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Abstract

High grade gliomas (HGG) are incurable brain cancers, where inevitable disease recurrence is driven by tumour-
initiating glioma stem cells (GSCs). GSCs survive and expand in the brain after surgery, radiation and temozolomide
(TMZ) chemotherapy, amidst weak immune and natural killer (NK) cell surveillance. The present study was
designed to understand how to enhance the contribution of innate immunity to post TMZ disease control.
Strikingly, molecular subtypes of HGG impacted the repertoire of NK cell sensitivity markers across human HGG
transcriptomes, and in a panel of GSCs with either proneural (PN-GSC) or mesenchymal (MES-GSC) phenotypes.
Indeed, only MES-GSCs (but not PN-GSCs) were enriched for NK cell ligands and sensitive to NK-mediated
cytotoxicity in vitro. While NK cells alone had no effect on HGG progression in vivo, the post-chemotherapy (TMZ2)
recurrence of MES-GSC-driven xenografts was aborted by timed intracranial injection of live or irradiated NK
(NK92MI) cells, resulting in long term survival of animals. This curative effect declined when NK cell administration
was delayed relative to TMZ exposure pointing to limits of the immune control over resurging residual tumour
stem cell populations that survived chemotherapy. Overall, these results suggest that chemotherapy-dependent
tumour depopulation may create a unique window of opportunity for NK-mediated intervention with curative
effects restricted to a subset of HGGs driven by mesenchymal brain tumour initiating cells.
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Introduction

High grade glioma (HGG), including grade III and grade
IV (glioblastoma) tumours comprise a class of incurable
and highly invasive primary brain malignancies, asso-
ciated with rapid progression and poor median overall
survival [51]. These dismal outcomes have not radically
improved during the past several decades in spite of
implementation of aggressive treatment protocols involv-
ing surgical resection, radiation and chemotherapy,
mostly with temozolomide (TMZ) [51]. While this
intensive standard of care offers a transient disease-free
respite, it is invariably followed by recurrence of molecu-
larly altered, drug resistant and ultimately lethal malig-
nancy [48], a natural history that can be modelled using
patient-derived glioma stem cell xenografts in immune
deficient mice [20].

The extensive ongoing research efforts aiming to bet-
ter understand HGG pathogenesis and to overcome the
related therapeutic challenges revealed a remarkable
molecular heterogeneity and the existence of multiple
subtypes of these disease states [38, 51]. For example,
in adult glioblastoma (GBM) current classification dis-
tinguishes proneural (PN), classical (CL) and mesen-
chymal (MES) tumour subtypes based on the analysis
of cellular transcriptomes, in parallel with the distinct
repertoires of oncogenic mutations [51]. These global
properties are superimposed with a complex cellular
architecture within individual lesions, as documented by
single cell gene expression profiling technologies [34] and
functional studies suggesting the existence of cells with
diverse tumour initiating potentials [30].

Molecular investigations have also reinforced the
notion that the post-therapy relapse profoundly changes
tumour characteristics [20, 48] and that throughout this
process HGG masses contain rich infiltrates of reactive
glial, inflammatory and vascular cells closely intertwined
with the biology of the evolving disease [34, 49]. While
these findings point to several possible therapeutic tar-
gets in primary or recurrent HGG, including oncogenic
signalling pathways [51], blood vessels growth mecha-
nisms [8] or immune checkpoints [14], their inspired
clinical explorations did not lead to decisive improve-
ments in patients’ overall survival, for reasons that still
remain incompletely understood.

In this regard, one of the striking features of the HGG-
associated cellular microenvironment is the scarcity of
immune effector cells, including CD4+and CD8+T
cells, plasma cells, B cells, resting and activated natural
killer (NK) cells and other cellular populations [49]. This
property is attributed to several factors, such as systemic
impairment of the immune cell recruitment into the cen-
tral nervous system (CNS) sanctuary [13], blood-brain
barrier (BBB) function of the vascular wall [39], immune
cell exhaustion [44], or the immunologically ‘cold’ nature
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of the HGG-associated multicellular milieu [18]. Hence,
considerable efforts are currently underway to overcome
some of these impediments and improve the efficacy
of immunotherapy in HGG patients [27]. The related
strategies include eliciting a more immunostimulatory
tumour microenvironment [18], anti-tumour vaccines
[26], oncolytic viriotherapy [9], improving the penetra-
tion of immune cells across the BBB [39, 45], delivery of
engineered chimeric antigen receptor T cells (CAR T) [3,
11, 12], intracranial immunotherapy [6, 17], or targeting
intracellular mechanisms of tumour cell-related immune
evasion [19].

While these efforts have largely focused on antigen-
specific anticancer immunity [27], there is also a grow-
ing interest in exploiting the unique features of NK
cells in the context of HGG therapy [22]. In contrast to
cytotoxic T cells that are directed at ‘non-self’ traits of
target cancer cells and subjected to multilayered nega-
tive regulation, NK cells are programmed to recognize
and kill ‘stressed’” cells. Their canonical cellular targets
often express low levels of major histocompatibility
class I (MHC I) antigens, and include multiple types of
cancer cells [31]. With their ostensibly greater ability to
penetrate into the tumour tissue [22] NK cells can also
trigger cytokine production, recruit other immune cells
and induce tumour cell death or dormancy [15]. They
engage their targets through an array of activating NK
cell receptors (NKG2D, NKG2C, DNAM1), which recog-
nize the corresponding ligands on the surface of cancer
cells (MICA, MICB, ULBP1-6; HLA-E; or CD122, PVR/
CD155, respectively). This interaction initiates the killing
process that involves specialized proteins, such as perfo-
rin, granzyme A and granzyme B [23, 31].

It is notable in this context that only a restricted sub-
set of HGG cells is now thought to possess full tumour
initiating potential, including the ability to trigger dis-
ease recurrence [43]. These cells, often referred to as gli-
oma stem cells (GSCs), exhibit a level of molecular and
phenotypic diversity that gave rise to their assignment
to either proneural (PN-GSC) or mesenchymal (MES-
GSC) subsets [4, 30], which transcriptionally resemble
the aforementioned GBM subtypes [30]. In this regard,
PN-GSCs are reminiscent of the molecular repertoire of
neural stem cells and form relatively slow growing, radia-
tion sensitive tumours in immune deficient mice [2, 4, 20,
30]. In contrast, MES-GSCs form highly aggressive intra-
cranial lesions, which tend to be radiation resistant, but
are often relatively sensitive to TMZ chemotherapy [20,
30]. Whether GSC subtypes and their tumour-initiating
potentials are equally affected by endogenous, or thera-
peutic NK cells along the HGG natural history remains
largely unexplored.

Here we show that unlike their PN-GSC counterparts,
the isolated MES-GSCs express a considerable repertoire
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of ligands for activating NK receptors, and consequently,
they exhibit a heightened susceptibility to NK-mediated
killing in vitro. While the status of NK cells in mice
inoculated with GSCs does not influence tumour take
and progression, the disease relapse post TMZ therapy
is aborted in NK cell-proficient (but not NK-deficient)
mice. Similarly, intracranial injections of engineered
human NK (NK92MI) cells timed following TMZ-
induced cytoreduction blocks the relapse of orthotopic
MES-GSC xenografts. These results suggest that NK cells
may be exploited for curative purposes during the spe-
cific windows of time during HGG therapy and in a man-
ner dependent on the tumour driving GSC subtype.

Materials and methods

Cell culture

Patient-derived mesenchymal human GSCs: GSC1123,
GSC83 and proneural human GSCs: GSC157, GSC528
and GSC84 were generated from surgical HGG isolates
in the laboratory of Dr. I. Nakano and were previously
characterized for the status of isocitrate dehydrogenase
(IDH1/2) gene mutation [30], O° methylguanine meth-
yltransferase (MGMT) and other parameters [20]. The
cells were maintained as deep frozen stocks and cultured
for minimal required number of passages (less than 20)
before use in experiments. Single cell RNA sequenc-
ing (scRNAseq) performed for another project has also
validated their maintained gene expression and cel-
lular complexity. K562 cell line was a kind gift from Dr.
Kolja Eppert (McGill U.). NK92MI cells were purchased
from the American Type Culture Collection (ATCC,
CRL2408).

Animals

NSG [NSG IL2rg-/-] mice (NOD.Cg-PrkdcS“PIL-
2rgtm1WJlSz] (Strain: 005557)) were purchased from Jack-
son Laboratories. Homozygous SCID mice harboring the
YEP transgene or Fox Chase SCID mice CB17/Icr-Prkdc-
sidTerlcoCrl (Strain:236) were bred at the RIMUHC [47].
Balanced numbers of male and female mice were used in
our experiments based on availability. All mouse experi-
ments were performed in accordance with the Canadian
Council of Animal Care guidelines, and Animal Use Pro-
tocol (AUP#5200) approved by the Animal Care Com-
mittee of the Research Institute of McGill University
Health Center.

Transcriptome analysis

The microarray data were downloaded from: https://w
ww.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE6708
9. The Cancer Genome Atlas (TCGA) bulk glioblastoma
(GBM) transcriptome dataset was analyzed for repertoire
of NK ligands using R2 Genomics Analysis and Visual-
ization Platform (http://www.r2.amc.nl) for proneural
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(PN), classical (CL) and mesenchymal (MES) GBM sub-
types. Data were analyzed as described in Supplementary
Methods.

Flow cytometry

Flow cytometry was performed as detailed in Supple-
mentary Methods, using indicated antibodies. Read-
ings of the FACS Canto (BD) instrument were plotted as
Mean Fluorescence Intensity (MFI) using with FloJo soft-
ware (version 10.7.1).

Treatments in vitro

Responses of cultured cells to chemotherapy or radiation
were analyzed using trypan blue exclusion assay, MTS
assay and cell cycle profiling, as indicated in correspond-
ing sections of Supplementary Methods.

NK cytotoxicity assay

The NK activity assay was based on the published pro-
tocol [25] involving a bioluminescent (BLI) read out.
Briefly, Luciferase transduced GSCs were diluted to
3x10° cells per mL with GSC media and 100 pL of the
cell suspension were placed in triplicate wells of a 96-well
white flat-bottomed plate (Costar, 3912). NK92MI cells,
or NK92MI-IR cells were added at indicated ratios and
bioluminescence was measured using GloMax luminom-
eter, as detailed in Supplementary Methods.

Mouse NK cell isolation and cell killing assay

The protocol was adapted from Wong et al. (2021) [53].
Basically, Fox Chase SCID mice were injected 18 h prior
to the collection of spleens with 150 ug of Poly I: C (ALX-
746-021-M002, Cedarlane Labs) in 200 pL of DPBS for
activation of NK cells. Mice were then anesthetized, sac-
rificed after which the spleens were removed and placed
in cold complete NK media, which consisted of RPMI164
(350-007-CL, Wisent), 10% EBS, Penicillin-Streptomycin,
mouse IL-15 (447-ML-010, RnD Systems) and B-mercap-
toethanol (M3148, Sigma) kept on ice. Three spleens per
batch were placed on a 70 um mesh (22363548, Fisher
Scientific) inside of a petri dish with 3 mL of ACK lysis
buffer (A10492-01, GIBCO) and mechanically dispersed
using a 3 mL syringe piston. The dispersed cell mixture
was collected by adding 12 mL of FACS buffer; con-
taining 0.5% BSA, 2mM EDTA, in DPBS, with a sterile
pipette and placed in a 15 mL tube. The tube was cen-
trifuged at 300xg for 5 min and the supernatant was
decanted. Another 2 mL of ACK lysis buffer was added
to the pellet and the pellet was dispersed using a pipette
or brief vortexing followed by filtration through a 40 pum
mesh filter to remove large debris. The tube was centri-
fuged once again at 300xg for 5 min and the pellet was
resuspended in 500 uL of FACS buffer. The cells were
counted using an automatic cell counter Nexcelom (Aut
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T4, Nexcelom Biosciences). Cells were aliquoted centri-
fuged at 300xg for 10 min resuspended in 40 uL of FACS
buffer for every 10® cells. Next, 10 uL of MACS mouse
NK cell biotin- antibody cocktail from the NK cell isola-
tion kit (130-115-818, Miltenyi Biotech) was added to the
cell suspension and was mixed by gentle pipetting then
placed in the refrigerator for 5 min on a rocking shaker.
After 5 min the cells were resuspended in 1.4 mL of FACS
buffer then centrifuged at 300xg for 10 min. The pellets
were resuspended in 80 uL of FACS solution for 108 cells
and mixed with 20 uL of Antibody Biotin Cocktail coated
beads for every 10% cells prior to incubation for 10 min
at 4° C on a rocking shaker. The staining was terminated
by addition of 600 uL of FACS solution to increase the
volume prior to separation. NK cell isolation was carried
out using an LS magnetic column (130-042-401, Miltenyi
Biotec), which was prepared by placing it in the magnet
and rinsing with 3 mL of FACS buffer. The collection tube
was discarded and replaced with a fresh tube then the
cell sample was added to the magnetic column. Once the
sample volume had entered the column the column was
washed with 3 rounds of 3 mL volumes of FACS buffer to
collect the flow-through of the unbound mouse NK cells.
The collection tube was then centrifuged at 300xg for
10 min and the supernatant decanted. The NK cells were
resuspended in 500 uL of FACS buffer and the cells were
counted using Trypan blue to establish viability. The NK
cells were diluted to establish a 40:1 effector/target ratio
and then serial dilutions were prepared at 20:1, 10:1, 5:1
and 2.5:1 effector to target cell ratios with indicated GSCs
as targets. GSCs were kept constant at 3x10° cells per
well. NK cells were loaded into the V-shaped bottom 96
well plate (249935, Corning) at distance from each other
using one plate per dilution. Target cells (GSC1123b-
fpLuc) were collected and counted to achieve 3x10*
cells per mL of complete RPMI media. Then 3 x 10° of
these cells were added per well to the wells containing
the mouse NK cells. The plates were then centrifuged
at 100xg for one minute and placed in the incubator at
37° C for 2 h. At the end of the first 2 h incubation, 25
uL of Luciferin at 75pg/mL (122799, Perkin-Elmer) was
added to each well containing cells and the luminescence
was measured using the Glomax 96 microplate lumi-
nometer (Promega). The plates were placed back in the
incubator for another 2 h. At the conclusion of the 4 hour
period the bioluminescence in plates was measured once
again until the maximum readings were determined. The
plates were then returned to the incubator for overnight
incubation and measurement the next morning following
addition of fresh Luciferin as described above.

FACS analysis of mouse NK cells
Splenocytes, as well as purified mouse NK cells were
placed in vials containing 100 uL of FACS media. Cells
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were stained on ice for 30 min with anti-mouse CD335-
APC (NKp46) antibody (137608, Biolegend), anti-
mouse CD3-FITC antibody (100204, Biolegend) and rat
anti-mouse IgG2a-APC (400512, Biolegend). The cells
were centrifuged for 5 min at 200xg and then washed
once with 1 mL of Dulbecco Phosphate Buffered Saline
(DPBS). The samples were transferred to FACS tubes
(352054, Falcon) and analyzed on the FACS CANTO (BD
Biosciences) as described.

NK92Ml dilution assay in vivo

In order to determine whether at different effector/target
ratios NK cells could curtail tumour initiating capacity of
mesenchymal GSCs, both cell populations were mixed
and inoculated intracranially, into immune deficient mice
and tumour progression was monitored by biolumines-
cence (BLI) and symptom free survival. Thus, 2.5x 10*
of freshly harvested GSC1123bfpLuc (target) cells were
either injected alone (#=10), or upon admixture with
NK92MI-IR cells at 10-fold excess (2.5x 10° cells; n=9)
or at 80-fold excess (2x10° cells: #=5). The mice were
placed back in the cage and monitored through BLI (Rev-
vity Spectrum 2) at regular intervals for a minimum of
30 days. The radiance (p/sec/cm?/str) was plotted, and
a Kaplan-Meier survival curve was calculated. Statis-
tics were calculated using the Gehan-Breslow-Wilcoxon
method for curve comparison.

Xenografts

Treatment effects were analysed in both intracranial
(i.c.) and subcutaneous (s.c.) xenograft models. To gen-
erate subcutaneous tumours, SCID or NSG mice were
briefly anesthetized with isoflourane/oxygen and 2 x 10°
cancer cells were injected subcutaneously into the left
flank of each mouse as described [20]. To systemically
deplete endogenous mouse NK cells, Anti-AsialoGM1
rabbit polyclonal antibody (100 uL/injection; Bioleg-
end, 146002) was injected once per week intravenously
into SCID mice beginning two weeks prior to tumour
implantation and continued for another nine weeks.
For intracranial implantation, anaesthetized SCID mice
were injected with 2.5x10* of indicated GSCs and/or
2 x 10® NK92MI or NK92MI-IR cells (or indicated doses
of NK92MI-EVs and at indicated times post chemother-
apy) using Stoelting Stereotactic apparatus (Stoelting,
51733D). Intracranial tumours were monitored using
IVIS Spectrum (Perkin Elmer) bioluminescent scan-
ner [20]. Intraperitoneal TMZ therapy (120 mg/kg or
200 mg/kg or corresponding diluent: 1% DMSO in DPBS)
commenced once the lesions reached a threshold biolu-
minescence as described in Supplementary Methods.
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Tissue immunostaining

Tumour tissues were preserved using 4% paraformal-
dehyde in PBS, embedded in paraffin blocks, sectioned,
stained with indicated antibodies and signal quantified
(see Supplementary Methods).

Statistical analysis

Statistical analysis was performed using Prism 5.1
(GraphPad) package. Biological replicates were per-
formed (3 or more), and sources of error (SD, SEM) were
reported on the graph while pvalues were reported in fig-
ures, legends, or in a separate table. Statistical tests used
included, as indicated, unpaired t tests, one-way analyses
of variance (ANOVA) with post hoc analysis, multiple
comparisons tests. Kaplan Meier Curve Comparison test-
ing was performed by Prism using the Gehan-Breslow-
Wilcoxon Test.

Results

Differential expression of NK receptor ligands by proneural
and mesenchymal human glioma stem cells

Given the aggressive and recurrent nature of HGG
we sought to understand whether the susceptibility
of tumour-driving GSCs to NK-mediated killing may
explain the apparent failure of innate immune surveil-
lance in this disease. For this purpose, we interrogated
the available gene expression databases of PN- or MES-
GSCs isolated from brain tumours comprising multiple
HGG subtypes [30], along with control normal human
astrocytes [30], for known activating, multifunctional, or
inhibitory ligands able to engage critical NK cell recep-
tors [23, 41]. Notably, global transcriptomes revealed a
clear separation of these cell lines into distinct clusters
around either astrocytes, PN-GSCs, or MES-GSCs, thus
highlighting their molecular heterogeneity (Fig. 1A).
While there was some variability in the expression of
mRNA for specific NK activating ligands between indi-
vidual GSC lines, the levels of these transcripts were
almost uniformly higher for MES-GSCs than for their
PN-GSC counterparts, regardless of the nature of the
original HGG isolate. This difference included MICA,
MICB, ULBP1 and ULBP2, which are the canonical
activators of the NKG2D receptor on NK cells (Fig. 1B)
[23]. A similar, albeit less obvious, trend was observed
in the case of multifunctional and inhibitory NK ligands
(Fig. 1C and fig. S1). It is noteworthy that the molecular
classification of hitherto characterized GSCs into PN and
MES populations is predicated on their transcriptomic
similarity to corresponding subtypes of grade IV HGG
with wild type status of the IDH1/2 genes, currently clas-
sified as glioblastoma (GBM) [30, 51]. It should also be
noted that GBM also includes a classical (CL) molecu-
lar subtype, in addition to PN and MES tumours [51]
but GSCs in our series did not contain a corresponding
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transcriptome [20, 30]. To assess whether these bulk
GBM transcriptomes would also differ with respect to
NK ligands (as do GSCs) we performed in silico analysis
of their corresponding mRNA profiles using the Can-
cer Genome Atlas (TCGA) database (fig. S2A). Indeed,
MES GBM samples expressed considerably more of some
(MICA and MICB), but not all transcripts encoding NK
ligands relative to their PN counterparts, and there were
also differences in MICA between CL and PN GBM tis-
sues (fig. S2-S3). These observations suggest that MES
transcriptome is enriched in NK ligands, both in bulk
GBM and in isolated GSCs.

We have also examined PN- or MES-GSCs for NK
ligand protein levels and functionality (Fig. 1D-F). We
carried out some of these experiments in the pres-
ence or absence of temozolomide to account for the
realities of GBM therapy (fig. S4). In this regard, flow
cytometry analysis of NKG2D ligands, such as MICA
and ULBP2/5/6 (Fig. 1D, E; fig. S5A-C and fig. S6), and
DNAM1 ligand, PVR/CD155 (fig. S5C, S7), demonstrated
their preferential and abundant expression by MES-GSCs
[29], but not by PN-GSCs. MICB was not detectable on
the surface of either GSC subtype (fig. S5B) [10]. While
TMZ exposure was suggested to increase the responsive-
ness of GBM cells to NK-mediated cytotoxicity [10, 50]
we observed no major changes in levels of key NK cell
ligands (Fig. 1D, E; fig. S5A, B) in the presence of physi-
ological and biologically effective concentrations [21, 35]
of the drug (fig. S4). Also under in vivo growth condi-
tions, in GSC xenografts, the levels of MICA remained
markedly elevated in MES-GSC tumours relative to PN-
GSC lesions, and did not observably change following the
exposure of tumour bearing mice to TMZ, as determined
by quantitative flow cytometry (Fig. 2; fig. S8).

Finally, we used the bioluminescence cytotoxicity
assays [25] to explore more directly the effect of the engi-
neered human NK cell line (NK92MI) against a panel of
the aforementioned GSCs in culture. Remarkably, while
all MES-GSC lines were efficiently killed by NK92MI
cells across a wide range of effector-to-target ratios, their
PN-GSC counterparts remained completely unaffected
by human NK effectors (Fig. 1F, fig. S9, tab. S1). Overall,
these results suggest that the intrinsic molecular subtype
of GSCs represents a notable determinant of their cellu-
lar sensitivity to NK-mediated cytotoxicity, with MES-
GSCs being especially susceptible to such killing.

Elevated sensitivity of mesenchymal glioma stem cells to
NK-mediated surveillance post chemotherapy in vivo

In order to determine whether differential sensitivity to
NK cell-mediated killing in vitro translates into corre-
sponding antitumour responses in vivo, PN-GSCs and
MES-GSCs were used to generate subcutaneous xeno-
grafts in strains of mice, which were either proficient
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Fig. 1 Differential expression of NK cell ligands and susceptibility to NK cell-mediated cytotoxicity between patient-derived mesenchymal and proneural
glioma stem cell populations. (A) Principal component analysis (PCA) of total transcriptomes of indicated cells: proneural GSCs (PN), mesenchymal GSCs
(MES) and astrocytes. (B-C) In silico analysis of MRNA expression levels (microarrays) for NK cell ligands in a panel of PN and MES GSCs and Astrocytes. Ac-
tivating NK ligand transcripts (B) and transcripts for multifunctional NK ligands (C). (D-E) Differential cell surface expression of NK ligands interacting with
cytotoxic NKG2D by MES-GSCs and PN-GSCs (FACS); MICA (D) and ULBP-2/5/6 (E). GSCs were assayed with or without pretreatment with temozolomide
(TMZ). MICA and ULBP-2/5/6 protein levels were expressed as median fluorescent intensity +/- SEM, for n=3-5 independent repetitions, pvalues were
determined for group comparisons by unpaired two-tailed t-test, p <0.0001 (F) NK cell specific target cell (GSC) lysis analyzed by bioluminescence assay.
GSCs were incubated with NK92MI human immortalized NK cells for 4 h at indicated ratios. Experiments were performed at least 3 times, **** p <0.0001
as determined for group comparison between PN and MES time points by one way ANOVA with Tukey's multiple comparison test +/- SEM
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staining of proneural (GSC528) and mesenchymal (GSC1123 and GSC83) intracranial xenografts in SCID mice (magnification=200X (size bar =50 pum).
(B-C) FACS analysis of NK ligand expression in dissociated GSC1123 intracranial tumours. MICA (B) and ULBP-2/5/6 (C) expression by cancer cells in mice
either untreated (Control) or 48 h post temozolomide (TMZ) treatment. Mean fluorescence intensity +/- SEM (right side panels in B and C) and corre-
sponding FACS histograms; Unstained GSC123 cells (blue), MICA- or ULBP-2/5/6-stained GSC1123 control cells from culture (red), and three independent
stained GSC1123 cell populations (n=3) isolated from untreated (light green, dark green and pink) or TMZ treated tumours (light purple, dark purple and

dark blue). Statistical analysis by unpaired T-test, ** p <0.01

(SCID) [5, 16, 47] or deficient (NSG) for NK cell activity
(Fig. 3; fig. S10) [42, 55]. Both GSC subtypes efficiently
triggered tumour formation in either strain of mice, with
PN-GSCs exhibiting an expectedly slower growth kinet-
ics and aggressiveness [20, 30]. We have earlier docu-
mented that in these settings, the exposure of tumour
bearing NK-deficient NSG mice to TMZ produced a

profound, but transient disease remission followed by
a relapse of TMZ resistant and incurable lesions [20].
In order to examine the possible role of NK cells in this
disease evolution process, NSG and SCID mice were
inoculated with either MES-GSCs (GSC1123, GSC83) or
PN-GSCs (GSC528) and upon tumour establishment the
animals were exposed to a single dose of TMZ (120 mg/
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Fig. 3 Impact of endogenous mouse NK cells on post-chemotherapy recurrence of mesenchymal glioma stem cell xenografts. (A) Endogenous NK cell
proficiency of SCID mice supports eradication of mesenchymal glioma stem cell (GSC1123) - driven subcutaneous xenografts by single dose of temozolo-
mide (TMZ; 120 mg/kg); data expressed as mean +/- SD; (B) Endogenous NK cell deficiency of NSG mice is associated with post-TMZ relapse of GSC1123
subcutaneous xenografts (mean +/- SD); (C) Purified mouse NK cells efficiently kill GSC1123 mesenchymal glioma stem cells in vitro in a time dependent
manner (BLI assay with readings conducted at 5 h and 22 h post NK treatment; mean value +/- SEM); (D) Experimental design to explore the effects of
pharmacological NK inhibition (Asialo-GM1) on progression of mesenchymal GSC subcutaneous xenografts post TMZ-mediated tumour depopulation;
(E) Asialo-GM1 treatment aborts TMZ-mediated GSC1123 tumour eradication in NK-proficient SCID mice- bioluminescent images; (F) Inhibition of en-
dogenous NK cell cytotoxicity (Asialo-GM1) counteracts pro-survival effects of TMZ in NK-proficient SCID mice. Error is represented by SEM

kg i.p.). We observed that, as expected, in NK-deficient
NSG mice this therapy resulted in a profound but tran-
sient tumour regression followed by a relapse of both
MES-GSC and PN-GSC-driven lesions after approxi-
mately 40—50 days. This pattern was also recapitulated in
NK-proficient SCID mice inoculated with PN-GSC cells
(Fig. 3A-B; fig. S10B-E). However, in the case of SCID
mice harbouring MES-GSC tumours the post-TMZ
tumour relapse was completely aborted and the mice
survived beyond 200 days without any evidence of active
disease (Fig. 3A; fig. S10B). In contrast, PN-GSC-driven
tumours continued to relapse in SCID mice (Fig. 3B;
fig. S10D). To further ascertain that these effects can be
attributed to the suggested capacity of mouse NK cells to
recognize human cancer cell targets [7] and kill them [54]
we isolated NKp46/NCR1-positive lymphocytes from
mouse splenocyte preparations [53] (fig. S11) and per-
formed bioluminescent cytotoxicity assays using human
mesenchymal GSC1123bfpLuc glioma cells as targets. As
expected, mouse NK cells were robustly cytotoxic against
these GSCs (Fig. 3C). In several cases of surviving SCID
mice a faint bioluminescent signal of residual MES-GSC
cells was observed several months post TMZ therapy in
the absence of progressive disease (fig. SI2A-C), suggest-
ing a possible contribution of tumour cell dormancy to
anticancer effects of endogenous NK cells [15]. Collec-
tively, these observations are consistent with the notion
that MES-GSCs (but not PN-GSCs) are sensitive to NK
cell effects in vivo. Moreover, since both NSG and SCID
mice support the unperturbed tumour growth, TMZ-
dependent tumour depopulation appears to be required
for endogenous murine NK cells to exert an effective sur-
veillance over the residual MES-GSCs, resulting in GSC
subtype-specific obliteration of disease re-initiation.

Pharmacological targeting of NK cells overrides tumour
eradication post chemotherapy

In order to further explore the role of innate immunity in
curative effects of TMZ in NK-proficient SCID mice the
animals bearing MES-GSC xenografts were depleted for
NK cells using anti-AsialoGM1 (anti-NK) antibody [32]
(Fig. 3D-F). Two weeks prior to cancer cell inoculation,
SCID mice were randomized and subjected to weekly
i.v. injections of either anti-Asialo-GM1, or vehicle for a
total of 9 weeks. On day 14 of this cycle, all mice were
subcutaneously inoculated with cancer cells (GSC1123)

and once the tumours became established (500 mm?)
a single dose of TMZ (120 mg/kg) was injected i.p. fol-
lowed by monitoring tumour responses (BLI, palpation)
(Fig. 3D). In keeping with the aforementioned observa-
tions, TMZ exhibited a curative effect in control NK
cell-proficient SCID mice, as indicated by disease free
survival that extended beyond 150 days for the entire
cohort. Notably, anti-Asialo-GM1 treatment reversed
this effect almost completely with the majority (7/8) of
mice exhibiting gradual tumour recurrence resulting in
endpoint within less than 56 days post TMZ (Fig. 3E-F;
fig. S13). These results further suggest that in SCID mice
harbouring MES-GSC xenografts the endogenous NK
activity is functionally required for tumour eradication
and long-term survival post TMZ-dependent cancer cell
depopulation. Thus, in mice depleted for NK cells either
genetically (NSG strain) or pharmacologically (Asialo-
GM1) the post-TMZ long-term survival is disrupted by
tumour recurrence.

Recruitment of NK cells into the tumour mass in the course
of temozolomide-induced regression

In order to visualise cellular events associated with TMZ-
induced tumour regression, followed by either relapse,
or cure in NSG or SCID mice, respectively, MES-GSC
xenografts were subjected to serial histological exami-
nation (fig. S14A, B). As expected, a single dose of TMZ
triggered a progressive loss of cellularity and dramatic
shrinkage of the tumour mass in both NSG and SCID
mice over a period of 2—-3 weeks, after which cancer cell
deposits became virtually undetectable until recurrence
(in NSG mice only, fig. S14B). During this time tumour
remnants in SCID mice exhibited a biphasic influx of
mouse NCR1-positive NK cells peaking on days 3 and
14 post TMZ (fig. S15), with infiltrating NK cells form-
ing thick rims around necrotic tumour regions and at the
boundaries of regressing cancer cell deposits and sur-
rounding stromal tissue. While scarce NCR1 staining
was also detected in tumours harboured by NK-deficient
NSG mice, no robust infiltration has occurred in this set-
ting in agreement with the underlying NK cell maturation
defect [1]. However, in both strains of mice the microen-
vironment of regressing tumours attracted other bone
marrow derived, mouse, CD45-expressing cells (fig. S16).
Microvascular density highlighted by CD31 staining was
not visibly different between tumours in SCID and NSG
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Fig. 4 Intracranial delivery of exogenous NK cells blocks post-temozolomide recurrence of mesenchymal glioma xenografts. (A) Kaplan-Meier curves
indicating responsiveness of subcutaneous GSC1123 xenografts to TMZ treatment (120 mg/kg, i.p) in SCID mice. (B) Kaplan-Meier curves documenting
relative refractoriness of intracranial GSC1123 xenografts to TMZ therapy (120 or 200 mg/kg i.p.) in SCID mice. (C) Experimental design of intracranial
NK92MI therapy. (D) BLI representative scans of SCID mice in indicated treatment groups: untreated, NK92MI, TMZ +Media or TMZ +NK92MI. (E) Kaplan-
Meier curves of GSC1123 tumour bearing mice for corresponding treatment groups show efficacy of TMZ and NK92MI combination. Statistical analysis
was conducted by Curve comparison using the Gehan-Breslow-Wilcoxon test. Untreated group (n =13 mice, 2 repeats), NK92M| treated group (n=>5 mice,
1 repeat), TMZ+media group (n=15 mice, 4 repeats), TMZ + NK92MI group (n=6 mice, 2 repeats). (F) Distribution of exogenous NK92M! cells in the brain
of mice with GSC1123 xenografts: untreated (left) and TMZ +NK92MI treated mice (right) showing infiltration of NK92MI cells (brown) into the choroid
plexus (CP) of lateral ventricle (LV) and meninges (M) 150 days post treatment

mice and even increased somewhat, as expected, with
ongoing depopulation of viable cancer cells between cap-
illaries (fig. S17). Overall, these observations suggest that
in both NK cell-proficient and -deficient mice the MES-
GSC xenografts underwent protracted and nearly com-
plete regression post TMZ treatment. This process was
paralleled by waves of NK cell infiltration, which were
largely restricted to SCID mice.

Intracranial microenvironment restricts NK cell impact on
post-chemotherapy survival of tumour bearing mice

The brain microenvironment uniquely restricts the
access of drugs [37] and immune cells [49] to the tumour
site resulting in their diminished anticancer activities. To
explore this factor in the context of NK-sensitive MES-
GSCs xenografts (Fig. 4A, B), these cells were inoculated
intracranially [20] into NK cell-proficient SCID mice.
Upon tumour establishment (as defined by the BLI sig-
nal) the mice received TMZ intraperitoneally at either a
standard experimental dose of 120 mg/kg, or at increased
dose of 200 mg/kg (Fig. 4B), established to compensate
for reduced drug penetration into the brain [21, 35, 37].
Strikingly, neither of these TMZ treatment regimens
recapitulated the dramatic prolongation in survival of
tumour bearing SCID mice observed when the tumours
were grown subcutaneously (Fig. 4A). Even at the higher
dose of TMZ (200 mg/kg) only approximately 50% of
mice survived longer than 150 days, while the remain-
ing mice experienced tumour relapse before day 100
(Fig. 4B). These results are in agreement with reports
suggesting a poor presence of NK cells in the brain
tumour parenchyma [49], which is also consistent with
our observations suggesting a limited representation of
mouse CD45+, or NCR1 + cells in MES-GSC intracranial
xenografts in SCID mice prior to treatment (fig. S18).
Thus, the curative potential of NK cells during post-TMZ
evolution of MES-GSC tumours is likely curtailed by
poor access of these cells into the brain.

Intracranial NK cell therapy following temozolomide-
mediated cytoreduction eradicates orthotopic
mesenchymal glioma stem cell xenografts

Although the mechanism of endogenous NK cell exclu-
sion from the brain tumour parenchyma remains poorly
understood, one avenue to circumvent this barrier is

through a direct intracranial immunotherapy [6, 24].
We set out to explore whether this approach could re-
open the post-TMZ window of curative opportunity in
the case of MES-GSC-driven tumours. MES-GSCs were
inoculated intracranially into SCID mice and tumours
were allowed to emerge (as BLI signal), at which point
the mice were exposed to TMZ (120 mg/kg) followed
two days later by injection of live human NK-like cell
line, NK-92MI (Fig. 4C). These cells are engineered to
remain in an activated state by constitutive expression
of interleukin 2 (IL2) [46] and were approved by Food
and Drug Administration (FDA) for experimental anti-
cancer therapy in clinical trial settings [33]. Moreover,
in our hands NK92MI cells exhibited a robust in vitro
cytotoxicity against MES-GSC lines, but not against
their PN-GSC counterparts (Fig. 1F). SCID mice were
used as tumour recipients, as in these mice intracra-
nial MES-GSC xenografts are not efficiently infiltrated
by endogenous NK cells and are not eradicated follow-
ing TMZ chemotherapy alone (Fig. 4B). Remarkably, the
intracranial injection of NK92MI cells following TMZ
chemotherapy radically changed the natural history of
MES-GSC (GSC1123) tumours, resulting in tumour
regression and long-term survival (>150 days). This out-
come is in contrast to the lethality of mice that received
no therapy, or were injected only with NK92MI cells,
or with TMZ alone, with “media” to serve as a surgical
control (Fig. 4D, E; fig. S19). Histological examination of
brains from all experimental groups showed infiltration
of some mouse CD45 + cells and a scarce influx of endog-
enous NCR1 + mouse NK cells into the regressing tumour
masses regardless of treatment (fig. S18). A global mor-
phological overview documented end stage tumours in
all groups except for the TMZ + NK92MI treated mice in
which no tumours were detectable (fig. S19). Moreover,
intracranial mesenchymal xenografts (GSC1123, GSC83)
continued to express high levels of NK ligands, such as
MICA and ULBP-2/5/6 in situ (Fig. 2; fig. S8A), in con-
trast to their proneural counterparts (GSC528), which
remained negative for these molecules. This expression
was somewhat increased by, but did not depend upon,
the exposure to TMZ (fig. S8B, C). Overall, these results
suggest that neither endogenous NK cells, nor exogenous
NK92MI cells alone, even when injected intracranially,
are able to prolong survival of MES-GSC brain tumour
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Fig. 5 Improved survival of brain tumour bearing SCID mice following combination therapy with temozolomide and irradiated NK92MI-IR cells. (A)
Experimental protocol involving GSC1123-initiated brain tumours in SCID mice and therapy with systemic TMZ and intracranial injection of irradiated NK-
92Ml cells (NK92MI-IR). (B-C) Examples of BLI imagery of brain tumour formation and therapeutic response to indicated agents. (D) Kaplan-Meier survival
curves of mice bearing GSC1123 tumours and treated with NK92MI-IR cells alone (n=5, 1 repeat) or combination therapy of TMZ +intracranial NK92MI-IR
(n=8, 2 repeats). These results are overlayed with previously collected GSC1123 survival data, including: untreated mice (n=13), NK92MI alone (n=5),
TMZ +media (n=15) and TMZ + NK92MI (n=8). (E) Kaplan-Meier survival curves for SCID mice with GSC83 intracranial xenografts including: untreated
tumour bearing mice (n=5) and treatments with NK92MI-IR cells (n=4), TMZ + media (n=6, 3 repeats) or combination therapy of TMZ + NK92MI-IR (n=5,
2 repeats) cells. Statistical analysis comparing groups: TMZ +Media vs. TMZ +NK92MI-IR, for both, GSC tumour models, was conducted by curve analysis

using the Gehan-Breslow-Wilcoxon test

bearing SCID mice, unless NK92MI therapy is combined
with TMZ-mediated tumour depopulation.

Curative effects of lethally irradiated NK92Ml cells
combined with TMZ in mice harbouring mesenchymal
glioma stem cell xenografts

Although NK92MI cells are FDA approved for human
trials and exerted curative effects in MES-GSC-driven
brain tumours, they are immortalised, transformed
and thereby may pose inherent biosafety risks. Nota-
bly, NK92MI cells were detectable in brains of ostensi-
bly cured (brain tumour-free) mice earlier inoculated
with MES-GSCs (GSC1123; Fig. 4F and fig. $20). In
some experiments these cells exhibited signs of neoplas-
tic expansion throughout cerebral structures (fig. S21).
One approach to decouple cytotoxicity of NK92MI cells
from their proliferative potential relies on sublethal irra-
diation [28]. Exposure of NK92MI cells to radiation doses
ranging from 2 Gy to 10 Gy was undertaken aiming to
establish conditions that would maintain a sustained cell
viability combined with cell cycle arrest (fig. S22A, B),
which was achieved at 5 Gy. Indeed, following irradiation
with 5 Gy NK92MI cells retained their structural integrity
and viability for up to 7 days in vitro (fig. S22C), and they
also remained selectively cytotoxic to MES-GSCs (fig.
S22D). In order to test whether such irradiated NK92MI
cells (NK92MI-IRs) are still able to prevent recurrence of
TMZ treated MES-GSC xenografts, the respective cell
lines (GSC1123, GSCB83) were inoculated intracranially
into SCID mice. Established tumours were then exposed
to systemic TMZ (120 mg/kg), followed by intracranial
NK92MI-IR therapy (Fig. 5A). Strikingly, this protocol
resulted in aborted recurrence and long term survival of
mice bearing GSC83 (5/5)(Fig. 5E and fig. S23 and S24B)
or GSC1123 (4/6) (Fig. 5, B-D) xenografts, while neither
TMZ alone (+ media) nor NK92MI-IRs alone were able
to achieve similar effects. There were no remarkable
differences in the infiltration of the tumour mass with
endogenous mouse CD45-positive bone marrow-derived
cells, or NCR1-positive mouse NK cells, as a function
of NK92MI cell injection (fig. S25A, B). GSC xenografts
contained some mouse NCR1-positive cells in low abun-
dance in all groups, with mice treated with TMZ alone
being an intriguing, but presently unexplained exception
(fig. S25C). Given the secretory activity of NK cells [36]

we also assessed the impact of NK92MI-IR cell inocula-
tion on the inflammatory and vascular components of
the brain tumour microenvironment (fig. S26A-C). Apart
from a modest and inconsistent increase in microvascu-
lar density (fig. S26A), no significant changes in microglia
(Ibal) or leukocytic (CD45) content were observed fol-
lowing NK92MI inoculation (fig. S26B, C). Importantly,
brain tissues recovered from mice that remained osten-
sibly tumour free following treatment with TMZ and
NK92MI-IR revealed no remnants of cancer cells (fig.
S27, fig. S28) or any obvious NK92MI-IR cell deposits.
The latter was validated by staining of tumour tissues, or
brain injection sites for anti-human CD45 antigen (fig.
S29). These observations suggest that during their lim-
ited time of sustained viability in vivo, after irradiation
and intracranial inoculation (post TMZ), NK92MI-IR
cells were able to eliminate the residual MES-GSCs, avert
disease recurrence and undergo their own spontaneous
removal, an encouraging aspect of their biosafety.

TMZ and NK therapies cooperate within a limited time
window

We observed that in mesenchymal GSC-driven brain
xenografts the NK92MI-IR cell injection was only effi-
cacious if preceded by depopulating TMZ therapy. This
could result from chemotherapy reducing the ratio of
viable residual GSC targets to NK92MI-IR effectors. If so,
the opportunity to eliminate GSC by NK cells would be
transient due to post-TMZ tumour repopulation, often
accompanied by GSC drift toward TMZ resistance, as
reported earlier [20]. To examine this possibility, intra-
cranial GSC1123 xenografts were established in SCID
mice, which then received TMZ therapy followed by
intracranial delivery of NK92MI-IR cells either at a stan-
dard interval of 2 days, or at delayed time points, such as
7th, 14th, or 21st day post-TMZ (Fig. 6). Intriguingly, fol-
lowing the 2—7 day intervals between TMZ and NK92MI-
IR injection, 9/12 mice were still alive and tumour-free at
150 days post treatment. In contrast, only 3/9 mice were
tumour free in groups where NK92MI-IR injection was
delayed until 14-21 days after TMZ treatment (Fig. 6B).
To further ascertain that these effects could be attributed
to the changing effector to target ratio the same numbers
of mesenchymal GSB1123bfpLuc cells were mixed with
NK92MI-IR effectors at different ratios and inoculated
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tion in GSC1123 brain xenografts; (B) Kaplan-Mejer symptom-free survival curves at different intervals between TMZ and NK92MI-IR therapies. Statistical
analysis comparing groups: TMZ +media vs. TMZ + NK92MI-IR, for both, GSC tumour models, was conducted by curve analysis using the Gehan-Breslow-

Wilcoxon test

intracranially into SCID mice without pre-exposure to
TMZ (fig. S30). Remarkably, at 80:1 effector/target ratio
NK92MI cells were able to abort the growth of cancer
cells in vivo while at 10:1 ratio tumour onset was some-
what delayed, but still occurred in all mice as it did in
untreated controls. This further suggests the ability of NK
cells to control tumour growth in vivo only under certain
numerical conditions. Collectively these results point to
a window of curative opportunity, during which NK cells
delivered directly into the tumour site after a success-
ful cytoreductive chemotherapy may abort the disease

relapse in a manner dependent on the molecular subtype
and abundance of residual HGG-driving GSCs.

Discussion

Our present study suggests that in brain tumours driven
by the mesenchymal subtype of human glioma initiating
cells (MES-GSCs) a window of curative opportunity may
exist following the initial response to TMZ chemotherapy
and prior to overt tumour relapse. During this time inter-
val the spontaneous influx, or therapeutic delivery of NK
cells aborts the disease recurrence and results in unprec-
edented long-term (permanent) survival of xenograft



Meehan et al. Acta Neuropathologica Communications

bearing mice. Notably PN-GSC xenografts were not
responsive to the presence of NK cells and relapsed fol-
lowing initial TMZ depopulation. Indeed, subtypes of
GSCs differed sharply in terms of their expression of NK
ligands and so did bulk transcriptomes of HGGs (GBM)
contained in the TCGA repository [51]. The implica-
tions of this pattern of response could be considerable,
if biological and molecular determinants predisposing to
meaningful NK cell effects could be identified and har-
nessed in the clinic.

More immediately, however, it is noteworthy that
the effects of live NK92MI cells could be approximated
through the use of their irradiated preparations, accord-
ing to already established protocols [28, 33]. In this
setting, following a single inoculation of irradiated
NK92MI-IR cells they were completely eliminated from
mouse brains within 7-10 days, and in combination
with TMZ they still conferred a long-term survival upon
MES-GSC xenograft bearing mice.

While in our study TMZ chemotherapy represents
the backbone of experimental treatments, it is possible
that the addition of NK cells may also cooperate with
other cytoreductive modalities, such as alternative che-
motherapy or radiation [51]. Exploring these possibili-
ties represents an important, and presently unanswered
challenge in view of the fact that approximately 50% of
GBM patients exhibit up front resistance to TMZ [52].
TMZ resistance may also arise, as a consequence of the
prolonged drug exposure [20, 48] and limit the appli-
cability of the therapeutic paradigm suggested by the
present study. Therefore, it is of great interest to under-
stand the status and functionality of NK ligands in TMZ-
resistant primary versus recurrent HGG and whether
compatible cytoreductive options may exist in such set-
tings. It is noteworthy that some of the isogenic sub-
lines of GSC1123 cells tested in our study (GSC1123-7R,
GSC1123-9R) have been previously selected for TMZ
resistance in vivo [20] and they remain NK cell sensitive
to the extent indistinguishable from controls (GSC1123-
12 S) (Fig. 1E).

It should also be considered that individual human
HGG tumours may contain both PN-GSCs and MES-
GSCs, in various tumour subdomains [4], a circumstance
that may require additional scrutiny in view of the appar-
ent resistance of PN-GSCs to NK mediated killing. This
noted, a global analysis of human GBM transcriptomes
(TCGA) suggests that stratification of patients for greater
NK ligand expression is feasible and tends to correlate
with MES gene expression signature. The extension of
this analysis to other subsets of HGG is, of course, of
great interest.

Intriguingly, curative effects of the NK/TMZ protocol
could be achieved in spite of the highly invasive prop-
erties of MES-GSCs and their ability to infiltrate the
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surrounding brain [2, 4]. It is presently unclear, whether
exogenously delivered NK cells have the ability to migrate
along similar paths as invading MES-GSCs and thereby
eliminate them, or other mechanisms are involved in
these effects. It is also of considerable interest that the
effects of NK cells against susceptible GSCs could be
enhanced by endogenous expression of cytokines such as
IL-15 and especially IL-21, as recently demonstrated by
Shanley et al. [40].

Finally, our results suggest that the efficacy of intra-
cranial NK therapy post TMZ-dependent depopulation
may be time-restricted. This is likely to be a function of
the rapidity of tumour repopulation process from a state
where residual cancer cells are beyond detection limits
of bioluminescence to overt resurgence of macroscopic
lesions, at which point event large numbers of NK cells
become ineffective. This interpretation can be inferred
from our experiments suggesting that NK cell-medi-
ated prevention of GSC engraftment in vivo can only be
achieved at effector to target ratio notably higher than
that naturally existing in situ or those required for in vitro
toxicity assays. Therefore, in our hands, curative effects
of combined chemo-immunotherapy are only achieved if
they are optimally timed.

While these possibilities are intriguing some of the lim-
itations of our study merit future attention. They include
the limited number of GSC lines available for our present
study and the notion that given intrinsic heterogeneity of
these cancer cells and their divergent properties [20], the
exposure to non-curative NK therapy may elicit tumour
evolution toward a NK resistant phenotype. While these
are pressing experimental questions, our data suggest
that NK therapy may have a place in treatment of at least
a subset of GBM patients.

Conclusions

While several questions remain to be explored the pro-
found effect of NK cells on post chemotherapy resolu-
tion of HGG lesions, within a defined time window, may
signal an opportunity to harness the complementarities
between innate immunity and cytoreductive treatment
and change the dismal trajectory of this disease in a sub-
set of patients.
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