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Review article

Interleukin 15: biology and relevance to human disease

Todd A. Fehniger and Michael A. Caligiuri

Since the cloning of interleukin (IL)-15 six years ago, there have Scientists at the Immunex Corporation (Seattle, WA) isolated the 14-
been numerous studies examining the molecular and cellutar15-kd protein responsible for the CTLL proliferation within CV-1/
biology of this cytokine. IL-15 and IL-2 have similar biologic EBNA supernatants using anion-exchange and high-pressure liquid
properties in vitro, consistent with their shared receptor (Rhromatography and sequenced the#minal residues. Degenerate
signaling components (IL-2/15R.). However, specificity for oligonucleotide primers were generated from this partial protein se-
IL-15 versus IL-2 is provided by unique private-chain guence and were used to obtain the full-length simian IL-15 cDNA from
receptors that complete the IL-16Ry and IL-2RaByhetero- 5 CV-1/EBNA cDNA library. With simian IL-15 cDNA as a probe, the
trimeric high-affinity receptor complexes and thereby allovy||length human IL-15 cDNA was cloned from the IMTLH bone
differential responsiveness depending on the ligand and higharrow stromal cell liné The IL-T protein identified by researchers at
affinity receptor expressed. Intriguingly, both IL-15 and ILyne National Institutes of Health within HuT-102 supernatants was late?
15Ra transcripts have a much broader tissue distribution th§yned and shown to be a chimera composed of the HTLV-1 long
IL-2/IL-2Ra. Further, multiple complex posttranscriptional regUsarminal repeat (LTR) and human IL-15. The HTLV-1 LTR was fused in§

latory mechanisms tightly control IL-15 expression. Thus, basgl e immediately upstream of IL-15, thereby deleting a portion of it
upon complex regulation, as well as differential patterns g, untranslated region (UTRY:

IL-15 and IL-15Raexpression, it is likely that the critical in = go.5 66 1115 was initially identified through its ability to
vivo functions of this receptor/ligand pair differ from those of

) S ) mimic IL-2—induced T-cell proliferation, the biochemical and 3
IL-2 and IL-2Ra. Studies to date examining the biology of IL-15 nctional relation between tr?ese cytokines was quickl examinec%
have identified several key nonredundant roles, such as IL-1 g Y 4 y S

importance during natural killer (NK) cell, NK-T cell, and omparison_s .Of the primary protein ‘and CDNA sequences of
intestinal intraepithelial lymphocyte development and functio human or simian 1L-15 ylglded little p’rlmary homology o IL-2;

Arole for IL-15 during autoimmune processes such as rheum gwever, computer modeling of IL-15's sepondary structur.e sug
toid arthritis and malignancies such as adult T-cell Ieukemf#‘llesFEd1 ‘that I,L'l5 belonged to the athelix bundle cytokine
suggest that dysregulation of IL-15 may result in deleterio@MilY." including human growth hormone, IL-2, IL-3, IL-6, IL-7,

effects for the host. This review attempts to present concisedj2nulocyte colony-stimulating factor (G-CSF), and granulocyte

our current understanding of the cellular and molecular biologj@croPhage colony-stimulating factor (GM-CSF)Functional
of IL-15, IL-15’s role in human disease, and its potential clinica$tudies using antibodies that blocked the various IL-2R subunit
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utility as a therapeutic agent or target. determined that IL-15 used the IL-BRsubunit and the common 3
gamma chain (3, but not the IL-2Ra. Because signaling via IL-2 g
and IL-15 appears to occur exclusively via the sgnechains, =
IL-15 mediates functions similar to IL-2 in vitre*” However, in %

Molecular and cellular biology of interleukin vivo itis the distribution of the distinct IL-15Rand IL-2Rachains &

15 (IL-15) that directs when and where each ligand will bind and activate vi§01
this By signaling pathway. Through the development of mice with?,

The discovery of IL-15 and its relation to IL-2 targeted disruption of the IL-85and IL-15R& genes, it is now o

o

IL-15 was identified by 2 independent groups based upon its abilwpa_rent that I_L'_15 _gnd IL-2 _medlate very different in vivo g
to stimulate proliferation of the IL-2—dependent CTLL-2 T-cell lindUnctions. The similarities and differences between IL-15 and IL-23
in the presence of neutralizing anti—IL-2 antibodies. The activi§® Nighlighted where appropriate below.
within cell culture supernatants of the simian kidney epithelial celf,cture of the genomic locus encoding IL-15
line CV-1/EBNA was purified, molecularly cloned, and designated

IL-15.1 The activity identified in supernatants of the human T-celThe IL-15 gene spans 34 kb or more, mapping to human chromosome
leukemia virus-1 (HTLV-1) cell line, HUT-102, was purified and4g31 and the central region of mouse chromosoffé'd-he genomic
called IL-T23 structure of human IL-15 contains 9 exons (7 coding exons), with a
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Human IL-15 Gene The 2 IL-15 mRNA isoforms have significant differences in the

Exen fog) @1 a2s LRI I L ]

..-m:m{l,q_u_m_[lagﬂﬂa]]—sa —HLﬁ_ y_ﬁ_ N-terminal portions of their leader peptides (Figure 1). Leader

peptides determine the intracellular localization and potential

I i Ny ey secretion of the associated mature protein. Both LSP-IL-15 and
classical 1L-15 mRNA Isoforms alternative SSP-IL-15 appear to have low secretion potential compared with
e o SR B S well-secreted cytokines such as IL-2, as replacement of either

[I[I[iDH][II][tI [[mﬁﬂ]mﬁ:l endogenous IL-15 signal peptide (SP) by CI¥38 IgVk!® signal

12345671 8 m3 44a507 B peptides resulted in efficient secretion of bioactive IL-15 protein.
IL-15 Precursor Proteins Both LSP—IL-15 and SSP-IL-15 isoforms had 2 to 3 log-fold less

e I B sy secretion than IL-2 SF,and analysis with IL-15—green fluorescent
o e protein (GFP) fusion proteins demonstrated that LSP-IL-15 was
G 5 targeted to the secretory pathway (endoplasmic reticulum [ER]/

A M o Golgi apparatus), whereas SSP-IL-15 appeared to be restricted
P — to the cytoplasm and nucleds?02! This differential traffick-
L ing is discussed later in the context of the regulation of IL-15

Figure 1. Human IL-15 gene, mRNA, and protein structure. The human IL-15 gene expression. SSP—|IL-15 mRNA is expressed in the hea|§’7
locus consists of 9 exons and 8 introns and is located on chromosome 4g31.1911 Two th di d testi h LSP—IL-15 is i keleta
IL-15 mRNA isoforms have been described, the classical LSP and alternative SSP, ymus, appendix, an esus, w .ereas = 1S _m skele ©
with both encoding an identical IL-15 mature protein of 114 AAs (see text for details). muscle, placenta, heart, Iung, Ilver, thymus, and kldney; th@
Translational start sites (—) and stop codons (®) are indicated; in2 indicates intron 2. biologic significance of these observations will require furtherd
o ) ) _investigationt>4 Recently, Nishimura et # generated trans-
similar intron/exon structure and estimated size between the murine @'é‘i‘uic mice that express both isoforms of IL-15 under the controk
human IL-15 gene¥:** More recently, an altemative exon has beeRt 5 major histocompatibility complex (MHC) class | promoter, £
described in humaf* and muriné>¢ IL-15, consisting of an addi- documenting differential in vivo roles for LSP- and SSP-IL-15 &
tional sequence between exons 4 and 5 that encodes an alternative | ader o ow)
peptide. The structure of the human IL-15 genomic locus is diagram: '
in Figure 1 and includes the recently described alternative exon _
(4A)111214The |L-2 gene is located on human chromosome 4¢26-Zdructure of the mature IL-15 protein
and consists of 4 exons and 3 intrdh& Of note, the overall The 14- to 15-kd. 114-AA mature IL-15 protein is encoded by
intron/exon structure of the portion of the IL-15 gene encoding thexOnS 5 to 8 of th’e IL-15 gene (Figure 113)5 11)L-15 contains 2 y
mature IL-15 protein (4 exons and 3 introns) is similar to that of the IL-2. lfide bonds at i g ca2 C%S d. C35-C85 (sinale-lett
gene and other &-helix bundle cytokine& However, consistent with Eijncl) aecidocr:]odsez) rtJr?zlflc?rI:r?er bei-n hoamnolo ou; o thfg?ce\;v?[h?‘
other family members, there is little primary homology between IL-2 A g homolog . S
and IL-15 at the nucleotide or protein level (Figuré Zhus, althoughit --2- There are 2 N-linked glycosylation sites at the C-terminus ofg

. . o
is doubtful that the IL-2 and IL-15 genes have a direct, recent ancesiff IL-15 protein, at N79 and N112. The mature IL-15 protein hasg
relationship, the gene structure of all members of taehélix bundle been predicted to have strong helical moments atAAs 1to 15, 188

cytokine family appears similér. 57, 65 to 78, and 97 to 114, supporting a theoretical model of a%
a-helix bundle structure (Figure 23
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IL-15 mRNA isoforms, signal sequences,
and intracellular trafficking

The originally identified human IL-15 cDNA contains aBTR of i DA

at least 316 base pairs (bp), a 486-bp open reading frame, dnd a 'ﬂ}—ﬂ'ﬂ'[l‘ Low Homelogy

UTR of at least 400 bp, encoding a precursor IL-15 with an § 7 8IUR

unusually long 48—amino acid (AA) leader peptide and a 114-AA _

mature proteirt.Identification of human, simian, and murine IL-15 “”2'30"” B e nce:

indicated that IL-15 was conserved between species (97% identit ,L

comparing human and simian; 73% identity comparing human witk

murine)? An alternative human IL-15 cDNA was identified -\

containing an additional exd@.13This variant IL-15 human cDNA

contains 119 nucleotides (nt) within intron 4 but lacks exons 1 anc

2 of the original cDNA, resulting in a smaller spliced mMRNA

product (Figure 1}* However, this exonic sequence encoded 3

premature stop codons and a novel downstream ATG translatio

start site, resulting ultimately in an IL-15 precursor protein with a

21-AA short signal peptide (SSP), compared with the original

48-AA long signal peptide (LSP). A similar alternative transcript

has been described in the mod%& In human and mouse, both

IL-15 isoforms encode an identical mature IL-15 protein, Contaim‘lgure 2. Comparison of IL-15 and IL-2 homology at the DNA, primary protein,

ing differences only within the signal sequence. Regulation of thed tertiary protein levels. ~ The model of IL-2's tertiary folding structure was

IL-15 mRNA species expressed may occur through anematig@nereqedfrom knowncrystalstr_ucturesfromproteindatabankdgtafile3|NK.2§4The
. " . theoretical model of IL-15's tertiary structure was generated using IL-2's 3-dimen-

spllcmg and/or an additional uncharacterized IL-15 promOtgronal structure as a template and the SwissProt software program, and yielded

driving the expression of the SSP—IL-15. results similar to those described.2
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A Secondary/Tertiary Protein
- Sequence:
b Predicted to be Similar

(4 a-Helix Bundle)

Shared Receptor Components:
IL-2115R}5 and ¢

Private Receptor Components:
IL-15R: and IL-2Ra
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The IL-15 receptor (R) complex and its relation functional importance of IL-15’s binding to IL-15RX in mast cell
to the IL-2R complex biology because no mast cell developmental defects were found in

. i . IL-15-/~ mice8
Three different IL-2R complexes exist: The isolated ILe2Binds

IL-2 with low affinity (K, approximately 1® M~1) without How does IL-15 relate to other cytokines that use
transducing a signal; the heterodimeric IL{2Rbinds IL-2 with the . receptor?
intermediate affinity (i approximately 1®M~1) and transduces ) ) )
intracellular signals; and the heterotrimeric IL-@®Ry binds IL-2 Several cytokines share th@rgceptor, |nclu.d.|ng IL-2, ”"4_' IL-7,
with high affinity (K, approximately 18 M-1) and also sig- IL-9,__ar1d IL-;S, a_lll of whlt_:h use gddltlonal s_ubur_ut(s) _for
nals!824.25The IL-2Rv, also referred to ag, is shared by receptors specmcny or S{gnallr)g‘.“v% In vivo expe_rlments engineering mice
for IL-2, IL-4, IL-7, IL-9, and IL-152627 Early experiments using with targeted disruption of these cytokines orthelr.speuflc recgptor
specific blocking monoclonal antibodies (MoAbs) documented tlﬂ?‘é‘bu_n'ts el_egantly Fiemc_)nstrate_d that aIthou_rghls _sha_red_,_lt
participation of the IL-2Rgandyc, but not the IL-2Ra, in 1L-15 medlgtes different bIO|Og.IC functions when pal'red with !nd!wdual
binding and function, suggesting the presence of an additioffftokines. Comprehensive comparative reviews yefbinding
subunit for high-affinity IL-15 binding to the IL-15R com- cytokines have been provided elsewh€re:
plex37282°The murine and human IL-15Rsubunits were subse- pathways of IL-15 signal transduction
quently cloned and characterized and shown to be highly homolo-
gous to their IL-2Racounterpartd®3® The full-length human Because IL-2 and IL-15 share common signaling component§
IL-15Ra is a type-1 transmembrane protein with a signal peptide 6--2/15RB;), most evidence to date suggests that the interactiog
32 AAs, an extracellular domain of 173 AAs, a transmembrarf¥f IL-15 with its receptor complex in various cell types leads to ag
domain of 21 AAs, a 37-AA cytoplasmic tail, and multiple N- orseries of signaling events that are similar, if not identical, to those;
O-linked glycosylation site¥3* Comparison of the IL-2Rcand  €licited by IL-239 These include activation of the Janus kinaseZ
the IL-15Rarevealed the presence of a conserved protein bindifgak)/signal transducer and activator of transcription (STAT) pat
motif (sushi domain or GP-1 motif) and similar intron/exovay:*° IL-2/15Rp is associated with Jak1 and thgis associated
structure, placing IL-2Ra@nd IL-15Raas the founding members With Jak3, resulting in STAT3 and STAT5 phosphorylation, respecg
of a new receptor famil§® Through transfection experiments, ittively, after ligation with IL-15 (Figure 2}4?Additional signaling
was established that the full-length IL-1&Rilone was sufficient Pathways through the IL-2/15R complexes include sterelated
for high-affinity (K, greater than or equal to ¥M 1) binding of ~tyrosine kinases, induction of Bcl-2, and stimulation of the
IL-15, but, similar to IL-2Re, it played no role in signal transduc-Ras/Raf/MAPK pathway that ultimately results in fos/jun activa-2
tion. This high affinity of the isolated IL-15Rfor IL-15 is in stark tion.**In neutrophils, IL-15 has been shown to activate RE-but
contrast to the IL-2Re, which has low affinity for IL-2 (K hot AP-1, whereas IL-15 stimulation of bulk human periphera
approximately 10M~1) in the absence of the IL-2RB~y. Thus, theblood lymphocytes activated both transcription factérsiow-
IL-15Ra binds IL-15 with high affinity, but transduces signals onlygver, reports of IL-15— but not IL-2—induced signals in an
in the presence of the IL-2/15Rgdy, (Figure 2). IL-15, like IL-2, IL-15Ra*IL-2/15Rp colonic epithelial cell line leave open the
may also bind and signal through the heterodimeric IL-2A&R Possibility of alternative IL-15R signaling mechanisnf$. The
with intermediate affinity (i approximately 1® M~1) in the alternative receptor system in mast cells (IL-15RX) has bee
absence of IL-15R&8 shown to induce phosphorylation of Jak2 and STA¥®as well as
Eight splicing variants of the hiL-15R&ave been identified, Tyk2 and STAT6Y
including all combinations of exon-2 deletion, exon-3 deletion, aqginysiologic expression of IL-15
alternative use of exon 7 or :3%Isoforms that lacked exon 2 (A2)
were unable to bind IL-15, raising the possibility tie2IL-15Ra  IL-15 mRNA is produced by multiple tissues (placenta, skeletal
may associate with IL-2/15RRyyremoving them from participa- muscle, kidney, lung, heart, monocytes/macrophagesj numer-
tion in high-affinity IL-15R complexes. Although all isoforms ofous cell types through various stimulatory conditié%& The first 3
IL-15Ra were detected within the plasma membrane, ER, amell types to be implicated as a functionally relevant source of3
Golgi apparatus, only IL-15Réorms containing exon 2 localized IL-15 in the context of the immune response were members of the
to the nuclear membrar#éThe localization of both IL-15R@nd monocyte/macrophage lineatfe’® Other antigen-presenting cells
SSP-IL-15 to the nuclear membrane/nucleus calls for addition@PCs), such as blood-derived dendritic cells, have been shown to
studies to better characterize their biologic significance. produce IL-15 mRNA and protein, suggesting a role in the
The originally identified full-length IL-15R transcript (approxi- attraction and stimulation of T celf8:511L-15 is also produced by
mately 1.7 kb) was detected in numerous tissues and cell linesne marrow (BM) stromal cell linésprimary human BM stromal
demonstrating a much wider distribution than the ILe2R cells®? thymic epitheliumb® and fetal intestinal epitheliuff,
Expression of all 8 IL-15Rdsoforms was observed in multiple consistent with IL-15’s role during hematopoiesis. Epithelial and
tissues (eg, brain, intestine, liver, peripheral blood mononuclei@oroblast cells from various tissues have been documented to
cells [PBMCs]) and cell lines; however, the relative expression giroduce IL-15 mRNA and/or protein, including kidney epithelial
each isoform varie@ Because of the high affinity of IL-15Rfor  cell lines! epidermal skin cells and keratinocytédetal skin>6
IL-15, it has been hypothesized that the IL-I6Ray act as a retinal pigment epitheliurd] and intestinal epithelial celf$.Other
molecular sink for excess IL-15 or may associate with otheells producing IL-15 with a less obvious function, and requiring
receptor components yet to be identiff@d? A distinct high- further investigation, include kidney proximal tubule c&liss well
affinity binding receptor (60 to 65 kd, IL-15RX) has been identifieds astrocytes and microgh&Although not detected initially, T
on mast cells that does not include the identified IL-2/@58R.,, or  cells were later shown by more sensitive techniques to express
IL-15Ra and that transduces different intracellular signals thah-15 mRNAS! Considering the extensive posttranscriptional
IL-15RapBvy.3% Further studies are required to understand theontrol of IL-15 now evident (see below), it will be important to
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document IL-15 protein production, either intracellularly, at theells may have a regulatory effect on the action of IL-15. The
cell surface, or secreted extracellularly, to better understand the t@i€LL bioactivity of the LSP—IL-15-GFP construct was signifi-
role of IL-15 during normal homeostasis and immune defense. cantly higher than that of the LSP-IL-15 without d &g,
suggesting that a signal in the carboxyl portion of the mature IL-15
protein results in inefficient secretion, possibly through a retention
IL-15 transcription, translation, and secretion have proved to ignalz

regulated through multiple complex mechanisms. This topic has Through the systematic elimination of these 3 checkpoints, that
been recently reviewed in depth elsewh®@and only the major 1S, removing upstream AUGs, replacing the endogenous human

points of interest are summarized here. Although transcriptiorfa 15 leader with that of IL-2, and fusing the C-terminus of the
control of IL-15 is important364 the principle level of IL-15 |L-15 mature protein with the FLAG epitope tag, the synthesis of

regulation appears to be posttranscriptional. bioactive IL-15 increased 250-fofd. Such complex and tight
Control of transcription. Both human and murine Segula- control of the IL-15 gene product is unusual for most cytokines
tory regions upstream of exon 1 have been cloned, sequenced, gharacterized thus far and may indicate that IL-15, if overproduced,
analyzed for consensus transcription factor binding métifs. is somehow dangerous to the host. Transgenic mice that overex-
These studies revealed some common consensus binding S¥&$S IL-15 as a result of elimination of posttranscriptional
within the mouse and human promoter regions, includiatNF-2, checkpoints recently provided in vivo evidence supporting this
NF-IL-6,v-IRE, myb, GCF, and NF-«B. The NF-«B site located a{1ypothesi§.8 These mice developed a fatal lymphocytic leukemiag
—75 to —65 relative to the transcription start site of the humafPllowing early expansions in NK and CD8 cells (see below). 8
IL-15 promoter was shown to be important for HTLV-1 Tax Recently, Musso et 8 detected bioactive IL-15 protein consti- %
protein—induced IL-15 mRNA up-regulati®rand for lipopolysac- tutivgly expressgd on the surface of human monocyte/macrophg@e
charide (LPS)-induced IL-15 gene expression in murine macrgell lines and primary human monocytes. Cell surface expressiog
phage$5 The region—201 and—141 in the human IL-15 promoter Was increased upon stimulation with interferon (IFN)suggesting “Z
was reported to contain an unidentified site responsible for negatfyénechanism by which IL-15 could exert a biologic effect while g
regulation of IL-15 expression, as&eletion of this region resulted P€ing undetectable in culture supernatants. It is unclear whether
in a dramatic increase in IL-15 promoter activity. this membrane expression of IL-15 depends upon signal peptidg:
An essential interferon regulatory factor (IRF)-E consensu§XPression. Another recent report demonstrated constitutive IL-1§
binding site was identified at 348 to—336 relative to the cap site PTOL€in expression in human PBMCs by Western analysis and flog
of the murine IL-15 promoter, following the observation thafYtometry, which was up-regulated Bryptococcus neoformans, &
IRF-1-/~ mice simultaneously lack inducible IL-15 expression an#PS: o IFN-y’® Further study should reveal the exact cell types,z
natural killer (NK) cells3364 It remains unclear what upstreamt!SSUe dlstnbutlon, and functional S|gn|f|can_ce (_)f constitutive cellg
signals are responsible for IRF-induced IL-15 expression duriffface expression of IL-15. IL-15's function in promoting the g

the normal physiologic process of NK cell development in the Biurvival of IL-15—responsive cell types, such as NK céland 5
(discussed below). memory T cells’2may be one hypothesis explaining the reason fors

o o . « . ~

Primary regulation of IL-15: translation, intracellular traffick- |OW constitutive protein expression. Then, in response to arg
ing, and secretion.Three primary checkpoints have been identil"fectious insult, cytoplasmic protein may be translocated to th&
fied that regulate IL-15 mRNA translation into the IL-15 precurscf€ll Surface to further stimulate IL-15R-bearing cells, in combinag
protein: multiple start codons (AUGS) in the BTR, the unusual 10N with additionally induced monokines such as IL-12. 2
LSP and SSP, and a negative regulator near the C-terminus of the™ Other physiologic settings such as NK cell developmenfg
precursor proteins. The LSP—IL-15BTR is relatively long (more (discussed below), it will be interesting to examine BM stromalg

than 316 ntin humans) and contains multiple (12 in humans) AUEE!ls for constitutive cell-surface expression of IL-15 and to tesi

upstream of the actual translation start site that have been showi{igther any signals induce the movement of cytoplasmic 'F'lii)
tein to the cell surface. In both of these settings, it seems likel

dramatically reduce translational efficieri¢y® Bamford et ai PrO€IN 1ol
demonstrated that removal of 8 of 10 upstream AUGs in the that activation of monocytes/macrophages (and other cells such &s

UTR of the human LSP-IL-15 by fusion with the HTLV-1R regiondendritic cells and epithelium) or approp.rigte stimulation of B.M§

resulted in enhanced IL-15 protein production in the HuT-102 Ceﬁfromal cglls could resul.t in more efficient IL-15 synthegs,

line (approximately 5- to 10-fold). However, when the upstreaﬁqanslocathn,. and secretloq through removal of the multiple

AUGSs were circumvented, IL-15 translation and secretion stfioSttranscriptional control points.

appeared lower than those of other cytokines, such as IL-2.
Tagaya et a&F showed that replacement of endogenous IL-15 .

signal peptides with the human IL-2 signal peptide resulted #--15 @and immune cells

dramatically elevated IL-15 levels detectable in supernatants fro{f} wcsential role for IL-15 in NK cell development

COS-7 transfectants. LSP-IL-15 was shown to have a lower

translational efficiency than SSP—IL-15 or IL-2SP-IL-15. With th&wo critical features of the mammalian innate immune system are

use of IL-15-GFP fusion constructs, it was evident that SSP—IL-1S ability to rapidly limit the spread of infectious pathogens and its

was restricted to the cytoplasm and nucleus, whereas LSP—-IL4dlility to prepare the antigen-specific or adaptive immune system

was detected within the ER/Golgi apparatus. Thus, it appears thaeffectively clear the pathogefsNK cells’#7>are large granular

SSP-IL-15 is translated efficiently but not secreted, whereBsnphocytes (LGLs) that demonstrate cytotoxicity against tumor

LSP-IL-15 is translated less efficiently but has complex traffickingnd virally infected cells, produce immunoregulatory cytokines

through the ER/Golgi pathway and is secreted from the cell at loand chemokines, and are an important component of the innate

levels!421 Similarly, Gaggero et & showed that LSP-IL-15 and immune defense against viruses, fungi, bacteria, and proté2éa.

exogenous IL-15 were detectable in Chinese hamster ovary (CHEK cells also express a number of cell surface receptors that

cell endosomes, indicating that rapid uptake by IL-15R-bearimgcognize MHC class | ligands and regulate NK cell activation and

Regulation of IL-15 gene expression

LIV,
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lysis of target cell$!-82and are likely to be important for the controlmodels of human and murine NK cell differentiation and (2)
of some cancer®. genetically targeted mice with disruption of IL-2, IL-15, IL-2/15

It has long been appreciated that NK cells require the Blkceptors, their signaling components, or transcription factors that
microenvironment for complete maturation, based upon studiegulate gene expression critical to NK cell development (Table 1).
examining mice with BM ablation by strontium 89 @-estra- IL-15 differentiates human NK cells in vitro.First, for IL-15
diol.84-86 However, the precise factors and events responsible flor be the major physiologic growth factor responsible for NK cell
orchestrating NK cell development within the BM remainedntogeny, it must be expressed at the anatomic site of NK cell
elusive for decades. Long-term BM cultures that included stromdifferentiation, the BM. In support of this, the human IL-15 cDNA
cells but lacked exogenous cytokines were able to differentiate lavas first cloned from the IMTLH BM stromal cell lineMrozek et
numbers of the NK cell lineag®&.Moreover, through the addition alP? directly demonstrated that primary human BM stromal cells
of recombinant (r) IL-2, NK cells were produced in cultures thaproduced IL-15 at the transcript and protein levels, while lacking
lacked stromal cell® and when added to cultures containingany expression of IL-2. Further, a 3-week culture of CD34
stroma, riL-2 produced NK cells with high efficieng$?! In hematopoietic progenitor cells (HPCs) supplemented with rIL-15
addition, provision of rlL-2 to mic®9 and humar¥-%in vivo induced the differentiation of functional CD56\K cells in the
results in an expansion of NK cells. However, the physiologiabsence of stroma or other cytokines. The CD3¢K cells
relevance of these IL-2 effects was a mystery during NK cefjenerated in these cultures lysed MHC class | tumor targets,
development because IL-2 is produced primarily by antigeproduced cytokine and chemokines upon stimulation, and exg
activated T cells located in the periphéfyand mice deficient in pressed cytoplasmic CD3ehain protein similar to mature periph-
IL-2 contain functional NK cell$?190 |n addition, micé®* and eral blood NK cell$?
humang®?that lack they. subunit of the IL-2R lack NK cells, asdo  Two additional BM stromal cell factors, ligands for the class Il §
mice!®®and human®“that lack the IL-2/15Rp. Collectively, these receptor tyrosine kinases (RTKs) c-kit (c-kit ligand, KL) and flt3 Z
data suggested that a factor other than IL-2 was produced in the B3 ligand, FL), have been shown to potentiate the expansion oif
and used signaling components of the IL-2R to induce NK cetither hematopoietic cell lineages, usually in combination with
development. Numerous studies from many laboratories have nbmeage-specific growth factd?> KL or FL alone induces no NK
shown convincingly that this factor critical for NK cell develop-cell differentiation, but when combined with IL-15, each of these&
ment is IL-15, acting through the IL-1%y. Two broad lines of factors potentiated IL-15-induced expansion of NK cells fromo
evidence support this assertion: (1) experiments using in vit@D34" HPCs%2106Subsequent studies demonstrated that cultureo%
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Table 1. Summary of major phenotypes affecting immune cell compartments exhibited by mice with targeted disruption of IL-15, IL-15R components,
IL-15R downstream signals, and transcription factors affecting IL-15 expression

Mutation Major phenotypes References

IL-157/~ NK cells absent 8
NK-T cell deficiency (thymic and peripheral)
Memory CD8" T-cell deficiency
i-IEL TCRy3 decreased
i-IEL CD8a « decreased
Decreased weight, cellularity of peripheral LN
IRF-17/~ (lacks inducible IL-15) NK cells deficient, NK cell activity absent 63, 64
NK-T cell deficiency
i-IEL CD8« « deficient
IL-15Ra ™/~ NK cells absent 9
NK-T cell deficiency (30% of wt)
Single-positive CD8" T-cell deficiency (thymus)
CD8™" T-cell deficiency (periphery)
Memory CD8* T-cell deficiency
TCRy3 i-IEL decreased 5- to 10-fold
IL-2/15RB~/~ NK cells absent 56, 103, 179
i-IELs (TCRa B, CD8«a «, TCRy3) reduced
NK-T cells deficient

€202 Jequisldes zz uo 1senb Aq 4pd-11/0020.94/71/1/26/4pd-80RIE/POO]

DETCs absent

IL-2/15RB /- —tgAHIL-2/15RB NK cells deficient 118
i-IEL TCR~3 deficient

IL-2/15RB /- —tgAAIL-2/15RB NK cells normal

i-IEL TCRvd normal
Decreased induced NK cytotoxicity

ve!o NK cells deficient (greater than 350-fold reduction) 101, 119
T and B cells deficient (10-fold reduction)

Jak3~/~ (v, signal) NK cells deficient 120, 121
DETCs absent
i-IEL TCRv3 deficient

STAT5a/b~/~ (v signal) NK cells deficient 122

STAT5b~/~ (v signal) NK cell proliferation defect 123

NK cell cytotoxicity defect

tgAH indicates transgenic for IL-2/15RB with deletion of the cytoplasmic H region; tgAA, transgenic for IL-2/15R@ with deletion of the cytoplasmic A region; and LN,
lymph node.
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CD34t HPCs in FL or KL increased the NK cell precursordemonstrate a central role for IL-15 in the later stages of NK cell
frequency, as determined by limiting dilution analysis. What wagevelopment from various adult and fetal progenitors. Further
the mechanism whereby the RTK ligands FL and KL increased Nétudies are needed to clarify how IL-15 acts in concert with signals
cell precursor frequency? Culture of CD3BM HPCsin FLor KL from early-acting growth factors and stromal cells to facilitate
alone induced a population of CDBaML-2/15RB" cells after 10 physiologic human NK cell development and normal NK cell
days, and cell sorting experiments showed that these &88U-  repertoire acquisition. The basic understanding of how human NK
2/15Rp" cells have a 65- to 200-fold higher NK cell precursokells develop can also be directly translated to optimizing the ex
frequency compared with freshly isolated CD3HPCs. FL and vivo!!2 and in vivo expansion of this lymphocyte subset for
KL also increased expression of IL-15RRRNA within CD34"  therapeutic intervention.
HPCs measured by reverse transcriptase polymerase chain reactiorL-15 differentiates murine NK cells.In vitro murine culture
(RT-PCR). Thus, human NK cell development can be divided intsystems have also demonstrated a critical role for IL-15 during NK
an early phase in which an NK progenitor cell responds feell ontogeny. Leclercq et al showed that bipotential T/NK
early-acting stromal cell growth factors (eg, FL or KL) andorogenitord!? isolated from the thymus selectively differentiated
develops into an NK cell precursor intermediate with the basiato NK cells in the presence of IL-13. Addition of high
phenotype CD3#9|-2/15RB*CD56 . This NK precursor is concentrations of IL-15 to progenitors in fetal thymic organ
then responsive to IL-15 for maturation into a functional CD56 cultures (FTOCs) blocked TGH T-cell development and shifted
NK cell (Figure 3)t06 differentiation toward the NK cell lineagé A series of studies by
It is important to note that the NK cells resulting from adulkumar and colleagues examined the role of IL-15 during murin
CD34" HPCs in stroma-free cultures with IL-15 are CD%6yse  NK cell ontogeny from adult BM progenitof$? First, Puzanov et
tumor target cells, and produce immunoregulatory cytokines aa@15demonstrated that IL-15 corrected the lytic defect of immatur:
chemokines upon stimulation. However, these NK cells hawgk1.1* cells within mice rendered osteopetrotic Byestradiol
high-density expression of CD56, closely resembling the min@featment. This suggested that IL-15 may replace the BM microe
CD5@"9" NK cell population in peripheral blood, as they havejironment deficits resulting in such immature NK céfigwilliams
little surface expression of CD16, with most cells expressing a6 established a murine stroma-free culture system in which a
C-type lectin CD94/NKG2 NK receptors (NKR) and only smallNK progenitor population (c-kitSc&*Lin~IL-2/15RB") cultured
(1% to 8%) percentages of cells expressing killer-cellimmunoglobiy |L-6/IL-7/KL/FL differentiated into an NK cell precursor
lin-like receptor (KIR)!% This suggests that other soluble ofpopulation (NK1.IIL-2/15RB*), which in turn responded to
cell-contact signals, perhaps from BM stroma, are required fr-15 for differentiation into mature, lytic NK1:1NK cells.
normal KIR acquisition and other CD%8 NK characteristics, or Overall, there are strong parallels between hu¥faand
alternatively the CDS8" NK cell may have a different precursor. muriné16.117 models of NK cell differentiation because both
To address these issues, further experiments are needed compagiglve NK progenitors that respond to early-acting cytokines (eg
IL-15-based culture systems using various starting HPC popula- and KL) and NK precursors that express the IL-2/p5&nd
tions, with and without autologous BM stroma (or other MHC clasgespond to IL-15 for mature NK cell development. In both systemsg
I interaction systems). there is abnormal NK receptor repertoire development in th%
Additional human culture systems have also supported a ceniggsence of IL-15 alone, suggesting that other signals, as discussgd
role for IL-15 in human NK cell development from various startingarlier, are required for proper NKR acquisition.

progenitor populations, including cord blood CD3#"1% adult Mice with targeted genetic alterations demonstrate that IL-15
BM CD34",'% fetal liver CD34"CD38",'% and thymocyte T/NK s 4 critical NK cell differentiation factor in vivo. As introduced

progenitors:® Beginning with CD56CD16" cord blood cells, egarlier, the phenotypes of mice with targeted disruption of IL-2,
Gaddy and Broxmeyéf have demonstrated that IL-15 induced thgy 2R« andy, first suggested that cytokines other than IL-2, acting®
maturation of these cells into highly lytic, phenotypically matur@mough IL-2R components, may be important for NK cell develop~u
NK cells. Collectively, these in vitro human culture systemgent. After the identification and cloning of IL-15, the aforemen-3

@

tioned in vitro studies provided the first evidence that IL-15 could,8
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NK Progenitor NK Precursor Mature HK Cell indeed serve as the central physiologic NK cell hematopoietics
IL-15 factor. Consequently, additional gene-targeting experiments in
. NKpre ==3 mice have confirmed this postulate at the level of the whole animal
BM Stroma (Table 1). Mice with targeted disruption of the IL-2/18Rshared
CD34+ CD34bright cD56 only by IL-2 and IL-15, have a dramatic reductio_n. in.per.ipheral
f1t3+ IL-2/15R3* IL-2/15Rp* NK1.1*CD3" cells and an absence of NK cytotoxicity in vitf&.
c-kit* IL-15Ra* IL-15Ro* In addition, Fujii et al*®recently demonstrated that the IL-2/1BR
Lin CD56 NKR* H-region, which activates STAT5/STAT3, selectively affects the
co16+ development of NK andyd T cells through reconstitution of

Fhigure 3. Sczematic (?iagram of hum;;\n lejce:l develgpme)nt(.jff NK cell progenitors ||__2/15RB—/— mice with IL-2/15RBtransgenes containing specific
that respond to early-acting RTK ligands (FL and KL) differentiate into IL-15— . . . . . .
responsive NK cell precursors by up-regulating the IL-15R complex on their surface. ml‘Itathns in the cytoplasmlf: domain. Mlce that have gene“C
The NK precursors then respond to IL-15 to differentiate into mature NK cells. ~ disruption of they. have multiple lymphoid defects, including a
Characterization of thAe resultant §D56b"9“‘ ‘NK cells produced strongly suggests Fhat dramatic decrease in NK cef8L.119Consistent with these models,
other (eg, stromal) signals are likely required for complete NK cell differentiation.  ica that have disrupted signaling components that operate down-
FL~/~ mice are deficient in NK cells, suggesting that this RTK ligand serves a critical, I I
nonredundant function in NK cell development or expansion in mice in vivo, most  Stréam of IL-15R, such as Jak3, STAT5a/b’~, or STATSb /",
likely at the level of the NK cell progenitor.285 In addition, RAG2/y.~~ mice (lacking T,  also have NK cell defect0-123

B, and NK CS“S) '?CT“S"‘”‘edt,W't?h Ct";'t[’* proge”"_‘t’_rs lha‘l’e_dfg“‘sf'” ’;‘_K cell Mice with disruption of the IRF-1 gene fail to induce IL-15 in
expansion and survival, suggesting that KL serves a critical role in these functions in . 64 .

Vvivo.286 Further, IL-15Ra~/~ and IL-15~/~ mice lack NK cells, suggesting that IL-15 is the BM anq have NK (.:e” deﬂagn@fi. Progenltor cells from.
critical for the differentiation of mature NK cells from NK cell precursors (Table 1). IRF-1-/~ mice develop into functional NK cells upon culture in
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IL-15 or transfer into lethally irradiated wild-type mice, suggesting D56 9" and CD58™ human NK cell subsetsIncubation of
that IRF-1 is required for the expression of IL-15 in the BMpurified, resting CD58" NK cells with IL-15 resulted in signifi-
microenvironment. Indeed, IRF-1-binding sites have been identiant, dose-dependent increases in lymphokine-activated Kkilling
fied in the 5'regulatory region of the IL-15 gene, supporting thisctivity against the NK-resistant COLO 205 cell line and ADCC
hypothesi$3At present, it is unclear what provides the endogenousyainst the P815 murine mastocytoma cell line. IL-15 and IL-2
signal to activate IRF-1 within BM stromal cells, which in turninduce nearly identical levels of cytotoxicity, and both depend upon
induces the IL-15 expression important for NK cell development.signals through the IL-2/15R as enhanced NK activity was
Mice with targeted disruption of the Ets-1 transcription factoabrogated in the presence of an anti—IL-2/B3RoAb.” Infection
were shown to have a selective deficit of NK céf$Ets-17/~ mice  of human PBMCs with herpesviruses resulted in endogenous
do not appear to have defects in IL-1&®y, IL-15, or IL-2 |L-15-dependent increases in NK cell cytotoxicity, suggesting that
expression, leaving the precise mechanism responsible for this NK15 participates in the normal innate host defense against viral
cell deficiency unknown. Because Ets-1 is expressed in mature Mfections128.129
cells, it is possible that upstream IL-15—-derived signals may induce |L-15 costimulates NK cell cytokine and chemokine produc-
Ets-1 that may then orchestrate the expression of an NK cgbn and regulates interactions between macrophages and NK
genetic program. Further investigation into the genetic changescalls. IL-15 acts in concert with IL-12 to induce the macrophage-
the molecular level during NK cell differentiation will help to activating factors IFN-yand tumor necrosis factor (TN)7130.131
clarify the gene programs activated during NK cell ontogeny anghereas IL-15 alone appears to be a potent stimulus for GM-CS
the transcription factors involved in this process. productiorf-132 by resting CD56 human and muririé® NK cells.
Lodolce et & recently generated mice with targeted disruptiomqteresting|y, human CD%esht NK cells stimulated with 1L-15
of the IL-15Ra, providing direct evidence that the |L-l5/|L-p|u3 IL-12 produce approximately 10-fold greater amounts o
15Rafysystem is critical for murine NK cell development. TheseFN-y, TNF-«, and GM-CSF protein compared with an equalz
mice contain multiple defects in innate immune effectors, includingumber of CD56™ NK cells!32 (and our unpublished observa-
an absence of splenic NK cells and NK cytotoxic activitytions). Thus, the CD389" NK cell may have a unigue biologic role
Moreover, IL-15/~ mice also lack any phenotypic or functionalin the production of immunoregulatory cytokines within the innate
NK cells in the spleen and liver, a defect that is reversible upgmmune system.
administration of exogenous IL-15 for 1 we&kxogenous IL-15 Macrophages activated with LPS, IFN-mycobacteriaJoxo-
treatment of normal mice increases NK cell activity and both tkMasma gondii’ C neoformanandSalmonellehave been shown to
percentage and absolute number of splenic NK 3%  eypress |L-15:4849.13413%n human cocultures of LPS-stimulated
Transgenic mice that overexpress murine IL-15 have been gengiacrophages and NK cells, endogenous IL-15 produced by t
ated and demonstrate a striking early expansion in NK Ellsactivated macrophages, working in concert with IL-12, was showrg
ThUS in vivo evidence demonstrates that IL-15 is reqUISIte f% be critical for opt|ma| |FN7 produc“on by human NK Ce”%sl
murine NK cell development, and exogenous IL-15 supports th@milarly, in vitro culture of LPS-activated severe combined
differentiation of human NK cells in BM culture systems. Thesﬁ‘nmunodeficiency (SCID) mouse splenocytes (NK cells an
basic observations provide invaluable insight into the Criticahacrophages) produced abundant Hrlrotein, which was abro-
nonredundant role of IL-15 during NK cell development an‘é;ated by blocking the IL-2/15Rpr neutralizing IL-15133 In vivo,
suggest the potential utility of IL-15 therapy to expand NK cellgreadministration of either an antibody that blocks the IL-285R &
in patients. or a neutralizing anti—IL-15 antiserum to SCID mice resulted in a2
significant reduction in serum IFN+peasured in vivo 6 hours after g
an LPS challeng&3Therefore, in both mice and humans, activateds
macrophages and NK cells interact through a paracrine feedba@<
NK cells constitutively express cytokine receptors and produdeop, with macrophages producing monokines (eg, IL-15 and
abundant cytokines and chemokines during the early, inndte12) that bind to surface receptors constitutively present on NKET
immune response to infection. Such NK cell-derived immunoreg@ells, resulting in the production of macrophage-activating factors:,
latory factors may be vital in the orchestration of the innatéed, IFN-v). NK cell-derived macrophage-activating factors in turn§
immune response, as well as influence the developing adaptieed back upon the macrophages to further augment their activation
responsé378127NK cells constitutively express IL-2/15R@nbut  (Figure 4). Thus, macrophage-derived IL-15 contributes with other
the lack of abundant IL-2 during the early innate immune respons®nokines (especially IL-12) to the proinflammatory cascade
prompted us to investigate the role of IL-15 as the more importaleading to innate immune IFN-production. Additionally, Ross
physiologic ligand for NK cell proliferation, cytotoxicity, and and Caligiurt*®demonstrated that continuous stimulation of CD56
cytokine production in this setting. The majority (approximatelNK cells with IL-15 + IL-12 in vitro results in NK cell apoptosis
90%) of human NK cells have low-density surface expression ofediated through an autocrine TNF-a—dependent mechanism,
CD56 (CD56M), express high surface density of CD16¢Rtll), initiated after 24 hours of monokine stimulation. This may
and have a low proliferative capacity. CB8®@"'NK cells represent represent one means whereby the innate immune system limits
a minor subset (approximately 10%) of human NK cells that aitself after prolonged activatiot#©
low or negative for CD16 and are capable of high proliferatfon. NK cells also produce the C-C chemokines macrophage inflam-
NK cell proliferation and cytotoxicity.IL-15 induced the matory protein (MIP)-1cand MIP-1Bafter stimulation with IL-15,
proliferation of CD568"9 NK cells in a dose-dependent fashion towvhich is augmented with the addition of IL-13%136.137Because
a similar extent as IL-2, yet required a nanomolar concentrationC chemokines also serve as chemoattractants for NK ‘é&lls,
activate the IL-2/15R for proliferative activity’ However, picomo- IL-15 + IL-12—induced MIP-1cand MIP-1Bproduction may be
lar amounts of IL-15 were effective at maintaining NK cell survivabne mechanism for proper trafficking of additional NK cells to the
in serum-free medi& IL-15 was found to activate cytotoxicity and site of infectious insult. In addition, chemokine production may
antibody-dependent cellular cytotoxicity (ADCC) by sortedhave implications in the interactions between macrophages and NK
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IL-15 activates NK cell proliferation, cytotoxicity, and cytokine
production and regulates NK cell/macrophage interaction
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macrophage activating factors CD56"eCD16°.141142These NK cells are located at the maternal/
p— m:sz:gTNFa :‘r(:]tal junction and are thought to play a role in regulating
plantation and trophoblast invasion, but the factors governing
1 Infection n their localization or differentiation are uncled?.Uterine NK cells
; IFN-y express IL-15R components, and IL-15 increases the expression of
NK cytolytic mediators (perforin and granzymes) in pregnant
. uterine tissue explanted in vitté? as well as in primary mouse
NK Cell ® uterine NK cellst*>Moreover, IL-15 (but not IL-2) was detected in
uterine macrophages, amnion, chorion, and decidual cells, suggest-
. ing a possible source of IL-15 during pregnadtd246.147|L-15
expression was shown to peak in the midsecretory phase of normal
W human menstruation and was up-regulated during progesterone-
induced decidualizatiot® Because IL-15 costimulates blood NK
2 IL-15 cell cytokine production, IL-15 may also be involved in cytokine
IL-18 IL-15 TNF-o production by uterine NK cells, which have been proposed to
regulate placental changes during pregndftyhus, IL-15 and
Figure 4. IL-15 participates in innate immune cross-talk between activated IL-15R Components are expressed in murine and human Uteririi?
monocytes/macrophages and NK cells.  After an infectious insult (1), macrophages  tissues and may play a role in the differentiation or homeostasis (g
produce monocyte-derived cytokines (monokines) (2), including IL-15, that bind to specialized uterine NK cells. Further studies may iIIuminate‘_c":

constitutively expressed monokine receptors on NK cells. Monokine-stimulated NK . . . 3
cells in turn produce cytokines that activate the macrophage (3), including IFN-y, pOtentlal roles for abnormal IL-15/IL-15R expression durlng 3

allowing the macrophage to clear the offending pathogen and stimulating further ~ Pathologic pregnancies.
monokine production.

monokines

IL-15 regulation of monocytes/macrophages and granulocytes

dfdongndyse;/:dny

cells, as MIP-1ahas been shown to potentiate IRNinducible 1y, man macrophages express high-affinity binding sites for IL-1%
secretion of inflammatory cytokines by macrophages such g%y are up-regulated upon activation with LB$onocytes have
IL-1B.139 Further, NK cells costimulated with IL-15- IL-12  paen shown to express the IL-2/15RBy,,'*°and the IL-15Rc’
produce soluble factors (including C-C chemokines) that inhibif;ggesting the possibility for IL-15 to act in an autocrine fashiong
humgn |mmunodef|0|gncy virus (HIV)-1 replication in vitt. The Human monocytes treated with IL-15 (10-1000 ng/mL) producecs
cytokine and chemo_kme profiles produced by human NK cells i _g ang macrophage chemotactic protein (MCP)-1 that wa
response to monokines IL-1% IL-12 were rel(;gzntly compared chemotactic for neutrophils and monocytes, respectieiieva
with those induced by monokines IL-18IL-12.7*Alone, IL-18, ot ap51 demonstrated autocrine IL-15 regulation of macrophages
IL-15, or IL-12 m_duced little or none of the cytokines exam'”edproinﬂammatory cytokine production that was highly dependen®&
with the exception of IL-15-induced GM-CSF, MIR:land ;5o the concentrations of IL-15 available to the macrophage%
MIP-1B. IL-18 + IL-12 induced extremely high amounts of IFN- gxremely low (picomolar to attomolar) concentrations of IL-15 S
by CD56" NK cells, with the_majorlty produced by the CD5@ suppressed macrophage proinflammatory (TFH.-1, IL-6)
NK cell subset. IL-15+ IL-12 induced moderate amounts of IPN- ¢ytokine production, but at high concentrations it enhanced th
but was also the optimal stimulus for IL-10, TNF-a, GM-CSFqqction of these mediators.
MIP-1a, and MIP-1p. This suggests that NK cell cytokine y,man neutrophils express the IL-2R@idy, subunits of the
production may be governed in part by the monokine miliey 5/15R complexeds2154as well as IL-15R@55156|L-15 acti-
(including IL-15) induced during the early pathogen-dependeQies human neutrophils, with effects including morphologicg
response to infection, as well as the NK cell subset present at }ynges, increased phagocytosis, increased de novo RNA agd
site of inflammatiort=2 _ o o _ protein synthesi&’ delayed apoptosis, and stimulation of the §
As described earlier, there is now in vitro and in vivo ev'dencﬁromh-inhibitory effects of neutrophils again€andida albi- 3
for IL-15's participation in early innate immune cytokine re-;ansiss Qverall, these studies further suggest that IL-15 may havé
sponses, especially those resulting in IifNproduction by NK 5 e in establishing innate immune responses and maintaining
cells. Thus, IL-15 acts as a costimulator of IRNproduction by e rophil-mediated inflammatory processes. However, defects in
NK cells and may therefore be important in the control oOfeqe cell types were not reported in IL-X6R- or IL-15/~ mice,

infections that require IFN-yor clee}rancg?? Additional in vivo  gggesting that IL-15/IL-15R interactions are not critical to their
studies of IL-15’s role during such infections may yield '”formadevelopment or expansid.

tion to direct therapies aimed at boosting the immune response to

infection or decr_easing im_proper immune activation or _inﬂammrﬁ:_ls plays a role in the development, homeostasis,

tion. Because mice genetically targeted to delete fur_lctlc_mal IL-13 4 activation of TCRy5 dendritic epidermal T cells,

o!’ I.L-15R0L gene products concurrently la_Ck NK C(_ﬂlglt W'I_l be intestinal intraepithelial ymphocytes, and NK-T cells

difficult to assess the role of IL-15 during the innate immune

response in these models. Use of experimental systems tBatause IL-15 binds to and signals through the shared IL-2/

neutralize 1L-15 will be important to complement such IL-15/IL-15RBy, cell types that respond to ligation of these receptors with

15R knockout mice. IL-2 were logical potential targets for IL-15. In addition to NK
IL-15 and uterine NK cells.In mice, the metrial gland is a cells, several innate immune T-cell populations have been shown to

uterine tissue that develops adjacent to the placenta and contargress the IL-2/15Rpr thewy.. These include dendritic epidermal

granulated metrial gland cells that are phenotypically and functioRCR~vy3 T cells (DETCs), intestinal intraepithelial lymphocytes

ally uterine NK cellst* Similar NK-like cells have also been (i-IELs), and NKI" T cells (NK-T cells).

identified in the human uterus and have the phenotype DETCs are a skin-specific member of the TCRYzcell
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population that migrate to the skin during fetal life in mié&The yetare normalin IL-2/~ mice17918The few NK-T cells present in
DETC population in skin was absent after treatment with anti—IL-2L-15~/~ mice underwent normal thymic selection, suggesting that
15RBin utero!®® yet were present in normal numbers in IE{2  1L-15 is important for the expansion, survival, or functional
mice 60 Further, Vy3 DETCs are absent in IL-2/1BR~ mice®® maturation of committed NK-T cel.Therefore, NK-T cells
andy.~/~ mice*?IL-15 (but not IL-2) expression was detected independ upon IL-15/IL-15R complex-mediated signals for expan-
fetal skin during the time frame that DETCs traffic to the skision and homeostasis, in contrast to NK cells, which appear to have
microenvironment® Thy-1* murine DETCs proliferated in re- an absolute requirement for IL-15/IL-15R for development.

sponse to IL-15 after activation with mitogens that induced IL-15R

component3s1When low concentrations of exogenous IL-15 wer&unction of IL-15on TCRaf - T cells

added to NK/T progenitors in alymphoid FTOCs, the greateft 15 \yas first identified as a T-cell growth factor through its
expansion occurred in the Vy3 DETC compartm@rithe status of - apjjity to promote the proliferation of CTLL cells and mitogen-
Vy3 DETCs was not reported in IL-15R"" or IL-15""" mice®® _stimjated T cells in a fashion similar to that of exogenous A22.
Collectively, these studies suggest that IL-15 is critical to DET@¢ note, resting T cells do not appear to respond to IL-15, and it is
growth and survival after activation and may be important ifjely that TCR ligation induces the expression of IL-i6R
selective localization of these cells in the skin. conferring responsiveness to IL-15. Such action on T cells suggests
I-IELs consist of both TCRB and TCRy3T cells located atthe {h4 |L-15 expressed by APCs may be important for the earlyg
basolateral surfaces of intestinal epithelial cells and are thoughtdgyation of T cells at sites of inflammation immediately after TCR3
play a key role in mucosal immunit§13TCRyd I-IELS express |igation. Stimulation of TCR-engaged T cells with IL-15 has been§’
the CD8aahomodimer, whereas TG express CD8af, CD8a«, shown to induce various activation antigens, such as Ib-2R &
or CD41%4Thy-1CD8ad" i-IELs are thought to develop extrathy- (CD25), IL-2/15RB (CD122), FasL (CD95), CD30, TNFRI,
mically and express the IL-2/15RB#eceptor components, yet arecp4oL, CD69, and CD94/NKG2A8-185 while down-regulating
able to proliferate in an IL-2—independent fashion. TMED8aB”  the |L-15Ra1% The in vitro proliferation of resting T lymphocytes
or CD4" I-IELs are thought to depend on the thymus fof, yesponse to anti-CD3 plus IL-15 was greatly reduced ing
development?®>166 IL-15Ra~/~ lymphocytes compared with wild type, supporting the §
TCRy3 I-IELs were shown to express IL-15SR@RNA and t0  jgea that IL-15 requires induction of the IL-16Rto optimally
proliferate in response to IL-15, and IL-15 protected these cedgmulate resting T cells. Further, IL-16R/~ T cells showed a
against growth factor deprivation—induced apoptosis through thgver response to CD3 ligation plus IL-2, suggesting that IL-¢5R
up-regulation of Bcl257 Listeria monocytogenesfection of rats  may be important for the induction of IL-2Rand hence responsive-
resulted in increased IL-15 mRNA within intestinal epithelial cellfiess to IL-2 IL-15 also protected concanavalin A-activated &
that correlated with i-IEL accumulation and IFNproduction’®®  hyman T lymphoblasts from undergoing apoptosis after Fas or CD§
Further, mice with targeted disruption of the IL-2/15® or v¢*°  ¢ross-linking or treatment with dexamethasone in vitro andS
have a dramatic reduction of TCR@hd TCRaB/CD8adi-IELS.  in vivo.187 s
Mice deficient in IRF-1 (IRF-1'") fail to induce IL-15 expression |15 acts as a potent chemoattractant for T cells isolated frong
and exhibit a similar deficit in CD8ad-IELs.% A definitive  human blood®8 This observation has led to a number of studiess
demonstration of the requisite IL-15/IL-15R complex participatioaxamining the role of IL-15 during chronic inflammatory and_§
in the development of CD8aé|ELs was provided by mice with autoimmune diseases, such as rheumatoid arthritis (see belo
targeted disruption of the IL-15Rand IL-15. IL-15Ra’~ mice  |L-15Ra~/~ mice have defects in T-cell homing to peripheral &
had a 2-fold reduction in total i-IELs and a 5- to 10-fold reductionymph nodes, providing additional evidence that IL-15 has
in TCRy3 CD8ax i-IELs.? IL-15~/~ mice had a 2-fold decrease inphysiologic role in T-cell trafficking in vivé. IL-15 may also
total i-IEL numbers, a 2-fold increase in the ratio of T@Rto  operate through indirect mechanisms, such as chemokine produ-
TCRydi-IELs, and a dramatic reduction in TGRCD8aai-IELS.®  tion189 and activation of human endothelial cell expression ofg
Recent work by Lai et &° suggests that IL-15 plays a role inhyaluronart®to regulate T-cell trafficking.
TCRap I-IEL survival in the absence of antigen stimulation, as  Jonuleit et &' demonstrated that unstimulated human dendriticg
well as in their expansion and survival in the presence of antigall (DC) cultures produced low levels of IL-15 protein that were 3
IL-15 also stimulates the proliferation, cytotoxicity, and IFN- detectable by enzyme-linked immunosorbent assay and CTLL
production by human TCRyEELs.*0 Thus, IL-15 plays a critical bioassay, and stimulated DC supernatants were shown to be
role in the expansion and function of i-IEL and DETC cellschemoattractant for T cells. The production of IL-15 protein after
thereby contributing to mucosal immune defense. Whereas Iphagocytos®@ or CD40 ligatiod®! provides an intriguing mecha-
15Ra '~ and IL-157/~ mice demonstrate changes in DETC anhism for initial attraction and stimulation of T cells in the
i-IEL TCRY3 T cells, there are no apparent numeric or phenotypibsence of IL-2, as may be the case for other APCs such as
defects in other TCRy8ompartment&® However, these results do macrophage4849.192
not preclude a role for IL-15 in TCI® proliferation and cytokine IL-15 stimulated the proliferation of human memory
production in response to infectious pathog&fd’1-173 (CD45R0O") CD4 and CD8 and naive (CD45R0O) CD&uman T
Murine T cells that exhibit a restricted TCR repertoire (invariangells in vitro, while having no effect on naive CD4 T lymphocytes,
Val4d with VB8, 2, or 7) that coexpress NK1.1 and T&Rhave consistent with IL-2/15R@xpressiort®! Zhang et a? documented
been defined as NK1T cells (or NK-T cells)}”4175Analogous selective high IL-2/15R@expression on CDA4CD8* memory T
NK-T cells have also been described in hum#&#s78 Similar to  cells in mice, and IL-15 selectively stimulated this cell type both in
NK cells, NK-T cells lyse MHC class | and YAC-1 target cells;vitro and in vivo. Further, in mice transgenic for the LSP—IL-15
express NK1.1, NKRs, and the IL-2/1BR and are readily cDNAZ or IL-2SP-IL-1%8 under the control of an MHC class |
detectable in athymic mice. Murine NK-T cells proliferate inpromoter, CD44Ly-6C*CD8" memory-phenotype T cells were
response to IL-15, and their numbers are severely reducediriecreased in peripheral lymphoid tissues. IL-15Ramice have a
IL-2/15RB~/~, IRF-17/~, IL-15Ra~/~, and IL-157/~ mice8964179 gelective deficit in CD8 T-cell numbers in both the thymus and
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periphery? Specifically, thymic CD8 single-positive and periph- results in abnormally high levels of proinflammatory cytokines,
eral CD8CD44" and CD44" lymphocytes were reduced. IL- such as TNF-a, within the joints. Current hypotheses suggest that
157/~ mice have reduced numbers of memory-phenotype CD8 abnormal T-cell trafficking to the joints may be a key early step in
cells in the spleen and lymph nodes that were reversible upthis proces3® On the basis of work describing IL-15 as a potent
provision of exogenous IL-15Because IL-15'~ mice had normal T-cell attractant® Mclnnes et &% suggested that IL-15 may play
numbers of single-positive CD8 thymocytes, IL-15 may not ba primary role in the development of RA. IL-15 protein was
requisite for the development of CDJ cells but may be critical demonstrated in the synovial fluids and synovial membranes of
for their expansion or survivdl.The subtle differences in the patients with active RA. Synovial fluids were found to promote the
thymic CD8 single-positive cells between IL-1&Rand IL-15 chemoattraction and activation of T cells, which were partially
knockout mice warrant additional investigation. IL-15 mice abrogated by the addition of anti-IL-15 antibodies. In addition,
maintained good health when housed under specific pathogen-fiigiection of a single dose of IL-15 resulted in a lymphocytic
conditions; however, they demonstrated a dramatic lethal sensitinlammatory infiltrate in vivc?6
ity to vaccinia virus infection compared with control mi€e. The presence of multiple chemoattractants in synovial fluid,
Because both NK cells and CD8T cells are important for including IL-15, IL-8, MCP-1, and MIP-d, suggests some redun-
protection against vaccinia, failure to mount a protective hogtncy in the factors responsible for T-cell extravasation into RA
response is likely due to the deficiencies in these lymphocyégnovial membrane®5297 Indeed, recent work has also docu-
populations. Examining IL-183~ mice in various models of mented a role for IL-128.2%and IL-18°in the pathophysiology
infectious disease may provide novel information about the requirgf- this disease, highlighting the complexity of the cytokine §
ment for these cell types in host defense. cascades at work in RA. Subsequent studies also demonstrated tBat
Most reports support the classification of IL-15 as a proinflamt.-15-activated T cells from RA patients stimulated macrophagé
matory type-1 cytokiné?**%whereas a few have observed IL-15cell lines and primary monocytes/macrophages to produce &NF-Z
as a costimulator of type-2 cytokin€s!9.200When IL-15 has been in vitro.206 This effect was cell-contact dependent, and antibodies tg
used as an adjuvant to vaccination, a type-1 cytokine profile aghe9, lymphocyte function-associated antigen (LFA)-1, and |ntert
increased IFN-yproduction have been documenté!9>19"The  cellular adhesion molecule (ICAM)-1 inhibited the T-cell-induced §
addition of exogenous IL-15 favored human Th1 T-cell differentigoroduction of TNF-aby macrophages. An increased expression of5
tion in vitro,'*8 as well as in murine Th1 clones costimulated with|-15 protein in the synovium of RA in comparison with osteoar-g
IL-15 and IL-12'%* Furthermore, IL-15 has been shown tahritis patients has also been documer¥éth the mouse, adminis-
costimulate innate immune IFN-production, potentially shifting tration of soluble IL-15Raprevents collagen-induced arthritis, &
subsequent adaptive T-cell responses toward PR3t will  syggesting that development of effective IL-15-blocking agent:‘
be interesting to definitively study the role of IL-15 in Th-cellsych as soluble receptors or MoAbs may be useful in the treatmeg|
differentiation at the level of the whole organism by using IL-45  of RA 212
and IL-15Ra " mice, as well as reagents that neutralize IL-15 in - Sarcoidosis.Sarcoidosis is a chronic granulomatous condition
wild-type mice. of unclear etiology that progressively affects multiple organs,
especially the lungst3 Agostini et at'4 suggested a potential role
for IL-15 during the pathogenesis of pulmonary sarcoidosisz
because alveolar macrophages isolated from patients with actl@
sarcoidosis expressed IL-15 mRNA and cytoplasmic or membrang

IL-15 expression has been detected in numerous tissues, manjtot> Protein, whereas patients with inactive disease or norma§
Wh|Ch are not Sltes Of immune responsesy |ndlcat|ng the potenﬁmnors d|d not. In addition, CD4T Ce”S iSOIated from bI’OhChoal- '%
for additional nonimmune functiorisindeed, IL-15 also affects Veolar lavage of patients with active sarcoidosis expressed compg-
cells outside of the immune system. IL-15 serves as an anabdl@nts of the IL-2/15R complexes and proliferated in response t§
agent for skeletal mus@® and may support muscle cell differen-IL-15, suggesting that macrophages may provide a prohferatw@
tiation 202 Intestinal epithelial cells signal and proliferate in resSignal to T cells in the lungs during this disease pro€¥ss.

sponse to IL-15 in vitré® Vascular endothelial cells express Inflammatory bowel diseaseTwo major types of inflamma-
IL-15RaBy mRNA and respond to IL-15 with intracellular signals fory bowel disease (IBD) commonly occur, ulcerative colitis (UC)
and IL-15 induced angiogenesis in vit&.However, IL-15Roand  and Crohn disease (CD), and are thought to represent inappropriate
IL-15~"~ mice do not appear to have defects in muscle, bone, €fronic inflammatory process&$.Kirman and Nielseft® demon-
vasculature, suggesting that IL-15 is not critical to the developmegffated that patients with UC or severe CD had an increased
or function of these nonimmune tissueslL-15's broad pleiotro- Percentage of PBMCs that expressed IL-15 protein, which was
pic effects on multiple tissues and cell types outside of the immu#@ecreased after successful symptomatic treatment. Serum IL-15
system are unusual for a cytokine, and further understanding 6&s detectable in several patients with UC with moderate to severe
how IL-15 may affect nonimmune cells could provide informatiorflisease (5 of 8 cases; range, 0-490 pg/mL), but was not detectable
relevant to the design of potential therapeutic applications. in CD patients or normal donors. In vitro, LPS activation of UC or
CD patients’ PBMCs resulted in further increases in intracellular
IL-15 protein levelg16 IL-15 protein was detected from superna-

. tants of rectal mucosal biopsy specimens, and IL-15 mRNA was
Relevance of IL-15 to human disease detected in macrophages and epithelial cells by in situ hybridiza-
tion from patients with active CD or UC, but not from healthy
controls. Further, lamina propria mononuclear cells from IBD
Rheumatoid arthritis. Rheumatoid arthritis (RA) is a chronic patients proliferate in response to riL-38.Recent studies have
degenerative condition of synovial membranes that is thought to benfirmed IL-15 protein production by macrophages in the mucosa
mediated in part by aberrant cytokine regulation that ultimatelyf patients with IBD and provided evidence for T-cell modulation
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by IL-15 in this setting?'® These studies suggest that IL-15 releaselurther studies demonstrated IL-15 mRNA and protein expression
during chronic bowel inflammation may contribute to the pathogemithin CD68" macrophages infiltrating transplanted myocardium,
esis of UC, and possibly CD. with or without anti—IL-2Rx treatmen£28 Although the percentage

Other autoimmune or inflammatory disease$ncreased pro- of IL-15" cells invading the grafts did not directly correlate with
duction of IL-15 during several other chronic inflammatory condirejection grade, these studies suggest that IL-15 may be involved in
tions has also been observed, including hepatitis C—induced livecell activation during heart allograft rejection in the absence of
diseases and multiple sclero3i&??! Elevated levels of serum IL-2. Li et al??® observed that mice with targeted disruption of IL-2
IL-15 protein have been measured in hepatitis C virus—infecteahd IL-4 (IL-2-/-/IL-4~/~ double knockouts) rejected islet allo-
patients with chronic hepatitis, liver cirrhosis, and hepatocellulgrafts, with robust intragraft expression of both IL-15 and IL-7. In
carcinoma as compared with asymptomatic carriers and healthys animal model, blockage of the. receptor significantly
controls?!® The highest levels of IL-15 were found in patients withprolonged survival, suggesting that signals mediated by IL-15 or
hepatocellular carcinoma, who had significantly higher IL-18.-7, in the absence of IL-2 and IL-4, participate in acute graft
levels compared with all other groups studied<ri1; mean+ SD, rejection. Collectively, these studies demonstrate a potential role
77.4= 78 pg/mL; P <.05). Treatment with IFN-aresulted in for IL-15 as a therapeutic target during the rejection of transplanted
resolution of liver inflammation measured by transaminase levetslid organs that requires further investigation.
concurrent with suppression of serum IL-15 levels.

Multiple sclerosis (MS), an inflammatory disease of the central

nervous system, is thought to have an etiology involving autoimmuz 2 and cancer

nity and cytokine dysregulatioft? Patients with MS were found to {7 v-1-mediated adult T-cell leukemialnfection with HTLV-1 &
have higher numbers of IL-15 mRNA—expressing blood mongan result in adult T-cell leukemia (ATL), a malignancy in which §
nuclear cells compared with patients with aseptic meningoencepfge early phases are associated with autocrine production of IL-2
litis (P < .02) or healthy controls (R .01)?*° Increased numbers and expression of IL-2R components. However, later phases lagk
of IL-15 mRNA-expressing cells were found in the central nervoyg. production while IL-2R components remain on the surface ofg
system compared with the blood in MS patients. In additioRpese leukemic cel®$0231As described earlier, IL-15 was codiscov- §
patients with chronic-progressive MS had higher IL-15 expressi@fed as the IL-T fusion protein involving the R region of HTLV-1
than those with relapsing-remitting MS. Another study confirmeglsed with the 5UTR of the IL-15 gene, and the ATL cell line
this finding and correlated it with the duration and durability ofj,T-102 produced abundant IL-T/IL-15 protein within cell culture
MS 221 The role of IL-15 in these diseases must be evaluated furthg@ipernatanté.Later it was discovered that HTLV-1 Tax protein
in appropriate animal models. transactivates IL-15 gene transcription through a®Fsite, and
Recently, a case of severe eosinophilia with an aberrant T-cgll| |ines infected with HTLV-1 or transfected with HTLV-1 Tax
population presenting as cough and dyspnea was repBft€His naq significantly higher IL-15 mRNA levels. In addition, IL-15
patient had elevated serum levels of IL-15 (13.8-36 pg/mL) andRNA expression is elevated in ex vivo leukemic cells from ATL
IL-2 (1160 pg/mL), and a major T-cell population expressingatients compared with normal peripheral blood T c&ikamada
activation (CD25) and NK cell (CD16, CD56) markers wagy ap32demonstrated that ATL cell lines expressed IL-d5Bound
identified. Although treatment of the patient with steroids failed2gy; 15 with high affinity (170 pM), and proliferated for months
the hypereosinophilia and symptoms resolved after hydroxyurgaresponse to rhiL-15. However, these cell lines did not producé
therapy, along with disappearance of the T-cell population apgeasyrable IL-15 protein in cell culture supernatants, and plasng
serum IL-15 and IL-2. The authors propose that after challengg, patients with ATL (n= 31) did not contain detectable IL-15 §
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with an unknown antigen, a population of T cells was primed byrqtein, with a few exceptions (4.9, 1.7, and 1.7 pg/mL). Thus, the
IL-15-secreting APCs. TheseTceIIs then prod_uced gpsmophllopghique property of abundant IL-15 protein secretion by HuT—lOZBw
etic cytokines, resulting in the pathologic eosinophilia. IL-15 andgis goes not appear to be a general phenomenon of all ATL cef

IL-2 may therefore have a role in the genesis of idiopathigyes or primary leukemic cells isolated from ATL patients. El
eosinophilia and T-cell expansion, and the shared IL-2fL&Ry On the basis of these studies, we suggest a possible role f@r
be a useful target in such cases. IL-15 in the pathogenesis or maintenance of ATL, especially during?
the relatively common infiltration into IL-15—expressing tissues
such as the skin, lungs, liver, and gastrointestinal tract. This
The immunologic rejection of allografted solid organs by th@ypothesis is consistent with findings that in later IL-2—
recipient is a complicated process that includes acute, subacindependent stages of ATL, there is constitutive activation of
and chronic subtypes and is a major obstacle in transpldht2/15R signals Jak1/Jak3 and STAT3/STA®S23*Further study
medicine??* Cytokines are thought to contribute to allograftof IL-15 in patients with ATL is warranted and will be required to
rejection by promoting the infiltration and activation of recipientletermine definitively whether IL-15 may participate in the initia-
immune cells within the transplanted organ. IL-15 mRNA expresion, maintenance, or progression of this disease.

sion was detected in all 45 biopsies from transplanted kidneys (IL-2 Other lymphoid malignanciesCutaneous T-cell lymphoma

in only 3 of 45) and was significantly increased in rejectingCTCL) broadly delineates a group of related lymphoproliferative
compared with nonrejecting graff® Although IL-15 mRNA disorders of the skin, including mycosis fungoides (MF) and
expression was detected in the majority of posttransplant livers aBdzary syndrome (S$}2Both IL-2 and IL-7 have been implicated
was up-regulated compared with nontransplanted liver tissue, a®important growth factors for CTCL cells; however, the etiology
significant correlation was found between IL-15 expression amd these disorders is actively being investigat&e#3” Indeed,
rejection??6 The failure of an antibody (BT563) that selectivelytreatment of these patients with an IL-2 fusion toxin, thereby
blocks the high-affinity IL-2Rapathway to prevent acute rejectiontargeting IL-2/15Rf cells, appears promisirf§® Dobbeling et

of heart allografts suggests that other cytokines, such as IL-15, n&l§#° demonstrated that IL-15 may act as a growth and viability
be responsible for the T-cell proliferation during this proc®ss. promoting factor for CTCL. IL-15 promoted growth and prolonged

IL-15 and transplant rejection
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survival of the SeAx Sezary cell line as well as malignant T celisells?>* and low secretion of IL-15 was observed in a subset of
isolated from SS patients, and IL-15 mRNA was present withiosteosarcoma and rhabdomyosarcoma lines (4-8 pgftiHow-
these cells. IL-15 protein was detected by immunohistochemistyer, a definitive role for IL-15 in the pathogenesis of solid tumors
in the basal cell layer keratinocytes and in the infiltrating lymphdias not been demonstrated.

cytes of SS and MF patients’ skin biopsy specim&fs_-15 was

also shown to stimulate AP-1 and JunD DNA binding within CTCLL-15 and infectious disease

cell lines and may use such pathways to promote CTCL gré#th. .y man immunodeficiency virusIL-15, through its ability to

Of note, HTLV-1 infection has also been implicated in suchyinic the actions of IL-2, has 2 opposing effects in the HIV-
CTCLs?* consistent with the above involvement of HTLV-UATL jtected patient: a potentially beneficial augmentation of immune

and IL-15 expression. In agreement with IL-7s ability to promotg,nctioris7255-261and a potentially detrimental activation of HIV
CTCL growth in vitro, transgenic mice engineered to OVerexpreggyication1se.25e.262.2638ecause both of these effects have been
IL-7 develop cutaneous lymphoproliferation and lymphdta. ghserved in several experimental systems, any proposed use of
Intriguingly, mice with a global overexpression of a human IL-3) 15 in vivo to boost immunity in this immunocompromised
transgene, via an MHC class | promoter, develop a mild cutaneqyis,jation must include careful analysis of HIV replication. Initial
lymphocytic infiltration. However, this phenotype is not lethal 0kt dies by Seder et %# demonstrated that IL-15 enhanced the
transforming?4® IL-15 Frans‘genic mige that globally OVErexpresyyroliferative response of PBMCs from HiV-infected patients wheng
murine IL-15, including in the skin, develop a lymphocyticstimylated with polyclonal mitogens, tetanus toxoid, or HIV- 5
infiltrate in the dermis that ultimately leads to total alopé€ia. specific antigens. Patki ef28 showed that whereas IL-2 enhanced§’
Considering the well-documented expression of IL-15 message ajisth spontaneous and antigen-induced lymphocyte proliferation ig
protein in the skin and the phenotype of IL-15 transgenic mice, {fj\.infected patients, IL-15 enhanced antigen-induced lympho2
may be appropriate to assess an anti-IL-2fA5iReatment in  cyte function only with significantly less HIV-1 replication. IL-15, §
patients with CTCL. alone and in combination with IL-12, enhanced deficient in vitro%
Lymphoproliferative disorder of granular lymphocytes (LDGLINK cell activity in HIV-1infected patientd and IL-15 +
is characterized by an expansion of LGLs consisting of eithgr.12_stimulated NK cells isolated from HIV-infected patients
CD3" (T cell) or CD3" (NK cell) populationg:** Zambello et &' produced C-C chemokines and inhibited HIV-1 infection in vitto.
showed that both CD3and CD3 cells isolated from LDGL Thys, a large body of evidence now suggests that IL-15 signifi§
patients expressed all 3 of the IL-15R components (IL-2.5f,  cantly improves innate and antigen-specific immune cell functiorg
and IL-15Ra) and proliferated in response to IL-15 in vitrojn Hjv-1-infected patients in vitro, in some cases better than IL-25
Although no IL-15 protein was detected in the serum or CDAdll  while evidence documents that IL-15 may increase HIV-1 replica
culture supernatants of these cells, membrane-bound IL-15 W in PBMCs and cell lines in vitro, it remains unclear whetherg
demonstrated on the surface of CD&d CD3 cells from LDGL  the benefits of IL-15 may be achieved at concentrations that do nét
patients, but not normal controls, by flow cytometry. This is imffect viral loads in vivo. It is encouraging that IL-2 has been used
contrast to the lack of IL-15 mRNA expression by RT-PCR iuccessfully in vivo at low doses to boost immune function ing
sorted LGLs from patients, leaving the significance of surfagg|v.infected patients, without increases in HIV viral 108P6.98
IL-15 detected by flow cytometry unclear. However, the chronighys, IL-15 is poised as a potential candidate for cytokine therapg
nature of this leukemia and the clear role of IL-15 in then HIV-1 patients that may provide the benefits of IL-2 plus &
development of CD3 NK-T and CD3™ NK cells suggest that the additional immune modulation because of distinct IL-2/&BR
possible deregulation of IL-15 expression in these patients shoglgpression patterns.
be pursued. Indeed, mice engineered with an IL-15 transgene thatOther viral and bacterial pathogenslL-15 mRNA levels are
lacks the normal posttranscriptional checkpoints regulating IL-1§ievated in PBMCs from patients with another HTLV-1-mediated
protein translation and secretion have recently been descfibedisease, HTLV-1 myelopathy/tropical spastic paraparesis (HAME
These mice exhibit an early lymphocytosis composed of NK andsp), compared with normal dond#$.Antibodies against IL-15 &
CD8*CD44" T cells. Later, a significant fraction of IL-15 trans-or its receptor blocked spontaneous proliferation of HAM/TSPy
genic mice develop a fatal lymphocytic leukemia with @BMCs and, when combined with anti-IL-2 antibodies, com-&
CD3*TCRaf"CD44*DX5*CD8" phenotype. The clinical course pletely abrogated proliferation. This suggests that dual autocrine
and disease manifestations appear similar to those in patients Wii#dps, including both IL-15/IL-15R and IL-2/IL-2R, may promote
LGL leukemia244246.247Thus, continued overexpression of IL-15lymphocyte proliferation in this disord&#® In vitro infection of
may predispose to chronic lymphocytosis and eventually to maliguman PBMCs with human herpesvirus (HHV)-6, HHV-7, herpes
nant transformation of lymphocytes. simplex virus type-1, or Epstein-Barr virus resulted in IL-15—
IL-15 has also been shown to induce the proliferation of normaependent increases in NK cell cytotoxicity and IFNsroduc-
B cells248malignant B cells obtained from B-cell chronic lympho-tion.128.129.2665,ch studies suggest that IL-15 may be involved in
cytic leukemia and hairy cell leukemf& and the M-07e acute early, innate immune defense against viral infections in humans.
myelogenous leukemia (AML) cell in®°IL-15R componentsare  Serum levels of IL-15 were significantly elevated in patients
expressed on multiple myeloma cells, and IL-15 may play a role with bacteremic (mean, 49.4 pg/mL; range, 12.4-338.8 pg/mL) and
the autocrine propagation of this malignaigy. nonbacteremic (mean, 31.3 pg/mL; range, 11.6-2743 pg/mL)
Solid tumors. IL-15 is normally expressed at the mRNA levelBurkholderia pseudomallénfection (melioidosis) compared with
in several organs, including skeletal muscle, skin, lung, and kidneyntrols (mean, 12.8 pg/mL; range, less than 8.2 to 122.2 pg/mL),
Their malignant counterparts, including osteosarcoma, Ewingth significantly higher levels in patients with positive blood
sarcoma, rhabdomyosarcoitd, melanoma&?® small cell lung cultures?®” Several reports have indicated that exogenous adminis-
cancer? renal cell carcinoma, glioblastoma, neuroblastoma, arhtion of rlL-15 before infection, such &almonella3* Plasmo-
mesothelioma, also express the IL-15 transcpintracellular dium falciparum?®® or C neoformang?® improves host defense
protein was observed in melanoma cell li#fsnd renal cancer against and clearance of the invading organism. Nishimurzg?t al
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generated 2 lines of transgenic mice that express both isoformscofon cancer, but severe mucosal toxicity remains a significant
IL-15 under the control of an MHC class | promoter. LSP—IL-1%linical problem??> In rat models of colon carcinoma, exogenous
transgenic mice expressed serum IL-15 protein and had increasddinistration of IL-15 protected against diarrhea, stomatitis,
memory-phenotype CDS8T cells in lymph nodes. These mice wereweight loss, and death induced by 5-FU and irinotecan and
resistant tdSalmonellanfection via a mechanism dependent upoincreased maximal tolerated doses and overall complete re-
CD8" T-cell IFN-y production. In contrast, mice transgenic for thespons&’6277 In contrast, exogenous IL-2 potentiated toxicities
SSP-IL-15 expressed intracellular IL-15 protein, had defectiweith no beneficial antitumor effect when used in combination with
T-cell IFN-y production, and were susceptible ®almonella either chemotherapeutic agent. Although the clinical benefit ob-
infection. Thus, it appears that in vivo, overexpression of theerved in these 2 animal model systems requires additional study
LSP-IL-15 leads to IL-15 secretion, enhanced Cb&mory-type for confirmation of the apparent toxicity-limiting activity, these
cell development, and enhanced host defense ag@aistonella, preclinical models suggest that IL-15 may be useful as a chemopro-
whereas overexpression of SSP—IL-15 remains intracellular aredtive agent in certain therapies.

limits T-cell IFN-vy response#? rIL-15 has been successful as a

vaccine adjuvant in animals through boosting the production of-15 and immunodeficiency

Toxoplasma gondii—specific CD8T cells19 Continued explora-

tions of additional animal models of infection, as well as delined-"€ Ye: Shared by receptors for IL-2, IL-4, IL-7, IL-9, and IL-15,
tion of the mechanism(s) of the action of IL-15 during host defensB@S been implicated in the etiology of X-linked SCAE Simi-

are needed to fully understand its role during both innate aff!¥: the lack of Jak3, a downstream signaling componentcof
specific immune responses. results in micéand human$?with SCID. The severe immunode-

ficiency associated with a nonfunctiongl or Jak3 is likely
IL-15 and toxicity associated with its common usage by multiple cytokines (IL-7 3
) . IL-15, IL-2, IL-4) important for lymphocyte development and %
For IL-15 to be considered for use as an immunomodulator jfhmeostasis. Although such mutations provide a molecular basn;’!s
humans, it must be determined whether such exogenous provisign scip, a significant portion of SCID patients have normal&
will result in toxicity for the patient. Whereas IL-15 admlnlstratlorlycljak3 activity. Recently, Gilmour et!8f described a patient with
(3 X 10° U/mouse/d) did not result in mortality when provided,, Nk cell-deficient (Tl, NK, B*) form of SCID, which
alone to mice over the course of at least 10 to 14 days, dirggtainedy,/Jak3 yet lacked expression of IL-2/15RBow cytomet-
coadministration of IL-15+ 1L-12 (1 ng/d) to mice resulted in a yic analysis of the lymphocyte population showed a severe deficit i§
lethal cytokine-induced shock cascade, indistinguishable from tRg cells, a decrease in T cells, and normal numbers of B cells2
lethal effects of IL-2+ 1L-12.2%% Depletion of NK cells or ,yever, this patient had defective cellular and humoral immung
macrophages before administration of IL-15 and IL-12 providegsponses that manifested as recurrent viral and fungal infectiors
protection from lethality, suggesting that these innate immuRging his first year of life. This report demonstrates that lack o
effector cells were the primary effectors during this cytokinen o .15 signaling through IL-2/15R can lead to SCID, with the
induced shock. Selective elimination of various inflammatony, st prominent deficit in the NK cell lineage, thereby highlighting

mediators (TNF-a, IFN-y, MIP-1a, IL-1, IL-1-converting en- e jmportance of the human IL-15/IL-15R pathway in vivo.
zyme, Fas, perforin, inducible nitrous oxide synthase (iNOS), or

STATl)_ using mice with targeted disruptio_ns or n_eut_ralizing,otemia| therapeutic uses of IL-15
antibodies revealed that none of these, even in combination, were
responsible for the lethal shock-like reactidherefore, it is possible Out of the multitude of basic studies on the biology of IL-15 and§
that novel proinflammatory mediators are produced in this cascageeclinical models of human disease, it is important to identifyi
Of note, in this model, modest doses of IL-15 become toxic onljose lines of investigation that point toward potential clinical;
when combined with IL-12. benefit. Two major directions of immediate interest are immunes
The generalized Shwartzman reaction is a lethal cytokinaugmentation through exogenous provision of IL-15 and immuné‘mr
induced shock response elicited by sequential priming and chdbwn-regulation through elimination of improperly expressedy
lenge with bacteria or bacterial components (eg, LP%¥! IL-15. Additional clinical applications of IL-15 are emerging from &
IL-12—induced IFN-vis critical for sensitization of macrophagesbasic and preclinical studies on this cytokine (eg, vaccine adjuvant)
during LPS primingt’2273After initial IFN-y—dependent priming, a but require further development.
subsequent intravenous LPS challenge 18 to 24 hours later resultCytokine therapy with IL-15.Numerous cytokines produced
in cytokine-induced shock and death, largely due to the releasetimfough recombinant DNA technology have now been used success-
TNF-a and IL-1272274 We recently demonstrated that in vivofully to expand or activate immune cells or their progenitors in
neutralization of IL-15 before initial LPS priming significantly patients, including erythropoietin, G-CSF, macrophage-CSF, GM-
reduced lethality in this reactiod® We hypothesized that LPS CSF, thrombopoietin, IL-11, IFN-a, and ILZ8 One direction
priming induced IL-12 and IL-15, which costimulated NK cell-with strong rationale from basic scientific investigations is the use
derived IFN-v, consistent with the observation that pretreatmeot exogenous IL-15 to expand lymphocyte subsets in patients with
with either anti—IL-2/15Rpor anti—IL-15 antibodies reduced serumcancer or immunodeficiency. Can IL-15 be used in vivo to increase
IFN-y protein after in vivo LPS administration to SCID mice.those cell types that require it for development, expansion, or
IL-15 may therefore be a key cofactor in IL-12—induced toxicity irsurvival (eg, NK cells, NK-T cells, CD8memory T cells) without
vivo by potentiating IL-12—induced cytokine reled8&.These significant toxicity to patients? Obvious parallels can be made
findings should be taken into consideration when designing combietween immunotherapy with IL-2 and IL-15 because of their
nation therapies involving IL-15 with other proinflammatorysimilar in vitro biologic effects and shared receptor components.
cytokines such as IL-12. Given that IL-2 has been approved by the Food and Drug
Several chemotherapeutic agents (eg, 5-fluorouracil [5-FWUdministration since 1992 and is effective for increasing lympho-
irinotecan [CT-711]) have documented clinical efficacy againsyte subsets at low doses without significant toxici#e®, why
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pursue therapeutic pathways with IL-15? IL-2 and IL-15 use
unique high-affinity receptor complexes that have dramatically
different expression profiles in humans. Because of this, lon
concentrations of exogenous IL-15 may have the ability to
modulate other immune cell compartments without significant
toxicity. This is supported by the fact that IL-15 and IL-2 have very
different, nonredundant roles in vivo in mi&3:64.99.100.103|n
addition, IL-15 and IL-2 appear to have different biodistribution
after administration in vivo, with IL-15 more localized in the
BM.27°In murine models comparing treatment with IL-15 and IL-2
for efficacy against experimental lung metastases (MCA-205)
doses of IL-15 six times higher than IL-2 were required to induce
pulmonary vascular leak, ultimately resulting in a higher therapeu:
tic index for 1L-1512° The first step toward evaluating IL-15 for
cytokine therapy would be preclinical animal trials examining
biologic parameters and toxicity, and, if Warranted, phase | andFlipure 5.IL-15is a plei(_)tropic cytc_:kine thtslt functions in. NK cell develo_pment,

. . . . . lymphocyte homeostasis, and peripheral immune functions. Multiple cell types
studies to determine maximal tolerated doses and b|OIOQ|C mOdL\r%borate IL-15, including activated (eg, virus- or bacteria-infected) monocytes/
tion when IL-15 is administered to humans. macrophages, dendritic cells, and epithelium, as well as constitutive production by

Blockade of improperly expressed IL-15Agents that selec- BN:|StroT1a!tce”S} '_L'1|5 hasi'?”:“""nr(‘;'f:‘:hi dgi'i”:ﬁ”: °f| Tr:e :‘K theagﬁkaTs
tively block the action of improperly regulated cytokines have algvégsji e ?“Cg';’; 'DEXT‘)&)S;A ?neery(f;;?\eﬁotypee 'CDganyceﬁS%cngi; upon
been successfully used in the clinic, one prime example beingis for survival or expansion. IL-15 also plays multiple roles in peripheral innate and
soluble TNF receptor for inflammatory conditio?¥8:281 Several adaptive immune cell function.
studies in murine models have identified agents that can block the
action of murine IL-15 in vivo, including a soluble IL-15R#*2an  cytokine that bridges the innate and adaptive immune systengs
antagonist IL-15mutant/Fcy2a fusion protétdand a polyclonal (Figure 5). Unraveling the biology of IL-15 has revealed some§
neutralizing antiserurt® Strong evidence (described earlier) novinteresting surprises, such as the complex multifaceted regulatich
exists for the role of IL-15 in RA, and the blockade of IL-15 is ofof its gene expression and a potential nuclear function. The Iarg%
potential clinical benefit83 Thus, with recent evidence in animalbody of in vitro and in vivo evidence documenting the importance§
models demonstrating that the blockade of IL-15/IL-15R in vivef IL-15 during NK cell ontogeny may point toward some of the g
ameliorates collagen-induced arthAtisand antigen-specific de- first therapeutic applications for this cytokine to augment immunq.z
layed-type hypersensitivity respongéthe performance of addi- function in patients with cancer or immunodeficiency. In contrastg
tional preclinical studies and early clinical trials appears warrantetthe discovery of IL-15's role in the pathogenesis of RA and shocl§
Similarly, certain lymphoid malignancies may be associated withay yield equally fruitful therapies aimed at blocking improper 2
aberrant IL-15 or IL-15R expression (discussed earlier), amehmune activation. For IL-15-based therapies to be rapidly';
therapeutic strategies to block the IL-15/IL-15R axis may also lienslated into the clinical arena, additional preclinical animal®
useful in these diseases. Therefore, the development of effectsiadies and phase I/1l clinical trials must be performed to solidify§
human IL-15-blocking agents (eg, high-affinity soluble IL-B§R the rationale for broader application in human disease.
humanized anti—IL-15 MoAb) with in vivo blocking activity could
facilitate rapid translation of such approaches to the clinic.
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