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ABSTRACT Plasmodium vivax malaria remains a major public health problem. The re-
quirements for acquisition of protective immunity to the species are not clear. Dendritic
cells (DC) are essential for immune cell priming but also perform immune regulatory
functions, along with regulatory T cells (Treg). An important function of DC involves acti-
vation of the kynurenine pathway via indoleamine 2,3-dioxygenase (IDO). Using a con-
trolled human experimental infection study with blood-stage P. vivax, we characterized
plasmacytoid DC (pDC) and myeloid DC (mDC) subset maturation, CD4� CD25�

CD127lo Treg activation, and IDO activity. Blood samples were collected from six healthy
adults preinoculation, at peak parasitemia (day 14; �31,400 parasites/ml), and 24 and 48
h after antimalarial treatment. CD1c� and CD141� mDC and pDC numbers markedly
declined at peak parasitemia, while CD16� mDC numbers appeared less affected.
HLA-DR expression was selectively reduced on CD1c� mDC, increased on CD16� mDC,
and was unaltered on pDC. Plasma IFN-� increased significantly and was correlated with
an increased kynurenine/tryptophan (KT) ratio, a measure of IDO activity. At peak para-
sitemia, Treg presented an activated CD4� CD25� CD127lo CD45RA� phenotype and
upregulated TNFR2 expression. In a mixed-effects model, the KT ratio was positively as-
sociated with an increase in activated Treg. Our data demonstrate that a primary P. vivax
infection exerts immune modulatory effects by impairing HLA-DR expression on CD1c�

mDC while activating CD16� mDC. Induction of the kynurenine pathway and increased
Treg activation, together with skewed mDC maturation, suggest P. vivax promotes an
immunosuppressive environment, likely impairing the development of a protective host
immune response.
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Plasmodium vivax is a major cause of malaria morbidity, with an estimated 13.8 million
cases annually (1). Outside of sub-Saharan Africa, P. vivax causes over 65% of malaria

cases and is now recognized as a cause of severe and sometimes fatal disease (2, 3). As the
incidence of falciparum malaria falls, the proportion of malaria cases due to P. vivax is
predicted to increase, complicating efforts in malaria elimination (4). Immunity to malaria is
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slow to develop, incomplete, and short-lived (5). One possible explanation for impaired
immunity is modulation of immune regulatory pathways by Plasmodium. Experimentally
induced human Plasmodium infection, also referred to as controlled human malaria infec-
tion (CHMI), provides a unique opportunity to gain insights into the shaping of primary
immune and regulatory responses in malaria-naive volunteers (6).

Impairment of the numbers and functions of dendritic cells (DC) is one possible immune
regulatory strategy that Plasmodium parasites may implement to subvert host immune
responses (7). DC are a heterogeneous population of professional antigen-presenting cells
that can uniquely prime naive T cells (8). In Plasmodium falciparum CHMI, we previously
reported loss of total peripheral blood myeloid DC (mDC) and plasmacytoid DC (pDC) (9),
as well as CD1c� mDC dysfunction, characterized by impaired expression of major histo-
compatibility complex (MHC) class II and skewed proinflammatory cytokine production
(10). In areas where malaria is endemic, there is no consensus as to whether P. vivax
infection leads to stable pDC and mDC numbers (11), decreases pDC and mDC numbers
(12, 13), or differentially affects pDC and mDC numbers (14). In adults with patent or
subpatent asymptomatic P. vivax infection, pDC and mDC numbers are retained (13, 15).
Although DC numbers have been evaluated during P. vivax malaria, it remains to be
determined if P. vivax impairs DC subset maturation in a primary infection.

A key immune regulatory enzyme in DC activation is indoleamine 2,3-dioxygenase
(IDO) (16, 17), an intracellular, nonsecreted enzyme that mediates the first and rate-
limiting step in the extrahepatic tryptophan-kynurenine pathway. It metabolizes the
essential amino acid tryptophan (which is central to immune regulation [18]) to the
metabolite kynurenine. The resulting metabolic changes in the local milieu can con-
tribute to immunogenic tolerance via activation of regulatory T cells (Treg) and
suppression of effector T cell responses (reviewed in reference 19). DC and other cells
can express IDO in response to interferon gamma (IFN-�). IDO enzymatic activity is
reflected in the ratio of kynurenine (K) to tryptophan (T) concentrations (the KT ratio)
(20). IDO activity correlates with disease severity in chronic HIV disease (20) and cancer
malignancy (21) and is associated with dysregulated immune responses and impaired
microvascular reactivity in sepsis (22). Induction of the kynurenine pathway has been
shown in murine (23) and falciparum (24–26) malaria, but its role in vivax malaria has
yet to be investigated.

To examine perturbations of immune regulation in P. vivax infection, we assessed
longitudinal changes in DC subset phenotypes and numbers, tryptophan metabolism
via plasma amino acid concentrations, and Treg activation in six healthy adults during
the course of experimental P. vivax infection. We report that primary P. vivax infection
reduced DC subset numbers and selectively altered their HLA-DR expression, induced
kynurenine production, and activated Treg, all of which likely impair the development
of a protective host immune response.

RESULTS
Infection and parasite detection. Following infection, all the subjects experienced

some symptoms of malaria (with a mean onset on day 12), including fever of �39°C
(n � 5) (27). Parasites were detectable by PCR in all the subjects from day 8 after
inoculation of the P. vivax-infected erythrocytes (pRBC), as previously reported (27, 28).
On day 14, at a median peak parasitemia of 31,395 parasites/ml, individuals were
treated with artemether-lumefantrine (Table 1). All the subjects cleared parasitemia 48
h after commencement of antimalarial therapy (27). Automated whole-blood white cell
counts revealed a significant decline in the number of circulating lymphocytes and
platelets at peak parasitemia (Table 1) (P � 0.03). No changes in circulating granulocyte
or monocyte counts were observed.

Primary P. vivax infection reduces DC numbers and CD1c� mDC maturation.
The effect of a first P. vivax blood-stage infection on circulating DC subset numbers and
phenotype was examined. DC were identified as lineage marker negative and HLA-DR
positive. Subsets were divided by expression of CD123 (pDC) and CD11c (mDC), and
mDC were further subdivided by unique expression of CD16 (Fc�III receptor), CD1c
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(BDCA-1), or CD141 (BDCA-3) (Fig. 1A). At peak infection, circulating pDC, CD1c� mDC,
and CD141� mDC declined and did not recover 24 h after drug administration (Fig. 1B).
CD16� mDC numbers dropped in four of six participants at peak infection (Fig. 1B). To
examine whether these cells were undergoing programmed cell death, we examined
intracellular active caspase 3 expression (29). Cleaved active caspase 3 significantly
increased in pDC, CD16� mDC, and CD1c� mDC at peak infection (Fig. 1C), suggesting
the cells were undergoing apoptosis. The low frequency of CD141� mDC precluded an
accurate assessment of caspase 3 staining in this population. There was no statistically
significant evidence of caspase 3 staining at peak infection in B cells, CD4� T cells, or
CD8� T cells (see Fig. S1 in the supplemental material).

Cell surface expression of the MHC class II molecule HLA-DR was measured to assess DC
maturation in response to infection. Varying effects were observed among different DC
subsets. HLA-DR expression was significantly reduced on CD1c� mDC at peak parasitemia
and after drug treatment compared to baseline, while CD16� mDC had significantly
increased HLA-DR expression at peak parasitemia and 24 h after drug treatment (Fig. 2A).
In contrast, HLA-DR expression on pDC remained stable (Fig. 2A). Surface expression of
CD1c, a glycolipid-presenting molecule, was significantly reduced on CD1c� mDC, mark-
edly so in two of six participants (Fig. 2B), although this did not compromise CD1c� mDC
identification. Surface expression of CD16 (Fc�III receptor) on mDC did not change signif-
icantly following infection, increasing in four of six participants and falling in two of six
participants (Fig. 2B). Interleukin 3� (IL-3�) receptor (CD123) surface expression on pDC
decreased at peak parasitemia (Fig. 2B). Together, these results indicate significant and
varied changes to DC subsets during primary P. vivax infection.

Increase in plasma IFN-�. Infection with P. vivax led to significantly elevated plasma
IFN-� concentrations at peak parasitemia (median, 176 pg/ml; interquartile range [IQR],
17 to 981 pg/ml; P � 0.03), which remained significantly elevated 24 h after treatment
(median, 123 pg/ml; IQR, 67 to 654 pg/ml; P � 0.03) (Fig. 3A). Plasma levels of IL-10 and
IL-6 were increased 24 h after drug treatment, although concentrations were low
(medians, 8 [IQR, 5 to 11] pg/ml [P � 0.03] and 13 [IQR, 7 to 21] pg/ml [P � 0.06],
respectively). There was no detection of IL-2, IL-4, or tumor necrosis factor (TNF) in
plasma at any time point examined.

Increase in IDO activity. IFN-� is an inducer of IDO, an enzyme that mediates the
first step in the kynurenine pathway of tryptophan metabolism. As kynurenine is the
primary metabolite of tryptophan metabolism, the KT ratio in plasma was used as a
surrogate marker of IDO activity (22, 30). Kynurenine was elevated at peak parasitemia
compared to baseline (mean, 3.6 � 1.6 �mol/liter versus 1.5 � 0.3 �mol/liter; P � 0.02)
and remained significantly elevated at 24 (5.7 � 1.1 �mol/liter; P � 0.0004) and 48

TABLE 1 Peripheral blood cell populations

Population

Median count (IQR) P valued

Preinfection Peak parasitemia 24 h posttreatment Pre c/-peak parasitemia Pre c/-posttreatment

Parasite genomes
(genomes/ml whole blood)

0 31,395 (22,119–89,145) 94 (6–112) NA NA

Platelets (109/liter) 209 (1,188–231) 159 (136–179) 113 (78–139)a 0.03 NS
Granulocytes (109/liter) 2.5 (2.1–5.3) 2.8 (1.8–4.3) 1.5 (1.4–5.3)b NS NS
Monocytes (109/liter) 0.6 (0.4–1.4) 0.3 (0.2–0.4) 0.2 (0.1–0.4)b NS NS
Lymphocytes (109/liter) 1.7 (1.6–1.9) 0.8 (0.3–1.1) 0.6 (0.6–0.7)b 0.03 0.06
PBMCc (109/liter) 2.4 (2.0–2.9) 1.1 (0.6–1.4) 0.8 (0.7–1.0)b 0.03 0.06
CD14� cells (cells/�l) 55 (40–72) 22 (6–37) 9 (3–17)b 0.06 0.06
B cells (cells/�l) 183 (137–338) 96 (30–206) 65 (33–110)b 0.03 0.06
NK cells (cells/�l) 86 (79–111) 10 (5–15) 16 (12–41)b 0.03 0.06
CD4� T cells (cells/�l) 722 (604–938) 410 (194–527) 318 (279–381)b 0.03 0.06
CD8� T cells (cells/�l) 137 (106–184) 81 (26–104) 19 (13–87)b 0.06 0.06
Treg (cells/�l) 46 (33–59) 32 (12–36)a 18 (14–21)a NS NS
an � 4.
bn � 5.
cPBMC, peripheral blood mononuclear cells.
dc/-, compared to; NA, not applicable; NS, not significant.
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(5.1 � 1.0 �mol/liter; P � 0.0005) h after drug treatment (Fig. 3C). Tryptophan
concentrations decreased at peak infection (mean, 28.5 � 10.0 �mol/liter versus 47.3 �

0.1 �mol/liter at baseline; P � 0.003) and further declined at 24 (21.2 � 6.0 �mol/liter;
P � 0.0006) and 48 (22.8 � 8.6 �mol/liter; P � 0.002) h after treatment (Fig. 3D). The
KT ratio was also elevated at peak parasitemia (mean, 161 � 147 versus 32 � 5 at
baseline; P � 0.08) and remained elevated at 24 (mean, 305 � 156; P � 0.02) and 48
(mean, 272 � 168; P � 0.03) h post-antimalarial treatment (Fig. 3E). Despite a relatively
small sample size, there was a very strong association between the plasma KT and the
plasma IFN-� concentration (Spearman r � 0.94; P � 0.02) (Fig. 3B), with the kynurenine
concentration also correlating with plasma IFN-� (Spearman r � 0.94; P � 0.02) at the
peak of infection. A mixed-effects model confirmed that the increase in the KT ratio is
associated with an increase in IFN-� (P � 0.001). There was no relationship between the
plasma KT and parasitemia in these six individuals. The high-pressure liquid chroma-
tography (HPLC) assay used to determine plasma kynurenine and tryptophan levels
measured 27 other amino acids (see Table S1 in the supplemental material). Notably,
only kynurenine, and consequently the KT ratio, was significantly elevated, while
concentrations of 12 amino acids, including the immunoactive amino acids tryptophan
and L-arginine, were all significantly reduced at peak parasitemia.

FIG 1 Blood DC enumeration and caspase 3 staining. (A) DC were identified in fresh whole blood as lineage
(CD3, CD14, CD19, CD20, CD56, or CD34) negative, each conjugated to PE, and HLA DR PerCP positive. pDC
were identified as CD123 PE-Cy7 positive and mDC as CD11c V450 positive. mDC were further subdivided
into mDC subsets by their unique expression of CD141 APC, CD16 APC-Cy7, or CD1c FITC. (B) Using the
gating strategy shown in panel A, longitudinal pDC, CD16� mDC, CD1c� mDC, and CD141� mDC absolute
numbers were calculated. (C) Longitudinal caspase 3 data in pDC, CD16� mDC, and CD1c� mDC (CD141�

mDC are not shown because there were too few events), with the following substitutions: caspase 3 FITC
and CD1c APC. Day 0 (preinfection), day 14 (peak parasitemia), and day 15 (24 h after the initiation of
antimalarial drug therapy). DC subsets were identified using the gating strategy shown in panel A.
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Activation of regulatory T cells. We next examined whether IDO activation coin-
cided with Treg activation. Treg were identified as CD4� CD25� CD127lo T cells, and
activation was measured by loss of CD45RA expression. Resting Treg (rTreg) expressed
CD45RA, and activated Treg (aTreg) were defined as CD45RA negative with high
expression of CD25 (Fig. 4A) (31, 32). We observed a significant increase in aTreg (day
0 median, 13% [IQR, 10 to 16%]; day 14 median, 18% [IQR, 15 to 22%]; day 15 median,
23% [IQR, 18 to 30%]) and an apparent decline in rTreg (day 0 median, 17% [IQR, 15 to
33%]; day 14 median, 12% [IQR, 6 to 15%]; day 15 median, 7% [IQR, 4 to 12%]) (Fig. 4B)
at peak parasitemia and 24 h after drug treatment. The increase in aTreg was matched
by a significant increase in overall Treg expressing tumor necrosis factor receptor 2
(TNFR2) (day 0 median, 23% [IQR, 113 to 27%]; day 14 median, 34% [IQR, 24 to 43%];
day 15 median, 46% [IQR, 27 to 55%]) (Fig. 4B), a molecule crucial for Treg suppressive
function (33). CD45RA-negative Treg predominantly expressed TNFR2 (less than 5% of
rTreg expressed TNFR2). Notably, in a mixed-effects model, there was a strong positive
longitudinal association between the increases in aTreg and in IDO activity (the plasma
KT ratio) (P � 0.001), while there was no relationship between aTreg and parasitemia
(P � 0.67). Importantly, at peak parasitemia, the plasma kynurenine concentration was
positively correlated with the proportion of circulating aTreg (Spearman r � 0.88; P �

0.03).

DISCUSSION

Using a controlled human malaria infection, we showed that a first blood-stage P.
vivax infection selectively suppressed CD1c� mDC maturation, increased the plasma KT
ratio, and activated circulating Treg. Furthermore, a strong positive association be-
tween plasma IFN-�, the plasma KT ratio, and the magnitude of Treg activation was
observed. It is notable that these marked changes were induced at a lower blood
parasitemia than is usually seen in clinical disease caused by P. vivax (3).

FIG 2 DC subset maturation and activation in response to P. vivax infection. DC subsets were identified
according to the gating strategy shown in Fig. 1A. (A) Longitudinal HLA-DR median fluorescence intensity
(MFI) on pDC, CD16� mDC, and CD1c� mDC (CD141� mDC are not shown because too few events [�30]
were observed). (B) Longitudinal CD123 expression on pDC (left), CD16 expression on CD16� mDC
(middle), and CD1c expression on CD1c� mDC (right).
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The effects of P. vivax on DC HLA-DR expression differed substantially among blood
DC subsets. In accordance with P. falciparum sporozoite CHMI trials (34), we report
retained CD16� mDC in the periphery, alongside increased HLA-DR expression at peak
infection. In contrast, CD1c� mDC, the subset that routinely express high HLA-DR and
are considered potent professional antigen-presenting DC (8), were uniquely altered,
with diminished HLA-DR expression at peak parasitemia. Reduced HLA-DR expression
on mDC has been associated with impaired T cell activation and proliferation (35),
suggesting that in an early primary P. vivax infection the T cell response may be shaped
by CD16� mDC rather than CD1c� mDC. In P. falciparum blood-stage CHMI, we recently
reported similarly impaired HLA-DR expression on CD1c� mDC, as well as a skewed
proinflammatory TNF cytokine response (10). Together, these reports suggest that, at
least in a first infection, P. vivax and P. falciparum exert comparable effects on mDC
subsets. In clinical vivax malaria, mDC subsets and pDC decline (12, 14), with one study
reporting stable pDC numbers (11). However, no studies have reported mDC subset
activation, and few studies have assessed total DC activation in clinical vivax malaria
(11, 12). In studies examining total DC, CD86 (11, 12) and HLA-DR (12) expression were
both significantly reduced. Complexities in MHC class II antigen-processing pathways
provide multiple targets for pathogen interference, from modulation of de novo
synthesis (36) to enhanced ubiquitination of existing MHC class II molecules (37). Our
previous report of stable HLA-DR on total mDC (9) highlighted the importance of
assessing DC subsets individually. Other potential effects of the altered DC subset
phenotype on immune responses during early P. vivax infection may include the
reduced ability of CD1c� mDC to present glycophospholipids to ��- or ��T cells via
CD1c (38), as well as the reduced ability of pDC to bind IL-3, a T cell-derived glycopro-
tein that supports the viability and differentiation of hematopoietic cells (39). Addi-
tional research is required to understand the mechanisms and/or consequences of the
altered DC phenotype we describe for malaria immunity. It remains to be determined
if DC subsets are similarly affected in clinical P. vivax malaria.

FIG 3 Increased KT ratio in response to P. vivax infection. (A) Cytometric bead arrays were used to
measure the longitudinal plasma IFN-� concentration. (B) Spearman’s correlation of IFN-� and KT ratio at
peak infection (day 14). Using HPLC, the plasma concentrations of kynurenine (C) and tryptophan (D)
were determined. (E) The longitudinal plasma KT ratio was calculated by dividing the kynurenine
concentration (in micromoles per liter) by the tryptophan concentration (in micromoles per liter) and
multiplying the quotient by 1,000. The values at preinfection (day 0), peak parasitemia (day 14), 24 h after
drug treatment (day 15), and 48 h after drug treatment (day 16) are shown (n � 6).

Woodberry et al. Infection and Immunity

June 2017 Volume 85 Issue 6 e00986-16 iai.asm.org 6

 on July 10, 2017 by N
A

N
Y

A
N

G
 T

E
C

H
N

O
LO

G
IC

A
L U

N
IV

E
R

S
IT

Y
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org
http://iai.asm.org/


The decline in circulating CD1c� mDC and pDC in early P. vivax infection was in
accord with data from previous studies of uncomplicated vivax malaria (12). Active
caspase 3 staining indicated that apoptosis at least partially contributed to the
decline in circulating DC subsets, especially in CD1c� mDC. The reduction of
circulating DC subsets could also be attributed to DC migration (40), as well as
impaired repopulation of DC precursors from the bone marrow (41). In early P. vivax
infection, we did not observe T cell or B cell apoptosis, suggesting the reduction in
lymphocyte subsets may be attributable to lymphocyte migration, as reported in P.
falciparum CHMI (42–44).

We report a rise in the plasma KT ratio shortly after the onset of malaria symptoms,
indicating an increase in systemic IDO activity. In accordance with the original reports
(16), plasma IFN-� was positively associated with IDO activity. Modulation of microen-
vironment tryptophan availability through increased IDO activity is a well-characterized
mechanism of immune regulation by tolerogenic DC (19). While IDO activity has been
demonstrated for human pDC (45–47) and CD1c� mDC (48), we did not measure
DC-specific IDO expression in this study, and the observed drastic increase in the
plasma KT ratio is unlikely to be attributable to DC alone. Mouse models of malaria have

FIG 4 Treg enumeration and activation in response to P. vivax infection. (A) Representative fresh whole blood
staining for CD4� CD127� CD25hi Treg. Treg were subdivided into rTreg with expression of CD45RA and aTreg via
lack of CD45RA and high expression of CD25, according to the method of Miyara et al. (32). Treg activation was
also quantified via expression of TNFR2. (B) Longitudinal representation of aTreg, rTreg, and TNFR2� Treg on day
0 (preinfection), day 14 (peak parasitemia), and day 15 (24 h after the initiation of antimalarial drug therapy).
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identified the vascular endothelium as a primary site of IDO expression (23, 30),
particularly sites of vascular obstruction (23). Here, we show for the first time induction
of systemic IDO activity in vivax malaria, with activation of the kynurenine pathway
occurring early in primary infection and remaining significantly elevated for at least 48
h post-antimalarial treatment. At baseline, the KT ratio was comparable to that reported
in healthy individuals (20, 22, 49). At peak infection, however, the KT ratio (median, 105)
was similar to that reported in nonsevere sepsis (median KT ratio, 82) and increased
after drug treatment (median KT ratio, 229) to levels higher than those identified in
severe sepsis patients (median KT ratio, 162) (22). The physiological or pathophysio-
logical relevance of this striking increase remains to be determined. A reduction in
tryptophan and an increase in kynurenine concentrations may drive T cell differentia-
tion (via nutrient sensing or kynurenine binding to the aryl hydrocarbon receptor [50]),
as well as potentially expanding and activating Treg (51, 52). In murine malaria models,
systemic IDO activity is associated with increased immunopathology and impaired T
cell priming (53). Imbalances in downstream kynurenine metabolites have also been
associated with pathology in falciparum malaria (24–26). An improved understanding
of how and where Plasmodium activates IDO may permit the development of novel
adjunctive interventions. In fact, an antimalarial compound with IDO-inhibitory prop-
erties was recently described (54).

In this study, the plasma KT ratio and the plasma kynurenine concentration were
strongly correlated with Treg activation, indirectly supporting an immune regulatory func-
tion of systemic IDO activity in vivax malaria, an infection in which Treg are known to be
induced (11, 14, 55, 56). However, it is not clear whether Treg contribute to the onset of
disease by dampening or preventing the initiation of effector immune responses or
whether they act to control immune-mediated pathology associated with malaria. In this
study, of primary P. vivax infection, we identified increased activation of Treg (percentages
of aTreg and Treg expressing TNFR2) at peak parasitemia but no association between Treg
activation and parasitemia in this cohort of six individuals. Our data are consistent with
previous findings of increased Treg activation in adults with clinical illness from vivax
malaria (56). In falciparum malaria, Treg were also activated, and this was associated with
increased TNFR2 expression in severe, but not uncomplicated, malaria (57). Our observation
of increased ex vivo Treg TNFR2 expression in primary P. vivax infection contrasts with a lack
of increase in Treg TNFR2 expression reported in acute vivax malaria in regions where vivax
malaria is endemic (55), with the latter likely to be recurrent and not primary infections.
Frequent reexposure to Plasmodium spp. is thought to reduce TNFR2� Treg (58), with
recurrent infections thereby potentially reshaping the host regulatory immune response.

Overall our data support the notion that both Plasmodium species activate Treg and
that in P. vivax this occurs early in blood-stage infection, with a strong association
between measures of IDO activity and the proportion of activated Treg. While these
associations do not demonstrate a causal effect, we speculate that asexual blood-stage
Plasmodium infection triggers IDO activation via IFN-�, which may contribute to
activation of Treg. Altogether, we show early perturbation of immune regulatory
pathways following first blood-stage P. vivax infection. Reduced DC subset numbers,
selective modulation of CD1c� mDC HLA-DR expression, increase in IDO activity, and
Treg activation are all likely to impair host immune responsiveness in primary P. vivax
infection. Finally, our data support the modulation of tryptophan metabolism in
response to a primary P. vivax infection as a key mechanism contributing to immune
suppression and regulatory T cell expansion.

MATERIALS AND METHODS
Study cohort. This study was nested in a clinical trial conducted to confirm the safety and reproducibility

of the human P. vivax-induced blood-stage malaria model. The conduct of the clinical study (trial registration
ACTRN12613001008718) and the PCR method used to quantify parasitemia were described in detail else-
where (27, 28). Six healthy adults (3 males and 3 females), 22 to 32 years (median, 26 years [IQR, 24 to 31
years]) of age, received �100 pRBC via intravenous injection in saline (27). Antimalarial drug treatment was
administered on day 14 using artemether-lumefantrine (27). The study was approved by the Human Research
Ethics Committees of QIMR Berghofer Medical Research Institute (clinical and laboratory study) and the
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Human Research Ethics Committees of the NT Department of Health and Menzies School of Health Research
(laboratory study).

Blood parasitemia. Parasitemia was monitored daily 8 days after infection using quantitative PCR
(with a limit of detection of 64 parasites/ml), as previously described (27).

Blood collection. Blood samples anticoagulated with acid citrate dextrose (ACD) were collected prior
to inoculation and at the same time each morning on days 14 and 15. On these days, plus day 16, plasma
samples anticoagulated with CTAD (a mixture of citrate, theophylline, adenosine, and dipyridamole) were
collected. Blood collection time points were determined by the primary clinical study. All flow cytometric
assays were undertaken using ACD whole blood and processed within 2 h of collection. The plasma was
cryopreserved within 30 min of collection.

Flow cytometric analysis. Cytometric bead arrays (BD Biosciences) were used to measure levels of
TNF, IFN-�, IL-2, IL-4, IL-6, and IL-10 in plasma according to the manufacturer’s instructions. DC were
enumerated from 200 �l of whole blood using lineage markers: anti-CD3 (HIT3a), CD14 (M5E2), CD19
(HIBH19), CD20 (2H7), CD56 (HCD56), and CD34 (56I), each conjugated to phycoerythrin (PE), and
anti-CD1c (L161) fluorescein isothiocyanate (FITC), anti-CD123 (6H6) PE-Cy7, anti-CD11c (Bly6) V450,
anti-CD141 (M80) allophycocyanin (APC), anti-CD16 (3G8) APC-Cy7, and anti-HLA-DR (L243) peridinin
chlorophyll protein (PerCP) (Fig. 1). Regulatory T cells were characterized in 200 �l of whole blood with
anti-TNFR2 (22235) FITC, anti-CD25 (M-A251) PE, anti-CD4 (RPA-T4) PerCP, anti-CD127 (R34.34) PC7,
anti-CD3 (UCHT1) APC-eFluor780, and anti-CD45RA (HI100) V450 (Fig. 4). The antibodies were sourced
from BioLegend, except CD3 APC-eFluor780 (eBioscience). Following surface staining, RBC were lysed
with fluorescein isothiocyanate (FACS) lysis buffer (BD Biosciences) and washed in phosphate-buffered
saline (PBS). The cells were resuspended in PBS-1% (wt/vol) paraformaldehyde (surface only) and
acquired on a FACSCanto II (BD Biosciences).

The absolute number of DC was determined by adding the automated-cell-counter-derived lympho-
cyte and monocyte counts (Table 1) (109 cells/liter), dividing by 100, and then multiplying by the
percentage of dendritic cells, with multiplication by 1,000 to give the cell count per microliter. Lympho-
cyte subset counts were determined using the lymphocyte gate.

Apoptosis. Intracellular active caspase 3 staining was assessed as previously described (59). DC
subset expression of active caspase 3 was evaluated in 1,000 �l of whole blood using the panel from Fig.
1A, with the following substitutions: anti-active caspase 3 (C92-605 BD Biosciences) FITC and CD1c (L161)
APC. Active caspase 3 expression in non-DC was evaluated in 100 �l of whole blood using anti-active
caspase 3 (C92-605) FITC, anti-CD56 (HCD56) PE, anti-CD4 (RPA-T4) PerCP, anti-CD25 (B1.49.9), anti-CD14
(M5E2) APC and anti-CD20 (2H7) APC-Cy7, and anti-CD3 (UCHTI) V450 and anti-CD8 (RPA-T8), each
purchased from BioLegend. Briefly, whole blood was stained with surface antibodies, RBC were lysed
with FACS lysing solution (BD Biosciences), and the cells were permeabilized using 1� Perm/Wash (BD
Biosciences) and stained with active caspase 3 antibody (C92-605). The cells were resuspended in PBS-2%
fetal calf serum (FCS) and acquired on a FACSCanto II (BD Biosciences).

Amino acid measurement. Plasma amino acids (Fig. 3 and Table S1 in the supplemental material)
were measured in CTAD plasma, using HPLC (Shimadzu, Kyoto, Japan) with UV (250 nm) and fluorescence
(excitation, 250 nm; emission, 395 nm) detection, as previously described (60). The plasma KT ratio, a
measure of systemic IDO activity (22), was calculated by dividing the kynurenine concentration (in
micromoles per liter) by the tryptophan concentration (in micromoles per liter) and multiplying the
quotient by 1,000.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software
Inc.) and STATA 14 (STATA Corp. LP). Depending on the data distribution, the Wilcoxon signed-rank test
or repeated-measures one-way analysis of variance (ANOVA) with the Holm test for multiple comparisons
was used for analysis of longitudinal data. The Spearman rank test was used for correlation analyses.
Mixed-effects models were used to examine longitudinal associations. A P value of �0.05 was considered
significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.

ACKNOWLEDGMENTS
We thank the Q-Pharm staff, who conducted the human infection studies, in

particular Suzanne Elliott and Alice Lau, for supporting the research. We thank Paul
Griffin for his advice and clinical assistance. We thank the volunteers who participated
in the clinical trials.

J.R.L., G.M., and T.W. conceived and designed the experiments and prepared the
manuscript. J.G.B., K.A.P., and Y.M. performed the experiments, with assistance from
F.H.A., J.R.L., G.M., and T.W. J.R.L., G.M., and T.W. analyzed the data. N.M.A., M.F.G., C.R.E.,
T.W.Y., and D.L.D. provided intellectual input and assisted with manuscript preparation.
J.S.M. conducted the clinical trial and assisted in manuscript preparation.

This study was funded by the Australian National Health and Medical Research

P. vivax Modulation of IDO Treg and DC Infection and Immunity

June 2017 Volume 85 Issue 6 e00986-16 iai.asm.org 9

 on July 10, 2017 by N
A

N
Y

A
N

G
 T

E
C

H
N

O
LO

G
IC

A
L U

N
IV

E
R

S
IT

Y
http://iai.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1128/IAI.00986-16
https://doi.org/10.1128/IAI.00986-16
http://iai.asm.org
http://iai.asm.org/


Council (NHMRC) (Project Grant 1021198, Project Grant 1021121, Program Grant
1037304, and fellowships to N.M.A., J.S.M., T.W.Y., C.R.E., and D.L.D.). J.R.L. was sup-
ported in part by an Australia Postgraduate Award (APA) Ph.D. scholarship; J.B was
supported in part by a University of Queensland International Scholarship. The clinical
trials from which the samples were drawn were funded by the Medicines for Malaria
Venture.

REFERENCES
1. WHO. 2015. World malaria report. WHO, Geneva, Switzerland.
2. Price RN, Douglas NM, Anstey NM. 2009. New developments in Plasmo-

dium vivax malaria: severe disease and the rise of chloroquine resis-
tance. Curr Opin Infect Dis 22:430 – 435. https://doi.org/10.1097/QCO
.0b013e32832f14c1.

3. Anstey NM, Douglas NM, Poespoprodjo JR, Price RN. 2012. Plasmodium
vivax: clinical spectrum, risk factors and pathogenesis. Adv Parasitol
80:151–201. https://doi.org/10.1016/B978-0-12-397900-1.00003-7.

4. Shanks GD. 2012. Control and elimination of Plasmodium vivax. Adv
Parasitol 80:301–341. https://doi.org/10.1016/B978-0-12-397900-1
.00006-2.

5. Doolan DL, Dobano C, Baird JK. 2009. Acquired immunity to malaria. Clin
Microbiol Rev 22:13–36. https://doi.org/10.1128/CMR.00025-08.

6. Scholzen A, Sauerwein RW. 2016. Immune activation and induction of
memory: lessons learned from controlled human malaria infection with
Plasmodium falciparum. Parasitology 143:224 –235. https://doi.org/10
.1017/S0031182015000761.

7. Wykes MN, Good MF. 2008. What really happens to dendritic cells during
malaria? Nat Rev Microbiol 6:864 – 870. https://doi.org/10.1038/
nrmicro1988.

8. MacDonald KP, Munster DJ, Clark GJ, Dzionek A, Schmitz J, Hart DN.
2002. Characterization of human blood dendritic cell subsets. Blood
100:4512– 4520. https://doi.org/10.1182/blood-2001-11-0097.

9. Woodberry T, Minigo G, Piera KA, Amante FH, Pinzon-Charry A, Good MF,
Lopez JA, Engwerda CR, McCarthy JS, Anstey NM. 2012. Low-level Plas-
modium falciparum blood-stage infection causes dendritic cell apopto-
sis and dysfunction in healthy volunteers. J Infect Dis 206:333–340.
https://doi.org/10.1093/infdis/jis366.

10. Loughland JR, Minigo G, Burel J, Tipping PE, Piera KA, Amante FH,
Engwerda CR, Good MF, Doolan DL, Anstey NM, McCarthy JS, Woodberry
T. 2016. Profoundly reduced CD1c� myeloid dendritic cell HLA-DR and
CD86 expression and increased tumor necrosis factor production in
experimental human blood-stage malaria infection. Infect Immun 84:
1403–1412. https://doi.org/10.1128/IAI.01522-15.

11. Goncalves RM, Salmazi KC, Santos BA, Bastos MS, Rocha SC, Boscardin
SB, Silber AM, Kallas EG, Ferreira MU, Scopel KK. 2010. CD4� CD25�

Foxp3� regulatory T cells, dendritic cells, and circulating cytokines in
uncomplicated malaria: do different parasite species elicit similar host
responses? Infect Immun 78:4763– 4772. https://doi.org/10.1128/IAI
.00578-10.

12. Pinzon-Charry A, Woodberry T, Kienzle V, McPhun V, Minigo G, Lampah
DA, Kenangalem E, Engwerda C, López JA, Anstey NM, Good MF. 2013.
Apoptosis and dysfunction of blood dendritic cells in patients with
falciparum and vivax malaria. J Exp Med 210:1635–1646. https://doi.org/
10.1084/jem.20121972.

13. Kho S, Marfurt J, Noviyanti R, Kusuma A, Piera KA, Burdam FH,
Kenangalem E, Lampah DA, Engwerda CR, Poespoprodjo JR, Price RN.
2015. Preserved dendritic cell HLA-DR expression and reduced reg-
ulatory T cell activation in asymptomatic Plasmodium falciparum and
P. vivax infection. Infect Immun 83:3224 –3232. https://doi.org/10
.1128/IAI.00226-15.

14. Jangpatarapongsa K, Chootong P, Sattabongkot J, Chotivanich K, Siri-
chaisinthop J, Tungpradabkul S, Hisaeda H, Troye-Blomberg M, Cui L,
Udomsangpetch R. 2008. Plasmodium vivax parasites alter the balance
of myeloid and plasmacytoid dendritic cells and the induction of regu-
latory T cells. Eur J Immunol 38:2697–2705. https://doi.org/10.1002/eji
.200838186.

15. Kho S, Marfurt J, Handayuni I, Pava Z, Noviyanti R, Kusuma A, Piera KA,
Burdam FH, Kenangalem E, Lampah DA, Engwerda CR, Poespoprodjo JR,
Price RN, Anstey NM, Minigo G, Woodberry T. 2016. Characterization of
blood dendritic and regulatory T cells in asymptomatic adults with

sub-microscopic Plasmodium falciparum or Plasmodium vivax infection.
Malar J 15:328. https://doi.org/10.1186/s12936-016-1382-7.

16. Mellor AL, Munn DH. 2004. IDO expression by dendritic cells: tolerance
and tryptophan catabolism. Nat Rev Immunol 4:762–774. https://doi
.org/10.1038/nri1457.

17. Terness P, Chuang J-J, Opelz G. 2006. The immunoregulatory role of
IDO-producing human dendritic cells revisited. Trends Immunol 27:
68 –73. https://doi.org/10.1016/j.it.2005.12.006.

18. Moffett JR, Namboodiri MA. 2003. Tryptophan and the immune re-
sponse. Immunol Cell Biol 81:247–265. https://doi.org/10.1046/j.1440
-1711.2003.t01-1-01177.x.

19. Munn DH, Mellor AL. 2013. Indoleamine 2,3 dioxygenase and metabolic
control of immune responses. Trends Immunol 34:137–143. https://doi
.org/10.1016/j.it.2012.10.001.

20. Huengsberg M, Winer JB, Gompels M, Round R, Ross J, Shahmanesh M.
1998. Serum kynurenine-to-tryptophan ratio increases with progressive
disease in HIV-infected patients. Clin Chem 44:858 – 862.

21. Huang A, Fuchs D, Widner B, Glover C, Henderson D, Allen-Mersh T.
2002. Serum tryptophan decrease correlates with immune activation
and impaired quality of life in colorectal cancer. Br J Cancer 86:
1691–1696. https://doi.org/10.1038/sj.bjc.6600336.

22. Darcy CJ, Davis JS, Woodberry T, McNeil YR, Stephens DP, Yeo TW,
Anstey NM. 2011. An observational cohort study of the kynurenine to
tryptophan ratio in sepsis: association with impaired immune and mi-
crovascular function. PLoS One 6:e21185. https://doi.org/10.1371/
journal.pone.0021185.

23. Hansen AM, Ball HJ, Mitchell AJ, Miu J, Takikawa O, Hunt NH. 2004.
Increased expression of indoleamine 2,3-dioxygenase in murine malaria
infection is predominantly localised to the vascular endothelium. Int J
Parasitol 34:1309 –1319. https://doi.org/10.1016/j.ijpara.2004.07.008.

24. Dobbie M, Crawley J, Waruiru C, Marsh K, Surtees R. 2000. Cerebrospinal
fluid studies in children with cerebral malaria: an excitotoxic mecha-
nism? Am J Trop Med Hyg 62:284 –290.

25. Medana IM, Day NP, Salahifar-Sabet H, Stocker R, Smythe G, Bwanaisa L,
Njobvu A, Kayira K, Turner GD, Taylor TE, Hunt NH. 2003. Metabolites of
the kynurenine pathway of tryptophan metabolism in the cerebrospinal
fluid of Malawian children with malaria. J Infect Dis 188:844 – 849.
https://doi.org/10.1086/377583.

26. Medana IM, Hien TT, Day NP, Nguyen HP, Nguyen THM, Van Chu’ong L,
Tran THC, Taylor A, Salahifar H, Stocker R, Smythe G, Turner GD, Farrar J,
White NJ, Hunt NH. 2002. The clinical significance of cerebrospinal fluid
levels of kynurenine pathway metabolites and lactate in severe malaria.
J Infect Dis 185:650 – 656. https://doi.org/10.1086/339009.

27. Griffin P, Pasay C, Elliott S, Sekuloski S, Sikulu M, Hugo L, Khoury D,
Cromer D, Davenport M, Sattabongkot J, Ivinson K, Ockenhouse C,
McCarthy J. 2016. Safety and reproducibility of a clinical trial system
using induced blood stage Plasmodium vivax infection and its potential
as a model to evaluate malaria transmission. PLoS Negl Trop Dis 10:
e0005139. https://doi.org/10.1371/journal.pntd.0005139.

28. McCarthy JS, Griffin PM, Sekuloski S, Bright AT, Rockett R, Looke D, Elliott
S, Whiley D, Sloots T, Winzeler EA, Trenholme KR. 2013. Experimentally
induced blood-stage Plasmodium vivax infection in healthy volunteers.
J Infect Dis 208:1688 –1694. https://doi.org/10.1093/infdis/jit394.

29. Porter AG, Jänicke RU. 1999. Emerging roles of caspase-3 in apoptosis.
Cell Death Differ 6:99 –104. https://doi.org/10.1038/sj.cdd.4400476.

30. Wang Y, Liu H, McKenzie G, Witting PK, Stasch J-P, Hahn M, Chang-
sirivathanathamrong D, Wu BJ, Ball HJ, Thomas SR, Kapoor V, Celermajer
DS, Mellor AL, Keaney JF, Hunt NH, Stocker R. 2010. Kynurenine is an
endothelium-derived relaxing factor produced during inflammation. Nat
Med 16:279 –285. https://doi.org/10.1038/nm.2092.

31. Valmori D, Merlo A, Souleimanian NE, Hesdorffer CS, Ayyoub M. 2005. A

Woodberry et al. Infection and Immunity

June 2017 Volume 85 Issue 6 e00986-16 iai.asm.org 10

 on July 10, 2017 by N
A

N
Y

A
N

G
 T

E
C

H
N

O
LO

G
IC

A
L U

N
IV

E
R

S
IT

Y
http://iai.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1097/QCO.0b013e32832f14c1
https://doi.org/10.1097/QCO.0b013e32832f14c1
https://doi.org/10.1016/B978-0-12-397900-1.00003-7
https://doi.org/10.1016/B978-0-12-397900-1.00006-2
https://doi.org/10.1016/B978-0-12-397900-1.00006-2
https://doi.org/10.1128/CMR.00025-08
https://doi.org/10.1017/S0031182015000761
https://doi.org/10.1017/S0031182015000761
https://doi.org/10.1038/nrmicro1988
https://doi.org/10.1038/nrmicro1988
https://doi.org/10.1182/blood-2001-11-0097
https://doi.org/10.1093/infdis/jis366
https://doi.org/10.1128/IAI.01522-15
https://doi.org/10.1128/IAI.00578-10
https://doi.org/10.1128/IAI.00578-10
https://doi.org/10.1084/jem.20121972
https://doi.org/10.1084/jem.20121972
https://doi.org/10.1128/IAI.00226-15
https://doi.org/10.1128/IAI.00226-15
https://doi.org/10.1002/eji.200838186
https://doi.org/10.1002/eji.200838186
https://doi.org/10.1186/s12936-016-1382-7
https://doi.org/10.1038/nri1457
https://doi.org/10.1038/nri1457
https://doi.org/10.1016/j.it.2005.12.006
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1046/j.1440-1711.2003.t01-1-01177.x
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.1016/j.it.2012.10.001
https://doi.org/10.1038/sj.bjc.6600336
https://doi.org/10.1371/journal.pone.0021185
https://doi.org/10.1371/journal.pone.0021185
https://doi.org/10.1016/j.ijpara.2004.07.008
https://doi.org/10.1086/377583
https://doi.org/10.1086/339009
https://doi.org/10.1371/journal.pntd.0005139
https://doi.org/10.1093/infdis/jit394
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.1038/nm.2092
http://iai.asm.org
http://iai.asm.org/


peripheral circulating compartment of natural naive CD4� Tregs. J Clin
Invest 115:1953–1962. https://doi.org/10.1172/JCI23963.

32. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, Parizot C, Taflin
C, Heike T, Valeyre D, Mathian A, Nakahata T, Yamaguchi T, Nomura T,
Ono M, Amoura Z, Gorochov G, Sakaguchi S. 2009. Functional delinea-
tion and differentiation dynamics of human CD4� T cells expressing the
FoxP3 transcription factor. Immunity 30:899 –911. https://doi.org/10
.1016/j.immuni.2009.03.019.

33. Housley WJ, Adams CO, Nichols FC, Puddington L, Lingenheld EG, Zhu L,
Rajan TV, Clark RB. 2011. Natural but not inducible regulatory T cells
require TNF-� signaling for in vivo function. J Immunol 186:6779 – 6787.
https://doi.org/10.4049/jimmunol.1003868.

34. Teirlinck AC, Roestenberg M, Bijker EM, Hoffman SL, Sauerwein RW,
Scholzen A. 2015. Plasmodium falciparum infection of human volunteers
activates monocytes and CD16� dendritic cells and induces up-
regulation of CD16 and CD1c expression. Infect Immun 83:3732–3739.
https://doi.org/10.1128/IAI.00473-15.

35. Everts B, Adegnika AA, Kruize YC, Smits HH, Kremsner PG, Yazdanbakhsh
M. 2010. Functional impairment of human myeloid dendritic cells during
Schistosoma haematobium infection. PLoS Negl Trop Dis 4:e667. https://
doi.org/10.1371/journal.pntd.0000667.

36. Tomer S, Chawla YK, Duseja A, Arora SK. 2016. Dominating expression of
negative regulatory factors downmodulates major histocompatibility
complex class-II expression on dendritic cells in chronic hepatitis C
infection. World J Gastroenterol 22:5173–5182. https://doi.org/10.3748/
wjg.v22.i22.5173.

37. Lapaque N, Hutchinson JL, Jones DC, Méresse S, Holden DW, Trowsdale
J, Kelly AP. 2009. Salmonella regulates polyubiquitination and surface
expression of MHC class II antigens. Proc Natl Acad Sci U S A 106:
14052–14057. https://doi.org/10.1073/pnas.0906735106.

38. Adams EJ. 2013. Diverse antigen presentation by the group 1 CD1
molecule, CD1c. Mol Immunol 55:182–185. https://doi.org/10.1016/j
.molimm.2012.10.019.

39. Swiecki M, Colonna M. 2015. The multifaceted biology of plasmacytoid
dendritic cells. Nat Rev Immunol 15:471– 485. https://doi.org/10.1038/
nri3865.

40. Pichyangkul S, Yongvanitchit K, Kum-Arb U, Hemmi H, Akira S, Krieg AM,
Heppner DG, Stewart VA, Hasegawa H, Looareesuwan S, Shanks GD,
Miller RS. 2004. Malaria blood stage parasites activate human plasma-
cytoid dendritic cells and murine dendritic cells through a Toll-like
receptor 9-dependent pathway. J Immunol 172:4926 – 4933. https://doi
.org/10.4049/jimmunol.172.8.4926.

41. Romani N, Gruner S, Brang D, Kämpgen E, Lenz A, Trockenbacher B,
Konwalinka G, Fritsch PO, Steinman RM, Schuler G. 1994. Proliferating
dendritic cell progenitors in human blood. J Exp Med 180:83–93. https://
doi.org/10.1084/jem.180.1.83.

42. Rzepczyk C, Stamatiou S, Anderson K, Stowers A, Cheng Q, Saul A,
Allworth A, McCormack J, Whitby M, Olive C, Lawrence G. 1996.
Experimental human Plasmodium falciparum infections: longitudinal
analysis of lymphocyte responses with particular reference to �� T
cells. Scand J Immunol 43:219 –227. https://doi.org/10.1046/j.1365
-3083.1996.d01-24.x.

43. De Mast Q, Sweep F, McCall M, Hermsen Geurts-Moespot AC, Calandra
T, Netea M, Sauerwein R, Van Der Ven A. 2008. A decrease of plasma
macrophage migration inhibitory factor concentration is associated with
lower numbers of circulating lymphocytes in experimental Plasmodium
falciparum malaria. Parasite Immunol 30:133–138. https://doi.org/10
.1111/j.1365-3024.2007.01008.x.

44. Elias SC, Choudhary P, Cassan SC, Biswas S, Collins KA, Halstead FD, Bliss
CM, Ewer KJ, Hodgson SH, Duncan CJ, Hill AV, Draper SJ. 2014. Analysis
of human B-cell responses following ChAd63-MVA MSP1 and AMA1
immunization and controlled malaria infection. Immunology 141:
628 – 644. https://doi.org/10.1111/imm.12226.

45. Kavousanaki M, Makrigiannakis A, Boumpas D, Verginis P. 2010. Novel
role of plasmacytoid dendritic cells in humans: induction of interleukin-
10 –producing Treg cells by plasmacytoid dendritic cells in patients with
rheumatoid arthritis responding to therapy. Arthritis Rheum 62:53– 63.
https://doi.org/10.1002/art.25037.

46. Staudacher A, Hinz T, Novak N, Bubnoff D, Bieber T. 2015. Exaggerated
IDO1 expression and activity in Langerhans cells from patients with
atopic dermatitis upon viral stimulation: a potential predictive biomarker

for high risk of eczema herpeticum. Allergy 70:1432–1439. https://doi
.org/10.1111/all.12699.

47. Chevolet I, Speeckaert R, Schreuer M, Neyns B, Krysko O, Bachert C,
Hennart B, Allorge D, van Geel N, Van Gele M, Brochez L. 2015.
Characterization of the in vivo immune network of IDO, tryptophan
metabolism, PD-L1, and CTLA-4 in circulating immune cells in mela-
noma. Oncoimmunology 4:e982382. https://doi.org/10.4161/
2162402X.2014.982382.

48. Kassianos AJ, Hardy MY, Ju X, Vijayan D, Ding Y, Vulink AJE, McDonald
KJ, Jongbloed SL, Wadley RB, Wells C, Hart DN, Radford KJ. 2012.
Human CD1c (BDCA-1)� myeloid dendritic cells secrete IL-10 and
display an immuno-regulatory phenotype and function in response
to Escherichia coli. Eur J Immunol 42:1512–1522. https://doi.org/10
.1002/eji.201142098.

49. Padberg J-S, Van Meurs M, Kielstein JT, Martens-Lobenhoffer J, Bode-
Böger SM, Zijlstra JG, Kovesdy CP, Kümpers P. 2012. Indoleamine-2,3-
dioxygenase activity in experimental human endotoxemia. Exp Transl
Stroke Med 4:24. https://doi.org/10.1186/2040-7378-4-24.

50. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, Trump S, Schu-
macher T, Jestaedt L, Schrenk D, Weller M, Jugold M, Guillemin GJ, Miller
CL, Lutz C, Radlwimmer B, Lehmann I, von Deimling A, Wick W, Platten
M. 2011. An endogenous tumour-promoting ligand of the human aryl
hydrocarbon receptor. Nature 478:197–203. https://doi.org/10.1038/
nature10491.

51. Fallarino F, Asselin-Paturel C, Vacca C, Bianchi R, Gizzi S, Fioretti MC,
Trinchieri G, Grohmann U, Puccetti P. 2004. Murine plasmacytoid den-
dritic cells initiate the immunosuppressive pathway of tryptophan ca-
tabolism in response to CD200 receptor engagement. J Immunol 173:
3748 –3754. https://doi.org/10.4049/jimmunol.173.6.3748.

52. Curti A, Pandolfi S, Valzasina B, Aluigi M, Isidori A, Ferri E, Salvestrini V,
Bonanno G, Rutella S, Durelli I, Horenstein AL, Fioretti F, Massaia M,
Colombo MP, Baccarani M, Lemoli RM. 2007. Modulation of tryptophan
catabolism by human leukemic cells results in the conversion of CD25�

into CD25� T regulatory cells. Blood 109:2871–2877.
53. Tetsutani K, To H, Torii M, Hisaeda H, Himeno K. 2007. Malaria parasite

induces tryptophan-related immune suppression in mice. Parasitology
134:923–930. https://doi.org/10.1017/S0031182007002326.

54. Jortzik E, Zocher K, Isernhagen A, Mailu BM, Rahlfs S, Viola G, Wittlin S,
Hunt NH, Ihmels H, Becker K. 2015. Benzoquinolizinium derivatives have
a strong antimalarial activity and inhibit indoleamine dioxygenase. An-
timicrob Agents Chemother 60:115–125. https://doi.org/10.1128/AAC
.01066-15.

55. Gonçalves-Lopes RM, Lima NF, Carvalho KI, Scopel KK, Kallás EG, Ferreira
MU. 2016. Surface expression of inhibitory (CTLA-4) and stimulatory (OX40)
receptors by CD4� regulatory T cell subsets circulating in human malaria.
Microbes Infect 18:639–648. https://doi.org/10.1016/j.micinf.2016.06.003.

56. Bueno LL, Morais CG, Araujo FF, Gomes JAS, Corrêa-Oliveira R, Soares IS,
Lacerda MV, Fujiwara RT, Braga ÉM. 2010. Plasmodium vivax: induction
of CD4� CD25� FoxP3� regulatory T cells during infection are directly
associated with level of circulating parasites. PLoS One 5:e9623. https://
doi.org/10.1371/journal.pone.0009623.

57. Minigo G, Woodberry T, Piera KA, Salwati E, Tjitra E, Kenangalem E, Price
RN, Engwerda CR, Anstey NM, Plebanski M. 2009. Parasite-dependent
expansion of TNF receptor II-positive regulatory T cells with enhanced
suppressive activity in adults with severe malaria. PLoS Pathog
5:e1000402. https://doi.org/10.1371/journal.ppat.1000402.

58. Boyle MJ, Jagannathan P, Farrington LA, Eccles-James I, Wamala S,
McIntyre TI, Vance HM, Bowen K, Nankya F, Auma A, Nalubega M,
Sikyomu E, Naluwu K, Rek J, Katureebe A, Bigira V, Kapisi J, Tappero J,
Muhindo MK, Greenhouse B, Arinaitwe E, Dorsey G, Kamya MR, Feeney
ME. 2015. Decline of FoxP3� regulatory CD4 T cells in peripheral blood
of children heavily exposed to malaria. PLoS Pathog 11:e1005041.
https://doi.org/10.1371/journal.ppat.1005041.

59. Jerome K, Sloan D, Aubert M. 2003. Measurement of CTL-induced
cytotoxicity: the caspase 3 assay. Apoptosis 8:563–571. https://doi.org/
10.1023/A:1026123223387.

60. Wang H, McNeil YR, Yeo TW, Anstey NM. 2013. Simultaneous determi-
nation of multiple amino acids in plasma in critical illness by high
performance liquid chromatography with ultraviolet and fluorescence
detection. J Chromatogr B Analyt Technol Biomed Life Sci 940:53–58.
https://doi.org/10.1016/j.jchromb.2013.09.016.

P. vivax Modulation of IDO Treg and DC Infection and Immunity

June 2017 Volume 85 Issue 6 e00986-16 iai.asm.org 11

 on July 10, 2017 by N
A

N
Y

A
N

G
 T

E
C

H
N

O
LO

G
IC

A
L U

N
IV

E
R

S
IT

Y
http://iai.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1172/JCI23963
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.4049/jimmunol.1003868
https://doi.org/10.1128/IAI.00473-15
https://doi.org/10.1371/journal.pntd.0000667
https://doi.org/10.1371/journal.pntd.0000667
https://doi.org/10.3748/wjg.v22.i22.5173
https://doi.org/10.3748/wjg.v22.i22.5173
https://doi.org/10.1073/pnas.0906735106
https://doi.org/10.1016/j.molimm.2012.10.019
https://doi.org/10.1016/j.molimm.2012.10.019
https://doi.org/10.1038/nri3865
https://doi.org/10.1038/nri3865
https://doi.org/10.4049/jimmunol.172.8.4926
https://doi.org/10.4049/jimmunol.172.8.4926
https://doi.org/10.1084/jem.180.1.83
https://doi.org/10.1084/jem.180.1.83
https://doi.org/10.1046/j.1365-3083.1996.d01-24.x
https://doi.org/10.1046/j.1365-3083.1996.d01-24.x
https://doi.org/10.1111/j.1365-3024.2007.01008.x
https://doi.org/10.1111/j.1365-3024.2007.01008.x
https://doi.org/10.1111/imm.12226
https://doi.org/10.1002/art.25037
https://doi.org/10.1111/all.12699
https://doi.org/10.1111/all.12699
https://doi.org/10.4161/2162402X.2014.982382
https://doi.org/10.4161/2162402X.2014.982382
https://doi.org/10.1002/eji.201142098
https://doi.org/10.1002/eji.201142098
https://doi.org/10.1186/2040-7378-4-24
https://doi.org/10.1038/nature10491
https://doi.org/10.1038/nature10491
https://doi.org/10.4049/jimmunol.173.6.3748
https://doi.org/10.1017/S0031182007002326
https://doi.org/10.1128/AAC.01066-15
https://doi.org/10.1128/AAC.01066-15
https://doi.org/10.1016/j.micinf.2016.06.003
https://doi.org/10.1371/journal.pone.0009623
https://doi.org/10.1371/journal.pone.0009623
https://doi.org/10.1371/journal.ppat.1000402
https://doi.org/10.1371/journal.ppat.1005041
https://doi.org/10.1023/A:1026123223387
https://doi.org/10.1023/A:1026123223387
https://doi.org/10.1016/j.jchromb.2013.09.016
http://iai.asm.org
http://iai.asm.org/

	RESULTS
	Infection and parasite detection. 
	Primary P. vivax infection reduces DC numbers and CD1c+ mDC maturation. 
	Increase in plasma IFN-. 
	Increase in IDO activity. 
	Activation of regulatory T cells. 

	DISCUSSION
	MATERIALS AND METHODS
	Study cohort. 
	Blood parasitemia. 
	Blood collection. 
	Flow cytometric analysis. 
	Apoptosis. 
	Amino acid measurement. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

