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Introduction
Glioblastoma multiforme (GBM), or grade IV astrocytoma, is 
the most common and aggressive type of primary brain tumor 
in adults. Despite current treatment with resection, radiothera-
py, and temozolomide, the outcome for this tumor is poor, with a 
reported median survival of 14.6 months and a 2-year survival of 
26.5%, as the tumor invariably relapses (1). This dismal outcome 
has stimulated keen interest in immunotherapy as a means to cir-
cumvent one or more of the factors that have limited the impact 
of available treatments: (a) the rapid growth rate of these aggres-
sive tumors, (b) their molecular heterogeneity and propensity to 

invade critical brain structures, and (c) the tumor regenerative 
power of a small subset of glioblastoma stem cells (GSCs) (2, 3).

Emerging results from preclinical studies support the concept 
that not only mature GBM cells can be efficiently targeted by natural 
killer (NK) cells (4–8) but that their associated stem cells may also 
be highly susceptible to NK cell–mediated immune attack (9, 10). 
These innate-immunity lymphocytes have a broad role in protecting 
against tumor initiation and metastasis in many types of cancer, and 
they have distinct advantages over T cells as candidates for therapeu-
tic manipulation (11, 12). However, the vast majority of tumor cells 
that have been studied to date possess formidable immune defens-
es, allowing them to evade NK cell–mediated cytotoxicity. These 
include disruption of receptor- ligand interactions between NK and 
tumor cells and the release of immunosuppressive cytokines into the 
microenvironment, such as transforming growth factor β (TGF-β) 
(13–15). Even if one could shield NK cells from the evasive tactics of 
GBM tumors, it may not be possible to eradicate a sufficient number 
of self-renewing GSCs to sustain complete responses. Indeed, very 
little is known about the susceptibility of GSCs to NK cell surveil-
lance in vivo. Thus, to determine if GSCs can be targeted by NK cells 
in vivo, we designed a preclinical study and used single-cell analysis 
of primary GBM tissue from patients undergoing surgery to deter-
mine the extent to which NK cells infiltrate sites of active tumors and 
the potency with which they eliminate patient-derived GSCs.

Glioblastoma multiforme (GBM), the most aggressive brain cancer, recurs because glioblastoma stem cells (GSCs) are resistant 
to all standard therapies. We showed that GSCs, but not normal astrocytes, are sensitive to lysis by healthy allogeneic 
natural killer (NK) cells in vitro. Mass cytometry and single-cell RNA sequencing of primary tumor samples revealed that 
GBM tumor–infiltrating NK cells acquired an altered phenotype associated with impaired lytic function relative to matched 
peripheral blood NK cells from patients with GBM or healthy donors. We attributed this immune evasion tactic to direct cell-
to-cell contact between GSCs and NK cells via αv integrin–mediated TGF-β activation. Treatment of GSC-engrafted mice with 
allogeneic NK cells in combination with inhibitors of integrin or TGF-β signaling or with TGFBR2 gene–edited allogeneic NK 
cells prevented GSC-induced NK cell dysfunction and tumor growth. These findings reveal an important mechanism of NK cell 
immune evasion by GSCs and suggest the αv integrin/TGF-β axis as a potentially useful therapeutic target in GBM.
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GSC272), classical (GSC231, GSC6-27), and proneural (GSC8-11, 
GSC262), while also showing heterogeneity in the O-6-methyl-
guanine–DNA methyltransferase (MGMT) methylation status 
(methylated: GSC231, GSC8-11, GSC267, GSC272; indeterminate: 
GSC6-27, GSC17, GSC262). The complete transcriptional profile for 
each GSC is summarized in Supplemental Figure 1 (supplemental 
material available online with this article; https://doi.org/10.1172/
JCI142116DS1). K562 cell targets were used as a positive control 
because of their marked sensitivity to NK cell–mediated killing due 
to the lack of expression of HLA class I (18). Across all effector-to-tar-
get (E:T) ratios, healthy donor NK cells killed GSCs (n = 6) and K562 
cells with equal efficiency and much more readily than healthy 
human astrocytes (n = 6), which displayed a relative resistance to NK 
cell–mediated killing (Figure 1A). NK cells also efficiently targeted 
non-GSC glioma cell lines such as U87 (Figure 1A). Multiparamet-
ric flow cytometry was then used to analyze the expression of NK 
cell–activating or –inhibiting receptor ligands on GSCs. GSCs (n = 
6) expressed normal levels of HLA class I and HLA-E (both ligands 
for inhibitory NK receptors), at levels similar to those observed on 
healthy human astrocytes (n = 3; Figure 1B and  Supplemental Figure 
2, A–C). In contrast, the ligands for activating NK receptors, such as 
CD155 (ligand for DNAM1), MICA/B and ULBP1/2/3 (ligands for 
NKG2D), and B7-H6 (ligand for NKp30) were upregulated on GSCs 
but not on healthy human astrocytes (Figure 1B and Supplemen-
tal Figure 2, A–C). In addition, using single-cell RNA sequencing 
(scRNA-seq) data generated by Darmanis et al. (19), we found that 
NK cell–activating ligands are also abundantly expressed on non-
GSC neoplastic cells (Supplemental Figure 2D), supporting the find-
ings that these cells are susceptible to NK cell–mediated killing. To 
assess the contributions of these activating and inhibitory receptors 
to the NK cell–dependent cytotoxicity against GSCs, we used recep-
tor-specific blocking antibodies to disrupt specific receptor-ligand 
interactions. The blockade of NKG2D, DNAM1, and NKp30, but not 
HLA class I, significantly decreased NK cell–mediated GSC killing 
(n = 4; Figure 1C). Cumulatively, these findings suggest that GSCs 
possess the ligands needed to stimulate NK cell activation leading 
to GSC elimination. Indeed, the effects we observed were entirely 
consistent with an extant model of tumor cell attack by NK cells, 
whereby inhibitory signals transmitted by killer cell immunoglobu-
lin-like receptor (KIR)–HLA class I interactions are overcome when 
a threshold level of activating signals are reached, inducing recogni-
tion of stressed cells (20, 21).

NK cells infiltrate GBM tumors but display an altered phenotype 
and function. Preclinical findings in glioma-bearing mice indicate 
that NK cells can cross the blood-brain barrier to infiltrate the 
brain (22). However, the limited clinical studies available suggest 
only minimal NK cell infiltration into GBM tissue (23). As such, we 
next investigated whether NK cells are capable of infiltrating into 
GBM tumors and assessed their abundance by analyzing ex vivo–
resected glioma tumor specimens collected in 21 of 46 patients 
with primary or recurrent GBM (Table 1), and 2 of 5 patients with 
low-grade gliomas (Table 2). The patient characteristics are sum-
marized in Tables 1 and 2. Each gram of GBM contained a median 
of 166,666 NK cells (range 9,520–600,000; n = 21), whereas there 
were only 500–833 NK cells/g in low-grade gliomas (n = 2). These 
findings indicate that NK cells can traffic into the GBM microenvi-
ronment in numbers that appear to be much larger in high-grade 

Using an experimental approach that allowed head-to-head 
comparison of NK cell markers at the single-cell level in the periph-
eral blood and primary tumor specimens from patients with GBM, 
we showed that NK cells have an altered phenotype that correlates 
with reduced NK cell cytolytic function. GSCs, which cause most 
recurrences of GBM tumor after therapy, proved highly suscepti-
ble to NK cell–mediated killing in vitro, but evaded NK cell recog-
nition via a mechanism requiring direct αv integrin–mediated cell-
to-cell contact, leading to the release and activation of TGF-β by 
the GCSs. In a patient-derived xenograft (PDX) orthotopic mouse 
model of GBM, GSC-induced NK cell dysfunction was completely 
prevented by direct blockade of αv integrin or TGF-β or by CRISPR 
gene editing of the TGF-β receptor 2 (TGFBR2) on allogeneic NK 
cells, resulting in effective control of the tumor. Taken together, 
these data suggest that inhibition of the αv integrin/TGF-β axis 
could overcome a major obstacle to effective NK cell immunother-
apy for GBM.

Results
GSCs are susceptible to NK cell–mediated killing. GSCs can be distin-
guished from their mature tumor progeny at the transcriptional, epi-
genetic, and metabolic levels (16, 17), raising the question of whether 
these cells can be recognized and killed by NK cells. We therefore 
asked whether patient-derived GSCs, defined as being capable of 
self-renewal, pluripotent differentiation, and tumorigenicity when 
implanted into an animal host, are susceptible to NK cell cytotox-
ic activity as compared with healthy human astrocytes. To answer 
this question, we performed a 4-hour chromium-51 (51Cr) release 
cytotoxicity assay. GSCs were derived from patients with various 
GBM subtypes including mesenchymal (GSC17, GSC20, GSC267, 

Figure 1. GSCs express NK cell receptor ligands and are susceptible to NK 
cell cytotoxicity. (A) 51Cr release assay showing cytotoxicity of donor-de-
rived NK cells activated overnight with IL-15 (5 ng/mL) against GSCs (blue), 
K562 cells (black), U87 cell line (green), or healthy human astrocytes (red) 
(U87: n = 3; K562, GSCs, astrocytes: n = 6). Error bars denote SD. Green 
asterisks: cytotoxicity against U87 vs. astrocytes. Black asterisks: cyto-
toxicity against K562 vs. astrocytes. Blue asterisks: cytotoxicity against 
GSCs vs. astrocytes. (B) Heatmap representing the relative expression of 
NK cell ligands on GSCs or human astrocytes ranging from blue (low) to red 
(high). Columns represent the median expression of each receptor (GSC: 
n = 6; astrocytes: n = 3). (C) Activated HC-NK cells were cocultured with 
GSCs in the presence or absence of blocking antibodies: anti-NKG2D (blue), 
anti-DNAM (green), anti-NKp30 (red), or anti–HLA class I (purple). 51Cr 
release assay against GSCs was assessed (n = 4). Blue asterisks: cytotox-
icity against GSCs with or without anti-NKG2D. Red asterisks: cytotoxicity 
against GSCs with or without anti-NKp30. Green asterisks: cytotoxicity 
against GSCs with or without anti-DNAM. (D and E) viSNE plots (D) and a 
comparative mass cytometry heatmap (E) showing the expression of NK 
cell markers in HC-NK (red), GP-NK (green), and TI-NK cells (blue). Column 
clustering was identified by FlowSOM. Each row reflects annotation of 
the expression level for an individual patient. Color scale ranges from 
blue (lower expression) to red (higher expression) (n = 3). (F) UMAP plot 
showing clusters for TI-NK versus HC-NK cells by scRNA-seq. (G) Violin 
plots showing the mRNA expression levels for individual NK cell–related 
genes in healthy controls (HC-NK cells; blue) and TI-NK cells (red) using 
scRNA-seq. Markers associated with NK cell activation and cytotoxicity, 
inhibition, and the TGF-β pathway are presented. Statistical analysis by 
2-way ANOVA with Dunnett’s correction for multiple comparisons (A and 
C) or unpaired t test (G). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.

https://www.jci.org
https://doi.org/10.1172/JCI142116
https://www.jci.org/articles/view/142116#sd
https://doi.org/10.1172/JCI142116DS1
https://doi.org/10.1172/JCI142116DS1
https://www.jci.org/articles/view/142116#sd
https://www.jci.org/articles/view/142116#sd
https://www.jci.org/articles/view/142116#sd
https://www.jci.org/articles/view/142116#sd
https://www.jci.org/articles/view/142116#sd


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

J Clin Invest. 2021;131(14):e142116  https://doi.org/10.1172/JCI1421164

Table 1. Characteristics of patients with GBM

Patient 
number

Sex Age at 
DOS

Histology NK cell count/
gram tissue

IDH1 
status

MGMT 
status

TP53 
status

EGFR 
status

PTEN 
status

ATRX 
loss

Previous treatment  
(time from last treatment 

to surgery)

Assay utilization

1 M 57 pGBM N/A N/A N/A N/A N/A N/A N/A none phenotype, functional (C + L)
2 M 46 pGBM 600,000 neg N/A pos N/A N/A N/A none phenotype, functional (C + L)
3 M 54 rGBM 280,000 N/A pos N/A N/A N/A N/A RT + TMZ (7 weeks) phenotype, functional (C + L)
4 M 45 pGBM 9,520 neg N/A pos pos pos N/A none phenotype, functional (C)
5 M 66 pGBM 370,000 neg pos pos N/A N/A N/A none phenotype, functional (C + L)
6 M 38 rGBM N/A pos intermediate pos N/A N/A N/A RT + TMZ (unknown) phenotype, functional (C), p-Smad
7 M 32 rGBMA N/A pos N/A pos N/A N/A N/A Accutane, RT + TMZ  

(3 weeks)
phenotype, p-Smad

8 F 80 pGBM N/A N/A N/A N/A N/A N/A N/A none phenotype, functional (C), p-Smad
9 M 62 pGBM 200,000 neg N/A pos N/A N/A N/A none phenotype, functional (L), p-Smad
10 F 51 pGBM 200,000 neg pos pos pos N/A N/A none phenotype, p-Smad
11 M 56 pGBM N/A neg neg pos N/A N/A N/A none phenotype
12 F 30 rGBM 300,000 pos pos pos N/A N/A N/A XRT + TMZ (6 weeks) phenotype, p-Smad
13 F 55 pGBM N/A neg N/A pos pos pos N/A none phenotype
14 F 64 pGBM 166,666 neg N/A pos N/A pos N/A none phenotype
15 M 31 pGBM 133,333 neg pos N/A N/A N/A N/A none functional (L)
16 F 43 pGBM 100,000 pos pos pos pos neg N/A none phenotype
17 M 60 pGBM N/A neg neg N/A pos pos N/A none phenotype
18 M 67 pGBM N/A neg neg N/A pos neg N/A none phenotype, functional (C), reversal
19 F 42 pGBM N/A neg pos pos pos N/A N/A none phenotype
20 M 54 rGBM N/A neg neg pos N/A N/A N/A RT + TMZ (6 weeks) phenotype
21 M 54 rGBM N/A neg N/A pos pos pos N/A RT + TMZ (8 weeks) functional (C), reversal
22 M 73 pGBM 266,666 neg pos pos pos mixed N/A none phenotype, reversal
23 M 56 rGBM N/A N/A N/A N/A N/A N/A N/A XRT + RT + Lomustine  

and Avastin (6 weeks)
p-Smad

24 F 50 pGBM N/A neg N/A N/A N/A N/A N/A none phenotype
25 M 62 pGBM 166,666 N/A N/A N/A N/A N/A N/A none reversal
26 F 60 pGBM N/A neg pos N/A pos neg N/A none phenotype
27 F 42 pGBM N/A N/A neg pos pos pos neg none reversal
28 M 56 pGBM 116,666 neg neg pos pos neg neg none functional (C)
29 M 71 pGBM N/A neg neg pos pos N/A N/A none functional (L)
30 M 68 rGBM N/A neg neg pos pos neg neg RT + TMZ (3 weeks) functional (L)
31 M 71 pGBM N/A neg pos pos pos neg pos none phenotype
32 M 50 pGBM 350,000 neg neg neg N/A neg neg none phenotype
33 F 61 pGBM 250,000 neg N/A pos N/A neg neg none p-Smad
34 M 42 pGBM 200,000 neg neg pos neg neg neg none p-Smad
35 M 50 rGBM 40,000 neg neg neg neg N/A neg RT + TMZ (5.5 weeks) phenotype, p-Smad
36 F 40 pGBM 166,666 pos pos pos pos N/A neg none reversal
37 F 65 pGBM 35,000 neg pos pos pos pos neg none phenotype
38 M 64 pGBM 142,857 neg neg pos pos N/A neg none phenotype
39 F 31 rGBM 60,000 neg neg pos neg pos pos RT + TMZ (4 weeks) phenotype
40 M 65 pGBM N/A neg N/A neg N/A N/A neg none scRNA-seq
41 M 53 pGBM N/A neg N/A pos N/A N/A neg none scRNA-seq
42 M 52 pGBM N/A neg N/A pos N/A N/A neg none scRNA-seq
43 M 66 pGBM N/A neg neg pos N/A N/A N/A none scRNA-seq
44 F 70 pGBM N/A neg N/A pos N/A N/A neg none scRNA-seq
45 M 71 rGBM N/A neg pos N/A pos N/A neg TMZ + RT + enrolled in 

PVSRIPO (1.5 years)
scRNA-seq

46 M 71 rGBM N/A neg neg N/A N/A N/A neg TMZ + RT (6 weeks) scRNA-seq
AArose from low-grade glioma. IDH1, isocitrate dehydrogenase 1; PTEN, phosphatase and tensin homolog; ATRX, α-thalassemia/mental retardation 
syndrome X-linked; pos, positive; neg, negative; DOS, day of surgery; pGBM, primary GBM; rGBM, recurrent GBM; TMZ, temozolomide; XRT, photon 
radiotherapy; RT, radiotherapy; R, reversal of NK cell dysfunction (ex vivo expansion and culture with cytokines with or without galunisertib to assess 
the reversal of NK cell dysfunction); C, cytokine assay; L, NK cell–mediated lysis; scRNA-seq, single-cell RNA sequencing; PVSRIPO, recombinant 
nonpathogenic polio–rhinovirus chimera. N/A, data not available.
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(Figure 1G and Supplemental Figure 5D). Genes that encode NK 
cell inhibitory receptors such as KLRD1 (CD94), KIR2DL1, and 
KIR2DL4 were upregulated in TI-NK compared with HC-NK cells 
(Figure 1G and Supplemental Figure 5D). Interestingly, genes 
associated with the TGF-β pathway, such as JUND, SMAD7, and 
SMURF2, were also significantly upregulated in TI-NK compared 
with HC-NK cells (Figure 1G and Supplemental Figure 5D).

We next tested the impact of our phenotypic findings on NK 
cell function by isolating NK cells from the GBM tumor (TI-NK 
cells) or GP-NK cells from patients with GBM and from healthy 
donors (HC-NK cells) and testing their effector function against 
K562 targets. TI-NK cells failed to kill K562 cell targets as deter-
mined by 51Cr release assay, had less degranulation (reduced 
expression of CD107a), and produced significantly lower amounts 
of IFN-γ and TNF-α than did GP-NK or HC-NK cells (Figure 2, A 
and B, and Supplemental Figure 6). Taken together, these data 
indicate that NK cells can indeed migrate into GBM tumors but 
they undergo immune alteration within the tumor microenviron-
ment that results in marked impairment of their cytotoxic func-
tion, indicating their susceptibility to immune evasion tactics of 
the malignant tumor.

TGF-β1 mediates NK cell dysfunction in GBM tumors. Despite 
the intrinsic sensitivity of GSCs to immune attack by NK cells, 
our findings indicate that this sensitivity is partially lost within 
the tumor microenvironment, where TI-NK cells are modulated 
toward an inhibitory phenotype. Although there are many differ-
ent mechanisms that could account for this shift in function (13), 
the TI-NK cell phenotypic and single-cell transcriptomic alter-
ations were most consistent with the effects of TGF-β1, a pleiotro-
pic cytokine that functions as an important inhibitor of the mTOR 
pathway (25). This notion was supported by the observation of 
enhanced basal levels of p-Smad2/3, the canonical TGF-β signal-
ing pathway, in TI-NK compared with GP-NK cells from patients 
with GBM or HC-NK cells (Figure 2C and Supplemental Figure 7).

Given the rarity of the GSCs and their exquisite sensitivity to 
NK cell cytotoxicity, we reasoned that they may have evolved their 
own mechanisms of immune evasion in addition to the evasive tac-
tics provided by the known immunoregulatory cells in the microen-
vironment (13). To pursue this hypothesis, we first tested whether 
GSCs can suppress the function of healthy allogeneic NK cells in 
vitro after coculture for 48 hours. Coincubation with normal astro-
cytes was used as a control. After the coculture period, the NK cells 
were harvested and purified by bead selection and their ability to 
kill GSC targets was assessed in a 4-hour 51Cr release assay. While 

gliomas. We also confirmed the presence of NK cells within the 
GBM immune microenvironment in patients with different tumor 
molecular subtypes using The Cancer Genome Atlas (TCGA) GBM 
data set (Supplemental Figure 3) as also reported by others (24).

To gain insights into the phenotype of the GBM tumor–infil-
trating NK (TI-NK) cells, we used cytometry by time-of-flight 
(CyToF) and a panel of 37 antibodies against inhibitory and acti-
vating receptors, as well as differentiation, homing, and activa-
tion markers (Supplemental Table 1). We ran uniform manifold 
approximation and projection (UMAP), a dimensionality reduc-
tion method, on a data set from paired GBM peripheral blood 
(PB) NK (GP-NK) cells and TI-NK cells from patients with GBM 
and PB from healthy controls. Heatmap analysis was used to 
compare protein expression between the groups. This analysis 
identified 4 main clusters (Figure 1, D and E). Although GP-NK 
cells from patients with GBM and NK cells in PB from healthy 
controls (HC-NK cells) showed great phenotypic similarity, they 
were markedly different from TI-NK cells, with the latter charac-
terized by increased expression of CD56 (CD56bright), upregulation 
of inhibitory receptors such as KLRG-1, PD-1, and CD94 (which 
binds to both NKG2A and NKG2C), and significantly lower levels 
of activating receptors (CD16, NKG2D, NKp30, NKp46, DNAM-
1, NKG2C, CD2, CD3ζ, and 2B4), transcription factors (T-bet and 
eomes), signal-transducing adaptor proteins (DAP10, DAP12, and 
SAP), and cytotoxic molecules (granzyme B and perforin), as con-
firmed by mass cytometry (Figure 1E and Supplemental Figure 4) 
and by multiparameter flow cytometry in TI-NK and GP-NK cells 
from 28 patients with GBM compared with 15 HC-NK cells (Sup-
plemental Figure 5, A–C).

Next, we investigated the NK cell transcriptomic profile of 
TI-NK cells from 10 additional glioma patients and PB mononu-
clear cells (PBMCs) from healthy donors using a Drop-Seq–based 
scRNA-seq technology (10× Genomics STAR Methods) from a 
soon to be publicly available data set of CD45+ glioma-infiltrating 
immune cells (DB Zamler, unpublished observations). We ana-
lyzed over 1,746 NK cells from each patient with GBM and over 
530 cells from each healthy PBMC donor. The NK signature used 
to define the NK population included the markers KLRD1, NKG7, 
and NKTR. UMAP-based analysis revealed segregation in clus-
ters of TI-NK and HC-NK cells (Figure 1F). There was significant 
downregulation of genes that encode NK cell activation mark-
ers such as NCR3 (NKp30), GZMA (granzyme A), GZMK (gran-
zyme K), SELL (CD62L), FCGR3A (CD16), and CD247 (CD3Z) in 
TI-NK cells from patients with GBM compared with HC-NK cells 

Table 2. Characteristics of patients with low-grade glioma

Patient 
number

Sex Age at  
DOS

Histology NK cell count/ 
gram tissue

IDH1  
status

MGMT  
status

TP53  
status

Previous 
treatment

Assay  
utilization

1 F 34 Low-grade oligodendroglioma 500 pos pos pos none none
2 M 27 Diffuse astrocytoma 833 neg N/A neg none none
3 M 60 Low-grade oligodendroglioma N/A pos N/A N/A none scRNA-seq
4 F 45 Diffuse astrocytoma N/A pos pos pos none scRNA-seq
5 M 39 Diffuse astrocytoma N/A pos neg pos none scRNA-seq

IDH1, isocitrate dehydrogenase 1; pos, positive; neg, negative; DOS, day of surgery; scRNA-seq, single-cell RNA sequencing; N/A, data not available.
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incubation with healthy human astrocytes (control) had no effect 
on NK cell function (n = 3; Figure 2D and  Supplemental Figure 8A), 
coculture with patient-derived GSCs significantly impaired the 
ability of allogeneic NK cells to perform natural cytotoxicity and to 
produce IFN-γ and TNF-α in response to K562 cell targets (n = 10 
and n = 15, respectively; Figure 2, E and F, and Supplemental Figure 
8B). Next, we tested whether TGF-β plays a role in GSC-induced 
NK cell dysfunction by coculturing NK cells from healthy control 
donors with patient-derived GSCs in the presence or absence of 
TGF-β–neutralizing antibodies and assessing their cytotoxicity 
against K562 cell targets. Although the antibodies did not affect the 

normal function of healthy NK cells when cultured alone (Supple-
mental Figure 9A), the blockade of TGF-β1 prevented GSCs from 
impairing NK cell cytotoxicity (Supplemental Figure 9, B–D). Thus, 
we conclude that TGF-β1 production by GSCs contributes signifi-
cantly to NK cell dysfunction in the GBM microenvironment.

Disruption of TGF-β1 signaling prevents, but does not reverse, GSC- 
induced NK cell dysfunction. If GSCs induce NK cell dysfunction 
through release and extracellular activation of TGF-β1, it may be pos-
sible to avoid this evasive tactic by inhibiting the TGF-β signaling path-
way. Thus, we first tested whether galunisertib (LY2157299), a TGF-β 
receptor I kinase inhibitor that has been used safely in patients with 

Figure 2. GSCs induce NK cell dysfunction. (A) Primary human GBM tumor–infiltrating NK (TI-NK) cells (red) and paired peripheral blood NK (GP-NK) cells 
(blue) from the same patient with GBM or peripheral blood NK cells from healthy control donors (HC-NK) (black) were cocultured for 4 hours with K562 
cells at different ratios and the cytotoxicity was determined by 51Cr release assay (n = 8). Black asterisks: HC-NK cell cytotoxicity against K562 targets vs. 
TI-NK. Blue asterisks: GP-NK cell cytotoxicity against K562 vs. paired TI-NK. (B) Box-and-whisker plots summarizing CD107a, IFN-γ, and TNF-α produc-
tion by TI-NK, GP-NK, or HC-NK cells after incubation with K562 cells for 5 hours at a 5:1 ratio (n = 10). (C) Comparison of the mean fluorescence intensity 
(MFI) of p-Smad2/3 expression in NK cells from HC-NK (white), GP-NK (blue), and TI-NK cells (red) (n = 10). (D) Susceptibility of K562 to NK cells that were 
cocultured at a 1:1 ratio with healthy astrocytes (red) or alone (blue) for 48 hours. NK cells were then purified and their ability to kill K562 cell targets was 
assessed by 51Cr release assay (n = 3). (E) Specific lysis (51Cr release assay) of K562 cells by NK cells cultured alone or with GSCs at a 1:1 ratio for 48 hours (n 
= 10). Red asterisks: statistical significance in NK cell cytotoxicity against K562 cells for NK cells cocultured with GSCs vs. NK cells alone. (F) Box-and-whis-
ker plots summarizing CD107a, IFN-γ, and TNF-α production by NK cells cultured either alone or with GSCs at a 1:1 ratio for 48 hours in response to K562 
cells (n = 10). Statistical analysis by 2-way ANOVA with Dunnett’s correction for multiple comparisons (A and C), 2-way ANOVA with Tukey’s correction for 
multiple comparisons (B, D, and E), or paired t test (F). **P ≤ 0.01; ***P ≤ 0.001.
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Figure 3. GSC-induced NK cell dysfunction requires cell-cell contact. (A) p-Smad2/3 (MFI) expression in NK 
cells cultured alone or with GSCs in the presence or absence of LY2109761 or galunisertib (n = 4). (B) HC-NK 
cells were cultured with or without GSCs for 48 hours in the presence or absence of LY2109761 or galunisertib. 
A 4-hour 51Cr release assay tested their cytotoxicity against K562 cell (left) or GSC (right) targets. Asterisks 
represent the statistical difference in NK cell cytotoxicity in the presence or absence of galunisertib (gray) or 
LY2109761 (black) (n = 3). (C) TI-NK cells were cultured overnight with or without galunisertib and their cyto-
toxicity tested against K562 cell targets in a 4-hour 51Cr release assay. Black asterisks: TI-NK + galunisertib vs. 
GP-NK (n = 3). (D and E) Total TGF-β1 (pg/mL; ELISA) levels in supernatants from NK cells and GSCs cultured 
alone or together for 48 hours in direct contact or separated with a Transwell membrane (D; n = 13) or NK cells 
and astrocytes cultured alone or together for 48 hours (E; n = 3). (F) NK cells cocultured with GSCs for 48 hours 
in direct contact or separated with a Transwell and their cytotoxicity tested against K562 in a 4-hour 51Cr release 
assay (n = 7). (G) p-Smad2/3 (MFI) expression in HC-NK cells cultured overnight with or without GSCs in the 
presence or absence of TGF-β–blocking antibodies, or separated with a Transwell membrane (n = 5). (H) Total 
TGF-β1 (ELISA) in the supernatant of NK cells and GSCs cultured alone (NK: blue; GSC: black) or together (red) 
(n = 4). Blue asterisks: GSCs vs. NK:GSCs (E:T). (I) Fold-change in TGFB1 mRNA levels in NK cells and GSCs 
cultured for 48 hours either alone, or together in direct contact or separated with a Transwell membrane (n = 7). 
Statistical analysis by 2-way ANOVA with Dunnett’s (A–C and E–H), Tukey’s (D), or Bonferroni’s (I) correction 
for multiple comparisons. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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ib or ex vivo culture of TI-NK cells with activating cytokines such as 
IL-15 failed to inactivate the TGF-β1/Smad2/3 signaling pathway and 
restore NK cell dysfunction (Figure 3C and Supplemental Figure 10, 
D and E). Similarly, these conditions did not reverse the dysfunction 
of HC-NK cells induced by GSCs (Supplemental Figure 10, F and G), 
indicating that once NK cells are rendered dysfunctional in the sup-
pressive microenvironment of GBM tumors, stimulation with IL-15 or 
inhibition of TGF-β1 activity is unlikely to restore their function.

GBM (26), and LY2109761, a dual inhibitor of TGF-β receptors I and 
II (27, 28), can prevent or reverse GSC-induced NK cell dysfunction. 
Although neither inhibitor affected NK cell function (Supplemen-
tal Figure 10A), each prevented GSCs from activating the TGF-β1/
Smad2/3 signaling pathway in NK cells (Figure 3A) and inducing dys-
function, thus preserving the natural cytotoxicity of NK cells against 
K562 cell or GSC targets (Figure 3B and Supplemental Figure 10, B and 
C). Interestingly, blockade of the TGF-β receptor kinase by galunisert-

Figure 4. αv Integrins mediate TGF-β1 release by GSCs and GSC-induced NK cell dysfunction. (A) Box-and-whisker plots showing total TGF-β (pg/mL) in the 
supernatant of NK cells and GSCs cultured either alone or together in the presence or absence of the αv integrin small molecule inhibitor cilengitide (10 μM) for 
48 hours was determined by ELISA (n = 11). (B) Box-and-whisker plots showing MFI of p-Smad2/3 expression on HC-NK cells cultured either alone or with GSCs in 
the presence or absence of cilengitide (10 μM). (C) 51Cr release assay of K562 cell killing by NK cells cultured either alone or after coculture with GSCs for 48 hours 
in the presence or absence of cilengitide (10 μM) (n = 8). Red asterisks: specific lysis of K562 targets by NK cells that were cocultured with GSCs in the presence 
or absence cilengitide. (D and E) Representative zebra plots (D) and summary box-and-whisker plots (E) of CD107, IFN-γ, and TNF-α production by NK cells in 
response to K562 cells cultured either alone or after 48 hours of coculture with GSCs at a 1:1 ratio with or without cilengitide (n = 12). Inset numbers in panel D are 
the percentages of CD107a-, IFN-γ–, or TNF-α–positive NK cells within the indicated regions. (F) 51Cr release assay of K562 cell targets by NK cells cultured either 
alone or with WT GSCs or with CD51-KO GSCs for 48 hours at a 1:1 ratio (n = 3). Red asterisks: the specific lysis of K562 cell targets by NK cells after coculture with 
WT GSCs vs. CD51 KO. Statistical analysis by 2-way ANOVA with Bonferroni’s correction for multiple comparisons (A, B, E, and F) or 2-way ANOVA with Dunnett’s 
correction for multiple comparisons (C). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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GSCs. First, we confirmed that GSCs are a major source of MMP2 
and MMP9 (Supplemental Figure 13, A and B), and then deter-
mined their contribution to the release of TGF-β1 and GSC-in-
duced NK cell dysfunction by culturing healthy NK cells with or 
without GSCs and in the presence or absence of an MMP2/9 inhib-
itor for 48 hours. MMPs were present at higher levels when GSCs 
were in direct contact with NK cells, suggesting that TGF-β1 drives 
their release, as confirmed by experiments using TGF-β–blocking 
antibodies (Supplemental Figure 13, A and B). The addition of 
an MMP2/9 inhibitor did not affect NK cell function in cultures 
lacking GSCs (Supplemental Figure 13C) but partially prevented 
GSC-induced NK cell dysfunction, as measured by the ability of 
the NK cells to perform natural cytotoxicity and to produce IFN-γ 
and TNF-α in response to K562 cell targets (Supplemental Figure 
13, D–F). This partial restoration would be consistent with the 
involvement of additional pathways in the activation of TGF-β. 
Incubation of NK cells with the MMP2/9 inhibitor also resulted 
in a moderate decrease in total TGF-β and significantly lower 
p-Smad2/3 levels (Supplemental Figure 13, G and H), implicating 
MMP2/9 in the release of TGF-β by GSCs.

αv Integrins mediate cell contact–dependent TGF-β1 release by 
GSCs. Since GSC-mediated NK cell dysfunction requires direct 
cell-cell contact, we next investigated which receptor-ligand 
interactions could be participating in this cross-talk. Blocking 
the interaction of major activating and inhibitory NK cell recep-
tors, including CD155/CD112, CD44, KIRs, and ILT-2, on healthy 
donor NK cells and their respective ligands on GSCs failed to pre-
vent GSC-induced NK cell dysfunction (Supplemental Figure 14). 
We then changed our focus to the integrins, a family of cell surface 
transmembrane receptors that play a critical role not only in cell 
adhesion, migration, and angiogenesis, but also in the activation 
of latent TGF-β1 (34). The αv (CD51) integrin heterodimeric com-
plexes αvβ3, αvβ5, and αvβ8 are highly expressed in GBM, in par-
ticular on GSCs (35). Based on evidence that targeting αv integrins 
in GBM can significantly decrease TGF-β production (35), we test-
ed whether cilengitide, a small molecule inhibitor that possesses 
a cyclic RDG peptide with high affinity for αv integrins (αvβ3 and 
αvβ5) can prevent GSC-induced NK cell dysfunction by decreas-
ing TGF-β1 production. Treatment with cilengitide significantly 
decreased levels of total TGF-β1 in the supernatant (Figure 4A) 
as well as p-Smad2/3 signaling in NK cells in direct contact with 
GSCs (Figure 4B) and protected NK cells from GSC-induced NK 
cell dysfunction (n = 8, n = 12; Figure 4, C–E). These results were 
confirmed by genetic silencing of the pan-αv integrin (CD51) in 
GSCs using CRISPR/Cas9 (Figure 4F and Supplemental Figure 
15). Together, our data support a model in which αv integrins regu-
late the TGF-β1 axis involved in GSC-induced NK cell dysfunction 
(see graphical abstract).

We next sought to identify the surface ligands on NK cells that 
could potentially interact with αv integrins to mediate GSC–NK 
cell cross-talk. In addition to binding extracellular matrix compo-
nents, αv integrins bind tetraspanins, such as CD9, through their 
active RDG binding site (36). Indeed, CD9 and CD103 are upregu-
lated on GBM TI-NK cells (Supplemental Figures 4 and 5) and can 
be induced on healthy NK cells after coculture with TGF-β1 (Sup-
plemental Figure 16A). Thus, we used CRISPR/Cas9 gene edit-
ing to knock out (KO) CD9 and CD103 in healthy donor NK cells 

GSCs induce NK cell dysfunction through cell-cell contact–depen-
dent TGF-β release. We next asked if latent TGF-β1 complex secre-
tion by GSCs is an endogenous process, as observed with macro-
phages and myeloid-derived suppressor cells (MDSCs) (29, 30), or 
requires active cell-cell interaction with NK cells. To address this 
question, we performed Transwell experiments in which healthy 
donor–derived NK cells and GSCs were either in direct contact 
with each other or separated by a 0.4 μm pore–sized permeable 
membrane that allowed the diffusion of soluble molecules, but not 
cells. Levels of total TGF-β1 were measured 48 hours after the cul-
tures were initiated. Direct contact of GSCs with NK cells result-
ed in significantly higher levels of TGF-β1 compared with those 
attained when GSCs were separated from NK cells by a Transwell 
(mean 836.9 pg/mL ± 333.1 SD vs. 349 pg/mL ± 272.2 SD) or when 
GSCs were cultured alone (252 ± 190.4 pg/mL, P < 0.0001; Figure 
3D), indicating that release and activation of TGF-β by GSCs is a 
dynamic process requiring direct cell-cell contact between the NK 
cells and GSCs. Importantly, healthy human astrocytes cultured 
either alone or with NK cells did not produce substantial amounts 
of TGF-β1 (Figure 3E). Consistent with these results, we found that 
GSC-mediated NK cell dysfunction also required direct cell-cell 
contact. Indeed, abrogation of direct cell-cell contact between NK 
cells and GSCs by a Transwell membrane prevented the induction 
of NK cell dysfunction and activation of the TGF-β1/Smad2/3 
pathway, similar to results with TGF-β1–blocking antibodies (Fig-
ure 3, F and G, and Supplemental Figure 11).

TGF-β1 is a tripartite complex and its inactive latent form is 
complexed with 2 other polypeptides: latent TGF-β binding pro-
tein (LTBP) and latency-associated peptide (LAP). Activation of 
the mature TGF-β1 requires its dissociation from the sequestering 
LAP. Because TGF-β1-LAP is expressed on the surface of GSCs 
at high levels (Supplemental Figure 12, A and B), we asked if the 
increase in total TGF-β levels in the supernatant after GSC–NK 
cell contact was driven by release of the cytokine from the seques-
tering LAP or by increased transcription of the TGFB1 gene, or 
both. To distinguish between these 2 alternatives, we investigated 
if contact with NK cells can induce a rapid release of TGF-β from 
LAP by measuring the kinetics of TGF-β1 production in the super-
natant after GSC–NK cell coculture. The results indicate a rapid 
increase in total TGF-β1 levels in the supernatant as early as 1 
hour after coculture in conditions where NK cells and GSCs were 
in direct contact compared with cocultures in which NK cells and 
GSCs were cultured alone (Figure 3H). When the fold-changes in 
TGFB1 mRNA were determined by quantitative PCR (qPCR) in 
GSCs alone or in direct contact with NK cells or separated from 
NK cells by a Transwell membrane for 48 hours, the TGFB1 copy 
numbers were significantly higher in GSCs in direct contact with 
NK cells (P = 0.04; Figure 3I). Thus, the marked increase in TGF-β1 
seen after NK cell interaction with GSCs appears to involve a dual 
mechanism of upregulated TGFB1 transcription and release of the 
mature cytokine from the LAP peptide by GSCs.

MMP2 and MMP9 play a critical role in the release of activated 
TGF-β1 from LAP. Both matrix metalloproteinases (MMPs) 2 and 
9 mediate the release of TGF-β1 from LAP (31, 32). Because both 
enzymes are expressed by malignant gliomas (33), we investigated 
whether they might also be involved in the release of TGF-β1 from 
LAP and consequently in the induction of NK cell dysfunction by 
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was administered 5 times a week by oral gavage and cilengitide 3 
times a week by intraperitoneal injection. Animals implanted with 
tumor that were either untreated or received NK cells alone, gal-
unisertib alone, or cilengitide alone served as controls.

As shown in Figure 5B and Supplemental Figure 17A, tumor 
bioluminescence, used as a surrogate to assess tumor progression, 
rapidly increased in untreated mice and in mice that were treat-
ed with the monotherapy cilengitide or galunisertib. By contrast, 
weekly administration of NK cells either alone (P < 0.0001) or 
combined with cilengitide or galunisertib (both P < 0.0001) led to 
significant improvements in tumor control compared with untreat-
ed controls (Figure 5, B and C, and Supplemental Figure 17, A and 
B). The best overall survival was observed when mice received NK 
cells combined with galunisertib (P = 0.009) or with cilengitide 
(P = 0.05) compared with untreated controls (Figure 5D). Similar 
results were also noted with the more aggressive GSC272 mouse 
model (Supplemental Figure 17). Immunohistochemical staining 
of brain specimens harvested from the animals confirmed infiltra-
tion by NK cells and direct cell-cell contact with GSCs (Supplemen-
tal Figure 19). Moreover, no evidence of tissue damage or menin-
goencephalitis was noted in mice treated with human allogeneic 
NK cells plus cilengitide or galunisertib (Supplemental Figure 20). 
In animals that received adoptive NK cell infusion combined 
with cilengitide, TI-NK cells harvested after mice were sacrificed 
showed a higher expression of NKG2D and reduced levels of CD9 
and CD103; in contrast, NK cells harvested from animals treated 
with NK cells alone had a dysfunctional phenotype with lower 
expression of markers related to effector function (CD107a and 
perforin; Supplemental Figure 21). Since weekly administration 
of NK cells is very invasive, we explored a longer-term approach 
to protecting NK cells from GSC-induced NK cell dysfunction by 
testing the impact of TGFBR2 KO (Supplemental Figure 22). As 
shown in Figure 5F, in vitro culture of WT NK cells for 48 hours 
with recombinant TGF-β (10 ng/mL) resulted in downregulation 
of activating receptors and co-receptors (CD16, NKG2D, NKG2C, 
DNAM, NKp30, CD2, and 2B4), and upregulation of inhibitory 
receptors (TIM3 and KIR). In contrast, TGFBR2-KO NK cells treat-
ed with recombinant TGF-β did not show significant changes in 
their phenotype (Figure 5, E and F), transcriptomic profile (Sup-
plemental Figure 23, A–C), or cytotoxicity against K562 cell targets 
(Figure 5G and Supplemental Figure 23D). Next, we analyzed the 
in vivo antitumor activity of TGFBR2-KO NK cells by treating mice 
intracranially on day 7 after tumor implantation with WT NK cells, 
WT NK cells plus galunisertib, or TGFBR2-KO NK cells followed 
by subsequent NK cell injections every 4 weeks through a guide 
screw (Figure 5H). In this model, NK cells were administered less 
frequently (every 4 weeks) as a less invasive and more clinically 
translational approach. Tumor bioluminescence increased rapidly 
in untreated mice (GSC alone), while adoptive transfer of WT NK 
cells in combination with 5 times per week galunisertib or TGF-
BR2-KO NK cells led to significant tumor control as measured by 
bioluminescence imaging (Figure 5, I and J). However, only treat-
ment with TGFBR2-KO NK cells resulted in a significant improve-
ment in the overall survival of the animals when compared with 
either untreated controls (P = 0.009) or animals treated with WT 
NK cells (P = 0.01; Figure 5K). Treatment of NK cells alone or NK 
cells in combination with 5-times-per-week galunisertib every 4 

(Supplemental Figure 16B) and tested the cytotoxicity of wild-
type (WT, treated with Cas9 only), CD9-KO, CD103-KO, or CD9/
CD103 double-KO NK cells after coculture with GSCs. As shown 
in Supplemental Figure 16, C–E, silencing of either CD9 or CD103 
resulted in partial improvement in the cytotoxic function of NK 
cells cocultured with GSCs by comparison with WT control. In 
contrast, CD9/CD103 double-KO NK cells cocultured with GSCs 
retained their cytotoxicity against K562 cell targets (Supplemen-
tal Figure 16, C–E). This suggests that αv integrins on GSCs bind 
CD9 and CD103 on NK cells to regulate the TGF-β1 axis involved 
in GSC-induced NK cell dysfunction.

Inhibition of the αv integrin/TGF-β1 axis enhances NK cell anti-
tumor activity in vivo. The mechanistic insights gained from the 
above studies suggest that the αv integrin/TGF-β1 axis regulates 
an important evasion tactic used by GSCs to suppress NK cell cyto-
toxic activity and therefore may provide a useful target for immu-
notherapy of high-grade GBM. To test this prediction, we used 
2 PDX mouse models of patient-derived GSC, in which ffLuc+ 
patient-derived GSCs (0.5 × 106 of GSC20 or GSC272) were ste-
reotactically implanted on day 0 through a guide screw into the 
right forebrain of NOD/SCID/IL2Rγc-null (NSG) mice (n = 4–5 
per group) and the αv integrin/TGF-β1 axis was interrupted using 
an αv integrin inhibitor, a TGF-β receptor kinase inhibitor, or by 
genetic disruption of TGFBR2 using CRISPR/Cas9 gene editing 
(Figure 5 and Supplemental Figure 17). The GSC-derived PDX 
mouse models were confirmed to be invasive (Supplemental Fig-
ure 18), as previously reported by Sadahiro et al. (37). We first test-
ed whether the combination of NK cells with either galunisertib 
to block the TGF-β signaling or cilengitide to block the integrin 
pathway improves the antitumor response. Seven days after tumor 
implantation, the mice were treated intratumorally with 2.0 × 106 
human NK cells every 7 days for 11 weeks (Figure 5A). Galunisertib 

Figure 5. In vivo antitumor activity and NK cell function following TGF-β 
and αv integrin signaling inhibition in a GBM mouse model. (A) Schemat-
ic diagram showing the timeline of the in vivo experiment. (B) Biolumi-
nescence imaging (BLI) at different time points was used as a surrogate 
marker for tumor progression (n = 4–5). (C) Average radiance (BLI) data. 
Orange asterisks: NK + galunisertib vs. tumor control. Red asterisks: NK 
+ cilengitide vs. tumor control. Blue asterisks: NK alone vs. tumor control. 
Green asterisks: NK + galunisertib vs. cilengitide control. Brown asterisks: 
NK + cilengitide vs. cilengitide control. Purple asterisks: NK + galunisertib 
vs. galunisertib control. (D) Survival of mice in each group (n = 5). Animals 
treated with NK + galunisertib or NK + cilengitide had significantly better 
survival compared with tumor controls (P = 0.009 and P = 0.05, respective-
ly). (E and F) viSNE plots (E) and comparative heatmap (F) of mass cytom-
etry data showing the expression of NK cell markers in WT or TGFBR2-KO 
NK cells with or without recombinant TGF-β. Heatmap column clustering 
generated by FlowSOM analysis; color scale shows the expression of each 
marker: red (high) and blue (low). (G) Killing of K562 cells over time by 
WT-NK (blue), TGFBR2-KO NK (black), WT-NK + recombinant TGF-β (red), 
or TGFBR2-KO NK + recombinant TGF-β (green) as measured by real-time 
killing assay. (H) Schematic diagram showing the timeline of subsequent 
in vivo mouse experiment. (I) BLI was obtained from the 4 groups of mice 
(n = 4). (J) Average radiance (BLI) data: Red asterisks: TGFBR2-KO NK vs. 
tumor controls. Green asterisks: WT NK + galunisertib vs. tumor controls. 
Blue asterisks: WT NK vs. tumor controls. (K) Kaplan-Meier plot showing 
mouse survival. Statistical analysis by 2-way ANOVA with Dunnett’s cor-
rection for multiple comparisons (C, G, and J) or log-rank test (D and K). *P 
≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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in GSCs by CRISPR/Cas9 gene editing or pharmacologic inhibi-
tion with cilengitide prevented GSC-induced NK cell dysfunction, 
diminished Smad2/3 phosphorylation, and decreased TGF-β pro-
duction in cocultures of GSCs and NK cells. The αv integrins have 
been proposed to modulate latent TGF-β activation through 2 dif-
ferent mechanisms: (a) an MMP-dependent mechanism based on 
the production of MMP2 and MMP9 by glioma cells and GSCs, but 
not healthy brain tissue (33), leading to proteolytic cleavage TGF-β 
from LAP; and (b) an MMP-independent mechanism that relies on 
cell traction forces (44, 47, 49, 50, 52). This duality may explain 
why the MMP2/9 inhibitors used in this study could only partially 
protect NK cells from GSC-induced dysfunction.

Although a number of small molecules that globally inhibit 
TGF-β are in development for patients with GBM, most have been 
associated with prohibitive toxicity (53). In addition, the negative 
clinical data with cilengitide in GBM (54) may be at least partly 
explained by our observation that TGF-β inhibition prevents, 
but does not reverse, the state of established NK cell dysfunc-
tion induced by TGF-β in the tumor microenvironment. Taken 
together, these data support a combinatorial approach of NK 
cell immunotherapy with TGF-β or αv integrin inhibitors such as 
cilengitide to block TGF-β signaling by GSCs. Alternatively, gene 
editing strategies to delete TGFBR2 in NK cells could be used to 
protect against TGF-β binding and consequent immunosuppres-
sion. With either of these strategies, it should be possible to target 
local immunosuppressive mechanisms only, thus reducing the risk 
of excessive toxicity. It should be stressed that while both weekly 
administration of unmodified NK cells and NK cells plus galuni-
sertib or cilengitide could mediate effective antitumor respons-
es (Figure 5C and Supplemental Figure 17), when the interval of 
therapy was increased to every 4 weeks, the unmodified NK cells 
failed and only TGFBR2-KO NK cells were capable of controlling 
the tumor (Figure 5K). This observation supports our in vitro data 
showing that while it is expected to see some short-term antitu-
mor activity of healthy allogeneic NK cells after adoptive transfer, 
when the interval of administration is increased (once every 4 
weeks), unmodified NK cells lose their ability to control the tumor 
as they become susceptible to GSC-mediated immune evasion 
through the release of TGF-β. The genetically modified NK cells 
appear to be therapeutically superior relative to the combination 
of NK cells with a TGF-β receptor small molecule inhibitor, pos-
sibly because the inhibitor is subjected to pharmacokinetic and 
pharmacodynamic parameters that influence bioavailability in the 
CNS and thus efficacy in the GBM microenvironment.

Finally, on the strength of these findings, we propose to devel-
op an immunotherapeutic strategy in which third-party NK cells 
derived from healthy donors are administered in combination 
with a pan-αv integrin inhibitor or are genetically edited to silence 
TGFBR2 to protect them from immunosuppression, thus enabling 
them to recognize and eliminate tumor cells with stem-like prop-
erties such as GSCs.

Methods
Patients. Forty-six patients with GBM (n = 34 primary GBM; n = 12 
recurrent GBM) and 5 patients with low-grade glioma (n = 2 low-
grade oligodendroglioma; n = 3 diffuse astrocytoma) were recruited 
from The University of Texas MD Anderson Cancer Center (MDACC) 

weeks failed to result in a significant increase in the survival of 
the animals when compared with untreated controls (Figure 5K). 
In conclusion, our data support a combinatorial approach of NK 
cell adoptive therapy together with disruption of the αv integrin/
TGF-β1 axis to target GBM.

Discussion
GBM is among the most deadly and most difficult to treat of all 
human cancers. This difficulty can be in part attributed to the pres-
ence of GSCs that differ from their mature progeny in numerous 
ways, including resistance to standard chemotherapy and radio-
therapy, and the ability to initiate tumors and mediate recurrence 
following treatment. Thus, unless the GSCs within the high-grade 
GBM tumors are eliminated, the possibility of cure is unlikely. 
Here, we show the critical importance of NK cells for GBM immu-
nosurveillance, as demonstrated by the exquisite intrinsic sensi-
tivity of GSCs to NK cell–mediated killing and the notable influx 
of NK cells into the GBM microenvironment. This study is nota-
ble because its findings are based largely on profiling of primary 
TI-NK cells at the single-cell level in tumor samples from patients 
with GBM, allowing a head-to-head comparison with key markers 
in PB and direct ex vivo functional assessment within an individ-
ual patient. Thus, such comparisons of NK cell transcriptomes in 
patients revealed a shift in gene-expression profiles indicative of 
a functional compromise, with upregulation of inhibitory mole-
cules and downregulation of activating molecules and systematic 
activation of genes related to the TGF-β pathway. This finding is 
consistent with a recent study in which NK cells in GBM tumors 
displayed an inhibitory gene expression profile with hallmarks of 
TGF-β–mediated inhibition (38).

TGF-β is abundantly present in the GBM microenvironment 
and is released by the tumor as well as several other cell types, such 
as regulatory T cells, M2 macrophages, and MDSCs (29, 30, 38–42). 
Although this cytokine is a well-characterized potent suppressor of 
NK cell functions (43), its mechanism of release and its contribution 
to GSC-induced NK cell dysfunction have remained unclear. Our 
working hypothesis of how GSCs evade NK cell recognition is sum-
marized in the graphical abstract. We propose that disruption of the 
blood-brain barrier caused by the tumor allows NK cells to migrate 
into the GBM tumor tissue where they interact with GSCs, inducing 
both the release and the production of TGF-β by GSCs in a cell-cell 
contact–dependent manner that requires interaction between αv 
integrins on GSCs and CD9 and CD103 on NK cells. TGF-β is then 
cleaved from its latent complex form to its biologically active form 
by proteases, such as MMP2 and MMP9, released mainly by GSCs. 
The release of these MMPs is further driven by αv integrins and by 
TGF-β itself, as shown by data presented here and elsewhere (44–
50). TGF-β in turn irreversibly suppresses the cytotoxic function of 
NK cells by inducing changes in their phenotype, transcription fac-
tors, cytotoxic molecules, and chemokines.

An important aspect of our model is the cross-talk between 
the αv integrins on GSCs and the TGF-β–induced receptors CD9 
and CD103 on NK cells, acting as the main mediators of TGF-β 
production and subsequent NK cell dysfunction. Indeed, TGF-β 
has been reported to enhance CD103 inside-out signaling, further 
underscoring the complex interplay between TGF-β, CD103, and 
CD9 (51). We confirmed that silencing the pan-αv integrin (CD51) 
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Transwell assays. NK cells (1 × 105) were either added directly to 
GSCs at a ratio of 1:1 or placed in Transwell chambers (Millicell, 0.4 
μm; Millipore) for 48 hours at 37°C. After 48 hours, cultured cells were 
harvested to measure NK cell cytotoxicity by both 51Cr release assay 
and cytokine secretion assay.

TGF-β ELISA and MMP2/9 luminex. NK cells and GSCs were 
either cocultured or cultured alone for 48 hours in serum-free SCGM 
growth medium (CellGenix). After 48 hours, supernatants were col-
lected and the secretion of TGF-β and MMP2/3/9 was assessed in 
the supernatant by TGF-β1 ELISA kit (R&D Systems) or MMP2/3/9 
luminex kit (eBiosciences) as per the manufacturers’ protocol. For the 
TGF-β1 ELISA, activation was performed with 1N HCl for 10 minutes 
followed by neutralization with 1.2N NaOH/0.5 M HEPES prior to 
sample utilization.

CRISPR gene editing of primary NK cells and GSCs. crRNAs to tar-
get CD9, CD103, and CD51 were designed using the Integrated DNA 
Technologies (IDT) predesigned data set. Guides with the highest 
on-target score and lowest off-target effect were selected. The crRNA 
sequences are reported in Supplemental Table 2. For more details see 
Supplemental Methods.

To knockout TGFBR2, two sgRNAs (Supplemental Table 2) span-
ning regions in exon 5 were designed and ordered from IDT; 1 μg cas9 
(PNA Bio) and 500 ng of each sgRNA were incubated on ice for 20 
minutes. After 20 minutes, 250,000 NK cells were added and resus-
pended in T-buffer to a total volume of 14 μL (Neon Electroporation 
Kit, Invitrogen) and electroporated before transfer to culture plates 
with antigen-presenting cells.

Xenogeneic mouse model of GBM. To assess the antitumor effect of 
NK cells against GSCs in vivo, we used an NSG human xenograft mod-
el (Jackson Laboratories). We have used a patient-derived-GSC mouse 
model because of the GSCs’ superior invasiveness and migratory ability 
relative to conventional glioma cell lines when implanted intracranially 
(37). Intracranial implantation of GSCs into male mice was performed 
as previously described (59). A total of 140 mice were used; 0.5 × 106 
patient-derived GSC20 or GSC272 were implanted intracranially into 
the right frontal lobe of 5-week-old NSG mice using a guide-screw sys-
tem implanted within the skull. To increase the uniformity of xenograft 
uptake and growth, cells were injected into 10 animals simultaneously 
using a multiport Microinfusion Syringe Pump (Harvard Apparatus). 
Animals were anesthetized with xylazine/ketamine during the proce-
dure. For in vivo bioluminescent imaging (BLI), GSCs were engineered 
to express luciferase by lentivirus transduction. Kinetics of tumor growth 
was monitored using weekly BLI (Xenogen IVIS 200 Imaging system, 
Caliper Life Sciences). Signal quantitation in photons/second (p/s) was 
performed by determining the photon flux rate within standardized 
regions of interest (ROIs) using Living Image software (Caliper Life Sci-
ences). Expanded donor PB NK cells (2 × 106 in 3 μL) (60) were injected 
intracranially via the guide screw on day 7 after tumor implantation, and 
then every 7 days for 11 weeks for GSC20 and 6 weeks for GSC272. Mice 
were treated with either cilengitide or galunisertib (both from MCE Med 
Chem Express) in the presence or absence of intracranial NK cell injec-
tion. Cytokines were not administered to the mice in vivo but rather they 
received multiple doses of expanded NK cells. Cilengitide was adminis-
tered intraperitoneally 3 times a week starting on day 1 (250 μg/100 μL 
PBS), while galunisertib was administered orally (75 mg/kg) by gavage 
5 days a week starting on day 1 (see Figure 5A). For GSC272, mice were 
treated with either cilengitide or galunisertib with or without NK cells 

for phenotyping (n = 28), functional studies (n = 14), and scRNA-seq 
analysis (n = 10; Tables 1 and 2). Buffy coat from normal donors was 
obtained from the Gulf Coast Regional Blood Center.

Characterization of TI-NK, GP-NK, and HC-NK cells. For flow cytom-
etry, freshly isolated TI-NK, GP-NK, and HC-NK cells were incubated 
for 20 minutes at room temperature with Live/Dead-Aqua (Invitrogen) 
and surface markers. For detection of intracellular markers, cells were 
fixed/permeabilized using BD FACS lysing solution and permeabilizing 
solution 2 according to the manufacturer’s instructions (BD Bioscienc-
es) followed by intracellular staining for 30 minutes at room tempera-
ture. All data were acquired with BD Fortessa (BD Biosciences) and ana-
lyzed with FlowJo software. The gating strategy for detection of NK cells 
is presented in Supplemental Figure 24. Details of the antibodies used in 
these studies are provided in the Supplemental Methods.

Mass cytometry. The strategy for antibody conjugation is described 
elsewhere (55). Supplemental Table 1 shows the list of antibodies used 
for the characterization of NK cells in the study. See Supplemental 
Methods for more details.

scRNA-seq. Details of the protocol are included in the Supple-
mental Methods. Our data set was deposited NCBI’s Gene Expres-
sion Omnibus and can be found using accession number GSE147275 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE147275).

To compare the GSC and non-GSC (well differentiated, mature 
GBM cells), we used previous data generated by Darmanis et al. (19). 
As described in that paper, we used EGFR and SOX9 to first identi-
fy neoplastic GBM cells and then SOX2, POU3F2, OLIG2, and SALL2 
to identify GSCs, while the remaining were defined as mature cells. 
We obtained 53 GSC and 1,038 non-GSC events for the analysis. We 
compared the expression of genes for the following NK cell receptor 
ligands: MICA/B, ULBP1-6, B7-H6, MLL-5, vimentin, HLA-E, HLA-
ABC, CD113, CD111, HLA-DR, PCNA, NID-1, HLA-G, CEACAM-1, 
LGALS9, CD112, CD155, BAG6/BAT3, CD48, and HLA-F, and per-
formed an unpaired t test for statistical significance.

GSC culture. GSCs were obtained from primary human GBM sam-
ples as previously described (56, 57). The GSCs were cultured in stem 
cell–permissive medium (neurosphere medium): Dulbecco’s Modified 
Eagle Medium containing 20 ng/mL epidermal growth factor and basic 
fibroblast growth factor (all from Sigma-Aldrich); B27 (1:50; Invitrogen); 
100 units/mL penicillin and 100 mg/mL streptomycin (Thermo Fisher 
Scientific); and passaged every 5 to 7 days (58). All generated GSC cell 
lines used in this study were generated at MDACC.

Characterization of GSCs and human astrocytes. Human fetal astro-
cyte cell lines were purchased from Lonza (CC-2565) and Thermo 
Fisher Scientific (N7805100); the human GBM U87 cell line (HTB-14) 
and the human astroglia cell line (CRL-8621) were purchased from the 
American Type Culture Collection (ATCC). The cells were separated 
into single-cell suspensions using Accutase (Thermo Fisher Scientific) 
for GSCs and trypsin for the attached astrocytes. The cells were then 
stained for 20 minutes before washing and acquiring by flow cytometry 
(details of the antibodies are provided in the Supplemental Methods).

NK cell cytotoxicity assays. NK cell functional and cytotoxicity 
assays were measured by cytokine production, NK cell degranula-
tion, Incucyte real-time assay, and 51Cr release assay. More details of 
these assays are provided in the Supplemental Methods. In addition 
to patient-derived GSCs generated from GBM tissue specimens at 
our institution, K562 (ATCC CCL-243, human erythroleukemia) cells 
were also used as targets for killing assays.
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and with TGFBR2-KO NK cells. In another experiment, mice were inject-
ed intracranially via the guide screw 7 days after tumor inoculation with 
WT NK cells, WT NK cells plus galunisertib, or TGFBR2-KO NK cells 
followed by subsequent NK cell injections every 4 weeks as describe 
above. Mice that presented neurological symptoms (i.e., hydrocephalus, 
seizures, inactivity, and/or ataxia) or moribund were euthanized. Brain 
tissue was then extracted and processed for NK cell extraction.

Statistics. Statistical significance was assessed with SPSS version 26 
(IBM) and Prism 9.0 software (GraphPad Software, Inc.). Means were 
compared using unpaired t test, paired t test, 2-way ANOVA, or repeated 
measure ANOVA. Dunnett’s correction was used when comparing to a 
category of reference or control; otherwise, we used Tukey’s correction. 
Additionally, Bonferroni’s correction was used to adjust for repeated 
measures. For survival comparison a log-rank test was used. Graphs 
show the mean and standard deviation (SD). All box-and-whisker plots 
show the median (horizontal line within the box), the 25th and 75th per-
centiles (bounds of the box), and minimum and maximum values (whis-
kers). A P value of less than or equal to 0.05 was considered to indicate 
statistical significance. When analyzing variables with more than 2 cate-
gories, P values were adjusted for multiple comparisons.

Study approval. All tumor tissues that were used for the genera-
tion of GSCs were resected from patients who signed written informed 
consents and samples were collected in accordance with the Institu-
tional Review Board of The University of Texas MDACC in Houston 
(IRB protocols LAB04-0001 and LAB03-0687). All tissue samples 
were deindentified. All studies were performed in accordance with 
the Declaration of Helsinki. All animal experiments were performed 
in accordance with recommendations in the NIH Guide for the Care 
and Use of Laboratory Animals (National Academies Press, 2011), 
and approved by the Institutional Animal Care and Use Committee 
(IACUC) protocol number 00001263-RN01 at MDACC in Houston.
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