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Abstract Radiation therapy plays a central role in the
management of glioblastoma. Although primarily thought
of as modality to provide local tumor control through DNA
damage, the capacity of ionizing radiation to modulate
tumor immune response has long been recognized. The
recent emergence of clinically active immunotherapies
offers exciting potential for harnessing the immune modu-
latory effects or radiation through combinatorial strategies
designed to enhance clinical outcomes. In this Review, we
provide background describing the unique immune envi-
ronment within the central nervous system, how ionizing
radiation may modulate the tumor immune response, pre-
clinical and clinical data testing the combination of radia-
tion and immune modulating agents, and highlight some of
the current challenges in extending these findings clinically.
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Background

The concept of a tumor antigen recognizable by the host
immune system was hypothesized over 50 years ago [1-3]
and was followed by decades of controversy. The first
irrefutable evidence came forward from Thierry Boon’s
lab, demonstrating that adoptive transfer of T-cells iso-
lated from tumor rejecting mice provided immunity to
lymphodepleted mice [4, 5]. The presence of tumor anti-
gens has since been firmly established in the field, with
recent technological innovations allowing the identification
of a repertoire neoantigens that arise as a consequence of
tumor-specific mutations [6, 7]. Further, the capacity of a
tumor to actively evade the host immune response has been
identified as a hallmark of cancer [8]. Although known to
play an important role in tumorigenesis for decades, strat-
egies designed to harness the host immune response have
only recently been successfully translated into the clinic,
revolutionizing cancer therapy.

Immune evasion in cancer

Despite the presence of recognizable antigens, tumors are
able to actively evade the host immune response through
immune tolerance. Immune tolerance is important in nor-
mal physiology to both promote self-tolerance and prevent
over-reactivity of the immune system to various environ-
mental entities and dysfunction of these immune response
“brakes” may lead to a variety of disorders, including
autoimmune diseases, asthma, and allergy. Tumors have
evolved numerous mechanisms to co-opt these immune
signaling pathways, thereby creating a tolerogenic micro-
environment. Of these mechanisms, immune checkpoints
have received recent attention, including cytotoxic T-lym-
phocyte-associated protein 4 (CTLA-4) and programmed
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death-1 (PD-1), which represent negative regulators of
T-cell activation. Tumors have evolved mechanisms to
elicit sustained activation of these pathways and checkpoint
blockade immunotherapy, with such agents as ipilimumab
and pembrolizumab, have demonstrated unprecedented
clinical activity in a variety of malignancies [9]. Another
emerging immune checkpoint with particular relevance to
glioblastoma is the indoleamine 2,3-dioxygenase (IDO)
and tryptophan 2,3-dioxygenase (TDO) pathway [10, 11],
whose most notable physiologic role has been attributed
to peripheral immune tolerance and fetal protection from
maternal immune rejection in the placenta [12]. IDO and
TDO metabolize tryptophan to the metabolite kynure-
nine, which contributes towards immune tolerance through
recruitment of immune suppressive cells such as myeloid
derived suppressor cells (MDSCs) and regulatory T-cells.
Therefore, targeting the IDO/TDO pathway may serve as
another strategy of immunologic checkpoint blockade that
is actively being investigated [11].

Immune surveillance in the central nervous system
(CNS)

The CNS was previously considered an immune privi-
leged site, largely based on experimental data demonstrat-
ing difficulty in initiating a destructive T-cell response
from inside the CNS parenchyma. For example, foreign
tissue grafts survive for prolonged periods when placed
within the parenchyma of the CNS as compared with being
placed under the skin [13]. However, such grafts within the
parenchymal CNS are rapidly rejected by the immune sys-
tem after the same tissue is grafted under the skin, demon-
strating that T-cells activated outside the CNS can readily
detect their antigenic targets even when located within the
CNS parenchyma. Further, non-parenchymal sites within
the CNS, including ventricles, meninges and the suba-
rachnoid spaces, demonstrate a robust proinflammatory
T-cell response to grafted tissue. Although the CNS lacks
a traditional lymphatic system, recent findings identified
a rich lymphatic network in the dura, able to absorb and
transport CSF into the deep cervical lymph nodes, where
CNS antigens have been previously reported [14, 15]. A
functional immune system in the CNS is further corrobo-
rated by the striking radiographic responses that are likely
associated with pseudoprogression observed in melanoma
brain metastases and glioblastoma following treatment
with immune checkpoint inhibitors [16, 17]. In addition to
modulating immune checkpoints, glioblastoma produce an
array of chemokines such as IL-8, CCL2, CXCL12 [18],
CXCL16 [19] that are able to recruit suppressive tumor-
associated macrophages (TAMs) and MDSCs, furthering
the tolerogenic tumor microenvironment.
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Harnessing the immune system in cancer therapy

Various strategies have been utilized to harness the host
immune response in cancer treatment. Rather than “releas-
ing the brakes” that contributes towards immune tolerance
with checkpoint inhibitors described above, initial immu-
notherapeutic approaches utilized high dose interleukin
2 (IL-2) to boost the activation of cytotoxic T cells, or in
other word, “accelerate” the host immune response. Prom-
ising approaches currently under investigation are designed
to “educate” a patient’s own immune cells to recognize and
attack tumors. One such therapy utilizes adoptive transfer
of patient-derived ex vivo cultured dendritic cells (DC)
pulsed with tumor-specific peptide. These DCs are then
used for vaccinating the patient, resulting in increased
innate and adaptive immune response. A similar cell based
immunotherapy involves the collection of a patient’s own
T-cells that are then genetically engineered to produce
tumor-specific antigen receptors on their surface called
chimeric antigen receptors (CAR). These engineered CAR
T-cells are then expanded in the laboratory and infused
back into the patient, serving as a living drug. CAR-T cells
show great promise in the clinic, as they are highly specific
and are not restricted by the major histocompatibility com-
plex (MHC) [20]. Another promising cell based immuno-
therapeutic approach is the use of tumor-infiltrating lym-
phocytes (TILs) isolated from tumor-bearing individuals,
expanding them ex vivo, and then administering them back
to the patient to strengthen the immune response. Glio-
blastoma is also known to uniquely express high levels of
epidermal growth factor receptor variant III (EGFRvVIID),
and vaccination against this mutated receptor had initially
shown encouraging results [21], but unfortunately, a sub-
sequent Phase III study failed to show a therapeutic ben-
efit from this approach [22]. Another recent therapeutic
approach utilizes injection of oncolytic viruses into the
tumor site. One such virus that has received recent attention
is poliovirus, which can naturally detect CD155 receptors
and use it as a guide to enter glioma cells, and genetically
engineered to preferentially infect and kill cancer cells [23].

Radiation and immune recognition

Radiation therapy is an established part of the standard
of care for many CNS malignancies. Radiation is classi-
cally known to function by inducing DNA damage leading
to apoptosis or mitotic catastrophe. However, the effects
of radiation on tumor cells, stromal cells, and leukocytes
within the tumor microenvironment are complex and not
yet fully understood. For example, radiation has recently
been demonstrated to activate multiple molecular and
transcriptional pathways, which can modulate immune
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responses and change the immunophenotype of tumor cells
[24]. These findings have led to an emerging field of har-
nessing the immunomodulatory effects of CNS radiation to
enhance immune response and synergize with immunother-
apy. Here, we briefly describe the diverse role that radiation
can play in multiple steps of anti-tumor immune responses.

The first steps in developing an immune response are
antigen uptake, processing, and presentation by profes-
sional antigen presenting cells, namely macrophages,
dendritic cells, and B-cells. In this regard, the localized
cytotoxic effects of radiation have been shown to cause
inflammatory tumor cell death (ICD). Key characteristics
of radiation induced ICD include release of ATP, trans-
location of calreticulin to the cell surface, and release of
HMGBI1 [25, 26]. Translocation of calreticulin to the tumor
cell surface is a potent “eat me” signal and causes APC
to rapidly phagocytosize tumor cells and begin to process
their antigens. At the same time, the presence of HMGB1
is a critical damage associated molecular pattern or “dan-
ger signal” that results in dendritic cell maturation and
migration, enhancing immunogenic antigen presentation.
Mature dendritic cells can then enter draining lymphatics
and migrate back to regional lymph nodes or spleen to pre-
sent antigens directly to CD4 helper T-cells or cross present
tumor antigen to CD8 cytotoxic T-cells to induce antigen
specific immune responses [27, 28]. Thus, radiation can
play a distinct role in the initial step of priming the immune
system to tumor-derived antigens.

The immune stimulatory effects of radiation are not lim-
ited to priming, as radiation can also enhance downstream
effector immune responses and T-cell mediated cytotoxic-
ity. In order for a T-cell to lyse a tumor cell, it must be able
to infiltrate or invade into the tumor microenvironment.
Multiple groups have shown that radiation can modulate
tumor vasculature and enhance T-cell extravasation leading
to increases in TILs. Importantly, radiation induced modu-
lation or permeabilization of the blood—brain barrier may
be critical to allow a peripheral T-cell to infiltrate or invade
into a CNS tumor. In this regard, focused or stereotactic
radiation might even be able to serve as a targeting strategy
to allow for localized migration of cytotoxic effector cells.
Interestingly, radiation has also been reported to influence
expression of cytokines and chemokines, such as IL-1,
IL-2, L-6, TNF-alpha, TGF-beta, CXCL-16, as well as
Type I and Type Il interferons, which may play a key role
in modulating immune responses, but may also enhance
T-cell directed extravasation via chemokine gradients. Thus
in addition to priming immune responses, focused radia-
tion may help to permeablize tumors and enhance T-cell
infiltration.

Once a T-cell has entered the tumor microenvironment
it may face an uphill battle in attempting to overcome an
immunosuppressive tumor microenvironment or direct

tumor cell mediated immunosuppression. Thus precon-
ditioning or modifying the tumor immunophenotype may
be critical to permitting robust cytotoxic effector immune
responses. The primary target for the T-cell receptor is
MHC loaded with tumor antigen. Along these lines, mul-
tiple different groups have shown that radiation results
in dramatic dose dependent upregulation of MHC on the
tumor cell surface [27, 29-31]. Thus, directly increasing
the density of targets for T-cells on the tumor cell sur-
face. Given this, it is not surprising that groups have dem-
onstrated that radiation can cause tumor cells to become
intrinsically more susceptible to immune mediated cell
death [30-32].

Given these multiple effects with radiation alone, there
has been a dedicated effort to combine radiation with
various immunotherapies with sometimes striking results
both within and outside of the radiation field (abscopal
responses). Of note, if a systemic immune response is able
to be primed with radiation, then it might be expected to
have activity outside of the initial radiation field. Intrigu-
ingly, some authors have suggested that the therapeutic
effects of radiation may depend on the host immune system
and anti-tumor immune responses [33—35]. Overall these
recent findings and developments have spurred great inter-
est in combining radiation with immunotherapy in attempt
to enhance local or even systemic disease control. In addi-
tion to the studies described below, a number of excellent
reviews have also highlighted the potential benefits and
ongoing clinical trials of radiation combined with immuno-
therapy [36—40].

Preclinical studies combining RT with immune
modulation

Current strategies have focused on combining vaccines,
checkpoint inhibitors, cytokine therapy, adoptive therapies,
and toll like receptors with radiation. The various combi-
nations and permutations of combination approaches for
immunotherapy highlight the need of preclinical models to
study mechanism and efficacy of various immunotherapy
strategies.

Preclinical data suggest that radiation augments immu-
notherapy strategies in glioblastoma [39, 41-43]. Check-
point molecules strategies clearly benefit from the addition
of radiation in inducing an anti-tumor immune response
in animal models. In a GL261 glioma model, the combi-
nation of anti-PD-1 and focal radiation has been shown to
be synergistic and induced systemic memory [39]. Other
studies looking at the combination of anti-CTLA-4, anti-
CD137, anti-GITR, and anti-Tim-3 with radiation also
have observed synergy and a durable antitumor immune
response [41-43]. Other strategies using vaccines,
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cytokines such as IL-2, toll-like receptors, and adoptive
therapies have also benefitted from radiation [44].

In addition to assessing the efficacy of various immuno-
therapy strategies, animal models allow us to ask impor-
tant clinically relevant questions, including sequencing
of radiation with immunotherapy. In the setting of anti-
CTLA-4, our group demonstrated that the administration of
anti-CTLA-4 before or after radiation did not compromise
efficacy [41]. As a result, this study allowed us to design
our clinical trial to have a window for radiation treatment
around the time of checkpoint molecule administration.
Figure 1 highlights some different forms of immunotherapy
and potential mechanisms underlying its interaction with
radiation.

Ongoing clinical trials

Given the disappointing results from chemotherapy and
targeted therapies, there has been considerible interest in
treatment strategies that harness host immune response
against glioblastoma. Initial trials have been focused on
vaccines, such as the one generated by ex vivo stimulation

Radiation

Combinatorial
Mechanisms of Action:

- Direct Cytotoxicity
- Immunogenic cell death
- Viral Oncolytic activity

- Enhanced Antigen Presentation
- Induction of adaptive immune
responses
- Epitope Spreading

- Immune cell activation

- Increased Lymphocyte
Infiltration

- Reversal of T-cell exhaustion

- Attenuation of
Immunosuppression

- Cell mediated cytotoxicity

- Memory T-cell formation

of autologous dendritic cells with a six-candidate peptide
cocktail, ICT-107 [45]. Although well tolerated, the result
of a randomized phase II trial of this vaccine has indicated
clinical activity only in patients with positive HLA-A2
[45]. A larger randomized phase III trial of this vaccine
in patients with newly diagnosed glioblastoma and posi-
tive HLA-A2 is ongoing (NCT02546102). Rindopepimut,
a vaccine targeting epidermal growth factor variant III
(EGFRUVIII), had shown encouraging results in small phase
II trials in combination with radiation therapy and temozo-
lomide or bevacizumab [46, 47]. However, interim analysis
of a large phase III trial (ACT IV) in patients with newly
diagnosed glioblastoma harboring EGFRVIII failed to show
survival benefit for rindopepimut and the trial was termi-
nated [22].

More recently, major emphasis has been placed
on the use of CAR T-cell therapies (NCT01109095,
NCT02664363) and blockade of checkpoint proteins such
as PD-1/PD-L1. Preliminary results of a phase 1 trial inves-
tigating the safety of autologous HER2 CMV bispecific
CAR T cells are promising [48]. Infusion of HER2 CMV
bispecific CAR T cells have shown to be safe with no
severe adverse events or a cytokine release syndrome. One

Chemotherapy
i E Antibody-based Immunotherapy
‘r{ Viral-based Immunotherapy

Peptide Vaccines and

/ Small Molecules

Cell-based

D Immunotherapy

Fig. 1 Schematic highlighting different forms of immunotherapy and potential mechanisms underlying their interaction with radiation
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patient achieved partial response (durable for more than
10 months) and five out of 16 patients had stable disease
lasting for longer than 10 weeks [48]. However, the CAR
T-cell therapies are still in early clinical testing and results
are from single institutional trials with small number of
highly selected patients.

Expression of PD-1 and PD-L1 is found in the microen-
vironment of high grade glioma and correlates with worse
outcome [49, 50], however the extent of PD-L1 expression
remains unclear, with reports ranging between 2.7 and 88%
[49, 50]. CheckMate-143 (NCT02017717) is a large, ran-
domized, phase III trial in which patients with first recur-
rence of glioblastoma are randomized to nivolumab, a fully
human IgG4 monoclonal antibody to the PD-1 receptor, vs.
bevacizumab. This study included initial safety cohorts that
assessed the toxicity of nivolumab alone or in combination
with ipilimumab, a fully humanized anti-CTLA-4 IgGl
monoclonal antibody. No new or unexpected adverse events
were observed in patients with glioblastoma. As reported in
patients with other tumor types, nivolumab monotherapy
was associated with lower toxicity in comparison to the
combinations of nivolumab and ipilimumab [51]. Nine
month survival rate was 60% in the nivolumab monother-
apy cohort and one partial response (out of 10 patients) was
observed [51]. These promising results led to the initiation
of a Phase 3 portion of this trial. Other ongoing trials are
investigating the role of anti PD-1/PD-L1 antibodies in

combination with anti-angiogenic drugs, vaccines, onco-
lytic viruses, and other immune-modulating agents.

As discussed previously, an established body of pub-
lished work has shown that radiotherapy synergizes with
check point inhibitors and produces tumor regression and
long-term survival in a variety of murine cancer models
[39, 52, 53]. Strong pre-clinical data and clinical observa-
tion of abscopal effects in patients treated with localized
radiation and checkpoint inhibitors provide rationale to
study this combinatory regimen in patients with advanced
malignancies, including glioblastoma [54]. Several ongo-
ing trials are evaluating the safety and efficacy of combin-
ing anti-PD1/PD-L1 antibodies with radiotherapy in glio-
blastoma and other advanced malignancies. Thus far, these
combinations have shown to be safe with limited toxicity.
Preliminary results of a phase 1 trial of REGN2810, an
IgG4 antibody against PD-1, administered alone or with
hypofractionated radiotherapy in patients with advanced
solid malignancies has suggested that radiation may
shorten time to response and improve responsiveness of
tumor types considered refractory to anti-PD1/PD-L1 mon-
otherapy [55].

Anti PD-1/PD-L1 blockade in combination with radio-
therapy is currently being investigated in patients with
newly diagnosed or recurrent glioblastoma (Table 1).
However, the optimal radiation dose, fractionation, and
sequencing with immunotherapy remain to be determined.

Table 1 Combination trials of anti PD-1/PD-L1 antibodies for glioblastoma

ClinicalTrials.gov identi- Phase Indication

fier

Combination

Combination with vaccines, oncolytic viruses, and other immune modulators

NCT02529072 Phase 1 Recurrent
NCT02798406 Phase 11 Recurrent
NCT02423343 Phase Ib/I1 Recurrent
NCT02327078 Phase I/IT Recurrent
Combination with anti-angiogenic agent

NCT02337491 Phase 11 Recurrent
NCT02336165 Phase 11 Recurrent
Combination with radiotherapy

NCT02311920 Phase 1 Newly diagnosed
NCT02017717 Phase I Newly diagnosed
NCT02617589 Phase 11T Newly diagnosed
NCT02667587 Phase 11 Newly diagnosed
NCTO02313272 Phase 1 Recurrent
NCT02829931 Phase I Recurrent
NCT02648633 Phase I Recurrent

Nivolumab + DC vaccine
Pembrolizumab + DNX-2401
Nivolumab + Galunisertib
Nivolumab + Epacadostat

Pembrolizumab+/—Bevacizumab

Durvalumab +/—Bevacizumab

Radiotherapy 4+ Temozolomide 4+ Nivolumab
Radiotherapy + Temozolomide + Ipilimumab
Radiotherapy + Temozolomide + Nivolumab + Ipilimumab

Radiotherapy 4+ Temozolomide + Nivolumab
Radiotherapy + Nivolumab

Radiotherapy 4+ Temozolomide vs
Radiotherapy + Nivolumab

Radiotherapy + Temozolomide + Nivoluamb vs
Radiotherapy + Temozolomide + Placebo

Hypofractionated radiotherapy + Pembrolizumab + Bevacizumab
Hypofractionated radiotherapy + Nivolumab
Stereotactic radiosurgery + Nivolumab + Valproate
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Pre-clinical data have suggested that hypofractionated radi-
ation at a dose of 5-20 Gy per fraction may be better than
conventionally fractionated schemes of 1.8-2.2 Gy frac-
tions [24]. Clinical trials investigating the combination of
hypofractionated radiotherapy with anti PD1/PD-L1 block-
ade or IDO inhibitors in glioblastoma patients are under-
way (NCT02313272, NCT02829931, and NCT02052648).
Preliminary data from our phase I trial (NCT02313272)
assessing safety and efficacy of hypofractionated radio-
therapy (30 Gy delivered in five fractions) with pembroli-
zumab (100-200 mg every 3 weeks) and bevacizumab
(10 mg every 2 weeks) has shown an acceptable toxicity
profile with no grade 3—4 treatment related adverse events
or radionecrosis. Preliminary data on efficacy are encourag-
ing with durable responses being observed [56].

Current challenges

Although the combination of immunotherapy and radiation
holds strong promise, complexities underlying their com-
plementary modes of activity require further understand-
ing to more efficiently exploit the synergy between these
modalities. For example, as we identify novel strategies to
modulate the host immune response to target glioblastoma,
attention must be made for the potential role standard treat-
ment plays in contributing towards immunosuppression. It
has recently been demonstrated that severe lymphopenia is
common following radiation and temozolomide in malig-
nant glioma and associated with poor prognosis [57], there-
fore, the efficacy of immunomodulatory strategies could be
mitigated in these immunocompromised patients. Although
the contributory role of temozolomide on bone marrow
suppression is established, radiation alone has also been
implicated in lymphopenia in brain tumor patients [58—60].
As it is hypothesized that this observed lymphopenia is sec-
ondary to eradication of circulating lymphocytes during
daily radiation treatments, a variety of radiation delivery
strategies may be tested to limit this effect. This includes
limiting of the total volume of brain treated by decreasing
treatment margins or by using more stringent dosimetric
parameters that may be achieved using modern delivery
techniques, including proton therapy. Decreasing overall
treatment time from 6 weeks of daily therapy to 1-3 weeks
using hypofractionated radiation regimens may also influ-
ence lymphopenia in brain tumor patients. Implementing
radiation protectors and pre-radiation lymphocyte harvest-
ing followed by post-radiation infusion represent addi-
tional strategies currently being evaluated to reduce radia-
tion-induced lymphophenia [58, 61]. Interestingly, recent
clinical data identified that a potent cellular and humoral
immune response can be generated and maintained to an
EGFRvlIII-targeted peptide vaccine despite lymphopenia
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in these patients, suggesting further work still needs to be
done in this area [62]. However, two recent large clinical
trials that compared radiation alone to temozolomide in
elderly patients with glioblastoma [63] and low grade gli-
oma [64] both demonstrated far lower levels of radiation-
induced immunosuppression, so the influence of standard,
fractionated radiation on immunosuppression in glioblas-
toma patients and its clinical relevance requires further
investigation.

Another active area of investigation involves identifying
an optimal radiation dose and fractionation schedule to be
used in concert with immunotherapy. As it has been sug-
gested that doses greater than the traditional 2 Gy per frac-
tion may elicit a more robust immunogenic response, com-
binatorial strategies involving hypofractionation regimens
holds promise. In addition to exploiting this potential syn-
ergy and significantly decreasing overall treatment time for
the patient, hypofractionation may result in an additional
benefit of decreasing treatment-related lymphopenia, as
described above, making it a particularly attractive strategy
to explore when combined with immunotherapy. In addi-
tion to dose, how best to sequence these treatment modali-
ties needs to be determined and may depend on the specific
mechanism of action of an individual agent.

Another challenge when combining immunotherapy and
radiation with particular relevance to glioblastoma involves
potentiating treatment related effects, often referred to as
pseudoprogression. We have learned over the last decade
that combining temozolomide with radiation can result in
pseudoprogression, with radiographic changes suggest-
ing tumor progression that subsequently resolve on further
imaging [65]. A similar phenomenon has been described
with immune checkpoint agents alone when used in both
glioma and brain metastases [16]. Therefore, the combina-
tion of these three modalities may lead to a more robust
pseudoprogression. In addition to representing a diagnos-
tic challenge, increases in treatment related effects may
also result in a therapeutic challenge, as steroids typically
used to treat symptoms associated with pseudoprogression
may attenuate the efficacy of the prescribed immune ther-
apy. Therefore, careful consideration of sequencing will be
critical for the successful development of clinical strategies
testing these various combinations, as any predicted syn-
ergies with concurrent treatment will need to be balanced
with their possible side effects.

Lastly, applying preclinical models that more accurately
recapitulate the breadth of human disease may provide
additional insight into the tolerogenic environment of glio-
blastoma and its interplay with radiation. As an immuno-
competant preclinical model is required for such studies,
an overwhelming majority of work has been performed
using the murine glioma line GL261 grown in C57BL/6
mice. Although such studies provide meaningful direction,
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applying data generated from a single model will have a
limited capacity in guiding personalized therapy using
a potential diverse panel of immune modulatory agents.
Therefore, extending investigations using adult astrocytic
genetically engineered mouse models may complement
our current level of understanding. However, a clear limita-
tion with such models is that they are still murine tumors
being evaluated in the context of a murine immune system.
Recent developments in mouse modeling have generated
mice deficient in both adaptive and innate immune systems,
including the NOD-scid IL2/™"" (NSG) strain, which can
be engrafted with functional human immune systems [66].
This permits the potential to study a diverse panel of patient
derived tumors or tumor initiating cells in vivo in the pres-
ence of a human immune system. It can be expected that
these novel model systems will provide important direction
to help translate laboratory findings into the clinic.
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