
F, recipient mice were injected intraperitoneally 
with the NKI .I monoclonal antibody PK136 to 
inhibit Hh barrier rejection (9) Bone marrow of 
either female BALBlc or C57BU6 mice was de- 
pleted of T cells with monoclonal antibody (mAb) 
J l j  (anti-Thy-I), rnAb C3PO (anti-CD2), rnAb 
RL172 (anti-CD4), and mAb 3,155 (anti-CD8). 
Approximately 2 x l o 6  to 4 x l o 6  bone marrow 
cells were injected into recipient F, mice. Four 
months after the bone marrow reconstitution, one 
mouse from each of the two bone marrow con- 
structs was killed. Splenocytes were stained for 
MHC class II molecules I-Ed and I-Ab with rnAb 
14.4.4 [immunoglobulin G2a (IgG2a)l and rnAb 
Y-3P (IgGea), respectively, to confirm complete 
reconstitution with donor bone marrow. The 
CT26,NP cell line was produced by infection of 
CT26 with a Moloney-based defective recombi- 
nant retrovirus, provided by E. Gilboa [J. V. Fet- 
ten, N. Roy, E. Gilboa, J. Immunol. 147, 2697 
(1991)], containing the NP gene from the PR8 
influenza strain and a neomycin-resistance gene. 
Infected cultures were selected in G418 (400 
pglml). Individual colonies were tested for NP 
expression by NP rnAb staining and lysis by NP + 
H-2Kd-specific CTL lines. A clone positive for 
both antibody staining and lysis was chosen for 
further experiments. Cells (1 x l o 6  CT26.NP + 1 
x 1 O6 CT26 wild-type or 1 x 1 O6 CT26.NP + 1 x 
1 O6 CT26.GM-CSF) were irradiated (50 Gy) and 
injected subcutaneously in the left flank of the 
chimeras. Spleens were removed from the mice 
2 weeks after the initial immunization, and sple- 
nocytes were cultured in vitro with either 
NP(147-155) peptide or NP(366-374) peptide 
in the presence of interleukin-2 and splenocytes 
from a (BALBlc x C57BLi6)F1 mouse. After a 
7-day in vitro incubation, the splenocytes were 
harvested and plated in triplicate on a 96-well 
V-bottom microtiter plate at various effector-to- 
target ratios. Surrogate target cells, P815(H-Zd) 
and MC57G(H-Zb), were labeled with 51Cr and 
added to the effector cells (3000 cellslwell) in the 
presence of synthetic NP(147-155) peptide (500 
pglml) or NP(366-374) peptide (50 pgiml). After 
4-hour incubation of the cell mixture at 37°C and 
in 5% CO,, the media were harvested and 
counted on a gamma counter. 
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Cloning of a T Cell Growth Factor That Interacts 
with the p Chain of the Interleukin-2 Receptor 
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A cytokine was identified that stimulated the proliferation of T lymphocytes, and a com- 
plementary DNA clone encoding this new T cell growth factor was isolated. The cytokine, 
designated interleukin-1 5 (IL-15), is produced by a wide variety of cells and tissues and 
shares many biological properties with IL-2. Monoclonal antibodies to the 6 chain of the 
IL-2 receptor inhibited the biological activity of IL-15, and IL-15 competed for binding with 
IL-2, indicating that IL-15 uses components of the IL-2 receptor. 

T h e  proliferation and differentiation of T 
lymphocytes is regulated by cytokines that 
act in combination with signals induced by 
the engagement of the T cell antigen recep- 
tor. A principal cytokine used by T cells 
during immune responses is IL-2 ( I  ) , itself a 
product of activated T cells. IL-2 also stim- 
ulates a number of other cell types, includ- 
ing B cells, monocytes, lymphokine-acti- 
vated killer cells, natural killer cells, and 
glioma cells (2). IL-2 interacts with a spe- 
cific cell surface receptor (IL-ZR) that con- 
tains at least three subunits, a, p, and y 
(3). A number of other cytokines also 
stimulate the proliferation of T cells, and 
recent evidence has suggested that the re- 
ceptors for several of these eytokines in- 
clude the y chain of IL-2R (4). We describe 
a cytokine whose biological activity resem- 
bles that of IL-2 and which also uses com- 
ponents of IL-2R. 

In the course of testing supernatants 
from a simian kidney epithelial cell line, 
CV-l/EBNA (5), for cytokine activity, it 
was discovered that these cells produced a 
soluble factor capable of supporting prolif- 
eration of the IL-2-dependent cell line, 
CTLL (6). The protein responsible for this 
biological activity was purified from serum- 
free supernatants of CV-l/EBNA cells 
by a combination of hydrophobic interac- 
tion and anion-exchange chromatography, 
high-pressure liquid chromatography 

lmmunex Research and Development Corporation, 51 
University Street, Seattle, WA 98101, USA. 

(HPLC), and SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (Fig. lA, bot- 
tom). Analysis of the biological activity in 
the final HPLC fractions (Fig. lA, top) and 
in horizontal slices of the SDS-PAGE gel 
(Fig. 1B) indicated that the activity coin- 
cided with a band of approximately 14 to 15 
kD. This protein was blotted to a polyvi- 
nylidene difluoride (PVDF) membrane, and 
the NH,-terminal residues were directly 
sequenced. We used degenerate oligonucle- 
otide primers on the basis of this amino acid 
sequence and the polymerase chain reac- 
tion (PCR) to clone a 92-base pair (bp) 
complementary DNA (cDNA) fragment 
from mRNA of CV-l/EBNA cells. This 
cloned cDNA fragment was used to probe a 
plasmid library containing cDNA inserts 
prepared from mRNA of CV-l/EBNA cells. 
A full-length cDNA clone was obtained that 
encodes a 162-amino acid precursor polypep- 
tide containing an unusually long 48-amino 
acid leader sequence that is cleaved at the 
experimentally determined NH2-terminus to 
form the mature protein. The amino acid 
sequence (Fig. 1C) exhibits no similarity to 
any protein in GenBank or EMBL databases. 
However, IL-15 and IL-2 sequences were 
compared to determine if there might be 
structural similarities. The three-dimensional 
(3D) structure of IL-2 (7) consists of a four- 
helix bundle, and IL-2 belongs to the helical 
cytokine family (8). Although the members 
of this family show no sequence similarity, 
they show many structural similarities, and 
IL-15 is no exception. The secondary struc- 
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ture prediction for IL15 shows strong helical 
moment for regions 1 to 17 and 94 to 112 and 
supports a four-helix bundle-like structure for 
this protein. We used the IL-2 structure as a 
template to build a 3D model of IL-15 with 
FOLDER, a distance geometry-based homol- 
ogy modeling package (9). The model sug- 
gests two disulfide cross-links one of which, 

Fig. 1. Purification and cloning of 11-15. (A) 
(lower panel) Silver-stained gel after SDS- 
PAGE of active fractions from the final HPLC of 
the 11-15 purification (17). Molecular sizes are 
indicated on the left (in kilodaltons). (Upper 
panel) The activity of each HPLC fraction is 
graphed directly above the corresponding lane 
of the gel. (B) The activity eluted from each 
horizontal slice (of a similar gel of the peak 
fraction) is depicted alongside the correspond- 
ing position on the gel. (C) The deduced amino 
acid sequence of mature simian 11-15 (18) in a 
schematic representing its predicted folding 
topology, with four helices (boxed sequences) 
in an up-up-down-down configuration, three 
loops connecting the helices (shaded se- 
quences), and two disulfide crosslinks (darker 
shading), as suggested by homology modeling 
of 11-15 with the crystal structure of 11-2 as 
template with use of the FOLDER program (9). 
The sequence of simian 11-15 has been sub- 
mitted to GenBank-EMBL (accession number 
U03099). Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, 
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I ,  Ile; 
K, Lys; 1, Leu; M,  Met; N, Asn; P, Pro; Q, Gln; S, 
Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

Cys42-Cys88, is analogous to the only disulfide 
in IL-2. 

Northern (RNA) blot analysis of a variety 
of human cell lines identified the IMTLH 
bone marrow stromal cell line as a source of 
human IL-15. The simianderived cDNA was 
used to probe an IMTLH cDNA library. A 
single hybridizing clone was isolated that 
shares 97% sequence identity in the ccdiig 
region with the simian IL-15 cDNA. The 
human IL-15 cDNA contains a 316-bp 5' 
noncoding region preceding an open reading 
frame of 486 bp and a 40041 3' noncoding 
region. 

Expression of IL-15 mRNA was detected 
by Northern blot analysis of several human 
tissues. IL-15 mRNA was most abundant in 
placenta and skeletal muscle (Fig. 2A), 
with detectable levels in heart, lung, liver, 
and kidney. The best sources of IL-15 
mRNA so far observed have been adherent 
peripheral blood mononuclear cells [mono- 
cyte enriched (PBMCs)] and epithelial and 
fibroblast cell lines such as CV-l/EBNA 
and IMTLH. Freshly isolated, uncultured 
PBMCs (Fig. 2B) also express very low 
levels of IL-15 mRNA. Activated peripher- 
al blood T cells (PBTs), a rich source of 

IL-2 and IFN-y mRNA, express no detect- 
able IL-15 mRNA, nor do B lymphoblas- 
toid cell lines such as MP-1. 

Simian IL-15 was expressed in yeast 
from a cDNA in which the 5' untranslated 
sequences and the 48-amino acid leader 
sequence had been removed. Purified re- 
combinant simian IL-15 stimulated the pro- 
liferation of CTLL cells (Fig. 3A) and also 
phytohemagglutinin (PHA)-activated PBTs 
(Fig. 3B), in each case to the same extent 
and with similar potency as IL-2. Doth the 
CD4+ and CD8+ subsets of PBTs responded 
to IL-15 after activation with PHA (Fig. 3, 
C and D). IL-15 was also found to stimulate 
the proliferation of murine antigen-specific 
T cell clones, including helper and cytotoxic 
clones (1 0). 

In addition to stimulating the prolifer- 
ation of CTLL cells and PBTs, IL-15, like 
IL-2, induces the generation of cytolytic 
effector cells in vitro (Fig. 4A). The pri- 
mary in vitro induction of alloantigen- 
specific cytotoxic T lymphocytes (CTLs) 
was measured in mixed leukocyte cultures. 
Non-antigen-specific lymphokine-activat- 
ed killer (LAK) cells were generated in 
syngeneic cultures of PBMCs. IL-15 was at 

Fig. 2. Northern analysis of human cells and A - U " B  
V) 

tissues for 11-15 mRNA. Northern blots contain- 
ing polyadenylated RNAs were hybridized with ", m - 

m m  
I 

an antisense probe made by transcription of a .=.= z m L = 5 g  @ 3 a ' z 4 = , $ E s s  - + z + s z  
human 11-15 cDNA (19). (A) Human tissue blot I ~ L - I - I L O X L  -- z Z E ? e g z  
(Clontech, Palo Alto, California). Molecular siz- 7.5- 285- 
es are indicated on the left (in kilobases). (B) 4.4- - 1.. 

Blot containing RNA from CV-11EBNA cells 
(simian) and human cells including IMTLH 2.4- 6 185- 
cells, a cell line derived from human bone 
marrow stromal cell culture transformed with 
pSV3Neo; PBM, adherent peripheral blood 
mononuclear cells greatly enriched for mono- 
cytes, cultured for 4 hours in lipopolysaccharide; PBT (E-rosetted) stimulated for 4 hours with 
ionomycin and PMA; PBMC, freshly isolated uncultured peripheral blood mononuclear cells; and 
MP-1, an EBV-transformed B lymphoblastoid cell line. Cross-hybridization of the 11-15 probe is also 
seen to 28s ribosomal RNA. 

Fig. 3. Regulation of proliferation 
15800 CD4+ PBT l5fj;&, by 11-15, Purified recombinant 

simian 11-15 (20) was compared 
to human recombinant 11-2 (Ce- - tus Oncology Corporation, Em- 

E 
8 eryville, California), at various 
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least as potent and effective as IL-2 in 
these assays. 

The similar biological properties of IL- 
15 and IL-2 suggested that IL-15 might 
function by inducing the production of IL-2 
or by using the same receptor. A neutraliz- 
ing antibody to IL-2 did not inhibit the 
induction of LAK cells by IL-15 (Fig. 4B), 
indicating that IL-15 probably does not 
function in this assay by inducing IL-2. 
Furthermore, an antibody to IL-2Ra (anti- 
IL-2Ra) (2A3) failed to inhibit IL-15- 
induced proliferation of PHA-activated 

Fig. 4. lnhibition of IL- 
15 biological activities 
by antibodies to IL- 
2Rp. (A) Cytolytic activ- 
ity (lytic units) from hu- 
man mixed leukocyte 
cultures (CTL) or syn- 
genelc cultures (LAK) 
containing various con- 
centrations of cytokine 
was measured (21) 
against either the spe- 
clfic allogeneic target 
cell (CTL) or against the 
Daudi lymphoblastoid 
cell line (LAK). (6) Cy- 
tolytic activity from cul- 
tures ~arallel to those in 

PBMCs (PHA-PBMCs) , although this an- 
tibody inhibited IL-2-induced proliferation 
(Fig. 4C). This is further evidence that 
IL-15 can function in the absence of IL-2. 
The antibody to IL-2 did, however, inhibit 
induction of CTLs by IL-15 from, resting 
PBMCs, indicating that under these condi- 
tions IL-15 either induces IL-2 or synergizes 
with the low level of endogenously pro- 
duced IL-2 to induce functional T cells. 

To further compare IL-2 and IL-15, we 
examined the binding of radiolabeled IL-2 
and IL-15 to PHA-activated PBMCs (Fig. 

PHA-PBMC 
c 0 5.000 10.000 15.000 

None 

r TU27 

T U l l  
4 

Mikpl 

2A3 

B 0 50 100 150 200 D CTLL 

= 0 
Mikpl LAK 5 

Anti-IL-2 2 1.9 

Non 

(A) bontaining Mikpl ~ n t i - l L - 2 b  , , , 1 5 301 , , , 1 
anti-IL-2Rp (10 pglml) 0 100 200 300 400 0 1,800 3,600 5,400 7,200 
or sheep anti-IL-2 (1 00 Lylic units 13~1~hymid ine  incorporation (cpm) 
~ q l m l )  in the presence 
ofeither IL-2 or IL-15 (10 nglml). (C) Proliferation of PHA-stimulated PBMCs (16) recultured with the 
~ndicated antibodies to IL-2Rp (each at 10 pglml), Mikpl, TU27, and TU11 (22), or to IL-2Ra, 2A3 
(22), in the presence of IL-2 (top y axis) or IL-15 (bottom y axls) (each at 3 nglml). *The mean is 
different than "none" at the 0.05 level according to Dunnett's procedure for comparing several 
treatments with a control (23). The data represent the means of four replicate cultures, and the 
experiment shown is representative of at least five experiments using these and other antibodies to 
IL-2Rp. (D) Proliferation of CTLL cells cultured with various concentrations of anti-IL-2Rp (Pharmin- 
gen, San Diego, California) in the presence of IL-2 or IL-15 (each at 0.1 nglml). The response of the 
CTLL cells to IL-4 was unaffected by this antibody. Shaded bars, IL-2; hatched bars, IL-15. 

Fig. 5. (left) Compari- 
son of '"51-IL-15 and 
lZ51-IL-2 binding to 
PHA-activated PBMCs 
(24). Scatchard repre- 
sentation of the binding 
data. Fig. 6. (top, 
right) lnhibition of lZ51- 

IL-2 binding to YT cells 
by IL-15. Bindlng of ra- 
diolabeled IL-2 to YT 
cells (25) was carried 
out in the presence of 
increasing concentra- 
tlons of unlabeled IL- 0 'b 0 1000 2000 
15. Cells were first incu- 
bated with the 2A3 an- Bound (rnoleculesRell) 

tibody to IL-2Ra for 60 
min, 4°C at 40 pglml. 1251-IL-2 was used at a concentration of 
5 x 10-lo M Fig. 7 .  (bottom, right) 32D cells respond to 
IL-2 but not to IL-15. 32D cells were cultured at 50,000 cells 
per culture In the presence of various concentrations of IL-2 
or IL-15. 

Cytokine (nglml) 

5). Scatchard analysis indicated that IL-2 
binding to these cells shows the well-known 
two classes of high- [dissociation constant 
(Kd) = 1.48 x MI and low-affinity 
receptors, but IL-15 appears to have only a 
single high-affinity [Kd = 2.5 x MI 
binding site. The number of IL-15 receptors 
per cell is very similar to the number of 
high-affinity IL-2 receptors (573 and 426 
sites per cell, respectively). To test whether 
subunits of IL-2R might participate in IL-15 
binding, we measured the ability of IL-15 to 
inhibit binding of radiolabeled IL-2 to re- 
ceptors on the human YT cell line (I I ) .  
The YT cell line was chosen because of the 
low expression of IL-2Ra on these cells. 
1L-15 very effectively competes with IL-2 
for binding to YT cells (Fig. 61, suggesting 
that IL-2 and IL-15 share common binding 
sites on these cells. IL-I and IL-4, both of 
which bind to their own sites on YT cells, 
failed to compete for IL-2 binding. Experi- 
ments with blocking monoclonal antibodies 
confirmed the participation of IL-2R chains 
in IL- 15 binding and function. Whereas the 
anti-IL-2Ra did not inhibit IL-15-induced 
proliferation of T cells, antibodies to IL- 
2RP inhibited all activities of IL-15, in- 
cluding the generation of LAK cells and 
CTLs (Fig. 4B) and the proliferation of 
PHA-PBMCs (Fig. 4C) and CTLL cells 
(Fig. 4D). Antibodies to IL-2RP, such as 
TU27, have been shown to neutralize IL- 
2-dependent T cell poliferation (such as in 
Fig. 4C) only when combined with anti- 
IL-2Ra (12). These antibodies to IL-2RP 
consistently inhibit IL-15 more effectively 
than they inhibit IL-2. In fact, even anti- 
bodies like TU11, which do not inhibit 
IL-2 under any circumstances (1 31, will 
inhibit IL- 15, suggesting that IL- 15 binds to 
IL-2RP differently than does IL-2. These 
data confirm that stimulation by IL-15 re- 
quires interaction of IL-15 with compo- 
Gents of IL-2R, including IL-2RP and prob- 
ably IL-2Ry, but not IL-2Ra. 

Although some activities are shared by 
IL-2 and IL-15, there are also differences 
between the biological effects of the two 
cytokines. For example, the IL-3-depen- 
dent cell line, 32D (14), expresses the 
complete IL-2R and proliferates vigorously 
in response to IL-2, but responded poorly or 
not at all to IL-15 (Fig. 7). These data 
suggest that IL-15 may use another receptor 
component not shared by IL-2R and not 
expressed by 32D cells. Thus, there are 
likely to be biological activities of IL-15 not 
shared by IL-2. 
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firmed by amino acid analysis. 
21. Human PBMCs from one donor (5 x 105 per 

culture) were cultured with irradiated PBMCs (5 x 
105 per culture) from either an allogeneic donor 
(CTL) or from the autologous donor (LAK) in 
cultures containing various concentrations of ei­
ther IL-2 or IL-15, or no cytokine. Cultures were 
done as described [M. B. Widmer et ai, J. Exp. 
Med. 166,1447 (1987)] and harvested after 6 days 
(LAK) or 7 days (CTL) and assayed for cytolytic 
activity against 51Cr-labeled targets. The lysis as­
say contained various numbers of the responding 
peripheral blood lymphocytes cultured with 1000 
labeled targets in 200 |xl of medium in V-bottomed 
wells, and supernatants were collected after 4 
hours of incubation. Lytic units were calculated as 
the inverse of the fraction of the responding culture 
required to generate 50% (CTL) or 30% (LAK) of 
the maximum specific 51Cr release. 

22. Mik(31 was purchased from Nichirei Corp., Tokyo, 
Japan; TU11 and TU27 were provided by K. 
Sugamura, Sendai, Japan; 2A3 was produced at 
Immunex. 

23. C. W. Dunnett, J. Am. Stat. Assoc. 50, 1096 
(1955). 

The establishment of correct segmental 
identity in Drosophila melanogaster requires 
the proper function and expression of genes 
located in the antennapedia and bithorax 
complexes [reviewed in (1-3)]. In the bitho­
rax complex, loss-of-function mutations typ­
ically result in transformations of posterior 
segments toward more anterior fates, where­
as the ectopic activation of homeotic genes 
along the anterior-posterior axis produces 
dominant, gain-of-function phenotypes in 
which anterior segments are transformed 
toward more posterior identities (4-8). The 
initial activation of homeotic gene expres­
sion appears to be regulated by the segmen-
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24. Activated PBMCs (16) were incubated for 2 hours 
in medium without PHA or growth factors. IL-15 
and IL-2 binding were carried out at 4°C for 60 
min in RPMI 1640 containing 3% bovine serum 
albumin and 0.1% NaN03. IL-2 and IL-15 were 
radiolabeled as described [L. Park et ai, J. Biol. 
Chem. 261, 4177 (1986)] and retained biological 
activity. Preliminary experiments established that 
equilibrium binding was obtained under these 
conditions (J. Giri and M. Ahdieh, personal com­
munication). 

25. YT cells used are a subclone of the human NK-like 
YT cell line and were provided by M. Caligiuri, 
Roswell Park Memorial Institute, Buffalo, NY. 
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tation gene products (9-15). For example, 
mutations in the gap gene hunchback (hb) 
result in an anterior shift of Ubx expression 
(12), whereas mutations in Kriippel, knirps, 
and giant cause ectopic activation of Abd-B 
(13-16). In several cases, incomplete ho­
meotic regulatory elements containing hb 
binding sites have been shown to confer 
spatially restricted patterns of gene expres­
sion when positioned next to a LacZ reporter 
gene (9-11). However, as a result of the 
large size of homeotic regulatory regions (50 
to 100 kb), the precise roles of these indi­
vidual elements within the context of a 
complete regulatory domain has remained 
elusive. 

We have studied the Hab-l and Hab-2 
mutations, two gain-of-function alleles that 
ectopically express the abd-A protein 
(ABD-A). The Hab-l and Hab-2 alleles 
were discovered by E. B. Lewis and I. 
Duncan, respectively, and Lewis has pro­
posed that they likely affect a homeotic 
regulatory element (4, 15). The Hab muta­
tions cause dominant transformations of 
portions of T3 toward A2 as a result of 
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In Drosophila, the misexpression or altered activity of genes from the bithorax complex 
results in homeotic transformations. One of these genes, abd-A, normally specifies the 
identity of the second through fourth abdominal segments (A2 to A4). In the dominant 
Hyperabdominal mutations (Hab), portions of the third thoracic segment (T3) are trans­
formed toward A2 as the result of ectopic abd-A expression. Sequence analysis and 
deoxyribonuclease I footprinting demonstrate that the misexpression of abd-A in two 
independent Hab mutations results from the same single base change in a binding site for 
the gap gene Kruppel protein. These results establish that the spatial limits of the homeotic 
genes are directly regulated by gap gene products. 


