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ARTICLE INFO ABSTRACT
Keywords: Natural killer cells (NK cells) are the front line of immune cells to combat pathogens and able to influence the
Dengue virus subsequent adaptive immune responses. One of the factors contributing to pathogenesis in dengue hemorrhagic
NK cells fever (DHF) disease is aberrant immune activation during early phase of infection. This study explored the profile
i:zte immunit of NK cells in dengue infected pediatric patients with different degrees of disease severity. DHF patients con-
NKp30 v tained higher frequency of activated NK cells but lower ratio of CD56%™:CD56" 8" NK subsets. Activated NK
cells exhibited alterations in several NK receptors. Interestingly, the frequencies of NKp30 expressing activated
NK cells were more pronounced in dengue fever (DF) than in DHF pediatric patients. In vitro functional analysis
indicated that degranulation of NK cells in responding to dengue infected dendritic cells (DCs) required cell-cell
contact and type I IFNs. Meanwhile, Interferon gamma (IFN-y) production initially required cell-cell contact and
type I IFNs followed by Interleukin-12 (IL-12), Interleukin-15 (IL-15) and Interleukin-18 (IL-18) resulting in the
amplification of IFN-y producing NK cells over time. This study highlighted the complexity and the factors
influencing NK cells responses to dengue virus. Degree of activation, phenotypes of activated cells and the
crosstalk between NK cells and other immune cells, could modulate the outcome of NK cells function in the

dengue disease.

1. Introduction concern. There has been estimated that up to 390 million people
worldwide are infected with dengue virus annually and among these, 96
The increasing rate of dengue virus (DENV) transmission in tropical million people develop dengue disease (Bhatt et al., 2013). Dengue virus
and subtropical areas around the world has raised global public health is transmitted to humans through the bite of infected mosquitoes

Abbreviations: NK cells, natural killer cells; DC, dendritic cells; DENV, dengue virus; DF, dengue fever; DHF, dengue haemorrhagic fever.
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resulting in a wide spectrum of dengue diseases, ranging from asymp-
tomatic, mild (dengue fever, DF) to severe (dengue hemorrhagic fever,
DHF) diseases. The mortality rate of DHF patients can be as high as 20 %
without the appropriate care and there is no specific drug available
(World Health Organization, 1997). Dengue virus infection can trigger
multiple components of immunity. Studies in dengue infected patients
demonstrated the high viral load together with high levels of immune
activation during febrile illness including massive activation of dengue
specific T cells, elevated levels of serum cytokines or chemokines such as
IFN-a, TNF-a, MIP-1B and IP-10 (Bozza et al., 2008; Hober et al., 1993;
Kurane et al., 1993; Mongkolsapaya et al., 2003; Vaughn et al., 2000).
Dengue virus-specific antibodies are able to enhance disease severity
through antibody dependent enhancement mechanisms (Halstead and
O’Rourke, 1977a, 1977b). Even though there have been intensive
studies on the adaptive immune response to the dengue virus, the pre-
cise process that leads to DHF remains unclear. One of the missing links
is the contribution of innate immune response, especially during the
early phase of infection. Natural killer cells (NK cells) are key innate
immune cells which provide prompt responses to pathogen and able to
bridge between innate and adaptive immunity.

NK cells eliminate pathogens by several mechanisms. These include
cytolysis via the perforin/granzyme pathway, triggering apoptosis
through the interaction between Fas and Fas ligand, and the production
of cytokines such as IFN-y, TNF-a and MIP-1f. Additionally, NK cells can
coordinate with antibodies to destroy virus infected cells through a
process known as antibody dependent cell cytotoxicity (ADCC). NK cells
can be divided into 2 groups according to their CD56 surface expression;
CD56""8™ which are potent cytokine producers and CD564™, which are
efficient at lysis of target cells. There are 3 main categories of NK re-
ceptors. The first category is Natural Cytotoxic Receptors (NCRs) con-
sisting of NKp30, NKp44 and NKp46. These NCRs are activating
receptors and recognize tumour-induced or pathogen-derived mole-
cules. The second category is made up of lectin-like receptors (NKG2),
which include NKG2A, NKG2C, and NKG2D. The NKG2 family of re-
ceptors can be either activating or inhibitory. NKG2A and NKG2C form
heterodimers with CD94 proteins and bind to Human Leukocyte Antigen
— E (HLA-E) molecules. NKG2D, on the other hand, exists as a homo-
dimer and can recognize several ligands, including stress-inducible
proteins such as MICA/B, ULBP (Thielens et al., 2012). The third cate-
gory consists of Killer-cell Inmunoglobulin-like Receptors (KIRs). These
can be either inhibitory or activating receptor, depending on the
immunoreceptor tyrosine-based motif present in their cytoplasmic tails.
KIRs are capable of recognizing HLA class I molecules. For instance,
KIR2DL1/1.2/L3/S1 binds to allotypes of HLA-C, KIR3DL1/S1 targets
HLA-Bw*4, and KIR3DL2/S2 recognizes HLA-A*3 and HLA-A*11
(Saunders et al., 2015). The activation or silence of NK cells are
tightly regulated by a balance between signals from activating and
inhibitory NK receptors expressed on the cell surfaces (Vivier et al.,
2008).

The significance of NK cells has been shown in several virus in-
fections. The lack of NK cells causes severe herpesvirus infection (Biron
et al.,, 1989). Engagement of KIR3DS1" NK cells and their cognate
ligand, leads to NK activation and lysis of human immunodeficiency
virus (HIV) infected cells which correlates well with slow progressor to
AIDS (Alter et al., 2007). The selective expansion of
CD94/NKG2CTKIR2DL2/L3" NK cells with cytotoxicity function is
associated with the control of acute chikungunya infection (Petitde-
mange et al., 2011). In dengue disease, previous studies have demon-
strated the increased level of activated NK cells in dengue patients and
the dengue E protein has been found to bind to NKp44 receptor sug-
gesting the involvement of NK cells in dengue virus infection (Green
et al., 1999; Hershkovitz et al., 2009). This study aimed to investigate
the role of NK cells by examining the NK cell profiles in dengue infected
patients and exploring the mechanism that drive NK activation. The
insights gained from this study will enhance the understanding of the
innate immune responses and their roles in the dengue disease.
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2. Materials and methods
2.1. Patient samples

Blood samples were taken from patients admitted to the Pediatric
Department of Khon Kaen and Songkhla hospitals, Thailand, after
informed consent and approval from the ethical committees of Khon
Kaen, Songkhla, Siriraj hospitals (Ref no. 92/2550) and Oxford Uni-
versity. Acute dengue infection was identified by RT-PCR-based gene
identification or dengue-specific IgM capture ELISA (Innis et al., 1989;
Yenchitsomanus et al., 1996). Secondary dengue infection was defined
as a dengue-specific IgM/IgG ratio <1.8, by IgM and IgG capture ELISA
using patient’s sera.

Disease severity was classified according to the World Health Orga-
nization criteria 1997 (World Health Organization, 1997). PBMCs were
isolated from patient’s blood collected on fever day 5-7 (acute) and on
2-month after onset of fever (convalescent) by Ficoll-Hypaque density
gradient centrifugation and cryopreserved for the subsequent studies.
The viability of PBMCs was greater than 90 % by Trypan blue dye
exclusion method. The details of patients are shown in Table 1.

2.2. Antibodies

The following fluorescent conjugated anti-human monoclonal anti-
bodies (mAbs) were utilized in this study: anti-CD3 (clone UCHT-1 and
clone SK7), anti-CD56 (clone HCD56), anti-CD69 (clone FN50), anti-
IFN-y (clone 4S.B3) and anti-TNF-a (clone MAb11) mAbs were from
Biolegend. Anti-NKp30 (clone Z25), anti-NKp44 (clone Z231), anti-
NKG2A (clone Z199), anti-KIR2DL1/S1 (clone EB6B) and anti-
KIR3DL1/S1 (clone Z27) mAbs were from Beckman Coulter. Anti-
NKp46 (clone 9E2/NKp46), anti-KIR2DL2/13/S2 (clone DX27), and
anti-CD107a (clone H4A3) mAbs were from BD Bioscience. Anti-NKG2C
(clone 134,591) mAb was from R&D system. Biotinylated anti-NKG2D
(clone 1D11) mAb and APC conjugated streptavidin were from
eBioscience.

2.3. Monocyte-derived dendritic cells (DCs) preparation and in vitro
infection with dengue virus

PBMCs were isolated from healthy donors as previously described in
patient samples. A fraction of cells was cryopreserved and subsequently
used as effector. Autologous CD14" monocytes were isolated from
PBMCs by positive selection using CD14 Microbeads according to
manufacturer’s instruction (Miltenyi Biotec). Isolated monocytes were
cultured for 5-6 days at 37 °C, 5 % CO3 incubator in RPMI1640 sup-
plemented with 10 % FBS (R10), 20 ng/ml human rGM-CSF (First Link)
and 25 ng/ml human rIL-4 (eBioscience) to differentiate into immature
DCs. Phenotype of DCs were accessed by staining with CD14 and DC-
SIGN antibodies. DCs (CD14 DC-SIGN™ cells) were infected with
DENV2 strain 16,681 at multiplicities of infection (MOI) of 1 at 37 °C for
2 h. DCs treated with mock were used as negative control. After incu-
bation, cells were washed with RPMI 1640, and plated at density of 5 x
105 cells/ml in R10 at 37 °C in 5 % COj incubator for overnight. All DCs-
related processes had been performed under LPS-free conditions.

Table 1
Details of dengue infected patients in this study.

Disease severity Number of Type of Male: Average age in
subjects infection Female years (min,
max)
Dengue fever (DF) 41 secondary 20:21 10.4 (8,12)
Dengue 41 secondary 19:22 10.0 (6,13)
hemorrhagic

fever (DHF)
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2.4. In vitro stimulation of NK cells

For cell stimulation with dengue-infected DCs, PBMCs were co-
cultured with either mock-treated or DENV-infected autologous DCs at
effector to target (E:T) ratio of 2:1 at 37 °C in 5 % COs incubator for 6 or
24 h. For 6 h co-culture, anti-human CD107a was added at the beginning
of incubation, and the protein transport inhibitor, brefeldin A (BFA;
Sigma; 10 ug/ml) and monensin (BD Bioscience; 0.7 ul/ml), were added
after 1 h incubation. For 24 h co-culture, the mixture of anti-CD107a,
BFA and monensin were added at the last 6 h of incubation. Activated
PBMCs stimulated with 100 ng/ml Phorbol 12-myristate 13-acetate
(PMA) and 500 ng/ml Ionomycin were used as positive control and
resting PBMCs in R10 were used negative control. After that, cells were
harvested, and immunofluorescence staining was performed.

For cell stimulation with dengue virus, PBMCs were co-cultured with
DENV, ultraviolet (UV)-inactivated DENV at MOI of 1 or 10 for 6 and 24
h at 37 °Cin 5 % CO; incubator. Cells culture with mock supernatant or
R10 were used as negative control.

2.5. Blocking experiment

PBMCs or DENV-infected DCs were treated with mAbs specific to IL-
2Ra, IL-12, IL-15 (R&D system), IL-18 (MBL), type I IFNR (PBL) for 1 h
prior to co-culture steps. Cells treated with isotype matched controls
(R&D system) were used as negative control. The final concentration of
each Ab was 10 pg/ml.

2.6. Transwell experiment

Mock-treated or DENV-infected DCs (5 x 10° cells) were seeded on
the lower chamber of 24-well transwell plate (Transwell permeable
support 0.4 pm; Corning) and incubated at 37 °C in 5 % CO5 incubator
for overnight. The next day, autologous PBMCs (1 x 10° cells) were
plated on the upper chamber of the transwell plate, and incubated
further for 6 or 24 h. The mixture of PBMCs and mock-treated or DENV-
infected DCs was used as controls. After the incubation, PBMCs were
harvested, and immunofluorescence staining was performed.

2.7. FACS analysis

For the phenotypic analysis, healthy donors, or patients’ PBMCs
were blocked for Fc receptors by the combination of 10 % of human AB
serum and 10 % of mouse serum at 4 °C for 10 min followed by surface
staining with panels of mAbs at 4 °C for 30 min. Next, cells were washed
with FACS wash (1 % FBS 0.5 % human serum, 2 mM EDTA, 0.1 % NaN3
in PBS), fixed in FACS fix (1 % formaldehyde in PBS) and analyzed by
flow cytometer.

For the functional analysis, after surface staining, cells were fixed
with 4 % formaldehyde and permeabilized with 0.5 % saponin. Per-
meabilized cells were stained with anti-IFN-y and/or anti-TNF-a mAbs
and incubated further at 4 °C for 30 min. Thereafter, cells were washed,
fixed in FACS fix and analyzed by flow cytometer. Data was analyzed by
using FlowJo software (version 10.1; TreeStar).

2.8. Statistical analysis

The statistical analysis was performed using the Prism program
(Graph Pad Software). Differences between ex vivo acute and convales-
cent NK cells phenotypes in DF or DHF groups, kinetics of NK cells re-
sponses at 6 and 24 h in vitro co-culture, the expression of NK receptors
on IFN-y" and IFN-y~ NK cells were all evaluated by nonparametric
paired t-test (Wilcoxon signed rank test). Differences between DF-DHF
groups were analyzed using nonparametric unpaired t-test (Mann-
Whitney U test). The value of p < 0.05 was statistically significant.
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3. Results

3.1. Proportional alteration and activation of CD56""8" and CD56%™ NK
cells during acute dengue disease

Profiles of NK cells obtained from dengue patients (DF and DHF
groups) at two time points; the time when the symptoms occur (acute)
and the time when patients were fully recovered (2-month convales-
cent), were evaluated. PBMCs were stained with a set of monoclonal
antibodies specific to NK markers and activation status. NK cells were
defined as CD56"CD3~ population (Figs. 1 and 2). The gating strategies
are shown in Fig. 1A.

Frequencies of NK cells were similar between DF and DHF either at
acute or convalescent. However, DHF patients showed the reduction of
NK cells during acute period comparing to that of convalescent (8.7 +
4.8% vs. 10.6 £ 5.4 %; p = 0.004) whilst levels of NK cells in DF patients
remained unchanged over time (9.3 + 6.1 % vs. 10.2 + 4.3 %, p = 0.32)
(Fig. 1B, left). NK cells can be divided into 2 subsets (CD56PMi8ht .
CD56%™ NK cells). The alterations of NK cells subpopulations were
further investigated. Interestingly, in acutely infected DHF patients,
despite the lower number of total NK cells, an expansion of CD56"8ht
NK cells was observed with the higher level comparing to convalescent
period (acute vs. convalescent, 1.02 + 0.62 % vs. 0.68 + 0.33 %; p <
0.0001; Fig. 1B, middle). Meanwhile, the pattern of CD56%™ NK cells
followed the same trend as total NK cells in which the lower frequencies
of cells were found in acute DHF comparing to convalescent (7.7 + 4.5
% vs. 10 & 5.3 %, p = 0.001; Fig. 1B, right). The ratio between CD564™
and CD56"8" NK cells were significantly lower in acute DHF compared
to convalescent phase and acute DF (acute vs. convalescent, 10.0 + 8.4
vs. 17.7 +£ 11.8, p < 0.0001; Fig. 1C). Such alteration was clearly seen
either by frequencies or absolute number of NK cells (data not shown).
Unlike DHF, frequencies of CD56” 8" and CD564™ NK cells derived
from DF patients were similar at both points of time. Interestingly, we
observed that DHF patients contained a significantly higher number of
CD56P" 8" NK cells than DF during acute phase of infection (acute DF vs.
acute DHF, 0.71 £+ 0.48 % vs. 1.02 + 0.62 %, p = 0.007; Fig. 1B,
middle).

Next, the activation status of NK cells was accessed based on CD69
surface protein expression. The representative FACS profile is shown in
Fig. 2A. The elevation of activated NK cells at acute phase were detected
in both DF (acute vs. convalescent, 22.7 + 11.7 % vs. 2.1 £ 2.4 %; p <
0.0001) and DHF patients (acute vs. convalescent, 32.0 + 13.4 % vs. 1.8
+ 1.3 %, p < 0.0001; Fig. 2B, left). Notably, the levels of activated NK
cells were correlated with disease severity (acute, DF vs. DHF, 22.7 +
11.7 % vs. 32.0 &+ 13.4 %, p = 0.0006). Similar patterns were observed
in both subsets of NK cells in patients with either DF or DHF as shown in
Fig. 2B, middle and right.

In conclusion, NK cells were activated during acute phase of disease
in both DF and DHF patients. However, NK cells from DHF patients
showed some characters that differed from DF. During acute period,
despite being highly activated, the total frequency of NK cells from DHF
patients decreased and the subset was skewed toward the increase of
CD56" 8" NK populations.

3.2. Alteration of activated NK cell phenotypes: the more up-regulation of
activating receptors in mild dengue disease

Functions of NK cells are strictly controlled by the signals from re-
ceptors presented on the cell surfaces, activating and inhibitory re-
ceptors. The profiles of both activating and inhibitory NK receptors in
dengue infected patients were examined. Any receptors that could
discriminate DHF from DF patients were of interest. NK receptors
included in this study were natural cytotoxic receptors (NKp30, NKp44,
and NKp46), lectin-like receptors (NKG2A, NKG2C and NKG2D) and
killer immunoglobulin-like receptor (KIR2DL1/S1, KIR2DL2/L3/S2 and
KIR3DL1/S1). The frequencies of individual receptors were compared
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Fig. 1. Frequencies of NK cells in dengue infected patients during acute and convalescent periods

(A) Lymphocytes were gated based on FSC-A vs. SSC-A, and singlet cells were further gated from FSC-A vs. FSC-W. NK cells were defined as CD56"CD3~ cells, and
their subpopulations, CD56"¢" and CD56%™, were gated based on the levels of CD56 expression. (B) Scattered plots demonstrated the frequencies of NK cells; total
NK cells and subsets of NK cells (CD56"8" and CD56%™ NK cells) (C) The ratio between frequencies of CD56%™ and CD56"¢" NK cells in DF and DHF patients.
Horizontal bars indicate the mean and error bars indicate standard deviation (SD). Differences between acute and convalescent samples and between DF and DHF
were analyzed using Wilcoxon signed rank test and Mann-Whitney U test, respectively. Asterisks indicate P-values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001. “ns.” indicates a non-statistically significant.

between activated (CD69") and non-activated (CD697) NK cells col-
lecting during acute and 2-month convalescent periods, respectively.
The details of the frequencies of these receptors in CD56™8" and
CD56%™ NK cells subpopulations are shown in Supplementary Figs. 1
and 2, respectively.

For natural cytotoxic receptors, the expression level of NKp30 in
activated NK cells was significantly increase during acute phase of
infection in both DF (57.6 + 19.7 % vs. 37.7 4+ 22.5 %, p < 0.0001) and
DHF (43.5 + 19.9 % vs. 25.3 + 15.3 %, p < 0.0001). Furthermore, the
expression of NKp30 in activated NK cells was higher in DF patients
compared to DHF at both points of time (acute, DF vs. DHF, p = 0.006;
convalescent, DF vs. DHF, p = 0.009, Fig. 3A, left). A similar pattern was
observed in NKp44 expressing cells. NKp44, an activating NK receptor
which has been shown to interact with the dengue E protein, was
upregulated in activated NK cells during acute phase in both DF and DHF
groups and there was a trend that levels of NKp44"CD69 " NK cells in DF
patients were higher than that of DHF although the differences could not
reach statistical significance (9.8 + 10.2 % vs. 5.1 + 5.4 %, p = 0.07;
Fig. 3A, middle). Unlike NKp30 and NKp44 receptors, the frequencies of
NKp46 expressing cells were comparable between DF and DHF patients.
However, levels of NKp46™ NK cells were selectively increase in acute
DHF, not in acute DF, compared to convalescent (acute vs. convalescent:
DHF; 29.2 4+ 16.1 % vs. 25.4 4 13.4 %, p = 0.02, DF; 27.6 + 16.3 % vs.
29.5 +18.5%, p = 0.19; Fig. 3A, right). Strikingly, NKp30 is the only NK

receptor that could discriminate between DF and DHF patients.

In contrast to the NCRs, there was no difference in expression pattern
of the NKG2 family receptors between DF and DHF groups. However,
some changes between NK cells collected during acute and at 2-month
convalescent were observed. NKG2A and NKG2C receptors recognize
the same HLA-E molecules. However, interaction with NKG2A leads to
the inhibition of NK cells, while engagement with NKG2C results in NK
cells activation. the Frequencies of NKG2A expressing cells were higher
at acute phase compared to that of convalescent in both DF (acute vs.
convalescent; 46.9 + 15.2 % vs. 42.5 + 16.2 %; p = 0.006) and DHF
patients (acute vs. convalescent; 46.0 + 12.5 % vs. 38.3 = 12.8 %; p <
0.0001) (Fig. 3B, left). On the other hand, levels of NKG2C expressing
cells were lower during acute period in DF compared to that of conva-
lescent (acute vs. convalescent; 6.6 + 7.8 % vs. 17.1 + 16.5 %; p <
0.0001) and the same trend was found in DHF patients (acute vs.
convalescent; 11.2 + 12.1 % vs. 26.1 + 21.0 %; p < 0.0001) (Fig. 3B,
middle). Expression pattern of NKG2D, another activating NK receptor,
followed the same trend as NKG2C. Frequencies of NKG2D positive cells
was lower during acute phase, in both DF (acute vs. convalescent; 50.0
+15.2 % vs. 55.4 4+ 16.2 %; p = 0.001) and DHF (acute vs. convalescent;
50.8 + 12.1 % vs. 60.1 £+ 12.9 %; p < 0.0001) (Fig. 3B, right). Addi-
tional work is required to clarify the implications of the inversed cor-
relations between inhibitory and activation NKG2 receptors.

Among three types of KIRs, KIR2DL2/L3/S2 were the only receptors
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Fig. 2. Activation of NK cells in dengue infected patients’ PBMCs ex vivo.

(A) Representative’s plots of CD69 expression on NK cell subpopulations of acute and 2-month convalescent samples. (B) The frequencies of CD691CD56" cells (left),
CD69"CD56"8M cells (middle) and CD69CD564™ NK cells (right). The frequencies of NK cells that express CD69, an activation marker, were determined. Data are
shown as scattered plots of acute and 2-month convalescent samples from DF and DHF patients. Horizontal bars indicate the mean and error bars indicate standard
deviation (SD). Differences between acute and convalescent samples were determined using Wilcoxon signed rank test. Differences between DF and DHF samples
were determined using Mann-Whitney U test. Asterisks indicate P-values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. “ns.” indicates a non-

statistically significant.

that altered during the course of infection. The frequencies of KIR2DL2/
L3/S2 expressing NK cells were lower during acute phase in both DF
(acute vs. convalescent, 24.6 + 10.6 % vs. 30.1 + 18.3 %; p = 0.001) and
DHF patients (acute vs. convalescent, 24.9 + 11.1 % vs. 28.5 + 13.8 %; p
= 0.004; Fig. 3C, middle). Ligands of KIR2DL2/L3/S2 are HLA-C allo-
types. Meanwhile, the expression of KIR2DL1/S1 which also binds to
HLA-C molecule, did not change over time (Fig. 3C, left). Similar pattern
was observed in KIR3DL1/S1" NK cells which recognize HLA-Bw4 al-
leles (Fig. 3C, right). In line with NKG2 family receptors, none of the
KIRs could discriminate DF from DHF. It should be noted at the time
when we conducted the experiment, there was no commercially avail-
able antibody that could discriminate between activating and inhibitory
forms of KIRs due to the high homology of the ectodomain. Thus, there
was some limitation of the precise phenotyping of KIRs.

Taken together, these findings demonstrate the dynamic of NK re-
ceptor expressions in activated NK cells during acute periods. Such al-
terations reflect the contribution of NK cells in immune responses to
dengue virus. Importantly, the NKp30, an activating NK receptor, was
the only receptor that could distinguish between DF and DHF.

3.3. Co-cultured with DENV infected DCs could elicit NK cells responses
and IFN-y production and degranulation were the key functions

The ex vivo analysis in dengue infected patients revealed that NK cells
were activated and exhibited the changes of NK receptors during acute
period, it would be interesting to determine the mechanism by which NK
cells respond to the dengue virus. As our cohort consists of pediatric
dengue patients, the blood volume was limited. We decided to set up the
in vitro experiments using PBMCs from healthy donors to dissect the
mechanism of NK cells. The functional NK cells were accessed by
detection of CD107a (marker of degranulation which reflects cell
cytolysis), IFN-y and/or TNF-a expressing NK cells. To explore whether
dengue virus could directly trigger NK cells responses, PBMCs isolated
from healthy donors were cultured with dengue viruses or UV-
inactivated viruses in a presence of protein transport inhibitors.

However, we could not detect IFN-y producing NK cells even at 24 h post
stimulation with high amount of virus (MOI of 10), indicating that the
virus alone could not activated the NK cells (Supplementary Fig. 3).
Since crosstalk between NK cells and dendritic cells (DCs) have been
reported and DCs are the major target of dengue virus (Tassaneetrithep
et al., 2003). Autologous monocytes derived DCs were infected with
dengue virus and used as target cells in the in vitro NK cells stimulation.
The frequencies of dengue infected DCs were determined by staining
with dengue NS3 protein-specific antibodies as shown in Fig. 4A.
Through this system, we were able to activate NK cells as shown by the
expression of CD107a or the production of IFN-y by NK cells at 24 h
post-stimulation (Fig. 4B). The kinetic assay was then conducted to
determine whether the activation of NK cells by DENV infected DCs were
time dependent. Two cell stimulation periods were performed: one at 6 h
and another at 24 h. These periods represent the early and late re-
sponses, respectively. In these experiments, we also explored the TNF-a
production of NK cells upon activation. The representative FACS profiles
is shown in Fig. SA. IFN-y producing NK cells could be detected early at 6
h of cell stimulation and levels were statistically significantly increase at
24 h (6 vs. 24 h, 1.04 £+ 1.05 % vs. 7.40 £ 8.95 %; p = 0.02) (Fig. 5B,
left). CD107a expressing NK cells followed the same trend with albeit
lower number of responding cells (6 vs. 24 h, 0.15 + 0.13 % vs. 1.51 +
0.89 %; p = 0.02, Fig. 5B, right). Thus, the responses of NK cells were
increased over time. Interestingly, the patterns of functional NK cells
were monotypic i.e., IFN-y" only or CD107a" only. There were a few
cells that produced both IFN-y and CD107a (Fig. 5A). To our surprise,
the TNF-a producing NK cells were very low and at any point of times
(Fig. 5B, middle). Of note, NK cells were able to secrete TNF-a upon
stimulation with PMA and ionomycin, indicating that these cells were
functional (data not shown).

3.4. The mechanisms of NK stimulation by DENV-infected DCs: both
cytokines and cell-cell contact dependent

Since NK cells can be activated through engagement of NK cell
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Fig. 3. Profiles of NK receptors on NK cells from dengue infected patients

Scattered plots of frequencies of NK cells expressing indicated NK receptors in DF and DHF patients are demonstrated. Expression of individual NK receptors were
determined in activated NK cells (CD567CD3~CD69™") in acute samples and in non-activated NK cells (CD56"CD3"CD69") in convalescent samples. (A) Natural
cytotoxic receptors (NCRs): NKp30 (left), NKp44 (middle) and NKp46 (right). (B) Lectin-like receptors (NKG2- family): NKG2A (left), NKG2C (middle) and NKG2D
(right). (C) Killer immunoglobin-like receptors (KIRs): KIR2DL1/S1 (left), KIR2DL2/L3/S2 (middle) and KIR3DL1/S1 (right). Horizontal bars indicate means, and the
error bars indicate standard deviation (SD). Differences between acute and convalescent samples were determined using Wilcoxon signed rank test. Differences
between DF and DHF samples were determined using Mann-Whitney U test. Asterisks indicate P-values: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. “ns.”

indicates a non-statistically significant.

receptors and cytokine signaling (Haeberlein et al., 2010; Madera et al.,
2016). We sought to know whether the response of NK cells to dengue
viruses occur by which mechanisms. PBMCs were co-cultured with
autologous DENV infected DCs in 2 conditions: within the same well or
within the same well but in different compartments (transwell). As
shown in Fig. 6A, IFN-y production or degranulation of NK cells could be
observed when both effectors and target cells were incubated in the
same compartment, but the responses were significantly decreased in
transwell condition (Fig. 6B) indicating that direct contact with dengue
infected cells is important for NK activation.

In addition, previous studies from our group and others, demon-
strated that DENV infected DCs produced several cytokines that may
have an impact on NK function such as IL-12p40, IL-18, type I IFN, and
IFN-y (Dejnirattisai et al., 2008; van Wilgenburg et al., 2016). To
investigate the role of cytokines on NK cell responses, PBMCs were
stimulated with DENV-infected DCs in the presence of blocking anti-
bodies (monoclonal antibodies specific to IL-12, IL-15, IL-18, IL-2 re-
ceptor, and type I IFN receptor). The blocking effect was accessed at two
periods, 6 h and 24 h post cell stimulation. Indeed, blockade of certain

cytokines led to a reduction in IFN-y production or CD107a expression
by NK cells. Furthermore, the blocking effect of individual cytokines
varied over time, indicating the kinetics of NK cell responses to dengue
virus. The representative FACS profiles are depicted in Fig. 7A.

At 6 h incubation, only blocking of type I IFN receptor (anti-type I
IFNR) significantly reduced frequencies of IFN-y secreting NK cells
whilst blocking with other cytokines had no effect (Fig. 7B left).
Therefore, IFN-y production of NK cells during the early phase of re-
sponses is involving with type I IFNs signaling. Because of the low fre-
quencies of CD107a expressing NK cells at 6 h stimulation (as shown in
Fig. 5B), we did not determine the blocking effect to CD107a expression
at this time point. At 24 h incubation, the presence of all blocking an-
tibodies, except for the anti-IL-2 receptor mAb, led to a decrease in the
frequencies of IFN-y producing NK cells (Fig. 7B right). The most sig-
nificant blocking effect was observed with IL-18 mAb, followed by IL-12,
IL-15, and a combination of IL-12 and IL-18 mAbs. The impact of type I
IFN was slightly decreased as compared to 6 h stimulation (% of
reduction, mean £ SD: 90.82 4-13.77 % at 6 h vs. 51.43 4 33.59 % at 24
h). In terms of degranulation, only blocking of type I IFN significantly
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DCs were treated with mock or infected with DENV (MOI 1) for overnight, and the infection was detected intracellularly by anti-dengue antibodies. (A) The
representative FACS profile of dengue infected DCs. Cells were gated based on FSC-A and SSC-A, followed by CD14 and DC-SIGN expression. Dendritic cells
(CD14 DC-SIGN™') were gated and analyzed for DENV NS3 antigen expression. Histogram demonstrates frequencies of DENV infected DCs as shown by positive
staining with dengue NS3 protein specific mAbs. (B) The representative FACS profile of NK cells (CD56 "CD3~) upon stimulation with mock or dengue infected DCs
for 24 h. The frequencies of IFN-y", TNF-a" and CD107a" NK cells are demonstrated.

decreased the frequencies of CD107a expressing NK cells (Fig. 7C).
These results indicate the importance of cytokines in eliciting responses
of NK cells. IL-12, IL-15 and IL-18 significantly involved in the pro-
duction of IFN-y. Meanwhile, type I IFNs play a key role in both
degranulation and the cytokine production of NK cells.

Taken together, these results demonstrated that dengue virus infec-
ted DCs triggers NK cell responses via cell-cell contact and cytokine
signaling.

4. Discussion

In this study, the frequencies, and phenotypes of peripheral blood NK
cells of patients with dengue fever (DF) and dengue hemorrhagic fever
(DHF) were followed from the day of onset fever to the recovery phase.
We found a significant activation in both subsets of NK cells (CD56bright
and CD56%™), with the degree followed disease severity. This finding
highlights the importance of NK cells in dengue pathogenesis which in
agreement with the previous published reports (Green et al., 1999;
Keawvichit et al., 2018; Zimmer et al., 2019). In DHF patients, despite
the highly activated phenotype, the total frequencies of NK cells were
reduced compared to those observed during the convalescent period.
There was a skewed repertoire of NK subsets as the levels of CD56"rght
NK cells increased whilst the CD56%™ NK cells decreased. Consequently,
the ratio between CD56%™ and CD56™8" NK cell subsets was signifi-
cantly lower. One of the factors driving the expansion of CD56" 81 NK

population is type I IFNs. High levels of IFN-a have been detected in
serum of dengue patients especially in DHF, 2 or 3 days before defer-
vescence (Kurane et al., 1993; Dejnirattisai et al., 2008). Thus, it is
plausible that the presence of IFN-a in serum might stimulate the pro-
liferation of CD56” 8" NK cells population leading to the lower ratio of
CD56%m/bright NK cells. However, other explanation that the reduced
ratio is from the decreased number of CD56%™ population or the defect
in maturation process changing from CD56"8" to CD56%™ population
are still cannot be excluded. The expansion of CD56P8M NK cells have
been reported in several virus infections in human such as in hepatitis C
(HCV) patients who received IFN-a and ribavirin treatment (Lee et al.,
2010), HIV-1 infected patients (Jiao et al., 2015), HCV and HIV coin-
fected patients (Bhardwaj et al., 2016) and systemic lupus erythemato-
sus (SLE) patients (Schepis et al., 2009). Vaccination with adenovirus
expressing Zaire Ebola virus (ZEBOV) glycoprotein and modified
vaccinia Ankara expressing ZEBOV, Sudan Ebola and Marburg virus GPs
and Tai Forest Ebola virus nucleoprotein (MVA-BN-Filo) also induced a
significant increase of CD56""8" NK cells (Wagstaffe et al., 2020). As
CD56P8M NK cells are potent cytokine producers. We speculated that
the cytokines secreted from CD56"8" NK cells might be one of the
factors contributing to cytokines storms in DHF patients. Importantly,
apart from activation status, there were alterations of cell surface re-
ceptors in activated NK cells and these changes could be observed in all
NK receptors family.

Both NKp30 and NKp44, natural cytotoxic receptors, were elevated
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(A) The representative plots show the pattern of NK cells responses against DENV-infected DCs at 24 h. (B) The summary of frequencies of IFN-y* (left), TNF-a™
(middle) or CD107a™ (right) NK cells at 6- and 24 h co-culture. The differences of NK cells responses between two time points were analyzed using Wilcoxon signed
rank test. Asterisks indicated P-values: *P < 0.05. “ns.” indicates a non-statistically significant.

during acute period in both DF and DHF patients and NKp46 expressing
cells were higher in DHF patients. Since all NCRs were upregulated in
activated NK cells, understanding of dengue components that specif-
ically bind to these receptors is crucial. Previous study demonstrated the
binding between soluble dengue E protein and the recombinant NKp44
but not the NKp30 nor NKp46D2 Ig fusion proteins suggesting that the E
protein is a ligand of NKp44 receptor (Hershkovitz et al., 2009).
Concurrently, the ligands for NKp30 and NKp46 which related to the
dengue virus have not been identified. In other diseases, NKp30 receptor
binds to B7H6 and heparan sulfate proteoglycans (HSPGs), endogenous
ligands expressed on tumor cells (Bloushtain et al., 2004; Matta et al.,
2013) and pp65 protein of human CMV (Arnon et al., 2005). NKp46
receptor binds to heparan sulfate (HS) glycosaminogylcans (GAGs),
haemagglutinin of influenza virus and the
haemagglutinin-neuraminidase of parainfluenza virus (Hecht et al.,
2009; Mandelboim et al., 2001). Future work is needed to determine the
ligands of these receptors in the context of dengue virus.

Apart from natural cytotoxic receptors, NKG2A receptor (inhibitory
receptor) was upregulated whilst NKG2C and NKG2D receptors (acti-
vation receptor) were downregulated in activated NK cells. Previous
studies demonstrated the elevation of corresponding ligands to these
receptors in acutely infected dengue patients. The increase level of HLA-
E molecules, the ligand of NKG2A and NKG2C receptors (McKechnie
et al., 2019) and the association between MICA and MICB molecules,
ligands of NKG2D receptor with symptomatic dengue infection, have
been reported (Garcia et al., 2011; Luangtrakool et al., 2020). MICA*045
and MICB*004 alleles are associated with susceptibility to DHF whilst
MICB*002 alleles are associated with protection from DHF in secondary
dengue infection (Garcia et al., 2011; Luangtrakool et al., 2020). Given
the increased levels of inhibitory NKG2 receptors but not the activating
receptors, we speculate that the NKG2 receptors might play role in
dampening NK cell responses. Downregulation of KIR2DL2/L3/S2 in

activated NK cells was observed in both DF and DHF patients. Due to the
limitations of available antibodies, we could not dissect whether the
reduced population was from cells expressing activation (KIR2DS2) or
inhibitory receptors (KIR2DL2 and 2DL3). Nevertheless, previous study
has shown that KIR2DS2 expressing NK cell line recognizes the
conserved dengue NS3 peptide presented on HLA-C*0102 molecule and
resulting in cytolysis of target cells (Naiyer et al., 2017). Genetic study
showed that the frequencies of KIR2DS2 in dengue-infected patients
were lower compared to healthy controls (Petitdemange et al., 2014).
Meanwhile, expression of KIR2DL2 gene was associated with mild
dengue disease (Tapsoba et al., 2022). Although we could not detect the
changes of KIR3DL1/S1 receptor at any point of time, the binding be-
tween KIR3DL1 and dengue NS1 peptide-HLA-B*57 tetrameric com-
plexes have been reported. These NS1 tetramer binding NK cells were
markedly activated in severe dengue patients during febrile phase
(Townsley et al., 2016). Collectively, these findings suggest the potential
significance of NK receptors in dengue diseases. However, additional
work is needed to fully understand the contribution of these receptors in
dengue pathogenesis.

Importantly, the levels of NKp30 expressing activated NK cells were
statistically significantly higher in DF patients compared to DHF. In line
with our work, Shabrish et al. (2020) also observed increased fre-
quencies of NKp30™ NK cells in adult patients with acute dengue fever.
However, they could not detect the up regulation of NKp30™ NK cells in
severe dengue (SD) patients and the levels were comparable to healthy
controls group. Since our study specifically focused on pediatric dengue
patients, rather than adults. The discrepancy could be attributed to
variations in age groups as the pattern of NK cell receptors differs
slightly across various ages (Almeida-Oliveira et al., 2011). Engagement
between NKp30 and ligands not only triggers target cells cytolysis as has
previously been shown in HIV, HCV and vaccinia virus infection (De
Maria et al., 2003; Golden-Mason et al., 2010; Chisholm and Reyburn,
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2006), but also promotes DC maturation and lysis of immature DCs
(Ferlazzo et al., 2002). However, bindings of NKp30 with ligands could
result in inhibition of NK cells as reported in human CMV infection and
is believed to be one of the mechanisms that viruses employ to evade NK
cell responses (Arnon et al., 2005). Therefore, it is important to explore
the outcome of binding between NKp30 receptor and specific ligands in
the context of dengue virus and its impact on dengue disease. To our
knowledge, NKp30 is the first NK receptor that can distinguish between
DF and DHF pediatric patients.

We and others demonstrated that NK cells activation could be eli-
cited by direct interaction between dengue infected dendritic cells and
NK cells (Costa et al., 2017; Lim et al., 2014). The binding was involved
not only engagement of NK receptors but also several adhesion mole-
cules such as 244, LFA-1, DNAM-1, and CD2 (Costa et al., 2017). Type I
IFNs, IL-12, IL-15 and IL-18 secreted by dengue infected DCs also trigger
NK cells responses, especially IFN-y production. The elevated levels of
these cytokines have also been detected in serum of dengue infected
patients (Dejnirattisai et al., 2008; Zimmer et al., 2019; De et al., 2014;
Mustafa et al., 2001; Pacsa et al., 2000). Importantly, the responses of
NK cells were increased over time and exhibited a sequential effector
function. The initial responses were IFN-y production, followed by
degranulation. Despite the ability of NK cells to execute multiple effector
functions, the majority of responding cells showed only one function.
This might be due to the different intracellular signaling pathway,
IFN-af/STAT1 for cytotoxicity and IL-12/STAT4 for IFN-y expression
(Nguyen et al., 2002). Similar patterns have been observed by Zimmer
et al. (2019) but in their study, NK cells from dengue patients were

stimulated with HLA-Class I deficient cell lines and cytokines. The early
IFN-y production may influence the subsequent immune responses. It
can drive DCs to secrete more cytokine such as IL-12 or chemokine such
as IP-10 (Dejnirattisai et al., 2008; Libraty et al., 2001). In vitro studies
demonstrated that IP-10 produced from DENV-DCs act as chemo-
attractant to recruit CXCR3*NK cells and CXCR3™ T cells to the site of
infection which resulting in amplification of immune responses (Dej-
nirattisai et al., 2008; Keawvichit et al., 2018).

In summary, our research emphasizes the complicated nature of NK
cell responses to dengue virus infection. The marked activation of NK
cells, coupled with alterations in specific NK receptors, a bias toward
cytokine-producing NK cells, and the crosstalk with DCs, significantly
influences the overall outcome of NK cell responses. Notably, NKp30 is
the only receptor capable of distinguishing between DF and DHF in
pediatric patients and could be potentially used to predict a mild
outcome in individuals who are acutely infected with the dengue virus.
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