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Low-grade gliomas (LGGs) are slow-growing glial 
tumors with the potential for malignant transforma-
tion. Their incidence is highest in patients in their 

3rd and 4th decades of life, and both the tumor and the 
treatments can significantly affect the quality of life of pa-
tients. Seizure is the most common presenting symptom in 
the majority of patients, although headache and focal neu-
rological deficits are also frequently seen.1,2 Indeed, LGGs 
are more often present in highly functional areas of the 
brain, with the insula and supplemental motor area being 
the two most commonly afflicted locations.3,4 The stand-
ard of care for LGGs includes surgical intervention, with 
the goal of providing maximal safe resection and acquisi-
tion of adequate tissue for detailed molecular and genetic 
characterization.5 This is becoming increasingly impor-
tant, as the molecular subtypes of LGGs and their unique 
characteristics are becoming better defined.6

The utility of molecular and genetic characterization 
for LGGs is most evident in the latest 2021 WHO guide-
lines, which place an increased emphasis on molecular 
diagnostics.6 These updated guidelines for gliomas focus 
specifically on mutations in the isocitrate dehydrogenase 1 

(IDH1) and IDH2 genes, which have been associated with 
significantly improved outcomes in patients.7,8 As a result, 
adult LGG is now, by definition, IDH mutant, including 
both astrocytoma and oligodendroglioma (which also har-
bor a 1p/19q-codeletion).6 This is partly due to the differ-
ences in the natural history and outcomes of patients with 
IDH–wild-type and IDH-mutant gliomas.8

Few effective new therapeutic strategies for gliomas 
have been developed in the past decade. Immunotherapy, 
which targets the immune system against tumor cells, has 
been successful in other cancer types and is a major area 
of research for gliomas, albeit predominantly for high-
grade gliomas (HGGs). Immunotherapies that are under 
investigation for gliomas include chimeric antigen receptor 
(CAR) T cells, systemically delivered checkpoint inhibitors 
(CPIs), oncolytic viral therapies, other viral gene therapies, 
and cancer vaccines, all of which have unique limitations.9 
While previously thought to be immune-privileged, the 
brain has been highlighted in recent studies as being acces-
sible to the immune system, suggesting that immunothera-
pies may hold promise in treating CNS tumors, including 
glioblastoma.10 Although initial trials of immunotherapies 
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in HGGs have been met with limited success,11,12 literature 
supporting different immunology in LGGs, and the hy-
pothesis that altering the immune environment is a grad-
ual process that might be more effective for LGGs than 
HGGs, have led to excitement about immunotherapies for 
treatment of LGGs. In this review, we summarize the im-
mune phenotypes of patients with LGGs and how this may 
impact immunotherapies for LGGs as well as challenges 
and future directions in LGG immunology.

Immunology of LGGs
Immune Cell Infiltration

Immune cell infiltration of tumors has been shown to 
play a role in tumor progression and has been used for 
cancer prognostication.13–15 Immune cell infiltration can 
also provide insight into how to best orchestrate a robust 
antitumor immune response using immunotherapy. As-
sessment of immune cell infiltration can be done using a 
variety of techniques including bulk and single-cell RNA 
sequencing, bulk genomic DNA samples, flow cytometry, 
cytometry by time of flight, immunofluorescence, and ad-
ditional methodologies.

In a study of microarray and bulk RNA sequencing 
data from 2249 gliomas, Zhang et al. demonstrated that 
reduced tumor purity (i.e., increased invasion of a glioma 
by nontumor cells such as immune and stromal cells) was 
correlated with increased malignancy and reduced sur-
vival.16 The authors also showed that tumors with reduced 
glioma purity had increased immune cell scores, espe-
cially macrophage and neutrophil populations, relative to 
higher purity samples. Similarly, Aran et al., in an analysis 
of multiple cancer types, demonstrated an inverse relation-
ship between tumor purity and mutational burden, with 
LGGs as one of the lowest mutational burdens and highest 
tumor purities in their analysis.17 These findings on tumor 
purity suggest that LGGs are relatively immune and stro-
mal cell sparse relative to HGGs and other cancer types.

T-Cell Compartment
More detailed analyses of the LGG immune phenotype 

have shed additional light on specific immune cell infil-
tration. A study by Berghoff et al., which focused on the 
T-cell compartment in IDH-mutant and IDH–wild-type 
gliomas using immunohistochemistry, found that tumor-
infiltrating lymphocytes and programmed death-ligand 
1 (PD-L1) expression were significantly lower in IDH-
mutant gliomas compared with IDH–wild-type tumors.18 
The authors also found that LGGs had significantly higher 
levels of PD-L1 methylation, likely explaining the reduced 
expression. Additional studies by Klemm et al. and Friebel 
et al. leveraged multifaceted approaches to assessing the 
CNS tumor microenvironment and similarly demonstrated 
low tumor-infiltrating lymphocyte levels in LGG relative 
to glioblastoma and brain metastasis.19,20 These findings 
suggest that LGGs, HGGs, and brain metastases lie on a 
spectrum of immunogenicity and T-cell infiltration, with 
brain metastases demonstrating the most T-cell–inflamed 
immune phenotype and LGGs the least-inflamed pheno-
type, with HGGs falling in between the two. Interestingly, 
similar trends have also been seen in the context of regu-

latory T cells (Tregs), whereby Treg infiltration positively 
correlated with the glioma tumor grade.20,21 Friebel et al. 
also showed higher Treg infiltration in brain metastasis 
compared with HGGs and LGGs, similar to the trend seen 
with T cells in general. The differences in T-cell infiltra-
tion between LGGs, HGGs, and brain metastases suggest 
a tumor-intrinsic process driving the surrounding immune 
phenotype, rather than just the location intracranially.

The underlying biology of the differences in the T-cell 
compartment between various CNS tumors, especially 
IDH-mutant and IDH–wild-type gliomas, is an area of 
active research. Chongsathidkiet et al. implicated tumor-
imposed loss of S1P1 from the T-cell surface in sequestra-
tion of T cells in the bone marrow in multiple intracranial 
murine tumor models, including both glioma and metas-
tasis, suggesting a common immunosuppressive pathway 
for brain tumors.22 Kohanbash et al., however, sought to 
investigate the specific role of IDH mutations in shaping 
the tumor microenvironment to further understand the 
unique immunophenotypes in IDH-mutant and IDH–
wild-type gliomas.23 Using The Cancer Genome Atlas 
(TCGA), the authors found reduced expression of T-cell 
lymphocyte-associated genes as well as CXCL10, which 
is implicated in the trafficking of CD8 T cells into brain 
tumor sites, in IDH-mutant tumors compared with IDH–
wild-type tumors. They then introduced mutant IDH1 or 
the downstream metabolite of mutant IDH, oncometabo-
lite R-2-hydroxyglutarate (2HG), to syngeneic mouse gli-
oma models. Expression of 2HG or expression of mutant 
IDH1 reduced CXCL10 levels secondary to decreased 
production of STAT1 (a CXCL10 regulator); this was also 
associated with reduced T-cell infiltration in implanted tu-
mors. Finally, IDH-C35, an inhibitor of mutant IDH1, re-
versed the immunophenotype seen in mutant tumors and 
increased the efficacy of vaccine immunotherapy.23 These 
findings implicated the production of 2HG by mutant 
IDH1 in molding the eventual immunophenotype seen in 
these tumors. Interestingly, mutant IDH does not seem to 
have as strong of an effect on CD4 T-cell levels, although 
previous research has demonstrated that CD4 T cells are, 
in fact, capable of generating an immune response against 
the R123H IDH mutation.24,25

Myeloid Cell Compartment
While T cells play an undeniable role in generating a 

robust antitumor immune response, significant consider-
ation should also be paid to the myeloid compartment of 
a tumor’s immune phenotype. Myeloid cells, which make 
up a much larger percentage of the immune cell compart-
ment relative to T cells, can play a range of roles in sup-
porting or hampering an antitumor immune response, and 
differences in the infiltration of myeloid cells can have 
an important impact on the efficacy of immunothera-
pies (Fig. 1). Key classes of myeloid cells in the tumor 
microenvironment include dendritic cells, neutrophils, 
tumor-associated macrophages (TAMs; including mono-
cyte-derived macrophages [MDMs] and microglia), and 
myeloid-derived suppressor cells (MDSCs).26–28 Indeed, 
TAMs comprise the majority of IDH-mutant and IDH–
wild-type tumors, significantly outnumbering the number 
of other immune cell types, including T cells.19,20 Interest-
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ingly, the dominant type of TAM differs between IDH-
mutant and wild-type tumors, with IDH-mutant TAMs be-
ing composed primarily of microglia and IDH–wild-type 
tumors (and brain metastases) associated with primarily 
MDMs.19,20,29 The microglia present in IDH–wild-type 
tumors and brain metastases also appear to be more of 
an activated phenotype than those found in IDH-mutant 
tumors, as determined by differences in CD14 and CD64 
genes and cell morphology.20 Within LGGs, Müller et al. 
demonstrated significantly reduced infiltrating microglia 
in oligodendrogliomas relative to astrocytomas; LGGs 
with higher MDM infiltration also had significantly re-
duced survival.29 The difference in microglial and MDM 
cells in IDH-mutant astrocytomas and oligodendroglio-
mas was also noted by Venteicher et al.30 In their study, 
astrocytomas also demonstrated increased MDMs as the 
tumor grade increased, which corresponded with an in-
crease in the expression of endothelial-specific genes. The 
association between MDMs and endothelial genes may be 

due to increased access of MDMs to the tumor microen-
vironment from systemic circulation. It is also important 
to note that tumor-infiltrating MDMs lie on a spectrum; 
Venteicher et al. noted that MDMs in the glioma micro-
environment expressed less macrophage-specific genes 
than those found in brain metastasis, suggesting a range 
of macrophage states rather than clearly defined and cir-
cumscribed cellular states.30 Given the difficulty in dis-
tinguishing MDSCs from other myeloid subtypes in the 
tumor microenvironment, there is a paucity of data on 
MDSC infiltration in LGGs; they are likely being labeled 
as either MDMs or neutrophils (depending on if they are 
granulocytic or monocytic) in studies to date.

The intratumoral forces driving the patterns seen in 
myeloid cell infiltration in LGGs are still unclear. As pre-
viously discussed, the association between tumor grade, 
endothelial gene expression, and MDM infiltration noted 
by Venteicher et al. may suggest that increased exposure 
to the systemic circulation, through increased tumor vas-

FIG. 1. Schematic summarizing differences in the immunology of IDH-mutant LGGs and IDH–wild-type HGGs as well as proposed 
associated mechanisms. ↑ = increased; ↓ = decreased. © Noel Sirivansanti, published with permission.
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cularity and blood-brain barrier breakdown, may contrib-
ute to differences in myeloid infiltration between LGGs 
and HGGs.30 Increased MDMs in low-grade astrocytomas 
relative to oligodendrogliomas also potentially indicate 
a different tumor cell–intrinsic mechanism. Seeking to 
evaluate the effect of tumor genotype on the myeloid cell 
compartment, Friedrich et al. assessed alterations in the 
immune phenotype of tumors in response to IDH mutation 
using a variety of molecular tools.31 Similar to the afore-
mentioned studies, the authors determined that microglia 
and macrophages demonstrated wide separation on prin-
cipal component analysis corresponding with IDH status 
following RNA sequencing in HGGs. Using the GL261 
mouse model of glioblastoma, they found that the myeloid 
compartment of the tumor microenvironment was sig-
nificantly impacted by tumor IDH status. Mice implanted 
with IDH-mutant tumors demonstrated lower expression 
of the CCL2 chemokine (which recruits myeloid cells), 
less immunoactivated microglia, and delayed MDM infil-
tration relative to wild-type tumors. Interestingly, MDMs 
from IDH-mutant tumors showed an increased ability to 
suppress T-cell production of interferon-γ (IFNγ) and in-
cite expression of the programmed cell death protein 1 
(PD-1) exhaustion marker. Inhibiting IDH led to a proin-
flammatory phenotype in macrophages, while the exoge-
nously administered 2HG recapitulated the MDM (but not 
microglia) findings seen in IDH-mutant tumors, directly 
implicating 2HG in the immunosuppressive macrophage 
phenotypes seen in IDH-mutant tumors. The authors then 
further identified tryptophan metabolism, specifically the 
enzyme tryptophan 2,3-dioxygenase (TDO) and its prod-
uct kynurenine, as playing a key role in aryl hydrocarbon 
receptor (AhR) activation and the downstream immuno-
suppressive effects previously characterized.31 These re-
sults provide some insight into how IDH-mutant tumors, 
which, by definition, are LGGs, suppress the surrounding 
immune microenvironment.

A recent study by Ludwig et al. identified an alternative 
pathway in which IDH-mutant gliomas can generate an im-
munosuppressive phenotype both locally and systemically 
through tumor-derived glioma small extracellular vesicles 
(TEX).32 The authors found that IDH-mutant gliomas pro-
duced larger, more immunosuppressive, and morphologi-
cally distinct TEX from IDH–wild-type tumors. Injection 
of IDH-mutant TEX into wild-type tumors led to reduc-
tions in tumor-infiltrating natural killer cells and increases 
in immunosuppressive Tregs and mono-MDSCs. Interest-
ingly, injection of IDH–wild-type TEX into IDH-mutant 
tumors increased effector lymphocytes and M1 macro-
phages and reduced MDSCs.32 The studies by Ludwig et al. 
and Friedrich et al. highlight the still-developing theories 
on how IDH impacts glioma tumor immunology.31,32 Ad-
ditional studies are required to fully understand the impact 
of IDH on immune cell infiltration, specifically in LGGs, 
and potential therapeutic vulnerabilities.

Additional Aspects of LGG Immunogenicity
Antigen Presence and Presentation

Tumor mutational burden is seen as a potential indi-
cator of immunogenicity, as in many cancer types it is 

thought that an increased mutational burden is also likely 
indicative of the overall tumor antigen number, provid-
ing more “targets” for the immune system.33–37 This was 
demonstrated in a study by Samstein et al., who assessed 
the tumor mutational burden of 1662 patients with CPI 
treatment and 5371 without CPI.37 The authors found 
that, for most cancers, patients with a higher mutational 
burden had better responses to CPI treatment, despite in-
consistent mutational cutoffs between cancer types. Inter-
estingly, gliomas did not follow the same trend as other 
cancers, trending instead toward worse survival in those 
patients with high tumor mutational burdens. Alternative-
ly, hypermutated gliomas have been shown to have low 
T-cell infiltration, high intratumoral heterogeneity, and a 
poor response to anti–PD-1 therapy.38 This may be due to 
temozolomide-induced mutations, which are frequently 
single-nucleotide variant mutations and do not adequately 
induce an antitumor immune response. In fact, in HGGs, 
low mutational burden has been associated with improved 
outcomes following viral or CPI therapy. HGGs with a 
lower mutational burden had increased inflammatory gene 
signals, suggesting that neoantigens were removed from 
the tumor via immunoediting.39 In LGGs, a higher mu-
tational burden has similarly been associated with worse 
outcomes;40 this is especially true if patients develop temo-
zolomide-related hypermutation upon transformation to a 
higher grade.41 How hypermutation specifically impacts 
the immune tumor microenvironment in LGGs is still not 
fully elucidated and warrants additional investigation.

Similarly, there is a paucity of literature on antigen 
presentation and dendritic cells in LGGs. Dendritic cells 
are critical for immune surveillance of the CNS. They can 
capture antigens, process them, and present them to T cells 
(both cytotoxic and helper) and B cells, thereby acting as a 
bridge between the innate and adaptive immune systems. 
The literature on dendritic cell infiltration in LGGs is 
limited, but there appear to be few dendritic cells in both 
HGG IDH–wild-type and LGG IDH-mutant tumors.19 In-
terestingly, it appears that LGG IDH-mutant tumors have 
a reduced capacity for antigen presentation, as IDH–wild-
type tumors have increased infiltration of MDMs express-
ing major histocompatibility complex (MHC) class II 
human leukocyte antigen-DR isotype (HLA-DR). HGG 
IDH–wild-type MDMs also have increased expression of 
antigen presentation gene sets, antigen processing associ-
ated pathways, and MHC class I presentation gene sets.19 
It must be noted, however, that HGG IDH–wild-type tu-
mors remain resistant to immunotherapy and MDMs have 
been implicated in tumor progression, making it difficult 
to interpret their possibly increased ability for antigen 
presentation. Additional analysis is needed to compare 
the functional antigen presentation ability of MDMs from 
IDH-mutant tumors with those from IDH–wild-type tu-
mors to better understand their ability and how to harness 
them for immunotherapy.

Checkpoint Molecule Expression
Checkpoint molecules are frequently pathologically 

coopted by cancers to avoid immune surveillance and 
killing. This has driven the development of monoclonal 
antibodies to block checkpoint molecules, also known as a 
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CPI. While checkpoint molecule expression in the tumor 
microenvironment may not always correlate with tumor 
responsiveness to checkpoint inhibition, it is still impor-
tant to consider. Garber et al. sought to assess PD-1 and 
PD-L1 expression in various glioma grades.42 The authors 
found that both PD-1–positive tumor-infiltrating lympho-
cytes and PD-L1 expression in tumor cells were correlated 
with increasing tumor grade.42 Interestingly, there did not 
appear to be a relationship between IDH-mutant tumors 
and either PD-1–positive tumor-infiltrating lymphocytes 
or PD-L1–expressing tumor cells.42 A subsequent study 
by Berghoff et al. found significantly higher levels of 
PD-1–positive tumor-infiltrating lymphocytes and PD-
L1 expression in IDH–wild-type gliomas compared with 
IDH-mutant gliomas.43 They also found that IDH-mutant 
tumor cells had higher PD-L1 promoter methylation, per-
haps explaining their observations. The findings by Berg-
hoff et al. correlate with a study of 1024 glioma samples 
by Liu et al. that demonstrated higher CTLA-4 expression 
in higher-grade IDH–wild-type tumors compared with 
lower-grade IDH-mutant tumors.44 Overall, it appears that 
IDH–wild-type HGGs express higher levels of checkpoint 
molecules, potentially making them more attractive can-
didates for CPI immunotherapy. However, further inves-
tigation is needed to elucidate the underlying molecular 
biology informing the observed trends.

Current Immunotherapy Trials for LGGs
As discussed in this review article, LGGs have unique 

tumor immune phenotypes, with their IDH mutations po-
tentially making them more or less vulnerable to specific 
types of immunotherapies. Compared with HGGs, there 
is a relative paucity of clinical trials evaluating immuno-
therapies for IDH-mutant LGGs. This is likely due to a va-
riety of factors, including the better prognosis associated 
with LGGs and their lower incidence, resulting in the need 
for relatively longer clinical trials to evaluate the efficacy 
of a novel treatment. An additional difficulty in develop-
ing immunotherapies for LGGs is the differences in im-
mune gene expression between HGGs and LGGs, which 
can hinder the ability for HGG immunotherapy trials to 
be translated to LGGs. For example, CAR T-cell targets 
for HGGs, such as EGFRvIII and IL13Ra2, are not found 
in LGGs, preventing their use in LGGs and requiring the 
identification of LGG-specific targets.

However, immunotherapeutic modalities, such as vac-
cines, may offer a safe and effective option for patients 
with LGGs due to the slower growth rate of the tumors (in 
contrast with HGGs), which should allow sufficient time 
for multiple immunizations and higher levels of antiglio-
ma immunity. Furthermore, the generally mild toxicity of 
vaccines may have advantages over chemotherapy or ra-
diation therapy for long-term cognitive and quality-of-life 
impairments. Okada et al. conducted the first vaccine trial 
that was specifically designed for patients with LGGs and 
reported that these patients, especially those who had not 
received chemotherapy or radiation therapy, demonstrated 
an excellent immunological response to the vaccine.45

Immunotherapies that are being evaluated in IDH-mu-
tant LGGs now include CPIs; polyinosinic-polycytidylic 
acid stabilized by lysine, and carboxymethylcellulose 

(poly-ICLC); cancer vaccines; and IDH-mutant inhibitors. 
A list of immunotherapy clinical trials including IDH-mu-
tant LGGs and their underlying rationales can be found in 
Tables 1 and 2, respectively. Thus far, no immunotherapy 
has demonstrated a robust survival impact in clinical tri-
als for LGGs, although the slow rate of progression in 
these gliomas means that very few trials have completed 
their evaluation (Table 1). Promising newer developments 
in immunotherapy for LGGs include the combination of 
IDH-mutant inhibitors with another immunotherapy such 
as a CPI. This may help to reduce the immune suppression 
associated with IDH-mutant tumors before adding an ad-
ditional agent to stimulate the immune system.46

Conclusions
Despite their slow-growing nature, LGGs lead to sig-

nificant morbidity and mortality. They are, in part, defined 
by the presence of mutant IDH, which may alter their 
underlying biology in a variety of ways compared with 
IDH–wild-type tumors. Recent studies using novel mul-
tifaceted immune-profiling approaches have significantly 
increased our understanding of LGGs, which have tumor 
immune microenvironments that are uniquely immuno-
suppressed compared with IDH–wild-type HGGs and 
brain metastases; LGGs have been shown to have reduced 
T-cell infiltration and decreased infiltration of myeloid 
cells with the potential for antigen presentation. Initial 
studies have demonstrated the importance of mutant IDH 
and its byproduct 2HG in mediating this unique immune 
phenotype, but a complete understanding of the molecu-
lar pathways implicated is lacking. As a result, significant 
investigation is needed to better understand the LGG im-
mune microenvironment, underlying biological pathways, 
and implications for immunotherapies.

There are a number of areas within LGG research that 
warrant additional investigation and development. One 
such area of improvement that will allow for future ad-
vancement in the realm of immunology and immunother-
apy for patients with LGGs is the generation of preclini-
cal cell lines that are better biomimetic models for human 
LGG tumors. Currently, the majority of mouse glioma 
models are created in an effort to recapitulate glioblasto-
ma rather than LGGs.47 Indeed, studies investigating how 
IDH mutation affects the immune microenvironment have 
primarily been performed in murine glioblastoma models. 
Introducing IDH mutations into murine glioblastoma cell 
lines likely does not accurately model the tumorigenesis 
and pathology of human LGGs, given the significant dif-
ferences in tumor invasion and breakdown of the blood-
brain barrier, which may impact immune profiles. An ad-
ditional difficulty with investigating immunotherapy for 
LGGs is the longer and variable patient survival associated 
with these tumors, which makes clinical trials logistically 
challenging and more expensive compared with glioblas-
toma trials. Finally, the systemic impact of gliomas on the 
immune system is better defined for HGGs than LGGs.22 
Although our previous vaccine trial in patients with LGGs 
suggested that those patients can mount superior immune 
responses against peptide vaccines compared with pa-
tients with HGGs or pediatric patients with gliomas, ad-
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ditional insight into how LGGs impact systemic immunity 
is needed.45 Whether or not LGGs lead to the T-cell se-
questration similar to that seen in HGGs is unclear. This 
is especially relevant because patients with LGGs may be 
treated with temozolomide for long periods of time, which 
can also lead to systemic immune suppression and might 
interfere with certain immunotherapy treatments.48
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survival rate

Not posted March 27, 
2019
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Cancer  
vaccines
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immune response

IDH-mutant 
inhibitors

Variety of mechanisms; may contribute to increased 
antitumor immune activity by reversing or limiting 
IDH-mutant–associated immune suppression
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