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Cerebral malaria (CM) is a major complication of Plasmodium falciparum infection, particularly in children.
The pathogenesis of cerebral malaria involves parasitized red blood cell (RBC)-mediated vascular inflamma-
tion, immune stimulation, loss of blood-brain barrier integrity, and obstruction of cerebral capillaries. There-
fore, blunting vascular inflammation and immune cell recruitment is crucial in limiting the disease course.
Beta interferon (IFN-�) has been used in the treatment of diseases, such as multiple sclerosis (MS) but has
not yet been explored in the treatment of CM. Therefore, we sought to determine whether IFN-� also limits
disease progression in experimental cerebral malaria (ECM). Plasmodium berghei-infected mice treated with
IFN-� died later and showed increased survival, with improved blood-brain barrier function, compared to
infected mice. IFN-� did not alter systemic parasitemia. However, we identified multiple action sites that were
modified by IFN-� administration. P. berghei infection resulted in increased expression of chemokine (C-X-C
motif) ligand 9 (CXCL9) in brain vascular endothelial cells that attract T cells to the brain, as well as increased
T-cell chemokine (C-X-C motif) receptor 3 (CXCR3) expression. The infection also increased the cellular
content of intercellular adhesion molecule 1 (ICAM-1), a molecule important for attachment of parasitized
RBCs to the endothelial cell. In this article, we report that IFN-� treatment leads to reduction of CXCL9 and
ICAM-1 in the brain, reduction of T-cell CXCR3 expression, and downregulation of serum tumor necrosis
factor alpha (TNF-�). In addition, IFN-�-treated P. berghei-infected mice also had fewer brain T-cell infil-
trates, further demonstrating its protective effects. Hence, IFN-� has important anti-inflammatory properties
that ameliorate the severity of ECM and prolong mouse survival.

Cerebral malaria (CM) is a major complication of Plasmo-
dium falciparum infection. CM results from a combination of
cerebral vascular and immune system dysfunction. Several hy-
potheses have attempted to explain the pathogenesis of CM.
Some emphasize that CM is the result of the mechanical ob-
struction of microvessels subsequent to an increase in endo-
thelial cell adhesion molecule expression and cell attachment
(3, 19, 20). Others stress an immunological basis caused by
excessive immune stimulation and proinflammatory cytokine
release (22). A combination of these potential mechanisms
seems likely with infected red blood cell (RBC) adhesion to the
endothelium promoting prothrombotic immune responses, re-
sulting in vascular inflammation, immune stimulation, and ce-
rebral vascular obstruction (22).

CM is particularly prevalent in African children. In one
recent study, 33% of children admitted to a hospital in Kenya
had malaria, and almost half of these children had neurological
symptoms (11). Other field studies have indicated that despite

treatment, mortality due to CM can be as high as 30%, while
10% of survivors may experience neurological complications
(1). When one considers that there were an estimated 247
million clinical episodes of malaria infection in the world in
2006, many affecting children less than 5 years of age, the social
and economic impact of cerebral malaria is staggering (11).
The development of a malaria vaccine has proven challenging,
heightening the need for continued research focused on the
treatment and prevention of malaria-associated cerebral vas-
cular events.

Human studies and mouse models of CM have indepen-
dently implicated that cytokines, adhesion molecules, and
chemokines have important roles in the disease pathogenesis.
The tumor necrosis factor alpha (TNF-�) and gamma inter-
feron (IFN-�) cytokines are two proinflammatory molecules
that clearly contribute to CM pathogenesis (7, 8, 13). The
ICAM-1 (intercellular adhesion molecule 1) adhesion mole-
cule has long been linked to CM due to its role in parasitized
red blood cell (pRBC) engagement and in T-cell adhesion and
transendothelial cell migration through the brain endothelial
cells. Many chemokines have been noted to exhibit increased
expression in cerebral malaria, but the chemokines most
strongly implicated to have a role are the chemokine (C-X-C
motif) receptor 3 (CXCR3) binding chemokines, including
chemokine (C-X-C motif) ligand 4 (CXCL4), CXCL9, and
CXCL10 (2, 9, 14, 17, 21).
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Studies using the experimental cerebral malaria (ECM)
model have demonstrated that the CXCR3 chemokine ligands
CXCL10 (interferon-inducible protein of 10 kDa [IP-10]) and
CXCL9 (monokine induced by gamma interferon [MIG]) were
highly induced in the brains of mice infected with Plasmodium
berghei ANKA. It is interesting that mice deficient in their
chemokine receptor, CXCR3, were protected against CM and
that there was a significant reduction of leukocytes traveling
into the brain (2). Luster et al. validated this work by also
showing that a number of chemokine mRNAs, including those
for CXCR3 and its ligands, are increased in the brain during
ECM (14). Moreover, the investigators also demonstrated that
CXCL9 and CXCL10 mRNA and protein were localized pri-
marily in the microvasculature and glial cells, respectively (2,
14). These investigations have further suggested that the CXCL9
and CXCL10 CXCR3 ligands have distinct and nonredundant
roles in the pathogenesis of ECM (2, 15). The importance of
CXCR3 chemokines in the pathogenesis of human infections has
also been corroborated in studies demonstrating that the
CXCL10 concentrations in plasma are increased in CM. How-
ever, to date, CXCL9 has not been studied (1).

Prior work by our group has demonstrated that high levels of
IFN-� are produced in human retinal pigment epithelial
(RPE) cells through Toll-like receptor 3 (TLR3) signaling
(12). Moreover, we demonstrated that IFN-� may in fact be a
potent immunosuppressive molecule within the retina, a func-
tion that may serve a critical protective mechanism in the
ocular microenvironment (4). Also, in a previous study, we
documented that IFN-� inhibited gene expression and produc-
tion of both CXCL9 and ICAM-1 in RPE cells (10), and we
suggested that this may be one of the ways in which IFN-�
exerts its suppressive activity. This immunosuppressive action
is not exclusive to RPE cells. More recently, we observed that
the downregulation of CXCL9 by IFN-� treatment occurs in

FIG. 1. IFN-� is protective in experimental cerebral malaria
(ECM). (A) Survival. Mice were infected with Plasmodium berghei,
and their survival was monitored. The values that were significantly
different (P � 0.05) from the value for control, non-IFN-�-treated
mice are indicated by an asterisk. (B) Blood-brain barrier (BBB). On
day 5 postinfection, the mice were injected with Evans blue dye, and
dye extravasation was measured (n � 5). Values are means plus stan-
dard errors of the means (SEMs) (error bars). The value for infected
and IFN-�-treated mice was significantly different (P � 0.05) from the
value for infected mice and is indicated by an asterisk. OD, optical
density.

FIG. 2. Brain pathology in the cerebral cortex. On day 5 postinfection, brains were collected from mice, and hematoxylin and eosin staining was
performed. The arrows point to areas of vascular inflammation.

VOL. 79, 2011 IFN-� IN EXPERIMENTAL CEREBRAL MALARIA 1751



other cell types, including retinal and human umbilical vein
endothelial cells (unpublished data).

We now demonstrate using the mouse model of ECM that
IFN-�, an immunosuppressive cytokine, potentially has a ther-
apeutic role in the prevention and treatment of cerebral ma-
laria. Furthermore, we show that the mechanism of this pro-
tective effect is at least in part due to a downregulation of
CXCL9, its receptor, CXCR3, and ICAM-1, TNF-�, and
IFN-�.

MATERIALS AND METHODS

Mouse studies. C57BL6/J mice were purchased from Jackson Labs. The mice
were infected with Plasmodium berghei ANKA by intraperitoneal (i.p.) injection
of approximately 0.5 � 106 parasites. The mice were treated with IFN-� (800,000
U/mouse/day) by the i.p. route. Recombinant murine IFN-� was obtained from
PBL Interferon Source, Inc. (Piscataway, NJ).

All animal studies were performed at an AAALAC-accredited institute using
methods and guidelines approved by The John Hopkins University and Univer-
sity of Rochester Animal Care and Use Committees that comply with United
States national guidelines for the use of animals in research (Public Health
Service Policy A-3292-01 [16a, 16b]).

The brains were harvested on day 5 because the mice begin to die on day 6, and

we sought to obtain data from a complete group of mice at the same time point.
The mice typically die overnight and tend to undergo autolysis rapidly, so data
from any tissue would be severely compromised. The selection of day 5 for
harvest allows for the most complete and accurate data while minimizing the
number of animals that must be used in one study.

Brain mononuclear cell isolation. Brain mononuclear cells were isolated by
removing the brains on day 5 postinfection (p.i.), and a single-cell suspension was
obtained by grinding the tissue and mincing it with a razor blade in Dulbecco
modified Eagle medium with 10% fetal bovine serum while on ice. Cell suspen-
sions were placed in 15-ml conical tubes, and Percoll (Sigma) was added to a final
concentration of 30%. One milliliter of Percoll was placed at the bottom of the
tube before the cells were added, and the cells were spun at 1,300 � g for 30 min
at 4°C. Cells at the interface were isolated, washed twice, resuspended in Ty-
rode’s buffer, and labeled with anti-CD4 and CD8 antibodies for flow cytometry.

This brain cell isolation technique results in the collection of both intravascular
and extravascular cells. This allows us to evaluate both already trafficked and
recruited cells.

BBB studies. Blood-brain barrier (BBB) permeability was determined by in-
jecting 200 �l of 2% Evans blue dye intravenously (i.v.) into mice on day 5 p.i.
One hour later, the brains were harvested and incubated in 10% buffered for-
malin for 48 h, and dye extravasation was determined by optical density (6).

Cytokine analysis by EIA. The levels of CXCL9, CXCL10, soluble ICAM-1
(sICAM-1), TNF-�, and IFN-� in plasma were determined using commercially
available enzyme immunoassay (EIA) kits (R&D Systems, Minneapolis, MN).
All plasma samples were tested according to the manufacturer’s instructions. The

FIG. 3. IFN-� suppresses ECM-associated inflammation. On day 5 postinfection, mouse plasma was isolated and evaluated by EIA. (A to E)
The concentrations of CXCL9 (A), CXCL10 (B), sICAM-1 (C), TNF-� (D), and IFN-� (E) in the three groups of mice are shown. (A) CXCL9
(n � 5). Values are means plus standard deviation (SDs) (error bars). The value that was significantly different (P � 0.05) from the value for
infected mice is indicated by an asterisk. (B) CXCL10 (n � 4 or 5). The value that was significantly different (P � 0.01) from the value for infected
mice is indicated by an asterisk. (C) sICAM-1 (n � 5). (D) TNF-� (n � 3). The value that was significantly different (P � 0.01) from the value
for infected mice is indicated by an asterisk. (E) IFN-� (n � 3). The value that was significantly different (P � 0.02) from the value for infected
mice is indicated by an asterisk. Values in panels B, D, and E are means plus SEMs (error bars).
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optical density of each sample was determined using the VERSAmax tunable
microplate reader (Molecular Devices, Sunnyvale, CA). Results were calculated
from a standard curve and reported accordingly in picograms per milliliter or
nanograms per milliliter. The minimal detectable dose for each chemokine/
cytokine measured is as follows: CXCL9, 3 pg/ml; CXCL10, 2.2 pg/ml; sICAM-1,
0.029 ng/ml; IFN-�, less than 2.0 pg/ml; and TNF-�, less than 5.1 pg/ml. The
unpaired Student t test was used to analyze the plasma cytokine data.

RNA preparation from mouse brain. The brains were removed from mice,
washed in phosphate-buffered saline (PBS), quickly frozen on dry ice, and stored
at �70°C. Brain tissue samples were obtained from control, uninfected mice,
parasite-infected mice, and parasite-infected mice treated with IFN-�. Total
RNA (1 �g) was extracted from brain samples using RNA STAT-60 (Tel-Test
Inc., Friendswood, TX) according to the manufacturer’s instructions and reverse
transcribed into cDNA using StrataScript first-strand synthesis kit (Stratagene).
A TaqMan gene expression assay kit containing probe and primers for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), CXCL4, CXCL9, CXCL10,
CXCR3, and ICAM-1 genes was purchased from Applied Biosystems (Carlsbad,
CA). Quantitative real-time PCR (qRT-PCR) was performed by heating cDNA
samples mixed with primers and TaqMan gene expression master mix (Applied
Biosystems) at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of
amplification (one cycle consisting of 15 s at 95°C and 1 min at 60°C), using an
Applied Biosystems RT-PCR system 7500 (Applied Biosystems). All infected
samples and control uninfected samples were tested at the same time to enable
comparisons of GAPDH rRNA-normalized values. Negative-control samples
without reverse transcriptase or RNA were included. For data analysis, the

amount of reaction product was determined using the analysis software of com-
parative threshold cycle method (Applied Biosystems). The mRNA levels for
each primer pair were normalized to the housekeeping gene GAPDH rRNA
level, and fold changes were calculated against the values for control uninfected
mice.

IHC. Harvested transplants were fixed in 60% methanol–30% water–10%
acetic acid. Tissue samples were then embedded and sectioned, and immuno-
histochemistry (IHC) was performed using protocols and procedures described
previously (16, 24).

Statistical analysis. All data were analyzed using the Student paired t test.

RESULTS

IFN-� is protective in experimental cerebral malaria
(ECM). To determine whether IFN-� is protective in cerebral
malaria (CM), we first infected mice with P. berghei ANKA and
treated mice daily for 10 days with either IFN-� (8 � 105 U in
100 �l given intraperitoneally) or saline (infected mice) and
monitored survival for 10 days postinfection (p.i.). Infected
mice begin to die on day 6 or 7 p.i. with 20% of mice surviving
until day 10 (Fig. 1A). Mice treated with IFN-� died later (day
9) and showed improved survival (60%) compared to infected

FIG. 4. IFN-� alters brain CXCL9 production. (A) CXCL9 immunohistochemical analysis. The arrows point to blood vessels that are positive
for CXCL9. (B) Quantification of CXCL9-positive vessels. Infected mice had approximately 14 CXCL9-positive (	ve) vessels per 20� field,
whereas in IFN-�-treated mice, the number of such vessels was reduced to approximately 7 (5 fields per mouse; 5 mice). Values are means plus
SDs (error bars). The value for infected and IFN-�-treated mice was significantly different (P � 0.01) from the value for infected mice and is
indicated by an asterisk.
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mice (Fig. 1A) (P � 0.05). However, there was no difference in
the parasitemia noted in either group. The data in Fig. 1A are
from one experiment but are representative of three separate
experiments. These data demonstrate that IFN-� is protective
in CM.

IFN-� has protective effects on cerebral vascular integrity
against multiple sclerosis (MS) (18). To further demonstrate
the cerebral vascular protective effects of IFN-� against CM,
mice were again infected with P. berghei and treated with
IFN-� or saline. On day 5 p.i., blood-brain barrier (BBB)
integrity was determined by measuring Evans blue dye extrav-
asation. Brains from IFN-�-treated mice had significantly re-
duced dye extravasation compared to untreated, infected mice
(Fig. 1B) (P � 0.05). This observation indicates that IFN-�
treatment improves cerebral vascular integrity in CM. Also, on
day 5, brains were harvested for histological examination. P.
berghei-infected mice have evidence of numerous blood vessels
that are swollen with perivascular inflammatory cells and vas-
culitis, which is indicated by inflammatory cells within blood
vessel walls in the cerebral cortex (Fig. 2). In contrast, infected
mice treated with IFN-� had fewer brain inflammatory cell

infiltrates and improved vascular integrity compared to in-
fected mice (Fig. 2).

Taken together, the data in Fig. 1 and 2 demonstrate that
IFN-� has cerebral vascular protective effects in ECM.

IFN-� suppresses ECM-associated inflammation. Previous
work by our group has demonstrated that IFN-� reduced pro-
duction of the CXCL9 chemokine and the ICAM-1 adhesion
molecule in vitro in retinal pigment epithelial (RPE) cells and
endothelial cells (10). Moreover, several investigators have
shown that CXCL9 and CXCR3 are critical to the develop-
ment of ECM (2, 9). To determine whether a protective effect
of IFN-� in CM may be due to reduced chemokine and in-
flammatory cytokine production, we took plasma samples from
untreated control mice, infected mice, and infected mice
treated with IFN-�. On day 5 p.i., plasma samples were col-
lected and evaluated by EIA for the presence of CXCL9,
CXCL10, sICAM-1, TNF-�, and IFN-�. All infected mice had
elevated levels of CXCL9, CXCL10, sICAM-1, TNF-�, and
IFN-� in plasma (Fig. 3A to E). The IFN-�-treated mice dem-
onstrated decreased plasma CXCL9 and sICAM-1 levels (Fig.
3A and C). However, CXCL10 was increased in IFN-�-treated

FIG. 5. IFN-� alters brain CXCL10 production. (A) CXCL10 immunohistochemical analysis. The arrows point to CXCL10-positive astrocytes
and glial cells. (B) Quantification of CXCL10-positive cells. Infected mice had approximately 40 CXCL10-positive cells per 20� field, whereas in
IFN-�-treated mice, this number was increased to greater than 80 (5 fields per mouse; five mice). Values are means plus SDs (error bars). The
value for infected and IFN-�-treated mice was significantly different (P � 0.01) from the value for infected mice and is indicated by an asterisk.
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infected mice (Fig. 3B). Numerous studies have also reported
the upregulation of TNF-� and IFN-� in CM. Similarly, we
also observed elevated levels of TNF-� and IFN-� in P. ber-
ghei-infected mice that are significantly decreased by IFN-�
treatment (Fig. 3D and E) (P � 0.01 and P � 0.02, respec-
tively).

Plasma EIA results were also reflected in immunohisto-
chemical (IHC) analysis of brain tissue. On day 5 p.i., the
brains from P. berghei-infected mice and infected mice treated
with IFN-� were sectioned, and IHC analysis using antibodies
specific for CXCL9 and CXCL10 was performed. The cerebral
cortex regions of uninfected mice had negligible CXCL9-pos-
itive reactivity (not shown). In the infected mice, CXCL9-
positive staining was greatly increased and confined to the
blood vessels that were primarily small to medium sized (Fig.
4A). Similar to plasma protein results, infected mice treated
with IFN-� had greatly reduced CXCL9 expression compared
to infected mice, and this staining was also restricted to the
vasculature (Fig. 4A). The number of CXCL9-positive vessels
per 20� field was counted and demonstrated to be significantly
reduced in IFN-�-treated mice (Fig. 4B) (P � 0.01). Infected
mice had approximately 14 CXCL9-positive vessels per 20�
field. In contrast, IFN-� treatment of infected mice reduced
the positive vessel per 20� field to approximately 7 (P � 0.01).
These data demonstrate that endothelial cells are a major
source of CXCL9 in the brains of P. berghei-infected mice and
that IFN-� attenuates this increase in CXCL9. In contrast,
CXCL10 was highly expressed in astrocytes and glial cells of
infected mice, and the numbers of CXCL10-positive cells were
not reduced by IFN-� treatment (Fig. 5A and B). In fact, the
number of CXCL10-positive cells was significantly increased
(P � 0.01).

To extend and further confirm these important findings,
quantitative real-time PCR (qRT-PCR) was performed on
brain tissue from untreated control mice, infected mice, and
IFN-�-treated infected mice. The qRT-PCR data mirrored the
protein expression data. IFN-� decreased total brain CXCL9
mRNA expression and increased CXCL10 expression (Fig. 6A
and B) compared to untreated infected mice. The total expres-
sion of ICAM-1 mRNA was also decreased by IFN-� (Fig. 6C).

IFN-� reduces T-cell trafficking in ECM. ECM is in part a
T-cell-dependent process. To determine whether IFN-� affects
reduced T-cell trafficking to the brain, we isolated brains from
infected and infected mice treated with IFN-� on day 6 p.i.
Brain sections were prepared for IHC analysis with anti-CD3
antibody as a T-cell marker. Minimal CD3 staining was ob-
served in untreated control mice (not shown). Infected mice
had numerous sites in the cerebral cortex and meninges where
CD3	 cells were noted in vessel walls and adjacent paren-
chyma (Fig. 7). IFN-�-treated mice, however, had many fewer
CD3	 cells (Fig. 7). The number of CD3	 cells per field was
counted and demonstrated to be greatly reduced in the IFN-
�-treated mice (Fig. 8A) (P � 0.01). Brain T-cell subsets were
quantified by isolating mononuclear cells from brain tissue as
we have described previously (17), and T-cell numbers were
expressed as a percentage of total mononuclear cells using
fluorescence-activated cell sorting (FACS) (see File S2 in the
supplemental material). As anticipated, both CD4	 and CD8	

T cells were greatly increased in the brains of infected mice
(Fig. 8B). Infected mice treated with IFN-� had dramatically

reduced CD4	 and CD8	 T-cell infiltrates compared to un-
treated infected mice (Fig. 8B) (significantly different [P �
0.06] compared to the value for CD8	 T-cell infiltrates from
infected mice and significantly different [P � 0.05] compared
to the value for CD4	 T-cell infiltrates from infected mice).
These data demonstrate that IFN-� reduced the T-cell traf-
ficking to the brain in ECM.

Because CXCR3 expression is important for T-cell traffick-
ing in many diseases, including CM (2, 5, 9, 17), and because
CXCR3 is a CXCL9 receptor, we examined whether IFN-�
treatment decreased T-cell CXCR3 expression as part of the
mechanism for reduced T-cell trafficking. Mononuclear cells
were isolated from the spleens of untreated, P. berghei-in-
fected, and infected mice treated with IFN-�, and T-cell
CXCR3 expression was determined by FACS (see File S1 in
the supplemental material). Infected mice had a significant
increase in T-cell CXCR3 expression (Fig. 8C), while IFN-�
treatment inhibited this increase in T-cell CXCR3 (Fig. 8C)
(P � 0.05). Likewise, CXCR3 mRNA expression was increased
in the brains of infected mice but reduced in infected mice
treated with IFN-� (Fig. 8D).

FIG. 6. IFN-� alters expression of CXCL9, CXCL10, and ICAM-1
mRNA in the brain. (A) CXCL9 (n � 3 or 4). (B) CXCL10 (n � 3 or
4). The value for infected and IFN-�-treated mice was significantly
different (P � 0.05) from the value for infected mice and is indicated
by an asterisk. (C) ICAM-1 (n � 3 or 4). The value for infected and
IFN-�-treated mice was significantly different (P � 0.02) from the
value for infected mice and is indicated by an asterisk. Values are
means plus SEMs (error bars). The mRNA levels for each primer pair
were normalized to the housekeeping gene GAPDH rRNA level, and
fold changes were calculated against control uninfected mice.
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DISCUSSION

Our results demonstrate that IFN-� delayed the onset of
death and improved overall survival in experimental cerebral
malaria (ECM). IFN-� exerts its effects in part by suppressing
expression of production of all of the following elements:
ICAM-1, a critical infected RBC adhesion molecule, serum
inflammatory cytokines TNF-� and IFN-�, and the CXCR3
chemokine ligand (CXCL9). Moreover, administration of
IFN-� decreased the expression of T-cell CXCR3 as well as
T-cell trafficking (Fig. 9) into the brain. Taken together, this
IFN-�-driven multifactorial process can lead to protection of
the blood-brain barrier (BBB) and improved ECM survival.

Components of the IFN system are known to be important
in the development of ECM (15, 21). As previously reported,
high levels of IFN-� were produced in response to Plasmodium
infection, and IFN��/� mice were protected against ECM
(25). It is known that IFN-� is responsible for the induction of
three IFN-�-inducible chemokines, CXCL9, CXCL10, and
CXCL11 (14). In ECM, these chemokines recruit CD8	 T
cells to the brain via CXCR3 on the cell surface. These studies
underscore the critical role of IFN-� in the development of
malaria infection.

To date, IFN-� has not been evaluated in ECM. IFN-� is best
known for its role as a therapeutic agent in the treatment of MS.
In this disease, IFN-� is thought to have its positive effects
through multiple actions, including immunosuppressive activities
that help maintain BBB integrity. Previously, our laboratory dem-
onstrated in vitro that treatment of retinal cells with IFN-� re-
sulted in the suppression of gene expression and protein produc-
tion of CXCL9 and ICAM-1 (10). In recent years, interest in the

roles of ICAM-1, CXCL9, and CXCL10 in the pathogenesis of
ECM has developed (2). Therefore, the aim of our study was to
determine whether IFN-� altered development of ECM through
these mechanisms. In this report, we demonstrate that murine
IFN-� delayed the onset of disease and increased survival in this
model system. The effect of IFN-� on ECM was associated with
a decrease in the levels of CXCL9 protein in the plasma and
CXCL9 expression in brain endothelial cells as well as CXCL9
mRNA in the brain (10). Furthermore, it is of interest to note that
in this experimental model the immunosuppressive effect of
IFN-� was selective, in that CXCL9 was inhibited, while CXCL10
and CXCL11 were not. In fact, both of these chemokines were
elevated.

Although both CXCL9 and CXCL10 signal through
CXCR3, IFN-� has different effects on each chemokine that
may be critical in the pathogenesis of ECM. This may also
imply that perhaps CXCL9 has a more prominent role in
accelerating the pathogenesis of ECM. This difference may be
due in part to the expression pattern. For example, CXCL9 is
expressed primarily in endothelial cells in the brains of infected
mice, whereas CXCL10 is found mostly associated with astro-
cytes and glial cells. The presence of CXCL9 at this vascular
interface may therefore have a direct impact on cell recruit-
ment and changes in vascular permeability. Over a longer
course of infection, CXCL10 may be very important in neuro-
degeneration or other cerebral inflammation-mediated pro-
cesses, but it does not appear to impact disease pathogenesis in
this acute-infection setting.

The infiltration of leukocytes represents a critical early event
in the development of ECM. Since chemokines and their re-

FIG. 7. IFN-� reduces T-cell trafficking in ECM. T-cell trafficking to the brain in ECM was evaluated by immunohistochemical staining with
anti-CD3 antibody.

1756 MORRELL ET AL. INFECT. IMMUN.



ceptors are essential regulators of leukocyte trafficking, inves-
tigators have also examined chemokine receptors in ECM.
Three recent studies have reported that CXCR3 is important
for the development of ECM. First, the strain-dependent sus-
ceptibility to develop ECM is closely related to the expression
of CXCR3 on T cells (9, 21). Second, mice deficient in CXCR3
were protected from ECM (2, 9, 17, 21). Moreover, in CXCR3-

deficient mice, there was a reduction in the number of CD8	

T cells trafficking to the brain compared to wild-type mice. Our
studies provide additional support to explain why T-cell-defi-
cient mice are spared in ECM. We show that IFN-�-treated,
Plasmodium-infected mice have reduced expression of CXCR3
in splenic T cells and this is associated with a dramatic decrease
in recruitment of T cells to the brains of infected animals.
Therefore, one of the multiple mechanisms by which IFN-� is
protective is mediated by a reduction in CXCR3 expression
and thus results in impaired T-cell recruitment.

ICAM-1 has been reported to play a role in parasitized RBC
(pRBC) engagement and mediating many of the early steps in the
pathogenesis of ECM (3, 20). Our plasma sICAM-1 data in ECM
indicated a trend to IFN-� reduction of ICAM-1 expression that
was confirmed by the significant decline in ICAM-1 mRNA by
brain qPCR. The plasma data may not be as significant as the
mRNA expression data because of tissue bed-mediated effects.
ICAM-1 is a membrane protein that sheds from vascular beds,
and the plasma expression data may reflect the fact that ICAM-1
is not globally reduced by IFN-�. P. berghei infection can lead to
an increase in ICAM-1 expression in other capillary beds, includ-
ing the lungs. IFN-� has been most studied in the context of the
cerebral vascular interface, and its effects on other vascular beds
are less well-known. Further study is needed to determine

FIG. 8. T-cell trafficking in ECM is reduced by IFN-�. (A) Quantification of CD3-positive cells taken from Fig. 7. Infected mice had
approximately 25 CD3-positive cells per 20� field, but the number was reduced to less than 10 in IFN-�-treated mice. There were 5 fields per
mouse and 5 mice. The value for infected and IFN-�-treated mice was significantly different (P � 0.01) from the value for infected mice and is
indicated by an asterisk. In panels A to C, values are means plus SDs (error bars). (B) Isolated T-cell subsets from mouse brains. Mononuclear cells
were isolated from the brains of control mice, infected mice, and infected mice treated with IFN-�. T cells were quantified by FACS (n � 5). The value
that was significantly different (P � 0.06) from the value for infected, CD8-positive cells is indicated by an asterisk. The value that was significantly
different (P � 0.05) from the value for infected, CD4-positive cells is indicated by two asterisks. (C) T-cell CXCR3 expression. Splenocytes were isolated
from control, infected, and infected mice treated with IFN-�. T-cell CXCR3 expression was determined by FACS (n � 5). The value that was significantly
different (P � 0.05) from the value for infected mice is indicated by an asterisk. MFI, mean fluorescence intensity. (D) CXCR3 mRNA expression in the
brain by qRT-PCR (n � 3 or 4). Values are means plus SEMs (error bars). The mRNA levels for each primer pair were normalized to the housekeeping
gene GAPDH rRNA level, and fold changes were calculated against control uninfected mice.

FIG. 9. Diagram of the hypothesized actions of IFN-� on the
pathogenesis of cerebral malaria.
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whether this difference in the extent of change mediated by IFN-�
between brain and plasma ICAM-1 is a reflection of a regional
variability of IFN-�’s effects.

One recent study looked at the feasibility of using a human
recombinant IFN-� to treat murine ECM (23). The extensive
treatment regimen resulted in enhanced survival that was as-
sociated with a decrease in parasite replication, decrease in
ICAM-1 expression in brain endothelial cells, mild reduction
in serum TNF-� levels, and fewer CD8	 T cells trafficking to
the brain. There were some distinct differences noted between
the human IFN-� in the above report and the mouse IFN-� in
our current study. We found that IFN-� treatment produced
inhibition of ICAM-1 expression in the brain, decreased the
levels of TNF-� and IFN-� in serum, and reduced T-cell mi-
gration to the brain. However, IFN-� did not affect the abso-
lute number of parasitized RBCs in our study. In addition, we
show that IFN-� treatment inhibits CXCL9 expression in brain
endothelial cells and decreases CXCL9 gene expression in the
brain. This chemokine was not evaluated in the IFN-� treat-
ment study. In this study, we also report that the decrease in
T-cell trafficking to the brain is associated with decreased levels
of CXCR3 on T cells.

The dose of IFN-� used in this study (8 � 105 U/day) is
higher than the dose used to treat human MS patients (6 � 106

U twice a day [BID]). It is important to note that mice have a
much higher metabolic rate and using standard allometric scal-
ing to account for this, our dose is approximately 4 times
higher than the standard human dose. In addition to treatment
of MS patients, the type 1 IFNs have been shown to be effective
in controlling acute and chronic viral infections. The results of
this study in mice may have clinical implications in humans.
Including IFN-� in the already established treatment modali-
ties may provide additional immunosuppressive benefits. That
is, IFN-� may act on pathogenic mechanisms not controlled by
standard therapy.

In summary, we demonstrate that IFN-� ameliorates the
severity of ECM and prolongs survival. The proposed mecha-
nisms of action of IFN-� are outlined in Fig. 9. In this scenario,
in P. berghei-infected mice, brain endothelial cells express el-
evated levels of ICAM-1 and CXCL9. Parasitized RBCs bind
to ICAM-1 on endothelial cells, and CXCR3-expressing T cells
are attracted to CXCL9-positive endothelium. These events
lead to a breakdown in cerebral vascular integrity and obstruc-
tion of cerebral capillaries. IFN-� treatment interrupts this
process and results in a suppression of CXCL9 and ICAM-1 in
the brain endothelial cells. In addition, there is a reduction in
T-cell CXCR3 expression. The consequence of this IFN-�-
mediated combination of events leads to decreased pRBC en-
gagement and entry into the brain, decreased inflammation in
the brain, and reinforcement of the blood-brain barrier.
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