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Abstract

Background. T cell-based immunotherapies have had limited success in glioma thus far. Here, we evaluate the lit-
erature on abundance, spatial distribution and phenotypical characteristics ofT cells in the tumor micro-environment
(TME) of IDH-mutant and IDH-wildtype glioma, with the aim to understand how these measures relate to immuno-
therapy resistance and to aid the development of immunotherapies for glioma.

Methods. Medline, Embase, Web of Science Core Collection, Google Scholar and the Cochrane Central Register of
ControlledTrials were systematically searched up to May 6, 2025. Out of 4303 articles screened, 85 studies examining
T cell immunity in human glioma were selected. We collected information about tumor subtype, grade, methods, T
cell abundance, spatial distribution, phenotypes and prognostic significance.

Results. T cells are present in the glioma TME, but densities are heterogeneous and generally low, especially in
IDH-mutant glioma.T cell abundance increases with higher WHO grade and upon recurrence.T cells cluster around
blood vessels, especially in IDH-mutant glioma. Glioma-infiltrating T cells largely display a late-differentiated phe-
notype (CD45RA-CCR7-C62L-), expressing markers that signify sustained antigen activation and exhaustion (PD-1,
CTLA-4, TIM-3, LAG-3, CD39, and TIGIT). This phenotype coincides with decreased anti-tumor cytotoxicity and is
spatially enriched in the myeloid-rich, hypoxic tumor core. Prognostic significance remains controversial.
Conclusions. T cells in glioma are scarce, generally fully differentiated and functionally inert. Understanding and
reinvigorating the deficientT cell response will be essential for successful immunotherapies. Future research should
incorporate functional and spatial immune profiling to optimize and personalize immunotherapeutic strategies for
glioma patients.
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Graphical Abstract

Importance of the Study

Adult diffuse glioma remains notoriously difficult to treat.
While immunotherapies represent a promising avenue of
research, most T cell-based immunotherapies, such as
immune checkpoint inhibitors (ICls), have been unsuc-
cessfulin glioma thus far. Here, we systematically evaluate
the literature on phenotypes, densities and spatial distri-
bution of T cells in the tumor micro-environment (TME) of
adult diffuse glioma, with the aim to understand current
immunotherapy resistance and to guide future research.
We find that T cells in glioma are scarce, spatially
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restricted, and display typical characteristics of exhaus-
tion and reduced functional performance. We discuss
underlying mechanisms, therapeutic implications and
strategies to overcome these barriers, and highlight cur-
rently unanswered questions in the field. Moving forward,
studies integrating transcriptomic, functional and spatial
immune profiling, providing high-resolution insights into
the composition and relevance of distinctimmune-niches
in glioma, will be essential to guide the optimization and
personalization of immunotherapeutic strategies.

Adult diffuse gliomas are the most common primary malig-
nant tumors of the central nervous system (CNS)."The 2021
WHO classification integrates histological and molecular

parameters, with an important role for the isocitrate dehy-
drogenase (IDH) mutation, present in oligodendroglioma,
IDH-mutant (mt) and 1p/19q co-deleted and astrocytoma,
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IDHmt, but by definition absent in glioblastoma IDH-wildtype
(wt).? Standard of care consists of maximal safe resection
combined with radiotherapy and/or chemotherapy. While
IDHmt glioma patients have a significantly better median
survival time compared to those with IDHwt glioblastomas,
all gliomas invariably recur, and there is an ardent need for
new therapeutic approaches in both groups.’

Immunotherapies harness the capacity of the host’s
immune system to attack cancer cells, and have shifted the
treatment standard for several advanced-stage solid and
hematological malignancies.>“T cells play an executive role
in many immunotherapies because they are responsible for
recognition and cytotoxic destruction of tumor cells.®* The
human T cell receptor (TCR) repertoire is enormously
diverse, with 1 x 10 distinct potential TCRs, allowing for the
recognition of virtually any possible antigen including tumor
neo-antigens.>¢ T cells originate from hematopoietic stem
cells in the bone marrow and mature in the thymus. To
become activated, naiveT cells require the presentation of
their cognate antigen by antigen-presenting cells (APCs)
along with costimulatory signals and pro-inflammatory
cytokines, generally in the secondary lymphoid organs. Con-
sequently, they undergo clonal expansion, traffic to affected
target tissues and differentiate into effector cells upon
encounter with their cognate antigen.” Immunotherapies
that employT cells to achieve tumor-directed immunogenic-
ity include checkpoint inhibition, adoptive T cell transfer,
bispecificT cell engagers, oncolytic viruses and cancer vac-
cines.? Especially monoclonal antibodies blocking the check-
point molecules PD-1 and CTLA-4, as well as chimeric
antigen receptor (CAR)-T cells, have generated dramatic and
sometimes durable responses in several cancer types and
are now widely embedded into clinical practice.

T cell-based immunotherapies have gained interest for
glioma as well, but at least 2 important factors complicate
the development of immunotherapies for glioma. Firstly,
their location in the CNS, and secondly, the immunosup-
pressive properties of the glioma tumor micro-environment
(TME). The CNS is structurally protected from pathogens
and toxins by the blood-brain barrier (BBB), and was long
thought to be an immunoprivileged site with very little to
no infiltrating immune cells. However, it is now appreciated
that the CNS is under tightly regulated immune surveil-
lance.’There is drainage of CNS antigens through the cere-
brospinal fluid (CSF) and a meningeal lymphatic network
onto the deep cervical lymph nodes, where APCs can prime
and activateT cells.? ActivatedT cells enter the CSF through
leptomeningeal vessels in the subarachnoid space and the
choroid plexus, and dynamic gradients of chemotactic cues
including cytokines, chemoattractants, integrins and matrix
metalloproteinases can induce and facilitate migration of
effector lymphocytes across the BBB, allowingT cells to sur-
vey the brain and spinal cord.®

However, the gliomaTME remains aT cell-poor environment
compared to other solid tumors. Their location in the CNS is
not the only cause, as brain metastases of other solid tumors
do show markedT cell infiltration and can respond to treat-
ment with checkpoint inhibitors.”®" In particular glioblastomas
employ several tactics to drive their TME towards a highly
immunosuppressive state.”'* Factors that influence immune
evasion in glioma include a low mutational burden with lim-
ited neoantigens, the presence of immunosuppressive

myeloid cells, the production of anti-inflammatory cytokines
such as IL-10 and TGF-, and the production of indolamine 2,3
dioxygenases and arginase, which influence tryptophan
metabolism and negatively affect T cell activity."s"”
Tumor-associated macrophages (TAMs), including bone
marrow-derived macrophages and tissue-resident microglia,
dominate the gliomaTME and may comprise up to 50% of the
tumor mass.'®*TAMs are generally considered pro-tumorigenic
and suppressT cell responses in glioma.™ Furthermore, T cell
sequestration in the bone marrow,? therapy-induced systemic
lymphopenia,? and the prescription of immunosuppressive
medication such as dexamethasone to reduce cerebral
edema? are factors that likely reduceT cell presence in glioma.

Clinical trials with checkpoint inhibitors have generally
failed to show clinical benefit in glioma patients, as summa-
rized elsewhere.?*?* However, most of these trials have
focused on the evaluation of classical efficacy endpoints and
did not perform assessments of immunogenicity or appro-
priate target engagement in the TME."” Therefore, a better
understanding of the immune micro-environment of gliomas
is needed to fully understand why these trials failed. Further-
more, the first results of CAR-T cell therapies in glioma
patients show signals of activity,”>?’ and future trials with
CAR-T products are likely to benefit from a better under-
standing of what holds backT cell immunity in these tumors.

Aim and Research Question

In this study, we aim to systematically review the literature
on abundance as well as spatial and phenotypical charac-
teristics of T cells in the TME of adult diffuse glioma. A better
understanding of T cell immunity in glioma might allow for
the selection of patient subsets with a better response to
certain immunotherapies, or might provide a rationale for
combination therapies. Ultimately, this can aid decisions
about whether and how to proceed with the development
of immunotherapies for glioma.

Methods

This review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement.?®

Literature Search

A systematic literature search was conducted in Medline,
Embase, Web of Science Core Collection, Google Scholar
and the Cochrane Central Register of Controlled Trials to
retrieve all eligible articles published up to to May 6, 2025.
The search terms glioma and T lymphocytes as well as syn-
onyms were used. Complete search strings are reported in
Supplement 1.

Eligibility Criteria

Only studies using human adult glioma samples were con-
sidered eligible, since extrapolating findings from preclinical
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glioma models remains challenging due to significant dif-
ferencesintumor biology and theimmune micro-environment
between preclinical models and human gliomas. Given their
established role in clinical management, studies with
patients who received standard therapies such as radiother-
apy or chemotherapy were included; however, in order to
focus on the endogenous T cell landscape, we excluded
studies analysing samples obtained after specific immuno-
therapeutic interventions, which might reflect
treatment-induced alterations rather than baseline immune
architecture. Publications had to be available in the English
language, and reviews and studies with less than 5 patients
were excluded to reduce sampling error. Finally,
bio-informatic analyses using public datasets like TCGA
were excluded to prevent duplication.

Study Selection and Data Extraction

Eligibility assessment was performed by 3 independent
reviewers (R.L., W.V., and L.D.) by sequentially screening
titles, abstracts and full-text articles using Rayyan.ai.
Doubts regarding in- or exclusion were resolved through
discussion.Where available, the following information was
extracted from each study: sample size, tumor subtypes,
grade, methods, and most important findings on T cell
abundance, phenotypes, spatial distribution, and prognos-
tic significance. From articles combining human data with
in vitro studies, animal studies or analyses of public data-
sets, only human data was extracted. All extracted data are
summarized in Table 1, and full extracted data can be found
in Supplement 2.

Risk of Bias

The risk of bias in individual studies was assessed by 1
reviewer (R.L.) according to the updated Cochrane Risk of
Bias Tool™ and was visualised using Robvis."? Risk of bias
was deemed intermediate in most studies; eleven articles
were deemed high risk, mostly due to bias in reporting of
the results (Supplement 3 and 4).

Search Results

A total of 4303 records were screened on title and abstract
after removing duplicates. Four thousand one hundred
sixty-six articles were excluded at the title-abstract level.
One hundred thirty-four articles were screened on full text,
and finally 85 articles were selected for review (Figure 1).

Results

The 85 studies included in this review were published
between 1999 and 2025. Due to changes in the WHO clas-
sification of CNS tumors during this period, patient popu-
lations might not be directly comparable among studies.
Therefore, we have included subtype, WHO grade, WHO
classification used, and IDH-mutation status (if reported)
in Table 1. Out of 85 studies, only two articles focus solely
on IDHmt glioma and 18 articles focus solely on IDHwt
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glioblastoma. The remaining articles include, and some-
times pool, both IDHwt and IDHmt gliomas in their
analyses.

T Cells Are Present in the Glioma TME, but
Abundance is Highly Variable and Lower than in
Brain Metastases

Thirty-three included studies report quantitative data on T
cell abundance in glioma. Despite different reporting meth-
ods, which impede direct comparisons, several observations
can be made. First, T cells are present in the glioma TME.
Four studies report a percentage of CD3+T cells within the
total amount of cells in the gliomaTME, and find that CD3+
T cells comprise roughly 2% of all cells in 10 gliomas of
different grades,®? <2% of total cells in glioblastoma,’ 2.1%
of all DAPI+ cells in glioblastoma,® or “generally less than
5%" of total cells in glioblastoma.” Two studies report the
percentage of T cells among all isolated tumor-infiltrating
immune cells, and find thatT cells comprise 11%° or 13%"
of immune cells in heterogeneous groups of glioma patients.
Mazzaschi and colleagues report a median of 37 total CD3+
tumor-infiltating lymphocytes (TILs)/mm?in glioblastoma,””
and Weenink et al. report that nearly all WHO 2016 grade Il
glioma samples haveT cell counts < 40 cells/mm?2.'% Kim et
al. find 262 696 T cells per gram for glioblastoma, 151 000
for WHO Il astrocytoma, and 142 606 for WHO Il oligoden-
droglioma.”” Several studies mention that T cell numbers
are increased in glioma when compared to adjacent
normal-appearing brain tissue.%*%789%% For instance, Tamura
et al. report a mean of 10 CD8+T cells and 15 CD4+T cells
per 3 high-powered fields (HPF) in the tumor core of IDHwt
glioblastomas, compared to 0.5 and 0 in adjacent
normal-appearing brain, respectively.%

Even thoughT cells are detected in the gliomaTME, they
are considerably less abundant in glioma compared to brain
metastases of other cancers. Six studies report significantly
lower quantities of T cells in both IDHmt and IDHwt glioma
compared to brain metastases from non-small cell lung
cancer, melanoma, breast cancer and renal cell carci-
noma."-1381.91.% Friebel et al. observe thatT cells comprise
13% of all intratumoral immune cells in glioma, compared
to 50% in brain metastases of melanoma and NSCLC. Con-
trastingly, the gliomaTME contains a much higher fraction
of TAMs and monocytes (80%) compared to brain metasta-
ses (40%)." Furthermore, T cell abundance in glioma is
highly heterogeneous, both between and within tumors, as
mentioned in 9 of the included articles.%2957596771.73.7191.96 N az-
zaschi et al. report a wide range of 9-360 CD3+cells/mm? of
glioblastoma tissue,”” and Soltani et al. find a range of 9-600
CD3+T cellssfmm?2 of glioblastoma tissue.®

In short, T cells are present in the gliomaTME, although num-
bers are low compared to brain metastases.T cell densities are
heterogeneous, both between regions and between tumors.

Determinants of T Cell Abundance Include
IDH-Status, WHO Grade and Tumor Recurrence

T cell infiltration is significantly lower in IDHmt gliomas
compared to IDHwt glioblastomas, as mentioned in 10 arti-
cles.™13:33:36,4056,5771.99.109 Accumulation of the oncometabolite
D-2-hydroxyglutarate (D-2HG) in IDHmt glioma drivesTAMs
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Figure 1.

toward an immunosuppressive state through a complex
re-orchestration of tryptophan metabolism,'® decreasing
pro-inflammatory cytokines and inhibiting proliferation and
migration of both CD4+ and CD8+ T cells. Furthermore,
D-2HG suppresses T cell activity by modulating the tran-
scription factor NFAT and the complement system.'®
Besides IDH-status, 5 studies have investigated the associ-
ation between WHO grade andT cell density, and find that
T cell density significantly increases with higher WHO
grade.*>%05%7103 Grade 4 gliomas have a 5-fold higherT cell
density/mm?than grade 2 gliomas."®Within IDHwt glioblas-
tomas, 3 different transcriptome-based subtypes have been
described; proneural, classical and mesenchymal, of which
the mesenchymal subtype is considered most aggressive,
most dedifferentiated and most inflammatory.”® Accord-
ingly, 3 studies find that the mesenchymal subtype is

PRISMA flowchart describing the systematic approach to identification, screening and inclusion of studies in this review.

associated with increased amounts of both myeloid cells
and T cells.?>%*”® Whereas non-CNS tumors with a
mismatch-repair deficiency (MMRd) often show increased
immune infiltration, likely due to increased neo-antigen bur-
den," alandmark study byTouat et al. showed no significant
difference inT cell infiltration between MMR-deficient and
MMR-proficient gliomas."® Differences in T cell abundance
between primary and recurrent glioma are reported in 9
studies.?946:4969-71.798086 Three studies report increased CD3+
T cell presence at recurrence, both in IDHmt and IDHwt gli-
oma.?**97"|n a dataset of 78 primary and 66 recurrent IDHmt
gliomas, Makarevic et al. report a 2-fold increase in CD3+T
cells at recurrence. In their study, treatment with radiother-
apy alone was associated with increased T cell infiltration
compared to chemotherapy alone or combined chemora-
diotherapy.”" Others specifically report an increase in CD8+,



but not CD4+ T cells in recurrent glioblastoma,®®’%’® or an
increase of perivascularT cells in recurrent IDHmt and IDHwt
glioma.® The final 2 studies do not find significant differ-
ences between primary and recurrent tumors.“*®The effect
of corticosteroid treatment onT cell density is mentioned in
3 studies. Whereas 2 studies report no correlation between
CD3+TIL density and dexamethasone treatment,*®*’¢ in the
third study, where 18/31 patients did not receive dexameth-
asone before surgery, dexamethasone use was associated
with a 4-fold reduction in CD3+TIL density.”®

In short, T cell abundance is higher in IDHwt glioblastomas
compared to IDHmt gliomas, and increases with WHO grade
and recurrence, whereas dexamethasone therapy likely
reducesT cell presence. At present, there is no compelling
evidence for increasedT cell abundance in MMRd gliomas.

Tumor-Specific TILs Are Present in the Glioma
TME, but Are Spatially Restricted

Several immunotherapies, including checkpoint inhibitors,
require the presence of tumor-specificT cells for active tumor
targeting. Seven articles report on such potentially
tumor-reactiveT cells (pTRTs) in glioma. Already in 1999, Perrin
et al. looked intoTCR-clonality in astrocytoma by determining
the length of the TCR-p chain complementarity-determining
region (CDR-)3 as a proxy forTCR variability.® In all 16 samples,
they detected several oligoclonal enrichments among CD8+
TILs in different tumor areas, but not in autologous PBMCs,
suggesting local expansion of T cells expressing the same
TCR-p chain.?® Reconstructing TCR sequences from single-cell
RNA-reads confirms the presence of clonally expandedT cells
in the majority of IDHmt and IDHwt gliomas.”® Interestingly,
clonally expanded CD8+T cells had higher expression of cyto-
toxicity genes and NK-receptors,” pointing to the expansion
of tumor-specific effector CD8+T cells. Clonal diversity in the
TCR-VB repertoire does not differ substantially between
low-grade and high-grade glioma.'® Schaettler et al. find that
in 6 out of 22 glioblastoma patients, a dominantT cell clone
was present that comprised >12% of the total T cell repertoire
in a certain region. The most highly expanded intratumoral T
cell clones could also be detected in the peripheral blood, but
at substantially reduced frequencies (<1%).*" Furthermore, T
cell clones accounting for >5% of the clonal space were
enriched in recurrent compared to primary glioblastoma.”®
Stable and homogeneously expressed neo-antigens as poten-
tial targets forT cell responses are not well established in gli-
oma.”® Accordingly, in contrast to brain metastases, where the
TCR repertoire was relatively similar between spatially distinct
regions, clonal expansion in glioblastoma is highly local and
highly heterogeneous, corresponding to the genomic and
transcriptional heterogeneity in glioblastoma.®°!

In short, there is evidence for heterogeneous and locally
confined oligoclonal T-cell expansion in the glioma TME, sug-
gesting the presence of potentially tumor-reactive effector cells.

T Cell Subsets Are Not Evenly Present: Tregs Are
Enriched in the Tumor Core

The ratio between CD4+ and CD8+ T cells among
glioma-infiltrating T cells is debated. Four studies report a
predominance of CD8+ T cells,?#25%° whereas four others
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report a predominance of CD4+T cells,***%7%9 and 2 describe
no significant differences.”’* This may partly be due to dif-
ferent study designs; some studies include both primary and
recurrent tumors,® both IDHwt and IDHmt gliomas,?#25” and
both low- and high-grade gliomas,?#? whereas these factors
might all influence CD4/CD8 ratio.””® Furthermore, CD4/
CD8-ratio can be confounded by age."® Tregs can promote
tolerance and suppress anti-tumorT cell responses through
upregulated expression of T cell inhibitory receptors, such
as CTLA4 andTIGIT, and secretion of anti-inflammatory cyto-
kines such asTGF-p and IL10, which can inhibitT cell activa-
tion, proliferation and migration.”"” Treg frequencies in
glioma are relatively low; Tregs make up only a few percent
of all lymphocytes in all of the reviewed articles. 33742596786
However, whereas one group finds that the proportion of
Tregs does not differ between circulating T cells and
glioblastoma-infiltrating T cells,’”® three other groups find a
more prominent population of Tregs in theTME compared to
peripheral blood."“*"% Spatially, multiple groups report that
Tregs are enriched in hypoxic core regions in mostly IDHwt
glioblastomas.®”*®% Regarding other specific CD4+T cell sub-
sets (Th1,Th2,Th17,Th17.1) not much is known yet, although
a preferential commitment to theTh17-lineage has been sug-
gested, which might contribute to the suppression of a suf-
ficient Th1- and cytotoxic T cell antitumor response.’
Combining single-cell RNA sequencing and multicolor flow
cytometry, Kollis et al. have examined profiles of chemokine
receptor expression within both CD8+ and CD4+T cells in
glioblastoma. Within CD8+TILs, expression of CCR2, CCR5,
CXCR3, CXCR4, and CXCR6 was enriched compared to
peripheral bloodT cells; within CD4+TILs, these were CCR2,
CCR5, CXCR3, and CXCR6, both highlighting a potential role
for these chemokine receptor axes in T cell-homing to the
gliomaTME.®" Elevated CCR5-expression on gliomaTlLs was
confirmed by Chen et al.*’

Recently, more innate-like T cell subsets have been
described in glioma as well, such as y8-T cells, natural killer-T
cells and Malt-like T cells.*® Of these, especially y5-T cells
have gained interest within the area of cancer immunother-
apy."® In contrast to afp-T cells, y3-T cells are able to exert
antitumor cytotoxicity independent of neoantigen burden
and conventional MHC-dependent antigen presentation,
making them theoretically suitable for the treatment of
MHC-deficient tumors such as gliomas. Whereas their role
in antitumor immunity has not been fully elucidated yet,
y3-T cells have been associated with favourable outcomes
in most tumor types."® Six articles out of the 85 articles
included in our review mention y&-T cells in glioma.™ 348496478
Although they can be detected in most samples, frequencies
of y8-T cells are generally at least 10-fold lower than those
of CD8+ or CD4+T cells.”“® La Manna et al report an average
frequency of y8-T cells of 1.7% of the CD45+ leukocyte pop-
ulation,®* and Belghali et al report heterogeneous immuno-
histochemical staining patterns for y51-T cells with a median
of 3.5 positive cells per HPF, and report that does not cor-
relate with age, glioma subtype or prognosis.** The func-
tional significance of such innate-likeT cell subsets in human
glioma has not been investigated to date, and remains
incompletely understood.

In short, published results show distinct presence of CD4
and CD8T cells as well asTregs in glioma. WhileTreg frequen-
cies are low, they are enriched in hypoxic regions in the tumor
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core. More inconventional, innate-like T cell subsets such as
v8-T cells are present, but remain underexplored in glioma.

Glioma TILs Display a Late-Differentiated,
Tissue-Resident Memory Phenotype

T cells in the parenchyma of post-mortem brain donors dis-
play a late-differentiated phenotype compared to circulating
T cells." Smolders et al. show that theseT cells largely match
a transcriptional phenotype of tissue-resident memoryT cells
(TRM s), expressing CD103 and CD69 along with inhibitory
receptors CTLA-4 and PD-1."°TRM cells reside within periph-
eral tissues after previous antigen exposure, patrolling the
local environment to perform a ‘sensing-and-alarm’ function
upon re-exposure.'?" Similarly, glioma-infiltratingT cells are
more often antigen-experienced and display a further differ-
entiated phenotype compared to circulating T cells.®*
¢ Four studies find that effector memory T cells (TEM,
defined either as CD45RO+CD62L-, CD45RA-CD62L-, or
CD45RA-CCR7-CD28-) and/or transitional memory T cells
(TTM, CD45RA-CCR7-CD28+) make up the dominantT cell
subpopulations in the glioma TME, both within CD4+ and
CD8+ subsets.”*’87%1% Moreover, glioma-infiltrating T cells
predominantly have a phenotypic and transcriptomic profile
consistent with TRM cells, including expression of CD49a,
CD103, CD69, CXCR3, CXCR6, CCR5, HOBIT, and BLIMP1 and
reduced expression of TBET and EOMES. 548992

In short, T cells in the glioma TME largely display a
late-differentiated, tissue-resident phenotype, which may
reflect their earlier encounter with antigen and their capacity
to enter the brain parenchyma upon chemotactic cues.

Different Spatial Distribution Patterns: glioma
TILS Accumulate in the Perivascular Space,
Especially in IDHmt Glioma

Sixteen studies mention spatial distribution patterns of gli-
omaTILS. Of these, 3 studies investigate regional differences
between the tumor core and infiltration zone, and find that
T cells densities are consistently higher in the tumor core
compared to the infiltration zone.*®*®%? Eleven articles
describe thatT cells can be found both in the tumor paren-
chyma and in the perivascular space.?*#14247626369,7778,103,108 Fjyg
studies report a preference for the perivascular space com-
pared to the parenchyma, both for CD4+ and CD8+ T
cells.344278809% |n a cohort of primary astrocytomas and glio-
blastomas, two-thirds of theTILs were found in the perivas-
cular space and only one-third infiltrated the tumor
parenchyma.®®Two other studies find that specifically CD4+
T cells accumulate in the perivascular space, whereas CD8+
T cells tend to infiltrate further.*'#° Accordingly, only a small
fraction of FOXP3+ regulatoryT cells (Tregs) infiltrates deep
into the tumor parenchyma, and mostTregs are retained in
the perivascular space.* Looking at differences between
tumor types, 2 studies find that perivascularT cell-containment
occurs more frequently in IDHmt glioma compared to IDHwt
glioblastoma.””® T cell density in IDHmt astrocytomas is
highest near blood vessels, and declines with increasing
distance from vasculature.*’ Van Hijfte et al. recently eluci-
dated a cellular network between gemistocytic tumor cells
and reactive TAMs which co-occurs with perivascular

retainment of T cells in IDHmMt astrocytoma. They observe a
process reminiscent of glial scarring, mediated by tumor-TAM
interactions through the expression of receptor-ligand pairs
such as SPP1/CD44 and IL-1f/IL1R1, which might contribute
to immune evasion in IDHmt glioma.®'

Thus, perivascular clustering ofT cells is a recurring obser-
vation, especially in IDHmt glioma. While it is tempting to
speculate that this phenomenon may represent early attempts
at tertiary lymphoid structure (TLS) formation, the perivascu-
lar lymphocyte aggregates observed in IDHmt glioma cannot
be formally classified asTLS’s due to the lack of typical CD4+
T cell and B cell organization.®” However, this hypothesis mer-
its further study, asTLSs have been associated with improved
immunotherapy response in other cancers.'?? Interestingly,
Hotchkiss et al suggest that perivascular accumulation of T
cells might support antigen presentation andT cell activation
in glioblastoma; in their study, glioblastoma samples that
were more permissive to successful TIL expansion seemed
to contain more structured perivascularT cell aggregates.’?
This is a hypothesis that will need further testing.

In short, spatial T cell phenotypic patterns are observed
in glioma, and while certain T cells do infiltrate the tumor
parenchyma, others are retained in the perivascular space.
In IDHmt glioma, perivascularT cell retainment seems to be
mediated through tumor-TAM interactions in a process rem-
iniscent of glial scarring.

Glioma TILs Display Typical Characteristics of
Exhaustion, Especially in the Hypoxic Tumor Core

Woroniecka et al. extensively profiled glioblastomaTILs, and
were among the first to describe a tumorimposed T
cell-exhaustion phenotype characterized by the sequential
co-expression of immune checkpoints molecules including
PD-1,TIM-3, LAG-3, CTLA-4,TIGIT, and CD39 along with tran-
scriptional programs that imply decreased cytotoxic func-
tionality and closely resemble classical virus-induced
exhaustion.’® PD-1 expression alone is not enough to char-
acterize T cells as “bona fide” exhausted, as PD-1
single-positiveTILs were able to produce similar amounts of
IFNy and TNFa compared to PD-1-negative TILs, whereas
those expressing multiple immune checkpoints (PD-1,TIM-3,
and LAG-3) lost their ability to produce IFNy, TNFa, and IL-2
upon TCR triggering, signifying a more profound state of
exhaustion.'® Furthermore, gliomaTlILs often lack expression
of Ki-67 and Granzyme B, suggesting limited proliferative
capacity and effector function.*? Seven studies confirm that
PD-1 is expressed on the majority of glioma TILs;3:3945.70.74.79,
% 8 separate studies find that a substantial proportion of
gliomaTILS co-express multiple immune checkpoints, con-
sistent with T cell exhaustion.323845466679.94 For example,
Davidson et al. show that PD1+TILs often co-express CTLA-4,
TIM-3, LAG-3, CD38, and HLA-DR.* Spatially, the tumor core
seems more immunosuppresive than the infiltration zone.
The relative number of CD8+ of T-cells expressing PD-1,
CTLA-4,TIGIT, 4-1BB, and OX40, a phenotype that makesT
cells functionally inert, is significantly higher in the tumor
core compared to infiltration zone.*® Hypoxia is often pro-
posed as a driving factor,®? along with increased TAM density
contributing toT cell exhaustion."28 Spatial transcriptomic
analyses show a prominent overlap between neighborhoods



with higher expression of suppressive TAM-signatures and
T cell exhaustion signatures.® Ravi et al. find that cellular
neighbourhoods enriched for mesenchymal-like transcrip-
tional signatures are enriched in CD163+ HMOX1+TAM sub-
sets that correlate with exhausted T cell clusters in
glioblastoma. They show that both astrocytes and TAMs
contribute to an immunosuppressive micro-environment
through STAT-3-driven release of IL-10, which is crucial in the
shift from T cell activation to exhaustion.® Several factors
involved in driving T cell exhaustion in glioma, including
hypoxia, nutrient deprivation, tumor-TAM interactions, and
the release of immunosuppressive cytokines including I1L-10
and TGF-§ are also elegantly reviewed elsewhere.'?*

Interestingly, Dobersalske et al. recently discovered accu-
mulations of T cells in the cranial bone adjacent to the tumor
site in glioblastoma patients.* These aggregates contain
mainly activated effector-typeT cells that share clonotypes
with intratumoral T cells, suggesting that they possess the
same tumor reactivity. Notably, cranial bone-derivedT cells
retained proliferative capacity, show increased
MHC-dependent tumor reactivity and are markedly less
exhausted than tumor-infiltrating T cells, supporting the
notion that tumor-derived cues driveT cell exhaustion.®

In short, T cells in the gliomaTME often bear an exhausted
phenotype, characterized by the expression of multiple
immune checkpoint molecules and decreased cytotoxicity,
especially in the hypoxic and TAM-high tumor core.

Prognostic Impact of Glioma TILs Remains
Controversial

Abundance of CD8+TlILs is a recognized prognostic factor in
several cancers,'® yet the clinical relevance of T cell abun-
dance in glioma is strongly debated. Prognostic significance
of T cell abundance in glioma is mentioned in 24 studies.
Some find that higher CD3+ or CD8+T cell numbers are asso-
ciated with a better prognosis;**%4571%” conversely, others find
that CD3+T cell abundance correlates with a worse progno-
sis,?40572 or that CD4+ or CD8+T cell abundance correlates
with a worse prognosis.**® In some studies, the presence of
CD3+T cells does not significantly influence prognosis,’®767%°
nor does infiltration by Tregs.®*®*¢%” Others find that specific
subsets relate to outcome; for instance, the presence of cen-
tral memory T cells correlates with better overall survival,”
PD-1+CTLA-4+CD8+ T cells in core regions are associated
with decreased progression-free survival,*® CD8+TRM cells
positively correlate with survival,® or Ki-67-high CD8+T cells
positively correlate with overall survival.”® Perivascularly
localized CD4+T cells and FOXP3+Tregs were associated with
shorter progression-free survival in one study, although there
was no association with overall survival,® while an increased
proportion of CD4+Tregs within total TILs was associated with
reduced survival in another study.”® Furthermore, recent
mass cytometry and spatial transcriptomics efforts have
revealed that spatial relationships between immune cell sub-
sets might be more important than absolute numbers. Karimi
et al. find that neighbourhoods enriched in MPO+ or M1 mac-
rophages and neighbourhoods enriched in CD4+T cells cor-
related with improved survival in glioblastoma.™

Thus, while there is some suggestion that antigen-experienced
T cell subsets may associate with outcome, there is little con-
sensus. Contributing factors to these discrepancies across
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studies include differences in patient demographics (including
tumor subtype, grade, and prior treatments), significant inter-
and intratumoral heterogeneity, different methods of TIL anal-
ysis and inconsistent definitions of T cell subsets between
studies. Furthermore, most studies are retrospective with small
sample sizes, and often do not take the spatial context into
account. Without carefully stratifying for these factors, com-
parison across studies remains difficult.

Discussion

In this review, we systematically evaluated the abundance,
phenotypic characteristics and spatial organization ofT cells
in glioma, integrating recent advances from spatial and
single-cell profiling studies. We confirm and refine the
understanding that gliomas are generallyT cell-poor tumors,
and thatT cell abundance is higher in IDHwt gliomas com-
pared to IDHmt gliomas, increases with higher WHO grade,
and increases at recurrence. Paradoxically, increasedT cell
abundance does not directly correspond with improved out-
comes, highlighting the importance of T cell functionality
and spatial localization for an effective antitumor immune
response. Indeed, glioma TILs largely display a
late-differentiated phenotype (CD45RA-CCR7-C62L-), with
markers for tissue residency (CD103, CD96) and
co-expression of markers that signify profound T cell
exhaustion (PD-1, CTLA-4, TIM-3, LAG-3, CD39, and TIGIT),
coinciding with transcriptional programs pointing to
decreased cytotoxic functionality. Furthermore, spatial con-
straints toT cell immunity in glioma are increasingly recog-
nized. Clonally expandedT cell populations can be detected
in glioma, but are more spatially restricted compared to
brain metastases, corresponding to glioma-intrinsic genetic
and transcriptional heterogeneity. Additionally, the cellular
interactions within immunosuppressive niches in the glioma
TME are beginning to be unraveled. For instance, tumor-TAM
interactions contribute to T cell dysfunction in the hypoxic
tumor core of glioblastomas through secretion of IL-10 and
TGF-B, shifting the balance fromT cell activation towards T
cell exhaustion,®® and by promoting T cell exclusion in the
perivascular space in IDHmt gliomas in a process reminis-
cent of glial scarring.”” A more granular understanding of
such mechanisms will pave the way for better patient selec-
tion and rational combination therapies.

A major limitation for this review is the inclusion of ret-
rospective studies with highly variable study designs. Dif-
ferences in selected patient populations, tumor regions,
methods of analysis and reporting methods hamper draw-
ing fair comparisons between studies. The relatively low
incidence of glioma and high costs of advanced techniques
lead to small sample sizes, increasing the risk of selection
bias, especially considering the heterogeneity of glioma
samples.

Present barriers to successful immunotherapies for gli-
oma patients include tumor-intrinsic heterogeneity, low
neo-antigen burden, MHC class 1 downregulation, T cell
scarcity, spatial restrictions, functional T cell deficits and
strong tumor-driven immunosuppression. Several combi-
natorial immunotherapy strategies are now under investi-
gation to overcome these barriers. Since T cell abundance
positively correlates with response to checkpoint inhibitors
in advanced melanoma and NSCLC,'* as well as in brain
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metastases of solid tumors,'? strategies that combine check-
point inhibitors with treatments that increaseT cell recruit-
ment to the TME are of interest. Besides minimizing
corticosteroid use, radiotherapy, laser interstitial thermal
therapy, oncolytic virotherapy or vaccination therapies
might promoteT cell recruitment to the TME by increasing
available neo-antigens, disrupting the BBB and/or stimulat-
ing the inflammatory cascade;'?'?° however, concrete evi-
dence for efficacy in glioma is currently lacking. Combination
therapies that simultaneously target Tregs or the immuno-
suppressive TAMs are also of interest to enhance numbers
and/or activity of gliomaTILs.™""" In order to mobilize poten-
tially tumor-reactiveT cells that are confined to the perivas-
cular space®’ or the cranial bone of glioblastoma patients,*
therapies that enhanceT cell chemotaxis and entry into the
brain parenchyma might be employed and are being tested
preclinically. '3#'% Furthermore, since D-2HG accumulation
likely plays a role inT cell exclusion in IDHmt tumors, treat-
ment with the recently approved IDH-inhibitor vorasidenib
might sensitize IDHmt tumors to immunotherapies, and the
combination of vorasidenib and pembrolizumab is now
under investigation in NCT05484622.

Whether the exhausted phenotype of gliomaTILS reflects
irreversible dysfunction or a reversible adaptation to the
immunosuppressive TME currently remains an open ques-
tion. In an attempt to reverseT cell exhaustion profiles, ther-
apies that simultaneously target multiple checkpoints are
being tested in clinical trials, such anti-PD1 combined with
anti-CTLA4, anti-LAG3, anti-TIM3, or anti-TIGIT,"** and may
be used in addition to those that enhance numbers of TILs.
Locoregional administration of immunotherapies is another
valuable strategy to bypass some of the present barriers.
Intratumoral administration of checkpoint inhibitors™® as well
as local administration of oncolytic viruses™® are being eval-
uated clinically. Furthermore, adoptiveT cell therapies based
on the ex-vivo expansion and locoregional infusion of natu-
rally occurring or genetically engineered autologous
tumor-specific T cells are rapidly gaining international
momentum, and could potentially circumvent both
tumor-drivenT cell exclusion andT cell exhaustion. The first
clinical trials using CAR-T cell products targeting EGFRvIIl or
IL13Ra2 describe rapid but transient radiological responses
in glioma.?®?% In the largest CAR-T cell trial to date, tumors
with higher CD3+T cell infiltrates showed a better response
to CAR-T therapy, suggesting that CAR-T cell therapies would
benefit from co-treatments or additional engineering of T
cells to counteract the immunosuppressive microenviron-
ment.”® Major efforts are being made to enhance the per
sistence and potency of CAR-T cell products,”™ and will be
critical to realizing their full potential as the field progresses.

Conclusions and Future Perspectives

Despite disappointing trial outcomes to date, recent
advances in spatial and single-cell techniques provide
high-resolution insights into the glioma TME and are now
rapidly expanding our understanding of the composition of
distinct immune niches and their therapeutic relevance,
offering new perspectives on immunotherapy for glioma
patients. In order to move the field of glioma

immunotherapy forward, we strongly support a framework
that integrates transcriptomic, functional and spatial
immune profiling into the design of early-phase immuno-
therapy trials. This includes prospective tissue acquisition,
preferentially from both pre- and post-treatment tissue sam-
ples, in order to assess factors such as T cell abundance,
clonality, activation/exhaustion states and spatial organiza-
tion within the TME and relate these factors to clinical out-
comes. This approach will be essential to verify that the
intended therapeutic effect of a treatment is achieved in the
TME and to correlate immune changes with therapeutic
response, and will improve our understanding of the factors
that currently hold back efficient antitumor immune
responses in glioma. The value of study designs that incor-
porate serial tissue sampling and multimodal functional and/
or spatial profiling is increasingly recognized,'*® and similar
approaches have been successfully embedded into more
recent immunotherapy studies.”™'*' For instance, Skadborg
and colleagues showed that systemically administered
nivolumab can reach and bind to glioblastoma TILS and
causes significant changes in markers for T cell activation
and proliferation, but also causes a strong upregulation of
negative checkpoint inhibition moleculesTIGIT, LAG-3,TIM3,
and CTLA-4 that might mitigate its clinical efficacy.'® Fur-
thermore, Hotchkiss et al. show that it is feasible to adapt a
spatially resolved, multimodal profiling approach into a pro-
spective clinical trial platform, which they employ to identify
genomic and spatial factors that determineTIL expandability
in glioblastoma.'® Such studies, where prospective tissue
acquisition and functional and spatial immune profiling are
incorporated into a clinical trial setting in a standardized
way, may provide answers to some of the burning questions
that currently remain unanswered and will guide the opti-
mization of rational, biomarker-informed combination ther-
apies, ultimately paving the way toward more effective,
individualized immunotherapies for glioma patients.
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Supplementary material is available online at
Neuro-Oncology (https://academic.oup.com/neuro-
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