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Induction of Inhibitory Receptors on T Cells
During Plasmodium vivax Malaria Impairs
Cytokine Production
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The function and regulation of the immune response triggered during malaria is complex and poorly under-
stood, and there is a particular paucity of studies conducted in humans infected with Plasmodium vivax. While
it has been proposed that T-cell-effector responses are crucial for protection against blood-stage malaria in
mice, the mechanisms behind this in humans remain poorly understood. Experimental models of malaria
have shown that the regulatory molecules, cytotoxic T-lymphocyte attenuator-4 (CTLA-4), lymphocyte activa-
tion gene-3 (LAG-3), and programmed death-1 (PD-1) are involved in the functional impairment of T cells
during infection. Our goal was to define the role of these molecules during P. vivax malaria. We demonstrate
that infection triggers the expression of regulatory molecules on T cells. The pattern of expression differs in
CD4" and CD8" T cells. Higher frequencies of CD4" express more than 1 regulatory molecule compared to
CD8" T cells. Moreover, lower proportions of CD4" T cells coexpress regulatory molecules, but are still able
to proliferate. Importantly, simultaneously blockade of the CLTA-4, PD-1, and T-cell immunoglobulin and
mucin-3 signaling restores the cytokine production by antigen-specific cells. These data support the hypothesis
that upregulation of inhibitory receptors on T cells during P. vivax malaria impairs parasite-specific T-cell
effector function.
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Malaria caused by Plasmodium vivax is widely distrib-
uted and causes serious morbidity and economical
problems in developing countries [1]. Innate and ac-
quired immune responses have been shown to be im-
portant for host control of parasite replication during
malaria [2-4]. However, the immune system is unable
to eliminate the parasite, and malaria patients may suc-
cumb to infection, or eventually, remain asymptomatic
for long periods [5, 6]. Indeed, the generation of an
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adaptive immune response against Plasmodium is
often delayed and not sterilizing, suggesting an inade-
quate host response or evasion of immunity by the par-
asites. Furthermore, both B- and T-cell responses are
rapidly lost in individuals that leave endemic areas, in-
dicating that the continuous exposure to Plasmodium
antigens is needed for the maintenance of effector
and memory lymphocytes [7]. Therefore, it remains un-
clear why complete protection against infection is not
achieved [8, 9].

Parasite-infected red blood cells have been described
to interfere in the generation of memory T cells and anti-
body production. Their ability to alter T-cell activation
by dendritic cells is a controversial issue [10-12]. High
antigen dose during malaria might trigger dendritic cell
apoptosis, decreasing CD4" T-cell activation and memory
development. Moreover, reallocation of activated T cells
and Fas-mediated apoptosis are some mechanisms
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that also have been attributed to the impaired T-cell functions
and the lymphopenia observed during malaria [13, 14].In fact, a
significant proportion of antigen-specific CD4" T cells die or
lose function after Plasmodium infection [15].

A complex regulatory network that inhibits the generation
of exacerbated immune responses has an important role to
prevent immune-mediated pathology during infectious diseases,
including malaria [16-19]. While interferon (IFN)-y mediates
immune protection against Plasmodium [20], experimental
models of malaria have shown that both IFN-y and tumor necro-
sis factor (TNF)-a are also key elements in disease pathogenesis
[21-23]. Among other functions, cytokines have been shown to
induce the expression of programmed death-1 (PD-1) and its
ligand [24], limiting T-cell-effector function [25]. Indeed, in
experimental models of malaria, the expression of regulatory
molecules by antigen-specific T cells is essential to regulate the
immune response triggered against Plasmodium [23, 26-28].

It has been described that high levels of PD-1 and lymphocyte-
activation gene-3 (LAG-3) are expressed on T cells from P. falcip-
arum-infected patients [26, 29]. A recent study [26] showed that
P. falciparum-infected humans displayed higher expression of
PD-1. In the same study, the authors showed in an experimental
model that in vivo blockade of the PD-1 ligand 1 and the LAG-3
restores CD4" T-cell function, leading to a rapid parasite clear-
ance [26]. Furthermore, another group [29] showed higher ex-
pression of PD-1 and LAG-3 on CD4" and CD8" T cells in
patients from a high P. falciparum-endemic village.

Given the importance of regulatory molecules in the develop-
ment of the immune response and the consequent control
of immunopathology, we have explored the hypothesis that
the upregulation of regulatory molecules on T cells during
P. vivax infection inhibits parasite-specific T-cell-effector func-
tions. To address this question, we assessed the expression of
several regulatory molecules and their impact on T-cell-effector
functions in P. vivax—infected individuals before treatment (BT)
and after successful antimalarial treatment (AT). Here, we dem-
onstrated that the expression of cytotoxic T-lymphocyte atten-
uator-4 (CTLA-4), LAG-3, PD-1, and T-cell immunoglobulin
and mucin-3 (TIM-3) is elevated on T cells during acute malar-
ia and a proportion of these cells coexpress the activation mark-
er inducible costimulator (ICOS) and the proliferation marker
Ki-67. Importantly, we found that the simultaneous blockage of
CTLA-4, PD-1, and TIM-3 signaling pathways in cells from P.
vivax—infected patients leads to the production of higher levels
of cytokines upon antigen-specific stimulation.

PATIENTS, MATERIALS, AND METHODS

Patients

P. vivax-infected patients with uncomplicated malaria were en-
rolled in this study at Centro de Pesquisa de Medicina Tropical
de Rondoénia (CEPEM) in Porto Velho, Rondénia, a malaria-

endemic area in the Amazon, Brazil. A total of 100 mL of peri-
pheral blood was collected from each patient after confirmation
of P. vivax infection by thick blood smear film, and again 30-45
days AT and polymerase chain reaction (PCR) conducted [30]
(n =25, ranging from 20 to 62 years old [38 +10.97]) (Supple-
mentary Table 2). Patients were treated according to the Brazilian
Ministry of Health. Hematological and clinical data of each pa-
tient included in the study are shown in Supplementary Table 2.
Identification of the 3 species of human malaria parasites was
done by nested PCR that targets variant sequences in the small
subunit ribosomal RNA gene. Immunoglobin (Ig)M and IgG
anti-apical-membrane-antigen-1 were measured in the plasma
of malaria patients and positive reaction was observed for all
subjects BT and/or AT (Supplementary Table 3).

Ethics Statement

These studies were performed under protocols reviewed and
approved by the Ethical Committees on Human Experimenta-
tion from Centro de Pesquisas René Rachou, Fundagido Oswal-
do Cruz (CEP-CPqRR 24/2011). Only adults, 18 years or older,
were enrolled in the study, and all patients provided written in-

formed consent.

T-cell Inmunophenotyping and Intracellular Cytokine
Measurement

Peripheral blood mononuclear cells (PBMCs) were prepared
from heparinized peripheral blood by Ficoll-Hypaque density
gradient centrifugation (GE Healthcare Life Sciences), and
cells were frozen in fetal calf serum (FCS) 20% dimethyl sulfox-
ide (SIGMA). PBMCs were thawed in Roswell Park Memorial
Institute (RPMI) 1640 (Sigma-Aldrich) with 10% FCS and ben-
zonase nuclease (20 U/mL; Novagen). Cells were washed in
phosphate-buffered saline, incubated with Live/Dead (Invitro-
gen) for dead cell exclusion, and with monoclonal antibodies,
washed, fixed, and permeabilized (FoxP3 staining buffer set,
eBioscience) according to manufacture’s instructions. Antibodies
used for analyzing leukocytes are listed in Supplementary Table 1.
Cells were acquired on an LSR-FORTESSA. For analysis, a for-
ward scatter area (FSC-A) versus forward scatter height (FSC-
H) gate was used to remove doublets, and then cells were gated
in function of time versus FSC-A and combinations of fluoro-
chromes to exclude debris and possible interference of flux inter-
ruptions. Nonviable cells were excluded using a Live/Dead gate
versus CD3. T-cell subpopulations were gated on CD4" and
CD8" events. More detailed analysis of naive and memory sub-
populations were done based on CD27/CD45RO expression:
effector memory (EM-CD45RO*CD27"), central memory (CM-
CD45RO"CD27"), effector (Ef-CD45RO~CD277), and naive
(Nv-CD45RO™CD27") cells. In each T-cell subset, frequencies
of regulatory molecules, ICOS, Ki-67-expressing cells, and the
coexpression of these molecules were evaluated. The frequencies
of the regulatory molecules were also assessed in each naive and
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memory subpopulations. GraphPad Prism V5.0 (GraphPad soft-
ware) and FlowJo V9.4.11 (TreeStar) were used for data analysis
and graphic presentation.

Culture of PBMCs and P. vivax—infected Reticulocytes

PBMCs from healthy donor (HD) and P. vivax-infected
patients were plated in 96-well cell culture plates at a final pro-
portion of 1 (2.5 x 10° cells) PBMC to 3 (7.5 x 10° cells) P.
vivax-infected reticulocytes/well. Uninfected reticulocytes and
CD3 (1 pg/mL, clone HIT3a)/ CD28 (0.5 ug/mL, clone CD28.2)
(BD Pharmingen) were used as negative and positive controls in
RPMI 1640 (10% FCS and 100 mg/mL streptomycin, 100 U/mL
penicillin). For parasite maturation, cryopreserved blood was
thawed and cultured in McCoy’s 5A Medium (Gibco), human
AB Serum (Cellgro), and glucose (Sigma) overnight. P. vivax—
infected reticulocytes were enriched with a 45% Percoll
(Sigma Aldrich) gradient [31-33]. Uninfected reticulocytes
were enriched with a 65% Percoll gradient followed by a
Ficoll-Hypaque density gradient to remove leukocytes. To eval-
uate the effect of the regulatory molecules, cells were incubated
with a mix of blocking antibodies, listed in Supplementary
Table 1. Supernatants were harvested after 96 hours of culture
and kept at —-80°C until cytokine measurement.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism V5.0.
Differences were considered statistically significant when P < .05.
Results were analyzed using 2-tailed paired ¢ test. Wilcoxon test
was used when data did not fit a Gaussian distribution to paired
samples. Representative pie charts were done using Hlustrator-
CC2014.

RESULTS

P. vivax Triggers the Expression of Regulatory Molecules on

T Cells

We investigated the expression of CTLA-4, LAG-3, PD-1, and
TIM-3, regulatory molecules known to be upregulated after an-
tigen stimulation and related to impaired T-cell functions [34].
Expression of regulatory molecules was assessed on CD4" and
CD8" (Figures 1 and 3) T cells. Higher frequencies of CTLA-4,
PD-1, and TIM-3 expressing CD4" and CD8" T cells were found
in P. vivax-infected patients when compared with the same in-
dividuals AT (Figures 1A and 3A). Although there were no dif-
ferences in the frequencies of LAG-3" cells among CD4" T cells
from malaria patients, higher proportions of LAG-3"CD8"
T cells were observed upon infection. The expression of the
molecules assessed on T cells from malaria patients reached
the levels found in HD when analyzed AT, as represented by
the dashed lines in each graph (Figure 1 and Figure 3). Thus,
T cells from P. vivax—infected patients exhibit a distinct pheno-
type that suggests impairment of effector functions.

No differences were found in the proportions of lymphocytes
during malaria infection BT and AT (Supplementary Table 3).
However, alterations in the frequencies of EM and naive CD4"
T cells were observed during acute malaria when compared to
the same patients AT (Figure 2A and 2B). The expression of the
regulatory molecules was also assessed on each naive and mem-
ory T-cell subpopulation (Figure 2C). Higher frequencies of
CTLA-4%, LAG-3", PD-17, and TIM-3" CD4" T cells were ob-
served among effector and CM subpopulations. Moreover,
higher frequencies of inhibitory molecules expressing CD4"
memory T cells were observed during acute infection compared
to the same patients AT. CD4" effector T lymphocytes express
higher proportion of TIM-3" cells in patients BT than AT. Al-
most no expression of inhibitory molecules was observed
among the naive subset (Figure 2C).

We also evaluated the coexpression of regulatory molecules
on T cells from P. vivax-infected patients. Significantly higher
coexpression of any 2 regulatory molecules is observed in CD4"
and CD8" (Figure 1B and 3B) T cells from malaria patients
when compared to the same individuals AT. During acute infec-
tion, almost all CD4" T cells that express CTLA-4 also express
PD-1 (Figure 1B). The same is not true when the expression of
CTLA-4 or PD-1 was simultaneously analyzed with LAG-3 and
TIM-3. In fact, only a very small proportion of CD4" T cells co-
express PD-1 and TIM-3. In general, higher frequencies of reg-
ulatory molecules expressing cells are observed among CD4"
T cells than among CD8" T cells (Figures 1 and 3). The differ-
ential coexpression of more than 1 regulatory molecule in a sin-
gle T cell indicates that distinct population of T cells might have
their effector functions modulated differently during malaria.

Malaria infection did not alter the proportions of memory
and naive subsets on CD8" T-cell compartment (Figure 4A
and 4B). A decrease in the frequencies of effector CD8" T
cells was observed BT than AT (Figure 4A and 4B). Higher fre-
quencies of CTLA-4", LAG-3", PD-1%, and TIM-3" CD4" T
cells were observed among EM subpopulation from P. vivax-
infected patients when compared to the same patients AT.
Higher frequencies of CTLA-4%, LAG-3", and TIM-3" CD8"
T cells were also observed among CM lymphocytes. An increase
in the frequencies of LAG-3 and TIM-3 expressing effector and
naive CD8" T cells was observed in patients upon P. vivax in-
fection (Figure 4C).

Pattern of Coexpression of Regulatory Molecules Is Altered
During P. vivax Infection

The molecular pathways involved in T-cell regulation remain
poorly understood, and reports show that this regulation can
be a consequence of the coexpression of multiple regulatory mol-
ecules [35]. To further address this issue, we evaluated the expres-
sion of a unique molecule or the coexpression of several
regulatory molecules on CD4" and CD8" T cells using a Boolean
gating analysis. The percentage of T cells expressing any of the
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Figure 1. P vivaxinfection triggers the expression of regulatory molecules on CD4" T cells. PBMCs from P. vivax—infected patients were analyzed ex vivo

(n=14). A Representative density plots showing proportion of CTLA-4, LAG-3, PD-1, and TIM-3 expressing CD4* T lymphocytes (top to bottom) from a single
P vivax—infected patient BT (left plots) and 30—45 days AT (right plots) (left panel). Percentage of CTLA-4, LAG-3, PD-1, and TIM-3 within CD4* T lympho-
cytes in P. vivax—infected patients measured BT (filled circles) and AT (open circles) (top to bottom). Dotted lines represent median values of the given
measurements in HD. B, Representative density plots showing frequency of CD4* T-cells expressing the combination of 2 of the regulatory molecules
analyzed (CTLA-4, LAG-3, PD-1, and TIM-3) from a single P. vivax—infected patient BT (left plots) and AT (AT, right plots) (top panels). The proportion of
CD4* T lymphocytes from P, vivax—infected patients BT (filled circles) and AT (open circles) coexpressing any 2 of the regulatory molecules described above
(bottom panels). Lines represent median values of the given measurement in each group. **.001 < P<.01 and ***P<.001. Dotted lines represent median
values of the given measurements in HD. C, Coexpression of CTLA-4, LAG-3, PD-1, and TIM-3 assessed in T cells from P. vivax-infected patients. Bars
indicate mean values and lines represent standard error (left panel). Pie charts represent different grouped populations according to the number of reg-
ulatory molecules coexpressed by CD4* T cells from malaria patients. The combination of gates shows 15 distinct subpopulations. The expression of 4, 3, 2,
or 1 regulatory molecule is depicted in different colors and distributed clockwise. Each pie slice represents one of these CD4* T-cell subpopulations, and red,
blue, green, and yellow arcs represent the total proportions of CD4" T cells expressing CTLA-4, LAG-3, PD-1, and TIM-3, respectively (right panel). Abbre-
viations: AT, after successful antimalarial treatment; BT, before treatment; CTLA-4, cytotoxic T-lymphocyte attenuator-4; HD, healthy donor; LAG-3, lym-
phocyte activation gene-3; PBMCs, peripheral blood mononuclear cells; PD-1, programmed death-1; TIM-3, T-cell immunoglobulin and mucin-3.

regulatory markers during malaria was 26.73% + 2.07% (standard
error of the mean) and 26.43% + 2.40% of CD4" and CD8", re-
spectively, and this proportion decreased to 10.02% + 2.14% and
15.46% + 1.65% AT. Frequencies of T-cell subsets expressing 4, 3,
2, or 1 of the regulatory molecules were analyzed in BT and AT
patients (Figure 1C and 2C). Considering the cells that express
the regulatory markers assessed in this study, 3.16%, 6.90%,
and 16.11% of CD4" T cells from patients BT coexpress respec-
tively 4, 3, and 2 regulatory molecules. AT, the frequencies of
CD4" T cells expressing more than 1 regulatory molecule

significantly decreased. In the absence of infection, 0.08%,
0.46%, and 7.56% of CD4" T cells coexpress respectively 4, 3,
and 2 molecules (Figure 1C). Despite that coexpression of regu-
latory molecules appeared to be less frequent in CD8" T cells, a
similar pattern was observed: 0.22%, 2.06%, and 13.54% of CD8"
T cells from BT patients coexpress respectively 4, 3, and 2 regu-
latory molecules. Similar to CD4" T cells, AT, the frequencies of
CD8" T cells expressing more than 1 regulatory molecule signifi-
cantly decreased: 0.01%, 0.21%, and 4.02% of CD8" T cells coex-
press respectively 4, 3, and 2 molecules (Figure 3C). Most of the
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Figure 2. P vivaxinfection triggers the expression of regulatory molecules predominately within the memory compartment of CD4* T cells. PBMCs from
P. vivax-infected patients were analyzed ex vivo (n=12). A, The percentage of EM (CD45R0*CD277), CM (CD45R0*CD27*), Ef (CD45R0~CD277), and Nv
(CD45R0~CD27") cells within CD4* T cells was measured BT (open circles) and AT (filled circles) (left panel). Representative density plots show the pro-
portion of EM, CM, Ef, and Nv CD4* T lymphocytes from a single P. vivax-infected patient BT (left plots) and AT (right plots) (right panel). B, Percentage of
CTLA-4, LAG-3, PD-1, and TIM-3 within EM, CM, Ef, and Nv CD4* T lymphocytes in P. vivax-infected patients measured BT (filled circles) and AT (open
circles) (top to bottom). Lines represent median values of the given measurement in each group. *.01 < P<.05; **.001 < P<.01; and ***P<.001. Abbre-
viations: AT, after successful antimalarial treatment; BT, before treatment; CM, central memory; CTLA-4, cytotoxic T-lymphocyte attenuator-4; Ef, effector;
EM, effector memory; LAG-3, lymphocyte activation gene-3; Nv, naive; PBMCs, peripheral blood mononuclear cells; PD-1, programmed death-1; TIM-3,

T-cell immunoglobulin and mucin-3.

CD4" and CD8" T cells from malaria patients express only 1 reg-
ulatory molecule BT and AT.

During P. vivax Infection a Proportion of Inhibitory Receptor
Expressing T Cells Are Proliferating in Vivo and Express the
Activating Receptor ICOS

The expression of ICOS and Ki-67 was assessed in CD4" and
CD8" T cells from malaria patients (Figure 5A and 5B). Higher
frequencies of ICOS and Ki-67 expressing T cells were found
during acute infection. Ki-67 antigen is a nuclear protein that
is expressed in cells in the late G1, S, G2, and M phases of
the cell cycle and is therefore used as a marker of proliferation
[36]. Respectively, around 80% and 40% of Ki-67 expressing
CD4" and CD8" T cells coexpress ICOS (Figure 5D). We next
asked if the cells expressing Ki-67 were also able to express the
regulatory receptors. Most of the Ki-67"CD4" T cells did not

express LAG-3 or TIM-3 (Figure 5C and 5D). Fifty percent of
Ki-67"CD4" T cells coexpress CTLA-4, and the majority of
Ki-67" cells simultaneously express PD-1 (Figure 5C and 5D).
On the other hand, the proportion of CD8" T cells coexpressing
Ki-67 and regulatory molecules were lower than CD4" T cells
(Figure 5C and 5D). Very few Ki-67"CD8" T cells coexpressed
CTLA-4 or LAG-3 or TIM-3, and around 50% expressed PD-1
(Figure 5C and 5D). All together, these data indicate that a pro-
portion of cells that express regulatory molecules still hold the
ability to proliferate in response to infection.

Blockade of CTLA-4, PD-1, and TIM-3 Pathways Enhances
Cytokine Production During Malaria

Studying antigen-specific T-cell effector function in P. vivax in-
fection is hindered by the inability to maintain the parasite in
vitro and the lack of defined antigens [37]. In this study, we
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Figure 3. P vivaxinfection triggers the expression of regulatory molecules on CD8* T cells. PBMCs from P. vivax-infected patients were analyzed ex vivo
(n=14). A Representative density plots showing proportion of CTLA-4, LAG-3, PD-1, and TIM-3 expressing CD8* T lymphocytes (top to bottom) from a single
P vivax-infected patient BT (left plots) and AT (right plots) (left panel). Percentage of CTLA-4, LAG-3, PD-1, and TIM-3 within CD8" T lymphocytes in P
vivax—infected patients measured BT (filled circles) and AT (open circles) (top to bottom). Dotted lines represent median values of the given measurements
in HD. B, Representative density plots showing frequency of CD8" T cells expressing the combination of 2 of the regulatory molecules analyzed (CTLA-4,
LAG-3, PD-1, and TIM-3) from a single P. vivax—infected patient BT (left plots) and AT (right plots) (top panels). The proportion of CD8* T lymphocytes from P
vivax-infected patients BT (filled circles) and AT (open circles) coexpressing any 2 of the regulatory molecules described above (bottom panels). Lines
represent median values of the given measurement in each group. *.01 < P<.05; **.001 < P<.01; and ***P<.001. Dotted lines represent median values
of the given measurements in HD. C, Coexpression of CTLA-4, LAG-3, PD-1, and TIM-3 assessed in T cells from P. vivax-infected patients. Bars indicate
mean values and lines represent standard error (n=14) (left panel). D, Pie chart represents different grouped populations according to the number of
regulatory molecules coexpressed by CD8" T- cells from malaria patients. The combination of gates shows 15 distinct subpopulations. The expression
of 4, 3, 2, or 1 regulatory molecule is depicted in different colors and distributed clockwise. Each pie slice represents one of these CD8* T-cell subpop-
ulations, and red, blue, green, and yellow arcs represent the total proportions of CD8* T cells expressing CTLA-4, LAG-3, PD-1, and TIM-3, respectively (right
panel). Abbreviations: AT, after successful antimalarial treatment; BT, before treatment; CTLA-4, cytotoxic T-lymphocyte attenuator-4; HD, healthy donor;
LAG-3, lymphocyte activation gene-3; PBMCs, peripheral blood mononuclear cells; PD-1, programmed death-1; TIM-3, T-cell immunoglobulin and mucin—3.

isolated P. vivax—infected reticulocytes to use as a source of par-
asite antigen for functional assays. To examine the functional
role of inhibitory receptor during malaria, we tested whether
blocking CTLA-4, PD-1, and TIM-3 signaling would alter the
cytokine production in response to antigen stimulation (Fig-
ure 6). PBMCs from HD and P. vivax-infected patients were
cultured in medium alone or with P. vivax—infected reticulo-
cytes or anti-CD3/anti-CD28, in the presence or absence of
blocking antibodies. When anti-CTLA-4, anti-PD-L1, and
anti-TIM-3 were added simultaneously in the cultures of

PBMCs submitted to antigen-specific stimulation, increased
levels of IFN-y (59.78 pg/mL vs 1353.54 pg/mL; P = .005), inter-
leukin (IL)-2 (14.11 pg/mL vs 969.51 pg/mL; P =.030), TNF-c
(46.95 pg/mL vs 244.21 pg/mL; P=.001), IL-4 (1.68 pg/mL vs
21.41 pg/mL; P =.007), and IL-10 (13.03 pg/mL vs 20.90 pg/
mL; P=.110) were observed (Figure 6). When PBMCs were
cultivated in medium alone or uninfected reticulocytes or
anti-CD3/anti-CD28 (Figure 6) in the presence of blocking an-
tibodies, no alterations were observed in cytokine levels. Levels
of cytokines were also analyzed when PBMCs from HD were
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Figure 4. P vivaxinfection triggers the expression of regulatory molecules predominately within the memory compartment of CD8" T cells. PBMCs from
P vivax—infected patients were analyzed ex vivo (n=12). A, The percentage of EM (CD45R0*CD277), CM (CD45R0*CD27*), Ef (CD45R0~CD277), and Nv
(CDA5R0~CD27%) cells within CD8" T cells was measured BT (open circles) and AT (filled circles) (left panel). B, Representative density plots showing
proportion of EM, CM, Ef, and Nv CD8* T lymphocytes from a single P. vivax—infected patient BT (left plots) and AT (right plots) (right panel). C, Percentage
of CTLA-4, LAG-3, PD-1, and TIM-3 within EM, CM, Ef, and Nv CD8" T lymphocytes in P. vivax-infected patients measured BT (filled circles) and AT (open
circles) (top to bottom). Lines represent median values of the given measurement in each group. *.01 < P<.05; **.001 < P<.01; and ***P<.001. Abbre-
viations: AT, after successful antimalarial treatment; BT, before treatment; CM, central memory; CTLA-4, cytotoxic T-lymphocyte attenuator-4; Ef, effector;
EM, effector memory; LAG-3, lymphocyte activation gene-3; Nv, naive; PBMCs, peripheral blood mononuclear cells; PD-1, programmed death-1; TIM-3, T-

cell immunoglobulin and mucin-3.

cultured in the same conditions, but no differences were found
(data not shown).

Taken together, our results indicate that the induction of reg-
ulatory molecules during P. vivax infection leads to impaired T-
cell function, which could bring important consequences to the
development of immune mechanisms dependent on T cells.

DISCUSSION

Although T-cell effector function is suggested to be crucial for
protective immunity against blood-stage malaria in mice, the
mechanisms of protection in humans are unclear. An increasing
number of studies have been shown that regulatory molecules
are involved in exhaustion of T lymphocytes during viral and
bacterial infections, and more recently during experimental
malaria [18,27, 34, 38-40]. However, the role of regulatory

molecules in regulating the T-cell response to P. vivax malaria
had not been examined. The findings reported here demon-
strate that P. vivax infection triggers the expression of molecules
involved in regulation of T-cell function. Moreover, simultane-
ous blockage of the signaling pathway of 3 important regulatory
molecules, CTLA-4, PD-1, and TIM-3, restores cytokine pro-
duction upon antigen-specific stimulation.

Cytokine signaling and continuous antigen stimulation
through the T-cell receptor [24, 41-45] are known to trigger
the expression of the regulatory molecules assessed in this
study. We correlated the levels of IL-10 and IL-6 (cytokines im-
portant during malaria) and parasite burden. Positive correla-
tions were observed between the levels of circulating cytokines
and number of DNA copies of P. vivax (Supplementary Fig-
ure 1A), corroborating existing data. As malaria is an inflam-
matory disease and many of the symptoms are due to the
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Figure 5. Concurrent expression of Ki-67 and regulatory receptors in T lymphocytes during vivax malaria. Representative density plots (left panel) and
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Figure 6. Blockage of CTLA-4, PD-1, and TIM-3 signaling during P. vivax infection enhances cytokine production. PBMCs from P vivax-infected patients
were cultured with P. vivax-infected reticulocytes (Pv-RET), uninfected reticulocytes (RET), medium alone, and anti-CD3/anti-CD28 (from left to right), in the
absence (=) or presence of anti-CTLA-4 plus anti-PD-L1 plus TIM-3 blocking antibodies (CPT). Supernatant was collected after 96 hours of culture, and the levels
of IFN-y, IL-2, TNF-o,, IL-4, and IL-10 were measured by cytometric bead array. Bars indicate mean values, and lines represent standard error from 12 patients
pooled from 3 independent experiments (n=12). **.001 < P<.01 and ***P<.001. Abbreviations: CTLA-4, cytotoxic T-lymphocyte attenuator-4; IFN, interferon;
IL, interleukin; PBMCs, peripheral blood mononuclear cells; PD-1, programmed death-1; PD-L1, programmed death-ligand 1; TIM-3, T-cell immunoglobulin and
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proinflammatory mediators produced during the syndrome regulation of antigen-specific functions could impair parasite
[46], the induction of inhibitory molecules might be an at- control and favor subsequent infections. Indeed, along with
tempt to control immunopathology. However, a consequent  higher parasitemia, higher proportions of CTLA-4, LAG-3,

Figure 5 continued. and regulatory molecules within Ki-67*CD4" (left) and Ki-67*CD8" (right) T cells (n=14). Abbreviations: AT, after successful antima-
larial treatment; BT, before treatment; CTLA-4, cytotoxic T-lymphocyte attenuator-4; HD, healthy donor; ICOS, inducible costimulator; LAG-3, lymphocyte
activation gene-3; PD-1, programmed death-1; TIM-3, T-cell immunoglobulin and mucin—3.
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PD-1, and TIM-3 expressing T cells were found in malaria pa-
tients. It is also interesting to note a positive correlation between
the expression of regulatory/activation markers on T cells and
tissue damage and decreased platelet counts (Supplementary
Figure 1B and 1C). Plasmodium infection induced the expres-
sion of regulatory molecules in both T-cell subsets, but distinct
proportions of receptors expressing CD4" and CD8" lympho-
cytes were observed. For example, the expression of LAG-3
was only upregulated on CD8" T cells.

Induction of PD-1 expression was previously described in Ma-
lian children exposed to P. falciparum. It was also shown in the
experimental model of malaria that P. yoelii induces PD-1 and
LAG-3 expression on CD4" T cells and that the blockade of
PD-1 ligand and LAG-3 restored T-cell function, enhanced the
antibody titers, and induced a rapid clearance of blood-stage ma-
laria in mice. More recently, higher proportions of PD-1 and/or
LAG-3 expressing T cells were found in children persistently ex-
posed to P. falciparum compared with naive children and those
from an area where the levels of malaria transmission has de-
clined, Kenya. Similarly, our data demonstrate that P. vivax expo-
sure leads to an important increased expression of regulatory
molecules on both CD4" and CD8" T cells.

Several studies have demonstrated that T-cell dysfunction
during chronic infection is mediated by the coexpression of
more than 1 inhibitory receptor [40, 47].In this context, the ma-
jority of human immunodeficiency virus (HIV)-specific CD8"*
T cells exhibit an immature phenotype and express PD-1,
CD160, and 2B4 but not LAG-3, and the blockade of both
PD-1 and 2B4 signaling restores CD8" T-cell functions during
infection [48]. Furthermore, a study [35] using a chronic model
of lymphocytic choriomeningitis virus showed that exhausted
CD8" T cells are subject to complex layers of negative regulation
resulting from the coexpression of multiple inhibitory receptors.
The coexpression of multiple distinct inhibitory receptors is as-
sociated with greater T-cell exhaustion and more severe infec-
tion. Moreover, simultaneous blockade of PD-1 and LAG-3
synergistically improved T-cell responses and diminished viral
load in vivo. Coexpression of 2 regulatory molecules is also ob-
served among T cells from P. vivax—infected patients. Moreover,
a significant proportion of CD4" and CD8" T cells from
P. vivax—infected patients express 4 regulatory molecules simul-
taneously. Lower frequencies of regulatory molecule-expressing
cells were observed after malaria cure, and the levels of expres-
sion reached that observed in HD, following the lower cytokine
levels and the absence of parasitemia.

PD-1 has received attention for being a marker of exhaustion
of CD8" T cells [40], but in some situations, PD-1 expressing
T cells do not display defects in effector functions [12, 41-43].In-
deed, along with the expression of the regulatory molecules, T
cells from P. vivax-infected patients displayed significantly
higher proportions of T cells expressing the costimulatory mol-
ecule ICOS and Ki-67. The majority of CD4" T cells expressing

Ki-67, which are able to proliferate, also express ICOS. Interest-
ingly, most of the cells that express Ki-67 also express PD-1. The
coexpression of ICOS, Ki-67, and PD-1 is seen in both T-cell
subsets during acute malaria, but it is even more evident
among CD4" T cells. On the other hand, lower proportions
of Ki-67" T cells coexpress the regulatory molecules LAG-3
and TIM-3. Different pattern of expression is seen within
the populations of Ki-67"CD4" and Ki-67°CD8" T cells.
Much higher frequencies of regulatory molecules are observed in
Ki-67"CD4" T cells compared to Ki-67"CD8" T cells. More-
over, a 3-times higher proportion of Ki-76-expressing cells
are observed among CD8" T cells when compared to CD4" T
cells.

As previously reported in other infections [26, 35, 38], the
blockade of a single inhibitory receptor does not altered the pro-
duction of cytokines by T cells during malaria. However, in P.
vivax infection, the simultaneous blockade of CTLA-4, PD-1,
and TIM-3 signaling increased IFN-vy, IL-2, TNF-a, and IL-4
production upon antigen-specific stimulation. However, a
strong stimulus can overcome T-cell exhaustion during vivax
malaria as previously observed in HIV infection [40].In the mu-
rine model of malaria, the blockade of CTLA-4 or PD-1 led to
cerebral malaria due to increased cytokine production triggered
by P. berghei [23]. On the other hand, blockade of PD-L1 and
LAG-3 cleared established blood-stage Plasmodium infection in
a different model of the disease. In the latter, the protection was
associated with the generation of IFN-y"TNF-o." and IFN-y"IL-
2*CD49d"#"CD11aM8"CD4™ T cells [26]. Association of more
than 1 blockade was done in several models of infectious diseas-
es and also to restore antitumor immunity [49, 50]. These data
further corroborate that coexpression of regulatory molecules
on T cells from P. vivax—infected patients impairs their func-
tion. However, we are aware that because our study was limited
to peripheral blood, it is unclear if the same differences would
be observed in other relevant tissues.

In conclusion, our study shows that P. vivax—infected patients
have a higher proportion of activated and exhausted T cells. The
simultaneous expression of regulatory molecules during malaria
strongly indicates T-cell exhaustion, which was confirmed by the
restoration of cytokine production by the CTLA-4, PD-1, and
TIM-3 signaling blockade. Identification of this mechanism that
is able to regulate T-cell responses during malaria provides impor-
tant information on protection against Plasmodium and may pro-
vide novel insights in immunotherapy against this infection.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http:/jid.oxfordjournals.org). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages regard-
ing errors should be addressed to the author.
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