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Introduction
Malignant gliomas are the most common primary brain tumors 
(1, 2). Among those, glioblastoma (GBM; WHO grade IV glioma) 
is the most frequent and aggressive tumor, accounting for more 
than 50% of gliomas, and with poor patient prognosis (3). GBMs 
are molecularly heterogeneous and invasive, angiogenic, and pro-
liferative tumors that are largely resistant to current therapies (4).

Tumor-associated microglia and macrophages (TAMs) are the 
most abundant cells in the GBM microenvironment, composing 
up to 25% of the tumor mass (5–7). TAMs are key drivers of GBM 
immunosuppression and pathological angiogenesis (7). TAMs 
inhibit T cell responses in the GBM microenvironment by favor-
ing regulatory T cells and suppressing antitumor T cell responses 
(8–11), thereby limiting the efficacy of currently available T cell–
oriented immunotherapies in GBM (4, 12–14). TAM-derived sig-
naling also contributes to vascular dysmorphia, and drives blood 
vessel dilation and leakiness in the GBM microenvironment (15, 

16). Nonuniform oxygen delivery via dysmorphic and leaky tumor 
vessels leads to hypoxia, which upregulates angiogenic factors 
that induce more dysfunctional vessels, thereby preventing the 
delivery of cytotoxic agents to kill tumor cells (4, 17). The mech-
anisms by which TAMs promote vessel dysmorphia and immune 
evasion are as yet incompletely understood, and the means to pre-
vent them are not available (7, 18, 19).

SLITs are evolutionary conserved secreted polypeptides that 
bind to transmembrane Roundabout (ROBO) receptors (20, 21). 
In mammals, 3 SLIT ligands (SLIT1–3) signal via 2 ROBO recep-
tors, ROBO1 and ROBO2 (22). SLIT ligands bind via the second 
leucine-rich repeat region (D2) to the Ig1 domain of ROBO1 and 
ROBO2 (23), while mammalian ROBO3 and ROBO4 lack the SLIT 
binding residues and do not bind SLITs (24, 25). SLIT binding trig-
gers recruitment of adaptor proteins to the ROBO cytoplasmic 
domain that modulate the cytoskeleton, in turn regulating cell 
migration, adhesion, and proliferation (22, 26, 27).

SLIT/ROBO signaling, which regulates pathfinding of com-
missural axons and motor coordination between the left and 
right sides of the body, was discovered in the developing ner-
vous system to be a guidance cue for axonal growth cones (20, 
21). It is now known that SLIT/ROBO signaling controls several  
additional biological processes, including angiogenesis and 
immune cell migration.

SLIT2 is a secreted polypeptide that guides migration of cells expressing Roundabout 1 and 2 (ROBO1 and ROBO2) receptors. 
Herein, we investigated SLIT2/ROBO signaling effects in gliomas. In patients with glioblastoma (GBM), SLIT2 expression 
increased with malignant progression and correlated with poor survival and immunosuppression. Knockdown of SLIT2 
in mouse glioma cells and patient-derived GBM xenografts reduced tumor growth and rendered tumors sensitive to 
immunotherapy. Tumor cell SLIT2 knockdown inhibited macrophage invasion and promoted a cytotoxic gene expression 
profile, which improved tumor vessel function and enhanced efficacy of chemotherapy and immunotherapy. Mechanistically, 
SLIT2 promoted microglia/macrophage chemotaxis and tumor-supportive polarization via ROBO1- and ROBO2-mediated 
PI3K-γ activation. Macrophage Robo1 and Robo2 deletion and systemic SLIT2 trap delivery mimicked SLIT2 knockdown 
effects on tumor growth and the tumor microenvironment (TME), revealing SLIT2 signaling through macrophage ROBOs as a 
potentially novel regulator of the GBM microenvironment and immunotherapeutic target for brain tumors.
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12.9 months for high expression and 15.1 months for low expres-
sion). Analysis of other TCGA data sets confirmed an association 
between high SLIT2 expression and decreased survival in patients 
with GBM, even though this association did not reach statistical 
significance within all the data sets (Supplemental Figure 1, A 
and B; supplemental material available online with this article; 
https://doi.org/10.1172/JCI141083DS1). Expression of the other 
SLIT family members and ROBO receptors was not associated  
with worse prognosis (Supplemental Figure 1, C–F).

Analysis of a cohort of patients with primary glioma (129 
patients: 84 low grade gliomas [LGGs] and 45 GBMs) also 
demonstrated correlation between high SLIT2 expression and 
worse prognosis in both LGGs and GBMs (Figure 1B, OS for 
LGG: 79.2 months for high expression and 135.2 months for low 
expression; Supplemental Figure 1G, OS for GBM: 15 months for 
high expression and 16.5 months for low expression). Analysis 
from TCGA LGG data sets showed a trend toward an associa-
tion between higher SLIT2 expression and reduced survival, but 
these results were not statistically significant (Supplemental Fig-
ure 1H, OS 75 months for high expression and 94.5 months for 
low expression, log-rank test).

Further analysis of RNA sequencing data demonstrated higher 
SLIT2 expression in the most aggressive and angiogenic mesen-
chymal GBM subtype (56) and lower expression in classical GBMs 
(Supplemental Figure 1I). High SLIT2 expression was also associ-
ated with poor survival in patients with mesenchymal GBM in this 
cohort (Supplemental Figure 1J, OS 10.4 months for high expres-
sion and 17.9 months for low expression, log-rank test). Finally, 
quantitative PCR (qPCR) analysis of patient samples also revealed 
higher expression levels of SLIT2 in WHO grade IV GBM com-
pared with patients with WHO grade I, II, and III glioma (Figure 
1C), while expression of other SLITs and ROBOs was not changed 
between glioma grades (Supplemental Figure 1, K–N). Expression 
levels of SLIT1 and SLIT3 were significantly lower compared with 
SLIT2 in patients with GBM (Supplemental Figure 1O).

Isocitrate dehydrogenase 1 and 2 (IDH-1/2) mutations are 
known prognostic factors in malignant gliomas. Patients with 
grade III gliomas and no IDH mutations (IDH-WT) have compa-
rable prognoses to those of patients with GBM, while patients with 
IDH mutations have better survival prognosis (57–59). We com-
pared patients with glioma classified by IDH-status, and observed 
increased SLIT2 expression in patients with IDH-WT tumors in 
either grade III and IV gliomas (Figure 1D) or in all gliomas (Sup-
plemental Figure 1P).

To determine the source of SLIT2 in the GBM microenvi-
ronment, we analyzed single-cell RNA sequencing (scRNAseq) 
data from patients with GBM (Figure 1, E and F). The majority 
of the cells expressing SLIT2 mRNA were cancer cells and oligo-
dendrocytes (Figure 1G), while ROBO1 and ROBO2 were mostly 
expressed in tumor cells but also detected in other cell types in the 
TME, particularly in TAMs (Figure 1, H and I).

We next generated a mouse model of GBM by intracere-
bral inoculation of syngeneic CT-2A mouse glioma tumor cells 
expressing green fluorescent protein (GFP) into adult C57BL/6 
mice (16, 60). Expression of Slit ligands and their Robo recep-
tors was tested 21 days after tumor cell inoculation by qPCR on 
FACS-sorted tumor cells (GFP+), endothelial cells (ECs, CD31+), 

In endothelial cells, SLIT2 activation of ROBO1 and ROBO2 
signaling promotes retinal and bone angiogenesis by driving tip 
cell migration and polarization (28–31). In the immune system, 
SLITs have been described as chemo-attractive for neutrophils 
(32) and chemorepellent for lymphocytes and dendritic cells (33–
36). In macrophages, SLIT/ROBO signaling prevented macropi-
nocytosis and cytotoxic polarization (37).

In tumor contexts, SLIT2 exerts a proangiogenic role (38–40), 
and has been reported to enhance tumor cell aggressiveness and 
migration (41–45), metastatic spread (40, 46), and therapy resis-
tance (47), particularly in colorectal cancer, pancreatic cancer, and 
osteosarcoma. Nevertheless, other studies reported a tumor sup-
pressive role for SLIT2/ROBO signaling in lung and breast cancers 
(48–50). In the context of GBM, some studies suggested that SLIT2 
signaling could inhibit tumor growth (51–53), while in others SLIT/
ROBO signaling correlated with more aggressive GBM behavior 
(54, 55). Given the various and context-dependent effects of SLIT/
ROBO signaling in cancer, it remained unclear if this pathway 
could be used therapeutically to prevent cancer growth.

We showed here that high SLIT2 expression in patients 
with GBM and in mouse models induced TAM accumulation 
and vascular dysmorphia, and that SLIT2 knockdown in glioma 
cells and systemic SLIT2 inhibition with a ligand trap normal-
ized the tumor microenvironment (TME) by preventing TAM 
tumor-supportive polarization and angiogenic gene expression. 
As a result, antitumor immune responses and tumor perfusion 
were enhanced, and efficacy of temozolomide-based (TMZ-
based) chemotherapy and T cell–based immunotherapy were 
increased. Inducible genetic deletion of Robo1 and Robo2 in mac-
rophages was sufficient to normalize the TME and enhanced 
response to immunotherapy, revealing a potentially novel mac-
rophage-based immunotherapy approach for GBM.

Results
SLIT2 expression correlated with poor prognosis in patients with  
glioma. The Cancer Genome Atlas (TCGA) Agilent-4502A micro
array data analysis using median expression as cutoff showed that 
high SLIT2 expression was significantly associated with decreased 
survival in patients with GBM (Figure 1A, overall survival [OS], 

Figure 1. Slit2 expression correlates with glioma aggressiveness and poor 
patient prognosis. (A) In silico analysis of TCGA glioblastoma  
Agilent-4502A patient data set (n = 244 high, 244 low for patients 
expressing Slit2; OS 12.9 months for high expression and 15.1 months for 
low expression, log-rank test). (B) Survival analysis of patients with LGG 
(grades I to III) grouped by their levels of SLIT2 expression (n = 41 high 
and 41 low; OS 79.4 months for high expression and 135.2 months for low 
expression, log-rank test). (C) SLIT2 qPCR expression in samples from 
patients with glioma shown in B (GBM, n = 45; LGG, n = 84; Student’s 
t test). (D) SLIT2 qPCR expression in grades III and IV glioma patient 
samples classified by their IDH-1/2 status (IDH-WT, n = 51; IDH-mutated, 
n = 34; Mann-Whitney U test). (E and F) UMAP plots of scRNAseq of 32 
patients with GBM showing different samples (E) and clustering of the 
different cell types in the GBM microenvironment (F). (G–I) Expression 
plots of SLIT2 (G), ROBO1 (H), and ROBO2 (I) in scRNAseq data from E. 
(J–L) qPCR analysis of Slit2 (J), Robo1 (K), and Robo2 (L) expression in ECs, 
TAMs, TALs, and tumor cells FACS-sorted from late-stage CT-2A mice 
glioblastomas (n = 3 independent tumors, day 21 after implantation, 1-way 
ANOVA). All data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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OS of shSlit2 glioma-bearing mice (Figure 2H, OS 28 days TMZ for 
shCTRL+ TMZ, 39 days for shSlit2 + TMZ, and 27.5 days for shSlit2 
+ hSLIT2 + TMZ). shSlit2 did not affect TMZ sensitivity of tumor 
cells in vitro (Supplemental Figure 2M), but significantly increased 
TMZ-induced pH2AX+ double-strand DNA breaks in tumors in 
vivo (Supplemental Figure 2, N and O), suggesting that changes 
in the TME might contribute to enhanced TMZ sensitivity in vivo.

SLIT2 silencing slowed GBM growth and invasiveness in a 
patient-derived xenograft (PDX) model. To determine whether 
SLIT2 had similar effects on human GBM tumors, we used N15-
0460 patient-derived GBM cells that were established from 
a biopsy and grown as tumor spheres. We infected these cells 
with lentivirus encoding a luciferase reporter and GFP-tagged 
shCTRL or shSLIT2. SLIT2 knockdown significantly decreased 
SLIT2 protein and mRNA expression without altering expres-
sion of other SLITs or ROBO1 and ROBO2 (Supplemental Fig-
ure 3, A–G). In vitro growth rates of shCTRL and shSLIT2 cells 
and sensitivity to TMZ were similar (Supplemental Figure 3, H 
and I). SLIT2 did not induce tumor cell chemotaxis in a tran-
swell chamber assay, but migration of shSLIT2 cells toward a 
serum gradient in the lower chamber was reduced (Supplemen-
tal Figure 3, J and K). Next, we analyzed sphere formation and 
observed that shCTRL and shSLIT2 cells formed similar num-
bers of spheres after 48 hours in culture, but the size of shSLIT2 
spheres was reduced when compared with shCTRL (Supple-
mental Figure 3, L and M). Analysis of tumor sphere invasion 
in fibrin gels showed that shSLIT2 decreased spheroid invasion 
after 24 and 48 hours in culture when compared with shCTRL 
(Supplemental Figure 3, N and O).

To determine the effect of shSLIT2 on human GBM growth, 
we implanted shCTRL and shSLIT2 N15-0460 cells in Hsd: 
Athymic Nude-Foxn1nu mice and followed tumor growth by bio-
luminescence analysis every 2 weeks after tumor implantation. 
At 170 days after tumor implantation, 80% of the mice injected 
with shCTRL cells developed tumors, while only 20% of shSLIT2- 
injected mice had tumors (Supplemental Figure 4A). Analysis 
of the bioluminescence curves of shCTRL and shSLIT2 tumors 
demonstrated that more mice developed tumors in the shCTRL 
group and that the shCTRL tumors were bigger than the shSLIT2 
tumors (Supplemental Figure 4, B and C). Histological analysis 
of GFP+ tumor cells on vibratome sections 170 days after tumor 
implantation showed that shCTRL cells either developed tumor 
masses or spread throughout the entire brain, while shSLIT2 cells 
remained restrained to the injection site or migrated through the 
corpus callosum, but did not form tumor masses (Supplemental 
Figure 4, D and E). SLIT2 shRNA also reduced the expression of 
SOX2 and PML involved in GBM tumor cell malignancy (refs. 55, 
61, 62 and Supplemental Figure 4, F–H).

Slit2 knockdown improved tumor vessel function. To determine 
if tumor-secreted SLIT2 affected the GBM microenvironment, 
we used 2-photon in vivo imaging of red fluorescence ROSAmT/mG 
mice. We observed that blood vessels in shCTRL CT2A and GL261 
tumors became abnormally enlarged and lost branching points 
between day 14 and day 21, while shSlit2 tumor vessels dilated 
less and remained more ramified (Figure 3, A–C and Supplemen-
tal Figure 5, A–D). Conversely, tumor vessels from SLIT2-overex-
pressing mice dilated and lost branchpoints earlier, at day 18 after 

TAMs (CD45+CD11b+CD3–), and tumor-associated T lymphocytes 
(TALs, CD45+CD11b–CD3+). The major source of Slit2 ligands  
were the tumor cells themselves (Figure 1J). By contrast, Robo1 
and Robo2 receptors were mainly expressed by ECs and recruited 
TAMs and TALs (Figure 1, K and L). Slit1 and Slit3 expression lev-
els in mouse tumor cells were much lower when compared with 
Slit2 (Supplemental Figure 1Q). These data suggested that interac-
tions between tumor cell–derived SLIT2 and stromal cells express-
ing ROBOs could affect GBM growth.

Slit2 silencing slowed GBM growth and increased TMZ sensitivity. 
To determine if tumor cell–derived Slit2 affected GBM growth, we 
infected CT-2A and GL261 glioma cells with lentivirus encoding 
GFP-tagged control scrambled shRNA (shCTRL) or Slit2 target-
ing shRNA (shSlit2) alone or combined with an shRNA-resistant 
human SLIT2 construct (shSlit2 + hSLIT2). Slit2 knockdown sig-
nificantly decreased Slit2 protein and mRNA expression, while 
shSlit2 + hSLIT2 cells expressed more Slit2 than controls (Figure 
2, A and B and Supplemental Figure 2, A–F). Expression of other  
Slits or Robo1 and 2 was not altered (data not shown). In vitro 
growth rates of shCTRL and shSlit2 CT2A and GL261 knockdown 
cells were similar (Supplemental Figure 2, G and H). Slit2 did not 
induce tumor cell chemotaxis in a transwell chamber assay (Sup-
plemental Figure 2, I and J). Nevertheless, migration of shSlit2 
cells toward a serum gradient in the lower chamber was reduced 
(Supplemental Figure 2, K and L).

Individual 250-μm diameter tumor cell spheroids were 
implanted through cranial windows into Tomato-fluorescence 
reporter mice (ROSAmT/mG) and followed longitudinally. Compared 
with shCTRL, Slit2 knockdown tumors exhibited reduced vol-
umes after 21 days (Figure 2C). F-18 fluorodeoxyglucose (FDG)–
PET imaging showed that tumor metabolic volume and FDG total 
uptake were similar between shSlit2 and shCTRL at 14 days, but 
reduced in shSlit2 tumors at 21 days (Figure 2, D–F), demonstrat-
ing that Slit2 knockdown delayed tumor growth in vivo.

We investigated if Slit2 knockdown affected survival in com-
bination with low-dose chemotherapy with the DNA alkylating 
agent TMZ, a classical treatment for GBM (Figure 2G). Com-
pared with shCTRL, Slit2 knockdown increased overall survival of 
tumor-bearing mice, while Slit2 overexpression tended to decrease 
survival (Figure 2H, OS 22.5 days for shCTRL, 30 days for shSlit2, 
and 20 days shSlit2 + hSLIT2). TMZ treatment further increased 

Figure 2. Slit2 promotes glioblastoma growth and resistance to TMZ. (A 
and B) Western blot analysis (A) and quantification (B) of Slit2 expression 
in shCTRL, shSlit2, and shSlit2 + hSLIT2 CT-2A cells (n = 5, 1-way ANOVA). 
(C) Tumor volume quantification at 21 days (n = 10 for shCTRL and n = 8 
for shSlit2, Student’s t test). (D) FDG-PET imaging over CT-2A shCTRL and 
shSlit2 glioma growth (n = 5 shCTRL and n = 4 shSlit2). (E and F) Quantifi-
cation of tumor metabolic volume (E) and total tumor glucose uptake (F) 
from D (n = 5 for shCTRL and n = 4 for shSlit2, 1-way ANOVA). (G) Survival 
trial design: 8-week-old mice were engrafted with CT-2A shCTRL, shSlit2, 
or shSlit2 + hSLIT2 spheroids and randomly assigned to vehicle or TMZ 
treatment (40 mg/kg on days 7, 11, 15, and 19 after tumor implantation). 
(H) Survival curves of the mice in G (n = 10 mice per group, OS 22.5 days 
for shCTRL, 28 days for shCTRL + TMZ, 30 days for shSlit2, 39.5 days 
for shSlit2 + TMZ, 20 days for shSlit2 + hSLIT2, and 27 days for shSlit2 + 
hSLIT2 + TMZ; multiple comparisons log-rank test). Data are mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001.

https://www.jci.org
https://doi.org/10.1172/JCI141083
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd
https://www.jci.org/articles/view/141083#sd


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

J Clin Invest. 2021;131(16):e141083  https://doi.org/10.1172/JCI1410836

https://www.jci.org
https://doi.org/10.1172/JCI141083


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

7J Clin Invest. 2021;131(16):e141083  https://doi.org/10.1172/JCI141083

injection (Figure 3, D–F and Supplemental Figure 5E), just prior to 
death at 20 days after tumor implantation.

Functionally, in vivo imaging after intravenous Alexa Fluor 
647–labeled dextran injection revealed significantly improved 
perfusion in shSlit2 CT2A tumor vessels when compared with 
shCTRL tumors (Figure 3, G and H). Quantification of Evans blue 
extravasation showed reduced vascular leakage in shSlit2 tumors 
compared with shCTRL (Figure 3I). Along with improved vascu-
lar function in shSlit2 knockdown tumors, glucose transporter 1 
immunostaining–positive (Glut1-positive) hypoxic areas within 
the tumor mass were reduced, and Glut1 coverage of blood ves-
sels was increased in shSlit2 knockdown tumors compared with  
shCTRL, indicating partially improved blood-brain barrier func-
tion (Figure 3, J–L). qPCR analysis of sorted tumor endothelial 
cells (CD45–CD31+) showed downregulation of immunosuppres-
sive IL-6, PD-L1, and PD-L2 in Slit2 shRNA–transfected tumors 
compared with CTRL tumors (Figure 3M).

Slit2 silencing reduced myeloid immunosuppression. In 
vivo imaging also revealed that immune cell infiltration was 
increased in SLIT2-overexpressing tumors, and decreased in 
Slit2-silenced tumors when compared with CTRL tumors (Sup-
plemental Figure 6, A–C). Immunofluorescence analysis of 
tumor sections showed a decrease in the numbers of F4/80+ 
myeloid cells in day 21 shSlit2 tumors compared with day 21  
shCTRL or day 18 SLIT2-overexpressing tumors (Figure 4, A  
and B and Supplemental Figure 6, D and E). Activated MHC-
II+ antigen-presenting cells (APCs) were increased in shSlit2 
tumors, and MRC1(CD206)+ tumor-supportive infiltrating 
immune cells were decreased (Figure 4, A and B and Supplemen-
tal Figure 6, D and E). FACS-sorted CD45+CD11b+F4/80+Ly6G– 
TAMs accounted for about 12% of the total cells in shCTRL 
tumors, but only 6% in the Slit2 knockdown tumors (Figure 
4C and Supplemental Figure 6F). Half of the TAMs in shSlit2 
CT2A tumors had a cytotoxic activation profile and expressed 
MHC-II and CD11c, while less than 20% of TAMs in the shC-
TRL condition expressed MHCII and CD11c and more than 
80% expressed the tumor supportive marker MRC1 (Figure 4D). 
shSlit2 tumors also showed increased infiltration of dendritic 
cells (CD45+CD11b–CD11c+MHC-II+F4/80–) and neutrophils 

(CD45+CD11b+Ly6G+), which were much less abundant when 
compared with TAMs (Supplemental Figure 6, G and H).

Molecularly, when compared with FACS-sorted shCTRL, 
TAMs from shSlit2 tumors exhibited decreased expression of 
the tumor-supportive genes Mrc1, Vegfa, Tgfβ1, Mmp9, Cd209a, 
Ccl19, Arg1, and Il10, increased expression of cytotoxic genes 
Il-12, Il-1b, Ccr7, Cxcl10, and Tnfα, and reduced expression of 
Pd-l1 and Pd-l2 inhibitors of T cell activation (Figure 4E). ELISA 
analysis showed increased IFN-γ and confirmed reduced IL-10 
and VEGFa protein levels in TAMs sorted from shSlit2 tumors 
when compared with controls (Figure 4, F–H). In line with 
reduced VEGFa expression, in vivo binding of soluble VEGFR1 
(sFlt1) showed that only about 40% of stromal cells in shSlit2 
tumors bound sFlt1, while more than 80% of CTRL and SLIT2- 
overexpressing cells bound Flt1 (Figure 4I).

SLIT2 inhibition increased T cell infiltration and improved T 
cell–based immunotherapy efficacy. In contrast to the decreased 
number of TAMs in shSlit2 tumors, the total number of TALs was 
increased 3-fold (Figure 5A and Supplemental Figure 7, A–D), 
with an increase in both CD4+ and CD8+ T lymphocytes within 
the tumor mass when compared with controls (Figure 5, B and 
C and Supplemental Figure 7, E–I). Furthermore, the CD4+ TALs 
in shSlit2 tumors showed increased expression of Th1 response–
related genes Ifnγ, Cxcl11, and Il-2, and of IL-17a, but decreased 
expression of Th2 response–related genes Il-10 and Cxcl10, and 
PD-1 and CTLA4 (Figure 5D). CD8+ TALs in shSlit2 tumors also 
showed increased expression of activation markers (IFN-γ and 
GZMB), and reduced expression of genes related to CD8+ T cell 
exhaustion (Tim3 and Lag3; ref. 63 and Figure 5E). In tumor sec-
tions, we observed more infiltrating GZMB+ activated antitumor 
CD8+ T cells in shSlit2 compared with shCTRL tumors (Figure 
5, F–G). ELISA analysis of these sorted CD8+ TALs also showed 
increased IFN-γ (Figure 5H) and reduced IL-10 and VEGFa pro-
tein levels (Figure 5, I and J) in cells sorted from shSlit2 tumors.

Given this shift toward a less immunosuppressive GBM micro-
environment, we hypothesized that shSlit2 tumors could respond 
to T cell–based immunotherapy. We tested this idea by treating 
tumors with anti–PD-1 immune checkpoint inhibitor and agonis-
tic anti–4-1BB antibodies (11, 60). We treated mice with 0.2 mg 
of each antibody at D7, D9, D11, and D13 after tumor implanta-
tion. Combining immunotherapy with Slit2 silencing led to pow-
erful antitumor responses, with 100% of the mice alive at 90 days 
after implantation (Figure 5K, OS 25 days for shCTRL, 33 days for 
shCTRL + anti–PD-1 + anti–4-1BB, 33 days for shSlit2 and undeter-
mined for shSlit2 + anti–PD-1 + anti–4-1BB).

The changes in the immune cell microenvironment that 
we observed in the murine GBM models are also likely to occur 
in patients with GBM, as shown by positive correlation between 
SLIT2 and MRC1 and VEGFA mRNA expression in patient samples 
from our GBM patient cohort and TCGA database cohorts (Sup-
plemental Figure 8, A–C). SLIT2 expression also correlated with 
genes related to tumor-supportive macrophages (CCL19, CD209, 
MMP9, and PD-L2), inhibition of antitumor T cell responses (PD-
1, CTLA4, CCL17, CXCL11, LAG3, and TIM3), and IL-6 (Supple-
mental Figure 8, D–O).

SLIT2 promoted microglia and macrophage migration and polar-
ization via ROBO1 and ROBO2. To determine how SLIT2 affected 

Figure 3. Slit2 promotes blood vessel dysmorphia in GBM. (A) In vivo 
2-photon images of ROSAmTmG mice bearing day 21 CT-2A shCTRL or shSlit2 
tumors. (B and C) Quantification of vessel diameter (B) and branchpoints 
(C) (n = 8 mice per group, 1-way ANOVA). (D) In vivo 2-photon images of 
ROSAmTmG mice bearing day 18 CT-2A shSlit2 or shSlit2 + hSLIT2 tumors. 
(E and F) Quantification of vessel diameter (E) and branchpoints (F) (n = 7 
mice per group, 1-way ANOVA). (G–I) Left: 2-photon in vivo imaging follow-
ing intravenous injection of Alexa Fluor 647–conjugated Dextran high-
lighting unperfused blood vessel segments in the tumor core (asterisks) 
of day 21 CT-2A shCTRL and shSlit2 tumors. Right: representative pictures 
of whole brains of day 21 shCTRL or shSlit2 CT-2A tumors following Evans 
blue injection. (H) Quantification of unperfused blood vessel segments 
in the tumor mass presented in G (n = 5 mice per group, Mann-Whitney U 
test). (I) Quantification of Evans blue extravasation in (G) (n = 5 mice per 
group, Mann-Whitney U test). (J–L) Quantifications of Glut1+ hypoxic areas 
in the tumor (J) and Glut1 blood vessel coverage (K) from immunohisto-
chemistry on sections (L) (n = 5 mice per group, Mann-Whitney U test). (M) 
qPCR analyses from FACS-sorted ECs (n = 3 tumors/group, Mann-Whitney 
U test). Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Slit2 promotes TAM recruitment and polarization in mouse gliomas. (A) Immunohistochemistry on sections of late-stage CT-2A shCTRL, 
shSlit2, or shSlit2 + hSLIT2 tumors for F4/80, MHC-II, and MRC1+ cells (green). (B) Quantifications of A (n = 7 mice per group, 5 fields per tumor, 2-way 
ANOVA). (C and D) FACS analysis of day 21 CT-2A shCTRL and shSlit2 tumors for quantification of TAMs (n = 10 tumors/group; Student’s t test and 2-way 
ANOVA). (E) qPCR analysis from FACS-sorted TAMs (n = 6 tumors/group, Mann-Whitney U test). (F–H) ELISA from protein samples extracted from 
FACS-sorted TAMs from shCTRL and shSlit2 tumors to quantify IFN-γ (F), IL-10 (G), and VEGFa (H) (n = 5 tumors/group, Mann-Whitney U test). (I) Repre-
sentative images and quantification of soluble-Flt1 binding to sections of day 21 CT-2A shCTRL, shSlit2, and day 18 shSlit2 + hSLIT2 tumors (n = 7 mice per 
group, 5 fields per tumor, 1-way ANOVA). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Slit2 inhibits T lymphocyte responses in the glioma microenvironment. (A–C) T lymphocyte FACS analysis of day 21 CT-2A shCTRL and shSlit2 
tumors for total CD3+ TALs (A), CD4+ TALs (B), and CD8+ TALs (C) (n = 8 tumors/group; Student’s t test). (D) qPCR analyses from FACS-sorted CD4+ T 
lymphocytes (n = 10 tumors/group, Mann-Whitney U test). (E) qPCR analyses from FACS-sorted CD8+ T lymphocytes (n = 6 tumors/group, Mann-Whitney 
U test). (F) Representative images of CD8 and GZMB staining on sections of day 21 CT-2A shCTRL and shSlit2 tumors. (G) Quantification of F (n = 4 mice 
per group, 5 fields per tumor, Mann-Whitney U test). (H–J) ELISA from protein samples extracted from FACS-sorted CD8+ TALs from shCTRL and shSlit2 
tumors to quantify IFN-γ (H), IL-10 (I), and VEGFa (J) (n = 5 tumors/group, Mann-Whitney U test). (K) Eight-week-old mice were engrafted with CT-2A  
shCTRL or shSlit2 and randomly assigned to vehicle or anti–PD-1 + anti–4-1BB treatment (0.2 mg each on days 7, 9, 11, and 13 after tumor implantation)  
(n = 10/11 mice per group, OS 25 days for shCTRL, 33 days for shCTRL + anti–PD-1 + anti–4-1BB, 33 days for shSlit2, and undetermined for shSlit2 + anti–
PD-1 + anti–4-1BB; multiple comparisons log-rank test). Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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(Figure 7A). Second, Slit2-induced BMDM migration was abro-
gated by pretreatment with a specific PI3K-γ inhibitor IPI-549 
(1 μM, Figure 7B). Third, Slit2-induced phospho-Stat6 nuclear 
translocation in cultured BMDMs was prevented by pretreatment 
with IPI-549 (Figure 7, C and D). Slit2-induced Akt and Stat6 
phosphorylation (Supplemental Figure 11A), as well as IL-10 and  
VEGFa secretion in ELISA from BMDM-conditioned medium 
were also reduced by PI3K-γ inhibition (Figure 7, E and F). Final-
ly, the Slit2-induced expression of genes characteristic of a tumor 
supportive macrophage phenotype (Mrc1, Vegfa, Mmp9, Tgfβ1, 
Ccl19, Cd209a, Il-10, and Arg1) was disrupted by IPI-549 pretreat-
ment, while LPS-induced cytotoxic response-related genes were 
unaffected in both BMDMs and microglial cells by PI3K-γ inhibi-
tion (Figure 7G and Supplemental Figure 11B).

Robo deficiency in TAMs inhibited glioma growth and vas-
cular dysmorphia. To determine if SLIT2 signaling effects in 
macrophages were sufficient to drive the stromal response, we 
developed mice with genetic Robo receptor deletions in macro-
phages. To do so, we intercrossed Robo1–/–Robo2fl/fl mice (28) with  
CSF-1RCreERT2 mice (65) on a ROSAmT/mG background, gener-
ating Robo1–/–Robo2fl/flCSF-1RCreERT2ROSAmT/mG mice (hereaf-
ter named iRoboMacKO mice). Littermate Robo1+/–Robo2+/fl  
CSF-1RCreERT2ROSAmT/mG or Robo1–/–Robo2fl/flROSAmT/mG mice 
were used as controls. Mice were implanted with CT-2A-BFP 
glioma cells and followed longitudinally during tumor growth. 
Tamoxifen injections to induce gene deletion were done every 
3 days starting 7 days after tumor implantation, and induced 
robust gene deletion, assessed by qPCR of GFP+ cells extracted 
from the bone marrow of tumor-bearing mice (Supplemental 
Figure 12, A and B).

MRI imaging and histological analysis 21 days after 
tumor implantation converged to show reduced tumor size in 
iRoboMacKO tumors when compared with controls (Figure 8, 
A–C). T1-weighted imaging after gadolinium injection showed 
a more homogeneous contrast signal in iRoboMacKO tumors, 
while control GBMs displayed predominantly peripheral and het-
erogenous contrast distribution, suggesting improved perfusion 
in iRoboMacKO tumors (Figure 8A). In vivo 2-photon imaging 
revealed that blood vessels in iRoboMacKO tumors dilated less 
and remained more ramified when compared with controls (Fig-
ure 8, D–F). Glut1+ hypoxic zones within the tumor mass were 
reduced in iRoboMacKO tumors, confirming improved per-
fusion when compared with controls (Figure 8, G and H). Most 
of the Glut1 staining in iRoboMacKO tumors colocalized with  
Tomato+ blood vessels, attesting to the qualitative improvement 
of iRoboMacKO tumor vessels (Figure 8G).

Compared with controls, iRoboMacKO tumors displayed 
reduced overall numbers of intratumor Iba1+ myeloid cells, with a 
significant increase of cytotoxic MHCII+ cells and a reduction in 
tumor-supportive MRC1+ cells (Figure 8I and Supplemental Figure 
12D). Soluble Flt1 binding was reduced in iRoboMacKO tumors 
(Figure 8J and Supplemental Figure 12D), and Robo1/2-delet-
ed cells extracted from the bone marrow of tumor-bearing mice 
showed decreased Vegfa expression (Supplemental Figure 12C).

T cell infiltration was increased in iRoboMacKO tumors 
(Figure 8K and Supplemental Figure 12D), suggesting that 
SLIT/ROBO signaling inhibition in macrophages was suffi-

myeloid cells, we tested microglia and macrophage migration in 
Transwell chambers. Slit2 in the bottom chamber induced che-
motaxis of isolated mouse microglial cells, bone marrow–derived 
macrophages (BMDMs) and peritoneal macrophages (PMs) in a 
dose-dependent manner, with a maximum response at 6 nM (Fig-
ure 6, A–C). Adding Slit2 to both top and bottom chambers inhib-
ited macrophage migration, indicating a chemotactic response 
(Supplemental Figure 9, A and B).

To determine if SLIT2 signaled through ROBO receptors to 
promote macrophage migration, we silenced Robo1 and Robo2 
in cultured RAW264.7 macrophages using siRNAs, which 
inhibited Slit2-induced macrophage migration (Figure 6, D 
and E and Supplemental Figure 9, C and D). Migration could 
be rescued by adenoviral-induced expression of a siRNA- 
resistant full-length rat Robo1 construct (Robo1FL) but not 
by a construct lacking the cytoplasmic signaling domain 
(Robo1ΔCD; Figure 6, D and E).

To identify SLIT2 downstream signaling pathways in macro-
phages, we treated BMDM and microglial cells with 6 nM Slit2, 
which led to PLC-γ, Erk1/2, and Akt phosphorylation (Figure 
6F and Supplemental Figure 9, E–G, and J). SLIT2 also induced 
phosphorylation of Stat6 and CEBPβ1, which polarize tumor- 
infiltrating macrophages toward a tumor supportive phenotype 
(ref. 64, Figure 6F, and Supplemental Figure 9, H–J), suggesting 
that SLIT2 induced tumor-supportive gene expression changes.

Conditioned medium of Slit2-treated microglia and macro-
phages had increased levels of IL-10 and VEGFa compared with 
cells not treated with Slit2 (Figure 6, G and H and Supplemental 
Figure 9, K and L). The expression of genes characteristic of a 
tumor supportive macrophage phenotype, including Mrc1, Vegfa, 
Mmp9, Tgfβ1, Ccl19, Cd209a, Il-10, and Arg1, were all increased 
by Slit2 treatment, while cytotoxic response-related genes Il-1β, 
Cxcl10, Ccr7, and Tnfα were unaffected by Slit2 but increased 
by LPS (Figure 6I). Slit2-induced gene expression changes were 
ROBO1 and ROBO2 dependent, as shown by siRNA silencing of 
Robo1/2, which abrogated Slit2 induced changes in protein phos-
phorylation and gene expression (Supplemental Figure 10, A–G).

SLIT2/ROBO induced tumor-supportive macrophage/microglia 
polarization via PI3K-γ. Previous studies have shown that Stat6 
and CEBPβ1 activation in TAMs occur downstream of PI3K-γ (64), 
leading us to ask if SLIT2/ROBO1 and ROBO2 signaled upstream 
of PI3K-γ to induce macrophage tumor-supportive polarization. 
First, we observed Robo1 and PI3K-γ coimmunoprecipitation in 
BMDMs, which was enhanced after Slit2 treatment for 15 minutes 

Figure 6. Slit2 drives microglia and macrophage migration and tumor 
supportive polarization. (A–C) Transwell assay of microglial cells (A), 
BMDMs (B), and PMs (C) in response to Slit2 or carrier (CTRL) in the bottom 
chamber (n = 4, 1-way ANOVA). (D and E) Transwell assay of RAW macro-
phages treated or not with Robo1/2 siRNA and infected with adenovirus 
encoding CTRL (GFP construct), Robo1FL, or Robo1ΔCD constructs and 
stained with calcein. (E) Quantification of D (n = 3, 2-way ANOVA). (F) 
Western blot analysis of Slit2 downstream signaling in cultured BMDMs 
(n = 6). (G and H) ELISA from conditioned medium from LPS-, Il-10–, or 
Slit2-treated BMDMs to quantify IL-10 (G) and VEGFa (H) (n = 3 indepen-
dent cultures, Mann-Whitney U test). (I) qPCR analysis of BMDM cultures 
following Slit2 or LPS treatment (n = 4, 1-way ANOVA or Mann-Whitney U 
test). Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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a pronounced tumor growth reduction compared with control 
Fc-treated tumors (Figure 9, C and D). MRI analysis 21 days after 
tumor implantation showed that tumor size was reduced and 
that tumor perfusion was improved, as seen by the more homo-
geneous gadolinium uptake in Robo1Fc-treated tumors com-
pared with controls (Supplemental Figure 14, A and B). In vivo 
imaging demonstrated that Robo1Fc treatment reduced vascular 
dysmorphia (Figure 9, E–G) and reduced Glut1+ hypoxic zones 
within the tumor mass (Figure 9H and Supplemental Figure 
14C). Robo1Fc treatment changed immune cell infiltration and 
reduced overall numbers of intratumoral F4/80+ cells, with a 
significant increase of cytotoxic MHCII+ cells and a reduction of 
tumor-supportive MRC1+ cells compared with controls (Figure 9I 
and Supplemental Figure 14D). Soluble Flt1 binding was reduced 
in Robo1Fc-treated tumors (Figure 9J and Supplemental Figure 
14D), while T cell infiltration was increased compared with con-
trols (Figure 9K and Supplemental Figure 14D).

Analysis of glioma-draining DCLNs and MLNs showed an 
increased presence of GFP tumor antigen in APCs (CD45+CD-
11b+Ly6G–) of Robo1Fc-treated mice when compared with 
CTRLFc-treated ones (Supplemental Figure 14, E–G), as we 
observed in iRoboMacKO mice. Finally, Robo1Fc-treated mice 
also had significantly increased total WBC and lymphocyte 
counts in peripheral blood 21 days after tumor implantation, and 
we observed a shift to a predominance of lymphocytes over neu-
trophils in the blood stream of Robo1Fc-treated mice, while other 
WBC counts were unchanged (Supplemental Figure 14, H–J).

Five injections of Robo1Fc protein during early stages of 
tumor progression were sufficient to significantly extend survival  
of tumor-bearing mice, and 25% of the treated mice survived 
150 days after implantation (Figure 9L, OS 24 days for CTRLFc 
and 41 days for Robo1Fc). Combining Robo1Fc with TMZ further 
increased this survival benefit, with 45% of the mice surviving 
150 days after implantation (Figure 9L, OS 28 days for CTRLFc + 
TMZ and 119 days for Robo1Fc + TMZ). Combining Robo1Fc with 
anti–PD-1 and anti–4-1BB antibodies further improved antitumor 
responses, with 80% of the mice surviving 90 days after tumor 
implantation (Figure 9M, OS 40.5 days for CTRLFc + anti–PD-1 + 
anti–4-1BB and undefined for Robo1Fc + anti–PD-1 + anti–4-1BB). 
Mice that survived the immunotherapy were rechallenged by a 
second tumor injection in the contralateral hemisphere. Mice that 
survived after treatment with Robo1Fc and T cell–based immuno-
therapy had the best long-term survival after tumor rechallenge, 
with more than 80% of mice alive 90 days after tumor reinjection 
(Figure 9N, OS 22 days for naive mice, 53.5 days for anti–PD-1 + 
anti–4-1BB survivors, 63 days for Robo1Fc survivors, and unde-
fined for Robo1Fc + anti–PD-1 + anti–4-1BB survivors).

Discussion
Collectively, our data showed that GBM-derived SLIT2 signaled 
through ROBO1 and ROBO2 in TAMs, which resulted in an 
impairment of antitumor immunity and the induction of vascu-
lar dysmorphia in the TME. SLIT2/ROBO1 and ROBO2 signal-
ing is therefore a potentially novel immune evasion mechanism 
in the TME, and inhibiting this pathway in TAMs could sensitize 
GBM to T cell–based immunotherapy, and add to the therapeutic  
arsenal against GBM.

cient to shift the GBM microenvironment toward a cytotoxic, T 
cell–enriched phenotype. This effect could be due to increased 
circulation of APCs to the tumor draining lymph-nodes, where 
they can activate antitumor T cell responses (60). Analysis of 
glioma-draining deep cervical and mandibular lymph nodes 
(DCLNs and MLNs, respectively) for the presence of BFP 
tumor antigen in immune cells revealed an important increase 
in CD11b+BFP+ cells in both DCLNs and MLNs of iRoboMacKO 
tumors when compared with controls (Figure 8, L and M and 
Supplemental Figure 12E).

Lymphocyte sequestration in the bone marrow contributes to 
the T cell–depleted TME and failure of currently available immu-
notherapy (11). iRoboMacKO mice had significantly increased lym-
phocyte counts in peripheral blood 21 days after tumor implantation 
(Figure 8N). Given that total WBC count was not changed (Supple-
mental Figure 12F), tumor-bearing iRoboMacKO mice shifted to a 
predominance of lymphocytes over neutrophils in the blood stream 
(Figure 8O), revealing a reduction in the systemic immunosuppres-
sion after macrophage-specific Robo1 and Robo2 knockout.

Given the profound changes observed in the TME, we next 
tested if macrophage-specific Robo1 and Robo2 deletion was suf-
ficient to prolong survival and sensitivity to T cell–based immu-
notherapy. Indeed, macrophage-specific Robo1/2 knockout 
increased survival of tumor-bearing mice (Figure 8P, OS 21.5 
days for Robo1–/–Robo2fl/fl, 29 days for iRoboMacKO), and sur-
vival benefit was further increased by immunotherapy, with 70% 
of the iRoboMacKO mice alive after 100 days (Figure 8P, OS 24 
days for Robo1–/–Robo2fl/fl + anti–PD-1 + anti–4-1BB, undefined for 
iRoboMacKO + anti–PD-1 + anti–4-1BB).

In contrast to macrophage Robo depletion, T cell depletion 
using anti-CD3 145-2C11 antibodies (66) did not induce signifi-
cant changes of blood vessels or TAMs in the GBM microenviron-
ment (Supplemental Figure 13).

Systemic SLIT2 inhibition alleviated GBM immunosuppression. 
We reasoned that systemic administration of a SLIT2 ligand trap 
protein (Robo1Fc) might be efficient in a therapeutic setting. 
Mice with established shCTRL CT2A tumors were intravenously 
injected 5 times with 2.5 mg/kg Robo1Fc every second day start-
ing from day 7 after tumor implantation and were analyzed at day 
23 (Figure 9A). Control mice received injections of human con-
trol IgG1 Fc fragment. Robo1Fc treatment reduced Slit2 serum 
levels, as attested by Slit2 ELISA on days 14 and 21 after tumor 
implantation (Figure 9B). Mice treated with Robo1Fc exhibited 

Figure 7. Slit2-driven microglia/macrophage polarization via PI3K-γ. (A) 
PI3K-γ immunoprecipitation in BMDMs treated or not with Slit2 for 15 min-
utes and Western blot for Robo1 (n = 3 independent experiments). (B) Tran-
swell assay of BMDMs in response to Slit2 or carrier (CTRL) in the bottom 
chamber after pretreatment with vehicle control (DMSO) or PI3K-γ inhibitor 
IPI-549 (1 μM). (C and D) Phospho-Stat6 immunofluorescent staining of 
BMDMs treated or not with Slit2 and PI3K-γ inhibitor and quantification 
of nuclear pStat6 intensity (n = 4 independent cultures, 2-way ANOVA). (E 
and F) ELISA from conditioned medium from LPS- or Slit2-treated BMDMs 
with vehicle control (DMSO) or PI3K-γ inhibitor, to quantify IL-10 (E) and 
VEGFa (F) (n = 3 independent cultures, 2-way ANOVA). (G) qPCR analysis 
of BMDM cultures following Slit2 or LPS treatment with vehicle control or 
PI3K-γ inhibitor (n = 4 independent cultures, 2-way ANOVA). Data are mean 
± SEM. *P < 0.05, ***P < 0.001.
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lial cells. We found that in the tumor context, ROBO1 and ROBO2 
signaling inhibition in macrophages was sufficient to recapitulate all 
major aspects of tumor cell SLIT2 manipulation, or systemic SLIT2 
inhibition with a ligand trap, and shifted the entire TME toward a 
normalized and cytotoxic phenotype. We identified 3 TME cell types 
that responded to tumor cell SLIT2, namely TAMs, endothelial cells 
of blood vessels and T cells. Genetic inhibition of Robo signaling in 
macrophages reduced macrophage recruitment to the TME, pre-
vented phenotypic conversion into tumor-supportive macrophages, 
normalized tumor vasculature, and induced T cell–based antitumor 
responses. It remains possible that CSF1-R-CreERT2 leads to minor 
recombination in other immune cells, and that cell-autonomous 
Robo signaling in endothelial cells, which induces angiogenesis (28, 
31), or T cell Robo signaling contribute to the observed effects in 
GBM, but macrophage Robo signaling appeared dominant.

Mechanistically, SLIT2-mediated TAM migration and polar-
ization were ROBO1 and ROBO2 dependent and mediated by 
PI3K-γ signaling. PI3K-γ signaling inhibition has been previously  
shown to prevent TAM polarization and tumor progression in 
different cancer models (64), and this mechanism could be con-
served in GBM. PI3K-γ is traditionally activated by G protein–
coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs), 
therefore it remains to be established how ROBO activates PI3K-γ 
mechanistically, via NCK-SOS activation of RAS or other small 
GTPases that can activate PI3K-γ (67–69). Another possibility is 
that PI3K-γ activation downstream of ROBO receptors depends on 
the coactivation of other RTKs or GPCRs and their endocytosis.

TAMs are the most abundant cells in the GBM microenviron-
ment, and are known to contribute to immunosuppression in the 
TME (7–9, 70) and dysmorphic angiogenesis (16, 71–73). Hence, 
TAMs are key players in the development of resistance to anti-
cancer therapies (17, 74–77). Several attempts have been made to 
target TAM signaling for GBM treatment, including manipula-
tion of VEGFa and angiopoietins Neuropilin1 (78, 79), CD47, or 
CSF-1R (80–82). Combined VEGF/angiopoietin inhibition led to 
vascular normalization and cytotoxic TAM polarization, but did 
not change T cell infiltration or activation profile (83, 84). CD47 
inhibition prolonged GBM-bearing mice survival due to increased 
phagocytosis capacity and cytotoxic TAM polarization, but did 
not affect other components of the GBM microenvironment (85). 
CSF-1R inhibition did not change TAM production of proangio-
genic molecules such as VEGFa and therefore did not lead to vas-
cular normalization in GBM (16, 80, 82). Hence, these strategies 
changed the TAM component of the GBM microenvironment, 
but they did not induce the profound changes in angiogenesis 
and T cell response achieved by SLIT2 inhibition. Systemic SLIT2 
inhibition via intravenous injection of a SLIT2 ligand trap could 
be optimized and translated into clinical practice, especially for 
the treatment of patients with GBM with high SLIT2 expression.

Methods
A detailed discussion of the methods can be found in the Supplemen-
tal Material.

Animal procedures. All in vivo experiments were conducted in accor-
dance to the European Community for experimental animal use guide-
lines (L358-86/609EEC). Animals were housed with free access to food 
and water in a 12-hour light/dark cycle. For survival experiments, mice 

The main findings of our study showed that SLIT2 expres-
sion levels correlated with tumor aggressiveness, poor progno-
sis, and immunosuppression. A limitation of the study is that the 
association between high SLIT2 expression and decreased sur-
vival in patients with GBM was not statistically significant within 
all the data sets analyzed.

Our data suggest that GBM tumor cells are a relevant source 
of SLIT2. Tumor cells constituted the majority of cells expressing 
SLIT2, and Slit2 knockdown in 2 murine GBM cell lines and in a 
human PDX model decreased tumor growth, while SLIT2 over-
expression in CT2A cells enhanced murine GBM tumor growth. 
SLIT2 from other cell compartments could also affect GBM 
growth, but since genetic SLIT2 inhibition in tumor cells and sys-
temic SLIT2 inhibition had similar effects in our mouse models, 
we conclude that tumor cell SLIT2 promotes GBM growth.

We observed that SLIT2 acted on different cell types within GBM. 
First, both human and mouse GBM tumor cells expressed ROBO1 
and ROBO2 receptors. SLIT2 knockdown did not affect tumor cell 
proliferation or survival, and SLIT2 did not attract tumor cells in 
transwell assays in vitro. However, SLIT2 knockdown decreased 
tumor cell migration toward a serum gradient in transwell chambers 
and reduced spheroid invasion in fibrin gels, and patient-derived 
shSLIT2 GBM cells implanted in Nude mice decreased invasiveness 
compared with shCTRL. These results are consistent with SLIT2/
ROBO signaling driving proinvasive GBM tumor cell behavior in both 
mouse and patient-derived models. Our data contrast early studies 
with commercial human GBM cell lines where SLIT2/ROBO1 signal-
ing inhibited migration (51, 52), but they support and extend studies 
using murine GBM models (55) and patient-derived tumor spheres 
and xenograft models (54), which showed that SLIT2/ROBO1 signal-
ing in tumor cells promotes tumor invasiveness.

In addition to the tumor cells themselves, SLIT2 exerted major 
effects in the TME, and remarkably these changes appeared cen-
tered around ROBO1 and ROBO2 signaling in macrophages/microg-

Figure 8. Macrophage-specific Robo1/2 knockout normalizes the TME. 
(A) MRI images of CTRL and iRoboMacKO mice 21 days after tumor 
implantation. (B and C) Quantification of day 21 tumor size on MRI images 
(B, n = 4 tumors per group, Mann-Whitney U test) and serial vibratome 
sections (C, n = 7 CTRL and 6 iRoboMacKO tumors, Mann-Whitney U test). 
(D–F) In vivo 2-photon images of tumor-bearing mice (D) and quantifi-
cation of vessel diameter (E) and branchpoints (F) (n = 6 mice per group, 
1-way ANOVA). (G and H) Glut1 (blue) immunohistochemistry on day 21 
tumor-bearing mice (G), and quantification of tumor hypoxic areas (H) (n = 
6 CTRL and 5 iRoboMacKO tumors, Mann-Whitney U test). (I–K) Quantifi-
cation of F4/80, MHC-II, and MRC1+ cells (I), sFLT1+ GFP+ cells (J), and total 
TALs (CD3+) (K) (n = 6 CTRL and 5 iRoboMacKO tumors, 2-way ANOVA or 
Mann-Whitney U test). (L and M) FACS analysis of deep cervical DCLNs 
and MLNs from day 21 tumor-bearing mice (n = 5 CTRL and 4 iRoboMacKO 
mice; Mann-Whitney U test). (N and O) Lymphocyte counts (N) and 
differential WBC counts (O) from peripheral blood of day 21 tumor-bearing 
mice (n = 5 mice/group; Mann-Whitney U test). (P) Eight-week-old mice 
engrafted with CT-2A BFP and treated with 80 mg/kg tamoxifen i.p. every 
3 days starting 7 days after tumor implantation were randomly assigned to 
vehicle or anti–PD-1 + anti–4-1BB treatment (0.2 mg/dose on days 7, 9, 11, 
and 13 after tumor implantation) (n = 10/11 mice per group, OS 21.5 days for 
Robo1–/–Robo2fl/fl, 24 days for Robo1–/–Robo2fl/fl + anti–PD-1 + anti–4-1BB, 
29 days for iRoboMacKO, and undetermined for iRoboMacKO + anti–PD-1 + 
anti–4-1BB; multiple comparisons log-rank test). Data are mean ± SEM. *P 
< 0.05, **P < 0.01, ***P < 0.001.
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For mice ex vivo imaging quantification, 5 fields per individual 
were pictured in the tumor center and number of macrophages, over-
lapping stainings, hypoxic area, and tumor double-strand DNA dam-
ages were quantified using Fiji software.

Study approval. All in vivo experiments in animal models 
were conducted in accordance with the European Community 
for experimental animal use guidelines (L358-86/609EEC) with 
protocols (no. MESRI23570 and no. 17503 2018111214011311 v5) 
approved by the French Ministry of Higher Education, Research 
and Innovation. For the patient samples obtained at the Catho-
lic University of Leuven, the study BRAIN-TUMOR-IMM-2014 
(S57028) on human tissue was reviewed and approved by the  
Ethics Committee for Research UZ/KU Leuven. For the tumor 
samples obtained from the tumor bank “Onconeurotek” (certi-
fied NFS 96-900), written informed consent was obtained from 
the patients under approval of the institutional review boards 
(CPP-Ile de France IV-DC 2013-1962). These samples consisted 
of material in excess of what was required for diagnostic purpos-
es. All subjects provided written informed consent prior to partic-
ipation in the study.
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were euthanized if they exhibited signs of neurological morbidity or if 
they lost more than 20% of their body weight. C57bl6J and ROSAmT/mG 
mice were used for survival and live imaging experiments, respectively.  
For generation of macrophage-specific Robo1/2 knockout, Robo1–/–

Robo2fl/fl mice (28) were bred with CSF1-R-CreERT2, ROSAmT/mG mice 
(65). Gene deletion was induced by injections of 80 mg/kg of tamoxifen 
every 2 days starting 7 days after tumor implantation and was verified on 
GFP+ bone marrow monocytes/macrophages.

Live imaging. For multiphoton excitation of endogenous flu-
orophores in experimental gliomas, we used a Leica SP8 DIVE in 
vivo imaging system equipped with 4Tune spectral external hybrid 
detectors and an InSightX3 laser (SpectraPhysics). The microscope 
was equipped with an in-house–designed mouse holding platform 
for intravital imaging (stereotactic frame, Narishige; gas anesthesia 
and body temperature monitoring/control, Minerve). Acquisition 
of ROSAmTmG reporter mice was performed at 1040 nm fixed wave-
length. GFP signal from genetically modified tumor cells was acquired 
at 925 nm wavelength. Alexa Fluor 647–coupled Dextran was acquired 
at 1200 nm wavelength.

Statistics. For continuous variables, data are presented as mean ± 
SEM. Results were considered significantly different if P was less than 
0.05. Between-group comparisons used the Mann-Whitney U test or t 
test, depending on the sample size for continuous variables. In cases 
where more than 2 groups were compared, 1-way ANOVA was per-
formed, followed by Tukey’s multiple comparison test. For compari-
sons involving grouped data, 2-way ANOVA was performed, followed 
by Tukey’s multiple comparison test.

For survival experiments, log-rank (Mantel-Cox) tests and multi-
ple comparison tests were performed. All the analyses were performed 
using Prism 6.0 software (GraphPad).

For mice in vivo imaging quantification, 4 to 9 fields per animal 
were pictured in the tumor center and blood vessel caliber, branching, 
and vessel perfusion were analyzed using Fiji software.

Figure 9. Robo1Fc treatment limits glioma growth. (A) Eight-week-old 
mice engrafted with CT-2A spheroids were treated with CTRLFc or Robo1Fc 
as indicated, and analyzed at day 23. (B) ELISA of serum Slit2 (n = 4, 2-way 
ANOVA). (C and D) Tumor size at day 23 (n = 6, Student’s t test). (E–G) In 
vivo 2-photon images (E) and quantification of vessel diameter (F) and 
branchpoints (G) (n = 6 mice per group, 1-way ANOVA). (H) Quantification 
of Glut1+ area (n = 6 mice per group, Mann-Whitney U test). (I–K) Quanti-
fication of F4/80, MHC-II, and MRC1 (I), soluble-Flt1 binding (J), and CD3 
immunostaining (K) (n = 6 mice per group, 2-way ANOVA (I) or Student’s 
t test). (L) Eight-week-old tumor-bearing mice were assigned to CTRLFc 
+ vehicle (n = 20), CTRLFc + TMZ (n = 15), Robo1Fc + vehicle (n = 24), or 
Robo1Fc + TMZ (n = 22; OS 24 days CTRLFc; 28 days CTRLFc + TMZ; 41 
days Robo1Fc; 119 days Robo1Fc + TMZ; multiple comparisons Mantel-Cox 
log-rank). (M) Eight-week-old tumor-bearing mice were assigned to 
CTRLFc + vehicle, CTRLFc + anti–PD-1 + anti–4-1BB, Robo1Fc + vehicle, or 
Robo1Fc + anti–PD-1 + anti–4-1BB (n = 10/11 mice per group; OS 25.5 days 
CTRLFc; 40 days CTRLFc + anti–PD-1 + anti–4-1BB; 39 days Robo1Fc; and 
undetermined for Robo1Fc + anti–PD-1 + anti–4-1BB; multiple comparisons 
log-rank test). (N) Ninety days after tumor implantation, surviving mice 
from M (n = 2 anti–PD-1 + anti–4-1BB, n = 3 Robo1Fc, and n = 8 Robo1Fc 
+ anti–PD-1 + anti–4-1BB) or 8-week-old tumor-naive mice (n = 10) were 
rechallenged in the contralateral hemisphere (OS 21 days naive mice; 53.5 
days CTRLFc + anti–PD-1 + anti–4-1BB survivors; 63 days Robo1Fc survi-
vors; and undetermined for Robo1Fc + anti–PD-1 + anti–4-1BB survivors; 
multiple comparisons log-rank test). Data are mean ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001.
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