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Natural killer (NK) cells are lymphocytes with a key role in the defense against viral
infections and tumor cells. Although NK cells are classified as innate lymphoid cells (ILCs),
under certain circumstances they exhibit adaptive and memory-like features. The latter
may be achieved, among others, by a brief stimulation with interleukin (IL)-12, IL-15 and
IL-18. These cytokine-induced memory-like (CIML) NK cells resemble the trained
immunity observed in myeloid cells. CIML NK cells undergo transcriptional, epigenetic
and metabolic reprogramming that, along with changes in the expression of cell surface
receptors and components of cytotoxic granules, are responsible for their enhanced
effector functions after a resting period. In addition, these memory-like NK cells persist for
a long time, which make them a good candidate for cancer immunotherapy. Currently,
several clinical trials are testing CIML NK cells infusions to treat tumors, mostly
hematological malignancies. In relapse/refractory acute myeloid leukemia (AML), the
adoptive transfer of CIML NK cells is safe and complete clinical remissions have been
observed. In our review, we sought to summarize the current knowledge about the
generation and molecular basis of NK cell memory-like responses and the up-to-date
results from clinical trials with CIML NK cells.

Keywords: NK cells, memory-like, trained immunity, cancer immunotherapy, AML - acute myeloid leukemia,
cytokine-induced memory-like NK cells, adaptive NK cells, adoptive cell therapy (ACT)

INTRODUCTION

Natural Killer (NK) cells are cytotoxic and cytokine producing lymphocytes classified within the
innate lymphoid cells (ILCs) family (1-3). They can be a useful tool in cancer immunotherapy due
to their antitumor functions that do not require prior sensitization. Indeed, a relevant number of
therapeutic strategies have been developed to exploit NK cell potential and some of them are
currently being tested in multiple clinical trials (4-9). These therapeutic approaches are focused on
improving cancer patients’ NK cell effector functions by inducing their activation with cytokines or
with bi/tri/tetra-specific killer cell engagers and/or on preventing NK cell inhibition with immune-
checkpoint inhibitors, such as monalizumab that blocks the inhibitory receptor CD94/NKG2A
(hereafter NKG2A) (6, 10, 11). In addition, the adoptive transfer of cytokine-preactivated or
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genetically-modified NK cells have been found to be relatively
safe and have shown great potential in cancer therapy (9, 12-15).

Historically, NK cells have fitted in the definition of innate
immunity: short-lived cells capable of mounting a rapid antigen-
independent response (16). However, a marked paradigm shift
has occurred in the field since the discovery of a long-lived
subpopulation of NK cells able to mediate hapten-specific recall
responses (17). Although not completely well understood, the
existence of adaptive and memory-like NK cells were
subsequently reported in response to other haptens and viruses
in different species, including mice, non-human primates and
humans (18). Interestingly, it has also been reported that
stimulating NK cells with interleukin (IL)-12, IL-15 and IL-18
can endow them with memory-like properties (19). Here, we
summarize the current knowledge about memory-like NK cells,
focusing on IL-12/15/18-induced memory-like NK cells, and
discuss their properties and therapeutic potential.

THE DIVERSITY OF ADAPTIVE, MEMORY
AND MEMORY-LIKE NK CELLS

The term “natural killer” encompass a diverse and versatile
group of cell subsets that show differences in their phenotype
and effector functions (20). These subsets, though, are not static.
On the contrary, they can be modulated under certain
circumstances that led to cell activation and, furthermore, they
can acquire memory-like properties after a first activation event.
These findings have encouraged a reevaluation of the definition
of the “immune memory”, which will probably require to be
updated as new discoveries are made. Understanding memory-
like features of innate immune cells can be challenging due to the
diverse contexts and experimental settings in which they have
been studied. Some memory/adaptive NK cells have been
described to show an increased activation upon restimulation
with the same stimuli they were previously exposed. In contrast,
other memory-like NK cells exhibited an enhanced activation
following restimulation with a variety of stimuli, thus having a
non-specific response (8). Interestingly, some of the NK cell
memory-like responses that have been studied until now fit into
the definition of trained immunity usually referred to a memory
program found in other innate immune cells. According to a
recent definition, “trained immunity” would describe a behavior
in which a first stimulus increased the functional status of the
innate immune cells, that later return to the basal activation state
and have the ability of reaching higher functional status upon a
second challenge (21). Thus, it could be worthwhile to explore
the similarities between the memory programs of different innate
immune cells.

NK cells with memory/adaptive and memory-like features
have been reported in response to a wide variety of stimuli
(Figure 1). First evidences were described in response to haptens
(17, 22). Of note, type 1 ILCs (ILCls) have also been reported to
acquire hapten-specific memory potential (23), so the actual
contribution of NK cells versus ILCls during these memory
responses is still unclear. NK cells with antigen-specific responses

have been better characterized during certain viral infections (18,
24, 25). Moreover, since NK cells can be activated by different
means, memory-like properties have been also described in other
antigen-independent approaches. For instance, CD16a-induced
activation can prime NK cells and enhance their interferon
gamma (IFNy) production upon restimulation (26). In a
different setting, Rasid et al. showed that mouse NK cells are
activated in an endotoxemia model and return to a resting state
after 14 days. Furthermore, these pre-activated NK cells showed
an increased IFNY production upon lipopolysaccharide (LPS)
restimulation (27, 28). It is interesting to note that previous
works have shown the ability of dendritic cells (DCs) to prime
NK cells (29), and highlighted the role of DCs in activating NK
cells during LPS-induced inflammatory conditions (30).
Therefore, interacting with other cell types may endow NK
cells with memory-like features. Indeed, tumor-primed NK
cells showed an increased anti-leukemic activity when re-
exposed to cancer cells (31). Other authors also have studied
the priming effect of certain tumor cell lines (32-34) and feeder
cells (35) on NK cells, but failed to describe a recall response after
a resting period. Finally, cytokine-induced activation has been
extensively described to have a priming effect and, under specific
experimental conditions, to endow NK cells with a memory-like
phenotype that resembles trained immunity.

CYTOKINE-INDUCED MEMORY-LIKE
(CIML) NK CELLS

Numerous studies have addressed the activating effect that
cytokines have in NK cells, and more importantly, the
synergistic effect that certain cytokine combinations achieve. A
particularly relevant case is the combination of IL-12, IL-15 and
IL-18, which can induce memory-like properties in NK cells.
First evidences of this effect were reported by Cooper et al. in
2009. They found that rested murine NK cells that were
previously stimulated for a short time with IL-12/15/18
exhibited higher IFNYy production following cytokine
restimulation, compared to non-preactivated NK cells (19).
Three years later, Romee et al. described similar enhanced
responses in human NK cells (36). Since then, many authors
have extensively studied these IL-12/15/18-preactivated or
cytokine-induced memory-like (CIML) NK cells in an effort to
understand their biology and how can they be exploited for
cancer immunotherapy.

Distinctive Features of CIML NK Cells

The ability of mounting an enhanced response upon a second
stimulation makes CIML NK cells fascinating, but not unique. As
mentioned before, memory-like behavior of NK cells has been
described in different settings. So, what else makes CIML NK
cells different from conventional NK cells? Initial studies on IL-
12/15/18-preactivated NK cells described that, besides an
enhanced reactivity, there are many changes in their
phenotype (37). Some of them, as it is the case of semaphorin
7A (SEMA7A), may be linked to the enhanced responses of
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FIGURE 1 | The diversity of memory/adaptive and memory-like NK cells. Memory/adaptive NK cells with antigen-specific responses have been described in different
models such as contact hypersensitivity, viral infections or vaccinations. Memory-like NK cells show an increased but less specific response upon restimulation.
These memory-like NK cells could be trained through CD16a-induced stimulation or by stimulating NK cells ex vivo with certain tumor cells and low doses of IL-15
and IL-2. In an in vivo setting of LPS-induced endotoxemia, LPS can endow NK cells with memory-like properties through non-well defined mechanism. NK cells can
be stimulated directly with LPS plus IL-15 and IL-18, and other cells (e.g. DCs) may contribute to the NK cell training process. NK cells can be also stimulated with
IL-12, IL-15 and IL-18 to endow them with memory-like properties. NK, natural killer; DNFB, 2,4-dinitrofluorobenzene; VSV, vesicular stomatitis virus; MCMV, murine
cytomegalovirus; HCMV, human cytomegalovirus; HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; AML, acute myeloid leukemia; ALL, acute
lymphoblastic leukemia; IL, interleukin; LPS, lipopolysaccharide.

CIML NK cells. The authors suggested a novel mechanism
through which CIML NK cells could form conjugates mediated
by the interaction of SEMA7A and its functional ligand integrin-
B1 that could help maintaining their increased functionality (38).
An interesting observation was that CD16 expression was
reduced following stimulation with cytokines, a process
described to be mediated by the metalloproteinase ADAM17
(39). Strikingly, although CD16 expression is reduced in CIML
NK cells, they preserve the capacity to mediate antibody-
dependent cell-mediated cytotoxicity (ADCC) (40-43).
Another remarkable characteristic of CIML NK cells is the
increased expression of the o chain of the high-affinity IL-2
receptor, also known as CD25, which has been reported to be

upregulated following stimulation with cytokines (41, 42, 44-49).
Due to this feature, CIML NK cells are able to proliferate in the
presence of low doses of IL-2 (44, 45). It is interesting to note
that, while CIML NK cells retain a relatively high expression of
CD25 for a certain period of time, they partially recover the
downregulated CD16 expression during the following days after
the cytokine preactivation (42, 50). These findings imply that
some of the phenotypic changes described in CIML NK cells
could have a transient nature. Indeed, this is the case of
KIR2DL2/L3, KIR2DL1 and KIR3DLI receptors, whose surface
expression has been described to be downregulated following
IL-12/15/18 stimulation and restored after 3 days in the presence
of IL-2 (41). Hence, considering the memory-like behavior of
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IL-12/15/18-preactivated NK cells, it is interesting to study what
features change over time and what characteristics could
be permanent.

Following stimulation with cytokines, NK cells modify their
metabolic activity as a consequence of their transition from a resting
toanactivation status (51). Specifically, IL-12/15/18-stimulated NK
cells upregulate the expression of certain nutrient transporters,
including the transferrin receptor CD71, the heavy subunit of
multiple heterodimeric amino acid transporters CD98, and
glucose transporters GLUT1 and GLUT3, and retain an elevated
expression of CD98 and GLUTI after a resting period (52).
Moreover, upon IL-12/15/18 stimulation NK cells increase their
metabolic activity and retain a metabolic profile shifted towards
glycolysis for at least 7 days (52-54). Interestingly, inhibiting
glycolytic activity with 2-DG during IL-12/15/18 stimulation
resulted in a lower IFNY production, both immediately after
stimulation with cytokines and after a resting period of 6 days
(53, 55). Similarly, it has been shown that inhibiting oxidative
phosphorylation and preventing the activation of the Srebp
transcription factor during IL-12/15/18 stimulation also limited
the enhanced functionality of CIML NK cells (55, 56). These
findings suggest that NK cells have specific metabolic
requirements during their “training” or preactivation phase that
are crucial for the acquisition of their memory-like properties.

Trained immunity has been described to rely on functional
modifications, metabolic and transcriptional reprogramming and
epigenetic remodeling (57). These epigenetic changes are heritable
and can be based on either DNA methylation or histone
modifications, including acetylation and methylation. These
modifications have an impact in chromatin structure and thus
can regulate the accessibility to transcription factors.
Unfortunately, the epigenetic modifications induced by IL-12/
15/18 stimulation in NK cells have been poorly characterized. It
has been described that there is an epigenetic remodeling in
different adaptive and memory-like NK cell models, such as
those induced by viral infections, contact hypersensitivity, or
LPS-induced endotoxemia (58). On the other hand, although
the combination of IL-12/15/18 stimulation was not tested,
Wiedermann et al. demonstrated that cytokine-induced
signaling via STAT proteins showed distinct modes of epigenetic
regulation (59). Thus, it is tempting to speculate that CIML NK
cells could follow similar mechanisms to retain their memory-like
properties. One of the few evidences supporting this hypothesis
was reported by Ni et al, who found that the conserved non-
coding sequence 1 (CNSI1) in the Ifng locus of IL-12/15/18-
preactivated NK cells was demethylated 11 days after
transferring these cells into RAG”yc”™ mice (60). Demethylated
CNS1 in the Ifng locus was also found in human CIML NK cells
after a resting period of 14 days (54). Additionally, it has been
reported that the histone methyltransferase EZH2 plays a crucial
role in CIML NK cells, since its pharmacological inhibition with
UNCI1999 limited the enhanced IFNy production following IL-12/
18-restimulation (61). These reports suggest that there are some
epigenetic changes accompanying functional, transcriptional and
metabolic reprogramming of IL-12/15/18-stimulated NK cells.
Whether CIML NK cells have a particular epigenetic imprinting,

and its relevance is still to be determined. Future studies will fill
this gap in the knowledge.

CIML NK Cells in the Pre-Clinical

and Clinical Stages

Due to the increasing interest of NK cells in the field of cancer
immunotherapy and having described an enhanced IFNy
production upon cytokine restimulation of CIML NK cells, the
next logical step was to evaluate their potential to kill tumor cells.
Early studies reported that control and CIML NK cells exhibited
similar ability to kill YAC-1 lymphoma targets after a resting
period in vitro (19), and also showed no difference in
degranulation when co-cultured with these target cells after a
resting period in vivo (62). Interestingly, restimulation with
YAC-1, 721.221 or K562 targets cells resulted in an enhanced
IFNYy production of CIML NK cells (36, 45, 50, 52, 60, 62-64).
Increased IFNY production, but not enhanced cytotoxicity, were
also reported when CIML NK cells were restimulated in vitro
with a variety of hepatocellular carcinoma cell lines after a resting
period (65). Similar results were obtained when CIML NK cells
were restimulated in vitro with ovarian cancer cell lines, showing
identical degranulation activity and increased IFNYy production,
but an enhanced specific killing of SKOV3 ovarian tumor cells
(50). Hence, in vitro studies confirmed that the previously
described cytokine restimulation-induced IFNY production
could be also found when CIML NK cells are restimulated
with different target cells. Nonetheless, it was necessary to
explore the effect of IL-12/15/18-preactivated NK cells in vivo
to better understand their potential therapeutic effect and,
excitingly, these studies revealed promising results.

Ni et al. found that the adoptive transfer of IL-12/15/18-
preactivated NK cells in combination with radiotherapy resulted
in a reduced growth of established tumors and increased survival
in a murine model. Authors demonstrated that increased IFNYy
and perforin levels of CIML NK cells were crucial for their
therapeutic effects (46). Of note, IL-15- and IL-12/15/18-
preactivated NK cells did not show any antitumor activity
without radiotherapy, which has been described to support NK
cell engraftment (46). Similarly, it was later reported that the
adoptive transfer of CIML NK cells in combination with
radiotherapy slowed down tumor development in a rat model
of T cell acute lymphoblastic leukemia (48). These reports
evidenced the therapeutic effect of CIML NK cells under the
appropriate conditions and highlight the necessity of studying
their antitumor properties under different experimental settings.
In line with this idea, it has been described that the adoptive
transfer of CIML NK cells to lymphoma-bearing mice did not
improve their survival. However, tumor progression was
significantly delayed when CIML NK cells and A20 lymphoma
targets were simultaneously co-injected (47). Other authors have
also confirmed that survival of A20 cell-bearing mice was
similarly improved by the infusion of IL-12/15/18-preactivated
NK cells (49). CIML NK cells also showed an effective control of
tumor growth in a mouse model of multiple myeloma (66).
Strikingly, therapeutic effects of IL-12/15/18-preactivated NK
cells were not only reported in hematologic malignancies.
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Sub-lethal irradiation followed by the adoptive transfer of CIML
NK cells significantly decreased tumor growth in a mouse model
of ovarian cancer (50). IL-12/15/18-preactivated NK cells were
also reported to be able to localize in the liver and exert their
antitumor activity in a mouse model of hepatocellular carcinoma
(65). Moreover, Ni et al. reported that IL-12/15/18-preactivated
NK cells exhibited therapeutic effects analyzing lung metastases
in a melanoma mouse model (46). More recently, Marin et al.
described that CIML NK cells were able to control tumor burden
in another mouse model of melanoma (67). Collectively, these
reports strongly suggest that the adoptive transfer of CIML NK
cells could have considerable therapeutic benefits in certain
cancer patients.

Having established the rationale to explore the antitumor effect
of IL-12/15/18-preactivated NK cells in the clinic, different clinical
trials were initiated. Currently, there are a total of eight ongoing
clinical trials in which the safety and therapeutic effects of CIML
NK cells are being tested in patients with different malignancies,
including acute myeloid leukemia (AML), myelodysplastic
syndromes, multiple myeloma, and head and neck squamous
cell carcinoma (NCT01898793, NCT02782546, NCT03068819,
NCT04024761, NCT04290546, NCT04354025, NCT04634435,
and NCT04893915, from clinicaltrials.gov). In 2016, it was
reported that CIML NK cells were able to control K562 tumor
growth in a leukemia mouse model, which was translated in a
prolonged survival. Moreover, authors described that IL-12/15/18-
preactivated NK cells showed graft-versus-leukemia effect in
patients with relapsed/refractory AML, and more interestingly,
some patients achieved complete remissions (68). Other report
revealed that CIML NK cell therapy induced complete remission
in 47% of patients without inducing cytokine release syndrome,
graft-versus-host disease, or immune cell-associated neurotoxicity
syndrome (69). Also, it has been described that chemotherapy,
followed by a donor lymphocyte infusion and the adoptive transfer
of CIML NK cells induced clinical responses in pediatric AML
patients that relapsed after hematopoietic cell transplantation
(HCT) (70). Very recently, in AML patients receiving
haploidentical HCT, infused CIML NK cells derived from the
same donor persisted for a long time and were highly functional.
More importantly, 87% of patients achieved a composite complete
response (71). Another recent report described the therapeutic
effect of CIML NK cell infusion to patients with relapsed myeloid
diseases after haploidentical HCT. This study described that four
of six patients showed clinical responses, and that three of them
achieved a complete response (72). Therefore, current knowledge
suggests that IL-12/15/18-preactivated NK cells may become a
promising tool in cancer immunotherapy.

What’s Next?

The large success and progress of chimeric antigen receptor
(CAR)-engineered T cells in cancer immunotherapy (73)
boosted the development of CAR-NK cells, which are currently
being tested in multiple clinical trials (14, 14, 74). Interestingly,
CAR technology can be combined with CIML NK cells to further
enhance their functionality. CAR-engineered CIML NK cells
showed enhanced antitumor responses against primary
lymphoma targets in vitro. Moreover, these cells were able to

significantly reduce tumor burden in a mouse lymphoma model
and to prolong their survival (75). Of note, adoptive transfer of
IL-12/15/18-preactivated NK cells is usually followed by the
administration of IL-15 or IL-2 to support their survival and
expansion, although cytokine support requires further
characterization. Recent findings suggested that the infusion of
IL-15 superagonist N-803 following adoptive CIML NK cell
transfer may limit their clinical activity in comparison with
IL-2 infusions (76). Remarkably, CAR-NK cells can be further
modified to express and secrete cytokines such as IL-15 (77-82),
so it would be interesting to explore if a therapy based on CAR-
engineered CIML NK cells expressing IL-15 or IL-2 could further
improve their efficacy.

A different approach that could enhance therapeutic
efficiency of CIML NK cells is combining these cells with killer
cell engagers and/or checkpoint inhibitors. As previously
discussed, CIML NK cells transiently downregulate CD16
expression, but they are able to mediate ADCC. A recent study
described that CIML NK cells from adults as well as IL-12/15/18-
preactivated and expanded cord-blood derived NK cells can be
loaded with the anti-CD30/CD16a bispecific antibody AFM13
and show antitumor activity in vitro and in vivo (83) (see also
NCT04074746). Besides creating a thought-provoking debate
about the most suitable NK cell source, this study suggested
that CIML NK cells could be successfully combined with killer
cell engagers, which represent a promising tool to boost NK cell
functions (10). On the other hand, data reported by Berrien-
Elliott et al. showed that NKG2A was upregulated in CIML NK
cells and is associated with treatment failure in AML patients
(69). Other studies also indicated that PD-1 expression can be
induced in NK cells upon IL-12/15/18 stimulation in
combination with glucocorticoids (84), or following a long (96
hours) IL-12/15/18 stimulation (85). Thus, it is tempting to
speculate that CIML NK cell-based therapies could be also
effectively combined with immune checkpoint inhibitors.

CONCLUDING REMARKS

Memory-like responses of NK cells are a fascinating phenomenon
that we are still trying to fully understand. Among them, CIML NK
cells have drawn attention due to their superior antitumor
properties and their therapeutic potential. Yet, many aspects of
these cells remain unknown. Despite showing similarities with the
trained immunity described in other innate immune cells, metabolic
and epigenetic changes have been poorly characterized in IL-12/15/
18-preactivated NK cells. Understanding their biology becomes
even more challenging considering that memory-like behavior can
be induced in NK cells from different sources (i.e. peripheral blood
and umbilical cord blood). Interestingly, a recent report revealed
that extracellular vesicles derived from IL-12/15/18-stimulated NK-
92 cells showed higher ability to induce apoptosis in HCT116 colon
cancer cell spheroids in comparison with IL-15-stimulated controls
(86). These results suggests that NK-92 cells are somehow sensitive
to IL-12/15/18 stimulation and thus it would be interesting to
explore if memory-like behavior could be imprinted in NK cell lines.
Independently of the source of CIML NK cells, the most relevant

Frontiers in Immunology | www.frontiersin.org

May 2022 | Volume 13 | Article 884648


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Terrén et al.

CIML NK Cells

question is how could be further improved their therapeutic efficacy.
Hopefully, new strategies such as genetically modifying CIML NK
cells or combining them with other immunotherapeutic approaches
could show durable clinical benefits. In any case, there is
accumulating evidence that CIML NK cells are a valuable tool in
cancer immunotherapy, and future research will reveal how to
unlock their full potential.
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