INFECTION AND IMMUNITY, Oct. 2010, p. 4195-4205
0019-9567/10/$12.00  doi:10.1128/IAI.00465-10

Vol. 78, No. 10

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Protein Kinase C 6 Deficiency Increases Resistance of C57BL/6J Mice
to Plasmodium berghei Infection-Induced Cerebral Malaria"

Ariel Ohayon,' Jacob Golenser,” Rosa Sinay,' Ami Tamir," Amnon Altman,’
Yaakov Pollack,! and Noah Isakov'*
The Shraga Segal Department of Microbiology and Immunology, Faculty of Health Sciences and the Cancer Research Center,

Ben Gurion University of the Negev, P.O.B. 653, Beer Sheva 84105, Israel'; Department of Parasitology, Hebrew University of Jerusalem,
91120 Jerusalem, Israel’; and Division of Cell Biology, La Jolla Institute for Allergy and Immunology, La Jolla, California 92037°

Received 5 May 2010/Returned for modification 3 June 2010/Accepted 16 July 2010

Protein kinase C 0 (PKCO) functions as a core component of the immunological synapse and serves as a key
protein in the integrated T-cell antigen receptor (TCR)/CD28-induced signaling cascade leading to T-cell
activation. However, the involvement of PKCO in host-mediated immune responses to pathogens has not been
thoroughly investigated. We tested the consequences of PKCO ablation on the host response to infection by
Plasmodium berghei ANKA (PbA). We found that both PKCO*'* and PKCO~/~ C57BL/6J mice are susceptible
to infection with PbA. However, despite a similar parasite burden, PKCO*/* mice had an earlier onset of
neurological signs, characteristics of experimental cerebral malaria (ECM), resulting in an earlier death.
These mice suffered from an early and pronounced splenomegaly with a concomitant increase in the total
number of CD4™ splenic T cells. In contrast, a large proportion of PbA-infected PKCO~/'~ mice overcame the
acute phase characterized by neurological symptoms and survived longer than PKCO*'* mice. The partial
resistance of PKCO~'~ mice to ECM was associated with an impaired production of Thl-type cytokines,
including gamma interferon and tumor necrosis factor alpha/lymphotoxin-c, which are known to exacerbate
symptoms leading to ECM. In addition, PbA infection-induced LFA-1 expression in CD8* T cells was sup-
pressed in PKCO-deficient T cells, suggesting a diminished ability to adhere to endothelial cells and sequester
in brain microvasculature, which may explain the decrease in neurological symptoms. These data implicate
PKCO in CD4™ Th1* and CD8* T-cell-mediated immune responses during PbA infection that contribute to the

development of ECM.

Protein kinase C 6 (PKCH) is a member of the PKC family
of serine-threonine kinases (5). It is a calcium-independent
isoform that relays essential signals downstream of the acti-
vated T-cell antigen receptor (TCR) (2). It is unique among
the PKC isoforms in its ability to translocate from the cytosol
to the center of the immunological synapse of activated T cells,
where it colocalizes with the TCR (39, 40). Translocation of
PKC6 was found to be regulated by the Lck protein tyrosine
kinase and correlated with the catalytic activation of PKC8 by
inducible cofactors that are produced along the phosphatidyl-
inositol 3-kinase- and Vav-dependent pathway (59).

Thymocyte development in PKC6-deficient mice appears to
be normal, whereas TCR-induced activation of PKC6-deficient
mature T cells is impaired (55). For example, the proliferative
response of antigen-triggered PKC6-deficient T cells is inhib-
ited, predominantly because of inhibition of both interleukin-2
(IL-2) production and upregulation of CD25, the high-affinity
subunit of the IL-2 receptor (55). These defects reflect the
impaired TCR-linked signal transduction in PKC8-deficient T
cells, which fail to respond by activation of the AP-1 and
NF-«B transcription factors (55). Additional studies, using a
second line of PKC0-deficient mice, demonstrated that activa-
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tion of the NF-AT transcription factor is also compromised
(45). These effects are likely to account for the defect in IL-2
production, since the /L-2 gene promoter possesses critical
binding sites for AP-1, NF-kB and NF-AT transcription fac-
tors, in addition to the Oct-1 (25).

Recent studies with PKC6-deficient mice substantiated the
in vivo role of PKC8 in T-cell activation. These studies showed
that lack of PKC6 differentially affects T-cell differentiation
into specific lineages, depending on the nature of the antigen
or the immunological insult. For example, PKC6 was found to
be essential for the induction of efficient Th2-mediated re-
sponses against the helminth Nippostrongylus brasiliensis, or the
parasite Leishmania major, and during allergic lung inflamma-
tion induced by an inhaled allergen (35, 43, 49). Th1l-mediated
responses in these three models were almost unaffected (35,
49). In addition, studies in primary PKCO~'~ CD8" T cells
activated by peptide-MHC complexes revealed severe defects
in ERK and JNK (but not p38) activation (6), suggesting that
PKCS is also required for optimal Tc-mediated immune re-
sponses.

Whereas the in vitro responses of PKC6-deficient T cells
have been thoroughly investigated, the importance of PKCH in
host resistance to pathogens is only at its initial phase.

Human malaria is caused by four different species of Plas-
modium, of which P. falciparum is the most virulent. It is one
of the seven neglected diseases worldwide, reaching a morbid-
ity of 500 million infections per year and an annual mortality
rate of about one million (10). Malaria infection induces in-
nate, humoral, and cell-mediated responses, and the cross talk



4196 OHAYON ET AL.

between these responses affect the outcome of the disease (7,
11, 30, 31, 38, 46, 52, 65). It may range from mild symptoms of
synchronous waves of fever and parasite removal, to severe
syndromes of anemia, respiratory distress, and cerebral disor-
ders, which are responsible for most malaria-related deaths (7,
11, 23, 30, 31, 38, 46, 52, 58, 65). The reasons for this wide
range of responses are not yet clear, but the use of animal
models can contribute to the understanding of the malaria-
induced pathogenesis. For example, mouse models, which do
suffer from some obvious limitations (62), can serve as power-
ful tools for genetic, molecular, and biochemical analyses of
immune-mediated responses to pathogens (28, 29). Moreover,
the availability of “knockout” mouse strains lacking genes and
proteins that are critical for certain immune responses can help
us identify more accurately the role of these molecules in
immune resistance to specific pathogens (32, 41, 48, 51).

In the present study we analyzed the potential role of PKC6
in host resistance to infection by the malaria-causing parasite,
Plasmodium berghei ANKA (PbA). Utilizing the PKCH-defi-
cient mouse model, we demonstrated that lack of PKCH de-
creases the susceptibility of C57BL/6J mice to PbA infection-
induced experimental cerebral malaria (ECM). The lower
frequency of ECM correlated with reduced pathological symp-
toms in the brain and a generalized decrease in Th1l and CD8™
T-cell responses.

MATERIALS AND METHODS

Animals. C57BL/6J mice were purchased from Harlan Laboratories, Inc. (Je-
rusalem, Israel). PKCo-deficient (PKCO~/7) mice on a 129-C57BL/6J mixed
background were a gift from D. Littman (New York University, School of
Medicine, New York, NY) (55). The mice were crossed with C57BL/6J mice for
12 generations to create a congenic line of C57BL/6J-PKC6 ™/~ mice. Wild-type
(PKCH*/*) and PKCO-deficient (PKCO ") littermates were obtained by breed-
ing of PKCO*/~ heterozygous mice. Mice were maintained in a temperature
(22 *= 1°C)- and humidity-controlled animal facility on a 12-h light/dark cycle. All
studies conformed to the principles outlined by the Animal Welfare Act and the
National Institutes of Health guidelines for the care and use of animals in
biomedical research. Mouse genotyping was performed by PCR amplification,
using tail tip genomic DNA as a template. DNA was amplified using the sense
primers—5'-TAAGAGTAATCTTCCAGAGC-3" (wild type) and 5'-ACTGCA
TCTGCGTGTTCGAA-3' (neomycin; knockout)—and a common antisense
primer 5'-TTGGTTCTCTTGAACTCTGC-3', designed to amplify 426 and 600
bp, for wild-type and knockout mice, respectively. After 4 min of initial dena-
turation at 95°C, the PCR conditions consisted of 35 cycles of 94°C for 1 min,
56°C for 45 s, and 72°C 1 min. DNA products were resolved on a 1.0% agarose
gel for 30 min and visualized with ethidium bromide.

Parasites. PbA strains were maintained in vivo by serial passage of PbA-
parasitized red blood cells (PbA-pRBC; 5 X 10%mouse) into C57BL/6J mice.
This clone was selected based on its capacity to induce ECM in C57BL/6J mice.
Experiments were initiated by intraperitoneal injection of 5 X 10* PbA-pRBC in
100 pl of phosphate-buffered saline (PBS) into 6- to 8-week-old PKCO*/* and
PKCO~/~ male and female C57BL/6J mice. After infection, mortality was mon-
itored daily, and parasitemia was assessed every second or third day by light
microscopy of Giemsa stained blood smears. Mice were determined as having
ECM if they displayed the characteristic neurological signs and died within 11
days postinfection (p.i.).

Histology. Mice were deeply anesthetized until cessation of breathing. Brains
and spleens were removed, fixed in a 4% formaldehyde solution for 24 h, and
embedded in paraffin. Tissue sections (5-pm thick) were prepared and stained
with hematoxylin and eosin according to standard procedures.

Preparation of splenic mononuclear cells. Spleen cells from control and in-
fected mice were used in a proliferation assay, cytokine production assay, or
surface staining followed by flow cytometry. Spleens were removed aseptically
and placed in complete medium (RPMI supplemented with 2% heat-inactivated
fetal calf serum, 2 mM L-glutamine, 50 U of penicillin/ml, and 50 pg of strep-
tomycin/ml (all from Biological Industries, Beit Haemek, Israel). A single-cell
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FIG. 1. PKC6-deficient mice exhibit extended survival after infec-
tion with PbA. Six-to eight-week-old PKCO*'* mice (WT; n = 19) and
PKCO /'~ (KO; n = 16) C57BL/6J mice were injected intraperitoneally
with 5 X 10* PbA-infected RBC and monitored daily for mortality. The
left panel shows Kaplan-Meier survival curves of all PKC6™'* (solid
lines) and PKCO /™~ mice (dashed lines) tested (A), whereas panels C
and E show results obtained with female and male mice, respectively.
The right panels show the extent of parasitemia that was determined
every other day for all mice tested (B) or for female (D) and male
(F) mice. Kaplan-Meier curves of overall survival were compared by
using the Mantel-Cox version of the log-rank test. Parasitemia values
represent means * the standard deviation (SD). The percentages of
infected RBC in PKCO*/* and PKCO™/~ mice at each time point show
no statistical difference (P > 0.5 at each time point). The data repre-
sent one of three independent experiments performed with a minimum
of 13 mice per group. pRBC, parasitized red blood cells. *, P < 0.05;
*%, P < 0.01.
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No. of mice/group Median survival time (days) Deaths of mice with 60 ~ 30/58
Exp. Strain Female Male Total Female Male Total CM? (% incidence) 3 50 -
1. PKCo"™ 10 9 19 9.5 14.0 10.0 11/19  (57.9%) g 40
PKCO 8 8 16 23.5 25.5 24.0 3/16  (18.7%) *: 30 -
2. PKCo" 13 9 22 24.5 23.5 23.0 6/22  (27.2%) §
PKCO 6 7 13 300 295 300 013 (0%) g 207 6/47
3. PKCo™ 17 17 10.0 10.0 13/17  (76.5%) T 10+
PKCO 18 18 17.0 17.0 3/18  (16.6%) ©

*Mice that showed neurological symptoms, such as convulsion, ataxia, and paralysis, and died within 11

days post infection, were considered as having CM.

" PKCe** PKCO-

FIG. 2. Median survival time and incidence of deaths from ECM in PbA-infected PKCO*/* and PKC0 '~ C57BL/6J mice.

suspension was obtained by mincing off the spleen and passing the disrupted
tissue through a 70-pm-pore-size nylon strainer (BD Falcon). Erythrocytes were
lysed by using Sigma’s RBC lysing buffer. The cells were washed twice in fresh
medium and filtered to remove residual cell debris. Cell viability was determined
by trypan blue exclusion and was always >90%.

Proliferation assays. Spleen cells were cultured in triplicate wells of 96-well
flat-bottom tissue culture plates (Costar, Cambridge, MA), in complete medium,
at a concentration of 4 X 10° cells/200 pl/well. The cells were cultured in the
presence of 2.5 ug of concanavalin A (ConA)/ml, 10 pg of lipopolysaccharide
(LPS)/ml, 100 ng of phorbol myristate acetate (PMA)/ml combined with 200 ng
of ionomycin/ml, 10 pg of phytohemagglutinin (PHA)/ml (all from Sigma Chem-
ical, Israel), or soluble anti-CD3 (ascites, Armenian hamster monoclonal anti-
body [MAb] clone 145-2C11 [dilution, 1:500]) in the presence of a soluble
anti-CD28 MAD (ascites [dilution, 1:250]). Cells cultured in medium alone were
used as background controls. All cultures were incubated in a humidified cham-
ber containing 5% CO, at 37°C for 3 days. Cultures were pulsed with 1 pCi of
[methyl-*H]thymidine/well for the final 6 h of culture. Cells were harvested by
using an automated cell harvester (Connectorate AG, Switzerland), and filter-
bound radioactivity was measured by using a Wallac 1409 DSA liquid scintilla-
tion counter (Wallac, Turku, Finland).

In vitro production of cytokines by mitogen-stimulated spleen cells. Spleen
cells were adjusted to 3 X 10%ml in complete medium, and 1-ml aliquots were
cultured in triplicates in wells of 24-well tissue culture plates in the presence or
absence of 2.5 ug of ConA/ml. Cultures were incubated at 37°C in a humidified
5% CO, incubator for 48 h, after which supernatants were collected and stored
at —20°C. The levels of IL-2, IL-10, tumor necrosis factor alpha (TNF-a), and
gamma interferon (IFN-y) were determined in triplicates by using commercial
enzyme-linked immunosorbent assay (ELISA) kits (IL-2 [BD Biosciences Phar-
mingen, San Diego, CA], IL-10 and TNF-a [BioSource International, Inc., Ca-
marillo, CA], and IFN-y [R&D Systems, Minneapolis, MN]) according to the
manufacturer’s instructions. The optical absorbance was read at 405 nm using a
microplate reader (Thermo Fisher Scientific, Waltham, MA) with a reference
wavelength of 492 nm. Cytokine concentrations were calculated in pg/ml using
standard curves obtained for recombinant mouse cytokines. Otherwise, results
were presented as relative units of optical density.

Serum cytokine assay. Blood samples were collected from eight to ten control
uninfected or PbA-infected mice at 2, 4, 6, and 12 days p.i. The serum was
separated and stored at —20°C until used. Serum levels of IFN-y, TNF-a, IL-6,
and IL-10 cytokines and monocyte chemoattractant protein 1 (MCP-1)/CCL2
chemokine were quantified in duplicates using a Quansys Q-Plex multiplex
ELISA array, according to the manufacturer’s instructions (Quansys Biosciences,
Logan, UT). Quantification of chemiluminescence and data analysis were per-
formed by using the Q-View imaging system and Q-View software.

Flow cytometry analysis. Spleen cells (10%/sample) were washed and resus-
pended in staining buffer (PBS with 1% bovine serum albumin and 0.01%
sodium azide). Fc receptors were blocked by incubation with optimal amount of
anti-mouse CD16 and CD32 receptor (FcRIII and FcRII) antibodies (eBio-
science, San Diego, CA) for 15 min on ice. Cell staining was performed on ice by
30 min of incubation in the presence of different combinations of antibodies,
including Pacific Blue-conjugated anti-CD3; biotin-conjugated anti-CD3, fol-
lowed by 30 min of additional incubation with streptavidin-conjugated phyco-
erythrin-Cy5; Pacific Blue-conjugated anti-CD4; fluorescein isothiocyanate
(FITC)-conjugated anti-lymphocyte function-associated antigen 1 (LFA-1); phy-
coerythrin (PE)-conjugated anti-CD8a (all from eBioscience San Diego, CA);
and PE-conjugated anti-B220 (Pharmingen/Becton Dickinson, San Jose, CA).
Cells were washed twice in staining buffer, resuspended in 200 pl of staining
buffer, and analyzed on a FACS Canto II flow cytometer (BD Bioscience). The

staining intensity was presented as the mean fluorescence intensity (MFT), and all
data were analyzed by using FlowJo software from Tree Star.

Statistical analysis. Values of all experiments performed in triplicates were
expressed as mean * the standard errors of the mean (SEM), unless otherwise
noted. The statistical significances of differences between groups were calculated
by using the two-tailed Student ¢ test and, differences were considered significant
when P values were <0.05. Kaplan-Meier curves show the overall survival of
PKCO*'* and PKC ™/~ mice, which were compared by using the Mantel-Cox
version of the log-rank test.

RESULTS

Lack of PKCO reduces the mortality rate of PbA-infected
C57BL/6J mice without affecting the course of parasitemia.
PKCO*'* and PKCH~/~ C57BL/6] mice were infected with
PbA-pRBC, and the course of parasitemia and survival rates
were monitored. Both wild-type and PKC6-deficient mice suc-
cumbed to the infection (Fig. 1A). However, the mortality rate
was faster in PKCO*/* mice, where 18 of 19 mice (95%) died
of malaria within 21 days p.i., whereas only 5 of 16 (31%) mice
in the PKCO '~ group succumbed at this time point (Fig. 1A).
Furthermore, the majority of the PKCO"'* mice (59%) died
during the acute phase of infection (days 4 to 11 p.i.), with
symptoms characteristics of CM, including convulsions, paral-
ysis, and loss of coordination. In contrast, only 3 of 16
PKC6 /" mice (19%) died within 11 days p.i., exhibiting ECM
symptoms (Fig. 1A), whereas the majority of PKC6 ™/~ mice
overcame the acute phase of ECM and died of severe anemia
at later time points.

Gender-based differences in resistance to parasite infection
have been observed in mice (27, 63), which led us to analyze
whether the relative resistance of PKC '~ mice to PbA in-
fection is gender dependent. Comparison of mortality rates
revealed that the relative resistance of PKCO '~ mice to PbA
infection is found both in female and male mice (Fig. 1C and
E, respectively).

The increased resistance of PKCO '~ mice to PbA infection
is evident despite the fact that the course of the infection in
both mouse strains was comparable (Fig. 1B, D, and F).

A summary of the results obtained in three independent
experiments is shown in Fig. 2. It demonstrates that 30 of 58
PKCO™* mice (51.7%), compared to only 6 of 47 PKCo '~
mice (12.8%) died within the first 11 days after PbA infection,
the time frame considered to represent death caused by ECM
(14, 19).

Histological examination of brain tissue and lungs. The
central theory of the pathogenesis of cerebral malaria (CM)
argues that adherence and sequestration of pRBC, immune
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FIG. 3. PbA-infected PKCO ™/~ mice display reduced pathological changes in the brain. Brains were removed from control uninfected or PbA-
infected PKCO*/* and PKCO '~ mice 7 days postinfection, fixed in paraformaldehyde, and embedded in paraffin, and 5-wm sections were stained with
hematoxylin and eosin. (A) Representative sections of the cortex of a control PKC6"'" mouse and PbA-infected PKCO** and PKCO /~ mice,
demonstrating hemorrhagic foci (arrows) in the brain cortex (magnification, X100). (B) Increased accumulation of erythrocytes and leukocytes in cerebral
vessels of PKCO'/* mice (magnification, X200). The results are representative of two independent experiments, with four mice analyzed per group.

cells (particularly monocytes), and platelets in brain microvas- the pathogenesis of ECM, histological sections of brains of
culature (53, 57), together with endothelial cell damage (1), PbA-infected PKC6"/" and PKCO /~ mice were compared.
lead to blood vessel obstruction, hemorrhages, and hypoxia of Brains of PbA-infected PKC8™/* mice displayed pathological
the brain parenchyma (58). To test whether PKC6 may affect changes, including extensive petechial hemorrhages, predom-
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FIG. 4. PbA infection induces splenomegaly which is reduced in PKCO /= mice. Spleens were removed from control and Pb-A-infected
PKCO™/* and PKCO ™/~ mice (7 days p.i.; 4 mice/group), photographed (A), and weighed (B). A single cell suspension was prepared from individual
spleens, and the total number of nucleated cells was determined (C). The data in panels B and C are means = the SEM of eight individual mice
per group pooled from two similar experiments. (D) Spleens from uninfected and infected mice (four/group) were fixed in paraformaldehyde and
embedded in paraffin. Five-micrometer sections were stained with hematoxylin and eosin and examined by using a light microscope (magnification,
% 40). A single representative section is shown from uninfected and infected PKC6*/" mice and infected PKCO ™/~ mice. The white pulp (WP) of
the spleen represents the lymphatic area, including germinal centers, and the red pulp (RP) is the site of destruction of senescent red blood cells.
*, P < 0.05 (PKCO™*/* versus PKCO /") as determined by Student ¢ test.
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inantly in the brain cortex (Fig. 3A) and cerebellum (data not
shown). They also demonstrated distended cerebral vessels
with disruption or loss of endothelial cells, and lumens that are
packed with erythrocytes and mononuclear cells (Fig. 3B).
These pathological changes were less prominent and less fre-
quent in the brains of PbA-infected PKC6 /~ mice. The ma-
jority of blood vessels observed in brain sections of PbA-in-
fected PKCO '~ mice were intact with well-defined endothelial
lining, and intravessel aggregates of nucleated cells were rarely
found (Fig. 3B).

Acute pulmonary edema in malaria-infected individuals is a
frequent pathological symptom, secondary to sequestration of
inflammatory cells and pRBC in microvessels of the lung tissue
(44). Gross examination of lungs from infected mice revealed
severe pulmonary edema in all four PKCO™*/* mice tested on
day 12 p.i., whereas only mild signs of edema were observed in
all four PbA-infected (day 12 p.i.) PKCO/~ mice (data not
shown).

Analysis of the effect of PbA infection on spleen size and
morphology in PKCO*'* and PKCO '~ mice. The spleen has a
major role in host defense against malaria by clearing pRBC
from the bloodstream (13). Since malaria infection is often
associated with splenomegaly that may also reflect an altered
regulation of T cells, we analyzed the consequences of ablation
of PKC6 on the development of hyperplasia of the spleen.
Control and PbA-infected PKCO*/* and PKCO ™/~ mice were
killed on day 7 p.i., and the spleens were examined macroscop-
ically and weighed. The results showed that although PbA
infection induced splenomegaly in both strains (Fig. 4A), the
increase in spleen size and weight in PKCO™'* mice (80 + 12
mg/spleen in uninfected mice versus 595 * 54 mg/spleen in
infected mice) was significantly higher than in PKC6 /"~ mice
(88 = 7.5 mg/spleen in uninfected mice versus 266 * 75 mg/
spleen in infected mice) (Fig. 4B). Differences in spleen weight
correlated with differences in the total number of nuclear cells
per organ (Fig. 4C). Low-magnification histological examina-
tion of spleen architecture revealed significant hyperplasia of
lymphoid follicles and enlarged germinal centers in the white
pulp of PbA-infected PKC8™/* mice (4.2-fold increase in the
average area of germinal centers). In contrast, germinal cen-
ters in the spleens of PbA-infected PKCO '~ mice were less
affected (2.15-fold increase), showing only initial phases of
hyperplasia (Fig. 4D).

Quantitative analysis of T and B cells in the spleens of
uninfected control and PbA-infected PKC0*'* and PKCO~/~
mice. Both B and T lymphocytes play a role in the immune
response against the blood-stage forms of different malarial
species (36, 47, 60). These cell types may also be involved in the
physiological responses leading to the malaria-induced spleno-
megaly. Furthermore, the PbA infection-induced splenomeg-
aly may reflect a hyperproliferative response of one or more
selected subpopulations of splenocytes. Because PKCH was
found to negatively regulate PbA infection-induced spleno-
megaly, we tested whether the lack of PKC6 has a general
effect on the total number of cells in the spleen, or perhaps a
selective effect, on one or more defined spleen cell subpopu-
lations.

We therefore determined the effect of PbA infection on the
proportion and total numbers of splenic B and T cells in
PKC6™* and PKCO /~ mice on day 12 p.i. (Fig. 5). Similar
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FIG. 5. Quantitative analysis of T and B lymphocytes in the spleens
of control and PbA-infected PKCO"/* and PKCO '~ mice. Control
uninfected mice or PbA-infected PKCO™'* and PKCO~/~ mice (four
per group) were prepared in parallel to the mice in Fig. 2, experiment
2. Spleens were removed on day 12 p.i., and the spleen cells were
stained with PE-conjugated anti-B220 and Pacific Blue-conjugated an-
ti-CD3 antibodies, followed by FACS analysis. The data show the
percentages of CD3™ T lymphocytes (A) and B220" B lymphocytes
(C) per spleen, respectively, and the mean absolute numbers of CD3™"
T lymphocytes (B) and B220" B lymphocytes (D) per spleen. The data
are means *= the SEM from four individual mice per group and
represent one of two independent experiments. *, P < 0.05 (PKCo™*/*
versus PKCO~/7) as determined by a Student ¢ test.

proportions and total numbers of B220" B cells were found in
the spleens of uninfected PKCO™/* and PKCO '~ mice (Fig.
5C and D, respectively). The proportions of splenic CD3* T
cells were slightly higher in PKCO™/* mice, but the total num-
ber of T cells in the spleens of the two mouse strains was
statistically insignificant (Fig. SA and B). The total number of
splenic B220™ B cells in either PKCO ™" or PKC6 /~ mice was
not significantly altered after infection with PbA, but their
percentage was reduced in the PbA-infected hyperplastic
spleens (Fig. 5C and D). An opposite effect was observed when
T cells were analyzed: while their percentage was slightly re-
duced (in PKCO™/* mice) or not altered (in PKCO '~ mice),
their total number was roughly doubled (Fig. SA and B).

The fact that infection with PbA induced a dramatic increase
in the total number of splenocytes could not be accounted for
by the relatively small increase in the number of lymphocytes
suggests that the main reason for the PbA-induced splenomeg-
aly is the accumulation of monocytes/macrophages, considered
to be the hallmark of malaria infection.

The in vitro proliferative response of splenic T cells from
PbA-infected PKCO*'* and PKCO™'~ mice is severely im-
paired. Our results indicated that the PbA infection-induced
splenomegaly in PKCO™/* mice is in direct correlation with an
increase in the total number of splenic T cells and that both
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FIG. 6. In vitro proliferation and IL-2 production by spleen cells from control and PbA-infected PKCO*'* and PKC6™/~ mice in response to
mitogenic stimuli. Spleen cells from control or PbA-infected PKCO™/* and PKC6 ™/~ mice (day 12 p.i.) were cultured in wells of microtiter plates
(4 X 10° cells/200 pl/well) in triplicates in the presence of medium only or 2.5 pg of ConA/ml (A), 10 pg of PHA/mI (B), 100 ng of PMA/ml plus
200 ng of Ionomycin/ml (C), anti-CD3 (ascites, 145-2C11 [dilution, 1:500]) plus anti-CD28 (ascites [dilution, 1:250]) (D), or 10 pg of LPS/ml (E).
After 3 days in culture, cells were pulsed with 1 wCi of [methyl->H]thymidine/well for 6 h and then harvested, and [*H]thymidine incorporation was
determined for each group. The data are presented in a bar graph as means * the SD. (G) IL-2 levels in control and ConA-stimulated cell culture
supernatants were determined by ELISA. The data are presented as means * the the SD of four mice per group and are representative of two
independent experiments. *, P < 0.05 (PKCO*'" versus PKCO /") as determined by Student ¢ test.

phenomena are partially ameliorated in the absence of PKC6
(Fig. 3 and 4). In addition, published data demonstrated that
PKCO~'~ T cells are defective in proliferative responses and
IL-2 production following TCR stimulation (45, 55). We there-
fore tested the effect of infection with PbA on the mitogen
responses of splenic lymphocyte of both strains. Spleen cells
from control or PbA-infected mice were cultured in the pres-
ence or absence of different mitogens for 3 days, and the
incorporation of [methyl->H]thymidine to the cells during the
last 6 h of culture was measured. PKCO '~ spleen cells were
found to be impaired in their proliferative response to ConA,
PHA, PMA +ionophore, and anti-CD3 plus anti-CD28 MAbs
(Fig. 6A to D). Splenocytes from PbA-infected mice of both
strains were almost anergic to most mitogens tested (Fig. 6A to
C), except for the response to anti-CD3 plus anti-CD28 MADs,
whereby the decreases in the proliferative response were only
26.1 and 14.1% lower for PKC8™/" and PKCO ™/~ cells, respec-
tively (Fig. 6D).

The proliferative response of spleen cells of both mouse
strains to the B-cell mitogen, LPS, differed only slightly (Fig.
6E), a finding consistent with the observation that B cells do
not express PKC6 (37). However, the proliferative response of
splenic B cells from PKCO™*/* mice dropped by 91% after PbA
infection, whereas that of cells from PKC6 /= mice was not
changed. The implications of this finding for the differential
resistance of PKCO™* and PKCO~/~ mice to PbA infection
were not clear. However, it is possible that congenital absence
of PKC6 is compensated, perhaps by other PKC isoforms,
which enables PKCO '~ T cells assist B cells via a PKC6-

independent mechanism. This is in contrast to B cells in wild-
type mice, which are dependent for their functions on PKC6-
expressing T helper cells. Once the T cells are altered due to
PbA infection, the responses of B cells of wild-type mice are
downregulated, whereas those of PKCO™/~ B cells are not af-
fected.

Because IL-2 is an essential growth factor for T-cell prolif-
eration, we further analyzed the ability of splenic lymphocytes
from PKCO™/* or PKCO '~ mice to produce IL-2 in response
to ConA stimulation. Deficiency in PKC6 resulted in ~80%
inhibition of IL-2 production after cell stimulation with ConA
(155.2 = 12.3 pg/ml in PKCO /" splenocytes versus 608.5 *
102 pg/ml in PKCO*'* splenocytes; P < 0.01) (Fig. 6F). Mouse
infection with PbA decreased the amount of IL-2 produced by
splenic lymphocytes of PKC™/* and PKCO '~ mice by ~85%
(86 = 14.2 pg/ml) and ~56% (66.8 = 8.4 pg/ml), respectively
(Fig. 6F). The reduced IL-2 levels produced by uninfected
PKC6 /" splenocytes and after PbA infection of both strains
correlate with the reduced proliferative responses of the
splenocytes to T-cell mitogens (Fig. 6A to C).

Alterations in cytokine expression pattern in PbA-infected
PKCO*'* and PKCO~/~ mice and correlation with the differ-
ential susceptibility of the mice to ECM. To analyze whether
PKCH has a role in promoting Thl or Th2-type immune re-
sponses in PbA-infected mice and test whether it may affect the
balance between Thl- and Th2-mediated immune responses,
we analyzed cytokine production by PKC8*'* and PKCo '~
mice by using two complementary assays.

In the first assay, spleen cells from uninfected and PbA-
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FIG. 7. In vitro production of IFN-y, TNF-a, and IL-10 by spleen
cells from control mice and PbA-infected PKC6™/" and PKC6 ™/~ mice
in response to ConA stimulation. Spleen cells from control or PbA-
infected PKC8"'* and PKCO /'~ mice (day 12 p.i.) were cultured in
24-well plates (3 X 10°ells/1.6 ml/well) in the presence or absence of
2.5 pg of ConA/ml. Culture supernatants were collected after 48 h, and
the levels of IFN-y (A), TNF-a (B), and IL-10 (C) were quantified by
ELISA. The data are means = the SEM of spleen cells from four
individual mice per group. *, P < 0.05 (PKCO*/* versus PKCO /") as
determined by Student ¢ test.

infected mice were cultured in vitro in the presence of ConA,
and their ability to respond by cytokine production and secre-
tion was determined on the culture supernatants, using an
ELISA. Both PKCO™* and PKC6 /'~ splenocytes responded
to ConA by producing high levels of IFN-y and TNF-« (Th1-
type cytokines) and IL-10 (Th2-type cytokine) (Fig. 7A, B, and
C, respectively). However, cytokine expression levels were ca.
30 to 50% lower in PKCO /" splenocytes. The effect of PbA
infection on the production of these cytokines in PKC™/* and
PKCO~'~ mice varied: while a similar drop in TNF-a was
observed in the two strains (Fig. 7B), there was an increase in
the level of IL-10 produced by PKC6*/* splenocytes, whereas
no change was observed in PKCO '~ cells (Fig. 7C). The most
pronounced effect of infection was observed with regard to
IFN-vy: whereas no change was observed in PKC6™/™, a sharp
decrease occurred in PKCO ™/~ cells (Fig. 7A).

These results demonstrate a general diminished cytokine
response of PKCO-deficient spleen cells, which is even more
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profound following the infection by PbA. The reduced produc-
tion of cytokines by splenocytes of PbA-infected PKCO '~
mice may reflect the reduction in total number of T cells
observed in their spleens (in comparison to PbA-infected
PKCO*'* mice), or perhaps a PKC6-dependent and PbA in-
fection-modulated regulatory mechanism that affect cytokine
production.

In the second assay, cytokine levels in the serum of con-
trol and infected mice were quantified by using the Q-Plex
multiplex ELISA array. The IFN-vy levels in both strains
were negligible during the first 4 days p.i. (Fig. 8A). In mice
of both strains an increase in IFN-y level was observed on
day 6 p.i, which was ~23-fold higher in PKCo*/* (732.7 =
83.6 pg/ml) versus PKCO /~ (31.3 = 8.3 pg/ml) mice. De-
spite an ~50% reduction in the level of IFN-y in PKC6*/*
mice on day 12 p.i., it was still significantly higher than that
in PKCO~/~ mice (371.2 = 52.1 pg/ml versus 17.8 * 5.4
pg/ml, respectively) (Fig. 8A).

TNF-a levels increased gradually with time in both strains,
reaching a maximal response on day 12 p.i, and were higher in
PKCO*'* mice at all time points tested (Fig. 8B).

IL-10 was detected on day 6 p.i. only in PKCO™*'* mice,
followed by a sharp increase in both strains on day 12 p.i. (Fig.
8C). However, they were significantly higher in PKC0™*/* mice
(227.6 = 22.5 pg/ml versus 88.0 = 29.4 pg/ml).

We tested serum levels of two additional soluble media-
tors, IL-6 and MCP-1, both of which were shown to be
produced in excess during malaria infection (20, 34). PbA
infection increased circulating IL-6 and MCP-1 levels in
both mouse strains (Fig. 8D and E). However, the overall
IL-6 response of PKCO /™ mice was significantly higher than
that of PKCO"/" mice, suggesting that the decrease in the
cytokine response of PKC6~/~ mice (Fig. 8A to C) is not a
general phenomenon.

Impaired upregulation of LFA-1 in PKCO~'~ CD8™ splenic
T cells after mouse infection with PbA. CD4" and CD8" T
cells are involved in the pathogenesis of ECM (22, 64). Our
studies revealed significant increases in the total number of
spleen cells in PbA-infected mice (Fig. 4C), which reflected a
predominant increase in CD3" T cells that was more pro-
nounced in PKCO™* mice (Fig. 5B). To evaluate which of the
CD3™ T-cell subsets contributes to this increase, we stained
splenocytes from control and PbA-infected mice with antibod-
ies specific for different cell surface markers and analyzed the
cells by flow cytometry. Spleens from uninfected PKC6™/* and
PKCO~'~ mice showed similar percentages and total numbers
of CD4" and CD8" cell populations (Fig. 9A). Infection with
PbA led to a significant increase in the total number (Fig. 9B)
and relative proportions (Fig. 9A) of CD4 " T cells, which were
more prominent in the spleens of PKCO"™/* mice (a 37.1%
increase versus a 15.5% increase in the relative proportions of
CD4™ T cells in the spleens of PKC6™* and PKC6 ™/~ mice,
respectively) (Fig. 9A). In contrast, the total numbers of CD8"
T cells in spleens of PKCA*/* and PKCO™/~ mice were similar
in uninfected mice and increased in both mouse strains by
<10% after PbA infection (Fig. 9C).

The involvement of CD8™ cytotoxic T cells in the pathogen-
esis of ECM was demonstrated in both CD8* T-cell-deficient
mice and perforin-deficient mice, which were found to be re-
sistant to ECM (42). Parasite-specific CD8" T cells were also
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FIG. 8. Time kinetics of serum cytokine levels after PbA-infection of PKC8*/* and PKC8~/~ mice. Peripheral blood was collected from control
uninfected or PbA-infected PKCO™'* and PKCO '~ mice on days 2, 4, 6, and 12 p.i. with PbA. The serum levels of IFN-y (A), TNF-« (B), IL-10
(C), IL-6 (D), and MCP-1 (E) were quantified by Q-Plex array, and the results are presented in a bar graph. Values are mean = the SEM of four
mice per group. *, P < 0.05 (PKCO*/* versus PKCO /") as determined by Student ¢ test.

found to accumulate intravascularly in the brains of P. berghei-
infected mice and to directly or indirectly promote the brain
pathology (33). Furthermore, sequestration of CD8™ T cells in
the brain of PbA-infected mice correlated with increased sur-
face expression of adhesion molecules, such as LFA-1, whereas
infusion of anti-LFA-1 antibodies prevented ECM develop-
ment (4, 8, 16).

To test whether PKC9 is involved in the regulation of LFA-1
expression and thereby may affect the LFA-1-mediated seques-
tration of CD8™" T cells in the brain, splenocytes were stained
for LFA-1 and analyzed by fluorescence-activated cell sorting
(FACS). The results demonstrated similar low levels of LFA-1
on the surface of CD8% T cells of healthy PKCO™'* and
PKCO '~ mice (Fig. 9D). PbA infection of mice resulted in
upregulation of LFA-1 expression on CD8" T cells in both
strains (Fig. 9D). However, LFA-1 MFI on PKCo*'* CD8" T
cells increased by ~2.8-fold after PbA infection compared to
an increase of ~1.7-fold on PKC8 '~ CD8" T cells (a 40%
reduction; Fig. 9E). It appears therefore that PKC6 is involved
in the regulation of LFA-1 expression in activated CD8" T
cells. The results suggest that the reduced LFA-1 expression in
PKC6~/~ CD8™ T cells may possibly contribute to decreased
cell sequestration in the brain and a reduction in the intensity
and severity of CD8" T cell-mediated brain pathologies.

DISCUSSION

PKC# is a critical component of the TCR-linked signaling
pathways that regulate T-cell behavior and an array of T-cell-
mediated immune responses (24). Recent studies utilized
PKC6-deficient mice in order to analyze the requirement for
PKC# in different models of experimental murine diseases.
Depending on the disease model used, the results indicated
that PKC6 is required for Th2-type immune-mediated re-
sponses (35, 43, 49), as well as for responses mediated by Thl
(21, 49), Th17 (50, 56), and CD8" T cells (6).

In the present study we show that PKC6 has an important
role in the regulation of host responses during infections with
PbA. PKC6 had no direct effect on the viability of the parasite
and its ability to propagate in mice. However, PKC8-regulated
mechanisms determine the quality and intensity of the host
immune responses that affect specific target organs, such as the
brain, and the resulting pathological consequences, which may
lead to ECM. Both C57BL/6J PKCO™/* and PKCO '~ mice
were found to be susceptible to PbA infection, and all mice
succumbed to the parasitic infection. In addition, the extent of
parasitemia was comparable in the two mouse strains, suggest-
ing no major direct effect of PKC6 on the host immune re-
sponse against the parasite. However, during the first 11 days
p.i., while parasitemia is relatively low (1 to 12% pRBC), the
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FIG. 9. Quantitation of CD4" and CD8™ splenic T cells, and surface expression of LFA-1 on CD8" T cells from control and PbA-infected
PKCO*/* and PKCO '~ mice. Spleens were removed from control and PbA-infected PKCO™/* and PKC6 ™/~ mice on day 12 p.i. Cells were counted
and stained with Pacific Blue-conjugated anti-CD4, PE-conjugated anti-CD8, and FITC-conjugated anti-LFA-1 antibodies, followed by FACS
analysis. The data represent the proportions (A) and total numbers of CD3" CD4" (B) and CD3" CD8" (C) T cells per spleen. A dot plot
representing one of four independent experiments is shown in panel A. The bar graphs (B and C) demonstrate average values of cell numbers
obtained by analyses of spleens from four individual mice per group. Representative histograms show LFA-1 expression on splenic CD3"CD8"
T cells from uninfected and PbA-infected PKCO™/* and PKCO '/~ mice (D, left panel), and values in the bar graph show the MFI values of the
cells obtained from analyses of spleens from four individual mice per group (D, right panel). PbA infection-induced increase in LFA-1 expression
on the surfaces of CD3" CD8" T cells is shown in panel E. Values represent averages of the MFI in cells from infected mice (n = 4) divided by
the MFI of LFA-1 in cells from control, uninfected mice (n = 4). The data are means * the SEM of four individual mice per group, representing
one of two individual experiments. *, P < 0.05 (PKC6*/* versus PKC6 /") as determined by Student ¢ test. Gray and white bars in panels E and
F represent data from PKC6™/* and PKCO ™/~ cells, respectively.

majority of the PKCO™* mice developed neurological symp- ~ number of CD3"CD4" splenic T cells, compared to only mod-
toms, such as loss of coordination and paralysis, and died of erate symptoms in infected PKCO ™/~ mice.

ECM. In contrast, the majority of the PbA-infected PKCO '~ To characterize these splenic T cells, we first tested their
mice survived the infection for more then 20 days and, despite ability to respond to mitogens. As expected, spleen cells from
the continuous rise in the amount of parasitized erythrocytes, control PKC6 ™" mice responded to T-cell mitogens by strong
they did not develop severe neurological symptoms. Gender- proliferation and IL-2 production, which was 5- to 20-fold

based effects on survival of mice were negligible, since the higher than that of spleen cells from PKCO '~ mice. PbA
differences in survival time of PKCO™'* and PKCO~/~ mice infection drastically reduced the ability of splenocytes of both
were maintained in both female and male mice. PKCO™/* and PKCH /~ mice to respond to ConA by prolifer-
Histological analysis of brain sections revealed frequent ation and IL-2 production. Furthermore, spleen cells from
hemorrhages in the brains of PbA-infected PKCO"'* mice, PbA-infected PKCO /~ mice produced lower levels of the Th1-
accompanied by widening of blood vessels, disruption of vas- type cytokines, IFN-y and TNF-q, in response to ConA.
cular endothelial cells, and the accumulation of erythrocytes The two major functionally distinct CD4" T-cell subsets
and mononuclear cells within their lumens. This is in contrast include the IFN-y- and TNF-a-producing Thl cells, which
to brain sections of PbA-infected PKCO '~ mice, which promote cellular immunity, and IL-4-, IL-5-, IL-10- and IL-13-
showed only modest histological changes. PbA-infected producing Th2 cells, which promote humoral and allergic im-
PKCO™* mice that were killed on day 12 p.i., suffered from mune responses. Analyses of the role of these cytokines in
severe pulmonary edema, compared to a mild edema in the experimental murine malaria demonstrated that brain pathol-
lungs of infected PKCO '~ mice. A similar difference was ob- ogies and ECM correlate with high levels of both IFN-y and
served when analyzing the spleen, whereby PbA-infected TNF-a (3, 48), although other studies indicated that lympho-
PKCO™* mice developed severe splenomegaly accompanied toxin-a, and not TNF-q, is the principle mediator of ECM
by hyperplasia of the germinal centers, and increase in the total (15). Our results suggest, therefore, that the inability of
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PKCO~/~ mice to mount strong Thl-type immune responses
correlates with the mild effects of IFN-y and TNF-a on the
brain tissue, which is reflected by the low frequency of ECM.
Measurements of serum levels of these two cytokines substan-
tiated the findings obtained with cultured spleen cells, namely,
that PKCO ™/~ mice produce lower levels of both IFN-y and
TNF-q, cither before or after PbA infection.

The reduced serum levels of Thl-type cytokines in PbA-
infected PKCO ™/~ mice can only partially be explained by the
reduced number of CD3"CD4" T cells in the spleen, since the
number of CD3"CD4™ T cells in PbA-infected PKCO ™/~ mice
was ~2-fold lower than that in PbA-infected PKCO™* mice,
compared to >25-fold lower levels of IFN-y in PbA-infected
PKCO /~ mice. It is therefore possible that additional cell
types, besides splenocytes, are involved in determining the
serum levels of cytokines.

Shifts in the balance of Th1/Th2 toward a predominance of
Th2 may increase mouse resistance to malaria, and IL-10 was
found to play a protective role against experimental ECM (26).
However, the partially impaired IL-10 response of PKCO /"~
mice did not seem to have a major effect on ECM development
in these mice. The defect in cytokine production in PKC6™/~
mice was not general, since serum IL-6 levels were higher in
PKCO ™/~ mice than in PKCO ™/ mice. Nevertheless, the direct
relevance of IL-6 to parasite clearance is not clear (17).

CDS8™ T cells can also affect the outcome of a malaria dis-
ease and regulate the development of ECM after infection
with P. berghei (4, 9, 42). In agreement, brain sequestration of
CD8™ T cells was found to correlate with increased neurolog-
ical symptoms and ECM-induced mortality (8). CD8" T cells
are also involved in circulatory shock and respiratory distress in
P. berghei-infected mice (12), whereas in immunized mice they
were found to provide long-term immunity to P. berghei infec-
tion (61).

Leukocyte sequestration into the brain is regulated by ad-
hesion molecules, including LFA-1 (54). In agreement, block-
ing of LFA-1 in PbA-infected mice (using LFA-1-blocking
antibodies) partially prevented ECM formation, concomitant
with decreasing circulatory levels of TNF (16, 18). We found
that PbA infection of PKCO™/* mice induces increased expres-
sion of LFA-1 on CD3" CD8" splenic T cells and that the
increase in PKCO ™/~ cells was decreased by ~40%. It is pos-
sible therefore that a lack of PKCH decreases the sequestration
of CD8" T-cell in brain capillaries and postcapillary venules
during the early phase of infection with PbA, thereby reducing
CD8™" T-cell-mediated effects that damage the endothelial
cells and brain tissue, leading to ECM and mortality.
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