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Abstract

Natural killer (NK) cells are cytotoxic innate lymphoid cells that protect the host from infection 

andme-diate anti-tumor responses. Classically considered part of the innate immune system, NK 

cells were previously thought to not possess the specificity or enhanced recall responses associated 

with adaptive T and B lymphocytes. However, a large body of work has transformed these long-

held divisions between innate and adaptive immunity; NK cell memory and memory-like 

responses are clearly established after hapten exposure, viral infection, and combined cytokine 

activation. These advances come with opportunities to translate innate NK cell recall responses 

into the clinic as cancer immunotherapy. Here, we review our current understanding of the 

heterogeneity of memory and memory-like NK cell responses, with distinct formation, molecular 

biology, and memory type functions. We elaborate on cytokine-induced memory-like NK cells and 

highlight their application as adoptive immunotherapy for cancer, and as a platformfor engineering 

optimal NK cell anti-tumor responses.
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Introduction

Natural killer (NK) cells are cytotoxic innate lymphoid cells that protect against viral 

infection and mediate anti-tumor responses [1–3]. NK cells use 2 primary functions to 

protect the host after recognizing diseased cells: (1) cytokine production to communicate 

and orchestrate an immune response and (2) direct target cell killing. NK cells secrete 

proinflammatory cytokines (eg, Interferon (IFN)- γ and tumor necrosis factor [TNF]) and 

chemokines (eg, CCL3–5), which stimulate macrophages for phagocytosis and lysis, 

upregulate Major Histocompatibility Complex (MHC) class I expression on antigen 

presenting cells, recruit additional immune effectors, and promote cytotoxicity [2]. NK cells 

*Corresponding author. Todd A. Fehniger, MD, PhD, Washington University School of Medicine, Division of Oncology/Department of 
Medicine, Campus Box 8007, 425 South Euclid Avenue, Saint Louis, MO 63110-1010. Tel: 314 362-5654; fax: 314 362-93333. 
tfehnige@wustl.edu (T.A. Fehniger). 

Disclosure Statement
TAF and MMBE are consultants from Wugen, and are inventors on patents and pending patents licensed by Wugen from Washington 
University. TAF has received research support from Immunity-Bio, Compass Therapeutics, and HCW Biologics, and advises Kiadis, 
Nkarta, Indapta, and Orca Biosystems.

HHS Public Access
Author manuscript
Semin Hematol. Author manuscript; available in PMC 2021 January 15.

Published in final edited form as:
Semin Hematol. 2020 October ; 57(4): 185–193. doi:10.1053/j.seminhematol.2020.11.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also mediate contact-dependent killing of target cells through exocytosis of preformed 

cytotoxic granules containing perforin and granzymes, as well as via death receptors ligands 

[4].

Human NK cells are identified phenotypically by the absence of the T- and B-cell receptors 

(eg, surface CD3, TCR, BCR, and CD19) and presence of NK cell markers and receptors 

(eg, CD56 and NKp46). First described in the 1970s, early experiments observed a lymphoid 

cell subset that was capable of killing tumor cell lines without prior antigen sensitization, 

distinguishing their activity from T cells [5,6]. This capacity for “natural killing” has since 

been further elaborated to our modern concept of NK cells, with evidence of their 

importance arising from a multitude of studies, including a prospective study identifying that 

individuals with low NK cell killing activity had a higher risk of developing cancer [7]. In 

humans, primary NK cell immunodeficiency presents with severe recurrent infections with 

herpes and papilloma viruses [8]. These findings highlight the importance of NK cells for 

host defense against pathogens and their potential as immunotherapy for cancer and 

infection.

Human NK cells arise from bone marrow precursors and mature in secondary lymphoid 

tissue, with distinct developmental stages and functional subsets that can overlap with innate 

lymphoid cell precursors [9–12]. CD56dim CD16bright NK cells are the major mature 

population in peripheral blood, are primarily cytotoxic, and preferentially respond through 

activating NK cell receptor trigger-ing. In contrast, while representing a minor population in 

the peripheral blood, CD56bright CD16−/low NK cells are the major NK cell population in 

secondary lymphoid tissue and respond preferentially via cytokine receptors. Notably, recent 

work has shown that priming with interleukin (IL)-15 can induce potent CD56bright anti-

tumor responses [12]. NK cells recognize targets via families of activating and inhibitory 

receptors encoded in genomic DNA [13] and may be stimulated via cytokine receptors [14]. 

NK cells distinguish between healthy and diseased cells through the integration of activating 

and inhibitor receptor signals [15]. In humans, examples of NK cell activation receptors 

include NK gene 2D (NKG2D) and natural cytotoxicity triggering receptor 1 (NKp46), that 

recognize ligands upregulated on stressed, infected, or transformed cells, as well as CD16 

(FcγRIIIa), which binds antibody opsonized targets [16]. Inhibitory receptors are from 2 

main structural classes: killer cell immunoglobulin-like receptors (KIR) and C-type lectin 

receptors (ie, CD94/NKG2A). These inhibitory receptors recognize self-HLA/MHC class I 

or class I-like molecules that may be down regulated in virus-infected or tumor-transformed 

targets [15,16]. In addition to functionally recognizing targets, inhibitory receptor 

interactions with at least one self-MHC molecule “license” or “ed-ucate” an NK cell during 

development and maturation [17,18]. The diverse sets of activating and inhibitory receptors 

present on the surface of NK cells allow for tolerance against healthy cells expressing self-

MHC class I molecules, while recognizing virus-infected or malignant cells in a nonantigen-

specific manner. NK cells also constitutively express a number of cytokine receptors that 

impact the threshold of NK cell activation, and can activate NK cells to produce cytokine 

and chemokines in the absence ofNK cell receptor engagement [14].

Initially classified as innate immune cells, NK cells were thought to be incapable of an 

antigen-specific response and to lack any memory of prior activation. Paradigm shifting 
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experiments performed over the last decade have clearly identified that NK cells remember 

their prior experience with an enhanced response upon restimulation, following an initial 

activation event. Here, we provide an overview of the multiple types of innate NK cell 

memory described to date, but focus on human cytokine-induced memory-like (ML, aka 

CIML) NK cell biology. We describe the successful clinical translation of these cells for the 

adoptive immunotherapy of hematologic malignancies and new approaches to engineer these 

cells as a broad cancer immunotherapy.

Innate memory and memory-like responses: not all recall is the same

Defined as the ability to rapidly recognize and respond more robustly to previously 

encountered pathogens, immunologic memory provides long-lasting and enhanced antigen-

specific immunity [19]. Memory T and B cell formation has been well characterized and is 

divided into 3 stages: (1) naïve cells clonally expand following activation with antigen and 

co-stimulation and cytokine receptor stimulation; (2) the majority (> 90%) of cells rapidly 

undergo activation-induced apoptosis in the contraction phase; and (3) the remaining cells 

undergo memory differentiation [20]. The resultant pool of memory cells are long-lived and 

have enhanced proliferation, cytokine production, and cytotoxicity during recall responses to 

the individual antigen [15,21]. The protective immune memory response can persist for 

many years after initial antigen exposure, with repeated exposures boosting the adaptive 

immune responses [20], as with vaccination [22].

Innate memory or memory-like responses have been defined following exposure of NK cells 

to specific haptens [23], viral infection [24], or combined cytokine activation with IL-12, 

IL-15, and IL-18 [25]. Generally, innate memory is functionally defined by an activation 

event, followed by a return to baseline function during differentiation, and an enhanced 

response upon subsequent restimulation. However, these types of innate NK cell memory are 

distinct, variably specific to the inciting activation stimulus, and have unique functional and 

molecular biology [26]. Thus, current evidence suggests that there is not one NK cell 

memory program, and it is important to consider each type, as well as the species being 

evaluated (Fig. 1), when considering the biology and translational potential.

Hapten-specific NK cell memory

The ability for NK cells to acquire antigen-specific memory was initially described in the 

setting of contact hypersensitivity (CHS) responses to chemical haptens [23]. Hapten-

induced CHS is a classic example of adaptive immunity in which the epithelium is exposed 

to small molecule irritants that bind and modify proteins, triggering formation of hapten-

specific T cell memory. O’Leary and colleagues found that mice lacking T and B cells, but 

not NK cells, were able to exhibit hapten-induced CHS responses and that these recall 

responses not only discriminated between different haptens (DNFB [2,4-dinitro-1-

fluorobenzene] and OXA [oxazolone]) but also persisted for at least 4 weeks with re-

challenge. Furthermore, adoptive transfer of hepatic NK cells, but not splenic NK cells, from 

DNFB-sensitized donors resulted in CHS responses in the recipients upon re-exposure to the 

same hapten [23]. These observations were the first to conclude that NK cells were capable 

of mediating long-lived, antigen-specific adaptive recall responses. Subsequent experiments 
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demonstrated that NK cell memory responses to haptens were dependent on expression of 

CXCR6, a chemokine receptor critical for persistence and homeostasis of hepatic NK cells 

[27]. Additional studies have further defined this hepatic-specific subset of NK cells, with 

CXCR6+ NK cells demonstrating an immature, tissue resident phenotype that are T-

betloEomeshi [28,29]. However, the molecular mechanisms that explain the ability for NK 

cells to discriminate between distinct haptens in the absence of RAG-mediated receptor 

rearrangement remain poorly understood, leading to challenges in clinical application.

MCMV memory and adaptive NK cells

It was later discovered by Sun and Lanier that murine NK cells exhibit a specific adaptive 

response following murine cytomegalovirus (MCMV) infection [24]. Following MCMV 

infection, NK cells bearing the activating receptor Ly49H, which binds the MHC class I-like 

glycoprotein m157 encoded by MCMV, exhibit expansion for about one week following 

infection. While this expanded Ly49H+ NK population declines after initial expansion, there 

remains a persistent expression of Ly49H [30]. Sun and colleagues used this model to 

identify a “memory” pool of NK cells 4 weeks after infection. Isolation and ex vivo 
restimulation of these memory NK cells showed heightened functional responses to Ly49H 

stimulation, measured by increased IFN-γ and degranulation compared to MCMV-naïve NK 

cells [24]. Adoptive transfer of memory NK cells following MCMV infection protected neo-

natal mice from lethal MCMV infection, while naïve NK cells were not as effective. Further 

studies revealed that during later phase of MCMV infections, Ly49H+ NK cells selectively 

undergo a Ly49H-depended 2- to 3- fold expansion in the spleen and 10-fold increase in the 

liver [30]. Additionally, when naïve Ly49H+ NK cells were adoptively transferred into 

Ly49H-deficient mice, MCMV infection dramatically skewed the NK cell population toward 

Ly49H+ NK cells [24]. Thus, analogous to the formation of T cell memory against 

pathogens, these experiments uncovered a unique and dis-crete NK cell population that 

underwent phases of expansion, contraction, and memory differentiation in the context of a 

specific activating NK cell receptor–ligand interaction. Later studies have implicated the 

pro-apoptotic factor Bim and proinflammatory cytokines IL-12 and IL-18 as important 

components of NK cell expansion, contraction, and memory differentiation to generate a 

pool of mature, MCMV-specific memory NK cells [31–33]. O’Sullivan and Sun further 

demonstrated that the enhancement of BNIP3-and BNIP3L-mediated autophagic pathways 

removed dysfunctional mitochondria during the contraction-to-memory phase transition for 

virus-specific NK cells. BNIP3- and BNIP3L were essential for the persistence of memory 

NK cells after viral infection [34]. Tran-scriptional analysis of NK cells during MCMV-

specific activation reveal that a number of genes are differentially and dynamically 

expressed between naïve and Ly49H+ NK cells, including indicators of proliferation (ie, 

Il2ra, FoxmI, and Klf13) and effector function (eg, Ifng and GzmB) [35]. Interestingly, there 

is a significant overlap in the transcriptional profile of memory NK cells and CD8+ memory 

T cells, including upregulation of Ly6C and CD49a [35].

Human cytomegalovirus-adapted NK cells

While NK cell memory responses to viruses have been most clearly delineated in mouse 

models, human studies revealed an impact of prior cytomegalovirus infection in humans. 

Infection with CMV [36–38], hantavirus [39], or chikungunya virus [40] results in an 
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imprinted NK cell receptor repertoire with an increased frequency of CD94/NKG2C+ NK 

cells. In the setting of hematopoietic stem cell transplantation (HCT), the CD94/NKG2C+ 

population demonstrated adaptive memory responses to a secondary CMV event [37]. This 

in vivo NKG2C+ NK cell population expanded and persisted long after CMV clearance, 

preferentially expressing KIR for self, CD57 (a marker of NK maturity), and lacking the 

inhibitory receptor NKG2A [37]. Thus, similar to murine Ly49H+ memory NK cells after 

MCMV, NKG2C+ NK cells selectively expand following CMV reactivation in recipients of 

adult donor allogeneic HCT, albeit to a highly variable degree between different individuals. 

In a study by Cichocki and Miller, adaptive NK cells isolated from human CMV-seropositive 

donors were observed to have heightened glycolysis and oxidative phosphorylation 

compared to conventional NK cellsfrom CMV-seronegative donors, suggesting 8 a model in 

which increased cellular metabolism supports adaptive NK cell expansion and survival [41]. 

Two studies identified epigenetic mechanisms contributing to the alteration in CMV-adapted 

human NK cells, which included down regulation of Syk and FcεR1γ, among other changes 

[38,42]. Despite initial descriptions of NKG2C being a phenotypic marker of CMV-adaptive 

NK cells, individuals that ge-netically lack this receptor also have an adaptive-type NK cell 

compartment, suggesting that NKG2C is not necessary for their generation [43]. 

Functionally, CMV-adaptive NK cells appear special-ized for enhanced responses through 

Fcγ RIIIa/CD16a, thus, pairing adaptive NK cells with therapeutic antibodies may be an 

ideal translational application [44]. CMV-adapted NK cells have been successfully generated 

in a co-culture model with HCMV-infected fibroblasts and IL-12, identifying one approach 

to differentiate and expand these cells ex vivo [45]. Notably, mechanisms that are clearly 

operative in human CMV-adaptive NK cells were not observed in MCMV-induced Ly49H+ 

murine memory NK cells, suggesting a lack of mechanistic parallels between species [42].

Cytokine-induced memory-like NK cells

Reported simultaneously with MCMV-induced memory NK cells, Cooper and Yokoyama 

discovered that murine NK cells activated with a potent cytokine combination exhibit 

memory-like properties, named as such to distinguish the differences between T/B cell 

memory and memory-like NK cells [25]. Starting with a cytokine combination of IL-12, 

IL-15, and IL-18 that induced nearly all NK cells to produce abundant IFN-γ [46,47], they 

hypothesized that this prior activation would result in an enhanced recall response to 

subsequent cytokine stimulation [25]. Murine NK cells activated with IL-12, IL-15, and 

IL-18 or NK cells supported with IL-15 alone (required to maintain survival) were 

adoptively transferred into syngeneic mice and tracked using CFSE and congenic markers. 

Cytokine-induced memory-like (ML and aka CIML) NK cells proliferated in vivo, but had 

returned to a resting state 1 week after adoptive transfer. These ML NK cells exhibited 

enhanced IFN-γ response upon restimulation, compared to adoptive transferred control NK 

cells, or the endogenous host NK cells [25,47]. In addition, this enhanced ability to produce 

IFN-γ was cell-intrinsic, independent of proliferative capacity, and persisted following cell 

division [48].

Similar to murine NK cells, human NK cells exhibit cytokine-induced memory-like 

differentiation after activation with IL-12, IL-15, and IL-18 (Fig. 2). Human NK cells 

activated overnight with combined IL-12, IL-15, and IL-18, and then allowed to differentiate 
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in vitro for 1–6 weeks, had significantly enhanced IFN-γ production after restimulation with 

cytokines (IL-12 + IL-15 or IL-12 + IL-18) or K562 leukemia targets [49]. In addition, both 

CD56bright and CD56dim NK cell subsets exhibited memory-like IFN-γ production after 

cytokine restimulation. Human ML NK cells also had extensive proliferation measured by 

CFSE dilution, with enhanced recall responses maintained even after several rounds of cell 

division. In this first human ML NK cell report [49], stimulation via activating receptors 

(FcγRIIIa) combined with cytokines to further enhance ML NK cell formation in vitro. 

Thus, both human and murine NK cells exhibit enhanced recall function to multiple stimuli 

after IL-12, IL-15, and IL-18 activation followed by differentiation into ML NK cells, 

distinguishing this type of memory from hapten and virus-induced memory [44].

Closely following these initial reports, Ni and Cerwenka demonstrated that adoptively 

transferred murine IL-12, IL-15, and IL-18 activated NK cells display enhanced effector 

functions against established tumors in vivo [50]. A single injection of murine ML NK cells, 

but not control NK cells, combined with radiation therapy was able to substantially reduce 

growth of established MHC class I-deficient RMA-S lymphoma or B16-Rae1ε melanoma 

tumorsin mice. Furthermore, transcriptional analysis revealed that ML NK cells had 

increased STAT5 phosphorylation, which may play a role in binding to promoter regions to 

enhance IFN-γ production. Epigenetic imprinting of the Ifng CNS1 region has been detected 

in ML NK cells and has been hypothesized to contribute to the stable phenotype observed in 
vivo [51].

Studies have also shown that adoptive transfer of murine ML NK cells suppresses graft-

versus-host disease (GVHD), but not graft-versus-leukemia [52,53]. Using a mouse model 

of fully mismatched HCT and lymphoma, Hüber et al demonstrated that ML NK cells 

strongly suppressed acute GVHD and improved overall survival in comparison to IL-2-only 

activated NK cells. Interestingly, while IL-2-treated NK cells became exhausted and lost 

expression of Eomesodermin (Eomes) and T-bet upon adoptive transfer into the GVHD 

mouse model, ML NK cells still had high expression of Eomes and T-bet [52]. This Eomes 

and T-bet upregulation may also explain the observed high proliferative capacity of ML NK 

cells in vivo. Collectively, these studies show that murine NK cells activated with IL-12, 

IL-15, and IL-18 exhibit antigen-independent enhanced functionality following adoptive 

transfer.

Preclinical studies of human cytokine-induced memory-like NK Cells

Unlike T cell memory populations, ML NK cells cannot be defined by minimal surface 

markers, but instead require multidimensional analysis for consistent tracking. Initial flow 

cytometric analyses identified that combined cytokine activation resulted in increased 

surface expression of CD94, NKG2A, NKp46, and CD69 in vitro [49]. Further analysis with 

mass cytometry has allowed for defining a large number of parameters on single ML NK 

cells, which has revealed a distinct multidimensional phenotype of ML NK cells [54]. High-

dimensional CyTOF analysis of human ML NK cells differentiated in vitro confirmed 

phenotypic markers previously measured by flow cytometry, including increased expression 

of CD94, NKG2A, NKp46, and CD25. Further expression changes included increases in 
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NKp30, NKp44, CD62L, TRAIL, perforin and granzyme B, and decreases in NKp80 

compared to controls.

CD25 (IL2Rα) is a component of the high-affinity IL-2R, expressed constitutively on a 

subset of CD56bright NK cells or tran-siently following activation [9,55]. Robust CD25 

(IL2Rα) expression on the surface of ML NK cells, prolonged compared to IL-15-activated 

control NK cells, was also identified [56], which persisted for ≥ 1 week in vitro. Notably, the 

majority of NK cells constitutively express IL-2Rβ and γ c, which form the intermediate-

affinity heterodimer IL-2/15Rβγ, but have low expression of CD25, which is required for 

the high-affinity heterotrimer IL-2Rαβγ [55,57]. This stable and prolonged CD25 surface 

expression (and subsequent formation of functional high-affinity IL-2 receptors) in ML NK 

cells suggests its responsiveness to low concentrations of IL-2, with downstream effects on 

enhanced IFN-γ production and cy-totoxicity. Picomolar concentrations of IL-2 increased 

ML NK cell STAT5 phosphorylation and proliferation compared to controls in vivo in NOD/

SCID/γc (NSG) xenograft models [56]. These studies set the stage for using low dose 

rhIL-2 as a supporting cytokine after adoptive transfer in clinical trials.

Based on enhanced recall function to leukemia cell lines in vitro [49], studies quickly 

focused on establishing whether ML NK cells exhibited enhanced responses to myeloid 

leukemia targets in vitro and in vivo. Our group performed an in depth analysis of whether 

ML NK cells had enhanced anti-leukemic functionality against AML cell line and primary 

leukemia blasts, and whether these responses were impacted by specific NK receptor-ligand 

interactions. ML NK cells were highly functional against several myeloid tumor cell lines, 

suggesting the potential for enhanced responses to AML [54]. Indeed, ML NK cells had 

enhanced functional responses when stimulated in vitro with primary AML blasts, 

exhibiting superior effector cytokine production as well as cytotoxicity, compared to control 

conventional NK (cNK) cells. This was also tested in vivo using a NSG mouse xenograft 

models, where ML NK cells demonstrated improved control of leukemia burden by 

bioluminescent imaging and prolonged the survival of leukemia-engrafted hosts [54]. In 
vitro studies also demonstrated that ML NK cell exhibited enhanced single cell responses to 

AML, with evidence of recruitment of additional NK cell effectors compared to cNK cells. 

Using a functional mass cytometry approach, single cNK and ML NK cells specificity was 

tracked at the level of inhibitory KIR (iKIR, ie, KIR2DL1, KIR2DL2/3, KIR3DL1), 

allowing the distinction between responding NK cells as inhibitory KIR to KIR ligand 

matched (inhibition present) or mismatched (no inhibition present). These studies revealed 

that the increased functional response of ML NK cells to primary AML blasts was not 

inhibited by iKIR-ligand interactions. ML NK cell differentiation increased IFN-γ 
production and cell surface expression of CD107a, TNF, and macrophage inflammatory 

protein-1α (MIP-1α) in response to primary AML blasts, regardless of whether ML NK 

cells expressed inhibitory KIR (iKIR) to a ligand present on target AML blasts [54]. 

Moreover, ML NK cell differentiation was shown to rescue normally hypofunctional 

“unlicensed” or “uneducated” NK cells to respond robustly to AML [58]. These studies 

suggest that MLNK cells have an increased pool of alloreactive NK cells, which points to 

one potential mechanism underlying the enhanced response to AML, in addition to enhanced 

activating NK receptor expression and effector molecules.
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While able to overcome KIR inhibition, ML NK cells exhibit increased NKG2A expression 

and recent work has implicated NKG2A as an important checkpoint in ML NK cell 

functional responses [49,54]. NKG2A is a C-type lectin receptor that heterodimerizes with 

CD94 to generate an NK cell surface inhibitory receptor that binds to its ligand, HLA-E. In 

contrast to iKIR–ligand interactions, NKG2A is not a predominant inhibitor of cNK cells. In 

the phase 1 clinical trial utilizing ML NK cells in rel/ref AML, we utilized mass cytometry 

to assess donor ML NK cell phenotypes and markers of functionality and observed that 

increased NKG2A expression was significantly correlated with treatment failure [59,60]. 

These findings suggested that CD94/NKG2A-HLA-E interactions limited ML NK cell 

tumor responses. This was confirmed with mechanistic in vitro studies, where either 

antibody blockade of NKG2A or CRISPR/Cas9 deletion of NKG2A resulted in enhanced 

ML NK cell responses against HLA-E+ targets. The importance of NKG2A as an immune 

checkpoint in regulating ML NK cell activity has key clinical applications, including the 

ability to enhance adoptive ML NK anti-tumor functionality in vivo with specific anti-

NKG2A blockade.

These early successes with ML NK cells in preclinical laboratory studies against leukemia 

targets provided the framework for using adoptively transferred ML NK cells in clinical 

trials. Subsequent preclinical studies have identified ML NK cells as exciting potential 

effector cells against other malignancies—including acute lymphoblastic leukemia (ALL) 

[61], hepatocellular carcinoma [62], ovarian cancers [63], and melanoma [64]. ML NK cells 

had enhanced IFN-γ and TNF production in vitro against a variety of ovarian cancer cell 

lines (including MA148, A1847, OVCAR5, andSKOV3)and also were capable of decreasing 

tumor burden in vivo in a xenogeneic mouse model of ovarian cancer [63]. In addition, NK 

cells isolated from the ascites of advanced stage high-grade serous ovarian cancer patients 

(ASC NK) that underwent cytokine-induced ML differentiation demonstrated enhanced 

IFN-γ against ovarian cancer cell lines compared to IL-15 treated controls; however, these 

cells were also noted to have consistently lower functional responses compared to NK cells 

from healthy donors, suggesting long-term impacts of the immunosuppressive tumor 

environment [63]. To evaluate if memory-like differentiation was capable of surmounting the 

soluble immunosuppressive environment in vitro, healthy donor ML NK cells were 

incubated for a week with donor ascites supernatant samples and then evaluated for IFN-γ 
production, CD107a expression, and proliferation. Notably, ML NK cells had enhanced 

IFN-γ and proliferation compared to conventional NK cells exposed to the same ascites 

supernatant, suggesting that ML NK cells retain their durable, enhanced functional activity, 

even in an immunosuppressive tumor microenvironment. These studies indicate the 

advantage ML NK cells may have in the solid tumor NK cell immunotherapy setting.

Clinical trails of memory-like NK cells

NK cell adoptive transfer is an emerging cellular immunotherapy for AML [65–67]. NK 

cells have been recognized as a cellular therapy for myeloid malignancies, with MHC-

haploidentical NK cells exhibiting anti-leukemia responses without causing GVHD after 

HCT [68,69] or adoptive transfer [70–72]. Based on the preclinical data showing superior 

responses of ML NK cells compared to cNK cells, the application of ML NK cells presented 

a logical next stepin enhancing the anti-tumor activity of adoptive NK cellular 
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immunotherapy. We performed the first-in-human clinical trial of adoptively transferred 

allogeneic ML NK cells in patients with relapsed or refractory (rel/ref) AML 

(ClinicalTrials.gov, NCT01898793) [54]. In this study, rel/ref AML patients received 

fludarabine and cyclophosphamide (flu/cy) lymphodepletion, and then were infused with a 

single ML NK cell dose generated from a related MHC-haploidentical donor (Fig. 3). After 

ML NK cell adoptive transfer, patients received low dose rhIL-2 for 2 weeks to support NK 

cell survival, expansion and function. Correlative immunology was employed using flow and 

mass cytometry to track allogeneic donor NK cells, leveraging this opportunity to study 

human ML NK cells in vivo in patients. Donor ML NK cells peaked after 7–14 days, 

comprising >90% of the patient’s NK cell compartment, tracked by donor- or recipient-

specific HLA mAbs. These ML NK cells also localized to the bone marrow and exhibited 

macro-chimerism for up to 21 days. Functional studies revealed that ML NK cells from the 

blood and BM exhibited enhanced functional responses when re-stimulated with leukemia 

targets, supporting the concept of innate memory-like responses in vivo in humans [54]. 

Clinical results were promising, with 47% of the final 15 evaluable patients achieving a 

complete remission (CR/CRi) [59]. These data support the use of allogeneic ML NK cells as 

a “salvage” therapy for AML, allowing patients to proceed with potentially curative HCT. 

Collectively, this first-in-human study demonstrated that ML NK cells differentiate in vivo 
in patients, identified a maximal tested dose of upto 1 × 107/kg ML NK cells, which did not 

result in cytokine release syndrome (CRS), immune cell associated neurotoxicity, or GVHD. 

Based on the promising results with initial ML NK cell clinical trial, a phase II study is now 

underway in patients with rel/ref AML utilizing the maximal tested cell dose as a bridge to 

HCT.

However, as an allogeneic lymphocyte therapy, eventually the recipient’s adaptive immune 

system recovers from flu/cy lym-phodepletion and eliminated the allogeneic donor NK cells, 

typically after 2–3 weeks. Thus, the long-term ML NK cell persistence could not be 

evaluated in the allogeneic adoptive transfer clinical setting. To investigate the concept that 

ML NK cells may expand and persistent in vivo in patients if administered in an immune 

compatible setting, we are performing a second clinical trial (ClinicalTrials.gov, 

NCT02782546). In this trial, rel/ref AML patients undergo a standard of care MHC-

haploidentical peripheral blood HCT after reduced intensity conditioning with post-

transplantation cyclophosphamide for GVHD prophylaxis. ML NK cells are generated from 

a second, same-donor leukapheresis, and administered on day 7, after the post-

transplantation cyclophosphamide has been cleared. Preliminary data demonstrate that ML 

NK cells used to augment MHC-haploidentical HCT are safe, and result in complete 

remissions in >90% of AML patients at day 28. Strikingly, ML NK cell expansion exceeds 

normal blood NK cell numbers and persist for > 2 months [73]. Thus, this same-donor 

immune compatible HCT and ML NK cell adoptive transfer provides a clinical platform 

whereby a single dose of ML NK cells expand and persist with macro-chimerism for months 

in patients.

In patients who relapse after allogeneic HCT, donor lymphocyte infusion (DLI) with a set 

dose of donor T cells following salvage chemotherapy is a widely used treatment, however, 

current clinical outcomes remain poor and there remains an unmet need to develop more 

effective treatments for this patient population [74,75]. In a third clinical trial, same-donor 
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ML NK cells are being testedas a therapy for AML relapse after HCT, used in concert with 

standard of care salvage chemotherapy followed by DLI (ClinicalTrials.gov, 

NCT03068819). By combining ML NK cells with DLI approach, we hypothesize that these 

adoptively transferred cells may persist and improve complete remission and long-term 

survival in these patients. This rationale was supported by murine studies, showing 

synergistic interactions between T cells and ML NK cells in vivo [51]. This trial is ongoing, 

with one exceptional responder with > 1 year leukemia-free-survival and remarkable ML 

NK cell macro chimerism reported [76].

The future: improving ML NK cell responses through combination 

immunotherapy and engineering

Combining ML NK cells with tumor targeting bi-specific NK cell engagers

ML NK cells have a number of properties that make them ideal for combined 

immunotherapy, and thereby address some of the existing barriers in the NK cell 

therapeutics field. Many cancers are not perfectly recognized by NK cells through 

endogenous activating receptors, and instead rely on combination with antibodies for an 

effective NK cell response. ML NK cells have preserved CD16 expression, and have been 

shown to exhibit enhanced FcγRIIIa/CD16 triggered responses [58]. Thus, one approach to 

provide an enhanced spectrum of recognition is to include tumor-targeting mAbs or bi-

specific proteins, such as the anti-CD30 and anti-CD16a bi-specific AFM13. ML NK cells 

are effectively triggered by AFM13, establishing an approach to make ML NK cell antigen- 

specific in a highly flexible fashion through combination with therapeutic mAbs or bi-

specific NK cell engagers [77].

Targeting NKG2A, the dominant "checkpoint" on ML NK cells

NK cells are distinct from T cells in their expression of constitutive and induced inhibitory 

receptors, for example KIRs and NKG2A. In contrast to cNK cells, ML NK cells can ignore 

inhibitory KIR signals, and blockade of KIR had no impact on responses to AML, as noted 

above. Instead, recent data indicate that NKG2A is the predominant “checkpoint” on ML 

NK cells and prior work demonstrates blocking NKG2A in vitro enhances ML NK cell anti-

tumor functionality against tumor targets. Thus, combinations of signals that reduce 

NKG2A-based signals will be necessary to maximize ML NK cell functional responses in 
vivo, analogous to PD1/PDL1/L2 interaction with T cells.

CAR engineering expands the cellular immunotherapy potential of ML NK cells

The inclusion of CD19-targeted chimeric antigen receptors (CAR) on effector T-cells has 

revolutionized immunotherapy for refractory B cell malignancies. However, this has been 

associated with life-threatening side effects including CRS and neurotoxicity. Since ML NK 

cells do not cause these side effects while expanding and inducing remission in myeloid 

malignancies [54], they are an attractive effector to modify with CAR, thereby increasing 

their specificity. Additional advantages include combined activation with endogenous NK 

cell activating receptors, potentially reducing antigen escape, and the possibility of dual-

targeting cancers via FcγRIIIa/CD16.
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There have been multiple preclinical studies of CAR-transduced NK cells, and recently the 

first report of using CAR-NK to treat CD19-expressing cancer in patients has been 

published [78,79]. In a phase I study, Liu and Rezvani demonstrated that adoptive therapy 

with IL-15-secreting, cord-blood-derived CAR-NK cells resulted in minimal adverse events 

and that these CAR-NK cells can persist for up to a year postinfusion [79]. Synergizing 

CAR expression and ML differentiation is thus a promising strategy to further enhance NK 

function while increasing specificity.

Recently, we developed a proof-of-principle approach to engineer ML NK cells with a CAR 

(initially using 41BB and CD3ζ signals) [80]. These CAR ML NK cells exhibited enhanced 

degran-ulation, IFN-γ production, and cytotoxicity against NK-resistant targets. Notably, 

ML differentiation and CAR modification were synergistic, and superior to cNK cells 

engineered with CAR. CD19-CAR-ML NK cells exhibited potent response to B cell 

malignant targets, including primary lymphoma cells. In addition, CD19-CAR-ML NK cells 

preferentially expanded in NSG mice engrafted with CD19+ lymphoma targets, and 

controlled tumor burden in vivo. This initial preclinical study of CAR ML NK cells suggests 

that they have advantages over CAR cNK cells, and thus sets the stage for further 

engineering of ML NK cells that would facilitate the broad application of ML NK cells 

against a variety of cancer types.

Conclusions

NK cells are now clearly established to remember their prior activation events, with distinct 

forms of innate memory and memory-like responses following hapten exposure, virus 

infection, and combined IL-12, IL-15, and IL-18 activation. Moreover, ML NK cells 

exemplify a highly translational approach for enhancing NK cell responses against cancer. 

From their discovery in mice in 2009 and humans in 2012, this innate cellular therapy was 

rapidly trans-latedto theclinic,with thefirst AML patient treated withMLNK cells in 2014. 

ML NK cells are safe and induce complete remission in patients with AML, in several 

clinical contexts, without CRS or immune cell associated neurotoxicity. In an immune 

compatible setting, ML NK cells expand and persist for months after a single cell dose. 

Furthermore, ML NK cells have been clinically shown to be limited by NKG2A, providing a 

clear checkpoint for blockade to enhance ML NK cell responses. In addition, ML NK cells 

may be engineered with CAR, enhancing their spectrum of anti-tumor activity. Thus, 

cytokine-induced memory-like NK cells represent a promising NK cell therapeutic approach 

for cancer immunotherapy.
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Fig. 1. 
Summary of different types of innate memory and memory-like responses of NK cells.
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Fig. 2. 
Schematic summary of human memory-like NK cell generation and enhanced response. 

Conventional (cNK) NK cells from the blood are activated with IL-12, IL-15, and IL-18 for 

12–16 hours, and then cytokines are removed by washing. Memory-like NK cells 

differentiate either in vitro (with IL-15 support for survival), or in vivo in NSG mice or 

human patients. The resultant ML NK cells exhibit flexible, enhanced responses to a variety 

of NK cell stimuli, including tumor targets.
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Fig. 3. 
Summary of the first-in-human ML NK cell clinical study. Relapsed or refractory AML 

patients were lymphodepleted with flu/cy, and then received allogeneic donor NK cells that 

were activated with IL-12, IL-15, and IL-18. Following transfer, memory-like differentiation 

and expansion occurs in vivo in the patient, providing a 2–3 week window of opportunity to 

attack and eliminate AML.
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