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Abstract  42 

 43 

SLIT2 is a secreted polypeptide that guides migration of cells expressing ROBO1&2 44 

receptors. Herein, we investigated SLIT2/ROBO signaling effects in gliomas. In 45 

patients with glioblastoma (GBM), SLIT2 expression increased with malignant 46 

progression and correlated with poor survival and immunosuppression. 47 

Knockdown of SLIT2 in mouse glioma cells and patient derived GBM xenografts 48 

reduced tumor growth and rendered tumors sensitive to immunotherapy. Tumor 49 

cell SLIT2 knockdown inhibited macrophage invasion and promoted a cytotoxic 50 

gene expression profile, which improved tumor vessel function and enhanced 51 

efficacy of chemotherapy and immunotherapy. Mechanistically, SLIT2 promoted 52 

microglia/macrophage chemotaxis and tumor-supportive polarization via 53 

ROBO1&2-mediated PI3Kg activation. Macrophage Robo1&2 deletion and 54 

systemic SLIT2 trap delivery mimicked SLIT2 knockdown effects on tumor growth 55 

and the tumor microenvironment (TME), revealing SLIT2 signaling through 56 

macrophage ROBOs as a potentially novel regulator of the GBM microenvironment 57 

and immunotherapeutic target for brain tumors. 58 

 59 

 60 

 61 

 62 

 63 

  64 
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Introduction 65 

Malignant gliomas are the most common primary brain tumors (1, 2). Among 66 

those, Glioblastoma (GBM, WHO grade IV glioma) is the most frequent and aggressive 67 

tumor that accounts for more than 50% of gliomas, with poor patient prognosis (3). GBMs 68 

are molecularly heterogeneous and invasive, angiogenic and proliferative tumors that are 69 

largely resistant to current therapies (4).  70 

Tumor-associated Microglia and Macrophages (TAMs) are the most abundant 71 

cells in the GBM microenvironment, composing up to 25% of the tumor mass (5–7). 72 

TAMs are key drivers of GBM immunosuppression and pathological angiogenesis (7). 73 

TAMs inhibit T cell responses in the GBM microenvironment by favoring regulatory T 74 

cells and suppressing anti-tumor T cell responses (8–11), thereby limiting the efficacy of 75 

currently available T cell-oriented immunotherapies in GBM (4, 12–14).  TAM-derived 76 

signaling also contributes to vascular dysmorphia, and drives blood vessel dilation and 77 

leakiness in the GBM microenvironment (15, 16). Non-uniform oxygen delivery via 78 

dysmorphic and leaky tumor vessels leads to hypoxia, which upregulates angiogenic 79 

factors that induce more dysfunctional vessels, thereby preventing the delivery of 80 

cytotoxic agents to kill tumor cells (4, 17). The mechanisms by which TAMs promote 81 

vessel dysmorphia and immune evasion are as yet incompletely understood, and the 82 

means to prevent them are not available (7, 18, 19). 83 

SLITs are evolutionary conserved secreted polypeptides that bind to 84 

transmembrane Roundabout (ROBO) receptors (20, 21). In mammals, three SLIT ligands 85 

(SLIT1-3) signal via two ROBO receptors, ROBO1 and 2 (22). SLIT ligands bind via the 86 

second leucine-rich repeat region (D2) to the Ig1 domain of ROBO1&2 (23), while 87 

mammalian ROBO3 and ROBO4 lack the SLIT binding residues and do not bind SLITs 88 

(24, 25). SLIT binding triggers recruitment of adaptor proteins to the ROBO cytoplasmic 89 
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domain that modulate the cytoskeleton, in turn regulating cell migration, adhesion and 90 

proliferation (22, 26, 27).    91 

SLIT/ROBO signaling was discovered in the developing nervous system as a 92 

guidance cue for axonal growth cones that regulates pathfinding of commissural axons 93 

and motor coordination between the left and right side of the body (20, 21). It is now 94 

known that SLIT/ROBO signaling controls several additional biological processes, 95 

including angiogenesis and immune cell migration.  96 

In endothelial cells, SLIT2 activation of ROBO1&2 signaling promotes retinal 97 

and bone angiogenesis by driving tip cell migration and polarization (28–31). In the 98 

immune system, SLITs have been described as chemo-attractive for neutrophils (32) and 99 

chemorepellent for lymphocytes and dendritic cells (33–36). In macrophages, 100 

SLIT/ROBO signaling prevented macropinocytosis and cytotoxic polarization (37).   101 

In tumor contexts, SLIT2 exerts a pro-angiogenic role (38–40), and has been 102 

reported to enhance tumor cell aggressiveness and migration (41–45), metastatic spread 103 

(40, 46) and  therapy resistance (47), particularly in colorectal cancer, pancreatic cancer 104 

and osteosarcoma.  Nevertheless, other studies reported a tumor suppressive role for 105 

SLIT2/ROBO signaling in in lung and breast cancers (48–50). In the context of GBM, 106 

some studies suggested that SLIT2 signaling could inhibit tumor growth (51–53), while 107 

in others SLIT/ROBO signaling correlated with more aggressive GBM behavior (54, 55). 108 

Given the various and context dependent effects of SLIT/ROBO signaling in cancer, it 109 

remained unclear if this pathway could be used therapeutically to prevent cancer growth.  110 

 We showed here that high SLIT2 expression in GBM patients and in mouse 111 

models induced TAM accumulation and vascular dysmorphia, and that SLIT2 knockdown 112 

in glioma cells and systemic SLIT2 inhibition with a ligand trap normalized the TME by 113 

preventing TAM tumor-supportive polarization and angiogenic gene expression. As a 114 
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result, anti-tumor immune responses and tumor perfusion were enhanced, and efficacy of 115 

temozolomide (TMZ)-based chemotherapy and T cell-based immunotherapy were 116 

increased. Inducible genetic deletion of Robo1&2 in macrophages was sufficient to 117 

normalize the TME and enhanced response to immunotherapy, revealing a potentially 118 

novel macrophage-based immunotherapy approach for GBM. 119 

  120 
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Results  121 

SLIT2 expression correlated with poor glioma patient prognosis. 122 

The Cancer Genome Atlas (TCGA) Agilent-4502A microarray data analysis 123 

using median expression as cutoff showed that high SLIT2 expression was significantly 124 

associated with decreased GBM patient survival (Figure 1A, O.S., 12.9 months for high 125 

expression and 15.1 months for low expression). Analysis of other TCGA datasets 126 

confirmed an association between high SLIT2 expression and decreased GBM patient 127 

survival, even though this association did not reach statistical significance within all the 128 

datasets (Supplemental Figure 1A-B). Expression of the other SLIT family members and 129 

ROBO receptors was not associated with worse prognosis (Supplemental Figure 1C-F).  130 

Analysis of a primary glioma patient cohort (129 patients, 84 Low Grade Gliomas 131 

and 45 GBMs) also demonstrated correlation between high SLIT2 expression and worse 132 

prognosis in both low-grade gliomas (LGGs) and GBMs (Figure 1B, O.S., for LGG: 79.2 133 

months for high expression and 135.2 months for low expression; and Supplemental 134 

Figure 1G, O.S., for GBM: 15 months for high expression and 16.5 months for low 135 

expression). Analysis from TCGA LGG datasets showed a trend towards an association 136 

between higher SLIT2 expression and reduced survival, but these results were not 137 

statistically significant (Supplemental Figure 1H, O.S., 75 months for high expression 138 

and 94.5 months for low expression, log-rank test).  139 

Further analysis of RNA sequencing data demonstrated higher SLIT2 expression 140 

in the most aggressive and angiogenic mesenchymal GBM subtype (56) and lower 141 

expression in classical GBMs (Supplemental Figure 1I). High SLIT2 expression was also 142 

associated with poor survival in patients with mesenchymal GBM in this cohort 143 

(Supplemental Figure 1J, O.S., 10.4 months for high expression and 17.9 months for low 144 

expression, log‐rank test). Finally, qPCR analysis of patient samples also revealed higher 145 
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expression levels of SLIT2 in WHO grade IV GBM compared to WHO grade I, II and III 146 

glioma patients (Figure 1C), while expression of other SLITs and ROBOs was not changed 147 

between glioma grades (Supplemental Figure 1K-N). Expression levels of SLIT1 and 148 

SLIT3 were significantly lower compared to SLIT2 in GBM patients (Supplemental 149 

Figure 1O).  150 

Isocitrate dehydrogenase 1 and 2 (IDH-1/2) mutations are known prognostic 151 

factors in malignant gliomas. Patients with grade III gliomas and no IDH mutations (IDH-152 

WT) have comparable prognosis to those of GBM patients, while patients with IDH 153 

mutations have better survival prognosis (57–59). We compared glioma patients 154 

classified by IDH-status, and observed increased SLIT2 expression in patients with IDH-155 

WT tumors in either grade III and IV gliomas (Figure 1D) or in all gliomas (Supplemental 156 

Figure 1P).  157 

To determine the source of SLIT2 in the GBM microenvironment, we analyzed 158 

single cell RNA sequencing (scRNAseq) data from human GBM patients (Figure 1E-F). 159 

The majority of the cells expressing SLIT2 mRNA were cancer cells and oligodendrocytes 160 

(Figure 1G), while ROBO1 and ROBO2 were mostly expressed in tumor cells but also 161 

detected in other cell types in the TME, particularly in TAMs (Figure 1H-I).  162 

We next generated a mouse model of GBM by intra-cerebral inoculation of 163 

syngeneic CT-2A mouse glioma tumor cells expressing green fluorescent protein (GFP) 164 

into adult C57BL/6 mice (16, 60). Expression of Slit ligands and their Robo receptors was 165 

tested 21 days after tumor cell inoculation by qPCR on FACS-sorted tumor cells (GFP+), 166 

endothelial cells (ECs, CD31+), TAMs (CD45+CD11b+CD3-), and Tumor-associated T 167 

Lymphocytes (TALs, CD45+CD11b-CD3+). The major source of Slit2 were the tumor 168 

cells themselves (Figure 1J). By contrast, Robo1 and Robo2 receptors were mainly 169 

expressed by ECs and recruited TAMs and TALs (Figure 1K-L). Slit1 and Slit3 170 
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expression levels in mouse tumor cells were much lower when compared to Slit2 171 

(Supplemental Figure 1Q). These data suggested that interactions between tumor cell-172 

derived SLIT2 and stromal cells expressing ROBOs could affect GBM growth. 173 

 174 

Slit2 silencing slowed GBM growth and increased TMZ sensitivity. 175 

To determine if tumor cell-derived Slit2 affected GBM growth, we infected CT-176 

2A and GL261 glioma cells with lentivirus encoding GFP-tagged control scrambled 177 

shRNA (shCTRL) or Slit2 targeting shRNA (shSlit2) alone or combined with an shRNA-178 

resistant human SLIT2 construct (shSlit2 + hSLIT2). Slit2 knockdown significantly 179 

decreased Slit2 protein and mRNA expression, while shSlit2 + hSLIT2 cells expressed 180 

more Slit2 than controls (Figure 2A-B and Supplemental Figure 2A-F). Expression of 181 

other Slits or Robo1 and 2 was not altered (data not shown). In vitro growth rates of 182 

shCTRL and shSlit2 CT2A and GL261 knockdown cells were similar (Supplemental 183 

Figure 2G-H). Slit2 did not induce tumor cell chemotaxis in a transwell chamber assay 184 

(Supplemental Figure 2I-J). Nevertheless, migration of shSlit2 cells towards a serum 185 

gradient in the lower chamber was reduced (Supplemental Figure 2K-L).  186 

Individual 250-μm diameter tumor cell spheroids were implanted through cranial 187 

windows into Tomato-fluorescent reporter mice (ROSAmT/mG) and followed 188 

longitudinally. Compared to shCTRL, Slit2 knockdown tumors exhibited reduced 189 

volumes after 21 days (Figure 2C). FDG-PET imaging showed that tumor metabolic 190 

volume and FDG total uptake were similar between shSlit2 and shCTRL at 14 days, but 191 

reduced in shSlit2 tumors at 21 days (Figure 2D-F), demonstrating that Slit2 knockdown 192 

delayed tumor growth in vivo. 193 

We investigated if Slit2 knockdown affected survival in combination with low-194 

dose chemotherapy with the DNA alkylating agent TMZ, a classical treatment for GBM 195 
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(Figure 2G). Compared to shCTRL, Slit2 knockdown increased overall survival of tumor-196 

bearing mice, while Slit2 overexpression tended to decrease survival (Figure 2H, O.S., 197 

22.5 days for shCTRL, 30 days for shSlit2 and 20 days shSlit2 + hSLIT2). TMZ treatment 198 

further increased overall survival of shSlit2 glioma-bearing mice (Figure 2H, O.S., 28 199 

days TMZ for shCTRL+ TMZ, 39 days for shSlit2 + TMZ and 27.5 days for shSlit2 + 200 

hSLIT2 + TMZ). shSlit2 did not affect TMZ sensitivity of tumor cells in vitro 201 

(Supplemental Figure 2M), but significantly increased TMZ-induced pH2AX+ double 202 

strand DNA breaks in tumors in vivo (Supplemental Figure 2N-O), suggesting that 203 

changes in the TME might contribute to enhanced TMZ sensitivity in vivo.  204 

 205 

SLIT2 silencing slowed GBM growth and invasiveness in a Patient-derived 206 

Xenograft model (PDX). 207 

 To determine whether SLIT2 had similar effects on human GBM tumors, we used 208 

N15-0460 patient-derived GBM cells that were established from a biopsy and grown as 209 

tumor spheres. We infected these cells with lentivirus encoding a luciferase reporter and 210 

GFP-tagged control scrambled shRNA (shCTRL) or SLIT2 targeting shRNA (shSLIT2). 211 

SLIT2 knockdown significantly decreased SLIT2 protein and mRNA expression, without 212 

altering expression of other SLITs or ROBO1 and 2 (Supplemental Figure 3A-G). In vitro 213 

growth rates of shCTRL and shSLIT2 cells and sensitivity to TMZ were similar 214 

(Supplemental Figure 3H-I). SLIT2 did not induce tumor cell chemotaxis in a transwell 215 

chamber assay, but migration of shSLIT2 cells towards a serum gradient in the lower 216 

chamber was reduced (Supplemental Figure 3J-K). Next, we analyzed sphere formation, 217 

and observed that shCTRL and shSLIT2 cells formed similar numbers of spheres after 218 

48hs in culture, but the size of shSLIT2 spheres was reduced when compared to shCTRL 219 

(Supplemental Figure 3L-M). Analysis of tumor sphere invasion in fibrin gels showed 220 
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that shSLIT2 decreased spheroid invasion after 24 and 48 hours in culture when compared 221 

to shCTRL (Supplemental Figure 3N-O).  222 

 To determine the effect of shSLIT2 on human GBM growth, we implanted 223 

shCTRL and shSLIT2 N15-0460 cells in Hsd:Athymic Nude-Foxn1nu mice and followed 224 

tumor growth by bioluminescence analysis every 2 weeks after tumor implantation. 170 225 

days after tumor implantation, 80% of the mice injected with shCTRL cells developed 226 

tumors, while only 20% of shSLIT2-injected mice had tumors (Supplemental Figure 4A). 227 

Analysis of the bioluminescence curves of shCTRL and shSLIT2 tumors demonstrated 228 

that more mice developed tumors in the shCTRL group, and that the shCTRL tumors 229 

were bigger than shSLIT2 tumors (Supplemental Figure 4B-C). Histological analysis of 230 

GFP+ tumor cells on vibratome sections 170 days after tumor implantation showed that 231 

shCTRL cells either developed tumor masses or spread throughout the entire brain, while 232 

shSLIT2 cells remained restrained to the injection site or migrated through the corpus 233 

callosum, but did not form tumor masses (Supplemental Figure 4D-E). SLIT2 shRNA 234 

also reduced the expression of SOX2 and PML involved in GBM tumor cell malignancy 235 

(55, 61, 62) (Supplemental Figure 4F-H).  236 

 237 

Slit2 knockdown improved tumor vessel function. 238 

To determine if tumor-secreted SLIT2 affected the GBM microenvironment, we 239 

used 2-photon in vivo imaging of red fluorescent ROSAmT/mG mice. We observed that 240 

blood vessels in shCTRL CT2A and GL261 tumors became abnormally enlarged and lost 241 

branching points between day 14 and day 21, while shSlit2 tumor vessels dilated less and 242 

remained more ramified (Figure 3A-C, Supplemental Figure 5A-D). Conversely, SLIT2 243 

overexpressing tumor vessels dilated and lost branchpoints earlier, at day 18 after 244 
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injection (Figure 3D-F, Supplemental Figure 5E), just prior to their death at 20 days post 245 

tumor implantation.   246 

Functionally, in vivo imaging after intravenous Alexa Fluor 647-labeled dextran 247 

injection revealed significantly improved perfusion in shSlit2 CT2A tumor vessels when 248 

compared to shCTRL tumors (Figure 3G-H). Quantification of Evan’s blue extravasation 249 

showed reduced vascular leakage in shSlit2 tumors compared to shCTRL (Figure 3I). 250 

Along with improved vascular function in shSlit2 knockdown tumors, glucose transporter 251 

1 immunostaining (Glut1)-positive hypoxic areas within the tumor mass were reduced, 252 

and Glut1 coverage of blood vessels was increased in shSlit2 knockdown tumors 253 

compared to shCTRL, indicating partially improved blood-brain barrier function (Figure 254 

3J-L). QPCR analysis of sorted tumor endothelial cells (CD45-CD31+) showed 255 

downregulation of immunosuppressive IL-6, PD-L1 and PD-L2 in Slit2 shRNA 256 

transfected tumors compared to CTRL tumors (Figure 3M).  257 

 258 

Slit2 silencing reduced myeloid immunosuppression  259 

In vivo imaging also revealed that immune cell infiltration was increased in SLIT2 260 

overexpressing tumors, and decreased in Slit2 silenced tumors when compared to CTRL 261 

tumors (Supplemental Figure 6A-C). Immunofluorescence analysis of tumor sections 262 

showed a decrease in the numbers of F4/80+ myeloid cells in day 21 shSlit2 tumors 263 

compared to day 21 shCTRL or day 18 SLIT2-overexpressing tumors (Figure 4A-B, 264 

Supplemental Figure 6D-E). Activated MHC-II+ antigen-presenting cells (APCs) were 265 

increased in shSlit2 tumors, and MRC1(CD206)+ tumor-supportive infiltrating immune 266 

cells were decreased (Figure 4A-B, Supplemental Figure 6D-E). FACS sorted 267 

CD45+CD11b+F4/80+Ly6G- TAMs accounted for about 12% of the total cells in shCTRL 268 

tumors, but only 6% in the Slit2 knockdown tumors (Figure 4C, Supplemental Figure 6F). 269 
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Half of the TAMs in shSlit2 CT2A tumors had a cytotoxic activation profile and 270 

expressed MHC-II and CD11c, while <20% of TAMs in the shCTRL condition expressed 271 

MHCII and CD11c and >80% expressed the tumor supportive marker MRC1 (Figure 272 

4D). shSlit2 tumors also showed increased infiltration of Dendritic Cells (CD45+CD11b-273 

CD11c+MHC-II+F4/80-) and neutrophils (CD45+CD11b+Ly6G+) that were much less 274 

abundant when compared to TAMs (Supplemental Figure 6G-H). 275 

Molecularly, when compared to FACS-sorted shCTRL, TAMs from shSlit2 276 

tumors exhibited decreased expression of tumor supportive genes Mrc1, Vegfa, Tgfβ1, 277 

Mmp9, Cd209a, Ccl19, Arg1 and Il10, increased expression of cytotoxic genes Il-12, Il-278 

1b, Ccr7, Cxcl10 and Tnfα, and reduced expression of Pd-l1 and Pd-l2 inhibitors of T cell 279 

activation (Figure 4E). ELISA analysis showed increased IFNγ and confirmed reduced 280 

IL-10 and VEGFa protein levels in TAMs sorted from shSlit2 tumors when compared to 281 

controls (Figure 4F-H). In line with reduced VEGFa expression, in vivo binding of soluble 282 

VEGFR1 (sFlt1) showed that only about 40% of stromal cells in shSlit2 tumors bound 283 

sFlt1, while >80% of CTRL and SLIT2 overexpressing cells bound Flt1 (Figure 4I).  284 

 285 

SLIT2 inhibition increased T cell infiltration and improved T cell-based 286 

immunotherapy efficacy.  287 

In contrast to the decreased number of TAMs in shSlit2 tumors, the total number 288 

of TALs was increased 3-fold (Figure 5A, Supplemental Figure 7A-D), with an increase 289 

in both CD4+ and CD8+ T lymphocytes within the tumor mass when compared to controls 290 

(Figure 5B-C and Supplemental Figure 7E-I). Furthermore, the CD4+ TALs in shSlit2 291 

tumors showed increased expression of Th1 response related genes (Ifnγ, Cxcl11 and Il-292 

2) and of IL-17a, but decreased expression of Th2 response related genes (Il-10 and 293 

Cxcl10) and PD-1 and CTLA4 (Figure 5D). CD8+ TALs in shSlit2 tumors also showed 294 
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increased expression of activation markers (IFNγ and GZMB), and reduced expression of 295 

genes related to CD8 T cell exhaustion (Tim3 and Lag3) (63) (Figure 5E). In tumor 296 

sections, we observed more infiltrating GZMB+ activated anti-tumor CD8+ T cells in 297 

shSlit2 compared to shCTRL tumors (Figure 5F-G). ELISA analysis of these sorted CD8+ 298 

TALs also showed increased IFNγ (Figure 5H) and reduced IL-10 and VEGFa protein 299 

levels (Figure 5I-J) in cells sorted from shSlit2 tumors. 300 

Given this shift towards a less immunosuppressive GBM microenvironment, we 301 

hypothesized that shSlit2 tumors could respond to T cell-based immunotherapy. We 302 

tested this idea by treating tumors with anti-PD-1 immune checkpoint inhibitor and 303 

agonistic anti-4-1BB antibodies (11, 60). We treated mice with 0.2mg of each antibody 304 

at D7, D9, D11 and D13 after tumor implantation. Combining immunotherapy with Slit2 305 

silencing led to powerful anti-tumor responses, with 100% of the mice alive at 90 days 306 

after implantation (Figure 5K, O.S.= 25 days for shCTRL, 33 days for shCTRL + Anti-307 

PD-1 + Anti-4-1BB, 33 days for shSlit2 and Undetermined for shSlit2 + Anti-PD-1 + 308 

Anti-4-1BB). 309 

The changes in the immune cell microenvironment that we observed in the murine 310 

GBM models are also likely to occur in GBM patients, as shown by positive correlation 311 

between SLIT2 and MRC1 and VEGFA mRNA expression in patient samples from our 312 

GBM patient cohort and TCGA database cohorts (Supplemental Figure 8A-C). SLIT2 313 

expression also correlated with genes related to tumor-supportive macrophages (CCL19, 314 

CD209, MMP9 and PD-L2), inhibition of anti-tumor T cell responses (PD-1, CTLA4, 315 

CCL17, CXCL11, LAG3 and TIM3) and IL-6 for example (Supplemental Figure 8D-O).  316 

 317 

 318 
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SLIT2 promoted microglia and macrophage migration and polarization via 319 

ROBO1&2. 320 

To determine how SLIT2 affected myeloid cells, we tested microglia and 321 

macrophage migration in Transwell chambers. Slit2 in the bottom chamber induced 322 

chemotaxis of isolated mouse microglial cells, bone-marrow-derived macrophages 323 

(BMDM) and peritoneal macrophages (PM) in a dose-dependent manner, with a 324 

maximum response at 6nM (Figure 6A-C). Adding Slit2 to both top and bottom chambers 325 

inhibited macrophage migration, indicating a chemotactic response (Supplemental Figure 326 

9A-B).  327 

To determine if SLIT2 signaled through ROBO receptors to promote macrophage 328 

migration, we silenced Robo1&2 in cultured RAW264.7 macrophages using siRNAs, 329 

which inhibited Slit2-induced macrophage migration (Figure 6D-E, Supplemental Figure 330 

9C-D). Migration could be rescued by adenoviral-induced expression of a siRNA-331 

resistant full-length rat Robo1 construct (Robo1FL) but not by a construct lacking the 332 

cytoplasmic signaling domain (Robo1DCD, Figure 6D-E).  333 

To identify SLIT2 downstream signaling pathways in macrophages, we treated 334 

BMDM and microglial cells with 6nM Slit2, which led to PLCγ, Erk1/2 and Akt 335 

phosphorylation (Figure 6F, Supplemental Figure 9E-G, J). SLIT2 also induced 336 

phosphorylation of Stat6 and CEBPβ1 that polarize tumor-infiltrating macrophages 337 

towards a tumor supportive phenotype (64) (Figure 6F, Supplemental Figure 9H-J), 338 

suggesting that SLIT2 induced tumor-supportive gene expression changes.  339 

Conditioned medium of Slit2-treated microglia and macrophages had increased 340 

levels of IL-10 and VEGFa compared to cells not treated with Slit2 (Figure 6G-H, 341 

Supplemental Figure 9K-L). The expression of genes characteristic of a tumor supportive 342 

macrophage phenotype, including Mrc1, Vegfa, Mmp9, Tgfβ1, Ccl19, Cd209a, Il-10 and 343 
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Arg1, were all increased by Slit2 treatment, while cytotoxic response-related genes Il-1β, 344 

Cxcl10, Ccr7 and Tnfα were unaffected by Slit2, but increased by LPS (Figure 6I).  Slit2-345 

induced gene expression changes were ROBO1&2-dependent, as shown by siRNA 346 

silencing of Robo1/2, which abrogated Slit2 induced changes in protein phosphorylation 347 

and gene expression (Supplemental Figure 10A-G).  348 

 349 

SLIT2/ROBO induced tumor-supportive macrophage/microglia polarization via 350 

PI3Kγ 351 

Previous studies have shown that Stat6 and CEBPβ1 activation in TAMs occur 352 

downstream of PI3Kγ (64), leading us to ask if SLIT2/ROBO1&2 signaled upstream of 353 

PI3Kγ to induce macrophage tumor-supportive polarization. First, we observed Robo1 354 

and PI3Kγ co-immunoprecipitation in BMDMs, which was enhanced after Slit2 treatment 355 

for 15 minutes (Figure 7A). Second, Slit2-induced BMDM migration was abrogated by 356 

pre-treatment with a specific PI3Kγ inhibitor IPI-549 (1µM) (Figure 7B). Third, Slit2-357 

induced phospho-Stat6 nuclear translocation in cultured BMDMs was prevented by pre-358 

treatment with IPI-549 (Figure 7C-D). Slit2-induced Akt and Stat6 phosphorylation 359 

(Supplemental Figure 11A), as well as IL-10 and VEGFa secretion in ELISA from 360 

BMDM conditioned medium were also reduced by PI3Kγ inhibition (Figure 7E-F). 361 

Finally, the Slit2-induced expression of genes characteristic of a tumor supportive 362 

macrophage phenotype (Mrc1, Vegfa, Mmp9, Tgfβ1, Ccl19, Cd209a, Il-10 and Arg1) was 363 

disrupted by IPI-549 pretreatment, while LPS-induced cytotoxic response-related genes 364 

were unaffected in both BMDMs and microglial cells by PI3Kγ inhibition (Figure 7G, 365 

Supplemental Figure 11B). 366 

 367 

 368 
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Robo deficiency in TAMs inhibited glioma growth and vascular dysmorphia.  369 

 To determine if SLIT2 signaling effects in macrophages were sufficient to drive 370 

the stromal response, we developed mice with genetic Robo receptor deletions in 371 

macrophages. To do so, we intercrossed Robo1-/-Robo2fl/fl mice (28) with CSF-1RCreERT2 372 

mice (65) on a ROSAmT/mG background, generating Robo1-/-Robo2fl/flCSF-373 

1RCreERT2ROSAmT/mG mice (hereafter named iRoboMacKO mice). Littermate Robo1+/-374 

Robo2+/fl CSF-1RCreERT2ROSAmT/mG or Robo1-/-Robo2fl/flROSAmT/mG mice were used as 375 

controls. Mice were implanted with CT-2A-BFP glioma cells and followed longitudinally 376 

during tumor growth. Tamoxifen injections to induce gene deletion were done every 3 377 

days starting 7 days after tumor implantation, and induced robust gene deletion, assessed 378 

by qPCR of GFP+ cells extracted from the bone marrow of tumor-bearing mice 379 

(Supplemental Figure 12A-B).  380 

 MRI imaging and histological analysis 21 days after tumor implantation 381 

converged to show reduced tumor size in iRoboMacKO tumors when compared to 382 

controls (Figure 8 A-C). T1-weighted imaging after Gadolinium injection showed more 383 

homogeneous contrast signal in iRoboMacKO tumors, while control GBMs displayed 384 

predominantly peripheral and heterogenous contrast distribution, suggesting improved 385 

perfusion in iRoboMacKO tumors (Figure 8A). In vivo two-photon imaging revealed that 386 

blood vessels in iRoboMacKO tumors dilated less and remained more ramified when 387 

compared to controls (Figure 8D-F). Glut1+ hypoxic zones within the tumor mass were 388 

reduced in iRoboMacKO tumors, confirming improved perfusion when compared to 389 

controls (Figure 8G-H). Most of the Glut1 staining in iRoboMacKO tumors colocalized 390 

with Tomato+ blood vessels, attesting to the qualitative improvement of iRoboMacKO 391 

tumor vessels (Figure 8G). 392 
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Compared to controls, iRoboMacKO displayed reduced overall numbers of intra-393 

tumor Iba1+ myeloid cells, with a significant increase of cytotoxic MHCII+ cells and a 394 

reduction in tumor-supportive MRC1+ cells (Figure 8I, Supplemental Figure 12D). 395 

Soluble Flt1 binding was reduced in iRoboMacKO tumors (Figure 8J, Supplemental 396 

Figure 12D), and Robo1/2-deleted cells extracted from the bone marrow of tumor-bearing 397 

mice showed decreased Vegfa expression (Supplemental Figure 12C).  398 

T cell infiltration was increased in iRoboMacKO tumors (Figure 8K, 399 

Supplemental Figure 12D), suggesting that SLIT/ROBO signaling inhibition in 400 

macrophages was sufficient to shift the GBM microenvironment towards a cytotoxic, T 401 

cell enriched phenotype. This effect could be due to increased circulation of antigen-402 

presenting cells (APCs) to the tumor draining lymph-nodes, where they can activate anti-403 

tumor T cell responses (60). Analysis of glioma-draining deep cervical and mandibular 404 

lymph nodes (DCLN and MLN, respectively) for the presence of BFP tumor antigen in 405 

immune cells revealed an important increase in CD11b+BFP+ cells in both deep cervical 406 

(DCLN) and mandibular lymph nodes (MLN) of iRoboMacKO tumors when compared 407 

to controls (Figure 8L-M, Supplemental Figure 12E).  408 

Lymphocyte sequestration in the bone marrow contributes to the T cell-depleted 409 

TME and failure of currently available immunotherapy (11). iRoboMacKO mice had 410 

significantly increased lymphocyte counts in peripheral blood 21 days after tumor 411 

implantation (Figure 8N). Given that total white blood cell (WBC) count was not changed 412 

(Supplemental Figure 12F), tumor-bearing iRoboMacKO mice shifted to a predominance 413 

of lymphocytes over neutrophils in the blood stream (Figure 8O), revealing a reduction 414 

in the systemic immunosuppression after macrophage-specific Robo1&2KO.  415 

Given the profound changes observed in the TME observed, we next tested if 416 

macrophage-specific Robo1&2 deletion was sufficient to prolong survival and sensitivity 417 
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to T cell-based immunotherapy. Indeed, macrophage-specific Robo1/2 knockout 418 

increased tumor-bearing mice survival (Figure 8P, O.S., 21.5 days for Robo1-/-Robo2fl/fl, 419 

29 days for iRoboMacKO), and survival benefit was further increased by immunotherapy, 420 

with 70% of the iRoboMacKO mice alive after 100 days (Figure 8P, O.S., 24 days for 421 

Robo1-/-Robo2fl/fl + Anti-PD-1+Anti-4-1BB, Undefined for iRoboMacKO + Anti-PD-422 

1+Anti-4-1BB).  423 

In contrast to macrophage Robo depletion, T cell depletion using anti-CD3 145-424 

2C11 antibodies (66) did not induce significant changes of blood vessels or TAMs in the 425 

GBM microenvironment (Supplemental Figure 13).  426 

 427 

Systemic SLIT2 inhibition alleviated GBM immunosuppression. 428 

We reasoned that systemic administration of a SLIT2 ligand trap protein 429 

(Robo1Fc) might be efficient in a therapeutic setting. Mice with established shCTRL 430 

CT2A tumors were intravenously injected 5 times with 2.5 mg/kg of Robo1Fc every 431 

second day starting from day 7 after tumor implantation and analyzed at day 23 (Figure 432 

9A). Control mice received injections of human control IgG1 Fc fragment. Robo1Fc 433 

treatment reduced Slit2 serum levels, as attested by Slit2 ELISA on days 14 and 21 after 434 

tumor implantation (Figure 9B). Mice treated with Robo1Fc exhibited a pronounced 435 

tumor growth reduction compared to control Fc-treated tumors (Figure 9C-D). MRI 436 

analysis 21 days after tumor implantation showed that tumor size was reduced and that 437 

tumor perfusion was improved, as seen by the more homogeneous gadolinium uptake in 438 

Robo1Fc-treated tumors compared to controls (Supplemental Figure 14A-B). In vivo 439 

imaging demonstrated that Robo1Fc treatment reduced vascular dysmorphia (Figure 9E-440 

G) and reduced Glut1+ hypoxic zones within the tumor mass (Figure 9H, Supplemental 441 

Figure 14C). Robo1Fc treatment changed immune cell infiltration and reduced overall 442 
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numbers of intra-tumoral F4/80+ cells, with a significant increase of cytotoxic MHCII+ 443 

cells and a reduction of tumor-supportive MRC1+ cells compared to controls (Figure 9I, 444 

Supplemental Figure 14D). Soluble Flt1 binding was reduced in Robo1Fc treated tumors 445 

(Figure 9J, Supplemental Figure 14D), while T cell infiltration was increased compared 446 

to controls (Figure 9K, Supplemental Figure 14D).  447 

Analysis of glioma-draining DCLN and MLN showed an increased presence of 448 

GFP tumor antigen in APCs (CD45+CD11b+Ly6G-) of Robo1Fc-treated mice when 449 

compared to CTRLFc treated ones (Supplemental Figure 14E-G), as we observed in 450 

iRoboMacKO mice. Finally, Robo1Fc-treated mice also had significantly increased total 451 

WBC and lymphocyte counts in peripheral blood 21 days after tumor implantation, and 452 

we observed a shift to a predominance of Lymphocytes over Neutrophils in the blood 453 

stream of Robo1Fc treated mice, while other white blood cell counts were unchanged 454 

(Supplemental Figure 14H-J).  455 

Five injections of Robo1Fc protein during early stages of tumor progression were 456 

sufficient to significantly extend survival of tumor-bearing mice and 25% of the treated 457 

mice survived 150 days after implantation (Figure 9L, O.S., 24 days for CTRLFc and 41 458 

days for Robo1Fc). Combining Robo1Fc with TMZ further increased this survival 459 

benefit, with 45% of the mice surviving 150 days after implantation (Figure 9L, O.S., 28 460 

days for CTRLFc + TMZ and 119 days for Robo1Fc + TMZ). Combining Robo1Fc with 461 

Anti-PD-1 and Anti-4-1BB antibodies further improved anti-tumor responses, with 80% 462 

of the mice surviving 90 days after tumor implantation (Figure 9M, O.S., 40.5 days for 463 

CTRLFc + Anti-PD-1 + Anti-4-1BB and Undefined for Robo1Fc + Anti-PD-1 + Anti-4-464 

1BB). Mice that survived the immunotherapy were rechallenged by a second tumor 465 

injection in the contralateral hemisphere. Mice that survived after treatment with 466 

Robo1Fc and T cell-based immunotherapy had the best long-term survival after tumor 467 
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rechallenge, with more than 80% of mice alive 90 days after tumor re-injection (Figure 468 

9N, O.S., 22 days for naïve mice, 53.5 days for Anti-PD-1 + Anti-4-1BB survivors, 63 469 

days for Robo1Fc survivors and Undefined days for Robo1Fc + Anti-PD-1 + Anti-4-1BB 470 

survivors). 471 

 472 

Discussion 473 

Collectively, our data showed that GBM-derived SLIT2 signaled through 474 

ROBO1/2 in TAMs, which resulted in an impairment of anti-tumor immunity and the 475 

induction of vascular dysmorphia in the TME. SLIT2/ROBO1&2 signaling is therefore a 476 

potentially novel immune evasion mechanism in the TME, and inhibiting this pathway in 477 

TAMs could sensitize GBM to T cell-based immunotherapy, and add to the therapeutic 478 

arsenal against GBM. 479 

The main findings of our study can be summarized as follows: we showed that 480 

SLIT2 expression levels correlated with tumor aggressiveness, poor prognosis and 481 

immunosuppression. A limitation of the study is that the association between high SLIT2 482 

expression and decreased GBM patient survival was not statistically significant within all 483 

the datasets analyzed. 484 

Our data suggest that GBM tumor cells are a relevant source of SLIT2. Tumor 485 

cells constituted the majority of cells expressing SLIT2, and Slit2 knockdown in two 486 

murine GBM cells lines and in a human PDX model decreased tumor growth, while 487 

SLIT2 overexpression in CT2A cells enhanced murine GBM tumor growth. SLIT2 from 488 

other cell compartments could also affect GBM growth, but since genetic SLIT2 489 

inhibition in tumor cells and systemic SLIT2 inhibition had similar effects in our mouse 490 

models, we conclude that tumor cell SLIT2 promotes GBM growth.  491 
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We observed that SLIT2 acted on different cell types within GBM. First, both 492 

human and mouse GBM tumor cells expressed ROBO1&2 receptors. SLIT2 knockdown 493 

did not affect tumor cell proliferation or survival, and SLIT2 did not attract tumor cells 494 

in transwell assays in vitro. However, SLIT2 knockdown decreased tumor cell migration 495 

towards a serum gradient in transwell chambers and reduced spheroid invasion in fibrin 496 

gels, and patient-derived shSLIT2 GBM cells implanted in Nude mice decreased 497 

invasiveness compared to shCTRL. These results are consistent with SLIT2/ROBO 498 

signaling driving pro-invasive GBM tumor cell behavior in both mice and patient-derived 499 

models. Our data contrast early studies with commercial human GBM cell lines where 500 

SLIT2/ROBO1 signaling inhibited migration (51, 52), but they support and extend studies 501 

using murine GBM models (55) and patient-derived tumor spheres and xenograft models 502 

(54), which showed that SLIT2/ROBO1 signaling in tumor cells promotes tumor 503 

invasiveness.  504 

In addition to the tumor cells themselves, SLIT2 exerted major effects in the TME, 505 

and remarkably these changes appeared centered around ROBO1&2 signaling in 506 

macrophages/microglial cells. We found that in the tumor context, ROBO1&2 signaling 507 

inhibition in macrophages was sufficient to recapitulate all major aspects of tumor cell 508 

SLIT2 manipulation, or systemic SLIT2 inhibition with a ligand trap, and shifted the 509 

entire TME towards a normalized and cytotoxic phenotype. We identified three TME cell 510 

types that responded to tumor cell SLIT2, namely TAMs, endothelial cells of blood 511 

vessels and T cells. Genetic inhibition of Robo signaling in macrophages reduced 512 

macrophage recruitment to the TME, prevented phenotypic conversion into tumor-513 

supportive macrophages, normalized tumor vasculature and induced T-cell based anti-514 

tumor responses. It remains possible that CSF1-R-CreERT2 leads to minor recombination 515 

in other immune cells, and that that cell-autonomous Robo signaling in endothelial cells, 516 
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which induces angiogenesis (28, 31), or T-cell Robo signaling contribute to the observed 517 

effects in GBM, but macrophage Robo signaling appeared dominant.  518 

Mechanistically, SLIT2-mediated TAM migration and polarization were 519 

ROBO1&2 dependent and mediated by PI3Kγ signaling. PI3Kγ signaling inhibition has 520 

been previously shown to prevent TAM polarization and tumor progression in different 521 

cancer models (64), and this mechanism could be conserved in GBM. PI3Kγ is 522 

traditionally activated by G-protein coupled receptors (GPCRs) or Receptor tyrosine 523 

kinases (RTKs), therefore it remains to be established how ROBO activates PI3Kγ 524 

mechanistically, via NCK-SOS activation of RAS or other small GTPases that can 525 

activate PI3Kγ (67–69). Another possibility is that PI3Kγ activation downstream of 526 

ROBO receptors depends on the co-activation of other RTKs or GPCRs and their 527 

endocytosis. 528 

TAMs are the most abundant cells in the GBM microenvironment, and are known 529 

to contribute to immunosuppression in the TME (7–9, 70) and dysmorphic angiogenesis 530 

(16, 71–73). Hence, TAMs are key players in the development of resistance to anticancer 531 

therapies (17, 74–77). Several attempts have been made to target TAM signaling for 532 

GBM treatment, including manipulation of VEGFa and angiopoietins, Neuropilin1 (78, 533 

79), CD-47 or CSF-1R (80–82). Combined VEGF/Angiopoietin inhibition led to vascular 534 

normalization and cytotoxic TAM polarization, but did not change T cell infiltration or 535 

activation profile (83, 84). CD47 inhibition prolonged GBM-bearing mice survival due 536 

to increased phagocytosis capacity and cytotoxic TAM polarization, but did not affect  537 

other components of the GBM microenvironment (85). CSF-1R inhibition did not change 538 

TAM production of pro-angiogenic molecules such as VEGFa and therefore did not lead 539 

to vascular normalization in GBM (16, 80, 82). Hence, these strategies changed the TAM 540 

component of the GBM microenvironment, but they did not induce the profound changes 541 
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in angiogenesis and T cell response achieved by SLIT2 inhibition.  Systemic SLIT2 542 

inhibition via intravenous injection of a SLIT2 ligand trap could be optimized and 543 

translated into clinical practice, especially for the treatment of GBM patients with high 544 

SLIT2 expression.   545 
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Methods 546 

A detailed discussion of the methods is reported in the Supplemental Material 547 

(Supplemental Methods). 548 

 549 

Animal procedures  550 

All in vivo experiments were conducted in accordance to the European Community for 551 

experimental animal use guidelines (L358-86/609EEC).  Animals were housed with free 552 

access to food and water in a 12h light/dark cycle. For survival experiments, mice were 553 

euthanized if they exhibited signs of neurological morbidity or if they lost > 20% of their 554 

body weight. C57bl6J and ROSAmT/mG mice were used for survival and live imaging 555 

experiments, respectively. For generation of macrophage-specific Robo1/2 KO, Robo1-/-556 

Robo2fl/fl mice (28) were bred with CSF1-R-CreERT2, ROSAmT/mG mice (65). Gene 557 

deletion was induced by injections of 80mg/Kg of tamoxifen every 2 days starting 7 days 558 

after tumor implantation and was verified on GFP+ bone marrow 559 

monocytes/macrophages.  560 

 561 

Live imaging 562 

For multiphoton excitation of endogenous fluorophores in experimental gliomas, we used 563 

a Leica SP8 DIVE in vivo imaging system equipped with 4tune spectral external hybrid 564 

detectors and an InSightX3 laser (SpectraPhysics). The microscope was equipped with in 565 

house designed mouse holding platform for intravital imaging (stereotactic frame, 566 

Narishige; gas anesthesia and body temperature monitoring/control, Minerve). 567 

Acquisition of ROSAmTmG reporter mice was performed at 1040-nm fixed wavelength. 568 

GFP signal from genetically modified tumor cells was acquired at 925-nm wavelength. 569 

Alexa Fluor 647 coupled Dextran was acquired at 1200-nm wavelength. 570 
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 571 

Statistical analysis and quantification 572 

For continuous variables, data are presented as mean ± s.e.m and results were considered 573 

significantly different if P < 0.05. Between-group comparisons used the Mann–Whitney 574 

U-test or t-test depending on the sample size for continuous variables. In cases where 575 

more than two groups were compared, one-way ANOVA test was performed, followed 576 

by Tukey’s multiple comparison test. For comparisons involving grouped data, two-way 577 

ANOVA test was performed, followed by Tukey’s multiple comparison test. 578 

For survival experiment, log-rank (Mantel–Cox) tests and multiple comparison tests were 579 

performed. All the analyses were performed using Prism 6.0 software (GraphPad). 580 

For mice in vivo imaging quantification, four to nine fields per animal were pictured in 581 

the tumor center and blood vessel caliber, branching and vessel perfusion were analyzed 582 

using Fiji software. 583 

For mice ex vivo imaging quantification, five fields per individual were pictured in the 584 

tumor center and number of macrophages, overlapping stainings, hypoxic area and tumor 585 

double-strand DNA damages were quantified using Fiji software. 586 

 587 

Study approval 588 

All in vivo experiments in animal models were conducted in accordance to the European 589 

Community for experimental animal use guidelines (L358-86/609EEC) with protocols 590 

(n°MESRI23570 and #17503 2018111214011311 v5) approved by the French Ministry 591 

of higher Education, Research and Innovation (1 rue Descartes - 75231, Paris Cedex 05). 592 

For the patient samples obtained at the Catholic University of Leuven, the study BRAIN-593 

TUMOR-IMM-2014 (S57028) on human tissue was reviewed and approved by the Ethics 594 

Committee Research UZ/KU Leuven (Herestraat 49, 3000 Leuven, Belgium) on 08 SEP 595 
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2014. For the tumor samples obtained from the Tumor bank “Onconeurotek”, certified 596 

NF S 96-900, with written informed consent from the patient, under approval of the 597 

institutional review boards (CPP-Ile de France IV-DC 2013-1962). These samples 598 

consisted of material in excess of what was required for diagnostic purposes. All subjects 599 

provided written informed consent prior to participation in the study.   600 



 28 

References 601 

 602 

1. Ostrom QT et al. CBTRUS statistical report: Primary brain and other central nervous 603 

system tumors diagnosed in the United States in 2009-2013. Neuro. Oncol. 2016;18. 604 

doi:10.1093/neuonc/now207 605 

2. Louis DN et al. The 2016 World Health Organization Classification of Tumors of the 606 

Central Nervous System: a summary. Acta Neuropathol. 2016;131(6). 607 

doi:10.1007/s00401-016-1545-1 608 

3. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: A clinical 609 

review. JAMA - J. Am. Med. Assoc. 2013;310(17). doi:10.1001/jama.2013.280319 610 

4. Aldape K et al. Challenges to curing primary brain tumours. Nat. Rev. Clin. Oncol. 611 

2019;16(8). doi:10.1038/s41571-019-0177-5 612 

5. Chen Z et al. Cellular and molecular identity of tumor-associated macrophages in 613 

glioblastoma. Cancer Res. 2017;77(9). doi:10.1158/0008-5472.CAN-16-2310 614 

6. Klemm F et al. Interrogation of the Microenvironmental Landscape in Brain Tumors 615 

Reveals Disease-Specific Alterations of Immune Cells. Cell 2020;181(7). 616 

doi:10.1016/j.cell.2020.05.007 617 

7. Quail DF, Joyce JA. The Microenvironmental Landscape of Brain Tumors. Cancer 618 

Cell 2017; doi:10.1016/j.ccell.2017.02.009 619 

8. Bloch O et al. Gliomas promote immunosuppression through induction of B7-H1 620 

expression in tumor-associated macrophages. Clin. Cancer Res. 2013;19(12). 621 

doi:10.1158/1078-0432.CCR-12-3314 622 

9. Mitchem JB et al. Targeting tumor-infiltrating macrophages decreases tumor-623 

initiating cells, relieves immunosuppression, and improves chemotherapeutic responses. 624 

Cancer Res. 2013;73(3). doi:10.1158/0008-5472.CAN-12-2731 625 



 29 

10. Caleb Rutledge W et al. Tumor-infiltrating lymphocytes in glioblastoma are 626 

associated with specific genomic alterations and related to transcriptional class. Clin. 627 

Cancer Res. 2013;19(18). doi:10.1158/1078-0432.CCR-13-0551 628 

11. Chongsathidkiet P et al. Sequestration of T cells in bone marrow in the setting of 629 

glioblastoma and other intracranial tumors. Nat. Med. 2018;24(9). doi:10.1038/s41591-630 

018-0135-2 631 

12. Lim M, Xia Y, Bettegowda C, Weller M. Current state of immunotherapy for 632 

glioblastoma. Nat. Rev. Clin. Oncol. 2018;15(7). doi:10.1038/s41571-018-0003-5 633 

13. Cloughesy TF et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival 634 

benefit with intratumoral and systemic immune responses in recurrent glioblastoma. 635 

Nat. Med. 2019;25(3). doi:10.1038/s41591-018-0337-7 636 

14. Datta M, Coussens LM, Nishikawa H, Hodi FS, Jain RK. Reprogramming the 637 

Tumor Microenvironment to Improve Immunotherapy: Emerging Strategies and 638 

Combination Therapies. Am. Soc. Clin. Oncol. Educ. B. [published online ahead of 639 

print: 2019];(39). doi:10.1200/edbk_237987 640 

15. Carmeliet P, Jain RK. Principles and mechanisms of vessel normalization for cancer 641 

and other angiogenic diseases. Nat. Rev. Drug Discov. 2011;10(6). doi:10.1038/nrd3455 642 

16. Mathivet T et al. Dynamic stroma reorganization drives blood vessel dysmorphia 643 

during glioma growth. EMBO Mol. Med. 2017;9(12). doi:10.15252/emmm.201607445 644 

17. Jain RK. Antiangiogenesis Strategies Revisited: From Starving Tumors to 645 

Alleviating Hypoxia. Cancer Cell 2014;26(5). doi:10.1016/j.ccell.2014.10.006 646 

18. Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia and 647 

macrophages in glioma maintenance and progression. Nat. Neurosci. 2015;19(1). 648 

doi:10.1038/nn.4185 649 

19. Geraldo LHM et al. Glioblastoma Therapy in the Age of Molecular Medicine. 650 



 30 

Trends in Cancer 2019;5(1). doi:10.1016/j.trecan.2018.11.002 651 

20. Brose K et al. Slit proteins bind robo receptors and have an evolutionarily conserved 652 

role in repulsive axon guidance. Cell 1999;96(6). doi:10.1016/S0092-8674(00)80590-5 653 

21. Kidd T, Bland KS, Goodman CS. Slit is the midline repellent for the Robo receptor 654 

in Drosophila. Cell 1999;96(6). doi:10.1016/S0092-8674(00)80589-9 655 

22. Blockus H, Chédotal A. Slit-robo signaling. Dev. 2016;143(17). 656 

doi:10.1242/dev.132829 657 

23. Barak R et al. Structural Principles in Robo Activation and Auto-inhibition. Cell 658 

2019;177(2). doi:10.1016/j.cell.2019.02.004 659 

24. Koch AW et al. Robo4 Maintains Vessel Integrity and Inhibits Angiogenesis by 660 

Interacting with UNC5B. Dev. Cell 2011;20(1). doi:10.1016/j.devcel.2010.12.001 661 

25. Zelina P et al. Signaling switch of the axon guidance receptor Robo3 during 662 

vertebrate evolution. Neuron 2014;84(6). doi:10.1016/j.neuron.2014.11.004 663 

26. Beamish I V., Hinck L, Kennedy TE. Making connections: Guidance cues and 664 

receptors at nonneural cell–cell junctions. Cold Spring Harb. Perspect. Biol. 665 

2018;10(11). doi:10.1101/cshperspect.a029165 666 

27. Bisiak F, McCarthy AA. Structure and Function of Roundabout Receptors. In: 667 

Subcellular Biochemistry. 2019: 668 

28. Rama N et al. Slit2 signaling through Robo1 and Robo2 is required for retinal 669 

neovascularization. Nat. Med. 2015;21(5). doi:10.1038/nm.3849 670 

29. Dubrac A et al. Targeting NCK-Mediated Endothelial Cell Front-Rear Polarity 671 

Inhibits Neovascularization. Circulation 2016;133(4). 672 

doi:10.1161/CIRCULATIONAHA.115.017537 673 

30. Xu R et al. Targeting skeletal endothelium to ameliorate bone loss. Nat. Med. 674 

2018;24(6). doi:10.1038/s41591-018-0020-z 675 



 31 

31. Genet G et al. Endophilin-A2 dependent VEGFR2 endocytosis promotes sprouting 676 

angiogenesis. Nat. Commun. 2019;10(1). doi:10.1038/s41467-019-10359-x 677 

32. Pilling D, Chinea LE, Consalvo KM, Gomer RH. Different Isoforms of the 678 

Neuronal Guidance Molecule Slit2 Directly Cause Chemoattraction or Chemorepulsion 679 

of Human Neutrophils. J. Immunol. 2019;202(1). doi:10.4049/jimmunol.1800681 680 

33. Wu JY et al. The neuronal repellent Slit inhibits leukocyte chemotaxis induced by 681 

chemotactic factors. Nature 2001;410(6831). doi:10.1038/35073616 682 

34. Guan H et al. Neuronal Repellent Slit2 Inhibits Dendritic Cell Migration and the 683 

Development of Immune Responses. J. Immunol. 2003;171(12). 684 

doi:10.4049/jimmunol.171.12.6519 685 

35. Prasad A, Qamri Z, Wu J, Ganju RK. Slit-2/Robo-1 modulates the 686 

CXCL12/CXCR4-induced chemotaxis of T cells. J. Leukoc. Biol. 2007;82(3). 687 

doi:10.1189/jlb.1106678 688 

36. Tole S et al. The axonal repellent, Slit2, inhibits directional migration of circulating 689 

neutrophils. J. Leukoc. Biol. 2009;86(6). doi:10.1189/jlb.0609391 690 

37. Bhosle VK et al. SLIT2/ROBO1-signaling inhibits macropinocytosis by opposing 691 

cortical cytoskeletal remodeling. Nat. Commun. [published online ahead of print: 2020]; 692 

doi:10.1038/s41467-020-17651-1 693 

38. Wang B et al. Induction of tumor angiogenesis by Slit-Robo signaling and inhibition 694 

of cancer growth by blocking Robo activity. Cancer Cell 2003;4(1). 695 

doi:10.1016/S1535-6108(03)00164-8 696 

39. Wang LJ et al. Targeting Slit-Roundabout signaling inhibits tumor angiogenesis in 697 

chemical-induced squamous cell carcinogenesis. Cancer Sci. 2008;99(3). 698 

doi:10.1111/j.1349-7006.2007.00721.x 699 

40. Yang XM et al. Slit-Robo signaling mediates lymphangiogenesis and promotes 700 



 32 

tumor lymphatic metastasis. Biochem. Biophys. Res. Commun. 2010;396(2). 701 

doi:10.1016/j.bbrc.2010.04.152 702 

41. Schmid BC et al. The neuronal guidance cue Slit2 induces targeted migration and 703 

may play a role in brain metastasis of breast cancer cells. Breast Cancer Res. Treat. 704 

2007;106(3). doi:10.1007/s10549-007-9504-0 705 

42. Zhou WJ et al. Slit-Robo signaling induces malignant transformation through 706 

Hakai-mediated E-cadherin degradation during colorectal epithelial cell carcinogenesis. 707 

Cell Res. 2011;21(4). doi:10.1038/cr.2011.17 708 

43. Zhang QQ et al. Slit2/robo1 signaling promotes intestinal tumorigenesis through 709 

src-mediated activation of the wnt/β-catenin pathway. Oncotarget 2015;6(5). 710 

doi:10.18632/oncotarget.3060 711 

44. Secq V et al. Stromal SLIT2 impacts on pancreatic cancer-associated neural 712 

remodeling. Cell Death Dis. 2015;6(1). doi:10.1038/cddis.2014.557 713 

45. Zhao SJ et al. SLIT2/ROBO1 axis contributes to the Warburg effect in 714 

osteosarcoma through activation of SRC/ERK/c-MYC/PFKFB2 pathway. Cell Death 715 

Dis. 2018;9(3). doi:10.1038/s41419-018-0419-y 716 

46. Tavora B et al. Tumoural activation of TLR3–SLIT2 axis in endothelium drives 717 

metastasis. Nature 2020;586(7828). doi:10.1038/s41586-020-2774-y 718 

47. Zhou WJ, Geng ZH, Spence JR, Geng JG. Induction of intestinal stem cells by R-719 

spondin 1 and Slit2 augments chemoradioprotection. Nature 2013;501(7465). 720 

doi:10.1038/nature12416 721 

48. Dallol A et al. SLIT2, a human homologue of the Drosophila Slit2 gene, has tumor 722 

suppressor activity and is frequently inactivated in lung and breast cancers. Cancer Res. 723 

2002;62(20). 724 

49. Tseng RC et al. SLIT2 attenuation during lung cancer progression deregulates β-725 



 33 

catenin and E-cadherin and associates with poor prognosis. Cancer Res. 2010;70(2). 726 

doi:10.1158/0008-5472.CAN-09-2084 727 

50. Chang PH et al. Activation of Robo1 signaling of breast cancer cells by Slit2 from 728 

stromal fibroblast restrains tumorigenesis via blocking PI3K/Akt/β-catenin pathway. 729 

Cancer Res. 2012;72(18). doi:10.1158/0008-5472.CAN-12-0877 730 

51. Mertsch S et al. Slit2 involvement in glioma cell migration is mediated by Robo1 731 

receptor. J. Neurooncol. 2008;87(1). doi:10.1007/s11060-007-9484-2 732 

52. Yiin J-J et al. Slit2 inhibits glioma cell invasion in the brain by suppression of 733 

Cdc42 activity. Neuro. Oncol. 2009;11(6). doi:10.1215/15228517-2008-017 734 

53. Liu L et al. Slit2 and Robo1 expression as biomarkers for assessing prognosis in 735 

brain glioma patients. Surg. Oncol. 2016;25(4). doi:10.1016/j.suronc.2016.09.003 736 

54. Siebzehnrubl FA et al. The ZEB1 pathway links glioblastoma initiation, invasion 737 

and chemoresistance. EMBO Mol. Med. 2013;5(8). doi:10.1002/emmm.201302827 738 

55. Amodeo V et al. A PML/Slit Axis Controls Physiological Cell Migration and 739 

Cancer Invasion in the CNS. Cell Rep. 2017;20(2). doi:10.1016/j.celrep.2017.06.047 740 

56. Verhaak RGW et al. Integrated Genomic Analysis Identifies Clinically Relevant 741 

Subtypes of Glioblastoma Characterized by Abnormalities in PDGFRA, IDH1, EGFR, 742 

and NF1. Cancer Cell 2010;17(1). doi:10.1016/j.ccr.2009.12.020 743 

57. Hartmann C et al. Long-term survival in primary glioblastoma with versus without 744 

isocitrate dehydrogenase mutations. Clin. Cancer Res. 2013;19(18). doi:10.1158/1078-745 

0432.CCR-13-0017 746 

58. Eckel-Passow JE et al.  Glioma Groups Based on 1p/19q, IDH , and TERT 747 

Promoter Mutations in Tumors . N. Engl. J. Med. 2015;372(26). 748 

doi:10.1056/nejmoa1407279 749 

59. Christians A et al. The prognostic role of IDH mutations in homogeneously treated 750 



 34 

patients with anaplastic astrocytomas and glioblastomas. Acta Neuropathol. Commun. 751 

2019;7(1). doi:10.1186/s40478-019-0817-0 752 

60. Song E et al. VEGF-C-driven lymphatic drainage enables immunosurveillance of 753 

brain tumours. Nature 2020;577(7792). doi:10.1038/s41586-019-1912-x 754 

61. Iwanami A et al. PML mediates glioblastoma resistance to mammalian target of 755 

rapamycin (mTOR)-targeted therapies. Proc. Natl. Acad. Sci. U. S. A. 2013;110(11). 756 

doi:10.1073/pnas.1217602110 757 

62. Garros-Regulez L et al. Targeting SOX2 as a therapeutic strategy in glioblastoma. 758 

Front. Oncol. 2016;6(OCT). doi:10.3389/fonc.2016.00222 759 

63. Woroniecka KI, Rhodin KE, Chongsathidkiet P, Keith KA, Fecci PE. T-Cell 760 

dysfunction in glioblastoma: Applying a new framework. Clin. Cancer Res. 761 

2018;24(16). doi:10.1158/1078-0432.CCR-18-0047 762 

64. Kaneda MM et al. PI3Kγ 3 is a molecular switch that controls immune suppression. 763 

Nature 2016;539(7629). doi:10.1038/nature19834 764 

65. Qian BZ et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour 765 

metastasis. Nature 2011;475(7355). doi:10.1038/nature10138 766 

66. Loubaki L, Tremblay T, Bazin R. In vivo depletion of leukocytes and platelets 767 

following injection of T cell-specific antibodies into mice. J. Immunol. Methods 768 

2013;393(1–2). doi:10.1016/j.jim.2013.04.004 769 

67. Yang L, Bashaw GJ. Son of Sevenless Directly Links the Robo Receptor to Rac 770 

Activation to Control Axon Repulsion at the Midline. Neuron 2006;52(4). 771 

doi:10.1016/j.neuron.2006.09.039 772 

68. Lucas B, Hardin J. Mind the (sr)GAP - roles of Slit-Robo GAPs in neurons, brains 773 

and beyond. J. Cell Sci. 2017;130(23). doi:10.1242/jcs.207456 774 

69. Fritsch R et al. XRAS and RHO families of GTPases directly regulate distinct 775 



 35 

phosphoinositide 3-kinase isoforms. Cell [published online ahead of print: 2013]; 776 

doi:10.1016/j.cell.2013.04.031 777 

70. Pathria P, Louis TL, Varner JA. Targeting Tumor-Associated Macrophages in 778 

Cancer. Trends Immunol. 2019;40(4). doi:10.1016/j.it.2019.02.003 779 

71. Stockmann C et al. Deletion of vascular endothelial growth factor in myeloid cells 780 

accelerates tumorigenesis. Nature 2008;456(7223). doi:10.1038/nature07445 781 

72. Wenes M et al. Macrophage Metabolism Controls Tumor Blood Vessel 782 

Morphogenesis and Metastasis. Cell Metab. 2016;24(5). 783 

doi:10.1016/j.cmet.2016.09.008 784 

73. Mazzone M, Bergers G. Regulation of Blood and Lymphatic Vessels by Immune 785 

Cells in Tumors and Metastasis. Annu. Rev. Physiol. 2019;81. doi:10.1146/annurev-786 

physiol-020518-114721 787 

74. Jain RK et al. Angiogenesis in brain tumours. Nat. Rev. Neurosci. 2007;8(8). 788 

doi:10.1038/nrn2175 789 

75. De Palma M, Lewis CE. Macrophage regulation of tumor responses to anticancer 790 

therapies. Cancer Cell 2013;23(3). doi:10.1016/j.ccr.2013.02.013 791 

76. Jain RK. Normalizing tumor microenvironment to treat cancer: Bench to bedside to 792 

biomarkers. In: Journal of Clinical Oncology. 2013: 793 

77. Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. Enhancing cancer 794 

immunotherapy using antiangiogenics: Opportunities and challenges. Nat. Rev. Clin. 795 

Oncol. 2018;15(5). doi:10.1038/nrclinonc.2018.29 796 

78. Miyauchi JT et al. Ablation of neuropilin 1 from glioma-associated microglia and 797 

macrophages slows tumor progression. Oncotarget 2016;7(9). 798 

doi:10.18632/oncotarget.6877 799 

79. Miyauchi JT et al. Deletion of neuropilin 1 from microglia or bone marrow–derived 800 



 36 

macrophages slows glioma progression. Cancer Res. 2018;78(3). doi:10.1158/0008-801 

5472.CAN-17-1435 802 

80. Pyonteck SM et al. CSF-1R inhibition alters macrophage polarization and blocks 803 

glioma progression. Nat. Med. 2013;19(10). doi:10.1038/nm.3337 804 

81. Ries CH et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody 805 

reveals a strategy for cancer therapy. Cancer Cell 2014;25(6). 806 

doi:10.1016/j.ccr.2014.05.016 807 

82. Quail DF et al. The tumor microenvironment underlies acquired resistance to CSF-808 

1R inhibition in gliomas. Science (80-. ). 2016;352(6288). doi:10.1126/science.aad3018 809 

83. Kloepper J et al. Ang-2/VEGF bispecific antibody reprograms macrophages and 810 

resident microglia to anti-tumor phenotype and prolongs glioblastoma survival. Proc. 811 

Natl. Acad. Sci. U. S. A. 2016;113(16). doi:10.1073/pnas.1525360113 812 

84. Peterson TE et al. Dual inhibition of Ang-2 and VEGF receptors normalizes tumor 813 

vasculature and prolongs survival in glioblastoma by altering macrophages. Proc. Natl. 814 

Acad. Sci. U. S. A. 2016;113(16). doi:10.1073/pnas.1525349113 815 

85. Hutter G et al. Microglia are effector cells of CD47-SIRPα antiphagocytic axis 816 

disruption against glioblastoma. Proc. Natl. Acad. Sci. U. S. A. 2019;116(3). 817 

doi:10.1073/pnas.1721434116 818 

86. Bowman RL, Wang Q, Carro A, Verhaak RGW, Squatrito M. GlioVis data portal 819 

for visualization and analysis of brain tumor expression datasets. Neuro. Oncol. 820 

2017;19(1). doi:10.1093/neuonc/now247 821 

87. Wang L et al. The phenotypes of proliferating glioblastoma cells reside on a single 822 

axis of variation. Cancer Discov. 2019;9(12). doi:10.1158/2159-8290.CD-19-0329 823 

88. Neftel C et al. An Integrative Model of Cellular States, Plasticity, and Genetics for 824 

Glioblastoma. Cell 2019;178(4). doi:10.1016/j.cell.2019.06.024 825 



 37 

89. Darmanis S et al. Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at 826 

the Migrating Front of Human Glioblastoma. Cell Rep. 2017;21(5). 827 

doi:10.1016/j.celrep.2017.10.030 828 

90. Stuart T et al. Comprehensive Integration of Single-Cell Data. Cell 2019;177(7). 829 

doi:10.1016/j.cell.2019.05.031 830 

91. Korsunsky I et al. Fast, sensitive and accurate integration of single-cell data with 831 

Harmony. Nat. Methods 2019;16(12). doi:10.1038/s41592-019-0619-0 832 

 833 

  834 



 38 

ACKNOWLEDGEMENTS 835 

This study was supported by the Fondation ARC pour la Recherche sur le Cancer–Institut 836 

National du Cancer (ARC-INCa, A.E., JLT and A.B.) L.H.G. was funded by the 837 

‘Coordenação de Aperfeiçoamento de Pessoal de Nível Superior’ (CAPES) and the 838 

European Society of Cardiology (ESC Basic Research Fellowship). We thank the Paris 839 

Cardiovascular Research Center (PARCC) Flow and Image Cytometry facility, FDG PET 840 

and MRI imaging platform (France Life Imaging network (grant ANR-11-INBS-0006) 841 

and ‘Infrastructures Biologie Santé’ (IBISA), and multiphoton imaging platform (Leducq 842 

Foundation RETP: Visualisation des pathologies vasculaires). We thank Dr. Holger 843 

Gerhardt for providing GL261, CT-2A and RAW264.7 cells and CSF1-R-CreERT2 mice 844 

and Dr. Alain Chedotal for Robo1-/-Robo2fl/fl mice used in this study. 845 

 846 

AUTHOR CONTRIBUTIONS 847 

LHG, AE, JLT and TM conceived and designed the project. LHG, YX, LJ, LPF, RR, 848 

NM, MV, NL, CK, CL, TD, JR, TV and TM performed experiments, collected and 849 

analyzed data. JD, LS, SDV and MS collected patient samples and provided clinical data 850 

for the study. BT, AB, AI, RL, FRSL contributed to study design and reviewed and 851 

revised the manuscript. FRSL, AE and TM supervised the project; LHG, TM and AE 852 

wrote the manuscript. All authors revised the manuscript.  853 

  854 



 39 

FIGURES AND FIGURE LEGENDS 855 



 40 

Figure 1. Slit2 expression correlates with glioma aggressiveness and poor patient 856 

prognosis.  857 

A. In silico analysis of TCGA glioblastoma Agilent-4502A patient dataset (n = 244 high, 858 

and 244 low Slit2 expressing patients; O.S., 12.9 months for high expression and 15.1 859 

months for low expression, log‐rank test). B. Survival analysis of Low-Grade Glioma 860 

(LGG, Grades I to III) patients grouped by their levels of SLIT2 expression (n = 41 high 861 

and 41 low SLIT2 expressing patients; O.S., 79.4 months for high expression and 135.2 862 

months for low expression, log‐rank test). C. SLIT2 qPCR expression in glioma patient 863 

samples from (B) (GBM, n = 45; LGG, n = 84; Student’s t test). D. SLIT2 qPCR 864 

expression in Grades III and IV glioma patient samples classified by their IDH-1/2 status 865 

(IDH-WT, n = 51; IDH-mutated, n = 34; Mann-Whitney U test). E-F. UMAP plots of 866 

single cell RNA sequencing (scRNAseq) of 32 GBM patients showing different samples 867 

(E) and clustering of the different cell types in the GBM microenvironment (F). G-I. 868 

Expression plots of SLIT2 (G), ROBO1 (H) and ROBO2 (I) in scRNAseq data from (E). 869 

J-L. qPCR analysis of Slit2 (J), Robo1 (K) and Robo2 (L) expression in endothelial cells 870 

(ECs), tumor associated macrophages (TAMs), tumor associated T lymphocytes (TALs) 871 

and tumor cells FACS-sorted from late-stage CT-2A mice glioblastomas (n = 3 872 

independent tumors, day 21 after implantation, One-Way ANOVA). All data are 873 

represented as mean ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001. 874 
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 42 

Figure 2. Slit2 promotes Glioblastoma growth and resistance to TMZ. 876 

A-B. Western blot analysis (A) and quantification (B) of Slit2 expression in shCTRL, 877 

shSlit2 and shSlit2+hSLIT2 CT-2A cells (n = 5, One-Way ANOVA). C. Tumor volume 878 

quantification at 21 days (n = 10 for shCTRL and n = 8 for shSlit2, Student’s t- test). D. 879 

FDG-PET imaging over CT-2A shCTRL and shSlit2 glioma growth (n = 5 shCTRL and 880 

n = 4 shSlit2). E-F. Quantification of tumor metabolic volume (E) and total tumor 881 

glucose uptake (F) from (D) (n = 5 for shCTRL and n = 4 for shSlit2, One-Way 882 

ANOVA). G. Survival trial design: 8-week-old mice were engrafted with CT-2A 883 

shCTRL, shSlit2 or shSlit2+hSLIT2 spheroids and randomly assigned to vehicle or TMZ 884 

treatment (40 mg/kg on days 7, 11, 15 and 19 after tumor implantation). H. Survival 885 

curves of the mice in (G) (n = 10 mice per group, O.S.= 22.5 days for shCTRL, 28 days 886 

for shCTRL + TMZ, 30 days for shSlit2, 39.5 days for shSlit2 + TMZ, 20 days for 887 

shSlit2+hSLIT2 and 27 days for shSlit2+hSLIT2 + TMZ; Multiple comparisons log-rank 888 

test). Data are presented as mean ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 889 
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 44 

Figure 3. Slit2 promotes blood vessel dysmorphia in GBM.  891 

A. In vivo two-photon images of ROSAmTmG mice bearing day 21 CT-2A shCTRL or 892 

shSlit2 tumors. B-C. Quantification of vessel diameter (B) and branchpoints (C) (n = 8 893 

mice per group, One-way ANOVA). D. In vivo two-photon images of ROSAmTmG mice 894 

bearing day 18 CT-2A shSlit2 or shSlit2+hSLIT2 tumors. E-F. Quantification of vessel 895 

diameter (E) and branchpoints (F) (n = 7 mice per group, One-way ANOVA). G-I. Left 896 

panels: Two-photon in vivo imaging following intravenous injection of Alexa Fluor 647 897 

conjugated Dextran highlighting unperfused blood vessel segments in the tumor core 898 

(asterisks) of day 21 CT-2A shCTRL and shSlit2 tumors. Right panels: representative 899 

pictures of whole brains of day 21 shCTRL or shSlit2 CT-2A tumors following Evans 900 

blue injection. H. Quantification of unperfused blood vessel segments in the tumor mass 901 

presented in (G) (n = 5 mice per group, Mann-Whitney U test). I. Quantification of Evans 902 

Blue extravasation in (G) (n = 5 mice per group, Mann-Whitney U test). J-L. 903 

quantifications of Glut1+ hypoxic areas in the tumor (J) and Glut1 blood vessel coverage 904 

(K) from immunohistochemistry on sections (L) (n = 5 mice per group, Mann-Whitney 905 

U test). M. qPCR analyses from FACS-sorted endothelial cells (n = 3 tumors/group, 906 

Mann-Whitney U test). Data are presented as mean ± s.e.m. * P < 0.05, ** P < 0.01, *** 907 

P < 0.001 908 
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 46 

Figure 4. Slit2 promotes TAM recruitment and polarization in mouse gliomas.  910 

A. Immunohistochemistry on sections of late-stage CT-2A shCTRL, shSlit2 or 911 

shSlit2+hSLIT2 tumors for F4/80, MHC-II and MRC1+ cells (green). B. Quantifications 912 

of (A) (n = 7 mice per group, 5 fields per tumor, Two-Way ANOVA). C-D. FACS 913 

analysis of 21 days CT-2A shCTRL and shSlit2 for quantification of TAMs (n = 10 914 

tumors/group; Student’s t-test and Two-way ANOVA). E. qPCR analysis from FACS-915 

sorted TAMs (n = 6 tumors/group, Mann-Whitney U test). F-H. ELISA from protein 916 

samples extracted from FACS-sorted TAMs from shCTRL and shSlit2 tumors to quantify 917 

IFNγ (F), IL-10 (G) and VEGFa (H) (n = 5 tumors/group, Mann-Whitney U test). I. 918 

Representative images and quantification of soluble-Flt1 binding to sections of day 21 919 

CT-2A shCTRL, shSlit2 and day 18 shSlit2+hSLIT2 tumors (n = 7 mice per group, 5 920 

fields per tumor, One-Way ANOVA). * P < 0.05, ** P < 0.01, *** P < 0.001 921 
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 48 

Figure 5. Slit2 inhibits T lymphocyte responses in the glioma microenvironment.  923 

A-C. T lymphocyte FACS analysis of day 21 CT-2A shCTRL and shSlit2 tumors for total 924 

CD3+ TALs (A), CD4+ TALs (B) and CD8+ TALs (C) (n = 8 tumors/group; Student’s t-925 

test). D. qPCR analyses from FACS-sorted CD4+ T lymphocytes (n = 10 tumors/group, 926 

Mann-Whitney U test). E. qPCR analyses from FACS-sorted CD8+ T lymphocytes (n = 927 

6 tumors/group, Mann-Whitney U test). F. Representative images of CD8 and GZMB 928 

staining on sections of day 21 CT-2A shCTRL and shSlit2 tumors. G. Quantification of 929 

(F) (n = 4 mice per group, 5 fields per tumor, Mann-Whitney U test). H-J. ELISA from 930 

protein samples extracted from FACS-sorted CD8+ TALs from shCTRL and shSlit2 931 

tumors to quantify IFNγ (H), IL-10 (I) and VEGFa (J) (n = 5 tumors/group, Mann-932 

Whitney U test). K. 8-week-old mice were engrafted with CT-2A shCTRL or shSlit2 and 933 

randomly assigned to vehicle or Anti-PD-1 + Anti-4-1BB treatment (0.2mg each on days 934 

7, 9, 11 and 13 after tumor implantation) (n = 10/11 mice per group, O.S.= 25 days for 935 

shCTRL, 33 days for shCTRL + Anti-PD-1 + Anti-4-1BB, 33 days for shSlit2 and 936 

Undetermined for shSlit2 + Anti-PD-1 + Anti-4-1BB; Multiple comparisons log-rank 937 

test). Data are presented as mean ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 938 
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 50 

Figure 6. Slit 2 drives microglia and macrophage migration and tumor supportive 940 

polarization.  941 

A-C. Transwell assay of microglial cells (A), bone marrow derived macrophages 942 

(BMDM) (B) and peritoneal macrophages (PM) (C) in response to Slit2 or carrier 943 

(CTRL) in the bottom chamber (n = 4, One-way ANOVA). D-E. Transwell assay of 944 

RAW macrophages treated or not with Robo1/2 siRNA and infected with adenovirus 945 

encoding CTRL (GFP construct), Robo1FL or Robo1DCD constructs and stained with 946 

Calcein. E. Quantification of (D) (n = 3, Two-way ANOVA). F. Western blot analysis 947 

of Slit2 downstream signaling in cultured BMDM (n = 6). G-H. ELISA from conditioned 948 

medium from LPS, Il-10 or Slit2-treated BMDMs to quantify IL-10 (G) and VEGFa (H) 949 

(n = 3 independent cultures, Mann-Whitney U test). I. qPCR analysis of BMDM cultures 950 

following Slit2 or LPS treatment (n = 4, One-Way ANOVA or Mann-Whitney U test). 951 

Data are presented as mean ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 952 
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 52 

Figure 7. Slit2 driven microglia/macrophage polarization via PI3Kγ. 954 

A. PI3Kγ immunoprecipitation in BMDMs treated or not with Slit2 for 15 minutes and 955 

WB for Robo1 (n = 3 independent experiments). B. Transwell assay of BMDMs in 956 

response to Slit2 or carrier (CTRL) in the bottom chamber after pretreatment with vehicle 957 

control (DMSO) or PI3Kγ inhibitor IPI-549 (1uM). C-D. Phospho-Stat6 958 

immunofluorescent staining of BMDMs treated or not with Slit2 and PI3Kγ inhibitor and 959 

quantification of nuclear pStat6 intensity (n = 4 independent cultures, 2-way ANOVA). 960 

E-F. ELISA from conditioned medium from LPS or Slit2-treated BMDMs with vehicle 961 

control (DMSO) or PI3Kγ inhibitor, to quantify IL-10 (E) and VEGFa (F) (n = 3 962 

independent cultures, 2-way ANOVA). G. qPCR analysis of BMDM cultures following 963 

Slit2 or LPS treatment with vehicle control or PI3Kγ inhibitor (n = 4 independent 964 

cultures, 2-way ANOVA). Data are presented as mean ± s.e.m. * P < 0.05, ** P < 0.01, 965 

*** P < 0.001 966 
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Figure 8. Macrophage-specific Robo1/2 KO normalizes the TME.  968 

A. MRI images of CTRL and iRoboMacKO mice 21 days after tumor implantation. B-C. 969 

Quantification of day 21 tumor size on MRI images (B, n =  4 tumors per group, Mann-970 

Whitney U test) and serial vibratome sections (C, n =  7 CTRL and 6 iRoboMacKO 971 

tumors, Mann-Whitney U test). D-F. In vivo two-photon images of tumor bearing mice 972 

in (D) and quantification of vessel diameter (E) and branchpoints (F) (n = 6 mice per 973 

group, One-way ANOVA). G-H. Glut1 (blue) immunohistochemistry on day 21 tumor 974 

bearing mice (G), and quantification of tumor hypoxic areas (H) (n = 6 CTRL and 5 975 

iRoboMacKO tumors, Mann-Whitney U test). I-K. Quantification of F4/80, MHC-II and 976 

MRC1+ cells (I), sFLT1+ GFP+ cells (J), and total TALs (CD3+) (K) (n =  6 CTRL and 977 

5 iRoboMacKO tumors, 2-way ANOVA or Mann-Whitney U test). L-M. FACS analysis 978 

of deep cervical DCLN and mandibular lymph nodes MLN from day 21 tumor-bearing 979 

mice (n = 5 CTRL and 4 iRoboMacKO mice; Mann-Whitney U test). N-O. Lymphocyte 980 

counts (N) and differential WBC counts (O) from peripheral blood of day 21 tumor-981 

bearing mice (n = 5 mice/group; Mann-Whitney U test). P. 8-week-old mice engrafted 982 

with CT-2A BFP and treated with 80mg/kg Tamoxifen i.p. every 3 days starting 7 days 983 

after tumor implantation were randomly assigned to vehicle or Anti-PD-1 + Anti-4-1BB 984 

treatment (0.2mg/dose on days 7, 9, 11 and 13 after tumor implantation) (n = 10/11 mice 985 

per group, O.S.= 21.5 days for Robo1-/-Robo2flox/flox, 24 days for Robo1-/-Robo2flox/flox + 986 

Anti-PD-1 + Anti-4-1BB, 29 days for iRoboMacKO and Undetermined for iRoboMacKO 987 

+ Anti-PD-1 + Anti-4-1BB; Multiple comparisons log-rank test). Data are presented as 988 

mean ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001 989 
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Figure 9. Robo1Fc treatment limits glioma growth  991 

A. 8-week-old mice engrafted with CT-2A spheroids were treated with CTRLFc or 992 

Robo1Fc as indicated, and analyzed at day 23. B. ELISA of serum Slit2 (n = 4, Two-993 

Way ANOVA). C-D. Tumor size at day 23 (n = 6, Student’s T test). E-G. In vivo two-994 

photon images and quantification of vessel diameter (F) and branchpoints (G) (n = 6 mice 995 

per group, One-way ANOVA). H. Quantification of Glut1+ area (n = 6 mice per group, 996 

Mann-Whitney U test). I-K. Quantification of F4/80, MHC-II and MRC1 (I), soluble-997 

Flt1 binding (J) and CD3 immunostaining (K) (n = 6 mice per group, Two-way ANOVA 998 

(I) or Student’s t-test). L. 8-week-old tumor-bearing mice were assigned to CTRLFc + 999 

vehicle (n = 20), CTRLFc + TMZ (n = 15), Robo1Fc + vehicle (n = 24) or Robo1Fc + 1000 

TMZ (n = 22; O.S., CTRLFc: 24 days; CTRLFc + TMZ: 28 days; Robo1Fc: 41 days; 1001 

Robo1Fc + TMZ: 119 days, Multiple comparisons Mantel–Cox log-rank). M. 8-week-1002 

old tumor-bearing mice were assigned to CTRLFc + vehicle, CTRLFc + Anti-PD-1 + 1003 

Anti-4-1BB, Robo1Fc + vehicle or Robo1Fc + Anti-PD-1 + Anti-4-1BB (n = 10/11 mice 1004 

per group; O.S., CTRLFc: 25.5 days; CTRLFc + Anti-PD-1 + Anti-4-1BB: 40 days; 1005 

Robo1Fc: 39 days; Robo1Fc + Anti-PD-1 + Anti-4-1BB: Undetermined; Multiple 1006 

comparisons log-rank test). N. 90 days after tumor implantation, surviving mice from (M) 1007 

(n = 2 Anti-PD-1 + Anti-4-1BB, 3 Robo1Fc and 8 Robo1Fc + Anti-PD-1 + Anti-4-1BB) 1008 

or 8-weeks-old tumor-naïve mice (n = 10) were re-challenged in the contralateral 1009 

hemisphere (O.S., Naïve mice: 21 days; CTRLFc + Anti-PD-1 + Anti-4-1BB survivors: 1010 

53.5 days; Robo1Fc survivors: 63 days; Robo1Fc + Anti-PD-1 + Anti-4-1BB survivors: 1011 

Undetermined; Multiple comparisons log-rank test).  Data are presented as mean ± s.e.m. 1012 

* P < 0.05, ** P < 0.01, *** P < 0.001. 1013 
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