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Abstract
Background. The changes induced in host immunity and the tumor microenvironment by chemotherapy have 
been shown to impact immunotherapy response in both a positive and a negative fashion. Temozolomide is the 
most common chemotherapy used to treat glioblastoma (GBM) and has been shown to have variable effects on 
immune response to immunotherapy. Therefore, we aimed to determine the immune modulatory effects of temo-
zolomide that would impact response to immune checkpoint inhibition in the treatment of experimental GBM.
Methods.  Immune function and antitumor efficacy of immune checkpoint inhibition were tested after treatment 
with metronomic dose (MD) temozolomide (25 mg/kg × 10 days) or standard dose (SD) temozolomide (50 mg/
kg × 5 days) in the GL261 and KR158 murine glioma models.
Results.  SD temozolomide treatment resulted in an upregulation of markers of T-cell exhaustion such as LAG-3 and 
TIM-3 in lymphocytes which was not seen with MD temozolomide. When temozolomide treatment was combined 
with programmed cell death 1 (PD-1) antibody therapy, the MD temozolomide/PD-1 antibody group demonstrated 
a decrease in exhaustion markers in tumor infiltrating lymphocytes that was not observed in the SD temozolomide/
PD-1 antibody group. Also, the survival advantage of PD-1 antibody therapy in a murine syngeneic intracranial 
glioma model was abrogated by adding SD temozolomide to treatment. However, when MD temozolomide was 
added to PD-1 inhibition, it preserved the survival benefit that was seen by PD-1 antibody therapy alone.
Conclusion. The peripheral and intratumoral immune microenvironments are distinctively affected by dose modu-
lation of temozolomide.
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Key Points

1.	SD temozolomide increases exhaustion markers on T cells, while MD temozolomide does 
not exhaust T cells.

2.	PD-1 blockade can reverse exhaustion induced by SD temozolomide in peripheral T cells 
but not on tumor infiltrating lymphocytes.

Immune checkpoint inhibitors have dramatically changed the 
landscape of cancer treatment due to their efficacy in tradition-
ally resistant solid tissue malignancies.2–4 These drugs block 
inhibitory interactions between tumor cells and T cells, thereby 
resulting in activation of T cells against tumor antigens.5 The 
ability to leverage a patient’s endogenous antitumor immu-
nity is a compelling strategy and is also being tested for the 

treatment of glioblastoma (GBM). The animal data6–8 have 
been compelling, and initial human preliminary data for GBM9 
were promising.

Programmed cell death 1 (PD-1) is one of the immune 
checkpoints that is actively being investigated in GBM. PD-1 
blockade has been shown to activate T cells against tumor 
neoantigens.10 PD-1 inhibitors have shown dramatic response 
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rates in solid tissue malignancies with known high muta-
tional burden11 and neoantigens such as melanoma12 and 
non–small cell lung carcinoma.2 GBM tumors with errors 
in DNA repair mechanisms such as those with biallelic mis-
match repair deficiency have also demonstrated response 
to PD-1 blockade.13 However, a recently completed phase 
III clinical trial using PD-1 inhibition monotherapy in 
unselected patients with recurrent GBM demonstrated no 
survival benefit.14

Given these results, the effects of combinatorial strate-
gies for newly diagnosed GBM are critical.

Standard treatment of newly diagnosed GBM includes 
temozolomide (TMZ), which causes lymphopenia in the host 
as well as changes in the tumor microenvironment.15,16 The 
changes induced by TMZ vary based on dose17–19 and method 
of delivery.20,21 Therefore, we aimed to determine if dose 
modification of TMZ resulted in changes in host immunity 
and tumor microenvironment that would impact response 
to PD-1 inhibition in the treatment of GBM. We hypothesized 
that variations in dosing of TMZ would impact the efficacy of 
immune checkpoint inhibition for glioma due to a decrease in 
immunosuppressive cells and lymphocyte exhaustion.

Methods

Animals

C57BL/6 mice, OT-I transgenic mice on the C57BL/6 back-
ground, and interferon (IFN)-gamma reporter with en-
dogenous polyA transcript (GREAT) mice were purchased 
from Jackson Laboratories. Studies were approved by the 
University of Florida Institutional Animal Care and Use 
Committee.

Tumor Cells and Intracranial Tumor Implantation

The tumor cell lines GL261, B16F10-OVA, and KR158 were 
utilized for the studies. The GL261 line is a glioma that has 
some sensitivity to TMZ and PD-1 blockade. The KR158 line 
is a highly invasive radiation and chemotherapy-resistant 
glioma,22 and was originally isolated from a spontane-
ously arising astrocytoma in an NF1;Trp53 mutant mouse 

that was on a C57BL/6 background.23 B16F10-OVA is a well-
established melanoma cell line. Culture media utilized 
for GL261, B16F10-OVA, or KR158 tumor cells consisted 
of Dulbecco’s modified Eagle’s medium (DMEM)/F12 and 
DMEM with sodium pyruvate, respectively, that was sup-
plemented with 10% fetal bovine serum, and 1% penicillin/
streptomycin. For tumor implantation experiments, tumor 
cells were mixed 50/50 with methylcellulose (R&D Systems) 
and phosphate buffered saline. Using sterile technique, the 
tip of the needle was positioned at bregma and 2 mm to the 
right of the cranial midline suture and 4 mm below the sur-
face of the cranium using a Kopf stereotactic frame.

Treatment with Temozolomide and Immune 
Checkpoint Blockade

Animals were treated with standard dose (SD) or met-
ronomic dose (MD) TMZ (Sigma Aldrich #T2577) and/or 
PD-1 monoclonal antibody (BioXcell, clone: RMP1-14). The 
dose for TMZ was defined as SD based on calculations of 
human doses of 200 mg/m2 that were converted to appro-
priate doses for a mouse.24 SD TMZ was defined as 50 mg/
kg for 5 days and MD TMZ defined as 25 mg/kg for 10 days 
via intraperitoneal (i.p.) injection. These doses were cho-
sen based on prior reports using 50 mg/kg for 5 days as 
representative of standard dosing in a murine model.25 
Metronomic dosing was chosen to be the same total dose 
over a prolonged period of time without giving these ani-
mals the advantage of a larger total dose. Although this 
does not reflect metronomic dosing in patients, this dose 
was utilized to demonstrate dosing impact on host immu-
nity and changes in response to immune checkpoint inhibi-
tion. PD-1 antibody was given i.p. with a dose of 10 mg/kg 
every 5 days for 4 doses.

Peripheral Blood Draws and Complete 
Blood Counts

Submandibular bleeding was used to collect blood. Whole 
blood was lysed using BD Lysing buffer (Fisher Scientific 
#BD 555899). Cells were washed with flow cytometry 
buffer (phosphate buffered saline containing 2% fetal 

Importance of the Study

Temozolomide is the most common chemotherapy for 
the treatment of GBM and results in lymphopenia. This 
lymphopenia has been shown to impact response to 
various immunotherapeutic strategies. In this work, 
we found that temozolomide modulates host immune 
function differentially based on dosing. Standard dos-
ing of temozolomide resulted in exhaustion of periph-
eral and intratumoral T cells and a greater proportion 
of peripheral immunosuppressive cells. These effects 
were not seen with metronomic dosing of temozolo-
mide. Importantly, SD temozolomide removed the 

survival benefit of PD-1 immune checkpoint blockade 
in a murine glioma model responsive to PD-1 blockade. 
The combination of MD temozolomide and PD-1 
blockade preserved the improved survival seen with 
PD-1 blockade alone. Therefore, metronomic dosing of 
temozolomide may be a preferred strategy when com-
bined with immunotherapeutic platforms that depend 
on activation of endogenous immune response. These 
findings have implications for combinatorial strategies 
for chemotherapy and immunotherapy in the treatment 
of GBM.1
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bovine serum) and stained with CD3 (Fisher Scientific 
#BDB551163), CD4 (Fisher Scientific #50402924), and CD8 
(Fisher Scientific #BDB553035) antibodies.

Antibodies and Flow Cytometry

Used for cell surface marker staining were antibodies 
for CD279 (BD Biosciences #561788), CD366 (Biolegend 
#3119701), CD223 (BD Biosciences #562346), CD274 
(Fisher Scientific #BDB558091), CD11b (Fisher Scientific 
#BDB550993), F4/80 (Biolegend #123133), Ly6G/Ly-6c 
(Biolegend #108406), as well as appropriate isotype controls. 
For intracellular staining, samples were permeabilized with 
buffer (Thermo Fisher Scientific #88882400) and stained for 
FoxP3 (Thermo Fisher Scientific #53577380). Staining of cir-
culating OT-I CD8+ T cells was performed by PE-H-2 Kb OVA 
(SIINFEKL murine tetramer; MBL International #TB-5001-1).

Immunofluorescence Microscopy

Samples were embedded in Tissue-Tek OCT (Electron 
Microscopy Sciences), frozen. Sections were cut (5  μm 
thick) with Leica CM1850 Cryostat (Leica Microsystems). 
Immunofluorescence staining was performed with the 
antibodies of anti-CD3, anti-CD4, anti-B220, and anti-CD8. 
Sections were evaluated via an EVOS fluorescence micro-
scope at 20x magnification.

Functional Stimulation Assay

To determine antitumor T-cell function, T cells were isolated 
from spleens by a pan T-cell isolation kit II (Miltenyi Biotec 
#130095130). T cells were co-cultured with dendritic cells 
electroporated with ovalbumin (OVA) antigen and the super-
natant was collected 24 hours later. The Mouse IFN-γ ELISA 
Kit II (BD Biosciences) was used to determine IFN-γ secretion.

Tumor Infiltrating Cells

To identify tumor infiltrating immune cells, the brain was 
removed and the injected hemisphere was homogenized 
and resuspended in Percoll (Fisher Scientific). The cells 
were overlaid onto a Percoll gradient and centrifuged. 
Lymphocytes were collected from the 37% / 70% interface.

Analysis of IFN-γ Production

Transgenic GREAT mice were implanted with tumors and 
treated as designed. Tumors were harvested, and tumor 
infiltrated immune cells were isolated and analyzed for 
IFN-γ secretion by flow cytometry. Yellow fluorescent pro-
tein (YFP) is coexpressed with IFN-γ, and FL1 channel was 
used to detect each cell expressing IFN-γ.

NanoString and RNA Sequencing

An nCounter Pancancer Immune Profiling Panel 
(NanoString Technologies) for gene expression was used 

for cancer immune response analysis. Total RNA of all 
treatment groups and untreated controls was extracted 
from tumors using the RNeasy Lipid Tissue Mini Kit 
(Qiagen) and used for the nCounter Digital Analyzer. Data 
were analyzed with nSolver Analysis software 4.0 with nor-
malization utilizing positive and negative control probes 
as well as housekeeping genes. For RNA sequencing, total 
RNA was isolated from tumors and sent to the University 
of Florida Interdisciplinary Center for Biotechnology 
Research for paired end sequencing. The input sequences 
were trimmed using Trimmomatic. Quality control was per-
formed before and after trimming using FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
Differentially expressed genes (DEGs) in each contrast with 
absolute fold change (log2 FC) ≥1.0 and false discovery rate 
(FDR) corrected P-value  ≤0.01. Pathways of KEGG (Kyoto 
Encyclopedia of Genes and Genomes) were enriched and 
visualized as a dot plot from DEGs by R package clusterPro-
filer (P < 0.05, FDR < 0.05).26 Immune checkpoints and co-
inhibitor molecule expression of 2 groups were plotted to a 
volcano plot by R packages ggplot227 and ggrepel (https://
github.com/slowkow/ggrepel).

Statistical Analysis

Mann–Whitney U-tests and Student’s t-tests were used to 
analyze data from 2 different groups. One-way ANOVA was 
used to determine statistical significance between >2 in-
dependent groups; however, for analysis of more than 2 
independent variables, 2-way ANOVA was used. Survival 
data were analyzed by the Gehan-Breslow-Wilcoxon test. 
In all experiments, statistical significance was set at the 
level of P < 0.05. Statistical analysis was performed using 
GraphPad Prism 7.03 software.

Results

Impact of Temozolomide Dosing on Peripheral 
Immune Cell Phenotype

Temozolomide is well known to result in lymphodepletion 
that can be leveraged for enhanced antigen-specific T-cell 
recovery when combined with cellular-based immuno-
therapy.17–19,28 The effects of TMZ-induced lymphodepletion 
on response to immune checkpoint inhibition are still un-
known. Since our group has demonstrated that dosing of 
TMZ results in different effects on host antigen-specific T 
cells,17 we tested 2 different doses of TMZ. MD and SD TMZ 
were delivered to mice, and peripheral blood was collected 
to test different markers and absolute counts using flow 
cytometry. The absolute lymphocyte counts decreased at 
different timepoints posttreatment.

The SD TMZ group had a mean CD4 T-cell count of 311.37 
compared with 658.43 in the MD TMZ group at 1 week 
(Fig. 1A). Similarly, the mean absolute CD8 T-cell count in 
the SD TMZ group at 1 week was 150.64 compared with 
247.61 in the MD TMZ group. As expected, higher doses of 
TMZ resulted in a more significant lymphopenia in both 
CD4 and CD8 T cells.



733Karachi et al. Dose modulation of temozolomide affects T cells
N

eu
ro-

O
n

colog
y

PD-1 inhibition efficacy has been linked to the expression 
of PD-1 and PD ligand 1 (PD-L1) on both T cells and tumor 
cells.29–31 In these experiments, we tested the expression 
of these markers on murine splenocytes using immu-
nofluorescence microscopy. Evaluation of non–tumor 
bearing murine spleens after SD TMZ treatment showed a 
qualitative upregulation of both PD-1 and PD-L1 (Fig. 1B). 
This finding was further investigated on circulating T cells 
in tumor-bearing mice with MD and SD TMZ treatment. 
GL261 tumor-bearing animals were treated with either MD 
or SD TMZ. KR158 tumor-bearing animals were also treated 
and these results are shown in the Supplementary Figures. 
Both MD and SD TMZ resulted in a several-fold increase 
in PD-1 and PD-L1 expression on CD4+ and CD8+ T cells 
(Fig. 1C). PD-1 increased significantly in CD8 T cells (3.5-
fold increase) in the MD TMZ treatment group at 2 weeks 
(P < 0.001). PD-L1 increased in both CD4 and CD8 T cells 
(up to 27-fold) at 1 and 2 weeks posttreatment with TMZ re-
gardless of dose (P < 0.0001). Next, mice were tested for 
expression of markers of immune suppression. SD TMZ 
treatment resulted in an upregulation of markers of T-cell 
exhaustion on lymphocytes such as lymphocyte-activation 
gene 3 (LAG-3) and T-cell immunoglobulin and mucin-
domain containing 3 (TIM-3) (Fig. 2A, Supplementary 
Figure 1A, B). Notably, MD TMZ did not result in any in-
crease in these exhaustion markers.

In addition to T cells, the effects of TMZ on regulatory T 
cells (Tregs) and myeloid derived suppressor cells (MDSCs) 
were evaluated. We found the relative number of Tregs had 
a trend for increase after both SD and MD TMZ with greater 
effects of SD TMZ (Fig. 2B, Supplementary Figure 1C).

Furthermore, SD TMZ treatment resulted in a 47-fold in-
crease in PD-L1 expression on Tregs at 2 weeks posttreat-
ment (Fig. 2B, Supplementary Figure 1D) that was not 
observed with MD dosing. The upregulation of PD-L1 on 
Tregs is associated with increased immunosuppressive ac-
tivity.32 SD TMZ was also associated with a 4-fold increase 
in blood CD11b+ and Ly6G/6c+ cells (P  =  0.04; Fig. 2C, 
Supplementary Figure 1E, F) that was not observed by MD 
TMZ. These data suggest that MD TMZ may have the ad-
vantage of reduced peripheral blood immunosuppressive 
cells.

Temozolomide Effects on Tumor Infiltrating 
Lymphocytes and Antigen-Specific T-Cell 
Function

Next, we tested the impact of TMZ on the functionality of 
tumor infiltrating lymphocytes (TILs). GREAT mice, which 
have YFP, were implanted with GL261 or KR158 tumors. 
After treatment with MD or SD TMZ, tumors were har-
vested and TILs were isolated and tested for IFN-γ by YFP 
using flow cytometry. The ratio of CD3+ T cells expressing 
IFN-γ to CD3+ T cells decreased with both MD and SD TMZ 
treatment. This decrease in the ratio was more dramatic in 
the SD (P = 0.0013) (Fig. 3A, Supplementary Figure 2A, B). 
Conversely, tumors treated with MD TMZ had a trend for 
decreased expression of markers associated with exhaus-
tion on TILs. TILs that were triple positive for PD-1, TIM-3, 
and LAG-3 had a trend for decrease in the MD TMZ group 
(P = 0.2512) (Fig. 3B, Supplementary Figure 2C).
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Fig. 1  Peripheral blood T-cell counts and PD-1 and PD-L1 expression on T cells after exposure to TMZ. (A) Peripheral blood was collected after 
animals were treated with SD or MD TMZ for T-cell count using flow cytometry. In the SD group, the mean number of CD4 T-cell count decreased 
1 week (2.11-fold), 2 weeks (1.42-fold), and 6 weeks (1.7-fold) compared with the MD group. The mean number of CD8 T-cell count in the SD group 
decreased at 1 week (1.64-fold), 2 weeks (1.48-fold), and 6 weeks (1.73-fold) compared with the MD group (P < 0.05). In both the SD and MD TMZ 
groups, lymphopenia was observed in the CD4 and CD8 populations compared with baseline (P < 0.05). (B) Immunofluorescence microscopy of 
murine spleens after SD treatment showed increased expression of PD-1 and PD-L1 on splenocytes after TMZ exposure compared with the base-
line. (C) PD-1 and PD-L1 expression on peripheral blood T cells was evaluated after TMZ treatment using flow cytometry. MD TMZ resulted in a 
3.51-fold increase (P < 0.001) of PD-1+/CD8 T cells at 2 weeks without a significant change in PD-1+/CD4 T cells. SD TMZ did not have a significant 
increase in PD-1+ CD4 or CD8 T cells. MD TMZ resulted in a 21-fold increase in PD-L1+/CD8 T cells and a 27.3-fold increase in PD-L1+/CD4 T cells 
(P < 0.0001) after 2 weeks. SD TMZ resulted in a 9-fold increase in week 1 of PD-L1+/CD8 T cells, and a 25-fold increase in week 2 of PD-L1+/CD8 T 
cells (P < 0.0001). There was a 29-fold increase in PD-L1+/CD4 T cells in week 2 (P < 0.0001) without a significant change in week 1. n = 5 per group; 
baseline = tumor bearing animals without any treatment.



 734 Karachi et al. Dose modulation of temozolomide affects T cells

To evaluate the impact of TMZ on the function of antigen-
specific T cells, B16F10-OVA intracranial tumor bearing 
animals underwent infusion of OT-I splenocytes before or 
after treatment with MD or SD TMZ. Spleens were collected 
and CD3 splenocytes were tested for IFN-γ secretion. All of 
the groups that received the OT-I infusion before treatment 
with TMZ had a reduction in IFN-γ secretion compared with 
animals that did not receive TMZ. In the groups that re-
ceived the OT-1 infusion after treatment with TMZ, the SD 
TMZ had significantly decreased IFN-γ secretion from T 
cells, which was not seen with MD TMZ treatment. SD TMZ 
and not MD treatment induced changes in host immunity 
that reduced functional capacity of antigen-specific T cells 

even when the T cells were not directly exposed to TMZ, 
since the T cells were infused after TMZ doses had all been 
given (Fig. 3C). Overall, SD TMZ resulted in less functional 
peripheral and tumor infiltrating lymphocytes and an in-
crease in TILs’ exhausted phenotype.

PD-1 Inhibition Alone and in Combination with 
Temozolomide Changes Host Immunity

To determine the effects of PD-1 antibody treatment on pe-
ripheral T cells, GL261 bearing mice underwent treatment 
with PD-1 antibody. Peripheral blood T cells were evaluated 
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Fig. 2  Exhaustion markers on peripheral blood T cells and circulatory immunosuppressive cells. LAG-3 and TIM-3 expression on CD4 and CD8 T 
cells and proportion of Tregs (CD4+ CD25+ FoxP3+) and MDSCs (CD11b+/Ly6G/6c+) were measured in peripheral blood using flow cytometry after 
TMZ treatment. (A) MD TMZ did not change expression of TIM-3 and LAG-3 on CD4 and CD8 T cells. SD TMZ increased LAG-3+/CD4 (118-fold, 
P < 0.0001), TIM-3+/CD4 (15-fold, P < 0.0001), LAG-3+/CD8 (104-fold, P = 0.002), and TIM-3+/CD8 T cells (11.6-fold, P < 0.0001). (B) SD TMZ treatment 
resulted in a relative increase in peripheral blood Tregs (2.3-fold, P = 0.005). MD TMZ did not change the number of Tregs. SD TMZ upregulated 
PD-L1 expression on Tregs 15.6-fold (P < 0.0001) after 1 week and 47.14-fold (P < 0.0001) after 2 weeks. (C) The mean number of MDSCs increased 
4-fold (P = 0.04) 2 weeks after SD TMZ. n = 5 per group; baseline = tumor-bearing animals without any treatment.
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after treatment using flow cytometry. PD-1 antibody therapy 
increased PD-L1 expression on CD4 and CD8 T cells and 
Tregs (Fig. 4A, B). In GL261 tumor bearing animals when 
PD-1 antibody was combined with SD TMZ, the upregulation 
of exhaustion markers was not seen on peripheral blood T 
cells as it had been observed with SD TMZ alone (Fig. 4C, 
D). However, in KR158 tumor bearing animals, PD-1 anti-
body plus SD TMZ still resulted in an increase in LAG-3 in 
CD8 T cells. Both SD and MD TMZ/PD-1 antibody resulted in 
increases in TIM-3 in CD4 and CD8 T cells (Supplementary 
Figure 3). PD-1 expression on CD4 and CD8 T cells increased 
in the MD/PD-1 antibody group similar to MD TMZ alone 
(Fig. 4E). PD-1 antibody with or without TMZ results in an in-
crease in PD-L1 expression on peripheral blood T cells and 
reverses the expression of exhaustion markers on periph-
eral T cells that was induced by SD TMZ.

To determine the impact of treatment on antigen-spe-
cific T-cell expansion, B16F10-OVA tumors were implanted 
and animals were infused with OT-1 T cells after treatment 
with SD and MD TMZ in combination with PD-1 antibody. 

The animals treated with MD TMZ/PD-1 antibody had a 
1.5-fold increase in antigen-specific T cells in the spleen 
compared with the SD TMZ/PD-1 antibody group (Fig. 4F). 
The MD TMZ/PD-1 antibody treatment group also dem-
onstrated a trend for increased antigen-specific CD8+ 
T cells in the blood compared with the SD TMZ/PD-1 an-
tibody group (Fig. 4G). The number of antigen-specific T 
cells infiltrating tumors was similarly high in both groups 
(Fig. 4H).

Combination of Temozolomide and PD-1 
Inhibition Effects on Tumor Infiltrating 
Immune Cells

To determine the effect of TMZ treatment on lymphocytes 
responding to tumor antigens, TILs in GL261 and KR158 
were tested for exhaustion markers in animals treated 
with SD or MD TMZ in combination with PD-1 antibody. The 
number of CD3+ TILs was similar in both groups (Fig. 5A, 
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Fig. 3  Peripheral and intratumoral T-cell function in a murine glioma model. (A) IFN-γ expressing CD3 TILs were measured using flow cytom-
etry as a ratio of total CD3 TILs. SD and MD groups had a decrease (5.4-fold, P = 0.0013 and 2.15-fold, P = 0.0222), respectively, in the IFN-γ 
expressing/YFP+ CD3 TILs compared with the baseline. (B) CD3 TILs were tested for expression of triple exhaustion markers of PD-1, TIM-3, 
and LAG-3. No significant change was observed among groups. (C) OT-I T cells were infused into tumor-bearing animals before and after MD 
and SD TMZ treatment. CD3 splenocytes were tested for IFN-γ secretion by enzyme-linked immunosorbent assay. Both SD and MD TMZ sig-
nificantly decreased IFN-γ secretion when T cells were infused before TMZ treatment. When TMZ was given prior to T-cell infusion, SD TMZ 
significantly reduced IFN-γ secretion (3.76-fold) from the OT-I T cells compared with untreated animals (P = 0.008). The MD TMZ group had 
preservation of IFN-γ secretion from OT-I T cells when given prior to T-cell infusion. n = 5 per group; baseline = tumor-bearing animals without 
any treatment.
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Supplementary Figure 4A). The MD TMZ/PD-1 group had 
decreased LAG-3 (P  =  0.018) and a trend for decreased 
TIM-3 (P  =  0.4) compared with the SD TMZ/PD-1 group 
(Fig. 5B, Supplementary Figure 4B).

Next we tested the impact of treatment on the function of 
intratumoral T cells. GREAT mice underwent implantation 
of GL261 or KR158 tumors and were treated with SD or MD 
TMZ with or without PD-1 antibody. TILs were assessed for 
IFN-γ by YFP+ signal using flow cytometry. The MD/PD-1 an-
tibody group had 14-fold more YFP+/CD3+ (P = 0.0498) and 
19-fold more YFP+/CD4+ TILs (P = 0.0150) compared with the 
SD/PD-1 antibody group (Fig. 5C, D, Supplementary Figure 
4C–E). However, the proportion of YFP+/CD8+ TILs was sim-
ilar between the groups (P = 0.8949) (Fig. 5E). Using the same 
experimental design, immunosuppressive cells of MDSCs 
(CD11b+/Ly6G/6c+) and macrophages (CD11b+/F480+) were 

tested. Both TMZ/PD1 antibody groups had similar MDSCs 
(Fig. 5F). There was a trend for an increase in percent macro-
phages and arginase-1 expressing macrophages in the SD/
PD-1 antibody group compared with the MD/PD-1 antibody 
group but did not reach statistical significance (Fig. 5G, H).

Temozolomide Effects on the Tumor 
Microenvironment

The tumors from all treatment groups and control un-
treated animals were collected and the RNA was iso-
lated and used for pan cancer NanoString immune gene 
profiling. In an analysis of 770 genes, the TMZ treatment 
groups were found to have a very different genomic pro-
file compared with tumors treated with PD-1 inhibition 
or PD-1 inhibition in combination with TMZ (Fig. 6A). 

  
N

um
be

r 
of

 P
D

-1
 p

os
iti

ve
 c

el
ls

400

300

200

100

0

A

N
um

be
r 

of
 L

A
G

-3
 p

os
iti

ve
 c

el
ls

5

4

3

2

1

0

C

A
bs

ol
ut

e 
nu

m
be

r 
of

C
D

8 
te

tr
am

er
/s

pl
ee

n 1 500 000

1 000 000

500 000

0

F

Bas
eli

ne

1 
wee

k

2 
wee

ks

Bas
eli

ne
SD +

 P
D-1

M
D +

 P
D-1

SD +
 P

D-1

M
D +

 P
D-1

SD +
 P

D-1

M
D +

 P
D-1

1 
wee

k

2 
wee

ks

N
um

be
r 

of
 T

IM
-3

 p
os

iti
ve

 c
el

ls

30

20

10

0

D

N
um

be
r 

of
 P

D
-1

 p
os

iti
ve

 c
el

ls

2000

1500

1000

500

0

E

A
bs

ol
ut

e 
nu

m
be

r 
of

C
D

8 
te

tr
am

er
/μ

L 
bl

oo
d 25

20

15

10

5

0

G

A
bs

ol
ut

e 
nu

m
be

r 
of

C
D

8 
te

tr
am

er
 in

 tu
m

or 2 × 107

1.5 × 107

1 × 107

5 × 106

0

H

Bas
eli

ne

1 
wee

k

2 
wee

ks

Unt
re

at
ed

1 
wee

k

2 
wee

ks

CD4 T cells

CD8 T cells

Treg

N
um

be
r 

of
 P

D
-L

1 
po

si
tiv

e 
ce

lls

800

600

400

200

0

B

Bas
eli

ne

1 
wee

k

2 
wee

ks

CD4 T cells

CD8 T cells

Treg

**

**

CD4-SD TMZ + PD-1ab

CD4-MD TMZ + PD-1ab

CD8-SD TMZ + PD-1ab

CD8-MD TMZ + PD-1ab

CD4-SD TMZ + PD-1ab

CD4-MD TMZ + PD-1ab

CD8-SD TMZ + PD-1ab

CD8-MD TMZ + PD-1ab

CD4-SD TMZ + PD-1ab

CD4-MD TMZ + PD-1ab

CD8-SD TMZ + PD-1ab

CD8-MD TMZ + PD-1ab

*

**

*
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baseline = tumor-bearing animals without any treatment.
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Evaluation of genes associated with immune exhaus-
tion within the tumors treated with MD in combination 
with PD-1 inhibition revealed that half of the tumors had 
a very low expression of exhaustion, while the other 
half demonstrated exhaustion similar to the TMZ alone 
treatment groups (Fig. 6B). Next, the tumors from the 
SD/PD-1 antibody and MD/PD-1 antibody groups were 
collected and processed for RNA sequencing. The SD/
PD-1 antibody group had increased expression of gene 
signatures of T-cell exhaustion (Fig. 6C, D), as previously 

shown in T cells from a chronic viral infection model.33,34 
These  results are consistent with the functional obser-
vations that higher doses of TMZ result in increased 
T-cell exhaustion and impair response to PD-1 blockade. 
Analysis of immune checkpoint pathways demonstrated 
that several genes were overexpressed in the SD/PD-1 
antibody group, including cytotoxic T-lymphocyte an-
tigen 4, LAG-3, and TIGIT (P < 0.05). The MD/PD1 antibody 
group did not have any upregulation of immune check-
points (Fig. 6E).
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Murine GBM Response to Temozolomide and 
PD-1 Antibody Therapy

C57BL/6 mice harboring GL261 intracranial tumors were 
treated with SD or MD TMZ, PD-1 antibody, or combina-
tion treatment. Both SD and MD TMZ resulted in a modest 
survival benefit, with all animals eventually succumbing 
to death. PD-1 antibody therapy in GL261 resulted in al-
most half of the animals with long-term survival, which 
is consistent with previously published findings.8,35 While 
the response to PD-1 monotherapy in this model is not 
reflective of recent results of PD-1 treatment in patients 
with recurrent GBM, this may be reflective of differences 
in the capacity for T cells to respond to PD-1 blockade 
after extensive TMZ treatment in recurrent GBM patients. 
Furthermore, these studies demonstrating that dose mod-
ulation of TMZ may have a significant impact on T-cell ex-
haustion and maintaining response to immune checkpoint 
blockade hold relevance of ongoing and future studies 
integrating PD-1 blocking strategies with standard-of-
care treatment. This survival advantage was abrogated by 
adding SD TMZ to treatment (Fig. 6F). However, MD TMZ 
treatment did not disrupt the beneficial effects of PD-1 anti-
body and preserved the survival effect in this experimental 
system. We have previously found that the KR158 glioma 
model is resistant to TMZ,22 and therefore this model was 
utilized as a second model system. We found it was re-
sistant to PD-1 blockade, and immunomodulation with 
TMZ did not affect survival (Supplementary Fig. 4F).

Discussion

GBM patients are known to have significant immune 
dysfunction at the time of diagnosis.36 This immunosup-
pression is worsened by TMZ treatment, which is stan-
dard of care.37 Prior studies have shown that infusion of 
lymphocytes after chemoradiation in patients with GBM 
failed to improve lymphocyte counts or to impact patient 
outcome.38 However, the homeostatic recovery following 
TMZ-induced lymphopenia can be leveraged to result in an 
improved antitumor immune response.39

Our data demonstrate that TMZ has very different effects 
on host immunity depending on dosing scheme. Standard 
TMZ results in host immunosuppression and exhaustion 
of cytotoxic T cells, which lead to poorer outcomes in a 
glioma model treated with PD-1 antibody. Conversely, MD 
TMZ modulates immune responses by preserving cyto-
toxic T-cell activity while still maintaining direct antitumor 
effects. PD-1 antibody resulted in reversal of exhaustion 
markers in the periphery but not in intratumoral T cells. 
These findings were in a murine glioma model that dem-
onstrates response to immune checkpoint inhibition with 
anti–PD-1 therapy. While human GBM has been shown to 
have less sensitivity to PD-1 inhibition,1,14 these results 
are a demonstration of immunomodulation with chemo-
therapy that may impact response to immunotherapy. 
Chemotherapy has been shown to potentiate the effects 
of PD-1 inhibition for non–small cell lung cancer in a ran-
domized trial.40 It is reasonable to test the effects of che-
motherapy dosing in patients with GBM, as MD TMZ has 

been shown to be non-inferior to SD for the treatment of 
GBM.41,42

The concept of using TMZ as an immune modulator when 
combined with immunotherapy has been investigated as it is 
the standard of care for GBM patients.43 Despite causing over-
all lymphopenia, TMZ has been described to enhance anti-
tumor responses to immunotherapy in certain contexts.44,45 
Mitchell et al demonstrated that antitumor immune responses 
were enhanced in the setting of dendritic cell vaccination 
when combined with increasing doses of TMZ.17 The same 
group demonstrated a similar phenomenon in patients with 
GBM treated with antitumor vaccines.18 The immunomodula-
tory effects of TMZ also affect other immune cell populations 
in the host, such as Tregs.43,46,47 Conversely, other groups have 
shown that systemic chemotherapy reduces the efficacy of 
immunotherapy, especially when dependent on endogenous 
immune response. Mathios et al demonstrated that when TMZ 
was given systemically, it did not add any survival benefit to 
PD-1 inhibition.21 However, when TMZ was given locally, there 
was a significant survival advantage in combination with PD-1 
inhibition. Therefore, the impact of TMZ on response to immu-
notherapy varies based on dosing, method of delivery, and 
activation of endogenous or exogenous antitumor T cells.

Understanding the effects of chemotherapy on both the 
tumor microenvironment and host immunity is impor-
tant for combining chemotherapy with immunotherapy. 
The direct effects of chemotherapy on tumor cells is rel-
evant when combining with immunotherapy48 such as 
release of antigens, inducing mutations that serve as 
neoantigens, and altering ligand expression (eg, PD-L1). 
Temozolomide is an alkylating agent that increases muta-
tions.15 This effect of TMZ would theoretically increase 
antigens to serve as targets for immune checkpoint block-
ade. Moreover, TMZ changes the expression of impor-
tant ligands on both tumor and immune infiltrates. For 
example, TMZ treatment is associated with decreased 
PD-L1 expression,49 which has been shown to correlate 
with response rates to PD-1 inhibition.31 The complex 
effects of TMZ on GBM tumor cells, antigen expression, 
and ligand expression will significantly impact response 
to immunotherapy.

Importantly, our study demonstrates that TMZ results 
in T-cell exhaustion in a dose-dependent fashion in a pre-
clinical model system. This finding is especially relevant 
for patients with GBM who already demonstrate T-cell ex-
haustion at baseline.50 One dosing schedule as “standard 
of care” may not be the best strategy, especially in com-
bination with various immunotherapeutic approaches. 
Temozolomide has the potential to enhance vaccine, adop-
tive T-cell, and immune checkpoint therapies in patients 
with GBM. However, the dose, timing of dose, and method 
of delivery will likely determine the efficacy of combina-
torial approaches. Studies evaluating the mechanisms 
driving these phenomena and the optimal combinations 
will likely have significant impact for patients with GBM.

Conclusion

To fully realize the potential of combinatorial strategies 
using chemotherapy and immunotherapy, further study 
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into optimizing immunomodulatory properties of chemo-
therapy will be critical. Standard dosing strategies with 
TMZ have the potential to diminish any benefit of PD-1 
inhibition due to exhaustion of cytotoxic T cells and an 
increase in immunosuppressive cells. These changes are 
not seen when the dose is decreased and given over a lon-
ger period of time. The implications of these findings for 
GBM patients will need further investigation.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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