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Natural Killer (NK) cells are crucial regulators of anti-tumor immunity, but their activity is significantly shaped by the tumor
microenvironment across diverse cancer types. This study investigates how variations in cytokine and chemokine presence,
reactive oxygen species (ROS) dynamics, and effector-to-target (E:T) ratios influence NK cell phenotype and cytotoxic function
in Lung, Breast, Ovarian, Gastric, Renal, Colon & Colorectal cancers. By analyzing previously published studies of experimental
killing assays and patient data, this narrative review demonstrates that higher E:T ratios and a predominance of mature NK cells
are closely linked to increased cancer cell death. This data also suggests that pro-inflammatory cytokines (IL-12, IFN-7) enhance
NK cell function while immunosuppressive cytokines (IL-10) and elevated ROS levels suppress cytotoxicity. Single-cell and
pathway data highlight how the balance of these molecules vary across tumor microenvironments. The findings support the
development of NK cell-based therapies aimed at restoring NK cell number, maturity, cytotoxicity and anti-tumor immunity,
providing insight into the interplay between cytokines, ROS, and NK cell activity. This research is extremely important because
it demonstrates why tumors often evade the body’s natural immune defenses, even when NK cells are present. By identifying
how factors like cytokines, chemokines, and reactive oxygen species in the microenvironment influence NK cell function, this

study helps demonstrate the potential for new strategies to improve cancer treatments.
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Introduction

Natural Killer (NK) cells are a vital part of the immune sys-
tem and play a critical role in controlling tumor progression.
Unlike other lymphocytes such as T-cells, which require anti-
gen specific receptors to act, NK cells can directly kill ab-
normal cells which have the capacity to become cancerous.
T-cells need these receptors to precisely identify which spe-
cific antigens presented on Major Histocompatibility Complex
(MHC) molecules to bind to, ensuring a targeted response.
NK cells, part of the innate immune system, are instead regu-
lated through a balance of activating and inhibitory receptors
to detect abnormal cells, and often are in direct interaction
with these cells, triggering cell death through distinct cyto-
toxic mechanisms. This gives NK cells a unique advantage of
providing a rapid defense mechanism before the T-cell medi-
ated response develops'.

The core process by which NK cells enact their killing
mechanisms happens through a process called cytotoxicity,
which refers to the capacity of immune cells to kill cells. In the
context of cancer, cytotoxicity is especially important because
it allows NK cells to kill growing tumor cells and suppress tu-
mor growth. However, NK cell activity is often inhibited due
to a suppressive tumor microenvironment and immune evasion
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strategies by tumor cells to avoid death. Studies have shown
that reduced NK cell activity in certain cancers correlate with
increased tumor growth and increased cancer development,
highlighting the importance of NK cell cytotoxicity. This
raises the question: How does NK cell activity shape cancer
tumor progression across different tissues or environments?

Understanding NK cell behavior is significant because it not
only advances our knowledge of immune cell regulation and
tumor progression, but also lays the potential framework for
new approaches to cancer therapy that restore or enhance im-
mune function. The purpose and objective of this research
is to investigate the mechanisms by which NK cells mediate
cytotoxicity and identify the factors that influence their effec-
tiveness in the tumor microenvironment, leading to potential
breakthroughs for cancer treatments.

While this review uses publicly available data and published
figures, it is limited by the availability of detailed data for
these specific cancer types and varying methodologies across
data sets. Nonetheless, this analysis is grounded on ideas
about how the immune system works, including the effector
to target ratio, and how changes in the tumor microenviron-
ment create a large impact.

By drawing on NCBI resources, literature from PubMed,
the Journal of Immunology, and integrating curated pathway
and single-cell datasets from biological databases such as the
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Human Cell Atlas, this study aims to clarify the critical role
of NK cells in shaping tumor progression. To understand how
NK cell activity influences this progression, it is crucial to ex-
amine their primary cytotoxic mechanisms. First, this review
will explore the primary cytotoxic mechanisms employed by
NK cells, particularly apoptosis and necrosis, and their impli-
cations for tumor progression.

Apoptosis: Programmed Cell Death

A main mechanism through which NK cells eliminate their
target cells is apoptosis, a programmed intracellular self-
destruction that removes abnormal cells without causing dam-
age or inflammation’. This NK cell-mediated apoptosis oc-
curs through two main pathways, the perforin/granzyme path-
way or the Fas/Fas ligand (FasL) pathway, and results in the
shrinking of cells controllably.

When NK cells recognize a target cell, they activate the per-
forin/granzyme cytotoxic pathway, in which NK cells release
perforin, a protein that inserts into the target cell membrane, to
form pores, allowing other molecules to pass through. These
pores allow the entry of granzymes: enzymes released by NK
cells that trigger apoptosis by activating caspases or caspase-
independent pathways, leading to DNA damage and mito-
chondrial dysfunction. Caspase activation directly drives cell
death and dismantling of the cell, while other functions within
the apoptotic pathway help ensure the process remains con-
tained, preventing damage to surrounding tissue'!'2.

NK cells can also induce apoptosis extrinsically through
the Fas/Fas ligand (FasL) pathway. The Fas receptor, also
known as a death receptor, is found on the surface of lympho-
cytes and other immune cells. When FasL binds to Fas, the
proteins, FADD and procaspase-8 are recruited, forming the
death-inducing signaling complex (DISC). Within the DISC,
procaspase-38 is cleaved to form caspase-8, which then triggers
a cascade of activating additional caspases. This cascade re-
sults in features of apoptosis, dismantling the target cell with-

out any further inflammation'’2.

Necrosis: Cell Tissue Death

When apoptosis is evaded, NK cells can engage regulated
necrotic cell death pathways, such as necroptosis or pyroptosis
in some contexts, which leads to the rupture of the cell mem-
brane, causing a release of intracellular content and triggering
inflammation that can cause damage to tissues and neighbor-
ing cells. This process involves a destruction of cell membrane
integrity, following a release of DAMPs (Damage-Associated
Molecular Patterns), like ATP or HMGB1. Necrotic, DAMP
driven inflammation can activate phagocytosis to eliminate
target cells, but persistent and dysregulated necrosis in the tu-
mor microenvironment can also contribute to excessive tissue

damage and in certain settings, support tumor growth and pro-
gression=2,

Together, apoptosis and necrosis represent two distinct
strategies (see Figure 1) for eliminating harmful cells: apopto-
sis provides a controlled non-inflammatory technique to pre-
serve tissue health, whereas necrosis involves a release of in-
tracellular contents that can potentially damage tissue when
controlled death is evaded.
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Fig. 1 NK Cell Death. Details the mechanisms by which NK cells
can kill tumor cells. Through apoptosis (left), regulated necrotic
pathways (right), and cytotoxic cytokines (bottom), NK cells
eliminate tumor cells. Made in www . biorender.com.

Ultimately, these cytotoxic functions are directly related
to the cell cycle and regulation of tumor cells. Within the
cell cycle, those that are dividing and growing rapidly are
labeled as cancer cells. These cells cause stress signals like
MICA or MICB which can activate NK cells or reduce MHC-
I molecules, causing NK cells to attack tumor cells. NK cells
arrest tumor growth, as they can target cells in the G1 or S
phase, inhibiting further growth and removing these cancer-
ous cells. The cell cycle is regulated not just by killing cells,
but also through the secretion of cytokines (as shown in Figure
1) which also induce arrest, and stimulate immune responses.
However, as tumors evolve, they may evade NK cell recogni-
tion and bypass checkpoints through altering their ligands or
other methods, leading to the complex relationship between
NK cells and cancer®”.

Cancer Progression: ROS, Cytokines, Tumors

As tumors progress and evolve, their microenvironment
changes accordingly, often causing harmful conditions for NK
cells. One critical factor shaping NK behavior is the presence
of ROS (reactive oxygen species). ROS, generated by tumors
and immune cells, act as important molecules, helping to reg-
ulate cell growth and immune activity. In balanced amounts,
ROS promotes NK and T cell activation 8. However, once ROS
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levels exceed a threshold, they begin to have harmful effects,
including cell death through apoptosis, necrosis, and promot-
ing tumor development.

In cancer cells, these ROS levels are normally elevated due
to increased metabolic activity and hypoxic conditions within
the tumor microenvironment. Higher levels of ROS contribute
to DNA damage, triggering the start of unchecked tumor pro-
liferation. At the same time, ROS modulate signaling path-
ways, such as NF-xB, HIF-1a, and STAT3, which promote
the survival of tumor cells. On the immune side, excess ROS
can suppress NK cell function by downregulating activation
receptors and inducing NK cell apoptosis, inhibiting the abil-
ity to kill target cells®!?, This not only lowers the clearance
of tumor cells, but also promotes immune evasion and metas-
tasis, as tumor cells continue to create an immunosuppressive
environment (see Figure 2).

The relationship between ROS and NK cells is complex,
but essential for understanding tumors. While NK cells are
essential for eliminating abnormal or stressed cells, they are
extremely sensitive to changes and stresses in the tumor mi-
croenvironment. At controlled levels, this makes ROS act as
a positive regulator by enhancing NK cell activation and cy-
totoxicity. Elevated levels of ROS, however, shifts the bal-
ance toward tumor progression. Adaptive responses which
normally help microenvironments, such as dendritic cell ac-
tivation or T cell recruitment, are also impaired by the tumor
microenvironments. These roles demonstrate the importance
of ROS as a regulator between tumor progression and mediat-
ing the immune system 12,
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Fig. 2 Effects of ROS From the Tumor Microenvironment. Elevated
ROS levels promote an immunosuppressive microenvironment that
favors tumor progression, as tumor cells begin to multiply (right).
However, the left depicts an environment where ROS levels are
normal, and NK cells are effectively eliminating cancer cells,
suppressing tumor progression (left). Made in
www.biorender.com.

Beyond ROS, NK cell function is also profoundly regu-

lated by another class of signaling molecules: cytokines and
chemokines, which influence NK cell behavior and activation.
Cytokines such as IL-2, IL-15, TNF-a, IFN-y play impor-
tant roles when it comes to cytotoxicity (See Figure 3). They
are signaling molecules that help facilitate the body’s immune
and inflammation responses, influencing the function of NK
cells and their ability to recognize and eliminate target cells.
Chemokines, such as CXCL9 and CXCL10, help guide cyto-
toxic T cells and NK cells toward tumor sites, ensuring com-
munication between the cell and enhancing anti-tumor im-
mune responses. While these cytokines and chemokines fa-
cilitate NK function, tumors can resist NK attack by altering
these molecules by secreting inhibitory cytokines or downreg-
ulating activating ligands*"4. This causes a reduced number
of NK cell subsets and can suppress receptors on NK cells,
therefore inhibiting their function and causing tumor progres-

sion!.
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Fig. 3 Cytokine and Chemokine functions in lung, breast, ovarian,
gastric, renal, colon, and colorectal cancers. Positive roles of various
cytokines (IL-12, IL-18, IL-24, IFN-y) and chemokines (CXCL9,
CXCL10) in lung, breast, ovarian, gastric, renal and colon &
colorectal cancers. Cytokines regulate NK cell activity, while
chemokines drive NK cell movement. Both interact with ROS
pathways to influence cancer progression. Made with
www.biorender.com.

NK Cell Numbers and Subsets Across Cancer Types

The abundance and state of NK cells play an important role in
cancer progression and survival. Examining NK cell numbers
and their subsets across different cancers provides insight into
how these immune cells can either suppress or promote tumor
growth.

Across cancers and progressive stages, reduced NK cell
numbers are associated with poor survival rates and enhanced
tumor growth. In contrast, higher NK cell numbers have led
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to improved survival in lung, colorectal, and many other can-
cers. However, there is one exception: triple-negative breast
cancer (TNBC). In TNBC, a higher number of NK cells cor-
relates with worse outcomes, as NK cells actually aid tumor
progression. This paradox is because of an immature subset
of CD56"#" NK cells. In healthy conditions, CD56""g" NK
cells demonstrate reduced cytotoxic activity and are impor-
tant for secreting cytokines such as TNF-« and IFN-v, which
help promote immune responses 219 Within the TNBC tu-
mor microenvironment, however, these cells fail to perform
their role. Their immaturity exhibits reduced cytotoxicity due
to low granzyme and perforin expression and also secrete cy-
tokines in a way that favors tumor growth and immune eva-
sion. While normally regulatory, this NK subset becomes one
of the main factors in poor survival for TNBC.

This complex relationship between NK subsets and tumor
outcomes highlights the importance of not just NK cell abun-
dance, but NK cell maturity and function. In regards to ther-
apeutic strategies, approaches that target ROS pathways or
modulate cytokine signaling may help shift NK cells toward
a more tumor-suppressive and cytotoxic phenotype.

Tissue Microenvironments

Key Cancer Types: Lung, Breast, Ovarian, Gastric, Renal,
Colon & Colorectal

The study of major solid tumors, including lung, breast,
ovarian, gastric, renal and colon/colorectal cancers, highlights
how distinct tissue microenvironments influence NK cell ac-
tivity and disease progression. Lung cancer, the leading cause
of cancer-related deaths, develops within a highly immuno-
suppressive microenvironment with factors that impair im-
mune cells and NK cells that are critical for early tumor clear-
ance ™18, In breast cancer, particularly hormone receptor-
positive and HER2-positive subtypes, NK cells often show re-
duced cytotoxicity and altered states'®. Colorectal cancer pro-
gression reflects both genetic mutations and a microenviron-
ment enriched in suppressive cytokines and metabolic stress,
limiting NK maturation and infiltration?". Gastric and ovarian
cancers, frequently diagnosed at advanced stages, feature hy-
poxic and cytokine rich niches that limit NK response, though
ovarian tumors paradoxically show high NK cell activity along
with suppression. Lastly, in renal cell carcinoma (kidney can-
cer) inflammatory and stress-related signals combine with im-
mune cell infiltration to shape NK cell function. As explored
in this paper, each of these cancerous functions depends heav-
ily on the microenvironment’s ability to sustain or suppress
NK cell activity 222,

Despite their distinct origins, these diverse cancer tissue
microenvironments share several critical features that collec-
tively undermine the immune system and NK cell function.
Some commonalities are increased levels of ROS, nutrient de-

privation, acidic pH, and immunosuppressive cytokines, such
as IL-10 (See Figure 4). These factors collectively work to
suppress NK cell activity by reducing resources necessary for
cytotoxicity and altering the balance within the cell%L.

The diverse tumor microenvironments profoundly influence
the dynamics of NK cells, impacting their activation, pro-
liferation, and maturation at different stages of progression.
In early stages, NK cells are more effectively recruited with
higher cytotoxicity due to a higher number of cytokines and
activating ligands on malignant cells. However, in later stages,
as the tumor progresses, the environment becomes increas-
ingly suppressive and reductions in NK cells start to appear,
causing impairment and less mature phenotypes®'2, The
complex interactions between NK cells, cytokines, ROS, and
tumor cells is depicted in Figure 4, which shows how changes
in concentrations of these molecules collectively shapes tumor
cell proliferation, immune evasion, and metastasis across tu-
mor stages.

Within these varying tumor microenvironments, the ratio
of NK cells to target cells is a critical determinant of patient
survival rates, and this ratio is significantly influenced by the
microenvironmental conditions. High NK to target ratios are
often associated with a controlled early stage, yet diminish as
tumors begin to evade detection and change their microenvi-
ronment. The difference in this ratio is driven by processes
involving cytokines and chemokines, and involves differing
rates of NK cell expansion and proliferation. In more aggres-
sive cancers, factors like TGF-f3 can reduce overall NK cell
numbers and create immature subsets with reduced cytotoxic-
ity 20,

As mentioned before, immature subsets can be marked by
high expression of CD56P1e", Other features of immature
subsets include low CD16, receptors like NKG2A, or a lack
of killer immunoglobulin receptors (KIRs). These immature
subsets are more likely to have decreased cytotoxicity, how-
ever they excel at releasing cytokines and help to regulate
the immune system22Z, But, with tumor progression, the
prevalence of these subsets are enhanced. Increased immature
NK cells across tumor microenvironments generally correlates
with reduced antitumor immunity, impaired direct killing of
cancerous cells, increased immune evasion, and poorer out-
comes with more aggressive tumor behavior.

Therapeutic Implications

As shown in several key studies”2530, NK cell-based ther-
apies are emerging as promising cancer treatments, offer-
ing potential advantages over traditional immunotherapies be-
cause of their potent cytotoxic capabilities and inherent safety
profile. CAR-NK cells (NK cells with Chimeric Antigen
Receptors) can be used effectively, as clinical trials have
shown fewer adverse side effects compared to CAR T-cell
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