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NK Cell Responses Redefine Immunological Memory
Nicholas M. Adams,* Timothy E. O’Sullivan,* Clair D. Geary,* Jenny M. Karo,*
Robert A. Amezquita,† Nikhil S. Joshi,† Susan M. Kaech,† and Joseph C. Sun*,‡

Immunological memory has traditionally been regarded
as a unique trait of the adaptive immune system. Nev-
ertheless, there is evidence of immunological memory in
lower organisms and invertebrates, which lack an adap-
tive immune system. Despite their innate ability to rap-
idly produce effector cytokines and kill virally infected or
transformed cells, NK cells also exhibit adaptive charac-
teristics such as clonal expansion, longevity, self-renewal,
and robust recall responses to antigenic or nonantigenic
stimuli. In this review, we highlight the intracellular and
extracellular requirements for memory NK cell genera-
tion and describe the emerging evidence for memory pre-
cursor NK cells and their derivation. The Journal of
Immunology, 2016, 197: 2963–2970.

T
he immune system has classically been divided into
two arms, innate and adaptive immunity. Innate
immunity is poised for swift, short-lived effector re-

sponses mediated through recognition of evolutionarily con-
served signals via germline-encoded receptors (1). Although
initially slow in onset, adaptive immunity is considered highly
specialized based on the ability to somatically rearrange Ag
receptor genes to generate a diverse repertoire of T and B cells
that can amplify Ag-specific responses through prolific clonal
expansion (2–4). Because adaptive immune cells can persist
long-term following recognition of cognate Ag and execute a
quantitatively and qualitatively more robust response follow-
ing rechallenge with the same Ag, T and B cells were thought
to be the only immune population capable of generating
memory.
The emergence of immunological memory in the adaptive

immune system can be traced to lower vertebrates, including
the jawless fish such as lamprey and hagfish. Early studies
demonstrated that lampreys immunized with the killed bac-
terium Brucella abortus produce long-lived “antibody” capable
of agglutinating Brucella cells upon rechallenge but not ca-
pable of agglutinating typhoid-paratyphoid cells, underscoring

the Ag-specific nature of these Ab titers (5). The lamprey can
also mediate delayed-type hypersensitivity reactions follow-
ing stimulation with Mycobacterium tuberculosis–fortified
CFA (5). The basis for these phenomena may be attributable
to the recently discovered lymphocyte-like populations and
variable lymphocyte receptors, akin to primordial T and
B lymphocytes and their Ag receptors, respectively (6, 7).
However, evidence also exists for immunological memory in

invertebrates devoid of an adaptive immune system. Protection
of the American cockroach Periplaneta americana against the
bacterium Pseudomonas aeruginosa was enhanced by prior
immunization with killed P. aeruginosa but not with saline or
immunization with an array of other Gram-negative organ-
isms (8). Interestingly, this protection against P. aeruginosa
rechallenge persisted for 14 d postimmunization (8), dem-
onstrating both specificity and memory. Similar findings were
demonstrated in the copepod Macrocyclops albidus, in which
exposure to larvae of their natural parasite, the tapeworm
Schistocephalus solidus, resulted in fewer infections from sib-
ling but not unrelated parasites, the first evidence of innate
immune memory in crustaceans (9). Similar protective memory
responses against bacteria, parasites, and fungi in other inverte-
brates add to the mounting evidence for innate immunity’s
capacity for memory responses in lower organisms (10–16),
suggesting that the ability to remember encountered patho-
gens may be evolutionarily conserved across both innate and
adaptive immunity.

NK cells: innate lymphocytes with adaptive features

NK cells were first described in 1975, when several groups
identified a lymphocyte population in athymic (nude) mice
capable of mediating “natural” (i.e., without the require-
ment of prior target exposure) cytotoxicity against both syn-
geneic and allogeneic tumor cell lines (17–20). Cytotoxic
activity was maintained despite filtration of splenocytes
through an anti-immunoglobulin column or treatment with
carbonyl iron/magnet, excluding a contribution from T and
B lymphocytes or macrophages (18, 20). Because of their
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capacity to rapidly secrete lytic molecules and the proin-
flammatory cytokine IFN-g upon sensing pathogen-derived
or host stress ligands through a repertoire of germline-
encoded receptors, and because they lack RAG-mediated
rearrangement of receptor genes, NK cells were character-
ized as a component of innate immunity (21–25).
However, current evidence has revealed striking similarities

between NK cells and adaptive immune cells. NK cells develop
from the common lymphoid progenitor, from which T and
B cells and the newly described lineage of innate lymphoid cells
(ILCs) are also derived (26). Similar to T and B cells, NK cell
development, homeostasis, survival, and function require
common g-chain–dependent cytokine signaling, particularly
IL-15 (27–29). Although NK cells do not require expression
of the RAG recombinase for development or generation of
their receptor repertoire, nearly a third of peripheral NK cells
have a history of RAG expression during ontogeny (30, 31).
Furthermore, analogous to thymic T cell education, NK cells
acquire functional competence through a “licensing” or
“arming” process; during development, NK cells become
self-tolerant (and thus gain effector function) due to en-
gagement of self-MHC by inhibitory receptors (32–34).
Lastly, NK cells can undergo clonal expansion and initiate

Ag-specific recall responses. Perhaps the earliest evidence
suggesting the possibility of NK cell memory was reported in
1964 in a model of F1 hybrid resistance. Adult F1 hybrid mice
(B10 3 B10.D2) reject parental (B10 or B10.D2) bone
marrow grafts (35). When primed with a bone marrow graft
from one parent (B10), F1 hybrid mice more rapidly rejected
a second graft from that same parent (B10) compared with a
graft derived from the other parent (B10.D2) (35). Con-
versely, priming the F1 hybrids with a B10.D2 or allogeneic
graft did not accelerate B10 graft rejection (35). Taken to-
gether, these findings suggested that a non–T or non–B cell
responded in a qualitatively different manner upon re-exposure
to previously encountered Ags. The later discovery of the NK
cell and the “missing-self” hypothesis (that NK cells selectively
kill cells lacking self–MHC class I) implicated NK cells as the
cell type mediating F1 hybrid resistance (36). Since then, NK
cells have been found to possess a number of adaptive features
that have redefined their role in immunity.

Ag-dependent NK cell memory

The first evidence of anamnestic NK cell responses was in
the setting of contact hypersensitivity responses to chemical
haptens. Rag22/2 mice lacking both T and B lymphocytes
exhibited a severe inflammatory reaction when sensitized
and rechallenged with the same hapten (either 2,4-dinitro-1-
fluorobenzene [DNFB] or oxazolone) (37). Depletion of NK
cells abrogated the contact hypersensitivity, suggesting that
NK cells either directly or indirectly were responsible for
the observed recall response (37). Adoptive transfer of DNFB-
sensitized NK cells into Rag22/2Il2rg2/2 mice was also suffi-
cient to drive contact hypersensitivity upon recipient challenge
with DNFB, although transferable hapten-specific recall was
retained only in hepatic, but not splenic, NK cells (37, 38).
Specifically, contact hypersensitivity depended on a subset of
hepatic NK cells expressing the chemokine receptor CXCR6,
which was required for the homeostasis but not Ag recogni-
tion of these cells (38). Thus, hepatic NK cells can generate
Ag-specific recall responses to haptens, although whether these

cells are truly mature NK cells or a distinct subpopulation of
the type 1 ILC family is unresolved (39).
NK cells can also undergo recall responses against viral

pathogens (40). During the expansion phase of the NK cell
response to mouse CMV (MCMV) infection that peaks at
day 7 postinfection, the Ag-specific NK cell compartment has
been measured to undergo ∼100- to 1000-fold growth in size
(40). This proliferative burst is driven by Ag-specific inter-
actions between the activating receptor Ly49H on NK cells
and the MHC class I–like viral glycoprotein m157 on the
surface of infected cells (41–43). Following robust expansion
of Ly49H+ NK cells after MCMV infection, these effector
cells contract and form a long-lived pool of memory NK cells
in both lymphoid and nonlymphoid tissues that is detectable
at least 70 d later (40). These memory NK cells exhibit en-
hanced IFN-g production and degranulation compared with
naive NK cells (40). The response of memory NK cells
rechallenged with MCMV was found to be comparable in
both kinetics and magnitude to that of naive NK cells, yet
memory NK cells conferred greater protection against MCMV
challenge to susceptible neonate mice (40). Thus, MCMV-
experienced NK cells are capable of recall responses, enhanced
functionality, and protection against repeated MCMV exposure.
Evidence for secondary NK cell responses against different

viral pathogens continues to build. Analogous to hapten-
specific memory NK cell–mediated contact hypersensitivity
responses, adoptively transferred hepatic, but not splenic, NK
cells from Rag12/2 mice immunized with virus-like particles
expressing influenza A virus, vesicular stomatitis virus, or HIV-1
Ags afforded protection to Rag22/2Il2rg2/2 hosts challenged
with the immunizing, but not unrelated, virus (38). Similar
immunization-dependent and virus-specific NK cell protective
responses in the absence of adaptive immunity have been de-
scribed for HSV-2, vaccinia virus, and influenza virus (44–46).
Similar to the expansion of NK cells in MCMV-infected

mice, human NK cells expressing the activating hetero-
dimeric CD94/NKG2C receptor are preferentially found in
the peripheral blood of healthy individuals seropositive for
human CMV (HCMV), compared with donors who were
HCMV-seronegative or -seropositive for other herpesvirus
infections (47–49). This CD94/NKG2C+ subset commonly
coexpresses the maturation marker CD57 and lacks expres-
sion of the inhibitory NKG2A receptor (49–52). Although
the ligand driving expansion of CD94/NKG2C+ NK cells in
vivo has yet to be elucidated, in vitro studies demonstrated
that short hairpin RNA–mediated knockdown of HLA-E on
HCMV-infected fibroblasts abrogated this expansion (53).
HCMV reactivation in patients receiving allogeneic hemato-
poietic stem cell grafts, umbilical cord blood grafts, or solid-
organ transplants also precipitates expansion of CD94/
NKG2C+ NK cells, followed by persistence of these cells for
months to years (49, 54–57). Furthermore, the transfer of
NKG2C+ NK cells in grafts from HCMV-seropositive donors
resulted in enhanced target cell–induced IFN-g production
upon secondary CMV exposure in the recipient compared
with grafts from HCMV-seronegative donors (50). In com-
bination, these studies highlight the Ag specificity, longevity,
and transplantability of human memory NK cell responses to
HCMV. A recent study also identified a subset of CD16+

CD56+FceRIg2 NK cells associated with prior HCMV and
HSV-1 infection that persisted upwards of 9 mo and was
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capable of mediating enhanced Ab-dependent cellular cyto-
toxicity in the presence of HCMV- and HSV-1–infected cells
coated by virus-specific Abs (58, 59). Thus, human NK cells
appear to have evolved redundant mechanisms to generate
immunological memory.
Several studies have also demonstrated expansion of long-

lived CD94/NKG2C+ human NK cells in response to HIV-
1, hantavirus, Chikungunya virus, hepatitis B virus, or hepatitis
C virus, although this expansion occurred only in individuals
previously infected with HCMV (60–64), suggesting that
superinfection with these viruses may trigger HCMV reac-
tivity. Interestingly, a recent study in rhesus macaques
established that primate NK cells can achieve pathogen-
specific memory independent of HCMV exposure (65).
Infection of rhesus macaques with simian HIV or SIV eli-
cited splenic and hepatic memory NK cells capable of lysing
Gag- and Env-pulsed dendritic cells in an NKG2A- and
NKG2C-dependent fashion for as long as 5 y postinfection
(65). Vaccinating the macaques with recombinant adenovi-
rus expressing HIV-1 Env or SIV Gag likewise produced
robust, stable, and Ag-specific NK cell memory (65).
The benefit of pathogen-specific NK cell memory is clear in

the case of persistent or repeated encounter with the same virus.
However, there is some evidence that suggests there may be a
costly trade-off associated with NK cell memory. A recent
study highlighted that human NK cell receptor diversity in-
creases with age (66). CD57+NKG2C+ NK cells that expand
during HCMV infection are far from clonal, displaying
substantial heterogeneity for other receptors (67). However,
high NK cell receptor diversity was associated with greater risk
of HIV-1 acquisition in Kenyan women (66). Given that viral
challenge may enhance NK cell receptor diversity, human NK
cells appear to risk unresponsiveness to novel Ags to better
protect against previously encountered pathogens (66). The
consequence of NK cell receptor diversity for human health
and disease thus requires further exploration.

Mechanisms of NK cell memory generation during viral infection

Analogous to the generation of T cell memory against path-
ogens (4), NK cells progress through three phases during their
response to MCMV: expansion, contraction, and memory
maintenance (68). During each stage, both intracellular and
extracellular cues are necessary for establishing a long-lived
memory NK cell pool (Fig. 1). In addition to Ag engage-
ment by activating receptors (analogous to TCR engagement
for T cell activation), NK cells require proinflammatory
cytokine signaling for robust expansion (4). The proin-
flammatory cytokine IL-12, through a STAT4-dependent but
IFN-g–independent mechanism, is indispensable for optimal
MCMV-specific NK cell clonal expansion as well as mem-
ory NK cell formation (69). IL-12 and STAT4 may be re-
sponsible for programming activated NK cells early during
MCMV infection for memory formation (69). Members of
the IL-1 family of cytokines, particularly IL-33 and IL-18, are
similarly necessary for amplifying NK cell proliferation in
response to MCMV, but are dispensable for recall responses
(70, 71). A recent study also identified a role for type I IFN
and downstream STAT1 signaling in shielding proliferat-
ing NK cells from fratricide (killing by other NK cells) by
modulating their cell surface expression of NKG2D ligands
(72).

Interestingly, IL-12, IL-18, and type I IFN signaling act
synergistically to drive maximal expression of the BTB-ZF
family transcription factor Zbtb32, which controls the pro-
liferative burst of virus-specific NK cells by antagonizing the
antiproliferative factor Blimp-1 (73). In parallel, IL-12– and
IL-18–mediated induction of miR-155 regulates effector and
memory NK cell numbers during MCMV infection by reg-
ulating targets such as Noxa and suppressor of cytokine sig-
naling 1 (SOCS1) (74). Although the mechanism by which
SOCS1 impairs the development of effector NK cells is un-
clear, the potent restraint that constitutive SOCS1 activity
places on STAT signaling may have some influence. Lastly,
akin to the necessity of costimulation for T cell activation
(signal 2), NK cells require the costimulatory molecule DNAX
accessory molecule 1 and downstream signaling through the
Src family tyrosine kinase Fyn and the serine-threonine protein
kinase C isoform h for optimal expansion of effector NK cells
and their differentiation into memory NK cells (75).
Following viral infection, contraction of effector lymphocytes

serves to eliminate activated CD8+ T and NK cells to stave off
immunopathology (76, 77). Mitochondrial apoptosis medi-
ated by the proapoptotic factor Bim shapes the size, maturity,
and functionality of the memory NK cell pool in response to
MCMV (78), similar to CD8+ T cells (79). The accumulation
of depolarized mitochondria and mitochondrial-released re-
active oxygen species in effector NK cells after virus-driven
expansion results in either cell death or clearance of damaged
mitochondria, resulting in NK cell survival (80). Analogous to
the autophagy-dependent survival and memory formation of
virus-specific effector CD8+ T cells (81–83), surviving NK cells
undergo the self-catabolic process of mitophagy during the
contraction-to-memory phase transition, requiring the auto-
phagosome machinery component Atg3 and the mitophagy-
specific receptors BCL2/adenovirus E1B 19-kDa interacting
protein 3 (BNIP3) and BNIP3-like (or Nix) to promote their
survival (80). Mitophagy in contracting NK cells is induced by
mechanistic target of rapamycin inhibition or AMP-activated
protein kinase activation (80), suggesting that mitophagy may
also link other cellular metabolic processes, similar to the cat-
abolic processes memory T cells employ to fuel oxidative phos-
phorylation during nonproliferative states (84).
In addition to intracellular mechanisms, extracellular cues

can also promote the maintenance of NK cell memory.
Adoptive transfer of Ly49H+ NK cells isolated from MCMV-
infected hosts at day 7 or day 21 postinfection into IL-15–
deficient recipients led to decreased persistence of the
transferred cells, supporting a role for IL-15–dependent
maintenance of NK cells during contraction (85). IL-15 was
previously shown to promote NK cell survival via Mcl-1
(86). miR-155–mediated suppression of Noxa may also aid
long-term survival of memory NK cells (74). Thus, gener-
ating long-lived, MCMV-specific memory NK cells requires
a complex combination of intracellular and extracellular
signals during both the early and late phases of the antiviral
response.

Identifying memory NK cell precursors

During viral infection, two subsets of effector CD8+ T cells
have been described to develop: terminally differentiated killer
cell lectin-like receptor G1 (KLRG1)hi short-lived effector
cells (SLECs) that die after infection, and KLRG1lo memory
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precursor effector cells (MPECs) that are long-lived and par-
ticipate in secondary responses (87). Analogous to CD8+ T cells,
recent evidence supports the idea of heterogeneity within anti-
viral NK cell populations that can dictate memory potential.
KLRG1loLy49H+ NK cells preferentially generate memory NK
cells compared with KLRG1hi cells, which have a limited ca-
pacity for MCMV-driven expansion (88). KLRG1 is associated
with NK cell maturation, as indicated by the greater per-
centage of KLRG1hi NK cells that are also of the most mature
CD11b+CD272 phenotype, suggesting that NK cell maturation
is antagonistic to their memory potential (88). However, because
memory NK cells are themselves KLRG1hiCD11b+CD272, yet
still competent to undergo robust secondary expansion following
MCMV challenge, KLRG1 alone does not dictate proliferative
potential (40, 88).
Interestingly, KLRG1 expression on naive NK cells may be

dictated during development by the activity of the RAG
recombinase. NK cells with a history of RAG activity during
ontogeny preferentially expand and persist as memory cells
following MCMV infection (Fig. 2A) owing to an enhanced
overall cellular fitness measured by the ability to repair DNA
breaks, which can occur during stresses such as rapid prolif-
eration or exposure to ionizing radiation (30). In contrast, the
absence of RAG expression in developing NK cells results in
diminished expression of the DNA damage repair machinery
and a subsequent impairment in DNA double-strand break
resolution following DNA damage (30). Thus, although the
underlying mechanisms remain to be elucidated, RAG activ-
ity during ontogeny shields NK cells from global genomic

instability and apoptosis. Furthermore, Rag22/2 NK cells
display a transcriptional signature markedly similar to that
observed in SLECs rather than MPECs (SLEC and MPEC
signatures published in Ref. 89) (Fig. 2B), supporting the
hypothesis that RAG dictates functional heterogeneity within
the NK cell compartment. It will be of interest to determine
whether the degree of genomic integrity similarly specifies
SLEC versus MPEC fate.
Although RAG appears to determine KLRG1 expression

levels in a cell-intrinsic manner, KLRG1 expression can also be
influenced in a cell-extrinsic manner. One study demonstrated
that T cells can restrain NK cell maturation by limiting the
availability of IL-15, driving the preferential generation of
KLRG1lo memory progenitors at the expense of KLRG1hi

NK cells (Fig. 2A) (88). Signals derived from the host com-
mensal microbiota were also shown to control expression of
KLRG1 in NK cells (Fig. 2A) (88). Treatment with broad-
spectrum antibiotics in the drinking water diminished
KLRG1 expression and boosted the frequency of memory NK
cells compared with untreated wild-type mice, suggesting that
the host microbiota regulates the NK cell pool containing
memory potential (88). Thus, the foundation for NK cell
memory formation may be laid even prior to encountering
virus.
MCMV-specific memory NK cells display greater cell

surface expression of not only KLRG1 but also Ly49H com-
pared with naive NK cells, and expression of these receptors
is further enhanced in secondary memory NK cells (90). In
contrast, naive, memory, and secondary memory NK cells

FIGURE 1. Regulation of NK cells during each phase of the response to viral infection. (A) Expansion. IL-12, IL-18, and type I IFN converge to drive Ly49H+

NK cell proliferation by inducing Zbtb32 and subsequently suppressing Blimp-1. IL-12 and IL-18 also cooperate to regulate SOCS1 in an miR-155–dependent

mechanism. Signaling through IFN-aR also independently contributes to memory formation by protecting against NKG2D-mediated fratricide. The costim-

ulatory molecule DNAX accessory molecule 1 (DNAM-1) facilitates a protein kinase C isoform h (PKCh)–dependent proliferative burst. (B) Contraction.

Memory formation hinges on averting Bim-mediated mitochondrial apoptosis. Recycling dysfunctional mitochondria via mitophagy mediated by BNIP3 and

BNIP3-like (BNIP3L) promotes the contraction-to-memory phase transition. (C) Memory maintenance. IL-15 signaling is required as NK cells contract and for

the maintenance of memory cells in peripheral tissues. miR-155–mediated suppression of Noxa promotes memory NK survival. Green font represents positive

regulators of memory. Red font represents negative regulators of memory. Cell colors correspond to the infection time course. AMPK, AMP-activated protein

kinase; mTOR, mechanistic target of rapamycin; NKG2DL, NKG2D ligand.

2966 BRIEF REVIEWS: NK CELL MEMORY

 by guest on O
ctober 24, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


express comparable levels of the activating receptors NK1.1
and Ly49D (90). These data together imply that there may be
selection for NK cells with the greatest avidity for ligand
during successive rounds of MCMV infection (Fig. 2A). T cells
undergo a process of affinity maturation, whereby T cells
bearing TCRs with highest affinity for peptide rise to clonal
dominance during the response to a pathogen (91–94). A
similar process may occur with NK cells responding against
infection. There is currently no evidence to support the idea
that NK cells undergo somatic mutation of their Ag receptor
genes (i.e., the affinity of each Ly49H receptor for m157 is
equivalent), indicating that NK cell avidity for viral Ag is
determined solely by the number of Ly49H receptors on the
surface of a given NK cell. However, it remains to be deter-
mined at what stage of the antiviral response activating signals
through Ly49H select for memory precursors to constitute the
long-lived pool.
Emerging evidence also illustrates the contribution of the

activating receptor Ly49D and the inhibitory receptor Ly49A,
both of which recognize the MHC class I molecule H-2Dd,
during the NK cell memory response to MCMV (95).
Adoptive transfer of B10.D2 (H-2Dd–sufficient background)
NK cells into MCMV-infected syngeneic Ly49H-deficient

recipients demonstrated that Ly49D+Ly49A2Ly49H+ NK
cells preferentially differentiated into memory NK cells
compared with Ly49D2Ly49A+Ly49H+ NK cells (95). Sim-
ilar to how MCMV infection can break the anergic state of
unlicensed NK cells in B6 mice, it appears that acute viral
infection can also breach tolerance of activating receptors for
self–MHC class I, a phenomenon that has functional conse-
quences for host protection and NK cell memory (95–98).
Recent human studies have suggested that epigenetic het-

erogeneity is also associated with differential capacity for NK
cell longevity (Fig. 2A). The aforementioned CD16+CD56+

FceRIg2 NK cells are a subset of memory-like NK cells that
can be isolated from HCMV-seropositive individuals, al-
though they can be characterized by either the absence or
presence of CD94/NKG2C (58, 59, 99, 100). Interestingly,
this population lacks expression of the tyrosine kinase SYK,
the signaling adaptors DAB2 and EAT-2, and the transcrip-
tion factors promyelocytic leukemia zinc finger protein and
Helios due to promoter hypermethylation at several of these
loci (99, 100). Another study has identified epigenetic im-
printing at the Ifng conserved noncoding sequence 1 in
NKG2C+ NK cells from HCMV-seropositive individuals that
is critical for Ifng transcriptional activity in response to

FIGURE 2. Functional heterogeneity within the effector NK

cell pool. (A) Multiple mechanisms regulate memory precursor

identity in NK cells. KLRG1 expression inversely correlates with

NK cell memory potential. RAG expression during ontogeny not

only negatively regulates KLRG1 expression but also promotes

enhanced NK cell fitness by supporting optimal expression of

DNA damage repair enzymes to maintain DNA integrity. Host

commensal microbiota-derived products and IL-15 signaling, the

availability of which is determined by competition with con-

ventional T cells, drive NK cell expression of KLRG1. Greater

avidity for ligand via higher cell surface concentration of Ly49H

and epigenetic programs that drive a particular suite of memory

genes may also converge to dictate NK cell memory precursor

identity. Green font represents positive regulators of memory

potential. Red font represents negative regulators of memory

potential. (B) Comparison of the gene expression profile of

Rag22/2 and wild-type NK cells with that of MPECs and SLECs.

Rag22/2 and wild-type NK cells were purified from mixed bone

marrow chimeric mice and RNA sequencing was performed.

Heat map shows the relative mRNA expression in Rag22/2 and

wild-type NK cells of the top differentially expressed genes be-

tween MPEC and SLEC populations, as previously described

(89). The transcriptional signature of Rag22/2 NK cells resem-

bles that of SLECs whereas wild-type NK cells exhibit an MPEC-

like signature.
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stimulation through NKG2C (101). It is unclear whether this
epigenetic heterogeneity is a cause or consequence of NK cell
memory. Nevertheless, receptor heterogeneity, the micro-
biota, and history of RAG expression during ontogeny pre-
cipitate differential fitness of cells within the naive NK pool.
During viral infection, selective pressure may then be acting
on the effector pool to preferentially select memory precursors
to establish the memory pool.

Ag-independent NK cell memory

Although proinflammatory cytokine signaling is critical in
driving the clonal expansion and maintenance of MCMV-
specific memory NK cells, proinflammatory cytokines alone
were found to be capable of supporting NK cell memory
properties in the absence of Ag. Splenic NK cells preactivated
with a mixture of IL-12, IL-15, and IL-18 and adoptively
transferred into Rag12/2 mice become long-lived and can be
identified in these recipients up to 3 wk following transfer
(102). These cytokine-induced memory-like NK cells retained
a cell-intrinsic capacity for enhanced IFN-g production, but
not cytotoxicity, when restimulated with cytokine, plate-
bound Ab, or target cells (102, 103). Human NK cells pre-
activated with cytokines also displayed the same properties
(104). The progeny of cytokine-induced memory-like NK
cells similarly exhibited enhanced effector functions (102,
104), suggesting that NK cell memory properties may be
epigenetically inherited. These data may have implications for
the Ag-independent self-renewal of memory NK cells fol-
lowing clearance of pathogens, although future studies are
necessary to dissect the contribution of cytokine-induced
memory-like NK cells during a recall response to a patho-
gen against which pathogen-specific memory NK cells already
exist. Given that Ag-specific NK cells demonstrate diminished
bystander activation to heterologous infection (105), cytokine-
induced memory-like NK cells may represent a strategy for the
host to nonspecifically respond to a new proinflammatory stim-
ulus. Recent studies have shown that NK cells preactivated with
IL-12, IL-15, and IL-18 demonstrate enhanced persistence and
antitumor activity against established, irradiated mouse tumors
compared with naive NK cells, suggesting that harnessing the
sustained effector functions of cytokine-induced memory-like
NK cells may represent a potential enhancement to adoptive
NK cell immunotherapy (106). ILCs are thought to respond
exclusively to cytokine cues (107), and it will be of interest to
determine whether cytokines can similarly support longevity in
other innate lymphocytes.
Lastly, in an NK cell–deficient lymphopenic host, adop-

tively transferred NK cells undergo a rapid, Ag-independent
homeostatic proliferation to fill the empty niche, a process
that requires common g-chain–dependent cytokine signaling
(108–110). These same cytokines, as well as TCR-mediated
self-peptide/MHC interactions, are known to support the
acquisition of memory-like characteristics in naive T cells
undergoing lymphopenia-induced proliferation (111). Simi-
larly, following homeostatic proliferation in Rag22/2Il2rg2/2

or sublethally irradiated recipients, adoptively transferred NK
cells contract to form a long-lived population that persists in
both lymphoid and nonlymphoid organs for at least 6 mo
(112). These NK cells display an enhanced capacity for IFN-g
production and degranulation when stimulated ex vivo 10 d
after transfer, but the functionality of these homeostatically

driven NK cells following contraction is unclear (112). Nev-
ertheless, homeostatically expanded NK cells self-renew and are
capable of mounting a robust proliferative response when
challenged with MCMV 6 mo after transfer, thus sharing some
properties with MCMV-specific memory NK cells (112).
Emerging evidence demonstrates that Atg5-mediated auto-
phagy is critical for the survival of NK cells during homeostatic
proliferation, suggesting that this is one mechanism by which
NK cells acquire memory properties following lymphopenia-
driven proliferation (113).

Conclusions
Immunological memory represents just one example of the
adaptive features NK cells exhibit during their dynamic life
span. Mounting evidence in both mice and humans points to
the remarkable capacity of NK cells to generate memory re-
sponses in both infectious and noninfectious settings. Virus
infection models are allowing us to uncover the molecular
mechanisms necessary for NK cell memory formation and
maintenance, yet the pathways that govern cytokine- and
lymphopenia-induced memory-like NK cells remain poorly
understood. NK cells have expanded the classical definition of
immunological memory found in textbooks. It will now be of
interest to determine whether a similar capacity for longevity,
self-renewal, and robust recall responses exists within the newly
described ILC lineages, which generally respond to proin-
flammatory cytokine cues. NK cells have a diverse repertoire
of cell surface–activating receptors, and future studies are
necessary to address whether other activating receptors are
sufficient to drive NK cell memory when exposed to cognate
ligands. Resolving these questions will facilitate NK cell vac-
cination strategies and adoptive NK cell immunotherapies for
viral infection and malignancy.

Acknowledgments
We thank members of the Sun Laboratory for helpful discussions and review of

this manuscript. We apologize to those whose work we were unable to discuss

due to space limitations.

Disclosures
The authors have no financial conflicts of interest.

References
1. Lanier, L. L. 2005. NK cell recognition. Annu. Rev. Immunol. 23: 225–274.
2. Butz, E. A., and M. J. Bevan. 1998. Massive expansion of antigen-specific CD8+

T cells during an acute virus infection. Immunity 8: 167–175.
3. Murali-Krishna, K., J. D. Altman, M. Suresh, D. J. Sourdive, A. J. Zajac,

J. D. Miller, J. Slansky, and R. Ahmed. 1998. Counting antigen-specific CD8
T cells: a reevaluation of bystander activation during viral infection. Immunity 8:
177–187.

4. Williams, M. A., and M. J. Bevan. 2007. Effector and memory CTL differenti-
ation. Annu. Rev. Immunol. 25: 171–192.

5. Finstad, J., and R. A. Good. 1964. The evolution of the immune response. III.
Immunologic responses in the lamprey. J. Exp. Med. 120: 1151–1168.

6. Boehm, T., N. McCurley, Y. Sutoh, M. Schorpp, M. Kasahara, and M. D. Cooper.
2012. VLR-based adaptive immunity. Annu. Rev. Immunol. 30: 203–220.

7. Flajnik, M. F. 2014. Re-evaluation of the immunological Big Bang. Curr. Biol. 24:
R1060–R1065.

8. Faulhaber, L. M., and R. D. Karp. 1992. A diphasic immune response against
bacteria in the American cockroach. Immunology 75: 378–381.

9. Kurtz, J., and K. Franz. 2003. Innate defence: evidence for memory in invertebrate
immunity. Nature 425: 37–38.

10. Pham, L. N., M. S. Dionne, M. Shirasu-Hiza, and D. S. Schneider. 2007. A
specific primed immune response in Drosophila is dependent on phagocytes. PLoS
Pathog. 3: e26.

11. Roth, O., and J. Kurtz. 2009. Phagocytosis mediates specificity in the immune
defence of an invertebrate, the woodlouse Porcellio scaber (Crustacea: Isopoda).
Dev. Comp. Immunol. 33: 1151–1155.

2968 BRIEF REVIEWS: NK CELL MEMORY

 by guest on O
ctober 24, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


12. Roth, O., B. M. Sadd, P. Schmid-Hempel, and J. Kurtz. 2009. Strain-specific
priming of resistance in the red flour beetle, Tribolium castaneum. Proc. Biol. Sci.
276: 145–151.

13. Rodrigues, J., F. A. Brayner, L. C. Alves, R. Dixit, and C. Barillas-Mury. 2010.
Hemocyte differentiation mediates innate immune memory in Anopheles gambiae
mosquitoes. Science 329: 1353–1355.

14. Moret, Y., and M. T. Siva-Jothy. 2003. Adaptive innate immunity? Responsive-
mode prophylaxis in the mealworm beetle, Tenebrio molitor. Proc. Biol. Sci. 270:
2475–2480.

15. Bergin, D., L. Murphy, J. Keenan, M. Clynes, and K. Kavanagh. 2006. Pre-
exposure to yeast protects larvae of Galleria mellonella from a subsequent lethal
infection by Candida albicans and is mediated by the increased expression of an-
timicrobial peptides. Microbes Infect. 8: 2105–2112.

16. Sadd, B. M., and P. Schmid-Hempel. 2006. Insect immunity shows specificity in
protection upon secondary pathogen exposure. Curr. Biol. 16: 1206–1210.

17. Kiessling, R., E. Klein, and H. Wigzell. 1975. “Natural” killer cells in the mouse. I.
Cytotoxic cells with specificity for mouse Moloney leukemia cells. Specificity and
distribution according to genotype. Eur. J. Immunol. 5: 112–117.

18. Kiessling, R., E. Klein, H. Pross, and H. Wigzell. 1975. “Natural” killer cells in the
mouse. II. Cytotoxic cells with specificity for mouse Moloney leukemia cells.
Characteristics of the killer cell. Eur. J. Immunol. 5: 117–121.

19. Herberman, R. B., M. E. Nunn, and D. H. Lavrin. 1975. Natural cytotoxic re-
activity of mouse lymphoid cells against syngeneic acid allogeneic tumors. I.
Distribution of reactivity and specificity. Int. J. Cancer 16: 216–229.

20. Herberman, R. B., M. E. Nunn, H. T. Holden, and D. H. Lavrin. 1975. Natural
cytotoxic reactivity of mouse lymphoid cells against syngeneic and allogeneic tu-
mors. II. Characterization of effector cells. Int. J. Cancer 16: 230–239.

21. Anegón, I., M. C. Cuturi, G. Trinchieri, and B. Perussia. 1988. Interaction of Fc
receptor (CD16) ligands induces transcription of interleukin 2 receptor (CD25)
and lymphokine genes and expression of their products in human natural killer
cells. J. Exp. Med. 167: 452–472.

22. Mason, L. H., S. K. Anderson, W. M. Yokoyama, H. R. Smith, R. Winkler-
Pickett, and J. R. Ortaldo. 1996. The Ly-49D receptor activates murine natural
killer cells. J. Exp. Med. 184: 2119–2128.

23. Arase, H., N. Arase, and T. Saito. 1996. Interferon gamma production by natural
killer (NK) cells and NK1.1+ T cells upon NKR-P1 cross-linking. J. Exp. Med.
183: 2391–2396.

24. Smith, H. R., H. H. Chuang, L. L. Wang, M. Salcedo, J. W. Heusel, and
W. M. Yokoyama. 2000. Nonstochastic coexpression of activation receptors on
murine natural killer cells. J. Exp. Med. 191: 1341–1354.

25. Ho, E. L., L. N. Carayannopoulos, J. Poursine-Laurent, J. Kinder, B. Plougastel,
H. R. Smith, and W. M. Yokoyama. 2002. Costimulation of multiple NK cell
activation receptors by NKG2D. J. Immunol. 169: 3667–3675.

26. Kondo, M., I. L. Weissman, and K. Akashi. 1997. Identification of clonogenic
common lymphoid progenitors in mouse bone marrow. Cell 91: 661–672.

27. Cooper, M. A., J. E. Bush, T. A. Fehniger, J. B. VanDeusen, R. E. Waite, Y. Liu,
H. L. Aguila, and M. A. Caligiuri. 2002. In vivo evidence for a dependence on
interleukin 15 for survival of natural killer cells. Blood 100: 3633–3638.

28. Kennedy, M. K., M. Glaccum, S. N. Brown, E. A. Butz, J. L. Viney, M. Embers,
N. Matsuki, K. Charrier, L. Sedger, C. R. Willis, et al. 2000. Reversible defects in
natural killer and memory CD8 T cell lineages in interleukin 15-deficient mice.
J. Exp. Med. 191: 771–780.

29. Lodolce, J. P., D. L. Boone, S. Chai, R. E. Swain, T. Dassopoulos, S. Trettin, and
A. Ma. 1998. IL-15 receptor maintains lymphoid homeostasis by supporting
lymphocyte homing and proliferation. Immunity 9: 669–676.

30. Karo, J. M., D. G. Schatz, and J. C. Sun. 2014. The RAG recombinase dictates
functional heterogeneity and cellular fitness in natural killer cells. Cell 159: 94–
107.

31. Ichii, M., T. Shimazu, R. S. Welner, K. P. Garrett, Q. Zhang, B. L. Esplin, and
P. W. Kincade. 2010. Functional diversity of stem and progenitor cells with B-
lymphopoietic potential. Immunol. Rev. 237: 10–21.

32. Fernandez, N. C., E. Treiner, R. E. Vance, A. M. Jamieson, S. Lemieux, and
D. H. Raulet. 2005. A subset of natural killer cells achieves self-tolerance without
expressing inhibitory receptors specific for self-MHC molecules. Blood 105: 4416–
4423.

33. Kim, S., J. Poursine-Laurent, S. M. Truscott, L. Lybarger, Y. J. Song, L. Yang,
A. R. French, J. B. Sunwoo, S. Lemieux, T. H. Hansen, and W. M. Yokoyama.
2005. Licensing of natural killer cells by host major histocompatibility complex
class I molecules. Nature 436: 709–713.

34. Orr, M. T., and L. L. Lanier. 2010. Natural killer cell education and tolerance. Cell
142: 847–856.

35. Cudkowicz, G., and J. H. Stimpfling. 1964. Induction of immunity and of un-
responsiveness to parental marrow grafts in adult F-1 hybrid mice. Nature 204:
450–453.

36. Kärre, K., H. G. Ljunggren, G. Piontek, and R. Kiessling. 1986. Selective rejection
of H-2-deficient lymphoma variants suggests alternative immune defence strategy.
Nature 319: 675–678.

37. O’Leary, J. G., M. Goodarzi, D. L. Drayton, and U. H. von Andrian. 2006. T cell-
and B cell-independent adaptive immunity mediated by natural killer cells. Nat.
Immunol. 7: 507–516.

38. Paust, S., H. S. Gill, B. Z. Wang, M. P. Flynn, E. A. Moseman, B. Senman,
M. Szczepanik, A. Telenti, P. W. Askenase, R. W. Compans, and U. H. von
Andrian. 2010. Critical role for the chemokine receptor CXCR6 in NK cell-
mediated antigen-specific memory of haptens and viruses. Nat. Immunol. 11:
1127–1135.

39. O’Sullivan, T. E., J. C. Sun, and L. L. Lanier. 2015. Natural killer cell memory.
Immunity 43: 634–645.

40. Sun, J. C., J. N. Beilke, and L. L. Lanier. 2009. Adaptive immune features of
natural killer cells. Nature 457: 557–561.

41. Arase, H., E. S. Mocarski, A. E. Campbell, A. B. Hill, and L. L. Lanier. 2002.
Direct recognition of cytomegalovirus by activating and inhibitory NK cell re-
ceptors. Science 296: 1323–1326.

42. Dokun, A. O., S. Kim, H. R. Smith, H. S. Kang, D. T. Chu, and
W. M. Yokoyama. 2001. Specific and nonspecific NK cell activation during virus
infection. Nat. Immunol. 2: 951–956.

43. Smith, H. R., J. W. Heusel, I. K. Mehta, S. Kim, B. G. Dorner, O. V. Naidenko,
K. Iizuka, H. Furukawa, D. L. Beckman, J. T. Pingel, et al. 2002. Recognition of a
virus-encoded ligand by a natural killer cell activation receptor. Proc. Natl. Acad.
Sci. USA 99: 8826–8831.

44. Abdul-Careem, M. F., A. J. Lee, E. A. Pek, N. Gill, A. E. Gillgrass, M. V. Chew,
S. Reid, and A. A. Ashkar. 2012. Genital HSV-2 infection induces short-term NK
cell memory. PLoS One 7: e32821.

45. Gillard, G. O., M. Bivas-Benita, A. H. Hovav, L. E. Grandpre, M. W. Panas,
M. S. Seaman, B. F. Haynes, and N. L. Letvin. 2011. Thy1+ NK cells from
vaccinia virus-primed mice confer protection against vaccinia virus challenge in the
absence of adaptive lymphocytes. PLoS Pathog. 7: e1002141.

46. van Helden, M. J., N. de Graaf, C. J. Boog, D. J. Topham, D. M. Zaiss, and
A. J. Sijts. 2012. The bone marrow functions as the central site of proliferation for
long-lived NK cells. J. Immunol. 189: 2333–2337.
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55. Della Chiesa, M., M. Falco, M. Podestà, F. Locatelli, L. Moretta, F. Frassoni, and
A. Moretta. 2012. Phenotypic and functional heterogeneity of human NK cells
developing after umbilical cord blood transplantation: a role for human cyto-
megalovirus? Blood 119: 399–410.

56. Muccio, L., A. Bertaina, M. Falco, D. Pende, R. Meazza, M. Lopez-Botet,
L. Moretta, F. Locatelli, A. Moretta, and M. Della Chiesa. 2016. Analysis of
memory-like natural killer cells in human cytomegalovirus-infected children un-
dergoing ab+ T and B cell-depleted hematopoietic stem cell transplantation for
hematological malignancies. Haematologica 101: 371–381.

57. Horowitz, A., L. A. Guethlein, N. Nemat-Gorgani, P. J. Norman, S. Cooley,
J. S. Miller, and P. Parham. 2015. Regulation of adaptive NK cells and CD8
T cells by HLA-C correlates with allogeneic hematopoietic cell transplantation and
with cytomegalovirus reactivation. J. Immunol. 195: 4524–4536.

58. Hwang, I., T. Zhang, J. M. Scott, A. R. Kim, T. Lee, T. Kakarla, A. Kim,
J. B. Sunwoo, and S. Kim. 2012. Identification of human NK cells that are de-
ficient for signaling adaptor FcRg and specialized for antibody-dependent immune
functions. Int. Immunol. 24: 793–802.

59. Zhang, T., J. M. Scott, I. Hwang, and S. Kim. 2013. Cutting edge: antibody-
dependent memory-like NK cells distinguished by FcRg deficiency. J. Immunol.
190: 1402–1406.

60. Petitdemange, C., P. Becquart, N. Wauquier, V. Béziat, P. Debré, E. M. Leroy,
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