
common ovarian abnormalities and high 
plasma A concentrations suggest that 
PCOS may be the consequence of placental 
T synthesis and androgen effects on the 
hypothalamic-pituitary-ovarian axis late in 
fetal life that result in excessive LH and A 
secretion following puberty. 
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The Role of TH1 and TH2 Cells 
in a Rodent Malaria Infection 

Andrew W. Taylor-Robinson,* R. Stephen Phillips, Alison Severn, 
Salvador Moncada, Foo Y. Liew 

CD4+ T cells play a major role in protective immunity against the blood stage of malaria, 
but the mechanism of protection is unclear. By adoptive transfer of cloned T cell lines, direct 
evidence is provided that both TH1 and TH2 subsets of CD4+ T cells can protect mice 
against Plasmodium chabaudi chabaudi infection. TH1 cells protect by a nitric oxide- 
dependent mechanism, whereas TH2 cells protect by the enhancement and accelerated 
production of specific immunoglobulin GI antibody. 

Malaria, principally Plasmodium fakiparum 
malaria, affects 250 to 400 million people 
and causes more than 1 million deaths 
annually ( I  ) . Vaccine development would 
be facilitated by a better understanding of 
the host immune mechanisms (2). 

P. c. chabaudi AS strain infection in the 
laboratory mouse is a recognized model for 
P. fakiparum infection of humans. NIH 
mice infected with P. c. chabaudi (1 x lo5 
parasitized red blood cells, pRBC) develop 
an acute primary parasitemia that peaks on 
day 10 and lasts 14 to 18 days, usually 
followed by one more patent parasitemias 
(recrudescence) between days 25 and 35 
after infection. Further infections are re- 
solved more rapidly. CD4+ T cells are 
involved in immunity to the asexual 
erythrocytic stages of P. c. chabaudi, and 
both TH1 and TH2 subsets of CD4+ T cells 
may mediate protection (3). 

We investigated the effect of injecting 
L-NY-monomethylarginine (L-NMMA) , a 
specific inhibitor of nitric oxide (NO) syn- 
thase, on the course of infection (4). 
Normal mice produced significant levels of 
nitrate in the serum (630 r 85 nmollml), 
the peak of which coincided with the 
peak of the primary parasitemia (5) and 
declined ra'pidly thereafter. Mice receiving 

L-NMMA developed a markedly increased 
primary parasitemia [peak of 4.8 log(pRBC1 
lo5 RBC)] lasting 22 days, and sera from 
these mice contained little or no detectable 
nitrate. 

A panel of eight CD4+ T cell clones 
specific for trophozoite-schizont antigens 
and restricted by major histocompatibility 
complex class I1 molecules was derived from 
mice infected with P. c. chabaudi (6). Four 
were TH1 clones, secreting interleukin-2 
(IL-2) and interferon-gamma (IFN-y); the 
other four were TH2 clones in that they 
secreted IL-4 and provided help for anti- 
body production. Two representative 
clones, WEP 999 (TH1, from day 16 of 
infection) and WEP 988 (TH2, derived 
from a reinfected donor), were selected for 
functional study; both were CD3+, CD4+, 
CD8-, T cell receptor (TCR) cup+ and 
TCRy8-. 

Female adult inbred NIH mice (7) were 
thymectomized and injected intraperitone- 
ally with rat monoclonal antibody (mAb) 
specific for mouse CD4 or CD8 or with 
normal rat immunoglobulin G (IgG) (8) 
and infected with P. c. chabaudi. This pro- 
tocol depleted -98% of CD4+ or CD8+ T 
cells for more than 60 days (9). Mice 
depleted of CD4+ T cells suffered 75 to 
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90% mortality within 20 days of infection, 
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tion. Thus, CD4+ but not CD8+ T cells 
protect against asexual blood stage malaria 
infection in this system. 

Mice depleted of CD4+ T cells were 
injected intravenously with 4 x lo7 viable 
WEP 999 (TH1) or WEP 988 (T,2) cells, 
or with splenic T cells from normal mice 
that had been enriched (to 98% purity) for 
CD4+ T cells, and infected immediately 
with P. c. chabaudi. Some mice were 
treated during the ascending phase of the 
primary parasitemia with L-NMMA to 
block NO production or with its biologi- 
cally inert enantiomer D-NMMA or with 
the NO synthase substrate L-arginine. 
Mice depleted of CD4+ T cells and given 
no T cell replacement developed high 
levels of parasitemia, with 80 to 100% 
mortality within 20 days of infection; ni- 
trate levels in the sera were low and not 
distinguishable from those of uninfected nor- 
mal mice (15.1 ? 6.7 nmollml) (Fig. 1A). 
In mice reconstituted with na'ive CD4+ T 
cells, the 60% of mice that survived infec- 
tion suffered a chronic patent parasitemia; 
nitrate levels at peak parasitemia were raised 
but were much lower than those of the 
immune TH1 recipients (Fig. IB). Mice 
reconstituted with WEP 999 (TH1) cells 
showed courses typical of a fully competent 
immune system (Fig. 1C) unless treated with 
L-NMMA, when they developed severe in- 
fection (with 75 to 100% mortality within 
20 days of infection) and had serum nitrate 
levels similar to those of nonreconstituted 
mice (Fig. ID). D-NMMA or L-arginine had 
no effect on the course of infection or nitrate 
levels. 

Mice depleted of CD4+ T cells reconsti- 
tuted with WEP 988 (TH2) cells also 
showed courses of infection typical of fully 
immunocompetent mice (Fig. 2A). How- 
ever, there was no elevation of serum ni- 
trate levels, and the course of infection was 
not affected by treatment with L-NMMA 
(Fig. 2B). 

Mice reconstituted with WEP 999 
(TH1) cells produced a moderate amount of 
malaria-specific IgG2a. This was detectable 
8 days after infection and peaked at 16 days 
and again between days 32 and 36 (Fig. 
3A). In contrast, mice reconstituted with 
WEP 988 (TH2) cells produced high levels 
of IgGl, detectable 4 days after infection, 
which plateaued between days 12 and 16 
(Fig. 3B); in these animals, parasitemias 
peaked on day 10 (Fig. 2B). A second peak 
of IgGl appeared on days 32 to 36, which 
paralleled the peak of recrudescence. 
L-NMMA markedly reduced production of 
IgG2a in the THl-reconstituted mice but 
had no effect on the response in the TH2- 
reconstituted mice. The IgM response was 
enhanced by TH1 cells (peak titer, 1: 1024 
on day 8) but not by TH2 cells and was not 
affected by L-NMMA treatment. Other an- 

Days after infection 

Fig. 1. Protection of mice depleted of CD4+ T cells by aT,1 cell line, and the effect of L-NMMA (22). 
(A) Control mice, given no cells or drugs. (8) Mice given CD4+ T cell-enriched normal spleen cells. 
(C) Mice given WEP 999 cells. (D) Mice given WEP 999 cells and treated with L-NMMA on days 5 
to 10 after infection. Differences in parasitemias (0) between TH1-reconstituted mice (C) and similar 
L-NMMA-treated mice (D), unreconstituted controls (A), or mice reconstituted with CD4-enriched 
normal spleen cells (B) were significant from days 8, 13, and 15, respectively (P < 0.0025). For mice 
in (A), (B), and (D),  90%, 40%, and 85%, respectively, of mice died, all within 20 days of infection. 
Nitrate levels (0) in T,1 -reconstituted mice (C) on day 10 were significantly raised [ P  < 0.001 as 
compared with (A) and (D) and P < 0.005 as compared with (B)]. 

tibody isotypes were either detected at very 
low levels (IgG2b and IgG3) or were not 
present (IgA and IgE) and were not differ- 
ent between reconstituted and nonreconsti- 
tuted mice. 

Mice depleted of CD4+ T cells and 
reconstituted with either WEP 999 or WEP 
988 cells were treated with a goat antibody 
to mouse IgGl (anti-IgGl), IgG2a (anti- 
IgGZa), or whole molecule IgG (Sigma) 
(10) and infected with P. c. chabaudi. Mice 
reconstituted with WEP 988 cells and treat- 
ed with anti-IgG1 all died within 14 days of 
infection, as did those treated with anti- 

IgG whole molecule, whereas animals given 
anti-IgG2a controlled infection as for un- 
treated animals. In contrast, specific Ig 
isotype depletion of mice reconstituted with 
WEP 999 cells had no apparent effect on 
the protection transferred by these cells, 
whereas complete IgG class (IgG1, IgGZa, 
IgGZb, and IgG3) depletion allowed a 
slight but significant increase in parasitemia 
[3.1 log(pRBC/105 RBC)] (P < 0.05) dur- 
ing the recrudescent phase of infection 
(days 3 1 to 40). 

Nitric oxide inhibits the development of 
exoerythrocytic stages of Plasmodium berghei 

0 0 
0 10 20 30. 40 50 60 

Days after infection 

Fig. 2. Protection of mice deplet- 
ed of CD4+ T cells by a TH2 cell 
line, WEP 988, and the effect of 
L-NMMA (22). (A) Mice given 
WEP 988 cells. (B) Mice given 
WEP 988 cells and treated with 
L-NMMA on days 5 to 10 after 
infection. Parasitemias (0) and 
day 10 nitrate levels (0) in T,2- 
reconstituted mice (A) and those 
in similar mice treated with 
L-NMMA (B) were not significantly 
different (P > 0.05). 
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Fig. 3. Antibody responses of 24000 
mice depleted of CD4+ T cells, 
reconstituted with a TH1 (WEP 20000 
999) or TH2 (WEP 988) cell line 
and infected with P. c. chabaudi 16000 
(23). Results are expressed as 
the mean reciprocal antibody titer 12000 
+ 1 SD for triplicate serum Sam- 
ples from either untreated mice e 8000 
(A) or those receiving L-NMMA 4 
(0). (A)  lmmunoglobulin G2a; " 
only WEP 999-reconstituted mice f 'OoO 2 L-NMMA treatment are shown. 5. 

All other groups (WEP 988 cells, 
CD4+ T cell-enriched normal 5 20000 spleen cells, no adoptive transfer, 
each t L-NMMA) gave negligible lsooo titers. Differences in IgG2a levels -5 6. 
between WEP 999-reconstituted E 
mice not receiving L-NMMA and 2 12000 7. 
those either receiving L-NMMA or 

8000 in other groups were significant (t 
test, P < 0.005). (B) Immunoglob- 
ulin GI; only WEP 988-reconsti- 4000 8. 
tuted mice ? L-NMMA treatment 
are shown. All other groups gave 0 
negligible titers. Differences in 0 10 20 30 40 

Days after infection IgGl levels between T,2-recon- 
stituted mice ? L-NMMA treatment and those in other groups were significant (P < 0.005) but were 
not significant between each other (P > 0.05). 

(1 1)  and Plasmodium yoelii (12) in vitro, 
and NO derivatives kill asexual erythrocyt- 
ic stages of P. falciparum (13) in vitro. Our 
results demonstrate that NO plays a signif- 
icant role in host control of the primary 
patent parasitemia, but not in the recrudes- 
cent parasitemia, in malaria infection in 
vivo. NO involvement may be mediated by 
TH1 secretion of IFN-y, which activates 
macrophages to produce large amounts of 
NO (14) to kill the parasites directly. 
Alternatively, NO may have an indirect 
effect by causing blood vessel vasodilation 
(15). The effect would lead to less efficient . , 

parasite sequestration in deep tissue capil- 
laries, allowing removal of the parasites by 
macrophages. 

TH2 cells secrete IL-4, which does not 
activate macrophages to produce NO (1 6) 
but helps B cells in the production of IgGl 
and IgE antibodies (17). The capacity of 
the TH2 cells to protect against P. c. 
chabaudi infection was abrogated by deple- 
tion of IgG1, an isotype that is produced 
only after secondary exposure to antigen 
(18). Because the TH2 clone we used was 
derived after reinfection, the isotype ex- 
pression pattern of the TH2-reconstituted 
CD4-depleted mice reflected this. TH1 
cells enhanced the IgG2a response (1 7), 
which was markedly reduced by treatment 
with L-NMMA. However, the late appear- 
ance of IgG2a did not contribute to the 
TH1-mediated protection, because in its 
absence the capacity of WEP 999 cells to 
protect was unaffected. The mechanism 
underlying the reduction of IgG2a levels 

by L-NMMA is at present unclear. It may 
be that NO has a direct effect on T,I 
cells. 

Neither NO nor antibody production 
after the adoptive transfer of TH1 or TH2 
cells, respectively, had any apparent effect 
on the appearance of the recrudescence of 
malaria infection. Plasmodium c. chabaudi 
can undergo antigenic variation. and there- - - 
fore the emergence of antigenically distinct 9, 
variant parasites during recrudescence (1 9) 
is considered to be likely. 

These data provide direct evidence that 
both TH1 and TH2 responses protect the 
host from malaria infection. Furthermore, 
they do so by distinct mechanisms. We do 
not yet know whether the same or differ- 
ent antigens stimulate the protective TH1 
and TH2 clones, and our results do not 
exclude the possibility that other TH1 and 
TH2 clones could contribute to the immu- 10. 
nosuppression (20) or immunopathology 
(21) seen in some cases of acute malaria 
and in some experimental models. How- 
ever, this work does suggest that a vaccine 
to P. falciparum should include antigens 
that can sensitize both TH1 and TH2 
CD4+ T cells. 
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Selective Inhibition of ras-Dependent 
Transformation by a Farnesyltransferase Inhibitor 
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Elizabeth A. Giuliani, David L. Pompliano, Samuel L. Graham, 

Robert L. Smith, Edward M. Scolnick, Allen Oliff,* 
Jackson B. Gibbs 

To acquire transforming potential, the precursor of the Ras oncoprotein must undergo 
farnesylation of the cysteine residue located in a carboxyl-terminal tetrapeptide, Inhibitors 
of the enzyme that catalyzes this modification, farnesyl protein transferase (FPTase), have 
therefore been suggested as anticancer agents for tumors in which Ras contributes to 
transformation. The tetrapeptide analog L-731,735 is a potent and selective inhibitor of 
FPTase in vitro. A prodrug of this compound, L-731,734, inhibited Ras processing in cells 
transformed with v-ras. L-731,734 decreased the ability of v-ras-transformed cells to form 
colonies in soft agar but had no effect on the efficiency of colony formation of cells 
transformed by either the v-raf or v-mos oncogenes. The results demonstrate selective 
inhibition of ras-dependent cell transformation with a synthetic organic inhibitor of FPTase. 

T h e  mammalian ras genes encode guano- 
sine triphosphate (GTP)-binding proteins 
that can acquire the potential to transform 
mammalian cells as a result of point muta- 
tions in codons 12, 13, or 61 (1). Mutated, 
oncogenic forms of ras are frequently found 
in many human cancers, most notably in 
more than 50% of colon and pancreatic 
carcinomas (1, 2). These observations in- 
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dicate that Ras functions in the pathogen- 
esis of human cancers and emphasize the 
potential broad utility of anticancer agents 
directed against ras-induced cell transfor- 
mation. 

Ras is synthesized as a cytosolic precur- 
sor that ultimately localizes to the cytoplas- 
mic face of the plasma membrane after a 
series of posttranslational modifications (3). 
The first and obligatory step in this series is 
the addition of a farnesyl moiety to the 
cysteine residue of the COOH-terminal 
CAAX motif (C, cysteine; A, usually ali- 
phatic residue; X, any other amino acid) in 
a reaction catalyzed by farnesyl protein 
transferase (FPTase) . This modification is 
essential for Ras function, as demonstrated 

by the inability of Ras mutants lacking the 
COOH-terminal cysteine to be farnesyl- 
ated, to localize to the plasma membrane, 
and to transform mammalian cells in cul- 
ture (4, 5). Moreover, strains of Saccharo- 
myces cerewisiae having a mutation in 
RAMI, a gene that encodes one of the 
structural polypeptides of the yeast FPTase, 
are resistant to the biological effects of 
oncogenic ras (6). The subsequent post- 
translational modifications-cleavage of 
the AAX residues, carboxyl methylation of 
the farnesylated cysteine, and palmitoyla- 
tion of cysteines located upstream of the 
CAAX motif-are not obligatory for Ras 
membrane association or cell-transforming 
activity (5, 7). Thus, FPTase appears to be 
an appropriate biochemical target for the 
development of inhibitors of posttransla- 
tional processing of Ras that might be 
expected to interfere with Ras-mediated 
cellular transformation. 

The substrates of the farnesylation reac- 
tion, farnesyl diphosphate (FPP) and poly- 
peptides containing a CAAX motif, can be 
used as a starting point for the design of 
FPTase inhibitors. Several analogs of FPP 
are potent and selective inhibitors of 
FPTase in vitro (8, 9), and one has shown 
activity in cells (9). The CAAX tetrapep- 
tide is the minimal sequence required for 
the interaction of Ras with FPTase (10, 
11). Thus, tetrapeptides with amino acid 
sequences identical to the COOH-terminal 
sequences of protein substrates for FPTase 
compete with Ras for farnesylation by act- 
ing as alternative substrates (12, 13). 
CAAX derivatives have also been identified 
that are not substrates for farnesylation and 
therefore behave as pure inhibitors of 
FPTase (8, 13, 14). 

Although other cellular proteins besides 
Ras are in vivo substrates for farnesylation, 
most isoprenylated proteins are modified by 
the 20-carbon geranylgeranyl moiety (1 5) .  
Two classes of enzymes that catalyze the 
addition of a geranylgeranyl group to pro- 
teins have been identified in mammalian 
cells. One class consists of geranylgeranyl 
protein transferase-I (GGPTase-I) , which 
modifies proteins having a COOH-terminal 
CAAX sequence where X is a Leu residue 
(12, 16). The other class consists of one or 
more enzymes (for example, GGPTase-11) 
that catalyze the modification of proteins 
terminating in Cys-Cys or Cys-X-Cys (12, 
17). Comparison of the activity of various 
CAAX tetrapeptides suggests that it may be 
possible to design a specific inhibitor of 
FPTase that does not affect the GGPTases. 
For example, CAAX tetrapeptides termi- 
nating in Ser or Met are potent inhibitors 
of FPTase but are less active as inhibitors of 
GGPTase-I or GGPTase-I1 (1 2). Con- 
versely, CAAX tetrapeptides terminating in 
Leu, which act as effective inhibitors of 

1934 SCIENCE VOL. 260 25 JUNE 1993 




