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Abstract: Antibodies against immune checkpoint inhibitors (ICIs) have revolutionized the treatment
of multiple aggressive malignancies, including melanoma and non-small cell lung cancer. ICIs
for the treatment of primary and metastatic brain tumors have been used with varying degrees of
success. Here, we discuss the available evidence for the use of ICIs in the treatment of primary and
metastatic brain tumors, highlighting challenges and opportunities for furthering this type of cancer
immunotherapy in neuro-oncology.
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1. Introduction

Increased understanding of the pathways regulating the response of the immune
system has led to the discovery of inhibitory pathways in lymphocytes that could be
drugged to increase the activity of T lymphocytes against cancer cells, effectively heralding
anew era in cancer immunotherapy. The first of these pathways to be discovered was the
one modulated by the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), a surface
receptor on T cells that acts to inhibit their function when bound by ligands expressed in
antigen-presenting cells (APCs) [1].The second immune checkpoint inhibitor (ICI) pathway
to be harnessed therapeutically is that mediated by programmed cell death protein 1 (PD-1).
PD-1 is a surface receptor on activated T and B lymphocytes whose signalling enables
immune tolerance after binding to PD-L1 and PD-L2 ligands expressed in APCs and tumor
cells (see Figure 1) [1].

In recognition of the clinical benefit afforded by the therapeutic targeting of immune
checkpoint inhibitors, the 2018 Nobel Prize in Medicine was awarded to James Allison
and Tasuku Honjo for the discovery of negative immune regulation by CTLA-4 and PD-
1, respectively. ICIs have been effectively deployed against multiple solid tumors, with
approvals for over 20 cancer indications as of date, and a blanket indication for tumors with
mismatch repair mutations [2]. Remarkable responses have been achieved for melanoma
and non-small cell lung cancer (response rates of up to 60% and 100%, respectively, in some
studies), where ICIs are now part of the standard of care [3,4].

Tumors of the central nervous system pose a significant therapeutic challenge for
all cancer treatment modalities, with immunotherapy being no exception. In particu-
lar, the immune-privileged environment of the central nervous system (CNS) favors an
immunosuppressive microenvironment with (i) a reduced number of tumor-infiltrating
lymphocytes (TILs) and (ii) an overabundance of macrophages with an immunosuppres-
sive phenotype [5]. The presence of a relatively low tumor mutational burden in most
primary tumors with a limited yield of neoantigens [6] and the access limitations imposed
by the blood-brain barrier [7] are additional challenges to contend with. Despite these
challenging facts, multiple clinical trials evaluating the use of ICIs for the treatment of
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primary and metastatic brain tumors have been conducted with varying degrees of success.
Here, we discuss the current data for the use of ICIs in primary brain tumors (including
gliomas, meningioma, and primary central nervous system lymphoma) as well as in brain
metastases (including leptomeningeal metastases).
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Figure 1. Inmune checkpoint inhibition of T cell function via CTLA-4 and PD-1. CTLA-4: cytotoxic
T-lymphocyte-associated protein 4. PD-1: programmed cell death protein 1. PD-L1/2: programmed
death ligand 1/2. APC: Antigen presenting cell. TCR: T cell receptor. pMHC: peptide MHC complex.
MHC: major histocompatibility complex.

2. ICI for Primary Brain Tumors
2.1. Glioblastoma

Glioblastoma (GBM) is the most common and malignant primary brain tumor. Despite
aggressive treatment, including surgery, chemotherapy, and radiotherapy;, its prognosis
is still dismal, with an overall survival (OS) of 12-15 months or 9.8% in 5 years [8,9].
Disease progression is inevitable despite gross-total surgical resection due to the micro-
scopically infiltrative nature of the tumor, which makes complete eradication impossible.
Patients with progressive GBM after standard of care therapy have a median OS (mOS) of
6-11 months [10-12]. Given the success of ICIs in other forms of cancer and considering
the several instances of PD-L1 positivity in GBM reported in the literature, several studies
have investigated the use of ICIs in both primary and recurrent GBM, Table 1 [13-16].
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Table 1. Selected studies on the use of ICI for the treatment of glioblastoma.

Author Phase Patients Trial Arms Outcomes
Investigation-assessed ORR (by RECIST v1.1):
8%.
26 patients with DOR: 8.3 and 22.8 months in 2 patients,
KeyNote-028 [13] Ib PD-L1-positive Pembrolizumab respectively;
recurrent GBM mPFS: 2.8 months;
PFS6 rate: 37.7%
mOS: 13.1 months; OS rate at 12 months: 58%
Nayak L et al., 2021 80 patients with A: Pembrolizumab + A:20% ORR, 26% PFS-6 rate;mOS: 8.8 months;
11 Bevacizumab
[17] recurrent GBM . B: 0% ORR
B: Pembrolizumab
A: Durvalumab +
RT
B: Durvalumab Primary endpoints:
Nayak et al., 2022 137 patle.nts with B2: Durvalurpab * A: OS-12 (not met)
II newly diagnosed Bevacizumab
[18] B, B2, B3: PFS-6 (not met)
and recurrent GBM B3 and C:
C: OS-6 (not met)
Durvalumab +
low-dose
Bevacizumab
Lukas R et al., 2018 Ia 16 patients with Atezolizumab Treatment safe and tolerated. 6% ORR; mPFS:
[19] recurrent GBM 1.2 months; mOS: 4.2 months;
A: Nivolumab 1 mg/kg +
10 mg VDX;
Chiocca EA et al. 21 patients with B: Nivolumab 3 mg/kg + Treatment safe and tolerated.
I A and B: mOS: 16.9 months;
2021 [20] recurrent GBM 10 mg VDX C: mOS: 8.5 months
C: Nivolumab 3 mg/kg + ’ o
20 mg VDX
Primary endpoints: safety and tolerability
(met; more frequent lymphopenia in
Omuro et al., 2022 136 patle.nts with A: Nivolumab + TMZ + RT cohort A);. o
(CheckMate-143) I newly diagnosed B: Nivolumab + RT 2ry endpoint: OS (similar between A and B,
[21] GBM ’ different according to MGMT methylation
status);
Exploratory endpoints: PFS
Treatment safe and tolerated.
CheckMate 498 560 patle.nts with A Nivolumab + RT A: mOS: 13.4 f)nonths; PFS: 6 montohs; grade
[22] 111 newly diagnosed B: TMZ + RT 3/4 AEs: 21.9%; serious AEs: 17.3%;
MGMTunm GBM ’ B: mOS: 14.9 months; PFS: 6.2 months; grade
3/4 AEs; 25.1%; serious AEs: 7.6%
30 patients with
Schalper K et al., I Efvs\ieecr:?b-lsee\C/;e]iM Neoadiuvant Nivolumab Safe and tolerable treatment. mPFS:
2019 [23] y ) 4.1 months; mOS: 7.3 months
recurrent and three
newly diagnosed)
32 patients with . . .
Cloughesy T et al recurrent GBM A N%(;arlrcll{i\(;;r;l;zi]uvant Treatment safe and tolerated.
5019 %2 A y " NA (3% MGMTm,34% o . -7 mOS: 13.7 vs. 7.5 months (A vs. B);
MGMTunm, and -aquv . mPFS: 3.3 vs. 2.4 months (A vs. B)
Pembrolizumab

13% unknown)
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Table 1. Cont.

Author Phase Patients Trial Arms Outcomes
369 with recurrent Primary endpoint not met. Nivolumab safe
GBM (23.4% and tolerated.
Reardon et al., 2020 m M GMTrﬁ 2; 70, A: Nivolumab A: mOS: 9.8 months; ORR: 7.8%;
[25] resrre B: Bevacizumab B: mOS: 10 months; ORR: 23.1%;
MGMTunm, and o
o 1-yr OS: 42% for both groups;grade 3/4 AEs
36.2% unknown) o
similar in A and B
Treatment safe and tolerated.
716 patients with g mPFS: 10.6 vs. 10.3 months (A vs. B);
CheckMate 548 [26] III newly diagnosed g 113\113180??1\?[; :Iz};/[ Z+RT mOS: 28.9 vs. 32.1 months (A vs. B);
MGMTm GBM ’ with basal corticosteroids, mOS: 31.3 vs.
33 months (A vs. B)
A N}\{olumab 3mg/kg Nivolumab monotherapy better tolerated
B. Ipilimumab 3 mg/kg + . . .
Nivolumab than Ipilimumab-nivolumab combo;
Checkate-143 I 40 patients with 1 me/k mPFS: 1.9 vs. 1.5 vs. 2.1 months
[22] recurrent GBM C:1 ilimimagb Ime/ke+ (A vs. Bvs. C);
P 8/ %8 mOS: 10.4 vs. 9.2 vs. 7.3 months
Nivolumab (A vs. Bvs. C)
3mg/kg ’ ’

GBM: glioblastoma; TME: tumor microenvironment; PBO: placebo; TMZ: temozolomide; RT: radiotherapy; VDX:
Veledimex; RECIST v1.1: Response Evaluation Criteria In Solid Tumors, version 1.1; AE: adverse events; OS: overall
survival; mOS: median overall survival; PFS: progression-free survival; mPFS: median progression-free survival;
DOR: duration of response; MGMT: O6-methylguanine-DNA-methyltransferase; MGMTm: methylated O6-
methylguanine-DNA-methyltransferase; MGMTunm: unmethylated O6-methylguanine-DNA-methyltransferase;
ORR: objective response rate; PFS-6: progression-free survival at 6 months; OS-12: overall survival at 12 months.

In the KeyNote-028 study [13], 26 patients with PD-L1-positive progressive GBM re-
ceived pembrolizumab every two weeks for up to 2 years. The treatment was well tolerated,
but only two patients (8%) achieved the primary endpoint of objective response rate (ORR),
with only partial responses. Nonetheless, the duration of response (DOR) was 8.3 and
22.8 months in these two patients, demonstrating that pembrolizumab monotherapy can
induce long-lasting responses in select cases. The study enrolled a small number of patients
and did not screen for the O-6-methylguanine-DNA methyl transferase (MGMT) promoter
methylation status except in one responder (methylated MGMT promoter). Additionally,
the PD-L1 status assessment relied on primary tumor samples, which may differ from the
status at disease recurrence.

A second phase II study compared pembrolizumab and bevacizumab to pembrolizumab
monotherapy in 80 patients with recurrent GBM [17]. The combination did not improve
progression-free survival (PFS) and OS compared to the bevacizumab monotherapy, but
the responders had a significantly longer response than those undergoing bevacizumab
monotherapy. On the other hand, pembrolizumab monotherapy was ineffective, with
a 0% ORR. The authors considered several reasons behind this treatment failure. First,
anti-vascular endothelial growth factor (VEGF) drugs may exacerbate hypoxic conditions
in the tumor microenvironment (TME) and increase the infiltration of immunosuppressive
cells, contributing to tumor immunosuppression. Additionally, they noted that other
monoclonal antibodies (mAbs) had reduced tumor penetration upon administration of
antiangiogenic drugs [27]. In this study, the tumor immune biomarkers and immune
activation gene expression profiles (GEPs) do not reliably predict therapeutic benefit in
progressive GBM. Nonetheless, such conclusions rely on samples from primary GBM,
and concomitant dexamethasone may have hindered or masked significant intratumoral
immune activation [17].

Cloughesy et al. [24] performed mRNA expression profiling and T cell receptor (TCR)
sequencing on a cohort of 32 patients receiving neoadjuvant pembrolizumab compared to
adjuvant administration. Their findings suggest interferon-gamma (IFN-y)-based activa-
tion of tumor- infiltrating lymphocytes (TILs) following neoadjuvant ICI treatment. CD4+
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T cells increased their expression of activated/effector and memory markers (including
CD152 and CD127), suggesting possible priming of the immune response following activa-
tion in the adjuvant setting. Importantly, T cell expansion was independent of treatment
timing, but tumor-specific T cell clones retained their functionality upon subsequent ad-
ministrations of the drug. This result indicates that the neoadjuvant regimen primes T cells
for systemic proliferation and tumor-specific effector function. In addition, TCR diversity
was not increased upon neoadjuvant PD-1 block, suggesting that T cell diversification is
independent of PD-1 action. This study provided evidence in support of the neoadjuvant
use of PD-1 inhibition in progressive GBM, which is yet to be validated in larger studies.

Lee et al. [28] investigated neoadjuvant pembrolizumab’s molecular and cellular
effects in recurrent GBM. Specifically, they performed a single-cell analysis of the immune
cells of the TME. They found that neoadjuvant PD-1 block by pembrolizumab activates T
cells in the periphery and enhances their infiltration in GBM. Once inside the tumor, the
CD8+ T cell population clonally expands, exerts antitumor cytotoxicity, and engages in
reciprocal signaling and activation loops with conventional dendritic cells (cDCs). In turn,
the activated cDCs aid T cell trafficking and infiltration via CXCL9/10/11. Neoadjuvant
pembrolizumab also induces IFN-y-related gene expression changes in monocytes and
tumor-associated macrophages (TAMs). The effect on these cells is dual. On one side, it
causes CXCL9/10 release to enhance T cell infiltration. Conversely, it mainly increases
immunosuppression through IL-1b release and surface upregulation of immunosuppressive
markers such as CXCR4, PD-L1, CTLA-4, and NECTIN2. These findings demonstrate
a possible mechanism of neoadjuvant pembrolizumab’s antitumor effects, warranting
additional studies with different dosing schemes [28] and drug combinations.

Several trials employed the PD-1 blocker nivolumab with both recurrent and newly
diagnosed GBM. Most studies failed to improve the median OS [21,23,25,26]. One trial [20]
yielded promising results with a median OS of 16.9 months in the cohort treated with
combined nivolumab and the IL-12 gene therapy veledimex (VDX) at a 10 mg dose. Inter-
estingly, the OS was down to 8.5 months in the nivolumab plus 20 mg VDX combination,
suggesting that the benefit of nivolumab was dependent on a lower VDX dose. The tumor
IFN-y signature increased in post-treatment tumor samples, demonstrating the molecular
effects of this ICI combination. This study confirmed that immune checkpoint signaling
in GBM undergoes the first reduction after IL-12 gene therapy and another downregula-
tion with nivolumab. Schalper et al. [23] describe the molecular effects of neoadjuvant
nivolumab in both newly-diagnosed and recurrent GBM. Analyses revealed increased T cell-
and IFN-y-related gene expression and downregulated cell cycle-related gene expression
in tumor cells.

An open-label phase III study compared nivolumab added to standard of care ther-
apy (radiation and temozolomide) versus nivolumab and radiation in newly-diagnosed
glioblastoma patients with an unmethylated MGMT promoter [29]. Overall, the mOS was
similar in both arms. Temozolomide (TMZ) was responsible for chronic lymphopenia, as
noted by the 10.2% vs. 1.5% incidence in grade 3/4 lymphopenia cases in nivolumab +
temozolomide + radiation vs nivolumab + radiation.

The data from these studies provide evidence that nivolumab, either in monother-
apy or added to standard of care therapies, does not induce a significant clinical benefit
for patients with newly-diagnosed or progressive GBM. Several studies have noted the
confounding effect of concurrent dexamethasone use and its suppressive effect on the
mounting antitumor immune response, a fact to consider when designing eligibility criteria
for future ICI studies.

Two additional studies evaluated inhibiting PD-L1 instead of PD-1, with the PD-L1
inhibitors durvalumab [18] and atezolizumab [19]. In the former study, durvalumab did
not improve OS or PFES, either alone or in combination with bevacizumab. In the subset
of patients noted to benefit, durvalumab induced an increase in CD8+ T cell proliferation,
peaking at 15 days post-initiation of the protocol. Instead, in the study by Lukas et al. [19],
atezolizumab induced one partial response and three stable responses in a 16-patient cohort
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with progressive GBM. Notably, one patient with isocitrate dehydrogenase (IDH)-mutant
GBM experienced a greater than 16-month survival, and CD4+ T cell count positively
correlated with survival; however, according to the 2021 WHO classification of central
nervous system tumors, the presence of an IDH mutation is not in line with the current
definition of GBM.

Finally, Omuro et al. [22] explored dual ICI with ipilimumab and nivolumab in a
cohort of 40 patients with recurrent GBM. Three patients achieved partial responses, and
eight demonstrated stable disease. Although the combination treatment was deemed safe
overall, it was less well tolerated (higher incidence of adverse events) than nivolumab
monotherapy, with tolerability limited by the dosage of ipilimumab.

Opverall, although ICIs have not led to a breakthrough in the treatment of glioblastoma,
there is ongoing work to understand how these therapies help modulate the TME and
how they might come to play a role as part of therapeutic combinations. ICIs induce
changes in gene expression and cytokine signature, particularly IFN-y, which enables
the interplay between T cells and DCs in the antitumor response [28]. ICIs also appear
to induce gene expression changes in tumor cells [24], a finding that requires further
characterization. Overall, IFN-y may serve as a new biomarker to predict GBM's response
to ICIs. Moreover, the neoadjuvant administration of a PD-1 inhibitor seems to prime
T cells and DCs for antitumor function [28]. T cells retained a degree of memory in
subsequent drug administrations [24], proving that this treatment approach deserves
further exploration in larger studies.

Despite the promising effects of ICIs at the molecular level, most studies report a
significant clinical impact in a small fraction of patients, that have experienced, in general,
prolonged survival and disease stabilization [19,25]. The value of PD-L1 positivity in
GBM is controversial and it does not necessarily appear to predict treatment response.
First, no consensus analysis nor clinical study validated a PD-L1 threshold correlating it
with therapeutic efficacy [30]. Moreover, Ndoum et al. analyzed the PD-L1 expression in
samples from 94 GBM patients with both immunohistochemistry and flow cytometry. They
found that although most tumors were positive for PD-L1 by testing with both techniques
(61% with a minimum of 1% cells expressing PD-L1, 38% with a minimum of 5%), the
amount of PD-L1-positive GBM cells in each tumor was relatively low and exceptionally
heterogeneous among the different samples (median: 2.77%, range: 0-86%) [30]. In the
KEYNOTE-028 study, Reardon et al. report PD-L1 expression (1% or more of cells) in
approximately 60% of the tumors screened, but cannot establish a relationship between
PD-L1 expression and therapeutic benefit after ICI treatment [13]. Taken together, these
findings make the broad use of ICI monotherapy unlikely to benefit most GBM patients.

The immunosuppressive nature of the TME is also challenging to counteract with
ICI monotherapy [31], as this approach restricts the target population mostly to T cells.
Moreover, ICI monotherapy fails to induce a polyclonal immune response [24]. The only
published study with dual checkpoint inhibition in GBM [22] did not perform T cell
subset analyses to address this issue. Other cellular players in the TME deserve future
research and therapeutic efforts. For instance, tumor-associated macrophages (TAMs),
including microglia and monocyte-derived macrophages (MDMs), can form up to 50% of
the TME [32-36]. GBM cells actively shape the nature of TAMs in several ways to enhance
immunosuppression, tumor invasion, and proliferation [37]. Recent studies have identified
several therapeutic targets for myeloid cells, including IDO1, CSF1-CSF1R, CD39-CD73,
SIRPa-CD47, and AXL kinase, for which further clinical evaluation is awaited [37]. Future
studies will rely on better biomarkers of response to ICI immunotherapy. In addition, these
studies should explore the combinations of ICIs with other forms of immunotherapy or
targeted therapy aimed at other cells of the TME to synergize their antitumor effects.

2.2. Isocitrate Dehydrogenase (IDH) Mutant Gliomas

Isocitrate dehydrogenase (IDH)-mutant glioma is the second most common type
of adult malignant glioma [38], and the most common type diagnosed in individuals



Antibodies 2023, 12, 27

7 of 21

younger than 50. IDH, a metabolic enzyme that catalyzes the conversion of isocitrate
into a-ketoglutarate, when mutated, produces the oncometabolite D-2-hydroxyglutarate
(D-2-HG) [38]. D-2-HG acts as an inhibitor of tumor suppressors and promotes epigenetic
changes that lead to oncogene overexpression.

In addition, D-2-HG induces profound changes in T cell activity, proliferation, and
metabolism [39]. As IDH-mutant gliomas produce D-2-HG in high amounts (in the mM
range), this molecule then diffuses in paracrine fashion to tumor-infiltrating T cells, which
uptake it regardless of their activation status through a solute carrier (SLC) transporter.
Once inside the T cell, D-2-HG blocks the early phases of TCR signaling by downregulating
the PLC-y1-PIP2-NFAT-NFkB pathway. The reduction in NFAT nuclear translocation
results in lower cytokine production (especially IFN-y) and PD-1 expression [39]. Other
studies have indicated a decrease in PD-L1 expression [40] and D-2-HG-related epigenetic
suppression of PD-1 and PD-L1 by DNA methylation in IDH-mutant gliomas [41,42].
These findings may help explain the immunosuppressive TME in IDH-mutant gliomas and
motivate previously reported instances of ICI treatment failure [39].

At the metabolic level, D-2-HG impairs polyamine biosynthesis by inhibiting ATP
synthase ATP5B and altering its downstream signaling (AMPK-ODC1) [39]. The net
effect is an impairment in T cell proliferation. Moreover, D-2-HG changes the profile of
tumor-infiltrating immune cells, reducing CD8+ and memory T cells while increasing the
proportion of naive CD4 + T cells [39]. These results indicate a selective impairment of the
primary effector phase of T cell proliferation [39].

In conclusion, IDH-mutant gliomas are tumors with peculiar immunosuppressive
features that may be more suitable to targeted therapy rather than immunotherapy. The
results from several ongoing clinical trials (NCT03557359, NCT03893903, NCT04056910,
and NCT02968940) using ICIs in IDH-mutant gliomas may either confirm or refute this
hypothesis. In light of the immunosuppressive effect of D-2-HG, the idea of using ICIs
concomitantly with IDH inhibitors (IDHi) has been put forth [39]. Still, the literature reports
only a few accounts of this combination strategy, Table 2, and none had robust clinical
benefits [43,44]. Therefore, this strategy warrants additional evaluation with larger clinical
trials, some of which are already ongoing (NCT05484622).

Table 2. Selected studies on the use of ICI for the treatment of IDH-mutant gliomas.

Author Phase Regimen Treatment
NCT03557359 I Anti PD-1 monotherapy Nivolumab
NCT03893903 I IDH vax + anti-PD-L1 IDH-1 vaccine + Avelumab
NCT04056910 I Anti-PD-1 + IDH1-inhibitor Nivolumab + Ivosidenib
NCT02968940 I Anti-PDL1 + radiation Avelumab + HFRT
HFRT: hypo-fractionated radiotherapy; IDHI: isocitrate dehydrogenase 1.
Table 3. Selected studies on the use of ICI for the treatment of meningioma.
Author Phase Patients Treatment
Bi et al., 2022 [45] I 25 patients with recurrent grade 2 or 3 meningioma  Nivolumab
Brastianos et al., 2022 [46] I 25 patients with grade 2 or 3 meningioma. Pembrolizumab
Nidamanuri and Drappatz, Retrospective 8 patients with meningiomas Anti-PD1 therapy

2022 [47]

2.3. Meningioma

Although the vast majority of meningiomas are grade 1 and essentially cured after
gross-total resection, grade 2 and, particularly grade 3, meningiomas experience regrowth
after resection and radiation therapy, making them difficult to treat and leading to signifi-
cant morbidity. Alkylating chemotherapy and targeted therapy are not generally considered
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effective for the management of high-grade meningiomas [48]. The rationale for ICI use in
meningioma (Table 3) is based on the expression of immune checkpoint molecules, includ-
ing CTLA-4, PD-1, and PD-L1 in these tumors, with PD-L1 expression being proportional
to tumor grade [49-51].

In the first study using PD-1 blockers in meningioma treatment [45], 25 patients with
recurrent grade 2 or 3 meningioma received nivolumab monotherapy in an open-label
phase II trial. The treatment was well tolerated overall with a similar adverse effect profile
as in other ICI monotherapy studies. Although the study did not meet its primary end-
point of progression-free survival at 6 months (PFS-6), the median PFS of 5.56 months was
comparably higher than the median PFS in prior studies evaluating other therapies for
high-grade meningiomas [48]. Supratentorial location and smaller tumor volume signifi-
cantly correlated with improved OS. Conversely, skull-base location correlated with poorer
outcomes, in line with previous studies highlighting the challenge of achieving gross total
resection for tumors in this location [52,53]. At the cellular level, nivolumab did not induce
substantial changes in TME composition and immune cell infiltration in samples from
13 patients with low tumor mutation burden (TMB < 10/Mb). Nonetheless, 2 patients with
heavily pre-treated grade 3 meningioma displayed high TMB and experienced improved
survival after treatment with nivolumab. Additionally, their TME characterization pre and
post nivolumab treatment showed an increase in both CD4+ and CD8+ T cell counts. These
findings indicate a selective therapeutic benefit of ICIs in those patients with high-grade
meningiomas and a high TMB. This is consistent with previous studies highlighting the
responsiveness of hypermutant tumors to immunotherapy [54].

In another prospective phase II trial, pembrolizumab showed promising results in
a cohort of 25 patients with grade 2 or 3 meningiomas. The study achieved the primary
endpoint with a PFS-6 rate of 48%. Moreover, the median PFS and OS were 7.6 months and
20.2 months, respectively. Notably, six patients had stabilization of meningioma growth and
two patients had minor tumor regression which did not meet the criteria for partial response.
Prior systemic therapy did not sensitize meningiomas to ICIs [46]. Interestingly, despite
previous evidence of increased expression of PD-L1 and an immunosuppressive TME in
high-grade meningiomas [51,55], this study found no significant correlation between PD-L1
expression in pre- and post-treated the meningioma samples and either PFS-6 rate or tumor
growth curve stabilization, likely suggesting that other factors come into play at the level of
TME [46]. Future studies should help elucidate the role of other cellular components of the
TME on response. As noted above in the GBM section, one relevant example of these new
targets is myeloid cells, as they have been reported to exert an immunosuppressive effect
in the TME, thereby aiding tumor evasion of the immune system and likely hindering an
efficient response to ICIs [56].

Nidamanuri and Drappatz conducted a retrospective study on eight meningioma
patients undergoing ICI treatment for recurrent meningioma [47]. In this study, patients
experienced a median PFS and median OS of 7 months and 1.75 years, respectively. These
numbers increased in the subgroup of patients with grade 3 meningioma, up to 15 months
and 2.5 years median PFS and mOS, respectively. Finally, responses were further improved
in those patients with positive expression of PD-L1. This last finding contrasts with the
results from Brastianos et al. and should be interpreted with caution given the small sample
size and the selection and sampling bias, with this study being retrospective.

Overall, there appears to be an emerging role for ICI therapy in grade 2 and 3 menin-
giomas refractory to surgical and radiation treatment. The analysis of biomarkers such as
PD-L1 expression, TMB, and immune cell profiling on patient samples should be consid-
ered to identify patients that are most likely to benefit from upfront, adjuvant treatment
with ICIs.
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2.4. Primary Central Nervous System Lymphoma

Primary central nervous system lymphoma (PCNSL) is a rare and aggressive form of
extra-nodal non-Hodgkin lymphoma (NHL) originating in the brain, spinal cord, eye, or lep-
tomeninges without systemic involvement [57,58]. This tumor occurs preferentially in older
patients, with a median age at diagnosis of 67 years [59]. Inmunosuppression is a risk factor
for disease development, primarily due to Epstein—Barr virus (EBV) reactivation [58,60]. Al-
though usually responsive to first-line chemotherapy with high-dose methotrexate, PCNSL
has a 15% chance of treatment refractoriness [61] and a 36-66% relapse rate [62]. Overall,
this tumor has a poor prognosis, with a median survival of 2 months, 7.2 months, and
2 years in untreated, relapsed, and all-cause scenarios, respectively [62].

Several observations underlie the rationale behind the use of ICIs in PCNSL. First, EBV
induces PD-L1 overexpression in EBV-associated lymphomas [63]. Moreover, copy number
gains and chromosomal translocations at chromosome 9p24.1, where the PD-L1/PD-L2
locus lies [64,65], are frequent in PCNSL [65]. Finally, a high TMB, caused by aberrant
somatic hypermutation (aSHM) in PCNSL cells, is correlated with increased expression
of PD-L1 [66]. Monabati et al. performed a retrospective analysis of PCNSL samples,
reporting high PD-1 expression in TILs, as well as high PD-L1 expression in tumor cells [67].
Other authors have reported instances of PD-1/PD-L1 positivity in PCNSL samples on
both tumor cells or TME cells, although the percentages of positive cells varied across the
studies [66,68-72]. Overall, these findings support a potential therapeutic role of ICI in
PCNSL, forming the basis for the ongoing clinical trials.

Four studies evaluated PD-1 inhibitors, including camrelizumab, sintilimab, and
tislelizumab, alone or combined with other chemo-immunotherapy agents (NCT04688151,
NCT04899427, NCT04052659, and NCT04070040). Moreover, one study employed dendritic
cell (DC) vaccination in combination with nivolumab [69]. Most data available at this time
for the use of ICIs in PCNSL come from case reports and small retrospective case series
(see Table 4). However, among these are encouraging results, such as a case report demon-
strating complete remission and clinical amelioration in a patient with poor performance
status [73]. A more informed perspective on ICI use in this type of tumor will emerge from
the ongoing studies listed in Table 4. Moving forward, it will be critical to establish the
efficacy of ICI both as an induction treatment and as part of maintenance and consolidation
regimens.

Table 4. Selected studies on the use of ICI for the treatment of primary CNS lymphoma.

Author or Trial Name Phase Drug Cohort Results
Furuse et al., 2017 [69] Case report Nivolumab + DC vaccination 1 patient CR maintained for
10 months
5 patietns (4 with . .
Nayak et al., 2017 [57] Case series Nivolumab PCNSL and 1 with 4 pa.tlents with CRand
1 with PR;
PTL)
. . 5 patients (PCNSL and  Prolonged remission in
Graber J et al., 2020 [74] Case series Pembrolizumab SCNSL) 3 out of 5 patients

6 patients (three with

Retrospective  Nivolumab/Pembrolizumab 3 out of 6 patients with

Ambady et al., 2019 [75] . PCNSL and three

study and Rituximab SCNSL) CR
Gavrilenko A et al., 2020 Case series Nivolumab 8 patients with PCNSL Eyrifnct)hss: 424_ /:J?SFSS
[75,76]; and one with PTL ey '

26%; mPFS: 12 months;

PCNSL: primary central nervous system lymphoma; SCNSL: secondary central nervous system lymphoma; PTL:
primary testicular lymphoma; DC: dendritic cell; CR: complete response; PR: partial response; OS: overall survival;
mOS: median overall survival; PFS: progression-free survival; mPFS: median progression-free survival, DOR:
duration of response.
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3. ICI for Brain Metastases
3.1. Parenchymal Metastases

Metastases are the most common brain tumors in adults, accounting for approximately
50% of brain tumor cases. Brain metastases (BM) most commonly arise from melanoma,
breast cancer, and lung cancer [77] and historically had a dismal prognosis, with a median
overall survival of approximately six months [78]. BM biology is peculiar, with significant
differences in genetic and epigenetic alterations compared to their tumors of origin and
even from other sites of dissemination [79,80]. The TME of BM also features unique T cell
subclones compared to the primary tumors [81] and more immunosuppressive features
compared to extracranial metastases [82,83], indicating that the cellular composition of the
BM TME may be different or adapted explicitly for brain tissue. These findings shed some
light on the clinically heterogeneous therapeutic response of BM [84], including for the
treatment with IClIs.

3.2. Melanoma

Prior to the introduction of ICIs, the median survival of patients with melanoma
brain metastases (MBM) treated with surgery, radiation and systemic therapies was in the
order of four to five months [85]. The first trial with ICIs in MBM utilized ipilimumab
in monotherapy in two arms, asymptomatic and symptomatic patients or patients under
steroid therapy. This study provided initial signals of safety and efficacy of ICI therapy in
melanoma BM [86]. Two landmark studies [87,88] investigated the combination of ipili-
mumab and nivolumab in MBM. Both studies demonstrated safety and durable intracranial
responses in asymptomatic MBM cases. In CheckMate204, asymptomatic patients experi-
enced an intracranial clinical benefit rate (CBR) of 58.4% and an intracranial PFS at 6 months
(PFS-6) rate of 6.26%, while symptomatic patients demonstrated an intracranial CBR of
22.2% and a PFS-6 rate of 18.9%. Instead, for the study by Long et al., the median OS for
the arm of the ipilimumab-nivolumab combination was not reached [88].

Thanks to the introduction of this combination ICI regimen, the 1-year OS rate for
patients with MBM has changed from 25% to 85% [85]. Nonetheless, patients with symp-
tomatic MBM had a significantly poorer prognosis across all trials and all measured out-
comes, Table 5 [85,89].

Table 5. Selected studies on the use of ICI for the treatment of melanoma brain metastases.

Study/Studies Phase Therapies Patient Cohort(s) Results (ORR, PFS, OS)
Margolin et al., - Cohort A: asymptomatic MBM (51); IDCR:. 24 vs. 10% (A vs. B); )
2012 [86] I Ipilimumab Cohort B: symptomatic MBM on (21) mPFS: 1.5-1.9 vs. 1.2 months (A vs. B);
’ mOS: 7 vs. 3.7 months (A vs. B)
. 20 patients with asymptomatic brain . )
NIBIT M1 [90]; II Iplhmumgb * metastases out of a cohort of eight-six In MBM patients:
Fotemustine . . Brain-PFS: 3 months
patients with advanced melanoma
mOS: 8.5 vs. 8.2 vs. 29.2 months
Ipilimumab 80 patients with MBM (A vs. Bvs. C);
NIBIT-M2 [91] i Nivolumab, Arm A: th‘emustme (27) ' mPFS: 3 vs. 3 vs. 8.7 months
Fotemustine Arm B: Ipilimumab + Fotemustine (26) (A vs. Bvs. C);
Arm C: Ipilimumab + Nivolumab (27) ICR: 0 vs. 19.2 vs. 44.4%
(Avs.Bvs. Q)
Goldberg et al., I Pembrolizumab 18 patients with MBM in a cohort of ORR: 22%
2016 [92] 52 patients with brain metastases mOS: not reached
Kluger ot al RR: 26%
201118g~e[9§] aly II Pembrolizumab 23 patients with MBM mPFS: 2 months;

mOS: 17 months
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Table 5. Cont.

Study/Studies Phase Therapies Patient Cohort(s) Results (ORR, PFS, OS)
Ascierto et al., Ipilimumab . . . In MBM patients:
2017,2020 it A:10 mg/kg; ;;; paten’ ‘VNVllttE i\gla\fliég ngﬁtﬁ?af mOS: 7 months vs. 5.7 months
[94,95] B: 3 mg/kg; P (A vs. B)
iORR: 53.5% vs. 16.7% (A vs. B);
Checkmate204 Nivolumab + 119 patients Wlth MBM Cohort A: 36-month iPFS: 54.1% vs. 18.9%
[89] I Ipilimumab asymptomatic (101); (A vs. B);
Cohort B: symptomatic (18) 36-month OS: 71.9% vs. 36.6%
(A vs. B)
ICR 46% vs. 20% vs. 6%
79 patients with MBM; Cohort A: (Avs. B (Y s C); o o
. . o ICCR 17% vs. 12% vs. 0%
Nivolumab + Nivolumab + Ipilimumab (36)
ABC study II Ipilimumab Cohort B: Nivolumab (27); (Avs. Bvs. C);
[88] p y 4 iPFS: not reached vs. 2.5 vs. 2.3

vs. Nivolumab

Cohort C: Nivolumab prior Tx,
symptomatic, or with LM (16);

months (A vs. B vs. C);

OS: not reached vs. 18.5 vs. 5.1
months (A vs. Bvs. C)

MBM: melanoma brain metastases; LM: leptomeningeal disease; ORR: overall response rate; iORR: intracranial
objective response rate; PFS: progression-free survival; mPFS: median progression-free survival; iPFS: intracranial
progression-free survival; OS: overall survival; mOS: median overall survival; iDCR: intracranial disease control
rate; ICR: intracranial response; ICCR: intracranial complete response; PD: progressive disease; CR: complete
response rate; PR: partial response rate; RR: response rate; LMD: leptomeningeal disease.

A number of combination immunotherapy and targeted or radiation therapy studies
are ongoing. Targeted therapy is thought to reduce the immunosuppressive features of the
TME [96], thereby potentiating the action of ICI. In terms of radiation therapy, stereotactic
radiosurgery (SRS) is preferred to whole-brain radiation therapy (WBRT) for patients with
a discrete number of brain lesions [97,98]. WBRT is favored in leptomeningeal disease cases,
multiple metastatic lesions, or recurrence after SRS [85]. The timing of RT with respect
to ICI administration also has a potential implication for clinical outcomes. Additionally,
Pomeranz et al. demonstrated a better prognosis in those MBM patients undergoing RT
before ICIs [99]. Future clinical efforts should focus on identifying the optimal sequence of
therapeutic interventions (including ICI, RT, and targeted therapy) to maximize the efficacy
and the improvement of survival in these patients.

3.3. Breast Cancer

Breast cancer brain metastases (BCBM) represent the second most common type of
BM overall [100]. Among the different subtypes of breast cancer, those that are estrogen
receptor (ER)-negative, progesterone receptor (PR)-negative, and human epidermal growth
factor receptor 2 (HER2)-negative-triple-negative breast cancer (TNBC)—are the most likely
to lead to CNS metastases [101]. Systemic chemotherapy is often of limited benefit in this
case, given poor drug penetration into the CNS and the presence of resistant clones among
metastases.

IMpassion130 evaluated patients with metastatic triple negative breast cancer who
underwent randomization between atezolizumab + nab-paclitaxel vs. placebo + nab-
paclitaxel [102]. The study demonstrated an acceptable level of safety and an AE profile
consistent with previous findings concerning atezolizumab. More importantly, overall, it
showed a statistically significant therapeutic benefit against the placebo/chemotherapy
arm, with a PFS of 7.2 months vs. 5.5 months and an OS of 21 months vs. 18.7 months,
rising to 7.5 vs. 5 months for PFS and 25.0 vs. 15.5 months in PD-L1-positive tumors.
Unfortunately, no clear conclusions could be drawn regarding the effectiveness of the ICI +
nab-paclitaxel combination in BCBM patients due to the small sample size (only 15 patients
out of 902), as patients with active or untreated brain metastases were excluded. The more
recent KEYNOTE-355 study in advanced triple-negative breast cancer, also demonstrated
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the benefit of adding pembrolizumab to chemotherapy, but again excluded patients with
active or untreated brain metastases, preventing the assessment of effectiveness in the
BCBM patient population [103]. Dedicated studies of ICI therapy in patients with BCBM
are ongoing (NCT02886585, NCT03417544) and will hopefully shed light on the role of this
therapy in this patient population.

3.4. Non-Small Cell Lung Cancer

Non-small cell lung cancer (NSCLC) is the most common primary tumor with CNS
dissemination [104,105]. Approximately 20% of NSCLC patients present with BM at
diagnosis, and 25-50% develop BM throughout the disease [77,106,107]. If untreated,
overall survival is just 1-2 months [108]. Moreover, the risk of brain dissemination is higher
in those tumors driven by oncogenes, including EGFR, ALK, ROS1, and KRAS [109,110].
When it is possible to target these mutations, patients demonstrate good responses to
targeted therapy with tyrosine kinase inhibitors (TKIs) [111-117]. However, a significant
fraction of NSCLC is not driven by a specific oncogene [84] and therefore cannot benefit
from targeted therapy.

In non-oncogene-driven NSCLC, ICIs play a central role and are currently the first-line
treatment [84,118]. Overall, ICIs have shown promising results in NSCLC, with trials
demonstrating a median OS of close to 4 years in select patient groups, Table 6 [84].
Those NSCLC cases with a PD-L1 expression of a minimum of 50% seem to benefit the
most from ICI treatment [119]. Nonetheless, limitations in most of the clinical studies
performed so far constrain our understanding of ICI efficacy in NSCLC. Specific limitations
include: (i) patients with BM were systematically excluded from most studies [84,120]
or analyzed only in subgroup analyses for which they represented less than 20% of the
samples [121-124], (ii) the analyzed BM samples are small and suffer selection biases and
poorly-defined inclusion criteria [125], (iii) the intracranial efficacy of ICI has so far been
assessed with retrospective studies only, (iv) no studies have addressed the efficacy of ICI
in patients with symptomatic BM, and (v) there is limited data about ICI monotherapy
and CNS efficacy [126]. CheckMate 227, evaluating the combination of ipilimumab and
nivolumab in patients with advanced NSCLC, did enroll a large number of patients with
brain metastases (81/793) and did show a trend towards benefits in this subgroup [127].
Therefore, despite the large amount of clinical data on ICI use in NSCLC and emerging
evidence of effectiveness in patients with BMs, dedicated randomized studies in BM
patients are still lacking to fully characterize their effectiveness and identify those most
likely to benefit from ICI therapy.

Table 6. Selected studies on the use of ICI for the treatment of non-small cell lung cancer metastases.

. Patients
Study Phase Therapy Patient Cohort with BM Results
42 asymptomatic patients with
untreated BM from NSCLC;
Goldbere et al Cohort A: Cohort A: 29.7% BM
& I Pembrolizumab PD-L1 expression >1%; 100% response rate; Cohort 2:
2020 [126]
Cohort B: no response
PD-L1 expression <1% or
unevaluable;
ICI Arm (A):
Pembrolizumab + . For BM patients:
Pemetrexed + a 108 patents among a cohort of six
Keynote-189 I Pt-based CT; hundred and sixteen patients 17.53% mOS: 19.2vs. 7.5 months
study [128,129] ’ P o (A vs. B);

Control Arm (B): with metastatic n-sq-NSCLC
Pemetrexed + a
Pt-based CT;

HR for OS (A vs. B): 0.41
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Table 6. Cont.

. Patients
Study Phase Therapy Patient Cohort with BM Results
409 patients with asymptomatic BM patients:
Crino et al., . or controlled BM in a cohort of o mOS: 8.6 months;
2019 [125] EAP Nivolumab 1588 patients with advanced 26% mPFS: 3 months; iDCR:
n-sq-NSCLC 40%; ORR:17%
. For BM patients:
}A(;clezngrzléﬁllb 85 patients with BM in a cohort of mOS: 20.1 vs. 11.9 months
OAK trial [130] III Control Arm (,B) 850 patients with previously 10% (A vs. B);
’ treated stage IIIB/IV NSCLC; OS HR for Atezolizumab:
docetaxel 0.54

NSCLC: non-small cell lung cancer; BM: brain metastases; EAP: expanded access program; Pt: platinum;
CT: chemotherapy; n-sq: non-squamous; mOS: median overall survival; OS: overall survival mPFS: median
progression-free survival; PFS: progression-free survival; HR: hazard ratio; ORR: objective response rate; iDCR:
intracranial disease control rate.

3.5. Leptomeningeal Metastases

Leptomeningeal metastases (LM) are a grave complication of metastatic disease, char-
acterized by the dissemination of tumor cells to the leptomeninges and the cerebrospinal
fluid (CSF). The prognosis is dismal, with an average survival of 3-7 weeks [131]. Ap-
proximately 10% of solid tumors and 5-15% of hematologic cancer can lead to LM, and
the in increasing prevalence of LM is thought to be due to improved therapeutic success
in managing systemic malignancies [132-135]. Lung, breast, and melanoma are the most
common causes of LM. Moreover, LM can occur alone or concomitantly with parenchymal
BM [131]. The presentation is widely heterogeneous, including headache, nausea and
vomiting, gait instability, raised intracranial pressure, focal deficits (such as cranial nerve
deficits, cauda equina syndrome, and radiculopathies), and more generalized symptoms
like seizures and encephalopathy [132]. Current therapies have so far failed to produce
substantial improvements in survival, are not standardized, and are mainly aimed at
symptom palliation [131,132]. Radiation therapy is palliative and systemic and intrathecal
therapy have produced mixed results, likely due to the heterogeneity of LM biology and
selection bias in clinical trials [132]. In general poor patient performance status at the
time of diagnosis, and the typical onset of resistance due to the high amount of previous
treatment further complicate setting up dedicated clinical protocols for LM, leading to the
exclusion of LM patients from most studies [131].

Brastianos and colleagues have suggested that the response rate of parenchymal BM
to ICIs mirrors the ability of the immune system to overcome the anatomic barriers of
the CNS [132], thereby holding promise for the treatment of LM as well. In this context,
two histology-agnostic landmark trials (Table 7) have reported encouraging results of
ICI therapy in LM. The first study was a phase II trial investigating the efficiency of
ipilimumab-nivolumab combination in 18 patients suffering from LM [131]. This trial met
its primary endpoint, with 44% overall survival at three months (OS3). The treatment
was well tolerated, with only two patients discontinuing the protocol due to unacceptable
toxicity (one for hepatitis and one for colitis).

Table 7. Selected studies on the use of ICI for the treatment of leptomeningeal metastases.

Author Phase Patients Treatment
Brastianos et al., 2021 [131] II 18 patients with LM Ipilimumab-Nivolumab
Brastianos et al., 2020 [132] I 20 patients with pretreated LM Pembrolizumab monotherapy

LM: leptomeningeal metastases.
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The median survival was 2.9 months, the median intracranial PFS was 1.93 months,
and the cumulative intracranial incidence-to-time progression at three months was 45%.
Notably, the authors considered the role of concomitant corticosteroid therapy in 78% of
enrolled patients as both mitigating the strength of some AEs and diminishing the efficacy
of ICL. This study’s limitations included its small sample size, variable ICI dosing and
administration schedule (according to tumor histology), and a relatively low representation
of histologies such as melanoma and NSCLC.

In a second histology-agnostic phase II trial, 20 heavily pre-treated patients with LM
received pembrolizumab monotherapy once every three weeks [132]. This study also met
its primary endpoint, with a 60% OS3. Additionally, the median survival was 3.6 months,
lowering to 2.4 months in patients receiving dexamethasone at enrolment. Interestingly, for
BC-related LM, the outcome was not influenced by receptor status (ER/PR/HER?2). The
generalizability of the results to most LM histologies is limited given that 85% of enrolled
patients had BC.

4. Discussion

The introduction of immune checkpoint inhibitors has ushered a new era for the
treatment of systemic malignancies. This form of immunotherapy is also finding its way
into treatment protocols for the management of brain tumors, with examples of marked
success for the treatment of parenchymal brain metastases (particularly melanoma brain
metastases) and initial encouraging results for high-grade meningioma, primary CNS
lymphoma, and leptomeningeal metastases. For glioblastoma and IDH-mutant gliomas, no
definitive clinical benefit has yet been demonstrated.

It is important to note that the quality of evidence supporting the use of ICIs for the
treatment of brain tumors varies by tumor type, as the ICI treatment response of many brain
tumors (including IDH-mut gliomas and several BM histologies) has yet to be reported with
prospective, randomized clinical trials. For some of the tumors we reviewed, the evidence is
limited to small retrospective case series, whose results need to be interpreted with caution.
For these, additional prospective studies are warranted to validate the observed results.

In addition to clinical evaluation of the effectiveness of the ICI therapy, multiple
questions remain as to the identification of biomarkers (such as tumor molecular alterations
and characterization of the TME) enabling the selection of responders to therapy in light of
the limited utility of PD-L1 expression, as well as the timing of ICI therapy with respect to
other interventions (e.g., prior to surgical resection; concurrent or after radiation therapy),
and its addition to other therapies, such as alkylating chemotherapy and targeted therapies.
Lastly, the improved effectiveness of ICI therapy in glioma and other brain tumors will
also depend on additional approaches for modulating immunosuppression in the tumor
microenvironment (e.g., macrophage reprogramming) as well as steroid-sparing therapies
for the management of peritumoral inflammation, since steroid use has been shown to
blunt the response to ICI [136].
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