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Plasma levels of pro- and anti-inflammatory cytokines of Plasmodium falciparum-infected patients with
severe malaria (SM; n562) and uncomplicated malaria (UM; n569) from Sri Lanka were assessed. SM
patients had significantly higher levels of TNF-alpha (P,0.01), IL-6 (P,0.01), and IL-10 (P,0.05)
compared to the UM patients. Plasma IL-2 levels of these patients were undetectable. TNF-alpha levels of a
third group of patients with uncomplicated P. falciparum malaria, who were recruited during their fever
episodes (UMF; n514) were significantly higher than those of the UM patients (P,0.001) and comparable
to SM patients. Plasma IFN-gamma levels of SM patients were higher compared to UM patients, but was
not statistically significant. Body temperature in both SM and UMF groups were significantly higher
compared to UM group, whereas percentages of parasitemia in all three groups were comparable.
Analysis of plasma TNF-alpha levels and the ratio of TNF-alpha/IL-10 in UM (n534) and SM (n534) patients
carrying TNF1 and TNF2 allelic types showed that SM patients carrying TNF2 had significantly higher TNF-
alpha levels as well as TNF-alpha/IL-10 ratio compared to UM patients carrying TNF1, UM patients carrying
TNF2 and SM patients carrying TNF1 (P,0.05). These results suggest that the high circulating TNF-alpha
levels and the inadequate IL-10 response in the SM patients carrying TNF2 allele could have contributed to
the development of severe falciparum malarial disease.
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Introduction
Plasmodium falciparum malaria is a major cause of

morbidity and responsible for over one million deaths

annually among children under 5 years of age in sub-

Saharan Africa.1 The spectrum of disease prevalent

differs in geographical areas; cerebral malaria and

severe anemia is more common in Africa2 and

multiple organ dysfunction is reported to be more

prevalent in Asia.3 Both host and parasite determi-

nants were attributed to severe malarial disease.4–6

Several studies have shown the involvement of pro-

inflammatory cytokines in pathogenesis of severe

falciparum malaria where high plasma TNF-alpha,

IL-1beta, IL-6, IL-10, and IFN-gamma levels were

associated with severe disease.7–10 Cerebral malaria

patients were shown to have high TNF-alpha levels,7

whereas severely anemic children had low TNF-alpha

levels comparable to that of mild malaria.11 Even

though TNF-alpha and other pro-inflammatory

cytokines protect the host against asexual blood

stages of malaria parasite, excessive levels of TNF-

alpha was associated with cerebral malaria and

death.7,12 T cell studies however, have shown that

mounting a rapid TNF-alpha and IL-2 response may

protect against severe disease and reinfection.13

Parasite strain variation14 as well as allelic poly-

morphism of TNF promoter region through its

transcriptional activation15 contributes to induction

of high TNF response.16 Further, associations have

been shown with the homozygocity for TNF-308A

(TNF2) allele with cerebral malaria,17 TNF-238A
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allele with severe malarial anemia,12 and TNF-308GA

heterozygous (TNF1/2) state with severe falciparum

malaria.18 Polymorphisms in other cytokine genes

such as IFN-gamma, IL-1, IL-10, and IL-12 have been

associated with disease severity.4 IL-10 is an anti-

inflammatory cytokine with immunosuppressive prop-

erties that inhibits production of pro-inflammatory

cytokines such as TNF-alpha, IL-1beta, IL-6, IFN-

gamma, and IL-12; both in vivo and in vitro studies

have shown that IL-10 counter regulates the pro-

inflammatory responses, to P. falciparum19,20 and in

sepsis.21 The overall magnitude of the cytokine

response and the eventual balance between pro- and

anti- inflammatory cytokines was shown to be critical

for determining severity of disease and its outcome.8,22

In this study, we measured plasma TNF-alpha, IL-

2, IL-6, IFN-gamma, and IL-10 levels in severe (SM)

and uncomplicated (UM) P. falciparum malaria

patients in Sri Lanka. TNF-alpha and IL-10 levels

were also assessed in a separate group of uncompli-

cated P. falciparum malaria patients with fever

(UMF) at the time of diagnosis and recruitment. In

addition, TNF-alpha/IL-10 ratio of the above three

groups of patients were compared to examine the

balance between pro- and anti-inflammatory cyto-

kines. TNF allelic types of a subgroup of UM and

SM patients were analyzed to investigate the associa-

tion of TNF allelic types on TNF-alpha levels and

TNF-alpha/IL-10 ratios of each disease category.

Patients and Methods
Patients
The present study was a part of a research pro-

gramme on pathogenesis of malaria conducted at the

Malaria Research Unit, Faculty of Medicine,

University of Colombo.18,23–25 Of the P. falciparum-

infected patients admitted to the National Hospital of

Sri Lanka in Colombo, the Lady Ridgeway Hospital

for children in Colombo, and the General Hospital of

Anuradhapura in the North Central Province of Sri

Lanka over a 3-year period,24 145 patients were

selected for this study on plasma cytokine levels.

Clinical categorization was performed according to

the criteria described by Warrell et al.26 The inclusion

and exclusion criteria described in Pathirana et al.24

were applicable to this study, i.e. patients with

confirmed diagnosis of P. falciparum malaria were

included and those who had anti-malarial treatment

12 hours before microscopic confirmation of P.

falciparum malaria infection and co-infection with

P. vivax were excluded. In addition, plasma samples

from patients who had more than 15 days of

symptoms were excluded and age-sex matched

samples were selected for the two study groups.

This included 69 uncomplicated malaria (UM) and 62

severe malaria (SM) patients. During this study

period, plasma samples were obtained from 14

uncomplicated P. falciparum malaria patients having

a fever episode (body temperature .37.7uC) at the

time of diagnosis and sample collection. These

patients were clinically characterized and included

as a third patient group, referred to as UMF patients.

The SM group of patients in this study included 10%

with cerebral malaria, 6% with severe anemia, and

others (84%) with hepatic, renal, and/or pulmonary

dysfunction. All SM patients recovered from the

disease without any sequellae except for one patient

in whom it was fatal. In all UM patients, the intensity

of clinical symptoms was evaluated using a previously

validated scoring system.27 A complete past history

was obtained from all patients and the body

temperature was measured with a digital thermo-

meter. The patients in the three study groups (UM,

UMF, and SM) had comparable parasitemias (per-

centage of erythrocytes infected) and duration of

symptoms (Table 1). All three study groups com-

prised both children (1–15 years) and adults. The

parasitemias and body temperatures of children and

adults within each of these three groups were

comparable and therefore, they were considered

together for comparison of plasma cytokine levels

in this study.

Informed consent was obtained from all the adult

patients enrolled and from the parents/guardians of

the children. The study protocol was approved by the

Ethics Review Committee of the Faculty of Medicine,

University of Colombo.

Cytokine assay
For cytokine measurement, plasma samples collected

from UM and SM P. falciparum patients during their

acute infections and in UMF patients, during fever

Table 1 Characterization of the P. falciparum malaria patient categories

Uncomplicated
malaria (UM)

Uncomplicated malaria
with fever (UMF)

Severe malaria
(SM)

No. of patients 69 14 62
Mean age, years, (range) 28.8 (1–68) 27.0 (9–47) 26.3 (1–81)
Days of symptoms, median (range) 7 (2–15) 8 (4–12) 6 (2–15)
Geometric mean parasitemia (*/SE)
(% of erythrocytes infected)

0.139 (*/0.123) 0.043 (*/0.216) 0.049 (*/0.639)

Temperature (uC), median, (range) 37.0 (36.2–37.7) 38.2* (37.8–39.2) 38.9* (36.7–40.8)

Note: *Temperature in SM and UMF groups were significantly higher compared to UM group (P,0.001, Mann–Whitney U test). All
other parameters in the three categories were comparable.
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episodes were used. Blood (5 ml) was drawn by

venepuncture into tubes containing 100 ml of

100 mM EDTA (Sigma, St Louis, MO, USA) as an

anticoagulant, and 100 ml of Aprotinin (Sigma) as a

protease inhibitor, which gave final concentrations of

2 mM and 0.5 TIU respectively. Blood was centri-

fuged at 800 g for 10 minutes, and plasma was

separated and were frozen in aliquots of 100 ml at

220uC until they were used for cytokine assays.

Plasma samples were tested for cytokine levels within

3 months of the sample collection.

Plasma TNF-alpha, IL-2, IL-6, IL-10, and IFN-

gamma levels were determined using Enzyme-linked

immunosorbant assay (ELISA) kits (CytoscreenTM;

Biosource International, Camarillo, CA, USA) fol-

lowing manufacturer’s instructions. Briefly, the

plasma samples were thawed immediately before the

experiment and specified volume of plasma, 100 ml

for TNF-alpha and IL-10, and 200 ml for IL-2, IL-6,

and IFN-gamma were added to the wells in the

ELISA plate. Recombinant cytokine standards pro-

vided with the kit were diluted using the dilution

buffer provided, to make standard cytokine solutions

of 1000 pg/ml and two-fold dilutions up to 1.9 pg/ml.

The ELISA was carried out in duplicate for both

cytokine standard solutions and plasma samples.

Absorbance was read at 450 nm using a microplate

reader (Bio-Tek, Winooski, VT, USA). Each plate

included a standard curve of recombinant cytokine

and known positive and negative controls. The levels

of cytokines in plasma samples were determined using

the standard curves plotted for each cytokine. The

lowest detection levels were 15, 2, 5, 1, and 4 pg/ml

for TNF-alpha, IL-2, IL-6, IL-10, and IFN-gamma,

respectively.

Allelic typing of TNF-alpha gene
Patient blood samples were collected into microvette

tubes (Sarsted, Numbrecht, Germany) and frozen at

220uC until they were used for extraction of host

DNA. DNA was extracted from patient’s blood using

standard phenol choloroform extraction method28

and typed for TNF-alpha gene alleles as described

previously.18 Briefly, a fragment of 519 bp from the

promoter region of the human TNF-alpha gene

which includes a single-base polymorphism at

2308, was amplified from the DNA samples by

PCR with oligonucleotide primers T1 and T2. The

TNF-alpha primer sequences were: T1, 59 CAA ACA

CAG GCC TCA GGA CTC 39; T2, 59 AGG GAG

CGT CTG CTG GCT G 39. The PCR amplified

products were probed with allele-specific oligonucleo-

tide probes by the Southern hybridization technique.

The sequences of these allele-specific oligonucleotide

probes were end-labeled with gamma32P, for TNF-1

allelic type, 59 AGG GGC ATG GGG ACG GG 39

and for TNF-2 allelic type, 59 AGG GGC ATG

AGG ACG GG 39.

Data analysis
Statistical analysis was done using SPSS Statistical

Software Package version 17 for Windows (SPSS

Inc., Chicago, IL, USA). Values are given as

mean6SEM if normally distributed. Non-parametric

data are represented either as geometric mean*/ SEM

or median and range/25th–75th percentiles. Compa-

forisons between cytokine levels of different patient

categories and the TNF-alpha/IL-10 ratio were made

by the linear univariate analysis with age correction.

Temperature was compared using Mann–Whitney U

test. Correlation analyses were performed using

Pearson and Spearman correlations for parametric

and non-parametric data, respectively. A P value of

,0.05 was considered statistically significant.

Results and Discussion
Plasma cytokine levels in uncomplicated and
severe P. falciparum malaria patients
Plasma TNF-alpha levels were significantly higher in

the SM group (12-fold) compared to that of the UM

group (median: 334.7 and 27.2 pg/ml, respectively;

P,0.001) (Fig. 1A). The third category of patients

(UMF) had much higher TNF-alpha levels (median

value: 414.5 pg/ml) which were significantly higher

(15-fold) than the UM group (P,0.001); however,

they were comparable to those of the SM group.

TNF-alpha levels in UM patients (median: 27.2 pg/ml)

were comparable to that of a non-malarial healthy

control groups of a previous study conducted in Sri

Lanka (median: 27.0 pg/ml)27 and in India (mean:

13.1 pg/ml).29

The levels of IL-10 observed in SM patients were

two times higher than that of UM patients (median:

102.2 and 43.8 pg/ml, respectively; P50.022) (Fig. 1B).

Unlike the increase in TNF-alpha, the IL-10 levels in

UMF patient group (median value: 51.2 pg/ml) was

comparable to that of the UM group. Both plasma IL-

6 and IFN-gamma levels were higher in the SM group

(mean6SE: 272.0624.5 and 74.2641.9 pg/ml, respec-

tively) compared to the UM group (mean6SE:

106.1616.1 and 12.963.2 pg/ml, respectively); how-

ever, the difference was statistically significant only for

IL-6 (P,0.001) (Fig. 2) but not for IFN-gamma (data

not shown). It is noteworthy that IFN-gamma levels

were measured for a subset of samples (11 and 12

plasma samples for SM and UM groups, respectively)

and the lack of significance may be partly due to the

small sample size. Both IL-10 and IFN-gamma levels

were shown to be elevated in P. falciparum-infected

patients compared to the normal controls as reported

previously where normal healthy controls had unde-

tectable levels of plasma IL-10 and IFN-gamma (,4

and ,1 pg/ml, respectively).30 There were no
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significant correlation between different cytokine levels

(IL-6, IL-10, TNF-alpha, and IFN-gamma) within

either UM or SM group. IL-2 levels were not

detectable in both SM and UM groups of patients

(,2 pg/ml). Although there were both children (age: 1–

15 years) and adults in all three study groups, their

cytokine levels within each group were comparable.

Percentage of parasitemia (asexual stages) at the

time of diagnosis in SM patients was lower than that

of the UM patients; however, it was not statistically

significant (geometric mean*/SE: 0.049*/0.639 and

0.139*/0.123, respectively; P50.062) (Table 1). Signi-

ficantly higher body temperatures were found in

both SM and UMF groups of patients compared to

those of the UM group (median: 38.9, 38.2, and

37.0uC, respectively; P,0.001) (Table 1). There was

no correlation between temperature and TNF-alpha

levels within the three patients groups (UM, SM, and

UMF) (P.0.05, Spearman correlation). However,

significant positive correlations between body tem-

perature and plasma TNF-alpha, IL-6, and IL-10

levels were observed considering all P. falciparum

patients in these three groups (r50.247, 0.288, and

0.307, respectively; P,0.05) and a marginal associa-

tion between IFN-gamma levels and body tempera-

ture. Further, within the UM group, the IL-6, IL-10,

and TNF-alpha levels of those who had no previous

malaria infections and those who had 1–10 past

infections were comparable.

Since the balance between pro- and anti-inflam-

matory cytokine responses is more important than a

single cytokine level, we analyzed the TNF-alpha/IL-

10 ratio of the SM and UM groups. As shown in

Fig. 3, the geometric mean of TNF-alpha/IL-10 ratio

in the SM patients was significantly higher compared

to the UM patients (P50.009). UMF patients also

showed a significantly higher TNF-alpha/IL-10 ratio

compared to the UM patients (P,0.001). No such

relationship was found in the IL-6/IL-10 ratios of the

three different patient groups.

Association between TNF-alpha allelic types and
plasma TNF-alpha levels in UM and SM P.
falciparum patients
DNA samples from a subgroup of age–gender

matched UM and SM patients (n534 from each

group) were used for TNF-alpha allelic typing to

investigate the possible association of TNF1 and

TNF2 allelic types with TNF-alpha levels of each

disease group. As shown for the total sample of

this study, SM subgroup of patients showed signifi-

cantly higher plasma TNF-alpha levels (mean6SE:

404.29665.48 pg/ml) compared to UM subgroup

Figure 2 Plasma IL-6 levels (pg/ml) in two P. falciparum

malaria patient categories, uncomplicated (UM) and severe

(SM). Horizontal bars represent the mean values. Plasma IL-6

levels of SM category are significantly high compared to

those of UM (P,0.001).

Figure 1 Plasma TNF-alpha (A) and IL-10 (B) levels (pg/ml) in three P. falciparum malaria patient categories, uncomplicated

(UM), uncomplicated fever (UMF), and severe (SM). Boxes represent 25th–75th percentiles, solid bar within boxes represent

median values, values within the bars represent non-outlier maximum and minimum, mild outlier (N), and extreme outlier (*).

Plasma TNF-alpha levels of both SM and UMF categories are significantly high compared to UM (P,0.001).
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(mean6SE: 45.1069.19 pg/ml; P,0.001). Further,

among these 68 patients, there was no significant

difference in the plasma TNF-alpha levels of the

homozygous TNF1 (2308GG; n531) individuals

(mean6SE: 149.35644.09 pg/ml) compared to those

carrying the 2308A allele (including 2308GA and

2308AA; referred to as TNF2; n537) (mean6SE:

287.83661.06 pg/ml; P50.580) showing the lack of

any direct relationship between TNF-alpha levels and

the host TNF allelic type. Further, the present study

did not show an association between the hetero-

zygocity for TNF2 allele with severe disease (P50.81)

as reported previously;18 however, these data were

consistent with the findings of a subsequent study

including a larger sample size.31

TNF-alpha levels of the UM and SM subgroups of

patients categorized according to their TNF1 and

TNF2 types allelic types are depicted in Fig. 4. In-

dividuals carrying TNF1 and TNF2 allele who had

UM infections had comparable plasma TNF-alpha

levels (mean6SE: 63.0617.6 and 26.966.2 pg/ml,

respectively; P50.051). However, within the SM

group, individuals carrying TNF2 allele had signifi-

cantly higher circulating TNF-alpha levels compared

to individuals carrying TNF1 (mean6SE: 533.7687.1

and 240.4 6 84.4 pg/ml, respectively; P50.024), refle-

fcting a significant association between TNF2 and

higher circulating TNF-alpha levels in patients who

developed severe falciparum malaria. Further, the two

subgroups of SM patients carrying TNF1 and TNF2

showed significantly higher plasma TNF-alpha levels

compared to the UM patients carrying TNF1

(P50.043) and TNF2 (P50.001), respectively, which

suggest the possible influence of other factors such as

parasite strain variation in the SM group that may

contribute higher circulating TNF-alpha levels. This

was further corroborated by the significantly high

circulating TNF-alpha levels in TNF2-SM patients

compared to TNF2-UM patients (P,0.001).

Association between TNF-alpha allelic types and
ratio of TNF-alpha/IL-10 in UM and SM P.
falciparum patients
The significant differences observed for circulating

TNF-alpha levels among the four subgroups (TNF1-

UM, TNF2-UM, TNF1-SM, and TNF2-SM) were

also reflected in the comparison of TNF-alpha/IL-10

ratio in these four subgroups. SM patients carrying

TNF2 showed a significantly higher TNF-alpha/IL-

10 ratio compared to the first two subgroups, UM

patients carrying TNF1 (P50.026) and UM patients

carrying TNF2 (P50.005), and only marginally

significant compared to SM patients carrying TNF1

(P50.039) (Table 2). These results show that the SM

patients carrying TNF2 had not only the highest

circulating TNF-alpha levels but also inadequate IL-

10 responses which could have contributed to the

disease severity.

General Discussion
We have found significantly higher plasma levels of

TNF-alpha, IL-6, and IL-10 in P. falciparum-infected

patients who had severe malaria compared to those

of who had uncomplicated malaria infections.

Cytokine levels (TNF-alpha, IL-6, IFN-gamma, and

IL-10) of P. falciparum-infected patients in Sri Lanka

have not been reported previously. These findings are

consistent with the previous reports on higher

cytokine levels in severe/cerebral malaria patients,

from studies conducted in other malaria endemic

regions, i.e. the Gambia and Mali in Africa,

Madagascar, Gulf of Guinea, and Vietnam.7–9,32–34

Most of these studies had cerebral malaria patients as

well as severe, non-cerebral patients, who had

comparable cytokine levels, whereas the present

study had a majority of severe, non-cerebral patients.

In Gambia, the cerebral patients who had fatal

outcomes had higher TNF-alpha levels (269 pg/ml)7

which were comparable to those observed in SM

patients in the present study. The cerebral malaria

survivors had intermediate levels of TNF-alpha

(51 pg/ml). The mild malaria patients had the lowest

TNF-alpha levels (24 pg/ml), which were in the same

range as observed in the UM P. falciparum infection

in the present study.

The present study supports the hypothesis that

excessive pro-inflammatory cytokines such as TNF-

alpha and IL-6 production may contribute to the

pathogenesis of severe malaria. Parasite-derived

‘toxins’ induce cytokine production resulting in

increased cytokine levels locally, in tissues of vital

organs which would upregulate the expression of

Figure 3 Log TNF-alpha/IL-10 ratio in UM and SM P.

falciparum malaria patient categories. Horizontal bars repre-

sent the mean values. TNF-alpha/IL-10 ratios of both SM and

UMF categories are significantly high compared to UM

(P50.009 and P,0.001).
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endothelial receptors.35 This in turn leads to

increased parasite adherence and subsequent micro-

vascular obstruction, decreasing oxygen delivery,

and/or possibly the release of NO from the endothe-

lium which may ultimately contribute to the patho-

genesis. However, recent study has shown that low

nitric oxide bioavailability in fact contributes to the

genesis of cerebral malaria in mice36 and the exact

role of cytokine network in malaria pathogenesis

remains to be further elucidated.

One important observation in this study was the

high TNF-alpha levels in uncomplicated P. falci-

parum patients experiencing fever, chills, and rigors

(UMF) during the time of sample collection com-

pared to the samples collected from other UM

patients during acute infection, in between parox-

ysms. The TNF-alpha levels in these UMF group of

patients were comparable to the high TNF-alpha

levels observed in SM patients. Since there is a

positive correlation between TNF-alpha levels and

body temperature as shown in the present study, the

TNF-alpha levels of UMF patients can be expected

to decline to lower levels with the decrease in body

temperature. A rapid decrease in the high levels of

cytokines from the blood, almost immediately after

the paroxysm, has been reported earlier in P. vivax

malaria.37 During fever paroxysms in P. vivax

patients, the absolute levels of TNF-alpha were

highly variable among the patients ranging at peak

from 100 to 3000 pg/ml37 and were comparable to

TNF-alpha concentrations observed in P. falciparum

patients from 172 to 1526 pg/ml.38,39 It is question-

able that why these higher levels of cytokines

observed in P. vivax patients, do not induce severe

disease as in P. falciparum patients. This may be

explained by several biological differences between

the two species. In particular, P. falciparum mature

forms of parasitized red blood cells are not present in

the peripheral circulation as they are sequestered in

vessels of internal organs and thus, giving rise to

much increased cytokine levels locally causing a

cytokine imbalance, in the internal organs, as

opposed to the cytokine levels detected in peripheral

circulation, as in P. vivax infections.

Several studies have indicated that TNF-alpha is a

critical mediator of malarial fever both in P. vivax

and P. falciparum.37,40 TNF-alpha is released in

intermittent bursts that coincide with the schizont

rupture37,41 and in addition, IL-6 is shown to have

pyrogenic properties.40 The significantly high body

temperatures observed in the SM group compared to

UM group is thus consistent with the higher levels of

pyrogenic cytokines (IL-6 and TNF-alpha) in SM

patients. Although a direct association between body

temperature and cytokine levels was not apparent in

either SM or UM group, there were significant

positive correlations between body temperature and

plasma TNF-alpha, IL-6, and IL-10 levels, consider-

ing both SM and UM P. falciparum patients and a

marginal association between IFN-gamma levels and

body temperature.

High levels of IL-10 observed in the present study

and others8 may suggest either a beneficial role of IL-

10 by reducing the parasite-induced inflammatory

response, or a detrimental one by decreasing cellular

immune responses. As reported earlier, IL-10 is an

inhibitor of activated macrophages; this involves the

homeostatic control of the innate immune reaction

and cell-mediated immunity.42 Moreover, exogenous

IL-10 had been shown to inhibit malarial antigen

Table 2 Comparison of TNF-alpha and IL-10 ratios of UM and SM P. falciparum malaria patients carrying TNF1 and TNF2
alleles

Patient category TNF allelic type (n) TNF-alpha/IL-10 ratio, median (interquartile range) Significance (P)*

UM TNF1 (16) 0.59 (0.295–0.938) 0.026
UM TNF2 (18) 0.28 (0.098–1.669) 0.005
SM TNF1 (15) 0.31 (0.138–3.075) 0.039
SM TNF2 (19) 4.39 (0.628–19.756) …

Note: *Compared to SM patients carrying TNF2 allele (Mann–Whitney U test).

Figure 4 Plasma TNF-alpha levels in UM (n534) and SM

(n534) P. falciparum malaria patient categories carrying

TNF1 and TNF2 allelic types. TNF1: patients who are

homozygous for TNF1 allele (2308GG; n531) and TNF2:

patients carrying the TNF2 (2308A) allele including hetero-

zygous (2308GA) and homozygous (2308AA), n537. The

four subgroups included 16, 18, 15, and 19 patients for TNF1-

UM, TNF2-UM, TNF1-SM, and TNF2-SM groups, respectively.
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induced production of cytokines by peripheral blood

mononuclear cells (PBMC), such as TNF-alpha, IL-

1beta, and IL-6.43 Further, addition of anti-IL-10

antibodies markedly enhanced the production of

these cytokines and this effect was significantly

greater on PBMC from patients with uncomplicated

P. falciparum infections than PBMC from patients

with severe disease.43 These findings suggested

that IL-10 counter-regulates the pro-inflammatory

response to P. falciparum and that severe falciparum

malaria may be associated with an inadequate

negative feedback response by IL-10.43 The lack of

negative feedback was apparent from the IL-10 and

TNF-alpha data from the present study, i.e. though

the circulating IL-10 levels in SM group were two-

fold higher compared to UM group, a proportionate

decrease in TNF-alpha levels was not apparent in SM

group; instead, the circulating TNF-alpha levels were

12-fold higher compared to UM group. This was

further evident by the higher ratio of TNF-alpha/

IL-10 in SM group compared to UM group in the

present study. The UMF group had even higher ratio

of TNF-alpha/IL-10 compared to both SM and UM

groups. However, the underlying mechanisms oper-

ating in UMF group may differ from that of the SM

group as SM patients had persistent fever for

.3 days during their infections.

Similar unbalanced pro-inflammatory responses

have been shown in other forms of severe falciparum

malaria. Studies conducted in Africa have shown

significant associations of low concentrations of

IL-1044,45 and higher ratio of TNF-alpha/IL-1044,46

in severe malarial anemia compared to other malarial

disease groups, suggesting that insufficient IL-10

response to high TNF concentrations may have a

role in development of severe malaria anemia.

Children with respiratory distress, a symptom under-

lying metabolic acidosis which identified as a major

risk factor for mortality in severe malaria in Africa,

have also been associated with significantly high ratio

of TNF-alpha/IL-10 than those without respiratory

distress.45 High ratios of pro- and anti-inflammatory

cytokines were also associated with increased risk of

fever in previous studies,47 which is consistent with

the finding of the present study where high ratio of

TNF-alpha/IL-10 was observed in UM patients with

fever at the time of recruitment.

Higher levels of parasitemia were observed in

uncomplicated P. falciparum infections compared to

the severe malaria infections. This is mainly because

32% of the SM patients had very low levels of

parasite densities in peripheral blood. One reason for

this could be that the parasites were sequestered in

deep vasculature having low or undetectable parasite

densities in the thick blood smears (negative thick

smears). P. falciparum infections in these patients

were diagnosed by dipstick test, which indicated

having P. falciparum HRP2 antigen in circulation. It

is unlikely that delay in receiving anti-malarial

treatment could have contributed to the difference

in parasite densities since both UM and SM groups

had comparable days of symptoms. Previous studies

have shown the anti-parasitic effects of TNF-alpha.7

However, no correlation was found with TNF-alpha

levels and parasitemia in patients of either UM or SM

groups in the present study. This may be due to the

fact that parasitemias were lower in P. falciparum

patients included and that an association was not

apparent (it may also be due to the fact that realistic

estimation of parasitemia is not possible in P.

falciparum due to sequestration). In the African

study, where much higher parasitemias were pre-

valent in mild and cerebral malaria patients, a

significant association between TNF-alpha levels on

patient’s parasitemia was observed.7 However, the

significant, negative correlation found between para-

sitemia with IL-6 and IFN-gamma levels in this

study, may suggest that these cytokines had anti-

parasitic effects (data not shown). This may occur

through a variety of different pathways: (1) macro-

phages and neutrophils stimulated in vitro with

TNF-alpha or IL-1, particularly in the presence of

IFN-gamma, show increased phagocytic ingestion of

P. falciparum-infected erythrocytes;48 and (2) these

pro-inflammatory cytokines stimulate macrophages

and neutrophils to produce free oxygen radicals

which are inhibitory for growth of P. falciparum in

vitro.49

Recent studies have shown that both parasite and

host genetic factors influence the ability to induce

TNF production by human monocytes. Apart from

the P. falciparum strain variation in TNF-inducing

activity,14 genetic factors were shown to influence

TNF-alpha levels and disease severity. The presence

of TNF2 allele (2308A) of the TNF-alpha promotor

gene which is known to increase TNF-alpha

transcription,50 either in its homologous status17 or

heterologous status,18 was shown to be associated in

cerebral and severe malaria, whereas 2238A was

shown to be associated with severe anemia.12 The

present study was a part of an overall study on

parasite and host genetic determinants of severe

falciparum malaria which included studies on human

host genetic factors and their association with

pathogenesis of P. falciparum malaria.31 Thus, the

analysis of TNF-alpha levels in relation to their host

genetic background was carried out considering

both the TNF allelic type and the disease category.

Interestingly, the two UM subgroups carrying TNF1

and TNF2 alleles did not show a difference in their

circulating TNF-alpha levels nor the ratio of TNF-

alpha/IL-10. The two SM groups carrying TNF1 and
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TNF2 alleles had significantly high circulating TNF-

alpha levels; however, the ratio of TNF-alpha/IL-10

was higher in SM TNF2 patient group. The SM

patients carrying either TNF1 or TNF2 alleles having

high circulating levels of TNF-alpha may reflect

distinct parasite strain variants that induce TNF-alpha

production regardless of the host genetic background.

However, the highest circulating TNF-alpha levels

and TNF-alpha/IL-10 ratio observed in SM patients

carrying TNF2 reflects that the combination of the

presence of TNF2 allele as well as an inadequate IL-

10 response could have contributed to the develop-

ment of severe falciparum malaria. Findings of the

present study on high TNF-alpha/IL-10 ratio in

severe patients are consistent with those conducted in

central Africa which has shown associations with

cerebral malaria and severe anemia.39 As previously

described for Sri Lanka,3 these complications are not

that common and the severe malaria group in the

present study included a mixture of severe malarial

complications. In addition to the findings associated

with mutation at 2308 position (TNF2), other

associations were observed with mutations at position

2238 of the TNF promoter regions.12 In contrast, a

recent study has shown lack of association between

2308 TNF polymorphism and susceptibility to CM in

Central Sudanese children.51 As TNF gene is located

in the MHC class III region, flanked by the MHC class

I and class II regions, certain linkages such as TNF

2238A allele and HLA B53 and HLA DR1*1302 have

also been reported.12 It is possible that observed

genetic associations arise from functional variations in

neighboring genes. These findings thus emphasize the

importance of TNF as a mediator, the inadequate IL-

10 response, and the genetic predispositions in the

pathogenesis of severe falciparum malaria.
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