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Innate lymphoid cell memory
Xianwei Wang1,2, Hui Peng1,2 and Zhigang Tian1,2

Innate lymphoid cells (ILCs), including natural killer (NK) cells, ILC1s, ILC2s, ILC3s, and lymphoid tissue inducer (LTi) cells, comprise
the first line of innate immune defense against pathogens and tumors. Over the past decade, accumulating evidence has
demonstrated immunological memory in ILC subsets: for example, NK cells recall haptens, viruses, and cytokines; ILC1s recall
haptens; and ILC2s recall cytokines. Although the development and functions of ILCs mirror those of T-cell subsets, ILC and T-cell
memory exhibit both common characteristics and specific properties. Encouragingly, ILC memory has been found to confer
benefits in long-term tumor control and vaccination, providing insight for novel memory ILC-based tumor immunotherapy and
vaccine-development strategies. In this review, we discuss the evidence supporting ILC memory and present a comprehensive
framework of the ILC memory system.
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INTRODUCTION
Members of the innate lymphoid cell (ILC) family, composed of
natural killer (NK) cells, ILC1s, ILC2s, ILC3s, and lymphoid tissue
inducer (LTi) cells, functionally mirror their adaptive counterparts,
CD8+ and CD4+ T-cell subsets.1–4 ILCs provide the first line of host
immune defense against pathogenic infection and tumor develop-
ment. Specifically, NK cells produce perforins, granzymes, and
interferon (IFN)-γ in response to viruses and tumor cells. Like
Th1 cells, ILC1s produce IFN-γ and tumor necrosis factor (TNF)
during viral and bacterial infections.5–7 ILC2s combat parasitic
invasions and participate in allergic inflammation via the produc-
tion of type 2 cytokines, such as interleukin (IL)-4, IL-5, and IL-13.8,9

ILC3s mediate innate immune responses against extracellular
bacteria and fungi through the production of IL-17 and IL-22.10–13

LTi cells are critical for lymph node (LN) development in a
lymphotoxin-dependent manner.14 Due to their lack of
recombination-activating genes (RAGs), ILCs cannot express diverse
rearrangement-mediated antigen-recognition receptors and have
thus been traditionally defined as innate immune cells capable of
mounting rapid responses in the absence of prior sensitization.
Immunological memory is a hallmark of adaptive T and B cells.

Upon exposure to antigens, adaptive lymphocytes carrying
specific receptors undergo expansion and contraction, eventually
acquiring memory potential. Upon encountering the same
antigen, adaptive lymphocytes with specific memory mediate
robust recall responses. Over a decade ago, von Andrian and
colleagues found that not only T and B cells but also NK cells are
capable of mediating adaptive contact hypersensitivity responses
(CHS).15 Since then, memory NK cells recognizing mouse
cytomegalovirus (MCMV),16 cytokines,17 simian immunodeficiency
virus (SIV),18 and human cytomegalovirus (HCMV)19 have been
reported in mice, rhesus macaques, and humans. NK cell memory
capabilities have since become widely appreciated. Interestingly,
recent studies have further revealed the memory features of

ILC1s20 and ILC2s.21 These new findings have greatly contributed
to our understanding of immunological memory and have
extended the concept of NK cell memory to ILC memory. In this
review, we summarize the advances and present a comprehensive
framework of ILC memory.

MEMORY NK CELLS
Memory NK cells in inflammation
The first evidence supporting ILC memory came from a study by
the von Andrian laboratory.15 The CHS model is a well-established
mouse model for human allergic contact dermatitis (ACD), in
which adaptive T cells are considered responsible for allergic
inflammation. Unexpectedly, von Andrian and colleagues found
that CHS responses could also be induced in Rag1−/−, but not
Rag1−/−γc−/− mice, and that sensitized liver NK cells, but not
splenic NK cells, could transfer immunological memory to naive
mice.15 Rag1−/− mice vaccinated with influenza virus strain A/PR/
8/34 (PR8), vesicular stomatitis virus, and human immunodefi-
ciency virus type 1 were found to exhibit prolonged survival upon
specific viral challenges,22 underscoring the prospective use of
memory NK cells in novel vaccine-development strategies. The
chemokine receptor CXCR6 plays a key role in the homeostasis of
antigen-specific memory NK cells, as evidenced by the findings
that liver CXCR6+ NK cells can mediate long-term memory
responses and that Rag1−/−Cxcr6−/− mice fail to mount CHS
responses.22 The “liver-restriction” feature of hapten-specific
memory NK cells was not explained until the discovery of
CD49a+ liver-resident NK cells. Liver NK cells are heterogeneous
populations composed of CD49a+ liver-resident NK cells and
CD49b+ conventional NK (cNK) cells.23 CD49a+ liver-resident NK
cells do not circulate throughout the body, and these cells
account for nearly half of all liver NK cells.23–25 In recent years,
great advances have been made in studying the tissue residency
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of lymphocytes, and CD49a has been accepted as a classical
marker of tissue residency.26,27 Although CD49a+ liver-resident NK
cells exhibit cytotoxic activity,28 this subset is also referred to as
liver ILC1s, as they lack the transcription factor Eomes and differ
from cNK cells in their progenitor origin.6,26,29,30 CD49a+ liver-
resident NK cells express high levels of CXCR6,23 a key regulator of
hapten-specific memory NK cells. Adoptive transfer experiments
have demonstrated the memory features of CD49a+ liver-resident
NK cells.23 In aryl hydrocarbon receptor-deficient mice, CD49a+

liver-resident NK cells were found to have reduced numbers and
lack the ability to mediate hapten-specific memory responses.31

In addition, CD49b+ cNK cells have also been reported to
mediate CHS responses (Fig. 1). Pro-hapten monobenzone-induced
CHS is primarily driven by memory cNK cells.32 Inflammasome
activation in macrophages and the downstream cytokine, IL-18, are
required for memory cNK cell formation in this model.32 As
monobenzone is metabolized in melanocytes to generate haptens,
monobenzone-induced memory cNK cells display specific cyto-
toxicity against melanocytes, efficiently controlling B16 tumor
development.32 A recent study has reported that the complete
deficiency of Ly49 family member receptors results in the failure to
induce CHS, and a knock-in of Ly49I restores liver NK cell-mediated
dermal inflammation, suggesting that educated NK cells have the
potential to acquire immunological memory.33 Surprisingly, Ly49C/

I-sensitive peptides have been found to induce NK-cell recall
responses,33 implying that haptens may form complexes with self-
proteins containing Ly49C/I-sensitive peptides and that liver NK
cells may directly recognize such complexes. In this case, however,
it remains unclear how the germline gene encoding Ly49 receptors
discriminates among different hapten–self-protein complex struc-
tures, the specificities of which are determined by self-proteins.
Understanding the mechanisms of antigen recognition remains
the greatest challenge in the study of hapten-induced memory NK
cells. The reason why Ly49C/I-dependent memory NK cells are liver
restricted also remains to be elucidated. Given that Ly49C/I is
highly expressed on circulating NK cells but minimally expressed
on CXCR6+ NK cells,20 there must be other key factors responsible
for liver-restricted memory-cell generation. Because CD49b+ cNK
cells lack CXCR6 expression, a CXCR6-independent mechanism
may be involved in Ly49C/I-mediated memory NK-cell formation.
Collectively, the two parallel systems of CD49a+CXCR6+ liver-
resident NK cells and CD49b+Ly49C/I+ cNK cells may be
responsible for the development of hapten-induced liver-
restricted immunological memory.

Memory NK cells in viral infection
The MCMV model initially established by the Lanier laboratory has
traditionally been used for memory NK cell research.16,34 As in T

Fig. 1 Generation and maintenance of memory ILCs. ILCs, including NK cells, ILC1s, and ILC2s, are reported to exhibit adaptive features.
Ly49H+ NK cells directly recognize the MCMV-m157 protein and are completely activated with the help of costimulatory and proinflammatory
cytokine signals. The transcription factors Zbtb32, STAT4, Runx1/3, and CBF-β are critical for Ly49H+ NK cell expansion. Ly49H+ NK cells
subsequently undergo a contraction phase. A small population of these cells survive against apoptosis in an autophagy-dependent manner
and switch to a memory state via an epigenetic program. IL-15 is required for memory Ly49H+ NK-cell longevity. Cytokines can induce non-
specific memory potential in NK cells. Activation signals from combinations of cytokines induce the generation of long-lasting epigenetic
imprinting of the Ifng locus. Both CD49a+ liver-resident NK cells and CD49b+ cNK cells have been reported to be responsible for hapten-
induced immunological memory. CD49b+ cNK cells express Ly49C/I, which may interact with Ly49C/I-sensitive self-peptide–hapten
complexes. CD49a+ liver-resident NK cells contain an IL-7Rα+ subset that conforms to the definition of ILC1s. IL-7Rα+ ILC1s, reported to highly
express CXCR6 and CXCR3, acquire memory in draining LNs and maintain long-term survival in the liver. Notably, whether CD49a+ liver-
resident NK cells respond locally to haptens and viruses (influenza virus, VSV, and HIV) has not been determined. Lung ST2+ ILC2s acquire
memory upon IL-33 stimulation. Memory ILC2s exhibit a greater production of IL-5 and IL-13 in recall responses. cNK cells, conventional NK
cells; HIV, human immunodeficiency virus type 1; ILCs, innate lymphoid cells; LN, lymph node; MCMV, mouse cytomegalovirus; NK cells,
natural killer cells; VSV, vesicular stomatitis virus
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cells, three signals are required for MCMV-specific NK cell clonal
expansion (Fig. 1). Binding of the activating Ly49H receptor to the
viral m157 protein is the first signal and leads to the activation of
the adaptor protein DAP12.16 In addition to Ly49H, the activating
receptor Ly49D either directly drives NK cell memory formation
against the H-2Dd MHC class I alloantigen in the setting of
allogeneic bone marrow transplantation35 or enhances memory
differentiation of Ly49H+ NK cells in the setting of MCMV
infection.36 Binding of the co-stimulatory receptor CD226 to
CD155 and CD112 is the second signal.37 The third signal involves
pro-inflammatory cytokines, including IL-12, IFN-α/β, IL-18, and IL-
33.38–41 IL-12 drives the expression of STAT4 and Zbtb32,38,42

while IFN-α is required for the expression of STAT1, STAT2, and
IRF9.43 Zbtb32−/− NK cells exhibit decreased antiviral activity and
impaired memory Ly49H+ NK cell generation.42 Zbtb32 allows
NK cell activation and proliferation via the suppression of Blimp-1.
STAT4 binds to the promoter regions of Runx1 and Runx3 genes,
promoting the expression of Runx1 and Runx3 transcription
factors.44 Runx1 is responsible for controlling the cell cycle in
Ly49H+ NK cells. Ly49H+ NK cell expansion and survival were
found to be impaired in STAT1-, STAT2-, and IRF9- deficient mice,
underscoring a non-redundant role for IFN-α/β signaling in
memory Ly49H+ NK cell generation.43 One week after MCMV
infection, Ly49H+ NK cells were found to expand to the peak
number—up to a 10-fold increase in B6 mice or a 1000-fold
increase in a transfer model.16 Ly49H+ NK cells subsequently enter
a contraction stage as the pro-apoptotic molecule Bim mediates
the dramatic loss of effector Ly49H+ NK cells.45 A small effector
Ly49H+ NK cell population survives in an autophagy-dependent
manner during transition to the memory pool.46 The process of
autophagy helps to clear damaged mitochondria and reduce
reactive oxygen species levels, thus protecting the effector
Ly49H+ NK cells with memory potential from undergoing
apoptosis. Ly49H+ NK cells deficient in the mitochondria-
associated protein BNIP3 or BNIP3L exhibit impaired memory-
pool generation.46 Maturely differentiated memory Ly49H+ NK
cells exhibit the Ly6C+KLRG1+ phenotype.47,48 However, the
mechanism by which effector Ly49H+ NK cells switch to a
memory state is yet to be detailed. A previous study showed
continuous transcriptome changes in Ly49H+ NK cells during their
differentiation from naive to effector and memory states.47 Sun
and colleagues recently clarified the sequential transition of naive,
effector, and memory Ly49H+ NK cells in terms of epigenetic
regulation.49 The cytotoxicity and interferon-stimulated response
element pathways were associated with increased chromatin
accessibility in memory-state Ly49H+ NK cells, while chromatin
regions associated with TCF-LEF transcription factors and nuclear
factor-κB family members were found to have decreased
accessibility.49 Chromatin architecture dynamics provide insight
to the precise regulatory mechanisms responsible for the switch-
ing of NK cells between effector and memory states.
Memory Ly49H+ NK cells exhibit features in common with CD8+

T cells.50 The dynamics, molecular regulation, transcriptome, and
epigenetic program of MCMV-specific memory NK cells are
comparable to those of CD8+ T cells.16,34,47,49 Both Ly49H+ NK and
MCMV-specific CD8+ T cells undergo expansion (days 0–7), contrac-
tion (days 7–14/28), and stable memory (days > 28) phases.16 Three
signals, which involve recognition receptors, co-stimulatory mole-
cules, and pro-inflammatory cytokines, are required for the complete
activation of Ly49H+ NK and CD8+ T cells. These two cell types share
the same regulators of memory generation and maintenance,
including IL-15, Bim, autophagy, and epigenetic programs. However,
effector and memory T cells use different metabolic pathways.
Effector T cells exhibit elevated aerobic glycolysis and preferentially
metabolize glucose.51,52 Metabolic switching from glycolysis to
intrinsic fatty acid oxidation is critical for the generation and long-
term survival of memory T cells.53,54 Recent studies have reported
that metabolic reprogramming contributes to NK cell dysfunction,

demonstrating how critical metabolic regulation is for NK cell
function and survival.55 Adaptive NKG2C+ NK cells from HCMV-
seropositive individuals exhibit increased glycolysis and mitochon-
drial oxidative metabolism, similar to T cells.56 AT-rich interaction
domain 5B is essential for the generation of mitochondrial membrane
potential, oxidative metabolism, the production of IFN-γ, and the
survival of adaptive NK cells.56

NK cell deficiency often results in an increased risk of lethal HCMV
infection,57 underscoring the critical role that NK cells play in
controlling this virus. NKG2C+ NK cell populations have been
reported to undergo expansion and activation via NKG2C signaling
in HCMV-seropositive individuals.19 HCMV reactivation induces the
preferential expansion of NKG2C+ NK cells, and these expanded
cells can survive for at least 1 year.19 Similarly, long-lasting memory-
like NK cells have been reported in hantavirus58 and hepatitis
patients.59 Notably, NKG2C+ NK cell expansion has been observed
only in patients concomitantly infected with HCMV, implying that
HCMV indeed drives human memory-like NK cell generation.
Consistent with these findings, a recent study identified memory
NKG2C+ NK cells using RNA-based flow cytometry in rhesus
macaques infected with CMV and SIV.60 The receptors platelet-
derived growth factor-a receptor and neuropilin-2 facilitate the entry
of HCMV into epithelial and endothelial cells.61 HLA-E on infected
cells presents HCMV-encoded UL40 peptides to NKG2C/CD94
complexes on human NK cells.62 A single amino-acid substitution
in UL40 was found to result in failed human NKG2C+ NK cell
responses.62 NKG2C–UL40 interaction thus serves as the first signal
to activate HCMV-specific NK cells. Whether the second signal
mediated by co-stimulatory molecules is required has not yet been
determined. Monocyte-derived IL-12 serves as the third signal
for human NKG2C+ NK-cell activation.63 Among human NKG2C+

NK cells, FcRγ- populations exhibit the most robust responses
against HCMV and influenza virus in an antibody-dependent
manner.64,65 CMV-driven adaptive FcRγ- NK cells are present
throughout the body and preferentially migrate to mucosal sites.66

CMV infection activates the atypical CD3ζ–Zap70 signaling pathway
instead of the γ-chain–Syk pathway in FcRγ- NK cells.66 In FcRγ- NK
cells, DNA methylation associated with the tyrosine kinase SYK
deficiency occurs in the promoter region of the genes encoding
PLZF, HELIOS, DAB2, and EAT-2, implying that epigenetic modifica-
tions are critical for HCMV-induced memory-like NK-cell develop-
ment.65 Furthermore, the conserved noncoding sequence at the
IFNG locus exhibits high accessibility in long-lasting NKG2C+ NK
cells67. Upon secondary stimulation, these epigenetic modifications
allow a faster production of IFN-γ by human memory NK cells.
Memory NK cells are widely present in both mice and primates

infected with viruses. Paust et al. reported that liver NK cells recall
sensitization to influenza virus, human immunodeficiency virus
type 1, and vesicular stomatitis virus, protecting mice from lethal
secondary infections.22 Liver CXCR6+ NK cells may play a key role
in the defense against viral challenges in vaccinated mice.
Notably, influenza virus-induced memory NK cells were found to
be concentrated among populations of liver CD49a+ NK cells that
highly expressed CXCR6.68 Moreover, NK cells from macaques
infected with SIV were reported to specifically lyse Gag- and Env-
pulsed dendritic cells, demonstrating the presence of memory NK
cells in primates.18 As in the setting of HCMV infection, NKG2C
participates in SIV-induced memory NK-cell generation.18,60 A
study found that CD56dim NK cells from healthy individuals
vaccinated against influenza virus exhibit a higher production of
IFN-γ upon restimulation by influenza virus and that NKp46
internalization represents the memory state of human NK cells.69

Importantly, these aforementioned studies provide insight for
novel NK cell-based vaccine-development strategies.

Cytokine-induced memory NK cells
The Yokoyama laboratory first established a memory NK cell
model in the absence of specific antigens.17 Cytokines IL-12, -15,
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and -18 have been found to induce the memory potential of cNK
cells. NK cells pre-activated by cytokine combinations and
transferred into naive mice exhibit a stronger IFN-γ production
than naive NK cells upon secondary stimulation with IL-12, IL-15,
or other activating receptors.17 Due to the lack of specific antigen
recognition, this form of memory NK cells has been termed non-
specific memory NK cells (Fig. 1). Cytokine-induced memory NK
cells last for at least 12 weeks, emphasizing their longevity.70 A
follow-up study found that the memory potential of cytokine-
induced NK cells can be transferred to their daughter cells not
previously exposed to those cytokines, implying that NK cells
acquire memory in an intrinsic manner and that an epigenetic-
dependent mechanism may promote memory formation.70

Consistent with these results, another study reported that cytokine
stimulation results in the demethylation of genes encoding IFN-γ,
implying that a long-lasting epigenetic imprinting of the Ifng locus
is responsible for recall responses of memory NK cells and their
daughter cells.71 Tissue-resident NK cells are present in multiple
tissues and show developmental and functional features distinct
from those of cNK cells.26 It would be of great interest to
determine whether tissue-resident NK cells exhibit memory
characteristics upon stimulation with cytokines or other antigens,
similar to tissue-resident memory T cells. Tissue-resident memory
NK cells may confer early immunoprotection at barrier sites.
In addition, cytokines induce the memory characteristics of

human NK cells. Similar to murine memory NK cells, human
CD56bright and CD56dim NK cells preactivated by IL-12, -15, and -18
were reported to exhibit increased production of IFN-γ upon
secondary stimulation with IL-12 + IL-15, IL-12 + IL-18, or K562
leukemia cells.72 Cytokine-induced human memory NK cells can
persist for at least 3 weeks.72 CD94+NKG2A+NKG2C+CD69+CD57--
KIR- NK cells may be responsible for the memory formation
potential.72 Like murine NK cells, daughter cells of cytokine-
activated human NK cells exhibit recall capacity.72 Surprisingly, NK
cells stimulated with CD16, IL-12, IL-18, or other activating signals
also exhibit enhanced IFN-γ production upon restimulation.72

Unique patterns of activating signals seem to be required for
human memory NK cell generation. These memory NK cells may
exist under a variety of physiological conditions. During preg-
nancy, uterine-resident NK cells can proliferate73 and secrete
growth factors, promoting fetal development.74 A recent study
reported that human NKG2C+ NK cells expand in repeated
pregnancies, and these cells were termed pregnancy-trained
decidual NK cells (PTdNKs).75 Like cytokine-induced memory NK
cells, PTdNKs possess easily accessible chromatin at the IFNG
locus.75 HLA-E, HLA-G, and IL-15 may play vital roles in the
generation of memory-like PTdNKs.75

Several studies have highlighted the applications of cytokine-
induced memory NK cells in tumor immunotherapy. Memory NK
cells have the advantages of robust recall responses, longevity,
and non-specific features to control tumor development. A single
injection of murine NK cells pre-activated with IL-12/IL-15/IL-18, in
combination with irradiation therapy, efficiently reduced RMA-S
lymphoma growth.76 Memory NK cells exhibit increased IL-2Rα
expression, suggesting that IL-2 may allow pre-activated donor NK
cells to rapidly proliferate and accumulate in cancerous tissue.76 In
a first-in-human phase 1 clinical trial (NCT01898793), human
memory NK cells were successfully used to induce complete
remission in four of the nine acute myeloid leukemia patients.77

These findings demonstrate that memory NK cells hold great
promise in the development of novel antitumor immunotherapies.

MEMORY ILC1S
ILC1s are defined as non-cytotoxic IFN-γ/TNF-producing helper
innate lymphoid cells.1–6 ILC1s function as the first line of immune
defense against viruses, acting earlier even than cNK cells.7 A
recent study, however, detailed the memory features of ILC1s,

reporting that these cells mediate hapten-induced long-term
recall responses.20 Unique thymic IL-7Rα+ NK cells were described
in 2006.78 Thymic NK cells represent a lineage different from bone
marrow (BM)-derived NK cells. A follow-up study found that LNs
also contain IL-7Rα+ NK cells that develop via thymus-dependent
and thymus-independent pathways.79 Thymic and LN IL-7Rα+ NK
cells are currently classified as ILC1s.1,80 Interestingly, hapten
sensitization induces the increased recruitment of IL-7Rα+ ILC1s
into skin-draining LNs in a CXCR3-dependent manner20 (Fig. 1). IL-
7Rα+ ILC1s express CXCR6 and CD49a, while IL-7Rα- cNK cells do
not. ILC1s are activated by haptens and subsequently acquire
hapten-specific memory potential in draining LNs.20 Although IL-
7Rα+ ILC2s and ILC3s have been shown to reside within
interfollicular spaces in LNs,81 the location of naive and hapten-
sensitized IL-7Rα+ ILC1s has not yet been determined. After egress
from LNs, memory IL-7Rα+ ILC1s selectively reside in the liver via
CXCR6-CXCL16 interaction.20 The cytokine IL-7 is critical for the
longevity of LN-derived memory ILC1s.20 As IL-7Rα deficiency does
not affect the levels of the anti-apoptotic protein BCL-2 in ILC1s,82

a BCl-2-independent mechanism may be required for the long-
evity of ILC1 memory. The liver, rich in CXC1683,84 and IL-7,85,86

serves as a suitable niche for the residency and long-term
maintenance of LN-derived memory IL-7Rα+ ILC1s. Thus, the
LN–liver axis is critical for memory IL-7Rα+ ILC1 generation and
maintenance. Although liver IL-7Rα+ ILC1s from LN-deficient mice
cannot mediate a vigorous CHS response, the possibility that the
local response of these cells to haptens requires intact LNs has not
been excluded. Whether liver- and LN-derived memory IL-
7Rα+ ILC1s can act in a non-mutually exclusive way thus remains
to be investigated.
ACD is a major cause of occupational skin disease, accounting

for 20% of all work-related health complaints.87 IFNγ- and TNF-
producing CD3-CD56bright NK cells accumulate in the inflamed skin
of ACD patients.88 These NK cells express CXCR3,88 a chemokine
reported to be critical for murine memory ILC1 generation,20

suggesting that human CD56bright NK cells or ILC1s may be
involved in memory responses. However, human NK cells from
ACD patients were not found to exhibit recall responses to nickel,88

suggesting that human NK cells cannot directly recognize
allergens. A humanized mouse model may be suitable for further
studies of the memory features of human NK cells and other ILCs
in vivo.
Memory ILC1s are both similar to and different from memory

T cells. Despite their different homing sites, both memory ILC1s
and central memory T cells (TCM) have unique migratory patterns.
After the generation of memory cells in secondary lymphoid
tissues, TCM cells preferentially home to BM,89 while memory ILC1s
selectively reside in the liver for long-term survival.20 Although the
primary site of hematopoiesis transitions from the fetal liver to the
BM during ontogeny, the adult liver retains partial hematopoietic
potential,90,91 possibly supporting the longevity of memory ILC1s.
IL-7 has been found to be essential for the longevity of both
memory ILC1s20 and T cells.92–94 Whether memory ILC1s, like
memory T cells, take advantage of IL-7-mediated fatty acid
oxidation metabolism to survive warrants investigation. The role
of IL-15, another factor critical to memory T95–97 and NK98 cells,
has not been determined in memory ILC1 development. ILC1s
acquire memory potential at day 3, before T cells differentiate into
memory cells, underscoring a difference in the memory dynamics
between ILC1s and T cells. Despite such advances, the mechan-
isms of hapten recognition by ILC1s and the regulation of memory
ILC1 generation in LNs are yet to be precisely detailed.

MEMORY ILC2S
ILC2s are traditionally defined as IL-4-, IL-5-, and IL-13-producing,
RORα- and GATA3-dependent ILC subsets that mediate type 2
responses in the early stage of allergen-induced inflammation and
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parasitic infection.1–4,8,9 Memory-like features of ILC2s have
recently been revealed21 (Fig. 1), and advances in the under-
standing of memory ILC2s have been well reviewed in the studies
of Martinez-Gonzalez and colleagues.99,100 IL-33 and allergens
induce the rapid expansion and contraction of ILC2 populations.
ILC2s seem unable to directly recognize allergens and are
activated by epithelial cell-derived IL-33, IL-25, and thymic stromal
lymphopoietin (TSLP). Interestingly, memory ILC2s in the lung
produce higher levels of IL-5 and IL-13 in recall responses.21

Compared to naive ILC2s, memory ILC2s initiate adaptive
responses of Th2 cells with a greater efficiency. Like those of
cytokine-induced memory NK cells, ILC2-mediated memory
responses are non-specific.21 Naive lung ILC2s express low levels
of IL-25R, while memory ILC2s exhibit sustained increases in IL-25R
expression.21 Another study showed that CD25- and CD25+ ILC2s
respond to initial allergen sensitization with different dynamics.101

CD25- subsets are short-lived, while CD25+ subsets exhibit long-
term survival.101 Thus, IL-25R and CD25 may serve as reliable
markers for distinguishing lung memory ILC2s from naive ILC2s.
Since IL-33 and allergens also induce the expansion of LN ILC2s,21

it is of great relevance to explore whether LN ILC2s possess
memory potential and the ways in which LN and lung ILC2
memory are associated. Considering that the LN–liver axis has
been revealed to be critical for memory ILC1 generation and
maintenance,20 a similar migratory pattern of memory ILC2s may
exist. Although the mechanism underlying the generation and
maintenance of ILC2s remains largely unknown, the discovery of
memory ILC2s illuminates the role of innate immune cells in
chronic allergic inflammation.

CONCLUDING REMARKS
Although the development and innate functions of ILCs have been
well documented, the study of the adaptive features of ILCs is newly
emerging. Over the past decade, evidence supporting ILC memory,
in particular NK cell memory induced by haptens, CMV, and
cytokines, ILC1 memory induced by haptens, and ILC2 memory
induced by allergens, has accumulated (Table 1). Although memory
ILC1s and ILC2s have not been reported in humans, memory NK
cells have been found in patients suffering from viral infections and
play a critical role in host defense. Recent findings bring ILCs into the
adaptive immunity arena. The emergence of ILC memory helps to
revise the traditionally understood progression of inflammation, viral
infection, and tumor development. Importantly, circulating and
tissue-resident memory ILCs may provide earlier protection from
pathogens at barrier tissues. Based on the immunological memory
features of ILCs, new vaccination and tumor immunotherapy
strategies are emerging; for example, the use of cytokine-induced
memory NK cells for curing cancer patients. Thus, the accumulating
knowledge about ILC memory greatly expands the ILC field in terms
of basic research and applications.
In the study of ILC memory, several major questions remain to be

answered: (i) whether ILC3s and LTi cells possess memory properties;

(ii) how memory NK cells and ILC1s recognize specific antigens,
including different viruses and haptens, as they lack diverse
receptors; (iii) to what extent, memory ILCs exhibit features common
to memory T cells; (iv) how to effectively establish humanized mice
models and in vitro recall systems to confirm the presence of human
memory ILCs; and (v) how to efficiently apply ILC memory to
improve vaccines and tumor immunotherapies. Along with a further
understanding of basic ILC memory biology, increased therapeutic
application of memory ILCs in human diseases will be actualized.
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