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ABSTRACT

Interleukin-15 (IL-15) is a 14- to 15-kDa member of the 4α-helix bundle family of
cytokines. IL-15 expression is controlled at the levels of transcription, translation,
and intracellular trafficking. In particular, IL-15 protein is posttranscriptionally
regulated by multiple controlling elements that impede translation, including 12
upstream AUGs of the 5′ UTR, 2 unusual signal peptides, and the C-terminus of
the mature protein. IL-15 uses two distinct receptor and signaling pathways. In
T and NK cells the IL-15 receptor includes IL-2/15Rβ andγc subunits, which
are shared with IL-2, and an IL-15-specific receptor subunit, IL-15Rα. Mast cells
respond to IL-15 with a receptor system that does not share elements with the
IL-2 receptor but uses a novel 60- to 65-kDa IL-15RX subunit. In mast cells
IL-15 signaling involves Jak2/STAT5 activation rather than the Jak1/Jak3 and
STAT5/STAT3 system used in activated T cells. In addition to its other func-
tional activities in immune and nonimmune cells, IL-15 plays a pivotal role in the

1The US government has the right to retain a nonexclusive, royalty-free license in and to any
copyright covering this paper.
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development, survival, and function of NK cells. Abnormalities of IL-15 expres-
sion have been described in patients with rheumatoid arthritis or inflammatory
bowel disease and in diseases associated with the retroviruses HIV and HTLV-I.
New approaches directed toward IL-15, its receptor, or its signaling pathway may
be of value in the therapy of these disorders.

INTRODUCTION

Intercellular communications involved in immune responses are often medi-
ated by cytokines that show a high degree of redundancy and pleiotropy. The
redundancy is explained in part by the sharing of common receptor subunits
among the members of the cytokine receptor superfamily (1–5). In the case
of the interleukin-2 receptor (IL-2R) system, the common gamma (γc) subunit
is shared by IL-2, IL-4, IL-7, and IL-9 (4–5). Recently, two groups simulta-
neously reported the recognition of an additional cytokine in this family, now
known as IL-15, based on the ability of culture supernatants from two cell
lines, CV-1/EBNA and the human T cell lymphotropic virus type I (HTLV-I)-
associated HuT-102, to stimulate the proliferation of the cytokine-dependent
murine T-cell line CTLL-2 (6–8). The active materials in the two supernatants
shared many characteristics such as an apparent molecular mass of 14–15 kDa
and membrane-proximal signaling components in T and natural killer (NK)
cells that consist of the IL-2Rβ andγc subunits of the IL-2 receptor (6–14).
An appropriate anticytokine antibody was used to show that the two groups
identified the same interleukin, which is now termed IL-15 (15).

IL-2 and IL-15 share many features. They are both members of the 4α-helix
bundle cytokine family, they use both IL-2Rβ andγc for their action in T cells,
and they have similar functional activities in these cells. Nevertheless, dramatic
differences exist between these two cytokines in terms of their cellular sites of
expression and the levels of control of their synthesis and secretion. IL-2 is
produced by activated T cells and is controlled predominantly at the levels of
mRNA transcription and stabilization, whereas control of IL-15 expression is
much more complex, with regulation at the levels of transcription, translation,
and intracellular trafficking and translocation (8, 10–11, 14–20). Furthermore,
there are differences in the receptor and signaling pathways used by IL-2 and
IL-15 in diverse cells (21, 22). Each cytokine has its own private receptor in
T and NK cells: IL-15Rα and IL-2Rα for IL-15 and IL-2, respectively (21).
IL-15 uses a novel IL-15RX receptor system and signal transduction pathway
in select nonlymphoid cells including mast cells (22).

As predicted from their sharing of receptor subunits, IL-2 and IL-15 have a
number of redundant functions such as induction of T-cell proliferation and the
costimulation of immunoglobulin synthesis (6, 8, 23–25). However, IL-15 also
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plays a pivotal role in the differentiation of NK cells from their progenitors, in
the maintenance of the survival of such cells, and in their activation (26–39).
IL-15 also has unique functions on nonlymphoid cells, including actions on
muscle, brain microglia, and mast cells (11, 22, 40, 41).

Abnormalities of IL-15 expression have been reported in inflammatory and
neoplastic diseases (42–45). In particular, abnormally high levels of IL-15
transcription and translation were observed in HTLV-I-associated diseases such
as adult T-cell leukemia (ATL) and the neurological disorder tropical spastic
paraparesis (TSP) (45). Furthermore, abnormalities of IL-15 expression may
occur in patients with inflammatory autoimmune diseases, such as rheumatoid
arthritis and inflammatory bowel disease, with IL-15 at the apex of a cascade
of inflammatory factors that includes TNF-α, which induces the expression of
other inflammatory cytokines and chemokines involved in the pathogenesis of
these diseases (42–44). Therapeutic agents are being developed to target the
receptor and signaling elements shared by IL-2 and IL-15 to provide effective
treatment for such disorders (10, 46–48).

THE STRUCTURE AND GENOMIC
ARCHITECTURE OF IL-15

IL-15 is a 14- to 15-kDa glycoprotein whose mature form consists of 114 amino
acids (aa) (8). It has two cystine disulfide cross-linkages at positions Cys42-
Cys88 (homologous to IL-2) and Cys35-Cys85, and three asparagine residues
(119, 127, and 160) that in two cases are sites for N-linked glycosylation (8).
IL-15 is a member of the 4α-helix bundle cytokine family, which includes such
cytokines as IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, and IL-9 (1, 8). The predicted
folding topology of IL-15 suggests three loops connecting the four helices in an
up-up down-down configuration (8). IL-15 shares no sequence homology with
IL-2 or with other members of the cytokine superfamily; however, structural
homology among these members is clearly conserved. There is 97% sequence
identity between human and simian IL-15 and 82% sequence identity between
human and porcine IL-15 (49–50).

The IL-15 gene was mapped on chromosome 4q31 (human) and to the central
region of chromosome 8 (mouse) by fluorescence in situ hybridization (50). The
IL-15 gene consists of nine exons (exons 1–8 and a newly discovered exon 4a)
and eight introns spanning at least 35 kb. This exon-intron organization contrasts
with the four exon–three intron architectural pattern observed in IL-2, IL-4, and
IL-5 (51).

One form of human IL-15 mRNA contains a 5′ untranslated region (UTR) of
at least 352 nucleotides (nt), a coding sequence of 486 nt, and a 3′UTR of at least
400 nt (8). There are two alternative leader peptides, one with 48 aa and one
with 21 aa (8, 19, 20, 52). In contrast to most signal peptides that are encoded in
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a single or at most two exons, the IL-15 leader sequences are encoded in more
than two exons (Figure 1) (19, 52). The classical long (48 aa) signal peptide
associated with all secreted IL-15 is present in a 1.6 kb mRNA. It is encoded
by exons 3, 4, and 5 of the human IL-15 gene (Figure 1) (50). The short 21-aa
signal peptide is encoded by a 1.2-kb cDNA that lacks the elements encoded
by exon 1. This signal peptide is encoded by exon 5 and by an additional
119-nt sequence inserted between exons 4 and 5 (new exon 4a) (19, 20, 52).
The two signal peptides share 11 identical amino acids encoded by exon 5.
The introduction of the 119 nt of exon 4a disrupts the 48-aa signal sequence
by inserting a premature termination codon and then provides an alternative
initiation codon with a poor Kozak context (TTCATGG) (19, 20, 52). The lack
of exon 1 and the presence of a 219-nt fragment that originates from intron 1 in
the 5′UTR of the 21-aa IL-15 signal peptide transcript suggests that this isoform
may be regulated transcriptionally by an intronic enhancer/promoter in intron
1. As noted below, IL-15 associated with a short 21-aa signal peptide is not
secreted but rather is stored intracellularly, appearing in nuclear and cytoplasmic
components.

THE MULTIFACETED REGULATORY CONTROL
OF IL-15 EXPRESSION

IL-2 and IL-15 exhibit major differences in terms of their sites of synthesis and
their levels of control of synthesis and secretion. IL-2 is produced by activated
T cells, and its expression is regulated predominantly at the levels of mRNA
transcription and message stabilization (17, 18). In contrast, Northern blot anal-
ysis indicated widespread constitutive expression of IL-15 mRNA in a variety
of tissues such as placenta, skeletal muscle, kidney, lung, heart, fibroblasts, ep-
ithelial cells, and monocytes (8, 15). IL-15 mRNA could not be demonstrated
by Northern blot analysis in normal resting or phytohemagglutinin-activated T
cells, although the more sensitive RNase protection assay (RPA) indicated the
presence of IL-15 mRNA in normal T cells obtained ex vivo and in the T-cell
lines examined (8, 45).

Regulation of IL-15 Transcription
The regulation of IL-15 expression is multifaceted. Modest control occurs at
the level of transcription, and a dominant control occurs posttranscriptionally at
the levels of translation and intracellular trafficking. In terms of transcriptional
control, freshly isolated monocytes expressed only low levels of IL-15 mRNA
that was upregulated when the monocytes were activated with LPS/IFN-γ

(8, 15). In addition, infection of monocytes with herpesvirus 6, herpesvirus
7,Bacillus Calmette-Gúerin (BCG),Mycobacterium tuberculosis, Toxoplasma
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gondii, Salmonella choleraesuis, Mycobacterium leprae, Cryptococcus neo-
formans, or Candida albicanswas associated with an upregulation of IL-15
mRNA expression (31, 32, 39, 53–57).

Cloning of the human and murine 5′ flanking region of the IL-15 gene has per-
mitted the study of the mechanisms underlying the constitutive and induced ex-
pression of IL-15 mRNA (45, 58). A series of conserved motifs between mouse
and human IL-15 5′ regulatory regions has been identified; these motifs include
GCF, NF-κB, IRF-E, myb,γ IRE, NF-IL-6, andαINF-2. The IRF response ele-
ment IRF-E and NF-κB sites are involved in the induced up-regulation of IL-15
mRNA expression (45, 58). As noted below, the development of NK cells re-
quires IL-15 induction. Mice lacking the expression of the transcription factor
IRF-1 (IRF-1−/− mice) also exhibit a severe NK-cell deficiency (35, 36). The
IRF-1 deficiency does not affect the NK-cell progenitors themselves but rather
affects the function of radio-resistant cells constituting the microenvironment
required for NK-cell development. IRF-1−/− bone marrow cells can generate
functional NK cells when cultured with IL-15 (35). As noted above, within the
5′ upstream region of the mouse IL-15 gene, a 9-bp sequence, TTCACTTTC,
spanning from−278 to−270 relative to the transcription initiation site, is in
perfect concordance with the consensus IRF response element (IRF-E). This
sequence motif binds IRF-1/2 proteins specifically. The importance of IRF-E
for the activation of the IL-15 promoter was determined through the use of a
series of reporter assays using IL-15 promoter deletion mutants (35, 45). These
results support the view that IRF-1 in bone marrow stromal cells is pivotally in-
volved in the up-regulation of IL-15 gene expression. The IL-15 generated acts
on NK-cell precursors, stimulating their development into mature NK cells. In
parallel studies, Ohteki and coworkers (36) demonstrated that IRF-1-induced
IL-15 expression is important for the development of NK, NK-T cells, and
intestinal intraepithelial T cells.

Another transcription factor that appears to play an important role in IL-15
transcription is NF-κB. The HTLV-I-encoded tax protein transactivates IL-15
gene transcription through this site (45). IL-15 mRNA expression is increased in
HTLV-I-infected T cells and T-cell lines. Using reporter constructs bearing the
5′ regulatory region of the IL-15 gene, we found a positive correlation between
HTLV-I tax protein expression and IL-15 promoter activity (45). Additionally,
using a Jurkat T-cell transfectant that expressed tax under an inducible promoter,
it was shown that the expression of IL-15 mRNA increased when tax was
expressed. Mutations in the NF-κB motif or deletion of this sequence in the IL-
15 5′ regulatory region eliminated the promoter activity in tax-transfected cells.
These data represent evidence for transactivation of the IL-15 gene by the HTLV-
I tax protein through an NF-κB motif in HTLV-I-transformed T cells (45).
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Role of Translation in the Regulation of IL-15 Expression
IL-15 is predominantly regulated posttranscriptionally at the level of translation
and translocation. In particular, although IL-15 mRNA is widely expressed
constitutively, it has been difficult to demonstrate IL-15 in supernatants of
many cells that express such mRNA (8, 15). Although monocytes activated
with LPS/IFN-γ expressed high levels of IL-15 mRNA, the culture supernatants
and cell lysates from these cells contained little or no IL-15 protein as assessed
by either an IL-15-specific ELISA or a CTLL-2 proliferation assay (15). This
discordance between IL-15 mRNA expression and IL-15 protein production led
us to examine normal IL-15 mRNA for posttranscriptional controls, particularly
for features that could inhibit IL-15 production at the level of mRNA translation.
We demonstrated that IL-15 expression is posttranscriptionally regulated by
multiple elements including 12 upstream AUGs of the 5′ UTR, a 48-aa signal
peptide, and the C-terminus of the mature protein (15, 16).

Our initial studies focused on the 5′UTR of IL-15 mRNA (15). In general, the
5′UTRs of effectively translated messages are short, simple, and unencumbered
by AUGs upstream of the initiation AUG (59–61). In contrast to this pattern, the
5′ UTR of IL-15 mRNA is long (at least 465 nt in mice and 352 nt in humans)
and includes multiple upstream AUGs (5 in mice, 12 in humans) (8, 15). Kozak
has emphasized that the presence of such AUGs in the 5′ UTR may dramatically
reduce the efficiency of mRNA translation into proteins (59–61). In general, the
rare mRNAs with 5′ AUG-burdened sequences include those encoding many
protooncogenes, transcription factors, growth factors, receptor proteins, and
signal transduction components. Among the 4α-helix bundle cytokines, no
upstream AUGs are present in the 5′ UTRs of IL-2, IL-3, IL-4, IL-5, IL-10,
IL-13, or IFN-γ , but they are seen in IL-7, IL-11, IL-13, IL-2Rα, IL-2Rβ,
IL-5Rα, and the IL-9Rα receptor. IL-2Rα expression is controlled at both
the transcriptional and translational levels (62). Inhibition of translation by
upstream AUGs has been confirmed experimentally by deletion of upstream
AUGs or by site-directed mutagenesis of the AUG triplets in TGF-β3, FGF-5,
and IL-7 mRNAs (63–65). Such upstream AUG codons may represent a ploy by
the cell to yield poorly translated mRNAs that encode critical regulatory proteins
whose efficient expression might be dangerous to the cell or the organism.

To define the effect of the upstream AUGs of the IL-15 5′ UTR on normal
IL-15 mRNA translation, three IL-15 constructs were transfected into COS
cells, one representing the full wild-type IL-15 mRNA with an early hairpin
and 12 AUGs, the second retaining the 10 distal upstream AUGs, and the third
lacking upstream AUGs (15). This latter construct produced 4- to 5-fold more
IL-15 than did cells transfected with the construct retaining 10 AUGs and 12-
to 15-fold more IL-15 than cells with the full wild-type construct. A number
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of mechanisms have been reported to remove the 5′-UTR-AUG-mediated up-
stream impediments to translation. These mechanisms include ribosome shunt-
ing and internal initiation of translation, a process that bypasses the 5′ CAP-
dependent scanning mechanism and translational inhibition of upstream AUGs
through the use of an internal ribosome entry sequence (IRES) (66–69).

Although COS cells transfected with the expression construct lacking the
5′ UTR produced more IL-15 than did cells transfected with the wild-type
construct (16), the quantity of IL-15 protein was very low (360 pg per 200,000
cells), 3 logs less than the quantity of IL-2 obtained (350,000 pg) with a compa-
rable IL-2 construct. There were virtually equal levels of transcript for the two
cytokines throughout the time-course despite the extreme disparity in protein
production observed, suggesting differences in translational efficiency. Ad-
ditionally, although IL-15 transcripts were readily translated in a wheat-germ
in vitro translation system, they were poorly translated in a rabbit reticulocyte
in vitro translation system. These data suggested that the mammalian trans-
lation systems (i.e., COS cells and rabbit reticulocytes) provided evidence for
inhibitory and regulatory factors in addition to those in the 5′UTR that interfered
with efficient synthesis of IL-15.

We next examined the IL-15 mRNA for specific elements that might impede
IL-15 expression and focused on the unusually long 48-aa isoform of the signal
peptide (16). Because of the unusual length of this peptide, we considered the
possibility that it might function as a negative regulator of IL-15 generation. To
test this hypothesis we prepared expression constructs that exchanged the signal
peptide coding sequences of IL-2 and IL-15 so that they were linked to the al-
ternative mature protein coding sequence. The resulting chimeric cDNAs were
transiently transfected into COS cells and the quantity of IL-15 determined. The
total quantity of IL-15 generated (the sum of IL-15 retained within the cells
and that secreted) increased 17- to 20-fold when the IL-15 signal peptide was
replaced by that of IL-2 (16). In parallel studies, the quantity of IL-2 secreted
was reduced 40- to 50-fold when COS cells were transfected with the recip-
rocal construct that had the IL-2 signal peptide replaced by that of IL-15. We
demonstrated that the IL-15 and IL-2 protein expression differences observed
could not be explained by differences in mRNA stability or by instability of the
processed protein but rather were the result of a major impediment at the level
of mRNA translation.

In parallel studies, Onu and coworkers (20) demonstrated that wild-type
IL-15 mRNA transcription was not associated with efficient secretion of IL-15
protein. Furthermore, after replacing the IL-15 signal peptide with that of
CD33, translation and secretion increased, supporting the view that IL-15 ex-
pression is controlled mainly posttranscriptionally at the levels of translation
and secretion. When the IL-15 isoform with the alternative short 21-aa signal
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peptide was examined, there was no secretion of IL-15 by the transfected cells.
However, there was a four- to fivefold increase in translation of the isoform
containing exon 4a compared to that with the long signal peptide, at least when
assessed in a rabbit reticulocyte in vitro translation system (52, 70). The data
support the hypothesis that the IL-15 signal peptide or its coding sequence are
important factors in the negative regulation of IL-15 protein expression.

As stated by Bamford et al (16):

The mechanisms underlying the [signal peptide]-mediated regulation of IL-15 translation
have not been defined. However, with preliminary in vitro translation studies, we observed
that the addition of canine microsomal membranes did not result in IL-15 chain completion
and translocation into microsomes in contrast to the situation with the prototypical secretory
protein, pre/prolactin, which was fully translocated and processed. . .. Therefore, a number
of events or factors may be required for efficient IL-15 mRNA translation/translocation. It
is possible that a translational activator(s) for chain elongation and translocation may be
needed. Alternatively, a translational repressor or a stable secondary structure in the mRNA
may prevent efficient IL-15 mRNA elongation and translocation. Furthermore, inefficient
initiation of translation may contribute partially to the low levels of IL-15 protein generated
in transfected COS cells. This stems from the observation that the start codon for the IL-15
coding sequence has a weak Kozak context (GTA ATGA). . .. In fact, modifying the start codon
to a higher context (ACCATGG or GCCGCCATGA) increased IL-15 protein production four-
to fivefold in transfected COS cells.

In additional studies we discovered that a third negative element may exist
in the C-terminus of the IL-15 mature protein coding sequence or protein (16).
Specifically for the purposes of antibody detection, we added the artificial epi-
tope tag FLAG to the 3′ end of the IL-15 protein. We noted that the presence of
FLAG increased total IL-15 protein production 5- to 10-fold, suggesting that
this modification disrupted an inhibitorycis-element in the coding sequence
of the IL-15 mature protein C-terminus. When the three IL-15 mRNA mod-
ifications (elimination of the 5′ UTR, switch of IL-15 signal peptide coding
sequence with that of IL-2, and FLAG modification of the 3′ coding sequence)
were combined in a single construct and introduced into COS cells, at least
250-fold more IL-15 was produced than was observed with the wild-type IL-15
construct with an intact 5′ UTR (16). These findings suggest that IL-15 mRNA,
unlike IL-2 mRNA, may exist in translationally inactive pools.

Control of translation has been observed in a variety of proteins, and this
regulation can occur at all levels of translation (e.g., initiation, elongation,
and termination). Most mRNA-specific translational regulation has involved
cis-acting RNA sequence elements that mediate regulation. Such regulatory
sequences in the 5′ or 3′ UTR of the mRNAs and mature coding sequence have
been observed in transcripts for ferritin, erythroid 5-aminolevulinate synthase,
thymidylate synthase, and murine p53 (71–73). Furthermore, regulation at the
level of translation has been demonstrated for the 70-kDa heat shock protein
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mRNA in chicken reticulocytes IL-1β, TNF-α, TGF-β3, TGF-β1, and GM-
CSF (74–75). In addition, researchers observed that one of the multiple levels of
insulin biosynthesis regulation includes a glucose-dependent signal recognition
particle-mediated translational arrest (76).

The studies of IL-15 indicate that the translational control of IL-15, like that
of insulin, occurs at multiple distinct levels (76). The removal of these negative
control mechanisms in an integrated fashion may lead to a major increase in
IL-15 synthesis. The variety of negative regulatory features controlling IL-15
expression may be required because of the potency of IL-15 as an inflamma-
tory cytokine. If indiscriminantly expressed, IL-15, with its capacity to induce
the expression of TNF-α, IL-1, IFN-γ , and other cytokines and chemokines
involved in the inflammatory response, could be associated with serious disor-
ders such as autoimmune diseases (43). In terms of a more positive role for
IL-15, we propose that by maintaining a pool of translationally inactive IL-15
mRNA, diverse cells may respond rapidly to an intracellular infection or other
stimuli by transforming IL-15 mRNA into a form of mRNA that can be trans-
lated effectively. The IL-15 protein produced and secreted could convert T and
NK cells into activated killer cells that might provide an effective host response
to an invading infectious agent.

Intracellular Trafficking of IL-15
As noted above, two isoforms of human IL-15 exist. One isoform has a short
21-aa putative signal peptide, whereas the other isoform has an unusually long
48-aa signal peptide (8, 19, 20, 52, 70). In addition to their role in the regula-
tion of IL-15 translation, these signal peptides influence intracellular traffick-
ing of IL-15. The 21-aa IL-15 isoform is translated, but IL-15 is not secreted
(19, 20, 52). Experiments using different combinations of signal peptides and
mature proteins (IL-2, IL-15, and green fluorescent protein) showed that the
short signal peptide regulates the fate of the mature protein by controlling the
intracellular trafficking to non–endoplasmic reticulum sites such as the cyto-
plasm and the nucleus (52). The production of an intracellular lymphokine is
not typical of other soluble interleukin systems, suggesting a biological function
for IL-15 as an intracellular molecule.

The IL-15 associated with the long 48-aa signal peptide presents a more com-
plex pattern and exists as multiple distinct molecular species within transfected
COS cells. This multiplicity of protein species is partly the result of glycosy-
lation because human IL-15 has two functional glycosylation sites. However,
evidence from lysates using tunicamycin-treated IL-15-transfected cells indi-
cates that the 48-aa signal peptide of IL-15 can be cleaved at two separate sites,
yielding both partial and complete processing of the signal peptide. No evidence
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of stepwise processing could be demonstrated, suggesting that the partially and
fully processed forms may traffic to different cellular compartments. The form
of IL-15 that retains the full signal peptide but without evidence of glycosyla-
tion was demonstrable in the cytoplasm and nucleus. The other forms entered
the endoplasmic reticulum where they were glycosylated. The passage of IL-15
through the ER was much slower than that of IL-2 (16). Nevertheless, IL-15
was secreted after trafficking through the Golgi, yielding a cytokine with a fully
processed signal peptide. Evidence for trafficking through the Golgi includes
the inhibition of secretion by culture with brefeldin A and the endoglycosidase
H–resistant nature of the secreted IL-15.

The two isoforms of IL-15 generated by usage of alternative signal peptides
have different intracellular trafficking patterns. Sorting of the same protein
to different cellular compartments by modifying the regulatory sequence also
has been observed in other systems. Examples include proteins such as stem
cell factor and Int-2, a fibroblast growth-factor-related oncoprotein (77, 78).
In the case of Int-2, two different signal peptides are generated by the usage
of different start codons in-frame, resulting in the alternative transport of the
protein either to the secretory pathway or to the nucleus (78). The IL-15 case
seems very similar to that of Int-2.

IL-15 RECEPTOR AND SIGNAL
TRANSDUCTION PATHWAYS

IL-15 Type-1 Receptors in T and NK Cells
IL-15 uses two receptor and signaling pathways (7–10, 22). Cytokines such
as IL-15 manifest considerable pleiotropy and redundancy controlling a wide
range of functions in various cell types. The redundancy is explained in part
by the sharing of common receptor subunits among members of the cytokine
receptor family. Each cytokine has its own private receptor, but it usually
shares one or more public receptors with other cytokines. Receptor elements
are shared within the IL-2/15R system. In particular, the high-affinity IL-15R
system in T and NK cells (type-1 IL-15 receptor) is made up of three distinct
membrane components. Two of these components, IL-2/15Rβ and IL-2Rγ or
γc are shared with the IL-2R system (7–9). In addition, the two cytokines have
their own privateα chains: IL-2Rα for IL-2 and IL-15Rα for IL-15 (21). The
γc chain is also shared by IL-4, IL-7, and IL-9 (4, 5).

The human IL-2/15Rβ mRNA predicts a primary translation product of
551 aa (79, 80). The receptor contains a 26-aa signal peptide, and the ma-
ture human IL-2/15Rβ is composed of 525 aa with an extracellular segment of
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214 aa, a hydrophobic transmembrane stretch of 25 aa, and a 286-aa cytoplas-
mic domain. IL-2/15Rβ is expressed constitutively by NK cells and to a lesser
extent by monocytes and CD8 cells.

The humanγc cDNA contains an open reading frame for a 369-aa residue
polypeptide (81). This protein contains a 22-aa signal peptide, a 233-aa ex-
tracellular domain, a 28-aa hydrophobic transmembrane domain, and an 86-aa
C-terminal cytoplasmic domain. IL-2/15Rβ andγc are members of the hema-
topoietin or cytokine superfamily of receptors that contain four conserved cys-
teines and the canonical WSXWS (trp-ser-X-trp-ser) motif.

A novel IL-15-specific binding protein termed IL-15Rα was identified and
its cDNA cloned by Giri and coworkers (21). IL-15Rα is a type-1 membrane
protein with a predicted signal peptide of 32 aa, a 173-aa extracellular domain,
a single membrane-spanning region of 21 aa, and a 37-aa cytoplasmic domain.
In contrast to IL-2/15Rβ andγc, IL-15Rα is not a member of the cytokine re-
ceptor superfamily. However, a comparison of IL-2Rα and IL-15Rα revealed
the shared presence of a conserved motif known as a GP-1 motif, or a SUSHI
domain (21). Another factor linking IL-2Rα and IL-15Rα is the demonstration
that IL-2Rα and IL-15Rα genes have a similar intron-exon organization. More-
over, they are closely linked in both human (10q14-15) and murine genomes
(chromosome 2 linked toVim-2andSpna-2) (81). IL-15Rα binds IL-15 with
a Ka of 1011/M, a 1000-fold higher affinity than that of IL-2Rα for IL-2. IL-
2/15Rβ in association withγc is able to bind IL-15 at a lower affinity (a Ka
of ∼109/M) and in select cells can transduce an IL-15 signal in the absence of
IL-15Rα.

IL-15Rα has a wide cellular distribution. Its expression is observed in T cells,
B cells, macrophages, and in thymic and bone marrow stromal cell lines (82). In
addition, IL-15Rα mRNA is widespread in such tissues as liver, heart, spleen,
lung, skeletal muscle, and activated vascular endothelial cells (21). IL-15Rα

mRNA expression is increased in T cells after the addition of IL-2, an anti-
CD3 antibody, or phorbol-myristate acetate (PMA) (21). Furthermore, IL-
15Rα expression is augmented in macrophage cell lines after treatment with
interferon-γ . Thus the widespread distribution of the IL-15Rα, IL-2/15Rβ,
andγc elements of the IL-15R system is one of the mechanisms underlying the
pleiotropy of IL-15.

IL-15 Signal Transduction Pathway in Activated T Cells
When analyzed in activated T cells, Jak3 and Jak1 were shown to be coupled
functionally to the receptor systems involvingγc, including the receptors for
IL-15, IL-2, IL-4, IL-7, and IL-9 (83–85). Furthermore, the addition of IL-15
or IL-2 to such receptor-expressing T cells led to the tyrosine phosphorylation
and nuclear translocation of STAT3 and STAT5 (84–85). The IL-2 and IL-15
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signaling pathways in T cells also involve the phosphorylation of theSrc-related
cytoplasmic tyrosine kinases p56lck and p72syk, the induction of the expression
of the bcl-2 antiapoptotic protein, and the stimulation of the Ras/Raf/MAP
kinase pathway leading to fos/jun activation (86).

IL-15 Uses a Distinct Type-2 Receptor/Signal Transduction
Pathway in Mast Cells
IL-15 stimulates the proliferation of murine mast cell lines and normal bone
marrow mast cells, whereas these cells do not respond to IL-2 (11, 22). This
disparity in response to the two cytokines suggested the existence of a novel IL-
15-specific receptor system in mast cells not shared by IL-2. The mast cell lines
PT-18 and Mc/9 did not express mRNA-encoding IL-2Rα or IL-2/15Rβ, which
explained the failure of IL-2 signaling in such cells. Furthermore, transfection
of these cells with a cytoplasmic-truncated transdominant mutant form ofγc

demonstrated that IL-15-signaling in mast cells does not require this receptor
element. In addition, evidence indicated that IL-15Rα is not a critical element
of the mast cell IL-15R and signaling pathway.

We used125I-IL-15 in a cross-linking study with the mast cell line PT-18,
using disuccinimidyl suberate to identify a possible mast cell–specific IL-15R.
The IL-15/IL-15R complex in mast cells migrated approximately 75–80 kDa,
implying a cytokine receptor size of 60–65 kDa. These results suggested that
mast cells express a novel 60- to 65-kDa IL-15R molecule (type-2 IL-15 recep-
tor), which was provisionally designated IL-15RX.

The lack of involvement in mast cells of the IL-2/15Rβ andγc chains used by
IL-15 in T and NK cells and the possibility that a novel receptor (IL-15RX) is
involved in IL-15 signaling in these cells prompted us to examine the membrane-
proximal events of IL-15 signal transduction in mast cells to determine whether
they are different from those in T cells. IL-15 addition to the mast cell line
PT-18 caused the phosphorylation of Jak2 kinase rather than Jak1 or Jak3 as
observed with the type-1 IL-15R in T cells (22). IL-15 also stimulated Jak2
phosphorylation in bone marrow mast cells. In further contrast to T cells, the
addition of IL-15 to mast cells led to a tyrosine phosphorylation and nuclear
translocation process limited to STAT5 rather than the STAT3/STAT5 activation
observed with the type-1 receptor in T cells (22). These results indicate an IL-
15 function distinct from that of IL-2 given that mast cells appear to use a novel
IL-15 receptor and signaling pathway to stimulate the proliferation of these
cells. However, the addition of IL-15 to bone marrow hematopoietic precursor
cells does not result in the propagation of mast cells but rather induces NK cells
(see below). Furthermore, these observations identify a second mechanism
underlying the pleiotropy manifested by IL-15 in addition to the widespread
tissue distribution of IL-15Rα.
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BIOLOGICAL ACTIONS OF IL-15

Role of IL-15 in T and B Cell Function
As might be anticipated by their sharing of IL-2/15Rβ andγc receptor subunits
in T, B, and NK cells, IL-15 and IL-2 have some common biological activities
(6, 8, 12–14, 23–25). However, IL-15 also has unique functions, reflecting the
much broader tissue distribution of its private receptor, IL-15Rα (21, 81). Fur-
thermore, in select cells IL-15 uses a second receptor (IL-15RX) and signaling
pathway not shared with IL-2 (22). Finally, the major differences between IL-2
and IL-15 in terms of their sites of synthesis and the regulation of their expres-
sion may also lead to different actions. For example, the expression of IL-15
mRNA in thymic and bone marrow stromal and epithelial cells suggests that
IL-15 may play a role in the development of NK and T lymphocytes.

IL-15 stimulates the proliferation of CTLL lines; antigen-dependent T-cell
clones; activated CD4−8−, CD4+8+, CD4+, and CD8+ cells; and dendritic epi-
dermal T cells (6, 8, 87–91). Dendritic cells, a class of potent antigen-presenting
cells, are producers of IL-15 and induce activation and chemotactic activity for
Th1, the subset of helper T cells (92, 93). As IL-2 is not produced by den-
dritic cells, this observation suggests that IL-15 is involved in normal immune
responses that are distinguishable from those involving IL-2. IL-15, like IL-2
and IL-7, appears to be involved in the development of thymic-independent
gut intraepithelial lymphocytes that do not develop normally in IL-2/15Rβ- or
IRF-1 deficient mice (35). IL-15 stimulates and augments the proliferation of T
cells from HIV-positive individuals and of T cells derived from primary human
tumor cell cultures (94, 95). Furthermore, IL-15 synergizes with IL-12 to in-
duce proliferation of murine Th1 clones (96, 97). IL-15 addition also promotes
the induction of cytotoxic lymphocyte effector cells and lymphokine-activated
killer cells. The addition of IL-15 to T cells leads to the induction of their
expression of IL-2Rα (CD25), IL-2Rβ (CD122), and Fas (CD95) whereas it
downregulates CD27 expression (98–101). IL-15 is a chemoattractant for T
cells but not B cells, monocytes, or neutrophils (25, 42). Finally, IL-15 inhibits
cytokine-deprivation-induced apoptosis and apoptosis induced by anti-Fas, dex-
amethasone anti-CD3, or anti-IgM in activated T and B cells (102). In light of
its antiapoptotic effect in CD4 cells, Kanegane & Tosato (103) have suggested
that IL-15 acts as a memory-facilitating factor for helper T cells. Furthermore,
IL-15 stimulates memory-phenotype CD8+ cells in vivo (87).

Although IL-15 does not have an effect on resting B cells, it induces prolifer-
ation and immunoglobulin synthesis by human tonsilar B cells costimulated by
PMA or by an immobilized antibody to immunoglobulin M (24). Furthermore,
when used in concert with CD40 ligand (CD40L), it is an inducer of polyclonal
IgM, IgG1, and IgA but not IgG4 or IgE (24). The effect of IL-15 on Ig secretion
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can be modulated by IL-10 (increased secretion) or by IL-4 (decreased secre-
tion) (104). The effect of IL-4 may be caused by its diversion of the shared
γc receptor, a conclusion supported by fluorescence resonance energy transfer
(FRET) analysis of receptor subunit association after cytokine addition (105).
The action of IL-15 on T, B, and NK cells could be blocked by select antibodies
(e.g., Mikβ1) to the IL-2/15Rβ chain (8).

IL-15 Plays a Pivotal Role in the Development, Survival,
and Activation of NK Cells
NK cells are bone marrow–derived CD2+, CD16+, and CD56+ human large
granular lymphocytes (LGLs) that lack CD3 but express theζ chain of the T-cell
receptor. Observations suggest that IL-15 is important in the differentiation,
survival, and function of NK cells, indeed that IL-15 may be essential for their
development (26–39). For example, mice made deficient in IL-2/15Rβ by
homologous recombination or through the use of an antibody to this receptor
subunit are markedly deficient in NK cells (27). IL-2/15Rβ is required for the
actions of IL-2 and IL-15 but is not used by other growth factors. In contrast,
mice deficient in IL-2 or IL-2Rα, the private receptor used by IL-2, have a
normal number of NK cells, suggesting that IL-15 may be required for NK cell
development (27). Alternatively, the expression of either of these two cytokines
might be sufficient for the maturation of NK cell progenitors. NK cells are
also virtually absent in mice deficient in the signaling molecules required for
IL-15 expression (e.g., there is no NK-cell development in IRF-1−/− mice)
or in receptors or signaling molecules required for IL-15 action (35, 36). In
particular, NK cells are markedly deficient in both human and mouse cells that
do not express the normalγc chain used by IL-2, IL-4, IL-7, IL-9, and IL-15,
whereas IL-2-, IL-4-, and IL-7- deficient mice express NK cells (106–108).
Similarly, mice deficient in Jak3, which is required for IL-15 action, are also
deficient in NK cells (109–110).

The role of cytokines in NK-cell development has been studied directly
using in vitro stromal-independent cultures of hematopoietic precursors. IL-2
addition in the presence of other cytokines, such as IL-7 or stem cell factor, leads
to NK-cell differentiation (29, 38). However, IL-15 is even more effective in
inducing bone marrow progenitor differentiation into NK cells. Furthermore,
it is the one factor capable of inducing CD34+ CD7− bone marrow or cord
blood cells to undergo such differentiation (29). In a similar way, the addition
of IL-15 and to a lesser extent IL-2 to immature postnatal thymocytes or to
fetal thymic organ cultures led to the development of NK cells that express
the CD3−, CD56+, CD94 HLA Class I–specific inhibitory receptor phenotype
(30). Nevertheless, in this study IL-15 alone was not sufficient for the induction
of CD16 or the other HLA Class I–specific inhibitory receptors, implying that
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other factors are required for the expression of these elements (30). A similar
IL-15-mediated propagation of NK cells from their progenitors was observed in
NK-cell-deficient IRF−/− mice (35). This latter observation supports the view
that the defect in such mice is not in the NK-cell progenitors themselves but
in the induction of the required IL-15 expression within radio-resistant bone
marrow stromal cells. In various culture systems, stem cell factor, IL-7, and
flt-3 ligand enhanced the IL-15-mediated expansion of NK cells (29). The data
suggest that IL-15 is a dominant factor in the differentiation of NK cells from
uncommitted progenitors.

In terms of NK function, resting NK cells express IL-15Rα, IL-2/15Rβ,
andγc, which are required for a response to picamolar concentrations of IL-15
(33). IL-15 facilitates the survival of NK cells ex vivo (33). In particular,
the addition of IL-15 to human blood leukocytes led to the survival of NK
cells in the absence of serum for the eight-day observation period (33). This
IL-15-supported survival was associated with the prevention of programmed
cell death, an inhibitory action that required bcl-2 expression (33). IL-2 was
modestly effective in the intradiction of cell death, whereas other cytokines that
useγc, such as IL-4, IL-7, and IL-9, were not effective nor were the monocyte-
derived factors TNF-α, IL-1β, IL-10, or IL-12. IL-15 was effective as an
NK-cell chemoattractant and activator. Moreover, IL-15 synergized with IL-12
to stimulate the production by NK cells of IFN-γ , TNF-α, and GM-CSF (32).
NK cytotoxicity mediated by IL-15 was induced by a variety of infectious agents
such as herpesvirus 6 and herpesvirus 7 (31, 39). In the cases examined, the
upregulation of NK activity by these infectious agents was markedly reduced
by the addition of monoclonal antibodies to IL-15 but not by antibodies to other
cytokines such as IFN-α, IFN-γ , TNF-α, TGF-β, or IL-2, suggesting that IL-15
secreted in response to the infectious agents was responsible for the observed
NK-cell activation. Patients lacking NK cells are subject to multiple infections
with herpesviruses (111). Moreover, NK activation induced by agents such as
herpesvirus 6 and herpesvirus 7 was blocked by the addition of an antibody to
IL-2/15Rβ that blocks the action of IL-15 (31, 39). This evidence supports the
view that IL-15 plays a pivotal role in the development, survival, and activation
of NK cells.

Role of IL-15 in the Host Defense Against
Intracellular Pathogens
IL-15 as assessed by a specific ELISA assay or as an activity interpreted to
be IL-15 based on inhibition by an anti-IL-15 antibody has been demonstrated
in the supernatants of monocyte and macrophage preparations treated with
various intracellular infectious agents (31, 32, 39, 53–57). IL-15 enhanced su-
peroxide function and antifungal activity of human monocytes (56). Similarly,
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IL-15 contributed to the anticryptococcal activity of macrophages (54). IL-15
induces IL-8 and monocyte chemotactic protein-1 production in human mono-
cytes (112). Furthermore, although neither IL-12 nor IL-15 addition resulted in
the induction of IFN-γ production by either NK cells orγ δ T cells, they acted
synergistically on these cells, inducing the production of IFN-γ , TNF-α, and
GM-CSF (53). Finally, IL-15 mRNA and protein were most highly expressed
in patients with immunologically resistant tuberculoid leprosy but not in unre-
sponsive and susceptible lepromatous patients (57). These data taken together
with those demonstrating the constitutive expression of IL-15 mRNA in var-
ious tissues support our view that IL-15 may act as an “alarmin” wherein by
maintaining a pool of translationally inactive IL-15 mRNA diverse cells, such
as macrophages and dendritic cells, may respond rapidly to an intracellular
pathogen by converting impeded IL-15 mRNA into an effectively translatable
form (92, 93). Thus the IL-15 response to infectious agents, such as viruses
and other intracellular organisms, may represent a critical element in the host
defense against these pathogens.

IL-15 Action in Nonimmunological Cells
The broad tissue expression of mRNA encoding IL-15 and the IL-15Rα sub-
unit suggests that IL-15 has activities beyond the immune system. An example
of a nonimmunological action was observed in skeletal muscles that express
IL-15 and IL-15Rα mRNA (40, 41). The addition of IL-15 to a cultured my-
oblast line did not induce proliferation but affected parameters associated with
skeletal muscle fiber hypertrophy, especially when insulin-like growth factor
levels were low, suggesting that IL-15 may be an anabolic agent that increases
skeletal muscle mass (41). In another system unlike IL-2, IL-15 bound to
vascular endothelial cells with a high affinity through the IL-15Rα subunit.
Moreover, IL-15 promoted angiogenesis in a murine system with the induc-
tion of neovascularization of Matregel plugs after IL-15 addition (113). Mouse
brain microglia and human fetal astrocytes and microglia express IL-15 mRNA
and its trimeric receptor complex functionally coupled to Jak kinase activity
(114, 115). The levels of IL-15 mRNA increased upon addition of IL-1β,
IFN-γ , or TNF-α. IL-15 affected the functional properties of microglia such
as their production of nitric oxide and their growth in culture. Thus IL-15 may
participate in certain central nervous system and neuroendocrine functions pre-
viously ascribed to IL-2, which is expressed in only very minute concentrations
in the central nervous system.

As discussed above, mast cells express a type-2 IL-15 receptor and signaling
pathway using Jak2 that is distinct from the trimeric receptors and signaling
pathways (Jak1, Jak3) used by both IL-2 and IL-15 in activated T cells (22).
IL-15, but not IL-2, stimulates mast cell proliferation in vitro and ex vivo.
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Moreover, the intermediate affinity type-2 IL-15 receptor may have a functional
role in mast cell biology in that IL-15 is a mast cell growth and activation factor.
Intestinal epithelial cells both express and respond to IL-15. IL-15 signals in
T84 colonic epithelial cells in the absence of the IL-2/15Rβ chain, suggesting
that IL-15 uses a receptor in these cells other than the classical type-1 trimeric
IL-15 receptor (116). Finally, as noted above, in contrast to most cytokines,
intracellular cytoplasmic and nuclear forms of IL-15 have been demonstrated.
Such intracellular IL-15 may play a novel and as yet undefined role within the
cells that produce it.

ABNORMALITIES OF IL-15 EXPRESSION
IN DISEASE

Abnormalities of IL-15 in Inflammatory
Autoimmune Diseases
Feldmann and coworkers have proposed that TNF-α is at the apex of a cy-
tokine cascade that includes IL-1β, IL-6, GM-CSF, and a series of inflammatory
chemokines, including Mip1α, Mip1β, and IL-8, that are intimately involved in
the development and progression of rheumatoid arthritis (RA) (117). McInnes
and coworkers have reported abnormalities of IL-15 in this disease and have
suggested that IL-15 may precede TNF-α in the cytokine cascade (42, 43). In
particular, IL-15-activated T cells can induce TNF synthesis by macrophages
in RA via a cell-contact-dependent mechanism (43). They reported the pres-
ence of high concentrations of IL-15 in RA synovial fluid and showed that
IL-15 is expressed by synovial-membrane-lining cells. Nevertheless, the pres-
ence of rheumatoid factor in the fluids may yield specious high estimates for
IL-15 assessed by an ELISA. RA synovial fluids contain chemotactic and T-
cell stimulatory activities attributable in part to IL-15. Oppenheimer-Marks and
coworkers (118) demonstrated that IL-15 is produced by endothelial cells in
rheumatoid tissues and that this cytokine markedly increases transendothelial
migration of both CD4 and CD8 cells. Furthermore, they showed that IL-15
leads to T-cell accumulation in RA synovial tissues engrafted into severe com-
bined immune deficiency (SCID) mice in vivo. In a parallel murine model the
intra-articular injection of IL-15 induced a local tissue inflammatory infiltrate
consisting predominantly of T lymphocytes (42). These data suggest that IL-15
can recruit and activate T cells into the synovial membrane, possibly contribut-
ing to the pathogenesis of RA. In support of this view, the injection of an IL-15
antagonist, the soluble form of IL-15Rα, into DBA/1 mice suppressed their
development of collagen-induced arthritis (119). In summary, these reports
suggest a role for IL-15 in the development of inflammatory RA and imply that
antagonists to IL-15 action may have therapeutic potential in this disease.
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Abnormalities of IL-15 have also been reported in other inflammatory dis-
orders. For example, increased numbers of IL-15-expressing cells are present
in the circulation of patients with active ulcerative colitis, or Crohn’s disease
(119). Furthermore, elevated levels of IL-15 correlated with disease activity
and may reflect the degree of inflammation in the liver in type-C chronic liver
disease (120). In addition, IL-15 triggers the growth of T cells in sarcoidosis
through the IL-2/15Rβ/γc complex and may deliver proliferative signals leading
to the development of the T-cell alveolitis observed in this disorder (121). Fur-
thermore, IL-15 mRNA expression is upregulated in blood and cerebrospinal
fluid mononuclear cells in multiple sclerosis (122). Finally, the observation
that IL-15 stimulates mast cell proliferation suggests a potential role for this
cytokine in mastocytosis (22).

IL-15 Action in Retroviral Diseases and Neoplasia
HTLV-I infects CD4 T cells and is associated with a series of diseases including
ATL, HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP),
arthritis, uveitis, inflammatory lung disease, and infectious dermatitis (123–
125). HTLV-I-infected T-cells of patients with HAM/TSP expressed the HTLV-
I-encoded transactivator p40tax and exhibited abnormal spontaneous prolifer-
ation when studied ex vivo (124). This T-cell proliferation could be inhibited
partially by the addition of an antibody to IL-2 or to the IL-2-specific recep-
tor, IL-2Rα, suggesting a role for IL-2 in this process (125). Nevertheless,
the addition of Mikβ1, an antibody to the IL-2/15Rβ chain, also reduced this
proliferation (125). This antibody does not inhibit the action of IL-2 on the high-
affinity IL-2R but does inhibit IL-15 function, an observation that suggests a
role for IL-15 in the abnormal T-cell proliferation observed in HAM/TSP. IL-15
mRNA expression is increased in HTLV-I-infected T-cells (45). By using re-
porter constructs bearing the 5′ regulatory region of the IL-15 gene, we observed
a positive correlation between HTLV-I tax protein expression and IL-15 pro-
moter activity in HTLV-I-infected T cells (45). We observed increased IL-15
mRNA expression not only in HAM/TSP but also in T-cell lines and ex vivo
leukemic cells of patients with HTLV-I-associated ATL. Furthermore, IL-15
can replace the IL-2 signal in IL-15Rα-expressing IL-2-dependent ATL cell
lines (126). Thus the production of IL-15 in this leukemia might be one factor
in the constitutive activation of Jak3 observed with select lines and cells from
patients with ATL (127, 128).

The production of IL-15 by the HTLV-I-associated ATL cell line HuT-102 that
permitted the identification of IL-15 was especially dramatic. This phenomenon
is explained by our observation that IL-15 production by the ATL line HuT-
102 is associated with a human T-cell lymphotropic virus I R region/IL-15
fusion message (15). In particular, the predominant IL-15 mRNA expressed
by HuT-102 cells is a chimeric RNA with a 118-nt segment of the R region
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of the long terminal repeat (LTR) of HuT-102 joined to the 5′ UTR of IL-15.
Normally by alternative splicing this 118-nt element of R represents the most
5′ region of several HTLV-I transcripts including those encoding tax, rex, and
env. However, in HuT-102 this element derived from the R region is aberrantly
spliced to the 5′ UTR of IL-15. The high-level expression of IL-15 mRNA
by HuT-102 appears to result from the transcription of a large quantity of a
fusion message with the IL-15 allele under the regulatory control of the HTLV-
I LTR element. In addition, the introduction of the R segment eliminates over
200 nt of the IL-15 5′ UTR, including all but two of the upstream AUGs that, as
indicated by our other studies, appear to behave as impediments to translation
(15). Thus the effective synthesis of IL-15 protein by the ATL cell line HuT-
102 appears to involve a marked increase in IL-15 mRNA transcription and
translation secondary to the integration of HTLV-I provirus with a consequent
production of a fusion message involving the HTLV-I R segment linked to the
truncated 5′ UTR of IL-15.

IL-15 serum levels are elevated significantly in HIV-I-infected individuals
(129). This cytokine enhances immune functions during HIV infection (130).
Moreover, a positive correlation exists between IL-15 and serum immunoglob-
ulin levels in this disorder, suggesting that this B-cell costimulatory cytokine
may contribute to the pathogenesis of HIV-associated hypergammaglobuline-
mia (129).

A series of tumor cell lines have been evaluated for the expression of IL-15
mRNA by RT-PCR analysis. Several of these cell lines, including lung, ovarian,
melanoma, some leukemia, osteosarcoma, and especially rhabdomyosarcoma
cell lines, expressed IL-15 mRNA (19, 131). In select situations Barzegar et al
(131) showed that this mRNA represented the short signal peptide IL-15 mRNA
isoform. Moreover, in most cases it was difficult to demonstrate IL-15 in the
culture supernatants. If IL-15 plays a role in these neoplasias, it might be
through its intracellular action (131).

OPPORTUNITIES FOR THERAPY DIRECTED
TOWARD IL-15, ITS RECEPTOR, OR ITS
SIGNALING TRANSDUCTION SYSTEM

IL-2 is effective in the treatment of renal cell carcinoma and malignant mela-
noma, and in the therapy of patients with AIDS. In parallel, IL-15 was shown
to help correct the impaired proliferative response of CD4+ lymphocytes from
HIV-I-infected individuals without the mitogenic effect of IL-2 that might also
induce HIV expression (130). Thus IL-15 could provide an alternative thera-
peutic option in the treatment of patients with select tumors or AIDS.

The majority of therapeutic efforts involving the IL-15/IL-15R system are be-
ing directed toward inhibiting IL-15 action. The scientific basis for this approach
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was discussed in part above where it was suggested that IL-15 might contribute
to the pathogenesis of RA, inflammatory bowel disease, and sarcoidosis. Fur-
thermore, select malignant cells, for example, multiple myeloma and large
granular lymphocytic leukemia cells, express IL-15 receptors (132). In ad-
dition, intragraft IL-15 transcripts were increased in patients rejecting renal
allografts (133). A correlation existed between IL-15 transcripts within grafts
being rejected as compared to nonrejected renal allografts, suggesting that IL-
15 may play a role in T- and NK-cell-mediated rejection (130). Moreover,
IL-15 transcripts were present in the allografts in association with rejection of
pancreatic islet allografts in wild-type mice and in IL-2 knockout mice, again
suggesting that the IL-15/IL-15Rα system may be a valuable therapeutic target
in organ transplantation protocols (134). Blocking the IL-15Rα with a receptor
antagonist enhanced acceptance of islet cell allografts (135).

Most IL-2/15 receptor-directed therapeutic approaches have targeted the IL-
2Rα chain (136–138). To exploit the difference in IL-2Rα expression between
normal resting cells that do not express this receptor and IL-2Rα-expressing
abnormal T cells in leukemia, select autoimmune disorders, and allograft rejec-
tion, clinical trials have been performed using unmodified murine anti-IL-2Rα,
humanized antibodies, and antibodies armed with toxins andα- andβ-emitting
radionuclides (136–138). On the basis of two extensive randomized placebo-
controlled trials, the humanized anti-IL-2Rα monoclonal antibody (Zenapax)
received marketing approval by the FDA for the therapy of patients receiving
renal allografts (139). Although IL-2Rα-directed therapy has met with consid-
erable success, approaches directed toward this receptor subunit have limita-
tions. In particular, antibodies to IL-2Rα do not inhibit the action of IL-15, a
cytokine that does not use this subunit. Therefore, a number of approaches are
being developed that focus on the IL-15 receptor and its signaling pathway. A
diphtheria toxin IL-15 fusion protein DAB389 sIL-15 has been constructed that
is directed toward the cytotoxic elimination of IL-15R-expressing cells (48).
However, most approaches have been directed toward inhibiting IL-15 action.
As noted above, the administration of the IL-15 inhibitor, the soluble IL-15Rα

chain, prevented the development of murine collagen-induced arthritis (46).
Furthermore, an IL-15 receptor antagonist produced by mutating glutamine
residues within the C-terminus of IL-15 to aspartic acid competitively inhibited
IL-15-triggered cell proliferation (135). This IL-15 mutant protein markedly
attenuated antigen-specific delayed hypersensitivity responses in BALB/c mice
and enhanced the acceptance of islet cell allografts (135).

Our own therapeutic approaches have focused on the cytokine receptor sub-
units and signaling pathways shared among multiple cytokines, including IL-15,
in an effort to yield more profound immunosuppression than can be achieved
by inhibition of the synthesis or action of a single cytokine such as IL-2 or
by an antibody directed toward a private receptor subunit such as IL-2Rα that
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binds only a single cytokine. Our initial trials used Mikβ1, an antibody directed
toward IL-2/15Rβ that is shared by IL-2 and IL-15. A humanized version of
this antibody prolongs renal allograft survival in cynomolgus monkeys (140).
In our initial clinical trial, we evaluated this antibody in the therapy of pa-
tients with T-cell-type large granular lymphocytic leukemia associated with
hematocytopenias. The monoclonal LGLs involved in this disease express
IL-2/15Rβ andγc but not IL-2Rα (141, 142). These cells respond by prolifer-
ation and cytokine induction to the IL-15 produced by associated monocytes
(132).

Additional therapeutic efforts focusing on the IL-15/IL-15R system are di-
rected toward the development of an inhibitor of Jak3, the signaling molecule
used by IL-2, IL-4, IL-7, and IL-15 as an agent to yield controlled immuno-
suppression. Deficiency of Jak3 in the autosomal form of severe combined
immunodeficiency disease (SCID) in humans or in mice made deficient in Jak3
by homologous recombination exhibit a lack of NK cells and T- and B-cell
abnormalities but do not develop disorders in nonimmunological systems, sug-
gesting that Jak3 is a rational target to yield a controlled immunosuppression
of value in the treatment of autoimmune diseases or in the prevention of allo-
graft rejection (109, 110). In addition, Jak3 is activated constitutively in select
leukemias such as HTLV-I-associated ATL cell lines (127–128). These ob-
servations suggest that drugs that inhibit Jak3 activation may be of value as
immunosuppressive and antileukemic agents. In summary, our present under-
standing of the IL-15/IL-15R system and its signaling pathways opens new
possibilities for more specific immune intervention.

CONCLUSIONS AND FUTURE DIRECTIONS

IL-15 is a 14–15 kDa member of the 4α-helix bundle family of cytokines. In
contrast to the regulation of IL-2, which is controlled at the level of message
transcription and stabilization, the regulation of IL-15 is much more com-
plex with multifaceted controls at the levels of message transcription, message
translation, and protein translocation and secretion. IL-15 is regulated in part
at the level of transcription induced in association with infection of monocytes
by intracellular pathogens. This upregulation of IL-15 mRNA expression in-
volves both an IRF-1/IRF-E response element and an NF-κB signaling path-
way. Nevertheless, IL-15 is controlled predominantly at the level of translation
and translocation. IL-15 mRNA includes a number of elements that impede its
translation. In particular, the 5′ AUGs of human IL-15 mRNA are burdened
with 12 upstream AUGs that interfere with effective IL-15 translation. Further-
more, the 48-aa signal peptide and acis-acting negative regulatory element in
the C-terminus of the mature protein impede translation. The removal of these
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negative control mechanisms in an integrated fashion may give rise to a major
increase in IL-15 synthesis. The broad array of negative regulatory features
controlling IL-15 expression may be required because of the potency of IL-15
in inducing the expression of TNF-α, IL-1, IFN-γ , and other inflammatory cy-
tokines and chemokines that if indiscriminantly expressed would be associated
with serious disorders such as autoimmune inflammatory diseases. In terms
of a more positive role for IL-15, we propose that by maintaining a pool of
translationally inactive IL-15 mRNA, diverse cells might respond rapidly to an
intracellular infection by transforming IL-15 mRNA into a transcript that can
be effectively translated.

Despite our progress in understanding the multifaceted control of IL-15 trans-
lation, many questions must be answered before we can understand the molec-
ular mechanisms underlying this translational control. There is considerable
precedence for an impediment to translation manifested by AUGs upstream
of an authentic initiation codon as seen with IL-15. Some of these transcripts
may not use CAP-dependent scanning mechanisms to initiate translation; rather
they may recruit ribosomes to an internal ribosome entry site (IRES), bypass-
ing the impediments associated with the upstream 5′ UTRs. Infections by
intracellular organisms may lead to the induction of specific cytoplasmic pro-
teins that bind to such a putative IRES, thereby facilitating translation. The
mechanisms underlying the signal peptide coding sequence– or mature pro-
tein coding sequence–mediated regulations of IL-15 translation also have not
been defined. A translational activator such as a specific RNA-binding pro-
tein might have to be produced to facilitate chain elongation and transloca-
tion. A more likely possibility given the effective translation of IL-15 mRNAs
in the wheat-germ but not mammalian systems is that a mammalian transla-
tional repressor or a stable secondary structure in the IL-15 mRNA might be
present that until released prevents efficient elongation of the translated message
or translocation of the protein generated. Precedence for a required release from
translational repressors before effective translation is possible is provided by
transcripts for ferritin, erythroid 5-aminolevulinate synthase, and thymidylate
synthase.

IL-15 uses two distinct receptor and signaling pathways. In T and NK cells
the type-1 IL-15 receptor includes IL-2/15Rβ andγc subunits, which are shared
with IL-2, and an IL-15-specific receptor subunit, IL-15Rα. However, mast
cells respond to IL-15 using another receptor system (type-2) that does not
share elements with the IL-2R system but uses a novel 60- to 65-kDa IL-15RX
element. IL-15 signaling involves activation of Jak1 and Jak3 as well as STAT3
and STAT5 in T and NK cells, whereas in mast cells IL-15-signaling through
its specific IL-15RX receptor leads to Jak2 and STAT5 activation. The future
molecular cloning of the gene encoding IL-15RX, the type-2 IL-15 receptor,
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would be of value in defining the tissue distribution of this receptor, and in
delineating its involvement in mast cell and other cell biology.

The IL-15 signal peptides are not only involved in the regulation of IL-15
translation but also direct its intracellular trafficking. Two isoforms of human
IL-15 exist: one with a short (21-aa) signal peptide and another with a longer
(48-aa) signal peptide. The IL-15 linked to the short signal peptide and some of
that associated with the longer signal peptide is not secreted but is stored intra-
cellularly, appearing in the nucleus and cytoplasmic components. Production of
an intracellular lymphokine is not typical of other soluble interleukin systems.
The possibility that IL-15 has biological functions as an intracellular molecule
should be explored. IL-15 and IL-2 share some biological activities including
the induction of T-cell proliferation, the activation of cytotoxic effector cells,
the costimulation of immunoglobulin synthesis by B cells, and the activation
of monocytes. In addition, IL-15 appears to play pivotal roles in the differenti-
ation of NK cells from their progenitors, the maintenance of their survival, and
their activation. Furthermore, IL-15 acts on an array of nonimmunological cells
including mast cells, skeletal muscle cells, and microglia. The generation of
an IL-15 knockout mouse that is now under way should assist in the definition
of the unique nonredundant IL-15 functions.

Abnormalities of IL-15 expression caused by P40 tax–mediated transactiva-
tion of IL-15 have been demonstrated in abnormal T cells in HTLV-I-associated
ATL and in TSP/HSM. Abnormalities of IL-15 expression may also be involved
in the pathogenesis of inflammatory autoimmune disorders such as RA and in-
flammatory bowel disease. The clinical application of new therapeutic agents
that target IL-15 or the receptor and signaling elements shared by IL-2 and
IL-15 may provide a new perspective for the treatment of such disorders.
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28. Mrózek E, Anderson P, Caligiui MA.
1996. Role of interleukin-15 in the devel-
opment of human CD56+ hematopoietic
progenitor cells.Blood87:2632–40

29. Cavazzana-Calvo M, Hacein-Bev S, de
Saint Basile G, DeCoene C, Selz F,
LeDeist F, Fischer A. 1996. Role of
interleukin-2 (IL-2), IL-7, and IL-15 in
natural killer cell differentiation from
cord blood hematopoietic progenitor cells
and fromγc transduced severe combined
immunodeficiency X1 bone marrow cells.
Blood88:3901–9

30. Mingari MC, Vitale C, Cantoni C, Bel-
lomo R, Ponte M, Schiavetti F, Bertone S,
Moretta A, Moretta L. 1997. Interleukin-
15 induced maturation of human natural
killer cells from early thymic precursors,
selective expression of CD94/NKG2-A as
the only HLA class I-specific inhibitory
receptor.Eur. J. Immunol.27:1374–80

31. Flamand L, Stefanescu I, Menezes J.
1996. Human herpesvirus-6 enhances
natural killer cell cytotoxicity via IL-15.
J. Clin. Invest.97:1373–81

32. Carson WE, Ross ME, Baiocchi RA,
Marien MJ, Boiani N, Grabstein K,
Caligiuri MA. 1995. Endogenous pro-
duction of interleukin 15 by activated hu-
man monocytes is critical for optimal pro-
duction of interferon-γ by natural killer
cells in vitro.J. Clin Invest.96:2578–82

33. Carson WE, Fehniger TA, Haldar S, Eck-
hert K, Lindemann MJ, Lai C-F, Croce
CM, Baumann H, Caligiuri MA. 1997.
Potential role for interleukin-15 in the reg-
ulation of human natural killer cell sur-
vival. J. Clin. Invest.99:937–43

34. Ohteki T, Ho S, Suzuki H, Mak TW,
Ohashi P. 1997. Role for IL-15/IL-15 re-
ceptorβ-chain in natural killer 1. 1+ T
cell receptor-αβ+ cell development.J.
Immunol.159:5931–35

35. Ogasawara K, Hida S, Azimi N, Tagaya
Y, Sato T, Yokochi-Fukuda Y, Waldmann
TA, Taniguchi T, Taki S. 1998. Require-
ment for IRF-1 in the microenvironment
supporting development of natural killer
cells.Nature391:700–3

36. Ohteki T, Yoshida H, Matsuyama T, Dun-

can GS, Mak TW, Ohashi PS. 1998.
The transcription factor interferon regu-
latory factor 1 (IRF-1) is important dur-
ing the maturation of natural killer 1. 1+T
cell receptor-α/β+ (NK1+T) cells, natural
killer cells, and intestinal intraepithelial T
cells.J. Exp. Med.187:967–72

37. Leclercq G, Debacker V, De Smedt M,
Plum J. 1996. Differential effects of
interleukin-15 and interleukin-2 on dif-
ferentiation of bipotential T/natural killer
progenitor cells.J. Exp. Med.184:325–
36

38. Puzanov IJ, Williams NS, Schatzle J,
Sivakumar PV, Bennet M, Kumar V. 1997.
Ontogeny of NK cells and the bone mar-
row microenvironment: Where does IL15
fit in? Res. Immunol.148:195–201

39. Atedzoe BN, Ahmad A, Menezes J. 1997.
Enhancement of natural killer cell cyto-
toxicity by the human herpesvirus-7 via
IL-15 induction.J. Immunol.159:4966–
72

40. Quinn LS, Haugk KL, Grabstein KH.
1995. Interleukin-15: a novel anabolic cy-
tokine for skeletal muscle.Endocrinology
136:3669–72

41. Quinn LS, Haugk KL, Damon SE. 1997.
Interleukin-15 stimulates C2 skeletal my-
oblast differentiation.Biochem. Biophys.
Res. Commun.239:6–10

42. McInnes IB, Al-Mughales J, Field M, Le-
ung BP, Huang F-P, Dixon R, Sturrock
RD, Wilkinson PC, Liew FY. 1996. The
role of interleukin 15 in T-cell migration
and activation in rheumatoid arthritis.Na-
ture Med.2:175–82

43. McInnes IB, Leung BP, Sturrock RD,
Field M, Liew FY. 1997. Interleukin-
15 mediates T cell–dependent regulation
of tumor necrosis factor-α production in
rheumatoid arthritis.Nature Med.3:189–
95

44. Reinecker HC, MacDermott RP, Mirau
S, Dignass A, Podolsky DK. 1996. In-
testinal epithelial cells both express and
respond to interleukin-15.Gastroenterol-
ogy111:1706–13

45. Azimi N, Brown K, Bamford RN, Tagaya
Y, Siebenlist U, Waldmann TA. 1998.
Human T cell lymphotropic virus type I
tax protein trans-activates interleukin 15
gene transcription through an NF-κB site.
Proc. Natl. Acad. Sci. USA95:2452–57

46. Ruchatz H, Leung BP, Wei XQ, McInnes
IB, Liew FY. 1998. Soluble IL-15 receptor
α-chain administration prevents murine
collagen-induced arthritis: a role for IL-
15 in development of antigen-induced im-
munopathology.J. Immunol.160:5654–
60

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: APR/MBG P2: NBL/ary QC: NBL/tkj T1: NBL

January 21, 1999 9:56 Annual Reviews AR078-02

IL-15 AND ITS RECEPTORS 45

47. Pilson RS, Levin W, Desai B, Reik LM,
Lin P, Korkmaz-Duffy E, Campbell E,
Tso JY, Kerwin JA, Hakimi J. 1997.
Bispecific humanized anti-IL-2 receptor
αβ antibodies inhibitory for both IL-2-
and IL-15-mediated proliferation.J. Im-
munol.159:1543–56

48. vanderSpek JC, Sutherland J, Sampson
E, Murphy JR. 1995. Genetic construc-
tion and characterization of the diphtheria
toxin-related interleukin 15 fusion protein
DAB389 sIL-15.Protein Eng.8:1317–21

49. Canals A, Grimm DR, Gasbarre LC, Lun-
ney JK, Zarlenga DS. 1997. Molecu-
lar cloning of cDNA encoding porcine
interleukin-15.Gene195:337–39

50. Anderson DM, Johnson L, Glaccum
MB, Copeland NG, Gilbert DJ, Jenkins
NA, Valentine V, Kirstein MN, Shapiro
DN, Morris SW, Grabstein K, Cosman
D. 1995. Chromosomal assignment and
genomic structure of IL-15.Genomics
25:701–6

51. Seigel LJ, Harper ME, Wong-Staal F,
Gallo RC, Nash WG, O’Brien SJ. 1984.
Gene for T-cell growth factor: location on
human chromosome 4q and feline chro-
mosome BI.Science223:175–78

52. Tagaya Y, Kurys G, Thies TA, Losi JM,
Azimi N, Hanover JA, Bamford RN,
Waldmann TA. 1997. Generation of sec-
retable and non-secretable interleukin 15
isoforms through alternate usage of sig-
nal peptides.Proc. Natl. Acad. Sci. USA
94:14444–49

53. Doherty TM, Seder RA, Sher A. 1996.
Induction and regulation of IL-15 expres-
sion in murine macrophages.J. Immunol.
156:735–41

54. Mody CH, Spurrell JCL, Wood CJ. 1998.
Interleukin 15 induces antimicrobial ac-
tivity after release byCryptococcus neo-
formans-stimulated monocytes.J. Infect.
Dis. 178:803–14

55. Nishimura H, Hiromatsu K, Kobayashi N,
Grabstein KH, Paxton R, Sugamura K,
Bluestone JA, Yoshikai Y. 1996. IL-15
is a novel growth factor for murineγ δ
T cells induced bySalmonellainfection.
J. Immunol.156:663–69

56. Vázquez N, Walsh TJ, Friedman D,
Chanock SJ, Lyman CA. 1998. Inter-
leukin-15 augments superoxide produc-
tion and microbicidal activity of human
monocytes againstCandida albicans. In-
fect. Immun.66:145–50

57. Jullien D, Sieling PA, Uyemura K, Mar
ND, Rea TH, Modlin RL. 1997. IL-
15, an immunomodulator of T cell re-
sponses in intracellular infection.J. Im-
munol.158:800–6

58. Washizu J, Nishimura H, Nakamura N,
Nimura Y, Yoshikai Y. 1998. The NF-
kappa B binding site is essential for trans-
lational activation of the IL-15 gene.Im-
munogenetics48:1–7

59. Kozak M. 1987. An analysis of 5′-
noncoding sequences from 699 verte-
brate messenger RNAs.Nucleic Acids
Res.15:8125–48

60. Kozak M. 1991. An analysis of vertebrate
mRNA sequences: intimations of transla-
tional control.J. Cell Biol.115:887–903

61. Kozak M. 1992. A consideration of alter-
native models for the initiation of trans-
lation in eukaryotes.Crit. Rev. Biochem.
Mol. Biol. 27:385–402

62. Weinberg AD, Swain SL. 1990. IL-2 rece-
ptor (Tac antigen) protein expression is
down-regulated by the 5′-untranslated re-
gion of the mRNA. J. Immunol. 144:
4712–20

63. Arrick BA, Lee AL, Grendell RL,
Derynck R. 1991. Inhibition of transla-
tion of transforming growth factor-beta 3
mRNA by its 5′ untranslated region.Mol.
Cell. Biol.11:4306–13

64. Bates B, Hardin J, Zhan X, Drickamer K,
Goldfarb M. 1991. Biosynthesis of human
fibroblast growth factor-5.Mol. Cell. Biol.
11:1840–45

65. Namen AE, Lupton S, Hjerrild K, Wignall
J, Mochizuki DY, Schmierer A, Mosley B,
March CJ, Urdal D, Gillis S, Cosman D,
Goodwin RG. 1988. Stimulation of B-cell
progenitors by cloned murine interleukin-
7. Nature333:571–73

66. McBratney S, Chen CY, Sarnow P. 1993.
Internal initiation of translation.Curr.
Opin. Cell. Biol.5:961–65

67. Belsham GJ, Sonenberg N, Svitkin YV.
1995. The role of the La autoantigen in
internal initiation.Curr. Top. Microbiol.
Immunol.203:85–98

68. Macejak DG, Sarnow P. 1991. Internal
initiation of translation mediated by the
5′ leader of a cellular mRNA.Nature
353:90–94

69. Yueh A, Schneider RJ. 1996. Selec-
tive translation initiation by ribosome
jumping in adenovirus-infected and heat-
shocked cells.Genes Dev.10:1557–67

70. Nishimura H, Washizu J, Nakamura N,
Enomoto A, Yoshikai Y. 1998. Transla-
tional efficiency is up-regulated by alter-
native exon in murine IL-15 mRNA.J.
Immunol.160:936–42

71. Hentze MW, Rouault TA, Caughman SW,
Dancis W, Harford JB, Klausner RD.
1987. A cis-acting element is neces-
sary and sufficient for translational reg-
ulation of human ferritin expression in

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: APR/MBG P2: NBL/ary QC: NBL/tkj T1: NBL

January 21, 1999 9:56 Annual Reviews AR078-02

46 WALDMANN & TAGAYA

response to iron.Proc. Natl. Acad. Sci.
USA84:6730–34

72. Chu E, Voeller D, Koeller DM, Drake JC,
Takimoto CH, Maley GF, Maley F, Al-
legra CJ. 1993. Identification of an RNA
binding site for human thymidylate syn-
thase.Proc. Natl. Acad. Sci. USA90:517–
21

73. Mosner J, Mummenbrauer T, Bauer C,
Sczakiel G, Grosse F, Deppert W. 1995.
Negative feedback regulation of wild-
type p53 biosynthesis.EMBO J.14:4442–
49

74. Theodorakis NG, Barerji SS, Morimoto
RI. 1988. HSP70 mRNA translation
in chicken reticulocytes is regulated at
the level of elongation.J. Biol. Chem.
263:14579–85

75. Kaspar RL, Gehrke L. 1994. Periph-
eral blood mononuclear cells stimulated
with C5a or lipopolysaccharide to syn-
thesize equivalent levels of IL-1β mRNA
show unequal IL-1β protein accumula-
tion but similar polyribosome profiles.J.
Immunol.153:277–86

76. Welsh M, Scherberg N, Gilmore R,
Steiner DF. 1986. Translational control of
insulin biosynthesis. Evidence for regula-
tion of elongation, initiation and signal
recognition-particle-mediated translation
arrest by glucose.Biochem. J.235:459–
67

77. Flanagan JG, Chan DC, Leder P. 1991.
Transmembrane form ofkit ligand growth
factor is determined by alternative splic-
ing and is missing in the Sld mutant.Cell
64:1025–35

78. Acland P, Dixon M, Peters G, Dickson C.
1990. Subcellular fate of the Int-2 onco-
protein is determined by choice of initia-
tion codon.Nature343:662–65

79. Hatakeyama M, Tsudo M, Minamoto S,
Kono T, Doi T, Miyata T, Miyasaka M,
Taniguchi T. 1989. Interleukin-2 receptor
β chain gene: generation of three recep-
tor forms by cloned humanα andβ chain
cDNAs.Science244:551–56

80. Goldsmith MA, Greene WC. 1994.
Interleukin-2 and the interleukin-2 re-
ceptor. InThe Cytokine Handbook, ed.
AW Thomson, pp. 57–80. London: Aca-
demic. 2nd ed.

81. Takeshita T, Asao H, Ohtani K, Ishii N,
Kumaki S, Tanaka N, Munakata H, Naka-
mura M, Sugamura K. 1992. Cloning of
the γ chain of the human IL-2 receptor.
Science257:379–82

82. Anderson DM, Kumaki S, Abdieh M,
Bertles J, Tometsko M, Loomis A, Giri
J, Copeland NG, Gilbert DJ, Jenkins NA,
Valentine V, Shapiro DN, Morris SW,

Park LS, Cosman D. 1995. Functional
characterization of human interleukin 15
receptorα chain and close linkage of IL-
15RA and IL-2RA genes.J. Biol. Chem.
270:29862–69

83. Witthuhn BA, Silvennoinen O, Miura O,
Lai KS, Cwik C, Liu ET, Ihle JN. 1994.
Involvement of the Jak-3 Janus kinase in
signaling by interleukins 2 and 4 in lym-
phoid and myeloid cells.Nature370:153–
57

84. Johnston JA, Bacon CM, Finbloom DS,
Rees RC, Kaplan D, Shibuya K, Ortaldo
JR, Gupta S, Chen YQ, Giri JD, O’Shea
JJ. 1995. Tyrosine phosphorylation and
activation of STAT5, STAT3, and Janus
kinases by interleukin 2 and 15.Proc.
Natl. Acad. Sci. USA92:8705–9

85. Lin J-X, Migone T-S, Tsang M, Fried-
mann M, Weatherbee JA, Zhou L, Ya-
mauchi A, Bloom ET, Mietz J, John S,
Leonard WJ. 1995. The role of shared re-
ceptor motifs and common Stat proteins
in the generation of cytokine pleiotropy
and redundancy by IL-2, IL-4, IL-7, IL-
13, and IL-15.Immunity2:331–39

86. Miyazaki T, Liu Z-J, Kawahara A, Mi-
nami Y, Yamada K, Tsujimoto Y, Bar-
soumian EL, Perlmutter RM, Taniguchi
T. 1995. Three distinct IL-2 signaling
pathways mediated bybcl–2, c-mycand
lckcooperate in hematopoietic cell prolif-
eration.Cell 81:223–31

87. Zhang X, Sun S, Hwang I, Tough DF,
Sprent J. 1998. Potent and selective stim-
ulation of memory-phenotype CD8+ T
cells in vivo by IL-15.Immunity8:591–99

88. Carson WE, Caligiuri MA. 1996. Inter-
leukin 15: a potential player during the
innate immune response to infection.Exp.
Parasitol.84:291–94

89. Inagaki-Ohara K, Nishimura H, Mitani A,
Yoshikai Y. 1997. Interleukin-15 prefer-
entially promotes the growth of intestinal
intraepithelial lymphocytes bearingγ δ T
cell receptor in mice.Eur. J. Immunol.
27:2885–91

90. Garcia VE, Jullien D, Song M, Uyemura
K, Shuai K, Morita CT, Modlin RL. 1998.
IL-15 enhances the response of humanγ δ
T cells to nonpeptide microbial antigens.
J. Immunol.160:4322–29

91. Edelbaum D, Mohamadzadeh M, Berg-
stresser PR, Sugamura K, Takashima A.
1995. Interleukin (IL)-15 promotes the
growth of murine epidermalγ δ T cells
by a mechanism involving theβ- and
γc-chains of the IL-2 receptor.J. Invest.
Dermatol.105:837–43

92. Jonuleit H, Wiedemann K, Muller G,
Degwert J, Hoppe U, Knop J, Enk AH.

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       
P1: APR/MBG P2: NBL/ary QC: NBL/tkj T1: NBL

January 21, 1999 9:56 Annual Reviews AR078-02

IL-15 AND ITS RECEPTORS 47

1997. Induction of IL-15 messenger RNA
and protein in human blood-derived den-
dritic cells.J. Immunol.158:2610–15

93. Blauvelt A, Asada H, Klaus-Kovtun V,
Altman DJ, Lucey DR, Katz SI. 1996.
Interleukin-15 mRNA is expressed by hu-
man keratinocytes, Langerhans cells, and
blood-derived dendritic cells and is down-
regulated by ultraviolet B radiation.J. In-
vest. Dermatol.106:1047–52

94. Patki AH, Quinones-Mateu ME, Dorazio
D, Yen-Lieberman B, Boom WH, Thomas
EK, Lederman MM. 1996. Activation
of antigen-induced lymphocyte prolifer-
ation by interleukin-15 without the mi-
togenic effect of interleukin-2 that may
induce human immunodeficiency virus-1
expression.J. Clin. Invest.98:616–21

95. Lewko WM, Smith TL, Bowman DJ,
Good RW, Oldham RK. 1995. Inter-
leukin-15 and the growth of tumor derived
activated T-cells.Cancer Biother.10:13–
20

96. Seder RA. 1995. IL-2 and IL-15 induce a
TH 1 response from naive CD4+ trans-
genic T cells following short term in vitro
stimulation. InProgr. Immunol. 9th Int.
Congr. Immunol., San Francisco, p. 75

97. Seder RA. 1996. High-dose IL-2 and IL-
15 enhance the in vitro priming of naive
CD4+ T cells for IFN-γ but have differ-
ential effects on priming for IL-4.J. Im-
munol.156:2413–22

98. Ye W, Young JD, Liu, C-C. 1996. Inter-
leukin-15 induces the expression of mR-
NAs of cytolytic mediators and augments
cytotoxic activities in primary murine
lymphocytes. Cell. Immunol. 174:54–
62

99. Treiber-Held S, Stewart DM, Kurman CC,
Nelson DL. 1996. IL-15 induces the re-
lease of soluble IL-2Rα from human pe-
ripheral blood mononuclear cells.Clin.
Immunol. Immunopathol.79:71–78

100. Treiber-Held S, Stewart DM, Barraclough
HA, Kurman CC, Nelson DL. 1996. Re-
lease of sIL-2Rα from and activation of
native human peripheral blood mononu-
clear cells by recombinant IL-15.Clin.
Immunol. Immunopathol.80:67–75

101. Bulfone-Paus S, D¨orkop H, Paus R,
Krause, H, Pohl T, Onu A. 1997. Differ-
ential regulation of human T lymphoblast
functions by IL-2 and IL-15.Cytokine
9:507–13

102. Bulfone-Paus S, Ungureanu D, Pohl T,
Lindner G, Paus R, Ruckert R, Krause H,
Kunzendorf U. 1997. Interleukin-15 pro-
tects from lethal apoptosis in vivo.Nat.
Med.3:1124–28

103. Kanegane H, Tosato G. 1996. Activa-

tion of naive and memory T cells by
interleukin-15.Blood88:230–35

104. Salvucci O, Mami-Chouaib F, Moreau JL,
Theze J, Chehimi J, Chouaib S. 1996.
Differential regulation of interleukin-12-
and interleukin-15-induced natural killer
cell activation by interleukin-4.Eur. J. Im-
munol.26:2736–41

105. Damjanovich S, Bene L, Matko J,
Alileche A, Goldman CK, Sharrow S,
Waldmann TA. 1997. Preassembly of in-
terleukin 2 (IL-2) receptor subunits on
resting Kit 225 K6 T cells and their mod-
ulation by IL-2, IL-7, and IL-15: a fluo-
rescence resonance energy transfer study.
Proc. Natl. Acad. Sci. USA94:13134–
39

106. Cao X, Shores EW, Hu-Li J, Anver MR,
Kelsall BL, Russell SM, Drago J, Noguchi
M, Grinberg A, Bloom ET, Paul WE, Katz
SI, Love PE, Leonard WJ. 1995. Defec-
tive lymphoid development in mice lack-
ing expression of the common cytokine
receptorγ chain.Immunity2:223–38

107. DiSanto JP, Muller W, Guy-Grand D, Fis-
cher A, Rajewsky K. 1995. Lymphoid de-
velopment in mice with a targeted dele-
tion of the interleukin 2 receptorγ chain.
Proc. Natl. Acad. Sci. USA92:377–81

108. Kundig TM, Schorle H, Bachmann MF,
Hengartner H, Zinkernagel RM, Horak I.
1993. Immune responses in interleukin-
2-deficient mice. Science 262:1059–
61

109. Russell SM, Tayebi N, Nakajima H, Riedy
MC, Roberts JL, Aman MJ, Migone TS,
Nogouchi M, Markert NL, Buckley RH,
O’Shea JJ, Leonard WJ. 1995. Mutation
of Jak3 in a patient with SCID: essen-
tial role of Jak3 in lymphoid development.
Science270:797–800

110. Macchi P, Villa A, Gillani S, Sacco MG,
Frattini A, Porta F, Vgazio AG, John-
ston JA, Candotti F, O’Shea JJ, Vezzoni
P, Notarangelo LD. 1995. Mutations of
Jak-3 gene in patients with autosomal se-
vere combined immunodeficiency disease
(SCID).Nature377:65–68

111. Biron CA, Byron KS, Sullivan JL. 1989.
Severe herpesvirus infections in an ado-
lescent without natural killer cells.New
Engl. J. Med.320:1731–35

112. Badolato R, Ponzi AN, Millesimo
M, Notarangelo LD, Musso T. 1997.
Interleukin-15 (IL-15) induces IL-8 and
monocyte chemotactic protein 1 pro-
duction in human monocytes.Blood
90:2804–9

113. Angiolillo AL, Kanegane H, Sgadari
C, Reaman GH, Tosato G. 1997.
Interleukin-15 promotes angiogenesis in

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



     

P1: APR/MBG P2: NBL/ary QC: NBL/tkj T1: NBL

January 21, 1999 9:56 Annual Reviews AR078-02

48 WALDMANN & TAGAYA

vivo. Biochem. Biophys. Res. Commun.
233:231–37

114. Lee YB, Satoh, J, Walker DG, Kim SU.
1996. Interleukin-15 gene expression in
human astrocytes and microglia in cul-
ture.Neuroreport7:1062–66

115. Hanisch U-K, Lyons SA, Prinz M, Nolte
C, Weber JR, Kettenmann H, Kirchhoff
F. 1997. Mouse brain microglia express
interleukin-15 and its multimeric recep-
tor complex functionally coupled to Janus
kinase activity.J. Biol. Chem.272:28853–
60

116. Stevens AC, Matthews J, Andres P, Baffis
V, Zheng XX, Chae D-W, Smith J, Strom
TB, Maslinski W. 1997. Interleukin-15
signals T84 colonic epithelial cells in the
absence of the interleukin-2 receptorβ-
chain.Am. J. Physiol.272:G1201–8

117. Feldmann M, Brennan FM, Maini RN.
1996. Role of cytokines in rheumatoid
arthritis. Annu. Rev. Immunol.14:397–
440

118. Oppenheimer-Marks N, Brezinschek RI,
Mohamadzadeh M, Vita R, Lipsky
PE. 1998. Interleukin 15 is produced
by endothelial cells and increases the
transendothelial migration of T cells in
vitro and in the SCID mouse-human
rheumatoid arthritis model in vivo.J.
Clin. Invest.101:1261–72

119. Kirman I, Nielsen OH. 1996. Increased
numbers of interleukin-15-expressing
cells in active ulcerative colitis.Am. J.
Gastroenterol.91:1789–94

120. Kakumu S, Okumura A, Ishikawa T, Yano
M, Enomoto A, Nishimura H, Yoshioka
K, Yoshikai Y. 1997. Serum levels of IL-
10, IL-15 and soluble tumour necrosis
factor-alpha (TNF-α) receptors in type C
chronic liver disease.Clin. Exp. Immunol.
109:458–63

121. Agostini C, Trentin L, Facco M, Sancetta
R, Cerutti A, Tassinari C, Cimarosto L,
Adami F, Cipriani A, Zambello R, Se-
menzato G. 1996. Role of IL-15, IL-2 and
their receptors in the development of T
cell alveolitis in pulmonary sarcoidosis.
J. Immunol.157:910–18

122. Kivisakk P, Matusevicius D, He B, Soder-
strom M, Fredrikson S, Link H. 1998. IL-
15 mRNA expression is up-regulated in
blood and cerebrospinal fluid mononu-
clear cells in multiple sclerosis (MS).
Clin. Exp. Immunol.111:193–97

123. Yodoi J, Takatsuki K, Masuda T. 1974.
Two cases of T-cell chronic lymphotropic
leukemia in Japan.New Engl. J. Med.
290:572–73

124. Jacobson S, Zaninovic V, Mora O,
Rodgers-Johnson P, Sheremata WA,

Gibbs CJ Jr, Gajdusek C, McFarlin DE.
1988. Immunological findings in neuro-
logical diseases associated with antibod-
ies to HTLV-I: activated lymphocytes in
tropical spastic paraparesis.Ann Neurol
23:196s–200s (Suppl.)

125. Tendler CL, Greenberg SJ, Blattner WA,
Manns A, Murphy E, Fleisher T, Han-
chard B, Morgan O, Burton JD, Nelson
DL, Waldmann TA. 1990. Transactivation
of interleukin-2 and its receptor induces
immune activation in HTLV-I associated
myelopathy: pathogenic implications and
a rationale for immunotherapy.Proc.
Natl. Acad. Sci. USA87:5218–22

126. Yamada Y, Sugawara K, Hata T, Tsuruta
K, Moriuchi R, Maeda T, Atogami S, Mu-
rata K, Fujimoto K, Kohno T, Tsukasaki
K, Tomonaga M, Hirakata Y, Kamihira S.
1998. Interleukin-15 (IL-15) can replace
the IL-2 signal in IL-2-dependent adult T-
cell leukemia (ATL) cell lines: expression
of IL-15 receptorα on ATL cells.Blood
91:4265–72

127. Migone TS, Lin JX, Cereseto A, Mul-
loy JC, O’Shea JJ, Franchini G, Leonard
WL. 1995. Constitutively activated Jak-
STAT pathway in T cells transformed with
HTLV-I. Science269:79–81

128. Xu X, Kang SH, Heidenreich O, Oker-
holm M, O’Shea JJ, Nerenberg MI. 1995.
Constitutive activation of different Jak ty-
rosine kinases in human T cell leukemia
virus type 1 (HTLV–1) tax protein or
virus-transformed cells.J. Clin. Invest.
96:1548–55

129. Kacani L, Stoiber H, Dierich MP. 1997.
Role of IL-15 in HIV-1-associated hy-
pergammaglobulinemia.Clin. Exp. Im-
munol.108:14–18

130. Chehimi J, Marshall JD, Salvucci O,
Frank I, Chehimi S, Kawecki S, Bacheller
D, Rifat S, Chouaib S. 1997. IL-15 en-
hances immune functions during HIV in-
fection.J. Immunol.158:5978–87

131. Barzegar C, Meazza R, Pereno R, Pottin-
Clemenceau C, Scudeletti M, Brouty-
Boye D, Doucet C, Taoufik Y, Ritz J,
Musselli C, Mishal Z, Jasmin C, Indi-
veri F, Ferrini S, Azzarone B. 1998. IL-
15 is produced by a subset of human
melanomas, and is involved in the reg-
ulation of markers of melanoma progres-
sion through juxtacrine loops.Oncogene
16:2503–12

132. Zambello R, Facco M, Trentin L, Sancetta
R, Tassinari C, Perin A, Milani A,
Pizzolo G, Rodeghiero F, Agostini C,
Meazza R, Ferrini S, Semenzato G. 1997.
Interleukin-15 triggers the proliferation
and cytotoxicity of granular lymphocytes

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



       

P1: APR/MBG P2: NBL/ary QC: NBL/tkj T1: NBL

January 21, 1999 9:56 Annual Reviews AR078-02

IL-15 AND ITS RECEPTORS 49

in patients with lymphoproliferative dis-
ease of granular lymphocytes.Blood89:
201–11

133. Pavlakis M, Strehlau J, Lipman M,
Shapiro M, Maslinski W, Strom TB. 1996.
Intragraft IL-15 transcripts are increased
in human renal allograft rejection.Trans-
plantation62:543–45

134. Manfro RC, Roy-Chaudhury P, Zheng
XX, Steiger J, Nickerson PW, Li Y, Mas-
linski W, Strom TB. 1997. Interleukin-
15 gene transcripts are present in reject-
ing islet allografts.Transplantation Proc.
29:1077–78

135. Kim YS, Maslinski W, Zheng XX,
Stevens AC, Li XC, Tesch GH, Kelly
VR, Strom TB. 1998. Targeting the IL-
15 receptor with an antagonist IL-15
mutant/Fcγ2aprotein blocks delayed-type
hypersensitivity.J. Immunol.160:5742–
48

136. Waldmann TA. 1993. The IL-2/IL-2 re-
ceptor system: a target for rational im-
mune intervention.Immunol. Today14:
264–70

137. Waldmann TA, White JD, Goldman CK,
Top L, Grant A, Bamford R, Roessler E,
Horak ID, Zaknoen S, Kasten-Sport`es C,
England R, Horak E, Mishra B, Dipre M,
Hale P, Fleisher TA, Junghans RP, Jaffe
ES, Nelson DL. 1993. The interleukin-
2 receptor: a target for monoclonal an-
tibody treatment of human T-cell lym-
photropic virus I–induced adult T-cell
leukemia.Blood82:1701–12

138. Waldmann TA, White JD, Carrasquillo
JA, Reynolds JC, Paik CH, Gansow OA,
Brechbiel MW, Jaffe ES, Fleisher TA,

Goldman CK, Top L, Bamford RN, Za-
knoen S, Roessler E, Kasten-Sport`es C,
England R, Litou H, Johnson JA, Jackson-
White T, Manns A, Hanchard B, Junghans
RP, Nelson DL. 1995. Radioimmunother-
apy of interleukin-2Rα-expressing adult
T-cell leukemia with yttrium-90-labeled
anti-Tac.Blood86:4063–75

139. Vincenti F, Kirkman R, Light S, Bum-
gardner G, Pescovitz M, Halloran P, Ney-
lan J, Wilkinson A, Ekberg H, Gaston R,
Backman L, Burdick J. 1998. Interleukin-
2-receptor blockade with daclizumab to
prevent acute rejection in renal transplan-
tation. Daclizumab Triple Therapy Study
Group.New Engl. J. Med.338:161–65

140. Tinubu SA, Hakimi J, Kondas JA, Bailon
P, Familletti PC, Spence C, Crittenden
MD, Parenteau GL, Dirbas FM, Tsudo M,
Bacher JD, Kasten-Sport`es C, Martinucci
JL, Goldman CK, Clark RE, Waldmann
TA. 1994. Humanized antibody directed
to the IL-2 receptorβ chain prolongs
primate cardiac allograft survival.J. Im-
munol.153:4330–38

141. Tsudo M, Goldman CK, Bongiovanni KF,
Chan WC, Winton EF, Yagita M, Grim
EA, Waldmann TA. 1987. The P75 pep-
tide is the receptor for interleukin 2 ex-
pressed on large granular lymphocytes
and is responsible for the interleukin 2 ac-
tivation of these cells.Proc. Natl. Acad.
Sci. USA84:5394–98

142. Yoon HJ, Sugamura K, Loughran TP
Jr. 1990. Activation of leukemic large
granular lymphocytes by interleukin-2 via
the p75 interleukin-2 receptor.Leukemia
4:848–50

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



           Annual Review of Immunology
          Volume 17, 1999

CONTENTS
Discovering the Origins of Immunological Competence, Jacques F. A. P. 
Miller 1

Multifaceted Regulation of IL-15 Expression and Its Role in NK Cell 
Differentiation & Host Response to Intracellular Pathogens, T. A. 
Waldmann, Y. Tagaya

19

Immunodominance in Major Histocompatibility Complex Class I- 
Restricted T Lymphocyte Responses, Jonathan W. Yewdell, Jack R. 
Bennink

51

Integration of TCR-Dependent Signaling Pathways by Adapter Proteins, 
James L. Clements, Nancy J. Boerth, Jong Ran Lee, Gary A. Koretzky 89

Evolution of Antigen Binding Receptors, Gary W. Litman, Michele K. 
Anderson, Jonathan P. Rast 109

Transcriptional Regulation of T Lymphocyte Development and Function, 
Chay T. Kuo, Jeffrey M. Leiden 149

Natural Killer Cells in Antiviral Defense: Function and Regulation by 
Innate Cytokines, Christine A. Biron, Khuong B. Nguyen, Gary C. Pien, 
Leslie P. Cousens, Thais P. Salazar-Mather

189

Mature T Lymphocyte Apoptosis--Immune Regulation in a Dynamic and 
Unpredictable Antigenic Environment, Michael Lenardo, Francis Ka-
Ming Chan, Felicita Hornung, Hugh McFarland, Richard Siegel, Jin 
Wang, Lixin Zheng

221

Immunologic Basis of Antigen-Induced Airway Hyperresponsivenes,  
Marsha Wills-Karp 255

Regulation of T Cell Fate by Notch, Ellen Robey 283

The CD1 System: Antigen Presenting Molecules for T Cell Recognition 
of Lipids and Glycolipids, Steven A. Porcelli, Robert L. Modlin 297

Tumor Necrosis Factor Receptor and Fas Signaling Mechanisms, D. 
Wallach, E. E. Varfolomeev, N. L. Malinin, Yuri V. Goltsev, A. V. 
Kovalenko, M. P. Boldin

331

Structural Basis of T Cell Recognition, K. Christopher Garcia, Luc 
Teyton, Ian A. Wilson 369

Development and Maturation of Secondary Lymphoid Tissues, Yang-Xin 
Fu, David D. Chaplin 399

The Structural Basis of T Cell Activation by Superantigens, Hongmin Li, 
Andrea Llera, Emilio L. Malchiodi, Roy A. Mariuzza 435

The Dynamics of T Cell Receptor Signaling: Complex Orchestration and 
the Key Roles of Tempo and Cooperation, Ronald N. Germain, Irena 
Stefanová

467

The Regulation of CD4 and CD8 Coreceptor Gene Expression During T 
Cell Development, Wilfried Ellmeier, Shinichiro Sawada, Dan R. Littman 523

Genetic Analysis of B Cell Antigen Receptor Signaling, Tomohiro 
Kurosaki 555

Mechanisms of Phagocytosis in Macrophages, Alan Aderem, David M. 
Underhill 593

Population Biology of HIV-1 Infection: Viral and CD4+ T Cell 
Demographics and Dynamics in Lymphatic Tissues, A. T. Haase 625

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Chemokine Receptors as HIV-1 Coreceptors: Roles in Viral Entry, 
Tropism, and Disease, Edward A. Berger, Philip M. Murphy, Joshua M. 
Farber

657

The IL-4 Receptor: Signaling Mechanisms and Biologic Functions, Keats 
Nelms, Achsah D. Keegan, José Zamorano, John J. Ryan, William E. 
Paul

701

Degradation of Cell Proteins and the Generation of MHC Class I-
Presented Peptides, Kenneth L. Rock, Alfred L. Goldberg 739

The Central Effectors of Cell Death in the Immune System, Jeffrey C. 
Rathmell, Craig B. Thompson 781

Selection of the T Cell Repertoir, Eric Sebzda, Sanjeev Mariathasan, 
Toshiaki Ohteki, Russell Jones, Martin F. Bachmann, Pamela S. Ohashi 829

Regulation of Immune Responses Through Inhibitory Receptors, Eric O. 
Long 875

The Wiskott-Aldrich Syndrome Protein (WASP): Roles in Signaling and 
Cytoskeletal Organization, Scott B. Snapper, Fred S. Rosen 905

The High Affinity IgE Receptor (Fc Epsilon RI): From Physiology to 
Pathology, Jean-Pierre Kinet 931

THE CRYSTAL STRUCTURE OF THE HUMAN HIGH-AFFINITY 
IgE RECEPTOR (Fc epsilon RI alpha),  Scott C. Garman, Jean-Pierre 
Kinet, Theodore S. Jardetzky 973

A
nn

u.
 R

ev
. I

m
m

un
ol

. 1
99

9.
17

:1
9-

49
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 L

om
on

os
ov

 M
os

co
w

 S
ta

te
 U

ni
ve

rs
ity

 o
n 

02
/1

0/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.


