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ABSTRACT
Although pharmacological stimulation of TLRs has anti-tumor effects, it has not been determined whether 
endogenous stimulation of TLRs can lead to tumor rejection. Herein, we demonstrate the existence of an 
innate anti-glioma NK-mediated circuit initiated by glioma-released miR-1983 within exosomes, and 
which is under the regulation of galectin-1 (Gal-1). We demonstrate that miR-1983 is an endogenous 
TLR7 ligand that activates TLR7 in pDCs and cDCs through a 5ʹ-UGUUU-3ʹ motif at its 3ʹ end. TLR7 
activation and downstream signaling through MyD88-IRF5/IRF7 stimulates secretion of IFN-β. IFN-β 
then stimulates NK cells resulting in the eradication of gliomas. We propose that successful immunother-
apy for glioma could exploit this endogenous innate immune circuit to activate TLR7 signaling and 
stimulate powerful anti-glioma NK activity, at least 10–14 days before the activation of anti-tumor 
adaptive immunity.
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INTRODUCTION

Glioblastoma (GBM) is the most common and lethal pri-
mary brain malignancy with median survival below two 
years despite surgery, radiation, and chemotherapy.1 

Galectin-1 (Gal-1), a member of a family of β-galactoside- 
binding lectins, inhibits anti-tumor adaptive immunity by 
inducing apoptosis of cytotoxic T cells,2,3 and innate immu-
nity of gliomas by facilitating NK cell evasion.4,5 The 
Cancer Genome Atlas (TCGA) and Chinese Glioma 
Genome Atlas (CGGA) datasets indicate that LGALS1 
(Gal-1) expression is significantly upregulated in GBM 
tumors and correlates with worst prognosis (Figure 
S1 (A-C)).

Understanding the mechanisms of immune suppression in 
gliomas is prerequisite to develop effective immunotherapies to 
improve outcomes for patients suffering from this devastating 
disease. Our previous studies in mice and rats gliomas uncov-
ered a potent innate anti-glioma immune response mediated 
by NK cells and myeloid cells, which was inhibited by glioma- 
derived Gal-1.4,5 The mechanisms that sensitize Gal-1 deficient 
glioma cells (GL26-GAL1KD) to NK killing remain unknown 
and are the subject of the current study.

We examined the growth of intracranial GL26-GAL1KD 

gliomas in transgenic mice lacking specific components of 

innate immunity. We discovered that TLR7-MyD88 signaling 
in myeloid derived pDCs and cDCs is necessary for NK 
mediated glioma rejection. Glioma rejection depended on 
IRF5, IRF7, IFNβ, and IFNAR1 suggesting that IRF5 and 
IRF7 lead to IFNβ release which, acting through IFNAR1 
receptors licenses NK cells to kill glioma cells. These data 
strongly suggested the existence of a factor that was released 
from glioma cells and stimulated TLR7.

We thus searched for a putative endogenous ligand 
secreted by GL26-GAL1KD cells and which could stimulate 
TLR7 signaling. We discovered that miR-1983 is released 
within exosomes by GL26-GAL1KD glioma cells and is an 
endogenous ligand of TLR7 in myeloid cells. miR-1983 
binds to TLR7 through a UGUUU motif to stimulate TLR7/ 
MyD88 signaling via IRF5 and IRF7 resulting in IFNβ release 
by dendritic cells which then stimulates NK cells through 
IFNAR1 to kill glioma cells. LDH5 plays a similar role in 
human NK cells, as it is secreted by glioma cells, and stimu-
lates NK cytotoxicity.6 Our results demonstrate the existence 
of a putative miR1983-TLR7-IFNβ-NK circuit in gliomas by 
which glioma cell themselves stimulate NK cells to kill the 
glioma cells, that is inhibited by Gal-1. We propose that 
stimulation of the miR1983-TLR7-NK circuit could be har-
nessed to recruit NK cells to kill gliomas.
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RESULTS

NK cells eradicate Gal-1 deficient (GL26-GAL1KD) glioma

We have previously demonstrated that rejection of intracranial 
GL26-GAL1KD tumors depends on NK cells.4 To do so we 
demonstrated that immunodepletion of NK cells by anti- 
NK1.1 and anti-ASGM1 antibodies in Rag1−/- (which lacks 
T and B cells but not NK cells) abrogated the elimination of 
GL26-GAL1KD tumor. However, to validate the absolute invol-
vement of NK cells in the glioma rejection, this time we used 
the more stringent transgenic model Rag2/IL2rg which lacks 
B cells, T cells as well as functional NK cells. The general 
experimental design is depicted in Figure 1a. We quantified 
GL26-GAL1KD glioma growth in Rag2/IL2rg knockout mice. 
Our data showed significant tumor growth in Rag2/IL2rg 
knockout mice compared to control mice (C57BL6/J) 
(Figure 1b) and Rag2 mice which lack T and B cells but not 
NK cells (Figure S2C). Concomitantly, we have previously 
demonstrated that depletion of NK cells in fully immunocom-
petent C57BL/6 mice by repeated administration of either anti- 
NK1.1 antibodies or ASGM1 (anti-Asialo GM1) serum, allows 
GL26-GAL1KD glioma growth (Figure 1b) as previously shown 
in4 served as a control for NK immunodepletion. Altogether, 
these results identify NK cells as effector cells in the rejection of 
GAL1KD gliomas by the innate immune system.

IFN-β through IFNAR1 receptor induces GL26-GAL1KD 

glioma rejection

Next, we addressed the question of potential effector mechan-
isms responsible for NK-mediated glioma rejection. The inter-
action of the activating NK cell receptor NKG2D with NKG2D 
ligands which are expressed in stressed or transformed cells, 
has been shown to be a very important mechanism of NK cell 
recognition and rejection of tumor cells in general.7,8 

Therefore, we tested whether GL26-GAL1KD gliomas would 
be rejected in NKG2D−/- mice. However, lack of the activating 
NK cell receptor NKG2D has a very minor role, even if statis-
tically significant in the rejection of gliomas (Figure 1b), indi-
cating that rejection of GL26-GAL1KD gliomas is mostly not 
dependent on NKG2D. Nevertheless, NK-mediated killing 
involves various activating receptors including NKp46, 
NKp30, NKp44, DNAM-1 and NKG2D.9,10 The role of NK 
activating receptors, beyond NKG2D, will be explored in future 
experiments. In the Perforin−/- mice GL26-GAL1KD gliomas 
showed significant increased glioma growth compared to con-
trol animals (Figure 1b) indicating that glioma rejection is 
mediated in part by perforin released from cytolytic NK cell 
granules.

We then analyzed the growth of GL26-GAL1KD gliomas in 
transgenic mice which lacked either IFNγ or the receptor for 
IFNγ (IFNγR1). Although, IFNγ is known to be one of the 
effector molecules secreted subsequently to NK cell 
activation,11,12 it had a small and statistically significant effect 
on growth of GL26-GAL1KD gliomas (Figure 1b). The differ-
ence in tumor growth in IFNγR1 deficient mice compared to 
control mice was not statistically significant. This indicates that 

in our tumor model, recognition and rejection of GL26- 
GAL1KD tumors is partially dependent on perforin and IFNγ.

To further identify which effector molecules are engaged in 
the rejection of GL26-GAL1KD gliomas, we analyzed growth of 
GL26-GAL1KD gliomas in transgenic mice lacking TNFRI/II 
(Figure 1b). Although, growth of GL26-GAL1KD gliomas in the 
absence of TNFRI/II was significant, but the effect was much 
smaller compared to perforin−/- and IFNγ−/- groups 
(Figure 1b), suggesting a very minor role in the rejection of 
GL26-GAL1KD tumors.

To determine which receptors are involved in the rejec-
tion of GL26-GAL1KD gliomas, we analyzed growth of 
GL26-GAL1KD gliomas in murine models treated with anti-
bodies to block IFNAR (Figure 1b). The data showed that 
abrogation of type I interferon signaling had a strong effect 
and resulted in significant growth of GL26-GAL1KD gliomas 
(Figure 1b). To address the question of which type 
I interferon is involved, we further assessed whether the 
rejection is IFN-α or IFN-β mediated. We monitored the 
growth of GL26-GAL1KD gliomas in the experimental mur-
ine model depleted of either IFN-α or IFN-β, and depleted 
of both IFN-α + IFN-β, employing appropriate monoclonal 
antibodies. Our data demonstrate that significant tumor 
growth was observed in the IFN-β depleted murine model 
compared to IFN-α depleted mice (Figure 1c), and the 
IFNα+IFN-β combined depletion (Figure 1c). We illustrate 
GL26-GAL1KD glioma growth which expanded into the 
whole striatum in IFN-β deficient mice, compared to IFN- 
α deficient mice, emphasizing the significance of IFN-β for 
glioma rejection (Figure 1d). This establishes that IFN-β is 
the key type I interferon which mediates the rejection of 
GL26-GAL1KD gliomas.

GL26-GAL1KD glioma rejection is independent of the 
cGAS-STING pathway

We next tested the effect of other cytokines involved in 
anti-tumor immune response, i.e. the interleukin IL-12, IL- 
1 and IL-18 signaling on GL26-GAL1KD gliomas growth. 
There were no differences observed in tumor growth in the 
absence or presence of IL-1 R or IL-18 (Figure S2A), how-
ever, growth of GL26-GAL1KD gliomas in the absence of 
IL-12 (Figure S2A) was significant but the effect was very 
small thus unlikely to be of biological significance.

Additionally, we further tested the growth of GL26- 
GAL1KD gliomas in the absence of MHCI, CCL2, CCR5, 
CXCR3, CCR2, CX3CR1, mast cell, γδ T cells, and cGAS- 
STING pathway components. There were no significant 
differences observed in glioma growth in the absence of 
CCR5, CXCR3, CCR2, CX3CR1, mast cell, γδ T cells, and 
cGAS-STING pathway (Figure S2B). However, glioma 
growth was increased in the absence of MHCI and CCL2 
but the effect was modest (Figure S2B). This shows that 
MHCI and CCL2 has a minor role in recognition and 
rejection of GL26-GAL1KD gliomas in our tumor model. 
A summary of the comprehensive screening of GL26- 
GAL1KD glioma growth in transgenic mice lacking specific 
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Figure 1. Gal-1 deficient glioma is rejected by NK cells through IFN-β/IFNAR1 signaling. (a) Illustration of experimental design to analyze galectin-1 deficient 
(GL26-GAL1KD) glioma growth in transgenic knockout or immunodepleted mice. (b) Quantification of tumor size (in pixels) in Rag2−/-/IL2rg−/- mice (which lack B cells, 
T cells, as well as functional NK cells), NK- immunodepleted mice with anti-NK1.1 or anti-ASGM1, or mice lacking the specific molecule of NK effector signaling pathway 
(i.e., NKG2D−/-, perforin−/-, IFNγR1−/-, IFNγ−/-, TNFRI/II−/-), and IFNAR1 immunodepleted mice after 7DPI. Control mice (C57BL/6 J) are shown in black while transgenic 
and immunodepleted mice are shown in red. Data are shown as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control groups (one- 
way ANOVA). (c) Quantification of tumor size (in pixels) in immunodepleted mice for IFN-α or IFN-β or both IFN-α + IFN-β compared to IgG isotype treated control group. 
Data are represented as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA). (d) Representative 
fluorescence micrograph of GL26-GAL1KD glioma growth implanted in immunodepleted mice for IFN-α or IFN-β or both IFN-α + IFN-β.
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molecules of immune signaling, in the form of a master 
graph is shown in Figure S2C.

GL26-GAL1KD glioma derived conditioned medium 
activates NK cells

To identify the source of NK cell stimulation derived from 
GL26-GAL1KD cells, we investigated the effect of conditioned 
medium from GL26-GAL1KD gliomas (CM-GAL1KD) on the 
activation of NK cells using wildtype (wt) splenocytes. This 
resulted in a strong and statistically significant increase of the 
expression of the activation marker CD69 on NK cells when 
compared with conditioned medium from Gal-1 expressing 
GL26-GAL1WT glioma (CM-GAL1WT) (Figure S2D). Our 
flow cytometry gating strategy is shown in Figure S3A.

TLR7 signaling is necessary for NK cell mediated rejection 
of GL26-GAL1KD glioma

Toll-like receptor (TLR) signaling is one of the major pathways 
involved in activation of the innate immune system.13–16 We 
investigated the role of TLRs in the rejection of GL26-GAL1KD 

glioma in transgenic mice lacking MyD88 or TRIF. MyD88 is 
a key adaptor molecule in the activation of downstream signal-
ing of TLRs 1, 2, 4, 5, 6, 7, 8, and 9 whereas TRIF is involved in 
downstream signaling of TLR4 and TLR3.16–20 Rejection of 
intracranial GL26-GAL1KD gliomas was abrogated in the 
absence of MyD88 but not in TRIF−/- mice (Figure 2a), indi-
cating that signaling through a MyD88-dependent TLR is 
required for rejection. To identify the exact TLR involved, we 
implanted GL26-GAL1KD gliomas into transgenic mice lacking 
one particular (TLR7, TLR5 or TLR9) or a combination of two 
different (TLR2 and TLR4) MyD88-dependent TLRs. Analysis 
of 7 dpi GL26-GAL1KD glioma growth in transgenic mice that 
lack TLR5, TLR9, or TLR2/4 did not affect rejection of GL26- 
GAL1KD gliomas (Figure 2a). In contrast, mice lacking TLR7 
exhibited enhanced tumor growth (Figure 2a). This suggests 
that TLR7 signaling is essential for the rejection of GL26- 
GAL1KD gliomas. As illustrated in Figure 2b GL26-GAL1KD 

tumors expanded into the whole striatum in TLR7 knockout 
mice, compared to wt mice (C57BL/6), emphasizing the sig-
nificance of TLR7 for GL26-GAL1KD glioma rejection.

To further determine downstream signaling molecules 
involved in TLR7-mediated GL26-GAL1KD glioma rejection, 
we analyzed GL26-GAL1KD gliomas growth in Interferon- 
related factors (IRF5−/- and IRF7−/-) mice. IRF 5 and IRF7 are 
important transcription factors downstream of TLR7. In the 
absence of IRF7, mice showed an increase in tumor growth 
compared to wt controls, but overall the effect was very small, 
indicating that IRF7 signaling only plays a minor role 
(Figure 2a). In contrast, rejection of GL26-GAL1KD tumors 
was abolished in IRF5−/- mice, resulting in large intracranial 
tumors compared to respective control group (Figure 2a). This 
indicates that the activating signaling downstream of TLR7 and 
its adaptor molecule MyD88 is mediated mainly by IRF5 with 
a minor contribution of IRF7.

To test whether CM-GAL1KD induces direct NK cell activa-
tion in a TLR7 dependent manner, we measured CD69 expres-
sion on NK cells in wt vs TLR7−/- splenocytes in response to 

CM-GAL1KD. We also included control groups treated with 
TLR7-specific (R848, Imiquimod, Loxoribine) or TLR3- 
specific (poly I:C) synthetic agonists. Our data showed that 
TLR7 agonists R848, Loxoribine, or Imiquimod significantly 
increased CD69 expression on NK cells in wt splenocytes 
compared to controls. To demonstrate the functionality of 
NK cells from both wt and TLR7−/- splenocytes preparations, 
we treated them with TLR3-specific poly I:C agonist which 
induce comparable CD69 expression on NK cells (Figure 2c). 
CD69 expression on NK cells in wt splenocytes is comparable 
to the TLR7−/- splenocytes in the unstimulated control group. 
The lack of CD69 induction on NK cells in CM-GAL1WT 

treated groups confirmed that the ligand for TLR7 is present 
only in the CM-GAL1KD. Importantly, lack of CD69 expres-
sion on NK cells in TLR7−/- splenocytes in response to co- 
culture with CM-GAL1KD demonstrates TLR7 specificity of 
conditioned medium derived from GL26-GAL1KD glioma 
cells.

Next, we analyzed TLR7 expression on NK cells and differ-
ent myeloid cell populations present in splenocytes using flow 
cytometry to determine the differential expression of TLR7 
across splenocytes populations. We found that 100% of pDCs 
(CD45+CD11c+PDCA1+B220+), 77% of cDCs 
(CD45+CD11c+PDCA1−B220−), 63.7% of macrophages 
(CD11b+F4/80+), and 67.7% of monocytic Gr-1lowCD11b+ 

expressing myeloid cells express TLR7 in contrast to only 
7.26% of the Gr-1highCD11b+ myeloid cells and 7.53% of NK 
cells (Figure 2d). Moreover, to demonstrate specificity of the 
TLR7 staining, we also included the TLR7−/- splenocytes as 
a negative control (middle panel of Figure 2d). The very low 
expression of TLR7 on NK cells precludes a direct effect of CM- 
GAL1KD on NK cells, and strongly supports the need for an 
accessory cell to induce anti-glioma NK cytotoxicity.

pDCs and cDCs are necessary to reject GL26-GAL1KD 

gliomas: in vitro and in vivo studies

We have previously demonstrated strong recruitment of bone 
marrow-derived tumor infiltrating myeloid DCs (mDCs) and 
pDCs to the Tumor immune microenvironment of GL26 glio-
mas in response to immune-stimulatory gene therapy (Ad-TK 
+Ad-Flt3L).21,22 Additionally, we have recently demonstrated 
that immunodepletion of Gr-1+ myeloid cells in RAG1−/- per-
mits the growth of GAL1KD glioma despite the presence of NK 
cells, thus demonstrating an essential role for myeloid cells in 
the rejection of GL26-GAL1KD gliomas.5 To determine which 
accessory cells are involved in the NK rejection, we assessed the 
expression of activation marker CD69 on CD45+CD3−NK1.1+ 

NK cells within the whole population of splenocytes (including 
all the immune cells) and within magnetically activated cell 
sorting (MACS)-enriched NK cells treated with CM-GAL1KD. 
MACS resulted in an enriched population of NK cells (91.5% 
purity) vs 2.3% prior to enrichment (Figure 3a). Incubation of 
whole splenocytes with CM-GAL1KD resulted in increased 
CD69 expression on NK cells when compared with unstimu-
lated cells (Figure 3b). In contrast, isolated enriched NK cells 
were not stimulated by CM-GAL1KD (Figure 3b). We also 
included a positive control in which we stimulated the enriched 
NK cells with a combination of IL-12+ IL-15 which resulted in 
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Figure 2. NK cells eradicate GL26-GAL1KD glioma through TLR7 signaling. (a) Quantification of GL26-GAL1KD glioma tumor size (in pixels) in transgenic mice lacking 
one particular (TLR7, TLR5 or TLR9) or a combination of two different (TLR2 and TLR4) MyD88-dependent TLRs or IRF5−/- or IRF7−/- or in TRIF−/- mice in red and respective 
wt controls (C57BL/6 J) are shown in black. Data are represented as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group (one- 
way ANOVA) after 7DPI. (b) Representative fluorescence micrographs of GL26-GAL1KD glioma growth implanted in the striatum of TLR7−/- mice vs C57BL/6 J as a wt 
control after 7DPI. Glioma growth is seen in each TLR7−/- transgenic mouse (green fluorescent), conversely, only a scar at the initial tumor implantation site is observed 
in C57BL/6 J. (c) Flow cytometric analysis of CD69 expression on CD3-NK1.1+ NK cells after co-culture of splenocytes from (C57BL/6 J) wt or TLR7−/- mice with CM-
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an increase of CD69 expression (Figure 3b). These results 
extend our previous findings showing that the NK cell 

activation by CM-GAL1KD is indirect, and dependent on an 
accessory cell.5

GAL1KD or CM-GAL1WT. Control groups are either stimulated with TLR7 agonists (R848, Loxoribine, or Imiquimod) which served as a positive control or with fresh media 
(unstimulated controls). To demonstrate functionality of NK cells from both splenocytes preparations, we included a control group that was stimulated with a TLR3 
agonist (poly I:C). NK cells of wt as well as TLR7−/- mice responded with increased CD69 expression to TLR3-specific stimulation, compared to US. Middle panel shows the 
co-culture of splenocytes with a serial dilution of CM-GAL1KD with fresh medium at 1:10, or 1:100, or 1:1000. Right panel shows the co-culture of splenocytes with a serial 
dilution of CM-GAL1WT with fresh medium at 1:10, or 1:100, or 1:1000. Wt splenocytes are shown in black while TLR7−/- are shown in red. CD69 expression is shown as 
mean fluorescent intensity (MFI) in the bar graph. Data are represented as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control 
group (one-way ANOVA). (d) Representative flow cytometric plots of TLR7 expression on CD3−NK1.1+ NK cells, or CD45+CD11c+PDCA1+B220+ pDCs, or 
CD45+CD11c+PDCA1−B220− cDCs or in monocytic Gr-1lowCD11b+ expressing myeloid cells, or CD11b+F4/80+ macrophages or Gr-1highCD11b+ cells from wt C57BL/ 
6 J controls vs TLR7−/- splenocytes.

Figure 3. pDCs and cDCs are essential for the activation of NK cells. (a) Representative flow cytometry plots of CD3−NK1.1+ NK cells population in splenocytes vs 
magnetically activated cell sorting (MACS) enriched NK cells. (b) Flow cytometric analysis of CD69 expression on CD3−NK1.1+ NK cells within whole splenocytes 
preparations or on MACS enriched NK cells. Whole splenocytes or MACS enriched NK cells was incubated with CM-GAL1KD or R848, a TLR7 agonist. (R848) served as 
a positive control for whole splenocytes while fresh medium treated served as unstimulated controls (US). IL12/IL15 treatment served as a positive control for NK cells 
alone (MACS enriched). CD69 expression is shown as mean fluorescent intensity (MFI) in the bar graph. Data are represented as mean ± SEM. *p < .05, **p < .01, 
***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA). (c) Quantification of GL26-GAL1KD glioma tumor size (in pixels) in immunodepleted 
Gr-1 expressing myeloid cells by repeated administration of an anti-Gr-1 antibody mice or immunodepleted Ly6G-expressing myeloid or in BDCA-2-DTR transgenic 
mice. Depletion of plasmacytoid dendritic cells (pDCs) in BDCA-2-DTR mice was performed by intraperitoneal injections of 100 ng diphtheria toxin on days −1, 1, 3, 5 
DPI. Wt C57BL/6 J controls are shown in black while immunodepleted or transgenic mice are shown in red. (d-e) To identify the essential accessory cells, we co-cultured 
MACS-enriched NK cells with pDCs or cDCs (d) or macrophages (e) in the presence of CM-GAL1KD. R848, a TLR7 agonist. (R848) served as a positive control for whole 
splenocytes while fresh medium treated served as unstimulated controls (US). IL12/IL15 treatment served as a positive control for NK cells alone (MACS enriched). CD69 
expression is shown as mean fluorescent intensity (MFI). Data are represented as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective 
control group (one-way ANOVA).
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We have previously shown that depletion of Gr-1 expressing 
myeloid cells by administration of an anti-Gr-1 antibody abol-
ished tumor rejection and resulted in significant tumor 
growth.5 In contrast, depletion of Ly6G-expressing myeloid 
cells did not show a significant effect on tumor growth 
(Figure 3c), indicating that the effect seen after Gr-1 depletion 
might be mainly mediated by monocytic Ly6C (Gr-1low) 
expressing myeloid cells.

To characterize the accessory cells involved we further 
tested the role of plasmacytoid dendritic cells (pDCs) in the 
rejection of GL26-GAL1KD gliomas using a transgenic murine 
model in which diphtheria toxin receptor (DTR) is expressed 
under a pDCs-specific promoter (BDCA-2-DTR mice). 
Administration of diphtheria toxin results in depletion of 
pDCs. The effect of pDC depletion on GL26-GAL1KD gliomas 
growth was significant but smaller compared to the anti-Gr-1 
depleted group (Figure 3c), suggesting that GL26-GAL1KD 

glioma rejection is mediated in part by pDCs.
To characterize the direct involvement of accessory cells in 

NK cell activation in vitro, we sorted pDCs 
(CD45+CD11c+PDCA1+B220+), cDCs 
(CD45+CD11c+PDCA1−B220−) and macrophages 
(CD11b+F4/80+) from splenocytes, using flow cytometry. We 
co-cultured the MACS-enriched NK cells with pDCs, cDCs, or 
macrophages treated with CM-GAL1KD. Co-culturing of pDCs 
as well as cDCs with MACS-enriched NK cells showed large 
increases of CD69 expression on NK cells respectively, in the 
presence of CM-GAL1KD (Figure 3d), while basal level was 
observed in the macrophage co-cultured group (Figure 3e), 
indicating macrophages are not involved in the glioma rejec-
tion. These results suggest that pDCs and cDCs are accessory 
cell subsets required for NK cell activation within the innate 
anti-glioma immune circuit stimulated by CM-GAL1KD.

Glioma cells release exosomes containing an endogenous 
TLR7 ligand

Our data show that NK cell activation by conditioned medium 
derived from GL26-GAL1KD glioma is dependent on TLR7 
present in an accessory cell. TLR7 is an endosomal sensor 
that recognizes ssRNA molecules.23 To determine whether 
GL26-GAL1KD glioma release an endogenous RNA TLR7 
ligand, we co-cultured splenocytes with activating CM- 
GAL1KD pre-treated with RNAse A (5 U/ml) for 30 min at 
37°C and assessed CD69 expression on NK cells (Figure 4a). 
RNAse treatment did not affect the activating capacity of CM- 
GAL1KD, suggesting that an endogenous RNA TLR7 ligand is 
not present as free single-stranded RNA in the conditioned 
medium. Alternatively, a RNA TLR7 ligand could be protected 
from RNAse if located within vesicles such as exosomes.

To examine this hypothesis, we established a protocol to 
separate exosomes from the conditioned medium using ultra- 
centrifugation (Figure 4b). Separate preparations of exosomes, 
and exosome-depleted supernatant were tested for their capa-
city to induce NK activation (Figure 4c). We also included an 
unstimulated control (US), and R848, a TLR7 agonist as 
a positive control. Co-incubation with R848 or CM-GAL1KD 

resulted in enhanced CD69 expression on NK cells compared 
to unstimulated controls. Interestingly, GL26-GAL1KD gliomas 

derived exosomes significantly induced CD69 expression on 
NK cells compared to exosome-free conditioned medium 
(Figure 4c). In comparison, CM-GAL1WT or GL26-GAL1WT 

glioma derived exosomes, or exosome-free conditioned super-
natant were not able to induce CD69 expression on NK cells 
(Figure 4c).

To identify the TLR7 ligand, exosomes were precipitated 
from the conditioned medium from GL26-GAL1KD or GL26- 
GAL1WT glioma. miRNA was then isolated from the respective 
exosomes and sequenced. We identified a set of 14 differen-
tially expressed miRNAs as shown in the Volcano Plot in 
Figure 4d, and in a Heatmap in Figure 4e. The Volcano plot 
shows the levels of expression and the significance of such 
changes. The Heatmap illustrates that miRNAs fall into two 
categories depending on their origin. Ten miRNAs were upre-
gulated (red) and four were downregulated (green). The most 
highly differentially expressed miRNAs are highlighted in red 
(described in detail in Table S1).

Taken together our experiments strongly suggest that short 
RNAs such as miRNAs within exosomes released from GL26- 
GAL1KD glioma cells are potentially responsible for stimulating 
TLR7 present in the myeloid cells to initiate an innate anti- 
glioma NK mediated immune response.

GL26-GAL1KD glioma derived exosomal miR-1983 triggers 
TLR7 mediated NK activation

We utilized miRNA sequencing data to select and test candi-
date miRNAs to discover a potential ligand responsible for the 
TLR7 mediated NK activation. We measured expression of the 
activation marker CD69 on CD45+CD3−NK1.1+ gated NK cells 
in response to synthetic miRNAs agonists (Figure 5a). Our data 
revealed that miR-1983 had the strongest activating effect, 
followed by miR-183-5p and miR-181b-5p (Figure 5a), and 
miR-1983 was therefore later chosen for further molecular 
studies of binding to TLR7.

To determine whether NK cell activation in response to 
miRNAs treatment is TLR7 specific, we incubated the differ-
entially upregulated miRNAs synthetic agonists and other con-
trol TLR7 agonists with splenocytes isolated from the C57BL/6 
(wt) or TLR7−/- mice. Only C57BL/6 splenocytes exhibited 
CD69 induction on CD45+CD3−NK1.1+ gated NK cells in 
response to miRNAs agonists miR-1983, miR-183-5p, miR- 
181b-5p, while TLR7−/- splenocytes (TLR7KO) didn’t respond 
to the miRNA agonists or to the positive control R848 
(Figure 5b).

miR-1983 stimulated NK cells mediate glioma killing

To assess the functional cytotoxicity of activated NK cells we 
stimulated splenocytes with miR-1983 and after 18 h of , we 
enriched NK cells employing MACS. MACS achieved an NK 
cells enrichment from 1.25% to 78.3% in unstimulated, 73.4% 
in R848 stimulated and 69.8% in miR-1983 treated group 
(Figure 5c). We co-cultured the treated MACS-enriched NK 
cells from various groups with GL26-GAL1KD glioma cells. 
Our data showed 94% of the GL26-GAL1KD glioma cells 
undergo lysis in response to mir-1983 pre-activated NK cells. 
Furthermore, 71% of the GL26-GAL1KD glioma cells undergo 
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Figure 4. TLR7 ligands are enclosed within exosomes, which show differential miRNA expression. (a) Flow cytometric analysis of CD69 expression on CD3−NK1.1+ 

NK cells in the different experimental conditions. CM-GAL1KD pre-treated with RNAse at a dose of 5 U/ml for 30 minutes at 37°C and then inactivated with RNAse OUT 
solution used at 40 U/ml. Splenocytes of wt C57BL/6 J mice were then incubated with pre-treated CM-GAL1KD for 18 h to determine the CD69 expression on NK cells. 
CD69 expression is shown as mean fluorescent intensity (MFI) in the bar graph. Data are represented as mean ± SEM. *p < .05, **p < .01, ***p < .001, and ****p < .0001 
versus respective control group (one-way ANOVA). (b) Schematic representation of the protocol used for exosome isolation from media conditioned by GL26-GAL1KD or 
GL26-GAL1WT glioma cells. (c) Flow cytometric analysis of CD69 expression on CD3−NK1.1+ NK cells in the different experimental conditions. For the control condition 
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lysis in response to R848 pre-activated NK cells. These data 
confirm that activated NK cells mediate glioma killing when 
stimulated by TLR7 agonists (Figure 5d).

To assess the dose-dependent response of miRNAs, we 
examined the three miRNAs that had strongest effects, miR- 
1983, miR-183-5p and miR-181b-5p, at concentrations of 
0.01–1 μM. We also included an unstimulated control group 
(Plain-media) as well as a positive control group receiving 
R848 (Resiquimod), a TLR7-specific synthetic agonist. We 
determined the expression of the activation marker CD69 on 
CD45+CD3−NK1.1+ gated NK cells in response to miRNAs 
agonists using flow cytometry. Importantly, splenocytes stimu-
lated with miRNAs (miR-1983, miR-183-5p and miR-181b-5p) 
resulted in the strong dose-dependent induction of CD69 
expression on NK cells (Figure S3B).

miR-1983 stimulates TLR7 signaling through a UGUUU 
motif

To identify the motif by which miR-1983 binds to TLR7, we 
mutated various nucleosides within miR-1983, and tested their 
capacity to stimulate TLR7-mediated NK cell activation 
(Figure 6a-b and Figure S4A-S4C). We introduced various 
mutations in the predicted TLR7 binding domain (CUGG) 
based on its shared presence in miR-1983 and miR-183-5p, 
the strongest TLR7 agonists. Mutations were introduced in the 
motif CUGG, keeping the secondary stem-loop structure. We 
substituted C with U at position 6 (mut-1983-C6U). Similarly, 
in mut-1983-C6U-U7C, C and U were substituted by U and 
C at position 6 and 7 and in mut-1983-C6U-U7C-G8C, C, 
U and G were substituted by U, C and C at position 6, 7, and 
8. In the mut-1983-Circ, we mutated miR-1983 at position 1, 2, 
and 3 into a circular structure keeping the predicted active 
TLR7 domain (CUGG) (Figure S4B). To our surprise, the 
mutations implemented did not inhibit NK activation via 
TLR7 (Figure 6c).

Next we tested the mutations on the 3ʹ side of miR-1983 
within the UGUUU motif to identify the TLR7 binding 
domain. Secondary structures of miR-1983 mutants within 
the UGUUU motif are shown in Figure S4C. In mut-1983- 
U14 C, U was substituted with C at position 14 while mut- 
1983-U14 C-U17G has a substitution to incorporate another 
UGUU motif shifted toward the 3ʹ side to determine the posi-
tional specificity of UGUU within the miRNA. The mutations 
incorporated at positions 14 and 17 (mut-1983-U14 C-U17G) 
inhibited the capacity of miR-1983 to stimulate TLR7- 
mediated activation by 63%. Incorporation of a mutation at 
position 18 by substituting U by C, keeping the mutation at 
position 14 and 17 (mut-1983-U14 C-U17G-U18C) reduced 

the capacity of miR-1983 to stimulate TLR7-mediated activa-
tion by 95% and a comparable inhibition was also observed in 
the mutant (mut-1983-G15C-U16A-U17 C-U18A) where we 
mutated nucleosides 15, 16, 17, 18. Altogether, mutagenesis 
results suggest that the activation site is the sequence UGUUU 
in the endogenous TLR7 ligand miR-1983. miR-1983 is the 
most potent in eliciting NK tumor cytotoxicity through bind-
ing to TLR7 through its UGUUU motif (Figure 6d). We pro-
pose miR-1983 as the endogenous ligand that is secreted by 
GL26-GAL1KD glioma cells to stimulate TLR-7 mediated NK 
activation of glioma cell killing.

Discussion

Glioma cells escape cytotoxic T cell recognition by reducing 
MHC-I expression.24,25 Though low MHC-I expression would 
make cells more sensitive to NK-mediated cytotoxicity, upre-
gulation of Gal-1 expression by glioma cells facilitates NK- 
immune evasion. Understanding the mechanisms by which 
gliomas evade NK-mediated cytotoxicity is important to 
develop new and effective immunotherapies for patients suffer-
ing from this devastating disease. Our previous studies in mice 
and rats uncovered the existence of a powerful innate anti- 
glioma immune response mediated by NK cells and myeloid 
cells, which was inhibited by glioma-derived Gal-1.4,5 

Therefore, the precise mechanisms underlying the regulation 
of NK-mediated cytotoxicity of glioma cells are the subject of 
the current study.

Gal-1 is a β-galactoside-binding lectin that promotes glioma 
malignant behavior. It stimulates angiogenesis,26 and contri-
butes to glioma-mediated immune evasion by modulating anti- 
tumor immunity.27,28 Gal-1 induces T cell apoptosis,2,29 inhi-
bits T cell transendothelial migration,30 expands regulatory 
T cells (Treg),31 induces tolerogenic DCs32,33 and biases 
macrophage differentiation toward the protumoral 
phenotype.34,35 Interestingly, in the context of ovarian cancer 
the anti-tumoral effects of Gal-1 are related to the expression of 
TLR5.36

Herein we propose the existence of an innate anti-glioma 
miR1983-TLR7-IFNβ-NK circuit in which Gal-1 deficient 
glioma cells release specific miRNAs within exosomes, which 
are endogenous TLR7 ligands. These miRNAs activate TLR7 
signaling in myeloid cells (pDCs and cDCs). TLR7 downstream 
signaling through MyD88-IRF5/IRF7 results in secretion of 
IFN-β, which in turn activates NK cells, which then eradicate 
glioma tumors (see summary in Figure 7). In the canonical type 
I IFN-induced signaling pathway, IFNAR engagement acti-
vates the receptor-associated protein tyrosine Janus kinase 1 
(JAK1) and tyrosine kinase 2 (TYK2), which phosphorylate the 

splenocytes from wt mice (C57BL/6) were incubated with fresh medium (US), or R848, a TLR7 agonist. To assess if exosomes could be transporting the NK-stimulating 
factor, splenocytes were stimulated with complete conditioned medium (CM-GAL1KD or CM-GAL1WT), or isolated exosomes (Exo-GAL1KD or Exo-GAL1WT), or supernatant 
depleted of exosomes (Sup W/O Exo.) derived either from GL26-GAL1KD or GL26-GAL1WT cells. Data are represented as mean ± SEM corresponding to four technical 
replicates. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA). (d) Volcano plot which illustrates differentially 
expressed (DE) miRNA isolated from exosomes derived from GL26-GAL1KD or GL26-GAL1WT glioma cells. Differentially expressed genes (n = 14) were selected by fold 
change ≥ 2 (log2 fold change of ≥1 or ≤-1) and a q-value (FDR corrected p-value) ≤0.05 (-log10 FDR of ≥1.30103). Data is plotted as – log10 of the false discovery rate 
(FDR, y-axis) and the log2 fold change between the compared groups (log2foldchange, x-axis). Upregulated genes are shown in red dots (n = 10) and downregulated 
genes in green dots (n = 4). The FDR-adjusted significance q-values were calculated using a two-sided moderated Student’s t-test. (e) Heat map of supervised analysis 
using Top 50 Variable microRNAs from exosomes derived from GL26-GAL1KD or GL26-GAL1WT glioma conditioned media. Heat map shows miRNA expression pattern 
within the exosomes. Three biological replicates per group were analyzed. Upregulated genes are represented in red and downregulated genes are represented in 
green (q-value ≤ 0.05 and fold change ≥ 2). The differential expression of miRNA genes in both conditions is clearly visible.
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Figure 5. miR-1983 pre-activated NK cells induces GL26-GAL1KD glioma cytotoxicity. (a) Differentially expressed miRNAs from miRNA-seq data were tested for 
their ability to induce an increase in CD69 expression on NK cells in the whole splenocytes. Splenocytes from C57BL/6 J mice were stimulated with 1 μM of differentially 
upregulated miRNAs agonists for 18 h. CD69 expression on CD3−NK1.1+ NK cells was analyzed using flow cytometry. We also included a comparison between the 
conditioned media from the galectin-1 expressing (CM-GAL1WT) and deficient cells (CM-GAL1KD). R848, a TLR7 synthetic agonist treated group served as positive control 
while fresh medium treated served as unstimulated controls (US). Data are represented as mean ± SEM corresponding to four technical replicates. *p < .05, **p < .01, 
***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA). (b) We considered the three miRNAs that have the strongest effect viz., miR-1983, 
miR-183-5p, and miR-181b-5p for determining its TLR7 specificity. We also included an unstimulated control group (fresh-media, US) as well as a positive control group 
receiving R848, a TLR7-specific synthetic agonist. Wt C57BL/6 J splenocytes are shown in black while TLR7−/- splenocytes are shown in red. Data are represented as mean 
± SEM corresponding to four technical replicates. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA). (c) 
Representative flow cytometry plots illustrating the CD3−NK1.1+ NK cells in the unsorted population or MACS sorted NK cells. Splenocytes were treated either with fresh 
medium (US) or R848, or miR-1983 and after 18 h of incubation, MACS-enrichment was performed. (d) GL26-GAL1KD glioma cells were incubated for 72 hr with the 
MACS-enriched NK cells pretreated either with fresh medium (US-NK) or R848, a TLR7 agonist (R848-NK), or 1 μM of miR-1983 in DOTAP liposomal transfection reagent. 
Cell viability was evaluated by performing the CellTiter-Glo (CTG) assay and data are represented as % viability normalized to R848 treated gliomas cells (R848 only). 
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transcription factors STAT1 and STAT2.37–39 The potential 
downstream signaling targets of IFN-β in our system, such as 
JAK/STAT,39,40 PI3K/AKT/mTOR,41 or MAPK/ERK42 remain 
to be assessed in future studies. A relationship between Gal-1 
and IFN-β has also been described recently in the context of 
zymosan A-induced peritonitis.43

The role of TLR7 signaling in the context of glioma has been 
the subject of several studies. It has been shown that pharma-
cological stimulation of TLR7 can induce glioma 
regression.44–46 This is in agreement with our findings that 
TLR7 signaling in our glioma mouse model is essential for 
the rejection of GL26-GAL1KD glioma by the innate immune 

Data are represented as mean ± SEM corresponding to three technical replicates. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group 
(one-way ANOVA).

Figure 6. miR-1983 binds to TLR7 through a UGUUU motif to stimulate NK cell activation. To identify the TLR7 binding motif, we mutated various nucleosides 
within miR-1983, and tested their capacity to stimulate NK cell activation. (a-b) represent the schematics of nucleoside sequence present in parent miR-1983 and 
corresponding mutations in the CUGG motif toward 5ʹ end (a), and in the UGUUU motif toward 3ʹ end (b). Mutation incorporation site was indicated by the red arrow 
with respect to the sequence of parent miR-1983. (c-d) Flow cytometric analysis of CD69 expression on CD3−NK1.1+ NK cells in response to incubation with various miR- 
1983 mutants. Panel (c) shows the activation in response to CUGG motif mutants while Panel (d) shows the UGUUU motif mutant mediated NK activation. R848, a TLR7 
synthetic agonist treated group served as positive control while fresh medium treated served as unstimulated controls (US). Data are represented as mean ± SEM 
corresponding to four technical replicates. *p < .05, **p < .01, ***p < .001, and ****p < .0001 versus respective control group (one-way ANOVA).
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system. However, studies demonstrating pro-tumoral effects of 
TLR7 signaling have been described in the context of other 
cancers such as lung cancer or pancreatic cancer.47–49 Recently, 
demonstrated that pharmacological administration of let-7b, 
a TLR-7 agonist, not present in GL26-GAL1KD glioma-derived 
exosomes, regulates microglial function and suppresses glioma 
growth through TLR7 signaling induced secretion of TNF-α in 
both GL261 murine glioma model and in vitro.50 This shows 
the potential existence of direct effects of TLR7 signaling on 
glioma viability, and indirect effects which we demonstrate are 
mediated by NK-killing.

Addressing the question of TLR7 activation in our model, 
we demonstrate that only GL26-GAL1KD glioma cells secrete 
exosomes that contain miRNAs (miR-1983, miR-181b-5p, and 
miR-183b-5p) which act as endogenous TLR7 ligands. 
Exosome transfer as a way of intercellular communication 
has been extensively studied in the context of cancer. 
Exosome transfer is a process that occurs between cancer 
cells as well as between cancer cells and the tumor 

microenvironment (TME). In particular, cancer cell-derived 
exosomal miRNAs have been reported to be involved in angio-
genesis, tumor progression, metastasis or chemotherapy 
resistance.51–54 The expression signature of exosomal miR-21, 
miR-222 and miR-124-3p has been proposed as a diagnostic 
biomarker for glioma patients.55 Moreover, it was reported that 
exosomal transfer of miR-1238 contributes to resistance 
toward temozolomide in GBM.56 However, exosomes have 
also been reported to have immunogenic properties given the 
fact that they can contain tumor-specific antigens.57,58

Importantly, sorting of miRNAs into exosomes is 
a regulated process which we believe is regulated by Gal-1.54,-

59–61 Interestingly, different groups have shown that miRNAs 
can act as exogenous or endogenous TLR7 ligands in several 
disease models such as lung cancer, neurodegeneration, sys-
temic lupus erythematosus,62–66 though a potential role for 
TLR7 in NK cell activation in glioma has not yet been 
described. Though similar TLR7 signaling is operative in 
human glioma cells,50 the exact mechanism by which Gal-1 

Figure 7. Summary: Schematic of the innate anti-glioma immune circuit mediated by miR-1983-TLR7-NK axis. We discovered the existence of a TLR7-dependent 
anti-glioma NK-mediated innate immune circuit which is regulated by exosomal miR-1983 and is under the regulation of Gal-1. Right panel shows that GL26-GAL1KD 

glioma cells release miRNAs within the exosomes that can act as endogenous TLR7 ligands and bind to TLR7 through a UGUUU motif in miR-1983, in a myeloid cell 
population, such as cDCs and pDCs. TLR7 activation and downstream signaling through MyD88 activates IRF5 and IRF7 which in turn increase release of IFNβ. The 
release of IFNβ stimulates NK cells to kill glioma cells by releasing the Perforin and Granzyme B. Left panel shows that galectin-1 expressing GL26-GAL1WT glioma cells 
produces low level of miR-1983 which makes them unable to trigger the innate immune circuit. Altogether, we found the existence of a novel miR1983-TLR7-IFNβ-NK 
axis which triggers an anti-glioma NK-mediated innate immune circuit in GL26-GAL1KD glioma cells.
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regulates NK activity in human models remains to be 
determined.

In our experimental glioma model, the exosomal miRNA 
landscape is regulated by the expression of Gal-1 in glioma 
cells. Activation of NK cells reveals that miR-1983 is the most 
potent endogenous TLR7 ligand and the activation of this 
circuit results in the eradication of glioma before the activation 
of anti-tumor adaptive immunity. Antigen-specific adaptive 
immunity does not peak until 10 to 14-days post-tumor 
implantation.4,67–71 Interestingly, Hasler et al. reported the 
origin of miR-1983.72 They found that Ago-associated small 
RNA libraries from Lupus autoantigen knockdown cells have 
one specific pre-tRNA-Ile (Ile-TAT-2-3) fragment that was 
previously identified in mouse embryonic stem cells and anno-
tated as miR-1983.73 Non-canonical miRNAs can originate 
from a variety of genomic loci, that comprises small nucleolar 
RNAs (snoRNAs), transfer RNAs (tRNAs) and introns by 
bypassing the canonical miRNA biogenesis pathway. By com-
paring the genomic loci, they further revealed that miR-1983 is 
highly conserved between mouse and human.72 So far only one 
tRNA-derived miRNA has been described, miR-1983, which is 
derived from the murine tRNA, IleTAT.73 Whether this is the 
origin of miR-1983 in glioma cells which is under the control of 
Gal-1 remains to be determined. We identified the motif 
UGUUU at the 3ʹ end of the endogenous miR-1983 as the 
binding sequence to TLR7. Our data are compatible with pre-
vious results showing that Guanosine and a succession of 2– 
3 U’s are necessary to stimulate TLR7.74–76

Our data revealed the existence of an innate immune circuit 
that is initiated by GL26-GAL1KD glioma derived endogenous 
exosomal miR-1983 that triggers an NK mediated glioma 
rejection through TLR7 signaling. Importantly, this demon-
strates that Gal-1-mediated innate immune suppression acts by 
altering the miRNA landscape in exosomes to evade NK- 
immune recognition. Our study identified miR-1983 as an 
endogenous TLR7 ligand that binds to TLR7 through 
a UGUUU motif to stimulate TLR7 signaling through IRF5 
and IRF7, resulting in IFNβ release, and that leads to NK- 
mediated cytotoxicity. We propose that therapeutic activation 
of the proposed innate immune circuit could be used to over-
come Gal-1-mediated innate immune suppression in gliomas. 
Based on our findings, we propose that successful immu-
notherapy for glioma might require not only the inhibition/ 
blocking of adaptive immune suppression by Gal-1, but also 
stimulate the innate immune activation by endogenous TLR7 
ligands.

MATERIALS AND METHODS

Animal Strains

Six to eight week-old female mice of the following transgenic 
strains were purchased from the Jackson Laboratory: MyD88−/- 

(B6.129P2(SJL)-MyD88tm1.1Defr/J, Jax# 009088), TLR7−/- 

(B6.129S1-Tlr7tm1Flv/J, Jax# 008380), TLR5−/- (gifted by 
Dr. Standiford), TLR2/4−/- (gifted by Dr. Gabriel Nunez), 
TLR9−/- (C57BL/6 J-Tlr9M7Btlr/Mmjax, Jax# 34329-JAX), 
NKG2D−/- (B6.Cg-Klrk1tm1Dhr/J, Jax# 022733), Perforin−/- 

(C57BL/6-Prf1tm1Sdz/J, Jax# 002407), IFNγR1−/- (B6.129S7- 

Ifngr1tm1Agt/J, Jax# 003288), IFNγ−/- (B6.129S7-Ifngtm1Ts/J, 
Jax# 002287), BDCA-2-DTR mice (C57BL/6-Tg(CLEC4C- 
HBEGF)956 Cln/J, Jax# 014176), TNFR−/- (B6.129S- 
Tnfrsf1btm1Imx/J, Jax# 003243), IL1R−/- (B6.129S7- 
Il1r1tm1Imx/J, Jax# 003245), IL18−/- (B6.129P2-Il18r1tm1Aki 
/J, Jax#004131), and Rag1−/- (B6.129S7-Rag1tm1Mom/J, Jax# 
002216). C57BL/6 mice (Tac# B6-F), Rag2−/- (B6.129S6- 
Rag2tm1Fwa N12, Tac# RAGN12-F) and Rag2/IL2rg−/- (B10; 
B6-Rag2tm1Fwa Il2rgtm1Wjl, Tac# 4111-F) were purchased 
from Taconic. IRF7 mice were generated and kindly provided 
by Dr. Tadatsugu Taniguchi (University of Tokyo), IRF5 mice 
were generated and kindly provided by Dr. Tak W. Mak 
(University of Toronto). The detailed genetics and immunol-
ogy of the mouse strains are described on the websites https:// 
www.jax.org/and https://www.taconic.com/. All animal experi-
ments were conducted in accordance with procedures 
approved by the University Committee on Use and Care of 
Animals and conformed to the policies and procedures of the 
Unit for Laboratory Animal Medicine at the University of 
Michigan.

Cell-lines and culture conditions

Galectin-1-expressing murine glioma cells previously 
described as GL26-Cit-NT while Galectin-1-deficient described 
as GL26-Cit-gal1i.4 Herein for simplicity, Galectin-1-expres-
sing glioma cells are now described as (GL26-GAL1WT) and 
Galectin-1-deficient described as (GL26-GAL1KD). Briefly, 
a plasmid containing the mCitrine transgene (pRSET- 
B-Citrine) was subcloned into the pCI-neo expression vector 
backbone to express the mCitrine fluorescent protein consti-
tutively (pCI-neo-mCitrine). After that, the plasmid was used 
to transfect GL26 cells. To preserve transgene expression, 
transfected cells were FACS sorted for high mCitrine expres-
sion and cultured under G418 selection antibiotic. To create 
the GL26-Cit-gal1i cell lines, pLKO.1-puro lentiviral plasmids 
encoding a Puromycin resistance cassette as well as shRNA 
hairpin construct specific for rodent Gal-1 (mlgals1, NM 
008495) mRNA was purchased from Sigma-Aldrich as part of 
the RNAi consortium and tested for their ability to knock 
down gal-1 expression. To confirm the knockdown, a rodent 
Gal-1 overexpression vector pCMV6-kan/neo-mlgals1 
(Origene, cat. no. MC200092) was co-transfected into 
HEK293 cells with each of the above-mentioned shRNA con-
structs. The highest degree of Gal-1 knockdown was achieved 
by RNAi consortium clone TRCN0000011866, which was used 
to build a second-generation lentiviral vector encoding this 
mlgals1-specific shRNA (LV-mLgals1-11866i). The GL26-Cit 
cells were then transduced for 48 to 72 hours with 80 μL of 
filtered LV-mLgals1-11866i. To enrich for transduced cells, 
infected cells were grown under Puromycin selection. The 
GL26-Cit-NT control cell lines, which also contain the 
pLKO.1-puro lentiviral expression vector, were created using 
a similar process, expressing a scrambled shRNA hairpin con-
struct (Mission shRNA, cat. no. SHC002; Sigma-Aldrich). Cells 
were cultured in Dulbecco Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 50 U/ml 
Penicillin, 50 µg/ml Streptomycin, 0.3 mg/ml L-glutamine, 
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3 µg/ml Puromycin and 0.6 mg/ml G418 under humidified 
conditions in 95% air/5% CO2 at 37°C.

Flow cytometry antibodies

The following antibodies were used for NK cell analysis: FITC 
anti-mouse CD3ε (BD Biosciences, Cat# 553062, clone 145– 
2 C11), APC anti-mouse NK1.1 (eBioscience/Affymetrix, Cat# 
17–5941, clone PK136), PerCp-Cy5.5 anti-mouse CD45 
(BioLegend, Cat# 103132, clone 30-F11) and PE anti-mouse 
CD69 (BioLegend, Cat# 104507, clone H12F3). For pDCs 
analysis we used: PE-anti-mouse CD317 (PDCA-1) 
(BioLegend, Cat# 127104, clone 129C1), PerCP/Cy5.5 anti- 
mouse CD45 (BioLegend, Cat# 103132, clone 30-F11), APC 
anti-mouse CD11c (BioLegend, Cat# 117310, clone N418) and 
FITC anti-mouse/human CD45R/B220 (BioLegend, Cat# 
103206, clone RA3-6B2). For myeloid cells we used: PerCp- 
Cy5.5 anti-mouse CD11b (BioLegend, Cat# 101228, clone M1/ 
70), APC anti-mouse CD45 (BioLegend, Cat# 103112, clone 
30-F11), FITC-anti-mouse Ly6C/Ly6G (Gr-1) (BioLegend, 
Cat# 108406, clone RB6-8 C5), PB anti-mouse F4/80 
(BioLegend, Cat# 123123, clone BM8). For TLR7 expression 
analysis, we procured PE-anti-mouse TLR7 (BD Biosciences, 
Cat# 565557, clone A94B10). Exclusion of dead cells from the 
analysis was done based on staining with LIVE/DEAD™ Fixable 
Aqua Dead Cell Stain Kit (ThermoFisher Scientific Cat# 
L34957), or DAPI (4ʹ6’-diamino- 
phenylindoledihydrochloride, ThermoFisher Scientific, Cat# 
D21490), or fixable viability dye eFluor780 (ThermoFisher 
Scientific, Cat# 65–0865-14).

Flow cytometry staining

To label surface antigens, cells were washed twice with azide- 
and serum/protein-free PBS then labeled with the fixable via-
bility dye eFluor780, and incubated for 30 min in the dark at 4° 
C. Cells were then washed twice with FACS buffer (PBS con-
taining 2% FBS) and nonspecific antibody binding was blocked 
with anti-mouse CD16/CD32 (BioLegend, Cat# 101302) for 10 
min on ice. Cells were centrifuged for 5 min at 4°C and 
1,500 rpm and then stained with the following specific primary 
antibodies mixes for NK1 cells: NK1.1, CD3, CD45, for pDCs 
and cDCs cells: CD45, CD11c, B220, PDCA-1, and for macro-
phages: CD45, CD11b, Gr-1, F4/80. After 20 min incubation 
on ice in the dark, cells were washed twice with FACS buffer. 
For fixation of samples, cells were centrifuged for 5 min at 4°C 
and 1,500 rpm, resuspended in 2% PFA, and incubated for 
20 min at RT in the dark. Cells were then washed twice with 
PBS and resuspended in FACS buffer for analysis. For intra-
cellular staining of TLR7, cells were washed twice in PBS/2% 
FBS and then fixed and permeabilized using the Cytofix/ 
Cytoperm kit (BD Biosciences, Cat# 554714) according to the 
manufacturer’s protocol. Cells were incubated with the anti- 
TLR7 antibody for 30 min at 4°C in the dark, followed by two 
washing steps in Perm/Wash buffer. Finally, cells were centri-
fuged for 5 min at 4°C and 1,500 rpm and resuspended in PBS/ 
2% FBS for analysis. All the samples were acquired on 
a FACSAria II flow cytometer (BD Biosciences) using FACS- 
Diva software (BD Biosciences, version 8.0.1). Final data 

analysis was done using FlowJo software version 10 (Treestar 
Inc.). Gating was performed based on Fluorescence minus one 
(FMO) controls.

Preparation of conditioned medium

For pre-conditioning of culture supernatants, GL26-GAL1WT 

or GL26-GAL1KD cells were seeded in a 48-well plate at 
a concentration of 20,000 cell/well in 300 µl DMEM supple-
mented with 10% fetal bovine serum (FBS), 50 U/ml Penicillin, 
50 µg/ml Streptomycin and 0.3 mg/ml L-glutamine. The 
DMEM culture medium was left on cells for 96 h after seeding 
before being harvested. Conditioned medium was centrifuged 
at 1,500 rpm for 5 min at 4°C to remove remaining cell debris, 
then filtered using Millex-GS syringe 0.22 µm filter (Millipore 
Sigma, US) before using for further experiments.

Splenocyte isolation and its stimulation with conditioned 
medium derived from GL26-GAL1WT or GL26-GAL1KD 

glioma cells

Spleens from 6–10 week old female mice were harvested and 
homogenized through a 70 µm sterile cell strainer using a 1 ml 
syringe plunger. Cells were flushed with 15 ml of DMEM+10% 
FBS to pass through the strainer with minimal cell loss. Cell 
suspension was transferred into a 15 ml Falcon tube, and then 
centrifuged at 1500 rpm for 5 min at 4°C and cells were 
resuspended in 1 ml of RBC lysis buffer (BioLegend, Cat# 
420301) and incubate for 2 min on ice, lysis was stopped by 
adding cold PBS followed by centrifugation at 1500 rpm for 
5 min at 4°C. Cells were resuspended in 10 ml of cold PBS 
containing 10% FBS and filtered through a 70 µm cell strainer. 
Splenocytes was diluted 1:2 in Trypan blue viability dye 
(ThermoFisher Scientific, Cat# 15250061) to count the number 
of viable cells using a hemocytometer. To determine the NK 
activation, splenocytes of wt mice (C57BL/6) were seeded in 
a round-bottom 96-well plate at a concentration of 1 × 106 

cells/well in 25 µl. Controls received either fresh DMEM or 
undiluted conditioned medium collected from GL26-GAL1WT 

or GL26-GAL1KD cells. CM-GAL1KD was diluted either with 
fresh DMEM or CM-GAL1WT at the ratio of 1:10, 1:100, 
1:1000, and 100 µl/well were added to splenocytes. Respective 
amounts of fresh media were added to each well to reach an 
equal final volume of 150 µl in all wells.

In vivo immunodepletion and blocking experiments

The following antibodies were intraperitoneally injected to 
deplete NK cells (per mouse): 200 µg monoclonal anti-mouse 
NK1.1 on days −2, 1, 5 post-tumor implantation (DPI) (clone 
PK136, Cat# 16–5941, eBioscience) and equivalent to 200 µg of 
purified mouse IgG2a, κ isotype control antibody was injected 
in the control group at the respective days (clone:MG2a-53, 
Cat# 401502, BioLegend): 25 µl of stock rabbit polyclonal anti- 
asialo GM1 serum on days −1, 1, 4 DPI (ASGM1, Cat# 986– 
10001, Wako) and 100 µl of undiluted normal rabbit serum was 
injected in the control group at the respective days (Life 
Technologies, Cat# 16120). Depletion of plasmacytoid dendri-
tic cells (pDCs) in BDCA-2-DTR mice was performed by 
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intraperitoneal injections of 100 ng diphtheria toxin on days 
−1, 1, 3, 5 DPI.

Immunodepletion of Gr1+ or Ly6G+ myeloid cells was 
achieved by intraperitoneal injections of 500 µg monoclonal 
anti-Gr-1 (BioXCell, Cat# BE0075, clone RB6-85 C) or 600 µg 
monoclonal anti-Ly6G (BioXCell, Cat# BE0075-1, clone 1A8) 
antibodies on days −1, 3 DPI. Animals in the control groups 
received 500 µg/mouse and 600 µg/mouse IgG (Equitech-Bio, 
Cat# RT60-0100), respectively.

In vivo blocking of the interferon α/β receptor 1 was per-
formed by intraperitoneal injection of 500 µg/mouse mono-
clonal mouse anti-IFNAR1 antibody (Leinco Technologies, 
Cat# I-401, Clone: MAR-5A3) on days −1, 0, 1, 2 DPI and 
250 µg/mouse on days 4, 6 DPI. Animals in the control group 
received identical amounts of mouse IgG1 isotype control anti-
body (Leinco Technologies, Cat# I-536). In vivo depletion of 
type I Interferon, IFN-α and IFN-β was achieved by injecting 
the purified in vivo GOLD™ functional grade monoclonal anti- 
mouse IFN-α (Leinco technologies, Cat# I-1183-5.0, Clone: 
TIF-3 C5), anti-mouse IFN-β (Leinco technologies, Cat# 
I-439-5.0, Clone: MIB-5E9.1) intraperitoneally at a dose of 
250 µg/mouse on days −1, 0, 1, 3, 5 DPI. Control mice received 
identical amounts of purified in vivo GOLD™ functional grade 
Armenian hamster IgG Isotype Control (Leinco technologies, 
Cat# I-140-5.0, Clone: PIP). For neutralization of IL-12 in vivo, 
mice were subjected to intraperitoneal injections of 500 µg of 
monoclonal anti-mouse IL12p40 antibody (BioXCell, Cat# 
BE0051, clone C17.8) on days 0, 1, 3, 5 DPI. Mice in the control 
group were treated with 500 µg rat IgG2a isotype control anti-
body (BioXCell, Cat# BE0089, clone 2A3).

Intracranial tumor implantation and tissue processing

For tumor growth analysis, intracranial tumor implantation 
was performed as previously described.77–79 Briefly, 6– 
25 weeks old mice were implanted with 3.0 × 104 GL26- 
GAL1KD cells into the right striatum of the brain with a 22 G 
Hamilton syringe using the following coordinates +1.00 mm 
anterior, 2.5 mm lateral, and 3 mm deep. Mice were transcar-
dially perfused on day 7 after tumor implantation. Mice were 
anesthetized by intraperitoneal injection of ketamine hydro-
chloride and xylazine hydrochloride in sterile 0.9% saline. 
Using a peristaltic pump, mice were transcardially perfused 
with oxygenated and heparinized Tyrode’s solution followed 
by 4% Paraformaldehyde (PFA) solution in PBS (pH = 7.4). 
Brains were harvested and post-fixed in 4% PFA overnight at 
4°C.

Quantification of tumor size

PFA-fixed mouse brains were coronally sectioned into 50 µm 
thick sections using a vibratome (Leica VT1000S, Leica) and 
placed consecutively into six wells (in a 6-well tissue culture 
plate containing 2 ml/of PBS with 0.01% sodium azide in each 
well) as described by us previously.4,5 Therefore, each well 
contains representative sections (i.e., 1/6th of the whole 

tumor). For each mouse, sections of one well were mounted 
on glass slides and cover-slipped using Prolong gold antifade 
reagent (Thermo Fisher Scientific, Cat# P36931). Brain sec-
tions containing mCitrine fluorescence of GL26-GAL1KD 

tumors were imaged at 4X magnification using epifluorescence 
microscopy (Zeiss Axioplan2, Carl Zeiss MicroImaging). For 
quantification of tumor size, images of brain sections exhibit-
ing fluorescence were quantified using ImageJ software 
(National Institute of Health, Bethesda, MD), using Otsu 
threshold, and tumor size was determined in pixels using the 
following steps: I. Image > Type > 8-bit, II. Image > Adjust > 
Threshold > Apply, III. Process > Binary > Make Binary, and 
IV. Analyze > Measure. The area output of each measurement 
was then added to afford an estimate of overall tumor size. 
Additionally, representative images of tumor size for each 
mouse were obtained employing tiles scanning and confocal 
microscopy (Carl Zeiss MIC-System).

Enrichment of NK cells from splenocytes using MACS

Splenocytes were isolated as described above. Cells were centri-
fuged for 5 min at 4°C and 1,500 rpm and cells were resuspended 
in PBS containing 1 mM EDTA and 2% FBS at a concentration 
of 1 × 108 cells/ml. Magnetic enrichment of NK cells was 
achieved by negative selection using EasySep mouse NK cell 
isolation kit (Cat# 19855, Stemcell Technologies). Briefly, 
50 µl/ml EasySep mouse NK cell isolation cocktail was added 
to the cell suspension and incubated for 10 min at room tem-
perature. EasySep Streptavidin RapidSpheres were vortexed for 
30s and 100 µl/ml RapidSpheres were added to the cell suspen-
sion and incubated for 5 min at room temperature. PBS/2% FBS/ 
1 mM EDTA was then added to bring the total volume to 2.5 ml 
and placed into the magnet. After 5 min of incubation, the 
magnet holding the tube was inverted and the NK cell- 
containing fraction was collected. The remaining cells were 
again resuspended in 2.5 ml PBS/2% FBS/1 mM EDTA to collect 
the remaining NK cells and placed into the magnet for 5 min and 
the NK cells containing fraction was again collected and com-
bined with the first NK cell fraction. Enriched NK cells were then 
centrifuged at 4°C for 5 min at 1,500 rpm, supernatant was 
carefully removed and cells were resuspended in DMEM 
media supplemented with 10% FBS, 50 U/ml Penicillin, and 
50 µg/ml Streptomycin. Purity of MACS-enriched NK cells was 
then confirmed by flow cytometry.

Isolation of exosomes from conditioned medium

GL26-GAL1WT and GL26-GAL1KD cells were used to analyze 
the miRNA profile within exosomes released into the media. 
6 × 105 cells were seeded in 100 mm dish with the correspond-
ing media and incubated for 4 days in a 37°C incubator (95% 
air and 5% CO2). Then, media was collected and centrifuged to 
precipitate exosomes. Briefly, media was first centrifuged for 
10 minutes at 300xg, 4°C, without breaks and then centrifuged 
10 minutes at 2000xg, 4°C, without breaks to eliminate cells 
and dead cells. Then media was ultra-centrifuged for 
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30 minutes at 10000xg at 4°C to eliminate cell debris, followed 
by two centrifugations of 70 minutes at 150000xg at 4°C to 
collect the exosome fraction. Exosome fractions were main-
tained at −80°C for 24 hours until miRNA-isolation.

miRNA isolation from exosomes and RNA-sequencing 
analysis

Exosome fractions were defrosted on ice and miRNA was 
isolated using the miRNeasy Serum/Plasma Advanced Kit 
(QIAGEN). Briefly, 600 µl of each exosome fraction was trans-
ferred into a 2 ml tube, resuspended with 180 µl of RPL buffer, 
and incubated for 3 minutes at room temperature. Then, 20 µl 
buffer RPP was added and tubes were vortexed for 20 seconds, 
incubated for 3 minutes, and centrifuged at 12000 x g for 3 min 
at room temperature to pellet the precipitate. Supernatants 
were mixed with an equal volume of isopropanol and trans-
ferred to an RNeasy UCP MinElute column, and centrifuged 
for 15 s at ≥8000 x g. Colum was washed with 700 µl of buffer 
RWT and centrifuged for 15 s at ≥8000 x g. After, 500 µl of 
buffer RPE was added to the spin column and centrifuged for 
15 s at ≥8000 x g. Column was rinsed with 500 µl of 80% 
ethanol and centrifuged for 2 min at ≥8000 x g. Finally, 
miRNA was eluted with 20 µl RNase-free water preheated at 
37 °C.

miRNA-Sequencing analysis was performed by NORGE 
Biotek Corporation (Thorold, ON, Canada). Prior to library 
preparation, RNA used for Small-RNA-Seq was analyzed for 
quality control (QC) to ensure a sufficient sample amount and 
purity. 1 µl of RNA was used in a 20 µl RiboGreen Assay and 
1 µl of RNA was used in housekeeping miR-21 RT-PCR for 
quantification of RNA.

For analysis of miRNA, data were filtrated at a minimum of 
5 counts (CPM cutoff value to 6.34 in ≥ 3 replicates) and 
normalized using trimmed mean of M-values (TMM) normal-
ization method as described by.80,81 This method takes into 
account variations in sequencing depth and library size. TMM 
normalized counts were used for miRNA differential expres-
sion analysis was performed to predict relative miRNA expres-
sion variations between GL26-GAL1WT vs GL26-GAL1KD 

groups. EdgeR statistical software package was used for DE 
analysis and Benjamini-Hochberg method was used adjusting 
the false discovery rate (FDR). DE cutoff was determined by 
more than a 2-fold difference at an FDR of ≤ 0.05. DE expres-
sion analysis was used to generate Volcano plot graph, Heat 
map 2D matrix representing hierarchal clustering of miRNAs 
and samples and Principal component analysis (PCA) to gen-
erate sample clustering plot based on miRNAs with the highest 
variation across all samples.

Synthetic miRNA mimics

RNA oligo-ribonucleotides were modified and synthesized by 
Integrated DNA Technologies, Inc. (IDT). During modifica-
tion, the phosphorothioate (PS) bond represented by ‘r_*’ was 
introduced throughout the entire oligo-ribonucleotides which 
substitutes a sulfur atom for non-bridging oxygen in the phos-
phate backbone of an oligo-ribonucleotide. This modification 
makes the inter-nucleotide linkage resistant to both 

exonuclease and endonuclease attack and provides enhanced 
stability to the synthesized oligo-ribonucleotide. The details of 
the mature sequences with the represented PS bond, miRBase 
accession number, GU, AU, and U content of each differen-
tially upregulated miRNA is shown in Supplemental Table S2.

NK stimulation with synthetic miRNA mimics identified by 
miRNA-sequencing

To assess the NK stimulation in response to miRNAs agonist, 
splenocytes of wt mice (C57BL/6) or TLR7 knockout mice were 
seeded in a round-bottom 96-well plate at a concentration of 
1 × 106 cells/well in 100 µl and treated with the respective 
miRNA agonist. N-[1-(2,3-Dioleoyloxy)propyl]-N,N, 
N-trimethylammonium methyl-sulfate (DOTAP) cationic 
liposomal transfection reagent (#11202375001, Roche 
Diagnostics) was used for the delivery of miRNAs (listed in 
Table1). Briefly, 1 μM of miRNA mimics in 25 μl of Nuclease 
Free Water (NFW) or R848 (TLR7/8 agonist, 10 µg/ml, 
Invitrogen, Cat# tlrl-r848) were complexed with 5 μg of 
DOTAP in 25 μl of NFW. The transfection mixture was gently 
mixed by pipetting the mixture several times and incubate for 
15 min at room temperature. After the formation of complexes, 
50 μl of DMEM-wt media supplemented with Exosome- 
depleted FBS, One-Shot format (#A27208-03, GibcoTM) was 
added and pipetted gently to mix it. The splenocytes with the 
DOTAP complexed miRNA mixture were cultured for 18 hr 
and analyzed for NK cell activation employing FACS as 
described elsewhere.

miR-1983 stimulated MACS enriched NK cell cytotoxicity

For NK cell-mediated cytotoxicity studies, splenocytes were 
treated with DOTAP complexed miR-1983 and R848 as 
described above. After 18 hr of incubation, splenocytes were 
harvested and MACS enrichment of NK cells was performed as 
described above. The purity of NK cells was determined by 
employing FACS. Co-cultured 2 × 104 MACS enriched-NK 
cells with 5 × 103 GL26-GAL1KD glioma cells at E: T ratio 4: 
1. After 72 hr, Cell viability was analyzed by performing the 
CellTiter-Glo Assay. Briefly, CellTiter-Glo reagent equal to the 
volume of cell culture medium present in each well was added 
and plate was put on an orbital shaker to induce cell lysis. After 
cell lysis, plate was incubated at room temperature for 10 min 
to stabilize luminescent signal and luminescence was recorded 
on EnSpire Multimode Plate Reader by PerkinElmer, Inc.

Statistical analysis

Statistical tests used for particular experiments are specified in the 
results section or the respective figure legends. Unpaired Student’s 
t-test or one-way analysis of variance (ANOVA), followed by 
Tukey’s multiple comparisons posttest were utilized for compar-
ing experimental groups with controls from flow cytometry ana-
lysis and NK-cell functional assays. EdgeR statistical software 
package was used for differential expression analysis and 
Benjamini-Hochberg method was used adjusting the false discov-
ery rate (FDR), and differentially expressed genes were considered 
when FDR ≤ 0.05, and fold change ≥ ± 2.0. All quantitative data are 
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presented as mean ± SEM from at least three independent experi-
ments. P-values of ≤ 0.05 were considered significant. All other 
analyses were conducted using GraphPad Prism (GraphPad 
Software Inc, version 7 and version 8).

SUPPLEMENTAL INFORMATION

All relevant data are included in the Supplemental Information.
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