',\' frontiers
in Immunology

REVIEW
published: 13 September 2017
doi: 10.3389/fimmu.2017.01143

OPEN ACCESS

Edited by:

Marina Cella,

Washington University School of
Medicine, United States

Reviewed by:

Alessandra Zingoni,

Sapienza Universita di Roma, ltaly
Sandeep K. Tripathy,

Washington University in

St. Louis, United States

*Correspondence:

Hui Peng
huipeng@mail.ustc.edu.cn;
Zhigang Tian
tzg@ustc.edu.cn

Specialty section:

This article was submitted to
NK and Innate Lymphoid
Cell Biology,

a section of the journal
Frontiers in Immunology

Received: 02 May 2017
Accepted: 30 August 2017
Published: 13 September 2017

Citation:

Peng H and Tian Z (2017) Natural
Killer Cell Memory: Progress

and Implications.

Front. Immunol. 8:1143.

doi: 10.3389/fimmu.2017.01143

®

Check for
updates

Natural Killer Cell Memory:
Progress and Implications

Hui Peng'* and Zhigang Tian2*

!Institute of Immunology, The CAS Key Laboratory of Innate Immunity and Chronic Disease, School of Life Sciences and
Medlical Center, University of Science and Technology of China, Hefei, China, ? Collaborative Innovation Center for Diagnosis
and Treatment of Infectious Diseases, State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, First
Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou, China

Immunological memory is a cardinal feature of adaptive immunity. Although natural killer
(NK) cells have long been considered short-lived innate lymphocytes that respond rapidly
to transformed and virus-infected cells without prior sensitization, accumulating evidence
has recently shown that NK cells develop long-lasting and antigen-specific memory to
haptens and viruses. Additionally, cytokine stimulation alone can induce memory-like
NK' cells with longevity and functional competence, leading to emerging interest in
harnessing NK cell memory for cancer immunotherapy. Here, we review the evidence of
NK cell memory in different settings, summarize recent advances in mechanisms driving
the formation of NK cell memory, and discuss the therapeutic potential of NK cells with
memory-like properties in the clinical setting.
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INTRODUCTION

The immune system has the ability to remember a previous encounter with an antigen and mount
a stronger response with faster kinetics upon reencountering the same antigen. This phenom-
enon is known as immunological memory, which is the theoretical basis for vaccination (1, 2).
Immunological memory is considered a cardinal feature of adaptive immunity, as adaptive lym-
phocytes are highly specific to a particular antigen due to somatic diversification mechanisms. Both
T and B cells express recombination-activating genes (RAGs) that mediate the rearrangement of
genes encoding antigen recognition receptors, thereby enabling the generation of antigen receptor
diversity. Following initial exposure to an antigen, antigen-specific T and B cells undergo clonal
expansion. Upon antigen clearance, most of these effector cells die via apoptosis during the con-
traction phase, but some survive and progressively differentiate into long-lived memory cells that
mediate a faster and more robust antigen-specific response than naive cells (3, 4).

Unlike adaptive immunity, the innate immune system mounts a rapid response against pathogens
and transformed cells in the absence of prior sensitization (5). Innate immune cells do not express
rearranged antigen receptors but rely on a set of germ line-encoded receptors to recognize targets.
The innate immune system contains numerous distinct cell types, among which natural killer (NK)
cells have long been considered short-lived and aspecific effector cells (6). NK cells were originally
identified in 1975 based on their spontaneous ability to lyse tumor cells without prior sensitization
(7). It is now clear that another important function of NK cells is the production of multiple cytokines,
such as interferon-y (IFN-y), early in an immune response (8, 9). NK cell effector functions are under
the control of a complex array of surface receptors, delivering either inhibitory or activating signals
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(10). Since their discovery, abundant evidence has highlighted
the importance of NK cells in host defense against infections and
tumors (11-14) and in modulating adaptive immune responses
through both direct interactions with T cells and indirect mecha-
nisms, such as the induction of dendritic cell (DC) maturation
(15-18).

During the past decade, however, increasing evidence has
shown that NK cell-mediated immune responses share common
features with adaptive immunity, and NK cells acquire immuno-
logical memory in a manner similar to T and B cells (19). Here,
we summarize recent findings concerning the roles of antigen-
specific memory NK cells in contact hypersensitivity (CHS)
responses and viral infections and discuss the recent progress in
cytokine-induced memory-like NK cell responses in mice and
humans, with an emphasis on their potential implications for
clinical therapies.

NK CELL MEMORY IN CHS

Antigen-specific memory NK cell responses were first observed
in a murine model of hapten-induced CHS (20). This model was
established through sensitization via painting a specific hapten,
such as 2,4-dinitrofluorobenzene (DNFB) or oxazolone (OXA),
on mouse skin and subsequent challenge with the same hapten
on the ears of the mice, after which the recall responses to the
haptens were measured based on ear swelling. CHS responses
were previously considered to be primarily mediated by T cells
(21, 22), among which aff T cells are the critical effectors (23),
although yd T cells, NKT cells, and B-1 cells are also involved
in this process (24-26). However, von Andrian et al. recently
observed hapten-induced CHS in immunodeficient mice lacking
T and B cells, such as RAG2-deficient mice and severe combined
immunodeficiency (SCID) mice (20). Moreover, NK cell accu-
mulation was observed in the inflamed ears in this model, and
depleting NK cells from these immunodeficient mice or using
Rag2~= x I12rg~~ mice lacking NK cells and adaptive lympho-
cytes resulted in a failure to mount CHS responses (Figure 1A),
providing evidence that NK cells can confer antigen-specific
memory responses (20).

Interestingly, further analysis showed that the adoptive trans-
fer of hepatic NK cells, but not splenic NK cells, from DNFB-
sensitized mice led the recipient mice to develop a CHS response
following challenge with DNFB (20) (Figure 1B). A subsequent
study further validated the ability of hepatic NK cells transfer-
ring DNFB-specific memory (28). In these studies, NK cells were
defined as DX5*CD3" cells and whether DX5~ NK cells possess
memory potential in CHS models was not investigated (20, 28).
Furthermore, hepatic NK cells expressing the lectin-type receptor
Ly49C/I were more potent in transferring CHS responsiveness
than hepatic Ly49C/I~ NK cells (20). Moreover, the activat-
ing receptor NKG2D and adhesion molecules such as CD18,
L-selectin, P-selectin, and E-selectin may be involved in the
different phases of NK cell-mediated CHS, as antibody-mediated
blocking of such molecules in RAG2-deficient mice was shown
to suppress hapten-induced CHS responses (20). In addition,
liver Thyl*Mac-1*CD27- NK cells transferred DNFB-specific
memory more efficiently than Thyl*CD27- NK cells or Thyl*

Itgam (Mac-1)~~ NK cells (28). However, as splenic NK cells also
express these surface markers mentioned above, these proteins
are unlikely to be responsible for the preferential localization of
hapten-specific memory NK cells in the liver.

Notably, subsequent studies have revealed that NK cell-
mediated hapten-specific CHS responses require CXCR6 (29),
a CXCL16 chemokine receptor constitutively expressed on the
hepatic sinusoidal endothelium (30). The increased expression
of CXCR6 from hepatic NK cells compared with that of splenic
NK cells and the tissue-restricted expression of CXCL16 may
explain why memory NK cells are concentrated in the liver,
rather than in other organs (29, 31). Furthermore, hepatic
CXCR6" NK cells can also mount memory responses to viral
antigens, including inactivated vesicular stomatitis virus (VSV)
and virus-like particles that contain viral proteins from human
immunodeficiency virus (HIV) as well as influenza, in a manner
similar to that of chemical haptens (29).

Cytokine signaling is also involved in hepatic NK cell-
mediated CHS. IL-12, IFN-a, and IFN-y have been implicated
in NK cell-mediated CHS responses to DNFB, whereas the type
2 cytokines IL-4 and IL-13 are dispensable for this process (28).
A recent study showed that in a CHS model induced using the
pro-hapten monobenzone, which forms a quinone-hapten via
interactions with the melanosomal enzyme tyrosinase in pig-
mented cells (32), memory NK cell formation required NLRP3
inflammasome activation in tissue-resident macrophages and its
target cytokine, IL-18 (33). Upon skin exposure to monoben-
zone, tissue-resident macrophages migrated into the draining
lymph nodes in an inflammasome-dependent manner, and this
effect coincided with local NK cell activation (33), highlighting
the importance of an inflammatory milieu for the induction
of memory NK cells. Moreover, previous sensitization with
monobenzone enhanced NK cell cytotoxicity against B16 mela-
noma cells or the pigmented melanoma cell line HCmel3 (33),
providing evidence of the potential roles of memory NK cells in
cancer immunotherapy.

Recent studies in subsets of liver NK cells have revealed that
hapten-induced NK cell memory responses are concentrated in
a liver-resident NK cell subset phenotypically characterized as
CD49a DX5"NK1.17"Lin~. CD49a and DX5 are mutually exclu-
sively expressed on murine liver NK cells and can be used to
distinguish two subsets of these cells with distinct phenotypes and
functional and transcriptional properties (31, 34). CD49a-DX5*
NK cells, also known as conventional NK (cNK) cells, are widely
distributed and circulate freely throughout the body (31, 35),
whereas liver CD49a*DX5~ NK cells are tissue-resident cells and
are dependent on the transcription factors T-bet and Hobbit, but
not Eomes, which is not important for cNK cell development
(35-37). Consistent with previous findings of CXCR6-dependent
NK cell memory responses to haptens (29), CXCR6 was found to
be highly expressed on liver-resident NK cells, but nearly absent
on cNK cells, which might explain why ¢cNK cells are less efficient
in transferring CHS responsiveness than liver-resident NK cells
in OXA- or FITC-induced CHS models (Figure 1C) (31).
Accordingly, the Kaplan group showed that liver-resident NK cells,
rather than ¢NK cells, could effectively mediate inflammatory
skin responses, and this process was inhibited by Langerhans cells
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FIGURE 1 | Continued

Natural killer (NK) cells confer antigen-specific contact hypersensitivity (CHS) memory responses. (A) T cell- and B cell-deficient Rag2~/~ or severe combined
immunodeficiency (SCID) mice sensitized by the painting of their skin with a specific hapten developed vigorous CHS upon challenge with the same hapten,

but not an unrelated hapten, on their ears. This antigen-specific CHS response did not occur in Rag2~~ x ll2rg~~ mice lacking T, B, and NK cells. CHS response
was determined by measuring ear swelling [adapted from Ref. (27) with permission from Nature Publishing Group]. (B) Liver NK cells, but not splenic NK cells, from
hapten-sensitized mice transfer hapten-specific memory into naive recipients. (C) Liver-resident NK cells, but not conventional NK (cNK) cells, from hapten-
sensitized mice transfer hapten-specific memory into naive recipients, and this process is dependent on CXCR6.

(38). Another follow-up study from the Sunwoo group reported
that aryl hydrocarbon receptor (AhR)-deficient mice, which show
a significant reduction of liver-resident NK cells, exhibit impaired
NK cell-mediated CHS (39), emphasizing the importance of
liver-resident NK cells in NK cell memory responses to haptens.

Although progress has been made in the field of NK cell
memory in CHS, some important issues remain unresolved. As
NK cells lack the ability to somatically rearrange their receptors,
how these cells distinguish different haptens remains an open
question. Furthermore, as CD49a*DX5~ NK cells rarely circulate
or emigrate from the liver at steady state, the mechanism by
which memory NK cells migrate from their initial priming site to
the liver and eventually to the challenge site is also worthy of in-
depth study. In addition, recent studies have shown that, similar
to mice, the livers of humans contain a relatively high proportion
of CXCR6" NK cells compared to the peripheral blood (40-42);
however, these cells express Eomes rather than T-bet, which is
in contrast to murine liver-resident NK cells. Nevertheless, the
phenotypic similarities between murine and human NK cells
raise an interesting question of whether the findings regarding
hapten-specific memory mediated by liver NK cells can be trans-
lated from mice to humans.

NK CELL MEMORY IN VIRAL IMMUNITY

In addition to their memory responses to haptens, NK cells have
also been found to confer long-lived, antigen-specific memory
responses to viruses (19). NK cell memory in response to viral
infections has been described in several species, including mice
(29, 43, 44), rhesus macaques (45), and humans (46, 47). Among
the various viral infection models, much of the knowledge of
NK cell memory has been obtained through murine cytomeg-
alovirus (MCMV) infection, a generally accepted model for the
study of human cytomegalovirus (HCMV) (48).

NK Cell Memory in Response to MCMV

Early studies have indicated a critical role for the activating
receptor Ly49H in NK cell-mediated resistance to MCMYV infec-
tion (49-51). Approximately 50% of splenic NK cells in naive
C57BL/6 mice express Ly49H, which specifically recognizes the
MCMV-encoded protein m157. During the first week of MCMV
infection, Ly49H* NK cells expand to account for >80% of the
total NK cell population, and their expansion is antigen specific,
as infection with mutant MCMYV lacking m157 or vaccinia virus
does not induce preferential proliferation of the Ly49H* subset
(43, 51, 52). The Lanier group performed adoptive transfer of
Ly49H* NK cells into recipients lacking Ly49H* NK cells (such as
mice deficient in DAP12, which transduces signals from Ly49H)

or Ly49H-deficient mice to trace the kinetics of these cells in
response to MCMYV infection, and the results showed that the
donor Ly49H* NK cells underwent profound expansion (100- to
1,000-fold), specifically driven by Ly49H-m157 engagement
(43). The expansion phase was followed by the contraction of
effectors, and the remaining Ly49H* cells could persist in tis-
sues for several months, forming a long-lived memory NK cell
pool (43). These self-renewing NK cells exhibited a more mature
phenotype and more robust effector functions ex vivo than their
naive counterparts. Importantly, these NK cells could undergo
secondary or even tertiary expansion after several rounds of
adoptive transfer and MCMYV infection and mediated more effi-
cient protective immunity against MCMYV than naive Ly49H*
NK cells (43, 53). Thus, similar to the adaptive responses of T and
B cells, Ly49H* NK cells go through four phases during MCMV
infection: expansion, contraction, memory maintenance, and
recall responses.

Subsequent studies have provided further insight into the
precise mechanisms underlying MCMV-induced memory
NK cell generation (Figure 2). The costimulatory molecule
DNAM-1 is required for the expansion of effector Ly49H*
NK cells and the differentiation of memory Ly49H* NK cells
through the downstream signaling components Fyn and PKCn
(54). Moreover, a recent study showed that some proportion of
NK cells transiently expressed Ragl during development, and
RAG deficiency resulted in impaired expansion and persistence
of NK cells following MCMV infection (55). Furthermore,
cytokine signaling plays important roles in virus-specific NK cell
responses at different stages following MCMV infection (56).
The IL-12-STAT4 signaling axis is indispensable not only for the
proliferation of MCMV-specific NK cells but also for the genera-
tion of long-lived memory NK cells (57). IL-18 and IL-33 are spe-
cifically required for the optimal expansion of Ly49H* NK cells
(58, 59), whereas IL-15 is a key survival factor in NK cells and
has been found to be more critical during the maintenance of
NK cell memory (60). Further studies revealed that inflamma-
tory cytokines could drive NK cells to express microRNA-155
(miR-155) and Zbtb32 (61, 62), which in turn induce NK cell
proliferation via antagonizing the antiproliferative factor Blimp-1
(62). Effector cell contraction is also a critical event during the
development of long-lived memory cells, and NK cell contraction
is dependent on the proapoptotic factor Bim (63). However, the
mitochondrial-associated proteins BNIP3 and BNIP3L promote
the removal of mitochondria-associated reactive oxygen species
and dysfunctional mitochondria via autophagy, which serves as
a pro-survival mechanism for MCMV-specific NK cells during
the effector-to-memory phase transition (64). These findings are
consistent with the results of studies revealing the importance of
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FIGURE 2 | Generation of natural killer (NK) cell memory during murine cytomegalovirus (MCMV) infection. During MCMYV infection, NK cells recognize

MCMV-infected cells via Ly49H-m157 interactions, and Ly49H* NK cells undergo clonal-like expansion, partially driven by the signal mediated by the costimulatory
molecule DNAM-1 and pro-inflammatory cytokines, such as IL-12, IL-18, and IL-33. Following NK cell expansion, Ly49H* NK cells enter a contraction phase that is
dependent on the proapoptotic factor Bim and subsequently become long-lived memory NK cells. Autophagy, DNAM-1, and IL-12 are important for the generation

of memory NK cells, whereas their survival is dependent on IL-15 [adapted from Ref. (19) with permission from Nature Publishing Group].

autophagy in memory CD8* T cell formation (65), although the
underlying mechanisms of these adaptive lymphocytes remain
unknown.

NK Cell Memory in Response to HCMV

Human cytomegalovirus is a ubiquitous virus associated with
high-risk morbidity in immunologically suppressed and immuno-
deficient individuals (66, 67). In humans, an increased frequency
of NK cells expressing the activating heterodimeric receptor
CD94-NKG2C has been observed in healthy HCM V-seropositive
individuals compared with that in HCMV-seronegative indi-
viduals (68-70). Although expansion of the NKG2C* NK cell
population has also been observed in patients infected with other
viruses, such as HIV (71), hantavirus (72), hepatitis B virus, or
hepatitis C virus (47), an increased frequency of NK cells express-
ing CD94-NKG2C has been observed only in individuals with
HCMYV coinfection. Moreover, HCM V-infected cells can promote
the expansion of NKG2C* NK cells in vitro, and the observed cell
expansion can be abrogated using a CD94-specific blocking anti-
body (73). Strikingly, in a case study of a T cell-deficient infant with
acute HCMYV infection, more than 80% of NK cells were found
to express NKG2C with increasing viral loads (74). Analogous to
the kinetics of murine Ly49H* NK cells during MCMYV infection,
NKG2C* NK cells undergo contraction after control of HCMV
infection but persist at a relatively high frequency in solid-organ
transplant recipients with HCMV viremia (46). Moreover, HCMV
reactivation in hematopoietic cell transplantation patients is
correlated with the preferential expansion of NKG2C* NK cells
exhibiting a mature NK cell phenotype, showing progressive
acquisition of CD57 and more potent IFN-y production than
NKG2C* NK cells obtained from seronegative donors (75-77).
Thus, the expanding NKG2C* NK cells in HCMV-infected

individuals potentially represent a human NK cell population
with memory-like properties.

Several recent studies have provided further insight into the
mechanisms involved in NK cell memory-like properties driven
by HCMYV infection. Similar to the requirement of inflamma-
tory cytokines for Ly49H* NK cell responses against MCMV
infection, IL-12 produced by CD14* monocytes is also required
for the expansion of NKG2C* NK cells in response to HCMV
infection (78). Studies have demonstrated the demethylation of
conserved non-coding sequence (CNS) 1 of the IFNG locus in
expanding NKG2C* NK cells, which remains stably imprinted
in progeny, similar to memory Thl cells (79). Furthermore,
FceRIy-negative NK cells have also been associated with a history
of HMCYV infection and high expression of NKG2C and CD57
(80-83). These NK cells exhibit more robust antibody-dependent
responsiveness through cross-linking of CD16 (FcyRIIIa) than
FceRIy-expressing NK cells (80, 81). Deficiency of multiple
proteins, such as the transcription factor PLZF and the signal-
ing molecules DAB2 and EAT-2, has been observed in these
FceRlIy-negative NK cells, and DNA hypermethylation occurs at
the promoter regions of several of these genes (82, 83), further
suggesting epigenetic modifications of HCMV-driven memory-
like NK cells.

Nevertheless, although numerous studies have provided
evidence that the expansion of NKG2C* NK cells may be spe-
cific to HCMYV infection, there is no direct evidence suggesting
that NKG2C* NK cells specifically exert their functions against
HCMYV infection and mount a recall response to HCMV reacti-
vation. Moreover, it remains unknown whether NKG2C directly
recognizes the HCMV protein, similar to the Ly49H-MCMV
m157 interaction. In fact, emerging evidence has revealed that
HCMV-induced NK cells with adaptive features can occur in the
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absence of NKG2C (84-86). Thus, the nature of the memory-like
responses of human NK cells induced after HCMV infection
requires further investigation.

NK Cell Memory during Other Viral

Infections

In addition to CMV, NK cell memory has also been observed
in response to other viral infections. Paust et al. showed that
murine hepatic NK cells could remember prior encounters
with influenza virus, VSV, and HIV and confer virus-specific
delayed-type hypersensitivity (29). Moreover, after subcutane-
ous immunization of mice with influenza virus or VSV anti-
gens, NK cells provide effective and specific protection against
subsequent lethal infection (29). Similar to hapten-induced
memory NK cells, influenza virus-induced memory NK cells
also reside in the liver and are restricted to the CD49a*DX5~
NK cell population (44). In mouse models of vaccinia virus and
herpes simplex virus 2 infection, NK cells exhibit an enhanced
effector capacity and protection against secondary virus infec-
tion in a process specific to the priming virus (87, 88). More
recently, antigen-specific memory NK cell responses have been
observed in rhesus macaques after immunization with simian
immunodeficiency virus (SIV) (45). In this study, NK cells
from SIV-infected macaques showed increased cytotoxicity
to Gag- and Env-pulsed DCs compared with that of NK cells
from uninfected macaques, and this process was dependent
on NKG2A and NKG2C (45). Furthermore, both splenic and
hepatic NK cells from macaques vaccinated with adenovirus
expressing SIV Gag or Env efficiently lysed antigen-matched,
but not antigen-mismatched targets, and these antigen-specific
NK cell responses were observed 5 years after vaccination (45),
indicating the durability of these memory NK cell responses.
These studies collectively provide compelling evidence that
NK cells are endowed with immunological memory in different
settings, but the specificities between NK cell receptors and cog-
nate viral antigens remain unknown. Furthermore, it is unclear
why memory NK cells induced by certain viruses are restricted
to the liver, whereas there is no restriction on the tissue distribu-
tion of memory NK cells in other viral infections.

CYTOKINE-INDUCED MEMORY-LIKE
NK CELLS

Several studies have indicated that NK cell activation by cytokines
alone can induce the generation of NK cells with memory-like
properties. In 2009, the Yokoyama group first reported that
murine splenic NK cells with a history of combined cytokine acti-
vation display durable enhanced responses to restimulation (89).
NK cells that were activated with IL-12, IL-15, and IL-18 in vitro
and subsequently adoptively transferred to immunodeficient
mice exhibited an enhanced capacity to produce IFN-y upon res-
timulation with cytokines or via activating receptor engagement
compared with pretreatment with IL-15 alone, and this enhanced
response could be maintained for 12 weeks after adoptive transfer
(89, 90). Notably, this memory-like property was shown to be
intrinsic and was passed onto daughter generations that were not

themselves exposed to cytokines in vitro, suggesting potential
transcriptional or epigenetic changes in these memory-like
NK cells (89, 90). Consistent with this hypothesis, a recent report
showed that preactivation of mouse NK cells with combined
cytokines led to demethylation of CNS1 at the Ifng locus (91),
providing an explanation for the generation of these memory-like
NK cells. Further studies are needed to investigate whether other
epigenetic modifications are involved in this process.

In addition, memory-like NK cells induced by cytokine stimu-
lation may exist in vivo during viral infections. A recent study
showed that a portion of the NK cells from influenza-infected
mice adoptively transferred into naive recipients migrated to
the bone marrow, where they exhibited significantly more divi-
sion than those recovered from other tissues of the recipients
and responded to subsequent influenza infection (92). Similar
to cytokine-preactivated NK cells in vitro, these memory-like
NK cells are not antigen specific, as these cells respond to the
unrelated respiratory syncytial virus similar to influenza virus
(92). Considering these findings together with the previous
observation of elevated levels of the pro-inflammatory cytokines
IL-12, IL-6, and IFN-y in severe influenza patients (93), it is
likely that cytokines drive these memory-like responses during
influenza infections.

Follow-up studies from the Cerwenka group demonstrated
that cytokine-preactivated NK cells maintained enhanced anti-
tumor functions in vivo. The adoptive transfer of murine splenic
NK cells pretreated with IL-12, IL-15, and IL-18, but not naive
or IL-15- or IL-2-pretreated NK cells, into tumor-bearing mice
effectively reduced tumor growth, than that of when combined
with radiation therapy (94). The memory-like NK cells in this
model expressed high levels of CD25 (IL-2Ra), and their rapid
proliferation in vivo was driven by IL-2 produced by CD4*
T cells. Moreover, the assistance provided by CD4* T helper
cells to memory-like NK cells is dependent on the presence of
macrophages (91). However, the precise molecular mechanisms
underlying the interactions between macrophages, T cells, and
NK cells in this process remain uncharacterized.

The memory-like responses induced by previous cytokine
stimulation have also been described in human NK cells.
Similar to murine memory-like NK cells, human NK cells that
are preactivated with IL-12, IL-15, and IL-18 and subsequently
rest for several days display increased IFN-y production upon
restimulation with cytokines or target cells compared with
control NK cells, and this enhanced activity is maintained fol-
lowing extensive cell division (94, 95). Both the CD56" and
CD56%™ subsets of human NK cell exhibit memory-like proper-
ties, and in CD56%™ NK cells, enhanced IFN-y production was
also associated with a less mature phenotype, as evidenced by
increased expression of CD94, NKG2A, NKG2C, and CD69 and
a lack of CD57 and killer immunoglobulin-like receptor (KIR)
expression among functional memory-like NK cells (94, 95).
Moreover, the combination of CD16 cross-linking and cytokines
resulted in robust enhancement of memory-like IFN-y produc-
tion, whereas NK cells preactivated through cross-linking CD16
alone did not elicit this effect (95), suggesting that activating
receptor engagement could costimulate memory-like NK cell
induction. Consistent with the results obtained from murine
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NK cells, human cytokine-preactivated NK cells were shown to
display high CD25 expression, thus acquiring responsiveness to
low doses of IL-2. Moreover, the functional competence of these
cells was successfully supported by exogenous IL-2 after adoptive
transfer into immunodeficient NOD-SCID-y.~~ (NSG) mice (96),
suggesting that the administration of NK cells preactivated with
combined cytokines in vitro, followed by IL-2 therapy in vivo,
may be a useful therapeutic strategy for clinical trials.

THERAPEUTIC POTENTIALS OF NK CELL
MEMORY

Considering the important role of NK cells in first-line defense
against malignantly transformed cells, extensive efforts have
been made to harness the antitumor effects of NK cells in the
clinic for several decades (11). Despite significant progress in
the field of NK cell-based immunotherapies, some factors limit
the clinical efficacy of NK cells, such as their short lifespan and
functional impairment (97). However, with recent advances in
our understanding of NK cell memory, exploiting NK cells with
memory-like properties might greatly increase the efficacy of
these cells and pave the way for novel NK cell-based strategies
for the clinical treatment of cancer (98).

The heightened antitumor responsiveness of cytokine-
induced memory-like NK cells has been observed in both
mice and humans. Consistent with the finding that murine
cytokine-preactivated NK cells maintain enhanced antitumor
activity in vivo after adoptive transfer (94), a preclinical study
from the Fehniger group revealed that a single injection of
human memory-like NK cells into NSG mice xenografted with
K562 leukemia significantly reduced the leukemia burden and
improved overall survival compared with control NK cells (99).
Similarly, a separate study from the Cerwenka group also found
effective control of solid tumor growth by cytokine-preactivated
human NK cells in a melanoma xenograft model in NSG mice
(91). The enhanced antitumor effects mediated by memory-like
NK cells might result from their augmented cytotoxicity, high
IFN-y production capacity, and persistence in large numbers in
the host (91).

The clinical application of allogeneic NK cells is promising
for the treatment of leukemia and has attracted the interest
of many investigators. KIR-ligand mismatch has a beneficial
effect on donor NK cell alloreactivity against recipient leukemia
(100-102). Moreover, many studies have shown that the adoptive
transfer of alloreactive NK cells does not cause graft-versus-host
disease (GVHD) (103-107) and instead suppresses GVHD (108).
Although the development of GVHD after allogeneic NK cell
adoptive transfer has been observed in several studies (109-111),
an inadequate number of infused NK cells or other unknown
factors during treatment might account for these consequences.
Despite the advantages of NK cell-based immunotherapy,
the inadequate persistence, expansion, and in vivo antitumor
activity have limited the antileukemia effects of NK cells. To
overcome these disadvantages, a Phase I clinical trial harnessing

cytokine-induced memory-like NK cells has recently been
initiated for patients with relapsed or refractory acute myeloid
leukemia (AML) (99). In this clinical study, haploidentical donor-
derived NK cells were preactivated with IL-12, IL-15, and IL-18
for 12-16 h, followed by washing and subsequent infusion into
AML patients pretreated with the chemotherapy agents fludara-
bine/cyclophosphamide for lymphodepletion. After adoptive
transfer, a low dose of IL-2 was administered for 2 weeks to sup-
port memory-like NK cell expansion and functionality. Tracking
the donor memory-like NK cells in recipients revealed that the
donor NK cells underwent expansion, with peak numbers in
the blood and bone marrow being observed at 7-14 days after
infusion, comprising >90% of blood NK cells (99). As expected,
donor memory-like NK cells exhibit enhanced functionality
after adoptive transfer, as evidenced by an increased frequency
of IFN-y-positive donor NK cells compared with that of recipient
NK cells upon ex vivo restimulation with K562 leukemia cells
(99). Notably, five of nine evaluable patients showed clinical
responses, including four complete remissions, which compares
favorably with previous studies utilizing purified NK cells with-
out cytokine preactivation (112, 113). These results indicate the
superiority of cytokine-induced memory-like NK cells in clinical
applications for cancer therapy.

CONCLUSION

Recent discoveries have shown that NK cells can remember prior
exposure to haptens, viral antigens, or cytokine stimuli, leading
to NK cell memory becoming a hot spot of current research.
Moreover, emerging evidence has shown the clinical benefits of
using NK cells with memory-like properties as a novel antitumor
immunotherapy approach. Despite remarkable progress in this
field, there are many questions that remain unanswered. For
example, it is unclear whether NK cells recognize a variety of
structurally distinct molecules with germ line-encoded receptors
and why memory NK cells in certain models exhibit a restricted
tissue distribution. Additionally, it is of interest to further inves-
tigate whether NK cell memory occurs in bacterial infections,
autoimmune diseases, and cancer. Although other innate lym-
phoid cells (ILCs), such as ILC2s, also exhibit memory-like
properties (114), it remains unknown whether these cells possess
antigen-specific memory potential.
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