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Abstract

Vaccination has proved to be highly effective in reducing global
mortality and eliminating infectious diseases. Building on this
success will depend on the development of new and improved
vaccines, new methods to determine efficacy and optimum dosing
and new or refined adjuvant systems. NK cells are innate lymphoid
cells that respond rapidly during primary infection but also have
adaptive characteristics enabling them to integrate innate and
acquired immune responses. NK cells are activated after
vaccination against pathogens including influenza, yellow fever
and tuberculosis, and their subsequent maturation, proliferation
and effector function is dependent on myeloid accessory cell-
derived cytokines such as IL-12, IL-18 and type | interferons.
Activation of antigen-presenting cells by live attenuated or whole
inactivated vaccines, or by the use of adjuvants, leads to enhanced
and sustained NK cell activity, which in turn contributes to T cell
recruitment and memory cell formation. This review explores the
role of cytokine-activated NK cells as vaccine-induced effector cells
and in recall responses and their potential contribution to vaccine
and adjuvant development.
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Developing vaccines to overcome pathogen
polymorphism and complexity demands new

INTRODUCTION

Vaccination is a cost-effective way of reducing the
burden of, eliminating and — in exceptional cases —
eradicating infectious diseases. Whilst a number of
effective vaccines are currently licenced, many highly
prevalent and complex diseases remain without
effective prophylactic vaccines. Protective titres of
neutralising antibodies and expanded populations
of effector and memory B and T lymphocytes
are viewed as measures of protection for many
vaccines. Currently, the generation of durable
antigen-specific memory forms the basis of vaccine
development and evaluation of vaccine efficacy.'?
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approaches to vaccine design and evaluation; this in
turn requires the identification of novel correlates of
protection and determination of optimal dosing
schedules. The activation of Natural Killer (NK) cells
represents a potential route for further optimisation
of vaccination strategies by harnessing their role as
antipathogen effector cells which integrate innate
and acquired immune responses.

NK cells are large, granular, type 1 lymphoid
cells that express a wide variety of germline-
encoded receptors on their surface. Direct NK cell
activation is controlled by the balance between
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signals transduced by inhibitory and activating
receptors; NK cells are also activated indirectly by
innate cytokines such as type | interferons (IFN),
IL-12, IL-15 and IL-18, released from accessory
cells.® Because NK cells do not rearrange receptors
to permit antigen-specific recognition, they are
normally classified as cells of the innate immune
system. NK cells are among the first cells to
respond during primary infection and contribute
to the early control of viral infections including
herpesviruses and  influenza  infections.*®
However, NK cells can also augment and shape
the subsequent adaptive response by secretion of
cytokines (including IFN-y) and chemokines (such
as IP-10, MIP-1a and MIP-1B), reducing viral loads
by killing infected cells, inhibiting viral entry and
replication by production of chemokines which
compete for human immunodeficiency virus (HIV)
coreceptor CCR5° and by controlling expansion of
the CD4* T cell compartment.’”®'" In turn, the
secondary (adaptive) immune response can
activate NK cells via secretion of cytokines such as
IL-2 from CD4* T cells and via FcyRllla (CD16)-
dependent recognition of antigen-antibody
complexes.'> 14

Several studies have shown that NK cells can
acquire some features of adaptive lymphocytes,
raising the possibility that the memory-like
properties of these cells could be induced or
enhanced by vaccination. Early examples of NK
cell adaptive features arose from mouse studies of
murine cytomegalovirus (MCMV) and hapten-
induced contact hypersensitivity. The MCMV viral
protein m157 on the surface of infected cells was
shown to recognise NK cell Ly49H receptor and
leads to clonal expansion of effector NK cells and
generation of a pool of self-renewing m157-
responsive NK cells; these cells respond robustly to
subsequent MCMV infection when transferred to
naive mice.”® NK cells from Rag2™~ mice were
shown to transfer hapten-specific memory-like
responses (lasting up to 4 weeks) to naive mice
despite the absence of T and B cell immunity.'®
More recently, virus antigen-specific NK cell killing
has been reported in rhesus macaques,’” and
there are suggestions of pathogen-specific
responses among human NK cells. These include
influenza hemagglutinin (HA) antigen recognition
by NK cell NKp46 and HLA-E stabilisation by
HCMV peptides for recognition by NK cell CD94/
NKG2C heterodimers.'®2°

An increasing number of studies in humans
demonstrate activation of NK cells during recall
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responses to pathogens in vaccinated subjects. In
vitro NK cell responses to components of the DTP
vaccine (diphtheria toxoid, tetanus toxoid and
whole cell inactivated pertussis), Bacille Calmette—
Guérin (BCG) and influenza vaccine are enhanced
after vaccination'*?'2® and heightened NK cell
IFN-y and degranulation responses have been
detected after vaccination against rabies.?* In
contrast to the memory responses described above,
these postvaccination responses are dependent on
vaccine-specific CD4* memory T cells and, in
particular, their rapid secretion of IL-2.2324

Although the ‘antigen-specificity’ of these
postvaccination NK cell responses resides in the
CD4* T cell pool, the NK cells are also modified as a
result of vaccination. Innate cytokines, which can
be induced by live or killed whole pathogen
vaccines or by adjuvants, are potent NK cell
activators and can induce their differentiation into
cytokine-induced memory-like (CIML) NK cells. First
described as being generated by cytokine coculture
in vitro, CIML NK cells have an enhanced ability to
secrete IFN-y and become cytotoxic in response to
cytokine and MHC-devoid K562 cell restimulation
for up to 21 days after the initial stimulation.’®2>27
In vitro cytokine activation with IL-18 and IL-12 and/
or IL-15 induces expression of CD25, thereby
generating CIML NK cells with enhanced
responsiveness (demonstrated by IFN-y production
and cytotoxicity) to picomolar concentrations of
IL-2.%8 More importantly perhaps, CIML NK cells can
be induced by vaccination in response to CD4* T
cell-derived IL-2 and myeloid cell-derived IL-12 and
type | interferons, and have been implicated in the
enhancement of NK cell function ex vivo,'2%2933
Vaccination-induced CIML NK cells can be detected
for up to 12 weeks postvaccination in European
subjects’ and up to 6 months in west African
vaccines.>® Table 1 summarises the evidence for
vaccination-induced CIML NK cells.

Immature CD56°"9" and CD56%™CD57~ NK cells
are more responsive to exogenous cytokines and
produce more IFN-y than do the more mature,
predominantly cytotoxic, CD569™CD57* NK cell
subset.>* Accordingly, vaccination-induced CIML
NK cells are restricted to the less differentiated
subsets of NK cells and their induction is accompanied
by proliferative expansion of the least mature
CD56°"9" NK cells and CD56%™CD57 NKG2C"*
subsets.”>33 Enrichment of less differentiated NK
cells in lymph nodes and effector tissues could
influence the impact of CIML NK cells induced by
vaccination. The highest proportion of human
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Table 1. Evidence of induction of human cytokine-induced memory-like (CIML) NK cells by vaccination

Increased
responsiveness

Pathogen Host species Vaccination in vitro Duration of response References
Influenza Human v IL-12, IL-15, IL-18 3 months (UK) or Goodier et al.®° and

6 months (Gambia) Darboe et al.>?
YRV Human YF-17D IL-12 15 days Marquardt et al.*>°
SIV Macaque Ad26 HIV-1, IL-12, IL-15 38 weeks Vargas-Inchaustegui et al.”’

DNA-Ad26

8 Human BCG IL-12, IL-18 ND Suliman et al.?®

ND, not determined.

immature CD56°79" (CD167) NK cells are found in

the lymph nodes'>®®* and produce IFN-y in
response to CD4" T cell-derived IL-2, thereby
potentially influencing subsequent adaptive

responses.’?> A higher percentage of adoptively
transferred pre-activated CIML NK cells were
found in the lymph nodes of mice compared to
control NK cells*® and localised in the bone
marrow, spleen and blood of mice and in the
bone marrow of patients with acute myeloid
leukaemia.?’” The tissue localisation of NK cells
amenable to cytokine-mediated pre-activation
may also be crucial to functional outcomes.
Human liver, in contrast to secondary lymphoid
tissues, is enriched for resident CD56°"9"t NK
cells with high natural cytotoxicity receptor and
NKG2D expression, strong target cell-mediated
degranulation but poor IFN-y production.®®
Tissue-resident innate lymphoid cells (ILC) which
are phenotypically distinct from NK cells may,
however, also be sensitive to pre-activation by
vaccine-induced cytokines. Murine liver ILC-1, for
example, is highly sensitive to IL-12 stimulation
and produces more IFN-y at the sites of MCMV
infection.’’” When taken together with the
emerging literature on the impact of persistent
viral infections (such as human cytomegalovirus
infection (HCMV); see below) on NK cell func-
tion,' it is possible that differences between or
within human populations in proportions of
CIML NK cells (due to differences in recent infec-
tion and vaccination history) may contribute
to differences in vaccine immunogenicity and
effectiveness.338:39

Expanded populations of highly differentiated
NK cells in individuals chronically infected with
HCMV were first described more than a decade
ago.”® Many of these highly differentiated cells
were subsequently shown to have undergone key
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intrinsic changes such as the loss of the signalling
molecules FceRy, SYK and EAT-2, associated with
stable epigenetic changes in the promotor regions
of genes involved in NK cell function, including
IFN-y.*"3  These ‘adaptive’ NK cells display
enhanced antibody-dependent cellular cytotoxicity
(ADCC) activity towards HCMV-infected target
cells suggesting they are specialised for
controlling virus reinfection or reactivation and
antigen-specific.***> However, despite the likely
dominance of such adaptive cells in populations
with endemic HCMV infection, the generation of
CIML from less differentiated NK cells persists
after vaccination®® (reviewed in ref. 46). It
appears, therefore, that there is a balance of CIML
and highly differentiated NK cell effectors which
may be altered by vaccination. Less differentiated
NK cells are shorter-lived, possess higher levels of
cytokine receptors  and higher intrinsic
proliferative capacity; vaccination may simply
contribute to the homoeostatic maintenance of
these «cells. The benefits of preferentially
expanding and generating CIML NK cells from
these subsets are unknown but could be more
functionally significant in young infants where
highly differentiated cytotoxic effectors are
lacking.*’” On the other hand, loss of IL-12
responsiveness and independence of this cytokine
for IFN-y production is a well-known feature of
more differentiated NK cell effectors; more
focused antibody-driven responses may be
advantageous in restricting the potential for
inflammation  associated damage in older
individuals.

In the remainder of this review, we explore in
more detail the potential role of NK cells,
activated by myeloid cell-derived cytokines or by
components of adaptive immunity (CD4" T cell
IL-2 or pathogen-specific antibodies), as effectors
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of vaccination against a number of globally
important infectious diseases.

INFLUENZA

Seasonal influenza epidemics result in 3-5 million
cases of influenza globally and up to half a
million deaths every year as well as putting
intolerable pressure on health systems and
causing major economic losses.*® Annual variation
in the predominant circulating strains of influenza
viruses mitigates vaccine-induced or naturally
acquired cross-protective immunity, necessitating
annual revaccination of  high-risk  groups
(pregnant women, children of 6 months to
5years and the elderly).”® A cross-protective
‘universal’ influenza vaccine is a major priority for
influenza vaccine development.

Influenza virus induces secretion of innate
cytokines (including IFN-o, IL-12 and IL-18) from
accessory cells such as macrophages and
dendritic cells (DCs); in turn, these cytokines
support the very rapid activation of NK cells
(within hours of infection).*®>° These activated NK
cells are cytotoxic, secrete IFN-y and upregulate
cytokine receptors such as CD25 (IL-2Rx)*' and
can reciprocally activate DCs, thereby promoting
T cell recruitment to sites of infection and
to lymph nodes.> In vitro restimulation of
peripheral blood mononuclear cells (PBMC) from
trivalent  influenza vaccine (TIV)-vaccinated
volunteers with inactivated influenza virus induces
much higher frequencies of IFN-y producing
and degranulating NK cells compared to restimu-
lation of prevaccination PBMC from the same
people.’®182353 The heightened NK cell response
becomes evident as early as 2 weeks postvaccina-
tion but is normally lost by 12 weeks. Postvacci-
nation enhancement of NK cell IFN-y production
was dependent on IL-2 produced from CD4* T
cells, whilst degranulation responses were
dependent on IL-2 and on the presence of anti-
influenza antibody.'*?* A costimulatory role for
innate myeloid cell-derived cytokines was also
demonstrated by partial inhibition of TIV restim-
ulation responses with IL-12, IL-18 and IFN-oR2
blockade.™

Indeed, consistent with the generation of CIML
NK cells, antigen-independent in vitro responses
to exogenous IL-12 and IL-18 were also elevated
for up to 3 months after influenza vaccination in
a UK study,'® but this response was detected for
up to 6 months in African subjects.®
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Enhancement of NK cell responses after influenza
vaccination is therefore mediated by indirect
mechanisms involving antigen-specific cellular
CD4* and humoral responses combined with a
shorter-lived CIML component. Such enhanced NK
cell function after seasonal influenza vaccination
may contribute to protective immunity to
influenza, but, given the dependence on antigen-
specific T cells and antibodies, does not in itself
overcome the need for regular revaccination.
However, the search for a ‘universal influenza
vaccine’ has identified the conserved ‘stalk’ of the
polymorphic HA molecule®® and other nonvaccine
antigens®> as possible targets of broadly
neutralising antibodies which mediate ADCC.>%>’
Stalk-specific antibodies that mediate NK cell
ADCC are present after natural infection and after
vaccination with TIV or monovalent adjuvanted
H1N1°® and nucleoprotein (NP)-specific ADCC-
mediating antibodies induced by seasonal
influenza vaccination demonstrate cross-reactivity
with H7N9 avian influenza NP.*® As mature
CD569™MCD57* NK cells and HCMV-induced
'‘adaptive’ NK cells are both potent mediators of
ADCC and preferentially respond to influenza
antigens after vaccination,®® NK cells may be of
particular importance as effectors of the next
generation of universal influenza vaccines.

YELLOW FEVER

The live attenuated yellow fever virus (YFV)
vaccine 17D is one of the most effective vaccines
developed to date; 99% of recipients are
protected for more than 10 years after a single
vaccination.®’ For this reason, YF-17D has been
used as a tool to identify highly effective early
(innate) immune responses to acute viral infection
in humans.3%®2 YFV infects and induces TLR-
mediated signalling in hepatocytes and cells of
the innate immune system such as monocytes and
DGs. In mouse models of YFV infection or YF-17D
vaccination, NK cells accumulate in the spleen and
are major producers of IFN-y.6*%% Induction of
innate cytokines such as IL-1o and chemokine
IP-10 (CXCL10), and upregulation of the early
activation and proliferation markers CD69 and
Ki-67 on NK cells are detected as early as 3 days
postvaccination in  humans.3%®25>  NK cell
activation peaks at the same time as viral load,
6 days postvaccination and correlates directly with
a rise in plasma type | and type Il interferons.
Thereafter, viral load and NK cell responses
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decline rapidly returning to baseline by day 10
and 15 postvaccination, respectively.3%®°

In a study in Uganda, pre-existing IFN-y producing
NK cells in an activated immune microenvironment
were associated with lower viral loads and
subsequently reduced antibody titres after YF-17D
vaccination.®® NK cell IFN-y responses to YFV
correlated with increased in vitro responsiveness of
less differentiated NK cells to innate cytokines such
as IL-12 after vaccination®° suggesting that, as for
influenza vaccines, YF-17D-induced accessory cell-
derived cytokines may also induce development of
CIML NK cells. As in influenza vaccination, this
pre-activation state is short-lived suggesting that
there is no lasting imprint on the NK cell repertoire.
These transient innate responses (including NK
cells) may, however, synergise with antigen-specific
vaccine-induced responses resulting in the
formation of particularly durable and effective T
cell- and B cell-mediated immunity to YFV.3%6> A
more robust mechanistic understanding of the
induction and function of CIML NK cells during
infection or vaccination with YFV and other
flaviviruses will help to define their role.

HUMAN IMMUNODEFICIENCY VIRUS

HIV remains highly prevalent across the world
with 2.1 million new infections estimated in 2015;
lifelong treatment is required to prevent disease
and death, which places a considerable burden on
health systems worldwide.®® A prophylactic HIV
vaccine is of utmost priority. HLA-I and killer cell
immunoglobulin-like receptor (KIR) genotype and
NK cell education influence killing of HIV-1-
infected CD4* T cells and are associated with the
rate of progression of HIV infection.®”:®® In the
partially successful RV144 vaccine trial, IgG against
variable regions 1 and 2 of the HIV-1 envelope
glycoprotein was inversely correlated with the
rate of infection.’® Indeed, RV144 induced
isotypes IgG1 and IgG3 targeting the crown of the
V2 loop demonstrating the potential for NK cell
ADCC induction.”®”! NK cells from KIR3DL1/HLA-
Bw4* or KIR2DL1/HLA-C2* donors show higher
cytotoxicity against HIV-infected targets in the
presence of anti-HIV gp120 antibody, highlighting
the influence of NK cell education to HIV vaccine-
induced effector NK cells and potentially
contributing to individual variability in vaccine
outcomes.”?73 CD57*NKG2C* memory-like NK cells
are expanded in HIV-1/HCMV co-infected
individuals, and these cells make a potential
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contribution to control of viremia during primary
HIV infection.”*”> Together with evidence that
individuals with a degree of inherent resistance to
HIV - so-called elite controllers or slow
progressors — mount stronger antibody-mediated
NK cell activation and ADCC responses than more
susceptible individuals, these studies suggest that
NK cells may contribute to HIV protection and
control.”®

NK cells have been implicated as antigen-
specific effector cells after vaccination or infection
of nonhuman primates with simian
immunodeficiency virus (SIV); target cells pulsed
with SIV vaccine antigen but not heterologous
antigens can be lysed in vitro by splenic and
hepatic NK cells from infected but not from
uninfected animals."” These antigen-specific
responses could be detected for at least 5 years
after SIV DNA/adenovirus prime-boost vaccination,
suggesting that this memory-like response is long-
lived."”” By contrast, no significant potentiation of
circulating NK cell function was observed after SIV
infection or vaccination; rather, SIV infection
impaired the cytotoxic response of peripheral
blood NK cells.”” However, a trend towards
increasing in vitro NK cell CD107a expression in
response to IL-15 and IL-12 postvaccination
suggests that memory-like NK cells with enhanced
cytokine responsiveness may have been induced in
this study.”’

In HIV patients, therapeutic HIV vaccination or
IL-2 treatment sustains or enhances NK cell
activity.>>”® Immunisation of chronically infected
patients with an adjuvanted HIV-1 Gp120/NefTat
subunit protein vaccine induces IL-2 from T helper
cells and an increase in NK cell IFN-y production
in vitro; NK cell IFN-y production was reduced by
depletion of CD4* T cells and almost completely
abrogated after blocking both IL-2 and IL-12,
suggesting a role for accessory cells in full NK cell
effector functions after vaccination.3? These, and
other, studies highlight the potential of
therapeutic vaccination to restore NK cell function
during chronic HIV infection.3*7°

EBOLA

Several vaccines are in development for the
prevention of Ebola virus disease (EVD). Two
vectored vaccines that express the glycoprotein
(GP) from the Zaire strain of Ebola (ZEBOV) and
use the recombinant vesicular stomatitis virus and
Chimp Adenovirus type 3 (rVSV-ZEBOV and
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ChAd3-ZEBOV, respectively) are the most
advanced of these.®? Ebola virus has a wide range
of host cell targets including macrophages and
DCs, infection of which aids viral dissemination
and crucially leads to immune dysregulation.?!
Little is known about the role of NK cells in Ebola
virus infection but in vitro studies show IFN-
inhibiting domains (IIDs) within Ebola viral
proteins VP24 and VP35 interrupt DC maturation
and type | IFN signalling leading to somewhat
impaired NK cell activation and cytotoxicity.®
Disrupting either of these I1IDs restores DC
maturation and NK cell activation as measured by
NKp46 and CD38 expression.®? Another study
showed that Ebola virus-like particles (VLPs)
lacking 1IDs activated NK cells and led to lysis of
filovirus-infected autologous human DCs in
culture and pro-inflammatory cytokine release.®

Activation of the early inflammatory response
and release of cytokines such as IP-10, IL-1B, IL-6
and TNFa, correlated with survival from EVD in
humans®'® and mice can be protected against
Ebola by adoptive transfer of NK cells from VP40
containing VLP-treated mice.®®> Increased survival
of mice after postexposure vaccination with the
candidate vaccine rVSVAG-EBOV is reversed by NK
cell depletion;®®  postexposure  vaccination
stimulated a burst of IFN-y release and type | IFN
secretion from accessory cells, potentially kick-
starting the antiviral response and overcoming the
blockade caused by 1IDs.8® Postexposure antibody
therapy has also been shown to give effective
protection in animal models via ADCC activity.®”2®
These studies implicate NK cells as important
effectors in protection against Ebola virus
infection and in vaccine-induced immunity and
raise the potential of indirect cytokine activation
of NK cells to restrict virus dissemination after
therapeutic vaccination.

MALARIA

The role of NK cells in natural immunity or
vaccine-induced  protection against malaria
infection remains to be established.®® NK cell
activation has been described to varying degrees
in different experimental murine models®*®" and
NK cells have been shown to contribute directly
to the elimination of Plasmodium falciparum-
infected red blood cells (RBC) in a humanised
mouse model.?? In vitro studies of human PBMC
show NK «cells are readily activated by
P. falciparum-infected RBC; the resulting NK cell
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proliferation, IFN-y production, CD25 and CD69
expression were further demonstrated to be
dependent on IL-2 and accessory cell IL-12 and IL-
18 production and on cellcell contact.?*°¢ In
humans, long-lasting NK cell activation has been
reported in controlled human malaria infection
(CHMI) studies; a decrease in peripheral blood NK
cell frequency early after infection suggests
migration of NK cells into the tissues, possibly the
liver.97-%9

RTS,S/ASO1 is the most promising vaccine tested
to date for human P. falciparum malaria. RTS,S
consists of recombinant circumsporozoite surface
protein (CSP) of P. falciparum fused to the
hepatitis B virus surface antigen (HBs) and
adjuvant delivery system (AS)01 formed into VLPs.
PBMC collected from a RTS,S randomised
controlled trial revealed postvaccination IL-2
secretion with IFN-y and CD69 upregulation on
NK cells in response to in vitro restimulation with
HBs or CSP. All responses were significantly higher
in RTS,S vaccines compared to control rabies
vaccinated subjects.?’ A weak association has been
reported between IL-2 secreting CD4* T cells and
time to parasitaemia, accompanied by an increase
in the proportion of CD56°9" NK cells, higher
IFN-y and perforin expression, and protection
against malaria challenge in vaccine recipients has
also been reported.' Interestingly, peripheral
blood NK cell gene expression signatures were
negatively correlated with RTS,S-induced malaria
protection, consistent with migration of activated
blood NK cells to the tissues,'®" which implies that
peripheral NK cell responses to malaria play a
minimal role in vaccine responses.

TUBERCULOSIS

The live attenuated BCG vaccine is the only
vaccine currently licenced for the prevention of
tuberculosis disease (TB) caused by Mycobacterium
tuberculosis (M.tb) and is administered to over
120 million infants each year.'® NK cells are an
important component of the cellular immune
response to BCG, producing more than half of the
total IFN-y after vaccination in newborns and 2-
month-old infants.'??

BCG, and other live vaccines such as measles
vaccine, have been shown to induce nonspecific
effects that are beneficial to the recipient and
reduce overall mortality in a community.'0%1%
Potential underlying mechanisms include T cell-
mediated cross-reactivity and/or ‘training’ or
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‘priming’ of innate immune cells, including
monocytes and NK cells. Increased expression of
pattern recognition receptors (PRR) in monocytes,
and higher levels of IFN-y, TNFa and IL-1B
secretion have been observed when PBMC from
BCG-vaccinated individuals are restimulated with
mycobacterial or unrelated antigens, compared to
prevaccination PBMCs.>> These effects persisted
for up to 12 months after BCG vaccination and
were partly attributed to epigenetic remodelling
of key cytokine gene loci and have been termed
‘trained immunity’. Similarly, increased NK cell
CD69 expression in response to Pam3Cys has been
reported in post-BCG vaccination samples from
infants and correlated with higher concentrations
of IL-12 secretion.’® Interestingly, no changes in
NK cell phenotype, maturation or IFN-y
production were reported in BCG-trained NK
cells,’® suggesting that they are not equivalent to
CIML NK cells.

NK cells and vaccination

Enhancement of NK cell IFN-y responses to BCG

has been reported after BCG vaccination of
patients with latent TB?° and in 5-week-old
infants who were BCG-vaccinated at birth

compared to unvaccinated controls;?® NK cell
responses were completely abrogated by
neutralisation of IL-12 and IL-18.2° Consistent with
studies of other whole organism vaccines, as
described above, these studies indicate that
enhanced responsiveness to cytokines is a key
feature of vaccine-mediated effects on NK cells.

THE ROLE OF VACCINE ADJUVANTS IN
PROMOTING NK CELL RESPONSES

Killed whole organism or live attenuated vaccines
are both highly immunogenic and particularly
effective at potentiating NK cell responses; both
of these traits likely reflect the presence of potent
pathogen-associated molecular patterns (PAMPs)

(a) Live attenuated/
inactivated whole CD16
organism \\ CD107a
IL-12R
(<]
Copo IL-12 N CD25
= e) Y
Vaccine ° 5 IFNa IFN-aBR2 o @ Ny
* Adjuvant L]
={ Antibody
vaccine + adjuvant CD16
N CD107a
IL-12R
(<]
Yoe L2 — 3 CcD25
Pl
° 5 IFN-a IFN-aRR2 .'.0 IFN-y
(c) Secondary
exposure cD16
CD107a
IL-12R
(o]
050 IL-12 Y —
o
© S IFN-a IFN-aRR2 o ® IFN-y
ojee
T cell [ ]

Figure 1. Accessory cell-dependent NK cell activation after vaccination. (a) Activation of APCs by live attenuated or inactivated whole organism
vaccines induces the release of costimulatory cytokines which in turn leads to NK cell activation including IFN-y release, degranulation and CD25
upregulation. (b) Adjuvants promote accessory cell function for subunit or vectored vaccines in the absence of vaccine-derived PAMPs. (c) Upon
secondary exposure, IL-2 from memory CD4+ T cells, antibody and the presence of CIML NK cells enable an enhanced response.
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for PRR-mediated accessory cell activation. PAMP-
containing adjuvants are typically required to
improve the immunogenicity of subunit or
vectored vaccines, which lack these ligands.
Several studies have documented enhancement of
NK cell activation by adjuvants.3%'°71%8 |-15.
matured DCs exposed in vitro to the TLR-4 agonist
ASO4-adjuvanted human papilloma virus (HPV)
VLP vaccine can potentiate NK cell activation and
killing of HPV-infected cells compared to either IL-
4-matured DCs or VLP alone; this effect was
attributed to the superior cytokine-producing
ability of the DCs."® Similarly, vaccination in the
presence of exogenous IL-15 enhances DC
maturation and protection against lethal
staphylococcal enterotoxin B challenge in mice
compared to vaccine alone.''®

AS03, a squalene-based adjuvant, promotes
recruitment of antigen-presenting cells (APCs) and
antigen processing. A system-wide analysis of the
response to AS03-adjuvanted inactivated H5N1
influenza vaccine revealed a direct correlation
between IP-10, type | and Il interferon production,
and enhanced NK cell activation and
proliferation.”” "2 Similarly, a bursin-like peptide
shown to stimulate immune cells induced higher
levels of IL-2 and IL-4 and increased NK cell
frequencies and IFN-y secretion in mice vaccinated
with inactivated influenza H9N2 compared to
vaccine alone.’”™ Taken together, these studies
indicate that PRR-mediated activation and
maturation of accessory cells such as DCs by vaccine
adjuvants increase the production of costimulatory
cytokines leading to heightened NK cell activation.
Whether these NK cells share features of CIML NK
cells has not yet been formally tested.

CONCLUDING REMARKS

Although there is now considerable evidence of
enhanced NK cell responses after vaccination, the
functional importance of NK cells in vaccination-
induced immunity is rather difficult to evaluate.
The NK cell response to vaccination varies
depending on the type of vaccine, the cytokine
signature induced by the vaccine/adjuvant
combination and subsequent accessory cell
activation (Figure 1). The ability of NK cells to
respond to signals from both innate and adaptive
immune cells suggests that when one arm of the
immune response is impaired, such as T cell
responses in HIV infection or innate cell
dysregulation in EVD, NK cells may play an
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important immune effector role, maximising the
impact of the remaining arm of the immune
system. Successful activation of APCs and induction
of an early inflammatory response by a vaccine
correlate with enhanced and sustained NK cell
activation and function. Importantly, NK cell
education by HLA-KIR or other receptor-ligand
combinations may well calibrate functional
capacity on induction by both adaptive and innate
pathways thereby driving individual variability in
vaccine-induced responses. The addition of
adjuvant systems to vaccines to increase accessory
cell activation and therefore augmenting NK cell
function including ADCC activity could play a role
in the future design of new vaccines, postexposure
therapy, therapeutic cancer vaccines, regimen
optimisation and evaluation of vaccine efficacy.

CONFLICT OF INTEREST

The research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest.

ACKNOWLEDGMENTS

HRW is supported by a UK Medical Research Council (MRC)
Studentship in Vaccine Research. JPM, MRG and EMR are
supported by the UK MRC, the UK Department for
International Development (DFID) under the MRC/DFID
Concordat agreement (Grant no. MR/P000959/1 and
G1000808). MRG is also supported by the Innovative
Medicines Initiative 2 Joint Undertaking (Grant no. 115861).
This joint undertaking receives support from the European
Union’s Horizon 2020 Research and Innovation Programme
and Association.

REFERENCES

1. Moncunill G, De Rosa SC, Ayestaran A et al. RTS,
S/ASO1E malaria vaccine induces memory and
polyfunctional T cell responses in a pediatric African
phase lll trial. Front Immunol 2017; 8: 2284.

2. Milligan ID, Gibani MM, Sewell R et al. Safety and
immunogenicity of novel adenovirus type 26- and
modified vaccinia Ankara-vectored Ebola vaccines: a
randomized clinical trial. JAMA 2016; 315: 1610-
1623.

3. Newman KC, Riley EM. Whatever turns you on:
accessory-cell-dependent activation of NK cells by
pathogens. Nat Rev Immunol 2007; 7: 279-291.

4. Biron CA, Byron KS, Sullivan JL. Severe herpesvirus
infections in an adolescent without natural killer cells.
N Engl J Med 1989; 320: 1731-1735.

5. Bjorkstrom NK, Lindgren T, Stoltz M etal. Rapid
expansion and long-term persistence of elevated NK
cell numbers in humans infected with hantavirus. J Exp
Med 2011; 208: 13-21.

© 2018 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australasian Society for Immunology Inc.



HR Wagstaffe et al.

20.

21.

22.

© 2018 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

. Sun JC, Beilke JN,

. Foley B, Cooley S, Verneris MR et al. Cytomegalovirus

reactivation after allogeneic transplantation promotes
a lasting increase in educated NKG2C+ natural killer
cells with potent function. Blood 2012; 119: 2665-
2674.

. Lopez-Verges S, Milush JM, Schwartz BS et al. Expansion

of a unique CD57+NKG2Chi natural killer cell subset
during acute human cytomegalovirus infection. Proc
Natl Acad Sci USA 2011; 108: 14725-14732.

. Verbist KC, Rose DL, Cole CJ et al. IL-15 participates in

the respiratory innate immune response to influenza
virus infection. PLoS One 2012; 7: e37539.

. Song R, Lisovsky I, Lebouche B et al. HIV protective

KIR3DL1/S1-HLA-B  genotypes influence NK cell-
mediated inhibition of HIV replication in autologous
CD4 targets. PLoS Pathog 2014; 10: e1003867.

. Cook KD, Waggoner SN, Whitmire JK. NK cells and

their ability to modulate T cells during virus infections.
Crit Rev Immunol 2014; 34: 359-388.

. Rydyznski CE, Waggoner SN. Boosting vaccine efficacy

the natural (killer) way. Trends Immunol 2015; 36: 536—
546.

. Fehniger TA, Cooper MA, Nuovo GJ et al. CD56bright

natural killer cells are present in human lymph nodes
and are activated by T cell-derived IL-2: a potential
new link between adaptive and innate immunity.
Blood 2003; 101: 3052-3057.

. Goodier MR, Rodriguez-Galan A, Lusa C et al. Influenza

vaccination generates cytokine-induced memory-like NK
cells: impact of human cytomegalovirus infection. J
Immunol 2016; 197: 313-325.

. Nielsen CM, White MJ, Bottomley C et al. Impaired NK

cell responses to pertussis and HIN1 influenza vaccine
antigens in human cytomegalovirus-infected individuals.
JImmunol 2015; 194: 4657-4667.

Lanier LL. Adaptive immune
features of natural killer cells. Nature 2009; 457: 557-
561.

. O'Leary JG, Goodarzi M, Drayton DL et al. T cell- and B

cell-independent adaptive immunity mediated by
natural killer cells. Nat Immunol 2006; 7: 507-516.

. Reeves RK, Li H, Jost S et al. Antigen-specific NK cell

memory in rhesus macaques. Nat Immunol 2015; 16:
927-932.

. Dou Y, Fu B, Sun R et al. Influenza vaccine induces

intracellular immune memory of human NK cells. PLoS
One 2015; 10: e0121258.

. Mandelboim O, Lieberman N, Lev M et al. Recognition

of haemagglutinins on virus-infected cells by NKp46
activates lysis by human NK cells. Nature 2001; 409:
1055-1060.

Rolle A, Pollmann J, Ewen EM et al. IL-12-producing
monocytes and HLA-E control HCMV-driven NKG2C+
NK cell expansion. J Clin Invest 2014; 124: 5305-
5316.

White MJ, Nielsen CM, McGregor RH et al. Differential
activation of CD57-defined natural killer cell subsets
during recall responses to vaccine antigens.
Immunology 2014; 142: 140-150.

Kleinnijenhuis J, Quintin J, Preijers F et al. Bacille
Calmette-Guerin induces NOD2-dependent nonspecific
protection from reinfection via epigenetic reprogramming

Australasian Society for Immunology Inc.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

NK cells and vaccination

of monocytes. Proc Natl Acad Sci USA 2012; 109: 17537—
17542.

He XS, Draghi M, Mahmood K et al. T cell-dependent
production of IFN-gamma by NK cells in response to
influenza A virus. J Clin Invest 2004; 114: 1812-1819.
Horowitz A, Behrens RH, Okell L et al. NK cells as
effectors of acquired immune responses: effector CD4+
T cell-dependent activation of NK cells following
vaccination. J Immunol 2010; 185: 2808-2818.

Cooper MA, Elliott JM, Keyel PA etal. Cytokine-
induced memory-like natural killer cells. Proc Nat/ Acad
Sci USA 2009; 106: 1915-1919.

Romee R, Schneider SE, Leong JW et al. Cytokine
activation induces human memory-like NK cells. Blood
2012; 120: 4751-4760.

Romee R, Rosario M, Berrien-Elliott MM et al.
Cytokine-induced memory-like natural killer cells
exhibit enhanced responses against myeloid leukemia.
Sci Transl Med 2016; 8: 357ra123.

Leong JW, Chase JM, Romee R et al. Preactivation with
IL-12, IL-15, and IL-18 induces CD25 and a functional
high-affinity IL-2 receptor on human cytokine-induced
memory-like natural killer cells. Biol Blood Marrow
Transplant 2014; 20: 463-473.

Suliman S, Geldenhuys H, Johnson JL et al. Bacillus
Calmette-Guerin (BCG) revaccination of adults with
latent Mycobacterium tuberculosis infection induces
long-lived BCG-reactive NK cell responses. J Immunol
2016; 197: 1100-1110.

Marquardt N, Ivarsson MA, Blom K et al. The human
NK cell response to yellow fever virus 17D Is primarily
governed by NK cell differentiation independently of
NK cell education. J Immunol 2015; 195: 3262-3272.
Horowitz A, Hafalla JC, King E et al. Antigen-specific IL-2
secretion  correlates  with  NK  cell  responses
after immunization of Tanzanian children with the RTS,S/
AS01 malaria vaccine. J Immunol 2012; 188: 5054-5062.
Jost S, Tomezsko PJ, Rands K et al. CD4+ T-cell help
enhances NK cell function following therapeutic HIV-1
vaccination. J Virol 2014; 88: 8349-8354.

Darboe A, Danso E, Clarke E et al. Enhancement of
cytokine-driven NK cell IFN-gamma production after
vaccination of HCMV infected Africans. Eur J Immunol
2017; 47: 1040-1050.

Nielsen CM, White MJ, Goodier MR et al. Functional
significance of CD57 expression on human NK cells and
relevance to disease. Front Immunol 2013; 4: 422.
Ferlazzo G, Thomas D, Lin SL et al. The abundant NK
cells in human secondary lymphoid tissues require
activation to express killer cell Ig-like receptors and
become cytolytic. J Immunol 2004; 172: 1455-1462.
Harmon C, Robinson MW, Fahey R et al. Tissue-
resident Eomes(hi) T-bet(lo) CD56(bright) NK cells
with reduced proinflammatory potential are enriched
in the adult human liver. Eur J Immunol 2016; 46:
2111-2120.

Weizman OE, Adams NM, Schuster IS et al. ILC1 confer
early host protection at initial sites of viral infection.
Cell 2017; 171: 795-808.e712.

Muyanja E, Ssemaganda A, Ngauv P et al. Immune
activation alters cellular and humoral responses to yellow
fever 17D vaccine. J Clin Invest 2014; 124: 3147-3158.

2018 | Vol. 7 | e1010
Page 9



NK cells and vaccination

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

2018 | Vol. 7 | e1010

Black GF, Weir RE, Floyd S et al. BCG-induced increase
in interferon-gamma response to mycobacterial
antigens and efficacy of BCG vaccination in Malawi
and the UK: two randomised controlled studies. Lancet
2002; 359: 1393-1401.

Guma M, Angulo A, Vilches C et al. Imprint of human
cytomegalovirus infection on the NK cell receptor
repertoire. Blood 2004; 104: 3664-3671.

Lee J, Zhang T, Hwang | et al. Epigenetic modification
and antibody-dependent expansion of memory-like NK
cells in human cytomegalovirus-infected individuals.
Immunity 2015; 42: 431-442.

Schlums H, Cichocki F, Tesi B et al. Cytomegalovirus
infection drives adaptive epigenetic diversification of
NK cells with altered signaling and effector function.
Immunity 2015; 42: 443-456.

Luetke-Eversloh M, Hammer Q, Durek P et al. Human
cytomegalovirus drives epigenetic imprinting of the
IFNG locus in NKG2Chi natural killer cells. PLoS Pathog
2014; 10: e1004441.

Wu Z, Sinzger C, Frascaroli G etal. Human
cytomegalovirus-induced NKG2C(hi) CD57(hi) natural
killer cells are effectors dependent on humoral
antiviral immunity. J Virol 2013; 87: 7717-7725.

Min-Oo G, Lanier LL. Cytomegalovirus generates long-
lived antigen-specific NK cells with diminished
bystander activation to heterologous infection. J Exp
Med 2014; 211: 2669-2680.

Goodier MR, Jonjic S, Riley EM et al. CMV and natural
killer cells: shaping the response to vaccination. Eur J
Immunol 2018; 48: 50-65.

Goodier MR, White MJ, Darboe A et al. Rapid NK cell
differentiation in a population with near-universal
human cytomegalovirus infection is attenuated by
NKG2C deletions. Blood 2014; 124: 2213-2222.

World Health Organisation. Influenza (Seasonal) Fact
Sheet No. 211 2016 [updated November 2016e-pub ahead
of print November 201629/03/2017]. Available from:
http://www.who.int/mediacentre/factsheets/fs211/en/.
Siren J, Sareneva T, Pirhonen J et al. Cytokine and
contact-dependent activation of natural killer cells by
influenza A or Sendai virus-infected macrophages. J
Gen Virol 2004; 85: 2357-2364.

Monteiro JM, Harvey C, Trinchieri G. Role of
interleukin-12 in primary influenza virus infection. J
Virol 1998; 72: 4825-4831.

Kreijtz JH, Fouchier RA, Rimmelzwaan GF. Immune
responses to influenza virus infection. Virus Res 2011;
162: 19-30.

Ge MQ, Ho AW, Tang Y et al. NK cells regulate CD8+ T
cell priming and dendritic cell migration during influenza
A infection by IFN-gamma and perforin-dependent
mechanisms. J Immunol 2012; 189: 2099-2109.

Long BR, Michaelsson J, Loo CP etal. Elevated
frequency of gamma interferon-producing NK cells in
healthy adults vaccinated against influenza virus. Clin
Vaccine Immunol 2008; 15: 120-130.

DiLillo DJ, Tan GS, Palese P et al. Broadly neutralizing
hemagglutinin  stalk-specific  antibodies  require
FcgammaR interactions for protection against
influenza virus in vivo. Nat Med 2014; 20: 143-151.

Page 10

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

HR Wagstaffe et al.

Antrobus RD, Berthoud TK, Mullarkey CE et al.
Coadministration of seasonal influenza vaccine and
MVA-NP+M1 simultaneously achieves potent humoral
and cell-mediated responses. Mol Ther 2014; 22: 233-238.
Jegaskanda S, Job ER, Kramski M et al. Cross-reactive
influenza-specific antibody-dependent cellular
cytotoxicity antibodies in the absence of neutralizing
antibodies. J Immunol 2013; 190: 1837-1848.
Jegaskanda S, Laurie KL, Amarasena TH et al. Age-
associated cross-reactive antibody-dependent cellular
cytotoxicity toward 2009 pandemic influenza A virus
subtype H1N1. J Infect Dis 2013; 208: 1051-1061.

de Vries RD, Nieuwkoop NJ, Pronk M et al. Influenza
virus-specific antibody dependent cellular cytoxicity
induced by vaccination or natural infection. Vaccine
2017; 35: 238-247.

Jegaskanda S, Co MDT, Cruz J et al. Induction of H7N9-
cross-reactive antibody-dependent cellular cytotoxicity
antibodies by human seasonal influenza A viruses that
are directed toward the nucleoprotein. J Infect Dis
2017; 215: 818-823.

Goodier MR, Lusa C, Sherratt S etal Sustained
immune complex-mediated reduction in CD16
expression after vaccination regulates NK cell function.
Front Immunol 2016; 7: 384.

World Health Organisation. Yellow Fever Fact Sheet
2016 [updated May 2016e-pub ahead of print May
201619/05/2017]. Available from: http://www.who.
int/mediacentre/factsheets/fs100/en/.

Querec TD, Akondy RS, Lee EK et al. Systems biology
approach predicts immunogenicity of the yellow fever
vaccine in humans. Nat Immunol 2009; 10: 116-125.
Neves PC, Santos JR, Tubarao LN etal. Early IFN-
gamma production after YF 17D vaccine virus
immunization in mice and its association with adaptive
immune responses. PLoS One 2013; 8: e81953.

Shresta S, Kyle JL, Robert Beatty P etal Early
activation of natural killer and B cells in response to
primary dengue virus infection in A/J mice. Virology
2004; 319: 262-273.

Neves PC, Matos DC, Marcovistz R et al. TLR expression
and NK cell activation after human yellow fever
vaccination. Vaccine 2009; 27: 5543-5549.

World Health Organisation. HIV/AIDS Fact Sheet 2016
[updated November 2016e-pub ahead of print
November 201629/05/2017]. Available from: http:/
www.who.int/mediacentre/factsheets/fs360/en/.
Carrington M, Martin MP, van Bergen J. KIR-HLA
intercourse in HIV disease. Trends Microbiol 2008; 16:
620-627.

Alter G, Martin MP, Teigen N et al. Differential natural
killer cell-mediated inhibition of HIV-1 replication
based on distinct KIR/HLA subtypes. J Exp Med 2007;
204: 3027-3036.

Haynes BF, Gilbert PB, McElrath MJ et al. Immune-
correlates analysis of an HIV-1 vaccine efficacy trial. N
Engl J Med 2012; 366: 1275-1286.

Chung AW, Ghebremichael M, Robinson H et al.
Polyfunctional Fc-effector profiles mediated by IgG
subclass selection distinguish RV144 and VAXO003
vaccines. Sci Transl Med 2014; 6: 228ra238.

© 2018 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australasian Society for Immunology Inc.


http://www.who.int/mediacentre/factsheets/fs211/en/
http://www.who.int/mediacentre/factsheets/fs100/en/
http://www.who.int/mediacentre/factsheets/fs100/en/
http://www.who.int/mediacentre/factsheets/fs360/en/
http://www.who.int/mediacentre/factsheets/fs360/en/

HR Wagstaffe et al.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

© 2018 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Aust

. Yates NL, Liao HX, Fong Y et al. Vaccine-induced Env
V1-V2 1gG3 correlates with lower HIV-1 infection risk
and declines soon after vaccination. Sci Transl Med
2014; 6: 228ra239.

Parsons MS, Loh L, Gooneratne S etal. Role of
education and differentiation in determining the
potential of natural killer cells to respond to antibody-
dependent stimulation. AIDS 2014; 28: 2781-2786.
Gooneratne SL, Center RJ, Kent SJ et al. Functional
advantage of educated KIR2DL1(+) natural killer cells
for anti-HIV-1 antibody-dependent activation. Clin Exp
Immunol 2016; 184: 101-109.

Heath J, Newhook N, Comeau E et al. NKG2C(+)CD57(+)
natural killer cell expansion parallels cytomegalovirus-
specific CD8(+) T cell evolution towards senescence. J
Immunol Res 2016; 2016: 7470124.

Gondois-Rey F, Cheret A, Granjeaud S et al. NKG2C+
memory-like NK cells contribute to the control of HIV
viremia during primary infection: Optiprim-ANRS 147.
Clin Transl Immunol 2017; 6: e150.

Madhavi V, Wines BD, Amin J et al. HIV-1 Env- and
Vpu-specific antibody-dependent cellular cytotoxicity
responses associated with elite control of HIV. J Virol
2017; 91: e00700-e00717.

Vargas-Inchaustegui DA, Ying O, Demberg T et al.
Evaluation of functional NK cell responses in
vaccinated and SIV-infected rhesus macaques. Front
Immunol 2016; 7: 340.

Michaelsson J, Long BR, Loo CP etal Immune
reconstitution of CD56(dim) NK cells in individuals with
primary HIV-1 infection treated with interleukin-2. J
Infect Dis 2008; 197: 117-125.

Ensoli F, Cafaro A, Casabianca A etal. HIV-1 Tat
immunization restores immune homeostasis and
attacks the HAART-resistant blood HIV DNA: results of
a randomized phase |l exploratory clinical trial.
Retrovirology 2015; 12: 33.

Pavot V. Ebola virus vaccines: where do we stand? Clin
Immunol 2016; 173: 44-49.

Singh G, Kumar A, Singh K, Kaur J. Ebola virus: an
introduction and its pathology. Rev Med Virol 2015;
26: 49-56.

Lubaki NM, Younan P, Santos Rl et al. The Ebola
interferon  inhibiting domains  attenuate and
dysregulate cell-mediated immune responses. PLoS
Pathog 2016; 12: e1006031.

Fuller CL, Ruthel G, Warfield KL etal. NKp30-
dependent cytolysis of filovirus-infected human

dendritic cells. Cell Microbiol 2007; 9: 962-976.

Baize S, Leroy EM, Georges AJ et al. Inflammatory
responses in Ebola virus-infected patients. Clin Exp
Immunol 2002; 128: 163—-168.

Warfield KL, Perkins JG, Swenson DL et al. Role of
natural killer cells in innate protection against lethal
ebola virus infection. J Exp Med 2004; 200: 169-179.
Williams KJ, Qiu X, Fernando L et al. VSVDeltaG/EBOV
GP-induced innate protection enhances natural killer cell
activity to increase survival in a lethal mouse adapted
Ebola virus infection. Viral Immunol 2015; 28: 51-61.
Corti D, Misasi J, Mulangu S etal Protective
monotherapy against lethal Ebola virus infection by a
potently neutralizing antibody. Science 2016; 351:
1339-1342.

ralasian Society for Immunology Inc.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

NK cells and vaccination

Liu Q, Fan C, Li Q et al. Antibody-dependent-cellular-
cytotoxicity-inducing antibodies significantly affect the
post-exposure treatment of Ebola virus infection. Sci
Rep 2017; 7: 45552.

Wolf AS, Sherratt S, Riley EM. NK cells: uncertain allies
against malaria. Front Immunol 2017; 8: 212.

Roland J, Soulard V, Sellier C et al. NK cell responses to
Plasmodium infection and control of intrahepatic
parasite development. J Immunol 2006; 177: 1229-1239.
Ing R, Stevenson MM. Dendritic cell and NK cell reciprocal
cross talk promotes gamma interferon-dependent
immunity to blood-stage Plasmodium chabaudi AS
infection in mice. Infect Immun 2009; 77: 770-782.

Chen Q, Amaladoss A, Ye W et al. Human natural
killer cells control Plasmodium falciparum infection by
eliminating infected red blood cells. Proc Natl Acad Sci
USA 2014; 111: 1479-1484.

Artavanis-Tsakonas K, Riley EM. Innate immune
response to malaria: rapid induction of IFN-gamma
from human NK cells by live Plasmodium falciparum-
infected erythrocytes. J Immunol 2002; 169: 2956-2963.
Newman KC, Korbel DS, Hafalla JC et al. Cross-talk
with myeloid accessory cells regulates human natural
killer cell interferon-gamma responses to malaria. PLoS
Pathog 2006; 2: e118.

Horowitz A, Newman KC, Evans JH et al. Cross-talk
between T cells and NK cells generates rapid effector
responses  to Plasmodium falciparum-infected
erythrocytes. J Immunol 2010; 184: 6043-6052.
Stegmann KA, De Souza JB, Riley EM. IL-18-induced
expression of high-affinity IL-2R on murine NK cells is
essential for NK-cell IFN-gamma production during
murine Plasmodium yoelii infection. Eur J Immunol
2015; 45: 3431-3440.

Bijker EM, Schats R, Visser LG et al. Ex vivo lymphocyte
phenotyping during Plasmodium falciparum sporozoite
immunization in humans. Parasite Immunol 2015; 37:
590-598.

Mpina M, Maurice NJ, Yajima M et al. Controlled
human malaria infection leads to long-lasting changes
in innate and innate-like lymphocyte populations. J
Immunol 2017; 199: 107-118.

Teirlinck AC, McCall MB, Roestenberg M et al.
Longevity and composition of cellular immune
responses  following  experimental  Plasmodium
falciparum malaria infection in humans. PLoS Pathog
2011; 7: €e1002389.

Berthoud TK, Fletcher H, Porter D et al. Comparing
human T cell and NK cell responses in viral-based
malaria vaccine trials. Vaccine 2009; 28: 21-27.

Kazmin D, Nakaya HI, Lee EK et al. Systems analysis of
protective immune responses to RTS, S malaria
vaccination in humans. Proc Natl Acad Sci USA 2017;
114: 2425-2430.

Zufferey C, Germano S, Dutta B et al. The contribution
of non-conventional T cells and NK cells in the
mycobacterial-specific IFNgamma response in Bacille
Calmette-Guerin (BCG)-immunized infants. PLoS One
2013; 8: e77334.

Aaby P, Martins CL, Garly ML et al. Non-specific effects
of standard measles vaccine at 4.5 and 9 months of
age on childhood mortality: randomised controlled
trial. BMJ 2010; 341: c6495.

2018 | Vol. 7 | e1010
Page 11



NK cells and vaccination

104.

105.

106.

107.

108.

109.

2018 | Vol. 7 | e1010

Aaby P, Nielsen J, Benn CS et al. Sex-differential and non-
specific effects of routine vaccinations in a rural area with
low vaccination coverage: an observational study from
Senegal. Trans R Soc Trop Med Hyg 2015; 109: 77-84.
Smith SG, Kleinnijenhuis J, Netea MG et al. Whole
blood profiling of Bacillus Calmette-Guerin-induced
trained innate immunity in infants identifies epidermal
growth factor, IL-6, platelet-derived growth factor-AB/
BB, and natural killer cell activation. Front Immunol
2017; 8: 644.

Kleinnijenhuis J, Quintin J, Preijers F et al. BCG-induced
trained immunity in NK cells: role for non-specific
protection to infection. Clin Immunol 2014; 155: 213-219.
Feng H, Du X, Tang J et al. Enhancement of the
immune responses to foot-and-mouth disease
vaccination in mice by oral administration of a novel
polysaccharide from the roots of Radix Cyathulae
officinalis Kuan (RC). Cell Immunol 2013; 281: 111-121.
Martins KA, Steffens JT, van Tongeren SA et al. Toll-
like receptor agonist augments virus-like particle-
mediated protection from Ebola virus with transient
immune activation. PLoS One 2014; 9: e89735.

Van den Bergh JM, Guerti K, Willemen Y et al. HPV
vaccine stimulates cytotoxic activity of killer dendritic

Page 12

110.
111.
112.

113.

HR Wagstaffe et al.

cells and natural killer cells against HPV-positive
tumour cells. J Cell Mol Med 2014; 18: 1372-1380.
Saikh KU, Kissner TL, Nystrom S et al. Interleukin-15
increases vaccine efficacy through a mechanism linked
to dendritic cell maturation and enhanced antibody
titers. Clin Vaccine Immunol 2008; 15: 131-137.
Howard LM, Hoek KL, Goll JB et al. Cell-based systems
biology analysis of human AS03-adjuvanted H5N1 avian
influenza vaccine responses: a phase | randomized
controlled trial. PLoS One 2017; 12: e0167488.

Sobolev O, Binda E, O'Farrell S et al. Adjuvanted
influenza-H1N1 vaccination reveals lymphoid signatures
of age-dependent early responses and of clinical
adverse events. Nat Immunol 2016; 17: 204-213.

Wang C, Li X, Wu T et al. Bursin-like peptide (BLP)
enhances HIN2 influenza vaccine induced humoral
and cell mediated immune responses. Cell Immunol
2014; 292: 57-64.

This is an open access article under the terms of
the Creative Commons Attribution License,
which permits use, distribution and reproduction
in any medium, provided the original work is
properly cited.

© 2018 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australasian Society for Immunology Inc.


http://creativecommons.org/licenses/by/4.0/

