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Antigen-induced damage
and immune response

Boustani J, Grapin M, Laurent PA, Apetoh L, Mirjolet C. 
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In situ vaccine
Demaria and Formenti T-cell dependent radiation response

FIGURE 1 | Ionizing radiation acts as a modifier of the tumor

microenvironment converting the tumor into an in situ vaccine.

Radiation induces an immunogenic cell death of tumor cells characterized by

calreticulin translocation to the surface of dying cells, and release of HMGB-1

and ATP. Calreticulin allows uptake of dying cells by dendritic cells via

scavenger receptor(s). HMGB-1 binds to TLR4 and promotes the

cross-presentation of tumor antigens, while ATP binds to P2X7 and triggers

the activation of the inflammasome. Activated dendritic cells migrate to the

draining lymph node, where they activate naïve T cells specific for tumor

antigens. Activated CD8 T cells acquire effector functions and traffic to the

tumor guided by radiation-induced chemokines. Tumor infiltration by CTLs is

facilitated by radiation-induced upregulation of VCAM-1 on the vascular

endothelium. Once in the tumor, CTLs interact efficiently with tumor cells

expressing increased levels of MHC-I, ICAM-1, NKG2D ligands, and Fas that

promote the formation of stable immunological synapses between targets

and effectors and facilitate the killing of tumor cells by CTLs. Tumor cells

killed by CTLs become a source of antigens for cross-presentation, thus

fueling the process.

(Formenti and Demaria, 2009). In murine models, exogenously

prepared DC injected in the tumor following radiation induced

anti-tumor immune responses (Nikitina and Gabrilovich, 2001;

Teitz-Tennenbaum et al., 2003; Kim et al., 2004). These effects

were translated in the majority of patients with hepatoma and

high risk sarcoma treated in two early clinical trials (Chi et al.,

2005; Finkelstein et al., 2012). In preclinical models molecu-

lar mimics of the danger signals associated with pathogens, like

olygodeoxynucleotidescontainingCpGmotifsthat bind to TLR9,

when injected intratumorally enhanced DC activation and ability

to cross-present tumor antigensreleased by radiation (Milaset al.,

2004; Mason et al., 2005). A similar combination of local radio-

therapy and CpG administration was tested in 15 patients with

low-grade B-cell lymphoma, showing abscopal responses, asso-

ciated with development of tumor-specific T cells (Brody et al.,

2010). Taken together, thedatasupport theability of radiation to

generatean in situ vaccine: theefficacy of thisapproach isdepen-

dent on DCfitnessand can beenhanced by interventionsdirected

at improving DC.

A complementarystrategy isbased on targetingcheckpoint co-

inhibitory receptors or co-stimulatory receptors expressed by T

cellswith blockingor agonisticantibodies, respectively, to achieve

stronger and more sustained responses of anti-tumor T cells.

Our group tested the hypothesis that inhibiting akey checkpoint

receptor, CTLA-4, in combination with radiotherapy would

induce therapeutically effective anti-tumor responses. While

CTLA-4 isa dominant inhibitory receptor for T cells, asdemon-

strated by the development of uncontrolled T cell proliferation

in mice deficient in CTLA-4 (Chambers et al., 1997), CTLA-4

blockade as monotherapy failed to induce regression of poorly

immunogenic tumors, requiring itsusein combination with vac-

cination (Peggs et al., 2008). Therefore, we hypothesized that

radiotherapy would synergize with anti-CTLA-4, due to its abil-

ity to generate an in situ vaccine. This hypothesis wasconfirmed

in mice models of poorly immunogenic carcinomas (Demaria

et al., 2005; Dewan et al., 2009). The therapeutic efficacy of the

anti-tumor T cellsactivated by treatment wasenhanced by other

effects of radiation such as an improved tumor infiltration by

effector T cells, confirming it’sbeneficial effectsat both theprim-

ingand effector phaseof anti-tumor responses(Matsumuraet al.,

2008). A recent case report suggests that the successof the com-

bination of local radiotherapy and anti-CTLA-4 can betranslated

in melanomapatients (Postow et al., 2012), with multipleclinical

trialsbeing conducted to confirm theseresults.

Targeting of other co-stimulatory or co-inhibitory receptors

expressed by T cells, CD137 and programmed death (PD)-1,

respectively, has also shown some success in combination with

radiation in micemodels(Newcomb et al., 2010; Verbruggeet al.,

2012), supporting more studies to develop these strategies for

clinical use.
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Abscopal effect

RT + immunotherapy
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Indirect death
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The linear quadratic model

Kim MS, et al. Radiobiological mechanisms of stereotactic body radiation therapy and 
stereotactic radiation surgery. Radiat Oncol J. 2015



Implications of high dose per fraction 
on normal tissue

Relationship between isoeffective dose and dose per fraction



Implications of high dose per fraction 
on normal tissue

Late responding tissues
Low ⍺/𝛃 ratio

Early responding tissues
High ⍺/𝛃 ratio

Relationship between isoeffective dose and dose per fraction



Implications of high dose per fraction 
on normal tissue

“vascular mediated” mechanisms have been 
suggested as the primary mode of 

radiation-induced late normal-tissue effects



Implications of high dose per fraction 
on normal tissue

• radiation- induced vascular damage in normal tissue 
progresses slowly

• ischemic cell death and necrotic breakdown will gradually 
develop in normal tissues

• later cell death and tissue damage occur in a dose-dependent 
manner in normal tissues

• take measures to avoid normal-tissue damage: patient 
selection, target delineation, dose prescription, and treatment 
delivery accuracy during SBRT/SRS. 

• imperative to limit the volume of normal tissues exposed to 
high doses per fraction
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