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Abstract: Inhibitory receptors are critical for regulating immune cell function. In cancer, these
receptors are often over-expressed on the cell surface of T and NK cells, leading to reduced anti-
tumor activity. Here, through the analysis of 11 commonly studied checkpoint and inhibitory
receptors, we discern that only HAVCR2 (TIM3) and ENTPD1 (CD39) display significantly greater
gene expression in glioblastoma compared to normal brain and lower grade glioma. Cell surface
TIM-3, but not ENTPD1, was also elevated on activated CD4' and CD8" T cells, as well as on NK
cells from glioblastoma patients compared to healthy donor T and NK cells. A subsequent analysis
of molecules known to co-ordinate TIM-3 function and regulation was performed, which revealed
that BAT3 expression was significantly reduced in CD4" and CD8" T cells, as well as NK cells from
glioblastoma patients compared to counterparts from healthy donors. These pro-inhibitory changes
are also correlated with reduced levels of the activation marker CD69 and the pro-inflammatory
cytokine IFNYy in CD4* and CD8* T cells, as well as NK cells from glioblastoma patients. Collectively,
these data reveal that glioblastoma-mediated CD4" and CD8"* T cell and NK cell suppression is
due, at least in part, to dysregulated TIM-3 and BAT3 expression and the associated downstream
immunoregulatory and dysfunctional effects.

Keywords: TIM-3; BAT3; glioblastoma; T cell exhaustion

1. Introduction

Glioblastoma is the most frequent and aggressive malignant brain tumor, with a
median overall survival of 12-15 months after diagnosis [1-3]. Despite advances in identi-
fying novel genetic alterations and therapeutic targets in glioblastoma, as well as trialing
immunotherapeutic strategies that have been successful in other tumor types, the stan-
dard of care and overall survival of glioblastoma patients has not changed in almost
two decades [4-7]. This poor survival rate is due in part to the pro-immunosuppressive
characteristics of the glioblastoma tumor micro-environment, leading to the absence of or
reductions in T and natural killer (NK) cells” anti-tumor responses [8,9]. The molecular
mechanisms of such T and NK cell inhibition are not well understood and are likely due
to several factors, including the dysregulation and subsequent over-expression of check-
point or inhibitory receptors, or changes in the cytokine milieu that favor a T and NK cell
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exhausted phenotype and an overall immunosuppressive tumor micro-environment [10].
Therefore, blocking checkpoint or inhibitory receptor function is a rational therapeutic
approach for improving clinical outcomes in the glioblastoma setting.

One immunoregulatory molecule that has not been thoroughly targeted in
glioblastoma-based clinical trials is T cell immunoglobulin and mucin domain-containing
protein 3 (TIM-3, encoded by the HAVCR2 gene). TIM-3, along with TIM-1 and TIM-4, are
members of the TIM family that all play roles in regulating immune function [11]. TIM-3
was first identified on Interferon-y (IFNy)-secreting effector CD4* and CD8* T cells [12,13].
Subsequently, TIM-3 expression has been identified as a key inhibitory receptor and has
been observed on several other immune cell types including regulatory T (Treg) cells, NK
cells, dendritic cells, and macrophages [14-16]. TIM-3 binds four known ligands: galectin-9,
high mobility group protein B1 (HMGB1), carcinoembryonic antigen cell adhesion molecule
1 (CEACAM1), and phosphatidylserine [14,17-19]. Ligand-free TIM-3 is bound by HLA-
B-associated transcript 3 (BAT3, also known as BAG6) at the cytoplasmic tail of TIM-3,
rendering it permissive and allowing for enhanced T cell activity and cytotoxicity, enhanced
secretion of inflammatory cytokines (such as IFNYy), and reduced T cell terminal differentia-
tion and exhaustion [20-22]. Conversely, it has been reported that when TIM-3 is bound to
a ligand, a sequential cascade of signaling events occurs, including TIM-3 phosphorylation;
BAT3 disassociation; increased phosphorylation and the subsequent nuclear displacement
of the transcriptional repressor forkhead box protein O1 (FOXO1); and promotion of the
expression and transcriptional activity of B-lymphocyte-induced maturation protein 1
(BLIMP1) (encoded by the PRDM1 gene) [22,23]. BLIMP1 subsequently regulates a series
of genes associated with enhanced T cell dysfunction and apoptosis [19,20,22]. In addi-
tion, the key transcription factor interferon regulator factor 4 (IRF4) plays a critical role in
T cell anti-tumor immunity and has been shown to correlate with TIM-3 expression [24,25].
Despite the abundance of knowledge regarding TIM-3-regulated T cell immunity, very
little is known regarding the potential interplay and regulation of TIM-3 by BAT3, FOXO1,
BLIMP1, and IRF4 in the glioblastoma setting.

Thus, we performed a mechanistically thorough analysis of TIM-3 and key TIM-3-
associated molecules in T and NK cells from glioblastoma patients and healthy donor
individuals. Here, we demonstrate that the ability to suppress the percentage of TIM-3
positivity following the activation of CD4" and CD8* T cells, as well as NK cells, from
glioblastoma patients is significantly reduced, and that these cells display reduced BAT3,
CD69, and IFNY expression compared to healthy donors. Thus, TIM-3 and reduced immune
cell activity represent a potential key immunosuppressive mechanism in the glioblastoma
setting to promote tumor progression.

2. Materials and Methods
2.1. Healthy Donor and Glioblastoma Patient Samples

This study involved the use of peripheral blood mononuclear cells (PBMCs) from
17 healthy donors and 46 newly diagnosed (pre-surgery and pre-treatment) glioblastoma
patients. Patient characteristics are outlined in Supplementary Table S1. Samples were
obtained from the Mark Hughes Foundation Brain Cancer Biobank at the University of
Newecastle, New South Wales, Australia. PBMC isolation from healthy individuals was
performed using fresh buffy coats (under biological resources agreement with Australian
Red Cross Lifeblood, Parkville, Australia) that underwent Ficoll-Paque Plus centrifugation
and were then stored in LN2 (—186 °C). Approval to use PBMCs from healthy donors and
glioblastoma patients, as well as the accompanying clinical information, was granted by
Grampians Health and St John of God Ballarat Hospital Human Research Ethics Committee
(ERM project IDs 37521 and 69601).

2.2. Bulk Dataset and Single-Cell RNA Sequencing Data Analysis

The data utilized in this study were obtained from the Chinese Glioma Genome Atlas
(CGGA; http:/ /www.cgga.org.cn/; 20 November 2023), which includes a comprehensive
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dataset of nearly 2000 primary and recurrent glioma samples. Specifically, mRNA data from
the CGGA database were employed to investigate gene expression differences across grade
II, III, and IV glioma for the following genes: HAVCR2, ENTPD1, PDCD1, CTLA4, LAGS3,
CD160, KLRG1, CD96, BTLA, 2B4, TIGIT, LGALS9, HMGB1, and CEACAM]1. To identify
pivotal prognostic genes, we used the GEPIA2 online tool (http://gepia2.cancer-pku.cn/
#index; 18 November 2023, leveraging data from 163 glioblastoma (GBM) tissues and
207 non-tumor brain tissues from The Cancer Genome Atlas (TCGA) and the Adult
Gentype-Tissue Expression (GTEx). This tool facilitated the validation of expression
patterns for the hub genes identified in our study. Additionally, we compared gene
expression profiles between normal brain parenchyma and glioblastoma, focusing on
the aforementioned genes: HAVCR2, ENTPD1, PDCD1, CTLA4, LAG3, CD160, KLRGI,
CD96, BTLA, 2B4, TIGIT, LGALS9, HMGB1, and CEACAMI1. The USCS Xena Browser
(https:/ /xenabrowser.net; accessed on 5 June 2024) [26] was used to access and ana-
lyze data from The Cancer Genome Atlas (TCGA) glioblastoma cohort [27,28]. The
results reported here are based upon data generated by the TCGA Research Network
(https:/ /www.cancer.gov/tcga, accessed on 5 June 2024). Normalized RNA sequencing-
based data were used to evaluate correlations between the HAVCR2 and ENTPDI mRNA
levels in glioblastoma samples. Clinical data were used to investigate correlations between
the progression-free survival probability of glioblastoma patients and the HAVCR2 mRNA
levels in glioblastoma samples.

Data corresponding to single-cell RNA sequencing (scRNA-seq) analysis were accessed
and visualized using the Single Cell Portal (https:/ /singlecell.broadinstitute.org/single_
cell, accessed on 5 June 2024) from the Broad Institute of MIT and Harvard. The dataset
previously published by Neftel et al. (2019) [29] was used to investigate the percentage of
single cells expressing indicated genes and the mean expression of such genes across cell
populations within the glioblastoma micro-environment. Only adult glioblastomas were
selected for this analysis. The exclusion of pediatric glioblastomas resulted in the removal
of 2193 cells that were filtered from the original dataset.

2.3. Flow Cytometry

PBMCs from healthy donors and glioblastoma patients were thawed on ice and seeded
into 96-well round bottom plates (Thermo Fisher Scientific, Waltham, MA, USA). Cells were
then stimulated for 5 h with or without 5 ng/mL phorbol 12-myristate 13-acetate (PMA;
Sigma, Castle Hill, NSW, Australia) and 0.75 ug/mL ionomycin (Sigma, Castle Hill, NSW,
Australia). Cells were treated with Golgiplug™ (BD Bioscience, Franklin Lakes, NJ, USA)
to inhibit protein secretion for the final 5 h prior to harvesting, and cells were then stained
with antibodies for flow cytometry assessment. For galectin-9 and HMGB1 recombinant
protein experiments, healthy donor PBMCs were defrosted and seeded into 96-well round
bottom plates and stimulated with galectin-9 (0-2 pg/mL) or HMGBI1 (0-2 pg/mL) 24 h
prior to PMA and ionomycin stimulation. Cells were then stained with antibodies for flow
cytometry assessment.

Cells were incubated with a cocktail of the following conjugated antibodies: hu-
man cell surface antigen-specific antibodies (BD Biosciences: CD3-BV650 clone UCHT1
cat #563852; CD4-PercpCy5.5 clone SK3 cat #566923; CD4-PE-CF594 clone RPA-T4 cat
#562281; CD8-Alexa Fluor 647 clone RPA-T8 cat #55708; CD8-BV510 clone RPA-T8 cat
#563256; CD8-PE /Cyb5 cat #555636; CD19-PE-Cy7 clone S]J25C1 cat #557835; CD25-BV711
clone 2A3 cat #563159; CD56-BV605 clone NCAM16.2 cat #562780; and CD127-BV421
clone HIL-7R-M21 cat #562437. TIM-3-BV786 clone 7D3 cat #568504; BioLegend: CD8
PE/Cy5 clone HIT8a cat #300910; CD19-PercpCy5.5 clone 6D5 cat #115534; and CD39-
APC Fire 750 clone Al cat #328230) were used to identify specific cell populations. The
surface cocktail also included fixable viability stain 700 (BD Biosciences) to exclude dead
cells and human Fc block (BD Biosciences). The cocktail was made using FACS buffer
(1 x PBS with 0.1% BCS), and cells were stained for 15 min on ice in the dark. Cells were then
fixed /permeabilized following surface staining and washing in FACS buffer using the BD


http://gepia2.cancer-pku.cn/#index
http://gepia2.cancer-pku.cn/#index
https://xenabrowser.net
https://www.cancer.gov/tcga
https://singlecell.broadinstitute.org/single_cell
https://singlecell.broadinstitute.org/single_cell

Cells 2024, 13,1777

40f18

cytofix/cytoperm kit (BD Biosciences), as per the manufacturer’s instructions. Cells were
then washed in Perm/Wash buffer (BD cytofix/cytoperm kit) and subsequently stained
with human-specific intracellular antibodies (BD Biosciences: BLIMP1-PE-CF594 clone 6D3
cat #565274; BioLegend: CD69-Alexa Fluor 488 clone HIB19 cat #557697; FOXO1-Alexa
Fluor 647 clone W20064D cat #947206; IFNy-PE clone 45.B3 cat #502509; IRF4-Percp /Cy5.5
clone 34E cat #646416; and Abcam: BAT3-PE [EPR9223] cat #ab210838) in Perm/Wash
buffer for 30 min on ice in the dark. Cells were then washed in Perm/Wash buffer and
run through the flow cytometer in FACS buffer to detect surface and intracellular protein
expression. All samples were run through a BD LSR Fortessa, and flow cytometry data
were analyzed using Flow]o software (Treestar, V10.9.0). Analyses to determine statistical
significance were conducted using GraphPad Prism (GraphPad 10.2.3 Software).

2.4. Statistical Analysis

Non-parametric tests were used for the statistical analysis of all flow cytometry ex-
periments. A Mann-Whitney U test was used for comparisons between 2 groups and a
Kruskal-Wallis test followed by a Dunn’s multiple comparisons test was used for compar-
isons between 3 groups. Statistical analysis of the gene expression data was performed
using a one-way ANOVA.

3. Results
3.1. HAVCR? and ENTPD1 Are Over-Expressed in Glioblastoma Tumors Micro-Environment

Several checkpoint and inhibitory receptors, such as PD-1 (gene name: PDCD1),
CTLAA4, TIM-3 (HAVCR2), LAG3, CD39 (ENTPD1), CD160, KLRG1, CD96, BTLA, 2B4, and
TIGIT, have been implicated in the reduction of immune activity and response in the tumor
micro-environment [30-32]. Therefore, we initially analyzed the expression levels of these
11 checkpoint and inhibitory receptors in glioblastoma tumors compared to normal brain
tissue or grade II and III glioma using the GEPIA2 and CCGA databases. Our analysis
found that significantly greater gene expressions of HAVCR2 and ENTPD1 (but not PDCD1,
CTLA4, LAG3, CD160, KLRG1, CD96, BTLA, 2B4, or TIGIT) were observed in glioblastoma
compared to normal brain tissue (Figures 1A and S1A), while HAVCR2 and ENTPD1 had
the greatest significant differences between glioblastoma (grade IV) and grade II and III
glioma of the 11 genes examined (Figures1B and S1B). Reinforcing these results, a strong
and positive correlation was observed between HAVCR2 and ENTPD1 expression levels
in glioblastoma patients (Supplementary Figure S1C). Moreover, elevated HAVCR2 (but
not ENTPD1) expression levels were significantly associated with reduced progression-free
survival (PFS), but not overall survival for glioblastoma patients (Figure 1C,D). These results
indicate an important contribution of checkpoint and inhibitory receptors in glioblastoma
progression, especially HAVCR2 (TIM-3). A significant difference in PFS for HAVCR2
gene expression remains statistically significant if the stratification is by tertiles (p = 0.007)
or quartiles (p = 0.06) (Supplementary Figure S1D). However, no significant difference
has been observed in ENTPD1 gene expression when separated into tertile or quartiles
(Supplementary Figure S1E).

3.2. Percentage of TIM-3 Positivity Does Not Change After Stimulation of CD4* T, CD8* T, and
NK Cells from Glioblastoma Patients

As HAVCR2 (TIM-3) and ENTPD1 (CD39) gene expression levels were elevated in the
glioblastoma micro-environment, we next compared the percentage positive levels of TIM-3
and CD39 on T and NK cells from glioblastoma versus healthy donor PBMCs =+ stimulation
with PMA and ionomycin using flow cytometry (patient and healthy control characteristics
are listed in Supplementary Table S1). Specifically, we determined the percentage of TIM-3
and CD39 positivity on total T cells (CD3*), CD4* T cells (CD3*; CD4%), CD8* T cells
(CD3*; CD8*), Tregs (CD3*; CD127'w; CD25%), and NK cells (CD19~; CD3~; CD56")
(gating strategy outlined in Supplementary Figure S2). There was no significant increase in
the percentage of TIM-3 positivity in any of the glioblastoma patient T cell subsets, and only
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a small increase in stimulated NK cells compared to healthy controls (Figure 2). However, a
robust reduction in the percentage of TIM-3 positivity following the stimulation of healthy
donors’ total T cells (reduced to 33% of unstimulated level), CD4* T cells (reduced to 41%
of unstimulated level), CD8" T cells (reduced to 18% of unstimulated level), and NK cells
(reduced to 13% of unstimulated level) (but not Tregs (increased to 149% of unstimulated
level)) was observed. Stimulation with PMA and ionomycin had a greatly reduced effect
on the percentage of TIM-3 positivity in glioblastoma patients’ total T cells (reduced to
63% of unstimulated level), CD4* T cells (reduced to 80% of unstimulated level), CD8*
T cells (reduced to 46% of unstimulated level), Tregs (increased to 109% of unstimulated
level), and NK cells (reduced to 81% of unstimulated level) (Figures2A-E and S3A-E).
This suggests that, unlike those from healthy donors, T cell subsets and NK cells from
glioblastoma patients may not achieve full activation through a maintained percentage of
TIM-3 positivity. No difference was found in the level of CD39 positivity after stimulation
in any of the T cell subsets or NK cells from healthy donors compared to those from
glioblastoma patients (Figures3A-E and S3F-]).

C

*

11 HAVCR2
(Glioblastoma Patients)

o4
n

ENTPDI

s " 025

- 0 T T T ydays
e o —_—— 0 250 500 750 1,000

= Glioblastoma (n=163) *® Normal (n=207)

HAVCR2

ENTPDI

ENTPD1
(Glioblastoma Patients)

P=1.5¢-09 u Grade ll
® Grade II1

" Grade IV

0.754

=]
w

Survival probability

P=3.2e-10

=]
o
w

L ﬁ 0 T T T y days
@ e v 0 250 500 750 1,000

Figure 1. HAVCR2 and ENTPD1 are over-expressed in glioblastoma. (A) HAVCR2 and ENTPD1
gene expression levels in glioblastoma tumor tissue (red; n = 163) and normal brain tissue (grey;
n = 207) were determined through mining the GEPIA2 TCGA dataset. (B) HAVCR2 and ENTPD1
gene expression levels in glioblastoma (grade IV) tumor tissue (blue), grade III glioma tumor tissue
(green), and grade II glioma tumor tissue (red) were determined through mining the CGGA dataset.
Kaplan-Meier curves showing the progression-free survival probability for glioblastoma patients,
stratified for high gene expression (red line; n = 77) versus low gene expression (blue line; n = 76) of
(C) HAVCR2 and (D) ENTPD1 mRNA levels analyzed in glioblastoma samples. Data were retrieved
from the TCGA Glioblastoma cohort and analyzed using UCSC Xena. * p < 0.05.
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Figure 2. Percentage of TIM-3 positivity is similar for CD4* T, CD8* T, and NK cells from healthy
control donors and glioblastoma patients. PBMCs from healthy controls and glioblastoma patients
were treated with PMA, ionomycin, and Golgiplug™ for 5 h, then stained for surface TIM-3 prior
to flow cytometry analysis. The unstimulated and stimulated percentages of TIM-3 positivity for
each healthy control (n = 11) and glioblastoma patient (n = 35) are presented for (A) total T cells,
(B) CD4* T cells, (C) CD8* T cells, (D) Tregs, and (E) NK cells. NS = not significant (>0.05); * p < 0.05,
**p <0.01, ** p <0.001, *** p < 0.0001.

As we observed a reduction in the percentage of TIM-3 positivity after stimulation in
T cell subsets and NK cells from glioblastoma patients, we determined whether the two lig-
ands of TIM-3 (galectin-9 and HMGB1) that are significantly over-expressed in glioblastoma
versus normal brain tissue and low-grade glioma (Supplementary Figure S4A—C) could
modify the change in the percentage of TIM-3 positivity after stimulation in healthy donor
CD4* and CD8" T cells and NK cells (Supplementary Figure SSA-C). Neither recombinant
galectin-9 (Supplementary Figure S4C) nor recombinant HMGB1 (Supplementary Figure S4C)
significantly modified the change in the percentage of TIM-3 positivity in these immune
cell subsets from healthy donors after stimulation.
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Figure 3. Percentage of CD39 positivity is similar for CD4* T, CD8" T, and NK cells from healthy
control donors and glioblastoma patients. PBMCs from healthy controls and glioblastoma patients
were treated with PMA, ionomycin, and Golgiplug™ for 5 h, then stained for surface CD39 prior to
flow cytometry analysis. The unstimulated and stimulated percentages of CD39 positivity for each
healthy control (n = 13) and glioblastoma patient (n = 46) are presented for (A) total T cells, (B) CD4*
T cells, (C) CD8* T cells, (D) Tregs, and (E) NK cells. ** p < 0.01.

3.3. Percentages of BAT3, FOXO1, and BLIMP1 Positivity Are Reduced in T and NK Cells from
Glioblastoma Patients Versus Healthy Controls

As TIM-3 expression has been linked to BAT3, FOXO1, IRF4, and BLIMP1 activ-
ity and expression, we next explored whether the expressions of these corresponding
genes correlate with one another in the glioblastoma micro-environment. We analyzed
a publicly available glioblastoma scRNA-seq dataset [29]. Interestingly, HAVCR2 expres-
sion was detected in nearly 81% of the T cells analyzed, although at relatively low levels
(Figure 4A-C). Moreover, different from malignant cells, macrophages, and oligodendro-
cytes, the detection of HAVCR2 expression in most T cells was correlated with the reduced
detection of T cells expressing BAG6 (BAT3; Figure 4D), FOXO1 (Figure 4E), and IRF4
(Figure 4F). Conversely, PRDM1 was strongly and broadly expressed by T cells (Figure 4G),
as expected for downstream TIM-3 activation [21,22].
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Figure 4. scRNA-seq analysis of glioblastomas reveals a large population of HAVCR2-expressing
T cells. (A) A dot plot representing the mean expression of indicated genes and the percentage of
macrophages, malignant cells, oligodendrocytes, and T cells expressing such genes in glioblastoma
samples. (B) A t-distributed stochastic neighbor embedding (tSNE) plot of single cells identified
in glioblastoma samples, as represented in (A), and colored according to cell type. tSNE plots for
these cells are also presented and colored according to the mRNA levels quantified for (C) HAVCR2,
(D) BAGES, (E) FOXO1, (F) IRF4, and (G) PRDM1. The dot plot and tSNE plots were generated using
the Single Cell Portal (the Broad Institute of MIT and Harvard) by analyzing the scRNA-seq dataset
published by Neftel et al. (2019) [29].



Cells 2024, 13,1777

90f18

To further validate these findings, we investigated whether changes in the percentage
positivity levels of BAT3, FOXO1, BLIMP1, and IRF4 intracellular proteins are observed in
T and NK cells from glioblastoma patients compared to healthy controls. CD4* and CD8"
T cells and NK cells from glioblastoma patients displayed significantly lower percentages
of BAT3 positivity compared to those from healthy donors, irrespective of stimulation
(Figure 5). Stimulation with PMA and ionomycin mediated a significant increase in the
percentage of BAT3 positivity compared a lack of stimulation in total, CD4*, CD8", Treg,
and NK cells from healthy donors. However, we did not observe a significant increase in
BAT3 positivity in stimulated T and NK cells from glioblastoma patients. This suggests that,
unlike those from healthy donors, T cell subsets and NK cells from glioblastoma patients
may not achieve full activation through a lower percentage of BAT3 positivity.
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Figure 5. Percentage of BAT3 positivity is reduced in CD4* T, CD8" T, and NK cells from glioblastoma
patients. PBMCs from healthy controls and glioblastoma patients were treated with PMA, ionomycin,
and Golgiplug™ for 5 h, then stained for intracellular BAT3 prior to flow cytometry analysis. The
unstimulated and stimulated percentages of BAT3 positivity for each healthy control (n = 10) and
glioblastoma patient (n = 20) are presented for (A) total T cells, (B) CD4* T cells, (C) CD8* T cells,
(D) Tregs cells, and (E) NK cells. NS = not significant (>0.05); * p < 0.05, ** p < 0.01, *** p < 0.001,
*x p < 0.0001.
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Similarly, the percentages of FOXO1 (Figure 6) and BLIMP1 (Figure 7) were also
reduced in glioblastoma versus healthy donor CD4* and CD8* T cells and NK cells. No
change was observed in IRF4 positivity (Supplementary Figure S5).
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Figure 6. Percentage of FOXOL1 positivity is reduced in CD4* T, CD8* T, and NK cells from glioblas-
toma patients. PBMCs from healthy controls and glioblastoma patients were treated with PMA,
ionomycin, and Golgiplug™ for 5 h, then stained for intracellular FOXO1 prior to flow cytometry
analysis. The unstimulated and stimulated percentages of FOXO1 positivity for each healthy con-
trol (n = 10) and glioblastoma patient (n = 20) are presented for (A) total T cells, (B) CD4" T cells,
(C) CD8* T cells, (D) Tregs, and (E) NK cells. NS = not significant (>0.05); * p < 0.05, ** p < 0.01,
#**p <0.001, *** p < 0.0001.
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Figure 7. Percentage of BLIMP1 positivity is reduced in CD4" T, CD8" T, and NK cells from glioblas-
toma patients. PBMCs from healthy controls and glioblastoma patients were treated with PMA,
ionomycin, and Golgiplug™ for 5 h, then stained for intracellular BLIMP1 prior to flow cytometry
analysis. The unstimulated and stimulated percentages of BLIMP1 positivity for each healthy con-
trol (n = 10) and glioblastoma patient (n = 20) are presented for (A) total T cells, (B) CD4" T cells,
(C) CD8* T cells, (D) Tregs, and (E) NK cells. NS = not significant (>0.05); * p < 0.05, ** p < 0.01,
#**p < 0.001, *** p < 0.0001.

3.4. Percentages of CD69 and IFNy Positivity Are Reduced in CD4* T, CD8* T, and NK Cells
from Glioblastoma Patients Versus Healthy Controls

As TIM-3 is associated with reduced T cell effector function, and as we observed
changes in the percentage of TIM-3 positivity on CD4* and CD8* T cells and NK cells from
glioblastoma patients, we next evaluated the activation statuses of these T cell subsets and
NK cells. CD69 is a well-characterized activation marker for both T and NK cells [33,34].
The percentage of CD69 positivity was significantly elevated following PMA and ionomycin
stimulation for CD4* and CD8" T cells and NK cells from healthy donors (Figure 8).
However, a significantly reduced level of induction of CD69 percentage positivity was seen
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on stimulated CD4* and CD8" T cells and NK cells from glioblastoma patients compared
to healthy donors (Figure 8).
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Figure 8. Percentage of CD69 positivity is reduced in CD4* T, CD8* T, and NK cells from glioblastoma
patients. PBMCs from healthy controls and glioblastoma patients were treated with PMA, ionomycin,
and Golgiplug™ for 5 h, then stained for intracellular CD69 prior to flow cytometry analysis. The
unstimulated and stimulated percentages of CD69 positivity for each healthy control (n = 13) and
glioblastoma patient (n = 46) are presented for (A) CD4* T cells, (B) CD8" T cells, and (C) NK cells.
NS = not significant (>0.05); * p < 0.05, **** p < 0.0001.

In addition, similar differences were seen in the percentages of IFNYy positivity. IFNy
positivity was significantly increased when CD4* and CD8" T cells and NK cells from
healthy donors and glioblastoma patients were stimulated with PMA and ionomycin
(Figure 9). However, a significantly reduced level of induction of IENy positivity was seen
on stimulated CD4* and CD8* T cells and NK cells from glioblastoma patients (Figure 9).

4. Discussion

The function of TIM-3 as a key regulator of T cells is well recognized [35,36], with its
over-expression implicated in glioblastoma progression [32,37-39], and our current data
demonstrate that TIM-3 expression correlates with poor glioblastoma survival. However,
the TIM-3-driven intracellular mechanisms that potentially lead to reduced T and NK
cell activity in the glioblastoma setting have not been elucidated. Several conflicting
reports have evaluated TIM-3 expression on CD4* and CD8" T cells in the glioblastoma
setting [32,37-39]. Liu and colleagues demonstrated greater levels of TIM-3 expression on
CD4* and CD8* T cells from glioma patients’ tissues (58% of which were glioblastoma)
compared to healthy controls [38]. However, two subsequent reports using independent
patient cohorts demonstrated no significant difference in TIM-3 expression on T cells from
PBMC populations in glioblastoma patients compared to healthy donors [32,39]. These
two previous studies displayed similar findings to ours, where unstimulated T and NK
cells from glioblastoma patients did not exhibit enhanced percentages of TIM-3 positivity
compared to those from healthy individuals. Indeed, unstimulated NK cells displayed
lower percentages of TIM-3 positivity compared to matched healthy donor cells in our
cohort of glioblastoma patients. However, unlike our current study, the work described
above did not include data from stimulated T cells and, thus, did not explore potential
differences when PBMCs were activated. Furthermore, these studies did not investigate
potential upstream and downstream TIM-3-associated molecules or the consequences
of elevated TIM-3. Our study incorporates a more thorough investigation of several
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potentially important molecules in T and NK cell activity. We examined the percentage
of TIM-3 positivity and the activation status (via CD69 and IFNYy) following the PMA
and ionomycin stimulation of glioblastoma patients” T and NK cells compared to those
of healthy individuals. Importantly, unlike CD39 (ENTPD1), another inhibitory marker
shown to be elevated globally during gene expression analysis of glioblastoma tumor tissue,
we demonstrated a significant inability of PMA and ionomycin stimulation to reduce TIM-3
on CD4" and CD8* T cells, as well as NK cells (but not Tregs), from glioblastoma patients.
This reduction, as expected, was seen in healthy donor T and NK cells, leading to expected
enhanced activation. This suggests that in glioblastoma patients, these cells lack the ability
to be fully activated when primed, as evidenced by the reduced levels of IFNy and CD69,
which allows speculation that these cells may be terminally exhausted. Indeed, TIM-3
expression is regarded as a marker for terminally differentiated effector and exhausted
cells [12], thereby suggesting that CD4* and CD8" T cells and NK cells may be terminally
exhausted in glioblastoma patients.
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Figure 9. Percentage IFNY positivity is reduced in CD4* T, CD8* T, and NK cells from glioblastoma
patients. PBMCs from healthy controls and glioblastoma patients were treated with PMA, ionomycin,
and Golgiplug™ for 5 h, then stained for intracellular IFNYy prior to flow cytometry analysis. The
unstimulated and stimulated percentages of IFNYy positivity for each healthy control (n = 13) and
glioblastoma patient (n = 46) are presented for (A) CD4" T cells, (B) CD8* T cells, and (C) NK cells.
*p <0.05,**** p < 0.0001.

We also undertook a thorough mechanistic analysis of upstream and downstream
substrates of TIM-3 (BAT3, FOXO1, BLIMP1, and IRF4). The analysis of BAT3 expression
and function has not been extensively explored in cancer. Here, we demonstrate that the
percentage of intracellular BAT3 positivity is reduced in CD4" and CD8" T cells and NK
cells from glioblastoma patients. BAT3 deficiency in mouse T cells has led to enhanced
TIM-3 and reduced IFNy expression, causing an overall reduced T cell effector response
and an enhanced T cell exhaustion phenotype [20]. Similarly, our subsequent analysis of
single-cell RNA-Seq data from Neftel and colleagues [29] revealed that HAVCR2 (TIM-3)
expression was detected in most T cells (81%) in the glioblastoma micro-environment and
was correlated with low expression of BAG6 (BAT3). These changes are likely due to the
reduced association of BAT3 with the cytoplasmic tail of TIM-3, thereby allowing TIM-3
to promote T cell inactivity [22]. Although the number of assessable CD4* and CD8" T
cells in each healthy donor and glioblastoma patient prevented us from examining changes
in direct TIM-3:BAT3 interaction, our data are consistent with these reports, suggesting



Cells 2024, 13,1777

14 0f 18

that percentage of TIM-3 positivity and downstream function is enhanced due to less
BAT3 expression (and presumably reduced TIM-3 association). Importantly, our data also
show that stimulation caused differential BAT3 changes in CD4" T, CD8" T, and NK cells
from healthy donors compared to glioblastoma patients. In healthy donors, stimulation
led to a significant increase in the percentage positivity of BAT3. This increased BAT3
positivity potentially favors greater TIM-3:BAT3 association and subsequently reduces TIM-
3 expression and TIM-3-mediated T and NK cell inactivation. However, the stimulation of
CD4* T, CD8* T, and NK cells from glioblastoma patients did not cause any change in BAT3
positivity. This further supports our notion that TIM-3 mediates immunosuppression via
CD4" T, CD8" T, and NK cell inactivity through a TIM-3/BAT3 dysregulated mechanism.
Although TIM-3 has been recognized as a key suppressive marker in NK function [40],
very little is known regarding BAT3’s association with and/or regulation of TIM-3 in NK
cells in cancer. Importantly, we also demonstrate here that there is a potential inverse
correlation between the percentage of TIM-3 and BAT3 positivity and the subsequent
reduced activity in NK cells from glioblastoma patients. This suggests that BAT3 may
have a similar involvement with TIM-3 in NK cells, which belong to the innate arm of
immunity, as it does in T cells, which belong to the adaptive arm of immunity (at least in
the glioblastoma setting).

Genetic knockdown of BAT3 in mouse T cells also triggers an increase in FOXO1
phosphorylation and an increase in the expression and transcriptional activity of a key
regulator of T cell dysfunction, BLIMP1, through a TIM-3-dependent mechanism [22]. This
enhanced BLIMP1 activity leads to reduced IFNy expression and overall T cell activity.
Conversely, our data demonstrate that CD4* and CD8" T cells from glioblastoma patients
displayed significantly lower percentages of FOXO1 and BLIMP1 positivity compared to
healthy controls. Although we did not examine the phosphorylated levels of FOXOL1 or the
transcriptional activity of BLIMP1 in T cells, we can assume, due to the very low percentage
positivity of both FOXO1 and BLIMP1, that our data are dissimilar to that mentioned
above, demonstrating that TIM-3/BAT3-mediated reduction of IFNYy expression and T cell
dysfunction is likely dependent on FOXO1 phosphorylation and BLIMP1 transcriptional
activity. We propose that there may be alternative TIM-3/BAT3 signaling-dependent
mechanisms that converge to trigger reductions in CD69 and IFNvy, ultimately inhibiting
CD4* and CD8" T cell activity without FOXO1 and BLIMP1 involvement (Graphical
Abstract), although this is not fully elucidated in this current study. Similarly, the low
abundance of CD4" and CD8" T cells and NK cells in the overall PBMC population from
glioblastoma patients and, hence, the very low abundance of extracted RNA from these
isolated populations prevented us from confirming flow results by qPCR. Nonetheless,
overall we still identified dysfunctional levels of TIM-3 and BAT3 on CD4* and CD8* T
cells and NK cells from glioblastoma patients.

Similarly, increased TIM-3 expression and decreased IFNYy expression were demon-
strated in tumor-infiltrating CD8* T cells in a syngeneic glioma mouse model, although
potential changes in BAT3, FOXO1, BLIMP1, and CD69 expression were not reported in this
study [32]. The potential TIM-3-dependent, FOXO1- and BLIMP1-independent mechanism
of T cell dysfunction may also be evident in NK cells from glioblastoma patients, where the
impaired reduction in the percentage of TIM-3 positivity after stimulation and the reduced
percentage of BAT3 positivity are correlated with significant decreases in CD69 and IFNy
compared to control donors. However, a correlation between TIM-3 expression and NK cell
exhaustion and dysfunction might be tumor type-specific. In accordance with our findings,
TIM-3 expression on NK cells has been associated with reduced NK activity in both lung
adenocarcinoma and melanoma settings [40,41], while TIM-3 levels have been correlated
with enhanced IFNy expression and NK cell cytotoxicity in acute myeloid leukemia [42]. To
the best of our knowledge, our current study is the first to evaluate and identify significant
reductions in the percentages of BAT3, CD69, and IFNY positivity in CD4* and CD8" T
cells and NK cells from glioblastoma patients.
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The evidence suggests that galectin-9 promotes dissociation of BAT3 with TIM-3,
subsequently promoting TIM-3-mediated T cell terminal differentiation, exhaustion, and
cell death [20]. Indeed, glioma patients with galectin-9 over-expression have shown sig-
nificantly shorter overall survival rates [43], while galectin-9/TIM-3 association mediates
glioma development [44]. We did not observe any significant elevation in the percentage of
TIM-3 positivity on healthy donor T and NK cells following short-term stimulation with
galectin-9 (nor HMGB1, another known ligand for TIM-3). Interestingly, galectin-9 (and
HMGBI) is elevated in glioblastoma tumor tissue, suggesting that persistent long-term
stimulation with galectin-9 may be required for enhanced TIM-3 expression. Alternatively,
whether another key molecule other than galectin-9 can directly or indirectly regulate TIM-3
expression in the glioblastoma setting is open for speculation and requires further study.

Our current findings have potential clinical implications. Several clinical trials evalu-
ating the PD-1 inhibitors Nivolumab and Pembrolizumab have produced disappointing
outcomes and often failed to reach primary endpoints [7,45]. The lack of clinical efficacy of
these inhibitors is attributed to several causes. However, one possibility is that the role of
these inhibitory receptors may not be as critical for glioblastoma development compared to
other tumor types. Other inhibitory and checkpoint receptors that have garnered less attrac-
tion for therapeutic targeting, such as TIM-3, may be more vital for overall tumor-driven
immunosuppression in the glioblastoma setting, especially as TIM-3 (unlike many other
checkpoint receptors) is over-expressed in glioblastoma tumor tissue and correlates with
glioblastoma patients” progression-free survival. Interestingly, HAVCR2 gene expression
is correlated with the progression-free, but not overall, survival of glioblastoma patients.
As such, trialing TIM-3-targeting therapeutics may be more relevant in the current setting.
Our results indicate that targeting TIM-3 directly may offer enhanced therapeutic benefit to
those agents that target other checkpoint receptors.

5. Conclusions

In summary, our data demonstrate the differential maintenance of TIM-3 surface
expression on CD4" and CD8" T cells, as well as NK cells, from glioblastoma patients
compared to cells from healthy donors following stimulation. This change correlates
with a reduction in the positivity of BAT3, a key TIM-3-regulating protein. Unlike CD4*
and CD8" T cells and NK cells from healthy donors, stimulation did not enhance the
percentage positivity of BAT3 in CD4" and CD8* T cells or NK cells from glioblastoma
patients. Subsequent reductions in the positivity of the cell activation marker CD69 and
the key pro-inflammatory cytokine IFNy were also observed in CD4* and CD8" T cells
and NK cells from glioblastoma patients. Overall, our data indicate a novel mechanism of
glioblastoma-induced suppression of T and NK cell effector and cytotoxic function, driven
by TIM-3 and BAT3 dysregulation.
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