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Cancer immunotherapy has transformed traditional treatments, with immune checkpoint blockade being particularly
prominent. However, immunotherapy has minimal benefit for patients in most types of cancer and is largely ineffective in
some cancers (such as pancreatic cancer and glioma). A synergistic anti-tumor response may be produced through the
combined application with traditional tumor treatment methods. Radiotherapy (RT) not only kills tumor cells but also triggers
the pro-inflammatory molecules’ release and immune cell infiltration, which remodel the tumor microenvironment (TME).
Therefore, the combination of RT and immunotherapy is expected to achieve improved efficacy. In this review, we summarize
the effects of RT on cellular components of the TME, including T cell receptor repertoires, different T cell subsets, metabolism,
tumor-associated macrophages and other myeloid cells (dendritic cells, myeloid-derived suppressor cells, neutrophils and
eosinophils). Meanwhile, non-cellular components such as lactate and extracellular vesicles are also elaborated. In addition, we
discuss the impact of different RT modalities on tumor immunity and issues related to the clinical practice of combination
therapy.
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FACTS

● Cancer immunotherapy plays an important role in tumor
treatment strategies.

● Objective tumor response rates and treatment sensitivity of
cancer immunotherapy are still poor.

● The complicated and dynamic tumor microenvironment
influences the efficacy of immunotherapy.

● Radiotherapy remodels the tumor microenvironment by
affecting multiple cellular and non-cellular components.

OPEN QUESTIONS

● Can radiotherapy improve the efficacy of cancer immunother-
apy by remodeling the tumor microenvironment?

● What are the specific mechanisms that radiotherapy remodels
the tumor microenvironment?

● Does radiotherapy combined with immunotherapy have the
potential for clinical application to help patients?

INTRODUCTION
Cancer immunotherapy (CIT) is a treatment method that
stimulates the immune system to attack and suppress tumor
development, including promoting immune activation and reliev-
ing immune suppression [1]. This treatment has shown unprece-
dented response in patients and brought hope to many cancer
patients. This strategy includes immune checkpoint blockade
(ICB), adoptive cell therapy (ACT), cancer vaccines, and other
approaches that target specific molecules or pathways involved in
immune suppression or activation. Currently, the most widely
studied and applied immunotherapy is ICB targeting immune
checkpoint (IC) molecules such as programmed cell death 1 (PD-
1), programmed cell death ligand 1 (PD-L1) and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4). Although immunother-
apy has demonstrated significant efficacy in clinical applications,
only a small proportion of patients benefit, with an objective
response rate of 10–30% [2]. The implementation of CIT requires a
thorough understanding of the interaction between the tumor
and the immune system and the intricate regulatory networks in
the tumor microenvironment (TME).
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To maximize the therapeutic effect, the combination of
immunotherapy with other therapeutic approaches has gradually
gained attention. Radiotherapy (RT) induces micronuclei in tumor
cells to activate cytoplasmic nucleic acid sensors, further activating
the cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway and the expression of type I interferon
(IFN-I) [3, 4]. The resulting inflammatory signaling effect remodels

the TME. At the same time, RT triggers the expression and
presentation of pre-existing and specific neoantigens in tumor
cells, increasing immunogenicity [5]. Therefore, RT is early
included in the category of combined immunotherapy research.
This review provides insight into radiation therapy’s immuno-

modulatory and remodeling effects on the TME, including
immune cells and non-cellular components. Meanwhile, this
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review also includes exploring RT combined with immunotherapy
as a potential cancer treatment strategy.

ROLE OF RADIOTHERAPY ON T CELLS IN THE TME
T cells are the main component of lymphocytes and play an
essential part in the immune response through cellular contacts or
the killer cytokines’ secretion, serving as the body’s fighters
against disease, infection and tumor formation. The roles of T cells
in the TME and CIT are multiple [6]. This section focuses on the
effects of RT in terms of T cell receptor (TCR) repertoires, cell
clones, effector T cells, memory T cells, exhausted T cells,
regulatory T cells (Tregs) and cell metabolism.

T cell receptor repertoires and T cell clones
The TCR is a complex on the surface of T cells that recognizes
antigens and mediates immune response, which has sensitivity and
specificity to antigens presented by major histocompatibility
complex (MHC) on antigen-presenting cells (APCs) [7]. The
generation of different clonotypic TCRs is mainly attributed to
rearrangement combinatorial diversity, linkage diversity and N
sequence insertion or deletion of TCR genes [8]. The complemen-
tarity determining region 3 (CDR3) of the TCR β chain is unique to
individual T cell clones, which is the key region for investigating TCR
[9]. The TCR repertoire varies with the occurrence and progression
of the disease, reflecting the changes the immune system
undergoes to adapt to the environment. The diversity of TCRs
allows the receptors to recognize different antigens, thereby
stimulating an effective adaptive immune response [7].
Heterogeneity is one of the main barriers to tumor treatment,

which is also characterized by differences in TCR repositories,
including clonal compositions, clonotypes and CDR3 diversity [10].
The TCR repertoire’s diversity and T cell clones’ expansion are
inextricably correlated with the efficacy and prognosis of CIT
[11, 12]. The role of RT in this process is also attracting more
attention. By analyzing the cumulative frequency of intratumoral
clonotypes, the top 100 most abundant clonotypes in the RT arm
represented 54% of the T cell repertoire, while the non-RT
represented 43% of that. Analysis of CDR3 amino acid sequences
revealed that dominant motifs accounted for a greater proportion
of the intratumoral repertoire in the RT group [13]. Radiation
therapy induced local expansion of intratumoral pre-existing T cell
clones, accompanied by infiltration of unique clones within the
irradiated tumor, which dominated the TCR repertoire [14]. In
addition, RT augmented the diversity of the TCR repertoire of
tumor-infiltrating lymphocytes (TILs), with an increase in TCR
clonal diversity [15]. Consistently, lung cancer patients who
responded to RT and CTLA-4 blockade had larger TIL-TCRs [5].

In parallel to intratumoral clones, T-cell clones in peripheral
blood are also of interest. Increased expanded and contracted
clones were observed in the peripheral blood of responders on
day 22 after RT. Radiation therapy induced an upregulation of the
tumor-derived KPNA2 gene expression (encoding karyopherin α2),
a mutation recognized by the expanded clone [5]. Another study
revealed that the expanded clonotypes in peripheral blood
samples were largely tumor-enriched clonotypes, suggesting an
overlap in the repertoire between tumor and blood samples after
RT [13]. More importantly, the combination of RT and PD-1
blockade facilitated the translocation of expanded clones from
irradiated tumor to unirradiated tumor and peripheral blood. This
may unlock PD-1/PD-L1 axis-mediated adaptive resistance,
thereby eliciting a broader polyclonal T-cell response [14]. In light
of this, the overall expansion and contraction of peripheral blood T
cell clones have the potential to determine when to introduce
immunotherapy after RT. Given the accessibility of blood samples,
this can also be utilized for monitoring the sensitivity of patients’
responses, thus predicting the effectiveness of combination
therapy.

T cell subsets
T cells are present in different developmental stages or functional
subsets during the body’s fight against pathogenic infections and
tumor formation [16]. The effects of RT on different T subsets are
also variable. Understanding these differences contributes to our
comprehensive insight into the remodeling of T cells in the TME
by RT. Here, we address cytotoxic T cells, memory T cells and
exhausted T cells (Fig. 1).
The predominant role of cytotoxic or effector T cells is to secrete

perforins and granzymes that kill infected and mutated cells [17].
They are also the “number one killer” of CIT. The main surface
marker of cytotoxic T cells is CD8. Irradiation upregulated the
expression of Fas on tumor cells, thereby boosting the killing
capacity of effector T cells [18]. Significantly elevated
CD3+CD8+Foxp3- cytotoxic T cells were detected in tumor
samples from glioma patients after RT [19]. Radiation therapy
induced high levels of the tumor-associated antigen (TAA) NY-
ESO-1 expression, which enhanced the expression of co-
stimulatory molecules by binding to calreticulin (CRT), subse-
quently activating CD8+ T cells to produce more IFN-γ [20]. The
highest infiltrating CD8+ T cells were identified at 1 Gy RT,
localized in the intraepithelial tumor compartment. This depended
on IFN signaling (including IFN-α and IFN-γ responses) [21].
However, IFN signaling was found to act in a dual manner. By
regulating the IFN-inducible gene Serpinb9, IFN-I signaling
protected tumor cells from attack from CD8+ T cells [22]. This
sheds light on why RT both strengthens the anti-tumor immune

Fig. 1 Irradiation-mediated alterations of T cells in the TME. A RT increases the expression of tumor-associated antigen NY-ESO-1, which
binds CRT and thus activates CD8+ T cells to secrete more IFN-γ. Irradiation induces cytoplasmic DNA, which is sensed by cGAS, generating
the second messenger cGAMP, thereby activating the STING protein. STING has been shown to induce IFN-β production by recruiting TBK1 to
activate IRF3. IFN-β acts in an autocrine manner on the IFNAR of T cells, inhibiting AKT activity and promoting TCF-1 expression, which
maintains the T cell stem cell-like state. However, RT activates IRF1 to promote Serpinb9 gene expression, thereby blocking CD8+ T cell attack.
On the other hand, irradiation induces tumor cells to secrete IFNs, working on the IFNAR to activate Serpinb9 gene expression through the
JAK/STAT pathway. In addition, irradiation reduces MYC expression levels and downregulates GLUT1, HK2 and LDHA genes involved in glucose
uptake and glycolysis of T cells through mTORC regulation. Treg cell transcription factor Foxp3 reprograms cellular metabolism by repressing
MYC. RT elicits an increase in ROS, activates NFAT and subsequently promotes IL-2 production, thereby activating effector T cells. B RT
increases CD62-CD44+ effector memory T cells and CD62+CD44+ central memory T cells in the spleen. Irradiation augments activated
CD25+CD8+ memory T cells, CD25+CD4+ memory T cells and ICOS+CD4+ effector memory T cells in peripheral blood. C RT combined with
immunotherapy (αPD-1 and αCTLA-4) facilitates the differentiation of pre-exhausted Th1-like cells into intratumoral CD4+ Tex cells, during
which exhaustion-related and cytotoxic genes are upregulated. D RT enhances the secretion of activin A from tumor cells. Activin A binds to
the corresponding receptor ActRI/ActRII, activates the receptor kinase activity and phosphorylates the intracellular mediator SMAD2/3.
SMAD2/3 translocates to the nucleus and binds to the CNS1 together with the NFAT. This promotes the transcription of Foxp3. Irradiation
induces ROS production, which is reported to stabilize and accumulate SENP3, thereby mediating deSUMOylation of the transcription factor
BACH2 and maintaining the immunosuppressive effects of Tregs. Solid lines represent anti-tumor effects and dashed lines represent pro-
tumor effects.
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response and mediates resistance. In addition, in the B16F10
mouse melanoma model, 10 Gy RT recruited a 7-fold higher area
of cytotoxic CD8+ T cells than the control group and achieved the
best tumor regression (around 80%). The immunohistochemical
staining of blood vessels revealed a decrease in tumor vessel
density, a thick wall and a visible layer of pericytes adhering to the
surface, indicating normalization of the tumor vasculature [23].
Natural killer T (NKT) cells are a unique subpopulation of T cells
with killing capacity, which co-express T cell and NK cell receptors
[24]. NKT cells are activated by the specific glycolipid antigen α-
galactosylceramide (α-GalCer) and proliferate and differentiate
into two directions, IFN-γ-producing and IL-4-producing NKT cells,
with the former anti-tumor and the latter pro-tumor [25].
Although there was no significant difference in the number of
NKT cells after RT, α-GalCer-activated NKT cells differentiated
toward anti-tumor direction and secreted more IFN-γ [26].
Memory T cells consist primarily of central memory (TCM) cells

located in lymphoid tissue, effector memory (TEM) cells that
circulate between peripheral blood and tissue, and tissue-resident
memory cells that reside in peripheral tissue [27]. These cells can
be maintained for a long time, even for a lifetime, and perform
their immune protective function rapidly and efficiently upon
restimulation with antigens. The mystery between memory T cells
and CIT is gradually unraveled with growing research.
Eomes+CD69+CD45RO+ memory T cells predicted the efficacy
of patients to ICB [28]. Tumor-draining lymph nodes-derived
tumor-specific memory T cells were identified as a subpopulation
that truly responded to PD-1 blockade [29]. RT alone or combined
with anti-PD-L1 increased CD62-CD44+ TEM in TILs and spleen and
CD62+CD44+ TCM in spleen [30]. Ionizing irradiation of tumor
sites showed a 2.5-fold elevation in the percentage of activated
CD25+CD8+ memory T cells and a 2-fold increase in activated
CD25+CD4+ memory T cells and ICOS+CD4+ TEM in peripheral
blood. Unexpectedly, the Luminex analysis revealed a decrease in
the chemokines CCL5 and CXCL10, which were essential for
memory T cell homing, migration and activation [31]. The
correlation mechanism between these two contradictory results
is unclear. It may be attributed to a shortened half-life, increased
degradation or reduced transcription and translation of these
cytokines. There is still a need for further research.
In patients with chronic infections and cancer, T cells are

continuously stimulated by antigens and inflammation, gradually
losing effector function and memory characteristics, called T cell
exhaustion (Tex). The process is characterized by loss of effector
function, increased and sustained expression of inhibitory
receptors, altered epigenetic and transcriptional profiles and
modified metabolic patterns [32]. Tex were divided into four
phases based on Ly108 (Slamf6) and CD69 as markers: exhaustion
progenitors 1 (Texprog1, Ly108+CD69+), exhaustion progenitors 2
(Texprog2, Ly108+CD69-), exhaustion intermediate (Texint,
Ly108-CD69-), and exhaustion terminally (Texterm, Ly108-CD69+).
Texint regains cytotoxic effector function, particularly reinforced
after PD-L1 blockade, whereas Texterm cannot, which is closely
related to CIT [33]. Therefore, the implications of RT on Tex status
are a topic worth exploring. 4 × 3 Gy RT increased the proportion
of TCF-1+PD-1+CD8+ stem cell-like Tex at day 7. High levels of
cGAS, STING and p-STING were detected during this process,
suggesting that the cGAS/STING signaling pathway was required
to maintain the Tex stem cell-like state after radiation [34]. In
T cells, cGAS senses DNA and generates the second messenger
cGAMP, which in turn activates the STING junction protein to form
a dimer. The dimer induces IFN-β production by recruiting TBK1 to
activate the transcription factor IRF3. IFN-β acts in an autocrine
manner on the IFN receptor of T cells and inhibits Akt activity,
thereby promoting the expression of TCF-1 and Slamf6 [35]. In
addition, RT combined with immunotherapy (αPD-1 and αCTLA-4)
was highly enriched with Tex and progenitor-exhausted T cells
(Tpex). TCR sequencing identified CD4+ Tex and Tpex as the most

clonally expanded cells, and CD4+ Tex may be differentiated from
TEM, helper 1 T cell (Th1) or follicular helper (Tfh) cells. Subsequent
pseudotime analysis revealed pre-exhausted Th1-like cells differ-
entiated into intratumoral CD4+ Tex cells via an intermediate
CD4+ Tpex state. In this process, exhaustion-related genes,
cytotoxic genes and chemokine receptors were upregulated
[21]. However, PD-L1 levels on tumor cells were raised, promoting
T-cell exhaustion in post-RT-resistant melanoma. Encouragingly,
the introduction of αPD-L1 reversed Tex, but αCTLA-4 did not [15].
αCTLA-4 mainly inhibits Tregs and may alleviate Tex theoretically.
Therefore, the exact mechanism that αCTLA-4 is ineffective in
reversing Tex remains to be explored.
In summary, the type of T cells characterizes their functional

status, and various T cells play distinct roles throughout the course
of tumor immunity. Effector T cells serve as the primary force for
eliminating tumor cells. Memory T cells exhibit faster recognition
and attack against cancer cells during recurrence. The reversal of
Tex cells is crucial when T cells become dysfunctional during
cancer progression and metastasis. Tailoring combination therapy
to different stages of cancer, such as progression, metastasis, and
recurrence, can leverage the unique advantages of diverse T cell
types, aiding in the development of personalized treatment
strategies.

Regulatory T cells
Tregs specifically express forkhead box protein 3 (Foxp3), which
plays a major role in their development and function. Depending
on their origin, Tregs are divided into natural Tregs derived from
the thymus (nTregs) and induced Tregs differentiated in the
periphery (iTregs). Of these, nTregs account for the majority and
mediate autoimmune tolerance. iTregs are generated by the
conversion of peripheral naive T cells induced by transforming
growth factor-β (TGF-β) or IFN-γ and negatively regulate anti-
tumor immunity, with less stable Foxp3 expression [36].
Current findings on the effects of CIT on Tregs in the TME are

variable. Administration of anti-PD-1/PD-L1 reverses the promo-
tion of Tregs differentiation and proliferation by PD-L1, thereby
impairing Tregs’ inhibitory capacity [37]. Conversely, blocking the
interaction of PD-L1 with PD-1 and B7-1 by anti-PD-1/PD-L1 leads
to augmented TCR and CD28 signaling in Tregs, which activates
Tregs and potentiates suppressive function [38]. Similarly, the role
of RT on Tregs in the TME is also complex. Accelerated local tumor
irradiation decreased the frequency of Tregs, thus weakening the
negative regulation on CD8+ T cells by the suppressive cytokines
IL-10 and TGF-β, while conventional local tumor irradiation
induced an increase in Treg levels. Treg depletion had a stronger
contribution to tumor regression than the requirement of CD4+

T-cell help [39]. Although iTregs were more tolerant to 10 Gy
irradiation and had lower cell death, Foxp3 expression was
downregulated. They showed less ability to inhibit CD8+ T cell
proliferation, likely attributed to the altered epigenetic status of
the Foxp3 locus through partial methylation by radiation [40].
Furthermore, RT at 7.5 and 10 Gy decreased the proportion of
Tregs in the spleen, while a single dose of 15 Gy increased [41].
Combined RT with immunotherapy (OX40/TLR agonist) resulted in
an approximately 1.5-fold decrease in Treg density and Foxp3
expression levels in tumor tissue [42]. However, contradictory to
these findings, 2 Gy RT raised the frequency of Tregs in tumors
2-fold higher than in the non-RT group. A significant elevation in
Akt protein levels was detected in Tregs [43]. It has been reported
that activated PI3K/Akt signaling upregulates the expression of
anti-apoptotic factors such as Bcl2 and cellular inhibitors of
apoptosis proteins-2, accompanied by a downregulation of
caspase-3 to prevent apoptosis in CD4+ T cells [44]. The effect
of Akt activation on Treg apoptosis remains to be further
investigated. Irradiation increased tumor cell-derived activin A,
which shares similar structures and SMAD2/3 signaling pathways
with TGF-β. Combining RT with TGF-β blockade diminished Tregs

S. Liu et al.

4

Cell Death and Disease          (2023) 14:679 



in tumors with low baseline secretion of activin A, but boosted
Tregs with high baseline. Triple therapy with the addition of
immunotherapy (αCTLA-4 or αPD-1) prevented tumor recurrence
in mice (80–100%) [45]. Activin A or TGF-β binds to the
corresponding receptors (ActRI/ActRII or TGFβR) and activates
receptor kinase activity, which phosphorylates the intracellular
mediators SMAD2/3 [46]. SMAD2/3 translocates to the nucleus to
bind the conserved noncoding sequences 1 (CNS1) together with
the nuclear factor of activated T cells (NFAT), facilitating the
transcription of Foxp3 [47] (Fig. 1). This mechanism provides new
insights into how RT combined with immunotherapy eliminates
the suppressive effect of Tregs.

T cell metabolism
During tumorigenesis, T cells in the TME undergo metabolic
reprogramming to obtain energy through aerobic glycolysis for
maintaining T cell proliferation and activity [48]. Blocking T-cell
glycolysis impairs their ability to produce IFN-γ, which is relevant
to the efficacy of CIT [49]. Activation of TCR or CD28 promotes
glucose transporter-1 (GLUT1) translocation to the cell membrane
surface via the PI3K/Akt/mTORC1 pathway to increase glucose
uptake, which in turn facilitates aerobic glycolysis [50]. However,
PD-1 restrains glucose uptake and glycolysis and fosters lipid
oxidation in T-cell activation. PD-1 blockade attenuates PI3K/Akt/
mTORC1 signaling inhibition, thereby allowing T cells to revert to
an effector cell-like metabolism [51]. Likewise, the role of RT in
T-cell metabolic reprogramming should not be neglected (Fig. 1).
Irradiation at 3 Gy decreased MYC mRNA expression levels and
downregulated GLUT1, HK2 and LDHA genes involved in glucose
uptake and glycolysis in T cells. Indeed, it was observed that T cells
had lower glucose uptake and proliferated by less than 30%
compared to over 85% of the control group [52]. Studies have
reported that MYC and hypoxia inducible factor-1 (HIF-1) are
involved in the metabolic reprogramming of activated T cells.
When induced, they upregulate the expression of genes related to
glycolytic enzymes, such as PKM1, HK2 and GLUT1 [48]. The high
MYC-expressing cells differentiate into effector T cells, and the low
differentiate into memory T cells, governed by mTORC1 [53]. In
addition, RT causes an increase in reactive oxygen species (ROS),
which facilitates the activation of effector T cells [54]. ROS
activates NFAT and subsequently promotes IL-2 production [55].
However, ROS also induces Treg cell death leading to adenosine
release, thereby suppressing T cell immunity [56]. Interestingly,
ROS stabilizes and accumulates SUMO-specific protease 3 (SENP3)
by blocking its ubiquitin-mediated degradation, which mediates
the transcription factor BACH2 deSUMOylation (SUMOylation is an
important reversible post-translational protein modification), thus
maintaining the immunosuppressive activity of Tregs [57]. The
transcription factor Foxp3 of Tregs reprograms cellular metabo-
lism by inhibiting MYC, which impairs effector T cells by
suppressing aerobic glycolysis [58]. The effects of cell metabolism
on the TME and CIT are complicated and much effort is still
required to delve into how RT shapes T cell metabolic
reprogramming.

ROLE OF RADIOTHERAPY ON TUMOR-ASSOCIATED
MACROPHAGES IN THE TME
Tumor-associated macrophages (TAMs) are a critical component
of the TME. Macrophages are involved in angiogenesis, extra-
cellular matrix remodeling, cancer cell proliferation, metastasis
and immunosuppression. On the other hand, macrophages, when
properly activated, mediate phagocytosis and cytotoxic killing of
cancer cells [59]. The plasticity of macrophages is evident in their
ability to exhibit corresponding functional phenotypes in response
to different states of the microenvironment, and these pheno-
types can interconvert to adapt to environmental alterations. M1-
type macrophages play an important role in killing pathogenic

bacteria, tumor cells and anti-inflammatory responses. M2-type
macrophages promote inflammation regression, tissue repair,
immune escape and tumor progression [59, 60].
Signals interfering with this plasticity vary considerably between

tumors and even between different periods or sites of the same
tumor, resulting in distinct TAM phenotypes. Tumor cell-derived
cytokines (such as IL-6, IL-10, IFN-γ and TGF-β) and chemokines
(such as CCL2, CCL5 and CXCL4) are key regulators of macrophage
polarization [61, 62]. Local irradiation at 2 Gy induced CD11b+F4/
80+Gr1- TAMs to aggregate within the tumor rather than
peritumorally. The increased iNOS+ macrophages (M1 type)
suppressed the expression of Th2 cytokines (IL-4, IL-5, IL-6, IL-9
and IL-10) but recruited the Th1 chemokine CCL5, favoring the
recruitment of T cells. Meanwhile, iNOS+ macrophages inhibited
the expression of vascular endothelial growth factor and
granulocyte-macrophage colony-stimulating factor (GM-CSF), con-
tributing to vascular normalization [63]. These may be attributed
to radiation activation of NOD-like receptor protein 3 (NLRP3)
inflammasome, which initiates macrophage pro-inflammatory-
related translational programs and mediates M1 macrophage
polarization [64] (Fig. 2). In addition, the percentage of F4/
80+iNOS+ macrophages was elevated 4-fold in primary and
secondary tumors. High levels of high mobility group box 1
(HMGB1) and Toll-like receptors 4 (TLR4) were detected after
irradiation [65]. Irradiation triggered the release of damage-
associated molecular patterns (DAMPs) such as HMGB1 from
tumor cells, thereby activating TLR4, which was associated with
M1 macrophage polarization [66, 67]. Activated TLR4 was reported
to upregulate chemokines expression via TLR4/MyD88 signaling
and activate the JNK signaling pathway that led to NF-κB/AP-1
transcription factor initiation, thereby stimulating M1 polarization
[68, 69] (Fig. 2). Consistently, RT also reduced intratumoral F4/
80+CD206+ M2 macrophages by 1.5-fold [23]. However, CD163+

macrophages were observed to be increased after irradiation.
Signal transducer and activator of transcription 3 (STAT3) activity
(pSTAT3) and expression of cytokines IL-4, IL-5 and TGFβ1 were
elevated, indicating M2 macrophage polarization [70] (Fig. 2).
JAK2/STAT3 signaling has been reported to mediate M2 polariza-
tion and promote brain metastasis in non-small cell lung cancer
[71]. In conclusion, RT favors M1 macrophage polarization and
infiltration by invoking a pro-inflammatory environment and
initiating immune-related pathways. INOS+ TAMs represent a
population within the TME that can facilitate the efficacy of CIT.
Inducing the expression of iNOS in TAMs offers a clinically
applicable approach. Furthermore, adoptive transfer of iNOS-
expressing macrophages may also hold promise as a prospective
intervention method. Conversely, RT also promotes M2 polariza-
tion, which remains to be explored.

ROLE OF RADIOTHERAPY ON OTHER MYELOID CELLS IN THE
TME
In addition to TAMs, RT also reprogrammed other myeloid cells in
the TME to modulate the immune response. Dendritic cells (DCs)
are the most powerful APCs, delivering antigen-specific signals to
T cells via MHC-peptide complexes bound to the TCR. DCs activate
T cells through surface co-stimulatory molecules such as CD80,
CD86 and CD40. They also secrete multifunctional pro-
inflammatory cytokines such as IL-12, which stimulate the
differentiation of naive T cells to effector T cells and activate NK
cells [72]. DCs also make a significant contribution to immu-
notherapy against tumors. Studies in recent years have found that
patients with high infiltration of DCs in solid tumors tend to
achieve better prognosis [73]. Supernatants from irradiated tumor
cells induced elevated expression of CD80 and CD86 on the
surface of DCs and a 4-fold increase in infiltration of
CD11b+CD11c+MHC-II+ DCs [74, 75]. A higher proportion of
irradiated tumor cells were bound and phagocytosed by DCs than
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unirradiated tumor cells, and there was enhanced expression of
TAA in the MHC [18]. The spatial distance between CD68+CD11c+

DCs and T cells was shortened, indicating the occurrence of cell-
to-cell interactions [76]. RT induced an increased proportion of
HMGB1+ tumor cells and upregulation of HMGB1 and STING
protein expression in the TME, favoring the maturation of DCs
[39, 77]. DAMPs (such as HMGB1) have been reported to activate
the expression of downstream type I IFN via the cGAS/STING
signaling pathway, thereby promoting the maturation of DCs [78].
DCs trafficked to tumors, took up tumor antigens and migrated to
local lymph nodes where they cross-presented antigens to CD8+

T cells to mediate anti-tumor immunity [79] (Fig. 2). In addition, RT
combined with immunotherapy reprogrammed cDC1 and cDC2/
mono-like DC [21]. cDC1 expressed high levels of H2K1 and H2D1
(MHC-I molecules), suggesting heightened antigen presentation,
and Batf3 was the key transcription factor driving this process.
Enlargement of cDC2/mono-like DC enriched for MHC-I and II
presenting, and IFN-I-related genes was observed. Consistently,
infiltration of activated CD11b+CD11c+MHC-II+CCR2+/- DCs trig-
gered, and co-stimulatory ligands CD40, CD70, CD80 and CD86
expression augmented, suggesting maturation of DCs. More
interestingly, a high frequency of cDC1 and cDC2 was noted,
which overexpressed the NKG2D ligand RAE1, matching the

elevated CD8+ and CD4+ TILs expressing NKG2D in tumors [21]
(Fig. 2). These suggest that RT activates the maturation of DCs and
thus triggers the ability of T cells to elicit anti-tumor responses.
Radiation therapy, on the one hand, triggers the release of tumor
antigens, and on the other hand, induces DAMPs, attracting
immune cells into the tumor area. This provides a favorable
environment for DC-based cell therapy (such as DC vaccines),
which may enhance the clinical effectiveness of DC
immunotherapy.
Myeloid-derived suppressor cells (MDSCs) develop from com-

mon myeloid progenitor located in the bone marrow and are
divided morphologically into two subgroups: monocytic MDSCs
(M-MDSCs) and granulocytic/polymorphonuclear MDSCs (G/PMN-
MDSCs) [80]. They are minimally present in the peripheral blood of
healthy humans but are greatly expanded in disease states such as
inflammation or infection, especially following neoplasia. Subse-
quently, they migrate to the area of the lesion through peripheral
blood circulation. MDSCs are attracted to the tumor area by a
variety of cytokines and are subjected to extreme conditions of
hypoxia, high oxidative stress and nutritional deficiency within the
tumor [81]. Their function and differentiation undergo changes.
For example, M-MDSCs migrate to the tumor site and differentiate
into TAMs [82]. MDSCs function as suppressors of both acquired

Fig. 2 Effects of radiotherapy on myeloid cells in the TME. Irradiation induces an increase in HMGB1 release from tumor cells, activating
TLR4 on TAMs. Activated TLR4 initiates NF-κB/AP-1 transcription factors via the MyD88/JNK signaling pathway, and triggers a pro-
inflammatory-associated translational program that promotes M1-type polarization and stimulates CD8+ T cells. In addition, DAMPs activate
NLRP3 inflammasome and launch pro-inflammatory genes, mediating M1 macrophage polarization. RT-induced DAMPs stimulate the
expression of downstream type I IFNs through the cGAS/STING signaling pathway, thereby promoting the maturation of DCs (increased
expression of CD80 and CD86). DCs present MHC to activate the TCR on CD8+ T cells. DCs also overexpress RAE1 after irradiation, which binds
to NKG2D on CD8+ T cells. Moreover, RT-mediated elevation of DAMPs such as HMGB1, HSP70 and S100A8/9 results in increased expression of
E-selectin, ICAM-1 and VCAM-1 on endothelial cells. Endothelial cells release chemokines such as IL-6, CXCL1, CXCL2 and CCL7 to recruit TANs.
Irradiation increases the release of γH2AX, followed by elevated levels of chemokines CXCL1, CXCL2 and CCL5, which recruit TANs. RT induces
high ROS production from TANs and inhibits PI3K/Akt phosphorylation, thereby reducing Snail expression to reverse the EMT. In addition, RT
combined with αPD-L1 suppresses the TNF pathway, which has an anti-apoptotic function, thereby reducing MDSCs. RT combined with IL-12
treatment causes MDSCs to express higher MHC-II and CD86. MDSCs produce large amounts of ROS by the NOX2, which inhibits the
formation of TCR and MHC antigen complexes in T cells. Irradiation inhibits the production of ROS in MDSCs to suppress this process. Solid
lines represent anti-tumor effects and dashed lines represent pro-tumor effects.
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and innate immunity through multiple mechanisms, including
blocking T-cell activation, disruption of activated T cells, inhibiting
the cytotoxicity of NK cells and polarizing macrophages toward
pro-tumor phenotype [83]. The level of MDSCs is closely related to
the outcome of immunotherapy and the prognosis of the patient
[84]. The positive effects of RT on MDSCs occurred mainly in the
early stages. A decline in the proportion of intratumoral
CD11b+Gr1+ MDSCs was detected 7 days after irradiation, but
an increase in MDSCs at late tumor regrowth time points [75].
Moreover, RT fractionation protocols have an impact on the
remodeling of MDSCs. At single irradiation, the proportion of
M-MDSCs reduced with increasing irradiation dose, while that of
G-MDSCs did not change significantly. In the dose-fractionation
scheme (1.33 × 3 Gy), the proportion of M-MDSCs was elevated
while G-MDSCs were reduced. Notably, the total cell abundance of
G-MDSCs was lower, suggesting that the inhibitory capacity of
total MDSCs was not reversed [85]. However, the combination of
RT with immunotherapy has shown great potential. RT combined
with αPD-L1 resulted in a diminishing of MDSCs in the TME, which
was associated with the TNF or Fas/FasL pathways [86, 87] (Fig. 2).
RT combined with IL-12 treatment decreased the percentage of
intratumoral CD45+CD11b+Gr1high MDSCs by 2-fold compared to
the untreated group. RT/IL-12-treated MDSCs expressed higher
levels of MHC-II and CD86 and exhibited attenuated suppression
of T cell proliferation (T cell proliferation was reduced by 38–56%
in the combined group and by over 90% in the untreated group)
(Fig. 2). Furthermore, the percentage of ROS+ cells and the mean
fluorescence intensity of ROS in MDSCs declined, suggesting the
impaired suppressive capacity of MDSCs [88]. Activated MDSCs
produce high levels of ROS in the presence of NADPH oxidase 2
(NOX2), which blocks the immune response by dampening the
formation of TCR and MHC antigen complexes in T cells [89] (Fig.
2).
Neutrophils have a complex role in the TME and are described

as tumor-associated neutrophils (TANs), classified as anti-tumor
(N1) and pro-tumor (N2) phenotypes [90]. The pro-tumor
mechanisms of neutrophils include promoting neovascularization,
releasing neutrophil extracellular traps to enhance tumor cell
proliferation, inducing extracellular matrix remodeling and immu-
nosuppressive effects in response to TGF-β signaling. In the
meantime, neutrophils release NO and H2O2 to kill tumor cells,
increase the amount of IFN-γ in the TME to foster the anti-tumor
effect of αβT cells and block the epithelial-mesenchymal transition
(EMT) to exert a positive influence [91]. Reshaping of TANs by RT
has been reported. The air pouch model revealed that super-
natants from irradiated tumor cells recruited polymorphonuclear
neutrophils. A rapid accumulation of Ly6G+ neutrophils was
observed 6 h after injection of the supernatants by confocal
immunofluorescence microscopy. DAMPs such as HMGB1, heat
shock proteins (HSP) 70 and S100A8/9 were elevated in the TME,
activating TLR4 and increasing expression of E-selectin, ICAM-1
and VCAM-1 on endothelial cells, thereby recruiting neutrophils.
This activation pattern was characterized by the triggering and
release of IL-6, CXCL1, CXCL2 and CCL7, which differed from the
TNF activation pattern [92] (Fig. 2). In addition, neutrophil
recruitment reached a peak 24 h after RT, which preceded the
peak in cytotoxic T lymphocytes (CTLs). Irradiation caused the
release of γH2AX (a marker of DNA damage), followed by elevated
levels of chemokines CXCL1, CXCL2 and CCL5 to recruit TANs to
the tumor site (Fig. 2). Ionizing irradiation mediated the release of
large amounts of ROS from TANs and restrained PI3K/Akt
phosphorylation, thereby reducing Snail expression. This reversed
the EMT process, suggesting that neutrophils exerted an anti-
tumor activity [93] (Fig. 2). More interestingly, myeloperoxidase
(MPO) activity was boosted 10-fold in the TME after RT and the
anti-tumor capacity of neutrophils was supported by high MPO
activity. Traditionally MPO inhibitors have been used to treat
tumors without RT, but this suggests that high MPO activity is

required to maintain the anti-tumor response of TANs after RT
[94].
Eosinophils also have a dual role and regulate tumor progres-

sion directly by interacting with tumor cells or indirectly by
shaping the TME [95]. Eosinophils synthesize and release
epidermal growth factor and TGFβ1 to induce tumor growth
and EMT. Eosinophils trigger tumor cell death by secreting
eosinophil cationic protein, eosinophil-derived neurotoxin and
granzymes. Meanwhile, eosinophils recruit CD8+ T cells and exert
cytotoxicity by releasing IFN-γ, CXCL9 and CXCL10 [95]. RT
enhanced intratumoral eosinophil infiltration and raised the
expression of genes involved in eosinophil differentiation,
activation and chemotaxis. Transcription and translation of
cytokines associated with eosinophil survival and proliferation
(such as IL-5 and GM-CSF/CSF2) were also stimulated. Upregulated
CCL11 and CCR3 in the TME drove the migration of eosinophils.
Indeed, eosinophil infiltration augmented the anti-tumor efficacy
of adoptive transferred T cell therapy, along with heightened
CD8+ T cell infiltration and cytotoxicity [96]. Radiation-induced
recruitment of intratumoral eosinophils is necessary for TME
reprogramming to facilitate CTL-mediated anti-tumor immunity.
RT remodeling of eosinophils has been relatively little studied, and
the exact mechanisms need to be further explored.

EFFECT OF LACTATE ON RADIOTHERAPY-MEDIATED
REMODELING OF THE TME
Tumor cells obtain energy for growth and metabolism by
converting glucose to lactate through glycolysis. To maintain
metabolism, tumor cells excrete lactate via monocarboxylate
transporters (MCTs), resulting in the acidic character of the TME
[97]. Lactate accumulated in the TME has been shown to promote
tumor progression. For instance, high concentration of lactate is
transported into cells to be metabolized as a fuel substrate, and
lactate supports tumor angiogenesis as well as tumor invasion and
metastasis [98].
The glycolytic metabolism of cancer cells utilizes lactate

dehydrogenase (LDH) to convert pyruvate to lactate. RT upregu-
lated LDHA and PKM2 expression in pancreatic cancer cells and
increased lactate for at least 120 h. HIF-1α activity was also
significantly augmented, which regulates a series of glycolytic
enzymes involved in the Warburg effect (Fig. 3). Subsequently,
lactate was identified to bind to G protein-coupled receptor 81
(GPR81) on MDSCs, and elevated levels of phosphorylated Akt,
mTOR, S6 and STAT3 were detected. Correspondingly, the
expression of functional genes S100A8, S100A9, Arg1 and Mmps
was enhanced in CD11b+Gr-1+ MDSCs, suggesting activation of
the suppressive phenotype. High lactate levels mediated by RT
stimulated MDSCs to cause radioresistance via the GPR81/mTOR/
HIF-1α/STAT3 pathway [99] (Fig. 3). In addition, RT induced a
decrease in microglia LDHA expression and pyruvate-to-lactate
conversion rates [100]. Microglia are tissue-resident macrophages,
thought to largely promote tumor formation and perform
immunosuppressive function [101]. However, the role of RT-
mediated lactate reduction in microglia on tumor growth needs
further investigation. The high expression of LDHA in melanoma
contributed to lactate accumulation, and the acidic environment
dampened the activated NFAT expression in T and NK cells,
thereby reducing IFN-γ synthesis and favoring tumor growth [102]
(Fig. 3). Tregs efficiently took up lactate via MCT1 in the TME with
abnormally elevated levels of glycolysis, promoting NFAT1 entry
into the nucleus and inducing PD-1 expression on Tregs (Fig. 3).
However, the expression of PD-1 on CD8+ T cells was inhibited by
lactate, leading to a failure of PD-1 blockade [103]. Therefore, RT-
induced alterations of lactate in the TME are closely correlated
with immune cell status, which may be an attractive target for
studying the mechanisms regulating the efficacy of RT and
immunotherapy. It is noteworthy that, during or after radiation
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therapy, alleviating the lactate-mediated acidic microenvironment
may not only overcome radiation resistance in clinical settings but
also greatly aid in enhancing the benefits of immunotherapy.

ROLE OF EXTRACELLULAR VESICLES IN RADIOTHERAPY-
MEDIATED REMODELING OF THE TME
Extracellular vesicles (EVs), including exosomes, microvesicles and
apoptotic vesicles, mediate intercellular communication and carry
proteins, nucleic acids, lipids and other bioactive molecules that
modulate the behavior of receptor cells [104]. In the TME, EVs
derived from cancer, immune and other non-immune host cells
have different compositions and functions, leading to immune
activation or suppression [105].
Tumor-derived EVs have been confirmed to promote tumor

progression by polarizing M2-type macrophages, impairing the
killing activity of NK cells and CTLs and impeding DCs differentia-
tion and maturation. Conversely, they also carry TAAs, peptide-
MHC and DAMPs to trigger antigen presentation and anti-tumor
immunity [106]. Studies have found that irradiated tumor cell-
derived EVs (TEVs) packed with DAMPs and tumor antigens (Fig.
4). Irradiation stimulated B16F10 melanoma cells to release
exosomes enriched for the marker TSG101. HMGB1 was identified

on the surface of exosomes, and CRT and HSP70 existed inside.
Uptake experiments confirmed high levels of exosomes binding to
CD11+ DCs and higher expression of co-stimulatory molecules
CD40, CD80 and CD86, indicating activation of DCs. Intratumoral
injection of irradiation-mediated exosomes augmented the
number and percentage of intratumoral IFN-γ-producing NK cells
to restrain tumor growth in a CD8+ T cell-independent manner
[107]. Similarly, after 8 Gy irradiation, TEVs were collected and
injected subcutaneously into each foot and eight spots on the
back of each mouse, and enhanced intratumoral infiltration of
CD4+ and CD8+ lymphocytes was observed. Proteomic analysis
identified the upregulation of HSP70, HSP90 and a potential TAA,
CDCP1, in TEVs, which activated DCs. The ability of DCs to
phagocytose TEVs and perform antigen presentation was boosted,
thereby motivating CD8+ T cells through the PI3K/Akt signaling
pathway [108]. Exposure of 2 Gy irradiated TEVs to M2 macro-
phages resulted in elevated expression of activation markers
CCR7, CD64, CD86 and pro-inflammatory cytokines TNF-α and IL-
12 p70, implying M2 to M1 macrophage conversion. HMGB1 in
TEVs was a potential signaling molecule to induce this process
[109]. In addition, the IFN signaling pathway was one of the
specific pathways in irradiated TEVs compared to untreated EVs,
demonstrating the activation of the IFN-I pathway within cancer

Fig. 3 The value of lactate in the radiotherapy-mediated TME. RT upregulates the expression of PKM2 and LDHA in tumor cells, which
catalyze glycolysis to produce lactate. Irradiation causes a significant increase in HIF-1α activity and regulates LDHA activity. PKM2 has been
reported to stabilize HIF-1α. Lactate is transported into TME via MCT. Lactate accumulation inhibits NFAT in T and NK cells, thereby reducing
IFN-γ synthesis. Lactate binds to GPR81 on MDSCs to activate Akt. Subsequently, functional genes S100A8/9, Arg1 and MMPs are upregulated
through the mTOR/HIF-1α/STAT3 pathway, suggesting activation of MDSCs. Tregs take up lactate in TME via MCT1, which promotes NFAT1
entry into the nucleus and induces PD-1 expression. In addition, RT causes a decrease in LDHA expression and inhibits the conversion of
pyruvate to lactate in microglia. Solid lines represent anti-tumor effects and dashed lines represent pro-tumor effects.

S. Liu et al.

8

Cell Death and Disease          (2023) 14:679 



cells. TEVs carried dsDNA, regulated by the DNA exonuclease
TREX1 in parental cells, inspired the co-stimulatory molecules
CD40, CD80, CD86 expression and IFN-β secretion in DCs via the
cGAS/STING pathway. TEVs inoculated in mice reached draining
lymph nodes and interacted with DCs, thereby enhancing tumor-
specific IFN-γ+CD8+ T infiltration [110]. More interestingly,
irradiated TEVs activated AIM2 inflammasome and evoked IL-1β
production and maturation. Activation of IL-1 signaling in DCs
primed pre-existing CD8+ T cells and augmented anti-tumor
immune responses in a cGAS-IFN-independent manner [111].
These findings also suggest that EVs carrying DAMPs can trigger
the activation of DCs, NK and CD8+ T cells. This category of EVs
presents a promising avenue in cancer treatment with potential
clinical applications.
Immune cell-derived EVs also perform an essential regulatory

function in the TME. TAMs-derived EVs maintained aerobic
glycolysis of tumor cells via HIF-1α-stabilizing long noncoding
RNA [112]. While NK cell-derived EVs contained the cytotoxic
protein perforin and granzyme to induce tumor cell death [113].
Current research works on EVs in RT-mediated TME focus on those
derived from tumor cells. Given the interest in immune cell-
derived EVs, more insights regarding the role of irradiation-
mediated immune cell-derived EVs in the TME are expected in the
coming years.

EFFECT OF RADIOTHERAPY ON IMMUNE CHECKPOINT
MOLECULES IN THE TME
ICs are a class of immunosuppressive molecules that regulate the
immune response. In the physiological state, ICs avoid tissue
damage by regulating the persistence and intensity of the

immune response. In contrast, tumor cells employ their immuno-
suppressive characteristics to evade the supervision of the
immune system [114]. RT-induced changes in IC molecules
correlate with tumor types, cell types, irradiation parameters and
time points (Table 1).
PD-1 is an inhibitory receptor expressed on the surface of T or B

cells, but also in NKT cells, DCs and monocytes, which plays a vital
role in maintaining peripheral tolerance. PD-L1, the ligand of PD-1,
is mainly expressed on the surface of APCs, while endothelial cells
and epithelial cells also express PD-L1 [115]. High PD-L1
expression in tumor cells leads to sustained activation of the
PD-1 pathway in the TME and suppression of T cell function to kill
tumor cells. However, it has also been noted that high PD-L1 levels
indicated that anti-tumor immunity was once activated and was
associated with better clinical outcomes [116]. In pancreatic
cancer, 5 Gy × 5 irradiation resulted in an increase in PD-L1
expression in tumor cells and a decrease in PD-1 in CD8+ T cells
[117]. PD-L1 level of prostate cancer cells TRAMP-C1 was elevated
at 72 h after 6 Gy and peaked at 24 h. PD-1 expression was raised
in CD8+ T cells following tumor regrowth at 3 × 5 Gy, associated
with tumor recurrence [75]. In 2 Gy × 4 fractionated RT-treated
melanoma, PD-L1 increased on days 0 and 1 and decreased on
day 3 in MEER tumors, whereas in B16F10 tumors PD-L1 increased
continuously until day 3 and was also elevated in intratumoral
TILs. PD-L1 upregulation in tumors by RT seemed to be mainly
mediated by an enlarged number of myeloid cells with high PD-L1
expression [118]. RT-mediated upregulation of PD-L1 was reported
to be achieved in a JAK/STAT1-dependent manner [119]. Similarly,
elevated PD-L1 expression in tumor cells has been observed in
lung, breast, gastric and colon cancers [15, 30, 79, 86, 120] (Table
1). In clinical samples of cervical squamous carcinoma treated with

Fig. 4 The value of EVs in the radiotherapy-mediated TME. The IFN-I pathway in tumor cells is activated by irradiation, and tumor cells
release EVs carrying dsDNA. These EVs stimulate the expression of co-stimulatory molecules CD80 and CD86 and activate the cGAS/STING
pathway in DCs to secrete IFN-β. RT promotes the release of exosomes from tumor cells to activate DCs, which contain HMGB1, CRT and
HSP70. Similarly, irradiated tumors upregulate HSP70, HSP90 and a potential TAA, CDCP1 protein, in EVs. DCs have an enhanced ability to
phagocytose EVs and perform antigen presentation, thereby activating CD8+ T cells via the PI3K/Akt signaling pathway. In addition, irradiated
tumor cell-derived EVs activate Aim2 inflammasome in macrophages and induce IL-1β production to stimulate DCs. Contact of EVs carrying
HMGB1 with TAMs results in increased expression of activation markers CD86, CD64, CCR7 and pro-inflammatory factors TNF-α and IL-12 p70,
suggesting a conversion of M2 to M1 macrophages. Solid lines represent anti-tumor effects and dashed lines represent pro-tumor effects.
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10 Gy RT, PD-L1 expression in tumor cells was negatively
correlated with the non-homologous end joining factor Ku80.
This was confirmed in irradiation-treated Ku80-deficient HeLa
cells, which may depend on ATR/Chk1 signaling [121]. Apart from
tumor cells, regulation of PD-1 and PD-L1 was also found in
immune cells after RT. After irradiation at 2 Gy, PD-1 expression
was downregulated in TAMs, and phagocytic activity was
augmented [109]. PD-1 and PD-L1 in CD4+/CD8+ T cells, DCs,
macrophages and MDSCs were detected to be upregulated in
different RT parameters and cancer species [30, 79, 86, 122] (Table
1).
CTLA-4 is a transmembrane receptor on T cells that competes

with the co-stimulatory molecule CD28 for the ligand CD80/86,
but has a substantially stronger affinity than the CD28. CTLA-4
inhibits T cell activation, APCs maturation and antigen-presenting
ability and induces the proliferation of Tregs [115]. T cell
immunoreceptor with Ig and ITIM domains (TIGIT) is expressed
on CD4+/CD8+ T cells, NK cells and Tregs and represses immune
cells at multiple steps of the cancer immunity cycle [123]. T cell
immunoglobulin and mucin-containing molecule 3 (TIM-3) is

expressed on the surface of CD4+/CD8+ T cells and interacts with
galactin-9 ligand, mainly expressed on Tregs, to act as a T cell
inhibitory receptor [124]. Lymphocyte activation gene 3 (LAG-3) is
expressed on the surface of activated T, NK, B and pDC cells and
exerts a negative regulatory effect on T cell proliferation by
binding with high affinity to MHC-II [125]. Co-expression of LAG-3
and PD-1 by TILs was closely associated with their diminished
function [126]. RNA sequencing and flow cytometry analysis
showed that TIGIT of CD8+ T cells increased on day 7 after 8 Gy × 3
RT while 2 Gy × 18 irradiation treatment resulted in a drop in TIGIT
expression over time (day 7, day 14 and day 30) [120]. In two
cohorts of esophageal cancer, the expression of PD-1, PD-L1, TIGIT
and TIM-3 was downregulated in CD3+CD4+ T and CD3+CD8+

T cells in patients well responding to 2 and 4 Gy RT while PD-1, PD-
L1 and TIGIT were elevated in those poorly [127]. 10 Gy RT
combined with αPD-L1 led to a 2- and 2.4-fold upsurge in the
expression of TIM-3 in CD8+ T cells and Tregs, respectively,
indicating upregulation of TIM-3 mediated resistance to PD-L1
blockade [122]. Moreover, CTLA-4 expression declined, and LAG-3
expression was enhanced by 10 Gy irradiation treatment of iTregs.

Table 1. Modulation of IC molecules in the TME by radiotherapy.

IC molecules Cell types Changes Cancer species RT Reference

PD-1 CD8+ T cells ↓ Pancreatic cancer 5 Gy × 5 [117]

TAMs ↓ Rectal cancer 2 Gy [109]

CD4+ T cells CD8+ T cells ↑ Lung cancer 10 Gy × 4 [30]

CD4+ T cells CD8+ T cells ↑ Gastric cancer 5 Gy × 3 [79]

T cells ↑ Prostate cancer 6 Gy [75]

PD-L1 Tumor cells ↑ Pancreatic cancer 5 Gy × 5 [117]

Tumor cells ↑ Prostate cancer 6 Gy [75]

Tumor cells ↑ Colon cancer 8 Gy × 3 [120]

Tumor cells ↑ Melanoma 2 Gy × 4 [118]

Tumor cells ↑ Lung cancer 10 Gy × 4 [30]

20 Gy [15]

Tumor cells ↑ Gastric cancer 5 Gy × 3 [79]

Tumor cells ↑ Cervical squamous carcinoma 10 Gy [121]

Tumor cells ↑ Breast cancer 8 Gy × 3 [15]

12 Gy [86]

TILs ↑ Melanoma 2 Gy × 4 [118]

CD4+ T cells CD8+ T cells ↑ Lung cancer 10 Gy × 4 [30]

CD8+ T cells ↑ HNSCC 10 Gy [122]

DCs ↑ Lung cancer 10 Gy × 4 [30]

DCs ↑ Breast cancer 12 Gy [86]

MDSCs ↑ Lung cancer 10 Gy × 4 [30]

Macrophages ↑ Breast cancer 12 Gy [86]

CTLA-4 iTregs ↓ N/A 10 Gy [40]

TIGIT CD8+ T cells ↓ Colon cancer 2 Gy × 18 [120]

CD3+CD4+ T cells CD3+CD8+ T cells ↓ OAC 2 Gy, 4 Gy [127]

CD8+ T cells ↑ Colon cancer 8 Gy × 3 [120]

TIM-3 CD3+CD4+ T cells CD3+CD8+ T cells ↓ OAC 2 Gy, 4 Gy [127]

NK cells ↑ Lung and liver cancer Median: 10 Gy × 5 [31]

CD8+ T cells ↑ HNSCC 10 Gy [122]

Tregs ↑ HNSCC 10 Gy [122]

LAG-3 iTregs ↑ N/A 10 Gy [40]

IC immune checkpoint, RT radiotherapy, PD-1 programmed cell death 1, PD-L1 programmed cell death ligand 1, CTLA-4 cytotoxic T lymphocyte-associated
protein 4, TIGIT T cell immunoreceptor with Ig and ITIM domains, TIM-3 T cell immunoglobulin and mucin-containing molecule 3, LAG-3 lymphocyte activation
gene 3, TAM tumor-associated macrophage, TIL tumor-infiltrating lymphocyte, DC dendritic cell, MDSC myeloid-derived suppressor cell, Treg regulatory T cell,
iTreg induced regulatory T cell, NK natural killer, HNSCC head and neck squamous cell carcinoma, OAC oesophageal adenocarcinoma, N/A not applicable.
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The ability of iTregs to inhibit CD8+ T cell proliferation was
attenuated due to decreased Foxp3 expression. CTLA-4, a
regulatory gene of Foxp3, was associated with Foxp3 down-
regulation in Tregs [40]. More interestingly, immune infiltration in
the TME was classified into high, medium and low categories
based on the tumor inflammation signature (TIS). Upregulation of
IC molecules PD-L1, CTLA-4, TIM-3 and glucocorticoid-induced
tumor necrosis factor receptor was detected after RT. TIM-3 was
higher in the high TIS region, while PD-1 and CTLA-4 were higher
in the low TIS region, suggesting immunosuppression. However,
the cellular origin of these molecules was not identified [76].
These findings propose a possible mechanism for the poor

efficacy of RT combined with ICB and provide a rationale for
combining multiple ICB. What kind of ICB is combined with RT
depends on irradiation dose, cancer species and the infiltrating
immune cells. Much work is still needed to dissect the exact
mechanisms by which RT modulates IC molecules in the TME.

ROLE OF DIFFERENT RADIOTHERAPY MODALITIES IN
REMODELING THE TME
RT is divided into conventional fractionated and hypofractionated
therapy according to the single fractionated dose [128]. The
former mostly uses a low dose of 1.8–2.0 Gy/fraction, 5 times/week
regimen [129]. Conventional fractionated therapy is the most basic
and commonly applied RT protocol. Hypofractionated RT increases
the single dose and reduces the number of irradiations relative to
conventional fractionation. The dose is usually more than 2.0 Gy/
fraction, and typical modalities include stereotactic body radiation
therapy (SBRT) and stereotactic ablative radiation therapy [130].
Different RT modalities have different effects on the remodeling of
the TME and the tumor immune response.
Low-dose fractionated or unfractionated RT (dose ≤2 Gy) is

found to be strongly associated with a pro-inflammatory
environment and IFN signaling. 1 Gy irradiation upregulated the
inflammation-related processes such as IFN-α and IFN-γ responses,
complement activation and IL6/JAK/STAT3 signaling. The influx of
T cells, NK cells and DCs was increased, and T cell influx was
specific to tumor deposits, depending on IFN signaling. Low-dose
RT (at 0.5 or 1 Gy per fraction, every two weeks, total dose 6 or
13 Gy, respectively) combined with ICB reprogrammed advanced
immune-desert human tumors (gallbladder, ovarian and prostate
cancer). Intratumoral Th1 signatures were significantly augmen-
ted, and innate and adaptive immune cells were recruited [21].
Consistently, whole-body irradiation at 0.075 Gy upregulated the
expression of Th1-related genes Stat4, Socs1 and Sftpd and
downregulated the negative regulator TGF-β by more than 4-fold
in thymic lymphocytes. Low-dose irradiation induced Th1-type
immune response, evidenced by a significant increase in IL-2 and
IFN-γ secretion and enhanced toxic effects of killer T cells [131]. In
addition, low-dose RT contributes to T-cell recruitment. 2 Gy
irradiation induced vascular normalization and recruited tumor-
specific T cells in a NO-dependent manner [63]. Five daily fractions
of 2 Gy RT increased the frequency of IFN-γ expressing antigen-
specific CD8+ T cells and elicited abscopal effect when combined
with αPD-1 (>70% of mice with complete responses [CR]) [14].
Irradiation with 1 Gy × 2 fractions activated CD4+ and CD8+ T cells
and suppressed TGF-β1 gene expression [132]. Moreover, low-
dose RT also reprogrammed TAMs. 2 Gy irradiation triggered iNOS
expression and downregulated the expression of M2-associated
parameters HIF-1, Fizz-1, Ym-1 and arginase, reversing the Th2-
dominant and tumor-promoting microenvironment initiated by
TAMs [63].
Hypofractionated RT also recruits T cells and exhibits advan-

tages in the induction of tumor antigens and activation of DCs.
15 Gy SBRT upregulated IL-16 gene (encoding T cell chemokine)
and CXCL9, CXCL10, CXCL11 and the corresponding receptor
CXCR3 expression, resulting in recruitment of T cells.

Immunomodulatory interactions between lymphocytes and non-
lymphocytes were the most significant pathways upregulated
after RT [13]. SBRT attracted CD8+ T cell infiltration into the central
tumor regions and markedly raised the ratio of central to marginal
cells for 5 Gy × 5 consecutive days [133]. 8 Gy × 3 radiation
boosted the release of the cytokines CXCL1, CXCL2 and CCL5
and early recruited neutrophils as first-line immune responders to
generate anti-tumor function. Subsequently, the number of CTLs
expanded and their activation status was strengthened [93]. SBRT
also induced the expression of TAAs such as CA9, MUC1, 5T4 and
NY-ESO1 and elevated the TP53 DNA damage response, which
triggered immunogenic cell death (ICD) characterized by the
release of HMGB1 and HSP70 [20, 117]. In addition, the
supernatant of hypofractionated irradiated tumor cells elevated
the percentage of migrating DCs and raised the activation markers
CD80 and CD86 expression. The number of infiltrating intratu-
moral MHC-II+ APCs increased on days 5–10 after irradiation but
decreased to the same level as the control on day 14 [74]. SBRT-
treated TC-1 tumor cells co-cultured with DCs induced the highest
percentage of CD11c+MHC-I+CD86+ mature DCs [134]. However,
hypofractionated RT also invokes an immunosuppressive micro-
environment. Immunosuppressive populations such as mono-
cytes, macrophages and granulocytes persisted in the TME after
SBRT. The ratio of suppressive myeloid cells to CD8+ T cells in the
tumor nests (approximately 100:1) was slightly higher than in the
untreated group, which may correlate with T cell anergy [117]. The
proportion of immunosuppressive inflammatory monocytes, TAMs
and TANs increased while MHC-II+ TAMs declined after SBRT,
suggesting an impaired anti-tumor capacity [133]. SBRT at a dose
of 6–10 Gy per fraction for 3–5 fractions contributed to a more
than 2-fold increase in Foxp3+ Tregs infiltration density and a 1.5-
fold increase in CD204+ macrophages [42]. These results suggest
that the application of hypofractionated RT should be accom-
panied by consideration of the resistant effects of the immuno-
suppressive microenvironment. Strategies to counteract the
negative environment may be necessary, such as combined
immunotherapy to deplete suppressive cellular components.

EFFECT OF RADIOTHERAPY ON TME IN VARIOUS CANCER
SPECIES
Different tumors have distinct cellular compositions and ratios in
their TME, leading to varying immune responses that may explain
the differences in sensitivity to immunotherapy. RT has been
described previously to alter multiple immune cells and micro-
environment components, serving as a basis to remodel the TME
in different cancer types to improve immunotherapy’s efficacy
(Fig. 5). Brain tumors have fewer tumor-infiltrating immune cells
and are dominated by macrophages over lymphocytes and NK
cells, which are resistant to ICB [135]. Glioma secreted factors to
recruit and modify myeloid cells to create a microenvironment
conducive to tumor growth and invasion. Irradiation resulted in a
significant increase in tumor-infiltrating neutrophils and inflam-
matory Ly6Chigh monocytes/macrophages and a 10-fold increase
in MPO activity in the TME. In the irradiated environment, MPO
shifted to the anti-tumor role, lowering the viability of glioma cells
and diminishing their proliferation [94]. In addition, RT increased
total T cells and CD8+ T cells in gliomas and reduced M2 TAMs/
microglia and M-MDSCs by more than 5-fold [136]. The same
results were found in another study [85]. In breast cancer,
macrophage aggregation in tumors after RT (2.2- to 2.88-fold
increase) was observed, with iNOS+ M1 macrophages rising from
14 to 73%. HMGB1 released from irradiated breast cancer cells
stimulated M1-type macrophages to secrete high levels of TNF-α
and low levels of IL-10, facilitating drastic anti-tumor activity [65].
RT fostered DC differentiation and maturation in the breast cancer
microenvironment, as evidenced by augmented expression of the
co-stimulatory ligands CD80 and CD86, the maturation marker
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CD83, the co-activator receptor CD40 and the MHC-II molecule
HLA-DR [92]. Furthermore, RT boosted the anti-tumor immune
response to lung adenocarcinoma through T cell activation, NK
cell infiltration, M1 macrophage polarization and TGF-β reduction
[132]. KLRK1, a representative gene of the NK cell receptor NKG2D,
plays an important role in activating the NKG2D/NKG2D-Ls
signaling pathway. As the clinical staging of lung cancer
progressed, KLRK1 expression declined and NK cell activation
status attenuated. Irradiation upregulated KLRK1 expression, and
the most significant pathway was NK cell-mediated cytotoxicity by
KEGG enrichment analysis. Irradiated NK cells exhibited elevated
exposure levels of pro-inflammatory factors (IL-12, IL-18, IL-2 and
CD16), and the infiltration of activated DCs, CD8+ T cells and
cytotoxic cells increased [137].
Liver metastasis may inhibit CIT in a tumor-specific manner.

Liver metastasis siphoned activated CD8+ T cells, and intratumoral
CD11b+F4/80+ myeloid cells induced T cell apoptosis via the Fas-
FasL pathway, thereby suppressing favorable immune responses.
However, RT elicited increased CD8+ T cells, decreased CD11b+F4/
80+ myeloid cells, augmented CD8+ and CD4+ cell proliferation
and IFN-γ production in tumor-draining lymph nodes in situ,
reshaping the immune microenvironment of liver metastasis [138].
Pancreatic cancer lesions have relatively high immune infiltration,
but the predominant cells are macrophages [135]. RT shifted the
M2-type effector cytokine milieu to M1-type in pancreatic cancer,
as manifested by aggregation of iNOS-expressing cells and
downregulation of M2-associated proteins such as Ym-1, Fizz-1
or arginase-1 [139]. RT also induced endothelial activation and Th1
chemokine expression and facilitated the normalization of tumor
vasculature and differentiation of iNOS+ M1-type macrophages in
pancreatic cancer. These allowed the effective recruitment of
tumor-specific T cells [63]. However, conditioned medium from

radiation-activated cancer-associated fibroblasts (CAFs) enhanced
iNOS/NO signaling in tumor cells via NF-κB. This acidified the
pancreatic TME to promote tumor growth. When iNOS inhibition
was introduced, pancreatic tumor growth was retarded [140]. This
suggests an important role of CAFs and iNOS signaling in the
immunosuppressive microenvironment after RT for pancreatic
cancer. For rectal cancer, T-cell inflammation gene expression
profiling, IFN-I and macrophage populations were raised after RT
[141]. Radiation therapy provoked a 5-fold increase in total T-cell
accumulation in CT26 mice tumors, with a 7-fold increment in
CD8+ T cells. The proportion of functional CD8+ T cells secreting
granzyme B increased significantly from the first week and was
maintained until 2 weeks after the end of irradiation [120]. In
addition, irradiation upregulated the expression of activation
markers CD80 and CD86 in DCs (1.5-fold) and increased MHC-II+

APCs by 3-fold in the colon cancer microenvironment. The titer of
tumor-specific IgM antibodies was significantly higher (>2-fold)
than that of controls, indicating that RT also had an effect on B
cells [74].

THE VALUE OF RADIOTHERAPY COMBINED WITH MULTIPLE
IMMUNOTHERAPY
The ability of RT to remodel TME provides implications for
combination with immunotherapy. Preclinical studies show that
combining RT with various immunotherapies (e.g., ICB, ACT,
cancer vaccines, cytokines, oncolytic viruses) can improve CIT
efficacy. In addition, RT has an abscopal effect, which means that
distant metastases beyond the irradiation range shrink or even
fade away after localized tumor lesions receive RT [142].
Unfortunately, the abscopal effect after RT monotherapy is rarely
observed in the clinical setting. RT combined with immunotherapy
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also has the potential to elicit the abscopal effect in preclinical
models.
The administration of anti-PD-L1 boosted the response of post-

radiation-resistant tumors. Anti-PD-L1/Anti-PD-1 combined with
RT + anti-CTLA-4 yielded a significant survival benefit in mice,
achieving an 80% CR rate. Moreover, after the introduction of anti-
PD-L1/anti-PD-1, approximately three-fifths of mice remained alive
for more than three months following tumor rechallenge. Notably,
checkpoint blockade required RT to achieve high rates of
complete remission [15]. Consistently, RT combined with anti-
PD-L1 treatment effectively controlled the growth of breast
tumors and MC38 colon cancer. At the evaluation endpoint, it
was observed that IR + anti-PD-L1 reduced tumor volume by
approximately 22- and 16-fold, respectively, compared to anti-PD-
L1 alone. Subsequent tumor rechallenge in the combination
treatment group revealed the absence of palpable tumors in mice,
suggesting the generation of durable protective T-cell immunity.
Further studies unveiled that the combination treatment also
mediated the abscopal effect on contralateral tumors [86]. Anti-
CTLA-4 administration alone had no effect on the growth of
primary or secondary MCA38 tumors. Combination treatment
significantly improved the growth inhibition of primary tumors
(3:1 ratio of tumor weight in the anti-CTLA-4 alone to the
combination group at day 35) and caused significant suppression
of secondary tumors. An increase in the frequency of tumor-
specific IFN-γ-expressing CD8+ T cells was detected in the
combination group [143]. In addition, progress has been made
in combining RT with ACT. Adoptive T cells alone resulted in
regression of marginal EG7-OVA lymphoma. However, the
combination of adoptive therapy and irradiation regressed tumors
completely in all mice, and survival was significantly prolonged.
Mice that completely rejected EG7-OVA tumors resisted the
contralateral tumors in subsequent rechallenge, indicating the
existence of a protective antigen-specific memory response [18].
In another study, a significant improvement in the survival of
glioma mice was achieved when CAR-T cells were injected
intravenously 1–3 h after irradiation compared to CAR-T cells only.
At week 5, all mice in the single treatment group had died, while
the combination treatment group had an 80% survival rate. Only
in the combination group was an increase in CAR-T cells in the
peripheral circulation detected at 3 weeks, confirming sustainable
CAR-T cell activity [144].
RT also potentiates the efficacy of cancer vaccines. Mice

receiving local irradiation combined with CTGF/E7 DNA vaccine
exhibited significantly stronger therapeutic effects than the
vaccine monotherapy. The combination group demonstrated
more E7-specific IFN-γ-secreting CD8+ T cell precursors and
infiltrating CD8+ cytotoxic lymphocytes [77]. Similarly, TC-1
cervical cancer mice first underwent local radiation at a single
dose of 20 Gy, followed by a subcutaneous injection of PC7A
nanovaccine and a booster immunization 7 days after the initial
vaccination. The nanovaccine alone restrained slight tumor
growth but not ultimate tumor growth. The combination group
achieved 50% of mice tumor-free and additional growth inhibition
in distal tumors 60 days after tumor inoculation [145]. Further-
more, it has also been shown that RT sensitizes cytokine therapy.
IL-15 alone had no influence on the growth of mouse TSA breast
tumors (poor immunogenicity), but significantly enhanced tumor
response when combined with RT. 3 of the 11 mice treated with
the combination therapy were tumor-free for >100 days, whereas
all mice in the IL-15 alone group died by 30 days. Subsequent
work revealed that batf3-dependent cDC1s were critical for
initiating combination therapy-induced anti-tumor CD8+ T cell
responses [146]. A modest reduction in pancreatic tumor burden
was observed in the IL-12 alone group. The combination
treatment group (24 h post-RT intratumoral injection of IL-12)
eliminated tumors at day 20 post-implantation, with no detectable
lesions until measurement termination by bioluminescence

imaging. Long-term survival was achieved in 100% of mice.
Combination treatment induced enhanced intratumoral T-cell
activation and memory formation. The anti-tumor response was
dependent on the full production of intratumoral IFN-γ. SBRT/IL-12
treatment resulted in the eradication of established liver
metastases and a significant reduction in leg tumors (secondary
lesions) (60% of mice were tumor-free at 25 days post-implanta-
tion), suggesting that the combination treatment drove abscopal
effect [133]. In addition, oncolytic virus therapy selectively infects
tumor cells causing acute tumor cell lysis and induces anti-tumor
immunity [147]. SBRT combined with oncolytic virus achieved
better tumor growth inhibition (approximately 3-fold) than virus
monotherapy at day 39 after tumor inoculation in mice. None of
the mice in the monotherapy group survived 80 days, whereas
40% of the mice in the combination group remained alive
100 days after the tumor challenge. The combination treatment
group also led to an abscopal effect [134].

CLINICAL PRACTICE OF RADIOTHERAPY COMBINED WITH
IMMUNOTHERAPY
Numerous preclinical evidence has established the merit of
combining RT with immunotherapy. RT confers immunomodula-
tory effects and promotes anti-tumor immune responses, thereby
augmenting the efficacy of immunotherapy. In light of these
findings, many clinical trials evaluating the combined efficacy and
safety are presently in progress and have yielded encouraging
outcomes.

Efficacy
Among the clinical trials with published results, RT, in combination
with ICB, accounts for the majority. Concurrent chemoradiother-
apy is considered the standard treatment for locally advanced
esophageal squamous cell carcinoma (ESCC), yielding a median
overall survival (OS) time ranging from 18.1 to 19 months.
However, for patients who cannot tolerate or decline concurrent
chemoradiotherapy, the median OS is 12 months, with RT serving
as the primary treatment [148–150]. In one study, 19 patients with
locally advanced ESCC (who cannot tolerate or refuse concurrent
chemoradiotherapy) received both RT and camrelizumab treat-
ment, with 14 patients (74%) assessed for objective response (CR
in 2 patients [11%], partial response [PR] in 12 patients [63%]). The
median follow-up time was 31.0 months (95% confidence interval
[CI], 27.0–35.1), with median OS and progression-free survival
(PFS) times of 16.7 months (95% CI, 5.9–27.9) and 11.7 months
(95% CI, 0–30.3), respectively. The 24-month OS and PFS rates
were 31.6% and 35.5%, respectively [151]. In a phase I clinical trial,
79 patients with multiple metastatic solid tumors received SBRT
followed by PD-1 antibody treatment within 7 days of completing
RT. The median follow-up time was 5.5 months. Of the 68 patients
evaluated by imaging, the overall objective response rate was
13.2%, with an OS of 9.6 months (95% CI, 6.5 months to
undetermined) and a median PFS of 3.1 months (95% CI,
2.9–3.4 months) [152]. Theelen et al. reported the results of the
PEMBRO-RT (phase II) and MDACC (phase I/II) trials, which were
divided into pembrolizumab alone and RT plus pembrolizumab. In
the PEMBRO-RT trial, the first dose of pembrolizumab was given
within a week of completing RT, while in the MDACC trial,
pembrolizumab was given at the time of the first RT session. A
total of 148 patients were included in the pooled analysis, with 76
in the pembrolizumab-alone group and 72 in the RT plus
pembrolizumab group. Compared to the alone group, the
combination group had a higher best out-of-field (abscopal)
response rate (41.7% vs. 19.7%; odds ratio 2.96, 95% CI 1.42–6.20;
p= 0.0039), best abscopal disease control rate (65.3% vs. 43.4%;
2.51, 1.28–4.91; p= 0.0071), longer median PFS (9.0 vs. 4.4 months;
hazard ratio 0.67, 95% CI 0.45–0.99; p= 0.045), and longer median
OS (19.2 vs. 8.7 months; 0.67, 0.54–0.84; p= 0.0004) [153]. Apart
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from the combination with anti-PD-1, a clinical retrospective study
of 101 advanced melanoma patients treated with ipilimumab
(anti-CTLA-4) showed that the response rate and OS were
significantly higher in the 70 patients who received RT during
treatment [154]. ICB, such as ipilimumab, is a clinically recom-
mended treatment approach for advanced melanoma [155]. In
this study, the addition of RT achieved superior median OS (19 vs.
10 months) and median PFS (5 vs. 3 months) compared to ICB
alone [154].
In addition to ICB, there have been few reports of other

immunotherapies. A clinical trial enrolled 29 low-grade lymphoma
patients to receive in situ vaccination with a TLR9 agonist and
local low-dose radiation. Overall, tumor burden decreased in 26
patients, with PR in 7 and CR in 1. Systemic responses outside the
irradiated lesions (abscopal effect) occurred in 24 of the 29
patients [156]. In addition, a phase I clinical trial enrolled 12
patients with metastatic renal cell carcinoma and melanoma. The
patients received SBRT and high-dose IL-2 with non-irradiated
lesion response as the evaluation criterion. One of the 12 patients
achieved CR and 7 achieved PR, with an overall response rate of
66.6%, including 1 CR and 4 PR among melanoma patients
(response rate of 71.4%) and 3 PR among renal cell carcinoma
patients (response rate of 60%) [157]. To minimize adverse
reactions, clinical trials of RT combined with modified IL-2 have
also been reported for synergistic control of local and distant
lesions, such as NHS-IL-2 (NCT00879866) and L19-IL-2
(NCT02086721). Supplementary Table S1 summarizes the clinical
trials of RT combined with immunotherapy.

Safety
While combination therapy has brought promising efficacy,
safety remains a concern to be discussed. In a retrospective study
exploring the safety and efficacy of ipilimumab combined with
stereotactic radiosurgery (SRS) for melanoma brain metastases,
only 20% of patients experienced grade 3–4 adverse events
(AEs). SRS did not exacerbate typical systemic immune-related
AEs associated with ipilimumab, such as enterocolitis, pruritus
and hepatitis [158]. All patients receiving RT + camrelizumab
reported some form of treatment-related AEs; most were grade
1–2, with no grade 5. The toxicity profile following RT plus
camrelizumab was similar to that reported with single-agent
therapy. Combination therapy did not increase RT-related
toxicity compared to RT alone. The most common AE was
immune-related cutaneous capillary hemangioma. Grade 3–4
AEs included lymphopenia, esophagitis, laryngitis and leukope-
nia [151]. In 18 patients with metastatic urothelial cancer, one
patient experienced grade 3 treatment-related lymphopenia
after 11 months of treatment. No grade 4–5 treatment-related
AEs were observed [159]. In another combination therapy, 6 out
of 62 patients experienced grade 3 AEs (pneumonitis in 3 cases,
colitis in 2 and hepatic toxicity in 1) [152]. Furthermore, no dose-
limiting toxicity related to treatment was observed in the clinical
study of RT combined with TLR9 agonist. All patients reported
grade 1-2 drug-related AEs, and 8 experienced grade 3 drug-
related AEs. No grade 4 or serious drug-related AEs were
reported in any patients. The most common treatment-related
AE was a flu-like systemic reaction, including malaise, chills,
headache, fatigue and fever [156]. It is worth noting that
combination therapy may increase immune-related adverse
effects at irradiated sites, such as pituitary inflammation when
combined with central nervous system radiation, pneumonia
when combined with lung radiation, hepatitis when combined
with liver irradiation and colitis when combined with intestinal
irradiation [160]. The percentages of different grades of AEs are
shown in Table 2. In general, radiation therapy combined with
immunotherapy is safe and adverse reactions are tolerable.
However, larger-scale clinical trials are still needed for further
observation.Ta
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Predictive markers of efficacy
Combination therapy with radiation and anti-PD-1/PD-L1 or anti-
CTLA-4 has significantly improved efficacy in patients with lung
cancer and melanoma. However, a considerable proportion of
patients still do not benefit from combination therapy. The clinical
features that predict beneficiary populations and the biomarkers
of the early anti-tumor immune response are areas that require
exploration. The ICD triggered by RT serves as the bridge
connecting the body’s immune response, with DAMPs being key
molecules in this process. As previously discussed, the escalation
of molecules such as HMGB1, HSP70, S100A8/A9, or HMGB1+

tumor cells, or EVs carrying HMGB1, HSP70 and HSP90 in the TME,
is closely associated with M1 polarization, maturation of DCs, or
the recruitment of TANs [65, 77, 92, 107, 108]. These findings
suggest that DAMPs may reflect the activation of anti-tumor
immune responses and hold the potential to predict the
effectiveness of combination therapy. In a clinical trial for
advanced NSCLC, SBRT + pembrolizumab only benefited the
PD-L1-negative subgroup [161]. Subsequent analysis revealed that
responders had higher overall baseline lymphocyte infiltration
levels (1.93-fold) [162]. High baseline tumor PD-L1 expression
(≥1%), low PD-1+CD8+ cell density in tumors and a low ratio of
PD-L1+/CD4+ T cells were identified as being associated with
better OS [151]. In an analysis of the TCR repertoire in ESCC
patients, baseline peripheral CD8+ TCR diversity, increased tumor-
peripheral Morisita–Horn overlap during treatment and sustained
intratumoral T cell clones during treatment were predictive of
survival improvement from combination therapy [163]. The
predictive value of circulating tumor DNA (ctDNA) has also been
reported. Monitoring ctDNA levels during treatment may help
predict the treatment response of metastatic urothelial cancer to
SBRT + pembrolizumab. In non-responders, ctDNA proportions
remained stable or increased, while in responders, ctDNA
proportions rapidly decreased [159]. In addition, in assessing the
efficacy of radiation in combination with TLR9 agonist, a low
baseline percentage of CD4+ Tregs and a low initial percentage of
proliferating (Ki67+) and granzymeB+CD8+ T cells were associated
with better responses [156]. In addition to the biomarkers above,
tumor mutation burden, deficient mismatch repair and gut
microbiota are also associated with immunotherapy efficacy.
However, their predictive value for combination therapy has not
been reported. Therefore, it is necessary to consider multiple
factors in clinical decision-making to select better patients who
benefit from RT combined with immunotherapy.

CONCLUSION AND PERSPECTIVE
RT combined with immunotherapy has a synergistic effect that
enhances the anti-tumor immune response and induces distant
effects, providing a new strategy for treating advanced malig-
nancies. Extensive preclinical studies have demonstrated that
radiation therapy remodels the TME, reprograms the response
status of various immune cells and regulates the immune
response by intervening in non-cellular components of the TME.
Clinical trials have also shown that combining RT with immu-
notherapy yields favorable therapeutic outcomes. For tumor
patients who do not respond well to immunotherapy, RT may
be used as a sensitizing agent to stimulate different steps in the
immune response chain.
RT’s reshaping of the TME stands as the cornerstone for the

introduction of immunotherapy. Numerous investigations have
underscored the role of DAMPs as the mediator linking RT to
immunotherapy, with their activation of the cGAS-STING pathway
connecting innate and adaptive immunity. However, amidst our
enthusiasm for the new opportunities brought forth by combined
therapy, attention must be devoted to the challenges that still need
to be addressed. (a) The immune suppression and treatment
resistance induced by RT cannot be overlooked. Irradiation stimulates

the secretion of the cytokine TGF-β, suppressing the activation of
DCs and T cells while promoting the expansion of Tregs and
immunosuppressive macrophages. Current research has placed
relatively less emphasis on mitigating the inhibitory effects of
radiation, which holds promise in overcoming treatment resistance
and broadening the scope of beneficiaries. (b) The fractionation
patterns and total doses of RT for different cancer types remain a
challenge at the present stage. Preclinical trials exploring the optimal
fractionation patterns of RT in combination with immunotherapy
have yielded varying results. The determination of the best
fractionation pattern and total dose is currently inconclusive and
likely to be associated with tumor types and the accompanying
immunotherapeutic agents. In clinical practice, attention must be
paid not only to the induction of inflammatory responses but also to
the activation of specific anti-tumor immune responses. Regrettably,
there is no direct means to assess the impact of different
fractionation patterns and doses on the efficacy of immune
stimulation. This may necessitate further exploration of more
effective biomarkers for assessing efficacy and its impact on the
body. (c) RT induces multifaceted responses in the body, and the
timing of combining radiation with immunotherapy will be crucial for
optimizing efficacy. For example, the release of antigens through
radiation is most effective only when Tregs are depleted by CTLA-4
inhibitors [164]. Some studies have suggested that the immediate
application of anti-PD-L1 during radiation or post-radiation may be
optimal [165, 166]. The best timing should take into account the type
of tumor, the mechanisms of action of immunotherapeutic agents
and radiation, and their combined impact on the immune
microenvironment. Further research is needed to elucidate the
timing issues. (d) The immune response generated by radiation is
somewhat influenced by the choice of irradiation sites. Organs like
the skin, which have a certain degree of external connectivity, exhibit
unique immune systems. The liver, due to prolonged exposure to
metabolic products, possesses a distinct immune response profile.
Moreover, the immune response patterns within the reproductive
and central nervous systems diverge considerably. The application of
RT to such organs elicits varying degrees of immune response,
thereby requiring a comprehensive investigation and analysis to
rationally discern the choice of irradiation sites. (e) Identifying the
opportune beneficiary groups for RT combined with immunotherapy
and seeking prognostic biomarkers is a future exploration field.
Combining cell, molecular biology, genomics, and radiomics studies
holds the potential to drive forward the clinical application of
combination therapy. The development of single-cell multi-omics,
artificial intelligence, and deep learning technologies will furnish
novel vantage points for us to evaluate RT combined with
immunotherapy.
However, RT causes immune suppression, and the effectiveness

of combination therapy depends on various factors. Therefore,
personalized treatment strategies and thinking should be devel-
oped for different tumors in the clinical practice of combined
therapy. In the future, further research needs to explore the
optimal combined treatment strategies for different tumors,
including the selection of irradiated sites, fractionation patterns
and total doses, timing windows of combined therapy and
biological markers to predict efficacy. With updated evidence from
more basic and clinical research, the combination of RT and
immunotherapy will become more standardized, safe and precise,
bringing more reliable clinical guidance and a brand-new
treatment paradigm to cancer patients.
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