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The smoldering debate regarding whether or not the linear
quadratic model (LQ model) or any modified version
thereof is applicable to high-dose single or hypofractio-
nated radiation therapy has recently been rekindled by the
remarkably high control rates observed in the modern era of
stereotactic radiosurgery (SRS) and stereotactic body
radiation therapy (SBRT). Thus, we read with great interest
the articles by Brown et al (1, 2) and subsequent comments
by Rao et al (3). Brown et al concluded the following: (1)
“new biology” is not needed to account for the clinical
outcome of SBRT for non-small cell lung cancer (NSCLC)
because the high rate of tumor control by SBRT can be
explained by the high biologically effective dose (BED);
(2) the LQ model is not perfect but remains the best
available model to predict the observed findings; and (3)
the data supporting the vascular effects of radiation are
“fragmentary” (2, p 259). Rao et al (3) disagreed with the
statistical methodology applied by Brown et al (1) for
analyzing the relationship between the clinical results and
BED.

We also disagree with applying the LQ model and BED
concepts to SRS and SBRT. First, the LQ model and the
modified LQ models are based on the assumption that
radiation-induced cell death in tumors is due solely to DNA
strand breaks. Both seminal and recent articles, however,
strongly suggest that high dose/fraction (>10 Gy) radiation

causes devascularization in tumors, which then induces
delayed indirect tumor cell death. (4-9). A comprehensive
review of this topic is beyond the scope of this forum, and
readers are referred to previous reports on this subject (5-8).
In brief, literature dating from 1947 (4) to the first volume
of this journal in 1976 (5) and more recent studies (6-8)
support the hypothesis that indirect tumor cell death from
devascularization occurs after high-dose/fraction radiation,
and thus it is reasonable to hypothesize that such indirect
tumor cell death plays an important role in SRS and SBRT.
The cellular a/b ratio in the LQ model is directly quantified
by an in vitro survival curve, which simply does not ac-
count for vascular or immune responses. Therefore, we
assert that applying the LQ model, which has been very
useful and extensively used for conventionally fractionated
radiation therapy, to high-dose/per fraction SRS and SBRT,
is conceptually flawed. Second, we disagree that the liter-
ature supporting this mechanism is “fragmentary.”

Our hypothesis is that indirect cell death due to vascular
damage plays an important role in SRS and SBRTwith high
dose per fraction. This hypothesis is summarized graphi-
cally in Figure 1. The initial part of the survival curve at
doses of 0 to 5 Gy (curve a) represents the death of fully
oxygenated cells in tumors in which 10% of clonogenic
cells are hypoxic. With the increase in radiation dose to
greater than w5 Gy, the survival curve becomes less steep,
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oxygenated tumors 

6-10 Gy / 1 fx: 
hypoxic tumors 

>10 Gy / 1 fx:  
devascularization 
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tumors irradiated with 10 Gy in a single dose, surviving cell
fractions determined after leaving the tumors in situ for 2 to
5 days were similar to that determined immediately after
irradiation. After irradiation with 15 Gy (Fig. 1Ab), cell
survival progressively decreased for 3 days. Delayed cell
death after 20-Gy irradiation (Fig. 1Ac) was even more
pronounced than that after 15-Gy irradiation. Although
there was a slight increase in cell survival after the nadir in
cell survival at days 2 and 3 after 15- or 20-Gy irradiation,
cell survival in some individual tumors on day 5 after the
irradiation was almost 2 logs less than that immediately
after irradiation. After irradiation with 30 Gy (Fig. 1Ad),
secondary cell death steadily progressed for 5 days after
irradiation. Cell survival in some tumors on day 5 after
30-Gy irradiation was as much as 3 logs less than the mean
cell survival immediately after 30-Gy irradiation. Cell
survival at different times after irradiation shown in
Figure 1A are summarized in columnar form in Figure 1B,
for clarity. Cell survival 2 to 5 days after 15- and 20-Gy
irradiation was significantly less than that immediately
after irradiation (P<.05 and P<.001, respectively). After
irradiation with 30 Gy, cell survival on the fifth day was
also markedly less than that immediately after irradiation
(P<.001).

Figure 2 shows the radiation cell survival curves based
on cell survival determined immediately (day 0) or 5 days
(day 5) after 10- to 30-Gy irradiation. Mean cell survival
levels for each radiation dose are shown in Figure 1.
Because of dose-dependent secondary cell death during
5 days after irradiation, the day 5 radiation survival curve
was much steeper than the day 0 survival curve.

Intratumor microenvironment

Figure 3A shows that in the control tumors, most of the
CD31-labeled blood vessels were associated with func-
tional perfusion (Hoechst 33342 blue fluorescence),
although some of the blood vessels in the hypoxic areas

(green fluorescence) were weakly stained with Hoechst
33342 dye. In the tumors excised 2 days after 20-Gy irra-
diation, many of the CD31-positive blood vessels were
devoid of Hoechst 33342 dye, indicating that the vessels
were static. Interestingly, as shown in Figure 3B, whereas
20-Gy irradiation markedly reduced the frequency of
perfused vessels filled with Hoechst 33342 dye (P<.015), it
did not significantly increase pimonidazole staining (P<.2).

Figure 4A shows that the level of CA9, which is one of
the HIF-1a target genes and, thus, a cellular hypoxic
marker, increased after 20-Gy irradiation. The increase in
CA9 could be detected on the first day after irradiation, and
the increase was significant on day 5 (P<.05), suggesting
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Fig. 2. Radiation survival curves of tumor cells in vivo
obtained immediately (Day 0) and at 5 days (Day 5) after
irradiation. Data are means ! SD from A.
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Fig. 3. (A) Immunohistological images of hypoxia, blood
perfusion, and blood vessels. Representative sections from
a control tumor and a tumor excised 48 hours after irradi-
ation with 20 Gy are shown. Blood vessels (endothelial
cells) are indicated with CD31 marker (red); hypoxic areas
are labeled with pimonidazole (green); and blood perfusion
is indicated by Hoechst 33342 (blue). (B) Areas positive for
Hoechst 33342 (perfusion) and pimonidazole (hypoxia) in
tissue sections were quantified using Image J software.
Hypoxic areas (green) are shown as a percentage of total
area in each section. Five sections from each of 4 tumors
were analyzed, and means ! SEM are shown. Hypoxia
signals between the control and the irradiated tumors was
not significantly different (P<.2), whereas differences
between perfusion in control and that in irradiated tumors
were significant, with P<.015.
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Summary

In experimental mouse tu-
mors, high-dose irradiation
in a single fraction caused
progressive increase in tumor
cell death in 2 to 5 days.
Such delayed tumor cell
deaths appeared to be due to
radiation-induced deteriora-
tion of intratumor microen-
vironment characterized by
profound reduction of blood
perfusion and increase in
hypoxia. Similar secondary
and indirect cell death may

Purpose: The purpose of this study was to reveal the biological mechanisms underly-
ing stereotactic body radiation therapy (SBRT) and stereotactic radiation surgery
(SRS).
Methods and Materials: FSaII fibrosarcomas grown subcutaneously in the hind limbs
of C3H mice were irradiated with 10 to 30 Gy of X rays in a single fraction, and the
clonogenic cell survival was determined with in vivoein vitro excision assay immedi-
ately or 2 to 5 days after irradiation. The effects of radiation on the intratumor micro-
environment were studied using immunohistochemical methods.
Results: After cells were irradiated with 15 or 20 Gy, cell survival in FSaII tumors
declined for 2 to 3 days and began to recover thereafter in some but not all tumors.
After irradiation with 30 Gy, cell survival declined continuously for 5 days. Cell sur-
vival in some tumors 5 days after 20 to 30 Gy irradiation was 2 to 3 logs less than that
immediately after irradiation. Irradiation with 20 Gy markedly reduced blood perfu-
sion, upregulated HIF-1a, and increased carbonic anhydrase-9 expression, indicating
that irradiation increased tumor hypoxia. In addition, expression of VEGF also
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.
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respond to the treatment (25). We hypothesized that IR induces 
a local inflammatory response that could enhance the infiltra-
tion of tumor-specific T cells and simultaneously induce PD-L1 
expression in the tumor microenvironment that markedly weak-
ens IR-induced antitumor immunity. The concept of IR-induced 
PD-L1 expression and subsequent blockade might broaden the 
application of PD-L1/PD-1 axis inhibitors and prove to be a potent 
anticancer therapy when combined with RT.

Here, we report that local upregulation of the PD-L1/PD-1 axis 
following IR suppresses radiation-induced immune responses, 
thereby limiting the full expression of antitumor immunity and 
facilitating relapse. Combination therapy with IR and PD-L1 
blockade optimizes antitumor immunity and consequently leads 
to the elimination of MDSCs through enhanced production of  
T cell–derived TNF. Therefore, this study provides insight into the 
rational design of combination therapies involving anti–PD-L1 
and RT to improve responses in cancer patients.

Results
Increased PD-L1 expression in tumor tissue following IR. Localized abla-
tive radiation has been shown to mediate tumor regression in a T 
cell–dependent fashion (3). In addition, the production of type I 
IFN has been demonstrated to be an essential pathway regulating 
radiation-induced antitumor immunity (2). Despite the immune-
stimulating effects of radiation, relapses often occur, suggesting 
that radiation likely does not optimally engage adaptive immu-
nity to mediate complete tumor elimination. In part, incomplete 
tumor eradication by radiation-induced adaptive immunity could 
be due to the engagement of T cell–negative regulatory pathways 
such as the PD-L1/PD-1 axis. To investigate whether IR induces 

PD-L1 upregulation in the tumor microenvironment, we treated 
TUBO tumors with 12 Gy and removed the tumor tissue 3 days 
after radiation to conduct flow cytometric analysis of PD-L1 
expression on cells in the tumor microenvironment. We analyzed 
PD-L1 expression on tumor cells (CD45–), DCs (CD11c+), MDSCs 
(CD11b+Gr1+), and macrophages (CD11b+F4/80+). An increase 
in the expression of PD-L1 was observed on DCs and tumor cells 
after radiation compared with expression levels in the same cell 
populations in nonirradiated control tumors (Figure 1A). PD-L1 
expression was also slightly elevated on macrophages (Figure 1A).  
Expression of PD-L1 on MDSCs did not change following IR; 
however, MDSCs from untreated tumors had high baseline 
PD-L1 expression levels (Figure 1A). The expression of PD-1 was 
determined on CD8+ T cells and CD4+ T cells. Both T cell sub-
sets express PD-1 in the tumor microenvironment, and CD8+ T 
cells expressed a more uniformly high level of PD-1. The level of 
PD-1 was slightly downregulated on CD8+ T cells on day 3 after IR  
(Figure 1B), despite the increased presence of its ligand in the envi-
ronment. These data indicate that alteration of the PD-L1/PD-1 
axis in the tumor microenvironment might inhibit T cell func-
tion and result in tumor relapse. Furthermore, these data raise 
the possibility that negative regulation of tumor-infiltrating T 
cells through PD-L1/PD-1 might be an important host-mediated 
mechanism of acquired radioresistance in tumors.

Synergistic effect of IR and PD-L1 blockade in antitumor immunity.  
PD-L1 expression in the tumor microenvironment has been asso-
ciated with poor outcomes following chemoradiotherapy in cancer 
patients (27, 28). Conversely, IR-induced increases in tumor-infil-
trating lymphocytes (TILs) and upregulation of PD-L1 could pro-
vide an opportunity for PD-L1 blockade that would uncover the 

Figure 1
The pro!le of PD-L1 and PD-1 expression in tumor microenvironments is altered after IR. BALB/c mice were injected s.c. into the "ank with 1  106 
TUBO cells. On day 14, mice were locally treated with one 12-Gy dose of IR. Three days after IR, tumors were removed and digested into single-
cell suspensions, which were blocked with anti-FcR mAbs and then subjected to surface staining. PD-L1 expression on myeloid cells and tumor 
cells (A) and PD-1 expression on T cells (B). Representative data are shown from three (A and B) experiments conducted using 3 mice per group.

showing that lung radiation is associated with an increased
secretion of this cytokine. In a fibrosis-prone mice strain,
thoracic radiation induced an acute and a long-lasting in-
crease in the expression of TGF-!1 in pulmonary tissue (5,
43, 44). Thoracic radiation to rats caused an increase in
TGF-!1 protein concentration in BAL fluid that reached a
maximum at between 3 and 6 weeks (45). This increase is
paralleled by enhanced TGF-!1 mRNA expression, as
shown by whole lung Northern blot assay. It precedes
histologically detectable pulmonary fibrosis, which is never
apparent until 8 weeks after radiation (45). In vitro radiation
of cultured rat lung fibroblasts increased the amount of
TGF-!1 in the culture medium, and TGF-!1 would have an
important role in triggering radiation-induced inhibition of

clonogenic activity and terminal differentiation of rat lung
fibroblasts (46). Furthermore, TGF-!1 has recently been
demonstrated to be a major autocrine regulator of intrinsic
radiation sensitivity of mouse lung fibroblasts (47).
A significant finding of the present clinical study was that

TGF-!1 levels in the BAL fluid tended to increase more in
the group of patients who developed more severe radiation
pneumonitis (Group 2), suggesting that it could causally
contribute to the radiation-induced lung injury. Such a role
has been previously demonstrated in experimental studies.
In mice sensitive to radiation-induced pulmonary fibrosis,
the mRNA abundance of TGF-!1 increased after radiation
but its level in radioresistant mice was unaffected (48).
Furthermore, after radiation, TGF-!1 was found in more

Table 7. TGF-!1 levels in BAL fluid recovered from nonirradiated and irradiated areas as a function of time

Location* Before RT During RT

Follow-up (mo)

1 3 6

Nonirradiated areas
All patients 5.9! 1.7 5.8! 1.8 5.5 ! 2.1 5.4 ! 1.1 5.9! 1.8
Group 1 5.4! 1.3 5.9! 2.0 5.9! 1.5 5.1 ! 1.2 4.8! 0.8
Group 2 6.3! 1.9 5.7! 1.8 5.1! 2.7 5.6 ! 1.1 6.7 ! 2.0

Irradiated areas†
All patients 5.5! 1.2 5.3! 1.0 9.4! 8.4 6.7! 2.8 28! 49
Group 1 5.5! 1.2 5.4 ! 1.1 5.6 ! 1.4 6.5! 3.1 6.8! 3.3
Group 2 5.5! 1.2 5.2! 0.9 13 ! 11 6.8! 2.9 49! 68

Abbreviations: TGF-!1 " transforming growth factor-!1; BAL " bronchoalveolar lavage; other abbreviations as in Table 2.
Group 1 patients (n " 5) had NCI-CTC Grade 1 or less; Group 2 patients (n " 6) had Grade 2 or more.
* Time effect (p " 0.0090), radiation effect on slope (p " 0.0053).
† Time effect (p " 0.0036), group effect on slope (p " 0.058).
Data presented as the mean ! SD, in picograms per milliliter.

Fig. 2. Comparison of TGF-!1 levels in BAL fluid (mean ! SEM) between irradiated and nonirradiated areas before,
during, and after radiotherapy.
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.
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in these patients was 86 Gy, which resulted in an influx of
macrophages into the tumor and surrounding irradiated sclera,
an effect that persisted for years after RT.86 Similar long-lived
macrophage recruitment was observed in the brain in patients
treated with brachytherapy to a minimum dose of 60 Gy for
glioma.87 Histopathologic analysis was performed at autopsy,
ranging from 3 weeks to 5 years after treatment, and at all time
points CD68þ macrophages and microglia were observed in
the treated tissues and tumors around areas of necrosis, which
occurred inside the 72-Gy isodose line. In both of these
studies, parts of the tumors were treated with much higher
doses of RT owing to the dose distribution properties of
brachytherapy.
This recruitment of TAMs in response to RT is seen in a

variety of murine tumor models as well. Lewis lung carcinoma
implanted subcutaneously and treated with 5 daily fractions of
6 Gy develops an influx of Arg-1þ F4/80þ macrophages at all
time points tested, from 3-14 days after treatment (Fig. 2).
Crittenden et al88 observed an influx of TAM and MDSCs in a
transplantable model of pancreatic adenocarcinoma (Panc02)
and metastatic breast cancer (4T1) after treatment with 3
fractions of 20 Gy. Gene array analysis of the TAMs revealed an
increase in transcription ofM2-relatedmessenger RNAs,which
was dependent on nuclear factor-κB (NF-κB), with indirect
evidence thatM2TAMs increase radiation resistance of tumors,
as Panc02 tumors in NF-κB"/" mice responded better to RT
than tumors grown in wild-type mice. In the TRAMP-C1

model of prostate cancer, two-thirds of all stromal cells in
untreated tumors are TAMs and MDSCs, which increases to
85% after a single dose of 25 Gy. TAMs were the most
prominentmyeloid cell type, but the recruited cells in response
to RTwere primarily CD11bþGr1þMDSCs or PMNs.89 Using
a xenograft model with human FaDu nasopharyngeal cancer
cells implanted into mice, Ahn et al90 observed a 2-4-fold
increase in CD11bþ myeloid cells 1 day and 7 days after
treatment with a single fraction of 20 Gy. Administering a
monoclonal antibody against CD11b abrogated this myeloid
cell recruitment and improved the tumor response to a single
fraction of 12 or 20 Gy of RT, an effect also seen in an
immunocompetentmurinemodel of head andneck squamous
cell carcinoma, SCCVII. A similar improvement in tumor
control after RT (15 Gy) was seen using the Lewis lung
carcinoma and MC38 colon carcinoma models in a murine
host deficient in CD11 and CD18 that has decreased recruit-
ment of myeloid cells to tumors. Lugade et al91 observed an
increase in tumor-infiltrating DCs in addition to TAMs after
treatment of B16-OVA tumors with either 5 daily fractions of
3 Gy or a single fraction of 15 Gy.
Two different mechanisms have been proposed to explain

myeloid cell recruitment to tumors in response to RT.
Using the RM-1, RM-9, and Myc-CaP murine models of
prostate cancer, Xu et al92 observed a 3-fold increase in
TAMs and MDSCs one week after treatment with 5 daily
fractions of 3 Gy, which correlated with increased serum
concentrations of the macrophage chemokine and growth
factor colony stimulating factor 1 (CSF-1). Blocking the CSF-1
receptor with a small molecule inhibitor prevented the RT-
induced recruitment of myeloid cells, suggesting an essential
role for CSF-1 in the myeloid response to RT. Investigating the
mechanism further, they found that a single fraction of 3 Gy
induced CSF-1 gene transcription in vitro, which was
enhanced by nuclear translocation of the ABL1 kinase where
it binds to the CSF-1 promoter, an effect that was abolished by
depleting the cells of ABL1 using small interfering RNA. These
data suggest that RT induces translocation of ABL1 into
the nucleus where it binds to the CSF-1 promoter, inducing
gene expression and production of CSF-1 by tumor cells,
which is responsible for the influx of MDSCs and TAMs in
response to RT.
A separate mechanism for RT-induced TAM recruitment

was elucidated by the work of the Brown group.93 Using the
U251 xenograft model in athymic mice, they observed that a
single 15-Gy fraction of RT disrupts the tumor vasculature
inducing tumor hypoxia, which results in expression of the
hypoxia-inducible factor-1 (HIF-1) as determined by an in vivo
luciferase reporter. HIF-1 is known to stimulate secretion of
stromal-derived factor-1, which recruits myeloid-derived cells
by binding CXCR4.94 Blocking the activity of HIF-1 with a
small molecule inhibitor or by genetic knockdown, or inhibit-
ing the stromal-derived factor-1-CXCR4 interaction on mye-
lomonocytic cells abrogates the recruitment of macrophages to
the tumor microenvironment. Consistent with the findings
described earlier, preventing recruitment of TAMs improves
the tumor response to RT. These findings were supported by a
separate group studying the 54A human lung cancer xenograft

Figure 2 Radiation therapy increases tumor-infiltrating myeloid cells:
subcutaneous tumors of Lewis lung carcinoma were irradiated with
6 Gy on 5 consecutive days and harvested at 3, 7, and 14 days after
treatment completion.Tumor-infiltratingCD11bþ/Arg-1þmyeloidcells
(A, sham) were increased in irradiated (B) at all time points. (Courtesy
of Dr Barcellos-Hoff.)
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in these patients was 86 Gy, which resulted in an influx of
macrophages into the tumor and surrounding irradiated sclera,
an effect that persisted for years after RT.86 Similar long-lived
macrophage recruitment was observed in the brain in patients
treated with brachytherapy to a minimum dose of 60 Gy for
glioma.87 Histopathologic analysis was performed at autopsy,
ranging from 3 weeks to 5 years after treatment, and at all time
points CD68þ macrophages and microglia were observed in
the treated tissues and tumors around areas of necrosis, which
occurred inside the 72-Gy isodose line. In both of these
studies, parts of the tumors were treated with much higher
doses of RT owing to the dose distribution properties of
brachytherapy.
This recruitment of TAMs in response to RT is seen in a

variety of murine tumor models as well. Lewis lung carcinoma
implanted subcutaneously and treated with 5 daily fractions of
6 Gy develops an influx of Arg-1þ F4/80þ macrophages at all
time points tested, from 3-14 days after treatment (Fig. 2).
Crittenden et al88 observed an influx of TAM and MDSCs in a
transplantable model of pancreatic adenocarcinoma (Panc02)
and metastatic breast cancer (4T1) after treatment with 3
fractions of 20 Gy. Gene array analysis of the TAMs revealed an
increase in transcription ofM2-relatedmessenger RNAs,which
was dependent on nuclear factor-κB (NF-κB), with indirect
evidence thatM2TAMs increase radiation resistance of tumors,
as Panc02 tumors in NF-κB"/" mice responded better to RT
than tumors grown in wild-type mice. In the TRAMP-C1

model of prostate cancer, two-thirds of all stromal cells in
untreated tumors are TAMs and MDSCs, which increases to
85% after a single dose of 25 Gy. TAMs were the most
prominentmyeloid cell type, but the recruited cells in response
to RTwere primarily CD11bþGr1þMDSCs or PMNs.89 Using
a xenograft model with human FaDu nasopharyngeal cancer
cells implanted into mice, Ahn et al90 observed a 2-4-fold
increase in CD11bþ myeloid cells 1 day and 7 days after
treatment with a single fraction of 20 Gy. Administering a
monoclonal antibody against CD11b abrogated this myeloid
cell recruitment and improved the tumor response to a single
fraction of 12 or 20 Gy of RT, an effect also seen in an
immunocompetentmurinemodel of head andneck squamous
cell carcinoma, SCCVII. A similar improvement in tumor
control after RT (15 Gy) was seen using the Lewis lung
carcinoma and MC38 colon carcinoma models in a murine
host deficient in CD11 and CD18 that has decreased recruit-
ment of myeloid cells to tumors. Lugade et al91 observed an
increase in tumor-infiltrating DCs in addition to TAMs after
treatment of B16-OVA tumors with either 5 daily fractions of
3 Gy or a single fraction of 15 Gy.
Two different mechanisms have been proposed to explain

myeloid cell recruitment to tumors in response to RT.
Using the RM-1, RM-9, and Myc-CaP murine models of
prostate cancer, Xu et al92 observed a 3-fold increase in
TAMs and MDSCs one week after treatment with 5 daily
fractions of 3 Gy, which correlated with increased serum
concentrations of the macrophage chemokine and growth
factor colony stimulating factor 1 (CSF-1). Blocking the CSF-1
receptor with a small molecule inhibitor prevented the RT-
induced recruitment of myeloid cells, suggesting an essential
role for CSF-1 in the myeloid response to RT. Investigating the
mechanism further, they found that a single fraction of 3 Gy
induced CSF-1 gene transcription in vitro, which was
enhanced by nuclear translocation of the ABL1 kinase where
it binds to the CSF-1 promoter, an effect that was abolished by
depleting the cells of ABL1 using small interfering RNA. These
data suggest that RT induces translocation of ABL1 into
the nucleus where it binds to the CSF-1 promoter, inducing
gene expression and production of CSF-1 by tumor cells,
which is responsible for the influx of MDSCs and TAMs in
response to RT.
A separate mechanism for RT-induced TAM recruitment

was elucidated by the work of the Brown group.93 Using the
U251 xenograft model in athymic mice, they observed that a
single 15-Gy fraction of RT disrupts the tumor vasculature
inducing tumor hypoxia, which results in expression of the
hypoxia-inducible factor-1 (HIF-1) as determined by an in vivo
luciferase reporter. HIF-1 is known to stimulate secretion of
stromal-derived factor-1, which recruits myeloid-derived cells
by binding CXCR4.94 Blocking the activity of HIF-1 with a
small molecule inhibitor or by genetic knockdown, or inhibit-
ing the stromal-derived factor-1-CXCR4 interaction on mye-
lomonocytic cells abrogates the recruitment of macrophages to
the tumor microenvironment. Consistent with the findings
described earlier, preventing recruitment of TAMs improves
the tumor response to RT. These findings were supported by a
separate group studying the 54A human lung cancer xenograft

Figure 2 Radiation therapy increases tumor-infiltrating myeloid cells:
subcutaneous tumors of Lewis lung carcinoma were irradiated with
6 Gy on 5 consecutive days and harvested at 3, 7, and 14 days after
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
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Again, green fluorescent protein (GFP) expression served as
a marker to track Treg cells without the need for further in-
tervention. Sample FACS dot blots of 0 and 24 h are shown
in Fig. 4A. The fraction of viable cells as indicated by an-
nexin V/7-AAD double-negative cells fell with dose from
12 h onward and was more marked in all (Fig. 4B) than in
Foxp3+ splenocytes (Fig. 4C). As a result, the proportion
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gesting that these naturally occurring suppressor T cells
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with an absolute decrease in viable non-Treg cells in each
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Treg cells came from control mice or from locally irradiated
mice (Fig. 5B).

CD4+CD25+ Treg cells mediate tumor evasion in vivo
Clearly, radiation-induced fluctuations in Treg cells may

be most pertinent in a cancer therapy setting, and one must
therefore ask the question as to whether Treg cells also
rise after tumor irradiation and whether intervention—sys-
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ficacy of radiation treatment of TRAMPC1 tumors. TRAMP
C1 tumors were grown subcutaneously in the leg in C57Bl/6
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Fig. 6. Tumor control after local irradiation benefits from concur-
rent, systemic inhibition of T regulatory (Treg) cells. (A) Local ir-
radiation of TRAMP C1 tumors increased Treg cells in the tumor
and outside. Mice bearing tumors of 4.5 to 6.5 mm in size were
given radiation treatment with 10 and 20 Gy, and their spleen and
tumors were analyzed 48 h later. CD4+/CD25hi/Foxp3+ Treg cells
are shown as mean (" SD), with n = 4. (B) Treatment of TRAMP
C1 tumors with anti-CD25 antibody (anti-CD25 Ab) in combina-

tion with 10-Gy local irradiation caused tumor growth delay. Tu-
mor-bearing mice were given aCD25 Ab or phosphate buffered
saline intraperitoneally on Day –4, –1, +7, and +14. Tumors were
irradiated on Day 0 with 10 Gy or left untreated. (C) Tumor size
represents mean diameter (" SD) in millimeters (in two dimen-
sions), with n = 2 to 6. (D) Survival data with percent of mice per
treatment group alive. Asterisk, p < 0.05.
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.

RADIOTHERAPY  
IMMUNOSUPPRESSIVE AND PROIMMUNOGENIC EFFECTS  

RT enhances: 

1.              ANTIGENS EXPOSURE  
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.
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However, in the reciprocal chimeras, we observed some vascular
expression of VCAM-1 in mice whose donor hemopoietic-derived
cells were incapable of producing IFN-! (IFN-!!/!3WT; Fig.
2C). The extent of VCAM-1 expression on the vessels in each of
the experimental groups was quantified by determining the per-
centage of the vessel area that was VCAM-1 positive (Fig. 3) and
demonstrated a significant difference between the radiation-treated
mice whose hemopoietic cells are incapable of producing IFN-!
compared with those in which only the hemopoietic cells can pro-
duce IFN-!. To determine whether this low level of VCAM ex-
pression could be due to the remaining cells capable of making
IFN-!, for example, due to a low level of residual hemopoietic
cells in the chimeras, we performed several additional assays.
First, we confirmed that B16 cells do not themselves make IFN-!
since none was detectable by ELISA in the supernatant of B16
cells grown in vitro (data not shown). Second, spleen cells from
the chimeric animals were stimulated with Con A and assayed for
IFN-! production by ELISPOT assay, which revealed the presence
of low numbers of IFN-!-producing cells. Finally, intracellular
staining of CD45" cells within the tumor also revealed that a small
percentage of these cells (1%) were IFN-!-producing cells. These
data suggest that the low level of VCAM-expressing vessels in the
IFN-!!/!3WT mice was due to IFN-! production by the remaining
WT cells that were not completely eliminated in the chimeric mice
and highlight the importance of even small amounts of IFN-!.

IFN-! signaling in irradiated tumors influences levels of MIG
and IP-10

Although T cells are found to infiltrate tumors in IFN-!!/! mice,
there is a general decrease in the overall density of these cells in
untreated and irradiated tumors when compared with the infiltra-
tion observed in WT mice (data not shown). In addition to the lack
of VCAM-1 expression on tumor vessels, diminished levels of T
cell chemoattractants could also contribute to the deficiency in
overall tumor infiltration. The IFN-!-inducible chemokines MIG
(CXCL9) and IP-10 (CXCL10) are known to be important T cell
chemoattractants to sites of inflammation and in protective antitu-
mor responses (19, 23). We sought to determine whether localized
irradiation can affect the levels of these chemokines in the tumor
and whether the presence of IFN-! can influence this aspect of
antitumor immunity. In addition, because B16/OVA cells produce
MIG and IP-10 in vitro in response to rIFN-! (Fig. 4B), we gen-

erated a clone of B16/OVA that overexpressed a dominant nega-
tive mutant IFN-! receptor chain (B16/OVA/DNM) (14) so as to
determine the contribution of tumor cell-derived IFN-!-induced
MIG and IP-10 levels in vivo following localized irradiation. Che-
mokine levels were detected using Western blots of SDS-PAGE-
separated whole tumor lysates that had been incubated with hep-
arin-binding agarose beads to enrich for MIG and IP-10 (24).
Equivalent amounts of protein from each tumor sample were used
for the purification. B16/OVA tumors grown in WT mice con-
tained MIG and IP-10, whose levels were slightly increased upon
tumor irradiation (Fig. 4A, lanes 1 and 2). As expected, tumors
grown in IFN-!!/! mice expressed low levels of these chemo-
kines even when irradiated (Fig. 4A, lanes 3 and 4). The low levels
can be attributed to the low in vitro basal production of MIG and
IP-10 by B16/OVA cells (see Fig. 4B). B16/OVA/DNM tumors
did not contain nearly as high levels of MIG and IP-10 as B16/
OVA tumors despite their growth in WT mice that were capable of
producing IFN-! (Fig. 4A, lanes 5 and 6). As expected, IFN-!
treatment does not affect the expression of these chemokines by the
B16/OVA/DNM tumor cells growing in vitro (Fig. 4B, lanes 3 and
4). These results suggest that the production of MIG and IP-10 by
the tumor cells themselves in response to IFN-! is responsible for
the increase following irradiation. Interestingly, irradiation also
enhanced the expression of MIP-1" in an IFN-!-dependent fash-
ion, although this chemokine has not been reported to be inducible
by IFN-!, and may represent an indirect effect of IFN-!.

Irradiation-induced up-regulation of class I is partially
mediated by IFN-!

Having determined that the presence of IFN-! in the tumor mi-
croenvironment alters the expression of adhesion molecules on
vasculature and chemokines, correlating with an increase in the
number of infiltrating T cells (17), we next examined what role this
cytokine played in MHC class I expression on tumor cells follow-
ing localized radiation. In order for CTL to effectively control

FIGURE 3. Quantification of VCAM-1 expression on tumor vessels.
Images such as those shown in Fig. 2 were analyzed using Image-Pro
software to determine the area that was CD31" (vessel area) and the area
that was VCAM-1". The percentage of CD31" vessel area that was also
VCAM-1" was calculated. Each point represents separate images, which
were obtained from multiple areas in multiple tumors. The horizontal bars
represent the medians for each group. Using the Kruskal-Wallis test, the
15-Gy treated groups were statistically significant (p # 0.05).

FIGURE 4. IFN-! signaling in irradiated tumors influences chemokine
expression levels. A, Tumors were removed from mice that were untreated
or irradiated. Whole tumor lysates were enriched for chemokines by incu-
bating with heparin-conjugated agarose beads overnight at 4oC. Heparin-
binding proteins were removed by boiling in sample buffer under reducing
conditions and separated on a 15% SDS-PAGE gel. Blots were probed with
mAbs to the listed proteins. Chemokine levels were assessed in at least
three tumors from each group; a representative blot from one experiment is
shown. B, Lysates from tumor cells grown in vitro and treated or not with
IFN-! were prepared and analyzed as described above.
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tion observed in WT mice (data not shown). In addition to the lack
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FIG. 3.
Real-time RT-PCR measurements of the expression of CXCL16 in irradiated cancer cells.
Data are the means ± SD of three independent experiments. Asterisks (*) indicate
statistically significant difference (P< 0.05) compared to levels on untreated cells.
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 ATTRACTION OF ACTIVATED T CELLS TO THE TUMOR 
(CXCL9-10-16) 

Upregulation of  vascular cellular adhesion molecule 1 (VCAM-1) on tumor 
endothelium facilitates tumor infiltration by T cells.  

Tumor infiltration by T cells produces IFN-γ and TNF-α 

Matsumura, Radiat Res. 2010 April ; 173(4): 418–425. 
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.
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SURVIVING TUMOR CELLS improves their 
recognition and killing by T cells 



RADIOTHERAPY  
IMMUNOSUPPRESSIVE AND PROIMMUNOGENIC EFFECTS  

Radiation-induced upregulation of  major histocompatibility complex class 1 
(MHC-1), NKG2D ligands (NKG2DL), intercellular adhesion molecule 1 
(ICAM-1), death receptor Fas, and costimulatory molecule CD80 on 
surviving tumor cells improves their recognition and killing by T cells.  

“Recent discovery suggests that RT 
can be applied as a powerful adjuvant 
to immunotherapy and, in fact, can 
contribute to convert the irradiated 
tumor into an IN SITU VACCINE, 
resulting in specific immunity against 
metastases” 

Formenti S, J Natl Cancer Inst;2013;105:256–265 



THE IN SITU VACCINATION CONCEPT 

Filippi AR et al, Radiotherapy and Oncology 120 (2016) 1–12  

bining radiation with both anti-CTLA-4 and anti-PD-1/PD-L1 inhi-
bitors [16]. A key point in this field was the discovery that the man-
ifestation of the abscopal effect, rarely occurring after RT, is
immune-mediated [9]. Investigators at Vanderbilt University
found that mice that underwent irradiation of a melanoma tumour
to 25 Gy in 1 fraction before surgical excision had fewer lung
metastases than did mice that underwent excision but no radiation
treatment. Greater tumour infiltration by CD8 T cells in mice that
had previously received an ex vivo irradiated melanoma vaccine
were noted, and the authors suggested that DC-mediated phagocy-
tosis was responsible for the decrease in the frequency of metas-
tases in mice with irradiated tumours [61]. Similarly,
investigators at the University of Chicago reported that the efficacy
of high-dose ablative radiation therapy in a mouse model of mela-
noma was immune mediated by CD8 T cells [62]. Sharabi et al.,
from the University of California, noted improved tumour control
when radiation was combined with anti-PD-1 antibody in a mouse
model of breast cancer and melanoma, with enhanced proliferation
and activation of antigen-specific T cells and effector memory cells
in draining lymph nodes. Stereotactic RT resulted in the develop-
ment of antigen-specific T cell and B cell-mediated immune
responses. These immune-stimulating effects were significantly
increased when radiation was combined with either anti-PD-1
therapy or regulatory T cell depletion, resulting in improved local
tumour control [63]. Park et al. also showed in preclinical mela-
noma and renal carcinoma models that the combination of stereo-
tactic RT plus PD-1 blockade was able to induce complete
regression of the irradiated primary tumour also eliciting a reduc-
tion in size of non-irradiated outside the radiation field (abscopal
effect). The observed effect was tumour specific and was not
dependent on tumour histology or host genetic background, sug-
gesting that RT may induce an abscopal tumour-specific immune
response in both the irradiated and non-irradiated tumours, which
is potentiated by PD-1 blockade [64].

Taken altogether, these data constitute the experimental basis
for the combination of ICI and radiation therapy to one or few
lesions, with the aim of enhancing the effects of immunotherapy
by using radiation as a powerful tool to overcome resistance and
to trigger abscopal effect. For the first time, the results of a
prospective ‘‘proof of principle” trial, smartly testing the combina-
tion of local RT and granulocyte–macrophage colony stimulating
factor (GM-CSF), as DCs growth factor, successfully showed in var-
ious cancer subtypes (not including melanoma) that RT on meta-
static sites could allow the activation of the abscopal effect on
non-target lesions in a substantial fraction of patients [65]. Results

of this trial are paramount to further support research in this field,
particularly when investigating the combination of RT and ICI. A
study investigating on the combination of anti-CTLA-4 in both
humans and mouse models of metastatic melanoma showed that
the induction of the abscopal effect is limited to a fraction of
patients due to an acquired resistance to ipilimumab which is
PD-1/PD-L1 mediated. The clinical component of this study was a
phase I trial testing the combination of RT on a single lesion (6–
8 Gy delivered over two or three fractions) followed by ipilimumab
(4 cycles, beginning 3–5 days after the last RT fraction), showing a
36% overall abscopal response rate. Non-responding patients had
up regulated PD-L1, and genetic elimination of PD-L1 from
therapy-resistant melanoma cells dramatically restored response
to ipilimumab plus radiation. This study planted a seed for the
sequential combination of radiation and both anti-CTLA-4 and
anti-PD1/PD-L1 agents, as a promising strategy to evade immune
resistance and trigger the abscopal effect at the highest degree
[14]. As well summarized by Ngiow et al., anti-PD-1/PD-L1 anti-
bodies may combat adaptive immune resistance upon localized
radiation plus anti-CTLA-4 therapy, and the superior activity of
radiation and dual immune checkpoint blockade is mediated by
non-redundant immune mechanisms [66].

Fig. 1 illustrates a schematic model of the possible interaction
between radiation, tumour microenvironment and the immune
system, summarizing the ‘‘in situ” vaccination concept and the
‘‘abscopal” effect induced by RT. Fig. 2 illustrates the interactions
between RT and ICI, with distinctive clinical combinations and
sequences, aiming at different possible endpoints (maximizing
response, overcoming resistance).

RT and immune checkpoint inhibitors in melanoma: clinical data

In 1975, Kingsley et al. firstly described a case of abscopal effect
in a patient treated with radiation therapy for metastatic mela-
noma [10]. More recently, two pivotal clinical reports showed
how the combination of RT and ipilimumab might be efficient in
obtaining disease control on the treated site enhancing abscopal
effect on un-irradiated sites. Postow et al. [12] described the case
of a female patient treated with 4 doses of ipilimumab at 10 mg/
kg followed by maintenance every 12 weeks. After 1 year she had
progressive disease on both a para-spinal mass and spleen/thoracic
lymph nodes, and received palliative fractionated RT on the para-
spinal mass, while continuing ipilimumab. After 4 months the tar-
geted mass regressed and, remarkably, also a very good partial
response was observed on the hilar lymph nodes and spleen

Fig. 1. The ‘‘in situ vaccination” concept: ionizing radiation may increase antigens release from dying cancer cells, activate dendritic cells, expand specific anti-melanoma
cytotoxic T cells (CTCs) through cross-priming in draining lymph nodes and increase immune response at both local and distant sites [modified from Ref. 52].
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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
olygodeoxynucleotides containing CpG motifs that bind to TLR9,
when injected intratumorally enhanced DC activation and ability
to cross-present tumor antigens released by radiation (Milas et 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, the data support the ability of radiation to
generate an in situ vaccine: the efficacy of this approach is depen-
dent on DC fitness and can be enhanced by interventions directed
at improving DC.

A complementary strategy is based on targeting checkpoint co-
inhibitory receptors or co-stimulatory receptors expressed by T
cells with blocking or agonistic antibodies, respectively, to achieve
stronger and more sustained responses of anti-tumor T cells.
Our group tested the hypothesis that inhibiting a key checkpoint
receptor, CTLA-4, in combination with radiotherapy would

induce therapeutically effective anti-tumor responses. While
CTLA-4 is a dominant inhibitory receptor for T cells, as demon-
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 its use in 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 was confirmed
in mice models of poorly immunogenic carcinomas (Demaria
et al., 2005; Dewan et al., 2009). The therapeutic efficacy of the
anti-tumor T cells activated by treatment was enhanced by other
effects of radiation such as an improved tumor infiltration by
effector T cells, confirming it’s beneficial effects at both the prim-
ing and effector phase of anti-tumor responses (Matsumura et al.,
2008). A recent case report suggests that the success of the com-
bination of local radiotherapy and anti-CTLA-4 can be translated
in melanoma patients (Postow et al., 2012), with multiple clinical
trials being conducted to confirm these results.

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 mice models (Newcomb et al., 2010; Verbrugge et al.,
2012), supporting more studies to develop these strategies for
clinical use.
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administration of bacteria to improve the antitumor effects of local 
radiotherapy (95). In 2005, we proposed the concept of harnessing 
radiotherapy to help immunotherapy (96). Despite initial incredu-
lity, during the following years, the number of preclinical studies 
that have reported successful results by combining local radiation 
and immunotherapy has steadily increased (Table  1). Although 
radiation has multiple effects that impact both the priming and 
effector phase of antitumor immune responses, from a practical 
point of view, it may be useful to discuss separately the studies 
designed to exploit one aspect over the other.

Based on the rationale that radiation generates an in situ 
vaccine at the tumor site, some studies have tested its combination 
with strategies to improve cross-priming of antitumor T cells. 
This was achieved by enhancing the number and function of DCs 
with the administration of DC growth factors or by injecting 
exogenously prepared DCs into or near the irradiated tumor 
(97–101). Administration of the DC growth factor Flt3-ligand 
to mice after they had received tumor radiotherapy showed 
the induction of antitumor T cells able to inhibit spontaneous 

metastases in a lung carcinoma model (97). Similarly, an abscopal 
effect was seen in a mouse model of breast cancer (98). In a 
mouse sarcoma model, previous tumor irradiation promoted 
the migration of exogenously prepared syngeneic DCs injected 
intravenously or subcutaneously near the tumor and promoted 
development of tumor-specific T cells and tumor regression (99). 
Intratumoral injection of DCs showed additive and synergistic 
antitumor effects in mouse models of melanoma and sarcoma, 
respectively (100), and the ability of this combination to induce 
effective antitumor immune responses was also reported by Kim 
et al. (101) in a fibrosarcoma model.

In another approach, Toll-like receptor 9 agonist C-G enriched 
synthetic oligodeoxynucleotide (CpG) was used to mimic the 
signals derived from pathogens to induce type 1 interferons and 
resulted in strong activation of DCs and other innate immune 
cells in models of fibrosarcoma and lung carcinoma (102–104). 
In all of these examples, the combination treatment was far more 
effective than each treatment, radiation or immunotherapy, tested 
alone. The combination induced a systemically effective antitumor 

Figure 1. The balance between proimmunogenic and immunosuppres-
sive effects of radiotherapy and tumor rejection. Radiation promotes the 
priming and effector phases of the antitumor immune response. Key 
molecular signals that promote priming of antitumor T cells by dendritic 
cells loaded with tumor antigens include exposure of calreticulin (CRT) 
and release of ATP and high-mobility group protein B1 (HMGB1). These 
signals are released by the tumor cells undergoing a radiation-induced 
immunogenic cell death and, together with interleukin 1β (IL-1β) lead 
to activation of tumor-specific T cells. Key molecular signals that pro-
mote the effector phase include the upregulation of chemokines CXCL9, 
CXCL10, and CXCL16, which attract activated T cells to the tumor. Tumor 
infiltration by T cells that produce interferon γ (IFN-γ) and tumor necrosis 

factor α (TNF-α) is facilitated by upregulation of vascular cellular adhesion 
molecule 1 (VCAM-1) on tumor endothelium. Radiation-induced upregu-
lation of major histocompatibility complex class 1 (MHC-1), NKG2D 
ligands (NKG2DL), intercellular adhesion molecule 1 (ICAM-1), death 
receptor Fas, and costimulatory molecule CD80 on surviving tumor cells 
improves their recognition and killing by T cells. On the other hand, radia-
tion activates immunosuppressive transforming growth factor β (TGF-β) 
cytokine and promotes accumulation of regulatory T cells (Treg) and pro-
tumorigenic M2 macrophages (MØ2). Data suggest that positive effects 
of radiation often predominate over negative ones but are insufficient to 
shift the balance of the immunosuppressive tumor microenvironment to 
achieve tumor rejection in the absence of targeted immunotherapy.

RADIOTHERAPY  
IMMUNOSUPPRESSIVE AND PROIMMUNOGENIC EFFECTS  

Data suggest that positive effects of  
radiation often predominate over 
negative ones but ARE 
INSUFFICIENT TO SHIFT THE 
BALANCE of  the 
IMMUNOSUPPRESSIVE TUMOR 
MICROENVIRONMENT to achieve 
tumor rejection in the absence of  
targeted immunotherapy.  



Over thirty years ago, Helen Stone and colleagues compared the effects 
of  local tumor irradiation in immunocompetent and T cell deficient 
mice, providing the first evidence that tumor RESPONSE TO 

COMBINING 
RADIOTHERAPY AND 

CANCER IMMUNOTHERAPY: 
A PARADIGM SHIFT  

combination of radiotherapy and NHS-IL2 (ie, triple
combination) contributed mainly to immune activa-
tion and tumor growth control. Following treatment, gene
expression in tumors was determined by quantitative
PCR, cellular changes in the periphery were monitored by
fluorescence-activated cell sorting (FACS), and tumor-
infiltrating lymphocytes assessed by immunohistochemis-
try (IHC) to comprehensively elucidate the mechanistic
pathways involved in the synergistic antitumor effects of
these combination therapies (data not shown; manuscript
in preparation). Additional file 1: Figure S1 shows upregu-
lated expression of genes associated with effector T cells
(CD3, CD4, CD8, CD25) and cytotoxic immune cells (Fas
ligand, granzyme B, perforin 1) within tumors treated with

the triple combination, indicating an increased infiltration
of activated T cells. This was further confirmed by FACS
and IHC-based analysis of tumors, supporting the previ-
ously described immune-potentiating effects that radiation
has on tumors (data not shown).

Clinical study
Based on the promising preclinical study results, the
EMR62235-002 phase Ib trial (NCT00879866) was initi-
ated. Between April 2009 and August 2010 a total of 15
patients with NSCLC stage IV disease who achieved at
least stable disease after first-line platinum-based ther-
apy provided informed consent. Two patients showed
progressive disease during screening and were thus not
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Figure 1 Mouse model (LLC in C57/Bl6) study design (A) and observed tumor growth inhibition (B). Mice received the indicated treatments
when tumors had reached volume of 81 mm3 to 137 mm3 7 days after implantation. Cisplatin 4 mg/kg was administered only on day 0. The dose of
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Therapeutic effects of ablative radiation on local tumor 
require CD8+ T cells: changing strategies for cancer 
treatment 

Lee, Blood. 2009 Jul 16; 114(3): 589–595. 

after ablative RT (20 
Gy × 1), B16 tumors 
show significant 
regression in wild-
type (WT) mice 
Impressively, the 
tumor remained 
radio-resistant to 
ablative RT in the 
absence of  T cells 

B16 melanoma is well established to be a highly aggressive, rapidly 
growing, poorly immunogenic, radio-resistant tumor and also known to 
resist various treatments 

THERAPEUTIC EFFECT OF ABLATIVE RT REQUIRES 
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antigens prompted by local radiotherapy may also stimulate
the release of cross-reactive tumor antigens.
Abscopal effects seem to depend on both the radiation

dose and the delivery schedule for different types of tumors.
In one mouse model involving the Lewis lung carcinoma and
a murine fibrosarcoma, low-dose irradiation (2-Gy fractions
given twice daily for 6 days) reduced the abscopal effect that
had been evident after five daily fractions of 10 Gy each (32).
Lee and colleagues (34) reported that a single ablative dose
of radiation (20 Gy) to murine B16 melanoma generated a
strong antitumor T-cell response that was diminished by
the use of fractionated radiotherapy or the addition of
chemotherapy agents. In contrast, the combination of an
antibody to CTLA-4 and fractionated radiation (but not
single-dose irradiation) resulted in abscopal effects in pre-
clinical models of breast and colon cancer (35). Although
radiotherapy causes tumor-cell apoptosis/necrosis, radia-
tion alone is not sufficient to trigger antigenic signals, and
a second costimulatory signal is required to elicit systemic
antitumor immune responses, especially in poorly immuno-
genic cancers (30). Moreover, radiotherapy alone can sup-

press the growth of primary breast, colon, and lung cancer
tumors but not the appearance of lung metastasis in mouse
models (30, 35, 36). Thus, the combination of radiotherapy
with immune modulators may have the capability to escalate
antitumor responses to a level that could suppress or
eliminate systemic metastasis.

Immune Checkpoint Inhibitors
During the past decade, the framework for treating systemic

disease has gradually shifted from the broad approach of
treating all dividing cells, especially tumor cells, to potentiating
the immune system. Immunomodulators that target T-cell
surface proteins have shown promise in mobilizing immune
cells from a state of anergy to activation in response to the
presence of cancer cells. Two T-cell surface proteins, CTLA-4
and PD-1, serve as "immune checkpoints" for T cells (37); when
CTLA-4 or PD-1 interact with their cognate ligands, an inhib-
itory signal is conveyed to T cells, resulting in decreased
cytokine production, inhibition of proliferation, and reduced
cytotoxic function (38, 39). CTLA-4 is activated by binding to

., .,

.,

IFNγ

Figure 1. Schematic diagram outlining the antitumor activity and abscopal effect in combining checkpoint inhibitors with radiation-induced immune response.
Radiation inducesDNAdamageand tumor cell death bypromoting tumor cell expression of FasandMHCclass I; dying tumor cells releaseATP, tumor antigens,
and danger signals such as HMGB1 and calreticulin. Radiation also increases tumor cell expression of PD-L1, secretion of TGFb, and suppression
ofCD4þTregs. Tumorantigenscapturedbyantigen-presentingcells (APC)areprocessedandpresentedonMHCclass Imolecules in thedraining lymphnode to
tumor antigen–specific T cells in conjunctionwith costimulation to promote activation andproliferation. CTLA-4canbindB7-1 todownregulate T-cell activation.
Activated CTLs leave the lymph node, follow inflammatory chemokines, and migrate to tumor sites. PD-L1 and PD-1 can interact to suppress CTL activation;
various a-CTLA-4, a-PD-L1, and a-PD-1 mAbs have been developed and used successfully in cancer immunotherapies. CTL antitumor activity includes
secretion of IFNg and TNF, suppression of MDSCs, expression of perforin and granzyme, and activation of Fas ligand–mediated tumor cell apoptosis.
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Figure 1
Characterization of 4T1-CFP tumor model for imaging CD8+ TILs in Cxcr6+/gfp mice treated with local radiotherapy and anti–CTLA-4 mAb. (A) 
Treatment schedule. (B) Growth of 4T1-CFP tumors of untreated and IR+9H10-treated mice (n = 6/group). Treated mice showed signi!cant tumor 
inhibition (P = 0.0006). Vertical dashed lines indicate the days at which in vivo TPLSM was performed. (C–E) Ex vivo characterization of CD8 TILs 
on day 21. Samples were gated on CD8+ T cells. (C) Most GFP+ TILs express CD69, and represent a greater proportion of CD8+ cells in tumors 
treated with IR+9H10 than controls. (D) IR+9H10 treatment increases the density of CD8+ TILs about 1.8-fold, but the density of CD8 GFP+ TILs 
is increased by more than 4-fold. (E) The majority CD8+ TILs producing IFN-  are GFP+, as determined by intracellular staining. Error bars are 
absent because pooling of tumors within each group was necessary to obtain sufficient number of cells for analysis. Results are from 10 mice/
group and are representative of 2 experiments. (F) In vivo TPLSM images of GFP+ TILs in 4T1-CFP tumors on day 22 (Supplemental Videos 1 
and 2). Mice were mock treated (Control) or treated as indicated. Images are representative of 6–8 independent experiments for each treatment. 
Scale bars: 58 m. T cells are green (GFP), 4T1 cells are blue (CFP), blood vessels are red (quantum dots). (G) Quanti!cation of GFP+ TILs on 
day 22. Results are the mean ± SD of 9 !elds (9  104 m2) from 3 mice per group. *P < 0.05, **P < 0.005.
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full cytotoxic potential of host immunity against the tumor. We 
hypothesized that blockade of PD-L1 enhances RT by alleviating the 
inhibitory action of PD-L1 on T cells. To test this hypothesis, TUBO 
cells were implanted, and 14 days later tumors were treated with IR  
(12 Gy), anti–PD-L1 alone, or IR plus anti–PD-L1. Anti–PD-L1 by 
itself had a slight impact on tumor growth, whereas RT slowed 
tumor progression. Treatment with a combination of IR plus anti–
PD-L1 effectively controlled tumor growth (P = 0.0022, anti–PD-L1 
vs. IR plus anti–PD-L1 = 587.3 ± 169.1 mm vs. 25.59 ± 10.26 mm on 
day 31; P = 0.0002, IR vs. IR plus anti–PD-L1 = 402.8 ± 76.73 mm vs. 
25.59 ± 10.26 mm on day 31) (Figure 2A). The effectiveness of the 
combination treatment was also confirmed in the distinct syngeneic 
colon cancer model MC38 (P < 0.0001, anti–PD-L1 vs. IR plus anti–
PD-L1 = 457.6 ± 44.24 mm vs. 27.85 ± 27.85 mm on day 34; P = 0.034, 
IR vs. IR plus anti–PD-L1 = 278.6 ± 94.20 mm vs. 27.85 ± 27.85 mm 
on day 34) (Figure 2B).

To address whether combination therapy resulted in the genera-
tion of prolonged protective T cell immunity, 30 days after complete 
tumor rejection, mice were rechallenged with a much higher dose  
(2  106 cells) of TUBO tumor cells on the opposite flank. No pal-
pable tumors were detected on the treated mice after a few weeks, 
whereas tumors on naive mice were palpable after 1 week (Figure 2C).  
The capacity of local radiation to mediate effects on the tumor 
outside the radiation field, termed the abscopal effect, has been 
observed in several types of human cancers, including melanoma 

and renal cell carcinoma (29, 30). Although, the abscopal effect 
has not been formally linked to host immune responses, several 
reports have observed abscopal regression in patients undergoing 
RT and immunotherapy, suggesting that host immunity could be a 
major determinant (10). We tested whether combination treatment 
with IR plus anti–PD-L1 could exert abscopal effects on secondary 
tumors that did not receive local IR. To test this, tumor cells were 
implanted in both flanks. Tumors intended for treatment received 
5 times more cells than tumors on the contralateral flank that 
would serve as abscopal tumors (106 cells vs. 2  105 cells). The pri-
mary tumors received treatments, as shown in Figure 2A. A growth 
delay was observed in the IR plus anti–PD-L1 combination group, 
but not in groups receiving either treatment alone (Figure 2D).  
These results suggest that anti–PD-L1 treatment not only improves 
the effects of IR on the primary tumor, but also mediates an absco-
pal effect on distant tumors.

CD8+ T cells are essential for the efficacy of combination therapy. To inves-
tigate the importance of CD8+ T cells in combination therapy, CD8+ 
T cells were depleted using antibodies in the mice treated with IR 
plus anti–PD-L1. Depletion of CD8+ T cells completely abolished 
the effectiveness of the combination treatment, resulting in rapid 
tumor outgrowth (Figure 3A, P = 0.025 on day 32). In contrast, deple-
tion of CD4+ T cells did not change tumor growth after the combi-
nation treatment (Supplemental Figure 1; supplemental material 
available online with this article; doi:10.1172/JCI67313DS1).  

Figure 2
IR and PD-L1 blockade synergistically amplify the antitumor effect. (A) Combination of anti–PD-L1 ( PD-L1) and IR signi!cantly enhanced the 
inhibition of TUBO tumor growth. BALB/c mice were inoculated s.c. on day 0 with 1  106 TUBO cells. Tumors locally received one 12-Gy dose 
on day 14 and/or 200 g anti–PD-L1 (clone 10F.9G2) or isotype control i.p. every three days for a total of four times. **P < 0.01; ***P < 0.001.  
(B) Combination therapy greatly delayed MC38 tumor growth compared with single treatments. C57BL/6 mice were injected s.c. on day 0 with 
1  106 MC38 cells. Tumors received 20 Gy on day 8, and antibodies were started on day 8 and administered as described in A. *P < 0.05;  
***P < 0.001. (C) Tumor-free mice that underwent combination therapy were resistant to the tumor rechallenge. Thirty days after tumor eradication, 
the mice treated as in A were rechallenged with 2  106 TUBO cells on the opposite "ank. (D) Systemic effect of combination treatment greatly 
reduced the growth of secondary tumors. TUBO tumors on the right "ank were treated with 12 Gy or anti–PD-L1 alone, or with 12 Gy plus anti–
PD-L1, as described in A. Tumors on the left "ank were measured and monitored. Representative data are shown from three (A) or two (B–D) 
experiments conducted with 6 to 8 (A and D), 5 (B), or 4 (C) mice per group.

RT REDUCTION OF 
myeloid-derived suppression 
cells (MDSCs), which 
suppress T cell activation and 
promote tumor outgrowth 
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observed after IR (Figure 1B). To determine whether the effect of 
IR on MDSCs was only specific to the tumor, we examined the pro-
portion of immune cell populations in the periphery after IR. On 
day 10 after IR, combination treatment, but neither of the single 
treatments alone, resulted in a decrease in splenic MDSCs, while 
the percentages of macrophages, DCs (CD11c+), B cells (B220+), 
CD8+ T cells, and CD4+ T cells were unaffected (Supplemental 
Figure 4, left). Similar to the kinetics of MDSC disappearance in 
the tumor, we observed no difference in the percentage of splenic 
MDSCs on day 3 after IR (Supplemental Figure 4, right). Together, 
these data indicate that both the local and systemic reductions in 
MDSCs are associated with enhanced T cell functional activity and 
that a reduction in MDSCs occurs with a delay in kinetics.

Reduced accumulation of MDSCs following combination therapy is 
dependent on CD8+ T cells. We next sought to determine whether 
IR kills MDSCs directly or whether CD8+ cells directly contribute 
to the decreased proportion of MDSCs following combination 
therapy. We stained tumor sections derived from untreated con-
trol and IR plus anti–PD-L1 mice with antibodies against CD11b, 
Gr1, CD8, and activated caspase 3. In addition to the reduction 
in Gr1+ cells in the combination-treated tumors, a profound dif-
ference in the colocalization of remaining Gr1+ and CD8+ cells 
was also revealed (Figure 5A). To quantify the degree of colocal-
ization of Gr1+ and CD8+ cells, we measured the average distance 
between cells staining positive for each marker. The average dis-
tance between a CD11b+Gr1+ and an adjacent CD8+ T cell was 
significantly reduced in tumors treated with IR plus anti–PD-L1 
compared with that observed in untreated tumors (Figure 5B, 
P < 0.01). In tumors treated with combination therapy, we also 
observed elevated levels of activated caspase 3 in Gr1+ cells that 
were closely associated with CD8+ T cells (insets of Figure 5A). 
These results suggest that CD8+ cells is directly involved in con-
trolling MDSC cells by inducing apoptosis of MDSCs. To begin to 
address this possibility, we examined changes in the proportion of 
MDSCs after depletion of CD8+ T cells in combination treatment. 

Our results indicate that depleting CD8+ T cells restored the levels 
of MDSCs to those observed in untreated control mice (Figure 5, 
C and D). These results further solidify the association of CD8+ 
T cells with local accumulation of MDSCs; however, these data 
could not definitively determine a direct mechanistic relationship.

Restoration of the proportions of MDSCs in the combination 
treatment following CD8+ T cell depletion (P = 0.0038) raised the 
possibility that CD8+ T cells are directly involved in limiting the 
accumulation of MDSCs in the tumor microenvironment by medi-
ating MDSC death. We investigated this possibility by cocultur-
ing MDSCs derived from the spleens of tumor-bearing mice with 
activated CD8+ T cells. Coculture of activated T cells with MDSCs 
resulted in an increase (from 11.75% ± 0.48% to 44.38% ± 0.63%)  
in annexin V+ (apoptotic) MDSCs compared with those cultured 
with resting CD8+ T cells (Figure 6, A and B). In addition, we 
found that expression of PD-L1 protected MDSCs from cell death 
induced by activated CD8+ T cells (data not shown). These data 
raise the possibility that RT and anti–PD-L1 combination therapy 
restores the function of CD8+ T cells, which, in turn, results in the 
direct elimination of MDSCs.

Because polyclonal activated T cells mediated MDSC apoptosis 
in our in vitro assay, we hypothesized that the interaction takes 
place in an antigen-nonspecific manner. We further hypothesized 
that T cell–derived cytokines are involved in the induction of 
MDSC apoptosis. Compared with blockade of IFN- , we observed 
that neutralization of TNF in the coculture system significantly 
reduced the fraction of annexin V+ MDSCs (Figure 6, A and B). 
Nevertheless, we did not observe a synergy between TNF and IFN-  
with induction of MDSC apoptosis (Figure 6, A and B). Next, we 
asked whether TNF or IFN-  is sufficient to induce MDSC death 
in the absence of T cells. Treatment of MDSCs with TNF induced 
high levels of apoptosis (30%) at a concentration of 50 ng/ml com-
pared with those seen with the background (10%), whereas IFN-  
induced up to 16% annexin V+ apoptosis in MDSCs at a concen-
tration of 20 ng/ml (Figure 6C). These results show that MDSCs 

Figure 4
IR and PD-L1 blockade 
induce the reduction of 
MDSCs. Tumors received  
12 Gy, and mice were treated 
with anti–PD-L1 as described 
in Figure 2A. Three days or 
10 days after IR, tumors were 
removed to obtain cell sus-
pensions for surface staining. 
(A) Flow cytometric analysis 
of MDSCs (CD11b+Gr1+) 
gated on CD45+ cells in 
tumors 10 days after IR. 
(B) Quantitative data of 
the percentage of MDSCs 
(CD11b+Gr1+), macrophages 
(CD11b+F4/80+), CD8+ T 
cells, and CD4+ T cells rel-
ative to CD45+ cells on day 
10 (left) and on day 3 (right) 
after IR. *P < 0.05; **P < 0.01;  
***P < 0.001. Representative 
data are shown from two  
(A and B) experiments con-
ducted with 5 mice per group.
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The phenomenon “ABSCOPAL EFFECT” 
or “distant bystander effect” was originally 
described by Mole (1953) and the term comes 
from the latin “ab-” (position away from) and 
“scopus” (mark or target).  

Formenti S, J Natl Cancer Inst;2013;105:256–265 



COMBINING 
RADIOTHERAPY AND 

CANCER IMMUNOTHERAPY: 
A PARADIGM SHIFT  

“fonc-02-00080” — 2012/7/22 — 17:19 — page 2 — #2

Schmid and Multhoff Indirect radiobiological effects

FIGURE 1 |The graph shows the different potential routes by
which bystander, abscopal effects, and genomic instability may
affect the outcome of radiation therapy in a tumor mouse model.
Radiation-induced DNA damage in the tumor can be amplified by bystander
signals in cells residing in close proximity to the irradiation field. In contrast,
abscopal effects and genomic instability exert distant and systemic
effects.

irradiation, such as initiation of secondary malignancies, are
attributed to an inadequate repair in DNA damage in normal
and tumor tissues. However, new studies have shown dam-
age in cells that were not exposed to irradiation. These find-
ings are explained by a potential interplay of irradiated and
non-irradiated cells.

BYSTANDER EFFECT
Since the discovery of X-rays in 1895, it was assumed that
the deleterious effects of ionizing radiation such as mutations
and carcinogenesis are mainly due to a direct damage of the
DNA. Radiation-induced bystander effects are defined as biolog-
ical effects in cells that are in close proximity to cells that have
been irradiated (Hei et al., 2011). In 1992, Nagasawa and Little
reported about an experimental system in which after exposure
of 1% of the cells to densely ionizing particles, sister chromatid
exchanges were observed in approximately 30% of the cell pop-
ulation (Nagasawa et al., 2003). The damage that occurred in
non-irradiated cells has been described as the “bystander effect.”
Unique microbeam facilities with the capacity to target subcel-
lular areas within a cell such as the nucleus or the cytosol with
a defined number of protons, photons or α-particles with high
precision, play a pivotal role in a better understanding of the
molecular mechanism of bystander effects (Hei et al., 2011). Using
a microbeam in Columbia University, Wu et al. (1999) reported
that a selective irradiation of the cytoplasm with four alpha par-
ticles results in killing of 10% of the cells and in increased gene
mutations in the nucleus. It is speculated that either components
of the cytoplasm or extracellular located components might be

responsible for the observed increase in gene mutations in the
nucleus.

Previous studies implicate that pro-inflammatory cytokine
signaling is associated with in vivo chromosomal instability
(Lorimore et al., 2008) and the involvement of COX-2 in the
bystander response in vitro (Hei et al., 2008). The study of
Lorimore et al. (2011) showed a connection of the bystander effect
and the chromosomal instability that are mediated by signals
involving COX-2 the initial enzymatic step in the metabolism
of arachidonic acid to prostaglandins (Lorimore et al., 2011).
Since NFκB is an important transcription factor for many sig-
naling pathways including COX-2, it is likely that NFκB also
participates in the bystander effect. There is clear evidence that
alpha particle irradiation up-regulates the binding activity of
NFκB via direct and bystander mediated effects (Zhou et al.,
2008). Immune cells accumulate within and around tumors
and cooperate with each other by utilizing specific cytokines.
These results provide evidence that the COX-2 signaling pathway,
which is essential in mediating a cellular inflammatory response,
may be a critical signaling event for producing a bystander
effect.

Importantly, in vivo experiments have demonstrated that cells
of the innate immune system can be activated by ionizing radiation
to produce pro-inflammatory mediators of genomic instability
(Lorimore et al., 2008). Mutou-Yoshihara et al. (2012) showed that
suppression of cytokine production was induced in the surround-
ing non-irradiated cells via the bystander effect (Mutou-Yoshihara
et al., 2012). Bystander responses have been measured after expo-
sures as low as a single proton or helium ion delivered to an
individual cell. An important aspect is that the non-DNA targeted
responses saturate with increasing dose to a single target cell
(Prise et al., 2003).

The following conclusions can be drawn from experiments ana-
lyzing bystander effects: irradiation of the cytoplasm can induce
genetic effects in the nucleus that was not directly exposed to radi-
ation. It appears that the traversal of high-LET particles through
the cytosol is more efficient than through the nucleus (Morgan
and Sowa, 2009). Presumably, NF-κB, COX-2, and reactive oxygen
species are involved in cytoplasmic irradiation-induced bystander
effects.

ABSCOPAL EFFECTS
The term “abscopal” is derived from the Latin prefix “ab,” mean-
ing “away from,” and the Greek word “scopos,” meaning “target.”
An abscopal effect has been defined as a reaction of cells within
an organism that had not been directly exposed to irradiation,
but cause tumor regression of the non-irradiated tumors (Postow
et al., 2012). These responses indicate that the target size of the
responding tissue is much larger than the irradiated field.

It is assumed that the abscopal effect is mainly mediated by
an activation of the immune system via cytokines. The abscopal
effect refers to distant effects observed after local radiation therapy
(Shiraishi et al., 2008). Therefore, some investigators argue that
abscopal effects should be termed as “distant bystander effects.”
Although the immune system appears to be involved, the exact
mechanisms of action of abscopal effects remain to be elucidated
(Shiraishi et al., 2008).
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BYSTENDER EFFECT 
Radiation-induced bystander effects 
are defined as biological effects in 
cells that are in close proximity to 
cells that have been irradiated  
(Hei et al., 2011). 
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Why are ABSCOPAL EFFECTS uncommon? 

RADIOTHERAPY per se is generally unable to subvert a  
patient’s immune tolerance toward the tumor.   

As mentioned before, tumors express a large number of  neoantigens, but the 
antigens that are STRONGLY IMMUNOGENIC ARE USUALLY 
ALREADY LOST at the time of  clinical presentation of  the disease, “edited” 
out when tumors escape immune control 

CRITICAL CONCENTRATION OF FULLY 
FUNCTIONAL T CELLS primed against the 
tumor is required to achieve immune-mediated 
tumor rejection in experimental tumor models 
and in the clinic. 



Radiation and Ipilimumab 
Enhanced tumor-infiltrating lymphocytes in an abscopal lesion  
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Local radiotherapy and granulocyte-macrophage colony-
stimulating factor to generate abscopal responses in patients 
with metastatic solid tumours: a proof-of-principle trial
Encouse B Golden, Arpit Chhabra, Abraham Chachoua, Sylvia Adams, Martin Donach, Maria Fenton-Kerimian, Kent Friedman, Fabio Ponzo, 
James S Babb, Judith Goldberg, Sandra Demaria, Silvia C Formenti

Summary
Background An abscopal response describes radiotherapy-induced immune-mediated tumour regression at sites 
distant to the irradiated fi eld. Granulocyte-macrophage colony-stimulating factor is a potent stimulator of dendritic 
cell maturation. We postulated that the exploitation of the pro-immunogenic eff ects of radiotherapy with granulocyte-
macrophage colony-stimulating factor might result in abscopal responses among patients with metastatic cancer.

Methods Patients with stable or progressing metastatic solid tumours, on single-agent chemotherapy or hormonal 
therapy, with at least three distinct measurable sites of disease, were treated with concurrent radiotherapy (35 Gy in 
ten fractions, over 2 weeks) to one metastatic site and granulocyte-macrophage colony-stimulating factor (125 µg/m² 
subcutaneously injected daily for 2 weeks, starting during the second week of radiotherapy). This course was repeated, 
targeting a second metastatic site. A Simon’s optimal two-stage design was chosen for this trial: an additional 
19 patients could be enrolled in stage 2 only if at least one patient among the fi rst ten had an abscopal response. If no 
abscopal responses were seen among the fi rst ten patients, the study would be deemed futile and terminated. The 
primary endpoint was the proportion of patients with an abscopal response (defi ned as at least a 30% decrease in the 
longest diameter of the best responding abscopal lesion). Secondary endpoints were safety and survival. Analyses 
were done based on intention to treat. The trial has concluded accrual, and is registered with ClinicalTrials.gov, 
number NCT02474186.

Findings From April 7, 2003, to April 3, 2012, 41 patients with metastatic cancer were enrolled. In stage 1 of the 
Simon’s two-stage design, ten patients were enrolled: four of the fi rst ten patients had abscopal responses. Thus, the 
trial proceeded to stage 2, as planned, and an additional 19 patients were enrolled. Due to protocol amendments 
12 further patients were enrolled. Abscopal responses occurred in eight (27·6%, 95% CI 12·7–47·2) of the fi rst 
29 patients, and 11 (26·8%, 95% CI 14·2–42·9) of 41 accrued patients (specifi cally in four patients with non-small-cell 
lung cancer, fi ve with breast cancer, and two with thymic cancer). The most common grade 3–4 adverse events were 
fatigue (six patients) and haematological (ten patients). Additionally, a serious adverse event of grade 4 pulmonary 
embolism occurred in one patient.

Interpretation The combination of radiotherapy with granulocyte-macrophage colony-stimulating factor produced 
objective abscopal responses in some patients with metastatic solid tumours. This fi nding represents a promising 
approach to establish an in-situ anti-tumour vaccine. Further research is warranted in this area.

Funding New York University School of Medicine’s Department of Radiation Oncology and Cancer Institute.

Introduction
An abscopal (from Latin ab-scopus, away from the 
target) response describes tumour regression at sites 
distant to an irradiated fi eld, and is a rare event seen in 
patients with various types of metastatic tumours 
receiving palliative radiotherapy to a single metastasis.1 
To better understand the underlying mechanisms 
behind these observations, we established reproducible 
syngeneic murine models of metastases and studied 
whether adding immunotherapy to localised radio-
therapy could result in abscopal responses, either in a 
distant non-irradiated tumour or in spontaneously 
developing metastases.2,3

Dendritic cells have a pivotal role in the development of 
immunity.4 The diff erentiation of distinct subsets of 

dendritic cells from bone marrow precursor cells was 
previously shown to be induced by the growth factors 
Flt3-L and granulocyte-macrophage colony-stimulating 
factor (GM-CSF).5,6 Thus, our fi rst in-vivo proof-of-
principle experiment consisted of treating mice with 
Flt3-L in combination with radiotherapy in a syngeneic 
mammary carcinoma model with bilateral 67NR fl ank 
tumours.2 We recorded abscopal responses in the non-
irradiated tumours when radiotherapy was combined 
with Flt3-L. Abscopal responses were found to be eff ector 
T-cell mediated and tumour-specifi c.2 Hence, this and 
subsequent studies provided evidence that, when 
combined with immuno therapy, local radiotherapy can 
induce an immunogenic type of tumour cell death that 
contributes to pro-infl ammatory signalling, improves 
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symptomatic congestive heart failure, myocardial 
infarction within the past 6 months, unstable angina 
pectoris, or unstable cardiac arrhythmia. The study 
protocol was approved by the institutional review board 
of New York University (NYU) School of Medicine. All 
enrolled patients signed an NYU School of Medicine 
institutional review board-approved informed consent 
document and were registered with the Clinical Trials 
Offi  ce of the NYU Cancer Institute (NYU-IRBH 
number 10673).

Procedures
Lesions to be irradiated were imaged and identifi ed via 
CT simulation and conformal treatment plans were 
created with Eclipse (version 9) treatment planning 
software. Measurable lesions were targeted for 
radiotherapy at the discretion of the treating physician. 
A clinical setup was allowed for superfi cial lesions to be 
treated with electrons because the relative biological 
eff ect of electrons is comparable to that of photons. The 
gross tumour volume was specifi ed as gross disease. 
The clinical target volume was defi ned as the lesion of 
interest plus a margin to encompass any microscopic 
disease. The planning target volume was defi ned as the 
clinical target volume plus a 0·5 cm margin to account 
for inter-fraction setup errors. Conformal treatment was 
delivered to the metastatic site only (elective nodal 
irradiation was not done) by external beam with either a 
2100 or 2300 Varian linear accelerator. Intensity 
modulated radiation therapy was occasionally chosen, 
when necessary to minimise toxicity to nearby organs at 
risk. The increase in low-dose exposure with intensity 
modulated radiation therapy was considered negligible 
for abscopal response assessment, since the metastatic 
sites for abscopal assessment were excluded from the 
intensity modulated radiation therapy beam. Two lesions 
were treated; the planning target volume for the fi rst 
lesion was treated daily (beginning on treatment day 1), 
Monday to Friday, for 2 consecutive weeks to a total dose 
of 35 Gy delivered in ten fractions. The second lesion 
was treated (beginning on day 22) for 2 consecutive 
weeks to a total dose of 35 Gy delivered in ten fractions 
(fi gure 1). The rationale for treating two lesions was to 
provide the opportunity to re-treat or choose a target 
lesion in a diff erent organ for patients with widespread 
metastases. 

Patients were maintained on the same single-agent 
chemotherapy or hormonal therapy they were on before 
their enrolment (fi gure 1). To accommodate a concurrent 
radiotherapy regimen and to minimise the risk of 
treatment-related toxicities, the protocol required 
chemotherapy dose and scheduling modifi cations. For 
example, the following chemotherapies were adjusted 
accordingly when given with radiotherapy: paclitaxel 
80 mg/m² (days 1, 8, 22, and 29), docetaxel 40 mg/m² 

(days 1, 8, 22, and 29), capecitabine 1500 mg/m² per day 
(days 1–12 and 22–33), and liposomal doxorubicin 

10 mg/m² (days 1, 8, 22, and 29). No modifi cations for 
hormonal therapies were needed.

GM-CSF (125 µg/m²) was given daily, via subcutaneous 
injection for 14 days. GM-CSF injections began 1 week 
after the start of each course of radiotherapy at days 8–22  
and 29–43 (fi gure 1).

Figure 1 describes the design of the study and the 
method and timing for abscopal response assessment. 
Lesions were either measured on physical examination 
or by CT scans at baseline (within 4 weeks of study 
entry). At the end of the third week after the start of 
treatment, patients were reassessed clinically for 
response to treatment (imaging was encouraged but 
not needed). Patients were clinically assessed with an 
interval complete history, physical examination, and 
laboratory studies. A repeat physical examination and 
CT scan was done 7–8 weeks from the start of treatment 
to assess for abscopal responses. All CT scans were 
reviewed by two independent radiologists to assess for 
best abscopal responses. Follow-up CT scans were 
done in accordance to the standard of care for each 
patient.

Complete blood counts with diff erentials and complete 
metabolic panels were acquired before enrolment to 
assess for patient eligibility. Complete blood counts were 
repeated between days 8 and 21, and 22 and 33, whereas 
complete metabolic panels were repeated between 
days 22 and 33.

Treatment-related toxicities and adverse drug events 
were reported using the National Cancer Institute (NCI) 
Common Toxicity Criteria for Adverse Events (CTCAE 
version 3.0) and assigned a cause (radiotherapy, chemo-
therapy, or GM-CSF, or combination thereof) by the 
treating clinician. All safety issues of the trial were 

GM-CSF GM-CSF

Chemotherapy Chemotherapy-
radiotherapy

Chemotherapy-
radiotherapy

1 8 15 22 29 36 43 49–56Day

Stable or 
progressing 
disease

Within 4 weeks from study 
entry: baseline PET-CT

End of week 3: assess clinical
response with or without imaging

Weeks 7–8: 
assess clinical 
response and 
PET-CT response

Radiation site 1
Radiation site 2
Measured abscopal lesion

Week 1, 2

Week 2, 3

Week 4, 5

Week 5, 6

Figure 1: Treatment and assessment schema for induction and determination of abscopal responses

Articles

www.thelancet.com/oncology   Vol 16   July 2015 799

Oncology and Cancer Institute of New York University 
School of Medicine. The funding source had no 
involvement in the study design, collection, analysis and 
interpretation of data, in writing of the report, and in the 
decision to submit the article for publication. SCF, EBG, 
and AChh had full access to the raw data. The 
corresponding author (SCF) had the fi nal responsibility 
to submit for publication.

Results
Patients were enrolled between April 7, 2003, and April 3, 
2012. In stage 1 of the Simon’s two-stage design, ten 
patients were enrolled, of whom eight were assessable 
with PET-CT, one patient was assessed clinically (skin 
lesions), and one patient was assessed with PET only. 
Four out of the fi rst ten patients had abscopal responses. 
Thus, the trial proceeded to stage 2, as planned, and an 
additional 19 patients were enrolled.

Two protocol amendments were made during the 
study. The fi rst amendment was made (May 11, 2010) to 
enrol an additional ten patients to gather suffi  cient blood 
samples for an immunological investigation. Unfor-
tunately, collected blood samples from these patients 
were lost because of a prolonged electrical power failure 
and were non-assessable. Nevertheless, these patients 
were eligible for assessment of abscopal response. The 
second amendment was made (March 6, 2012) to enrol 
two additional patients to replace a patient who was not 
assessable for lesion measurement by CT scan and 
another patient who experienced a protocol deviation 
(the patient was started on a new chemotherapy regimen 
while on protocol). During the trial, one patient with 
non-small-cell lung cancer developed lepto meningeal 
carcinomatosis and another with ovarian cancer 
developed peritoneal carcinomatosis before their 

scheduled post-treatment CT scans. As a consequence, a 
total of 41 patients were enrolled onto the study and 
37 were assessable for best abscopal responses. In the 
intention-to-treat analysis, the four aforementioned 
patients were counted as non-responders. Tables 1 and 2 
summarise the baseline characteristics of the participants 
in the study.

Grade 3 or 4 toxicities primarily began during the fi rst 
cycle of chemoradiation and GM-CSF (table 3). 
30 patients completed their scheduled therapy (table 2). 
The most common grade 3–4 adverse events were fatigue 
(six patients) and haematological (ten patients). One 
patient was hospitalised for pulmonary emboli that 
occurred during subcutaneous GM-CSF administration. 
No patients needed dose reduction of GM-CSF or 
radiation. No patient discontinued treatment because of 
toxicity. 11 patients failed to complete the two cycles of 
therapy per protocol: eight patients progressed before 
starting the second cycle and three elected to interrupt 

Figure 2: Waterfall plot of best abscopal responses
The plot shows the percent change from baseline in the best responding 
abscopal lesions. Each bar represents the best abscopal response for one patient.
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Patients

Radiotherapy Chemotherapy Granulocyte-macrophage 
colony-stimulating factor

Grade 1 Grade 2 Grade 3 Grade 4 Grade 1 Grade 2 Grade 3 Grade 4 Grade 1 Grade 2 Grade 3 Grade 4

Fatigue 17 5 6 0 18 9 5 0 8 0 2 0

Syncope 0 0 1 0 0 0 1 0 0 0 1 0

Pruritis 1 0 0 0 0 1 1 0 0 0 0 0

Dermatitis 10 2 1 0 2 0 0 0 1 0 0 0

Bronchospasm 0 0 0 0 0 0 0 0 0 0 1 0

Nausea or vomiting 3 1 0 0 11 5 1 0 5 1 1 0

Diarrhoea 2 2 0 0 9 0 0 0 4 1 0 0

Pulmonary embolism 0 0 0 0 0 0 0 0 0 0 0 1

Lymphopenia 0 2 0 0 4 9 4 1 0 0 0 0

Leucopenia 0 1 0 0 3 3 4 0 0 0 0 0

Thrombocytopenia 0 0 0 0 5 0 2 0 0 0 0 0

Neutropenia 0 0 0 0 2 3 1 2 0 0 0 0

Total 33 13 8 0 54 30 19 3 18 2 5 1

Adverse events were reported using the Common Toxicity Criteria for Adverse Events (version 3.0). 

Table 3: Treatment-related adverse events
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La radioterapia High Tech che eroga alte dosi di radiazioni in pochi minuti 
di esposizione favorirebbe, per esempio nel MELANOMA METASTATICO, 
amplificati processi biologici di apoptosi, necrosi e autofagia con un’ampia 
esteriorizzazione di antigeni tumorali; questi antigeni legati alle cellule 
dendritiche operanti nei linfonodi satelliti alla sede tumorale sarebbero 
riconosciuti dai linfociti T citossici soprattutto alla presenza d’inibitori del 
recettore CTLA-4 ad azione immunosopprimente e ora oggetto di ricerca 
traslazionale. 
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3. inattivano la maturazione delle cellule dendri-
tiche (DC) deputate, prevalentemente nei lin-
fonodi afferenti la sede tumorale, alla matura-
zione dei linfociti T citotossici e interferiscono 
con l’ef!cacia delle cellule Natural Killer (NK) 
mediante un blocco dei recettori NKG2D7. 

Fenomeni micro-ambientali, come l’ipossia con 
liberazione del fattore-1 indotta dall’ipossia (HIF-
1), e i fattori neo-angiogenetici, potenziano l’azione 
delle cellule tumorali nel ridurre l’ef!cacia dell’im-
munosorveglianza attiva antitumorale attraver-
so l’attivazione dei recettori PD-1 (Programmed 
Death-1) mediante l’espressione del legando PD-
L16-8. In alcuni tumori, come il melanoma maligno, 
è sovraregolata la proteina recettoriale implicata 
nel blocco dell’immunostimolazione dei linfociti T 
CD4 helper e T CD8; questa proteina, chiamata 
CTLA-4 (Cytotoxic T-Lymphocyte antigen 4), s’in-
terpone tra la cellula dendritica attivata e i linfoci-
ti, rendendoli inabili all’uccisione delle popolazioni 
cellulari. Questi componenti biomolecolari (PD-1, 
PD-L1, CTLA-4) vengono iperattivati dalle cellule 
tumorali nei processi d’immunoevasione per sop-
primere la !siologica immunosorveglianza delle 
iperproliferazioni atipiche; l’introduzione in clini-
ca di nuovi farmaci che possano essere antagonisti 
dell’azione di questi inibitori è al centro di un’am-
pia ricerca traslazionale nell’intento terapeutico 
di riattivare quei meccanismi d’immunocontrollo 
delle popolazioni cellulari a crescita incontrollata 
come le neoplasie maligne4. 

Gli e!etti immunologici della radioterapia 

Un ruolo dei linfociti T sulla risposta tumora-
le alle radiazioni ionizzanti è stato descritto nel 
1979 in modelli sperimentali7. Storicamente la ra-
dioterapia è stata considerata un agente immuno-
soppressivo per l’effetto citocida sulle popolazioni 
cellulari responsabili dell’immunosorveglianza 
(linfociti T, cellule dendritiche, cellule Treg)7. La 
radioterapia è stata, infatti, utilizzata in onco-
ematologia trapiantologica per evitare nel rice-

vente il rigetto del trapianto di midollo o di cellule 
staminali allogeniche da donatore familiare o non 
familiare istocompatibile. Recentemente si sono 
progressivamente chiariti alcuni sorprendenti 
processi immunomediati. È stato dimostrato che 
molti istotipi cellulari tumorali avviati a processi 
di morte radioindotta espongono antigeni propri 
sulla super!cie cellulare attivanti le cellule den-
dritiche (DC); le DC maturano in cellule che pre-
sentano l’antigene (APC) avente un ruolo prima-
rio nell’attivare linfociti T citotossici responsabili 
della morte cellulare immunogenica5. Il processo è 
complesso (!gura 1). I meccanismi molecolari che, 
dopo l’esposizione a radiazioni, attivano le cellule 
dendritiche sono rappresentati dal rilascio extra-
cellulare:
1. della calreticulina (proteina del reticolo endo-

plasmatico); 
2. del gruppo di proteine a elevata mobilità (High 

Mobility Group Box B1 - HMGB); 
3. di energia cellulare sotto forma di ATP;
4. di proteine da shock (HSP)7. 

Questi elementi endogeni attraverso i recetto-
ri Toll-like (TLR) attivano le cellule dendritiche. 
Con un effetto pro-immunogenico le cellule den-
dritiche si legano ai linfociti CD8+ naïve e inviano 
segnali stimolanti ai linfociti T citotossici (CTL) 
che inducono la morte immunogenica delle cellula 
neoplastica (!gura 2)5. Gli stessi linfociti T citotos-
sici possono agire su cellule tumorali non presenti 
nella sede d’irradiazione ma site a distanza; l’ef-
fetto citocida immunologico su metastasi micro o 
macroscopiche site a distanza dall’area sottoposta 
a irradiazione è chiamato “effetto ab scopus” o ef-
fetto “fuori del bersaglio d’irradiazione”8. L’effetto 
ab scopus è stato descritto anche in clinica, come 
di seguito meglio riportato.

La modalità tecnologica di erogazione della do-
se di radioterapia sembra in"uenzare la risposta 
immunomediata con differenti probabilità di atti-
vare i meccanismi di morte cellulare immunoge-
nica. Basse dosi di radiazioni (<1 Gy) sembrano 
attivare principalmente le cellule dell’immunità 
innata che non inducono morte cellulare immu-

Figura 1. Meccanismi di morte cellulare dopo esposizioni a radiazioni ionizzanti.
Modi!cata da Haikerwal et al.4.
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Sinergia tra radioterapia e immunoterapia 
nella cura dei tumori in stadio avanzato: 
recenti evidenze di una nuova s!da in oncologia
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Riassunto. La radioterapia svolge un ruolo terapeutico 
importante nella cura dei pazienti a!etti da neoplasie 
maligne. Recentemente, studi preliminari hanno messo in 
luce la potenzialità delle radiazioni ionizzanti emesse da 
so"sticati acceleratori lineari High Tech nell’aumentare la 
risposta immunitaria antitumorale nei pazienti metastatici. 
Le radiazioni possono svegliare le cellule linfocitarie de-
putate dell’immunosorveglianza promuovendo anche un 
e!etto antitumorale (e!etto ab scopus) in sedi di malattia 
tumorale distanti dalla sede neoplastica irradiata. Queste 
evidenze biologiche hanno stimolato lo studio dell’e#cacia 
di nuove associazioni di radioterapia High Tech con nuovi 
agenti immunoterapici al "ne di ottenere una nuova siner-
gia antitumorale. In studi preclinici e clinici la radioterapia 
è stata combinata con citochine, peptidi, agenti agonisti 
l’immunorisposta e principalmente associata con inibitori 
dei recettori CTLA-4 o PD-1 o dei ligandi PD-L1/L2 implica-
ti nell’immunomodulazione. In questa rassegna vengono 
brevemente presentati i complessi meccanismi biologici 
che implicano il potenziamento della risposta antitumorale 
da parte delle radiazioni. Nonostante numerosi studi siano 
ancora in corso, vengono presentati e discussi i promettenti 
risultati delle ricerche cliniche che hanno esplorato l’e!etto 
terapeutico sinergico della radioterapia associata a inno-
vativi agenti immunoterapici per il controllo di neoplasie a 
prognosi sfavorevole.

Parole chiave. Cancro, e!etto ab scopus, immunoterapia, 
radioterapia.

Synergy between radiotherapy and immunotherapy in the 
treatment of advanced malignancies: recent evidences of a 
new challenge in oncology.

Summary. Radiotherapy remains a cornerstone of onco-
logical treatment modalities for many types of tumors. 
Recently, preliminary studies have evidenced that ionizing 
radiations delivered by High Tech Linear Accelerators may 
increase the e!ectiveness of patients’ antitumor immuno-
response in the clinical setting even at distant sites. Radia-
tions may awake the dormant antitumor T-cells by promot-
ing also an “abscopal e!ect”, i.e. the control of metastasis 
outside the irradiated tumor site. These emerging "ndings 
have stimulated the design of combinations of high tech ra-
diotherapy with new immunotherapies in order to obtain a 
synergy against biologically aggressive cancers. In preclin-
ical model and clinical trials radiotherapy has been widely 
associated with citokines, peptides, immunoagonists and 
mainly with immune checkpoint inhibitors to counteract 
the function of CTLA-4 or Programmed-Death-1 receptors 
or PD-L1/L2 ligands. In this review the complex biological 
processes induced by radiotherapy on immunosystem are 
brie$y explained. Although several trials are still ongoing, 
the preliminary interesting results obtained by this inno-
vative radio-immunotherapy synergy to control advanced 
malignancies are reported and discussed.

Key words. Abscopal e!ect, cancer, immunotherapy, radio-
therapy.

pia adiuvante alla chirurgia è somministrata con 
modalità pre- o post-operatoria; la radioterapia pal-
liativa è indicata quando è necessario controllare 
nei pazienti un sintomo acuto (es. dolore, effetti da 
compressione neoplastica) o prevenirlo nell’inten-
to di migliorare la qualità di vita in condizioni di 
prognosi molto severa. Il bene!cio maggiore della 
radioterapia si ottiene per la cura di tumori molto 
radiosensibili (linfomi, leucemie, seminoma testi-
colare) o mediamente radiosensibili (tumori squa-
mocellulari della cute, delle mucose delle prime vie 
aereo digestive, adenocarcinomi della mammella, 
della prostata e dell’apparato gastroenterico)2.

Maggiori criticità di cura si hanno nel tratta-
mento radiante di tumori radioresistenti come il 
melanoma maligno, i gliomi cerebrali, i sarcomi 
delle parti molli, il cancro del pancreas e il tumore 

Introduzione 

Per radioterapia oncologica si intende l’utilizzo 
delle radiazioni ionizzanti elettromagnetiche (raggi 
X o ) o corpuscolari (elettroni, protoni o ioni car-
bonio) per la cura dei pazienti affetti da neoplasie 
maligne solide o ematologiche. Le radiazioni ioniz-
zanti vengono prodotte ed emesse da so!sticate at-
trezzature rappresentate dagli acceleratori lineari, 
da sorgenti radioattive sigillate o da ciclotroni e sin-
crotroni. In Italia, ogni anno circa 280.000 pazienti 
sono sottoposti a trattamento radiante nei 187 cen-
tri di radioterapia attivi sul territorio nazionale1. 
Gli scopi di utilizzo della radioterapia in oncologia 
sono molteplici: la radioterapia curativa o radicale 
viene eseguita in alternativa a interventi chirurgici 
demolitivi o in caso di inoperabilità; la radiotera-

Rassegne Recenti Prog Med 2015; 106: 322-330322

Recenti Prog Med 2015; 106: 322-330 



Nonetheless, these 
findings suggest 
that the current 
standard practice 
of  fractionated RT 
may hinder RT-
initiated antitumor 
immunity 

Therapeutic effects of ablative radiation on local tumor 
require CD8+ T cells: changing strategies for cancer 
treatment 

B16 melanoma is well established to be a highly aggressive, rapidly 
growing, poorly immunogenic, radio-resistant tumor and also known to 
resist various treatments 

FRACTIONATED RT: POTENTIALLY IMMUNOSUPPRESSIVE CONVENTIONAL 
TREATMENT 

RT 20 Gy 

RT 5Gyx4 
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Images were obtained with the use of a Nikon Eclipse 800 deconvolu-
tion microscope. The number of CD4 and CD8 T cells was counted in
three randomly selected (×20) fields in each tumor.

Ex vivo production of IFN-γ by spleen cells. Spleen cells (1 × 106)
from TSA tumor-bearing mice were cultured in 24-well tissue culture
plates with 2.5 × 105 irradiated (20 Gy) TSA cells for 24 h in 1 mL fresh
RPMI 1640 supplemented with 2 mmol/L L-glutamine, 100 U/mL pen-
icillin, 100 μg/mL streptomycin, 50 μmol/L 2-mercapthoethanol, and
10% fetal bovine serum (T-cell medium). The supernatants were
collected and stored at -80°C. IFN-γ was measured in cell-free super-
natants of duplicate wells by ELISA (Diaclone Tepnel, Lifecodes Corp.,
Stamford, CT). Tumor-specific IFN-γ production was calculated by sub-
tracting the background values measured in supernatants of spleen cells
cultured with medium alone.

Flow cytometry analysis of IFN-γ–producing CD8 T cells. For in vitro
restimulation, 3.5 × 106 spleen cells from TSA tumor-bearing mice were
cultured with the TSA-derived immunodominant CD8 epitope AH1
peptide (SPSYVYHQF; 1 μmol/ml; ref. 15), whereas spleen cells from
MCA38 tumor-bearing mice were cultured with 1 × 106 irradiated
(50 Gy) MCA38 cells. After 5-d culture in 24-well tissue culture plates
in 2 mL T-cell medium supplemented with 10 U/mL human recombi-
nant interleukin 2 (provided by the National Cancer Institute Biological
Resources Branch Preclinical Repository), the percentage of CD8 T cells
producing IFN-γ was determined. Briefly, T cells were cultured for 16 h
with irradiated TSA or MCA38 target cell, or with irrelevant target
RMA-S Ld cells preloaded with mouse cytomegalovirus peptide (17)
at 1:1 ratio in the presence of 1 μL/mL Brefaldin A, washed and incu-
bated with rat anti-mouse CD16/CD32 mAb (2.4G2) to block nonspe-
cific binding, and then stained with CD8α-PE-Cy5 and IFN-γ-FITC, or
control antibodies according to the manufacturer's instructions (BD
Pharmingen). Cells were analyzed with the use of a FACScan flow
cytometer and FlowJo version 8.7.1 (Tree Star, Ashland, OR).

Statistical analysis. Random regression coefficients were used to
model log tumor volume and log tumor weight as functions of elapsed
time from treatment onset and to compare treatment regimens with re-
spect to tumor growth rate. Separate analyses were conducted to assess

the effect of treatment on the growth of primary and secondary tumors.
The logs of tumor weight and of tumor volume were used in place of the
observed data to better satisfy underlying distributional assumptions,
and because changes over time in tumor volume and weight were well
approximated as log-linear. The use of random regression coefficients
permits a separate tumor growth curve to fit the data from each animal.
The treatments are then compared on the basis of aggregate tumor
growth models; for a given treatment, the aggregate growth model is
a single curve describing the average change in tumor volume among
animals receiving the treatment. The models for predicting log tumor
weight or volume each included the level of radiotherapy exposure,
and the variable identifying whether the animal received PBS or 9H10
as fixed classification factors and as terms representing the interaction of
these factors. The models also included time from treatment onset as a
numeric factor and terms representing the interaction of time with treat-
ment. To account for statistical dependencies among data derived for a
single animal, the covariance structure was modeled by assuming the
observations to be correlated only when acquired from the same ani-
mal. All reported P-values are two-sided and were declared statistically
significant at the 5% level. The statistical computations were carried out
with the use of SAS version 9.0 for Windows (SAS Institute, Cary, NC).

Results

Fractionated but not single-dose radiotherapy synergizes with
anti–CTLA-4 antibody in the TSA breast cancer model. We have
previously shown in the 4T1 mouse model of metastatic breast
cancer that local radiotherapy in combination with CTLA-4
blockade induces an antitumor immune response inhibiting
systemic growth of micrometastases (13). To determine whether
the induced antitumor immune response could be effective
against larger “metastatic” tumor nodules, we used the TSA
mouse mammary carcinoma cells injected at two separate sites,
as illustrated in Fig. 1. Similar to 4T1, TSA is a poorly immuno-
genic carcinoma with ability to shed spontaneous metastases. In
contrast to 4T1, however, TSA cells metastasize with a delay of a
few weeks from initial implantation (18), providing a window
during which the potential effects of the spontaneously shed tu-
mor cells on the growth of the two s.c. implanted tumors are neg-
ligible. To mimic the clinical setting in which radiotherapy is
applied to the largest (symptomatic) nodule, the site designated
as “primary” and receiving local radiation was injected 2 days
earlier than the “secondary” site outside the field of radiation.
On day 12, when both tumors were palpable, mice were ran-
domly assigned to eight treatment groups receiving mock radia-
tion, one dose of 20 Gy, three fractions of 8 Gy, or five fractions
of 6 Gy to the primary tumor (Fig. 1). CTLA-4–blocking mAb
9H10was given to half of themice in each radiation group thrice,
on days 14, 17, and 20.
In the absence of radiotherapy, 9H10 administration did not

have any effect on either primary or secondary tumors (Fig. 2).
Radiotherapy as single modality caused significant growth de-
lay in the primary tumor that was comparable with all regimens
used but had no effect on secondary tumors (Fig. 2A). Radio-
therapy and 9H10 showed a significant interaction (P < 0.001)
on the primary tumor growth only when given in three frac-
tions of 8 Gy and five fractions of 6 Gy, causing enhanced tu-
mor inhibition in comparison with radiation alone and
complete regression in the majority of mice (Fig. 2B, left). Im-
portantly, growth of the secondary tumors was significantly in-
hibited (P < 0.01) only in mice treated with fractionated but
not single-dose radiotherapy in combination with 9H10, and

Fig. 1. Tumor model and treatment schedule. Immunocompetent mice
were injected s.c. with syngeneic TSA cells (1 × 105) into the right (defined as
“primary” tumor) and left (defined as “secondary” tumor) flank on days 0
and 2, respectively. Ionizing radiation was given locally, exclusively to the
primary tumor with the rest of the body shielded, in a single dose ormultiple
fractions given in consecutive days starting on day 12. CTLA-4–blocking
mAb 9H10 was given i.p every 3 d, thrice starting on day 12, 14, or 16
as indicated. Primary and secondary tumor volumes were measured until
day 35, at which time mice were sacrificed and the tumors weighed.
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Irradiated Lesion Abscopal Lesion 

randomly assigned to receive mock radiation, a single 20-Gy
dose, or three fractions of 8 Gy to the primary tumor as de-
scribed above (Fig. 1), and 9H10 was given to half of the mice
in each treatment group on days 14, 17, and 20.

Similar to what observed in the TSA model, 9H10 adminis-
tration as single modality did not have any effect on growth
of primary or secondary MCA38 tumors (Fig. 6A). Radiation
alone caused a significant (P < 0.0001) growth delay of primary
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that among the two radiotherapy fractionation regimens, the
three fractions of 8 Gy protocol was the most effective for in-
duction of the abscopal effect in combination with CTLA-4
blockade. To confirm this and to examine the immunologic
mechanisms of the abscopal effect, mice bearing two separate
TSA tumors were mock treated or given three fractions of
8 Gy, or five fractions of 6 Gy to the primary tumor, in combi-
nation with 9H10 mAb given on days 14, 17, and 20. Radio-
therapy plus 9H10 was very effective at inhibiting the growth
of the irradiated (P < 0.0001 compared with mock-treated mice
for both regimens) as well as nonirradiated (P < 0.0001 for
8 Gy × 3; P = 0.015 for 6 Gy × 5 compared with mock-treated
mice) tumor (Fig. 4A). However, 8 Gy × 3 was significantly
more effective than 6 Gy × 5 at inhibiting the growth of both
the irradiated (P = 0.038) and nonirradiated (P = 0.014) tumors,
and complete regression of primary and secondary tumors was

observed more frequently in mice receiving 8 Gy × 3 (Fig. 4B),
supporting a superior therapeutic effect of this regimen when
combined with CTLA-4 blockade.
Analysis of secondary tumors for the presence of tumor-

infiltrating lymphocytes showed that, whereas in mice treated
with radiotherapy and 9H10 as single modalities there was a
minimal increase in the number of CD4+ and CD8+ tumor-
infiltrating lymphocytes, treatment with 8 Gy × 3 and 9H10
caused a significant (P < 0.05 compared with all other groups)
increase in CD4+ and CD8+ tumor-infiltrating lymphocytes
(Fig. 5A and B), suggesting that cell-mediated immunity was re-
sponsible for the abscopal effect. Consistent with this interpre-
tation, ex vivo tumor-specific production of IFN-γ by spleen cells
was elevated only in mice that were effectively rejecting the se‐
condary tumor (Fig. 5C). The frequency of CD8+ T cells showing
tumor-specific IFN-γ expression after in vitro restimulation with

Fig. 4. Fractionated radiotherapy given to TSA tumor-bearing mice in three doses of 8 Gy is more effective than five doses of 6 Gy at synergizing with
anti–CTLA-4 antibody. A, tumor growth delay of primary irradiated tumors (left) and secondary nonirradiated tumor (right) in mice treated with PBS
(closed circles), 8 Gy × 3 + 9H10 (open squares), or 6 Gy × 5 + 9H10 (open triangles). 9H10 was given on days 14, 17, and 20. Data, mean ± SE of five mice per
group. B, tumor weight of primary (left) and secondary (right) tumors at day 35. Data, mean ± SE. The number of mice with complete tumor regression
over the total number of mice per group is indicated.
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a CTL epitope known to be an immunodominant antigen in TSA
cells (15) was also increased in treatedmice that rejected second-
ary tumors but not in those that did not (Fig. 5C and D).
Collectively, these results show that treatment with fraction-

ated radiotherapy and CTLA-4 blockade induces tumor-specific
T-cell responses that, when sufficiently strong, are associated
with complete rejection of tumors outside the radiation field.

Fractionated radiotherapy synergizes with anti–CTLA-4
antibody in the MCA38 colon cancer model. To determine
whether the same effects of radiotherapy in combination with
9H10 would be seen in a different tumor type growing in mice
of a different genetic background, we used the MCA38 mouse
colon carcinoma cells injected at two separate sites into C57BL/
6 mice. On day 12, when both tumors were palpable, mice were

Fig. 5. The combination of fractionated radiotherapy with anti–CTLA-4 antibody enhances TIL in secondary TSA tumors and tumor-specific T cells producing
IFN-γ. A and B, secondary tumors were excised at day 35 and analyzed by fluorescence microscopy for the presence of CD4+ and CD8+ T cells. A,
representative fields showing CD4+ (top) and CD8+ (bottom) T cells (white) infiltrating secondary TSA tumors in mice treated as indicated. Nuclei were
stained with DAPI (light gray). B,mean number ± SE of CD4+ and CD8+ TILs in three mice per group. Both CD4+ and CD8+ TILs were significantly increased in
mice treated with the combination of 8 Gy × 3 + 9H10 (P < 0.05 compared with all other groups), whereas radiation and 9H10 as single modalities did
not have a significant effect. C and D, analysis of tumor-specific IFN-γ production by spleen cells harvested at day 35 from mice in the various treatment
groups. C, IFN-γ concentration in supernatants of total spleen cells isolated from mice treated with 0 Gy + PBS (closed circles), 8 Gy × 3 + 9H10 (open
squares), or 6 Gy × 5 + 9H10 (open triangles), and cultured overnight with irradiated TSA cells were plotted against the volume of the secondary tumor (top).
The percentage of CD8+ T cells expressing IFN-γ when exposed to TSA cells as determined by intracellular staining (D) after in vitro restimulation with the
TSA-derived immunodominant CD8 epitope AH1 was plotted against the volume of the secondary tumor (bottom). Symbols, as above; each represents
one animal. D, representative histograms showing the percentage of CD8+ T cells positive for IFN-γ by intracellular staining and flow cytometry in
response to TSA cells or the irrelevant target RMA-S-Ld. Samples were gated on CD8+ T cells. TIL, tumor-infiltrating lymphocytes; DAPI,
4′,6-diamidino-2-phenylindole.
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not statistically significant (P = 0.08). Likewise, the growth of
secondary tumors was significantly inhibited in both groups
of mice (P < 0.05 compared with control mice), and there
was no significant difference when 9H10 mAb administration
was started on day 12 or 14 (P = 0.9; Fig. 3B). Delaying admin-
istration of 9H10 mAb until day 16 reduced the therapeutic ef-
fect, with only one of six primary tumors showing complete
regression and a reduced growth inhibition of the secondary tu-
mors (Fig. 3B). This suggests that delaying immunotherapy may
reduce its potential benefit. Of note, however, is the fact that
complete regression of one secondary tumor was obtained in
mice receiving fractionated radiotherapy to the primary tumor

even when CTLA-4 blockade was started on day 16, whereas in
mice receiving single-dose radiotherapy to the primary tumor,
early administration of 9H10 on day 12 did not induce a sig-
nificant abscopal effect.
Overall, the data indicate that the schedule of administration

of 9H10 mAb relative to radiotherapy influences the therapeutic
efficacy of this combination treatment. However, the radiother-
apy regimen chosen is a fundamental determinant of the ability
of the combination treatment to induce an abscopal effect.
Three fractions of 8 Gy are more effective than five fractions of

6 Gy in inducing antitumor immunity in combination with anti–
CTLA-4 antibody. The data described above (Fig. 2) suggested

Fig. 3. Effect of time of administration of anti–CTLA-4 antibody on the abscopal effect induced by radiotherapy in TSA tumor-bearing mice. A, tumor
growth delay of primary irradiated tumors (left) and secondary nonirradiated tumor (right) in mice treated with PBS (closed circles), 9H10 given on
days 12, 15, and 18 (open circles), 20 Gy × 1 + PBS (closed diamonds), 20 Gy × 1 + 9H10 given on days 12, 15, and 18 (open triangles), or 20 Gy × 1 + 9H10
given on days 14, 17, and 20 (open diamonds). Data, mean ± SE of five mice per group. No complete regression of either primary or secondary tumors
was observed in any of the treatment arms. B, tumor growth delay of primary irradiated tumors (left) and secondary nonirradiated tumor (right) in mice
treated with PBS (closed circles), 8 Gy × 3 + PBS (closed squares), 8 Gy × 3 + 9H10 given on days 12, 15, and 18 (open triangles), 8 Gy × 3 + 9H10 given on
days 14, 17, and 20 (open squares), and 8 Gy × 3 + 9H10 given on days 16, 18, and 21 (open diamonds). Data, mean ± SE of six mice per group.
Complete regression was seen in three of six primary and one of six secondary tumors in mice treated with 8 Gy × 3 + 9H10 given on days 12, 15, and 18;
in five of six primary and one of six secondary tumors in mice treated with 8 Gy × 3 + 9H10 given on days 14, 17, and 20; and in one of six primary and
one of six secondary tumors in mice treated with 8 Gy × 3 + 9H10 given on days 16, 18, and 21.
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Ionizing radiation induces immunogenic cell death of
tumors, an effect likely to contribute to the success asso-
ciated with radiotherapy of cancer [1]. Recent discovery
suggests that radiotherapy can be applied as a powerful
adjuvant to immunotherapy and, in fact, can contribute
to convert the irradiated tumor into an in situ vaccine,
resulting in specific immunity against metastases [2].
Preclinical models of syngeneic tumors have reliably pre-
dicted clinical success, in distinct tumor settings and
immunotherapy/radiation combinations [3-5]. As a first
proof of principle trial, we translated the preclinical evi-
dence of a successful combination with Flt3 ligand and
RT [6] to a protocol of GM-CSF and RT, and demon-
strated out of field objective responses in 27% of patients
with multiple metastases of solid tumors, defined as an
abscopal effect [7]. Parallel mechanistic studies in the lab
in the syngeneic 4T1 mouse model of metastatic breast
cancer demonstrated at intratravital microscopy that RT
with anti-CTLA-4 increased the arrest of T cells in con-
tact with tumor cells. The latter required interaction of
NKG2D on CD8+ T cells with its ligand retinoic acid
early inducible-1 (Rae-1) on the tumor cells, up-regulated
by RT. Blocking NKG2D-Rae-1 interactions increased
markedly the motility of anti-CTLA-4 treated T cells
inhibiting their contact with irradiated tumor cells, and
abrogated immune-mediated tumor rejection, suggesting
a critical role of radiation-induced NKG2D ligands for
the antitumor effects of anti-CTLA-4 [8]. In humans, a
similar block of NKG2D is mediated by soluble MICA
(sMICA), which is released by some tumors and reaches
high levels in the serum [9]. Dranoff et al reported that
in some patients sMICA levels dropped after initiation of
Ipilimumab, due to the generation of anti-sMICA antibo-
dies that led to its clearance [10]. Decreased levels of

sMICA were associated with increased expression of
NKG2D in T and NK cells, and corresponded to
response to treatment. Anti-sMICA antibodies and
sMICA levels can be measured in serum with ELISA by
using recombinant MICA protein and anti-human MICA
monoclonal antibodies [10]. Since RT is known to upre-
gulate MICA on the surface of tumor cells [11] biopsies
of tumors before and after radiotherapy and Ipilimumab
could also be tested for expression of MICA.The preclini-
cal success of the combination of anti-CTLA-4 antibody
and RT was mirrored by abscopal responses in metastatic
melanoma and NSCLC patients irradiated to one lesion,
during Ipilimumab. This evidence inspired our current
trial testing radiotherapy with CTLA-4 blockade in meta-
static melanoma. In this study patients with newly diag-
nosed metastatic melanoma eligible to first line
Ipilimumab are randomly assigned to Ipilimumab alone
or Ipilimumab and radiotherapy to one metastatic lesion.
Preliminary results in seven patients demonstrate feasi-
bility of the combination, without additive toxicity. The
novel role of radiotherapy as a powerful adjuvant to
immunotherapy warrants more research to define the
optimal immunotherapy/RT combinations: currently
35 trials of RT+immunotherapy are ongoing in USA.
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Preclinical evidence of successful combinations of ionizing radiation with immunotherapy
has inspired testing the translation of these results to the clinic. Interestingly, the preclinical
work has consistently predicted the responses encountered in clinical trials. The first
example came from a proof-of-principle trial started in 2001 that tested the concept that
growth factors acting on antigen-presenting cells improve presentation of tumor antigens
released by radiation and induce an abscopal effect. Granulocyte-macrophage colony-
stimulating factor was administered during radiotherapy to a metastatic site in patients with
metastatic solid tumors to translate evidence obtained in a murine model of syngeneic
mammary carcinoma treated with cytokine FLT-3L and radiation. Subsequent clinical
availability of vaccines and immunecheckpoint inhibitors has triggered awave of enthusiasm
for testing them in combination with radiotherapy. Examples of ongoing clinical trials are
described in this report. Importantly, most of these trials include careful immune monitoring
of the patients enrolled andwill generate important data about the proimmunogenic effects of
radiation in combination with a variety of immune modulators, in different disease settings.
Results of these studies are building a platformof evidence for radiotherapy as an adjuvant to
immunotherapy and encourage the growth of this novel field of radiation oncology.
Semin Radiat Oncol 25:54-64 C 2015 Elsevier Inc. All rights reserved.

Introduction

Although evidence for contribution of the immune
system to the clinical response of radiotherapy dates

as far back as the mid-1970s,1 it is only in the past 10 years
that trials have started exploring this novel approach in the
clinic. For instance, there is now some evidence of tumor-
specific immunity in patients following radiation. In one

study, it was demonstrated that radiotherapy and antiandro-
gen hormone therapy induced autoantibody responses to a
variety of tumor-associated antigens (Ags) in 25%-30% of
patientswith prostate cancer.2 In another study, after radiation
some patients with colorectal cancer or prostate cancer had T
cells specific for an Ag that is overexpressed by tumors
detectable by tetramer analysis.3 The host’s recruited immune
response against the irradiated tumor has the potential to
actively contribute to the success of the course of radiotherapy.
Moreover, if sufficiently robust, this newly acquired

immune response could achieve systemic antitumor effects.
In this scenario, tumor-specific effector T cells can target cancer
cells at metastatic sites, achieving an abscopal effect of radio-
therapy (ab scopus ¼ away from the target).4,5 Clinical
abscopal effects of radiotherapy have been described, although
very uncommon.4 Their rare occurrence reflects the fact that
by itself, standard radiotherapy is inadequate at subverting the
existing immunosuppression or tolerance characteristic of the
microenvironment of an established tumor. However, the
ability of radiation to prime antitumor responses is likely to be
key in obtaining a therapeutic synergy with immunotherapies
that can unleash these immune responses.
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The trial translates the findings in a mammary tumormodel
that the addition of immunomodulatory CTX to topical IMQ
and radiation improved antitumor response, especially the
development of long-term protective immunity, which was
evident in successful tumor rejection after rechallenge of the
animals.8

In addition to immune monitoring studies in peripheral
blood, serial biopsies of the treated lesions are part of the trial to
study gene signatures associated with immune-mediated
tumor rejection.

NYU S12-02746 “A Phase II Randomized Trial
of Ipilimumab Versus Ipilimumab With
Radiation Therapy in Metastatic Melanoma”
This study is based on extensive preclinical work conducted at
NYU to test the combination of CTLA-4 blockade and radio-
therapy.9-11 The design of the trial was inspired by a case report

by Postow et al12 of an abscopal response in a patient with NY-
ESO-1 (cancer-testis Ag)–positive melanoma treated with local
radiotherapy in combination with ipilimumab, a mAb against
CTLA-4. Because ipilimumab has established activity in
metastatic melanoma, this trial will randomly assign patients
to ipilimumab during radiation to 1 metastatic site vs
ipilimumab alone. The rationale is to define the additional
contribution of radiotherapy during the ipilimumab therapy of
metastatic melanoma. Immune monitoring includes serial
biopsies of irradiated lesions.

NYU S14-00208 “Combining Radiotherapy
and Anti–CTLA-4 Immunotherapy in
Metastatic Lung Cancer”
Inspired by the preclinical work in metastatic mammary
carcinoma models9-11 and a recently reported case of an
abscopal response to ipilimumab and radiation in a patient

Table 1 Clinical Trials of Immunotherapy and Radiation Currently Open at NYU

Institution/
Study ID

Tumor Site/
Stage

(Planned
Accrual)

Study Aims RT
Dose/
fraction

Key Inclusion Criteria

NYULMC S11-
00533, phase I-II

Breast cancer/
metastatic (28)

Assess the safety and feasibility of
combining TGF-β–neutralizing antibody
(GC1008, fresolimumab) and local
radiotherapy in patients with metastatic
breast cancer

7.5 Gy
! 3

At least 2 distinct measurable
metastatic sites, with 1 of at least
1 cm or larger in its largest diameter.

Determine whether treatment with
fresolimumab and localized RT achieves an
abscopal tumor regression
Examine whether treatment is associated
with immunologic changes in patients with
metastatic breast cancer

NYU S11-00598,
phase I-II

Breast cancer/
metastatic (42)

Assess the safety and feasibility of
combining a topical toll-like receptor
agonist (imiquimod) and local radiotherapy
! low-dose cyclophosphamide in patients
with metastatic breast cancer

6 Gy
! 5

At least 1measurable skinmetastasis
and distant, measurable metastases
(outside of skin), or
At least 2 distinct measurable
metastatic sites, with 1 of at least
1 cm or larger in its largest diameter.Determine whether treatment with

imiquimod and localizedRT and! low-dose
cyclophosphamide achieves an abscopal
tumor regression
Examine whether treatment is associated
with immunologic changes in patients with
metastatic breast cancer

NYU S12-02746,
phase II randomized

Melanoma/
metastatic
(100)

Evaluate the safety and feasibility of anti–
CTLA-4 mAb and concurrent local
radiotherapy to a metastatic site

6 Gy
! 5

At least 2 distinct measurable
metastatic sites, with 1 of at least
1 cm or larger in its largest diameter
and may have additional
nonmeasurable but established
metastatic lesions (ie, bone
metastases).

Compare systemic response to
ipilimumab in patients randomly
assigned to radiation to a measurable
lesion or not

NYU S14-00208,
phase I-II

NSCLC/
metastatic (30)

Evaluate the safety and therapeutic
efficacy of anti–CTLA-4 mAb and
concurrent local radiotherapy to a
metastatic site

6 Gy
! 5

At least 2 distinct measurable
metastatic sites.
Patients may have additional
nonmeasurable metastatic lesions
(eg, bone metastases).
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Table 2 Clinical Trials of Immunotherapy and Radiation Currently Open at Earle A. Chiles Research Institute (EACRI), Providence Cancer Center

Institution/
Study ID/clinical

trials.gov
Identifier

Tumor Site/
Stage (Planned

Accrual)

Study Aims RT Dose/fx Key Inclusion Criteria

PH&S IRB 11-062A Metastatic/
melanoma (44)

Compare response rate of high-dose IL-2 toSBRT and IL-2. 20 Gy! 1 and
20 Gy ! 2

At least 2 distinct measurable
metastatic sites, with at least
1 metastatic lesion amenable
to SBRT in the lung
mediastinum or liver.

NCT01416831/
phase II randomized

Measure the response of SBRT and IL-2 in crossover
patients with melanoma who have disease progression
after high-dose IL-2 alone.
Evaluatemarkers of tumor lysis, inflammation, and immune
activation in the blood of patients receiving combined
treatment compared with patients receiving high-dose IL-2
alone

PH&S IRB 10-088 Metastatic/prostate
cancer (37)

Determine the maximum tolerated dose of
cyclophosphamide administered in combination with
radiation and anti-OX40 in men with metastatic castration-
and chemotherapy-resistant prostate cancer.

8 Gy ! 1 At least 1 bone metastatic
lesion amenable to radiation
and measurable or evaluable
metastatic adenocarcinoma of
the prostate. Patients must
have confirmed progression
after at least 1 androgen
ablation and administration of
docetaxel.

NCT01303705/
phase Ib

Determine the effect of therapy on circulating numbers and
phenotypes of CD4 and CD8 T cells.
Measure the proliferation and activity of effector and
memory T cells following therapy.
Perform exploratory studies of cellular and humoral
immune responses against prostate cancer cell lines.
Estimate the response rate of the regimen that includes the
highest dose of CTX determined to be safe.

PH&S IRB 12-017A Metastatic/breast
cancer (40)

Determine the maximum tolerated dose and safety profile
of radiation administered in combination with anti-OX40

Cohort 1:
15 Gy ! 1

At least 1 site in the lungor liver
that is amenable to SBRT.

NCT01862900/
phase I-II

Estimate the response rate of combinedmodality treatment
in both irradiated and nonirradiated tumors

Cohort 2:
20 Gy ! 1

Evaluable disease that will not
receive radiation.

Determine the influenceof combined treatment on immune
parameters.

Cohort 3:
20 Gy ! 2

PH&S IRB 10-141B Locally advanced
and borderline
resectable
pancreatic cancer
(11)

Evaluate the safety of combination gemcitabine, tadalafil,
telomerase vaccine and GM-CSF, and standard
fractionated radiation.

1.8 Gy ! 28 Locally advanced unresectable
pancreatic cancer in the
absence of distant metastatic
disease or borderline
resectable pancreatic
adenocarcinoma.

NCT01342224/
phase I

Determine the response rate of combined therapy.
Determine the frequency of telomerase-specific T-cell
responses and perform exploratory studies of immune
response in the blood and resected tumors.

PH&S IRB 13-026A Locally advanced
and borderline
resectable
pancreatic cancer
(10)

Evaluate the safety of combination gemcitabine, tadalafil,
and hypofractionated radiation

8-10 Gy ! 3 Locally advanced unresectable
pancreatic cancer in the
absence of distant metastatic
disease or borderline
resectable pancreatic
adenocarcinoma.

NCT01903083/
phase I

Assess immune infiltrate in resected tumors.
Determine the influence of combined therapy on immune
parameters.
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cells at metastatic sites, achieving an abscopal effect of radio-
therapy (ab scopus ¼ away from the target).4,5 Clinical
abscopal effects of radiotherapy have been described, although
very uncommon.4 Their rare occurrence reflects the fact that
by itself, standard radiotherapy is inadequate at subverting the
existing immunosuppression or tolerance characteristic of the
microenvironment of an established tumor. However, the
ability of radiation to prime antitumor responses is likely to be
key in obtaining a therapeutic synergy with immunotherapies
that can unleash these immune responses.
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Preclinical evidence of successful combinations of ionizing radiation with immunotherapy
has inspired testing the translation of these results to the clinic. Interestingly, the preclinical
work has consistently predicted the responses encountered in clinical trials. The first
example came from a proof-of-principle trial started in 2001 that tested the concept that
growth factors acting on antigen-presenting cells improve presentation of tumor antigens
released by radiation and induce an abscopal effect. Granulocyte-macrophage colony-
stimulating factor was administered during radiotherapy to a metastatic site in patients with
metastatic solid tumors to translate evidence obtained in a murine model of syngeneic
mammary carcinoma treated with cytokine FLT-3L and radiation. Subsequent clinical
availability of vaccines and immunecheckpoint inhibitors has triggered awave of enthusiasm
for testing them in combination with radiotherapy. Examples of ongoing clinical trials are
described in this report. Importantly, most of these trials include careful immune monitoring
of the patients enrolled andwill generate important data about the proimmunogenic effects of
radiation in combination with a variety of immune modulators, in different disease settings.
Results of these studies are building a platformof evidence for radiotherapy as an adjuvant to
immunotherapy and encourage the growth of this novel field of radiation oncology.
Semin Radiat Oncol 25:54-64 C 2015 Elsevier Inc. All rights reserved.

Introduction

Although evidence for contribution of the immune
system to the clinical response of radiotherapy dates

as far back as the mid-1970s,1 it is only in the past 10 years
that trials have started exploring this novel approach in the
clinic. For instance, there is now some evidence of tumor-
specific immunity in patients following radiation. In one

study, it was demonstrated that radiotherapy and antiandro-
gen hormone therapy induced autoantibody responses to a
variety of tumor-associated antigens (Ags) in 25%-30% of
patientswith prostate cancer.2 In another study, after radiation
some patients with colorectal cancer or prostate cancer had T
cells specific for an Ag that is overexpressed by tumors
detectable by tetramer analysis.3 The host’s recruited immune
response against the irradiated tumor has the potential to
actively contribute to the success of the course of radiotherapy.
Moreover, if sufficiently robust, this newly acquired

immune response could achieve systemic antitumor effects.
In this scenario, tumor-specific effector T cells can target cancer
cells at metastatic sites, achieving an abscopal effect of radio-
therapy (ab scopus ¼ away from the target).4,5 Clinical
abscopal effects of radiotherapy have been described, although
very uncommon.4 Their rare occurrence reflects the fact that
by itself, standard radiotherapy is inadequate at subverting the
existing immunosuppression or tolerance characteristic of the
microenvironment of an established tumor. However, the
ability of radiation to prime antitumor responses is likely to be
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that can unleash these immune responses.
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however, regulatory T cells eventually inhibit the antitumor
immune response and thereby limit the power of cancer
immunotherapies. In tumor-bearing mice, we found that
regulatory T cells within the tumor preferentially express the
cell surface markers CTLA-4 and OX40. We showed that
intratumoral coinjection of anti–CTLA-4 and anti-OX40
together with CpG depleted tumor-infiltrating regulatory T
cells. This in situ immunomodulation, which was performed
with low doses of antibodies in a single tumor, generated a
systemic antitumor immune response that eradicated dissemi-
nated disease in mice. Further, this treatment modality was
effective against established central nervous system lymphoma
with leptomeningeal metastases, sites that are usually consid-
ered to be tumor cell sanctuaries in the context of conventional
systemic therapy.26 These results demonstrated that antitumor
immune effectors elicited by local immunomodulation can
eradicate tumor cells at distant sites.
Based on the prior clinical trials and preclinical testing, the

Stanford group proposed that, rather than using immunomo-
dulation to target cancer cells systemically, treatment could be
used to target the tumor-infiltrative immune cells locally,
thereby eliciting a systemic immune response and reducing
systemic toxicity. A clinical trial is ongoing testing this general
hypothesis, “A phase 1/2 clinical trial of ipilimumab and local
radiation therapy in treating patientswith recurrentmelanoma,
nonHodgkin’s lymphoma, colon, or rectal cancer.” Treatment
will include 25 mg of ipilimumab intratumorally on day 1 and
local XRT initiated within 48 hours for at least 3 fractions of
approximately 2-10 Gy each depending on histology. The
primary end point is assessing the safety of combining intra-
tumoral anti–CTLA-4 immunotherapy with local XRT with a
monotherapy ipilimumab safety lead in. Secondary end points
include assessing the following: (1) induction of an antitumor
immune response, (2) tumor response rates and duration of
response at unirradiated tumor sites, and (3) putative immu-
nologic biomarkers of tumor response.
In 2014, building on the observation that tumor irradiation

induces innate and adaptive immune responses but rarely
leads to abscopal responses, the Stanford group reported on

both a preclinical murine model and patient case series
following local radiation and systemic anti-PD-L127

(NCT01375842). In a 2-tumor, syngenic, A20, lymphoma
BALB/c model, fractionated single tumor radiation and sys-
temic (intraperitoneal) anti–PD-L1 were tested. Fractionated
radiation delayed tumor growth at the treated site only, and
systemic anti–PD-L1 reduced tumor growth rate at both sites.
However, despite prolonged survival all mice died by day 38
following either monotherapy (radiation or anti–PD-L1). By
contrast, combination local fractionated radiation and systemic
anti–PD-L1 flattened tumor growth at both the irradiated and
unirradiated site, and prolonged survival with 50% survival at
day 48 posttumor inoculation. Modulation of PD-L1 expres-
sion postradiation and tumor-specific augmentation of IFN-
gamma secretion correlated with the enhanced antitumor
activity. This work was translated clinically with patients
receiving MPDL3280A, a human mAb containing an engi-
neered Fc-domain, as part of the phase 1 clinical trial with
mixed responses or asymptomatic progression of disease
eligible for the addition of local radiotherapy. Five patients
including 4 with solid tumors received fractionated, non-
definitive dose radiation with at least stabilization of systemic
progression in all patients and a Response Evaluation Criteria
in Solid Tumors partial response at systemic sites in 1 patient,
notably with a synovial sarcoma. Transient, grade 1-2 inflam-
matory adverse events (fevers and flulike symptoms) occurred
with no dose-limiting toxicities or serious immune-related
toxicities. Human immune responses including cell phenotype
and function were investigated, specifically assessing expres-
sion of PD-L1 and production of IFN gamma by standard flow
cytometry and time-of-flight mass cytometry, identical to the
techniques performed in the murine models. Modulation of
PD-L1 expression, T-cell phenotype, and IFN-gamma secre-
tion was observed in all patients.28 The magnitude of the
immune response and abscopal response rate in mice and
humans provides proof of concept that anti–PD-L1 may be a
more potent combination immunotherapy with radiation
compared with the experience with CpG or anti–CTLA-4 or
both (Table 3).

Table 3 Clinical Trials of Immunotherapy and Radiation Currently Open at Stanford

Institution/
Study ID

Tumor Site/
Stage (Planned

Accrual)

Study Aims RT
Dose/

fx

Key Inclusion Criteria

Stanford,
phase I-II

NHL Evaluate the safety of intratumoral injection of an
immunostimulatory CpG, SD101, combined with local
radiation for the treatment of recurrent or progressive
lymphoma after allogeneic hematopoietic cell
transplantation

2 Gy !
2

At least 2 distinct measurable
metastatic sites following
allogeneic HCT

Stanford,
phase I-II

Low-grade NHL Evaluate the safety of dose escalation and expansion
study of intratumoral injections of SD-101 in
combination with localized low-dose radiation in
patients with untreated low-grade B-cell lymphoma.

2 Gy !
2

At least 2 distinct measurable
metastatic sites

Stanford,
phase I-II

Melanoma, NHL,
and CRC

Evaluate the safety of combining intratumoral anti–
CTLA-4 immunotherapy with local radiation therapy
with a monotherapy ipilimumab safety lead in

2-
10 Gy
! 2

At least 2 distinct measurable
metastatic sites.

Abbreviations: CRC, colorectal cancer; HCT, hematopoietic cell transplantation.
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NCI Radiation and
Immunotherapy Trials
NCT01496131/NIH 11-C-0247 “Deprivation
Therapy and Radiation Therapy for Untreated,
Intermediate and High-risk Prostate Cancer
Patients”
NCT01496131 is a phase II trial designed to determine the
effect of L-BLP25/tecemotide, a vaccine that is designed to elicit
immune responses to MUC-1 on tumor cells, in addition to
standard treatment on the MUC1-specific systemic immune
response in patients with newly diagnosed high- or
intermediate-risk prostate cancer L-BLP25 vaccine in combi-
nation with androgen-deprivation therapy and XRT. Prior
studies with this immunotherapy for stage III NSCLC29

showed an apparent improvement in efficacy when given
concurrently with chemotherapy and XRT, rather than
sequentially. NCT01496131 is following immune end points
to determine whether the vaccine, given concurrently with
radiation and androgen-deprivation therapy, produces

significant increases in immune responses to the tumor-
associated Ag, MUC-1.

(NCT and NIH Numbers Pending) “A Pilot
Study of AMP-224—a PD-1 Inhibitor—In
CombinationWith Stereotactic BodyRadiation
Therapy (SBRT) in Patients With Metastatic
Colorectal Cancer”
This is a pilot study whereby all patients will receive SBRT to
1 liver lesion and concomitant AMP-224. A single treatment of
low-dose CTX will be administered in conjunction with the
SBRT therapy before the first AMP-224 treatment. Hypofrac-
tionated radiation will be administered to a metastatic disease
site at a dose and schedule of 8 Gy! 1 or 8 Gy! 3. Secondary
endpointswill include characterization of the pharmacokinetic
parameters of AMP-224 in combination with SBRT in patients
with metastatic colorectal cancer, and evaluation of the
response rate as measured by progression-free survival and
overall survival in patients with colorectal cancer during and
following treatmentwithAMP-224 in combinationwith SBRT.

Table 4 Clinical Trials of Immunotherapy and Radiation Currently Open at National Institutes of Health/National Cancer Institute

Institution/
Study ID

Tumor Site/
Stage

(Planned
Accrual)

Study Aims RT Dose/fx Key Inclusion Criteria

NIH/NCI 11-C-
0247

High- or
intermediate-
risk prostate
cancer (48)

Evaluate the effect of the MUC1-specific
vaccine (stimuvax/L-BLP25/tecemotide)
on systemic immune responses when
given in combination with standard
radiation and androgren-deprivation
therapy.

Conventional
dose and
fractionation

Must have no evidence of metastatic
disease, based on CT findings, and
must have HLA-A2 or HLA-A3 for
immune monitoring.

NCT01496131
(phase II)

NIH/NCI #
pending

Metastatic
colorectal
cancer (15)

Evaluate the safety of AMP-224—a PD-1
inhibitor—in combination with stereotactic
body radiation therapy (SBRT) in patients
with metastatic colorectal cancer.

8 Gy ! 1 or
8 Gy ! 3

Must have at least 1 site of disease in
the liver that is amenable to SBRT.

Abbreviation: CT, computed tomography.

Table 5 Clinical Trial of Immunotherapy and Radiation Currently Open at Thomas Jefferson University

Institu-
tion/

Study ID

Tumor Site/
Stage

(Planned
Accrual)

Study Aims RT Dose/fx Key Inclusion
Criteria

TJU-
NC
T01703507

Metastatic
melanoma to
brain

Determine the maximum tolerated dose (MTD)
of ipilimumab when combined with whole-brain
radiation therapy (WBRT) or stereotactic
radiosurgery (SRS)

SRS doses: 24, 21,
18, and 15 Gy.
Whole-brain radiation
dose: 37.5 Gy

Histologically confirmed
patients with melanoma
using imaging confirmed
brain metastases. Age is
18 years or older. ECOG
performancestatus0or1.

Secondary objectives:
Determine local control rate of the brain
metastases
Determine the rate of developing of new brain
metastases
Determine the response of extracranial disease
Determine the overall survival rate and
progression-free survival rate

Abbreviation: ECOG, Eastern Cooperative Oncology Group.
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Preclinical evidence of successful combinations of ionizing radiation with immunotherapy
has inspired testing the translation of these results to the clinic. Interestingly, the preclinical
work has consistently predicted the responses encountered in clinical trials. The first
example came from a proof-of-principle trial started in 2001 that tested the concept that
growth factors acting on antigen-presenting cells improve presentation of tumor antigens
released by radiation and induce an abscopal effect. Granulocyte-macrophage colony-
stimulating factor was administered during radiotherapy to a metastatic site in patients with
metastatic solid tumors to translate evidence obtained in a murine model of syngeneic
mammary carcinoma treated with cytokine FLT-3L and radiation. Subsequent clinical
availability of vaccines and immunecheckpoint inhibitors has triggered awave of enthusiasm
for testing them in combination with radiotherapy. Examples of ongoing clinical trials are
described in this report. Importantly, most of these trials include careful immune monitoring
of the patients enrolled andwill generate important data about the proimmunogenic effects of
radiation in combination with a variety of immune modulators, in different disease settings.
Results of these studies are building a platformof evidence for radiotherapy as an adjuvant to
immunotherapy and encourage the growth of this novel field of radiation oncology.
Semin Radiat Oncol 25:54-64 C 2015 Elsevier Inc. All rights reserved.

Introduction

Although evidence for contribution of the immune
system to the clinical response of radiotherapy dates

as far back as the mid-1970s,1 it is only in the past 10 years
that trials have started exploring this novel approach in the
clinic. For instance, there is now some evidence of tumor-
specific immunity in patients following radiation. In one

study, it was demonstrated that radiotherapy and antiandro-
gen hormone therapy induced autoantibody responses to a
variety of tumor-associated antigens (Ags) in 25%-30% of
patientswith prostate cancer.2 In another study, after radiation
some patients with colorectal cancer or prostate cancer had T
cells specific for an Ag that is overexpressed by tumors
detectable by tetramer analysis.3 The host’s recruited immune
response against the irradiated tumor has the potential to
actively contribute to the success of the course of radiotherapy.
Moreover, if sufficiently robust, this newly acquired

immune response could achieve systemic antitumor effects.
In this scenario, tumor-specific effector T cells can target cancer
cells at metastatic sites, achieving an abscopal effect of radio-
therapy (ab scopus ¼ away from the target).4,5 Clinical
abscopal effects of radiotherapy have been described, although
very uncommon.4 Their rare occurrence reflects the fact that
by itself, standard radiotherapy is inadequate at subverting the
existing immunosuppression or tolerance characteristic of the
microenvironment of an established tumor. However, the
ability of radiation to prime antitumor responses is likely to be
key in obtaining a therapeutic synergy with immunotherapies
that can unleash these immune responses.
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that trials have started exploring this novel approach in the
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specific immunity in patients following radiation. In one

study, it was demonstrated that radiotherapy and antiandro-
gen hormone therapy induced autoantibody responses to a
variety of tumor-associated antigens (Ags) in 25%-30% of
patientswith prostate cancer.2 In another study, after radiation
some patients with colorectal cancer or prostate cancer had T
cells specific for an Ag that is overexpressed by tumors
detectable by tetramer analysis.3 The host’s recruited immune
response against the irradiated tumor has the potential to
actively contribute to the success of the course of radiotherapy.
Moreover, if sufficiently robust, this newly acquired

immune response could achieve systemic antitumor effects.
In this scenario, tumor-specific effector T cells can target cancer
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NCI Radiation and
Immunotherapy Trials
NCT01496131/NIH 11-C-0247 “Deprivation
Therapy and Radiation Therapy for Untreated,
Intermediate and High-risk Prostate Cancer
Patients”
NCT01496131 is a phase II trial designed to determine the
effect of L-BLP25/tecemotide, a vaccine that is designed to elicit
immune responses to MUC-1 on tumor cells, in addition to
standard treatment on the MUC1-specific systemic immune
response in patients with newly diagnosed high- or
intermediate-risk prostate cancer L-BLP25 vaccine in combi-
nation with androgen-deprivation therapy and XRT. Prior
studies with this immunotherapy for stage III NSCLC29

showed an apparent improvement in efficacy when given
concurrently with chemotherapy and XRT, rather than
sequentially. NCT01496131 is following immune end points
to determine whether the vaccine, given concurrently with
radiation and androgen-deprivation therapy, produces

significant increases in immune responses to the tumor-
associated Ag, MUC-1.

(NCT and NIH Numbers Pending) “A Pilot
Study of AMP-224—a PD-1 Inhibitor—In
CombinationWith Stereotactic BodyRadiation
Therapy (SBRT) in Patients With Metastatic
Colorectal Cancer”
This is a pilot study whereby all patients will receive SBRT to
1 liver lesion and concomitant AMP-224. A single treatment of
low-dose CTX will be administered in conjunction with the
SBRT therapy before the first AMP-224 treatment. Hypofrac-
tionated radiation will be administered to a metastatic disease
site at a dose and schedule of 8 Gy! 1 or 8 Gy! 3. Secondary
endpointswill include characterization of the pharmacokinetic
parameters of AMP-224 in combination with SBRT in patients
with metastatic colorectal cancer, and evaluation of the
response rate as measured by progression-free survival and
overall survival in patients with colorectal cancer during and
following treatmentwithAMP-224 in combinationwith SBRT.

Table 4 Clinical Trials of Immunotherapy and Radiation Currently Open at National Institutes of Health/National Cancer Institute

Institution/
Study ID

Tumor Site/
Stage

(Planned
Accrual)

Study Aims RT Dose/fx Key Inclusion Criteria

NIH/NCI 11-C-
0247

High- or
intermediate-
risk prostate
cancer (48)

Evaluate the effect of the MUC1-specific
vaccine (stimuvax/L-BLP25/tecemotide)
on systemic immune responses when
given in combination with standard
radiation and androgren-deprivation
therapy.

Conventional
dose and
fractionation

Must have no evidence of metastatic
disease, based on CT findings, and
must have HLA-A2 or HLA-A3 for
immune monitoring.

NCT01496131
(phase II)

NIH/NCI #
pending

Metastatic
colorectal
cancer (15)

Evaluate the safety of AMP-224—a PD-1
inhibitor—in combination with stereotactic
body radiation therapy (SBRT) in patients
with metastatic colorectal cancer.

8 Gy ! 1 or
8 Gy ! 3

Must have at least 1 site of disease in
the liver that is amenable to SBRT.

Abbreviation: CT, computed tomography.

Table 5 Clinical Trial of Immunotherapy and Radiation Currently Open at Thomas Jefferson University

Institu-
tion/

Study ID

Tumor Site/
Stage

(Planned
Accrual)

Study Aims RT Dose/fx Key Inclusion
Criteria

TJU-
NC
T01703507

Metastatic
melanoma to
brain

Determine the maximum tolerated dose (MTD)
of ipilimumab when combined with whole-brain
radiation therapy (WBRT) or stereotactic
radiosurgery (SRS)

SRS doses: 24, 21,
18, and 15 Gy.
Whole-brain radiation
dose: 37.5 Gy

Histologically confirmed
patients with melanoma
using imaging confirmed
brain metastases. Age is
18 years or older. ECOG
performancestatus0or1.

Secondary objectives:
Determine local control rate of the brain
metastases
Determine the rate of developing of new brain
metastases
Determine the response of extracranial disease
Determine the overall survival rate and
progression-free survival rate

Abbreviation: ECOG, Eastern Cooperative Oncology Group.
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Conclusions 

Response to radiotherapy is immune-mediated, and 
radiotherapy enhances immonogenic response and ICDs 

There is a strong biological rationale in exploring feasibility 
and efficacy of  combining radiotherapy and 
immunotherapy 

Pre-clinical data support concurrent immunotherapy and RT 
in order to improve results in irradiated tumor 

While type of  RT (SBRT vs standart fractionation) needs 
clinical data 
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