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Introduction
Glioblastoma (GBM) is a highly malignant primary brain tumor for 
which there have been no improvements in treatment options for 
almost 2 decades (1–4). Despite the promise of targeted, and more 
recently, immunotherapeutic approaches, the standard of care for 
GBM remains unchanged, namely, surgical resection followed by 
radiotherapy and concomitant temozolomide (TMZ). Treatment 
resistance and tumor recurrence have been attributed to the inva-
sive nature of GBM growth, which limits the completeness of surgi-
cal resection, and to major changes in the tumor microenvironment 
(TME) (5). Brain-resident microglia and bone marrow–derived 
macrophages infiltrate the tumor and together form a large part 
of the brain TME, contributing up to 30% of the tumor mass (6, 7). 
Activation of microglia/macrophages is a dynamic and tightly regu-
lated process transitioning between a proinflammatory phenotype, 
characterized by inflammatory antitumor responses, and an antiin-
flammatory cytoprotective and immunosuppressive phenotype (8). 

Although the pro- and antiinflammatory microglial states exhibit a 
spectrum of features, the expression of inducible nitric oxide syn-
thase (iNOS) and arginase 1 (Arg1) has been proposed as a differen-
tiating parameter, where iNOS is expressed by the former and Arg1 
by the latter state (8, 9). iNOS and Arg1 both metabolize L-arginine 
to produce nitric oxide (˙NO) and citrulline (via the citrulline/˙-
NO pathway) and L-ornithine and urea, respectively (10, 11). ˙NO 
is a critical regulator of host immune responses and ornithine is a 
precursor for the synthesis of polyamines and prolines, which are 
important metabolites for proliferation and tumor progression (12–
14). In GBM, microglia/macrophages are predominantly polarized 
to an antiinflammatory phenotype to promote tumorigenesis and 
create an immunosuppressive TME (15). Thus, strategies that aim 
to reprogram microglial/macrophage polarity have the potential to 
provide more successful therapeutic opportunities (16).

Although arginine is predominantly synthesized systemically 
via the intestinal renal axis by the action of 2 cytosolic enzymes, 
argininosuccinate synthetase 1 (ASS1) and argininosuccinate lyase 
(ASL), it can be synthesized locally in cells that express ASS1 and 
ASL from citrulline and aspartate and hence is considered to be 
semiessential (10, 11). Since arginine is required by a variety of 
cancer cells, especially those that are highly proliferating (17, 
18), therapeutic arginine deprivation in ASS1-deficient cancers 
has been examined as a potential anticancer strategy in a num-
ber of tumor types, including our own studies in GBM (19–21). In 
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20). Interestingly, these studies revealed that ADI-PEG20 poten-
tiated the effects of TMZ in ASS1-positive and hence non-argi-
nine-auxotrophic GBM (20). To explore the effects of arginine 
deprivation on the radiosensitivity of ASS1-positive GBM in vitro, 
we combined ADI-PEG20 with radiation in 2D (human lines, U87 
and TB48) and 3D (U87, TB48, and mouse cell line, GL261) cul-
tures. ADI-PEG20 had minimal effects on the radiosensitivity of 
cells in 2D culture (Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI142137DS1), whereas in 3D culture the combination with radi-
ation significantly reduced neurosphere growth of both human 
and mouse GBM cell lines (Figure 1, A–C). GL261 neurospheres 
were also significantly reduced in size with ADI-PEG20 mono-
therapy (Figure 1C).

Arginine deprivation sensitizes ASS1-positive GBM to radiation 
in vivo. To further explore the effects observed in 3D culture, we 
performed in vivo experiments using an immune-competent 
orthotopic model of GBM utilizing ASS1-positive GL261 cells 
engineered to express green fluorescent protein (GFP). One week 
after intracranial injection of cells, mice were randomly sorted 
into 4 groups of 5 animals and treated with saline (control group), 
ADI-PEG20 monotherapy, IR monotherapy, or ADI-PEG20 plus 
IR, as described in the Methods. The experiment was terminat-
ed 2 weeks after treatment and animals were analyzed for tumor 
growth. Single treatment with ADI-PEG20 or IR significantly 
reduced tumor growth compared with saline-treated, control 
animals. However, when treatments were combined, complete 
inhibition of tumor growth was observed in 4 out of 5 animals as 
evidenced by epifluorescence analysis of the whole brain, GFP 
fluorescence analysis of brain sections, assessment of GFP mRNA 
in the tumor, and histopathological analysis of brain sections (Fig-
ure 1, D–G). No significant weight loss was observed in any of the 
groups (Supplemental Figure 2A). Histopathological assessment 
revealed the typical GBM-associated features of large blood ves-
sels and vasogenic edema in the saline-treated animals that were 
reduced in all other treatment groups, but the maximal response 
was observed in the group treated with ADI-PEG20 and IR (Figure 
2, A–C). Upon further assessment of tumor vascularization and 
neovascularization (using anti-CD31 and –αvβ3 integrin antibod-
ies, respectively) we observed clear reduction in both features by 
ADI-PEG20 compared with saline control animals and maximal 
reduction with combined therapy (Figure 2, E and E). Together, 
these results imply that the combination of ADI-PEG20 and IR has 
significant beneficial effects in ASS1-positive GBM.

ADI-PEG20 combined with IR eradicates intracranial GBM 
tumors and enhances survival. Having observed that combination 
treatment with ADI-PEG20 and IR leads to striking short-term 
regression of GBM, we extended these studies to examine surviv-
al. We used GL261 cells that had been engineered to express lucif-
erase (28) to monitor tumor development and regression in real 
time. GL261-Luc2 cells were injected intracranially as described 
previously and tumor growth was evaluated by quantitative bio-
luminescence imaging (BLI) every 4 to 5 days. Bioluminescence 
was first detected on day 13 after injection of cells and at this point 
animals were randomly stratified into 4 groups of 8 animals and 
treated as described above (saline, ADI-PEG20 monotherapy, IR 
monotherapy, and combination therapy) (Figure 3A). A steady 

our earlier studies, we demonstrated that 30% of GBM lack the 
expression of ASS1 and depleting arginine using pegylated argi-
nine deiminase (ADI-PEG20) resulted in cell death in vitro and 
tumor regression in an orthotopic xenograft model (19–20). GBM 
cells and tumors expressing ASS1 were unaffected by ADI-PEG20. 
More recently, we demonstrated that ADI-PEG20 is well tolerated 
and has promising clinical potential in combination with chemo-
therapy in a phase I study of recurrent high-grade gliomas that are 
arginine auxotrophic and ASS1 deficient (22). In cancer, arginine 
predominantly has an oncogenic role and its immunomodulatory 
role is hindered. The immunomodulatory role of arginine is medi-
ated not only through its metabolic intermediate, ˙NO, but also by 
its direct metabolism by T lymphocytes to promote their antitu-
mor activity (10, 23–25). Arg1-expressing myeloid cells in the TME 
impair T cell responses by modulating the bioavailability of argi-
nine and inducing immunosuppression (26). Downregulation of 
Arg1 by pharmacological depletion of extracellular arginine has 
the potential to restore antitumor responses by local generation 
of intracellular arginine through the citrulline/˙NO pathway via 
upregulation of ASS1 in T lymphocytes (26).

In the present study, we demonstrate that arginine depriva-
tion using ADI-PEG20 favorably alters the immune microenvi-
ronment of ASS1-positive GBM tumors and in combination with 
ionizing radiation (IR) leads to complete tumor elimination with 
a highly significant increase in survival. Moreover, we show that 
tumor destruction is via local generation of cytotoxic peroxyni-
trites resulting from increased ˙NO production (via upregulation 
of iNOS and recycling of citrulline generated by the breakdown of 
arginine from ADI-PEG20) and the localized production of super-
oxide anion radicals (O2

•−) in the IR-targeted area (27) in addition 
to the enhanced phagocytosis by the macrophages/microglia.

Results
ADI-PEG20 sensitizes ASS1-positive GBM cells to IR in 3D but not in 
2D culture conditions. We previously demonstrated that a subset of 
GBM is susceptible to arginine deprivation by ADI-PEG20 treat-
ment due to methylation-dependent downregulation of ASS1 in 
vitro and in vivo using an orthotopic xenograft model of GBM (19, 

Figure 1. ADI-PEG20 in combination with radiation significantly reduces 
the growth of ASS1-positive GBM neurospheres and inhibits tumor growth 
in syngeneic mice. Five thousand cells were plated in low-attachment 
96-well plates and incubated for 3 to 8 days to allow formation of neuro-
spheres. Neurospheres were pretreated with ADI-PEG20 (1 μg/mL for human 
lines and 0.25 μg/mL for mouse line, GL261) for 24 hours before exposure to 
2 Gy of ionizing radiation (IR). (A–C) Images were taken on indicated days 
after IR treatment and changes in neurosphere surface area measured using 
ImageJ software (upper and lower panels). (D) Epifluorescence (GFP inten-
sity) was measured in whole brains using in vivo image analysis (IVIS). (E) 
Microscopic analysis of representative brain sections: transmitted light (TL), 
GFP, and H&E staining. Scale bars: 360 μm (A–C) and 430 μm (E). (F) Tumor 
size is represented as total radiant efficiency. (G) qPCR expression levels of 
GFP in tumor sections. The neurosphere results are presented as mean ± SD, 
n = 12. The in vivo results were obtained from 5 animals per group except for 
animals treated with ADI-PEG20 monotherapy, which only had 4 animals 
due to the premature death of 1 mouse. Data were analyzed using 1-way 
ANOVA (A–C and F) or 2-way ANOVA with Tukey’s multiple comparison test 
with adjusted P values reported (G). *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. AU, arbitrary units.
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Figure 2. ADI-PEG20 induces significant reduction in ASS1-positive tumor edema and angiogenic vessels and in combination with ionizing radiation 
drastically reduces GL261-GFP tumor growth. (A) H&E-stained fresh-frozen brain sections from saline-treated animals (green box) and cryoblocks from 
all treatment groups. Vasogenic edema (blue box) (Ed) and intratumor vasculature (black box) (TV) in saline control animals (green box). (B) Representa-
tive brains from each treatment group were cryosectioned and stained with H&E. (C) The percentage tumor volume was measured using the formula V 
= (L × W2)/2, where L represents the largest tumor diameter and W represents the perpendicular tumor diameter. (D) Immunohistochemical analysis of 
free-floating sections for tumor vasculature using anti-CD31 and –αvβ3 integrin antibodies. Scale bar: 50 μm. (E) Percentage of angiogenic vessels in tumor 
sections as assessed by colocalization of CD31 and αvβ3 staining. Results are representative of 3 animals per group. Note in the combined treatment group 
only 1 animal had evidence of tumor. ***P < 0.001; ****P < 0.0001. Data were analyzed using 1-way ANOVA.
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the cytotoxicity attributed to ˙NO is from peroxynitrite, a pow-
erful oxidant formed from the diffusible reaction between ˙NO 
and superoxide anion radicals, both of which are simultaneously 
produced by activated GAMM under proinflammatory conditions 
(29, 30). Peroxynitrite causes nitrosylation of tyrosine residues 
(3-NT) in proteins and can be detected by IHC. To seek further 
verification that arginine deprivation was driving the switching of 
GAMM function to an antitumor-like phenotype, tumor sections 
were stained for the presence of 3-NT, an indirect measure of ˙NO 
levels and hence of iNOS activity (31). Increased intratumoral 
3-NT staining was detected in ADI-PEG20–treated animals and 
colocalized with Iba-1–expressing cells (Figure 4, E and F). Anal-
ysis of sections from combination therapy was again complicated 
by the small amount of tumor present; however, levels of 3-NT and 
GAMM colocalization remained significant.

Our data imply that arginine deprivation in non-auxotrophic 
GBM favorably alters the properties of infiltrating GAMM from a 
tumor-supporting to a tumor-suppressing role.

ADI-PEG20 combined with IR has no effect on microglial infil-
tration in normal brain. To investigate the possible detrimen-
tal effects of arginine deprivation and IR on normal brain, we 
examined the contralateral side of the mouse brain for microg-
lial/macrophage infiltration and for levels of H2AX phosphor-
ylation (γH2AX), a direct measure of IR-induced DNA damage. 
No evidence of microglial/macrophage infiltration or γH2AX was 
detected in the contralateral side of the brain in all experimental 
groups (Figure 5A). However, the level of γH2AX was significant-
ly increased and high levels of GAMM infiltration were observed 
in the intratumor area after IR or ADI-PEG20. Levels of γH2AX 
were further elevated when treatments were combined (Figure 5, 
B and C). Interestingly, γH2AX was detected in areas surrounding 
the tumor mass (Figure 5B).

Arginine deprivation activates the antitumor phenotype of GAMM 
and restores the proinflammatory microenvironment. L-Arginine has 
a crucial role in the different microglial/macrophage activation 
pathways through expression of iNOS and Arg1 enzymes. Since 
each enzyme negatively regulates the activity of the other (Figure 
6A and ref. 32), we next sought to gain insights into the molecu-
lar mechanisms that govern the switch in microglial/macrophage 
polarity upon arginine deprivation in vivo. We carried out qPCR 
analysis of these key polarization markers together with 2 addition-
al markers, Ym1 (antiinflammatory) and Tnfa (proinflammatory) 
in RNA from brain sections. Arginine depletion alone significant-
ly downregulated Arg1 and upregulated Tnfa but had no effect on 
iNOS expression (Figure 6, B, C, and E). However, when combined 
with IR, significant downregulation of Arg1 and upregulation of 
iNOS was observed but Tnfa was downregulated (Figure 6, B, C, 
and E). Moreover, although Ym1 expression was not significantly 
altered in either condition, its downregulation was trending toward 
significance with combined treatment (Figure 6D). IR significant-
ly upregulated all 4 genes. Of note, qPCR analysis was performed 
on whole-brain sections and not on isolated tumor samples due 
to the tumor being barely visible in the combination group. This 
may explain the results obtained in this group particularly with 
regard to Ym1 and Tnfa (Figure 6, D and E). To explore whether 
gene expression changes were specifically attributed to the GAMM 
population, we costained free-floating tumor sections for Arg1/

increase in bioluminescence was observed in saline-treated con-
trol animals (Figure 3, B and C). This increase was delayed with 
ADI-PEG20 and IR alone and tumor growth in these animals gen-
erally remained low relative to control animals. Strikingly, animals 
in the combination group showed no evidence of tumor growth 
(Figure 3, B and C). Median survival times for animals treated with 
saline, IR, or ADI-PEG20 were 27, 37, and 47 days, respective-
ly. Animals receiving combination therapy continued to remain 
healthy and tumor free. No animals experienced any significant 
weight loss and the group receiving combination treatment gained 
weight (Supplemental Figure 2B). Animals receiving IR were giv-
en a weekly dose of 2 Gy radiation (2 Gy in the tumor-injected 
left side and 2 Gy in the contralateral side) for a total of 3 weeks. 
Animals received a total dose of 6 Gy per hemisphere at the end 
of the experiment. ADI-PEG20 was continued for 13 weeks on 
a weekly basis and then stopped. With respect to the group that 
received combination therapy, on day 140, 2 animals were culled, 
and brains harvested for further analysis while the remaining 2 
were monitored with no further treatments. In the culled animals, 
glial scar tissue was observed at the tumor site, as evidenced by the 
expression of glial fibrillary acid protein (GFAP) (Figure 3E), con-
sistent with treatment response (Figure 3, B and C). The remaining 
mice showed no evidence of tumors beyond 50 weeks and were 
culled thereafter (Figure 3D).

Arginine deprivation increases microglial/macrophage tumor 
recruitment and enhances their antitumoral phenotype in vivo. 
To unravel the mechanistic basis for the observed effects with 
combined therapy, we investigated the GBM TME, an essential 
component of brain tumors thought to contribute to their main-
tenance and resistance to therapy. Since microglia/macrophages 
are critical regulators of the brain microenvironment, we char-
acterized the effect of ADI-PEG20 on this population of cells by 
immunohistochemistry (IHC) using the pan-microglial marker 
Iba-1. Glioma-associated macrophages/microglia (GAMM) in 
brain sections from saline-treated animals exhibited a typical 
resting-ramified morphology surrounding the tumor mass, with 
limited infiltration (Figure 4, A and B). In contrast, monothera-
py with either ADI-PEG20 or IR significantly increased GAMM 
infiltration into the tumor mass (Figure 4, A and B). Analysis of 
GAMM in animals treated with combination therapy was difficult 
because (a) the absence of tumor in 3 out of 4 treated animals, and 
(b) the extremely small volume of tumor in the solitary animal 
with evidence of tumor growth. However, critically, morphology 
of infiltrating GAMM in the solitary evaluable animal was sugges-
tive of a phagocytic phenotype similar to that with ADI-PEG20 
treatment alone (Figure 4A). To explore this further, we stained 
tumor sections with Oil red O to detect intracellular lipid-like body 
accumulation, an indicator of phagocytotic capacity. Intracellular 
lipid-like body accumulation was increased by ADI-PEG20 alone 
and when combined with IR in the intratumoral area dominated 
by GAMM infiltration. These results suggest that arginine depri-
vation switched GAMM activation from a tumor-supporting phe-
notype to a more phagocytosis-competent and hence tumor-in-
hibiting phenotype (Figure 4, C and D, and Supplemental Figure 
3). ˙NO produced by activated proinflammatory microglia/mac-
rophages through upregulation of iNOS is associated with cyto-
toxicity, apoptosis, and bystander antitumor effects (6). Most of 
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Figure 3. Eradication of GBM intracranial tumors, glial scar formation, and enhanced survival of mice induced by ADI-PEG20 in combination with 
ionizing radiation. (A–C) Bioluminescence imaging (BLI) of intracranial tumors in mice using an IVIS Lumina II and Living Image software starting from 
day 13 after injection of GL261-Luc2 tumor cells. (D) Kaplan-Meier survival graph. Median survival times were 27, 47, and 37 days for saline, ADI-PEG20, 
and ionizing radiation (IR) monotherapy, respectively. Animals treated with combined treatment remained healthy and tumor free beyond 1 year. These 
animals received IR for 8 weeks and ADI-PEG20 for 13 weeks, after which time treatments were stopped. (E) Two animals from this group were culled 
on day 140 and brain sections were stained with H&E and for GFAP, showing evidence of histologically apparent glial scarring at the tumor site. Scale 
bars: 430 μm (left); 200 μm (middle, right). Data were analyzed using 2-way ANOVA with Tukey’s multiple comparison test, and adjusted P values are 
reported. ***P < 0.001 (saline vs. ADI-PEG20) + IR; §§§P < 0.001 (ADI-PEG20 vs. ADI-PEG20 + IR); ###P < 0.001 (IR vs. ADI-PEG20 + IR).
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Iba-1 or iNOS/Iba-1. Although we observed downregulation of Arg1 
and significant upregulation of iNOS specifically in the microglia/
macrophage population with ADI-PEG20 alone, no differences 
were observed with combined treatment when compared to the 

saline control. As stated previously, 
we believe this may be reflective of the 
small tumor size in the combination 
treatment group. Our results demon-
strate that arginine deprivation spe-
cifically altered the expression of Arg1 
and iNOS in the GAMM population, 
thereby altering their polarity toward 
a phenotype more capable of targeting 
the GBM tumor (Figure 6, F–I).

To further validate these results 
in vitro, we treated microglial cells 
(BV2) with ADI-PEG20 or cultured 
them in conditioned medium from 
GBM cells (GL261) that had been 
treated with ADI-PEG20 and ana-
lyzed them for the expression of Arg1 
and iNOS by qPCR. Arg1 expression 
was downregulated under conditions 
where arginine was degraded by ADI-
PEG20 (Supplemental Figure 4A). 
When GBM neurospheres (TB48 and 
GL261) were cocultured with microg-
lial cells and exposed to ADI-PEG20, 
microglial infiltration was increased 
and a corresponding reduction in 
neurosphere growth was observed 
(Supplemental Figure 4B, upper and 
lower panels). We then performed 
combination experiments in vitro 
where we challenged microglial cells 

with 100 ng/mL ADI-PEG20 and 2 Gy of IR. Radiation alone 
induced a 5-fold increase in Arg1 expression, which was restored 
to basal levels when combined with ADI-PEG20 (Supplemental 
Figure 4C). The upregulation of additional recognized markers 

Figure 4. Arginine deprivation increases 
recruitment of microglia into tumors and 
enhances their activity and phagocytic 
phenotype. (A) Immunohistochemical 
evaluation of microglial/macrophage 
infiltration using Iba-1 staining on the 
contralateral nontumor side (green box), 
tumor edge (blue box), and intratumor 
(red box). (B) Intratumoral microglia 
occupancy. (C and D) Characterization of 
microglial phagocytic capacity using H&E 
and Oil red O staining of tumor sections 
and quantification of lipid bodies. (E and 
F) Assessment of the level of ˙NO produc-
tion by microglia by 3-nitrotyrosine (3-NT) 
and Iba-1 staining of tumor sections. Iba-1 
(green), 3-NT (red), colocalization of Iba-1 
and 3-NT (yellow). Results were obtained 
from 5 animals per group. Note in the 
combined treatment group, analysis was 
carried out on the single animal showing 
evidence of tumor. Scale bars: 50 μm. 
Data were analyzed using 1-way ANOVA. 
*P < 0.05, **P < 0.01, ***P < 0.001.
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Microglial/macrophage protumor factors are highly expressed 
in GBM. Since the presence of microglia/macrophages in brain 
tumors is thought to support tumor growth and maintenance, we 
investigated whether this was reflected in the gene expression 
profile of clinical cases of GBM. We generated a list of microgli-
al/macrophage protumor genes from published manuscripts and 
interrogated The Cancer Genome Atlas (TCGA) database for their 
expression (Supplemental Table 1 and ref. 33). Hierarchical clus-
tering of TCGA gene expression data indicated 2 distinct popu-
lations. Cluster 1 had much higher expression of protumor genes 
(Figure 8, A and B; P < 0.05) and was associated with poorer sur-
vival (Figure 8C; P < 0.05). A χ2 test revealed significant overrep-
resentation of the mesenchymal and neural GBM subtypes in clus-

of proinflammatory macrophages/microglia (CD86, CD40, and 
IL-12) was also observed in response to both ADI-PEG20 alone 
and in combination with IR (Supplemental Figure 5).

Since the expression of Arg 1 in the TME contributes to immu-
nosuppression by impairing T cell responses through modulating 
the bioavailability of arginine (26), we investigated whether phar-
macological degradation of arginine was able to revert this fea-
ture of immunosuppression. To address this, we performed IHC 
on tumors from saline- and ADI-PEG20–treated animals to look 
for the presence of CD4+, CD8+, and FoxP3+ regulatory cells. We 
observed a significant increase in the number of CD4+ and CD8+ T 
cells and a corresponding decrease in FoxP3+ regulatory cells with 
ADI-PEG20 treatment (Figure 7, A–C).

Figure 5. ADI-PEG20 combined with 
ionizing radiation in vivo significantly 
increases γ-H2AX in GBM tumors. (A–C) 
Immuno histochemical assessment of 
microglial recruitment and γ-H2AX 
intensity levels in the contralateral 
(nontumor) and tumor side of the brains 
using free-floating tissue sections 
and quantification of results. γ-H2AX 
intensity levels were quantified using a 
Zeiss confocal microscope (Observer Z1) 
and ZEN 2 (blue edition) software. Iba-1 = 
yellow, tumor (GFP) = green. Results are 
representative of 3 animals per group, 
except for the tumor in the combined 
treatment animal since only 1 animal 
had evaluable tumor. Scale bars: 200 μm. 
Data were analyzed using 1-way ANOVA. 
**P < 0.01, ***P < 0.001.
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before proceeding with the in vivo experiments (Supplemental 
Figure 6). The in vivo experimental plan is schematically rep-
resented in Supplemental Figure 7. Essentially, groups of 10 
animals were used for each treatment and tumor establishment 
and growth were assessed by BLI. Three animals in each group 
were analyzed by MRI at early, mid, and late time points to 
detect tumor growth before treatment, after 1 and 2 rounds of 
treatments, respectively. Three animals from each group were 
also harvested at the mid time point for H&E analysis. Addi-

ter 1 (Figure 8A and Supplemental Table 2; P < 0.05). Schematic 
summary of the effect of arginine depletion on tumor microglial/
macrophage activation is depicted in Figure 8D.

ADI-PEG20 combined with IR eradicates CT-2A orthotopic 
GBM tumors. To further assess the validity and potential clini-
cal translation of our results, we repeated the efficacy studies 
in the CT-2A syngeneic GBM model. This model accurately 
recapitulates many features of human GBM histology (34). We 
first confirmed expression of ASS1 mRNA in these cells by qPCR 

Figure 6. Arginine availability modulates microglial polarization. 
(A) Schematic representation of hypothesized microglial activa-
tion and polarization by arginine availability. (B–E) qPCR analysis 
of Arg1, iNOS, Ym1, and Tnfa expression levels in tumor tissue. 
(F–I) Immunohistochemical assessment and quantification of 
microglial Arg1 and iNOS levels by Iba-1/Arg1 and Iba-1/iNOS 
costaining of free-floating sections. Scale bars: 100 μm. Data were 
analyzed using 1-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. NS, not significant.
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but exhibited more than 10% weight loss and were humanely 
killed in line with ethical considerations of the Barrow Neu-
rological Institute, where these experiments were conducted 
(Supplemental Figure 8). Enhanced gliosis, an indication of scar 
formation, was observed in the tumor region of these mice, as 
demonstrated by strong GFAP staining, similar to our observa-
tion in the GL261 tumor model (Figure 10B).

Discussion
Arginine auxotrophy in GBM is common and results from 
epigenetic transcriptional silencing of ASS1 (19). This has 
been shown to be therapeutically exploitable using the argi-
nine-depleting agent ADI-PEG20 in vitro, in vivo, and in a 
phase I clinical trial (19, 20, 22). However, most studies have 
reported that ADI-PEG20 monotherapy has no cytotoxic or 
cytostatic effects against GBM cells that express ASS1 due 

tional MRI images were taken of animals in the combination 
group after the third, fourth, and fifth round of treatments. BLI 
indicated reduced tumor growth in animals treated with ADI-
PEG20 in combination with IR and these animals had longer 
medium survival times (Figure 9, A, B, and D). These results 
were confirmed by MRI, indicating the presence of tumors in 
the control and single-treatment groups, with complete tumor 
eradication seen only in the combination group (Figure 9C). 
Figure 9E shows a box plot of the calculated T1 tumor volumes 
at the early, mid, and late MRI time points, indicating reduced 
tumor growth when ADI-PEG20 is combined with IR. Six out of 
7 mice in this group had no visible tumors. A representative H&E 
image (Figure 10A) shows the presence of tumors in all groups 
prior to treatment and in the single-treatment groups at time of 
death. No tumors were observed in the combination group at the 
time of harvest. Animals in this latter group remained healthy, 

Figure 7. Arginine deprivation 
reverts the immune-suppressive 
microenvironment. (A–C) Immu-
nohistochemical assessment and 
quantification of CD4+, CD8+, and 
FOXP3+ T cells. Tissue sections were 
stained using an Aperio AT2 slide 
scanner and analyzed using QuPath 
(v1.2.2) based on 5 randomly selected 
regions. Scale bar: 20 μm. Data were 
analyzed using a nonparametric 
Mann-Whitney U test. *P < 0.05, 
***P < 0.001, ****P < 0.0001.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 1J Clin Invest. 2022;132(6):e142137  https://doi.org/10.1172/JCI142137

Figure 8. Hierarchical clustering shows that the expression of protumor microglial genes is associated with GBM subtypes. (A) Heatmap and dendro-
gram showing the expression of protumor microglial genes with tumor molecular phenotypes. (B) Box-and-whisker plot showing expression of protumor 
microglial genes in the 2 clusters. (C) Kaplan-Meier plot showing patient survival between the 2 clusters. (D) Schematic summary of the effect of arginine 
depletion on tumor microglial/macrophage activation.
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the ability of ADI-PEG20 to potentiate the effects of radia-
tion occurs predominantly via ˙NO production and its effects 
on the TME, specifically by driving changes in the GAMM 
population toward a tumor-suppressing phenotype.

to the absence of CpG island methylation. In this study, we 
demonstrate that arginine depletion when combined with IR 
is a highly effective therapeutic strategy in non-arginine-aux-
otrophic (ASS1-positive) GBM and we present evidence that 

Figure 9. ADI-PEG20 combined with ionizing radiation eradicates 
CT-2A orthotopic GBM tumors. (A) Bioluminescence imaging (BLI) of 
intracranial tumors in mice using an IVIS Spectrum in vivo imaging 
system and Living Image software starting from day 5 after injection of 
CT-2A tumor cells. (B) Kaplan-Meier survival graph. Animals adminis-
tered combined treatment remained healthy and tumor free at time of 
harvest. Three mice in each treatment group were additionally analyzed 
by MRI at early (5 days), mid (14 days), and late (16 days for ADI animals 
and 18 days for other groups) time points after intracranial injection of 
cells, and additional images were obtained for animals in the combina-
tion group. ADI animals were imaged earlier because they showed signs 
of distress. (C and D) Representative MR and BL images of mice in each 
group. (E) Box-and-whisker plot of the calculated T1 tumor volumes at 
early, mid, and late MRI time points.
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ADI-PEG20 coupled with radiation therapy is synergistic (35). 
Indeed, ADI-PEG20 plus TMZ is at least additive in a xenograft 
model, in both ASS1-positive and -negative tumors (20).

In vivo experiments to evaluate the effect of ADI-PEG20 
combined with IR in ASS1-positive GBM yielded striking results, 
where we observed highly significant tumor responses compared 
with control animals and monotherapy groups, as evidenced by 
epifluorescence, BLI, measurement of GFP histopathology, and 
most importantly, survival. The striking inhibition of GBM growth 
produced by combined ADI-PEG20 and IR was seen after 2 doses 
(2 consecutive weeks) of combined therapy. Importantly, an addi-
tional 6 weeks of combined therapy (once weekly) not only induced 
complete tumor response but was reflected in remarkable increas-
es in survival. Whereas median survival of the control group was 
approximately 4 weeks, it was approximately 5 and approximately 
7 weeks for animals treated with monotherapy IR or ADI-PEG20, 
respectively. More than a year after GBM implantation, animals 
that received combined therapy remained alive and healthy with 
no evidence of GBM growth and in the absence of continued treat-
ment. Furthermore, animals treated with combination therapy 
showed histological evidence of a glial scar at the tumor site when 
sampled at 15 weeks, but not viable tumor cells. This was verified 
by the expression of GFAP and the appearances are consistent with 
complete pathological response. These striking results were repro-
duced with both BLI and MRI in an additional orthotopic model 
of GBM using CT-2A cells. Our data, therefore, imply a therapeu-
tic synergy between arginine depletion and IR, and suggest that 
enhanced production of ˙NO and changes in the TME mediate the 
striking, potentially curative effects observed in vivo.

Growth of tumors in the saline-treated control group was asso-
ciated with large-volume vasogenic edema and extensive neovas-
cularization, typical of GBM. Medical management of vasogenic 
edema relies on corticosteroids such as dexamethasone, with all the 
accompanying problems resulting from their long-term use. One of 
the important therapeutic goals of GBM management is to achieve 
steroid independence, and using histopathology and CD31 and 
αvβ3 integrin IHC we show that arginine depletion greatly reduces 
vasogenic edema and neovascularization. This would be consistent 
with prior studies examining the role of ADI-PEG20 in the vascu-
lature. The antiangiogenic activity of ADI appears due, at least in 
part, to distortion of actin filaments, thus disabling the ability of 
blood vessels to bud, blossom, and grow. Note that this disruption 
occurs in highly ASS1-proficient endothelial cells. ADI-PEG20 
also inhibits hypoxia-inducible factor (HIF), primarily HIF-1α, in 
both ASS1-proficient and -deficient tumors (36). This was associ-
ated with decreased vascular endothelial growth factor (VEGF), an 
inducer of blood vessel growth. These findings were replicated in 

As monotherapy, ADI-PEG20 has been most effective when 
tumors are deficient in ASS1, the rate-limiting enzyme in the 
urea cycle that produces L-arginine. ASS1 loss has been asso-
ciated with an aggressive tumor phenotype, both in preclinical 
and clinical studies (17, 18). The reason(s) for this are not entire-
ly clear, but appear to be due, at least in part, to rapidly growing 
cancers preferring to shunt citrulline together with aspartate to 
form nucleotides, instead of arginine and urea. However, when 
combined with another therapeutic modality, ASS1 deficien-
cy may not be as important as with ADI-PEG20 monotherapy. 
For example, the ASS1-positive breast cancer cell line MCF-7 
is resistant to ADI-PEG20 monotherapy, but the response to 

Figure 10. Immunological assessment of CT-2A tumors in mice treated with 
ADI-PEG20 combined with ionizing radiation. (A) Representative H&E images 
of mouse brains at the mid time point and at time of death/harvest. (B) Repre-
sentative GFAP staining of brains in combined treatment group showing con-
tralateral and tumor region at late harvest time point. Time points: Early, 5 days 
after implantation and before treatment; Mid, 14 days after implantation and 
after 1 round of treatment; Late, 16 (ADI animals) and 18 days (all other groups) 
after implantation and after 2 rounds of treatment. DAPI was used as a nuclear 
counter stain (blue). Scale bars in E: 430 μm (top, middle); 170 μm (bottom).
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more, in 3D cocultures of GBM and microglia, increased infiltra-
tion of microglia was observed in both mice and human GBM cells 
(GL261 and TB48) only in arginine-depleted conditions. Addition-
ally, Arg1 expression of microglial cells cultured in fresh media and 
GBM-conditioned medium was significantly reduced only in the 
presence of ADI-PEG20, where arginine was degraded. Togeth-
er, our data demonstrate that arginine depletion reduces the lev-
el of Arg1 in resident microglia and increases their infiltration and 
phagocytic capacity (Figure 8D, Schematic summary). Moreover, 
Arg1 downregulation resulted in elevated levels of cytotoxic CD8+ 
T cells and a corresponding reduction in immunosuppressive T reg-
ulatory cells (FoxP3+) in the TME. These features have been linked 
to a good prognosis in various cancers types, including GBM (48).

We used a curated list of proinflammatory (M2-like) genes 
from published literature to tease apart microglial phenotypes 
using TCGA GBM tumor gene expression data (33). This gene list 
clearly defined the mesenchymal GBM subtype as having a strong 
immune signature, which corresponds with their aggressive and 
least therapeutically responsive characteristics (49).

GBM tumors are highly infiltrated with macrophages/microg-
lia whose plasticity makes them an attractive therapeutic target. 
Our study provides compelling evidence that arginine depriva-
tion combined with IR is a promising immunotherapeutic strate-
gy for the treatment of ASS1+ GBM, which operates by enhancing 
the production of cytotoxic levels of peroxynitrite and selectively 
modulating GAMM to become tumor attacking.

Methods

Cell lines
The U87 cell line was purchased from ATCC and the patient-derived 
primary GBM cell line TB48 was generated in house as previously 
described (19). The GL261 cells expressing GFP (GL261-GFP) and BV2 
cells were obtained from Joseph Bertrand (Karolinska Institute, Solna, 
Sweden). All cells, except TB48, were maintained in DMEM supple-
mented with 10% fetal bovine serum (FBS). TB48 were maintained 
in DMEM/F12 supplemented with 10% FBS. Cells were regularly test-
ed for mycoplasma contamination using the Venor GeM mycoplasma 
detection kit (Minerva Biolabs GmbH). DMEM, DMEM/F12, and 
FBS were purchased from Thermo Fisher Scientific. ADI-PEG20 was 
obtained from Polaris Pharmaceuticals Inc.

Colony formation assay
Cells were seeded into 6-well dishes at 500 cells/well and incubat-
ed overnight in complete medium. The next day, the medium was 
changed and cells were treated with 1 μg/mL ADI-PEG20 and irradi-
ated with 2, 4, or 8 Gy, with no further media changes. At various expo-
sure times, cells were washed with phosphate-buffered saline (PBS) 
and fixed in 100% methanol for 10 minutes at –20°C. Colonies were 
visualized by staining with a solution of 5% Giemsa, 25% methanol, 
and 70% PBS and counted as previously described (50).

3D neurosphere formation
Five thousand cells/well were seeded in low-attachment 96-well 
plates (Thermo Fisher Scientific) and cultured for 3 to 8 days to allow 
the neurospheres to develop. The neurospheres were then treated with 
ADI-PEG20 (1 μg/mL for human cells and 0.25 μg/mL for mouse cell 

mouse xenograft models, and were also associated with decreased 
blood vessel perfusion. HIF has been implicated in the pathogen-
esis of GBM (37). Furthermore, high HIF-1α levels decrease TMZ 
responsiveness, thus abrogating a primary postsurgical treatment 
for GBM (38). As such, ADI-PEG20 may be having an antitumoral 
effect, at least in part, from its anti-HIF effects. Translation of these 
initial observations into the clinical setting would identify arginine 
deprivation as a viable steroid-sparing strategy for GBM.

Arginine deprivation represents a metabolic vulnerability in 
arginine auxotrophs but has limited cytotoxic or cytostatic effects 
in arginine non-auxotrophs (24). In arginine non-auxotrophs, 
citrulline produced from the degradation of arginine by ADI-
PEG20 is recycled via the citrulline/˙NO pathway and enhances 
the formation of ̇ NO, a hydrophobic and chemically inert molecule 
(39, 40). ˙NO can permeate cell membranes and be transported to 
cellular compartments where it exerts paracrine functions in the 
vascular wall (41). However, when it encounters superoxide anion 
radicals (O2

•−), peroxynitrite anions (ONOO–) are generated at a dif-
fusion-controlled rate of approximately 1.0 × 1010 M−1s−1 (42) which 
is higher than the superoxide dismutase–catalyzed rate of superox-
ide anion production (43). Peroxynitrite is a highly toxic compound 
because it is a potent oxidant that can oxidize and lead to lipid and 
protein nitration. Absorption of IR by living cells can generate reac-
tive oxygen radicals such as superoxide radicals through the radi-
olysis of cellular water (44). We therefore hypothesized that con-
trary to the current perception that ADI-PEG20 is only effective in 
arginine auxotrophs (45), albeit only moderately as a monotherapy, 
it can also be potent in non-arginine-auxotrophic tumors through 
generation of ˙NO by the recycling of citrulline via the citrulline/˙-
NO pathway. In arginine-depleting conditions, NOS has higher 
affinity than Arg1 for L-arginine, thus favoring the subsequent for-
mation of cytotoxic peroxynitrite species (46). Therefore, down-
regulation of Arg1 and upregulation of iNOS in arginine-limiting 
conditions can further enhance the levels of ˙NO. In that vein, our 
results clearly demonstrated the production of toxic peroxynitrite 
as detected through 3-NT staining in both ADI-PEG20– and com-
bination-treated animals.

To further explore the mechanistic basis for our observed 
results, we examined the tumor-associated microglia/macro-
phages more closely. In control saline-treated mice, we observed 
a characteristic morphological feature of resting-ramified microg-
lia at the periphery of the tumor, with marginal tumor infiltration. 
Although both ADI-PEG20 and IR monotherapy increased tumor 
microglial/macrophage infiltration, their expression of Arg1 dif-
fered. ADI-PEG20 decreased microglial Arg1 expression and 
these microglia/macrophages exhibited a phagocytic phenotype, 
as evidenced by an accumulation of lipid bodies. The opposite 
was observed with IR, i.e., increased Arg1 expression and reduced 
lipid-like body accumulation. Combined treatment also reduced 
Arg1 expression, upregulated iNOS expression, and increased lip-
id-like body accumulation compared with control animals. These 
results suggest that depletion of arginine inhibits the microglial/
macrophage protumor response induced by IR and subsequently 
promotes a phagocytic phenotype. These results are consistent 
with previous studies that reported that Arg1 expression in microg-
lia of GL261 murine gliomas occurs later during tumor growth and 
is independent of microglial infiltration into gliomas (47). Further-
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was then closed with bone wax and the incision site was immediately 
closed with sterile Vicryl sutures. Postsurgery mice were given an i.p. 
injection of Convenia (8 mg/kg; Zoetis) for antibiosis and a subcuta-
neous injection of 72-hour time-release buprenorphine SR (0.5–1 mg/
kg; Zoopharm LLC) as an analgesic.

Efficacy studies
GL261. To demonstrate therapeutic efficacy, orthotopic tumors were 
generated using GL261-GFP cells. Fifteen days after surgery, animals 
were randomly stratified into 4 groups of 5 mice and treated with 
saline (control group), ADI-PEG20, IR, or ADI-PEG20 plus IR. The 
radiation group received 4 × 2 Gy (2 Gy in the tumor-injected left side 
and 2 Gy in the contralateral side) over 2 weeks and received a total of 
8 Gy. The X-ray irradiator operated at 100 kV and a dose rate of 1 Gy/
min (Philips MU 15F). ADI-PEG20 (5 IU) was administered intramus-
cularly once per week for the duration of the study. For the combined 
group, ADI-PEG20 was administered 16 hours before radiation. The 
experiment was terminated 2 weeks after treatment, i.e., 28 to 30 days 
after surgery. Mice were deeply anesthetized prior to transcardial per-
fusion of 4% paraformaldehyde solution. Brains were removed, fresh 
frozen, and sequential 30-μm coronal sections were analyzed by IHC 
and used for RNA extraction.

CT-2A. To demonstrate therapeutic efficacy in another orthot-
opic model of GBM, CT-2A GBM cells expressing luciferase were 
used. These studies were performed at the Barrow Neurological 
Institute. Five days after surgery, bioluminescence measurements 
were acquired and animals were divided into 4 groups of 10 ani-
mals each with equal tumor size distribution (average and vari-
ance). Randomization occurred in a blinded fashion. The treat-
ment groups consisted of saline (control group), ADI-PEG20, IR, 
or ADI-PEG20 plus IR. MRI images were obtained in 3 mice from 
each group in addition to BLI before treatments were initiated and 
repeated throughout the study. Mice were treated with intramus-
cular injections of ADI-PEG20 or saline starting on day 7 after 
implantation and continuing weekly throughout the study. Sixteen 
hours after each treatment with saline or ADI-PEG20, mice were 
anesthetized with isoflurane and positioned in the RS 2000 X-Ray 
Biological Irradiator (Rad Source Technologies) operating at 160 
kV such that the radiation groups received 4 Gy of radiation at 3 Gy/
min to only their head and the groups without radiation received 
none. On day 13, 3 mice from each group were culled. One brain 
was flash frozen in Tissue-TEK Optimal Cutting Temperature com-
pound (Sakura Finetek) and 2 were fixed via transcardial perfu-
sion with 4% paraformaldehyde to observe tumor progression and 
microenvironment mid-way through the treatment. The remaining 
mice were followed with MRI and BLI until they became symp-
tomatic, at which point they were humanely euthanized and either 
fresh or fixed tissue was collected for analysis.

Survival studies
For survival studies, orthotopic tumors were generated using GL261-
Luc2 cells so that tumor development and regression could be moni-
tored in real time (28). Tumor growth was evaluated by detection of 
bioluminescence every 4 to 5 days using BLI. Bioluminescence was 
first detected on day 13 after injection of cells and at this point animals 
were stratified into 4 groups of 8 animals and treated as described 
above for the efficacy studies (saline, ADI-PEG20 monotherapy, IR 

lines) for 24 hours before being irradiated with 2–4 Gy and allowed to 
grow for a further 10–15 days. Images were captured and sphere size 
measurements analyzed using ImageJ software (NIH) as per the man-
ufacturer’s instructions.

Establishment of orthotopic GBM tumors
GL261. Five- to 7-week-old wild-type littermate mice on the 
C57BL/6J background were purchased from The Jackson Laborato-
ry. Animals were housed under a 12-hour light/12-hour dark cycle 
with free access to food and water. Mice were anesthetized with a 
mixture of ketamine (50 mg/kg, Ketamidor, Richter Pharma) and 
medetomidine (10 mg/kg, Domtor, Ecuphar) i.p. and preemptively 
given analgesia s.c. with buprenorphine (0.05 mg/kg, Bupaq, Rich-
ter Pharma). Once surgical anesthesia was confirmed, mice were 
placed into a stereotactic frame and secured with mouse-adapted 
teeth and ear bars. Ophthalmic gel drops were applied to their mice 
eyes to prevent drying-derived eye disorders. A midline incision was 
made to expose the skull. Injection site coordinates (+0.2 mm ante-
rior, –2.3 mm lateral from bregma) were previously determined and 
an approximately 1-mm-diameter craniotomy was made over the left 
brain hemisphere using a 0.8-mm diameter drill bit connected to a 
handheld dental drill. Skull remains were removed carefully to avoid 
dura mater puncture. Injection of cells (GL261-GFP and GL261-
Luc2) was carried out using a 10 μL Hamilton 701N syringe with a 
borosilicate capillary glass attached to the tip (Harvard Apparatus). 
Capillary glass was used in order to minimize inflammatory respons-
es derived from injection trauma. Capillary glass was then moved in 
the ventral coordinate (–3.1 mm) until the desired striatum location 
was reached. Cells (2 × 105) were slowly injected in a volume of 2 μL. 
After removal of the Hamilton syringe, the skull cavity was restored 
with dental cement and the skin was sutured. Postsurgical mice were 
injected s.c. with 50 μL of atipamezol (0.5 mg/mL) (Nosedorm, Kar-
izoo) and 50 μL of 5% dextrose solution, the former to antagonize 
the anesthetic effects and the latter to alleviate dehydration and star-
vation after surgery.

CT-2A. Eight-week-old female B6(Cg)-Tyrc-2J/J mice (albino vari-
ant C57BL/6J) were purchased from The Jackson Laboratory. Animals 
were housed under a 12-hour light/12-hour dark cycle with free access 
to food and water. Cells were harvested and resuspended in DMEM 
containing no FBS at a concentration of approximately 1 × 107 to 2 × 107 
cells/mL. Anesthesia was achieved by isoflurane inhalation. Once the 
animal was fully anesthetized, the incision site was shaved and steril-
ized with ethanol and povidone-iodine. The animal was then placed 
on the operation stage, with a stereotactic frame permitting access to 
the head while maintaining the animal in place. An ophthalmic lubri-
cating ointment was applied to the eyes to prevent drying. An incision 
along the midline of the head was made with the use of a sterile scal-
pel. A burr hole was then made in the right hemisphere of the brain 
approximately 2.3 mm to the right of the sagittal suture and approx-
imately 0.1 mm below the coronal suture. A 10 μL gas-tight microsy-
ringe (Hamilton Neuros 1700 Series) with a 31-gauge needle was 
inserted to a depth of 3 mm and left in place for 1 minute. After 1 min-
ute, the syringe was withdrawn to a depth of 2.6 mm and 2 μL of tumor 
cell suspension was injected over a 3-minute period with the use of 
an UMP3t-1 UltramicroPump 3 (World Precision Instruments). Once 
the injection sequence was complete, the syringe was left in place for 
an additional minute before slowing being withdrawn. The burr hole 
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and finally stained with 1% alcoholic eosin (QCA). Before mounting, 
sections were dehydrated in increasing concentrations of ethanol and 
finally rinsed in xylene before being mounted on slides.

For floating immunofluorescence staining, sections were washed 
with PBS to remove antifreeze solution and treated for antigen retriev-
al with 1% citrate solution at 80°C for 30 minutes. Sections were then 
blocked in PBS with 1% Triton X-100 (Sigma-Aldrich) and 5% BSA 
(Sigma-Aldrich) at room temperature prior to incubation with the 
relevant primary antibodies overnight at 4°C (Supplemental Table 3). 
Sections were then washed in PBS/0.1% Triton X-100, and incubat-
ed with Alexa Fluor–labeled secondary antibody (Invitrogen, Thermo 
Fisher Scientific). After an additional wash, they were mounted onto 
slides with 50% glycerol. Confocal fluorescence images were obtained 
using a Zeiss LSM 7 DUO confocal microscope.

For CD4, CD8, and FoxP3 staining, FFPE sections were deparaf-
finized and dehydrated through a standard ethanol series followed by 
blocking endogenous peroxidase activity using 1% hydrogen peroxide. 
Antigen retrieval using sodium citrate buffer pH 6.0 or Tris-EDTA pH 
9.0 was performed followed by blocking sections with 10% normal goat 
serum before incubation with primary antibodies, followed by HRP-con-
jugated secondary antibody (ImmPRESS HRP horse anti–rabbit IgG 
Polymer Detection Kit, Vector Laboratories). The HRP-DAB polymer kit 
was used for visualization (ImmPACT DAB Substrate, Vector Laborato-
ries). Slides were scanned using an Aperio AT2 slide scanner and ana-
lyzed using QuPath (v1.2.2) based on 5 randomly selected regions.

For GFAP staining, sections were incubated with polyclonal rabbit 
anti-GFAP antibody (1:500; Z0334, DAKO) overnight at 4°C. Sections 
were washed and incubated with goat anti-rabbit secondary antibody 
conjugated to Alexa Fluor 568 (1:200; Invitrogen) for 2 hours at room 
temperature. Sections were washed and incubated with prefiltered 0.1% 
Sudan black solution followed by additional washes. Slides were mount-
ed using Vectashield antifade medium containing DAPI (Vector Labora-
tories) and were visualized using a Revolve microscope (ECHO).

TME changes by immunostaining
For analysis of lipid-like body accumulation, we used Oil Red O stain-
ing. Formalin-fixed sections were stained with Oil Red O solution 
(Newcomer Supply) and hematoxylin according to the manufacturer’s 
protocol. After rinsing in distilled water, sections were counterstained 
with Gill’s III and mounted with Prolong Gold antifade reagent (Invi-
trogen). The formation of new blood vessels was assessed by the ratio 
of the proangiogenic marker αvβ3 integrin to CD31 in the intratumor-
al section. For measurements of ˙NO release in the TME, we double 
stained tumor-bearing brain sections with the microglial marker Iba-1 
and 3-nitrotyrosine (3-NT), an indirect indicator of ˙NO. The appear-
ance of protein-linked 3-NT and colocalization with microglia/macro-
phages (Iba-1) was assessed using ImageJ software.

qRT-PCR
RNA was extracted from FFPE brain sections using the FFPE-RNA 
Purification Kit (Norgen) and from cell pellets using the from RNeasy 
Kit (Qiagen). A Revert Aid First-Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific) was used to convert 0.5 μg of total RNA into cDNA. 
The indicated primers (Supplemental Table 4) were used for qRT-PCR 
and performed using the LightCycler 480 (Roche Molecular Systems). 
Results were calculated using the delta Ct method and are represented 
as fold change compared to control.

monotherapy, and combination therapy) (Figure 3A). On day 28, 4 ani-
mals from each group were sacrificed for pathology and IHC studies 
while treatments were continued on the remaining animals for surviv-
al studies. Animals receiving combination therapy remained healthy 
and tumor free throughout the study and received a weekly dose of 2 
× 2 Gy radiation for a total of 8 weeks, reflecting a total radiation dose 
of 32 Gy. ADI-PEG20 was continued for 13 weeks on a weekly basis 
and then stopped. On day 140, 2 animals were culled, and brains har-
vested for further analysis while the remaining 2 were monitored with 
no further treatments. Kaplan-Meier analysis was carried out to assess 
statistical significance.

BLI
GL261 mice. All in vivo bioluminescence and fluorescence measure-
ments were carried out using the IVIS Lumina II and Living Image 
Software (Perkin Elmer). For GL261-GFP mice, brains were analyzed 
after termination of the study. For GL261-Luc2, sequential biolumi-
nescence measurements were taken in live animals following i.p. 
injection of 100 μL of D-luciferin (Sigma-Aldrich) followed 5 minutes 
later by an i.p. injection of low-dose ketamine.

CT-2A mice. In vivo BLI was carried out using an IVIS Spectrum in 
vivo imaging system (Caliper Life Sciences) coupled to the data acqui-
sition Living Image software (Xenogen Corp.). Sequential biolumines-
cence measurements were taken in live animals following i.p. injec-
tion of 150 mg/kg of D-luciferin potassium salt (Gold Biotechnology). 
Mice were anesthetized using isoflurane and images were acquired 10 
minutes after injection. Signal intensity was quantified over a defined 
area of interest in the heads of the mice, as highlighted by the Living 
Image software.

MRI analysis
To assess tumor volumes, MRI images were acquired using a 7-Tesla 
Bruker Biospec preclinical scanner. During scanning, the mice were 
kept sedated using an airflow of 1 to 1.5 mL/s with 1%–3% isoflurane. 
A gadolinium contrast agent was injected before all scans. The MRI 
scans included postcontrast T2-weighted (T2W) and postcontrast 
T1-weighted (T1W) imaging. The T2W scan was acquired with a rap-
id acquisition with relaxation enhancement (RARE) sequence, with a 
repetition time of 4,500 ms, echo time of 50 ms, RARE factor = 9, and 
number of averages = 4. The T1W scan was acquired with a RARE with 
short echo time (RAREst) sequence consisting of a repetition time of 
819 ms, echo time of 4.6 ms, RARE factor = 4, and number of aver-
ages = 6. Both scans were collected with a field of view = 2 cm, slice 
thickness = 1 mm, number of slices = 12, and a matrix size of 128 × 128. 
Enhanced tumor volumes were manually segmented on the T1W and 
used for analysis.

IHC
Coronal sections (30 μm) of brains were cut using a cryostat and sec-
tions were processed as required. Some sections were mounted on 
gelatinized Superfrost Plus slides for hematoxylin and eosin (H&E) 
staining; some were submerged in antifreeze solution (Nzytech) 
for free-floating immunofluorescence, and some were reserved for 
RNA extraction.

For H&E staining, sections were first placed in Harris’s hema-
toxylin solution (QCA), and sequentially placed in acid alcohol, dis-
tilled water wash, lithium carbonate solution, distillate water wash, 
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treated humanely in accordance with the Laboratory Animal Welfare 
Act (Animal Welfare Assurance no. A3519-01, protocol 575).

Author contributions
NH performed the in vitro experiments and the GFP in vivo 
experiments, assisted in drafting the first version of the manu-
script, and generated first versions of most of the figures. JGR 
and MSS performed the in vivo survival studies and carried 
out IHC analysis and generated some figures. NH, JGR, and 
MSS share co–first authorship and justification of assigning 
authorship order is as follows: NH started the study by per-
forming the vitro and GFP in vivo studies, and JGR did the 
in vivo experiments using bioluminescence under the direc-
tion of MSS and NS. JGR and MSS did the in vivo analysis and 
some of the IHC. RP performed the bioinformatic analysis, 
and helped to edit the manuscript and some figures. JS per-
formed the IHC analysis for CD4, CD8, and FoxP3, H&E anal-
ysis on the CT-2A mouse tissues, and generated the figures for 
these mice. MLOV and SMC assisted with the in vivo radia-
tion experiments using the GL261 tumor model and helped to 
edit the manuscript. DRH performed the in vivo experiments 
using the CT-2A tumor model. CCQ and YG performed the 
MRI analysis. ACS provided the GL261-Luc2 cells, assisted 
with the design of the CT-2A in vivo experiments, and made 
final edits to the figures and together with KS, JB, AGT, TC, 
GA, and KON provided valuable editorial contributions to 
the manuscript. KS provided the CT-2A cells. AGT provided 
insightful chemical rationale and analysis as well as discus-
sions on ways to manipulate the TME. JLV provided invaluable 
discussions on the involvement of the TME, and made major 
contributions to the editing and construction of the figures. 
NS initiated and supervised the overall study, was responsi-
ble for the experimental designs, editing, and writing the final 
version of the manuscript.

Acknowledgments
This work was supported by the Brain Tumour Research Cam-
paign (BTRC), Brain Tumour Research (BTR) CRUK Convergence 
Science Centre at The Institute of Cancer Research, London, 
and Imperial College London (C309/A31316) and the European 
Regional Development Fund (ERDF) under the Operational Pro-
gram Epirus 2014-2020, NSRF 2014-2020 (project code 5033092, 
BIOPREDICTOR) and by the Hellenic Foundation for Research 
and Innovation (HFRI) under the “First call for HFRI research 
projects to support faculty members and researchers and the pro-
curement of high-cost research equipment grant” (project code: 
991, PROTECT). This research was also funded from grants by 
the Spanish Ministerio de Ciencia, Innovación y Universidades/
FEDER/UE RTI2018-098645-B-100) and from Consejería de 
Economía y Conocimiento of Junta de Andalucía/FEDER/UE P18-
RT-1372 and US-1264806. BTRC and BTR grants were awarded to 
NS and KON. JS was a recipient of CRUK Clinical Academic Train-
ing Programme. ADI-PEG20 was a gift from Polaris Pharmaceuti-
cals Inc. We thank Modesto Carballo, Laura Navarro, and Cristina 

Microglial occupancy
Microglial occupancy was measure using ImageJ software. Microg-
lia/macrophages were counted in a standard area of 10,000 μm2. 
Three sections per animal and 3 animals per group were analyzed. 
The counting was done exclusively inside the tumor, where GFP was 
clearly detected. Microglial occupancy was measured as percentage 
of pixels that surpass a constant threshold for Iba-1–Alexa Fluor 594 
immunofluorescence. The data represent the percentage area inside 
the tumor that was immunoreactive for anti–Iba-1 antibody.

In vitro studies
BV2 cells (1.5 × 105) were plated in 6-well plates in triplicate wells 
and cultured for 24 hours before being treated with 100 ng/mL ADI-
PEG20. Six hours after ADI-PEG20 treatment, cells were irradiated at 
various doses and harvested 18 hours later for RNA extraction.

For studies looking at the effects of GL261-conditioned media 
(CM) on BV2 cells, CM was collected from an overnight culture of 
GL261 cells that were at no more than 70% confluence. Cellular debris 
from the CM was removed by centrifugation at 9000g before passing 
through a 0.22 μm filter and stored at −80°C until required. The CM 
was prewarmed and added to exponentially growing BV2 microgli-
al cells with or without 1 mg/mL ADI-PEG20 for 6 hours. RNA was 
extracted from BV2 cell pellets and assessed by qPCR for Arg1 expres-
sion levels.

Bioinformatic analysis
A list of genes involved in microglial polarization was curated from 
published literature (ref. 33 and Supplemental Table 1). The result-
ing list of genes was matched to TCGA Affymetrix microarray data, 
which resulted in a list of 17 genes available for analysis. Microarray 
data were quantile normalized and z-scores were generated for each 
gene. Hierarchical clustering (Euclidean distance, Ward method) was 
performed on the gene set. Phenotypic data such as sample source and 
GBM subtype were included to identify any correlations.

Statistics
Unless otherwise specified, data were analyzed using GraphPad Prism 
(v9.3.1). For 2 groups, Student’s t test was used (2-tailed). For more 
than 2 groups, 1-way ANOVA with Tukey’s multiple comparison test 
was used, and adjusted P values are reported. For all box-and-whis-
ker plots, horizontal lines within boxes denote median values, boxes 
extend from the 25th to the 75th percentile of each group's distribution 
of values, and bottom whiskers represent the 10th percentile and the 
top whiskers represent the 90% percentile. Dots denote values outside 
this range. Some plots have no data points outside this range because 
of limited sample size. In these plots, the whiskers represent the lowest 
and highest value in the data set. Statistical significance was defined 
as P less than 0.05.

Study approval
The study was approved by Imperial College London Research and Eth-
ics Committee (REC 14/EE/0024). All experiments conducted at the 
University of Seville were approved by the University of Seville Ethical 
Committee for Experimental Research and fulfilled the requirements 
for experimental animal research in accordance with the Guidelines of 
the European Union Council (86/609/EU) and the Spanish regulations 
(BOE 34/11370–421, 2013) for the use of laboratory animals.
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