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BALB/c interleukin-4 (IL-4~'7) or IL-4 receptor-o (IL-4ra~/~) knockout (KO) mice were used to assess the
roles of the IL-4 and IL-13 pathways during infections with the blood or liver stages of plasmodium in murine
malaria. Intraperitoneal infection with the blood-stage erythrocytes of Plasmodium berghei (ANKA) resulted in
100% mortality within 24 days in BALB/c mice, as well as in the mutant mouse strains. However, when infected
intravenously with the sporozoite liver stage, 60 to 80% of IL-4~'~ and IL-4ra~’~ mice survived, whereas all
BALB/c mice succumbed with high parasitemia. Compared to infected BALB/c controls, the surviving KO mice
showed increased NK cell numbers and expression of inducible nitric oxide synthase (iNOS) in the liver and
were able to eliminate parasites early during infection. In vivo blockade of NO resulted in 100% mortality of
sporozoite-infected KO mice. In vivo depletion of NK cells also resulted in 80 to 100% mortality, with a
significant reduction in gamma interferon (IFN-y) production in the liver. These results suggest that IFN-y-
producing NK cells are critical in host resistance against the sporozoite liver stage by inducing NO production,
an effective killing effector molecule against Plasmodium. The absence of IL-4-mediated functions increases the
protective innate immune mechanism identified above, which results in immunity against P. berghei infection

in these mice, with no major role for IL-13.

Both cell-mediated immunity and humoral immunity play im-
portant roles in the mechanisms of defense against human and
animal malaria. These defense mechanisms largely depend on
early innate responses and antigen-specific T helper (Th) cell
activation. The importance of the Th1 cytokine gamma interferon
(IFN-y) for protection against malaria has been shown in murine
models of malaria (1, 11, 47, 50, 54, 55, 57), with vaccinated
animals lacking IFN-y showing greatly increased susceptibility,
increased parasitemia, and a shorter life span.

The role of nitric oxide (NO) in the defense against malaria
infection seems to be dependent on the stage of the malaria
parasite. In a blood-stage infection with Plasmodium berghei, it
was shown that neither NO nor NK cells were important for the
control of parasitemia (12, 55). In contrast, compared to the
liver-phase stage of sporozoite infection, NK cells were shown to
be activated by sporozoites (37) and produced IFN-y (31, 37). A
clear role for NO as a defense mechanism against the liver stage
of P. berghei was found only in vaccinated animals (25, 36, 45, 48).

Concerning Th2 response, it was shown that a lack of inter-
leukin-4 (IL-4) in the murine infection with Plasmodium
chabaudi chabaudi results in a course of infection similar to
that seen in the wild-type mice (2, 50, 51), with slightly different
parasitemia kinetics. Moreover the in vitro Thl immune re-
sponses were sustained in the IL-4-deficient mice (51). All of
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these studies were done by infection of mice with parasitized
erythrocytes, but no study has been performed that focused on
the role of IL-4 during the liver stage of a malaria infection.
When the role of IL-4 for the Th2 immune response is to be
analyzed, it is important to take into account the possible
involvement of IL-13. Indeed, IL-4 has many overlapping func-
tions with IL-13 (5, 58), since both cytokines use the IL-4
receptor a (IL-4ra) chain, with IL-4 able to signal via the type
1 IL-4r, consisting of IL-4ra and -y chains or the type 2 IL-4r,
consisting of the IL-4ra and I1L-13r« chains (21, 34). IL-dra ™/~
mice were unresponsive to both IL-4 and IL-13, as recently
demonstrated (32). Comparative infection studies using IL-
4ra”'" and IL-4~/~ mice showed distinctive IL-13 functions in
several experimental models, including leishmaniasis (27, 32),
schistosomiasis (33), and other helminth infections (3). A pos-
sible role of the IL-13 pathway has never been analyzed in
murine malaria infection.

It is well known, especially for vaccine development, that the
most important defense mechanism of the host against malaria
is the early immune response against the liver stages (10, 13,
18, 22, 30). In the present report, studies were performed with
sporozoites that were dissected from the intermediate host, the
Anopheles stephensi mosquito. This study used mice deficient
for IL-4 or IL-4ra. By infecting naive mice with sporozoites,
the importance of IL-4 and IL-4ra for the control of the liver
and the blood stage of a P. berghei infection was analyzed. The
use of sporozoites has the advantage of allowing examination
of the very early immune response in the liver and more closely
mimics the natural infection cycle.
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We report that IL-4 '~ or IL-4ra '~ knockout (KO) mouse
strains are more resistant and able to survive P. berghei infec-
tion when infected with sporozoites. Evidence for the protec-
tive mechanism is provided and involves increased NK-medi-
ated IFN-y production and NO killing effector function in the
livers of IL-4- and IL-4ra-deficient mice.

(This work was part of the diploma thesis of Sandra Ar-
riens.)

MATERIALS AND METHODS

Mice. Six- to eight-week-old female BALB/c mice, BALB/c IL-4~/~ mice (26)
and BALB/c IL-4ra/~ (32) maintained under specific-pathogen-free conditions
were used for all experiments.

Infection with P. berghei. The P. berghei ANKA strain was used in all experi-
ments. It was maintained by periodic passages through the vector A. stephensi.
For infection with sporozoites, mosquitoes were prepared that had been infected
from the identical frozen aliquots of parasites. Mice were infected by intravenous
(i.v.) injection into the tail of a phosphate-buffered saline (PBS) suspension of
400 or 800 sporozoites per animal. For infection with parasitized erythrocytes,
mice were infected with the identical frozen aliquots of parasite. The percentage
of parasitemia was calculated by examining Giemsa-stained smears under a
microscope with an oil immersion lens (X1,000). The parasitized blood was
diluted in PBS and injected intraperitoneally (i.p.) into naive groups of mice.

Flow cytometric analysis. After liver perfusion with 1 ml of RPMI 1640
(Gibco, Eggenstein, Germany), the liver was removed, and the cells were gently
dissociated from the tissue matrix and flushed through a 0.2-mm-pore-diameter
sieve in a petri dish. The cell suspension was collected without debris and layered
over a Ficoll gradient (Biochrom KG, Berlin, Germany) with a density of 1.077.
Centrifugation was performed for 20 min at 1,200 X g. The white layer containing
the lymphocytes was removed and washed several times with RPMI 1640
(Gibco). The cells were adjusted to 1 X 10° cells/ml.

One hundred microliters was incubated with a 1:100 dilution of a fluorescein
isothiocyanate (FITC)-conjugated rat monoclonal antibody specific for CD4
(YTS 191.1) and an R-phycoerythrin-conjugated anti-CD8 antibody (YTS 169.4)
(both from Medac, Hamburg, Germany). Double staining was performed with a
1:100 dilution of an anti-DX5 R-phycoerythrin-conjugated antibody (DXS5) and
an anti-CD3e FITC-conjugated antibody (145-2C11) (both from Pharmingen,
Heidelberg, Germany) to detect DX5"/CD3~ NK cells and DX5"/CD3™" T cells.
For B-cell staining, an R-phycoerythrin-conjugated rat monoclonal antibody
specific for CD45R (RA3-7B2) was used. An FITC-conjugated CD11b (M1/
70.15) antibody was used as macrophage marker (both from Medac, Hamburg,
Germany). The FITC-conjugated CD11b (M1/70.15) macrophage marker was
used to define single-positive (CD45R) B cells by exclusion.

The samples were measured by fluorescence-activated cell sorting (FACS)
with a FACScan (Becton Dickinson, Heidelberg, Germany) and analyzed with
Cell Quest software (Becton Dickinson).

Immunohistological staining of iNOS in the liver. Livers were removed 3 days
postinfection (p.i.) and fixed in 10% buffered formaldehyde. The livers were
embedded in paraffin and cut into 4-um-thick sections with a microtome
(Reichert-Jung, Hamburg Germany). In order to block nonspecific binding of
antibodies to FcyRII or -III, sections were incubated for 1 h with anti-CD16/
CD32 antibody (5 wg/ml; Pharmingen, Heidelberg, Germany) in 1% (wt/vol)
bovine serum albumin (BSA) in PBS. To detect inducible NO synthase (iNOS),
paraffin sections were incubated with rabbit antiserum to murine iNOS enzyme
(Alexis, Gruenberg, Germany) at 1:500 in a mixture of 1% BSA and 0.05 M PBS
at room temperature in a humidified chamber for 1 h. Thereafter, biotinylated
goat anti-rabbit immunoglobulin (1:100; Calbiochem, Schwalbach, Germany)
was added for 1 h. The color reaction was developed after incubation with diluted
alkaline phosphatase-conjugated streptavidin (1:100; Calbiochem) using Sigma
Fast Red (Sigma, Munich, Germany), counterstained with hematoxylin for 15
min, and destained with tap water. For analyses, liver sections were examined for
positive iNOS staining with a light microscope at a magnification of x100.

PCR analyses of P. berghei parasites in the blood and liver. Blood was col-
lected by orbital puncture from mice that survived P. berghei infection. Fifty
microliters of blood was taken to extract DNA with the Qiagen Dneasy blood kit
(Qiagen, Hilden, Germany). As a positive control, we took blood from a mouse
with 70% parasitemia. The concentration of DNA was calculated with the help
of a photometer. DNA was adjusted to 0.01 pg/l, and 4 pl was taken for PCR.
The primers for P. berghei detection were specific for the small subunit of the P.
berghei TRNA gene (M14599) with the following sequences: P1 (forward), 5’
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CACGCGTGCTACACTGATATG; and P2 (reverse), 5" AGGCATTCCTCGT
TCAAGATT.

The primers amplify a 177-bp fragment. PCR was run with the following
program in a 50-pl reaction tube with Hot Star Tag DNA polymerase from
Qiagen, after 15 min at 95°C to activate the enzyme: 35 cycles of 94°C for 30 s,
55°C for 30 s, and 72°C for 30 s.

We analyzed hepatic parasites by reverse transcriptase PCR (RT-PCR) using
the primers for P. berghei described above.

Primers for B-actin were used to control the efficiency of the reverse transcrip-
tion and had the following sequences: B1 (forward), 5" ATGGATGACGATAT
CGCT; and B2 (reverse), 5" ATGAGGTAGTCTGTCAGGT.

The primers amplify a 568-bp fragment. In detail, livers were dissected 42 h
p.i., and each liver was cut into three pieces of the same size and immediately
frozen in liquid nitrogen. The livers were homogenized in Trizol (Life Technol-
ogies, Karlsruhe, Germany) with 1 ml of Trizol per 100 mg of liver by using a
homogenizer (Braun, Melsungen, Germany). Total RNA was purified according
to the standard protocol specified for Trizol by the manufacturer and stored at
—70°C.

The RNA was quantified, and 2 pg of RNA was reverse transcribed with
Omniscript (Qiagen, Hilden, Germany) and 500 ng of random hexamer (Life
Technologies) according to the manufacturer’s protocol. Four microliters of the
template DNA was amplified with Hot Star Tag DNA polymerase (Qiagen) in a
50-pl reaction volume following the standard protocol supplied by the company.
Reactions were carried out with the following programs for 35 cycles, after 15
min at 95°C to activate enzyme in a thermal cycler (Biometra, Gottingen, Ger-
many): for P. berghei, 94°C at 30 s, 55°C for 30s, and 72°C for 30 s; and for B-actin,
94°C for 30 s, 56°C for 30 s, and 72°C for 30 s.

Lightcycler real-time PCR for quantitative analyses of iNOS mRNA expres-
sion. The principle of TagMan quantitative real-time PCR has been described in
detail (17). After liver perfusion with 1 ml of RPMI 1640 (Gibco), the liver was
removed and snap frozen in liquid nitrogen. The mRNA extraction was done
with the RNeasy kit (Qiagen). The extracted liver mRNA was transcribed into
c¢DNA with the Omniscript kit (Qiagen). One PCR unit was defined as the
amount of cDNA that yields 50% positive samples in a limiting dilution PCR.
The PCR units of B-actin and iNOS mRNA in the samples were calculated by
standard curves of B-actin and iNOS. The ratio between the iNOS units and the
B-actin units of each sample was then calculated. Each group of mice analyzed
contained four animals. Significant differences (P < 0.05) between the groups
were calculated by Mann-Whitney U test.

The sequences for all primers and fluorescently labeled probes used in this
study are as follows: B-actin forward primer, 5 AGAGGGAAATCGTGCGT
GAC, and reverse primer, 5’ CAATAGTGATGACCTGGCCGT; B-actin hy-
bridization probe, 5 CACTGCCGCATCCTCTTCCTCCC; iNOS forward
primer, 5" CAGCTGGGCTGTACAAACCTT, and reverse primer, 5’ CATTG
GAAGTGAAGCGTTTCG; and iNOS hybridization probe, 5" CGGGCAGCC
TGTGAGACCTTT.

PCR was performed in a 12.5-pl reaction mixture that contained 0.05 ng of the
reverse-transcribed cDNA, 3.75 pM forward primer, 3.75 pM reverse primer, and
1.25 pM fluorescent hybridization probe. For each sample, two PCRs were
performed. The resulting relative increase in reporter fluorescent dye emission
was monitored by the Lightcycler system (Roche, Mannheim, Germany).

Detection of IFN-v in the liver. The liver was removed after liver perfusion
with 1 ml of RPMI 1640 (Gibco) and homogenized with a pestle in a petri dish.
The homogenized liver was resuspended in 2 ml of PBS and centrifuged. IFN-y
concentrations in the supernatant were detected by specific two-site enzyme-
linked immunosorbent assay (ELISA) from Becton Dickinson. Purified R4-6A2
was used as a capture antibody in combination with biotinylated XMG1.2 for
detection. The ELISA was developed after incubation with streptavidin-peroxi-
dase complex (1:5,000; Roche), using 3,5,3',5'-tetramethylbenzidine as a sub-
strate (Roth, Karlsruhe, Germany [dissolved at 6 mg/ml in dimethyl sulfoxide]).
The sensitivity was 20 pg/ml.

Treatment with L-NIL or aminoguanidine. Mice were treated with 3 mM
L-N°-(1-iminoethyl)-lysine (L-NIL) (Alexis) or 90 mM aminoguanidine (Sigma,
Munich, Germany) in drinking water. This was the only source of fluid intake
during the treatment period. The treatment was started 1 day before the infec-
tion and ended 2 days p.i. The period of treatment was correlated with the time
period of the liver stage of P. berghei, which ends 50 h p.i.

Depletion of NK cells. The treatment with anti-asialo GM, antibody (Wako
BioProducts, Richmond, Va.) to deplete NK cells was started 1 day before the
infection. Each mouse was treated once with 20 pl of the rabbit serum stock
solution i.v. diluted 1/5 in 1X PBS. Control mice were given normal rabbit serum
iv. FACS analyses of the liver 3 days after treatment with anti-asialo GM,
antibody and 2 days after infection with 400 sporozoites showed a significant
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FIG. 1. Survival (solid lines) and parasitemia (dotted lines) of mice infected with the P. berghei ANKA strain. The mice were infected i.v. in
the tail with 400 (a) or 800 (b) sporozoites. The data are representative of two independent experiments with five animals per group. (a) The
wild-type BALB/c mice showed a 100% mortality rate, while 80% of the IL-4~/~ mice and 60% of the IL-4ra~/~ mice survived the infection. PCR
analyses of the blood from mice that survived the infection showed that no parasites were detectable after 20 days p.i. (data not shown). Statistical
analyses of the survival rates were done with the Kaplan-Meier test, and differences were found between the wild-type control versus the 1L-47/~
and IL-4 o/~ mice (P < 0.05). The values for parasitemia represent the arithmetic means *+ standard deviations. The susceptible animals died
and had a high parasitemia (up to 70% parasitized erythrocytes). The BALB/c group showed a significantly higher parasitemia at 13 and 18 days
p.i. than the KO groups. (b) All groups of died with high parasitemia, and there were no significant differences between their survival rates and
parasitemia. The sporozoites were prepared from one batch of infected A. stephensi mosquitoes. All groups of mice were infected with this batch
to avoid differences in one experiment due to different viabilities of the sporozoites.

decrease of NK cells in comparison to infected control groups (see Table 3).
Analyses of NK cell depletion in the blood 1 day after anti-asialo GM, antibody
treatment resulted in reduction (>90%) in NK cells in comparison to the level
in control groups (data not shown).

Statistical analysis. Statistical analyses were performed by Mann-Whitney U
test or Kaplan-Meier test. P values of <0.05 were considered statistically signif-
icant.

RESULTS

Resistance of IL-4~'~ and IL-4ra™’~ mice to the sporozoite
stage but not the blood stage of P. berghei infection. To deter-
mine whether Th2 deficiency affects resistance to blood-stage
malaria, wild-type mice as well as IL-4 and IL-4ra™’~ mice
were infected i.v. with 400 or 800 sporozoites or i.p. with 102,

10%, or 10° parasitized erythrocytes from P. berghei, and the
course and outcome of the infection were compared. After i.v.
infection with 400 sporozoites, the wild-type mice developed
high parasitemia (Fig. 1a), and all wild-type mice succumbed
within 23 days p.i. (Fig. 1a). In contrast, 4 of 5 IL-4~/~ mice
and 3 of 5 IL-4ra '~ mice survived (Fig. 1a). The IL-4~/~ and
IL-4ra”/~ mice that survived the infection developed no de-
tectable parasitemia (Fig. 1a) during infection. Analyses of the
blood from these survivors with PCR confirmed the absence of
parasites (data not shown). Those KO animals that succumbed
developed parasitemia (Fig. 1a), but showed an increased life
span compared tothe wild-type mice (Fig. 1a). Infection with
800 sporozoites resulted in death of all mouse groups without
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any significant differences in the survival rate or parasitemia
(Fig. 1b). These results point out the small window of differ-
ential outcome in the absence of IL-4 function. Analyses of
hepatic parasites by RT-PCR 42 h after an infection dose of
400 sporozoites resulted in no positive signal in all groups of
mice (data not shown).

Together, these results show that the absence of IL-4 or its
receptor leads to increased resistance to the sporozoite form of
P. berghei infection.

No significant difference in the survival rates was detectable
during an infection with 10% 10% or 10° parasitized erythro-
cytes (Fig. 2). All animals succumbed within 21 days p.i., con-
comitant with high parasitemia, demonstrating that the ab-
sence of IL-4 or IL-4r and IL-13r was not beneficial for
resistance against an infection with parasitized erythrocytes of
P. berghei. Comparison of the parasitemia shown in Fig. 1a with
that in Fig. 2 showed significantly higher parasitemia on days
13 and 18 p.i. in wild-type mice than in KO mouse strains when
the infection was done with sporozoites (Fig. 1a). However, no
significant differences in parasitemia were found during the
time course of infections as determined during three different
infection doses with parasitized erythrocytes (Fig. 2).

Resistance of IL-4 /'~ and IL-4ra ™/~ mice is associated with
higher numbers of NK cells in the liver. The liver is the first
target during a sporozoite infection, and the liver phase lasts a
very short period of time (50 h) (28). Under the assumption
that the immune cell populations in the liver 48 h p.i. (at the
end of the liver stage) may be important for parasite control,
lymphocytes were analyzed after liver perfusion and compared
with the lymphocyte population in the livers from uninfected
mice. The total number of cells isolated from each liver was
multiplied by the percentage of each cell type determined by
FACS in order to obtain the respective total numbers of the
subpopulations.

No significant differences in the numbers of NK cells in the
liver were detectable between all groups of uninfected animals
(Table 1). The population of the NK cells known to be activated
by sporozoites (37) was shown to be significantly increased in the
livers of the IL-4™/~ (9.5 X 10 cells) and IL-4ra "~ (8.4 X 10*
cells) mice 2 days p.i. (Table 1) compared to that in the uninfected
IL-47/~ (5.3 X 10* cells) and IL-4re™"~ (5.1 X 10* cells) mice.
The NK cell population was also significantly higher in the in-
fected IL-47/~ (9.5 X 10* cells) and IL-4ra '~ (8.4 X 10* cells)
mice than in the infected wild-type control (5.8 X 10* cells) mice
(Table 1). No significant differences were detectable between the
populations of CD4™ T cells, CD8" T cells, B cells, and NK T
cells in all strains of mice.

iNOS expression in the liver correlates with resistance of
KO mice. Expression of iNOS in livers differed between the
wild-type and the KO mice. In wild-type controls, the numbers
of iNOS-positive cells per objective field counted were signif-
icantly lower than those in the KO groups (Table 2).

Analysis of liver mRNA by real-time PCR supported the
histological data. At day 3 p.i., IL-4ra”/~ mice showed a sig-
nificantly higher iNOS/B-actin ratio of 6.57 X 10° + 2.8 X 10°
than the wild-type ratio of 2.33 X 10° = 1.4 X 10° IL-4~/~
mice showed a significantly higher mean ratio of 9.45 X 10° =
3.0 X 10° than the wild-type mean ratio of 3.22 X 10° = 2.4 X
10° 1 day p.i., with each group containing four animals. Dif-
ferences due to histology demonstrated a much clearer result
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than PCR analyses, since mRNA levels and expressed proteins
do not correlate 1:1.

Blockade of NO production during the liver stage of infec-
tion reverses resistance of KO mice. To verify if NO was
responsible for the higher resistance of the KO mice, we
treated mice with the iNOS inhibitor L-NIL or aminoguani-
dine prior to i.v. infection with 400 sporozoites. Untreated but
infected IL-4~/~, IL-4ra /", and BALB/c mice showed 100,
75, and 50% survival, respectively. In contrast, all L-NIL-
treated mouse strains died (Fig. 3a). Similar results were ob-
served by using aminoguanidine instead of L-NIL (Fig. 3b).
Infected IL-47/~, IL-4ra™’~, and BALB/c mice, which were
not treated with aminoguanidine, showed a 100% survival rate
for the KO groups and a 50% survival rate for the BALB/c
mice. Treatment with aminoguanidine results in 20% survival
in all groups of mice (Fig. 3b). The mice that survived the
infection had no detectable parasitemia in the blood. A reason
for the lower mortality rate of aminoguanidine-treated mice
compared to L-NIL-treated mice may be the lower infectivity
rate or the weaker specificity of aminoguanidine to block NO
in comparison to L-NIL. The levels of parasitemia in L-NIL
(Fig. 3a)- and aminoguanidine (Fig. 3b)-treated KO mice are
significantly lower at day 15 p.. than those in NO-blocked
BALB/c mice. No significant differences concerning the para-
sitemia were detectable at 8 days p.i. in L-NIL- and aminogua-
nidine-treated mice (Fig. 3a and b).

In summary, the treatment with the iNOS inhibitors L-NIL
and aminoguanidine showed that NO plays a key function
during resistance against the liver stage of P. berghei.

Depletion of NK cells in the KO mice results in increased
susceptibility. To investigate whether NK cells play an impor-
tant role in the defense mechanism against the liver stage of P.
berghei, we depleted NK cells in vivo with anti-asialo GM,
antibody 1 day prior to infection. More than 90% of blood NK
cells were depleted at the day of infection (data not shown).
Analyses of liver NK cells 2 days after infection with 400
sporozoites demonstrated a significant inhibition of NK cell
increase in the treated IL-4 '~ and IL-4ra '~ groups (Table 3)
compared to infected but normal rabbit serum-treated mutant
mice. Infected and treated wild-type mice showed a decrease in
NK cells in the liver in comparison to the infected and unin-
fected wild-type groups (Table 3).

NK cell-depleted wild-type mice died significantly earlier than
the normal rabbit serum-treated wild-type controls (Fig. 3c). All
NK cell-depleted KO mice died, while 60% of the normal rabbit
serum-treated KO mice survived infection. NK cell-depleted KO
mice had a significantly higher parasitemia at day 12 p.i. com-
pared to NK cell-depleted BALB/c mice (Fig. 3c), while para-
sitemia at day 6 p.i. was not significantly different (Fig. 3c).

Taken together, these data strongly suggest that NK cells are
the important cellular mediators for increased resistance of
KO mice against malaria.

NK cell in vivo depletion leads to a drastic reduction of liver
IFN-y and iNOS expression. Induced NO production by clas-
sical macrophages and other cells is catalyzed by iNOS and
crucially dependent on IFN-vy activation (23). Since NK cells
are one of the main IFN-y producers, it is possible that the
increased susceptibility observed during NK depletion is trig-
gered by the subsequent lack of IFN-y production. In order to
determine this possibility directly, IFN-y concentrations were
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FIG. 2. Survival (solid lines) and parasitemia (dotted lines) of BALB/c, IL-4 /", and IL-4ra "/~ mice infected with 10* (a), 10* (b), or 10° (c)
parasitized erythrocytes of the P. berghei ANKA strain. All groups showed a 100% mortality rate. Increases in the infection dose led to higher parasitemia
(b and c) but not to significantly earlier death due to cerebral malaria. Statistical analyses of the survival rates were done with the Kaplan-Meier test. No
differences were found between the wild-type control versus the IL-4~'~ and IL-4ra™/~ mice. Each group contained five animals. The data are
representative of two independent experiments. The parasitized erythrocytes were prepared from one highly infected BALB/c mouse. All groups of mice
were infected with this batch to avoid differences in the survival rates in one experiment due to different viabilities of the parasites.
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TABLE 1. Number of lymphocytes in the liver

Mean =+ SD no. of cells (10%)"

Cell type Mouse strain”
Uninfected mice 2 days p.i.
CD4 BALB/c 427 £ 6.5 449 = 114
IL-47/~ 462 =178 427 +8.6
IL-4ro/"~ 452 = 11.7 41744
CDS8 BALB/c 4.7 %09 6.5+ 1.9
IL-47/~ 51+28 44+19
IL-4ro™/"~ 49 25 4.6 £0.8
NK cells (CD3™ DX5") BALB/c 42+ 1.7 58*1.6
IL-47/~ 53+1.7 9.5+ 3.1*%
IL-4ro™/"~ 51x14 8.4 = (0.3*
NK T cells (CD3"/DX5%) BALB/c 248 £9.4 22171
IL-47/~ 25+ 85 154 +4.1
IL-4ro™/"~ 26.6 £ 143 17.7 2.7
B cells BALB/c 139 5.1 125 £5.2
IL-47/~ 158 +11.7 124 *+6.6
IL-4ro™/"~ 169 =134 102 =33

“ Each group contains four animals.
b significantly different from the uninfected mice strains and infected
BALB/c mice (P < 0.05, Mann-Whitney U test).

determined ex vivo in liver homogenates. At 3 days p.i., signif-
icantly higher IFN-y concentrations were observed in the livers
of non-NK-depleted KO mice than in those from non-NK-
depleted wild-type mice (Fig. 4). NK depletion resulted in a
reduction of IFN-y concentration in KO mouse strains only
(Fig. 4). These results suggest that the absence of IL-4, IL-4ra,
or IL-13ra leads to enhanced IFN-y production.

In addition, immunohistological analysis of livers 3 days p.i.
showed that iNOS expression was absent in NK-depleted com-
pared to untreated mice (Table 2). Together, these results
demonstrate the importance of IFN-y for protection against
the P. berghei liver stage of infection and suggested that NK
cells might play a role in IFN-y up-regulation in the liver.

DISCUSSION

In this report, evidence is provided that IL-4 is a suscepti-
bility factor in P. berghei infections with sporozoites, the natu-
ral infective stage of the parasite. IL-4 /" or IL-4ra”/~ mice
both showed increased resistance to P. berghei compared to
BALB/c controls, with reduced parasite burden and increased
survival when infected with sporozoites i.v. This was in striking
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contrast to i.p. infections with parasitized erythrocytes, where
neither a difference in parasitemia nor life span was observed
between IL-4~/~ or IL-4ra”/~ mice or BALB/c controls. This
differential outcome, depending on the use of parasitized
erythrocytes or sporozoites, significantly extends the findings of
earlier studies with i.p.-injected parasitized erythrocytes of P.
chabaudi, in which no differences between BALB/c IL-4~/~
mice and controls were reported (2, 50, 51). The data under-
score that it is important to examine the immune mechanisms
in the liver. The data in this study indicate that these mecha-
nisms could be responsible for the observed increased resis-
tance of the IL-4~/~ and IL-4ra™’~ mice.

IL-4ra-deficient mice are impaired in both IL-4 and IL-13
functions (32), whereas IL-4-deficient mice are responsive to
IL-13. Since no differences between the two strains regarding
host protection against P. berghei were observed, one may
conclude that the IL-13-mediated effects via IL-4ra do not play
a major role in the disease outcome. However, NK cell-de-
pleted IL-4ra”’~ mice survived significantly longer than the
NK cell-depleted IL-4~/~ mice, which may indicate that IL-13
does have some detrimental effects in the absence of NK cells.

Especially CD8" T cells play an important role in vaccina-
tion studies in immunity, targeting the liver stages of the dis-
ease and preventing the development of the pathogenic blood
stages (19, 20, 39, 43, 45, 52). Increased protection of mice was
achieved by coadministration of dendritic cell-derived CC che-
mokine 1 with irradiated sporozoites (7). Earlier studies
showed that IL-4-producing CD4 T cells in the liver were
important for the development of a protective CD8" T-cell
response against the malaria liver stage (8). The liver stage
antigen-activated CD8" T-cell population inhibits the priming
of naive CD8" T cells (16).

These studies do not contrast with our results, because in
vaccinated animals, CD4 and CDS8 T cells have already been
primed, while in our study using a primary infection, the lack of
IL-4 or IL-4ra apparently leads to increased innate immunity
in the liver. The development of an activated CD8" T-cell
population is detectable as early as 24 h after immunization
with sporozoites, followed 24 to 48 h later by an accelerated
process of clonal CD8* T-cell expansion. This acceleration
reaches a peak after 4 to 5 days, and after 8 days, the parasite-
specific CD8* T-cell population is stabilized, and memory pop-
ulations begin to be established (16, 40). Protection in vacci-
nated animals is largely mediated by IFN-y-secreting rather
than lytic CD8 T lymphocytes (14, 15, 38, 42, 44).

However, due to the rather long period of CD8* T-cell

TABLE 2. Number of iNOS-positive cells per objective field at a magnification of X100

Mean no of iNOS-

No. of objective Quotient (mean no. of

Expt Mouse strain positive cells fields counted iNOS_p%Seilt(ijvei cglg)/gbjective
P. berghei infection BALB/c 4 56 0.07 = 0.123
147/~ 34 35 1.1 = 0.333*
TL-dra '~ 33 33 1.1 = 0.644*
NK cell depletion + P. berghei infection BALB/c 0 29 0
147/~ 0 35 0
IL-4ra™"~ 0 28 0

@ *_ significantly different from BALB/c control mice (P < 0.05, Mann-Whitney U test).
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groups (P < 0.05, Mann-Whitney U test).
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TABLE 3. Analyses of NK cell depletion with anti-asialo GM, 700
antibody in the liver 2 days after infection with 400 sporozoites *
i % of NK cells Total no. of 600 - 1
Mouse strain (CD3*/DX5%) NK cells” *
BALB/C 500 -
Uninfected 25*+0.6 42 = 177
Infected 3.0x0.2 44 +0.8*
Infected + anti-asialo GM, 1.3+05 2.0 = 0.6%F e 400
]
L4/~ =
Uninfected 3.0 0.6 53+ 1.7% T 300 7
Infected 52x21 8.9 = 3.9%% z
Infected + anti-asialo GM, 3502 54 *=0.5*% - 200 - T
IL-dra™/~
Uninfected 29+0.6 5.1 £ 1.4% 100
Infected 42+1.0 7.4 + 0.8%%
Infected + anti-asialo GM, 25 *0.6 4.6 = 0.8*
“ Each group contains four animals. 0 - - © N o -
b significantly different from the infected but normal rabbit serum-treated £ £ £ a 3 3 £
strain; T, significantly different from the uninfected and normal rabbit serum- b : 3 I = z E
treated strain; i, significantly different between the infected and uninfected @ ¥ é M
5 3 z
- T
ol

BALB/c NK depleted
IL-4rc -/- NK depleted

activation in primary infection, it is unlikely that these cells had FIG. 4. Detection of IFN-y in the liver 3 days p.i. in mice infected

a major impact on the differential outcome observed in the
liver stage of P. berghei, which lasts only during the first 50 h p.i.

Our observation rather pointed toward NK cells as the ma-
jor cell type involved in the increased resistance in the absence
of IL-4ra responsiveness, with a significant shift toward in-
creased NK cell infiltration and IFN-y production found in the
livers of the infected mutant mouse strains in comparison to
that in uninfected controls. Subsequent in vivo depletion stud-
ies further demonstrated that NK cells were crucial for pro-
tection, and our results suggest that they are the main IFN-y
producers within the liver.

Compared to normal rabbit serum-treated mice, in vivo NK
cell depletion of IL-4~/~ and IL-4ra/~ mice resulted in the
inhibition of NK cell increase in the liver after sporozoite
infection (Table 3), while NK cells were depleted (>90%) in
the blood (data not shown). These data suggested that NK cells

with 400 sporozoites. The KO mouse groups showed significantly
higher concentrations of IFN-y than the wild-type BALB/c mice, while
the NK cell-depleted KO groups demonstrated a significant reduction
in IFN-y in the liver. Uninfected mice of all groups had only a low
concentration of IFN-vy in the liver. The data are representative of two
independent experiments.

wild-type mice after sporozoite infection (Tables 1 and 3). In
these mice, treatment with anti-asialo GM, antibody resulted
in a decrease in liver NK cells (Table 3).

IFN-v is known to be crucial for iINOS-induced NO production
by macrophages and hepatocytes, the main killing effector mole-
cule against the liver stage of plasmodium (24, 25, 36, 41, 45, 49,
56). We were able to directly demonstrate this cellular interaction
by an observed upregulation of liver-specific iNOS in infected
mice that was no longer present in NK cell-depleted animals. In

addition, in vivo treatment with the iNOS inhibitor L-NIL or
aminoguanidine during the liver stage of a primary infection re-

migrate from the blood to the liver during the liver-stage in-
fection. No significant increases in NK cells were observed in

FIG. 3. Survival (solid lines) and parasitemia (dotted lines) of BALB/c, IL-4 /", and IL-4ra /" mice i.v. infected with 400 sporozoites and
treated with L-NIL (a) or aminoguanidine (AG) (b) 1 day before infection until 2 days p.i. All animals treated with L-NIL died (a). Statistical
analyses of the survival rates were done with the Kaplan-Meier test, and significant differences were found between the L-NIL-treated groups and
the untreated groups. Similar results were observed by using aminoguanidine instead of L-NIL (b). The survival rate of the untreated BALB/c wild
type mice in this experiment was 50%. This result was different from the survival rates in the experiments shown in Fig. 1, due to lower infectivity
of this sporozoite preparation, and represents the interexperimental variation. Analyses of the parasitemia from the L-NIL (a)- or aminoguanidine
(b)-treated groups of mice showed no significant differences at day 8 p.i. The BALB/c mouse group treated with L-NIL (a) or aminoguanidine (b)
developed a significantly higher parasitemia at day 15 p.i. than the L-NIL (a)- or aminoguandine (b)-treated KO groups. Each group contained
four animals. The data are representative of two independent experiments. The sporozoites were prepared from one batch of infected 4. stepehensi
mosquitoes. All groups of mice were infected with this batch to avoid differences in the survival rates in one experiment due to different viabilities
of the sporozoites. (c) Survival (solid lines) and parasitemia (dotted lines) of BALB/c, IL-4~/~, and IL-4ra™/~ mice iv. infected with 400
sporozoites. Depletion of NK cells was achieved by i.v. treatment with anti-asialo GM, antibody 1 day before the infection. Control groups of mice
were given normal rabbit serum. Parasitemia of anti-asialo GM, antibody-treated BALB/c mice demonstrated no significant differences at day 8 p.i.
versus NK cell-depleted KO groups. NK cell-depleted BALB/c mice developed a significantly higher parasitemia at day 12 p.i. than the NK
cell-depleted KO mouse groups. Statistical analyses of the survival rates were done with the Kaplan-Meier test. The NK cell-depleted groups
showed significantly higher lethality than the normal rabbit serum-treated groups. Each group contained five animals. The data are representative
of two independent experiments. The sporozoites were prepared from one batch of infected 4. stepehensi mosquitoes. All groups of mice were
infected with this batch to avoid differences in the survival rates in one experiment due to different viabilities of the sporozoites.
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sulted in exacerbated mortality in all mouse strains used, confirm-
ing the protective function of iNOS-catalyzed NO production.
Comparison of the survival rates of untreated BALB/c wild-type
mice in Fig. 3a and c showed that the survival rate of the BALB/c
wild-type mice in Fig. 3a was 50%, while the survival rate in Fig.
3c of the BALB/c wild-type mice was 0%. The reason for this
difference was the lower infectivity of the sporozoite preparation
used in Fig. 3a and represents the interexperimental variation. On
the other hand, the experiment in Fig. 3a pointed out the strong
effect of the iNOS inhibitor L-NIL. Although the infectivity of this
parasite preparation was lower, all NO-depleted mice died after
injection of sporozoites, as shown in Fig. 3a. The batch of sporo-
zoites used for all groups of mice shown in Fig. 3a demonstrated
the important role for NO as a defense mechanism against the
liver stage.

Probably, IFN-y-stimulated hepatocytes are the source of NO
production. Indeed, previous studies have shown that sporozoites
infect hepatocytes (46) and are the main cellular source of NO
production (25, 29). The induction of iNOS in the liver by live
sporozoites observed in this study is in line with the literature
from vaccination studies with experimental animal models in
which irradiated sporozoites have been used (24, 25, 36, 41, 45, 49,
56). Attenuated sporozoites still had the ability to invade the
hepatocytes and persisted in these cells. This resulted in an up-
regulation of iNOS in hepatocytes (25) and therefore led to a
hepatocyte refractory status (36). Here we show that iNOS is
produced by hepatocytes also during a primary infection.

The vaccination protection could be reversed by treating the
animals at the time of sporozoite challenge with a competitive
inhibitor of the NO pathway (36, 41). Since the irradiated
sporozoites were also strong activators of NK cells (37), IFN-y
may have induced infected hepatocyte iNOS to produce NO in
order to prevent the development of erythrocytic stages (45).
This mechanism is also of importance for the understanding of
immune defense mechanisms during human malaria. NO can
be produced by human hepatocytes (35), and high iNOS ex-
pression from patients infected with P. falciparum correlates
with a mild infection (9). Since the liver stage of P. berghei
infection only lasts for 2 days, it may be of advantage to de-
velop vaccines that increase liver-specific cell responses and do
not induce IL-4 or IL-13.

Analyses of hepatic parasites by RT-PCR resulted in no
detectable signal at an infection dose of 400 sporozoites (data
not shown). From the literature, the detection limit for Plas-
modium yolii hepatic parasites is described in a range from 25
to 6,250 sporozoites (4, 6, 53). However, Plasmodium yoelii and
P. berghei showed a large difference in infectivities (4). More-
over, comparing the increase in TRNA of P. yoelii and P.
berghei in the liver between 20 and 40 h p.i., it was shown that
P. yoelii rTRNA increases 11 times, and P. berghei rRNA in-
creases only 1.6 times (4). The conclusions of these data are
that the detection limit of P. berghei hepatic stages is much
higher than that from P. yoelii. In summary, it was not possible
to measure differences in hepatic parasites between mutant
and wild-type mouse strains by RT-PCR at an infection dose of
400 sporozoites, while an increase in the infection dose to 800
sporozoites led to high parasitemia and the death of all ani-
mals, with no significant differences concerning the survival
rates (Fig. 1b).

We have used mice deficient for IL-4 instead of depleting
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wild-type mice with anti-IL-4 antibodies, because application
of anti IL-4 antibodies doesn’t lead to a complete deficiency of
IL-4 in all tissues.

Taking these findings together, we have shown the impor-
tance of using sporozoites for studies of defense mechanisms
against malaria parasites. Our study extends the role for IL-4 in
immune defense against the liver stage of a sporozoite infec-
tion. While earlier analyses with parasitized erythrocytes in the
P. chabaudi model showed no differences in the absence of
IL-4, our model demonstrated the detrimental role of IL-4
during the liver stage of infection with P. berghei sporozoites.
Furthermore, this study has provided strong hints that NK cells
were involved in the induction of iNOS in the livers of the KO
mice and played an important role in the survival of infection
with P. berghei sporozoites.
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