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Nude mice died when infected with the normally avirulent malarial parasite
Plasmodium berghei yoelii. Furthermore, malaria recrudesced in Nu/Nu mice
after the termination of acute disease by treatment with clindamycin. Recru-
descence was not observed in Nu/Nu mice that had been grafted with thymic
tissue or treated with hyperimmune serum. Mice made B cell deficient by
treatment with anti-,u-chain serum also died when infected with P. berghei
yoelii. The data suggest that a crucial role ofthe thymus in preventing recrudes-
cent malaria in this model system is to provide a helper function in the
production of protective antibody.

The infection of immunologically intact mice
with Plasmodium berghei yoelii (Pby) produces
a parasitemia of short duration and lifelong
immunity to reinfection. In contrast, when
athymic "nude" mice are infected with Pby, the
number of blood parasites steadily increases
until the animal dies (6, 24). These data, and
other data obtained by infecting thymectomized
rodents (2, 22) or rodents treated with antithy-
mocyte serum (21) or antilymphocyte serum (1,
5), clearly demonstrate that the thymus plays a
significant role in the development ofimmunity
to malarial infection. Suggestions that might
explain this phenomenon include (i) a T-cell
helper function in the production of protective
antibodies (3) and/or (ii) the release of nonanti-
body mediators of immunity by activated T
cells (7). Previously, we had observed that B-
cell-deficient chickens were immune to subse-
quent challenge infection with Plasmodium
gallinaceum provided they had been rescued
from acute malaria by means of chloroquine
therapy (19). Thus, acute disease constituted an
immunizing experience for B-cell-deficient
chickens possessing T-cell function. The pres-
ent investigation was undertaken to determine
if acute malarial infection would be an immu-
nizing event in T-cell-deficient "nude" mice.
Thus, nude mice were tested for their ability to
resist recurrent malarial infection with Pby
after the treatment of acute disease with clin-
damycin. In contrast to the B-cell-deficient
chicken, the nude mouse developed recurrent
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and ultimately fatal malarial infection. How-
ever, disease did not recur in successfully thy-
mic-grafted nude mice or in nude mice treated
with hyperimmune serum after drug therapy.

MATERIALS AND METHODS
Mice. N/Nu and Nu/+ mice of both sexes were

obtained from a closed colony of animals and used at
7 to 12 weeks of age unless noted otherwise. These
animals had a BALB/c background and were de-
rived from parental stock kindly supplied by
Charles Schaffer, Wittenberg College, Springfield,
Ohio.
Thymic reconstitution. Nu/Nu mice, 4 to 6 weeks

of age, were grafted under ether anesthesia with
thymic tissue derived from neonatal donors accord-
ing to the procedure described by Rygaard (20). T-cell
competence was assessed by sensitizing mice on the
flank with 0.25 ml of 10% p-amino-N-dimethylana-
line (NDMA) in acetone and then challenging them
6 days later and measuring increases in ear thick-
ness at 24 h as described by Maguire (16). Non-
grafted, immunologically intact Nu/+ mice served
as controls.

Experimental infection. Mice were infected via
the intraperitoneal route with 106 erythrocytes par-
asitized with the nonlethal 17X strain of Pby. Para-
sitemias were determined by microscopic examina-
tion of blood films prepared from tail blood and
stained with Giemsa stain.
Footpad swelling in response to malarial anti-

gen. Footpad swelling was measured in both in-
fected and noninfected mice at various intervals of
time after the injection into the left hind footpad of
0.05 ml of frozen and thawed malarial antigen pre-
pared from the 17XL strain of Pby according to the
procedure of Finerty and Krehl (10). Measurements
were made 3, 6, 12, 24, and 48 h later with a dial
micrometer (Schnell-taster) as described previously

821



822 ROBERTS ET AL.

(13), and the increase in footpad thickness was re-
corded for each mouse.

Chemotherapy. Clindamycin HCl hydrate (Cleo-
cin, Upjohn Co., Kalamazoo, Mich.), which has been
shown to possess antiplasmodial activity by Lewis
(14), was administered in a dose of 74 mg of active
drug per kg in water per day for 5 consecutive days
by means of oral intubation under light ether anes-
thesia.
Hyperimmune serum. Nu/+ mice that had sur-

vived acute infection with Pby were subsequently
hyperimmunized by inoculation with 2 x 10 parasi-
tized erythrocytes at 42 and 70 days after the initia-
tion of acute infection. Mice were bled from the
retro-orbital plexus 8 days later under ether anes-
thesia. The pooled sera were sterilized by filtration
through a 0.45-,um grid membrane (Nalge Sybron
Corp., Rochester, N.Y.) and stored at -20°C until
needed. Normal serum was collected from nonin-
fected Nu/+ mice in the same manner and stored at
- 200C.
Treatment with anti-p-chain serum. Goat antise-

rum against purified mouse immunoglobulin M
(IgM) (MOPC 104E; y,qu) was obtained through the
kindness of Paul Montgomery (University of Penn-
sylvania, Philadelphia, Pa.). The serum was heat
inactivated at 56°C for 30 min and absorbed with 8%
washed Nu/+ erythrocytes. The absorbed antiserum
was assayed by means of gel diffusion against
MOPC 104E; y,qu myeloma protein (Litton Bionetics
Inc., Kensington, Md.) at a concentration of 1 mg/ml
and produced a distinct precipitin line at a dilution
of 1:256. Serum was sterilized by filtration through
0.45-,um grid membrane and stored at -20°C. Nu/+
mice of both sexes were injected intraperitoneally,
using a 30-gauge needle, with 0.05 ml of absorbed
goat anti-,a on the day of birth and every other day
thereafter during the first week of life (17). The dose
was then increased to 0.1 ml and administered at
subsequent intervals so that the total volume in-
jected was 2.3 ml/mouse during a period of 11.5
weeks. Both treated mice and untreated control ani-
mals were bled 16 days prior to cessation of anti-,u
treatment, and the serum was assayed for IgM using
commercially prepared radial immunodiffusion
plates (Meloy Laboratories, Springfield, Va.) with a
working range of 0.06 to 2.1 mg of IgM per ml.

RESULTS
Nu/Nu mice infected with 106 Pby failed to

resolve their infections, in contrast to Nu/+
littermates (Fig. 1). Although malaria was not
fulminant in nude mice, it persisted until the
animals died.
To determine if Nu/Nu mice were capable of

developing immunity to Pby, Nu/Nu and Nu/+
littermates were infected with 106 Pby and then
treated with clindamycin after parasitemias be-
came patent. Parasites were not evident in
blood films taken 3 days after the termination
of drug treatment. Subsequently, malaria re-
curred in all Nu/Nu mice treated with clinda-
mycin but in none of the four surviving Nu/+
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mice that had received the same treatment
(Fig. 2). Similarly, when Nu/Nu mice with re-
crudescent infection were placed on a milk diet
therapy shown previously to be efficacious (15),
20 days after drug treatment, their blood films
became negative once again, but recrudescence
was observed after the mice had been returned
to their regular diet.

Since recrudescence did not take place in ani-
mals possessing an intact thymus, we next in-
vestigated the ability of thymic-grafted Nu/
Nu mice to resist recurrent disease after clinda-
mycin rescue. Efforts to demonstrate allergic
contact dermatitis to NDMA in thymic-grafted
Nu/Nu mice prior to infection with Pby were
made. The data revealed that only two of the
animals responded with a definitely positive

OAYS AFTER INFECTION

FIG. 1. Lethal Pby infections in NulNu mice. Par-
asitemias in individual mice are shown.
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FIG. 2. Recrudescent malaria in Nu/Nu mice.
Parasitemias were averaged for the number of ani-
mals shown in brackets. (a) Treatment with clinda-
mycin, 74 mg/kg, during the 5-day period.
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challenge reaction. At 5 months of age, all of
the thymic-grafted nude mice as well as non-
grafted littermates, both Nu/Nu and Nu/+
mice, were infected with 106 Pby and then res-
cued with clindamycin. Whereas recrudescence
was observed in all 7 Nu/Nu mice, malaria did
not recur in 12 of the 14 thymic-grafted Nu/Nu
mice (Table 1). Similarly, recrudescence was
not seen in Nu/+ mice during the observation
period of 29 days. Both thymic-grafted Nu/Nu
mice and Nu/+ mice were resistant to reinfec-
tion with 2 x 106 Pby injected 29 days after
rescue. When skin tested with NDMA at 50
days after infection, the thymic-grafted Nu/Nu
mice, which resisted challenge infection,
showed a mean increase in ear thickness of 17.5
X 10-3 cm. Nu/+ mice receiving identical treat-
ment showed a mean increase of 23.5 x 10-3 cm.
Nonsensitized Nu/+ mice developed a mean
increase in ear thickness of 2.4 x 10-3 cm upon
challenge. Thus, T-cell immunity as measured
by this parameter was evident in those thymic-
grafted Nu/Nu mice in which recrudescence did
not take place.
To determine whether thymic-grafted Nu/Nu

mice became sensitized to malarial antigen
when infected with Pby, infected mice (Nu/Nu,
thymic-grafted Nu/Nu, and Nu/+ animals), as
well as uninfected control animals, were tested
for footpad swelling in response to the injection
of frozen and thawed malarial antigen into the
left hind footpad 17 days after drug rescue. The
results in Fig. 3 show that footpad swelling was
most evident in Nu/+ mice and in thymic-
grafted Nu/Nu mice that did not develop recru-
descent malaria. Footpad reactions were less
marked in infected mice that developed recur-
rent disease. Noninfected control animals
showed a minimal response to the test antigen.

TABLz 1. Absence of recrudescent malaria in
thymic-grafted NulNu mice rescued with

clindamycin
Mean para- No. with re- % Immune

Genotype sitemia 9 crudescent to subse-
(no.) days after malaria/no. quent chal-

infection (%) rescued lenge"
Nu/Nu (11) 14 7/7 Not done
Nu/+ (14) 15 0/13 100
Nu/Nu + 11 2/14 100
thymus
(14)
a Parasitemias were arrested by oral treatment

with clindamycin (74 mg/kg ofbody weight) daily on
days 9 through 13 after infection.

b Mice that had not developed recrudescent infec-
tions were challenged with 2 x 106 Pby 29 days after
drug rescue. Parasitemias became patent in 13 con-
trol mice injected with 106 Pby.

Reactions were most pronounced 3 h after injec-
tion with antigen and then diminished with the
passing of time.

Since the early footpad response to malarial
antigen indicated an antibody-mediated reac-
tion (18), it was possible that the role of T cells
in preventing recrudescent malaria could be
attributed to a helper function in the produc-
tion of protective antibodies. To test this, Nu/
Nu mice were infected with Pby, treated with
clindamycin, and then injected daily with 0.2
ml of hyperimmune serum, normal serum, or
saline via the intraperitoneal route. Mice given
hyperimmune serum were protected from re-
crudescent malaria, whereas four out of five
animals treated with either normal serum or
saline showed recurrent disease (Table 2). Al-
though hyperimmune serum did protect
athymic mice from recrudescent infection, the
mice remained susceptible to challenge infec-
tion when the parasites were injected 1 month
after the termination of serum treatment.
Thus, hyperimmune serum in the absence of a
functioning T-cell system prevented recurrent
malarial infection but, unlike active immuniza-
tion in T-cell-bearing animals, it failed to pro-
tect the host against subsequent challenge in-
fection.
Whereas these data suggest that antibody

may prevent recrudescent malaria, it is diffi-
cult to rule out the possibility that T-cell-de-
pendent nonantibody mediators of immunity
might account for the absence of recrudescence
in Nu/Nu mice treated with hyperimmune se-
rum. To determine if B-cell-deficient mice pos-
sessing a functional thymus were capable of
developing acquired immunity to malaria, Nu/
+ mice were treated from birth with goat anti-
,u-chain serum. When assayed by radial immu-
nodiffusion, IgM was not detected in the sera of
treated mice. In contrast, the mean concentra-
tion of IgM in the sera of untreated age-
matched control mice was 28.6 mg/100 ml. At 6
weeks of age the mice were sensitized with
NDMA and challenged 6 days later. All ani-
mals developed allergic contact dermatitis to
NDMA, indicating that T-cell immunity was
intact in these B-cell-deficient mice as mea-
sured by this parameter. Both B-cell-deficient
mice and immunologically intact animals were
then infected with 106 Pby. The results shown
in Table 3 demonstrate that Pby infections
were lethal in B-cell-deficient mice, whereas
four of five animals possessing B-cell immunity
readily survived the infection. These data dem-
onstrate that immunity to acute malarial infec-
tion is dependent upon factors other than those
usually associated with functioning T cells.
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FIG. 3. Early footpad swelling in response to malarial antigen injected 31 days after initiation of acute
infection with Pby. Nu/NUT+ indicates thymic-grafted mice in which malaria did not recur. NuINuT- depicts
thymic-grafted mice that developed recurrent disease. Values are means +- standard deviation at hourly
intervals noted.

TABLz 2. Passive immunization ofNulNu mice and
subsequent protection against recrudescent malaria

Treatment No. with re- No. with
Genotype after infec- crudescent patent para-

(no.) tion and res- malaria/no. sitemia/no.
cuea rescued challengedb

Nu/Nu (5) Saline 4/5 1/1
Nu/Nu (5) Normal serum 4/5 Not done
Nu/Nu (5) Hyperimmune 0/5 5/5

serum

a Parasitemias were arrested by oral treatment with
clindamycin, 74 mg/kg of body weight, daily on days 5
through 9 after infection. Mice were injected intraperitone-
ally with 0.2 ml of saline, normal serum, or hyperimmune
serum on days 9 through 16 after infection.

bSurviving mice were challenged with 10" parasites 2
months after the initiation of acute infection.

DISCUSSION
The importance of T-cell immunity in ma-

laria is well documented. T-cell-deprived ro-
dents usually suffer more severely from experi-
mental malaria than animals possessing a thy-
mus (1, 2, 5, 6, 21, 22). That T-cell activation
does occur in malaria has been demonstrated
(12). Further, sensitized T cells have been
shown to undergo blast cell transformation in
the presence of malarial antigen (23). In fact, it
has been suggested that thymus-dependent
nonantibody mediators of immunity play a sig-
nificant role in malaria (7); but much of the
evidence available indicates that T cells proba-
bly function via a helper role in the production
of protective antibodies (3, 4).

In the present study, Nu/Nu mice developed
persisting parasitemias and died when infected
with the normally avirulent Pby, thus confirm-

ing the observations of others (6, 24). Further,
only Nu/Nu mice developed recrudescent dis-
ease after therapy with clindamycin. It is inter-
esting to note that recurrent malaria in Nu/Nu
mice followed an acute course rather than the
chronic one which is often observed in hosts
that have become partially immune to the par-
asite. Mice possessing thymic tissue did not
demonstrate recrudescent disease, indicating
that the thymus played an important role in
preventing recurrent infection. Whereas thy-
mus-intact animals demonstrated delayed hy-
persensitivity to the contactant NDMA, they
developed early footpad swelling in response to
the injection of malarial antigen. These reac-
tions were consistent with Arthus reactions de-
scribed by Nelson and Boyden (18) and were
probably antibody dependent. Delayed footpad
swelling was not observed in any of the mice
treated with malarial antigen. The relationship
between early footpad swelling and resistance
to recrudescent malaria remains uncertain at
this time and requires further investigation.
Of greater significance was the observation

that recrudescence did not occur in mice that
had been treated with hyperimmune serum. In
this instance, the parasites in the Nu/Nu mice
were destroyed by a component(s), presumably
antibody, in hyperimmune serum either acting
alone or in conjunction with a non-T-cell effec-
tor mechanism. The point is that the role of a
functional thymus was fulfilled by injections of
hyperimmune serum. This strongly suggests to
us that the role of the thymus in preventing
recrudescent malaria in the murine model is
that of a T-cell helper function in the produc-
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TABLE 3. Lethal Pby infections in mice treated with anti--chain serum

Menserum Cumulative mortality after infection with Pby
Group Treatment" Genotype (no.) IgM levelsb (no. died/no. infected)

(mg/100 ml) 2c 5 7 9 13 17 21

A Anti-IL chain Nu/+ (5) <6 0/5 0/5 0/5 1/5 2/5 3/5 5/5
B None Nu/+ (5) 28.6 0/5 1/5 1/5 1/5 1/5 1/5 1/5d

a Mice were treated with goat anti-,u-chain serum.
b Serum IgM levels were determined by radial immunodiffusion.
c Days after infection.
d Blood films were negative for Pby in all surviving mice at this time.

tion of protective antibody. Supporting this was
the observation that mice treated with anti-IL-
chain serum to suppress B-cell immunity suf-
fered lethal infections with Pby, even though
they possessed T-cell function, as demonstrated
by their ability to develop allergic contact der-
matitis to NDMA. Similar findings have been
reported by Weinbaum et al. (24). Further-
more, Brown et al. (4) demonstrated that
splenic T cells from rats infected with P.
berghei conferred immunity when transferred
to syngenic recipients. They suggested that T
cells exert their protective action mainly
through cooperation with B cells. This is con-
sistent with the observation of Gravely and
Kreier (11), who demonstrated that the adop-
tive transfer of immunity to acute P. berghei
infection in young rats was best achieved with
the differentiated B-cell population derived
from the spleens of immunized T-cell-intact
adult rats.
One of the questions that remains is whether

or not T cells may function by mechanisms
other than those noted above. This question is
prompted by our observation that B-cell-defi-
cient chickens were resistant to an otherwise
lethal P. gallinaceum infection after the cure of
acute disease with chloroquine (19). Thus, in
the avian model, nonsterilizing immunity in
malaria is antibody independent, but we have
not been able to demonstrate the mechanism
for this immunity. In this regard the recent
findings of Clark et al. (7, 8) prove instructive,
since they showed that mice injected with BCG
or Corynebacterium parvum were protected
against certain intraerythrocytic protozoa.
They postulate that a nonantibody mediator of
immunity, possibly derived from T cells, is re-
sponsible (7). These same workers observed
that nude mice injected with C. parvum re-
sisted infection with Babesia microti (8). This
may indicate that in the above-cited infections
other cells may be the source of nonantibody
mediators of immunity. In any event, these
data obtained from divergent model systems
clearly demonstrate that certain forms of im-
munity to malaria do not depend upon the ac-

tion of protective antibodies. The B-cell-defi-
cient mouse maintained on a suppressive regi-
men of anti-,a serum should provide a useful
tool to elucidate the mechanisms involved.
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