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into the glioma core, whereas peripheral antibody treatment 
only had a modest effect. Peripheral treatment resulted in 
a significant decrease in granzyme B (GrB) expression 
by Tregs, whereas intratumoral treatment resulted in both 
a decrease in GrB expression by Tregs and their selective 
depletion, which was largely mediated by FcγR-mediated 
destruction. We also discovered that anti-GITR treatment 
results in the enhanced survival and functionality of den-
dritic cells (DCs)—a previously unreported effect of this 
immunotherapy. In effect, this study demonstrates that the 
targeting of GITR is a feasible and noteworthy treatment 
option for glioma, but is largely dependent on the anatomi-
cal location in which the antibodies are delivered.

Keywords  Glioblastoma multiforme · GITR · Regulatory 
T cells · Immunotherapy · Dendritic cells

Abbreviations
APC	� Allophycocyanin
BMDC	� Bone marrow dendritic cell
CNS	� Central nervous system
FcγR	� Fc gamma receptor
GBM	� Glioblastoma multiforme
GITR	� Glucocorticoid-induced TNFR-related protein
GrB	� Granzyme B
Prf1	� Perforin 1
TME	� Tumor microenvironment
Treg	� Regulatory T cell

Introduction

Many studies have demonstrated that the immune system 
can recognize and destroy glioma tissues [1–5]. Despite 
this, the tumor microenvironment (TME) of glioblastoma 

Abstract  Regulatory T cells (Tregs) are potently immu-
nosuppressive cells that accumulate within the glioma 
microenvironment. The reduction in their function and/or 
trafficking has been previously shown to enhance survival 
in preclinical models of glioma. Glucocorticoid-induced 
TNFR-related protein (GITR) is a tumor necrosis factor 
superfamily receptor enriched on Tregs that has shown 
promise as a target for immunotherapy. An agonistic anti-
body against GITR has been demonstrated to inhibit Tregs 
in a number of models and has only been recently addressed 
in glioma. In this study, we examined the modality of 
the antibody function at the tumor site as opposed to the 
periphery as the blood–brain barrier prevents efficient anti-
body delivery to brain tumors. Mice harboring established 
GL261 tumors were treated with anti-GITR monotherapy 
and were shown to have a significant increase in overall 
survival (p < 0.01) when antibodies were injected directly 
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multiforme (GBM) is highly immunosuppressive, potently 
inhibiting anti-tumor responses from occurring [6, 7]. These 
immunosuppressive factors include myeloid-derived sup-
pressor cell (MDSC) recruitment [8, 9], metabolic con-
straints [10], and regulatory T cell (Treg) accumulation 
[11–13]. Tregs are a specialized subset of CD4+ T cells that 
express the transcription factor Foxp3 [14] have the ability 
to potently suppress anti-tumor responses. Of clinical sig-
nificance, such Tregs are known to be found in most malig-
nancies of the body [15]. The accumulation and functional 
significance of Tregs have been demonstrated in murine 
models of GBM [16–20] and have also been found to be 
enriched within glioma tissues of human patients [21–24]. 
The role Tregs have in suppressing anti-glioma immune 
responses has been a topic of debate as conflicting studies 
both support and refute the notion that Treg accumulation 
is a negative prognostic factor for patient survival [25–28]. 
Understanding the functional role that Tregs have in inhibit-
ing anti-glioma immunity is critical to the development of 
their therapeutic benefit, as it is a central target in a num-
ber of immunotherapeutic approaches such as anti-CTLA4, 
anti-CD25, anti-GITR, and denileukin diftitox therapies 
[29–32].

Glucocorticoid-induced TNFR-related protein (GITR), 
a tumor necrosis factor superfamily receptor enriched on 
Tregs [31], has shown promise as a target for immuno-
therapy. GITR expression is constitutive on Tregs, due to 
enhancer binding of both Foxp3 and NFκB [33]. Previ-
ous studies have suggested that GITR is a superior target 
of Treg specificity in both murine and human tissues [31, 
34]. Further supporting this notion, T cells sorted using the 
markers CD4+GITR+ can suppress effector T cell prolif-
eration as efficiently as T cells sorted via CD4+Foxp3+ 
expression [20]. The administration of agonistic antibod-
ies against GITR has previously been shown to enhance 
animal survival in a number of malignancy settings [35]. 
While the mechanisms of action are still unclear, FcR-
mediated destruction of Tregs [29], activation-induced cell 
death [36], inhibition of suppressor functions [37], and loss 
of Treg stability [38] have all been attributed to the function 
of GITR antibody therapy. Nevertheless, understanding the 
mechanism of action is critical to enhancing its efficacy for 
future use in the clinic.

Targeting of this molecule has been recently addressed 
in glioma [39], and the results of their work suggest that 
targeting GITR has therapeutic benefit in the context of 
irradiation and warrant understanding of the mechanisms 
behind its anti-tumor activities. As the BBB prevents anti-
bodies from efficiently crossing into central nervous system 
(CNS) tissues [40], we can uniquely determine whether 
tumoral or systemic administration of anti-GITR influ-
ences the efficacy of treatment. This information will be 

imperative to the future use in the clinic for both CNS and 
non-CNS malignancies.

Using an implantable murine model of glioma, we deter-
mined that targeting Tregs within the tumor after tumor 
establishment significantly enhances survival in mice with 
glioma. This survival benefit is dependent on the location 
of antibody administration and is directly related to the 
FcR-mediated destruction of Tregs in the TME. We also 
demonstrate that anti-GITR antibody treatment also has 
effects on dendritic cell (DC) maturation and function, illu-
minating another axis by which targeting GITR can have 
therapeutic efficacy for the treatment of GBM. All of these 
novel observations are of utmost importance to the future 
use of GITR-targeting antibodies in the clinic.

Materials and methods

Animal models

OT-1 (Cat# 003831), Foxp3-IRES-GFP B6 (Cat# 006769), 
perforin knockout (Cat# 002407), and wild-type (Cat# 
000664) mice were purchased from Jackson Laboratory 
(Bar Harbor, ME). FcRγIII knockout mice (Cat# 009637) 
were obtained from Anne Sperling’s Lab, and OTII-B6 
mice were obtained from Qi-Quan Huang at Northwest-
ern University. All animals were maintained by breeding 
homozygous breeders and verified by genotyping via PCR. 
All animal protocols were approved by University of Chi-
cago’s Institutional Animal Care and Use Committee. Mice 
were euthanized by CO2 and cervical dislocation for flow 
cytometric analysis.

Cell culture and tumor implantation

GL261 cells were obtained from NCI Frederick National 
Tumor Repository Laboratory and were cultured in 
DMEM, streptomycin (100 mg/ml) and penicillin (100 U/
ml) (Corning, Corning, NY), 10 % Fetal calf serum (GE, 
Chicago, IL), and incubated at 37 °C with 5 % CO2. Mice 
were injected with 4 ×  105 GL-261 cells in 2.5 μl PBS 
via intracranial injection, at a 3-mm depth using stereotac-
tic apparatus at 6–8 weeks of age. All surgical procedures 
were completed in accordance with NIH guidelines on the 
care and use of laboratory animals for research purposes.

Antibody injections

At 7 and 12 days after GL261 tumor implantation, 10 µg of 
DTA-1 (BioXcell, Lebanon, NH) was injected via intrac-
ranial injection into the same burr-hole as the tumor was 
initially implanted. Mice were monitored for endpoint 
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analysis, or flow cytometry was performed at the times 
indicated. For peripheral injections, 500 µg of anti DTA-1 
was injected intraperitoneally, at both 7 and 12 days after 
intracranial implantation of GL-261 tumor.

Bone marrow dendritic cell (BMDC) cultures

Bone marrow was obtained from the long bones of 
FcRγ−/− B6 mice and plated at a density of 106 cells per 
6-well dishes in RPMI (Corning), 10  % FCS, 1  %l-Glu-
tamine, streptomycin (100 mg/ml), and penicillin (100 U/
ml). For the maturation of DCs, 40 ng/ml of both GM-CSF 
and IL-4 (PeproTech, Rocky Hill, NJ) was added to the 
media. Media were replaced after 3  days, and on the 6th 
day mature DCs were replated at a density of 5 × 104 per 
well in U-bottom 96 wells. Two µM of DTA-1 was admin-
istered to DCs for all in vitro experiments. For DC-pulsed 
T cell proliferation assays, BMDC was pulsed with OVA 
peptides for MHC-class I (SIINFEKL—1 µg/ml) or MHC-
class II (ISQAVHAAHAEINEAGR—10  µg/ml) (Sigma) 
and 2 µM DTA-1. After 24 h, CD8 T cells from OTI mice 
(CD4+ from OTII mice) were obtained from splenocytes 
using a CD8 or CD4 T cell isolation kit, respectively 
(StemCell Technologies, Vancouver, CA), and stained with 
Cell Trace Violet (Life Technologies, Carlsbad, CA) as pre-
viously described [41]. After 72 h, cells were transferred to 
V-bottom 96 wells and stained for via flow cytometry.

Flow cytometric analyses

For in vitro flow cytometry analysis, cells were harvested 
and incubated with Fixable Viability dye APC-eFluor 780 
(1:1000 dilution, Ebioscience, San Diego, CA) for 20 min. 
For DC cultures, cells were then stained using directly 
conjugated antibodies against murine surface antigens, as 
follows: anti-CD40-PE, anti-CD80-FITC, anti-CD3-PE-
Cy7, anti-CD11b-PE, anti-CD11c-APC, anti-CD86-Alexa 
Fluor 700, anti-CD8-BV605, and anti-MHCII-Percp-Cy5.5 
(1:400 dilution, Biolegend, San Diego, CA) and analyzed 
with a BD LSR-Fortessa Flow Cytometer (Becton–Dick-
inson, Franklin Lakes, NJ). For OTI T cell analysis, flow 
cytometry panel was performed as described: anti-CD4-
PE, anti-CD8-APC, anti-CD44-Percp-Cy5.5, and anti-CD3 
PE/CY7 (1:200, Biolegend). For ex  vivo flow cytometry 
analysis, the directly conjugated antibodies against murine 
surface antigens are as follows: anti-CD3-Alexa Fluor 
700 (1:50), anti-CD4-PE-Cy7 (1:100), anti-CD8-BV605 
(1:100), anti-CD44-PE (1:200), and anti-CD62L-APC-Cy7 
(1:100) for surface staining (Biolegend). For intracellular 
staining, cells were fixed/permeabilized stained using the 
Foxp3 staining kit (Ebioscience) using Foxp3-eFluor 450 
(1:100, Ebioscience), granzyme B Alexa Fluor 647 (1:50, 
Biolegend) as described in the product specification sheet.

Regulatory T cell isolation and cultures

Spleen, inguinal lymph nodes, and mesenteric lymph 
nodes were dissected from Foxp3-IRES-GFP mice. CD4 
positive cells were enriched using StemCell technologies 
CD4 isolation kit. CD4-enriched cells were then sorted for 
endogenous GFP+ using FACS (AriaII, BD). Sorted Tregs 
were plated in anti-CD3-Coated U-bottom 96 wells, sup-
plemented with anti-CD28, IL-2 (100  ng/ml) and treated 
as outlined in the figures. Heat-killed GL-261 cells were 
obtained after 3 cycles of incubation at 37 °C then in liquid 
nitrogen. After 48 h, Tregs have been transferred to V-bot-
tom 96 wells (Corning) and have been stained for flow 
cytometry analysis.

Statistical analysis

For individual comparisons, Student’s t test was performed. 
Kaplan–Meier curves were generated to determine relative 
survival of glioma bearing animals under different courses 
of treatment, and log-rank tests were performed to address 
significance between groups. One-way ANOVA was used 
for comparisons between multiple groups, and Tukey’s 
post hoc test was performed to obtain appropriate p val-
ues. Longitudinal data from multiple groups were analyzed 
with two-way ANOVA followed with Bonferroni’s multiple 
sample post hoc test. p ≤ 0.05 was considered significant. 
*p < 0.05; **p < 0.01; ***p < 0.001; ns not significant.

Results

Regulatory T cells accumulate in glioma tissues 
and express increasing amounts of granzyme B

To assess the phenotype of Tregs within glioma tissues 
[6], we implanted a syngeneic astrocytoma line, GL261, 
into Foxp3-IRES-GFP mice [42]. These mice stably 
expressed GFP at the same time as Foxp3, the master 
regulator of Treg function. After 1, 2, and 3 weeks post-
tumor implantation, lymphocytes were harvested from the 
brain and lymphoid tissues and flow cytometric analyses 
were performed as noted in Fig. 1a (Fig. 1b–e were ana-
lyzed at week 3). The expression of granzyme B (GrB) 
in Tregs significantly increases over time, from 10  % of 
Tregs expressing GrB at week one, 25 % at week two, and 
60 % at week three after tumor establishment (p ≤ 0.001), 
consistent with a recent study showing that Tregs express 
a large amount of GrB in glioma tissues [43] (Fig.  1a). 
Accumulation of granzyme is restricted to Foxp3+ T cells 
of the CD4+ lineage as shown in the representative scatter 
plot (Fig.  1b), suggesting a potential role for GrB in the 
immunosuppressive activities of Tregs in the TME. GrB 
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expression is only found within T cells that have increased 
expression of CD44, a well-established marker of T cell 
activation. To determine whether progressive accumula-
tion of GrB within Tregs occurs specifically within the 
TME, we measured the GrB expression of Tregs in the 
draining lymph nodes (CLN), non-draining lymph nodes, 
(ILN) and the spleen (Fig.  1c), and found a significant 
increase (p ≤  0.001) in Treg GrB expression within the 
brain. We next measured recruitment of GrB-expressing 
Tregs across tissues in tumor-bearing versus PBS-injected 
animals (Fig. 1d). While PBS-injected mice have no GrB 
Tregs in the brain, tumor-bearing mice strongly recruit 
this subset (1000-fold increase, p ≤ 0.01). To better under-
stand the contribution of the Foxp3+GrB+ cellular subset 
to the entire CD4+ compartment, we compared percent-
ages of GrB Tregs to the total CD4+ subset (Fig. 1e) and 
determined that they represent a large component (10 %, 
p ≤ 0.01) of CD4+ T cell within the brain (Fig. 1d) with 
a significant increase in the draining lymph nodes. The 
accumulation of GrB+ Tregs to tumor tissues suggests that 
either the local TME is recruiting Tregs with this pheno-
type or they are being programmed within the tumor to 
begin expressing cytolytic enzymes.

Granzyme expression by Tregs is induced by the TME 
and can be inhibited with anti‑GITR antibodies

To test whether granzyme expression in Tregs is affected by 
tumor byproducts, as a previous study demonstrated [44], 
we harvested supernatant from GL261 cultures, and from 
heat-killed GL261 tumor lysates and co-cultured them with 
FACS sorted Foxp3+GFP+ Tregs for 48 h (Fig. 2a). GL261 
supernatant and heat-killed GL261 lysates resulted in sig-
nificantly increased GrB expression (35 and 70 %, respec-
tively) by Tregs compared to Tregs in culture alone (2 %) 
(Fig. 2c). To address if the production of GrB by Tregs has 
any functional outcome on the number of antitumor effec-
tors within the tumor, we implanted GL261 into perforin 
knockout mice (Prf1−/−), which abrogates the release of 
granzymes in vivo (Fig. 2a, b). The lack of a conditional-
knockout model makes it difficult to address how per-
forin/granzyme expression by Tregs influences tumor 
growth, as these molecules are also centrally important 
for effector immune responses. Indeed, the tumor growth 
of Prf1−/− mice compared to wild-type mice was not sig-
nificantly different as measured by histological examina-
tion (Supplementary Figure S1). However, this model can 
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Fig. 1   Regulatory T cells accumulating in glioma express large 
amounts of granzyme B. Foxp3-IRES-GFP mice implanted i.c., had 
lymphocytic infiltration phenotyped via flow cytometry at 3  weeks 
post-tumor implantation (1, 2, and 3 weeks post-implantation in a). 
a The accumulation of GrB expression by Tregs in the tumor over 
time. b Representative flow plot of CD4+ T cell infiltrates in the 
tumor tissues of mice. c The percentage of Tregs expressing gran-
zyme in the brain, draining lymph nodes (CLN), non-draining lymph 

nodes (ILN), and spleens of GBM tumor-bearing mice. d The % 
contribution of GrB+ Treg+ to the total CD4+ compartment in dif-
ferent tissues. e The total numbers of GrB+ Tregs+ in different tis-
sues of glioma bearing mice. All data in a–d are representative of two 
independent experiments with 4–5 mice per group/per experiment, 
and e is compiled from two experiments per time point with a total 
n = 9–10 per group. *p < 0.05; **p < 0.01; ***p < 0.001
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help us understand whether Tregs are using this pathway 
to kill effectors within the tumor, and importantly, the per-
centage of CD4 T cells expressing Foxp3 was significantly 
reduced within tumors of Prf1−/− mice as compared to 
wild-type mice (from 50 ±  5 to 40 ±  3  %, respectively) 
but remained unchanged in peripheral tissue as determined 
through flow cytometric analysis (Fig.  2b). Furthermore, 
the ratio of Tregs to CD4+ effectors, CD8+ CTLs, and NKs 
was significantly reduced (p ≤ 0.05) within the tumors of 

Prf1−/−mice as compared to controls (Fig. 2c). These data 
were suggestive of the possibility that Tregs might be using 
GrB to suppress the proliferation of anti-tumor effectors 
within the glioma microenvironment. To test this, we used 
the agonistic antibody against GITR (DTA-1) which has 
been proposed as an inhibitor of Treg GrB expression and 
their ability to suppress T cell proliferation [45, 46].

To determine whether DTA-1 treatment inhibits tumor-
driven GrB expression by Tregs, we sorted Tregs from 

Fig. 2   Granzyme expres-
sion by Tregs has functional 
relevance and is regulated by 
GITR expression. a, b Perforin 
(which is required for granzyme 
release) knockout B6 mice 
were implanted with GL261, 
and lymphocytic infiltration 
was assessed via flow cytom-
etry. c Tregs were sorted from 
Foxp3-GFP mice and cultured 
in the presence of 10 % GL261 
supernatant, heat-killed Gl261 
cells or in d, the assay was 
performed in the presence of 
DTA-1 antibody. e Mice were 
injected intracranially with 
10 μg of anti-GITR antibody 
(DTA-1) 7 days post-tumor 
implantation, and flow cytom-
etry was performed 48 h later 
to address granzyme expression 
by different T cell subsets. Data 
in a, b are representative of two 
independent experiments with 
4 mice per group/per experi-
ment, significance calculated 
using unpaired Student’s t test. 
Data in c, d are compiled from 
two experiments each groups 
was performed in quintuplicate, 
significance calculated using 
a one-way ANOVA followed 
by a Tukey’s post hoc test for 
individual comparison. Data in 
e are shown as mean ± SEM 
aggregated from two inde-
pendent experiments with 
n = 8 mice analyzed. Error 
bars for all groups calculated 
as mean ± SEM. *p < 0.05; 
**p < 0.01; ***p < 0.001
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Foxp3-GFP mice and cultured with GL261 supernatant 
for 48  h in the presence of DTA-1 before running flow 
cytometric analysis (Fig.  2d). DTA-1 treatment alone has 
no influence on GrB expression by Tregs, while DTA-1 
treatment with GL261 supernatant returned GrB levels to 
those in culture alone. To address if DTA-1 can inhibit GrB 
expression by Tregs in the tumor, we intracranially injected 
anti-GITR antibodies directly to the tumor site in Foxp3-
GFP mice (Fig.  2e). Intracranial treatment of DTA-1 into 
GL261 tumor-bearing mice caused a twofold decrease 
in the percentage of Tregs expressing GrB (Fig.  2e). The 
reduction in GrB on CD4+Foxp3− T cells was also reduced 
with DTA-1; however, the expression of GrB by this subset 
is less than 1 %. No change was seen in CD8+ granzyme 
expression, which indicates that anti-GITR antibody treat-
ment might be a way to preferentially target Tregs in the 
glioma tissue without perturbing the effector arm of the 
anti-tumor response.

Systemic treatment with GITR antibodies has minimal 
influence on animal survival

To test the influence of anti-GITR therapy on established 
gliomas, we implanted mice with the murine GL261 line 
and treated them with 500 µg of DTA-1 at 7 and 12 days 
post-implantation via i.p. injection, at which time these 
tumors have already established (Fig. 3). Peripheral treat-
ment of DTA-1 provided no benefit to median survival as 

determined by log-rank test analysis although 10 % of mice 
were long-term survivors (Fig.  3a). This is in accordance 
with a recent study, showing that peripheral treatment with 
DTA-1 alone does not provide significant benefit to glioma 
bearing mice [39]. To determine whether the T cell phe-
notype is changed with peripheral DTA-1 treatment, mice 
that were treated with DTA-1 (or isotype control) had their 
brains, draining lymph nodes, and spleen harvested 48  h 
post-antibody injection to perform flow cytometric analy-
ses (Fig.  3b–e). Analysis revealed that the percentage of 
Tregs expressing GrB in the brains of tumor-bearing mice 
was significantly reduced with DTA-1 treatment (26 ± 1 % 
of Tregs in controls, compared to 14.9 ± 2 % with DTA-1 
treatment, p ≤  0.001) (Fig.  3b); however, the total num-
ber of GrB+Foxp3+ T cells was not significantly reduced 
(Fig. 3c). The percentage of CD4+ that were Tregs in the 
brain (Fig. 3d) and the total number of Tregs with systemic 
DTA-1 treatment remained unchanged within the tumor 
(Fig. 3e), suggesting that systemic treatment has a role in 
inhibiting Treg functionality in the periphery but does not 
influence their recruitment to the tissues. Due to the loca-
tion of the glioma within the CNS, the blood–brain barrier 
prevents many antibodies from crossing, potentially inhib-
iting the ability of the antibody to provide efficacy at the 
tumor site. Furthermore, even though GITR expression is 
found predominantly on Tregs, its expression is increased 
almost fivefold on Tregs within the TME (Supplementary 
Figure. S2), suggesting that the effects of DTA-1 treatment 
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Fig. 3   Peripheral anti-GITR treatment does not confer survival ben-
efit in glioma bearing mice. a–e Foxp3-GFP mice were implanted i.c. 
with 4×105 GL261, followed by two 500  µg i.p. injections of anti-
GITR antibody. Endpoint analysis was performed in a. b–e Lym-
phocytic infiltration was assessed via flow cytometry 48 h after first 
antibody treatments. Data in a are compiled from two independent 

experiments with n =  6–7 mice per group, significance was calcu-
lated using the log-rank test. b–e Data are representative of two inde-
pendent experiments with 4–5 mice per group/per experiment, signifi-
cance calculated using unpaired Student’s t test. Error bars calculated 
as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001
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might differ if the antibody is directly injected to the tumor 
site. To address this limitation due to the blood–brain bar-
rier, we tested to see whether intracranial treatment with 
DTA-1 had a different effect on animal survival as com-
pared to peripheral administration.

Intracranial anti‑GITR treatment causes significantly 
increased animal survival in glioma bearing animals

After 1  week of GL261 establishment, we injected anti-
GITR antibodies directly to the tumor site. Interestingly, 
intracranial treatment of DTA-1 caused a significant median 
survival benefit in mice (30 days for DTA-1 as compared to 
19 for control, p ≤ 0.01), with 10 % of mice being long-
term survivors (Fig. 4a). While peripheral administration of 
DTA-1 caused only a decrease in the percentage of Tregs 
expressing GrB, intracranial treatment caused a significant 

decrease in both the percentage (p ≤ 0.01) and total num-
ber (p  ≤  0.001) of Tregs expressing GrB (Fig.  4b, c). 
Furthermore, the percentage of intracranial CD4 that are 
Foxp3+ (46 ± 1 % isotype versus 25 ± 1.3 % for DTA-1, 
p ≤  0.001) and their total numbers within the tumor was 
significantly reduced (1 ×  105 ±  2 ×  104 isotype versus 
3 ×  104 ±  4 ×  103 for DTA-1, p ≤  0.05) (Fig. 4d–e). It 
is important to note that these changes are located solely 
within the tumor as no significant difference was observed 
in the DLN or the spleens of DTA-1-treated animals. High-
lighting the specificity of the treatment, intracranial DTA-1 
administration does not inhibit CD4+Foxp3− (Fig.  4f) 
or CD8+ subsets (Fig.  4g, h) within the TME, DLN, or 
spleens. To determine whether the decrease in Tregs is sus-
tained with DTA-1 therapy, we addressed the T cell infil-
trates of mice 1  week after DTA-1 administration (Sup-
plementary Figure. S3). The Tregs in the tumors of these 
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Foxp3-GFP mice were implanted i.c. with 4×105 GL261, followed 
by two 10 µg i.c. injections of anti-GITR antibody directly into the 
tumor. Endpoint analysis was performed in a. b–h Lymphocytic 
infiltration was assessed via flow cytometry 48 h after first antibody 

treatments. Data in a are compiled from three independent experi-
ments with n =  10–11 mice per group, significance was calculated 
using the log-rank test. b–h Data are representative of two independ-
ent experiments with 4–5 mice per group/per experiment, significance 
calculated using unpaired Student’s t test. Error bars calculated as 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001
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mice were not significantly different in the percentage of 
CD4+ that were Foxp3+ and also in the percentage of Tregs 
that were GrB+. This suggests that the effects of the anti-
body treatment are only temporary and could benefit from 
osmotic pump administration or other long-term infusion 
strategies.

Intracranial anti‑GITR treatment functions 
via FcγR‑mediated elimination of Tregs

Fc-Receptor gamma-mediated destruction of Tregs has 
been recently described for a number of therapeutic anti-
body treatments including the action of DTA-1 in a murine 
model of colon tumors [47]. To address the role of Fc-
receptor-mediated Treg depletion, we implanted GL261 
into FcγIII receptor knockout mice (FcRγ-) (Fig. 5). This 
high affinity receptor is thought to be responsible for Fc-
mediated destruction/phagocytosis of antibody-bound 
cells [29]. Interestingly, while implantation into these 
mice abrogated the survival benefit seen in control mice, 
there still was significant increase in median animal sur-
vival (21  days for DTA-1 as compared to 17 for control, 
p ≤ 0.05) (Fig. 5a). Intracranial DTA-1 treatments caused 
no observable changes in percentages of CD4 Foxp3+ or 
their total numbers in FcRγ- mice (Fig. 5b, c). These data 
correlate with in vitro assays we performed in which CD3/
CD28 stimulated whole splenocytes with DTA-1 for 72 h 
caused nearly a threefold decrease in Treg/effector T cell 
ratios, which was significantly abrogated (p ≤ 0.001) when 
the assay was performed with splenocytes from FcRγ-
knockout mice (Fig. 5d). Such findings allow us to contend 
that the reduction in Tregs that occurs with intracranial 
DTA-1 treatment occurs via Fc-mediated phagocytosis and 
not by intrinsic effects on Treg function.

DTA‑1 administration enhances dendritic cell viability 
and function

Considering that intracranial DTA-1 treatment elicited a 
significant survival benefit without any overt changes in 
Treg numbers in FcRγ-mice (Fig.  5), suggests that anti-
GITR antibody treatment is exerting its effects in a way 
that has not yet been determined. Our in  vitro analyses 
revealed that DCs might be influenced by DTA-1 treatment 
(Fig.  6). To investigate this phenomenon, we determined 
the DC phenotype of splenocyte cultures with DTA-1 treat-
ment (Fig. 6a–c). Interestingly, in these culture conditions, 
DCs appeared to be more activated as their expression of 
MHC-II was upregulated after DTA-1 treatment (Fig.  6a, 
b). As expected, DTA-1 treatment resulted in the reduction 
in Tregs in vitro (Fig. 6c). This increase in DC activation 
suggests that the influence of DTA-1 on Tregs has down-
stream effects on DC licensing [48], or DTA-1 treatment 

is having a direct effect on DC function/phenotype. To 
address this, we generated bone marrow dendritic cells 
(BMDC) [49] and treated them with DTA-1 or its isotype 
control (Fig.  6d–f). Treatment of BMDCs with DTA-1 
significantly increased the total number of viable DCs in 
culture by approximately 20 % (p ≤ 0.001) (Fig. 6d), and 
significant increases in DCs expressing the activation mark-
ers MHC-II (p ≤  0.05) and CD86 (p ≤  0.01) were also 
observed (Fig.  6e, f). To determine whether DCs treated 
with DTA-1 are functionally enhanced, DTA-1 pre-treated 
BDMCs were pulsed separately with ovalbumin peptides 
corresponding to either MHC-class I (SIINFEKL—1  µg/
ml) or MHC-class II (ISQAVHAAHAEINEAGR—10  µg/
ml) and proliferation of ovalbumin-specific T cells was 
assessed (OTI CD8+ and OTII CD4+, respectively). DTA-1 
pre-treatment on BMDCs significantly enhanced pro-
liferation of labeled OTI CD8 T cells, as OTI CD8+ had 
increased numbers of cells in 3 and 4 divisions compared 
to isotype control (Fig.  6g, h). DTA-1 pre-treatment on 
BMDCs also enhanced proliferation of labeled OTII CD4+ 
T cells by increasing total percentages of antigen-specific 
cells undergoing division, as well as those in 2, 3, and 4 
divisions compared to isotype control (Fig. 6i). The results 
of this experiment show that anti-GITR has effects directly 
on DCs and can enhance antigen-specific T cell responses.

Discussion

In this study, we demonstrated that targeting the molecule 
GITR is a potentially advantageous therapeutic strategy for 
the treatment of glioma. As this therapeutic strategy targets 
the inhibitory component of T cell responses, an important 
consideration is to determine its contribution to checkpoint 
blockade immunotherapy. [50]. Anti-PD-1 therapy, which 
has recently attracted attention due to its strong benefits for 
many melanoma patients, reverses T cell exhaustion that is 
triggered within tumors [51]. However, Tregs are still likely 
capable of suppressing these aggressive T cells, which is 
why targeting them may be of critical importance for the 
efficacy of PD1 immunotherapy [50]. There is currently 
a humanized anti-GITR antibody being tested in a phase 
1 clinical trial for patients with solid growth tumors (NC 
T01239134). Perhaps in the future, we can extend this ther-
apy to patients with glioma and combine it with checkpoint 
therapies that target the effector compartment.

Previous studies suggest that DTA-1 treatment exerts 
its effects via converting Tregs to effectors to drive the 
anti-tumor response [38]. Our data suggest that both Fc-
mediated destruction of Tregs and the direct role of DTA-1 
on DC survival and functionality represent a major set of 
mechanisms of targeting GITR in glioma, and demon-
strate the promise of targeting Tregs for immunotherapy. In 
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addition, as the effect of DTA-1 after tumor implantation 
compared to other Treg-targeted has yet to be elucidated, 
future studies will aim at understanding how DCs are 
influenced by GITR modulation and how that may repre-
sent a different way to influence DC-centered therapies in 
the clinic [52]. Furthermore, the results of this study give 
rise to the discussion as to whether or not the accumula-
tion of Tregs is suppressing anti-tumor immunity in glioma 
patients [26].

Due the tumors unique location within the CNS, this 
study allowed us to address whether Treg-targeted therapy 
systemically or within the tumor elicits different efficacy. 
Our study demonstrates that the route of administration is 
critical to the efficacy of the antibody treatment, as GITR 
expression is dramatically upregulated on Tregs within the 
tumor, suggesting that targeting Tregs at the tumor site is 
more efficacious. Our group had previously demonstrated 
that GITR expression by Tregs alone increases over time 
within the tumor [6] and suggests that this increase in 
GITR expression makes them more efficiently targeted 
with intracranial antibody treatment. It is interesting 
that the location of antibody administration makes a pro-
nounced difference in efficacy as checkpoint immunother-
apies for GBM in the same animal model can efficiently 
exert their effects when administered systemically [5]. As 
mechanistic explanations of GITR therapeutic efficacy dif-
fer from group to group, these data suggest that it might be 
influenced by the ability of the antibody to reach the site 
of the tumor. This paper provides strong evidence that not 
only does the type of immunotherapy matter for the treat-
ment of glioma, but also the anatomical location of admin-
istration may be critical to its effectiveness.

We demonstrate that anti-GITR has an intrinsic effect 
on Tregs by reducing their GrB expression and thus poten-
tially preventing their cytotoxic capabilities. The target-
ing of this pathway alone did not elicit significant survival 
benefit; rather, it was the Fc-mediated destruction of Tregs 
by which this antibody exerts its effect. This has been pro-
posed as a major mechanism for DTA-1 effectiveness in 
other murine tumor models [47], and can now be extended 
to our murine model of glioma. This suggests that target-
ing Tregs as a whole versus any particular suppressive 
mechanism is the most effective way to enhance anti-tumor 
immunity. Considering the myriad of ways in which Tregs 
can suppress immune responses, this is perhaps not sur-
prising [53]. This study also has shown that there is direct 
influence of DTA-1 on both DC proliferation and anti-
gen presentation. Previous studies have demonstrated that 
GITR ligation can signal through the pro-survival NF-kB 
pathway in T cells and may explain why DTA-1 treatment 
enhances survival and functionality of DC [54]; however, 
the reasons why the effects of signaling through DTA-1 
have diverging roles on DCs versus Tregs are unknown. 
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independent experiments with 4 mice per group/per experiment, 
significance calculated using the log-rank test. Data in b–d are rep-
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Summarily, our data show that targeting the GITR pathway 
in glioma is an important target for immunotherapy and 
warrants further studying into the use of this antibody for 
the treatment of glioma.
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