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ABSTRACT The perturbation of various glycosylphos-
phatidylinositol (GPI)-anchored surface proteins imparts
profound regulatory signals to macrophages, lymphocytes
and other cell types. The specific contribution of the GPI
moieties to these events however is unclear. This study dem-
onstrates that purified GPIs of Plasmodium falciparum,
Trypanosoma brucei, and Leishmania mexicana origin are
sufficient to initiate signal transduction when added alone to
host cells as chemically defined agonists. GPIs (10 nM-1 uM)
induce rapid activation of the protein tyrosine kinase (PTK)
p59<k in macrophages. The minimal structural requirement
for PTK activation is the evolutionarily conserved core glycan
sequence Manal-2Manal-6Manal-4GlcN1-6myo-inositol.
GPI-associated diacylglycerols independently activate the cal-
cium-independent £ isoform of protein kinase C. Both signals
collaborate in regulating the downstream NF-kB/rel-
dependent gene expression of interleukin 1, tumor necrosis
factor (TNF) «, and inducible NO synthase. The alkylacyl-
glycerol-containing iM4 GIPL of L. mexicana, however, is
unable to activate protein kinase C and inhibits TNF expres-
sion in response to other agonists, establishing signaling
specificity among structurally distinct GPIs. GPI alone ap-
pears sufficient to mimic the activities of malaria parasite
extracts in the signaling pathway leading to TNF expression.
A mAb to GPI blocks TNF induction by parasite extracts
indicating that GPI is a necessary agent in this response. As
protozoal GPIs are closely related to their mammalian coun-
terparts, the data indicate that GPIs do indeed constitute a
novel outside-in signaling system, acting as both agonists and
second messenger substrates, and imparting at least two
separate signals through the structurally distinct glycan and
fatty acid domains. These activities may underlie aspects of
pathology and immune regulation in protozoal infections.

Glycosylphosphatidylinositols (GPIs) are a class of glycolipid
common to all eukaryotes, first described from Trypanosoma
brucei (1), and characterized since from many protozoal and
mammalian sources (2). Recent evidence suggests GPIs may
mediate signal transduction within cells. Crosslinking various
GPI-anchored surface proteins imparts profound regulatory
signals to T lymphocytes (3, 4). In macrophages and neutro-
phils, crosslinking GPI-anchored CD14 [lipopolysaccharide
(LPS) receptor] and CD16 (Fc-yRIIIB) induces activation
leading to cytokine expression and oxidative burst (5, 6).
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GPI-anchored proteins are physically associated with the
src-family protein tyrosine kinases (PTKs) fyn, Ick (7-9), fgr,
lyn, and hck (10), and crosslinking GPI-anchored proteins
induces PTK-mediated tyrosylphosphorylation. GPIs may also
act as precursors for autocrine/paracrine diffusable second
messengers in postreceptor signaling in response to various
hormones and cytokines (11-14), which reportedly induce the
hydrolysis of GPI-like molecules and the release of pharma-
cologically active inositolphosphoglycans (IPGs). Nonetheless,
much of this data remains circumstantial and indirect. Anti-
body-mediated crosslinking of GPI-anchored proteins, often
in the presence of phorbol esters, is of unknown physiological
relevance and cannot always distinguish between a contribu-
tion by the protein component, the purely physical properties
of the GPI moieties (lateral diffusion), artifactual disruption of
other signaling components (e.g., the T cell antigen receptor
complex), and GPI-mediated signaling per se. Furthermore the
mechanism of signal transduction by GPI remains unclear, and
a topological objection remains: since GPI-anchored proteins
are in the outer (luminal) leaflet of the plasma membrane, how
is a GPI-mediated activation signal transmitted across the
membrane to the interior of the cell? Finally, no structure of
any hormone/cytokine-sensitive mammalian GPI has yet been
determined, and the description of these putative second
messengers as GPI-derived IPGs remains speculative. Indeed
the biological activities ascribed to IPG fragments cannot yet
be attributed to pure, structurally defined moieties.

To confirm then that GPIs can act as signaling agents, it
should be sufficient to obtain specific signaling events by the
addition of purified GPIs alone to cells as defined agonists. We
have shown that GPIs of Plasmodium and Trypanosoma induce
the expression in host cells of inducible NO synthase (iNOS),
tumor necrosis factor (TNF), IL-1, and adhesins (15-18), and
can induce lethal cachexia in vivo (15). Others have shown that
Leishmania glycoinositolphospholipid (GIPLs) inhibit NO
output (19). As these host responses are implicated both in
malarial and trypanosomal pathophysiology (20, 21) and sur-
vival of Leishmania (19), GPI/GIPLs are candidate pathoge-
nicity factors, but their mechanism of action remains unclear.
Our objectives in this study thus were two-fold: (i) as protozoal
GPIs are closely related to mammalian GPIs, to determine
whether structurally distinct protozoal GPIs might directly
activate signaling pathways in host cells, and thereby validate
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the proposed role of GPIs as novel signaling mechanisms; and
(ii) to elucidate further the molecular basis for GPI toxicity,
with a view to providing novel targets for the therapy of severe
malaria infection. Our findings demonstrate that GPIs act as
both agonists and second messenger substrates in initiating
novel outside-in signaling pathways, and point to their use as
probes for the further investigation of GPI-based signaling.
The data furthermore demonstrate specificity of action among
structurally distinct GPIs from various protozoal taxa, sug-
gesting that these molecules serve differentially to regulate
host cell function in protozoal infections.

MATERIALS AND METHODS

Purification of the C-terminal GPI Anchors of Defined Par-
asite antigens. GPI-anchored Plasmodium falciparum MSP-1,
MSP-2, and Trypanosoma brucei 118 (MITat 1.5) membrane-
form variant surface glycoprotein (mfVSG) were fatty-acid la-
beled and purified as previously described (15-17), to 10 mg/ml.
Methanol (600 ul) was added to 150 ul aliquots followed by 150
ul CHCl; and 450 pl H,O. The samples were vortexed and
microfuged, the supernatant taken for scintillation counting, and
the interphase and lower phase mixed with 450 ul methanol and
recentrifuged. The pellet was repeatedly extracted with chloro-
form/methanol /water (CMW; 10:10:3) until partitioning of label
into the supernatant was minimal, partitioned between water and
water-saturated butanol, precipitated with acetone at —20°C, and
the proteins taken up by sonication in 500 wl 100 mM Tris-HCl/5
mM CaCl,. Predigested Pronase B (2.5%) was added, and
incubated for 72 h at 37°C with two additions of 0.25% pronase.
The sample was loaded in 5% 1-propanol/0.1 M NH4OAc onto
preequilibrated Octyl-Sepharose, washed and eluted in a linear
gradient of 1-propanol (5-60%) in water. GPIs were eluted at
35-40% 1-propanol and were spotted onto TLC plates (Si-60)
and run in the solvent system C/M/HAc/W 25:15:4:2. The origin
was scraped, and GPIs were eluted and partitioned between water
and water-saturated butanol.

Purification of GIPLs and GPI Precursors by TLC. [H]-
glucosamine-labeled P. falciparum schizonts (2 X 10'0) were
extracted in chloroform/methanol (CM; 2:1) and CMW
(1:1:0.3), Folch washed, partitioned between water and water-
saturated butanol, and dried. Residues were separated by
two-dimensional (2D) TLC (first dimension CMW 4:4:1, sec-
ond dimension Butanol/HAc/W 4:6:1), the plates scanned by
Bertold Digital Autoradiograph scanner, and the structurally
defined (22, 23) GPI peaks scraped and reextracted. Phospho-
lipids were resolved away from GPI peaks. Areas lying outside
the identifiable GPI peaks were treated in the same way, as
were sham plates. GIPLs of Leishmania mexicana were puri-
fied to homogeneity as described (24, 25). Briefly, promastig-
otes were extracted twice in CMW (1:2:0.8), the insoluble
material removed by centrifugation, and the CMW phase
partitioned with 0.6 volume water. The dried upper phase was
chromatographed on Octyl-Sepharose as above, eluted GIPLs
were further purified by high-performance TLC using CM/1
M NH,4OH (10:10:3), and scrapings were extracted with CMW
(1:2:0.8). GIPL concentration and compositional purity was
determined by GC-MS (24, 25), following acid methanolysis
and trimethylsilyl derivatization. myo-Inositol content was
measured following acid hydrolysis (6 M HCl at 110°C for 16 h)
and trimethylsilyl derivatization, with selected ion monitoring
for m/z 305 and 308. Scyllo-inositol was used as internal
standard throughout.

Generation of Chemical and Enzymatic Hydrolysis Fragments
of GPIs. GPIs were base hydrolyzed in methanol/ammonia 1:1
for 6 h at 50°C, and partioned between water and water-saturated
butanol. The aqueous phase was twice extracted with water-
saturated butanol, dried, and repeatedly flash evaporated with
methanol. For enzymatic hydrolysis of GPIs, the TLC-purified
glycolipids were dried and redissolved in 0.1 mM TrissHCI/2 mM
CaCl,/30 mM N-octylthioglucopyranoside, pH 7.4. GPI-specific
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phospholipase D (GPI-PLD) or PLA, (Boehringer Mannheim)
were added at 37°Cfor 3 h or overnight, respectively. The reaction
products were separated by TLC in CMW 4:4:1. The resolved
hydrolysis fragments were detected by Berthold digital autora-
diograph and recovered by scraping the plates.

Culture and Activation of Macrophages. RAW 264 cells
were maintained in RPMI medium 1640 with 10% fetal calf
serum. LPS-nonresponsive C3H/HeJ macrophages were ob-
tained as described (15, 18). Adherent cells (2 X 10° cells per
well) were given medium alone or test agents. Three hours
after incubation TNF-« levels in the supernatant and standard
curve were determined by capture ELISA (PharMingen).
TNF-a and IL-l1a gene expression was detected by reverse
transcription—-PCR using standard protocols.

Determination of Intracellular Activation of Protein Kinase C
(PKC) and Tyrosine Phosphorylation. Cells were incubated at
37°C for 30 min with agonists, resuspended in 0.5 M sucrose,
0.02% leupeptin, 2 mM phenylmethylsulfonyl fluoride, 20 mM
2-mercaptoethanol, 4 mM EDTA, and 1 mM EGTA (pH 7.5),
sonicated, centrifuged at 100,000 X g for 60 min at 4°C, and the
cytosolic fraction collected. The pellet was sonicated in the same
buffer with 1% Triton X-100 and centrifuged for 10 min at
14,000 X g at 4°C to obtain the supernatant (membrane fraction).
Equal amounts of cytosolic or membrane protein were subjected
to SDS/PAGE and Western blot analysis with mAbs against the
a, B, 8, &, and 0 PKC isoenzymes (Transduction Laboratories),
and detected by enhanced chemiluminescence (Amersham). Ty-
rosine phosphorylation of the TX-100 soluble lysate was deter-
mined as previously described (16-18).

Immunoprecipitation and in Vitro Kinase Assays. Cells were
lysed in 50 mM TrissHCl, pH 7.5/150 mM NaCl/2 mM
EDTA/1% Nonidet P-40/0.1% Tween 20/0.1% SDS/10 pg/ml
aprotinin/10 pug/ml leupeptin/5 mM NaF/1 mM phenylmethyl-
sulfonyl fluoride/4 mM tosyl-L-lysine chloromethyl ketone/4
mM NazVOy, (1 h on ice), precleared, specifically immunopre-
cipitated with polyclonal antikinase antisera and protein A-
Sepharose, washed, mixed with 20 ul kinase assay buffer (20 mM
Mops, pH 7.0/5 mM MnCly), 2.5 ul poly(Glu, Tyr) 4:1 (2.5
mg/ml) or acid-denatured enolase, 2.5 ul [y-**P]JATP [3,000
Ci/mmol (1 Ci = 37 GBq)], and incubated for 30 min at room
temperature. Samples were subjected to SDS/PAGE and fluo-
rography or Western blot analysis.

RESULTS

Purification of Parasite GPIs and GIPLs. For this study a
number of complementary purification protocols were employed.
Two-dimensional TLC revealed the structurally defined P. falci-
parum GPI precursors Pfgla-Pfgl6, following the nomenclature of
Gerold et al. (22) (Fig. 14). Phospholipase hydrolysis products of
Pfglpa were obtained as shown in Fig. 1B. Compositional analysis
on P. falciparum GPI precursors purified by TLC showed some
minor batch-to-batch variability in contamination with lipids
(data not shown). Therefore we utilized in addition both L.
mexicana GIPLs (nomenclature as in refs. 2, 24, and 25) and
mature GPIs, purified after extensive organic solvent extraction
of proteins to remove noncovalently associated lipids and phos-
pholipids, followed by pronase digestion, Octyl-Sepharose chro-
matography, and TLC. The compositional purity of the GIPLs
was confirmed by GC-MS as described (24, 25).

GPI Stimulates p59"* and Tyrosine Phosphorylation of Mul-
tiple Substrates in Macrophages. GPI-anchored proteins asso-
ciate with src-family PTKs and crosslinking causes rapid onset
tyrosine phosphorylation (7-10). To test the hypothesis that GPIs
alone are sufficient to initiate cell signaling by activating PTKs,
macrophages were treated with purified GPIs and phosphoty-
rosyl proteins detected by Western blot analysis. We have previ-
ously shown that T. brucei and P. falciparum GPIs are active in
host cells over a concentration range of InM-1 uM (15-18).
Therefore, in this study we used GPIs at and above the highest
end of this range (1-10 uM). GPI-treated cells showed de novo
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Fic. 1. Purification of GPI precursors and hydrolysis fragments by
TLC. (4) 2D TLC of P. falciparum [*H]-glucosamine-labeled GPI
precursors (22, 23). Asterisks indicate uncharacterized glycolipids. (B)
TLC-purified GPI (Pfgl-a, Rf 0.2) was hydrolyzed enzymatically and
the products resolved by 1D TLC in CMW 4:4:1 [GPI-PLD yielding
100% conversion to IPG, Rf 0.01; PLA; yielding 35% conversion to
lyso-GPI, as previously reported (22), Rf 0.1].

phosphorylation of intracellular substrates with apparent molec-
ular mass of 20, 22, 41, 45, 54, 56, and 58 kDa, and a marked
increase in the level of a constitutively phosphorylated 64- to
69-kDa component. Additional bands were occasionally detected
with a molecular mass of 76, 85, and 95 kDa (Fig. 24). Phos-
phorylation appeared by 0.5-1 min, peaked at 10-15 min, and
declined after 30 min. The pattern and kinetics of tyrosylphos-
phorylation obtained with GPI was indistinguishable from that
obtained in response to crude P. falciparum parasite extracts,
suggesting that GPI is sufficient to activate the tyrosine kinase(s)
responding to parasites (data not shown). To identify the PTK(s)
involved in GPI signaling, in vitro kinase assays were performed
on immunoprecipitates. Fig. 2 B and C show by independent
methods a rapid increase in autophosphorylation of the PTK
p39tek and a significant increase above background in the
transphosphorylation of two exogenous substrates, demonstrat-
ing the time-dependent activation of the enzyme. No autophos-
phorylation or transphosphorylation above background of exog-
enous substrates was observed in response to precipitation with
preimmune sera.

The Evolutionarily Conserved GPI Core Glycan Sequence
Manal-2Manal-6Manal-4GlcN-myoinositol is Necessary
and Sufficient to Activate PTKs. Purified GPIs were subject to
chemical or enzymatic treatments to generate specific hydro-
lysis fragments, and the products purified away from parent
material by TLC (Fig. 1B). Both PLA,-generated lyso-GPI and
GPI-PLD-generated hydrophilic inositolglycan activated
PTKs to a similar degree as intact GPI (Fig. 34), indicating
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Fic. 2. Time course of GPI-induced tyrosylphosphorylation and
identification of the PTK. (4) LPS-nonresponsive macrophages were
treated with GPI for the indicated times and phosphotyrosyl proteins
detected by Western blot analysis. (B) In vitro kinase assay. Cells were
incubated with 10 uM GPI and the reaction was stopped at various times.
Lysates were precleared with rabbit preimmune serum, followed by
immunoprecipitation with specific antisera to p59"k, and the immune
complexes were subjected to in vitro kinase assay with exogenous ATP-y
33P and polyGlu/Tyr as substrate, followed by SDS/PAGE and fluorog-
raphy. (C) Independent experiment conducted as in B but using 1 uM
GPI, cold ATP, acid-denatured enolase as exogenous substrate, and
detection of phosphotyrosine or hck by Western blot analysis (WB).

that fatty acids are not required for PTK activation and that the
polar head group alone is sufficient for this. Malarial GPI
precursors Pfgla to Pfgld varying in their degree of glycosyl-
ation were able to activate PTKs, but Pfgle was not, demon-
strating a requirement for the intact glycan sequence Man3-
GlcN-inositol (Fig. 3B). Using comparable structures from a
different source, preliminary evidence indicates that PTK
activation was maximally induced by the iM4 GIPL of L.
mexicana, but not precursors lacking the full glycan structure
(data not shown). The single mannose substitutions to the
terminal and proximal mannose residues in the core glycans of
P. falciparum GPI and iM4 GIPL of L. mexicana respectively,
did not influence PTK activation (Fig. 3C).

GPI-Associated Diacylglycerol Is Required for Maximal
Downstream Gene Expression. We have previously shown that
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FiG. 3. The evolutionarily conserved GPI glycan is necessary and
sufficient to activate PTKs. (4) Intact GPI, GPI-PLD-generated IPG,
and PLA»-generated lyso-GPI activate PTK as detected by phospho-
tyrosine Western blot analysis. (B) Activation of PTK was observed for
equal concentrations of precursor GPIs Pfgla, PfglB, Pfgly, and Pfgls,
but not Pfgle. (C) PTK is activated equally by the 7. brucei GPI (simple
glycan) and the P. falciparum GPI and iM4 GIPL of L. mexicana with
minor additional mannose substitutions.

malarial and trypanosomal GPIs induce TNF and IL-1 output
from macrophages (15, 16). Confirming that this represents de
novo gene expression, reverse transcription-PCR detects the
appearance of mRNA within 1 h of addition of GPI (Fig. 44). The
ability to induce TNF of GPI precursors differing in their degree
of glycosylation was then analyzed. Consistent with their ability to
activate PTKs, Pfgl-«, 3, v, and & induced TNF, but ¢, lacking the
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third mannose residue, did not (Fig. 4C). The other glycolipid
peaks (¢, v, and 6; data not shown), sham-treated TLC plates,
phosphatidylinositol (PI), and lyso-PI (Sigma P2517, P0639, and
L7635) also had no effect (Fig. 4E). In contrast to their effect on
PTK activation, however, the GPI-PLD generated inositolglycan
and PLA»-generated lyso-GPI were not sufficient for TNF in-
duction (Fig. 4D), indicating that the GPI-associated fatty acids
were required for maximal downstream gene expression. This
result was confirmed for the de novo expression of TNF mRNA
by reverse transcription-PCR (Fig. 4B). The iM4 GIPL was
unable to induce TNF output (Fig. 4E), and substantially inhib-
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F1G. 4.  GPI-associated diacylglycerol is required for maximal down-
stream gene expression. (4) Reverse transcription-PCR confirms that
GPIs induce de novo expression of TNF-a and IL-1« in macrophages. (B)
de novo TNF expression is reduced in response to inositolglycan, indi-
cating that the GPI-associated fatty acids are required for maximal
downstream gene expression. (C) Induction of TNF output by GPI
precursors. Macrophages were pulsed with 1 uM glycolipids Pfgle, B, v,
8, and ¢ for 2 h and the level of TNF determined by capture ELISA. The
other glycolipid peaks (¢, v, and 6; data not shown) and sham-treated TLC
plates had no effect. (D) Inositolglycan (10 wm) and lyso-GPI are unable
to induce TNF output. (£) iM4 GIPL, PI, and lyso-PI (10 wm) are unable
to induce TNF output. (F) iM4 inhibits LPS-induced TNF output in RAW
264 cells.
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ited the TNF response to LPS (Fig. 4F). These data demonstrate
a requirement for diacylglycerols in contrast to alkylacylglycerols
for GPI-induced gene expression, and support the proposition
(19) that GIPL alkylacylglycerols antagonize macrophage acti-
vation in response to other agonists.

Activation of PKC by GPI Diacylglycerols. As intact GPIs
are required for TNF expression, we tested the hypothesis that
GPI-associated diacylglycerols induce the activation of PKC.
Macrophages were stimulated with either medium, phorbol
12,13-dibutyrate (PDBu), GPI, lyso-GPI, or IPG, and the
translocation of PKC from cytosol to membrane was deter-
mined by Western blot analysis. In cells exposed to medium
alone, PKC remained in the cytosol, whereas complete trans-
location to the membrane was observed in response to phorbol
ester. Of the six PKC isoforms present in macrophages, GPI
mobilized only the calcium-independent nPKCe (Fig. 54), and
not the other isoforms (not shown). In contrast to the activa-
tion of PTKs, IPG and lyso-GPI lost the ability to activate PKC
(Fig. 54). Both mfVSG-GPI and crude malaria parasite ex-
tracts were also able to activate PKCe (Fig. 5B), but not the
other isoforms (not shown). Moreover, the alkylacylglycerol-
containing iM4 GIPL also was unable to activate PKC (Fig.
5B). Thus GPI-associated diacylglycerols are required for PKC
mobilization, which is dissociable from glycan-induced PTK
activation.

PTKs and PKC Cooperate and Are Required for GPI and
Parasite-Induced Gene Expression. The PTK and PKC-
specific antagonists herbimycin A and calphostin C at low
concentrations substantially inhibited the TNF response to
GPI and whole parasite extracts, indicating that both PTK and
PKC are required for GPI and parasite-mediated macrophage
activation (Fig. 64). We have previously shown that the
PTK-specific antagonist herbimycin A inhibits GPI-mediated
tyrosine phosphorylation (17, 18). To test further the hypoth-
esis that the glycan and diacylglycerol signals cooperate in
regulation of downstream gene expression, the ability of IPG
and PDBu to induce TNF output was examined. The two
signals synergized, together producing significantly greater
TNF output than the sum of each acting alone (Fig. 6B). As
shown previously (17, 18, 26), the ability of crude P. falciparum
extracts to induce TNF was blocked by a monoclonal antibody

A GPl GPI LysoGPl IPG  PDBU
Control 10uM 10.0uM 10.0npM 10.0uM 100.0uM

cmc mc mc mc m

..'n. -

B
Medium GPI PE

mfVSG Mgy PDBU

cmcmeoecmecm ¢cmececm

e e B

Fi6. 5. Activation of PKC by GPI-associated diacylglycerols. (A4)
Macrophages were stimulated with medium, PDBu, GPI, lyso-GPI, or
IPG, and the cytosol-to-membrane translocation of nPKCe deter-
mined by Western blot analysis. (B) Activation of nPKCe by mfVSG-
GPI, malarial GPI, and crude malaria parasite extracts (PE), but not
the alkylacylglycerol-containing iM4 GIPL of L. mexicana. Other PKC
isoforms in these cells were unaffected by all agonists except PDBu
(not shown).
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FiG. 6. (A4) Activation of both PKC and PTK by GPI and parasite
extracts is required for downstream gene expression. The PTK and
PKC-specific antagonists herbimycin A (Herb.A) and calphostin C
(Cal.C) were able at 0.1 uM and 1 uM, respectively, to inhibit
substantially TNF output in response to GPI and whole parasite
extracts (PE). (B) IPG cooperates with PDBu in downstream TNF
expression. (C) TNF output in response to crude parasites extracts
(PE) and GPI is inhibited by 5 pg/ml antiGPI monoclonal 1C7.

to GPI produced in this laboratory (Fig. 6C). Thus GPI is a
necessary component in parasite-mediated TNF output.

DISCUSSION

Although GPIs are implicated in cell signaling in response to
hormones (11), cytokines (12-14), and the perturbation of
GPI-anchored proteins (3-10), there is no proof that GPIs
constitute a signaling mechanism, and as yet no studies eluci-
dating signaling pathways activated by GPIs acting as exoge-
nous agonists. As malaria and trypanosome GPIs induce
macrophage and endothelial cell activation (15-18), and Leish-
mania GIPLs have been shown to block macrophage NO
output in response to IFN-y (19), we purified GPIs from
various sources for use as probes of GPI-mediated signaling.

iM4 GIPL, P. falciparum, and mfVSG-GPIs in the nM to
uM range intiated rapid onset tyrosine phosphorylation in
macrophages. The responding kinase was p59'°k as shown by
in vitro kinase assay (Fig. 2B). Hck is particularly implicated
in the regulation of TNF expression as overexpression
potentiates the TNF response to agonists and blockade of
expression inhibits TNF synthesis (27). GPI-associated fatty
acids were not required for PTK activity as tyrosine phos-
phorylation could be induced equally by intact GPIs/GIPLs
of all three protozoal species, lyso-GPI, and IPG, suggesting
that a glycan component was sufficient for this activity (Fig.
3 A4 and C). The P. falciparum GPI precursors (22) a, B, v,
and 6 were all able to activate PTK, but & was not, demon-
strating a requirement for the third mannose for activity
(Fig. 3B). The neutral core glycan Man3-anhydromannitol
also was unable to signal (data not shown), indicating the
glycan ligand lies within the sequence Manal-2Manal-
6Manal1-4GlcN-myoinositol. Minor side-chain additions to
the core glycan, as in the iM4 GIPL and P. falciparum GPI,
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do not appear to inhibit binding to the putative glycan-
specific cell surface receptor. It remains to be determined
whether more extensive modifications to the glycan will affect
PTK activation.

Although sufficient to activate PTKSs, lyso-GPI and IPG were
less able to induce TNF output (Fig. 4 B and D), suggesting that
fatty acids provide an additional signal required for maximal
downstream gene expression. Accordingly, intact GPIs activated
nPKCe, but lyso-GPI and IPG did not (Fig. 54). Furthermore, the
alkylacylglycerol-containing iM4 GIPL was also unable to activate
PKC (Fig. 5B). The same structure did not induce TNF (Fig. 4F),
inhibited the TNF response to LPS (Fig. 4F), and was shown
previously not to induce iNOS expression and to inhibit NO output
in response to IFN-y (19, 18). Although PI is an endogenous
substrate for PI-phospholipase C hydrolysis leading to activation of
calcium-dependent PKC, it is well established that it does not
activate PKC as an exogenous agonist (28). In keeping with many
previous studies, no responses were obtained by the addition of
exogenous PI or lyso-PI (Fig. 4E). Thus, intact GPI is both an
agonist and substrate in cell signaling, imparting two distinct
signals through structurally distinct elements (PTK activation via
the glycan and PKC activation via diacylglycerol). The require-
ment for both signals in GPI-mediated gene expression was also
demonstrated by the use of specific PTK and PKC antagonists,
which blocked parasite extract- and GPI-mediated TNF (Fig. 6A)
and NO output (18). Furthermore, phorbol esters appeared to
synergize with inositolglycan in TNF output (Fig. 6B).

How is a GPI-mediated activation signal transmitted across the
membrane to the interior of the cell? GPI-anchored proteins are
localized within highly specialized microdomains at the cell
surface, enriched in sphingolipids and proteins such as caveolin
(29-32), p-integrins (33), and Src-family PTKs, which may rep-
resent dedicated signal transducing complexes. Ligation of GPI-
anchored FcyRIIIB (CD16) within these specialized domains
also activates p59h°k (34). These regions may contain a trans-
membrane receptor with a glycan-specific lectin domain that
activates PTKs in response to free GPI glycans or perturbation of
GPI-anchored proteins (35, 36). As GPI activates PKC and
GPI-diacylglycerol is required for this, either GPI or membrane-
permeant, pharmacologically active lipid hydrolysis products
(e.g., phosphatidic acid or diacylglycerol) do indeed cross from
the luminal to the cytoplasmic side of the plasma membrane. As
malarial GPI is myristoylated on the inositol and resistant to
hydrolysis by PI-phospholipase C (22, 23), a speculative possibility
is that GPI is hydrolyzed at the cell surface by GPI-PLD acting
as a PTK-dependent signal-activated phospholipase. Alterna-
tively, the intact GPI may be translocated from the external
surface of the cell to the interior, similar to processes during GPI
biosynthesis, where a “flippase” has been postulated to account
for the movement of GPI precursors from the cytoplasmic to the
luminal face of the endoplasmic reticulum (37). Thus remaining
issues concerning GPI-specific signaling events concern the iden-
tity of the glycan-specific receptor responsible for activation of
PTKs, and determination of the mechanism by which GPI-
derived fatty acids enter the signaling pathway as agonistic or
antagonistic second messengers.

The differing activities of GPIs and iM4 GIPL establishes
lipid-dependent signaling specificity among structurally distinct
GPIs. A previous study (19), subsequently confirmed (18),
showed that Leishmania GIPLs inhibited the macrophage NO
response to interferon-y and implicated the alkylacylglycerol
moiety (19). Leishmanial lipophosphoglycan has also been shown
to down-regulate macrophage function (38). As interferon vy
induced iNOS expression is a major effector mechanism in the
immunological control of Leishmania (39), it was proposed that
lipophosphoglycan and GIPLs may function as mechanisms of

Proc. Natl. Acad. Sci. USA 94 (1997) 4027

immune evasion in this infection (19, 38). The GPI-induced PTK
and PKC signals collaborate in activation of the REL-A, C-Rel,
and NF-kB1 members of the NF-«B/rel family of transcription
factors in vascular endothelium, macrophages, and B lympho-
cytes (unpublished data), leading to downstream expression of
the NF-kB/rel dependent locii TNF, interleukin 1, interleukin 6,
iNOS, intercellular adhesion molecule 1, and vascular adhesion
molecule 1 (18, 17), implicated in malarial pathogenesis and
immune dysregulation (20, 21). Malarial GPI is therefore an
important pathogenicity and virulence determinant. Thus the
action of structurally diverse GPI/GIPLs on macrophages may be
responsible for overall features of macrophage activation and
anergy in these various parasite infections.
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