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SUMMARY

Individuals living in malaria-endemic areas eventually develop clinical immunity to Plasmodium

falciparum. That is, they are able to limit blood parasite densities to extremely low levels and fail to

show symptoms of infection. As the clinical symptoms of malaria infection are mediated in part by pro-

inflammatory cytokines it is not clear whether the acquisition of clinical immunity is due simply to the

development of antiparasitic mechanisms or whether the ability to regulate inflammatory cytokine

production is also involved. We hypothesize that there is a correlation between risk of developing

clinical malaria and the tendency to produce high levels of proinflammatory cytokines in response to

malaria infection. In order to test this hypothesis, we have compared the ability of peripheral blood

mononuclear cells from malaria-naive and malaria-exposed adult donors to proliferate and to secrete

IFN-g in response to P. falciparum schizont extract (PfSE). In order to determine how PfSE-induced

IFN-g production is regulated, we have also measured production of IL-12p40 and IL-10 from PfSE-

stimulated PBMC and investigated the role of neutralizing antibody to IL-12 in modulating IFN-g
production. We find that cells from naive donors produce moderate amounts of IFN-g in response to

PfSE and that IFN-g production is strongly IL-12 dependent. Cells from malaria-exposed donors living

in an area of low malaria endemicity produce much higher levels of IFN-g and this response is also at

least partially IL-12 dependent. In complete contrast, cells from donors living in an area of very high

endemicity produce minimal amounts of IFN-g . No significant differences were detected between the

groups in IL-10 production, suggesting that this cytokine does not play a major role in regulating

malaria-induced IFN-g production. The data from this study thus strongly support the hypothesis that

down-regulation of inflammatory cytokine production may be a component of acquired clinical

immunity to malaria but the mechanism by which this is achieved remains to be elucidated.
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INTRODUCTION

Malaria, particularly Plasmodium falciparum, is responsible for

more deaths than any other parasitic disease and malaria-related

morbidity constitutes a significant constraint on development in

tropical countries. Vaccines offer a potential means of long-term

malaria control but, as the clinical symptoms of malaria infection

are mediated in part by pro-inflammatory cytokines [1], the design

of a safe and effective vaccine requires identification of the

mechanisms of antimalarial immunity and differentiation of

protective from pathogenic responses [2].

Work on murine malarias suggests that innate immune

mechanisms, mediated by IFN-g derived from natural killer

(NK) cells and/or gd T cells, limit the initial phase of parasite

replication [3] and that adaptive responses (mediated by ab T

cells and B cells) are required for parasite elimination [4]. IFN-g
is essential for resolution of primary infection [5]. TNF-a and

IFN-g act synergistically to optimize nitric oxide (NO) production

[6], which may be involved in parasite killing [7]. The difference

between lethal and nonlethal malaria infections can be explained,

in part, by the ability of mice to mount an early IL-12, IFN-g or

TNF-a response [8±11]. However, IFN-g also plays a role in the

acute symptoms of infection, such as fever, anorexia and weight

loss, through induction of TNF-a and other endogenous pyrogens.

Over-production of IFN-g or TNF-a predisposes to severe

pathology [11±13] and, in lethal infections, neutralization of
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IL-12, blocking the IFN-g pathway or down-regulation of TNF-a
by administration of rTGF-b , abrogates mortality [12,14,15].

In humans, individuals living in highly endemic areas become

clinically immune, i.e. they are able to control circulating parasite

densities to within tolerable limits and show no significant clinical

symptoms of infection. Although IFN-g responses to some

defined malaria antigens correlate with protective immunity

[16,17], plasma IFN-g concentrations are higher in symptomatic

than in asymptomatic infections [18] and there is a temporal

association between IFN-g secretion and fever [19]. Similarly,

plasma TNF-a and nitrogen oxide levels are associated with rapid

resolution of fever and parasite clearance [20,21] but severe P.

falciparum malaria is accompanied by high levels of circulating

cytokines, including TNF-a [22±25]. Taken together, these

observations suggest that there is a critical balance to be found

in the inflammatory response to malaria infection and that the

ability to regulate cytokine levels, within quite precise limits, may

be a component of clinical immunity.

We hypothesize that there is a correlation between the risk of

developing clinical malaria and the ability to produce high levels

of IFN-g in response to malaria infection, and that this can be

assessed in vitro as the ability of PBMC to produce IFN-g when

reactivated by PfSE. In order to test this hypothesis, we have

compared the ability of PBMC from malaria-naive and malaria-

exposed adult donors, to proliferate and to secrete IFN-g in

response to PfSE stimulation in vitro. In order to determine how

PfSE-induced IFN-g production is regulated, we have also

measured production of IL-12 and IL-10 from PfSE-stimulated

PBMC and investigated the role of neutralizing antibody to IL-12

in modulating IFN-g production.

SUBJECTS AND METHODS

Subjects

Malaria-naive donors (n � 19, aged 20±41 years, 11 male, eight

female) were recruited from Edinburgh, Scotland, UK. None of

the donors had knowingly been infected with malaria and the

majority had never visited a malaria-endemic area. Malaria-

exposed donors were recruited from two regions in Ghana with

differing levels of malaria endemicity. Highly exposed donors

(n � 20, aged 30±47 years, eight male, 12 female) were recruited

from the village of Dodowa, approximately 40 miles inland from

Accra, Ghana, where malaria transmission is highly endemic [26]

with an entomological infection rate (EIR) of 15±20 infectious

bites per year and the majority of adults show no clinical

symptoms when infected with malaria. Less-exposed donors

(n � 20, aged 21±60 years, 17 male, three female) were recruited

from Accra District on the south coast of Ghana where levels of

malaria transmission are much lower than in rural areas [26]; the

EIR is less than one infectious bite per year and many adults still

develop clinical symptoms when infected by malaria. The

predominant ethnic groups in both areas are Ga and Ga-Adangbe.

Ethical approval for the study was obtained from the Ghanaian

Ministry of Health.

A questionnaire was completed for each donor, giving

information on prior exposure to malaria and use of antimalarial

drugs. Up to 30 ml of venous blood were collected into

heparinized containers. An aliquot of plasma was removed for

serology and Giemsa-stained blood films from all the African

donors were examined for the presence of malaria parasites. A

highly sensitive PCR method, based on the multicopy 7H8/6 gene

sequence [27], was used to detect very low level P. falciparum

infections. Details of the PCR method are given elsewhere [28].

P. falciparum schizont antigens

P. falciparum clone 3D7 [29] was maintained in continuous

culture [30]. Cultures were routinely screened for mycoplasma

using a commercial PCR kit (BioWhittaker, Wokingham, UK) and

shown to be free of contamination. When parasitaemia reached

approximately 6±8%, mature schizonts were separated on a 60%

Percoll gradient (Pharmacia, Uppsala, Sweden), washed three

times in serum-free RPMI 1640 (gibco, Paisley, UK), pelleted by

microcentrifugation and resuspended at a concentration of 108

infected erythrocytes per ml. The suspension was freeze-thawed

three times by immersion in liquid N2.The entire extract

(designated PfSE) was used in cell culture experiments. A portion

of the extract was spun to remove the cellular debris; the

supernatant was saved and used for serology (designated soluble

Pf antigen). Both antigen preparations were aliquoted and stored

at 2 808C until required. Freeze thaw preparations of uninfected

erythrocytes (108/ml) (uRBC) were used as controls.

Serology

Plasma from all donors was tested for antimalarial antibodies by

ELISA. Immulon IV microtitre plates (Dynex, Billingshurst, UK)

were coated with an optimal concentration of soluble Pf antigen

(determined by titration) diluted in carbonate/bicarbonate buffer

and incubated overnight at 48C. Plates were blocked for 3 h at

room temperature with PBS containing 0´5% Tween 20 (Sigma,

Poole, UK) and 1% non-fat milk powder (blocking buffer).

Plasma samples, diluted 1 : 1000 in blocking buffer, were added

to duplicate wells, and incubated for 3 h at RT. Bound antibody

was detected with rabbit antihuman IgG-horse radish peroxidase

(Dako, High Wycombe, UK) and o-phenylenediamine/H2O2 as

described previously [31]. Optical density was measured at

492 nm. Samples were designated positive for antimalarial

antibody if the OD was greater than the mean plus 2 s.d. of the

OD values of 22 control European plasmas. Antibody levels are

expressed as a percentage of the value obtained for a pool of

hyperimmune plasma from African adults tested on the same

plate.

Cell cultures

Mononuclear cells were separated from heparinized blood by

centrifugation through Lymphoprepw (Pharmacia, Uppsala, Swe-

den), washed in RPMI 1640 and resuspended at a concentration of

106 viable cells per ml in complete culture medium (RPMI 1640

with 2 mm l-glutamine, 100 U/ml penicillin, 0´1 mg/ml strepto-

mycin, 25 mm HEPES and 0´22% (v/v) sodium bicarbonate; all

Sigma) with 10% heat-inactivated, nonimmune human serum. For

lymphocyte proliferation assays, cells were aliquoted (100 m l/

well) into sterile, round-bottomed, 96-well microtitre plates.

Antigens, at optimal concentration in 100 m l/ml complete

medium, or the mitogen PHA (2 mg/ml, Sigma) were added to

triplicate wells and plates incubated at 378C in 5% CO2 for 2, 4, 6

or 8 days. Eighteen hours before harvesting, 100 m l of super-

natant was removed from each well and reserved for cytokine

analysis; 1 mCi [3H]-thymidine (Amersham, UK) in 100 m l fresh

culture medium was added to each well. Cells were harvested onto

cellulose filters and incorporation of radiolabelled thymidine

assessed by scintillation counting. The geometric mean counts per

minute (cpm) were determined for each antigen and the
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stimulation index (SI) calculated as the ratio of PfSE-stimulated

cpm to control (uRBC-stimulated) cpm. SI values $ 2´5 were

considered positive [32].

In order to determine the interaction between IFN-g produc-

tion and IL-12, a neutralizing antibody to human IL-12 (R&D

Systems, Abingdon, UK) or a control, isotype-matched murine

IgG (R&D Systems) were added to the cultures. Optimal anti-IL-

12 concentration was determined by reference to the manufac-

turer's information and confirmed by titration experiments (data

not shown); the antibody was used at a final concentration of

5 mg/ml which was sufficient to neutralize the activity of 1 ng/ml

rhIL-12. Antibodies were added at the beginning of the culture

period and remained throughout. Supernatants were collected and

tritiated thymidine incorporation assessed as described above.

Cytokine assays

Cell culture supernatants were tested for presence of IFN-g , IL-

12p40 and IL-10 by two-site capture ELISA. Flat-bottomed, 96-

well microtitre plates (Immulon IV) were coated overnight with

100 m l per well of an optimal concentration of capture antibody

diluted in PBS. Plates were washed four times with PBS plus

0´05% Tween 20, blocked with 200 m l/well blocking buffer (PBS

plus 4% bovine serum albumin, Sigma) for 1 h at 378C and

washed three more times. Culture supernatants or cytokine

standards (100 m l/well) were added to duplicate wells and

incubated at room temperature for 3 h. After washing four times,

100 m l/well of biotinylated capture antibody (diluted in PBS) was

added and incubated for 1 h at room temperature. Plates were

washed six times, avidin-labelled horseradish peroxidase (1 mg/

ml, Sigma) added for 30 min at room temperature and after a final

eight washes, plates were developed for 15 min at room

temperature with hydrogen peroxide as substrate and o-phenyle-

nediamine as chromagen. The reaction was stopped with 2 m

H2SO4 and absorbance read at 492 nm.

Antibody pairs for IL-10 and IFN-g , and all cytokine

standards, were obtained from Endogen, Woburn, MA, USA.

The anti-IL-12 antibody pair was obtained from R&D systems.

Coating antibodies for IL-10 and IFN-g were used at 2 mg/ml,

coating antibody for IL-12p40 was used at 4 mg/ml. Biotinylated

antibody to IL-10 and IFN-g were used at 0´05 mg/ml, antibody

to IL-12p40 was used at 0´3 mg/ml.

Cytokine concentrations were calculated from standard curves

using best-fit formulae. The lower limit of detection (LLD) was

defined as 2 s.d. above the mean of the negative control (culture

medium alone). Limited volumes of culture supernatants pre-

cluded the evaluation of additional cytokines.

Statistical methods

Differences between groups were assessed by Student's t-test on

log-transformed data. Differences in response to different

treatments within a group were assessed by paired t-tests

comparing treated and control cells from the same donors. For

antigen-specific responses, where background or uRBC values

were subtracted and thus some negative values were obtained, the

non-parametric Mann±Whitney U-test was used.

RESULTS

Donors were selected solely on the basis of their previous

exposure to malaria, as determined by lifelong residence in a non-

endemic country or in an area of low or high endemicity in Ghana.

Accordingly, the three groups of donors were clearly distinguish-

able on the basis of their clinical history, malaria infection rates

and serological responses to soluble malaria antigens (Table 1).

The naive donors had no previous history of malaria infection and

antibody levels were within the normal range defined by

nonimmune sera. The majority of the low endemicity donors

reported a clinical malaria infection (confirmed by microscopy

and treated with antimalarial drugs) within the last 5 years. Only

one of the donors had a subclinical malaria infection at the time of

blood sampling. Several donors had antimalarial antibody levels

below the cut-off level defined by non-immune sera and the mean

antibody titre was only 41% of the hyperimmune control serum.

By contrast, in the high endemicity group, only one donor

reported a confirmed clinical malaria attack in the past 5 years,

eight donors were subclinically infected at the time of sampling

(two detected by blood film and six by PCR), all donors were

seropositive and mean antibody titres were 87% of the

hyperimmune control.

Lymphoproliferative responses

Proliferative responses were assessed after 3, 5 and 7 days. Cells

from all donors proliferated strongly to PHA, showing that cells

were viable (data not shown). In all three groups, the geometric

mean SI for PfSE/uRBC increased steadily with time. Mean cpm

values for the response to PfSE were consistently highest in cells

from naive donors and lowest in cells from high endemicity

donors but, due to the large variation within each group, these

differences were not statistically significant (Fig. 1). Similarly,

there was no significant difference in the mean SI between the

groups (t � 1´62, P � 0´05). Cells from all naive and exposed

donors made a significant lymphoproliferative response to PfSE

(SI � 2´5) at day 7 but cells from two of the high-endemicity

donors failed to proliferate (Table 2). One noticeable difference

between the groups was that responses appeared slightly earlier in

the low endemicity group than in the other two groups (cells from

13/19 donors gave an SI $ 2´5 at day 2 compared to 6/19 naives

and 8/18 high endemicity donors).

IFN-g production

IFN-g in cell supernatants was measured after 2, 4 and 6 days

(Fig. 2). For naive donors, IFN-g levels in cultures stimulated

Table 1. Details of blood donors

Naive (UK)

Low-

endemicity

(Accra)

High-

endemicity

(Dodowa)

N 19 20 20

Age range (years) 20±41 21±60 30±47

Pf blood film 1 (%) 0 (0%) 0 (0%) 2 (10%)

Pf PCR 1 (%) 0 (0%) 1 (5%) 6 (30%)

Antibody 1 (%) 0 (0%) 13 (68%) 20 (100%)

Mean antibody* (SEM) 5 (4) 41 (6) 87 (8)

Range 4±8 13±101 24±143

Confirmed clinical malaria

in the last 5 years? (%)

0 (0%) 14 (70%) 1 (5%)

*Individual antibody OD values are expressed as a percentage of the

value of a high titre pool of malaria immune serum from African donors.
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with PfSE rose steadily over time. IFN-g levels in PfSE cultures

were significantly higher than in uRBC cultures on days 4 and 6

(paired t $ , d.f. � 18, P , 0´002). For low-endemicity donors,

PfSE-specific IFN-g levels rose to a mean of . 900 pg/ml at

6 days, were significantly higher than in uRBC-stimulated

cultures on days 2, 4 and 6 (paired t $ 3´46, d.f. $ 17

P , 0´003 on all days) and were significantly higher than for

naive donors at both 4 and 6 days (Mann±Whitney U � 253,

d.f. � 35, P , 0´001). By contrast, for high-endemicity donors,

geometric mean IFN-g levels increased only marginally over

time. Malaria-specific IFN-g levels were significantly lower in

high-endemicity donors than in either the naive or the low-

endemicity group at both day 4 and day 6 (Mann±Whitney U,

W . 230, d.f. . 29, P , 0´008 at day 4, P , 0´001 at day 6).

In addition, the proportion of donors making a positive IFN-g
response to PfSE at one or more time points was statistically

higher among naive and low-endemicity donors than among high-

endemicity donors (Table 2, x2 � 22´43, P , 0´001).

IL-12 production

IL-12 p40 was measured by ELISA in days 1, 2, 4, 6 and 8

supernatants of PfSE-stimulated cultures; levels peaked at day 2

but were low (, 100 pg/ml) in cells from all groups of donors.

Individual donors were classified as responders if PfSE-induced

IL-12 was at least 20 pg/ml greater than uRBC-induced IL-12.

Using this definition, 11% of naive donors were responders but

45% of low-endemicity and 35% of high-endemicity donors

responded (Table 2). The difference in the number of responders

between the naive and low-endemicity groups is statistically

significant (x2 � 5´29, d.f. � 1, P , 0´025).

IL-10 production

To determine whether differences in anti-inflammatory cytokine

production might explain either the down-regulation of the IFN-

g response in high-endemicity donors or the ability of low-

endemicity individuals to avoid severe consequences of malaria

despite making a strong pro-inflammatory response, we

measured levels of the anti-inflammatory cytokine IL-10 in

cell supernatants. Overall, levels of malaria-specific IL-10 were

extremely low in all cultures on all days (, 60 pg/ml in all

cultures from all donors). There were no significant differences

between the three groups in mean IL-10 levels (data not

shown).

Correlations between immune parameters

It is now well recognized that the absolute concentrations of

particular cytokines may be less important indicators of the

outcome of infection than the relative amounts of different

cytokines. We have therefore looked to see whether certain

immune parameters are correlated with each other and looked at

the ratios of different cytokines in different donor groups. In all

three donor groups there was a highly significant correlation

Fig. 1. Lymphoproliferative responses to PfSE by PBMC from malaria-

naive (X), low-endemicity (A) and high-endemicity (O) donors. (a)

Geometric mean cpm, 95% CI; (b) geometric mean SI values, 95% CI.

Data are displayed on a logarithmic scale.

Table 2. Percentage of donors whose PBMC proliferate and secrete

cytokines in response to re-stimulation in vitro by malaria antigens

Proliferation* IFNg² IL-12³

Naive

n 19/19 14/19 2/18

% 100 74 11

Low endemicity

n 19/19 19/20 9/20

% 100 95 45

High endemicity

n 18/20 5/20 7/20

% 90 25 35

*Responder: SI (PfSE/uRBC) � 2´5. ²Responder: PfSE-induced IFNg
at least two-fold higher than uRBC-induced IFNg . ³Responder: PfSE-

induced IL-12 at least 20 pg/ml higher than uRBC-induced IL-12.
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Fig. 2. IFN-g production (pg/ml) in response to PfSE by PBMC from

malaria-naive (X), low-endemicity (A) and high-endemicity (O) donors.

Geometric mean, PfSE-specific (PfSE-uRBC) IFN-g , upper 95% CI; for

clarity not all CI shown. Data are displayed on a logarithmic scale.
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between lymphoproliferative responses and IFN-g production

(Fig. 3) suggesting that proliferating cells are the major source of

IFN-g , even though the amount of IFN-g being produced varied

from group to group. Ratios of IFN-g to IL-12, IL-12 to IL-10 and

IFN-g to IL-10 have been calculated (Table 3). Ratios of IFN-g to

IL-12 were 6±10-fold higher in low-endemicity donors than in

either of the other groups, suggesting that high levels of IFN-g in

this group do not require similarly high levels of IL-12. The very

high ratio of IFN-g to IL-10 in low-endemicity donors was due

wholly to the high IFN-g levels in this group.

Effect of IL-12 neutralization on IFN-g production

Addition of anti-IL-12 or control isotype-matched IgG, had no

significant effect on lymphoproliferative responses (data not

shown), but led to reduced IFN-g production in all groups of

donors. In the presence of neutralizing antibody to IL-12, IFN-g
production by cells from naive donors was reduced to background

levels (Fig. 4a), indicating that IFN-g production from naive cells

is IL-12-dependent. Differences in IFN-g production between

anti-IL-12 treated and control cultures of individual donors were
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Fig. 3. Correlation between lymphoproliferative and IFNg responses to

PfSE in (a) naive, (b) low-endemicity and (c) high-endemicity donors.

Data points from all time points (2, 4 and 6 days) are included. Data are

displayed on logarithmic scales.

Table 3. Cytokine ratios* (^ SE)

Cytokine ratio Naive Low-endemicity High-endemicity

IFN-g : IL-12 1´55 ^ 0´42 9´41 ^ 2´45 0´66 ^ 0´21

IFN-g : IL-10 5´81 ^ 1´74 30´9 ^ 7´94 2´41 ^ 0´60

IL-12: IL-10 3´48 ^ 0´27 5´19 ^ 1´47 4´92 ^ 0´44

*(pg/ml cytokine A/pg/ml cytokine B).
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Fig. 4. Effect of neutralizing antibodies to IL-12 (5 mg/ml) on PfSE-

induced IFN-g production (pg/ml) from PBMC from (a) naive, (b) low-

endemicity and (c) high-endemicity donors. (Mean, upper 95% CI). A,

Cultures with control IgG (5 mg/ml); O, cultures with anti-IL-12 antibody

(5 mg/ml).
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statistically significant on days 2, 4 and 6, although the effect was

most marked at day 6 (paired t � 3´05, d.f. � 13, P � 0´009).

Cells from low-endemicity donors produced much higher levels of

IFN-g than cells from naive donors and in the presence of anti-IL-

12, IFN-g levels were also significantly reduced at all time points

(paired t $ 3´41, d.f. � 19, P # 0´003 on all days) (Fig. 4b).

However, anti-IL-12 did not completely inhibit IFN-g production

and at day 6 IFN-g levels were still significantly higher than in

unstimulated cultures (t � 5´2, d.f. � 16, P , 0´001) or in PfSE-

stimulated cultures of naive cells (t � 4´56, d.f. � 32,

P , 0´001). Cells from high endemicity donors made very little

IFN-g ; nevertheless, the addition of anti-IL-12 reduced IFN-g
levels to background values and the difference between control

and anti-IL-12 cultures was significant at day 6 (paired t � 2´18,

d.f. � 19, P � 0´042) (Fig. 4c).

DISCUSSION

The clinical symptoms of malaria are related to the presence of

circulating pro-inflammatory cytokines such as TNF-a [1] but the

risk of clinical disease also increases with increasing parasite

density [33]. It is therefore not clear whether the acquisition of

clinical immunity is due simply to the development of

antiparasitic mechanisms, which keep parasite densities below a

critical threshold or whether the ability to regulate inflammatory

cytokine production is also involved. One piece of clinical

evidence that points to the importance of the latter is that parasite

densities which are well tolerated by immune individuals can be

accompanied by severe febrile symptoms in non-immune subjects

[33].

For many years it was believed that glycophospholipid

components of the parasite, derived possibly from the membrane

anchors of surface antigens [34], directly induced macrophages to

secrete TNF-a [35,36] but the notion that this is sufficient to

mediate the pathology of malaria has recently been questioned

[37]. We have postulated that IFN-g is required to induce

sufficiently high levels of inflammatory mediators to cause

disease and that the ability to down-regulate IFN-g production

(or its effects) may be a prerequisite for clinical immunity [1]. To

date, this hypothesis is supported only by two small studies

showing that levels of malaria-induced IFN-g are lower in African

adults than in European adults living in Africa [38,39].

In this study, we have directly addressed the relationship

between clinical immunity to malaria and the tendency of PBMCs

to produce either pro-inflammatory or anti-inflammatory cyto-

kines in response to stimulation with a crude preparation of

malaria antigens ± an antigen preparation which we believe

closely represents the pool of circulating antigen released into the

peripheral circulation at the time of schizont rupture. The

selection of peripheral blood as the source of leucocytes is

dictated by practical constraints but has been validated in many

previous studies: although malaria-reactive T cells tend to

disappear from the peripheral circulation during an acute infection

(probably migrating to the spleen and liver) they are released back

into the periphery upon resolution of the infection [40] and it is

thus realistic to assume that, in healthy individuals, the peripheral

T cell population is representative of the total malaria-reactive T

cell pool.

Subjects were allocated to naive, low-endemicity or high-

endemicity groups according to objective criteria agreed prior to

commencement of the study and before any laboratory analyses

were performed. Retrospective analysis of malaria infection rates

and antimalarial antibody levels confirmed our allocation of

individuals to appropriate groups. Selection of an appropriate

naive (unexposed) control group for such studies is fraught with

difficulties. Malaria is highly endemic in Ghana and even in areas

of low transmission (such as urban and periurban areas)

unexposed adults are impossible to find. As lack of prior exposure

to malaria was our crucial criterion for the control group, we chose

controls who we were certain had never been infected with

malaria. However, given that there are many other differences

between the control and the malaria-exposed individuals, it was

important also to compare responses of Ghanaians with very

different long-term exposure to malaria.

The only marked differences in cellular immune responses

between the groups were in the amounts of IFNg produced

following in vitro stimulation with PfSE, with highly statistically

significant differences being observed between all three groups.

The low mean levels of IFN-g production by cells from high-

endemicity donors (who are assumed to have a high degree of

clinical immunity to malaria), and the complete lack of malaria-

induced IFN-g production by 75% of these donors, strongly

supports the hypothesis that clinical immunity to malaria is

accompanied by down-regulation of the pro-inflammatory

immune response.

The lack of detectable cytokine production in response to

PfSE in immune individuals does not appear to be due to T cell

anergy; PBMC from immune individuals proliferated in response

to PfSE, although perhaps not quite to the same extent as cells

from other donors. In fact, no major difference was seen between

the groups in terms of their lymphoproliferative responses to crude

malaria schizont antigens; this confirms previous findings from

our own work and that of other groups [38,39]. However, it is

possible that the phenotype of the proliferating cells differs

between the three groups; preliminary analysis of flow cytometric

data indicates that proliferating cells in naõÈve donors are

predominantly CD41 T cells while B cells and CD81 T cells

are also proliferating in cultures from malaria exposed donors

(M.S.M. Rhee, unpublished data). It remains to be seen whether

proliferating cells in exposed donors produce other cytokines

which may down-regulate inflammatory responses.

Cells from naive donors produced moderate levels of IFN-g ,

commensurate with the known risk of non-immune adults

developing clinical malaria during their first infection. The IFN-

g response appeared to be strongly IL-12 dependent, suggesting

that NK cells may be a source of IFN-g in these donors. Previous

studies in naive donors have shown that PfSE activates mainly

CD31 TCRab1 cells, but that gd1 T cells can also be activated

under certain circumstances and that both populations can

produce IFN-g [41±44]. The ab T cells are believed to have

been primed by cross-reacting antigens present in a number of

commensal organisms and common pathogens [45], whereas gd
T cells recognize phosphorylated nonprotein antigens [46].

Activation of NK cells during malaria infection has also been

observed [47] and recent data from our own laboratory confirms

that NK cells from malaria-naive donors produce IFN-g in

response to malaria antigen stimulation (Artavanis-Tsakonas and

Riley, in preparation).

Interestingly, cells from low-endemicity donors produced very

much higher levels of IFN-g than naive donors; the IFN-g
response was only partly inhibited by anti-IL-12 antibodies. One

explanation for this is that malaria-exposed donors possess an
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additional population of IFN-g-producing T cells which do not

require IL-12. These cells may be specifically primed by malaria

antigens rather than cross-reacting antigens. Despite producing

very high levels of IFN-g in response to malaria antigens, exposed

donors are not expected to be at any greater risk of severe malaria

than naive donors and their risk may indeed be lower. This

suggests that the downstream effects of IFN-g production ± for

example induction of TNF-a ± may be being inhibited to avert

serious pathology.

The mechanisms by which IFN-g and its down-stream effects

are regulated are not clear. Direct antagonism of IFN-g by IL-10

seems unlikely, given that levels of IL-10 were scarcely above

background levels in all groups, although IL-10 neutralization

studies would be required to confirm whether this cytokine can

affect IFN-g secretion. In malaria patients plasma levels of IL-10

seem to correlate with clinical severity, being higher in severe

malaria cases than in mild cases; however, levels are approxi-

mately normal in children with asymptomatic infections, suggest-

ing that IL-10 may not be a key mediator in down-regulating the

inflammatory response [48±50].

Other cytokines, such as TGF-b , may, however, play a role.

We have recently shown a causal association between low TGF-b
levels and severity of malaria in mice [15] and the plasma of acute

P. falciparum patients contains lower than normal levels of

circulating TGF-b [51]. n mouse malaria, TGF-b inhibits TNF-a
production without any significant effect on IFN-g levels,

suggesting that TGF-b may modify the down-stream conse-

quences of IFN-g production [15]. Alternatively, TGF-b might

down-regulate IL-12-mediated IFN-g induction by inhibiting

expression of the IL-12 receptor on T cells [52].

In summary, we have shown that there is a strong association

between IFN-g production by PBMC in response to malaria

antigen stimulation and the immune status of the donor.

Specifically, PBMC from heavily exposed individuals, who are

able to resolve malaria infections without developing clinical

disease, produce negligible levels of IFN-g in response to

stimulation by a crude malaria antigen preparation. This does

not necessarily mean that IFN-g has no role to play in protective

immunity to malaria, but implies that the production of IFN-g is

strictly regulated (possibly limited to certain defined subsets of

cells residing in specific organs) in order to prevent disease. By

contrast, cells from non-immune individuals produce moderate

levels of IFN-g in an IL-12-dependent manner. Intriguingly, the

highest levels of IFN-g were observed in donors with low levels

of prior exposure to malaria who develop clinical symptoms of

infection but are at relatively low risk of severe disease,

suggesting that the down-stream effects of IFN-g may be

carefully controlled in such individuals. These observations, in

human cells exposed to P. falciparum antigens, thus strongly

support the working model of antimalarial immunity developed

from studies of rodent malarias [4±6,8±10]. Further studies are

required to elucidate the mechanisms by which IFN-g production

is down-regulated in malaria-immune individuals and how the

effects of IFN-g are regulated in semi-immune donors.
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