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Abstract

Several CD4+ T cell subtypes contribute to immune homeostasis in malaria, but the markers that 

define the main suppressive T cell subsets induced by this infection remain largely unknown. Here 

we provide a detailed phenotypic characterization of immunoregulatory CD4+ T cell populations 

in uncomplicated human malaria. We found an increased proportion of CD4+ T cells expressing 

CTLA-4, OX40, GITR, TNFRII, and CD69 in acute-phase single-species infections with 

Plasmodium vivax, P. falciparum, or both. Such an increase was not proportional to parasite 

density in P. vivax infections, but did not persist after parasite clearance. Significantly, less than 

10% of CD4+ T cells expressing these regulatory molecules had the classical T regulatory (Treg) 

phenotype (CD4+CD25+CD127−FoxP3+). Two major Treg cell subpopulations, which together 

accounted for 19–23% of all Treg cells circulating in malaria patients, expressed surface receptors 

with opposing regulatory functions, either CTLA-4 or OX40. OX40+ Treg cells outnumbered their 

CTLA-4+ counterparts (1.8:1) during acute P. vivax infection, while a more balanced ratio (1.3:1) 

was observed following parasite clearance These data reveal new players in the complex CD4+ 

Treg cell network that maintains immune homeostasis in malaria and suggest potential targets for 

therapeutic interventions to improve parasite-specific effector immune responses.
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1. Introduction

Early inflammatory responses exert a major parasite-killing effect in malaria. However, 

downregulating inflammation once parasite multiplication is under control is crucial to 

prevent significant tissue damage and severe disease [1]. Interestingly, T cells from malaria 

patients typically fail to proliferate and secrete cytokines upon antigenic restimulation ex-
vivo, while mitogen-induced responses are usually preserved. Although T-cell effector 

responses are partially restored after parasite clearance following chemotherapy [2–4], 

hyporesponsiveness may persist among subjects repeatedly exposed to new infections [5,6].

CD4+ regulatory T (Treg) cells have been implicated in the switch from predominantly 

inflammatory to anti-inflammatory responses and in the inhibition of effector T cell 

responses in human malaria [7–9], but the surface receptors that characterize highly 

suppressive Treg cell subsets induced by this infection remains largely unknown. Indeed, 

thymus-derived classical Treg cells, phenotypically defined as CD4+CD25+ cells that 

express the transcription factor FoxP3 but not the α chain of the IL-7 receptor (CD127), may 

display several additional regulatory molecules. Here we focus on seven surface receptors. 

These include the primary inhibitory receptor CTLA-4 (CD152), which competes with the 

stimulatory molecule CD28 for CD80 and CD86 binding on antigen-presenting cells 

[10,11]; the TNF receptor family costimulatory receptor OX40 (CD134) [12,13]; the 

glucocorticoid-inducible TNF receptor family-related protein (GITR/CD357) [14] and the 

TNF receptor II (TNFRII/CD120b), which can play either inhibitory or stimulatory roles 

[15]; CD69, an early activation marker with inhibitory properties [16]; CD39, an 

ectonuclease involved in the production of the immunosuppressive molecule adenosine [17]; 

and HLA-DR, an activation marker that identifies a Treg cell subset involved in contact-

dependent immune suppression [18]. These receptors define functionally distinct regulatory 

cell phenotypes that are potential targets for immunomodulatory interventions [19].

Varying combinations of surface markers have been used to phenotype Treg cell populations 

in human malaria, limiting comparisons across studies [7–9]. Accordingly, increased 

proportions of CD4+CD25+CTLA-4+ [20], CD4+CD25hiCD69− [21], 

CD4+CD127lowFoxP3+ [22], CD4+CD127low/−FoxP3+ [23], and 

CD4+CD25+CD127lowFoxP3+ cells [24] have been found in Plasmodium falciparum-

infected subjects in Africa and Indonesia. More recently, the proportion of 

CD4+CD25+CD127dimFoxP3+ cells in P. falciparum-infected African children was shown to 

correlate negatively with cumulative exposure to malaria; heavily exposed children actually 

had decreased absolute numbers and proportions of Treg cells [25]. However, similar 

proportions of CD4+CD25+FoxP3+ [26] and CD4+CD25+CD127lowFoxP3+ cells [27] were 

observed in the peripheral blood of falciparum malaria patients and uninfected controls 

exposed to less intense malaria transmission in Brazil and Peru. Likewise, increased 

proportions of CD4+CD25+FoxP3+ cells were described in human P. vivax infections in 
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Thailand [28] and Brazil [29], but in another study from Brazil only the CTLA-4+ subset of 

CD4+CD25+FoxP3+ cells was found to be increased in frequency in response to this parasite 

[26]. The most recent report, from China, showed comparable proportions of 

CD4+CD25hiFoxP3+ Treg cells in uninfected malaria-exposed subjects, vivax malaria 

patients, and unexposed controls [30]. Here we sought to characterize phenotypically CD4+ 

T cell populations expressing a range of regulatory molecules in the peripheral blood of 

uncomplicated malaria patients from Brazil, compared to uninfected controls.

2. Materials and methods

2.1. Ethical statement

This study was approved by the Institutional Review Board of the Institute of Biomedical 

Sciences, University of São Paulo, Brazil (954/CEP). Written informed consent was 

obtained from all study participants or their parents or guardians if participants were minors.

2.2. Study subjects

We analyzed peripheral blood mononuclear cells (PBMC) from 38 acute-phase, 

symptomatic but uncomplicated P. vivax and 17 P. falciparum malaria patients and from 15 

apparently healthy subjects living in the same area, who served as malaria-exposed but 

noninfected controls [26]. Malaria patients (regardless of the infecting species) had 

significantly lower counts of white blood cells, lymphocytes, T lymphocytes, and T CD4+ 

lymphocytes, when compared to uninfected controls (Table 1). To test whether changes in T 

cell populations expressing regulatory markers persisted after parasite clearance, we 

additionally examined paired PBMC samples, collected 28 ± 2 days after starting 

antimalarial chemotherapy, from 15 vivax malaria patients who had been enrolled during the 

acute phase of infection [26]. Plasmodium vivax malaria was treated according to the current 

therapy guidelines of the Ministry of Health of Brazil, with 25 mg/kg of chloroquine base 

over three days (maximum adult dose, 1.5 g over three days) and 0.5 mg/kg/day of 

primaquine base for seven days (maximum adult dose, 30 mg/day). After-treatment blood 

samples had significantly higher counts of lymphocytes, T lymphocytes, and T CD4+ 

lymphocytes, compared to paired acute-phase samples (Table 2), although still slightly lower 

than those found in uninfected controls (Table 1). No post-treatment samples were obtained 

from falciparum malaria patients.

All study subjects lived in the farming settlement of Remansinho, Western Amazon Basin of 

Brazil, characterized by year-round hypoendemic transmission of both P. vivax (which 

accounts for >90% of the local malaria burden) and P. falciparum [31]. Because many adults 

living in this frontier settlement are migrants from non-endemic sites, their ages do not 

necessarily equal the length of malaria exposure; we thus used the number of years living in 

a malaria-endemic setting as a proxy of cumulative exposure to malaria. On-site malaria 

diagnosis, based on thick blood smear microscopy, was confirmed by nested PCR with 

species-specific primers that target the 18S rRNA genes of P. falciparum and P. vivax; 

parasite density (number of parasites/µl of blood) was estimated by quantitative real-time 

PCR [26]. The detection threshold of this technique is approximately 2 parasites µl of blood. 
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Healthy controls and convalescent subjects were negative for malaria parasites, by both 

microscopy and nested PCR, at the time of blood sampling.

2.3. PBMC

PBMC were separated onsite by gradient centrifugation with Ficoll-Paque Plus (GE 

Healthcare, United Kingdom) and cryopreserved in liquid nitrogen as described [26]. PBMC 

were thawed in a 37 °C water bath on the day o f flow cytometry analysis, evaluated for 

viability using a Countess automated cell counter (Invitrogen, USA), and resuspended in 10 

ml of RPMI 1640 medium (Gibco, Scotland) supplemented with 10% (vol/vol) inactivated 

fetal bovine serum (FBS) (Gibco), 10 mM HEPES (Gibco), 2 mM L-glutamine (Gibco), 1 

mM sodium pyruvate (Sigma-Aldrich, USA), 55 µM 2 mercaptoethanol (Sigma-Aldrich), 

and a 1% (vol/vol) solution containing 100 U/ml of penicillin, 10 µg/ml of streptomycin, and 

25 µl/ml of amphotericin B (Gibco). PBMC were again evaluated for viability and only 

samples with >90% viability were used for flow cytometry analysis.

2.4. Monoclonal antibodies

The following labelled murine anti-human monoclonal antibodies were used to delineate 

lymphocyte populations by flow cytometry analysis: anti-CD3 (clone UCHT1l) labeled with 

phycoerythrin-Texas Red-X (ECD) (Beckman Coulter, USA), anti-CD4 (clone RPA-T4) 

labeled with V500 (BD Horizon, USA), anti-CD25 (clone BC96) labeled with 

allophycocyanin with cyanin-7 (APCcy7) (Biolegend, USA), anti-CD127 (clone A19D5) 

labeled with brilliant violet 421 (BV421) (Biolegend), anti- FoxP3 (clone 236a) labeled with 

peridinin chlorophyll protein complex with cyanin-5.5 (PerCP-Cy5.5) (BD Pharmigen), anti-

CD39 (clone eBioA1) labeled with phycoerythrin (PE) (eBioscience, USA), anti-CTLA-4 

(clone L3D10) labeled with allophycocyanin (APC) (Biolegend), anti-CD69 (clone FN50) 

labeled with phycoerythrin-carbocyanin (PE-Cy7) (Biolegend), anti-HLA-DR (clone L243) 

labeled with Alexa 700 (BD Pharmigen), anti-TNFRII (clone 22235) labeled with 

fluorescein isothiocyanate (FITC) (R&D Systems, USA), anti-OX40 (clone ACT35) labeled 

with PE-Cy7 (Biolegend), anti-GITR (110416) labeled with FITC (R&D Systems), anti-

CD45RO (clone UCHL1) labeled with APC (Biolegend), and anti-CD45RA labeled with 

Alexa 700 (Biolegend). Antibody panels used in this study are presented in Supplementary 

Table 1. We titrated each antibody and selected its final dilution for an optimal specific 

staining associated with a low background.

2.5. CD4+ T cell phenotyping by flow cytometry

Thawed PBMC samples were centrifuged at 500 × g for 10 min, and 106 viable cells/ml 

were transferred to V-bottomed 96-well microplates (Nunc, USA) in 100 µl of staining 

buffer (PBS with 2% fetal bovine serum [FBS, Gibco] and 2 mm EDTA) for surface staining 

with directly conjugated antibodies. Cells were incubated at 4 °C in darkness for 30 min and 

washed twice with staining buffer. For FoxP3 expression analysis, cells were fixed and 

permeabilized using the Human FoxP3 buffer set (BD Pharmingen), stained with PerCP-

Cy5.5-labelled anti-FoxP3 antibodies, and resuspended in 100 µl of fixation buffer (1% 

paraformaldehyde in PBS). Samples were acquired on an LSRFortessa flow cytometer (BD 

Biosciences) using the FACSDiva software (BD Biosciences). Anti-mouse IgG-coated beads 

(BD Biosciences) were stained with each fluorochrome separately and used for software-
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based compensation. We used the Live/Dead Fixable Blue Dead Cell Stain for UV excitation 

(Invitrogen) to determine cell viability and collected ≥ 300,000 events in each live gate. 

Fluorescence minus one (FMO) controls were used to define the gates for FoxP3, CTLA-4, 

OX40, GITR, and TNFRII in order to control for spectral overlap (Supplementary Fig. 1). 

Boolean analysis was applied to evaluate coexpression of different molecules by the same 

cells. Data analysis was carried out using FlowJo software version 8.8.6 (Tree Star, USA).

2.6. Statistical analysis

Because most continuous variables had an overdispersed distribution, results were 

summarized as medians and interquartile ranges (IQR). Comparisons across groups of 

subjects were done with nonparametric Kruskal-Wallis or Mann-Whitney tests (for 

continuous variables) or χ2 tests (for proportions). When individual Kruskal-Wallis tests 

indicated a significant difference (P < 0.05) among groups, Mann-Whitney tests were carried 

out to determine where the differences lay. Paired data were compared with Wilcoxon signed 

rank tests for continuous variables. Nonparametric correlation coefficients (r) were estimated 

using Spearman rank correlation tests. All analyses were performed using SPSS 17.0 

software (SPSS, Chicago, IL). Because our analysis of T cell populations involved multiple 

comparisons, we used the Bonferroni correction to control the familywise error rate. The 

critical value for an individual test was defined by dividing the overall error rate (α = 0.05) 

by the number of familywise comparisons. For this purpose, we defined that each combined 

analysis of individual surface receptor expression in each cell compartment (either CD4+ T 

cells or classical Treg cells) from each patient population (either vivax or falciparum malaria 

patients) defined a "family" of statistical tests.

3. Results

3.1. Increased surface expression of regulatory receptors in the CD4+ T cell compartment 
of malaria patients

Using the gating strategy shown in Supplementary Fig. S2, we observed significantly higher 

proportions of CD4+ T cells expressing CTLA-4, TNFRII, GITR, and CD69 in vivax 

malaria patients, compared to uninfected controls (Table 3). The increase in the relative 

frequency of CD4+ T cells expressing OX40 was of borderline statistical significance (P = 

0.010, above the Bonferroni-corrected critical P value of 0.0071) in P. vivax infections. A 

similar analysis of falciparum malaria patients revealed significantly increased proportions 

of CD4+ T cells expressing CTLA-4, OX40 and CD69, compared to uninfected controls; the 

P value for TNFRII (P = 0.014) did not reach statistical significance after Bonferroni 

correction (Table 3). We thus found an increased proportion of circulating CD4+ T 

subpopulations expressing several types of regulatory molecules during uncomplicated acute 

malaria.

We next examined whether the relative frequency of circulating CD4+ T cells expressing 

regulatory markers that were found to be altered during acute infection (either in the P. vivax 
or P. falciparum group, or both) correlated with patients' parasitemias. Accordingly, the 

proportions of CD4+ T cells bearing CD69, GITR, and CTLA-4, but not TNFRII, correlated 

with P. falciparum parasite loads measured by quantitative real-time PCR (Fig. 1A–D). The 
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correlation between the proportion of OX40+ cells and P. falciparum parasitemia (Fig. 1E) 

was of borderline statistical significance (P = 0.018; Bonferroni-corrected critical value, P < 

0.0071). In contrast, we found no evidence for a parasite density-dependent increase in the 

proportion of CD4+ T cells expressing any of these receptors in vivax malaria patients (Fig. 

1A–E). Interestingly, median parasite densities were slightly higher in P. vivax infections, a 

difference of borderline statistical significance (Table 1).

Classical Treg cells accounted for ≤ 1% of the circulating CD4+ T cell compartment in 

malaria patients and uninfected controls (Table 3; gating strategy shown in Supplementary 

Fig. S3). Because CD4+ T cell counts were substantially decreased in malaria patients, 

compared to uninfected controls (Table 1), absolute number of circulating CD4+ classical 

Treg cells decreased during malaria. Interestingly, the proportion of CD4+ cells that were 

classical Treg cells correlated positively with parasitemias in falciparum malaria patients 

(Fig. 1F). These results suggest that Treg cell frequencies are significantly elevated in a 

minority of P. falciparum-infected patients, the ones with the highest parasite densities, 

although no causal relationship can be inferred from this finding.

3.2. Increased frequency of CTLA-4+ and OX40+ Treg cell subsets in malaria patients

We next examined the surface expression of regulatory and activation markers in the 

circulating pool of classical Treg cells (Table 4). The vast majority (93–96%) of these Treg 

cells, from both from malaria patients and uninfected controls, were CD45RO+ and 

CD45RA− (data not shown) Overall, 75–80% of them were CD39+ in both infected and 

uninfected subjects. Surface expression of CTLA-4 was observed in 9–10% of the Treg cells 

from malaria patients, but in only 5% of those from uninfected controls; this difference was 

statistically significant for both vivax and falciparum malaria patients, compared to controls 

(Table 4). Only 0.3–0.5% of CTLA-4+ Treg cells coexpressed GITR, another well-defined 

suppressive receptor (Supplementary Table 2).

Treg cells expressing OX40 were also found in increased proportions during P. vivax (but 

not P. falciparum) infections, compared to uninfected controls (Table 4). The proportions of 

Treg cells expressing CTLA-4 and OX40 in vivax malaria were not correlated to each other 

(rs = 0.002, P = 0.991, n = 38); only 2% of the Treg cells coexpressed both markers 

(Supplementary Table 2). We thus characterized two distinct Treg cell subsets that express 

either CTLA-4 or OX40; together, these subsets accounted for nearly 23% of all circulating 

Tregs in vivax malaria patients and approximately 19% of those in P. falciparum infections. 

We next examined whether changes in the CLTA-4+ and OX40+ Treg cells were proportional 

to parasite densities. The proportion of CLTA-4+ and OX40+ Treg cells correlated weakly 

with P. falciparum parasitemias, but not with P. vivax parasitemias (Fig. 2). Malaria patients 

had no increased frequencies of Treg cells expressing other surface markers such as TNFRII, 

GITR, CD39, CD69, or HLA-DR (Table 2). Significantly, classical Treg cells represented 

minor fractions of the pool of circulating CD4+ T cells expressing CTLA-4 (5–9%), OX40 

(around 1%), GITR (2–4%), TNFRII (2–4%) and CD39 (<1%) in malaria patients and 

uninfected controls (Supplementary Table 3). These findings indicate that the vast majority 

of CD4+ T cells expressing these regulatory receptors are actually conventional CD4+ T 
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(Tconv) cells. Whether these cells might play a major immunoregulatory role during 

infection remains to be determined.

3.3. Changes in the circulating CD4+ T cell and Treg cell compartments after parasite 
clearance

We next examined the expression of regulatory molecules by different CD4+ T cell types 

after P. vivax clearance following chemotherapy. The proportions of CD4+ T cells 

expressing CD69, CTLA-4, TNFRII, OX40, and HLA-DR significantly decreased after 

antimalarial chemotherapy; a decline of borderline significance was observed for CD4+ T 

cells expressing GITR (Fig. 3A–3F). These changes may be due to a downregulation in the 

surface expression of these markers in circulating cells or due to a return of marker-negative 

markers to the peripheral blood. Interestingly, the proportions of cells bearing these markers 

after P. vivax clearance were similar to those found in uninfected controls (Fig. 3A–3F; 

compare with data from Table 3; P values between 0.259 and 0.942 for comparisons 

between convalescent subjects and uninfected controls, Mann-Whitney tests). Similarly, the 

proportion of classical Treg cells expressing CD69 (but not CTLA-4, TNFRII, or GITR) 

significantly decreased after treatment; a decline of borderline significance was observed for 

the proportion of Treg cells expressing OX40 (Fig. 4A–E). The proportion of CTLA-4+ Treg 

cells remained elevated in convalescent patients, being significantly greater than in controls 

(P = 0.028, Mann-Whitney test). The ratio between OX40+ and CTLA-4+ Treg cells 

circulating in vivax malaria patients dropped from 1.8:1 in the acute phase to 1.3:1 after 

treatment. In contrast, increased proportions of HLA-DR+ Treg cells were found in 

convalescence, compared to acute infection (Fig. 4F).

4. Discussion

Here we show that acute malaria is associated with an increased proportion of peripheral 

CD4+ T cells expressing several regulatory receptors, with some species-specific 

differences. Of note, surface expression of CTLA-4, the primary suppressive receptor of 

Treg cells, was detected in 1.3% of all CD4+ T cells from acute vivax malaria patients, but in 

only 0.7% of those sampled after parasite clearance. Only 5% of these CTLA-4-bearing 

CD4+ T cells were phenotypically defined as classical Treg cells. Similar figures have been 

recently found in HIV-infected subjects and uninfected controls, respectively [32]. CTLA-4 

upregulation on CD4+ T cells has been interpreted as a mere correlate of extensive T cell 

activation during infections such as malaria and HIV [33–36]. However, CTLA-4+ T cells 

that are not classical Treg cells can exert a cell-extrinsic negative regulation on CTLA-4− 

effector T cells in mice [37,38]. Accordingly, blocking CTLA-4 on the surface of Tconv 

cells, using monoclonal antibodies, enhances antitumor immunity in mice, further 

suggesting that CTLA-4+ Tconv cells are highly suppressive [35]. Although these findings 

suggest that all circulating CTLA-4+ T cells, and not only classical CTLA-4+ Treg cells, can 

suppress effector responses and thus limit excessive inflammation in mice, this effect had 

not been directly observed so far in experimental or human malaria.

Whether the population of CD4+ Tconv cells expressing CD69, which was found in 

increased frequency during acute-phase infection but not after parasite clearance, can also 
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exert a major inhibitory function in malaria patients remains to be determined. 

CD4+CD25−CD69+FoxP3− T cells suppress effector T cell responses in mice through 

membrane-bound transforming growth factor (TGF)-β [39] and a similarly strong 

immunosuppressive function in vitro has been documented for human CD4+CD69+TGF-β+ 

cells [40].

In addition to inhibitory molecules, stimulatory receptors such as OX40 (in falciparum 

malaria patients), TNFRII and GITR (in vivax malaria patients) were more frequently 

expressed by peripheral CD4+ T cells in infected, compared to uninfected subjects. 

Although we cannot offer a clear-cut explanation for the differences in relative frequency of 

CD4+ T cell subpopulations circulating in vivax and falciparum malaria patients, we note 

that, on average, P. vivax-infected subjects in our study were younger and had less years of 

exposure to malaria than their P. falciparum-infected counterparts (Table 1). It remains 

unclear whether these differences between vivax malaria patients and other study subjects 

could lead to increased expression of selected T cell surface markers.

OX40 is transiently expressed on recently activated Tconv cells, peaking at 48 hours and 

disappearing after 72 to 96 hours after T cell receptor (TCR) triggering, and strongly 

modulate their function. OX40 signaling expands effector T cells and improves their 

function and survival [13]. Recent studies showed increased OX40 expression on Tconv 

cells not only in human malaria, but also in experimental infections in mice [36,41]. 

Similarly, TNFRII and GITR expressed on Tconv cells promote clonal expansion and 

survival of effector T cells and enhance their function [42], but a malaria-associated 

upregulation of these molecules on Tconv cells had not been previously reported. We 

hypothesize that Tconv cells expressing OX40, TNFRII and GITR can play a major role, 

which remains largely unexplored, in enhancing effector T cell responses during acute 

malaria.

We next examined the classical Treg cell compartment and found no increase in the 

proportion of CD4+ T cells that were phenotypically defined as classical Tregs in malaria 

patients, compared to uninfected controls. However, the proportion of Treg cells correlated 

positively with P. falciparum parasite density, suggesting that patients with the highest 

parasitemias are more likely to have increased proportions of these cells. Interestingly, we 

found no malaria-associated expansion of CD39+CD4+ Treg cells, which constitute a major 

immunoregulatory T cell population induced by tumors [43] and chronic infections with 

viruses such as HIV [32] and HTLV-1 [44]. However, two particular subsets, together 

accounting for almost one fourth of all CD4+ Treg cells, were found in increased proportions 

in the peripheral blood of vivax malaria patients. Importantly, surface molecules with 

potentially antagonistic properties -- either inhibitory (CTLA-4) or stimulatory (OX40) -- 

characterize these Treg subsets. While the proportion of CTLA-4+ Treg cells has been 

previously found to be increased in P. vivax infections [26,29], we note that this is the first 

report of increased frequency of OX40+ Treg cells in human malaria.

The role of OX40 signaling in CD4+ Treg cell function is currently under debate. The 

engagement of OX40 expressed by classical Treg cells with agonist antibodies abrogates 

their suppressive capacity in mice [45]. However, the effects of OX40 signaling on Treg cell 
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expansion and survival are less clear-cut and vary according to whether inflammation is 

present at the time of receptor engagement [12,46]. It is tempting to speculate that the ratio 

between CTLA-4+ and OX40+ Treg cells may be a key factor to determine inflammatory 

homeostasis and effector T cell function in malaria. Interestingly, OX40+ Treg cells clearly 

outnumbered their CTLA-4+ counterparts (1.8:1) during acute P. vivax infection, while a 

more balanced ratio (1.3:1) was observed after treatment, consistent with less inflammatory 

immune responses following parasite clearance [1].

The combined administration of blocking anti-CTLA-4 antibodies and agonist anti-OX40 

antibodies enhances antitumor immunity in experimental cancer models [19,35,47]. Whether 

a similar approach might be useful to circumvent the T-cell hyporesponsiveness in malaria 

remains to be determined. Our preliminary data show that CTLA-4 blockade alone did not 

enhance lymphocyte proliferation upon antigenic restimulation ex-vivo with P. vivax-

infected red blood cells (data not shown). Similarly, preclinical data showed a limited 

efficacy of CTLA-4 targeting alone against some tumors [35]. In contrast, improved T cell 

responses to malaria parasites both ex-vivo and in vivo can be induced by the simultaneous 

blockade of CTLA-4 and other inhibitory receptors, e.g. lymphocyte activation gene-3 

(LAG-3), programmed death-1 (PD-1) and T cell immunoglobulin mucin-3 (TIM-3) [48–

50]. Moreover, enhancing OX40 signaling with agonist antibodies improved effector T cell 

responses, antibody production, and parasite clearance in experimental murine malaria [36]. 

These data suggest that the combined targeting of multiple regulatory receptors with either 

agonist or blocking antibodies, some of which have already been approved for clinical use in 

cancer patients [19], might be worth exploring as a strategy to improve parasite-specific 

effector immune responses in malaria.

In conclusion, we showed an increased expression of several stimulatory and inhibitory 

molecules on CD4+ T cells during human malaria. Two of them (CTLA-4 and OX40), with 

opposing effects, are specifically upregulated in Treg cells during vivax malaria. These data 

reveal new players in the complex regulatory network that maintains immune homeostasis in 

malaria and provide potential targets for therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Correlations between parasitemia (the number of parasites per microliter of blood, 
estimated by quantitative real-time PCR) and the proportion (%) of CD4+ T cells expressing 
selected surface markers
A. CD69; B. GITR; C. CTLA-4; D. TNFRII; and E. OX40. F. Correlation between 

parasitemia and the proportion of CD4+ T cells with the classical Treg phenotype 

(CD25+CD127−FoxP3+). Red squares represent P. vivax-infected subjects (n = 32 for 

TNFRII and CD69 and n = 38 for all other markers); blue circles represent P. falciparum-

infected subjects (n = 15 for TNFRII and CD69 and n = 17 for all other markers). Spearman 

correlations coefficients (r) are shown separately for each species. Because we made 6 

familywise comparisons, we consider a Bonferroni-corrected P value < 0.0083 to indicate a 

significant correlation. P values below this critical value are underlined.
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Figure 2. Correlations between parasitemia (the number of parasites per microliter of blood, 
estimated by quantitative real-time PCR) and the proportion (%) of CD4+CD25+CD127−FoxP3+ 

Treg cells expressing CTLA-4 and OX40
Data and correlation coefficients are shown separately for P. vivax-infected subjects (n = 38) 

and P. falciparum-infected subjects (n = 17).
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Figure 3. Changes in the circulating CD4+ T cell compartment in malaria patients after P. vivax 
clearance following chemotherapy
The proportions (%) of CD4+ T cells expressing A. CD69, B. GITR, C. CTLA-4, D. 

TNFRII, E. OX40, and F. HLA-DR during the acute phase of infection (Ac) and 26–30 days 

after starting chemotherapy (convalescence, Cv). Each comparison included 15 paired 

samples; 26 horizontal bars indicate median values and P values were calculated with 

Wilcoxon tests. Because we made 6 familywise comparisons, we consider a Bonferroni-

corrected P value < 0.0083, to indicate a significant change. P values below this critical 

value are underlined.
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Figure 4. Changes in the circulating CD4+CD25+CD127−FoxP3+ Treg cell compartment in 
malaria patients after P. vivax clearance following chemotherapy
The proportions (%) of classical Treg cells expressing A. CD69, B. GITR, C. CTLA-4, D. 

TNFRII, E. OX40, and F. HLA-DR in paired samples collected during the acute infection 

(Ac) and 26–30 days after treatment (convalescence, Cv). Each comparison included 15 

paired samples; horizontal bars indicate median values and P values were calculated with 

Wilcoxon tests. Because we made 6 familywise comparisons, we consider a Bonferroni-

corrected P value < 0.0083 to indicate a significant change. P values below this critical value 

are underlined.
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