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ABSTRACT The molecular mechanism of signal transduc-
tion through the interleukin 2 (IL-2) receptor remains an
enigma. Glycosylphosphatidylinositol (GPI) lipids were inves-
tigated as one component of this process. IL-2 stimulated the
rapid (30 sec) loss of >50% ofGPI in the IL-2-dependent T-cell
line CTLL-2. Half-maximal GPI loss was detected at 40 pM
IL-2, coincident with the EC50 (20 pM) for IL-2-induced
proliferation of this cell line. This effect was specifically
inhibited by antibodies that bind either IL-2 or the IL-2
receptor. The loss of GPI was mirrored by the accumulation of
both polar inositolphosphoglycan (IPG) and diacylglycerol
lipid fragments within cells. Increases in lipids were initially
restricted to myristoyl diacylglycerol but were followed by the
accumulation of myristoyl phosphatidic acid. These results are
indicative of IL-2-dependent hydrolysis of GPI in T cells. The
biological relevance of this hydrolysis was demonstrated by
synergism of purified IPG with IL-2 in T-cell proliferation
responses. The inclusion of IPG (0.1 IAM) in determinations of
IL-2-dependent CTLL-2 growth shifted the EC50 from 20 to 7
pM IL-2. IPG had no effect on either the number or affinity of
IL-2 receptors; therefore, half-maximal CTLL-2 proliferation
was obtained at <10% IL-2 receptor occupancy. These results
demonstrate that GPI lipids are an important component of the
biological response to IL-2.

The lymphocytotrophic hormone interleukin 2 (IL-2) regu-
lates the metabolism, proliferation, and differentiation of T
lymphocytes (1-5). These events are dependent on the inter-
action of IL-2 with specific, high-affinity IL-2 receptors
(IL-2R). The IL-2/IL-2R system is unique in that high-
affinity receptors are only expressed transiently on T cells as
a consequence of antigen activation (2, 6). The high-affinity
IL-2R is composed of at least two subunits, a (p55) and /3
(p75); however, only the / subunit is necessary for stimu-
lating cycle progression (7-10). The results of both transfec-
tion and cross-linking studies indicate that other structurally
undefined T-cell proteins are also involved in the formation
of a functional IL-2R complex (11, 12). For example, IL-2
binding induces the activation of an IL-2R-associated tyro-
sine kinase (12).

IL-2-dependent regulation of cell cycle progression is
primarily controlled by three variables: IL-2 concentration,
IL-2R density, and the duration ofthe IL-2-IL-2R interaction
(3). The molecular processes that mediate these events
remain unclear. Indeed, it has not been possible to defini-
tively link IL-2R effects with any accepted signal transduc-
tion system (13). It has recently been shown that T cells
contain a family of glycosylphosphatidylinositol (GPI) lipids
that have potent pharmacologic activities (14, 15). An im-
portant function ofGPI relates to their putative role as second
messengers of hormone action. Insulin stimulates the rapid
and concentration-dependent hydrolysis of >50% offree GPI
molecules in myocytes (16), hepatoma cells (17), and T

lymphocytes (14). The products of this reaction are inositol-
phosphoglycan (IPG) and diacylglycerol, indicative of the
activation of endogenous GPI phospholipase C (14, 16-18).
IPGs have potent insulin mimetic effects on glucose utiliza-
tion (19, 20), alter the activities of several insulin-sensitive
enzymes (14, 21-23), and stimulate the proliferation of insu-
lin-dependent cell lines (24). Turnover of GPI has also been
reported following nerve growth factor binding (25). These
observations suggest that GPI lipids may participate in the
regulation of lymphocyte metabolism and proliferation by
IL-2. This hypothesis was investigated by measuring the
effects of IL-2 on GPI turnover, the production of GPI
metabolites, and the biological potency ofGPI metabolites on
T-cell proliferation.

EXPERIMENTAL PROCEDURES
Cell Culture. CTLL-2 clone G5 cells were cultured in

RPMI 1640 medium (GIBCO), with 10% fetal bovine serum,
penicillin/streptomycin (100 ,ug/ml), 4 mM glutamine, 50AM
2-mercaptoethanol, and recombinant IL-2 (10 units/ml) (Am-
gen Biologicals). Proliferation ofCTLL-2 cells in response to
IL-2 (0-1 nM) was determined by [3H]thymidine incorpo-
ration after a 24-hr incubation as described (26). In some
instances, IL-2 proliferation assays were conducted with the
addition of purified IPG (0.1 ,.M) or mock IPG preparation
(equal volume) as described below. IL-2 binding assays were
conducted with 1251I-labeled recombinant IL-2 (2.2 x 106
cpm/pmol; NEN) as described (2, 6). Where indicated in the
text, cells were labeled with either 2.5 ,Ci of [6-3Hlglucos-
amine hydrochloride per ml (33 Ci/mmol; 1 Ci = 37 GBq;
Amersham), 10 ACi of myo-[1-3H]inositol per ml (16.3 Ci/
mmol; Amersham), 5.0 ,Ci of [9,10-3HJmyristic acid per ml
(22.4 Ci/mmol; NEN), or 1.0 ,ACi of [5,6,8,9,11,12,14,15-
3H]arachidonic acid per ml (238 mCi/mmol; NEN). The
integrity of radiolabels following metabolic incorporation
was evaluated by TLC analysis of the products of either acid
(for sugars) or base (for fatty acids) hydrolysis of putative
GPI as described (14). Fidelity was >94% for each label. The
DMS-1 hybridoma (anti-IL-2) was generously provided by K.
Smith (Dartmouth College). The M7/20 hybridoma (anti-IL-
2Ra) was prepared as described (27).

Lipid Isolation and Analysis. CTLL-2 cells were serum
starved for 2 hr in IL-2-free RPMI 1640 medium prior to all
lipid assays. IL-2-free media contained only RPMI 1640
medium in 1% ultrapure bovine albumin (Boehringer Mann-
heim). Aliquots of 5 x 106 labeled cells were incubated with
IL-2 (0-1 nM) for 0-60 min. At the conclusion of incubations,
cells were washed twice in 20 mM NaH2PO4/Na2HPO4/150
mM NaCI and incubated with an equal volume of 10% cold
trichloroacetic acid (TCA). Lipids were extracted from the
resultant TCA pellets by addition of chloroform/methanol/
HCI (1:2:0.004), followed by chloroform/0.1 M KCI (1:1),

Abbreviations: IL-2, interleukin 2; IL-2R, IL-2 receptor; GPI, gly-
cosylphosphatidylinositol; IPG, inositolphosphoglycan; Pi, phos-
phatidylinositol; PI-PLC, P1-specific phospholipase C.
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Table 1. Hydrolysis of lymphocyte GPI

% aqueous
conversion

Treatment GPI PI

PI-PLC (B. thuringiensis) 85* 93*
PI-PLC (human T cell) 86* 94*
PI-PLC (buffer control) 4 3
Sodium nitrite (pH 3.75) 78* 5
Sodium chloride (pH 3.75) 5 6

Lipids were purified from CTLL-2 cells radiolabeled with [3H]i-
nositol and incubated with PI-PLC (1 unit/ml), HNO2 (0.33 M), or
controls. Results are presented as the means of triplicate experiments
and are expressed as percentage initial label that was recovered in the
aqueous phase after treatment and extraction.
*P < 0.001 by Student's t test in comparison to controls.

and finally methanol/0.2 M KCl (1:1) as described (14, 17).
GPI lipids were then purified by sequential separations on
TLC (14). Briefly, GPI lipids were first separated from the
major acidic phospholipids by banding on silica gel G TLC
plates (EM Science) run in the solvent system chloroform/
acetone/methanol/glacial acetic acid/water (50:20:10:10:5).
Lipids were extracted from silica in methanol and reapplied
to a second silica plate developed in the solvent system
chloroform/methanol/NH40H/water (45:45:3.5:10), which
enabled separation of GPI from phosphatidylinositol (PI),
phosphatidylinositol 4-phosphate, and phosphatidylinositol
4,5-bisphosphate. Diacyiglycerol levels were determined by
TLC separation in the solvent hexane/diethyl ether/acetic
acid (70:30:1). Levels of phosphatidic acid were determined
by using the solvent ethyl acetate/isooctane/acetic acid/
water (90:50:20:100).

Sensitivity to PI-specific phospholipase C (PI-PLC) was
determined in the presence of PI-PLC purified from Bacillus
thuringiensis (1 unit/ml; ICN) or an enriched PI-PLC extract
isolated from human T cells (1 unit/ml) in 25 mM Hepes, pH
7.4/100 ,uM CaCl2 for 30 min at 370C (14). It is not currently
possible to distinguish PI versus GPI specificity of the T-cell
lipase preparation. Sensitivity to nitrous acid was determined
by incubation in 50 mM sodium acetate/0.33 M sodium
nitrite, pH 3.75, for 5 hr at room temperature (14). At the
conclusion of these reactions, the aqueous and organic sol-
uble products were separated by extraction in chloroform/
methanol (2:1) and aqueous counts were determined. IPGs
were isolated from the aqueous-phase extracts of PI-PLC-
treated GPI. GPIs were purified from human T lymphocytes
as described above. IPGs were quantified by phosphate
content based on the assumption of one phosphate residue
per molecule (14). Purified IPG (10 ng) was derived from 5 x

108 T cells. IPGs were first separated from uncleaved GPI,
then purified on an analytical Partisil 10 SAX HPLC column
eluted in a linear gradient of 20 mM-1 M triethylamine
formate (pH 4.5) at 1 ml/min as described (25). [3H]Inositol
eluted as a single peak at 15 min. [3H]Glucosamine eluted as
a doublet at 15 (major peak) and 18 (minor peak) min. IL-2
augmented label in only the 15-min peak. Purification and
quantitation of IPG was, therefore, based only on material
from the 15-min elution point. Purified IPGs were extensively
lyophilized and redissolved in 25 mM Hepes, pH 7.4/50 mM
NaCl prior to biological assays. Mock IPG preparations were
the aqueous reaction products of PI-PLC incubations with PI
treated in an identical manner.

RESULTS
IL-2-Dependent Hydrolysis of GPI. GPI lipids were isolated

from CTLL-2 cells by organic extraction and preparative
TLC. Contamination of these lipids by any of the inositol
phospholipids or other acidic phospholipids was <5% as
determined by reanalysis on high-performance TLC. The
purity and predicted core structure of GPI lipids isolated in
a similar manner from hepatocytes have also been confirmed
by mass spectrometry (28). Lipid purity was further assessed
by sensitivity to digestion with PI-PLC and deamination with
HNO2. Hydrolysis in response to both of these agents is
diagnostic of GPI. Treatment of GPI with PI-PLC isolated
from either B. thuringiensis or human peripheral blood T cells
stimulated the hydrolysis of >80% of lymphocyte GPI and
>90% of PI (Table 1). Similar treatment with HNO2 resulted
in 73% hydrolysis of GPI, with no corresponding hydrolysis
of PI. The specificity of these reactions was verified by the
detection of diacylglycerol and PI in the organic extracts of
PI-PLC and HNO2 incubations, respectively (data not
shown).

IL-2-dependent hydrolysis ofGPI was measured in CTLL-2
cells by recovery of radiolabeled GPI after IL-2 binding. Cells
were labeled metabolically with [3H]glucosamine and then
incubated with a receptor saturating dose of IL-2 (1 nM) for
0-5 min. GPI lipids were isolated from these reactions by
sequential acid/base TLC and quantitated. As shown in Fig.
LA, GPI molecules displayed a biphasic response to IL-2.
Approximately 55% of total cellular GPI was lost within 30 sec
of IL-2 binding. GPI levels then increased briefly to >75% of
original levels but declined thereafter, such that by 5 min only
28% of GPI remained. An identical pattern of GPI turnover
was observed in [3H]inositol-labeled cells. There was no
change in GPI levels ofCTLL-2 cells treated with IL-2 diluent.
Hydrolysis ofGPI in response to IL-2 binding was verified by
recovery of the polar [3H]glucosamine-IPG fragment in the
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FIG. 1. Time course of IL-2-
dependent hydrolysis of GPI in
CTLL-2 cells. CTLL-2 cells were
prelabeled with [3H]glucosamine (2.5
,uCi/ml) for 36 hr prior to assay. Met-
abolically labeled cells were serum
starved in IL-2-free medium for 2 hr
and then stimulated by addition of 1
nM IL-2 (e) or buffer alone (o). At the
times indicated, cells were extracted
for GPI or IPG determinations. (A)
GPI levels in the organic phase ex-
tracts quantified by sequential TLC.
(B) IPG levels in the aqueous phase of
GPI extractions quantified by SAX
HPLC.
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FIG. 2. Dose-response and specificity of IL-2-induced GPI hydrolysis in CTLL-2 cells. (A) Dose dependence of IL-2 on GPI hydrolysis (D)
and proliferation ofCTLL-2 cells (o). GPI hydrolysis was determined in cells labeled with [3H]glucosamine as indicated in Fig. 1. IL-2 (0-10,000
pM) was added at 370C and reactions were terminated after 30 sec by organic extraction. GPI levels were determined by TLC analysis. Results
are expressed as a percentage of maximal GPI hydrolysis; 100% loss corresponded to 63% (1805 cpm) total GPI hydrolysis. The proliferation
of CTLL-2 cells in response to IL-2 is expressed as a percentage of the maximum incorporation of [3H]thymidine into the cells during a 4-hr
pulse after 20 hr of culture; 100% incorporation corresponded to 27,432 cpm. (B) Specificity of IL-2-induced GPI hydrolysis. Cells were labeled
with [3H]glucosamine as described above and stimulated with 500 pM IL-2 in the presence of increasing concentrations of purified antibody
DMS-1 (e), M7/20 (o), murine IgG1 control (v), or rat IgM control (a). After 30 sec, the cells were extracted and the level of GPI was quantified
by TLC as described. Results are expressed as percentage of maximum hydrolysis; 100% loss corresponded to 66% (2258 cpm) total GPI
hydrolysis.

aqueous-phase extracts of these same cells by using SAX
HPLC (Fig. 1B). The levels of IPG increased -10-fold within
30 sec of IL-2 binding, coincident with the early loss of GPI.
IPG levels then declined gradually without evidence of a
biphasic response during the second-phase GPI loss at 2-5 min.
The proliferative effects of IL-2 demonstrate a strict dose

dependence that correlates with the Kd of the high-affinity
IL-2R (2, 29). A similar analysis of IL-2 dose dependence of
GPI hydrolysis was conducted and is presented in Fig. 2A.
Half-maximal proliferation (EC50) of CTLL-2 cells was ob-
served at 20 pM IL-2, which is very close to the Kd (18 pM)
of IL-2 in this cell line (ref. 13; see also Fig. 5). The
half-maximal effect ofGPI hydrolysis occurred at 40 pM IL-2
in good agreement with the EC50 for proliferation. The
specificity of IL-2-dependent hydrolysis was further inves-
tigated by determining the effects of antibodies that bind
either IL-2 (hybridoma DMS-1) or IL-2Ra (hybridoma M7/
20) on GPI levels. Both of these antibodies inhibit the binding
and proliferative effects of IL-2 (27, 29). Results presented in
Fig. 2B illustrate that IL-2-dependent GPI hydrolysis was
completely inhibited at DMS-1 and M7/20 antibody concen-
trations >100 ,ug/ml. The addition of isotype-matched anti-
body controls did not affect GPI hydrolysis at any dosage
tested.

IL-2-Dependent Production of Diacylglycerol and Phospha-
tidic Acid. The hydrolysis of GPI by PI-PLC results in the
production of IPG and diacylglycerol (16-18). IL-2-
dependent accumulation of diacylglycerol has been reported
(30); however, this is not derived from the turnover ofPI (31).
IL-2-dependent hydrolysis of GPI provides an explanation
for these results. The production of diacylglycerol in re-
sponse to IL-2, shown in Fig. 3, was measured in CTLL-2
cells that were labeled metabolically with either [3H]myri-
state or [3H]arachidonate. Myristate was previously shown
to be preferentially incorporated into T-cell GPI (14). In
contrast, arachidonate and stearate are abundant in the
inositol phospholipids and other major acidic phospholipids
ofT cells (25, 32). Incubation with IL-2 (1 nM) resulted in the
rapid accumulation of [3H]myristate-labeled diacylglycerol at
30 sec, coincident with both GPI hydrolysis and the accu-

mulation of IPG (Fig. 1). There was no change in the level of
[3H]arachidonate-labeled diacylglycerol under these same
conditions.

11-2-induced changes in lipid metabolism were not limited
to diacylglycerol. IL-2 was also shown to affect the cellular
pool ofphosphatidic acid (Fig. 4). Increases in [3H]myristate-
labeled phosphatidic acid lagged 30 sec to 1 min behind those
of diacylglycerol but followed the same overall pattern of
accumulation and decay. There were no changes in the level
of incorporation of [3H]arachidonate into phosphatidic acid
with IL-2 treatment. This suggests that increases in phos-
phatidic acid were generated by phosphorylation of newly
released diacylglycerol rather than by either de novo synthe-
sis of phosphatidic acid or through hydrolysis of GPI by
phospholipase D.
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FIG. 3. IL-2-induced diacylglycerol (DAG) production in
CTLL-2 cells. Cells were incubated for 24 hr with [3H]myristic acid
at 5 ACi/ml (e) or [3H]arachidonic acid at 1 4Ci/ml (o) and then
washed into IL-2-free medium and stimulated with 1 nM IL-2 for 0-5
min. Cells were extracted at the times indicated and labeled diacyl-
glycerol was quantified by TLC. Results represent the mean + SE of
triplicate samples.
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FIG. 4. IL-2-induced phosphatidic acid (PA) production in
CTLL-2 cells. Cells were incubated for 24 hr with [3H]myristic acid
at 5 ,uCi/ml (e) or [3H]arachidonic acid at 1 ,Ci/ml (o) and then
washed into IL-2-free medium and stimulated with 1 nM IL-2 for 0-5
min. Cells were extracted at the times indicated and labeled phos-
phatidic acid was quantified by TLC. Results represent the mean +
SE of triplicate samples.

Regulation of T-Celi Growth by IPG. IPGs are potent
regulators of the metabolism and growth of adipocytes,
hepatocytes, and myocytes (19-23). The importance of IPG
in T-cell growth responses to IL-2 was investigated by
measuring the effects of IPG (0.1 ,uM) on IL-2-dependent
growth response curves. As shown in Fig. 5A the presence of
IPG shifted the IL-2 growth curve from an EC50 of20 to 7 pM.
There was no effect of IPG alone, at this dose, on T-cell
proliferation. One explanation for this effect is that IPG alters
either the number or the affinity of IL-2R. Direct binding
experiments were conducted with 125I-labeled recombinant
IL-2 on both untreated and IPG-treated CTLL-2 cells. Re-
sults presented in Fig. 5B illustrate that there was no differ-
ence in any parameters of IL-2 binding under these two
conditions. CTLL-2 cells expressed 2600 high-affinity (Kd =
18 pM) and 470,000 low-affinity (Kd = 12 nM) receptors, in
agreement with previous data (6, 13). The effect of IPG on
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IL-2-induced proliferation thus results in half-maximal pro-
liferation at <10% receptor occupancy by IL-2.

DISCUSSION
The interaction between IL-2 and its high-affinity receptor is
one of the most exquisitely controlled of all mammalian
growth factor systems. However, despite significant ad-
vances in the structural and functional characterization of
IL-2 and the IL-2R, the molecular processes that govern
IL-2R signal transduction remain largely undefined. Some
clues to this process have come from the recent observation
that IL-2 binding activates a receptor-associated tyrosine
kinase (12). Previous analyses failed to reproducibly detect PI
hydrolysis or Ca2l flux as components of this response,
although increases in diacylglycerol were observed (30, 31,
33). Studies reported here were initiated to improve our
understanding of IL-2R signaling responses and of the mul-
tiple roles of IL-2 in the regulation of lymphocyte metabo-
lism, differentiation, and proliferation. These results demon-
strate that binding of high-affinity IL-2R stimulates the rapid
hydrolysis ofGPI, with coordinate intracellular accumulation
of IPG and diacylglycerol moieties.

It is hypothesized that GPI metabolites mediate some of the
biological effects of IL-2. Results from studies with insulin-
responsive cells have shown that IPGs are potent regulators
of the activities of several enzymes that control cellular
metabolic function. This may occur through alterations in the
levels of phosphorylation and dephosphorylation of specific
protein substrates (23, 34). For example, IPGs were shown to
inhibit the phosphorylation of phospholipid methyltransfer-
ase and thereby to block isoproterenol-induced activation
(23). The addition ofIPG was also shown to directly increase
glucose utilization and lipogenesis in adipocytes (19). Al-
though the structure of IPG has not been completely de-
duced, these molecules contain inositol phospholipid glyco-
sidically linked to non-N-acetylated glucosamine and from
two to four hexose units that may include mannose and
galactose (28).
The relationship between the regulation of lymphocyte

metabolism and proliferation has not been carefully studied.
IL-2 has been shown to increase both aerobic and anaerobic
lymphocyte metabolism, and it is required for maintenance of

140C

1000 0 2 4 6 8 10 12 14
Bound x 10-3, molecules per cell

FIG. 5. Effect ofIPG on IL-2-induced cell proliferation and IL-2 binding. (A) Proliferation ofCTLL-2 cells in response to IL-2 was determined
by [3H]thymidine incorporation. Incubations were conducted in the presence of either IL-2 (0-500 pM) and IPG (0.1 ,uM) (o) or IL-2 and an
equal volume of mock IPG preparation (o). (B) The affinity and number of CTLL-2 cell-surface receptors for IL-2 were determined by binding
of 125I-labeled recombinant IL-2 as described (6, 13). Cells were examined for receptor parameters after a 24-hr preincubation with either 500
pM IL-2-IPG (0.1 ,uM) (e) or 500 pM IL-2-mock IPG (o) as described in proliferation assays. Saturation binding data were evaluated by
Scatchard analysis.

9424 Immunology: Merida et al.

a ° .0



Proc. Natl. Acad. Sci. USA 87 (1990) 9425

the viability of T-cell lines such as CTLL-2 (1). The ability of
IPG to synergize with IL-2 to promote T-cell proliferation at
low receptor occupancy indicates that IPGs are an important
component of T-cell growth responses. This may be a con-
sequence of increased energy production through aerobic
oxidation and/or increased production of precursors for
macromolecule biosynthesis that are prerequisite to cellular
proliferation. Studies on the direct effects of IPG on T-cell
metabolism should help to distinguish the metabolic effects of
IL-2 from those of proliferation and differentiation.

IL-2-dependent increases in [3H]myristate versus [3H]ara-
chidonate diacylglycerol are indicative of GPI hydrolysis
rather than either de novo diacylglycerol synthesis or the
breakdown of other phospholipid species. The biological role
of increased diacylglycerol levels is unclear. It has been
established that activation ofprotein kinase C is not obligatory
for IL-2 proliferative effects (35, 36). The presence of distinc-
tive, short chain unsaturated fatty acids such as myristate in
GPI may, however, target these lipids for regulation ofspecific
enzyme pathways. In addition, increases in phosphatidic acid
have been shown to have potent effects on cellular metabolism
in several systems (37).

IL-2-dependent hydrolysis of GPI displays a distinctive
biphasic pattern. This is contrasted to previous reports of
insulin and nerve growth factor-stimulated GPI hydrolysis in
several cell types, including lymphocytes (14, 16-18, 25).
While the early loss of GPI can be attributed to IL-2-
stimulated hydrolysis, the subsequent decay of GPI at 2-5
min may reflect either hydrolysis or the partitioning ofGPI to
inextractable cellular pools. The latter model appears more
likely based on the kinetics of IPG, diacylglycerol, and
phosphatidic acid production and decay. In addition to their
putative roles as hormone signaling elements, GPI molecules
serve an important function in eukaryotic cells as membrane
anchors for a large family of proteins (15). Studies on the
synthesis of the GPI-anchored protein Thy-1 indicated that
protein coupling to lipid occurred within seconds after trans-
lation (38). This indicates that a considerable proportion of
GPI may be destined for protein biosynthesis rather than
hormone response elements (39). The second phase loss of
GPI might therefore reflect increased recruitment of cellular
GPI pools to biosynthesis of lipid-anchored proteins. Direct
examination of the effect of IL-2 on the synthesis and
membrane insertion of GPI-anchored proteins and their po-
tential roles in lymphocyte growth remains to be investigated.
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