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Abstract
Background: Plasmodium vivax malaria clinical outcomes are a consequence of the interaction of multiple parasite,
environmental and host factors. The host molecular and genetic determinants driving susceptibility to disease
severity in this infection are largely unknown. Here, a network analysis of large-scale data from a significant number
of individuals with different clinical presentations of P. vivax malaria was performed in an attempt to identify
patterns of association between various candidate biomarkers and the clinical outcomes.
Methods: A retrospective analysis of 530 individuals from the Brazilian Amazon, including P. vivax-infected
individuals who developed different clinical outcomes (148 asymptomatic malaria, 187 symptomatic malaria, 13
severe non-lethal malaria, and six severe lethal malaria) as well as 176 non-infected controls, was performed. Plasma
levels of liver transaminases, bilirubins, creatinine, fibrinogen, C-reactive protein, superoxide dismutase (SOD)-1,
haem oxygenase (HO)-1 and a panel composed by multiple cytokines and chemokines were measured and
compared between the different clinical groups using network analysis.
Results: Non-infected individuals displayed several statistically significant interactions in the networks, including
associations between the levels of IL-10 and IL-4 with the chemokine CXCL9. Individuals with asymptomatic malaria
displayed multiple significant interactions involving IL-4. Subjects with mild or severe non-lethal malaria displayed
substantial loss of interactions in the networks and TNF had significant associations more frequently with other
parameters. Cases of lethal P. vivax malaria infection were associated with significant interactions between TNF ALT,
HO-1 and SOD-1.
Conclusions: The findings imply that clinical immunity to P. vivax malaria is associated with multiple significant
interactions in the network, mostly involving IL-4, while lethality is linked to a systematic reduction of complexity of
these interactions and to an increase in connections between markers linked to haemolysis-induced damage.
Keywords: Malaria, Plasmodium vivax, Biomarkers, Network analysis

Background
The vast majority of human diseases do not result from
single molecular changes, and malaria is certainly
included in this group. Besides factors related to the
Plasmodium parasite itself, malaria is a consequence
of multiple host molecular and genetic alterations
compounded by environmental factors [1]. Most of the
studies in malaria immunopathogenesis are focused on
the identification of one or a small group of candidate
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molecules related to disease severity. The cytokine balance seems to influence malaria outcome, with TNF,
IFN-γ and IL-10 emerging as key players in both experimental models and in human observational studies
[2-6]. Recently, host factors associated with oxidative
stress, such as the enzymes superoxide dismutase 1
(SOD-1) and haem oxygenase (HO)-1, as well as
molecules that are linked to metabolic adaptation to iron
overload during malaria-triggered haemolysis, have been
identified as very potent biomarkers to distinguish
individuals developing more severe forms of vivax malaria [7-9]. However, the patterns of interaction between
these multiple factors within the clinical spectrum of
human malaria are largely unexplored. The situation is
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even worse concerning the infection caused by Plasmodium vivax, which has been relatively neglected for
many years and recently re-emerged as a potentially lethal disease [6,10-13].
The use of a comprehensive approach to exploring the
relationship between groups of molecules likely to be
related to the severity of the disease manifestations may
contribute to a better understanding of the patterns of
susceptibility to disease severity or disease tolerance. In
this study, network analysis of a large dataset from a significant number of individuals presenting with different
clinical manifestations of vivax malaria was performed in
an attempt to identify patterns of association between
various candidate biomarkers and the clinical outcomes.
The findings from this exploratory study demonstrate a
new level of complexity connecting several mediators
involved in the immunopathogenesis of vivax malaria.

Methods
Study design and participants

The present study is a retrospective analysis of a databank
containing clinical, epidemiological and immunological
data from 530 individuals from the Brazilian Amazon
(Rondônia, Brazil) recruited between 2006 and 2007, as
part of a project aimed at describing determinants of susceptibility to vivax malaria that was finalized on 2010. In
this project, both active and passive malaria case detection
were performed. These included home visits in areas of
high transmission (active case detection), and study of
individuals seeking care at the diagnostic centres of Brazilian National Foundation of Health (FUNASA) or in a municipal hospital in Buritis, Rondônia, Brazil (passive case
detection). Individuals of both sexes, ranging in age from
five to 70 years, who had resided in the endemic area for
more than six months, were invited to participate. The
details of the recruitment, diagnosis approach and clinical
definitions of asymptomatic infection or severe malaria
caused by P. vivax used in the project were published previously [6-9,14-17]. The exclusion criteria were as follows:
Plasmodium falciparum infection documented by both
microscopy and nested polymerase chain reaction (PCR),
documented viral hepatitis, chronic alcoholism, human
immunodeficiency virus type 1 infection, yellow fever,
leptospirosis, cancer and chronic degenerative diseases,
sickle cell trait and the use of hepatotoxic or immunosuppressant drugs. The malaria diagnosis was made in a
reference centre from the National Foundation of Health
in the endemic area and confirmed with nested PCR as
previously described [14,15,17]. Individuals without
symptoms were actively recruited in their residencies by
active search, mostly in remote riverine communities and
had thick blood smear samples and a small aliquot of
blood in EDTA tubes collected for diagnostic screening by
nested PCR. The diagnosis in those individuals was
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performed after the clinical visit and if a positive test for
malaria was found, a second visit within 30 days was
performed in order to search for appearance of malaria
symptoms. A new sample collection was made and a second round of diagnostic tests was performed. Subjects that
remained with positive nested PCR for Plasmodium within
this period of 30 days and presented no malaria-related
symptoms, such as fever (axillary temperature >37.8°C),
chills, sweats, myalgia, arthralgia, strong headaches, nausea, vomiting, jaundice, and severe asthenia during this
period were considered as asymptomatic malaria cases.
During the first clinical visit (previously to the results of
the diagnostic tests) all the asymptomatic individuals
received counselling and were oriented to seek for health
care in a malaria reference centre in case symptoms
appeared during the period between the 2 clinical visits.
After the second clinical visit, all the patients that had
positive malaria screening with microscopy and/or nested
PCR were treated following the treatment guidelines of
the Brazilian Ministry of Health. The plasma samples used
to assess the biomarkers were collected during the second
clinical visit, before the initiation of anti-malarial drugs.
Symptomatic individuals were promptly treated. Data
from a total of 530 individuals were analysed, and the
individuals were stratified into the following categories:
non-infected (n=176), asymptomatic vivax malaria
(n=148), symptomatic vivax malaria (n=187), severe nonlethal vivax malaria (n=13), and severe vivax malaria
associated with mortality (n=6). The plasma samples
obtained from patients with severe forms of malaria,
including the cases that eventually died during the follow
up were collected at the hospital admission and the
procedures are described elsewhere [6]. Demographic
characteristics of the study participants are shown in the
Table 1.
Ethics statement

Written informed consent was obtained from all participants or their legally responsible guardians, and all
clinical investigations were conducted according to the
principles expressed in the Declaration of Helsinki. The
project was approved by the institutional review board
of the Faculdade de Medicina, Faculdade São Lucas,
Rondônia, Brazil, where the study was performed.
Laboratory measurements

Several mediators were selected based on the assessment
of the overall inflammatory status and immune responses
in malaria. All the biomarkers that were measured in all
the patients, and were contained in the databank, were
included in the analysis and no pre-selection was done.
Plasma measurements of aspartate amino-transferase
(AST), alanine amino-transaminase (ALT), total bilirubin,
direct bilirubin, creatinine, fibrinogen and C-reactive
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Table 1 Demographic characteristics of the participants

Male (%)

Endemic
controls

Asymptomatic
malaria

Symptomatic
malaria

n=176

n=148

72 (40.9)

70 (47.3)

Severe malaria

P-value

Survivors

Deaths

n=187

n=13

n=6

93 (49.7)

7 (53.8)

3 (50.0)

Age - years

0.504
<0.001

Median
IQR

32

40

33

22

27

24-45

32-49

27-42

16-30

13-44

12.6

11.8

7.6

2.6

3

3.2-14.8

3.5-16.4

0.6-10.1

0.5-4.8

0.3-5.2

Years residing in the area
Median
IQR

<0.001

Parasites/μL

<0.001

<500

500-5,000

5,001-50,000

176

145

49

(100%)

(98.0%)

(26.2%)

0

3(2.0%)

0

>50,000

0

0

0

0

0

84

4

1

(44.9%)

(30.8%)

(16.7%)

50

6

3

(26.7%)

(46.1%)

(50%)

4

3

2

(2.1%)

(23.1%)

(33.3%)

IQR: interquartile range.

Table 2 Distribution of cytokines levels in the study subjects stratified by Plasmodium vivax malaria clinical outcome
Biomarker

Endemic
controls

Asymptomatic
malaria

Symptomatic
malaria

Severe
malaria:
Survivors

Severe
malaria:
Deaths

n=176

n=148

n=187

n=13

n=6

IL-1β

5.7

4.0

11.4

7.6

15.54

pg/mL

(3.5-17)

(2.7-7.8)

(6.2-25.5)

(6.6-23.8)

(4.8-29.3)

IL-4

23.4

22.1

29.89

30.1

36.4

pg/mL

(12.3-40)

(12-34.4)

(16.8-102)

(18.5-41)

(18-115)

IL-6

8.4

10.3

69.2

78.5

101.2

pg/mL

(5.2-20)

(1.5-21.4)

(23.9-105.5)

(56-105)

(41-140)

IL-8

6.3

3.6

26.0

12.4

66.8

pg/mL

(4.7-11)

(2.3-9.2)

(5.9-102.5)

(6.1-66.7)

(15-211)

IL-10

12.0

62.0

125.0

140.2

110.5

pg/mL

(7-20.4)

(11.3-89.6)

(65.3-455.1)

(85-550)

(79-134)

IL-12p70

7.7

13.5

20.7

12.7

10.0

pg/mL

(4.9-16)

(7.7-18.3)

(12.4-30.5)

(5.1-20.9)

(5-15)

IFN-γ

32.1

54.3

103.4

212.5

181.6

pg/mL

(11-62)

(23.6-142.0)

(42.0-324.0)

(80-465)

(65-357)

TNF-α

0

2.4

38.5

57.2

31.95

pg/mL

(0–10.5)

(0–10.3)

(18.1-80.5)

(32.5-84)

(19-76.8)

TGF-β

23.8

89.8

111.1

48.6

40.2

pg/mL

(1.3-31)

(39.4-193.8)

(84.5-364.7)

(32-58.6)

(26-44.5)

P value

P value

1

2

<0.001

<0.001

<0.001

0.008

<0.001

<0.001

<0.001

<0.001

<0.001

0.349

<0.001

0.520

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Note: Data represent median values and interquartile ranges. P value 1 was obtained using Kruskal-Wallis test, whereas P value 2 was calculated using Linear
trend post test.
IQR: interquartile range.
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protein (CRP) were made at the clinical laboratory of
Faculdade São Lucas and at the Pharmacy School (Federal
University of Bahia, Brazil). The cytokines IL-1β, IL-4, IL6, IL-8, IL-10, IL-12p70, IFN-γ, TNF and the chemokines
CCL2 (MCP-1), CCL5 (RANTES), CXCL9 (MIG) and
CXCL10 (IP-10) were measured using the cytometric bead
array (CBA) (BD Biosciences Pharmingen, San Diego, CA,
USA). The flow cytometric assay was performed and
analysed by a single operator, and standard curves were
derived from cytokine standards. The experiments were
performed according to the manufacturers’ instructions.
ELISA kits were used to measure the soluble TNF receptor I (sTNF-RI; R&D Systems, Minneapolis, MN, USA),
transforming growth factor (TGF)-β (R&R Systems),
SOD-1 (Calbiochem, San Diego, CA, USA) and HO-1
(Assay Designs, Ann Arbor, MI, USA) according to the
manufacturers’ protocols. In order to compare the distribution of the biomarkers according to the clinical groups,
the laboratory parameters were categorized in cytokines
(Table 2), surrogates of inflammatory damage (Table 3)
and chemokines and other proteins (Table 4).
Network analysis

The inferential network was generated from the values of
each mediator measured in the plasma samples, in which
it was observed that patterns of the concentrations and

clinical classification of the subjects were based on the disease outcomes. The systemic levels of each mediator were
input in the DimReduction software [18]. As a result, the
DimReduction software selected the patterns of distribution of the mediators associated with each clinical group.
Moreover, the same software was applied to identify links
of interaction between the mediators. Following this approach, each mediator is selected as a target and the
DimReduction software performs a search within the
other mediators for those that are associated with the target in terms of entropy. As a result, the features related to
the selected target are linked. This process is repeated by
considering each mediator at a time and the result is
the inferred network among the input values. The
DimReduction default parameters values were kept fixed
during all the experiments.
In order to analyse the structure of the biomarker
networks, the network density was adopted, which is, in
the context of this work, the ratio of the number of
edges inferred in the network over total number of possible edges between all pairs of nodes. The density measure is defined as follows: density = L/(N (N-1)/2), in
which L is the number of observed edges and N is the
total number of the nodes in the network. The density is
normalized, ranging between 0 (no edges in the network) and 1 (all possible edges presents).

Table 3 Assessment of inflammatory damage in the study subjects stratified by Plasmodium vivax malaria clinical
outcome
Biomarker

Total bilirubin mg/dL

Direct bilirubin mg/dL

Indirect bilirubin mg/dL

AST U/L

ALT U/L

Creatinine mg/dL

CRP mg/L

Fibrinogen mg/dL

Endemic
controls

Asymptomatic
malaria

Symptomatic
malaria

Severe
malaria:
Survivors

Severe
malaria:
Deaths

n=176

n=148

n=187

n=13

n=6

0.7

0.8

1.2

1.8

2.1

(0.5-1.1)

(0.5-1.2)

(0.8-1.9)

(1.5-2.5)

(1.2-3.2)

0.3

0.4

0.4

0.6

1.1

(0.2-0.4)

(0.3-0.8)

(0.3-0.8)

(0.4-1.3)

(0.3-1.7)

0.4

0.3

0.7

1.1

1.2

(0.3-0.6)

(0.2-0.4)

(0.4-1.2)

(0.8-1.3)

(0.9-1.3)

43.3

56.4

167

201.0

268.4

(34-56.3)

(35.5-87.5)

(81.5-506)

(87-302)

(160-340)

40.9

44.9

180

201.1

278.8

(33.5-54)

(32-69.4)

(123–438)

(190-304)

(175-342.9)

1.2

1.2

1.3

1.7

2.4

(1.1-1.3)

(1.0-1.3)

(1.2-1.4)

(1.3-2.5)

(1.9-2.5)

5.2

7.9

15.5

13.2

34.4

(3.8-9.7)

(4.8-12.3)

(8.2-32.8)

(6.7-47.5)

(16.4-50.7)

234.0

302.3

374.5

415.5

437.7

(198-305)

(210.4-377.5)

(234-485.6)

(374-498)

(348.5-530.8)

P value

P value

1

2

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Note: Data represent median values and interquartile ranges. P value 1 was obtained using Kruskal-Wallis test, whereas P value 2 was calculated using Linear
trend post test.
CRP: C-reactive protein.
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Table 4 Distribution of chemokines and other proteins levels in the study subjects stratified by Plasmodium vivax
malaria clinical outcome
Biomaker

Endemic
controls

Asymptomatic
malaria

Symptomatic
malaria

Severe
malaria:
Survivors

Severe
malaria:
Deaths

n=176

n=148

n=187

n=13

n=6

CCL2

86.0

85.2

65.8

64.7

87.9

ng/mL

(21-176)

(18-161.6)

(23.0-145.6)

(43-127)

(34.7-139)

CCL5

27.0

24.4

25. 3

26.1

36.7

μg/mL

(15-45.7)

(13.4-38)

(15.8-70.2)

(20-38.7)

(25.4-83.2)

CXCL9

0.3

0.5

2.2

3.5

4.6

ng/mL

(0.2-0.5)

(0.3-0.8)

(0.4-9.4)

(0. 6-12.5)

(0.8-9.9)

CXCL10

88.0

19.4

77.4

117.7

183.3

pg/mL

(25-198)

(10.2-25.0)

(25.3-360.7)

(28-564)

(30.0-395.5)

sTNF-RI

0.2

0.5

0.6

0.8

2.2

ng/mL

(0.1-0.4)

(0.4-0.6)

(0.4-0.7)

(0.7-0.9)

(1.7-3.1)

SOD-1

4.2

6.0

26.0

72.6

82.4

ng/mL

(2.6-6.8)

(3.6-10)

(18.8-34.0)

(71-80.4)

(76.6-100.5)

HO-1

29.1

29.5

35.5

42.9

49.2

ng/mL

(25.8-32)

(26.3-35.2)

(29.7-44.8)

(38.5-45)

(48.4-57.3)

P value

P value

1

2

0.117

0.207

0.007

0.156

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

Note: Data represent median values and interquartile ranges. P value 1 was obtained using Kruskal-Wallis test, whereas P value 2 was calculated using
Linear trend post test.

Statistical analysis

In the exploratory analysis of the data, frequency
tables were constructed and the Chi-square test was
applied to evaluate the association between qualitative
variables. The quantitative variables were tested for
Gaussian distribution within the total sample using
D’Agostino and Pearson omnibus normality test. The
variables with normal distribution were compared between the groups by one-way ANOVA with linear
trend or Bonferroni’s multiple comparisons post-test.
Further analysis were based on non-parametric tests
only, considering the small number of individuals
located in the two groups with severe vivax malaria.
In this context, Kruskal Wallis test was used to assess
the differences between the clinical groups and
Mann-Kendall test was used to estimate liner trends.
Only results from the non-parametric analyses are
shown. Correlations between parasitaemia and the
biomarkers from the networks were assessed using
the Spearman rank test. For each analysis, P<0.05 was
considered statistically significant. The graphics for
the network analysis were customized using the
Ingenuity Systems Pathway Analysis software (Ingenuity Systems, Redwood City, CA, USA). The statistical
analyses were performed using the programs GraphPad Prism 5.0 (GraphPad Software Inc, USA), STATA
9.0 (StataCorp, TX, USA), and JMP 9.0 (SAS, Cary,
NC, USA).

Results
The plasma concentrations of most mediators measured
were statistically different among the clinical groups,
and many markers displayed linear trend to increase or
decrease according to the degree of disease severity, as
detailed in the Tables 2, 3 and 4. In the network analysis,
densities of biomarker networks were observed, ranging
between 0.021 and 0.032 in the different groups (Figure 1
and Figure 2A). The groups of non-infected individuals
and those with asymptomatic malaria presented higher
connectivity among the molecules, 0.030 and 0.032
respectively, compared to the groups of individuals
with symptomatic infection (symptomatic malaria: 0.023;
non-lethal severe disease: 0.021; and lethal malaria:
0.027) (Figure 2A).
In the group of non-infected individuals, CCL5 and
CXCL9 had several significant interactions, and the
latter was linked to the regulatory cytokines IL-10 and
IL-4. In addition, CRP, ALT and IL-10 also presented
relatively high connectivity, arguing that a fine tune of
interactions involving these markers may influence the
resistance against P. vivax infection. In those individuals
in which infection did not lead to the onset of symptoms, the number of significant interactions was similar
to the group of non-infected people (19 significant hits
in the group of uninfected individuals and 18 hits in
asymptomatic malaria), but the number of associations
involving mainly IL-4 and to a lesser extent IL-1β was
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B

Endemic Controls
HO-1
ALT

Fibrinogen CRP
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sTNF-RI
Total Bilirubin

AST

C

Asymptomatic malaria
Fibrinogen CRP

HO-1
ALT

Creatinine

Indirect
Bilirubin

Fibrinogen CRP

HO-1
ALT

sTNF-RI
Total Bilirubin

AST

Direct Bilirubin

Mild malaria

Creatinine

Creatinine
sTNF-RI
Total Bilirubin

AST
Indirect
Bilirubin

Direct Bilirubin

Direct Bilirubin

CCL2

CCL2
IFN-γ

Indirect
Bilirubin

CXCL9

IFN-γ

CXCL9

IFN-γ

CXCL9

TNF

TNF
SOD-1

CCL2

TNF

SOD-1
IL-10

CCL5

IL-6

CXCL10
IL-4

Fibrinogen CRP

IL-12p70

Creatinine

HO-1
ALT

sTNF-RI
Total Bilirubin

Fibrinogen CRP

Indirect
Bilirubin

IFN-γ

CXCL9
TNF
SOD-1

Indirect
Bilirubin

AST

Expression scale
sTNF-RI
Total Bilirubin
Direct Bilirubin

CCL2
IFN-γ
CXCL9
TNF
CCL5
SOD-1

IL-10
CXCL10

CCL5
IL-6

TGFβ

F

IL-10

CXCL10

IL-4
IL-12p70 IL-8

IL-1β

Creatinine

Direct Bilirubin
CCL2

IL-8

Severe malaria
Nonsurvivors

E

AST

IL-4

IL-1β

IL-8

Severe malaria
Survivors
HO-1
ALT

TGFβ

IL-4

TGFβ
IL-12p70

D

IL-10

CXCL10
IL-6

IL-1β

IL-12p70 IL-8

SOD-1

IL-6

CXCL10

TGFβ

CCL5

IL-10

CCL5

IL-6
TGFβ

IL-4
IL-12p70

IL-1β

-2
-1.6
-1.2
-0.8
-0.4
0
0.4
0.8
1.2
1.6
2

IL-8

IL-1β

Natural evolution of the disease and the complexity of the host immune network
Disease severity
Mild malaria

Non-infected
(no exposure to or
resistance to infection)

Severe

Complexity of the networks
Many
infections/exposures
to P. vivax
with repetitive disease episodes

Asymptomatic
malaria

Infection

Figure 1 Networks of candidate biomarkers during Plasmodium vivax malaria. Plasma levels of several biomarkers of inflammation, tissue
damage and oxidative stress were measured in 176 non-infected healthy individuals (A) and in 148 with asymptomatic infection (B), 187 with
mild disease (C), 13 with severe non-lethal malaria (D) and six patients who died with Plasmodium vivax infection within seven days of
hospitalization (E). The colours shown for each symbol represent the fold variation from the median values (log transformed) calculated for each
marker. Each connecting line represents a significant interaction (P<0.05) detected by the network analysis using the DimReduction software. In
(F), a summary model of the results with regard to the complexity of the networks in the context of the natural history of malaria is illustrated.

greatly increased in these individuals, leading to a totally
different pattern of connectivity in the network (Figure 1).
In contrast, the patterns of connections between the
mediators seen in the groups of individuals with symptomatic malaria were dramatically diverse than in the
groups without the disease. The group of subjects with
mild malaria displayed a substantial loss of the number
of significant interactions in the network and the proinflammatory cytokines IFN-γ, TNF and CCL5 had the
highest number of connections (Figure 1). IFN-γ was
associated with indirect bilirubin, creatinine, AST
and TNF, arguing that this cytokine could be driving
inflammation (Figure 1). A number of other significant
connections were detected between pro-inflammatory
mediators, such as IL-12 and CXCL9. TNF-α was
associated with IFN-γ, sTNF-RI, SOD-1 and HO-1,

implying a potential interplay between those mediators
in the pathogenesis of malaria-related symptoms. Intriguingly, the number of significant interactions and
the overall complexity of networks were systematically
reduced in the group of patients with severe forms of
malaria (Figure 1). In the group of individuals who
survived severe malaria, TNF, IL-4 and direct bilirubin
seemed to have a distinguished pattern of connections,
albeit, no clear clusters were evident and there was overall low connectivity between the markers studied. Moreover, in the group of individuals that succumbed to
infection and died, TNF, ALT, HO-1, SOD-1, IL-10, IFNγ and indirect bilirubin displayed more connectivity with
other biomarkers, which caused a small increase in the
complexity of the network when compared to the group
of individuals with non-lethal severe malaria (Figure 1).
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Figure 2 Associations between Plasmodium vivax parasitaemia and host biomarkers. (A) The distribution of P. vivax parasitaemia in
different clinical groups is shown in red symbols (geometric means and 95% confidence intervals) whereas the values for network densities are
shown as black bars. The variation of parasitaemia according to the malaria clinical severity was assessed using the Mann-Kendall test for linear
trend (*** P<0.001). Statistically significant correlations between parasitaemia and different biomarkers are shown in (B) for the group of
individuals with non-lethal severe malaria and in (C) for the group of patients that died during hospitalization. The correlations were assessed
using the Spearman rank test. The correlations involving parasitaemia shown in (B) and (C) are plotted on top of the host interactome.

Because P. vivax parasite counts in the blood displayed a
strong linear trend to increase according to the disease
clinical severity in the study population (Table 1 and
Figure 2A), the potential associations between parasitaemia levels and the pattern of expression of the different biomarkers from the networks were investigated in
the groups of patients with elevated morbidity. In the
group of individuals presenting with severe non-lethal
malaria, parasitaemia displayed significant positive associations with TNF, sTNF-RI, IFN-γ, IL-10, CXCL9,
CXCL10, SOD-1 and HO-1, while negatively correlated
with the chemokines IL-8 and CCL2 (Figure 2B). Interestingly, the number of significant associations involving
parasitaemia was greatly reduced in the group of
patients that died with severe vivax malaria (Figure 2C).
The positive correlations involving TNF and IFN-γ
persisted in this group of highly susceptible patients who
died, while the regulatory cytokines IL-10 and TGF-β
were negatively correlated with parasitaemia (Figure 2C).

Discussion
The present study evaluated for the first time the density
and complexity of the network of interactions between
several markers strongly associated with host immune
responses in their relationship with markers of tissue injury against P. vivax malaria in the context of the disease
clinical outcomes. The results presented herein demonstrate that non-infected endemic controls exhibit a rich

and dense network of interactions among immune-related
markers and those involved in pathology. Such network is
drastically deranged in symptomatic individuals but it is
reconstituted in asymptomatic individuals. In this context
it is stressed that asymptomatic infection is a state
achieved by long-time residents in endemic areas and
strongly related to several previous episodes of symptomatic malaria [6] being thus related to the development of a
partial resistance to infection and/or tolerance to disease
[19]. As a consequence, the onset of symptoms is
prevented by limiting parasite burden and controlling inflammation. Such asymptomatic carriers develop just
enough immunity to protect them from malarial illness,
but not from malarial infection [1]. In the present study,
asymptomatic carriers displayed the highest density values
in the networks interactions, which argue that there may
exist a complex regulatory mechanism behind the susceptibility to infection and tolerance and/or resistance against
malaria. The network density values described in
this study are similar to another protein-protein and
metabolism-associated networks described previously in
many other clinical contexts [20], which suggests that immune system may display similar homeostatic responses
involving intrinsically complex regulatory pathways.
Additional studies assessing network analysis of the immune responses in other infections and clinical contexts
are needed to identify potential key common factors that
could be targeted in a therapeutic approach.
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The high connectivity exhibited by CXCL9 may be indicative of an important role for this chemokine in exposed
but non-infected individuals since it correlates with protection against malaria in volunteers vaccinated by the
circumsporozoite protein-based vaccine [21]. In addition,
both IL-10 and IL-4 had significant connections with
CXCL9, which also interacted with CCL2 and IFN-γ in
those non-infected and with symptomless P. vivax infection, respectively. These interactions evidence a protective
role of IL-4 and IL-10 through a modulatory effect on
these pro-inflammatory mediators. Support for this
modulatory hypothesis comes from the description that
IL-10 and IL-4 can directly down regulate proinflammatory cytokines such as IL-6, TNF and IL-1β and
prevent severe forms of malaria [22-26]. Studies with
mouse macrophages in vitro argue that IL-4 suppresses
the expression of CXCL9 and other IFN-γ inducible genes
via STAT 6 signalling [27]. Although interesting, a role of
a direct modulatory link between IL-10, IL-4 and CCL2
and/or CXCL9 and pro-inflammatory status of Plasmodium infected individuals is yet unexplored mechanistically and deserves further investigation.
Extensive research has been done in the identification
of factors associated with severe forms of malaria, with
significant contributions to the understanding of the disease pathogenesis. In the present study and not surprisingly, IFN-γ and TNF and the chemokine CCL5 were
demonstrated to be crucial biomarkers in the network
profile of those individuals with mild vivax malaria.
CCL5 is a chemokine involved in the generation of inflammatory cellular infiltrates and its low levels are
linked to cerebral malaria and severe malarial anaemia,
maybe as consequence of thrombocytopaenia and the influence of haemozoin production [28-30]. The connectivity between IL-12 and CXCL9 seen in the networks
from mildly symptomatic patients is also observed in the
context of cancer therapy, in which administration of
IL-12 increases the expression of CXCL9 in peripheral
blood mononuclear cells as a response against the
tumour [31,32]. Interactions involving CXCL9 had an
intriguing pattern between the study groups. This
chemokine was more associated with regulatory cytokines in the group of non-infected controls, which may
suggest a potential influence over the resistance to infection. On the other side, CXCL9 was linked to proinflammatory IL-12 within symptomatic subjects, which
may be associated with the onset of clinical disease.
While networking the immune response in lethal cases
of severe P. vivax malaria, it was found an important
role for HO-1, an enzyme primarily responsible for the
host detoxification from harmful free haem and which
produces carbon monoxide (CO), free iron and biliverdin. Higher HO-1 levels were described in patients with
symptomatic vivax malaria and this enzyme may
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contribute (both very high and low levels) to disease
severity [8,33]. Lower expression of HO-1 may result in
greater availability of free haem resulting in severe malaria, while high expression of HO-1 could lead to
increased synthesis of free iron, which also can be harmful as can promote oxidative damage [33]. Furthermore,
SOD-1, previously associated with P. vivax malaria [7],
displayed connectivity only in the groups of patients
with symptomatic disease, especially in those individuals
who died upon infection. Accumulation of SOD-1 without a compensatory elevation of catalase of glutathione
enzymes could lead to accumulation of H2O2 and the
production of more free radicals by Fenton’s reaction
[34]. Indeed, it has been described that both glutathione
and catalase might be reduced during severe malaria
[35] and high levels of SOD-1 could lead to the exacerbation of the oxidative stress and inflammation, aggravating the outcome of the disease. In addition, the
release of haem during malaria erythrocytic cycle
reduces the production of anti-inflammatory prostaglandin E2 and TGF-β from mononuclear cells via SOD-1
[16]. Thus, SOD-1 connectivity seen herein in severe
malaria patients seems to be a response against the high
production of deleterious haem during the robust intravascular haemolysis observed in severe malaria.
Furthermore, TNF, IFN-γ and IL-10 also had important
interactions in individuals who succumbed to malaria infection. IL-10 seems to modulate Th1-type responses to
Plasmodium antigens by downregulating TNF, and IFN-γ
levels by dampening the release of IL-12p70, thus resulting
in an impaired immune response that may lead to lethality
[5,36]. However, it has also been described that in cases of
uncontrolled inflammation with high production of proinflammatory mediators may be associated with exhaustion of the protective regulatory responses [6]. In response
to malaria infection, the patterns of expression of multiple
cytokines and the relative balance and interactions between these factors may be capable of mediating protective immunity or disease severity depending of the context
[37]. These findings infer that fine-tuning between all the
mediators is extremely important to prevent malaria
lethality.
A major observation from the analysis of the groups of
patients with mild or severe malaria was that the overall
complexity of the networks by means of a number of
significant interactions was reduced while compared to
what was seen in healthy subjects. Intriguingly, in the
group of individuals with asymptomatic malaria, the
complexity of the network was restored and several significant interactions were detected, but with a clear central role for IL-4. The potential anti-inflammatory effect
of IL-4 in the immune response during malaria is not
yet fully understood [38]. IL-4 seems to assist in
antisporozoite immunity and studies in mice infected

Mendonça et al. Malaria Journal 2013, 12:69
http://www.malariajournal.com/content/12/1/69

with Plasmodium yoelii suggest that IL-4 is also required
for the development of CD8+ T lymphocytes [39] and
for the development of a memory response against liver
stage parasite [40]. Furthermore, IL-4 interferes with the
maturation of Th1 cells and can reduce the production
of IFN-γ in some experimental settings [41]. The high
number of interactions between IL-4 and others
biomarkers in asymptomatic individuals highlights a
possible importance of this molecule in modulating the
disease tolerance of individuals constantly exposed to
P. vivax and further investigations should address in
detail the importance of IL-4 in symptomless malaria. A
summary of the results with regard to the complexity of
the network connectivity in the context of the natural
evolution of vivax malaria is shown in Figure 1F.
In the groups of patients with severe malaria, P. vivax
parasitaemia displayed several positive interactions with
previously described inflammatory mediators that participate in the immunopathogenesis of malaria, such as
TNF, IFN-γ and IL-10 [1,6,7] in addition to TGF-β. Surprisingly, liver transaminases, bilirubins, creatinine and
CRP were not correlated with parasitaemia. The lack of
direct interactions between parasitaemia and laboratory
surrogates of inflammation-driven tissue injury and oxidative stress suggests that the parasite burden may influence more stringently the host immune response rather
than induce lethal tissue damage itself. This idea, if
validated in other studies, reinforces the argument that
susceptibility of disease severity in vivax malaria might
be a case of dysfunction of the host homeostatic system
caused by an inflammatory imbalance driven by lack of
resistance against P. vivax.

Conclusion
In summary, the systematic analysis of several mediators
of inflammation measured simultaneously was able to
characterize the overall pattern of immune response of
patients with P. vivax malaria according to disease severity and clinical outcome. This approach also revealed
other levels of complexity of the disease, involving intricate associations between unique markers, such as TNF,
IFN-γ, IL-4, HO-1 and SOD-1. IL-4, despite being at low
systemic levels, seems to be a central mediator with several significant interactions in individuals with asymptomatic malaria. In addition, connectivity involving
CXCL9 and IFN-γ was more prevalent in the groups of
individuals non-infected or with mild manifestations of
the disease while associations involving SOD-1 and
HO-1 were more evident in more severe and lethal
cases. In severe malaria, parasitaemia seems to positively
associate with pro-inflammatory mediators, and the simultaneous negative correlations involving the regulatory
cytokines IL-10 and TGF-β argue that there is a
deregulated balance of the host immune response that is
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skewed towards amplification of inflammation. Networking analysis may represent a potential tool to understand the interactions between several mediators in the
context of malarial disease severity. The identification of
critical factors driving malaria pathogenesis can guide
future therapeutic approaches.
Abbreviations
(SOD)-1: Superoxide dismutase; (HO)-1: Haem oxygenase; FUNASA: Brazilian
national foundation of health; PCR: Polymerase chain reaction; AST: Aspartate
amino-transferase; ALT: Alanine amino-transaminase; CRP: C-reactive protein;
CBA: Cytometric bead array; sTNF-RI: TNF receptor I; (TGF)-β: Transforming
growth factor; CO: Carbon monoxide.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
VRRM helped interpreting the data and to write the manuscript together
with BBA and MB-N. AQ and FML performed the network analysis. BBA
conceptualized the study, coordinated the clinical assessments and
performed the laboratory experiments, analysed the data and wrote the first
draft of the manuscript. MB-N supervised the clinical study and helped with
data interpretation and the writing of the manuscript. All authors have read
and approved the final version of the manuscript.
Acknowledgements
The authors thank David Kugler (NIAID, NIH, USA) for critical help with the
data analysis and helpful discussions. A special thank to João Gambati
(FUNASA, Brazil), Luis Marcelo Camargo (USP, Brazil) and the study team at
FIOCRUZ-Bahia, Brazil, Daniela Andrade, Nívea Luz, Jorge Tolentino, Adorielze
Leite, and Drs Aldina Barral and Jorge Clarêncio for help in logistics of the
field study and experiments involving cytokine measurements. This work was
supported by FINEP/FNDCT-CT Amazônia [field work; grant # 010409605]
and by FIOCRUZ. MB-N is a senior investigator from CNPq. VRRM is
supported by CNPq. The work of BBA is supported by the intramural
research programme of the National Institute of Allergy and Infectious
Diseases, National Institute of Health. The funders had no role in the study
design, data collection and analysis, decision to publish or preparation of the
manuscript.
Author details
1
Centro de Pesquisas Gonçalo Moniz, Fundação Oswaldo Cruz, Salvador,
Brazil. 2Faculdade de Medicina, Universidade Federal da Bahia, Salvador,
Brazil. 3Instituto de Matemática e Estatística, Universidade de São Paulo, São
Paulo, Brazil. 4Coordenação de Informática, Universidade Tecnológica Federal
do Paraná, Cornélio Procópio, Brazil. 5Immunobiology Section, Laboratory of
Parasitic Diseases, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD 20893, USA. 6Instituto de
Investigação em Imunologia, Instituto Nacional de Ciência e Tecnologia, São
Paulo, Brazil.
Received: 20 January 2013 Accepted: 18 February 2013
Published: 21 February 2013
References
1. Andrade BB, Barral-Netto M: Biomarkers for susceptibility to infection and
disease severity in human malaria. Mem Inst Oswaldo Cruz 2011,
106:70–78.
2. Villegas-Mendez A, Greig R, Shaw TN, de Souza JB, Gwyer Findlay E,
Stumhofer JS, Hafalla JCR, Blount DG, Hunter CA, Riley EM, Couper KN:
IFN-γ-Producing CD4+ T cells promote experimental cerebral malaria by
modulating CD8+ T Cell accumulation within the brain. J Immunol 2012,
189:968–979.
3. Niikura M, Kamiya S, Nakane A, Kita K, Kobayashi F: IL-10 plays a crucial role
for the protection of experimental cerebral malaria by co-infection with
non-lethal malaria parasites. Int J Parasitol 2010, 40:101–108.
4. Seixas E, Oliveira P, Moura Nunes JF, Coutinho A: An experimental model
for fatal malaria due to TNF-alpha-dependent hepatic damage.
Parasitology 2008, 135:683–690.

Mendonça et al. Malaria Journal 2013, 12:69
http://www.malariajournal.com/content/12/1/69

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.

22.

23.

Ayimba E, Hegewald J, Ségbéna AY, Gantin RG, Lechner CJ, Agosssou A,
Banla M, Soboslay PT: Proinflammatory and regulatory cytokines and
chemokines in infants with uncomplicated and severe Plasmodium
falciparum malaria. Clin Exp Immunol 2011, 166:218–226.
Andrade BB, Reis-Filho A, Souza-Neto SM, Clarêncio J, Camargo LMA, Barral
A, Barral-Netto M: Severe Plasmodium vivax malaria exhibits marked
inflammatory imbalance. Malar J 2010, 9:13.
Andrade BB, Reis-Filho A, Souza-Neto SM, Raffaele-Netto I, Camargo LMA,
Barral A, Barral-Netto M: Plasma superoxide dismutase-1 as a surrogate
marker of vivax malaria severity. PLoS Negl Trop Dis 2010, 4:e650.
Mendonça VRR, Luz NF, Santos NJG, Borges VM, Gonçalves MS, Andrade BB,
Barral-Netto M: Association between the haptoglobin and heme
oxygenase 1 genetic profiles and soluble CD163 in susceptibility to and
severity of human malaria. Infect Immun 2012, 80:1445–1454.
Gozzelino R, Andrade BB, Larsen R, Luz NF, Vanoaica L, Seixas E, Coutinho A,
Cardoso S, Rebelo S, Poli M, Barral-Netto M, Darshan D, Kühn LC, Soares MP:
Metabolic adaptation to tissue iron overload confers tolerance to
malaria. Cell Host Microbe 2012, 12:693–704.
Alexandre MA, Ferreira CO, Siqueira AM, Magalhães BL, Mourão MPG,
Lacerda MV, GC AMd: Severe Plasmodium vivax malaria, Brazilian Amazon.
Emerg Infect Dis 2010, 16:1611–1614.
Lacerda MVG, Fragoso SCP, Alecrim MGC, Alexandre MAA, Magalhães BML,
Siqueira AM, Ferreira LCL, Araújo JR, Mourão MPG, Ferrer M, Castillo P,
Martin-Jaular L, Fernandez-Becerra C, Del Portillo H, Ordi J, Alonso PL, Bassat
Q: Postmortem characterization of patients with clinical diagnosis of
Plasmodium vivax malaria: to what extent does this parasite kill?
Clin Infect Dis 2012, 55:e67–74.
Mahgoub H, Gasim GI, Musa IR, Adam I: Severe Plasmodium vivax malaria
among Sudanese children at New Halfa Hospital. Eastern Sudan. Parasit
Vectors 2012, 5:154.
Sharma R, Gohain S, Chandra J, Kumar V, Chopra A, Chatterjee S, Aneja S,
Dutta AK: Plasmodium vivax malaria admissions and risk of mortality in a
tertiary-care children’s hospital in North India. Paediatr Int Child Health
2012, 32:152–157.
Andrade BB, Rocha BC, Reis-Filho A, Camargo LMA, Tadei WP, Moreira LA,
Barral A, Barral-Netto M: Anti-Anopheles darlingi saliva antibodies as
marker of Plasmodium vivax infection and clinical immunity in the
Brazilian Amazon. Malar J 2009, 8:121.
Andrade BB, Reis-Filho A, Barros AM, Souza-Neto SM, Nogueira LL, Fukutani
KF, Camargo EP, Camargo LMA, Barral A, Duarte A, Barral-Netto M: Towards
a precise test for malaria diagnosis in the Brazilian Amazon: comparison
among field microscopy, a rapid diagnostic test, nested PCR, and a
computational expert system based on artificial neural networks.
Malar J 2010, 9:117.
Andrade BB, Araújo-Santos T, Luz NF, Khouri R, Bozza MT, Camargo LMA,
Barral A, Borges VM, Barral-Netto M: Heme impairs prostaglandin E2 and
TGF-beta production by human mononuclear cells via Cu/Zn superoxide
dismutase: insight into the pathogenesis of severe malaria. J Immunol
2010, 185:1196–204.
Andrade BB, Santos CJN, Camargo LM, Souza-Neto SM, Reis-Filho A,
Clarêncio J, Mendonça VRR, Luz NF, Camargo EP, Barral A, Silva AAM,
Barral-Netto M: Hepatitis B infection is associated with asymptomatic
malaria in the Brazilian Amazon. PLoS One 2011, 6:e19841.
Lopes FM, Martins DC, Cesar RM: Feature selection environment for
genomic applications. BMC Bioinformatics 2008, 9:451.
Medzhitov R, Schneider DS, Soares MP: Disease tolerance as a defense
strategy. Science 2012, 335:936–41.
Frankenstein Z, Alon U, Cohen IR: The immune-body cytokine network
defines a social architecture of cell interactions. Biol Direct 2006, 1:32.
Dunachie SJ, Berthoud T, Keating SM, Hill AVS, Fletcher HA: MIG and the
regulatory cytokines IL-10 and TGF-β1 correlate with malaria vaccine
immunogenicity and efficacy. PLoS One 2010, 5:e12557.
Wilson NO, Bythwood T, Solomon W, Jolly P, Yatich N, Jiang Y, Shuaib F,
Adjei AA, Anderson W, Stiles JK: Elevated levels of IL-10 and G-CSF
associated with asymptomatic malaria in pregnant women. Infect Dis
Obstet Gynecol 2010, 2010. doi:10.1155/2010/317430. pii:317430.
Othoro C, Lal AA, Nahlen B, Koech D, Orago AS, Udhayakumar V: A low
interleukin-10 tumor necrosis factor-alpha ratio is associated with
malaria anemia in children residing in a holoendemic malaria region in
western Kenya. J Infect Dis 1999, 179:279–82.

Page 10 of 10

24. May J, Lell B, Luty AJ, Meyer CG, Kremsner PG: Plasma interleukin-10:
Tumor necrosis factor (TNF)-alpha ratio is associated with TNF promoter
variants and predicts malarial complications. J Infect Dis 2000, 182:1570–3.
25. Kurtzhals JA, Adabayeri V, Goka BQ, Akanmori BD, Oliver-Commey JO,
Nkrumah FK, Behr C, Hviid L: Low plasma concentrations of interleukin 10
in severe malarial anaemia compared with cerebral and uncomplicated
malaria. Lancet 1998, 351:1768–72.
26. de Waal MR, Abrams J, Bennett B, Figdor CG, de Vries JE: Interleukin
10(IL-10) inhibits cytokine synthesis by human monocytes: an
autoregulatory role of IL-10 produced by monocytes. J Exp Med 1991,
174:1209–20.
27. Ohmori Y, Hamilton TA: STAT6 is required for the anti-inflammatory
activity of interleukin-4 in mouse peritoneal macrophages. J Biol Chem
1998, 273:29202–29209.
28. Were T, Hittner JB, Ouma C, Otieno RO, Orago ASS, Ong’echa JM, Vulule JM,
Keller CC, Perkins DJ: Suppression of RANTES in children with Plasmodium
falciparum malaria. Haematologica 2006, 91:1396–1399.
29. John CC, Opika-Opoka R, Byarugaba J, Idro R, Boivin MJ: Low levels of
RANTES are associated with mortality in children with cerebral malaria.
J Infect Dis 2006, 194:837–845.
30. Were T, Davenport GC, Yamo EO, Hittner JB, Awandare GA, Otieno MF,
Ouma C, Orago ASS, Vulule JM, Ong’echa JM, Perkins DJ: Naturally
acquired hemozoin by monocytes promotes suppression of RANTES in
children with malarial anemia through an IL-10-dependent mechanism.
Microbes Infect 2009, 11:811–819.
31. Haicheur N, Escudier B, Dorval T, Negrier S, De Mulder PH, Dupuy JM,
Novick D, Guillot T, Wolf S, Pouillart P, Fridman WH, Tartour E: Cytokines
and soluble cytokine receptor induction after IL-12 administration in
cancer patients. Clin Exp Immunol 2000, 119:28–37.
32. Tannenbaum CS, Tubbs R, Armstrong D, Finke JH, Bukowski RM, Hamilton
TA: The CXC chemokines IP-10 and Mig are necessary for IL-12-mediated
regression of the mouse RENCA tumor. J Immunol 1998, 161:927–932.
33. Takeda M, Kikuchi M, Ubalee R, Na-Bangchang K, Ruangweerayut R,
Shibahara S, Imai S-i, Hirayama K: Microsatellite polymorphism in the
heme oxygenase-1 gene promoter is associated with susceptibility to
cerebral malaria in Myanmar. Jpn J Infect Dis 2005, 58:268–271.
34. Marikovsky M, Ziv V, Nevo N, Harris-Cerruti C, Mahler O: Cu/Zn superoxide
dismutase plays important role in immune response. J Immunol 2003,
170:2993–3001.
35. Pabón A, Carmona J, Burgos LC, Blair S: Oxidative stress in patients with
non-complicated malaria. Clin Biochem 2003, 36:71–78.
36. Luty AJ, Perkins DJ, Lell B, Schmidt-Ott R, Lehman LG, Luckner D, Greve B,
Matousek P, Herbich K, Schmid D, Weinberg JB, Kremsner PG: Low
interleukin-12 activity in severe Plasmodium falciparum malaria.
Infect Immun 2000, 68:3909–15.
37. Sinha S, Qidwai T, Kanchan K, Jha GN, Anand P, Pati SS, Mohanty S, Mishra
SK, Tyagi PK, Sharma SK, Awasthi S, Venkatesh V, Habib S: Distinct cytokine
profiles define clinical immune response to falciparum malaria in regions
of high or low disease transmission. Eur Cytokine Netw 2010, 21:232–240.
38. Cabantous S, Poudiougou B, Oumar AA, Traore A, Barry A, Vitte J, Bongrand
P, Marquet S, Doumbo O, Dessein AJ: Genetic evidence for the
aggravation of Plasmodium falciparum malaria by interleukin 4.
J Infect Dis 2009, 200:1530–1539.
39. Carvalho LH, Sano G-I, Hafalla JCR, Morrot A, de Lafaille MA C, Zavala F:
IL-4-secreting CD4+ T cells are crucial to the development of CD8+
T-cell responses against malaria liver stages. Nat Med 2002, 8:166–170.
40. Morrot A, Hafalla JCR, Cockburn IA, Carvalho LH, Zavala F: IL-4 receptor
expression on CD8+ T cells is required for the development of
protective memory responses against liver stages of malaria parasites.
J Exp Med 2005, 202:551–560.
41. Zhu J, Yamane H, Cote-Sierra J, Guo L, Paul WE: GATA-3 promotes Th2
responses through three different mechanisms: induction of Th2
cytokine production, selective growth of Th2 cells and inhibition of Th1
cell-specific factors. Cell Res 2006, 16:3–10.
doi:10.1186/1475-2875-12-69
Cite this article as: Mendonça et al.: Networking the host immune
response in Plasmodium vivax malaria. Malaria Journal 2013 12:69.

