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Glycosylphosphatidylinositol: A Candidate System for
Interleukin-2 Signal Transduction

Di1aNE D. EARDLEY AND MARIAN ErLL1OTT KOSHLAND*

The mechanism of interleukin-2 (IL-2) signal transduction was analyzed by use of an
inducible B lymphoma. Like normal antigen-activated B lymphocytes, the lymphoma
cells respond to IL-2 by proliferating and differentiating into antibody-secreting cells;
both responses are blocked by a second interleukin, IL-4. Analyses of the signaling
pathway showed that IL-2 stimulated the rapid hydrolysis of an inositol-containing
glycolipid to yield two possible second messengers, a myristylated diacylglycerol and an
inositol phosphate-glycan. The myristylated diacylglycerol response exhibited the same
IL-2 dose dependence as the growth and differentiative responses, and the generation
of both hydrolysis products was inhibited by IL-4. These correlations implicate the
glycosyl-phosphatidylinositol system in the intracellular relay of the IL-2 signal.

HE PATHWAYS BY WHICH LYMPHO-

kine signals are relayed in B and T

lymphocytes have yet to be deter-
mined. Analyses of IL-2— and IL-4—induced
responses indicate that the classical second
messenger systems are not involved (1-3).
Thus, in cells where the lymphokine signals
can be distinguished from those initiated at
the antigen receptor, the binding of IL-2
and IL-4 to their respective high-affinity
receptors does not stimulate calcium mobi-
lization or increase production of phosphati-
dyl inositol (PI) metabolites. The lympho-
kine responses cannot be mimicked by
ionomycin and/or phorbol ester treatment
and are not affected by inhibitors of cyclic
adenosine monophosphate (cAMP)- or cy-
clic guanosine monophosphate (cGMP)—de-
pendent kinases. Finally, none of the lym-
phokine receptors has a cytoplasmic domain
with the characteristic structure of a tyrosine
kinase (4). In view of these findings, it seems
likely that lymphokine signals are trans-
duced by unidentified second messengers
and/or by kinases that are associated directly
with the lymphokine receptors in the mem-
brane.
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A novel second messenger system has
been implicated in insulin (5) and nerve
growth factor (NGF) signaling (6). The
precursor is believed to be one of a structur-
ally related set of glycosyl-phosphatidylino-
sitol (Gly-PI) molecules (7). Although the
structures of the different Gly-PI forms have
not been precisely defined, these molecules
are known to contain a distinctive hydro-
phobic domain, usually 1,2-dimyristoylacyl-
glycerol, and a PI that is glycosidically linked
to a glycan moiety through glucosamine.
When insulin or NGF binds to its receptor,
a hormone-sensitive Gly-PI is hydrolyzed,
probably through the activation of a specific
phospholipase C. The result is the rapid
appearance of myristylated diacylglycerol
(myr-DAG) in the membrane and the re-
lease of inositol phosphate—glycan (IP-gly-
can) into the cytoplasm. A second messen-
ger function for myr-DAG has yet to be
established, but IP-glycan has been shown
to mediate some of the effects of insulin on
lipid and carbohydrate metabolism (8).

To explore the possibility that lympho-
kine signaling operates through this path-
way, we used an IL-2 inducible B cell line.
The BCL, lymphoma was derived from a
cell that had received the early signals in a
primary immune response (9). Like their
normal counterparts (10), BCL, cells ex-
press functional IL-2 receptors and are ca-
pable of responding to the lymphokine (11,
12). Under standard culture conditions
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(10% serum), IL-2 delivers a single differ-
entiative signal (11); it induces the cells to
transcribe the gene for the pentamer immu-
noglobulin M (IgM) joining component,
the J chain, which is required for the assem-
bly and secretion of IgM antibody. Under
low serum conditions, however, IL-2 deliv-
ers a second signal (1); it induces a dose-
dependent proliferation of BCL, cells. Pre-
vious studies (1) of these responses have
indicated that the two signals are trans-
duced, at least initially, by a common path-
way. The evidence was based on the finding
that a second lymphokine, IL-4, blocks both
IL-2 responses at a step subsequent to re-
ceptor binding. Thus, by identifying early
IL-2-induced changes that are blocked by
IL-4, the BCL, system can be used to define
the common steps in the IL-2 signal trans-
duction pathway.

The proliferative response of BCL, cells
under low serum conditions was measured
by incorporation of [*Hlthymidine (Fig.
1A). In the absence of IL-2 there was a low
amount of [*H]thymidine uptake, which
increased fourfold with increasing IL-2.
Half-maximal stimulation was achieved with
an IL-2 concentration of 10 pM (0.7 U/ml).
The inhibition of the response by IL-4 was
also dose dependent (Fig. 1B). The addition
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Fig. 1. Regulation of BCL, proliferation by IL-2
and IL-4. Triplicate samples of BCL, cells
(2 x 10*) were cultured in microtiter wells with
recombinant human IL-2, recombinant mouse
IL-4, or both in Roswell Park Memorial Institute
1640 medium that contained 0.5% fetal bovine
serum. After 20 hours the cultures were short-
term labeled with [*H]thymidine (Amersham) (1
1Ci, 4 hours) and harvested on a Ph.D. Cell
Harvester. Uptake of thymidine was determined
by scintillation counting. (A) Proliferation in
response to IL-2 (O). (B) Proliferation in re-
sponse to IL-2 (750 pM) and increasing concen-
trations of IL-4 (@), or IL-4 (200 U/ml) alone
(O). The error bars represent the standard errors
(SE) from triplicate determinations.

4 JANUARY 1991

of 20 U/ml IL-4 decreased [*H]thymidine
incorporation by one-half and the addition
of 100 U/ml IL-4 completely abrogated the
IL-2 response.

The production of myr-DAG was first
assessed with a concentration of IL-2 that
gave a maximum response in the prolifera-
tion assay. BCL, cells were labeled with
[®*H]myristic acid or [*HJarachidonic acid
and exposed to 150 pM IL-2 (10 U/ml) for
various lengths of time. Analyses of the mem-
brane fractions by thin-layer chromatography
(TLC) showed that the IL-2 treatment
caused a rapid increase in [*H]myristate-la-
beled DAG (Fig. 2A). The amount of DAG
generated peaked after a 2-min treatment,
declined gradually over 30 min, and dropped
to base line by 60 min. In contrast, IL-2
treatment did not cause any significant in-
crease in [*HJarachnidonate-labeled DAG,
the hydrophobic domain commonly present
in inositol phospholipids.

The effect of IL-2 concentration on myr-
DAG production was determined by expos-
ing [*H]myristic acid-labeled BCL, cells for
2 min to increasing doses of the lympho-
kine. The pattern obtained (Fig. 2B) resem-
bled the dose response curve of IL-2 in-
duced proliferation (Fig. 1A) and displayed
a half-maximal response at a concentration
of 10 to 15 pM. Moreover, like the prolif-
erative and J chain responses, the induction
of myr-DAG by IL-2 was blocked by IL-4
(Fig. 2C). By itself, IL-4 (200 U/ml) gener-
ated little or no myr-DAG production.

When the same dose was added simultane-
ously with IL-2 (750 pM), the IL-2-in-
duced myr-DAG response was reduced by
40%, and when the IL-4 dose was added 5
min before IL-2 addition, the response was
completely inhibited.

The generation of IP-glycan was assessed
by analyzing aqueous extracts from BCL,
cells that had been incubated with
[*H]glucosamine and exposed to IL-2 (750
pM) for 2 min. High-performance liquid
chromatography (HPLC) profiles for the
aqueous products showed that IL-2 stimu-
lated the incorporation of [*H]glucosamine
into an anijonic glycan peak that eluted at 14
min (Fig. 3A). As predicted from the myr-
DAG analyses, IL-4 suppressed the IL-2—
induced release of anionic glycan (Fig. 3B).
In the presence of IL-4 (200 U/ml), a small
peak of [*H]glucosamine-labeled glycan was
observed that was one-fourth the yield ob-
tained with IL-2 stimulation alone. To ob-
tain evidence that the [*H]glucosamine label
was associated with an inositol moiety, the
analyses were repeated with [*Hlinositol-
labeled BCL, cells. Addition of IL-2 in-
duced a peak that eluted with the same
retention time as the [*H]glucosamine-la-
beled glycan and distinct from the retention
times of other potential inositol phosphate
products (Fig. 3C).

The precursor of the IL-2—induced myr-
DAG and IP-glycan was characterized by
incubating aliquots of BCL, cells overnight
with the radiolabeled precursors used to ana-
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Fig. 2. IL-2 induced production of myr-DAG and its 10

inhibition by IL-4. BCL, cells (5 x 10° cells/ml) were
cultured overnight with [3H]myristic acid (Amersham)
(2 rCi) or with [*HJarachnidonic acid (Amersham) (2
wCi). The cells were washed twice in Hank’s balanced
salt solution (BSS), and 10° cells were trcated with
lymphokine. The reaction was stopped by addition of
chloroform:methanol:1 N HCI (200:100:1) (1 ml) fol-
lowed by 50 mM formic acid (0.5 ml). The tubes were
centrifuged for 5 min at 500 g, and the lower organic
phase was harvested for analysis of myr-DAG by TLC as
described (5). Control TLC plates included samples of
monomyristoyl glycerol, dimyristoyl glycerol, and myris-
tic acid that migrated 2, 6 to 7, and 10 cm, respectively,
from the origin in a 10-cm plate. (A) Time course of
myristylated (@) and arachnidonylated (O) DAG pro-
duction by IL-2 (150 pM). (B) Myr-DAG production
after 2-min treatment with increasing concentrations of
IL-2. (C) Myr-DAG induced by trcatment for 2 min
with IL-2 alone, IL-4 alone, IL-2 + IL-4, or IL-4 fol-
lowed 5 min later by IL-2 [IL-2, 750 pM; IL-4, 200
U/ml; 1 unit of IL-4 is the amount per milliliter that
gives one-half the maximum stimulation of the HT-2 line
(21)). The values given are the average of duplicate TLC
analyses; the bars represent the difference between indi-
vidual determinations. The measurements of myr-DAG
were repeated in several experiments; those of archnido-
nylated DAG represent a single experiment. The counts
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per minute from [*H]myristate that comigrated with the dimyristoyl glycerol standard after IL-2 (2
min) and no IL-2 treatment averaged 5.4% (SE= 1.8%) and 1.2% (SE= 0.5%), respectively, of the
number incorporated in the organic phase (142,000; SE = 36,150). The counts per minute from
[®*HJarachnidonate present in the same fraction after IL-2 (2 min) and no IL-2 treatment represented
0.88 and 0.53%, respectively, of the 134,800 cpm incorporated in the organic phasc.

REPORTS 79



lyze the myr-DAG and IP-glycan responses,
[*Hlglucosamine, [*H]myristic acid, or
[®Hlinositol. The lipids were then extracted
and resolved by sequential acid-base TLC (7).
In the acid solvent plate (Fig. 4A), the three
labels appeared together in the region that
contained the polar lipids, phosphatidylinosi-
tol 4-phosphate (PIP) and phosphatidylino-
sitol 4,5-bisphosphate (PIPP). When the ma-
terial from this region was further purified by
TLC in a basic solvent system (Fig. 4B), the
three labels comigrated at a position slightly

overlapping that of the lyso form of PI (£-PI),
but clearly separate from the positions of the
other phospholipid standards. This comigra-
tion pattern indicated that the 6-cm lipid
fraction contained glucosamine, myristic acid,
and inositol, known components of Gly-PI.
Moreover, the percentage of total radioactiv-
ity incorporated in each component of the
6-cm lipid fraction ([*H]myristate, 4.4%;
[®*Hlglucosamine, 6.4%; [*Hlinositol, 2.3%)
was consistent with the amount of
[®*H]myristate incorporated in myr-DAG

Fig. 3. IL-2 induced production of inositol glycan and its
inhibition bg IL-4. BCL, cells were incubated for 2
hours with [*H]glucosamine or [*Hlinositol (3 p.Ci per
106 cells), washed in BSS, and treated for 2 min with the
appropriate lymphokine. The reactions were stopped by
extraction of cells with chloroform:methanol:HCl as
described in the legend to Fig. 2. Samples (5 pl) of the
15-ul aqueous phases were chromatographed in a Sax
HPLC column as described (6), and the tritium content
of the fractions was measured by scintillation counting.
(A) Inositol glycan production in [*H]glucosamine-la-
beled BCL,; cells treated with IL-2 (750 pM) (®) or
media alone (O). The total radioactivity incorporated in
the aqueous phases of stimulated and unstimulated cells
was 483,450 and 478,190 cpm, respectively. (B) Inositol
glycan production in [*H]glucosamine-labeled BCL,
cells treated with IL-4 (200 U/ml) followed 5 min later
by IL-2 (750 pM) (@) or with IL-4 (200 U/ml) alone
(O). The total radioactivity incorporated in the aqueous
phases was 481,760 and 473,360 cpm, respectively. (C)
Inositol glycan production in [*HJinositol-labeled BCL,
cells treated with IL-2 (750 pM) (®) or media alone (O).
The total radioactivity incorporated in the aqueous phas-
es from stimulated and unstimulated cells was 243,800
and 198,300 cpm, respectively. The standards included
glucosamine (G), inositol (I), inositol 1-phosphate (IP),
inositol 1,4-bisphosphate (IP,), and inositol 1,4,5-
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trisphosphate (IP;). The IP, standard eluted 23 min and IP; 10 min after the elution buffer was
increased to 1.2 M triethylamine formate. The measurements of both [*H]glucosamine-labeled and
[*Hlinositol-labeled glycan were repeated in several experiments.

Fig. 4. Analyses of glycosyl-phosphatidylinositol by
TLC. (A) BCL, cells were cultured overnight with
[®*H]glucosamine, [*Hl]inositol, or [*H]myristic acid (3
nCi per 10° cells); the cellular lipids were extracted and
separated by TLC in chloroform:acetone:methanol:
glacial acetic acid:water (50:20:10:10:5) as described
(7). Solid bars represent [*H]glucosamine; unshaded bars,
[*Hlinositol; shaded bars, [*H]myristate (in counts per
minute). The migration pattern of known phospholipids
run in parallel lanes are marked; PC, phosphatidylcholine;
PE, phosphatidylethanolamine. The total glucosamine,
inositol, and myristic acid radioactivity incorporated in the
lipid phase was 21,450, 18,420, and 53,200 cpm, respec-
tively. (B) The material in the 1-cm fraction of the acid
solvent plate was further purified by TLC with a chloroform:
ethanol:NH :water (45:45:35:10) solvent system as de-
scribed (7). The migration pattern of known phospholip-
ids run in parallel lanes are marked. (C) Effect of IL-2 on
Gly-PI turnover. BCL, cells were incubated overnight
with [*H]glucosamine (3 pCi per 10° cells), washed, and
treated with IL-2 (150 pM) for the times indicated. The
cellular lipids were extracted (7) and Gly-PI was isolated as
described above. The total radioactivity incorporated in
the lipid phase was 18,790 cpm. In each TLC analysis the
material in 1-cm fractions was scraped off the silica and the
radioactivity was determined by scintillation counting. The
data given are the results from single experiments.
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(5.4%) and the amounts of [*H]glucosamine
(4.0%) and [*H]inositol (2.1%) incorporated
in IP-glycan after IL-2 stimulation.

The presence of Gly-PI was confirmed by
demonstrating that the glucosamine was co-
valently linked to PI. The 6-cm lipid fraction
(Fig. 4B) from cells metabolically labeled
with [*H]glucosamine was treated with (i)
sodium nitrite (pH 3.75), which cleaves
glucosamine molecules with free amino
groups by acid deamination, or (ii) PI-
specific phospholipase C (PI-PLC), which
hydrolyzes the phosphodiester linkage of PI.
Both treatments released glucosamine into
the aqueous phase (Table 1). Similar treat-
ment of [*Hlinositol-labeled PI isolated
from BCL, cells served as a control and, as
expected, released only PI to the aqueous
phase. These results establish that BCL,
cells expressed a Gly-PI molecule that could
serve as the source of the myr-DAG and
IP-glycan generated by IL-2 treatment.

The effect of IL-2 on Gly-PI was mea-
sured directly by incubating BCL, cells with
[®Hlglucosamine overnight to achieve
steady-state labeling and then exposing the
cells to IL-2 (150 pM) for various lengths of
time. The TLC analyses of the cellular lipids
at each time point showed that IL-2 induced
a loss of Gly-PI of 48% within 0.5 min and
70% within 1 min after lymphokine addi-
tion (Fig. 4C). Resynthesis of Gly-PI began
immediately thereafter and returned to the
steady-state value by 5 min. The time course

Table 1. Modification of glycosyl-phosphati-
dylinositol lipids. Lipids were purified from BCL,;
cells by sequential TLC as described in the legend
to Fig. 4. Gly-PI was obtained from cells meta-
bolically labeled with [*H]glucosaminc and PI
from cells labeled with [*Hlinositol. The purified
lipids were incubated either sodium nitrite or PI-
PLC (Bochringer Mannheim) as described (7).
Results are presented as the percentage of the
initial label recovered in the aqueous phase after
treatment and extraction. Values were corrected
for nonspecific aqueous conversion by subtraction
of values obtained from control reactions
(aqueous conversion in the absence of sodium
nitrite = 6%; without PLC = 5%). The limited
sensitivity to acid deamination and PI-PLC
hydrolysis was similar to that observed for
insulin-sensitive Gly-PI (7). In these studies the
integrity of the labels was verified by acid
hydrolysis, so that the incomplete clcavage was
considered to reflect heterogeneity in the Gly-PI
population and differences in PI-PLC activities.

Percent
aqueous

Treatment conversion

Gly-PI  PI

35 0
21

Sodium nitrite (pH 3.75)
PI-specific phospholipase C* 16

*From Bacillus cereus.
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of Gly-PI degradation correlated with the
liberation of myr-DAG, which became de-
tectable after 1 min of IL-2 treatment and
reached a maximum after 2 min (Fig. 2A).

These analyses indicate that the hydrolysis
of Gly-PI represents an early event in the
transduction of the IL-2 signal in B lympho-
cytes. B cells synthesize a Gly-PI that is
sensitive to hydrolysis by PI-PLC and is
rapidly degraded in response to IL-2. The
products of the hydrolysis, myr-DAG and
PI-glycan, are generated within minutes af-
ter IL-2 treatment, well before any prolifer-
ation or differentiation can be detected. The
concentrations of IL-2 that induce these
responses indicate that transduction is me-
diated through high-affinity receptors (1),
and because the p75 component of the
receptor is the signal transmitter (13), the
observed biochemical response is associated
with that protein. Finally, the myr-DAG
and IP-glycan responses show the same pat-
terns of IL-2 stimulation and IL-4 inhibi-
tion as the proliferative and J chain gene
responses.

Although these data were obtained with a
B cell model, there is suggestive evidence
from studies of IL-2-IL-4 antagonisms that
Gly-PI hydrolysis may be involved in IL-2
signal transduction in other lymphoid cells.
For example, IL-4 has been shown to inhibit
IL-2-induced proliferation of anti-CD3-
stimulated T lymphocytes (14) and to block
both the proliferative and cytotoxic activities
of IL-2—stimulated lymphokine-activated
killer (LAK) cells (15). Definitive evidence
for the transducing function of the Gly-PI
system will require the demonstration that
the hydrolysis products function as second
messengers in IL-2 signaling. The next step
is to determine whether myr-DAG or IP-
glycan activates enzymes identified with
IL-2 responses, such as ornithine decarbox-
ylase (16), or enzymes associated with other
hormone responses, such as insulin-activat-
ed cAMP phosphodiesterase (8).

This study also indicates that the IL-2 and
IL-4 signals are transduced by different
pathways that intersect at an early point
during the relay of their respective signals.
By itself, IL-4 does not stimulate Gly-PI
hydrolysis; yet it acts rapidly and efficiently
to block the IL-2—induced hydrolysis. This
antagonism is unlikely to be mediated by
down-regulation of the IL-2 receptors.
Studies in several systems have shown that
IL-4 decreases the expression of IL-2 recep-
tors (17, 18), but the suppression occurs
relatively slowly and is only partially effec-
tive. The observed 35 to 65% decrease in
receptor number over 1 to 4 hours (18)
cannot account for the rapid inhibition of
Gly-PI turnover by IL-4. It is more likely,
therefore, that IL-4 exerts its antagonistic
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action by competing for, or preventing the
function of, some component required for
the activation of a Gly-PI-specific phospho-
lipase C. One candidate for such a compo-
nent has been suggested by recent reports
(19) that a tyrosine kinase is associated with
the IL-2 receptor. With these clues, it
should be possible to delineate the exact
pathway by which the generation of myr-
DAG and IP-glycan is stimulated by IL-2
and inhibited by IL-4. This pathway may
participate in the immune response, because
the relative concentrations of the two lym-
phokines in lymphoid tissues may determine
whether the antigen-activated B cell is driv-
en by IL-2 to pentamer IgM synthesis or
driven by IL-4 to switch to the synthesis of
monomer IgG, and IgE (20).

REFERENCES AND NOTES

1. M. A. Tigges, L. S. Casey, M. E. Koshland, Science
243, 781 (1989).

2. G. Mills, P. Gerard, S. Grinstein, E. W. Gelfand,
Cell 55,91 (1988); V. Valge, J. G. P. Wong, B. M.
Datlof, A. J. Sinskey, A. Rao, ibid., p. 101.

3. J. Cambier et al., Adv. Exp. Med. Biol. 213, 195
(1987).

4. ]. Sims et al., Science 241, 585 (1988); K. Yamasaki
et al., ibid., p. 825; M. Hatakayama et al., ibid. 244,
551 (1989); B. Mosley et al., Cell 59, 335 (1989).

5. A. R. Saltiel, J. A. Fox, P. Sherline, P. Cuatrecasas,
Science 233, 967 (1986); A. R. Saltiel, P. Sherline,
J. A. Fox, J. Biol. Chem. 262, 1116 (1987); J. M.
Sato, K. L. Kelly, A. Abler, L. Jarett, ibid., p. 2131.

6. B. L. Chan, M. V. Chao, A. R. Saltiel, Proc. Natl.
Acad. Sci. U.S.A. 86, 1756 (1989).

7. G. N. Gaulton, K. L. Kelly, J. Pawlowski, J. M.
Mato, L. Jarett, Cell 53, 963 (1988).

8. A. R. Saltiel and P. Cuatrecasas, Proc. Natl. Acad.
Sci. U.S.A. 83, 5893 (1986); A. R. Saltiel, Endo-

crinology 120, 967 (1987); K. L. Kelly, J. M. Mato,
I. Merida, L. Jarett, Proc. Natl. Acad. Sci. U.S.A.
84, 6404 (1987); K. L. Kelly et al., J. Biol. Chem.
262, 15285 (1987).

9. Y. McHugh, M. Yagi, M. E. Koshland, in B Lym-
phocytes in the Immune Response: Functional, Devel-
opmental, and Interactive Properties, N. Klinman, D.
Mosier, 1. Scher, E. Vitetta, Eds. (Elsevicr, New
York, 1981), pp. 467—474.

10. K. Nakanishi ef al., J. Exp. Med. 160, 1736 (1984);
K. Nakanishi et al., ibid., p. 1605; M. S. Loughnam
and G. V. J. Nossal, Nature 340, 76 (1989).

11. M. A. Blackman, M. A. Tigges, M. E. Minie, M. E.
Koshland, Cell 47, 609 (1986).

12. K. Brooks, D. Yuan, J. W. Uhr, P. H. Krammer, E.
S. Vitetta, Nature 302, 325 (1983); K. Brooks and
E. S. Vitetta, J. Immunol. 137, 3205 (1986).

13. H. Wang and K. A. Smith, J. Exp. Med. 166, 1055
(1987); J. P. Siegel, M. Sharon, P. L. Smith, W. S.
Leonard, Science 238, 75 (1987).

14. O. M. Martinez, R. S. Gibbons, M. R. Garovoy,
F. R. Aronson, J. Immunol. 144, 2211 (1990).

15. M. B. Widmer, R. B. Acres, H. M. Sassenfeld, K. H.
Grabstein, J. Exp. Med. 166, 1447 (1987); H. Spits
etal., J. Immunol. 141, 29 (1988); A. Nagler, L. S.
Lanier, J. H. Phillips, ibid., p. 2349; Y. Kawakami et
al., ibid. 142, 3452 (1988).

16. C. Legraverend, A. Potter, E. Holtta, K. Alitalo,
L. C. Andersson, Exp..Cell Res. 81, 273 (1989).

17. R. Fernandez-Botran, V. M. Sanders, E. S. Vitetta,
J. Exp. Med. 169, 329 (1989).

18. S. Karray et al., J. Immunol. 145, 1152 (1990).

19. E. M. Saltzman, S. M. Lubowakyj, J. E. Casnellie,
J. Biol. Chem. 264, 19979 (1989); I. Mcrida and G.
N. Gaulton, ibid. 265, 5690 (1990); H. Asao, T.
Takeshita, M. Nakamura, K. Nagata, K. Sugamura,
J. Exp. Med. 171, 637 (1990).

20. W. E. Paul, FASEB J. 1, 456 (1987).

21. T. R. Mosmann, H. Cherwinski, M. W. Bond, M.
A. Giedlin, R. L. Coffman, J. Immunol. 136, 2348
(1986).

22. Supported by NSF grant 88-00159 (D.D.E.) and
PHS grant A107079 (M.E.K.). We thank K.
Johnson for critical reading of the paper. Recombi-
nant IL-2 was suppliecd by Cetus and IL-4 was a
generous gift from R. Coffman (DNAX).

9 July 1990; accepted 7 November 1990

Whole Animal Cell Sorting of Drosophila Embryos

MARK A. KRASNOW,* SUSAN CUMBERLEDGE, GERARD MANNING,
LEONARD A. HERZENBERG, GARRY P. NoLANT

Use of primary culture cells has been limited by the inability to purify most types of
cells, particularly cells from early developmental stages. In whole animal cell sorting
(WACS), live cells derived from animals harboring a lacZ transgene are purified
according to their level of B-galactosidase expression with a fluorogenic B-galacto-
sidase substrate and fluorescence-activated cell sorting. With WACS, incipient poste-
rior compartment cells that express the engrailed gene were purified from early
Drosophila embryos. Neuronal precursor cells were also purified, and they differenti-
ated into neurons with high efficiency in culture. Because there are many lacZ strains,
it may be possible to purify most types of Drosophila cells. The same approach is also
applicable to other organisms for which germ-line transformation is possible.

velopmental pathways originate be-

cause of differential allocation of egg
cytoplasm and regulatory gene products to
individual cells; subsequent development of
these cells and their descendants is common-
ly modulated by signals between cells (7).
Characterization of the biochemical differ-

IN MANY ORGANISMS DIFFERENT DE-

ences among developing cells and a molec-
ular understanding of the interactions be-
tween cells might be possible if the different
cells of a developing animal could be isolat-
ed for analysis and for study in vitro. This
has been an important experimental ap-
proach in studies of early amphibian devel-
opment (2) and development of the mam-
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