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Defining the role of NK cells during dengue virus infection
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Summary

In recent years, our understanding of the complex number of signals that
need to be integrated between a diverse number of receptors present on
natural killer (NK) cells and ligands present on target cells has improved.
Here, we review the progress made in identifying interactions between
dengue viral peptides presented on HLA Class 1 molecules with inhibitory
and activating killer-like immunoglobulin receptors on NK cells, direct
interactions of viral proteins with NK cell receptors, the involvement of
dengue virus-specific antibodies in mediating antibody-dependent cell-
mediated cytotoxicity and the role of soluble factors in modulating NK cell
responses. We discuss findings of NK cell activation early after natural
dengue infection, and point to the role that NK cells may play in regulat-
ing both innate and adaptive immune responses, in the context of our
new appreciation of interactions of dengue virus with specific NK cell
receptors. With a number of flavivirus vaccine candidates in clinical trials,
how NK cells respond to attenuated dengue virus and subunit protein vac-
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Introduction

Dengue viruses (DENV) comprise four distinct serotypes
DENV-1 to DENV-4, and are a major public health prob-
lem in tropical and sub-tropical countries. DENV belong
to the genus flavivirus and include a number of other
pathogens, including yellow fever virus, West Nile virus
(WNV), Japanese encephalitis virus (JEV) and Zika virus
(ZIKV). Clinical symptoms following DENV infection
range from fever, myalgia and rash to significant throm-
bocytopaenia, haemorrhage and plasma leakage into
interstitial spaces in the more severe form, dengue haem-
orrhagic fever (DHF). There are many risk factors associ-
ated with developing DHF, which include infection with
specific viral strains, host genetics and nutritional status,
but prior immunity to DENV is considered a major risk
factor.'? Plasma leakage, which is a hallmark of DHEF,
occurs several days following infection, at the end of vir-
aemia and at a time of significant immune activation.
Because infection for a second time with a heterologous
serotype of DENV significantly increases your chance of
developing DHF, a lot of effort has been spent to under-
stand how components of the adaptive immune response
including antibodies, T-cells and cytokines they secrete
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cine candidates and shape adaptive immunity will need to be considered.
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contribute to the pathogenesis of secondary infection.
Excessive immune activation results in disproportionate
cytokine production and increased vascular permeability.

There is ample evidence to indicate that cells of the
innate immune system including epidermal and dermal
dendritic cells, mast cells, monocytes/macrophages, natu-
ral killer (NK) and NK-like cells are also activated very
early during primary and secondary DENV infection.’
Cytokines such as TNF-o and chemotactic factors includ-
ing IP-10, MCP-1, IL-8 induced by in vitro and in vivo
infection of innate cells with DENV may help eliminate
virally infected cells and also recruit other cells.” Type 1
IENs elevated in the sera of infected individuals could
play an important role in the anti-viral defense against
DENV by curtailing viral dissemination. Cross-reactive
memory B and T lymphocytes are activated earlier during
a second DENV infection. As the response amplifies, cells
of the innate and adaptive immune system and soluble
factors they secrete recruit additional cell types.

One such innate cell type actively involved in the
immune response against DENV is NK cells. The ability
of NK cells to secrete cytolytic granules has long been rec-
ognized, and they are a crucial first line of defense to
eliminate DENV-infected cells. NK cells are regulated by
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a network of receptors on the cell surface that allows
them to distinguish a virally infected cell from a healthy
cell. Major NK cell receptors include the activating natu-
ral cytotoxicity receptors (NCRs—NKp30, NKp44 and
NKp46), inhibitory or activating killer cell immunoglobu-
lin-like receptors (KIRs), which interact with HLA-I, inhi-
bitory or activating C-type lectins (NKG2a/CD94, NKG2d
and NKG2c¢/CD94) and FcyRIITA (CD16), which binds to
the Fc region of an antibody bound to the surface of a
virally infected cell and can mediate antibody-dependent
cell-mediated cytotoxicity (ADCC) (Fig. 1).* Two major
subsets of NK cells are defined based on the expression of
CD56 and CD16. CD56"€™CD16%™™¢ are robust cyto-
kine-producing cells, and CD56%™/™5CD16P** are cytoly-
tic and express KIRs and other inhibitory receptors.
Differential expression of inhibitory and activating recep-
tors on subsets of NK cells accounts for some of the
specificity of the NK cell response.
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NK cells are regulated by inhibitory KIRs (denoted by an
L for its long cytoplasmic tail) that recognize HLA Class
I molecules on healthy cells.” Downregulation of HLA
Class I molecules on target cells (as is often seen with
viral infections) initiates a signal that the target cell is no
longer healthy and leads to the activation of NK cells.
Much less is known about the ligands for activating KIRs
(usually denoted by an ‘S’ for its short cytoplasmic tail),
although KIR2DS1 is known to interact with HLA-C.°
Genetic population studies in human immunodefi-
ciency virus (HIV)-infected individuals suggest that KIRs
are important in the control of infection.” More recently,
there is genetic evidence that supports the role of KIRs in
DENV infections as well. In studies done in Gabon, Brazil
and in Western India, a difference in the frequencies of
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Figure 1. Interactions of surface receptors on natural killer (NK) cells with dengue viruses (DENV). Following DENV infection, viral antigens
and viral peptides loaded on HLA molecules are detected on the surface of infected cells. Soluble factors released by DENV-infected cells can
stimulate NK cells. Specific viral peptides on the NS1 and NS3 proteins presented on HLA-B57 and HLA-C0102 have been identified and found
to interact with KIR3DL1 and KIR2DS2, inhibitory and activating killer cell immunoglobulin-like receptors (KIRs), respectively. Other yet to be
identified DENV peptides will be presented on HLA alleles, and could interact with KIRs and modulate NK cell function. The E protein of DENV
can directly interact with activating receptor NKp44. CD16 present on NK cells can bind the Fc portion of antibodies and mediate antibody-
dependent cell-mediated cytotoxicity (ADCC) by recognizing DENV antigens on the surface of infected cells. DENV-induced expression of HLA-
E on infected or bystander cells can interact with CD94/NKG2a, and maintain inhibition of NK cells or interact with the CD94/NKG2c receptors
and activate NK cells.
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KIR genes such as KIR3DL1, KIR3DS1, KIR2DSI,
KIR2DS5 and KIR2DL5 was found in patients with den-
gue compared with healthy controls.* '° Furthermore, the
analysis in one study found a possible protective effect
against dengue fever in individuals with the AA genotype.
The data suggest that the expression of select KIRs on
NK cells might preferentially affect its activation and
influence the outcome of disease.

Experimental data indicate that KIR molecules interact
with DENV peptides presented on HLA molecules.
KIR3DLI1 interacts with HLA-B57 and has been impli-
cated in many chronic viral infections, including
HIV.'"'?> Townsley et al. demonstrated an interaction
between the inhibitory KIR3DL1 and a conserved NSI
peptide on DENV presented by HLA-B57."° Tetramers
generated against the NS1 peptide bound KIR3DLI trans-
fectants as well as CD56%™ NK cells (known to express
KIRs). Using peripheral blood mononuclear cells
(PBMCs) from children undergoing acute dengue infec-
tion in Thailand, tetramer-positive NK cells were also
found to be most activated during the critical period of
illness, several days after ongoing fever and at the end of
viraemia. Because DENV upregulates HLA Class I mole-
cules, we speculated that KIR3DL1 was able to interact
with HLA-B57 early during acute DENV infection, when
viraemia levels were high, and maintain inhibition of NK
cells. As viraemia decreased, KIR3DL1 was able to sense
the decrease in HLA Class I expression on target cells,
thus activating subsets of NK cells during the critical per-
iod of illness.

Petitdemange et al. phenotyped NK cells in patients
from Gabon undergoing acute DENV infection.'* They
found expanded frequencies of KIR2DL1+ NK cells dur-
ing acute DENV infection. KIR2DLI is an inhibitory
receptor that interacts with HLA-C molecules, and the
authors speculate that viral peptides presented on HLA-
C2 following DENV-2 infection can interact with
KIR2DL1 and prevent NK cell activation. The DENV
peptides presented on HLA-C2 were not identified in this
study.

While HIV and HCV peptides have been shown to
modulate NK cell functional responses,''® studies to
definitively show that DENV peptides can modulate NK
cell function by interacting with inhibitory KIRs are yet
to be published. Because self-peptides can also maintain
inhibition in healthy cells, it remains to be proven that
the HLA-restricted DENV peptides can displace self-pep-
tides and modulate NK cell function in vivo. Cell lines
that stabilize the HLA molecule of interest only in the
presence of viral peptides are currently being tested in
our laboratory. We have experienced technical challenges
with some TAP-deficient cells lines transfected with HLA
alleles of interest; HLA-B57 appears to be incorrectly
folded thus preventing significant expression on the cell
surface and subsequent functional studies.
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Naiyer et al. wanted to determine whether flavivirus
peptides bind activating KIRs. They focused their efforts
on identifying a conserved target of an activating receptor
KIR2DS2 on NK cells. A peptide on the NS3 protein that
was conserved in 61/63 flaviviruses, including DENV, sta-
bilized HLA-C0102 and interacted with KIR2DS2 result-
ing in the activation of NK cells.'” Presentation of the
NS3 peptide in the context of HLA-C0102 was able to
inhibit HCV and DENV replication. HEK cells stably
transfected with a DENV replicon and transiently trans-
fected with HLA C0102 but not 0304 were recognized by
NK cell lines expressing 2DS2.

Together, the data indicate that DENV peptides interact
with both inhibitory and activating KIRs on NK cells,
and are likely to play a role in modulating NK cell
responses (Fig. 1). For example, if an individual with
HLA-B57 and C0102 alleles is infected with DENV, the
NS1 peptide may continue to maintain an inhibitory sig-
nal by interacting with KIR3DL1 presented on HLA-B57
during viraemia, while the conserved NS3 peptide pre-
sented on HLA-C0102 will interact with KIR2DS2 and
potentially activate this subset of NK cells. These viral
peptides presented on HLA alleles will also activate anti-
gen-specific T-cells, many of which express KIRs. How
KIRs on DENV-specific T-cells modulate responses is
unknown. Several other yet to be identified peptides may
be presented on HLA Class I molecules and interact with
KIRs on NK cells. The outcome of the response will
depend on the balance between positive or negative sig-
nals following interaction with inhibitory KIRs, activating
KIRs and other receptors that interact with ligands that
can induce inhibitory and activating signals on NK cells.

Upregulation of HLA-E following DENV infection

Another major inhibitory receptor on NK cells is CD94a/
NKG2a. The ligand for CD94a is HLA-E. HLA-E has a
dual role in the immune response because it can also
interact with activating receptors NKG2c/d on NK cells;
however, the interaction with the inhibitory receptor
NKG2a is of higher affinity. JEV was recently shown to
modestly upregulate HLA-E on endothelial cells with sig-
nificant amounts of soluble levels of HLA-E detected in
supernatants of infected cells.'"®'? Our unpublished work
indicates that DENV upregulate HLA-E on the surface of
endothelial cells, but the levels of soluble HLA-E detected
in supernatants are modest. DENV may thus be able to
modulate NK cell function through the interaction with
activating or inhibitory receptors NKG2c/d or NKG2a on
NK cells. Low levels of soluble HLA-E may not be suffi-
cient to block signalling and evade NK cell activation.
While HLA-E has been shown to interact with NKG2a/c
on NK cells, HLA-E can present peptides from pathogens
that are recognized by aff TCRs.*® Peptides derived from
Mtb, L. monocytogenes, CMV and EBV presented on
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HLA-E can be recognized by CD8+ T-cells. DENV-
induced HLA-E has the potential to interact with and
impact both the innate and adaptive arms of the immune
system.

Interactions that can activate NK cells

The E protein of DENV and WNV interacts directly with
NKp44, a natural cytotoxicity receptor expressed predom-
inantly on activated NK cells (Fig. 1).>' NKp44-expressing
NK cells were moderately elevated during the acute phase
of dengue infection in a longitudinal study of patients
from Gabon, supporting the notion that subsets of NK
cells are preferentially activated in response to DENV
infection.'"* Whether the ligand for NKp44 was elevated
in virally infected cells is being pursued. Genetic-based
studies in a large number of Vietnamese children and
adults strongly suggest that MIC A and B are a suscepti-
bility locus for severe dengue.””** Because MIC B inter-
acts with NKG2d an activating receptors on NK cells, the
genome-wide association studies support a role for NK
cells in shaping the outcome of mild and severe forms of
disease; however, functional studies are required to con-
firm the contribution of MIC B in NK cell activation dur-
ing acute DENV infections. A clinical study that found
elevated levels of soluble MIC B in the sera of infants
with dengue infections® suggests that MIC B in the cir-
culation could potentially block the interaction with
NKG2d and prevent activation of NK cells.

CD16 (FcyRIITA) on NK cells has been shown to medi-
ate ADCC activity of antibodies induced by DENV infec-
tion (Fig. 1). DENV-specific ADCC correlates with cell
surface expression of DENV antigens and serotype-speci-
fic neutralizing Ab titres.”**® Higher ADCC activity in
pre-secondary DENV-3 infection plasma samples corre-
lated with lower plasma viraemia levels not seen with
pre-secondary DENV-2 infection plasma samples.*”

Regulation of NK cells by cytokines

In addition to the interaction between receptors on NK
cells and ligands on infected cells, NK cells can be acti-
vated indirectly through cytokine signalling. Enhanced
production of IFN-o and soluble TRAIL has been found
in the sera of patients with mild dengue disease.””*
TRAIL has an important role in the anti-viral response
against DENV,”" and can induce NK cell apoptosis of
hepatic stellate cells in HCV-infected patients.”> Gandini
et al. determined whether TRAIL was expressed on NK
cells during acute dengue, and found a higher frequency
of TRAIL+CD16 + NK cells using PBMCs from patients
in Brazil with mild disease.”> They developed an in vitro
model, where DENV infection of monocytes induced
IFN-o and augmented NK cell cytotoxicity mediated by
TRAIL. Blocking Type I IFNs reduced TRAIL expression
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on NK cells, suggesting partial regulation by IFNs. The
authors speculate that TRAIL expression on CD16+ NK
cells may be an additional way to mediate cytotoxicity
and eliminate virally infected cells.

Activation of NK cells during acute DENV
infections

A number of clinical studies indicate that NK cells are
activated early after DENV infection and play an impor-
tant role in the immune response against DENV. These
studies found an increased frequency of CD56+ CD69+
cells in patients with severe compared with mild dengue
disease in Thailand and Vietnam.**?> NK cells in patients
with severe disease, DHF, were activated during study
entry compared with patients with other febrile illnesses
and healthy controls. A more detailed analysis of subsets
of NK cells was performed by Petitdemange et al. using
PBMCs from patients undergoing DENV-2 infection in
Gabon. The authors found significant activation of NK
cells during acute DENV-2 infection with the production
of significant IFN-y by NK cells.'* Transient increases in
the frequencies of NKG2c+NK cells with lower frequen-
cies of cells expressing NKG2a, NKp30, CD161 were
found in DENV patients.

Keawvichit et al. examined frequencies of activated NK
cells in PBMCs from patients in Thailand undergoing
acute DENV infections.”® As has been previously
reported, NK cells were activated during acute dengue.
The major difference noted was the decreased frequencies
of NK cell subsets that expressed CXCR3 and an
increased frequency of cells that expressed CCRI0
between healthy subjects and dengue patients, but not
between patients with DF compared with patients with
DHE.

In a study by Costa et al., IFN-y production by human
NK cells was found to be important in controlling dengue
viral replication in an optimized humanized mouse
model.”” Cell-cell contact between monocyte-derived
dendritic cells and NK cells was important for NK cell
activation (CD69 and CD25 upregulation) and IFN-y
secretion. Adhesion molecules including DNAM, 2B4,
LFA-1 and CD2 were more important for mediating acti-
vation, while blocking molecules such as NKp30, NKp44
and NKp46 had minimal impact in this model. This
study indicates that NK cells can control DENV replica-
tion in vivo, and identifies an important antigen-present-
ing cell that may be important to activate NK cells.

NK cell responses to vaccination

Efforts to develop an effective dengue vaccine have been
ongoing for nearly 50 years, but substantial advances have
been made with live attenuated, inactivated and subunit
vaccines in the past 10 years.® The challenges to generate
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an effective dengue vaccine are significant, as any vaccine
would need to produce safe and durable immunity to all
four serotypes of DENV. Furthermore, this should be
achieved preferably using one or two doses in individuals.
Given the fact that over one-third of the world’s popula-
tion has been exposed to DENV and there is cross-reac-
tivity among related flaviviruses such as JEV, WNV and
ZIKV, the vaccine would need to avoid eliciting patho-
genic immune responses in flavi-immune individuals and
also induce robust immunity in flavi-naive individuals.?

NK cells have long been recognized to eliminate virally
infected cells, but in the past decade our understanding
has evolved as NK cells have broad diversity, and even
the potential to develop into memory cells and protect
against subsequent infections.*”*' NK cells also have the
ability to regulate and stimulate T- and B-cell responses
following infection, and therefore strategies to boost stim-
ulatory responses of NK cells and dampen inhibitory
functions of NK cells should be considered.** While elic-
iting broadly neutralizing antibodies is a goal for an effec-
tive DENV vaccine, it is becoming clear that Abs that
mediate ADCC can provide protective immunity against
HIV and influenza.*> Therefore, evaluating DENV-specific
ADCC Abs should be considered for any emerging DENV
vaccine candidate.

Conclusions

Dengue viruses interact with a number of receptors on
NK cells. We are now at the stage where we can better
evaluate how human NK cells respond to DENV infec-
tion and vaccination. There are many questions that can
be answered in the coming years with the new tools we
have and improved understanding of multiple interac-
tions between inhibitory and activating receptors on NK
cells. Are there unique subsets of NK cells that respond
to natural primary versus secondary DENV infection?
Does the NK cell response to an acute viral infection
such as DENV vary significantly from the more well-
characterized chronic viral infections HIV and CMV? Do
responses of NK cells in the circulation differ from NK
cell responses in tissues? Does vaccination alter the NK
cell repertoire in DENV-immune versus -naive individu-
als? Do multiple prime-boost strategies being used in
some DENV vaccine candidates change the NK cell
repertoire? Understanding the dynamics of the NK cell
response to DENV and what constitutes a beneficial
response is certain to contribute to the development of
an efficacious vaccine.
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