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Abstract

In animal models of experimental cerebral malaria (ECM), neuropathology is associated with an

overwhelming inflammatory response and sequestration of leucocytes and parasite-infected red

blood cells in the brain. Here we explored the effect of vitamin D (VD, cholecalciferol) treatment

on host immunity and outcome of ECM in C57BL/6 mice during Plasmodium berghei ANKA

(PbA) infection. We observed that oral administration of VD both before and after PbA infection

completely protected mice from ECM. VD administration significantly dampened the inducible

systemic inflammatory responses with reduced circulating cytokines IFN-γ and TNF and

decreased expression of these cytokines by the spleen cells. Meanwhile, VD also resulted in

decreased expression of the chemokines CXCL9 and CXCL10 and cytoadhesion molecules

(ICAM-1, VCAM-1 and CD36) in the brain, leading to reduced accumulation of pathogenic T

cells in the brain and ultimately substantial improvement of the blood-brain barriers of PbA-

infected mice. In addition, VD inhibited the differentiation, activation and maturation of splenic

dendritic cells. Meanwhile, regulatory T cells and IL-10 expression levels were upregulated upon

VD treatment. These data collectively demonstrated the suppressive function of VD on host

inflammatory responses, which provides significant survival benefits in the murine ECM model.
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Introduction

Malaria is widespread throughout the tropical and subtropical regions, causing more than

300 million acute illnesses and resulting in more than 600,000 deaths annually. Cerebral

malaria (CM) is the most severe complication of Plasmodium falciparum infection and a

major cause of death in children under the age of 5. The mechanisms leading to CM in

humans is not well understood and appears to be multifactorial. Cytoadherence of

parasitized red blood cells (pRBCs) to the brain endothelium is thought to cause mechanical

obstruction of the brain microvessels leading to CM pathology (1). In addition, excessive

inflammatory responses characterized by high levels of proinflammatory cytokines are also

thought to contribute to CM (1). Inflammatory cytokines up-regulate expression of the

adhesion molecules such as ICAM-I and VCAM-I on brain endothelial cells, further

enhancing cytoadherence and sequestration of pRBCs in the brain. A better understanding of

the mechanisms of CM and identification of effective adjunct therapies of CM are of high

priority.

Rodent malaria infections such as the Plasmodium berghei ANKA (PbA) infection in

C57BL/6 mice have been used widely as animal CM models because they share several

features with human CM (2–4). In the mouse CM models, T helper type 1 (Th1) responses

play a critical role in CM pathogenesis. Th1 responses are characterized by the increased

production of IFN-γ and decreased production of the Th2 cytokines such as IL-4.

Appropriate induction of Th1 cytokines is needed for successful control of parasitemia and

resolution of malaria infection (5, 6), whereas excessive levels of these cytokines are

implicated in the pathogenesis of CM (7, 8). Thus, regulation of the magnitude and timing of

the Th1 response is essential for producing optimized immune responses that inhibit the

malaria parasites without causing immunopathology. Regulatory T cells (Tregs) are

important player participating in the control of overwhelming responses to infections (9–12).

In the mouse CM model of infection, Treg expansion inhibits the development of pathogenic

Th1 cells and CM (13, 14).

Vitamin D (VD) is a fat-soluble vitamin that is either synthesized in the skin after exposure

to solar ultraviolet B radiation or provided in the diet. In addition to its traditionally known

roles in regulation of bone metabolism and calcium-phosphorus homeostasis, VD has been

increasingly recognized to have prominent regulatory functions on both innate and adaptive

immune systems (15). The active form of VD [1,25(OH)2D3, 1,25D3] primarily affects

dendritic cell (DC) maturation and macrophage differentiation (16, 17), and inhibits the

production of the cytokines IL-12 and IL-23. In addition, 1,25D3 inhibits the production of

Th1 cytokines (IL-2 and IFN-γ) and Th17 cytokines (IL-17 and IL-21), but stimulates Th2

cytokine production (e.g., IL-4) (18), thereby indirectly shifting the polarization of T cells

from a Th1 and Th17 phenotype towards a Th2 phenotype. Moreover, 1,25D3 favors

development of Tregs via modulation of DCs (19). Since many autoimmune diseases such

as inflammatory bowel disease, multiple sclerosis, and arthritis are the result of

overwhelming Th1 responses, 1,25D3 treatments suppressed Th1 responses and ameliorated

Th1 mediated experimental autoimmunity (20). Paradoxically, even though VD inhibits Th1

and Th17 responses, a number of infectious diseases are not made more severe by treatments

with active VD (21).
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The immunoregulatory functions of VD especially its inhibitory effect on Th1 responses

have prompted us to examine the role of VD in experimental CM (ECM). In P. falciparum

malaria, plasma VD level did not vary during the course of infection and VD status was not

associated with incident malaria (22, 23). In a rodent malaria model, oral VD treatment of

mice for two weeks prior to P. berghei infection has been reported to decrease parasite

growth and expand the life span of infected mice (24). However, a recent study showed that

three weekly intraperitoneal injections of 0.5 μg/kg VD had no effect on susceptibility of

wild-type mice to PbA infection (25). In this report, we explored the effect of VD on ECM

and showed that oral supplementation with VD protected mice from ECM. Oral VD

administration before and after PbA infection completely prevented the occurrence of ECM.

We show that the protective effect of VD was through the inhibition of a strong host pro-

inflammatory (IFN-γ and TNF) response mediated directly and indirectly through reduction

of DC activation, IL-10 production and expansion of the Tregs.

Materials and Methods

Animals and Experimental Infection

Female C57BL/6 mice (6 to 8 weeks old) were obtained from Beijing Animal Institute and

maintained at the Animal Care Facilities of the China Medical University. Infections were

initiated by intraperitoneal (i.p.) injection of 1×106 PbA pRBCs into each mouse.

Parasitemia was monitored by counting the number of pRBCs per 1000 RBCs by light

microscope examination of Giemsa-stained thin smears from tail blood. Mice were

monitored daily for survival and neurological signs of CM such as ataxia, paralysis and

coma. For the mortality and parasitemia experiment, 10 mice were used in each group and

the experiments were repeated for four times. All experiments were performed in

compliance with local animal ethics committee requirements.

VD Treatment of Mice

VD (Cholecalciferol) was obtained from Sigma (St. Louis, MO, USA) and delivered in mice

using two routes: injection and feeding. For injection, VD was dissolved in 100% ethanol

and diluted to a working solution of 0.1 μg/ml in 0.02% Tween 80. Mice in the treatment

group was injected with a 0.5 μg/kg every other day, starting three days before the PbA

infection (25), while mice in the control group received equal volumes of 0.02% Tween 80.

For oral administration, VD was dissolved in soybean oil before use. For the dose ranging

experiment, mice were orally administered a daily dosage of 0, 10, 50 and 250 μg/kg of VD

for four days before PbA infection. For subsequent experiments, mice were randomly

divided into six groups: naïve mice (uninfected), VD supplemented before PbA infection

(VD+PbA), two groups with VD supplemented after PbA infection (PbA+VD), and two

uninfected but VD treated control groups. Mice in the VD+PbA group were orally

administered a daily dosage of 50 μg/kg of VD for four consecutive days before PbA

infection, whereas the PbA+VD group mice were orally administered 50 μg/kg of VD daily

for four successive days at 2 days (PbA+VD2d) or 5 days (PbA+VD5d) after PbA infection.

The two control groups received the same volume of soybean oil at the identical time points

as the VD+PbA and PbA+VD groups. On day 5, blood was collected and VD content was

measured using the 25(OH)-Vitamin D direct ELISA Kit (Immundiagnostik AG, Bensheim,
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Germany) according to the manufacturer’s instructions. Samples were measured in duplicate

and averaged.

Histopathology and Immunohistochemistry

When PbA-infected mice began showing neurological symptoms on day 6, five mice from

each of the experimental groups were selected for histological examination. Brains were

removed, fixed in 4% paraformaldehyde for 24 h, and embedded in paraffin. Serial 4-μm-

thick horizontal sections were made, stained with hematoxylin and eosin (H & E), and

examined for microvascular obstruction and leakage. To detect ICAM-1, VCAM-1, and

CD36 along the endothelial lining, immunohistochemical staining was performed with

specific rabbit polyclonal antibodies against ICAM-1 (Abcam, USA), VCAM-1 and CD36

(Santa Cruz Biotechnology, USA) as previously described (26), which was followed by

biotin-conjugated goat anti-rabbit IgG antibody. Finally, streptavidin-conjugated peroxidase

was added and color development was done using 3-amino-9 -ethylcarbazole as the

substrate. Finally, the sections were counterstained with hematoxylin, washed and mounted.

ICAM-1-, VCAM-1-, and CD36-positive vessels were visualized by microscopy at ×400.

The number of positive vessels in 20 fields was counted for each mouse.

Blood Brain Barrier (BBB) Integrity

To evaluate integrity of the BBB, 200 μl of 2% (wt/vol) solution of Evans blue (Sigma) in

phosphate-buffered saline (PBS, pH 7.0) was injected intravenously (i.v.) into each mouse.

One hour later, mice were euthanized and perfused with 20 ml of PBS. Brains were isolated

and incubated in 2 ml of formamide for 48 h at 37°C. The amount of Evans blue in 100 μl of

the brain tissue extracts was determined by measuring absorbance at 630 nm (27).

RNA Extraction and Real-Time PCR

Total RNA was extracted from isolated brains by Trizol (Invitrogen, Carlsbad, CA)

according to the manufacturer’s instructions. Contaminating DNA was removed by

subjecting 2 μg total RNA to DNase I digestion. The resulting total RNA was used for

reverse transcription (RT) with the oligo(dT) primer. One-fifth volume of the RT reaction

mixture was used for real-time PCR with the primer pairs for CXCL9, CXCL10, IFN-γ, TNF,

and IL-10 (Table S1). PCR was performed with the SYBR Green PCR Master Mix for 40

cycles in an ABI PRISM 7700 apparatus (Applied Biosystems, Foster City, CA). Threshold

values were obtained using PE Biosystem software and mRNA was quantified. β-actin was

used as an internal control and the ratio of each target gene to β-actin was determined. An

untreated control sample value was taken as 100% and treated values were calculated based

on the control. The specificity of the PCR was confirmed by melting-curve analysis.

Quantification of Cytokine Production by Splenocytes

Splenocyte culture was performed as previously described (28). Briefly, spleens from

control and infected mice were removed aseptically and pressed through a sterile fine-wire

mesh with 10 ml RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum

(FCS), 25 mM Hepes, 0.12% gentamicin and 2 mM glutamine. Cell suspensions were

collected by centrifuging at 350 ×g for 10 min. Erythrocytes were lysed with cold 0.17 M
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NH4Cl and cells were washed twice with fresh medium. Spleen cell viability was

determined by trypan blue exclusion and was >90%. Spleen cells were adjusted to a final

concentration of 107 cells/ml in RPMI-1640 supplemented with 10% heat-inactivated FCS.

Aliquots of 5×106 cells/well were incubated in 24-well flat-bottom tissue culture plates

(Falcon) in triplicate for 48 h at 37°C in a humidified 5% CO2 incubator. Cytokines (IFN-γ,

TNF and IL-10) in the culture supernatant and plasma samples were measured by enzyme-

linked immunosorbent assays (ELISA) (R&D Systems, Minneapolis, MN, USA).

Flow Cytometry

For each experimental group, five mice were sacrificed at the indicated time points for flow

cytometric measurement of Th1 cells, Tregs, DCs, and CD11c+DCs expressing the

costimulatory marker MHC II, CD86, TLR-4 and TLR9 in splenocytes. Unless otherwise

indicated, antibodies were obtained from BD Biosciences (San Jose, CA, USA). To measure

Th1 type cells (CD4+ T-bet+ IFN-γ+), 107 fresh splenocytes were stimulated in 12-well

plates with 50 ng/ml PMA and 1 mM ionomycin (Sigma) for 5 h at 37°C and 5% CO2 in the

presence of 1 μM monensin to inhibit cytokine secretion. Cells were harvested and surface

stained with FITC-conjugated anti-CD4 mAb (clone H1.2F3). After fixation and

permeabilization with the intracellular fixation kit (eBioscience, San Diego, CA, USA), cells

were stained with anti-T-bet-PE (clone eBio4B10), and anti-IFN-γ-APC (XMG1.2). Tregs

were surface-stained with FITC-anti-CD4 and PE-anti-CD25 antibodies in 100 μL of PBS

supplemented with 3% FCS, and were then stained for intracellular Foxp3 with APC-anti-

Foxp3 (clone FJK16s) as described earlier (29). For DCs, cells were double-stained with

FITC-conjugated CD11c mAb (clone HL3) and PE-conjugated anti-CD11b (clone M1/70),

CD86 (clone GL1), MHCII mAb (clone M5/114.15.2), PerCP-conjugated anti-CD45R/B220

(clone RA3-6B2), or anti-TLR4 (clone MTS510). To assess the expression of TLR9 in

CD11c+ DCs, spleen cells were stained first with FITC-conjugated CD11c mAb. After

fixation and permeabilization, cells were incubated with biotinylated anti-TLR9 mAb (clone

5G5, Hycult biotech, Plymouth Meeting, PA, US) followed by PE-conjugated streptavidin

(Biolegend, San Diego, CA, US).

To determine the migration of CD4+ and CD8+ T cells to the brain, brain mononuclear cells

were isolated from the brains on day 5 p.i. following a published procedure (30). A single-

cell suspension was obtained by grinding the tissues and resuspending the resulting cells in 5

ml of RPMI1640, which contained 100 U/ml IV collagenase (Invitrogen, USA), and

incubated at 42°C for 45 min. Cells were pelleted at 300×g for 10 min, resuspended in 30%

Percoll in PBS (Sigma), layered on 70% Percoll, and centrifuged at 515×g for 30 min at

room temperature. Cells at the interface were isolated, washed twice, resuspended in PBS,

and labeled with the following antibodies: FITC-anti-CD4, PerCP-anti-CD8 (clone 53-6.7),

and APC-anti-CD3 (clone 145-2C11). Cells were incubated at 4°C for 30 min and washed

twice with PBS. This brain cell isolation technique collects both intravascular and

extravascular cells, thus allowing the evaluation of both already trafficked and recruited

cells. Flow cytometric analysis was performed using a FACS Calibur, and data were

analyzed with the FlowJo software.
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Statistical Analysis

Data are presented as the means ± standard errors of the means (SEM). VD levels in human

participant were compared among three groups: patients infected with P. falciparum,

patients infected with P. vivax, and healthy participants with no malaria infection. Kruskal-

Wallis analysis of variance test was used to look for statistically significant median values

across the three groups, while an analysis of variance was conducted on the log-transformed

VD values. Difference in survival of the mice among experimental groups was assessed

using the Kaplan-Meier test. For comparisons between two groups, statistical significance

was analyzed by either a t test or Mann-Whitney U test, depending on normality of the data.

For comparisons between three or more groups, statistical significance was determined

using a one-way ANOVA. The data were analyzed using GraphPad Prism software (version

6.01), and a value of P<0.05 was considered significant.

Results

VD Administration Protects Mice against ECM

The effect of VD on PbA infection depended on the delivery route and dose of the VD.

Earlier work showed that there was no effect of injection of vitamin D on P. berghei

infection in mice (24, 25). Injection using the same protocol reported (25) offered no

protection against ECM (Fig. S1A, B). Preliminary experiments using a dose response of

oral VD showed that there was no effect of 10 μg/kg, and 250 μg/kg VD as compared to the

controls. In contrast, the mice treated orally with 50 μg/kg VD did not develop ECM (Fig.

S1C). Therefore, we selected the 50 μg/kg dosage for subsequent experiments.

We applied three oral VD treatment schemes: daily oral VD supplement of 50 μg/kg for four

days prior to PbA infection (VD+PbA), daily oral VD supplement of 50 μg/kg for four days

beginning 2 days (PbA+VD2d) and 5 days (PbA+VD5d) after PbA infection. VD

supplementation prior to and 2 days after infection was effective at raising the serum

25(OH)D3 levels of mice (Fig. S1A). On day 5 p.i., the 25(OH)D3 levels in the VD-treated

groups were significantly higher than that in the untreated PbA group. The four doses of VD

in the VD-treated groups were enough to significantly raise serum 25(OH)D3 levels (Fig.

S1D). There was no effect of the infection on serum 25(OH)D3 levels since vitamin D status

was the same in the healthy control mice and the PbA-infected mice (data not shown).

The three VD treatment schemes offered significant protection of mice against ECM. In the

control group, PbA infection resulted in the development of neurological symptoms on days

5–6 and mice began to die on days 6–7, with all of the mice dead by day 11 p.i. (Fig. 1A).

Death following PbA infection occurred in mice that had relatively low parasitemia (<12%)

(Fig. 1B). In PbA-infected mice, the vehicle control groups (soybean oil) had symptoms

(pathology, survivorship, or parasitemia) identical to the untreated group (data not shown).

VD treatments either before or 2 days after PbA infection protected the mice from early

mortality and all of the VD treated mice survived beyond day 16 post-infection (Fig. 1A).

VD administration beginning on day 5 p.i. also offered protection of the mice from early

mortality with no mortality in this group before day 11. Regardless of the VD treatment all

of the PbA-infected mice progressed to death from anemia with high parasitemia after ~3
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weeks (Fig. 1A, B). There was an advantage to VD supplementation on day 2 p.i. since the

PbA+VD2d group survived significantly longer (Kaplan-Meier test, P<0.05) than the other

two VD treatment groups (Fig. 1A). In addition, the parasitemias in both the PbA+VD2d

and PbA+VD5d groups were lower than that of the VD+PbA group (Fig. 2B). For

subsequent experiments, we focused on the PbA+VD2d group (referred hitherto as PbA

+VD) for more detailed pathological and immunological analyses.

VD Treatment Reduces Brain Pathology

The pathological changes of ECM that mark the early lethality of mice following PbA

infection includes adhesion of leukocytes in the brain microvasculature, microhemorrhages,

disruption of BBB integrity, and extravasation of pRBCs into the brain parenchyma (31, 32).

Activation and upregulation of endothelial adhesion molecules are responsible for these

pathologies (33, 34). Thus, we assessed the brain pathology and expression levels of

adhesion molecules in cerebral vessels. On day 5 p.i., the number of vessels containing

leukocytes per microscopic field in the PbA+VD group was significantly lower than that in

the untreated group (Fig. 2). Immunostaining for VCAM-1, ICAM-1 and CD36 on the

endothelium of the microvessels was less intense in PbA+VD than the PbA group (Fig. 2).

Meanwhile, a substantial loss of BBB integrity was evident in the PbA group, which showed

high levels of dye extravasation. In comparison, VD treatment offered significant protection

of the integrity of BBB in PbA-infected mice (P <0.05) (Fig. 2). VD treatment beginning 24

h after PbA infection protected the brain from pathologic signs of ECM.

VD Treatment Reduces T Cell Trafficking to the Brain

Increased trafficking and accumulation of pathogenic CD8+ T cells in the brain mediated

through the IFN-γ inducible chemokines CXCL9 and CXCL10 are associated with ECM

(35–37). To determine whether VD treatment affected the migration and accumulation of T

cells in the brains of PbA-infected mice, brain mononuclear cells were isolated and

quantified for CD8+ and CD4+ cells. Compared to uninfected naive mice, PbA infection

promoted the accumulation of both CD8+ and CD4+ T cells (Fig. 3A). In contrast, the

numbers of both T cell populations in the brains of VD-treated PbA-infected mice did not

differ significantly from those in uninfected naive mice (Fig. 3A). To determine whether

reduced T cell trafficking to the brain was associated with decreased expression of

chemokines, we compared the expression of CXCL9 and CXCL10 mRNA in the brains of

VD-treated and untreated mice. On day 5 p.i., VD treatment significantly reduced the

expression of both chemokines in the brains (Fig. 3B,C). These results indicate that VD

treatment is sufficient to modulate the cerebral environment to down-regulate expression of

key chemokines, leading to decreased accumulation of pathogenic T cells in the brain.

VD Treatment Dampens the Th1 Immune Response

An overwhelming pro-inflammatory (Th1) response is essential for ECM (7, 38, 39). To test

whether VD treatment inhibits Th1 cells during ECM, we quantified the IFN-γ-producing

CD4+T-bet+ cells in the spleens of infected mice and two Th1 cytokines IFN-γ and TNF on

day 3 and 5 p.i. In association with the appearance of ECM pathology, IFN-γ and TNF

levels were significantly increased in the serum of PbA-infected mice on day 5 p.i. (P<0.01)

He et al. Page 7

J Immunol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Fig. 4A, B). Significantly increased production of these cytokines was also observed by

splenocytes isolated from PbA-infected mice during their in vitro culture (P<0.01) (Fig.

4C,D). VD treatment led to a significant reduction of the levels of these two cytokines in

both serum and cultured splenocytes of PbA-infected mice (Fig. 4A–D). In addition, the

mRNA levels of IFN-γ and TNF in the brains of infected mice on day 5 p.i. also experienced

significant declines in VD-treated mice as compared with untreated mice (Fig. 4E,F).

PbA infection was associated with increased expansion of CD4+T-bet+IFN-γ+ T cells. On

both days 3 and 5 p.i., the total population as well as the proportion of this Th1 cell subtype

in the spleens of infected mice were substantially increased (Fig. 5). VD treatment, however,

significantly reduced this Th1 cell subtype in the spleens of infected mice on day 5 p.i.

(P<0.01) (Fig. 5).

VD Promotes Expansion of Tregs and the Production of IL-10 in Spleen

Both Tregs and IL10 contribute to the improvement of PbA-specific Th1 response involved

in the induction of ECM. Overall, compared with the untreated group, VD treatment

promoted the expansion of CD4+CD25+Foxp3+ Tregs in PbA-infected mice, albeit

significance (P<0.01) was only observed in total Treg populations on day 3 p.i. (Fig. 6A,B).

However, the secretion of the anti-inflammatory cytokine IL-10 by cultured splenocytes was

significantly higher in VD-treated groups than untreated PbA groups (P<0.05) (Fig. 6C).

Meanwhile, the plasma level of IL-10 was also significantly increased in VD-treated mice

on day 5 p.i. (P<0.01) (Fig. 6D).

VD Inhibits DC Differentiation, Maturation, and Function

The nature of the immune response is critically dependent on the interplay between the

innate and adaptive immune systems. Central to this interaction are the DCs (40). We found

that the proportions of both mDCs (Fig. 7A,C) and pDCs (Fig. 7B,D) were significantly

higher than those in the VD-treated groups on day 5 p.i. (P<0.05, t-test), indicating that VD

inhibited differentiation of DCs. In addition, VD treatment also led to a decrease of

expression of the co-stimulatory molecules MHCII on DCs on day 5 p.i. (Fig. 8A,D).

Furthermore, the expression of TLR4 on DCs was drastically reduced in VD-treated groups

on day 5 p.i. (Fig. 8B,E), while TLR9 expression in the DCs was also reduced to some

extent (Fig. 8C,F). Meanwhile, the total numbers of DC populations within the spleen of

mDCs, pDCs, and DCs expressing MHC II, CD86, TLR4, and TLR9 were mostly down-

regulated by VD treatment (Fig. S2). To further illustrate that VD treatment affected the

function of DCs, we measured cytokine production by DCs and found that VD treatment

resulted in decreased production of IL12p40 on both day 3 and 5 p.i. and increased

production of IL10 on day 5 (data not shown). Taken together, these results indicate that VD

treatment inhibited the differentiation, maturation and activation of DCs.

4. Discussion

Susceptible mice infected with PbA developed a severe CM syndrome characterized by

hyperinflammation, intravascular accumulation of immune T cells, and BBB leakage (38).

While it has been extensively shown that in vivo treatments with 1,25(OH)2D3 inhibit Th1
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mediated immune responses (20, 21) and suppress experimental autoimmunity, this is the

first study to demonstrate the effectiveness of short-term VD treatments to suppress in vivo

Th1 mediated inflammation. It is well established that vitamin D and 1,25(OH)2D3 directly

and indirectly via actions on DCs and macrophages inhibit Th1 cell production of IFN-γ.

We demonstrated that oral administration of VD improved serum 25(OH)D3 levels and

down-regulated the levels of circulating inflammatory cytokines (IFN-γ and TNF). The

inhibition of Th1 responses in addition with the reduced expression of chemokines CXCL9

and CXCL10, and cell adhesion molecules ICAM-1, VCAM-1 and CD36, resulted in the

decreased accumulation of CD8+ T cells in the brain, and improved the integrity of the BBB.

Interestingly, the timing of the VD supplementation looks to be critical and dosing animals

just after infection seems to be more effective than before infection. There was no effect of

infection on serum 25(OH)D3 levels in mice. Analysis of plasma VD levels in humans

infected with P. falciparum or P. vivax malaria from a subtropical area (Kachin State,

Myanmar) found highly variable 25(OH)D3 levels including frank vitamin D deficiency

(<12 ng/ml) in 10% and vitamin D deficiency <20 ng/ml in 28% of the population (data not

shown). It would be interesting to determine whether lower VD status would predict

development of CM. Although individuals in tropical malaria regions may not suffer from

low sunlight exposure, VD deficiency is still prevalent in tropical climates despite high

amounts of sunlight (41–43). Vitamin D production in the skin following UV exposure is

significantly less in dark skin and dietary sources for vitamin D is uncommon in most parts

of the world. This study suggests that VD might be an effective treatment for reducing

lethality from CM in humans, albeit the potential difference in VD physiology between

humans and mice demands further investigation.

An overwhelming pro-inflammatory Th1 response characterized by excessive production of

the cytokines IFN-γ and TNF is involved in CM pathogenesis (4). The cerebral pathology

during ECM is an IFN-γ-dependent process as evidenced by the complete resistance of the

IFN-γ deficient mice to ECM (39). IFN-γ is responsible for the induction of chemokines

CXCL9 and CXCL10 during ECM (44), which subsequently recruit CD4+ and CD8+ T cells

to the brain via CXCR3 on the cell surface (35, 36, 45). In addition, the proinflammatory

cytokine TNF is proposed to up-regulate the production of adhesive molecules in the brain

vasculature. Here we showed that VD treatment significantly reduced the levels of

circulating IFN-γ and TNF, secretion of these cytokines by the immune cells in the spleen,

as well as expression of these cytokines in the brains of infected mice. Further, VD inhibited

the differentiation of CD4+ IFN-γ+T-bet+ Th1 cells. Vitamin D deficiency is associated with

an increased risk of disease in Th1 mediated diseases like inflammatory bowel disease (20).

VD via the vitamin D receptor (VDR) and 1,25(OH)2D3 directly inhibits IFN-γ transcription

in human and mouse T cells (46, 47). In addition, TNF production is inhibited by

1,25(OH)2D3 in macrophage and T cells (20, 48). Direct inhibition of TNF and IFN-γ

following VD supplementation protects against cerebral malaria.

VD exerts its immunomodulatory effects through interaction with VDR, a member of the

superfamily of nuclear hormone receptors, which is expressed in numerous human immune

cells such as T cells, B cells, iNKT cells, macrophages, and DCs (49). Thus, VD directly

acts on T cells to inhibit T cell proliferation and IFN-γ production (50). DCs, the highly
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specialized APCs, are critical for stimulating the differentiation of effector T cells from

naive T-cell precursors. There is ample evidence showing that VD also hampers DC

maturation from monocytes (51–54). Our data show that VD treatment decreased the

number of mDCs and pDCs during PbA infection. This decrease may be due to changes in

DC migration and homing. In addition, VD suppressed the expression of antigen presenting

molecules such as MHCII and CD86 on DCs, changes in surface marker with corresponding

change in DC function such as antigen presentation (55). These results are consistent with

the role of VD for inhibiting differentiation, maturation and activation of DCs. Furthermore,

we found decreased expression of TLR4 and TLR9 in DCs upon VD treatment during PbA

infection. Since DCs are essential to induce Th1 cell development as well as Th1 cytokine

production upon malaria infection (8), our data demonstrate that VD also results in

decreased expression of IL-12 and increased production of IL-10 in these APCs, consistent

with a decrease of the Th1 response (56). Collectively, these data are in line with earlier

descriptions of the suppressive activities of VD with respect to the stimulation of Th1

mediated immunity.

Tregs expand during Plasmodium infection (57, 58) and have been shown to inhibit the

development of Th1 immune responses (59). Given the critical role of Tregs and the anti-

inflammatory cytokine IL-10 in inhibiting CM, expansion of Tregs and elevation of IL-10

level would improve the outcome of the ECM. VD has been shown to be required for the

optimal development and function of Tregs. VD increased the Treg population (Foxp3) (60),

resulting in the blockade of the Th1 response (61). Importantly, treatment of naive CD4+T

cells with VD potently induced the development of Tregs (62, 63). Meanwhile, VD alone or

in combination with dexamethasone induced IL-10-producing Tregs in an APC-free in vitro

system (64, 65). Also, a VD analog triggered the emergence of a CD4+CD25highCD127low

Treg phenotype and selectively induced IL-10 expression within the CD4+ T cell subset

(66). These results highlighted the impacts of VD on the differentiation of Tregs and

expression of IL-10. Our results provided further evidence to show that VD treatment

expanded the Treg population, which was accompanied by increased levels of IL-10,

conditions that favor host protection during CM.

The role of VD regulation of infection has been more difficult to determine. For many

infections including malaria strong Th1 responses are needed to clear the parasite. Our work

suggests that vitamin D is protective against ECM but not PbA infection since the VD

treated mice survive the ECM but then several weeks later show increased parasitemia and

eventual death caused by anemia. Interestingly, murine models of infectious diseases, where

IFN-γ are required for host protection, were not affected by 1,25(OH)2D3 treatments (20,

21). Our data support a model where vitamin D and production of 1,25(OH)2D3 act to limit

the extent of the Th1 and inflammatory response, which protects against CM.

In summary, we demonstrated that oral VD treatment completely prevented the occurrence

of ECM during the PbA infection in susceptible mice. The protective effect is consistent

with the role of VD in the inhibition of the Th1 immune responses. Immune cells express the

VDR and are targeted by VD. Therefore, dampening of the host Th1 response by VD is

mediated directly by its action on the Th1 cells as well as indirectly through the inhibition of

the APCs and innate immunity. In addition, our results demonstrate that VD treatments
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expanded Tregs and inhibited differentiation, maturation and functioning of DCs, which

together resulted in increased expression of IL10. Because of the direct effects of VD on

IFN-γ and TNF and the indirect effects of VD on DCs and production of IL-10 that serve to

suppress the Th1 driven ECM following VD treatment. Importantly, administration of VD

either before or after PbA infection was effective in preventing ECM, suggesting that both

prophylactic treatment and post-infection therapy could benefit human CM patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Treatment with VD improves survival in mice with P. berghei ANKA (PbA)-induced ECM.

The survival curves of infected mice (A) and parasitemia following VD treatment in three

groups of mice were compared: PbA control (PbA) (n=40); daily VD administration for four

successive days prior to PbA infection (VD+PbA) (n=28); daily VD administration for four

days 2 days after PbA infection (PbA+VD2d) (n=32), and daily VD administration for four

days 5 days after PbA infection (PbA+VD5d) (n=40). Shown here are the cumulative results

of four separate experiments. Parasitemia is shown as mean ± SEM.
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FIGURE 2.
VD treatment decreased endothelium activation and improved BBB integrity. On day 5 p.i.,

five mice from each of the three groups were processed for histology with H & E staining

and immunohistochemical analysis with anti-ICAM-1, -VCAM-1, and -CD36 antibodies.

Top four panels: Images show representative brain sections with the microvessels (arrows),

while the corresponding bar graphs indicate quantification of leukocytes-, ICAM-1-,

VCAM-1-, and CD36-positive microvessels, respectively. Microvessels per microscopic

field were quantified in 20 fields per mouse, and values are mean ± SEM from five mice in

each group. Bottom panel: Representative brain images show the extent of vascular leakage

using the Evans blue extravasation method, while the corresponding bar graph shows

quantitative assessment of BBB leakage, expressed as the optical density (OD) of brain

extracts at 630 nm (mean ± SEM, n=5). ** indicates significant difference at P<0.05 (t-test)

between uninfected control group and PbA-infected group, while # and ## indicate

significant difference between the PbA and PbA+VD groups at P=0.05 and P=0.01,

respectively.
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FIGURE 3.
VD treatment reduced pathogenic T cell sequestration in the brain. (A) VD treatment of

PbA-infected mice reduced the number of CD4+ and CD8+ T cells in the brains (n=5).

Values are means plus SEMs (error bars). (B,C) VD treatment significantly reduced the

expression of the chemokines CXCL9 and CXCL10 in the brains of PbA-infected mice. The

mRNA levels for the two chemokines were normalized to the β-actin mRNA level, and fold

changes were calculated against control uninfected mice. * indicates significant difference

between mRNA levels in infected mice on day 5 and their corresponding baseline levels on

day 0 (P<0.05). # indicates significant difference (P<0.05) between the PbA and PbA+VD

groups on day 5 p.i.
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FIGURE 4.
VD treatment reduced expression of pro-inflammatory cytokines (IFN-γ and TNF). (A, B)
Levels of circulating cytokines in serum. (C,D) Production of IFN-γ and TNF by

splenocytes. (E,F) mRNA levels of IFN-γ and TNF in the brain of mice. Each experiment

was repeated three times (n=5 per group). Values represent mean ± SEM. * and ** indicate

significant differences between the values in PbA-infected mice and the baseline levels on

day 0 at P<0.05 and P<0.01, respectively. # and ## indicate significant difference between

the PbA and PbA+VD groups at P<0.05 and P<0.01.
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FIGURE 5.
VD reduces the expansion of CD4+T-bet+IFN-γ+ T cells. Both proportion (A) and the

absolute number (B) of the CD4+T-bet+IFN-γ+ T cells in the spleens were quantified. Each

experiment was repeated three times. For each experiment, five mice were used per group.

Values represent the mean ± SEM (n=5 mice per group). * and ** indicate significant

differences between the values in PbA-infected mice and the baseline levels on day 0 at

P<0.05 and P<0.01, respectively. # and ## indicate significant difference between the PbA

and PbA+VD groups at P<0.05 and P<0.01.
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FIGURE 6.
VD stimulated the expansion of Tregs and increased IL-10 production. The absolute number

(A) and the proportion (B) of CD4+CD25+Foxp3+ Tregs were quantified by flow cytometry.

The concentrations of IL-10 secreted by cultured splenocytes (C) and in the mouse serum

(D) were determined by ELISA. Results are representatives of three independent

experiments. Values are presented as the mean ± SEM (n = 5 mice per group). * and **

indicate significant differences between the values in PbA-infected mice and the baseline

levels on day 0 at P<0.05 and P<0.01, respectively. # and ## indicate significant difference

between the PbA and PbA+VD groups at P<0.05 and P<0.01, respectively.
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FIGURE 7.
VD treatment inhibited the expansion of DC subsets. The frequency of CD11c+CD11b+

DCs (mDCs), and CD11c+B220+ DCs (pDCs) were measured by flow cytometry. (A,B)
Representative plots showing the proportions of the two DC populations. (C,D) Bar graphs

show the frequencies of the two DC populations within the spleens. Data are presented as

the mean ± SEM (n=5 mice per group). Results are representatives of three independent

experiments. * indicates significant difference between the values in PbA-infected mice and

the baseline levels on day 0 (P<0.05). # indicates significant difference between the PbA

and PbA+VD groups (P<0.05).
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FIGURE 8.
VD treatment inhibited DC differentiation, maturation and activation. The frequency of

CD11c+ DCs expressing MHC II (A,D), TLR-4 (B,E) and intracellular TLR-9 (C,F) within

the spleen were determined by flow cytometry. (A–C) Representative dot plots show the

proportion of each cell subsets within the spleen at day 5 p.i. (D–E) Graphs show the

frequencies of the respective DC populations. Data are presented as the mean ± SEM (n=5

per group). Results are representatives of three independent experiments. * and ** indicate

significant differences between the values in PbA-infected mice and the baseline levels on

day 0 at P<0.05 and P<0.01, respectively. ## indicates significant difference between the

PbA and PbA+VD groups (P<0.01).
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