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TIGIT contributes to the regulation
of 4-1BB and does not define NK cell
dysfunction in glioblastoma

Kyle B. Lupo,’ Sandra Torregrosa-Allen,? Bennett D. Elzey,?3* Sagar Utturkar,” Nadia A. Lanman,??>
Aaron A. Cohen-Gadol,> Veronika Slivova,® MacKenzie Mclntosh,” Karen E. Pollok,82.10.11

and Sandro Matosevic'212.*

SUMMARY

TIGIT is a receptor on human natural killer (NK) cells. Here, we report that TIGIT does not spontaneously
induce inhibition of NK cells in glioblastoma (GBM), but rather acts as a decoy-like receptor, by usurping
binding partners and regulating expression of NK activating ligands and receptors. Our data show that in
GBM patients, one of the underpinnings of unresponsiveness to TIGIT blockade is that by targeting TIGIT,
NK cells do not lose an inhibitory signal, but gains the potential for new interactions with other, shared,
TIGIT ligands. Therefore, TIGIT does not define NK cell dysfunction in GBM. Further, in GBM, TIGIT" NK
cells are hyperfunctional. In addition, we discovered that 4-1BB correlates with TIGIT expression, the ag-
onism of which contributes to TIGIT immunotherapy. Overall, our data suggest that in GBM, TIGIT actsas a
regulator of a complex network, and provide new clues about its use as an immunotherapeutic target.

INTRODUCTION

As immunotherapeutic effectors, NK cells are regulated by a combination of activating and inhibitory receptors which collectively drive the
extent of their anti-tumor responses.’ Interest in targeting these receptors in order to modulate the function of NK cells against solid tumors
has motivated studies of the roles and mechanisms of receptor-ligand interactions in the context of NK cell-based immunotherapy.”™

Among such receptors, TIGIT (T cellimmunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain) is expressed onboth T
and NK cells,” where it signals through its ITIM domains via two ligands, CD155 and CD112.° TIGIT has traditionally been considered a check-
point receptor on NK cells, due to its ITIM signaling domain, and a marker of exhaustion and inhibition, upregulated on activated NK cells.
Lack of responses to TIGIT blockade monotherapy have, however, challenged this notion but not provided clues about its functional role on
NK cells. Though shown to induce inhibition of NK cells in a variety of cancers using both human and mouse models,””” TIGIT is also asso-
ciated with NK cell maturation and activation in mice.'® This has muddled the initial perception of TIGIT as a purely inhibitory receptor and
marker for NK cell dysfunction and opened the discussion for a more nuanced role of TIGIT in NK cell functional activation, supported by
evidence that anti-TIGIT monotherapy has not been effective in enhancing CD8" T cell responses, controlling tumor growth in murine models
or melanoma patient samples'"'? or enhancing NK cell function'® in human healthy donor and melanoma patient samples.

Where it was shown effective, TIGIT blockade was shown to rely on the presence and activity of NK cells as well as additional co-therapies
for therapeutic efficacy, resulting in the reversal of NK cell exhaustion and promotion of anti-tumor effects in in vivo models of colon carci-
noma, breast cancer and melanoma.' TIGIT expression was also upregulated in ovarian cancer patients,'> while blockade of TIGIT
augmented the effects of trastuzumab against breast cancer cells.'® In soft tissue sarcoma, TIGIT was found to be upregulated on tumor-infil-
trating NK (tiNK) cells, while stimulation with IL-15 enhanced the cytotoxicity of NK cells promoted by blockade of TIGIT.!” Stimulation with IL-
15 induced upregulation of TIGIT on NK cells, linking TIGIT with the cells’ functional activation. The requirement of IL-15 stimulation for effec-
tiveness of TIGIT blockade was described in a separate study, where blocking TIGIT resulted in the abrogation of in vivo melanoma tumor
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growth only in the presence of IL-15 stimulation.'® Some studies have also shown that TIGIT* NK cells are less functional than TIGIT™ cells
against leukemia targets, though these assays did not use sorted NK cells."®

The contribution of TIGIT to NK cell activation is not a new concept: TIGIT was shown to be a marker for NK cell activation in healthy in-
dividuals,'” and TIGIT* NK cells isolated from melanoma tumors correlated with upregulation of activation and effector markers."® In line with
these observations and in contrast to other findings made in solid tumors, NK cells from acute myeloid leukemia (AML) patients downregu-
lated TIGIT compared to healthy individuals, while AML patient-derived TIGIT* NK cells showed enhanced cytotoxicity, cytokine production
and Granzyme B expression.”® Other studies in AML pointed out that allogeneic stem cell transplantation (alloSCT) recipients with higher
TIGIT expression had lower NK cell counts in the bone marrow, but unchanged T cell counts.”!

The inhibitory functions of TIGIT rely largely on CD155 (PVR) due to high binding affinity between these two receptors (6, 22), a regulator of
a complex network of interactions with NK cells which includes stimulation of NK cell activity via CD226, another ligand for CD155 and an
activating NK cell receptor. To add to the complexity of this axis, CD155 also interacts with CD96, an NK cell receptor that has been reported
to have both activating and inhibitory function. This axis was recently shown to regulate NK cell cytotoxicity in melanoma.”?

We sought to understand the role of TIGIT on NK cells and the clues underlying its unresponsiveness to checkpoint blockade. Here, we
report our findings that TIGIT behaves as a decoy-like receptor, regulating a complex network in glioblastoma (GBM). It does so by associ-
ating with mature and cytotoxic NK cells. In addition, TIGIT downregulates activating receptors rather than itself induces inhibition. Despite its
capacity for NK cell inhibition due to its ITIM domains, TIGIT does not promote inhibitory signaling in GBM, nor is it a marker of NK cell
exhaustion. Phenotypic screens and functional assays of changes in NK cell activating receptors revealed 4-1BB, more than other NK cell re-
ceptors, to correlate with TIGIT expression. 4-1BB, member of the TNFR superfamily, is a co-stimulatory molecule expressed on primed NK
cells with roles in the support of NK cell activity,”* with the ability to induce NK cell activation upon its agonism.?® In our study, responses to
TIGIT blockade on NK cells further correlated with enhanced expression of 4-1BB over other receptors in supporting NK cell effector function.
While TIGIT" NK cells are more functional against cancer targets, their anti-tumor responses correlate with expression of 4-1BB and activity of
CD155. However, despite strong expression relationships with TIGIT in patient and healthy adult data, 4-1BB modulation is not by itself suf-
ficient to dominate responses to TIGIT modulation, likely acting in concert with other TIGIT co-receptors and signaling partners. Nonetheless,
the involvement of 4-1BB in TIGIT signaling is a new interaction, not previously described that might be utilized in effective TIGIT immuno-
therapy. These data provide important clues as to the reasons underlying failure of TIGIT blockade monotherapy in GBM, and highlight the
need to consider the broader molecular landscape of of the TIGIT signaling network.

RESULTS
Exhaustion markers PD-1 and LAG-3, but not TIGIT, are upregulated in GBM

The NK cell surface receptor TIGIT has been reported to induce immunosuppression when binding with the inhibitory ligands, CD155 or
CD112, on GBM, although with a weaker affinity for CD112.%° CD155 and CD112 also bind to inhibitory receptor CD96 and activating receptor
DNAM-1 (Figure 1A) on NK cells, contributing to a large network balancing activating and inhibitory NK cell responses. However, the mech-
anism driving TIGIT-induced responses is not well characterized, nor is the relationship between TIGIT and other NK cell receptors, such as
PD-1, LAG-3, CD69, and 4-1BB (Figure 1A). Kaplan-Meier survival plots for GBM based on The Cancer Genome Atlans Program (TCGA) data
show a negative prognostic role of TIGIT and CD155 in GBM patients, as well as a negative prognostic role of TIGIT and CD112 in GBM pa-
tients (Figures 1B and S4). Similary, CD155 expression negatively correlates with NK cell and CD8 T cell infiltration into GBM tumors, with high
CD155 expression and high NK cell infiltration corresponding to better overall survival (Figures S5 and S6). While co-expression of CD155 and
TIGIT acted as negative prognostic factors in GBM, expression of either TIGIT alone or CD155 alone did not show significance in overall pa-
tient survival.

To establish the identity of tumor infiltrating (tiINK) and circulating (cNK) cells in GBM patients, we assessed the phenotypic differences
between NK cells collected from healthy donors, and cNK and tiNK cells collected from GBM patients via flow cytometry. tiNK cells were
characterized by significantly higher levels of 4-1BB, PD-1 and LAG-3 than cNK cells from GBM patients and healthy donors, as well as signif-
icantly lower levels of CD94 and CDé9 (Figures 1C~1E and S1). Further, CD57 was upregulated on tiNK cells compared to cNK cells from GBM
patients and healthy donors (Figures 1C-1E and S1), while no significant differences in TIGIT expression were observed between tiNK or cNK
from GBM patients and healthy donors, suggesting that TIGIT may not be an NK cell exhaustion marker, such as PD-1 or LAG-3, in the context
of GBM. 4-1BB also showed among the highest correlation coefficients with the expression of TIGIT and both circulating and tumor-infiltrating
NK cells (Figure S7). Additionally, TIGIT expression on cNK cells as well as tiNK cells from GBM patients correlated with 4-1BB expression with
an R? value of 0.7738 and 0.8416, respectively, suggesting for the first time a coexpression, and potential relationship between TIGIT and
4-1BB on NK cells in GBM (Figure 1F, 1G, and S7). In terms of NK cell frequency, no correlation between TIGIT and 4-1BB percentage was
observed on cNK cells from patients, and only a weak correlation (R? > 0.25) on tiNKs was observed.

TIGIT expressing NK cells exhibit enhanced activation and maturity genotype over TIGIT  NK cells

To investigate the role of TIGIT in NK cell activation and exhaustion, we performed RNA-seq analysis on human TIGITM" TIGIT™ed™ and
TIGITe93tve NK cells. RNA extracted from human NK cells from healthy donors sorted based on TIGIT expression (TIGITNS", TIGTmedium.
TIGIT"®9%"¢) was sequenced. TIGIT"'S" and TIGIT™™ NK cell groups were both TIGIT*, with protein expression levels above isotype con-
trol, and TIGIT"*92"® NK cells served as a negative control with protein expression levels below isotype control. The overall mapping rate was

>90% for all samples. We identified differences between TIGITOM and TIGIT"®92ve NK cells, as well as TIGIT™4™ and TIGIT"®92te NK cells
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Figure 1. Exhaustion markers PD-1 and LAG-3 are upregulated in GBM patients, but not TIGIT

(A) Diagram depicting interactions between TIGIT, DNAM-1, CD% and CD155, CD112, as well as intracellular cross-talk between TIGIT and other NK cell
receptors (PD-1, 4-1BB, CD69, LAG-3.

(B) TCGA Kaplan-Meier survival plot indicating that, together, CD155 and TIGIT are prognostic factors in GBM. High CD155 + TIGIT = 81 patients; Low CD155 +
TIGIT = 81 patients.

(C and D) Groups were compared by Kaplan-Meier survival analysis. Bar plots depicting (C) MFI (left) and (D) percentage (right) expression of NK cell activating
(CD16, DNAM-1, NKG2D, CD69, NKp30, CD57, 4-1BB) and inhibitory (CD158e1, CD%6, CD158b, TIGIT, NKG2A, PD-1, LAG-3, CD9%4) receptors on GBM patient
cNK and tiNK cells, as well as NK cells from healthy donors (n = 8 patients). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.
(E) Histograms depicting differences in select NK ligands between healthy donors, GBM patient cNK, and GBM patient tiNK cells.

(F and G) Correlation between TIGIT expression (Fold MFI) and 4-1BB expression (Fold MFI) on (F) cNK (R?>=0.9181) and (G) tiNK (R? = 0.9649) cells harvested from
GBM patients (n = 6). R? was calculated by simple linear regression. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

through differential gene expression analysis using DESeq2 and EdgeR software with a False Discovery Rate (FDR) threshold of <0.01. We
identified 5,975 differentially expressed genes in TIGIT"S" NK cells and 1,273 differentially expressed genes in TIGIT™*4U™ NK cells, using
TIGIT 93tV NK cells as a control, with 1,244 differentially expressed genes shared between these two groups (Figures S8A and S8B). Of these
genes, we identified 111 NK-specific genes with 67 differentially expressed only in TIGITMS", 44 differentially expressed in TIGIT"9" and
TIGIT™e4"™ and 0 differentially expressed only in TIGIT™*4\™ (Figures 2A, S8B, and S8C; Table S1). Further, principal component analysis
revealed distinct differences between TIGITM", TIGIT™edU™ and TIGIT 92tV NK cells (Figure S8C). We categorized these 111 genes into
groups based on their functional relation to NK cell status (activation, inhibition, maturation, migration, and other). Our analysis showed
that TIGITM" NK cells have a higher percentage of activation and maturation genes that were upregulated (TIGIT"S": 55.81% and
23.26%; TIGIT™e4U™. 69 23% and 7.69%) than downregulated (TIGITM": 36.11% and 13.89%; TIGIT'®": 0.00% and 50.00%), congruent with
our observation that TIGIT expression correlated with enhanced NK cell functions (Figures 2A-2D). Specifically, IL2RA and TNFRSF9 (4-
1BB) were significantly upregulated on TIGIT* (TIGITN" and TIGIT™e44U™) over TIGIT®9%e NK cells, suggesting the level of TIGIT expression
may indicate NK cell activation and confirming the correlation between 4-1BB and TIGIT phenotype and function (Figure 2A). Further, CXCR4
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Figure 2. TIGIT"9" NK cells exhibit enhanced activation and maturity genotype over TIGIT"®92'"® NK cells

(A) Differential expression (log2CPM) of select NK cell genes related to maturity and activation TIGITMS TIGIT™edU™ and TIGIT 97t NK cells (
were compared using ordinary one-way ANOVA and Tukey’s post-hoc test.
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Figure 2. Continued

(B) Bubble chart of GSEA analysis NES and p value scores for select NK-relevant gene set from the Biocarta database.

(C) Running enrichment score (ES) analysis of FAS, 4-1BB, Stress, and CXCR4 pathways for sorted TIGITM9" (lef) and TIGIT™edum (right) NK cells.

(D) Relative proportion of activation, inhibition, maturation, migration, and other NK genes up- and downregulated on sorted TIGITM" (lefy) and TIGITMedum
(right) NK cells.

(E) ClusterProfiler map of differentially expressed genes in for TIGIT"9" NK cells FAS, 4-1BB, Stress, CXCR4, CTLA-4, and TGF-B pathways. Data are represented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

and B3GATT (CD57) were upregulated, while CXCR3 was downregulated, on TIGIT" NK cells, indicating that TIGIT™ NK cells may have
enhanced maturity. Additionally, LAG-3 and KLRG1 were upregulated and KIR2DL4 was downregulated on all TIGIT" NK cells, while
CCL1 was downregulated on only TIGIT"S" NK cells.

Gene set enrichment analysis (GSEA) using the Biocarta gene database revealed that a number of pathways were significantly enriched
(positive NES) in either TIGITM", TIGIT™4™ or both over TIGIT®9"e NK cells. Namely, the FAS pathway was significantly enriched in
TIGITM9M and TIGIT™4“™ (5 < 0.05), while the 4-1BB pathway was significantly enriched in TIGITM" but not TIGIT™*¥“™ indicating a positive
correlation between TIGIT expression and NK cell activation, and providing further evidence of a correlation between TIGIT and 4-1BB on NK
cells (Figures 2B, 2C, and S9; Tables S2 and S3). TNFR1, CTLA4, CASPASE, and CALCINEURIN were all significantly enriched in TIGTmedium
but not TIGITM". Further, we mapped genes involved in the 4-1BB and FAS pathways, along with other NK cell relevant pathways (STRESS,
CTLA4, TGFB, and CXCR4) with clusterProfiler and found many of the previously identified differentially expressed NK cell genes represented
in these pathways of interest, including TNFRSF9, CTLA4, FAS and TGFB1. (Figures 2E and S9B).

Human TIGIT'9" NK cells are more functional and overexpress activating receptors

Stimulated by the apparent involvement of 4-1BB in TIGIT activation and the lack of responses to TIGIT blockade monotherapy, as well as a
genetic profile suggesting TIGIT expression correlates with functional maturity of NK cells, we explored the function and role of TIGIT on
human NK cells. NK cells collected from the peripheral blood of healthy donors were first analyzed for expression of a panel of NK cell acti-
vating (CD16, CDé9, DNAM-1, NKG2D, NKp30, CD96, NKp46, 4-1BB) and inhibitory (A2AR, CD158b, CD158e1, TIGIT, CD57 NKG2A/CD9%4,
LAG-3, PD-1, TIM-3) receptors. CD56"CD3"~ NK cells were gated according to expression of TIGIT (TIGITMR TIGITMedUm and TIGIT eg2tve),
TIGIT"S" NK cells presented with a more active NK cell phenotype, with significantly higher levels of CD16, CD69, NKG2D, and 4-1BB than
TIGIT 9%t NK cells (Figures 3A, $1-53, and S10). TIGIT"9" NK cells also had higher levels of PD-1 and TIM-3 than TIGIT"®¢*"® NK cells, but
no significant differences in inhibitory KIRs (CD158b, CD158e1) or NKG2A/CD94 were observed. This phenotype suggested that TIGITM9" NK
cells appear to be more active and potentially more functional than TIGIT"®9%"e NK cells.

To test this hypothesis, we sorted these NK cells based on expression of TIGIT, and compared NK cell functionality between these
subpopulations. TIGITM9" NK cells were able to lyse GBM43 target cells at significantly higher levels than either TIGIT™edU™ of
TIGIT 93t NK cells (Figure 3B). In addition, TIGITNS" NK cells also exhibited higher levels of degranulation, measured via CD107a
expression in each donor tested, and significantly higher levels of IFN-y secretion in all but one donor (Figures 3C-3E and S11).
TIGITMS" NK cells also exhibited significantly higher levels of glycolysis than TIGIT™dU™ or TIGIT"®9%e NK cells, indicative of a more
metabolically-active cell type (Figures 3E-3F). Altogether, TIGIT-expressing NK cells exhibit enhanced functionality over TIGIT"®9tve
NK cells, suggesting that TIGIT expression on peripheral blood-derived NK cells may not be indicative of NK cell exhaustion, but may
mark functionally-competent NK cells.

TIGIT blockade correlates with low CD16, high 4-1BB, and higher inflammatory cytokines

To understand the impact of CD155 and TIGIT signaling on NK cell function, we blocked these two ligands, either independently or together,
and measured the expression of a panel of NK cell activating (CD16, 4-1BB, DNAM-1, NKG2D, CD69, NKp30) and inhibitory (LAG-3, CD158e1,
CD158b, A2AR, PD-1, CD57, TIM-3, NKG2A/CD9%4, KLRG-1) receptors via flow cytometry (Figures 4A-4E, S1, and S12). When challenged with
a primary patient-derived GBM cell line (GBM43) over 24 h in the presence of a blocking anti-TIGIT mAb, NK cells showed significant down-
regulation of CD16 and significant upregulation of 4-1BB. This was true both in the presence or absence of anti-CD155 blockade (Figures 4B
and 4C). LAG-3 expression showed significant upregulation in the presence of anti-TIGIT blockade alone, but not with dual anti-TIGIT/CD155
blockade (Figure 4D). Further, we did not detect any soluble CD16 in the supernatant, suggesting the decrease in CD16 expression is induced
by downregulation, and not shedding of CD16 (Figure S13).

Following co-culture with GBM cells, cell supernatants were collected and a multiplex array of a panel of pro-inflammatory cytokines
was measured (Figures 4F and 4G). TIGIT blockade alone induced significant upregulation in the secretion of TNF-a as well as IL-1B
(Figures 4F and 4G), while CD155 blockade alone induced significant downregulation of secreted IFN-vy, IL-5, TNF-a, IL-10, and GM-
CSF (Figures 4F and 4G). Altogether, this suggested that targeting of TIGIT alone is able to enhance NK cell activation, though this acti-
vation does not translate to enhanced cytotoxicity, further indicating that TIGIT's inhibitory role may not be directly through inhibitory
signaling, but rather through interactions with other NK cell receptors, such as CD16, 4-1BB, and others. To corroborate observations
on upregulation of 4-1BB on NK cells upon blockade of TIGIT, we generated CRISPR/Cas9 TIGIT® human NK cells. When challenged
to kill GBM43 cells, loss of TIGIT on NK cells correlated to a significant upregulation of 4-1BB expression, validating the co-expression
relationship between TIGIT and 4-1BB observed upon TIGIT blockade (Figures 4H and S14).
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Figure 3. TIGIT"9" NK cells are more functional and overexpress activating receptors
(A) Normalized percentage (left) and MFI (right) expression of NK cell receptors on sorted TIGITM9, TIGIT™Y™  and TIGIT"9*"e NK cells and (below)
representative flow cytometric gating strategy for sorting these NK cell subsets (n = 3). Groups were compared using ordinary one-way ANOVA and Tukey's

post-hoc test.
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Figure 3. Continued

(B) Cytolysis of GBM43-WT cells by sorted TIGIT"'9P, TIGIT™dU™ and TIGIT"®9%"e NK cells at E:T ratios 2.5:1, 5:1, and 10:1 (n = 3). Groups were compared using
ordinary one-way ANOVA and Tukey's post-hoc test.

(C) CD107a expression in response to GBM43-WT cells by sorted TIGITM9R, TIGIT™eU™ and TIGIT"®92t"e NK cells at E:T ratios 2.5:1, 5:1, and 10:1 (n = 3). Groups
were compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(D) IFN-y expression in response to GBM43-WT cells by sorted TIGITMS", TIGIT™e4"™ and TIGIT"*92"e NK cells at E:T ratios 2.5:1, 5:1, and 10:1 (n = 3). Data are
shown for each individual donor. Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(E) Density plots depicting CD107a (top) and IFN-y (bottom) expression in response to GBM43-WT cells by sorted TIGIT"S", TIGIT™e4™ and TIGIT"e92e NK
cells at E:T ratios 2.5:1, 5:1, and 10:1.

(F) Glycolysis levels (L-lactate concentration; mM) in cell culture supernatant of TIGIT" TIGIT™4U™ and TIGIT"92tve NK cells cultured for 24 or 48 h (n = 2).
Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
*rxdn < 0.0001.

Loss of CD155 affects GBM tumor growth and results in NK cell hyperactivation in vivo

CD155 is one of the main TIGIT ligands. Based on our data, we hypothesized that TIGIT does not possess an ability to itself send inhibitory
signals but rather respond to dominating ligands it binds to, and we were interested in finding out if this was true for its interactions with
CD155. To assess the effect of CD155 on TIGIT-induced modulation of NK cell function and establish the role of the TIGIT-CD155 axis in
NK cell activity, we generated a GBM43 CD155-knockdown (KD) cell line (Figures S15 and S16). Loss of CD155 significantly inhibited prolif-
eration of GBM43 cells (Figure 5A). Further, dual blockade of TIGIT and CD155 was able to enhance NK cell lysis of GBM43 cells in vitro, over
NK cell controls (Figure 5B).

In summary, in vitro data suggested that loss of CD155 was detrimental to GBM growth. To assess the effect of loss of CD155 on GBM cells
in vivo, we established a subcutaneous GBM43 xenograft model in both NRG and RAG1 ~/~ mice (Figure 5C). Loss of CD155 inhibited GBM43
tumor growth in NRG mice (Figures 5D and 5E). In RAG1™/~ mice, where innate immune cell activity contributes to anti-tumor responses, we
observed that loss of CD155, coupled with immune cell activity which includes NK cells and other innate immune cells, could nearly eliminate
GBM43 tumor growth altogether (Figures 5D, 5E, and S17). Following this study, we harvested cNK and tiNK, cells from RAG1™"~ mice for
phenotyping and functional assays. cNK cells from CD155-KD tumor-bearing RAG1~"~ mice exhibited higher levels of TIGIT than PBS control
mice (Figures 5F, 5G, S18, and S19). On the other hand, tiNK cells from CD155-KD mice had higher levels of DNAM-1, LAG-3, CD96, and
TIGIT, and lower levels of CD16/32 (Figures 5F and 5G). These data indicate that TIGIT follows NK cell activation, does not mark NK cell
dysfunction and benefits from lack of CD155. cNK cells were predominantly CD11b~CD27~, indicating an inactive, naive phenotype. How-
ever, tiNK cells had comparatively higher levels of CD27" and CD11b" NK cells, suggesting NK cell maturation. CD155-KD tumor-bearing
RAG1™~ mice had significantly higher levels of CD27* tiNK cells than WT tumor-bearing RAG1™~ mice, indicative of heightened cytokine
secretion, but lower cytolytic function. We also assessed the number and functional activity of tiNK cells through IHC staining of NKp46 and
Granzyme B and found that CD155 KD tumors had higher numbers of tiNK cells expressing NKp46 (WT: 3.25 + 1.03 cells/frame; KD: 48.25 +
4.27 cells/frame) and Granzyme B (WT: 6.50 + 1.44 cells/frame; KD: 24.50 £ 5.42 cells/frame) than WT GBM tumors, suggesting that loss of
CD155 could promote NK cell activity and trafficking (Figure 5H). cNK cells also exhibited no differences in cytolysis of GBM43 WT cells (Fig-
ure S20). Overall, these studies confirmed that TIGIT does not mark NK cell dysfunction in GBM and are consistent with our notion of it acting
in contexts of competitive binding, liberating NK cell activity when its dominating binding partner is absent.

TIGIT blockade relies on 4-1BB activity

Having observed that TIGIT blockade induced upregulation of 4-1BB on NK cells, we explored 4-1BB for its role as a potential co-expressed
receptor in regulating NK cell responses to modulation of TIGIT. Our data showed that neither blockade of TIGIT alone, nor blockade of
4-1BB alone, nor co-blockade of both receptors together could effectively enhance NK cell cytolytic activity against GBM (GBM43,
U87MG, GBM10) in vitro (Figures 6 and S21). However, blockade of TIGIT, coupled with 4-1BB stimulation with an agonistic mAb, significantly
enhanced NK cell cytolytic activity against patient-derived GBM43 targets, while either treatment alone did not generate a significant
response (Figures 6B and S21). These observations suggested that 4-1BB stimulation could be relying on TIGIT blockade to enhance NK
cell function against cancer targets, and that the two might be acting as related immunomodulators.

We next assessed the efficacy of dual-targeting of TIGIT and 4-1BB in a subcutaneous xenograft model, established with CD155" primary
patient-derived GBM43 WT cells (tumor cells used within 10 passages after primary isolation from the patient). Treatment with human NK cells
and rhIL-15, in combination with both TIGIT blockade and 4-1BB stimulation, was most effective is suppressing growth of GBM43-WT tumors
in vivo (Figures 6C-6G and S22) compared to all other treatment groups. Treatment of tumor-bearing mice with IL-15-stimulated human NK
cells resulted in limited control of tumor growth. Similarly, blockade of TIGIT alone was not effective in restricting tumor growth, nor was ag-
onism of 4-1BB alone, compared to mice receiving IL-15-stimulated human NK cells. There was also no significant decrease in mouse body-
weight over the course of the of the study (Figure 6G). Though significant, the overall effect of tumor growth upon 4-1BB agonism/TIGIT
blockade was modest at best, suggesting that while important, the contribution of 4-1BB to the in vivo activation of anti-TIGIT responses likely
involves other signaling co-receptor activities. Nonetheless, our data revealed a non-trivial contributory role of 4-1BB to TIGIT immunotherapy
and potential reasoning for failure of TIGIT monotherapy. Following treatments, mouse blood and tumors were harvested and tiNK cells iso-
lated for assessment by flow cytometry of a panel of functional receptors (CD16, CD69, DNAM-1, NKG2D, NKp30, CD94, 4-1BB, CD158b,
CD158e1, TIGIT, CD57 NKG2A/CD9%4, LAG-3, PD-1, TIM-3). Phenotypic analysis demonstrated no major difference in cell numbers in any
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Figure 4. TIGIT blockade correlates with low CD16, high 4-1BB, and higher inflammatory cytokines

(A) Heatmap depicting normalized MFl expression of NK cell activating (CD16, DNAM-1, NKG2D, CDé69, NKp30, CD57, 4-1BB) and inhibitory (CD158e1, CD158b,
NKG2A, PD-1, LAG-3, CD9%4, A2AR, TIM-3, KLRG1) receptors on NK cells cocultured with GBM43 cells, with or without CD155 and/or TIGIT mAb blockade (n = 3).
(B) CD16, (C) 4-1BB, (D) and LAG-3 percentage (left) and MFI (right) expression on NK cells co-cultured with GBM43-WT cells, with or without CD155 and/or TIGIT
mAb blockade (n = 3). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(E) Density plots depicting CD16, 4-1BB and LAG-3 expression on NK cells co-cultured with GBM43 cells, with or without CD155 and/or TIGIT mAb blockade.
Levels of proinflammatory cytokines (F) IFN-y, TNF-g., IL-8, IL-1B (G) IL-10, IL-5, GM-CSF, and IL-4 in cell supernatant of NK cells co-cultured with GBM43-WT cells,
with or without CD155 and/or TIGIT mAb blockade (n = 3). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(H) Change in expression (measured as MFl fold over isotype control) of 4-1BB on TIGIT® and WT NK cells generated via CRISPR/Cas? editing in the absence and
presence of GBM43 cells (incubated as co-culture at an E:T 2.5:1). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test. Data are
represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

of the treatment groups (PBS group contained no NK cells) (Figure 6F). When comparing antibody treatment groups against NK cell therapy
alone, tiNK cells from the TIGIT + 4-1BB co-therapy group (TIGIT blockade + 4-1BB agonism) showed significantly higher expression of
CD158e1, DNAM-1, CD9%6, and NKG2A, and lower expression of TIM-3 and TIGIT (Figures 6H, él, S1, and S23).

DISCUSSION

TIGIT has been described as a checkpoint receptor on NK cells,” contributing to its emergence as an immunotherapeutic target. However,
studies on its role as a checkpoint receptor have produced disparate data: on one hand, TIGIT monotherapy has been shown to be effective
in controlling tumor growth in only limited mouse tumor models,'* while, elsewhere, its effectiveness as a checkpoint target failed, instead
requiring co-stimulation of NK cells with cytokines or co-blockade of additional checkpoint receptors such as PD-1'%"? for the induction of func-
tional responses. It is the interaction between TIGIT and cancer-associated CD155” that dominates the inhibitory functions induced by TIGIT on
NK cells 36). However, NK cell receptors CD226 (DNAM-1) and CD96 also bind to CD155 and promote additional or competing NK cell activating
and inhibitory functions. The heterogeneous responses to TIGIT blockade and the poor success of its targeting via checkpoint blockade have
prompted us to investigate its role on NK cells and on the modulation of NK cell anti-tumor responses. Our findings have indicated that TIGIT
is a heterogeneous receptor on NK cells that does not directly inhibit NK cells through signaling, but competitively usurps NK cell effector re-
sponses and is involved in the regulation of activating ligand expression, and not a marker of NK cell dysfunction or exhaustion in GBM.

Overall, our studies have uncovered a novel co-expression relationship between 4-1BB and TIGIT. Not only did expression of TIGIT correlate
with expression of 4-1BB — and not of other NK cell receptors — in GBM patients, but successful functional targeting of TIGIT correlated with
activity and enhanced expression of 4-1BB. In other words, the association between TIGIT and 4-1BB was observed mainly at the expression level
in patient samples and in vitro assays, however co-expression was also noted in response to blockade of TIGIT/CD155, hinting at a potential co-
signaling relationship. Loss of TIGIT on NK cells, conversely, abrogated these effects. Analysis of TCGA data also indicated a positive correlation
between TIGIT and 4-1BB expression in GBM patient data (Spearman’s correlation = 0.414, Figure S24). Further, in our patient phenotyping
studies we observed a strong correlation between TIGIT and 4-1BB expression in both cNK and tiNK cells from GBM patients. The nature of
the functional and mechanistic relationship between these two receptors remains to be elucidated. Likewise, our findings do not preclude
involvement of other receptors that communicate with TIGIT. The “decoy-like” designation stems from the observed behavior wherein TIGIT
does not appear to innately and spontaneously send inhibitory signals to NK cells upon engagement of CD155, but rather prevents binding
of CD155 with DNAM-1, as well as induces downregulation of other activating receptors upon CD155 engagement. Therefore, targeting of
TIGIT via antibody blockade does not prevent inhibitory signaling but rather encourages binding of the activating co-receptors for the same
ligands and promotes expression of other NK activating receptors, namely 4-1BB. Therefore, effective targeting of TIGIT with NK cell therapy
requires blockade of TIGIT coupled with stimulation of NK cell functional responses, through stimulation of activating ligands or with cytokines.
Blocking TIGIT on human NK cells in vitro resulted in phenotypic changes which included a strong upregulation of 4-1BB, further hinting at a
correlation between 4-1BB and TIGIT on NK cells. Such upregulation of 4-1BB was true for NK cells lacking the expression of TIGIT (TIGIT<C
NK cells), and was further confirmed when we sorted human NK cells. This indicated that, overall, TIGIT* (TIGITYS" and TIGIT™4™) NK cells
had enhanced functionality compared to NK cells lacking this receptor. Interestingly, the receptor TIM-3 was also upregulated on TIGIT* NK
cells. We had previously found that TIM-3 correlated with a higher capacity to produce IFN-y,?® similarly linking this receptor to an activating
role on NK cells. Its involvement in IFN-y activity on TIGIT" NK cells is unclear, however, our data further indicate that these cells possess a higher
functional capacity which correlated with a more pronounced TIM-3" phenotype. Further corroborating these observations, through gene
expression analysis we found that TIGIT" NK cells were marked by heightened TNFRSF?(4-1BB) expression and a transcriptional signature indic-
ative of mature and functional cells compared to TIGIT™ NK cells. These are not isolated observations: studies have indicated that TIGIT* NK cells
isolated for patients were more mature and had a higher cytolytic potential compared to TIGIT"®9™ NK cells,”* and that TIGIT promotes matu-
ration of NK cells while imparting these cells with a higher cytolytic capacity.””

As a co-stimulatory receptor on NK cells, 4-1BB has a recognized role in triggering NK cell proliferation.” The interactions between 4-1BB—
4-1BBL were previously reported to protect tumor cells from NK cell-mediated killing,*’ promoting the notion of an inhibitory role of 4-1BB on
NK cells in leukemia. In the context of the role of 4-1BB stimulation alone on NK cell killing, other studies have pointed out either the lack of its
ability to enhance cytolytic activity of NK cells,*® a detrimental effect on their function,*” or, conversely, its ability to enhance ADCC upon FC-
receptor ligation®” and enhance TNF-a secretion.®” Our observations in solid tumors suggest the former—4-1BB agonism alone had no effect
on the cytolytic activity of PNK cells against GBM cells. We found that agonism of 4-1BB alongside the blockade of TIGIT was superior to either
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Figure 5. Loss of CD155 affects GBM tumor growth and results in NK cell hyperactivation in vivo

(A) Relative proliferation of GBM43-WT and GBM43-CD155 KD cells (n = 3) measured via CCK-8 proliferation assay. Groups were compared using an unpaired
Student'’s t test at each timepoint indicated.

(B) NK cell-induced cytolysis of GBM43-WT cells, with or without CD155 and/or TIGIT mAb blockade, at E:T ratios of 2.5:1, 5:1, and 10:1 (n = 3). Groups were
compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(C) In vivo study timeline. Timeline depicting tumor inoculation, tumor growth measurement, and tumor harvesting in GBM43 NRG and RAG1™/~
xenografts.

(D) Tumor volume measurements of NRG (left) or RAG1 ™/~ (right) mice bearing either GBM43-WT tumors, GBM43-CD155 KD tumors, or no tumors (n = 4).
(E) Bodyweight measurements of NRG (left) or RAG1 /= (right) mice bearing either GBM43-WT tumors, GBM43-CD155 KD tumors, or no tumors (n = 4).

(F) MFI (top) and percentage (bottom) expression of NK cell receptors on cNK cells harvested from RAG1 ~/~ mice (n = 4). Groups were compared using ordinary
one-way ANOVA and Tukey’s post-hoc test.

(G) MFI (top) and percentage (bottom) expression of NK cell receptors on tiNK cells harvested from RAG1 -/
Student'’s t test for each ligand tested.

(H) IHC staining of NKp46 and Granzyme B, in GBM43-WT and GBM43-CD155 KD tumor sections harvested from RAG1™~ mice. Scale bar: 100 pm. Data are
represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 6. TIGIT blockade relies on 4-1BB activity

(A) Cytolysis of GBM43-WT cells by NK cells with or without TIGIT and/or 4-1BB (BBK-2) mAb blockade at E:T ratios 2.5:1, 5:1, and 10:1 (n = 4). Groups were
compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(B) Cytolysis of GBM43-WT cells by NK cells with or without TIGIT and/or 4-1BB agonistic (4B4-1) mAb treatment at E:T ratios 2.5:1, 5:1, and 10:1 (n = 4). Groups
were compared using ordinary one-way ANOVA and Tukey’s post-hoc test.

(C) In vivo study timeline. Timeline depicting tumor inoculation, NK cell adoptive transfer and mAb administration, tumor and bodyweight measurement, and
tumor harvesting in GBM43 NRG mouse xenografts.

(D) Final tumor volume, (E) final tumor weight, and (F) tumor-infiltrating NK cell number of NRG mice bearing GBM43-WT tumors, receiving NK cells with or
without TIGIT and/or 4-1BB agonistic (4B4-1) mAb, or PBS (n = 5). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.

(G) Bodyweight measurement of NRG mice bearing GBM43-WT tumors, receiving adoptively-transferred NK cells with or without TIGIT blocking and/or 4-1BB
agonistic (4B4-1) mAb, or PBS (n = 5).
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Figure 6. Continued

(H) Heatmap depicting normalized MFI expression of NK cell receptors on NK cells harvested from NRG mice bearing GBM43-WT tumors, treated with
adoptively-transferred NK cells with or without TIGIT blocking and/or 4-1BB agonistic (4B4-1) mAb (n = 5 per group).

(I) Expression levels, on NK cells harvested from treated GBM43-bearing mice, of select NK cell receptors showing differential expression between NK cell
adoptive transfer + mAb treatments and control NK cell groups (n = 5). Groups were compared using ordinary one-way ANOVA and Tukey's post-hoc test.
Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

treatment alone in controlling growth of GBM tumors in vivo, likely due to the upregulation of 4-1BB induced by TIGIT blockade in the presence
of GBM cells, but was not sufficient in arresting tumor growth. This suggests that the involvement of TIGIT's competitive inhibition of activating
co-receptors, rather than inhibitory signaling alone. Our data also suggest that TIGIT acts to suppress overexpression of 4-1BB, and likely other
receptors, when stimulated by CD155" GBM cells, and the lack of TIGIT signaling in the settings of TIGIT blockade fully liberates 4-1BB expres-
sion, enhancing NK cytolytic responses upon 4-1BB stimulation. This relationship in the context of NK cell activation also makes sense when
considering the role of 4-1BB in NK cell activation. This confirms that TIGIT's inhibitory role is context-specific and is driven, in part, by inter-
actions with inhibitory binding partners (CD155), while also inducing inhibition through interference with activating receptors, co-expressed
alongside TIGIT. Though a combination of IL-15 and TIGIT blockade resulted in anti-tumor activity in recent studies,'” we observed limited
responses to this treatment combination. Different treatment schedules or dosages might be needed to elicit anti-tumor activity against
GBM, or different ligand-receptor dynamics could be in play in this tumor.

Our study also highlighted the potent role of the non-MHC class | ligand CD155 in modulating TIGIT-dependent NK cell responses and its
involvement in TIGIT's inhibitory roles. CD155 does not, however, perform this role in isolation, and its effects on GBM are distinct from those
it has on NK cells, where it competes with other functional ligands. Not only do our data indicate that loss of CD155 impairs GBM tumor
growth, but it could be inducing upregulation of its binding partners on NK cells, as a compensatory mechanism for its loss. In line with
this, we hypothesize that CD155 might be the dominant driver of TIGIT-induced NK cell inhibition in solid tumors via signaling along
TIGIT's immunoreceptor tyrosine-based inhibitory motif in its cytoplasmic portion. However, we saw no effect to NK cell anti-tumor activity
upon blockade of CD155 in vitro. It is possible that, in isolation, CD155-dependent inhibition of NK cells is insufficient in overcoming NK cell
activating signals, yet benefits from additional inhibitory signals, and possible NK cell dysfunction, that occurs in the tumor microenvironment.
We and others have shown that loss of NK cell activity, most obviously through the downregulation of activating receptors, is a common
feature of tiNK cells. Interestingly, loss of CD155 on tumor cells rendered NK cells hypofunctional against cancer targets, suggesting that
TIGIT-CD155 engagement might be required for triggering NK cell-mediated cytolysis, a notion that has been suggested in other studies.”’
Altogether this highlights the complex network of cancer ligands (CD155, CD112, etc.) and NK cell receptors (TIGIT, DNAM-1,CD9%6, 4-1BB)
involved in signaling within the CD155-TIGIT axis, and why immunotherapies targeting TIGIT or CD155 alone, have had limited clinical
efficacy.

That blocking TIGIT in the presence of cancer cells—where it is free to bind to inhibitory receptor CD155—required agonism of 4-1BB,
but not its blockade, might be indicative of the fact that 4-1BB functions as an activating receptor on NK cells in GBM, and that it actively
responds to blockade of TIGIT. More so, it points to a relationship that exists between 4-1BB and TIGIT on NK cells, as we have shown,
both phenotypically and transcriptionally. However, the involvement of 4-1BB-independent mechanisms in regulating responses to TIGIT is
also likely. It is important to note that many of our analyses utilized sorted TIGIT" NK cells, which represent a subset of NK cells found in
peripheral blood. As such, global responses would not be reflective only of these cells’ activity. We also note, based on our in vivo data,
that TIGIT signaling in the tumor setting activates complex receptor-ligand interactions which dominate over those induced by TIGIT" NK
cells alone.

More broadly, our studies suggest that TIGIT regulates a complex binding network on NK cells in GBM, and acts competitively with other
ligands, regulates expression of some of them, but does not by itself spontaneously induce inhibitory signaling, giving reason to the poor
responses observed to TIGIT blockade alone. Specifically, TIGIT acts as a complex heterogeneous receptor on NK cells with signaling part-
ners that go beyond CD155, CD112 and CD226 and include, as we have found, 4-1BB. The balance of the signaling between its ligands ul-
timately directs its effect on NK cell function. The functional capacity of TIGIT* NK cells to drive NK cell function and higher cytolytic capacity
might promote their use as cytolytic effectors in a therapeutic setting. At the same time, immunotherapeutic targeting of TIGIT, while cancer-
specific, requires blockade of TIGIT itself, coupled with modulation of one of its, potentially many, signaling partners, including 4-1BB, to elicit
full responses. Our study, however, does not define 4-1BB as the sole regulator of TIGIT responses, but nonetheless reveals an important
contributory role for 4-1BB in TIGIT immunotherapy, while providing important direct clues as to the ineffectiveness of anti-TIGIT
monotherapy.

Limitations of the study

Though we have shown, using GBM patient data, in vivo human patient-derived GBM xenografts and multiple pharmacological and genetic
knockout models to study the role and loss of TIGIT and its ligand CD155 alongside agonism of 4-1BB, that TIGIT is a heterogeneous recep-
tor, rather than a driver of NK cell dysfunction, this study has a number of limitations which could be addressed in follow-up work. First, addi-
tional follow-up in vivo studies in immunocompetent orthotopic models could not only validate, but also shed more comprehensive insight
into the role of the GBM microenvironment on NK cell function in the context of TIGIT signaling and activation. In addition, employing trans-
genic mouse models would enable the targeted study of the molecular and immunological mechanisms underpinning the role of TIGIT on NK
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cells described in this study. Further efficacy studies employing agonism of 4-1BB in combination with TIGIT and/or CD155 blockade in or-
thotopic humanized mouse models would validate the findings reported here in physiologically relevant settings.
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STARxMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3-PeCy7 BD Clone: UCHT1; RRID:AB_2738196
CD56-PECy5.5 Thermo Fisher Scientific Clone: CMSSB; RRID:AB_11217683
TIGIT-APC Biolegend Clone: A15153G; RRID:AB_2632731
DNAM-1-BV510 Biolegend Clone: 11A8; RRID:AB_2728299
CD16-BUV395 BD Clone 3G8; RRID:AB_2744293
NKG2A-FITC Miltenyi Biotec Clone: REA110; RRID:AB_2733623
CD158e1-BV421 BD Clone: DX9; RRID:AB_2741183
PD-1-BV510 Biolegend Clone: NAT105; RRID:AB_2721534
NKG2D-BV605 Biolegend Clone: 1D11; RRID:AB_2728274
CD57-BV605 Biolegend Clone: QA17A04; RRID:AB_2728425
CD69-BV650 Biolegend Clone: FN50; RRID:AB_2563158
LAG-3-BV650 Biolegend Clone: 11C3C65; RRID:AB_2632951
NKp30-BV711 Biolegend Clone: P30-15; RRID:AB_2728275
TIM-3-BV711 Biolegend Clone: F38-2E2; RRID:AB_2564045
A2AR-PE R&D Systems Clone: 599717

CD94-PE Biolegend Clone: DX22; RRID:AB_314536
CD158b-APC/Fire750 Biolegend Clone: DX27; RRID:AB_2819943
41BB-APC/Fire750 Biolegend Clone: 4B4-1; RRID:AB_2734280
KLRG1-APC Biolegend Clone: SA231A2; RRID:AB_2572161
CD96-PE Biolegend Clone: NK92.39; RRID:AB_2275880
NKp46-BV785 Biolegend Clone: 9E2; RRID:AB_2810508
CD56-APC Biolegend Clone: CHCD56; RRID:AB_604106
TIGIT-BV421 Biolegend Clone: A15153G; RRID:AB_2632924
IFN-y-PerCP-Cy5.5 Biolegend Clone: 45.B3; RRID:AB_961355
CD107a-PE Biolegend Clone: H4A3; RRID:AB_1186040
m4-1BB-APC Thermo Fisher Scientific Clone: 17B5; RRID:AB_2573162
mCD16/32-BV421 Biolegend Clone: 93; RRID:AB_2650889
mNK1.1-BV510 Biolegend Clone: PK136; RRID:AB_2562217
mCD11b-BV605 Biolegend Clone: M1/70; RRID:AB_11126744
mCD27-BV650 Biolegend Clone: LG.3A10; RRID:AB_2687192
mCD3-BV711 Biolegend Clone: 145-2C11; RRID:AB_2565841
mLAG-3-BV785 Thermo Fisher Scientific Clone: C9B7W; RRID:AB_494126
mTIGIT-PE-Cy7 Biolegend Clone: 1G9; RRID:AB_2565649
mDNAM-1-APC-Fire 750 Biolegend Clone: 10E5; RRID:AB_2632821
4-1BB Thermo Fisher Scientific Clone: BBK-2; RRID:AB_10981098
TIGIT Biolegend Clone: A15153A; RRID:AB_2820102
CD155 Thermo Fisher Scientific Clone: D171; RRID:AB_10978147
CD155-PE Biolegend Clone: SKiI.4; RRID:AB_2174019
Mouse IgG1-PE BD Clone: MOPC-21; RRID:AB_396091
Mouse NK1.1 Monoclonal antibody BioXCell Clone: K136; RRID:AB_1107737

Anti-rabbit NKp46/NCR1 monoclonal
antibody
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-rabbit Granzyme B antibody Abcam Cat#Ab4059; RRID:AB_304251

Biological samples

Human GBM patient tissue This study N/A

Human GBM patient blood This study N/A

Human donor PBMC This study N/A

Chemicals, peptides, and recombinant proteins

DMEM Gibco (Thermofisher) Cat#11965092

Penicillin/streptomycin Gibco Cat#15140122

HEPES Gibco Cat#15630106

IL-15 Gold Biotechnology Cat#1110-15

Sytox Green Thermo Fisher Cat#57020

Sytox Blue Thermo Fisher Cat#534857

DNAse | Worthington Biochemical Cat#L.S002006

Collagenase IV Worthington Biochemical Cat#L5004210

Lymphoprep STEMCELL Technologies Cat#07801

Brefeldin A Cayman Chemical Cat#11861; CAS No. 20350-15-6

Monensin Cayman Chemical Cat#16488; CAS No. 22373-78-0

True Cut HiFl Cas9 v2 Thermo Fisher Cat# A36498

OptiMEM Thermo Fisher Cat#31985062

Puromycin dihydrochloride Alfa Aesar Cat#4089

RPMI Gibco Cat#21875034

rh4-1BBL Peprotech Cat#310-11

RhIL-2 Akron Biotechnology Cat#

Mitomycin C Cayman Chemical Cat#11435

PBS Thermo Fisher Cat#70011044

ACK Lysing Buffer Thermo Fisher Cat# A1049201

Critical commercial assays

CytoScan LDH Assay Kit

Glycolysis Cell-Based Assay kit

Human TIGIT Gene Knockout Kit v2
Human CD16a ELISA

Mouse Cytokine Array Focused 10-plex

G Bioscience
Cayman Chemical
Synthego
Thermo Fisher

Eve Technologies

Cat#786-210
Cat#600450
GRCh38.p10
Cat#EH181RB
MDF10

Deposited data

TCGA GBM Patient Data TCGA https://portal.gdc.cancer.gov/
projects/TCGA-GBM

Experimental models: Cell lines

K562 ATCC ATCC CLL-243

U87MG ATCC ATCC HTB-14

GBM43 Indiana University School of Medicine N/A

GBM10 Indiana University School of Medicine N/A

Experimental models: Organisms/strains

CD155 shRNA lentiviral particles Santa Cruz Cat#sc-61903-V
Oligonucleotides
gRNA sequence 1: Synthego N/A

UCUUCCCUAGGAAUGAUGAC

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
gRNA sequence 2: Synthego N/A
AUGUCACCUCUCCUCCACCA

gRNA sequence 3: Synthego N/A
GGCCAUUUGUAAUGCUGACU

Software and algorithms

R TCGAbiolinks package Colaprico et al. https://doi.org/10.18129/
B9.bioc. TCGAbiolinks

R clusterProfiler package Wu et al.*® https://doi.org/10.18129/
B9.bioc.clusterProfiler

Other

Correlative gene expression data for TIGIT and cBioPortal RNAseq V2 RSEM GBM

TNFRSF9 (4-1BB) PanCancer dataset (592 samples)

Survival analysis for GBM GEPIA2 http://gepia2.cancer-pku.cn

Deposited data

RNAseq NK cell TIGIThigh/low/neg GEO GSE245488

gene expression data

RESOURCE AVAILABILITY
Lead contact

Further information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Sandro Matosevic
(sandro@purdue.edu).

Materials availability’
This study did not generate new unique reagents.

Data and code availability
e RNAseq data generated as part of this study are deposited at GEO, accession number GSE245488. TCGA GBM patient data were ob-
tained from https://portal.gdc.cancer.gov/projects/TCGA-GBM.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS

Primary human NK (PNK) cells were obtained from healthy adult donors approved under Purdue University’s Institutional Review Board (IRB)
(IRB-approved protocol #1804020540). Ancestry, race and ethnicity were not considered when collecting samples and were not a factor in
sample isolation due to requirement for donor anonymity.

GBM patient tumor and peripheral blood samples were collected by IU Health ECRO Biorepository at IU Health Methodist Hospital
under Indiana University IRB protocol #1011004282 approved by the Human Subjects Office. Informed consent was obtained from all
participating patients prior to undergoing surgery and procedures. For the purpose of this study, patient and donor samples were dei-
dentified and no information on patient age or sex was obtained. In order to keep the donors confidential, no association of sex and/
or gender was performed.

Male or female 6- to 12-week-old RAG1—/— mice and NOD.Cg-Prkdcscid IL2rgtm TWijl/SzJ (NRG) mice were maintained at the Purdue
Center for Cancer Research. All the animal experiments described in this study were approved by the Purdue University Animal Care and
Use Committee.

METHOD DETAILS
Human NK cell isolation from peripheral blood and culture

Whole blood was collected in heparinized tubes (BD Vacutainer, 367874, BD, Franklin Lakes, NJ), untested for pathogens, and PNK cells were
harvested from whole blood of adult healthy donors by negative selection, using the EasySep Direct Human NK cell Isolation Kit (StemCell
Technologies, Vancouver, Canada). PNK cells were expanded for two to four weeks through coculture with K562 feeder cells (ATCC CLL-243,
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Manassas, VA), treated for 3 h prior to co-culture with mitomycin C (New England Biolabs, 51854S, Ipswich, MA) to inhibit proliferation, at a 2:1
K562:NK cell ratio in RPMI media (Gibco, 21875034, Billings, MT) supplemented with 10% FBS (Corning, 35-011-CV, Corning, NY), 1% peni-
cillin/streptomycin (Gibco, 15140122, Billings, MT), 50 ng/mL rh4-1BBL (Peprotech, 310-11, Cranbury, NJ), 50 ng/mL rhIL-21 (Gold Biotech-
nology, 1110-21, St. Louis, MO), and 500 IU/mL rhIL-2 (Akron Biotech, Boca Raton, FL). Prior to addition to PNK cells K562 cells were treated
with 50 pg/mL of mitomycin C (Cayman Chemical, 11435, Ann Arbor, M) for 3 h and wash with 1x PBS (Thermo Fisher Scientific, 70011044,
Waltham, MA).

Cell lines and culture

Primary patient-derived GBM cells (GBM43) and recurrent patient-derived GBM cells (GBM10) cells were obtained from Dr. Karen Pollok at
Indiana University School of Medicine. GBM43 and GBM10 cell lines were cultured in DMEM (Gibco, ThermoFisher, 11965092, Billings, MT)
with 10% FBS and 1% HEPES (Gibco, 15630106) and maintained until passage 10 before being discarded. Chronic myelogenous leukemia
K562 cells were obtained from ATCC (ATCC CLL-243, Manassas, VA). Malignant glioma U87MG cells were obtained from ATCC (ATCC
HTB-14, Manassas, VA). K562 and U87MG cells were cultured in IMDM (Gibco, ThermoFisher, 12440053, Billings, MT) with 10% FBS and
1% penicillin/streptomycin (Gibco, 15140122, Billings, MT) and maintained until passage 20 before being discarded. Human rhIL-15 (1110-
15) was from Gold Biotechnology.

GBM patient samples

Fresh tumor resections were stored in tissue storage buffer (Miltenyi Biotec, Gaithersrburg, MD) and processed within 24 h. Peripheral blood
samples from GBM patients as well as healthy donors were collected into blood collection tubes containing sodium heparin (Vacutainer, BD,
Franklin Lakes, NJ). Blood samples were processed immediately upon collection. Peripheral blood mononuclear cells (PBMCs) were isolated
from peripheral whole by a Lymphoprep density gradient (StemCell Technologies, Vancouver, Canada) according to manufacturer instruc-
tions, washed and prepared for flow cytometry phenotyping. GBM tumor samples were mechanically disrupted and digested in a mixture
of DNAse | (Worthington Biochemical, LS002006, Lakewood, NJ) and Collagenase IV (Worthington Biochemical, LS004210, Lakewood,
NJ). Following digestion, tumor samples were passed through 70 um and 40 um cell strainers to produce a single cell suspension. PBMCs
were then isolated by Lymphoprep density gradient and cells were washed and prepared for flow cytometry phenotyping.

NK cells, harvested from GBM patient and healthy donor whole blood and tumor samples as described, were assessed via flow cytometry
for NK cell surface receptor expression. Briefly, cells were washed twice and stained for surface ligands for 1 h in FACS buffer (1 x PBS sup-
plemented with 2% FBS and 0.5 mM EDTA). Cells were washed and resuspended in FACS buffer containing Sytox Green (Thermo Fisher Sci-
entific, Franklin Lakes, NJ) or Sytox Blue (Thermo Fisher Scientific, Waltham, MA), per manufacturer recommendations, prior to analysis on a
BD Fortessa X-20.

Cell sorting and phenotyping

Antibodies used for flow cytometry and cell sorting were CD3-PeCy7 (BD, UCHT1, Franklin Lakes, NJ), CD56-PeCy5.5 (Thermo Fisher Scien-
tific, CMSSB, Waltham, MA), TIGIT-APC (Biolegend, A15153G, San Diego, CA), DNAM-1-BV510 (Biolegend, 11A8, San Diego, CA), Sytox
Green (Thermo Fisher Scientific, Franklin Lakes, NJ), Sytox Blue (Thermo Fisher Scientific, Waltham, MA), CD16-BUV395 (BD, 3G8, Franklin
Lakes, NJ), NKG2A-FITC (Miltenyi Biotec, REA110, Gaithersburg, MD), CD158e1-BV421 (BD Biosciences, DX9, Franklin Lakes, NJ), PD-1-
BV510 (Biolegend, NAT105, San Diego, CA), NKG2D-BV605 (Biolegend, 1D11, San Diego, CA), CD57-BVé05 (Biolegend, QA17A04, San
Diego, CA), CD69-BV650 (Biolegend, FN50, San Diego, CA), LAG-3-BV650 (Biolegend, 11C3Cé5, San Diego, CA), NKp30-BV711 (Biolegend,
P30-15, San Diego, CA), TIM-3-BV711 (Biolegend, F38-2E2, San Diego, CA), A2AR-PE (R&D Systems, 599717, Minneapolis, MN), CD%4-PE
(Biolegend, DX22, San Diego, CA), CD158b-APC/Fire750 (Biolegend, DX27, San Diego, CA), 41BB-APC/Fire750 (Biolegend, 4B4-1, San
Diego, CA), and KLRG1-APC (Biolegend, SA231A2, San Diego, CA), CD96-PE (Biolegend, NK92.39, San Diego, CA), NKp46-BV785 (Bio-
legend, 9E2, San Diego, CA), CD56-APC (Thermo Fisher Scientific, CMSSB, Waltham, MA), TIGIT-BV421 (Biolegend, A15153G), IFN-
v-PerCP-Cy5.5 (Biolegend, 4S.B3, San Diego, CA), CD107a-PE (Biolegend, H4A3, San Diego, CA), m4-1BB-APC (Thermo Fisher Scientific,
17B5, Waltham, MA), mCD16/32-BV421 (Biolegend, 93, San Diego, CA), mNK1.1-BV510 (Biolegend, PK136, San Diego, CA), mCD11b-
BV605 (Biolegend, M1/70, San Diego, CA), mCD27-BV650 (Biolegend, LG.3A10, San Diego, CA), mCD3-BV711 (Biolegend, 145-2C11, San
Diego, CA), mLAG-3-BV785 (Thermo Fisher Scientific, C9B7W, Waltham, MA), mTIGIT-PE-Cy7 (Biolegend, 1G9, San Diego, CA), mDNAM-
1-APC-Fire 750 (Biolegend, 10E5, San Diego, CA), and mCD96-PE (Biolegend, 3.3, San Diego, CA). Samples were prepared as described
and run on a BD Fortessa X-20 and analyzed using FlowJo V10. For sorting and TIGIT-subpopulation analysis live CD56"CD3~ were gated
into three subpopulations: TIGITM9" NK cells (MFI = 800-1200); TIGIT™edU™ (MFI = 400-600); TIGIT"®9%t"e (MF| = Isotype) using a BD
FACS Aria (Sample histograms Figures S1 and S2). Sorted cells were allowed to rest for 48 h in RPMI media, supplemented with 10% FBS,
1% penicillin/streptomycin, and 500 1U rhiL-2 before use in functional assays. Throughout all analyses, NK cells were identified as NKp4é+-
CD56"CD3 due to high expression of CD56 on GBM target cells and GBM tumors.

Antibodies used in functional assays included anti-4-1BB (Thermo/Biolegend, 4B4-1, San Diego, CA and Waltham, MA), anti-4-1BB
(Thermo, BBK-2, Waltham, MA), anti-TIGIT (Biolegend, A15153A, San Diego, CA), and anti-CD155 (Thermo Fisher Scientific, D171, Wal-
tham, MA).
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TCGA survival analysis

Survival analysis based on expression of individual queried genes or gene combinations (TIGIT and/or PVR) was done in GEPIA2 using TCGA
gene expression data. Data were analyzed and generated using a Kaplan-Meier curve for overall survival (OS). Kaplan-Meier curves were
generated with a median or quartile survival cutoff. The estimation of hazard ratios (HR) was done by Cox proportional hazards model regres-
sion analysis. A 95% confidence interval was set and used. Patient samples with expression level above the threshold were considered as the
high-expression or high-risk cohort. cBioportal was used for gene co-expression analysis of TIGIT and TNFRSF? (4-1BB) based on the full RNA-
seq V2 RSEM GBM PanCancer dataset (592 samples).

RNAseq analysis

Human NK cells were sorted as described, as TIGIT9", TIGIT™e%U™ and TIGIT"9%"e, and total RNA was isolated using the mirVana miRNA
Isolation Kit (Thermo Fisher Scientific, Waltham, MA) according to manufacturer instructions, with >700 ng of RNA per sample. All samples
were checked for quality prior to analysis by Agilent Bioanalyzer, with DV200 > 80 and RIN >8.4 for all samples. Samples were sent to GeneWiz
for library preparation and sequencing. Each sample contained at least 30 million paired-end reads with length of 250 bp. Data quality control
(adapter trimming, minimum Phred score 30, minimum read length 50 bp) was performed using fastp™ (version 0.19.5). Quality trimmed reads
were mapped to human reference genome (GRCh38) using the STAR aligner®’ (version 2.7.9a). Reads aligned to each gene feature were
counted using the featureCounts™® program from Subread package (version 1.6.1). Differential expression (DE) analysis was performed using
the edgeR method®” (version 3.32.1) and genes with False Discovery Rate (FDR) < 0.01 were denoted as significant.

Pathway analysis of RNAseq gene expression data

Functional and pathway enrichment analysis was performed using R-package clusterProfiler® (v3.18.1) and GSEA tool*"" (version 4). Gene
enrichment set analysis (GSEA) was used to find pathways significantly enriched between TIGITMSP, TIGIT™9U™ and TIGIT"®92e (5 < 0.05).
The Biocarta database was used for this analysis, and GSEA was performed on a pre-ranked gene list with (signed log2FC*-log10p value) used
as the ranking criteria.

TIGIT-sorted NK cell phenotyping and function
For sorting and TIGIT-subpopulation analysis, live CD56*CD3~ NK cells were gated into three subpopulations: TIGITSP NK cells (MFI = 800—
1200); TIGIT™U™ (MFI = 400-600); TIGIT"®92tve (MF| = Isotype) (Sample histograms Figure S2). Sorted cells were allowed to rest for 48 h in
RPMI media, supplemented with 10% FBS, 1% penicillin/streptomycin, and 500 U rhIL-2 before use in functional assays. Killing was measured
as described via LDH activity using the CytoScan LDH Assay Kit (G Bioscience) according to manufacturer instructions. For CD107a and IFN-y
expression analysis, NK cells were cocultured for 4 h with GBM43 WT cells in media containing CD107a-PE. Brefeldin A and monensin were
added after 1 h of coculture. After 4 h NK cells were harvested, stained for CD56/CD3 surface markers, fixed, permeabilized, and stained for
intracellular cytokines (IFN-vy), before being analyzed on the BD Fortessa (Figure S3).

For determination of glycolytic activity, sorted TIGITMNSN/TIGITmedum/TIG|Te92tve NK cells were cultured for 24 or 48 h and glycolysis was
measured according to manufacturer instructions via the Glycolysis Cell-Based Assay kit (Cayman Chemical, Ann Arbor, Ml).

Generation of CRISPR/Cas9 TIGIT knockout NK cells

TIGIT knockout NK cells were generated from purified NK cells, expanded for one week using K562 feeder cells as described, using the Hu-
man TIGIT Gene Knockout Kit v2 (Synthego, Redwood City, CA). Three sgRNA sequences were utilized, along with Cas9 protein to generate
RNP complexes: 1) UCUUCCCUAGGAAUGAUGAC, 2) AUGUCACCUCUCCUCCACCA, and 3) GGCCAUUUGUAAUGCUGACU. 5 x 10° NK
cells were electroporated in OptiMEM medium in 100 pL in a 2 mm cuvette, with RNP complex, formed by incubating for 20 min 65 pug of True
Cut HiFI Cas9 v2 (Thermo Fisher, A36498, Waltham, MA) with 5 uL of 100uM sgRNA, reconstituted in TE buffer, or TE buffer as a control, using
the following conditions on a Biorad GenePulser 2.0 electroporation system: Square wave, 250 V, 4.0 ms pulse length, 5 pulses, 5s pulse in-
terval. Following electroporation, NK cells were allowed to rest for 72 h, and then expanded for one week using K562 feeder cells as described
prior to phenotype and functional assays.

NK cell phenotyping and cytokine screening on GBM co-culture

For phenotyping of NK cells and quantification of cytokine levels in response to GBM, sample groups consisted of NK cells alone, GBM43 cells
alone, and NK cells co-incubated with GBM43 cells: without mAb blockade, with CD155 mAb (10 ng/mL), with TIGIT mAb (50 pg/mL), with
both mAbs. GBM43 cells were seeded at 40,000 cells/well overnight. GBM43 and NK cells were preblocked with mAbs for 1 h prior to coin-
cubation. NK cells were seeded at 100,000 cells/well, 1E6 cells/mL and coincubated for 24 h. NK cells were removed, GBM43 were trypsinized
and collected for FACS phenotyping.

Cytokine secretion analysis was performed by Eve Technologies. Briefly, sample groups were cocultured as described above. Supernatant
was taken and centrifuged at 300g for 10 min to remove NK cells, then at 3000g for 10 min to remove debris. Supernatant was sent to Eve
Technologies for cytokine array analysis (Human Cytokine Array Proinflammatory Focused 15-plex).

For TIGIT KO phenotyping assays, WT or TIGIT KO NK cells were co-incubated for 24 h with GBM43-WT cells with or without TIGIT mAb
(50 ng/mL). Expression of 4-1BB was measured via flow cytometry.
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Enzyme-linked immunosorbent assay

NK cells were cocultured for 24 h GBM43 WT cells, with or without TIGIT mAb (50 ng/mL). Soluble CD16 was measured via human CD16a
ELISA (Thermo Fisher Scientific, Waltham, MA) according to manufacturer instructions to assess if TIGIT blockade induces CD16 shedding.

CD155 knockdown in GBM
GBMA43 cells were seeded at 200,000 cells/well in a 12 well and allowed to incubate overnight. The next day complete medium containing
DMEM (- sodium pyruvate) +10% FBS +1% HEPES +5 pg/mL polybrene was added to cells and after 5 min, 10 pL CD155 shRNA lentiviral
particles (50,000 IFU; Santa Cruz Biotechnology, Dallas, TX). After 24 h media was replace and after another 24 h cells were passaged 1:4.
After 48 h cells were selected using 5 pg/mL puromycin dihydrochloride (Alfa Aesar, Haverhill, MA). Medium containing puromycin was
changed every 3-4 days until resistant colonies were identified.

Cells were assayed for CD155 expression via flow cytometry (CD155-PE, Biolegend, SKil.4; Mouse IgG1-PE, Biolegend, MOPC-21, San
Diego, CA) and analyzed on a BD Fortessa. For proliferation, GBM43-WT or CD155-KD cells were plated at 10,000 cells/well for 3 days. Pro-
liferation was measured using CCK8 (ApexBio, Houston, TX) according to the manufacturer’s instructions.

CD155 pharmacological inhibition assays

For cytotoxicity assays, NK cells were cocultured with GBM43-WT cells at E:T ratios of 2.5:1, 5:1, and 10:1 for 4 h, with or without TIGIT (50 ng/
ML, Biolegend, A15153A, San Diego, CA) and/or CD155 (10 ng/mL, Thermo Fisher Scientific, D171, Waltham, MA) antibody blockade. Killing
was measured via LDH activity using the CytoScan LDH Assay Kit (G Biosciences, St. Louis, MO) according to manufacturer instructions.

In vivo GBM CD155 KD studies and NK cell analysis

GBM43 WT and CD155-KD cells (3% 10° cells/mouse) were subcutaneously (SC) inoculated into the left flank of RAG1 ~/~ or NRG mice. Exper-
imental groups consisted of PBS control mice, without any tumor (n = 4), GBM43 WT tumor bearing mice (n = 4), and GBM43 CD155-KD tumor
bearing mice (n = 4). Tumor dimensions (L, W, H) and bodyweight measurements were monitored and the tumor volume was calculated ac-
cording to the formula: V=0.52 x L x W x H. Tumor growth was monitored until mice met a predefined endpoint criteria. In some studies NK
cells were depleted by administering anti-NK1.1 mAb (BioXCell, PK136, Lebanon, NH) one day prior to tumor inoculation and every 3 days
until study endpoint. For RAG1~~ mice, whole blood and tumors were harvested from all mice. Serum samples were collected from whole
blood, diluted 2-fold, and sent to Eve technologies for cytokine array analysis (Mouse Cytokine Array Focused 10-plex). Whole blood was
collected via cardiac puncture and collected in K2EDTA Microtainers (BD, 365974, Franklin Lakes, NJ), and tumors were harvested. Tumor
samples were minced digested by DNAse IV and Collagenase, as described, and red blood cells (RBCs) were removed from whole blood
and tumor samples using ACK lysing buffer (Thermo Fisher, Waltham, MA). Samples were washed with FACS buffer and prepared for flow
cytometric analysis as described. NK cells were isolated from whole blood and tumors and analyzed via flow cytometry. Additionally, circu-
lating NK (cNK) cells were cultured overnight in RPMI containing 10% FBS, 1% P/S, and 500 IU/mL IL-2 and re-challenged in a GBM43 WT
cytolysis assay at E:T ratios of 2.5:1, 5:1, and 10:1. GBM43 WT and CD155-KD tumor samples were additionally sent for histological (IHC)
analysis.

Histological analysis
Immunohistochemical staining (IHC) was carried out at the Histology Research Laboratory at the Purdue University College of Veterinary Med-
icine. Briefly, tumors were fixed in 10% neutral-buffered formalin, embedded in paraffin, and cut into 3-5 pum sections.

For GBM43-WT and CD155-KD xenografts, mouse NK cells were detected through staining with NKp46/NCR1 (R&D Systems, AF2225,
Minneapolis, MN) antibody, and NK activity was measured via Granzyme B (Abcam, ab4059, Waltham, MA) staining. IHC images were visu-
alized using Aperio ImageScope software and manually quantified. For quantification of NK cells in tumors stained cells were counted in 4
randomly selected intratumoral fields of each slide at 200x magnification. Similarly, granzyme B* NK cells were quantified in 4 randomly
selected intratumoral fields of each slide at 200x magpnification. Quantification of NKp46* and granzyme B* cell counts between GBM43
WT and GBM43 KD groups were compared using an unpaired Student’s t test.

4-1BB cytolysis assays

NK cells were cocultured with GBM43-WT cells, UB7MG cells, or GBM10 cells at E:T ratios of 2.5:1, 5:1, and 10:1 for 4 h, with 4-1BB mAb (4B4-1
and BBK-2, 10 pg/mL), with or without TIGIT mAb (50 png/mL) blockade. Killing was measured via LDH activity using the CytoScan LDH Assay
Kit (G Biosciences, St. Louis, MO) according to manufacturer instructions.

In vivo 4-1BB/TIGIT targeting in GBM and tumor-infiltrating NK cell analysis

GBM43 WT cells (3% 10° cells/mouse) were subcutaneously (SC) inoculated into the left flank of NRG mice. Experimental groups consisted of
PBS control mice (n = 5), mice receiving NK cells (n = 5), mice receiving NK cells and TIGIT mAb (n = 5), mice receiving NK cells and 4-1BB
agonistic mAb (4B4-1) (n = 5), and mice receiving NK cells, TIGIT mAb, and 4-1BB agonistic mAb (4B4-1) (n = 5). NK cells (5%10° cells/mouse)
were administered i.v. weekly to all groups except the PBS control, with all groups receiving NK cells also receiving rhIL-15 i.p. twice weekly
(0.5 pg/mouse). TIGIT mAb was administered i.p. (2 mg/kg) twice weekly, and 4-1BB mAb was administed i.p. (1 mg/kg) twice weekly. Tumor
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dimensions (L, W, H) and bodyweight measurements were monitored and the tumor volume was calculated according to the formula: V =
0.52 x L x W x H. Tumor growth was monitored until mice met a predefined endpoint criteria. NK cells were isolated from whole blood
and tumors and analyzed via flow cytometry for activating and inhibitory markers.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism 9 (Graphpad, Boston, MA) was used for statistical analysis with a p < 0.05 (*) considered significant. Ordinary one-way analysis-of-vari-
ance (ANOVA) tests along with Tukey's post-hoc test were used to compare multiple groups. two-way ANOVA tests along with Tukey's post-
hoc test were used for comparison of treatment groups in mouse studies. Unpaired student t-tests were used for single-data comparisons
of independent groups. Kaplan-meier statistical tests were used for comparison of survival groups in plots depicting TCGA survival data
from GBM patients. Statistical parameters were calculated for correlative analyses using simple linear regression. Data are represented as
mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, ****o < 0.0001.
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