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ABSTRACT 

 

Chimeric antigen receptor–natural killer (CAR-NK) cell therapy holds significant promise for 

cancer immunotherapy due to its efficient recognition and lysis of malignant cells. Despite the 

potential of CAR-NK therapy as a safer and more effective immunotherapeutic strategy, researchers 

are actively focusing on addressing its limitations. These include enhancing persistence, optimizing 

genetic engineering methods, and standardizing the production process for wider clinical 

applicability. The development of novel generations of CAR-NK cells, combined with a deeper 

understanding of their behavior in solid tumors, could potentially revolutionize cancer cell therapy 

and improve patient outcomes in the near future. However, to improve clinical outcomes and 

facilitate the broader application of CAR-NK cell therapies, we must address challenges related to 

the optimization of CAR constructs, in vivo persistence, tumor penetration, safety, and regulatory 

considerations. Overall, the article presents an extensive review of the challenges and potential 
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strategies for improving the long-term antitumor efficacy of CAR-NK cell therapy, emphasizing the 

importance of combination therapies, drug delivery methods, and immune checkpoint blockade in 

enhancing the effectiveness of NK cell–based immunotherapy. The paper provides valuable insights 

into the intricate mechanisms and potential future applications of these strategies in cancer 

immunotherapy. 

 

Keywords: Cancer-associated fibroblasts; Cancer immunotherapy; CAR-NK cell therapy; 

CAR-T cells therapy; Chimeric antigen receptor; Natural killer cells; Tumor microenvironment 

 
INTRODUCTION 

 

Natural killer (NK) cells, a subset of innate lymphoid 

cells with diversified killing mechanisms, have recently 

become prominent in the application of immunotherapy. 

These cells originate from hematopoietic stem cells 

(HSCs) in the bone marrow and are characterized by 

their ability to directly lyse tumor cells in a non–MHC-

restricted manner.1 NK cells can rapidly detect and 

eliminate aberrant cells, virus-infected cells, and cancer 

cells through a combination of surface receptors that 

recognize various molecules on target cells without 

requiring prior sensitization to antigens. In fact, they 

serve as the first responders in the immune system’s 

fight against cancer development.2,3 

NK cells express a variety of activating and 

inhibitory receptors on their surface. The balance 

between activating and inhibitory receptor signaling 

determines whether an NK cell will kill a target cell.1 

However, NK cells control tumor growth by interacting 

directly with tumor cells or affecting the function of 

other populations of innate and adaptive immunity in the 

tumor microenvironment (TME).4,5 Moreover, clinical 

data indicate that a higher number of NK cells in the 

TME is associated with improved outcomes in patients 

with various types of cancer, such as hepatocellular 

carcinoma, melanoma, breast cancer, non-small-cell 

lung cancer, squamous cell carcinoma of the lungs, 

pulmonary adenocarcinoma, renal cell carcinoma, and 

gastric cancer.6 

Genetic modification techniques have demonstrated 

the capacity to customize NK cells by including 

chimeric antigen receptors (CARs) and blocking 

inhibitory genes. These methods enable patients with 

hematological malignancies to efficiently eliminate their 

own tumor cells that were previously resistant to 

destruction by the same NK cells lacking CARs.2 

Preclinical research with CAR-NK cells has 

demonstrated identical in vivo effectiveness to CAR-T 

cells in xenograft mouse models, with reduced cytokine 

production and improved survival rates.7 The successful 

adoptive transfer of allogeneic NK cells into patients 

further establishes NK cells as a promising platform for 

CAR engineering and the development of off-the-shelf 

products for broad clinical application.8 To date, CAR-

NK cells have shown impressive efficacy in the 

treatment of hematological malignancies and have been 

widely studied in the treatment of solid tumors, such as 

glioblastoma, breast cancer, and ovarian cancer, with 

numerous breakthroughs.9,10 In this review, we present 

CAR-NK cell therapy for solid tumors as a potential 

platform to revolutionize cancer treatment and improve 

patient outcomes due to its advantages over CAR-T cell 

therapy, such as reduced risk of graft-vs-host disease 

(GvHD) and cytokine release syndrome (CRS). 

Additionally, we discuss the challenges and effects 

of immunosuppressive TME mechanisms for successful 

progression in clinical trials. Moreover, we provide data 

on recently published preclinical and clinical studies of 

CAR-NK therapy. Finally, we evaluate the progression 

in CAR-NK clinical trial challenges and describe 

existing strategies that optimize the persistence, 

function, safety, and efficacy of CAR-NK cells and 

expand the solid tumor penetration of infused cells, 

which can assist in developing a therapeutic approach. 

 

CAR-NK Cell Therapy for Solid Tumors 

The cellular cytotoxic activity, MHC-unrestricted 

recognition, and tumor-infiltrating ability allow NK  

cells to be exploited as a promising therapeutic option for 

the treatment of solid tumors.11,12 Accordingly, NK cells 

have been examined to produce CAR-NK cells against 

various tumor antigens in multiple preclinical studies  

and clinical trials (Supplementary tables 1 and 2). 

 

Activation Signal for CAR-NK Cells 

CAR-NK cells can be activated against tumor cells 

through CAR-independent mechanisms that are 

exploited by NK cells. CAR-NK cells exert cytolytic 

activity for killing tumor cells that do not express the 
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target antigen in a CAR-independent manner.13 

Similarly, CAR-NK cells retain innate natural 

cytotoxicity when engaged by varioius activating 

receptors. For instance, the activation of natural 

cytotoxicity receptors (eg, NKG2D, NKp30, NKp44, 

NKp46), and activating KIRs (eg, KIR2DS1, KIR2DS4, 

and KIR2DL4), as well as costimulatory receptors (e.g., 

DNAM-1), can induce caspase-mediated apoptosis of 

targeted tumor cells.14,15 Target cell apoptosis can also 

be induced through the Fas ligand/TNF-related 

apoptosis-inducing ligand (FasL/TRAIL) pathway, as 

well as interferon-γ (IFN-γ) and tumor necrosis factor 

(TNF) produced by NK cells.16,17 Furthermore, CD16 on 

the NK cells can trigger antibody-dependent cell-

mediated cytotoxicity (ADCC) to eliminate tumor 

cells.18 Activated CAR-NK cells can also induce target 

cell lysis by releasing granzyme and perforin (Figure 1). 

 

 

 
Figure 1. The possible involvement of immunosuppressive variables in the tumor microenvironment (TME) that could lead to the 

ineffectiveness of CAR-NKs. It also provides a description of treatment strategies aimed at enhancing the detection and activation 

of natural killer (NK) cells in the solid tumor microenvironment. TME inhibits the identification of tumor cells by natural killer 

(NK) cells through multiple mechanisms. In response to cytokine signaling, the expression of internal checkpoints such as CBLB, 

SOCS3, and CIS regulates the activation of natural killer (NK) cells and the development of immunological synapses with tumor 

cells. The inhibitory tumor microenvironment also contributes to the suppression of CAR-NKs by releasing suppressive molecules 

such as TGF-β. Within this particular structure, the potency of CAR-NK is diminished, resulting in reduced efficacy against tumor 

cells. The homing of CAR-NKs is also controlled by chemokine receptors, such as CCR5, which directs the cells to the liver in 

response to CCL3. This reduces the effectiveness of CAR-NKs against malignancies located in the bone-marrow. The function and 
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cytotoxicity of CAR-NKs are regulated by intrinsic mechanisms within natural killer (NK) cells. For instance, when tumor ligands 

interact with NK immunomodulatory checkpoint receptors including TIGIT, PD-1, NKG2A, TIM-3, and Siglec-7, it hinders the 

response of CAR-NKs to target cells. ADAM17 inhibits the NK cell ADCC response by releasing the CD16 receptor from the 

surface of the NK cell. The primary agents involved in these processes are potential targets for therapy to reinstate NK cell 

recognition and activation. (1) The proteasome inhibitor bortezomib enhances the ability of natural killer (NK) cells to kill cancer 

cells by increasing the cytotoxicity of TRAIL and FasL. (2) The ability of natural killer (NK) cells to identify tumor antigens is 

greatly hindered by the action of proteases ADAM10 and ADAM17, which cause the shedding of CD16, B7-H6, and NKG2DL 

(MICA, MICB, and ULBP). Therefore, the administration of anti-ADAM17 monoclonal antibodies and ADAM inhibitors can 

enhance the identification and activation of natural killer (NK) cells through the engagement of CD16, NKp30, and NKG2D 

receptors. (3) Furthermore, the genetically modified "off-the-shelf" NK cells, known as FT516, have a high affinity for non-

cleavable CD16 and are resistant to protease-mediated cleavage. Currently, clinical trials are underway to evaluate the therapeutic 

efficacy of FT516. (4) The activating receptor DNAM engages in competition with the inhibitory receptors TIGIT and CD96 for 

ligands CD155 and CD112. Monoclonal antibody treatments that specifically target TIGIT and CD96 have been shown to 

significantly hinder the advancement of cancer and the spread of cancer cells to other parts of the body by inhibiting the depletion 

of natural killer (NK) cells generated by TIGIT and CD96. (5) Killer cell immunoglobulin-like receptors (KIRs) and NKG2A have 

essential functions in the "missing self" process of natural killer (NK) cells. Nevertheless, tumor cells exploit this process to elude 

the immune monitoring carried out by natural killer (NK) cells. By using monoclonal antibodies, the inhibitory signals can be 

blocked, which in turn restores the ability of natural killer cells to destroy tumor cells. (6) The immune checkpoint molecules PD-

1, PD-L1, CTLA-4, and TIM-3 cause NK cell fatigue by binding to specific ligands on tumor cells. ICIs primarily increase the 

identification and cytotoxicity of natural killer (NK) cells against tumor cells by targeting these molecules. This illustration was 

generated using biorender.com. Cancer cells express immunological checkpoint ligands on their cell surface, which provide a 

suppressive interaction with NK cells. In addition, tumor cells can inhibit the activity of NK cells by releasing soluble ligands into 

the surrounding environment, such as BAG-6, galectin-9, and soluble NKG2D-L (sNKG2D-L), as well as other soluble substances, 

including cytokines like transforming growth factor-β (TGF-β), enzymes, and metabolites. Several soluble factors are also 

generated by immune cells found in the tumor microenvironment (TME), including Tregs, tumor-associated macrophages (TAM), 

and myeloid-derived suppressor cells (MDSC). Platelets release the metalloproteinases ADAM-10 and ADAM-17, which cause the 

shedding of NKG2D-L. Additional non-immune cells, such as derived-mesenchymal stromal cells (MSC) and cancer-associated 

fibroblasts (CAF), also generate indoleamine 2, 3 dioxygenase (IDO) or reactive oxygen species (ROS) that diminish the function 

of NK cells. In addition, hypoxia, elevated levels of fatty acids, food deprivation, and acidity, along with other metabolic variables, 

collectively create a complex immunosuppressive tumor microenvironment that impairs the efficiency of natural killer (NK) cells 

against hematologic malignancies. Various techniques can counteract the immunosuppressive process of the tumor 

microenvironment (TME). (A) Antibodies that block immunological checkpoints prevent the suppression of NK cell cytotoxicity. 

When the adenosine A2A receptor (A2AR) binds to extracellular adenosine (ADO), it also inhibits the function of NK cells. 

Inhibiting the CD73 ectoenzyme, responsible for producing ADO, decreases the concentration of this metabolite in the tumor 

microenvironment (TME), consequently enhancing the cytotoxic activity of NK cells. Moreover, the inhibitory impact of NK cells 

is hindered by anti-TGF-β neutralizing antibodies, which disrupt the connection between this cytokine and its receptor (TGF-βR). 

(B) The expression of dominant-negative receptor (DNR) obstructs the inhibitory signaling that is activated by PD-1 and TGF-βR 

when PD-L1/L2 or TGF-β is present. (C) Small molecule inhibitors targeting GSK-3β affect the metabolism of NK cells and 

enhance their ability to kill target cells. Additional inhibitors are specifically designed to impede the kinase activity of TGF-βR. ; 

PD-1, Programmed Death 1; TIGIT, T cell immunoglobulin and ITIM domain; TIM-3, T cell immunoglobulin and mucin-domain 

containing-3; NKG2A, natural killer group 2A; PD-L1/2, Programmed Death ligand-1/2; HLA-E, HLA class I histocompatibility 

antigen, alpha chain E; ADAM-17, A disintegrin and metalloprotease 17; TGF- β, Transforming growth factor beta; TGFβR-2, 

Transforming growth factor beta receptor type 2; CCL2 Chemokine (C-C motif) ligand 2; CAR, chimeric antigen receptor; CIS, 

cytokine-inducible SH2-containing protein; SOCS3, suppressors of cytokine signaling; LAT, linker for activation of T cell; CBLB, 

Casitas B-lineage lymphoma protooncogene B ; ADCC, Antibody-dependent cellular cytotoxicity;HLA-I, HLA class I 

histocompatibility antigen; KIR, Killer-cell immunoglobulin-like receptor; HLA-E, HLA class I histocompatibility antigen, alpha 

chain E; PD-L1, Programmed Death ligand-1; PD-1, Programmed Death 1; TIGIT, T cell immunoglobulin and ITIM domain; 

BCL2-associated Athanogene 6 (BAG-6); sNKG2D-L, soluble natural killer group 2D ligands; TIM-3, T cell immunoglobulin and 

mucin-domain containing-3; PGE-2, prostaglandin E2; NO, nitric oxide; A Disintegrin And Metalloproteinase (ADAM).  
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The CAR is designed to recognize a specific antigen 

expressed in certain tumors, which can serve as a target 

for tumor therapy (Figure 2). Installing a CAR on 

immune cells, such as NK cells, allows them to 

recognize the specific antigen and subsequently attack 

the tumor expressing it.19 Utilizing the NK-specific 

intracellular signaling domains in CAR constructs that 

enhance NK cell functions can improve their persistence 

in vivo as well.20,21 Most activating receptors on NK 

cells, triggering their cytotoxic and secretory functions, 

signal through cytosolic Tyr-based motifs, like 

immunoreceptor tyrosine-based activation motif 

(ITAM) and immunoreceptor Tyr-based switch motif 

(ITSM). DAP10 and DAP12 are adaptor molecules 

containing the ITAM and contribute to activation 

signaling in NK cells. FcRγ and CD3ζ are other ITAM-

containing chains. The activating receptor 2B4, 

belonging to the signaling lymphocytic activation 

molecule (SLAM) family, exploits ITSM to transmit 

signals.22 

Recently, Eitler et al23 indicated that downregulation 

of the adhesion molecule ICAM-1 on breast cancer cells 

is a critical escape mechanism from ErbB2 (HER2)–

specific monoclonal antibody trastuzumab-mediated 

NK cell cytotoxicity, while engineered NK cells 

expressing high-affinity FcγRIIIa (CD16) in 

combination with an ErbB2-specific CAR can overcome 

this resistance through bypassing the LFA-1 signaling 

(Figure 3). 

 

 
 

 

Figure 2. Targets of CAR NK therapy in different cancers. 
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Figure 3. This diagram illustrates the mechanism by which natural killer (NK) cell surface receptors modulate the function of 

chimeric antigen receptor (CAR)-NK cells. The NKG2D receptor, expressed on the surface of CAR-NKs, interacts with its 

ligands (NKG2DL) present on target cells. Upon binding, NKG2D forms a complex with the adaptor protein DAP10. This 

association triggers downstream signaling pathways, including the activation of the p85 subunit of phosphoinositide 3-kinase 

(PI3K) and the Grb2-Vav1 pathway, which collectively enhance the cytotoxic activity of CAR-NKs.The tumor 

microenvironment (TME) plays a crucial role in regulating NKG2D receptor activity. Cytokines such as IL-15, IL-10, IL-12, 

TNF-α, and IFN-α present in the TME can upregulate or activate NKG2D receptors, thereby promoting CAR-NK cytotoxicity. 

Conversely, soluble forms of NKG2DL (sNKG2DL) found in the TME can bind to NKG2D receptors and inhibit their function, 

potentially dampening the anti-tumor response.Killer immunoglobulin-like receptors (KIRs) are another important class of 

NK cell surface receptors. These receptors are categorized based on the signaling motifs in their cytoplasmic domains: 

activating KIRs (KIR S) contain immunoreceptor tyrosine-based activation motifs (ITAMs), while inhibitory KIRs (KIR L) 

contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs). The balance between activating and inhibitory KIR signals 

influences the overall responsiveness of CAR-NKs.Additionally, DNAM-1 (CD226) is a co-stimulatory receptor that, upon 

engagement with its ligands CD155 and CD112 on target cells, further augments the cytotoxic potential of CAR-NKs. Natural 

cytotoxicity receptors (NCRs), including NKp46, NKp44, and NKp30, are a group of activating receptors expressed on CAR-

NKs. Their interaction with specific ligands on target cells contributes to the activation and effector functions of CAR-NKs, 

reinforcing their anti-tumor activity. 

 
CAR-NK Cell Expansion and Persistence 

In the absence of cellular contacts, ex vivo expansion 

of NK cells is inefficient, and the resulted number of NK 

cells is not sufficient for a clinical approach.24 K562 

cells were transduced with mIL-15 or 4-1BB ligand (4-

1BBL), and both of them showed improved efficiency 

for stimulation of NK cell proliferation.25 However, 

studies have shown that K562/mb15/41BBL-activated 

NK cells become unresponsive to stimulation and 

senesce earlier than T lymphocytes, possibly due to 

telomere shortening.26 

“Memory-like NK” cells that are generated by a brief 
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preactivation of NK cells with IL-12, IL-15, and IL-18 

exert enhanced responses to cytokines or activating 

receptor restimulation for weeks to months after 

preactivation and respond more potently to tumor 

cells.27,28 “Armored CARs” are designed to secrete 

cytokines or other molecules, counteracting the 

immunosuppressive nature of the TME and promoting 

CAR-cell persistence and efficacy.29 These CAR 

constructs can be armored with stimulatory cytokine-

transgenes encoding, for example, IL-2, IL-7, IL-15, and 

IL-21, which trigger NK cell expansion and survival.11 

However, preclinical research shows a link between 

toxicity and systemic IL-15 release.30 Although systemic 

administration of IL-2 has been associated with serious 

complications, partly due to the uncontrolled stimulation 

of effector cells and partly because of the potential to 

induce the growth of regulatory cells, including 

regulatory T (Treg) cells.30  

However, these systemic cytokines can be associated 

with a high risk of capillary leak syndrome and further 

accelerate the exhaustion of infused NK cells upon 

overstimulation.31,32 The researchers genetically 

engineered MHC class I negative (missing self as 

“signal 1”) K562 cells to enforce the expression of 

CD48, 4-1BBL, and membrane-bound IL-21.33 

 

Understanding the Tumor Microenvironment 

The TME represents a complex ecosystem with 

altered extracellular matrices, aberrant vascularization, 

and hypoxic zones that surround tumor cells and various 

nonmalignant cell types, such as stromal cells and 

immune cells.34,35 A variety of innate and adaptive 

immune cells, including macrophages, NK cells, 

dendritic cells, and T cells, contribute to the antitumor 

immune response.36 However, various regulatory cells 

in the TME can adversely affect these immune cells, 

exerting a protumorigenic function that supports cancer 

aggressiveness, distant metastasis, and resistance to 

therapy.37 Furthermore, solid tumors recruit myeloid-

derived suppressor cells (MDSCs), which inhibit 

cytotoxic lymphocytes and reinforce the suppressive 

TME.38,39 

NK cell function is impaired by MDSCs through 

metabolic disturbances and inhibitory cytokines. Certain 

signaling pathways, including arginase activity and 

reactive oxygen species generation, are implicated in 

MDSC-mediated repression.40 Major suppressor cells in 

the context of antitumor immunity have been identified 

as MDSCs. MDSCs promote the development of 

protumor macrophages (M2) and Tregs by producing 

immunosuppressive cytokines such as IL-10 and 

transforming growth factor β (TGF-β). Additionally, 

these inhibitory mediators reduce the expression of the 

activating receptor NKG2D on NK cells, thereby 

diminishing their cytotoxic activity. Additionally, 

tumor-associated hypoxia promotes an increase in 

programmed cell death ligand 1 (PD-L1) expression on 

the surface of MDSCs.41,42 However, metabolic 

reprogramming of the TME is the most commonly used 

mechanism by MDSCs to suppress tumor-fighting cells. 

MDSCs significantly influence the antitumor immune 

response by creating local tolerance within the tumor 

through a complex network of cellular components, 

including enzymes, transporters, and transcription 

factors involved in glucose, lipid, and amino acid 

metabolism.41 MDSCs can be associated with changes 

in the TME, such as downregulation of genes encoding 

glucose transporters and glycolysis-related enzymes, 

disruption of lactate and pH regulation, elevated levels 

of CD39 and CD73, and increased adenosine 

accumulation.41 

Moreover, the abnormal vasculature of solid tumors 

lacks hierarchical organization and expresses lower 

adhesion molecules on the endothelium, impairing the 

infiltration of immune cells.43,44 The 

immunosuppressive cytokines and metabolites within 

the TME (TGF-β, IL-10, IL-37, indoleamine 2,3-

dioxygenase [IDO], adenosine, and prostaglandin E2), 

can further limit the NK cell antitumor functions.45–47 

TGF-β reduces the recruitment of functional NK cells, 

downregulates their activating receptors, and suppresses 

the release of perforin.48 Furthermore, the 

immunosuppressive TME contains upregulated immune 

checkpoint ligand expression that interacts with immune 

checkpoint receptors on tumor-infiltrating immune cells 

and suppresses their effector function. NK cells express 

the immune checkpoint receptor programmed cell death 

1 (PD-1), which can inhibit their cytotoxic function upon 

interaction with PD-L1 on tumor cells.49,50 

Furthermore, tumor-associated neutrophils (TANs) 

can express PD-L1 under the immunosuppressive 

condition of TME.51 The upregulation of PD-L1 on 

TANs has been associated with a decrease the 

responsiveness of NK-activating receptors, NKp46 and 

NKG2D, through the PD-L1/PD-1 interplay.52 In 

addition, tumor-associated macrophages, particularly 

M2-like tumor-associated macrophages, and cancer-

associated fibroblasts (CAFs), exhibiting protumor 
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phenotypes, contribute to suppressing NK cell 

cytotoxicity, in particular by secreting anti-

inflammatory cytokines and immunosuppressive 

mediators in the TME.53,54 This is worsened by CAFs, 

which attract Tregs and M2 macrophages and produce 

extracellular matrix components that inhibit NK cell 

infiltration.40 The interaction between CAFs and tumor 

cells through the IL-6 produced by CAFs increases the 

Treg:CD8+ T cell ratio.42 Using co-culture systems, the 

interaction between fibroblasts and breast cancer cells 

increased levels of cytokines (TGF-β, IL-6, and IL-8) as 

well as chemokines (CXCL1 and CXCL3). These 

molecules are involved in cell migration and the 

development of epithelial-mesenchymal transition.55 

Overall, NK cells’ function in the TME resulted from a 

sophisticated interplay of activating and inhibiting 

receptors with corresponding ligands or cytokines. 

Through these receptors, NK cells identify biomarkers 

presented on the tumor cells, providing the stage for 

either tumor surveillance or tumor immune escape56 

(Figure 1). 

 

Overcoming the Immunosuppressive TME 

One of the major challenges facing CAR cell therapy 

in solid tumors is overcoming the immunosuppressive 

TME (Figure 1). 

 

TGF-β 

The cytotoxicity of NK cells is significantly reduced 

once TGF-β binds to TGF-βR on NK cells, leading to 

phosphorylation and activation of SMAD2/3 followed 

by SMAD4. Additionally, it has been shown that TGF-

β decreases NK cell ADCC, IFN-γ secretion, and 

granzyme A and B production by activating SMAD3. 

Silencing TGF-β’s downstream mediator, SMAD3, is 

another strategy to reduce the detrimental effects of 

TGF-β on NK cells and enhance NK cell cytotoxicity.57 

Downregulating NK cell–activating receptors (NKG2D, 

DNAM1, and NKp30, TGF-β) reduces the cytotoxic 

function of NK cells by decreasing their capacity to 

degranulate, produce cytokines, and engage in metabolic 

and mTOR signaling pathways. Moreover, TGF-β 

increases the expression of CXCR3 and CXCR4 on NK 

cells, which prevents their development into functional 

immune cells and interferes with their egress from the 

bone marrow. Notably, unfavorable prognoses are 

associated with elevated TGF-β expression in several 

solid tumors, including pancreatic, gastric, lung, breast, 

and liver cancers.58 

Researchers have engineered NK cells to make them 

resistant to the suppressive effect of TGF-β, for 

example, by the TGF-βR2 knockout using CRISPR-

Cas9 gene editing,59 or the expression of a dominant 

negative TGF-βR2 using retroviral transduction.60 The 

engineered NK-92 cells expressing a CAR with the 

extracellular TGF-βR2 domain and intracellular 

NKG2D domain were found to be resistant to TGF-β–

induced suppressive effects and exhibit enhanced IFN-γ 

production and cytotoxicity, as well as more cytotoxicity 

and a better chemoattractant in the presence of TGF-β.61 

Thus, converter CARs can be a promising strategy for 

developing novel generations of CAR-NK cells to 

reverse the immunosuppressive TME, improving 

outcomes in the treatment of solid tumors. 

According to Oh et al,62 CAR-NK cells were 

engineered to release UP01a, a TGF-β receptor 

inhibitory peptide that disrupts the TGF-β signaling 

cascade in the TME and increases NK cell infiltration in 

the TME. Another study uses a peptide called P6, which 

targets mesothelin in pancreatic tumors, to deliver self-

activating CAR-NK cells that block TGF-β1 signaling 

in the TME and restore NK cell activity, metabolism, 

and cytotoxicity.63 In the presence of exogenous TGF-β, 

Chaudry et al demonstrated that cotransducing NK cells 

with a B7H3 CAR and a TGF-β dominant negative 

receptor can maintain cytolytic function. However, since 

this was only evaluated in vitro, further preclinical 

studies are needed to determine whether this is a viable 

strategy.58,64 

 

Adenosine 

Cancer cells release large amounts of adenosine 

triphosphate in the hypoxic environment, which is then 

broken down into adenosine by the ectoenzymes CD39 

and CD73. Adenosine is a potent purinergic mediator 

that can instruct NK cells to suppress their antitumor 

activities.58 Both NK cells and T cells are broadly 

immunosuppressed by this buildup, and the antitumor 

function of NK cells can be inhibited by CD39-

expressing Tregs.40 

Adenosine interacts with the A2A adenosine 

receptor (A2AR) on NK cells to limit their activity. 

Therefore, researchers have exploited NK cell–specific 

conditional deletion of A2AR to preserve the 

proliferative capacity and antitumor function of NK 

cells.65 The possibility of adapting CAR-NK cells to 

hypoxia within the TME of solid tumors has been the 

subject of only a few investigations to date. Nonetheless, 
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several studies have already explored how NK cell–

based therapies might be modified, and it is possible that 

CAR-NK cells could use the same tactics.58 To restore 

oxygen levels in the TME, Duan et al used 

biodegradable manganese dioxide nanoparticles, called 

MnOX nanoenzymes. These MnOX nanoenzymes 

enhance infiltration and antitumor activity when 

combined with CAR-NK cells in mice.66 

Solocinski et al67 used high-affinity NK (haNK) cells 

in a different approach. These cells contain internal IL-

2 and a high-affinity CD16 receptor, which enhances 

ADCC and activation. They demonstrated that haNKs 

retain their cytotoxicity in hypoxic environments. By 

integrating an anti-CD73 scFv CAR into genetically 

engineered NK cells, Chambers et al68 successfully 

eradicated lung cancer cells with high CD73 expression, 

even in hypoxic environments. Even with these 

encouraging methods, much more research is still 

needed to successfully and safely implement such 

strategies in a clinical setting. 

By focusing on the intricate interactions among 

immune cells, stromal components, and metabolic 

factors that promote tumor growth and therapy 

resistance, modulating the TME has emerged as a 

rapidly advancing field in cancer therapy aimed at 

overcoming resistance and improving patient outcomes. 

These strategies have demonstrated improved NK cell 

infiltration, persistence, and cytotoxicity in preclinical in 

vitro and animal models, providing proof of concept for 

their therapeutic potential. However, translating these 

findings into human applications faces challenges, 

including the complex and heterogeneous nature of the 

human TME, variability among patients, and the 

requirement to manufacture CAR-NK cells products 

under strict Good Manufacturing Practice (GMP) 

conditions to ensure safety and reproducibility. TME 

heterogeneity, the lack of predictive biomarkers, and 

adaptive resistance mechanisms often limit clinical 

efficacy, despite encouraging outcomes from early-

phase trials of TME modulation in certain cancer types. 

Real-time TME profiling is driving the development of 

combination therapies and personalized approaches to 

overcome resistance and maximize benefit. Despite this 

progress, limitations remain, including potential 

toxicities, regulatory hurdles, and the need for long-term 

efficacy data. Continued multidisciplinary research and 

well-designed clinical studies are essential to fully 

realize the potential of TME modulation strategies in 

CAR-NK cancer immunotherapy (Figure 4). 

Infiltration Capabilities of CAR-NK Cells 

Various immunosuppressive TME-related factors 

counteract the infiltration capabilities of CAR-NK cells, 

preventing NK cell homing into solid tumors.69 The 

limited tumor infiltration by NK cells prevents a 

sustained antitumor immune response and the successful 

application of CAR-NK cell therapy. Research 

demonstrates that overexpressing the chemokine 

receptor CXCR3 on human NK cells during ex vivo 

expansion enhances their ability to migrate toward solid 

melanoma tumors that express CXCL10.70 Similarly, 

enforcing a CXCL16 gradient in the pancreatic tumor 

environment increases the tumor tissue infiltration of 

NK cells, improves the antitumor response, and reduces 

the tumor burden in mice.71 Therefore, the enhanced 

engagement of chemokines with cognate receptors on 

the CAR-NK cells has emerged as one approach to 

improving their migration toward the tumor site. For 

instance, the genetic engineering of CAR-NK cells to 

express the chemokine receptor CXCR4 conferred a 

specific chemotaxis to CXCL12/SDF-1α–secreting 

glioblastoma cells, intensified tumor infiltration,72 and 

retained the functional and cytotoxic activity of CAR-

NK cells against target cells.73 

 

Clinical Trials and Research Progress 

Presently, multiple clinical trials are proceeding to 

investigate the therapeutic utility of CAR-NK cells in 

various solid and hematological malignancies, like 

neuroblastoma, prostatic cancer, and glioblastoma. 

These trials aim to validate the clinical efficacy and 

safety profile of CAR-modified NK therapy in a real-

world setting.74 Numerous ongoing clinical trials 

investigating CAR-NK cell therapies are focused on 

pancreatic cancer, which remains one of the most 

challenging diseases to treat.30 
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Figure 4. The immune-suppressive tumor microenvironment (TME) plays a critical role in impairing the function of chimeric 

antigen receptor natural killer (CAR-NK) cells. Cancer cells actively contribute to this suppression by expressing immune 

checkpoint ligands on their surface, which engage inhibitory receptors on NK cells and dampen their cytotoxic activity. In 

addition to membrane-bound ligands, tumor cells release a variety of soluble factors into the surrounding milieu that further 

inhibit NK cell function. These include proteins such as BAG-6, galectin-9, and soluble NKG2D ligands (sNKG2D-L), as well 

as cytokines like transforming growth factor-beta (TGF-β), enzymes, and metabolic byproducts.Many of these 

immunosuppressive soluble factors are not only produced by tumor cells but also by immune cells infiltrating the TME. 

Regulatory T cells (Tregs), regulatory B cells (Bregs), tumor-associated macrophages (TAMs), and myeloid-derived suppressor 

cells (MDSCs) all contribute to the suppression of NK cell activity by secreting inhibitory molecules and cytokines. Platelets 

also play a role by releasing metalloproteinases ADAM-10 and ADAM-17, which promote the shedding of NKG2D ligands 

from the tumor cell surface, thereby reducing NK cell recognition and activation.Non-immune stromal cells within the TME, 

such as mesenchymal stromal cells (MSCs) and cancer-associated fibroblasts (CAFs), further exacerbate immunosuppression 

by producing indoleamine 2,3-dioxygenase (IDO) and reactive oxygen species (ROS), both of which negatively impact NK cell 

function. Moreover, the metabolic landscape of the TME—characterized by hypoxia, elevated levels of fatty acids, nutrient 

deprivation, and acidic pH—creates additional barriers that limit the effectiveness of NK cells, particularly in the context of 

hematologic malignancies.Collectively, these diverse mechanisms generate a highly immunosuppressive environment that 

significantly hinders the anti-tumor activity of CAR-NKs. However, several therapeutic strategies are being explored to 

counteract these immunosuppressive pathways and restore NK cell function within the TME. 
 
Early clinical research, however, remains limited 

and heterogeneous. Furthermore, CAR-NK cells face 

several challenges, including inefficient transduction of 

CAR gene constructs, difficulties in maintaining cell 

potency after cryopreservation, variable persistence 

following infusion, and inconsistent durability of 

clinical responses. These obstacles have hindered the 

widespread adoption of CAR-NK cell therapy in 

mainstream clinical practice.75 However, information 

about the manufacturing process of CAR-NK cells was 
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not consistently documented, and significant variations 

existed in both published and ongoing research 

regarding CAR-NK cell dosage, administration 

schedules, and routes of administration.75 Some studies 

have reported using freshly collected products 

immediately after ex vivo manufacturing, whereas only 

2 studies have described infusing cryopreserved CAR-

NK cell products. Even though most trial registration 

data do not specifically mention this, it remains difficult 

to determine the feasibility of using cryopreserved 

materials until the results are published.75 

Characterization of cell products was not consistently 

described. The majority of studies used cell surface 

markers and CAR transgene persistence to assess the 

potency and viability of CAR-NK cells, whereas cell 

viability and potency assays were infrequently 

reported.75 Cellular senescence often limits the ability of 

NK cells to proliferate in ex vivo cultures. According to 

some preclinical studies, generating NK cells from 

expanded HSCs or induced pluripotent stem cells 

(iPSCs) may help prevent cellular senescence.75 

Furthermore, data on dose responsiveness, the 

relationship between CAR-NK cell persistence and 

efficacy, and new information on potential biomarkers 

associated with efficacy may be obtained from future 

research.75 To prevent the unchecked activation and 

proliferation of CAR-NK cells in vivo, it is essential to 

address the risks of insertional mutagenesis and potential 

neoplastic transformation resulting from the random 

integration of CAR-carrying vectors.30 A significant 

obstacle is the host immune system’s ability to recognize 

and eliminate grafted cells, especially since most 

ongoing clinical trials use an off-the-shelf allogeneic 

approach for CAR-NK cells.30 Fever and exhaustion are 

the most common adverse effects of CAR-NK therapy 

and can result from elevated serum levels of IL-6 and C-

reactive protein.76 

Treatment for solid tumors is now undergoing early-

stage clinical trials with considerable variation in design, 

end points, and reporting. The majority of published 

CAR-NK cell therapy clinical trials, including those 

targeting solid tumors, have very small sample sizes. 

Most active registered trials (over 50 trials with a total 

of 2102 participants) plan to recruit more subjects30; 

however, the majority focus on hematologic 

malignancies rather than solid tumors. In solid tumor 

trials, these small sample sizes limit statistical power and 

generalizability. Current trials have inconsistent and 

often nonstandardized end points. Safety (including 

adverse event rates and dose-limiting toxicities), 

feasibility, and overall response rate are typical primary 

end points. Progression-free survival, overall survival, 

and CAR-NK cell persistence serve as common 

secondary end points. While objective response rates 

and response duration are frequently reported for solid 

tumors, biomarker analysis and surrogate outcomes are 

not consistently incorporated. 

Most trials have short durations, while some last up 

to a year to assess response durability. Frequently, 

median follow-up times are either not reported or not 

reached. There is a scarcity of long-term data on 

durability and late toxicities. Clinical trials are currently 

testing a wide variety of dosing regimens, reflecting the 

uncertainty about the dose required to maximize efficacy 

while minimizing potential side effects in patients. The 

dosage schedules in the selected clinical trials 

demonstrate a variety of approaches, ranging from 

single to multiple doses. Because CAR-NK cells have 

lower postinfusion durability and expansion than CAR-

T cells, dosage may also be more important. Optimizing 

the source and manufacturing processes of CAR-NK 

cells could be significant step toward improving their 

clinical efficacy. Potential biases include heterogeneity 

in CAR-NK cell sources, manufacturing techniques, 

which complicate cross-study comparisons. Other 

potential biases include patient selection (heavily 

pretreated or refractory patients) and uncontrolled study 

designs, as the majority of published trials are single-

arm and lack control groups. Most importantly, while 

negative or inconclusive studies may remain 

unpublished, positive outcomes are more likely to be 

publicized. 

 

Clinical Trials for CAR-NK Cell Therapy 

BCMA-CAR-NKs modified with CXCR4 

significantly reduced the tumor burden and extended the 

survival of tumor-bearing mice.77,78 Preclinical studies 

targeting specific antigens, including EGFRvIII, HER2, 

HLA-G, and cancer stem cell markers, have shown 

enhanced cytotoxicity against solid tumors (ovarian 

cancer, breast cancer, and glioblastoma) in vitro and in 

vivo, indicating the potential of CAR-NK cell therapies 

in the treatment of malignancies.77,79,80 Murakami et al 

developed CARKHYG-1 that specifically suppresses 

the growth of GBM cells by inducing apoptosis through 

the expression of EGFRvIII.81 Also, Liu et al82 

demonstrated that EGFR-CAR NK cell types inhibited 

breast cancer cell line–derived xenograft and patient-

http://ijaai.tums.ac.ir/


A. Emami Nejad, et al. 

12/ Iran J Allergy Asthma Immunol,                                                                        

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir) 

derived xenograft tumors in mice, which holds potential 

as a viable technique for managing triple-negative breast 

cancer in patients. 

According to Wang et al,83 the creation of 

multifunctional genetically modified human NK cells, 

namely CD73 mCAR pNK cells, has the potential to 

produce potent antiglioblastoma (GBM) effects. This is 

attributed to the diverse nature of tumors and the various 

immunosuppressive properties present in the TME of 

GBM. In vitro and in orthotopic GBM xenograft models, 

Zhang et al provided evidence of the powerful and 

selective anticancer activity of second-generation CAR 

NK-92/5.28.z, which specifically targets the growth 

factor receptor tyrosine kinase ErbB2 (HER2).84 In 

addition, preclinical studies have confirmed the efficacy 

of CAR-NK cells in targeting glioblastoma and 

EpCAM-positive colorectal cancer cells in xenograft 

models. However, limited clinical data exist on their 

potential in solid tumor treatment. In China, 3 phase I/II 

clinical studies demonstrated the feasibility of 

nonhematological tumor treatment with CAR-NK cells 

in pancreatic ductal adenocarcinoma and relative solid 

tumors with ROBO-1 expression.85–88 

EpCAM-specific second-generation CAR cells have 

been established to specifically target and destroy 

EpCAM-positive colorectal cancer cells, exhibiting 

focused cytotoxicity. The research showed that using both 

regorafenib and CAR-NK-92 cells together was more 

effective at suppressing the growth of established 

EpCAM-positive tumor xenografts than using either 

CAR-NK-92 cells or regorafenib alone.89 The ongoing 

clinical trials aim to evaluate the safety and feasibility of 

CAR-NK therapy, as well as its capacity to induce tumor 

regression and enhance patient outcomes. These trials are 

crucial for evaluating the persistence and expansion of 

CAR-NKs in vivo, and identifying any potential adverse 

effects associated with this novel immunotherapy 

approach.90 In terms of trial targets, some CAR-NKs 

target metastatic solid tumors that express tumor-

associated antigens (HER2, PSMA, mesothelin, ROBO1, 

or MUC1). A clinical trial is now assessing the 

effectiveness of CAR therapy that targets NKG2DL in 

treating solid tumors. This approach is based on the 

discovery that stress molecules identified by NKG2D are 

frequently increased in metastatic solid tumors.74,91 

 

Predictive and Prognostic Biomarkers in CAR-NK 

Cell Therapy for Solid Tumors 

Tumor antigen density, NK cell–intrinsic factors, 

TME modulators, and donor cell quality are emerging as 

significant predictors of CAR-NK cell response in solid 

tumors, although no single biomarker can accurately 

predict this response. Functional assays and multiplexed 

biomarker panels can further improve patient selection 

and treatment optimization. The variation in therapy 

effectiveness based on the TME is noteworthy.92,93 The 

respond of tumor cells to CAR-NK cells appears to be 

significantly influenced by the presence of CD44 in the 

extracellular matrix. Both in vitro and in vivo studies 

have shown that CAR-NK cells significantly suppressed 

tumors and induced cytotoxicity in CD44-negative N87 

tumor-bearing mice. Conversely, CAR-NK cells 

exhibited reduced efficacy in CD44-positive JIMT-1 

tumor-bearing mice, as they effectively penetrate the 

extracellular matrix and reach tumor antigens.92 

Therefore, CD44 expression in the TME may be assayed 

to predict CAR-NK cell responsiveness. 

The translationally relevant biomarkers of cellular 

immunotherapy associated with the effectiveness, 

durability, and safety of CAR therapy were assessed by 

Layman et al.93 Specifically, they evaluated the presence 

and concentration of several candidate biomarker 

proteins related to (1) immune activation and 

cytotoxicity (IFN-γ, granzyme B, IL-2, IL-12p70, 

perforin), (2) cellular immunotherapy persistence (IL-7, 

IL-15, IL-18, CD40L), and (3) adverse events (CRS and 

immune effector cell-associated neurotoxicity syndrome 

[ICANS] [IL-1β, IL-10, IL-6, MCP-1]). Elevated levels 

of IFN-γ, IL-12p70, and perforin have been associated 

with robust immune activation and cytotoxicity, serving 

as positive predictive biomarkers for CAR-NK cell 

efficacy. Conversely, excessive levels of IL-6, IL-10, or 

MCP-1 are correlated with CRS and immune-related 

toxicities, acting as prognostic indicators of treatment 

safety rather than efficacy. Together, these findings 

suggest that integrating tumor phenotyping (eg, CD44 

expression, antigen density) with systemic immune 

signatures (eg, cytokine profiles) could guide patient 

stratification and enable biomarker-driven optimization 

of CAR-NK therapies for solid tumors. 

 

Challenges of the NK Cell Sources in Clinical Trials 

Peripheral blood NK cells: The effectiveness of 

autologous NK cells is often lower; therefore, allogeneic 

peripheral blood (PB)–NK cells are typically preferred 

for treatment. However, because NK cells are scarce in 

peripheral blood, it is difficult to collect a sufficient 

number, necessitating extensive expansion.76 Despite 
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improvements in stimulatory biological combinations, 

PB-NK cells still face low transduction efficiency and 

potential exhaustion from prolonged culture, despite 

being mature cells that do not require extensive 

differentiation.76 Interdonor variability and the lack of 

standardized protocols for NK cell activation and 

expansion can lead to heterogeneity in CAR-NK cell 

products. Moreover, applying established CAR-T 

manufacturing techniques to genetically modify PB-NK 

cells using lentiviral vectors is difficult, likely due to 

their intrinsic antiviral defenses. One approach under 

investigation to enhance NK cell transduction efficiency 

involves using alternative lentiviral pseudotypes to alter 

the tropism of the lentiviral delivery system.30 

Cord blood NK cells: Cord blood’s high NK cell yield 

makes it a convenient alternative. Although cord blood 

(CB)–NK cells may express fewer cytotoxicity 

receptors, they have shown promise in clinical trials, 

with current research demonstrating their efficacy and 

durability in vivo.76 Moreover, prolonged ex vivo NK 

cell expansion is required to reach clinically relevant 

dosages due to the limited volume obtainable from a 

cord blood sample.30 

NK cell lines: Because they are simple to expand and 

maintain, NK cell lines, such as NK-92 facilitate the 

production of large quantities of NK cells. NK-92 cells 

have potent antitumor activity and can be genetically 

modified.76 Their poor in vivo persistence has been a 

significant drawback in NK-92 cell trials, impeding the 

development of long-lasting remissions.76 The high 

expression of activating receptors and low expression of 

inhibitory receptors indicate that NK-92 cells are highly 

cytotoxic. However, the potential for tumor engraftment 

raises several safety concerns regarding the infusion of 

immortal NK cell lines.30 Residual K562 cells may be 

present in the final product, necessitating thorough 

purification, which complicates and increases the cost of 

manufacturing. Tumor-derived feeder cells, such as 

K562 are difficult to use in clinical protocols because of 

the strict standards for cell-based therapeutics enforced 

by European regulatory agencies, including the 

European Medicines Agency.76 

Stem cell–derived NK cells: iPSCs or human embryonic 

stem cells (hESCs) can be used to generate NK cells, 

providing a standardized, commercially available 

product that reduces donor variability. Although it takes 

3 to 5 weeks to produce NK cells from these stem cells, 

the final product represents the most consistent and 

reliable approach.76 Complex mechanisms required for 

pluripotent stem cell differentiation limit the capacity to 

cost-effectively scale up the production of clinical-grade 

CAR-NK cells under GMP. Producing large quantities 

of CAR-NK cells is time-consuming, and during the 

expansion phase, cultured cells may acquire oncogenic 

mutations, which could pose safety risks.30 Concerns 

about genomic instability, the potential for malignant 

transformation, informed consent for donor tissue use, 

genetic manipulation, and data privacy are among the 

key ethical challenges associated with the use of iPSC-

derived NK cells.94 Regarding hESCs, the primary 

safety concern in iPSC-based therapies is the risk of 

teratoma formation, which may occur if patients receive 

iPSC-derived cells containing residual undifferentiated 

iPSCs. To evaluate the clinical potential of iPSCs and 

their differentiated derivatives, further in vitro and in 

vivo animal studies are needed to develop optimized 

growth and differentiation protocols, along with reliable 

safety assessments.95 

In addition to eliminating unnecessary barriers to 

iPSC research and therapy, laws and standards must be 

established to ensure the ethical integrity of iPSC 

production and application. GMP conditions should be 

maintained at every stage of iPSC-based cell therapy, 

including donor somatic cell isolation, iPSC generation 

and differentiation, and the transplantation of iPSC-

derived products. Rigorous quality control procedures 

are also required, particularly when genetic modification 

of cells is involved.96 

 

Manufacturing and Scale-up Challenges for Clinical 

Translation of CAR-NK Cell Therapy 

The complexity and cost of customized 

manufacturing present challenges. Innovative 

manufacturing techniques have recently been the focus 

of research aimed at improving the accessibility of 

CAR-NK therapy. Off-the-shelf CAR-NK products can 

be manufactured in large quantities and stored for 

immediate use, significantly reducing production time 

and costs compared to autologous CAR-NKs, which 

require customized manufacturing.97 It is difficult to 

produce a sufficient quantity of high-quality CAR-NK 

cells for clinical use, and strict GMP-compliant 

procedures are required. The methods used to produce 

CAR-NK cell therapies vary depending on the platforms 

and proprietary technologies employed, as well as the 

starting materials.30 Bioreactor systems enable precise 

control of critical parameters (temperature, dissolved 

oxygen, pH, and nutrient levels), which are vital for 
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maintaining cell integrity, ensuring reproducibility, and 

optimizing productivity.98 Every step of the production 

process—from storing donor cells and genetic 

modification and differentiation to formulating the 

finished product—incorporates rigorous quality control 

procedures. These methods include sterility testing, 

immunophenotyping, cytotoxicity assays, genetic 

stability evaluations, and assessments of transgene 

expression levels.98 

 

GMP-Compliant Manufacturing and Cost 

Consideration for Off-the-Shelf CAR-NK Products 

Scalable, off-the-shelf therapeutic production is 

enabled by the ability to obtain CAR-NK cells from 

various sources, including PB, CB, iPSC, or NK-92 cell 

lines, NK101 cell lines, and hematopoietic progenitor 

cells.169 However, manufacturing clinical-grade CAR-

NK cells is challenging, and variability in the cell 

product’s properties may impact outcomes. Further 

optimization of donor or cell source selection, cell 

culture conditions, cryopreservation protocols, and 

dosing methods is necessary to ensure consistent quality. 

To produce high-quality, cost-effective infusion 

products at scale, automated and standardized 

manufacturing systems, along with robust quality 

control procedures, are essential.99 To meet regulatory 

requirements for safety and efficacy, GMP practices 

require stringent in-process controls, validated quality 

control testing (including flow cytometry for purity, 

identification, and potency), and comprehensive 

documentation.100 Feeder-free and serum-free media, 

along with GMP-grade reagents and vectors, are 

increasingly used in GMP-compliant protocols to 

minimize contamination and batch-to-batch variability. 

GMP processes also include controlled shipping to 

preserve product integrity for “off-the-shelf” use, as well 

as validated cryopreservation techniques.100 

Liu et al101 employed a cryopreservation technique 

specifically designed for CAR-iNK cells to replicate 

actual clinical conditions. After 6 months of 

cryopreservation in clinical-grade CS10 freezing 

medium, the cytotoxicity of the cryopreserved CAR-

iNK cells remained almost unchanged. This technique 

has enabled the creation of an off-the-shelf CAR-iNK 

cell product, allowing us to overcome the challenges 

associated with NK cell cryopreservation. Furthermore, 

since secondary T-cell malignancies induced by CAR-T 

therapy have been reported following treatment, 

cryopreserved NK cells provide sufficient time to 

evaluate the potential risks of CAR-iNK tumorigenesis. 

Given the properties of cryopreserved iNK cells in 

cellular therapy applications, a 20% to 30% increase in 

the initial infusion dose is necessary to achieve the 

appropriate effective dose.101 

By reducing the potential for contamination and 

operator error—thereby lowering the failure rate—

automated closed manufacturing systems minimize 

manufacturing costs, improve product quality, and 

increase patient access to cell therapies. To establish 

appropriate facility and equipment requirements along 

with monitoring plans, the US Food and Drug 

Administration (FDA) encourages the use of closed 

manufacturing processes. Automated closed systems 

offer significant benefits but involve a trade-off between 

high upfront capital costs and long-term operational cost 

savings. Although the long-term advantages outweigh 

the initial investment, these costs often pose substantial 

challenges for academic laboratories and small biotech 

companies.102 Even though the existing workflow is 

reliable, there is always room for process optimization, 

particularly by reducing manual tasks and simplifying 

paperwork. The efficiency of batch review and deviation 

management could be improved by switching from 

paper-based to electronic batch records. Furthermore, 

this transition would decrease manual labor and enhance 

scalability for commercial and clinical applications. 

Large-scale production is enabled by automated, closed-

system manufacturing, which lowers per-dose costs and 

allows the processing of batches for multiple patients in 

a single run.102 

Many expansion techniques are used to produce the 

necessary number of NK cells for clinical use. These 

include cytokine combinations, membrane-bound 

cytokines in K562 cell–based systems, and advanced 

automated expansion technologies. Despite 

advancements in expansion methods, it can still take 

several weeks to reach clinically meaningful cell 

numbers, and maximizing transduction efficiency while 

preserving cell viability remains challenging.40 

 

Donor Variability and Reproducibility in CAR-NK 

Expansion 

For NK cell research and their effective therapeutic 

application, an essential prerequisite is the development 

of robust ex vivo expansion techniques that produce 

functional NK cells in adequate numbers. While many 

studies concentrate on comparing activating agents or 

optimizing cytokine cocktails, basic culture parameters 
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such as the initial seeding density have received very 

little attention. The initial seeding density significantly 

influences both the phenotypic profile of NK cells and 

their overall expansion potential.103 

Additionally, intrinsic donor variability may 

introduce significant heterogeneity in experimental 

results, jeopardizing both reproducibility and 

translational applicability. Since such interindividual 

variations may affect both the functional output and 

therapeutic potential of expanded NK cells, 

understanding them is crucial for both basic research and 

clinical applications.103 It is widely known that there are 

significant differences in CD16a expression among 

healthy individuals. In disease contexts such as gastric 

cancer and non-small-cell lung cancer, reduced NKp46 

expression has been previously reported and often 

correlates with decreased NK cell function and disease 

progression. Although the fundamental mechanisms 

remain unclear, interindividual differences in NK cell 

responsiveness may result from genetic polymorphisms, 

epigenetic regulation, and prior immunological 

activation.103 In the long run, integrating single-nucleotide 

polymorphism analyses into donor selection processes 

may help predict the quality of cell products, guide 

treatment approaches, and reduce interindividual 

variation in clinical outcomes. To assess how phenotypic 

and genotypic variations translate into effector functions, 

future research should build on these findings by 

including larger donor cohorts and functional assays such 

as cytotoxicity testing, cytokine release assays, and 

especially ADCC. Extending genetic analysis beyond 

receptor gene variants—ideally through whole—genome 

or exome sequencing-may reveal additional metabolic or 

regulatory pathways involved in NK cell proliferation.103 

Reproducible generation of clinical-grade CAR-NKs to 

effectively treat solid tumors requires overcoming 

interdonor variability through careful donor selection and 

improved expansion techniques. 

 

Safety Switches in CAR-NK Design 

Treatment with CAR-NKs is not entirely risk-free, 

although these cells are generally safer than CAR-Ts. 

CRS, neurotoxicity, on-target/off-tumor toxicities, and 

leukemic transformation of CAR-NKs are some of the 

potential side effects. These concerns emphasize the 

need to develop strategies for the selective elimination 

of injected CAR-NKs in cases of severe adverse 

effects.57 However, these adverse events still occur and 

need to be carefully managed clinically. 

When administering CAR-NK therapy, managing 

CRS-related toxicity is essential. First, it is important to 

monitor biomarkers predictive of CRS risk, such as 

cytokine levels, and track their changes during 

treatment. Second, clinicians should aim to reduce tumor 

burden prior to CAR-NK infusion.104 Anti–IL-6 therapy, 

intravenous fluid boluses, low-dose vasopressors, 

tocilizumab or other human-murine chimeric 

monoclonal antibodies against IL-6, and corticosteroids 

are all components of a systematic treatment approach 

for CRS and neurotoxicity.105,106 

Suicide switches enable the selective elimination of 

CAR-expressing cells, thereby deactivating the therapy. 

The obvious consequences of this are the inability to 

continue the therapy and the need to either cease 

treatment or develop new CAR constructs.107 Small 

molecule–dependent homodimerization 

(AP1903/rimiducid or AP20187) forms the basis of the 

iCas9 switch’s mechanism of action. In the presence of 

rimiducid, the modified human caspase-9 (which lacks 

the native dimerization domain) is linked to the FKBP 

molecule, allowing dimerization and, consequently, 

activation of caspase-9 via chemically induced 

dimerization. These switches are among the best 

inactivating switches because of their high efficiency, 

exceeding 85% to 90% with a single injection of 

AP1903.107 The iRC9 system, a variant of the iCas9 

system, utilizes the heterodimerization of the FRB 

molecule (FKBP-rapamycin binding) and FKBP12. This 

modification enables the creation of an orthogonal 

switch, in which rimiducid activates the MyD88 

costimulator, and rapamycin triggers caspase-9 

dimerization.108 

One study reported increased apoptosis and 

introduced a rapamycin-induced caspase-9–based safety 

switch (iRC9) alongside iCO. It has been demonstrated 

that these switches can coexist within the cell without 

interfering with its biochemical processes. This 

approach was successfully tested in CAR-NKs.109 As is 

also being investigated in T cells, conditional safety 

switches incorporated into the cells provide a solution by 

allowing the selective removal of CAR-NK cells in 

patients, reversing any negative effects. According to 

certain research, the CAR design of CAR-NK cells 

incorporates an inducible caspase-9–based suicide gene 

(iCasp9). When undesirable responses are detected, the 

iCasp9 component acts as a safety switch, allowing the 

CAR-NK cells to undergo pharmacologically induced 

cell death. As demonstrated with CAR-T cells, this 
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method adds an extra layer of safety by enabling the 

rapid and targeted elimination of CAR-NK cells when 

necessary.99 ADCC against NK cells modified with this 

EGFR variant can be mediated by cetuximab, a 

clinically approved monoclonal antibody. As a result, it 

enables the specific elimination of CAR-NK cells.99 

The herpes simplex virus type 1 thymidine kinase 

(HSV-TK) must be introduced into CAR cells for 

ganciclovir to become activated. Native human cells do 

not express this enzyme. Ganciclovir (as well as 

acyclovir and penciclovir) is converted into a toxic 

metabolite by HSV-TK, leading to cell death through a 

mechanism that remains to be fully elucidated.110 

Numerous clinical trials have evaluated this technology, 

demonstrating its efficacy and safety.107 With 5 altered 

amino acids and a 14-fold reduction in Michaelis 

constants, an artificial version of HSV-sr39TK is 

currently in use, ensuring greater efficiency and 

safety.111 HSV-TK cell membrane markers (truncated 

CD34 or NGFR) enable magnetic selection, which in 

turn enriches CAR-T populations expressing the desired 

switch. Although switches that are expressed on the 

membrane, such as those relying on the ADCC effect, 

do not require the vector to carry additional markers like 

intracellular switches do, similar techniques for 

confirming switch expression could also be applied to 

other switches.107 

Similar outcomes are obtained when using HSV-TK 

compared to iCas9; however, this system’s drawbacks 

include the need to maintain ganciclovir at a highly 

alkaline pH11 and the immunogenicity of HSV-TK.107 

Nonetheless, the ganciclovir-based method offers the 

advantage of enabling in vivo positron emission 

tomography (PET) imaging studies. The 18F-labeled 

compound can be phosphorylated and retained within 

the cell by using the HSV-TK gene as a reporter gene (the 

mutant HSV-srTK is more sensitive to 18F). Since the 

intensity of the PET signal correlates with HSV-srTK 

activity, this allows us to track the location of CARs in 

the body and evaluate the function of the switch upon 

activation (a decrease in signal intensity indicates a 

reduction in cell number).112,113 

 

Challenges of the Clinical Application of Car-Nk 

Therapy 

A primary challenge is the sensitivity of NK cells to 

the freeze-thaw procedure, which greatly reduces their 

viability and cytotoxic activity. Nevertheless, some 

studies have demonstrated that the inclusion of IL-2 can 

partially restore the functionality of cryopreserved NK 

cells. Hence, approaches for optimal cryopreservation 

need to be explored to make CAR-NK therapy feasible 

as an off-the-shelf product.3 

Furthermore, the heterogeneity of NK cells from 

different sources presents a challenge in standardizing 

the production of CAR-NKs. Each source exhibits 

variations in potency and persistence, making it 

necessary to optimize protocols for the generation and 

expansion of CAR-NKs from different sources to 

achieve consistent and reproducible results in clinical 

applications.114 

The application of CAR-NKs in clinical trials for 

cancer therapy is still in the early stages, with limited 

data on their efficacy and safety in treating solid tumors. 

More extensive clinical studies are needed to fully 

evaluate their potential in various cancer types.115 One 

of the key challenges in the clinical application of CAR-

NK therapy for solid tumors is overcoming the 

limitations that decrease their efficacy in this setting. 

These limitations may include the heterogeneity of 

antigen expression, barriers limiting the trafficking of 

CAR-NK cells to the solid tumor site, TME-mediated 

suppression, and secretion of factors that disrupt the 

immune response.115,116 Furthermore, the heterogeneity 

of tumor cells can lead to the loss of target antigens, 

posing a challenge for CAR therapy. In this regard, the 

innate cytotoxic capacity of NK cells allows CAR-NKs 

to recognize and eliminate tumor cells through CAR-

dependent mechanisms as well as through their natural 

cytotoxic functions. Additionally, their ability to target 

diverse antigens provides an advantage in overcoming 

potential antigen loss in solid tumors.117,118 

As mentioned, one of the challenges in treating solid 

tumors with CAR therapy is the limited intratumoral 

penetration and trafficking of CAR-modified immune 

cells. However, CAR-NKs offer potential solutions to 

this issue. NK cells have an inherent ability to migrate 

into tissues, including tumor sites, which may enhance 

their intratumoral infiltration compared to CAR-Ts. 

Moreover, NK cells possess diverse cytotoxic 

mechanisms, both CAR-dependent and CAR-

independent, that can effectively target tumor cells.114 

Additionally, NK cells are capable of targeting cancer 

stem cells, known for their resistance to conventional 

therapies. This is facilitated by the decreased MHC-I 

expression on the surface of cancer stem cells and the 

presence of ligands stimulating activating receptors on 

NK cells.117,119 
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Immunosuppressive Barrier 

CAR-NKs, with their inherent antitumor activity, 

hold potential for overcoming the immunosuppressive 

TME. In a preclinical study, the upregulation of 

chemokine receptors CXCR4 or CXCR1 in CAR-NKs 

has been shown to substantially enhance their ability to 

infiltrate glioblastoma120 and ovarian cancer,121 

respectively. The unique biological features of NK cells, 

such as their lack of HLA-matching restriction, 

contribute to their superior safety and potent antitumor 

activity, making them a promising platform for CAR-

based therapies in the context of solid tumors.117,118 In 

addition, the inherent characteristics of NK cells, 

including their diverse cytotoxic mechanisms and their 

ability to target cancer stem cells, position CAR-NK 

therapy as a promising avenue for developing effective 

treatments for solid tumors.118 

 

Challenges That Affect Cytotoxicity and Persistence 

in Solid Tumors 

Cytotoxicity and persistence of CAR-NK cells are 

essential for their effectiveness in targeting solid tumors. 

However, there are several challenges that affect these 

aspects when treating solid tumors. One key challenge is 

the dense stroma formed by CAFs that inhibits CAR-NK 

cell infiltration into the tumor site, thereby limiting their 

cytotoxic effects on solid tumors. Furthermore, 

intratumoral CAR cells can become exhausted due to 

continuous stimulation with target antigens and the 

immunosuppressive TME.122 This can lead to a decrease 

in the ability of these cells to proliferate and persist as 

they are discharged to the lymph nodes due to a 

combination of internal and external forces. 

Strategies to enhance NK cell homing to solid 

tumors include modifying NK cells to express 

chemokine receptors like CCR7, which can facilitate 

their infiltration into tumor tissues. These strategies are 

being explored in preclinical studies with a planned 

evaluation of efficacy in upcoming clinical trials.72,123 

One such strategy involves using electroporation to 

introduce mRNA that encodes the chemokine receptor 

CCR7 into NK cells. This enhances their ability to 

migrate toward lymph nodes that express the chemokine 

CCL19. Nevertheless, the efficacy of these methods 

necessitates additional validation through clinical 

trials.124 

Furthermore, ensuring the controlled in vivo 

persistence of CAR-NK cells is crucial for maintaining 

their antitumor efficacy. It is essential to strike the 

balance between promoting expansion and persistence 

of CAR-NK cells while preventing uncontrolled 

proliferation.125 NK cells normally survive for only 

approximately 2 weeks after infusion, in contrast to T 

cells, which can develop into long-lived memory cells.76 

To improve the longevity of NK cells, externally 

administered cytokines have been employed to augment 

the proliferation and persistence of adoptive NK cells.126 

However, this approach may result in undesirable side 

effects, such as the proliferation of suppressive immune 

subsets like Tregs. Moreover, there is a potential for host 

T cells to reject allogeneic NK cells, which is a crucial 

factor to consider in cell therapy involving allogeneic 

NK cells. Additional investigation is required to 

examine the role of transmembrane-bound IL-15 in 

enhancing the long-term presence of NK cells.127 

Tumor escape is another challenge that affects the 

cytotoxicity and persistence of CAR-T and CAR-NKs in 

solid tumors. Additionally, the immune evasion 

mechanisms of tumors, such as the secretion of 

prostaglandin E2, which blocks CD8+ cytotoxicity and 

reduces NK cell survival and activity, can hinder the 

persistence and effectiveness of CAR-T and CAR-

NKs.122,128 

An effective approach to addressing this challenge is 

the engineering of CAR-NKs that can mitigate certain 

immunosuppressive effects. Employing CRISPR-Cas9 

technology to disable genes associated with NK cells 

can achieve this. Furthermore, employing genome 

editing to eliminate checkpoint components as a means 

of enhancing NK cell function is an alternative strategy 

to address the issue of NK cell exhaustion in the TME.1 

Indeed, tumor-associated mechanisms that 

contribute to NK cell exhaustion involve the prolonged 

stimulation of NK cells by tumor cells, resulting in 

diminished effector functions and reduced NK cell 

infiltration into tissues.129,130 

Moreover, the susceptibility of expanded NK cells to 

freeze-thaw cycles, which affects their cytotoxic activity 

and post-transfer viability, presents a significant 

challenge. Nevertheless, certain studies have 

demonstrated that the inclusion of IL-2 can partially 

restore the functionality of cryopreserved NK cells.3 

Cryopreservation protocols need to be optimized to 

preserve the integrity, viability, function, and potency of 

CAR-T and CAR-NK cells after thawing, particularly 

for future off-the-shelf production and 

cryopreservation.122 
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Isolating, purifying, and expanding primary NK cells 

and achieving efficient transduction of CAR constructs 

are technical challenges in the manufacturing process of 

CAR-NKs. There is a need for optimized large-scale 

production methods under GMP conditions.131 

 

Transduction of CAR-NK Cells and Delivery 

In recent trials, the most commonly utilized vectors 

include lentivirus, retrovirus, and adeno-associated virus 

vectors. Engineering NK cells is more challenging than 

engineering T cells, due to their inherent antiviral 

capacity, higher sensitivity to apoptosis, and limited 

expansion potential.132,133 While retroviral transduction 

is the most commonly used method for gene delivery 

into NK cells, it often results in a modest percentage of 

NK cells being successfully transduced. Alternative 

nonviral methods (electroporation, lipofection) provide 

transient expression of the CAR construct, which may 

not offer long-term effectiveness.114 Furthermore, 

research has demonstrated the high efficiency of such 

techniques, including the adeno-associated virus for 

delivery of the CAR construct and its precise integration 

into the NK cell genome utilizing CRISPR-Cas9 

technology.114,134 

Viral transduction: Retroviruses are frequently used as 

viral vectors to introduce genes into NK cells. 

Retroviruses (lentiviruses, gammaretroviruses, and 

alpharetroviruses) cause permanent gene expression.57 

However, retroviral vectors have the ability to integrate 

into the genome, which can lead to risks such as cancer 

development and cellular transformation.58 The 

effectiveness of lentiviral vectors in primary NK cells is 

limited because cell viability is often adversely 

affected.135 Although lentiviral transduction has lower 

genotoxicity, its low efficiency requires multiple rounds 

of transduction, making the procedure costly and labor-

intensive. Because of their better safety profiles, 

nonviral methods are becoming increasingly popular.58 

Polybrene, RetroNectin, and Vectofusin-1 are 

transduction enhancers that increase the efficiency of 

lentiviral transduction.57 Polybrene promotes viral entry, 

is frequently used to increase the transduction efficiency 

of mostly virally resistant NK cells. Retronectin 

functions by colocalizing with the virus on the cell 

surface. Since its initial discovery to significantly 

enhance lentiviral transduction of HSCs, vectofusin-1 

has been utilized in the field of NK cells.135 A baboon 

envelope-pseudotyped lentivirus (BaEV-LV) has 

demonstrated superior transduction efficiency. 

Additionally, stimulating NK cells with cytokines before 

transduction increases efficiency, facilitating viral 

uptake.135 Müller et al136 showed that a combination of 

Vectofusin-1 and RD114-TR–pseudotyped lentiviral 

vectors is an efficient method to transduce PB-derived 

NK cells to produce highly cytotoxic CD19-CAR NK 

cells. 

Nonviral transduction: DNA or mRNA plasmid 

electroporation is a nonviral method for genetically 

modifying NK cells.135 Although DNA electroporation 

has limited effectiveness, primary NK cells have 

demonstrated electroporation efficiencies ranging from 

80% to 90% when mRNA-based plasmids are used in 

conjunction with prior NK cell activation.137,138 These 

developments open the door to more accessible and 

individualized cancer treatments, potentially improving 

therapeutic outcomes in challenging cases such as solid 

tumors.139 mRNA electroporation is a crucial approach 

to generate CAR-modified NK cells for adoptive 

immunotherapy, enabling effective CAR expression and 

targeted tumor recognition. This technique avoids 

genome integration and reduces the risk of insertional 

mutagenesis by temporarily permeabilizing cell 

membranes with an electric field to deliver CAR-

encoding mRNA, providing a safer, nonviral alternative 

to viral vectors.40 

The temporary expression that results from using 

electroporation to produce CAR expression is a 

disadvantage because stable integration of the construct 

into the DNA is not possible. The therapeutic window is 

significantly shortened since CAR constructs on primary 

NK cells can be expressed on the surface for only 3 to 5 

days before this expression is lost. Therefore, it is not 

possible to produce a stable CAR-NK product using 

electroporation.135 Since mRNA transfection does not 

require cell division, it is more effective than DNA 

transfection.140 Unlike DNA transfection, mRNA 

transfection appears to be a faster, more efficient, and 

temporary method for producing CAR-NKs. 

Furthermore, it is anticipated that CAR mRNA-

engineered NK cells will become a valuable therapeutic 

strategy for treating solid tumors. To enhance the 

cytolytic activity of NK cells, some researchers 

developed a CAR by fusing the extracellular domain of 

NKG2D to DAP12, demonstrating promising 

therapeutic potential for metastatic colorectal cancer.139 

Using the Current Good Manufacturing Practice–

compliant mRNA electroporation approach, Carlsten 

and colleagues141 effectively transfected NK cells, 
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causing rapid and reproducible transgenic expression in 

CAR-NKs without adversely affecting cytotoxic 

function, viability, or phenotype. Ionizable lipid 

nanoparticles are constantly used to transfer RNA into 

NK cells.139 

However, compared to DNA, mRNA has a shorter 

half-life, which enhances safety but may also make 

nonviral gene editing more challenging.140 

CRISPR-Cas9: Compared to other techniques such as 

transcription activator-like effector nucleases or zinc-

finger nucleases, the discovery of the CRISPR-Cas9 

system made targeted gene integration possible with 

high efficiency.142 A novel method for precise genome 

editing has been made possible using CRISPR-

associated nuclease 9 (CRISPR-Cas9) technology.143 

Two primary domains are utilized by the CRISPR-Cas9 

system to create DNA alterations: the Cas9 enzyme and 

the guide RNA.144 Targeted CAR insertion combined 

with gene knockout in NK cells creates new 

opportunities to enhance primary CAR-NK products. 

Finding the optimal CAR-NK product may be facilitated 

by focusing on key transcription factors involved in NK 

cell exhaustion, terminal differentiation, and clonal 

expansion, as observed in adaptive NK cells, as well as 

regulators of cell cycle progression and apoptosis.135 

Recent reports on successful CRISPR editing of CAR-

NKs highlight them as a highly promising tool to address 

current challenges such as tumor escape mechanisms, 

therapy resistance, and difficult-to-treat solid tumors.140 

Daher et al145 used CRISPR-Cas9 technology to 

delete the CISH gene in CAR-NKs, enhancing their 

metabolic potential and antitumor efficacy. 

Additionally, exhausted NK cells in the TME have been 

treated using CRISPR-Cas9.139 It has been shown that 

upregulating the expression of the NKG2D ligand using 

an engineered CRISPR-Cas9 system effectively 

enhances the immune response against pathogenic 

cells.139 Furthermore, using CRISPR-Cas9 technology 

to disrupt inhibitory pathways and overcome immune 

checkpoint obstacles offers a novel approach to enhance 

NK cell effector functions. Blocking NK group 2A 

(NKG2A) may improve the effectiveness of NK cells in 

adoptive cell therapy.146 Researchers effectively 

eliminated inhibitory signaling genes in NK cells, 

including ADAM17 and PD-1, using CRISPR-Cas9. The 

findings demonstrated that these genetically modified 

NK cells exhibited increased cytotoxicity, cytokine 

production, and overall NK cell activity.139 Knockout of 

the IL-15 cytokine-inducible Src homology 2 (SH2)–

containing protein (CISH) enhanced the in vivo 

persistence and cytotoxic function of IL-15–secreting 

CAR-NKs, according to one of the first studies on 

further modified, virally transduced CAR-NKs using 

RNP-based CRISPR-Cas9 complexes.140 In a recent 

study, Choi et al147 employed CD70-directed CAR-NKs 

in conjunction with the CRISPR-Cas9 method to knock 

down CD70 in NK cells. In addition to producing 

important cytokines, the CD70-eliminated CAR-NKs 

with enhanced IL-15 expression demonstrated strong 

cytotoxicity against several CD70-positive solid tumor 

cell lines. Shankar et al148 disrupted the KLRC1 gene, 

which encodes the HLA-E–binding NKG2A receptor, 

using CRISPR-Cas9 technology. Notably, they also 

employed CRISPR to introduce a GD2 

(disialoganglioside)–targeting CAR into human blood-

derived NK cells via a virus-free genome editing 

method, enhancing the safety of CAR-NKs. The 

modified KLRC1-GD2-CAR-NKs demonstrated strong 

viability, proliferation, and precise targeting of GD2+ 

tumors. Additionally, they overcame HLA-E–mediated 

immunosuppression. 

However, it has been documented that CRISPR-

Cas9 genome editing can induce p53-mediated DNA 

damage responses and cause cell cycle arrest in human 

cells. Furthermore, it is important to consider the 

potential for preexisting humoral and cell-mediated 

adaptive immune responses to the CRISPR-Cas9 system 

in humans when using it for in vivo applications in 

clinical trials.139 

Nevertheless, the drawbacks of increased 

immunogenicity, potential insertional mutagenesis, 

restricted insert size, elevated cost for GMP-grade viral 

production, and related regulatory complications have 

prompted the investigation of nonviral delivery routes as 

cost-effective alternatives.132,149 The nonviral 

transposon platforms Sleeping Beauty and PiggyBac 

offer a safer method for integrating CAR designs, 

although their efficiency is lower.122,132 The delivery of 

mRNA-based CAR designs, using either electroporation 

or lipid nanoparticles, results in high CAR expression 

efficiency. However, this expression is temporary and 

not long-lasting.133,150 Scientists have also created 

nonviral gene editing technologies, such as CRISPR-

Cas9, that allow for targeted integration of CAR and 

other beneficial genes, as well as the removal of negative 

regulators of immune cells, T-cell receptor (TCR), or 

MHC-related genes, respectively.122,151 
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In conclusion, although viral vectors are the most 

popular technique for introducing genes into human 

cells, they have several disadvantages, including 

challenging and costly production, batch-to-batch 

variability, high carcinogenic risk, immunogenicity, and 

low DNA packaging capacity. As a result, scientists are 

paying more attention to nonviral gene delivery 

methods. Overall, the challenges affecting the 

cytotoxicity and persistence of CAR-NK cells in solid 

tumors highlight the need for continued research and 

development to overcome these barriers and increase the 

efficacy of cell-based immunotherapies against solid 

tumors. 

Comparative Analysis of CAR-NK and CAR-T 

Therapies 

Advantages of NK Cells as a CAR Platform 

CAR-NKs are capable of efficiently recognizing and 

targeting aberrant cells without the need for antigen-

specific priming. Additionally, NK cells exhibit a lack 

of HLA-matching restriction, which is often a limitation 

in T cell–based therapies. This feature makes them a 

more universal therapeutic platform for CAR-based 

strategies.114 

Furthermore, the safety profile of CAR-NK therapy 

is an advantage. CAR-NKs have been reported to have 

encephalopathy syndrome, minimal GVHD, and ICANS 

and fewer incidences of CRS, a common side effect 

associated with CAR-T therapy. CAR-NKs can also be 

produced from allogeneic sources, like healthy donor 

blood, and can be used as an “off-the-shelf” therapeutic 

product. This feature allows for more accessible and 

cost-effective production.114 

CAR-NKs can discriminate between healthy and 

tumor cells. In contrast, CAR-Ts may target both 

malignant and nonmalignant cells with the targeted 

antigen, potentially leading to on-target, off-tumor 

toxicity, which is a concern in CAR-T therapy.152 

In addition, the ability to generate CAR-NKs from 

diverse sources, particularly the possibility of creating a 

homogeneous and clinically scalable product from 

genetically modified human iPSCs, offers the advantage 

of providing an “off-the-shelf” CAR-NK therapy. This 

eliminates the need for personalized and patient-specific 

products, addressing a significant challenge in current 

CAR-T therapies.19 

Previous studies have demonstrated the limitations 

and challenges of CAR-T cell therapy, such as 

difficulties in collecting normal T cells from patients, 

time-consuming manufacturing processes, and 

increased attention to gene editing. This has led to a shift 

in focus toward exploring CAR-NK therapy as a 

promising alternative. Umbilical cord blood is identified 

as a better source of NK cells due to its gene expression 

advantages, convenience of collection, and lower risk of 

GVHD. Additionally, NK cell lines, particularly NK-92 

and KHYG-1 cell lines, are highlighted as potential 

sources for rapid and abundant NK cells for 

immunotherapy. Notably, NK-92 cells have been 

applied in clinical trials and have shown promising 

results in the treatment of solid tumors.77,153 

In addition, another benefit of CAR-NK therapy is 

its potential to reduce antigen loss relapse. Antigen loss 

is a recognized mechanism of cancer relapse and 

immune escape following CAR-T therapy. In contrast, 

CAR-NKs can recognize cancer cells through multiple 

mechanisms, reducing reliance on a single 

antigen.152,154,155 

The predominant adverse effects associated with 

CAR-NK therapy encompass fever, fatigue, and 

anorexia. To effectively implement CAR-NK therapy in 

clinical settings, additional research is required to 

validate the fundamental experimental findings across 

various solid tumors and provide tailored 

recommendations for distinct TMEs within the human 

body.153 

The activity of CAR-NKs against solid tumors has 

been the subject of an increasing number of in vitro and 

in vivo studies. The most extensively investigated solid 

tumors to evaluate their therapeutic potential are 

glioblastoma, breast cancer, and ovarian cancer. 

Although these cells offer unique advantages, there have 

been biological and technical challenges in translating 

CAR-NK therapy from hematologic malignancies to 

solid tumors. These challenges include, among others, 

issues with cell persistence, overcoming TME-mediated 

suppression, and maximizing transduction efficiency.156 

The mechanisms underlying CAR-NK efficacy in solid 

tumors, particularly in liver cancer, 

cholangiocarcinoma, and urological malignancies, 

remain poorly understood despite ongoing clinical 

trials.156 

Compared to CAR-NKs, CAR-Ts have the following 

advantages: treatment centers have more expertise in the 

production and distribution processes of CAR-Ts, strong 

cytotoxicity, high circulating T-lymphocyte counts, and 

ease of freezing and storage. However, CAR-NKs have 

the following drawbacks: low circulating NK cell 

frequencies, high sensitivity to freezing and thawing, 
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dependence on cytokine support essential for their 

persistence, limited global manufacturing experience, 

and fatigue and exhaustion caused by suppressive 

cytokines and Tregs.157 Therefore, when administered to 

immunocompetent patients, allogeneic TCRα chain 

CAR-T and CAR-NKs remain susceptible to a host-vs-

graft response.158 

NK cell expansion in vitro is more challenging 

because NK cells require cytokines and exhibit slower 

rates of proliferation. Robust expansion protocols have 

been developed for CAR-Ts; however, they are also 

time-consuming and require specific cytokines. 

Although CAR-NK therapy is still in the early stages of 

clinical application, CAR-T therapy has 6 FDA-

approved treatments.159 The design of CAR-NKs still 

has flaws compared to the relatively well-developed 

CAR-T therapy, particularly in the design of the 

activation domain, which is critical.160 

 

CAR-NK vs CAR-T: Persistence, Transduction 

Efficiency, and Safety 

Long-lasting responses are linked to the greater in 

vivo persistence of CAR-Ts, which often lasts for months 

or even years. Although this persistence can sometimes 

cause adverse effects, it is a key factor in their long-term 

effectiveness. In vivo persistence of CAR-NKs is usually 

shorter, lasting days to weeks. This problem is 

exacerbated by immunological rejection, limited 

expansion, and replicative senescence. Nonetheless, in 

preclinical and clinical research, engineering techniques 

have enhanced CAR-NK persistence. In contrast to CAR-

T, persistence is still a major drawback for CAR-NK 

despite these developments. Reprogramming CAR-NKs 

to acquire memory or memory-like characteristics is 

actively being investigated with the goal of achieving 

long-term tumor control. This approach may help 

overcome the limitations related to NK cell persistence in 

CAR-NK therapy.161 

In terms of safety profiles, CAR-T cells may present 

issues with off-tumor toxicity, which could limit their 

use in solid tumors. CAR-NKs, on the other hand, may 

offer a safer treatment alternative because they are 

designed to retain high cytotoxic capability even in the 

presence of immunosuppressive substances commonly 

found in solid tumors. Crucially, CAR-NKs are less 

likely to induce neurotoxicity compared to CAR-T 

cells.162 

Strong CAR expression and product consistency are 

achieved through the high transduction efficiency of 

CAR-Ts using common viral vectors (lentiviral or 

retroviral). The low viral transduction efficiency and 

subsequent apoptosis of NK cells are likely caused by 

their inherent immune characteristics.163 CAR-NKs are 

inherently more difficult to transduce, showing lower 

efficiency and greater variability depending on the 

transduction method and source. Although CAR-NK 

transduction rates have recently improved due to the 

introduction of specific pseudotyped viral vectors and 

enhancers such as Vectofusin-1, they remain lower and 

less consistent than those in CAR-Ts. This technical 

challenge affects the scalability and consistency of 

CAR-NK products.161,164,165 These gaps are being 

narrowed by ongoing advances, but each platform has 

unique advantages and limitations for clinical use. 

 

CAR-NK Therapy in Solid Tumors: Glioblastoma, 

Ovarian, and Pancreatic Cancers at the Forefront 

Glioblastoma: There are currently no effective 

treatments for glioblastoma (GB).166 To effectively 

control GBM with immunotherapy, it is important to 

identify tumor-associated antigens (TAAs) and tumor-

specific antigens (TSAs) as targets. The epidermal 

growth factor receptor variant III (EGFRvIII), CD133, 

interleukin-13 receptor α subunit 2 (IL-13Rα2), and 

melanoma antigen-encoding genes (MAGE)-1 and -3 

are among the TAAs and TSAs associated with GBM.162 

The safety profile, off-the-shelf availability, and ease of 

production of CAR-engineered NK cells are advantages 

in treating GBM. Improved outcomes in GBM tumor 

treatment may result from further research and 

advancements in engineering CAR-NKs with memory-

like characteristics and enhanced durability.162 

Since the antitumor activity of NK cells is not solely 

dependent on CAR function, their diverse oncolytic 

mechanisms present a highly promising approach for 

treating GBM, which can exhibit highly heterogeneous 

cellular composition even within a single tumor.162 

CAR-NKs offer a safe treatment alternative because 

they are designed to retain high cytotoxic activity even 

in the presence of immunosuppressive substances 

commonly found in solid tumors. Since CAR-NK cells 

do not face the obstacle of GVHD, they offer a 

potentially much more practical method for treating 

GBM.162 

Clinical trials have shown that CAR-NKs can 

effectively target residual tumor cells, which may 

undergo phenotypic changes over time—a challenge 

faced by CAR-T cells.162 To improve binding to gliomas 

http://ijaai.tums.ac.ir/


A. Emami Nejad, et al. 

22/ Iran J Allergy Asthma Immunol,                                                                        

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir) 

during adoptive transfer, EGFRvIII-targeted CAR-NKs 

overexpressing CXCR4 receptors were created. These 

EGFRvIII-targeted CAR-NKs successfully eliminated 

EGFRvIII-positive human glioblastoma cell lines. In a 

mouse model of GBM, significant inhibition of tumor 

growth and extended survival were observed.167 

In 9 patients with recurrent GBM, a clinical trial 

demonstrates the safety and feasibility of intracranial 

injections of HER2-CAR NK cells. The CAR construct 

also targets ROBO-1, MUC1, PD-1, FRα, and DR4/5. 

At doses up to 1 × 108, the CAR2BRAIN study reports 

very few side effects. None of the patients developed 

ICANS or CRS, and the therapy did not show dose-

dependent toxicity. Notably, the degree of CD8+ T-cell 

infiltration in the tumor tissue before treatment 

correlates with patient outcomes. The median overall 

survival for all patients is 31 weeks, while the median 

progression-free survival is 7 weeks.168 The goal of Ma 

et al’s study on the glioma mouse model is to examine 

the impact of combination therapy using an IL-15/IL-

15R–producing oncolytic virus and second-generation 

EGFR-CAR NK cells with a CD28 costimulatory 

domain. According to previous research with 

endogenous NK cells in animal models, the oncolytic 

virus can enhance the intracranial infiltration of EGFR-

CAR NK cells when administered intravenously. 

Compared to the saline group, OV-IL15C combined 

with EGFR-CAR NK cells demonstrated the greatest 

reduction in tumor volume, along with increased 

intracranial infiltration and activation of NK and CD8+ 

T cells.169,170 

The feasibility and safety of HER2-targeted CAR-

NKs have been demonstrated in early trials, but 

treatment durability remains a challenge, as evidenced 

by inconsistent results in patients with recurrent GBM. 

Combinatorial strategies will likely be necessary to 

overcome these obstacles. These developments are 

crucial to making CAR-NK therapy a practical treatment 

option for GBM, especially given the poor prognosis of 

this aggressive cancer.167 

Pancreatic cancer: Treatment of advanced pancreatic 

cancer (PC) is significantly hindered by the unique TME 

of PC, characterized by dense connective tissue 

formation and high levels of immunosuppressive cell 

infiltration.167 Allogeneic FRα-targeted CAR-NKs were 

engineered by researchers to express ligands that induce 

apoptosis. These modified CAR-NKs trigger significant 

tumor cell apoptosis by initiating DR4/5-mediated 

selective cell death in tumors positive for both FRα  

and DR4/5.167 In pancreatic cancer models,  

adding CXCR2 to CAR-NKs enhanced tumor cell 

destruction and increased CAR-NK infiltration into 

tumor areas.171 

PD-L1 and ROBO1 are important targets currently 

being studied in clinical trials for pancreatic tumors. 

Other targets include Claudin 18.2, TROP2, and 

MUC1—2 glycoproteins that are commonly 

overexpressed in solid tumors—as well as the stress-

induced NKG2DL group ligands (MICA/B and ULBP1-

6), which are natural NK cell ligands frequently 

overexpressed in a variety of malignancies.99 

A CAR-NK therapy targeting PSCA was created 

using primary human NK cells obtained from umbilical 

cord blood. The PSCA-positive human pancreatic 

cancer cell line Capan-1 and the PSCA-negative human 

pancreatic cancer cell line PANC-1 were independently 

cocultured in vitro with these CAR-NKs and with 

unmodified NK cells. The results showed that the 

coculture of PSCA-CAR-NKs with Capan-1 cells led to 

significantly higher secretion of IFN-γ and a markedly 

lower survival rate of Capan-1 cells. Furthermore, in a 

pancreatic cancer mouse model implanted with Capan-1 

cells, PSCA-CAR-NKs demonstrated exceptional 

therapeutic efficacy, resulting in a notable reduction in 

tumor growth without serious adverse side effects.172 In 

the AsPC-1 cell line, MSLN-positive human pancreatic 

cancer cells were effectively eradicated by MSLN-

CAR-NKs combined with a stimulator of interferon 

genes (STING) agonist. Further in vivo research 

demonstrated that, in the AsPC-1 mouse transplant 

model, MSLN-CAR-NKs dramatically inhibited tumor 

growth, resulting in prolonged survival.173 An 

innovative method to boost anticancer immunity is the 

synergistic effect of STING agonists combined with 

MSLN-CAR-NKs; however, further research is needed 

to precisely modulate immune responses to avoid 

potential side effects.167 

A study showed that in both 2D and 3D models, 

CD44v6-CAR-NK92 cells demonstrated significant 

cytotoxicity against glioblastoma cell lines. The findings 

indicated that CD44v6 is a promising target for 

immunotherapy in pancreatic cancer and exhibited 

notable efficacy without creating systemic toxicity 

across all models used. These results support earlier 

research suggesting that CAR-NKs offer a viable 

strategy to combat pancreatic cancer by enhancing the 

immune response and overcoming immunological 

barriers within the TME. The effectiveness of CD44v6-
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CAR-NK92 cells in vivo was demonstrated by a 

decrease in tumor burden.174 

Ovarian cancer: The process of producing CAR-

expressing NK/ILC cells from CAR-transduced iPSCs 

was described in a recent study, which also 

demonstrated stable expression of CD45, CD7, and 

CAR. When these cells were exposed to tumor cells 

expressing GPC3, they produced IFN-γ and exhibited 

effective cytotoxicity. The survival of 

immunocompromised mice with GPC3-positive ovarian 

tumors was significantly increased by the CAR-NK/ILC 

cells, with no adverse effects observed.175 

Zhang’s group created MSLN-targeted CAR-NKs, 

which demonstrated strong and specific cytotoxicity 

against OVCAR-3 and SKOV3, 2 MSLN-positive 

human ovarian cancer cell lines. In animal models, these 

cells effectively halted the growth of intraperitoneal and 

subcutaneous ovarian tumors.176 Additionally, CD24-

positive ovarian cancer cell lines OVCAR-3 and 

SKOV3 were efficiently and specifically eliminated by 

engineered CD24-targeted CAR-NKs both in vitro and 

in vivo.177 The presence of CD24 in normal epithelial 

tissues and hematopoietic cells raises concerns about 

potential side effects, necessitating further investigation 

in future preclinical and clinical trials, despite the 

limited knowledge of the on-target, off-tumor effects 

associated with the CD24 marker.171 Additionally, FRα-

targeted CAR-NKs demonstrated significant 

cytotoxicity against ovarian cancer cells. However, 

maintaining persistence and overcoming 

immunosuppressive microenvironments continue to be 

difficult tasks.167 Researchers investigated the potential 

of using CAR-NK immunotherapy to target CLDN6 in 

ovarian cancer. The results showed that CAR-NKs 

targeting CLDN6 exhibit low cross-reactivity with 

normal cells and high selectivity for tumor cells.178 

A natural killer–like T (NKT) cell line, known as 

universal NKT (UNKT), was used to develop a novel 

treatment strategy for solid tumors. Compared to both 

wild-type UNKT and MSLN-CAR-Ts, the CAR-

modified UNKT cells demonstrated superior 

cytotoxicity against MSLN-positive ovarian cancer 

(OC) when cocultured with tumor cells expressing 

MSLN. Notably, in mouse models, CAR-UNKT cells 

showed strong efficacy against OC without inducing 

immunological memory responses.179 In vitro, Jan 

discovered that HLA-G CAR-transduced NK cells 

exhibited strong cytolytic activity against ovarian, 

breast, brain, and pancreatic cancer cells. Additionally, 

in an orthotopic mouse model, these cells significantly 

reduced xenograft tumor growth, resulting in longer 

median survival. This strategy could benefit future 

CAR-NK treatment applications for various solid 

tumors.80,180 

 

Deployment of CAR-NKs in Tumor Combination 

Therapy 

The application strategy of CAR-NKs in tumor 

combination therapy entails combining CAR-NK 

therapy with other immunotherapy methods, radiation, 

and chemotherapy. This combination technique seeks to 

boost both the antitumor activity of CAR-NKs and the 

sensitivity of tumor cells, achieving a more effective 

therapeutic outcome181 (Figure 5). 

One approach is the combination of CAR-NK 

immunotherapy with lymphodepleting chemotherapy, 

which has been found to reduce tumor size by decreasing 

MDSCs and Tregs in the TME.91,182 A study has 

developed modified CAR NK-92 cells that include 

nanoparticles coated with paclitaxel to transport the 

chemotherapeutic drug to the tumor and demonstrated 

encouraging antitumor outcomes.183 

Immune checkpoint blockade therapies targeting 

inhibitory receptors (PD-1, TIM-3, LAG-3, and TIGIT) 

in combination with CAR modification of NK cells 

represent a potential strategy to activate the antitumor 

immune response of NK cells and correct the exhausted 

state of NK cells in the TME.181,184 The great abundance 

of PD-1+ NK cells in the ascites of ovarian cancer 

patients indicates that they may be stimulated or 

expanded inside the TME.185 In recent years, studies 

have shown that NK cells, including the NK-92 cell line, 

can express PD-1, and this expression may be 

upregulated in response to the TME or cytokine 

stimulation. Moreover, blocking the PD-1/PD-L1 axis is 

shown to enhance the sensitivity of NK cells to tumor 

cells and increase their antitumor activity.181,186–188 

Research has indicated that incorporating an anti–PD-L1 

antibody into the combination of macrophages and NK 

cells can effectively reduce the suppressive impact of 

macrophages on NK cell proliferation and ADCC.189 
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Figure 5. Utilization of CAR-NKs in the context of tumor combination therapy. The tumor microenvironment (TME) 

represents a significant obstacle to CAR-NK therapy, mostly because of many variables, such as the secretion of 

immunosuppressive components by inhibitory cells inside the TME. The primary focus in CAR-NK therapy is to address the 

immunosuppressive role of the tumor microenvironment (TME). This is crucial when considering combination therapies, 

including anti-PD-1/PD-L1, chemotherapy, kinase inhibitors, proteasome inhibitors, oncolytic virus, and photothermal 

therapy. These techniques can induce the release of tumor antigens and DAMPs, hence facilitating the activation, proliferation, 

and elimination of CAR-NKs. There are many molecules that can be targeted and classified as TSA (tumor-specific antigens), 

TAA (tumor-associated antigens). 
 
In a mouse glioblastoma model, a preclinical study 

combining CAR-NKs targeting HER2 and anti–PD-1 

checkpoint inhibitors demonstrated a synergistic 

antitumor effect, successfully treating advanced tumors 

resistant to NK-92/5.28.z monotherapy. Additionally, 

the combined treatment stimulated the immune system 

and generated a cytotoxic, rather than 

immunosuppressive, TME.190 In patients with recurrent 

HER2-positive glioblastoma, the CAR2BRAIN study 

combines intravenous ezabenlimab with NK-92/5.28.z 

cells. No dose-limiting toxicities, CRS, or neurotoxicity 

were observed in this clinical trial. Additionally, higher 

levels of CD8+ T-cell infiltration in tumors were 

associated with delayed disease progression.168 The Liu 

et al group focused on a slightly different strategy, 

despite the promise of this therapy. They demonstrated 

that in a mouse model of nasopharyngeal carcinoma, 

CAR-NKs expressing anti–PD-L1 combined with the 

checkpoint inhibitor nivolumab induced tumor 

regression.191 Additionally, pembrolizumab, which 

inhibits the PD-1 receptor, irradiated PD-L1 CAR-NKs, 

and N-803 are being used in a clinical trial targeting 

refractory gastric and head and neck cancers. This trial 

is currently in the recruitment phase.192 

Combining CAR‑NKs with radiotherapy and 

chemotherapy may enhance NK‑cell trafficking, 

infiltration, and tumor recognition.58 Notably, recent 

research has shown that the combination of CD44-CAR-

NKs and cisplatin exhibits higher antitumor activity than 

sequential therapy.193 Similarly, the combination of 

CAR-NK92 cells targeting CD133 and cisplatin has 

been found to have the strongest antitumor effect on 

ovarian cancer without affecting the cytotoxicity and 

viability of CAR-NKs.194 Moreover, the synergistic 

effect of CAR-T/NK cells and radiotherapy in 

glioblastoma and pancreatic cancer has been established, 

underscoring the potential of combining radiotherapy, 

chemotherapy, and immunotherapy for a synergistic 
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antitumor effect.181 Lin et al demonstrated that irradiation 

could effectively enhance the antitumor activity of CAR-

NKs targeting glypican-3 (GPC3) on hepatocellular 

carcinoma cells in vivo. Notably, this effect was observed 

only with high-dose radiation (8 Gy).195 However,  

further research is needed to determine the ideal dosage, 

duration, and sequence of this treatment combination,  

as well as to evaluate the potential of these strategies in 

other types of solid tumors and in preventing radiation-

induced immunosuppression.58 

 

Future Perspectives 

The development of novel generations of CAR-NK 

cells, together with a deeper understanding of their 

behavior in solid tumors, could potentially revolutionize 

cancer cell therapy and improve patient outcomes in the 

future. Currently, MD Anderson clinical trials are 

utilizing clinical-grade Universal Antigen Presenting 

Cells to generate NK and CAR-NKs. This innovative 

method facilitates the expansion of highly pure 

GMP‑grade CAR‑NK cells in quantities suitable for 

adoptive CAR‑NK‑based cancer immunotherapy.196 

In future investigations, it may be feasible to utilize 

SNAP-CAR NK cells as a potent adapter method for 

precisely directing modified cells to various antigens by 

covalent chemistry. Additionally, the introduction of 

synNotch CAR could serve as an innovative method to 

reduce off-target adverse effects and enhance the safety 

of CAR-NK therapy, making it suitable for future 

clinical and preclinical investigations.74 

Improving the proliferation and persistence of NK 

cells in vivo is a crucial area of current research 

necessary to enhance the therapeutic efficacy of CAR-

NKs.76 To address their short lifespan, adoptive cell 

therapy cells have been engineered to produce cytokines 

that enhance their proliferation and persistence in vivo. 

Another approach to improving the durability of 

immune cell–based therapies is to infuse memory cells. 

However, since memory NK populations have only 

recently been identified, incorporating their 

characteristics represents a novel strategy for enhancing 

the durability of CAR-NK treatments.159 

The versatility of g-NK cells suggests potential 

applications beyond hematological malignancies. Their 

compatibility with various therapeutic antibodies also 

opens up treatment possibilities for solid tumors.159 

NK cell receptor engineering holds great promise for 

reprogramming immune responses to cancer cells. A 

strategy to boost the efficacy of NK cell therapy is to 

combine engineered targets. In addition to multiple 

engineering methods, artificial intelligence can help 

develop combination treatments with conventional 

treatments or other immunotherapies by predicting 

patient responses. Importantly, safety issues remain 

intrinsically related to engineered NK cell therapies, 

such as off-target activation.197 To prevent harmful 

effects on healthy tissue and minimize potential side 

effects, it is crucial to ensure the specificity of NK cell 

therapy. In addition, to refine NK cell activation and 

selectively target cancer cells, tightly tuned logic-gated 

circuits should be developed.197 Moreover, further 

research should be done to investigate the computational 

models to predict and dynamically adjust cell responses. 

The frequent use of integrative vectors to modify NK 

cells also comes with the risk of insertional mutagenesis, 

which may lead to NK cell lymphomas. The current 

FDA recommendation is to have a vector copy number 

less than 5.197,198 Quality control standards must be 

defined to check the engineering efficacy, purity, 

phenotype and tumorigenicity of NK cells. Indeed, 

depending on the donor, the source and the culture 

conditions, NK cell subsets can vary.199 For these latter 

points, new techniques to expand, modify and 

cryopreserve primary NK cells ex vivo would be 

extremely useful for scaling up production for clinical 

application, as high doses and multiple injections are 

required.197,200 The creation of “off-the-shelf” CAR-NK 

products, along with advancements in cryopreservation 

methods, could significantly reduce treatment costs and 

improve patient accessibility.139 The infrastructures 

developed for the production of cell and viral vectors, as 

well as the tools available to engineer cells (among 

which in vivo editing strategies), are expected to 

synergistically improve NK cell therapy. 

The commitment to achieving the therapeutic 

potential of CAR-NKs is demonstrated by ongoing 

clinical trials targeting different antigens. This stage is 

crucial for transforming the landscape of cancer 

treatment.201 In navigating the future of cancer 

immunotherapy, the complex processes involved in 

activating NK cells and the ability of CAR-NKs to 

recognize various tumor antigens shed light on the 

extensive research needed to effectively incorporate 

them into mainstream oncology. These cellular 

treatments have the potential to revolutionize precision 

immunotherapy, offering patients with difficult cancers 

renewed hope and improved outcomes as they transition 

from scientific promise to clinical reality. Furthermore, 
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integrating immune checkpoint inhibition and targeting 

the TME may offer a novel approach to CAR-NK–based 

immunotherapy. Amidst this changing environment, NK 

cells and CAR-NKs emerge as highly promising entities, 

leading us toward a future where cancer treatment 

transcends mere combat and becomes a tailored, precise, 

and efficacious therapeutic approach. 

Further research is still needed to determine the long-

term durability, viability, and potency of these off-the-

shelf products after freeze-thaw cycles. These studies 

will help in understanding the long-term effects of CAR-

NK therapy, including any potential adverse effects.76 

The successful transition of CAR-NK therapy from 

preclinical development to large-scale clinical use relies 

on overcoming key barriers in translation and 

manufacturing. Standardizing large-scale expansion 

protocols, ensuring batch-to-batch consistency, and 

maintaining GMP compliance are essential for 

achieving consistent clinical results. Automating NK 

cell culture systems, integrating closed bioreactors, and 

developing cryostable, off-the-shelf products will be 

vital for industrial scaling. Creating harmonized 

regulatory frameworks and cost-effective production 

pipelines will further support clinical translation and 

global access. Future progress depends on 

multidisciplinary collaborations among academia, 

industry, and regulatory agencies to ensure CAR-NK 

therapies move from promising experimental tools to 

widely accessible, effective cancer treatments. 

 

DISCUSSION 

 

CARs have been introduced into NK cells, making 

them selective and effective in targeting and 

cytotoxicity. The absence of observed adverse effects 

such as GVHD and CRS, commonly associated with 

CAR-T therapy, further underscores the therapeutic 

potential of CAR-NK therapy. However, there are 

challenges associated with the development and 

implementation of CAR-NK therapy. These include the 

difficulty in transducing NK cells, the need for efficient 

in vitro expansion and sustaining shorter in vivo 

persistence compared to T cells, and the potential 

biohazard arising from the use of animal-derived 

products. Efforts are being directed toward addressing 

these challenges and developing safe, effective, and 

scalable protocols for obtaining CAR-NKs. Current 

research and clinical trials are focused on evaluating the 

biological properties of CAR-NKs, optimizing CAR 

compositions, and developing methodologies for the 

preparation of CAR-NKs. Importantly, safety 

considerations related to genetic engineering are also 

being thoroughly investigated. The aim is to ensure that 

CAR-NK therapy can be applied effectively in clinical 

settings with minimal risk to patients. Notably, various 

clinical trials are underway to assess the efficacy of 

CAR-NK therapy in treating different types of cancer, 

including hematological malignancies and solid tumors. 

Additionally, the use of CAR-NKs in combination with 

other immunotherapies is being investigated to further 

enhance their therapeutic potential. This includes efforts 

to optimize the recovery of CAR-NKs after freezing, 

simplify the manufacturing process, and enhance the 

potency and persistence of CAR-NKs. Strategies to 

reprogram CAR-NKs to overcome TME-mediated 

suppression and escape, as well as developing 

recombinant CAR-NKs with memory properties, are 

also being explored.202 

The ability of NK cells to undergo ADCC, a process 

in which they selectively attack cells that are covered 

with antibodies, thereby enhancing their effectiveness, 

has led researchers to investigate advanced techniques 

for gene editing to enhance their durability, ability to kill 

cells, movement within the body, and capacity to combat 

the immune-suppressing environment seen in tumors. 

Current clinical trials are assessing the effectiveness of 

quadruple-engineered NK cells that are produced from 

iPSCs.203,204 

In summary, the research progress in clinical trials 

and innovative strategies for reprogramming NK cells 

reflects the substantial advancements in the field of 

cellular immunotherapy. In conclusion, the ongoing 

investigations and clinical trials demonstrate the 

potential of NK cells as a promising alternative for 

cancer therapy, which continues to expand the scope of 

treatment options for a broad range of malignancies. The 

potential of NK cell–based therapies, especially in 

combination with innovative strategies and advanced 

gene editing technologies, signifies the evolving 

landscape of precision cancer treatment.205 

There are currently no FDA-approved medications 

for CAR-NK treatments, but several are being tested in 

clinical trials. Their importance in cancer 

immunotherapy is increasing as the number of clinical 

trials grows. Nevertheless, more clinical trials are 

needed to optimize CAR-NK treatment for clinical use, 

despite encouraging results—particularly since phase 3 

and 4 trials are not yet available.58 
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