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The natural killer complex (NKC) is a genetic region of highly linked genes encoding several receptors
involved in the control of NK cell function. The NKC is highly polymorphic, and allelic variability of various
NKC loci has been demonstrated in inbred mice. Making use of BALB.B6-Cmv1" congenic mice, in which the
NKC from disease-susceptible C57BL/6 mice has been introduced into the disease-resistant BALB/c back-
ground, we show here that during murine malaria infection, the NKC regulates a range of pathophysiological
syndromes such as cerebral malaria, pulmonary edema, and severe anemia, which contribute to morbidity and
mortality in human malaria. Parasitemia levels were not affected by the NKC genotype, indicating that control
of malarial fatalities by the NKC cells does not operate through effects on parasite growth rate. Parasite-
specific antibody responses and the proinflammatory gene transcription profile, as well as the TH1/TH2
balance, also appeared to be influenced by NKC genotype, providing evidence that this region, known to control
innate immune responses via NK and/or NK T-cell activation, can also significantly regulate acquired immu-
nity to infection. To date, NKC-encoded innate system receptors have been shown mainly to regulate viral
infections. Our data provide evidence for critical NKC involvement in the broad immunological responses to

a protozoan parasite.

The natural killer complex (NKC) is a genetic region of
highly linked genes, which encodes several receptors involved
in the control of NK cell function (50). This genomic region is
located on distal mouse chromosome 6 and is conserved
among species. Syntenic regions have been identified in rat and
human chromosomes (9). The murine NKC spans a region of
around 4.7 mb and comprises several genes such as Cd69 and
Cd94, as well as multigene families including Nkrp1, Nkg2, and
Ly49. These genes encode type II integral membrane proteins
with C-lectin domains, having inhibitory or activation function
on cytotoxic activity and cytokine production depending on the
presence or absence of immunoreceptor tyrosine-based inhib-
itory motifs (ITIMs) in their intracellular domains (7, 8). Upon
ligation, these ITIMs become phosphorylated and recruit
phosphatases such as the Src homology 2 domain-containing
protein tyrosine phosphatase 1 (SHP1), which interferes with
normal cell activation and results in the inhibition of NK cell
function. In the mouse, inhibitory receptors can be divided into
two groups, the Ly49 superfamily and the NKG2 molecules,
which are expressed as heterodimers together with CD9%4.
Whereas members of the Ly49 superfamily interact with major
histocompatibility complex class I (MHC-I) molecules (2),
CDY94/NKG2 complexes bind to the nonclassical MHC-I re-
ceptor Qa-1" (45, 46). Interaction of these inhibitory receptors
with their MHC-I or MHC-I-like ligands induces inhibition of
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cytotoxic activity by NK cells. Under certain pathophysiological
conditions such as viral infections or tumors, the expression of
MHC-I molecules is down-regulated, resulting in the loss of
negative regulation by inhibitory receptors, subsequent NK cell
activation, and killing of target cells (29). Some members of
the Ly49 family lack ITIMs in their cytoplasmic domains and
therefore have activation function. These receptors contain a
charged amino acid in their transmembrane domains, which
allows the interaction with immunoreceptor tyrosine-based ac-
tivation motif-containing adaptor molecule DAP12. DAP12
activation results in tyrosine phosphorylation and downstream
cell activation (33). Stimulation of activation receptors such as
Ly49D (33) and Ly49H (17) leads to gamma interferon
(IFN-v) secretion and cytotoxic activity. Other activation re-
ceptors encoded within the murine NKC include CD94/
NKG2C heterodimers, NKG2D, and the alloantigen NK1.1.
These activation receptors (but not the Ly49 activation mole-
cules) are expressed not only in NK cells but also in a subset of
lymphocytes coexpressing some NKC markers together with a
conserved T-cell receptor (TCR) (CD1-restricted NK T cells)
(3). It has been shown that stimulation with anti-NK1.1 anti-
body preferentially stimulates IFN-y production by CD]1-re-
stricted NK T cells (4, 22).

The NKC appears to be a highly polymorphic region. Allelic
variability of various NKC loci has been demonstrated in in-
bred mice, providing evidence for NKC haplotypes (10, 36).
Apart from genes encoding known protein products, the NKC
encodes several phenotypically defined loci. For example,
C57BL/6 mice are resistant to mousepox viral infection
whereas BALB/c mice are susceptible. Resistance to mousepox
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virus has been shown to be under the control of a locus named
Rmpl, which maps to the NKC region in distal mouse chro-
mosome 6 (11, 15). Chok was initially characterized as a locus
controlling C57BL/6 NK-cell-mediated killing of allogeneic
Chinese hamster ovary cells. BALB/c NK cells are unable to
kill Chinese hamster ovary cells (27). More recently, it was
found that Chok in fact encodes the activation receptor Ly49D
(28). Similarly, genetically determined resistance to murine
cytomegalovirus is controlled by a gene originally designated
Cmvl that regulates viral replication in the spleens of mice
(42). C57BL/6 mice express the CmvI" allele and are resistant
to this condition, whereas BALB/c mice express the CmvI®
allele and show high viral titers. Generation of congenic mouse
strains has allowed the mapping of these alleles to the NKC
located on the distal region of mouse chromosome 6. Recent
studies show that CmvI1” maps to the NK activation receptor
Ly49H (17).

C57BL/6 and BALB/c mouse strains substantially differ in
their ability to mount immune responses to several pathogens,
including malaria parasites. C57BL/6 mice are susceptible to
the Plasmodium berghei ANKA-mediated severe malaria,
whereas BALB/c mice are resistant (14). Both humans and
experimental animals affected by malaria may suffer several
disease syndromes, including acute respiratory distress, meta-
bolic acidosis, renal failure, pulmonary edema, anemia, and
cerebral involvement (47). Proinflammatory and counterregu-
latory cytokines, as well as immune system effector cells, have
been shown to be involved in the control of malarial patho-
genesis. In previous studies, we found that CD1-restricted NK
T cells differentially regulate P. berghei-mediated cerebral ma-
laria depending on the genetic background of the host. CD1-
restricted NK T cells have a protective role against P. berghei-
mediated cerebral malaria in BALB/c mice. In contrast, NK T
cells induce early IFN-y production and promote disease in
C57BL/6 susceptible animals (22). Making use of BALB.B6-
Cmvl1" congenic mice, in which the NKC from C57BL/6 mice has
been introduced in the BALB/c background (42), we found that
the immunological properties of NK T cells during malaria infec-
tion vary depending on the NKC genotype. BALB.B6-Cmv1"
mice were also found to be significantly more susceptible to P.
berghei-mediated severe malaria than BALB/c controls (22), dem-
onstrating that the NKC is a genetic determinant of malarial
fatalities. In the present study, we analyzed the impact of the
NKC genotype in the development of severe malarial pathogen-
esis and the nature of various immune responses to infection. We
found that the NKC regulates several immunopathological re-
sponses to malaria, including cerebral pathology, pulmonary
edema, and severe anemia, which are thought to contribute to
morbidity and mortality in human malaria. Parasite-specific anti-
body responses as well as the TH1/TH2 balance were also influ-
enced by the NKC genotype, providing evidence that this
genomic region, known to control innate immune responses via
NK and/or NK-T-cell activation, can also regulate acquired im-
munity to infection.

MATERIALS AND METHODS

Mice and infections. Eight- to twelve-week-old BALB/c, C57BL/6, and
BALB.B6-Cmvl1" (F,, generation [42]) mice were used throughout the study.
Groups of 10 to 15 mice were injected intraperitoneally with 10° P. berghei
ANKA-infected red blood cells. In some experiments, mice were treated with
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chloroquine (10 mg/kg of body weight) and pyrimethamine (10 mg/kg) for 5 to 7
days starting at day 5 postinfection (p.i.). Parasitemia was assessed from Giemsa-
stained smears of tail blood prepared every 2 to 3 days. Mortality was checked
daily. Mice were judged as developing cerebral malaria if they displayed neuro-
logical signs such as ataxia, loss of reflex, and hemiplegia and died between days
6 and 12 p.i. with relatively low parasitemia. All experiments were performed in
compliance with local Animal Ethics Committee requirements.

Histology. For histological analysis of cerebral pathology, brains from P.
berghei-infected mice were taken into 10% neutral-buffered formalin, sectioned
(5 pm), and stained with hematoxylin and eosin. Slides were coded and scored
blind for histological evidence of cerebral syndrome.

Pulmonary edema. Lungs were collected from BALB/c and BALB.B6-Cmv1*®
mice at different time points p.i. with P. berghei ANKA. The wet weight was
measured immediately after removal of the organ, and the dry weight was
determined after overnight incubation at 80°C. The wet/dry weight ratio was then
calculated.

Anemia. Hemoglobin levels were assessed in 4 pl of tail blood collected from
BALB/c and BALB.B6-Cmv1" mice at different time points p.i. with P. berghei.
Blood was diluted in 100 wl of Drabkin’s solution (Sigma, St. Louis, Mo.), and
the optical density at 580 nm was determined. Hemoglobin level in blood from
infected mice was calculated using bovine hemoglobin (Sigma) for preparation of
standard curves.

Flow cytometry. Spleen cells from BALB/c, C57BL/6, and BALB.B6-Cmv1"
mice were incubated with anti-CD16 antibody (Fc-block), washed, and then
stained with phycoerythrin-conjugated anti-CD49b (DX-5) and phycoerythrin-
Cy5-conjugated anti-TCR (H57-597) antibodies. Some samples were simulta-
neously stained with other antibodies such as fluorescein isothiocyanate-conju-
gated anti-Ly49A (Al), Ly49C/T (SE6), Ly49D (4ES), Ly49G, (Cwy-e), Ly491
(YLI-90), anti-NKG2A/C/E (20d5), or anti-NK1.1 (PK136) for 1 h on ice. Some
cells were incubated with biotinylated anti-Ly49F (HBF-719), followed by incu-
bation for 1 h on ice with a streptavidin-fluorescein isothiocyanate conjugate (all
antibodies and conjugates were from Pharmingen, San Diego, Calif.). The cells
were then washed two times with phosphate-buffered saline (PBS) containing 1%
fetal calf serum and suspended in 200 pl of PBS. The cells were then analyzed in
a FACScan cytofluorometer (Becton Dickinson, Grenoble, France) using
CellQuest software. Viable lymphocytes were gated by forward and side scatter.

P. berghei ANKA lysate preparation. P. berghei ANKA lysates were prepared
as described previously (23). Briefly, 10 ml of blood collected from P. berghei
ANKA-infected mice (day 14 p.i.) was diluted 1:2 in RPMI-1640 medium and
passed through a Whatman CF-11 cellulose column. The erythrocytes were
eluted by washing the column with 2 volumes of RPMI-1640 medium. The
purified erythrocytes were centrifuged at 1,000 X g for 5 min and trypsinized for
10 min at 37°C. After washing three times with RPMI-1640 medium, the eryth-
rocytes were lysed with PBS-0.05% saponin and centrifuged at 10,000 rpm for 10
min in a Sorvall centrifuge. The pellet was washed and resuspended in PBS. The
parasites were disrupted by 5 cycles of freezing-thawing and centrifuged for 5
min at 2,000 rpm. The supernatant was stored at —20°C until use.

ELISA for detection of P. berghei-specific antibodies. Microtiter plates were
coated with P. berghei ANKA lysate (5 wg/ml) in carbonate buffer, pH 9.6, by
overnight incubation at 4°C. Empty sites were blocked with 5% skim milk for 1 h
at 37°C. After washing three times with 0.05% Tween 20 in PBS, plates were
incubated with different antisera in serial 1:2 dilutions for 1 h at 37°C. The plates
were washed three times and incubated with a peroxidase-conjugated rabbit
anti-mouse antibody (Pierce, Rockford, IlIl.). The isotype titers were determined
by incubating for 1 h at 37°C with rabbit anti-mouse antibodies against immu-
noglobulin M (IgM), IgG1, IgG2a, IgG2b, and IgG3 (all antibodies were from
Zymed, San Francisco, Calif.). The plates were then washed three times and
incubated with a peroxidase-conjugated goat anti-rabbit antibody (Pierce). In all
enzyme-linked immunosorbent assays (ELISAs), bound complexes were de-
tected by reaction with tetramethyl-benzidine (TMB) (KBL, Gaithersburg, Md.)
and H,0,. Absorbance was read at 450 nm.

ELISA for detection of total IgM and IgG content. The following pairs of
antibodies were used: monoclonal antibody LO-MM-9 (Zymed) for capture with
a polyclonal rabbit anti-mouse IgM (Zymed) for detection of IgM and a poly-
clonal anti-mouse IgG Fab (Sigma) for capture with a peroxidase-conjugated
sheep anti-mouse IgG (Amersham, Little Chalfont, United Kingdom) for detec-
tion of IgG. Ninety-six-well plates were coated with capture antibody by over-
night incubation at 4°C in phosphate buffer, pH 9. Plates were then blocked with
1% bovine serum albumin for 1 h at 37°C. Sera from infected mice were tested
in duplicate by incubation for 1 h 37°C. After washing three times with PBS-
0.05% Tween 20, the plates were incubated for 1 h at 37°C with their respective
detection antibodies. For detection of IgM antibodies, plates were further incu-
bated for 1 h at 37°C with a peroxidase-conjugated goat anti-rabbit antibody
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(Pierce). Bound complexes were detected by reaction with TMB (KBL) and
H,0,. Absorbance was read at 450 nm. The antibody concentration in samples
was calculated using purified immunoglobulins (Sigma) for the preparation of
standard curves.

In vitro T-cell stimulation. BALB/c, C57BL/6, and BALB.B6-Cmv1" mice (n
= 3) were infected with 10° P. berghei-infected erythrocytes. At day 5 p.i., mice
were treated with chloroquine (10 mg/kg) and pyrimethamine (10 mg/kg) for 5 to
7 days. Seven days after we finished the treatment, mice were sacrificed and
splenocyte suspensions were prepared. Spleen cells were suspended in complete
RPMI-1640 medium-5% fetal calf serum and seeded in 96-well plates at a
density of 2 X 10° cells/ml. Cells were then stimulated in triplicate for 3 days with
P. berghei ANKA total lysate (25 pg/ml) or anti-CD3 (5 wg/ml; Pharmingen).
Cells cultured in medium alone were used as background controls. The cell
culture supernatants were collected to determine cytokine content by capture
ELISA.

ELISAs for IL-4, IFN-y, and TGF-B detection. Cytokine ELISAs were carried
out as described previously (22). Briefly, the following pairs of antibodies were
used: 11B11 for capture and BVD6-24G2 for detection of interleukin-4 (IL-4),
R4-6A2 for capture and XMG1-2 for detection of IFN-y, and A75-2.1 for
capture and A75-3.1 for detection of transforming growth factor g (TGF-B) (all
antibodies from Pharmingen). Antibodies used for detection were biotinylated.
Ninety-six-well plates were coated with capture antibody by overnight incubation
at 4°C in phosphate buffer, pH 9. Plates were then blocked with 1% bovine serum
albumin for 1 h at 37°C. Cell culture supernatants or sera from infected mice
were tested in duplicate by overnight incubation at 4°C under mild agitation.
Prior to addition to the plates, samples used for TGF-f detection were treated
by acidification by incubation in 0.04 N HCI for 20 min at 20°C, followed by
neutralization with 0.04 N NaOH. The plates were then incubated for 3 h at 20°C
with the respective biotinylated antibody, followed by a 2-h incubation at 20°C
with streptavidin-peroxidase conjugate (Pierce). Bound complexes were detected
by reaction with TMB (KBL) and H,0,. Absorbance was read at 450 nm. The
cytokine concentration in samples was calculated in picograms per milliliter by
using recombinant murine cytokines (Pharmingen) for the preparation of stan-
dard curves.

Microarray analyses. RNA was extracted from BALB/c and BALB.B6-Cmv1*
mice (n = 2) at days 0 and 7 p.i. with P. berghei ANKA (10°). cDNA and RNA
synthesis reactions were performed according to the Affymetrix (Santa Clara,
Calif.) Gene Chip Expression Analysis technical manual, and Affymetrix murine
U74v2 arrays were used. Analyses were conducted using Genespring version 6.1
after importing signal measurements from Microarray Suite version 5.0. For
normalizations, the 50th percentile of all measurements was used as a positive
control for each sample. Each measurement for each gene was divided by this
synthetic positive control, assuming this was at least 10. The bottom 10th per-
centile was used as a test for correct background subtraction. This was never less
than the negative of the synthetic positive control. The measurement for each
gene in each sample was divided by the corresponding value at the day 0 control
(average of two samples), assuming that it was at least 0.01, to obtain the final
normalized value for each probe set (gene). An individual probe set was said to
have changed only if the ratio was greater than 2.0 or less than 0.6 in both
samples at day 7. Measurements for which the signal was deemed absent by
Microarray Suite version 5.0 analysis were excluded. Normalized data were
grouped according to the n-fold change, and lists of genes were compiled.

Statistic analysis. A paired-sample Student’s ¢ test was used for data evalua-
tion.

RESULTS

Differential expression of markers encoded by the NKC in
BALB/c and BALB.B6-Cmv1" mice. BALB.B6-Cmv1" mice are
a congenic strain in which the NKC from C57BL/6 mice has
been introduced in the BALB/c background (42). To deter-
mine the phenotypic properties of NK and NK T cells from
wild-type and congenic mice, spleen cells from BALB/c,
C57BL/6, and BALB.B6-Cmv1" mice were stained with anti-
bodies against the pan-NK-NK-T-cell marker DX-5 and
o/BTCR. Figure 1A shows that spleens of BALB/c, C57BL/6,
and BALB.B6-Cmvl1" mice have similar percentages of both
NK and NK T cells. The expression of different NKC markers
was then studied in all DX5-positive splenocytes from the
three mouse strains. Antibodies directed to C57BL/6 NKC
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FIG. 1. Differential expression of NKC markers in NK and NK T
cells from BALB/c and BALB.B6-Cmv1" mice. (A) Spleen cells from
C57BL/6, BALB/c, and BALB.B6-Cmv1" mice were stained with anti-
CD49%b (DX5) and anti-aBTCR antibodies. The percentages of NK
and NK T cells are indicated. (B) The expression of the NKC markers
NK1.1, Ly49A, Ly49D, Ly49F, Ly49G,, Ly491, Ly49C/I, and NKG2A/
C/E was calculated on all DX5-positive cells from the three mouse
strains. Representative histograms are shown.

receptors such as NK1.1, Ly49A, Ly49D, Ly49F, Ly49G,, and
Ly491 recognized these molecules on the surfaces of cells from
wild-type C57BL/6 mice as well as congenic animals (Fig. 1B).
None of these molecules could be detected in spleen cells from
BALB/c mice, suggesting that they are absent in this mouse
strain or that BALB/c mice express a different allelic variant
which substantially differs from the CS57BL/6 allele and is
therefore not recognized by strain-specific monoclonal anti-
bodies. In contrast, antibodies directed against NKG2A/C/E
and Ly49C/I were able to detect these molecules on the three
mouse strains tested, suggesting a higher homology level (Fig.
1B). Thus NK and/or NK T cells from BALB/c and BALB.B6-
Cmv1" mice differ in the expression of NKC markers such as
NK1.1 and members of the Ly49 gene superfamily.
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FIG. 2. Control of malarial pathogenesis by the NKC. Groups of 10 to 12 BALB/c, C57BL/6, and BALB.B6-Cmv1" mice were infected with P.
berghei ANKA. (A) The percentage of survival was monitored daily. (B) Parasitemia was assessed from Giemsa-stained blood smears. (C) His-
tological examination of brains from C57BL/6, BALB.B6-Cmv1', and BALB/c mice infected with P. berghei is shown. Magnification, X100.

Increased cerebral pathology, pulmonary edema, and severe
anemia in BALB.B6-Cmv1l" mice. We have previously shown
that BALB.B6-Cmv1" mice display increased death rates during
infection with P. berghei ANKA compared to fully resistant
BALB/c wild-type controls (22). To study whether the NKC ge-
notype could in fact influence the development of severe malarial
pathogenesis, BALB/c, BALB.B6-Cmv1', and C57BL/6 mice
were infected with P. berghei and different pathophysiological
endpoints were analyzed. As shown before, BALB.B6-Cmvl1"
congenic animals succumb to P. berghei-mediated severe malaria
and 54% of the animals died between days 7 and 9 p.i. (Fig. 2A).
Parasitemia levels were not affected by the NKC genotype (Fig.
2B), indicating that control of malarial fatalities by the NKC cells
does not operate through effects on parasite growth rates. The
development of cerebral malaria was confirmed by histological
examination of brains taken at day 7 p.i. Mice dying of cerebral
syndrome displayed typical pathology, including high levels of
vascular occlusion with both parasitized erythrocytes and macro-
phages (Fig. 2C). This pathology was pronounced in C57BL/6
mice and was also present, although with reduced severity, in
BALB.B6-Cmv1" animals. BALB/c mice, in contrast, showed ab-
sent or very much reduced vascular occlusion despite similar
parasite burdens (Fig. 2C). As with P. falciparum infection in
humans, mice infected with P. berghei ANKA develop a range of
disease symptoms including acute respiratory distress, coagulopa-
thy, shock, metabolic acidosis, hypoglycaemia, renal failure, se-
vere anemia, and pulmonary edema. We (43) and others (13)
have previously shown that these disease symptoms peak at day
6 p.i. in fully susceptible C57BL/6 mice. To study whether the
NKC genotype could also influence the susceptibility to some of
these malarial syndromes, lung edema and hemoglobin levels
were determined in BALB/c and BALB.B6-Cmv1" mice at dif-
ferent time points p.i. with P. berghei ANKA. BALB.B6-Cmv1*
mice displayed a substantially increased pulmonary edema com-

pared to wild-type mice which was significantly different at day
10 pi. (Fig. 3A). Both BALB/c and BALB.B6-Cmvl" mice
showed an important reduction in their hemoglobin levels as the
infection developed. However, this reduction was significantly
higher in BALB.B6-Cmv1" mice compared to that in wild-type
animals (Fig. 3B) in spite of identical parasitemia levels. Taken
together, these results indicate that the NKC regulates murine
cerebral and severe malaria by a mechanism independent of par-
asite growth rates.

The NKC controls systemic IFN-y and TGF-{3 production in
murine severe malaria. Tumor necrosis factor alpha (TNF-o)
and IFN-y are two proinflammatory cytokines described to
contribute to cerebral malaria pathogenesis (20, 21). To inves-
tigate whether the NKC could regulate systemic levels of these
cytokines during experimental severe malaria, sera were col-
lected from BALB/c and BALB.B6-Cmv1" mice at different
time points p.i. with P. berghei ANKA and cytokine levels were
determined by ELISA. Both BALB/c and BALB.B6-Cmvl1"
mice had negligible levels of TNF-a in serum throughout the
course of infection, indicating that the increased susceptibility
observed in the congenic mice is not associated with enhanced
TNF-a production (data not shown). In contrast, IFN-y levels
were significantly higher in the more susceptible BALB.B6-
Cmvl" strain at days 3, 5, and 7 p.i than in the BALB/c wild-
type controls (Fig. 4A). To determine whether the production
of anti-inflammatory cytokines could also be influenced by the
NKC genotype, the production of TGF-B was analyzed in
serum samples from malaria-infected BALB/c and BALB.B6-
Cmv1" mice. TGF-B was produced only during the second
week of infection with P. berghei in both mouse strains. How-
ever, serum TGF-B levels were significantly lower at day 14 p.i.
in the more susceptible BALB.B6-Cmv1" mice than in controls
(Fig. 4B). Thus, the NKC genotype influences systemic levels
of IFN-y and TGF-B during malaria infection.
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FIG. 3. Control of malarial pathogenesis by the NKC. BALB/c and
BALB.B6-Cmv1" mice were infected with P. berghei ANKA. (A) Lung
edema was calculated as the wet weight/dry weight ratio of the organ
at different time points p.i. Each point represents the mean of six
samples = the standard error. (B) Hemoglobin levels were assessed in
tail blood at different time points p.i. with P. berghei. Each point

represents the mean of 6 to 10 samples = the standard error. *, P <
0.05; **, P < 0.01.

IFN-vy-regulated gene expression detected by transcrip-
tional profiling. Analysis of the host transcriptional response
to infection could provide novel insights into the causes of
severe pathogenesis, particularly when the coregulated expres-
sion of genes implicates the activation or repression of key
regulatory pathways. Transcriptional analysis might eventually
clarify areas of similarity and difference between humans and
animal models, thereby refining the utility of the latter. There-
fore, to identify IFN-y-regulated host genes differentially ex-
pressed under the control of the NKC during malaria infection,
spleens of BALB/c and BALB.B6-Cmv1" mice were taken for
transcriptional analysis at 7 days p.i. We applied the Affymetrix
mouse U74Av2 array, comprising 15,000 probe sets represent-
ing functionally characterized sequences (6,000) in the mouse
UniGene database, plus 6,000 expressed sequence tag clusters.
The intensity data for detectable transcripts from duplicate
mice was very strongly correlated (day 0 BALB/c R* = 0.925,
day 7 BALB/c R* = 0.923, day 0 BALB.B6-Cmv1" R* = 0.934,
day 7 BALB.B6-Cmv1® R? = 0.931), revealing highly reproduc-
ible changes and suggesting a specific and directed response to
malaria infection. Subjecting the microarray database to Gene-
Spring filter allowed the identification of a considerable num-
ber of IFN-y-regulated or -associated genes for which mean
transcript levels in the spleen at day 7 of infection differed from
those at day 0 and between BALB.B6-Cmv1" and BALB/c mice
(Table 1). Notable among these was Ifng (IFN-y) itself, which
was up-regulated 18-fold in BALB.B6-Cmv1" and only 4-fold
in BALB/c mice. Consistent with the detection of increased
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FIG. 4. The NKC controls systemic IFN-y and TGF-B production
during malaria infection. BALB/c and BALB.B6-Cmv1" mice were
infected with P. berghei ANKA. IFN-y (A) and TGF-B (B) levels in
sera collected at different time points p.i. were measured by capture
ELISA. The experiment is representative of three separate infections.
Each point represents the mean of three samples * the standard error.
*, P < 0.05; **, P < 0.01.

IFN-y mRNA, a number of interferon-inducible gene tran-
scripts were more strongly increased during malaria infection
in the spleens of BALB.B6-Cmvl" than in BALB/c mice.
Among families of such genes were two families of GTPases,
including the IFN-y-inducible GTPases and members of the
guanylate nucleotide binding protein family (Table 1). This
group of proteins has been described to dominate the cellular
cascade induced upon IFN-y stimulation (6), and although
their main function remains unknown, there has been evidence
suggesting they are involved in defense against microorganisms
and control of cell growth (19). Considerable interferon-de-
pendent transcriptional regulation of chemokines was also ap-
parent (Table 1). Cxcl10 (IP-10), an IFN-v-inducible chemo-
kine that attracts activated TH1 lymphocytes and NK cells
through interaction with the CXCR3 receptor (32, 39), had
increased transcripts in spleens at day 7 relative to that at
resting levels (day 0), and this was more pronounced in
BALB.B6-Cmvl" than BALB/c mice. The same was true of
Cxcl9 (Mig), which has been shown to signal through the same
receptor (31). Transcripts of the proinflammatory chemokine
MIP1-a (Ccl3) were also significantly increased in BALB.B6-
Cmvl" over BALB/c mice (Table 1). The expression of a num-
ber of interferon-associated genes fluctuated to an equal de-
gree in both mouse strains (data not shown). Several
interferon-associated transcripts, including the IFN-y receptor
second chain, were found to be down-regulated at this time
point p.i., but more so in BALB/c than BALB.B6-Cmv1" mice
(Table 1).

Reduced antibody responses to malaria infection in
BALB.B6-Cmv1" mice. In the next series of experiments, we
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TABLE 1. IFN-y-regulated or -associated genes for which mean transcript levels in the spleen at day 7 of infection differ significantly
between BALB.B6-Cmv1" and BALB/c mice

GenBank

Mean fold change (day 7) for:

0. Gene Description BALB.B6-Cmv1* BALB/c
mice mice
K00083 Ifng IFN-y 18.248 4.009
MS55544 Gbpl Guanylate nucleotide binding protein 1 9.086 4.097
AA914345 Ligp* Interferon-inducible GTPase 8.816 4.804
AJ007971 ligp* Interferon-inducible GTPase 6.120 4.250
M34815 Cxcl9 Chemokine (C-X-C motif) ligand 9 5.763 2.589
AJ007970 Gbp2 Guanylate nucleotide binding protein 2 3.925 2.602
U53219 Igtp v-IFN-induced GTPase 3.823 2.708
U19119 Ifil Interferon-inducible protein 1 3.650 2.504
L38444 Tgtp T-cell-specific GTPase 3.517 2.323
AW047476 Gbp3 Guanylate nucleotide binding protein 3 3.400 2.138
M33266 Cxcl10 Chemokine (C-X-C motif) ligand 10 3.288 1.546
AB019505 1118bp IL-18 binding protein 3.133 2.101
M31419 1fi204 Interferon-activated gene 204 3.026 2.080
J04491 Ccl3 Chemokine (C-C motif) ligand 3 8.197 2.496
M74123 1fi205 Interferon-activated gene 205 0.797 0.311
U69599 Ifngr2 IFN-vy receptor second chain 0.730 0.449
U06924 Statl Signal transducer and activator of transcription 1 1.733 0.459
A1844520 1fi30 IFN-y-inducible protein 30 1.167 0.482
J03368 Mx2 Interferon-induced Mx gene 2 0.879 0.540
AF036341 Irf3 Interferon regulatory factor 3 1.066 0.587
AV152244 Isgl5 Interferon-stimulated protein 1.085 0.588
M32489 Icsbpl Interferon consensus sequence binding protein 1 1.206 0.600
¢ Pending.

sought to investigate whether the NKC genotype could also
affect the development of acquired immune responses to ma-
laria parasites. To that end, BALB/c and BALB.B6-Cmvl"
mice were infected with P. berghei. Serum samples were col-
lected at different times p.i., and parasite-specific antibody
responses were analyzed. The parasite-specific IgM titers were
of similar magnitude in BALB/c and BALB.B6-Cmv1" mice
during the first week of infection (Fig. SA). After day 7 p.i.,
parasite-specific IgM antibody responses decreased in BALB/c
mice but remained elevated in BALB.B6-Cmv1" animals, sug-
gesting a delayed switch from IgM to IgG production in mice
congenic for the NKC. The absolute IgM levels determined by
capture ELISA followed the same kinetics as the parasite-
specific responses, with increased IgM levels in BALB.B6-
Cmvl" compared to that in wild-type mice (Fig. 5C). On the
contrary, both P. berghei-specific IgG titers, as well as total IgG
levels, were significantly higher in BALB/c wild-type animals
than in BALB.B6-Cmv1" mice in the second week of infection
(Fig. 5B and D). The IgG subclasses produced in response to
infection were also analyzed. The parasite-specific 1gGl,
IgG2a, IgG2b, and IgG3 antibody titers were significantly
higher in BALB/c wild-type compared to BALB.B6-Cmvl1"
mice (Fig. 6). Interestingly, IgG2b responses were negligible in
congenic animals (Fig. 6C). Taken together, these results in-
dicate that the NKC genotype influences parasite-specific an-
tibody responses during malaria infection.

The NKC regulates TH1/TH2 balance during malaria infec-
tion. Figures 5 and 6 show that the NKC genotype can influ-
ence parasite-specific antibody responses to malaria infection.
To determine whether the NKC could also influence the de-
velopment of T-cell-mediated immune responses, BALB/c,
BALB.B6-Cmv1", and C57BL/6 mice were infected with P.
berghei ANKA. At day 5 p.i, the animals were drug cured as

described in Materials and Methods, and 1 week later, we
examined cytokine production by splenocytes from malaria-
infected mice. Spleen cells from BALB/c, BALB.B6-Cmvl1’,
and C57BL/6 mice produced similar levels of IFN-y in re-
sponse to both anti-CD3 antibody and P. berghei lysate (Fig.
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FIG. 5. The antibody response to P. berghei ANKA in BALB/c and
BALB.B6-Cmv1" mice. BALB/c and BALB.B6-Cmv1" mice were in-
fected with P. berghei. Serum samples were collected at different time
points p.i., and parasite-specific IgM (A) and IgG (B) antibody re-
sponses or total IgM (C) and IgG (D) contents were analyzed by
ELISA as indicated in Materials and Methods. Each point represents
the mean of 8 to 10 samples * the standard error. *, P < 0.05; **, P <
0.01; ***, P < 0.005; ****, P < 0.001.
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FIG. 6. IgG subclasses produced in response to P. berghei infection
in BALB/c and BALB.B6-Cmv1" mice. BALB/c and BALB.B6-Cmv1"
mice were infected with P. berghei. Serum samples were collected at
different time points p.i., and parasite-specific IgG1 (A), IgG2a (B),
IgG2b (C), and 1gG3 (D) were determined by ELISA. Each point
represents the mean of 8 to 10 samples * the standard error. *, P <
0.05; **, P < 0.01; ***, P < 0.005; ****, P < 0.001.

7A). Anti-CD3-mediated IL-4 responses were of similar mag-
nitude in spleen cells from BALB/c and BALB.B6-Cmv1" an-
imals, although they were reduced in C57BL/6 mice (Fig. 7B).
Splenocytes from malaria-infected BALB/c mice also pro-
duced substantial levels of IL-4 in response to a parasite-
specific stimulus. In contrast, cells from infected C57BL/6 as
well as BALB.B6-Cmv1" mice were virtually unable to secrete
this cytokine in response to P. berghei lysate (Fig. 7B), suggest-
ing a lack of parasite-specific memory cells producing IL-4 in
these mouse strains. Thus the NKC genotype influences the
development of parasite-specific TH1/TH2 responses in re-
sponse to P. berghei infection.

INFECT. IMMUN.

DISCUSSION

This study shows that the NKC is a significant genetic de-
terminant of murine severe malarial pathogenesis. C57BL/6
NKC alleles appear to be associated with susceptibility to dis-
ease, as congenic BALB.B6-Cmv1" mice showed increased ce-
rebral pathology, pulmonary edema, severe anemia, and death
rates during P. berghei infection (22) compared to fully resis-
tant BALB/c wild-type controls. The increased severity to ma-
larial disease in mice congenic for the C57BL/6 NKC does not
seem to result from higher parasite burdens, as parasitemia
levels throughout infection were virtually identical in both
BALB/c and BALB.B6-Cmv1" mice. Rather than changes in
parasite growth rates, susceptibility to severe malaria in con-
genic animals correlated with a differential immune response
to infection, mainly characterized by a significantly enhanced
production of IFN-v.

A large body of evidence indicates that IFN-y plays a central
role in cerebral malaria pathogenesis in mouse infection mod-
els as well as in humans (26). High IFN-y levels were found in
Southeast Asian (25) as well as African patients (40) with acute
malaria infections. Heterozygosis for an IFN-y receptor-1
polymorphism was found to be associated with lower incidence
and death resulting from cerebral malaria in Gambian children
(30). In the rodent model of cerebral malaria, it was found that
passive transfer of anti-IFN-y neutralizing antibodies protects
susceptible mice from the development of P. berghei-mediated
cerebral malaria and reduces the production of TNF-a, an-
other proinflammatory cytokine associated with disease sever-
ity (21). IFN-y /= (49) as well as IFN-y receptor a-chain-
deficient mice (1) have also been found to be resistant to
cerebral malaria. It is interesting to note that neutralization of
IFN-y with monoclonal antibodies as well as genetic deletion
of IFN-vy receptor in mice reduced cerebral malaria severity
without affecting parasitemia levels throughout infection.
These results are in agreement with our observations here in
which mutant mice bearing the C57BL/6 NKC on a BALB/c
background (which leads to enhanced IFN-y responses in this
case) resulted in increased severity of disease by a mechanism
independent of parasite growth rates.
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FIG. 7. The NKC influences the TH1/TH2 polarization in response to malaria. Spleen cells from P. berghei ANKA-infected C57BL/6, BALB/c,
and BALB.B6-Cmv1" mice were stimulated for 3 days with P. berghei ANKA total lysate or anti-CD3 antibody. Cells cultured in medium alone
were used as background controls. IFN-y and IL-4 production was determined in cell culture supernatant by capture ELISA. The experiment is
representative of three separate infections. Each point represents the mean of three samples = the standard error. *, P < 0.01.
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The NKC was found to regulate not only cerebral malaria
but also other disease syndromes such as pulmonary edema
and severe anemia. The etiology of these disorders is not fully
understood. Several mechanisms have been postulated to con-
tribute to malarial anemia, including erythrocyte destruction,
phagocytosis, sequestration of infected red blood cells, and
inhibition of erythropoiesis resulting from the action of proin-
flammatory cytokines produced in response to infection (34).
Because IFN-y responses to P. berghei are elevated in
BALB.B6-Cmv1" mice, it is reasonable to postulate that the
NKC involvement in malarial anemia results from hematopoi-
esis inhibition due to exacerbated proinflammatory responses
to infection. We are currently investigating the effect of cyto-
kines produced by different cell lineages in both acute and
chronic rodent models of malarial anemia.

The differential patterns of transcription among parental
and NKC congenic mice detected here by microarray analysis
are consistent with a predominant role for polymorphic NKC
loci in regulating IFN-y-dependent expression profiles for a
number of genes. Overall, the majority of genes fluctuated
equally in both mouse strains, including a number of interfer-
on-associated genes. The single time point taken for analysis in
this study may not be sufficient to capture all relevant fluctu-
ations in gene expression. Of approximately 30,000 mouse
genes (99% having homologues in humans), we observed only
a small minority of gene transcripts that, in dependence on
NKC haplotype, fluctuated differentially in response to malaria
infection. Although there are limitations in the transcriptome
approach in that no quantitative relationship between mRNA
levels and function is guaranteed, our data are overall consis-
tent with differential patterns in gene expression contributing
significantly to the NKC dependency of severe malaria syn-
dromes such as cerebral disease, pulmonary edema, and the
inflammatory cascade. Identification of the most important
genes of the mouse influencing susceptibility and resistance to
malaria could speed the identification of parallel genes in hu-
mans.

The present study uses congenic mice to establish one or
more NKC loci exerting 50% penetrance in the control of P.
berghei-induced pathogenesis and fatality. This partial pen-
etrance might reflect the contribution of loci other than the
NKC in promoting disease in the fully susceptible C57BL/6
background. However, the NKC encodes several different re-
ceptors with opposing activities in the control of innate im-
mune responses (50). It is therefore possible that not all genes
contained in the congenic interval present in BALB.B6-Cmv1"
mice contribute to disease induction. We are currently inves-
tigating that hypothesis, utilizing intracongenic recombinant
mice (41) derived from the BALB.B6-Cmv1" strain and bear-
ing smaller NKC congenic intervals.

Because the NKC comprises several genes and multigene
families, the question still remains which NKC receptor(s) is
responsible for susceptibility to severe malaria. Several activa-
tion receptors encoded within the murine NKC have been
described to elicit IFN-y secretion by NK and/or NK T cells
upon stimulation with their ligands and are therefore candi-
dates to mediate disease induction. Some of those receptors
include Ly49D (33), Ly49H (17), NK1.1 (4), and NKG2D (24).
NKI1.1 and NKG2D (but not the Ly49 activatory molecules)
are expressed on both NK cells and CD1-restricted NK T cells.
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In previous studies, we found that administration of anti-asialo
GML1 antibody (which depletes NK cells without affecting NK
T cells) does not reverse the susceptibility of BALB.B6-Cmv1*
mice to malaria (22), suggesting that at least in this mouse
strain, expression of NKC receptors in the remaining NK-T-
cell population is sufficient to induce fatalities. It has been
shown that cross-linking of NK1.1 preferentially induces IFN-y
(4) and no IL-4 production by CDI1-restricted NK T cells,
raising the possibility that activation of this NKC receptor in
NK T cells is involved in the up-regulation of proinflammatory
responses by a TCR-independent pathway and contributes to
the increased susceptibility to malaria found here. Although
NK cells did not appear to be essential to induce fatality in
malaria-infected BALB.B6-Cmv1" mice (22), with the present
data, we cannot exclude the possibility that IFN-y production
by activated NK cells could have an impact in the overall
immunological status of BALB.B6-Cmv1® mice, influencing
parasite-specific antibody responses and the TH1/TH2 balance
in response to infection. In fact, activated NK T cells have been
shown to stimulate NK cells to proliferate (18) and secrete
IFN-y (12). Moreover, recent in vitro studies indicate that
human NK cells produce IFN-y in response to P. falciparum-
infected red blood cells (5). We are currently investigating the
effect of NK cells and their NKC-encoded receptors in mouse
strains other than BALB.B6-Cmv1".

Genes encoded within the NKC are known to regulate the
innate immune system through the control of NK and NK-T-
cell function. In this study, we found that acquired immune
responses to malaria were also influenced by the NKC since,
unlike BALB/c wild-type controls, in both C57BL/6 and
BALB.B6-Cmv1" mice, P. berghei infection generated only
memory cells able to secrete IFN-y but not IL-4 upon parasite-
specific in vitro restimulation. Genes encoded within the
C57BL/6 NKC appear therefore to favor the development of
TH1 responses to infection. Because of their capacity to se-
crete large amounts of immunoregulatory cytokines with rapid
kinetics, NK T cells have been postulated to influence TH1/
TH2 differentiation of the acquired immune system (38). We
have previously shown that o-galactosylceramide-stimulated
NK T cells from malaria-infected BALB.B6-Cmv1" mice but
not from BALB/c wild-type mice preferentially produce IFN-y,
demonstrating that expression of C57BL/6 NKC markers pre-
disposes NK T cells to increased IFN-y production (22).
Therefore, it is reasonable to postulate that early IFN-y secre-
tion by NK T cells bearing C57BL/6 NKC receptors might have
an impact in the downstream development of TH1 responses
to infection.

Consistent with poor IL-4 production and a THI1-biased
immune response to infection, BALB.B6-Cmv1" animals dis-
played a delayed switch from IgM to IgG production and
substantially reduced parasite-specific antibody responses
compared to BALB/c wild-type mice. Particularly, IgG2b re-
sponses were virtually absent in BALB.B6-Cmv1" mice. Switch-
ing to IgG2b production has been shown to be enhanced by
TGEF-B (35, 44). Interestingly, systemic TGF-B levels were sub-
stantially reduced in BALB.B6-Cmvl" mice compared to
BALB/c controls. In previous studies, we found that CD1-
restricted NK T cells from BALB/c wild-type mice enhance
splenic B-cell expansion and parasite-specific antibody re-
sponses to infection. The increased B-cell-mediated response



2296 HANSEN ET AL.

correlated with the ability of BALB/c NK T cells to influence
the immune response towards TH2 (23). Consistent with those
observations, we found here that the introduction of C57BL/6
NKC genes into the BALB/c strain, which results in an in-
creased TH1 bias and susceptibility to severe malaria, leads to
a down-regulated antibody response to infection.

About 2.5 million people die of P. falciparum-mediated ma-
laria every year (48). In spite of the important public health
problem, many cellular, immunological, and genetic aspects of
malarial pathogenesis are not fully understood. The relevance
of the P. berghei infection model for human disease is being
increasingly appreciated (16, 37). Using this infection model,
we established that polymorphisms within NKC loci regulate
malarial pathogenesis and acquired immune responses to P.
berghei. To date, NKC receptors were mainly described to
regulate viral infections or cancers through their interaction
with MHC-I or MHC-I ligands. Malaria parasites infect red
blood cells, which lack MHC-I molecules, and our data provide
evidence for critical NKC involvement in immunological re-
sponses to a nonviral infectious agent. Because the NKC is
conserved among species, with syntenic regions identified in
rat and human chromosomes, these findings might be relevant
to the etiology of human fatal malaria. Further work is still
necessary to establish whether NKC receptors are associated
with malaria disease severity in human populations.
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