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Circular RNAs (circRNAs) have recently emerged as critical regulators of tumor—
immune interactions. Owing to their covalently closed structure, remarkable
stability, and tissue-specific expression, circRNAs not only serve as molecular
sponges and protein regulators but also play multifaceted roles in shaping the
tumor immune microenvironment. Accumulating evidence indicates that
circRNAs drive immune suppression by stabilizing PD-L1 through post-
translational modifications and RNA-binding protein interactions, transmitting
suppressive signals via exosomes to T cells and myeloid-derived suppressor cells,
reprogramming glucose and lipid metabolism to deprive effector lymphocytes,
and reinforcing cancer stemness and therapy resistance. In striking contrast, a
subset of circRNAs has been shown to sensitize tumors to immunotherapy by
activating innate immune pathways such as RIG-I/MAVS and STING, inducing
immunogenic cell death, and overcoming resistance to endocrine therapy or
ferroptosis inducers, thereby enhancing the efficacy of immune checkpoint
blockade. Beyond their mechanistic functions, circRNAs also hold promise as
stable and accessible biomarkers for prognosis, patient stratification, and
therapeutic monitoring, particularly when enriched in circulating exosomes.
Advances in antisense oligonucleotides, RNA interference, and nanomedicine
provide new opportunities to therapeutically target oncogenic circRNAs or
deliver engineered pro-immunogenic circRNAs. While significant challenges
remain in detection accuracy, functional annotation, delivery specificity, and
clinical validation, circRNAs represent a new frontier in immuno-oncology.
Harnessing their dual roles may unlock innovative biomarker platforms and
next-generation RNA-based therapeutics, ultimately improving the efficacy of
cancer immunotherapy.
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1 Introduction

Cancer remains one of the leading causes of morbidity and
mortality worldwide, accounting for nearly 20 million new cases
and 10 million deaths annually according to the latest GLOBOCAN
statistics (1-4). Despite substantial advances in surgery, radiotherapy,
chemotherapy, and targeted therapies, the prognosis for many
advanced malignancies remains poor, with 5-year survival rates
below 20% for certain tumor types such as lung, pancreatic, and
hepatocellular carcinoma (5-9). The advent of immunotherapy,
particularly immune checkpoint inhibitors (ICIs) targeting PD-1/
PD-L1 and CTLA-4 pathways, has revolutionized treatment
paradigms and improved outcomes in subsets of patients (10).
However, only a fraction of patients achieve durable responses, and
primary or acquired resistance to ICIs continues to limit their broad
clinical benefit. This pressing clinical challenge underscores the
urgent need to identify novel molecular regulators of immune
evasion and therapeutic sensitivity—among which circular RNAs
(circRNAs) are emerging as promising candidates (11-13).
CircRNAs have recently emerged as a unique class of noncoding
RNAs with important regulatory potential in cancer biology. Unlike
linear RNAs, circRNAs are generated by back-splicing and form
covalently closed loop structures that confer remarkable resistance to
exonuclease digestion. This structural feature endows circRNAs with
exceptional stability, evolutionary conservation, and tissue- or
disease-specific expression profiles, making them attractive
candidates for mechanistic studies as well as diagnostic and
therapeutic applications. Beyond their canonical function as
microRNA sponges, circRNAs have been reported to regulate gene
transcription, modulate protein stability, and even encode small
peptides, highlighting their functional versatility.

The tumor immune microenvironment (TIME) plays a decisive
role in shaping tumor progression and determining therapeutic
responses. It is composed of a dynamic network of tumor cells,
immune and stromal cells, extracellular matrix, and soluble
mediators that collectively orchestrate the balance between
effective antitumor immunity and immune tolerance (14-16).
Within this ecosystem, immune escape arises through multiple,
often overlapping mechanisms. One central strategy is the
upregulation of inhibitory immune checkpoints such as PD-1/
PD-L1 and CTLA-4, which directly impair T cell activation and
cytotoxicity. In parallel, the recruitment and functional
reprogramming of immunosuppressive cell subsets—including
myeloid-derived suppressor cells (MDSCs), regulatory T cells
(Tregs), and tumor-associated macrophages (TAMs)—create an
environment that actively suppresses effector T cell responses and
promotes tumor survival. Metabolic reprogramming further
exacerbates this imbalance: cancer cells consume excessive
glucose, amino acids, and lipids to sustain rapid proliferation,
thereby depriving CD8" T cells and natural killer (NK) cells of
essential nutrients, while generating immunosuppressive
metabolites such as lactate, adenosine, and kynurenine (17-19).
These metabolic by-products impair effector cell function and
promote the differentiation of suppressive cell populations.
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Additionally, stromal components and cytokines, including TGF-
B, IL-10, and VEGF, remodel the extracellular matrix and
vasculature to physically and functionally exclude immune cells
from tumor nests, reinforcing immune evasion (20-22).
Collectively, these processes enable tumor cells to escape immune
surveillance and drive resistance to immunotherapies, particularly
ICIs (23-25). Although ICIs have transformed treatment paradigms
and provided durable clinical benefit in subsets of patients, the
majority either fail to respond or develop acquired resistance.
Understanding the cellular, molecular, and metabolic mechanisms
underpinning immune escape is therefore critical to identifying new
targets and strategies to broaden the efficacy of immunotherapy.

Accumulating evidence now demonstrates that circRNAs are
deeply integrated into the immunological processes that govern
tumor progression and therapeutic outcomes. On one hand,
numerous oncogenic circRNAs reinforce immune suppression
through diverse mechanisms. They stabilize or upregulate PD-L1
via post-transcriptional regulation and post-translational
modifications, thereby directly inhibiting T cell-mediated
cytotoxicity (26). Others promote T cell exhaustion by
transmitting immunosuppressive signals through tumor-derived
exosomes or by sustaining inhibitory signaling cascades within
the TME (27). CircRNAs also influence the polarization of
immunosuppressive cells, including regulatory T cells, myeloid-
derived suppressor cells, and tumor-associated macrophages,
amplifying local immune tolerance. In addition, by rewiring
tumor metabolism—such as enhancing glycolysis or fatty acid
uptake—circRNAs indirectly deprive effector lymphocytes of
nutrients while fueling tumor growth, further tipping the balance
toward immune escape. On the other hand, an emerging subset of
circRNAs exerts tumor-suppressive and immunostimulatory
functions, acting as sensitizers of immunotherapy. These
circRNAs can activate innate immune signaling pathways such as
RIG-I/MAVS and STING, leading to interferon production and
enhanced antigen presentation (28). Others promote immunogenic
cell death, exposing tumor antigens and danger-associated
molecular patterns that facilitate dendritic cell activation and T
cell priming. Furthermore, certain circRNAs restore therapeutic
sensitivity by reversing drug resistance or metabolic adaptations,
thereby augmenting the efficacy of immune checkpoint blockade
and other immunotherapies. This duality highlights circRNAs as
context-dependent regulators of cancer immunity, positioning
them as both drivers of immune evasion and potential allies in
sensitizing tumors to immunotherapy.

The purpose of this review is threefold: (i) to summarize the
molecular mechanisms by which circRNAs promote tumor
immune suppression, (ii) to highlight recent findings that
demonstrate their ability to enhance immunotherapy
responsiveness, and (iii) to discuss the translational potential of
circRNAs as biomarkers and therapeutic targets in the context of
cancer immunology. By integrating these perspectives, we aim to
provide a comprehensive overview of the multifaceted roles of
circRNAs in cancer immunity and to outline future directions for
research and clinical application.
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2 circRNAs as drivers of tumor
immune suppression

A growing body of evidence indicates that circRNAs act as
critical regulators of immune suppression within the tumor
microenvironment. These molecules interfere with antitumor
immunity through multiple layers of regulation, including
immune checkpoint modulation, exosome-mediated intercellular
communication, metabolic reprogramming, and the maintenance
of stem-like and drug-resistant phenotypes (29-32). Table 1
systematically summarizes the major mechanistic classes through
which circRNAs drive tumor immune evasion across different
cancer types.

2.1 Regulation of immune checkpoints

One of the most direct and well-characterized mechanisms by
which circRNAs promote immune evasion is through the regulation
of programmed death-ligand 1 (PD-L1), a critical immune
checkpoint molecule that enables tumor cells to inhibit T cell-
mediated cytotoxicity (45). In many cancers, circRNAs act as
upstream modulators of PD-L1 expression and stability at
multiple regulatory levels, including transcriptional, post-
transcriptional, and post-translational control. Several circRNAs

10.3389/fimmu.2025.1723383

have been shown to enhance PD-L1 expression by functioning as
competing endogenous RNAs (ceRNAs) that sequester tumor-
suppressive microRNAs, thereby preventing them from repressing
PD-L1 (46, 47). Others interact directly or indirectly with RNA-
binding proteins and deubiquitinating enzymes to extend PD-L1
protein half-life, protecting it from proteasomal degradation. For
instance, hsa_circ_0136666 in gastric cancer facilitates PD-L1
phosphorylation via the miR-375/PRKDC axis, which not only
stabilizes PD-L1 but also augments its membrane localization and
inhibitory activity toward T cells, ultimately promoting tumor
immune escape (33, 47). Similarly, the mA6A-modified
circIGF2BP3 in non-small cell lung cancer (NSCLC) enhances
PD-LI deubiquitination and stabilization through the recruitment
of OTUBI, dampening CD8" T cell responses and contributing to
resistance against PD-1 blockade (34, 46). These findings
underscore how circRNAs integrate with post-translational
modifications to preserve PD-LI activity. In addition, circRNAs
such as circRHBDD1 and circATAD2 exert their effects at the
mRNA level by binding to members of the IGF2BP protein family
(35, 46). By stabilizing PD-LI transcripts and protecting them from
degradation, these circRNAs establish a post-transcriptional
regulatory hub that appears conserved across multiple tumor
types. This IGF2BP-dependent mechanism suggests that
circRNAs may converge on common pathways to reinforce PD-
L1 expression irrespective of tumor origin. Beyond these examples,

TABLE 1 Mechanisms and representative molecules of circRNAs in tumor immunosuppression.

Mechanism circRNA

hsa_circ_0136666

M ¢ A modified circIGF2BP3 enhances PD-L1 deubiquitination and stability
by recruiting OTUBI, thereby inhibiting CD8 * T cell response and resistance

circIGF2BP3
Regulating immune checkpoints

circRHBDD1

circQSOX1

exosomal circUSP7

Regulating intercellular signaling exosomal circ_0001947

pathways exosomal

circRNA_0013936

exosomal circ-0100519

circRUNX1

Promoting PD-L1 phosphorylation and stability through miR-375/PRKDC

Stabilize PD-L1 mRNA through IGF2BP2

Promoting glucose metabolism and Treg infiltration through miR-326/330-
5p/PGAMI axis, leading to anti-CTLA-4 resistance

Induction of CD8 * T cell depletion through miR-934/SHP2 axis
Promote CD8 " T cell depletion and resist PD-1 therapy

Enhancing the immunosuppressive function of PMN MDSCs through

Induction of polarization of M2 macrophages via USP7/NRF2 axis

Enhance glycolysis through miR-145/HK2 axis and inhibit CD8 * T cells

Specific mechanism Cancer types

R Gastric cancer (33)
axis

Non-small cell lung

4
to PD-1 blockade cancer (34)

Gastric cancer (35)
Colorectal cancer (36)

Non-small cell lung
cancer (37)

Gastric cancer (27)

i Bladder cancer (38)
FATP2/RIPK3 axis

Breast cancer (39)

Non-small cell lung

through lactate accumulation cancer (31)

Regulate metabolic

reprogramming circZNF609

circ_0008287

circFAT1
Promote tumor stemness and
drug resistance circCFL1
circPHLPP2
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Promoting fatty acid uptake through IGF2BP2/CD36 axis and reducing

Reshaping TME through miR-548¢c-3p/CLIC1 axis promotes immune escape

Activate the STAT3 signaling pathway to enhance stemness and immune

Stabilize c-Myc through deubiquitination, promote transcription and immune

By combining with ILF3, upregulate IL36 y and promote anti-PD-1 resistance

Bladd 40
energy supply to effector T cells adder cancer (40)

Gastric cancer (41)

Multiple types of

tolerance cancer (42)

Triple negative breast

escape of mutant TP53 cancer (43)

Colorectal cancer (44)
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other circRNAs have been reported to regulate upstream
transcription factors or signaling cascades, indirectly driving PD-
L1 upregulation in diverse malignancies (48). Beyond PD-L1,
emerging evidence suggests that circRNAs can also modulate
other immune checkpoints, thereby broadening their impact on
tumor immune escape. Notably, the N6-methyladenosine (mA6A)-
modified circQSOX1 was recently reported to promote colorectal
cancer resistance to anti-CTLA-4 therapy (36). In this pathway,
circQSOX1 is stabilized by METTL3-dependent mA6A
modification and protected by the mA6A reader IGF2BP2,
enabling circQSOX1 to sponge miR-326 and miR-330-5p. This
releases their inhibition of PGAMI, a key glycolytic enzyme,
thereby enhancing glycolytic flux and fostering an
immunosuppressive tumor microenvironment enriched in
regulatory T (Treg) cells. The accumulation of intratumoral Tregs
not only dampens cytotoxic immune responses but also blunts the
therapeutic efficacy of CTLA-4 blockade. Importantly, genetic
silencing of circQSOXI1 restores sensitivity to anti-CTLA-4
therapy, underscoring the potential of targeting circRNA-
mediated metabolic reprogramming to overcome immune
checkpoint resistance. Together, these findings expand the scope
of circRNA-mediated immune regulation beyond the PD-1/PD-L1
axis and highlight the need for further exploration into how
circRNAs orchestrate multi-faceted control of immune
checkpoint pathways. Figure 1 illustrates a comprehensive model
of how circRNAs orchestrate the upregulation of PD-L1 and other
immune checkpoints to drive immune evasion.

T cell functional

10.3389/fimmu.2025.1723383

2.2 Exosomal circRNAs as
immunosuppressive messengers

Exosomes, a major subtype of extracellular vesicles (EVs),
represent an essential vehicle through which circRNAs are
transported and disseminated within the tumor
microenvironment. These nanosized vesicles (30-150 nm)
originate from endosomal compartments and are secreted in large
quantities by tumor cells. They encapsulate circRNAs together with
proteins, DNA fragments, and other noncoding RNAs, enabling
long-range intercellular communication (49-52). Owing to their
stability and protection from nuclease degradation, exosomal
circRNAs can persist in circulation and profoundly influence
immune cell behavior, thereby shaping systemic as well as local
immunosuppressive niches. Tumor-derived exosomal circRNAs
reprogram the activity of immune cells in favor of tolerance and
immune escape. In NSCLC, exosomal circUSP7 was shown to
impair CD8" T cell function by regulating the miR-934/SHP2
axis, thereby inducing T cell exhaustion and driving resistance to
anti-PD-1 therapy (37). In bladder cancer, exosomal
circRNA_0013936 enhances the immunosuppressive phenotype
of polymorphonuclear myeloid-derived suppressor cells (PMN-
MDSCs) through metabolic reprogramming, upregulating FATP2
to boost lipid uptake while suppressing necroptosis via RIPK3
downregulation (38). In gastric cancer, small extracellular vesicles
enriched in circ_0001947 promote CD8" T cell exhaustion and
confer resistance to PD-1 blockade, highlighting the capacity of

Sustained PD-L1 overexpression — PD-1 binding on
CD8" T cells — Immune evasion & PD-1 therapy

CD§" R . =
T cell inhibition/exhaustion? resistance
PD-1
PD-L1
. Ribosome ¢ circRHBDDI
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FIGURE 1

circRNAs regulate PD-L1 expression and stability to promote tumor immune escape.
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exosomal circRNAs to disseminate resistance traits within the TME
(27). Beyond T cells and MDSCs, exosomal circRNAs also modulate
the polarization of macrophages and dendritic cell function. For
instance, in breast cancer, exosomal circ-0100519 was reported to
induce M2 macrophage polarization via the USP7/NRF2 axis,
thereby skewing the immune microenvironment toward a
suppressive state (39). Similarly, in acute myeloid leukemia
(AML), exosomal circ_0006896 interacts with HDACI to limit
antitumor immunity, providing evidence that circRNA-containing
EVs can also reprogram myeloid cell differentiation and epigenetic
states (53). These findings expand the immunosuppressive
spectrum of exosomal circRNAs beyond T cell exhaustion,
underscoring their systemic influence across multiple immune cell
lineages. Importantly, exosomal circRNAs have been implicated in
mediating therapeutic resistance by exporting resistance traits from
tumor cells to immune cells. Their stability in biofluids makes them
attractive as noninvasive biomarkers for monitoring tumor-
immune interactions and predicting patient responsiveness to
immunotherapy. Indeed, several studies have correlated high
levels of specific exosomal circRNAs with poor clinical outcomes
or lack of response to immune checkpoint inhibitors (54). This
highlights the translational potential of exosomal circRNAs not
only as mechanistic drivers of immune suppression but also as
accessible biomarkers for liquid biopsy applications. Figure 2
illustrates the role of exosomal circRNAs as immunosuppressive
messengers in the tumor microenvironment. Collectively, these
examples underscore the role of exosomal circRNAs as potent

10.3389/fimmu.2025.1723383

“messengers” of immune suppression and therapeutic resistance.
By transferring regulatory cargo between tumor and immune cells,
exosomal circRNAs extend the immunomodulatory capacity of
cancer cells beyond the tumor mass itself, orchestrating systemic
tolerance. Targeting exosomal circRNA biogenesis, release, or
uptake therefore represents a promising therapeutic avenue to
disrupt tumor-immune crosstalk and restore effective
antitumor immunity.

2.3 CircRNAs coordinate tumor
metabolism and immune
microenvironment remodeling

Beyond their roles in immune checkpoint regulation, circRNAs
remodel the tumor microenvironment (TME) by coordinating
metabolic reprogramming and shaping the differentiation and
function of immune cells. Metabolic rewiring—including
enhanced glycolysis, altered fatty acid metabolism, and lactate
accumulation—is a defining feature of the TME, and circRNAs
are increasingly recognized as upstream regulators of these
processes (55-60). By modulating key metabolic enzymes,
transporters, and metabolic signaling cascades, circRNAs
simultaneously support tumor biomass accumulation and
dampen antitumor immunity. One representative example is
circRUNXI1, which enhances glycolytic flux in NSCLC via the
miR-145/HK?2 axis, leading to increased glucose consumption and

Immunosuppressive
phenotype?
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FIGURE 2

Exosomal circRNAs act as immunosuppressive messengers to reprogram immune cells and promote immune evasion.
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lactate production (31). Accumulated lactate not only fuels tumor
proliferation but also activates lactate~GPR81 signaling in immune
cells, suppressing CD8" T-cell cytotoxicity and facilitating their
transition toward an exhausted phenotype. Similarly, circZNF609
stabilizes the IGF2BP2/CD36 complex in bladder cancer to promote
fatty acid uptake, thereby activating PPAR signaling and supporting
lipid-dependent tumor growth while impairing T-cell metabolic
fitness and reducing immunotherapy responsiveness (40).
CircRNAs also modulate the immune composition of the TME
through direct regulation of myeloid and lymphoid cells. Exosomal
circ-0100519 promotes M2 macrophage polarization via the USP7/
NRF2 pathway in breast cancer, activating downstream antioxidant
and metabolic genes that reinforce an immunosuppressive
macrophage phenotype (39). Likewise, circ_002172 upregulates
the CXCL12-CXCR4 chemokine axis in breast and colorectal
cancers, driving the recruitment of regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs) into the tumor niche
(61). These effects synergize with tumor metabolic rewiring:
nutrient competition and lactate-rich conditions further stabilize
M2 macrophages and suppress effector T-cell infiltration.
Additional studies demonstrate that circRNAs can integrate
metabolic and immunological regulation. In gastric cancer,
circ_0008287 activates the miR-548¢c-3p/CLIC1 axis to regulate
chloride channel signaling, promoting ROS modulation and

10.3389/fimmu.2025.1723383

immune evasion (41). In lung cancer, circ-METTLI15 enhances
PD-L1 expression through the miR-1299/PD-L1 pathway and
stimulates PI3K-Akt signaling, simultaneously promoting tumor
proliferation and reinforcing immune tolerance (62). These findings
highlight the ability of circRNAs to coordinate metabolic pathways,
immune checkpoint regulation, and immune cell recruitment in an
integrated manner. Figure 3 highlights the dual role of circRNAs in
coordinating tumor metabolism and immune suppression within
the TME. Collectively, these examples demonstrate that circRNAs
act as versatile regulators of the TME by linking metabolic rewiring
to immunological remodeling. By simultaneously fueling tumor
growth and suppressing antitumor immunity, circRNAs help
establish a metabolic-immune feedback loop that sustains
immune escape. Targeting circRNA-mediated metabolic and
immunological crosstalk thus represents a promising strategy to
recondition the TME and improve the efficacy of immunotherapy.

2.4 CircRNAs drive cancer stemness,
therapeutic resistance, and immune escape

CircRNAs are also intimately linked to the acquisition of cancer
stem cell (CSC)-like traits and the development of therapeutic
resistance, processes that frequently overlap with immune evasion
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circRNAs reshape the tumor microenvironment (TME) through metabolic reprogramming and immune cell modulation.
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(63-66). Cancer stemness not only drives tumor initiation and
metastasis but also confers a survival advantage under therapeutic
stress, while resistant phenotypes often exploit immunosuppressive
pathways to persist despite treatment (67-69). Increasing evidence
suggests that circRNAs serve as molecular hubs that integrate
stemness, resistance, and immune regulation. CircFATI1
exemplifies this interplay by activating the STAT3 signaling
pathway, a central regulator of stemness and immune tolerance
(42). Through sustained STAT3 activation, circFAT1 promotes
CSC-like self-renewal, enhances tumor plasticity, and
simultaneously upregulates immunosuppressive mediators that
impair cytotoxic T cell function. This dual role reinforces the
vicious cycle between stemness and immune escape. Similarly, in
triple-negative breast cancer (TNBC), circCFLI facilitates mutant
TP53 transcription by preventing c-Myc degradation through
deubiquitylation (43). This mechanism not only stabilizes
oncogenic transcriptional programs that underpin stemness and
drug resistance but also enhances immune evasion, highlighting the
convergent roles of circRNAs in tumor aggressiveness. Another
compelling example is circPHLPP2 in colorectal cancer, which
interacts with the RNA-binding protein ILF3 to upregulate IL36y
transcription (44). While IL36y is traditionally associated with
proinflammatory signaling, in this context its dysregulated
expression paradoxically supports tumor growth and contributes

1 CSC self-renewal
1 Tumor plasticity
1 Immunosuppressive molecules

A

by adt
circFATL o ¢ circCFL1 §
WA LYoy

A

) s

Nucleus c-Myc degradation

1 Stemness transcriptional program
1 Drug resistance
1 Immune evasion

— @

10.3389/fimmu.2025.1723383

to resistance against anti-PD-1 therapy. This finding emphasizes the
context-dependent functions of circRNAs and illustrates how they
can subvert immune pathways to sustain resistant phenotypes.
Beyond these examples, circRNAs have been implicated in
therapy resistance across a wide spectrum of treatments. Certain
circRNAs modulate epithelial-mesenchymal transition (EMT),
which not only drives metastasis and chemoresistance but also
facilitates immune escape by reducing tumor immunogenicity (48,
70-75). Others reprogram autophagy and apoptosis pathways,
buffering cancer cells against cytotoxic stress while suppressing
immune-mediated cell death. These overlapping layers of regulation
create resilient tumor ecosystems that are difficult to eradicate with
monotherapies. In summary, circRNAs contribute to cancer
stemness and therapeutic resistance by converging on oncogenic
transcriptional regulators, metabolic and survival pathways, and
immune evasion mechanisms. By integrating these features,
circRNAs act as key nodes that maintain tumor heterogeneity and
plasticity while sustaining immune suppression. This complexity
underscores the therapeutic challenge but also identifies circRNAs
as attractive targets for combination strategies aimed at
simultaneously disrupting stemness, overcoming resistance, and
restoring effective antitumor immunity. Figure 4 depicts the
integrative role of circRNAs in coupling cancer stemness with
therapeutic resistance and immune escape.
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FIGURE 4

circRNAs link cancer stemness, therapeutic resistance, and immune escape to maintain a malignant ecosystem.
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2.5 circRNA regulation of CAR-T cell
function, persistence, and exhaustion

Adoptive cell therapies such as chimeric antigen receptor T-cell
(CAR-T) therapy have markedly improved outcomes in
hematologic malignancies; however, their efficacy in solid tumors
remains limited due to T-cell exhaustion, poor persistence, and the
highly immunosuppressive tumor microenvironment (76, 77).
Increasing evidence indicates that circRNAs are important
regulators of T-cell biology and may influence multiple aspects of
CAR-T cell function, including activation, metabolic adaptation,
cytokine production, and exhaustion programs. Although this field
is still in an early developmental stage, current studies suggest that
circRNAs exert critical effects on CAR-T therapeutic performance
and offer new avenues for engineering next-generation cellular
therapies (78, 79).

One of the most promising directions is the integration of
circRNA technologies into CAR-T cell engineering. CircRNAs
possess unique biochemical advantages—including exceptional
stability, resistance to exonuclease degradation, and more
sustained protein expression compared with traditional mRNA
constructs. These properties make circRNAs attractive tools for
improving CAR-T durability and functional persistence. For
example, a recent study on DLL3-targeted CAR-T cells for small-
cell lung cancer (SCLC) demonstrated that circRNA-based CAR
constructs enhance CAR expression stability, alleviate early T-cell
exhaustion, and increase tumor-killing capacity, suggesting that
circRNA-CAR designs may outperform conventional mRNA-CAR
approaches (80). Another study further reported that circRNA-
mediated CAR expression can improve antigen specificity and
reduce off-target cytotoxicity through more precise transcriptional
control, thereby enhancing therapeutic durability and safety (79). In
addition, the comprehensive review by Huang et al. summarized the
roles of circRNAs in CAR-T cell exhaustion, memory formation,
and antigen sensitivity. Their review highlighted that inhibiting
exhaustion-associated circRNAs or engineering synthetic circRNAs
to boost metabolic fitness could improve CAR-T persistence and
long-term activity (77). Notably, synthetic circRNAs with
immunostimulatory structures—such as RIG-I-activating viral-
like motifs—or those encoding immunomodulatory peptides
could also be incorporated into CAR-T manufacturing workflows
to further enhance antitumor efficacy. Beyond tuning CAR
expression itself, circRNAs may also play broader roles in
optimizing CAR-T cell functional performance. By modulating
immune signaling pathways—such as IFN-y production,
metabolic adaptation, and activation thresholds—engineered
circRNAs have the potential to strengthen CAR-T proliferation,
survival, and resilience within the suppressive tumor
microenvironment. Moreover, synthetic immunostimulatory
circRNAs have been proposed as tools to reshape CAR-T cells
toward memory-like phenotypes with reduced exhaustion, a
strategy that may help overcome the longstanding barriers to
CAR-T efficacy in solid tumors.

Taken together, circRNAs are increasingly recognized as key
regulators of CAR-T cell persistence, exhaustion, and tumor
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specificity. Integrating circRNA biology into CAR-T engineering
—such as suppressing exhaustion-promoting circRNAs or
delivering immunostimulatory therapeutic circRNAs—may
provide powerful strategies for developing more potent, durable,
and solid-tumor-compatible next-generation CAR-T cell therapies.

3 circRNAs as sensitizers of
immunotherapy

While numerous circRNAs contribute to immune suppression,
an equally intriguing aspect of circRNA biology is their capacity to
enhance antitumor immunity and sensitize tumors to
immunotherapy. These “pro-immunogenic” circRNAs act by
activating innate immune signaling pathways, inducing
immunogenic cell death, and reversing therapeutic resistance,
thereby providing novel opportunities to improve the efficacy of
ICIs and other immunotherapies (81-83).

3.1 Pro-immunogenic circRNAs and innate
immune activation

Although many circRNAs function as oncogenic drivers, an
emerging subset has been shown to exert tumor-suppressive effects
by activating innate immune pathways, thereby sensitizing tumors
to immunotherapy. Unlike circRNAs that stabilize PD-L1 or foster
immunosuppressive microenvironments, these pro-immunogenic
circRNAs act as intrinsic immune activators, often by engaging
cytosolic nucleic acid sensors or modulating RNA-binding proteins.
A representative example is circNDUFB2 in NSCLC (84).
CircNDUFB2 destabilizes oncogenic IGF2BP family proteins,
which normally protect tumor-promoting transcripts, thereby
reducing oncogenic signaling (84). More importantly,
circNDUFB2 forms double-stranded RNA structures that can be
recognized by RIG-I, activating the RIG-I-MAVS pathway. This
triggers robust type I interferon responses, enhances antigen
presentation, and facilitates the recruitment of effector T cells and
NK cells into the tumor microenvironment. This dual action not
only suppresses tumor growth directly but also reshapes the
immune contexture to favor antitumor immunity. Another
compelling example comes from hepatocellular carcinoma
(HCC), where exosomal circTMEM56 regulates the miR-136-5p/
STING axis (28). By relieving repression of STING, circTMEM56
enhances cytosolic DNA sensing and downstream production of
interferons and proinflammatory cytokines (28). This pathway
amplifies the immunogenic effects of radiotherapy, which
generates cytoplasmic DNA fragments, thereby synergizing with
existing treatments and augmenting antitumor immunity.
Importantly, this example demonstrates how circRNAs can
integrate with therapeutic interventions to heighten immune
activation. These findings broaden the conceptual framework of
circRNA biology by positioning circRNAs not only as passive
modulators but also as active initiators of innate immune
signaling. Their ability to activate RIG-I or STING pathways
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mirrors the immunostimulatory properties of viral RNAs,
suggesting that endogenous circRNAs may act as “danger signals”
when appropriately structured or expressed (85-87). From a
translational perspective, this raises the exciting possibility of
designing synthetic circRNAs with defined secondary structures
to deliberately activate innate immune receptors and function as
RNA-based adjuvants for cancer immunotherapy or vaccines.
Collectively, these insights reveal that pro-immunogenic
circRNAs serve as endogenous immune activators that can
potentiate innate immunity and synergize with immune
checkpoint blockade. Their unique biology not only expands our
understanding of RNA-immune crosstalk but also highlights their
translational promise as both biomarkers of immunotherapy
responsiveness and templates for engineered RNA therapeutics.
Figure 5 illustrates the emerging role of pro-immunogenic
circRNAs in activating innate immune signaling and reshaping
the tumor microenvironment.

3.2 Induction of immunogenic cell death

Another emerging function of circRNAs in cancer immunity is
their ability to promote ICD, a form of cell death that activates
rather than suppresses immune responses. Unlike apoptotic or
necrotic death, ICD is characterized by the release and exposure
of damage-associated molecular patterns (DAMPs), such as
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calreticulin (CRT) exposure on the cell surface, extracellular
release of ATP, and secretion of high-mobility group box 1
(HMGBI1) (88-90). These signals act as potent immunological
cues that facilitate dendritic cell (DC) maturation, enhance
antigen cross-presentation, and prime cytotoxic CD8" T cell
responses against tumor-associated antigens. In lung
adenocarcinoma, circEMSY has been identified as a critical
regulator of ICD (91). By promoting cellular stress responses and
enhancing the immunogenicity of tumor cells, circEMSY facilitates
the release of DAMPs that recruit and activate antigen-presenting
cells. The resulting amplification of T cell priming significantly
boosts the efficacy of PD-1 blockade therapy in preclinical models.
This finding provides compelling evidence that circRNAs can
convert immunologically “cold” tumors—those with sparse
immune infiltration and low antigenicity—into “hot” tumors that
are more responsive to immune checkpoint blockade. The ability of
circRNAs to modulate ICD has profound therapeutic implications.
On one hand, it suggests that endogenous circRNAs may function
as natural immunoadjuvants within the tumor microenvironment.
On the other, it raises the possibility of therapeutically engineering
circRNAs to deliberately induce ICD, thereby enhancing tumor
immunogenicity. For example, synthetic circRNAs could be
designed to activate stress pathways, increase endoplasmic
reticulum stress, or modulate autophagy-related signaling, all of
which are closely linked to ICD induction. Such strategies could be
combined with checkpoint inhibitors, radiotherapy, or
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chemotherapy—treatments known to trigger ICD—to
synergistically amplify antitumor immunity. Moreover, circRNA-
mediated ICD could help overcome one of the major limitations of
immunotherapy: the lack of response in tumors with low baseline
immune infiltration. By boosting antigen release and dendritic cell
activation, circRNA-induced ICD has the potential to expand the
pool of patients who benefit from ICIs. In this sense, circRNAs not
only serve as biomarkers of immunogenicity but also represent
candidate therapeutic tools to reshape the immunological landscape
of tumors (92-96). Figure 6 illustrates the immunostimulatory
function of circRNAs in driving ICD. In summary, circRNAs
capable of inducing ICD exemplify a new layer of RNA-based
immunoregulation. By bridging tumor cell death with immune
activation, they provide novel opportunities to enhance the efficacy
of existing immunotherapies and to design next-generation RNA
therapeutics with adjuvant properties.

3.3 CircRNAs counteracting therapy
resistance and enhancing sensitivity

Beyond direct activation of immune responses, circRNAs also
play a pivotal role in modulating therapeutic resistance, thereby
indirectly sensitizing tumors to immunotherapy (75, 97-100).
Resistance to conventional therapies—including endocrine
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therapy, chemotherapy, targeted therapy, and ferroptosis inducers
—often overlaps with mechanisms of immune escape, such as
altered signaling pathways, metabolic rewiring, or impaired
antigen presentation. CircRNAs, through their ability to fine-tune
gene expression networks, can either reinforce or dismantle these
resistance programs, ultimately shaping tumor responsiveness to
immune checkpoint blockade. In estrogen receptor—positive (ER")
breast cancer, a notable example is circTNK2, which has been
therapeutically targeted using nanoparticles co-loaded with
antisense oligonucleotides (ASOs) and immunomodulatory
CXCLI10 plasmids (101). This combinatorial approach not only
restored tamoxifen sensitivity by silencing oncogenic circTNK2 but
also enhanced natural killer (NK) cell infiltration and cytotoxicity
within the tumor microenvironment. These findings provide
compelling proof-of-concept that circRNA modulation can be
integrated with standard endocrine therapy to reverse resistance
and simultaneously boost antitumor immunity. In pancreatic
cancer, targeting ¢TRIP12 was reported to overcome ferroptosis
resistance, a newly recognized cell death resistance pathway
associated with poor immunotherapy response (102). By restoring
ferroptotic sensitivity, cTRIP12 targeting increased tumor
vulnerability to immune checkpoint therapy, highlighting the
potential of circRNAs to act at the intersection of metabolic
regulation, cell death modalities, and immune reactivation.
Additional studies further support the role of circRNAs in
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therapy sensitization. For example, in non-small cell lung cancer,
circNDUFB2 not only destabilizes oncogenic IGF2BP proteins but
also enhances immune signaling, thereby synergizing with
checkpoint blockade (84). Similarly, engineered delivery of
circRNAs capable of inducing immunogenic cell death (e.g.,
circEMSY) has been shown to sensitize tumors to PD-1/PD-L1
inhibitors by transforming immune-cold tumors into immune-hot
ones (91). Collectively, these findings highlight the versatility of
circRNAs as mediators of cross-talk between therapeutic resistance
and immune responsiveness. From a translational standpoint,
circRNAs represent a unique class of immunotherapy sensitizers.
By reversing therapy-induced immune resistance—whether
through endocrine modulation, ferroptosis reactivation, or
restoration of immunogenicity—circRNAs expand the therapeutic
repertoire available for resistant tumors. Their ability to function as
both therapeutic targets (e.g., oncogenic circRNAs silenced by
ASOs) and therapeutic agents (e.g., synthetic circRNAs delivered
to promote immune activation) underscores their dual potential.
The incorporation of circRNA modulation into rational
combination strategies with checkpoint inhibitors, radiotherapy,
or metabolic drugs could therefore overcome resistance barriers and
improve patient outcomes. In summary, pro-immunogenic
circRNAs provide promising entry points for next-generation
combination therapies. By activating innate immunity, inducing
immunogenic cell death, and reversing therapy resistance, they

10.3389/fimmu.2025.1723383

represent both biomarkers and functional targets that can be
harnessed to broaden the scope and efficacy of cancer
immunotherapy. Figure 7 illustrates the integrative role of
circRNAs in reversing therapeutic resistance and enhancing
immune sensitivity. Table 2 summarizes the emerging class of
circRNAs that function as positive regulators of antitumor
immunity by activating innate immune pathways, inducing
immunogenic cell death, or reversing resistance to
systemic therapies.

4 Clinical applications of circRNAs in
immuno-oncology

4.1 Prognostic and diagnostic potential

Several circRNAs have been linked to patient outcomes and
immune microenvironment characteristics, underscoring their
value as prognostic and diagnostic indicators in oncology. Owing
to their covalently closed structure and resistance to exonuclease
degradation, circRNAs are highly stable in both tissue and
circulation, making them especially suitable for clinical biomarker
development (51, 103-106). Unlike many protein-based markers,
circRNAs can reflect both tumor-intrinsic pathways and the status
of the TIME, thereby offering a dual layer of biological insight. In

circRNAs reverse multiple therapeutic resistance mechanisms (c.g., endocrine resistance, ferroptosis
resistance, EMT) and induce immunogenic cell death or enhance immune cell infiltration. thereby
improving the cfficacy of immunc checkpoint inhibitors and combination therapics.
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TABLE 2 Mechanisms and representative molecules of circRNAs in immunotherapy sensitization.

Mechanism circRNA Specific mechanism Cancer types
cireNDUFB2 Activate the RIG-I - MAVS pathway by forming dsRNA structures, thereby inducing type =~ Non-small cell lung
Activate the innate I interferon response and recruiting effector cells cancer (84)
immune pathway Gire TMEMS6 Enhancing DNA perception and interferon production through miR-136-5p/STING axis, Hepatocellular
this mechanism can synergize with radiotherapy carcinoma (28)
N . . Lung
Inducing immunogenic i Promote the release of DAMP (such as CRT, ATP, HMGBI1), enhance dendritic cell >
circEMSY L . adenocarcinoma
cell death activation and T cell initiation ©1)
circTNK2 Targeted inhibition can restore tamoxifen sensitivity and enhance NK cell infiltration and ER-+breast cancer
Reverse treatment cytotoxicity (o)
resistance s . - . .
CTRIP12 Targeted inhibition can restore iron death sensitivity, thereby enhancing the efficacy of Pancreatic cancer

immune checkpoint therapy

(102)

gastric cancer, hsa_circ_0072309 has been identified as a prognostic
biomarker, with high expression levels correlating with immune cell
infiltration and poorer overall survival (107). This suggests its
potential utility in predicting disease progression and stratifying
patients for more aggressive therapeutic interventions. Likewise,
hsa_circ_0001479 and circ_0008287 have been linked to enhanced
immune escape, stemness features, and tumor aggressiveness,
further highlighting their role as both diagnostic and prognostic
markers (41, 108). Beyond gastric cancer, other tumor types also
exhibit circRNAs with prognostic significance. In colorectal cancer,
circ_0089761 promotes metastasis and immune escape through the
miR-27b-3p/PD-L1 axis, and its elevated expression is associated
with advanced disease stage and reduced survival, suggesting its
potential as a marker of poor prognosis (10). In breast cancer,
circ_0067842 facilitates metastasis and immune evasion via the
HuR/CMTM6/PD-L1 axis, with its expression levels correlating
with aggressive phenotypes and worse clinical outcomes (45).
Similarly, in lung cancer, several circRNAs including circIGF2BP3
and circNDUFB2 have been linked to differential immune
responses, with the former promoting resistance to immune
checkpoint inhibitors and the latter associated with enhanced
antitumor immunity, making them potential predictive
biomarkers for immunotherapy responsiveness (34, 46, 109).
Moreover, circRNAs detected in serum and exosomes offer
minimally invasive tools for early detection and disease
monitoring. For example, tumor-derived exosomal circRNAs such
as circUSP7 and circ_0001947 not only reflect the immunological
state of the tumor but also correlate with clinical resistance to PD-1
blockade, suggesting their potential as circulating predictive
markers (27, 37, 39). Such liquid biopsy approaches could
provide real-time assessment of tumor progression, immune
evasion, and therapeutic response, complementing traditional
histopathology. Taken together, these studies demonstrate that
circRNAs hold significant promise as diagnostic and prognostic
biomarkers. Their correlation with immune infiltration, disease
aggressiveness, and therapy resistance highlights their potential
utility in guiding patient management, from risk stratification to
treatment selection. As clinical validation expands, circRNAs may
complement or even surpass existing biomarkers in precision
oncology, particularly in the era of immunotherapy.
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4.2 Predictive biomarkers for
immunotherapy response

An emerging and clinically relevant area of circRNA research is
their potential use as predictive biomarkers of immunotherapy
responsiveness. Unlike prognostic biomarkers that reflect the
natural course of disease, predictive biomarkers can guide
therapeutic decision-making by identifying patients most likely to
benefit from specific treatments such as ICIs (110-115). CircRNAs
are particularly attractive in this context because they capture
tumor-intrinsic signaling as well as cross-talk with the immune
microenvironment, and exosomal circRNAs offer a window into
these processes through liquid biopsy. Exosomal circRNAs have
been especially informative because they reflect real-time
communication between tumor and immune cells (51, 52, 116,
117). In NSCLC, exosomal circUSP7 was found to induce CD8" T
cell dysfunction through the miR-934/SHP2 axis, thereby driving
resistance to PD-1 blockade (37). Its detection in circulating vesicles
suggests that patients with elevated exosomal circUSP7 may exhibit
poor responses to ICI therapy, making it a promising predictive
marker. Similarly, in gastric cancer, exosomal circ_0001947 was
reported to promote CD8" T cell exhaustion and confer resistance
to PD-1 inhibitors, highlighting the role of circRNAs in shaping
acquired resistance to immunotherapy (27). In bladder cancer,
circZNF609 enhances fatty acid uptake via the IGF2BP2/CD36
pathway, leading to metabolic reprogramming that reduces tumor
sensitivity to immunotherapy (40). This study demonstrates how
circRNAs can predict immune checkpoint efficacy not only through
immune modulation but also by controlling metabolic pathways
that indirectly impair immune surveillance. Other examples include
circ_0010235 and circ_0089761, which regulate PD-L1 expression
in lung and colorectal cancers, respectively, and have been
associated with poor response to checkpoint inhibition, suggesting
a more general role for circRNAs in modulating therapeutic
outcomes (10, 118). Beyond resistance, circRNAs may also help
identify patients more likely to respond to ICIs. For instance, the
tumor-suppressive circRNA circNDUFB2, which activates the RIG-
I-MAVS innate immune pathway, has been correlated with
enhanced interferon signaling and immune cell infiltration in
NSCLC, implying that its expression could predict favorable
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responses to immunotherapy (119). Similarly, circRNAs that
promote immunogenic cell death (e.g., circEMSY) or stimulate
the STING pathway (e.g., cirtcTMEMS56) may serve as biomarkers
of “immune-hot” tumors more amenable to checkpoint blockade
(28, 91). Collectively, these studies illustrate that circRNAs have
dual potential as negative and positive predictive biomarkers: some
indicate resistance by stabilizing PD-L1 or fostering
immunosuppressive microenvironments, while others point to
enhanced sensitivity through activation of innate immune
pathways. Their stability in body fluids and availability via
noninvasive sampling make them especially suitable for liquid
biopsy-based companion diagnostics, enabling dynamic
monitoring of treatment responses. As immunotherapy moves
toward personalized medicine, integrating circRNA signatures
with existing biomarkers such as PD-L1 expression, tumor
mutational burden, and T cell receptor repertoire may improve
patient stratification and optimize therapeutic outcomes.

4.3 Liquid biopsy and clinical applications

The enrichment of circRNAs in circulating exosomes and other
extracellular vesicles provides a strong foundation for their
development as liquid biopsy biomarkers. Unlike tissue biopsies,
which are invasive and may not fully capture tumor heterogeneity,
liquid biopsies offer a minimally invasive means of repeatedly
sampling the systemic circulation (120-126). CircRNAs are
particularly suited to this role due to their covalently closed loop
structure, which renders them resistant to exonuclease-mediated
degradation and ensures remarkable stability in serum, plasma,
saliva, and even urine. These properties allow circRNAs to remain
detectable at high fidelity, making them reliable candidates for
routine clinical monitoring. Functionally, circulating circRNAs can
be exploited to monitor tumor immune status, track treatment
response, and detect early signs of therapeutic resistance. For
example, exosomal circUSP7 and circ_0001947 have been
associated with resistance to PD-1 blockade in NSCLC and
gastric cancer, respectively, suggesting their use as early warning
markers of immunotherapy failure (27, 37). Similarly, circZNF609
in bladder cancer has been linked to reduced immunotherapy
sensitivity through lipid metabolic reprogramming, underscoring
how circulating circRNAs can mirror tumor-immune dynamics in
real time (40). Conversely, the presence of immunostimulatory
circRNAs such as circNDUFB2 or circTMEM56 might indicate a
more favorable immune landscape and predict responsiveness to
checkpoint inhibitors (28, 84). Beyond response prediction,
circRNAs offer opportunities for patient stratification. Their
distinct expression profiles across cancer types and immune
subgroups could help identify patients most likely to benefit from
specific therapies, enabling precision immunotherapy strategies. For
instance, patients with high exosomal circUSP7 might be
considered for alternative strategies such as NK cell therapy or
bispecific antibodies, while those with high pro-immunogenic
circRNAs could be prioritized for checkpoint blockade. From a
translational perspective, circRNAs also hold promise as

Frontiers in Immunology

13

10.3389/fimmu.2025.1723383

companion diagnostics (127-129). Integrating circRNA
expression with established biomarkers such as PD-LI
immunohistochemistry, tumor mutational burden, and
microsatellite instability may improve predictive accuracy and
overcome limitations of single-marker approaches. Moreover,
multiplex circRNA profiling through next-generation sequencing
or digital droplet PCR could allow comprehensive immune
monitoring with relatively low sample requirements (130-134).
Despite these advantages, challenges remain. Standardization of
detection methods, including protocols for exosome isolation,
circRNA quantification, and normalization, will be critical to
ensure reproducibility across laboratories. Additionally, the
clinical significance of specific circRNAs must be validated in
large, prospective, and well-annotated patient cohorts, ideally
embedded in immunotherapy clinical trials. Addressing these
issues will be key to moving circRNA-based liquid biopsy tests
from bench to bedside. In summary, circRNAs are emerging as
robust, stable, and clinically relevant biomarkers in cancer
immunology. Their prognostic, diagnostic, and predictive value—
particularly in the context of immunotherapy response—supports
their development as liquid biopsy tools and companion
diagnostics. With continued technological improvements and
clinical validation, circRNA-based assays may soon complement
or even surpass current biomarker strategies, enabling dynamic and
personalized monitoring of immunotherapy in clinical practice.

4.4 Therapeutic targeting of oncogenic
circRNAs

Oncogenic circRNAs that promote immune suppression
represent a new class of therapeutic vulnerabilities in cancer.
CircRNAs such as circUSP7, circRHBDDI1, and circ_0001947
have been shown to drive CD8" T cell dysfunction, stabilize PD-
L1, or induce T cell exhaustion, making them compelling targets for
interventions aimed at restoring effective antitumor immunity (27,
35, 37). Unlike protein-coding oncogenes, circRNAs are defined by
their unique back-splice junctions, which enable the design of
highly specific silencing strategies with minimal off-target effects
on linear transcripts. Current approaches for circRNA targeting
primarily include antisense oligonucleotides (ASOs) and small
interfering RNAs (siRNAs) (135-138). These molecules are
engineered to hybridize with the back-splice junction sequences
of circRNAs, leading to their selective degradation. Preclinical
studies have provided proof-of-concept for this strategy. For
example, nanoparticle-delivered ASOs targeting circRHBDDI in
gastric cancer reduced PD-L1 expression and enhanced CD8" T cell
cytotoxicity, thereby sensitizing tumors to immune checkpoint
blockade (35). Similarly, silencing circUSP7 in NSCLC disrupted
exosomal signaling that drives T cell exhaustion and restored
responsiveness to anti-PD-1 therapy. These findings suggest that
circRNA silencing can not only suppress tumor-intrinsic pathways
but also reprogram the immune microenvironment. Therapeutic
targeting of exosomal circRNAs also presents unique opportunities.
Since exosomal circRNAs such as circ_0001947 and
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circRNA_0013936 mediate immune suppression by modulating T
cell and MDSC activity, their inhibition may dismantle
immunosuppressive networks across local and systemic
compartments (27, 38). Importantly, targeting exosomal
circRNAs could complement strategies aimed at tumor-intrinsic
circRNAs, offering a more comprehensive reactivation of immune
surveillance (110, 111, 139-141). Nanotechnology further enhances
the feasibility of circRNA-based therapeutics. Nanoparticles, lipid
carriers, and polymeric systems have been employed to deliver
ASOs or siRNAs with improved tumor targeting, stability, and
reduced systemic toxicity (142). For instance, PLGA-PEG
nanoparticles and lipid nanoparticles (LNPs)—already validated
in the delivery of mRNA vaccines—are being adapted for circRNA-
targeting strategies, underscoring their clinical translational
potential (143). Despite these advances, challenges remain.
CircRNAs often function within complex regulatory networks,
and targeting a single circRNA may lead to compensatory
mechanisms. Furthermore, ensuring the specificity of junction-
targeted ASOs is critical to avoid unintended silencing of linear
transcripts. Off-target immune stimulation and delivery efficiency
must also be carefully evaluated in preclinical studies. In summary,
oncogenic circRNAs that sustain immune suppression represent
promising therapeutic targets. Advances in ASO and siRNA design,
coupled with nanoparticle-based delivery systems, have provided
strong preclinical proof-of-concept for circRNA-targeted therapy.
Moving forward, the integration of circRNA silencing strategies
with immune checkpoint inhibitors, metabolic reprogramming
agents, or radiotherapy may offer a synergistic approach to
recondition the TIME and enhance clinical outcomes.

4.5 Engineering pro-immunogenic
circRNAs

In addition to silencing oncogenic circRNAs, an equally
promising therapeutic strategy is to introduce or enhance
circRNAs with pro-immunogenic functions. This approach
leverages the unique structural and functional properties of
circRNAs to reprogram the tumor microenvironment and
augment immune responses (144). Compared with linear RNAs,
synthetic circRNAs display enhanced stability, prolonged half-life,
and reduced innate degradation, making them particularly
attractive as therapeutic agents. Engineered circRNAs can be
designed to activate innate immune pathways or to act as stable
mimics of tumor-suppressive circRNAs. For example, delivery of
circNDUFB2 not only destabilizes oncogenic IGF2BPs but also
directly activates the RIG-I-MAVS signaling pathway, leading to
robust type I interferon production and recruitment of immune
effector cells (84). This dual action has the potential to both weaken
tumor cell fitness and strengthen immune surveillance. Similarly,
exogenous expression of circEMSY has been shown to trigger ICD
in lung adenocarcinoma, resulting in increased antigen exposure,
dendritic cell activation, and improved efficacy of PD-1 blockade
(91). These findings provide proof-of-principle that therapeutic
circRNAs can convert immunologically “cold” tumors into “hot”
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tumors, thereby expanding the population of patients responsive to
checkpoint inhibitors. Advances in RNA engineering technologies
further enhance the therapeutic potential of circRNAs. Synthetic
circRNAs can be optimized with specific secondary structures that
mimic viral RNA, thereby potentiating recognition by innate
sensors such as RIG-I or MDAS5 (84-86, 145-149). Alternatively,
circRNAs can be engineered to harbor functional RNA elements or
small open reading frames (sORFs), allowing them to regulate
protein translation or encode immunomodulatory peptides (150-
152). These design strategies extend the scope of circRNAs from
passive regulators to active immunotherapeutic molecules. From a
translational perspective, engineered circRNAs could be delivered
systemically or locally using lipid nanoparticles (LNPs), polymeric
carriers, or viral vectors. LNP platforms, which have already
demonstrated clinical success in mRNA vaccines, can be adapted
to encapsulate and deliver circRNAs efficiently to tumor tissues.
Moreover, combining engineered circRNAs with existing therapies
—such as checkpoint inhibitors, radiotherapy, or chemotherapy—
could create synergistic effects by simultaneously enhancing
immune activation and disrupting tumor survival pathways. In
summary, engineering pro-immunogenic circRNAs represents a
novel paradigm in RNA-based therapy. By mimicking or amplifying
natural tumor-suppressive circRNAs, synthetic constructs can
activate innate immunity, induce immunogenic cell death, and
sensitize tumors to immunotherapy. This strategy expands the
functional repertoire of RNA therapeutics, offering a versatile and
durable platform for next-generation cancer immunotherapy.

4.6 Nanomedicine and drug delivery
systems

Efficient and tumor-specific delivery remains one of the most
critical challenges for circRNA-based therapies. Naked RNA
molecules are inherently unstable in the circulation and
susceptible to rapid degradation by nucleases, while systemic
administration risks off-target effects and poor accumulation
within tumors (33, 153-156). Nanomedicine platforms have
emerged as powerful solutions to overcome these limitations by
providing stability, targeted delivery, and the possibility of co-
delivering therapeutic agents to modulate both tumor-intrinsic
and immune pathways. Several classes of nanocarriers have been
evaluated in preclinical models. PLGA-PEG nanoparticles have
been used to encapsulate circRNA inhibitors, protecting them
from enzymatic degradation and improving tumor accumulation
in gastric cancer models, where they successfully reduced PD-L1
expression and enhanced T cell-mediated killing. ZIF-8
nanoparticles, a subclass of metal-organic frameworks (MOFs),
have shown high loading capacity and pH-responsive release
properties. In estrogen receptor—positive breast cancer, ZIF-8
nanoparticles were employed to co-deliver antisense
oligonucleotides (ASOs) targeting circTNK2 and plasmids
encoding CXCL10 (101, 157). This combinatorial approach not
only restored tamoxifen sensitivity but also recruited natural killer
(NK) cells into the tumor microenvironment, demonstrating how
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nanocarriers can achieve synergistic immunomodulation. In
addition, lipid nanoparticles (LNPs)—already clinically validated
for the delivery of mRNA vaccines against SARS-CoV-2—are
particularly attractive for circRNA therapeutics (158-160). Their
biocompatibility, scalable production, and ability to protect RNA
cargo while enabling endosomal escape make them a clinically
feasible platform for systemic circRNA delivery. LNP formulations
can be further modified with tumor-targeting ligands (e.g.,
antibodies, peptides, aptamers) to enhance tissue specificity and
minimize off-target effects. Future nanomedicine approaches could
integrate circRNA modulation with other therapeutic modalities.
For example, nanoparticles may be engineered for co-delivery of
circRNA inhibitors with immune checkpoint inhibitors, enabling
simultaneous reactivation of T cell function and disruption of
oncogenic signaling. Alternatively, combining circRNA-targeting
agents with radiotherapy or metabolic inhibitors may enhance
immunogenic cell death and metabolic reprogramming, creating a
more favorable TIME (161). Smart nanocarriers with stimuli-
responsive release mechanisms (e.g., pH, hypoxia, ROS-sensitive
systems) are also under development to ensure precise delivery in
the hostile tumor milieu while reducing systemic toxicity. Despite
these advances, challenges remain for clinical translation.
Nanocarriers must balance delivery efficiency, biocompatibility,
and immunogenicity, and long-term safety data are limited.
Additionally, the complexity of manufacturing RNA-loaded
nanoparticles at scale under good manufacturing practice (GMP)
conditions remains a significant hurdle. Nevertheless, rapid
progress in nanomedicine, exemplified by the global rollout of
RNA vaccines, underscores the feasibility of adapting similar
platforms for circRNA-based therapeutics. In summary,

TABLE 3 Clinical application prospects of circRNAs.

Application circRNA

10.3389/fimmu.2025.1723383

nanomedicine offers a transformative solution for circRNA
delivery, enabling stable, targeted, and multifunctional therapeutic
strategies. By combining circRNA modulation with checkpoint
blockade, radiotherapy, or metabolic therapies, nanoparticle
platforms have the potential to recondition the tumor
microenvironment and expand the clinical utility of RNA-based
cancer immunotherapies. Table 3 summarizes the expanding
clinical relevance of circRNAs, highlighting their multifaceted
roles as biomarkers, therapeutic predictors, and direct
intervention targets in cancer immunotherapy.

5 Challenges and future directions

Despite the rapid progress in uncovering circRNA functions in
tumor immunity, significant challenges remain in translating these
discoveries into reliable clinical applications (162-165). The
complexity of circRNA biology, methodological limitations, and
gaps in clinical validation highlight the need for cautious
interpretation and rigorous future research.

5.1 Biological complexity and
heterogeneity

CircRNAs are inherently diverse in their biogenesis, sequence
composition, cellular localization, and functional roles, and this
heterogeneity complicates efforts to generalize their biological
impact across different tumor contexts. Unlike linear RNAs,
circRNAs are generated through alternative back-splicing events,

Clinical significance

Cancer types

hsa_circ_0072309

Prognostic and diagnostic .
. circ_0089761
biomarkers

circ_0067842

exosomal circUSP7

exosomal circ_0001947
Immunotherapy predictive
biomarkers

Prognostic markers of gastric cancer, high expression associated with immune

Promoting colorectal cancer metastasis and immune escape through miR-27b-3p/
PD-L1 axis, indicating poor prognosis

Promote breast cancer metastasis and immune escape through HuR/CMTM6/PD-L1

Predicting resistance to PD-1 therapy

Predicting resistance to PD-1 therapy

Predicting decreased sensitivity of immunotherapy through metabolic

Gastric cancer (107)

infiltration and poor overall survival

Colorectal cancer (10)

. Breast cancer (45)
axis

Non-small cell lung
cancer (37)

Gastric cancer (27)

circZNF609 i Bladder cancer (40)
reprogramming
. L i Non-small cell lung
circNDUFB2 Predicting the response of tumor immunotherapy
cancer (84)
circRHBDD1 ASO targeting circRHBDDI can reduce PD-L1 and enhance T cell killing Gastric cancer (35)
therapeutic target
Non-small cell 1
circUSP7 Targeting circUSP7 can increase the number of T cells on-smmatee” ung
cancer (37)
Engineering As a therapeutic agent, it can activate the RIG-I pathway and enhance immune (84)
Engineering therapy circNDUFB2 response
molecules
Engineering circEMSY As a therapeutic agent, it can induce ICD and enhance the efficacy of PD-1 91)
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often producing multiple isoforms from the same parental gene.
These isoforms can vary in exon composition, length, and
secondary structure, leading to distinct molecular interactions and
downstream effects. For instance, circRNAs localized
predominantly in the cytoplasm may act as microRNA sponges
or protein scaffolds, while nuclear-enriched circRNAs often
modulate transcription or splicing, resulting in context-specific
outcomes (166-171). Adding to this complexity, the same
circRNA can exhibit divergent functions depending on tumor
type, immune landscape, or even treatment exposure. For
example, while certain circRNAs such as circIGF2BP3 or
circRHBDD1 stabilize PD-L1 and promote immune escape in
lung and gastric cancers, others like circtNDUFB2 activate innate
immunity via RIG-I signaling and enhance checkpoint blockade
efficacy in NSCLC (34, 35, 46). Similarly, circRNAs that promote
glycolysis in one tumor type may have negligible or even opposite
effects in another, depending on metabolic dependencies and
immune cell composition within the tumor microenvironment.
This duality reflects the plasticity of circRNA-protein and
circRNA-RNA interactions, which are influenced by cell type-
specific expression of RNA-binding proteins, microRNAs, and
epigenetic states (172-174). Clinical implications of this
heterogeneity are significant (120, 175, 176). A circRNA that
serves as a biomarker of poor prognosis in one cancer could, in
another context, predict better responsiveness to immunotherapy.
This variability underscores the importance of context-dependent
analyses and suggests that circRNA-targeted interventions must be
carefully stratified by cancer type, molecular subtype, and immune
phenotype. It also highlights the need for large-scale, multi-omics
studies that integrate transcriptomic, proteomic, metabolic, and
immunogenomic data to unravel circRNA functions in specific
disease contexts. In summary, the biological complexity and
heterogeneity of circRNAs pose both challenges and
opportunities. They complicate the development of “one-size-fits-
all” therapeutic strategies but also provide a basis for highly
personalized circRNA-based diagnostics and treatments. Moving
forward, mapping circRNA functions across diverse cancer-
immune ecosystems will be critical for identifying those with
consistent clinical relevance and for tailoring therapeutic
approaches to specific tumor settings.

5.2 Technical and methodological
limitations

Accurate detection and quantification of circRNAs remain one
of the major technical hurdles in the field. Unlike linear RNAs,
circRNAs lack free 5' and 3’ ends, making them refractory to
standard RNA-seq pipelines that are optimized for linear transcript
annotation (163, 177-179). Conventional RNA-sequencing
approaches often misclassify circular transcripts as splicing noise
or underrepresent them due to reliance on short-read alignments.
The identification of back-splice junctions, the defining feature of
circRNAs, requires specialized computational algorithms such as
CIRCexplorer, find_circ, CIRI2, and DCC. However, these tools can
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produce discordant results depending on alignment settings,
reference genome versions, and filtering thresholds, leading to
inconsistent circRNA catalogs across studies. Experimental
validation is equally challenging. PCR-based detection methods
must be carefully designed with divergent primers spanning the
back-splice junction, yet non-specific amplification or
contamination with linear isoforms can generate false positives.
RNase R digestion, commonly used to enrich for circular species, is
not fully specific and can incompletely degrade linear RNAs,
leading to overestimation of circRNA abundance. Moreover,
circRNAs with short loop lengths or strong secondary structures
may resist RNase R digestion, creating further technical bias.
Another limitation is the lack of standardized annotation and
nomenclature. The same circRNA may be assigned multiple
identifiers across databases such as circBase, circAtlas, and
circBank, creating confusion and hindering reproducibility. In
addition, circRNA expression can be highly cell type- and
condition-specific, and many studies report circRNAs without
rigorous cross-validation in independent datasets, raising
concerns about biological versus technical variability.
Quantification remains problematic as well. CircRNAs are
typically expressed at lower levels compared with their linear
counterparts, making them difficult to detect reliably, especially in
liquid biopsy samples such as serum or plasma. Advances in
technologies such as nanopore long-read sequencing, single-cell
RNA-seq, and droplet digital PCR (ddPCR) offer promising
solutions by improving sensitivity and enabling isoform-level
resolution. Yet these methods are still limited by cost, throughput,
and the need for standardized pipelines. Overall, the technical and
methodological limitations of circRNA detection and quantification
remain a bottleneck for clinical translation. Standardized
bioinformatics pipelines, curated reference datasets, and
consensus nomenclature are urgently required to enable cross-
study comparability. Furthermore, the integration of multi-omics
approaches—combining circRNA profiling with proteomics,
metabolomics, and immunogenomics—may help validate
functional significance and reduce reliance on a single detection
method. Only through rigorous methodological improvements can
circRNA research achieve the reproducibility and robustness
needed for clinical biomarker development and
therapeutic targeting.

5.3 Preclinical validation and
reproducibility

Most studies investigating circRNA-mediated immune
regulation remain at the preclinical stage, relying predominantly
on in vitro assays and murine xenograft models. While these
approaches provide mechanistic insights, they often fail to
capture the complexity of the human TIME. Murine models, in
particular, may not fully recapitulate human immune cell diversity,
cytokine networks, or the heterogeneity of circRNA expression
across different cancer subtypes, thereby limiting translational
relevance (103, 180-184). A major concern is the small sample
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sizes commonly used in circRNA studies, which reduce statistical
power and increase the risk of type I errors. Variable experimental
designs, differences in circRNA detection platforms, and lack of
standardized analytical pipelines contribute further to
irreproducibility. For example, circRNAs implicated in PD-L1
regulation have been reported across multiple tumor types, yet
some of these findings have later been challenged or even retracted,
underscoring the importance of stringent quality control, robust
experimental design, and independent replication before clinical
claims can be substantiated (26, 48, 185-189). Another challenge is
that many studies report correlative associations between circRNA
expression and immune phenotypes without establishing causality.
Functional validation—such as loss- and gain-of-function
experiments, rescue assays, and immune cell co-culture systems—
is often limited or inconsistent. Moreover, many current studies use
xenograft models in immunodeficient mice, which fail to
recapitulate the essential role of adaptive immunity in the tumor
microenvironment. In contrast, more physiologically relevant
models such as syngeneic or humanized immune system mice,
which allow for intact tumor-immune interactions, are still
underutilized. This methodological gap hampers our ability to
accurately evaluate how circRNAs shape antitumor immunity or
predict responses to immunotherapy. Technical variability also
poses a challenge. Differences in circRNA detection platforms
(e.g., RNA-seq versus qRT-PCR), computational pipelines for
back-splice junction identification, and poor annotation
consistency across studies have resulted in low reproducibility
and conflicting findings in the field. Moreover, limited cross-
cohort validation and lack of accessible circRNA databases—
especially those linked to clinical immunotherapy outcomes—
constrain the translational potential of current findings. To
overcome these limitations, large-scale, multi-omics profiling is
urgently needed. Integrating circRNA transcriptomics with
proteomics, metabolomics, and immunogenomics can provide a
more holistic understanding of circRNA function and its
downstream effectors. Single-cell RNA sequencing and spatial
transcriptomics have emerged as powerful tools to map circRNAs
at cellular and spatial resolution, offering unprecedented insight
into how circRNAs are expressed by specific immune and stromal
subsets within the tumor microenvironment. Applying these
spatially resolved tools in longitudinal clinical cohorts treated
with immunotherapy will shed light on dynamic changes in
circRNA expression during immune activation, suppression, or
resistance acquisition. In parallel, emerging technologies such as
direct RNA sequencing, CRISPR-based circRNA manipulation
tools, and high-throughput screening platforms could facilitate
functional annotation of circRNA-immune interactions at scale.
Coupling these approaches with organoid-based immune co-
culture systems or tumor-on-chip models may enable more
physiologically relevant and rapid circRNA functional testing
compared to traditional animal models. Ultimately,
reproducibility and translational success in circRNA research will
depend on standardized experimental pipelines, transparent data
reporting, and collaborative validation efforts across multiple
laboratories. Establishing community-wide circRNA consortia—
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similar to initiatives like The Cancer Genome Atlas (TCGA) or
the Human Cell Atlas—could accelerate progress by generating
uniformly processed reference datasets, curated knowledge
resources, and coordinated cross-validation networks. Public
repositories linking circRNA expression to clinical outcomes,
immune profiles, and validated functional annotations will further
support independent benchmarking and biomarker development.
Only through such rigorous, collaborative, and multi-layered
validation can circRNAs transition from intriguing preclinical
observations to reliable, clinically actionable biomarkers and
therapeutic targets in immuno-oncology. Their dual ability to
regulate both tumor cell-intrinsic pathways and the tumor
immune landscape underscores their potential as powerful
molecular levers in the era of precision immunotherapy.

5.4 Delivery and safety concerns in
therapeutic development

Although nanomedicine platforms—including lipid
nanoparticles (LNPs), polymeric carriers, and metal-organic
frameworks—offer promising solutions for circRNA delivery, the
systemic manipulation of circRNAs introduces several safety and
translational concerns that must be carefully addressed. One major
issue is the risk of off-target effects. Junction-specific antisense
oligonucleotides (ASOs) and siRNAs are designed to selectively
target circRNAs, but incomplete specificity may inadvertently affect
linear isoforms or unrelated transcripts with partial sequence
complementarity. Such off-target interactions could disrupt
essential cellular pathways, leading to unintended toxicity.
Similarly, synthetic circRNAs engineered to mimic viral structures
may unintentionally trigger innate immune activation through
pattern recognition receptors (PRRs) such as RIG-I, MDAS5, or
TLR3, potentially leading to systemic inflammation or
autoimmunity if not carefully controlled (85, 86, 146, 190-193).
Another concern is the potential perturbation of endogenous
circRNA networks. Many circRNAs are highly conserved and
functionally integrated into normal physiology, including
regulation of neuronal plasticity, cardiovascular homeostasis, and
innate immunity. Therapeutic silencing or overexpression could
therefore disrupt physiological circRNA-miRNA-mRNA axes or
interfere with RNA-binding protein availability, raising the
possibility of unforeseen side effects beyond the tumor
microenvironment (194-199). Pharmacokinetics and
biodistribution also remain incompletely understood. While
nanoparticles can enhance tumor targeting, they may also
accumulate in the liver, spleen, or kidneys, leading to off-tumor
exposure. Long-term biodistribution studies are essential to
evaluate organ-specific toxicity and to optimize delivery systems
for maximal therapeutic index. Moreover, the immune-related
adverse events (irAEs) commonly seen with checkpoint inhibitors
highlight the need to assess how circRNA therapeutics might
synergize—or exacerbate—immune toxicities when used in
combination regimens. From a translational perspective,
challenges also include scalable manufacturing and regulatory
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approval. Unlike linear RNA drugs, circRNAs present unique
structural complexities that require specialized production
methods to ensure stability, purity, and reproducibility. Current
GMP-grade platforms for circRNA synthesis and formulation
remain underdeveloped compared with those for siRNA or
mRNA. Furthermore, regulatory frameworks specific to circRNA-
based therapeutics are lacking, which may delay clinical trial
initiation and approval. Clear guidelines on quality control, safety
testing, and long-term monitoring will be essential for advancing
circRNA therapeutics into the clinic. In summary, while circRNAs
hold immense therapeutic promise, their safe and effective delivery
requires addressing challenges related to oft-target activity, immune
activation, pharmacokinetics, and manufacturing. Future work
should focus on designing tumor-specific delivery systems (e.g.,
ligand-modified nanoparticles, stimuli-responsive carriers),
conducting long-term safety studies, and establishing regulatory
pathways that reflect the unique properties of circRNAs. Only by
resolving these issues can circRNA-based therapies achieve
successful and responsible clinical translation.

5.5 Clinical translation challenges and
future opportunities

Looking ahead, several avenues offer promising opportunities to
advance circRNA research in immuno-oncology. First, integrative
multi-omics approaches that combine circRNA profiling with
immunogenomics, epigenomics, proteomics, and metabolomics
will provide a more holistic view of circRNA-immune
interactions. Such integrated analyses could help identify
circRNAs that function as nodal regulators of immune escape or
therapy response, while also clarifying their relationship with other
layers of tumor biology. Single-cell and spatial transcriptomic
technologies will further allow circRNA mapping at cellular and
tissue resolution, enabling researchers to pinpoint circRNA
expression in specific immune subsets, stromal compartments, or
tumor niches (200-202). Second, the engineering of synthetic
circRNAs with programmable immunomodulatory functions
represents an exciting frontier for therapeutic innovation.
Synthetic circRNAs could be designed to mimic tumor-
suppressive circRNAs, to act as stable “immune adjuvants”
activating RIG-I or STING pathways, or even to encode short
immunomodulatory peptides through small open reading frames
(sORFs). Such designer circRNAs would expand the functional
repertoire of RNA therapeutics beyond traditional mRNA and
siRNA platforms, paving the way for versatile tools that not only
inhibit oncogenic signaling but also recondition the immune
microenvironment. Third, exosomal circRNAs represent an
attractive avenue for liquid biopsy applications. Their stability in
circulation and enrichment in extracellular vesicles make them ideal
biomarkers for noninvasive disease monitoring. Circulating
circRNA signatures could be used to stratify patients before
therapy, track dynamic changes in immune responsiveness, and
provide early warning signals of acquired resistance. With further
validation, circRNA-based assays may become companion
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diagnostics for immune checkpoint inhibitors and other
immunotherapies, complementing or surpassing existing
biomarkers such as PD-L1 expression and tumor mutational
burden. Fourth, rational combination strategies hold great
potential. CircRNA-targeting antisense oligonucleotides could be
paired with checkpoint inhibitors to restore T cell function, or
combined with metabolic modulators to alleviate
immunosuppressive nutrient competition in the TME. CircRNA
engineering could also synergize with radiotherapy or
chemotherapy by amplifying immunogenic cell death, thereby
converting immunologically “cold” tumors into “hot” ones more
responsive to immunotherapy. Such combinatorial approaches may
broaden the clinical benefit of immunotherapy and overcome
resistance in hard-to-treat cancers. Finally, collaborative clinical
trials will be indispensable. Incorporating circRNA endpoints into
immuno-oncology studies—through biomarker analysis,
companion diagnostic development, or interventional strategies—
will be critical to validate their predictive and therapeutic utility.
Multi-center trials with large, well-annotated patient cohorts are
needed to overcome issues of reproducibility and population
heterogeneity. Moreover, regulatory frameworks and industry-
academia partnerships must evolve in parallel to facilitate the
safe, efficient, and standardized translation of circRNA-based
technologies into clinical practice. In summary, the future of
circRNA research lies in harnessing their dual roles as regulators
of immune suppression and activators of immunotherapy
sensitivity. By integrating multi-omics data, engineering synthetic
circRNAs, leveraging exosomal biomarkers, and designing rational
therapeutic combinations, researchers can unlock new diagnostic
and therapeutic opportunities. Collaborative clinical efforts will
ultimately determine whether circRNAs can transition from
bench to bedside, delivering tangible benefits for cancer patients
in the era of precision immuno-oncology.

Although circRNAs display considerable potential as
biomarkers and therapeutic targets in cancer immunology,
substantial challenges remain before they can be translated into
clinical practice. First, delivery strategies remain a major barrier.
Most circRNA-targeting approaches rely on antisense
oligonucleotides, siRNAs, or nanoparticle-based systems, but
issues such as tumor-specific delivery, cellular uptake efficiency,
immune activation, and long-term biosafety are still unresolved.
The lack of standardized delivery platforms limits the feasibility of
circRNA-based therapeutics in clinical settings. Second, clinical trial
readiness is insufficient. Only a small number of circRNA-related
interventions have entered preclinical validation, and none have
reached phase I clinical trials. Critical aspects—including
pharmacokinetics, pharmacodynamics, immunogenicity, and
optimal dosing—remain largely unexplored. More rigorous in
vivo validation and regulatory frameworks tailored to RNA
therapeutics are urgently needed. Third, biomarker validation is
still in its infancy. Although numerous circRNAs correlate with
immune phenotypes, therapy response, or clinical outcomes, most
findings are based on small cohorts or retrospective analyses. Large-
scale, prospective, multi-center cohorts with harmonized detection
methods are required to validate circRNA signatures as predictive
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or prognostic biomarkers. In particular, integrating circRNA
profiling with established biomarkers such as PD-L1 expression,
tumor mutational burden, or immune cell infiltration may enhance
their robustness and clinical utility. Looking forward, future
development should focus on constructing standardized pipelines
for circRNA quantification, optimizing delivery platforms,
conducting systematic toxicity studies, and incorporating
circRNA endpoints into immunotherapy trials. These advances
will be essential for translating circRNA-based discoveries into
clinically meaningful tools that can guide patient stratification,
predict therapeutic responses, and develop novel
immunomodulatory treatments.

6 Conclusion

CircRNAs have emerged as multifaceted regulators of tumor—
immune dynamics, exerting both immunosuppressive and
immunostimulatory effects within the tumor microenvironment.
On the one hand, oncogenic circRNAs reinforce immune evasion
by stabilizing PD-LI1, driving T cell exhaustion, promoting
immunosuppressive cell populations such as MDSCs, Tregs, and
M2 macrophages, and rewiring tumor metabolism to deprive
effector lymphocytes of nutrients. These functions highlight
circRNAs as active contributors to tumor immune escape and
therapeutic resistance. On the other hand, tumor-suppressive
circRNAs and engineered synthetic circRNAs have been shown
to activate innate immune signaling, induce immunogenic cell
death, restore ferroptosis sensitivity, and enhance responses to
checkpoint blockade. This duality underscores the context-
dependent nature of circRNA biology and positions circRNAs as
central players in maintaining the balance between tumor
progression and immune surveillance. From a translational
perspective, circRNAs hold promise as next-generation
biomarkers and therapeutic targets. Their exceptional stability
and detectability in serum, plasma, and exosomes make them
strong candidates for liquid biopsy-based diagnostics, capable of
predicting prognosis, stratifying patients for immunotherapy, and
monitoring therapeutic responses in real time. Therapeutically,
advances in antisense oligonucleotides, RNA interference, CRISPR
technologies, and nanomedicine provide novel means to silence
oncogenic circRNAs or deliver pro-immunogenic circRNAs with
high specificity. The concept of “therapeutic circRNAs” thus
expands the armamentarium of RNA-based medicine, offering
versatile strategies to recondition the TIME. Nevertheless,
substantial challenges remain. Technical barriers in circRNA
detection and annotation continue to hinder reproducibility
across studies, and preclinical findings often lack validation in
large, diverse patient cohorts. Delivery systems must be optimized
to ensure tumor-specific targeting, durable expression, and
minimal off-target toxicity. Moreover, the complexity and
heterogeneity of circRNA biology necessitate context-aware
therapeutic approaches rather than one-size-fits-all solutions.
Addressing these hurdles will require interdisciplinary
collaboration across RNA biology, bioinformatics, immunology,
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nanotechnology, and clinical oncology, as well as the
establishment of standardized pipelines and regulatory
frameworks for circRNA-based therapeutics. In conclusion,
circRNAs represent both a challenge and an opportunity in
cancer immunology. By bridging mechanistic insights with
translational applications, circRNA research is poised to reshape
the landscape of immuno-oncology. Continued advances in
biomarker discovery, therapeutic engineering, and clinical
validation may ultimately transform circRNAs into powerful
tools for precision medicine, offering innovative biomarkers and
RNA-based therapeutics that enhance the efficacy and durability of

cancer immunotherapy.
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