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Abstract

Background: Dengue viral infection is a global health threat without vaccine or specific treatment. The clinical outcome
varies from asymptomatic, mild dengue fever (DF) to severe dengue hemorrhagic fever (DHF). While adaptive immune
responses were found to be detrimental in the dengue pathogenesis, the roles of earlier innate events remain largely
uninvestigated. Invariant natural killer T (iNKT) cells represent innate-like T cells that could dictate subsequent adaptive
response but their role in human dengue virus infection is not known. We hypothesized that iNKT cells play a role in human
dengue infection.

Methods: Blood samples from a well-characterized cohort of children with DF, DHF, in comparison to non-dengue febrile
illness (OFI) and healthy controls at various time points were studied. iNKT cells activation were analyzed by the expression
of CD69 by flow cytometry. Their cytokine production was then analyzed after a-GalCer stimulation. Further, the CD1d
expression on monocytes, and CD69 expression on conventional T cells were measured.

Results: iNKT cells were activated during acute dengue infection. The level of iNKT cell activation associates with the disease
severity. Furthermore, these iNKT cells had altered functional response to subsequent ex vivo stimulation with a-GalCer.
Moreover, during acute dengue infection, monocytic CD1d expression was also upregulated and conventional T cells also
became activated.

Conclusion: iNKT cells might play an early and critical role in the pathogenesis of severe dengue viral infection in human.
Targeting iNKT cells and CD1d serve as a potential therapeutic strategy for severe dengue infection in the future.
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Introduction

Public health threat of dengue viral infection is expanding

globally and most prominent in tropical and subtropical countries.

It is the most significant mosquito- borne viral illness affecting

mankind. An estimated 2.5 billion people live in the area at risk

resulting in 50 to 390 million dengue infections per year [1–3].

Dengue infection causes significant morbidity, mortality and leads

to hospitalization that consume vast amount of health care

spending mostly in endemic areas where resource is scarce [1–3].

Currently, there is still no vaccine nor specific treatment, in part

due to our incomplete understanding of the disease pathogenesis.

Dengue virus (DV) is a single stranded RNA virus in the

Flaviviridae family. Four serotypes of dengue virus are circulat-

ing and cause human illness. The transmission from human to

human requires Aedes mosquito vectors [4]. Once infected with

DV, the clinical manifestation varies widely from asymptom-

atic infection, undifferentiated febrile illness to a more typical

dengue fever (DF) characterized by fever associated with severe

headache, myalgia, and bone pain, which are mild and self

limited. A small percentage of patients develop a more severe,

life threatening dengue hemorrhagic fever (DHF), which could

result in dengue shock syndrome (DSS) [1]. The hallmarks of

DHF/DSS are plasma leakage and hemorrhage that could lead
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to shock and death which invariably occur within 1–2 days

after fever subsided [1,5].

Both viral and host factors were shown to contribute to the

severity of dengue infection [1,6]. While protective immune

response is required for viral clearance, the detrimental immune

reaction was suggested to be the major cause of severe DHF/DSS

[6]. Most previous investigations focused on the detrimental effects

of cross-reactive adaptive immune responses known as antibody

dependent enhancement [7–9] and T cell antigenic sin [10].

However, the study on innate and innate-like immune response in

dengue infection that could initiate or even dictate the type of

subsequence adaptive immune response is still very limited.

Invariant natural killer T (iNKT) cells represent a unique

population of T cells with innate-like function. iNKT cells express

invariant T cell receptor (iTCR) recognizing lipid antigens on

CD1d, a non-polymorphic MHC class I –like molecule [11]. a-

Galactosylceramide (a-GalCer) is a potent and specific iNKT cell

antigen widely used for iNKT cell activation and identification

[11]. A number of exogenous lipid antigens from microbes [12–

15] and endogenous lipid antigens [16–19] were also shown to

activate iNKT cells. Upon activation, iNKT cells can rapidly

secrete a variety of preformed cytokines such as IFN-a, IL-4, IL-

17A, IL-10 and crosstalk with conventional T cells, B cells, NK

cells, macrophages and dendritic cells [11]. iNKT cells were

shown to play a role in many disease processes including cancer,

autoimmunity, asthma, and infections [11,20,21]. Their roles in

infections were demonstrated for a variety of microorganisms

including viruses [13–15,22–25].

The critical roles of iNKT cells were demonstrated in several

virus infections [24,25] such as herpes simplex virus type 1 and 2

[26–28], respiratory syncytial virus [29], influenza A virus [30–

32], hepatitis B virus [33], cytomegalovirus [34,35], hepatitis C

virus [36], and HIV-1 [37]. Moreover, patients with primary

immune deficiency resulting in iNKT cell defect are more

susceptible to severe varicella-zoster virus [38] and EBV infections

[39]. Because of these evidence, iNKT cells activation by a-

GalCer have been tested as vaccine adjuvant with promising

results in animal models of hepatitis B virus [40], influenza A virus

[41] and HIV infections [42,43].

The potential role of iNKT cells in pathogenesis of DV infection

has never been investigated in human. Two previous reports

showed increased number and recruitment of T cells bearing NK

cell markers to skin infected with DV in mouse [44] and marmoset

models [45]. However, these reports did not use standard methods

to identify iNKT cells, so it is unclear if these cells are truly iNKT

cells. The only study of iNKT cells in DV infection was done in

experimental murine model [46] and suggested a detrimental role

of iNKT cells in severe form of DV infection. However, DV does

not naturally infect mice and the use of mouse model to represent

DV infection pathogenesis in human remains controversial [47–

49]. Therefore, the study of iNKT cells in human patients is

needed.

Here, we investigated the potential role of iNKT cells in DV

infection in human by examining well-defined clinical samples

from a cohort of DV infected children of varying disease severity

and at different time points, in comparison to controls. We found

that iNKT cells were activated in acute DV infection, and

suggesting the involvement of iNKT cells in human severe DV

infection. A better understanding of the role of iNKT cells in

human DV infection will lead to a better understanding of the

intricate control of complex immune responses and immuno-

pathogenesis in dengue infection. Altogether, the advancement in

our knowledge will enable the development of novel preventive

and therapeutic approaches in the future.

Methods

Ethics statement
Blood samples were collected from healthy controls and 1–15

year-old patients admitted to Khon Kaen and Songkhla hospitals,

Thailand, following written parental informed consent. This

project was approved by the ethical committees of Khon Kaen

hospital, Songkhla hospital and Mahidol University.

Clinical samples
Peripheral blood mononuclear cells (PBMC) were separated

from whole blood by Ficoll-Hypaque density gradient centrifuga-

tion and kept in liquid nitrogen for subsequent study. Acute

dengue infection was determined by dengue gene identification

using reverse transcription PCR (RT-PCR) and dengue virus-

specific IgM capture ELISA as previously described [50,51].

Dengue disease severity was classified according to the World

Health Organization criteria (1997) [5] into dengue fever (DF) and

dengue hemorrhagic fever (DHF). Other non-dengue febrile illness

(OFI) patients were defined as patients hospitalized with fever

without the presence of dengue infection by both RT-PCR and

dengue virus-specific IgM capture ELISA.

Blood samples from each patient were collected at different time

points during the course of infection. The date were called in

relation to the day fever subsided (day of defervescence, day 0) so

that ‘‘day -1’’ is one day before the day of defervescence and

‘‘week 2’’ and ‘‘month 6’’ are 2 weeks and 6 months after the day

of defervescence, respectively. Random PBMC samples from DF,

DHF and OFI were used for analysis in this study.

Samples from 11 DF, 19 DHF, 11 OFI patients and 10 healthy

controls were evaluated for percentage and phenotype of

peripheral blood iNKT cells. The demographic and clinical

characteristics, including age, gender, DV serotype, lowest white

blood cells count (WBC), highest hematocrit (Hct), lowest platelet

(Plt), highest serum aspartate transaminase (AST), alanine

transaminase (ALT) enzyme, and lowest albumin of each patient

with DF and DHF are shown in Table S1. A different set of

patient samples were used to study the function of iNKT cells by ex

Author Summary

Almost half of the world population is at risk of dengue
viral infection. The disease severity varies from mild to a
deadly form-which is caused mainly by host overt immune
reaction. Earlier studies focused on the disease-causing
roles of adaptive immune cells - cells that are highly
specific but require time and signal from rapidly activating
immune cells to become active. Invariant Natural Killer T
(iNKT) cells are unique T cells that get activated rapidly and
can control later adaptive response by secreting cytokines.
They can be activated by lipid loaded on CD1d, an antigen
presenting molecule. However, their role in human
dengue infection was not known. Here, we studied iNKT
cells from dengue infected children and found that they
were activated. Importantly, the more severe the disease,
the higher level of iNKT cells activation. Their cytokine
patterns also differ from those of healthy donors.
Moreover, together with iNKT cells activation, the level of
CD1d was higher and T cells became active. Therefore,
iNKT cells likely play a role in the pathogenesis of human
dengue infection. New drugs targeting iNKT cells might
help dampen the disease severity before the adaptive
immune cells become too active.

NKT Cells in Human Dengue Infection
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vivo stimulation due to limited number of PBMC available from

each patient. Fourteen DF, 12 DHF, 11 OFI patients and 10

healthy controls were used in these experiments. Table S2 shows

demographic and clinical characteristics of the DHF and DF

patients whose PBMC were used for functional analysis. All

patients studied had secondary DV infection.

iNKT cell and T cell phenotypic analysis
To analyze the number and phenotypes of iNKT cells and

conventional T cells, cryopreserved PBMCs were thawed and

rested in cold complete RPMI medium. Cell numbers and viability

were estimated by trypan blue exclusion assay. More than 90%

cell viability were observed in all samples. Cells were then washed,

Fc blocked and stained with the following fluorescence-conjugated

monoclonal antibodies; PEcy7-conjugated anti-human CD3

(BioLegend; CA), PE-conjugated PBS57-loaded CD1d tetramer

or PE-conjugated unloaded CD1d tetramer (NIH tetramer facility,

USA; PBS57 is an a-GalCer analog), FITC-conjugated anti-

human CD4 (BD Pharmingen), APCcy7-conjugated anti-human

CD8 (BioLegend; CA), and PerCP- conjugated anti-human CD69

(or isotype control) (BD Biosciences) according to the manufac-

turer’s protocol. Cells were then analyzed by flow cytometry.

Cell culture, ex vivo stimulation and intracellular cytokine
analysis

Cryopreserved PBMCs were thawed and cultured in the

presence or absence of a-GalCer 100 ng/ml (KRN7000, Funa-

koshi, Tokyo, Japan) for 12 hours with brefeldin A (10 mg/ml;

Sigma-Aldrich). Cells were then harvested and stained for the

following surface markers and intracellular cytokines after

permeabilization according to manufacturer’s protocol: PEcy7

conjugated anti-human CD3 antibody (BioLegend; CA), PE

conjugated PBS57-loaded CD1d tetramer (NIH, USA), PerCP

conjugated anti-human CD69 antibody (BD Biosciences), FITC-

conjugated anti-human IFN-c (BD Pharmingen), APC-conjugated

anti-human IL-4 (eBioscience) and Alexa700-conjugated anti-

human IL-17A (BD Pharmingen) or isotype controls. Cells were

then fixed with 1% formaldehyde in PBS and analyzed by flow

cytometry.

Monocyte CD1d expression
PBMC were stained with FITC-conjugated anti-human CD14

antibody (BD Pharmingen), and PE-conjugated anti-CD1d

antibody (BD Pharmingen) or isotype control (BD Pharmingen).

Cells were then fixed and acquired by flow cytometry. Monocytes

were gated based on their characteristic appearance on FSC/SSC

dotplot and upon CD14 expression. The level of CD1d expression

was expressed as the difference in mean fluorescence intensity

(DMFI) between CD1d staining and isotype control of each

sample as baseline.

Flow cytometry
Flow cytometry analysis was performed using BD FACS Canto

or BD LSRII flow cytometer via FACS Diva version 4.1.1

software. FlowJo version 8.7 (Tree star) was used for data analysis.

Statistical analysis
Data analysis was performed using GraphPad Prism 5.0

software and SPSS version 20. Mann-Whitney test was used for

comparison of unpaired data. Wilcoxon signed rank test was used

to compare paired data. Spearman’s rho correlation test was used

for correlation analysis of non-parametric data. P-value of ,0.05

was considered as statistically significant difference.

Results

Demographic and clinical data
The age and gender of patients with DF and DHF in this study

were not significantly different. The most common DV serotypes

in both groups were DV serotype 1 (DV1), followed by DV2,

DV3, and DV4, respectively. As expected, patients with DHF had

significantly lower platelet count, serum albumin and higher liver

transaminases when compared to those with DF (Table S1 and

S2).

The percentage of peripheral blood iNKT cells remain
unchanged during the course of DV infection

To examine whether the percentage of iNKT cells changes

during the course of DV infection, PBMC from DF and DHF

patients were evaluated at 3 different time points (day -1, day 0

and day 2 weeks) as previously described (Figure 1a). Lymphocytes

were pregated based on their characteristic appearance on forward

and side scattered dot plot. iNKT cells were then identified by the

expression of both CD3 and PBS57- loaded CD1d tetramer (as

compared to unloaded CD1d tetramer control) (Figure 1a, 2a).

The percentage of iNKT cells within total lymphocytes were not

significantly changed over the course of DV infection in both

patients with DF (Figure 1b, Figure S1a) and DHF (Figure 1c,

Figure S1b). When comparing iNKT cells from patients with

various severities during febrile phase and controls, the percentage

of iNKT cells were also not significantly different between groups

of patients (Figure 1d). Absolute number of iNKT cells also

showed similar results (Figure S1c-g).

iNKT cells were activated during acute DV infection and
the level of activation associated with dengue disease
severity

To investigate whether iNKT cells are activated in vivo during

human DV infection, peripheral blood iNKT cells from dengue-

infected individuals with various disease severities were evaluated

at different time points. Expression of CD69 in comparison to

isotype control was used as an activation marker of iNKT cells

(Figure 2a).

iNKT cells were activated during acute phase (day -1 and day 0)

of dengue infection in both DF and DHF patients (Figure 2b). The

percentage of CD69 positive iNKT cells was significantly higher

during febrile phase (day -1) (median 3.02%; interquartile range

2.18–20.33%) and defervescence phase (day 0) (7.42%; 3.91–

13.23%) compared to 2 weeks after fever subsided (0.50%; 0.13–

2.08%) in patients with DF (p,0.05 and p,0.005 respectively)

(Figure 2c). In patients with DHF, the percentage of CD69 positive

iNKT cells was also higher during febrile phase (day -1) (27.40%;

17.20–36.80%) and defervescence phase (10.00%; 5.26–22.70%)

when compared to 2 weeks after fever subsided (0.23%; 0.00–

0.57%) (p,0.0001 and p = 0.0001, respectively) (Figure2d).

Furthermore, when comparing iNKT cells from patients with

various severities during febrile phase (day -1), patients with DHF

have significantly higher percentage of activated iNKT cells

(27.40%; 17.20–36.80%) when compared to DF (3.02%; 2.18–

20.33%) (p = 0.0149) (Figure 2e), suggesting that the activation of

iNKT cells associated with disease severity. Moreover, iNKT cells

were more activated in dengue-infected patients (DF and DHF)

than in OFI (1.77%; 0.00–7.33%) and healthy controls (0.00%;

0.00–0.51%) (Figure 2e). iNKT cell activation in OFI is higher

than healthy controls (p,0.05), possibly due to the heterogeneous

non-dengue infectious etiology of OFI group, some of which could

also activate iNKT cells.

NKT Cells in Human Dengue Infection
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When cells from each patient were analyzed at 3 different time

points, the data clearly showed that the percentage of activated iNKT

cells were highest during febrile phase, continuously decreased over the

course of infection and barely present by 2 weeks after fever subsided in

both patients with DF (Figure 2f) and DHF (Figure 2g). No correlation

between iNKT cell activation and DV viral load was observed (data

not shown). Therefore, our results showed that iNKT cells were

activated during acute dengue infection and the level of activation

associated with dengue disease severity.

Peripheral blood iNKT cells from acute DV infected
patients had reduced a-GalCer mediated production of
IFN-c

To study function of the iNKT cells in DV infection, iNKT cells

production of various cytokines (IFN-c, IL-4 and IL-17) were

analyzed by intracellular cytokine staining of gated iNKT cells in

comparison to isotype controls. Without stimulation, a small

amount of IFN-c and IL-4 could be detected in iNKT cells from

some of the acute dengue-infected patients (Figure 3a–b, 3e–f).

Previous reports demonstrated that iNKT cells could become

anergic or hyporesponsive to a-GalCer stimulation if they were

previously activated in vivo [52,53]. To further examine the

functional properties of the activated iNKT cells from acute DV

infected patients, the PBMC were stimulated with a-GalCer ex vivo

and intracellular cytokines were evaluated. PBMC from DF and

DHF patients during acute dengue infection (day 0) were

compared to those 6 months after infection, when the immuno-

logical effects of acute DV infection were assumed to return to

baseline. The results were then compared with unstimulated

condition and with PBMC from OFI and healthy subjects

(Figure 3).

As expected, after a-GalCer stimulation, healthy iNKT cells

produced large amount of IFN-c (Figure 3c). In contrast, the

capacity to produce IFN-c of iNKT cells from acute DV infected

and OFI patients was reduced (Figure 3c, Figure S2a). At day 0,

after stimulation, the percentage of IFN-c+ iNKT cells of patients

with DF (16.35%; 14.40–24.93%) and DHF (11.95%; 6.77–

18.30%) were lower than those of healthy control (32.1%; 25.90–

40.70%) (p = 0.002 and p = 0.01, respectively) (Figure 3c). There-

fore, the functional change of iNKT cells is not limited to dengue

infection but also occur in other febrile illness, again, this could be

due to the heterogeneous infectious etiology of OFI. No significant

difference between DF and DHF was observed. The responsive-

ness to a-GalCer stimulation returned 6 months after fever

subsided to the level similar to those of healthy control (Figure 3d).

After a-GalCer stimulation, the percentage of IFN-c+ iNKT cells

from day 0 were significantly lower than those from 6 months after

fever subsided in both patients with DF (day 0: 16.35%; 14.40–

24.93% vs. month 6: 29.20%; 19.65–43.00%, p = 0.002)

(Figure 3a) and DHF groups (day 0:11.95%; 6.77–18.30% vs.

month 6: 25.65%; 15.35–37.23%, p = 0.01) (Figure 3b). No

statistical significant difference was observed when IL-4+ iNKT

cells were examined after a-GalCer stimulation (Figure 3e–h,

Figure S2b).

Interestingly, the iNKT cells cytokine patterns in DF and DHF

appears to be different. Acute DF patients have higher IFN-c/IL-4

ratio compared to DHF (Figure 3i), suggesting that Th1-like

response of iNKT cells in acute DV infection may associate with

less disease severity.

IL-17A was not detectable in iNKT cells in all conditions with

the current stimulation protocol (data not shown), perhaps because

the kinetics of IL-17 is different from IL-4 and IFN-c.

Figure 1. The frequency of peripheral blood iNKT cells during dengue infection with different disease severity. a) Representative dot
plots show the percentage of iNKT cells within lymphocytes in healthy, other febrile illness (OFI), dengue fever (DF), and dengue hemorrhagic fever
(DHF) at day -1, day 0 and day 2 weeks. b, c) Each dot represents percentage of iNKT cells of each patient in DF (b) and DHF (c) groups at 3 different
time points, the line represents median of each group. d) The percentage of iNKT cells during febrile phase (day -1) of healthy, OFI, DF and DHF.
Mann-Whitney test (b–d) was used for statistical comparison, p,0.05 was considered as statistically significant difference. No significant difference
was found.
doi:10.1371/journal.pntd.0002955.g001

NKT Cells in Human Dengue Infection
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To further examine the kinetics of functional response of iNKT

cells to a-GalCer, additional time points at day -1 and week 2 were

studied (Figure S3 and S4). The responses at these 2 additional

time points were not statistically significant different. However,

iNKT cells from DHF at 2 weeks appeared to produce more IFN-

c than at day -1 but due to the limited number of sample,

statistical test cannot be performed (Figure S4b). Altogether, the

IFN-c response to a-GalCer seems to reduce during acute DV

infection and recover by month 6 after acute DV infection but the

rate of recovery may differ between patients.

Taken together, these findings suggested that iNKT cells from

acute dengue infected patients were previously activated in vivo and

upon restimulation with a-GalCer ex vivo, they have reduced IFN-c
production. Importantly, skewing toward Th1-like cytokine

pattern of iNKT cells during acute DV infection may associate

with less clinical severity.

Upregulation of CD1d expression on monocytes during
acute DV infection

Our next question was how iNKT cells get activated during

acute DV infection. iNKT cells were known to be activated by

cognate recognition of iNKT cell receptor to antigen presented on

CD1d. In some circumstances, they can be activated indirectly by

cytokines or might require both cognate recognition and cytokine-

driven activation [54]. To first investigate if iNKT cells could be

activated through the CD1d-dependent pathway, we measured

CD1d expression on monocytes from the same patient samples

used to study iNKT cells. Monocytes were examined because they

Figure 2. iNKT cells were activated during acute phase of dengue infection. a) Representative dot plot and histogram demonstrate gating
strategy for iNKT cells and CD69 expression on iNKT cells. iNKT cells were gated, within lymphocytes population, on CD3+, PBS57-loaded CD1d
tetramer+ (in comparison with unloaded CD1d tetramer control). CD69+ iNKT cells were gated in comparison to isotype control. b) Flow cytometry
analysis of the expression of CD69 on iNKT cells in Healthy, OFI, DF, and DHF at day -1, day 0 and 2 weeks. Representative histograms show the
expression of CD69 (black line) in comparison to isotype control (gray shade). c, d) Each dot represents percentage of CD69 positive iNKT cells of each
patient in DF (c) and DHF (d) groups at 3 different time points, the line indicate median of each group. e) Dot plot summarized percentage of CD69
positive iNKT cells during febrile phase (day -1) of each group of patients in comparison to controls. f, g) Percentage of CD69 positive iNKT cells
during the course of dengue infection, each line connects data from each patient at various time points. Mann-Whitney test (c–e), and Wilcoxon
signed rank test (f–g) were used for statistical comparison, p,0.05 was considered as statistically significant difference (*p,0.05, **p,0.01, ***p,
0.001).
doi:10.1371/journal.pntd.0002955.g002

NKT Cells in Human Dengue Infection
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Figure 3. Cytokines production by iNKT cells from dengue infected patients with and without stimulation with a-GalCer. Each dot
represents percentage of interferon gamma (IFN-c)+ (a–b) and IL-4+ (e–f) iNKT cells from DF (a,e) and DHF (b,f) at day 0 and month 6, with (stimulated)
and without (unstimulated) a-GalCer stimulation. At day 0 (c, g, i) and 6 months (d, h, j), percentage of IFN-c+ iNKT cells (c,d), IL-4+ iNKT cells (g, h) and
IFN-c/IL-4 ratio (i, j) upon a-GalCer stimulation, comparing cells from healthy, OFI, DF and DHF groups. Mann-Whitney test, were used for statistical
comparison, p,0.05 was considered as statistically significant difference (*p,0.05, **p,0.01, ***p,0.001).
doi:10.1371/journal.pntd.0002955.g003

NKT Cells in Human Dengue Infection
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are abundant antigen presenting cells in peripheral blood, known

to be infected by dengue virus both in vivo and in vitro, and also

known to activate iNKT cells in other circumstances. Monocytes

were first gated (Figure 4a) and the level of CD1d expression on

monocytes at different time points was then analyzed in

comparison to isotype control in both DF and DHF groups

(Figure 4b). Interestingly, the expression of CD1d was highest on

monocytes during day -1 and day 0, in both DF (median DMFI

16058;13304–18998 (day -1) and 15682; 13820–20191 (day 0))

and DHF (17499; 14987–22505 (day -1) and 17991; 15896–21235

(day 0)) patients. The level of CD1d expression decreased

significantly by 2 weeks after fever subsided in both DF (10184;

7962–11852) (p = 0.002 (day -1 vs. 2 weeks), p = 0.01 (day 0 vs. 2

weeks)) and DHF (9645; 8999–12712) (p = 0.008 (day -1 vs. 2

weeks), p = 0.002 (day 0 vs. 2 weeks)) (Figure 4c) to the same level

as healthy control (10504; 9704–13541) (Figure 4d). The similar

trend is clearly observed when data from the same patients at 3

different time points were analyzed (Figure 4e). Monocytic CD1d

expression at 6 months was similar to those at 2 weeks (data not

shown). Furthermore, when comparing between patients with

different dengue disease severity, the level of monocyte CD1d

expression at day -1 was higher in DHF than in healthy control

(10504; 9704–13541) (p = 0.01), but not significantly higher than

that of DF (p = 0.27) (Figure 4d). Thus, CD1d expression on

monocytes was upregulated in acute DV infection. Moreover, the

level of CD1d expression on monocytes positively correlates,

although weakly, with the level of iNKT cell activation (r = 0.35,

p,0.05). The correlation is stronger when the DHF subgroup was

analyzed (r = 0.7, p = 0.002) (Figure S5). These results suggested

that CD1d was upregulated in monocytes during acute DV

infection. However, future experiments are needed to delineate if

iNKT cells were actually activated in a CD1d-dependent manner

in DV infection.

Cytotoxic T cells were activated in relation to iNKT cell
activation

In general, once iNKT cells get activated, they were known to

influence adaptive T cell immune response. To investigate if

iNKT cells activation were associated with the activation of

conventional T cells in DV infection, the percentage of CD8+ and

CD4+ T cells as well as their activation state were evaluated in the

PBMC samples that were used for iNKT cells studies. Lympho-

cytes were pregated based on their characteristic appearance on

forward and side scattered dot plot. CD8+ and CD4+ conventional

T cells were then identified by the expression of CD8 or CD4

together with CD3. CD69 in comparison with isotype control was

used as activation marker of both CD4+ and CD8+ T cells (Figure

S6a, c).

Similar to iNKT cell activation, conventional CD8+ T cells were

activated during acute phase of dengue infection in both DF and

DHF patients (Figure 5a,b). The percentage of CD69+CD8+

conventional T cells at day -1 (7.62%; 3.36–10.92) was higher than

2 weeks after fever subsided (0.56%; 0.24–1.48) in patients with

DF (p = 0.01) (Figure 5a). In patients with DHF, the percentage of

CD69+ CD8+ conventional T cells was higher at day -1 (10.35%;

7.99–13.08) and day 0 (2.40%; 0.52–8.71) when compared to 2

Figure 4. Upregulation of CD1d expression on monocytes during acute DV infection. a) Monocytes were gated on their typical FSC/SSC
appearance and on the presence of CD14. b) Representative histogram showed the level of CD1d expression on monocytes at different time points,
day -1 (black line), day 0 (gray line), 2 week (dotted line) in comparison to isotype control (shaded gray) in DF and DHF groups and in healthy control.
The level of CD1d expression was expressed as the difference in mean fluorescence intensity (dMFI) between CD1d staining and isotype control of
each sample. c) Each dot represents CD1d dMFI on monocytes of each patient in DF and DHF groups at 3 different time points, the line represents
median of each group. d) Monocytes CD1d dMFI during febrile phase (day -1) (left) and 2 weeks (right) of healthy, OFI, DF and DHF. e) Monocytes
CD1d dMFI during the course of dengue infection. Each line connects data from each patient at different time points. Mann- Whitney test (c–d), and
Wilcoxon signed rank test (e) were used for statistical comparison, p,0.05 was considered as statistically significant difference (*p,0.05, **p,0.01).
doi:10.1371/journal.pntd.0002955.g004
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weeks after fever subsided (0.30%; 0.14–0.57) (p,0.0001 and

p = 0.0008 respectively) (Figure 5b). Furthermore, during febrile

phase, patients with DF (7.62%; 3.36–10.92) and DHF (10.35%;

7.99–13.08) have significantly higher percentage of activated CD8+

T cells when compared to OFI (0.76%; 0.15–1.38), and healthy

controls (0.32%; 0.026–0.565) (DF vs OFI, p = 0.01, DF vs healthy,

p = 0.005, DHF vs OFI, p,0.0001 and DHF vs healthy, p = 0.0001

respectively). At day -1, the percentage of activated CD8+ T cells of

DHF appeared to be higher than DF, but did not reach statistical

significance (Figure 5c). This is different from previous reports that

showed a higher CD8 activation in DHF compared to DF [55–57],

possibly due to the small sample size, high variability of the data and

different time point analyzed. When cells from each patient were

analyzed at 3 different time points, most of the data showed the

percentage of activated CD8+ conventional T cells were highest

during febrile phase, continuously decreased over the course of

infection and almost absent by 2 weeks after fever subsided in both

patients with DF (Figure 5d) and DHF (Figure 5e). The activation of

CD8+ conventional T cells correlates with iNKT cell activation

(r = 0.56, p,0.0100) especially in DHF patients (r = 0.69, p,

0.0100) (Figure S6b), suggesting that iNKT cell activation may

associate with the activation of CD8+ conventional T cells especially

in DHF patients.

At the analyzed time point, CD4+ conventional T cells were also

activated during acute DV infection but to a lesser extent than

CD8+ T cells and were more prominent in DHF patients

(Figure 5f–j). In DHF, but not DF patients, CD4+T cells showed

higher activation during day -1 (0.72%; 0.36–1.44) and day 0

(0.38%; 0.11–0.59) when compared to 2 weeks afterward (0.07%;

0.03–0.15) (p,0.0001, p = 0.013) (Figure 5g, j). During day -1, DF

and DHF patients showed increased CD4+ T cells activation when

compared to healthy controls or OFI (Figure 5h). No significant

difference was observed between DF and DHF (Figure 5h),

although it appears that only a few DF patients showed increased

CD4+ T cell activation (Figure 5h, i). The level of CD4+ T cell

activation also weakly correlates with the level of iNKT cells

activation (r = 0.41, p,0.01), but the correlation is more

prominent in DHF (r = 0.57, p,0.01) (Figure S6d).

Discussion

Our finding is the first to show that human iNKT cells are

activated during acute dengue viral infection and the level of

activation associates with disease severity. The activation subsided

by 2 weeks after fever subsided. Furthermore, the activated iNKT

cells from acute DV infected patients produced less IFN-c in

Figure 5. Activation of conventional T cells during acute phase of dengue viral infection. CD8+ and CD4+ conventional T cells were
identified by the expression of CD8 or CD4 together with CD3 within lymphocytes population. The expression of CD69 on CD8+ or CD4+ conventional
was gated in comparison to isotype control. Each dot represents percentage of CD69+CD8+ (a–e) and CD69+CD4+ (f–j) conventional T cells of each
patients in DF (a, f) and DHF (b, g) group at 3 different time points, the line indicate median of each group. e, h) Dot plot summarized percentage of
CD69+ CD8+ (c) and CD69+ CD4+ (h) conventional T cells during day -1 of each group of patients in comparison to OFI and healthy controls.
Percentage of CD69+ CD8+ (d, e) and CD69+ CD4+ (i, j) conventional T cells during the course of dengue infection in DF (d, i) and DHF (e, j), each line
connects data from each patient at various time points. Mann-Whitney test (a–c, f–h), and Wilcoxon signed rank test (d–e, i–j) were used for statistical
comparison, *p,0.05, **p,0.01, ***p,0.001, p,0.05 was considered as statistically significant difference.
doi:10.1371/journal.pntd.0002955.g005
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response to subsequent a-GalCer stimulation ex vivo. During acute

DV infection, monocytes also upregulated CD1d expression and

conventional T cells were activated.

The association between the level of iNKT cell activation and

the severity of dengue infection in our human data suggests that

activated iNKT cells might contribute to the pathogenesis of

severe dengue infection. Further investigations are needed to

dissect detailed mechanistic involvement of activated iNKT cells in

severe dengue disease pathogenesis. It is possible that the activated

iNKT cells contribute to immunopathology in severe dengue

infection. Alternatively, activated iNKT cells could play a

regulatory role that might impede viral clearance resulting in the

severe disease. We favor the former hypothesis because our data

showed that the activation state of iNKT cells correlates with the

activation of conventional T cells known to play pathogenic role in

severe disease. In addition, previously published murine data

showed that iNKT cell deficient mice suffer less sign of plasma

leakage, a cardinal feature of DHF, and survived more than wild

type mice [46]. The plasma leakage and death were restored after

iNKT cells reconstitution [46]. These data together suggested that

iNKT cells might play a detrimental role in dengue virus infection

in mice and human.

Despite the finding of iNKT cell activation during acute dengue

infection, the change in number of iNKT cell in peripheral blood

was not observed during the course of infection. It is possible that

iNKT cell migrate from intravascular space to affected tissues

unexamined as suggested in some animal models [44]. Moreover,

some activated iNKT cells might downregulate their iTCR

rendering them undetectable by a-GalCer-loaded CD1d tetramer

staining [11].

When the functional capacity of iNKT cells from dengue-

infected patients was evaluated, these iNKT cells had reduced a-

GalCer mediated IFN-c production. Six months after fever

subsided, their IFN-c production capacity upon a-GalCer

stimulation resumed to the level similarly found in healthy control,

possibly from a new pool of iNKT cells. The rate of functional

recovery varies among patients as seen at 2 weeks after fever

subsided. This finding was not surprising as several previous

reports consistently showed an unresponsiveness of previously

activated iNKT cells to subsequent stimulation, a phenomenon

known as iNKT cell anergy [52,53,58]. Similar to our finding,

they observed reduction in IFN-c, but not IL-4, in response to

subsequent a-GalCer stimulation. Therefore, this finding support

that iNKT cells were activated during acute dengue virus infection

in vivo, rendering them less responsive to subsequent stimulation ex

vivo, while their functional capacity returned 6 months after the

fever subsided. Interestingly, iNKT cells from acute DF patients

has higher IFN-c/IL-4 ratio after ex-vivo a-GalCer stimulation

than those from acute DHF patients. This finding suggests that

cytokines pattern produced by iNKT cells could possibly influence

DV disease severity. It would be interesting to know the pattern of

cytokine production of iNKT cells in vivo during the actual dengue

infection. Unfortunately, we could detect only small amount of

intracellular cytokines on iNKT cells from patients without any

stimulation, which may be because they secreted most cytokines in

vivo or because our detection sensitivity is limited by using

cryopreserved PBMC. Further study is warranted to delineate the

function of iNKT cells during acute DV infection in vivo.

In parallel with iNKT cell activation during acute DV infection,

monocytic CD1d surface expression was upregulated. This finding

suggests the possible involvement of CD1d on iNKT cell

activation through cognate recognition pathway although further

experiments are needed to demonstrate how iNKT cells are

activated in acute dengue infection. Moreover, CD1d expression

on other antigen presenting cells beside monocytes such as

dendritic cells may be interesting to examine. Some viruses such as

coxakievirus B3 [59] and hepatitis C virus [60] are known to

upregulate CD1d expression and activate iNKT cells while others

evade iNKT cell recognition by downregulating CD1d, such as

Kaposi sarcoma-associated herpes virus [61], herpes simplex virus

type 1 [62], HIV type 1 [63,64] and human papilloma virus [65].

Since viruses do not contain viral lipid antigens, it is postulated

that viral infection may alter endogenous lipid presented on CD1d

and activate iNKT cells with or without help from cytokines

[66,67]. Since viruses do not contain viral lipid antigens, altered

endogenous lipid might be presented on CD1d [29]. Indeed,

recent data suggested alteration of lipid metabolism in DV infected

cells but their importance in iNKT cell activation is not yet known

[68]. Other possible mechanism to activate iNKT cells, especially

cytokine mediated activation, was not evaluated and warrants

further study. Cytokines of special interest include, but not limited

to, IL-12, IL-18, IL-1b and IL-23. Further investigation is needed

to delineate the detail of how dengue virus upregulates CD1d and

how exactly iNKT cell activation was achieved in human DV

infection.

Once iNKT cells are activated, they are known to influence

other immune cells both in innate response such as NK cells,

dendritic cells and in adaptive T cell and B cell responses [11,20].

T cells are very important arm of immune defense against viral

infection, but T cell overactivation can lead to immunopathology

in dengue infection [69,70]. Our results showed the association

between iNKT cells activation, T cell activation and disease

severity. Consistently, in murine model, mice without iNKT cells

had less T cell response and less dengue disease severity [46].

However, whether iNKT cell activation leads to T cells activation

in human DV infection is not known and require further study.

The possible crosstalk of iNKT cells with other immune cells such

as B cells and NK cells in DV infection are also subjects of interest

for future study.

Secondary dengue infection is associated with higher disease

severity. It would be interesting to compare iNKT cell response in

primary and secondary dengue infection. However, because

Thailand is a hyper endemic area, most of our cohort samples

are secondary DV infection. Therefore, primary infection was not

evaluated in this current study.

In summary, we provide the first evidence that iNKT cells

may play a role in human DV infection, one of the most

important and expanding global health problems. As neither

vaccine nor specific treatment are available for DV infection,

and detrimental immune response might cause severe disease

rather than protect the host, a better understanding of how

immune response are regulated is crucial. We showed here the

possible involvement of iNKT cells in human DV infection.

Therefore, CD1d and iNKT cells may serve as attractive

targets for designing novel strategy to help alleviate suffering

from DV infection in the future.

Supporting Information

Figure S1 The percentage and absolute number of
peripheral blood iNKT cells during the course of dengue
infection. a, b) The percentage of iNKT cells during the course

of dengue infection in each patient with DF (a) and DHF (b). Each

line connects data from each patient at different time points. c, d)

Each dot represents the absolute numbers of iNKT cells

(x103 cells/ml) of each patient in DF (c) and DHF (d) groups at

3 different time points, each line represents median of each group.

e) The absolute number of iNKT cells during day -1 of OFI, DF
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and DHF. f, g) The absolute iNKT cells during the course of

dengue infection in DF (f) and DHF (g) groups. Each line

connects data from each patient at different time points. Mann-

Whitney test (c–e), and Wilcoxon signed rank test (a–b, f–g) were

used for statistical comparison, *p,0.0500, **p,0.0100, ***p,

0.0010.

(TIF)

Figure S2 Contour plot of cytokines production by iNKT
cells at day 0 and month 6. Pregated on iNKT cells,

representative contour plots show the production of IFN-c (a)

or IL-4 (b) within iNKT cells in comparison to isotype control

in healthy, OFI, DF and DHF groups, at day 0 or 6 months,

with (stimulated) and without (unstimulated) a-GalCer

stimulation.

(TIF)

Figure S3 Contour plot of cytokines production by iNKT
cells at day -1 and week 2. Pregated on iNKT cells,

representative contour plots show the production of IFN-c (a)

or IL-4 (b) within iNKT cells in comparison to isotype control

in healthy, OFI, DF and DHF groups, at day 0 or 6

months, with (stimulated) and without (unstimulated) a-GalCer

stimulation.

(TIF)

Figure S4 Cytokines production by iNKT cells from
dengue infected patients at day -1 and week2 with and
without stimulation with a-GalCer. Each dot represents

percentage of interferon gamma (IFN-c)+ (a-b) and IL-4+ (e–f)

iNKT cells from DF (a,e) and DHF (b,f) at day -1 and week 2, with

(stimulated) and without (unstimulated) a-GalCer stimulation. At

day -1 (c, g, i) and week 2 (d, h, j), percentage of IFN-c+ iNKT cells

(c,d), IL-4+ iNKT cells (g, h) and IFN-c/IL-4 ratio (i, j) upon a-

GalCer stimulation, comparing cells from healthy, OFI, DF and

DHF groups. Mann-Whitney test, were used for statistical

comparison, p,0.05 was considered as statistically significant

difference (*p,0.05).

(TIF)

Figure S5 CD1d expression on monocytes correlates
with the activation of iNKT cells. Spearman rho’s correlation

analysis of %CD69+ iNKT cells and difference in mean

fluorescence intensity (dMFI) of CD1d on monocytes in all

patients combined (a) or in only patients with dengue hemorrhagic

fever (DHF) (b).

(TIF)

Figure S6 Activation of conventional T cells correlates
with the activation of iNKT cells. a, c) Representative

histogram showed expression of CD69 on CD8+ (a) and CD4+ (c)

conventional T cells in healthy, OFI, DF, and DHF at day -1, day

0 and 2 weeks. Representative histograms show the expression of

CD69 (black line) in comparison to isotype control (gray shade). b,

d) Spearman rho’s correlation analysis of %CD69+ iNKT cells and

of %CD69+CD8+T cells in all patients combined (a) or in only

patients with dengue hemorrhagic fever (DHF) (b). Spearman

rho’s correlation analysis of %CD69+iNKT cells and of

%CD69+CD8+T cells (b) and %CD69+iNKT cells and of

%CD69+CD4+T cells (d) in all patients combined (ALL) or in

only patients with dengue hemorrhagic fever (DHF) (d).

(TIF)

Table S1 Characteristics of the patients (samples used
for phenotypic analysis of peripheral blood iNKT cells).
(PDF)

Table S2 Characteristics of the patients (samples were
used for ex vivo functional analysis of peripheral blood
iNKT cells).
(PDF)

Acknowledgements

We are grateful to all participants of this study. We thank Drs. S. Sirisingha

and O. Matangkasombut for critically reviewing this manuscript. We also

appreciate N. Techasan, A. Songjaeng, K. Jaisuk for technical assistance,

K. Manopwisedjaroen for performing DV qRT-PCR, Dr. P. Suriyaphol

for clinical data management, nursing team for samples and clinical data

collection, the United States NIH tetramer facility for CD1d tetramer and

Flow cytometry facility, Faculty of Medicine, Siriraj Hospital, and central

instrument facility, Faculty of Science, Mahidol University for instruments

support.

Author Contributions

Conceived and designed the experiments: PM JM. Performed the

experiments: PM WC AO PP. Analyzed the data: PM WC AO TD JM.

Contributed reagents/materials/analysis tools: NT SV WL PM TD GS

JM. Wrote the paper: PM WC.

References

1. WHO (2011) Comprehensive Guidelines for Preventation and Control of

Dengue and Dengue Haemorrhagic Fever: WHO Library Cataloguing-in-

Publication data.

2. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, et al. (2013) The

global distribution and burden of dengue. Nature 496: 504–507.

3. WHO (2009) Dengue Guideline for Diagnosis, Treatment, Prevention and

Control: WHO Library Cataloguing-in-Publication Data.

4. Halstead SB (2008) Dengue virus-mosquito interactions. Annu Rev Entomol 53:

273–291.

5. WHO (1997) Dengue Haemorrhagic Fever: Diagnostic, Treatment, Prevention

and Control. WHO, Geneva. 2nd ed.

6. Yacoub S, Mongkolsapaya J, Screaton G (2013) The pathogenesis of dengue.

Curr Opin Infect Dis 26: 284–289.

7. Dejnirattisai W, Jumnainsong A, Onsirisakul N, Fitton P, Vasanawathana S,

et al. (2010) Cross-reacting antibodies enhance dengue virus infection in

humans. Science 328: 745–748.

8. Halstead SB, O’Rourke EJ (1977) Antibody-enhanced dengue virus infection in

primate leukocytes. Nature 265: 739–741.

9. Halstead SB, O’Rourke EJ (1977) Dengue viruses and mononuclear phagocytes. I.

Infection enhancement by non-neutralizing antibody. J Exp Med 146: 201–217.

10. Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S, Tangth-

awornchaikul N, et al. (2003) Original antigenic sin and apoptosis in the

pathogenesis of dengue hemorrhagic fever. Nat Med 9: 921–927.

11. Bendelac A, Savage PB, Teyton L (2007) The biology of NKT cells. Annu Rev

Immunol 25: 297–336.

12. Tupin E, Kinjo Y, Kronenberg M (2007) The unique role of natural killer T cells

in the response to microorganisms. Nat Rev Microbiol 5: 405–417.

13. Kinjo Y, Kronenberg M (2005) V alpha14 i NKT cells are innate lymphocytes

that participate in the immune response to diverse microbes. J Clin Immunol 25:

522–533.

14. Kinjo Y, Tupin E, Wu D, Fujio M, Garcia-Navarro R, et al. (2006) Natural

killer T cells recognize diacylglycerol antigens from pathogenic bacteria. Nat

Immunol 7: 978–986.

15. Mattner J, Debord KL, Ismail N, Goff RD, Cantu C, 3rd, et al. (2005)

Exogenous and endogenous glycolipid antigens activate NKT cells during

microbial infections. Nature 434: 525–529.

16. Zhou D, Mattner J, Cantu C, 3rd, Schrantz N, Yin N, et al. (2004) Lysosomal

glycosphingolipid recognition by NKT cells. Science 306: 1786–1789.

17. Schumann J, Mycko MP, Dellabona P, Casorati G, MacDonald HR (2006)

Cutting edge: influence of the TCR Vbeta domain on the selection of semi-

invariant NKT cells by endogenous ligands. J Immunol 176: 2064–2068.

18. Brennan PJ, Tatituri RV, Brigl M, Kim EY, Tuli A, et al. (2011) Invariant

natural killer T cells recognize lipid self antigen induced by microbial danger

signals. Nat Immunol 12: 1202–1211.

19. Godfrey DI, Pellicci DG, Rossjohn J (2011) Beta-testing NKT cell self-reactivity.

Nat Immunol 12: 1135–1137.

20. Cohen NR, Garg S, Brenner MB (2009) Antigen Presentation by CD1 Lipids, T

Cells, and NKT Cells in Microbial Immunity. Adv Immunol 102: 1–94.

21. Matangkasombut P, Pichavant M, Dekruyff RH, Umetsu DT (2009) Natural

killer T cells and the regulation of asthma. Mucosal Immunol 2: 383–392.

NKT Cells in Human Dengue Infection

PLOS Neglected Tropical Diseases | www.plosntds.org 10 June 2014 | Volume 8 | Issue 6 | e2955



22. Ishikawa H, Hisaeda H, Taniguchi M, Nakayama T, Sakai T, et al. (2000)

CD4(+) v(alpha)14 NKT cells play a crucial role in an early stage of protective
immunity against infection with Leishmania major. Int Immunol 12: 1267–

1274.

23. Faveeuw C, Angeli V, Fontaine J, Maliszewski C, Capron A, et al. (2002)
Antigen presentation by CD1d contributes to the amplification of Th2 responses

to Schistosoma mansoni glycoconjugates in mice. J Immunol 169: 906–912.
24. Tessmer MS, Fatima A, Paget C, Trottein F, Brossay L (2009) NKT cell

immune responses to viral infection. Expert Opin Ther Targets 13: 153–162.

25. Juno JA, Keynan Y, Fowke KR (2012) Invariant NKT Cells: Regulation and
Function during Viral Infection. PLoS Pathog 8: e1002838.

26. Grubor-Bauk B, Arthur JL, Mayrhofer G (2008) Importance of NKT cells in
resistance to herpes simplex virus, fate of virus-infected neurons, and level of

latency in mice. J Virol 82: 11073–11083.
27. Grubor-Bauk B, Simmons A, Mayrhofer G, Speck PG (2003) Impaired

clearance of herpes simplex virus type 1 from mice lacking CD1d or NKT

cells expressing the semivariant V alpha 14-J alpha 281 TCR. J Immunol 170:
1430–1434.

28. Ashkar AA, Rosenthal KL (2003) Interleukin-15 and natural killer and NKT
cells play a critical role in innate protection against genital herpes simplex virus

type 2 infection. J Virol 77: 10168–10171.

29. Johnson TR, Hong S, Van Kaer L, Koezuka Y, Graham BS (2002) NK T cells
contribute to expansion of CD8(+) T cells and amplification of antiviral immune

responses to respiratory syncytial virus. J Virol 76: 4294–4303.
30. Paget C, Ivanov S, Fontaine J, Blanc F, Pichavant M, et al. (2011) Potential role

of invariant NKT cells in the control of pulmonary inflammation and CD8+ T
cell response during acute influenza A virus H3N2 pneumonia. J Immunol 186:

5590–5602.

31. Kok WL, Denney L, Benam K, Cole S, Clelland C, et al. (2012) Pivotal
Advance: Invariant NKT cells reduce accumulation of inflammatory monocytes

in the lungs and decrease immune-pathology during severe influenza A virus
infection. J Leukoc Biol 91: 357–368.

32. De Santo C, Salio M, Masri SH, Lee LY, Dong T, et al. (2008) Invariant NKT

cells reduce the immunosuppressive activity of influenza A virus-induced
myeloid-derived suppressor cells in mice and humans. J Clin Invest 118: 4036–

4048.
33. Zeissig S, Murata K, Sweet L, Publicover J, Hu Z, et al. (2012) Hepatitis B virus-

induced lipid alterations contribute to natural killer T cell-dependent protective
immunity. Nat Med 18: 1060–1068.

34. Wesley JD, Tessmer MS, Chaukos D, Brossay L (2008) NK cell-like behavior of

Valpha14i NK T cells during MCMV infection. PLoS Pathog 4: e1000106.
35. Tyznik AJ, Tupin E, Nagarajan NA, Her MJ, Benedict CA, et al. (2008) Cutting

edge: the mechanism of invariant NKT cell responses to viral danger signals.
J Immunol 181: 4452–4456.

36. Inoue M, Kanto T, Miyatake H, Itose I, Miyazaki M, et al. (2006) Enhanced

ability of peripheral invariant natural killer T cells to produce IL-13 in chronic
hepatitis C virus infection. J Hepatol 45: 190–196.

37. Vasan S, Poles MA, Horowitz A, Siladji EE, Markowitz M, et al. (2007)
Function of NKT cells, potential anti-HIV effector cells, are improved by

beginning HAART during acute HIV-1 infection. Int Immunol 19: 943–951.
38. Levy O, Orange JS, Hibberd P, Steinberg S, LaRussa P, et al. (2003)

Disseminated varicella infection due to the vaccine strain of varicella-zoster

virus, in a patient with a novel deficiency in natural killer T cells. J Infect Dis
188: 948–953.

39. Huck K, Feyen O, Niehues T, Ruschendorf F, Hubner N, et al. (2009) Girls
homozygous for an IL-2-inducible T cell kinase mutation that leads to protein

deficiency develop fatal EBV-associated lymphoproliferation. J Clin Invest 119:

1350–1358.
40. Kakimi K, Guidotti LG, Koezuka Y, Chisari FV (2000) Natural killer T cell

activation inhibits hepatitis B virus replication in vivo. J Exp Med 192: 921–930.
41. Kamijuku H, Nagata Y, Jiang X, Ichinohe T, Tashiro T, et al. (2008)

Mechanism of NKT cell activation by intranasal coadministration of alpha-

galactosylceramide, which can induce cross-protection against influenza viruses.
Mucosal Immunol 1: 208–218.

42. Courtney AN, Nehete PN, Nehete BP, Thapa P, Zhou D, et al. (2009) Alpha-
galactosylceramide is an effective mucosal adjuvant for repeated intranasal or

oral delivery of HIV peptide antigens. Vaccine 27: 3335–3341.
43. Huang Y, Chen A, Li X, Chen Z, Zhang W, et al. (2008) Enhancement of HIV

DNA vaccine immunogenicity by the NKT cell ligand, alpha-galactosylcer-

amide. Vaccine 26: 1807–1816.
44. St John AL, Rathore AP, Yap H, Ng ML, Metcalfe DD, et al. (2011) Immune

surveillance by mast cells during dengue infection promotes natural killer (NK)
and NKT-cell recruitment and viral clearance. Proc Natl Acad Sci U S A 108:

9190–9195.

45. Yoshida T, Omatsu T, Saito A, Katakai Y, Iwasaki Y, et al. (2013) Dynamics of
cellular immune responses in the acute phase of dengue virus infection. Arch

Virol 158: 1209–1220.

46. Renneson J, Guabiraba R, Maillet I, Marques RE, Ivanov S, et al. (2011) A

detrimental role for invariant natural killer T cells in the pathogenesis of

experimental dengue virus infection. Am J Pathol 179: 1872–1883.

47. Zompi S, Harris E (2012) Animal models of dengue virus infection. Viruses 4:

62–82.

48. Yauch LE, Shresta S (2008) Mouse models of dengue virus infection and disease.

Antiviral Res 80: 87–93.

49. Guabiraba R, Ryffel B (2014) Dengue virus infection: current concepts in

immune mechanisms and lessons from murine models. Immunology 141: 143–

156.

50. Yenchitsomanus PT, Sricharoen P, Jaruthasana I, Pattanakitsakul SN,

Nitayaphan S, et al. (1996) Rapid detection and identification of dengue viruses

by polymerase chain reaction (PCR). Southeast Asian J Trop Med Public Health

27: 228–236.

51. Innis BL, Nisalak A, Nimmannitya S, Kusalerdchariya S, Chongswasdi V, et al.

(1989) An enzyme-linked immunosorbent assay to characterize dengue infections

where dengue and Japanese encephalitis co-circulate. Am J Trop Med Hyg 40:

418–427.

52. Kim S, Lalani S, Parekh VV, Vincent TL, Wu L, et al. (2008) Impact of bacteria

on the phenotype, functions, and therapeutic activities of invariant NKT cells in

mice. J Clin Invest 118: 2301–2315.

53. Parekh VV, Wilson MT, Olivares-Villagomez D, Singh AK, Wu L, et al. (2005)

Glycolipid antigen induces long-term natural killer T cell anergy in mice. J Clin

Invest 115: 2572–2583.

54. Brennan PJ, Brigl M, Brenner MB (2013) Invariant natural killer T cells: an

innate activation scheme linked to diverse effector functions. Nat Rev Immunol

13: 101–117.

55. Green S, Pichyangkul S, Vaughn DW, Kalayanarooj S, Nimmannitya S, et al.

(1999) Early CD69 expression on peripheral blood lymphocytes from children

with dengue hemorrhagic fever. J Infect Dis 180: 1429–1435.

56. Green S, Vaughn DW, Kalayanarooj S, Nimmannitya S, Suntayakorn S, et al.

(1999) Early immune activation in acute dengue illness is related to development

of plasma leakage and disease severity. J Infect Dis 179: 755–762.

57. Mathew A, Rothman AL (2008) Understanding the contribution of cellular

immunity to dengue disease pathogenesis. Immunol Rev 225: 300–313.

58. Joshi SK, Lang GA, Larabee JL, Devera TS, Aye LM, et al. (2009) Bacillus

anthracis lethal toxin disrupts TCR signaling in CD1d-restricted NKT cells

leading to functional anergy. PLoS Pathog 5: e1000588.

59. Huber SA, Sartini D (2005) Roles of tumor necrosis factor alpha (TNF-alpha)

and the p55 TNF receptor in CD1d induction and coxsackievirus B3-induced

myocarditis. J Virol 79: 2659–2665.

60. Durante-Mangoni E, Wang R, Shaulov A, He Q, Nasser I, et al. (2004) Hepatic

CD1d expression in hepatitis C virus infection and recognition by resident

proinflammatory CD1d-reactive T cells. J Immunol 173: 2159–2166.

61. Sanchez DJ, Gumperz JE, Ganem D (2005) Regulation of CD1d expression and

function by a herpesvirus infection. J Clin Invest 115: 1369–1378.

62. Yuan W, Dasgupta A, Cresswell P (2006) Herpes simplex virus evades natural

killer T cell recognition by suppressing CD1d recycling. Nat Immunol 7: 835–

842.

63. Cho S, Knox KS, Kohli LM, He JJ, Exley MA, et al. (2005) Impaired cell

surface expression of human CD1d by the formation of an HIV-1 Nef/CD1d

complex. Virology 337: 242–252.

64. Chen N, McCarthy C, Drakesmith H, Li D, Cerundolo V, et al. (2006) HIV-1

down-regulates the expression of CD1d via Nef. Eur J Immunol 36: 278–286.

65. Miura S, Kawana K, Schust DJ, Fujii T, Yokoyama T, et al. (2010) CD1d, a

sentinel molecule bridging innate and adaptive immunity, is downregulated by

the human papillomavirus (HPV) E5 protein: a possible mechanism for immune

evasion by HPV. J Virol 84: 11614–11623.

66. Brigl M, Brenner MB (2010) How invariant natural killer T cells respond to

infection by recognizing microbial or endogenous lipid antigens. Semin

Immunol 22: 79–86.

67. Brigl M, Tatituri RV, Watts GF, Bhowruth V, Leadbetter EA, et al. (2011)

Innate and cytokine-driven signals, rather than microbial antigens, dominate in

natural killer T cell activation during microbial infection. J Exp Med 208: 1163–

1177.

68. Cui L, Lee YH, Kumar Y, Xu F, Lu K, et al. (2013) Serum metabolome and

lipidome changes in adult patients with primary dengue infection. PLoS Negl

Trop Dis 7: e2373.

69. Appanna R, Huat TL, See LL, Tan PL, Vadivelu J, et al. (2007) Cross-reactive

T-cell responses to the nonstructural regions of dengue viruses among dengue

fever and dengue hemorrhagic fever patients in Malaysia. Clin Vaccine

Immunol 14: 969–977.

70. Duangchinda T, Dejnirattisai W, Vasanawathana S, Limpitikul W, Tangth-

awornchaikul N, et al. (2010) Immunodominant T-cell responses to dengue virus

NS3 are associated with DHF. Proc Natl Acad Sci U S A 107: 16922–16927.

NKT Cells in Human Dengue Infection

PLOS Neglected Tropical Diseases | www.plosntds.org 11 June 2014 | Volume 8 | Issue 6 | e2955


