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Natural killer (NK) cells have historically been considered to be a part of the innate immune
system, exerting a rapid response against pathogens and tumors in an antigen (Ag)-indepen-
dent manner. However, over the past decade, evidence has accumulated suggesting that at
least some NK cells display certain characteristics of adaptive immune cells. Indeed, NK cells
can learn and remember encounters with a variety of Ags, including chemical haptens and
viruses. Upon rechallenge, memory NK cells mount potent recall responses selectively to
those Ags. This phenomenon, traditionally termed “immunological memory,” has been re-
ported in mice, nonhuman primates, and even humans and appears to be concentrated in
discrete NK cell subsets. Because immunological memory protects against recurrent infec-
tions and is the central goal of active vaccination, it is crucial to define the mechanisms and
consequences of NK cell memory. Here, we summarize the different kinds of memory re-
sponses that have been attributed to specific NK cell subsets and discuss the possibility to
harness NK cell memory for vaccination purposes.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed
Additional Perspectives on Immune Memory and Vaccines: Great Debates available at www.cshperspectives.org
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atural killer (NK) cells were discovered over

40 years ago as a population of lympho-
cytes that could lyse sheep red blood cells and
tumor cells “naturally” (i.e., without requiring
prior activation) (Thornthwaite and Leif 1974;
Herberman et al. 1975; Kiessling et al. 1975).
Traditionally, NK cells have been classified
as innate immune cells that recognize their
targets through a variety of germline-encoded
receptors. However, there is accumulating evi-
dence that at least some NK cells possess prop-
erties that characterize adaptive immunity, such
as the capacity to acquire long-lived antigen
(Ag)-specific immunologic memory (Paust
and von Andrian 2011).

Indeed, recent studies have shown that cer-
tain subsets of NK cells can specifically “remem-
ber” diverse viral and hapten-based Ags, raising
the intriguing possibility that NK cell memory
might be harnessed for new vaccination strate-
gies, and indeed that NK memory might even
arise in response to traditional and established
vaccines. Here, we examine the arguments for
and against a potential role for NK cells during
prophylactic and therapeutic vaccination in
light of the known heterogeneities within the
NK cell lineage and, more specifically, the het-
erogeneity of apparent immunologic recall re-
sponses that have been observed among NK
cell subsets.

NK CELL SUBSETS

NK cells are classified as belonging to group 1 of
the innate lymphoid cell (ILC) family (Spits
et al. 2013), as their development and function
does not require recombination-activating gene
(RAG)-mediated V(D)J recombination of Ag-
receptor gene segments. Rather, at the popula-
tion level, both murine and human NK cells
express a broad repertoire of germline-encoded
activating and inhibitory receptors, although
any individual NK cell usually expresses only a
small and highly variable selection of these re-
ceptors. Prominent examples of such receptors
are the Ly49 family in mice, the killer-cell im-
munoglobulin-like receptor (KIR) family in hu-
mans, and the NKG2 genes in both species. De-
pending on the expression profile of these and

other receptors, NK cells have been subdivided
into a multitude of subsets (Lanier 2005; Mid-
dleton and Gonzelez 2010; Schenkel et al. 2013),
and have been further subdivided based on dis-
tinct developmental pathways, gene expression
patterns, anatomic localization, and function
(reviewed in Yu et al. 2013; Sojka et al. 2014;
Bjorkstrom et al. 2016; Simonetta et al. 2016).
The relative contributions of several of these
subsets to memory-like NK cell responses are
discussed below.

Whereas NK cell phenotypes often differ
depending on the tissue in which they reside, it
is unclear whether tissue-specific factors drive
phenotypic changes on resident NK cells, or
whether distinct tissues selectively recruit a pri-
ori distinct NK cell subsets (Spits et al. 2016).
This is particularly relevant in the context of
NK cell memory, as the capacity to form mem-
ory of certain Ags differs between liver-resident
and nonhepatic (e.g., splenic) NK cells. Both
mouse and human liver harbors a prominent
population of CXCR6" NK cells (Paust et al.
2010; Stegmann et al. 2016). In hapten-immu-
nized mice, this hepatic population is highly en-
riched for Ag-specific memory cells, whereas
hapten-specific memory NK cells are rare or ab-
sent among NK populations in most nonhepatic
tissues.

The multiplicity of NK cell subsets presents
both a challenge and a potential opportunity
with respect to harnessing NK cells for vaccina-
tion. To this end, it will be necessary to investi-
gate the properties of each subset for a more
complete understanding of their relative capac-
ity to acquire, retain, and recall protective mem-
ory of vaccine Ags.

MEMORY NK CELLS IN HEALTH
AND DISEASE

What Is Immunological Memory?

A hallmark of immunological memory is the
ability to mount qualitatively and/or quantita-
tively distinct responses to an initial versus sub-
sequent challenge(s). Indeed, when compared to
naive NK cells, memory NK cells show a higher
proliferation rate, cytokine production, and cy-
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totoxicity on challenge with a previously en-
countered stimulus (Sun et al. 2009). However,
studies in mice suggest that there are several
different “flavors” of NK cell memory (Cer-
wenka and Lanier 2016), which differ with re-
gard to the sensitizing agent(s), the ensuing cel-
lular response, and the dependence on specific
Ag recognition (Fig. 1; Table 1).

Ag-Nonspecific Memory-Like NK Cells

Ag-nonspecific memory-like NK cells have been
defined in both mice and humans. Murine cy-
tokine-induced memory-like NK cells were
originally described by Cooper et al. (2009). In
this study, splenic NK cells were activated ex
vivo with the cytokines IL-12, IL-15, and IL-18.
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Figure 1. Mechanisms of natural killer (NK)-cell activation resulting in the induction of NK-mediated im-
munological memory. Upon activation by a variety of stimuli, “naive” NK cells adopt a memory phenotype,
characterized by the capacity to mount a qualitatively and/or quantitatively enhanced immune response to second-
ary exposure to the same (or a similar) stimulus. The type of memory NK cell elicited depends on the activating
stimulus. For example, certain inflammation-induced cytokines, specifically interleukin (IL)-2, IL-15, and IL-18,
acting on NK-cell-expressed cytokine receptors (middle, left) induce memory-like NK cells that are not restricted to
specific antigens (Ags). Infection with certain viruses (such as mouse cytomegalovirus [MCMV] in C57BL6 mice)
induces expression of virally encoded recognition motifs (e.g., MCMV-m157) and other activating distress signals
(e.g., NKG2D ligands) on the host-cell surface that are recognized by germline-encoded NK cell receptors (NKRs;
e.g., Ly49H). Finally, some NK cells have the capacity to specifically recognize and remember highly diverse microbial
or hapten-based immunizing Ags presented by dendritic cells and other antigen-presenting cells (APCs). The
receptor(s) used by NK cells to detect such Ags (Ag-R) are as yet undefined. It should be noted that although a
single naive NK cell is shown to give rise to memory in response to all stimuli, naive NK cells actually comprise a large
variety of discrete subsets, and the ability to generate specific types of memory varies greatly between subsets.

Adaptive/Ag-specific

Ly49H* (MCMV-restricted)
Other infectious disease-associated
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Table 1. Memory and “memory-like” natural killer (NK) cell involvement in infectious diseases, and experimen-
tal evidence for the establishment of NK-cell-associated immunological memory to indicated pathogens in
humans, nonhuman primates, and mice

Disease/pathogen

Experimental evidence

References

Human
HCMV

Hantavirus*

HBV* and HCV*

Chikungunya
virus®

HIV-1*

HIV-1

Influenza A

Mycobacterium
tuberculosis

Primates
SIV

Mouse
MCMV

HSV-2

Vaccinia virus (VV)

Influenza A

Influenza A, VSV,
HIV

Expansion of “memory-like”
CD57*CD56“™NKG2ChiSiglec7-NKG2A-KIRs"
NK population in serologically positive individuals

High frequency of CD56%™CD16"NKG2C" subset of
NK cells, which persisted for at least 60 days after
infection

Clonal expansion of CD56“™NKG2C'KIRs" NK
subset in infected individuals

Increased frequency of CD56 "'NKG2C*ILT-2"NKG2A-
NK cells with high cytotoxic activity

Expansion of NKG2C" NK population in patients with
chronic viremia

CD56-CD16*CD7" NK population showed evidence of
a recent engagement with target cells and was
expanded in HIV-infected individuals

Increased IFN-y production by NKp46
(intracellular) *CD56%™ NK cells from vaccinated
individuals after restimulation with influenza virus;
increased cytotoxic activity was virus-specific

“Memory-like” CD45RO" NK cells from pleural fluid of
tuberculosis patients produced elevated amount of
IFN-y and IL-22 in response to BCG when compared
to peripheral blood NKs

NK cell subset expressing NKG2A and NKG2C isolated
from spleens and livers of SIV-infected or Ad26-
vaccinated rhesus macaques kill autologous DCs in
vitro in an Ag-dependent manner

Rapid expansion and long persistence of Ly49H" NK
cells after MCMYV infection; adoptive transfer of these
NK cells into a naive host followed by MCMV
infection mediates Ag-specific proliferation

Stimulation with HSV-2 Ags led to a higher IFN-y
production in NK cells that were exposed to HSV-2
30 days prior

Thy1" hepatic NK cells isolated from VV-infected mice
could protect from a lethal dose of the virus on
adoptive transfer

Adoptive transfer of CD49a"DX5~ NK cells isolated
from livers of influenza-infected mice protected
secondary host against influenza

Adoptive transfer of virus-sensitized hepatic NK cells
into naive recipient enhanced survival of the mice
after lethal dose of the sensitizing virus but not of the
irrelevant virus

Bjorkstrom et al. 2011; Lopez-
Verges et al. 2011; Foley et al.
2012; Lee et al. 2015

Béziat et al. 2012

Petitdemange et al. 2011

Brunetta et al. 2010

Milush et al. 2013; York et al.
2013

Dou et al. 2015

Fu et al. 2011, 2016

Reeves et al. 2015

Sun et al. 2009

Abdul-Careem et al. 2012

Gillard et al. 2011

Lietal. 2017

Continued
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Table 1. Continued

Disease/pathogen

Experimental evidence

References

Ehrlichia

Hepatic and splenic NK cells isolated from Ehrlichia
muris-infected mice and adoptively transferred into

Paust et al. 2010;
Habib et al. 2016

RAG2™/~gc™'™ naive recipients protected secondary
host against Ixodes ovatus Ehrlichia

NK, Natural killer; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; IFN-y, interferon y;
IL, interleukin; BCG, bacille Calmette-Guérin; SIV, simian immunodeficiency virus; DC, dendritic cell; Ag, antigen; MCMYV,
mouse cytomegalovirus; HSV-2, herpes simplex virus type 2; VSV, vesicular stomatitis virus.

“Most of the patients were also serologically positive for human cytomegalovirus (HCMV).

On transfer to a naive host, the cells were shown
to return to a quiescent state, but displayed an
intrinsic capacity for more efficient proliferation
and interferon y (IFN-y) production after reac-
tivation (Cooper et al. 2009). Subsequent reports
confirmed the existence of cytokine-induced
memory cells among CD56"™ human NK cells
(Romee et al. 2012). Although the initial studies
in humans did not show increased killing capac-
ity of cytokine-dependent memory NK cells, a
recent clinical study reported enhanced activity
of cytokine-preconditioned human NK cells
against acute myeloid leukemia (Romee et al.
2015).

NK cells undergoing homeostatic prolifera-
tion in NK-deficient hosts represent another
arm of Ag-nonspecific NK cell memory. In a
lymphopenic host, adoptively transferred NK
cells undergo proliferation and self-renew at
steady state (Prlic et al. 2003). The mechanism
for this homeostatic proliferation is unclear. A
recent study indicates that Kriippel-like factor 2
(KLF2) limits homeostatic expansion of imma-
ture NK cells in a cell-intrinsic manner (Rabacal
et al. 2016), but instructs mature NK cells to
home to IL-15-rich niches (e.g., liver and bone
marrow), which is necessary for long-term NK-
cell survival (Prlic et al. 2003; Ranson et al. 2003;
Jamieson et al. 2004). Homeostatically expand-
ed NK cells persist in tissues for a long time
without loss of activity (Sun et al. 2011).

Ag-specific NK cell memory requiring a
germline-encoded Ag receptor has been shown
for NK cells in C57BL/6 mice specific to mouse
cytomegalovirus (MCMV) (Table 1). MCMV
has been shown to induce rapid clonal expan-
sion of an NK subset expressing the activating

receptor Ly49H, which recognizes the MCMV-
encoded protein m157 (Sun et al. 2009). The
known identity of both virus receptor and ligand
in this model has permitted extensive and in-
depth investigation of molecular mechanism(s)
triggering generation and maintenance of
MCMV-specific memory NK cells (reviewed in
O’Sullivan et al. 2015; Cerwenka and Lanier
2016).

Similar to MCMYV, human cytomegalovi-
rus (HCMV) infection is associated with the
generation of a subset of NK memory cells (Ta-
ble 1). Indeed, the majority of data regarding the
role of potential NK-cell-mediated immuno-
logical memory in human infection concerns
HCMV. Seropositivity for HCMYV is frequently
accompanied by higher frequency of an NK sub-
set expressing the activating receptor CD94/
NKG2C (Rolle et al. 2013). During acute infec-
tion, the proportion of CD94/NKG2C" cells
within the NK cell pool increases, and on
HCMYV reactivation, this population increases
again and expresses higher amounts of IFN-y
(Foley et al. 2012). This enhanced functionality
on encounter of a recall Ag constitutes a hall-
mark of adaptive immunity. Further, HCMV-
associated NKG2C" NK cells have also been
shown to harbor epigenetic signatures similar
to those observed in memory CD8" T cells
(Lee et al. 2015; Schlums et al. 2015), suggesting
turther differentiation from “naive” or conven-
tional NK cells. However, unlike in the case of
MCMV-specific memory NK cells, the exact
mechanism underlying generation of HCMV-
tropic memory-like NK cells is still unknown,
although a role for HLA-E and activating KIRs
has been reported (Della Chiesa et al. 2013). Of
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note, NKG2C is not necessary for NK-cell-me-
diated responses to HCMV per se (Della Chiesa
et al. 2014).

A similar NK cell subset expansion has also
been observed in human immunodeficiency vi-
rus (HIV) infection (Milush et al. 2013). In
HIV-infected individuals, CD7*CD56"¢CD16"
NK cells show evidence of activation and recent
engagement of target cells. However, further
study is warranted to determine whether these
cells represent a memory subset or simply an
acutely expanded population.

Ag-Specific Memory of Highly Diverse Ags

The first observation of NK-cell-mediated adap-
tive immune responses came from studies uti-
lizing a hapten-induced model of contact hyper-
sensitivity (CHS) (O’Leary et al. 2006). In these
experiments, a hapten was applied to intact skin
during sensitization and challenge, and the
magnitude of the secondary immune response
was measured by the intensity of skin inflamma-
tion on reexposure to the same Ag. A positive
Ag-specific CHS response to several haptens has
been shown in mice of various genetic back-
grounds in the complete absence of T and B
cells (Table 2). Adoptive transfer experiments
showed that only NK cells localized in the liver,
but not in the spleen, were necessary and suffi-
cient to transfer hapten-specific memory from
immunized to naive animals (O’Leary et al.
2006; Rouzaire et al. 2012). Further reports de-
termined that NK-cell-dependent CHS requires

the presence of IL-12, IFN-vy, and IFN-a (Ma-
jewska-Szczepanik et al. 2013) and signaling via
CXCL16, a chemokine that is richly expressed in
liver sinusoids, and its receptor CXCR6 that is
expressed on a subset of liver NK cells (Paust
et al. 2010). More recently, experiments used
monobenzone, a prohapten that is exclusively
metabolized by melanocytes and haptenizes
melanocyte-specific Ags (van den Boorn et al.
2016). In this study, hepatic memory NK cells
not only mediated a CHS response, but also ex-
erted antitumor activity in a model of experi-
mental melanoma. Additional experiments sug-
gested a role for the NLRP3 inflammasome as a
critical proinflammatory checkpoint in the in-
duction of monobenzone-specific memory NK
cells (van den Boorn et al. 2016).

In accordance with the shown diversity of
specificities among hepatic NK cells for different
chemical haptens, murine hepatic NK cells can
also develop memory of other exogenous Ags.
Studies have shown that mouse NK cells, which
reside in the liver but not the spleen, can acquire
long-lived memory of several viral Ags other
than MCMV (Table 3), including vesicular sto-
matitis virus (VSV), influenza A, and HIV-1
(Paust et al. 2010). Importantly, cross-protective
memory was not observed among different vi-
ruses, indicative of a truly Ag-restricted memory
response. Memory NK cells in this study were
able to protect T- and B-cell-deficient animals,
at least in part, against subsequent challenge
with virus, suggesting a potential utility of mem-
ory NK cells in vaccination (Table 1).

Table 2. Antigen (Ag)-specific memory mediated by murine hepatic natural killer (NK) cells in response to

haptens

Sensitizing agent
Challenge agent OXA DNFB Monobenzone Picryl chloride
OXA + - n.d. n.d.
DNFB - + n.d. n.d.
Monobenzone - n.d. + n.d.
Picryl chloride n.d. n.d. n.d. +

Ability of individual haptens to elicit an enhanced contact hypersensitivity (CHS) response on challenge with either
sensitizing hapten or previously unencountered hapten. Sensitizing agent shown in top row, and challenge agent shown in

left column (see also O’Leary et al. 2006 and Paust et al. 2010).

+, enhanced CHS response relative to primary exposure; -, no difference from baseline response; n.d., not determined; OXA,

oxazolone; DNFB, 1-fluoro-2,4-dinitrobenzene.
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Table 3. Antigen (Ag)-specific recall responses medi-
ated by murine hepatic natural killer (NK) cells in
response to viral Ags

Immunizing Ag

Challenge Ag HIV Influenza VSV
HIV + - -
Influenza - + -
VSV n.d. - +

T- and B-cell-deficient mice were immunized with
inactivated virus (VSV) or with virus-like particles (VLPs)
composed of recombinant Ags from either human
immunodeficiency virus (HIV)-1 or influenza A. The
ability of NK cells to mediate adaptive immune responses
to the indicated viral Ag was measured as delayed-type
hypersensitivity response on secondary challenge and/or
survival after lethal infection with influenza or VSV.
Immunizing viral Ags are shown in top row, and challenge
Ags are shown in left column (see also Paust et al. 2010).

+, enhanced recall response relative to primary exposure;
-, baseline (irritant) response; n.d., not determined.

A role of NK cells in protective memory
against bacteria has not been clearly shown so
far. A recent study provided evidence that pri-
mary infection of mice with Ehrlichia muris me-
diated long-term protection against a second
challenge with highly virulent Ixodes ovatus
Ehrlichis, and this protection was orchestrated
by NK cells (Habib et al. 2016). However, the
suggested mechanism was attributed to a rise of
cytokine-dependent memory-like NK cells dur-
ing the primary infection rather than to a direct
recognition of a pathogen by an unknown re-
ceptor expressed on NK cells.

Whereas bona fide NK-cell-mediated adap-
tive immunity (i.e., acquired memory and Ag
specificity) has not yet been shown in humans,
there is evidence for virus-specific NK cell mem-
ory in nonhuman primates (Reeves et al. 2015).
Ag-specific memory NK cells were observed in
rhesus macaques after immunization with adeno-
viral vaccines expressing either simian immuno-
deficiency virus (SIV) or HIV Ags (Reeves et al.
2015). Robust Ag-specific NK cell memory could
be detected as late as 5 years after immunization.
Unlike in mice, NK cell memory in nonhuman
primates was not confined to hepatic NK cells,
but was also evident in splenic NK cells (Table 1).

Regardless of species, there is now mounting
evidence that some mammalian NK cells can

give rise to memory cells that appear to be highly
specific for a variety of Ags, even for Ags that
seem unlikely to have exerted the prerequisite
evolutionary pressure for germline-encoded
pattern receptors to arise (for example, follow-
ing immunization with the gag or env proteins
of HIV-1 mouse memory NK cells display ex-
quisite specificity for these viral Ags, even
though HIV-1 is not a mouse pathogen). The
mechanism(s) by which NK cells recognize
these Ags are still a mystery.

Harnessing NK Cell Memory for Vaccination

In the decades since their discovery, the impor-
tance of innate functions of NK cells in the con-
trol/resolution of human disease has been well
established. More recently, evidence for the po-
tential of NK cells to both mediate Ag-specific
responses and to “remember” previously en-
countered Ags/pathogens has steadily increased.
As the greatest potential for vaccines that elicit
NK cell memory lies in the induction of Ag-
specific memory, these recent studies have
brought NK-cell-mediated vaccination into the
realm of possibility.

Ag-specific memory (although without an-
tigenic diversity) has so far only been described
in detail in the mouse, in the Ly49H interaction
with the MCMV-encoded m157. In humans,
HCMYV infection is associated with increased
numbers of CD94/NKD2C" NK cells, suggesting
that a similar Ag-specific interaction between
this activating NK receptor and an HCMV-de-
rived counter-receptor may exist, but the exact
ligand for CD94/NKD2C is yet to be determined.
Nevertheless, it seems plausible that a potential
HCMV vaccine (Sung and Schleiss 2010) will
induce not only memory B and T cells, but also
memory NK cells that may contribute to protec-
tion. To exploit this type of memory further in
vaccinations, it is crucial to identify more recep-
tor-ligand pairs (if they exist) that have the abil-
ity to induce NK cell memory.

Whereas identification of receptor/ligand
pairs comparable to those found in the
MCMV system (and presumed to exist in the
HCMV system) will undoubtedly be useful in
the treatment and prevention of human disease,
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the potential diversity of such vaccines and ther-
apies is necessarily limited by the repertoire of
germline-encoded receptors for pathogen-en-
coded ligands. Additionally, the study of such
systems in experimental models is complicated
by the rapid evolution of pattern receptors and
consequent differences between mouse and hu-
man-activating/inhibitory NK receptors. Hu-
manized mice could potentially offer a powerful
alternative to study and characterize human NK
receptor/pathogen interactions in vivo, but
these models will likely require extensive genetic
engineering to optimize interactions of human
NK cells with surface receptors and cytokines
produced by murine hosts.

The only type of immunological memory
that can be fully exploited by vaccines relies on
Ag specificity against a diversity of Ags. Indeed,
a broad, preimmune repertoire of antigenic
specificities is a prerequisite for NK cells to be
considered a viable target lymphocyte popula-
tion in vaccination. To date, it has been shown
that murine liver-resident NK cells can form
Ag-restricted memory against various haptens,
VSV, influenza A, vaccinia virus, and HIV-1.
Because of the variety of reactivities identified
so far, it is conceivable—and perhaps likely—
that many more Ags can elicit this type of NK-
cell-mediated memory.

One caveat that may temper enthusiasm for
the development of NK-cell-mediated vaccines
lies in the fact that Ag-specific, NK-mediated
immunity has not, to date, been shown in hu-
mans. However, potentially memory-capable
NK cells are most likely rare in peripheral blood,
if present at all; the identification of liver-resi-
dent CXCR6" NK cells in humans (Stegmann
et al. 2016) raises the possibility that a compa-
rable population to the murine hepatic memory
NK cells might exist. Furthermore, the fact that
nonhuman primates mount NK-cell-mediated
memory responses against SIV- and HIV-de-
rived Ags is very promising in this regard.

Challenges, Obstacles, and Open Questions

Although the phenomenon of NK cell memory
is now well established, many questions regard-
ing its pathophysiological role and, in particular,

the impact of vaccines on NK cells remain to be
answered. For example, if mammalian NK cells
can develop specific memory to a wide variety of
Ags, should not at least some of our existing
vaccines elicit such memory? If the answer is
“yes” (which seems likely), why is there so little
experimental or clinical evidence? One plausible
reason is that, until very recently, investigators
have lacked robust assays to evaluate Ag-specific
recall responses by NK cells.

The current lack of molecular understand-
ing of both the mechanism(s) of Ag recognition
by and the mode(s) of Ag presentation to NK
cells have been major obstacles toward develop-
ing straightforward approaches, such as the enu-
meration and characterization of Ag-specific
NK cell subsets by quantitative techniques,
such as flow cytometry. Thus, the detection of
NK cell recall responses to vaccine Ags requires
more complex measurements of functional re-
sponses by NK cells to a suitable target cell pre-
senting the recall Ag. As discussed above, this
approach was taken recently to show long-lived
NK memory in nonhuman primates (Reeves
et al. 2015). An analogous strategy was used
previously in mice to study NK memory to sev-
eral viral Ags (Paust et al. 2010). Both studies
used in vitro cocultures of purified splenic or
hepatic NK cells with a mixture of autologous
dendritic cells (DCs), half of which had been
pulsed with a recall Ag, whereas the other half
carried a control Ag. The preferential disappear-
ance from the cocultures of viable DCs bearing
the recall Ag served as a measure of NK-cell-
mediated Ag-specific cytotoxicity.

The source of material for such cell-based
assays to assess NK cell memory is critical. For
example, Ag-specific memory NK cells (other
than those recognizing MCMYV via Ly49H) in
mice are restricted to a liver-resident Thyl™
CXCR6" subset (Paust et al. 2010). CXCR6"
NK cells are very rare in murine spleen and
peripheral blood, and NK cells from these com-
partments show no detectable recall activity in
mice (O’Leary et al. 2006; Paust et al. 2010). By
contrast, in nonhuman primates, Ag-specific
memory NK cells are present in both liver and
spleen, but peripheral blood NK cells show min-
imal Ag-specific recall activity (Reeves et al.
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2015). In humans, like in mice, CXCR6" NK
cells are detectable in the liver, but very sparse
among circulating NK cells (Stegmann et al.
2016). It is still unclear whether human adaptive
memory NK cells exist and whether they require
CXCR6; however, a recent study has identified a
tissue-resident noncirculating NK cell subset in
human liver that is characterized by the absence
of CD49¢ (Aw Yeang et al. 2017). It is not known
whether these cells have the capacity to form
Ag-specific memory like their counterparts in
mice and primates. Nonetheless, our experience
in animals raises the possibility that peripheral
blood NK cells are inadequate to detect vaccine
Ag-specific memory NK cells in humans. On the
other hand, it is likely that some vaccines, par-
ticularly live vectors or adjuvanted formulations
containing Toll-like receptor (TLR) agonists,
elicit cytokine responses during the priming
phase that may generate nonspecific NK cell
memory. Enhanced responses by such NK cells
could potentially be used for longitudinal stud-
ies in humans; however, a greater abundance of
cytokine-sensitized NK cells could potentially
also result in increased background activity in
assays aimed at detecting Ag-specific NK cells,
rendering the detection of adaptive NK cell
memory even more difficult.

Even in the event that future experiments are
successful at identifying vaccine-induced mem-
ory NK cells, it may be challenging to determine
the degree to which protection against subse-
quent infections is mediated by NK cells relative
to other adaptive immune cells. This question is
more straightforward to address in mice because
we can vaccinate mutant animals that possess
NK cells, but not B and/or T cells, and we can
also use strategies to selectively deplete NK cells
in immunized animals or perform adoptive
transfers of purified NK cell subsets from vacci-
nated to naive hosts (O’Leary et al. 2006;
Sun et al. 2009; Paust et al. 2010; Gillard et al.
2011). However, none of these experimental
manipulations are applicable to humans, where-
as vaccines will usually generate responses not
only by (presumably) NK cells, but also by B
and T cells.

Related to the above discussion, it is also
important to consider how prophylactic vac-

cines that produce NK cell memory could be
evaluated for their clinical efficacy. Traditional-
ly, vaccine efficacy has been assessed by com-
paring the incidence of infection in vaccine re-
cipients and a placebo control group. This
strategy is well suited for vaccines that elicit neu-
tralizing antibodies that prevent or minimize
clinically detectable infections (or de novo im-
mune responses against incipient infections), a
process referred to as “sterilizing immunity.”
However, whereas antibodies can detect epi-
topes displayed on pathogens before microbial
invasion of host tissues, there is no evidence that
memory NK cells can detect or respond to free
pathogens. The available experimental data sug-
gest that infection of host cells must occur before
recall responses by memory NK cells are elicited
on Ag presentation by infected host cells. Thus,
it is questionable whether protection by memo-
ry NK cells (or memory T cells for that matter)
in the absence of protective antibodies could
manifest as “sterilizing immunity.” Cell-medi-
ated protection against infectious diseases would
more likely result in accelerated pathogen clear-
ance and reduced morbidity or mortality.
Similar diagnostic challenges may also be
encountered when vaccines are used to stimu-
late NK cells therapeutically (e.g., to combat
chronic infections or cancer). To date, the focus
in the field has been primarily on T cells, par-
ticularly the CD8™ subset, which can effectively
eliminate diseased cells presenting cognate Ag
in the context of major histocompatibility com-
plex (MHC) class I (Appay et al. 2008; Koup and
Douek 2011; Morvan and Lanier 2016). Howev-
er, NK cells have long been recognized as play-
ing an important role in cancer biology as well
(Morvan and Lanier 2016). To date, the role of
NK cells in immuno-oncology has been primar-
ily studied in the context of their innate immune
function, such as through recognition of target
cells that lack MHC class I (“missing self”) and/
or express ligands for activating NK receptors
(Waldhauer and Steinle 2008; Kijima et al.
2011). However, recent findings in a mouse
model of hapten-induced Ag-specific NK re-
sponses against melanocyte-associated Ags sug-
gest that adaptive NK cells may also contribute
to antitumor immunity (van den Boorn et al.
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2016). Of note, distinct NK cell subsets have
been observed to differ in their tumoricidal ac-
tivity, with hepatic NK cells displaying more
potent antitumor effects than splenic or blood-
borne NK cells (Vermijlen et al. 2002; Ishiyama
et al. 2006). Thus, for a concise analysis of ther-
apeutic vaccine effects in patients, it may be
necessary to monitor NK cells in a variety of
samples, including biopsies and/or surgical ex-
plants of affected tissues.

A related question is whether endogenous
responses of a patient’s NK cells against chronic
infections or malignancies may be boosted by
therapeutic interventions. Indeed, NK cells in
tumor-bearing mice and in patients with ad-
vanced melanoma have been reported to acquire
an exhausted phenotype (Gill et al. 2012; da Sil-
va et al. 2014). This raises the possibility for NK-
cell-targeted immunotherapy with “checkpoint
inhibitors,” whereby NK cell exhaustion may be
pharmacologically reversed (e.g., by blockade of
coinhibitory receptors, such as Tim-3). Recent
clinical findings have shown that checkpoint in-
hibitors that target the CTLA4 or PD-1 pathway
can unleash potent antitumor responses by ex-
hausted T cells in some cancer patients (Curran
etal. 2010; Jiang et al. 2015). Animal studies lend
support to the notion that combination treat-
ment with biologics that reverse T-cell exhaus-
tion and vaccines that stimulate Ag-specific im-
mune responses can exert potent synergistic
effects in cancer therapy (Duraiswamy et al.
2013). It is tempting to speculate that analogous
strategies could also promote NK-cell-mediated
antitumor responses, but this idea remains to be
validated.
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