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Studies over the last decade have decisively shown that innate immune natural killer (NK) cells
exhibit enhanced long-lasting functional responses following a single activation event. With
the increased recognition of memory and memory-like properties of NK cells, questions have
arisen with regard to their ability to effectively mediate vaccination responses in humans.
Moreover, recently discovered innate lymphoid cells (ILCs) could also potentially exhibit
memory-like functions. Here, we review different forms of NK cell memory, and speculate
about the ability of these cells and ILCs to meaningfully contribute to vaccination responses.

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 and innate lymphoid
N cells (ILCs) derive from the common lym-
phoid progenitor (CLP) and depend on the in-
terleukin 2 receptor common y chain (IL-2rg, y.)
for development (Diefenbach et al. 2014; Eberl
etal. 2015). These cells are distinct from T and B
lymphocytes for their lack of recombined anti-
gen-specific receptors (Fig. 1). Although seem-
ingly limited in their ability to recognize anti-
gens, a fundamental attribute of T- and B-cell
immunologic memory, during the past decade it
has become clear that NK cells also possess fea-
tures of memory, and have the capacity to learn
from prior experiences. Whether ILCs have at-
tributes of memory is not known. In the follow-
ing paragraphs, we will discuss different forms of
NK cell memory, speculate about the ability of
ILCs to learn from experience, and propose po-
tentially relevant vaccination strategies based on
NK and ILC memory.

DIFFERENT FORMS OF NK CELL MEMORY

NK cells have classically been characterized as
innate immune lymphocytes capable of killing
target cells without prior sensitization or major
histocompatibility complex (MHC) restriction
(Yokoyama 2013). NK cells express a genetically
determined repertoire of germline-encoded ac-
tivating and inhibitory receptors that control
NK cell education and target cell recognition
and activation/killing. Despite their lack of an-
tigen-specific receptors, over the past decade it
has become clear that NK cells also possess fea-
tures of memory and have the capacity to learn
from prior experiences. Three primary routes of
memory NK cell differentiation have been de-
scribed thus far: antigen-specific liver-resident
NK cell memory, cytomegalovirus (CMV)-driv-
en memory, and cytokine-induced memory.
The first evidence of NK cell memory came
from the von Andrian Laboratory with the
finding that a subset of NK cells can mediate
hapten-specific contact hypersensitivity (CHS)
(O’Leary et al. 2006; Paust et al. 2010). Hapten-
specific NK cell memory is limited to a specific
subset of liver-resident cells in the mouse with
the phenotype NK1.1"DX5 CXCR6"'CD49a*
(O’Leary et al. 2006; Paust et al. 2010; Peng

etal. 2013). Liver-resident NK cells show specif-
ic memory against a variety of haptens and other
antigens, including virus-like particles (VLPs),
through an unidentified recognition mechanism
(Paust et al. 2010). In addition to antigen, cyto-
kine signals, including IL-12, interferon (IFN)-
v, IFEN-0, and IL-18 are required for develop-
ment of memory (Majewska-Szczepanik et al.
2013; van den Boorn et al. 2016). It is unknown
whether a similar subset of liver-resident mem-
ory cells exists in humans, but a study in rhesus
macaques suggest antigen-specific NK cells may
also exist in primates (Reeves et al. 2015).

NK cells also have the capacity to alter their
function following infection with CMV. Half of
the NK cells in C57BL/6 mice express the acti-
vating receptor Ly49H, which specifically recog-
nizes the murine CMV (MCMYV) ligand m157,
likely as the result of positive selection of this
receptor recognizing a nearly-ubiquitous patho-
gen (O’Sullivan et al. 2015). During MCMYV in-
fection, Ly49H" NK cells specifically proliferate
and are required for survival (Dokun et al. 2001).
The Lanier Laboratory first showed that Ly49H"
cells have enhanced functionality following
MCMYV infection, can be detected months after
infection, and provide superior protection in a
neonatal infection model compared with naive
Ly49H" NK cells (Sun et al. 2009). MCMV-in-
duced memory NK cells appear specific, and do
not have enhanced functionality against influ-
enza or Listeria infection (Min-Oo and Lanier
2014).

Human CMV (HCMYV) infection is as-
sociated with the expansion of unique subsets
of human NK cells, primarily marked by a
mature phenotype (CD56"™CD57"NKG2A™)
and high expression of the activating receptor
CD95/NKG2C, which recognizes the nonclassi-
cal MHC molecule HLA-E (Guma et al. 2004;
Foley et al. 2012; Rolle and Brodin 2016). The
emergence and long-term maintenance of
NKG2C"" NK cells in individuals with a history
of CMV, and their expansion during acute infec-
tion with HCMV and other viruses (in HCMV-
experienced individuals) has led to their descrip-
tion as HCMV-adaptive or “memory-like” cells
(Holmes and Bryceson 2016; Rolle and Brodin
2016). Although most HCMV-adaptive NK cells
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Figure 1. Pathways for generation of memory natural killer (NK) cells and possibly memory innate lymphoid cells
(ILCs). Naive NK cells can differentiate and expand into memory NK cells with increased life span and effector
functions through three primary routes: antigen-specific stimulation through yet-undefined receptors; cytomeg-
alovirus (CMV)-driven stimulation through Ly-49H in mouse and, possibly, NKG2C in human; and cytokine-
induced stimulation. Memory ILCs have not been reported. However, because they lack antigen-specific recep-
tors and do not express receptors analogous to the CMV receptors of NK cells, they may acquire memory-like
functions only through stimulation of cytokine receptors.

express high levels of NKG2C, this activating
receptor is not known to specifically recognize
an HCMV antigen, and HCMV-adaptive NK
cells were also recently identified in individuals
genetically deficient in NKG2C (Liu et al. 2016;
Wagner and Fehniger 2016). Recently, human
NK cells lacking the intracellular signaling
adapter FceRy were identified as HCMV-adap-
tive NK cells (Hwang et al. 2012; Zhang et al.
2013), and may represent a broader population
of HCMV-adapted NK cells. FceRy-deficient
NK cells have a mature phenotype, a variable
but higher expression of NKG2C, and show ro-
bust antibody-mediated expansion and cytokine
production driven by FcyRIIIa (CD16) (Leeetal.
2015; Schlums et al. 2015; Liu et al. 2016; Rolle
and Brodin 2016). Epigenetic changes in these
cells leading to alter intracellular signaling pro-

teins and transcription factors provide a molec-
ular basis for altered function in HCMV-adapt-
ed NK cells (Lee et al. 2015; Schlums et al. 2015).

The Yokoyama laboratory first showed that
cytokine stimulation alone can lead to long-
term enhanced NK cell responses. Using an
adoptive transfer system, splenic murine NK
cells were stimulated with a combination of IL-
12/15/18 and transferred into naive hosts. NK
cells with a prior history of cytokine activation
had enhanced IFN-y responses to activating re-
ceptors, cytokines, and tumor targets weeks to
months later (Cooper et al. 2009; Keppel et al.
2013). The Cerwenka Laboratory has shown
that murine NK cells preactivated with IL-12/
15/18 had enhanced IFN-y and perforin-depen-
dent antitumor activity in vivo, and were depen-
denton CD4" T cells, macrophages, and IL-2 for
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proliferation and long-term function (Ni et al.
2012,2016). A similar form of cytokine-induced
memory was shown in humans, using an in vitro
culture system. Human NK cells, preactivated
with cytokines (IL-12/15/18) and maintained
in vitro with low-dose IL-15, displayed en-
hanced IFN-y and tumor necrosis factory
(TNF) production in response to restimulation
with cytokines and primary acute myeloid leu-
kemia (AML) blasts, and had enhanced killing of
K562 tumor targets in vitro (Romee et al. 2012,
2016). These findings led us to carry out a first-
in-human clinical trial of adoptive immuno-
therapy with IL-12/15/18-activated haploident-
ical NK cells in patients with relapsed/refractory
AML. Preliminary results from this clinical trial
show that NK cells expand and are detectable in
the blood and bone marrow of patients, have
enhanced functional activity compared with
the recipient’s own NK cells, and five of nine
patients had clinical responses with four having
complete remissions (Romee et al. 2016).
Together, these studies show memory and
memory-like properties of mouse and human
NK cells induced by different mechanisms,
including antigen-specific (haptens, MCMYV,
VLPs), viral-driven (HCMYV), and antigen-inde-
pendent (cytokine-induced) forms of memory.

CAN NK CELL MEMORY PLAY A ROLE
IN VACCINATION?

Knowing that NK cells can alter their function
based on prior activation, should NK cells be
targeted for vaccination? Current vaccination
strategies target the ability of T and B lympho-
cytes to form long-lasting specific memory, pro-
tecting the host years after a single vaccination
series. The discovery of memory in NK cells
raises the question of whether they should also
be targeted for vaccination. There are a number
of factors to consider with regard to harnessing
NK cell memory for vaccination. What type of
NK cell memory should be targeted for vacci-
nation? What vaccination strategy would best
target NK cells? What is the life span and dura-
bility of memory NK cells? What is the correct
model organism for preclinical testing of vacci-
nation strategies?

Although all of these questions have scien-
tific merit, perhaps the most important question
when considering investment of resources to
targeting NK cell memory is whether, in immu-
nocompetent individuals, there is any advantage
to targeting NK cells versus adaptive lympho-
cytes?

The best evidence for NK cell memory re-
sponses during vaccination comes from studies
of liver-resident memory cells. Paust etal. (2010)
showed that vaccination of T- and B-cell Rag-
deficient mice with ultraviolet (UV)-irradiated
vesicular stomatitis virus (VSV) provided pro-
tection against subsequent local infection with
VSV, which was otherwise fatal in half of unim-
munized mice. Using adoptive transfer models,
they also showed that purified liver NK cells
from Rag-deficient mice immunized 3 months
before with influenza VLPs conferred a survival
advantage to influenza A infection in T/B/NK-
deficient (Rag2™'"IL2rg™'") hosts, although
transferred NK cells did not provide a long-
term survival benefit. Interestingly, they also
showed liver-resident NK-cell-mediated CHS
in response to HIV-I containing VLPs, a virus
for which murine NK cells would not be expect-
ed to have evolved a recognition mechanism. A
recent study from van den Boom et al. showed
antitumor liver-resident memory NK cell re-
sponses (van den Boorn et al. 2016). Sensitiza-
tion with monobenzone led to haptenization of
melanocyte antigens, with development of liver-
resident memory NK cells capable of monoben-
zone-specific CHS and cytotoxic activity against
pigmented cells. T- and B-cell-deficient mice
sensitized with monobenzone had enhanced an-
titumor response to in vivo challenge with a
melanoma tumor, correlating with increased ac-
tivated NK cells present in tumors. Liver-resi-
dent NK cells from monobenzone-sensitized
mice had enhanced cytotoxicity in vitro against
melanoma cells or a syngeneic melanoma cell
line, presumably the result of a shared melano-
cyte antigen. NK cell protection in this model
was antigen-specific, as there was no enhanced
response to a different tumor (sarcoma chal-
lenge) (van den Boorn et al. 2016).

Thus, murine studies show that vaccination
with VLPs, irradiated virus, and haptens confer
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liver-resident NK-mediated immunity to those
antigens. However, a number of questions still
exist with regard to this system. First, the mech-
anism by which liver-resident NK cells recog-
nize a wide array of antigens is unknown, and
suggests that they may have the potential to so-
matically rearrange their activating receptors for
specific recognition. Without a basis for antigen
recognition, it is challenging to design antigens
and develop rational vaccine strategies. Second,
it is unknown whether human liver-resident NK
cells (or other tissue-specific NK cell subsets)
have a similar capacity to specifically recognize
awide array of antigens. Preliminary evidence in
rhesus macaques suggests a similar type of NK
cell memory in primates (Reeves et al. 2015).
However, because these studies were performed
in immunocompetent organisms that produce
antibodies, it cannot be excluded that NK cell
memory is mediated by specific antibodies that
engage and activate Fc receptors on NK cells.
Moreover, further investigation in humans is
necessary.

There is no direct evidence for vaccination
strategies with CMV- or cytokine-induced NK
cell memory. NK cell memory observed after
MCMYV infection is specific to a model system
in which half of the NK cells that express a germ-
line-encoded receptor recognize a specific virally
encoded antigen, and no such situation is known
to exist in humans. One possibility this system
does suggest with regard to vaccination is that
NK cell stimulation via a specific activating re-
ceptor might lead to enhanced functional re-
sponses when that receptor is triggered in the
future. Indeed, the Lanier Laboratory also
showed that, in the context of an inflammatory
challenge (low-dose m157-deficient MCMYV in-
fection), stimulation of murine NK cells via
Ly49D, a cell-surface-activating receptor that
recognizes an MHC class I molecule (H2-DY),
led to a similar form of NK cell memory as the
Ly49H-m157 MCMYV system (Nabekura and
Lanier 2014). Ly49D-sensitized NK cells had en-
hanced degranulation and IFN-y production in
response to H2-D%-positive tumors. These find-
ings suggest the potential for a vaccination strat-
egy targeting activating receptors on NK cells.
For example, NKG2D is an activating receptor

present on the majority of mouse and human
NK cells (and T cells). NKG2D recognizes sev-
eral self-encoded stress ligands up-regulated on
tumor and infected cells. If NKG2D-bearing NK
cells were targeted with vaccination, it is possible
that those cells would have enhanced tumor im-
munosurveillance and responses to “stressed”
cells, including virally infected cells.

The viral trigger driving the differentiation
of HCMV-adapted NK cells is unknown, thus
presenting a challenge to vaccination strategies
targeting these cells. The usage of inducing
HCMV-adapted NK cells by vaccination is un-
clear, because most individuals acquire HCMV
infection early during life, generating HCMV-
adapted NK cells in situ. In addition, it is un-
known whether the presence of HCMV-adapted
NK cells benefits the host. Interestingly, there
was a case report of an infant with a T-cell defi-
ciency who contracted HCMV and showed
massive expansion of NKG2C" NK cells, with
apparent control of infection before initiation
of antivirals (Kuijpers et al. 2008). This suggests
that HCMV-adapted NK cells may have an an-
tiviral effect in patients. HCMV-adapted NK
cells also expand during several other viral infec-
tions (in HCMV-seropositive individuals), and
have enhanced antibody-dependent FcyRIIIa-
mediated responses, suggesting that they have a
functional role in human health (Rolle and Bro-
din 2016). Thus, vaccination strategies targeted
at differentiating HCMV-adapted NK cells
might be a rational strategy in individuals
for whom a natural infection could be lethal,
such as neonates and HCMV-negative pregnant
women, immunocompromised individuals, and
patients undergoing hematopoietic cell trans-
plantation (HCT). Development of such a vac-
cine will require more knowledge of the factors
driving differentiation and maintenance of
HCMV-adapted NK cells.

Cytokine-induced memory-like NK cells
arise after a brief exposure to IL-12, IL-18, and
IL-15, with similar biology between murine
models and humans. Several properties suggest
that this type of preactivation that results in NK-
cell memory-like differentiation may be har-
nessed using vaccine-type approaches. First,
memory-like NK cells are long-lived, and pass
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on their enhanced functionality to daughter
cells after cell division, evidenced by detection
4 months after adoptive transfer in syngeneic
mice (Cooper et al. 2009). Second, the stimula-
tory proinflammatory cytokines are well charac-
terized, and conventional naive NK cells consti-
tutively express their receptors. Third, these
cytokines are produced by dendritic cells and
macrophages, and in theory cytokine-induced
memory-like NK cells differentiate after an en-
counter with a matured, activated dendritic cell
at the site of infection or other robust proinflam-
matory signal. Systemic administration of IL-12,
IL-15, and IL-18 is not feasible, as these result
in a toxic-shock response (Carson et al. 2000).
However, local provision or induction may be a
viable nontoxic strategy. For example, injection
of Toll-like receptor agonists, which are being
explored in clinical investigations in several
types of immunotherapy (Shirota and Klinman
2014; Hammerich et al. 2016), induces a self-
limited proinflammatory cytokine cascade that
may result in NK cell memory-like responses. In
theory, local injection of recombinant IL-12, IL-
15, and IL-18 may also be feasible, for example,
at the site of a tumor or within a single lymph
node. With recent progress in protein engineer-
ing, it may be feasible to target a heterocytokine
complex to a specific target cell or location. For
example, using a single-chain variable fragment
(scFv) fusion protein to target IL-12, IL-15, and
IL-18 simultaneously to the site of a tumor. Al-
though these strategies are supported by the ac-
tivity of IL-12/15/18-induced memory-like NK
cells, and are translatable, initial feasibility stud-
ies in mice, followed by careful in-human stud-
ies will be required to test their practicality and
effectiveness. To this end, further study of mem-
ory-like NK cell biology, including the ability to
identify and track these cells in vivo in mice and
humans, will be a critical area of study.

ILCs: POTENTIAL FOR MEMORY
FUNCTIONS AND IMPACT IN VACCINATION

Although NK cells can be considered the innate
counterparts of CD8" cytotoxic T cells, ILCs
resemble CD4" T-helper (Ty)-cell subsets (Die-
fenbach et al. 2014; Eberl et al. 2015). ILCs in-

clude three major classes—ILCls, ILC2s, and
ILC3s—which are defined based on the signa-
ture cytokines they produce: ILC1s secrete IFN-
v, ILC2s produce IL-5 and IL-13, and ILC3s
secrete IL-22 and IL-17. Thus, ILCs can be con-
sidered the innate counterparts of Tyl, Ty2,
and Ty17 cells, as they share functional modules
that encompass cytokine secretion as well as
transcription factors that underpin cytokine
specialization (Diefenbach et al. 2014; Eberl et
al. 2015).

ILCs lack the antigen-specific receptors of
CD4" T cells and do not express receptors anal-
ogous to the CMV receptors of NK cells; what
triggers their activation? In fact, ILCs respond
directly to cytokine signals in the microenviron-
ment. Specificity is controlled by the cytokine
receptors that ILCs express, which allows dis-
tinct combinations of myeloid and/or tissue-
produced cytokines to activate each ILC class.
IL-12, IL-18, and IL-15 trigger ILCls; IL-25,
thymic stromal lymphopoietin (TSLP), and IL-
33 stimulate ILC2s; and IL-23 and IL-1 prompt
ILC3s (Diefenbach et al. 2014; Eberl et al. 2015).

To date, there is no evidence that ILCs are
capable of memory responses. Given that cyto-
kine receptors are the major trigger of ILC acti-
vation and cytokine production, it is likely that
cytokine stimulation alone may lead to en-
hanced long-term ILC responses, as is observed
for NK cells. Supporting this hypothesis, recent
epigenetic studies have shown that the regulato-
ry circuitries that control ILC effector functions
contain active enhancers as well as poised en-
hancers, which can be further activated by cyto-
kine stimulation (Koues et al. 2016; Shih et al.
2016). Thus, repeated cytokine stimulation is
likely to enhance and sustain ILC responses
over time, resulting in the generation of ILC
memory-like cells.

Given that ILC1s have been identified in tu-
mors (Dadi et al. 2016) and that intestinal ILC3s
and ILCls have been shown to augment host
resistance to viral and bacterial infections (Abt
etal. 2015; Hernandez et al. 2015), memory-like
ILCls and ILC3s could be harnessed for vac-
cine-type approaches. For example, administra-
tion of stimuli for ILC1s, such as IL-12 and IL-
15, at the site of a tumor may enhance tumor
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immunosurveillance. Similarly, introducing IL-
23 or other stimuli for ILC3s into the intestinal
tract may reinforce pathogen immunosurveil-
lance. A subset of ILC3s corresponds to lym-
phoid tissue inducer cells, which are endowed
with the capacity to induce lymphoid organs
(Bar-Ephraim and Mebius 2016) and produce
B-cell stimulatory factors in humans (Cella et al.
2010); given this, ILC3s might also be exploited
to boost adaptive responses, particularly anti-
body responses (Reboldi et al. 2016).

However, recent studies on the function of
ILCs in the context of immunocompetent mice
have shown a considerable redundancy between
ILCs and CD4" Ty-cell subsets (Song et al. 2015;
Rankin et al. 2016). Thus, it remains to be tested
what role, if any, ILC memory cells may have in
the protection from pathogens or tumors in im-
munocompetent organisms.

THE THREE MOST IMPORTANT QUESTIONS
FOR THE FIELD TO MOVE FORWARD WITH
NK-CELL- AND ILC-BASED VACCINATION
STRATEGIES

Although research during the past decade has
led to the discovery of NK cell memory and ILC
subsets, three questions remain open: What is
the longevity of memory NK cells and ILCs?
How do studies in model organisms translate
to humans? Would targeting NK cells and
ILCs provide any advantage to immunocompe-
tent patients? Addressing these fundamental
questions will be essential to decide whether
NK cells and ILCs can be harnessed for vacci-
nation strategies.
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