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Abstract

Homeostatic perturbation caused by infection fosters two major defense strategies, resis-

tance and tolerance, which promote the host’s survival. Resistance relates to the ability of

the host to restrict the pathogen load. Tolerance minimizes collateral tissue damage without

directly affecting pathogen fitness. These concepts have been explored mechanistically in

murine models of malaria but only superficially in human disease. Indeed, individuals

infected with Plasmodium vivax may present with asymptomatic malaria, only mild symp-

toms, or be severely ill. We and others have reported a diverse repertoire of immunopatho-

logical events that potentially underly susceptibility to disease severity in vivax malaria.

Nevertheless, the combined epidemiologic, clinical, parasitological, and immunologic fea-

tures associated with defining the disease outcomes are still not fully understood. In the

present study, we perform an extensive outlining of cytokines and inflammatory proteins in

plasma samples from a cohort of individuals from the Brazilian Amazon infected with P.

vivax and presenting with asymptomatic (n = 108) or symptomatic (n = 134) disease (106

with mild presentation and 28 with severe malaria), as well as from uninfected endemic con-

trols (n = 128) to elucidate these gaps further. We employ highly multidimensional Systems

Immunology analyses using the molecular degree of perturbation to reveal nuances of a

unique profile of systemic inflammation and imbalanced immune activation directly linked to

disease severity as well as with other clinical and epidemiologic characteristics. Additionally,

our findings reveal that the main factor associated with severe cases of P. vivax infection

was the number of symptoms, despite of a lower global inflammatory perturbation and para-

sitemia. In these participants, the number of symptoms directly correlated with perturbation

of markers of inflammation and tissue damage. On the other hand, the main factor
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Fukutani KF, Araújo-Pereira M, Arriaga MB, et al.

(2021) Dissecting disease tolerance in

Plasmodium vivax malaria using the systemic

degree of inflammatory perturbation. PLoS Negl

Trop Dis 15(11): e0009886. https://doi.org/

10.1371/journal.pntd.0009886

Editor: Photini Sinnis, Johns Hopkins Bloomberg

School of Public Health, UNITED STATES

Received: March 5, 2021

Accepted: October 8, 2021

Published: November 2, 2021

Copyright: © 2021 Vinhaes et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This work was supported by Financiadora

de Estudos e Projetos (FINEP) (grant ward

number: 010409605) / Fundo Nacional de

Desenvolvimento Cientı́fico e Tecnológico
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associated with non-severe infections was the parasitemia values, that correlated only with

perturbation of inflammatory markers, such as IL-4 and IL-1β, with a relatively lower number

of symptoms. These observations suggest that some persons present severe vivax regard-

less of pathogen burden and global inflammatory perturbation. Such patients are thus little

tolerant to P. vivax infection and show higher susceptibility to disrupt homeostasis and con-

sequently exhibit more clinical manifestations. Other persons are capable to tolerate higher

parasitemia with lower inflammatory perturbation and fewer symptoms, developing non-

severe malaria. The analytical approach presented here has capability to define in more

details the determinants of disease tolerance in vivax malaria.

Author summary

Plasmodium vivax infection can result in a broad spectrum of disease manifestations,

ranging from asymptomatic malaria to severe life-threatening disease. Despite significant

advances in the current understanding of the critical factors associated with the disease

outcomes in vivax malaria, the immunopathological events responsible for the diversity of

severe manifestations in the disease remain deeply unknown. Here, a large panel of cyto-

kines/chemokines were assessed in plasma samples from a Brazilian cohort of P. vivax
patients presenting with asymptomatic infection or symptomatic malaria at the time of

diagnosis, as well as from uninfected endemic controls, to define the relationships

between systemic inflammation, disease presentation, parasitemia, and epidemiologic

characteristics. In-depth analyses using the molecular degree of perturbation were

employed to reveal nuances of a unique profile of systemic inflammation and imbalanced

immune activation directly linked to disease severity. Moreover, the discoveries dia-

grammed the occurrence of disease tolerance by narrowing down the interactions

between the systemic degree of inflammatory perturbation and parasitemia values in

vivax malaria patients.

Introduction

Malaria remains a major global cause of morbidity and mortality, with devasting impact over

the last 10 years, estimated by more than 200 million cases and 400,000 deaths reported per

year worldwide [1]. In contrast to the burden of Plasmodium falciparum infection in African

countries, Plasmodium vivax represents the predominant parasite in American regions, with

noticeable incidence within the Brazilian Amazon, responsible for the vast majority of malaria

cases in this area [1,2]. Furthermore, infection with P. vivax is historically thought to result in

milder disease presentation than that caused by P. falciparum, mostly because the latter com-

monly results in high parasitemia, intense hemolysis and inflammation associated with cytoad-

herence to small capillaries (reviewed in [3]). Nevertheless, more recently, several clinical and

immunologic reports have revealed that P. vivax infection can clearly result in severe clinical

presentations such as respiratory distress and acute kidney failure [4–6]. The exact immune

mechanisms that underly susceptibility to infection and disease severity upon exposure to P.

vivax are not yet fully understood. We and others have described that older individuals who

live for many years in a highly endemic area, and those who are highly exposed and had several

previous malaria episodes, tend to develop asymptomatic P. vivax infection, which is associ-

ated with very low parasitemia and diminished inflammatory responses [7–13]. Furthermore,
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a broad spectrum of disease manifestations may occur among those who get sick, ranging

from oligosymptomatic condition to multi-organ damage [14]. Understanding the molecular

determinants of disease severity may help develop improved prophylactic and therapeutic

strategies and optimize patient care.

The capacity to restrict the infection burden and control inflammation and immune activa-

tion are major determinants of the malaria clinical outcomes (reviewed in [15,16]). The ability

to control parasite load results from anti-microbial immune responses and leads to pathogen

elimination and resistance to infection [17]. Exacerbated anti-parasite immune responses pro-

mote oxidative stress and inflammatory burst, which in turn cause collateral tissue injury,

named immunopathology [18]. In this scenario, the capability to minimize organic damage

without directly influencing the infection burden or pathogen fitness is a critical survival strat-

egy defined as disease tolerance [16,17,19–21]. In the context of malaria, disease tolerance is

present in highly exposed individuals from endemic regions, where subjects may harbor a

wide range of detectable parasitemia levels without exhibiting severe clinical manifestations

[22–24]. Findings from previous investigations support the idea that disease tolerance in

malaria may occur as modulation of pro-inflammatory responses and dendritic cell function

[25,26].

Furthermore, in experimental malaria models, control of the collateral tissue damage

occurs through tightly regulated mechanisms such as glucose and iron metabolism, renal con-

trol, and adrenal hormones [21,27–29]. In humans, we have previously reported that metabolic

adaptation to iron overload through induction of ferritin confers tolerance to P. vivax malaria

[21]. Despite the substantial advance in the knowledge about the relevant determinants of tol-

erance to malaria, especially in murine models, to our knowledge no detailed characterization

of the systemic inflammation and immune activation profiles related to this host defense strat-

egy has been reported in P. vivax malaria. Here, we aimed to analyze the degree of systemic

inflammatory imbalance in P. vivax patients from the Brazilian Amazon. We have compared

individuals with asymptomatic, mild, or severe symptomatic disease, to define the complexity

and multifactorial regulation subjacent to the malaria immunopathogenesis and the responses

underlying the disease tolerance. To do that, we employed a recently reported approach

named the molecular degree of inflammatory perturbation [30–34] using concentrations of a

large panel of cytokines, chemokines, growth factors and acute phase proteins in peripheral

blood at the time of malaria diagnosis, previously reported in the context of a project aimed to

evaluate determinants of susceptibility to vivax malaria [6,35–41]. The findings from our in-

depth analyses support the idea that disease tolerance in P. vivax malaria is a tightly regulated

process that integrates features highly influenced by age, previous malaria episodes, and a

coordinated regulation of the systemic concentrations of mediators of inflammation.

Methods

Ethics statements

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.

Study design

We performed multidimensional retrospective analysis of a databank containing clinical, epi-

demiologic and immunologic data from 530 individuals from the Brazilian Amazon
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(Rondônia, Brazil) recruited between 2006 and 2007, as part of a project aimed at describing

determinants of susceptibility to vivax malaria that was finalized in 2010 [42]. 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 centers of Brazilian National Foundation of Health (FUNASA) or in a municipal

hospital in Buritis, Rondônia, Brazil (passive case detection) [6,35–41]. Here, using the previ-

ous collected data that evaluated a series of nuances around the pathophysiological process of

malaria infections, we performed multidimensional analysis to evaluate the determinants of

disease tolerance in P. vivax infection. Diagnosis, recruitment details and clinical definitions

were previous published [21,36–42]. To direct test the effects of P. vivax infection in the molec-

ular degree of perturbation only patients with P. vivax monoinfection (n = 242, from those 108

were classified as asymptomatic and 134 symptomatic participants) and healthy controls

(n = 128) were included. The exclusion criteria for the present study were: P. falciparum infec-

tion documented by both microscopy and nested polymerase chain reaction (PCR), HIV-1,

hepatitis B and C infection, yellow fever, leptospirosis, tuberculosis, cutaneous leishmaniasis,

diabetes mellitus, allergic diseases as asthma, cancer, chronic degenerative diseases, sickle cell

trait and the use of hepatotoxic or immunosuppressant drugs. Blood collection for nested poly-

merase chain reaction (PCR) and other measurements (cytokines, chemokines, hepatic

enzymes, creatinine, fibrinogen, bilirubin levels, free heme and haptoglobin) were performed

at the time of study enrollment, meaning that specimens were collected at diagnosis, during

acute phase of disease in symptomatic patients, before treatment initiation. Individuals with-

out 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 individ-

uals was 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. Sub-

jects 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 center 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, as previous described [35]. Clinical, demographic and epi-

demiologic characteristics of the study participants were included in Table 1. Considering the

absence of a consensus to define severe vivax malaria, here we used a previous adapted crite-

rion based on P. falciparum infection, as previously published by our group [6,36]. Raw data

used in all the analyses are concatenated in S1 File.

Laboratory measurements

Plasma levels of cytokines interleukin (IL)1-β, IL-4, IL-6, IL-10, IL-12p70, interferon (IFN)-γ,

tumor necrosis factor (TNF)-α, and of C-C motif chemokine ligand (CCL)2, CCL5, C-X-C

motif chemokine ligand (CXCL)9, and CXCL10 were measured using the Cytometric Bead

Array—CBA (BD Biosciences Pharmingen, San Diego, CA, USA), according to the
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manufacturer’s protocol. The measurements of aspartate amino-transferase (AST), alanine

amino-transferase (ALT), total bilirubin, direct bilirubin, creatinine, fibrinogen and C-reactive

protein (CRP) were performed at the Pharmacy School of the Federal University of Bahia and

at the clinical laboratory of Faculdade São Lucas, Brazil.

Adaptation of the molecular degree of perturbation

The molecular inflammatory perturbation is based on the molecular degree of perturbation

(MDP) method, used and recently published by our group [30–34]. In the present study, we

inputted the plasma concentrations of a defined set of biomarkers based on previously pub-

lished studies from our group in malaria pathogenesis [21,36–42]. Thus, herein, the average

plasma concentration levels and the standard deviation of a baseline reference group (endemic

controls) were calculated for each biomarker. The MDP score of an individual biomarker was

Table 1. Characteristics of the study participants.

Characteristics/cytokines Endemic Control (n = 128) Asymptomatic Malaria (n = 108) Symptomatic Malaria (n = 134) p-value

Age–years 39 (25–50) 44 (34–50) 29 (19–42) <0.01a

Female sex 65 (50.8) 59 (54.6) 62 (46.3) 0.43

Previous malaria 122 (95.3) 108 (100) 115 (85.8) <0.01a

Number of previous episodes of malaria 13 [9–18] 17 [13–20] 5 [1–11] <0.01

Years residing in the area <0.01a

< 3yrs 5 (3.9) 10 (9.3) 23 (17.2)

3-10yrs 4 (3.1) 29 (26.9) 88 (65.7)

>10yrs 119 (93) 69 (63.9) 23 (17.2)

Haptoglobin–ng/mL 1.77 [0.99–1.77] 1.72 [0.74–1.77] 1.77 [1.26–1.77] 0.03a

IFNγ–pg/mL 0.42 [0.22–0.71] 0.71 [0.36–1.94] 0.71 [0.29–4.11] <0.01

TNFα–pg/mL 0.52 [0.34–0.52] 0.52 [0.37–0.52] 1.91 [0.52–4.56] <0.01a

IL-10 –pg/mL 0.54 [0.27–0.81] 3.92 [1.60–6.67] 0.75 [0.60–2.48] <0.01a

IL-6 –pg/mL 0.55 [0.39–0.76] 0.58 [0.34–0.91] 2.86 [0.71–6.78] <0.01a

IL-4 –pg/mL 0.40 [0.19–0.66] 0.45 [0.18–0.68] 0.61 [0.32–2.21] <0.01a

IL-1β–pg/mL 0.49 [0.40–0.77] 0.55 [0.33–0.65] 0.57 [0.35–1.06] 0.33

IL-8 –pg/mL 0.55 [0.35–0.86] 0.92 [0.52–1.13] 3.28 [0.78–17.85] <0.01a

IL-12p70 –pg/mL 0.62 [0.36–0.83] 0.47 [0.24–0.88] 1.28 [0.93–2.63] <0.01a

CXCL10 –pg/mL 0.42 [0.22–0.69] 0.68 [0.64–0.69] 0.63 [0.47–0.99] <0.01

CCL5 –μg/mL 0.40 [0.19–0.66] 0.49 [0.22–0.71] 0.66 [0.42–0.89] <0.01a

CXCL9 –ng/mL 0.40 [0.19–0.66] 0.51 [0.30–0.83] 4.79 [0.81–24.73] <0.01a

CCL2 –ng/mL 0.42 [0.22–0.69] 0.44 [0.22–0.70] 0.58 [0.28–0.69] 0.06 a

AST–U/L 0.75 [0.29–0.92] 1.15 [0.66–2.49] 10.47 [3.47–46.21] <0.01a

ALT–U/L 0.56 [0.25–1.08] 1.12 [0.41–1.99] 11.7 [7.28–35.52] <0.01a

Fibrinogen–mg/dL 0.63 [0.46–1.10] 0.81 [0.48–1.42] 1.66 [0.59–3.06] <0.01a

CRP–mg/L 0.56 [0.35–0.88] 0.73 [0.44–1.33] 3.12 [0.68–7.94] <0.01a

Creatinine–mg/dL 0.64 [0.36–0.96] 0.71 [0.41–1.10] 0.71 [0.33–1.12] 0.61

Total Bilirubin–mg/dL 0.82 [0.41–1.20] 0.82 [0.46–1.44] 1.44 [0.58–4.23] <0.01a

Direct Bilirubin–mg/dL 0.55 [0.34–1.03] 1.02 [0.40–2.62] 1.21 [0.40–3.82] <0.01

Indirect bilirubin–mg/dL 0.73 [0.35–1.13] 1.17 [0.73–1.17] 1.02 [0.51–3.64] <0.01a

ssMDP 0 [0–2.73] 9.07 [4.19–16.38] 48.11 [24.42–169.43] <0.01a

Data represent median and interquartile range or frequency (percentage). The Kruskall-Wallis test was used to compare the molecular degree of perturbation of each

plasma marker between the three study groups. Chi-square test was used to compare frequencies. P-values in bold font are statically significant. a Markers that displayed

statistical significance (P<0.05) between symptomatic and asymptomatic groups using Mann-Whitey test

https://doi.org/10.1371/journal.pntd.0009886.t001
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defined by taking the differences in concentration levels from the average of the biomarker in

the reference group divided by the reference standard deviation. Essentially, the MDP score

represents the difference, by number of standard deviations, from the healthy control group.

The equation used to calculate MDP in the present study is shown below:

Molecular degree of perturbation ¼
xi � �xðreferenceÞ
sðreferenceÞ

s ¼

Pn
i¼1
ðxi � �xÞ2

n � 1

n = Number of data points

xi = Each of the value of data

�x = Mean of the data points

σ = Standard deviation

In this study we applied the MDP scoring system using data on 21 biomarkers measured

from three distinct groups of patients, with symptomatic vivax infection, asymptomatic vivax

infection and uninfected endemic controls. The MDP was filtered by the absolute MDP scores

below 2 modules and by the sum of all accumulated MDP deviations. To identify samples

implicated in ‘perturbation’, all values above the cutoff of the average MDP score plus 2 stan-

dard deviations of the reference group were considered “perturbed”. In additional analyses,

the median value of ssMDP in symptomatic patients was calculated (value = 48.11), and indi-

viduals exhibiting values above this threshold (top 50% symptomatic participants) were con-

sidered highly perturbed.

Statistical analysis

Descriptive statistics were performed to characterize the study population. Continuous vari-

ables were tested for Gaussian distribution using the D’Agostino-Pearson test. No variables

exhibited normal distribution. The median values with interquartile ranges were used as mea-

sures of central tendency and dispersion, respectively. The Kruskal–Wallis test with the

Dunn’s multiple-comparison were used to compare continuous variables whereas the Pear-

son’s chi-square test was used to compare variables displayed as percentages. Hierarchical clus-

ter analyses (Ward’s method) of log10 transformed and z-score normalized data were

employed to depict the overall perturbation of indicated biomarkers in the study subgroups.

All comparisons were pre-specified and two-tailed. Differences with p-values below 0.05 after

Holm-Bonferroni’s adjustment for multiple comparisons were considered statistically signifi-

cant. Profiles of correlation between biochemical parameters were examined using network

analysis of the Spearman correlation matrices. Correlations with p-value<0.05 were included

in the network visualization. Spearman rank values (rho) were used to describe the strength of

correlations.

A Kaplan-Meier curve adaptation [43] was employed to test the probability of being highly

perturbed according to the number of previous malaria episodes and age. A discriminant

model using sparse canonical correlation analysis (CCA) was employed to assess whether

inflammatory biomarkers, tissue damage biomarkers and inflammatory and tissue damage

biomarkers could characterize the symptomatic participants. One polynomic (multinomial)

logistic regression model was carried out using the variables with P-value <0.02 in the Mann-

Whitney U test between symptomatic and asymptomatic vivax participants, as shown in

Table 1, to detect variables, epidemiologic or laboratory, associated with symptomatic disease.
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Based on the mathematic formulas employed to visualize space-time deformity based on

the general relativity theory proposed by Albert Einstein in 1915, we adapted the application of

the proposed model to assess the overall impact of variables used here on homeostasis (defined

as space-time membrane). In this model, homeostasis was defined by a plain p-brane which

may be subjected to different degrees of deformities depending on the perturbation (distance

from normal, which is calculated through the MDP scores) caused by each inflammatory

marker, tissue damage markers and from the pathogen itself (parasitemia). The calculations

and plots were build using the package Shapes from R.

The statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, La

Jolla, CA, USA), JMP 14.0 (SAS, Cary, NC, USA) and R statistical software.

Results

Characteristics of study population

Here, we performed multidimensional analysis using previous collected samples from 128

endemic control participants, 108 asymptomatic malaria cases and 134 symptomatic patients

[21,36–42]. Overall, study participants with symptomatic malaria were significantly younger

when compared with those with asymptomatic P. vivax infection or uninfected controls (median

age 29 [IQR 19–42]; 44 [IQR 34–50]; 39 [IQR 25–50] years, respectively, P<0.001). No differences

were noted in regard to sex distribution (P = 0.43). Of note, individuals with asymptomatic

malaria referred a higher number of previous malaria episodes (100%, P<0.001). Also, statistical

discrepancies were found in the time living in the endemic area, with, on average, fewer years

reported by symptomatic patients (P<0.001). Noteworthy, the vast majority of MDP values calcu-

lated with the biomarkers measured in the study exhibited significant differences among groups.

Additional findings are detailed in the Table 1. Using a multivariable analysis, based on a stepwise

model (as described in Methods), we confirmed that aging, presenting with more than ten years

living in endemic area and increased number of previous malaria episodes were protective factors

against occurrence of symptoms during the current malaria episode in the adjusted model,

whereas the increases in the global inflammatory disturbance, measured by ssMDP, was a factor

independently associated with the symptomatic malaria (S1A Fig).

Patients with symptomatic vivax malaria exhibit a higher degree of

systemic inflammatory perturbation

To assess potential differences in the inflammatory activation according to the presence or

absence of symptoms in vivax infection, we employed the molecular degree of perturbation

(MDP, as described in Methods) in each study subpopulation (Fig 1). Individuals presenting

with symptomatic vivax malaria exhibited higher ssMDP score values than those with asymp-

tomatic infection or the uninfected control groups (Fig 1A and 1B). In addition, ssMDP values

were also higher in asymptomatic malaria individuals than in those from the endemic control

group (Fig 1B). These results reinforce the idea that the presence of P. vivax infection is associ-

ated with overall disturbances in the systemic inflammatory profile which degree is propor-

tional to the clinical presentation.

We next evaluated whether the degree of inflammatory perturbation calculated for each

marker could provide more granularity about the details of disease endotypes. The mean MDP

score values of each marker of inflammation were analyzed by an unsupervised hierarchical

cluster. Using this approach, we identified two main clusters of markers (Fig 1C). The markers

forming the first cluster tended to increase the MDP values in the group of symptomatic

malaria, with remarkable high values of TNF-α, IL-6, CXCL9, AST, CRP, IL-8 and ALT. The
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second cluster of markers was composed by IFN-γ, creatinine, IL-1β, direct and indirect biliru-

bin, CXCL10 and IL-10, with heightened MDP values being observed in both the group of

individuals with either asymptomatic or symptomatic malaria. Patients with symptoms had

the highest MDP levels, except for IL-10 and indirect bilirubin, which were higher in the

asymptomatic malaria group. An additional analysis using a binary multivariate logistic regres-

sion model revealed that increased perturbation scores of IL-6, IL-8 and CRP were indepen-

dently associated with occurrence of symptomatic malaria, whereas higher degree of

perturbation of IL-10 and fibrinogen were protective factors against symptoms in P. vivax
infection (S1B Fig). Of note, the levels of parasitemia did not enter the multivariable analysis

Fig 1. Higher degree of inflammatory perturbation associated with symptomatic vivax malaria. (A) Histograms show the molecular degree of perturbation (MDP)

score values relative to each study group, as indicated. Heatmap legend showed the differences between the median values of molecular perturbation between the

groups in each marker. (B) Box plots represent the MDP score distribution between study groups, with median and interquartile range values. Data were compared

between the clinical groups using the Kruskal–Wallis test, with Dunn’s multiple comparisons ad hoc test. (C) Left panel: Median MDP values for each indicated

parameter were Log10 transformed and z-score normalized. A two-way hierarchical cluster analysis (Ward’s method) was employed to depict overall trends in changes

of the MDP values among the clinical groups. Dendrograms represent the Euclidean distance. Right panel: Average fold-difference values of the MDP scores for each

marker were calculated between clinical groups. Colored (red or blue) bars represent statistically significant differences estimated by the Mann–Whitney U test. P-

values were adjusted for multiple comparisons using the Holm-Bonferroni method. Abbreviations (alphabetic order): ALT: alanine aminotransferase; AST: aspartate

aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CRP: C-reactive protein; IFN: interferon; IL: interleukin; TNF: tumor

necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g001
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model, considering that there is a collinearity between the level of parasitemia and the presen-

tation of symptoms. The visual differences detected in the heatmap of the MDP values were

confirmed using fold-difference calculations between the study groups (Fig 1C). Likewise,

when comparing symptomatic with the uninfected control group, only perturbations of hapto-

globin, creatinine and IL-1β were not significantly increased. The magnitude of differences in

the MDP score values of the individual markers was found to be lower between the groups of

individuals with asymptomatic malaria or uninfected controls. On the other hand, although

the majority of markers with significant perturbances were noted in symptomatic patients, the

comparison of malaria groups also identified augmented expression of MDP levels of IL-10

and indirect bilirubin in asymptomatic individuals. These findings reinforce the idea that dis-

turbances in concentrations of biomarkers involved in the systemic inflammation may be asso-

ciated with the susceptibility to P. vivax malaria.

Network analysis of inflammatory balance in Plasmodium vivax infection

To more precisely characterize the nuances and dynamics of the systemic inflammatory per-

turbation detected in the presence of P. vivax malaria, and which was more pronounced in

those with symptomatic infection, we employed a network analysis of MDP values (Fig 2), as

previously published by our group in a series of other pathological conditions [30–34].

Using MDP scores for each biomarker, as well as the overall MDP score (ssMDP), we

found an important discrepancy in the network densities among the study groups. The group

of symptomatic vivax participants exhibited the highest network density whereas asymptom-

atic infection displayed the lowest (Fig 2). Moreover, regardless of the clinical groups, most

correlations were positive, meaning that increases in inflammatory perturbation of a given

marker were frequently followed by increases in the disturbance levels of other inflammatory

molecules (Fig 2). Curiously, the interferon pathway dominated the interactions (e.g., statisti-

cally significant correlations) in the control group, with CCL2, CXCL9, CCL5, CXCL10, IFN-γ
and IL-4 showing up as the top highly connected markers (Fig 2A). In the group of asymptom-

atic malaria participants, the Spearman correlation matrices revealed a unique negative corre-

lation, between the MDP values of CXCL10 and IL-12p70. The most highly connected

markers were CRP, CCL2, CCL5, CXCL10, IL-1β and IL-4 (Fig 2B). Importantly, in the group

of symptomatic vivax, we found two clusters of correlations: the first composed mainly by

interactions between the inflammatory markers and ALT and AST; and the second composed

by tissue damage markers (Fig 2C). Next, to verify the individual contribution to the global

inflammatory perturbation, we employed a Spearman correlation between the ssMDP and the

MDP level of each marker and found that the symptomatic group presented a higher number

of markers exhibiting significant associations with the global perturbation (S2 Fig). These

observations argue that the appearance of symptoms in vivax malaria is associated with an

intense disruption of the homeostasis, hallmarked by an increased overall degree of molecular

perturbation as well as by a regulated process chracterized by an intricate network of correla-

tions between individual markers. Of note, the lower number of correlations found in asymp-

tomatic matrices could suggest an uncoupling in the inflammatory response reflecting in mild

disease without clinical symptoms, and can raise the odds of tolerance to infection.

Time living in the endemic area influences the molecular degree of

perturbation of individuals infected with Plasmodium vivax
We have previously demonstrated that persons living in malaria endemic areas from the Bra-

zilian Amazon for more than 10 years tend to exhibit increased odds of developing asymptom-

atic malaria once infected with P. vivax [41]. Such findings agree with other investigations on
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P. falciparum infection in other regions of the globe [44,45]. Here, to evaluate the impact of the

time of residency in an endemic area on the molecular degree of inflammatory perturbation,

we stratified the study participants in two groups: (i) one including those who lived less than

ten years and (ii) a second group with persons who referred living more than ten years (Fig 3).

A hierarchical cluster analysis built upon a heatmap of z-score normalized MDP data on

each individual marker and P. vivax parasitemia values failed to show a profile that could dis-

tinguish the individuals based on time living in the endemic area in both groups of malaria

patients (symptomatic and asymptomatic malaria) (Fig 3A, left panel). A second investigative

approach used Spearman correlation analysis between the MDP or parasitemia and time living

Fig 2. Network analysis of the MDP score values in the study groups. Spearman correlation matrices of the MDP score values in each study group—(A) controls; (B),

asymptomatic vivax malaria; (C) symptomatic vivax malaria—were built and Circus plots were used to illustrate the correlation networks. Only significant correlations

(p< 0.05 after adjustment for multiple comparisons) are shown. Each circle represents a different plasma parameter, and the size of each circle is proportional to the

number of significant correlations. Lines represent the Spearman rank (rho) values. Red color infers positive correlation, whereas blue color denotes negative

correlation. Node analysis heatmap shows the number of statistically significant correlations involving each marker per clinical group. Abbreviations (alphabetic order):

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CRP: C-reactive protein;

IFN: interferon; IL: interleukin; TNF: tumor necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g002
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in the endemic area in the entire subpopulation of P. vivax-infected individuals. Interestingly,

the MDP scores from most of the markers as well as the parasitemia values were all negatively

correlated with time living in the endemic area. One exception was IL-10 MDP values, which

were positively correlated with time living in the area (Fig 3A, right panel). Of note, the pertur-

bation of the liver damage parameters ALT, AST, total bilirubin, and also MDP values of IL-4,

IL-6, IL-8, IL-12p70, CXCL9, CCL5, CCL2, CRP, fibrinogen and parasitemia levels showed an

inverse correlation with the time living in the endemic area. Moreover, an expressive greater

number of individuals with asymptomatic malaria was found to live more than 10 years in the

area (Fig 3B). Tolerance to malaria is tightly related to number of previous Plasmodium infec-

tions [26,46] and people living for an extended time in endemic regions may be at higher odds

of experiencing a greater number of P. vivax infections. We then tested whether time living in

the endemic area would reflect the number of P. vivax symptoms. As expected, individuals liv-

ing for longer periods in the endemic areas showed a lower number of symptoms in the cur-

rent malaria episode (Fig 3C).

Impact of repetitive malaria episodes in the past on the degree of

inflammatory perturbation in the current Plasmodium vivax infection

We next directly tested the hypothesis that individuals highly exposed to P. vivax and who

experienced several previous malaria episodes would gradually learn how to modulate the

immune activation and control the inflammatory responses that result in immunopathology,

Fig 3. Patients with Plasmodium vivax malaria living longer in the endemic area display an attenuated systemic inflammatory disturbance. (A) Left panel: to build

the heatmap, data were log-transformed and z-score normalized. A one-way hierarchical cluster analysis (Ward’s method) was employed to show the profiles of the

molecular degree of perturbation of participants according to time living in an endemic area (patients were ordered according to time living in an endemic area). Patients

were divided in two groups based on time living in the area (those who have lived for less than 10 years or for more than 10 years) and whether they presented with

symptomatic or asymptomatic malaria. Right panel: Spearman rank test was used to assess correlations between the individual MDP score values of each parameter or

parasitemia and time living in an endemic area (in years). Bars indicate the Spearman coefficient (rho) values. Green bars to the right indicate positive whereas to the left

denote negative correlations with adjusted P-values<0.05. Grey bars indicate non-significant correlations. (B) The Pearson’s chi-square test was used to compare the

frequency (percentage) of symptomatic and asymptomatic malaria participants according to the years living in an endemic area. (C) A violin plot was used to show the

number of symptoms in the participants stratified according to years living in an endemic area. Data were compared using the Mann-Whitney U test. Abbreviations

(alphabetic order): ALT: alanine aminotransferase; AST: aspartate aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CRP: C-

reactive protein; IFN: interferon; IL: interleukin; TNF: tumor necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g003
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reducing the odds of developing more severe clinical presentations during the current infec-

tion. Initially, using Spearman correlation analysis, we found a general tendency to detect a

negative correlation between the number of previous vivax malaria episodes and the MDP val-

ues of nearly all the markers evaluated (Fig 4A).

Fig 4. Heightened number of previous malaria episodes mitigates the inflammatory imbalance in the current Plasmodium vivax infection. (A) Spearman correlation

between the number of previous malaria episodes and the global degree of inflammatory perturbation (ssMDP) of each parameter’s individual MDP values. Bars represent

the Spearman rank coefficient value (rho). Colored bars (each clinical group is represented by a different color) infer correlations that presented adjusted P-value<0.05.

(B) A scatter plot was employed to show the correlation between the number of previous malaria episodes and the ssMDP score values. (C) Probability of being highly

perturbed (>2 standard deviations from control group) according to the number of previous malaria episodes in all participants (left panel) and participants grouped

based on biological sex. The curves were compared using the Steger Method. Abbreviations (alphabetic order): ALT: alanine aminotransferase; AST: aspartate

aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CRP: C-reactive protein; IFN: interferon; IL: interleukin; TNF: tumor

necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g004
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Applying this analysis to all participants with malaria, we observed that only MDP levels of

IL-10 were directly associated with the number of previous malaria episodes (Fig 4A). An

interesting finding was the negative correlation between the number of previous infection epi-

sodes and parasitemia in all the participants with vivax malaria, independent of the presenta-

tion of symptoms (Fig 4A). In participants with symptomatic malaria, only negative

correlations were detected, highlighting the influence of previous infection episodes on reduc-

ing perturbance of tissue damage markers, such as direct and indirect bilirubin, creatinine,

and fibrinogen. This observation reinforces the idea that having a history of several previous P.

vivax infections is related to a relative control of tissue damage (Fig 4A). Extending the

approach to asymptomatic participants, we detected a unique inverse correlation between the

number of previous episodes and IL-12p70 MDP values. Additionally, we found that even in

the uninfected control group, history of previous malaria episodes was associated with reduced

perturbation of indirect bilirubin, total bilirubin, CCL2, CXCL10, IL-10 and IFN-γ (Fig 4A).

Importantly, when all malaria participants were analyzed, the global perturbation measured by

ssMDP levels was lower proportionally to the increases in the number of previous malaria epi-

sodes (Fig 4A and 4B). Finally, a Kaplan-Meier survival curve demonstrated that increases in

the number of previous malaria episodes resulted in a gradual lower probability of a study par-

ticipant being considered highly perturbed (presenting with�±2SD of the overall ssMDP

score value, as described in Methods), independent of biological sex (Fig 4C). Noteworthy, our

analysis revealed that previous exposure to Plasmodium infections indeed seems to attenuate

the immune activation of the current episode, reflecting the lower odds of experiencing an

unfettered, imbalanced, inflammatory response, that could be also a consequence of humoral

immunity acquired in the previous interactions of the parasite with the host.

Aging impacts the molecular degree of perturbation in Plasmodium vivax
infection

We have previously suggested that there is an effect of aging in the modulation of systemic

inflammation in P. vivax infection [7]. Here, we tested whether such an effect may be

explained by the impact of aging on the molecular degree of inflammatory perturbation.

Hence, Spearman correlation analysis revealed that, in general, increasing in age was associ-

ated with decreases in the MDP score values of the markers investigated in the study popula-

tion (Fig 5).

Considering only P. vivax-infected participants, all the statistically significant correlations

between aging and MDP score values were negative, meaning that increases in age were

directly related to a reduction in the global inflammatory disturbance (ssMDP), and in the

individual degree of perturbation of fibrinogen, ALT, AST, TNF-α, IFN-γ, haptoglobin and

also parasitemia (Fig 5A). Importantly, in the group of symptomatic malaria, aging was signifi-

cantly related to decreased haptoglobin MDP values only, whereas in the group of asymptom-

atic malaria, aging specifically reduced the fibrinogen MDP values but not of other markers

(Fig 5A). In the endemic control group, we found that aging was associated with increases in

MDP scores of IL-8 and IL-1β and decreased MDP values of total and direct bilirubin. We

next evaluated the impact of aging in the global inflammatory perturbation in all of our study

participants and found a weak negative correlation (r = −0.11; P = 0.032) (Fig 5B). Further,

increases in age were shown to proportionally reduce the probability of an individual being

highly perturbed regardless of the biological sex (Fig 5C), suggesting that aging mitigates the

inflammatory imbalance in P.vivax-infected individuals. Finally, a hierarchical cluster analysis

performed based on the age and number of malaria episodes could not distinguish groups

when data from all participants were inputted. However, the analysis reinforced our working
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hypothesis by exhibiting the influence of aging and previous infections over more controlled

inflammatory responses (reduced MDP values) and lower frequency of symptomatic malaria

cases (S3 Fig).

Effects of the inflammatory disturbance on the number of symptoms

during Plasmodium vivax infection

To dissect the clinical effects of the inflammatory imbalance during P. vivax infection, we used

a color map analysis, ordering the participants based on the number of symptoms, to describe

the symptomatology distribution in our study population (Fig 6A).

As expected, fever was the main symptom documented in P. vivax-infected participants,

which was identified in all patients, followed by chills, sweating, headache, myalgia, arthralgia

and nausea. We next employed Spearman correlation analyses and found a curious negative

correlation between the number of symptoms and both age and parasitemia (r = -0.34,

P<0.001; r = -0.24, P = 0.004, respectively) (Fig 6B), reflecting the possible impact of aging in

the reduction of systemic inflammation, with consequently lower number of symptoms, and

Fig 5. Aging is associated with diminished systemic inflammatory disturbance in vivax malaria. (A) Spearman

correlation between age and the global degree of inflammatory perturbation (ssMDP) of the individual MDP values for

each parameter. Bars represent the Spearman rank coefficient value (rho). Colored bars (each clinical group is

represented by a different color) infer correlations that presented adjusted P-value<0.05. (B) A scatter plot was

employed to show the correlation between age and the ssMDP score values. (C) Probability of being highly perturbed

(>2 standard deviations from the control group) according to age in all participants (left panel) and in participants

grouped based on biological sex. Abbreviations (alphabetic order): ALT: alanine aminotransferase; AST: aspartate

aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; CRP: C-reactive protein;

IFN: interferon; IL: interleukin; TNF: tumor necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g005
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Fig 6. Impact of systemic inflammatory disturbance on the number of symptoms in Plasmodium vivax malaria. (A) Symptomatic P. vivax
malaria patients were ordered according to the number of symptoms. A color map highlighting the detection of each symptom is shown. Parasitemia
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the possibility of an anti-malarial immunity, with patients presenting higher parasite burden

and lower number of symptoms. Next, we divided our participants according to the number of

symptoms, in asymptomatic (no symptoms), oligosymptomatic (less than six symptoms) and

polysymptomatic (those who presented six or more symptoms) and employed a hierarchical

cluster and a Spearman correlation analysis to investigate the potential effect of the inflamma-

tory activation (measured through MDP score values of the markers) on symptomatology in

P. vivax infection (Fig 6C). A clear distinction in the MDP profiles of the markers was

observed in the unsupervised hierarchical cluster between asymptomatic, oligosymptomatic

and polysymptomatic groups (Fig 6C). Overall, the group of polysymptomatic individuals

exhibited relatively heightened inflammatory perturbation values, distinguished from the

other groups by expression of almost all markers when compared with asymptomatic partici-

pants. Precisely, increased IFN-γ, IL-1β, creatinine, direct and indirect bilirubin MDP scores

in comparison with the oligosymptomatic group (Fig 6C). Asymptomatic participants, on the

other hand, showed a tendency to express higher MDP values of IL-10 and CXCL10, which

were clearly lower than the oligo and polysymptomatic groups (Fig 6C). Furthermore, Spear-

man correlation analyses were performed to investigate the association between the number of

symptoms and the degree of inflammatory perturbation of the indicated markers. This

approach revealed that the number of symptoms was associated mainly with increases in the

degree of perturbation of tissue damage markers, such as AST, ALT, total and indirect biliru-

bin, fibrinogen and creatinine (Fig 6C). Furthermore, we found that the global molecular per-

turbation measured by ssMDP values exhibited a gradual tendency to increase in the

participants according to the augmented number of symptoms (Fig 6D). Our findings argue

that the degree of inflammatory disturbance in peripheral blood of P. vivax malaria patients is

directly related to the clinical presentation severity.

Perturbation in concentrations of tissue damage markers, rather than of

immune activation molecules characterizes symptomatic Plasmodium
vivax malaria

Among the biomarkers investigated in the present study, there were mostly two classes of mol-

ecules: (i) those that more closely infer inflammatory activity and (ii) those intrinsically related

to tissue damage/injury (Fig 7A).

To more precisely define which class of markers is more relevant to explain the occurrence

of symptoms in individuals infected with P. vivax, we used a discriminant algorithm based on

sparse canonical correlation analysis (sCCA). We performed three models (i) one with all the

markers (Fig 7B), (ii) a second model with only the tissue damage markers (Fig 7C) and (iii) a

final model including only inflammation-related markers (Fig 7D). In all three models, dis-

crimination of symptomatic participants from asymptomatic and endemic controls was

detected with a high degree of accuracy (Fig 7B, 7C and 7D). As expected, differentiation

between asymptomatic malaria and uninfected controls was difficult, with many

(log10) and age are shown as continuous variables on the bottom for each patient. (B) Spearman correlation between the number of symptoms and

age (left panel) and Log10 parasitemia (right panel). Linear curves with 95% confidence intervals were used to illustrate trends in data variation. (C)

Patients were stratified into three groups based on the presence of symptoms: Asymptomatic, Oligosymptomatic (�5 symptoms) or

Polysymptomatic (>5 symptoms). Left panel: Median MDP values for each indicated parameter were Log10 transformed and z-score normalized. A

one-way hierarchical cluster analysis (Ward’s method) was employed to depict overall trends in changes of the MDP values among the clinical

groups. Dendrograms represent the Euclidean distance. Right panel: Spearman correlation between the number of symptoms and the MDP score

values for each indicated parameter. Green bars indicate statistically significant correlations (all positive after adjusted P-value<0.05). Grey bars

denote a non-significant correlation. (D) Violin plot shows the distribution of the global degree of perturbation (ssMDP) in each subgroup of P.

vivax patients. Data were compared using the Kruskal-Wallis test with a non-parametric linear trend posttest.

https://doi.org/10.1371/journal.pntd.0009886.g006
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misclassifications detected in the models. We next assessed the canonical coefficients of each

model, which is a statistical strategy to rank the markers that most contributed to a given dis-

criminant model. This approach uncovered that AST and ALT were the top markers associ-

ated with symptomatic participants (Fig 7B). In the second model, canonical coefficient values

of tissue damage markers, ALT and AST also emerged as the top markers that could identify

individuals with symptomatic malaria, whereas direct bilirubin and haptoglobin were the top

Fig 7. Using canonical correlation analysis of the degree of perturbation of inflammatory or tissue damage markers to characterize vivax malaria. (A) In an

exploratory approach, a sparse canonical correlation analysis (sCCA) was used to test whether the indicated clinical groups could be distinguished based on: (B) the overall

perturbation profile of all the markers measured, or combinations of (C) tissue damage markers or (D) inflammatory markers only. Each circle represents a patient,

according to the clinical groups, as indicated. Lower panels show the canonical coefficient scores calculated to identify the biomarkers responsible for the distinctions

between groups in each sCCA model as indicated. Tables show the performance of each developed canonical model. Rows refer to the actual counts, whereas columns the

predicted count. Abbreviations (alphabetic order): ALT: alanine aminotransferase; AST: aspartate aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C

motif chemokine ligand; CRP: C-reactive protein; IFN: interferon; IL: interleukin; TNF: tumor necrosis factor.

https://doi.org/10.1371/journal.pntd.0009886.g007
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damage markers associated with the distinction between asymptomatic malaria and uninfected

controls (Fig 7C). Finally, we used only the inflammatory markers (Fig 7D) and observed a rel-

evant decrease in the discrimination power, with 38 misclassifications in the group of symp-

tomatic malaria. Using information from the canonical coefficients, we found that the IFN

pathway exhibited a relevant role in the discrimination of symptomatic malaria and controls,

with CCL2 followed by CXCL10 and CXCL9 as the top markers. CXCL9 and IL-4 were the top

markers when we analyzed asymptomatic malaria vs. controls, whereas IL-6 and CXCL10

were highlighted when symptomatic vs. asymptomatic malaria patients were compared (Fig

7D). In the context of P. vivax malaria, these observations reinforce the idea that alterations in

circulating concentrations of tissue damage-associated markers more intrinsically relate with

the appearance of symptoms than the imbalance of the immune activation alone.

Characterizing disease tolerance in Plasmodium vivax malaria

We further tested whether disease tolerance could be observed and characterized in the study

participants infected with P. vivax. To do so, we examined the systemic inflammation assessed

through the ssMDP values in the context of P. vivax parasitemia and the number of symptoms.

First, we employed a hierarchical cluster with z-score normalized values to depict the overall

distribution of these three selected parameters in the group of patients with symptomatic

malaria. Interestingly, the combination of the ssMDP, number of symptoms, and P. vivax
parasitemia was not able to completely segregate patients with severe malaria from those with

non-severe malaria (See definitions used to classify patients based on malaria severity in Meth-

ods) (Fig 8A).

Moreover, the clustering analysis revealed four main clusters of study participants. The first

cluster was composed predominantly by patients with non-severe malaria. Such cluster was

characterized by the highest parasitemia and variable ssMDP values, with a low number of

symptoms (Fig 8A). The second cluster was also composed mainly by non-severe malaria par-

ticipants and exhibited a relatively low value for all three parameters evaluated (Fig 8A). The

third cluster displayed a slight increase in the frequency of participants with severe malaria

and was marked by augmented levels of global molecular perturbation, despite lower parasite-

mia values and the number of symptoms (Fig 8A). Finally, the fourth cluster was constituted

by a majority of participants with severe malaria. This latter cluster exhibited more commonly

a higher number of symptoms despite the relative lower ssMDP values and parasitemia levels

(Fig 8A). These results suggest that the fourth cluster of study participants included patients

who were less tolerant to P. vivax malaria. A principal component analysis (PCA), using the

same parameters inputted in the hierarchical clustering, validated the idea that the number of

symptoms, systemic inflammation assessed by ssMDP, and parasitemia were all independently

influencing the distribution of the participants with symptomatic malaria into different sub-

groups of individuals. The PCA groups were similar to the clusters identified in the clustering

analysis (Fig 8B). Importantly, correlation analyses revealed an inverse linear association

between parasitemia and the number of symptoms in individuals with non-severe malaria but

not in those with severe malaria (Fig 8C). We next employed statistics previously used to assess

space-time deformity by gravity following the general relativity theory (as described in Meth-

ods) to visualize the impact of each inflammatory and tissue damage marker on homeostasis

disturbance. The disturbance is defined here by comparison to the space-time brane calculated

for the uninfected endemic control group. Using this approach, the degree of deformity in the

space-time brane infers the degree of homeostatic disturbance. The analyses demonstrated

that the fourth cluster, mainly composed of severe malaria patients, exhibited the highest

homeostatic disturbance (Fig 8D). As shown in Fig 8D, there was a progressive disturbance of
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Fig 8. Characterizing disease tolerance in Plasmodium vivax malaria. (A) Left panel: A two-way hierarchical cluster analysis was employed to characterize the overall

profiles of parasitemia, systemic inflammatory disturbance (ssMDP) and the number of symptoms in Plasmodium vivax patients presenting with either severe (n = 28) or

non-severe disease (n = 106). Right panel: A Chi-Square test was used to test the proportion of severe vivax patients in each cluster identified. (B) A principal component

(PCA) model (left panel) with a vector plot (right panel) was used to demonstrate the influence of each indicated parameter on the distribution of the data. Colors indicate

the clusters identified in panel (A). (C) Patients were segregated according to malaria severity and a Spearman correlation analysis was performed to identify the

association between parasitemia and number of symptoms (N˚ of symptoms). (D) A space-time deformity model based on the relativity theory of gravity was employed to

visualize the impact of each plasma marker and tissue damage marker on disturbance of the homeostasis (defined as space-time brane in the control group). See Methods

for details on the mathematical model. Each dot represents a marker, and groups of patients were separated based on the cluster analyses shown in (A).

https://doi.org/10.1371/journal.pntd.0009886.g008
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the homeostasis through clusters 1 to 4, revealing a remarkable tolerance pattern, in which

patients from the first cluster exhibited more robust tolerance to the disease.

Identifying the determinants of disease tolerance in P. vivax infection

Spearman correlation matrices between the MDP values of the inflammatory or tissue damage

markers and the number of symptoms and parasitemia values were employed to dissect the

factors that could directly or indirectly influence tolerance in vivax malaria patients (Fig 9).

In participants with non-severe vivax malaria, our analysis revealed that only MDP levels of

IL-1β and IL-4 were positively correlated with parasitemia. MDP levels of IFN-γ, IL-4, IL-6,

CXCL10, CCL5, and liver parameters ASL and ALT showed to be positively correlated with

the number of symptoms (Fig 9). Extending our approach to participants with severe malaria,

we found that MDP levels of IL-10, IL-12p70, AST, ALT, and indirect bilirubin were directly

associated with parasitemia (Fig 9). Importantly, the number of symptoms in those presenting

severe vivax infection was associated with increases of several MDP levels of both inflamma-

tory and tissue damage markers.

Discussion

Knowledge about disease tolerance in humans remains poorly elucidated, in part due to the

difficulty of establishing a reliable measure of systemic inflammation. Here, to fill this gap, we

used the molecular degree of perturbation (MDP) approach, a statistical tool that led us to

Fig 9. Identifying the factors associated with disease tolerance in Plasmodium vivax malaria. A Spearman correlation rank matrix analysis was used to

identify the specific inflammatory or tissue damage markers which degree of disturbance is associated with parasitemia or number of symptoms (the latter are

represented as central spheres in the network graphs) in patients non-severe or severe P. vivax as indicated. Each line represents a statistically significant

correlation (p<0.05) after adjustment for multiple measurements. Among the statistically significant correlations detected, only positive associations were

found.

https://doi.org/10.1371/journal.pntd.0009886.g009
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infer the global inflammatory status, and which has been recently proposed by our group to

help to understand the pathophysiology of a range of infectious and non-infectious diseases

[30–33,43,47]. We evaluated the effects of several epidemiologic characteristics in inflamma-

tory responses to P. vivax, dissecting the disease tolerance to vivax malaria and identifying the

molecular factors associated with the phenomenon.

Using the MDP, we found that regardless of the symptomatology, P. vivax infected partici-

pants exhibited a higher degree of inflammatory perturbation than the control groups. Impor-

tantly, symptomatic patients displayed the highest global MDP scores. In fact, we have

previously reported that the clinical manifestation in P. vivax infection is strongly associated

with an inflammatory imbalance in peripheral blood [36]. Here, we also identified a non-sur-

prising pattern of inflammatory imbalance present in all the infected participants. Such a pat-

tern comprises a higher degree of perturbation of CXCL9, CXCL10, IL-8, IL-10, IFN-γ, AST,

ALT, CRP, Fibrinogen, direct and indirect bilirubin concentrations. Moreover, only infected

symptomatic patients had TNF-α, total bilirubin, and IL-6 increased perturbation. These bio-

markers have been extensive explored in the context of malaria pathophysiology. IFN-γ and

CRP have been recently identified as an inflammatory signature associated with a higher risk

of mortality in P. vivax infection [6]. Polymorphisms in TNF-α and IL-6 genes [48], as well

higher levels of these markers and of CXCL10 [49] were linked to malaria clinical outcomes

and pro-inflammatory activation in response to P. vivax [50]. IL-10 has a fundamental role in

response to Plasmodium infections, directly affecting dampening the inflammation-driven

cytokine storm, modulating the immune response, and limiting the tissue damage, reducing

odds of severe malaria [35,51,52]. On the other hand, IL-10 in both pre-clinical and human

models of malaria infection, appear to be not only a protective marker against severe diseases,

but could also inhibit the anti-parasite immunity [53]. This dual function of IL-10 in Plasmo-
dium infection was identified in our study. The levels of this cytokine were positively corre-

lated with parasitemia in severe cases. IL-10 concentrations were also higher in asymptomatic

participants and exhibited a positive correlation with the time living in endemic area, when all

malaria cases were included in the analysis. Using the MDP assessment in malaria patients led

us to define the nuances of the inflammatory imbalance associated with P.vivax infection.

In some infectious diseases, such as malaria, the balance between immune activation, regu-

latory cytokine responses and degree of tissue damage is a critical determinant of disease out-

comes [54–56]. We explored the dynamicity of the P.vivax infection using the Spearman

correlation matrices [30,31,35,57], and found a higher density of correlations among the par-

ticipants with symptomatic malaria, with predominance of positive correlation among the

degree of perturbation of the biomarkers. Despite that, in participants with symptomatic

malaria, the degree of CCL2 perturbation exhibited two negative correlations, vs. IL-6 and

TNF-α. Moreover, ALT was the top node in the matrix calculated for symptomatic malaria,

highlighting the relevance of liver inflammatory reaction in P.vivax infection [58,59]. Impor-

tantly, different from our previous publication using absolute concentration values of inflam-

matory markers, where we had identified a highest number of correlations in matrices from

asymptomatic patients [35], here, the Spearman correlation analysis using the values of the

degree of abnormality from baseline levels that were considered normal (reference values) in

our population, by imputing MDP values instead, we found that this group of participants

exhibits the lowest network density. This findings suggests that the absence of symptoms in

response to P. vivax is associated with a potential uncoupling of the perturbed inflammatory

response, probably due to lack of immune activation in peripheral blood. A curious finding

was the relative dissociation between tissue inflammatory damage markers and immune fac-

tors. This dissociation argues that, except for the liver, the symptoms caused by P.vivax are

strongly associated with the cytokine storm in response to infection and may be also linked to
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local tissue reaction, assessed by measuring levels of liver transaminases for example, but with-

out direct interaction between these MDP values. This dissociation can be a consequence of

the immune evasion mechanisms presented by the parasite, which alter the red blood cell

(RBC) structure through expression and export of molecules encoded by Plasmodium genome

[60]. The interaction between the modified RBC and the host immune cells may hinder the

Plasmodium recognition and enables the tissue damage directly mediated by the pathogen.

Epidemiologic aspects have largely been described to influence clinical presentation and

outcomes in malaria [7,30,31,48]. Many of these effects are also related to the profile of the

immune response. In continuous exposure to P.vivax, reflected throughout time living in

endemic area and age, the host is thought to develop clinical immunity against Plasmodium.

Still, a controlled inflammatory activation can limit the parasite burden [7] without major per-

turbations in homeostasis, dampening symptomatology. Here, we showed that repetitive P.

vivax infection in the past gradually mitigates the inflammatory activation in later infection

episodes. The indications of this phenomenon are several. First, we found a robust negative

correlation between the time living in an endemic area and the MDP values for all markers

measured, except for IL-10 MDP levels. Our results also revealed a higher incidence of symp-

tomatic individuals and fewer symptoms among those who reported living less than ten years

in the endemic region. Next, we showed negative correlations between the number of previous

malaria episodes and the inflammatory disturbance detected during the current infection,

except for, again, IL-10 MDP levels. It is important to note that we found a tendency to

decrease systemic inflammation and a lower probability of being highly perturbed in individu-

als with a greater number of previous malaria episodes.

Regarding age, we found that aging is associated with less intense inflammatory activation.

Reinforcing the role of hyper-inflammatory status in symptomatology, we demonstrated that

the number of symptoms was positively associated with increased MDP levels. Precisely, levels

of tissue damage markers, such as AST, ALT, bilirubin, fibrinogen, and creatinine, and the

pro-inflammatory markers IL-6 and IFN-γ. Additionally, the ‘global’ systemic inflammation,

measured by ssMDP levels, was higher in polysymptomatic participants. Our observations

reported here suggest that older individuals who lived for long time in malaria-endemic area

and had been exposed to several Plasmodium infections in the past tend to tolerate the current

P. vivax infection through a decrease in perturbation of all pro-inflammatory and tissue dam-

age markers, and increase in MDP levels of IL-10, which may limit tissue damage and mini-

mize sickness [35,51,52].

Finally, our study tried to dissect the determinants of disease tolerance to P. vivax infection.

Using data on parasitemia, ssMDP values, and the number of symptoms, we were able to eval-

uate the interplay between the main factors associated with unfavorable outcomes in an infec-

tious disease: (i) pathogen load; (ii) host response to infection and (iii) clinical consequences of

this interaction. Our analysis reveals that the main factor associated with severe cases in P.

vivax infection was the number of symptoms. Of note, these participants exhibited relatively

lower parasitemia and ssMDP values, arguing that some persons present severe vivax cases

regardless of pathogen burden and inflammatory activation, being little tolerant to infection

and showing higher susceptibility to homeostasis disruption and consequently more symp-

toms. Furthermore, some persons with a low number of symptoms had high parasitemia and

high ssMDP values, showing that even in a smaller number, there may be symptoms directly

related to molecular perturbation. Thus, the analyses suggest that there is a disruption between

parasitemia, MDP and the clinical presentation of the disease. In converse, we identified a sub-

group of individuals who presented with higher parasitemia and augmented ssMDP values but

lower symptomatology, with reduced number of severe malaria cases. This latter group of indi-

viduals may be activating the immune response to counteract the parasite load, but without
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resulting in substantial tissue damage and symptomatology. We also found another group of

P. vivax-infected study participants who seemed to have controlled infection without inducing

substantial inflammatory disturbance, and presented with low parasitemia, lower ssMDP val-

ues and few symptoms. Importantly, we found that persons with severe vivax malaria lost the

effective control of parasitemia resulting in tissue damage and symptoms, exemplified here by

absence of a statistically significant correlation between parasitemia and number of symptoms.

Our final results disclosed the determinants of diseases tolerance in P. vivax infection. To

do that, we employed networks inputting correlations between degree of molecular perturba-

tion of tissue damage or inflammatory markers with parasitemia and number of symptoms.

We described that higher parasitemia in severe vivax malaria was associated with a more

robust tissue response, and that the degree of symptomatology was directly related to degree of

perturbation in cytokine concentrations. Such scenario may significantly contribute to tissue

damage through systemic inflammatory activation and also tissue inflammation, reinforcing

our previous results reported above. Nevertheless, in non-severe cases, parasitemia was not

associated with MDP of tissue damage markers and the number of symptoms were more

linked to systemic inflammatory activation. This latter result reinforces the hypothesis that

some patients manage to restrict P. vivax infection in a balanced fashion, despite presenting

some symptoms but without substantial tissue damage. This ‘tolerant state’ may be associated

with epidemiologic factors such as those reported here, confirming previously published

results [7].

Our study has some limitations. We did not have measurements of inflammatory markers

after the malaria therapy, limiting our insights about the systemic inflammation and immune

restoration in our participants. Additionally, all our study participants were recruited in Brazil,

and additional studies in multiple sites/endemic areas are needed to confirm our findings.

Despite these limitations, our study adds to the current knowledge in the field by demonstrat-

ing the occurrence of disease tolerance in P. vivax malaria and by identifying the major deter-

minants of this phenomenon.

Supporting information

S1 File. Raw data used in the analyses.

(XLSX)

S1 Fig. Epidemiological and immune factors associated with symptomatic Plasmodium
vivax malaria. Adjusted multinomial logistic regression analysis was performed with symp-

tomatic malaria as the primary outcome. The model was composed with variables that were

statistically significant (p< 0.05) in univariate comparisons (see univariate comparisons in

Table 1).

(TIF)

S2 Fig. Determinants of the global degree of perturbation. A Spearman correlation analysis

was employed to identify the perturbation of each individual marker that contribute to

changes in the systemic inflammatory imbalance, assessed by ssMDP score values, in each

group as indicated. Colored bars infer the correlation with P-value<0.05 after adjustment for

multiple comparisons. Abbreviations (alphabetic order): ALT: alanine aminotransferase; AST:

aspartate aminotransferase; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemo-

kine ligand; CRP: C-reactive protein; IFN: interferon; IL: interleukin; TNF: tumor necrosis fac-

tor.

(TIF)
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S3 Fig. Influences of age and number of previous episodes in the inflammatory imbalance

in Plasmodium vivax infection. Hierarchical cluster analysis of Log-10 transformed and z-

score normalized using Ward’s method with 100X bootstrap was employed to depict the over-

all perturbation of inflammatory and biochemical markers in study population. The partici-

pants were grouped based on age (A) and number of previous Malaria episodes (B).

(TIF)
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