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CANCER

PD-1 independent of PD-L1 ligation promotes
glioblastoma growth through the NFxB pathway

Reza Mirzaei'?, Ashley Gordon'?, Franz J. Zemp>*, Mehul Kumar*, Susobhan Sarkar'?,
H. Artee Luchman?®*, Anita C. Bellail®, Chunhai Hao®, Douglas J. Mahoney**7%, Jeff F. Dunn??,

Pinaki Bose>*>%, V. Wee Yong'?%5"*

Brain tumor-initiating cells (BTICs) drive glioblastoma growth through not fully understood mechanisms. Here,
we found that about 8% of cells within the human glioblastoma microenvironment coexpress programmed cell
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death 1 (PD-1) and BTIC marker. Gain- or loss-of-function studies revealed that tumor-intrinsic PD-1 promoted
proliferation and self-renewal of BTICs. Phosphorylation of tyrosines within the cytoplasmic tail of PD-1 recruited
Src homology 2-containing phosphatase 2 and activated the nuclear factor kB in BTICs. Notably, the tumor-
intrinsic promoting effects of PD-1 did not require programmed cell death ligand 1(PD-L1) ligation; thus, the thera-
peutic antibodies inhibiting PD-1/PD-L1 interaction could not overcome the growth advantage of PD-1 in BTICs.
Last, BTIC-intrinsic PD-1 accelerated intracranial tumor growth, and this occurred in mice lacking T and B cells.
These findings point to a critical role for PD-1 in BTICs and uncover a nonimmune resistance mechanism of pa-

tients with glioblastoma to PD-1- or PD-L1-blocking therapies.

INTRODUCTION

Glioblastoma (GBM) is the most common and fatal primary brain
malignancy (1). The current standard of care is surgical debulking,
followed by radiotherapy and chemotherapy with temozolomide
(2). Despite these treatments and previously unknown approaches
such as tumor-treating fields, the median survival of patients remains
less than 21 months (3). A notable reason for the dismal prognosis
is the existence of brain tumor-initiating cells (BTICs) within the
tumor microenvironment (4). BTICs exhibit stem cell-like proper-
ties, including the ability to self-renew and differentiate along
multiple lineages (4). BTICs drive tumor growth and recurrence
because they are more resistant to radio- and chemotherapy than
their more differentiated counterparts (5). Thus, BTICs are critical
targets for more efficient therapy, and the biology of their growth
properties is of high interest.

The GBM tumor microenvironment is infiltrated by immune
cells with the intrinsic ability to curb cancer cell growth (6). However,
these immune cells are subdued by tumor cells as described by
several groups including our own (7, 8). GBM cells use different
immunosuppressive mechanisms contributing to the evolution of
an immunologically “cold microenvironment” that actively antagonizes
antitumor immune responses (9, 10). A wealth of evidence supports the
importance of inhibitory receptors, also called “immune checkpoints,”
in tumor-mediated immune suppression (11). Of different immune
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checkpoints, programmed cell death 1 (PD-1) is expressed mainly
on T cells and macrophages that, upon engagement by its prominent
ligand PD-L1 (programmed cell death ligand 1) on tumor cells,
dampens antitumor immune functions (12). Blocking the PD-1 and
PD-L1 lock-and-key interaction by monoclonal antibodies thus un-
leashes antitumor immune responses with a desired therapeutic outcome
in different cancers such as melanoma, non-small cell lung cancer
(NSCLC), Hodgkin’s lymphoma, and renal cell carcinoma (13-15).

PD-1/PD-LI checkpoint blockade therapy in GBMs, however, is still
under debate (16), and clinical results of immune checkpoint blockade
therapies have not shown survival benefits (NCT 02017717). Partly
accounting for this limited success is the relatively low infiltration
of T cells into GBMs compared to highly immunogenic cancers
such as melanoma (9). In addition, the blood-brain barrier is a
substantial impediment to the penetration of therapeutic anti-
bodies into the central nervous system (CNS) (17). Nevertheless,
blockade of PD-1/PD-L1 by monoclonal antibodies exhibits thera-
peutic activity in CNS metastases in patients with melanoma or
NSCLC (18).

The mechanisms underlying the disappointing response to
PD-1/PD-L1 blockade therapies in GBMs remain incompletely un-
derstood. To seek further clarity, we examined human GBM speci-
mens for this immune checkpoint axis and observed that about 8%
of cells across samples coexpress PD-1 and one of the BTIC markers.
As this unexpected finding has not been reported in GBM, we thus
characterized PD-1 on BTICs further. This study describes new
roles for PD-1 in regulating the proliferation and self-renewal of
BTICs through nuclear factor kB (NFxB) without the involvement
of PD-L1 ligation.

RESULTS

BTICs express PD-1 in resected GBM brain specimens

We first assessed the expression of PD-1 across specimens resected
from seven patients with GBM (table S1) by immunofluorescence
microscopy. While CD45-positive leukocytes express PD-1 (fig.
S1A) as commonly seen in the tumor microenvironment, PD-1 was
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unexpectedly expressed on CD45-negative cells within the GBM
tissues (Fig. 1A). Three-dimensional (3D) reconstruction of double
labeling corroborated the presence of PD-1 on a nonleukocyte pop-
ulation (Fig. 1B). Although there are no universal BTIC markers,
the Sex determining region Y (SRY)-box 2 (SOX2) transcription
marker and nestin are commonly used for BTIC identification
within the GBM microenvironment (19, 20). Notably, PD-1 was
found on cells expressing SOX2 or nestin in the human GBM tissues
(Fig. 1, C to F). As controls, no PD-1 or BTIC markers were found
in normal brains (Fig. 1, G and H). Expression of PD-1 on BTICs in
the human GBM:s was affirmed by a different monoclonal antibody
made from a distinct clone (fig. S1B). Quantitation of images

A

3D reconstruction

Scale bar = 10 um

H

Human normal brain

Scale bar = 20 ym

revealed that about 8% of cells, on average, within the GBM micro-
environment coexpressed PD-1 and one of the BTIC markers,
SOX2 or nestin (Fig. 1I). The presence of PD-1 on BTICs was found
in all seven patients with GBM. We were unable to identify nestin
expression in patient 1085, despite the presence of PD-1 and SOX2
double-positive cells.

Next, we evaluated the expression of PD-1 on BTICs in a mouse
model of GBM. We implanted mouse BT0309 BTIC line, previously
generated in C57BL/6 strain and propagated as stem-like cells (21),
into the striatum of immunocompetent C57BL/6 mice (fig. S1C). Our
previous study confirmed that the mBT0309 BTIC line following
intracranial implantation in mice recapitulated the main features of
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Fig. 1. The expression of PD-1 on BTICs in resected clinical GBM specimens in situ. Representative images of immunofluorescence staining and corresponding 3D
reconstruction of images of (A and B) CD45 and PD-1, (C and D) PD-1 and BTIC marker SOX2, and (E and F) PD-1 and BTIC marker nestin in sections of human GBM spec-
imens resected from three patients (1085, 110907, and 101029). Representative immunofluorescence images of human normal brains stained for (G) PD-1 and SOX2 or
(H) PD-1 and nestin. (I) Quantification of immunofluorescence staining of PD-1* SOX2* or PD-1* nestin® cells within the tumor microenvironment. Quantification was
performed in three to four fields of view (FOVs) of each patient. Each circle is of a different patient with GBM, and the color of the dots in both panels match to the same
subject. Green, 026-1; purple, 101220; orange, 110907; blue, 100819; red, 110512; black, 101029; yellow, 1085. Nuclei were counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Data are represented as means + SEM. See also fig. S1 and table S1.
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a human World Health Organization grade IV GBM (21). Upon and mouse (Pdcdl; Fig. 2C) BTIC lines by reverse transcription
confirmation of tumor growth by T2*-weighted magnetic reso- quantitative polymerase chain reaction (RT-qPCR). The transcripts
nance imaging (MRI) (fig. S1C), brain tissues were collected and  of PD-1 were detected in all examined human and mouse BTIC
subjected to immunofluorescence microscopy. We found PD-1 ex-  lines; levels were significantly higher than those found in nontrans-
pression on nestin-positive cells, similar to what we observed in hu-  formed neural stem cells isolated from brain tissues of human fetuses
man tissues (fig. SID). No PD-1 expression was detected in naive or subventricular zone of neonatal mouse brains (Fig. 2, B and C).

mouse brains (fig. S1E). We also determined the coding sequence (CDS) of PDCDI in hu-

man BTIC GBMS5, BT025, and BT073 and blasted the obtained
GBM patient-derived BTICs and murine BTICs in culture sequence against the National Center for Biotechnology Informa-
express PD-1 tion (NCBI) database. We found 100% sequence similarity between

BTICs were generated in-house from resected GBM specimens as the transcripts of PDCDI in BTICs with the NCBI Reference Se-
described previously (22) and depicted in Fig. 2A. BTICs grew as  quence: NM_005018.3 (fig. S2A), further confirming the mRNA
spheres in the serum-free medium supplemented with epidermal  expression of the PDCD1 gene with no mutation or deletion in
growth factor (EGF) and fibroblast growth factor (FGF) (referred  patient-derived BTICs.

to here as BTIC medium). We previously documented that these Immunofluorescence staining of fixed cultured cells for PD-1
BTICs in culture show stem-like properties (23, 24). We assessed  substantiated the mRNA expression seen in human and mouse
the expression of PD-1 on human (PDCDI; Fig. 2B and table S2)  BTIClines (Fig. 2, D and E, and fig. S2B). Flow cytometry affirmed the
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Fig. 2. The expression of PD-1 by patient-derived or murine BTICs in culture. (A) Following surgery of patients with GBM, BTICs were generated from resected spec-
imens by culturing cells in a serum-free medium supplemented with EGF and FGF. RT-qPCR analysis of PD-1 transcripts in (B) human (PDCDT) or (C) mouse (Pdcd1) BTIC
lines compared with neural stem cells (NSCs). Fold changes were calculated relative to PD-1 expression in neural stem cells and normalized to GAPDH expression. Immu-
nofluorescence of PD-1 staining on (D) human and (E) mouse BTIC lines in culture. Active T cells or splenocytes were used as controls. Nuclei were counterstained with
DAPI. Representative flow cytometry plots of PD-1 expression on (F) human and (G) mouse BTIC lines, with quantitation and comparison to human or mouse neural stem
cells shown in (H) and (1), respectively. Human or mouse BTICs (OE) PDCD1 or Pdcd1 and active T cells or splenocytes were used as controls. T cells or splenocytes were
activated with anti-CD3/CD28 antibodies. Recently initiated patient-derived BTICs from two resections (BT2313 and BT2314), with less than two passages in culture, were
also tested. Human and mouse cells were stained with antibodies conjugated with allophycocyanin (APC) or phycoerythrin (PE) fluorochromes, respectively. Data are
representative of two to three independent experiments. Means were compared to neural stem cells with unpaired (two-tailed) t test, *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. Data are represented as means + SEM. See also figs. S2 and S3 and table S2. Ab, antibody.
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surface expression of PD-1 on several live human and mouse BTIC
lines (Fig. 2, F and G) and on two low-passage patient-derived
BTIC lines (Fig. 2, F and H). Seven additional GBM patient-
derived BTIC lines expressed surface PD-1, at levels from 12.6 to
56.4% (fig. S2, C and D). In general, the expression levels of surface
PD-1 on human and mouse BTICs were significantly higher than
those in their respective species neural stem cells (Fig. 2, H and I).
We also validated the expression of PD-1 on human BTICs by two
monoclonal antibodies made from distinct clones (fig. S2E). The
percentage of PD-1-positive BTICs remained relatively stable after
multiple passages in culture (fig. S2F). PD-1 was coexpressed with
the BTIC markers, musashil or nestin, on human and mouse
BTICs (fig. S3, A and B). PD-1 and nestin or SOX2 were also code-
tected in flow cytometry of live single-cell plots (fig. S3, C and D).

We addressed whether PD-1 expression remains stable upon
differentiation of BTICs. BTICs differentiate upon treatment with
1% fetal bovine serum-containing medium (22). Differentiation
was suggested by the absence of spheres 1 week after treatment (fig.
S3E) and reduced stemness marker expression documented in our
previous study (21). The mRNA and protein levels of PD-1 were
lower in differentiated compared to their undifferentiated counter-
parts in three of four human BTIC lines; differentiated GBM5 had
similar PD-1 mRNA but lower protein levels than undifferentiated
cells (fig. S3, F and G).

Tumor-intrinsic PD-1 promotes BTIC growth in culture

To interrogate intrinsic functions of PD-1 in BTICs, we under- or
overexpressed PD-1 in patient-derived and murine BTIC lines as
depicted in fig. S4A. While PD-1 expression was detected in all
12 human BTIC lines studied, we conducted most of the subse-
quent experiments in four patient-derived (BT048, BT073, BT069,
and BT100) and two murine (mBT0309 and mBT0528) BTIC
lines to address the functions of PD-1. The under- or overexpres-
sion of PD-1 was confirmed at mRNA and protein levels by RT-qPCR
and flow cytometry, respectively (Fig. 3, A and B, and fig. S4, B
to D). The altered expression of PD-1 did not affect the expres-
sion of PD-L1 or PD-L2 on the human and mouse BTIC lines
(Fig. 3B and fig. S$4, C and D). We then investigated the sphere-
forming capacity, an indicator of self-renewal, of PD-1-underexpressing
or —overexpressing BTICs. The sphere-forming capacity of BTICs
was reduced in PD-1-underexpressing human and mouse lines
compared to short hairpin-mediated RNA (shRNA) control; conversely,
sphere formation was further increased when PD-1 was up-regulated
(Fig. 3, C to F). The down-regulation of PD-1 also reduced cell
proliferation as monitored through adenosine 5’-triphosphate (ATP)
luminescence, while forced expression of PD-1 in BTICs further
augmented cell proliferation (Fig. 3, G and H, and fig. S4, E and F).
Furthermore, EAU (ethynyl deoxyuridine) labeling found reduced
incorporation into DNA of human or mouse BTICs with down-
regulated PD-1 expression (Fig. 3, I and J, and fig. S4G), while
greater EAU labeling was observed in Pdcdl-overexpressing mouse
BTICs than respective vector controls (fig. S4H).

PD-1 as a signaling receptor activates NFxB transcription
factor in BTICs

The cytoplasmic tail of PD-1 contains two signaling motifs, an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoreceptor tyrosine-based switch motif (ITSM) (25). To test
the involvement of these two sequences in the tumor-intrinsic
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promoting effects of PD-1, we generated four human BTIC lines
(BT048, BT073, BT069, and BT100) overexpressing mutant vari-
ants of PD-1 containing tyrosine (Y) to phenylalanine (F) substitu-
tions at ITIM (Y223F mutation) or ITSM (Y248F mutation) motifs
as described previously (26). Human BTIC lines with both tyrosine
mutations (Y223F/Y248F) were also created (Fig. 4A). These muta-
tions disrupt the signaling functions of ITIM and ITSM motifs in
the PD-1 receptor. We confirmed a similar percentage of the ex-
pression of mutant or wild-type PD-1 on transfected BT048 and
BT073 (Fig. 4B and fig. S5A). While individual ITIM or ITSM mu-
tation decreased cell proliferation in some cell lines when compared
to BTICs overexpressing wild-type PD-1, the greatest reduction
occurred when both ITIM and ITSM motifs were disrupted (Fig. 4,
C and D, and fig. S5B); thus, we proceeded in subsequent experi-
ments with the cells overexpressing double mutation of PD-1.

We sought to understand the downstream pathway of PD-1
more comprehensively by performing RNA sequencing of PDCDI-
overexpressing BTICs compared to OE control from three patients.
Principal components analysis indicated that the basal (OE control)
transcriptome of three BTICs lines is different and PD-1 over-
expression resulted in changes unique to each cell line (fig. S5C);
however, there were common changes in the expression of genes
between PDCDI-overexpressing cells and OE control in all three
lines (Fig. 4E). In the differential expression analyses, we applied a
5% FDR (false discovery rate) cutoff and a 1.5-fold change threshold.
We identified 48 differentially expressed transcripts in PDCDI-
overexpressing versus control across three different BTIC lines
(Fig. 4E). Among those genes, expression of IKBKB (inhibitor of
NF«B kinase subunit B) and TNFRSFI19 [tumor necrosis factor
(TNF) receptor superfamily member 19] genes increased 9.49- and
9.39-fold, respectively, in PD-1-overexpressing BTICs compared
to controls (Fig. 4F). IKBKB encodes inhibitor of NF«kB kinase
(IKKB) subunit of IKK complex, the core element of the NF«B sig-
naling pathway (27). TNFRSF19 and IKK complex are implicated in
the activation of NFkB signaling and gliomagenesis (28, 29). RT-
gPCR in another batch of BT048 and BT073 cultures corroborated
the enhanced expression of IKBKB and TNFRSF19 genes in PDCD1-
overexpressing BTICs compared to OE controls (Fig. 4G).

Western blots of four human BTIC lines indicated that BTICs
overexpressing PD-1 had higher levels of phosphorylated IKKa/
and total IKKp than controls (Fig. 4H). Furthermore, phosphoryl-
ation of IKKo/B was lower in BTICs expressing PD-1 with combined
ITIM and ITSM mutations compared to cells overexpressing wild-
type PD-1, indicating that tyrosine phosphorylation of both ITIM
and ITSM motifs was crucial in IKKo/B activation. We also exam-
ined the total expression levels of IKKa and IKKp by flow cytometry
and found reduced expression in PD-1 knockdown compared to
control BT073 (fig. S5, D and E). Flow cytometry also showed re-
duced phosphorylation of serine residue 176/180 of IKKao, or serine
residue 177/181 of IKK (P-IKKo/B), in PDCDI-down-regulated
BTICs compared to shRNA control (fig. S5F).

Previous research in T cells revealed that ITIM and ITSM motifs
of PD-1 bind the Src homology 2 (SH2) domains of SH2-containing
phosphatase 2 (SHP-2) and cause SHP-2 to be phosphorylated at
tyrosine residue 542 (p542) (25). In addition, previous findings
have implicated the role of SHP-2 in IKKa/ activation; hence, we
investigated whether PD-1 also changes the phosphorylation
levels of SHP-2 in BTICs. Immunoblots of four human BTIC lines
revealed that cells overexpressing wild-type PD-1 had higher levels
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Fig. 3. Tumor-intrinsic PD-1 promotes BTIC growth in culture. (A) Confirmation of PDCDT down-regulation or up-regulation in human BTIC lines at mRNA levels by
RT-qPCR. Fold changes were calculated relative to PD-1 expression in respective vector controls and normalized to GAPDH expression. (B) Flow cytometry analysis of PD-
1, PD-L1, and PD-L2 expression after knocking down or OE PD-1in BTICs. (C and D) Representative bright-field microscopy images of 72- to 96-hour outcomes of tumor
spheres in PD-1 knockdown or overexpression versus respective vector controls of two human (BT048 and BT073) and mouse (mBT0309) BTIC lines. (E and F) Quantifica-
tion of tumor spheres in PD-1 down-regulated or PD-1 OE versus respective vector controls. (G and H) ATP proliferation assay of human and mouse BTIC with PD-1
down-regulation or up-regulation. (I and J) Representative plots and bar plots of the proliferation of human BTIC lines by measuring incorporation of EdU into DNA fol-
lowing 24-hour treatment. AF488, Alexa Fluor 488; RLU, relative light unit. Data are representative of two to three separate experiments. Means were compared to respec-
tive vector controls by unpaired (two-tailed) t test when comparing two groups. For more than two groups, one-way analysis of variance (ANOVA) with Tukey’s post hoc
was used: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Data are represented as means + SEM. See also fig. S4.

of p-SHP-2 than controls (Fig. 4H). Consistently, the effects of
overexpressing wild-type PDCDI on p—SHP-2 levels were reversed
when cells were transfected with vectors encoding double-mutant
PD-1 (Fig. 4H). Phospho-flow cytometry of SHP-2 p542 in two
human BTIC lines following PD-1 down-regulation versus control
corroborated the involvement of SHP-2 phosphorylation in the
downstream signaling of PD-1 (fig. S5, G and H).

Phosphorylation of IKKa/B and SHP-2 has been shown to acti-
vate the NFxB pathway (30). Thus, we aimed to explore the activa-
tion status of the NFkB pathway in BTICs following up-regulation
or down-regulation of PD-1. In all four human BTIC lines studied,
forced expression of wild-type PD-1 enhanced phosphorylation
levels of p65, a subunit of NFkB transcription complex, compared
to controls (Fig. 4H). Overexpression of PD-1 with the double mutation
ITIM/ITSM, on the other hand, had no effect on p65 activation
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(Fig. 4H). Silencing PD-1 significantly reduced phosphorylation of
NF«xB p65 in two human BTIC lines (fig. S5, I and J). We also
affirmed reduced nuclear translocation of p65 in PD-1-down-
regulated BTICs versus shRNA control by immunofluorescence
staining of cells in culture (fig. S5, K and L).

To affirm the roles of IKKo/p and SHP-2 in tumor-promoting
effects of PD-1, we pharmacologically inhibited SHP-2 with RMC4550
and IKKo/B with BMS-345541 in PDCDI-overexpressing BTICs
versus controls. The luminescence proliferation assay indicated that
RMC4550 and BMS-345541 abrogated the intrinsic growth promot-
ing effects of PD-1 in human BTIC lines (Fig. 4, I and ], and fig. S5,
M and N). No toxicity was observed for BMS-345541 on human
BTICs in culture (fig. S50). Because SHP-2 in cancer cells also activates
the mitogen-activated protein kinase (MAPK) signaling pathway,
we blocked this pathway with the pharmacological inhibitor Skepinone-L
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(A) Schematic diagram of site-directed mutagenesis in two signaling motifs (ITIM,

Y223F; ITSM, Y248F) of human PD-1 gene. (B) Representative flow cytometry plots of PD-1 expression in BT073 transfected with OE vectors coding wild-type (WT), 223,
248, or 223/248 mutant (Mut) version of PD-1. (C and D) ATP proliferation assay of human BT048 and BT073 cells OE wild-type or mutant versions of PD-1 compared with
OE control. ns, not significant. (E) Heatmap of differentially expressed genes between PDCD1-OE cells and OE control of three human BTIC lines. Experiment was con-
ducted once. (F) Volcano plot shows all data points that meet the false discovery rate (FDR) cutoff of 5% and 1.5-fold change criteria. (G) Validation of mRNA expression
of TNFRSF19 and IKBKB genes by RT-qPCR in another culture set of BT048 and BT073 cells. Fold changes were calculated relative to PD-1 expression in OE control and
normalized to GAPDH expression. (H) The phosphorylation of IKKa/B, SHP-2, and NFxB (p65) was detected in the cell lysates of four human BTIC lines by Western blot.

Actin was used as a loading control. Luminescence ATP proliferation test of PDCD1-O

E BT048 and BT073 cells compared to OE controls after 72 hours of treatment with

(1) SHP-2 inhibitor RMC4550 (3 My) or (J) IKKa/B inhibitor BMS-345541 (1 Mu). DMSO, dimethyl sulfoxide. (K) After PD-1 immunoprecipitation of cell lysates and SDS-
polyacrylamide gel electrophoresis, immunoblot was performed with antibodies for p-SHP-2, SHP-2, p-IKKo/B, IKKB, and PD-1. Means were compared by unpaired
(two-tailed) t test when comparing two groups. For more than two groups, one-way ANOVA with Tukey’s post hoc was used: *P < 0.05, **P < 0.01, ***P < 0.001, and

***¥¥P < 0.0001. Data are represented as means + SEM. See also fig. S5.

and found no inhibitory effects on the proliferation of PD-1-overexpressing
BTICs compared to controls (fig. S5P).

Physical interaction between receptors and signaling molecules
is required for the initiation of the downstream cascade; we thus
performed coimmunoprecipitation (co-IP) to collect protein partners
of PD-1 in cell lysates of BTIC lines. Immunoblots of protein partners
showed that SHP-2 and IKKo/f interacted with PD-1 in human BTIC
lines (Fig. 4K). Notably, mutagenesis of the PD-1 ITIM and ITSM
motifs abolished the interaction of SHP-2 and IKKo/B with PD-1
receptor and decreased the interactions of p-SHP-2 and p-IKKo/f

Mirzaei et al., Sci. Adv. 7, eabh2148 (2021) 5 November 2021

with PD-1 (Fig. 4K). These findings imply that physical interactions
between ITIM/ITSM of PD-1 and SHP-2 and IKKo/ molecules oc-
curred in the BTICs resulting in the phosphorylation of signaling
molecules downstream of PD-1.

Coexpression of PD-1, NFkB activation, and proliferation
marker in BTICs in GBM specimens

To investigate whether NF«xB is activated in PD-1-positive BTICs
within the tumor microenvironment, we labeled tumor specimens
from three patients with GBM for PD-1, BTIC marker SOX2, and
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nuclear translocation of p65 as a marker of NF«B activation. We found
higher nuclear localization of p65 in PD-1-positive than PD-1-negative
BTIC:s in three of three patients with GBM (Fig. 5A). Moreover, the
PD-1 expression corresponded to BTIC proliferation as we observed co-
expression of PD-1 and the proliferation marker Ki67 in SOX2-positive
BTICs within the GBM microenvironment of three patients (Fig. 5B).

PD-1 promotes BTIC proliferation independent of ligation
with PD-L1

Immunofluorescence staining of human GBM specimens revealed the
presence of PD-1-positive BTICs in some tumor areas without PD-L1
immunoreactivity (Fig. 6A). In addition, quantification of images show
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that while around 8% of cells in the tumor microenvironment coexpress
PD-1 and SOX2, about 0.8 and 1.2% of cells coexpress PD-L1/SOX2 or
PD-1/PD-L1/SOX2, respectively (Fig. 6B). Thus, we asked whether
the tumor-intrinsic promoting effects of PD-1 were dependent on
PD-L1 ligation. Flow cytometry staining of BTIC lines in culture
showed that about 6 to 18% of human and 1% of mouse BTICs
expressed PD-L1 (fig. S6, A and B). This PD-L1 expression on
human and mouse BTIC lines increased upon treatment of cells with
interferon-y (IFN-y) (fig. S6, A and B), while there was no change in
PD-1 levels on BTICs (fig. S6C). Notably, treatment of either OE
control or PDCD1-overexpressing BTICs with IFN-y did not further
increase cell proliferation (fig. S6D).

Cells with nuclear p65

Fig. 5. Coexpression of PD-1, NFkB activation, and proliferation marker in BTICs in GBM specimens. (A) Representative immunofluorescence laser confocal micros-
copy images and quantification of PD-1, SOX2, and p65 in sections of human GBM specimens resected from three patients (110907, 101220, and 100819). Quantification
was performed in three to four FOVs of each patient. Nuclear translocation (yellow arrows) of p65 in BTICs is shown on the magnified images. Each dot in the bar graphs
corresponds to the number of cells per FOV. (B) Representative images of immunofluorescence staining of PD-1, SOX2, and proliferative marker Ki67 in sections of human
GBM specimens from three patients, with some triple-positive cells indicated by yellow arrowheads. Nuclei were counterstained with DAPI. Means were compared by
unpaired (one-tailed) t test when comparing two groups. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. Tumor-intrinsic PD-1 does not require PD-L1 ligation to promote BTIC growth. (A and B) Representative immunofluorescence images and quantification of
GBM specimens stained for PD-1, PD-L1, and SOX2. Dashed outlines correspond to areas where there is minimum PD-L1 around PD-1-positive BTICs. Quantification was
performed in three to four FOVs of each patient. Each circle is of a different patient with GBM. Green, 026-1; purple, 101220; orange, 110907; blue, 100819. (C) Proliferation
of BT048-OE PD-1 and control in the presence or absence of PD-L1. (D and E) Representative immunofluorescence and quantification of p65 translocation in BTICs after
treatment with PD-L1 (5 ug/ml) for 1 hour. For each well of cells, four FOVs were quantified. TNF-a (100 ng/ml) was used as a control to activate p65 translocation.
(F) Schematic of human PD-1 K78A version with defective PD-L1 binding. (G) Flow cytometry plots of BTICs OE wild-type or K78A PD-1. (H and I) Representative flow
cytometry and bar plots of EdU assay. (J) Schematic of knocking out of mouse PD-L1 (Cd274) gene by CRISPR-Cas9 and overexpressing Pdcd1 in mBT0309. (K) Proliferation
assay of Cd274 knockout (KO) clones 2-5 and 3-5 of mBT0309-OE PD-1 compared to control. (L and M) Representative images of 72- to 96-hour outcomes of tumor spheres
and quantification in clones 2-5 and 3-5. Proliferation of human BTICs overexpressing PD-1 and control after exposure to (N) PD-1 (pembrolizumab) or (O) PD-L1 (avelumab)
antibodies for 72 hours. Results are representative of n=2 to 3 independent experiments. Unpaired (two-tailed) t test was used to assess significance between two groups.

For more than two groups, one-way ANOVA with Tukey’s post hoc was used: *P < 0.05, ***P < 0.001, and ****P < 0.0001. ns, not significant. Data are represented as
means + SEM. See also fig. S6.

To test that PD-1 ligation with PD-L1 promotes BTIC growth,
we treated PD-1-overexpressing BT048 and OE control with exog-
enous recombinant PD-L1 protein known to stimulate PD-1 signaling
in T cells (31). We found no promotion of cell proliferation either
in PD-1-overexpressing BTICs or OE control (Fig. 6C). Similar

results were generated for wild-type BT048 and BT073 cell lines
(fig. S6E). Staining of p65 translocation showed that PD-L1 pro-
teins did not promote NF«B activation in two patient-derived BTIC
lines opposite to TNF-a, which stimulated p65 translocation in cells
(Fig. 6, D and E).

Mirzaei et al., Sci. Adv. 7, eabh2148 (2021) 5 November 2021
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To expand these findings, we generated a mutant version of PD-1
with defective PD-L1/2 binding (K78 A mutation) (32) by site-directed
mutagenesis (Fig. 6F). We affirmed similar levels of expression of
mutant and wild-type PD-1 on transfected BTICs (Fig. 6G). The
EdU and ATP proliferation assay show that BTICs expressing the
K78A variant were similar in proliferation rate to cells overexpressing
native PD-1 (Fig. 6, H and I, and fig. S6F).

We also examined the promoting effects of PD-1 in PD-L1 gene
(Cd274) knockout (KO) mouse BT0309 line. We first deleted the
Cd274 gene in mBT0309 cells using a CRISPR-Cas9 gene-editing
system (Fig. 6]). DNA sequencing showed that the mouse Cd274
gene was knocked out in clone 2-5 mBT0309 (designated as Cd274
KO 2-5) (fig. S6G). Full allelic KO of PD-L1 at the protein level was
confirmed by Western blot in clones 1-1, 2-3, 2-5, 3-3, and 3-5 (fig.
S6H). We then overexpressed wild-type PdcdI in clones 2-5 and 3-5
of Cd274 KO mBT0309 (Fig. 6]) and validated PD-1 overexpression
in cells by flow cytometry (fig. S6I). ATP luminescence prolifera-
tion assay revealed that forced expression of Pdcdl in two clones of
Cd274 (PD-L1) KO mouse BTICs (clones 2-5 and 3-5) increased
cell proliferation compared to OE control (Fig. 6K). There was a

A B C57BL/6 E Rag1 KO
— shRNA control (n = 8) — shRNA control (n = 8)
— shRNA-1(n=10) — ShRNA-1 (n=5)
. shRNA-2 (n=10) ShRNA-2 (n=4)
il f 100 Exp. terminated
| 1
If
‘ Ll g 1 =
g
7\ §50_ P <0.0001 2
L F 123
ShRNA =
PiggyBac
vector
0 T T T T 1
Pded1 Pdcd1 0 20 4OD 60 80 100
knockdown  overexpression (OE) c ays Days
— OE control (n = 9)
Intracranial o] ocd O (E=9)
implantation

1
50P =0.0006
L

C57BL/6 or Rag1 KO

cale bar = 20 um

Exp. terminated

significant increase in the sphere numbers of Pdcdl-overexpressing
cells compared with OE controls in Cd274 KO mouse (clones 2-5
and 3-5) BTICs (Fig. 6, L and M). Together, these datasets suggest
that PD-1 without the requirements of PD-L1 ligation promotes
BTIC growth.

Last, we used blocking antibodies for PD-1 or PD-L1 that have
been tested in clinical trials for patients with GBM. We hypothesized
that these antibodies that inhibit the interaction between PD-1 and
PD-L1 (33, 34) would not abrogate the tumor-accelerating effects of
PD-1 that are non-PD-L1 dependent as the above data show. PDCD1-
overexpressing and control human BTICs were exposed to anti-PD-1
(pembrolizumab) or anti-PD-L1 (avelumab) antibodies, and the
proliferation of BTICs was unaltered (Fig. 6, N and O).

PD-1 on BTICs promotes intracranial tumor growth
irrespective of immunocompetence or immunodeficiency

To address in vivo growth benefits of PD-1 on BTICs, we implanted
syngeneic mouse BT0309 with stable down- or up-regulated PD-1
into the striatum of immunocompetent C57BL/6 mice (Fig. 7A). We
found that the lifespan of mice with down-regulated PD-1 BTICs
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Fig. 7. PD-1 on BTICs promotes intracranial tumor growth in mice. (A) Schematic diagram depicts implantation of Pdcd1-knockdown or OE cells into the striatum of
mice. Kaplan-Meier analysis to assess the survival of wild-type mice i4mplanted with (B) Pdcd1 knockdown or (C) overexpressing murine BT0309. Cells transduced with
lentiviral vectors coding nontarget shRNA or transfected with empty PiggyBac vector were considered as controls for knockdown (shRNA control) or OE (OE control)
BTICs, respectively. (D) Representative images of immunofluorescence staining of PD-1, SOX2, and p65 in sections collected from C57BL/6 wild-type mice implanted with
Pdcd1-knockdown or shRNA controls. Nuclear translocation (yellow arrowheads) and cytoplasmic localization (blue arrowheads) of p65 in BTICs are shown on the images.
(E) Kaplan-Meier analysis of Rag1 KO mice implanted with Pdcd1-knockdown or shRNA controls of mBT0309. Representative T2-weighted MRl images (F) at day 50 of Rag 1
KO mice implanted with Pdcd1-knockdown or (G) at day 54 of Rag1 KO mice implanted with Pdcd1 OE mBT0309 (tumor demarcated with red outlines). Quantitation of
tumor volume from MRI images of mice implanted with (H) Pdcd1 knockdown or (I) OE BTICs versus respective vector controls. Results are representative of n=2to 3
independent experiments. Unpaired (two-tailed) t test was used to assess significance between two groups in (I). For more than two groups in (H), one-way ANOVA with
Tukey’s post hoc was used. Kaplan-Meier survival curves were analyzed for statistical differences between groups using the log-rank Mantel-Cox test: ***P <0.001 and
***¥¥P < 0.0001 compared to respective vector control. Data are represented as means + SEM.
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was longer compared to mice with shRNA control (Fig. 7B). Con-
versely, lifespan was significantly shortened when Pdcd1-overexpressing
cells were implanted compared to mice implanted with OE control
(Fig. 7C). Staining for p65 as an index of NF«B activation showed
lower immunoreactivity either in cytoplasm or nucleus of SOX2-
positive BTICs in mice implanted with Pdcd1-down-regulated cells
compared to shRNA control (Fig. 7D).

Last, given the functions of PD-1/PD-L1 interaction in antitumor
immunity, we determined whether the in vivo tumor-promoting effects
of PD-1 on BTICs depended on adaptive immune cells. We implanted
stable down- or up-regulated PdcdI-expressing mouse BT0309 into
the striatum of T cell- and B cell-deficient Ragl KO mice (Fig. 7A).
Kaplan-Meier survival plots showed increased longevity of mice
implanted with down-regulated PD-1 compared with vector control
(Fig. 7E). The tumor size was assessed about 8 weeks after implan-
tation in live asymptomatic animals using T2*-weighted MRI. Images
showed significantly reduced tumor volume in mice with down-
regulated PdcdI-expressing BTICs compared with shRNA control
mice (Fig. 7, F and H). Conversely, larger tumors were observed in mice
implanted with PdcdI-overexpressing BTICs relative to mice with
OE control (Fig. 7, G and I). Thus, PD-1 on BTICs promotes intra-
cranial tumor growth even in the absence of adaptive immune cells.

DISCUSSION

It has become evident that GBM stem cells are the root cause of
therapy resistance, relapse, and metastasis through unknown mech-
anisms. Results from the current study identify a novel regulator of
NFkB transcription factor in GBM stem cells and uncover an un-
derlying cause for the resistance to immune checkpoint blockade
therapy in patients with GBM (Fig. 8).

PD-1 is mainly expressed on immune cells in patients with can-
cer that, as an inhibitory receptor, suppresses antitumor functions.
There are recent reports showing that a subpopulation of various
cancer cells including melanoma, hepatocellular carcinoma, and
lung cancer cells express PD-1 (35-37); however, the expression of
PD-1 has not been well documented on GBM stem cells. While
there are no universal markers for BTICs, stem cell-associated tran-
scription factor SOX2 and nestin are frequently used to identify
BTICs (20). By using these BTIC markers, we observed PD-1 ex-
pression on BTICs within the GBM microenvironment of seven of
seven patients. Notably, there was no nestin immunoreactivity in
patient 1085, which might be related to the interpatient heterogeneity
of BTIC markers, as previously described (38). The Cancer Genome
Atlas project and single-cell RNA sequencing analysis indicate low
levels of PD-1 mRNA expression in patients with GBM (39, 40),
while protein analysis briefly alluded to PD-1 expression in GBM
cell lines (37). This is also the case for melanoma and liver cancer in
which expression of PD-1 protein is documented on cancer cells
while transcripts are low (40).

We also found that when BTICs were differentiated, the expres-
sion of PD-1 on BTICs dropped considerably at the level of protein in
all four lines studied. Except for GBMS5, all cell lines also showed a re-
duction in PD-1 mRNA levels. Given the steady expression of PD-1
mRNA in GBM5 after differentiation, the decline in PD-1 protein
might be attributed to posttranscriptional mechanisms that regulate
the properties and expression of proteins in cancer stem cells (41).

Although PD-1 expression has been observed in a few cancer
cell types, research on its tumor-intrinsic activities has shown
contradictory results. Unlike its tumor-promoting effects in melanoma
and hepatocellular carcinoma (35, 36), PD-1 in lung cancer suppresses
tumor cell proliferation (37). In our study, we noted that intrinsic
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Fig. 8. Diagram of PD-1 expression on BTICs and signaling through NFkB. PD-1 is expressed on BTICs in resected clinical GBM specimens in situ and patient-derived
BTICs in culture. Tumor-promoting effects of PD-1in BTICs did not require interaction with PD-L1; thus, the therapeutic antibodies were unable to overcome the growth
advantage of PD-1in BTICs. Mice with intracranial Pdcd1 over- or underexpressing BTICs had shorter or longer survival, respectively. Mechanistically, phosphorylation of
ITIM and ITSM motifs within the cytoplasmic tail of PD-1 recruited SHP-2 phosphatase and activated the NFkB pathway through IKKo/p in BTICs.
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expression of PD-1 within the GBM microenvironment accelerated
sphere-forming capacity and proliferation of BTICs, as well as intra-
cranial tumor growth in a mouse GBM model. The specific contribu-
tion of tumor-intrinsic PD-1 to tumorigenesis appears to be context
dependent, and therefore, studying the tumor-intrinsic functions of
PD-1 is of high interest in the field of targeted cancer therapies.

Although PD-1 effects on the proliferation of some cell lines are
comparable to those of other recognized factors (42, 43), the effects
are small in some of the lines. One explanation might be that we
used wild-type BTICs in our experiments as controls that have in-
trinsic expression of PD-1. Moreover, various mechanisms govern
the proliferation of cancer cells, particularly cancer stem cells,
implying that cotargeting of several molecules might be necessary
to substantially curb tumor cell growth. Furthermore, the reliance
of different BTIC lines on PD-1 signaling varied, which could be
attributed to the fact that they were derived from patients with di-
verse genetic and epigenetic backgrounds. We attempted to com-
pare the in vivo growth of PD-1-positive versus PD-1-negative
sorted cell; however, because of unstable expression of PD-1 on
BTICs, we were unable to implant the cells into the mouse brains.

To date, the downstream signaling pathways of PD-1 have been
mainly studied in T cells. Upon binding of PD-1 on T cells to PD-L1,
phosphatases SHP-1 and SHP-2 bind to the phosphorylated forms
of ITIM/ITSM motifs of PD-1 which leads to the dephosphorylation
and subsequent inhibition of phosphatidylinositol 3-kinase (PI3K),
Akt, MAPK, and mammalian target of rapamycin (mTOR) path-
ways (44, 45). While PD-1 signaling in T cells might be more depen-
dent on ITSM phosphorylation (25, 46), the significance of ITIM or
ITSM in tumor cells is controversial. In melanoma cells, mutation
of either one (ITIM or ITSM) or both (ITIM/ITSM) reduced tumor
cell proliferation (35). Our findings showed that inactivating both
motifs abolished the proliferative effects of PD-1 at higher levels than
individual mutations in BTIC lines. These findings are consistent
with those of PD-1 in lung cancer, where double mutations had a
larger impact in cancer cells than single ITIM or ITSM mutations
(37). In addition, disruption of both tyrosines (Y223F/Y248F) in
BT048 and BT073 did not entirely abolish the promoting effects of
PD-1 compared to BTICs overexpressing wild-type PD-1, indicat-
ing that additional mechanisms are involved in the promoting ef-
fects of PD-1 in these lines.

Unlike T cells, PD-1 in melanoma and hepatocellular carcinoma
activates PI3K and Akt pathways (35, 36). Contrary to what was
observed in melanoma and hepatocellular carcinoma, tumor-intrinsic
PD-1 in lung cancer suppresses AKT and extracellular signal-regulated
kinase 1/2 pathways (37, 47). Our findings show that PD-1 in GBM
cells promoted SHP-2 and IKK phosphorylation, followed by NFxB
activation. We noted that SHP-2 along with IKKa/ interacted with
PD-1 in BTICs. In addition, mutations of both ITIM and ITSM motifs
abrogated phosphorylation of SHP-2 and IKKo/p and their connec-
tions with PD-1 in BTICs, implying that the interactions between
these molecules are involved in PD-1 signaling in BTICs. This ob-
servation is in line with a previous report in other cell lines that a
physical interaction between IKKa subunit of IKK complex and SHP-2
triggers NFxB activation (30). Findings from SHP-2 and IKK in-
hibitors also corroborated the involvement of these two molecules
in the proliferative effects of PD-1 in BTICs. Notably, both SHP-2
and IKKo/p inhibitors also constrained the proliferation of control
BTICs, which we think might be related to the intrinsic PD-1 ex-
pression in wild-type BTICs.
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Unlike T cells in which SHP-2 inhibits T cell proliferation, SHP-2
activation by PD-1 in BTICs induced tumor cell growth. This ob-
servation is in line with previous reports that identified SHP-2 as a
proto-oncogene in GBM cells that activates protumorigenic pathways
such as AKT/mTOR (48, 49). A recent study suggested that decreased
expression of SHP-2 leads to reduced proliferation, tumorigenicity,
and stemness properties of GBM stem cells (49). In addition, NFxB
activation contributes to the proliferation and self-renewal proper-
ties of BTICs, as well as resistance to conventional therapies (29, 50);
therefore, suppression of PD-1 signaling might be a new approach
to containing the proliferation and self-renewal properties of BTICs
in patients with GBM.

Another unexpected discovery from our investigation was that
PD-1 functions in BTICs did not require ligation with PD-L1. An
important area for future research is what factors promote PD-1
signaling in the absence of PD-L1. One proposed mechanism is
constitutive or ligand-independent PD-1 activation. This mecha-
nism has already been described for other receptors in cancer cells
(51, 52). For example, in GBM cells, EGF receptor is constitutively
activated regardless of ligand (53). Dimerization of receptor might
be a possible mechanism for PD-1 activation independent of PD-L1
in BTICs. However, unlike other CD28 family members, the PD-1
molecule lacks the cysteine residues required for disulfide bond for-
mation and subsequent dimerization (54). Nonetheless, a recent study
revealed that SHP-2 connects phosphorylated ITSM residues on
two PD-1 molecules, forming a PD-1:PD-1 dimer (46). Thus, it is
plausible that RMC4550, a SHP-2 inhibitor, blocks the potential
dimerization of PD-1 in BTICs by altering the protein structure of
SHP-2. Last, PD-1 may interact with proteins other than PD-L1 or
PD-L2 ligands to activate the signaling pathway in BTICs. Thus,
interactome studies are required to find proteins in BTICs that may
interact with the extracellular domains of PD-1.

The tumor-promoting effects of PD-1 independent of PD-L1
binding are an important consideration in the field of immune
checkpoint blockade therapy of patients with GBM. Most commer-
cially available blocking antibodies inhibit interactions between PD-1
and PD-L1 (33, 34). As a result, blocking antibodies tested in thera-
peutic trials for GBM patients with the goal of reactivating T cells
are likely to miss disrupting the critical growth-promoting role of
PD-1 intrinsic to BTICs. This is consistent with our findings that
two clinical antibodies were ineffective in abrogating the prolifera-
tive functions of PD-1 on BTICs. Therefore, investigation of other
strategies such as small-molecule inhibitors to block PD-1 down-
stream signaling or suppression of PD-1 expression by in vivo small
interfering RNA or CRISPR-Cas9-based gene therapy might be of
high interest to abrogate tumor-promoting effects of PD-1in GBMs.

While PD-1 is expressed on a small population of cells within the
GBM microenvironment, BTICs are critically important in GBM as
they drive tumor growth, recurrence, and intratumoral heterogene-
ity (55). BTICs are responsible for resistance to pharmacology, radi-
ation, and surgery, and thus, PD-1 might be a new molecular target
to contain BTIC growth in patients with GBM. In addition, the im-
munomodulatory effects of tumor-intrinsic PD-1 are areas for fur-
ther investigation.

Together, identification of PD-1 as a previously unknown driver
of NF«B signaling and proliferation in BTICs without the require-
ment of PD-L1 ligation and understanding of the mechanisms un-
derlying its protumorigenic effects could contribute to the discovery
of a new therapeutic approach for patients with GBM.
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MATERIALS AND METHODS

Human tissues

Human GBM tissues for immunohistochemistry (n = 7; table S1)
were collected in accordance with the protocols approved by the
Institutional Review Board of Indiana University. Consent was giv-
en by all patients. The fresh tissues surgically removed from patients
were snapped frozen and stored in —80°C. The tissues were fixed in
formalin and histologically processed for paraffin-embedded blocks
for the studies. The hematoxylin and eosin—stained slides were ex-
amined by the neuropathologist (C. Hao). All patients provided
written informed consent to obtain tumor biopsies. Cerebral cortex
of normal human individuals was purchased from AMSBIO (cata-
log number HP-210).

Animal experimental models

All mice used in this study were on C57BL/6 background. Female
wild-type C57BL/6 mice were obtained from Charles River. Ragl
KO mice were a gift of P. Kubes (University of Calgary). Six- to
8-week-old mice (female) were used for all experiments of the GBM
preclinical model. Ragl KO female mice were bred and maintained
in our animal facility. All experiments were conducted with ethics
approval from the Animal Care Committee at the University of
Calgary under regulations of the Canadian Council of Animal Care.

Method details

Generation of GBM patient-derived BTICs and neural stem cells
Human BTIC lines were generated from resected specimens of pa-
tients with GBM as described previously (22). We grew cells in a 5%
CO;, incubator and in a serum-free NeuroCult NS-A basal medium
(STEMCELL Technologies) supplemented with NeuroCult™ Prolif-
eration Supplement (STEMCELL Technologies), EGF (PeproTech
Inc.), FGF (R&D Systems), and heparin solution (STEMCELL
Technologies); we refer to this as BTIC medium. To propagate the
cells, BTIC spheres were dissociated mechanically and plated into
T-75 culture flasks. These lines were cultured chronologically,
maintained, and authenticated within the University of Calgary
BTIC Core. Human and mouse fetal neural stem cells were generated
and cultured as previously described (56, 57). Human brain tissues
were obtained from 12- to 18-week-old fetuses from therapeutic
abortions according to ethical guidelines established by the Univer-
sity of Calgary. The use of these human samples is approved by the
Institutional Review Board of the University of Calgary, and con-
sent was obtained from all donors of tissues.

Isolation and characterization of mouse BTICs

Mouse BTIC line mBT0309 and mBT0528 in the C57BL/6 back-
ground were isolated, characterized, and maintained in the BTIC
medium as described elsewhere (21). These lines have been previ-
ously shown to recapitulate key features of a human GBM (21).
Evaluation of BTIC growth

For the sphere formation assay, freshly dissociated cells were plated
at 10,000 cells per well in 100 ul of BTIC medium into a 96-well flat
bottom plate. The resultant number of spheres above the 60-pum-diameter
cutoff, a convenient parameter to describe growth characteristics, was
monitored after 3 to 5 days by bright-filed photographing multiple
fields per well with subsequent analyzes as previously described
(8,43, 58). For the blockade of signaling pathways, BTICs were treated
with the following inhibitors: p38 MAP Kinase Inhibitor Skepinone-L
(Millipore, 506174), IKK-0o/f inhibitor BMS 345541 (Abcam,
ab144822), or RMC-4550 (Chemietek, CT-RMC4550).
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Intracranial tumor implantation

After sphere dissociation of BTICs, 20,000 viable cells were resus-
pended in 2 pl of phosphate-buffered saline (PBS) and implanted
stereotactically into the right striatum of mice as described previ-
ously (22). After implantation, we daily monitored animals to assess
weight loss and physical/neurological abnormalities.

Flow cytometry

Surface staining was performed in PBS for 15 to 20 min at 4°C. For
phospho-flow cytometry, cells were fixed in Fix Buffer I (BD, 557870)
for 10 min at 37°C, permeabilized in Perm/Wash Buffer (BD, 554723),
and then stained for 30 min at room temperature. Cells were sub-
jected to Attune NxT flow cytometry (Thermo Fisher Scientific).
Data analysis was performed by Flow]Jo version 10.7.2 (Treestar). In
the flow cytometry dot plots, x axis shows fluorescence intensity
detected in each channel for every event, and y axis represents for-
ward scatter area (FSC-A) that detects scatter along the path of the
laser and is proportional to cell size. The scale is an arbitrary scale
representing increasing intensity of signal. Following antibodies were
used for the cell staining: allophycocyanin (APC) anti-human CD279
(BD, 558694), Alexa Fluor 647 anti-human CD279 (BD, 560838),
phycoerythrin (PE) anti-human CD274 (BD, 557924), BV421
anti-human CD273 (BD, 563842), PE hamster anti-mouse CD279
(BD, 561788), Brilliant Violet 421 (BV421) anti-NF«xB p65 (pS529)
(BD, 565446), PE anti-p-IKKo/B (Ser176/180) (Cell Signaling
Technology, 14938), Alexa Fluor 488 anti-IKKa/p (Abcam, ab200618),
PE anti-SHP2 (pY542) (BD, 560389), PE anti-SOX2 (BioLegend,
656104), and PE anti-nestin (BD, 561230).

Cell proliferation analysis by ATP luminescence and Click-iT
EdU-labeling assays

Cell viability was assessed using the ATP CellTiter-Glo Lumines-
cent Cell Viability Assay Kit (Promega, G7572) based on the manu-
facturer’s protocol using 100 pl of CellTiter-Glo Reagent per well.
After 10 min of incubation at room temperature, 100 pl of the solu-
tion was transferred to a white 96-well plate, and the luminescence
signal was measured with a luminometer (Labsystems). For Click-
iT EdU proliferation assay, cells were incubated with 1 uM EdU for
24 to 48 hours. After cell permeabilization, EQU staining was per-
formed with the Click-iT EdU Alexa Fluor 488 Flow Cytometry As-
say Kit (Thermo Fisher Scientific) following the manufacturer’s
instructions. Cells were subjected to Attune NxT flow cytometry
(Thermo Fisher Scientific). Data analysis was performed by Flow]Jo
version 10.7.2 (Treestar).

Sequencing of CDS of PDCD1 gene in human BTICs

Briefly, frozen cell pellets were gently thawed on ice and lysed using
QIAGEN lysis buffer and 2-min centrifugation at 14,000 rpm with
QIAshredder spin columns (QIAGEN, 79654). RNA was purified from
the resulting lysate using the RNeasy Mini Kit (QIAGEN, 74104)
according to the manufacturer’s instructions. RNA was reverse-
transcribed to complementary DNA (cDNA) using a SuperScript III
First-Strand synthesis system (Thermo Fisher Scientific, 18080051).
The human PD-1 cDNA was amplified using the primers human
PD-1 forward (ATGCAGATCCCACAGGCGC) and human PD-1
reverse (GATCGCAGATCCTTCGCGGCCGC) using KAPA HiFi
HotStart ReadyMix (Roche, KK2601). The resulting PCR products were
cloned into pBluescript SK(-), and the DNA insert was sequenced.

Quantitative real-time PCR

Cells were lysed in 1 ml of TRIzol (Thermo Fisher Scientific). RNA
was purified with the RNeasy Mini Kit (QIAGEN) according to the
manufacturer’s instructions. Concentration and quality of RNA
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were assessed via measuring optical density at wavelengths of 260
and 280 nm by a NanoDrop spectrophotometer (Thermo Fisher
Scientific). Samples were subjected to deoxyribonuclease (DNase)
digestion by Ribonuclease-Free DNase Set (QIAGEN, 79254). RNA
was reverse-transcribed to cDNA using the SuperScript VILO cDNA
Synthesis Kit (Thermo Fisher Scientific, 11754050). Forward and
reverse primers to detect transcripts were purchased from QIAGEN:
PDCDI (QT01005746), Pdcdl (QT00111111), SOX2 (QT00237601),
NESTIN (QT00235781), MSII (QT00025389), MKI67 (QT00014203),
IKBKB (QT00062482), TNFRSF19 (QT00024829), and CDKN1A
(QT00062090) with GAPDH (QT00079247) or Gapdh (QT01658692)
as housekeeping controls. Transcripts were quantified by RT-qPCR
on the QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher
Scientific) using the QuantiFast SYBR Green PCR Kit (QIAGEN,
204054). The relative expression levels between genes were calculated
using a comparative cycle threshold method, with expression levels
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Reactions were run in triplicate or quadruplicate.

Confocal immunofluorescence microscopy

We evaluated formalin-fixed paraffin-embedded specimens from
patients with GBM. The sections of 10 um in thickness were sub-
jected to deparaffinization and antigen retrieval using heat-mediated
antigen retrieval with tris/EDTA buffer (pH 9). Samples were permea-
bilized with 0.25% Triton X-100 in PBS 10 min for intracellular markers.
Tissues were blocked by incubation for 1 hour at room temperature
with horse-blocking solution [PBS, 10% horse serum, 1% bovine serum
albumin (BSA), 0.1% cold fish stain gelation, 0.1% Triton X-100,
and 0.05% Tween 20]. Tissues were then incubated overnight at 4°C
with following antibodies resuspended in antibody dilution buffer
(PBS, 1% BSA, 0.1% cold fish stain gelation, and 0.1% Triton X-100):
human CD45 (1:100; Dako, M0701), mouse CD45 (1:100; BD, 550539),
PD-1 (1:1000; Cell Signaling Technology, 3501), PD-1 (1:1000; Thermo
Fisher Scientific, UM800091CF), SOX2 (1:200; Thermo Fisher Scientific,
14-9811-82), human nestin (1:200; Millipore, MAB5326), mouse
nestin (1:1000; Novus Biologicals, NB100-1604), p65 (1:400; Cell
Signaling Technology, 6956), Ki67 (1:400; Cell Signaling Tech-
nology, 9449), human PD-L1 (1:100; Abcam, ab210931), and mouse
PD-L1 (1:200; Thermo Fisher Scientific, 14-5983-82). The correspond-
ing fluorophore-conjugated secondary antibodies (1:500; Jackson
ImmunoResearch Laboratories or Thermo Fisher Scientific) were
then added with 4',6-diamidino-2-phenylindole (DAPI) (1:1000).
Fluoromount-G (SouthernBiotech, 0100-01) was used to adhere
coverslips to the slides. Laser confocal immunofluorescence images
were obtained at room temperature using the Leica TCS SP8 laser
confocal microscope with a 25/0.5 numerical aperture (NA) water
objective. Samples were excited by 405-, 488-, 552-, and 640-nm lasers
and detected by two low dark current Hamamatsu photomultiplier
tube detectors and two high-sensitivity hybrid detectors on the SP8.
The following settings were used to capture images of samples: 8 bits,
bidirectional scanning in a z-stack, 4x frame averaging, 1 airy unit
pinhole, 0.75 zoom, and 2048 by 2048 pixels x-y resolution. For all
samples in each series of trials, the same laser, gain, and offset settings
were used to optimize contrast and reduce saturation. A sample
slide stained with only the secondary antibodies and DAPI was always
included for each experiment as a control. Three and four fields of
view (FOVs) were obtained from each sample of human and mouse
brain slices. Image capture was performed using Leica Application
Suite X, image threshold and particle analysis were performed with
Image], and 3D rendering was performed with Imaris (Bitplane).
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Immunofluorescence staining of cells

BTIC was seeded in a 96-well Black/Clear Flat Bottom TC-treated
Imaging Microplate (Falcon, 353219) at a density of 10,000 cells per
well in BTIC medium. After incubation at 37°C incubator, cells
were washed with PBS and then fixed in 4% paraformaldehyde
for 10 min.

For immunocytochemistry, cells were permeabilized using 0.5%
Triton X-100 and 5% BSA for 1 to 2 hours at room temperature.
Primary antibodies for PD-1 (1:100; Cell Signaling Technology, 3501),
SOX2 (1:100; Thermo Fisher Scientific, 14-9811-82), human nestin
(1:200; Millipore, MAB5326), mouse nestin (1:500; Novus Biologicals,
NB100-1604), Ki67 (1:1000; Cell Signaling Technology, 9449), Musashil
(1:500; Thermo Fisher Scientific, 14-9896-82), and p65 (1:800; Cell
Signaling Technology, 6956) were incubated overnight at 4°C. Cells were
subsequently incubated with corresponding fluorophore-conjugated
secondary antibodies (1:500 Jackson ImmunoResearch Laboratories
or Thermo Fisher Scientific) at room temperature for 1 hour and
washed, and nuclei were counterstained with Hoechst (1:1000; Sigma-
Aldrich) and imaged using ImageXpress (Molecular Devices). The num-
ber of cells in four FOVs per well was obtained and then normalized
to obtain a percentage value for each well. This value was averaged
across three to four replicates per condition. Nuclear translocation
HT analysis in the MetaXpress High-Content Image Acquisition and
Analysis software (Molecular Devices) was used to quantify p65
nuclear translocation from the fluorescence microscopy images.
RNA sequencing and analysis
BTICs were plated in 12-well plates at a density of 10° cells per well
in 1 ml of BTIC medium. Cells were incubated for 3 hours at 37°C
with 5% CO,, after which total RNA was isolated using the RNeasy
Mini Kit (QIAGEN) from cell pellets. Total RNA samples were ver-
ified for integrity using RNA assays on an Agilent TapeStation in-
strument. Satisfactory samples [RIN (RNA integrity number) scores
were >9.3] were then subjected to enrichment of polyadenylated
[poly(A)] mRNA, cDNA synthesis, and Illumina compatible library
preparation using the NEBNext Poly(A) mRNA Magnetic Isolation
Module, the NEBNext Ultra II Directional RNA Library Prep Kit for
Ilumina, and NEBNext Multiplex Index Primers, all according to
the New England Biolabs-recommended protocols. Libraries were
then quantitated by both Agilent TapeStation High Sensitivity assays
and a KAPA qPCR Library quantification assay before pooling. Se-
quencing was performed on an Illumina NextSeq 500 sequencer with
75-cycle high-output sequencing kits, as per standard Illumina
methods, to yield an average of 70 million reads per sample. Differential
expression analysis was performed between BTIC lines overexpress-
ing PD-1 (n = 3) and lines transfected with OE control vector (n = 3).
The R package “DESeq2” was used for differential expression analysis.
Visualization of the analysis results was performed using the R packages
“EnhancedVolcano” and “pheatmap.” The adjusted P value cutoff
was set at 0.05 and log,(fold change) at +0.58 for filtering of the final
gene list. The gene list was also evaluated via literature review.
Generation of Cd274 KO mouse BTIC cells by CRISPR
gene-editing system
CRISPR gene KO of PD-L1 gene (Cd274) in mBT0309 was carried
out using the pSpCas9(BB)-2A-green fluorescent protein (GFP; pX458)
vector and a short-guide sequence targeting exon three, 5'-GTGAC-
CACCAACCCGTGAGT-3'. PX458 vector was a gift from F. Zhang
(Addgene plasmid #48138; http://n2t.net/addgene:48138) (59).
Short-guide sequence oligonucleotides were synthesized, annealed,
cloned into pX458 vector, and confirmed by DNA sequencing at DNA
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laboratory, University of Calgary. Three micrograms of DNA4 plasmid
(pX458 containing Cd274 short guide RNA sequence) was transfected
into cells using the Mouse Embryonic Stem Cell Nucleofector Kit
(Lonza, VPH-1001) according to the manufacturer’s recommenda-
tion. After transfection, cells were harvested, and genomic DNA was
isolated using the KAPA Express Extract Kit (KAPA Biosystems,
KK7100) according to the manufacturer’s instructions. Genomic DNA
fragments of Cd274 around the short-guide RNA site were ampli-
fied by PCR. Wild-type Cd274 DNA fragment was also amplified as
control. The primers used to amplify the genomic DNA region of
Cd274 exon number 3 were as follows: 5'-AATAGCCAGCCCGAGTT-
GAT-3' (forward) and 5'-TCACCTGGGATGATCAGCTC-3’
(reverse). PCR products were used for nuclease mutation detection
using the SURVEYOR Mutation Detection Kit (Transgenomic)
according to the manufacturer’s protocol. After transfection, GFP-
positive cells were fluorescence-activated cell sorting-sorted into a
96-well plate, at the Flow Cytometry Facility, University of Calgary.
Single cells were then expanded for further analysis (i.e., Western
blot and DNA sequencing). For DNA sequencing of Cd274 KO
clones, DNA fragments of cells around the short guide RNA site
were amplified by PCR. PCR products were subcloned into pEGFP-C2
vector (Clontech), and plasmid DNA from individual clones were
sent for Sanger DNA sequencing at DNA laboratory, University of
Calgary to confirm all indel.

Immunoprecipitation and immunoblotting

Whole-cell extracts were generated by NP40 Cell Lysis Buffer (Thermo
Fisher Scientific, FNN0021) supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride and protease inhibitor cocktail (Sigma-Aldrich,
P2714-1BTL). Protein concentrations were determined using a BCA
(bicinchoninic acid) assay kit (Sigma-Aldrich) with BSA as standard.
Equal amounts (50 pg per lane) of total protein and 10 ul of PageRuler
Plus Prestained Protein Ladder (Thermo Fisher Scientific) were then
run on NuPAGE 10% Bis-Tris Protein Gels (Thermo Fisher Scientific)
with Mops SDS Running Buffer (Thermo Fisher Scientific) and using
the Invitrogen NuPage Novex Gel System. After transferring into
Hybond 0.2-pum polyvinylidene difluoride (Amersham) using a wet
transfer system (Bio-Rad), membranes were blocked with 5% BSA
and then probed overnight with the following primary antibodies:
PD-1 (1:1000; Cell Signaling Technology, 3501), p—-SHP-2 (Y542)
(1:1000; Cell Signaling Technology, 3751), SHP-2 (1:1000; Cell Sig-
naling Technology, 3752), p-IKKa/B (Ser”***%) (1:1000; Cell Sig-
naling Technology, 2697), IKKB (1:1000; Cell Signaling Technology,
2370), p-NFkB p65 (Ser’*®) (1:1000; Cell Signaling Technology,
3033), NFkB p65 (1:1000; Cell Signaling Technology, 8242), PD-L1
(1:250; R&D System, MAB90781), Mrel1 (1:8000; Novus Biologicals,
NB100-142), and actin (1:5000; Abcam, ab20272). The following day,
membranes were washed with 0.1% 1x tris-buffered saline with
Tween 20, incubated with the corresponding horseradish peroxidase-
linked secondary antibody (1:50,000; Abcam), then developed using
the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific), and imaged with the ChemiDoc Touch Imaging
System (Bio-Rad). co-IP of PD-1 was performed with PD-1 mouse
antibody clone EH12 (BioLegend, 329902) covalently conjugated to
Dynabeads protein G (Thermo Fisher Scientific, 10003D) according
to the kit’s instructions.

MRI of mouse brain tumors

We used a 9.4T horizontal bore magnet and a Bruker console with
Paravision 5.1 to monitor intracranial tumor growth at the Experimental
Imaging Center, University of Calgary. All imaging was performed
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with a helium cooled cryocoil. A T2*-weighted Fast Low Angle Shot
sequence was used to determine the tumor volume [repetition time
(TR) = 1000 ms, echo time (TE) = 6.5 ms, flip angle = 60, NA = 4,
voxel size = 0.075 mm by 0.075 mm by 0.25 mm]. Tumor volume was
calculated in Fiji software (Image], National Institutes of Health) by
manually drawing a region of interest around the tumor area.
Stable knockdown and overexpress PD-1 in human

and mouse BTICs

To stably knockdown PD-1 gene in BTIC lines, pLKO.1 lentiviral
vectors containing human shRNAs specific for 3" untranslated region
(3'UTR; Sigma-Aldrich, TRCN0000083508) or CDS (Sigma-Aldrich,
TRCN0000417811) of PDCD1 or mouse shRNAs specific for 3'UTR
(Sigma-Aldrich, TRCN0000097670) or CDS (Sigma-Aldrich,
TRCN0000097674) of Pdcdl gene were packaged to Lentiviral par-
ticles. MISSION pLKO.1-puro Nontarget shRNA Control Plasmid
DNA (Sigma-Aldrich, SHC016-1EA) was used as shRNA control.
For generation-stable PD-1-overexpressing cells, human (Origene,
SC117011) or mouse (Origene, MC209155) PD-1 sequence was
inserted into PB-CMV-MCS-EFla-Puro PiggyBac vector (System
Biosciences, PB510B-1).

Site-directed mutagenesis and overexpression of PD-1 in BTICs
To abrogate PD-1 signaling in BTICs, we mutated tyrosine (Y) to
phenylalanine (F) residues in ITIM (Y223F mutation) and ITSM
(Y248F mutation). In addition, to generate a mutant version of
PD-1 with defective PD-L1 binding, we substituted lysine (K) to
alanine (A) residues (K78 A mutation). The site-directed mutagenesis
was performed using the NEBuilder HiFi DNA Assembly Cloning
Kit (NEB E5520S) according to the manufacturer’s instructions. The
following mutagenic primers were used to mutate the human PD-1
(PDCD1): Y223F mutation, 5'-GTGTTCTCTGTGGACTTTGGG-
GAGCTGGATTTC-3' (forward) and 5'-GAAATCCAGCTC-
CCCAAAGTCCACAGAGAACAC-3' (reverse); Y248F mutation,
5'-CCTGAGCAGACGGAGTTTGCCACCATTGTCTTTC-3’
(forward) and 5'-GAAAGACAATGGTGGCAAACTCCG-
TCTGCTCAGG-3’ (reverse); K78 A mutation, 5'-CAGCA-
ACCAGACGGACGCCCTGGCCGCCTTCCCCG-3"
(forward) and 5'-CGGGGAAGGCGGCCAGGGCGTCCGTCTG-
GTTGCTG-3’ (reverse).

Then, the mutant human PDCDI constructs were ligated into
PiggyBac transposon-based vector (System Biosciences, PB510B-1).
The ligated constructs were transformed into competent Escherichia coli
cells (NEB 5-alpha, C2987) according to the manufacturer’s in-
structions. Fidelity of constructs was validated by DNA sequencing
and restriction enzyme digestion. BTICs were transfected with the
generated constructs by Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific, 11668019) based on the company protocol.
Transfected cells were selected by treating the cells with puromycin
(1 ug/ml; Sigma-Aldrich, P8833). Overexpression of mutant or
wild-type PD-1 was confirmed by RT-qPCR and flow cytometry for
all BTIC lines.

Statistics analysis

Statistical significance (P < 0.05) was determined using Student’s
t tests (comparing two variables) or one-way analysis of variance
(ANOVA) (comparing three or more variables) with Tukey’s post
hoc. Survival curves were calculated according to the Kaplan-Meier
method; survival analysis was performed using the log-rank Mantel-
Cox test. Data were analyzed using Prism 9.2.0 (GraphPad Soft-
ware) unless otherwise noted. In violin plots, center lines represent
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median and two quartile lines. All data were presented as means +
SEM. We have indicated the » values used for each analysis in the
figure captions. The results were reproducible and conducted with
established controls. All data shown are representative of two to three
independent experiments with similar results, unless otherwise in-
dicated. Cell cultures were routinely screened for mycoplasma.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2148

View/request a protocol for this paper from Bio-protocol.
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