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Local administration of ionizing radiation to tumors can

promote anticancer immune responses that lead to the

abscopal regression of distant metastases, especially in

patients receiving systemic immune-checkpoint inhibitors.

Growing preclinical evidence indicates that high-dose

irradiation administered locally to destroy malignant lesions,

can promote the release of danger-associated molecular

patterns that lead to the recruitment of immune cells, thus

inducing a systemic response against tumor antigens that

protects against local disease relapse and also mediates

distant antineoplastic effects. An accumulating body of

preclinical evidence supports also the implementation of low-

dose irradiation to induce tumor immune reprogramming. Here,

we provide the rationale for a clinical research agenda to refine

future clinical practice based on innovative combinations of

radiation-immunotherapy.
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Introduction
Radiation therapy (RT) is one of the four central pillars of

cancer treatment, along with surgery, chemotherapy, and

immunotherapy [1�,2�]. Approximately 60% of all cancer

patients will receive at least one radiation treatment course

during their lifetime [3]. In the last 20 years, the field of

radiation oncology has undergone dramatic technological
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innovations, leading to the delivery of RT based on tumor

imaging (image guided radiation therapy). Intensity mod-

ulated radiation therapy (IMRT) uses several X-ray beams

of varying intensity directed towards the tumor, angled

from different directions around the patient improving the

precision of the delivered dose to the target volume(s),

while sparing adjacent normal structures [4–6]. This has

allowed the delivery of high precision radiation doses (so
called hypofractionated stereotactic radiosurgery or stereo-

tactic radiation therapy-SRT) [7,8,9��,10��,11��].

In contrast to standard fractionated RT, where radiation is

usually given in more than 25 fractions of 2 Gy in order to

avoid collateral damage to the normal tissue, SRT allows

the delivery of more than 5 Gy per fraction, and the

cancer can be eliminated in no more than 6–7 sessions

of treatment.

Ionizing radiation kills cancer cells through direct or

indirect induction of DNA damage, with DNA double-

strand breaks (DSB) [12] and single strand breaks [13]

being the most important lesions. However, new research

points to the presence of a systemic immunological

response induced by RT known as the abscopal
effect. The word ‘abscopal’ was first used by Mole in

1953 [14��] to describe the systemic effects of local

irradiation (i.e. disappearance of distant metastases out-

side the irradiated field). Over the years, anecdotal cases

of abscopal effects were published, and most of the

reported cases were on melanoma [15–17], renal cell

carcinoma [18], lymphoma [19], and lung cancer [20],

tumors that are traditionally considered as infiltrated by T

cells. In animal models, Demaria et al. observed that the

abscopal effect was tumor-specific and only occurred in

wild-type mice that were treated with a combination of

radiation (6 Gy single fraction) and Flt3-L, a growth factor

that stimulates the production of dendritic cells (DCs)

[21�]. However, no growth delays of secondary non-irra-

diated tumors were found in immunodeficient athymic

mice or in wild-type mice treated with a single dose of

radiation alone, further suggesting that the abscopal

effect was mediated by immune mechanisms [21�].

Over the past decade, immunotherapy (IMT) treatments

inhibiting immune checkpoint receptors such as program

death 1/ligand 1 (PD-1/PDL1) and cytotoxic T-lympho-

cyte-associated antigen 4 (CTLA4) have shown remark-

able clinical responses against a variety of tumors and
www.sciencedirect.com
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have emerged as a game changer in oncology [1�,2�].
However, the percentage of patients obtaining clinical

benefit when used as single modality is relatively low, at

only 15�20% [22��,23�]. Certainly, a prerequisite for

response to immune checkpoint inhibitors (ICI) is the

presence of tumor infiltrating lymphocytes (TILs) in the

tumor microenvironment (TME) [24�,25�,26�,27�]. In the

context of TIL infiltrated (so-called ‘hot’) tumors,

immune checkpoint inhibitors, such as PD-1/PDL1, rein-

vigorate the activity of pre-existing antitumor T cells

[27�,28��,29��]. Tumors that lack immune infiltration,

so-called ‘cold’ tumors, are refractory to ICI [28��,30��].
Therefore, there is an urgent need to establish novel

combination regimens that increase T-cell infiltration in

tumors to make them responsive to IMT. Case reports

describing the abscopal effect in patients unresponsive to

ICI who also received RT for palliative purposes have

renewed the interest of radiation as an immune-stimula-

tory agent [31��,32,33]. RT could become a valuable, non-

invasive modality to be used in combination with ICI to

amplify anti-tumor immune response in order to increase

the incidence of abscopal effects [34��,35�]. The key

question in the field is which radiation fractionation

schemes dosing, and drug combinations are required to

achieve an abscopal effect. This article examines the

growing evidence behind the abscopal effects, and dis-

cusses the use of high-dose versus low-dose irradiation as

immune enhancing agents in combination with IMT.

In situ vaccination induced by radiation
therapy
Many forms of DNA damage arise when ionizing radiation

hits tumorcells,butmostof thisdamagecanberemediedby

DNA repair systems [36,37]. However, due to their rela-

tively high difficultyof repair (comparedwith otherdamage

processes), DSBs are thought to be a major factor leading to

cell death [38]. DSBs can be visualized by means of immu-

nofluorescent staining with g-H2AX antibody, called the

g-H2AX foci formation assay [39,40]. Beyreuther et al.
demonstrated that the number of g-H2AX foci reaches a

peak within two hours after irradiation and that radiation

doses below 2 Gy delivered with 25 kV can induce approxi-

mately 8 g-H2AX foci [41]. Cell stress caused by radiation

leads to the release of tumor associated antigens (TAA) in

the context of necrotic and apoptotic tumor cell death.

These DNA fragments are also ‘sensed’ by the cyclic

GMP-AMPsynthase(cGAS),apatternrecognitionreceptor

that triggers interferon I (IFN-I) production through the

downstream adaptor stimulator of interferon genes

(STING) [42��]. Induction of IFN from cGAS/STING

signaling is required to achieve optimal DC recruitment

andcross-primingofeffectorTcells,essentialtoconvertthe

tumor to an in situ vaccine [43]. Danger signals cause an

inflammatoryresponse,alsocalledimmunogeniccelldeath,

which leads to innate immune activation [34��]. Hallmarks

of immunogenic cell death upon irradiation include the

translocation of calreticulin from the endoplasmic
www.sciencedirect.com 
reticulum to the cell surface, which acts as an ‘eat-me’

signal inducingmaturationofDCs,withsubsequentrelease

of cytokines such as interleukin-6 and tumor necrosis factor

alpha (TNF-a) [44��]. In addition, radiation-damaged

tumor cells activate APCs also through the release of dam-

age-associatedmolecularpatterns(DAMPs),whichinclude

high-mobility group box 1 (HMGB1), a chromatin nuclear

protein that is released mainly after necrotic cell death and

servesasa toll likereceptor4(TLR4) ligandonAPCs[45��],
andthereleaseofadenosinetriphosphate(ATP),whichacts

as a ‘find-me’ signal for monocytes and DCs [46��], leading

to the secretion of pro-inflammatory cytokines such as

interleukin-1b and interleukin-18 [47]. Similarly, comple-

ment anaphylatoxins, released following complement acti-

vationbyRT-inducedimmunoglobulinM(IgM)bindingto

necrotic tumor cells, may directly contribute to DC recruit-

ment and maturation, and ultimately to T cell immunity

[48��] (Figure 1).

Radiation reprograms the tumor
microenvironment
The in situ vaccination effect of RT contributes to the

uptake, processing and presentation of TAA (also called

cross-presentation) by DCs [42��,49]. Discoveries over

recent years suggest that a specific subset of DCs excels

at cross-presentation. This DC subtype works under the

control of basic leucine zipper ATF-like transcription

factor 3 (Batf3) [50��], and expresses XCR1, CLEC9A/

DNGR-1, CD8a and/or CD103 in mice, while in humans

it can be best identified by XCR1, CLEC9A/DNGR-1

and BDCA3 (CD141) staining [51]. This subset effi-

ciently cross-presents extracellular antigens, particularly

cell-associated antigens, to CD8+ T cells [50��]. The

combination of RT with immunostimulatory anti-PD-1

and anti-CD137 mAbs was conducive to abscopal effects

on distant non-irradiated tumor lesions in transplanted

MC38 (colorectal cancer), B16OVA (melanoma), and 4T1

(breast cancer) models [49]. However, the effect was

completely abolished in Batf3�/� mice, due to the

impaired cross-priming of cytotoxic T lymphocytes

against tumor antigens, highlighting the importance of

CD8a DCs in mediating anticancer immune responses

[52]. The cross-priming process requires also peptide-

major histocompatibility complex (MHC) recognition by

cognate T cell receptors (TCR). RT upregulates MHC

class I molecules on tumor cells, enabling enhanced

presentation of TAAs [53]. The upregulation begins

18 hours after irradiation and lasts 10 days [53]. Radiation

doses from 1 to 25 Gy can induce an increase in MHC

class I antigen presentation by two different mechanisms:

i) increased degradation of proteins in the proteasome

that gives rise to a new peptide pool, ii) activation of the

mTOR pathway which results in increased translation of

proteins and an increased generation of peptides from

these new proteins [53]. These new proteins are called

tumor neoantigens (nonsynonymous mutations acquired

during tumorigenesis) and are able to trigger new tumor-
Current Opinion in Biotechnology 2020, 65:268–283
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Figure 1
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In situ vaccination induced by radiation therapy. Cellular stress and death of cancer cells during the course of radiation therapy lead to the release

of danger-associated molecular patterns that foster maturation of dendritic cells with subsequent cross-priming of T cells. (a) Exposure of

calreticulin (CRT) on the plasma membrane of apopotic cells acts as a phagocytosis-promoting signal (eat me signal) attracting mature dendritic

cells that express the counterpart receptor CD91. (b) The secretion of ATP is facilitated by radiation-induced autophagy, extracellular ATP acts as

a chemoattractant to immature dendritic cells that express P2Y2 counterpart receptor. (c) The release of high mobility group B1 (HMGB1) acts on

Current Opinion in Biotechnology 2020, 65:268–283 www.sciencedirect.com
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specific TCR clones. Formenti et al. [54��] reported TCR

clones reacting to radiation-induced tumor neoantigens in

a patient with complete response to CTLA4 blockade and

SRT. In addition, local high-dose RT can trigger produc-

tion of type I IFN that initiates a cascade of events able to

activate innate and adaptive immunity against the tumor

[55]. Induction of Natural Killer Group 2D (NKG2D)

receptor ligands upon irradiation acts as an activating

receptor for the adaptive immune system [56–58]. The

expression of Fas, TNF-a [59], and TRAIL [60] death

receptors on tumor cells can also be induced by RT. The

ligands for these receptors are expressed on activated

cytotoxic T lymphocytes. Thus, RT can induce T cell

mediated apoptosis of tumor cells. Many co-stimulatory

ligands are members of the TNF superfamily (TNFSF),

including 4-1BBL, OX40L, CD70, CD40L [61]. For

instance, CD40 activates antigen processing and presen-

tation pathways in DCs and enhances their migration to

lymph nodes, and CD40 agonists have shown activity in

different types of cancer, both in preclinical models and

early phase clinical trials [62–64]. In the B cell lymphoma

mouse model, anti-CD40 and 5 Gy total body irradiation

(TBI) combined resulted in increased survival with long-

term T cell-mediated protection in more than 80% of the

animals [65]. In addition, concomitant activation of CD40

and CD137 (a costimulatory receptor expressed on acti-

vated T cells) enhanced the antitumor effects of local

hypofractionated RT (single fraction of 12 Gy) and pro-

moted the rejection of established subcutaneous synge-

neic 4T1.2 breast tumors in a CD8+ T and NK cell

dependent manner, inducing immunologic memory capa-

ble of controlling a secondary tumor challenge [66].

The exposure of a tumor to radiation therapy can either

directly or indirectly attract and/or activate cytotoxic T

cells, thus, explaining its ability to turn a cold and non-

inflamed tumor into a hot tumor that responds to immu-

notherapy [34��]. For instance, chemokines CXCL9,

CXCL10, and CXCL16, which promote the recruitment

of effector CD8 and T-helper 1 CD4 T cells, have been

induced by radiation in different tumors [67,68]. RT can

also help CD8 T cell migration into the tumor bed
(Figure 1 Legend Continued) toll like receptor 4 (TLR4) to stimulate optima

cell death activates anaphylatoxins C3a and C5a. (e) Cytosolic DNA fragme

Activation of the cGAS/STING pathway induces IFN type I (IFNa and IFNb) 

damaged tumor cells are taken up by immature dendritic cells (iDCs), which

(g) Inflammatory mediators induce terminal differentiation of immature DC in
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on DC that have either immunogenic or tolerogenic function. Under these m

the same time, T cells also express inhibitory molecules such as CTLA-4 or

blocking tolerogenic signals (i.e. CTLA-4 and PD-1 or PDL1) or increasing c

can boost abscopal responses by targeting different aspects of the immune

monoclonal antibody could be employed to increase activation of the DC, w

(CTLA4), programmed cell death protein 1 (PD-1) or PD-1 ligand 1 (PDL1) c

directed against tumor cells at irradiated as well as non-irradiated tumor sit
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through the upregulation of adhesion molecules, such

as intracellular adhesion molecule-1 (ICAM-1) on the

endothelial tumor vasculature [69,70], which facilitates

leukocyte endothelial transmigration [71–73] (Figure 2).

However, some of the RT effects on the TME have a

negative impact on immunity. Ahn et al., for example,

showed that RT increases the recruitment of myeloid

derived suppressor cells (MDSCs) which promote blood

vessel formation and tumor regrowth [74]. Tumor associ-

ated macrophages (TAMs), which are typically M2, have

also been implicated in the promotion of angiogenesis,

tumor growth and metastasis following RT [75,76]. M2

macrophages express the anti-inflammatory cytokines IL-

10 and transforming growth factor beta (TGFb), as well as

the enzyme arginase-1 (which depletes extracellular L-

arginine), which cause T cell suppression [77]. Through

the upregulation of TGFa RT also leads to the recruit-

ment of suppressive Foxp3+ T regulatory cells (Tregs)

[78,79]. In addition, TGFb can promote extracellular

matrix production and angiogenesis [80], enabling tumor

cell proliferation, adhesion and metastasis [81]. The

cascade of immune inhibitory events in the TME follow-

ing radiation exposure are part of the homeostatic repair

process activated to promote normal tissue recovery,

which unfortunately attenuates RT’s immunomodulatory

and tumor cell killing ability [82,83]. Counteractive steps,

however, can be taken. For example, in pre-clinical

glioblastoma models, inhibition of MDSCs by blocking

CSF1 increased radiation sensitivity [74,84,85]. Similarly,

radiation promoted MDSC infiltration in a pre-clinical

model of colon cancer and the association of RT with a

CCR2 inhibitor enhanced radiation response [86]. In

addition, the deleterious effect of TGFb could be

reversed in the murine breast cancer model by combining

RT (5 � 6 Gy) with TGFb blockade and PDL1 blockade

[87]. As a final example, low-dose irradiation (0.5�2 Gy)

has been shown to effectively transform M2 macrophages

to M1 phenotypes in the murine pancreatic cancer model

and to synergize with adoptively transferred T lympho-

cytes for tumor control [88��]. In summary, although

radiation can potently promote the recruitment and
l antigen cross-presentation to T cells. (d) Radiation induced tumor

nts induced by DNA damage activate the cGAS/STING pathway.

further increasing DC activation and maturation. (f) Antigens from

 travel to the lymph node to present tumor antigen-peptides to T cells.

to fully matured immunogenic DC (mDCs). This process is associated

mprove the interaction with T cells. The maturation process also

f homing receptors like CCR7, migration to lymph nodes is

 surface (CD40, CD80, CD83, CD86) provide strong costimulatory and

interplay of different costimulatory/co-inhibitory molecules expressed

olecules, CD80/86/CD28, and CD40/CD40L play a prominent role. At

 PD-1, that down regulate T cell activation. Immunotherapeutic agents

o-stimulatory signals (agonistic CD40 mAb) in combination with SRT

-mediated abscopal response process. For example, anti-CD40

hile antibodies against cytotoxic T lymphocyte-associated antigen

an act as immune checkpoint inhibitors, increasing the T cell activity

es.
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Figure 2
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Radiation induced changes in the tumor immune landscape.

Tumors not infiltrated by T cells are often referred to as cold tumors. Barriers to T-cell infiltration and activity include: i) downregulation of MHC-I.

ii) Immune suppressive immune infiltrate MDSCs, Tregs, and M2 macrophages. iii) Suppressive factors like IL-10, PGE2, TGFb, arginase, and IDO-

1. iv) Vasculature barriers like FASL upregulation on endothelial cells, endothelin B receptor and VEGF will abrogate T cell entry into the TME. RT

promotes an inflammatory response in cold tumors converting them into hot. ‘Hot’ tumors are characterized by expression of inflammatory

mediators, IFNs, and appropriate chemokines that attract T cells. Upregulation of MHC-I in tumor cells by RT allows recognition by incoming T

cells with subsequent release of effector cytokines, expansion of the TCR repertoire and killing of tumor targets. Radiation reprograms tumor

macrophages to iNOS-expressing M1 cells, which increase the expression of adhesion molecules ICAM1 and VCAM1 in the tumor endothelium,
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activation of DCs and cytotoxic T cells through a variety

of mechanisms, this may be counteracted by the migra-

tion of suppressive immune cells. This presents a tre-

mendous opportunity for combining RT with immuno-

modulatory agents for improved tumor control.

Current approaches leveraging the in situ vaccination

effect of SRT

Optimism regarding the potential synergy between RT

and IMT has contributed to a significant increase in the

number of clinical trials testing IMT–SRT combinations.

Most of the patients treated in these non-randomized

trials were naı̈ve of ICI, making it difficult to evaluate the

contribution of abscopal effects as the observed responses

could be due to the systemic effect of ICI [17,33,89–93]

(Table 1). Despite these caveats, those trials have shown

encouraging results. For example, the recently published

PEMBRO-RT study [94] in which 92 patients with

advanced non-small cell lung cancer (NSCLC) EGFR

and ALK wild type who have received at least 1 line of

treatment were enrolled and randomized regardless of

their PDL1 status to pembrolizumab (200 mg/kg every

3 weeks) either alone (control arm) or after SRT (3 doses

of 8 Gy, experimental arm) to a single tumor site until

progression, unacceptable toxic effects, or death. The

ORR at 12 weeks was 18% in the control arm versus

36% in the experimental arm ( p = 0.07). Median progres-

sion-free survival was 1.9 months (95%CI, 1.7–6.9

months) versus 6.6 months (95%CI, 4.0–14.6 months,

HR, 0.71; 95%CI, 0.42–1.18; p = 0.19), and median overall

survival was 7.6 months (95%CI, 6.0–13.9 months) versus

15.9 months (95%CI, 7.1 months to not reached, HR:

0.66; 95%CI, 0.37–1.18; p = 0.16) [94]. These results

although not statistically significant showed a trend in

favor of SRT and pembrolizumab and merit further

investigation.

The question remains as to whether such trials could

underpin others, helping to improve abscopal effects as a

primary objective. Here, we propose some ideas which

could help tailor the design of clinical trials:

First, we believe that many of the previously mentioned

trials were designed to use radiation as an in situ vaccine in

tumors. The idea behind this is that hypofractionated RT

will stimulate intratumoral T cells and induce systemic

immune responses, even though only one site (or, in some

patients, a few sites) is irradiated. This however assumes

that all other non-irradiated tumor lesions are already

infiltrated by T cells. Tumor heterogeneity and divergent
(Figure 2 Legend Continued) enabling T cell homing.

Abbreviations: TGFb, transforming growth factor beta; IDO1, indoleamine 2,

suppressor cells; Tregs, regulatory T cells; MHC, major histocompatibility c

VEGF, vasculature endothelial growth factor; EBR, endothelin B receptor; IC

VCAM1, vascular cell adhesion molecule 1; RT, radiation therapy.
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clonal evolution are major factors contributing to the

resistance of immune mediating killing by SRT and

immunotherapy. As one of the purposes of SRT is to

generate tumor neoantigens, the irradiation of several

tumor metastases may be more appropriate to induce a

broader range of neoantigen specificities. Several papers

in the literature support this. For instance, Joshi et al. [95]

demonstrated that somatic mutations together with

immunoediting drive extensive heterogeneity within

NSCLC. They showed that some TCRs were found

ubiquitously throughout the tumor and others only in

particular locations corresponding to regional mutations.

The number of ubiquitous and regional TCRs correlates

with the number of ubiquitous and regional nonsynon-

ymous mutations, respectively. This means that the

immune system, through T cells, is actually mirroring

the genetic diversity of the tumor. Thus, radiation to most

tumor deposits may be used as a non-invasive approach to

stimulate tumor-reactive TCRs. This is also supported by

data from TIL cultures established from excisional tumor

biopsies where independent TIL cultures derived from

different tumor biopsies from the same patient demon-

strated qualitatively better patterns of HLA-A2 restricted

tumor antigen recognition than TIL cultures from a

single tumor biopsy [96].

Similarly, the study by Arina et al. [97] supports the notion

that most, if not all, tumor deposits would require hypo-

fractionated irradiation in order to induce more abscopal

responses in future clinical trials. The investigators have

shown that in murine tumor models representative of

‘hot’ tumors, many of the pre-existing T cells survived

large doses (20 Gy) of localized radiation without the

need for newly infiltrative T cells. In that pre-clinical

study, the effect of radiation was shown to be exclusively

local, as intratumoral T cells exhibited increased motility

and IFNg production upon SRT. Future phase I/II clini-

cal trials could assess the safety and clinical efficacy of

irradiation in multiple tumor deposits with concomitant

IMT.

Second, which radiation doses should be used for poten-

tial combinations of radio-immunotherapy? Regimens

like 3 � 8 Gy were proposed by Vanpouille-Box et al.
[98] who demonstrated that double strand DNA frag-

ments accumulated in the cytoplasm with hypofractio-

nated doses below 10 Gy. Above that RT dose threshold,

induction of 3’ repair exonuclease 1 (Trex1), an enzyme

that degrades cytoplasmic DNA, mediates rapid degrada-

tion of cytosolic DNA, precluding the activation of the

cGAS/STING pathway and abrogating the abscopal
3-dioxygenase; PGE2, prostaglandin E2; MDSC, myeloid-derived

omplex; TAA, stumor-associated antigens; IFNg, interferon gamma;

AM1, inter-cellular adhesion molecule 1; FASL, FAS ligand and
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274 Pharmaceutical biotechnology

Table 1

Clinical trials of stereotatic body radiation therapy (SRT) and immune checkpoint inhibitors (ICI) in different disease types

Author Disease N RT (dose in Gy x

number of fractions)

ICI Schedule Abscopal

Twyman-Saint

Victor et al. [91]

Melanoma 22 6 Gy x 2�3

8 Gy x 2�3

(one metastatic site)

Ipilimumab

3 mg/Kg/3 w x 4

Ipilimumab 3�5 days

after SRT

18%

No CR

Hiniker et al. [32] Melanoma 22 8 Gy x 3

4 Gy x 10

(1�2 metastatic sites)

Ipilimumab

3 mg/Kg/3 w x 4

SRT within 5 days of

ipilimumab

CR 14%

PR: 14%

SD: 23%

Tang et al. [90] NSCLC, CRC, RCC,

others

35 12 Gy x 4

6 Gy x 10

(1 metastatic site)

Ipilimumab

3 mg/Kg/3 w x 4

SRT 1 day after

ipilimumab or 1 week

after 2nd ipilimumab

PR 10%

SD 13%

No CR

Luke et al. [129] Ovarian, endometrial,

CRC, others

73 30�50 Gy x 3�5

(2�4 metastatic sites)

Pembrolizumab

200 mg/3 w until

progression,

death or toxicity

Pembrolizumab

7 days after SRT

1 CR

8 PR

21 SD

Maity et al. [130] Cohort1: NSCLC,

melanoma (progression

on anti-PD-1) and

Cohort 2: pancreas,

breast, H&N, colon,

kidney (no prior

anti-PD-1)

12

12

8 Gy x 3 to the first

6 patients in each

cohort and

17 Gy x 1 to the

following patients

(1 metastatic site)

Pembrolizumab

200 mg/3 w x 6

SRT 6–10 days after

pembrolizumab

Cohort 1:

PR: 2

PD: 9

NE: 1

Cohort 2:

CR: 1

SD: 1

PD: 9

Sundhal et al. [131] Urothelial carcinoma 9

9

8 Gy x 3

(1 metastatic lesion)

Pembrolizumab

200 mg/3 w

Cohort A sequential

Cohort B

concomitant

CR, PR, SD: 0%

CR: 11%

PR: 33%

SD: 0%

PD: 56%

Abbreviations: Gy: Gray, mg: milligram, Kg: kilogram, CR: complete response, PR: partial response, SD: stable disease, SRT: stereotactic body

radiation therapy, NE: not evaluable.
effect of radiation and synergy with CTLA-4 blockade

[98].

Third, which is the right combination of IMT to enable

abscopal responses when combined with SRT?

We believe that orthogonal combinatorial strategies are

required to induce abscopal responses. An important

immune cell type directly involved in tumor cell destruc-

tion following RT and IMT are cytotoxic T lymphocytes,

but their effectiveness is dependent upon support received

from other immune cells, such as antigen presentation and

co-stimulation by activated DCs. Moreover, effector T

cells can quickly be rendered anergic or exhausted by a

plethora of suppressive mechanisms that can be upregu-

lated in the TME. Thus, as we aim to improve patient

outcome in the era of immuno-oncology, it is evident that

all aspects of the cancer immunity cycle, including, (i), the

release of cancer antigen, (ii) cancer antigen presentation

by activated APCs, (iii), priming and activation of T cells,

(iv) trafficking and infiltration of T cells into the tumor, and,

(v) recognition and killing of cancer cells, as well as specific

barriers that are present in a given tumor, must be targeted

in order to obtain the desired abscopal effect [99].

While SRT itself can promote tumor antigen upregulation

and presentation by tumor cells, as well as recruit DCs and
Current Opinion in Biotechnology 2020, 65:268–283 
T cells, the phenotype of the APCs may be such that they

do not provide sufficient co-stimulation. In such situations,

anti-CD40 antibody, or TLR agonists, can be employed to

differentiate and maturate the DCs [66,100,101].

ICI of the PD-1/PDL1 axis, and CLTA-4 could provide

further synergy to the combination by releasing the

brakes on T cells and enhancing their priming

[99,102]. It is conceivable that a combination of RT,

anti-CD40 Ab, or TLR agonist, plus ICI, will be sufficient

to overcome barriers to an abscopal effect in a patient.

Agonistic antibodies to costimulatory T cell receptors

offer a complementary strategy to activate antitumor T

cells, and could be combined with RT. Tumor-reactive

CD8+ tumor infiltrating lymphocytes (TILs) that co-

expressed PD-1 and CD137 were detected in a breast

cancer mouse model 12 hours after exposure to RT [66],

explaining the benefit of combination therapy with anti-

PD-1, anti-CD137 mAbs and RT either at 12 Gy in a

single fraction or 4�5 Gy in four fractions [103]. Addi-

tional evidence from lung, breast and glioma mouse

models indicates that checkpoint blockade and costimu-

latory antibody therapy such as CD137 can be success-

fully combined with RT, and particularly with SRT,

leading to increased survival and tumor control [104–

107]. OX-40 interaction with its ligand (OX-40L) also

provides a costimulatory signal for T-cell proliferation.
www.sciencedirect.com
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Agonistic anti-OX-40 antibody combined with RT

resulted in a significant survival advantage in tumor-

bearing mice, which was mediated by CD8+ cells

[108]. Finally, interleukin 2 (IL-2) is a potent cytokine

used in clinical practice to activate T cells. The combi-

nation of IL-2 with 15 Gy single dose RT was able to

induce T cell-mediated complete responses in mice

bearing MC38 colon adenocarcinoma compared with

12% responses with either treatment alone [109]. In

the same way, patients with melanoma and renal cell

carcinoma treated with SRT given in one, two or three

doses of 20 Gy in combination with IL-2 showed higher

than expected abscopal responses [110]. These strategies

will require careful implementation in the context of

phase I/II clinical trials with an in depth translational

investigation of paired tumor biopsies.

In order to prevent significant systemic toxicity and off-

target effects of these combinations, intra-tumoral immu-

notherapy may favor safer administration of such regi-

mens. Dewan et al. [111] topically administered TLR7

agonist imiquimod in combination with 3 fractions of

8 Gy localized radiation to the TSA breast cancer mouse

model. Local imiquimod and radiation improved tumor

response compared with either treatment alone. Impor-

tantly, the addition of topical imiquimod also resulted in a

growth inhibition of secondary tumors outside the radia-

tion field. Low-dose cyclophosphamide given before

starting treatment with imiquimod and RT further

improved tumor inhibition and reduced tumor recurrence

[111]. More recently, in a rodent model of advanced limb

sarcomas, oncolytic vaccinia virus (GLV-1h68) therapy

was administered by isolated limb perfusion in combina-

tion with anti-PD-1 therapy before surgical resection and

RT (2 fractions of 3.25 Gy). Tumor bearing animals

achieved long-lasting local disease control and the regi-

men was able to prevent metastatic disease [112].

Enhanced therapy was associated with marked modula-

tion of the tumor microenvironment, an increase in the

number and penetration of intratumoural CD8+ T cells

and the expansion and activation of dendritic cells [112].

Rodriguez-Ruiz et al. [113] conducted a phase I clinical

trial in 15 advanced cancer patients that were treated with

four weekly cycles of intradermal daily doses of mono-

cyte-derived dendritic cells pre-loaded with autologous

tumor lysate and matured for 24 hour with poly-ICLC

(Hiltonol), TNF-a and IFN-a. On days 8 and 10 of each

cycle, patients received intratumoral injections of the

dsRNA-analogue Hiltonol. Cyclophosphamide 600 mg/

m2 was administered 1 week before. Six patients were

treated with SRT on selected tumor lesions (24 Gy in

three fractions administered every other day from day 7 to

11). The combination treatment was safe and well toler-

ated. The only complete response was observed in a

heavily pretreated castration-resistant prostate cancer

patient who received SRT and immunotherapy [113].
www.sciencedirect.com 
Low dose irradiation to reprogram the tumor
microenvironment
If the purpose of delivering RT is immune modulation to

enable IMT, low-dose irradiation (e.g. radiation doses

below 2 Gy) could be delivered to all tumor deposits with

little or no toxicity which could facilitate the combination

with several IMT drugs. In this case, radiation is not used

for the purpose of direct tumor cell killing but rather as an

immune reprogramming agent. Low dose metronomic

ionizing irradiation increases the immunogenicity of cold

tumors by activating inflammatory mechanisms that enable

innate and adaptive immune activation [34��]. In preclini-

cal trials, BALB/c mice irradiated with single doses of 0.1 or

0.2 Gy to the entire body and injected intravenously

2 hours later with syngeneic L1 sarcoma cells had signifi-

cantly less lung metastases relative to sham-irradiated

control mice [114]. This anti-cancer effect of low dose

irradiation has been abrogated by the nature killer (NK)-

suppressive anti-asialo GM1 antibody, suggesting that NK

cells play a key role in the anti-cancer effect of LDR [114].

Likewise, in rats implanted locally with a hepatocellular

carcinoma cell line, lung metastasis were suppressed by

0.2 Gy total-body irradiation, although the same dose of

local irradiation had no effect in controlling distant metas-

tases [115]. In this study, low-doseTBI increasedIFNg and

TNFa gene expression signatures as well as CD8+ cells in

the tumor microenviroment [115].

Low-dose irradiation is able to induce DNA damage

[116], and activation of cGAS-STING pathway [117��]
by double-stranded DNA which is critical to induce DC

activation and maturation [42��,118,119]. Translational

research in humans shows that low-dose irradiation can

induce positive regulation of TLR signaling pathway; for

example, human monocytes irradiated with 0.05 and

0.1 Gy have shown significant upregulation of TLR sig-

naling molecules (HMGB1, TLR4, TLR9, MyD88 and

IRAK1) [120]. Shigematsu et al. reported that 0.05 Gy-

pre-irradiated DCs exhibited the highest proliferation

capacity of T cells when co-cultured together, and aug-

mented the production of IL-2, IL-12, and IFNg in the

supernatant of the co-culture system [121]. In a mouse

model of pancreatic cancer, it has been described that a

single fraction of localized low dose irradiation (i.e.

0.5�2 Gy) could reprogram the TME, inducing repro-

gramming of TAMs towards an iNOS + M1 phenotype,

which in turn produced the appropriate chemokines to

recruit effector T cells. In addition, M1 macrophages

drove normalization of the tumor vasculature, increasing

CD31 and VCAM-1 expression, and allowing T cell

infiltration in tumors. Together, these effects enabled

T cell mediated tumor rejection in the context of adop-

tive T cell therapy [88��]. Moreover, the results were

corroborated in patients with pancreatic adenocarcinomas

treated in the neo-adjuvant setting, where a single dose of

2 Gy was sufficient to increase T cells in the TME [88��].
Spary et al. demonstrated that 0.6–2.4 Gy radiation
Current Opinion in Biotechnology 2020, 65:268–283
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Figure 3

Current Opinion in Biotechnology

Low dose whole abdominal irradiation in a patient with ovarian cancer.

Intensity modulation radiation therapy (IMRT) plan for whole abdominal radiotherapy. The planning target volume (whole abdominal cavity) is red

depicting a delivered dose of 1 Gy. The liver, kidneys and active bone marrow are protected and received less than 0.2 Gy (blue isodose line).
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enhanced T cell function by increasing T cell prolifera-

tion, T cell receptor signaling, and CD8+ cell polyfunc-

tionality [122].

Low dose irradiation could reverse the immunosuppres-

sive function of several immune cell types, such as Tregs

[123], immunosuppressive TAMs [88��] and tolerogenic

DCs [124], and provide a convenient therapeutic platform

for immunotherapy by fostering the reprogramming of

the tumor microenvironment, favoring the infiltration of

T cells into the tumor. In this context, low dose irradiation

could be accompanied by pharmacological interventions

to further increase DC activation (CD40 agonists, TLR

agonists) and ICI, such as anti-PD-1/PDL1, anti-CTLA-

4, anti-LAG-3, in order to increase the tumor killing

capacity of T cells. These schemes are supported by

pre-clinical studies and early clinical trials. For example,

the intratumoral TLR9 agonist, combined with 2 � 2 Gy

radiation, produced important clinical responses in

patients with advanced lymphoma [125��]. Analysis of

paired pre-treatment and post-treatment biopsies showed

a significant increase in CD3+, CD8+, and CD4+ T cells

after treatment (day 9) at the irradiated tumor site [126].

Similarly, low dose irradiation (2 Gy) was able to sensitize

tumor cells to immune rejection by locally activating

chimeric antigen receptors (CARs) T cells. In the mouse

pancreatic adenocarcinoma model partially expressing

the antigen sialyl Lewis-A (sLeA), tumor cells expressing

the sLeA antigen were targeted with CAR T cells. CAR T

cell that recognized sLeA + cells produced the death

ligand TRAIL and were able to eliminate sLeA negative

tumor cells previously exposed to systemic or local low-

dose radiation [127]. These observations are provocative,

and may stimulate interest in the development of clinical

trials to determine the effectiveness of low dose irradia-

tion in the context of ICI and adoptive T cell therapies.

Despite the lower doses proposed, caution should be

exercised with the delivery of low radiation doses to large

volumes. Therefore, similar principles as for SRT should

be applied in order to avoid unnecessary radiation to

healthy organs. Low dose irradiation will require careful

testing in clinical trials. Several disease types where large

tumor volumes require irradiation could benefit from this

approach (i.e. ovarian cancer or gastro-intestinal cancers

harboring peritoneal carcinomatoses, cancers exhibiting

large liver or lung metastases unable to be irradiated by

SRT, cancers causing pleural effusion) (Figure 3). Early

phase trials may help to optimize the amplitude and

magnitude of the immune response and to define the

volume, doses and intensity of the LDI approach. A

recent post-hoc analysis of three immuno-radiation trials

using either CTLA-4 or PD-1/PDL1 monoclonal anti-

bodies showed that patients receiving low dose irradiation

as scatter from high-dose radiation fields had 58% PR or

CR by RECIST criteria compared with only 18% of
www.sciencedirect.com 
response in lesions not receiving scattered low dose

irradiation, ( p = 0.0001) [128]. This finding, although

interesting, deserves caution since the analysis was retro-

spective and examined only 26 patients, of whom only

6 patients had disease progression to ICI, rendering the

assessment of abscopal responses to LDI difficult to

interpret. The average scattered dose given to low dose

treated tumors was 7.3 Gy (1.1–19.4 Gy) in the study

[128]. We believe that this data is encouraging, but the

median dose of 7.3 Gy is still substantially high and has

the potential to increase radiation toxicity even with

highly conformal techniques. If the purpose is immune

modulation, based on the above observations doses below

2 Gy should be tested in clinical practice. Our group is

currently testing low dose irradiation (<2 Gy) in early

phase clinical trials (NCT03728179) in combination with

monoclonal antibodies targeting CTLA4 and PD-1/

PDL1 as well as cyclophosphamide to deplete Tregs

and aspirin to favor T cell infiltration in patients with

TIL negative solid tumors. Similarly, in another trial we

test low dose irradiation with adoptive transfer of autolo-

gous lymphocytes (NCT03992326).

Concluding remarks and future directions
The ability of RT to activate anti-tumor immunity is a

paradigm shift in oncology and explains the synergy of

RT with IMT, which is well documented in pre-clinical

studies and in patients who were previously refractory to ICI

and subsequently responded after receiving RT. However,

the low incidence of abscopal responses when SRT is

combined with IMT in clinical trials indicates that although

SRT may release tumor antigens, with activation of antigen

presenting cells and T cells this biological effect is subopti-

mal. Several barriers to innate immune activation, T cell

homing, engraftment and function should be considered

when combining immunotherapy with SRT [34��]. Efforts

should focus at maximizing the in situ vaccination effects of

SRT, by providing drugs that boost APC maturation (CD40

or TLR agonists), enhance T cell priming (CTLA-4 block-

ade) and attenuate immunosuppressive cues (TGFb, Tregs

etc.). Careful clinical testing will require the design of phase

0 (translational) studies with biological endpoints, and phase

I studies where the various combinations and schedules can

be tested in a systematic way. Phase II adaptive design trials

mayalsoallowinvestigators toquickly identifycombinations

with therapeutic effect, and to minimize patient populations

exposed to less appropriate combinations. These trials

should include mandatory translational research with paired

pre-treatment and post-treatment tumor biopsies. When-

ever possible, biopsies should be taken from irradiated and

non-irradiated lesions, which may only be feasible in

patients with accessible metastases (i.e. squamous cell car-

cinoma of the vulva, penis, skin or other cancer types that

evolve with skin dissemination).

LDI can be applied to remodel the tumor microenviron-

ment in combination with immunotherapy in order to i)
Current Opinion in Biotechnology 2020, 65:268–283
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reduce tumor supportive macrophage activity, ii) train bone

marrow derived monocytes to express co-stimulatory mole-

cules, iii) enable T cell homing in patients with absence of

TILs, iv) and increase the killing capacity of newly infil-

trating T cells. LDI offers the advantage of being safe and

allows the irradiation of several if not all tumor deposits.

Similar to SRT, LDI should be combined with immuno-

therapy agents that increase priming and activation of T

cells as well as reduce the immune suppressive factors of

theTME. Finally, a combination of high-doseSRT to a few

metastases, to trigger in situ vaccination, and low-dose RT

to the remaining metastases, could provide an important

opportunity to maximize the abscopal effects by exploiting

both the potentials of RT, that is, to induce vaccination and

to facilitate T cell attack.

Funding
This work was supported by the Ludwig Institute for

Cancer Research.

Conflicts of interest statement
Fernanda Herrera reports grants from Prostate Cancer

Foundation, Bristol-Myers-Squibb, Accuray Inc, Biopro-

tect, and non-financial support from Roche ImFlame

cooperative group, European Organization for Research

and Treatment of Cancer (EORTC).

George Coukos has received grants, research support or is

coinvestigator in clinical trials by BMS, Celgene, Boehrin-

ger Ingelheim, Roche, Iovance and Kite. GC has received

honoraria for consultations or presentations by Roche,

Genentech, BMS, AstraZeneca, Sanofi-Aventis, Nextcure

and GeneosTx. George Coukos has patents in the domain

of antibodies and vaccines targeting the tumor vasculature

as well as technologies related to T-cell expansion and

engineering for T-cell therapy. George Coukos receives

royalties from the University of Pennsylvania.

All other authors report no conflicts of interest.

CRediT authorship contribution statement
Maria Ochoa de Olza: Methodology, Writing - original

draft. Jean Bourhis: Methodology. Melita Irving: Method-

ology, Project administration. George Coukos: Conceptu-

alization, Writing - review & editing. Fernanda G Herrera:
Conceptualization,Writing-review&editing,Supervision.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

1.
�

Mellman I, Coukos G, Dranoff G: Cancer immunotherapy comes
of age. Nature 2011, 480:480-489

Important review that provides an overview on how tolerance, immune
suppression and effective immune response regulate anti-tumor immune
responses.
Current Opinion in Biotechnology 2020, 65:268–283 
2.
�

Couzin-Frankel J: Breakthrough of the year 2013. Cancer
immunotherapy. Science 2013, 342:1432-1433

Science’s editors have chosen cancer immunotherapy as breakthrough
of the year for 2013.

3. Jaffray DA: Image-guided radiotherapy: from current concept
to future perspectives. Nat Rev Clin Oncol 2012, 9:688-699.

4. Purdie TG, Bissonnette JP, Franks K, Bezjak A, Payne D, Sie F,
Sharpe MB, Jaffray DA: Cone-beam computed tomography for
on-line image guidance of lung stereotactic radiotherapy:
localization, verification, and intrafraction tumor position. Int J
Radiat Oncol Biol Phys 2007, 68:243-252.

5. Peguret N, Ozsahin M, Zeverino M, Belmondo B, Durham AD,
Lovis A, Simons J, Long O, Duclos F, Prior J et al.: Apnea-like
suppression of respiratory motion: first evaluation in
radiotherapy. Radiother Oncol 2016, 118:220-226.

6. Bissonnette JP, Franks KN, Purdie TG, Moseley DJ, Sonke JJ,
Jaffray DA, Dawson LA, Bezjak A: Quantifying interfraction and
intrafraction tumor motion in lung stereotactic body
radiotherapy using respiration-correlated cone beam
computed tomography. Int J Radiat Oncol Biol Phys 2009,
75:688-695.

7. Kestin L, Grills I, Guckenberger M, Belderbos J, Hope AJ, Werner-
Wasik M, Sonke JJ, Bissonnette JP, Xiao Y, Yan D et al.: Dose-
response relationship with clinical outcome for lung
stereotactic body radiotherapy (SBRT) delivered via online
image guidance. Radiother Oncol 2014, 110:499-504.

8. Vivekanandan S, Landau DB, Counsell N, Warren DR, Khwanda A,
Rosen SD, Parsons E, Ngai Y, Farrelly L, Hughes L et al.: The
impact of cardiac radiation dosimetry on survival after
radiation therapy for non-small cell lung cancer. Int J Radiat
Oncol Biol Phys 2017, 99:51-60.

9.
��

Ball D, Tao Mai G, Vinod Sh: Stereotactic ablative radiotherapy
versus standard radiotherapy in stage 1 non-small-cell lung
cancer (TROG 09.02 CHISEL): a phase 3, open-label,
randomised controlled trial. Lancet Oncol 2019, 20:494-503

In patients with inoperable peripherally located stage 1 NSCLC, com-
pared with standard radiotherapy, SRT resulted in superior local control
of the primary disease without an increase in major toxicity. The findings
of this trial suggest that SRT should be the treatment of choice for this
patient group.

10.
��

Gomez DR, Blumenschein GR, Lee JJ: Local consolidative
therapy versus maintenance therapy or observation for
patients with oligometastatic non-small-cell lung cancer
without progression after first-line systemic therapy: a
multicentre, randomised, controlled, phase 2 study. Lancet
Oncol 2016, 17:1672-1682

Local consolidative therapy with or without maintenance therapy for
patients with three or fewer metastases from NSCLC that did not pro-
gress after initial systemic therapy improved progression-free survival
compared with maintenance therapy alone. These findings suggest that
aggressive local therapy should be further explored in phase 3 trials as a
standard treatment option in this clinical scenario.

11.
��

Iyengar P, Wardak Z, Gerber DE, Tumati V, Ahn C, Hughes RS,
Dowell JE, Cheedella N, Nedzi L, Westover KD et al.:
Consolidative radiotherapy for limited metastatic non-small-
cell lung cancer: a phase 2 randomized clinical trial. JAMA
Oncol 2018, 4 e173501

This single-institution randomized phase 2 trial found a statistically sig-
nificant improvement in progression-free survival from 3.5 to 9.7 months
with the addition of consolidative radiotherapy to maintenance che-
motherapy for patients with limited metastatic NSCLC.

12. Bradley MO, Kohn KW: X-ray induced DNA double strand break
production and repair in mammalian cells as measured by
neutral filter elution. Nucleic Acids Res 1979, 7:793-804.

13. Johansen IGI, Rupp WD: The formation of single-strand breaks
in intracellular DNA by X-rays. Radiat Res 1971, 48:599-612.

14.
��

Mole RH: Whole body irradiation; radiobiology or medicine? Br
J Radiol 1953, 26:234-241

First report of an abscopal effect induced by radiation therapy.

15. Grimaldi AM, Simeone E, Giannarelli D, Muto P, Falivene S,
Borzillo V, Giugliano FM, Sandomenico F, Petrillo A, Curvietto M
et al.: Abscopal effects of radiotherapy on advanced
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0005
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0010
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0015
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0020
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0025
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0025
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0025
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0025
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0030
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0035
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0040
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0045
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0050
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0055
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0060
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0065
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0070
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0075


Radiation for tumor immune reprogramming Ochoa de Olza et al. 279
melanoma patients who progressed after ipilimumab
immunotherapy. Oncoimmunology 2014, 3 e28780.

16. Kingsley DP: An interesting case of possible abscopal effect in
malignant melanoma. Br J Radiol 1975, 48:863-866.

17. Golden EB, Demaria S, Schiff PB, Chachoua A, Formenti SC: An
abscopal response to radiation and ipilimumab in a patient
with metastatic non-small cell lung cancer. Cancer Immunol
Res 2013, 1:365-372.

18. Wersall PJ, Blomgren H, Pisa P, Lax I, Kalkner KM, Svedman C:
Regression of non-irradiated metastases after extracranial
stereotactic radiotherapy in metastatic renal cell carcinoma.
Acta Oncol 2006, 45:493-497.

19. Nobler MP: The abscopal effect in malignant lymphoma and its
relationship to lymphocyte circulation. Radiology 1969, 93:410-
412.

20. Siva S, Callahan J, MacManus MP, Martin O, Hicks RJ, Ball DL:
Abscopal [corrected] effects after conventional and
stereotactic lung irradiation of non-small-cell lung cancer. J
Thorac Oncol 2013, 8:e71-72.

21.
�

Demaria S, Ng B, Devitt ML, Babb JS, Kawashima N, Liebes L,
Formenti SC: Ionizing radiation inhibition of distant untreated
tumors (abscopal effect) is immune mediated. Int J Radiat
Oncol Biol Phys 2004, 58:862-870

First pre-clinical study of an abscopal effect induced by radiation therapy
in combination with the dendritic cell growth factor Flt-3.

22.
��

Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P,
Drake CG, Camacho LH, Kauh J, Odunsi K et al.: Safety and
activity of anti-PD-L1 antibody in patients with advanced
cancer. N Engl J Med 2012, 366:2455-2465

First phase I study to show that antibody-mediated blockade of PD-L1
induced durable tumor regression (objective response rate of 6 to 17%)
and prolonged stabilization of disease (rates of 12 to 41% at 24 weeks) in
patients with advanced cancers, including non–small-cell lung cancer,
melanoma, and renal-cell cancer.

23.
�

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC,
McDermott DF, Powderly JD, Carvajal RD, Sosman JA, Atkins MB
et al.: Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med 2012, 366:2443-2454

First report of an anti–PD-1 antibody that produced objective responses
in approximately one in four to one in five patients with non–small-cell lung
cancer, melanoma, or renal-cell cancer. First data suggesting a relation-
ship between PD-L1 expression on tumor cells and objective response.

24.
�

Chen PL, Roh W, Reuben A, Cooper ZA, Spencer CN, Prieto PA,
Miller JP, Bassett RL, Gopalakrishnan V, Wani K et al.: Analysis of
immune signatures in longitudinal tumor samples yields
insight into biomarkers of response and mechanisms of
resistance to immune checkpoint blockade. Cancer Discov
2016, 6:827-837

Important translational research in melanoma studies demonstrated that
adaptive immune signatures in early on-treatment tumor biopsies are
predictive of response to checkpoint blockade and yielded insight into
mechanisms of therapeutic resistance.

25.
�

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-
Lieskovan S, Berent-Maoz B, Pang J, Chmielowski B, Cherry G
et al.: Genomic and transcriptomic features of response to
anti-PD-1 therapy in metastatic melanoma. Cell 2016, 165:35-
44

Important translational research that shows for the first time a transcrip-
tional signature related to innate anti-PD-1 resistance.

26.
�

Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W,
Hu-Lieskovan S, Torrejon DY, Abril-Rodriguez G, Sandoval S,
Barthly L et al.: Mutations associated with acquired resistance
to PD-1 blockade in melanoma. N Engl J Med 2016, 375:819-829

Important translational study that showed that acquired resistance to PD-
1 blockade immunotherapy in patients with melanoma was associated
with defects in the pathways involved in interferon-receptor signaling and
in antigen presentation.

27.
�

Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J,
Khan O, Drake AM, Chen Z, Sen DR, Kurachi M et al.: Epigenetic
stability of exhausted T cells limits durability of reinvigoration
by PD-1 blockade. Science 2016, 354:1160-1165

During cancer, T cells become dysfunctional, eventually acquiring an
‘exhausted’ phenotype. Immunotherapies aim to reverse this state.
www.sciencedirect.com 
Pauken et al. examined the epigenetic profile of exhausted T cells after
immunotherapy. Although there was transcriptional rewiring, the cells
never acquired a memory T cell phenotype. Thus, epigenetic regulation
may limit the success of immunotherapies.

28.
��

Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS,
Sosman JA, McDermott DF, Powderly JD, Gettinger SN et al.:
Predictive correlates of response to the anti-PD-L1
antibody MPDL3280A in cancer patients. Nature 2014, 515:563-
567

First paper to show clinical and correlative biomarker results from a phase
I clinical trial in patients with solid tumors of various types treated with the
engineered anti-PD-L1 antibody MPDL3280A. The findings indicated that
PD-L1 expression on tumor-infiltrating immune cells was associated with
clinical response to MPDL3280A.

29.
��

Siddiqui I, Schaeuble K, Chennupati V, Fuertes Marraco SA,
Calderon-Copete S, Pais Ferreira D, Carmona SJ, Scarpellino L,
Gfeller D, Pradervand S et al.: Intratumoral Tcf1(+)PD-1(+)CD8(+)
T cells with stem-like properties promote tumor control in
response to vaccination and checkpoint blockade
immunotherapy. Immunity 2019, 50:195-211 e110

First paper to identify a subset of tumor-reactive TILs bearing hallmarks of
exhausted cells and central memory cells, including expression of the
checkpoint protein PD-1 and the transcription factor Tcf1. Tcf1+PD-1+

TILs mediated the proliferative response to immunotherapy, generating
both Tcf1+PD-1+ and differentiated Tcf1-PD-1+ cells.

30.
��

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ,
Robert L, Chmielowski B, Spasic M, Henry G, Ciobanu V et al.: PD-
1 blockade induces responses by inhibiting adaptive immune
resistance. Nature 2014, 515:568-571

First paper to investigate the dynamics of T-cell responses in tumor
tissues of patients with advanced melanoma treated with an antibody
directed against human PD-1. Clinical efficacy is shown to correlate with
increased frequencies of pre-existing CD8+ T cells, PD-1 and PD-L1
expression at the invasive tumor margin and within tumors.

31.
��

Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J, Kitano S,
Mu Z, Rasalan T, Adamow M, Ritter E et al.: Immunologic
correlates of the abscopal effect in a patient with melanoma. N
Engl J Med 2012, 366:925-931

First case report of an abscopal effect in a melanoma cancer patient who
was progressing on anti-CTLA-4 therapy. The combination of anti-CTLA4
monoclonal antibody and radiation induced abscopal responses that
correlated with antibody responses to the cancer–testis antigen NY-
ESO-1, changes in peripheral-blood immune cells, and increases in
antibody responses to other antigens after radiotherapy.

32. Hiniker SM, Chen DS, Reddy S, Chang DT, Jones JC, Mollick JA,
Swetter SM, Knox SJ: A systemic complete response of
metastatic melanoma to local radiation and immunotherapy.
Transl Oncol 2012, 5:404-407.

33. Schiavone MB, Broach V, Shoushtari AN, Carvajal RD, Alektiar K,
Kollmeier MA, Abu-Rustum NR, Leitao MM Jr: Combined
immunotherapy and radiation for treatment of mucosal
melanomas of the lower genital tract. Gynecol Oncol Rep 2016,
16:42-46.

34.
��

Herrera FG, Bourhis J, Coukos G: Radiotherapy combination
opportunities leveraging immunity for the next oncology
practice. CA Cancer J Clin 2017, 67:65-85

This manuscript provides a comprehensive review of the immune
mechanisms of tumor radiation and summarizes the preclinical and
clinical evidence on immunotherapy-RT combinations. Importantly, it
also provides a framework for the practicing clinician and the clinician-
investigator to guide the development of novel combinations to advance
more rapidly this important field.

35.
�

Herrera FG, Irving M, Kandalaft LE, Coukos G: Rational
combinations of immunotherapy with radiotherapy in ovarian
cancer. Lancet Oncol 2019, 20:e417-e433

This manuscript provides a history regarding the use of radiation therapy
to the whole abdominal cavity in patients with ovarian cancer and gives
the framework for the development of new radio-immunotherapy com-
binations with special emphasis on the use of low dose irradiation for
tumor immune reprogramming.

36. O’Driscoll M, Jeggo PA: The role of double-strand break repair -
insights from human genetics. Nat Rev Genet 2006, 7:45-54.

37. Valerie KPL: Regulation and mechanisms of mammalian
double-strand break repair. Oncogene 2003, 22:5792-5812.
Current Opinion in Biotechnology 2020, 65:268–283

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0075
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0080
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0085
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0090
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0095
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0100
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0105
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0110
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0115
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0120
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0125
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0130
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0135
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0140
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0145
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0150
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0155
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0160
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0165
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0170
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0175
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0180
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0185
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0185


280 Pharmaceutical biotechnology
38. Ryosuke Mori YM, Yoshii Yuji, Date Hiroyuki: Estimation of the
radiation-induced DNA double-strand breaks number by
considering cell cycle and absorbed dose per cell nucleus. J
Radiat Res. 2018, 59:253-260.

39. Cook PJ, Ju BG, Telese F, Wang X, Glass CK, Rosenfeld MG:
Tyrosine dephosphorylation of H2AX modulates apoptosis
and survival decisions. Nature 2009, 458:591-596.

40. Meyer B, Voss KO, Tobias F, Jakob B, Durante M, Taucher-
Scholz G: Clustered DNA damage induces pan-nuclear H2AX
phosphorylation mediated by ATM and DNA-PK. Nucleic Acids
Res 2013, 41:6109-6118.

41. Beyreuther ELE, Pawelke J, Pieck S: DNA double-strand break
signalling: X-ray energy dependence of residual co-localised
foci of gamma-H2AX and 53BP1. Int J Radiat Biol 2009, 85:1042-
1050.

42.
��

Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, Li XD,
Mauceri H, Beckett M, Darga T et al.: STING-dependent
cytosolic DNA Sensing promotes radiation-induced Type I
interferon-dependent antitumor immunity in immunogenic
tumors. Immunity 2014, 41:843-852

This important paper shows that STING was essential for radiation-
induced adaptive immune responses, which relied on type I IFN signaling
on DCs.

43. Formenti SC, Demaria S: Systemic effects of local radiotherapy.
Lancet Oncol 2009, 10:718-726.

44.
��

Obeid M, Panaretakis T, Joza N, Tufi R, Tesniere A, van Endert P,
Zitvogel L, Kroemer G: Calreticulin exposure is required for the
immunogenicity of gamma-irradiation and UVC light-induced
apoptosis. Cell Death Differ 2007, 14:1848-1850

First paper to show that early calreticulin exposure is required for the
immunogenic effect of irradiation.

45.
��

Apetoh L, Ghiringhelli F, Tesniere A, Obeid M, Ortiz C, Criollo A,
Mignot G, Maiuri MC, Ullrich E, Saulnier P et al.: Toll-like receptor
4-dependent contribution of the immune system to anticancer
chemotherapy and radiotherapy. Nat Med 2007, 13:1050-1059

First paper to show in mice and humans a pathway for the activation of
tumor antigen–specific T-cell immunity that involves secretion of the high-
mobility-group box 1 (HMGB1) alarmin protein by dying tumor cells, and
the action of HMGB1 on Toll-like receptor 4 (TLR4) expressed by dendritic
cells (DCs).

46.
��

Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y,
Pellegatti P, Shen S, Kepp O, Scoazec M, Mignot G et al.:
Autophagy-dependent anticancer immune responses induced
by chemotherapeutic agents in mice. Science 2011, 334:1573-
1577

Michaud et al. found that reducing the expression of ATG5 or ATG7 —
genes that encode essential autophagy proteins — in highly immuno-
genic allograft mouse tumors blunted the release of ATP by the tumor
cells in response to chemotherapy. In this model of autophagy deficiency,
the release of other damage signals in response to treatment was not
affected, including the proteins high mobility group B1 and calreticulin.

47. Perregaux DG, McNiff P, Laliberte R, Conklyn M, Gabel CA: ATP
acts as an agonist to promote stimulus-induced secretion of
IL-1 beta and IL-18 in human blood. J Immunol 2000, 165:4615-
4623.

48.
��

Surace L, Lysenko V, Fontana AO, Cecconi V, Janssen H, Bicvic A,
Okoniewski M, Pruschy M, Dummer R, Neefjes J et al.:
Complement is a central mediator of radiotherapy-induced
tumor-specific immunity and clinical response. Immunity 2015,
42:767-777

Important paper that shows that anaphylatoxins are critical players in
radiotherapy-induced tumor-specific immunity and subsequent clinical
response.

49. Rodriguez-Ruiz ME, Rodriguez I, Garasa S, Barbes B,
Solorzano JL, Perez-Gracia JL, Labiano S, Sanmamed MF,
Azpilikueta A, Bolanos E et al.: Abscopal effects of radiotherapy
are enhanced by combined immunostimulatory mAbs and are
dependent on CD8 T cells and crosspriming. Cancer Res 2016,
76:5994-6005.

50.
��

Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H,
Kohyama M, Calderon B, Schraml BU, Unanue ER, Diamond MS
et al.: Batf3 deficiency reveals a critical role for CD8alpha+
Current Opinion in Biotechnology 2020, 65:268–283 
dendritic cells in cytotoxic T cell immunity. Science 2008,
322:1097-1100

First paper to show that deletion of the transcription factor Batf3 ablated
the development of CD8a+ dendritic cells. Dendritic cells from Batf3-/-

mice were defective in cross-presentation and Batf3-/- mice lacked virus
and cancer-specific CD8+ T cell responses. These results suggest an
important role for CD8a+ dendritic cells and cross-presentation in
responses to viruses and in tumor rejection.

51. Grajales-Reyes GE, Iwata A, Albring J, Wu X, Tussiwand R, Kc W,
Kretzer NM, Briseno CG, Durai V, Bagadia P et al.: Batf3
maintains autoactivation of Irf8 for commitment of a CD8alpha
(+) conventional DC clonogenic progenitor. Nat Immunol 2015,
16:708-717.

52. Sanchez-Paulete AR, Cueto FJ, Martinez-Lopez M, Labiano S,
Morales-Kastresana A, Rodriguez-Ruiz ME, Jure-Kunkel M,
Azpilikueta A, Aznar MA, Quetglas JI et al.: Cancer
immunotherapy with immunomodulatory anti-CD137 and anti-
PD-1 monoclonal antibodies requires BATF3-dependent
dendritic cells. Cancer Discov 2016, 6:71-79.

53. Reits EA, Hodge JW, Herberts CA, Groothuis TA, Chakraborty M,
Wansley EK, Camphausen K, Luiten RM, de Ru AH, Neijssen J
et al.: Radiation modulates the peptide repertoire, enhances
MHC class I expression, and induces successful antitumor
immunotherapy. J Exp Med 2006, 203:1259-1271.

54.
��

Formenti SC, Rudqvist NP, Golden E, Cooper B, Wennerberg E,
Lhuillier C, Vanpouille-Box C, Friedman K, Ferrari de Andrade L,
Wucherpfennig KW et al.: Radiotherapy induces responses of
lung cancer to CTLA-4 blockade. Nat Med 2018, 24:1845-1851

First paper to show that the efficacy of radiation and an anti-CTLA-4
antibody is dependent on the hability to generate T cell clones that are
able to recognise radiation-induced tumor neoantigens.

55. Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN,
Weichselbaum RR, Fu YX, Auh SL: The efficacy of radiotherapy
relies upon induction of type i interferon-dependent innate and
adaptive immunity. Cancer Res 2011, 71:2488-2496.

56. Pilones KA, Aryankalayil J, Babb JS, Demaria S: Invariant natural
killer T cells regulate anti-tumor immunity by controlling the
population of dendritic cells in tumor and draining lymph
nodes. J Immunother Cancer 2014, 2:37.

57. Ruocco MG, Pilones KA, Kawashima N, Cammer M, Huang J,
Babb JS, Liu M, Formenti SC, Dustin ML, Demaria S: Suppressing
T cell motility induced by anti-CTLA-4 monotherapy improves
antitumor effects. J Clin Invest 2012, 122:3718-3730.

58. Lam AR, Bert NL, Ho SS, Shen YJ, Tang LF, Xiong GM,
Croxford JL, Koo CX, Ishii KJ, Akira S et al.: RAE1 ligands for the
NKG2D receptor are regulated by STING-dependent DNA
sensor pathways in lymphoma. Cancer Res 2014, 74:2193-2203.

59. Hallahan DE, Spriggs DR, Beckett MA, Kufe DW,
Weichselbaum RR: Increased tumor necrosis factor alpha
mRNA after cellular exposure to ionizing radiation. Proc Natl
Acad Sci U S A 1989, 86:10104-10107.

60. Chinnaiyan AM, Prasad U, Shankar S, Hamstra DA, Shanaiah M,
Chenevert TL, Ross BD, Rehemtulla A: Combined effect of tumor
necrosis factor-related apoptosis-inducing ligand and
ionizing radiation in breast cancer therapy. Proc Natl Acad Sci
U S A 2000, 97:1754-1759.

61. Yi F, Frazzette N, Cruz AC, Klebanoff CA, Siegel RM: Beyond cell
death: new functions for TNF family cytokines in autoimmunity
and tumor immunotherapy. Trends Mol Med 2018, 24:642-653.

62. Beatty GL, Chiorean EG, Fishman MP, Saboury B, Teitelbaum UR,
Sun W, Huhn RD, Song W, Li D, Sharp LL et al.: CD40 agonists
alter tumor stroma and show efficacy against pancreatic
carcinoma in mice and humans. Science 2011, 331:1612-1616.

63. Mangsbo SM, Broos S, Fletcher E, Veitonmaki N, Furebring C,
Dahlen E, Norlen P, Lindstedt M, Totterman TH, Ellmark P: The
human agonistic CD40 antibody ADC-1013 eradicates bladder
tumors and generates T-cell-dependent tumor immunity. Clin
Cancer Res 2015, 21:1115-1126.

64. Vonderheide RH, Flaherty KT, Khalil M, Stumacher MS, Bajor DL,
Hutnick NA, Sullivan P, Mahany JJ, Gallagher M, Kramer A et al.:
Clinical activity and immune modulation in cancer patients
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0190
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0195
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0200
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0205
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0210
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0215
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0220
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0225
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0230
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0235
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0240
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0245
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0250
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0255
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0260
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0265
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0270
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0275
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0280
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0285
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0290
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0295
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0300
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0305
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0310
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0315
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0320
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0320
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0320


Radiation for tumor immune reprogramming Ochoa de Olza et al. 281
treated with CP-870,893, a novel CD40 agonist monoclonal
antibody. J Clin Oncol 2007, 25:876-883.

65. Honeychurch J, Glennie MJ, Johnson PW, Illidge TM: Anti-CD40
monoclonal antibody therapy in combination with irradiation
results in a CD8 T-cell-dependent immunity to B-cell
lymphoma. Blood 2003, 102:1449-1457.

66. Verbrugge I, Hagekyriakou J, Sharp LL, Galli M, West A,
McLaughlin NM, Duret H, Yagita H, Johnstone RW, Smyth MJ
et al.: Radiotherapy increases the permissiveness of
established mammary tumors to rejection by
immunomodulatory antibodies. Cancer Res 2012, 72:3163-
3174.

67. Matsumura S, Demaria S: Up-regulation of the pro-
inflammatory chemokine CXCL16 is a common response of
tumor cells to ionizing radiation. Radiat Res 2010, 173:418-425.

68. Matsumura S, Wang B, Kawashima N, Braunstein S, Badura M,
Cameron TO, Babb JS, Schneider RJ, Formenti SC, Dustin ML
et al.: Radiation-induced CXCL16 release by breast cancer
cells attracts effector T cells. J Immunol 2008, 181:3099-3107.

69. Paris F, Fuks Z, Kang A, Capodieci P, Juan G, Ehleiter D,
Haimovitz-Friedman A, Cordon-Cardo C, Kolesnick R:
Endothelial apoptosis as the primary lesion initiating intestinal
radiation damage in mice. Science 2001, 293:293-297.

70. Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii S,
Haimovitz-Friedman A, Fuks Z, Kolesnick R: Tumor response to
radiotherapy regulated by endothelial cell apoptosis. Science
2003, 300:1155-1159.

71. Chakraborty M, Abrams SI, Camphausen K, Liu K, Scott T,
Coleman CN, Hodge JW: Irradiation of tumor cells up-regulates
Fas and enhances CTL lytic activity and CTL adoptive
immunotherapy. J Immunol 2003, 170:6338-6347.

72. Chakraborty M, Abrams SI, Coleman CN, Camphausen K, Schlom J,
Hodge JW: External beam radiation of tumors alters phenotype
of tumor cells to render them susceptible to vaccine-mediated
T-cell killing. Cancer Res 2004, 64:4328-4337.

73. Lanitis E, Irving M, Coukos G: Targeting the tumor vasculature
to enhance T cell activity. Curr Opin Immunol 2015, 33:55-63.

74. Ahn GO, Tseng D, Liao CH, Dorie MJ, Czechowicz A, Brown JM:
Inhibition of Mac-1 (CD11b/CD18) enhances tumor response
to radiation by reducing myeloid cell recruitment. Proc Natl
Acad Sci U S A 2010, 107:8363-8368.

75. Jeffery S, Russell JMB: The irradiated tumor microenvironment:
role of tumor-associated macrophages in vascular recovery.
Front Physiol 2013, 4:1.

76. Huang Y, Snuderl M, Jain RK: Polarization of tumor-associated
macrophages: a novel strategy for vascular normalization and
antitumor immunity. Cancer Cell 2011, 19:1-2.

77. Rodriguez PC, Quiceno DG, Zabaleta J, Ortiz B, Zea AH,
Piazuelo MB, Delgado A, Correa P, Brayer J, Sotomayor EM et al.:
Arginase I production in the tumor microenvironment by
mature myeloid cells inhibits T-cell receptor expression and
antigen-specific T-cell responses. Cancer Res 2004, 64:5839-
5849.

78. Kachikwu EL, Iwamoto KS, Liao YP, DeMarco JJ, Agazaryan N,
Economou JS, McBride WH, Schaue D: Radiation enhances
regulatory T cell representation. Int J Radiat Oncol Biol Phys
2011, 81:1128-1135.

79. Linard C, Billiard F, Benderitter M: Intestinal irradiation and
fibrosis in a Th1-deficient environment. Int J Radiat Oncol Biol
Phys 2012, 84:266-273.

80. Tuxhorn JA, McAlhany SJ, Yang F, Dang TD, Rowley DR:
Inhibition of transforming growth factor-beta activity
decreases angiogenesis in a human prostate cancer-reactive
stroma xenograft model. Cancer Res 2002, 62:6021-6025.

81. Chen FH, Chiang CS, Wang CC, Tsai CS, Jung SM, Lee CC,
McBride WH, Hong JH: Radiotherapy decreases vascular
density and causes hypoxia with macrophage aggregation in
TRAMP-C1 prostate tumors. Clin Cancer Res 2009, 15:1721-
1729.
www.sciencedirect.com 
82. McFarland HI, Puig M, Grajkowska LT, Tsuji K, Lee JP, Mason KP,
Verthelyi D, Rosenberg AS: Regulatory T cells in gamma
irradiation-induced immune suppression. PLoS One 2012, 7
e39092.

83. Zhou Y, Ni H, Balint K, Sanzari JK, Dentchev T, Diffenderfer ES,
Wilson JM, Cengel KA, Weissman D: Ionizing radiation
selectively reduces skin regulatory T cells and alters immune
function. PLoS One 2014, 9:e100800.

84. Ahn GO, Brown JM: Matrix metalloproteinase-9 is required for
tumor vasculogenesis but not for angiogenesis: role of bone
marrow-derived myelomonocytic cells. Cancer Cell 2008,
13:193-205.

85. Kioi M, Vogel H, Schultz G, Hoffman RM, Harsh GR, Brown JM:
Inhibition of vasculogenesis, but not angiogenesis, prevents
the recurrence of glioblastoma after irradiation in mice. J Clin
Invest 2010, 120:694-705.

86. Liang H, Deng L, Hou Y, Meng X, Huang X, Rao E, Zheng W,
Mauceri H, Mack M, Xu M et al.: Host STING-dependent MDSC
mobilization drives extrinsic radiation resistance. Nat Commun
2017, 8:1736.

87. Vanpouille-Box C, Diamond JM, Pilones KA, Zavadil J, Babb JS,
Formenti SC, Barcellos-Hoff MH, Demaria S: TGFbeta is a master
regulator of radiation therapy-induced anti-tumor immunity.
Cancer Res 2015.

88.
��

Klug F, Prakash H, Huber PE, Seibel T, Bender N, Halama N,
Pfirschke C, Voss RH, Timke C, Umansky L et al.: Low-dose
irradiation programs macrophage differentiation to an iNOS
(+)/M1 phenotype that orchestrates effective T cell
immunotherapy. Cancer Cell 2013, 24:589-602

First paper to demonstrate that neoadjuvant low dose irradiation (0.5–
2 Gy) was able to normalize tumor vasculature and increase the recruit-
ment of tumor specific T cells in mice and human pancreatic neuroendo-
crine tumors. The combination of low dose irradiation with adoptive
transfer of autologous T cells prolonged survival in mouse models.
iNOS+M1 macrophages recruited upon low dose irradiation were respon-
sible for inducing vasculature normalization and CTL recruitment into
pancreatic tumors.

89. Pike LRG, Bang A, Mahal BA, Taylor A, Krishnan M, Spektor A,
Cagney DN, Aizer AA, Alexander BM, Rahma O et al.: The impact
of radiation therapy on lymphocyte count and survival in
metastatic cancer patients receiving PD-1 immune
checkpoint inhibitors. Int J Radiat Oncol Biol Phys 2019,
103:142-151.

90. Tang C, Welsh JW, de Groot P, Massarelli E, Chang JY, Hess KR,
Basu S, Curran MA, Cabanillas ME, Subbiah V et al.: Ipilimumab
with Stereotactic ablative radiation therapy: phase I results
and immunologic correlates from peripheral T cells. Clin
Cancer Res 2017, 23:1388-1396.

91. Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE,
Stelekati E, Benci JL, Xu B, Dada H, Odorizzi PM et al.: Radiation
and dual checkpoint blockade activate non-redundant
immune mechanisms in cancer. Nature 2015, 520:373-377

This study, involving melanoma patients and a mouse model for mela-
noma, demonstrates that an optimal anti-tumor response involves a
combination of the three tested treatment modalities: high-dose radia-
tion, together with two different types of immune checkpoint inhibitors
(anti-CTLA-4 and anti PD-L1), each attacking the tumor from a different
angle.

92. Golden EB, Chhabra A, Chachoua A, Adams S, Donach M, Fenton-
Kerimian M, Friedman K, Ponzo F, Babb JS, Goldberg J et al.:
Local radiotherapy and granulocyte-macrophage colony-
stimulating factor to generate abscopal responses in patients
with metastatic solid tumours: a proof-of-principle trial. Lancet
Oncol 2015, 16:795-803.

93. Chandra RA, Wilhite TJ, Balboni TA, Alexander BM, Spektor A,
Ott PA, Ng AK, Hodi FS, Schoenfeld JD: A systematic evaluation
of abscopal responses following radiotherapy in patients with
metastatic melanoma treated with ipilimumab.
Oncoimmunology 2015, 4 e1046028.

94. Theelen W, Peulen HMU, Lalezari F, van der Noort V, de Vries JF,
Aerts J, Dumoulin DW, Bahce I, Niemeijer AN, de Langen AJ et al.:
Effect of pembrolizumab after stereotactic body radiotherapy
vs pembrolizumab alone on tumor response in patients with
Current Opinion in Biotechnology 2020, 65:268–283

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0320
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0320
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0325
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0325
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0325
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0325
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0330
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0335
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0335
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0335
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0340
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0340
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0340
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0340
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0345
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0345
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0345
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0345
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0350
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0350
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0350
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0350
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0355
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0355
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0355
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0355
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0360
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0360
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0360
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0360
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0365
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0365
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0370
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0370
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0370
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0370
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0375
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0375
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0375
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0380
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0380
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0380
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0385
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0390
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0390
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0390
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0390
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0395
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0395
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0395
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0400
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0400
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0400
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0400
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0405
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0405
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0405
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0405
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0405
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0410
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0410
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0410
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0410
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0415
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0415
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0415
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0415
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0420
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0420
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0420
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0420
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0425
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0425
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0425
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0425
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0430
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0430
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0430
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0430
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0435
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0435
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0435
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0435
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0440
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0440
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0440
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0440
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0440
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0445
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0450
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0450
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0450
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0450
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0450
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0455
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0455
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0455
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0455
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0460
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0465
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0465
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0465
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0465
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0465
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470


282 Pharmaceutical biotechnology
advanced non-small cell lung cancer: results of the PEMBRO-
RT Phase 2 Randomized Clinical Trial. JAMA Oncol 2019.

95. Joshi K, de Massy MR, Ismail M, Reading JL, Uddin I, Woolston A,
Hatipoglu E, Oakes T, Rosenthal R, Peacock T et al.: Spatial
heterogeneity of the T cell receptor repertoire reflects the
mutational landscape in lung cancer. Nat Med 2019, 25:1549-
1559.

96. Dudley ME, Wunderlich JR, Shelton TE, Even J, Rosenberg SA:
Generation of tumor-infiltrating lymphocyte cultures for use in
adoptive transfer therapy for melanoma patients. J
Immunother 2003, 26:332-342.

97. Arina A, Beckett M, Fernandez C, Zheng W, Pitroda S, Chmura SJ,
Luke JJ, Forde M, Hou Y, Burnette B et al.: Tumor-
reprogrammed resident T cells resist radiation to control
tumors. Nat Commun 2019, 10:3959.

98. Vanpouille-Box C, Alard A, Aryankalayil MJ, Sarfraz Y,
Diamond JM, Schneider RJ, Inghirami G, Coleman CN,
Formenti SC, Demaria S: DNA exonuclease Trex1 regulates
radiotherapy-induced tumour immunogenicity. Nat Commun
2017, 8:15618.

99. Chen DS, Mellman I: Elements of cancer immunity and the
cancer-immune set point. Nature 2017, 541:321-330.

100. Byrne KT, Vonderheide RH: CD40 stimulation obviates innate
sensors and drives T cell immunity in cancer. Cell Rep 2016,
15:2719-2732.

101. Rech AJ, Dada H, Kotzin JJ, Henao-Mejia J, Minn AJ,
Twyman-Saint Victor C, Vonderheide RH: Radiotherapy
and CD40 activation separately augment immunity
to checkpoint blockade in cancer. Cancer Res 2018,
78:4282-4291.

102. Ngiow SF, Young A, Blake SJ, Hill GR, Yagita H, Teng MW,
Korman AJ, Smyth MJ: Agonistic CD40 mAb-driven IL12
reverses resistance to anti-PD1 in a T-cell-rich tumor. Cancer
Res 2016, 76:6266-6277.

103. Takeda K, Yamaguchi N, Akiba H, Kojima Y, Hayakawa Y,
Tanner JE, Sayers TJ, Seki N, Okumura K, Yagita H et al.:
Induction of tumor-specific T cell immunity by anti-DR5
antibody therapy. J Exp Med 2004, 199:437-448.

104. Newcomb EW, Lukyanov Y, Kawashima N, Alonso-Basanta M,
Wang SC, Liu M, Jure-Kunkel M, Zagzag D, Demaria S,
Formenti SC: Radiotherapy enhances antitumor effect of anti-
CD137 therapy in a mouse Glioma model. Radiat Res 2010,
173:426-432.

105. Akira S, Uematsu S, Takeuchi O: Pathogen recognition and
innate immunity. Cell 2006, 124:783-801.

106. Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J,
Durham N, Meyer C, Harris TJ, Albesiano E et al.: Anti-PD-1
blockade and stereotactic radiation produce long-term
survival in mice with intracranial gliomas. Int J Radiat Oncol Biol
Phys 2013, 86:343-349.

107. Belcaid Z, Phallen JA, Zeng J, See AP, Mathios D, Gottschalk C,
Nicholas S, Kellett M, Ruzevick J, Jackson C et al.: Focal radiation
therapy combined with 4-1BB activation and CTLA-4 blockade
yields long-term survival and a protective antigen-specific
memory response in a murine glioma model. PLoS One 2014, 9
e101764.

108. Yokouchi H, Yamazaki K, Chamoto K, Kikuchi E, Shinagawa N,
Oizumi S, Hommura F, Nishimura T, Nishimura M: Anti-OX40
monoclonal antibody therapy in combination with
radiotherapy results in therapeutic antitumor immunity to
murine lung cancer. Cancer Sci 2008, 99:361-367.

109. Gerber SA, Lim JY, Connolly KA, Sedlacek AL, Barlow ML,
Murphy SP, Egilmez NK, Lord EM: Radio-responsive tumors
exhibit greater intratumoral immune activity than
nonresponsive tumors. Int J Cancer 2014, 134:2383-2392.

110. Seung SK, Curti BD, Crittenden M, Walker E, Coffey T, Siebert JC,
Miller W, Payne R, Glenn L, Bageac A et al.: Phase 1 study of
stereotactic body radiotherapy and interleukin-2–tumor and
immunological responses. Sci Transl Med 2012, 4 137ra.
Current Opinion in Biotechnology 2020, 65:268–283 
111. Dewan MZ, Vanpouille-Box C, Kawashima N, DiNapoli S, Babb JS,
Formenti SC, Adams S, Demaria S: Synergy of topical toll-like
receptor 7 agonist with radiation and low-dose
cyclophosphamide in a mouse model of cutaneous breast
cancer. Clin Cancer Res 2012, 18:6668-6678.

112. Smith HG, Mansfield D, Roulstone V, Kyula-Currie JN,
McLaughlin M, Patel RR, Bergerhoff KF, Paget JT, Dillon MT,
Khan A et al.: PD-1 blockade following isolated limb perfusion
with vaccinia virus prevents local and distant relapse of soft-
tissue sarcoma. Clin Cancer Res 2019, 25:3443-3454.

113. Rodriguez-Ruiz ME, Perez-Gracia JL, Rodriguez I, Alfaro C,
Onate C, Perez G, Gil-Bazo I, Benito A, Inoges S, Lopez-Diaz de
Cerio A et al.: Combined immunotherapy encompassing
intratumoral poly-ICLC, dendritic-cell vaccination and
radiotherapy in advanced cancer patients. Ann Oncol 2018,
29:1312-1319.

114. Cheda A, Wrembel-Wargocka J, Lisiak E, Nowosielska EM,
Marciniak M, Janiak MK: Single low doses of X rays inhibit the
development of experimental tumor metastases and trigger
the activities of NK cells in mice. Radiat Res 2004, 161:335-340.

115. Hashimoto S, Shirato H, Hosokawa M, Nishioka T, Kuramitsu Y,
Matushita K, Kobayashi M, Miyasaka K: The suppression of
metastases and the change in host immune response after
low-dose total-body irradiation in tumor-bearing rats. Radiat
Res 1999, 151:717-724.

116. Joiner MC, Marples B, Lambin P, Short SC, Turesson I: Low-dose
hypersensitivity: current status and possible mechanisms. Int
J Radiat Oncol Biol Phys 2001, 49:379-389.

117.
��

Mackenzie KJ, Carroll P, Martin CA, Murina O, Fluteau A,
Simpson DJ, Olova N, Sutcliffe H, Rainger JK, Leitch A et al.: cGAS
surveillance of micronuclei links genome instability to innate
immunity. Nature 2017, 548:461-465

Maintenance of genome integrity is essential to prevent cancer. Geno-
toxic stress drives damaged DNA out of the nucleus by forming micro-
nuclei. This study using 1 Gy irradiation reveals how the cytosolic DNA
sensor cGAS gains access to the cargo within micronuclei to drive type I
IFN responses.

118. Spranger S, Dai D, Horton B, Gajewski TF: Tumor-residing Batf3
dendritic cells are required for effector T cell trafficking and
adoptive T cell therapy. Cancer Cell 2017, 31:711-723 e714.

119. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ,
Leung MY, Duggan R, Wang Y, Barber GN, Fitzgerald KA et al.:
STING-dependent cytosolic DNA sensing mediates innate
immune recognition of immunogenic tumors. Immunity 2014,
41:830-842.

120. El-Saghire H, Michaux A, Thierens H, Baatout S: Low doses of
ionizing radiation induce immune-stimulatory responses in
isolated human primary monocytes. Int J Mol Med 2013,
32:1407-1414.

121. Shigematsu A, Adachi Y, Koike-Kiriyama N, Suzuki Y, Iwasaki M,
Koike Y, Nakano K, Mukaide H, Imamura M, Ikehara S: Effects of
low-dose irradiation on enhancement of immunity by dendritic
cells. J Radiat Res 2007, 48:51-55.

122. Spary LK, Al-Taei S, Salimu J, Cook AD, Ager A, Watson HA,
Clayton A, Staffurth J, Mason MD, Tabi Z: Enhancement of T cell
responses as a result of synergy between lower doses of
radiation and T cell stimulation. J Immunol 2014, 192:3101-
3110.

123. Cao M, Cabrera R, Xu Y, Liu C, Nelson D: Different
radiosensitivity of CD4(+)CD25(+) regulatory T cells and
effector T cells to low dose gamma irradiation in vitro. Int J
Radiat Biol 2011, 87:71-80.

124. Persa E, Szatmari T, Safrany G, Lumniczky K: In vivo irradiation of
mice induces activation of dendritic cells. Int J Mol Sci 2018, 19.

125.
��

Brody JD, Ai WZ, Czerwinski DK, Torchia JA, Levy M, Advani RH,
Kim YH, Hoppe RT, Knox SJ, Shin LK et al.: In situ vaccination
with a TLR9 agonist induces systemic lymphoma regression: a
phase I/II study. J Clin Oncol 2010, 28:4324-4332

In a preclinical lymphoma model, intratumoral injection of a toll-like
receptor 9 (TLR9) agonist and local low dose irradiation induced systemic
antitumor immunity and cured large, disseminated tumors.
www.sciencedirect.com

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0470
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0475
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0475
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0475
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0475
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0475
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0480
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0480
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0480
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0480
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0485
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0485
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0485
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0485
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0490
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0490
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0490
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0490
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0490
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0495
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0495
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0500
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0500
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0500
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0505
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0505
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0505
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0505
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0505
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0510
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0510
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0510
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0510
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0515
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0515
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0515
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0515
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0520
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0520
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0520
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0520
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0520
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0525
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0525
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0530
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0530
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0530
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0530
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0530
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0535
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0540
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0540
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0540
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0540
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0540
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0545
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0545
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0545
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0545
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0550
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0550
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0550
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0550
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0555
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0555
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0555
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0555
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0555
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0560
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0560
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0560
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0560
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0560
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0565
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0570
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0570
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0570
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0570
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0575
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0575
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0575
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0575
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0575
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0580
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0580
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0580
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0585
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0585
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0585
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0585
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0590
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0590
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0590
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0595
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0595
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0595
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0595
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0595
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0600
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0600
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0600
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0600
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0605
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0605
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0605
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0605
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0610
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0610
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0610
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0610
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0610
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0615
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0615
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0615
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0615
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0620
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0620
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0625
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0625
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0625
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0625


Radiation for tumor immune reprogramming Ochoa de Olza et al. 283
126. Frank MJ, Reagan PM, Bartlett NL, Gordon LI, Friedberg JW,
Czerwinski DK, Long SR, Hoppe RT, Janssen R, Candia AF et al.:
In situ vaccination with a TLR9 agonist and local low-dose
radiation induces systemic responses in untreated indolent
lymphoma. Cancer Discov 2018, 8:1258-1269.

127. DeSelm C, Palomba ML, Yahalom J, Hamieh M, Eyquem J,
Rajasekhar VK, Sadelain M: Low-dose radiation conditioning
enables CAR T cells to mitigate antigen escape. Mol Ther 2018,
26:2542-2552.

128. Menon H, Chen D, Ramapriyan R, Verma V, Barsoumian HB,
Cushman TR, Younes AI, Cortez MA, Erasmus JJ, de Groot P et al.:
Influence of low-dose radiation on abscopal responses in
patients receiving high-dose radiation and immunotherapy. J
Immunother Cancer 2019, 7:237.

129. Luke JJ, Lemons JM, Karrison TG, Pitroda SP, Melotek JM, Zha Y,
Al-Hallaq HA, Arina A, Khodarev NN, Janisch L et al.: Safety and
www.sciencedirect.com 
clinical activity of pembrolizumab and multisite stereotactic
body radiotherapy in patients with advanced solid tumors. J
Clin Oncol 2018, 36:1611-1618.

130. Maity A, Mick R, Huang AC, George SM, Farwell MD, Lukens JN,
Berman AT, Mitchell TC, Bauml J, Schuchter LM et al.: A phase I
trial of pembrolizumab with hypofractionated radiotherapy in
patients with metastatic solid tumours. Br J Cancer 2018,
119:1200-1207.

131. Sundahl N, Vandekerkhove G, Decaestecker K, Meireson A, De
Visschere P, Fonteyne V, De Maeseneer D, Reynders D,
Goetghebeur E, Van Dorpe J et al.: Randomized phase 1 trial of
pembrolizumab with sequential versus concomitant
stereotactic body radiotherapy in metastatic urothelial
carcinoma. Eur Urol 2019, 75:707-711.
Current Opinion in Biotechnology 2020, 65:268–283

http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0630
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0630
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0630
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0630
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0630
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0635
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0635
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0635
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0635
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0640
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0640
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0640
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0640
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0640
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0645
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0645
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0645
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0645
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0645
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0650
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0650
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0650
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0650
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0650
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655
http://refhub.elsevier.com/S0958-1669(20)30108-7/sbref0655

	High versus low dose irradiation for tumor immune reprogramming
	Introduction
	In situ vaccination induced by radiation therapy
	Radiation reprograms the tumor microenvironment
	Current approaches leveraging the in situ vaccination effect of SRT

	Low dose irradiation to reprogram the tumor microenvironment
	Concluding remarks and future directions
	Funding
	Conflicts of interest statement
	References and recommended reading
	CRediT authorship contribution statement


