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Abstract

Glioblastoma is a malignant brain tumor that portends a poor prognosis. Its resilience, in part, is 

related to a remarkable capacity for manipulating the microenvironment to promote its growth and 

survival. Microglia/macrophages are prime targets, being drawn into the tumor and stimulated to 

produce factors that support tumor growth and evasion from the immune system. Here we show 

that the RNA regulator, HuR, plays a key role in the tumor-promoting response of microglia/

macrophages. Knockout (KO) of HuR led to reduced tumor growth and proliferation associated 

with prolonged survival in a murine model of glioblastoma. Analysis of tumor composition by 

flow cytometry showed that tumor associated macrophages (TAMs) were decreased, more 

polarized toward an M1-like phenotype, and had reduced PD-L1 expression. There was an overall 

increase in infiltrating CD4+ cells, including Th1 and cytotoxic effector cells, and a concomitant 

reduction in tumor-associated polymorphonuclear myeloid-derived suppressor cells. Molecular 

and cellular analyses of HuR KO TAMs and cultured microglia showed changes in migration, 

chemoattraction, and chemokine/cytokine profiles that provide potential mechanisms for the 

altered tumor microenvironment and reduced tumor growth in HuR KO mice. In summary, HuR is 

a key modulator of pro-glioma responses by microglia/macrophages through the molecular 

regulation of chemokines, cytokines, and other factors. Our findings underscore the relevance of 

HuR as a therapeutic target in glioblastoma.
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INTRODUCTION

Glioblastoma (GB) is a highly aggressive tumor of the central nervous system, characterized 

by rapid growth and invasion. The tumor responds poorly to treatment and the median 

survival remains low at ~20 months (Desjardins et al. 2018; van den Bent et al. 2018). The 

malignant phenotype of GB is supported by a favorable microenvironment which it 

orchestrates through an active secretome. Tumor-associated macrophages and microglia 

(TAMs), which make up as much as 40% of the cellular content in GB, are recruited by 

chemoattractants that are produced by the tumor cell (Chen and Hambardzumyan 2018; 

Hambardzumyan et al. 2016; Sorensen et al. 2018). TAMs are then induced by the tumor to 

produce soluble factors such as IL-6, IL-1, TGF-β and matrix metalloproteinases (MMPs) 

which enhance the motility, invasion, angiogenesis and proliferation of both GB cells and 

glioma stem cells. TAMs can also be induced to suppress anti-tumor immune cells through 

production of factors such as TGF-β and PD-L1 (Hambardzumyan et al. 2016; Noguchi et 

al. 2017; Sun et al. 2018). The positive influence of TAMs on GB progression is underscored 

by clinicopathological data associating higher tumor grade and worse prognosis with 

increasing populations of TAMs (Sorensen et al. 2018). The molecular response of TAMs to 

paracrine factors released by glioma cells is clearly complex and involves numerous 

signaling pathways and transcriptional factors such as STATs and NF-ĸB, (Holtman et al. 

2017; Li and Graeber 2012). Little attention, however, has been paid to post-transcriptional 

regulation of mRNAs generated by these signaling pathways. We recently demonstrated that 

the RNA regulator, HuR, modulates many of the downstream mRNA targets produced by 

these signaling pathways and has a major impact on the molecular signature of activated 

primary microglia (MG) (Matsye et al. 2017). HuR is a member of the Elav family of RNA 

binding proteins and possesses three RNA recognition motifs (Ma et al. 1996). It has a 

binding affinity for U- and AU-rich elements that are present in the 3’ untranslated region 

(UTR) of many chemokines, cytokines and growth factors (Anderson 2008; Ma et al. 1996). 

In general HuR positively regulates target mRNAs by stabilizing the transcript and/or 

augmenting translational efficiency (Anderson 2010; Brennan and Steitz 2001; Srikantan 

and Gorospe 2012; Wilusz and Wilusz 2004). These functions have been linked to HuR 

translocation to the cytoplasm and association with polysomes and/or competition with 

silencing miRNAs (Abdelmohsen et al. 2008; Brennan and Steitz 2001; Meisner and 

Filipowicz 2011). HuR can also bind to the 5’ UTR, often at or near internal ribosome entry 

sites, and either inhibits or augments translation (Galban et al. 2008; Kullmann et al. 2002; 

Meng et al. 2005). Previously, we reported on the vital role of HuR in GB where it is highly 

upregulated in tumor cells and promotes tumor progression in vivo (Filippova et al. 2017; 

Filippova et al. 2011; Nabors et al. 2001; Nabors et al. 2003). Blocking HuR either by 

chemical inhibition or shRNA-mediated silencing can produce a potent anti-glioma effect 

(Filippova et al. 2017; Filippova et al. 2011; Wang et al. 2019). In the current study, we 

hypothesized that HuR expression in TAMs promotes tumor progression through its role in 
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modulating the expression of key cytokines and chemokines. Using a mouse in which HuR 

was deleted from TAMs, we observed a significant prolongation of survival in a syngeneic 

GB murine model, with a reduction of tumor size and a shift in intratumoral immune cell 

profiles from immunosuppressive to cytotoxic. This immune cell shift may relate to altered 

molecular and cellular responses of HuR-deleted TAMs to soluble factors produced by 

tumor cells.

MATERIALS AND METHODS

HuR Conditional Knockout Mice

All animal procedures were reviewed and approved by the UAB Institutional Animal Care 

and Use Committee in compliance with the National Research Council Guide for the Care 

and Use of Laboratory Animals. To produce a MG/macrophage HuR knockout (HuR KO), 

C57BL/6 HuRfl/fl mice (generously provided by Dr. Ulus Atasoy, University of Michigan, 

Ann Arbor, Michigan) were crossed with B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/J mice (Jackson 

Laboratory) (Figueroa et al. 2003).

Cell Culture

Murine glioma cells GL261 were a generous gift from Dr. Etty (Tika) Benveniste. Cells 

were grown in serum free stem cell medium [Neurobasal™-A medium supplemented with 

1% B-27™ minus vitamin A, 1% CTS™ N-2, 2 mM L-glutamine, 2.5 μg/mL Amphotericin 

B, 50 μg / mL Gentamicin, 10 ng/ml FGF, and 10 ng/ml EGF (Gibco). To collect GL261 

conditioned medium, Gl261 cells were cultured in fresh stem cell media for 24 h, and the 

supernatants were collected for downstream applications. For intracranial injection, GL261 

cells were transduced with pGreenFire1-CMV (System Biosciences) as previously reported 

for green fluorescent protein (GFP) expression (Walker and Hjelmeland 2014). Primary 

mouse microglia used for the experiments were isolated from neonatal mouse pups (P0 – 

P2) using the mixed glial culture method as described previously (Matsye et al. 2017). After 

shaking off from the astrocyte layer, microglia were cultured in Macrophage Serum Free 

Medium (Macrophage-SFM) (Gibco) for downstream assays. For HuR knockdown, MG 

were seeded in 6-well plates at a density of 5 × 105 in Macrophage-SFM and transfected 

with 150 pmol SMARTpool: ON-TARGETplus Elavl1 (HuR) siRNA (Dharmacon) or siGFP 

control using Lipofectamine 2000 (Thermo Fisher Scientific). After 24 h, culture media 

were collected and used as a chemoattractant for GL261 transwell invasion assay.

Spleen Cell Isolation

After euthanasia, spleens were removed from mice and transferred to a 70-μm cell strainer 

placed on top of a 50 mL tube. The tissue was pushed through the strainer using a 10 mL 

syringe plunger and washed with 10 mL ice-cold DMEM (Corning®) to make a single cell 

suspension. Cells were collected by centrifuge (400 g, 5 min), and red blood cells were 

removed by Red Blood Cell Lysis Buffer (Biolegend). Splenic cells were then resuspended 

in DMEM, counted on TC20™ Automated Cell Counter (Bio-Rad Laboratories) and kept on 

ice for flow cytometry staining.
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Brain Cell Isolation

Upon complete anesthesia by isoflurane, the mice were transcardially perfused with 15 mL 

ice-cold PBS at ~ 7 mL/min. The cerebrum from tumor-free naïve mice or cerebrum with 

tumors from the tumor-bearing mice was then extracted and cut into small (< 2 mm) pieces, 

and digested in 5 mL enzyme solution [PBS supplemented with 2% FBS, 1 mg/mL 

collagenase/dispase (Roche) and 0.5 mg/mL DNase I (Sigma-Aldrich)] for 1 hour at 37°C. 

After digestion, the cells were passed through a 70-μm cell strainer to make a single cell 

suspension, followed by centrifugation with 30% Percoll at 400 g for 30 minutes to remove 

myelin and cell debris. The cells were then resuspended in DMEM, counted on TC20™ 

Automated Cell Counter and kept on ice for flow cytometry staining.

In Vivo Tumor experiments

Eight to 12-week-old HuR KO or littermate control mice were used for the tumor 

intracranial injections. Upon inducing anesthesia with ketamine and xylazine cocktail, the 

mouse was properly positioned on the stereotaxic instrument (Stoelting Co.), and a burr hole 

was made 2 mm lateral (right) and 1 mm anterior to the bregma using a dental drill with a 

0.45mm non-cutting bit. 104 GL261-Luc cells resuspended in DMEM were injected at a rate 

of 1 μL/min for 2 min using a 26G Hamilton syringe controlled by a Harvard 11 Plus 

Syringe Pump. For survival studies, mice were monitored twice daily until they reaching a 

moribund state. Survival times were recorded.

Bioluminescent Imaging

After injection of GL261 cells, tumor growth was measured using the IVIS® Lumina Series 

III In Vivo Imaging System (PerkinElmer Inc.). For imaging, mice were injected with 2.5 

mg of d-luciferin substrate intraperitoneally and imaged after 10 min. Light emission from 

the Regions of Interested (ROI) was measured using the Living Image® Software 

(PerkinElmer Inc.). Photons-per-second was used for comparison between groups.

Flow Cytometry

Single cells were isolated from spleen, bone marrow, naïve brain or tumor-bearing brain as 

previously described. For flow cytometry, 2 × 106 cells were seeded in 96-well plate, and 

incubated for 20 min at 4 °C with Zombie Aqua™ Fixable Viability Kit (Biolegend). Cells 

were washed with staining buffer (PBS with 2% FBS) and incubated for 30 min at 4 °C with 

fluorescent conjugated cell surface markers (Biolegend, eBioscience), followed by one wash 

with staining buffer. For intracellular marker staining, cells were first fixed with the 

Fixation/Permeabilization Solution Kit (BD Biosciences) for 20 min, washed once with 

perm/wash buffer and permeabilized in perm/wash buffer overnight at 4 °C. On the 

following day, cells were stained with fluorescent conjugated intracellular markers 

(Biolegend, eBioscience) for 30 min at 4 °C. After one final wash with staining buffer, the 

cells were resuspended in 200 μL of staining buffer and analyzed on a BD™ LSR II Cell 

Analyzer (BD Biosciences). Data were analyzed using FlowJo software.
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Fluorescence Activated Cell Sorting

Single cells were isolated from tumor-bearing brains as described above. All cells from one 

sample were collected in 5 mL Falcon® Round-Bottom Polystyrene Tubes. After a 20 min 

incubation with Zombie Aqua™ Fixable Viability Kit (Biolegend) at 4 °C, cells were 

washed with staining buffer (PBS supplemented with 2% FBS) and stained for 30 min at 

4 °C with fluorescent conjugated cell surface markers (Biolegend, eBioscience), followed by 

one wash with staining buffer. Cells were resuspended in staining buffer and the tumor 

associated macrophages (CD45hi CD11b+ F4/80+) were collected on a BD™ FACS Aria II 

Cell Sorter (BD Biosciences).

Tissue Processing and Immunohistochemistry Staining

Upon complete anesthesia by isoflurane, mice were transcardially perfused with 15 mL ice-

cold PBS at ~ 7 mL/min, followed by 20 mL ice-cold 4% paraformaldehyde (PFA) at ~ 4 

mL/min. Brains were extracted and post-fixed in 4% PFA overnight at 4 °C. Fixed brains 

were coronally sliced by 2 mm on a Precisian Brain Slicer (Braintree Scientific), followed 

by dehydration in 70% EtOH for 24 h. Specimens were processed on a Leica Tissue 

Processor before embedding in paraffin blocks. For immunohistochemistry, 8 μm sections 

were stained with the following antibodies: HuR (3A2, Santa Cruz Biotechnology) at 1:200, 

Iba-1 (Wako) at 1:50, ki67 at 1:1000, MPO (Abcam) at 1:50 and CD4 (Abcam, 1:1,000).

RNA Isolation and qRT-PCR

Total RNA was extracted from cells using the illustra RNAspin Kit (GE Healthcare), and 

quantified by Nanodrop (Thermo Fisher Scientific). One microgram of RNA was reverse 

transcribed using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific). Expression levels of target mRNAs were measured by real time qPCR using 

predesigned TaqMan Gene Expression Assays (Thermo Fisher Scientific), and calculated 

using the delta delta CT method with GAPDH as the reference gene (Livak and Schmittgen 

2001).

Protein Extraction and Western Blot

Whole cell lysates were prepared using M-PER Mammalian Protein Extraction Reagent 

(Thermo Fisher Scientific) and quantified using the Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific). Fifty micrograms of protein extract were denatured with 

Laemmli Sample Buffer (Bio-Rad Laboratories) at 95 °C for 10 min and then resolved by 

electrophoresis using a 4–20% Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad 

Laboratories). Proteins were transferred to a nitrocellulose membrane and probed with an 

anti-HuR (3A2, Santa Cruz Biotechnology) and GAPDH (Cell Signaling Technology) 

antibodies.

ELISA

MG were seeded in 6-well plates at a density of 5 × 105 cells per well, and treated with 

GL261 conditioned media or plain stem cell media as a control for 24 h. The cultural 

supernatants were collected and concentrations of the following chemokines were quantified 

by ELISA: CXCL1, CXCL2, CCL5 (R & D Systems), CXCL10 (Boster).

Wang et al. Page 5

Glia. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zymography

PMG were seeded in 6-well plates at a density of 5 × 105 in Macrophage-SFM. After 24 h, 

cells were treated with GL261 conditioned media for 24 h. Media were collected for 

zymography. All media samples were quantified using the Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific). Two hundred micrograms of media were mixed with Zymogram 

Sample buffer (Bio-Rad Laboratories) 1:2 by volume and resolved by electrophoresis using 

10% Criterion™ Zymogram Gel with Gelatin (Bio-Rad Laboratories). The gels were 

renatured for 30 min at room temperature, and then developed overnight at 37 °C. On the 

following day, gels were first stained for 30 min with Coomassie brilliant blue R-250 

staining solution (Bio-Rad Laboratories) and then destained for 2 h. Gels were scanned and 

quantified using ImageJ.

Transwell invasion and scratch wound Assays

The transwell invasion assay was performed using Corning® BioCoat™ Matrigel® Invasion 

Chambers with 8.0 μm membrane pores (Corning). For the MG invasion assay, a single cell 

suspension of 2.5 × 104 HuR KO or control MG in macrophage-SFM were added to the top 

chamber, and GL261 conditioned stem cell media was added to the bottom chamber as a 

chemoattractant. MG were allowed to migrate for 24 h in the cell culture incubator, and then 

fixed and stained using the Hema 3™ Manual Staining System and Stat Pack (Thermo 

Fisher Scientific). The inserts were removed and mounted on microscope slides and stained 

cells. For quantitation, 30 images were captured (throughout the filter) for each well and 

stained cells were counted. For GL261 invasion assay, 2.5 × 104 GL261 cells in stem cell 

media was added to the top chamber. MG conditioned media was collected as described 

above and added to the bottom chamber as the chemoattractant. GL261 cells were allowed to 

migrate for 24 h, then stained and quantified as described above. For the scratch wound 

assay, MG were seeded in 12-well plates at a density of 2 × 105 in Macrophage-SFM. After 

24 h, the MG monolayer was gently scored with a 1 mL pipette tip across the center of the 

well. The media was replaced with GL261 conditioned media. Cells were allowed to migrate 

for 48 h in a cell culture chamber. Serial images were captured with the Olympus IX73 

inverted microscope and cells migrating into the gaps were counted.

Statistics

Statistical analyses were performed using Graphpad Prism 7 (Graphpad Software, Inc). A 

two-sided student’s t-test was used for comparisons between HuR KO and control groups in 

all experiments. Kaplan-Meier survival curves were generated with Graphpad Prism 7. 

Differences between groups were considered significant when the p-value was < 0.05.

RESULTS

Development of a mouse model that harbors a Cx3Cr1-specific deletion of HuR

To produce a Cx3cr1 promoter-driven HuR knockout mouse, we crossed a HuRfl/fl mouse 

with a mouse expressing Cre recombinase under the control of the Cx3cr1 promoter (Yona 

et al. 2013). To verify HuR knockout, we first isolated MG from neonatal pups and assessed 

for HuR expression by flow cytometry and western blot (Figure 1A). No HuR was detected 
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in CD11b+ MG from HuRfl/fl, cre+ (referred to as HuR KO) mice, whereas abundant HuR 

expression was detected in HuRfl/fl, cre- (referred to as control) mice. Western blot confirmed 

an absence of expression. We next examined mature mouse brain sections by 

immunohistochemistry using anti-HuR (3A2) and Iba1 antibodies (Figure 1B). In HuR KO 

brain, there was loss of HuR staining in cells identified by Iba1. Immunoreactivity was 

detected in cells adjacent to MG, which are likely neurons expressing HuR or other neuronal 

Hu antigens that cross-react with the 3A2 antibody. In the control brain, there was co-

localized immunostaining of Iba1 and 3A2, consistent with microglial HuR expression and 

its typical nuclear localization (Matsye et al. 2017). To determine whether HuR KO 

impacted the number of MG in the brain, we quantitated them by flow cytometry in single-

cell suspensions derived from whole brains (Figure 1C). The overall microglial counts 

(percent of total cells) were similar between control and HuR KO mice at ~12 % which is in 

the range of previously reported microglial counts performed by histology (Lawson et al. 

1990). Since Cx3cr1 is more broadly expressed in mononuclear phagocytes, we performed 

flow cytometry of cells derived from spleen to determine the extent of reduced HuR 

expression (gating strategy shown in Figure S1). We observed a significant overall reduction 

of HuR mean fluorescence intensity (MFI) in CD11b+/Cx3cr1+ cells (Figure S2). Additional 

analysis of myeloid subsets showed a reduction of HuR MFI in macrophage (Mɸ), 

polymorphonuclear cell (PMN) and monocyte cell populations compared to control mice 

(S2) (Yona et al. 2013). In cultured MG cells there was a complete separation of peaks 

consistent with the absence of HuR in KO mice. Taken together, HuR expression is reduced 

in myeloid cell populations consistent with prior observations of Cx3cr1 activity more 

broadly in the mononuclear phagocyte system (Yona et al. 2013).

HuR KO Mice show attenuated Glioma growth and prolonged survival

GL261 glioma cells expressing a luciferase reporter and green fluorescent protein (GFP) 

were injected intracranially in control and HuR KO mice to produce tumors. Serial in vivo 
imaging of luciferase activity showed a significant attenuation of luminescence in the HuR 

KO mice over time consistent with reduced tumor size (Figure 2A). This was associated 

with an increase in survival by 8 days (Figure 2B). Tumors were assessed for proliferation 

by immunohistochemical staining with an anti-ki67 antibody (Figure 2C). There was a 

~three-fold decrease in positive cells from HuR KO tumors indicating a significant effect on 

tumor cell proliferation.

HuR KO tumor microenvironment shows altered myeloid cell populations that favor tumor 
inhibition

We assessed mouse brains harboring malignant gliomas by flow cytometry to quantify 

subpopulations of immune cells. The overall CD45hi population of immune cells was 

significantly lower in HuR KO mice at 60% versus 70% in control mice (Figure 3A). Within 

that population, there was a 50% decrease in TAMs, as defined by CD11b+ and CD45hi, in 

HuR KO versus control mice (Figure 3B). Immunohistochemistry of tumor sections from a 

control and HuR KO mouse showed an absence of HuR immunostaining in HuR KO TAMs 

and abundant HuR staining in the control tumor (Figure 3C). In a number of TAMs from 

control sections, HuR immunoreactivity merged with that of Iba1 consistent with 

redistribution of HuR to the cytoplasm and activation (Abdelmohsen et al. 2008; Brennan 
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and Steitz 2001). Further analysis of TAMs with M1 and M2 markers revealed that there was 

a two-fold increase in the percentage of M1 TAMs in HuR KO mice (Figure 3D). On the 

other hand, M2-polarized TAMs were lower in HuR KO by two-fold. The MFI of MHCII 

was higher in HuR KO TAMs (Figure 3E). We also noted a two-fold higher MHCII 

expression on CD45−GFP+ tumor cells of HuR KO mice versus control mice (Figure S3). 

We next assessed TAMs and MG for PD-L1, a ligand that can be induced in these cells by 

tumors (Prima et al. 2017). This ligand was abundantly detected in TAMs, as reflected by the 

high MFI, but only at low levels in MG (Figure 3F). PD-L1 expression was significantly 

lower in TAMs from HuR KO brains compared to control.

We investigated Gr1hiLy6G+ polymorphonuclear myeloid-derived suppressor cells (PMN-

MDSC) and observed a 2.5-fold reduction in HuR KO brain tumors (Figure 4A). Monocytic-

MDSCs, on the other hand, were not altered (Figure 4B). A representative tumor section 

immunostained with an anti-myeloperoxidase antibody shows a cluster of PMNs along the 

tumor border in a control mouse that was not seen in HuR KO mice, consistent with the flow 

cytometry data (Figure 4C). Taken together, HuR KO altered myeloid populations in the 

tumor microenvironment, increasing pro-inflammatory and suppressing anti-inflammatory 

profiles.

HuR knockout in MG suppresses migration and glioma cell chemotaxis

With the reduction in TAMs observed in HuR KO mice, we next determined if loss of HuR 

suppressed migration or invasion properties in response to chemotactic signals from glioma 

cells. We performed this experiment with cultured control and HuR KO MG from naïve 

mice. Using a matrigel-coated transwell system, we placed MG in the upper chamber and 

conditioned media (CM) from GL261 cells in the lower chamber. With wild-type MG, we 

observed an abundant migration toward GL261 CM but little to no movement with control 

(unconditioned) media consistent with prior observations that glioma cells secrete potent 

chemotactic factors for MG (Figure 5A) (Bettinger et al. 2002). With GL261 CM, migration/

invasion of HuR KO MG was suppressed by more than two-fold (Figure 5B). Using a 

scratch assay, we observed a similar ~two-fold attenuation of HuR KO MG movement into 

the gap after exposure to GL261 CM (Figure S4). We next assessed the impact of HuR 

knockdown on the ability of MG to chemoattract glioma cells. With CM from siHuR-treated 

MG, we observed a nearly 3-fold suppression of migrated GL261 cells compared to control 

(Figure 5C). Taken together, these findings indicate that HuR plays an important role in 

microglial migration/chemoattraction toward glioma cells and chemoattraction of glioma 

cells toward MG. Dysregulated migratory profiles of these cells may contribute to the altered 

microenvironment and reduced tumor growth in HuR KO mice.

HuR KO alters the chemokine and MMP profile of MG in response to GL261 CM

We first analyzed expression of chemokines and matrix metalloproteinases (MMPs) by MG 

that may influence the migration/chemoattraction profiles of both MG and glioma cells, as 

we observed above. We performed an initial screen for affected chemokines with multiplex 

analysis of HuR KO MG treated with GL261 CM for 24 h (not shown). Glioma-relevant 

chemokines that were significantly altered were then further analyzed by qPCR and ELISA 

(Figure 6A). CXCL1 and CXCL2 mRNAs were attenuated at baseline in HuR KO MG by 

Wang et al. Page 8

Glia. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two-fold, whereas CXCL10 and CCL5 were increased by 3- and 11-fold. With GL261 CM 

treatment, there was a robust induction of chemokine mRNA in control MG ranging from 

160 to 430-fold over baseline. The pattern was altered in HuR KO MG similar to 

unstimulated cells, although more pronounced for CXCL1 and 2 (three to four-fold 

decrease). To determine whether the pattern was similar in vivo, we isolated TAMs from 

primary tumors by fluorescence-activated cell sorting and assessed changes in mRNA by 

qPCR. We found that the differential pattern of chemokine expression matched that of 

cultured MG. We next measured these chemokines by ELISA in media from cultured MG 

before and after GL261 CM treatment. At baseline, there was a marked ~four-fold increase 

in CXCL10 and CCL5 in HuR KO MG. With GL261 treatment, CXCL1 and 2 were 

detected at high levels in control but suppressed by two to three-fold in HuR KO MG. 

CXCL10 and CCL5 remained increased in HuR KO MG but by smaller margins. We next 

looked at MMP-2 and 9, two key metalloproteinases linked to glioma cell migration and 

invasion (Figure 6B) (Bjorklund and Koivunen 2005). MMP2 mRNA was suppressed by 

more than four-fold at baseline. With exposure to GL261 CM there was a 30-fold induction 

in control MG which was reduced to three-fold in HuR KO MG. MMP-9 mRNA, on the 

other hand, was increased at baseline by ~2.6-fold in HuR KO MG. A similar pattern was 

observed after GL261CM treatment although the overall induction was considerably smaller 

than MMP-2 (~three-fold in control MG). Zymography was performed for both MMPs 

using CM from MG after treatment with GL261 CM (Figure 6C). There was a 2.5-fold 

attenuation of pro-MMP2 in HuR KO MG and no significant change with MMP-9. Taken 

together, these findings indicate that loss of HuR in MG had a mixed effect on chemokine 

and MMP molecular responses to secreted factors from glioma cells.

HuR KO alters production of cytokines linked to M1- and M2 phenotypes

In MG treated with GL261 CM, we examined cytokines associated with M1- and M2-like 

phenotypes to determine the impact of HuR deletion (Figure 7). At baseline, mRNAs of 

markers classically associated with M1-like activation were low but increased by more than 

a 1000-fold for IL-1β and IL-6 after GL261 CM treatment and 15-fold for TNF-α. HuR KO 

significantly attenuated all three inductions, most strikingly with IL-6 (three-fold). COX-2 

was suppressed with GL261 CM but was not altered in HuR KO MG. ELISA of MG CM 

showed an overall marked increase in these proteins, with a 50% suppression of IL-1 (α and 

β) and a ~30% reduction in IL-6 for HuR KO MG. No changes were seen with TNF-α. For 

M2-associated markers, there was a mixed effect. TGF-β1 was suppressed overall after 

GL261 CM treatment, but by 25% more in HuR KO MG. YM1 was attenuated in HuR KO 

MG by 50% after CM treatment. IL-10 and arginase 1 were increased (70% and 50% 

respectively). ELISA of MG CM paralleled the mRNA patterns showing an attenuation of 

TGF-β1 (37%) and a marked increase in IL-10 (250%). In addition to these markers, we 

looked at PD-L1 and VEGF, two factors that promote tumor progression. We observed 

suppression in HuR KO MG with both mRNAs after GL261 CM treatment, more 

pronounced for PD-L1 (50% reduction). This reduction is consistent with that observed in 

TAMs in vivo (Figure 3). Secreted VEGF was decreased by 50%. Taken together, the loss of 

HuR in MG led to suppression of cytokines classically linked to an M1-like phenotype and 

several tumor-promoting factors in response to secreted factors from GL261 cells, but had a 

mixed effect on markers classically linked to an M2-like phenotype.
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Cytotoxic effector T cells are increased in the HuR KO tumor microenvironment

The findings that HuR KO mice had reduced intratumoral PMN-MDSCs, an increased M1 

over M2 population of TAMs, elevated MHCII expression in TAMs and tumor cells, and an 

increase in MG production of the T-cell associated chemokine CXCL10 prompted us to 

determine if there were changes in tumor-infiltrating T cells that may contribute to the 

attenuated tumor phenotype. We assessed T cell populations by flow cytometry in control 

and HuR KO brains 14 days after glioma cell injection. The gating strategy used for T cell 

analysis is shown in Figure S5. With CD8+ T cells, we observed nearly a three-fold increase 

in the Granzyme B+ (GranB) subpopulation in HuR KO mice whereas there was no 

quantitative change in the overall CD8 population (Figure 8). On the other hand, there was 

nearly a four-fold increase in the percentage of CD4+ T cells in HuR KO mice. This increase 

could also be seen by immunostaining with an anti-CD4 antibody. Although intratumoral 

FoxP3+ CD4+Treg cells were increased in HuR KO mice, there was a four-fold increase in 

the subpopulation of FoxP3− CD4+ effector T cells and CD4+ effector T cells expressing 

GranB were nearly two-fold higher in HuR KO mice. The increase in IFNγ+ cells was even 

greater. Accordingly, multifunctional CD4+ effector T cells expressing both GranB and 

IFNγ in the tumors were increased in HuR KO mice. Taken together, there were increases in 

tumor-infiltrating cytotoxic effector T cells for both CD8+ and CD4+ T cell compartments 

which may underlie the enhanced antitumor responses in HuR KO mice.

DISCUSSION

In this report we show that HuR plays an important role in GB progression through its role 

in modulating the molecular signature of TAMs. Deletion of HuR in these cells altered the 

tumor microenvironment, leading to a significant attenuation of GB tumor growth and 

prolonged survival. In HuR KO tumors, TAMs were shifted toward an M1-like phenotype 

with higher levels of MHCII expression and there was a decrease in PMN-MDSCs. 

Cytotoxic effector T cell populations increased within the tumor microenvironment. Loss of 

HuR led to changes in production of key cytokines, chemokines, and other factors that drove 

these cellular shifts and reduced tumor growth. Our findings underscore the molecular 

plasticity of TAMs and how that can impact glioma progression.

TAMs represent a large component of GB and actively migrate to the tumor in response to 

tumor-secreted chemoattractants such as CSF-1, MCP-1, and GDNF (Broekman et al. 2018; 

Hambardzumyan et al. 2016). The majority of CD45+ cells in control and HuR KO mouse 

tumors were CD45hi consistent with being tissue Mɸ and characteristic for GB (Chen et al. 

2017). In KO mice, HuR was absent from IBA1+ cells within the GB tumor (Figure 3) and 

diminished peripherally in Mɸ (Figure S2) indicating that both MG and Mɸ express Cre 

recombinase. This is consistent with prior observations that peripheral Mɸ expression of 

Cx3Cr1 increases after recruitment to the glioma tumor (Chen et al. 2017; Yona et al. 2013). 

The reduction of TAMs in HuR KO mice is likely multifactorial, reflecting a combination of 

intrinsic defects in migration/chemoattraction and altered cross talk with glioma cells. The 

potent chemoattractant effect of GB-produced soluble factors was highlighted in the 

transwell data which showed a ~60-fold increase in migrated MG with GL261 CM (Figure 

5). The marked reduction in migration of HuR KO MG toward GL261 CM in the transwell 
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and scratch assays (Figure S4) suggests a defect in chemoattraction and/or migration. This 

finding is consistent with our prior observations with siRNA-induced HuR knockdown in 

MG using ATP as a chemoattractant (Matsye et al. 2017). In that report, RNA sequencing 

analysis of lipopolysaccharide (LPS)-stimulated and HuR-silenced MG revealed significant 

attenuation of several mRNAs that regulate chemokine responses including CCR2, a key 

receptor for recruitment of MG/Mɸ to GB tumors and BAIAP2, an adapter protein 

important for filopodia formation and cell migration (Ahmed et al. 2010; Feng et al. 2015; 

Matsye et al. 2017). Thus, our finding of reduced MG migration may stem from impaired 

sensing of chemotactic factors or impairment of migration. A third possibility is reduced 

breakdown of the extracellular matrix (ECM) related to an attenuation of ECM modifiers. 

This could affect both MG and glioma cell migration (Figure 5). For example, MMP-2 was 

markedly attenuated in HuR KO MG. The 3’ UTR of MMP-2 contains AU-rich elements to 

which HuR can bind and regulate expression (Kong et al. 2017). The marked suppression of 

MMP-2 may have a larger impact on GB in vivo since MMP-2 plays a key role in breaking 

down the ECM to facilitate migration and invasion of glioma cells (Bjorklund and Koivunen 

2005; Hambardzumyan et al. 2016). Interestingly, MMP-9, which increased at the RNA 

level with HuR knockout, also has AREs in the 3’ UTR and is positively regulated by HuR 

in other cell systems (Akool et al. 2003; Huwiler et al. 2003). These contrasting effects may 

reflect the pleiotropic functions of HuR or be an indirect effect of HuR KO on other gene 

targets (Abdelmohsen and Gorospe 2010). We previously showed that HuR positively 

regulates other ECM modulators in MG, including MMP12, ITGB3, Adamts1, and 

Thrombospondin 1 which also contribute to MG and/or glioma cell migration/invasion 

(Ferrer et al. 2018; Smolders et al. 2019).

The reduced TAMs observed in HuR KO mice may stem from altered cross-talk with glioma 

cells. TAMs produce secreted factors that modulate production of chemokines by glioma 

cells (Hambardzumyan et al. 2016). IL-1β, for example, which was robustly induced in MG 

by GL261 CM (Figure 7), stimulates glioma cells to produce CCL2 which in turn enhances 

recruitment of TAMs (Feng et al. 2015). The attenuation of IL-1β expression in HuR-deleted 

MG could disrupt this feed-forward loop and reduce TAM recruitment.

In addition to quantitative changes, there was a shift in TAM polarization toward an M1-like 

phenotype in HuR KO mice. GBs and other tumors have a mixture of M1 and M2-like 

TAMs, and often these cells have elements of both phenotypes (Broekman et al. 2018). 

Typically, M2-like TAMs accumulate in GB in response to secreted factors such as M-CSF, 

thereby promoting immunosuppression and tumor progression (Roesch et al. 2018). M1-like 

TAMs, however, are cytotoxic to tumors, so the shift we observed likely contributed to the 

attenuated tumor growth and prolonged survival in HuR KO mice (Chen and 

Hambardzumyan 2018; Mantovani et al. 2017). In fact, re-programming TAMs to an M1-

like phenotype represents a therapeutic approach being pursued in the development of 

treatments for GB (Roesch et al. 2018). In addition to the increased numbers, HuR KO 

TAMs had higher overall MHCII expression which would facilitate their antigen presenting 

activity to CD4+ T cells and enhance anti-tumor responses (Accolla et al. 2014). This is 

particularly relevant to GB since glioma-associated TAMs generally have suppressed MHCII 

expression (Qian et al. 2018; Schartner et al. 2005). Interestingly, glioma cells in HuR KO 

tumors showed higher MHCII expression (Figure S3) which can facilitate antigen 
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presentation and make them targets of CD4+ cytotoxic effector cells (Accolla et al. 2014; 

Takeuchi and Saito 2017; Thibodeau et al. 2012). Regardless of the source, MHCII 

molecules within tumors are key to triggering antitumor immune responses (Accolla et al. 

2014). CD4+ cytotoxic T cells can develop from multiple subsets including Tregs (Takeuchi 

and Saito 2017). Through an MHCII-dependent manner, CD4+ cytotoxic T cells can directly 

reject a tumor (Quezada et al. 2010). Activated effector cells can also antagonize the 

immunosuppressive effects of Tregs which could mitigate the impact of an increased 

presence of these cells in HuR KO mice (Roychoudhuri et al. 2015). A feed forward loop is 

also potentially at play as an increase in IFNγ-producing effector cells would further 

promote M1-like polarization of TAMs. Anti-tumor T cell activation in HuR KO tumors was 

likely further potentiated by the downregulation of PD-L1 in TAMs (Figure 3). PD-L1 is a 

transmembrane protein, expressed by tumor cells and TAMs that engages with PD-1 

receptors on T cells and inhibits their activation and anti-tumor immunity (Sun et al. 2018). 

While the relative contribution of PD-L1 (tumor cell versus TAM) as a source of 

immunosuppression varies among tumor types, TAMs can sustain PD-L1 expression and 

provide extended immunosuppression (Chen and Hambardzumyan 2018; Juneja et al. 2017; 

Noguchi et al. 2017). PD-L1 is detected in the majority of human GB tumors, including 

TAMs, and correlates with tumor grade, markers of proliferation and angiogenesis, and 

worse prognosis (Wöhrer et al. 2014; Xue et al. 2017a; Xue et al. 2017b). Interestingly, 

TAMs in HuR KO mice expressed much lower levels of PD-L1, and in vitro testing of MG 

indicated that PD-L1 induction by GL261 CM was markedly attenuated by HuR deletion 

(Figure 7). The PD-L1 transcript harbors AU-rich sequences in the 3 ‘UTR which are 

putative HuR binding motifs (Brennan and Steitz 2001). A recent report demonstrated that 

oncogenic RAS signaling upregulates PD-L1 expression by blocking the RNA destabilizer, 

TTP, which binds to similar motifs in the 3’ UTR (Coelho et al. 2017; Fu and Blackshear 

2017). A positive regulatory role of HuR is supported by our recent finding that PD-L1 

mRNA was attenuated when glioma xenolines were treated with the small molecule 

inhibitor of HuR, MS-444 (Wang et al. 2019).

The altered immune cell profiles in HuR KO mice may relate to other changes in the 

molecular signature of TAMs. There was a robust induction of CXCL10 (Figure 6) which 

can boost recruitment and accumulation of CD4+ and CD8+ cells and polarize them to 

enhance anti-tumor activity (e.g. through GranB and IFNϒ production) (Karin and Razon 

2018). CXCL10 can also directly inhibit glioma cell proliferation and promote apoptosis 

(Wang et al. 2018). On the other hand, CCL5 was also increased, and this cytokine has been 

linked to tumor progression in a number of cancers including glioma (Aldinucci and 

Casagrande 2018; Pan et al. 2017). The loss of HuR in MG had a mixed effect on other 

activation markers that do not typically align with a pro-inflammatory or anti-glioma 

phenotype. Markers associated with alternative activation (M2-like), for example, were 

differentially affected by HuR deletion. IL-10 and AG1 showed significant upregulation 

whereas YM1 and TGF-β1 were downregulated (Figure 7). On the other hand, classic 

markers associated with an M1-like phenotype, including IL-1 (α and β), IL-6 and TNF-α, 

were all suppressed with HuR deletion. These cytokines have been linked to glioma 

progression and their suppression may have contributed to the attenuation of proliferation 

and overall tumor growth in HuR KO mice (Albulescu et al. 2013; Han et al. 2015; Wang et 
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al. 2012; Yeung et al. 2013). Moreover, IL-6 and TGF-β produced by MG/Mɸ promote 

glioma growth by supporting GSCs (Dzaye et al. 2016; Han et al. 2015; Wang et al. 2012). 

VEGF, although not a classic activation marker, was suppressed in HuR KO MG in response 

to glioma cell CM. TAMs are a source of VEGF in the tumor microenvironment in response 

to signaling from glioma cells and its attenuation with HuR deletion would further 

contribute to reduced tumor growth and proliferation in HuR KO mice (Li and Graeber 

2012). Interestingly, COX-2 mRNA, which has been linked to a pro-inflammatory state in 

macrophages, was attenuated after treatment with glioma CM, but was not further affected 

by HuR deletion (Ellert-Miklaszewska et al. 2013; Parisi et al. 2018). We previously showed 

it to be positively regulated by HuR in colon cancer, again indicating that the impact of HuR 

on specific target expression is cell- and likely stimulus-dependent (Dixon et al. 2001). The 

upregulation of IL-10, on the other hand, was unexpected based on the presence of AREs in 

its 3’ UTR and the primary role of HuR as a positive regulator (Abdelmohsen and Gorospe 

2010; Stoecklin et al. 2008). IL-10 has pleiotropic effects in GB and other cancers, either 

promoting or inhibiting tumor progression, depending upon immune cell composition within 

the tumor and cytokines in the milieu (Mannino et al. 2015; Perng and Lim 2015). The 

mixed effect of HuR on regulating markers associated with M1- and M2-like phenotypes 

underscores the notion that MG/Mɸ activation is multi-dimensional and cannot be 

categorized as a linear spectrum between these two polarization states (Ransohoff 2016). 

The concomitant upregulation of MHCII in HuR KO TAMs and reduced expression of 

“classic” M1 markers underscores this concept. In malignant glioma, many secreted 

cytokines associated with a classic M1-like phenotype actually promote tumor progression 

(e.g. IL-1, IL-6, and TNF-α) whereas increased MHCII, also associated with an M1-like 

phenotype, promotes anti-tumor immune cell activity (Accolla et al. 2014; Hambardzumyan 

et al. 2016). While we used CM from glioma cells to induce MG for these experiments, a 

potential caveat is that in vitro conditions do not fully recapitulate the tumor 

microenvironment. The concordance between molecular responses in TAMs and cultured 

MG (Figure 6), however, mitigates against this possibility.

Another major shift in immune cell profiles within the HuR KO tumors that could enhance 

anti-tumor activity was the reduction of PMN-MDSCs. Neutrophilia is a common feature of 

patients with GB and intra-tumoral infiltration of PMNs correlates with glioma grade 

(Massara et al. 2017). PMN-MDSCs promote tumor progression primarily through 

immunosuppression of T cell function and their immunodepletion suppresses glioma growth 

(Fujita et al. 2011; Gabrilovich 2017). Several possibilities emerge from our data to explain 

the reduction in PMN-MDSCs. First, CXCL1 and CXCL2, which are major cancer-related 

chemoattractants for these cells, were significantly attenuated in HuR KO TAMs in vivo and 

HuR KO MG in vitro (Acharyya et al. 2012; Massara et al. 2017). In our prior work, we saw 

a marked decline in chemotaxis of neutrophils in vitro using conditioned media from HuR-

silenced MG stimulated with LPS (Matsye et al. 2017). It is also possible that reduced HuR 

expression in the PMN population (Figure S2) affected their mobility or chemotaxis. There 

was no reduction in the M-MDSC population, however, and monocytes also had a similar 

decrease in HuR KO mice. Finally, it is possible that the reduced PMN infiltration may be 

related to some other chemoattractant altered in HuR KO TAMs or by glioma cells as a 

result of an altered tumor microenvironment.
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In conclusion, HuR knockout in TAMs had a significant influence on the tumor 

microenvironment in GB, leading to tumor suppression and prolonged survival. HuR 

deletion altered the molecular signature of TAMs which promoted an anti-tumor phenotype 

through changes in infiltrating immune cells and their activity, and/or loss of trophic support. 

We have previously shown that glioma-derived HuR is integral to tumor cell survival and 

progression (Filippova et al. 2017; Filippova et al. 2011; Wang et al. 2019), and the findings 

in this report further underscore its importance in glioma progression and potential as a 

therapeutic target in this devastating disease.
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Main Points

• HuR deletion in tumor-associated microglia/macrophages (TAMS) reduces 

malignant glioma growth and prolongs survival.

• HuR-deleted TAMs are reduced in glioma tumors and develop an M1-like 

phenotype and an alteration of cytokine and chemokine profiles.

• HuR-deleted TAMs alter the glioma microenvironment with an increase in 

Infiltrating cytotoxic CD4+ and CD8+ T cells and a decrease in 

polymorphonuclear myeloid derived suppressor cells (PMN-MDSC).
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Figure 1. Microglial-HuR knockout mouse model.
A HuRfl/fl (control) mouse was crossed with a mouse expressing Cre recombinase under 

control of the Cx3cr1 promoter to produce HuRfl/fl/Cre (HuR KO) mice. (A) Cultured 

primary microglia were isolated from neonatal pups and assessed by flow cytometry using 

3A2 (HuR) and Cd11b antibodies. Right panel shows a western blot of primary microglial 

cells using the same HuR antibody. (B) Immunohistochemistry of frontal cortex sections 

from control and HuR KO mice. Antibodies are shown to the left of the images. Scale bar, 

20 μm. (C) Quantification of microglia in control and HuR KO brains by flow cytometry. To 

the left is a representative gating using CD11b and CD45 markers. A graph summarizing the 

findings for 6 control and 6 HuR KO mice is shown to the right.
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Figure 2. HuR knockout mice have attenuated GB tumor growth and prolonged survival.
(A) GL261 cells expressing a luciferase reporter were injected intracranially into HuR KO or 

control mice. Tumor sizes were assessed by in vivo luciferase imaging at the time points 

shown. To the right are representative images of each cohort. (B) Survival curves for control 

and HuR KO mice with median survival time shown in parentheses. (C) Serial sections from 

tumors were immunostained with a ki67 antibody and positive cells were counted. Data 

points represent the mean ± SD of random low-powered fields from 20–40 tumor sections 

per tumor from three independent mice per group. **** P < 0.0001; scale bar, 100 μm.
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Figure 3. Tumor-associated macrophages (TAMs) are attenuated in HuR KO mice and have 
altered polarization.
After tumor development, brains from control and HuR KO mice were removed and 

assessed for TAMs by flow cytometry. All gating was done on live cells (see Figure S1 for 

gating strategy). (A) Quantification of CD45hi cells by flow cytometry. (B) Quantification of 

TAMs (CD45hiCD11b+Gr-1loF4/80+). (C) Immunohistochemistry of representative sections 

from a control and HuR KO-derived tumor. Antibodies are shown to the left. Arrowheads 

indicate TAMS in which HuR immunoreactivity co-localizes with that of IBA-1, consistent 

with cytoplasmic redistribution of HuR. This is highlighted in the inset which is an 

enlargement of the region marked by an asterisk. Scale bar, 20 μm. (D) TAMs were further 

sorted into MI-polarized (MHCIIhi, CD86+) and M2-polarized (MHCIIlo, CD206+) subsets. 

Wang et al. Page 22

Glia. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E) MHCII expression levels were determined based on the mean fluorescence intensity 

(MFI). A histogram of MFI for TAMs is shown to the right. (F) TAMs and MG (MG defined 

as CD45lo, CD11b+) were assessed for PD-L1 expression. A histogram of MFI for TAMs is 

shown to the right. For all graphs, means and SDs are shown. Each data point is 

representative of an individual mouse. *P < 0.05, **P < 0.01, ***, P < 0.0005, ****P < 

0.0001.
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Figure 4. Polymorphonuclear myeloid-derived suppressor cells (PMN MDSCs) are attenuated in 
HuR KO tumors.
(A) Brain PMN MDSCs (CD45hi, CD11b+,Gr1hi,Ly6Clow, Ly6G+CD49d−) were quantified 

by flow cytometry. (B) Brain monocytic MDSCs (CD45hiCD11b+Gr1midLy6ChiLy6G
−CD49d+) were quantified by flow cytometry. (C) Immunostaining for neutrophils 

(arrowheads) in brain sections using an MPO antibody. Dotted line represents the border 

between normal brain and tumor. Each data point is representative of an individual mouse. 

Means and SDs are shown. ***P = 0.0003. Scale bar, 50 μm.
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Figure 5. HuR knockout in microglia suppresses migration and glioma cell chemotaxis.
(A) Migration of wild-type microglia was assessed in a transwell system. Microglia were 

seeded in the upper chamber and conditioned media (CM) from GL261 cells or 

unconditioned media (control) was placed in the lower chamber for 24 h. Migrated cells 

were identified by hematoxylin staining and counted (see Materials and Methods). 

Representative micrographs are shown. Scale bar,50 μm. (B) Control and HuR KO microglia 

were seeded in the upper chamber with GL261 CM in the lower chamber. **P <0.005. Scale 

bar, 100 μm. (C) GL261 cells were seeded in the upper chamber and CM from wild-type 

microglia transfected with siHuR or control siRNA was placed in the lower chamber. 

Migrated cells were counted 24 h later. Scale bar, 50 μm. A western blot of siRNA-

transfected microglia is shown along with the antibodies used. ****P < 0.0001. All 
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experiments were performed in triplicate and the data points are the mean ± SD of counted 

cells in at least 10 high-powered fields.
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Figure 6. HuR KO alters the chemokine and MMP profiles of microglia in response to GL261 
conditioned media.
Cultured primary microglial cells (MG) were treated with CM from GL261 cells for 24 h 

and then harvested. (A) Upper row: mRNA for different chemokines was assessed by qPCR. 

These mRNAs were also measured in TAMs isolated by FACS from three control and three 

HuR KO mice with GL261-induced tumors. Lower row: chemokines in MG CM were 

measured by ELISA. (B) qPCR and ELISA analysis of MG as in a. The right y axis for 

MMP2 qPCR is for CM-stimulated cells. Data points for a and b represent the mean ± SD of 

three independent tests, each assayed in duplicate. (C) Zymogram of MMP2 and MMP9 

from CM of MG stimulated with GL261 CM. The graph below shows the mean 

densitometric values (± SEM) for the bands expressed as area under the curve (AUC). *P < 

0.05; **P < 0.005; ***P < 0.0001.
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Figure 7. HuR KO alters molecular profiles associated with microglial polarization and tumor 
progression after exposure to GL261 CM.
Cultured primary microglial cells were treated with GL261 CM for 24 h and assessed by 

qPCR and ELISA. Profiles associated with classic M1- and M2-like polarization are shown 

as well as factors associated with tumor progression (TP). Data points represent the mean ± 

SD of three independent tests. **, P < 0.005; ***, P < 0.0005; ****, P < 0.0001.
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Figure 8: Effector T cells are increased in HuR KO GB tumors.
Flow cytometry was performed for CD4 and CD8 populations on cells isolated from control 

and HuR KO brains of GB-bearing mice. The gating strategy is shown in Figure S5. Means 

and SDs are shown. Each data point is representative of one independent mouse. *P < 0.05; 

**P <0.01. Immunohistochemistry with an anti-CD4 antibody was performed on a 

representative tumor section from Control and HuR KO mice. Dotted line demarcates tumor 

(Tu) and brain (Br) parenchyma border. Scale bar, 50 μm.
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