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Checkpoint Blockade in Restoring the Ecological Balance of the
Tumor Microenvironment
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Abstract. The therapeutic efficacy of immune checkpoint blockade (ICB) in Non-Small Cell Lung Cancer
(NSCLC) is fundamentally constrained by the "immune-excluded" (cold) phenotype. This ecological state
is characterized by a potent 'biological wall'—comprising a dense extracellular matrix and suppressive
myeloid niches—which physically and metabolically excludes functional CD8+ T cells from the tumor core.
This study demonstrates that radiotherapy (RT) functions as a strategic biophysical primer to dismantle these
barriers. By triggering the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING)
pathway through the sensing of cytosolic double-stranded DNA (dsDNA), RT initiates a molecular cascade
that drives Type I interferon production, the repolarization of M2 macrophages to an M1 phenotype, and the
depletion of myeloid-derived suppressor cells (MDSCs). Furthermore, the dose-dependent "sweet spot"
necessary to avoid three-prime repair exonuclease 1 (TREX1)-mediated immune silencing is discussed. By
establishing favorable chemokine gradients, RT transforms a suppressive ecosystem into an "inflamed"
niche, enhancing ICB sensitivity. This review provides a roadmap for integrating RT and ICB, highlighting
the potential of artificial intelligence (AI) driven precision protocols to achieve sustainable ecological
homeostasis in oncology.

triggering of a precise causal chain of molecular events

1 Introduction [3]. First, the basic mechanism relies on dsDNA cleavage
) ) . that activates the cGAS-STING pathway to begin the

Immune checkpoint blockade, in particular blockade of generation of Type I interferons (IFNs) [4]. This

the  programmed Cpll death protein 1 (PD-1) molecular switch allows for the repolarization of the
/programmed - death-ligand 1 (PD-L1) pathway, has TME, thus depleting MDSCs and breaching the
transformed the treatment of oncology. Notwithstanding

the clinical advancements, an evident scientific obstacle
remains: Most patients with "cold" tumors harbor an
innate or adaptive resistance to these drugs [1]. A cold
tumor, at the systemic ecological level, is a self-shielding,
imbalanced ecosystem with an "immune-excluded"
phenotype. This state is sustained by a potent "biological
wall" that includes a dense extracellular matrix and
extremely suppressive populations of cells, such as
myeloid-derived suppressor cells (MDSCs), along with
regulatory T cells (Tregs) [2]. Because of this hard wall,
functional CD8+ T cells are unable to invade the core of 2 The molecular trigger: rt-induced
the tumor. This suppressive niche actively excludes cGAS-STING activation
effector lymphocytes—both physically and
metabolically—from entering the cell [1]. Therefore,
discovering a means to reverse this ecological blockade
and "ignite" the anti-tumor immune response represents
an opportunity to extend the investigation of ICB.
Radiotherapy (RT) has long been employed due to its
local cytotoxicity, but is now recently being described as
an effective biophysical-based primer that restores the
balance of the ecology of the tumor microenvironment
(TME). RT acts as an in-situ vaccine, inducing
immunogenic cell death (ICD) and eliciting a precise

biological wall, thereby leading to a compensatory
upregulation of PD-L1 [5]. Recent advancements in Al
and spatial transcriptomics are also being harnessed to
facilitate the monitoring of spatial cell dispersal and
therapy optimization [6]. This review clarifies the
complex multi-dimensional processes driving RT-ICB
synergy, which, through biological provocation and
ecological manipulation, can be achieved systemically as
aroadmap towards immune-system anti-tumor immunity.

2.1 Sensing cytosolic dsDNA: the initiation of
the molecular switch

At its inception, radiotherapy (RT) can be understood as
a localized cytotoxic therapy, but its ultimate transition
to a systemic biophysical primer occurs following the
induction of DNA damage and its detection by the innate
immune system. lonizing radiation brings about
devastating double-strand breaks (DSBs) in the nucleus
of the tumor cell [3]. Indeed, even though some
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fragments of DNA are repaired or cause apoptosis, a
substantial fraction of micronuclei and genomic DNA
debris leak into the cytosol during the mitotic phase upon
irradiation. On a molecular level, this leakage constitutes
a significant "danger signal" within the tumor ecosystem.
Cyclic GMP-AMP synthase (cGAS) is the main patrol
sensor which follows this cytosolic double-stranded
DNA (dsDNA). cGAS then interacts in a sequence-
independent manner with dsDNA, resulting in a
conformational alteration producing the cyclic GMP-
AMP (cGAMP) second messenger [4]. This is the critical
process in the causal chain starting the transformation of
the physical energy of radiation into a biochemical
messenger and "igniting" the dormant immune
recognition of the tumor microenvironment [2].

2.2 The STING signaling cascade and type |
interferon outburst

As such, the STING (Stimulator of Interferon Genes) is
a protein that enables cGAMP signalling to connect via
a relay of cellular signals to the pro-inflammatory
ecological pathway. Upon cGAMP synthesis, cGAMP
binds to STING, localized to the endoplasmic reticulum
(ER) membrane. As a result of interaction, STING
migrates from ER to Golgi and recruits TBK1 (TANK-
binding kinase 1). The STING-TBKIl complex
phosphorylates the transcription factor interferon
regulatory factor 3 (IRF3), which subsequently
translocates into the nucleus to lead to the transcription
of Type I interferon (IFN) activity, especially of
interferon-beta (IFN-B) [5]. These IFNs serve as
ecological "signal flares," which drive the maturation of
dendritic cells (DCs), and promote their cross-
presentation of tumor antigens to CD8+ T cells [1]. If that
molecular explosion were not realized, the TME would
be considered an "immune desert", yet this "influx" of
effector cells creates the conditions for the breaking of
the suppressive niche.

2.3 Dose-dependent regulation: the paradox of
TREX1 and the "sweet spot”

The RT-mediated activation of the cGAS-STING
pathway makes a meaningful contribution in terms of
dose, as severe physical harm can dampen down the
immune signals by stimulating TREX1 instead.
Moderate radiation doses (usually 8-12 Gy per fraction)
optimally accumulate cytosolic dsDNA as reported by
evidence, additionally at ultra-high doses (>20 Gy),
three-prime repair exonuclease 1 (TREX1) expression is
induced [7]. TREX1 is a negative feedback modulator in
the treatment by degrading cytosolic dsDNA to suppress
cGAS activation and then Type I IFNs generation [4].
This dose-dependent control accounts for the fact that
usual high-dose ablation is usually unable to cause a
systemic "abscopal effect." Thus, it is essential to help
sustain the radiation "sweet spot" for ecological
restoration; adequate fragmentation of DNA is achieved
that can trigger the STING pathway in a way that does
not enter the region trigger for TREX1 too deeply [5].
Having knowledge of this threshold is critical in the

clinical design of synergistic RT-ICB protocols to ensure
a biophysical primer yields an "inflamed" TME
ecosystem.

3 Cellular remodeling of the TME:
dismantling the suppressive ecological
niche

3.1 MDSC-mediated ecological barrier and its
radiotherapeutic depletion

The clinical failure of ICB in 'cold' tumors is primarily
attributed to the MDSC-mediated biological barrier.
Radiotherapy serves to dismantle this suppressive niche
through metabolic perturbations and immune remodeling
[2]. According to an ecological perspective, MDSCs
function as the "gatekeepers" in the suppressive niche,
creating a metabolic "starvation" zone for the T cells,
which establishes immune exclusion. Such cells
establish an immune-excluded environment by
overexpressing Arginase-1 (Arg-1) and Indoleamine 2,3-
dioxygenase (IDO), both of which rob lymphocytes of
key amino acids necessary for lymphocytic replication
[1]. Emerging evidence suggests that RT in a localized
setting upsets this suppressive homeostasis via
downregulation of recruitment signals, including C-C
motif chemokine ligand 2 (CCL2) and vascular
endothelial growth factor (VEGF), that leads to dramatic
reduction in MDSC levels in the long run [7]. By
dissolving these suppressive populations, RT breaks
down the major physical and chemical divisions of the
tumor ecosystem and converts the TME from a defensive,
self-protective shelter environment to a dynamic place
where immune stimulation occurs.

3.2 Polarization of tumor-associated
macrophages: from pro-tumor to anti-tumor
phenotypes

Radiotherapy is a potent ecological stimulus leading to
the repolarization of Tumor-Associated Macrophages
(TAMs), thus reorganizing the "metabolic landscape" in
the TME from a pro-tumorigenic M2-like to an anti-
tumorigenic M1-like state. TAMs are the major immune
reservoir within the tumor ecosystem and display a wide
degree of functional plasticity. TAMs in non-irradiated
"cold" tumors are mostly M2, with high oxidative
phosphorylation (OXPHOS) and secretion of anti-
inflammatory cytokines such as TGF-f that reinforce the
immune-excluded state [6]. RT also triggers the cGAS-
STING-IFN axis activation, which gives the
inflammatory stimulus to activate these cells to
reprogram them. Elevated levels of Type I [FNs and IFN-
vy initiate M1 polarization of TAMs, supported by the
metabolic change toward aerobic glycolysis and the
generation of reactive oxygen species (ROS) [2]. In this
newly normalized environment, M1 macrophages
facilitate the destruction of malignant cells and elevate
cross-presentation  of  tumor-associated  antigens,
reintertwining a key-suppressive element with an active
component of the anti-tumor response.
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3.3 Restoring effector infiltration: breaching
the wall via chemokine gradients

Radiotherapy-mediated cellular remodeling via cancer
therapies aims to change the phenotype of the "immune-
excluded" phenotype into the "immune-inflamed" by
establishing a beneficial chemotactic gradient suitable
for immune-exiting CD8+ T cell infiltration by inducing
a suitable chemotactic gradient to develop cell adhesion
in the host as part of this cancer microenvironment of
immunosuppression to the target cells [5]. T cells are
frequently "excluded" from the pre-treatment
environment and therefore will be "excluded" from these
cells and thus remain at the invasive margin, remaining
at the "inductive gap" of a cell in the pre-care setting, as
such cells are free of chemoattractant signals and
MDSCs' production of inhibitory factors. RT invades this
exclusion through Thl-type chemokines, which, in this
case, are Thl-specific chemokines C-X-C motif
chemokine ligand 9 (CXCL9), CXCL10, and CXCLI11,
are released by RT cells [4]. These chemokines, whose
signaling cascades are controlled through the stimulator
of interferon genes (STING)-interferon (IFN) signaling
pathway, bind to C-X-C motif chemokine receptor 3
(CXCR3) receptors on effector T cells and thereby
"navigate" effector T cells across the damaged biological
wall and into the tumor core. Additionally, the
application of Artificial Intelligence (AI) in spatial
transcriptomics facilitates the accurate mapping of
infiltration patterns, confirming RT as a reset the spatial
arrangement of lymphocytes [6]. The main hallmark of
ecological restoration is the shift from an excluded to an
infiltrated state, which brings the TME from a mere
immune desert to an arena of relentless immune-induced
predatory acts, and ensures the maximal therapeutic
benefit of ICB therapies.

4 Synergistic rationale and clinical
applications: beyond local control

4.1 Adaptive resistance as a therapeutic
window: the PD-L1 paradox

The biological rationale for the combination of
radiotherapy (RT) with immune checkpoint blockade
(ICB) is the paradoxically elevated PD-L1 response
following irradiation, enabling the conversion of an
adaptive resistance mechanism to a sensitized
therapeutic target [8]. While RT promotes the cGAS-
STING cascade and attracts effector T cells described
above, the tumor microenvironment (TME) frequently
activates the JAK/STAT signaling pathway in response
to RT-induced IFN-y. This further increases PD-L1 in
tumor cells, as well as infiltrating myeloid cells. Within
monotherapy, this upregulation is an "ecological retreat"
by which the tumor attempts to quell the pre-existing
powerful immune response. In summary, though, upon
synergy, this greater PD-L1 density allows for increased
substrate levels for PD-1/PD-L1 inhibitors [9]. ICB may
thus reduce the "early exhaustion" of infiltrating CD8+ T
cells by delivering the drug concurrently or in sequence

with RT, to preserve anti-tumor activity initiated through
the biophysical primer.

4.2 Clinical validation: the PACIFIC trial and the
"abscopal" potential

The most explicitly confirmed clinical translation of RT-
ICB synergy is the landmark PACIFIC trial of NSCLC
that changed the gold standard of care for unresectable
Stage III Non-Small Cell Lung Cancer. Significant
improvements in progression-free survival (PFS) and
overall survival (OS) were observed when the PD-L1
antibody, Durvalumab, was administered following
chemoradiotherapy [10]. As a summary of ecosystem
management, the PACIFIC regime proves clearly that
radiation-induced "priming" creates a temporal window
of susceptibility within the tumor. The addition of
complementary therapy helps to maximize the abscopal
effect phenomenon that results in regression of distant,
non-irradiated metastatic lesions caused by a localized
radiation treatment. This systemic response takes place
via the export of neoantigen-specific T cells initially
weprimed" in the irradiated niche and recently rescued
from exhaustion by ICB, therefore allowing these T cells
to patrol and kill micrometastases over the host
ecosystem [5].

4.3 Temporal sequencing: optimizing the
synergy sweet spot

Whereas combination therapy does have its pros,
sequencing RT and ICB temporally is at the heart of any
ecological restoration program. Clinical observations
indicate that "concurrent" administration is often
superior in inducing immune-priming effects compared
to delayed "sequential" therapy, as this option seems to
possess the characteristics of capturing the peak of RT-
induced inflammation [2]. If ICB is delayed for too long
after the final radiation fraction, the TME may return to
a suppressive state dominated by wound-healing
macrophages and fibrotic remodeling. Thus, the
integrated treatment strategic roadmap must focus on the
"synchronization" of the biophysical trigger with
pharmacological blockade of immune checkpoints [11].
This sort of orchestration prevents PD-1-mediated
inhibition of the effector cells recruited by the ¢cGAS-
STING-CXCLI10 axis in time, and ultimately enhances
an invigorating and long-lasting overall systemic anti-
tumor response.

4.4 Future perspectives and technological
frontiers

Artificial Intelligence (Al) and spatial profiling
technologies are the next frontier in developing robust
systemic immunity beyond current clinical bottlenecks.
Ultimately, a major issue is to identify a so-called "sweet
spot" radiation plan to prevent the immune silencing
induced by TREX1 that occurs at supra-optimal doses [7].
The emergence of Al-based radiomics models makes it
possible to analyze the high-dimensional, noninvasive
imaging features, helping the clinicians predict the
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likelihood of an RT-induced inflammatory eruption with
greater precision than ever before [6]. Moreover, the use
of spatial transcriptomics gives us a high-resolution view
of the TME's "metabolic landscape" in real time, which
highlights CD8+ T cell infiltration and the spatial retreat
of suppressive myeloid populations [1]. These
technological integrations are the bridge between the
theory of mechanisms and the precision -clinical
application.

5 Conclusion

Finally, the application of RT as a biophysical guide
provides a blueprint with strategic value to overcome the
innate and adaptive resistance of "cold" tumors to
immune checkpoint blockade (ICB). RT is different from
conventional cytotoxic agents, since it operates as an in-
situ vaccine; by finely modulating the ¢cGAS-STING
molecular switch and dismantling the MDSC-mediated
"biological wall," it restores ecological homeostasis in
the tumor microenvironment.

In the future, the success of cancer therapy
increasingly relies on the ability to treat the tumor not
merely as a set of dysfunctional cells, but rather as an
ecologically dynamic system. The evolution from a niche
"immune-excluded" to an "immune-inflamed" landscape
exemplified by major clinical milestones denotes a
systemic reprogramming of the host environment. In the
end, harmonized biophysics complements immunology,
thus paving the road for a new era of precision oncology,
characterized by the orchestrated management of

ecosystems that allow for longevity of cancer eradication.
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