
INFECTION AND IMMUNITY, Sept. 1982, p. 1093-1100
0019-9567/82/091093-08$02.00/0
Copyright C 1982, American Society for Microbiology

Vol. 37, No. 3

Inhibition by Cyclosporin A of Rodent Malaria In Vivo and
Human Malaria In Vitro

S. P. NICKELL,' L. W. SCHEIBEL,2 AND G. A. COLE'*
Department of Microbiology, University of Maryland School of Medicine, Baltimore, Maryland 21201,' and

Department of Preventive Medicine, Uniformed Services University of the Health Sciences, Bethesda,
Maryland 208142

Received 11 March 1982/Accepted 26 May 1982

The development and course of normally lethal parasitemias in mice inoculated
intraperitoneally with erythrocytic stages of Plasmodium yoelii or Plasmodium
berghei were markedly affected by treatment with the antilymphoid drug cyclo-
sporin A (CS-A). When the first offour daily subcutaneous 25-mg/kg doses of CS-
A was given at the time of parasite inoculation, patent infections-failed to develop.
Ifbegun up to 5 days earlier, this same treatment regimen prolonged the prepatent
period, attenuated parasitemia, and reduced mortality. In mice with patent
infections, two consecutive daily 25-mg/kg doses of CS-A were sufficient to
terminate parasitemias which, after several days, reappeared but were self-
limiting. This pattern of apparent cure followed by transient recrudescence
remained unaltered even when daily treatment with the same drug dose was

continued for 3 weeks. Recrudescence was associated with the emergence of
parasite populations that were relatively resistant to CS-A and, in the case of P.
yoelii, of reduced virulence. In more limited experiments, CS-A was found to be
active in vitro against erythrocytic stages of the human malarial parasite Plasmo-
diumfalciparum. Depending on the concentration of drug in the culture medium,
parasite growth was either prevented or inhibited.

In 1972, Borel et al. reported that a metabolite
of the fungus Tolypocladium inflatum inhibits
antibody production in mice (5). The active
component, cyclosporin A (CS-A), is a hydro-
phobic cyclic undecapeptide (22) capable of sup-
pressing the development of humoral and cell-
mediated immune responses in a number of
mammalian species, including humans (6, 9, 10,
13, 23, 31). In contrast to other immunosuppres-
sive drugs which destroy many types of cells
within the lymphoid compartment, the primary
action of CS-A is against thymus-derived (T)
lymphocytes (12, 20, 34) and is reversible (3, 4,
35). Since it is well established that, in the
rodent model of malaria, T lymphocytes play a
central role in the development of protective
immunity (7, 11, 16, 24, 33), we treated mice
with CS-A initially to determine whether their
susceptibility to infection with erythrocytic
stages of Plasmodium yoelii or Plasmodium
berghei would be enhanced. Surprisingly, the
opposite effect was observed. CS-A delayed or
prevented the development of parasitemia. This
observation provided the basis for the present
study, in which the antimalarial potential of the
drug was explored in more detail both in vivo
and in vitro. As reported here, CS-A exhibited a
potent activity against P. yoelii and P. berghei

when administered to mice either prophylacti-
cally or therapeutically. Furthermore, CS-A pre-
vented or markedly inhibited the growth of
Plasmodium falciparum in cultured human
erythrocytes.

MATERIALS AND METHODS
Mice. Outbred ICR female mice, 6 to 8 weeks of age,

were purchased from Blue Spruce Farms, Altamont,
N.Y., and used in all experiments about 1 to 2 weeks
after their receipt.

Irradiation. For some experiments, mice received
lethal whole-body irradiation (850 R) at a rate of 120 R/
min in a Gammacell 40 "7Ce irradiation unit (Atomic
Energy of Canada, Ltd., Ottawa, Ontario, Canada).

Experimental infections. The lethal (L) and nonlethal
(NL) biotypes of the 17X strain of P. yoelii were
obtained originally from Charles Evans, Laboratory of
Microbial Immunity, National Institute of Allergy and
Infectious Diseases, Bethesda, Md. Based on cloning
procedures previously described (32), P. yoelii (NL)
was passaged twice in mice at limiting dilutions to
maintain its NL characteristic. The resulting parasite
population was assumed, but not proven, to be cloned.
The chloroquine-sensitive NK65 strain of P. berghei
was provided by James Murphy, University of Mary-
land School of Medicine, Baltimore. Stocks of each of
these organisms were stored in liquid nitrogen as a
30% suspension of parasitized blood in Hanks bal-
anced salt solution containing 10%o (vol/vol) glycerin.
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TABLE 1. Modification or prevention of lethal P. yoelii and P. berghei infections with CS-A

CS-A Mean interval (days) to Mean
Infecting doses, parasitemia of: P/Tb D/Tb survival
parasite days 0-3 time ±

(mg/kg)' 0.5-1.0% ,25.0% SEM (days)

P. yoelii None 3 7 5/5 5/5 13.0 ± 1.6
1 4 9 5/5 4/5 13.3 ± 2.3
5 10 16 5/5 4/5 20.5 ± 1.9

25 0/15 0/15

P. berghei None 3 16 10/10 10/10 20.2 ± 1.4
25 15 26 1/10 1/10 36

aFour daily doses of CS-A were given s.c. beginning at the time of i.p. infection (day 0) of groups of mice with
106 P. yoelii (L)- or P. berghei-parasitized erythrocytes.

b Portion of total mice per group (T) that developed parasitemia (P) and died (D).

Before use, they were passaged once in mice from
which blood was obtained during rising parasitemias
and used to produce experimental infections. Except
as noted, all infections were initiated by inoculation
intraperitoneally (i.p.) of 106 parasitized erythrocytes.
Levels of parasitemia were determined at appropriate
intervals by microscopic examination of Giemsa-
stained films of tail blood. Usually, the number of
infected erythrocytes in a total of approximately 500
was counted and expressed as a percentage. When
parasitemias were less than 3%, approximately 1,500
cells were examined. The FCR-3/Gambia strain, sub-
line D, of P. falciparum (18) was grown in vitro (30) in
6% human erythrocyte suspensions (vol/vol) as de-
scribed previously (26, 27).

Preparation and use of CS-A. CS-A was provided by
Jean Borel, Sandoz Ltd., Basel, Switzerland. For use
in treating mice, 100 mg of drug was dissolved in 2 ml
of Emulphor EL620 (kindly supplied by the GAF
Corp., New York, N.Y.), and distilled water was

added to give the desired final concentration. Either
CS-A or diluent alone (as a control) was administered
subcutaneously (s.c.) to mice in volumes ranging from
0.1 to 0.15 ml. For use in vitro, CS-A was dissolved in
dimethyl sulfoxide, certified spectroanalyzed (Fisher
Scientific Co., Pittsburgh, Pa.), to give a concentration
of 80 mg/ml, and 50 RI of this stock solution was added
to 40 ml of culture medium. Control cultures contained
equal quantities of dimethyl sulfoxide only, and all
experiments included a normal medium control with-
out dimethyl sulfoxide. Stock solutions were sterilized
by filtration and diluted to the desired concentrations
with sterile medium.

RESULTS

Prevention or attenuation of murine malaria
with CS-A. After relatively constant prepatent
periods, control mice inoculated with P. yoelii
(L) or with P. berghei developed parasitemias
which rose progressively and were uniformly
fatal. The mean survival times post-inoculation
were 13 and 21 days, respectively. In contrast,
detectable parasitemias consistently failed to
develop in mice given four consecutive daily
doses (25 mg/kg) of CS-A beginning at the time
of parasite inoculation (day 0) (Table 1). It
should be noted that in these experiments, larger

doses of CS-A were not used in order to mini-
mize the immunosuppressive effect of the drug.
Smaller doses (1 or 5 mg/kg) prolonged the
prepatent period and occasionally attenuated
parasitemia and prevented death. Drug-treated
mice in which patency failed to occur remained
fully susceptible to challenge with the same
organism several weeks later, whereas recov-

ered mice were completely resistant to reinfec-
tion (data not shown).
Groups of mice were given four daily 25-mg/

kg doses of CS-A at different times before inocu-
lation with P. yoelii (L) to determine the dura-
tion of the prophylactic effect of the drug. This
effect was short-lived (Table 2). Mice treated
with the fourth dose 2 days (day -2) or more
before infection were as susceptible as untreated
mice. After a prolonged prepatent period, both
fatal and nonfatal malaria occurred in groups of
mice given the fourth dose of CS-A either 1 day
before or at the time of infection, or 2 days after
infection (day 2). Only when treatment was
initiated concurrently with parasite inoculation

TABLE 2. Prophylactic efficacy of CS-A treatment
begun at different times before infection with P.

yoelii (L)
Mean Mean

Day of last prepatent interval to P/TbCS-A dose peid 25% pb D/Tb
(25 mg/kg)a (pderos) parasitemia

ys144/4(days)
-4 1 4 4/4 4/4
-2 1 4 4/4 4/4
-1 2 9 4/4 2/4
0 6 14 4/4 2/4
2 9 13 2/4 2/4
3 0/4 0/4

a Four daily doses of CS-A were given s.c. to groups
of mice at various times before i.p. infection with 106
P. yoelii (L)-parasitized erythrocytes on day 0.

b Portion of total mice per group (T) that developed
parasitemia (P) and died (D).
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ANTIMALARIAL EFFECT OF CYCLOSPORIN A 1095

TABLE 3. Failure of lethal irradiation to prevent inhibition of P. yoelii infection by CS-A

CS-A dose, Mean interval (days) to Mean
days 0-2 (25 Irradiation parasitemia of: pTb D/Tb survival
mg/kg)a(850R) ~~~~~~~~~~~~~~~~~~time±

0.5-1.09o :25.09o SEM (days)

+ + 0/5 5/5 12.5 ± 0.5
- + 3 7 5/5 5/5 9.4 ± 0.4
+ - 10 15 3/5 2/5 20.5 ± 1.5
- - 1 4 5/5 5/5 6.8 ± 0.9

a Three daily doses of CS-A were given s.c. to groups of mice beginning at the time of infection (day 0) with 5
x 106 P. yoelii (L)-parasitized erythrocytes.

b Portions of total mice per group (T) that developed parasitemia (P) and died (D).

(last dose on day 3) were all mice permanently
prevented from developing parasitemia.
To insure that the antimalarial activity of CS-

A was not an indirect result of drug-induced
immunostimulation (19), CS-A was tested for its
ability to prevent or modify P. yoelii (L) parasit-
emia in lethally irradiated (850 R) mice. It had
been determined in previous experiments that
although ablation of hemopoiesis by lethal irra-
diation lengthened the prepatent period, this
effect could be overcome in part by increasing
the infecting dose of parasites. Thus, 3 h after
being irradiated, 10 mice were inoculated i.p.
with 5 x 106 erythrocytes parasitized with P.
yoelii (L), and 1 h later, half were given the first
of three daily 25-mg/kg doses of either CS-A or
diluent. For comparison, 10 normal mice were
infected and treated in the identical fashion.
Irradiated mice were prevented from developing
detectable parasitemia by CS-A but eventually
died from bone marrow aplasia (Table 3); those
untreated all developed fatal malaria. Three of
five normal mice treated with three doses of CS-
A (instead offour as previously) became parasit-
emic after a considerably longer prepatent peri-
od than occurred in those untreated. Of the
former, parasitemia was self-limiting in one
mouse that survived but unusually protracted
in the two that died about 3 weeks postinfec-
tion.

Effect of CS-A on patent infections. Having
found that murine malaria could be prevented
with CS-A, we next explored the potential of the
drug to cure existing parasitemia produced by P.
yoelii (L), P. yoelii (NL), and P. berghei. Initial-
ly, 15 mice were inoculated with P. yoelii (L),
and 6 days later (day 6), when the average level
of parasitemia was about 10%, each of 5 mice
was given CS-A (25 mg/kg) followed by a second
identical dose 24 h later. Five more mice were
subjected to the same treatment schedule begin-
ning on day 8, when their parasitemias averaged
about 30%o. All mice continued to be monitored
individually for changes in parasitemia which, in
those untreated, rose progressively until death
occurred between days 9 and 17 (Fig. 1). In

contrast, parasitemias fell sharply in all treated
mice, becoming undetectable within a 2-day
period after the first dose of CS-A. It should be
noted that during the first 24 h of this period, the
most prominent change in the blood of these
mice was a selective reduction in ring forms.
However, this apparent "cure" was short-lived,
lasting up to 5 days. Parasitemia then reap-
peared and persisted at relatively low levels for
about another 5 days before becoming undetect-
able (Fig. 1). In three similar experiments, this
sequence oftemporary cure, recrudescence, and
permanent cure was seen in virtually all P. yoelii
(L)-infected mice that were first treated with CS-
A up to 6 days after patency became detectable,
even when the treatment period was extended
from 2 days to several weeks. Interestingly,
patent P. yoelii (NL) infections were also

a.

I

DMy of Infection

FIG. 1. Course of parasitemia in mice treated with
two consecutive doses of CS-A (25 mg/kg) during
patent P. yoelii (L) infections. Mice (in groups of five)
were given CS-A on either days 6 and 7 (W) or days 8
and 9 (O) postinfection. Deaths (+) occurred only in
infected control mice given drug diluent on days 6
through 9 (0). Each point represents the geometric
mean parasitemia per group.
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FIG. 2. Course of parasitemia in mice treated
chronically with CS-A (25 mg/kg per day) during
patent P. yoelii (L) and P. yoelii (NL) infections. Five
P. yoelii (L)-infected mice were given either CS-A (U)
or drug diluent (E) on days 6 through 21 postinfection.
Five P. yoelii (NL)-infected mice were given either
CS-A (0) or drug diluent (0) on days 8 through 21
postinfection. +, Deaths. Each point represents the
geometric mean parasitemia per group.

abruptly terminated by CS-A treatment but
failed to recrudesce. These points are illustrated
by the results of the experiment depicted in Fig.
2. Beginning on days 6 and 8 post-inoculation
with, respectively, P. yoelii (L) and P. yoelii
(NL), mice were treated daily with CS-A (25 mg/
kg) through day 21; recrudescence occurred
only in P. yoelii (L)-infected mice, all of which
survived and were immune (data not shown) to
subsequent reinfection. In untreated control
mice, P. yoelii (L) was uniformly lethal whereas
self-limiting infections by P. yoelii (NL) re-

mained patent about 10 days longer than in CS-A
treated mice.
Recrudescent parasitemia was also consist-

ently found when patent P. berghei infections
were aborted by CS-A treatment (25 mg/kg per

day) lasting 2 days or more. Treatment of five
mice for 2 days beginning on day 14 postinfec-
tion caused their parasitemias to fall rapidly to
undetectable levels (Fig. 3). Parasitemias reap-

peared in all mice 2 to 3 days later, and only two
survived. Of five mice continuously treated from
days 14 through 40, two recrudesced after re-

maining subpatent for nearly 2 weeks; parasit-
emia persisted at relatively low levels for about
another 2 weeks, but these animals survived.
Emergence of parasites resistant to CS-A. The

transient reappearance of parasitemia consist-
ently seen in mice undergoing either short-term
or continuous treatment with CS-A (Fig. 2 and 3)

suggested that the drug was selecting for the
growth of resistant parasites whose subsequent
clearance was immune mediated. The results of
several experiments indicated that this was the
case since CS-A could not prevent infections in
recipients of blood obtained during recrudescing
P. yoelii (L) P. berghei parasitemias. Repre-
sentative data from one such experiment are
shown in Table 4. Four groups of mice were
infected with 106 parasitized erythrocytes from
the blood of a single mouse in which P. yoelii (L)
parasitemia recrudesced during continuous drug
treatment. Beginning immediately after infec-
tion, one group (controls) received drug diluent,
and the others were given CS-A in doses of 25,
50, or 100 mg/kg at daily intervals. In the control
group, CS-A-resistant P. yoelii (L)-hereafter
designated P. yoelii (R)-produced parasitemias
that were lethal for eight mice and self-limiting in
the remaining two. By comparison, all 10 mice
treated with 25 mg of CS-A per kg exhibited
parasitemias that rose more slowly, persisted
longer, and (except in one animal) were self-
limiting. The development and duration of para-
sitemia were even more prolonged in the two
groups of mice treated with the two larger CS-A
doses. Except for the self-limiting infection that
occurred in two mice from the 50-mg/kg group,
parasitemia was eventually lethal for the remain-
ing animals in these groups.
These results (Table 4) suggested that P. yoelii

(R) was less virulent than P. yoelii (L), since

100-

50- +

10- .
E

5--~~~~~~~~~1

U~~
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4. 812162024283236404
Day of Infection

FIG. 3. Course of P. berghei parasitemia in five
mice given CS-A (25 mg/kg per day) on either days 14
and 15 (C) or days 14 through 40 (O) postinfection and
in five untreated control mice (O). +, Deaths. Each
point represents the geometric mean parasitemia per
group.
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TABLE 4. Effect of continuous treatment with different doses of CS-A on P. yoelii (R) infections

Daily Mean ~~~~~~~~Mean
CS-A Treatment prepatent interval Self- Mean survivalCos-A period' perepaen to 10%1 cueb time ± SEM

(mg/kg) (days) (days) parasitemia (days)

None 2 5 2/10 14.1 ± 1.1
25 0-26 2.5 11 9/10 19.0 ± 0.7
50 0-32 3 18 2/6 27.8 ± 1.5
100 0-32 4 20 0/5 28.8 ± 2.7

a Mice were given CS-A s.c. daily beginning at the time of i.p. infection with 106 P. yoelii (R)-infected
erythrocytes.

b Mice in which parasitemia eventually became undetectable/total mice in group.

without exception the latter had always pro-
duced lethal infections (>300 mice tested), and
also that the resistance of P. yoelii (R) to CS-A
was not absolute, since daily treatment with all
three doses of the drug inhibited its rate of
growth. At the lowest dose (25 mg/kg), this
inhibition was sufficient to permit the majority of
mice to clear their infection, presumably
through the development of specific immunity.
On the other hand, the greater decrease in
parasite growth rates in mice treated with 50 and
100 mg of CS-A per kg was probably outweighed
by the immunosuppressive and toxic effects of
the drug, thereby resulting in a net prolongation
of infection and ultimately in death.
The reduced lethality of P. yoelii (R) and its

resistance to CS-A remained unchanged after
two additional blood passages in mice. Further-
more, P. yoelii (R) showed no detectable change
in its host cell preference, and like P. yoelii (L),
it grew in both mature and immature erythro-
cytes.
As mentioned above, essentially similar find-

ings were obtained with P. berghei, except that
infections with drug-resistant parasites contin-
ued to be uniformly lethal (data not shown).

Inhibition by CS-A of P. falciparum growth in
vitro. The results of the previous experiments
provided the rationale for determining whether

TABLE 5. Inhibition by CS-A of P. falciparum
growth in vitro

CS-A concn % Reduction in parasitemia at':
(jLg/ml) 48 h 72 h % h 120 h

100 100 100 100 100
10 0 69 100 100
1 0 46 60 66
0.1 0 43 22 22
0.01 0 0 0 22

a Each value (average of three slides) is based on
parasitemias existing in corresponding control cultures
containing drug diluent. Mean parasitemias in control
cultures were: 0.8% (48 h), 1.3% (72 h), 3.2% (96 h),
and 4.6% (120 h).

CS-A could prevent or suppress in vitro the
growth of the human malarial parasite P. falci-
parum. As in previous studies of other potential
antiplasmodial compounds (26, 27), the conven-
tional candle jar technique (17) was employed to
propagate P. falciparum in cultured human
erythrocytes. In two separate experiments, cul-
tures of erythrocytes, of which 0.4% were in-
fected with P. falciparum, were established ini-
tially in the absence of CS-A and maintained for
24 h. At the end of this period and thereafter at
24-h intervals, the culture medium was replaced
with that containing either CS-A or (in control
cultures) a drug diluent. The final concentrations
per ml of CS-A ranged from 100 ,ug (8.32 x 10-5
M) to 0.01 ,ug in 10-fold decrements. After the
first 24 h of exposure to drug, the levels of
parasitemia in all cultures were determined each
time the medium was replaced. These experi-
ments yielded very similar results and showed
that CS-A inhibited P. falciparum growth in a
dose-dependent fashion. The data from one ex-
periment are presented in Table 5. No parasites
were detectable in erythrocytes from cultures
containing 100 ,ug of CS-A per ml; at 10 ,ug/ml,
parasitemia was markedly depressed after 48 h
of drug exposure and then disappeared. Lower
drug concentrations, although failing to elimi-
nate parasitized cells, caused significant reduc-
tions in their numbers during the remainder of
the 5-day culture period.

In another experiment, medium containing 1
,ug of CS-A per ml (8.32 x 10-7 M) was added to
24-h-old cultures of P. falciparum-infected
erythrocytes as described above. However, CS-
A was omitted from all subsequent changes of
medium, so that the cells were exposed to the
drug only during day 2 of the total culture
period. Under these conditions, parasite growth
was inhibited during days 3, 4, and 5 (as com-
pared with controls) by, respectively, 34.6, 48.8,
and 29.0%o. The decreased inhibition seen on the
last day provided some indication that the effect
of drug might be reversible. This would be
compatible with the very small number of cells
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containing abnormal-appearing parasite stages.
The extent of P. falciparum inhibition in com-
panion cultures maintained continuously in the
presence of the same CS-A concentration (data
not shown) was comparable to that observed
previously (Table 5).

DISCUSSION
This study was initiated as a result of the

seemingly paradoxical observation that the im-
munosuppressive drug CS-A inhibited rather
than potentiated plasmodial infections of mice.
The results presented above have clarified this
observation by demonstrating that the antima-
larial activity of CS-A is separable from its well-
documented effects on the immune system, al-
though the mechanism by which this activity is
expressed is obscure. Previous investigations
employing mice and other species of laboratory
animals provide no indication that the func-
tion(s) of cells other than mature T lymphocytes
is affected by regimens of CS-A similar to those
used in the present study. Larger doses of drug
or more prolonged treatment periods are neces-
sary to induce toxic side effects. For example, in
rats, daily administration of 45 mg of CS-A per
kg for a period of 13 weeks was required to
cause reproducible histological alterations in
lymphoid, hepatic, and renal tissues (4).
One possible clue to the manner in which CS-

A may prevent or terminate patent infection is
the strikingly selective reduction in ring stages
of P. yoelii (L) that was seen 24 h after CS-A
treatment of parasitemic mice-an observation
that also applied to P. berghei (J. Murphy,
unpublished data). In the apparent absence of
any concomitant morphological abnormalities of
trophozoite or schizont stages, this observation
may reflect an ability of CS-A to interrupt the
growth cycle of the parasites by preventing
merozoites from invading erythrocytes. Theo-
retically, this could result either from a direct
effect of the drug on merozoites or from some
alteration of erythrocytes in general which pre-
vents their invasion. The latter situation seems
unlikely, however, since any significant meta-
bolic or structural alteration of erythrocytes
induced by CS-A in vivo would be expected to
induce a detectable compensatory change in the
existing hematological picture. We, as well as
others (29), have not observed such a change in
drug-treated normal animals.
There is relatively little published information

as to the distribution of cell types which prefer-
entially bind CS-A. Of those in the blood, lym-
phocytes, monocytes, and neutrophils, but not
erythrocytes, appear to possess distinct CS-A-
binding sites of high affinity (25). On the other
hand, the outer membranes of Plasmodium-

infected erythrocytes are known to exhibit an
increased lipid fluidity (15), which might possi-
bly favor the selective binding of CS-A because
of its strong lipophilic property.

It appears that the susceptibility to CS-A of P.
yoelii or P. berghei in vivo and that of P.
falciparum in vitro are comparable. The average
weight of mice used in this study was 20 g;
therefore, at a dose of 25 mg/kg, each received
approximately 500 ,ug of CS-A. Since probably
less than 50% of the administered drug enters
the intravascular compartment and most of it is
metabolized in the liver within 24 h (2), its
concentration in the blood almost certainly did
not exceed 50 ,ug/ml (assuming a blood volume
of 5 ml) during preventive or curative treat-
ment-periods of 4 and 2 days, respectively
(Fig. 1 and 3). In a group of mice treated with
four daily 5-mg/kg doses of CS-A beginning on
the day of P. yoelii (L) infection, blood levels of
the drug probably averaged no more than 10 ,g/
ml, yet they were sufficient to cause a marked
delay in the appearance of parasitemia and to
allow one animal to survive (Table 1). Similarly,
CS-A concentrations of 100 and 10 ,ug/ml were
capable of, respectively, preventing and termi-
nating P. falciparum infection in vitro (Table 5).
There is no clear-cut explanation for the regu-

larity with which CS-A treatment of patent P.
yoelii (L) and P. falciparum infections led to the
emergence of drug-resistant parasites. Two ma-
jor possibilities exist. CS-A selected for their
growth from either (i) a mixture of sensitive and
resistant populations or (ii) spontaneously aris-
ing mutant populations, one or more of which
were resistant (1). At the present time, we favor
the former possibility for the following reasons.
First, preliminary findings suggest that when the
inoculum size of P. yoelii (L) is increased from
106 to 108 parasitized erythrocytes, the preven-
tion of patent infection with CS-A becomes
irregular, and initial breakthrough parasitemias
appear to be drug resistant. Second, it seems
more than coincidental that parasitemias pro-
duced by P. yoelii (NL), which underwent a
standard cloning procedure, did not recrudesce
after being cured with CS-A (Fig. 2) as did
uncloned P. yoelii (L) and P. berghei (Fig. 1 and
3). Third, assuming that most, if not all, recru-
descent infections were due to drug-resistant
parasites, it is difficult to envisage how they
could have appeared so rapidly in the more than
60 mice thus far examined without having been
present in the original inocula.
The resistance of P. yoelii (R) to CS-A as well

as its reduced virulence made it possible to
observe more readily the effect of drug treat-
ments of different immunosuppressive poten-
tials. In a previous study of the ability of CS-A
to suppress the cellular immune responses of
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mice to vaccinia and lymphocytic choriomenin-
gitis viruses (G. A. Cole and S. P. Nickell, un-
published data), we found that if begun 1 day
before virus priming, daily treatment with s.c.
doses of 100 or 50 mg/kg, but not 25 mg/kg,
completely prevented the induction of specific
cytotoxic T lymphocytes by either virus. Thus,
both the course and the outcome of P. yoelii (R)
infections initiated concurrently with daily CS-A
treatment were markedly dependent upon drug
dose (Table 4). Mice that received the lowest T
lymphocyte-suppressive dose (25 mg/kg) fared
better than those untreated; although the devel-
opment of parasitemia was prolonged, there was
a significant increase in the number of self-
cures. It seems, therefore, that P. yoelii (R)
retained some sensitivity to CS-A which fa-
vored, presumably, its eventual immune-mediat-
ed elimination. Repeated doses of 50 or 100 mg/
kg prolonged the development of parasitemia
even more but, at the same time, probably
impaired or prevented the induction of antima-
larial immunity.

In addition to this study, we are aware of two
others in which CS-A has been reported to have
an antiparasitic effect. Bueding et al. (8), while
investigating the potential of CS-A to depress
the immune-mediated development of liver gran-
ulomata in Schistosoma mansoni-infected mice,
found unexpectedly that five daily 25-mg/kg
doses strikingly inhibited all stages of worm
development. Furthermore, it appeared that a
synergistic effect was obtained when CS-A was
used in combination with the new antischistoso-
mal drug amoscanate. Three daily 25-mg/kg
doses of CS-A produced marked reductions in
both the hemoglobinase activity and the protein
content of adult schistosomes, particularly fe-
males, which persisted for more than 2 weeks
after the cessation of treatment. Although these
findings suggested the possibility that the anti-
malarial activity of CS-A might involve a similar
mechanism, attempts to demonstrate a de-
creased protease (or hemoglobinase) activity of
P. falciparum after treatment in vitro with CS-A
have been unsuccessful (F. N. Gyang and L. W.
Scheibel, unpublished data).
More recently, Thommen-Scott has described

an inhibitory effect of orally administered CS-A
on P. berghei and Plasmodium chabaudi infec-
tions of mice (28). Although basically in agree-
ment with our findings, the results of this study
were more limited and obtained under somewhat
different experimental conditions. Interestingly,
however, they indicated that CS-A may syner-
gize with pyrimethamine, a drug which seems to
affect mainly schizont stages (14, 21).
From the available evidence, including that

presented in this paper, it appears that CS-A
may represent a new class of compounds having

potential application to the treatment of malaria
and possibly of other parasitic infections. Al-
though it shares with other antiplasmodial com-
pounds the ability to induce the emergence of
resistant parasites, CS-A or one of its congeners
might be used most successfully in combination
with other therapeutic drug regimens and in
quantities insufficient to depress the immune
system. In this context, we have been encour-
aged by the preliminary finding (J. Murphy,
unpublished data) that resistant populations of
P. berghei which arose during CS-A treatment
of patent infections retain their susceptibility to
chloroquine.

ACKNOWLEDGMENTS
This work was supported in part by Public Health Service

grant NS-17741 from the National Institute of Neurological
and Communicative Disorders and Stroke, a predoctoral
fellowship to S.P.N. from the Rockefeller Foundation, and a
contract from the Agency for International Development,
U.S. Department of State.
We also acknowledge the expert secretarial assistance of

Celia Jarvis.

LITERATURE CITED

1. Beale, G. H. 1980. The genetics of drug resistance in
malaria parasites. Bull. W.H.O. 58:799-804.

2. Beverldge, T., A. Gratwohl, F. Michot, W. Neiderberger,
E. Nuesch, K. Nussbaumer, P. Schaub, and B. Speck. 1981.
Cyclosporin A: pharmacokinetics after a single dose in
man and serum levels after multiple dosing in recipients
of allogeneic bone-marrow grafts. Curr. Ther. Res. 30:5-
18.

3. Borel, J. F. 1981. Cyclosporin A-present experimental
status. Transplant. Proc. 13:344-348.

4. Borel, J. F. 1981. Cyclosporin A. Triangle (Engl. Ed.)
20:97-105.

5. Borel, J. F., C. Feurer, H. V. Gubler, and H. Stihelin.
1976. Biological effects of cyclosporin A: a new antilym-
phocytic agent. Agents Actions 6:468-475.

6. Borel, J. F., C. Feurer, C. Magnee, and H. Stihelin. 1977.
Effects of the new antilymphocytic peptide cyclosporin A
in animals. Immunology 32:1017-1025.

7. Brown, I. N., A. C. Allison, and R. B. Taylor. 1968. P.
berghei infections in thymectomized rats. Nature (Lon-
don) 219:292-293.

8. Bueding, E., J. Hawkins, and Y.-N. Cha. 1981. Antischis-
tosomal effects of cyclosporin A. Agents Actions 11:380-
383.

9. Burckhardt, J. J., and B. Guggenheim. 1979. Cyclosporin
A: in vivo and in vitro suppression of rat T lymphocyte
function. Immunology 36:753-757.

10. Caine, R. Y., D. J. C. White, K. Roller, D. P. Smith, and
B. M. Herbertson. 1978. Prolonged survival of pig ortho-
topic heart grafts treated with cyclosporin A. Lancet
i:1183-1184.

11. Clark, I. A., and A. C. Allison. 1974. Babesia microti and
P. berghei yoelii infections in nude mice. Nature (Lon-
don) 252:328-329.

12. Gordon, M. Y., and J. W. Singer. 1979. Selective effects
of cyclosporin A on colony-forming lymphoid and my-
eloid cells in man. Nature (London) 279:433-434.

13. Green, C. J., and A. C. Allison. 1978. Extensive prolonga-
tion of rabbit kidney allograft survival after short-term
cyclosporin A treatment. Lancet i:1182-1183.

14. Gutteridge, W. E., and P. I. Trigg. 1971. Action of pyri-
methamine and related drugs against Plasmodium knowv-
lesi in vitro. Parasitology 62:431-444.

15. Howard, R. J. 1982. Alterations in the surface membrane

VOL. 37, 1982



1100 NICKELL, SCHEIBEL, AND COLE

of red blood cells during malaria. Immunol. Rev. 61:67-
107.

16. Jayawardena, A. N., G. A. Targett, R. L. Carter, E. Leu-
chars, and A. J. S. Davies. 1977. The immunological re-
sponse of CBA mice to P. yoelii. I. General characteris-
tics, the effects of T-cell deprivation and reconstitution
with thymus grafts. Immunology 32:849-859.

17. Jensen, J. B., and W. Trager. 1977. Plasmodium falci-
parum in culture: use of outdated erythrocytes and de-
scription of the candle jar method. J. Parasitol. 63:883-
886.

18. Jensen, J. B., and W. Trager. 1978. Plasmodium falci-
parum in culture: establishment of additional strains. Am.
J. Trop. Med. Hyg. 27:743-746.

19. Kunkl, A., and G. G. B. Klaus. 1980. Selective effects of
cyclosporin A on functional B cell subsets in the mouse. J.
Immunol. 125:2526-2531.

20. Larsson, E. 1980. Cyclosporin A and dexamethasone
suppress T cell responses by selectively acting at distinct
sites of the triggering process. J. Immunol. 124:2828-2833.

21. Nguyen-Dinh, P., and D. Payne. 1980. Pyrimethamine
sensitivity in Plasmodium falciparum: determination in
vitro by a modified 48-hour test. Bull. W.H.O. 58:909-
912.

22. Petcher, T. J., H. P. Weber, and A. Ruegger. 1976. Crys-
tal and molecular structure of an iodo-derivative of the
cyclic undecapeptide cyclosporin A. Helv. Chim. Acta
59:1480-1488.

23. Powles, R. L., A. Z. Barret, H. Clink, H. E. M. Kay, J.
Sloane, and T. J. McElwain. 1978. Cyclosporin A for the
treatment of graft versus host disease in man. Lancet
11:1327-1331.

24. Roberts, D. W., R. G. Rank, W. P. Weidanz, and J. F.
Finerty. 1977. Prevention of recrudescent malaria in nude
mice by thymic grafting or by treatment with hyperim-
mune serum. Infect. Immun. 16:821-826.

25. Ryffel, B., P. Donatsch, U. Gotz, and M. Tschopp. 1980.
Cyclosporin receptor on mouse lymphocytes. Immunolo-
gy 41:913-919.

26. Scheibel, L. W., and A. Adler. 1980. Anti-malarial activity
of selected aromatic chelators. Mol. Pharmacol. 18:320-
325.

27. Scheibel, L. W., A. Adler, and W. Trager. 1979. Tetraeth-
ylthiuram disulphide (Antabuse) inhibits the human malar-
ia parasite Plasmodium falciparum. Proc. Natl. Acad.
Sci. U.S.A. 76:5303-5307.

28. Thommen-Scott, K. 1981. Antimalarial activity of cyclo-
sporin A. Agents Actions 11:770-773.

29. Thomson, A. W., P. H. Whiting, I. D. Cameron, S. E.
Lessels, and J. G. Simpson. 1981. A toxicological study in
rats receiving immunotherapeutic doses of cyclosporin A.
Transplantation 31:121-124.

30. Trager, W., and J. B. Jensen. 1976. Human malaria para-
sites in continuous culture. Science 193:673-675.

31. Tutschka, P. J., W. E. Beschorner, A. C. Allison, W. H.
Burnes, and G. W. Santos. 1979. Use of cyclosporin A in
allogeneic bone marrow transplantation in the rat. Nature
(London) 280:148-150.

32. Walliker, D., A. Sanderson, M. Yoell, and B. J. Har-
greaves. 1976. A genetic investigation of virulence in a
rodent malaria parasite. Parasitology 72:183-194.

33. Weinbaum, F. I., C. B. Evans, and R. E. Tigelaar. 1976.
Immunity to Plasmodium berghei yoelii in mice. I. The
course of infection in T-cell and B-cell deficient mice. J.
Immunol. 117:1999-2005.

34. White, D. J., A. M. Plumb, G. Parvelec, and G. Brons.
1979. Cyclosporin A: an immunosuppressive agent prefer-
entially active against proliferating T cells. Transplanta-
tion 27:55-58.

35. Wiesinger, D., and J. F. Borel. 1979. Studies on the
mechanism of action of cyclosporin A. Immunobiology
156:454-463.

INFECT. IMMUN.


