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Abstract 44 

The glioblastoma (GBM) microenvironment is enriched in immunosuppressive factors that 45 

potently interfere with the function of cytotoxic T lymphocytes. Cancer cells can directly impact 46 

the immune system, but the mechanisms driving these interactions are not completely clear. Here 47 

we demonstrate that the polyamine metabolite spermidine (SPD) is elevated in the GBM tumor 48 

microenvironment. Exogenous administration of SPD drives tumor aggressiveness in an immune-49 

dependent manner in pre-clinical mouse models via reduction of CD8+ T cell frequency and 50 

reduced cytotoxic function. Knockdown of ornithine decarboxylase, the rate-limiting enzyme in 51 

spermidine synthesis, did not impact cancer cell growth in vitro but did result in extended survival. 52 

Furthermore, glioblastoma patients with a more favorable outcome had a significant reduction in 53 

spermidine compared to patients with a poor prognosis. Our results demonstrate that spermidine 54 

functions as a cancer cell-derived metabolite that drives tumor progression by reducing CD8+ T 55 

cell number and function.  56 
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Introduction 57 

Despite aggressive multimodal therapies including maximal safe surgical resection followed by 58 

concomitant radiation and chemotherapy, patients with glioblastoma (GBM), the most common 59 

primary malignant brain tumor, continue to have a poor prognosis (1–3). While advances, 60 

including targeted therapies and more recently immunotherapy, have been achieved in other 61 

advanced cancers, GBM outcomes have not changed dramatically in decades (4–6). GBM 62 

remains a major clinical challenge due to a variety of unique barriers, including inherent tumor 63 

cell therapeutic resistance, an immune-suppressive microenvironment, and metabolic adaptability 64 

(7–10). In particular, the tumor microenvironment contains elevated numbers of 65 

immunosuppressive cells and a limited amount of effector cells (11,12). Moreover, tumor cells 66 

leverage bi-directional communication mechanisms to alter the immune microenvironment 67 

(13,14). A better understanding of these communication mechanisms in the context of immune 68 

cell infiltration, as well as their impact on the balance between immune activation and 69 

suppression, is critical for a better understanding not only of the immune microenvironment but 70 

also of the tumor’s response within.  71 

Metabolic alterations are a hallmark of cancer and are well characterized in GBM cells. Such 72 

changes include specific dependencies involving glycolysis and lipid metabolism (15,16). Recent 73 

studies have demonstrated that metabolic programs are not static but are subject to plasticity and 74 

underlie cellular states that drive tumor growth and therapeutic resistance (17). Metabolic 75 

alterations extend beyond tumor cells and impact immune cells as well, altering their function (18). 76 

These immune cell-specific metabolic changes are triggered by the tumor microenvironment as 77 

well as tumor cells, representing another important cell communication mechanism that can alter 78 

tumor growth (19).  79 

Polyamines are a family of cationic metabolites that include putrescine, spermine, and 80 

spermidine. These metabolites can be generated from arginine and are produced by nearly every 81 

cell in the body. Polyamines are critical to many cellular homeostatic functions, including cell 82 
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growth and proliferation through their role in DNA replication and translation (20). In many 83 

cancers, including GBM, polyamines are elevated and support cancer cell growth and immune 84 

suppression (21). Specifically, in GBM, it has been shown that the polyamine family member 85 

spermidine (SPD) increases the acidity of the tumor microenvironment, shifting the balance 86 

towards immune-suppressive myeloid cells (22). Targeting the polyamine pathway at the rate-87 

limiting step in biosynthesis has been demonstrated to increase survival in pre-clinical models of 88 

neuroblastoma and to synergize with conventional immune checkpoint inhibitor-based 89 

immunotherapies (23). In pediatric gliomas, additional pre-clinical benefit was observed using a 90 

polyamine transport inhibitor in conjunction with biosynthesis disruption (24). While these and 91 

other studies have demonstrated elevation of polyamines in GBM and a function in brain tumors, 92 

mainly involving myeloid cells, the specific sources of polyamines and the impact on the immune 93 

system as a whole are less clear. Here we show that increased SPD in the tumor 94 

microenvironment, produced in part from cancer cells, drives tumor progression by decreasing 95 

CD8+ T cell frequency and activity via decreased cytokine production and increased apoptosis-96 

induced death of CD8+ T cells.   97 
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Results 98 

Spermidine drives GBM progression 99 

It has previously been reported that GBM patients have increased SPD in their cerebrospinal fluid 100 

(CSF) and blood compared to healthy controls (25). To investigate the extent to which this is 101 

paralleled in our pre-clinical mouse models, we intracranially implanted the mouse glioma models 102 

SB28 and GL261 into wild-type C57BL/6 mice. Mass spectrometry of tumor tissue from these 103 

mice revealed an increase in members of the polyamine family, including a substantial increase 104 

in SPD in the tumor setting compared to control conditions. We also observed a higher magnitude 105 

elevation in SPD in the brain compared to other polyamine family members (Figure 1A-D, 106 

Supplemental Figure 3A-I). Furthermore, spatial MALDI-TOF analysis of an independent GL261 107 

glioma model revealed tumor-intrinsic production of SPD (Supplemental Figure S1A-E) and 108 

related enzymes in a second mouse model, CT-2A (Supplemental Figure S2A-G). Increased 109 

spermidine levels in our tumor samples compared to sham via mass spectrometry indicate there 110 

is glioma specific accumulation of spermidine within the brain, further supported by spatial MALDI-111 

TOF analysis. Mass spectrometry of conditioned media of the syngeneic mouse tumor cells 112 

showed they secrete SPD into the tumor microenvironment (Supplemental Figure S1F). These 113 

findings corroborate previous observations in human patients and suggest that SPD is increased 114 

in the tumor microenvironment. Based on the sex differences observed in GBM, both 115 

epidemiologically and in terms of immune responses (26,27), we assessed equal numbers of 116 

male and female mice and did not observe any substantial sex differences (Figure 1B-D, 117 

Supplemental Figure S3A-E). Given the lack of sex differences in response to SPD and the higher 118 

incidence and poorer outcome of GBM in males (28), we focused on males for the subsequent 119 

studies. In order to explore what effect elevated SPD would have on tumor growth, we developed 120 

an experimental paradigm in which we intracranially implanted mouse glioma cells, as previously 121 

described, and administered SPD at regular intervals via intraperitoneal injection (Figure 1E). We 122 

confirmed via mass spectrometry that mice receiving systemic SPD treatment had an increase in 123 
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SPD levels within the tumor microenvironment, recapitulating a high SPD-producing tumor (Figure 124 

1F). Additionally, systemic endogenous treatment with SPD robustly shortened survival of 125 

immune-competent mice (Figure 1G-H, Supplemental Figure S4A-D). Taken together, these data 126 

suggest that SPD is elevated in the GBM microenvironment and accelerates GBM progression.  127 

 128 

Spermidine drives GBM growth in an immune-dependent manner 129 

As SPD is involved in many cellular functions, including cell growth, we tested whether SPD has 130 

a direct effect on cancer cell growth. When mouse glioma cells were cultured in vitro with SPD for 131 

72 hours, we observed no significant changes in cell numbers compared to control treatment 132 

(Figure 2A-B). Additionally, the proliferation rate of brain resident populations (astrocytes, 133 

microglia) as well as human GBM and prostate cancer cells was not affected by the addition of 134 

exogenous SPD (Supplemental Figure S5A-F). As SPD treatment did not directly increase tumor 135 

cell growth, we shifted our focus to other components of the tumor microenvironment that could 136 

contribute to the observed survival phenotype. GBM creates an immune-suppressive 137 

microenvironment characterized by an increase in immune-suppressive myeloid cells and limited 138 

T and NK cell infiltration (29,30). Moreover, polyamines were recently shown to be critical for 139 

myeloid-driven immune suppression in GBM and T cell differentiation (11,22,31). To investigate 140 

whether SPD could be altering immune cells, we repeated the same in vivo experimental 141 

paradigm previously described (Figure 1E) using immunocompromised NSG (NOD.Cg-142 

PrkdcscidIl2rgtm1Wjl/SzJ) mice. The sharp decline in survival observed in immune-competent 143 

mice with SPD treatment was abrogated in NSG mice, indicating that increased SPD is likely 144 

interfering with the immune response (Figure 2C-D, Supplemental Figure 6A-D). These data 145 

suggest that SPD likely drives tumor growth in an immune cell-dependent manner. 146 

Spermidine drives GBM growth by reducing T cells 147 

Based on previous reports indicating that SPD drives CD4+ T cell differentiation (31), we 148 

investigated the effect of SPD on adaptive immune cells. Mouse splenocyte-derived lymphocytes 149 
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treated with SPD in vitro and measured via flow cytometry showed a significant reduction in both 150 

viable CD8+ and CD4+ T cells (Figure 3A-B), as well as in B cells and NK cells (Supplemental 151 

Figure 7A-C). To determine whether lymphocytes were driving SPD-mediated accelerated GBM 152 

growth in our mouse models, we repeated the same experimental paradigm (Figure 1E) as 153 

described above in Rag1 knockout mice, which lack functional B and T cells. We observed no 154 

difference in survival between SPD and control treatment groups, supporting the hypothesis that 155 

SPD interacts with these immune cell subsets to drive GBM progression (Figure 3C-D, 156 

Supplemental Figure 7D-G).  157 

We then investigated changes to the immune response in the GBM microenvironment of immune-158 

competent mice treated with exogenous SPD compared to control conditions. In the tumor-159 

bearing hemisphere, we observed a significant reduction in the CD8/T regulatory cell (Treg) ratio, 160 

indicating decreased cytotoxic immune response in SPD-treated mice (Figure 4A). This is partially 161 

due to the increased proportion of Tregs and a trend of decreasing of CD8+ T cell abundance 162 

(Figure 4, B and C).  Additionally, we observed increased exhaustion markers specifically on 163 

CD8+ T cells in SPD-treated mice (Figure 4, D and E). Immune analysis of blood and bone marrow 164 

replicated the immunosuppressive phenotype seen in the tumor tissue (Supplemental Figure 165 

S8A-I). Treg exhaustion markers were not affected by SPD treatment (Supplemental Figure S8J-166 

M). Immune phenotyping of tumor-bearing mice suggests that increased SPD levels in the tumor 167 

microenvironment affect CD8+ T cells and Tregs, contributing to GBM progression 168 

(representative gating strategy in Supplemental Figure 9). Taken together, these data 169 

demonstrate that SPD reduces cytotoxic T cell number and phenotype. 170 

Ornithine decarboxylase drives GBM cell-mediated tumor growth and T cell alterations 171 

Given that exogenously administered SPD drives tumor growth and alters T cell number and 172 

phenotype, we wanted to assess how this functions in a GBM cell-intrinsic manner. Using shRNA 173 

lentiviral particles targeting ODC1, the gene that encodes ornithine decarboxylase (ODC) – the 174 

rate-limiting irreversible enzyme of the main polyamine biosynthesis pathway – we knocked down 175 
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ODC1 in SB28 tumor cells (Figure 5A), which resulted in decreased SPD production (Figure 5B) 176 

and no significant changes in intrinsic tumor cell growth (Figure 5C).  Intracranial implantation of 177 

ODC1-knockdown GBM cells resulted in significantly extended survival compared to a non-target 178 

control (Figure 5D), indicating that SPD production by cancer cells is partially responsible for GBM 179 

growth. Immune phenotyping of mice implanted with ODC1-knockdown cells revealed an increase 180 

in the proportion of CD8+ T cells in the TME compared to non-targeting controls (Figure 5E). 181 

Additionally, CD8+ T cell proliferation marker Ki-67 was increased, suggesting the CD8+ T cells 182 

might have increased expansion in the tumor microenvironment (Figure 5F). To investigate how 183 

specific this result is due to SPD itself, we repeated the original exogenous SPD administration 184 

paradigm (Figure 1E) in mice with ODC1-knockdown cells. When ODC1-knockdown-tumor 185 

bearing mice are treated with systemic SPD, we observed a partial rescue of our original 186 

phenotype, indicating that tumor-cell derived SPD is a significant contributor of GBM progression 187 

(Figure 5G). Together, these data suggest that SPD generated by GBM cells via ODC can drive 188 

GBM growth and attenuate T cell number and function, which is consistent with our findings 189 

observed with exogenous administration of SPD.  190 

SPD induces CD8+ T cell apoptosis and decreases functionality 191 

To elucidate the mechanism through which SPD affects CD8+ T cells, we first investigated cell 192 

death and apoptosis, as SPD is known to be involved in apoptotic pathways (32). Treating 193 

splenocyte-derived CD8+ T cells with SPD during the in vitro stimulation process for 72 hours 194 

resulted in an increase in fully apoptotic cells and a reduction in live cells (Figure 6A-C). 195 

Additionally, the death of CD8+ T cells can partially be attributed to increased reactive oxygen 196 

species (ROS) after treatment with SPD during stimulation (Figure 6D). No difference was noted 197 

in cell proliferation of CD8+ T cells treated with SPD compared with vehicle-treated cells 198 

(Supplemental Figure S10A). CD8+ T cells treated in the same manner were analyzed for 199 

cytokine profile changes; we observed an increase in the exhaustion marker TIM3 as well as a 200 

reduction of the activation marker CD44 (Figure 6, E and F). The number of CD8+ T cells 201 
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producing the established anti-tumorigenic cytokines IFN and TNF was reduced (Figure 6G-202 

H). Investigating functional protease granzyme B (GzB) in the same treated CD8+ T cells revealed 203 

a decrease in secreted GzB per live cell (Figure 6I), indicating a reduction of functionality of CD8+ 204 

T cells treated with SPD. Additionally, when exposing CD8+ T cells to conditioned media collected 205 

from ODC1-knockdown cells, we observed an increase in both GzB and perforin (PRF) 206 

suggesting that tumor-derived polyamines affect functionality of CD8+ T cells (Figure 6, J and K). 207 

To explore the full effect of these changes in secreted cytotoxic and inflammatory molecules, we 208 

used a tumor cell killing assay to assess changes in cell death. OT1 CD8+ T cells were pretreated 209 

with PBS control or varying concentrations of SPD, then added in a transwell to co-culture with 210 

previously plated SB28 cells overexpressing ovalbumin (SB28-OVA cells). Viability of the tumor 211 

cells measured via flow cytometry showed a reduced ability for CD8+ T cells to kill tumor cells in 212 

a concentration-dependent manner (Figure 6L). Taken together, these data suggest that SPD 213 

increases apoptosis and ROS, thus decreasing the available cytotoxic cells in the CD8+ T cell 214 

pool, in addition to decreasing their killing functionality by altering their cytokine profile and 215 

inflammatory phenotype. 216 

SPD is correlated with decreased CD8+ T cells and a poorer prognosis  217 

To investigate parallels between GBM patients and our preclinical findings, we interrogated 218 

multiple components of the SPD pathway and the tumor microenvironment. TCGA and GTEX 219 

data of normal brain tissue compared with low-grade glioma showed an increase in ODC1 mRNA 220 

expression; when compared to GBM patients, there was a robust increase in expression in GBM 221 

compared to all other groups (Figure 7A). To assess whether ODC1 expression is linked to 222 

changes in the immune microenvironment, we analyzed single-cell RNAseq data from Ruiz-223 

Moreno et al.(33) and found that higher expression of ODC1 in cancer cells correlated with fewer 224 

CD8+ T cells in the tumor microenvironment in GBM patients (Figure 7B), similar to what we 225 

observed in mouse models. Furthermore, Visium spatial analysis of GBM patients from Ravi et 226 

al. (34) showed a negative correlation between SPD-producing enzymes and the areas 227 
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immediately surrounding identified CD8+ T cells (Figure 7C). Finally, to link spermidine levels to 228 

GBM patient survival, tumor samples from age-matched GBM patients were analyzed via LC-229 

MS/MS. Short term survivors (median survival: 9.8 months) have significantly higher levels of 230 

SPD in their tumors at primary resection than long term survivors (median survival: 36.03 months) 231 

(Figure 7D). Additionally, patients in the lowest quartile of SPD levels survived much longer 232 

compared to the highest quartile, indicating there is a negative correlation between intratumoral 233 

SPD levels and overall survival (Supplemental Figure S11A). Additional members of the 234 

polyamine family aren’t as strongly correlative in quartile testing; however, we do see similar 235 

trends based on survival when analyzed above/ below median survival (Supplemental Figure 236 

S11B-F). Taken together, these data further reinforce that SPD is associated with poor GBM 237 

patient outcome and a reduction in CD8+ T cells in the tumor microenvironment.  238 
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Discussion 239 

Here, we identify a new molecular mechanism through which GBM cells affect their surrounding 240 

microenvironment and drive a pro-tumorigenic state through direct depletion and impairment of T 241 

cells (Figure 8). This immune alteration occurs via increased SPD in the tumor microenvironment 242 

and is driven by expression of ODC, the rate-limiting enzyme in the main polyamine biosynthesis 243 

pathway. These findings reinforce a model in which tumor cells secrete a host of factors to alter 244 

the immune microenvironment in their favor. Our findings show that SPD itself, either increased 245 

via exogenous addition or reduced via ODC1 knockdown, did not alter intrinsic tumor growth but 246 

did impact cytotoxic T cells and Tregs. These results are similar to our previous observation in 247 

which GBM cancer stem cells secreted macrophage migration inhibitory factor, which supported 248 

myeloid-derived suppressor cell function but was dispensable for tumor cell growth (35). It is worth 249 

noting that other studies have demonstrated an essential role for SPD in tumor cell growth, 250 

including in pediatric glioma and neuroblastoma. With respect to the differences between GBM 251 

and pediatric glioma in terms of SPD dependency, this could be due to inherent mutational 252 

landscapes and/or differential metabolic dependencies. Another possibility could be differing SPD 253 

levels between pediatric glioma and GBM cells, as previous observations in pediatric glioma were 254 

not directly compared to GBM models. It could be the case that GBM cells have an increased 255 

level of SPD at baseline compared to pediatric glioma cells; in this case, increasing spermidine 256 

would not elicit a pro-growth phenotype, and knockdown, which we employed here instead of 257 

complete knockout, would maintain a sufficient amount of SPD present to perpetuate cell growth.  258 

Our data support a model in which CD8+ T cells in the GBM microenvironment are more sensitive 259 

to changes in SPD compared to other immune cells. These findings are complementary to recent 260 

work in tumor-associated myeloid cells and may help explain why spermidine generates a pro-261 

tumorigenic environment (22), as it can increase immune suppression through enhancement of 262 

myeloid cells while concomitantly decreasing immune activation though the depletion and 263 

reduced cytokine production among CD8+ T cells. Future studies would benefit from the direct 264 
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comparison between these two pro-tumorigenic mechanisms to determine which population is 265 

more responsive to SPD, either directly or through other immune alterations.  266 

While our studies focused on SPD, the polyamine family also contains the additional metabolites 267 

putrescine and spermine, as well as cadaverine, which is produced solely by bacteria. We 268 

observed that exogenous spermine administration does, to an extent, replicate the effects of SPD 269 

administration, resulting in a shortening of survival (data not shown). There could be several 270 

reasons for the specificity of SPD compared to other polyamine family members. Although some 271 

polyamine functions are shared by all members, certain functions are driven mostly by a particular 272 

polyamine compared to the others. Cell necrosis and apoptosis are mediated by putrescine and 273 

SPD(20). Another function that is more specific to SPD is inflammation reduction (36,37). This 274 

correlates with the immune suppression we see in our studies as well as the characterization of 275 

GBM as a “cold tumor” (38). While our studies focused on GBM, polyamines have been reported 276 

to have a pro-tumorigenic role in established tumors in other cancers – such as prostate and 277 

colorectal – and a tumor suppressive role at the initial stages in other tumors – namely melanoma 278 

and some types of breast cancer (39–43). Therefore, our findings may be of interest to other 279 

tumor types.   280 

Our studies leverage pre-clinical models to demonstrate that SPD can drive tumor growth in an 281 

immune-dependent manner and are consistent with other pediatric and adult brain tumor pre-282 

clinical findings. Conceptually, these findings support the use of polyamine inhibitors for malignant 283 

brain tumors. However, current attempts to target these pathways via difluoromethylornithine, 284 

which is decarboxylated by ODC and binds to the enzyme, thus irreversibly inactivating it, have 285 

shown modest clinical efficacy (44). This could partially be due to the ubiquitous nature of 286 

polyamines in the human body. Although this inhibitor blocks de novo biosynthesis of polyamines, 287 

uptake of polyamines secreted by other cells in the environment could help maintain tumor cell 288 

growth and sustain pressure on the immune response. While our studies focus on the function of 289 

tumor cell-derived SPD in altering the immune microenvironment, how SPD is transported into 290 
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cells was not assessed. SPD can be taken into cells via a known polyamine transporter, SLC3A2, 291 

which we found to be expressed in multiple immune lineages using human single-cell RNA-292 

sequencing data (GBMap, Ruiz Moreno, 2022), and we confirmed similar expression between 293 

mouse myeloid (CD11b+), CD4+, and CD8+ T cells (data not shown). These observations 294 

suggest that immune cells express the relevant polyamine transporter, and future studies could 295 

focus on the function of these transporters in immune cells. Additional studies could investigate 296 

the consequence of targeting SLC3A2, including the use of available inhibitors in combination 297 

with the polyamine pathway inhibitor difluoromethylornithine. Successfully targeting the 298 

polyamine pathway will most likely require combination intervention at multiple enzyme steps in 299 

addition to transport inhibitors. Blocking both ODC and spermidine synthase (SRM) would provide 300 

a more complete elimination of SPD by interfering with both de novo synthesis from ornithine as 301 

well as from a putrescine precursor; however, a reliable inhibitor of SRM remains elusive at this 302 

point. 303 

We should note that there are also limitations to our current study. The majority of our 304 

assessments are based in mouse models, and while we have some indication that SPD may 305 

function in humans in a manner similar to that of our pre-clinical models, additional interrogation 306 

of SPD and other polyamines in human tissue, CSF, and blood across a large cohort over tumor 307 

progression would be useful to determine the extent to which elevated SPD levels indicate 308 

immune suppression and poor prognosis. Though our studies leveraged mouse models for the 309 

assessment of ODC function, we found that ODC1 expression was present across human GBM 310 

tumors, irrespective of tumor subtypes/ states (data not shown). While our studies focused on 311 

lymphocyte changes, there are reports of a contribution by myeloid cells (22,45,46), and together, 312 

these immune cell types could synergistically create a more pro-tumorigenic microenvironment. 313 

Focused studies interrogating both myeloid and lymphoid components will help clarify the effect 314 

of SPD on each immune lineage. As there is not one clear mechanism that accounts for the 315 

majority of cytotoxic T cell depletion and loss of functionality in an SPD-dependent manner, 316 
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additional clarification is required to facilitate targeting strategies. Of note, while polyamines have 317 

been shown to impact T cell lineage specification via hypusination (47), we did not observe an 318 

increase in hypusination in bone marrow-derived cells treated with SPD (data not shown), which 319 

could be due to many factors, including alternative pathway utilization. Other proposed 320 

mechanisms of action that SPD plays a role in, such as T cell receptor clustering and epigenetic 321 

alterations need to be studied to provide a more complete picture of how CD8+ T cells are affected 322 

by SPD in the tumor microenvironment. Finally, as our studies focused on polyamines produced 323 

by GBM cells in the tumor microenvironment, it should be noted that peripheral polyamines, 324 

including those originating from the gut microbiome, could also play a role in the overall immune 325 

response to GBM. 326 

Our observations support a role for SPD in tumor microenvironment driving tumor growth, but 327 

there are also several unanswered questions based on these initial findings. We know that tumor 328 

cells produce higher levels of polyamines, but polyamines are also produced by other cells in the 329 

body and commensal gut microbes and are also found in the diet/taken in as part of the diet. Gut 330 

dysbiosis has been noted in many cancers, including GBM (48,49), and there is a possibility that 331 

microbial reorganization in the gut could become skewed toward polyamine-producing strains, 332 

which would result in an increase in polyamines in the circulation and tumor microenvironment, 333 

thereby inducing immune suppression. Additionally, standard of care for GBM (surgical resection, 334 

radiation, chemotherapy) could affect both cellular production of polyamines as well as the gut 335 

microbiome, and this could result in altering the pool of polyamines or polyamine precursors 336 

available to cells in the tumor microenvironment. We show a reduction of cytotoxic immune 337 

response partially due to a reduction in CD8+ T cells and an increase in Tregs. The majority of 338 

immunotherapies rely on the presence of CD8+ T cells in the tumor microenvironment in order to 339 

augment their exhaustion and activation profiles(50). Potentially, the inhibition of polyamine 340 

synthesis combined with the introduction of immunotherapies such as checkpoint inhibitors could 341 

increase the efficacy of immunotherapy in GBM. Finally, sex differences in the immune response 342 
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have been noted in GBM, not only in localization of immune cells but also in their function and 343 

response to immunotherapies (26,51), and the extent to which SPD and polyamines function in 344 

the context of sex differences is unclear. In our pre-clinical studies, we assessed males and 345 

females and observed no substantial sex differences; however, future therapeutic studies should 346 

consider sex as a biological variable given the above-mentioned reports. Taken together, our data 347 

highlight the communication between tumor cells and immune cells, which results in a favorable 348 

immune microenvironment for GBM growth and provides a function for SPD in the tumor 349 

microenvironment in facilitating this process.    350 
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Materials and Methods 351 

Sex as a biological variable 352 

Our study examined male and female animals, and similar findings are reported for both sexes. 353 

Cell models  354 

The syngeneic mouse GBM cell model SB28 and SB28-OVA were kindly gifted from Dr. Hideho 355 

Okada at University of California San Francisco, and GL261 cells were obtained from the 356 

Developmental Therapeutic Program at the National Cancer Institute. The CT-2A cell model was 357 

a kind gift from Prof. Misty Jenkins at the WEHI Australia. PC-3 human prostate cancer cells were 358 

obtained from Cleveland Clinic Lerner Research Institute. The patient-derived GBM model DI318 359 

was derived at the Cleveland Clinic Lerner Research Institute, L1 was obtained from the 360 

University of Florida, and 3832 was obtained from Duke University. Human astrocytes were 361 

purchased from ScienCell. All cell lines were treated with 1:100 MycoRemoval Agent (MP 362 

Biomedicals) upon thawing and routinely tested for Mycoplasma spp. (Lonza). Mouse GBM cell 363 

lines and human prostate cancer cells were maintained in complete RPMI1640 (Media 364 

Preparation Core, Cleveland Clinic) supplemented with 10% FBS (Thermo Fisher Scientific) and 365 

1% penicillin/streptomycin (Media Preparation Core, Cleveland Clinic). Human GBM lines, human 366 

astrocytes, and primary mouse microglia and astrocytes were maintained in complete DMEM:F12 367 

(Media Preparation Core, Cleveland Clinic) supplemented with 1% penicillin/streptomycin, 1X N-368 

2 Supplement (Gibco), and EGF/FGF-2. All cells were maintained in humidified incubators held 369 

at 37°C and 5% CO2 and not grown for more than 20 passages. 370 

Mice 371 

All animal procedures were performed in accordance with the guidelines and protocols approved 372 

by Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic and by the 373 

Walter and Eliza Hall Institute Animal Ethics Committee. C57BL/6 (RRID:IMSR_JAX:000664) 374 

RAG1-/- (B6.129S7-Rag1tm1Mom/J; RRID:IMSR_JAX:002216), and OT-I TCR transgenic 375 

[C57BL/6-Tg(TcraTcrb)1100Mjb/J; RRID:IMSR_JAX:003831] male and female mice (4-12 weeks 376 
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of age) were purchased from the Jackson Laboratory as required. NSG (NOD.Cg-377 

PrkdcscidIl2rgtm1Wjl/SzJ) mice were obtained from the Biological Research Unit (BRU) at Lerner 378 

Research Institute, Cleveland Clinic. All animals were housed in a specific-pathogen-free facility 379 

of the Cleveland Clinic BRU with a light-dark period of 12 h each. All animals were maintained on 380 

a control diet to minimize/normalize polyamines consumed via the diet (Research Diets, 381 

D12450J). 382 

For tumor implantation, 5–8-week-old mice were anesthetized, fit to a stereotactic apparatus, and 383 

intracranially injected with 10,000-25,000 tumor cells in 5 µl RPMI-null media into the left 384 

hemisphere approximately 0.5 mm rostral and 1.8 mm lateral to the bregma with 3.5 mm depth 385 

from the scalp. In CT-2A experiments, 10,000 tumor cells were injected 1 mm lateral, 1 mm 386 

anterior with 2.5 mm depth. In some experiments, 5 µl null media was injected into age- and sex-387 

matched animals for sham controls. Animals were monitored over time for the presentation of 388 

neurological and behavioral symptoms associated with the presence of a brain tumor. Biological 389 

sex is indicated for each study. 390 

In some experiments, mice were treated with 50 mg/kg SPD (Sigma, cat# S0266) diluted in 0.9% 391 

saline or 0.9% saline control intraperitoneally starting from 7 days post-tumor implantation; mice 392 

received 3 injections per week until endpoint.  393 

Isolation of ex vivo mouse cells for in vitro testing  394 

Microglia and Astrocytes Primary mouse microglia and astrocytes were isolated and cultured 395 

from D0-D1 wild-type B6 pup brains, as previously described(52). 396 

CD8+/CD4+ T cells were isolated from splenocytes of 8–12-week-old mice using magnetic bead 397 

isolation kits (Stemcell Technology). Isolated CD8+ T cells were cultured in the presence of 398 

recombinant human IL-2 (100 U/ml, PeproTech) and anti-CD3/CD28 Dynabeads (Thermo Fisher 399 

Scientific) for 3-4 days before flow cytometry studies. T regulatory cells were cultured from CD4+ 400 

T cells and induced with IL-2 (100 U/ml, PeproTech), anti-CD3/CD28 Dynabeads (Thermo Fisher 401 



19 
 

Scientific), and TGFβ (5 ng/ml, PeproTech). For proliferation studies, T cells were stained with 402 

1:1000 CellTrace Violet (Invitrogen) prior to culturing. 403 

MDSCs Bone marrow was isolated from the femur and tibia of 8- to 12-week-old mice. Two million 404 

bone marrow cells were cultured in 6-well plates in 2 mL RPMI/10% FBS supplemented with 40 405 

ng/mL GM-CSF and 80 ng/mL IL13 (PeproTech) for 3 to 4 days. Cells were stained for viability, 406 

blocked with Fc receptor inhibitor and stained with a combination of CD11b, Ly6C, and Ly6G for 407 

sorting of MDSC subsets (mMDSCs: CD11b+Ly6C+Ly6G− vs. gMDSCs: CD11b+Ly6C−Ly6G+) and 408 

the control population (CD11b+Ly6C−Ly6G−) using a BD FACSAria II (BD Biosciences). 409 

Cell viability and functionality assays 410 

The cell models described above were treated with varying concentrations of SPD in DMSO/PBS 411 

or equivalent vehicle in respective complete media. At the time points described in the 412 

corresponding figure legends, single-cell suspensions were combined with an equal volume of 413 

0.4% Trypan Blue (Thermo) and counted using a TC20 Automatic Cell Counter (Bio-Rad). 414 

Alternatively, an equal volume of CellTiter-Glo Luminescent Cell Viability Assay (Promega) was 415 

added to treated cells, and viability was measured via luminescence on a VICTOR Nivo 416 

multimode plate reader (PerkinElmer). 417 

To measure cell death and apoptosis of CD8+ T cells treated in vitro with SPD, FITC-labeled 418 

annexin V (BioLegend) and DRAQ7 (Invitrogen) were added in accordance with the 419 

manufacturer’s protocols. To measure intracellular pH levels, CD8+ T cells were labeled with 420 

pHrodo Red (ThermoFisher) according to the manufacturer’s protocol. Samples were run on an 421 

LSR Fortessa flow cytometer (BD Biosciences) with a minimum of 10,000 events collected. Single 422 

cells were gated, and the percentages of annexin V- and/or DRAQ7-positive cells were 423 

determined. For pHrodo Red-labeled cells, high and low gates were used to determine 424 

intracellular acidic and neutral pH based on gMFI (geometric mean fluorescence intensity – a 425 

measure of the shift in fluorescence intensity of a population of cells). For intracellular cytokine 426 

detection, cells were stimulated using Cell Stimulation Cocktail plus protein transport inhibitor 427 



20 
 

(eBioscience) in complete RPMI for 4 hours. After stimulation, cells were subjected to the flow 428 

cytometry staining procedures described below. To investigate any changes in ROS levels, 429 

isolated CD8+ T cells were treated with varying concentrations of SPD in vitro, then ROS was 430 

measured by dark red CellROX assay (ThermoFisher Scientific) according to manufacturer’s 431 

protocol and analyzed on LSR Fortessa flow cytometer. 432 

Transwell co-culture cell killing assessment by flow cytometry 433 

SB28-OVA mouse GBM cells were plated in tissue culture wells. CD8+ T cells were isolated from 434 

splenocytes of OT1 mouse and activated with ovalbumin peptide fragment (323-339) in the 435 

presence of varying concentrations of SPD for 3 days. A 2:1 ratio of CD8+ T cells to SB28-OVA 436 

GBM cells was plated in a transwell insert (5-μm pore size, Corning), which was then submerged 437 

in the culture medium of the underlying culture well. Transwell experiments were analyzed on a 438 

BD LSR Fortessa (BD Biosciences) operated by BD FACSDiva software (v9.0). FlowJo software 439 

(BD Biosciences,10.8.1) was used to analyze flow cytometry data. 440 

Granzyme B Enzyme-linked immunosorbent assay (ELISA) 441 

Levels of granzyme B secreted into conditioned media were measured using the Mouse 442 

Granzyme B ELISA SimpleStep kit (abcam) following manufacturer’s protocols. 443 

Liquid chromatography-mass spectrometry quantification of polyamine metabolites 444 

Sample preparation 445 

Plasma and tissue samples for polyamine quantitation were processed as previously described 446 

for serum samples, with minor modifications as below(53). 447 

Twenty microliters of plasma was aliquoted into a 12 x 75 mm glass tube and mixed with 5 μl 448 

internal standard mix consisting of [2H5]ornithine, [13C6]arginine, [2H8]spermine, 449 

[2H8]spermidine, [13C4]putrescine and [2H3]acisoga in water with a concentration (in μM) of 400, 450 

400, 10, 10, 10 and 0.5, respectively. Then 5 μl of 1 M sodium carbonate (pH 9.0) and 10 μl 451 

isobutyl chloroformate were added to derivatize polyamines. Then 0.5 ml diethyl ether was added 452 
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to extract the derivatized product. All the stable isotope internal standards were purchased from 453 

Cambridge Isotope Lab or CDN Isotopes. 454 

For the tissue samples, approximately 20 mg brain tissue was mixed with 5 μl of the above internal 455 

standard mix in a 2 ml Eppendorf tube with 400 μl H2O, followed by homogenization in a tissue 456 

homogenizer (Qiagen) with a metal bead (Qiagen #69997) added. The homogenate was spun 457 

down at 20,000 x g at 4°C for 10 minutes. Supernatant (200 µl) was transferred to a clean 12 x 458 

75 mm glass tube, and 50 μl of 1 M sodium carbonate (pH 9.0) and 100 μl isobutyl chloroformate 459 

were added to derivatize polyamines. Then 2 ml diethyl ether was added to extract the derivatized 460 

product. The diethyl ether extract was dried under N2 and resuspended in 50 μl of 1:1 0.2% acetic 461 

acid in water:0.2% acetic acid in acetonitrile and transferred to a mass spectrometer with plastic 462 

insert for LC/MS assay.  463 

Liquid chromatography–mass spectrometry (LC/MS) assay 464 

Supernatants (5 μl) were analyzed by injection onto a Cadenza CD-C18 Column (50 x 2 mm, 465 

Imtaket) at a flow rate of 0.4 ml/min using a Vanquish LC autosampler interfaced with a Thermo 466 

Quantiva mass spectrometer. A discontinuous gradient was generated to resolve the analytes by 467 

mixing solvent A (0.2% acetic acid in water) with solvent B (0.2% acetic acid in acetonitrile) at 468 

different ratios starting from 0% B to 100% B. The mass parameters were optimized by injection 469 

of individual derivatized standard or isotope labeled internal standard individually. Nitrogen 470 

(99.95% purity) was used as the source, and argon was used as collision gas. Various 471 

concentrations of nonisotopically labeled polyamine standard mixed with internal standard mix 472 

undergoing the same sample procedure was used to prepare calibration curves. 473 

Immunophenotyping by flow cytometry  474 

At the indicated time points, a single-cell suspension was prepared from the tumor-bearing left 475 

hemisphere by enzymatic digestion using collagenase IV (Sigma) and DNase I (Sigma). Digested 476 

tissue was filtered through a 70-µm cell strainer, and lymphocytes were enriched by gradient 477 

centrifugation using 30% Percoll solution (Sigma). Cells were then filtered again with a 40-µm 478 
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filter. Cells were stained with LIVE/DEAD Fixable stains (Thermo Fisher) on ice for 15 min. After 479 

washing with PBS, cells were resuspended in Fc receptor blocker (Miltenyi Biotech) diluted in 480 

PBS/2% BSA and incubated on ice for 10 min. For surface staining, fluorochrome-conjugated 481 

antibodies were diluted in Brilliant Buffer (BD) at 1:100 – 1:250, and cells were incubated on ice 482 

for 30 min. After washing with PBS-2% BSA buffer, cells were then fixed with 483 

FOXP3/Transcription Factor Fixation Buffer (eBioscience) overnight. For intracellular staining, 484 

antibodies were diluted in FOXP3/Transcription Factor permeabilization buffer (perm buffer) at 485 

1:250-1:500, and cells were incubated at room temperature for 45 min. For intracellular cytokine 486 

detection, cells were stimulated using Cell Stimulation Cocktail plus protein transport inhibitor 487 

(eBioscience) in complete RPMI for 4 hours. After stimulation, cells were subjected to the staining 488 

procedures described above. Stained cells were acquired with a BD LSR Fortessa (BD) or Aurora 489 

(Cytek) and analyzed using FlowJo software (v10, BD Biosciences).  490 

Reagents 491 

For immunophenotyping in mouse models, the following fluorophore-conjugated antibodies at 492 

concentrations of 1:250-1:500 were used: CD11b (M1/70, Cat# 563553), CD11c (HL3, Cat# 493 

612796, RRID:AB_2870123), CD3 (145-2C11, Cat# 564379, RRID:AB_2738780), and CD44 494 

(IM7, Cat# 612799, RRID:AB_2870126) from BD biosciences. CTLA4 (UC10-4B9, Cat# 106312), 495 

PD1 (29F.1A12, Cat# 135241), B220 (RA3-6B2, Cat# 103237), Ki-67 (11Fb, Cat# 151215), TIM3 496 

(RMT3-23, Cat# 119727), I-A/I-E (M5/114.15.2, Cat# 107606), CD45 (30-F11, Cat# 103132), 497 

LAG3 (C9B7W, Cat# 125224), NK1.1 (PK136, Cat# 108716), CD4 (GK1.5, Cat# 100422), CD8 498 

(6206.7, Cat# 100712), granzyme B (QA18A28, Cat# 396413), TNF (MP6-XT22, Cat# 506329), 499 

and IFNγ (XMG1.2, Cat# 505846) were obtained from BioLegend. Anti-Foxp3 (FJK-16s, Cat# 12-500 

5773, RRID:AB_465936) antibody was obtained from eBioscience.  501 

Stable transduction with lentiviral shRNA 502 

Lentifect Ultra-Purified Lentiviral Particles targeting mouse ODC1 and an associated non-targeted 503 

control lentiviral particle were purchased from Genecopoiea. Prior to transfection, mouse glioma 504 
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cells were grown to ~70% confluency on tissue-culture treated plates. Lentivirus was added to 505 

and incubated with the cells for 24 h, followed by a change to fresh media. Selection was then 506 

initiated with puromycin (ThermoFisher). Transfected cells were incubated in media with 3 µg/ml 507 

puromycin for 48 h. Stably transfected cells were maintained in their regular media plus puromycin 508 

at 1 µg/ml. Knockdown was verified via RT-qPCR. 509 

Real-time quantitative PCR 510 

Total RNA was isolated using an RNeasy mini kit (Qiagen), and cDNA was synthesized with 511 

qSCRIPT cDNA Super-mix (Quanta Biosciences). qPCR reactions were performed using Fast 512 

SYBR-Green Mastermix (Thermo Fisher Scientific) on an Applied Biosystems QuantStudio 3 513 

Real-Time PCR system. The threshold cycle (Ct) value for each gene was normalized to the 514 

expression levels of Gapdh, and relative expression was calculated by normalizing to the delta Ct 515 

value of mouse astrocytes, unless otherwise described. Primer sequences were obtained from 516 

PrimerBank or previously published papers and are listed in Table S1 (mouse). 517 

TCGA and GTEX data analysis 518 

Clinical and mRNA expression data for the IDH-wildtype subset of GBM cohort and lower-grade 519 

glioma cohorts of TCGA were downloaded from the GlioVis portal (http://gliovis.bioinfo.cnio.es); 520 

GBM and normal brain cohorts of GTEX were downloaded from the GTEX portal 521 

(https://gtexportal.org/home/).  522 

Analysis of single-cell RNAseq data from Ruiz-Moreno et al. 523 

Publicly available dataset GBmap was utilized and analyzed using Seurat v4.0 524 

(https://www.biorxiv.org/content/10.1101/2022.08.27.505439v1.full.pdf, Ruiz-Moreno et al., 525 

biorxiv, 2022). The Core GBmap data was downloaded, which comprises 338,564 total cells 526 

harmonized from 16 different studies. Briefly, the authors used a semi-supervised neural network 527 

model to integrate the data and used any additional data to classify cell type. Furthermore, they 528 

used gene modules to further categorize cell types. The Seurat rds file was downloaded, and the 529 

cell type annotations determined by GBmap were used. The average ODC1 expression per 530 

http://gliovis.bioinfo.cnio.es/
https://gtexportal.org/home/
https://www.biorxiv.org/content/10.1101/2022.08.27.505439v1.full.pdf
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sample was calculated using Seurat’s AverageExpression function. CD8 cytotoxic, CD8 EM, and 531 

CD8 NK sig cells were aggregated to represent the CD8-expressing cells per tumor. For each 532 

sample, the percentage of CD8-expressing cells was calculated, using the total number of cells 533 

per sample as the denominator. A Spearman correlation was calculated and plotted in Figure 7.  534 

Analysis of Visium spatial transcriptomics data from Ravi et al. 535 

Processed data were downloaded from https://doi.org/10.5061/dryad.h70rxwdmj. Deconvolution 536 

of spots as described in Ravi et al. were obtained from the authors upon request. We calculated 537 

the correlation between the gene expression of interest in each spot and the average proportion 538 

of estimated CD8+ T cells in all adjacent spots using a simple Pearson correlation.  539 

MALDI-TOF spatial analysis 540 

Flash-frozen tissue was sectioned at a thickness of 10 µm directly onto Indium Tin Oxide (ITO)-541 

coated glass slides. Frozen sections were dried in a freeze dryer (MODULYOD, Thermo Electron 542 

Corporation) for 30 min, followed by collection of optical images using the light microscope 543 

embedded in the MALDI-TOF MSI instrument (iMScopeTM QT) prior to matrix application. α-544 

cyano-4-hydroxycinnamic acid (CHCA, P# C2020) was purchased from Sigma-Aldrich, Germany. 545 

Matrix deposition was performed by two-step deposition method using iMLayer for sublimation 546 

and iMLayer AERO (Shimadzu, Japan) for matrix spraying. The thickness of the vapor-deposited 547 

matrix was 0.7 µm, and the deposition temperature was 250°C. For CHCA matrix spraying, 8 548 

layers of 10 mg/mL CHCA in acetonitrile/water (50:50, v/v) with 0.1% trifluoroacetic acid solution 549 

were used. The stage was kept at 70 mm/sec with 1 sec dry time at a 5 cm nozzle distance and 550 

pumping pressure kept constant at 0.1 and 0.2 MPa, respectively. MALDI-TOF experiments were 551 

performed using an iMScopeTM QT instrument (Shimadzu, Japan). The instrument is equipped 552 

with a Laser-diode-excited Nd:YAG laser and an atmospheric pressure MALDI. Data were 553 

collected at 10 µm spatial resolution with positive polarity. 554 

Bulk RNA sequencing  555 

https://doi.org/10.5061/dryad.h70rxwdmj
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Normal and tumor regions were dissected from flash-frozen tissue, ground in liquid nitrogen and 556 

RNA extracted using the RNeasy RNA extraction kit (Qiagen 74104). TruSeq libraries (TruSeq 557 

RNA Library Prep v2, Illumina) were sequenced on the NextSeq System (Illumina) to produce 558 

132 bp single-end reads. 559 

GBM patient samples 560 

Frozen GBM specimens were collected by the Cleveland Clinic Rose Ella Burkhardt Brain Tumor 561 

and Neuro-Oncology Center after obtaining written informed consent from the patients. The 562 

studies were conducted in accordance with recognized ethical guidelines and approved by the 563 

Cleveland Clinic Institutional Review Board (IRB 2559). 23 male and female patient samples, 564 

approximately age matched, were collected. 565 

Statistical analysis 566 

GraphPad Prism (RRID:SCR_002798, Version 10, GraphPad Software Inc.) software was used 567 

for data presentation and statistical analysis. Unpaired or paired t test or one-way/two-way 568 

analysis of variance (ANOVA) was used with a multiple comparison test as indicated in the figure 569 

legends. Data represent mean ± SEM. Where applicable, ROUT outlier test was performed on 570 

data and identified outliers removed. Survival analysis was performed by log-rank test. p-value 571 

<0.05 was considered significant (*p<0.05, **p<0.01, ***p<0.001).  572 

Study approval 573 

All animal procedures were performed in accordance with the guidelines and protocols approved 574 

by Institutional Animal Care and Use Committee (IACUC) at the Cleveland Clinic and by the 575 

Walter and Eliza Hall Institute Animal Ethics Committee. Human samples were acquired in 576 

accordance with recognized ethical guidelines and approved by the Cleveland Clinic Institutional 577 

Review Board (IRB 2559).  578 

Data availability statement  579 
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Bulk RNA sequencing data is uploaded to GEO database: GSE279139. All other data generated 580 

in this study, including Supporting Data Values, are available upon request from the 581 

corresponding author, Dr. Justin D. Lathia (lathiaj@ccf.org).   582 

mailto:lathiaj@ccf.org
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biosynthesis pathway. (B D) LC MS was performed on tumors removed from male B6 mice 1 days after

intracranial injection of mouse GBM cell lines (25  injection GL261). (E) Experimental paradigm for

subse uent mouse experiments receiving tumor implantation followed by 50 mg kg S D I treatment or

 BS vehicle. (F) LC MS MS of tumor bearing hemisphere of mice treated with I S D. (G  ) Survival

analysis was performed after intracranial injection of mouse GBM cell lines (25  injection GL261,

20  injection SB28) in B6 mice. Median survival days and number of animals are indicated in the graph.

Data combined from three independent experiments . Statistical significance for (B D), (F) was determined

by unpaired   test (   0.05,     0.01). Statistical significance for (G  ) was determined by log rank test,

considering   value  0.05 to be significant. Bracketed numbers indicate mean. ARG1 arginase, ODC 

ornithine decarboxylase, SpdS spermidine synthase, SpmS spermine synthase, SSAT  spermidine 

spermine acetyl transferase,  AO  polyamine oxidase .
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 i ur      int r cts  ith th i  un s st  to  ri      ro r ssion (A B) Mouse glioma cells

treated with 5uM S D        for  2 hours data representative of  independent experiments . (C D)

Survival analysis was performed after intracranial injection of mouse GBM cell lines (25  injection GL261,

20  injection SB28) in immunocompromised male NSG mice, followed by 50 mg kg S D I treatment or

 BS vehicle. Median survival days and number of animals are indicated in the graph. Statistical significance
was determined by log rank test, considering   value  0.05 to be significant.
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 i ur       hoc t subs ts  r     ct  b     (A B) Splenocyte derived lymphocyte subsets were

treated with physiological levels of S D in vitro data representative of  independent experiments . (C D)

Survival analysis was performed after intracranial injection of mouse GBM cell lines (25  injection GL261,

20  injection SB28) in male Rag1 knockout mice, followed by 50 mg kg S D I treatment or  BS vehicle.

Median survival days and number of animals are indicated in the graph. Data combined from two

independent experiments . Statistical significance for (A B) was determined by one way ANO A ( p 0.05,

  p 0.01). Statistical significance for (C D) was determined by log rank test, considering p value  0.05 to be
significant.
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injection of mouse GBM cell line SB28 (20  injection) into male B6 mice followed by 50 mg kg S D I 

treatment or  BS vehicle, the tumor bearing hemisphere was collected and processed for flow cytometry

immune phenotyping. (A) Ratio of CD8 T cells and CD4 Tregs. (B C)  roportion of T cells in CD45 cells.

(D E) Exhaustion markers of CD8 T cells Statistical significance for (A E) was determined by unpaired   
test (   0.05,     0.01).
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of     in shRNA knockdown mouse glioma cells compared to non targeted control. (B) Conditioned

media S D measurement via mass spectrometry . (C) Cell count after  2 hours growth. (D) Survival analysis

was performed after intracranial injection of shRNA modified mouse GBM cells (20 nontarget or      D

SB28 cells) in B6 mice. Median survival days and number of animals are indicated in the graph. Data

combined from two independent experiments . (E F) Immune phenotyping via flow cytometry was performed

on tumors removed from B6 mice 14 days after intracranial injection of shRNA modified mouse GBM cells

(20 nontarget or      D SB28 cells). (E)  ercentage of CD8 cells in tumor. (F)  roliferation marker in

CD8 T cells. (G) Survival analysis was performed after intracranial injection of shRNA modified mouse

GBM cells (20 nontarget or      D SB28 cells) in B6 mice, followed by S D or  BS vehicle treatment

as described in Fig. 1E. Median survival days and number of animals are indicated on the graph. Statistical

significance for (D, G) was determined by log rank test, considering   value  0.05 to be significant ( p 0.05,

  p 0.01). Statistical significance for (A, C, E F) was determined by unpaired   test (   0.05,     p 0.0001).
Bracketed numbers indicate mean.
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Annexin  and DRA  staining, respectively, and analyzed via flow cytometry data representative of  
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corr   t   ith  oor r  ro nosis  A) mRNA expression of     from GTEX non neoplastic and TCGA

lower grade gliomas and GBM tumor tissue, as notated in 2011   O classification . (B) Single cell RNAse 

correlation of     expression in tumor cells and number of CD8 cells in the tumor microenvironment . (C)

Schematic of  isium single cell analysis heatmap showing that CD8 T cells presence correlates with

surrounding polyamine pathway gene expression by tumor cells. (D) Long term vs short term survivor S D

levels in tumor tissue at primary resection of GBM patients, metabolites measured via LC MS MS.

Statistical significance in (A) was determined by one way ANO A (    p 0.001). Statistical significance in

(B) was determined by linear regression. Statistical significance in (D) was determined unpaired t test.

ARG1 arginase, ODC1 ornithine decarboxylase, SRM spermidine synthase, SMOX spermidine oxidase,

SAT1 spermidine spermine acetyl transferase,  AOX  polyamine oxidase .
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