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We tested the hypothesis that yd T cells are a component of an early immune response directed against
preerythrocytic malaria parasites that are required for the induction of an effector o3 T-cell immune response
generated by irradiated-sporozoite (irr-spz) immunization. y8 T-cell-deficient (TCRS™/~) mice on a C57BL/6
background were challenged with Plasmodium yoelii (17XNL strain) sporozoites, and then liver parasite burden
was measured at 42 h postchallenge. Liver parasite burden was measured by quantification of parasite-specific
18S rRNA in total liver RNA by quantitative-competitive reverse transcription-PCR and by an automated 5’
mice showed a significant (P < 0.01) increase in liver

exonuclease PCR. Sporozoite-challenged TCRS ™/~

parasite burden compared to similarly challenged immunocompetent mice. In support of this result, TCRo

—)—

mice were also found to be more susceptible than immunocompetent mice to a sporozoite challenge when
blood-stage parasitemia was used as a readout. A greater percentage of TCR3 '~ mice than of immunocom-
petent mice progressed to a blood-stage infection when challenged with five or fewer sporozoites (odds ratio =
2.35, P = 0.06). TCR3 ™/~ mice receiving a single irr-spz immunization showed percent inhibition of liver
parasites comparable to that of immunized immunocompetent mice following a sporozoite challenge. These
data support the hypothesis that vy T cells are a component of early immunity directed against malaria
preerythrocytic parasites and suggest that yd T cells are not required for the induction of an effector o3 T-cell
immune response generated by irr-spz immunization.

Malaria continues to be a major cause of morbidity and
mortality worldwide despite the availability of effective anti-
malarial drugs and the proven effectiveness of insecticide-
treated bed nets in decreasing mortality in children (18, 37).
This contradiction demonstrates that current strategies for ma-
laria control have been largely ineffective and strongly encour-
ages the development of alternative measures to control ma-
laria parasites. Along those lines, experimental data suggest
that the development of a malaria vaccine is possible (2, 3, 5,
17, 20, 25, 26), and recent promising results have increased our
optimism (32). The success of malaria vaccines hinges on a
thorough understanding of the immune response directed
against malaria parasites. Animal models of malaria infection
have pointed out that the immune response generated against
malaria parasites is very complex. In addition to a humoral
component, a cell-mediated immune response involving the
participation of numerous immune cell populations contrib-
utes to the control of infection (8). Therefore, an effective
malaria vaccine will most likely require the induction of a
multicomponent immune response (4). Further characteriza-
tion of additional immune cells involved in immunity directed
against malaria parasites combined with the identification of
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the antigens they recognize will facilitate the development of
an effective malaria vaccine in humans.

Immunization with irradiated sporozoites (irr-spz) generates
an immune response directed against preerythrocytic parasites
that provides complete sterile protective immunity against a
subsequent sporozoite challenge in mice, monkeys, and hu-
mans (2, 3, 5, 9, 20). Though impractical as a global vaccine,
irr-spz immunization is an excellent model for understanding
the generation of a protective immune response directed
against preerythrocytic malaria parasites. Through the use of
irr-spz immunization in rodent models of malaria infection, the
immune effector cells that mediate protective immunity have
been largely characterized (8). Antibodies, CD4" and CD8"
af T cells, and yd T cells have all been shown to contribute to
the elimination of preerythrocytic parasites in irr-spz-immu-
nized mice following a sporozoite challenge (23, 28), and
CD8" af T cells are required for protective immunity (24, 33).
However, much less is known about the immune cells respon-
sible for the induction of the effector immune response gen-
erated by irr-spz immunization.

vd T cells are activated at an early phase of infection with
intracellular or extracellular microbes and have been shown to
produce cytokines associated with the appropriate T-helper
response (7). yd T cells have also been shown to be required
for the induction of a T-helper 2-type immune response in a
model of allergic airway inflammation (38). This suggests that
vd T cells may structure an effector immune response by af-
fecting T-helper differentiation through the early production of
cytokines (14). As CD4" o™ T-helper cells are required for
the induction of protective immunity generated by irr-spz im-
munization (34), it was of interest to determine if yd T cells
were involved in the induction of an effector immune response
generated by irr-spz immunization. If so, the antigens recog-
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nized by yd T cells would need to be incorporated in a subunit
malaria vaccine designed to generate a comparable immune
response to irr-spz immunization. We used the Plasmodium
yoelii-C57BL/6 rodent model of malaria infection to test the
hypothesis that yd T cells are a component of an early immune
response directed against preerythrocytic parasites that are
required for the induction of an effector o T-cell-mediated
immune response generated by irr-spz immunization.

MATERIALS AND METHODS

Mice. Female C57BL/6, Terd (yd T-cell-deficient [TCR3/~]), and Terb (ap
T-cell-deficient [TCRB~]) mice were purchased from The Jackson Laboratory
(Bar Harbor, Maine). Female Abb (Ag" /", class Il-deficient) and B2M
(B2m /7, class I-deficient) mice were purchased from Taconic Farms (German-
town, N.Y.). All gene knockout mice were on a C57BL/6 background. All mice
were maintained in a specific-pathogen-free facility in microisolator cages with
autoclaved food and water.

Isolation of parasites from infected mosquitoes. P. yoelii (17XNL strain) was
used for all experiments. P. yoelii-infected Anopheles stephensi mosquitoes were
a generous gift from Stephen Hoffman (Malaria Program, Naval Medical Re-
search Center, Rockville, Md.). Sporozoites were isolated from infected mosqui-
toes by the method of Pacheco et al. (22) for liver parasite burden experiments.
In experiments where blood-stage parasitemia was measured, sporozoites were
isolated by dissection of salivary glands from infected mosquitoes. Sporozoites
were then released from salivary glands by gentle grinding in a Potter-Elvehjem
tissue grinder (VWR Scientific, South Plainfield, N.J.) with the addition of 1 ml
of medium 199 (M199) supplemented with 5% fetal bovine serum (FBS; Gemini,
Calabasas, Calif.). Sporozoites were counted from a 1:10 dilution of the sporo-
zoite suspension on an improved Neubauer hemacytometer with a Nikon Lab-
phot T-2 phase-contrast microscope at 400X in phase 3 mode.

Quantitation of liver stages. At 42 h following sporozoite challenge, livers
were removed and P. yoelii liver-stage parasites were measured by quantification
of parasite-specific 18S rRNA in total liver RNA as described elsewhere (1, 15,
36). Livers were homogenized in a Ten Broeck tissue grinder (VWR Scientific)
in 4 ml of a denaturing solution (4 M guanidinium thiocyanate, 25 mM sodium
citrate [pH 7], 0.5% sarcosyl) made fresh as a working solution (50 ml of
denaturing solution, 0.2 M B-2-mercaptoethanol). Total liver RNA was then
isolated from the liver homogenate by using the TRIzol reagent (Gibco/BRL,
Grand Island, N.Y.) as outlined in the product insert. One microgram of RNA
was treated with 1.0 U of DNase I (Boehringer Mannheim, Mannheim, Ger-
many) and was then converted to cDNA by the Superscript preamplification
system for first-strand cDNA synthesis (Gibco/BRL), using random hexamers in
a 21-pl total volume as outlined in the product insert.

For quantification of parasite-specific rRNA by quantitative-competitive re-
verse transcription-PCR (RT-PCR), parasite-specific rRNA was amplified from
5 pl of the cDNA mixture in a PCR master mix containing 46 nl of PCR
Supermix (Gibco/BRL), 1 ul each of parasite-specific primers PB1 and PB2 (1)
(12 pM, final concentration), 0.2 pl (1 U) of Tag DNA polymerase (Sigma, St.
Louis, Mo.), and 1 pl of a known concentration of competitor plasmid. Then 35
cycles of amplification in a PCR Express (Hybaid, Middlesex, United Kingdom)
thermocycler were performed under the following conditions: 94°C for 1 min,
60°C for 2 min, and 72°C for 1 min. An initial denaturation step at 94°C for 2 min
and a terminal elongation step at 72°C for 10 min were also included. Target and
competitor amplicons were resolved on ethidium bromide-stained 2% agarose
gels and photographed by the Eagle Eye II still video system (Stratagene, La
Jolla, Calif.), and the image was stored electronically. Target-to-competitor ra-
tios were then determined using the NIH Image software program. We per-
formed a series of amplifications with different competitor concentrations and
used target-to-competitor ratios from each competitor concentration in linear
regression analysis to determine the competitor concentration where target and
competitor amplicon ratios were equivalent. This concentration was used as a
relative measure of liver parasite burden. Equal cDNA synthesis between sam-
ples was ensured by amplification of the housekeeping B-actin gene at PCR
conditions below saturation.

Parasite-specific 18S rRNA was also measured in some experiments by a Taq
Man (Applied Biosystems, Foster City, Calif.) automated real-time PCR system
(36). Briefly, cDNA transcribed from infected mouse liver total RNA was am-
plified simultaneously using specific primers and fluorescently labeled probes
targeted to the 18S rRNA sequence of P. yoelii and the mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) sequence. The threshold cycle, defined
as the cycle at which the fluorescence exceeds 10 standard deviations above the
starting fluorescence in the system, was converted to a DNA equivalent by
reading against standard curves generated by amplifying 10-fold dilutions of
plasmids containing the relevant target molecules. A measure of parasite burden
was determined by calculating the ratio of the measured plasmid DNA equiva-
lents for the 18S rRNA target (rDNA) over the GAPDH target.

Quantitation of blood stages. Blood smears were air dried, fixed in methanol
for 10 min at room temperature, air dried, and then stained with concentrated
Giemsa (Sigma) stain for 5 min. Slides were then briefly washed with deionized
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water, air dried, and read on a Nikon Labphot T-2 light microscope at 1,000X
under oil immersion.

irr-spz immunization. P. yoelii-infected mosquitoes were irradiated (10,000
rads) in a '¥’Cs source irradiator, and then sporozoites were isolated by the
method of Pacheco et al. (22); 7.5 X 10* irr-spz were then concentrated in 0.2 ml
of M199 supplemented with 5% FBS and administered to mice via tail vein
injection. As a mock immunization control, a second group of mice received 0.2
ml of M199 supplemented with 5% FBS alone. Seven days following immuniza-
tion, mice were challenged with 10° sporozoites; 42 h postinfection, liver parasite
burden was measured. Percent inhibition was calculated as 1— (immunized mean
liver parasite burden/nonimmunized mean liver parasite burden) X 100.

Statistics. The significance of changes in liver parasite burden were deter-
mined by comparison of mean liver parasite burdens between experimental
groups of mice by a Student  test. The significance of susceptibility of TCR3 ™/~
and C57BL/6 mice to a sporozoite infection was compared by logistic regression.

RESULTS

Liver-stage quantitation by quantitative RT-PCR. P. yoelii
liver stages were measured by quantification of parasite-spe-
cific 18S rRNA in total liver RNA of sporozoite-infected mice.
PCR amplification of parasite-specific rRNA was chosen over
parasite-specific gene amplification from total liver DNA due
to the greater abundance of parasite rRNA in total liver RNA
than of parasite DNA in total liver DNA samples. An 18S
rRNA sequence specific to both P. yoelii and P. berghei and not
present in murine liver RNA (1) was the target of PCR am-
plification. Choice of this target sequence eliminated any false-
positive amplification of murine sequences that might affect
the quantification of liver parasites. We used two different
quantitative methods to measure P. yoelii liver stages: quanti-
tative-competitive RT-PCR (1, 15) and 5" exonuclease PCR
(Taq Man assay) (36).

As changes in liver parasite burden were to be measured, it
was imperative to choose a challenge dose that was within the
linear range of detection by both assays. To determine this
dose, groups of C57BL/6 mice were infected with increasing
numbers of sporozoites (5.0 X 10* to 4.0 X 10°) at twofold
increments. At a time of peak parasite amplification in the
liver, 42 h postinfection, mice were sacrificed and their livers
were removed. Total liver RNA was isolated and converted to
c¢DNA, and then parasite-specific 18S rDNA was measured by
quantitative-competitive RT-PCR and the Taq Man assay. As
shown in Fig. 1, both assays detected parasite TDNA in the
livers of mice injected with the lowest challenge dose, 5.0 X 10*
sporozoites. As the number of sporozoites was increased, a
corresponding linear increase of parasite rDNA in mouse liv-
ers was measured by both assays. Based on this data, challenge
doses of 5.0 X 10* or 1.0 X 10° were used for all subsequent
experiments.

Variability in sporozoite viability and/or infectivity between
sporozoite isolations from different batches of infected mos-
quitoes. Since in vitro cultivation of sporozoites is currently not
possible, sporozoites must be isolated from infected mosqui-
toes. To determine whether sporozoite viability and/or infec-
tivity was variable between individual sporozoite isolations
from different batches of infected mosquitoes, liver parasite
burden was compared between four groups of mice, each chal-
lenged with 5.0 X 10* sporozoites. The challenge dose given in
each group represented a separate sporozoite isolation from a
different batch of infected mosquitoes. In the same cDNA
synthesis reaction, total liver RNA samples from mice in all
groups were individually converted to cDNA, using the same
master mix of reagents. This was done to minimize differences
in cDNA synthesis within individual samples of a group and
between groups. Liver parasite burden was then measured by
the Taq Man assay. As shown in Fig. 2A, liver parasite burden
varied tremendously, ranging from 6.8 X 10~* to 7.6 X 10"
mean molecules of parasite IDNA/GAPDH, between sporo-
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FIG. 1. Quantification of P. yoelii 18S rRNA in total liver RNA by two unique assays. Groups of four to five mice were challenged with increasing numbers of
sporozoites (5.0 X 10* to 4.0 X 10°), and parasite rDNA was measured in total liver cDNA by quantitative-competitive RT-PCR (A) and by 5’ exonuclease PCR (Taq

Man) (B). Error bars indicate 1 standard deviation of the mean.

zoite isolations from different batches of infected mosquitoes.
These differences could not be attributed to unequal cDNA
synthesis between groups of mice, as amplification of the
housekeeping gene GAPDH was equivalent within and be-
tween groups of mice (Fig. 2B). These data indicated that
sporozoite viability and/or infectivity was variable between
sporozoite isolations from different batches of infected mos-
quitoes. Consequently, comparisons of liver parasite burden
can be made only between experimental groups of mice,
matched for age and sex, that were challenged with the same
sporozoites isolated from the same batch of infected mosqui-
toes.

Liver parasite burden in TCR3 ™/~ mice. To test the hypoth-
esis that yd T cells are a component of early immunity directed
against preerythrocytic parasites, C57BL/6 mice, rendered de-
ficient in yd T cells by a targeted mutation in the constant
region of the delta chain (11), were challenged with sporozo-
ites, and their liver parasite burden was measured and com-
pared to that of similarly challenged immunocompetent
C57BL/6 mice. In three independent experiments, TCRS '~
mice were challenged with either 5.0 X 10* or 1.0 X 10°
sporozoites. Mean liver parasite burden of TCR3 /™ mice was
divided by the mean liver parasite burden of immunocompe-
tent control mice to calculate the increase in liver parasite
burden in TCRS /~ mice. The significance of the fold increase
in liver parasite burden was determined by a Student ¢ test
comparing the two means. As shown in Table 1, increases in
liver parasite burden in TCR3 '~ mice ranged from 1.2- to
3.4-fold. However, in only one of three experiments was this
increase statistically significant (P < 0.01).

As shown in Fig. 2, sporozoite viability and/or infectivity
varies tremendously between sporozoite isolations from differ-
ent batches of infected mosquitoes. Consequently, equivalent
parasite challenges could not be reproduced between experi-
ments. Therefore, it was of interest to determine if the parasite
challenge in experiment 1, where a significant increase in liver
parasite burden was observed in TCR8 /~ mice, was equiva-
lent to the parasite challenge given in experiment 2, where no
significant increase was detected. Challenge doses of 5.0 X 10*
sporozoites were used in both experiments. To address this
question, total liver RNA samples from sporozoite-challenged
immunocompetent control mice from experiments 1, 2, and 3

were converted to cDNA at the same time, using the same
master mix for the cDNA synthesis reaction. This ensured
equal cDNA synthesis between individual samples and was
confirmed by the amplification of the housekeeping gene
GAPDH. Liver parasite burden was then simultaneously mea-
sured from each sample by the Taq Man assay. Though mice in
experiments 1 and 2 received an equivalent number of sporo-
zoites, liver parasite burden was 3 orders of magnitude less in
experiment 1 than in experiment 2. This clearly indicates that
the parasite challenge used in experiment 1 was much lower
than the parasite challenge used in experiment 2. These data
suggest that the contribution of v T cells in eliminating
preerythrocytic parasites can be discerned only at low parasite
challenges.

Sporozoite infectivity in TCR3 '~ mice. To further confirm
the contribution of yd T cells in the early immune response
directed against preerythrocytic malaria parasites, blood-stage
parasitemia was also used as a readout to determine the sus-
ceptibility of TCRS '~ mice and C57BL/6 mice to a sporozoite
challenge. The preerythrocytic stage of P. yoelii takes 48 h in
mice (12), and the complete elimination of preerythrocytic
parasites prevents progression to the blood-stage infection. If
vd T cells contributed to the elimination of preerythrocytic
parasites in naive mice, as was suggested by the increased liver
parasite burden observed in TCR8 /~ mice, TCRS '~ mice
should also be more susceptible to a sporozoite challenge.

To determine the susceptibility of TCR3 ™/~ mice to a sporo-
zoite challenge, groups of TCR3 '~ mice and C57BL/6 mice
were challenged with 50, 25, 10, 5, or 1 sporozoite, and the
number of mice that progressed to a blood-stage infection was
measured. Two independent experiments were performed. A
blood-stage infection was defined as the presence of infected
erythrocytes, visualized in Giemsa-stained blood smears, by
day 12 following infection. A blood smear was taken from each
mouse within a sporozoite challenge group. Blood smears were
taken on days 3 to 7, 9, 11, and 13 postchallenge in experiment
1 and on days 7, 9, and 12 postchallenge in experiment 2. In
both experiments, mice that progressed to a blood-stage infec-
tion in all challenge groups were positive for infected erythro-
cytes by day 9 (range, 4 to 9 days) following challenge. Due to
an error, blood smears from the 25-sporozoite challenge group
in experiment 2 were unable to be read on day 12. Blood
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FIG. 2. Variability in sporozoite viability and/or infectivity between sporozo-
ites isolated from different batches of infected mosquitoes. Groups of mice were
challenged with 5.0 X 10* sporozoites, and liver parasite burden was measured by
Taq Man quantification of parasite-specific 18S rDNA at 42 h postinfection (A).
Each experiment represents a group of mice challenged with sporozoites isolated
from a different batch of infected mosquitoes. Equal cDNA synthesis between
groups of mice was ensured by quantification of the housekeeping gene GAPDH
(B). Experiment 1 represents data from immunocompetent C57BL/6 mice chal-
lenged with 5.0 X 10* sporozoites also displayed in Fig. 1. Experiment 3 repre-
sents data from immunocompetent C57BL/6 mice challenged with 5.0 X 10*
sporozoites also displayed in experiment 1 of Table 1. Experiment 4 represents
data from immunocompetent C57BL/6 mice challenged with 5.0 X 10* sporo-
zoites also displayed in Fig. 4 and experiment 2 of Table 1.

smears were read by light microscopy at 1,000X magnification
under oil immersion. A negative blood smear was defined as
the absence of infected erythrocytes in a minimum of 20
1,000X fields. A field contained 247 * 94 (n = 10) erythro-
cytes. Therefore, the sensitivity of detection of infected eryth-
rocytes was less than 0.03% parasitemia.

As shown in Table 2, 100% of both TCR8/~ and C57BL/6
mice were infected when challenged with 50 sporozoites, and
similar percentages of mice were infected between the two
strains at challenge doses of 25 and 10 sporozoites. However,
75% of TCR& /'~ mice were infected when challenged with five
sporozoites, while only 42% of C57BL/6 mice became infected.
Similarly, 30% of TCR3 /™ mice but only 15% of C57BL/6
mice became infected when challenged with one sporozoite.
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TABLE 1. Liver parasite burden in TCR8 ™/~ mice

No. of Fold increase in Liver parasite burden
Expt  sporozoites liver parasite  Significance’?  in immunocompetent
injected burden” mice®
1 5.0 X 10* 3.4 Yes Low
2 5.0x10* 1.2 No Intermediate
3 1.0 x 10° 1.8 No High

“ Calculated as mean liver parasite burden of TCR3 ™/~ mice divided by the
mean liver parasite burden of similarly challenged C57BL/6 mice within the same
experiment. Liver parasite burdens were measured by quantitative-competitive
RT-PCR.

> Determined by a Student ¢ test comparing mean liver parasite burden of
TCR3 ™/~ mice with mean liver parasite burden of C57BL/6 mice. “Yes” was
defined as P < 0.05.

¢ Determined by quantification of P. yoelii 18S rDNA by the Taq Man assay.
Liver parasite burden, measured in mean molecules of parasite IDNA/GAPDH,
from immunocompetent C57BL/6 mice from each experiment was as follows:
experiment, 1, 0.007 = 0.014; experiment 2, 5.22 * 3.36; and experiment 3,
26.96 * 28.26. Data shown for experiment 2 are also displayed in Fig. 4. Data
shown for experiment 3 are also displayed in Fig. 3.

Differences between the two strains of mice were compared
for statistical significance by logistic regression. The number of
mice that became infected in either strain varied directly with
the number of sporozoites injected. As shown in Table 2, as the
challenge dose was decreased, the number of mice infected in
either strain was also decreased. Logistic regression compares
the statistical significance of the difference in this trend be-
tween the two strains of mice. By this analysis, TCR8 ™/~ mice
were found to be twofold more susceptible (odds ratio = 2.35,
P = 0.06) to a sporozoite challenge with five or fewer sporo-
zoites. The trend in these data may also be described by cal-
culating the infectious dose where half the mice became in-
fected (the sporozoite IDs,). The sporozoite IDs, was
calculated from an equation of the trend line derived from
scatter plots comparing the percentage of infected mice by
challenges with 5 sporozoites, 1 sporozoite, and 0.2 sporozoite
for each mouse strain. The sporozoite IDs,, for C57BL/6 mice
was six sporozoites (y = 7.12x + 6.625, r* = 0.9959), while the
sporozoite IDs, for TCR3 '~ mice was three sporozoites (y =
12.80x + 11.875,7* = 0.978). These data suggest that TCR3 '~
mice are more susceptible to a sporozoite challenge.

Liver parasite burden in TCRS ™/~ mice receiving a single
irr-spz immunization. TCR8 ™/~ and C57BL/6 mice were given
a single immunization with 7.5 X 10* irr-spz and challenged
with 10° sporozoites 7 days later. Following sporozoite chal-
lenge, liver parasite burden was measured. A single irr-spz
immunization was chosen over multiple irr-spz immunizations
to minimize the possible activation of other immune cells, e.g.,
B cells, that might mask the early contribution of y8 T cells to
the induction of an af§ T-cell effector immune response. A
single immunization does not induce high antibody titers
against sporozoites (29).

As shown in Fig. 3, C57BL/6 mice receiving a single irr-spz
immunization showed a significant (P < 0.02) decrease in liver
parasite burden following a sporozoite challenge compared to
similarly challenged nonimmunized C57BL/6 mice. Immunized
TCRS /™ mice showed elevated liver parasite burden com-
pared to immunized C57BL/6 mice but also showed a signifi-
cant decrease in liver parasite burden (P = 0.05) compared to
similarly challenged nonimmunized TCRS '~ mice. Immuni-
zation with irr-spz reduced the liver parasite burden by equiv-
alent percentages (53 and 57%) in C57BL/6 and TCRS "/~
mice, respectively. This suggests that y8 T cells do not contrib-
ute to the induction of an effector af T-cell immune response
generated by irr-spz immunization. In the presence or the
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TABLE 2. Susceptibility of TCR8 ™/~ mice and immunocompetent C57BL/6 mice to a sporozoite challenge

No. of mice infected’/no. challenged

No. of
sporozoites TCR3 ™/~ C57BL/6
injected
mede Expt 1 Expt 2 Total (%) Expt 1 Expt 2 Total (%)
50 6/6 ND 6/6 (100) 6/6 ND 6/6 (100)
25 6/6 5/10 11/16 (68) 4/5 10/15 14/20 (70)
10 4/6 ND 4/6 (67) 4/5 ND 4/5 (80)
Total (%) 21/28 (75) 24/31 (77)
5 4/6 8/10 12/16 (75) 1/6 10/20 11/26 (42)
1 ND 3/10 3/10 (30) ND 3120 3/20 (15)
0.2 ND 1/10 1/10 (10) ND 1/13 1/13 (7)
Total (%) 16/36 (44) 14/59 (24)

@ “Infection” was defined as the presence of infected erythrocytes in Giemsa-stained blood smears by day 12 following sporozoite challenge. ND, not determined.

absence of yd T cells, irr-spz immunization generates an effec-
tor af T-cell immune response which reduces liver parasite
burden following a sporozoite challenge.

Liver parasite burden in of3 T-cell-deficient mice. Data
from the previous experiments suggested that the functional
role of y3 T cells in the preerythrocytic immune response could
be as an early-responding immune cell population responsible
for controlling initial preerythrocytic parasitemia while an ef-
fector immune response develops. To determine whether this
role was unique to yd T cells, the contribution of aff T cells in
the early immune response directed against preerythrocytic
parasites was also evaluated.

TCRB /™ mice were challenged with 5.0 X 10* sporozoites,
and their liver parasite burden was measured by quantitative-
competitive RT-PCR and compared to the liver parasite bur-
den of immunocompetent C57BL/6 mice. As shown in Fig. 4,
TCRB ™/~ mice showed a significant (P < 0.01) twofold in-
crease in liver parasite burden compared to similarly chal-
lenged C57BL/6 mice. TCR3~/~ mice showed a minor but not
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FIG. 3. Liver parasite burden in 8 T-cell-deficient mice receiving a single
irr-spz immunization. TCR8 ™/~ and C57BL/6 mice received a single irr-spz
immunization with 7.5 X 10* sporozoites and were challenged with 10° sporo-
zoites 7 days later. As a mock immunization control, some groups of mice were
given an equivalent volume of medium alone. Liver parasite burden was mea-
sured by quantitative-competitive RT-PCR amplification of parasite-specific 18S
rDNA in total liver cDNA at 42 h postinfection. Error bars indicate 1 standard
deviation of the mean.

significant increase in liver parasite burden in this experiment.
To determine the probable subset of a3 T cells contributing to
the early elimination of preerythrocytic parasites, B2M ™/~
mice that lack CD8" af T cells and major histocompatibility
complex class I (MHC I) presentation and Az" /" mice that
lack CD4"% af T cells and MHC II presentation were also
challenged. While B2M '~ mice did not show a significant
increase in liver parasite burden compared to similarly chal-
lenged C57BL/6 mice, MHC II-deficient mice showed a signif-
icant (P = 0.01) twofold increase in liver parasite burden that
was comparable to the increase seen in TCRB ™/~ mice.

These data suggest that CD4" o8 T cells also contribute to
an early immune response directed against preerythrocytic
parasites. In addition, TCRB /= mice showed a significant
increase in liver parasite burden at a parasite challenge dose
where the contribution of yd T cells could not be discerned.
This suggests that the contribution of yd T cells in eliminating
preerythrocytic parasites is secondary to the contribution of
CD4" af T cells.
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FIG. 4. Increased liver parasite burden in o T-cell-deficient mice. Groups of
five C57BL/6, TCR3™/~, TCRB /", class I-deficient (B2M /"), and class II-
deficient (Ag"~/7) mice were challenged with 5.0 X 10* sporozoites, and liver
parasite burden was measured by quantitative-competitive RT-PCR of parasite-
specific 18S rDNA. Error bars indicate 1 standard deviation of the mean. *,
significant increase (P < 0.05) in liver parasite burden compared to the liver
parasite burden of C57BL/6 mice.
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DISCUSSION

We have observed that yd T-cell-deficient mice show in-
creased liver parasite burden compared to similarly challenged
immunocompetent mice at 42 h postinfection. In addition, yd
T-cell-deficient mice were found to be more susceptible than
immunocompetent mice to a challenge with fewer than five
sporozoites. Both observations suggest that y8 T cells contrib-
ute to the immune response directed against preerythrocytic
malaria parasites at a very early phase of the P. yoelii infection.
Though evidence from other models of infection (7) and al-
lergic inflammation (38) has suggested that early-responding
v T cells may play an important role in the induction of an
appropriate T-helper response, we have not observed a re-
quirement for y8 T cells in the induction of T-helper-depen-
dent (34) immunity generated by irr-spz immunization. Both
vd T-cell-deficient mice and immunocompetent mice given a
single irr-spz immunization showed similar inhibition of
preerythrocytic parasites following a sporozoite challenge.

Our data also show that CD4™" «af8 T cells contribute to the
early immune response directed against preerythrocytic para-
sites. This finding was surprising and is in contrast to the
distinct roles that af and 8 T cells play in peritoneal Listeria
monocytogenes infections (10). Like P. yoelii, Listeria monocy-
togenes is an intracellular pathogen. However, in Listeria infec-
tions, yd T cells show increased kinetics of activation (10, 13)
and infiltration (21) over o3 T cells. As yd T cells cannot alone
resolve the infection (10), it has been suggested that yd T cells
control the primary infection whereas a3 T cells are activated
and expanded to resolve the infection. The early contribution
of CD4" o T cells in P. yoelii infections might be explained by
unique antigen presentation resulting from the complex life
cycle of the parasite. Kupffer cells, resident macrophages of the
liver, phagocytose sporozoites (31) and may present parasite
antigens. In addition, indirect evidence suggests that hepato-
cytes may present parasite antigens via MHC II (27). Presen-
tation of parasite antigens by these antigen-presenting cells
may activate CD4" o8 T cells with increased kinetics.

In addition, the sporozoite challenge dose used in this ex-
periment resulted in a liver parasite burden much higher than
that observed in previous experiments. At this high liver par-
asite burden, the contribution of af T cells was observed
whereas the contribution of vd T cells could not be discerned.
This may suggest that the contribution of af T cells in the early
elimination of preerythrocytic parasites may be greater than
the contribution of y3 T cells. A strong contribution of afg T
cells in eliminating preerythrocytic parasites in naive mice
might explain why it was so difficult to show the contribution of
vd T cells in eliminating preerythrocytic parasites under cer-
tain challenge conditions. TCRS~/~ mice undergo normal de-
velopment of a8 T cells (11). Consequently, by comparing the
liver parasite burden of TCR3 /~ mice to the liver parasite
burden of immunocompetent mice, the contribution of y& T
cells in eliminating preerythrocytic parasites must be distin-
guished from the strong contribution of o T cells in eliminat-
ing preerythrocytic parasites seen in both TCRS ~/~ mice and
immunocompetent mice.

In our experiments, sporozoite viability and/or infectivity
varied tremendously between sporozoites isolated from differ-
ent batches of infected mosquitoes. Consequently, sporozoite
counts were not an effective measurement of an equivalent
parasite challenge. This was problematic, as it was not possible
to reproduce experiments with equivalent parasite challenge
doses. Only one of three experiments in which liver parasite
burden was measured showed a significant increase in liver
parasite burden in yd T-cell-deficient mice. However, an asso-
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ciation was seen between the level of liver parasite burden in
immunocompetent mice, a quantitative measurement of the
parasite challenge, and increased liver parasite burden in
TCRS /™ mice. In the experiment where y8 T-cell-deficient
mice showed greater liver parasite burden than control mice,
the parasite challenge was 3 to 4 orders of magnitude lower
than the parasite challenge in the two subsequent experiments
where no increase in liver parasite burden in TCR3 '~ was
detected. Therefore, the inability to reproduce the increased
liver parasite burden in TCR8 "/~ mice may have been due to
the magnitude of the parasite challenge dose used in subse-
quent experiments. A similar effect of parasite challenge dose
was also observed in experiments where blood-stage para-
sitemia was used as a readout to determine the susceptibility of
vd T-cell-deficient mice and immunocompetent mice to a
sporozoite challenge. The increased susceptibility of y& T-cell-
deficient mice to a sporozoite challenge was also observed only
at very low challenge doses.

Whether y8 T cells act on sporozoites or liver parasites
remains to be determined. yd T cells have been shown to
recognize antigens directly and independent of MHC restric-
tion (16), similarly to B cells, and were shown to directly inhibit
the development of Plasmodium falciparum in vitro by a pro-
posed direct recognition of merozoites (6). Therefore, vy T
cells may recognize sporozoites in peripheral blood and inac-
tivate them. However, considering the small number of y§ T
cells in the peripheral blood of mice and the fact that sporo-
zoites are in the bloodstream for a very short period of time, a
chance interaction between sporozoites and parasite-specific
v T cells seems highly improbable.

Another possibility is that yd T cells exert their antiparasitic
activity against the infected hepatocyte. Data suggest that in-
fected hepatocytes present parasite antigens via MHC I (35)
and possibly MHC II (27), making them an ideal target for
immune effector cells. The vd T-cell clone 291-H4, derived
from irr-spz-immunized o3 T-cell-deficient mice, exhibited an-
tiparasitic activity against malaria preerythrocytic parasites
when transferred into naive mice that were subsequently chal-
lenged with sporozoites (28, 30). We have also shown that this
clone independently inhibits the development of liver-stage
parasites in sporozoite-infected primary hepatocyte cultures
(data not shown). This indicates that 291-H4 directly elimi-
nates liver stage parasites or inhibits parasite development
within hepatocytes. Therefore, yd T cells may decrease liver
parasite burden in vivo by acting on liver stages directly.

A third possibility that could also explain increased liver
parasite burden in TCR3 ™/~ mice is impaired monocyte func-
tion. Macrophages from TCR& /™ mice were impaired in the
ability to produce tumor necrosis factor alpha when stimulated
with lipopolysaccharide in vitro (19). This suggests that yd T
cells regulate macrophage function. Kupffer cells are a resident
macrophage population in the liver, and their depletion results
in increased liver parasite burden when naive rats are chal-
lenged with P. berghei sporozoites (31). If vd T cells regulate
Kupffer cells, the impairment of Kupffer cell function could
also explain the observed increased liver parasite burden in
TCRS ™/~ mice. It would also explain the observation that
naive BALB/c mice challenged with P. yoelii sporozoites show
little to no cellular infiltration of the liver during parasite
development in hepatocytes (12), as parasite elimination by
Kupffer cells occurs prior to the infection of hepatocytes.

In conclusion, our data support a role of yd T cells in the
early elimination or inhibited development of preerythrocytic
parasites. Previously, Tsuji et al. (28) showed that y3 T cells
contribute to the elimination of preerythrocytic parasites in
irr-spz-immunized off T-cell-deficient mice. Based on these
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findings combined with the data presented here, we suggest
that yd T cells are an immune population induced by irr-spz
immunization that is capable of decreasing preerythrocytic
parasite burden and may represent a significant effector pop-
ulation that can be induced by vaccination.
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