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REVIEW

NK cell-based immunotherapy
Mark Alexander Forsberg and Yago Nieto

Department of Stem Cell Transplantation and Cellular Therapy, The University of Texas MD Anderson Cancer Center, Houston, USA

ABSTRACT
NK cells have rapidly become a leading platform for cancer immunotherapy. Unlike 
T cells, NK cells recognize transformed cells through integrated signals from inhibitory 
and activating receptors, enabling allogeneic “off-the-shelf” therapies without risk of 
graft-versus-host disease and low rates of cytokine release syndrome and neurotoxicity. 
Refinement in sourcing of allogenic NK cells, especially umbilical cord blood and induced 
pluripotent stem cells, ex vivo activation and expansion, CAR engineering, and combina
tions with novel engagers have resulted in clinically applicable products with encoura
ging activity and excellent safety. However, barriers remain, including limited in vivo 
persistence, host rejection of allogeneic cells, and inefficient trafficking into solid tumors. 
Venues of progress include multiantigen and logic-gated CAR platforms, inducible safety 
switches, cytokine armoring, and metabolic and transcriptional rewiring to improve NK 
fitness. As NK cell therapies progress into the clinic, exploration of rational combinations 
with checkpoint inhibitors, small-molecule kinase inhibitors, chemotherapy, and radio
therapy warrant study.

PLAIN LANGUAGE SUMMARY
NK cells are part of the innate immune system. They share their cytotoxic mechanisms 
with T cells, but in contrast to these, NK cells don’t require a previous exposure to 
antigen and their cytotoxicity ultimately depends on the balance of an array of activating 
and inhibitory receptors that is unique to each NK cell. This review will examine the 
sources of the NK cells for therapeutic use and how NK cells have been modified to 
effectively kill cancer cells. The challenges to developing effective allogeneic NK cell- 
based therapy will be discussed. We will review advanced genetic engineering of the NK 
cells to address these problems with a particular focus on CAR-NK cells, and future 
directions of progress.
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Introduction

Cancer immunotherapy has its roots in the late nineteenth century, when clinicians began noticing the 
immune system’s capacity to influence tumor behavior. Busch first reported striking tumor regressions 
following erysipela infections, observations that were soon echoed and expanded by William Bradley Coley 
(now widely regarded as the Father of Immunotherapy), who in 1891 attempted to stimulate antitumor 
immunity in patients with bone sarcomas.1 Although Coley’s work remained largely unrecognized for 
decades, subsequent landmark immunological discoveries, including the identification of T cells and their 
central role in adaptive immunity, and of natural killer (NK) cells and their unique biology,2 laid the 
foundation for the development of contemporary cancer immunotherapies.

Today, immunotherapy represents one of the most transformative advances in oncology, spanning 
cancer vaccines, immune checkpoint blockade, and engineered adoptive cell therapies.3–5 The impressive 
success of CAR-T cells in hematologic malignancies has catalyzed an intense interest in harnessing 
additional immune cell platforms to overcome limitations inherent to autologous T-cell–based 
approaches.6 Unlike T cells, NK cells do not rely on an αβ T-cell receptor (TCR) and HLA-restricted 
antigen recognition, which makes them naturally compatible with allogeneic “off-the-shelf” use without the 
risk of graft-versus-host disease (GVHD).7 This eliminates the need for gene editing to remove an 
endogenous TCR expression and avoids the logistical constraints of harvesting heavily pretreated patients’ 
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own immune cells, often a rate-limiting step in autologous CAR-T manufacturing. NK cells can be obtained 
from a variety of allogeneic sources, including haploidentical donors, umbilical cord blood (UCB), induced 
pluripotent stem cells (IPSCs), and established cell lines such as NK-92, enabling scalable, standardized 
production at a significantly lower cost. CAR-NK cells also elicit a markedly safer cytokine release profile.8 

This likely reflects NK biology, which does not involve a massive IL-1β/IL-6 release, in contrast to when 
triggered by T-cell activation.

However, NK cell therapy is not without challenges. Early NK cell infusions were safe but offered limited 
clinical benefit because of poor persistence, susceptibility to host-versus-graft rejection, inadequate tumor 
infiltration, and strong suppression by the tumor microenvironment (TME).9 Nonetheless, those issues are 
being addressed, and advances in cell sourcing, expansion, cytokine support, and genetic engineering have 
improved outcomes.10 Furthermore, combination of NK cells with other immunotherapies, such as mono
clonal antibodies or checkpoint inhibitors, add synergistic benefit and help counteract the suppressive effect 
of the TME. These emerging developments are positioning engineered NK cells as a promising next- 
generation platform in cancer immunotherapy. In this review we will explore the underlying biology and 
sourcing of NK cells, the current use of NK based immunotherapies, their limitations, and a perspective on 
future directions in the field.

NK cell biology

NK cells are central cytotoxic lymphocytes of the innate immune system, included in group 1 innate 
lymphoid cells (ILCs), and share the same cytotoxic mechanisms as CD8+ T cells.11 NK cells secrete IFN-γ, 
but not type 2 cytokines such as IL-4, IL-13, IL-17, or IL-22. Human NK cells classically express CD56 but 
not CD3, differentiating them from NK-like T (NKT) cells and antigen-experienced T cells, which express 
both.12

Human NK cells comprise several distinct subsets defined by differential CD56 and CD16 expression, 
each contributing uniquely to immune defense and tissue homeostasis. The major circulating population, 
CD56dim CD16+ NK cells, constitutes 90–95% of peripheral blood NK cells and specialize in rapid cytotoxic 
responses. In contrast, CD56bright CD16−/low NK cells represent only 5–10% of circulating NK cells and 
produce cytokines such as IFN-γ, TNF-α, and GM-CSF.13–15 These cytokine-rich cells preferentially home 
to secondary lymphoid tissues (and decidua during early pregnancy), where they comprise up to 70% of 
local lymphocytes and stimulate the adaptive immune response.16 The cytokines IL-2 and IL-15 are key 
drivers of maturation of the immunomodulatory CD56bright NK cells into the cytotoxic CD56dim 

phenotype.17

NK cells present a variable expression of germline-encoded inhibitory receptors (e.g., several killer 
immunoglobulin-like receptors (KIR) and NKG2A), activating receptors (e.g., CD16a, NKG2C, NKG2D, 
or NKp46), cytokine receptors (e.g., high-affinity IL-2 R), and growth factor receptors (e.g., CD117) 
(Figure 1).18 Each array of receptors is unique to each individual NK cell, and the final balance of signaling 
from activating and inhibitory receptors against a potential target cell will result in the decision to kill or not 
to kill that cell (Figure 2).19,20

Together, these developmental pathways and receptor repertoires illustrate the multifaceted nature of 
human NK-cell biology. Depending on the source and expansion as well as exposure to stimulatory 
cytokines the population of NK cells can be distinctly altered.

NK activation and cell killing

NK cells are potent innate lymphocytes capable of rapidly eliminating abnormal cells (particularly virus- 
infected and malignant cells) without prior sensitization, in contrast to their counterparts in the adaptive 
immune system, the CD8+ T cells.21 Unlike T cells, which rely on somatically mutated antigen-specific 
TCRs to engage peptides presented within HLA (human leukocyte antigen) molecules, NK cells integrate 
signals from their repertoire of germline-encoded activating and inhibitory receptors.22–24 Key inhibitory 
receptors, such as certain KIRs and NKG2A, survey HLA class I expression to maintain self-tolerance. 
When HLA-I is reduced or lost, as it often occurs in virally infected or malignant cells to avoid recognition 
by CD8+ T cells, the inhibitory no-kill signal is absent (“missing-self” recognition).25 Additionally, a second 
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signal from an activating receptor is needed (e.g., stress-induced ligands on the target cells binding NKG2D, 
or the Fc of a tumor cell-targeting antibody that binds CD16a).26,27 This complex equilibrium between 
inhibitory and activating receptors enables the identification and elimination of distressed cells independent 
of antigen specificity.

Upon an overall transduction favoring a kill signal, NK cells deploy several effector mechanisms. 
They can directly induce apoptosis through perforin- and granzyme-mediated cytotoxicity or 
through death-receptor pathways such as TRAIL and FasL.28–30 They also secrete a range of 
cytokines and chemokines (including IFN-γ, TNF-α, GM-CSF, XCL1, CCL5, and MIP-1α/β) that 
shape downstream adaptive immune responses.31,32 Therefore, in addition to the cytolytic activity of 
the CD56dim subset, CD56bright NK cells participate in immunoregulatory processes and engage 
dendritic cells (DC) in reciprocal activation. NK cells promote DC maturation – increasing 

Figure 1. NK cell receptors. NK cells on their surface have activating receptors, inhibitory receptors, and cytokine receptors. 
Activating receptors give a positive signal for NK cells to kill, whereas inhibitory receptors give a negative signal for NK cells 
NOT to kill. Inhibitory receptors recognize either HLA class I or HLA class I-like molecules. Activating receptors, at least for 
those receptors whose ligands have been described, recognize stress molecules or DNA stress molecules, which are 
upregulated on the surface of abnormal cells.

Normal cell Malignant/infected cellNK cell NK cell

BA

Figure 2. How licensed NK cells distinguish between normal and abnormal cells. (A). When the NK cell comes into contact 
with a normal cell that expresses HLA class I on the surface it will get a signal through its inhibitory receptor not to kill. And 
the strength of this negative signal from an inhibitory receptor always trumps that of the activating receptor. (B). Cancer 
cells or virally infected cells often downregulate HLA class I expression on their surface in order to escape CD8 T-cell 
recognition. So, since there is no longer an HLA class I expressed, the inhibitory NK receptor doesn’t have an HLA class I or 
class I-like molecule to engage with and does not send an inhibitory signal. The NK cells activating receptor will recognize 
its activating ligand, which, in many cases, are stress molecules and will mediate killing of the cancer cell.
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expression of CD83, CD86, and HLA-DR – via cell-to-cell contact and cytokine release (TNF-α, 
IFN-γ). This interaction is heavily mediated by the NKp30 receptor and plays a crucial role in 
bridging innate and adaptive immunity.33,34 Furthermore, NK cells drive antitumor immunity by 
promoting intratumoral stimulating DC expansion via FLT3L and recruiting conventional type 1 
DCs through CCL5/XCL1. This NK–DC axis correlates with better anti–PD-1 responses and 
survival, but is disrupted by tumor-derived PGE2, enabling immune evasion and highlighting 
a key therapeutic target.35,36

The immune system continuously monitors for and eliminates transformed malignant cells. NK cells 
contribute directly to this surveillance but also collaborate with other immune components, most notably 
through antibody-dependent cellular cytotoxicity (ADCC), in which CD16a engages IgG-coated tumor 
cells. These biological properties have positioned NK cells as compelling candidates for cancer 
immunotherapy.

Lastly, although NK cells are part of the innate system, they can exhibit traits of immunological memory 
with enhanced recall responses, after exposure to CMV, other viruses, or certain inflammatory 
cytokines.37,38

Adoptive NK cell immunotherapy

The source of NK cells for adoptive immunotherapy can be autologous or allogeneic. Allogeneic sources 
include immortalized cell lines, donor peripheral blood, umbilical cord blood (UCB) and induced plur
ipotent stem cells (iPSCs) (Table 1).

Autologous NK cells

Autologous NK cells are harvested from the patient’s peripheral blood. Since NK cells make up 
only 10–20% of peripheral blood mononuclear cells, it is necessary to isolate and expand them for 
therapeutic use. Additionally, early efforts used high-dose IL-2 to boost NK-cell activity, but its 
toxicity and the resulting activation of regulatory T cells (Tregs) limited its clinical benefit. 
Although IL-2 can drive NK-cell proliferation in vitro (and low-dose IL-2 can selectively expand 
NK cells in vivo), cytokine stimulation alone appears insufficient for a sustained, large-scale 
expansion. Additionally, autologous NK cells may be dysfunctional and are often metabolically 
exhausted, even if their cytotoxicity can be boosted by cytokine stimulation with IL-2, IL-12, IL-15, 
IL-18, or type I interferons.39–41 Unlike allogeneic therapies, autologous NK cells can be infused 
without lymphodepletion, which reduces treatment toxicity. Autologous NK cells can persist in vivo 
for weeks to months, but they rapidly lose cytotoxic potential, likely due to inhibitory receptor 
engagement by self-HLA molecules, an intrinsic barrier to effective autologous NK-cell tumor 
surveillance.

Table 1. Sources of allogeneic NK cells.
Cell source Advantages Disadvantages

Peripheral blood ● Mature phenotype
● Highly functional and cytotoxic

● Only 5–10% of peripheral blood lymphocytes are NK cells
● Heterogeneous product
● Not readily available, need donors
● Low proliferative capacity

NK cell line (NK-92) ● High proliferative capacity
● Easy to manipulate and engineer
● Homogeneous product
● Reduced sensitivity to freeze/thaw cycles

● Derived from a patient with NK lymphoma → require irradiation
● Limited in vivo persistence following irradiation
● Low/absent CD16 expression → low ADCC

iPSC ● High proliferative capacity
● Homogeneous product

● Immature phenotype
● Low CD16 expression → low ADCC
● Long culture condition

Umbilical cord blood ● Readily available from UCB banks
● 15–30% of UCB lymphocytes are NK cells
● High proliferative capacity
● High CD16 expression

● Low number – require ex vivo expansion
● Heterogeneous product

Note: iPSC: induced pluripotent stem cells. ADCC: Antibody-dependent cellular cytotoxicity.
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Clinical trials utilizing expanded and co-stimulated autologous NK have demonstrated safety but low 
efficacy.42–45 As a result, the field has largely shifted toward allogeneic NK-cell platforms.

Allogeneic nonengineered NK cells

Allogeneic NK therapy addresses the limitations of autologous NK cells, which are often dysfunctional in 
cancer patients and difficult to engineer efficiently. Nontargeted allogeneic NK cell therapy builds on the 
principle that donor NK cells encountering HLA-mismatched recipient cells lack inhibitory engagement 
through self-HLA, enabling potent NK cell alloreactivity.46 Thus, haploidentical NK cells can exert anti
tumor effects in patients. Allogeneic NK cells are usually expanded ex vivo using cytokines like IL-2 or IL-15 
in combination with irradiated feeder systems (most commonly K562 cells engineered to express 4–1BBL 
and membrane-bound IL-15 or IL-21).47,48

Immortalized cell lines
The only immortalized NK cell line tested clinically is NK-92.49 NK-92 is a continuously growing, IL-2– 
dependent human NK cell line originally established from the peripheral blood of a patient with an 
aggressive NK lymphoma. The cells require exogenous IL-2 for survival and cytotoxic function as its 
deprivation leads to rapid loss of activity and cell death. NK-92 cells highly express CD56 and lack 
CD16,50 although a “NK-92 CD16” cell line was generated via transduction with the CD16 gene (often 
the high-affinity V158 variant) to enable ADCC.51 Consistent with their immature and unlicensed 
CD56bright-like profile, NK-92 NK cells express few KIRs, retaining only the atypical KIR2DL4, which 
possesses both inhibitory and activating potential.52

One advantage of NK-92 cells is their ease of large-scale expansion.51 Their manufacturing simplicity 
allows NK-92 to function as an “off-the-shelf” product that can be prepared from a cryopreserved master 
cell bank. In contrast, they present important disadvantages. Besides being susceptible to recognition and 
destruction by a patient’s own immune system (as any allogeneic NK cells), their malignant origin imposes 
a critical safety requirement for irradiation prior to infusion to prevent uncontrolled proliferation. This 
irradiation step compromises their longevity and functional durability inside the patient, leading to 
curtailed in vivo survival and reduced cytolytic capacity.53 NK-92 cells often exhibit limited persistence, 
especially within the cytokine-poor TME. Their activity declines rapidly under such conditions, restricting 
their clinical utility.

Peripheral blood haploidentical NK cells
Pioneering work by Miller and his group at the University of Minnesota first showed the safety of 
haploidentical donor peripheral blood NK cells without triggering GVHD. These investigators treated 43 
patients with various malignancies, including acute myeloid leukemia (AML), melanoma, renal cell 
carcinoma, and refractory Hodgkin lymphoma, with lymphodepletion followed by haploidentical NK cell 
infusions and IL-2. Notably, 5 out of 19 AML patients (26%) achieved a complete remission (CR).54 

Subsequent trials in lymphoma patients yielded a 33% response rate, further demonstrating the therapy’s 
feasibility despite limited duration of efficacy.55

Those studies established the critical requirement of preinfusion lymphodepletion to prevent host 
rejection of the allogeneic NK cells, as well as to favor their expansion by increasing exposure to homeostatic 
cytokines (IL-7 and IL-15), and to eliminate competing elements of the immune system (cytokine sinks like 
the Tregs). However, it also eliminates cells that produce the cytokines necessary for NK cell survival and 
function, such as macrophages, dendritic cells or CD4+ T cells. To compensate for this, exogenous cytokine 
support was added, first with IL-2.54,56 While this stimulates NK cell proliferation, it can also be counter
productive due the pleiotropic nature of IL-2, which activates Tregs, inhibitors of NK cell activity. Likewise, 
exogenous systemic IL-15 support, including superagonists, has been shown to increase the rejection of 
allogeneic NK cells by boosting the recipient’s CD8+ T cells.57

Umbilical cord blood (UCB)-derived NK cells
To avoid the burden of harvesting NK cells from peripheral blood, streamlining their production, and 
creating a truly “off-the-shelf” treatment, our group has focused on UCB as source of NK cells. In an early 
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study, we treated 12 patients with multiple myeloma with high-dose chemotherapy (HDC) and with 
autologous stem-cell transplant (ASCT), lenalidomide, and UCB-derived NK cells at escalating doses.58 

To optimize their antitumor effects, the UCB units were selected based on HLA/KIR mismatch. We saw no 
GVHD or dose-related toxicities. After 21 months, 10 patients achieved at least a partial response (PR). This 
small study first first showed the safety of UCB-derived NK cells, although outcomes were comparable to 
standard HDC/AHSCT.

In a second trial we treated 20 patients with relapsed B-NHL with UCB-derived NK cells and rituximab, 
lenalidomide, and HDC/ASCT.59 In this study we did not prioritize HLA-KIR matching. We saw no 
treatment-related mortality within the first 30 d. At a 4-y follow-up, the relapse-free survival (RFS) and 
overall survival (OS) rates were 53% and 74%, respectively. Although donor NK cells remained detectable 
for less than two weeks, we observed that UCB cells expressing a high-affinity CD16 variant were linked to 
better outcomes, which highlights the importance of ADCC in the effectiveness of UCB-derived NK 
therapy.

Taken together, both trials clearly showed the safety of nontargeted UCB-derived NK cells, but also that 
their activity appeared limited by their lack of specific tumor recognition.

Cytokine-induced memory-like NK cells
Adaptive-like NKG2C+ NK cells from CMV-seropositive donors exhibit long-lived, cytotoxic behavior with 
a characteristic activating receptor profile and potent activity against AML, ALL, and multiple 
myeloma.60,61 Tumor-primed NK cells also acquire memory-like properties and have produced encoura
ging responses in early AML studies.62 Researchers at Washington University generated cytokine-induced 
memory-like (CIML) NK cells through brief exposure to inflammatory cytokines (IL-12, IL-15, and IL- 
18).15 These CIML NK cells are reminiscent of virally induced memory T and NK cells in that they represent 
a functionally enhanced state characterized by greater persistence, heightened proliferation, and more 
durable effector function than conventional NK cells.63 They upregulate activating receptors such as 
NKG2D, NKp46, and DNAM-1, with reduced expression of inhibitory receptors like killer-cell immuno
globulin-like receptors (KIR), enabling broader tumor recognition and stronger cytokine production. CIML 
have demonstrated safety and long-term expansion in early clinical trials.64,65

In our early UCB-derived NK cell trials, it became clear that cell persistence was a significant issue.58,59 

To address this obstacle, we generated UCB-derived CIML NK cells after preactivation with inflammatory 
cytokines, which were then expanded in the presence of universal antigen presenting cells (uAPCs)66 and 
precomplexed with AFM13 (acimtamig), a bispecific antibody construct that binds CD16a on the NK cells 
with CD30 on the lymphoma cells.67 We treated 42 patients with heavily pretreated CD30+ lymphoma, 
refractory to both brentuximab vedotin and checkpoint inhibitors, with lymphodepletion followed by 

Figure 3. Treatment schema of the MD Anderson trial of AFM13-precomplexed preactivated and expanded umbilical cord 
blood-derived NK cells for CD30+ lymphomas.
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AFM13-NK cells and three subsequent weekly AFM13 infusions (Figure 3). The therapy was well tolerated, 
with no reports of cytokine release syndrome (CRS), neurotoxicity, or GVHD. Donor NK cells peaked in 
blood at one day postinfusion, persisted for up to three weeks, and trafficked to tumor sites. The antitumor 
activity was outstanding, with an overall response rate (ORR) of 93% with 67% CRs, and 11 patients 
maintained a CR for 14 to 40 months. The 2-y RFS and OS rates were 26% and 76, respectively. This study 
highlighted the significant potential of using bispecific antibodies to direct NK cell activity against treat
ment-resistant cancers with minimal toxic side effects.

Allogeneic engineered NK cells

CAR-NK cells
CAR T-cell therapy has reshaped modern cancer treatment, demonstrating potent clinical activity across 
multiple malignancies. However, individualized manufacturing, high costs, the risk of GVHD with allo
geneic T cells (initiated through their αβ T-cell receptor), and toxicities like CRS and neurotoxicity that can 
be life threatening, limit its broader application. These challenges have accelerated the interest in engineer
ing CARs into immune effector cells different from αβ T lymphocytes, including γδ T cells, invariant NKT 
cells, macrophages, and, particularly, NK cells.68 The purpose is to facilitate targeted tumor recognition with 
a more favorable safety profile. The properties of NK cells, i.e., rapid and HLA-unrestricted cytotoxicity 
without prior antigen priming, recognition of “missing-self” and “induced-self” signals, and mediation of 
ADCC, make them inherently resistant to GVHD and uniquely suited for allogeneic, off-the-shelf adoptive 
therapy. Banked UCB or iPSCs are clinically scalable and donor-independent sources of NK cells that can be 
engineered with viral transduction of CAR.69

The CAR engineered into NK cells shares the same basic structure as in CAR-T cells, with an scFv for 
antigen recognition, a transmembrane region, and intracellular costimulatory domains, and, as in CAR-T 
cells, their engineering has evolved from simple first-generation constructs containing only CD3ζ 
to second- and third-generation designs incorporating costimulatory domains such as CD28, 2B4, 4–1BB, 
OX-40, DAP10, and DAP12.70–72

Tang et al. reported the first-in-human experience using CD33-targeted CAR-NK-92 cells in three 
patients with refractory AML, demonstrating that the therapy was well tolerated with no dose-limiting 
toxicities or severe adverse events. Although no CRs were achieved, one patient showed transient reduction 
of leukemic blasts.73

Our group investigated the use of UCB-derived NK cells engineered with an anti-CD19 CAR including 
a CD28 costimulatory domain, “armored” through transduction with the IL15 gene to secrete stimulatory 
IL-15, and including an inducible Caspase 9 (iCaspase 9) “suicide switch” for enhanced safety.72 Eleven 
patients with relapsed or refractory CD19-positive B-cell malignancies were treated with lymphodepleting 
chemotherapy and CAR- NK cells. As in our prior trials of nontargeted UCB-derived NK cells,58,59 

treatment was well tolerated, with no cases of GVHD despite large HLA mismatches, or any instances of 
CRS or neurotoxicity. The ORR and CR rates were 73% and 64%, respectively, with 1-y PFS and OS rates of 
32% and 68%, respectively. Responders exhibited higher expansion and longer persistence of CAR-NK cells 
than nonresponders, supporting the relevance of in vivo durability. We subsequently reported the dose 
expansion phase of that study, with 26 additional patients.74 The therapy was most effective in low-grade B- 
cell non-Hodgkin lymphoma (B-NHL) (100% ORR; 83% CR at 1 y), followed by chronic lymphocytic 
leukemia (67% ORR; 50% CR at 1 y), and diffuse large B-cell lymphoma (DLBCL) (41% ORR; 29% CR at 1  
y). We identified two critical UCB unit factors for better clinical results: a low nucleated red blood cell 
(nRBC) count (≤8 × 107 cells per cord blood unit) and a cryopreservation time of 24 hours or less. NK cells 
from optimal UCB units were highly functional and enriched in effector-related genes. In contrast, NK cells 
from suboptimal units showed upregulation of inflammation, hypoxia and cellular stress programs. 
Ultimately, these findings highlight that UCB-derived CAR NK cells provide a safer alternative to CAR T- 
cell therapy with comparable efficacy for CD19+ malignancies.

Lei et al., subsequently reported on UCB-derived anti-CD19 CAR NK including a different costimulatory 
domain (4–1BB) in eight patients with relapsed B-NHL. Treatment was again well tolerated and active, with 
a 62.5% ORR and 50% CR rate.75 It remains to be determined whether the distinct effects of different 
costimulatory domains on CAR-T cells (CD28 promoting early T-cell activation and a T effector memory 
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phenotype with rapid tumor cell killing, and 4–1BB favoring a longer-lived central memory phenotype) also 
applies to CAR NK cells and, if so, whether it translates into different clinical results. Acharya et al. 
evaluated the preclinical impact of various costimulatory domains on CAR-NK cell activity, using a CD70- 
targeting CAR, and found that CD28, a costimulatory molecule not inherently present in mature NK cells, 
significantly enhanced the antitumor efficacy and long-term cytotoxicity of CAR-NK cells, as compared to 
other costimulatory molecules naturally associated with NK cells (DAP12, DAP10) or with both T and NK 
cells (4–1BB).76 CD28 linked to CD3ζ creates a platform that recruits critical kinases, such as lymphocyte- 
specific protein tyrosine kinase (LCK) and zeta-chain-associated protein kinase 70 (ZAP70), initiating 
a signaling cascade that enhances CAR-NK cell function.

Preclinical studies continue to broaden allogenic derived CAR-NK applications to solid tumors and 
diverse antigens, including CS1 and CD70 in multiple myeloma,77 CD5 for T-cell malignancies,78 EGFR and 
EGFRvIII for glioblastoma and brain metastases,79 prostate stem cell antigen (PSCA) for pancreatic 
cancer,80 and FLT3 for AML.81

Altogether, CAR-NK therapy combiness the specific tumor-targeting capabilities of CARs with the 
inherent safety, allogeneic compatibility, and off-the-shelf manufacturability of NK cells.

Induced pluripotent stem cells derived NK cells
Induced pluripotent stem cells (iPSC) constitute another important source of allogeneic NK cells. Since 
iPSC-derived NK cells express low levels of CD16 (Fc receptor), these cells are transduced with high-affinity 
noncleavable CD16 (hnCD16). Strati et al. treated 55 patients with CD20-positive B-NHL with multiple 
infusions of nontargeted iPSC-derived NK cells (FT516) with IL-2, preceded by lymphodepleting che
motherapy and combined with an anti-CD20 antibody (rituximab or obinutuzumab).82 There was greater 
activity in indolent lymphomas (100% ORR and 92% CR) than in aggressive lymphomas (49% ORR, 30% 
CR), or in lymphomas that had been previously treated with CD19.CAR-T (42% ORR, 26% CR). Ghobadi 
et al. treated next 86 patients with CD19+ B-NHL with iPSC-derived CD19.CAR NK cells transduced with 
hnCD16 and membrane-bound IL-15/IL-15 receptor fusion (FT596). As in the preceding study, they saw 
greater activity in follicular lymphoma (100% ORR, 85% CR) than in DLBCL (38% ORR, 25% CR), or after 
prior CAR-T (45% ORR, 30% CR).83

NK cell engagers

Immune cell engagers redirect the immune cells to tumor-associated antigens (TAA) while simultaneously 
delivering activating signals. Bispecific CD3-based T-cell engagers (BITE) are an effective and established 
class of immunotherapeutics for a variety of tumors, including B-NHL, acute lymphoblastic leukemia, 
myeloma, or small-cell lung cancer. In an earlier stage of development, the emerging class of NK cell 
engagers (NKCE) also mediate potent antigen-dependent cytotoxicity but with important mechanistic 
differences: While BITE require activation and clonal expansion of the engaged T cells, NKCEs exploit 
preformed cytotoxic machinery for rapid killing, retain activity against HLA-I-deficient tumors, and induce 
lower IL-6/TNF-α release, reducing CRS risk.84

Bispecific and multispecific NKCEs typically engage activating NK receptors, including CD16a, NKG2D, 
or NKp46, to promote immune synapse formation and trigger antigen-dependent cytotoxicity. Advances in 
protein engineering have further enabled trispecific and tetraspecific formats that combine dual tumor 
antigen recognition with coordinated activation of multiple NK receptors and cytokine support – most 
commonly IL-15— to enhance NK-cell expansion, persistence, and functional fitness (Figure 4).

NKCEs in monotherapy are generally well tolerated but have limited activity in advanced disease due to 
their dependence on endogenous NK cells, which are often numerically and functionally impaired. Thus, 
combination with adoptively transferred NK cells provides metabolically fit effectors and enhances anti
tumor activity. TAA targets for NKCE include CD30 in lymphoma cells (for AFM13 or acimtamig, the most 
clinically advanced NKCE),85 BCMA in multiple myeloma,86 CD33 and CD123 in myeloid malignancies,87 

and CD19 in B-cell malignancies.88 CIML, UCB-derived, and iPSC-derived NK platforms are compatible 
with NKCE strategies, which can also modularly augment CAR-NK approaches by enabling simultaneous 
targeting of non-overlapping antigens. Preclinical data show synergistic antileukemic activity when IL-15- 
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expressing CD16 × CD33 TriKEs are combined with CAR-NK cells targeting MICA/B, reducing immune 
escape.89,90

Other trispecific NKCEs extend bispecific platforms through dual activating receptor engagement in 
addition to tumor targeting. These molecules typically bind a TAA while simultaneously engaging two 
activating NK receptors, most commonly CD16a together with NKp46 or NKG2D.91–93 This design 
addresses the limitations of CD16a-only engagement, which include receptor shedding and functional 
impairment within the TME.

In solid tumors, NKCE activity is constrained by limited tissue penetration due to physical barriers, 
such as the extracellular matrix, abnormal vasculature, or elevated interstitial pressure, which impair 
infiltration and create spatially heterogeneous drug distribution.94–96 Thus, NK-cell trafficking repre
sents a critical limiting step in solid tumor immunity, with chemokine receptor programming shown to 
regulate tumor infiltration and tissue homing.97 To address these barriers, engineering strategies have 
focused on optimizing molecular format, effector support, and NK-cell fitness.98 Reduced-size antibody 
scaffolds improve tumor penetration and spatial distribution within dense stromal architectures, 
enhancing target engagement in solid tumor models.99 Consistent with these engineering principles, 
NKCE platforms such as EGFR × CD16a bispecific antibodies demonstrate NK-dependent cytotoxicity 
in solid tumor models but also highlight the need for additional optimization to sustain activity within 
suppressive TME.100 Once within the TME, NK cell function is further constrained by hypoxia and 
nutrient deprivation, which suppress NK-cell metabolism by impairing mitochondrial and glycolytic 
metabolism and ATP production, ultimately reducing their effector function.101,102 Incorporation of 
cytokine signaling domains – particularly, IL15—promotes NK-cell expansion, survival, and functional 
persistence.103 Although IL-15–armed constructs partially restore fitness, durable activity likely requires 
combination approaches targeting tumor metabolism and hypoxia.104 Finally, immunosuppressive 
signaling from the TME via PD-L1 or the HLA-E-NKG2A axis remains a major barrier, supporting 
combination with checkpoint blockade or multifunctional engagers that simultaneously target tumor 
antigens and inhibitory pathways.105,106 Collectively, these findings parallel hematologic NKCE strate
gies and support a unified framework in which molecular format optimization, trafficking enhance
ment, cytokine support, metabolic reprogramming, and combinatorial approaches are jointly leveraged 
to improve NKCE efficacy across different solid tumor contexts.

Future ways of progress

Improvements in the construct, expansion, novel targets and changes in the stimulatory domains continue 
to enhance targeting, persistence and cytotoxicity of CAR NK cells. Li et al. showed that conventional CAR- 
NK cells undergo trogocytosis, acquiring target-cell antigens that then trigger fratricide and rapid functional 
loss.107 Engineering KIR-based inhibitory CARs prevented this process and reduced NK-cell death by over 
70% in vitro. In multiple xenograft models, these KIR-CAR NK cells maintained durable antitumor activity, 
achieving complete tumor clearance in 80–100% of treated mice, whereas standard CAR-NK cells rapidly 
failed due to antigen loss and exhaustion.

Figure 4. Platforms of bispecific and trispecific NKCE in current clinical testing.
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Other advances in CAR-NK engineering focus on overcoming tumor antigen heterogeneity and 
preventing tumor evasion mediated by antigen loss.108 One such strategy involves targeting multi
ple antigens simultaneously: for example, NK cells co-expressing CD19 and BCMA CARs show 
stronger cytotoxicity than single-CAR NK cells, and dual-target CAR constructs may reduce the 
likelihood of tumor evasion since loss of both antigens is far less common.109 NK cells also hold 
the unique advantage of retaining endogenous activating receptors, allowing them to respond to 
stressed tumor cells even if CAR-targeted antigens are downregulated, an ability that CAR-T cells 
lack.

Sophisticated CAR signal engineering has introduced logic-gated CAR circuits that integrate activat
ing and inhibitory inputs to maximize tumor recognition while sparing healthy tissue. Examples include 
CAR-NK cells that activate in response to CD33 or FLT3 but are simultaneously inhibited by recogni
tion of endomucin (codified by the EMCN gene), a marker of healthy hematopoietic stem cells, thereby 
refining specificity for AML blasts.110 Additional designs use NK-specific inhibitory CARs to block 
fratricide triggered by trogocytosis, a process where tumor cells transfer target antigens to the CAR NK 
cells themselves, and these begin attacking one another.107 Synthetic Notch (SynNotch) systems add 
further programmability, enabling NK cells to express cytokines or secondary CARs only after recog
nizing a priming antigen (such as inducing IL-12 production or activating a CD147-targeted CAR 
following GPC3 detection), thus improving precision and reducing off-tumor effects.111 SynNotch 
receptors extend this programmability by replacing the native Notch extracellular region with a tumor- 
specific scFv and substituting its intracellular domain with transcriptional regulators to activate or 
repress gene expression. Upon ligand binding, the engineered transcription factor is released, enabling 
precise control over downstream pathways, thereby supporting complex logic-gated responses. Such 
systems can execute AND-gate logic, ensuring NK cells kill only when multiple tumor antigens are co- 
expressed, or OFF-gate logic, where an inhibitory CAR prevents attack on healthy cells by triggering 
suppressive or apoptotic programs (e.g., leveraging the truncated Bid protein) upon recognition of 
normal tissue antigens. These concepts are now progressing into clinical testing. The SENTI-202 
program illustrates the translational potential of multi-antigen, logic-gated CAR-NK therapy for 
AML. In the first-in-human phase I trial, SENTI-202 was designed to activate upon the CD33/FLT3 
recognition while using an EMCN-specific inhibitory receptor to protect normal stem cells described 
above.112 Among nine patients treated across dose levels up to 1.5 billion CAR-NK cells per dose, no 
dose-limiting toxicities occurred, and four of seven evaluable patients achieved a MRD-negative CR, 
some of them lasting over eight months. These early results highlight the promise of logic-gated CAR- 
NK cells in addressing antigen heterogeneity, enhancing specificity, and delivering deep clinical 
responses, with the potential to extend to solid tumors where precise discrimination between healthy 
and malignant tissues is clearly needed.

Inhibitory signals and protection against more severe adverse effects, which may become increasingly 
relevant as more potent NK cell products are developed, are also desirable. To this end, NK cell 
products have been engineered with built-in ‘kill switches.’ Rimiducid is a small-molecule chemical 
inducer of dimerization (CID) that enables precise, drug-controlled regulation of genetically engineered 
immune cells.113 Rimiducid engages two distinct switches: iCaspase-9, a safety switch that rapidly 
induces apoptosis of modified cells to halt severe toxicities, and inducible MyD88/CD40, an activation 
switch that enhances CAR-cell proliferation, persistence, and resistance to exhaustion within the TME. 
Because rimiducid is bioinert outside its interaction with engineered cells, its effects are fully restricted 
to those cells carrying the CID switches, allowing clinicians to turn cell therapies “on” or “off” in real 
time.114 This pharmacological control aims to address the pitfall of severe toxicity that may result from 
more potent CAR NK cells.

Other efforts to improve NK cellular immunotherapy focus on overcoming suppression within the 
TME. An example of this is the neutralization of TGF-β, a pleiotropic cytokine, secreted in the TME by 
various cells, including macrophages, dendritic cells, T cells and B cells. While in early stages of tumor 
development, TGF-β acts as a tumor suppressor, in advanced cases it mediates immunosuppression in 
the TME and promotes metastasis,115 and, relevant to NK cell therapy, it decreases the proliferation 
and cytotoxicity of NK cells.116 We have developed TGFBR2 knockout CD70.CAR NK cells with 
increased antitumor activity in various lymphoma and solid tumor xenograft murine models.117 
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Clinical trials testing these cells in patients with refractory lymphomas and glioblastoma multiforme 
are in progress.

Thus, enhanced antigen and internal signaling cascades, logic-gated activation, and metabolic repro
gramming and controlled cytokine enhancement all can substantially improve effector function and 
persistence CAR-NK platforms. The future of field and of immunotherapy at large will involve complex 
changes to not just the surface recognition but the entire NK cell.

Combination therapies

The combination of NK cells with other immunotherapies is an attractive venue of progress. Whether NK 
cells express PD-1 remains debated, with some studies showing minimal baseline expression,118 and others 
reporting inducible PD-1 on NK cells within the myeloma TME.119 Despite this uncertainty, blocking PD-1/ 
PD-L1 has shown to enhance NK-cell antitumor activity in multiple myeloma models,120 and in clinical 
trials combining pembrolizumab with NK-cell infusions.121 In a randomized study of advanced NSCLC, 
pembrolizumab plus allogeneic KIR-mismatched NK cells improved the ORR and outcomes as compared to 
pembrolizumab alone.117 In addition, human NK cells frequently upregulate PD-L1 in response to tumors 
(especially those with low HLA-I) and PD-L1+ NK cells exhibit enhanced cytotoxicity.122 Atezolizumab can 
bind PD-L1 on these NK cells, further increasing their killing and cytokine secretion, functioning both as 
a checkpoint inhibitor and as an NK cell activator.122

Tyrosine kinase inhibitors, such as apatinib, regorafenib, cabozantinib, dasatinib, nilotinib, or ponatinib, 
can upregulate NK-activating ligands, suppress oncogenic signaling, or reduce inhibitory cues.123–125

Another strategy relies on chemotherapy to boost CAR-NK activity through wide-ranging immunologic 
effects. Chemotherapy can induce immunogenic tumor cell death, making cancer cells more recognizable to 
immune effectors, cause temporary lymphodepletion followed by a rebound wave of immune reconstitu
tion, reduce tumor-induced immunosuppression by depleting Tregs and myeloid-derived suppressor cells, 
and directly or indirectly stimulate NK- and T-cell activity.126 These properties create windows in which 
CAR-NK cells can expand, persist, and infiltrate tumors more effectively.

NK cell therapy for autoimmune diseases

Adoptive cellular immunotherapies represent a paradigm shift in the treatment of autoimmune diseases by 
restoring immune balance through the elimination of pathogenic B and T cells. These approaches target 
a wide spectrum of conditions, ranging from neuroimmunological disorders like multiple sclerosis and 
myasthenia gravis to systemic diseases like systemic lupus erythematosus (SLE). German investigators 
reported the first encouraging results using CAR-T cells in refractory cases.127–129

Unlike autologous CAR-T cells, NK cells offer a scalable, off-the-shelf therapy with a superior safety 
profile, specifically characterized by a lower risk of CRS and GVHD. Current strategies include CAR-NK 
cells and Chimeric Autoantibody Receptor (CAAR) NK cells, which precisely target autoreactive B-cell 
clones.130,131 Additionally, cytokines like IL-15 are being evaluated to enhance the ability of endogenous NK 
cells to destroy dysfunctional cells.132 The efficacy of these NK-cell therapies relies on both CD56dim cells, 
which can deplete autoreactive B cells via ADCC, and CD56bright cells, which act as immunomodulators by 
suppressing activated T cells to prevent the initiation of autoimmunity. While engineering often targets the 
cytotoxic power of the CD56dim subset, the CD56bright subset offers better survival and expansion potential. 
During clinical manufacturing, these subsets often converge into a homogenous, highly potent phenotype.

Recent trials have yielded breakthrough results. A CD19.CAR-NK trial reported a 67% remission rate at 
12 months for SLE patients,133 while iPSC-derived CAR-NK cells successfully reversed long-term fibrosis in 
severe systemic sclerosis cases.134 Toxicity remains remarkably low, which allows for outpatient adminis
tration, significantly increasing patient accessibility compared to CAR-T.

While CAR-T cells offer long-term persistence, NK cells are emerging as a safer and more practical 
alternative. Through genetic engineering–such as membrane-bound cytokines and CRISPR-mediated 
cloaking–the naturally short lifespan of NK cells is being extended to provide durable clinical remissions.135
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Conclusions

NK cells represent a powerful emerging treatment modality for cancer, evolving from a conceptual 
alternative to T cells into a distinct pillar of cellular immunotherapy with their own biological 
advantages, engineering strategies, and clinical results. Their lack of HLA-restricted antigen recogni
tion, no risk of GVHD, and favorable cytokine toxicity profile make them inherently well-suited for 
allogeneic, off-the-shelf products, addressing many of the logistical and safety limitations that con
strain autologous CAR-T cells. Clinical experience with CAR-engineered or bispecific engager-bound 
NK cells has consistently confirmed excellent safety and meaningful and sometimes durable responses 
in heavily pretreated patients, particularly in B-cell non-Hodgkin and Hodgkin lymphoid 
malignancies.

At the same time, the field has clearly defined a set of recurring obstacles: limited in vivo persistence, 
vulnerability to host rejection, suboptimal trafficking into solid tumors, and profound functional suppres
sion within the TME

The next few years of NK-cell research will likely be defined by three broad themes. First, 
convergence on robust, standardized allogeneic platforms, such as UCB- or iPSC-derived NK cells. 
This will require manufacturing processes that preserve metabolic fitness and cytotoxic potential after 
cryopreservation. Second, deep integration of systems-level engineering, including multiantigen and 
logic-gated CARs, which will be necessary to maintain function within hostile tumor niches while 
preventing off-tumor damage and late toxicities. Third, rational combinations with other immu
notherapies warrant evaluation. Novel NK cell engagers, checkpoint inhibitors, small-molecule kinase 
inhibitors, chemotherapy, and radiotherapy no longer constitute separate treatment silos but tools to 
reshape antigen density, vasculature, stromal barriers, and immune composition in ways that favor 
NK cell recruitment and persistence. Going forward, a major challenge will be to define optimal 
timing, dosing, and biomarker-guided patient selection so that combination strategies enhance the 
NK cell antitumor effect.

Finally, advances in single-cell omics, spatial profiling, and high-content functional assays will provide 
the mechanistic framework needed to rationally design and iterate these therapies. As NK-based products 
move from early-phase trials toward registrational studies, regulatory frameworks will also need to adapt to 
accommodate logic-gated, switch-controlled, and heavily edited cells.

In summary, NK-cell immunotherapy is entering a pivotal phase: its safety and feasibility are established, 
its proof-of-concept efficacy has been demonstrated, and the technological toolkit for sophisticated engi
neering is rapidly maturing. The central task for the coming years is to convert this promise into a consistent 
and durable benefit across a broader range of cancers, including solid tumors, through standardized 
manufacturing, smarter circuit design, and rational, biomarker-driven combination strategies. If these 
challenges can be met, NK cells are poised to become a core, mainstream component of the immuno- 
oncology armamentarium rather than a mere alternative to T-cell – based approaches.

Author contributions

CRediT: Mark Alexander Forsberg: Writing – original draft; Yago Nieto: Conceptualization, Supervision, Writing – 
original draft, Writing – review & editing.

Disclosure statement

Y.N. reports financial support for this clinical trial from Affimed. The University of Texas MD Anderson Cancer 
Center have an institutional financial conflict of interest with Affimed.

Funding

The work was supported by the Affimed Therapeutics.

12 M. A. FORSBERG AND Y. NIETO



Notes on contributor

Yago Nieto (corresponding author) is an academic hematology-oncologist who specializes in stem-cell transplantation 
and cellular immunotherapies, with a research focus on lymphomas. He has been the principal investigator of 
numerous investigator-initiated trials.

References

1. Vernon A, William Bradley Coley MD, and the phenomenon of spontaneous regression. Immunotargets Ther. 
2018;7:29–34.

2. Kiessling R, Klein E, Wigzell H. “Natural” killer cells in the mouse. I. Cytotoxic cells with specificity for mouse 
Moloney leukemia cells. Specificity and distribution according to genotype. Eur J Immunol. 1975;5(2):112–117. 
doi: 10.1002/eji.1830050208  .

3. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy comes of age. Nature. 2011;480(7378):480–489. doi:  
10.1038/nature10673  .

4. Topalian SL, Taube JM, Anders RA, Pardoll DM. Immune checkpoint blockade: a common denominator 
approach to cancer therapy. Cancer Cell. 2015;27(4):450–461. doi: 10.1016/j.ccell.2015.03.001  .

5. June CH, O’Connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR T cell immunotherapy for human cancer. 
Science. 2018;359(6382):1361–1365. doi: 10.1126/science.aar6711  .

6. Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, Komanduri KV, Lin Y, Jain N, Daver N, 
et al. Chimeric antigen receptor T-cell therapy - assessment and management of toxicities. Nat Rev Clin Oncol. 
2018;15(1):47–62. doi: 10.1038/nrclinonc.2017.148  .

7. Rezvani K, Rouce RH. The application of natural killer cells in cancer immunotherapy. Cancer J. 2015;21:495–500.
8. Biederstädt A, Rezvani K. Engineered natural killer cells for cancer therapy. Cancer Cell. 2025;43(11):1987–2013. 

doi: 10.1016/j.ccell.2025.09.013  .
9. Kim H. Overcoming immune barriers in allogeneic CAR-NK therapy: from multiplex gene editing to AI-driven 

precision design. Biomolecules. 2025;15(7):935. doi: 10.3390/biom15070935  .
10. Liu Z, Liu B, Fang Y, Zhong Q, Zhong Y, Lao Y-H, Lv S, Xie X, Tao Y, Zhou X, et al. Engineering natural killer 

cells for cancer immunotherapy. Cell Rep Phys Sci. 2025;6(7):102681. doi: 10.1016/j.xcrp.2025.102681  .
11. Vivier E, Rebuffet L, Narni-Mancinelli E, Cornen S, Igarashi RY, Fantin VR. Natural killer cell therapies. Nature. 

2024;626(8000):727–736. doi: 10.1038/s41586-023-06945-1  .
12. Caligiuri MA. Human natural killer cells. Blood. 2008;112(3):461–469. doi: 10.1182/blood-2007-09-077438  .
13. Lanier LL, Le AM, Phillips JH, Warner NL, Babcock GF. Subpopulations of human natural killer cells defined by 

expression of the Leu-7 (HNK-1) and Leu-11 (NK-15) antigens. J Immunol. 1983;131(4):1789–1796. doi: 10. 
4049/jimmunol.131.4.1789  .

14. Cichicki F, Schlums H, Theorell J, Tesi, B, Miller JS, Ljunggren HG, Bryceson YT. Diversification and functional 
specialization of human NK cell subsets. Curr Top Microbiol Immunol. 2016;395:63–94.

15. Fehniger TA, Shah MH, Turner MJ, VanDeusen JB, Whitman SP, Cooper MA, Suzuki K, Wechser M, 
Goodsaid F, Caligiuri MA. Differential cytokine and chemokine gene expression by human NK cells following 
activation with IL-18 or IL-15 in combination with IL-12: implications for the innate immune response. 
J Immunol. 1999;162(8):4511–4520. doi: 10.4049/jimmunol.162.8.4511  .

16. Fehniger TA, Cooper MA, Nuovo GJ, Cella M, Facchetti F, Colonna M, Caligiuri MA. CD56bright natural killer 
cells are present in human lymph nodes and are activated by T cell-derived IL-2: a potential new link between 
adaptive and innate immunity. Blood. 2003;101(8):3052–3057. doi: 10.1182/blood-2002-09-2876  .

17. Yu J, Freud AG, Caligiuri MA. Location and cellular stages of natural killer cell development. Trends Immunol. 
2013;34(12):573–582. doi: 10.1016/j.it.2013.07.005  .

18. Zamai L, Del Zotto G, Buccella F, Gabrielli S, Canonico B, Artico M, Ortolani C, Papa S. Understanding the 
synergy of NKp46 and co-activating signals in various NK cell subpopulations: paving the way for more 
successful NK-cell-based immunotherapy. Cells. 2020;9(3):753. doi: 10.3390/cells9030753  .

19. Bix M, Liao NS, Zijlstra M, Loring J, Jaenisch R, Raulet D. Rejection of class I MHC-deficient haemopoietic cells 
by irradiated MHC-matched mice. Nature. 1991;349(6307):329–331. doi: 10.1038/349329a0  .

20. Valiante NM, Uhrberg M, Shilling HG, Lienert-Weidenbach K, Arnett KL, D’Andrea A, Phillips JH, Lanier LL, 
Parham P. Functionally and structurally distinct NK cell receptor repertoires in humans. Immunity. 1997;7 
(6):739–751. doi: 10.1016/S1074-7613(00)80393-3  .

21. Freud AG, Mundy-Bosse BL, Yu J, Caligiuri MA. The broad spectrum of human natural killer cell diversity. 
Immunity. 2017;47(5):820–833. doi: 10.1016/j.immuni.2017.10.008  .

22. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling natural killer cell responses: integration of 
signals for activation and inhibition. Nature. 2013;31(1):227–258. doi: 10.1038/nature12372  .

23. Orange JS, Harris KE, Andzelm MM, Valter MM, Geha RS, Strominger JL. The mature activating natural killer 
cell immunologic synapse is formed in distinct stages. Nat Immunol. 2003;4:553–560.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 13

https://doi.org/10.1002/eji.1830050208
https://doi.org/10.1038/nature10673
https://doi.org/10.1038/nature10673
https://doi.org/10.1016/j.ccell.2015.03.001
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1016/j.ccell.2025.09.013
https://doi.org/10.3390/biom15070935
https://doi.org/10.1016/j.xcrp.2025.102681
https://doi.org/10.1038/s41586-023-06945-1
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.4049/jimmunol.131.4.1789
https://doi.org/10.4049/jimmunol.131.4.1789
https://doi.org/10.4049/jimmunol.162.8.4511
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.1016/j.it.2013.07.005
https://doi.org/10.3390/cells9030753
https://doi.org/10.1038/349329a0
https://doi.org/10.1016/S1074-7613(00)80393-3
https://doi.org/10.1016/j.immuni.2017.10.008
https://doi.org/10.1038/nature12372


24. Bryceson YT, March ME, Ljunggren HG, Long EO. Activation, coactivation, and costimulation of resting human 
natural killer cells. Blood. 2006;107(1):159–166. doi: 10.1182/blood-2005-04-1351  .

25. Kärre K, Ljunggren HG, Piontek G, Kiessling R. Selective rejection of H-2-deficient lymphoma variants suggests 
alternative immune defence strategy. Nature. 1986;319(6055):675–678. doi: 10.1038/319675a0  .

26. Bauer S, Groh V, Wu J, Steinle A, Phillips JH, Lanier LL, Spies T. Activation of NK cells and T cells by NKG2D, 
a receptor for stress-inducible MICA. Science. 1999;285(5428):727–729. doi: 10.1126/science.285.5428.727  .

27. Lanier LL, Ruitenberg JJ, Phillips JH. Functional and biochemical analysis of CD16 antigen on natural killer cells 
and granulocytes. J Immunol. 1988;141(10):3478–3485. doi: 10.4049/jimmunol.141.10.3478  .

28. Lowin B, Hahne M, Mattmann C, Tschopp J. Cytolytic T-cell cytotoxicity is mediated through perforin and Fas 
lytic pathways. Nature. 1994;370(6491):650–652. doi: 10.1038/370650a0  .

29. Oshimi Y, Oda S, Honda Y, Nagata S, Miyazaki S. Involvement of Fas ligand and Fas-mediated pathway in the 
cytotoxicity of human natural killer cells. J Immunol. 1996;157(7):2909–2915. doi: 10.4049/jimmunol.157.7.2909  .

30. Takeda K, Smyth MJ, Cretney E, Kayagaki N, Yamaguchi N, Kakuta S, Iwakura Y, Yagita H, Okumura K. 
Involvement of tumor necrosis factor-related apoptosis-inducing ligand in surveillance of tumor metastasis by 
liver natural killer cells. Nat Med. 2001;7(1):94–100. doi: 10.1038/83416  .

31. Perussia B, Chan SH, D’Andrea A, Tsuji K, Santoli D, Pospisil M, Young D, Wolf SF, Trinchieri G. Natural killer 
(NK) cell stimulatory factor or IL-12 has differential effects on the proliferation of TCR αβ+, TCR γδ+ 
T lymphocytes, and NK cells. The J Exp Med. 1992;175(11):1091–1097. doi: 10.4049/jimmunol.149.11.3495  .

32. Dorner BG, Smith HR, French AR, Kim S, Poursine-Laurent J, Beckman DL, Pingel JT, Kroczek RA, 
Yokoyama WM. Coordinate expression of cytokines and chemokines by NK cells during murine cytomegalo
virus infection. J Immunol. 2004;172(5):3119–3131. doi: 10.4049/jimmunol.172.5.3119  .

33. Vitale M, Della Chiesa M, Carlomagno S, Pende D, Arico M, Moretta L, Moretta A. Nk-dependent DC 
maturation is mediated by TNFα and IFNγ released upon engagement of the NKp30 triggering receptor. 
Blood. 2005;106(2):566–571. doi: 10.1182/blood-2004-10-4035  .

34. Ferlazzo G, Morandi B. Cross-talks between natural killer cells and distinct subsets of dendritic cells. Front 
Immunol. 2014;5:159. doi: 10.3389/fimmu.2014.00159  .

35. Barry KC, Hsu J, Broz ML, Cueto FJ, Binnewies M, Combes AJ, Nelson AE, Loo K, Kumar R, Rosenblum MD, 
et al. A natural killer-dendritic cell axis defines checkpoint therapy-responsive tumor microenvironments. Nat 
Med. 2018;24(8):1178–1191. doi: 10.1038/s41591-018-0085-8  .

36. Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sammicheli S, Rogers NC, Sahai E, 
Zelenay S, Reis e Sousa C. Nk cells stimulate recruitment of cDC1 into the tumor microenvironment promoting 
cancer immune control. Cell. 2018;172(5):1022–1037. doi: 10.1016/j.cell.2018.01.004  .

37. Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural killer cells. Nature. 2009;457(7229):557–561. 
doi: 10.1038/nature07665  .

38. Cooper MA, Elliott JM, Keyel PA, Yang L, Carrero JA, Yokoyama WM. Cytokine-induced memory-like natural 
killer cells. Proc Natl Acad Sci USA. 2009;106(6):1915–1919. doi: 10.1073/pnas.0813192106  .

39. Poznanski SM, Singh K, Ritchie TM, Aguiar JA, Fan IY, Portillo AL, Rojas EA, Vahedi F, El-Sayes A, Xing S, et al. 
Metabolic flexibility determines human NK cell functional fate in the tumor microenvironment. Cell Metab. 
2021;33(6):1205. doi: 10.1016/j.cmet.2021.03.023  .

40. Zhang W, Zhao Z, Li F. Natural killer cell dysfunction in cancer and new strategies to utilize NK cell potential for 
cancer immunotherapy. Mol Immunol. 2022;144:58–70. doi: 10.1016/j.molimm.2022.02.015  .

41. Portale F, Di Mitri D. NK cells in cancer: mechanisms of dysfunction and therapeutic potential. Int J Mol Sci. 
2023;24(11):9521. doi: 10.3390/ijms24119521  .

42. Liem NT, Van Phong N, Kien NT, Anh BV, Huyen TL, Thao CT, Tu ND, Hiep DT, Hoai Thu DT, Nhung HTM. 
Phase I clinical trial using autologous ex vivo expanded NK cells and cytotoxic T lymphocytes for cancer 
treatment in Vietnam. Int J Mol Sci. 2019;20(13):3166. doi: 10.3390/ijms20133166  .

43. Sakamoto N, Ishikawa T, Kokura S, Okayama T, Oka K, Ideno M, Sakai F, Kato A, Tanabe M, Enoki T, et al. 
Phase I clinical trial of autologous NK cell therapy using novel expansion method in patients with advanced 
digestive cancer. J Transl Med. 2015;13(1):277. doi: 10.1186/s12967-015-0632-8  .

44. Bae WK, Lee BC, Kim HJ, Lee J-J, Chung I-J, Cho SB, Koh YS. A phase I study of locoregional high-dose 
autologous natural killer cell therapy with hepatic arterial infusion chemotherapy in patients with locally 
advanced hepatocellular carcinoma. Front Immunol. 2022;13:879452. doi: 10.3389/fimmu.2022.879452  .

45. Khatua S, Cooper LJN, Sandberg DI, Ketonen L, Johnson JM, Rytting ME, Liu DD, Meador H, Trikha P, 
Nakkula RJ, et al. Phase I study of intraventricular infusions of autologous ex vivo–expanded NK cells in children 
with recurrent medulloblastoma and ependymoma. Neuro Oncol. 2020;22(8):1214–1225. doi: 10.1093/neuonc/ 
noaa047  .

46. Berrien-Elliott MM, Jacobs MT, Fehniger TA. Allogeneic natural killer cell therapy. Blood. 2023;141(8):856–868. 
doi: 10.1182/blood.2022016200  .

47. Denman CJ, Senyukov VV, Somanchi SS, Phatarpekar PV, Kopp LM, Johnson JL, Singh H, Hurton L, Maiti SN, 
Huls MH, et al. Membrane-bound IL-21 promotes sustained ex vivo proliferation of human natural killer cells. 
PLOS ONE. 2012;7(1):e30264. doi: 10.1371/journal.pone.0030264  .

14 M. A. FORSBERG AND Y. NIETO

https://doi.org/10.1182/blood-2005-04-1351
https://doi.org/10.1038/319675a0
https://doi.org/10.1126/science.285.5428.727
https://doi.org/10.4049/jimmunol.141.10.3478
https://doi.org/10.1038/370650a0
https://doi.org/10.4049/jimmunol.157.7.2909
https://doi.org/10.1038/83416
https://doi.org/10.4049/jimmunol.149.11.3495
https://doi.org/10.4049/jimmunol.172.5.3119
https://doi.org/10.1182/blood-2004-10-4035
https://doi.org/10.3389/fimmu.2014.00159
https://doi.org/10.1038/s41591-018-0085-8
https://doi.org/10.1016/j.cell.2018.01.004
https://doi.org/10.1038/nature07665
https://doi.org/10.1073/pnas.0813192106
https://doi.org/10.1016/j.cmet.2021.03.023
https://doi.org/10.1016/j.molimm.2022.02.015
https://doi.org/10.3390/ijms24119521
https://doi.org/10.3390/ijms20133166
https://doi.org/10.1186/s12967-015-0632-8
https://doi.org/10.3389/fimmu.2022.879452
https://doi.org/10.1093/neuonc/noaa047
https://doi.org/10.1093/neuonc/noaa047
https://doi.org/10.1182/blood.2022016200
https://doi.org/10.1371/journal.pone.0030264


48. Liu E, Ang SOT, Kerbauy L, Basar R, Kaur I, Kaplan M, Li L, Tong Y, Daher M, Ensley EL, et al. GMP-compliant 
universal antigen presenting cells (uAPC) promote the metabolic fitness and antitumor activity of armored cord 
blood CAR-NK cells. Front Immunol. 2021;26(12):626098. doi: 10.3389/fimmu.2021.626098  .

49. Tonn T, Becker S, Esser R, Schwabe D, Seifried E. Cellular immunotherapy of malignancies using the clonal 
natural killer cell line NK-92. J Hematother STEM Cell Res. 2001;10(4):535–544. doi: 10.1089/ 
15258160152509145  .

50. Klingemann H, Boissel L, Toneguzzo F. Natural killer cells for immunotherapy–advantages of the NK-92 cell line 
over blood NK cells. Front Immunol. 2016;7:91. doi: 10.3389/fimmu.2016.00091  .

51. Jochems C, Hodge JW, Fantini M, Fujii R, Morillon YM, Greiner JW, Padget MR, Tritsch SR, Yok Tsang K, 
Campbell KS, et al. An NK cell line (haNK) expressing high levels of granzyme and engineered to express the 
high affinity CD16 allele. Oncotarget. 2016;7(52):86359–86373. doi: 10.18632/oncotarget.13411  .

52. Maki G, Klingemann HG, Martinson JA, Tam YK. Factors regulating the cytotoxic activity of the human natural 
killer cell line, NK-92. J Hematotherapy STEM Cell Res. 2001;10(3):369–383. doi: 10.1089/152581601750288975  .

53. Navarrete-Galvan L, Guglielmo M, Amaya JC, Smith-Gagen J, Lombardi VC, Merica R, Hudig D. Optimizing 
NK-92 serial killers: gamma irradiation, CD95/Fas-ligation, and NK or LAK attack limit cytotoxic efficacy. 
J Transl Med. 2022;20(1):151. doi: 10.1186/s12967-022-03350-6  .

54. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA, Yun GH, Fautsch SK, McKenna D, Le C, 
Defor TE, Burns LJ, et al. Successful adoptive transfer and in vivo expansion of human haploidentical NK 
cells in patients with cancer. Blood. 2005;105(8):3051–3057. doi: 10.1182/blood-2004-07-2974  .

55. Bachanova V, Burns LJ, McKenna DH, Curtsinger J, Panoskaltsis-Mortari A, Lindgren BR, Cooley S, 
Weisdorf D, Miller JS. Allogeneic natural killer cells for refractory lymphoma. Cancer Immunol Immunother. 
2010;59(11):1739–1744. doi: 10.1007/s00262-010-0896-z  .

56. Amit I, Levitin N, Gadrich M, Ben-Mayor M, Wyant T, Barak R, Danielpur L, Ifrach M, Meir I, Bluvshtein O, 
et al. Negative feedback expansion of Tregs caused by endogenous IL-2 limits the activity of IL-2-based therapies. 
J Cancer Immunol. 2023;5(1):29–39. doi: 10.33696/cancerimmunol.5.074  .

57. Berrien-Elliott MM, Becker-Hapak M, Cashen AF, Jacobs M, Wong P, Foster M, McClain E, Desai S, Pence P, 
Cooley S, et al. Systemic IL-15 promotes allogeneic cell rejection in patients treated with natural killer cell 
adoptive therapy. Blood. 2022;139(8):1177–1183. doi: 10.1182/blood.2021011532  .

58. Shah N, Li L, McCarty J, Kaur I, Yvon E, Shaim H, Muftuoglu M, Liu E, Orlowski RZ, Cooper L, et al. Phase 
I study of cord blood-derived natural killer cells combined with autologous stem cell transplantation in multiple 
myeloma. Br J Haematol. 2017;177(3):457–466. doi: 10.1111/bjh.14570  .

59. Nieto Y, Banerjee P, Kaur I, Kim KH, Fang D, Thall PF, Griffin L, Barnett M, Basar R, Hosing C, et al. Ex vivo 
expanded cord blood natural killer cells combined with rituximab and high-dose chemotherapy and autologous 
stem cell transplantation for B cell non-Hodgkin lymphoma. Transpl Cell Ther. 2024;30(2):e2031–e2039. doi: 10. 
1016/j.jtct.2023.11.022  .

60. Cichocki F, Cooley S, Davis Z, DeFor TE, Schlums H, Zhang B, Brunstein CG, Blazar BR, Wagner J, 
Diamond DJ, et al. CD56dimCD57+NKG2C+ NK cell expansion is associated with reduced leukemia relapse 
after reduced intensity HCT. Leukemia. 2016;30(2):456–463. doi: 10.1038/leu.2015.260  .

61. Merino AM, Mehta RS, Luo X, Kim H, De for T, Janakiram M, Cooley S, Wangen R, Cichocki F, Weisdorf DJ, 
et al. Early adaptive natural killer cell expansion is associated with decreased relapse after autologous transplan
tation for multiple myeloma. Transpl Cell Ther. 2021;27(4):310.e1–310. doi: 10.1016/j.jtct.2020.10.023  .

62. Fehniger TA, Miller JS, Stuart RK, Cooley S, Salhotra A, Curtsinger J, Westervelt P, DiPersio JF, Hillman TM, 
Silver N, et al. A phase 1 trial of CNDO-109-activated natural killer cells in patients with high-risk acute myeloid 
leukemia. Biol Blood Marrow Transpl. 2018;24(8):1581–1589. doi: 10.1016/j.bbmt.2018.03.019  .

63. Berrien-Elliott MM, Wagner JA, Fehniger TA. Human cytokine-induced memory-like natural killer cells. 
J Innate Immun. 2015;7(6):563–571. doi: 10.1159/000382019  .

64. Romee R, Rosario M, Berrien-Elliott MM, Wagner JA, Jewell BA, Schappe T, Leong JW, Abdel-Latif S, 
Schneider SE, Willey S, et al. Cytokine-induced memory-like natural killer cells exhibit enhanced responses 
against myeloid leukemia. Sci Transl Med. 2016;8(357):357ra123. doi: 10.1126/scitranslmed.aaf2341  .

65. Bakhtiyaridovvombaygi M, Yazdanparast S, Mikanik F, Izadpanah A, Parkhideh S, Shahbaz Ghasabeh A, 
Roshandel E, Hajifathali A, Gharehbaghian A. Cytokine-induced memory-like NK cells: emerging strategy for 
AML immunotherapy. Biomed Pharmacother. 2023;168:115718. doi: 10.1016/j.biopha.2023.115718  .

66. Liu E, Ang SOT, Kerbauy L, Basar R, Kaur I, Kaplan M, Li L, Tong Y, Daher M, Ensley EL, et al. GMP-compliant 
universal antigen presenting cells (uAPC) promote the metabolic fitness and antitumor activity of armored cord 
blood CAR-NK cells. Front Immunol. 2021;12:626098. doi: 10.3389/fimmu.2021.626098/  .

67. Nieto Y, Banerjee P, Kaur I, Basar R, Li Y, Daher M, Rafei H, Kerbauy LN, Kaplan M, Marin D, et al. Allogeneic 
NK cells with a bispecific innate cell engager in refractory relapsed lymphoma: a phase 1 trial. Nat Med. 2025;31 
(6):1987–1993. doi: 10.1038/s41591-025-03640-8  .

68. Xie G-Y, Zhao Y. CAR-NK cells: a promising cellular immunotherapy for cancer. Curr Opin Oncol. 
2021;33:424–431.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 15

https://doi.org/10.3389/fimmu.2021.626098
https://doi.org/10.1089/15258160152509145
https://doi.org/10.1089/15258160152509145
https://doi.org/10.3389/fimmu.2016.00091
https://doi.org/10.18632/oncotarget.13411
https://doi.org/10.1089/152581601750288975
https://doi.org/10.1186/s12967-022-03350-6
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1007/s00262-010-0896-z
https://doi.org/10.33696/cancerimmunol.5.074
https://doi.org/10.1182/blood.2021011532
https://doi.org/10.1111/bjh.14570
https://doi.org/10.1016/j.jtct.2023.11.022
https://doi.org/10.1016/j.jtct.2023.11.022
https://doi.org/10.1038/leu.2015.260
https://doi.org/10.1016/j.jtct.2020.10.023
https://doi.org/10.1016/j.bbmt.2018.03.019
https://doi.org/10.1159/000382019
https://doi.org/10.1126/scitranslmed.aaf2341
https://doi.org/10.1016/j.biopha.2023.115718
https://doi.org/10.3389/fimmu.2021.626098/
https://doi.org/10.1038/s41591-025-03640-8


69. Li L, Mohanty V, Dou J, Huang Y, Banerjee PP, Miao Q, Lohr JG, Vijaykumar T, Frede J, Knoechel B, et al. Loss 
of metabolic fitness drives tumor resistance after CAR-NK cell therapy and can be overcome by cytokine 
engineering. Sci Adv. 2023;9(30):eadd6997. doi: 10.1126/sciadv.add6997  .

70. Töpfer K, Cartellieri M, Michen S, Wiedemuth R, Müller N, Lindemann D, Bachmann M, Füssel M, Schackert G, 
Temme A. Dap12-based activating chimeric antigen receptor for NK cell tumor immunotherapy. J Immunol. 
2015;194(7):3201–3212. doi: 10.4049/jimmunol.1400330  .

71. Altvater B, Landmeier S, Pscherer S, Temme J, Schweer K, Kailayangiri S, Campana D, Juergens H, Pule M, 
Rossig C. 2B4 (CD244) signaling by recombinant antigen-specific chimeric receptors costimulates natural killer 
cell activation to leukemia and neuroblastoma cells. Clin Cancer Res. 2009;15(15):4857–4866.

72. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, Nassif Kerbauy L, Overman B, Thall P, 
Kaplan M, et al. Use of CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl J Med. 
2020;382(6):545–553. doi: 10.1056/NEJMoa1910607  .

73. Tang X, Yang L, Li Z, Nalin AP, Dai H, Xu T, Yin J, You F, Zhu M, Shen W, et al. First-in-man clinical trial of 
CAR NK-92 cells: safety and efficacy in patients with relapsed or refractory acute myeloid leukemia. Am J Cancer 
Res. 2018;8(6):1083–1089.

74. Marin D, Li Y, Basar R, Rafei H, Daher M, Dou J, Mohanty V, Dede M, Nieto Y, Uprety N, et al. Safety, efficacy 
and determinants of response of allogeneic CD19-specific CAR-NK cells in CD19(+) B cell tumors: a phase 1/2 
trial. Nat Med. 2024;30(3):772–784. doi: 10.1038/s41591-023-02785-8  .

75. Lei W, Liu H, Deng W, Chen W, Liang Y, Gao W, Yuan X, Guo S, Li P, Wang J, et al. Safety and feasibility of 
4-1BB co-stimulated CD19-specific CAR-NK cell therapy in refractory/relapsed large B cell lymphoma: a phase 1 
trial. Nat Cancer. 2025;6(5):786–800. doi: 10.1038/s43018-025-00940-3  .

76. Acharya S, Basar R, Daher M, Rafei H, Li P, Uprety N, Ensley E, Shanley M, Kumar B, Banerjee PP, et al. Cd28 
costimulation augments car signaling in NK cells via the LCK/CD3ζ/ZAP70 signaling axis. Cancer Discov. 
2024;14(10):1879–1900. doi: 10.1158/2159-8290.CD-24-0096  .

77. Lin P, Acharya S, Reyes-Silva F, Basar R, Uprety N, Moreno Rueda LY, Lin P, Gilbert AL, Banerjee PP, Fang D, 
et al. CD70-targeting CAR NK cells overcome BCMA downregulation and improve survival in high-risk multiple 
myeloma models. Blood Cancer Discov. 2026;7(2):234–249. doi: 10.1158/2643-3230.BCD-25-0130  .

78. Jo S, Lee YB, Kim SM, Lee SY, Choi M, Kyun M-L, Jeong SY, Lee S, Kim JH, Kim Y, et al. Fine-tuning signal 
strength in CD5 CAR-NK cells for targeted T cell cancer therapy. Front Immunol. 2025;16:1674376. doi: 
10.3389/fimmu.2025.1674376  .

79. Han J, Chu J, Chan WK, Zhang J, Wang Y, Cohen JB, Victor A, Meisen WH, Kim S-H, Grandi P, et al. Car- 
engineered NK cells targeting wild-type EGFR and EGFRvIII enhance killing of glioblastoma and 
patient-derived glioblastoma stem cells. Sci Rep. 2015;5(1):11483. doi: 10.1038/srep11483  .

80. Teng K-Y, Mansour AG, Zhu Z, Li Z, Tian L, Ma S, Xu B, Lu T, Chen H, Hou D, et al. Off-the-shelf prostate stem 
cell antigen-directed chimeric antigen receptor natural killer cell therapy to treat pancreatic cancer. 
Gastroenterology. 2022;162(4):1319–1333. doi: 10.1053/j.gastro.2021.12.281  .

81. Li Y, Rezvani K, Rafei H. Next-generation chimeric antigen receptors for T- and natural killer-cell therapies 
against cancer. Immunol Rev. 2023;320(1):217–235. doi: 10.1111/imr.13255  .

82. Strati P, Castro P, Goodman A, Bachanova V, Kamdar M, Awan FT, Solomon SR, Wong L, Wong C, Patel D, 
et al. Off-the-shelf induced pluripotent stem-cell-derived natural killer-cell therapy in relapsed or refractory 
B-cell lymphoma: a multicentre, open-label, phase 1 study. Lancet Haematol. 2025;12(7):e505–e515. doi: 
10.1016/S2352-3026(25)00142-5  .

83. Ghobadi A, Bachanova V, Patel K, Park JH, Flinn I, Riedell PA, Bachier C, Diefenbach CS, Wong C, Bickers C, 
et al. Induced pluripotent stem-cell-derived CD19-directed chimeric antigen receptor natural killer cells in B-cell 
lymphoma: a phase 1, first-in-human trial. Lancet. 2025;405(10473):127–136. doi: 10.1016/S0140-6736(24) 
02462-0  .

84. Chiang SCC, Mehta RS, Ritter MR, Meeths M, Mastafa M, Al-Herz W, Frisk P, Gilmour KC, Ifversen M, 
Langenskiöld C, et al. Comparison of cytotoxic T-cell and NK cell responses. Blood. 2013;121(8):1345–1356. doi:  
10.1182/blood-2012-07-442558  .

85. Rothe A, Sasse S, Topp MSI, Eichenauer DA, Hummel H, Reiners KS, Dietlein M, Kuhnert G, Kessler J, Buerkle 
C. A phase 1 study of the bispecific anti-CD30/CD16A antibody construct AFM13 in patients with relapsed or 
refractory Hodgkin lymphoma. Blood. 2015;125(26):4024–4031.

86. Plesner T, Kaufman JL, Recht L, Lee C, Bryant A, Vangsted A, Estell J, Delforge M, Offner F, Twomey P, et al. 
RO7297089 anti-BCMA/CD16a bispecific antibody in multiple myeloma. Clin Hematol Int. 2023;5(1):43–51. 
doi: 10.1007/s44228-022-00023-5  .

87. Garcia S, Bajel A, Maiti A, Desai P, Huls G, Boissel N, Jongen-Lavrencic M, Mantzaris I, De Botton S, de Leeuw 
D, et al. Completed dose escalation from the first-in-human, phase 1/2 study of CD123 NK cell engager, 
SAR443579, in relapsed or refractory acute myeloid leukemia or high risk-myelodysplasia. Hemasphere. 
2024;8(S1):S146.

88. Cheng Y, Zheng X, Wang X, Chen Y, Wei H, Sun R, Tian Z, Sun H. Trispecific killer engager 161519 enhances 
natural killer cell function and provides anti-tumor activity against CD19-positive cancers. Cancer Biol Med. 
2020;17(4):1026–1038. doi: 10.20892/j.issn.2095-3941.2020.0399  .

16 M. A. FORSBERG AND Y. NIETO

https://doi.org/10.1126/sciadv.add6997
https://doi.org/10.4049/jimmunol.1400330
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1038/s41591-023-02785-8
https://doi.org/10.1038/s43018-025-00940-3
https://doi.org/10.1158/2159-8290.CD-24-0096
https://doi.org/10.1158/2643-3230.BCD-25-0130
https://doi.org/10.3389/fimmu.2025.1674376
https://doi.org/10.1038/srep11483
https://doi.org/10.1053/j.gastro.2021.12.281
https://doi.org/10.1111/imr.13255
https://doi.org/10.1016/S2352-3026(25)00142-5
https://doi.org/10.1016/S0140-6736(24)02462-0
https://doi.org/10.1016/S0140-6736(24)02462-0
https://doi.org/10.1182/blood-2012-07-442558
https://doi.org/10.1182/blood-2012-07-442558
https://doi.org/10.1007/s44228-022-00023-5
https://doi.org/10.20892/j.issn.2095-3941.2020.0399


89. Vallera DA, Felices M, McElmurry RT, McCullar V, Zhou X, Schmohl JU, Zhang B, Lenvik AJ, Panoskaltsis- 
Mortari A, Verneris MR, et al. IL-15 trispecific killer engagers enhance NK cell proliferation and anti-AML 
activity. Clin Cancer Res. 2016;22(14):3440–3450. doi: 10.1158/1078-0432.CCR-15-2710  .

90. Davis Z, Cichocki F, Felices M, Wang H, Hinderlie P, Juckett M, Maakaron J, Berk GI, Hancock B, Goulding J, 
et al. A novel dual-antigen targeting approach enables off-the-shelf CAR NK cells to effectively recognize and 
eliminate the heterogenous population associated with AML. Blood. 2022;140(Suppl 1):10288–10289. doi: 
10.1182/blood-2022-168981  .

91. Demaria O, Habif G, Le Floch F, Chiossone L, Remark R, Vetizou M, Maurel N, Gauthier L, Morel Y, Paturel C, 
et al. IPH6501 is a novel NKp46-targeting tetraspecific antibody-based natural killer cell engager therapeutic 
(ANKET) armed with a non-alpha IL-2 variant and developed for the treatment of CD20-positive malignancies. 
Blood. 2022;140(Suppl 1):11559. doi: 10.1182/blood-2022-163561  .

92. Hagelstein I, Shmelev M, Verneris MR, Heitmann JS, Malenke E, Zhou Y, Clar KL, Kopp H-G, Jung G, Salih HR, 
et al. Bispecific NKG2D-CD3 and NKG2D-CD16 fusion proteins as treatment option in advanced soft tissue 
sarcomas. Front Immunol. 2021;12:717123. doi: 10.3389/fimmu.2021.653081  .

93. Chan WK, Kang S, Youssef Y, Glankler EN, Barrett ER, Carter AM, Ahmed EH, Prasad A, Chen L, Zhang J, et al. 
A CS1-NKG2D bispecific antibody activates cytolytic immune cells against multiple myeloma. Cancer Immunol 
Res. 2018;6(7):776–787. doi: 10.1158/2326-6066.CIR-17-0649  .

94. Chen T-T, Li X, Zhang Y, Kang X-J, Zhang S-F, Zhang T, Sangmao D, Zhu Y-J, Zhang D-K. Breaking down 
physical barriers: strategies to improve lymphocyte infiltration for effective neoantigen-based therapies. Front 
Immunol. 2025;16:1614228. doi: 10.3389/fimmu.2025.1614228  .

95. Yi X, Chen S, Zhang Y, Shen Z, Zheng X, Luo D, Xu T, Yan J, Huang P. Drug delivery systems for overcoming 
physical barriers in cancer therapy. Mol Pharm. 2025;22(11):6413–6429. doi: 10.1021/acs.molpharmaceut. 
5c00474  .

96. Choi Y, Jung K. Normalization of the tumor microenvironment by vascular and immune modulation. Exp Mol 
Med. 2023;55(11):2308–2319. doi: 10.1038/s12276-023-01114-w  .

97. Robbins SH, Sokol H, Kaminski D. Single-cell transcriptional profiling of human NK cells reveals distinct 
tissue-resident and circulating subsets with specialized chemokine receptor programs. J Clin Invest. 
2019;129:4633–4645.

98. Poznanski SM, Barra NG, Ashkar AA, Schertzer JD. Immunometabolism of NK cells: metabolic programming 
governs effector function and anti-tumor activity. Cell Metab. 2021;33:775–788.e5.

99. Liu H, Saxena A, Sidhu SS, Wu D. Fc engineering for developing therapeutic bispecific antibodies and novel 
scaffolds. Front Immunol. 2017;8:38.

100. Labrijn AF, Janmaat ML, Reichert JM, Parren PWHI. Afm24: a CD16A-binding EGFR×CD16A innate cell 
engager for NK cell–mediated killing of EGFR-expressing tumors. Nat Cancer. 2021;2:1360–1373.

101. Kennedy PR, Arvindam US, Phung SK, Ettestad B, Feng X, Li Y, Kile QM, Hinderlie P, Khaw M, Huang R-S, 
et al. Metabolic programs drive function of therapeutic NK cells in hypoxic tumor environments. Sci Adv. 
2024;10(44):eadn1849. doi: 10.1126/sciadv.adn1849  .

102. Chang TD, Herault A, Kuo IY, Zhang C, Chen S-Y, Lin Z-Q, Zhang P-D, Shen Y-X, Tang T-X, Li H, et al. 
Adaptation of natural killer cells to hypoxia: a review of the transcriptional, translational, and metabolic 
processes. Immunotargets Ther. 2025;14:99. doi: 10.2147/ITT.S492334  .

103. Felices M, McElmurry R, McCullar V, McCullar V, Zhou X, Schmohl JU, Zhang B, Lenvik AJ, Panoskaltsis- 
Mortari A, Verneris MR, et al. IL15 trispecific killer engagers (TRIKE) make natural killer cells specific to CD33+ 

targets while also inducing persistence, in vivo expansion, and enhanced function. Clin Cancer Res. 2016;22 
(14):3440–3450. doi: 10.1158/1078-0432.CCR-15-2710/  .

104. Marçais A, Cherfils-Vicini J, Viant C, Degouve S, Viel S, Fenis A, Rabilloud J, Mayol K, Tavares A, Bienvenu J, 
et al. mTOR is essential for IL-15 signaling during NK cell development. Nat Immunol. 2014;15(8):749–757. doi:  
10.1038/ni.2936  .

105. Cantoni C, Wurzer H, Thomas C, Pietra G, Munari E, Pende D, Mingari MC, Sivori S, Moretta L. Human NK 
cells and cancer. Oncoimmunology. 2024;13(1). doi: 10.1080/2162402X.2024.2378520  .

106. Li Y, Li Z, Tang Y, Zhuang X, Feng W, Boor PPC, Buschow S, Sprengers D, Zhou G. Unlocking the therapeutic 
potential of the NKG2A-HLA-E immune checkpoint pathway in T cells and NK cells for cancer immunotherapy. 
J Immunother Cancer. 2024;12(10):e009934. doi: 10.1136/jitc-2024-009934  .

107. Li Y, Basar R, Wang G, Liu E, Moyes JS, Li L, Kerbauy LN, Uprety N, Fathi M, Rezvan A, et al. Kir-based 
inhibitory CARs overcome CAR-NK cell trogocytosis-mediated fratricide and tumor escape. Nat Med. 2022;28 
(10):2133–2144. doi: 10.1038/s41591-022-02003-x  .

108. Li H-S, Israni DV, Gagnon KA, Gan KA, Raymond MH, Sander JD, Roybal KT, Joung JK, Wong WW, Khalil AS. 
Multidimensional control of therapeutic human cell function with synthetic gene circuits. Science. 2022;378 
(6625):1227–1234. doi: 10.1126/science.ade0156  .

109. Roex G, Campillo-Davo D, Flumens D, Shaw PAG, Krekelbergh L, De Reu H, Berneman ZN, Lion E, Anguille S. 
Two for one: targeting BCMA and CD19 in B-cell malignancies with off-the-shelf dual-CAR NK-92 cells. 
J Transl Med. 2022;20(1):124. doi: 10.1186/s12967-022-03326-6  .

HUMAN VACCINES & IMMUNOTHERAPEUTICS 17

https://doi.org/10.1158/1078-0432.CCR-15-2710
https://doi.org/10.1182/blood-2022-168981
https://doi.org/10.1182/blood-2022-163561
https://doi.org/10.3389/fimmu.2021.653081
https://doi.org/10.1158/2326-6066.CIR-17-0649
https://doi.org/10.3389/fimmu.2025.1614228
https://doi.org/10.1021/acs.molpharmaceut.5c00474
https://doi.org/10.1021/acs.molpharmaceut.5c00474
https://doi.org/10.1038/s12276-023-01114-w
https://doi.org/10.1126/sciadv.adn1849
https://doi.org/10.2147/ITT.S492334
https://doi.org/10.1158/1078-0432.CCR-15-2710/
https://doi.org/10.1038/ni.2936
https://doi.org/10.1038/ni.2936
https://doi.org/10.1080/2162402X.2024.2378520
https://doi.org/10.1136/jitc-2024-009934
https://doi.org/10.1038/s41591-022-02003-x
https://doi.org/10.1126/science.ade0156
https://doi.org/10.1186/s12967-022-03326-6


110. Garrison BS, Deng H, Yucel G, Frankel NW, Guzman-Ayala M, Gordley R, Hung M, Lee D, Gainer M, Loving K, 
et al. FLT3 or CD33 not EMCN logic gated CAR-NK cell therapy (SENTI-202) for precise targeting of AML. 
Blood. 2021;138(Supplement 1):2799–2799. doi: 10.1182/blood-2021-154201  .

111. Tseng H, Xiong W, Badeti S, Yang Y, Ma M, Liu T, Ramos CA, Dotti G, Fritzky L, Jiang J-G, et al. Efficacy of 
anti-CD147 chimeric antigen receptors targeting hepatocellular carcinoma. Nat Commun. 2020;11(1):4810. doi:  
10.1038/s41467-020-18444-2  .

112. Senti Biosciences. SENTI-202: off-the-shelf logic-gated CAR NK cell therapy in adults with CD33 and/or FLT3 
blood cancers including AML/MDS. https://clinicaltrials.gov/study/NCT06325748 .

113. Iuliucci JD, Oliver SD, Morley S, Ward C, Ward J, Dalgarno D, Clackson T, Berger HJ. Intravenous safety and 
pharmacokinetics of a novel dimerizer drug, AP1903, in healthy volunteers. J Clin Pharmacol. 2001;41 
(8):870–879. doi: 10.1177/00912700122010771  .

114. Di Stasi A, Tey S-K, Dotti G, Fujita Y, Kennedy-Nasser A, Martinez C, Straathof K, Liu E, Durett AG, Grilley B, 
et al. Inducible apoptosis as a safety switch for adoptive cell therapy. N Engl J Med. 2011;365(18):1673–1683. doi:  
10.1056/NEJMoa1106152  .

115. Massagué J. TGFβ in cancer. Cell. 2008;134(2):215–230. doi: 10.1016/j.cell.2008.07.001  .
116. Viel S, Marçais A, Guimaraes FS, Loftus R, Rabilloud J, Grau M, Degouve S, Djebali S, Sanlaville A, Charrier E, 

et al. TGF-β inhibits the cytotoxic program of primary human NK cells. Sci Signal. 2016;9(415):ra19. doi: 
10.1126/scisignal.aad1884  .

117. Shaim H, Shanley M, Basar R, Daher M, Gumin J, Zamler DB, Uprety N, Wang F, Huang Y, Gabrusiewicz K, 
et al. Targeting the αv integrin/TGF-β axis improves natural killer cell function against glioblastoma stem cells. 
J Clin Invest. 2021;131(14):e142116. doi: 10.1172/JCI142116  .

118. Judge SJ, Dunai C, Agular EG, Vick SC, Sturgill IR, Khuat LT, Stoffel KM, Van Dyke J, Longo DL, Darrow MA, 
et al. Minimal PD-1 expression in mouse and human NK cells under diverse conditions. J Clin Invest. 2020;130 
(6):3051–3068. doi: 10.1172/JCI133353  .

119. Benson DM, Bakan C, Mishra A, Mishra A, Hofmeister CC, Efebera Y, Becknell B, Baiocchi RA, Zhang J, Yu J, 
et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma effect: a therapeutic target 
for CT-011, a novel monoclonal anti-PD-1 antibody. Blood. 2010;116(13):2286–2294. doi: 10.1182/blood-2010- 
02-271874  .

120. Guo Y, Feng X, Yang Jiang Y, Shi X, Xing X, Liu X, Li N, Fadeel B, Zheng C. PD1 blockade enhances cytotoxicity 
of in vitro expanded natural killer cells towards myeloma cells. Oncotarget. 2016;7(30):48360–48374. doi: 
10.18632/oncotarget.10235  .

121. Lin M, Luo H, Liang S, Chen J, Liu A, Niu L, Jiang Y. Pembrolizumab plus allogeneic NK cells in advanced 
non-small cell lung cancer patients. J Clin Invest. 2020;130(5):2560–2569. doi: 10.1172/JCI132712  .

122. Dong W, Wu X, Ma S, Wang Y, Nalin AP, Zhu Z, Zhang J, Benson DM, He K, Caligiuri MA, et al. The 
mechanism of anti–PD-L1 antibody efficacy against PD-L1–negative tumors identifies NK cells expressing PD- 
L1 as a cytolytic effector. Cancer Discov. 2019;9(10):1422–1437. doi: 10.1158/2159-8290.CD-18-1259  .

123. Wu X, Huang S. HER2-specific chimeric antigen receptor-engineered natural killer cells combined with apatinib 
for the treatment of gastric cancer. Bull Cancer. 2019;106(11):946–958. doi: 10.1016/j.bulcan.2019.03.012  .

124. Zhang Q, Tian K, Xu J, Zhang H, Li L, Fu Q, Chai D, Li H, Zheng J. Synergistic effects of cabozantinib and 
EGFR-specific CAR-NK-92 cells in renal cell carcinoma. J Immunol Res. 2017;2017:6915912. doi: 10.1155/2017/ 
6915912  .

125. Zhang Q, Zhang H, Ding J, Liu H, Li H, Li H, Lu M, Miao Y, Li L, Zheng J. Combination therapy with 
EpCAM-CAR-NK-92 cells and regorafenib against human colorectal cancer models. J Immunol Res. 
2018;2018:4263520. doi: 10.1155/2018/4263520  .

126. Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell T, Pui C-H, Leung W. NKAML: a pilot study to 
determine the safety and feasibility of haploidentical natural killer cell transplantation in childhood acute 
myeloid leukemia. J Clin Oncol. 2010;28(6):955–959. doi: 10.1200/JCO.2009.24.4590  .

127. Mackensen A, Müller F, Mougiakakos D, Böltz S, Wilhelm A, Aigner M, Völkl S, Simon D, Kleyer A, Munoz L, 
et al. Anti-CD19 CAR T cell therapy for refractory systemic lupus erythematosus. Nat Med. 2022;28 
(10):2124–2132. doi: 10.1038/s41591-022-02017-5  .

128. Müller F, Taubmann J, Bucci L, Wilhelm A, Bergmann C, Völkl S, Aigner M, Rothe T, Minopoulou I, Tur C, 
et al. CD19 CAR T-cell therapy in autoimmune disease - a case series with follow-up. N Engl J Med. 2024;390 
(8):687–700. doi: 10.1056/NEJMoa2308917  .

129. Müller F, Hagen M, Wirsching A, Kharboutli S, Aigner M, Völkl S, Kretschmann S, Tascilar K, Taubmann J, 
Bucci L, et al. CD19 CAR-t cells for treatment-refractory autoimmune diseases: the phase 1/2 castle basket trial. 
Nat Med. 2026;32(3):1142–1151. doi: 10.1038/s41591-025-04185-6  .

130. Meng H, Sun X, Song Y, Zou J, An G, Jin Z, Yang L. La/SSB chimeric autoantibody receptor modified NK92MI 
cells for targeted therapy of autoimmune disease. Clin Immunol. 2018;192:40–49. doi: 10.1016/j.clim.2018.04. 
006  .

131. Peng JJ, Ding JY, Xu Y, Shih H-P, Lin Y-N, Wu T-Y, Lo Y-F, Lo C-C, Yeh C-F, Kuo C-Y, et al. Chimeric 
autoantibody receptor T cells clonally eliminate B cells producing autoantibodies against IFN-γ. Sci Immunol. 
2025;10(107):eadm8186. doi: 10.1126/sciimmunol.adm8186  .

18 M. A. FORSBERG AND Y. NIETO

https://doi.org/10.1182/blood-2021-154201
https://doi.org/10.1038/s41467-020-18444-2
https://doi.org/10.1038/s41467-020-18444-2
https://clinicaltrials.gov/study/NCT06325748
https://doi.org/10.1177/00912700122010771
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1056/NEJMoa1106152
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1126/scisignal.aad1884
https://doi.org/10.1172/JCI142116
https://doi.org/10.1172/JCI133353
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.18632/oncotarget.10235
https://doi.org/10.1172/JCI132712
https://doi.org/10.1158/2159-8290.CD-18-1259
https://doi.org/10.1016/j.bulcan.2019.03.012
https://doi.org/10.1155/2017/6915912
https://doi.org/10.1155/2017/6915912
https://doi.org/10.1155/2018/4263520
https://doi.org/10.1200/JCO.2009.24.4590
https://doi.org/10.1038/s41591-022-02017-5
https://doi.org/10.1056/NEJMoa2308917
https://doi.org/10.1038/s41591-025-04185-6
https://doi.org/10.1016/j.clim.2018.04.006
https://doi.org/10.1016/j.clim.2018.04.006
https://doi.org/10.1126/sciimmunol.adm8186


132. Fu Y, Xu Z, Wu C, Gao F, Huang P, Jiang F, Hu C, Patsoukis N, Wang Y, Cui Z, et al. Genetically modified 
CD19-targeting IL-15 secreting NK cells for the treatment of systemic lupus erythematosus. Ann Rheum Dis. 
2025;84(11):1811–1821. doi: 10.1016/j.ard.2025.07.028  .

133. Gao J, Li M, Sun M, Yu Y, Kong R, Xu X, Liu S, Chen Q, Li X, Wu Y, et al. Efficacy and safety of allogeneic CD19 
CAR NK-cell therapy in systemic lupus erythematosus: a case series in China. Lancet. 2026;406:2968–2979. doi:  
10.1016/S0140-6736(25)01671-X  .

134. Wang X, Zhang Y, Jin Y, Dai L, Yue Y, Hu J, Liu X, Pang K, Ye S, Chen Y, et al. An iPSC-derived CD19/BCMA 
CAR-NK therapy in a patient with systemic sclerosis. Cell. 2025;188(16):4225–4238. doi: 10.1016/j.cell.2025.05. 
038  .

135. Kumar A, Fischer C, Cichocki F, Miller JS. Multiplexed iPSC platform for advanced NK cell immunotherapies. 
Cell Rep Med. 2025;6(11):102282. doi: 10.1016/j.xcrm.2025.102282.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 19

https://doi.org/10.1016/j.ard.2025.07.028
https://doi.org/10.1016/S0140-6736(25)01671-X
https://doi.org/10.1016/S0140-6736(25)01671-X
https://doi.org/10.1016/j.cell.2025.05.038
https://doi.org/10.1016/j.cell.2025.05.038
https://doi.org/10.1016/j.xcrm.2025.102282

	Abstract
	Abstract
	Introduction
	NK cell biology
	NK activation and cell killing

	Adoptive NK cell immunotherapy
	Autologous NK cells
	Allogeneic nonengineered NK cells
	Immortalized cell lines
	Peripheral blood haploidentical NK cells
	Umbilical cord blood (UCB)-derived NK cells
	Cytokine-induced memory-like NK cells

	Allogeneic engineered NK cells
	CAR-NK cells
	Induced pluripotent stem cells derived NK cells


	NK cell engagers
	Future ways of progress
	Combination therapies
	NK cell therapy for autoimmune diseases

	Conclusions
	Author contributions
	Disclosure statement
	Funding
	Notes on contributor
	References

