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ABSTRACT
Potassium ions (K+) released from dying necrotic tumour cells accumulate in the tumour microenvironment (TME) and increase
the local K+ concentration to 50 mM (high-[K+]e). Here, we demonstrate that high-[K+]e decreases expression of the T-cell
receptor subunits CD3ε and CD3ζ and co-stimulatory receptor CD28 and thereby dysregulates intracellular signal transduction
cascades. High-[K+]e also alters the metabolic profiles of T-cells, limiting the metabolism of glucose and glutamine, consistent
with functional exhaustion. These changes skew T-cell differentiation, favouring Th2 and iTreg subsets that promote tumour
growth while restricting antitumour Th1 and Th17 subsets. Similar phenotypes were noted in T-cells present within the necrosis-
prone core versus the outer zones of hepatocellular carcinoma (HCC)/colorectal carcinoma (CRC) tumours as analysed by GeoMx
digital spatial profiling and flow-cytometry. Our results thus expand the understanding of the contribution of high-[K+]e to the
immunosuppressive milieu in the TME.

1 Introduction

Therapies that boost antitumour T-cell-mediated immunity,
including cellular engineering strategies, chimeric antigen
receptor (CAR) T-cell therapy, adoptive cell therapies and
immunotherapies, have emerged as promising treatments for
diverse cancers. Yet, the clinical efficacy of such approaches
remains limited to a small percentage of patients [1–3]. In part,

this is because the tumour microenvironment (TME) weakens
immune responses by infiltrating lymphocytes in multiple ways
[4]. Therefore, there is an increasing interest to reveal associated
immunosuppressive mechanisms.

Following encounter with specific antigens, T-cells activate,
proliferate and differentiate into distinct effector and memory
subsets. Complex signalling and metabolic cascades polarize
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T-cells into T helper 1 (Th1), Th2, Th17 or induced regulatory
(iTreg) subsets that exhibit distinct phenotypes and functional
activities. Th1 cells mediate antitumour responses and are asso-
ciated with better prognosis in the majority of tumours, whereas
Th17 cells contribute to tumour elimination. In contrast, Th2
cells negatively impact antitumour immunity and iTreg subsets
create a pro-tumorigenicmicroenvironment by dampening T-cell
effector function. An increased number of Th2 cells in the TME
is associated with enhanced aggressiveness of tumours [5, 6].

A complexity of elements in the TME influences the function of
T-cells and their differentiation to antitumour versus pro-tumour
subsets. One such factor is extracellular potassium ions ([K+]e)
released by dying necrotic tumour cells, which accumulate in
the TME. Laser-induced breakdown spectroscopy has revealed
substantially higher amounts of K+ at the tumour border in
bone-invasive oral cancer compared to healthy bones [7]. [K+]e
concentrations in the TME (∼50 mM, designated here as high-
[K+]e) are about 10 times higher than concentrations in the serum
(3.5–5 mM) [8]. Tumour-infiltrating lymphocytes (TILs) exposed
to the high-[K+]e-rich tumour interstitial fluid accumulate K+

intracellularly [8, 9]. The intracellular K+ concentration is nor-
mally around 135–145 mM. Accumulation of K+ in TILs raises the
intracellular K+ concentration above a critical threshold, termed
the ‘K+ ionic-checkpoint’, causing suppression of antitumour
TIL function [8, 9]. Here, utilizing human peripheral blood and
hepatocellular carcinoma (HCC) and colorectal carcinoma (CRC)
tissue samples, we explored the impact of high-[K+]e on T-cell
signalling and effector function. We demonstrate that high-[K+]e
disrupts T-cell-mediated signals implicated in T-cell metabolism
and skews the differentiation of T-cell towards subsets that favour
tumour growth.

2 Results

2.1 High-[K+]e Inhibits T-Cell Proliferation by
Impeding T-Cell Receptor (TCR) Signalling

In a previous study, we reported that cells maintained viability
under isotonic high-[K+]e conditions, whereas hypertonic high-
[K+]e was cytotoxic to T-cells in culture [9]. Therefore, we used
isotonic high-[K+]e in all the experiments in the current study.
Exposure to isotonic 50 mM high-[K+]e significantly suppressed
the proliferation of CD4+ and CD8+ T-cells following activation
via TCR engagement (Figure 1A). High-[K+]e also suppressed
interferon-gamma (IFN-γ) production by T-cells (Figure S1). This
inhibitory effect was specific to high-[K+]e, as replacing [K+]e
with a similar amount of an inert cation tetramethylammonium
did not impact IFN-γ production (Figure S1).

We compared the effect of high-[K+]e versus physiological 5 mM
[K+]e on intracellular molecules that transduce TCR-mediated
signals (Figure 1B) to understand the immunosuppressivemecha-
nisms. High-[K+]e significantly enhanced phosphorylation of the
Src family protein tyrosine kinase Lck at its negative-regulatory
C-terminal tail (pLck-Y505) (Figure 1C). Because Y505 phospho-
rylation of Lck inhibits its catalytic activity [10], we examined
downstream signalling proteins that are typically phosphorylated
byLck, namely, ZAP70 (TCRzeta-chain-associated protein kinase
70), LAT (linker for activation of T-cells) and PLCγ1 (phospho-

lipase Cγ1). Phosphorylation of all three substrates was signifi-
cantly reduced by high-[K+]e (Figure 1C). Signalling molecules
further downstream in the cascade (p38, ERK1/2 [extracellular
signal-regulated kinase 1 and 2], JNK [Jun N-terminal kinase],
PKCθ [protein kinase C theta] and c-Jun) were also inhibited by
high-[K+]e (Figure 1C). These results demonstrate that high-[K+]e
suppresses TCR-dependent signalling cascade that is required for
T-cell effector function.

2.2 High-[K+]e Reduces TCR Subunits and
Co-Stimulatory Molecules

Given the important roles that TCR subunits (CD3ζ, CD3ε) and
co-stimulatory receptors (CD28, LFA-1, CD2 and ICOS) play in
T-cell effector function, we assessed the effect of high-[K+]e on
the expression of these molecules following stimulation by TCR
crosslinking. Exposure to high-[K+]e reduced mRNA expression
of both CD3ζ and CD3ε in activated T-cells (Figure S2A,B). Flow-
cytometry analysis confirmed high-[K+]e-mediated reduction in
the expression of CD3ζ and CD3ε subunits in activated CD4+ as
well as CD8+ T-cells (Figure 2A,B). High-[K+]e also suppressed
activation-induced expression of the co-stimulatory receptor
CD28 (Figure 2C, Figure S2C), but not LFA-1, CD2, and ICOS in
either CD4+ or CD8+ T-cells (Figure S3).

Surface TCR subunits and co-receptors are rapidly internalized
following stimulation and are either recycled to the cell surface
or degraded in lysosomes [11]. To test if lysosomal degradation
underlies high-[K+]e-mediated decrease inCD3ζ, CD3ε andCD28,
we added a lysosomal inhibitor, chloroquine (20 µM), during
TCR engagement. Chloroquine partially reversed the high-[K+]e-
induced decrease in CD3ζ expression (Figure 2D, Figure S4A),
suggesting that lysosomal degradation contributes to high-
[K+]e-dependent reduction in CD3ζ expression. Of relevance,
high-[K+]e significantly upregulated mRNA expression of the
lysosomal protein LAPTM5 (Figure S5A), which interacts specif-
ically with CD3ζ and promotes its lysosomal degradation without
affecting CD3ε, CD3δ or CD3γ [12, 13]. A LAPTM5-dependent
lysosomal mechanism may contribute to downregulation of
CD3ζ in high-[K+]e. Chloroquine did not prevent high-[K+]e-
induced decrease in expression of CD3ε and CD28 (Figure 2E,F,
Figure S4B,C), suggesting that lysosome-independent mecha-
nisms underlie high-[K+]e-mediated downregulation of CD3ε and
CD28.

2.3 High-[K+]e Drives T-Cells Into a State of
Functional Exhaustion

We examined the effect of high-[K+]e on the expression of T-cell
inhibitory molecules following stimulation by TCR crosslink-
ing. High-[K+]e increased mRNA and protein expression of
the inhibitory receptors PD-1 and LAG-3 in CD4+ and CD8+
T-cells (Figure 3A,B, Figure S5B,C). Among activated T-cell
populations containing a mixture of CD4+ and CD8+ T-cells,
high-[K+]e augmented the proportions of CD69+ (Figure 3C)
and CD69+CD25− T-cells (Figure S6A), with a proportionate
decrease in CD69−CD25+ T-cells (Figure 3D). CD69 is a type II
glycoprotein that facilitates tumour immune escape by causing
T-cell exhaustion [14, 15]. CD69+CD25− T-cells are known to
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FIGURE 1 Effect of high-[K+]e on T-cell proliferation and TCR-mediated signalling. Human primary T-cells were activated via anti-CD3/28 in 5 or
50mM [K+]e medium. (A) Flow-cytometry histograms (upper panel) showing CFSE dilution of proliferating CD4+ and CD8+ T-cells 72 h post-activation
from a single representative donor. Line graphs (lower panels) showing relative % of proliferating CD4+ and CD8+ T-cells measured at 24 h intervals
over a period of 72 h. Each data point is mean ± SEM of six independent experiments using PBL T-cells from six different donors. (B) A schematic of
the TCR-mediated signalling pathways. (C) After 72 h activation, cells were lysed and subsequently analysed by Western blotting to determine specific
phosphorylation of TCR signalling proteins pLck (Y505), pZAP70 (Y319), pLAT (Y171), pPLCγ1 (Y783), pp38 (T180/Y182), pERK1/2 (T202/Y204) and pJNK
(T183/Y185). Blots were also probed using antibodies against total proteins ZAP70, p38, ERK1/2, JNK, PKCθ and c-Jun, as well as actin, to confirm equal
loading. Full-length blots are provided in the Supporting Information section. Densitometric analysis was performed relative to actin. Densitometry
values indicated in the blots, normalized based on control T-cells activated in 5 mM [K+]e, are the means of at least three independent experiments
using PBL T-cells from at least three different donors. p values were calculated using a two-tailed paired t-test (*p < 0.05; ***p < 0.001). CFSE, carboxy
fluorescein succinimidyl ester.
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FIGURE 2 Effect of high-[K+]e on the expression of TCR subunits and the co-receptor CD28. Human primary T-cells were activated via anti-
CD3/28 in 5 or 50 mM [K+]e medium for 72 h. Cells were immuno-stained for (A) CD3ζ, (B) CD3ε and (C) CD28 and their expression levels in CD4+

and CD8+ T-cells were quantified using flow-cytometry. Histograms (upper panels) show fluorescence intensities corresponding to surface/intracellular
expression of CD3ζ, CD3ε and CD28 72 h post-activation (a leftward shift indicates reduced expression) and bar graphs (lower panels) show their mean
fluorescence intensities (MFIs). During the last 24 h of activation, cells were treated with 20 µM chloroquine and cellular expression levels of (D)
CD3ζ, (E) CD3ε and (F) CD28 were quantified by flow-cytometry. Each data point represents PBL T-cells from an individual donor, and bar graphs
show mean ± SEM. A two-tailed paired t-test (A–C) and one-way ANOVA (D–F) were used for statistical analysis of the results (*p < 0.05; **p < 0.01;
***p < 0.001; ns, non-significant).

exhibit suppressive regulatory function [16]. We next determined
if these changes were in the CD4+ and/or CD8+ subsets. The
CD69+CD25− subset comprised about 3%–6% of both subsets
when T-cells were activated in normal 5 mM [K+]e but increased
to 12% in the CD4+ subset with no change in the CD8+ subset
when activation occurred in high-[K+]e (Figure S6B). Notably, the
majority (>70%) of CD69+CD25− cells in both CD4+ and CD8+
subsets were FOXP3+, suggesting their potential regulatory func-
tion. These effects of high-[K+]e were concentration-dependent
within the tested range of 12.5–80 mM [K+]e (data not shown).

We reported earlier that high-[K+]e reduced T-cell cytotoxicity of
K562 cells [9]. In further support of functional exhaustion,we find
that high-[K+]e suppresses T-cell-mediated cytotoxicity of the
breast cancer cell line MCF-7 (assessed by real-time impedance-
based measurements) compared to physiological 5 mM [K+]e
(Figure 3E).

Mitochondrial dysfunction is a key feature of T-cell exhaustion
[17]. Therefore, in addition to cytotoxicity assays, we performed
mitochondrial assays to further confirm T-cell functional exhaus-

tion. High-[K+]e impaired T-cell mitochondrial function by
lowering the mitochondrial membrane potential (Figure 3F),
mitochondrial mass (Figure 3G) and the expression of proteins
associated with mitochondrial dynamics, including dynamin-
related protein 1 (DRP-1) and mitofusin-1 (MFN-1) (Figure 3H).
Significantly, increased intracellular levels of reactive oxygen
species were also noted in T-cells in the presence of high-
[K+]e (Figure 3I). Taken together, our data suggest that high-
[K+]e suppresses T-cell proliferation and cytokine production by
decreasing critical signalling molecules, augmenting inhibitory
proteins and impairing mitochondrial function, all of which are
characteristics of functional T-cell exhaustion.

2.4 High-[K+]e Skews T-Cell Metabolic Pathways

T-cells utilize glucose and glutamine as nutrient sources during
activation. Accordingly, glycolysis and glutaminolysis coopera-
tively control T-cell effector function (Figure 4A). Bothmetabolic
processes are regulated by AMPKα (AMP-activated protein
kinase catalytic subunit alpha), its substrate ACC (acetyl-CoA
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FIGURE 3 Effect of high-[K+]e on T-cell exhaustion markers. Human primary T-cells were activated via anti-CD3/28 crosslinking in 5 or 50 mM
[K+]e medium for 72 h. Cells were immuno-stained for (A) PD-1 and (B) LAG-3 and their expression levels in CD4+ and CD8+ T-cells were quantified
using flow-cytometry. Histograms (upper panels) show fluorescence intensities corresponding to surface/intracellular expression of PD-1 and LAG-3 72 h
post-activation (a rightward shift indicates increased expression) and bar graphs (lower panels) show their mean fluorescence intensities (MFIs). Cells
were immuno-stained for CD69 and CD25 and relative % of (C) CD69+ and (D) CD69−CD25+ T-cells was quantified by flow-cytometry at 2, 24 and 72 h
post-activation. Each data point is mean ± SEM of four independent experiments using PBL T-cells from four different donors. (E) T-cell cytotoxicity
killing of culturedMCF-7 breast cancer cells, monitored in real-time using xCELLigence RTCA system, for up to 24 h after co-culture. Arrow denotes the
time-point at which either unstimulated (control) or activated T-cells (using 1 µg/mL anti-CD3 and 20 ng/mL IL-2) in 5 or 50 mM [K+]e medium were
added to the growing monolayer of MCF-7 cells. Doxorubicin (20 µM) was added to certain wells as a toxicity control. The baseline cell index line graph

5 of 14



carboxylase), and the transcription factor c-Myc [18]. High-[K+]e
reduced the phosphorylation of AMPKα and ACC and decreased
mRNA and protein expression of c-Myc (Figure 4B, Figure S5D),
implying that exposure to high-[K+]e alters T-cell metabolic
programming. A comparative non-targeted metabolomic profil-
ing of T-cells activated under high-[K+]e showed two distinct
groups of metabolites separated by principal component analysis
(Figure S7). We identified 28 metabolites that were significantly
dysregulated in T-cells by high-[K+]e (Figure 4C), particularly
metabolic pathways involving glycerophospholipids/lipids and
the TCA cycle (Figure 4D). Because dysregulated lipid pathway
by extracellular [K+]e has been highlighted in an earlier study
[19], we focused on carbohydrate metabolism in the current
investigation.

Glucose is transported into T-cells by glucose transporters,
mainly GLUT1 and GLUT4, whereas transport of glutamine is
by SLC38A1. In activated T-cells, high-[K+]e decreased levels of
mRNA and proteins for GLUT1, GLUT4 and SLC38A1 (Figure 4E,
Figure S8A,B) and accordingly reduced the uptake of glucose
and glutamine (Figure 4F, Figure S8C). Once inside T-cells,
glucose and glutamine undergo glycolysis and glutaminoly-
sis, respectively, and generate ATP that fuels T-cell effector
function. High-[K+]e decreased expression of key enzymes
involved in glycolysis, hexokinase 2 (HK2, Figure 4G) and
the alternative pentose phosphate pathway, glucose-6-phosphate
dehydrogenase (G6PD; Figure 4H). Moreover, high-[K+]e sig-
nificantly decreased the expression of glutaminolysis-associated
enzymes: glutaminase (GLS), glutamine synthetase (GS) and
glutamate dehydrogenase 1 (GLUD1) (Figure 4I) that produce
substrates to drive the TCA cycle and contribute to energy
production in activated T-cells. Reduced mRNA and protein
expression of key enzymes involved in TCA cycle, citrate syn-
thase (CS) and fumarate hydratase were evidently observed
(Figure 4J,K). These results suggest that high-[K+]e induces
functional exhaustion of T-cells by diminishing glycolysis and
glutaminolysis.

To further substantiate the impact of high-[K+]e in dysregulating
T-cell carbohydrate metabolism in human cancer, we performed
GeoMx digital spatial profiling of HCC/CRC tumour-infiltrated
T-cells (Figure 5A). Dysregulated TCA cycle and TCR signalling
were evident in T-cells that were infiltrated in the tumour core
(necrotic and [K+]e-enriched region) compared to T-cells present
in the peripheral (outer) zone of HCC/CRC tumour tissues
(Figure 5B).

2.5 High-[K+]e Shifts the Balance of T-Cell
Differentiation Towards Th2

Because T-cell differentiation is dependent on cellular
metabolism [20–22], we investigated whether high-[K+]e-
mediated changes in T-cell metabolism impact differentiation
into various CD4+ subsets (Figure 6A). We isolated T-cells
from healthy donors’ peripheral blood, stimulated via TCR
engagement in the absence or presence of high-[K+]e for 6
days, and measured the proportion of Th1, Th2, Th17 and
iTreg subsets. T-cell differentiation was allowed to progress in
an unbiased manner with no agents (e.g., antibodies against
cytokines or polarizing cytokines) added to skew differentiation
along a particular lineage. Exposure to high-[K+]e decreased
the proportion of CD4+ Th1 cells with a consequent increase
in Th2 cells (Figure 6B, Figure S9). In support of this Th2
bias, high-[K+]e decreased secretion of the Th1 cytokine IFN-γ
and increased secretion of the Th2 cytokine IL-4 (Figure 6C).
Furthermore, high-[K+]e decreased the expression of T-bet,
a master regulator of Th1 differentiation, and increased the
expression of GATA3, a master regulator of Th2 differentiation
(Figure 6D, Figure S10), along with transcriptional regulators of
GATA3 (EGR1, JunB, c-MAF, and RBPJ; Figure 6E).

High-[K+]e inhibited T-cell Th17 differentiation, reduced the
expression of RORγt (a master regulator of Th17 differentiation)
and the interleukin 17 receptor (IL-17R) and suppressed the
secretion of the Th17-specific pro-inflammatory cytokine IL-17A
(Figure 6F). In contrast, high-[K+]e enhanced the proportion
of CD4+ iTreg cells and augmented the expression of FOXP3
(Figure 6G, Figure S11) along with transcriptional regulators of
FOXP3 (CTLA4, CD73, EOS, FOXO3, FOXO1, c-Rel; Figure 6H)
that are responsible for T-cell differentiation into iTreg.

To further substantiate the impact of high-[K+]e in driving T-
cell differentiation towards the Th2 and iTreg subsets, T-cells
present in the necrosis-prone tumour core were phenotyped and
compared with T-cells present in the outer zone of HCC/CRC
tumours (Figure 6I, Figure S12). Congruent with the above
findings, we found a significant decrease in Th1 cells and an
increase in Th2 cells in the core of HCC/CRC tumours compared
to their periphery (Figure 6J).

We performed point biserial correlation analysis to assess the
relationship between the relative percentages of Th1/Th2 subsets
in the outer and core regions of the tumours. Analysis of the

represents three independent experiments that exhibited similar readouts. T-cells were stained with (F) MitoTracker Red CMXRos dye (MitoRed) to
quantifymitochondrialmembrane potential or (G)MitoTracker Green FMdye (MitoGreen) to quantifymitochondrialmass. Flow-cytometry histograms
(upper panels) show fluorescence intensities corresponding to MitoRed and MitoGreen signals obtained from a single representative donor’s T-cells (a
leftward shift indicates reduced signals), and bar graphs (mean ± SEM, lower panels) show mean fluorescence intensities (MFIs) in CD4+ and CD8+

T-cells. (H) Cells were lysed and subsequently analysed by Western blotting for the expression of DRP-1 and MFN-1. Blots were probed with actin to
confirm equal loading and densitometry values indicated in the blots, normalized based on control T-cells activated in 5 mM [K+]e, are the mean of at
least three independent experiments using PBL T-cells from at least three different donors. Full-length blots are provided in the Supporting Information
section. (I) T-cells activated in 5 or 50mM [K+]e medium for 72 h were stained with CellROXDeep Red reagent to quantify levels of intracellular reactive
oxygen species ([ROS]i) by flow-cytometry. Histograms show fluorescence intensities corresponding to CellROXDeep Red reagent signals obtained from
a single representative donor’s T-cells and bar graph (mean ± SEM) show MFI values. Each data point in bar graphs represents PBL T-cells from an
individual donor. A two-tailed paired t-test (C–E, H, and I) and one-way ANOVA (A, B, F, andG)were used for statistical analysis of the results (*p< 0.05;
**p < 0.01; ***p < 0.001). DRP-1, dynamin-related protein 1.
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FIGURE 4 Effect of high-[K+]e on T-cell metabolomics and metabolomic pathways. (A) Schematic of glucose and glutamine metabolism and
associated enzymes involved in regulating T-cell function. (B) Human PBL T-cells were activated via anti-CD3/28 in 5 or 50 mM [K+]e medium, lysed
after 24 h activation and subsequently analysed byWestern blotting for the expression of pAMPKα (T172), pACC (S79) and c-Myc. Blots were also probed
using antibodies against total proteins pAMPKα, ACC, GAPDH and actin to confirm equal loading. (C) Human PBL T-cells from four healthy donors
(n = 4) were activated separately via anti-CD3/28 in 5 or 50 mM [K+]e medium for 6 days. Metabolomic analysis was performed by mass spectrometry,
and cellular metabolites exhibiting at least a 0.5-fold change in the upregulation (indicated in red dots) or downregulation (indicated in blue dots)
due to exposure to high-[K+]e are shown. (D) Summary of metabolic pathway enrichment analysis performed in MetaboAnalyst (Version 5.0., URL:
https://www.metaboanalyst.ca). (E) After 24 h activation, expression levels of GLUT1, GLUT4 and SLC38A1mRNA transcripts in T-cells were quantified
by RT-qPCR. (F) After 24 h activation, cellular uptake of glucose and glutamine was quantified using bio-luminescence assays in terms of relative light
units (RLUs). (G) After 24 h activation, expression levels of HK2 mRNA transcripts and protein were quantified by RT-qPCR and Western blotting,
respectively. (H) After 24 h activation, expression levels of G6PD mRNA transcripts were quantified by RT-qPCR. (I) After 24 h activation, cells were
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Th2 subset yielded a positive point biserial correlation coefficient
(rpb) of +0.23, which indicates an increase in the relative % of
the Th2 subset towards the tumour core. In contrast, analysis of
the Th1 subset yielded a negative rpb value of −0.23 (Figure 6J),
which indicates a decrease in the relative % of Th1 subset towards
the tumour core. Significantly higher % of FOXP3+CD4+ T-cells
was also noted in HCC/CRC tumours compared to peripheral
blood obtained fromhealthy volunteers (Figure 6K). These results
confirm that high-[K+]e skews T-cell differentiation towards
Th2 and iTregs, which would ultimately favour tumour immune
escape.

3 Discussion

The TME harbours increased [K+]e, adenosine, lactate, acido-
sis, phosphatidylserine, vascular endothelial growth factor and
hypoxia. All these agents acting in concert depress the function
of infiltrating T-cells and other immune cell types, ultimately
impairing antitumour immune responses [4]. Of relevance to our
study, the [K+]e concentration in the TME is 10 times higher than
in serum. Here, we show that high-[K+]e limits the ability of T-
cells to proliferate and transforms T-cells into a hyporesponsive
state of exhaustion by disrupting TCR signals and dysregulating
mitochondrial and metabolic function during the early stages
of T-cell activation that ultimately skew T-cell differentiation
towards suppressive Th2 and iTreg subsets.

The overall activation state of T-cells and their ability to prolifer-
ate is vital in eliciting an optimal antitumour response [22–24].
A functionally active assembly of the TCR complex requires
appropriate expression of all the TCR subunits, including the
CD3ε and CD3ζ chains. CD28 provides a second signal, which is
essential for the activation, effector function, and differentiation
of T-cells [25–27]. High-[K+]e, through reduced expression of
CD3ζ, CD3ε, and CD28, impaired TCR signalling cascades and
dampened T-cell activation. The effects of high-[K+]e on T-cell
effector function were evident in the early stages of activation, as
early as 24 h. High-[K+]e-mediated impairment of TCR signalling
and dysregulation of T-cellmitochondrial andmetabolic function
also occurred during early stages of activation. These results
suggest that changes occurring within the first 24–48 h skew T-
cell differentiation (in vitro differentiation assay is 5- to 7-day
duration) towards suppressive Th2 and iTreg subsets.

The expression and recycling of T-cell surface receptors are regu-
lated by multiple mechanisms, and proteolysis plays a key role
[11]. Studies with the lysosomal inhibitor chrloroquine suggest
that high-[K+]e-mediated decreased surface expression of CD3ζ in
activated T-cells is partially dependent on lysosomal proteolysis.
Notably, high-[K+]e upregulates the lysosomal protein LAPTM5,

which promotes lysosomal degradation of CD3ζwithout affecting
CD3ε, CD3δ or CD3γ [12, 13], suggesting that a LAPTM5-
dependent lysosomal mechanism may contribute to downregu-
lation of CD3ζ in high-[K+]e. Because chloroquine treatment did
not prevent the high-[K+]e-driven reduction of CD3ε and CD28
expression, it is likely that lysosomal-independent mechanisms
are operative. High-[K+]e inhibits the ability of T-cells to produce
IL-2 [9], which is required for CD28 expression [28]. PD-1, a
known inhibitor of CD28 expression and TCR signalling [29,
30], is also upregulated by high-[K+]e. These mechanisms may
contribute to the downregulation of CD28 in high-[K+]e. In sum-
mary, complex lysosomal-dependent and lysosomal-independent
mechanisms contribute to the high-[K+]e-dependent decrease in
CD3ζ, CD3ε and CD28.

High-[K+]e upregulated the expression of inhibitory receptors,
PD-1 and LAG3, which are important molecules causing T-
cell exhaustion [31]. A recent study using mouse models of
melanoma showed that both inhibitory receptors (PD-1 and
LAG3) synergize in driving T-cell exhaustion and hindering
antitumour immunity [32]. Moreover, combinatorial targeting
of LAG-3 (by anti-LAG-3, relatlimab) and PD-1 (by anti-PD-1,
nivolumab) showed enhanced efficacy inmelanomapatients [33].
High-[K+]e also decreased the uptake and metabolism of glucose
and glutamine and impaired the activity of proteins controlling
the T-cell metabolic program (AMPKα, c-Myc), leading to T-cell
exhaustion. The altered metabolic profile skewed T-cell differen-
tiation towards subsets (Th2 and iTreg) that can promote tumour
growth while decreasing subsets with antitumour potential (Th1,
Th17).

CRISPR-Cas9-mediated disruption of the ATP1A1 gene that
encodes Na+/K+ ATPase decreased intracellular K+ inmouse and
humanCD8+ T-cells [34], presumably by decreasingK+ entry into
the cells. Exit of K+ from TILs is through two K+ channels, KV1.3
and KCa3.1 [35]. Both channels have been reported to be reduced
in TILs due to hypoxia and acidosis in the TME and the action of
inhibitory receptors [35]. Therefore, therapeutic approaches that
modulate the entry and exit pathways of K+ in TILs or buffer
intracellular K+ may optimize antitumour TIL function.

Precisely controlled signalling cascades, cellular metabolism and
energy are important for T-cells to achieve optimal activation.
We observed high-[K+]e-induced impairment in the activity of
AMPKα and c-Myc, the two important proteins that control the
T-cell metabolic program [36]. Although an impaired AMPKα
activity would render T-cells incapable of generating sufficient
ATP for their effector function, insufficient c-Myc expression
would inhibit the expression of glucose and glutamine trans-
porters needed by active T-cells for their glucose and glutamine
uptake and energy production [37]. The impairment of glucose

lysed and subsequently analysed by Western blotting for the expression of GLS, GS and GLUD1. (J) After 24 h activation, expression levels of CS mRNA
transcripts were quantified by RT-qPCR. (K) After 24 h activation, cells were lysed and subsequently analysed by Western blotting for the expression of
fumarate hydratase. Densitometry values indicated in the blots (B, G, I, and K), normalized based on control T-cells activated in 5 mM [K+]e relative to
actin, are mean of at least three independent experiments using PBL T-cells from at least three different donors. Full-length blots are provided in the
Supporting Information section. Each data point in the graphs represents PBL T-cells from an individual donor, and bar graphs show mean ± SEM. A
two-tailed paired t-test was used for statistical analysis of the results (*p < 0.05; **p < 0.01; ***p < 0.001). CS, citrate synthase; GLS, glutaminase; GS,
glutamine synthetase; GLUD1, glutamate dehydrogenase 1.
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FIGURE 5 Digital spatial profiling of T-cells between the tumour periphery and core of HCC/CRC tumours. (A) A representative schematic of
the demarcation of the periphery (outer) and core zones of a tumour biopsy. HCC/CRC tumour (n = 8 patients) sections were stained for the following
morphological markers: CD3+ T-cells (cyan), nucleus (blue) and PanCK (green). Scale bar (white line) is 2.5 mm. (B) Bubble plot of the top 20 pathways
based on genes with a log2 fold change of 0.5 with an adjusted p value of less than 0.05 that were identified in T-cells within the tumour core compared
to T-cells within the tumour outer zones. Note: pathways highlighted in bold are in complementarity with our in vitro findings.

metabolism under high-[K+]e conditions could explain T-cell
exhaustionwith increased differentiation towards the Treg subsets
[38]. Furthermore, the reduced glucose uptake mediated by high-
[K+]e can lead to caloric restriction and induce stemness-like
phenotypes in T-cells [19]. High-[K+]e-induced impairment in
CD28 expression may have further contributed to reduced Th1
differentiation.

Aside from glycolysis, the high-[K+]e-mediated perturbations in
glutaminolysis could also reduce the relative % of Th1 and Th17
while promoting the generation of FOXP3+ Treg cells. Specifically,
it could be attributed to the reduced levels of glutathione,
which is a downstream byproduct of glutaminolysis. Because
glutathione is an immunomodulatory antioxidant that favours
Th1 response [39], high-[K+]e-mediated reduction of glutathione
would contribute to increased Th2 differentiation, which has
been associated with increased tumour proliferation [40]. Like-
wise, the decrease in AMPKα activity mediated by high-[K+]e
could have contributed to the increase in the IL-4/STAT6/GATA3

axis, driving T-cell differentiation towards the Th2 lineage [41].
Tumour-infiltrating T-cells are particularly prone to exposure to
high-[K+]e gradient from outer regions to the core region, as
tumour core contains the highest number of dying/necrotic cells
[35].

In conclusion, our investigation revealed that high-[K+]e sup-
presses T-cell function, including its activation and proliferation,
by hampering TCR-mediated signalling in conjunction with
the dysregulation of co-stimulatory molecules. It is likely that
high-[K+]e impacts multiple pathways and signalling cascades
(in addition to TCR) that favour Th2 and iTreg differentiation
and impair T-cell antitumour cytotoxicity. In the differentiation
continuum, iTreg cells are more similar to memory subsets
than effector/Th1 subsets, and they exhibit unique metabolic
behaviour. Our findings point towards a complex picture under
[K+]e, with less T-bet/Th1 abundance, typically a pre-requisite for
T-cell exhaustion. We propose that high-[K+]e-induced impair-
ment inTCR signals andmetabolic alteration inT-cells contribute
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FIGURE 6 Effect of high-[K+]e on T-cell differentiation. (A) A schematic of T-cell polarization into various Th subsets—Th1, Th2, Th17 and Treg.
Human PBL T-cells were activated via anti-CD3/28 in 5 mM [K+]e or 50 mM [K+]e for 6 days. (B) Relative % of Th1 and Th2 subsets (relative to CD4+

T-cells) was quantified by flow-cytometry. Pseudocolour plots (upper panel) display the relative population density of Th1 (bottom right quadrant) and
Th2 (top left quadrant) cell populations 6-day post-activation, and bar graphs (lower panels) show their relative % among CD4+ T-cells. (C) Secreted
levels of IFN-γ and IL-4 by T-cells 6 days post-activation as determined by ELISA. (D) Activated T-cells in “B” were lysed and subsequently analysed by
Western blotting for the expression of T-bet and GATA3. (E) Expression levels of EGR1, JunB, c-MAF, and RBPJ mRNA transcripts in activated T-cells
were determined by RT-qPCR. (F) Relative % of Th17 population (relative to CD4+ T-cells) was quantified by flow-cytometry (pseudocolor plots and
the graph). Expression levels of RORγt were determined by Western immunoblotting, surface expression of IL-17R was quantified by flow-cytometry,
and secreted levels of IL-17A were determined by ELISA. (G) Relative % of iTreg population (relative to CD4+ T-cells) was quantified by flow-cytometry
(pseudocolor plots and the graph). Cellular expression levels of FOXP3 were determined by Western blotting. (H) Expression levels of CTLA4, CD73,
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to a weakened T-cell antitumour response in the TME. A
therapeutic approach combining standard-of-care checkpoint
inhibitors with approaches to decrease elevated intracellular K+

may be beneficial.

4 Materials andMethods

4.1 Human Primary T-Cells and Tumour Tissues

Human blood buffy-coat samples from anonymized healthy
volunteers were collected from Health Sciences Authority, Sin-
gapore. Peripheral blood lymphocyte (PBL) T-cells were isolated
using density gradient centrifugation and cultured in RPMI 1640
supplemented with 10% heat-inactivated foetal bovine serum
and 1% Penicillin-Streptomycin (Thermo Fisher Scientific) in
a humidified 37◦C incubator with 5% CO2, as per our earlier
reported protocol [42]. For high-[K+]e treatment, cells were
cultured in custom prepared high-[K+]e RPMI 1640 medium
containing isotonic 50 mM K+, as described previously [9].
Experiments were performed in compliance with institutional
guidelines and were approved by the Institutional Review Board
of Nanyang Technological University Singapore (IRB-2018-05-
034). Tumour samples of HCC and CRC were obtained from Tan
Tock Seng Hospital, Singapore (DSRB#205-003).

4.2 In Vitro Activation of T-Cells

PBL T-cells were activated by TCR engagement in vitro. Briefly,
1 µg/mL monoclonal anti-human CD3 (eBioscience) diluted in
phosphate buffer saline (PBS) was coated on the wells of 12-
well plates. After overnight incubation at 4◦C, wells were washed
with PBS. T-cells (1 × 106 cells in 500 µL medium/well) in RPMI
1640 containing physiological/normal 5 mM [K+]e or treated in
isotonic 50 mM high-[K+]e medium were added into the wells.
Themediumwas supplementedwith 0.2 µg/mLmonoclonal anti-
human CD28 (eBioscience). Subsequently, cells were incubated
in a cell culture incubator for 1–6 days, depending on specific
treatment conditions/duration, and analysed.

4.3 Flow-Cytometry Analysis

T-cell proliferation was determined by CellTrace Carboxy Fluo-
rescein Succinimidyl Ester (CFSE) kit (Thermo Fisher Scientific)
as per the manufacturer’s protocol. Briefly, cells were resus-
pended in 1 mL serum-free RPMI 1640 supplemented with 5 µM
CFSE and incubated at 37◦C for 15 min. CFSE-labelled T-cells
were added to anti-CD3-coated 24-well plates in 5 or 50mM [K+]e

medium with the addition of 0.2 µg/mL anti-CD28. At defined
time-points (24 h intervals), cells were stained with anti-CD3-
BUV395, anti-CD4-BV650, anti-CD8-BV786 and 7-AAD-PE/Cy5.5
(live/dead staining, all from BD Biosciences). The proliferation
of CD4+ and CD8+ T-cells was analysed by BD LSRFortessa
X-20 Cell Analyzer. To determine T-cell differentiation into
various subsets, cells were further stained with anti-CCR4-
PE, anti-CXCR3-PE/Cy7, anti-CCR10-APC, anti-CCR6-BV421
(BioLegend), anti-CD127-PE-CF594 (Thermo Fisher Scientific),
anti-CD25-PE, Fixable Viability Stain 510 (FVS510; viability dye
for intracellular staining) and/or anti-FOXP3-R718 (BD Bio-
sciences), as needed for specific experiments, and analysed by
flow-cytometry. For certain experiments, to determine specific
protein expression levels as indicated in corresponding figure
legends, activated T-cells were stained with Mitotracker Red
CMXROS, Mitotracker Green and CellROX Deep Red reagent
(Thermo Fisher Scientific), 2-NBDG (MedchemExpress), anti-
CD217(IL-17Ra)-APC, anti-LFA-1-PE/Cy7, anti-CD2-FITC, anti-
ICOS-PE (BD Biosciences), anti-CD69-FITC, anti-CD3ζ-PE, anti-
PD-1-PE, anti-LAG-3-BV421 (BioLegend), anti-CD28-PE (Assay
Genie), anti-GLUT1-FITC and/or anti-GLUT4-FITC (Santa Cruz)
and analysed by BD LSRFortessa X-20 Cell Analyzer.

4.4 T-Cell Cytotoxicity Assay

T-cell cytotoxicity was determined using the breast cancer cell
line MCF-7 and real-time monitoring of killing by the xCELLi-
gence RTCA system (ACEA Biosciences). Briefly, MCF-7 cells
(2.0 × 104 cells/well) were seeded in the wells of a RTCA E-
plate 16 and incubated overnight. The next day, primary T-cells
pre-activated using 1 µg/mL monoclonal anti-human CD3 and
20 ng/mL IL-2 were added to the well at an effector to target
ratio of 15:1 in 5 or 50 mM [K+]e medium. Subsequently, T-
cell-mediated killing of MCF-7 cells was automatically recorded
at 15 min intervals for up to 24 h by the xCELLigence RTCA
system. Results in terms of baseline cell index were automatically
generated by the system and presented.

4.5 Glucose Uptake Assay

Intracellular glucose levels in T-cells were assessed using the
Promega Glucose Uptake-Glo Assay kit in accordance with
manufacturer’s instructions. Briefly, T-cells (3 × 106 cells/mL)
were activated with anti-CD3/28 antibodies in 5 or 50 mM [K+]e
medium for 24 h and washed with PBS. Activated T-cells were
incubated with 1 mM 2-deoxyglucose (2-DG) in PBS for 10 min
at room temperature and transferred into the wells of a white
luminometer 96-well plate (Thermo Fisher Scientific). The stop

EOS, FOXO3, FOXO1, and c-Rel mRNA transcripts in activated T-cells were determined by RT-qPCR. (I) A schematic of the visualization of the outer
and core zones of HCC/CRC tumours. (J) Relative % of Th1 and Th2 subsets (relative to CD4+ T-cells) in HCC (hollow data points) and CRC (solid
blue data points) tumour core versus the outer zones were quantified by flow-cytometry and point biserial correlation analysis was performed (lines in
red). Positive or negative values in red are point biserial correlation coefficients (rpb). (K) Relative % of FOXP3+CD25+CD127(low) population (relative to
CD4+ T-cells) in HCC/CRC tumours versus peripheral blood were quantified by flow-cytometry. Densitometry values indicated in the blots (D, F, and
G), normalized based on control T-cells activated in 5 mM [K+]e relative to actin or GAPDH, are mean of at least three independent experiments using
PBL T-cells from at least three different donors. Full-length blots are provided in the Supporting Information section. Each data point in the graphs
represents PBL T-cells from an individual donor, and bar graphs show mean ± SEM. A two-tailed paired t-test was used for statistical analysis of the
results (*p < 0.05; **p < 0.01; ***p < 0.001). MFI, mean fluorescence intensities.
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and neutralization buffers were sequentially added with gentle
shaking between each addition. The 2-DG-6-phosphate (2DG6P)
detection reagent, prepared according to the manufacturer’s
instructions, was added to the wells and incubated for 30 min at
room temperature with gentle shaking. Luminescence readouts
were recorded with an integration time of 1 s on the SkanIt
Varioskan LUX Multimode multiple reader (Thermo Fisher
Scientific).

4.6 Glutamine Uptake Assay

Intracellular glutamine levels in T-cells were assessed using
PromegaGlutamine/Glutamate-GloAssay kit in accordancewith
manufacturer’s instructions. Briefly, T-cells (3 × 106 cells/mL)
were activated with anti-CD3/28 antibodies in 5 or 50 mM [K+]e
medium for 24 h and washed with 1× PBS. Activated T-cells
were resuspended in PBS and lysed with the inactivation solution
I (0.3 N HCl). The lysates were transferred into the wells of a
white luminometer 96-well plate (Thermo Fisher Scientific) and
shaken for 5 min. Tris solution I (600 mM Tris, pH 8.5) was
then added to the wells and shaken for an additional 1 min.
The glutaminase assay buffer was added to the wells and shaken
for 1 min before the plate was incubated for 30 min at room
temperature. The glutamate detection reagent, supplemented
with other components, was subsequently added to the wells and
shaken for 1 min followed by 1 h incubation at room temperature.
Luminescence readouts were recorded with an integration time
of 1 s on the SkanIt Varioskan LUX Multimode multiple reader
(Thermo Fisher Scientific).

4.7 Metabolomics Analysis

PBL T-cells collected from four different donors were activated in
either 5 or 50 mM [K+]e medium for 6 days. Cells were washed
twice with 150 mM ice-cold NaCl, harvested and centrifuged at
3000 × g for 5 min at 4◦C prior to storage at −80◦C for further
analysis. Cellular metabolites (both aqueous and liquid extracts)
were extracted using a previously reported two-phase extraction
protocol [43]. Briefly, lipidmetabolites were separated from aque-
ous species using methanol:chloroform:3.8 mM tricine solution
(1:1:0.5, v/v). An Acquity UPLC system (Waters) in tandem with
a Q Exactive mass spectrometer (Thermo Fisher Scientific) was
used to analyse aqueous extracts. A C18 reversed phase column
(2.1 × 100 mm2, 1.7 µm, Acquity UPLC HSS T3 column, Waters)
and the following two solvents were used: solvent A—water
with 0.1% formic acid (Merck) and solvent B—methanol (Fisher
Scientific, optima grade) with 0.1% formic acid. The following
column equilibration step was used (UPLC program): 0.5 min in
0.1% solvent B followed by gradient steps of increasing amounts of
solvent B from 0.1% to 50% over 8 min duration before being held
at 98% for 3 min. After these steps, column was washed for 3 min
with 98% acetonitrile (LiChrosolv grade, Merck) containing 0.1%
formic acid and finally equilibrated at 0.1%B for 1.5min. The flow-
rate and the column temperature were kept at 0.4 mL/min and
30◦C, respectively. Electrospray ionization was performed in both
positive and negative modes with a mass range of 70–1050m/z at
a resolution of 70,000. Sheath and auxiliary gas flow was kept at
30.0 and 20.0 (arbitrary units), respectively, with 400◦C capillary
temperature and 1.5 and 1.25 kV spray voltage for positive and

negative mode ionization, respectively. An Acquity UPLC system
coupled to a Synapt G2-Simass spectrometer (Waters) was used to
analyse lipid extracts. A C18 UPLC column (1.0 × 50 mm2, 1.7 µm,
Acquity UPLC CSH column, Waters) and the following two
solventswere used: solventA—methanol:acetonitrile:water (2:2:1
v/v) containing 0.1% acetic acid (Merck) and 0.025% ammonia
solution (VWR), and solvent B—isopropanol containing 0.1%
acetic acid and 0.025% ammonia solution. The following UPLC
programme was used: The gradient was initially held for 1 min at
0.1 mL/min in 1% solvent B. Thereafter, solvent B was increased
to 82.5% over 9 min and further to 99% for a 5 min wash at
0.15 mL/min. The column was re-equilibrated in 1% solvent B
for 2 min at 0.1 mL/min. The column was maintained at 45◦C.
Electrospray ionization was carried out in both positive and
negativemodes with amass range of 100–1800m/z at a resolution
of 10,000. Cone and desolvation gas flows were kept at 40.0
and 600.0 (L/h), respectively, at 600◦C with capillary voltages
of 2.0 and 1.0 kV, respectively, for positive and negative mode
ionization. The quality control sample comprised equal aliquots
of each sample and was run at regular intervals during the batch
LC–MS runs. The raw LC/MS data were processed using XCMS,
a widely used R package for peak finding, and quality control
samples were used to adjust for instrumental drift. Putative
metabolite identities were assigned based on detectedmass peaks
by matching the respective masses with the KEGG and Human
Metabolome Database (<10 ppm error). The identities of selected
metabolites of interest were confirmed on the basis of metabolite
standards. Identified metabolites that attained both p values
<0.05 (Welch’s t-test) and showed at least 50% increased or
decreased relative abundance in all four biological replicates were
further analysed. Themetabolomemapping and gene–metabolite
interaction networks were constructed using MetaboAnalyst
5.0.

4.8 Real-Time Quantitative PCR (RT-qPCR)

At the end of experimental treatments, as indicated in respective
figure legends, T-cells were harvested, centrifuged at 5000 × g for
5 min, and RNA was isolated using RNeasy Mini Kit (Qiagen).
The concentrations of isolated RNA samples were determined
using Nanodrop 2000 Spectrophotometer. Complementary DNA
(cDNA) was generated from 1 µg of RNA samples usingM0MuLV
Reverse Transcriptase (New England Biolabs), oligo DT primers
(Promega) and the Applied Biosystems thermocycler. qPCR
was performed using PowerUp SYBR Master Mix (Thermo
Fisher Scientific) with thermal cycles as follows: 50◦C for
2 min > 95◦C for 2 min > (95◦C for 15 s followed by 60◦C for
1 min) × 40 cycles > 95◦C for 15 s > 60◦C for 1 min > 95◦C for
15 s.

4.9 Enzyme-Linked Immunosorbent Assay
(ELISA)

The amounts of secreted cytokines (IL-4, IFN-𝛾, IL-17A)
were determined using DIY ELISA Kits (Assay Genie) and
human Ready-SET-Go ELISA kits (Thermo Fisher Scientific).
Absorbance readings were recorded at 450 and 570 nm using
Varioskan LUX multimode microplate reader.
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4.10 Western Immunoblotting

At the end of experimental treatments, as indicated in respec-
tive figure legends, T-cells were harvested by centrifugation at
5000 × g for 5 min, and lysed in lysis buffer supplemented with
Pierce Protease Inhibitor, EDTA-free and PhosSTOP (Merck).
Cellular lysates were clarified by centrifugation at 13,000 × g
for 10 min at 4◦C. Bradford protein assay was performed to
determine the amounts of proteins in cellular lysates. Laemmli
sample buffer (Bio-Rad) was added to the lysates, followed by
heating of the samples at 95◦C for 5min before gel loading. Protein
samples were resolved on SDS–PAGE and then transferred onto
PVDF membranes. Subsequently, membranes were blocked with
5%Blotto (Bio-Rad) for 1 h before incubatingwith specific primary
antibodies overnight at 4◦C. After washing three times with an
interval of 5 min each using tris-buffered saline containing 0.1%
Tween-20, blots were probed with secondary antibodies of either
anti-rabbit or anti-mouse HRP conjugate (Jackson ImmunoRe-
search) and incubated for 1 h at room temperature. Blots were
developed using a chemiluminescent substrate and imaged by a
Bio-Rad ChemiDoc system. Protein bands were quantified using
densitometric analysis with the help of the ImageJ software.

5 GeoMx Digital Spatial Profiler (DSP) Whole
TranscriptomeWorkflow

HCC/CRC tumour tissue sections (n = 8) were resected from the
core to the outer peripheral zone of tumours. The sections (5 µm)
were used for GeoMx DSP whole transcriptome sequencing
(Nanostring). The slides were stained with the following panel
of morphology markers: CD3 for T-cell, Syto 83 nuclear stain and
pan cytokeratin. Subsequently, slides were treated with GeoMx
DSP oligo-conjugated RNA detection probes in accordance with
the manufacturer’s instructions. A total of 12 area of interests
(AOIs; up to 660 × 785 µm2) were selected for each tumour tissue
section. The AOIs were then exposed to ultraviolet light to cleave
the RNA tags that were hybridized to GeoMx unique hybridiza-
tion barcodes, tagged with specific RNA target identification
sequences during library preparation. The oligonucleotides were
imported into the GeoMx platform and overlaid with the section
images and AOI selection for spatially resolved RNA expression.

5.1 Statistical Analysis

All the experiments were replicated at least three times. Depend-
ing on specific experiments, comparison between two groups
was made by paired student’s t-test and comparisons of multi-
ple groups within a single experiment were made by one-way
ANOVA. Prism9.5.0 (GraphPad)was used tomake the graphs and
statistical analyses.
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