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Abstract Glioblastoma is a devastating cancer with uni-
versally poor outcomes in spite of current standard multi-
modal therapy. Immunotherapy is an attractive new
treatment modality given its potential for exquisite speci-
ficity and its favorable side effect profile; however, clinical
trials of immunotherapy in GBM have thus far shown
modest benefit. Optimally combining radiation with im-
munotherapy may be the key to unlocking the potential of
both therapies given the evidence that radiation can en-
hance anti-tumor immunity. Here we review this evidence
and discuss considerations for combined therapy.
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Introduction

Glioblastoma (GBM) is the most common and deadly
primary brain tumor in humans. It is unforgivingly ag-
gressive and invasive, rendering it impossible to
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completely eradicate with current standard treatments.
Survival of patients with GBM averages less than 2 years
from the time of diagnosis even with maximal therapy,
which includes maximal safe surgical resection, temo-
zolomide chemotherapy concurrent with radiotherapy,
followed by adjuvant temozolomide [1]. Thus, new thera-
pies and treatment strategies are needed.

Immunotherapy is a promising treatment modality with
potential for eliciting broad antitumor effects by activating
the various effector functions of immune cells. However,
clinical trials of immunotherapy for GBM have to date
demonstrated fairly modest results [2, 3]. Tumor im-
munosuppression and poor integration of immunotherapy
with standard therapy may account for suboptimal
responses.

Temozolomide remains the standard chemotherapeutic
agent for the treatment of GBM. Most chemotherapies,
including temozolomide, can cause lymphopenia and non-
inflammatory cell death and therefore was previously re-
garded as antagonistic to immunotherapy. However, de-
pletion of immunosuppressive lymphocytes with
chemotherapy can actually result in a more favorable host
immune profile and enhance the effectiveness of subse-
quent immunotherapy [4]. The synergy of combining
chemotherapy with immunotherapy for GBM is more
thoroughly reviewed elsewhere [5].

Radiation is a mainstay in the treatment of GBM and is
typically delivered to the tumor or tumor cavity with a
boost to the margins, which contain invasive glioma cells.
Radiation induces DNA damage, which preferentially leads
to the death of the rapidly growing and dividing cancer
cells. In addition to this direct effect on cancer cells, ra-
diation has also been shown to activate the immune system
and augment antigen presentation, results that would en-
hance the anti-tumor effects of immunotherapy [6, 7]. Here
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we review the evidence supporting the combination of
immunotherapy and radiation for the treatment of GBM.

Immunotherapy and GBM-induced
immunosuppression

Several types of immunotherapy are being investigated for
GBM including cytokine therapy, antibodies, vaccines, and
modified T cells [2, 3, 8]. The efficacy of these strategies
depends on the susceptibility of the tumor to immune-medi-
ated killing. T cells must be able to migrate to the site of the
tumor, recognize the antigens that are expressed by the tumor,
and initiate a tumor-specific immune response in order to
achieve the desired anti-tumor effect. GBM is notoriously
immunosuppressive and uses a variety of mechanisms to
impede these steps [9, 10]. GBMs are known to upregulate
expression of signal transducer and activator of transcription 3
(STAT3), a key regulator of tumorigenesis and GBM-induced
immunosuppression, and downregulate the expression of
major histocompatibility complex (MHC) class I, molecules
which are critical for antigen presentation [9, 10]. While
GBMs have been shown to express a number of tumor-
specific antigens including cancer testis antigens, EGFRVIII,
IL13Ro2, and EphA2, which can be targeted with im-
munotherapy [11-14], GBMs also express surface markers
such as Fas ligand [15-17] and programmed death ligand 1
(PD-L1) [18, 19] that impede cellular immunity by sup-
pressing the function of tumor-infiltrating lymphocytes or
inducing apoptosis. Thus, despite the ability of T cells to enter
the brain and traffic to the tumor microenvironment, GBMs
are equipped to prevent them from mounting an adequate anti-
tumor immune response [20]. Additionally, GBMs are known
to express soluble factors, such as interleukin 1 and trans-
forming growth factor-B (TGF-p) that impair activation of T
cells, and have been associated with the generation of im-
munosuppressive T regulatory cells [21-24]. TGF-f has also
been implicated in the downregulation of NKG2D on NK and
CD8 T cells of glioma patients thus hindering NKG2D-ligand
mediated tumor killing [25]. Overcoming these mechanisms
of immunosuppression will be a key component to the success
of any immunotherapeutic intervention.

Radiation therapy for GBM

Radiation has long been used to treat GBM and remains a
major component of standard therapy for the disease. Ad-
juvant radiation therapy has been shown to improve local
control and survival by targeting the microscopic and gross
residual disease that remains following surgical resection.
The first studies demonstrating this benefit utilized whole
brain radiation therapy (WBRT) [26, 27]. The benefit of
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radiation therapy is dose-dependent with total doses be-
tween 50 and 60 Gy delivered in multiple fractions being
optimal for improving survival [28, 29]. The neurotoxic
effects of WBRT, however, prompted the move from
whole brain to involved-field radiation therapy (IFRT),
which is the current standard radiation approach. The use
of IFRT is supported by the fact that GBM recurrence after
WBRT is usually within 2 cm of the original tumor site
[30, 31]. A margin of radiographically normal-appearing
brain tissue is included in IFRT to cover infiltrating tumor
cells. Other radiotherapy techniques that may be used to
limit radiation exposure to normal brain structures include
three dimensional conformal radiation therapy and inten-
sity modulated radiation therapy, however these techniques
have not been shown to impact survival [32, 33].

In contrast to fractionated radiation therapy, stereotactic
radiosurgery (SRS) is a method of radiation delivery which
involves focusing multiple beams from different directions
onto the tumor tissue to achieve a high dose of radiation
delivered to the target in one fraction while limiting ra-
diation delivered to normal tissues. While observation
studies have shown mixed results, a phase III trial showed
no added benefit of including SRS to a regimen of IFRT
and carmustine therapy [34].

The anti-tumor effect of radiation therapy is based on
the increased susceptibility of tumor cells versus normal
cells to repeated exposure to sublethal damage caused by
the radiation. Normal tissues are more effective at repairing
the radiation-induced DNA damage, while tumor cells are
more sensitive to DNA damage given their higher rates of
proliferation and cell turnover. Accumulation of sufficient
DNA damage in tumor cells causes cell death. While ra-
diation is used for its direct effects in killing cancer cells,
there is much evidence suggesting that there is also an
indirect effect of radiation in stimulating a more effective
anti-tumor immune response.

Radiation enhances anti-tumor immunity

Effective anti-tumor immunity depends on the interplay of
several mechanisms including antigen presentation, activa-
tion of innate and adaptive immune responses, upregulation
of costimulatory molecules, and release of proinflammatory
cytokines and chemokines. Antigen presentation is medi-
ated by major histocompatibility complex (MHC) class I
molecules, which bind endogenous peptides and traffic to
the cell surface. Cytotoxic T cells are then able to survey
these cells and eliminate those presenting foreign material.
Radiation has been shown to enhance antigen presentation
to the immune system via several mechanisms. It induces
MHC class I expression in brain tumors in a dose-dependent
fashion [7, 35]. This upregulation in MHC class I expression
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has been shown to be mediated by radiation-induced pro-
duction of interferon-y (IFN-vy) [36]. IFN-y has also been
implicated in the upregulation of chemokines important for
T cell infiltration [36]. In addition to upregulation of MHC
class I, radiation also enhances antigen presentation by
augmenting the quantity and diversity of intracellular pep-
tide pools. This is accomplished via increased protein
degradation and peptide production through activation of
the mammalian target of rapamycin (MTOR) pathway and
generation of novel proteins [7]. This results in the presen-
tation of a larger repertoire of antigens and increases the
likelihood of triggering an effective immune response.

Radiation of tumor cells can alter their surface proteins
making them more susceptible to immune-mediated anti-
tumor activity. In addition to MHC class I, radiation in-
creases the expression of Fas (CD95) and intercellular
adhesion molecule-1 (ICAM-1) on tumor cells, which in-
creases T-cell infiltration of the tumor and makes them
more susceptible to cytotoxic T-cell mediated killing [37].
Radiation has also been shown to increase the expression
of NKG2D ligands, cell surface proteins which are part of
the body’s stress response and play an integral role in NK-
mediated tumor killing [38]. Adding radiation to a vaccine
against one tumor associated antigen (TAA) has also been
found to increase T-cell responses to other TAAs that were
not originally targeted by the vaccine suggesting that ra-
diation promotes the donation of TAAs by the tumor itself
[39] resulting in a broader, more robust anti-tumor
response.

While the direct anti-tumor effect of radiation is gen-
erally accepted to be due to the cytotoxicity caused by
lethal DNA damage, one group showed that the effects of
radiation are absent in type I interferon nonresponsive
hosts [6]. Radiation increases the expression of interferon-
B by tumor cells that increase priming of tumor-infiltrating
dendritic cells, which leads to the expansion of antigen-
specific T cells and an anti-tumor response. Another group
demonstrated the importance of CD8+ T cells in mediating
the anti-tumor effect of radiation and showed that local
immunotherapy can enhance the effect of suboptimal doses
of radiation [40]. These studies suggest that the effect of
radiation on the activation of the immune system may in-
deed be a fundamental mechanism explaining the effec-
tiveness of radiation therapy for cancer.

Abscopal effect

The abscopal effect is a phenomenon seen in the treatment
of metastatic cancer where local irradiation to one tumor
site leads to regression of tumor at a distant non-irradiated
site. The effect is ascribed to the activation of the immune

response by radiation and has been seen in patients treated
for melanoma, lymphoma, and renal-cell cancer [41-43].
Surrogate markers for increased anti-tumor immunity, in-
cluding increased followed by decreased tumor-antigen-
specific antibody titers and increased CD4+ ICOS™é"
subset of T-cells (inducible costimulator), were seen fol-
lowing radiotherapy in patients who received ipilimumab
for metastatic melanoma [41].

The abscopal effect suggests that radiation therapy can be
used to generate an ‘in situ’ vaccine [44]. Radiation pro-
motes immunogenic tumor cell death turning the tumor into
an “immunogenic hub” which then activates effector im-
mune cells which can propagate and produce distant anti-
tumor effects [44, 45]. Radiation enhances immunogenicity
via a number of mechanisms including promoting TAA
presentation from APCs to T-cells, release of chemokines
which attract effector cells to the tumor, and upregulation of
molecules such as MHC and NKG2D ligands [46]. The fact
that the abscopal effect is only rarely observed in patients,
however, might lead one to surmise that an effective re-
sponse depends on the optimal coalescence of several fac-
tors including the overall host immune status, the degree of
radiosensitivity of the tumor, the type of tumor cell death
triggered by radiation, and the breadth and specificity of the
immunogenic mechanisms that are triggered.

Radiation and immunotherapy in preclinical
glioma models

The effectiveness of combining radiation and im-
munotherapy for treatment of brain tumors has been
demonstrated in several preclinical studies. Radiation plus
vaccination with irradiated glioma cells significantly in-
creased the survival of mice with intracranial gliomas
compared with radiation or vaccination alone [47]. This
effect was associated with an increase in MHC class I
expression by glioma cells and increased CD4 and CDS§
T-cell infiltration [47]. Similarly, the combination of
stereotactic radiation and PD-1 blockade was more effec-
tive for treating mice with intracranial gliomas than either
therapy alone [48]. The rationale for using single fraction
SRS in this study was to minimize leukopenia and other
potential immunologic and neurologic side effects while
still gaining the effect of enhanced anti-tumor immunity.
This combined with PD-1 blockade, which prevents GBM-
induced T-cell apoptosis and exhaustion, proved to have a
synergistic effect [48]. Similarly, combining radiation
therapy with cytotoxic T lymphocyte antigen-4 blockade
and/or 4-1BB (CD137) activation showed a greater anti-
tumor effect than either radiation therapy or im-
munotherapy alone [49, 50].
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Radiation-induced immunosuppression?

One group demonstrated that radiation for GBM is associ-
ated with decreased CD4 counts suggesting that radiation
itself may also cause immunosuppression [51]. Indeed ra-
diation for patients with genitourinary, head and neck, and
breast cancer has been previously shown to result in absolute
decreases in total number of T cells, relative decreases in T
helper/inducer cell populations and relative increases in T
suppressor/cytotoxic cell populations [52]. Unfortunately,
the study in GBM patients only looked at CD4 count and did
not subclassify the various T cell subtypes. It is known, for
instance, that regulatory CD4 T cells (Tregs) are associated
with GBM and induce immunosuppression; a decrease in
tumor burden after GBM resection results in a decrease in
Tregs, an effect which would improve antitumor immunity
[53]. Interestingly, patients with lower CD4 counts follow-
ing radiation and temozolomide had poorer survival from
earlier tumor progression, not more opportunistic infection
[51]. It is difficult, however, to ascertain the relative con-
tribution of radiation effect versus tumor burden on im-
munosuppression in these patients who have received
steroids and chemotherapy as well as varying degrees of
tumor resection versus biopsy, particularly without sub-
classification of the patients’ T cells. It seems possible that
radiation-induced lymphopenia may allow for better uptake
of adoptive cellular immunotherapy by the host, as was seen
with temozolomide therapy [4]. Ultimately, more studies are
needed to better characterize the effect of radiation on the
overall host immune status so that immunosuppressive ef-
fects can be minimized in favor of immunoactivating
responses.

Combining radiation and immunotherapy
in the clinic

The effect of radiation on the tumor and the host immune
response, particularly in the context of other therapies like
steroids and chemotherapy, are complex and involve an
interplay of immunoactivating and immunosuppressive ef-
fects. While more preclinical studies will help to clarify
some of the competing mechanisms, overall, the existing
preclinical and observational data seem to demonstrate a net
positive antitumor effect of radiation and immunotherapy on
GBM and warrant moving forward with clinical trials of
combined therapy. However, several questions remain in
terms of how best to implement combined radioim-
munotherapy for GBM. Should immunotherapy be com-
bined with fractionated radiotherapy or SRS? Currently, the
lack of survival benefit of SRS for GBM may argue in favor
of fractionated radiation therapy, which is, however, deliv-
ered over the course of several weeks, making the timing of
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delivering the immunotherapeutic agent a more complicated
one. Dewan et al. showed in two different mouse carcinoma
models that the combination of anti-CTLA-4 antibody with
fractionated but not single-dose radiotherapy induces a
distant antitumor response [54]. Hypofractionated radio-
therapy consisting of 5 days of radiosurgery treatment is
currently being tested at Stanford and aims to achieve
equivalent survival to conventional fractionated radio-
therapy with higher quality of life (NCT01120639). This
middle ground approach may be an ideal option for com-
bining with immunotherapy.

Should the immunotherapeutic agent be delivered be-
fore, concurrently, or after radiation therapy? This also
begs the question of what type of immunotherapy ought to
be combined with radiation therapy. In regards to timing,
the delivery of immunotherapy concurrently or after ra-
diation therapy seems the most logical as the initial ra-
diation “prepares” the tumor for attack by immune cells.
Delaying immunotherapy until the completion of radiation
therapy, however, may unnecessarily delay any potential
therapeutic benefit of the immunotherapy. Different
schedules for delivery of immunotherapy and radiation in
one animal study, however, did not show a significant ef-
fect of relative timing on anti-tumor response [49]. Bou-
quet el al, showed that the administration of a TGF-f
inhibitor prior to radiation increased clonogenic cell death
and promoted tumor growth delay in a breast cancer cell
model [55] suggesting that immunotherapy can be used as
a radiosensitizer. Ultimately, the relative timing of delivery
of the immunotherapeutic agent and radiation therapy will
depend on the type of immunotherapy being used.

In regards to what type of immunotherapy should be
combined with radiation therapy, the discussion of the pros
and cons of the various immunotherapeutic modalities
tested against GBM are beyond the scope of this review,
but it is likely that the enhanced immunogenicity of the
tumor that is triggered by radiation exposure stands to
benefit vaccine, T cell, cytokine, and antibody therapies
alike. While specifics of implementing combined im-
munotherapy and radiation in GBM clinical trials still need
to be worked out, it is likely that combined therapy will be
beneficial and more research towards this endeavor is
warranted.
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