

  cancers-13-00320




cancers-13-00320







Cancers 2021, 13(2), 320; doi:10.3390/cancers13020320




Review



Unraveling the Role of Innate Lymphoid Cells in Acute Myeloid Leukemia



Matthew R. Lordo 1,2[image: Orcid], Steven D. Scoville 2,3, Akul Goel 4, Jianhua Yu 4[image: Orcid], Aharon G. Freud 2,5, Michael A. Caligiuri 4,* and Bethany L. Mundy-Bosse 2,6,*





1



Biomedical Sciences Graduate Program, Medical Scientist Training Program, Columbus, OH 43210, USA






2



Comprehensive Cancer Center, The Ohio State University, Columbus, OH 43210, USA






3



Department of Surgery, The Ohio State University, Columbus, OH 43210, USA






4



Department of Hematology & Hematopoietic Cell Transplantation, City of Hope National Medical Center, Los Angeles, CA 91010, USA






5



Department of Pathology, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA






6



Division of Hematology, Department of Internal Medicine, The Ohio State University Wexner Medical Center, Columbus, OH 43210, USA









*



Correspondence: mcaligiuri@coh.org (M.A.C.); bethany.mundy@osumc.edu (B.L.M.-B.); Tel.: +1-626-218-4328 (M.A.C.); +1-614-688-6564 (B.L.M.-B.)







Received: 12 December 2020 / Accepted: 7 January 2021 / Published: 17 January 2021



Abstract

:

Simple Summary


Acute myeloid leukemia (AML) is an aggressive form of cancer found in the blood and bone marrow with poor survival rates. Patients with AML are known to have many defects in their immune system which render immune cells unable to detect and/or kill cancer cells. Natural Killer (NK) cells are innate immune effector cells responsible for surveying the body to eliminate cancer cells as well as alert other immune cells to help clear the cancer cells. NK cells have developmental and functional defects in AML patients. While advances have been made to understand these NK cell defects in the setting of AML, the role of other closely related and recently discovered members of the innate lymphoid cell (ILC) family is much less clear. The ILC family is comprised of NK cells, ILC1s, ILC2s, and ILC3s, and due in part to their recent discovery, non-NK ILCs are just now beginning to be investigated in the setting of AML. By better understanding how AML alters the normal function of these cell types, and how the alteration regulates AML growth, we may be able to target and tailor new forms of therapy for patients.




Abstract


Over the past 50 years, few therapeutic advances have been made in treating acute myeloid leukemia (AML), an aggressive form of blood cancer, despite vast improvements in our ability to classify the disease. Emerging evidence suggests the immune system is important in controlling AML progression and in determining prognosis. Natural killer (NK) cells are important cytotoxic effector cells of the innate lymphoid cell (ILC) family that have been shown to have potent anti-leukemic functions. Recent studies are now revealing impairment or dysregulation of other ILCs in various types of cancers, including AML, which limits the effectiveness of NK cells in controlling cancer progression. NK cell development and function are inhibited in AML patients, which results in worse clinical outcomes; however, the specific roles of other ILC populations in AML are just now beginning to be unraveled. In this review, we summarize what is known about the role of ILC populations in AML.
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1. Introduction


Acute myeloid leukemia (AML) is a hematologic malignancy marked by unregulated clonal proliferation and infiltration of immature myeloblasts in the bone marrow, blood, and other tissues with overall 5-year survival rates of <28%, which have remained largely unchanged despite marked improvements in our understanding of its pathogenesis [1]. AML is known for considerable cytogenetic and molecular heterogeneity leading to variable disease progression and responses to therapy [2]. The mainstay of treatment has relied on chemotherapy and allogeneic hematopoietic stem cell transplantation (alloHSCT) with marginal improvements over the past several decades [3,4,5]. Immunotherapy beyond alloHSCT for AML has provided some new opportunities beyond traditional forms of therapy [6,7]. NK cell therapies in particular showed promising results following alloHSCT or adoptive NK cell therapy from haploidentical killer immunoglobulin receptor (KIR) mismatched donors [8,9,10,11,12]. Consequently, considerable effort has been invested in trying to understand the cellular and molecular underpinnings that allow AML to thwart these innate effector cells. Research over the last 15 years has revealed that NK cells belong to a larger class of innate lymphoid cells (ILCs) that resemble T cell subsets. In this review, we will summarize the body of recent literature describing how these ILC populations function in the setting of AML and how some of these populations may have therapeutic efficacy in treating AML.



ILCs consist of three groups of cells identified by specific compilations of cell surface markers, transcription factors, and ultimately function [13]. Group 1 ILCs include NK cells as well as type 1 innate lymphoid cells (ILC1s). Both NK cells and ILC1s express the transcription factor TBX21 (T-BET), which regulates expression of type 1 cytokines including interferon gamma (IFNγ). However, only NK cells co-express the transcription factor Eomesodermin (EOMES), which regulates expression of cytolytic perforins and granzymes [14]. Thus, NK cells possess cytolytic effector functions whereas ILC1s are more immunomodulatory and classically lack the ability to directly lyse target cells, although some reports have suggested they may possess weak cytotoxic function [15,16]. Group 2 ILCs consists of ILC2s, which express high levels of the transcription factor GATA3 and secrete type 2 cytokines, such as IL-4, IL-5, and IL-13, as well as molecules such as amphiregulin (AREG). Group 3 ILCs are a heterogeneous subgroup of the ILC family comprised of ILC3s and lymphoid tissue inducer cells (LTIs). All ILC3s express the transcription factor RORC (RORγt) and secrete IL-17 and IL-22. A more comprehensive discussion of these ILCs can be found in these review articles [13,17,18]. In this review, we provide updates on recent advances in the field that further our understanding of how AML affects each of the members of the ILC family (summarized in Table 1).




2. NK Cells: Key Innate Immune Surveyors


Since their discovery more than 50 years ago, NK cells have been extensively studied for their ability to detect and kill malignant or virally infected cells without prior exposure to specific stimuli. Since then, many groups have described the anti-cancer effects of NK cells in multiple malignancies, including in AML [12,19,36]. The discovery in the early 2000s by Ruggeri et al. that haplo-mismatched donor NK cells can lead to alloreactive responses and improve survival in AML patients treated with alloHSCT launched NK cells towards the forefront as a potential candidate for immunotherapy [8].



More recent studies have continued to define how NK cells develop and function in the setting of AML. NK cells begin their development in the bone marrow and complete their maturation in secondary lymphoid tissues such as the tonsil or in lymph nodes [37,38,39]. The majority of circulating NK cells are mature CD56dim NK cells, and a minority are CD56bright NK cells; however, less mature NK cell precursor populations can also be detected in the circulation at low levels [40]. In contrast to this normal developmental pattern, several groups have demonstrated NK cell maturation defects in patients with AML. We have previously demonstrated a blockade in NK cell development in mouse models of AML marked by failure to progress from stage 2 (CD27+CD11b−) to stage 3 (CD27+CD11b+) NK cells in the spleen [19]. This developmental blockade was also demonstrated using human ILC precursors, which failed to mature into NK cells in the presence of AML cells utilizing ex vivo co-culture models [20]. Importantly, in both of these studies, these observations were reversible, suggesting therapeutic targeting of this pathway is possible to restore mature effector NK cells. It has also been shown that AML patients have significantly lower proportions of circulating NK cells compared to healthy subjects that correlates with a worse prognosis [41]. In addition to reduced frequencies of NK cells, Chretien et al. demonstrated that AML patients often have a hypomature circulating NK cell phenotype, measured by CD57 and KIR expression, and had worse overall survival than patients possessing a more mature NK cell profile in their peripheral blood and tissues [21]. While some AML patients have been found to have a hypomature NK cell profile, others have a hypermature phenotype, defined by expression of CD57, KIR, and dim expression of CD56 [22]. Of note, these latter two studies did not directly assess NK cell function. It is possible that both the hypo- and hypermature phenotypes have similar functional deficiencies as the hypermature cells may represent an exhausted state unable to mount an immune response to cancer targets. Further study is needed to fully characterize these phenotypes and their interactions with AML.



While not described in the context of NK cell development, studies of NK cells in AML patients have demonstrated impaired NK cell function with an increase in NK cells that express high levels of the inhibitory receptor NKG2A at the time of diagnosis [27]. Similarly, AML patients with reduced expression of NK cell activating receptors such as NKp46 or NKp30 also have worse clinical outcomes [28,29], while patients expressing higher amounts of these receptors have better outcomes [30,31]. Patients with myelodysplastic syndrome (MDS), often a precursor to AML, exhibit NK cell defects as well. Reduced NK cell numbers and decreased functionality resulting from decreased surface expression of activating receptors such as NKp30 or NKG2D have been described in MDS [42,43]. Expectedly, the degree of inhibition of both NK cell frequency and function in MDS appears to be intermediate between healthy individuals and patients with AML. Furthermore, MDS patients with more significant NK dysfunction have higher rates of progression to AML [42].



Additional studies have also described genetic predispositions to developing MDS and AML with concomitant NK cell dysfunction. Genetic loss of the transcription factor GATA2 not only predisposes individuals to MDS/AML [44,45], but also results in profound NK cell defects, namely loss of CD56bright cells with retention of the CD56dim subset [46]. This NK cell defect is present even in patients without MDS or AML who still possess loss of function GATA2 mutations. Interestingly, this observation in nonleukemic individuals phenotypically overlaps with peripheral NK populations in AML patients without GATA2 mutations [19]. This suggests that the GATA2 pathway may play an important role in maintaining NK cell homeostasis in the setting of AML. Studying NK cell and ILC defects in other genetic predisposition syndromes is an area of active investigation.



Although NK cells appear globally inhibited at the time of diagnosis in AML patients, their role in the post-remission setting has revealed they play a critical role in preventing or delaying relapse [6,47,48,49]. Following chemotherapy induction, there is a rapid reconstitution of the NK cell compartment that is generally skewed towards immature CD56bright cells for at least 4 months after, and up to 1 year following, first remission [50]. Patients displaying impaired NK cell function at diagnosis show at least partial restoration of NK cell function at remission, measured by increased activating NKp46 surface expression and increased CD107a expression upon exposure to K562 targets [27]. Studies have also demonstrated therapeutic interventions capable of inducing surface expression of other activating receptors that can further improve the capacity of NK cells to target and kill leukemic targets, including treatment with IL-15 [51]. These studies suggest NK cell functional defects are at least partially reversible, indicating that further research may be able to optimize endogenous NK cell function in AML patients. Overall, NK cell function closely correlates with clinical outcomes in AML patients, but whether this correlation translates to “cause and effect” is still under investigation.




3. NK Cell Therapies in AML


In recent years, adoptive cell therapy utilizing allogeneic NK cells has gained traction as a potential anticancer therapy, especially as a bridge to alloHSCT for AML patients and even as a treatment in patients with relapsed or refractory disease. One such study by Björklund et al., evaluated the effectiveness of IL-2-activated allogeneic NK cells in treating 16 AML patients with refractory disease (median age: 64 years, range: 40–70 years) [11]. The NK cells were derived from human leukocyte antigen (HLA) haploidentical donor peripheral blood mononuclear cells (PBMCs) depleted for T and B cells, and the patients were administered a lymphodepleting regimen consisting of fludarabine/cyclophosphamide conditioning combined with total lymphoid irradiation before treatment. Six of the 16 patients achieved complete remission (CR), marrow CR (mCR), or partial remission (PR). Of these, 5 of the 6 patients proceeded to alloHSCT treatment. Three patients were able to achieve durable clinical responses and survived >3 years after treatment. Notably, 2 additional patients achieved stable disease, and another reached morphological disease-free survival for >3 years after administration of this treatment. These data further support the notion that NK cells may have a direct anti-leukemic effect on AML, even in patients who are otherwise chemotherapy resistant. Dolstra et al. evaluated the effectiveness of an NK cell therapy in 10 older AML patients (median age: 72, range: 68–76 years), all of whom had achieved morphologic CR following induction chemotherapy but had contraindications for alloHSCT [52]. The NK cells were derived and expanded ex vivo from CD34+ hematopoietic stem and progenitor cells (HSPC), which were found in HLA-matched umbilical cord blood (UCB). In this study, 4 of the 10 AML patients were alive at the conclusion of the trial while the other 6 patients relapsed at a mean duration of 364 days after NK cell infusion. Interestingly, the HSPC derived NK cells continued to mature in vivo following transplant, measured by KIR and CD16 acquisition in vivo. Overall, these trials demonstrated the safety profile and potential promise of NK cell-based therapy, and importantly, few side effects >grade 2 were reported. As side effects of adoptive CAR T cell therapies have been a major rate limiting component of treatments [53], these early studies suggest adoptive NK cell therapy is safe in certain subsets of AML patients, with relatively low risk of severe adverse side effects. Future studies will need to determine the clinical efficacy of these adoptive therapies in treating AML patients.



To begin to understand the complex interactions between adoptive NK cells and AML cells, a study by Zhao et al. explored NK cell education following haplo-HSCT transplant in AML and MDS patients [54]. NK cell education and licensing are a process whereby NK cells interact with cognate inhibitory ligands via their corresponding receptors, allowing for variable reactivity to future stimuli and sensitivity to inhibition [55]. These authors discovered that the highest reconstitution of NK cells in patients post-transplant correlated with the lowest relapse rates in patients and occurred when both the donor and host expressed the same KIR ligands and had all the corresponding KIR receptors for those ligands. Expression of inhibitory KIR on donor NK cells and expression of cognate ligands on host cells correlated with better donor NK cell education and therefore reduced frequencies of post-transplant relapse in these patients. This contrasts with the work of Ruggeri et al. [8], where HLA mismatch and/or KIR incompatibly was beneficial in generating alloreactive responses in patients. These seemingly contradictory findings suggest there is a balance between proper NK cell education/licensing through compatible inhibitory KIR interactions and having enough mismatch to generate alloreactive responses important in the graft vs. leukemia effect. In contrast to both of these studies, studies in pediatric populations have found no association between KIR compatibility and clinical outcome [56]. Thus, more work must clearly be done to try and understand the dynamic interactions between donor KIR and host immune cells.



Building upon adoptive cellular therapies, an emerging therapeutic modality in the treatment of malignancies such as AML is chimeric antigen receptor (CAR)-engineered T or NK cells. This form of therapy utilizes genetic engineering to create CAR that possess antigen-specific extracellular domains tethered to intracellular signaling domains that, upon recognition of a tumor associated antigen, can activate downstream signaling pathways to kill tumor cells [57]. Thus far, CAR T cells have proven to be effective in the setting of relapsed/refractory, CD19-expressing B cell malignancies such as acute lymphoblastic leukemia (ALL) and diffuse large B cell lymphoma (DLBCL) [58]. However, the use of CAR T cells has yet to be widely effective against AML, likely due to the heterogeneity of the disease, narrow therapeutic window, side effects of CAR T therapy, and the difficulty in identifying a common surface antigen to target [59]. Clinical trials using CAR NK cells have demonstrated low rates of infusion reactions and therapy-related cytokine release syndrome, side effects commonly encountered in CAR T cell therapy. The first phase 1 study utilizing CD33-CAR NK-92 cells in relapsed/refractory AML patients did not detect dose limiting toxicities at up to 5 billion cells per patient [60]. One limitation of using NK-92 cells, which are a cancer cell line, is that they must be irradiated to limit proliferation in the recipient. This results in a short half-life and thus repeated dosing is likely required to show durable responses [60]. However, the use of these CAR NK-92 cells more readily favors an “off the shelf” CAR therapy for cancer patients that can be scaled into mass production and thus can be delivered at a much lower cost than with current CAR T cell therapies. Rather than irradiation, future work may attempt to engineer genetic kill switches into the NK-92 cells to control their in vivo proliferation. More clinical trials are needed utilizing these CAR NK cells to determine their clinical efficacy in improving disease control following relapse.



Other forms of NK cell therapies currently being tested for their clinical efficacy in AML include deriving NK cells from induced pluripotent stem cells (iPSC) and/or expanding blood NK cells ex vivo utilizing K562 feeder cells. A phase 1 trial utilizing NK cells expanded ex vivo using membrane-bound IL21 (mbIL21) expressing K562 feeder cells found low incidences of infusion-related reactions, although some patients acquired mild GVHD related symptoms [10]. Of the 13 patients included in the study, only one relapsed while the others were in remission at last follow-up (median: 14.7 months). Utilizing this membrane bound cytokine allowed for improved expansion and in vivo persistence over previous methods [61]. The promising results from this study have also led to the formation of a phase 2 trial, which will investigate CSTD002, a product derived from haploidentical donor NK cells expanded ex vivo utilizing PM21 nanoparticles containing mbIL21 and 4-1BBL [62]. Additionally, studies of iPSC-derived, K562-expanded, anti-CD19 CAR-NK cells have shown clinical efficacy in CD19-expressing lymphoid malignancies [63]. As our ability to target AML cells with engineered CAR-NK cells improves, it will be important to improve persistence and expansion likely utilizing membrane bound cytokines and a robust feeder cell platform, respectively. Similarly, studies utilizing iPSC-derived NK cells lacking CISH, a negative regulator of IL-15 signaling, have demonstrated in vivo efficacy in preclinical mouse models of AML that will hopefully lead to phase 1 clinical trials [64].




4. Memory-Like NK Cells in AML


Although NK cells are members of the innate immune system, evidence in mice and humans suggests that NK cells can acquire memory-like or adaptive properties following cytomegalovirus (CMV) infection or IL-12/15/18 pre-activation [65]. These stimuli have been shown to induce epigenetic reprogramming of the NK cells resulting in long-term memory-like qualities which are now being studied for potential therapeutic efficacy. In humans, this population is identified by expression of the NKG2C activating receptor and by a response to stimuli with higher levels of IFNγ secretion compared to naïve counterparts. In AML this has been shown to be particularly relevant, as patient’s with CMV reactivation following induction chemotherapy in AML had expansion of this memory-like population which was associated with longer periods of relapse free survival compared to CMV- patients, although overall survival was not significantly altered [23,24,25]. More recently, the anti-leukemia properties of cytokine induced memory-like (CIML) NK cells have been studied as a potential immunotherapy in AML. These CIML NK cells had increased IFNγ and granzyme production upon exposure to AML cells and some patients with relapsed/refractory AML were able to achieve clinical remissions following in fusion with CIML NK cells [66]. Pre-stimulation with IL-12/15/18 has also been shown to upregulate CD25, a component of the heteromeric high affinity IL-2 receptor, which appears to allow CIML NK cells to outcompete inhibitory Treg cells that express this receptor and otherwise act to suppress anti-cancer immune reactions [67,68]. IL-2 is often required for adoptive cellular therapies to increase persistence of the transplanted cells in the host [12]. Recently, a clinical trial utilizing exogenous IL-15 rather than IL-2 with adoptive NK therapy demonstrated some promise in patients with refractory AML and did not stimulate Treg populations [69]. However, some patients experienced cytokine release syndrome symptoms and neurotoxicity, suggesting optimization of dosing route and schedule is required to mitigate these side effects. Newer generation therapies are trying to lessen the need for exogenous cytokine injections by engineering cells to include autocrine signaling mechanisms [70]. This will hopefully reduce the chances for simultaneous stimulation of host Treg populations and specifically bolster the anti-cancer immune response.




5. ILC1s: Shedding Light on the Enigma


While NK cells have been well documented as anti-cancer effector cells, a functional role for other ILCs in cancer has yet to be widely established. Initial work has demonstrated the importance of ILC1s in promoting anti-viral immunity in mice [71]. However, their importance in AML remains unclear and is an area of active investigation. Part of the challenge associated with studying ILC1s is a lack of unique positive markers to assist in their identification and thus they are often described as lacking specific NK, ILC2, and ILC3 specific markers [72]. An early report looking at the peripheral blood and marrow of AML patients showed that null definition ILC1s (Lin-CD56-CD127+CRTH2-CD117-) are enriched and hypofunctional compared to healthy donors [32]. A more recent report described an ILC1-like population (Lin-CD56+CD94+CD16-CD127+) with impaired cytotoxicity in AML patients at diagnosis that is restored in patients who achieve remission [15]. A caveat to both of these studies is the sole use of surface markers to distinguish a conventional NK cell from an ILC1 or ILC1-like cell, and the phenotypic definition used in the latter study overlaps with CD56bright NK cells found in circulation [72,73,74]. Traditionally, one of the fundamental differences between NK cells and ILC1s in both mice and humans is co-expression of EOMES along with T-BET among NK cells, whereas ILC1s only express T-BET. Greater clarity dissecting group 1 ILC heterogeneity in AML, and potentially other malignancies, could be achieved by combining surface immunophenotypes with the underlying transcription factor signatures of these populations.



More recently, the inhibitory surface receptor, CD200R1, has been shown to be a selective surface marker for ILC1s in the murine liver and is notably absent on murine NK cells [71,72]. Interestingly, Coles et al. showed that expression of CD200 on human AML blasts is capable of inhibiting IFNγ secretion and reducing cytotoxicity via ligation of CD200R1 on human NK cells [26]. While the expression patterns of CD200R1 are still being studied in the context of human ILCs, it should be noted that this correlation may be the result of increased ILC1s in CD200Hi AML, which would also corroborate the observation of reduced cytotoxicity which is commonly associated with an ILC1-like phenotype.




6. ILC2s: Potential Cancer Promoters?


ILC2s are typically associated with regulating allergic reactions and providing anti-helminthic immunity. Recent studies now show that ILC2s may also have pro-tumorigenic functions. One such study in AML revealed that mesenchymal stem cell-derived prostaglandin D2 (PGD2) is capable of activating ILC2s via the CRTH2 receptor to secrete IL-5, resulting in expansion of Treg populations and promoting HSPC proliferation [33]. This Treg expansion was associated with leukemia progression and worse survival in mouse models of AML. A similar observation has been made in acute promyelocytic leukemia (APL), a subset of AML in which tumor-derived PGD2 and NKp30-BH76 engagement activates ILC2s to secrete IL-13 that stimulates myeloid-derived suppressor cells (MDSC) [34]. Stimulation of MDSC’s has been widely shown to promote tumor growth [75]. Thus, therapeutic targeting of the PGD2-ILC2-Treg or -MDSC axis may serve as a viable treatment option for patients. In contrast, another study conducted by Trabanelli et al., showed that in the peripheral blood of untreated AML patients, there were no significant changes in ILC2 frequency, and they reported decreased levels of IL-5+IL-13 levels compared to healthy donors [32]. This discrepancy between the two studies in terms of observed ILC2 functions could be the result of tissue microenvironment differences, as the PGD2 producing mesenchymal cells were of bone marrow origin rather than peripheral blood. These seemingly contradictory observations underscore the importance of studying the relevant tissue microenvironments in a systemic disease like AML, as different tissues may have different biology.




7. ILC3s: Guardians of the Gut?


To date there have been a limited number of studies investigating ILC3s in AML, although there is emerging evidence that ILC3s may have roles in determining prognosis post-chemotherapy and in combating GVHD pathology.



One study reported a significant decrease in natural cytotoxicity receptor positive (NCR+) ILC3s but not NCR- ILC3s in the peripheral blood of treatment naïve AML patients [32]. This study defined ILC3s as Lin-CD127+CRTH2-CD117+NKp46+/− cells, which overlaps with immature NK cell and ILC precursor definitions found in circulation [13]. Interestingly, no detectable differences in IL-17A or IL-22, key ILC3-related cytokines, were observed between the circulating ILC compartment of healthy donors or AML patients in this study [32]. More recently, markers such as NKp44 have been shown to be more selective than CD117 in identifying ILC3 populations in humans [13], and healthy individuals do not normally contain detectable levels of NKp44+ cells in circulation [76]. This same study found that AML patients responding to standard chemotherapy had levels of Lin-CD127+CRTH2-CD117+NKp46+ cells comparable to normal donors while patients who failed to respond to therapy maintained reduced percentages, suggesting this population may have prognostic relevance in the setting of AML [32]. Separate studies have demonstrated that increased plasma IL-17 levels correlate with poor prognosis in AML [77,78], although the direct relationship between bona fide ILC3 and IL-17 in the setting of de novo AML is currently not known. Thus, more research is needed to fully elucidate the functional significance of ILC3 populations in AML not just in the periphery, but also in tissues.



In addition to their role in AML biology, ILC3s have also been studied in the reconstitution setting of post-induction chemotherapy regimens. Most patients with newly diagnosed AML undergo induction and consolidation chemotherapy, and for some, myeloablative conditioning followed by alloHSCT. A study conducted by Munneke et al. measured the reconstitution rates of different ILC subsets following induction chemotherapy and alloHSCT [35]. The results demonstrated that reconstitution of donor ILC1s (Lin-CD127+CRTH2-CD117-NKp44-), ILC2s (Lin-CD127+CRTH2+), and NKp44- ILC3s (Lin-CD127+CRTH2-CD117+NKp44-, discussed in preceding paragraph) was slow compared to the rate of monocyte and neutrophil recovery, while NKp44+ ILC3s (Lin-CD127+CRTH2-CD117+NKp44+) reconstituted more quickly relative to the other ILC subsets and at higher levels than found at steady-state. Although NKp44+ ILC3s are not normally found in the peripheral blood of healthy individuals, they were identified in the peripheral blood of AML patients receiving induction chemotherapy and patients who went on to receive alloHSCT. These ILC populations expressed activating markers such as CD69 and also homing receptors for the gut and skin, including α4β7 integrin, CCR6, CCR10, and CLA. The presence of these ILC populations following induction chemotherapy and/or alloHSCT were associated with a reduction in the incidence of GVHD. The authors speculated that these tissue-homing ILC populations protect against chemotherapy-induced epithelial damage in the gut, which likely contributes to the decreased incidence of GVHD. In mice, NCR+ ILC3s are known to participate in tissue repair in the gut and prevent bacterial translocation that may contribute to graft-versus-host disease (GVHD) pathology [79]. This was shown to be an IL-22 dependent mechanism. IL-22 has also been shown to protect against GVHD in an allogeneic HSCT mouse model [80]. Future studies will continue to dissect the role of these ILC populations in both AML biology and their predictive value in determining responses to therapy.




8. Mechanisms Leading to ILC Dysregulation in AML


The NK cells of AML patients and AML mouse models have been found to have a hypofunctional phenotype and appear less mature than age matched healthy donors. In mice, this is evidenced by decreased CD27+CD11b+NK cells [19] and in humans by a decrease in CD57+KIR+NK cells [21]. Part of the challenge has been to identify the exact mechanisms used by AML cells to alter NK/ILC development and function to allow for further targeted therapeutics (Figure 1). One such mechanism that has thus far been described involves the aryl hydrocarbon receptor (AHR), which is a ligand-activated transcription factor expressed both in NK cell developmental intermediates (NKDI) as well as AML blasts [20]. While the exact AHR ligand has yet to be identified, activation of AHR may yield an overall tumor-suppressive environment. For example, AHR agonists inhibit in vitro maturation of immature NK cells to cytotoxic effectors while AHR antagonists promote NK cell maturation [20,81]. Similarly, NKDIs co-cultured in the presence of AML blasts in a non-contact dependent mechanism produce NK cells with an immature and hypofunctional phenotype. At least part of the mechanism is thought to be due to AHR’s direct regulation of miR-29b, a known repressor of both T-BET and EOMES expression that are key lineage-defining transcription factors critical for the final maturation of NK cells [20,82,83]. Indeed, inhibition of miR-29b in NK cells in the setting of AML was capable of restoring their maturation [19]. While miR-29b negatively regulates NK cell development, it appears to possess tumor suppressive functions within AML blasts themselves [84,85], illustrating the cell-dependent role of miR-29b in AML. It was also discovered that antagonism of AHR with the small molecule inhibitor StemReginin 1 improves engraftment and expansion of CD34 cells into NK cells ex vivo, adding further rationale to study the therapeutic efficacy of AHR inhibition in AML therapeutics [86,87].



In addition to its role in NK cells, AHR is also important in regulating other ILC populations. Although AHR signaling has been shown to inhibit the development and normal function of NK cells, ILC3s are dependent on AHR for development, maintenance, and/or function [81,88]. Furthermore, evidence in mice suggests liver resident NK cells, which phenotypically overlap with ILC1s (DX5-CD49a+), rely on AHR signaling for maintenance [89]. ILC2 function has also been shown to be inhibited upon activation of the AHR pathway [90]. However, the consequences of these observation remain to be elucidated in AML in the context of AHR. It is possible that AML hijacks AHR signaling to inhibit NK cell development while promoting other ILC subsets that may be pro-tumorigenic. Further study is needed to determine the degree to which this occurs in AML. A final observation was also made that AML blasts pretreated with AHR antagonists are primed to NK cell-mediated killing, though the mechanism is still unknown [20]. Therefore, AHR is capable of both directly and indirectly regulating expression levels of genes important in the normal maturation of immune cells and has therapeutic potential.



While AHR activation reduces NK cell developmental potential in NKDIs [20], AHR activation in mature NK cells has the potential to increase their anticancer activity, highlighting the cell and stage-specific effects of this transcription factor [91,92]. Thus, the role of AHR in regulating ILC homeostasis is complex and dependent not only on the cell type being acted upon, but also on other microenvironment signals. Additionally, there is evidence of ligand-specific responses of AHR [93,94], underscoring the need to study how different AHR ligands affect downstream ILC responses at both steady-state and in the disease setting. One potentially relevant AHR agonist to study is the tryptophan degradation product kynurenine, which has been shown to play a role in the pathophysiology of glioblastoma [95]. Part of this catabolic pathway involves the enzyme IDO1, which is often hyperactive in solid tumors as well as in AML [96,97]. Identifying relevant AHR agonists in AML creates the possibility to both inhibit intracellular AHR signaling with small molecule inhibitors while also inhibiting production of the corresponding agonists.



Additional NK cell development pathways have also been shown to be dysregulated in AML. Similar to AHR, NOTCH signaling is important to the development of ILC populations [98,99,100,101]. Not only is NOTCH signaling important for ILC development, activation of NOTCH has been shown to lead to AML blast apoptosis [102]. Therefore, inhibition of NOTCH signaling in AML blasts through expression of EGFL7 serves as a protective mechanism for the blasts to prevent their differentiation into a phenotypically mature cancer cell [103]. It remains unknown whether dysregulated NOTCH signaling in AML contributes to ILC dysregulation. Further investigation into how AML may dysregulate NOTCH signaling to skew ILC development may offer additional insight into how loss of mature NK cells occurs in AML patients. Future studies should also assess the clinical efficacy of EGFL7 as well as AHR inhibitors in AML.



In addition to direct inhibition of developmental pathways, AML may also affect the plasticity or conversion of seemingly mature ILC phenotypes with anticancer properties into pro-tumorigenic ILCs. Comprehensive reviews summarizing ILC plasticity have been previously published [104,105]. Notably, TGFβ-dependent conversion of mature NK cells with anti-cancer cell properties into non-cytotoxic ILC1s has been described in solid tumor mouse models [106]. Thus, the decrease in mature NK cells encountered in AML could be the result of not only skewed ILC development, but also conversion of NK cells into other non-cytolytic ILC subtypes. Additional investigation of the relative contributions of dysregulated ILC development and NK plasticity is needed, especially in hematologic malignancies like AML.



While TGFβ has been extensively studied as a major immunomodulatory cytokine in the context of AML and other cancers, several other cytokines and signaling molecules could synergize with AHR to produce the immune phenotypes observed. For example, the pro-inflammatory molecule IL-1β has been heavily implicated in promoting ILC plasticity and conversion into other ILC subsets with altered function [104]. In the majority of cases, these altered functions promote cancer progression. Thus, further study is needed to fully elucidate the cytokine milieu in different cancers such as AML and the downstream impact this has on immune cell phenotypes and ultimately disease progression.




9. Conclusions


Overall, a common thread of immune dysregulation in AML involves loss of cytolytic effectors and gain of non-cytotoxic, immunomodulatory populations. As our mechanistic understanding of these phenotypic observations improve, our ability to target these pathways to restore the reservoir of cytolytic effectors will similarly advance. Moving forward, it will become important to study immune dysregulation in AML utilizing more sensitive omics-based approaches such as single cell sequencing of the ILC compartment. Because ILC biology is dependent on the presence or absence of surface markers, effector molecules, and transcription factors to define subsets, this -omics level approach is needed to define these cancer-associated ILC populations in a non-biased and concise manner. In addition, as our understanding of ILC plasticity continues to improve, future studies will need to identify the contribution of mature ILC conversion into other subtypes versus targeted developmental skewing of ILC precursors into specific ILC populations. By better understanding how these populations form and transform in AML, we will be better equipped to target these mechanisms pharmacologically to restore anti-cancer immunity and potentially improve clinical outcomes for AML patients. Future investigations should also draw parallels in NK/ILC dysfunction between different hematologic malignancies to look for commonalities and to determine whether these defects serve as central drivers promoting cancer immune evasion.
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Figure 1. Schematic of ILC Dysregulation in AML. Working model of how AML blasts alter the function of innate lymphoid cell subsets. 
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Table 1. Summary of Innate Lymphoid Cell (ILC) Population Findings in Acute Myeloid Leukemia (AML).
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	Population
	Species
	Finding in AML
	References





	NK
	Mouse
	Developmental inhibition, loss of mature NK cells via AHR and miR-29b signaling
	[19,20]



	NK
	Human
	Inhibition of AHR sensitizes AML blasts to NK cell-mediated cytotoxicity and restores normal NK maturation
	[20]



	NK
	Human
	A hypomature peripheral NK phenotype (CD57-KIR-) correlates with worse overall survival in AML patients
	[21]



	NK
	Human
	A subset of AML patients has increased CD57+KIR+NK cells. Survival differences not assessed
	[22]



	NK
	Human
	CMV+ serostatus correlates with increased memory-like NK cell formation and longer periods of relapse-free survival but no change in overall survival
	[23,24,25]



	NK
	Human
	CD200Hi AML patients have impaired NK cytotoxicity and lower IFNγ secretion
	[26]



	NK
	Human
	Increased expression of the inhibitory receptor NKG2A or decreased expression of activating receptors NKp30 and NKp46 show impaired NK cell function in AML patients which correlates with poor outcomes
	[27,28,29,30,31]



	ILC1
	Human
	Null definition ILC1s are enriched yet hypofunctional in AML patients
	[32]



	ILC1
	Human
	ILC1-like cells are hypofunctional in AML patients with cytotoxic function restored in AML patients who achieve remission
	[15]



	ILC2
	Mouse/Human
	Mesenchymal-derived PGD2 stimulates IL-5 secretion by ILC2s to promote Tregs, which in turn accelerate AML progression in mouse models
	[33]



	ILC2
	Mouse/Human
	APL-derived PGD2 stimulates IL-13 secretion by ILC2s which in turn support MDSC function
	[34]



	ILC3
	Human
	Decrease in NCR+ILC3 but not NCR-ILC3 in AML patient peripheral blood. No detectable differences in IL-17A or IL-22 levels. Treatment-responsive patients had restoration of NCR+ILC3s
	[32]



	ILC3
	Human
	Increased reconstitution rate of NKp44+ILC3 relative to other ILC populations. Higher expression of gut-homing receptors correlates with protection from GVHD
	[35]
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