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Abstract

Introduction Despite recent advances in treatment for a number of cancers with immune checkpoint blockade (ICB), immu-
notherapy has had limited efficacy in glioblastoma (GBM). The recent multi-centered CheckMate 143 trial in first time recur-
rent GBM and the Checkmate 498 trial in newly diagnosed unmethylated GBM showed that antibodies against programmed
cell death protein 1 (PD-1) failed to improve overall survival in patients with GBM. Recent preclinical and clinical studies
have explored combining ICB with several other therapies including additional ICB against alternative checkpoint molecules,
activation of costimulatory checkpoint molecules such as 4-1BB, radiation-induced tumor cell lysis and immunogenic recruit-
ment, local chemotherapy, neoadjuvant ICB therapy, and myeloid cell reactivation.

Methods We have reviewed the literature on ICB seminal to the progression of several preclinical studies and clinical tri-
als in order to provide a compendium of the current state of combination immunotherapy for GBM. For ongoing clinical
trials without associated publications, we searched clinicaltrials.gov for ongoing studies using the keywords, “GBM” and
“glioblastoma”, as well as names of checkpoint molecules.

Results Recent trends from clinical trials demonstrate that despite a variety of different combination strategies involving
ICB, GBM remains largely elusive to current immunotherapies. There is a discordance of survival outcomes between GBM
pre-clinical models and clinical trials, likely due to the heterogeneity of GBM in patients as well as other adaptive immune
mechanisms not otherwise represented in murine models. However, in clinical studies, neoadjuvant ICB in GBM was found
to diversify the T cell receptor (TCR) repertoire and increase chemokine mRNA transcripts when comparing pre- and post-
surgical time points. Moreover, an increase in peripheral and tumor-infiltrating lymphocyte (TIL) clonotypes were also
observed when comparing adjuvant and neoadjuvant cohorts.

Discussion Despite the lack of clinical survival benefit, immune modulation was observed in multiple different combination
strategies for GBM in both preclinical and clinical studies, indicating that ICB combination therapy results in a significant
immunological impact on the tumor microenvironment.
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Introduction

Since the introduction of William Coley’s toxins for bone
and soft-tissue sarcomas over a hundred years ago, the suc-
cess and barriers to cancer immunotherapy have been well
summarized by the Delphic maxim—*“Know thyself.” The
immune system is inherently founded on the principle of
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distinguishing self from non-self. Inhibitory checkpoint
molecules are expressed when T cells are activated, which
also serves as a channel for the body to regulate immune
response. Self-antigens that are targeted by T cells express
checkpoint inhibitor ligands that can induce T cell inacti-
vation. Cancers have developed resistance against immune
responses by co-opting this principle to obscure themselves
as “self”.

Therapeutic antagonism against checkpoint molecules
such as Programmed cell death protein-1 (PD-1) and Cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) have
seen varying degrees of success in treating several can-
cers including melanoma and non-small cell lung cancer
[1-4]. However, the transposition of these same immune
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checkpoint blockade (ICB) strategies to glioblastoma (GBM)
has had limited efficacy [5].

Current standard of care for GBM involves the Stupp
protocol, which includes maximal surgical resection and
chemoradiation [6, 7]. Despite treatment, prognosis for
patients diagnosed with GBM remains poor [8]. The recent
multi-centered trial CheckMate 143 explored the potential
of using ICB as a new therapy for GBM. The phase III trial
showed that therapy with antibodies against PD-1 failed to
reach its primary endpoint of improving median overall sur-
vival in patients. [9] However, while less than 10% of GBM
patients responded to Nivolumab, patients who did respond
to immunotherapy had more durable responses than standard
of care [9].

Several lessons were gained from the findings of the
CheckMate 143 trial. The basis of ICB relies on the prem-
ise that the body is able to recognize tumor cells as foreign
and subsequently mount T cell responses against these tumor
antigens [10]. The relative low response rate demonstrated
that the conventional strategy of depending on ICB to shift
GBM from self-back to non-self is insufficient as a primary
therapy. GBM is an immunologically “cold” or nonrespon-
sive tumor, with both intrinsic resistance to the immune sys-
tem due to low quality neoantigens, poor antigen presenta-
tion/priming, and relatively low mutational burden, as well
as extrinsic resistance from an immunosuppressive tumor
microenvironment (TME) [5]. Of note, in comparison to
other solid tumors, GBM has relatively few tumor infiltrat-
ing lymphocytes (TILs). In addition, the small number of
TILs exhibit high expression of multiple inhibitory check-
point markers indicative of an exhaustive state. The GBM
TME is also characterized by high numbers of myeloid cells,
which can be usurped by the tumor to perform pro-tumor
functions [11, 12].

However, the fact that there were more durable responses
within the responder arm of the CheckMate 143 trial as well
as emerging preclinical data that has elucidated some of the
mechanisms of immune response in cold tumors like GBM
still show promise for treatments that incorporate ICB [13,
14]. In this review, we focus on studies that have looked into
combination treatments involving ICB in order to address
the immunosuppressive environment of GBM, including:
multiple ICB exposure, radiation in conjunction with ICB,
antigen priming with vaccination in combination with ICB,
and local chemotherapy with ICB. This review will also dis-
cuss the role of neoadjuvant ICB and new targets for treat-
ment, including myeloid cells in GBM. Through this discus-
sion, we hope to both provide an up to date compendium of
combination immunotherapy clinical trials, but also elicit
discussions as to the future of immunotherapy including
exciting prospects fueled by recent preclinical and clinical
findings.

@ Springer

Multiple immune checkpoint blockade

The concept of “exhausted T cells” has garnered attention
as one of several reasons for the lack of response to immune
cells. Particularly in GBM, tumor infiltrating lymphocytes
(TILs) upregulate expression of multiple inhibitory immune
checkpoint molecules such as PD-1, CTLA-4, Indoleamine
2,3-dioxygenase (IDO1), T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3), and Lymphocyte-activation
gene 3 (LAG-3) [15]. These findings support the rationale
of combinatorial checkpoint blockade, since targeting only
one of the checkpoint molecules could be insufficient if other
checkpoint-based immunosuppressive pathways remain.

The success of combining multiple ICB is notable in
metastatic melanoma. Ipilimumab (anti-CTLA-4) and
nivolumab (anti-PD-1) combination therapy was approved
by the FDA in 2016 as a first line therapy for patients with
metastatic or inoperable melanoma. Recently at a 4-year
follow up, the combination of ipilimumab and nivolumab
demonstrated promising results in terms of improved pro-
gression-free survival (PFS) when compared with mono-
checkpoint therapy [16]. Similarly, preclinical GBM models
have also demonstrated that the combination of CTLA-4 and
PD-1 blockade improved long-term survival when compared
with ICB monotherapy, with longstanding memory T cell
responses when re-challenged with tumors [17]. To date,
there are six clinical trials involving the use of both CTLA-4
and PD-1 blockade for patients with GBM (Table 1).

Several other checkpoint molecules have garnered inter-
est as additional therapeutic targets in GBM. Indoleamine
2,3-dioxygenase 1 (IDO1) is a checkpoint molecule found
on GBM and immune cells that works to convert tryptophan
to its eventual downstream catabolite kynurenine, which has
since been implicated in immunosuppression. The expres-
sion of IDOL1 is positively correlated to immunosuppres-
sive regulatory T cell (Treg) infiltration and is negatively
correlated with patient prognosis [18]. Pre-clinical data has
shown that triple checkpoint blockade involving antibodies
against IDO1, CTLA-4, and PD-L1 decrease the presence of
tumor infiltrating Tregs and confer a durable survival benefit
[19]. There are two phase I clinical trials that are now exam-
ining the use of combination PD-1 and IDO1 dual blockade
(NCT04047706 and NCT03707457).

Moreover, T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) and Lymphocyte-activation
gene 3 (LAG-3) are two other inhibitory checkpoint mol-
ecules that demonstrate upregulation in GBM, particularly
after patients receive anti-PD-1 therapy [20]. TIM-3 and
PD-1 blockade [21] as well as LAG-3 and PD-1 block-
ade [22] demonstrate significant survival benefit in pre-
clinical models. There is currently a phase I clinical trial
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2 oo i E _ % that involves combination ICB against PD-1 and LAG-3
S E&E A& A o (NCT02658981) [23].
§ - ¥ o: LE « g - o = While there has been much excitement with the advent
3 o §g g g 2 + AE < | Z of inhibitory checkpoint blockade, there are also costimula-
El & =9 § = g Lébl_) %) gl ¢ tory checkpoint molecules that have been explored for treat-
E £9¢ EEEE8SEES| £ ment with the use of checkpoint agonists in GBM. CD137
g2k Eo =8 " T4 77| g (4-1BB) is a costimulatory molecule that is implicated in the
- N E activation and infiltration of cytotoxic T lymphocytes (CTL)
= _;i . % B % o _@ ; into tumor sites [24]. When combined with anti-CTLA-4 as
g g g g 2 E E _ E E § well as focal radiation, mice treated with a 4-1BB agonist
5% i/ 3 [5\5 5t 2% hy z g exhibited at least 50% long-term survival with increased
ZlevezEy2ED@ g,; Z infiltration of T cells in tumor [25]. The ongoing ABTC
E|=528=252=08¢« 5 1501 trial is examining anti-LAG-3 or anti-CD137 alone
ol A N £, and in combination with anti-PD-1 in patients with recurrent
:i GBM, with preliminary data supporting improved overall
- = survival for patients receiving CD137 and anti-PD-1 com-
E E; ;i bination therapy [23]. There are nine ongoing clinical trials
E g 2 examining a combination of ICB for GBM to date (Table 1).
S EE 5
g «w E I5e) E —
;-':; % B % 3] g ICB and radiation
HESEE 1
E f : : : é As part of the Stupp protocol for GBM, radiotherapy has
© roles in directly inducing cell death as well as enhancing
E immunogenicity. In preclinical melanoma and breast carci-
2 noma models, radiotherapy was found to increase the per-
_ gﬂ centage of antigen-experienced T cells and effector memory
= s T cells, with increased infiltration of these T cells in tumors.
% < % Antigen presenting cells also saw increased immunogenic-
OlZz g ity, with upregulation of tumor-associated antigen-major
= - histocompatibility complexes as well as enhanced cross-
1= ‘-§ presentation to T cells [26].
_ S The immunological effects of combining ICB with radia-
5 ; tion were first examined in a cohort of metastatic melanoma
§ _% patients, in which ICB and radiation were found to work
% E < in an immunologically non-redundant manner. Radiation
£l 3 = diversified the T cell receptor (TCR) repertoire while ICB
£ | 20 promoted T cell effector responses [27]. Some of the first
g 2 ] E % promising preclinical studies involving combination ther-
0 2% 5 4 RS g g apy for GBM involved radiation and ICB, in which anti-
= < % i £ 8% 23 bodies against PD-1, CTLA-4, and IDO1 yielded signifi-
E 8 £ g ; E § © _é = cant survival benefit [28, 29]. When combining antibodies
o5 g 3 E o g 3 g against TIM-3 and PD-1 with radiation therapy, preclini-
Elz=2&8 g2 g¢ cal GBM models demonstrate 100% long-term survival
i ® _i “:i) [21]. A Phase I trial examining the efficacy of anti-TIM-3
E y= g with anti-PD-1 and SRS in patients with recurrent GBM
‘:: - § % is ongoing (Table 2). Furthermore, similar to patients with
S uﬁ: = % o metastatic melanoma, anti-PD1 treated GBM patients that
é § %' = —§ demonstrate a more diversified T cell repertoire are associ-
g 3 g E TE) ated with improved overall survival when compared with
= R § T;, B standard treatment [8]. There have been twelve clinical trials
% :2 % g:é involving ICB and radiation in GBM (Table 2).
e 101z O &
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ICB and antigen priming with vaccinations

The immune resistance exhibited by GBM can also be con-
tributed in part to poor antigen priming [5]. GBM’s rela-
tively low mutational burden compounds the challenges of
ICB as a therapeutic agent due to less available cognate anti-
gens. Antigen priming can improve the efficacy of antigen
presentation in ICB rescued T cells, thereby synergistically
enhancing both antigen recognition and effector function.
The strategy of using cancer vaccination with personalized
neoantigens and/or tumor associated antigens has seen suc-
cess in melanoma as well as prostate cancer, a cancer type
traditionally deemed immunologically cold [30]. Of note,
the combination of adjuvant vaccination and anti-PD-1 has
found success in stage IIIC and IV high-risk melanoma,
promoting relapse-free survival [31]. In GBM, transfer of
autologous dendritic cells (DC) pulsed with tumor neoan-
tigens demonstrate modulation of the TME by increasing T
cell infiltration in preclinical models [32]. Clinically, a phase
III trial investigating DC vaccination following standard of
care in newly diagnosed GBM has found the treatment to be
compatible with standard of care with comparable adverse
events [33]. While analysis of the trial is ongoing, prelimi-
nary data suggests that DC vaccination might prolong sur-
vival [33]. A phase Ib trial involving personalized neoanti-
gen vaccination has found increased T cell infiltration and
enriched neoantigen-specific CD4+and CD8+T cells with
memory phenotypes [34].

Both preclinical and clinical data support that DC vac-
cination results in upregulation of PD-1 expression on T
cells [35]. Moreover, when DC vaccination is combined with
anti-PD-1, an increase in expression of memory markers in
addition to integrin homing markers are observed in TILs
[35]. There are currently seven GBM clinical trials involving
ICB in combination with vaccinations for patients with both
recurrent and newly diagnosed GBM (Table 3).

ICB and local delivery

The blood brain barrier (BBB) offers a unique challenge
for immune-mediated anti-tumor activity. This separation
of compartments leads to immune phenotypic differences
between cells in peripheral blood and the central nervous
system (CNS) [15]. Difficulties penetrating the blood brain
barrier extend beyond immune cells and have historically
involved novel delivery strategies for other treatments,
including chemotherapy. One of these strategies involve
local delivery of chemotherapeutic agents such as carmus-
tine (BCNU) or temozolomide (TMZ) through the form of
biodegradable wafers or thermo-responsive biodegradable
pastes [36, 37]. Similarly, there is now increased interest in

@ Springer

delivering ICB intracranially to the tumor site, with a phase I
clinical trial currently recruiting patients to examine the use
of intra-tumoral ipilimumab at the time of surgical resection
with systemic nivolumab for recurrent GBM (Table 4).
Beyond bypassing the issue of penetrating the BBB, local
chemotherapy has an immunological advantage over its sys-
temic counterpart in that the latter has disadvantages in glob-
ally suppressing immune function from cytotoxic lymphode-
pletion [38, 39]. In a preclinical study that compared the
use of systemic chemotherapy against local chemotherapy
with or without anti-PD-1, the combination of local chemo-
therapy with ICB resulted in the most optimal long-term
survival benefit. Furthermore, systemic chemotherapy with
anti-PD-1 therapy was shown to result in severe lymphode-
pletion as well as decreased infiltration of T cells to the
tumor site [40]. As such, the benefits of exploring the com-
bination of local chemotherapy and ICB remain of interest.

Neoadjuvant therapy

Despite initial responses to ICB in metastatic melanoma and
non-small cell lung cancer, tumors can develop acquired
resistance to anti-tumor responses and result in recurrence
[20]. In a chronic viral antigen model, T cells that were con-
tinuously exposed to foreign antigens succumbed to terminal
exhaustion, with their transcription profiles differentiating
them from effector T cells [15, 41]. The temporal association
of ICB delivery to immunologic tolerance opens up potential
investigation of ICB as a neoadjuvant therapy. By first pro-
viding ICB in the setting of maximal tumor density, antigen
presenting cells and T cells would have increased opportu-
nities for developing tumor specific immunity. Subsequent
resection of the tumor would then physically decrease the
number of tumor antigens after having already activated the
immune response and thereby mitigate immune cell toler-
ance due to chronic antigen exposure [42]. This might be
particularly relevant to GBM given the intrinsic immuno-
suppressive TME.

Data supporting the use of neoadjuvant ICB has been
demonstrated in several models. In a preclinical breast can-
cer model, neoadjuvant therapy with ICB conferred a sur-
vival benefit over adjuvant therapy only counterparts [43].
Results from neoadjuvant ICB in melanoma and non-small
cell lung cancer have also seen promising responses; neo-
adjuvant anti-PD-1 in these cancer tissues demonstrated an
increase in both T cell clonality and diversity upon treat-
ment, thereby indicating viable T cell activation from anti-
gen presenting cells [44, 45]. This strategy of pre-treating
patients with anti-PD-1 may also be beneficial for GBM
given the immunosuppressive effects of current standard of
care involving chemoradiation.
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There are currently four clinical trials of GBM involving
neoadjuvant treatment with ICB and/or vaccines (Table 4).
Recently, results from several trials show the ability of neo-
adjuvant ICB therapy to affect the immune landscape of
GBM. Efforts led by Schalper et al. demonstrated that neo-
adjuvant nivolumab when compared with standard treatment
had opposing effects on the number of TCR clonotypes [8].
Similar to melanoma models, neoadjuvant nivolumab for
GBM diversified the TCR repertoire when comparing tumor
samples from pre- and post-surgical resection [44]. They
also reported an increase in detection of chemokine mRNA
transcripts in the nivolumab group, potentially indicating
recruitment of immune cells [44].

While another trial did not observe an increase in TCR
diversity in relation to neoadjuvant therapy, they did how-
ever find a fraction of peripheral and tumor infiltrating T
cell clonotypes that expanded post-surgical resection [46].
This could potentially be indicative of increased clonality as
observed in the NSCLC neoadjuvant trial [45]. Other sig-
nificant findings included patients with neoadjuvant treat-
ment showing a significant decrease in monocytes in the
periphery after surgery compared to adjuvant treated groups
[46]. However, CTLA-4 was upregulated after just 1 dose
of pembrolizumab in the neoadjuvant group, suggesting that
there may be increased susceptibility to adaptive resistance
in the form of upregulated expression of alternative check-
point molecules [46]. While current neoadjuvant GBM trials
have yet to show survival benefit when compared with the
current standard of care in recurrent GBM, the T cell reper-
toire changes found in neoadjuvant GBM trials indicate the
importance of exploring the chronic antigen environment as
well as the timing of ICB for GBM further.

Targeting the myeloid compartment

Beyond the T lymphocyte population, the relatively higher
number of myeloid cells present in GBM have garnered
interest in targeting these cells for immune reactivation.
There is an increasing body of literature that demonstrate the
importance of immunosuppressive and pro-tumor character-
istics in microglia, macrophages, and dendritic cells in the
tumor microenvironment for sustaining tumorigenesis [47,
48]. Several therapeutic strategies that have since evolved
include reactivation of the intrinsic anti-tumor properties
of dendritic cells, microglia, and macrophages, including
agonists for toll-like receptors (TLR) such as polyinosinic-
polycytidylic acid [poly(I:C)] for TLR3 [49] as well as oli-
godeoxynucleotides containing CpG motifs (CpG-ODN) for
TLRO [50] on dendritic cells. However, it should be noted
that a phase II trial investigating intracerebrally adminis-
tered CpG-ODN as an anti-tumor therapeutic for GBM did
not result in significant improvement in PFS [51]. Other
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therapies have focused on inhibiting the pro-tumor functions
of microglia and macrophages, including antibodies against
colony stimulating factor-1 receptor (anti-CSF-1R) and C—C
Motif Chemokine Receptor 2 (CCR2), with resultant tumor
growth inhibition and enhanced survival in preclinical mod-
els [52-54].

Additionally, recombinant adenovirus carrying Interleu-
kin 12 (rAAV2/IL-12) has shown promise for targeting mye-
loid cells as demonstrated by increased expression of CD68
and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) in microglia, with resultant infiltration of activated
microglial cells within the tumor mass and increased median
overall survival in murine models [55]. As myeloid cells
continue to be explored as a source of immunosuppression
in GBM, it will be increasingly critical to comprehensively
reactivate both T lymphocyte and myeloid cells. Future
directions exploring combinatorial approaches for both of
these compartments are of ongoing interest.

Discussion

Immune checkpoint blockade has been a cornerstone of can-
cer immunotherapy this past decade, with durable response
rates to inhibition of PD-1 and CTLA-4 driving forward sev-
eral ICB combination therapies. However, despite translating
these treatments to GBM, significantly improved prognostic
outcomes over standard of care have remained elusive.

While GBM has long since established itself as having
a dynamic immune milieu, the immunosuppressive tumor
microenvironment, the heterogeneity of the disease between
patients, as well as challenges from the BBB present a
unique challenge for achieving durable immunotherapeu-
tic response. As such, there is need for caution in simply
transposing treatment of other cancers to GBM. While there
is still much to be gained in understanding basic immune
mechanisms from immunotherapy in other cancers, GBM
will require further studies that explore how it is different,
including the relatively increased representation of myeloid
cells compared to T lymphocytes in the tumor site [15]. As
discussed in this review, the need for reinvigorating both T
lymphocytes as well as the myeloid cells that activate the T
cells should be further explored.

Furthermore, the role and timing of ICB in cancer
immunotherapy remains important as new mechanisms and
therapies are elicited from ongoing preclinical and clinical
investigations. Already, several novel ICB combinations tai-
lored to GBM are being explored, with efforts focusing on
using chemokines such as C-X-C chemokine receptor type
4 (CXCR4) or cytokines such as IL-12, as well as tumor
suppressor genes such as tumor protein p53 in conjunction
with ICB [56-58]. Furthermore, as we embrace GBM as an
immunological unique disease, interdisciplinary approaches
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studying chronic CNS inflammatory conditions such as mul-
tiple sclerosis and chronic viral infections will be integral
to understanding immune mechanisms within the brain.
Through a combination study approach, it is our hope that
GBM joins the success of recent years in immunotherapy
for solid tumors.
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