor
mRNA in preosteoclasts. The effects of IL-15 on generation
of mononuclear preosteoclast-like cells are direct and not
mediated by combination of M-CSF, IL-3 and CSF or TNF«
[142]. Moreover, IL-15 expressed on the surface of
lymphocytes from patients with RA effectively promotes
osteoclastogenesis in autologous monocytes [143]. There-
fore, it is conceivable that IL-15, in addition to its well-
documented pro-inflammatory properties as a key patho-
genesis promoter in RA [141], aggravates bone destruction
by stimulating excessive bone resorption by osteoclasts
[142,143].

5.2.3. Epithelial cells

Human keratinocytes and HaCaT cells line express both
IL-15 and IL-15Ra [42]. IL-15 inhibits methylcellulose-,
anti-Fas- and UVB-induced keratinocyte apoptosis [42,144]
and induces their proliferation through the activation of
ERK1/2, PI3K and Akt pathways [144]. Inhibition of
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physiological keratinocyte apoptosis may be involved in
mediating epidermal hyperplasia in psoriasis [42].

Peritoneal mesothelial cells and renal tubular epithelial
cells (TECs) express IL-15 at mRNA level [47,145]. This is
upregulated by CD40 ligation [47,145] and IFNvy [145],
whereas IFNvy also upregulated IL-15Ra in TECs [61].
Thus, TECs are rich sources of IL-15, which have been
shown to stimulate intratubular CD8+ T cells [146].
Recently, a synergy between TGF-f and IL-15 was
demonstrated, resulting in chronic expansion and anti-
apoptotic maintenance of allospecific CD8+CD103+ T cells
in vitro [147]. Such accumulation of intraepithelial cells
occurs during renal allograft rejection [147]. Conversely, IL-
15 is an autocrine survival factor for TECs, protects them
from apoptosis and inhibits manifestation of nephrotoxic
serum-induced glomerulonephritis by downregulation of
nephritogenic chemokine MCP-1 expression [45]. TECs
derived from IL-15—/— mice are highly susceptible to anti-
Fas and actinomycin D-induced apoptosis [45]. IL-15-
mediated signaling in TECs involves activation of Jak1/Jak3
and STAT3/STATS molecules [61].

5.2.4. Endothelial cells

Human umbilical cord endothelial cells (HUVEC) and
human intestinal microvascular endothelial cells (HIMEC)
express IL-15Ra and IL-15 mRNA [136,148], and IL-15
stimulates angiogenesis in vivo and in vitro [140,148]. IL-15
induces hyaluronan expression by endothelial cells,
whereas CD44/hyaluronan interaction is important for T-
cell adhesion and recruitment to the blood vessel wall,
promoting extravasation of activated T cells [149].
Endothelial cell-derived 1L-15, furthermore, induces
transendothelial migration of T cells by activating the
binding capacity of LFA-1 integrin, and increases T-cell
motility [150]. Therefore, IL-15 has both direct effects on
endothelial cell biology and angiogenesis, and promotes
immunocyte extravasation.

5.2.5. Myocytes

IL-15 is highly expressed in skeletal muscle at mRNA
level [3] and has muscle anabolic effects in vitro, like
another potent anabolic cytokine insulin growth factor-1
(IGF-1) [46]. IL-15 stimulates the muscle-specific myosin
heavy chain accumulation by differentiated myocytes and
muscle fibers and is able to slow muscle wasting in rats with
cancer cachexia [46,151]. Overexpression of IL-15 induces
skeletal muscle hypertrophy in vitro [152]. The main
mechanism involved in the anabolic effects of IL-15 on
skeletal muscle may rely on a general reduction of
proteolysis [153].

5.2.6. Adipocytes

Studies investigating the effect of IL-15 on skeletal
muscle demonstrated that IL-15 administration induces a
33% reduction of adipose tissue in growing rats, with no
reduction in food intake [154]. This anti-adipose effect of

IL-15 depends on the expression of IL-15Ra on adipocytes
[155]. Experimental evidence sustains the hypothesis that
IL-15 functions in modulating fat:lean body composition
and insulin sensitivity through a muscle-to-fat endocrine
axis [154,156]. However, not all adipocyte subpopulations
appear to be IL-15-responsive, while IL-15-sensitive
adipocytes differ in their functional responses to IL-15
stimulation. Also, there are species- and differentiation-
dependent differences: for example, while primary porcine
adipocytes express IL-15, which is upregulated by IFNv,
murine 3T3-L1 adipocytes express little or no IL-15 at any
differentiation stage [135,156]. IL-15 inhibits lipid deposi-
tion in murine 3T3-L1 preadipocytes, and this effect
declines with progressing differentiation so that IL-15 has
no effect on lipid deposition in fully differentiated 3T3-L1
cells; however, in these adipocytes, IL-15 stimulates
adiponectin secretion [156].

5.2.7. Neuronal and glia cells

IL-15 and all three subunits of the IL-15R are widely
expressed in the central nervous system of mice and human,
including the frontal and parietal cortex, hippocampus,
medulla oblongata, thalamus and cerebellum [157,158].
Recent cell culture studies in the human system showed the
expression of IL-15 mRNA in microglia, astrocytes and
neuronal cell lines [44,157,159]. In low doses, IL-15
supports microglial cell growth, attenuates their nitric oxide
production and induces the phosphorylation of Jakl [157].
Interestingly, it has recently been shown that IL-15
production and IL-15Ra expression of murine microglia
cells are inhibited by low concentrations of the ganglioside
GD3 [160]. Therefore, this may become exploitable as a new
class of IL-15 inhibitors.

6. Clinical relevance

That signaling through the IL-15/IL-15R system is of
profound clinical importance has become amply clear in RA,
where IL-15 antibodies have already been tested in Phase I/I1
trials (reviewed in [161]). However, there are several other
important clinical fields where IL-15/IL-15R signaling has
recently become a focus of interest, and has been explored as a
potential target for therapeutic intervention. For example, a
number of other autoimmune diseases such as inflammatory
bowel disease (IBD), systemic lupus erythematosus (SLE),
inflammatory synovitis, psoriasis, diabetes mellitus, asthma
bronchiale and autoimmune vasculitis are associated with an
increase in serum IL-15 levels [42,162-166]. Such areas of
potential clinical relevance of IL-15 beyond the RA horizon
are briefly sketched below.

6.1. Rheumatoid arthritis

RA is an autoimmune disorder characterized by synovial
inflammation and the erosion of bone and -cartilage,
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ultimately leading to the destruction of affected joints. The
dysregulated expression of synovial and systemic IL-15 in
patients with active RA was initially suggested by McInnes
et al. [141], a finding since then confirmed by many other
groups [139,165,167-170]. IL-15 is present in the synovium
of RA patients and in RA joint lesions, and may act as a
chemotactic and proliferation-inducing factor for synovial
cells, thereby increasing synovial macrophages activation
via a process requiring direct contact between macrophages
and T cells [141,170,171]. These findings were extended by
the demonstration that endothelial-, macrophage- and
fibroblast-derived IL-15 recruits, activates and increases
the transendothelial migration of synovial T cells
[139,141,150].

Our recent data suggest that IL-15 may trigger both the
differentiation and the priming function of macrophages at
sites of chronic inflammation (Ruckert et al., submitted for
publication). The progression of RA is accompanied by
recruitment and expansion of oligoclonal CD4+CD28— T
cells, which are currently thought to represent autoreactive
lymphocytes that promote not only joint destruction, but also
the enhanced atherosclerosis in RA patients (as opposed to
patients with psoriatic arthritis [172]). These cells are
CD45RA — cells, which is suggestive of a memory pheno-
type. They produce high amounts of IFNvy and TNFa as well
as perforin and express adhesion markers as CD18 but also
CD57 which is found on NK cells as well, and intracytoplas-
matic perforin, suggesting that they represent Th1 cytotoxic T
cells and may promote monocyte accumulation and
granuloma formation in Wegener’s granulomatosis [173].
The nature of these cells, the antigen and the factors which
drive their expansion in RA are still a matter of debate.
Moreover, Yamamura et al. recently demonstrated that
peripheral T lymphocytes from RA patients significantly
increase the production of IL-6 and IL-8 by synovial
fibroblasts [174]. This suggests that positive, pro-inflamma-
tory feedback loops in the inflamed joints reflect tripartite
interactions among T cells, macrophages and synovial
fibroblasts.

Based on these findings, IL-15 is now widely considered
as one of the key instigators of RA pathogenesis, together
with other cytokines such as IL-13, TNFa, IL-6 and IL-18
[161,175].

6.2. Inflammatory bowel disease

IBD is characterized by severe inflammation of lower
intestine mucosa caused by infiltration of activated T, B
lymphocytes and macrophages and by local pro-inflamma-
tory cytokine production [176]. IL-15, which is normally not
detectable in serum, was demonstrated in the sera of patients
with moderate and severe ulcerative colitis (UC)—but not in
patients with Crohn’s disease (CD), while the number of IL-
15-positive cells was increased in the inflamed mucosa of
IBD patients [177,164]. Expression of IL-15 mRNA was
also found significantly increased in the inflamed rectal

mucosa from IBD patients [178]. Isolated from lamina
propria mononuclear cells actively produce IL-15 upon
stimulation with LPS or IFNv, and lamina propria T cells
isolated from IBD patients are more responsive to IL-15 as
compared with controls [164]. IL-15 significantly increases
the production of TNFa and IFNv in such lamina propria T
cells, whereas these T cells induce CD40-CD40 ligand-
dependent production of TNFa and IL-12 by monocytes in
vitro [164]. These data suggest that IL-15 plays an important
role in the pathogenesis of IBD.

6.3. Systemic lupus erythematosus

SLE is characterized by the deposition of immune
complexes and the presence of characteristic inflammatory
patterns that ultimately cause tissue destruction, mainly in the
kidney, skin, blood vessels and central nervous system [179].
IL-15 can be detected in the serum of up to 40% of patients
with SLE [163,180]. High IL-15 concentrations were
correlated with the expression of the anti-apoptotic protein
Bcl-2 and CD25 in lymphocytes derived from these patients
[163]. However, unlike TNFa, whose levels are significantly
associated with disease severity [181], IL-15 is not directly
associated with the disease activity. The IFNy+LPS-induced
synthesis and release of IL-15 by monocytes in vitro as well as
the amount of membrane-bound IL-15-positive monocytes
were increased in SLE patients with active phase of disease
[180]. Despite the fact that IL-15 is a powerful anti-apoptotic
cytokine, T lymphocytes from SLE patients showed a poor
anti-apoptotic response to IL-15 treatment [180]. Though
these data raise the possibility that IL-15, likely in conjunction
with IL-2, may contribute to SLE pathogenesis, its exact
contribution remains to be dissected.

6.4. Other autoimmune diseases

The concentration of IL-15 is increased in serum of the
patients with type I diabetes mellitus and correlates with
long-term metabolic control (HbA,.) [162]. The correlation
between these two parameters suggests that IL-15 may
contribute to microangiopathy development in type I
diabetes mellitus. The increased level of IL-15 transcripts
in rat pancreatic islet cells after IL-13, IFN+y and/or TNFa
exposure [182] suggests that IL-15 may contribute to the
development of insulitis in early type I diabetes. However,
the treatment of non-obese diabetic (NOD) mice with the
(agonistic) IL-15-IgG,;, fusion protein actually reduces the
incidence of diabetes, probably due to downregulation of
immune-mediated B-cell apoptosis, while it does not affect
the extent and severity of insulitis [183]. Therefore, IL-15
may play a dual role in type I diabetes mellitus, namely as a
promoter of autoaggressive inflammation, and as a blocker
of B cell apoptosis—perhaps loosely related to the
“protective autoimmunity”’ principle previously demon-
strated for neurotrophin-secreting autoaggressive T cells in
experimental autoimmune encephalomyelitis [184].
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Psoriasis represents a chronic inflammatory, hyperpro-
liferative skin disease characterized by epidermal hyper-
plasia and infiltration with mononuclear cells including T
lymphocytes and monocytes whose autoimmune nature is
still hotly debated [185]. Psoriatic epidermal lesions display
high expression of IL-15 mRNA and protein in/on epidermal
keratinocytes and enhanced IL-15-binding activity com-
pared to the healthy skin [42]. IL-15 is also upregulated in
psoriatic arthritis synovium [186]. IL-15 blockade in a
murine model of psoriasis leads to the suppression of typical
psoriatic skin features [187].

6.5. Hypertension and atherosclerosis

Enhanced IL-15 mRNA steady-state levels were found in
fibrolipid and lipid-rich atherosclerotic plaques, and IL-15
transcripts levels are elevated in the atherosclerotic aorta of
ApoE-deficient mice [188,189]. The main IL-15 sources
here are infiltrating macrophages that are positive for
oxidized low-density lipoprotein (oxLDL) [188]. This
macrophage-derived IL-15 may recruit T cells into lesional
sites [189]. IL-15 may also influence the migration and
activation of mast cells which are prominently found in
human coronary atheromas at sites of atheromatous erosion
or rupture [190]. Importantly, serum levels of IL-15 are
significantly increased in patients with essential hyperten-
sion and severe organ damage and this systemic IL-15
concentration increase was related to the cardiovascular
disease [191].

6.6. Muscle disease

Inflammatory stimuli increase IL-15 protein production
of muscle cells in polymyositis and dermatomyositis, and
IL-15 may contribute to the immunopathogenesis by
augmenting recruitment and activation of T cells [192].
Here, blocking of IL-15 activity may be useful in the
treatment of the disease. IL-15 administration, however,
awards relative protection from muscle degeneration in a
mouse model for Duchenne type muscular dystrophy [193].
Therefore, IL-15 likely also operates as a potent anti-
apoptotic parameter in myocyte biology and pathology.

6.7. IL-15 in tumor growth

The powerful anti-apoptotic properties of IL-15 point to a
role of this cytokine in the propagation of tumor cell clones
and raise the question which biological importance the IL-
15/IL-15Ra system may have in tumor cell growth,
expansion and metastasis. Both IL-15 and IL-15Ra mRNA
are expressed in several neoplastic cell types, including T
cell leukemia, cutaneous T-cell lymphoma, melanoma and
solid tumors such as small cell lung carcinoma, renal and
colon cell carcinomas, glioblastoma, neuroblastoma,
mesothelioma, etc. [28,87,132,194-197]. Such abundant
expression of IL-15 and IL-15Ra in malignant tumor cells

invites the speculation that this may reflect the establishment
of autocrine/paracrine/juxtacrine loops that promote tumor
growth [195]. We have recently shown that membrane-
bound IL-15 promotes tumor cell migration of prostate
carcinoma cells in vitro [101]. Expression of IL-15 plays a
role in colon cancer progression by promoting cell growth,
invasion, mucosal hyperplasia and metastasis [196,197]. IL-
15 also enhances cell motility and invasion in a highly
metastatic colon cancer cell line [196].

Additional tumor growth-promoting effects of IL-15 may
arise from its effects on angiogenesis: IL-15 is an effective
angiogenic factor, stimulates proliferation of HUVEC and
stimulates angiogenesis in vivo [140,148].

The existence of an autocrine/paracrine/juxtacrine loop
was recently shown in several models including multiple
myeloma and melanoma [132,198]. Autocrine IL-15
decreases spontaneous apoptosis in primary myeloma cells
while exogenous IL-15 protects myeloma cell lines from
spontaneous, Fas-, vincristine- or doxorubicin-induced
apoptosis [132]. IL-15 is a growth and anti-apoptotic factor
for cutaneous T-cell lymphoma [195], it supports survival of
malignant T cells isolated from patients with Sezary
syndrome via activation of different STAT factors, c-myb,
JunD, c-myc activation and Bcl-2 expression [199,200].
Finally, that IL-15 stimulates germinal center B cell
proliferation via a cell-cell contact-dependent mechanism
[98] may be related to the apparent promotion of the
development of B cell lymphoma by IL-15.

7. Conclusions and therapeutic perspectives

IL-15 is a pleiotropic cytokine which regulates
the proliferation, survival, secretory activities and differ-
entiation of many more distinct cell types than originally
postulated at the time of its identification. IL-15 is a
very broadly expressed bioregulator which serves not
only as prototypic cytokine of innate immunity but
modulates as well selected adaptive immune responses
and, in fact, links both. Largely because of its unusually
potent anti-apoptotic properties, IL-15 controls the
homeostasis and growth of different non-immune cell
types and tissues.

A very intriguing (yet, still rather ill-defined) feature of
this cytokine is its unusual pattern of expression and
secretion, namely the contrast between the widespread IL-15
mRNA expression and the virtually undetectable extra-
cellular release of IL-15 under physiological conditions.
This indicates the presence of an extremely tightly
controlled regulation of IL-15 translation, transport and
secretion, which appears to be unique in the cytokine family.
The detection of IL-15/IL-15Ro complexes on cell
membranes and in cell supernatants (Bulanova et al,
submitted for publication) suggests that not only signal
transduction, but also storage, stabilization and regulation of
this cytokine depend on its high affinity receptor chain.
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Finally, another most intriguing characteristic of this
cytokine, which puts it into striking contrast to IL-2, is
the diverse and promiscuous usage of receptor chains (IL-
2R, IL-2Ry, IL-15Ra, Axl and IL-15RX)—which depends
not only on the individual cell type in question, but also on
the activation state of the target cell.

This variety and promiscuity of receptor chain usage has
important therapeutic implications that one needs to keep in
mind when designing pharmacological strategies that target
IL-15/IL-15R signaling: (a) an overall stimulatory or
inhibitory effect is most likely when the cytokine itself is
administered or targeted (e.g. by IL-15, anti-IL-15
antibodies or soluble IL-15Ra [12,57,161,183,201-204]);
(b) instead, by targeting individual IL-15R chains, an
unusually high degree of target cell and/or activation status
selectivity is obtainable.

Systemic administration of IL-15 antagonists such as
antibodies directed against IL-15 or alternatively against IL-
2R/IL-15R subunits, recombinant sIL-15R« and IL-15R-Fc
fusion protein [57,201-206] allows to effectively manipulate
IL-15 bioactivity in vivo. For example, recombinant soluble
IL-15Ra prevents collagen-mediated arthritis in mice [201]
and even in primate models [175], inhibits carrageenan-
induced acute inflammation [57], prevents the induction of
allergen-specific T cells and allergic inflammation in vivo
[207], inhibits inflammatory and allogenic responses in vitro
and in vivo [57] and enhances cardiac allograft survival
[202].

Another example of an IL-15 antagonist is an IL-15
mutant/Fcy2a fusion protein (CRB-15) that was produced
by mutating glutamine residues to aspartic acid within the C-
terminus of IL-15 [206,208]. This mutant binds IL-15R«
with a high affinity but does not induce signaling, thereby
acting as a specific IL-15 antagonist. Administration of this
chimeric protein inhibits pancreatic islet cell allograft
rejection [205], delayed type of hypersensitivity responses
and alloantigen-induced T cell proliferation in vivo [208]
and prevents the development of collagen-induced arthritis
in mouse model [206].

Finally, antibodies against IL-15 have been used
effectively in murine models of psoriasis [187]. Report-
edly, such antibodies have already shown efficacy in a
Phase I/Phase II in patients with RA [161,209]. Huma-
nized MiKB1 antibodies directed against the IL-2R/IL-
15Rf chain have been proven to be effective when used as
a single agent to prolong cardiac allograft survival in
monkeys [210].

Vice versa, administration of IL-15 agonists such as
recombinant IL-15, IL-15-Fc fusion protein and IL-15
cDNA [183,211-213] is extremely successful in anti-tumor
adjuvant therapy. Adenocarcinoma engineered to highly
secrete IL-15 was rejected completely when injected into
syngeneic BALB/c mice [212]. The human small lung
cancer cell line N592 and adenocarcinoma TS/A engineered
to secrete IL-15 showed a reduced tumor growth rate
[213,214]. Furthermore, human prostate carcinoma cell line

(PC-3) and human pancreatic cancer cells (AsPC-1)
transfected with highly secretable form of IL-15 showed
retarded growth in nude mice [215,216]. IL-15 was also
successfully used as an adjuvant in anti-tumor therapy of
melanoma. Vaccination with IL-12-secreting melanoma
cells and the combined systemic treatment with IL-15
caused eradication of established tumors in all treated mice.
This combined treatment activated not only a local response,
but also induced systemic anti-tumor immunity [217].

Thus, a wide range of well-targeted and relatively
selective agonistic or antagonistic pharmacological inter-
ventions in IL-15/15R signaling are already available and
have been successfully tested at the in vivo level. This
availability of potential therapeutic tools renders it
particularly important and attractive to systematically
dissect the increasing number of clinical conditions beyond
RA in whose pathogenesis IL-15/IL-15R signaling has
recently become implicated (see above), including diseases
such as muscular dystrophy, atherosclerosis, acute hepatic
failure and neurodegenerative diseases, where the blockade
of apoptosis and/or the stimulation of tissue regeneration are
of predominant importance.
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