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Introduction  
  

Natural Killer (NK) cells are a crucial component of the innate immune system and a 
broader family of cells known as innate lymphoid cells(Mace 2023). They help protect the body 
and system by targeting and destroying infected or abnormal cells. What makes NK cells unique 
is that, unlike cytotoxic lymphocytes, they can destroy any potential threats without prior 
exposure to that specific pathogen (Lanier). This means they do not need to be activated by 
previous exposure to recognize and kill the infected cells. This is different from other 
lymphocytes that require previous exposure to recognize specific antigens and become 
activated so that they can kill the abnormal cells. Understanding how NK cells remain alive and 
function properly is crucial because it could aid in the development of new treatments utilizing 
NK cells for cancer and other infectious diseases. Recent advances in single-cell profiling and 
transcriptomics have revealed significant NK cell heterogeneity, with subsets specialized for 
anti-viral defense, tumor control, or immune regulation(Rebuffet, Zheng). 

Despite their therapeutic promise, NK cell-based therapies face several challenges. One 
major challenge is the limited lifespan and functional persistence of NK cells in the tumor 
microenvironment. NK cells can become metabolically exhausted or fail to maintain function, 
reducing their effectiveness in long-term treatment (Sohn). Therefore, enhancing NK cell fitness, 
defined as sustained proliferation and metabolic stability, is a major goal in advancing NK cell 
therapy. In this review, we will explore recent strategies aimed at bettering NK cell function, with 
a particular focus on genetically engineered approaches such as CAR-NK cell therapy. The 
purpose of this review is to highlight recent advances and strategies, particularly genetic 
engineering approaches, that aim to improve NK cell persistence, function, and clinical efficacy 
 
 
Role of Natural Killer Cells in Immunity 
 

Natural killer (NK) cells are cytotoxic innate lymphoid cells that play an important role in 
the early immune response against virally infected and transformed cells. Unlike T or B cells, NK 
cells do not require prior sensitization or antigen specificity to recognize and eliminate target 
cells. Their function is tightly regulated through a balance between activating and inhibitory 
receptors, allowing them to rapidly respond to threats while minimizing damage to healthy tissue 
(Vacca et al., 2023). An important part of NK cell-mediated cytotoxicity is the formation of an 
immunological synapse with the target cell, followed by the directed release of lytic granules. 
These granules contain perforin, which forms pores in the target cell membrane, and 
granzymes, which enter through these pores and induce apoptosis (Vacca et al., 2023).  

NK cells also serve important immunomodulatory functions. Upon activation, they secrete 
pro-inflammatory cytokines such as interferon-gamma (IFN-γ), tumor necrosis factor-alpha 
(TNF-α), and granulocyte-macrophage colony-stimulating factor (GM-CSF), as well as 
chemokines like CCL3, CCL4, and CCL5 (Vacca) . These signaling molecules recruit and 
activate additional immune effectors, increasing the breadth and effectiveness of the overall 
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immune response (Vacca et al., 2023). Recent studies also demonstrate the capacity of NK 
cells to exhibit memory-like features, a concept that challenges traditional distinctions between 
innate and adaptive immunity. For example, cytomegalovirus (CMV) infection can increase the 
expansion of "adaptive" NK cells with increased functional responses upon re-exposure (Vacca 
et al., 2023). Understanding NK cells is critical for advancing therapeutic strategies against 
infections and cancers. Many pathogens and tumor cells have evolved mechanisms to evade 
NK cell recognition or suppress their activity, limiting the effectiveness of natural immune 
responses. By shedding light on how NK cells detect targets, regulate cytotoxicity, and adapt to 
repeated challenges, researchers can develop interventions that enhance their effectiveness 
while preventing off-target tissue damage. This knowledge is especially valuable for improving 
NK cell immunotherapies, optimizing their persistence and efficacy in clinical areas. 
 
 
Cytokine Engineering for NK Cell Persistence  
 

Cytokines are small signaling proteins that play a vital role in regulating immune cell 
development, differentiation, survival, and activation (Vivier et al., 2011; Abel et al., 2018). In NK 
cells, cytokines such as interleukin (IL)-2, IL-12, IL-15, IL-18, and IL-21 are particularly important 
for maintaining effector function, proliferation, and cytotoxicity (Waggoner et al., 2021; Liu et al., 
2021). Among these, IL-15 plays a uniquely important role in increasing NK cell development, 
survival, and homeostasis by supporting metabolic fitness and memory-like properties (Fehniger 
& Caligiuri, 2001; Romee et al., 2016; Zhou et al., 2023). However, in the context of adoptive NK 
cell therapy, systemic administration of cytokines like IL-15 can result in nontargeted effects, 
systemic toxicity, and short-lived signaling because of rapid clearance and nonspecific 
distribution (Tang et al., 2021; Zhou et al., 2023). To address these challenges, researchers are 
engineering NK cells to express cytokines such as IL-15 internally, allowing for support that 
increases NK cell persistence, reduces exhaustion, and supports long-term activity in 
immunosuppressive environments like tumors (Liu et al., 2021; Zhou et al., 2023). 
 
Chimeric Antigen Receptor (CAR) Engineering of NK Cells  
 

Chimeric antigen receptor (CAR) engineering has been an important part of T cell 
therapies, and now a similar strategy is being applied to NK cells (Zhang & Liu et al., 2020; 
Rezvani & Rouce, 2015). CAR-NK cells are genetically modified to express synthetic receptors 
that specifically recognize tumor-associated antigens, triggering NK cell activation and targeted 
cytotoxicity (Chu et al., 2022; Liu & Zhang et al., 2020). CAR-NK therapies have several 
advantages, including a reduced risk of cytokine release syndrome (CRS) and graft-versus-host 
disease (GvHD), making them safer for clinical application (Liu & Zhang et al., 2020; Shimasaki 
et al., 2020; Tang et al., 2021). Also, NK cells retain their innate cytotoxicity via natural activating 
receptors, which allows them to kill tumor cells independently of CAR, providing a broader killing 
capacity (Rezvani et al., 2017; Miao et al., 2024). However, CAR-NK cells have challenges in 
the immunosuppressive tumor microenvironment, like metabolic exhaustion and inhibitory 
signals that limit their persistence and antitumor efficacy (Mace et al., 2016; Zhou et al., 2023). 
To address these issues, current research is focused on combining CAR engineering with 
additional genetic modifications aimed at enhancing NK cell survival, metabolic fitness, and 
functional persistence (Liu & Zhang et al., 2021; Zhang et al., 2022). 
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Table 1. Recent Advancements in  CAR-NK Engineering Strategies 
 
 Gene 

Knockout for 
NK Cell 
Memory 

Cytokine Engineering 
for Metabolic Fitness  

CISH deletion for 
Enhanced 
Responsiveness  

Engineerin
g strategy 

 
Gene 
knockout 
of BCL2 
and FLI1 
using 
CRISPR 
to study 
survival 
and 
memory in 
NK cells. 

 

CAR-engineering of NK 
cells and IL-15 cytokine to 
improve metabolic fitness 
and persistence. 
 

Knockout of CISH to 
increase NK cell cytokine 
responsiveness through 
CRISPR. 
 

Model/Tech
nique 

Mouse model 
(MCMV 
infection), 
adoptive 
transfer of 
Ly49H⁺ NK 
cells, 
scRNA-seq, 
ATAC-seq, 
CRISPR. 

In vitro assays and in vivo 
mouse tumor models; 
metabolic profiling; 
mitochondrial analysis. 
 
 

 

Cord blood–derived NK 
cells; in vitro killing assays; 
in vivo tumor xenografts in 
mice. 
 

Efficacy 
Outcomes  

BCL2 is 
important for 
NK cell 
survival; FLI1 
represses 
memory NK 
formation 
because its 
deletion 
improves 
persistence. 

IL-15–expressing 
CAR-NK cells showed 
better function of the 
mitochondria and better 
tumor control. 
 

CISH-deleted NK cells 
showed greater expansion, 
stronger cytotoxicity, and 
longer persistence. 
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Safety  No safety 
concerns 
were in the 
study. 

Improved safety in the 
CAR-NK cells vs. CAR-T; 
no major cytokine release 
or toxicity in preclinical 
models. 
 

No toxicity in preclinical 
models.  

Key 
outcomes 

Identified 
mechanisms 
in NK cell 
memory 
formation, 
found that 
BCL2 is 
important for 
NK cell 
survival, and 
that FLI1 acts 
as a 
repressor of 
NK cell 
formation and 
memory. 

The IL-15 improved NK 
survival, metabolism, and 
antitumor efficacy. 
 
 

Removing internal gene 
checkpoints like CISH 
increases NK cell fitness 
and tumor-killing capacity. 
 
 

 
In Study A, researchers examined the molecular mechanisms crucial for the survival and 
differentiation of natural killer (NK) cells during viral infection, with a focus on identifying key 
factors that influence the formation of memory-like NK cells (Riggan et al, 2022). Using 
single-cell RNA sequencing, ATAC-seq, CRISPR gene editing, and mouse models, the 
researchers identified that a subset of NK cells, specifically Ly6C⁻ NK effector cells, had better 
survival and are the main precursors of memory NK cells. These cells were found to express 
higher levels of the anti-apoptotic protein BCL2, promoting cell survival. In contrast, the 
transcription factor FLI1, regulated by STAT5 signaling, was shown to repress NK cell 
persistence by upregulating the pro-apoptotic protein BIM. The deletion of FLI1 through CRISPR 
improved NK cell survival and expansion, suggesting it acts as a negative regulator of memory 
NK cell formation.  
 
While transcription factors play a role in NK cell survival, other research has focused on external 
factors like cytokines to boost NK cell function. In another study, scientists focused on 
increasing the metabolic fitness of CAR-engineered NK cells by adding the cytokine IL-15, 
which is how well the body can produce energy, utilize nutrients, and regulate hormones. 
CAR-engineered NK cells are natural killer cells that have been genetically modified to express 
chimeric antigen receptors (CARs) on their surface (Does Reis). These artificial receptors allow 
NK cells to better recognize and bind to specific proteins on cancer cells,  which aids their ability 
to target and kill tumors more effectively. This technique helps improve NK cell responses 
against cancers. Cytokines are small proteins that act as signaling molecules in the immune 
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system; they help immune cells grow, communicate, and respond to any attacks. In this study, 
researchers engineered NK cells to produce IL-15 themselves, giving them a constant supply of 
cytokines to properly support them. This helps prevent metabolic exhaustion, which is when 
cells become weak or inactive because they run out of energy or nutrients, especially when they 
are in environments like tumors. The IL-15-expressing NK cells had healthier mitochondria (the 
part of the cell that produces energy) and showed better performance in lab tests and mouse 
models. This way of increasing NK activity shows that helping NK cells maintain their energy 
production can make them last longer and be more effective at combating cancer.  
 
Another study took a different approach by focusing on a gene called CISH (Cytokine-Inducible 
SH2-containing protein), which regulates how NK cells respond to cytokine signals. CISH 
suppresses or limits the signaling pathways inside NK cells that increase their activation, 
growth, and survival. By reducing the strength of these signals, CISH helps prevent excessive 
immune responses, but it can also reduce the ability of NK cells to effectively attack cancer cells 
(Bernard, Pierre-Louis et al, 2022). When cytokines like IL-15 bind to NK cells, they send signals 
to activate the cell, but CISH works to turn those signals down. The researchers in this study 
used CRISPR, a gene editing tool, to remove CISH in cord blood-derived NK cells. This deletion 
made the cells more responsive to cytokines, activating pathways like mTOR and Akt, which 
support cell growth and survival. These NK cells expanded more, killed tumor cells more 
effectively, and survived longer without causing harmful side effects. This method improves NK 
cell function from the inside by removing limits to their activation.  
 
Discussion and Conclusion   
 
The various strategies explored for enhancing NK cell activity each present unique advantages 
in the pursuit of more effective immunotherapies. Among these, a synergistic approach 
combining IL-15 engineering and CISH deletion appears to offer the most promising path to fully 
maximize NK cell potential. It gives them external support from outside signals like cytokines, 
while also making the cells more receptive from within by deleting CISH. IL-15 engineering 
provides critical extrinsic support, bolstering NK cell survival and metabolism, while CISH 
deletion intrinsically enhances the cells' responsiveness to existing cytokine signals, overcoming 
inherent inhibitory mechanisms. This dual approach addresses both external and internal 
limitations on NK cell function. While approaches targeting transcription factors, such as FLI1 
deletion, hold promise for inducing long-term, intrinsic changes in NK cell memory and 
persistence, they may also carry a higher risk of off-target genetic modifications. In contrast, 
IL-15 engineering and CISH deletion offer a more direct and potentially simpler path to 
immediate functional enhancement, making them particularly attractive for acute or short-term 
therapeutic interventions. However, the synergistic combination of these two methods could 
potentially bridge the gap between short-term efficacy and sustained therapeutic benefit. 
Combining CISH deletion and IL-15 engineering would provide the best results by creating NK 
cells that are engineered to express IL-15 and edited to remove CISH. This could lead to NK 
cells that are very active and resistant to exhaustion, in the future leading to improved 
immunotherapies.  
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