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Tumor antigen heterogeneity, a severely immunosuppressive
tumor microenvironment (TME) and lymphopenia resulting in
inadequate immune intratumoral trafficking, have rendered glio-
blastoma (GBM) highly resistant to therapy. To address these
obstacles, here we describe a unique, sophisticated combinatorial
platform for GBM: a cooperative multifunctional immunotherapy
based on genetically engineered human natural killer (NK) cells
bearing multiple antitumor functions including local tumor respon-
siveness that addresses key drivers of GBM resistance to therapy:
antigen escape, immunometabolic reprogramming of immune
responses, and poor immune cell homing. We engineered dual-
specific chimeric antigen receptor (CAR) NK cells to bear a third
functional moiety that is activated in the GBM TME and addresses
immunometabolic suppression of NK cell function: a tumor-
specific, locally released antibody fragment which can inhibit the
activity of CD73 independently of CAR signaling and decrease the
local concentration of adenosine. The multifunctional human NK
cells targeted patient-derived GBM xenografts, demonstrated local
tumor site-specific activity in the tissue, and potently suppressed
adenosine production. We also unveil a complex reorganization of
the immunological profile of GBM induced by inhibiting autoph-
agy. Pharmacologic impairment of the autophagic process not
only sensitized GBM to antigenic targeting by NK cells but pro-
moted a chemotactic profile favorable to NK infiltration. Taken
together, our study demonstrates a promising NK cell-based com-
binatorial strategy that can target multiple clinically recognized
mechanisms of GBM progression simultaneously.
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lioblastoma (GBM) is the most common and deadliest malig-
nant type of primary brain tumor (1). GBM patients are
poorly responsive to traditional treatments, resulting in a grim
prognosis that has only modestly improved over the past several
decades, motivating the hunt for new treatment approaches (2).
So far, chimeric antigen receptor (CAR)-engineered natural killer
(NK) cells targeting single GBM antigens—EGFR, EGFRVIII, or
ErbB2/HER2—have been limited to the use of NK cell lines, and
the overall response rates have been disappointingly low and
inconsistent (3-5). These responses appear to mirror the clinical
hurdles of single antigen-targeted CAR-T therapies for GBM
(6-9). CART cells, administered to target single GBM antigens
via intracavitary, intraventricular, or intravenous routes, have so
far resulted in inconclusive durable responses (8).
Preclinical and patient data have pointed to the heterogeneity
of the GBM tumor microenvironment (TME) as a uniquely
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complex obstacle to overcome ( 10). This is reflected in immuno-
therapies tested so far having struggled to improve GBM patient
overall survival (OS) in phase III clinical trials (11, 12). GBM
induces localized lymphopenia to drive disease progression and
resist treatment (13). In addition, the tumor’s heterogeneity is
broad, with each of the known GBM subtypes—classical, mesen-
chymal, neural, and proneural—displaying diverse genetic and
epigenetic signatures associated with distinct and variable cell
plasticities (14). Not surprisingly, the outgrowth of antigen
escape variants has been recorded clinically with most GBM-
associated antigens to date, resulting in immune evasion and
resistance to treatment (7, 15). And though strategies including
dual antigen-targeting or programmable tumor-sensing CARs—
so far primarily in the context of adoptive T cell therapy—have
been evaluated preclinically to combat such evasion, GBM
employs mechanisms beyond antigen escape to avoid targeting.

Significance

Glioblastoma (GBM) is the most aggressive brain cancer and
highly resistant to therapy, including immunotherapies. It is
able to escape immune recognition due to its high heteroge-
neity, active immunometabolic suppression, and antigen
escape mechanisms. Here, we describe an immunotherapy
centered around human natural killer (NK) cells engineered
to simultaneously target these pathways of immune resis-
tance. These engineered NK cells are able to block adenosine
signaling in GBM via CD73 while avoiding antigen escape.
We also uncover the functional cooperation between these
cells’ intratumoral infiltration and impaired autophagy in
GBM as a powerful approach to traffick NK cells into the
GBM niche. This NK cell-based immunotherapy provides
opportunities to broaden the breadth and versatility of cur-
rent therapeutic regimens for GBM.
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Treatment evasion by GBM is fueled by a heavily immunosup-
pressive, hypoxic TME, which provides a niche unfavorable to
NK cell effector function (16). A subset of GBM cells, glioma
stem-like cells (GSCs), contribute to treatment resistance and
are poorly recapitulated by conventional GBM model cell lines,
including US7MG (17). Metabolic and functional pathways,
moreover, converge to fuel the tumor’s invasiveness by driving
exhaustion of immune cells (18). For instance, immunometabolic
dysregulation of NK cell function in GBM is driven in part by
the activity of ecto-5-nucleotidase (CD73). CD73 is a hypoxic
ectoenzyme that we and others have found to be associated with
a negative prognosis and has emerged as an attractive clinical
target (19, 20). In addition, we have previously shown that the
CD73-driven accumulation of extracellular adenosine (ADO)
leads to significant purinergic signaling-mediated impairment of
NK cell activity (21, 22).

Although they are among the most abundant lymphocytes
found within the GBM TME, NK cells are still present in insuf-
ficient amounts in these tumors and exhibit a highly dysfunc-
tional phenotype (23, 24). The need to recapitulate NK cell
function lost to multiple complex mechanisms not only presents
a significant challenge to traditional CAR-NK therapy but
requires a greater presence specifically within the tumor tissue
to mount meaningful clinical responses.

Here, we describe an example of a multifunctional, engi-
neered human NK cell-based therapy for glioblastoma devel-
oped around the programmed targeting of three clinically
recognized pathways of GBM progression: antigen escape,
immunometabolic suppression, and poor intratumoral NK cell
presence. We achieved dual antigen recognition by modifying
NK cells with multi-CARs to target disialoganglioside (GD2)
and ligands to NK group 2D (NKG2D), which are widely
expressed on human GBM (25, 26). Within the same NK cells,
we engineered the concomitant local release of an antibody
fragment that impairs immunosuppressive purinergic signaling
by blocking the activity of CD73 via the cleavage of a tumor-
specific linker. This cleavage is dependent on the activity of
proteases that are up-regulated in the tumor microenvironment
(27). Such local release is able to avoid systemic toxicities owing
to its tumor-specific activation that occurs independently of
CAR-based signaling.

We report the homing of such multifunctional NK cells was
enhanced when administered in conjunction with autophagy
inhibitors in patient-derived GBM xenografts. Disabling autoph-
agy further revealed a sophisticated and complex reorganization
of anti-GBM immunological responses which could contribute
to enhanced CAR-NK effector function. The clinical efficacy of
adding an autophagy inhibitor to GBM therapy has shown that
such treatments are clinically safe and well tolerated (28). We
reveal a nuanced and potentially important role for autophagy
inhibitors in adoptive human NK therapy.

These studies aim to expand the repertoire of GBM-
targeting NK cell-based immunotherapy and describe a first
example of addressing, simultaneously, the challenge of tumor
antigen heterogeneity, an immunosuppressive TME, and insuf-
ficient intratumoral trafficking of NK cells.

Results

NK Cells Engineered with a Multifunctional Responsive CAR-Based
Construct Can Target Multiple Antigens Widely Present in Human
GBM. We previously reported that the expression of NT5E, the
gene which encodes the ectoenzyme CD73, is a negative prog-
nostic factor for patient survival in GBM (19). Our analyses
also showed that NK cell infiltration into GBM is associated
with a better prognosis in patients overexpressing N75E, indi-
cating that NK cell presence and activation are beneficial to
overall GBM patient outcomes.
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Apart from CD73, the glycolipid disialoganglioside GD?2 is
well known as a tumor-associated antigen and is frequently over-
expressed on malignant glioma in addition to several other can-
cer types, and its expression in these tumors is associated with
increased cell growth, mobility, and invasiveness (29). By analyz-
ing public GBM patient data, we found that BGALNT4I, the
gene encoding the GD2-producing enzyme p-1,4 N-acetylgalac-
tosaminyltransferase 1, has a negative prognostic value, as
measured by a worse overall survival (OS), in GBM patients,
particularly those exhibiting the mesenchymal subtype (hazard
ratio, HR) = 1.8, P = 0.061; Fig. 14). GBM patients with the
mesenchymal subtype, the most aggressive form of GBM (30),
are the most likely to be negatively prognostically affected due to
overexpression of CD73 or GD2.

An analysis of public transcriptional GBM patient datasets
further shows that coexpression of NT5E (CD73) and
B4GALNTI (GD2) has a significant negative prognostic value
in GBM, leading to a shorter OS compared to GD2 expression
alone (HR = 4.2, P = 0.0075; Fig. 1B).

Based on these observations, we classifitd GBM patients
using The Cancer Genome Atlas (TCGA) RNA sequencing
(RNA-seq) data into high/low groups based on 50% upper and
lower quartiles to identify the expression spread of these genes
among GBM patients. By doing this, we identified 151/156
patients overexpressing either NT5E or B4GALNTI. Because we
recently described the relationship between CD73 expression
and NK cell activation via down-regulated NKG2D, we also
stratified patients based on genes encoding ligands to this NK
cell-activating receptor, namely MICA or MICB. A Venn dia-
gram showing the association of gene expression among patient
numbers of these four genes indicates individual or overlapping
patient subsets expressing one or multiple genes (Fig. 1 C and
D). In addition, an analysis of patient TCGA RNA-seq data
showed that neither NT5E nor BGALNT41 expression in GBM
patients correlated with other clinical features, including gender,
race, or prior treatments (SI Appendix, Fig. S1).

Stimulated by these observations, we next questioned whether
there is any correlation between NK cell presence and expression
of either inhibitory genes NT5E or B4GALNTI or activating
genes MICA and MICB in GBM. In doing so, we were interested
in defining the functional association between CD73, GD2, and
NK cell presence and activation in GBM. We did this by using an
NK cell signature gene set (NCRI, NCR3, KLRB1, CD160, and
PRF1) (31) to represent NK cells. An analysis of GBM RNA-seq
patient datasets (TCGA) revealed NTSE and B4GALNTI to
have a negative correlation with individual genes representing the
NK signature set in GBM (r < 0), suggesting that the antigens
encoded by these genes act to suppress NK cell function and
proliferation in GBM. Alternatively, NKG2D ligand (NKG2DL)-
encoding genes, MICA and MICB, overall revealed a positive cor-
relation with individual NK signature genes (r > 0) (Fig. 1E).

Further enrichment analysis against the full NK signature
gene set using GBM patient data with a high expression of spe-
cific genes indicated a negative correlative expression (normal-
ized enrichment score [NES] < 1) for genes NTS5E and
B4GALNT! and a positive correlative expression (NES > 1) for
genes MICA and MICB (Fig. 1F and SI Appendix, Table S1).

These results confirmed that not only are NT75E and
B4GALNTI negative prognostic factors in GBM but enhanced
NK cell presence in GBM can benefit patients with poor prog-
nosis because of an overexpression of these genes.

To verify overexpression of CD73 and GD2 at the protein
level using GBM patient tumors, we performed immunohisto-
chemical staining of human GBM tissue sections. We observed
that both CD73 and GD2 are highly expressed in human GBM
but not in normal human brain tissues (Fig. 1G). In addition,
to validate the relevance of these targets on patient-derived
GBM cells, we found that the two protumorigenic markers
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Fig. 1. Functional and prognostic role of CD73, GD2, and NKG2DL in GBM. (A and B) OS of GBM patients with the mesenchymal subtype based on NT5E
and NT5E + B4GALNTT expression, respectively. (C) Venn diagram showing the number of GBM patients with high expression of at least one of the four
genes. (D) Bar graph showing the GBM patient distribution based on gene expression in C. (E) Correlation between normalized expression of selected
genes. Pearson's correlation coefficients are shown with continuous gradient colors. (F) Correlation between normalized expression of the indicated
genes and the NK signature gene set. Correlation expressed as NES. (G) A representative human GBM tumor section double stained with anti-CD73 anti-
body (green) and anti-GD2 antibody (orange). A normal brain tissue (cerebrum) was used as a control. (Scale bar: 50 pm; 200x magnification.) (H) Surface
expression of CD73, GD2, and NKG2DL on patient-derived GBM cells. Results are reported as fold change over control (n = 3 or 4). (/) Representative histo-
grams depicting the surface expression of CD73 on GBM43 WT and GBM43 CD73 KO cells. (J) In vitro proliferation of GBM43 WT and GBM43 CD73 KO
cells (n = 6). (K) Enzymatic activity of CD73 on GBM43 WT and GBM43 CD73 KO cells (n = 6). (L) In vitro cytotoxicity of pNK cells against GBM43 WT and
GBM43 CD73 KO cells at indicated E/T ratios over 4 h (n = 5). (M and N) NKG2D expression (MFI) on pNK cells after coincubation with GBM43 WT
and GBM43 CD73 KO cells at an E/T ratio of 0.5/1 over 48 h (n = 4). Data represent independent samples. Data are shown as mean + SEM, **P < 0.01. P
values in J, K, and L were determined using the two-tailed Student’s t test and in N using one-way ANOVA analysis.

CD73 and GD2 are also widely and heterogeneously expressed
on different types of patient-derived GBM cells, including pri-
mary pediatric (SJ-GBM2), adult primary (GBM43), and adult
recurrent (GBM10) brain tumor cells (Fig. 1H).

Wang et al.
Multispecific targeting of glioblastoma with tumor microenvironment-responsive
multifunctional engineered NK cells

We had previously shown that CD73-produced adenosine is
inhibitory to metabolism and cytotoxicity of NK cells (32). To
functionally study the effect of CD73 on GBM, we generated and
used CRISPR CD73 knockout (KO) patient-derived GBM cells.
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We found that GBM cells lacking CD73 (GBM43 CD73 KO; Fig.
17) displayed a significantly delayed in vitro growth rate (Fig. 1J)
and an impaired enzymatic activity of CD73 (Fig. 1K and S/
Appendix, Fig. S2) when compared to GBM43 wild-type (WT)
cells (GBM43 control). In addition, the primary NK (pNK) cells’
lytic activity against GBM43 CD73 KO cells was significantly
higher than that against GBM43 WT cells (Fig. 1L). Furthermore,
while a coculture of human NK cells with both GBM43 WT and
GBM43 CD73 KO cells significantly decreased the expression of
activating NK cell receptor NKG2D (MFI), the decrease was sig-
nificantly more pronounced on NK cells cultured in the presence
of GBM43 WT cells than GBM43 CD73 KO cells (Fig. 1 M and
N), indicating a direct role for CD73 in down-regulating NK cell
activation. Similarly, direct treatment with adenosine also signifi-
cantly down-regulated NKG2D expression on pNK cells (S/
Appendix, Fig. S3). These results indicated that, even though the
cognate ligands to NKG2D (NKG2DL) are abundantly present
on GBM (Fig. 1H) (25), NKG2D becomes down-regulated on
NK cells in a CD73-rich environment such as that found in the
GBM TME (Fig. 1 M and N and SI Appendix, Fig. S3) (33).

Based on these data, we hypothesized that cotargeting CD73
and GD2 can restore NK cell function by, among others, rescu-
ing NKG2D-based NK cell activation, enhancing the intratu-
moral presence of NK cells, lowering adenosine-mediated
immunometabolic suppression, and directly impairing GBM
progression, thus improving anti-GBM responses.

To achieve combinatorial targeting of these GBM antigens
(CD73, GD2, and NKG2DL), we first engineered a bicistronic
vector to express two individual CARs simultaneously, yielding
NK cells expressing both a GD2.CD28.CD3¢-CAR and
NKG2D.DAP10.CD3¢-CAR. The GD2.CD28.CD3(-CAR was
then further engineered in tandem, following a cleavable,
tumor-sensitive linker, with an anti-CD73 single-chain variable
fragment (scFv) to generate CD73 scFv-GD2.CD28.CD3(-
CAR (SI Appendix, Fig. S4). This resulted in the localized
release of a CD73-blocking antibody fragment in the GBM
TME independent of CAR activation. We surmised that a
localized release of anti-CD73 scFv can achieve a blockade of
CD73 activity more broadly in the TME compared to a variant
attached as part of a cell-expressed construct while responsive-
ness to the TME provides a mechanism to control its release.

To validate the functionality of individual genetic components
of the multifunctional construct, we first engineered NK cells to
generate gene-modified cells that express separate elements of
the construct. In this step only, we engineered the NK cell line
(NK-92) and used messenger RNA (mRNA) transfection to do
so (Fig. 24) in order to initially validate the activity of the multi-
targeting construct. We thus engineered NK-92 cells expressing,
separately, an NKG2D.DAP10.CD3¢-CAR (Fig. 2 B and C), a
GD2.CD28.CD3¢-CAR (Fig. 2 G and H), and the multifunc-
tional CAR bearing the full construct (Fig. 2 L and M). In all
cases (Fig. 2 D, I, and N), the CAR-expressing NK cells retained
high viability (>95%). At the same time (Fig. 2FE), robust
NKG2D.DAP10.CD3¢-CAR expression on NK-92 cells was
achieved. NKG2D.DAP10.CD3({-CAR-NK92 cells also showed
higher cytotoxic activity against GBM43 cells compared to non-
transfected cells (Fig. 2F). Expression, on NK cells, of the
GD2.CD28.CD3¢-CAR (Fig. 2/) also resulted in a correspond-
ingly higher cytotoxicity against GBM43 target cells (Fig. 2K).
This confirmed that the GD2.CD28.CD3¢-CAR construct was
capable of effectively recognizing and eliminating GD2-
expressing GBM cells. When engineered to express the complete
multifunctional sequence, NK-92 cells showed a significant
increase in NKG2D expression (Fig. 20), anti-GD2 scFv expres-
sion, and anti-CD73 scFv expression (Fig. 2P). Furthermore,
compared to control NK-92 cells, the engineered NK-92 cells
that expressed the entire construct (CD73.mCAR-NK92)
showed significantly improved killing of GBM43 cells after
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8 h coincubation at an effector/target (E/T) ratio of 5 (Fig. 20).
Additionally, the cleaved anti-CD73 scFv from CD73.mCAR-
NK92 cells resulted in significantly decreased enzymatic activity
of CD73 in GBM43 cells (Fig. 2R and SI Appendix, Fig. S2),
indicating that the anti-CD73 scFv is functional and specific for
CD73 and can abrogate adenosine accumulation. Collectively,
these results validate the use of CD73, GD2, and NKG2DL as
combinatorial GBM targets and provide a rationale for investi-
gating their use for NK cell-based GBM immunotherapy.

Multifunctional Engineered Human NK Cells Can Target Patient-
Derived GBM Cells While Sparing Normal Cells. We next tested the
ability of human peripheral blood NK cells to express the multi-
functional CAR-based construct following viral transduction. To
generate virus-transduced primary human NK (pNK) cells, we
isolated and expanded pNK cells from healthy adult donors and
then engineered them by lentiviral transduction in the presence
of DEAE-dextran to express the full multifunctional construct
(referred to as CD73.mCAR-pNK) (Fig. 3 A and B and SI
Appendix, Fig. S5 A4, F, and K), respectively. After two rounds of
transduction, an expected, a donor-specific decrease in the via-
bility of the NK cells immediately after the transduction proce-
dure, mainly due to DEAE-dextran (34) (Fig. 3C and SI
Appendix, Fig. S6 B, G, and L), was accompanied by significantly
increased expression of NKG2D, anti-GD2 scFv, and anti-CD73
scFv fragments (Fig. 3 D-F and SI Appendix, Fig. S5 C, H, and
M). However, engineered pNK cells were able to reach high via-
bility. Specifically, CD73.mCAR-pNK cells were able to expand
substantially over 2 wk in commercial NK-MACS medium with-
out the use of feeders (Fig. 3G and SI Appendix, Fig. S5 D, I,
and N) while retaining high cell viability (~ 90%) and stable
gene expression (SI Appendix, Fig. S6).

We further evaluated the cytotoxicity of CD73.mCAR-pNK
cells against patient-derived GBM targets, showing efficient
killing of SJ-GBM2 (pediatric), GBM43 (adult), and GBM10
(recurrent) cells to significantly higher levels than those of con-
trol nonengineered NK (referred to as pNK) cells (Fig. 3 H, I,
and J and SI Appendix, Fig. S5 E, J, and O). Live imaging of the
killing of GBM targets demonstrates the dynamic nature of this
process and a higher killing specificity of GBM cells by CD73.
mCAR-pNK cells (SI Appendix, Fig. S7 and Movie S1) com-
pared to that by pNK cells (SI Appendix, Fig. S7 and Movie
S2). Stimulation by GBM cells contributed to a significantly
increased NK cell degranulation and intracellular production
of IFN-y by CD73.mCAR-pNK cells (Fig. 3 K and L). After
incubation with anti-CD73 scFv cleaved from CD73.mCAR-
pNK cells through urokinase-type plasminogen activator
(uPA) treatment, GBM43 cells showed a significantly reduced
ability to produce adenosine because of the loss of active
CD73 (Fig. 3M and SI Appendix, Fig. S2). In addition, CD73.
mCAR-pNK cells lacking the anti-CD73 scFv displayed sig-
nificantly decreased cytotoxic ability against target GBM43
cells after coculture at various E/T ratios for 4 h (Fig. 3N).
When compared with pNK cells, the CD73.mCAR-pNK cells
showed significantly lower expression of PD-1, TIM-3, and
LAG-3, respectively, upon contact with or without GBM43
target cells, suggesting that they may have improved resis-
tance to functional exhaustion (Fig. 3 O-0Q) (35).

In order to address potential off-target effects because of the
multispecific targeting of any potential expression of these anti-
gens on nontumor tissues, we evaluated the ability of
CD73.mCAR-pNK cells to target healthy cells. CD73.mCAR-
pNK cells did not preferentially kill normal cells, specifically
those belonging to neural lineages, including hCMEC/D3 and
HCN-2 cells. CD73.mCAR-pNK cells exhibited effector activity
comparable to that of pNK cells against healthy brain cells
(Fig. 3 R and S). Although multiple mechanisms may be
involved in the targeting of such cells, including a distinct
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Fig. 2. Functional validation of genetic construct components. (4) A schematic illustration showing the process of engineering NK-92 cells and evaluation
of their activity. (B) Transgene structure encoding NKG2D.DAP10.CD3¢-CAR. (C) Schematic illustration of NKG2D.DAP10.CD3¢-CAR structure. (D) Cell viability
(%) of NK-92 cells after 48 h transfection with NKGD2.CAR gene (n = 4). (E, Left) NKG2D expression on NKG2D.CAR-NK92 cells (n = 3). a-b represent NK-92
cells stained with isotype and APC-anti-NKG2D antibodies. ¢ represents NKG2D.CAR-NK92 cells stained with APC-anti-NKG2D antibody. (Right) NKG2D
expression (%) on control NK-92 and NKG2D.CAR-NK92 cells. (F) In vitro cytotoxicity of NKG2D.CAR-NK92 and control NK-92 cells against GBM43 cells at an
E/T ratio of 5 over 8 h (n = 4). (G) Transgene structure encoding GD2.CD28.CD3¢-CAR. (H) Schematic illustration of GD2.CD28.CD3¢-CAR structure. (/) Cell
viability (%) of NK-92 cells after 48 h transfection with GD2.CAR gene (n = 4). (J, Left) Anti-GD2 scFv expression determined by flow cytometry on GD2.CAR-
NK92 cells (n = 3). a represents NK-92 cells stained with Biotin-protein L + APC-streptavidin antibodies. b represents GD2.CAR-NK92 cells stained with Biotin-
protein L + APC-streptavidin antibodies. (Right) GD2.CAR expression (%), on control NK-92 cells and GD2.CAR-NK92 cells. (K) In vitro cytotoxicity of
GD2.CAR-NK92 and control NK-92 cells against GBM43 cells at an E/T ratio of 5 over 8 h (n = 4). (L) Transgene structure of the full multifunctional construct:
tumor-responsive anti-CD73 scFv-secreting dual-specific CAR targeting NKG2DL and GD2. (M) Schematic illustration of the full construct. (N) The cell viability
(%) of NK-92 cells after 48 h transfection with the full construct gene (n = 4). (O) NKG2D expression on CD73.mCAR-NK92 cells. a—b represent NK-92 cells
stained with isotype and APC-anti-NKG2D antibodies; c represents CD73.mCAR-NK92 cells stained with APC-anti-NKG2D. (P, Left) Expression of anti-CD73
scFv and anti-GD2 scFv on CD73.mCAR-NK92 cells determined by flow cytometry. a represents NK-92 cells stained with Biotin-protein L + APC-streptavidin;
b—d represent non-treated, 100 nM uPA-treated, and 200 nM uPA-treated CD73.mCAR-NK92 cells stained with Biotin-protein L + APC-streptavidin,
respectively. (Right) Calculation of the anti-CD73 scFv and anti-GD2 scFv expression (%) on CD73.mCAR-NK92 cells. (Q) In vitro cytotoxicity of NK-92 and
CD73.mCAR-NK92 cells against GBM43 cells at an E/T ratio of 5 over 8 h (n = 4). (R) Enzymatic activity of CD73 on GBM43 cells after incubation with cleaved
aCD73 scFv following release from uPA-treated CD73.mCAR-NK92 cells (n = 3). Data represent independent samples. Data are shown as mean * SEM, **P <
0.01. Pvaluesin E, F, J, K, O, Q, and R were determined using the two-tailed Student’s t test and in P using one-way ANOVA analysis.

pattern of inhibitory ligand expression, the low cytotoxicity
rates induced by CD73.mCAR-pNK cells could be due to the
relatively lower expression profiles for the targeted ligands on
these cells compared with GBM cells (S Appendix, Fig. S8).

Also, the pNK cells underwent the same transduction proce-
dure to individually express either the NKG2D.CAR or the
GD2.CAR constructs. In each case, CAR expression yielded
significantly improved in vitro cytotoxic activity against GBM43
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Fig. 3. Generation of CD73.mCAR-pNK cells and in vitro evaluation of their activity. (A) Process for generating CD73.mCAR-pNK cells. (B) Flow cytometry dot
plot showing the purity of isolated peripheral blood-derived NK (pNK) cells (CD56*CD3") after expansion. (C) Cell viability (%) of pNK cells immediately after
two rounds of transduction. We set control pNK as 100%. (D and E) NKG2D expression on CD73.mCAR-pNK cells. D indicates % level. E indicates MFI level.
a-b represent pNK cells stained with isotype and APC-anti-NKG2D antibodies. ¢ represents CD73.mCAR-pNK cells stained with APC-anti-NKG2D antibody. (F)
Expression of anti-CD73 scFv and anti-GD2 scFv on CD73.mCAR-pNK cells. uPA (100 nM) was used to release the anti-CD73 scFv fragment. (Left) Representative
flow cytometric dot plot. a represents pNK cells stained with Biotin-Protein L + APC-streptavidin, b—c represent non-treated and uPA-treated CD73.mCAR-pNK
cells, respectively stained with Biotin-Protein L + APC-streptavidin. (Right) Calculation of anti-CD73 scFv and anti-GD2 scFv expression (%). (G) Fold expansion
of pNK and CD73.mCAR-pNK cells in NK MACS medium. (H-J) In vitro cytotoxicity of control pNK and CD73.mCAR-pNK cells against SJ-GBM2, GBM43, and
GBM10 cells at indicated E/T ratios over 4 h, respectively (n = 3 or 5). (K) Degranulation of pNK and CD73.mCAR-pNK cells (% CD107) after 4 h coculture with
GBMA43 cells (E/T ratio, 5:1) (n = 3). (L) IFN-y production by pNK and CD73.mCAR-pNK cells (% IFN-y) after 4 h coculture with GBM43 cells (E/T ratio, 5:1) (n =
3). (M) CD73 activity on GBMA43 cells after incubation with cleaved aCD73 scFv following cleavage from uPA-treated CD73.mCAR-NK cells (n = 3). (N) In vitro
cytotoxicity of pNK and CD73.mCAR-pNK (following aCD73 scFv cleavage) cells against GBM43 cells at indicated E/T ratios over 4 h (n = 4). (O-Q) Expression
(%) of PD-1, TIM-3, and LAG-3 on both pNK and CD73.mCAR-pNK cells after 12 h coculture with or without GBM43 cells (E/T ratio, 5:1) (n = 3). (R and S) In
vitro cytotoxicity of pNK and CD73.mCAR-pNK cells against nonmalignant neural cells hCMEC/D3 and HCN-2 at indicated E/T ratios over 4 h (n = 4). Data
shown here stand for one representative from four donors. “n” means independent repeats. Data are shown as mean = SEM, *P < 0.05, **P < 0.01. P values
inD, E, H, 1, J, K, L M, and N were determined using the two-tailed Student’s t test and in F, O, P, and Q using one-way ANOVA analysis.

target cells (SI Appendix, Fig. S9), thus further validating the
functionality of each individual component of the multifunc-
tional CAR.

Multifunctional Engineered Human NK Cells Efficiently Target
Patient-Derived GBM Tumors In Vive. To validate the in vivo anti-
tumor activity of multifunctional engineered CD73.mCAR-
pNK cells, we established a subcutaneous xenograft model by
engrafting patient-derived GBM43 cells into nonobese diabetic
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(NOD)-Rag (-)-gamma chain (-) (NRG) mice. The treatment
schedule is summarized in Fig. 44. Treatment with pNK cells
significantly delayed tumor growth compared with mice in the
phosphate-buffered saline (PBS) control group (mean tumor
volume: 815.75 mm?® versus 1,475 mm?®, **P < 0.01; mean
tumor weight: 1.13 g versus 2.31 g, **P < 0.01; Fig. 4 B and C).
Compared to pNK cell-treated mice, CD73.mCAR-pNK cells
mediated more potent antitumor responses and significantly
reduced the tumor growth rate (mean tumor volume: 401.5
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Fig. 4. In vivo activity of CD73.mCAR-pNK cells in a patient-derived GBM
xenograft model. (A) Schematic diagram illustrating the in vivo treatment
program. (B) Tumor growth of individual groups. (C) Tumor weight of the
mice after necropsy on day 28 post-tumor implantation. (D) Body weight
of the mice during the treatment period. (E) Immunofluorescence staining
of NK cells (green) and cleaved anti-CD73 scFv (arrows; red) performed on
representative tumor sections using anti-NKp46 antibody and Protein L.
(Scale bar: 50 pm; 200x magnification.) (F) IHC staining of CD73 performed
on representative tumor sections using anti-CD73 antibody. (Scale bar: 100
pum; 200x magnification.) (G) IHC scores of CD73 expression performed on
representative tumor sections in each group. Data were measured from
independent samples. Data are shown as mean = SEM, **P < 0.01. P val-
ues in B, C, and G were determined using one-way ANOVA analysis.

mm? versus 815.75 mm?>, **P < 0.01; mean tumor weight: 0.59
g versus 1.13 g, **P < 0.01; Fig. 4 B and C). There was no sig-
nificant decrease in body weight of the mice in all groups
throughout the entire treatment period (Fig. 4D).

NK cell infiltration into GBM xenograft tumors was next
investigated by immunofluorescence staining. As shown in
Fig. 4E, some adoptively transferred NK cells (green dots)
were observed in tumor tissues from pNK cell-treated mice,
while substantially higher NK cell numbers were detected in
tumors from CD73.mCAR-pNK cell-treated mice. In addition,
the locally cleaved anti-CD73 scFv (arrows; red dots) that are
able to bind CD73* tumor cells in vivo were detected in
CD73.mCAR-pNK cell-treated mice in the vicinity of tumor
cells (Fig. 4E). In vitro data reported here and in previous in
vivo studies (36) demonstrated the need for intratumoral prote-
ase activity to trigger ligand cleavage. For that reason, we do
not expect its activation in blood and, as a result, any detectable
presence of scFv in the circulation. The presence of anti-CD73
scFv was observed separately from CD73.mCAR-pNK staining,
indicating the anti-CD73 scFv was successfully cleaved.

Wang et al.
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Moreover, we observed a significant decrease in expression of
CD73 on tumors in the CD73.mCAR-pNK treatment group
compared to other treatment groups (Fig. 4 F and G), indicat-
ing an effective reduction of CD73 on cancer cells following
treatment with engineered NK cells.

Functional Targeting of Autophagy in GBM Sensitizes the Tumor to
Enhanced NK Cell Homing and Activity. Autophagy is considered a
critical cell survival mechanism driving GBM tumorigenesis and
leading to its resistance to therapy (37). It has been reported that
targeting autophagy is able to sensitize GBM to temozolomide
treatment (38). Recently, Mgrditchian et al. reported that block-
ing autophagy through genetic inhibition of BECNI augments
infiltration of NK cells into melanoma, thereby suppressing tumor
growth (39). Stimulated by these observations, we investigated the
effects of blocking autophagy in GBM, either genetically by target-
ing the BECNI gene through the generation and use of knock-
down patient-derived GBM cells (BECNI~ GBM43) or pharma-
cologically via treatment with CQ, a common, FDA-approved
autophagy inhibitor (S Appendix, Fig. S10).

The in vitro viability and proliferation of BECNI~ GBM43 cells
were unaffected by BECNI knockdown (Fig. 54). The impact of
BECNI knockdown on GBM tumor growth and NK cell infiltra-
tion was then further evaluated in vivo in Ragl KO mice, which
bear no mature B and T lymphocytes but possess a mature NK
cell compartment (Fig. 5B). Tumors from the left flanks of mice
engrafted with BECNI~ GBM43 cells exhibited significantly
slower growth and a smaller size than those arising from control
GBM43 cells (Fig. 5C). A significantly higher expression of
NKp46 was detected in tumors lacking BECN1, demonstrating a
deeper infiltration of NK cells into GBM lacking the ability to per-
form autophagy compared with control tumors (Fig. 5 D and E).
In addition, NK cells in BECN1~ tumors showed a higher distri-
bution both at the tumor periphery and in intratumoral areas (S
Appendix, Fig. S11).

To evaluate whether this increased NK cell infiltration contrib-
uted to inhibition in tumor growth, BECNI~ GBM43 and control
GBM43 cells were implanted subcutaneously into the left/right
flanks of NRG mice, which bear no functional B and T lympho-
cytes as well as no functional NK cells (SI Appendix, Fig. S124),
respectively, and tumor formation and growth were monitored.
Tumors from the left flanks of mice engrafted with BECNI1~
GBM43 cells showed a significantly higher retardation in growth
than those from control GBM43 cells (SI Appendix, Fig. S12B).
However, the growth rates of tumors originating from BECNI™~
GBM43 cells in NRG mice were visibly higher than those from
the same cells in Ragl KO mice (SI Appendix, Fig. S12B and Fig.
5C), further indicating that the increase in tumor-infiltrating NK
cells driven in response to autophagy blockade contributes to an
enhanced antitumor activity (SI Appendix, Fig. S13).

Because inhibiting autophagy resulted in higher NK cell pres-
ence in GBM in vivo, we hypothesized that this intervention
engages a mechanism that drives NK cells into the GBM milieu.
Here, we surmised that specific chemokines might be involved in
the autophagy-mediated promotion of NK cell infiltration in
GBM. Because of the paucity of insight into the chemokine-
mediated trafficking of NK cells to GBM, we used THC staining
to explore the expression levels of chemokines known to be asso-
ciated with NK cell trafficking to tumors, including CCLS and
CXCL10. As shown in Fig. 5 F-I, the expression of both CCL5
and CXCL10 was up-regulated from relatively low baseline levels
in control tumors to significantly higher levels in BECNI™
tumors, suggesting that driving NK cells to the tumor bed par-
tially relied on the ability of autophagy-defective tumors to
secrete the chemokines CCLS and CXCL10.

We next studied the effects of CQ-mediated inhibition of
autophagy on GBM and found, firstly, that CQ impaired in vitro
viability and proliferation of GBM43 cells in a dose-dependent
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Fig. 5. Effects of targeting autophagy in GBM on NK cell function and homing. (4) In vitro proliferation of GBM43 WT and BECN1~ GBM43 cells (n = 3 or

5). (B) Schematic of the experimental design. (C) Tumor growth was monitored and recorded on the indicated days. IHC staining for (D and E) NK cells (Top),
(F and G) CCL5 (Middle), and (H and I) CXCL10 (Bottom) on WT and BECNT™ tumors. (Scale bar: 50 um; 200x magnification.) (J) Viability of GBM43 cells after
treatment with various concentrations of CQ for 24 h (n = 4). (K) 1Cso value of CQ against GBM43 cells. (L and M) Expression of CCL5 and CXCL10 mRNA in
CQ-treated GBM43 cells (n = 4). (N and O) Quantification of CCL5 and CXCL10 in the supernatant of GBM43 cells following treatment with CQ for 24 h in
the presence or absence of various inhibitors (n = 3). (P) Schematic diagram illustrating the in vivo CQ treatment program. (Q) Tumor growth of individual
mice in each group (n = 4). (R) IHC staining for CCL5 (Left) and CXCL10 (Right) performed on representative tumor sections from each group. (Scale bar: 50
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blood-brain barrier (BBB) model setup. (U) Transmigration of pNK cells through experimental BBB (n = 3). (V) Correlation between normalized expression of
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NK gene set and individual genes. Correlation expressed as NES. Data shown represent independent samples. Data are shown as mean = SEM, *P<0.05, **P
< 0.01. Pvalues in N, O, and U were determined using one-way ANOVA analysis and in E, G, I, L, M, Q, and S using the two-tailed Student'’s t test.

manner after 24 h treatment (half-maximal inhibitory concentra-
tion, IC5p = 67.10 pM; Fig. 5 J and K). In addition, CQ-treated
GBMA43 cells showed a substantial up-regulation of both CCL5
and CXCLI10 at the transcriptional level (Fig. 5 L and M). Mean-
while, the chemokines CCL2 and CXCLI12 showed decreased
mRNA levels in GBM43 cells upon inhibition of autophagy
(SI Appendix, Fig. S14). To further evaluate changes in the in vitro
protein levels of these chemokines (CCLS5 and CXCL10) and
gain more insight into the underlying molecular mechanisms, we
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quantified their concentrations in the conditioned media of
CQ-treated GBM43 cells by enzyme-linked immunosorbent
assay in the absence and presence of pharmacological inhibitors
driving signaling pathways for these chemokines. This included
the PI3K inhibitor LY294002, NF-«B inhibitor BAY11-7082, and
JNK inhibitor SP600125. CQ-treated GBM43 cells secreted sig-
nificantly higher amounts of both CCL5 and CXCL10 compared
with untreated control cells (Fig. 5 N and O). The elevated pro-
duction of these chemokines was significantly inhibited by
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LY294002 or BAY11-7082 but not by SP600125. This suggests a
mechanistic link between the enhanced expression of CCLS and
CXCL10 upon inhibition of autophagy on GBM and activation
of the PI3K/NF-«kB pathway.

In vivo effects of CQ-mediated autophagy inhibition on
GBM tumor growth and chemokine secretion were further
tested in a subcutaneous xenograft model by engrafting patient-
derived GBM43 cells into NRG mice. The treatment schedule
is summarized in Fig. 5P. As shown in Fig. 50, CQ treatment
showed obvious inhibition of tumor growth compared with the
PBS group. Additionally, tumor tissues from CQ-treated mice
also revealed a significantly higher presence of the chemokines
CCLS and CXCLI10 (Fig. 5 R and S).

To determine the involvement of CCL5 and CXCL10 in the
migration of NK cells, we tracked the migration of activated
pNK cells toward CCL5 and CXCL10 gradients using an in
vitro blood-brain barrier model setup by a direct contact cocul-
ture of primary human astrocytes and hCMEC/D3 human cere-
bral microvessel endothelial cells (Fig. 57) (40). As shown in
Fig. 5U, activated pNK cells had a significantly increased ability
to migrate along CCLS (100 ng/mL) as well as CXCL10 (100
ng/mL) ligand gradients.

In addition to the increase in NK cell intratumoral infiltra-
tion, we found that CQ-mediated inhibition of autophagy had
an effect on the in vitro expression of NKG2DL and GD2 on
GBM43 cells. Specifically, NKG2DL expression (both percent-
age, % and mean fluorescence intensity, MFI) on GBM43 cells
increased significantly after treatment with CQ at various con-
centrations for 24 h (SI Appendix, Fig. S154). Expression of
GD2 (MFI) on GBM43 cells decreased after treatment with
CQ at concentrations of 50 pM or higher. Conversely, the per-
centage expression (%) of GD2 decreased in response to up to
100 pM CQ, after which it remained constant (~46%) com-
pared to that of control cells (~58%) (SI Appendix, Fig. S15B).
To further investigate the impact of the inhibition of autophagy
on the in vitro cytotoxic capacity of NK cells, we incubated
CQ-treated GBM43 cells with pNK cells for 4 h at an E/T ratio
of 5. We found that treatment with CQ sensitized GBM43 cells
to superior killing by pNK cells (SI Appendix, Fig. S15C).

Because of the strong link we observed between NK cell
migration and CCL5 and CXCLI10 expression in GBM, we
were interested in finding out whether a correlation between
CXCLS5 and CCL10 expression and NK cell presence is evident
in patient GBM data. To do so, we analyzed the correlation
between the expression profiles of genes encoding these two
eponymous chemokines (CCL5 and CXCL10) and the NK cell
signature gene set in GBM using an RNA-seq patient dataset
(TCGA) in order to infer the relationship between the expres-
sion of these chemokine genes and NK cell presence and func-
tion. Gene expression analysis revealed a positive correlation
between CCL5 and CXCL10 and individual NK signature
genes (r > 0; Fig. 51). Additionally, enrichment analysis against
the entire NK signature gene set using the same GBM patient
data with high expression of specific genes indicated a positive
correlative expression (NES > 1) for genes CCL5 and CXCLI0
(Fig. 5Wand SI Appendix, Table S1).

Together, these data demonstrate that targeting autophagy
improves the infiltration of NK cells into the GBM tumor bed
aided by higher levels of the chemokines CCL5 and CXCL10.
In addition, disabling autophagy can also potentiate NK
cell-mediated cytotoxicity against GBM cells by reprogram-
ming their phenotypic signatures in favor of enhanced NK cell
functionality, such as increased NKG2DL expression.

Activity of the Combination of Multifunctional Genetically
Engineered Human NK Cells with CQ against Orthotopic Patient-
Derived GBM Xenografts. To assess the anti-tumor -efficacy
achieved by the combination of CQ with CD73.mCAR-pNK cells,
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we established an orthotopic GBM xenograft model in NRG
mice by intracranial injection of firefly luciferase—expressing
GBM43 (GBM43-Luc) cells (SI Appendix, Fig. S16).

Firstly, we focused on the evaluation of the mechanisms
involved in the combination therapy through a 2-wk treatment
program (Fig. 64). Overall (S Appendix, Fig. S17 A and B), mice
treated with CQ alone showed no significant effect on tumor
growth compared with those in the control group. Conversely,
mice that were treated with either CD73.mCAR-pNK cells or CQ
+ CD73.mCAR-pNK cells showed an obvious reduction in tumor
growth as determined by bioluminescence imaging. In particular,
tumors on half of the mice treated with CQ + CD73.mCAR-pNK
cells showed significant growth arrest during the treatment
period. Also, no significant change in body weight of the mice in
all groups was observed (SI Appendix, Fig. S18C). Similar to sub-
cutaneous xenograft studies, tumor tissues of mice in CQ-treated
groups displayed robustly up-regulated CCLS and CXCL10 che-
mokine expression (Fig. 6B). As shown in Fig. 6 C and D, a signif-
icantly higher NK cell infiltration was found in GBM tumors of
CQ + CD73.mCAR-pNK cell-treated mice compared to mice
which received CD73.mCAR-pNK cells alone. Compared to con-
trol or CQ-treated groups, the tumors of mice in both CD73.
mCAR-pNK cell- and CQ + CD73.mCAR-pNK cells-treated
groups displayed decreased CD73 expression, with the latter
group showing the most substantial loss of CD73 expression (Fig.
6 E and F). This was associated with a significantly decreased
level of extracellular adenosine detected in the tumors of treated
mice, most prominently in mice treated with CQ + CD73.mCAR-
pNK cells (Fig. 6 G and H and SI Appendix, Fig. S18).

We further evaluated the effects of the combination treat-
ment on the survival benefit of treated GBM-bearing mice
using the same orthotopic GBM xenograft model (Fig. 61). As
shown in Fig. 6 J and K, both CD73.mCAR-pNK cell- and
CQ + CD73.mCAR-pNK cell-treated groups showed a clear
inhibitory effect on tumor growth, with the CQ + engineered
NK cell-treated group showing the greatest benefit. In addi-
tion, the combination of CQ and CD73.mCAR-pNK cells also
prolonged mice survival with a median survival of 49 d, superior
to other treatment groups (Fig. 6L).

Taken together, all the above studies demonstrated the potent
and specific activity of CD73.mCAR-pNK cells against patient-
derived adult GBM. These responses were associated with the
induction of significant changes in chemokine secretion on GBM
following cotherapy with CQ, indicating a reorganization of the
GBM TME induced upon disabling autophagy (Fig. 7).

Discussion

GBM is a particularly challenging tumor to treat due to its
intratumor heterogeneity, whereby cells with varying molecular,
genetic, and epigenetic characteristics contribute to its ability to
evade standard treatments. This complexity results in the need
for varying therapeutic strategies which can act in concert to
mount meaningful therapeutic responses. The limitations of
single antigen-based therapies have been recognized in clinical
studies through tumor outgrowth variants. The stringent
requirements for target selection place constraints on the tar-
geting strategies that are able to result in effective and sus-
tained responses (41). While combinatorial antigenic targeting
with multitargeted CAR-engineered cells has demonstrated an
ability to address antigen escape in GBM, poor immune cell
infiltration and immunometabolic reprogramming caused by
the heavily hypoxic GBM microenvironment have stymied
durable responses. The underwhelming responses have resulted
in a lack of improvement in the OS of GBM patients treated
with CAR-T therapies in phase III trials (42). In the current
study, we describe an approach wherein we simultaneously
addressed three critical hurdles associated with resistance to
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In vivo activity of CD73.mCAR-pNK cells and the combination immunotherapy with the pharmacological inhibition of autophagy in an orthotopic

patient-derived GBM xenograft model. (A-H) Validation of the mechanisms involved in the combination therapy (four mice/group). (A) Schematic diagram show-
ing the treatment program. (B) IHC staining of CCL5 (Left) and CXCL10 (Right) performed on indicated tumor sections in each group. (Scale bar: 50 pm; 200x mag-
nification.) (C) IHC staining for NK cells performed on tumor sections from indicated groups. (Scale bar: 50 pm; 200x magnification.) (D) Quantification of NK cell
infiltration into tumors. Here, cell counts were recorded in four consecutive high-power fields. (E) IHC staining for CD73 performed on tumor sections from indi-
cated groups. (Scale bar: 50 pm; 200x magnification.) (F) IHC scores of CD73 expression performed on tumor sections. (G) Schematic diagram showing extracellular
adenosine production in the GBM tumor microenvironment. (H) Adenosine concentration in local brain tissues of mice in each group (n = 3). (/-L) Evaluation of
the efficacy of the combination therapy in GBM (five mice/group). (/) Schematic diagram showing the treatment program. (J) Bioluminescence imaging of mice on
day 29 after tumor implantation (3-wk treatment program). (K) Tumor growth for individual mice over time monitored using bioluminescence imaging. (L)
Kaplan-Meier plot showing mouse survival. Data were measured from independent samples. Data are shown as mean = SEM, *P<0.05, **P < 0.01. P values in D
were determined using the two-tailed Student’s t test and in F and H using one-way ANOVA analysis. P values in L were determined using log-rank test.

immunotherapy for GBM: antigen escape, hypoxic metabolic
reprogramming, and poor immune cell infiltration. We devel-
oped an approach that strategically combines bifunctional
CARs targeting GD2 along with NKG2DL and the tumor-
responsive, locally triggered release of CD73-blocking antibody
fragments into a single gene-modified NK cell product.
Modulating the strength of antigen recognition to target anti-
gens present in low amounts can enhance activation signals in set-
tings of poor antigenic density, but it also potentiates off-target
toxicities for those antigens that are present on normal cells. Tar-
geting a combination of antigens that couples direct antigen rec-
ognition (via CAR-based activation) with the sustained, spatially
controlled release of soluble antibody fragments subdues potential
off-target effects and provides targeting combinations in patients
for which these antigens show altered expression over time or in
individual tumors. Accordingly, we armed NK cells to express a tri-
functional construct which can target heterogeneous combinations
of antigens responsively to their expression levels locally and while
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sparing healthy cells. Part of this is aided by the low expression of
at least one of the targeted markers on these cells. The triggerable
release of CD73 antibody fragments by GBM tumor-associated
proteases (TAPs) results in low concentrations of CD73 in the local
TME, a sustained response that depends on CAR expression but
is independent of its activation, providing two related but indepen-
dent mechanisms of tumor recognition.

Several studies have demonstrated that the phenotype and
function of GBM tumor-resident NK cells are markedly altered
and characterized by significantly lower levels of many activating
receptors (24). Mechanistically, GBM patients utilize their own
immunosuppressive TME to impair infiltrated NK cell function
in favor of GBM escape from immune surveillance and
NK-mediated cytotoxicity. These immune escape mechanisms are
rooted in GBM’s heterogeneity and represent a complex network
of pathways that promote GBM progression (43). NKG2D-
NKG2DL interactions play a vital role in activating the anticancer
immune response (44). However, NKG2D expression on the
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surface of NK cells is significantly decreased in response to the
high extracellular concentrations of adenosine produced by the
ectoenzyme CD73 in the GBM TME. This study, we induced
up-regulation of NKG2D by engineering NK cells to express an
NKG2D-based CAR, which we previously showed can enhance
antitumor responses in combination with the CD73 blockade.
The immunosuppression of NK cells via the adenosinergic axis
encompasses NK cell metabolism alongside various effector func-
tions (21, 45). Because of the wide expression of CD73, localizing
the targeted blockade of this enzyme may be preferential to the
systemic administration of anti-CD73 therapies, which we
achieved through a tumor-responsive, locally released anti-CD73
scFv. The sustained, low concentration release of anti-CD73 scFv
is likely to sustain the metabolic function of NK cells that would
otherwise be lost in a setting of unencumbered CD73 enzymatic
activity. In that respect, CAR-mediated signaling in combination
with the local CD73 blockade is likely to result in antitumor
responses that are not only measurable by cytotoxicity against
cancer cells but also by their impaired metabolic activity, in turn
sustaining the longer-term retention of NK cells in the tumor.

A temporal modulation of antigens also occurs in response to
treatment (46). NKG2DL expression was previously found to
inversely correlate with GBM cell maturity, with stem-like GBM
cells expressing a more substantial, though heterogeneous, pattern
of expression of these ligands (46). The increase in NKG2DL we
observed in response to CQ might sensitize GBM to effector
function via the NKG2DL-R axis but also promote the indirect
loss of NKG2D on effector cells through a phenomenon that
can be lessened by the induction of NKG2D expression via
CARs. The reorganization of the GBM TME induced by CQ
included a decrease in GD2 expression, potentially lessening
the apoptotic burden imposed on tumor-infiltrating cells
induced by gangliosides on GBM (47). To recapitulate some of
the stem cell-like properties associated with resistance to ther-
apy owing to the presence of GSCs in patient GBM tumors, we
utilized patient-derived xenografts that were generated with
cells sourced from patients with primary GBM.

Antigenic targeting may not be sufficient to induce sustained
anti-GBM responses. Clinical data have indicated that intratu-
moral NK cell presence associates positively with patient outcome
and survival (48, 49). However, NK cells are present in low
amounts in GBM. Among regulating a variety of pathophysiolog-
ical functions in GBM, chemokine receptor/ligand interactions
can drive NK cell trafficking alongside their signaling gradient to
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result in improved homing (50). However, scant evidence of
chemokine-dependent trafficking has been shown in intracranial
GBM. Mechanistically, we found that inhibition of autophagy in
GBM cells triggered the up-regulation of chemokines, particu-
larly CCLS and CXCL10. However, we cannot rule out contribu-
tions from others to the intratumoral trafficking of NK cells.
Conversely, expression of CCL2 and CXCL12, both recognized
for their contributing roles to the recruitment of immunosuppres-
sive cells such as tumor-associated macrophages, was significantly
decreased in response to autophagy blockade (51, 52). Our pre-
clinical data further demonstrated that inhibition of autophagy
potentiates anti-GBM activity of NK cells via mechanisms that
may involve a sensitization to their killing by modulating antigen
level expression and the activation of proapoptotic pathways on
GBM. These data point to novel actionable responses induced by
the inhibition of autophagy and CAR-based antigenic targeting.
Our data also highlight the sophisticated reorganization of the
GBM TME induced by CQ. As an adjuvant, CQ was shown to
enhance clinical responses to anti-GBM therapy in double-
blinded phase III studies (53). CQ was shown to be able to cross
the blood-brain barrier in vivo (54) while preclinical studies have
demonstrated that concentrations of 50 mg/kg are suitable for
administration regimens against orthotopic glioblastoma xeno-
grafts (55). The multiple effects of CQ on the phenotypic signa-
tures and chemokine profiles of GBM in vivo, alongside a limited
ability to control tumor burden alone, however, point to a
nuanced role in combination regimens which can nonetheless
uniquely enhance CAR-based adoptive transfer immunotherapy.
Any potential toxicity of CQ, however, needs to be factored into
the therapy administration regimens (56,57). The use of the less
toxic metabolite hydroxychloroquine is one strategy to mitigate
toxicity associated with CQ (58). In our study, we observed no
CQ-dependent toxicity to NK cells in vivo.

Overall, this study demonstrated that the development of mul-
tifunctional genetically engineered human NK (CD73.mCAR-
pNK) cells can result in effective anti-GBM activity supported by
a concerted approach of overcoming tumor heterogeneity and
multiple immunosuppressive features of the GBM TME. We also
unveiled that targeting autophagy functions as an immuno-
modulator to promote the homing of effector CAR-NK cells into
GBM tumor sites while reprogramming the GBM TME toward
sensitization to CAR-based targeting. As a demonstration of the
use of human CAR-NK cells in immunotherapy of glioblastoma,
we show that while human CAR-NK therapy is a viable option,
optimal responses rely on administration regiment, dosage, and
frequency of adoptive transfer. It is our belief that the findings
from this study will pave the way to fully exploit NK cell-based
immunotherapy in clinical settings to treat GBM.

Materials and Methods

In this study, we built a cooperative NK cell-based therapeutic platform for
GBM, which combines multispecific, tumor microenvironment-responsive
engineered human NK cells with autophagy inhibitors. We performed multi-
ple in vitro and in vivo experiments to evaluate the therapeutic efficacy.

All the cells used were cultured and handled according to required proto-
cols. Peripheral blood samples were collected from human volunteers by the
Purdue University Student Health Service Center under the Institutional
Review Board (IRB, protocol no. 1804020540) with written informed consent.
Written informed consent was obtained from all subjects involved in the
study. All procedures performed in studies involving human participants were
approved by Purdue University's IRB. All animal-related experiments were per-
formed in full compliance with animal protocols approved by the Purdue Uni-
versity Institutional Animal Care and Use Committee. For each experiment,
the number of mice, statistical analyses, and numbers of experimental repli-
cates are described in the figure legends. Investigators were not blinded dur-
ing follow-up of mice and evaluation of the in vivo experiments.

A detailed description of materials and methods is provided in S/
Appendix, Materials and Methods.
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