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Abstract

Lung cancer ranks first in both incidence and mortality among all malignancies, and
tumor microenvironment (TME)-induced CD8+ T cell exhaustion is a critical factor driving
immune evasion and compromising the efficacy of immunotherapy. MicroRNAs (miRNAs),
as key post-transcriptional regulators, shuttle between lung cancer cells and CD8+ T cells
via extracellular vesicles (EVs), serving as critical communication hubs that reshape the
TME. This review systematically synthesizes recent literature to summarize the regulatory
patterns of miRNAs on functions of lung cancer cells and CD8+ T cells, and dissect the
molecular mechanisms underlying miRNA-mediated bidirectional crosstalk between these
two cell types. This review focuses on the dual-pronged immune evasion strategy employed
by lung cancer cells to counteract CD8+ T cells. On the one hand, lung cancer cells aberrantly
express endogenous miRNAs, such as miR-20a, miR-149-5p, and miR-326, to remodel their
surface ligands and establish immune camouflage. On the other hand, they actively secrete
EVs enriched in specific miRNAs, including miR-7108-3p, miR-651-5p, and miR-24-3p,
which directly suppress CD8+ T cell function. Furthermore, lung cancer cells secrete
additional miRNAs, notably miR-6794-5p, miR-708-5p, and miR-1234-3p, to reprogram
other TME components, namely tumor-associated macrophages (TAMs), natural killer (NK)
cells, and myeloid-derived suppressor cells (MDSCs). These reprogrammed cells, in turn,
indirectly attenuate CD8+ T cells through a relay-like mechanism via immunosuppressive
cytokines or surface checkpoint molecules produced by these cells. In addition, competing
endogenous RNA (ceRNA) networks formed by long non-coding RNAs (lncRNAs) and
circular RNAs (circRNAs) in lung cancer cells regulate miRNA activity at multiple levels,
further impairing the immune effector functions of CD8+ T cells. Conversely, activated
CD8+ T cells also secrete miRNA-containing EVs, which deliver these miRNAs to tumor
cells, thereby inhibiting tumor progression. Elucidation of this miRNA-based bidirectional
communication network will not only advance our understanding of immune evasion
mechanisms in lung cancer but also provide novel insights into cell-free immunotherapeutic
approaches based on CD8+ T cell-derived vesicles.

Keywords: lung cancer; CD8+ T cells; immune evasion; extracellular vesicles; miRNAs

1. Introduction
Lung cancer ranks first globally in both incidence and mortality among all malignan-

cies, accounting for 18.7% of total cancer-related deaths [1]. Pathologically, lung cancer
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primarily encompasses small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC), with NSCLC including lung squamous cell carcinoma (LUSC), large cell car-
cinoma of the lung (LCC), and lung adenocarcinoma (LUAD) [2]. Although targeted
therapies and immunotherapies have improved survival in some patients with advanced
NSCLC, raising the 5-year survival rate to 24–31% [3], the high heterogeneity of the tumor
microenvironment (TME) remains a bottleneck that limits treatment efficacy [4]. The TME
is not merely a collection of cancer cells, but is composed of various immune cells, stromal
cells, and the extracellular matrix. In lung cancer immune surveillance, CD8+ T cells play a
crucial role as key effector cells of the adaptive immune system. As lung cancer progresses,
however, cancer cells employ various mechanisms to downregulate activating receptors on
the surface of CD8+ T cells and inhibit the release of cytotoxic granules, such as perforin
and granzyme B, ultimately leading to effector exhaustion.

miRNAs are a class of endogenous non-coding small RNAs approximately 22 nucleotides
in length. As potent post-transcriptional regulators, they play dual roles in lung
cancer—either promoting or suppressing tumor growth [5]. More importantly, miRNAs
can shuttle between lung cancer cells and CD8+ T cells via extracellular vesicles (EVs) [6,7],
acting as signaling “messengers” to reshape the local immune status of the TME. It is worth
noting that this miRNA-mediated intercellular communication is not a unidirectional pro-
cess. CD8+ T cells can also use EVs to transmit their own miRNAs back to tumor cells [8],
forming a “bidirectional crosstalk” network that inhibits cancer progression. Based on
this, this article systematically reviews the latest research progress on miRNA-mediated
remodeling of the lung cancer microenvironment, focusing on the molecular mechanisms
underlying bidirectional crosstalk between CD8+ T cells and lung cancer cells as well as
immune evasion, with the aim of providing a theoretical basis for a deeper understanding
of the dynamic evolution of the lung cancer microenvironment and the development of
cell-free, EV-based targeted therapies derived from CD8+ T cells.

2. Regulation of CD8+ T Cell Function by miRNAs
2.1. Antitumor Functions of CD8+ T Cells

CD8+ T cells are the primary effector cells responsible for tumor recognition and
elimination; their infiltration levels and functional status directly influence the efficacy of
immunotherapy and patient prognosis [9]. In many cases of NSCLC, CD8+ T cell numbers
are reduced, or their function is impaired, indicating tumor immune evasion [10,11]. The
full activation of CD8+ T cells depends on the precise regulation of dual signaling pathways:
The first signal is provided by the T cell receptor (TCR) recognizing antigenic peptides
presented by major histocompatibility complex class I (MHC-I) molecules; the second
signal primarily depends on the binding of the core costimulatory receptor CD28 to the
ligands CD80/CD86 on the surface of professional antigen-presenting cells [12]. The
activation of costimulatory signals is a critical hub mediating CD8+ T-cell proliferation,
anti-apoptosis, the acquisition of cytotoxicity, and the formation of a memory phenotype.
Aberrant expression or blockade of the second signal can directly lead to CD8+ T-cell
inactivation; however, under sustained antigenic stimulation, even in the presence of co-
stimulation, CD8+ T cells will gradually enter a state of exhaustion [12]. Therefore, the
integrity of the second signal, together with sustained antigenic stimulation, determines
whether CD8+ T cells will develop into functional effector cells or memory cells, or become
inactivated or exhausted. CD8+ T cells exert immune surveillance and cytotoxic effects
during tumor growth primarily through three mechanisms: First, the perforin–granzyme
pathway, in which perforin forms pores in the tumor cell membrane, facilitating the efficient
entry of granzyme into tumor cells and thereby triggering various intracellular death
pathways [13]. Second, the Fas/FasL pathway, in which Fas—a cell death signaling surface
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molecule—binds to the Fas receptor on the tumor cell surface via the Fas ligand (FasL),
which is highly expressed on the surface of CD8+ T cells, directly inducing apoptosis [13].
Third, the cytokine pathway. Interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-
α), secreted by CD8+ T cells, not only act directly on tumor cells to induce senescence
or death and upregulate MHC-I and programmed cell death ligand 1 (PD-L1), but also
broadly regulate immune cells, stromal cells, and endothelial cells within the TME, thereby
establishing a synergistic anti-tumor network [14].

2.2. miRNA-Mediated Regulation of CD8+ T Cell Effector Functions and Biological Behaviors

Aberrant miRNA expression can directly regulate the cytotoxic activity of CD8+ T cells.
For example, exogenous let-7b can be internalized by CD8+ T cells, specifically inhibiting
the expression of programmed death receptor 1 (PD-1); simultaneously, let-7b can also enter
Kras-mutation-driven lung cancer cells, downregulating their PD-L1 [15]. Furthermore,
following let-7b treatment, the proportion of effector and memory CD8+ T cells increased,
reversing CD8+ T cell exhaustion and leading to increased secretion of IFN-γ and granzyme
B [15]. Conversely, some miRNAs directly attenuate CD8+ T cell activity; for example,
miR-23a specifically targets and inhibits BLIMP-1 in CD8+ T cells, thereby suppressing
the expression of granzyme B and IFN-γ and attenuating the cytotoxic function of CD8+ T
cells [16]. For more details on the molecular mechanisms by which miRNAs regulate the
effector functions and biological behavior of CD8+ T cells, see Table 1. In addition to acting
directly on CD8+ T cells themselves, miRNAs can also indirectly amplify the antitumor
efficacy of CD8+ T cells by modulating helper T cells. For example, the loss of miR-7 lifts
its inhibition of MAPK4, activates the AKT/ERK/NF-κB pathway, and thereby promotes
the polarization of CD4+ T cells toward Th1; furthermore, these polarized CD4+ T cells not
only directly enhance antitumor immune responses but also recruit and activate CD8+ T
cells [17].

2.3. Regulation of miRNAs in CD8+ T Cells by the ceRNA Network

miRNAs within CD8+ T cells are not regulated in isolation; their biological activity
is precisely regulated by a competitive endogenous RNA (ceRNA) network composed of
upstream long non-coding RNAs (lncRNAs). For example, lncNDEPD1 acts as a “molec-
ular sponge” in CD8+ T cells, binding to and inhibiting miR-3619-5p. This lifts the post-
transcriptional repression of PD-1 by miR-3619-5p; the resulting upregulation of PD-1
expression then attenuates CD8+ T cell activity, thereby promoting immune evasion in
lung cancer [18]. This ceRNA crosstalk mechanism, mediated by upstream lncRNAs, not
only regulates CD8+ T cell activation but also renders the function of downstream miRNAs
highly cell-type-dependent. Another example is miR-15a, which suppresses cell prolifera-
tion and survival in NSCLC cells, acting as a tumor suppressor [19]. However, in CD8+ T
cells, lncRNA Malat1 (which is highly expressed in NSCLC tissues) can serve as a molecular
sponge to competitively sequester miR-15a, thereby relieving miR-15a-mediated repression
of CD28 and B-cell lymphoma-2 (BCL2). This in turn enhances CD8+ T cell activation,
interleukin-2 (IL-2) production, and the formation of memory CD8+ T cells [20]. Although
this study was validated in an infection model, it suggests that miR-15a suppresses T
cell responses in CD8+ T cells and is functionally pro-tumorigenic in this context. Thus,
miR-15a inhibits cancer cell proliferation in NSCLC cells and likewise suppresses T cell
activation and survival in CD8+ T cells—its molecular function is consistent. However,
because it operates in different cell types, the same molecular function leads to opposite
biological outcomes: it is tumor-suppressive in cancer cells, whereas in CD8+ T cells it
becomes pro-tumorigenic by dampening antitumor immunity.
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Table 1. Regulatory Roles of miRNAs in the Effector Functions and Biological Behavior of CD8+

T Cells.

miRNA Regulated Cells Target Biological Function References

let-7b CD8+ T cells;
Tumor cells

PD-1;
PD-L1

CD8+ T cells: PD-1 ↓, proportion of
effector memory CD8+ T cells ↑,

secretion of IFN-γ and granzyme B ↑;
Tumor cells: PD-L1 ↓

[15]

let-7 CD8+ T cells ?

PI3K/AKT/mTORC2 ↓, ROS
production ↓, terminal

differentiation/exhaustion of CD8+ T
cells ↓, memory cell formation ↑

[21]

miR-934 CD8+ T cells SHP2 SHP2 ↓, secretion of IFN-γ, TNF-α,
granzyme B, and perforin ↑ [22]

miR-23a CD8+ T cells BLIMP-1 BLIMP-1 ↓, granzyme B and IFN-γ ↓,
cytotoxic function of CD8+ T cells ↓ [16]

miR-651-5p CD8+ T cells BCL2 BCL2 ↓, CD8+ T-cell apoptosis ↑ [7]

miR-7108-3p CD8+ T cells CD8A
CD8A ↓, CD107a ↓, decreased

secretion of IFN-γ, perforin 1, and
granzyme B

[6]

miR-20a-5p CD8+ T cells NPAT NPAT ↓, decreased secretion of IFN-γ,
TNF-α, perforin, and granzyme B [23]

miR-301a CD8+ T cells Runx3

Runx3 ↓, accumulation of CD8+ T
cells in the TME and IFN-γ secretion
↓, antitumor immune response ↓,
lung cancer immune evasion and

metastasis ↑

[24]

miR-15b CD8+ T cells DEDD

DEDD ↓, CD8+ T-cell apoptosis ↓;
decreased expression of CD69 and

secretion of IL-2 and IFN-γ, resulting
in reduced activation and antitumor

activity of CD8+ T cells

[25]

miR-15a CD8+ T cells CD28 and BCL2
CD28 and BCL2 ↓; CD8+ T-cell

activation and IL-2 production ↓;
memory cell formation ↓

[20]

miR-29;
miR-130 Naive CD8+ T cells

miR-29: T-bet
and Eomes;

miR-130: IRF1
and IL6st [26]

miR-29: T-bet and Eomes ↓, CD62L ↑,
activation markers CD69 and CD44 ↓,
CD8+ T-cell proliferation ↓, secretion
of Granzyme B, TNF-α, and IFN-γ ↓;
miR-130: IRF1 and IL-6 secretion ↓,
CD62L ↓, activation markers CD28

and CD69 ↑, PD-1 ↓, CD8+ T-cell
proliferation ↑, secretion of perforin,

granzyme B, TNF-α, and IFN-γ ↑

[27]

miR-181a-5p CD8+ T cells Id2 Id2 ↓, T-bet and Ifng ↓, IFN-γ
secretion ↓ [28]

miR-629-5p CD8+ T cells IL2RB
IL2RB ↓, JAK-STAT signaling ↓,

granzyme B ↓, reduced antitumor
activity of CD8+ T cells

[29]
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Table 1. Cont.

miRNA Regulated Cells Target Biological Function References

miR-27b-3p CD8+ T cells TOX

TOX ↓, PD-1 and TIM-3 ↓, reduced
exhaustion of CD8+ T cells, and

enhanced antitumor immune
function ↑

[30]

miR-379-5p CD8+ T cells TIM-3, TIGIT
TIM-3 and TIGIT ↓, CD8+ T-cell

exhaustion ↓, their cytotoxic
function ↑

[31]

miR-149-3p CD8+ T cells PD-1 *, TIM-3 *,
BTLA *, Foxp1 *

Downregulation of PD-1, TIM-3,
BTLA, and Foxp1 inhibitory receptors;

CD8+ T-cell exhaustion ↓
[32]

miR-29b;
miR-198 CD8+ T cells

miR-29b:
MCL-1;

miR-198: JAK3

miR-29b: MCL-1 ↓, reduced
anti-apoptotic capacity of CD8+

T cells;
miR-198: JAK3 ↓, JAK3/STAT5/6

signaling ↓, CD8+ T-cell
proliferation ↓

[33]

miR-31-3p CD8+ T cells ? CCDC137 and MTERF2 ↓, CD8+

T-cell proliferation and activation ↑ [34]

miR-491 CD8+ T cells CDK4, TCF-1,
Bcl-xL

CDK4, TCF-1, and Bcl-xL ↓; CD8+

T-cell proliferation and IFN-γ
secretion ↓; apoptosis ↑

[35]

miR-150 CD8+ T cells c-Myb
c-Myb ↓, Bcl-2 and Bcl-xL ↓, CD8+

T-cell survival ↓, memory cell
formation ↓

[36]

miR-21 CD8+ T cells, CD4+

T cells PTEN
PTEN ↓, Akt ↑, CD8+ T-cell

proliferation and IFN-γ and IL-2
secretion ↑

[37]

miR-19b CD8+ T cells PTEN

PTEN ↓, FOXO/PI3K signaling ↑,
CD8+ T-cell proliferation and

secretion of IFN-γ and granzyme B ↑,
apoptosis ↓

[38]

miR-330-3p CD8+ T cells CD244 CD244 ↓, CD8+ T-cell apoptosis ↓,
effector function ↑ [39]

miR-155 CD8+ T cells Ikbke, Bach1;
Ship1

(1) Ikbke and Bach1 ↓,
STAT1/IRF7-mediated type I

interferon signaling ↓, CD8+ T-cell
proliferation and IFN-γ secretion,

memory cells ↑; (2) Ship1 ↓, pAkt ↑,
Phf19 ↑, PRC2 ↑, CD8+ T-cell
senescence and exhaustion ↓

[40,41]

miR-29 CD8+ T cells IFN-γ IFN-γ ↓, reduced effector function of
CD8+ T cells [42]

miR-
23a/27a/24 CD8+ T cells

miR-23a:
CD107a;

miR-27a and
miR-24: IFN-γ

CD107a ↓, IFN-γ ↓, cytotoxic function
of CD8+ T cells ↓ [43]
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Table 1. Cont.

miRNA Regulated Cells Target Biological Function References

miR-139 and
miR-342;
miR-150

CD8+ T cells

miR-139:
perforin * and

Eomes *;
miR-150:
CD25 *

miR-139 and miR-342: decreased
perforin and Eomes, decreased

cytotoxicity of CD8+ T cells;
miR-150: decreased CD25 and

IL-2 signaling

[44]

miR-519e-5p CD8+ T cells NOTCH2
NOTCH2 ↓, Notch signaling ↓, PD-1

↑, granzyme B ↓, CD8+ T cell
exhaustion ↑

[45]

miR-199a-5p CD8+ T cells MAGT1

MAGT1 ↓, magnesium ion influx and
TCR/PLCγ1 signaling ↓, PD-1 ↑,
NKG2D ↓, CD8+ T cell functional

exhaustion ↑

[46]

miR-17-92 CD8+ T cells TGFBR2;
PTEN [47]

(1) TGFBR2 ↓, inhibitory effect of
TGF-β1 ↓, IFN-γ production and

antigen-specific cytotoxicity ↑;
(2) PTEN ↓, mTOR ↑, CD8+ T cell
proliferation ↑, granzyme B and

KLRG1 ↑, CD127 ↓

[48,49]

Unless otherwise indicated, direct miRNA–target interactions were confirmed by luciferase reporter assays;
* indicates targets predicted by in silico algorithms only; ? indicates that the target has not been clearly identified
in the cited study. Arrows indicate the direction of change: ↑ represents upregulation, increased secretion, or
enhanced function; ↓ represents downregulation, decreased secretion, or impaired function.

3. Inhibitory Effects of miRNAs Secreted by CD8+ T Cells on
Tumor Cells
3.1. Mechanisms of EV miRNA Sorting, Delivery, and Target Specificity

Beyond serving as passive recipients of miRNA-mediated regulation, CD8+ T cells
also actively participate in intercellular communication within the TME. Upon activation,
CD8+ T cells can package their own miRNAs into EVs and deliver them to tumor cells or
other TME components, thereby exerting direct or indirect antitumor effects. EVs carry a
diverse repertoire of miRNA cargo, including both mature and precursor miRNAs, with
the mature forms serving as the primary functional effectors upon delivery to recipient
cells [50]. Importantly, miRNA incorporation into EVs is not a passive consequence of
cellular abundance but is governed by selective sorting mechanisms. For instance, heteroge-
neous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) recognizes specific GGAG motifs in
miRNA sequences and guides their loading into EVs, whereas synaptotagmin-binding cy-
toplasmic RNA-interacting protein (SYNCRIP) mediates the sorting of miRNAs containing
GGCU motifs [50]. Once released, these EVs can transfer their miRNA cargo to recipient
cells through multiple routes, including direct membrane fusion and various endocytic
pathways [51], enabling the coordinated delivery of miRNAs along with cytotoxic proteins
to exert combined post-transcriptional and protein-level regulatory effects on recipient cells.
Beyond immediate and transient post-transcriptional repression, EV-delivered miRNAs can
also exert long-term effects on recipient cells, particularly in modulating cell differentiation
and expansion. For instance, specific miRNAs can drive tumor-associated macrophages
(TAMs) polarization toward an M2 phenotype [52], promote the expansion of myeloid-
derived suppressor cells (MDSCs) [53], and induce the differentiation of CD4+ T cells into
regulatory T cells (Tregs) [54], as will be detailed in subsequent Section 5.3.

In the crowded TME, the ultimate destination of CD8+ T cell-derived EVs may be
governed by a receptor-mediated “uptake competition.” EVs released from CD8+ T cells

https://doi.org/10.3390/ijms27156918

https://doi.org/10.3390/ijms27156918


Int. J. Mol. Sci. 2026, 27, 6918 7 of 27

carry CD8 and TCR on their surface, enabling them to specifically recognize tumor cell-
specific pMHC-I through TCR engagement [55]. Moreover, the coordinated action of
TCR and CD8 ensures that the cytotoxic cargo carried within EVs is released into the
immunological synapse only upon correct target cell recognition, thereby minimizing
collateral damage to surrounding normal cells [55]. In addition, CD8+ T cell-derived EVs
bear the adhesion molecules CD2 and LFA-1, which preferentially tether EVs to the tumor
cell surface [55]. Beyond these receptor-mediated high-affinity interactions, tumor cells also
exhibit robust macropinocytic activity, a receptor-independent, high-capacity endocytic
process frequently exploited by tumor cells to scavenge extracellular nutrients in support of
their rapid proliferation [56,57]. Although multiple cell types within the TME are capable
of taking up CD8+ T cell-derived EVs, the combination of receptor-ligand-mediated high-
affinity binding and the heightened macropinocytic activity of tumor cells predisposes lung
cancer cells to preferentially capture CD8+ T cell-secreted EVs.

Although individual miRNAs are predicted to regulate hundreds to thousands of
mRNAs, only a few signaling pathways are typically highlighted to explain the specific
functions in T cell–tumor interactions. First, the degree of complementarity between the
miRNA seed region and target sites determines binding affinity: high-affinity targets are
preferentially silenced even at low miRNA concentrations [58], whereas low-affinity targets
are repressed only when miRNAs are highly expressed. Second, the cellular context—i.e.,
the repertoire of target mRNAs actually expressed in a given cell type—dictates which pre-
dicted targets are available for regulation [59]. Third, a single miRNA can simultaneously
target multiple nodes within the same signaling pathway, thereby achieving cooperative
repression [60]. Fourth, target site accessibility can be modulated by RNA-binding proteins
that compete with miRNAs for binding to the same 3′ UTR [61], a mechanism conceptually
similar to the lncRNA-mediated ceRNA networks discussed in Section 2.3. Consequently,
although the target spectrum of an individual miRNA is broad, the interplay of affinity
hierarchy, cell type-specific expression context, and pathway convergence ensures that only
relevant pathways are modulated in a given cellular setting.

3.2. EVs Secreted by CD8+ T Cells Directly Inhibit Tumor Cells

Although no study has yet shown whether CD8+ T cells can transmit miRNAs back
to lung cancer cells, this active counter-regulatory mechanism has been demonstrated in
other solid tumors. For example, CD45RO−CD8+ T cells are naive cytotoxic T cells, a
subset of T lymphocytes that have not yet encountered specific antigens and remain in an
unsensitized state. A study has shown that they can secrete miR-765-enriched small EVs
(sEVs), which, upon delivery to endometrial cancer cells, downregulate proteolipid protein
2 (PLP2) to inhibit the Notch signaling pathway, thereby blocking epithelial–mesenchymal
transition (EMT) and ultimately suppressing tumor progression [8]. Given that miR-765
can also inhibit the proliferation, migration, and invasion of A549 lung cancer cells [62], it
is plausible that activated CD8+ T cells infiltrating the lung cancer microenvironment could
similarly suppress malignant progression by secreting miR-765-enriched EVs. Furthermore,
CD8+ T cell-derived EVs also carry granzyme B [63], whose cytotoxic action against lung
cancer cells precedes the post-transcriptional regulation mediated by EV-encapsulated
miRNAs. However, lung cancer cells can counteract granzyme B-mediated killing by
overexpressing serine protease inhibitor B9 (Serpin B9) [64]. Consequently, once lung
cancer cells successfully resist this initial acute protein assault, they enter a survival window
during which EV-delivered antitumor miRNAs (such as miR-765) exert post-transcriptional
control to suppress malignant progression. Together, these two phases form an “acute
killing–sustained suppression” relay that jointly underpins the antitumor effector function
of CD8+ T cells. Notably, the tumor-suppressive function of CD8+ T cell-derived vesicles
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is highly dependent on the cellular state of the donor T cells. sEVs secreted by activated
CD8+ T cells effectively mediate antitumor effects; however, when CD8+ T cells enter an
exhausted state, the expression profiles of miRNAs and lncRNAs packaged in their sEVs
are significantly altered. These exhausted T cell-derived sEVs may not only lose their
original tumor-suppressive capacity but also, upon uptake by healthy CD8+ T cells, in turn
inhibit the proliferation, activity, and cytokine secretion of the recipient cells [65].

3.3. miRNA Secreted by CD8+ T Cells Regulates TME Cells to Synergistically Inhibit Tumors

CD8+ T cells can also reshape the stroma and immune cell clusters in the TME by
secreting EVs, thereby exerting a synergistic antitumor effect. Studies have confirmed
that activated CD8+ T cells derived from healthy mice can release EVs rich in miR-298-5p,
which are laterally transferred to mesenchymal stromal cells and induce apoptosis, thereby
clearing the stromal environment on which tumors depend for survival. This process
has demonstrated significant antitumor effects in various solid tumor models, including
fibrosarcoma, melanoma, and breast cancer [66]. However, CD8+ T cells derived from
tumor-bearing hosts lose this ability: their EVs lack miR-298-5p and no longer possess
the capacity to eliminate mesenchymal stromal cells [66], suggesting that the TME may,
through some mechanism, impair the ability of CD8+ T cells to generate functional EVs.
The discovery of this mechanism not only clarifies the molecular pathway by which CD8+

T cell extracellular vesicles degrade physical barriers in the stroma via specific miRNAs,
but also lays an important theoretical foundation for further exploration of how tumors
domesticate and suppress CD8+ T cell function. This indirect pathway, through which
miRNA-rich EVs remodel stromal components of the TME to synergistically suppress
tumors, not only broadens the scope of immune surveillance by effector T cells but also pro-
vides an important theoretical foundation for the future development of cell-free targeted
immunotherapeutic strategies based on T cell-derived EVs.

4. Regulation of CD8+ T Cell Function by TME Cells
The TME is a complex ecosystem composed of cancer cells, immune infiltrates (includ-

ing TAMs, MDSCs, Tregs, natural killer [NK] cells, and dendritic cells [DCs]), stromal cells
such as cancer-associated fibroblasts (CAFs), and the extracellular matrix (ECM) [67]. In
lung cancer, this microenvironment is predominantly immunosuppressive, characterized
by the accumulation of pro-tumor immune cells and reduced infiltration or dysfunction
of CD8+ T cells [68]. These cellular components do not act in isolation; rather, they form
an interconnected regulatory network that coordinately suppresses CD8+ T cell-mediated
anti-tumor immunity through multiple mechanisms, including inhibiting CD8+ T cell
infiltration, impairing their activation and proliferation, suppressing the release of cytotoxic
granules, and inducing exhaustion or apoptosis [68]. Understanding how other TME
cell types promote CD8+ T cell dysfunction is essential for deciphering the EV-mediated
immune evasion strategies discussed in subsequent sections.

4.1. TAMs

As the predominant immune cell population in the TME, TAMs are critically defined by
their polarization state: they can be polarized into either an anti-tumor M1 or a pro-tumor
M2 phenotype [69]. M2-like TAMs in the lung cancer microenvironment suppress the anti-
tumor functions of CD8+ T cells by secreting IL-10 and TGF-β, disrupting metabolism, and
upregulating immune checkpoint molecules [70]. Concurrently, they inhibit the production
of the chemokines CXCL9 and CXCL10, thereby attenuating CXCR3-mediated chemotaxis
of CD8+ T cells and reducing their recruitment into the TME [71].
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4.2. MDSCs and Tregs

MDSCs are a heterogeneous population of immature myeloid cells that suppress the
proliferation and cytotoxic activity of CD8+ T cells. Studies have demonstrated that highly
expressed arginase-1 (Arg-1) and inducible nitric oxide synthase (iNOS) in MDSCs inhibit
CD8+ T cell function by depleting L-arginine and producing nitric oxide, respectively: the
Arg-1 pathway downregulates CD3ζ chain expression in CD8+ T cells, impairing their
antigen recognition capacity, whereas the iNOS pathway inhibits CD8+ T cell proliferation
and induces apoptosis [72].

Tregs are a critical immunosuppressive population. In the lung cancer microenviron-
ment, Tregs not only suppress the secretion of effector molecules such as perforin, granzyme
B, and IFN-γ by CD8+ T cells through abundant production of TGF-β and IL-10, but also
exploit their surface CD25 (the interleukin-2 receptor α chain, IL-2Rα) to exert a “sponge
effect,” competitively sequestering IL-2 that is essential for CD8+ T cell proliferation and
activation [73].

4.3. NK Cells and DCs

Although NK cells and DCs are positive regulators of CD8+ T cell-mediated anti-
tumor immunity, their functional impairment in the TME can indirectly compromise this
immunity. Studies have demonstrated that NK cells promote the maturation and activation
of conventional DCs through IFN-γ secretion, upregulating the expression of MHC-I,
MHC-II, and the co-stimulatory molecules CD86 and CD40, thereby enhancing the antigen-
presenting capacity of DCs and driving the proliferation and accumulation of stem-like
CD8+ T cells in lung tissue [74]. Although this evidence originates from a breast cancer
lung metastasis model, the mechanism by which NK cells promote DC maturation to drive
CD8+ T cell responses appears broadly applicable across tumor types and may similarly
operate in the lung cancer microenvironment.

4.4. CAFs

CAFs are the predominant stromal cell type in the TME and exert immunosuppressive
effects on CD8+ T cells through both physical and biochemical mechanisms. At the physical
level, CAFs remodel the ECM and deposit dense collagen fibers, constructing a physical
barrier that restricts CD8+ T cell infiltration into tumor cell nests [75]. At the biochemi-
cal level, CAFs secrete TGF-β and activate the cyclooxygenase-2 (COX-2)/prostaglandin
E2 (PGE2) signaling axis, both of which can suppress CD8+ T cell activation and IFN-γ
production; concurrently, CAFs upregulate the immune checkpoint molecule PD-L1, pro-
moting the exhaustion of infiltrated CD8+ T cells [75]. Through this dual physical and
biochemical shielding, CAFs not only impede CD8+ T cells from accessing tumor cells but
also functionally inactivate those that do reach the TME, thereby weakening the anti-tumor
immune response.

In summary, diverse cell types within the TME construct a multidimensional im-
munosuppressive network through various mechanisms, including the secretion of soluble
factors, immune checkpoint engagement, and metabolic competition. Notably, intercellular
communication in this context does not rely solely on soluble mediators. EVs, as novel
signaling vehicles, are increasingly recognized as indispensable communication hubs. The
following sections will focus on how lung cancer cells utilize miRNA-containing EVs to
actively educate other cells in the TME, thereby suppressing the anti-tumor functions of
CD8+ T cells.
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5. miRNA-Based Immune Evasion Strategies of Lung Cancer Cells
Against CD8+ T Cells

Traditional tumor immunology holds that the infiltration of CD8+ T cells into tumor
tissue is a prerequisite for the host to mount an antitumor immune response [76]. However,
as tumors progress to a more malignant state, the pattern of CD8+ T cell infiltration
often exhibits a complex and paradoxical nature. In the highly heterogeneous TME, the
“spatial infiltration density” of CD8+ T cells does not equate to their “actual cytotoxic
activity” [76]. To evade immune surveillance, tumor cells not only prevent CD8+ T cell
infiltration by disrupting vascular endothelial adhesion and chemokine networks [77,78],
thereby forming an “immune desert”-type escape; they can also target already infiltrated
CD8+ T cells by regulating miRNA networks to blunt their effector functions, inducing them
to become functionally impaired, exhausted, or even apoptotic [6,7], thereby achieving
immune evasion in a context of “infiltration without killing.” Based on this, this chapter
will systematically analyze the molecular mechanisms of immune evasion in lung cancer
from the perspectives of CD8+ T-cell infiltration, the direct or indirect suppression of CD8+

T cells by miRNAs secreted by lung cancer cells, and the reshaping of surface ligands due
to intrinsic miRNA dysregulation in tumors.

5.1. Infiltration of CD8+ T Cells into Tumor Tissue

In the dynamic evolution of the lung cancer microenvironment, CD8+ T cells in
peripheral blood cannot directly exert antitumor effects. They must undergo two critical
stages—crossing the vascular endothelial barrier and directed chemotaxis within the tumor
stroma—before reaching lung cancer cell nests and forming immune synapses to exert
cytotoxic effects. The core molecular mechanisms of this multidimensional migration
process primarily encompass the following three stages:

Phase 1: Vascular endothelial recruitment and transendothelial migration. Attracted
by local inflammatory factors, peripheral CD8+ T cells must first cross the vascular barrier
to infiltrate. During this endothelial crossing process, adhesion molecules on vascular
endothelial cells mediate an ordered cascade of events: E-selectin and VCAM-1 slow down
CD8+ T cells in the bloodstream and cause them to roll along the vascular endothelium,
while ICAM-1 primarily acts in concert with VCAM-1 to mediate subsequent firm adhesion.
These three molecules act in an ordered sequence to collectively facilitate the endothelial
crossing and infiltration of CD8+ T cells into tumor tissue (e.g., subcutaneous melanoma and
peritoneal tumors) [79]. However, tumor-associated vasculature exhibits organ-specificity
and heterogeneity: E-selectin is not expressed on pulmonary tumor vessels, whereas both
VCAM-1 and ICAM-1 are expressed [79]. Therefore, in the lung cancer microenvironment,
VCAM-1 and ICAM-1 serve as key adhesion molecules that mediate the transendothelial
recruitment of CD8+ T cells. In vascular endothelial cells, miR-181b can inhibit the nu-
clear translocation of NF-κB by specifically targeting and inhibiting importin-α3, thereby
suppressing the expression of VCAM-1, ICAM-1, and E-selectin [80]. Since lung cancer
cells can secrete EVs rich in miR-181b [81], lung cancer cells may utilize EVs to deliver
miR-181b to vascular endothelial cells, thereby suppressing the expression of key adhesion
molecules and inducing a state of vascular endothelial dysfunction, which impedes the
vascular recruitment and transendothelial infiltration of CD8+ T cells.

Phase 2: Spatially directed migration via the chemokine axis. Upon entering the tumor
stroma, the precise infiltration of CD8+ T cells into lung cancer cell nests is highly dependent
on navigational signals from the chemokine gradient network in the TME. In the lung
cancer microenvironment, activated CD103+ classical dendritic cells and specific subsets of
TAMs (such as the murine M3 and human M1ˆhot phenotypes) secrete high levels of the
inflammatory chemokines CXCL9 and CXCL10 [77,78]. CD8+ T cells recognize this signal
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via the chemokine receptor CXCR3 on their surface, enabling them to migrate toward the
tumor parenchyma along a concentration gradient [77]. However, this precise chemotactic
navigation system is often disrupted during the progression of lung cancer. Studies have
shown that miR-34a-5p is significantly overexpressed in peripheral blood T cells of lung
cancer patients, and that this miRNA can target and degrade CXCR3 transcripts by directly
binding to the 3’UTR of CXCR3 mRNA, thereby downregulating the CXCR3 protein on the
surface of CD8+ T cells [82]. This finding suggests that, prior to the entry of CD8+ T cells
into tumor tissue, miR-34a-5p-mediated downregulation of CXCR3 may have preemptively
weakened the sensitivity of CD8+ T cells to chemokine signaling, thereby significantly
reducing their subsequent efficiency of directed migration into the tumor stroma. In
contrast to this negative blocking effect, artificial intervention with miRNAs can reverse the
migration impairment. Studies have shown that miR-4664-3p is significantly overexpressed
in NSCLC lung tissue. Specifically, downregulating PRKCB in NSCLC cells inhibits CD8+

T-cell infiltration and their effector functions, thereby exerting an immunosuppressive role
in the TME and being associated with poor patient prognosis [83]. In a mouse model of
NSCLC, intervention with a miR-4664-3p antagonist (antagomir, a chemically modified
antisense oligonucleotide capable of competitively binding to and degrading miR-4664-3p)
resulted in a significant increase in the number of CD8+ T cells infiltrating the tumor tissue,
while the ability of CD8+ T cells to secrete IFN-γ was enhanced, thereby boosting the
antitumor immune response and inhibiting tumor growth [83].

Stage 3: Immune synapse formation and final cytotoxic killing. When CD8+ T cells
penetrate the stroma and successfully infiltrate the vicinity of lung cancer cells, the TCR on
their surface specifically recognizes and binds to antigen peptides (pMHC-I) presented by
MHC-I on the surface of lung cancer cells. With the cooperation of the CD8 co-receptor,
an immune synapse forms at the interface between the two cell types [84]. This synaptic
structure serves as the primary structural basis for the directed release of perforin and
granzyme B by CD8+ T cells onto tumor cells, ensuring highly efficient and precise target
cell killing [84]. It should be noted that CD8+ T cells can also release cytotoxic granules with-
out forming a mature synapse, but the killing efficiency is only about one-third that of the
synapse-mediated pathway [84]. However, the functional integrity of the immunosynapse
is often compromised by miRNAs in the lung cancer microenvironment. For example,
miR-7108-3p, secreted by lung cancer cells in sEVs, can specifically target and degrade
CD8A in CD8+ T cells [6], thereby inhibiting the function of co-receptors on the T-cell side
and suppressing the antitumor function of CD8+ T cells. At the same time, lung cancer cells
can remodel their surface antigen-presenting molecules and co-inhibitory/co-stimulatory
ligands through the aberrant expression of their own miRNAs, thereby disrupting the func-
tion of the immunological synapse on the tumor side and further impairing the recognition
and killing capabilities of CD8+ T cells. The specific molecular mechanisms by which lung
cancer cells remodel surface ligands via their own miRNAs to counteract CD8+ T cells will
be elaborated in Section 5.4.2.

5.2. Lung Cancer Cells Secret miRNAs to Directly Inhibit CD8+ T Cells

Lung cancer cells directly suppress the immunological effector function of CD8+ T
cells by actively secreting EVs rich in specific miRNAs. A study has shown that NSCLC
cell-derived sEVs containing miR-7108-3p, upon uptake by CD8+ T cells, downregulate the
surface degranulation marker CD107a and attenuate the production of effector molecules,
including IFN-γ, perforin-1, and granzyme B [6]. Furthermore, in lung adenocarcinoma
cells with epidermal growth factor receptor (EGFR) mutations, the EGFR signaling path-
way activates the Fos proto-oncogene (FOS), promoting high expression of miR-651-5p;
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Subsequently, miR-651-5p is delivered to CD8+ T cells via sEVs, where it specifically
downregulates BCL2 in CD8+ T cells, thereby inducing apoptosis in these cells [7].

It is worth noting that certain miRNA-mediated immune evasion pathways are shared
among different solid tumors [85], which provides important clues for uncovering unknown
evasion mechanisms in lung cancer. A study has shown that miR-20a-5p-rich sEVs released
by triple-negative breast cancer cells can be internalized by CD8+ T cells, thereby inhibiting
their secretion of IFN-γ, TNF-α, perforin, and granzyme B, and reducing their ability to kill
tumor cells [23]. Given that NSCLC cells can also secrete sEVs containing miR-20a-5p [86],
this suggests that lung cancer cells can also deliver this miRNA to CD8+ T cells via sEVs,
thereby inhibiting their antitumor function.

In addition to single miRNA delivery pathways, EVs derived from lung cancer cells
can also carry upstream non-coding RNAs to establish complex ceRNA cascade regulatory
networks within CD8+ T cells. A study has shown that sEVs secreted by NSCLC cells
containing circUSP7, once taken up by CD8+ T cells, act as “molecular sponges” to bind
and inhibit miR-934, thereby lifting its inhibition of SHP2 (Src homology protein 2 tyrosine
phosphatase 2), and the resulting upregulation of SHP2 impairs CD8+ T cell function [22].

5.3. Lung Cancer Cells Secrete miRNAs That Remodel the TME, Indirectly Inhibiting CD8+

T Cells

Lung cancer cells not only directly suppress CD8+ T cells via miRNA-containing
EVs, but also indirectly impair CD8+ T cell-mediated antitumor immunity by influencing
other cells within the TME, including TAMs, MDSCs, Tregs, NK cells/DCs, and CAFs.
Importantly, such effects are long-term: miRNA-mediated signaling drives the long-term
differentiation and functional polarization of these other TME cells, thereby establishing a
stable immunosuppressive microenvironment.

5.3.1. TAMs

Lung cancer cells can also reprogram other cells in the TME by releasing miRNA-
rich EVs, thereby indirectly suppressing the antitumor effects of CD8+ T cells. Among
these mechanisms, the polarization of TAMs is a key indirect immunosuppressive mecha-
nism. A study has shown that miR-6794-5p from A549-derived sEVs can be delivered to
macrophages, where it activates the Janus kinase 1 (JAK1)/Signal Transducer and Activator
of Transcription 3 (STAT3) pathway to induce M2 polarization, thereby suppressing the
number and function of CD8+ T cells [87]; LUAD cells deliver miR-708-5p to TAMs via sEVs;
this miRNA specifically inhibits phosphatase and tensin homolog (PTEN) in TAMs, thereby
activating the protein kinase B (AKT)/mechanistic target of rapamycin (mTOR) pathway,
driving M2 polarization while upregulating PD-L1 on the surface of TAMs, thereby indi-
rectly inhibiting the antitumor function of CD8+ T cells [88]. Furthermore, miRNAs that
drive M2 polarization in other solid tumors may also play similar roles in lung cancer. For
example, hepatocellular carcinoma cells can release sEVs containing miR-23a-3p, which
targets the PTEN/AKT pathway in TAMs and upregulates PD-L1 expression, thereby
reducing the proportion of CD8+ T cells, decreasing IL-2 production, and promoting CD8+

T cell apoptosis [89]; colorectal cancer cells can secrete sEVs containing miR-1246, which,
upon uptake by TAMs, drives their M2 polarization and further inhibits the infiltration
and function of CD8+ T cells [90]. Notably, IGR-Heu lung cancer cells can also secrete
EVs containing miR-23a-3p [91], and A549 cells can secrete sEVs carrying miR-1246 [92],
suggesting that lung cancer cells may utilize M2-like TAMs by secreting EVs containing
these miRNAs, thereby impairing the antitumor function of CD8+ T cells.

In addition to the unidirectional regulation of specific signaling pathways described
above, lung cancer cells also utilize multiple miRNAs to synergistically regulate the TAM
phenotype. The EVs they release can block TAM M1 polarization by delivering miR-

https://doi.org/10.3390/ijms27156918

https://doi.org/10.3390/ijms27156918


Int. J. Mol. Sci. 2026, 27, 6918 13 of 27

146a [93], as well as deliver miR-3153 [52], miR-181b [81], miR-103a [94], miR-19b-3p [95],
miR-21 [96], and miR-1290 [97] to drive the polarization of TAMs toward the M2 phenotype,
shifting the M1/M2 balance toward an M2-dominant phenotype. These reprogrammed M2-
like TAMs subsequently suppress CD8+ T cell infiltration and function via the mechanisms
described in Section 4.1, including secretion of IL-10 and TGF-β, PD-L1 expression, and
suppression of CXCL9/CXCL10 production [70,71]. Consequently, lung cancer cells can de-
liver miR-146a, miR-3153, miR-181b, and other miRNAs via EVs to reshape the polarization
of TAMs, thereby suppressing the cytotoxic activity of CD8+ T cells through M2-like TAMs
and enabling lung cancer to evade the immune system. Furthermore, previous studies have
confirmed that various cancer cells, including those from laryngeal, prostate, and ovarian
cancers, can respectively secrete sEVs containing miR-1246, miR-93-5p, and miR-205, to
induce M2 polarization of TAMs [98–100]. Notably, A549 and H226 lung cancer cells have
been shown to secrete sEVs carrying miR-1246 and miR-93-5p [92,101]. Clinical studies
have also confirmed that sEVs derived from lung cancer cells in patients with LUAD are
rich in miR-205 [102]. This suggests that lung cancer cells may induce M2 polarization
of TAMs by secreting sEVs containing these miRNAs, thereby impairing the antitumor
function of CD8+ T cells.

5.3.2. MDSCs and Tregs

In addition, miR-21a from Lewis lung cancer cell-derived sEVs can induce the expan-
sion of MDSCs by targeting and downregulating programmed cell death protein 4 (PDCD4)
in bone marrow cells [53]. Expanded MDSCs suppress CD8+ T cell antigen recognition
and proliferation and induce their apoptosis via the Arg-1 and iNOS pathways described
in Section 4.2 [72]. Therefore, lung cancer cells can drive MDSC expansion by secreting
miR-21a, thereby indirectly impairing the antitumor function of CD8+ T cells and recruiting
Tregs. Moreover, studies in other tumor types have revealed similar sEVs miRNA-mediated
regulatory mechanisms: breast cancer cells and glioma cells can secrete sEVs enriched
with miR-9 and miR-1246, respectively, which are taken up by early MDSCs and CD14+

monocytes (the precursors of MDSCs), respectively, thereby driving the expansion, dif-
ferentiation, and activation of MDSCs [103,104]. Given that lung cancer cells can secrete
sEVs containing miR-9-3p and miR-1246 [92,105], it is suggested that lung cancer cells may,
through these miRNAs, exploit MDSCs to indirectly impair the cytotoxic function of CD8+

T cells.
miR-214 from EVs derived from Lewis lung cancer cells can specifically inhibit PTEN

in CD4+ T cells, driving the differentiation and expansion of this population of T cells into
Tregs [54]. Reprogrammed Tregs subsequently suppress CD8+ T cell effector function and
survival via the mechanisms described in Section 4.2, including secretion of TGF-β and
IL-10, and CD25-mediated competitive sequestration of IL-2 [73]. Therefore, lung cancer
cells can drive the phenotypic reprogramming of CD4+ T cells into Tregs by secreting
miR-214, thereby indirectly impairing the antitumor function of CD8+ T cells.

5.3.3. NK Cells and DCs

EVs secreted by hypoxic lung cancer cells are rich in miR-23a and miR-150-5p; when
transferred to NK cells, they reduce the expression of CD107a and CD226 in NK cells,
respectively, thereby reducing NK cell cytotoxicity [91,106]. Since NK cells can promote
DC maturation via IFN-γ secretion, they in turn drive the proliferation and accumulation
of CD8+ T cells [74]. Therefore, lung cancer cells may suppress NK cell cytotoxicity by
secreting miR-23a and miR-150-5p, indirectly weakening the antitumor function of CD8+

T cells. In addition, miR-92b-3p in sEVs secreted by hepatocellular carcinoma cells, upon
uptake by NK cells, can specifically inhibit the expression of the activation receptor CD69,
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thereby reducing NK cell cytotoxicity [107]. Given that SCLC cells can also secrete sEVs
containing miR-92b-3p [108], this suggests that lung cancer cells may suppress NK cell
function by secreting this miRNA, thereby weakening the antitumor function of CD8+

T cells.
In addition, tumor cells can regulate natural killer T (NKT) cells—a distinct T cell

subset that expresses both TCR and NK cell receptors on their surface—via miRNAs.
Studies have shown that miR-92a-3p produced by glioma cells can induce NKT cells to
secrete large amounts of IL-6 and IL-10, thereby inhibiting the proliferation and activation
of CD8+ T cells [109]. NSCLC cells also secrete miR-92a-3p [110], suggesting that lung
cancer cells may utilize similar mechanisms to suppress CD8+ T cell function.

The NSCLC microenvironment can induce aberrant upregulation of miR-301a in DCs,
thereby inhibiting DCs secretion of IL-12; the absence of IL-12 suppresses CD8+ T-cell
activation and IFN-γ release, thus impairing the antitumor effects of CD8+ T cells [111].
Furthermore, in a Lewis lung cancer mouse model, specific knockout of the Dicer1 gene
in DCs—a gene whose absence blocks miRNA synthesis—delayed tumor growth [111].
However, the specific upstream mechanisms by which the microenvironment induces the
upregulation of miR-301a in DCs remain unclear. This suggests that lung cancer cells
can disrupt antigen presentation by interfering with miRNA expression in DCs, thereby
indirectly impairing the cytotoxic activity of CD8+ T cells.

5.3.4. CAFs

Not only do they target immune cells, but at the level of reprogramming stromal
cells, miR-1290 and miR-210 secreted by lung cancer cells can specifically target and inhibit
metallothionein 1G (MT1G) and TET methylcytosine dioxygenase 2 (TET2), driving the
phenotypic transformation of normal lung fibroblasts (NLFs) or normal fibroblasts (NFs)
into CAFs [112,113]. Reprogrammed CAFs subsequently restrict CD8+ T cell infiltration
and suppress their function via the dual mechanisms described in Section 4.4, namely
a physical barrier formed by ECM remodeling and biochemical inhibition mediated by
TGF-β, the COX-2/PGE2 axis, and PD-L1 [75]. Consequently, lung cancer cells can use EVs
to deliver miR-1290 and miR-210, thereby reprogramming NLFs into immunosuppressive
CAFs and indirectly impairing the antitumor function of CD8+ T cells by exploiting this
matrix barrier. Furthermore, melanoma cells secrete EVs rich in miR-155-5p and miR-92b-
3p; upon uptake by NFs, these EVs induce reprogramming of NFs into CAFs [114,115].
Given that SCLC cells have been shown to transfer miR-92b-3p via sEVs [108], and Hcc827
lung cancer cells can also secrete sEVs rich in miR-155-5p [116], this suggests that lung
cancer cells may induce the transformation of NFs into CAFs by secreting EVs containing
miR-155-5p and miR-92b-3p, thereby indirectly suppressing the cytotoxic activity of CD8+

T cells.
In summary, lung cancer cells can secrete EVs rich in specific miRNAs. These EVs

not only act as “long-range weapons” to directly suppress the cytotoxic activity of CD8+

T cells, but also synergistically regulate cells in the TME—such as TAMs, Tregs, and
MDSCs—thereby exerting a “relay-like” indirect suppression on CD8+ T cells through in-
hibitory factors secreted by these cells or highly expressed co-inhibitory ligands. Ultimately,
this establishes an immunosuppressive barrier that accelerates malignant progression and
immune evasion in lung cancer. At the same time, activated CD8+ T cells also possess the
potential for reciprocal regulation and may transmit miR-765 via EVs to curb lung cancer
progression. Consequently, an extremely complex and dynamic bidirectional communica-
tion network mediated by miRNAs has formed between lung cancer cells and CD8+ T cells
(Figure 1).
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Figure 1. Schematic diagram of miRNA-mediated bidirectional communication between lung cancer
cells and CD8+ T cells. ? indicates mechanisms or steps that have not yet been elucidated. Ar-
rows indicate the direction of change: ↑ represents upregulation, increased secretion, or enhanced
function; ↓ represents downregulation, decreased secretion, or impaired function. (Created with
BioGDP.com [117]).

5.4. Effects of Intracellular miRNA Dysregulation in Lung Cancer Cells on T Cell Function
5.4.1. Effects of miRNA Dysregulation on the Remodeling of Intracellular Signaling and
Soluble Factors

miRNAs can regulate intracellular signaling and paracrine networks in lung cancer
cells, thereby influencing the antitumor function of CD8+ T cells. The miR-183/96/182
cluster can inhibit the progression and metastasis of NSCLC by promoting IL-2 secre-
tion in NSCLC cells, which increases the enrichment of CD8+ T cells in the TME [118].
miR-760, on the other hand, can inhibit immune evasion in NSCLC by targeting and in-
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hibiting indoleamine 2,3-dioxygenase 1 (IDO1) in NSCLC cells, thereby reducing CD8+

T cell apoptosis [119]. Furthermore, miR-505-3p enhances the cytotoxicity and cytokine
secretion of co-cultured CD8+ T cells through direct cell–cell contact by specifically inhibit-
ing neuroepithelial cell transforming gene 1 (NET1) in NSCLC cells [120]. However, the
aforementioned miRNAs (miR-183/96/182 cluster, miR-760, and miR-505-3p) are down-
regulated in both NSCLC cells and tissues, suggesting that their expression deficiency
is a key mechanism by which lung cancer achieves immune evasion. In summary, the
dysregulation of the intrinsic post-transcriptional regulatory networks of lung cancer cells
is critical to reshaping the TME and suppressing CD8+ T-cell activity. In this process,
pathological downregulation or loss of key miRNAs in tumor cells can lead to paracrine
dysregulation of related soluble cytokines or lift post-transcriptional repression of cytoplas-
mic metabolic enzymes and intracellular oncogenic signaling molecules, thereby weakening
the immunological activity of CD8+ T cells.

5.4.2. Remodeling of Co-Inhibitory Receptors and Antigen-Presenting Ligands on the
Surface of Lung Cancer Cells

Lung cancer cells remodel cell surface ligands through aberrant expression of endoge-
nous miRNAs, which is also a covert strategy they use to evade immune surveillance by
CD8+ T cells. MHC-I presents specific antigenic peptides on the surface of tumor cells
and is a key molecule mediating the recognition and elimination of tumor cells by CD8+ T
cells [121]. Recent studies have shown that miR-149-5p, which is aberrantly upregulated in
LUSC cells, can specifically inhibit NOD-like receptor family CARD domain-containing
protein 5 (NLRC5), leading to a significant reduction in MHC-I molecules on the tumor
cell surface [122]. This disruption of the antigen-presentation pathway helps tumor cells
establish “immune camouflage” within the TME, enabling them to evade recognition and
killing by CD8+ T cells.

Lung cancer cells also upregulate surface inhibitory ligands via miRNAs, thereby
impairing the antitumor function of CD8+ T cells. CD155 on the surface of lung cancer cells
can bind to the inhibitory receptor T cell immunoglobulin and ITIM domain (TIGIT) on
the surface of CD8+ T cells, thereby inducing dysfunction of CD8+ T cells [121]. Research
has demonstrated that in tumor tissues from LUAD patients, miR-326 expression is signifi-
cantly negatively correlated with CD155 expression, and miR-326 can negatively regulate
CD155 expression in LUAD cells [123]. Notably, miR-326 is markedly downregulated in
NSCLC cells [124], suggesting that lung cancer cells derepress CD155 through the loss
of this miRNA, thereby suppressing CD8+ T cell function via the CD155/TIGIT axis and
driving immune evasion. CD276 is another co-inhibitory molecule highly expressed on
the surface of tumor cells and is closely associated with poor patient prognosis. Although
its receptor has not yet been identified, existing evidence supports that CD276 exerts a
co-inhibitory role in the TME, suppressing the proliferation of CD8+ T cells and IFN-γ
secretion [125]. Studies have shown that in clinical NSCLC tissue samples, miR-29a-3p
expression is significantly negatively correlated with CD276 expression, and it has been
confirmed in human embryonic kidney cells (HEK293T cells) that miR-29a-3p can di-
rectly target and suppress CD276 [126]. miR-29a-3p is expressed at low levels in NSCLC
cells [127], suggesting that lung cancer cells relieve this post-transcriptional repression by
downregulating miR-29a-3p, leading to aberrant overexpression of CD276 on the tumor
cell surface and thereby suppressing CD8+ T cell-mediated antitumor immunity. Galectin-9,
another key inhibitory ligand on the surface of tumor cells, binds to the TIM-3 receptor
on the surface of CD8+ T cells, inhibits the secretion of effector cytokines, and promotes
the exhaustion of CD8+ T cells [128]. Recent studies have confirmed that miR-491-5p
specifically inhibits the expression of LGALS9 (the gene encoding Galectin-9); however,
gastric cancer cells can overcome this post-transcriptional repression by downregulating
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their own miR-491-5p, leading to the overexpression of Galectin-9 in tumor cells, which in
turn suppresses CD8+ T cell function and promotes immune evasion [129]. miR-491-5p is
typically lowly expressed in NSCLC cells [130], suggesting that lung cancer cells may lift
the inhibition of Galectin-9 through the loss of expression of this miRNA, thereby allowing
Galectin-9 to bind to TIM-3 on the surface of CD8+ T cells and suppress the antitumor
function of CD8+ T cells. Unlike the accumulation of Galectin-9 caused by the loss of
expression of the aforementioned tumor-suppressing miRNA, tumor cells can also induce
the enrichment of Galectin-9 by highly expressing tumor-promoting miRNAs. Studies have
shown that hepatocellular carcinoma cells can, through the upregulation of miR-93-5p,
specifically inhibit inhibitor of growth family member 4 (ING4) and AE-binding protein 2
(AEBP2), thereby inducing the expression and secretion of Galectin-9, which leads to the
inactivation of CD8+ T cells [131]. Given that miR-93-5p is also highly expressed in NSCLC
cells [132], this suggests that lung cancer cells may induce the accumulation of Galectin-9
through the high expression of this miRNA, thereby suppressing the antitumor function of
CD8+ T cells via the Galectin-9/TIM-3 axis.

In addition, tumor cells can also suppress the antitumor function of CD8+ T cells via
the PD-L1/PD-1 axis [121], and specific miRNAs in the lung cancer microenvironment
act as regulatory molecules that drive the aberrant accumulation of PD-L1 on the surface
of tumor cells. For example, miR-20a can upregulate PD-L1 expression in NSCLC cells
through two mechanisms: direct binding to PD-L1 mRNA and targeted inhibition of
PTEN [133]; miR-3127-5p promotes the phosphorylation of STAT3 by inhibiting autophagy
in NSCLC cells, thereby also driving the accumulation of PD-L1 on the cell surface [134].
Furthermore, miR-20a [133] and miR-3127-5p [135] are all highly expressed in NSCLC cells.
This suggests that NSCLC cells induce aberrant accumulation of PD-L1 on the cell surface
by upregulating miRNAs that positively regulate PD-L1, thereby facilitating the binding
of PD-L1 to PD-1 on the surface of CD8+ T cells, which in turn suppresses the antitumor
activity of CD8+ T cells and ultimately promotes immune evasion in lung cancer. In contrast
to the accumulation of PD-L1 expression caused by the aforementioned oncogenic miRNAs,
some endogenous tumor-suppressive miRNAs exert a negative regulatory effect on PD-L1
expression. Studies have shown that let-7b can enter Kras-mutation-driven lung cancer
cells and exert its tumor-suppressive effect by downregulating PD-L1 expression [15]; the
miR-200 family, miR-34a, and miR-138-5p can also specifically target and inhibit PD-L1
expression in lung cancer cells [136–138]. However, let-7b [15], the miR-200 family [136],
miR-34a [137], and miR-138-5p [139] are typically lowly expressed in lung cancer cells. This
suggests that lung cancer cells lift the post-transcriptional repression of surface PD-L1 by
downregulating miRNAs that negatively regulate PD-L1, thereby establishing a defense
mechanism to evade immune killing by CD8+ T cells.

5.4.3. Multidimensional Networks of Non-Coding RNAs Regulate Immune Checkpoints
Through a Multi-Tiered Cascade

The aberrant accumulation of PD-L1 on the surface of lung cancer cells is also tightly
regulated by an upstream competitive ceRNA network. Research has found that the lncR-
NAs XIST, B4GALT1-AS1, and circ_0001006, which are highly expressed in lung cancer cells,
act as “molecular sponges” to bind and inhibit miR-34a-5p, miR-144-3p, and miR-320a,
respectively. This lifts the post-transcriptional repression of PD-L1 exerted by these three
miRNAs, leading to upregulation of PD-L1 expression [140–142]; upon binding to PD-1
on the surface of CD8+ T cells, elevated PD-L1 inhibits the secretion of IFN-γ and IL-2 by
CD8+ T cells, thereby promoting immune evasion in lung cancer [140]. In addition to the
aforementioned ceRNA axis that directly targets PD-L1, circRNA-002178 exhibits a more
complex dual regulatory mechanism. In LUAD cells, highly expressed circRNA-002178
acts as a “molecular sponge” to bind miR-34a-5p, thereby lifting its inhibition of PD-L1;
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simultaneously, circRNA-002178 can be packaged into sEVs secreted by lung cancer cells
and delivered to CD8+ T cells, where it binds to and inhibits miR-28-5p, leading to the
upregulation of PD-1 on the surface of CD8+ T cells [143], which contributes to lung cancer
immune evasion. This mechanism suggests that the same circRNA can synergistically estab-
lish an immune evasion barrier at both the tumor cell and immune cell ends. Furthermore,
circ_001678 and the lncRNA FGD5-AS1, which are highly expressed in NSCLC cells, can
bind miR-326 and miR-454-3p, respectively, via a sponge mechanism, thereby upregulating
zinc finger E-box binding homeobox 1 (ZEB1), increasing PD-L1 expression, thereby inhibit-
ing the antitumor activity of CD8+ T cells and driving NSCLC immune evasion [144,145];
the latter can also simultaneously upregulate vascular endothelial growth factor A (VEGFA),
promoting tumor angiogenesis [145]. Unlike the aforementioned oncogenic ceRNA axis,
CircDENND2D is expressed at low levels in NSCLC cells. Its high expression can bind
miR-130b-3p via a sponge mechanism, upregulate STK11, and suppress PD-L1 expres-
sion, thereby lifting the immunosuppression of CD8+ T cells by the PD-L1/PD-1 axis
and inhibiting NSCLC metastasis and immune evasion [146], suggesting that the loss of
CircDENND2D expression is a key mechanism by which lung cancer achieves immune
evasion. This evidence indicates that immune evasion in the lung cancer microenvironment
is not driven by a single miRNA, but rather is systematically regulated by a multidimen-
sional crosstalk network consisting of lncRNA/circRNA-miRNA-mRNA within tumor
cells, which is amplified through cascading interactions; ultimately, this complex regulatory
network suppresses CD8+ T cell function via the PD-1/PD-L1 axis, providing potential
multi-level targets for immune checkpoint-targeted intervention strategies.

Metabolic remodeling of the TME and hypoxia-induced miRNA responses are impor-
tant but extensive topics beyond the scope of this review. We refer interested readers to re-
cent comprehensive reviews on immunometabolic reprogramming and hypoxia-regulated
miRNAs in lung cancer [147–149].

In summary, lung cancer cells establish defense mechanisms against CD8+ T-cell
killing at multiple levels through the coordinated action of several mechanisms—including
aberrant expression of endogenous miRNAs, regulation of soluble factors, remodeling
of intracellular pathways, upregulation of inhibitory ligands, and a multilevel ceRNA
regulatory network composed of lncRNAs and circRNAs—thereby collectively attenuating
the antitumor function of CD8+ T cells and facilitating immune evasion in lung cancer
(Figure 2).

5.5. Effects of miRNA Expression Remodeling in the Lung Cancer TME on CD8+ T Cell Function

Based on the regulatory patterns of miRNAs on CD8+ T-cell cytotoxicity summarized
in Table 1 above, and in combination with the expression characteristics of corresponding
miRNAs in lung cancer tissues, these can be classified into two molecular patterns closely
related to immune evasion, which correspond to the two core strategies employed by lung
cancer to counteract CD8+ T-cell immune surveillance.

First, miRNAs that suppress CD8+ T-cell cytotoxicity—whose aberrantly high ex-
pression in lung cancer tissues or EVs constitutes a strategy by which tumors actively
inhibit CD8+ T-cell cytotoxicity. For example, miR-23a, miR-301a, and miR-629-5p, as
listed in Table 1, all function by blocking the secretion of effector molecules such as per-
forin, granzyme B, or IFN-γ through different targets. Studies have confirmed that this
group of miRNAs, which suppress the cytotoxic activity of CD8+ T cells, is consistently
and significantly overexpressed in lung cancer tissues or in EVs secreted by lung cancer
cells [43,150,151]. Based on this, it is inferred that lung cancer cells suppress the cytotoxic ac-
tivity of CD8+ T cells precisely by actively upregulating these immunosuppressive miRNAs,
either through active secretion via EVs or via horizontal induction within the TME.
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Figure 2. Schematic diagram of the molecular mechanisms by which endogenous miRNA dysreg-
ulation in lung cancer cells counteracts CD8+ T-cell killing. ? indicates an unidentified receptor.
Arrows indicate the direction of change: ↑ represents upregulation, increased secretion, or enhanced
function; ↓ represents downregulation, decreased secretion, or impaired function. (Created with
BioGDP.com [117]).

Second, for those miRNAs that enhance CD8+ T-cell cytotoxicity or reverse exhaustion,
their aberrantly low expression in the lung cancer microenvironment constitutes a “covert
escape” strategy employed by tumors to exploit the absence of tumor-suppressing signals.
For example, let-7b, as shown in Table 1, promotes the secretion of IFN-γ and granzyme B;
meanwhile, molecules such as miR-379-5p, miR-149-3p, and miR-27b-3p can downregulate
immune checkpoint molecules such as PD-1, TIM-3, TIGIT, or TOX, thereby playing a key
immunoprotective role in maintaining cytotoxic function and reversing CD8+ T cell ex-
haustion. However, in lung cancer tissues, these immunoprotective miRNAs are generally
downregulated [152–155]. This suggests that lung cancer tissues achieve immune evasion
precisely by downregulating this group of immunoprotective miRNAs, causing infiltrating
CD8+ T cells to undergo functional exhaustion due to the loss of endogenous protection
and the absence of activation signals.

In summary, the lung cancer microenvironment reshapes the regulatory network
against CD8+ T-cell immune surveillance through the intertwined dual mechanisms of
“high expression of immunosuppressive miRNAs” and “low expression of immunoprotec-
tive miRNAs.”
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6. Conclusions and Outlook
Lung cancer cells employ a “two-pronged” immune evasion strategy against CD8+ T

cells: namely, by aberrantly expressing endogenous miRNAs (such as miR-20a, miR-149-5p,
and miR-326) to reshape their surface ligands (such as upregulating PD-L1, CD155, CD276,
etc., and downregulating MHC-I) to establish “immune camouflage”; and by actively
secreting EVs rich in miRNAs such as miR-7108-3p, miR-651-5p, they directly inhibit the
function of CD8+ T cells. Furthermore, lung cancer cells can secrete specific miRNAs to
reprogram cells in the TME—such as TAMs, NK cells, and MDSCs—thereby exerting a
“relay-like” indirect suppression on CD8+ T cells through inhibitory factors secreted by
these cells or co-inhibitory ligands they express. Activated CD8+ T cells also exhibit a
counter-attack mechanism, which may involve secreting EVs rich in miR-765 to form a
counter-regulatory network that restrains lung cancer progression. Furthermore, the ceRNA
network composed of lncRNAs and circRNAs can regulate miRNA activity at multiple
levels, further amplifying the immune evasion effect. In the future, in-depth analysis of
this multidimensional miRNA-based crosstalk communication mechanism—and using
it as a theoretical foundation to address the challenge of targeted vesicle delivery in the
microenvironment—is expected to provide a highly promising new cell-free intervention
approach to overcome current bottlenecks in lung cancer immunotherapy.
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