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ARTICLE INFO ABSTRACT

Keywords: The introduction of immunotherapy into cancer treatment has radically changed clinical management of tumors.
Radiotherapy However, only a minority of patients (approximately 10 to 30%) exhibit long-term response to monotherapy with
Immunotherapy immunotherapy. Moreover, there are still many cancer types, including pancreatic cancer and glioma, which are
Immune checkpoint inhibitors . . . . o .

. resistant to immunotherapy. Due to the immunomodulatory effects of radiotherapy, the combination of radio-
Immunosuppression

therapy and immunotherapy has achieved better therapeutic effects in a number of clinical trials. However,
radiotherapy is a double-edged sword in the sense that it also attenuates the immune system under certain doses
and fractionation schedules, not all clinical trials show improved survival in the combination of radiotherapy and
immunotherapy. Therefore, elucidation of the interactions between radiotherapy and the immune system is
warranted to optimize the synergistic effects of radiotherapy and immunotherapy. In this review, we highlight
the dark side as well as bright side of radiotherapy on tumor immune microenvironment and immune system. We
also elucidate current status of radioimmunotherapy, both in preclinical and clinical studies, and highlight that
combination of radiotherapy and immunotherapy attenuates combinatorial effects in some circumstances.

Synergistic effect

Moreover, we provide insights for better combination of radiotherapy and immunotherapy.

Introduction

Advances in immunotherapy have highly improved cancer treat-
ment. Immunotherapy, particularly immune checkpoint inhibitors
(ICIs), has been transformed to applications in patients with a wide
range of advanced-stage malignancies, including metastatic melanoma,
late-stage non-small cell lung cancer (NSCLC), Hodgkin’s lymphoma,
head and neck squamous cell carcinoma (HNSCC), and urothelial car-
cinoma among others [1]. Although the application of ICIs enables the
achievement of long-term response, even complete response, only a
minority of patients (approximately 10 to 30%) exhibit long-term
response to monotherapy with immunotherapy [2-5]. Moreover, more
than half of patients have indications for radiotherapy [6]. Therefore, it
is clinically important to combine radiotherapy with immunotherapy to
improve clinical outcomes [7].

Radiotherapy is an important treatment option in a wide range of
malignancies. Historically, radiotherapy is developed with empirical
clinical observations, which omits the contribution of the immune

system in mediating its therapeutic effects [8]. The therapeutic effects of
radiotherapy are mainly attributed to induction of DNA damage, which
triggers tumor cell cycle arrest and cell death [9]. Consequently, clas-
sical radiotherapy aims at maximizing the radiation dose at the tumor
site while reducing damage to normal tissues [10]. It is not until the past
two decades that accumulated evidences show that the immune system
is involved in radiotherapy [7].

Both radiotherapy and immunotherapy interact with immune system
in various aspects. Radiotherapy promotes antitumor immunity by
increasing the secretion of tumor associated-antigens, proinflammatory
cytokines and chemokines [11]. It also promotes the production of
immunosuppressive cytokines, especially in the case of repeated irra-
diation [12]. Moreover, irradiation of the bone marrow, blood and
draining lymph nodes (DLNs) results in serious leukopenia and damage
of lymphocytes, which is associated with poorer survival in patients
[13]. The therapeutic effects of immunotherapy largely depend on the
immune system. Effective killing of cancer cells initiated by immuno-
therapy needs a series of immunological events, which include
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processing of tumor-associated antigens (TAAs) by dendritic cells (DCs),
presentation of TAAs to T cells, priming and activation of effector T cell
responses, trafficking of T cells and infiltrating into the tumor bed, and
recognizing and eliminating of tumor cells [14]. Under certain circum-
stance, radiotherapy synergizes with immunotherapy and augments
antitumor response, thereby improving clinical outcomes [15]. How-
ever, not all patients show enhanced efficacies of radioimmunotherapy,
compared to immunotherapy alone [16]. The state of immune system is
correlated with the prognosis of patients treated with radio-
immunotherapy [17,18]. Radioimmunotherapy is promising in aug-
menting therapeutic effect of cancer, but further optimization is still
needed.

Local and system immune state are the basis of immunotherapy

The local and systemic immune state largely determine the effects of
immunotherapy. Based on spatial distribution of CD8" T cells in the
tumor microenvironment, immunophenotypes can be divided into
inflamed tumors, immune-excluded tumors and immune desert tumors
[19]. Since therapeutic PD-1 blockade induced tumor regression re-
quires pre-existing CD8" T cells [20], only in inflamed tumors that
PD-1/PD-L1 inhibition exerts excellent responses. In contrast,
immune-excluded tumors and immune desert tumors are associated
with immune escape from PD-1/PD-L1 inhibition [19]. The mechanisms
through which immune-excluded and immune desert tumors drive im-
mune suppression are not fully understood.

Systemic immunity is associated with elimination of residual tumors
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and distant metastases. Study has showed that absolute lymphocyte
count (ALC) after radiotherapy is a predictor for prognostic outcomes of
patients with multiple tumor species. Patients with low ALC after
radiotherapy are correlated with poorer overall survival (OS) and
progression-free survival (PFS) [17]. Lower ALC post radiotherapy is
also correlated with lower abscopal response rates [17].
Neutrophil-to-lymphocyte ratio (NLR) is also suggested to be an avail-
able biomarker for predicting survival outcomes in patients with
advanced melanoma treated with nivolumab. Patients with baseline
NLR<5 are associated with better OS and PFS [18].

The clinical success of immunotherapy is both astounding and un-
satisfactory. Although immunotherapy has gained remarkable success in
various cancers, low response rate is an urgent problem to be solved at
present [19]. To achieve better outcomes and enable more people to
benefit from immunotherapy, immunotherapy is usually combined with
radiotherapy and/or chemotherapy, simultaneously or successively
[21]. Traditional therapies including radiotherapy exert significantly
impact on tumor microenvironment and systemic immunity [22]. Un-
derstanding of the complex immunogenic effects of radiotherapy con-
tributes to better designs for synergistic cancer therapies [22].

Radiotherapy influences antitumor immunity in several aspects

Radiotherapy can be used as a curative or palliative treatment op-
tion. Approximately half of tumor patients receive radiotherapy during
their treatment. It is either used alone or in combination with other
treatments such as surgery, chemotherapy and immunotherapy [21,23,
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Fig. 1. Radiotherapy induces antitumor immune response in several aspects. (1.5-column). a. Irradiation of local tumor induces DNA DSBs and genomic instability,
which induce cell death and cellular senescence. b. Radiotherapy increases the expression of MHC class I and induces the exposure of calreticulin in the cell surface. c.
dsDNA and mtDNA initiate cGAS-STING signaling pathway and promote the transcription and secretion of type I IFN. d. Type I IFN stimulates the receptors on tumor
cells, DCs and T cells, thus remodeling inflammatory microenvironment. e. Radiotherapy increases the secretion of DAMPs, including HMGB1 and ATP, which
enhance immunogenicity and drive the recruitment of immune cells. f. Extracellular dsDNA also initiates cGAS-STING signaling pathway in DCs. g. Radiotherapy
promotes the release of TAAs. DCs uptake TAAs and play the role of antigen presentation. h. DCs present antigens and prime T cells, thus increase the diversity of TCR
repertoire and T cell clonality. i. Activated T cells recognize and kill residual tumor cells. j. Radiotherapy stimulates tumor cells and stromal cells and initiates the
production and release of chemokines, such as CXCL9, CXCL10, CXCL11 and CXCL16. k. Chemokines including CXCL9, CXCL10, CXCL11 and CXCL16 lead to the
infiltration of DCs, macrophages and T cells, further promoting inflammatory tumor microenvironment. 1. Activated T cells potentially attack non-irradiated me-
tastases in the distance. DSBs, double-strand breaks; dsDNA, double-strand DNA; mtDNA, mitochondrial DNA; IFN, interferon; IFN-R, IFN receptor; DC, Dendritic cell;
DAMP, damage-associated molecular pattern; HMGB1, high mobility group box-1; TLRs, toll-like receptors; TCR, T cell receptor.
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24]. On one hand, radiotherapy enhances immunogenicity of tumor
cells and improves antitumor immunity. On the other hand, radio-
therapy may heighten both local and systemic immunosuppression in
patients in some circumstances.

Radiotherapy induces both local and systemic antitumor immunity

Radiotherapy induces antitumor immunity to achieve tumor control
both in residual tumor site and non-irradiated metastasis (Fig. 1).
Ionizing radiation promotes the release of double-stranded DNA
(dsDNA) from the nucleus, increases mitochondrial outer membrane
permeabilization and triggers the exposure of mitochondrial DNA
(mtDNA) in the cytosol [25]. Both dsDNA and mtDNA are potent me-
diators in initiation of the cGAS-STING pathway and subsequent tran-
scription of type I IFN [26,27]. Type I IEN signaling is essential in
activation of DCs, thereby promoting the priming of T cells and tumor
control [28]. Accumulation of dsDNA within tumor-derived exosomes
after radiotherapy also promotes the recruitment of DCs and directly
induces type I IFN response in DCs [29], which further promoting the
recruitment of CD8" T cells and providing the third signal for T cell
activation [30]. To escape from attack by T cells, MHC class I molecules
are either lacking or poorly expressed in many cancer cells. Radio-
therapy upregulates MHC class I molecules on the surface of tumor cells
and enhances the generation of TAAs, which broadens the pool of
available antigens for presentation [31]. Moreover, the exposure of
calreticulin on cell surface, secretion of HMGB1 and ATP enhances
immunogenicity and drives immune cell infiltration, thereby promoting
immune responses in tumor microenvironment [32,33]. Calreticulin on
the cell surface acts as an “eat-me” signal and promotes phagocytosis of
tumor cells by macrophage [34], it also induces the production of
proinflammatory cytokines including IL-6 and TNF-« in T-helper cells
[35]. HMGBI is crucial for induction of tumor antigen-specific CD8" T
cells by activating Toll-like receptors and the RAGE-NF-kB signal
pathway [36]. Increased extracellular ATP is sensed by the purinergic
receptor, P2 x 7, which regulates the inflammasome and promotes the
secretion of IL-1p and IL-18 [37]. Radiotherapy also increases the
abundance of tumor-infiltrating immunostimulatory cells, and stimu-
lates the release of pro-inflammatory mediators from tumor cells and
stromal cells [38]. Release of chemokines, such as CXCL9, CXCL10,
CXCL11 and CXCL16, leads to the infiltrations of DCs, macrophages and
T cells [39]. Recruited antigen-presenting cells including DCs uptake
tumor debris, traffic it to lymph nodes to present antigens and prime T
cells, thereby increasing the diversity of TCR repertoire and T cell
clonality [40]. Collectively, by changing tumor cell phenotypes, trig-
gering hallmark release of immunostimulatory DAMPs, and increasing
the number of proinflammatory immune cells, radiotherapy enhances
the susceptibility of tumor cells to T-cell-mediated antitumor effects and
promotes recognition and elimination of cancer cells [41].

Radiotherapy also elicits immune-mediated systemic tumor regres-
sion in some circumstances [42]. Radiotherapy induced DNA damage
and generation of proinflammatory cytokines contributes to tumor
heterogeneity and plasticity [43]. Increased immunogenicity converts
local tumor into in situ vaccine and stimulates antitumor T-cell immune
responses [43]. As a result, activated effector T cells mediate the elim-
ination of cancer cells in irradiated lesions and potentially attack
non-irradiated metastases, an effect commonly referred to as abscopal
effect [44]. Abscopal effect are rare and unpredictable when only
radiotherapy is adopted. Between 1969 and 2014, only 46 cases of
abscopal effect were reported [45]. Concomitant application of radio-
therapy with immunostimulants or immunotherapy significantly in-
creases the frequency of abscopal effect in patients [46,47]. Further
optimization of radiotherapy combined with immunotherapy for the
purpose of boosting abscopal effect has great clinical application
prospects.

Translational Oncology 19 (2022) 101366
Radiotherapy triggers immunosuppression and lymphopenia

Immunogenic dose of radiotherapy leads to accumulation of dsDNA
in cancer cells, which activates cGAS/STING signaling to promote the
transcription of type I IFN gene. However, IFN signaling also exerts
detrimental effects that orchestrate therapeutic resistance. Repeated
irradiation of tumor cells induces chronic type I IFN and IFN-stimulated
gene expression, thus mediating radiation resistance and metastatic
dissemination through multiple inhibitory pathways [12,48,49]. Both
IFN-y and type I IFN are responsible for upregulation of PD-L1 on tumor
cells, which further inducing T-cell exhaustion and resistance to anti-
tumor immunity [50,51]. IDO is also upregulated by type I IFN and
IFN-y, and acts as an immunosuppressive factor [52]. Moreover, acti-
vated STING signaling enhances the mobilization of Tregs, MDSCs and
abrogates tumor immunogenicity [53,54]. Local radiotherapy upregu-
lates the secretion of CCL2 and CCL5, which are associated with
recruitment of Tregs and monocytes [55,56]. Recruited monocytes
activate Tregs in a TNF-a-dependent manner, which dampens the effi-
cacy of radiotherapy and mediates tumor immune resistance [55]. By
secreting IL-10 and TGF-f, Tregs enhance the immunosuppressive ef-
fects of MDSCs and suppress the function of effector T cells [57,58].

Lymphopenia is one of the most commonly side effects observed in
radiotherapy. Since bone marrow is exquisitely sensitive to radiation,
severe marrow injury occurs within the irradiated volume during
radiotherapy [59]. Even relatively low radiation doses can induce
temporary functional ablation of the bone marrow. When the bone
marrow is exposed to moderate radiation doses, it takes several years for
active hematopoiesis to be restored. Higher radiation doses can result in
irreversible damage [59]. Given that many blood cells in the body have a
very short life time, patients who undergo myelosuppression often suffer
decreased levels of blood cells and lymphopenia [59,60]. Circulating
population of peripheral blood mononuclear cells are also highly sen-
sitive to ionizing radiation [61]. Repeated daily delivery of conventional
fraction radiotherapy is cytotoxic enough to deplete migrating immune
effector cells. Yovino et al. reported that a single fraction of 2Gy deliv-
ered >0.5Gy to 4.6% of the total blood cells, while 92.2% of the blood
cells received >0.5Gy after a typical 2Gy x 30 conventional radio-
therapy fraction to brain tumors [13]. Continuous exposure of blood
cells to ionizing radiation leads to leukopenia and significantly attenu-
ates the immune system [62]. Another mechanism through which
radiotherapy induces lymphopenia is via irradiation of lymphatic or-
gans. Naive T cells are extremely radiosensitive, even low dose irradi-
ation of lymphoid tissues can lead to rapid p53-mediated apoptosis [63,
64]. Elective nodal irradiation is commonly used as conventional rem-
edy [65]. However, irradiation of DLNs contributes to direct lymphatic
toxicity and decline of live CD45" cells within irradiated DLNs [66]. By
altering chemokine expression and CD8" T-cell trafficking, elective
nodal irradiation of tumor-associated DLNs also inhibits adaptive im-
mune responses and decreases the combinatorial efficacies of radio-
therapy and immune checkpoint blockade [66]. Moreover,
radiotherapy-induced secretion of Gal-1 from tumor cells exhibits
T-cell proapoptotic activities and are associated with lymphopenia and
poor survival outcomes [67].

By upregulating the infiltration of suppressive immune cells and
attenuating effector T cells, radiotherapy leads to both local and sys-
temic immunosuppression [68] (Fig. 2). Tumor cell elimination is
largely dependent on immunity, both in radiotherapy and immuno-
therapy, immune cell inhibition hampers antitumor effects in both
radiotherapy and radioimmunotherapy [39]. Therefore, appropriate
doses and regimens of radiotherapy should be selected to promote im-
mune activation and reduce immune suppression [7]. Since immune
cells are required to mediate both local and distant tumor inhibition,
protection of lymphocytes should be taken into consideration seriously
[22]. To minimize damage to lymphocytes during radiotherapy, expo-
sure to the bone marrow and blood should be minimized. Moreover,
both target volumes and total dose of irradiation should be taken into
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Fig. 2. Radiotherapy triggers lymphopenia and immunosuppression. (1.5-column). a. Irradiation of bone marrow induces severe myelosuppression. b. Irradiation of
blood vessel leads to leukopenia. c. Irradiation if draining lymph nodes restrains adoptive immune response. d. Radiotherapy initiates chemokine production in tumor
microenvironment, such as CCL2 and CCL5. e. Increased production of CCL5 and CCL2 drive the infiltration of Tregs, macrophages, and MDSCs. f. Repeated irra-
diation of tumor cells induces chronic activation of cGAS-STING signaling and promotes immunosuppression. g. Radiotherapy induces the release of IDO, which
promote inhibitory immune microenvironment in the tumor site. h. Type I IFN stimulates the expression of PD-L1 on APCs, thus inhibits the function of T cells. i.
Radiotherapy increases the expression of PD-L1 on tumor cells, which inhibits the activation of T cells. j. Radiotherapy stimulates the function of MDSCs and Tregs,
promotes the secretion of TGF-f and IL-10, thus suppresses the activation of T cells. k. Radiotherapy polarizes macrophages into M2 phenotype. IDO, indoleamine
2,3-dioxygenase; MDSC, myeloid-derived suppressor cell; APC, antigen-presenting cell; Treg, regulatory T cell.

consideration carefully. DLNs are the organ where DCs present antigens
and prime T cells, injury of T cells in DLNs potentially weakens adaptive
antitumor immunity [63]. The necessity of irradiating DLNs should be
carefully considered.

Combination of immunotherapy with radiotherapy

Over the past decade, several immunotherapeutic agents for clinical
management of cancer have been approved. The most commonly used
immunotherapeutic agents in these trials are anti-PD-1, anti-PD-L1 and
anti-CTLA-4. Although a number of clinical trials show increased ther-
apeutic effects, there are still numerous studies that fail to meet the
predetermined endpoint for efficacy. Here, we present published clinical
trials that investigate the efficacy of radioimmunotherapy in Table 1.

Radiotherapy synergizes with immunotherapy and potently augments
antitumor immunity

Most cancer cannot induce strong endogenous immune responses to
eradicate cancer and is not sensitive enough to achieve curative out-
comes from the adopted synthetic immune approaches alone [69].
Ionizing irradiation directly kills tumor cells and is able to augment
tumor-specific immunity. However, local relapses often occur when
radiotherapy is administrated alone [70]. Since radiotherapy has
marked immunostimulatory effects [71], it provides a theoretical basis
for combining immunotherapy with different forms of radiotherapy.

Combining of local radiotherapy with immunotherapy effectively

enhances the therapeutic effects of tumors. Preclinical studies on HNSCC
have revealed that by translating tumor microenvironments into an
inflamed landscape, radiotherapy renders unresponsive HNSCC tumors
sensitive to PD-L1 inhibition [72]. Radiotherapy and anti-PD-L1 anti-
body synergistically reduce the accumulation of tumor-infiltrating
MDSCs, relieve T cells from the suppressive tumor immune microenvi-
ronment and amplify antitumor effects [73]. Radioimmunotherapy also
induces strong antitumor responses outside of the irradiated area which
is mediated by CD8" T cells [45]. Through integration of immuno-
therapy with radiotherapy, patients can achieve local control and
regression of metastasis. In addition, the combination of radiotherapy
and anti-PD-L1 induces immunological memory effects when
completely responsive mice are challenged with reimplanted tumor cells
[73]. Since recurrence and distant metastasis are the leading causes of
cancer-related death [74], generation of memory immune response can
potently preventing tumor recurrence and metastasis, thus prolonging
survival time of patients. Moreover, combination of radiotherapy with
dual ICIs further enhances antitumor immune response in
non-redundant immune mechanisms, in which radiation enhances the
TCR repertoire diversity of intertumoral T cells, anti-CTLA-4 predomi-
nantly inhibits Tregs and anti-PD-L1 reverses T cell exhaustion [75].
Clinical studies also manifest inspiring survival benefits for patients
in treatment of radioimmunotherapy. Nivolumab after radiotherapy in
patients with advanced NSCLC resulted in longer median PFS (4.4
months vs 2.1 months, p = 0.019) and OS (10.7 months vs 5.3 months, p
= 0.026) than in patients without previous radiotherapy [15]. In this
study, patients received any radiotherapy at any timepoint before



D. Zhai et al.

Table 1

Translational Oncology 19 (2022) 101366

Published clinical trials investigating the efficacy of combination of radiotherapy and immunotherapy.

NCT ID Patient population Experimental treatment Control or comparator n Phase Patient outcomes
treatment
NCT00861614  Castration-resistant prostate SBRT (8Gy x 1) followed by SBRT (8Gy x 1) 799  Phase Median OS: 11.2 months vs 10 months, p
cancer metastatic to bone ipilimumab 3 = 0.053
NCT02125461  Stage III, unresectable NSCLC CRT plus sequential durvalumab CRT 713  Phase Median PFS: 17.2 months vs 5.6 months, p
3 = 0.0025
NCT02617589  Brain Cancer Nivolumab + RT TMZ + RT 560  Phase Median OS: 13.40 months vs 14.88
3 months, p = 0.0037
NCT01295827  Stage III NSCLC Nivolumab after standard RT Nivolumab 97 Phase Median PFS: 4.4 months vs 2.1 months, p
2 =0.019
NCT02434081  NSCLC Stage III Concurrent standard CRT None 94 Phase Median PFS: 12.7 months
followed by nivolumab 2
NCT02336165 Glioblastoma Durvalumab + standard RT (2Gy Durvalumab 71 Phase Median PFS: 19.9 months vs 13.0 months
x 30) 2
NCT02684253 HNSCC SBRT (9Gy x 3) + nivolumab Nivolumab 62 Phase ORR: 29% vs 34.5%, p = 0.86
2
NCT01807065 mCRPC Sipuleucel-T +RT (300cGy x 10)  Sipuleucel-T 51 Phase Median PFS: 3.65vs 2.46, p = 0.06
2
NCT02701400 Recurrent SCLC SBRT followed by durvalumab/ Durvalumab/ 18 Phase Median OS: 5.7 months vs 2.8 months, p =
tremelimumab tremelimumab 2 0.3772
NCT02608385  Metastatic cancer SBRT + pembrolizumab None 79 Phase Median OS: 9.6 months; median PFS: 3.1
1 months
NCT02303990  Metastatic cancer Hypofractionated radiotherapy None 24 Phase 1 patient experienced a complete response
and pembrolizumab 1 and 4 had prolonged stable disease
NCT02298946  Colorectal cancer with liver CTX + SBRT (8Gy x 3) + AMP- CTX + SBRT (8Gy x 1) 15 Phase No participants experienced a CR or PR
metastases 224 + AMP-224 1

NSCLC, non-small cell lung cancer; SCLC, small cell lung carcinoma; HNSCC, head and neck squamous cell carcinoma; mCRPC, metastatic castration resistant prostate
cancer; SBRT, stereotactic body radiotherapy; CRT, chemoradiotherapy; RT, radiotherapy; TMZ, temozolomide; CTX, cyclophosphamide; SABR, stereotactic ablative
radiotherapy; OS, overall survival; PFS, progression-free survival, ORR, objective response rate; CR, complete response; PR, partial response.

pembrolizumab were grouped to previous radiotherapy, without sub-
group of conventional radiotherapy or hypofractionated radiotherapy. It
is more often to meet predetermined clinical benefits when immuno-
therapy is combined with hypofractionated radiation. For example,
stereotactic body radiotherapy (SBRT) of 8Gy for 3 times preceding
pembrolizumab treatment in patients with metastatic NSCLC improved
ORR from 18 to 36% (p = 0.07) at 12 weeks compared with patients in
pembrolizumab alone group, with no increase in treatment-related toxic
effects [76]. The combination of anti-CTLA-4 antibody ipilimumab and
radiotherapy (6 Gy x 5 or 9.5 Gy x 3) in chemotherapy-refractory
metastatic NSCLC represented 18% of ORR in enrolled patients [77].
Functional analysis showed increased level of IFN-f in serum and rapid
expansion of CD8" T cells [77], which is in concordant with studies in
mice.

In conclusion, radioimmunotherapy remodels the suppressive tumor
immune microenvironment and promotes generation of T cell responses
that recognize and eradicate cancer cells, both in irradiated tumor sites
and distant metastasis. Synergistic effects are more likely to occur when
immunotherapy is in combination with SBRT, which is associated with
the stimulatory effect on immune system of high-dose, hypofractionated
radiation [78]. It is prospective to achieve optimal results by utilizing
synergistic effects of immunotherapy and radiotherapy.

Radiation fails to enhance combinatorial effects between radiotherapy and
immunotherapy in some circumstances

Immunotherapy eliminates cancer cells by stimulating antitumor
immune responses, which largely rely on activation of CD8" T cells or
adopted immune cells. Radiotherapy may potently dampen curative
effects of immunotherapy by upregulating infiltration of suppressive
immune cells and directly damaging circulating lymphocytes, including
CD8" T cells. Therefore, radiotherapy and immunotherapy do not al-
ways show synergetic effect with each other.

Although anti-PD-1 antibody combined with 8Gy x 2 irradiation
enhances primary and abscopal tumor control in a CD8" T-cell depen-
dent manner and reversed adaptive immune resistance [79], anti-PD-1
antibody following 2Gy x 10 irradiation suppresses expression of IFN

in tumor-specific CD8" T cells within DLN and do not enhance primary
tumor control or survival [79]. The lack of effect may be due to lym-
phopenia and immune suppression induced by low-dose daily fraction-
ated radiotherapy. Elective nodal irradiation is frequently used in
treatment of localized tumors, aiming at addressing potential subclinical
nodal micrometastases. However, when combined with anti-CTLA-4
antibody, elective nodal irradiation contributes to immunosuppressive
tumor immune microenvironment and shows no prolongation of sur-
vival time compared with monotherapy of anti-CTLA-4 antibody [80].
Moreover, although radiotherapy combined with anti-CTLA-4 leads to
tumor regression, there is concurrent upregulation of PD-L1 expression,
which induces T-cell exhaustion and drug resistance [75].

Consistent with preclinical studies, there are several clinical trials
that show no combinatorial effects between radiotherapy and immu-
notherapy. A phase 3 trial involving prostate cancer shows that in pa-
tients who progressed after docetaxel treatment, radiotherapy of 8Gy
combined with ipilimumab exhibits no significant differences of OS
compared to radiotherapy alone group [81]. Preclinical evidence sug-
gests that hypofractionated ionizing radiation significantly enhances
tumor control when combined with ICIs [79]. However, clinical trial
which aims at evaluating the synergistic effects of nivolumab and SBRT
(9Gy x 3) in HNSCC failed to improve ORR and there was no
improvement in abscopal effect observed until 30 months [16]. Cellular
immunotherapy is highly effective against a number of malignancies
[82]. As the first autologous cellular immunotherapy approved by FDA,
sipuleucel-T represented a 4.1-month improvement in median survival
compared with placebo [83]. However, sipuleucel-T following radio-
therapy of 300cGy x 10 in metastatic castration resistant prostate can-
cer showed comparable median PFS with sipuleucel-T alone group.
Moreover, cumulative antigen presenting cells and IFN-y" T cells are
even higher in Sipuleucel-T alone group [84].

In conclusion, radiotherapy may weaken the efficacy of immuno-
therapy in some circumstances. Whether immunotherapy synergizes
with radiotherapy is related to multiple factors. The immunomodulatory
effect of radiotherapy should be well considered when it is combined
with immunotherapy. There is a great need of additional investigation to
determine the optimal radiotherapy regimens, targeted checkpoints,
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and patient cohort evaluate effect of

radioimmunotherapy.

to fully therapeutic

Enhancing the synergistic effects of radiotherapy and
immunotherapy by protecting the immune system

To optimize antitumor effects of radioimmunotherapy, several as-
pects should be considered, including exploration of appropriate
radiotherapy regimens, consideration of appropriate schedules when
immunotherapy is combined with radiotherapy and reduction of the
immunosuppressive effects of radiotherapy.

Choice of appropriate radiotherapy regimens

To optimize the effects of radioimmunotherapy, radiotherapy regi-
mens should be designed to include two factors: dose and fraction.
Conventional radiotherapy is empirically applied by clinicians to ach-
ieve local tumor control and tolerable toxicity. However, even tolerable
lymphopenia attenuates the therapeutic effects of radiotherapy com-
bined with immunotherapy. Conventional radiotherapy is developed
without considering the potential therapeutic effects of the immune
system, which usually results in adverse effects on the immune system
and is not conducive for immunotherapy [10]. Hypofractionated radi-
ation enhances antitumor immunity when combined with ICIs and re-
sults in significant tumor control [79]. Moreover, hypofractionated
radiation also has superioreffects compared to single large dose
radiotherapy.

Studies have reported improved efficacies in terms of the combina-
tion of hypofractionated radiation and immunotherapy. As noted above,
anti-PD-1 antibody combined with 8Gy x 2, rather than 2Gy x 10
enhanced primary and abscopal tumor control [79]. Local radiotherapy
at a single dose of 20Gy was as effective as 8Gy x 3 and 6Gy x 5.
However, only fractionated radiotherapy significantly improves tumor
growth both in primary and secondary tumor sites when combined with
anti-CTLA-4 antibodies [85]. Single radiation of 12Gy combined with
anti-PD-L1 synergistically promoted antitumor immunity by markedly
reducing MDSCs and increasing the infiltration and priming of CD8" T
cells in breast cancer mouse model [86]. Moreover, 12Gy radiotherapy
of oral cancer polarized macrophages towards an M2 phenotype [87].
We suspect that this contradictory effect may be associated with types of
tumors.

There is a specific therapeutic window for radiotherapy regimen
when combined with ICIs. The final effects of radioimmunotherapy
depends on combined effects of the intricate impact on the immune
system. Hypofractionated radiation is more suitable when combined
with immunotherapy. However, clinical trials of radiotherapy combined
with immunotherapy are usually based on classical regimens. Studies
have investigated the synergistic effects of immunotherapy with
different doses and fractions of radiotherapy. The optimal regiment of
radiotherapy when combined with immunotherapy still need to be
explored.

Explore the schedule when immunotherapy is combined with radiotherapy

Effect of immunotherapy administration schedule was reported to
have significant affections on tumor inhibition treated with radio-
therapy. Concurrent administration of radiotherapy and anti-PD-L1
treatment, rather than sequential treatment is associated with long-term
tumor control [88]. Administration of G-CSF can rapidly reverse
irradiation-induced neutropenia [89], which reduces
radiotherapy-associated toxicity, along with the potential for improving
the effects of immunotherapy. Blockade of TGFp offers a strategy for
generating in situ tumor vaccine effects and was shown to extend sur-
vival of mice administered with a combination of anti-PD-1 antibody
and radiotherapy [90]. Administration of immunomodulatory drugs
during radioimmunotherapy may augment the therapeutic effects in
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patients.

Studies indicated that concomitant, but not sequential treatment of
radiotherapy and immunotherapy is more likely to induce better prog-
nostic outcomes in preclinical models. However, the KEYNOTE-001
phase 1 trial revealed that patients receiving any form of radiotherapy
prior to pembrolizumab exhibited prolonged PFS [15]. Moreover, con-
current administration of nivolumab with SBRT did not improve ORR
versus nivolumab along arm in patients with metastatic HNSCC [16].
The optimal sequence may be associated with multiple factors, such as
the type of immunotherapy, regimen of radiotherapy, tumor features
and differences between individuals. All of these factors should be taken
into account for better prognostic effects.

Reduction of the field of radiotherapy

As earlier mentioned, intact cancer immunity cycle is essential in
immunotherapy. It is important for radioimmunotherapy to protect
lymphocytes during radiotherapy. Moreover, abscopal effect are highly
dependent on activated immune system. To reduce the negative effects
of radiotherapy on immune cells, it is necessary to avoid the irradiation
of lymph nodes, bone marrow and blood.

In the past two decades, IMRT as well as other technologies have
enabled the application of more conformal doses in radiotherapy,
making it possible to reduce radiation doses of non-malignant tissues
while ensuring tumoricidal doses to local tumors. Conventional radio-
therapy regimens in various indications such as NSCLC, cervical cancer,
HNSCC are generally formulated with a full dose of 50-70Gy to the
tumor site and 45-50Gy to DLNs for the purpose of prophylactic
coverage [91]. Since DLNSs constitute major platforms for cross -priming
of T cells, and T cells in lymphoid tissues are extremely sensitive to
radiotherapy, irradiation of tumor free lymph nodes can perturb the
initiation of antitumor immune responses. In a previous study, naso-
pharyngeal carcinoma patients with tumor free level Ib lymph nodes
showed rare regional lymph node recurrence when treated with level
Ib-sparing IMRT [92]. Therefore, prophylactic lymph node irradiation is
not necessary in patients with negative cervical lymph nodes. The pro-
tection of lymph nodes should be highly considered.

T cells in blood circulation and bone marrow are exquisitely radia-
tion sensitive. It is necessary to reduce the exposure of blood vessels and
bone marrow during radiotherapy. Aforementioned clinical trial in
HNSCC exhibited no statistically significant differences in ORR and no
improvement in abscopal effects until 30 months when SBRT was given
between the first and second dose of nivolumab. This outcome may be
partly attributed to the injury of lymphocytes. The irradiated volume
should be precisely designed.

Partial tumor irradiation may be a prospective choice in the future.
Schafer et al. presented that in patients with early breast cancer who had
undergone breast-conserving surgery, partial breast irradiation was not
inferior in local control and OS compared to whole breast irradiation
[93]. Larger irradiation volumes are not positively correlated with
improved disease control. Reducing the volume of radiotherapy may
provide better outcomes when combined with immunotherapy.

Applications of new radiotherapy techniques

The development of new technologies is also an excellent option to
minimize the side-effects of radiotherapy to the immune system. Proton
radiotherapy is able to decrease the dose delivered to nonmalignant
tissues, it enables the delivery of tumoricidal doses to the target [94],
and induces comparable up-regulation of histocompatibility leukocyte
antigen as well as TAAs. In addition, proton radiotherapy increases the
exposure of calreticulin on the surface of tumor cells, which increases
the killing effects of cytotoxic T lymphocytes to tumor cells [95]. It is
promising to combine immunotherapy with proton radiotherapy.

Heavy ion radiotherapy (HIRT) is becoming a cutting-edge technol-
ogy for malignant tumors. HIRT enables changes in energy and
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superimposition of multiple Bragg peaks, thereby providing a more ac-
curate treatment [96]. Carbon ion radiation therapy is associated with
significantly higher OS, compared to proton radiotherapy and
photon-based IMRT [97]. During treatment, HIRT will significantly
reduce lymphocyte damage. Consequently, HIRT enhances the role of
immune system in radioimmunotherapy.

FLASH radiotherapy makes it possible to deliver doses at ultra-high
dose rate (> 40Gy/s), compared with conventional dose rate applied
in clinic, which is about 5Gy/min [98]. Consequently, it reduces normal
tissue toxicities and synchronously maintains local tumor control. By
providing higher dose rate, FLASH radiotherapy reduces treatment
duration. The short exposure time significantly reduces irradiation of
circulating immune cells [99]. The protection of circulating immune
cells provides foundation for combining FLASH radiotherapy with
immunotherapy.

Studies on these new techniques are sparse. There is a need to
determine whether patients benefit more from immunotherapy in
combination with proton radiotherapy, HIRT or FLASH radiotherapy.

Conclusion

The efficacy of immunotherapy is highly dependent on the immune
system. Combination of immunotherapy and other treatment methods
should take full consideration of the immunomodulatory effects.
Radiotherapy is an ideal companion due to its stimulatory effects on the
immune system. However, radiotherapy exert profound immunomodu-
latory effects and not all radiotherapy regimens collaborate with
immunotherapy. Understanding the underlying immunological mecha-
nisms of radiotherapy will be critical in improving the synergistic effects
of radiotherapy and immunotherapy. Available evidences prove that
simultaneous administration of hypofractionated radiation with immu-
notherapy is more likely to enhance the therapeutic effects. Reduction of
irradiation volumes also displays potential on improving outcomes in
patients. Moreover, technological breakthroughs of radiotherapy tech-
nology provide an important opportunity to create maximal therapeutic
effects of radioimmunotherapy. More innovative preclinical and clinical
evidences are urgently needed to potentiate the therapeutic effect in
patients.
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