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ABSTRACT
The metabolic gene isocitrate dehydrogenase 1 (IDH1) is commonly mutated in lower grade glioma (LGG) 
and secondary glioblastoma (GBM). Regulatory T cells (Tregs) play a significant role in the suppression of 
antitumor immunity in human glioma. Given the importance of Tregs in the overall framework of 
designing immune-based therapies, a better understanding on their association with IDH mutational 
status remains of critical clinical importance. Using multispectral imaging analysis, we compared the 
incidence of Tregs in IDH-mutant and IDH wild-type glioma from patient tumor samples of LGG. An 
orthotopic IDH-mutant murine model was generated to evaluate the role of mutant IDH on Treg 
infiltration by immunohistochemistry. When compared to IDH wild-type controls, Tregs are dispropor-
tionally underrepresented in mutant disease, even when taken as a proportion of all infiltrating T cells. Our 
findings suggest that therapeutic agents targeting Tregs may be more appropriate in modulating the 
immune response to wild-type disease.
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Introduction

Glioma represents a set of molecularly diverse neoplasms that 
are notoriously resistant to standard therapies. For glioblastoma 
(GBM), the most common and highest grade primary brain 
tumor in adults, there have been very few therapeutic advances 
over the last 20 years,1 and prognosis remains poor despite 
maximal surgical resection followed by a combination of radia-
tion and chemotherapy .2 Gliomas harboring mutations in iso-
citrate dehydrogenase 1 (IDH1) represent the great majority of 
World Health Organization (WHO) grade II and grade III 
gliomas (80–90%), known as “lower grade glioma (LGG).” 
Though patients with LGG have prolonged survival compared 
to those with GBM, the majority of these tumors recur after first- 
line therapies and ultimately transform into higher grade, 
rapidly fatal malignancies. Higher-grade gliomas are associated 
with profound immune suppression, due in part to infiltration of 
suppressive T cells known as regulatory T cells (Tregs). In fact, 
Treg infiltration is considered a hallmark of GBM and likely 
plays a role in tumor development and progression .3–5 The 
number of infiltrating Tregs in high-grade glioma has been 
shown to correlate with increasing grade and prognosis .3,6-9 

Most investigative work on the interaction between glial tumors 
and Tregs has focused on GBM, which is predominately IDH 
wild-type disease. The relationship between IDH mutations and 
Treg infiltration is not well-understood.

Here, we use multispectral imaging analysis to compare 
Treg infiltration in IDH-mutant and IDH wild-type 
glioma using human subject samples of LGG, and we 
correlate these results with those in an orthotopic syn-
geneic glioma rodent model. We demonstrate that IDH- 
mutant glioma is associated with fewer infiltrating Tregs 
than their wild-type counterparts, suggesting distinct 
tumor microenvironments.

Materials and methods

TCGA analysis

Using the Xena Functional Genomic Browser, we accessed 
The Cancer Genome Atlas (TCGA) LGG level 3 gene expres-
sion data from the University of North Carolina TCGA gen-
ome characterization center. The Treg -associated gene panel 
was assembled in two distinct ways: (i) Using a gene set 
previously described and clinically validated for Treg enrich-
ment ;10 and (ii) using Treg-associated genes from the litera-
ture documented to have an immunosuppresive role in 
malignant glioma .11–14 Data were stratified into two groups 
based on IDH mutational status; IDH-mutant (n = 413) and 
IDH wild-type cases (n = 117). Log2 expression of genes was 
used to compare the expression levels of 29 Treg -associated 
genes.
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CIBERSORT analysis

To characterize the immune cell composition using transcrip-
tional data derived from the TCGA LGG dataset, we utilized 
the CIBERSORT algorithm .15 The recommended model para-
meters were used to computationally predict the immune cell 
abundance for 22 immune cell types based on the deconvolu-
tion of gene expression profiles from each patient .15 The RNA- 
seq deconvolution results for the relative Treg abundance 
(n = 370) were compared between IDH-mutational status.

Cell culture

293 T immortalized human embryonic kidney cells, 
GL261 murine glioma cells were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS) and 1% Corning’s antibiotic- 
antimycotic solution, housed in a 37 C/5% CO2 incubator.

Generation of cell lines transduced with IDH1R132H 
cDNA

Recombinant destination vectors were sequenced to confirm 
gateway cloning of donor plasmids that contained either IDH1 
(Addgene; 82133) or IDH1R132H (Addgene; 81686). 293 T 
cells were plated at a density of 1 × 106 in a 6-well plate in 
antibiotic-free DMEM media overnight. Cells were then co- 
transfected with 0.5 μg VSVG, 1.0 μg dR8.2 and 1.0 μg pLenti 
CMV Blast DEST 1.0 μg (Addgene; 17451) encoding cDNA for 
either IDH1 or the IDH1R132H. 48 hours post-transfection, 
viral supernatant was harvested. Parental GL261 cells were 
plated at a density of 1 × 106 in a 6-well plate in antibiotic- 
free DMEM media and sequentially transduced with virus 
encoding cDNA for either IDH1 or IDH1R132H. 72-h post 
transduction, GL261 cell lines were selected for stably trans-
duced cells with blasticidin at 20 μg/ml.

Intracranial injections of murine cell lines

Six-week old C57BL/6 mice were purchased from the Charles 
River Laboratory. Using a Hamilton 11701 Gastight syringe 
(Hamilton Company), GL261 IDH1 and GL261 IDH1R132H 
(7.5 x 104 cells per mouse) cells were suspended in 3 μl of cold 
PBS and stereotactically (Kopf Instruments) injected into the 
brain (2.5 mm right of the bregma and 3.0 mm below the skull) 
of seven-week-old mice. Cell lines were tested for mycoplasma 
prior to injection. Mice were monitored daily and maintained 
in accordance with our Institutional Animal Care and Use 
Committee (IACUC) approved protocol.

Western blot

2 x 106 cells were lysed using ice-cold RIPA buffer containing 
protease and phosphatase inhibitors. Total protein concentra-
tion was quantified using Pierce BCA Protein Assay Kit 
(Thermo Scientific; 23225). Protein sample were prepared at 
a concentration of 2 μg/μl with SDS loading dye and MilliQ H2 
O then denatured at 95 C prior to being loaded to gel (BioRad; 
456–1085). Parental cell lysate was used as a negative control. 

Western blot staining was performed using primary antibodies; 
IDH1R132H (1:100; Dianova; DIA-H09), Vinculin (1:10000; 
Thermo Scientific; 700062) and Actin (1:1000; Cell Signaling; 
3700) following the manufacture’s protocol. For western blot 
detection, enhanced chemiluminescent (BioRad; 170–5061) 
was used for visualization and band densities were read using 
BioRad Image Lab Software.

Detection of 2-Hydroxyglutarate

1 x 106 cells were lysed using Cell Lytic M (Sigma-Aldrich; 
C3228) and deproteinized with perchloric acid (PCA). Sample 
pH was adjusted to neutral pH range 6.5–8.0 using 0.1 M 
potassium hydroxide (KOH) or 0.1 M PCA. Following the 
manufacture’s protocol, a 2-fold serial dilution was performed 
to generate a standard curve. 2-Hydroxyglutarate (2HG) 
Complete Reaction Mixture (Sigma-Aldrich; MAK320B) 
including Resazurin solution (Sigma-Aldrich; MAK320C) was 
reconstituted with the sample. Sample triplicate were plated on 
a 96-well black plate and results were read using a multi-well 
fluorometer (BioTek Instrumentals) using the following con-
ditions: λex = 540 nm/λem = 590 nm.

Immunohistochemistry

Mice were sacrificed at day 25 post-injection and brains were 
harvested and fixed in 10% formalin followed by 70% ethanol. 
Brains were sequentially embedded in paraffin blocks, serially 
sectioned (8 μm thick) and H&E stained. After deparaffiniza-
tion in xylene and gradual rehydration in ethanol, slides were 
placed in 10 mM sodium citrate buffer (pH 6.0) and micro-
waved for 15 minutes for antigen retrieval. Slides were then 
treated with 3% H2O2 to block endogenous peroxidase fol-
lowed by a 60 minute incubated with 1% bovine serum albu-
min in normal horse serum blocking buffer (Vector 
Laboratories). Slides were then incubated with primary anti-
bodies: IDH1R132H (1:100; Dianova; DIA-H09), CD3 (1:200; 
Abcam; ab5690), CD4 (1:200; eBioscience; 14–9766-80), CD8 
(1:200; eBioscience; 14–0808-80) and FoxP3 (1:100; Cell 
Signaling; 12653) overnight at 4 C. The absence of the primary 
antibody was used as a negative control. The slides were then 
incubated for 30 minutes with the appropriate secondary anti-
body (Vector Laboratories) according to the manufacturer’s 
protocol followed by diaminobenzidine (DAKO; K3468) reac-
tion and hematoxylin counterstain. Slide covers were mounted 
with cytoseal-XYL and imaged using a light microscope 
(Nikon Optiphot 2). To quantify positive cells, 5 fields per 
tumor section were photographed at 10x magnification. 
Stained slides were enumerated and averaged. Counter was 
blinded to the study and enumerated positive cells per field 
using Image J.

Multiplex immunofluorescence

Based on the 2016 WHO histological and molecular critera, 
WHO grade III glioma primary specimen were randomly 
selected from a tumor archive at Massachusetts General 
Hospital (MGH). IDH1 mutational status was determined 
during the diagnosis through next-generation sequencing or 
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immunohistochemistry for all cases. Formalin-fixed, paraffin- 
embedded (FFPE) blocks with solid tumor with tumor cell 
percentages higher than 80% were selected by a dedicated 
neuropathologist (A.O.S) at MGH prior to sectioning. 
Unstained sections were then stained using the Ventana 
Discovery Ultra Immunostaining platform following the man-
ufacture’s protocol for the Multi-plex immunofluorescence 
panel (Roche). The following antibodies were used: DAPI (pre- 
diluted; Ventana; 760–4196), CD3 (pre-diluted; Ventana; 
790–4341), CD4 (pre-diluted; Ventana; 790–4423) and FoxP3 
(1:50; Biolegend; 320101). Single stains were used to generate 
a spectral library required for multispectral image analysis. The 
absence of the primary antibody was used as a negative control 
and human nonmalignant tonsil was used as a positive control 
for all antibodies.

Multispectral image acquisition and analysis

Uniplex and multiplex immunofluorescence-stained slides 
were imaged and scanned using the Vectra 3.0 spectral imaging 
system (PerkinElmer). To properly discern each fluorescent 
stain from autofluorescence, artifact and/or background, uni-
plex spectral libraries were generated using InForm 2.2.1 image 
analysis software (PerkinElmer) and Phenochart 1.0.4 
(PerkinElmer) by capturing each fluorophore at higher resolu-
tion (20x) within the tumor. Once the spectral library was 
established, data from the scanned multispectral images were 
accessed by InForm 2.2.1 and each image was unmixed and 
then fused, incorporating the algorithm set by the spectral 
library. The images were sequentially uploaded to HALO ima-
ging analysis software (Indica Labs) for segmentation and 
analysis. First, the tumor area (mm2) was manually annotated, 
and parameters were set using DAPI to define a cell’s cyto-
plasm, nucleus, and membrane. The following fluorophores 
were used: DAPI (Nuclear), Texas Red (CD3), Aqua (CD4), 
and FITC (FoxP3). Thresholds were assigned to each marker 
corresponding to a particular fluorescence intensity in order to 
capture and enumerate each cell type of interest. Due to the 
very slight variability in staining uptake, the parameters were 
calibrated-specific to each specimen. The algorithm searched 

for the colocalization of DAPI+ CD3+ (i.e., CD3 T cells), DAPI+ 

CD3+ CD4+ FoxP3− (i.e., CD4 T cells) and DAPI+ CD3+ CD4+ 

FoxP3+ (i.e., Tregs). The number of positive cells per area 
(mm2) and proportion of all infiltrating T cells were calculated.

Statistics

All statistical analyses were conducted using GraphPad Prism 
version 7. P values were obtained using a two-sided, unpaired 
t-test and values ≤ 0.05 were considered significant.

Study approval

Clinical samples were obtained from the Pathology Tissue Core 
at MGH under a protocol that was approved by the MGH 
institutional review board. All mouse experiments were con-
ducted under a protocol approved by MGH IACUC.

Results

Genes associated with regulatory T cells are differentially 
expressed in IDH glioma subtypes

We analyzed mRNA expression levels of Treg-associated genes 
from the TCGA LGG dataset and compared gene expression 
profiles of IDH-mutant (n = 413) and IDH wild-type cases 
(n = 117). A panel of 29 Treg-associated genes were used in our 
analysis, based on a set of genes previously described and 
clinically validated for Treg enrichment10 and Treg-associated 
genes curated from literature previously documented to have 
an immunosuppressive role in malignant glioma .11–14 Our 
analysis identified 19 Treg-associated genes to be significantly 
downregulated in IDH-mutant cases (Supplementary Table 1). 
Genes critical for the function and stability of Tregs (e.g., 
FOXP3 and ICOS), inducible Treg factors (e.g., IDO1 and 
TGFB1), as well as Treg chemoattractants (e.g., CCL2), were 
significantly downregulated in IDH-mutant cases when com-
pared to IDH wild-type cases (Figure 1a). To substantiate this 
finding, we utilized the CIBERSORT platform to interrogate 
gene expression profiles derived from the TCGA LGG dataset 

Figure 1. Differential gene expression profile of intratumoral Tregs associates with IDH1 status. Using the Xena Functional Genomic Browser, TCGA gene expression data 
were downloaded for WHO grade II and III glioma cases. IDH wild-type (n = 117) and IDH-mutant (n = 413) cases were compared for differential Treg-associated gene 
expression and relative Treg abundance using the CIBERSORT algorithm. (a) Lower expression levels of Treg-associated genes and (b) lower relative Treg abundance in 
IDH-mutant versus IDH-wild type patients. In A, graphs depict the log2 expression value of each gene, each dot represents the mean expression and error bars indicate 
the SEM for each group. In B, graph depict the mean relative abundance of infiltrating Tregs and error bars indicate the SEM for each group. P-values were determined 
using two-sided, unpaired t tests; *P < .05; **P < .01; ***P < .001; ****P < .0001.
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to estimate the immune cell composition between IDH muta-
tional status .15 In line with our observations, we found a lower 
mean abundance of Tregs in IDH-mutant glioma cases com-
pared to IDH wild-type cases (Figure 1b). At the transcrip-
tional level, Treg-associated genes are preferentially enriched 
in IDH wild-type tumors compared to mutant tumors.

IDH-mutant tumors contain decreased numbers of 
regulatory T cells in mice

Next, we evaluated the degree to which IDH status might corre-
late with intratumoral Treg infiltration using an in vivo experi-
mental system in immune-competent mice. Using the syngeneic 
GL261 murine glioma cell line we generated two isogenic cell 
lines that differed only in IDH mutational status. We transduced 
GL261 cells with a lentiviral construct encoding either IDH1 
cDNA or IDH1R132H cDNA and then probed for tumor expres-
sion of mutant IDH1 protein and 2HG levels (Supplementary 
Figure 1). Tumors were harvested from tumor-bearing C57BL/6 
mice and evaluated for Treg infiltration. Consistent with pre-
vious reports ,16,17 the overall lymphocytic infiltrate was signifi-
cantly reduced in IDH-mutant tumors, as measured by CD3+, 
CD4+, and CD8+ cells per field (Figure 2b). Furthermore, in 
tumors harboring the IDH1 mutation, immunohistochemistry 
showed significant reductions in the total number of FoxP3+ 

cells as well as decreased proportions of Tregs within the CD4+ 

compartment (IDH-mutant: 24.7% vs. IDH wild-type: 44.3%) (p 
< .05; Figure 2c).

IDH mutations are associated with decreased numbers of 
infiltrating regulatory T cells in human glioma

We next performed multiplex-immunofluorescence staining 
on FFPE sections from patient samples of IDH-mutant and 

IDH wild-type LGG. We enumerated CD3+CD4+FoxP3+ triple 
positive cells using HALO multispectral imaging analysis soft-
ware in IDH-mutant and IDH wild-type tissue sections. 
Similar to our murine data, we found significantly fewer 
tumor-infiltrating Tregs in IDH-mutant gliomas when com-
pared with IDH wild-type gliomas (Figure 3c). Moreover, 
IDH-mutant tumors displayed significantly decreased Tregs 
when considered as a proportion of CD4+ cells (IDH-mutant: 
1.37% vs. IDH wild-type: 3.32%) (p < .05; Figure 3d). There was 
a trend toward fewer total CD3+ (p = .18; Supplementary 
Figure 2B) and CD4+ (p < .05; Figure 3b) cells in IDH- 
mutant gliomas. Altogether, these data indicate that glioma- 
associated Treg infiltration is less abundant in both murine 
models and patient samples of IDH-mutant glioma.

Discussion

Tregs play a critical role in the suppression of anti-tumor 
immunity. Prior studies have been performed that demonstrate 
differences in Treg infiltration across histological grades in 
glioma .3 In the current study, we use human samples and 
murine models to show that Tregs are disproportionally under-
represented in IDH-mutant glioma.

Previous work by Kohanbash and colleagues demonstrate 
that human IDH-mutant glioma displays marked reduction of 
CD8+ T-cell infiltration compared to IDH wild-type tumors .17 

In this report, we demonstrate a significant reduction in CD4+ 

T cells and FoxP3+ Tregs in IDH-mutant glioma. The 
decreased numbers of Tregs in IDH-mutant tumors may be 
related to the concomitant dearth of proinflammatory cells 
present in these cancers relative to IDH wild-type tumors .3,18 

The downstream metabolite of mutant IDH, 2-HG, is also 
known to drive downregulation of leukocyte chemotactic fac-
tors, though the impact of this phenomenon on Tregs in 

Figure 2. Syngeneic GL261 IDH-mutant murine gliomas demonstrate reduced FoxP3+ cell infiltration. C57BL/6 mice received intracranial injections of 7.5 × 104 GL261 
glioma cells stably transduced with cDNA for either wild-type (n = 3) or the R132H (n = 3) form of IDH1. Day-25 tumors were removed from mice and brain tumor 
sections stained for immunohistochemistry. (a) Representative immunohistochemistry staining for CD3, CD4, CD8 or FoxP3 in both IDH wild-type (top panel) and IDH- 
mutant (bottom panel) mice. Scale bars, 100 µm. (b) The number of positive cells from 5 fields at 10x magnification per mouse were counted and presented here. Each 
individual mouse is identified by a symbol and color. (c) FoxP3+ lymphocyte/CD4+ lymphocyte ratio in murine syngeneic IDH-mutant and IDH wild-type gliomas. In 
B and C, mean and error bars indicate the SD of each group. P-values were determined using 2-sided, unpaired t tests; * p < .05; ** p < .01.
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particular is unknown .16 Recent studies have demonstrated 
that T cells can take up 2-HG derived from tumors harboring 
IDH mutations. In addition to altered chemotaxis, the 
decreased Tregs in IDH-mutant gliomas may be due to the 
accumulation of intracellular 2-HG, resulting in increased 
apoptosis and reduced proliferation as evidenced by Bunse 
and colleagues .19 Interestingly in the context of acute myeloid 
leukemia, 2-HG increased the frequency of Tregs suggesting 
that niche and cell specific effects of 2-HG may exist .20 Further 
investigation will be needed to better elucidate potential 
mechanisms driving our observations.

Our data support mounting evidence that IDH mutations in 
gliomas are associated with a distinct immune microenviron-
ment. Based on our findings, it is possible that therapeutic 
agents targeting Tregs21,22 would have greater impact when 
treating IDH wild-type tumors than their IDH-mutant coun-
terparts. Additional work is needed to examine whether this 
phenomenon is mediated through neomorphic metabolic 
activity of the IDH-mutant enzyme and whether Treg infiltra-
tion is impacted by the use of specific IDH-inhibitors. Early 
preclinical evidence suggests that checkpoint blockade and 
antigen specific peptide vaccines may be more effective when 
combined with IDH inhibitors ,17,19 though the degree of Treg 
modulation achieved through the use of these inhibitors is 
unclear.

We used a GL261 glioma murine model to investigate 
whether IDH-mutations are associated with degree of Treg 

infiltration. One limitation of this approach is that transduced 
IDH-mutant cell lines may not completely recapitulate IDH- 
mutant glioma as it occurs naturally in humans .23 Despite this, 
our approach did allow us to study IDH-mutations in an 
immune-competent preclinical model.

In summary, we have identified a considerable reduction in 
Treg infiltrate in IDH-mutant gliomas in both humans and 
mice. These data provide additional support for the concept 
that IDH mutational status may be used as an immunological 
biomarker in glioma. The relationship between IDH status and 
Treg burden in lower grade gliomas may help identify optimal 
responders to experimental therapeutics.
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