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Introduction

Cancer is one of the leading causes of death worldwide, affecting millions of
patients and their families every year. The development of immunotherapies, such as
chimeric antigen receptor T-cell (CAR-T cell) therapy, revolutionized cancer medicine.
By programming the patient’s own immune cells to target and destroy tumor

cells, this personalized approach overcomes many issues associated with classical
chemotherapeutics. Despite the promise of immunotherapies, their efficacy is limited
by T cell exhaustion, a phenomenon where T cells lose their ability to fight tumors

or viruses after prolonged exposure. This phenomenon is not easily reversible, which
has led to many research efforts attempting to understand how to program T cells
to become active fighters again. A thorough understanding of T cell exhaustion,
therefore, is critical to developing novel strategies to overcome this issue and restore
therapeutic efficacy.

In this article collection, we highlight publications that focus on T cell exhaustion in
cancer. First, Yin et al. (2023) review T cell exhaustion in the context of CAR-T cell
therapy. They explain how T cell exhaustion develops and analyze the factors that lead
to the phenomenon. Additionally, they review strategies to regulate T cell exhaustion
and improve CAR-T cell therapy. Next, Roe (2022) reviews the different types of
lymphocyte exhaustion — namely, NK cell exhaustion, B cell exhaustion, and T cell
exhaustion. The features, characteristics, and phenotypes of each type of lymphocyte
exhaustion are described in detail, and their similarities and differences are highlighted.

Following these articles, Li et al. (2022) analyzes how T cell metabolism can regulate
T cell exhaustion. They review metabolic factors that affect T cell exhaustion, such

as antigen stimulation signal strength, cytokines, and epigenetics. Additionally, they
discuss metabolic and epigenetic strategies to reverse T cell exhaustion. Next, Peng
et al. (2023) studied the mechanisms behind T cell exhaustion in the pathogenesis of
esophageal adenocarcinoma (EAC). They analyzed transcriptomic data and single-cell
sequencing data from EAC patients to understand the regulation and impact of T cell
exhaustion on the immune environment in EAC. T cell exhaustion risk scores were
found to be significantly associated with EAC survival prognosis, in addition to weak
responsiveness to immunotherapy. Together, these findings underscore the importance
of T cell exhaustion as a potential biomarker in tumor microenvironment-related
immune regulation of EAC.

4 T Cell Exhaustion and Immunotherapy
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Finally, the article collection is rounded out by an article from BD Biosciences (2023)
that focuses on strategies and key considerations for the characterization and deep
immunophenotyping of T cells. Differences between standalone panels and pre-
optimized backbone panels are explained, followed by a discussion of important
criteria for building backbone panels. The article also discusses the features and
advantages of the BD Horizon™ Human T Cell Backbone Panel for T cell research.

Through the articles presented in this curation, we hope to provide researchers with
a strong understanding of T cell exhaustion and its implications in cancer research. To
gain a better understanding of tools available to study T cells, we encourage you to

visit the BD Biosciences BD Horizon™ Human T Cell Backbone Panel page and explore

the possibilities presented there for your research.

Emily E. Frieben, Ph.D.
Associate Editor, Wiley Interdisciplinary Reviews
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Abstract

Tumour immunotherapy has achieved good therapeutic effects in clinical practice
and has received increased attention. Cytotoxic T cells undoubtedly play an impor-
tant role in tumour immunotherapy. As a revolutionary tumour immunotherapy
approach, chimeric antigen receptor T-cell (CAR-T-cell) therapy has made break-
throughs in the treatment of haematological cancers. However, T cells are easily
exhausted in vivo, especially after they enter solid tumours. The exhaustion of T
cells can lead to poor results of CAR-T-cell therapy in the treatment of solid
tumours. Here, we review the reasons for T-cell exhaustion and how T-cell exhaus-
tion develops. We also review and discuss ways to improve CAR-T-cell therapy
effects by regulating T-cell exhaustion.
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INTRODUCTION

Immunotherapy has achieved good therapeutic effects in
tumour treatment, and more attention has been given to
this method. As one of the most important immunother-
apy methods, chimeric antigen receptor T-cell (CAR-T-
cell) therapy has made breakthroughs in treating cancer.
Normal T cells cannot directly recognize antigens in vivo.
Their activation requires contact between T cells and
antigen-presenting cells (APCs) followed by the interaction
between the antigenic major histocompatibility complex
(MHC)-peptide complex and T-cell receptor (TCR). Addi-
tionally, due to the low mutational burden of tumour cells,
normal tumour-infiltrating T cells are inhibited by
immune mechanisms that prevent the autoimmune attack
of normal tissues [1]. Compared with normal T cells,
CAR-T cells express genetically modified antigen-specific
and non-MHC-restricted receptors, which contain a
single-chain variable fragment (scFv), a transmembrane
domain and an intracellular signalling domain [2]. The

CAR-T-cell therapy, immunotherapy, T-cell exhaustion

modified receptors endow CAR-T cells with the ability to
directly recognize antigens and thus improve their thera-
peutic effect. Extensive studies have shown that although
CAR-T-cell therapy has good effects in the treatment of
haematological cancer, it is not as successful in treating
solid tumours. One possible reason for this lack of efficacy
is that the T cells infiltrating solid tumours are easily
exhausted [3].

In acute infections, naive T cells are activated and
rapidly differentiate into effector T cells. This process of
differentiation involves intense transcriptional and meta-
bolic reprogramming, proliferation, and epigenetic
changes. Upon activation, T cells seek to destroy the
source of the cognate antigen, such as infected cells or
tumour cells, by releasing cytokines and directly killing
the target cells [4]. After the expansion of effector T cells
and the removal of antigens, most T cells die, and a small
fraction of T cells become memory T cells and remain for
a long time. These memory T cells downregulate the acti-
vation signal and can differentiate into effector T cells

400 | © 2023 John Wiley & Sons Ltd.
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again after corresponding stimulation. Memory T cells
rely on interleukin-7 (IL-7) and interleukin-15 (IL-15) for
self-renewal in the absence of antigens. However, in
chronic infection or cancer, T cells will differentiate
according to a different path, leading to T-cell exhaustion
[5]. The exhaustion of T cells involves hierarchical disap-
pearance of the cell function, upregulation of a variety of
coinhibitory receptors, changes in key transcription fac-
tors, metabolic changes, and loss of the ability to enter a
quiescent state to form memory T cells [5-7].

T-cell exhaustion and its negative effects on therapy are
major concerns for CAR-T-cell therapy in solid tumours. In
this review, we focus on three aspects of the exhaustion of
T cells: (i) the development of T-cell exhaustion;
(ii) reasons for T-cell exhaustion; and (iii) ways to prolong
the effective time of CAR-T-cell therapy by regulating the
exhaustion of T cells in the treatment of solid tumours.

DEVELOPMENT OF T-CELL
EXHAUSTION

T cells play a role in protecting the body and are responsi-
ble for clearing the antigen they recognize. However, in
some special cases, T cells in the human body cannot per-
form their due duties due to T-cell anergy (a state of low
reactivity due to the lack of a sufficient costimulatory or
inflammatory response to acquire the effector function)
[8] or T-cell exhaustion. The exhaustion phenomenon was
first observed in CD8+ T cells in mice with chronic lym-
phocytic choriomeningitis virus (LCMV) infection [9].
Subsequently, it was also observed to occur in cancer and
other models of infection [10]. In the initial stage of
exhaustion, CD8+ T cells lose their interleukin-2 (IL-2)-
producing functionality, high proliferation ability, and
killing ability. In the mid-term stage, they lose other abili-
ties, such as the ability to produce tumour necrosis factor.
At this stage, some virus-specific cells may completely lose
the ability to produce interferon-y (INF-y) or beta chemo-
kines or undergo degranulation in some severe cases of
exhaustion. In the final stage, antigen-specific T cells dis-
appear, and CD8+ T cells become completely exhausted
and dysfunctional [9, 11]. In general, the development of
T-cell exhaustion is progressive and evolves gradually over
a period of time. It takes weeks to observe a significant dif-
ference in the gene expression profiles between exhausted
T cells and effector T cells or memory T cells [6]. In the
early stage, the exhaustion state can be reversed. T cells
isolated from mice in the first week of chronic LCMV
infection could form memory T cells after they were trans-
ferred into noninfected mice; however, this ability disap-
peared if they were isolated from mice between weeks
2 and 4 of infection [9].

ity in heaith and dis

KEY REASONS FOR T-CELL
EXHAUSTION

T-cell exhaustion may result from consistent exposure of
T cells to antigens, sustained expression of inhibitory
receptors, the microenvironment surrounding T cells,
immunosuppressive cells, and alterations in the expres-
sion of transcription factors (Figure 1).

Consistent exposure of T cells to antigens

There is a close relationship between T-cell exhaustion
and long-term exposure to antigens. Long-term exposure
rather than transient or intermittent exposure to antigens
is one of the most important reasons for T-cell exhaustion
[12]. Early studies have found that the severity of T-cell
exhaustion in the LCMV model is related to long-term
antigen stimulation [9]. In human and mouse models,
the degree of T-cell exhaustion is positively correlated
with the duration of antigen stimulation [13, 14]. In a
study on CD8+ T-cell exhaustion, after incubation of the
T cells with antigen for a short period of time, some of
the exhausted T cells could be functionally restored, but
long-term incubation led to an inability to restore the
functions of the exhausted T cells [13]. Consistent anti-
gen exposure can lead to sustained expression of the pro-
grammed death-1 (PD-1) receptor in T cells, which is a
hallmark of exhaustion [14]. Genes associated with TCR
signalling (such as Batf, Egr2, Ezh2, Irf4, Nfatcl, Nfatc2,
Nr4al, Nr4a2, and Nr4a3) are significantly enriched in
both tumour and chronic virus-specific CD8+ T cells
[15-18]. This phenomenon is more pronounced when
comparing the transcriptional profile between exhausted
CD8+ T cells extracted from HIV-infected and melanoma
patients [19] and can be replicated in vitro with repeated
sustained antigen stimulation [20].

Sustained expression of inhibitory
receptors

Exhausted T-cell cells have the significant feature of over-
expression of multiple inhibitory receptors, such as PD-1,
lymphocyte activation gene 3 protein (LAG3), 2B4
(CD244), CD160, T-cell immunoglobulin mucin-3 (TIM3),
and CTLA4 [21]. These inhibitory receptors control auto-
reactivity and play an important role in the control of
autoimmune diseases. Inhibitory receptors usually induce
T-cell exhaustion through the following four different
ways: inhibiting the intracellular signal of activating recep-
tors, upregulating the genes related to T-cell exhaustion,
influencing the metabolism of T cells, and preventing the

T Cell Exhaustion and Immunotherapy
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Factors that can cause T-cell exhaustion. There are five main factors that can cause T-cell exhaustion: (1) Consistent

exposure of T cells to antigens; (2) inhibition of the expression of immune checkpoints and their ligands; (3) inhibition of T-cell function by

IL-10, TGF-p and other inhibitory cytokines, production of metabolites (including adenosine, prostaglandins, and lactic acid), and

physiological changes such as hypoxia, low pH and deprivation of nutrients (such as glucose or amino acids) in the microenvironment

surrounding T cells; (4) recruitment of immunosuppressive cell populations such as Tregs and myeloid-derived suppressor cells; and
(5) alteration of the expression of transcription factors in T cells such as T-bet and EOMES. Compared with memory T cells and effector T

cells, exhausted T cells have different cell surface markers.

costimulatory signals [22, 23]. In general, the more inhibi-
tory receptor expression there is, the more severe the
exhaustion. T-cell exhaustion can be reversed by blocking
these receptors [24]. For example, PD-1 can interact with
PD-L1 [25], leading to immunosuppression and T-cell
exhaustion. There are three mechanisms that may explain
how PD-1 leads to T-cell exhaustion and suppresses the
T-cell function. First, PD-1 may recruit phosphatases to
inhibit TCR signalling [26]. Second, PD-1 may moderate
the PI3K/AKT/mTOR pathway or Ras pathway and partic-
ipate in the metabolism, survival, and growth of T cells
[22]. Third, PD-1 may induce the expression of the basic
leucine zipper ATF-like transcription factor (BATF) and
inhibit the expression of effector genes [27].

T Cell Exhaustion and Immunotherapy

The microenvironment surrounding T
cells

Many soluble signalling molecules in the environment in
which T cells are located regulate T-cell exhaustion, such
as the immunosuppressive cytokines IL-10 and trans-
forming growth factor-f (TGF-f) and the inflammatory
cytokines type I IFNs and IL-2. In chronic infections,
many types of cells can secrete IL-10, such as dendritic
cells (DCs), monocytes, and CD4+ T cells [28-30]. Simi-
lar to PD-L1, IL-10 can also suppress T-cell activity dur-
ing persistent viral infection, although these two function
through distinct pathways [31]. Blocking IL-10 during
chronic viral infection can help reverse T-cell exhaustion
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and enhance virus control [32]. The cytokine TGF-p has
potent immunosuppressive effects and is associated with
immune checkpoint signalling pathways, which can lead
to T-cell exhaustion [33, 34]. A bispecific protein contain-
ing anti-PD-1 fused with a TGF-p trap, which is secreted
by T cells, improves the resistance to CAR-T-cell exhaus-
tion [35]. Although type I IFNs such as IFN-a and IFN-f
have antiviral functions in infection and thus promote
the differentiation and activation of CD8+ T cells [36],
blocking the IFN-a/f pathway reverses or prevents T-cell
exhaustion during LCMV clone 13 infection [37]. In the
absence of TCR signalling, exposure of CD8+ T cells to
chronic inflammation alone, which gives rise to IFN-o/f
signalling, impairs the differentiation of memory cells
and thus leads to the exhaustion of T cells [38]. IL-2 can
amplify CD8+ T-cell responses and optimize effector
T-cell generation and differentiation into memory cells
[39]. However, continuously high expression of IL-2 can
activate the aryl hydrocarbon receptor and promote
T-cell exhaustion [40]. In addition to the abovementioned
cytokines, physiological changes in the solid tumour
microenvironment (TME), including hypoxia, low pH,
deprivation of nutrients (such as glucose or amino acids),
and an increase in collagen, can also induce the exhaus-
tion of CD8+ T cells.

Immunosuppressive cells and CD4-+ helper
T cells

Regulatory T cells (Tregs) are a subset of T cells that con-
trol autoimmunity in vivo. A high proportion of CAR-
Treg cells can decrease the therapeutic effect of CAR-T
cells. CAR-T cells with up to 5% CAR-Treg cells can lead
to tumour recurrence [41]. Tregs can inhibit the response
of T cells to infection. For example, when people are
infected with HIV, the number of Tregs increases, which
inhibits the antiviral ability of T cells. Tregs can produce
IL-10, TGF-B, and other inhibitory cytokines [42]. Tregs
are also correlated with the PD-1 pathway [42]. Simulta-
neous depletion of Tregs and blockade of PD-1 can
induce synergistic effects on viral control and reverse the
exhaustion of CD8+ T cells [43]. Therefore, Tregs are
associated with the exhaustion of CD8+ T cells. In addi-
tion to Tregs, other immunoregulatory cells, including
APCs, myeloid-derived suppressor cells (MDSCs) [44],
and natural killer (NK) cells, can indirectly regulate the
exhaustion of T cells [45]. Tumour-infiltrating APCs cre-
ated a lymphoid-like microenvironment to support the
survival of CD8+ T cells, and the occurrence of immune
escape was accompanied by a loss of APC niche in solid
tumour [46]. MDSCs produced soluble factors, such as
reactive oxygen species (ROS), inducible nitric oxide

ity in heaith and dis

synthase (iNOS), and arginase-1, to inhibit T cells and
increase T-cell exhaustion [44]. NK cells reduced T-cell
exhaustion when they were used simultaneously with
CAR-T cells [47].

CD4+ helper T cells play an important role in inhibit-
ing the exhaustion of CD8+ T cells [48]. The loss of
CD4+ T helper cells may lead to CD8+ T-cell exhaus-
tion. During chronic infection, CD4+ helper T cells can
produce IL-21, which, in turn, reduces CD8+ T-cell
exhaustion [49, 50]. The depletion of CD4+ helper T cells
leads to failed containment of chronic infection and more
severe exhaustion of CD8+ T cells [51].

Alterations in the expression of
transcription factors

The transcriptional profile of exhausted T cells is signifi-
cantly different from that of effector and memory T cells.
T-bet and EOMES are two important transcription factors
that underlie the transcriptional profile and exhaustion
of T cells. Subcellular localization of T-bet and Eomes
dictates their regulatory effects on the exhaustion of T
cells. Compared with memory T cells, exhausted T cells
have a higher ratio of Eomes:T-bet in the nucleus during
chronic LCMV infection in preclinical cancer models and
human tumours [52]. Hypoglycaemia and hypoxia in the
TME can downregulate T-bet expression and increase the
number of exhausted T cells, thus inhibiting the function
of tumour-infiltrating T cells [53]. The deletion of both
alleles of Eomes in T cells prevents the production of
antitumour cytotoxic T lymphocytes (CTLs), whereas the
deletion of a single allele of Eomes decreases the exhaus-
tion of CD8+ T cells [54].

T-bet and EOMES also affect exhausted T -cells
(Figure 2). Exhausted T cells can be classified into two
subsets based on their expression of these two transcrip-
tion factors: T-bet"PD1™ exhausted T cells and EOME-
SMPD1M exhausted T cells. The former subset has
relatively higher expression of T-bet than the latter subset,
while the latter subset has relatively higher expression of
EOMES. The number of T-bet”PD1™“ exhausted T cells is
lower than the number of EOMES™PD1™ exhausted T
cells. T-bet"PD1™ exhausted T cells retain partial prolif-
eration potential, while EOMES™PD1™ exhausted T cells
have higher coinhibitory receptor expression and lower
proliferative potential [55]. PD-1 blockade therapy has a
certain effect on T-bet"PD1™ exhausted T cells, while it
has little effect on EOMES™MPD1™ exhausted T cells [55].
In CAR-T-cell therapy on large established pancreatic
tumours and lymphoma, T-bet™ CAR-T cells showed a
better antitumour activity than normal CAR-T cells [56,
57]. In addition to the abovementioned T-bet and EOMES,

T Cell Exhaustion and Immunotherapy
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many other transcription factors are also involved in the
exhaustion of CD8+ T cells, such as BLIMP1, NFAT,
BATF, FOXO1, and FOXP1 [27, 58-62].

STRATEGIES TO PROLONG THE
EFFECTIVE TIME OF CAR-T-CELL
THERAPY IN THE TREATMENT OF
SOLID TUMOURS BY INHIBITING
T-CELL EXHAUSTION

Although CAR-T cells represent a breakthrough in the
treatment of malignant haematological tumours, they do
not achieve good therapeutic outcomes in the treatment
of solid tumours. In the treatment of solid tumours com-
pared with haematological tumours, CAR-T cells face
three main challenges: recognizing tumours, entering
tumours, and surviving in tumours. Prolonging the effec-
tive time of CAR-T cells in solid tumours can improve
the therapeutic effect. Overcoming T-cell exhaustion can

10 T Cell Exhaustion and Immunotherapy
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1 (KLRG1), do not survive
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whereas a smaller number of
effector T cells, which express
CD127, go on to develop into
memory or exhausted CD8+ T
cells. When exposed to acute
infection after the antigen is
cleared, effector CD8+ T cells
can differentiate into functional
memory T cells. These memory
T cells can survive by
homeostatic self-renewal, which
is driven by IL-7 and IL-15.
However, in chronic infection
and solid tumours with
prolonged antigen stimulation, T
cells will lose effector functions
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prolong the effective time of CAR-T cells in solid
tumours. Here, we discuss ways to prolong the effective
time of CAR-T cells in solid tumours by inhibiting T-cell
exhaustion.

Utilization of immune checkpoint
blockade

The immune checkpoint blockade plays an important
role in preventing T-cell exhaustion in tumour immuno-
therapy. At present, drugs targeting PD-1, PD-L1, and
CTLA-4 have been used in combination with CAR-T cells
and have achieved good clinical results [63]. Anti-
CTLA-4 therapy in combination with anti-VEGF anti-
bodies was reported to have increased antitumour
activity and prevent the immunosuppressive effects of
galectin-1 [64]. Genetically engineered CAR-T cells can
secrete antibodies to block their own immune check-
points without adding artificial exogenous immune
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checkpoint-directed antibodies. Researchers established
CAR19 T cells that can constitutively secrete anti-PD-1
antibodies, and the modified CAR-T cells showed
enhanced antitumour activity in a heterogeneous CD19+
lung cancer model [24]. Furthermore, the activity and
proliferation of T cells were enhanced. Modified CAIX-
CAR-T cells expressing anti-PD-L1 antibodies exhibited
higher activity than ordinary CAR-T cells in clear cell
renal cell carcinoma (ccRCC) mouse models, producing
more cytokines, recruiting more immune cells, and pro-
moting tumour regression [65]. Similarly, various types
of CAR-T cells expressing antibodies against PD-1, PD-
L1, CTLA-4, and other immune checkpoints have been
developed [66].

In addition to generating T cells with expression of
antibodies against immune checkpoint, directly reducing
or blocking the expression of various inhibitory receptors
at the genetic level is also an effective method. With the
development of CRISPR/Cas9 technology, CAR-T cells
with low expression of inhibitory receptors have been
developed for solid tumour therapy. Compared with nor-
mal CAR-T cells, CRISPR/Cas9-edited CD133-specific
CAR-T cells with the PD-1 knockout showed better
tumour inhibition ability in mouse glioma models [67].
Currently, CRISPR/Cas9 technology is also used in CAR-
T-cell therapy to induce the LAG-3 knockout [68].

Blocking immune checkpoints with CRISPR/Cas9
technology may be more advantageous than overexpres-
sing antibodies against immune checkpoints. The repeated
use of antibodies may lead to drug resistance. Although
mesothelin-directed CAR-T cells, which overexpress a
dominant-negative form of PD-1, have a high tumour-
clearing capacity, they can only prevent tumour growth
and do not clear the tumour due to the repeated use of
anti-PD-1 antibodies in combination with mesothelin-28(
or mesothelin-BBC [69].

A tool called switch receptors can also be used to alle-
viate T-cell exhaustion. With this method, the extracellu-
lar ligand-binding domain of the inhibitory receptor is
fused with the intracellular signalling domain of the acti-
vating molecule. In a breast cancer model, MUC1 CAR-T
cells with a switch receptor containing an extracellular
receptor for IL-4 fused with an intracellular signalling
domain for IL-7 showed better proliferation and higher
antitumour ability in the presence of IL-4 than MUC1
CAR-T cells without the switch receptor [70].

Modulation of transcription factors and
gene expression profiles

The exhaustion of mesothelin-directed CAR-T cells is
related to the transformation of CD8+ T cells into NK-
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like cells, and downregulation of the expression of ID3
and SOX4, two transcription factors responsible for the
transformation, can improve the efficacy of CAR-T-cell
therapy in solid tumour treatment by preventing or
delaying CAR-T-cell dysfunction [13]. TCF-1 is a key
transcription factor in pre-exhausted CD8 T cells. TCF-1
was reported to drive an effector versus exhausted CD8-+
T-cell fate [71]. Therefore, modulation of this transcrip-
tion factor can possibly promote the effective time of
CAR-T cells. The upregulation of T-bet in CAR-T cells
can promote anti-solid tumour ability in treating large
established pancreatic tumours [57]. BATF and inter-
feron regulatory factor 4 (IRF4) cooperate to counter
T-cell exhaustion, and overexpression of BATF in CAR-T
cells can promote the survival and expansion of tumour-
infiltrating CAR-T cells [72].

Gene expression profiles play an important role in
the transformation of effector T cells into exhausted T
cells. The CAR-T cells isolated from complete
responders were reported to have upregulation of genes
associated with memory differentiation status, such as
IL-6 and STAT3, and blockade of the expression of these
genes can decrease the function of CAR-T cells; on the
other hand, the CAR-T cells from nonresponders had
the upregulation of genes more associated with an effec-
tor phenotype as well as glycolysis, exhaustion, and cell
death by apoptosis [73]. Therefore, methods that can
modulate gene expression profiles can possibly decrease
T-cell exhaustion and prolong the effective time of
CAR-T cells.

Overcoming inhibitory factors in the TME

In addition to the immune checkpoints mentioned
above, many other factors in the TME affect T-cell
exhaustion in solid tumours. Soluble immunosuppres-
sive factors (such as adenosine, IDO1, VEGF, and TGF-
f), immunosuppressive nontumour cells (such as
MDSCs, tumour-associated macrophages (TAMs), and
stromal cells), and collagen can promote the exhaus-
tion of CD8+ T cells. Blocking the adenosine 2A recep-
tor improved the effect of HER2 CAR-T cells in a
syngeneic tumour model and enhanced the activation
and cytokine production of the CAR-T cells [74].
Blocking IDO1 in a xenograft colon cancer model
enhanced the effect of EGFRVIII CAR-T cells by signifi-
cantly decreasing the growth rate of tumours [75].
Blocking VEGF increased the antitumour effect of
CAR-T cells in multiple solid tumour models [64].
Clinical application of TGF-p-resistant CAR-T cells
was proved to be feasible and generally safe in treating
prostate cancer [76].

T Cell Exhaustion and Immunotherapy 11
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Inhibiting the anti-inflammatory cells in the TME or
increasing the inflammatory phenotypes of other
immune cells can inhibit T-cell exhaustion and increase
the antitumour effect of CAR-T cells in solid tumours.
Macrophages were found to be associated with resis-
tance to VEGF blockade in murine ovarian cancer
models, and in macrophage-deficient mice, there was no
resistance to the VEGF blockade until macrophages
were reintroduced into the tumours [77]. HER2 CAR-T
cells needed M1 macrophages and IFNy receptors on
stromal cells to induce tumour rejection in a subcutane-
ous mouse model, indicating that functional T cells
alone are not sufficient to clear tumours. Therapeutic
methods that target stromal cells and recruit other types
of inflammatory immune cells are necessary for CAR-T
cells to clear tumours [78]. In a xenograft sarcoma
model, GD2 CAR-T cells combined with all-trans reti-
noic acid, which can reduce MDSC numbers, showed
significantly better antitumour effects than GD2 CAR-T
cells alone [79]. Hypoxia in the TME can upregulate
PDL-1 on MDSCs and increase the ability of MDSCs to
suppress TILs [80].

Cytokines can polarize the tumour milieu and
improve the recruitment and function of CAR-T cells. IL-
12 can induce the recruitment of adoptively transferred
VEGFR-2 CAR-T cells and prolong the survival of
tumour-bearing mice [81]. Based on these findings, a
new type of CAR-T cell called ‘armoured’ CAR-T cells,
which can constitutively secrete cytokines, was developed
and led to enhanced T-cell infiltration and function in
solid tumours and showed less exhaustion [81].

Collagen in solid tumours plays a very important role
in immunosuppression. Reduced collagen levels induced
by the application of LOXL2 can diminish exhausted T
cells and overcome resistance to anti-PD-L1 therapy [82].
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Formation of memory T cells

The differentiation state of CAR-T cells plays an impor-
tant role in determining the effect of tumour therapy. T
cells can be divided into five categories based on the dif-
ferentiation state: naive T cells, T stem cell-like memory
(Tscm) cells, central memory T (Tcm) cells, effector
memory T (Tem) cells, and effector T (Teff) cells. Each
category has its own biomarkers, as shown in Figure 3.
In addition, cytokines such as IL-2, IL-12, IL-27, and
IFN-y are usually characteristic of Teff cells. Cytokines,
such as IL-10, IL-21, IL-7, IL-15, and TGF-p, are associ-
ated with memory T cells, including Tscm, Tcm, and
Tem cells. Genes such as T-bet, 1d2, Blimp-1, Batf, and
Stat4 are associated with Teff cells. The genes 1d3, Bcl-6,
Tcf-7, Stat3, Foxol, and Eomes are proposed to be upre-
gulated in memory T cells [57, 84].

The immunophenotypes of naive, Tscm, Tcm, and
Tem cells are superior to those of effector T cells in terms
of survival, proliferation, antitumour effect, and survival
in tumours when used in adoptive cell therapy (ACT),
and these cells show less exhaustion [85]. The prognosis
of ovarian cancer was observed to be associated with
CD8+ Tem cell accumulation in ascites [86]. The induc-
tion of T-cell memory by CDK4/6 inhibition promoted
antitumour immunity [87]. An increase in the CD8+ T-
cell memory resulted in enhanced antitumour function
in mice [88]. Better antitumour activity in vivo was
obtained when the CAR-T-cell therapy had more CAR-T
cells in the Tscm state [89].

At present, many methods have been developed to
increase the number of memory T cells. Cytokines,
metabolism, and cell cycle arrest play important roles in
T-cell differentiation and T-cell exhaustion. Replacing
the cytokine IL-2 with IL-15 in the culture environment
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during the in vitro culture of CAR-T cells inhibited
mTORC1 activity, glycolytic enzyme expression, and
mitochondrial changes and, as a result, increased the
number of CAR-T cells in the Tscm state [89]. High gly-
colytic activity in CD8+ T cells severely compromised the
generation of long-lived memory cells by driving T cells
towards a terminally differentiated state and, therefore,
inhibiting glycolytic metabolism enhanced CD8+ T-cell
memory [88]. Short-term priming with cell cycle CDK4/6
inhibitors promoted the functional acquisition of immu-
nological memory T cells [87].

Modification of CAR intracellular
signalling

CD28 and 4-1BB are the two most common costimulatory
molecules and are linked to an antigen-recognition
domain in CAR-T cells. CAR-T cells with the costimula-
tory molecule 4-1BB/CD3 have increased the survival
time, decreased exhaustion, and a superior differentiated
phenotype compared with those with CD28/CD3 [90, 91].
Though CD28/CD3 and 4-1BB/CD3 CAR-T cells phos-
phorylate the same protein in the same signalling path-
way upon activation, the phosphorylation level induced
by CD28/CD3 CAR-T cells were much higher than that
induced by 4-1BB/CD3 CAR-T cells [90]. A higher level
of phosphorylation can result in a stronger effector func-
tion; however, it can lead to increased expression of
exhaustion markers. In line with this, CD28/CD3 CAR-T
cells showed a shorter effective time and less viability
than 4-1BB/CD3 CAR-T cells [90]. The 4-1BB/CD3
CAR-T cells had higher expression of memory-associated
genes and performed better in vivo [90]. In a study treat-
ing PSCA+ metastatic prostate cancer with CAR-T cells,
4-1BB CAR-T cells showed less exhaustion and better
antigen selectivity in vivo than CD28 CAR-T cells [91].

T cells sustain their effector function through the gly-
colytic metabolism, whereas naive T cells primarily
derive their energy from the oxidation of fatty acids.
Compared with CD28 CAR-T cells, 4-1BB CAR-T cells
proliferated better and had more central memory differ-
entiation, a higher level of fatty acid oxidation, increased
generation of mitochondria, and a lower level of glyco-
lytic metabolism; therefore, the 4-1BB CAR-T cells dem-
onstrated less exhaustion, longer effective time, and
better in vivo antitumour ability [92].

The gene locus into which the CAR is inserted in
developing CAR-T cells has a significant impact on the
function of CAR-T cells. Insertion of a CD19-specific
CAR into the T-cell receptor a constant (TRAC) locus
using CRISPR/Cas9 technology resulted in not only uni-
form CAR expression in human peripheral blood T cells
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but also higher T-cell proliferation, more memory cells,
less exhaustion, and better tumour rejection [93]. This
strategy induced knockout of the TRAC locus, which pos-
sibly reduced the tonic signalling that would otherwise
push T cells towards terminal differentiation and
exhaustion.

Inducing a transient ‘resting’ state of CAR-T cells by
inhibiting intracellular CAR signalling can restore func-
tionality to exhausted CAR-T cells via epigenetic remo-
delling. The inhibition of intracellular CAR signalling
can be achieved by treating CAR-T cells with the tyrosine
kinase inhibitor dasatinib or using a drug-regulatable
platform [94]. The inhibitor dasatinib can reversibly
inhibit TCR and CAR signalling. With the drug-
regulatable platform, a tonically signalling CAR is modi-
fied with a C-terminal destabilizing domain (DD), and
this modification can enable drug-dependent control of
CAR protein levels.

SUMMARY

As a revolutionary cancer therapy method, CAR-T-cell
therapy has achieved great advances in the haematological
tumour treatment. However, because tumour-infiltrating
T cells can easily become exhausted and due to other rea-
sons, such as T cell difficulty in penetrating tumours,
CAR-T-cell therapy has not achieved a satisfactory effect
in solid tumours. The process of T-cell exhaustion is pro-
gressive, and many mechanisms are involved. After
CAR-T cells enter solid tumours, multiple factors can
cause the exhaustion of tumour-infiltrating T cells, includ-
ing (i) consistent exposure of the T cells to antigens; (ii)
inhibition signal of the expression of immune checkpoints
and their ligands; (iii) inhibition of T-cell function by IL-
10, TGF-B, and other inhibitory cytokines, production of
metabolites (including adenosine, prostaglandins, and lac-
tic acid), and physiological changes such as hypoxia, low
pH, and deprivation of nutrients (such as glucose or amino
acids) in the microenvironment surrounding T cells;
(iv) recruitment of immunosuppressive cell populations
such as Tregs and MDSCs; and (v) alteration of the expres-
sion of transcription factors in T cells such as T-bet and
EOMES. T-cell exhaustion is a very complicated process
that involves a large number of factors that have not yet
been identified. Only when the molecular mechanisms
underlying the exhaustion of T cells are fully understood
can effective methods to decrease the extent of T-cell
exhaustion and improve CAR-T therapeutic effects in the
treatment of solid tumours be devised. Therefore, the
molecular mechanisms underlying T-cell exhaustion, such
as molecular signalling network collaboration and tran-
scriptional changes, still need to be further explored. The
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discovery of more factors that induce T-cell exhaustion
can help us find more efficient ways to improve the effect
of CAR-T-cell therapy.

Since the emergence of CAR-T-cell technology, many
methods have been proposed to improve the therapeutic
effect of CAR-T cells in the treatment of solid tumours.
Currently, there are five methods that can decrease T-cell
exhaustion to improve the effect of CAR-T-cell therapy:
(i) blocking immune checkpoints on the surface of T cells
or tumour cells; (ii) modulating the transcription factor
and gene expression profiles; (iii) overcoming inhibitory
factors in the TME; (iv) inducing the formation and dif-
ferentiation of memory T cells; and (v) genetically rede-
signing the structure of CARs to modulate CAR
intracellular signalling. Among the above five methods,
inducing the formation and differentiation of memory T
cells is considered to have more advantages than the
other strategies in terms of improving T-cell proliferation
and resistance to exhaustion in vivo [83, 95]. Besides
inhibiting T-cell exhaustion, other methods to improve
the therapeutic effect of CAR-T cells on solid tumours
have also been developed, such as developing CAR-T
cells that can recognize more than one target on solid
tumours [96] and promoting the infiltration of CAR-T
cells [97]. With these methods, CAR-T-cell therapy will
become a powerful tool and obtain a widespread applica-
tion in treating solid tumours in the future.
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T-cell exhaustion has been extensively researched, compared with B-cell exhaustion
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cell exhaustion, B-cell exhaustion and T-cell exhaustion are examples of lymphocyte
exhaustion, and they have several differences and similarities. Lymphocyte exhaus-
tion is also frequently confused with anergy, cellular senescence and suppression,
because these conditions can have significant overlapping similarities with exhaus-
tion. An additional source of confusion is due to the fact that lymphocyte exhaustion
is not a binary state, but instead has a spectrum of severity induced by different levels
and duration of continuous antigenic stimulation. Concurrent multiple types of lym-
phocyte exhaustion are possible, and this situation is herein called poly-lymphocyte
exhaustion. Poly-lymphocyte exhaustion for the same cancer or pathogen would be
especially dangerous. As there are significant advantages for a pathogen by induc-
ing poly-lymphocyte exhaustion in an immune system, there are pathogens with an
evolved capability to induce poly-lymphocyte exhaustion. These pathogens may in-
clude certain manipulative viruses, bacteria, fungi and protozoan parasites.
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INTRODUCTION

T-cell exhaustion has been extensively investigated and dis-
cussed, but NK-cell exhaustion and B-cell exhaustion have
received considerably less attention. There are significant
differences and similarities between these various types
of lymphocyte exhaustion. There can also be substantial
and severe consequences. Some pathogens are capable of
inducing various types of lymphocyte exhaustion during
chronic and/or latent infections from which they can ben-
efit. These pathogens include certain especially manipula-
tive viruses, bacteria, fungi and protozoan parasites. What
if two or more types of lymphocyte exhaustion occur?
Actually, multiple lymphocyte exhaustion is possible and
can result in a category of lymphocyte exhaustion, which
is herein called ‘poly-lymphocyte exhaustion’. Before dis-
cussing this further, lymphocyte exhaustion, anergy, cellu-
lar senescence and suppression will be distinguished, and
then, NK-cell exhaustion, B-cell exhaustion and T-cell ex-
haustion characteristics will be discussed in more detail.

DISCUSSION

Lymphocyte exhaustion, anergy, cellular
senescence and suppression

Lymphocyte exhaustion can be defined as the progres-
sive loss of functionalities and a reduced proliferative ca-
pability triggered by chronic antigen stimulation due to
chronic infections or cancers [1]. Anergy in lymphocytes
is a functionally defined state of hyporesponsiveness in
which lymphocytes do not proliferate and have defective
production of major growth factors and/or inflamma-
tory cytokines following an antigen encounter and sub-
sequent receptor-ligand ligation [1]. Cellular senescence
is a permanent G1 cell cycle arrest that restricts the life
span of cells to control cell replication, as a result of on-
cogene activation, deoxyribonucleic acid (DNA) telomere
degradation, epigenomic changes, or stressful stimuli
including reactive oxygen species, ionizing radiation or
certain chemicals [1]. Senescent cells remain viable, and
most of them secrete several pro-inflammatory cytokines,
chemokines, growth factors and proteases (proteinases),
a state called senescence-associated secretory phenotype
(SASP), which can have detrimental consequences [1].
Suppression of lymphocytes such as NK-cells is a cellular
dysfunction variously caused by tissue hypoxia (reduced
oxygen levels); neuroendocrine activation (e.g., cortisol
and other glucocorticoids); a hypercoagulable blood state
(e.g. increased tissue factor, fibrin, thrombin and platelet
activation); pro-inflammatory prostaglandins (e.g. prosta-
glandin E2); anti-inflammatory phase factors interleukin-
6 (IL-6), interleukin-10 (IL-10) and transforming growth

factor-p1 (TGF-p1); regulatory T-cells; and myeloid-
derived suppressor cells (MDSCs). [2]

In summary, for NK-cell, B-cell and T-cell lymphocytes
generally, exhaustion could be defined as an impaired state
resulting from antigenic overstimulation, anergy could be
defined as an impaired state resulting from inadequate
stimulation of the activating receptors, senescence could
be defined as an impaired state resulting from the ageing
of the lymphocyte, and suppression could be defined as
an impaired state resulting from the inhibiting actions of
external non-antigenic factors.

Summary of NK-cell exhaustion

Natural killer (NK) cells are essential innate immune cells
and share several characteristics and functions similar to
the adaptive immune system's cytotoxic T-cells [3-5]. NK-
cells, like T-cells, are lymphocytes that play a role in the rec-
ognition and elimination of cells infected by intracellular
pathogens and the elimination of cancerous cells [6]. A va-
riety of activating and inhibitory receptors are expressed on
the NK-cell surface, and the balance and spatial-temporal
integration of signals from these receptors determine the
NK-cell effector functions [5]. As NK-cell functions are
regulated by the integration of activating and inhibitory
signals from cell surface receptors, reduced or weakened
signals from activating receptors will lead to domination by
inhibitory signals and a decreased NK-cell functionality. [6]

Functionally impaired NK-cells exhibit a decreased ex-
pression of the transient degranulation marker lysosomal-
associated membrane glycoprotein-1 (LAMP-1) also
called CD107a, a decreased production of the cytokines
interferon-y and tumour necrosis factor-o (TNF-a), and a
decreased production of the cytotoxic secretions of per-
forin and granzymes [5]. Reduced effector functions and
phenotypic changes have been observed in both NK-cells
and T-cells, but in contrast to T-cell exhaustion, which is
more clearly defined, no consensus has been reached on
the definition of NK-cell exhaustion. [5]

Furthermore, conventional NK-cells lack antigen spec-
ificity and typically live less than 10 days in humans, and
7-10 days in mice [6]. Given this short life span and a lack
of antigen specificity, conventional NK-cell exhaustion
may be less important than other more common lympho-
cyte dysfunctions, such as anergy, cellular senescence or
suppression. [6]

Adaptive long-lived NK-
cells and their exhaustion

In addition to conventional NK-cells, there are also long-
lived NK-cells, and it is known that long-lived NK-cells
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can develop traits of adaptive immunity in certain circum-
stances including cytomegalovirus (CMV) infections [5].
In a remarkable contrast to conventional NK-cells, adap-
tive NK-cells are long-lived, possess memory recall and ex-
hibit some degree of antigen specificity [6]. Furthermore,
adaptive NK-cells can live for several months without de-
tectable CMV and are stably maintained at elevated levels
for years in some individuals. [6]

Phenotypic characteristics

Many, but not all, adaptive NK-cells express the lectin-
like heterodimeric activating receptor CD94/NKG2C [6].
Their expansion can be driven through CD94/NKG2C
interactions with CMV-encoded peptides, although
adaptive NK-cells also arise in individuals who lack
NKG2C [7,8]. Adaptive NK-cells have a distinct metabo-
lism and exhibit an epigenetic signature closer to effector
CD8+ T-cells than conventional NK-cells [8]. Because
they are also long-lived and contribute to the control of
pathogens such as CMV, adaptive NK-cells may become
exhausted with chronic activation [6]. CMV exposure in-
creases the number of NKG2C+ NK-cells that exhibit
a skewed killer cell immunoglobulin-like receptor (KIR)
profile having expressions of both inhibitory KIRs and
activating KIRs. [9]

One group studied the occurrence of NK-cell exhaus-
tion after chronic stimulation and proposed a paradigm of
NK-cell exhaustion similar to T-cell exhaustion [4]. It was
shown that prolonged cytokine exposures with IL-15 for
more than five days, or following murine CMV infections
in mice, stimulated sustained NK-cell proliferation and
decreased expressions of the NK-cell proliferation marker
Ki67, and decreased production of the cytokine interfer-
on-y and granzyme B. [4]

Master regulators of epigenetic reprogramming
for exhaustion

It was also reported that tumour-induced NK-cell dysfunc-
tions were caused by exhaustion due to substantial prolif-
eration of NK-cells, in addition to a significant decrease in
the activating T-box transcription factors eomesodermin
(Eomes) and T-bet [10]. The expression of transcription
factors Eomes and T-bet are important for T-cell and NK-
cell maturation, differentiation, and functionality [11].
Low expression of these transcription factors has been
found during both NK-cell exhaustion and senescence [4].
Decreased expression of Eomes and several activating re-
ceptors including NKG2D, and increased expressions of
the inhibitory receptors NKG2A and killer cell lectin-like

20 T Cell Exhaustion and Immunotherapy

receptor G1 (KLRG1) were also observed during NK-cell
exhaustion and impaired NK-cell functionality. [4]

Adaptive NK-cell exhaustion
inhibitory receptors

In addition to NK-cell functional impairment, numerous
studies have also shown that an imbalance in the expres-
sions of NK-cell surface activating and inhibitory receptors
indicates NK-cell exhaustion [12]. Inhibitory receptors in-
clude certain killer cell immunoglobulin receptors (KIRs),
CD94/NKG2A and leucocyte immunoglobulin-like recep-
tors (LIRs), which in turn inhibit NK-cell activation and
functionalities [3]. Major activating receptors include the
cytotoxic receptors NKG2D and DNAX accessory mol-
ecule (DNAM-1), whose activating signals are transmitted
through receptors binding to immunoreceptor tyrosine-
based activation motif (ITAM)-containing adaptor
proteins [13]. The binding of the appropriate matching li-
gands with these NK surface receptors results in the trans-
duction of either activating or inhibitory signals through
various signalling pathways, which eventually converge
on processes regulating NK-cell cytotoxicity, including
degranulation and cytokine release. [13]

Increased expression of inhibitory receptors and de-
creased expression of activating receptors usually corre-
spond to reduced NK-cell functionalities [5]. However,
NK-cell suppression and NK-cell exhaustion overlap with
different types of stimuli; therefore, it is unlikely that these
states can be distinguished entirely by receptor expression
levels [6]. Furthermore, because of the large number of
receptors expressed, and as several receptors recognize
the same ligands, there is no consensus on which of these
receptors are exhaustion markers [5]. However, it is clear
that the altered expression of multiple receptors is es-
sential for NK-cell exhaustion, because single activating
receptors, with the exception of CD16, are not able to indi-
vidually activate NK-cells entirely by themselves. [13]

Inhibitory receptors that have been implicated in NK-
cell exhaustion include programmed cell death protein
1 (PD-1), lymphocyte activation gene-3 (LAG-3), T-cell
immunoglobulin and mucin domain-3 (TIM-3), T-cell
immunoreceptor with Ig and ITIM domains (TIGIT), and
T-cell activation, increased late expression (TACTILE)
also called CD96 [6]. PD-1 expression is a major receptor
indicating T-cell exhaustion, and several researchers have
also associated PD-1 expression with NK-cell exhaustion
[3]. However, the expression of PD-1 by exhausted NK-
cells is highly disputed, and other researchers have shown
that the receptor TIGIT and to some degree the receptors
TIM-3 and LAG-3 are more important indicators of NK-
cell exhaustion. [3]
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Furthermore, some studies of NK-cell dysfunction
have shown little importance for the expression of PD-1
[3]. For example, a study in melanoma patients observed
a correlation between peripheral NK-cell expressions of
TIM-3 and the stage of melanoma, suggesting increased
TIM-3 expression from cancer progression and an in-
creased burden of disease-induced NK-cell exhaustion
[14]. However, there was no observed difference in PD-1
or CTLA-4 expressions between melanoma patients and
healthy controls [14]. Another study analysed NK-cells in
20 non-small-cell lung cancer patients and detected vir-
tually no PD-1 expressions on the NK-cells [15]. In sum-
mary, some studies contradict any link between NK-cell
exhaustion and PD-1 receptor expressions.

In the case of mice, studies of NK-cells from mouse tu-
mours indicated that co-inhibitory receptor TIGIT is the
critical marker for dysfunctional NK-cells [16]. In fact,
TIGIT+NK-cells had decreased expressions of interfer-
on-y, tumour necrosis factor (TNF), LAMP-1 also called
CD107a, and TNF-related apoptosis-inducing ligand re-
ceptor (TRAIL-R) consistent with reduced NK-cell func-
tions, although research has also shown TIGIT expression
on healthy NK-cells [17,18]. Ligand binding to TIGIT was
associated with reduced NK-cell cytotoxicity, and blockade
of the TIGIT receptor reversed NK-cell dysfunction with
major antitumour effects in murine tumour experiments
[16]. TIGIT+NK-cells may also be inhibited by TIGIT
ligands expressed by cancer cells and myeloid-derived

TABLE 1 Features of NK-Cell Exhaustion

suppressor cells (MDSCs), thus indicating that TIGIT is a
significant inhibitory receptor in multiple pathways [18].
However, it is yet to be proven whether TIGIT expression
itself indicates intrinsically dysfunctional NK-cells, or
whether ligand binding to TIGIT is required for inhibitory
effects. [3]

Furthermore, some studies indicate that TIGIT expres-
sion levels on NK-cell surfaces are variable among healthy
human individuals [17]. Although increased TIGIT ex-
pression on healthy human NK-cells is proportional to
reduced cytotoxic capability, these NK-cells still mostly
maintain their functionality [17]. Therefore, the increased
expression of an inhibitory receptor, or decreased expres-
sion of an activating receptor, does not necessarily corre-
spond to a severely dysfunctional NK-cell in the case of
chronic infections and cancers [5]. In other words, the
altered expression of a single receptor is unlikely to sig-
nificantly alter NK-cell activation status, because multiple
activating receptors and/or inhibitory receptors have to be
reduced or increased in expression, respectively, to corre-
spond to NK-cell exhaustion. [5]

In addition to decreased cytotoxicity and cytokine
secretion, NK-cells from human individuals with malig-
nancies or chronic viral infections often show a loss of
activating receptors [6]. For example, NKG2D is an ac-
tivating receptor that binds ligands produced as a result
of cellular stress, and NKG2D has a reduced expression
on NK-cells from patients with digestive cancers, chronic

Feature Function Expression Comments

TIGIT Receptor Increased [5,6] Inhibitory receptor

LAG-3 Receptor Increased [6] Inhibitory receptor

TIM-3 Receptor Increased [5] Inhibitory receptor

PD-1 Receptor Increased [5,6] Inhibitory receptor, highly disputed re: NK-cells
NKG2A Receptor Increased [4-6] Inhibitory receptor

KIRs Receptor Increased [12] Inhibitory receptors, but other KIRS are activating
CDY%6 Receptor Increased [6] Inhibit/activate receptor, also called TACTILE
NKG2D Receptor Decreased [4,5,10] Activating receptor

NKp30 Receptor Decreased [5] Activating receptor

NKp44 Receptor Decreased [5] Activating receptor, inhibitory with inhibit. ligand
NKp46 Receptor Decreased [5,10] Activating receptor

DNAM-1 Receptor Decreased [5,12] Activating receptor, also called CD226

CD16 Receptor Decreased [6] Activating receptor

CD49%b Receptor Decreased [10] Activating receptor

CD107a Receptor Decreased [5,17] Degranulation marker also called LAMP—1
Interferon-y Cytokine Decreased [5,6] Important NK-cell secretion

TNF-a Cytokine Decreased [5] Important NK-cell secretion

Perforin Cytotoxin Decreased [5] Important NK-cell secretion

Granzymes Cytotoxins Decreased [5] Important NK-cell secretions
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lymphocytic leukaemia, breast cancer, chronic hepatitis
B virus and hepatitis C virus [6]. CD16, another activat-
ing receptor that binds the Fc portion of antibodies, had
reduced expressions on NK-cells from breast cancer pa-
tients. [6]

Table 1 lists various increased or decreased features of
NK-cell exhaustion, but the list is not comprehensive.

Summary of B-cell exhaustion

B-cell exhaustion essentially refers to the inhibition of
normal B-cell functions as a consequence of chronic dis-
eases or chronic and/or latent pathogen infections [19-
21]. This inhibition can be long-term, as in the case of viral
infections, such as hepatitis C infections, even after the
virus has departed, hypoproliferation and other aspects of
B-cell exhaustion appeared to be durably genetically pro-
grammed into B-cells specific for hepatitis C antigens [22].
B-cell exhaustion from chronic infections has also some-
times been called B-cell anergy. [22]

B-cell exhaustion includes increased expression of
multiple inhibitory receptors, impaired or unusual expres-
sions of chemokine and adhesion ligands and receptors,
and poor proliferative responses to a variety of antigen and
lymphocyte stimuli [19,20]. Inhibitory receptors having
immunoreceptor tyrosine-based inhibitory motifs (ITIMs)
are variously expressed during B-cell and other lympho-
cyte activation and differentiation [21]. These receptors
bind with distinct ligands and activate specific intracel-
lular signalling pathways, and are essential for regulation
of B-cells and other lymphocytes [21]. Although inhibi-
tory receptors are critical for controlling the function of
B-cells and other lymphocytes, their continuous and high
expression can result in decreased cell function, anergy or
exhaustion, which has been observed in chronic and/or
latent pathogen infections and autoimmune diseases. [21]

Tissue-like memory B-cell exhaustion

B-cell exhaustion is linked to a weaker antibody response
against pathogens [19,20]. Much of the research on B-cell
exhaustion has been concerned with human immunodefi-
ciency virus (HIV) infections, because of B-cell exhaustion
observed in several HIV-infected patients. [19]

Phenotypic characteristics
A pathogenic hallmark for B-cells from HIV-1-infected in-
dividuals is the loss of CD21 expression on mature B-cells

[23]. CD21, also known as complement receptor type 2
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or the complement C3d receptor, has been shown to play
an important role in activation/interaction of B-cells with
HIV-1 [23]. HIV-1 particles interact directly with B-cells
both in peripheral (circulating) blood and in lymph nodes
of HIV-1-infected patients, and the HIV virus is bound
to B-cells through the CD21 receptor with a fragment of
complement C3 [23]. A population of CD27-/CD21"%
tissue-like memory (TLM) B-cells has been observed in
the blood of HIV-infected individuals enriched with HIV-
specific B-cells [19]. TLM B- cells, sometimes also called
CD19*CD10"CD27 CD21"°% B-cells, are numerically ex-
panded during HIV-1 infections [23]. In addition, an ac-
cumulation of a functionally impaired subpopulation of
CD20™¢"CD27°CD21°Y TLM B-cells in the peripheral
blood of HIV-infected patients is also likely induced by
chronic B-cell activation. [21]

TLM B-cells display a lower proliferative capability
compared with naive and classical memory B-cells, and
exhibit a lower epitope diversity and a lower number of
cell divisions [23]. B-cell exhaustion during HIV-1 infec-
tion was confirmed by blockade of inhibitory receptors,
such as inhibitory receptor Fc receptor-like-4 (FCRL4) and
sialic acid-binding Ig-like lectin 6 (Siglec-6), which led to
higher B-cell proliferation and cytokine releases [21]. This
result suggests chronic B-cell activation induces B-cell
exhaustion [23]. In addition, the fortunate patients who
could control HIV infections also had a high frequency of
exhausted, TLM B cells during undetectable or low viral
loads [24]. This suggests that the loss of CD21 expression
is not caused exclusively by a high viral load and that the
accumulation of dysfunctional CD21'°% B-cells may be
linked to intrinsic infection-induced B-cell alterations. [24]

Furthermore, HIV-induced B-cell exhaustion includes
unusual expression levels of chemokine and inhibitory re-
ceptors, and higher expressions of specific receptors, includ-
ing the leucocyte immunoglobulin-like receptors (LILRs),
such as the inhibitory receptor variously known as LIR-1/
Ig-like transcript 2 (ILT2)/LILRB1/subfamily B (CD85j)
[19,20]. In addition, there are significantly high expressions
of the integrin alpha X adhesion receptor (CD11c), and cer-
tain chemokine receptors, including the CXCR3 and CCR6
receptors; and low expressions of the L-selectin receptor
(CD62L), and certain chemokine receptors, including the
CXCR4, CXCR5 and CCR7 receptors. [19]

Metabolic rewiring

HIV infections are linked to numerous phenotypic and
functional B-cell abnormalities, including a decreased
frequency of CD27" memory B-cells; an increase in im-
mature/transitional B-cells; the increased expression of
CD38, CD70, CD86 and CD95, which is also called Fas,
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FasR, or apoptosis antigen-1 (APO-1); and decreased ex-
pressions of CD22 (Siglec-2), a sialic acid-binding Ig-like
lectin; CD25; B-cell activating factor receptor (BAFF-R)
and leucocyte-associated Ig-like receptor-1 (LAIR-1) also
known as CD305 [24]. In addition, the overexpression of
CD95 (Fas) has been repeatedly identified as a marker of
B-cell activation that can lead to Fas/FasL-mediated apop-
tosis, which is also associated with a decrease in antigen-
specific B-cell responses. [24]

In contrast to CD27+ classical memory B-cells or
CD27-/CD21"¢" naive B-cells, a feature of these peripheral
blood TLM B-cells is the increased expression of the inhib-
itory receptor Fc receptor-like-4 (FCRL4) [21]. Functional
analyses of the ITIM-containing intracellular domain of
FCRL4 indicates that FCRL4 has a profoundly negative
regulatory effect on B-cell receptor (BCR) signalling by
inhibiting BCR-mediated calcium mobilization, tyrosine
phosphorylation of several intracellular proteins, and
the activation of protein kinase pathways [21]. Increased
expression of inhibitory receptor FCRL4 on TLM B-cells
and, to a lesser degree, on classical memory B-cells in the
blood is unique to HIV infections, which suggests that
FCRL4 may be essential to B-cell inhibition [19]. Given
its extensive inhibitory role, FCRL4 may be an important
inhibitory receptor in B-cell exhaustion associated with
chronic HIV infections. [21]

Besides higher expressions of FCRL4, TLM B-cells also
have increased expressions of other ITIM-bearing recep-
tors that serve as negative regulators of BCR-mediated acti-
vation [21]. These include FcyRIIB (CD32b), a low-affinity
receptor for the antibody immunoglobulin G (IgG); CD22;
CD85d of the leucocyte Ig-like receptor (LILR) family; and
other B-cell inhibitory receptors, such as CD72, LAIR-1
and the programmed cell death 1 (PD-1) receptor [21]. The
increased expression on TLM B-cells of these inhibitory re-
ceptors for ligand binding may also contribute to impaired
B-cell proliferation and functionality, including inhibited
HIV-specific antibody responses [21]. Furthermore, addi-
tional research has shown that chronic antigenic stimu-
lation or T-cell-independent B-cell activation concurrent
with elevated B-cell activating factor (BAFF) levels can
also contribute to B-cell exhaustion [19,25].

In summary, HIV-induced B-cell exhaustion includes
increased expressions of multiple inhibitory receptors, re-
duced proliferative potential, stunted replication history
and reduced immunoglobulin diversity [19].

B-cell exhaustion can also be caused
by non-viral pathogens

B-cell exhaustion is not limited only to chronic viral in-
fections. B-cell exhaustion characteristics have also been

found in the blood of individuals living in mosquito-
infected areas having the protozoan parasite Plasmodium
falciparum (which causes malaria) [26]. FCRL4, the cell
surface marker that defines TLM B- cells and is character-
istic of exhausted memory B-cells, was expressed at signif-
icantly higher levels on atypical memory B-cells compared
with classic memory B-cells and naive B-cells [26]. The
expressions of inhibitory and homing receptors on atypi-
cal memory B-cells, with exceptions, were comparable to
those on the TLM B-cells observed in HIV-infected indi-
viduals [26]. Atypical memory B-cells showed increased
expressions of the receptors CD85j, CD22, CD11lc and
CXCR3; CXCR4, CD62L, CXCR5 and CCR7 expressions
were decreased, and little difference was observed in the
expressions of CCR6 or CD72 [26].

Atypical memory B-cells have been
observed in both mice and humans

Atypical memory B-cells can be classified by the expres-
sion of T-bet, although heterogeneity exists even within
this B-cell subset [27]. CD11c is a reliable marker for this
subset as nearly all CD1 1ct B-cells express T-bet; however,
a large percentage of CD11cT-bet” B-cells can also arise
during infections and increased cellular age [27]. These
observations about CD11c also extend to human T-bet*
B-cells. [27]

The atypical memory B-cells were once considered ab-
normal, but recent studies found that T-bett B-cells are
normal components of the human immune system, and
increased populations can be induced by certain intracel-
lular pathogens [27]. CD21 T-bet™ B-cells are a small sub-
set present in the circulating blood of healthy individuals,
and vaccinations with live influenza virus vaccines cause
an expansion of these cells in circulating blood [27]. T-bet*
B-cells are generated by and essential to respond to intra-
cellular infections, and their populations are transiently
increased during acute HIV, influenza and Ebola virus in-
fections; and elevated populations are maintained during
HIV, hepatitis C virus infections, malaria and tuberculosis
infections, implying that T-bet* B-cells are fundamentally
involved in the Th1-type immune response. [27]

T-bet™ B-cells are also characterized by reduced ex-
pressions of CD21, a receptor expressed by pre-immune
and resting memory B-cells, and variable expressions of
CD27, a receptor normally associated with antigen experi-
ence; CD27 expression on T-bet* B-cells is particularly low
during chronic human infections [27]. Atypical B-cells
have low to undetectable levels of the surface markers
CD23 and CD21, but it is now understood that this pheno-
type includes some additional subsets that do not express
T-bet and which are unrelated to the T-bet™ subset [27].
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Recent studies suggest that B-cells expressing T-bet are the
specific subset expanded in intracellular infections, auto-
immune diseases and cellular ageing. [27]

T-bet™ B-cell subsets have been seen in both mice and
humans in primary and secondary humoral immune re-
sponses, and T-bet™ B-cells observed in cases of murine
ageing were sometimes called ‘age-associated B-cells’
(ABCs) [28,29]. ABCs do not proliferate from B-cell recep-
tor activation, but instead proliferate in response to endo-
somal Toll-like receptor (TLR) signals, particularly from
TLR7 and TLR9, and with increased T-bet expression,
when activated they usually release antibodies of the im-
munoglobulin G-2 (IgG,) isotype. [29]

Table 2 lists various increased or decreased surface fea-
tures of B-cell exhaustion, but the listis not comprehensive.

Summary of T-cell exhaustion

T-cell exhaustion, anergy, senescence and suppression
can be very difficult to distinguish, and a summary of

their differences would clarify the discussion of T-cell
exhaustion.

T-cell anergy, senescence,
suppression and exhaustion

T-cell anergy is a functional state of hyporesponsiveness
in which T-cells do not proliferate or produce the T-cell
growth factor IL-2 after appropriate ligation of an antigen
and T-cell receptor (TCR) [1]. Another characteristic of
anergic CD4" and CD8" T-cells is an impaired production
of inflammatory cytokines, including interferon-y and
TNF-« [1]. Although there are no definitive surface mark-
ers indicating anergic T-cells, epigenetic factors such as
histone modifications, and the transcription factor early
growth response gene 2 (Egr2) help establish and main-
tain T-cell anergy [1].

Decreased expressions of receptors CD27 and CD28,
and higher expressions of receptors CD57 and killer cell
lectin-like receptor subfamily G (KLRG1), usually indicate

TABLE 2 - Features of B-cell exhaustion
Feature Function Expression Comments
PD-1 Receptor Increased [21] Inhibitory receptor
FCRL4 Receptor Increased [21] Inhibitory receptor
Siglec-6 Receptor Increased [21] Inhibitory receptor
LAIR-1 Receptor Disputed [21,24]* Inhibitory receptor, called CD305
LILR Receptor Increased [19,20] Inhibitory receptor
CD32b Receptor Increased [21] Inhibitory receptor for IgG, called FcyRIIB
CD38 Receptor Increased [24] Inhibitory receptor
CD70 Receptor Increased [24] Inhibitory receptor
CD72 Receptor Increased [21]* Inhibitory receptor
CD85d Receptor Increased [21] Also called ILT4 or LILRB2
CD85j Receptor Increased [19,20] Also called LIR—1, ILT2 or LILRB1
CD86 Receptor Increased [24] Inhibitory receptor
CD95 Receptor Increased [24] Receptor, also called Fas, FasR or APO—1
CDl1l1c Receptor Increased [19] Adhesion receptor, also called integrin alpha X
CXCR3 Receptor Increased [19] Chemokine receptor
CXCR4 Receptor Decreased [19] Chemokine receptor
CXCR5 Receptor Decreased [19] Chemokine receptor
BAFF-R Receptor Decreased [24] BAFF means B-cell activating factor
CCR6 Receptor Decreased [19]* Chemokine receptor
CCR7 Receptor Decreased [26] Chemokine receptor
CD21 Receptor Decreased [21,23] Activating receptor
CD22 Receptor Decreased [24] # Activating, also called Siglec—2
CD25 Receptor Decreased [24] Activating receptor
CD62L Receptor Decreased [19] Cell adhesion receptor, also called L-selectin

*No change or a decrease or increase may be seen in atypical memory B-cells.
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CD4 and CD8 T-cell senescence, but there are no definitive
surface markers [30]. T-cell senescence has been defined
as a state that is maintained by internal cell stress signal-
ling by increased p38 mitogen-activated protein kinase
(p38 MAPK), resulting from DNA damage, reactive oxygen
species (ROS) activation or other stresses [30]. Senescent
T-cells secrete a variety of generally pro-inflammatory fac-
tors known as the ‘senescence-associated secretory phe-
notype’ (SASP), which negatively impact multiple organs
and contribute to age-associated inflammation, a state
called ‘inflamm-ageing’ [1,30].

There are arguments that replicative cell senescence
from telomere loss does not apply to lymphocytes, because
unlike most somatic cells, lymphocytes during activation
can reactivate telomerase expression, and this was demon-
strated in human and murine T-cells and B-cells after spe-
cific (antigen) or non-specific stimulation (e.g. mitosis
inducing anti-CD3 antibodies or lectins) [31,32]. Elevated
telomerase activity may support the survival, proliferation
and expansion of antigen responses in vivo, but lympho-
cytes still have a limited life span because their telomerase
activity levels are insufficient to totally stop telomere loss
[31]. Furthermore, resting human T-cells have little or no
telomerase activity [31].

T-cell suppression has frequently been used inter-
changeably with T-cell exhaustion, causing considerable
confusion. T-cell suppression with decreased T-cell func-
tionality can be caused by multiple factors, including the
influence of cytokines including IL-10 from dendritic cells
and exhausted CD4 T-cells, interferon-a and interferon-p,
and TGF-p secreted by regulatory T-cells or myeloid-
derived suppressor cells [33,34]. Furthermore, because
CD8 T-cells share several lymphocyte characteristics with
NK-cells, T-cell suppression is very probable when there is
tissue hypoxia (reduced oxygen); neuroendocrine activa-
tion; a hypercoagulable state (e.g. increased tissue factor,
fibrin, thrombin); pro-inflammatory prostaglandins (e.g.
prostaglandin E2); and anti-inflammatory phase factors
and interleukin-6 (IL-6), just as in the case of NK-cells
[15].

T-cell exhaustion characteristics

T-cell exhaustion is defined by reduced functionality,
but is recoverable by manipulating extrinsic regulatory
pathways, such as by checkpoint receptor blockades
[30]. Exhausted T-cells are physiologically intact and
result from chronic infections or cancer where chronic
antigenic stimulation from a source that cannot be
cleared prevents many of the responding T-cells from
reverting to quiescent memory cells [30]. A heightened
inflammatory status (i.e. a certain cytokine/chemokine

environment together with chronic antigen exposure)
may render T-cells exhausted, especially in the absence
of CD4+ T-cell help [30].

Master regulators of epigenetic
reprogramming for T-cell exhaustion

T-cell exhaustion, driven by chronic T-cell receptor stimu-
lation and the nuclear factor of activated T-cells (NFAT),
also affects T-cells transcriptionally and epigenetically,
because the nuclear factor TOX also seems to play a cen-
tral role in priming CD8 T-cells for exhaustion at the tran-
scriptional and epigenetic levels [1].

Phenotypic characteristics of T-cell exhaustion

T-cell exhaustion exhibits a decreased production of ef-
fector cytokines, including IL-2, interferon-y or TNF,
abnormal expressions of certain chemokines, and a
continuous and increased expression of multiple inhibi-
tory receptors, which will be discussed in more detail
[1]. T-cell exhaustion results from long-duration anti-
gen exposures and continuous inflammation, and these
long-duration conditions can result from several dis-
eases and infections by chronic and/or latent pathogens
[35-39].

If antigen exposures are chronic and continuous
for over two to four weeks, T-cell exhaustion is possible
[40,41]. T-cell exhaustion is induced even with continuous
low levels of antigens, and T-cell exhaustion can include
metabolic exhaustion and mitochondrial dysfunctions
in the T-cells, which can reduce their proliferation and
functionalities and possibly reduce these T-cells numer-
ically [40,41]. T-cell exhaustion severity is worsened by
increased antigen abundance (titre) and/or by longer du-
ration of antigen levels [35-39]. T-cell exhaustion can be
induced by latent infections of several protozoan, fungal,
viral or bacterial pathogens, including Toxoplasma gondii,
[37] and hepatitis B or C virus [42-44]. Inflammation is
also possible during any protozoan, fungal, viral and bac-
terial pathogen infection from the production of several
inflammatory cytokines [45].

T-cell exhaustion is induced by cancers or chronic and/
or latent pathogen infections that cause long-duration
inflammation and antigen stimulation of T-cells with sig-
nificant antigen titres [35-37]. However, if any of these
conditions are not met, as for short or very recent patho-
gen infections, or when pathogen infections produce very
little inflammation or a very low antigen titre, then T-cell
exhaustion will be unlikely [37]. Furthermore, if a mild
genetic strain of a pathogen, or a prompt and effective
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drug treatment of an active pathogen infection can avoid
T-cell exhaustion, then sometimes a latent pathogen in-
fection can induce CD4 T-cells and CD8 T-cells to produce
increased amounts of interferon-y that stimulates an im-
proved immune response to later infections [37,46]. In
summary, T-cell exhaustion may or may not happen de-
pending on the genetic strain of a pathogen, the duration
of infection and timely drug treatments, for infections
involving viral, bacterial, fungal or protozoan parasite
pathogens [37].

T-cell exhaustion affects CD4 T-cells and
CDS8 T-cells

T-cell exhaustion has major impacts on pathogen sup-
pression involving CD4 T-cells and CD8 T-cells [36,41,47].
Several T-cell receptors participate in T-cell exhaustion,
including costimulatory receptors and inhibitory recep-
tors [36]. An increased number of multiple inhibitory
receptors expressed correspond to an increased level of
T-cell exhaustion [41]. The increased T-cell inhibitory re-
ceptors include the programmed cell death protein 1 (PD-
1), lymphocyte activation gene-3 protein (LAG-3), B- and
T-lymphocyte attenuator (BTLA), CD244, CD160, T-cell
immunoglobulin domain and mucin domain-containing
protein 3 (TIM-3), and cytotoxic T-lymphocyte-associated
protein-4 (CTLA-4) [39,41,48]. The expression levels of
the various inhibitory receptors increase with the increase
in T-cell exhaustion; for example, severe T-cell exhaustion
from chronic viral infections often corresponds to high
levels of expression of the inhibitory TIM-3 receptor on
T-cells. [48]

It should be noted that several inhibitory receptors are
also expressed to some degree during the differentiation
or activation of T-cells and that expression during active
infections does not necessarily correspond to T-cell ex-
haustion caused by chronic infections [49]. It is known
that during acute infections, cytokines affect T-cells and
can significantly increase T-cell expression of inhibitory
receptors in as little as 24 h, and certainly increase their
expression within 48 to 72 h [49]. A primary role for the
cytokine IL-27 has been proposed, at least in mice, be-
cause it is a major driver of IL-10 production and was
observed to act as a master controller of several negative
regulatory surface receptors, such as PD-1, TIM-3, LAG-3
and TIGIT. [30]

T-cell exhaustion can be reversed and/or prevented by
blockades of various costimulatory and inhibitory T-cell
receptors, such as a blockade of the interleukin-10 recep-
tor, a blockade of the PD-1 receptor on CD8 T-cells, and
a blockade of type I interferon (interferon-o and interfer-
on-f) signalling to CD4 T-cells [41,46]. While the type I
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interferon-o and interferon-p are critical antiviral cyto-
kines in the early phase of infection for CD8 T-cell acti-
vation and differentiation, their long-duration presence
can induce CD4 T-cell exhaustion [36,37,47]. CD4 T-cell
exhaustion also increases CD8 T-cell exhaustion, because
the absence of an interleukin-21 signal that is normally
secreted by CD4 T-cells will directly increase CD8 T-cell
exhaustion [36,37,47]. In addition, the loss of CD4 T-cell
functions from CD4 T-cell exhaustion will decrease the
levels of interferon-y, which is an important cytokine that
controls acute and chronic intracellular infections by both
viral and protozoan parasite infections. [37,50]

Particularly manipulative pathogens have evolved con-
siderable skills for inducing T-cell exhaustion. Chronic in-
fections with T. gondii have induced T-cells to have higher
expressions of inhibitory PD-1 receptors and increased ex-
pressions of programmed cell death ligand 1 (PD-L1) by T.
gondii-infected cells. [51]

Treg cells also appear to have a role in T-cell exhaus-
tion and T-cell suppression, including the maintenance
of CD8 T-cell exhaustion [41,48]. Ty cells can inhibit
antigen-specific T-cells by the secretion of inhibitory cyto-
kines including IL-10, interleukin-35 (IL-35) and TGF-p,
and by the use of their IL-2 receptors (CD25) to act as a
IL-2 sink to reduce extracellular IL-2 and thereby reduce
T-cell proliferation [48,52]. Studies of lymphocytic cho-
riomeningitis virus (LCMYV) infections in mice and HIV
infections in humans have proved that several immune
cells can produce IL-10 during chronic infections, such as
dendritic cells (DCs), monocytes and/or CD4 T-cells [41].
Concurrent blockade of IL-10 receptors and inhibitory
PD-1 receptors in mice reverses CD8 T-cell exhaustion
and improves control of viral infections in mice, which
suggests IL-10 has a role in controlling CD8 T-cell exhaus-
tion. [41]

Table 3 lists some features that have been linked to T-
cell exhaustion, but the list is not comprehensive.

Table 4 compares causes, features and secretions that
have been linked to B-cell, NK-cell, and T-cell exhaustion,
but the list is not comprehensive.

Poly-lymphocyte exhaustion

B-cell exhaustion, NK-cell exhaustion and T-cell exhaus-
tion have previously been discussed in isolation, where
each type of lymphocyte exhaustion cripples each lym-
phocyte's essential roles in immune system defence. Can
exhaustion of two or three of these lymphocyte types
occur concurrently? As sufficient chronic and continu-
ous antigen stimulation can cause any of the three types
of lymphocyte exhaustion, multiple concurrent lym-
phocyte exhaustion is possible, and this novel category
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TABLE 3 Features of T-cell exhaustion

Feature Function Expression Comments

TIGIT Receptor Increased [39] Inhibitory receptor

LAG-3 Receptor Increased [41,48] Inhibitory receptor

TIM-3 Receptor Increased [41,48] Inhibitory receptor

PD-1 Receptor Increased [41,48] Inhibitory receptor

BTLA Receptor Increased [39,48] Inhibitory receptor, B- and T-lymphocyte attenuator
CD160 Receptor Increased [41,48] Inhibitory receptor

CD244/2B4 Receptor Increased [41,48] Inhibitory receptor, also called 2B4

CTLA-4 Receptor Increased [41,48] Inhibitory receptor

Interferon-o Receptor Increased? [41,46] Inhibitory receptor role after extended time*
Interferon-p Receptor Increased? [41,46] Inhibitory receptor role after extended time*
IL-2 Cytokine Decreased [1,38] Important T-cell secretion

Interferon-y Cytokine Decreased [39,41] Important T-cell secretion

TNF-« Cytokine Decreased [39,41] Important T-cell secretion

Perforin Cytotoxin Decreased [35,38] Important T-cell secretion

Granzyme Cytotoxin Decreased [35,38] Important T-cell secretion

*The interferon-o and interferon-f receptors after long stimulation can cause T-cell exhaustion. It is not certain whether these receptors also have an increased

expression on exhausted T-cells.

of lymphocyte exhaustion will herein be called ‘poly-
lymphocyte exhaustion’. The simplest and most common
example of poly-lymphocyte exhaustion would be caused
by two different cancers or pathogens, where each type
of cancer or pathogen induces one type of lymphocyte
exhaustion.

The more interesting type of poly-lymphocyte exhaus-
tion occurs when only one type of cancer or pathogen in-
duces poly-lymphocyte exhaustion. As B-cells, NK- cells
and T-cells play complementary roles for an integrated
and effective immune defence, poly-lymphocyte exhaus-
tion affecting two or even three of these lymphocytes is
particularly important. For example, NK-cell exhaustion
and T-cell exhaustion have been separately linked to cy-
tomegalovirus (CMV) infections, so the components of
this type of poly-lymphocyte exhaustion have already
been observed [11,13,37]. In addition, concurrent B-cell
exhaustion and T-cell exhaustion have been reported in
cases of the dangerous protozoan parasite Plasmodium
falciparum. [53] Poly-lymphocyte exhaustion may also
be possible for Toxoplasma gondii, [37] hepatitis B or C
virus, and other manipulative pathogens [42-44]. The im-
plications of poly-lymphocyte exhaustion regarding the
same cancer or pathogen are significant, enabling cancers
or pathogen infections by viruses, protozoan parasites,
bacteria or fungi to overwhelm most or all lymphocyte
defences. As poly-lymphocyte exhaustion would be very
helpful to a pathogen's survival, it is likely that several
pathogens have already evolved such a capability against
mammalian immune systems.

Figure 1 is a conceptual diagram of the simplest poly-
lymphocyte exhaustion induced when the lymphocyte re-
ceptors and inhibitory receptors of two different types of
lymphocytes are activated by two separate host cells, one
host cell infected by a first intracellular pathogen and a
second host cell infected by a second intracellular patho-
gen. The second type of lymphocyte is drawn in dotted
lines to indicate it would normally not be concurrently
present with the first type of lymphocyte. This is a basic
example of poly-lymphocyte exhaustion induced by a
combination of two different types of pathogens.

Figure 2 is a simplified conceptual diagram of poly-
lymphocyte exhaustion induced when the lymphocyte
receptors and inhibitory receptors of two different types
of lymphocytes are activated by a host cell infected by an
intracellular pathogen. The first type of lymphocyte is
drawn in dotted lines to indicate it would not typically be
concurrently present with the second type of lymphocyte.

CONCLUSION

B-cell exhaustion, NK-cell exhaustion and T-cell ex-
haustion are examples of lymphocyte exhaustion,
and they have several differences and similarities.
Lymphocyte exhaustion is also frequently confused with
anergy, cellular senescence and suppression, because
these lymphocyte states can have significant overlap-
ping similarities with exhaustion. An additional source
of confusion is also caused by the fact that lymphocyte
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TABLE 4 Comparing B-cell, NK-cell and T-cell exhaustion causes, features and secretions

Causes B-cell exhaustion NK-cell exhaustion T-cell exhaustion
Chronic antigen initiation Induced Induced Induced
Longer duration effects Increased Increased Increased
Higher antigen level effects Increased Increased Increased
Features B-cell exhaustion NK-cell exhaustion T-cell exhaustion
TIGIT inhibitory receptor Increased Increased
LAG-3 inhibitory receptor Increased Increased
TIM-3 inhibitory receptor Increased Increased
PD-1 inhibitory receptor Increased Increased/Disputed Increased
BTLA inhibitory receptor Increased
CD160 inhibitory receptor Increased
CD244 inhibitory receptor Increased
CTLA4 inhibitory receptor Increased
Interferon-a inhibitory receptor® Increased?
Interferon-f inhibitory receptor® Increased?
NKG2A inhibitory receptor Increased
KIRs inhibitory receptors Increased
CDY6 inhibit/activate receptor Increased
NKG2D activating receptor Decreased
DNAM-1 activating receptor Decreased
CD16 activating receptor Decreased
CD107a degranulation marker Decreased
FCRL4 inhibitory receptor Increased
Siglec-6 inhibitory receptor Increased
LAIR-1 inhibitory receptor Increased®
LILR inhibitory receptor Increased
CD32b inhibitory receptor Increased
CD38 inhibitory receptor Increased
CD70 inhibitory receptor Increased
CD72 inhibitory receptor Increased®
CD85d inhibitory receptor Increased
CD85j inhibitory receptor Increased
CD86 inhibitory receptor Increased
CD95 inhibitory/death receptor Increased
CD11c adhesion receptor Increased
CXCR3 chemokine receptor Increased
CXCR4 chemokine receptor Decreased
CXCRS5 chemokine receptor Decreased
BAFF-R receptor Decreased
CCR6 chemokine receptor Decreased”
CCR7 chemokine receptor Decreased
CD21 activating receptor Decreased
CD22 activating receptor Decreased”
CD25 activating receptor Decreased

(Continues)
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TABLE 4 (Continued)

Features B-cell exhaustion

NK-cell exhaustion T-cell exhaustion

CD62L adhesion receptor Decreased

Secretions B-cell exhaustion

NK-cell exhaustion T-cell exhaustion

Interferon-y (cytokine)
TNF-a (cytokine)
Perforin (cytotoxin)

Granzymes (cytotoxins)

Decreased Decreased
Decreased Decreased
Decreased Decreased
Decreased Decreased

*The interferon a and p receptors after long stimulation can cause T-cell exhaustion. It is not certain if these receptors also have an increased expression on

exhausted T-cells.

"No change or a decrease or increase may be seen in atypical memory B-cells.
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A host cell with a
first pathogen infection
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FIGURE 1 Conceptual diagram of the simplest poly-
lymphocyte exhaustion induced when the lymphocyte receptors
and inhibitory receptors of two different types of lymphocytes are
activated by two separate host cells, one host cell infected by a first
intracellular pathogen and a second host cell infected by a second
intracellular pathogen

exhaustion is not a binary state, but instead has a spec-
trum of severity induced by various levels of continuous
antigenic stimulation and duration. T-cell exhaustion
has been researched more than B-cell exhaustion and
NK-cell exhaustion, and there is less of a consensus on
the precise definitions of B-cell and NK-cell exhaustion.
In summary, for the B-cell, NK-cell and T-cell lympho-
cytes generally, exhaustion could be defined as an im-
paired state resulting from antigenic overstimulation,
anergy could be defined as an impaired state resulting
from inadequate stimulation of the activating recep-
tors, senescence could be defined as an impaired state

A host cell infected by a
pathogen capable of inducing
poly-lymphocyte exhaustion

Inhibitory ligands for the
inhibitory receptors (e.g.,
programmed cell death
protein ligand 1 (PD-L1),

or an equivalent)

Presented antigen
to second type of
lymphocyte

Presented
antigen to first type
of lymphocyte

P

First Second\ \
lymphocyte lymphocyte
Inhibitory antigen
antigen |nhiitory receptors receptors  receptor
Teceptor of first lymphocyte - of second
PD1, TIM-3 or an | lymphocyte
equivalent \ /
First type of Second type of /

\ lymphocyte exhausted for
N pathogen
~

-~

lymphocyte exhausted for
pathogen

FIGURE 2 Simplified conceptual diagram of poly-lymphocyte
exhaustion induced when the lymphocyte receptors and inhibitory
receptors of two different types of lymphocytes are activated by a
host cell infected by an intracellular pathogen

resulting from the ageing of the lymphocyte, and sup-
pression could be defined as an impaired state result-
ing from the inhibiting actions of external non-antigenic
factors. Concurrent multiple types of lymphocyte ex-
haustion are possible, and this situation is herein called
poly-lymphocyte exhaustion. As there would be several
advantages for a pathogen against an immune system
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impaired by poly-lymphocyte exhaustion, there are
probably several pathogens with an evolved capability
for inducing poly-lymphocyte exhaustion.
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Abstract

The metabolic reprogramming during T cell activation and differentiation affects
T cell fate and immune responses. Cell metabolism may serve as the driving force
that induces epigenetic modifications, contributing to regulating T cell differentia-
tion. Persistent pathogen infection leads to T cell exhaustion, which is composed
of two main subsets and with distinct metabolic characteristics. The progenitor
exhausted T cells utilize mitochondrial fatty acid oxidation (FAO) and oxidative
phosphorylation (OXPHOS) for energy, while terminally exhausted T cells mainly
rely on glycolytic metabolism with impaired glycolysis and OXPHOS. Here, we
compiled the latest research on how T cell metabolism defines differentiation,
focusing on T cell exhaustion during chronic infections. In addition, metabolic-
related factors including antigen stimulation signals strength, cytokines and
epigenetics affecting T cell exhaustion were also reviewed. Furthermore, the inter-
vention strategies on metabolism and epigenetics to reverse T cell exhaustion
were discussed in detail, which may contribute to achieving the goal of prevention
and treatment of T cell exhaustion.

KEYWORDS
chronic infection, epigenetics, glycolysis, T cell exhaustion, T cell metabolism

in reinvigorating T cell exhaustion.> Multi-antibody combi-
nation therapy has shown a great ability to rejuvenate

During chronic pathogen infection, antigen-specific T cells
become exhausted, displaying poor effector function and los-
ing memory potential."” * Targeting immune checkpoint
molecules like programmed cell death protein 1 (PD-1), lym-
phocyte activation gene 3 (LAG-3) and T-cell immunoglobu-
lin and mucin domain 3 (TIM-3) have been widely described

exhausted T cells, but the reinvigoration is not durable, and
still has many limitations.* ® Thus, it is necessary to investi-
gate the novel mechanisms of T cell exhaustion including
factors involved in metabolism or metabolic-related epige-
netic regulation of T cell exhaustion to explore new thera-
peutic targets against T cell exhaustion.

© 2022 John Wiley & Sons Ltd.
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FIGURE 1 Metabolic programming at different T cell subsets. Different T cell subpopulations use specific metabolic programs to
support their functions. Effector T cells need a large amount of energy for rapid supply due to their proliferation, differentiation and effector
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THE VARIABLE METABOLIC without recirculating, and displays tissue-residency
DEMANDS THROUGHOUTT CELL markers including integrin CD103 and CD69.'> '7 Addi-
DIFFERENTIATION tionally, Tscy is the precursor of memory cells and pre-

sents naive-like biomarkers (CCR7, CD27, CD127 and
Following antigen stimulation, naive T cells are activated CD62L). Tscym has enhanced self-renewal and prolifera-
and differentiated into effector T cells and memory T cells, tion capabilities, and has a multipotent developmental
which could be divided into effector memory T cells (Tgy), potential to generate multiple subsets of memory cells.'®
central memory T cells (Tcy), tissue-resident memory T ' The memory T cell mentioned in this article mainly

cells (Tgry) and stem cell memory T cells (Tscp).>™® Tradi- refers to Tcep.

tionally, it is believed that following antigen stimulation, The metabolic requirements for different kinds of T cells
the majority of T cells differentiate into short-lived effector ~ are variable®>* (Figure 1). Naive T cells maintain a quies-
cells, which would die by apoptosis following antigen clear- cent state with relatively low energetic requirements, and
ance.” Only a small fraction of T cells (about 5%-10%) sur- mainly derive adenosine triphosphate (ATP) from oxidative

vive, known as memory precursor T cells, which further phosphorylation (OXPHOS) in the mitochondrion. Addition-
differentiate into memory T cell subsets.'® Recently, a novel ally, fatty acids and amino acids can be degraded into pyru-
model on asymmetric division suggests that T cell fates are ~ vate, acetyl coenzyme A (acetyl-CoA) or other intermediates
determined by the asymmetric division, the daughter cells to provide energy.” Upon activation, the metabolism of
adjacent to the immune synapse differentiating into effec- effector T cells is reprogrammed into aerobic glycolysis and
tor T cells, while those from the distal pole giving rise to OXPHOS to meet the increased demand for energy and
long-lived memory cells.” ' intermediate products for rapid cell growth and division.** °
Memory T cell subsets show different phenotypes and In this process, since the available amino acids are shunted
functions.'® '? T¢y exhibits high level of IL-7 receptor o away from the tricarboxylic acid (TCA) cycle into protein
(CD127), lymph-node homing selectin CD62L and che- synthesis and available fatty acids are shunted into mem-
mokine receptor CCR7,” which mainly exists in the  brane synthesis, most ATPs are generated by glycolysis.*
lymph nodes, and can survive for more than 10 years. Compared with naive and effector T cells, memory T
Tcm has robust proliferative capacity upon re-activa-  cells increase mitochondrial mass, mainly utilize fatty acid
tion."* Compared with Tcy, Tey is defined by decreased oxidation (FAO) and mitochondrial OXPHOS for their
expression of CD62L and CCR7, high expression of killer long-term survival, and sustain a recall response upon sec-
cell lectin-like receptor G1 (KLRG1), and decreased pro- ondary antigenic stimulation.*" ** Compared with Tgy
liferative potential.'* '* Tpy is enriched in spleen and cells, Tcy has a more elevated mitochondrial spare respira-
peripheral nonlymphoid organs, such as lung, liver and tory capacity (SRC), which indicates that Ty may be more
gut, and survives for about 1 month." Specially, tissue- dependent on mitochondrial respiration for energy.”” Dur-
resident memory T cell (Tgy) resides in peripheral tissues ing glucose starvation, Tgy, has a limited ability to
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upregulate fatty acid synthesis and OXPHOS, which indi-
cates that Tgy is less dependent on FAO than Tem2®

Inhibiting glycolysis or augmenting OXPHOS can alter
their phenotype and favour memory T cell formation.*~>!
Accumulated data show that T cells taking up limited glu-
cose are metabolically suited for long-lived memory cell
formation. Metformin or rapamycin treatment promotes
memory T cell formation by enhancing FAO and
OXPHOS at the expense of glucose utilization.>" ** Lactate
dehydrogenase A (LDHA) inhibitor combined with IL-21
promotes the formation of Tscy and improves antitumor
response.>®> Conversely, increased glycolysis may favour
the formation of Tgy.*>” Moreover, augmenting glycolytic
metabolism by overexpressing the glycolytic enzyme phos-
phoglycerate mutase-1 (PGAM-1) drives T cells toward a
terminally differentiated state, and limits the formation of
long-lived memory T cells.*

In short, metabolic reprogramming orchestrates T cell
differentiation from naive T cells to effector and memory
T cell subsets. The metabolic characteristics and interven-
tions of different memory T cells remain to be explored.

THE METABOLIC REQUIREMENTS
OF EXHAUSTED T CELLS

T cell exhaustion happens in chronic infections with lym-
phocytic choriomeningitis virus (LCMV), hepatitis B
virus (HBV), hepatitis C virus (HCV), human immunode-
ficiency virus (HIV) and Mycobacterium tuberculosis
(M. tuberculosis)." > ** Continuous antigen stimulation,
high levels of reactive oxygen species (ROS) and hypoxia
drive T cell exhaustion.’® Considering exhausted CD4"
T cells are heterogeneous,36 the exhausted T cells men-
tioned in this article mainly refer to exhausted CD8"
T cells. T cell exhaustion is a process in which T cells
gradually lose their function: first, loss of interleukin
(IL)-2 production, proliferation potential and cytolytic
activity, followed by decreased expression of interferon-y
(IFN-y) and tumour necrosis factor-o (TNF-a), at last
impairing the ability to confer protection.” * Exhausted T
cells overexpress various inhibitory receptors such as
PD-1, TIM-3 and LAG-3, et al.*’ In addition, T cell
exhaustion is accompanied by changes in the expression
of transcription factors, such as upregulated expression of
B lymphocyte-induced maturation protein-1 (Blimp-1)**
and basic leucine zipper transcription factor ATF-like
gene (BATF),* and downregulated expression of T-box-
containing protein expressed in T cells (T-bet).*® Tradi-
tionally, it is believed that exhausted T cells are derived
from terminally differentiated effector T cells. However,
emerging insights reveal that exhausted T cells are het-
erogeneous and can be derived from memory precursor
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effector cells or memory T cells at different differentiation
stages.*!

Exhausted T cells are phenotypically and functionally
heterogeneous,* ** which could be divided into two
main subsets: progenitor exhausted T cells and terminally
exhausted T cells. Progenitor exhausted CD8" T cells are
a kind of ‘stem-like’ exhausted T cell population with an
intermediate expression of PD-1, expression of CD127,
chemokine receptor CXCR5 and T-cell factor 1 (TCF-1),
which is also critical for memory formation."” *' This sub-
set has the capabilities of self-renewal and proliferation,
and can respond well to PD-1/PD-ligand 1 (PD-L1)

BOX 1 Key players in cell metabolism

Anaerobic glycolysis: Glycolysis is a process of
metabolizing glucose to pyruvate. Anaerobic gly-
colysis refers to the process in which glucose is
degraded into lactate in the cytoplasm under
anaerobic conditions along with the production
of two ATPs per molecule of glucose.

Tricarboxylic acid (TCA) cycle: It is the cen-
tral hub of mitochondrial metabolism that plays
a pivotal role in coordinating the metabolism of
carbohydrates, fats and proteins into ATP and
carbon dioxide (CO,).

Oxidative phosphorylation (OXPHOS): In the
presence of sufficient oxygen, most glycolysis-derived
pyruvate will be oxidized to acetyl coenzyme A (ace-
tyl-CoA) by pyruvate dehydrogenase (PDH), then
enter the TCA cycle and completely oxidize to CO,
in the mitochondrion with up to 36 ATPs per mole-
cule of glucose generated. During this process, oxy-
gen is essential and acts as the ultimate electron
acceptor to completely oxidize glucose.

Aerobic glycolysis or Warburg effect: A phe-
nomenon of predominantly converting most glu-
cose to lactate regardless of the availability of
oxygen. It was first described in cancer cells and
then in normal proliferating T cells.

Fatty acid oxidation (FAO): The glycerol and
fatty acids produced by hydrolysis of fats and oils
could be fully oxidized and decomposed to pro-
duce CO,, water, and acetyl-CoA, and release
some ATP under sufficient oxygen supply. FAO-
generated acetyl-CoA then enters the TCA cycle,
which couples with OXPHOS to generate ATP.

Metabolic reprogramming: It refers to alter-
nations in metabolic of immune cells induced by
infection and inflammation to match shift in
metabolic requirements.
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blockade.** *° In contrast with progenitor exhausted T
cells, terminally exhausted T cells show impaired prolif-
erative capacity and do not respond to PD-1 pathway
blockade,*® which are characterized by high levels of
PD-1 and TIM-3 and loss of TCF-1 expression.** ** 47 48
The exhausted T cells mentioned in this article mainly
refer to terminally exhausted T cells (Box 1).

The two kinds of exhausted T cells also show dif-
ferent metabolic characteristics. The progenitor
exhausted T cells have a catabolic metabolism charac-
terized with mitochondrial FAO and OXPHOS,*
while terminally exhausted T cells mainly rely on gly-
colytic metabolism with impaired glycolysis and
OXPHOS.°>® Terminally exhausted T cells have
reduced glucose uptake and low expression of
transcriptional coactivator peroxisome proliferator-
activated receptor y coactivator-la (PGC-1a), which
engages in mitochondrial biogenesis.”" ** In termi-
nally exhausted T cells, increased mitochondrial mass
and decreased mitochondrial membrane potential
result in the inability of exhausted T cells to effec-
tively utilize OXPHOS to provide energy.”” >*
Impaired mitochondrial OXPHOS limits the prolifera-
tion and effector function of T cells by limiting ATP
synthesis.”’

Mitochondria in different T cell subsets have distinct
morphological changes,”” *” and the shape of mitochon-
dria determines T cell fate.”® Effector T cells have fissed
mitochondria with loose cristae, which become fused in
memory T cells and have tighter cristae and expanded
space. Altering mitochondrial fission/fusion induces the
changes in cristae morphology, further shapes metabolic
programming, and ultimately regulates T cell differentia-
tion. In which process, augmenting mitochondrial fission
drives the generation of effector T cells through inducing
cristae expansion, decreasing electron transport chain
efficiency and facilitating glycolysis, while enhancing
mitochondrial fusion favours memory T cells formation
by promoting OXPHOS and FAO.>® Mitochondrial fission
produces discrete and fragmented mitochondria, which
contributes to ROS overproduction.®® The excess of mito-
chondrial ROS could activate persistent nuclear factor of
activated T cells (NFAT) signalling,®® which drives termi-
nal exhaustion.®> Moreover, mitochondrial fission also
promotes mitochondrial polarization.®® Thus, inhibition
of fission may prevent ROS production and enforce mem-
ory T cell formation.”® °* In addition, mitophagy is vital
for memory formation, mainly through clearing off dys-
functional mitochondria and maintaining mitochondrial
homeostasis.®* **

In summary, persistent antigen stimulation induces T
cell exhaustion. The progenitor exhausted T cells rely on

ity in heaith and dis

mitochondrial FAO and OXPHOS for energy, while
persistent antigen stimulation leads to the change of
mitochondrial structure and impaired mitochondrial
OXPHOS at last. PD-1 pathway blockade affects the pro-
genitor exhausted T cells, but does not reinvigorate termi-
nally exhausted cells.

ANTIGEN STIMULATING SIGNAL
AND MICROENVIRONMENTAL
CYTOKINES AFFECTING T CELLS
METABOLISM

Antigen stimulation signal strength

T cell receptor (TCR) signalling triggers multiple signal-
ling cascades involved in effector functions and metabolic
reprogramming (Figure 2). TCR together with costimula-
tory signal activates phosphatidylinositol 3-kinase (PI3K),
subsequently activates AKT and mammalian target of
rapamycin (mTOR) signalling, then activates transcrip-
tion factors including hypoxia-inducible factor-1 o (HIF-
la) and cellular-myelocytomatosis oncogene (c-Myc) to
promote glycolysis.®> ®© C-Myc consequently facilitates a
variety of cellular processes involved in cell proliferation
and metabolism .°> ® The PI3K-AKT-mTOR signalling
pathway and adenosine monophosphate-activated pro-
tein kinase (AMPK) pathway triggered by TCR signalling
are the main pathways that regulate T cell metabo-
lism.65’ 68, 69

PI3K and AKT inhibitors could increase FAO metab-
olism and drive the formation of memory T cells.”” 7
mTOR inhibitor (rapamycin) treatment enforces the for-
mation of memory precursors during the expansion
phase of the T-cell response, and accelerates the memory
T-cell differentiation program during the contraction
phase.”” Rapamycin has been shown to enhance memory
T cell formation by driving glucose-dependent metabo-
lism into FAO.”> In addition, AMPK inhibits mTOR
activation”® and determines memory T cell formation
by reprogramming metabolism from glycolysis to
OXPHOS.”* Metformin is an activator of AMPK and
favours memory T cell formation by enhancing FAO.*!

During chronic infection, persistent antigen exposure
gradually impairs memory T cells formation and cytokine
secreting potential, and leads to exhaustion.” 2 Moreover,
exhausted T cells display low and strongly inhibited TCR
signalling although antigen is abundant,”” which
enhances the dysfunction of exhausted T cells. The PD-1/
PD-L1 interaction promotes the dephosphorylation of
key proteins downstream of TCR, resulting in the inhibi-
tion of TCR signal transduction.”®
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Cytokine regulation

T cell metabolism and differentiation are regulated by
various cytokines including IL-2, IL-7, IL-10, IL-12 and
IL-21 (Figure 2). Among them, IL-2, IL-7 and IL-21 are
the members of y-chain cytokine family and play an
important role in antagonizing exhaustion.”” Both IL-2
and IL-7 are critical for T cell differentiation and homeo-
stasis by regulating metabolism. IL-2 treatment could
promote glycolysis by activating the mTOR pathway,
thereby altering cell differentiation and effector func-
tions.”* 7® IL-7 promotes glucose transporter Glutl
expression and glucose uptake via STAT5-mediated Akt
activation to maintain T-cell survival.”® IL-7 also
improves T cell survival by enhancing proliferation,
decreasing apoptosis and exhaustion via promoting
higher Glutl transport.*® In addition, IL-7 inhibits the
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expression of suppressor of cytokine signalling 3 (SOCS3),
which is dramatically upregulated in exhausted T cells,*!
and reinvigorates T cell response during chronic LCMV
infection.®” In addition, IL-10 improves the effector func-
tion of exhausted T cells by promoting OXPHOS.*® IL-12
increases the mitochondrial potential and restores the
anti-viral effector function of exhausted HBV-specific T
cells.”® IL-21 shifts T-cell metabolism from glycolysis
toward FAO, contributing to the induction of Tcy-like
cells and reduced PD-1 expression.** Furthermore, IL-21
together with rapamycin could induce the formation of
antigen-specific Tscy-like cells.®

In short, T cell metabolism is regulated by antigen
stimulation signal strength and cytokines, et al. Identify-
ing the molecular links between metabolism and T-cell-
mediated immune responses may help understand the
pathogenesis of T cell exhaustion.
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METABOLISM REGULATES T CELL
DIFFERENTIATION VIA
EPIGENETICS

Epigenetic regulations including DNA methylation and
histone modifications (such as acetylation, methylation
and phosphorylation) affect the chromatin accessibility,
and play critical roles in regulating the expression of
genes related to T cell differentiation®® (Figure 2). Naive
T cells show low chromatin accessibility and most genes
are kept closed. Effector T cells display increased chro-
mosome accessibility and most genes are turned on,
while some genes of memory T cells are in a poised
state.®® This ‘poised state’ in memory CD8" T cells helps
to keep some genes in an unexpressed state, but induces
a rapid response upon re-stimulation.®” During chronic
LCMV, HIV and HCV infection, exhausted T cells display
significantly greater chromatin accessibility than that in
memory T cells, especially the chromatin regions associ-
ated with inhibitory receptors such as PD-1.*® Moreover,
progenitors and terminally exhausted T cells show differ-
ent chromatin accessibility landscapes.”” Progenitor
exhausted T cells exhibit more chromatin accessibility in
genes encoding memory molecules, while terminally
exhausted T cells show more chromatin accessibility in
effector-related genes.*!

Cell metabolism may serve as the driving force that
influences epigenetic modifications by regulating the pro-
duction of essential substrates for epigenetic modification,
and the activity of DNA- and histone-modifying enzymes.””
91 Several metabolites such as s-adenosylmethionine (SAM),
a-ketoglutarate and acetyl-CoA could be used as substrates
and cofactors for modifying the chromatin and nucleic
acids.”

DNA methylation and histone methylation

SAM, produced by the one-carbon metabolism of methio-
nine, is the universal source of methyl groups for histone
and DNA methyltransferases.”® SAM regulates the meth-
ylation of histone H3 lysine 4 (H3K4me3), thereby affect-
ing chromatin accessibility.”* a-ketoglutarate (a-KG) is
the substrate of demethylases Jumonji domain-
containing protein D3 (JMJD3) and ten-eleven transloca-
tion (TET), which could, respectively, erase DNA and
histone methylation. TCA intermediates fumarate and
succinate downregulate the HIF target gene expression
via inhibiting the catalytic activity of TET enzymes.”
2-hydroxyglutarate (2-HG) is an antagonist of a-KG and
a competitive inhibitor of o-KG-dependent TET
enzymes.”® °7 2-HG is produced by CD8" T cells in
response to TCR triggering and enhances CD62L
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transcription by inhibiting TET2, which indicates that
2-HG may drive memory T cells formation and inhibit
effector differentiation.”® In addition, DNA methylation
at specific genomic loci such as Pdcd1 (encoding the pro-
tein PD-1), Ifng and Tcf7 (encoding the protein TCF-1)
involves in the formation of T cell exhaustion. The PD-1
promoter remains completely demethylated in HIV-
specific CD8" T cells during chronic HIV infection,
resulting in the high expression of PD-1.°” The demethy-
lase TET deficiency leads to the enhanced memory T cells
formation in LCMV infected mice.*> ' As epigenetic
regulation can modulate T cell differentiation, it suggests
that targeting epigenetic pathways might be a way to pro-
mote the formation of memory T cells.

Histone acetylation

Because acetyl-CoA is the only source of acetyl groups for
acetylation, limited glucose availability or glycolysis
might affect acetyl-CoA production, alter chromatin
accessibility and impair T-cell immunity.”> Glycolysis
enhances the expression of IFN-y by regulating histone
acetylation. LDHA deficiency inhibits glycolysis and
leads to diminished acetyl-CoA levels, which conse-
quently decreases the acetylation of histone H3 lysine
9 (H3K9Ac) at the Ifng locus and represses IFN-y expres-
sion in T cells."®" During chronic glucose restriction, ace-
tate could be converted to acetyl-CoA, which further
restores IFN-y gene transcription and IFN-y secretion by
enhancing histone acetylation and chromatin accessibil-
ity.'° Moreover, treating CD8" T cells with histone dea-
cetylase inhibitor (HDACI) drives functional memory T
cells formation.®> ' Overall, histone acetylation is
known to generate more accessible chromatin regions
and thereby increase gene transcription, while histone
methylation or deacetylation correlates with more tightly
bound chromatin regions and a decrease in gene
transcription.'®*

Ubiquitination modification

Besides acetylation and methylation, ubiquitination mod-
ification plays a critical role in epigenetic regulation. Ubi-
quitin modifications contribute to regulating the levels of
factors related to T cell differentiation (Figure 2). The E3
ubiquitin ligases could recognize and target specific pro-
teins, which further undergo proteasome-mediated deg-
radation. Tumour necrosis factor receptor-associated
factor 6 (TRAF6), an E3 ubiquitin ligase, negatively regu-
lates activation of TCR'® and drives CD8 Tcy develop-
ment upon bacterial infection by enhancing fatty acid
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metabolism.>’ TRAF6-deficient T cells exhibit defects in
FAO, impairing the formation of Tcy.'”> Another E3 ubi-
quitin ligase Casitas B-lineage lymphoma b (Cbl-b) is
considered as a TCR signalling inhibitor molecule and
upregulated in exhausted T cells.'® Cbl-b deficiency
restores the effector function of exhausted T cells during
chronic viral infection and tumour.'®” In addition, the E3
ubiquitin ligase FBXO38 could downregulate the expres-
sion of PD-1 in tumour-infiltrating T cells by lysine
48-linked poly-ubiquitination and proteasome degrada-
tion.'”® Von Hippel-Lindau (VHL), another E3 ubiquitin
ligase, is a negative regulator of HIF-1a. Vhl deletion in
CDS8™ T cells shows elevated HIF-1« activity, which fur-
ther induces high glycolysis and low OXPHOS metabolic
profile, and enhances the control of persistent viral infec-
tion .27, 109, 110

In summary, metabolites impact T cell differentiation
by controlling gene expression via epigenetics. Under-
standing the epigenetic regulation mechanism is instruc-
tive for preventing T cell exhaustion and enhancing
immunity. Exploring the metabolism and epigenetic reg-
ulation mechanisms has the potential to offer novel
metabolic-based therapeutic approaches for T cell
exhaustion.

METABOLIC AND EPIGENETIC
INTERVENTIONS TO REVERSE T
CELL EXHAUSTION

Besides targeting immune checkpoints, targeting T cell
metabolism and epigenetics has emerged as an approach
to reverse T cell exhaustion. The methods that have been
applied up to date are as follows (Table 1).

Enhancing the ability of mitochondrial
OXPHOS

IL-12,%° IL-10,** 1L-21,** antioxidant, PGC-la, Bezafi-
brate, Metformin, et al., have been reported to enhance
the mitochondrial function of exhausted T cells. Among
them, antioxidants, acting as ROS scavengers, scavenge
excessive ROS and attenuates oxidative damage effects.'""
N-acetylcysteine (NAC), a cell permeable antioxidant, is
also reported to rescue T cell proliferation and effector
function of exhausted T cells by increasing glutathione
synthesis, which can neutralize intracellular ROS.”
Mitochondria-targeted antioxidants mitoquinone (MitoQ)
and the piperidine-nitroxide MitoTempo significantly
improve the mitochondrial function of exhausted
HBV-specific CD8 T cells by limiting ROS increase.'"*

38 T Cell Exhaustion and Immunotherapy

Additionally, mitochondrial OXPHOS capacity can
be compensated by enhancing mitochondrial biogenesis
and glycolysis, contributing to rescuing the function of
exhausted T cells. PGC-1a, a master regulator in mito-
chondrial metabolism, could be negatively regulated by
PD-1. PD-1 pathway blockade increases the glucose
uptake and the expression of PGC-1a*>. Overexpression
of PGC-1a could boost OXPHOS by enhancing glycolysis
and mitochondrial respiration.>" >* Bezafibrate, an ago-
nist of PGC-1a, promotes FAO, OXPHOS and mitochon-
drial SRC, and thereby improves the antitumor efficacy
of PD-1 blockade.>> *** Blimp-1 (encoded by Prdml, a
transcriptional repressor) represses mitochondrial bio-
genesis by downregulating PGC-la transcription.
Removing Blimp-1 in exhausted T cells in tumour
restores the mitochondrial mass and cytokines (such as
IL-2 and TNF-a) secretion.®>> >! Moreover, since PGC-1a
could downregulate ROS, overexpression of PGC-la
reduces ROS and ultimately alleviates T cell
exhaustion.”

Metformin, an activator of AMPK, could block mTOR
signalling to inhibit glycolysis and restore mitochondrial
FAO to improve mitochondrial function, and thereby
reinvigorate CD8" T cell exhaustion."** "> Metformin
functions as an adjunctive agent for anti-tuberculosis
therapy.''® Metformin treatment could also reduce intra-
tumoral hypoxia by inhibiting oxygen consumption of
tumour cells and enhancing the anti-tumour effect of
PD-1 blockade."” Metformin may help therapeutic vac-
cine to improve the multifunctionality of tumour-
infiltrating CD8 T cells and prevent T cell exhaustion.''®
These data indicate that metabolic reprogramming could
shape the efficacy of CD8 T cells against chronic
infections.

Enhancing glycolysis of exhausted T cells

Enhancing impaired glycolysis is another strategy for
reinvigorating the function of exhausted T cells. The
potential measures include upregulating the expression
of glucose transporter 1 (Glutl), regulating the activity of
glycolytic enzymes, increasing TCR signalling and acti-
vating mTOR signalling pathway. Enhancing glycolysis
might be achieved by increasing the expression of Glutl,
which partially restores the function of exhausted T
cells."” Enhancing TCR signalling or mTOR signalling
pathway could stimulate glycolysis-enhancing pathways
and reinvigorate the function of exhausted T cells.'*
Toll-like receptors (TLRs)-induced T cell activation
enhances T cell effector function by upregulating cellular
glycolysis.'** For example, TLR2 agonist treatment
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TABLE 1 Metabolic and epigenetic interventions to reverse T cell exhaustion
Strategy Major changes Intervention methods Intervention mechanism
Antibody blockade PD-17 PD-1 antibody Decreasing PD-1 expression
LAG-3, TIM-3 | LAG-3 antibody, TIM-3 antibody Decreasing inhibitory receptors
expression
Enhancing glycolysis TCR, TLR, PI3K, AKT, Cbl-b inhibitor, TLR agonist, PI3K Enhancing TCR signalling and

Enhancing mitochondrial
OXPHOS

HIF-1a, c-Myc |

Glutl, HK2, PGAM,
PKM2, LDHA |

OXPHOS |
ROS |
FAO |
PGC-la |

enhancer, AKT enhancer, HIF-1a
enhancer, c-Myc enhancer

Glutl enhancer, HK2 enhancer,
PGAM enhancer, PKM2
enhancer, LDHA enhancer

1L-12

Antioxidant

Metformin, IL-21
Bezafibrate (PGC-1a agonist)

promoting the transcription of
glycolytic genes

Upregulating the expression of Glutl
and the activity of glycolytic
enzymes

Enhancing mitochondrial OXPHOS
Decreasing the level of ROS
Enhancing mitochondrial FAO

Promoting the transcription of

Epigenetic regulation Histone deacetylation |
DNA methylation |

FBXO38 ubiquitination | 1L-2

VHL ubiquitination

Histone deacetylase inhibitor

DNA methyltransferase inhibitor

VHL inhibitor

mitochondrial OXPHOS genes
Decreasing histone deacetylation
Decreasing DNA methylation

Rescuing Fbxo38 transcription and
decreasing PD-1 expression

Decreasing VHL ubiquitination
to promote HIF-1a activity

significantly prevents chronically stimulated T cells from
exhaustion in chronic M. tuberculosis-infected mice."**

Glycolysis can also be regulated by metabolism-
related transcription factors and cytokines. Transcription
factors c-Myc and HIF-1a are critical factors in promot-
ing the gene expression of multiple glycolytic enzymes
including hexokinase 2 (HK2), phosphoglycerate mutase
(PGAM), pyruvate kinase muscle isoenzyme 2 (PKM2)
and LDHA, as well as Glutl.®® '** Upregulating AKT
activity, blockade of AMPK signalling, or altering the
expression of transcription factors HIF-1a and c-Myc are
the approaches to enhancing mTOR pathways.'** Ele-
vated levels of HIF-1a enhance the effector capacity of
CD8" T cells by increasing glycolytic activity,'” while
downregulation of c-Myc promotes T cells exhaustion by
inducing a mitochondrial defect."**

Epigenetic regulation of T cell exhaustion

As epigenetic regulation can modulate T cell differentiation,
targeting epigenetic pathways may alleviate T cell exhaus-
tion. For instance, treatment with histone deacetylase inhibi-
tor restores histone acetylation at the Ifng locus, promotes
the production of IFN-y, and ultimately rejuvenates T cells
exhaustion.'® > The DNA methyltransferase 3 «
(DNMT3a)-mediated DNA methylation drives T cell

exhaustion. Knocking out of DNMT3ux represses the devel-
opment of exhaustion. Combining DNA methyltransferase
inhibitor 5-aza-2'-deoxycytidine treatment with PD-1 block-
ade enhances the reinvigoration potential of exhausted T
cells.? In addition, E3 ubiquitin ligase FBX0O38 mediates
PD-1 ubiquitination by lysine 48-linked poly-ubiquitination
and proteasome degradation. FBXO38 transcription is
reduced in tumour-infiltrating T cells. IL-2 treatment rescues
Fbxo38 transcription, subsequently downregulates PD-1
levels, and plays a critical role in anti-tumour immunity.'%®

Altogether, these data suggest that targeting T cell
metabolism and epigenetic modifications might poten-
tially reverse T cell exhaustion, which still needs further
investigation.

CONCLUSION AND PERSPECTIVES

Understanding the metabolic regulation mechanisms and
identifying the molecular links between metabolism and T-
cell-mediated immunity may help us better understand the
pathogenesis of T-cell exhaustion. Investigating how meta-
bolic fitness underlies exhausted T cells has the potential to
offer novel metabolic-based therapeutic approaches for the
treatment of chronic diseases. More investigation on the
regulation of metabolism variation during T cell exhaustion
would provide novel ways to restore T cell exhaustion.
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T-cell exhaustion: A potential target biomarker of the tumour
microenvironment affecting oesophageal adenocarcinoma
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Military Medical University, Xi'an, Shanxi, Abstract

China Background: Oesophageal adenocarcinoma (EAC) is one of the most common malig-

2Department of Clinical Medicine, School of

Medicine, Shihezi University, Shihezi, China nant tumours, and the number of patients is increasing year by year. T-cell exhaus-

tion (TEX) is an important risk factor for tumour immunosuppression and invasion,
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L. Zhao, Xijing Hospital of Digestive Diseases, but its underlying mechanism in the pathogenesis of EAC is not clear.

Fourth Military Medical University, Xi‘an, Methods: Unsupervised clustering was performed to screen relevant genes based on
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Email: 1145639812@qg.com Gene Set Variation Analysis scores of the three pathways of the HALLMARK gene
set IL2/IFNG/TNFA. Multiple enrichment analyses and data combinations were used
to depict the relationship between TEX-related risk models and CIBERSORTx
immune infiltrating cells. In addition, to explore the impact of TEX on EAC therapeu-
tic resistance, we assessed the impact of TEX risk models on the therapeutic sensitiv-
ity of various novel drugs using single-cell sequencing and searched for their
potential therapeutic targets and cellular communication.

Results: Four risk clusters of EAC patients were identified by unsupervised clustering
and searched for potential TEX-related genes. Based on this, LASSO regression and
decision trees were used to construct risk prognostic models containing a total of
three TEX-associated genes in EAC. The results showed that TEX risk scores were
significantly associated with the survival prognosis of EAC patients in both the
Cancer Genome Atlas dataset and the independent validation set of Gene Expression
Omnibus. Immune infiltration and cell communication analyses identified mast cell
resting as a protective factor in TEX, and pathway enrichment analyses showed that
the TEX risk model was highly associated with multiple chemokines as well as
inflammation-associated pathways. In addition, higher TEX risk scores were associ-
ated with a weak responsiveness to immunotherapy.

Conclusion: We describe the immune infiltration, prognostic significance and poten-
tial possible mechanisms of TEX in the EAC patient population. This is a novel
attempt to promote the development of novel therapeutic modalities and immuno-
logical target construction for oesophageal adenocarcinoma. It is expected to make a
potential contribution to advancing the exploration of immunological mechanisms

and the opening of target drugs in EAC.
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1 | INTRODUCTION

According to the Global Cancer Statistics Report 2021, there were
604,100 new cases of oesophageal cancer worldwide in 2021,
accounting for 3.1% of new malignancies, and more than 544,076
oesophageal cancer-related deaths, accounting for 5.5% of all
deaths.!'? Patients with oesophageal cancer have a poor prognosis,
especially those with advanced stages, with a 5 year survival rate of
~20%.2"> Oesophageal squamous cell carcinoma (ESCC) and EAC
are the most predominant pathological types of oesophageal cancer,
with ESCC accounting for more than 90% of the incidence.®’
Although the incidence of EAC is relatively low, there is a large inci-
dence of underlying esophageal disease. Traditional treatments for
EAC include surgical resection, chemotherapy and radiotherapy.
However, in view of the low survival rate with traditional treatment
modalities, some new treatment modalities such as immunotherapy
and molecular targeted therapy are emerging as the future hope for
EAC treatment.®?

During tumourigenesis and invasion, antigen-specific T cells,
although initially acquiring appropriate effector functions, gradually
diminish to the point of loss with prolonged antigen stimulation, fail-
ing to convert to non-antigen-dependent memory T cells, a dysfunc-
tional state representing a unique state of T-cell differentiation called
TEX.1% |t has been shown that TEX plays an important role in
tumour development, invasion, metastasis and chemoresistance.'?®
This suggests that perhaps TEX is an important immunological ele-
ment of the tumour microenvironment that mediates poorer treat-
ment outcomes and poor prognosis in oesophageal cancer. Immune
checkpoint inhibitor therapy has been widely used in clinical trials as a
new breakthrough point in the treatment of oesophageal cancer.
However, its therapeutic response in EAC remains highly controver-
sial.2* Considering that PD-1 therapy does not utilise endogenous T
cells, perhaps this poor therapeutic responsiveness is closely related
to the important role played by TEX in the evolution of the tumour
microenvironment in EAC.1>%¢

As one of the main effector cells of anticancer immunity, CD8+ T
cells are usually deregulated in tumour microenvironment infiltra-
tion.2”*® Exhausted CD8+ T cells showed impaired viability and pro-
liferative capacity, increased apoptotic rate and decreased effector
cytokine production.'” CD8+ T cells account for a large proportion of
anticancer immune cells in the cancer microenvironment and have
been the focus of research in cancer.?° A stratified loss of expression
of the effector cytokines interleukin-2 (IL-2), tumour necrosis factor-a
and interferon-y was observed in exhausted CD8+ T cells in can-
cer.2%21 A decrease in cell viability, cell lysis and cell proliferation was
also observed. An increasing number of studies have shown that,
based on prognostic criteria associated with CD8+ T-cell depletion, it
plays an important role in the prognosis of cancers such as liver,
colorectal and breast cancers.??2® However, the prognostic features
associated with CD8+ T-cell depletion have not been established in

oesophageal adenocarcinoma.

46 T Cell Exhaustion and Immunotherapy

The main immunological effects of TEX are manifested by a sus-
tained increase in the expression of inhibitory receptors PD-1,
CTLA-4, TIM-3 and LAG-3 or the simultaneous coexpression of multi-
ple inhibitory receptors,?* a progressive decrease in effector func-
tions, including cytokine release (interferon-y, IL-2) and perforin and
granzyme production, and proliferation.?> These potential mecha-
nisms may lead to a reduction in the EAC's ability to proliferate and
self-renew (IL-7 and IL-15 dependent) and metabolic changes, with
reduced mitochondrial activity in depleted T cells, restricted glycolysis
and reduced metabolic reserve capacity.?® These potential mecha-
nisms may contribute to the development of EAC. In addition, local
infiltrative invasion of oesophageal cancer in the oesophageal region,
for example, can induce T cells to enter a depleted state in order to
evade host immune mechanisms and contribute to tumour invasion
and metastasis and immune rejection.

In addition, with the development of science and technology, it is
not sufficient to explore the tumour microenvironment and related
mechanisms solely on the basis of bulk mRNA sequencing data.
Although the identification of oncogenic drivers using this approach
has led to some important therapeutic breakthroughs in a number of
tumour types, it is still largely limited by the analytical techniques
available.?” Single-cell RNA sequencing (scRNA-seq) reveals the gene
expression patterns of each individual cell and deciphers the intercel-
lular signalling network of each cell.22%° Exploring the more specific
features provides clear insights into the entire tumour ecosystem,
such as the mechanisms of intra- and inter-tumour heterogeneity and
cell-to-cell interactions via ligand-receptor signalling.2°=3? For this
reason, an increasing number of studies have examined the tumor
microenvironment of cancer cells on a single-cell basis.>*3” A pro-
spective single-cell sequencing experiment showed that ESCC and
EAC differ in their cellular transcriptome profiles, leading to extensive
intratumoural cellular heterogeneity and different treatment strategies
for the two oesophageal cancers.®® Therefore, to shed new light on
EAC patients, an increasing number of studies are beginning to
explore novel therapeutic strategies and mechanisms for EAC based
on the single-cell transcriptome level 2741

In the present study, we explored the microscopic mechanisms
and immune regulatory features of TEX in the development of EAC.
Through the analysis of transcriptomic data from large samples and
single-cell sequencing data, we have drawn a blueprint for the regula-
tion and impact of TEX on the overall immune environment of EAC.
The relationship between TEX-related risk models and CIBERSORTx
immune infiltrating cells was mapped through multiple enrichment
analyses and data combinations. Furthermore, to explore the impact
of TEX on therapeutic resistance in EAC, we used single-cell sequenc-
ing to assess the impact of TEX risk models on the therapeutic sensi-
tivity of multiple novel drugs and to search for their potential
therapeutic targets and cellular communication. This study provides
important insights to promote the construction of immune biomarkers
for EAC, and to explore the significance of TEX in the tumour

microenvironment-related immune regulation of EAC.
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2 | MATERIALS AND METHODS

2.1 | Data preparation

The primary data for this study came from the Cancer Genome Atlas
(TCGA) and Gene Expression Omnibus (GEQO) databases. We included
oesophageal adenocarcinoma gene expression data and complete
clinical data from TCGA, including age, gender, tumour stage, tumor,
node, metastasis (TNM) stage, and survival status. GSE19417 was
included as an external validation set for a total of 70 oesophageal
adenocarcinoma patients. The inclusion and exclusion criteria for this
study were as follows: inclusion criteria—(1) pathologically confirmed
primary oesophageal adenocarcinoma, (2) reliable clinical follow-up
time of no less than 30 days, (3) inclusion of mMRNA and miRNA gene
expression level-related data and (4) complete clinicopathological
information and follow-up information; exclusion criteria—(1) second-
ary oesophageal tumours or other types of oesophageal tumours,
(2) combined primary tumours elsewhere in the body and (3) incom-
plete follow-up information. Data used in this study were publicly

available.

2.2 | Data preprocessing

The R “limma” package was used to normalise all datasets against the
expression matrix, and the R “sva” package was used to remove batch
effects from the datasets. Data from bulk transcriptomes were nor-
malised to account for the lengths of genes and the number of aligned
reads. In order to analyse further, log2 (FPKM + 1) values were trans-
formed into fragments per kilobase per million fragments mapped

(FPKM) expression values.

2.3 | Consensus clustering analysis of TEX-
associated gene sets and exploration of differential
genes

Consensus clustering analysis of the TCGA-EAC cohort was per-
formed to identify TEX-associated gene clusters. The R package
“ConsensusClusterPlus” (version 1.56.0) was used together with key
parameters including maxK = 6 and duplicates = 500 for stable iden-
tification. By identifying different patterns of RNA modification regu-
lation through consensus clustering, we further performed differential
gene expression analysis. Unsupervised clustering was performed
based on the Gene Set Variation Analysis (GSVA) scores of the three
pathways, IL2/IFNG/TNFA, from the HALLMARK gene set. The R
package “LIMMA” (version 3.48.3) was applied for pairwise compari-
son of gene expression of different patterns. LMFIT and EBayes
functions were used to ensure accuracy. TEX genes were obtained
from Gene Ontology (GO), the MSigDB database and previous studies
in total, and differential TEX genes were the intersection of TEX

genes with differentially expressed genes (DEGs). Subsequently, we
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screened for DEGs and used an adjusted p-value <0.05 and an
absolute value of logFC >1 as the selection criteria.

We wanted to analyse in depth the differences between different
subgroups of clusters and plotted Kaplan-Meier (K-M) survival curves
for different clusters with a survival marker of 50%. The K-M survival
curves for paired subgroups were used to analyse the differences in
survival between the different clusters obtained by unsupervised clus-
tering. In addition, we assessed the abundance of 22 immune cell spe-
cies in the different cluster samples, using the CIBERSORTx algorithm.
After an in-depth analysis of cell infiltration and inter-sample associa-
tions, we performed Cox regression analysis to explore the prognostic
value of the different cells in each TEX cluster. The EAC was divided
into high and low differential expression groups based on the median
immune cell content, and differences in survival between the most
different groups were assessed. In addition, we also mapped the

differential gene analysis volcanoes for the four TEX clusters.

24 | Weighted coexpression network analysis of
TEX-related genes and risk model construction

Weighted correlation network analysis (WGCNA) is a systems biology
approach for characterising patterns of gene association between
samples that can be used to identify highly synergistic gene sets and
to identify candidate biomarker genes or therapeutic targets based on
the endogenous nature of gene sets and the correlation between gene
sets and phenotypes.*?> Based on these two conditions, gene net-
works can be divided into different modules according to expression
similarity to identify hub genes: (1) genes with similar expression pat-
terns may be co-regulated, functionally related, or in the same path-
way; and (2) gene networks conform to scale-free distributions. The
coexpression network of DEGs was constructed using the “WGCNA”
package to transform differentially expressed genes into an adjacency
matrix with a soft threshold of four and then into a topological overlap
matrix to identify gene modules. The minimum number of genes in a
gene module was 30, and the cut height threshold for merging similar
gene modules was set to 0.25. The analysis consisted of searching an
initial set of six modules and further investigation using the grey
module that showed the strongest association.

Based on this, we began to identify the genes of interest with the
highest correlation to TEX and used them for risk model construction
for EAC. Univariate Cox regression analysis was performed in the
TCGA training set, extracting prognosis-related genes from our in-
gene set with a p-value <0.01. To obtain a quantitative description of
each patient's survival risk, we further used least absolute shrinkage
and selection operator (LASSO) regression analysis to calculate the
patient's TEX index via the R package glmnet 4.1.3, with the depen-
dent variable for LASSO regression being the number of days the
patient survived. The results were validated using a survival random
forest of 1000 trees and the importance of genes obtained from the
LASSO regression with the R package random survival forest version

3.6.4 was ranked. With overall survival as the outcome event, a
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p-value less than 0.05 was considered statistically significant. Efficacy
assessment and functional exploration of TEX-associated gene risk
models were performed. The TEX-related gene score was calculated

using the following formula:

TEXriskscore = Coef1 x Geneexpressiony + Coef, x Geneexpression,
+---Coef, x Geneexpression,,

where Coef represents the prognostic value of each gene in Cox
regression analysis and Gene expression values represent the
expression values of the corresponding modelled genes.

We divided patients into high-risk and low-risk groups based on
the formula generated by the risk model. Meanwhile, K-M survival
curves were plotted for the high- and low-risk groups. Receiver oper-
ating characteristics (ROCs) were plotted to further analyse the pre-
dictive power of the TEX-related prognostic model for survival in
EAC. Multifactor Cox regression analysis was used to determine the
independent prognostic significance of the risk scores. To ensure the
value of external generalisation of the prognostic model, we used
another EAC dataset, GSE19417, for validation. Gene Ontology func-
tional enrichment analysis was performed on the modules obtained
from the weighted gene coexpression network analysis and risk model
building blocks associated with the vital status of EAC patients to clar-
ify the biological processes, molecular functions and cellular localisa-
tion of the genes involved in the modules, together with the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The GO annotation
analysis was performed using the R package “clusterProfiler” (version
4.0.5) with a false discovery rate of <0.05 to identify significant
enrichment pathways. Gene Set Enrichment Analysis (GSEA) software
version 4.1.0 (Broad Institute, Cambridge, MA, USA) was used to iden-
tify genomic cohorts that were significantly altered between prede-
fined Clusters in consensus clusters. A p-value of <0.05 and a false
discovery rate of <0.25 were considered statistically significant. Based
on the GSEA results obtained above, several gene sets were selected
for GSVA analysis, where Microarray and RNA-seq data gene sets
were enriched under parameter-free and unsupervised conditions.
The gene-sample data matrix (microarray data, FPKM, RPKM, etc.) is
converted into a gene-set-sample matrix. Based on this matrix, the
enrichment of gene sets (e.g. KEGG pathway) in individual samples
can be further analysed to explore the relevance of the TEXScore to
multiple metabolic and tumour pathways.

The CIBERSORTXx algorithm was used to analyse 22 different
types of immune cell infiltration in the high- and low-risk groups. The
R package “maftools” was used to display the detailed mutation status
of the high- and low-risk groups in order to compare the two groups.
Based on the expression matrix, CIBERSORT used a deconvolution
algorithm to assess the composition and abundance of immune cells
in mixed cells. Based on the expression matrix and the immune cell
Marker gene set, ssGSEA calculated enrichment scores for single sam-
ples and gene set pairs to determine the degree of immune infiltration.
mCP-counter quantified the abundance of eight immune cells and two
stromal cells using transcriptomic data. To analyse the relationship
between our constructed TEX prognostic risk model and EAC immune
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infiltration at the genetic level, we analysed the relationship between
TEXScores and EAC-associated gene mutations. The type of RNA
mutation and the probability of mutation in tumour cells of patients
with oesophageal cancer in the TCGA-EAC database were determined
(using the R package “maftools”) to more closely relate clinical treat-
ment choices to TEX. With the IMvigor210 software package, we ana-
lysed gene expression and immunotherapy efficacy in the IMvigor210

cohort in both high- and low-risk groups of the TEX risk model.

2.5 | Evaluation of TEX-associated gene models at
the single-cell sequencing level and functional
exhibition

Single-cell sequencing data from EAC obtained in public databases
were subsequently processed using the Seurat R package (version
3.0.2) and the standard downstream processing package for this anal-
ysis. In addition, genes detected in fewer than three cells and genes
detected in less than 200 cells were excluded, and the percentage of
mitochondria detected was limited to no more than 20% of the total
number of genes. The t data were then normalised using LogNorma-
lize. t-Distributed random neighbourhood embedding was used for
unsupervised clustering and unbiased viewing of cell populations on a
two-dimensional map following principal component analysis. A cell
population score of at least 0.25 was used in both populations to
identify marker genes in each cluster using the “FindAllMarkers” func-
tion. The filtering criterion was an absolute log2-fold change (FC) 21
filtering value. In addition, the expression pattern of each marker gene
within a cluster was visualised in Seurat using the “DotPlot” function
to visualise its expression pattern. The SingleR package (version 1.0.0)
was then used to annotate cell types based on marker-based informa-
tion. The spatial distribution of several immune cells in EAC cells was
localised and data on regional expression levels of the genes of inter-
est were obtained. The expression of TEX risk genes in EAC patients
was compared in tumour and normal tissues via the GEPIA2 online
website (http://gepia2.cancer-pku.cn/#index) and the overall survival
rates of the high- and low-expression groups were analysed. In
addition, the functional enrichment process of major gene expression

in the development of EAC was analysed by GSEA.

2.6 | Statistical analysis

Independent t-tests and Mann-Whitney U tests were used to deter-
mine statistical significance when comparing two groups of variables
with normal and nonnormal distributions. One-way analysis of vari-
ance (ANOVA) and Kruskal-Wallis tests were used to compare differ-
ences between more than two groups. Cox regression analysis was
used to determine prognostic factors. Overall survival and riskScore
were determined using the R package survivor and cut-off values
were determined before all survival curves were generated using the
R package survivor. All heatmaps were plotted using the R package

ComplexHeatmap 2.4.3. Data comparisons were visualised using the
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FIGURE 1

Consensus clustering analysis of TEX-related gene sets and differential gene acquisition. (A) Unsupervised clustering analysis of

TEX-related gene bases with consensus matrix K = 4 as the best clustering criterion. (B) Scatter plot of area change under the CDF curve for
unsupervised clustering curves with different K-values sets. (C) Hierarchical histogram analysis of the tumour stage distribution of oesophageal
adenocarcinoma (EAC) patients with four TEX clusters. (D) Correlation heat map comparing the four TEX-related clusters in terms of stage, age
distribution and expression of the three gene pathways. (E) K-M curve survival analysis of four cluster comparisons. (F) K-M curve survival
analysis between Cluster B and Cluster C. (G) Expression levels of different immune cell types obtained by CIBERSORTX on four prognostic
values of TEX subsets. (H) K-M survival curve analysis of groups with different expression levels of mast cell resting and NK cell resting in Cluster
C. (l) Volcanic plots comparing differential gene expression in different clusters.

R package ggplot2. All statistical analyses were performed using
two-sided statistical analysis with R software. Statistical significance
was defined as a p-value of <0.05.

3 | RESULTS
3.1 | Consensus clustering analysis of TEX-
associated gene sets and differential gene acquisition

We identified TEX-related pathways and gene expression patterns by
consensus clustering analysis, with the k-values of the consensus
matrix set to 1-6, respectively. Finally, patients were divided into four
clusters based on the GSVA scores of the three pathways of the
HALLMARK gene set IL2/IFNG/TNFA, with optimal conditions
(Figure 1A-B). Cluster C had the highest score for the IL2/IFNG/
TNFA pathway and cluster D had the lowest score. In addition, we
also analysed the tumour stage distribution of EAC patients in the
four TEX clusters using a hierarchical histogram (Figure 1C). Cluster D
was dominated by patients with Stage Ill, accounting for 70% of the
entire Cluster population, and there were no patients with Stage IV in
this Cluster; CluserA had a significantly lower distribution of Stage IV
for Clusters B and C; the distribution of Stage IV patients was more
similar. In Figure 1D, we compare the Stage and Age distributions of
the four TEX-related clusters and the expression of the three gene
pathways by correlation heat map. For TNF and IL2, Clusters C and D
had significantly higher expression than Clusters A and B. In addition,
we plotted K-M survival curves for the overall survival of the four
clusters and there were no statistical differences in survival between
the four clusters (p = 0.126). In addition, we also analysed the K-M
curves for the four clusters in two-by-two comparisons (Figure 1E).
Interestingly, we found that the survival analysis of the four TEX clus-
ters revealed differences in survival, with differences concentrated
between Clusters B and C (Figure 1F). The two-by-two survival curves
for several other clusters are shown in the Supplementary Material
(Figure S1). For several other clusters, there were no statistically
significant survival differences between the comparisons. This result
suggests that there is a factor between subgroup B and subgroup C
that makes them significantly different in survival, and this is the goal
of our study.

After obtaining the cellular infiltration of each sample using
CIBERSORTYX, the prognostic value of the various cells in each TEX
cluster was explored by Cox regression analysis (Figure 1G). It was

found that mast cell resting was protective in TEXc, while natural killer
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(NK) cell resting was a risk factor for TEXb. This suggests to us that
perhaps the regulation of immune infiltration of TEX genes in EAC is
associated with NK cells and mast cells. We also delineated the differ-
ent expression levels of the two cell groups in Cluster C and found
that the expression levels of mast cell and NK cells were not associ-
ated with the survival status of Cluster C by K-M curves (Figure 1H).
To further analyse the transcriptome differences between the
different clusters, we compared the different clusters using differen-
tial gene analysis with analysis criteria greater than or equal to
[logFC| = 0.5, corrected for p-values less than 0.05 and mapped

volcano maps used to show the results of the analysis (Figure 11).

3.2 | Weighted coexpression network analysis of
TEX-associated genes and risk model construction

Subsequently, we further analysed the four TEX-associated clusters
using WGCNA analysis. The results revealed (Figure 2A-C) that the
yellow and green-yellow groups were most associated with survival-
related information, and two groups were selected for subsequent
analysis. There were 225 genes in the yellow and green-yellow mod-
ules that were selected as pivotal genes because they had absolute
values of module affiliation [MM] greater than 0.5 and absolute values
of gene significance [GS] greater than 0.5 within the modules. Variables
were selected based on minimum depth values below threshold (0.001)
and above threshold (0.2). By the random forest algorithm, three genes
were obtained (ALS2CL, LINC02864 and PLAAT3) as initial candidate
EAC prognostic markers (Figure 2D, E). This suggests that TEX-related
genes are closely associated with the survival of EAC patients.

To facilitate clinical risk assessment of TEX-related genes as
well as practical applications, we constructed a riskScore system
containing three TEX-related genes by LASSO analysis. The
risk score formula was: TEXriskScore = (—0.114763752*ALS2CL
+ 0.095103745*LINC02864 - 0.003715602*PLAAT3). To further
enrich the clinical generalisability of the model, a multifactorial Cox
analysis was used (Figure 3A). We assessed the clinical and pathologi-
cal information of EAC patients as well as the prognostic predictive
ability of riskScore, which showed that the predictive ability of risk-
Score for the survival of EAC patients was significantly higher than
other clinical indicators (p < 0.05, risk ratio, 1.720 [1.119-2.642]).
TCGA-EAC patients were divided into a high-risk group and a low-risk
group according to each patient's risk score. K-M survival curves
between the high-risk and low-risk groups showed that the overall

survival rate was significantly lower in the high-risk group than in the
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FIGURE 2 Weighted coexpression network analysis and random forest-based gene selection for TEX-related gene sets. (A) Analysis of
Wayne butterfly plots for weighted correlation network analysis (WGCNA) analysis after demerging four clustered differential genes;

(B) distribution of gene dendrogram and module colours plots in the four clusters of TEX; (C) module-trait relationship colour configuration plots
for the four clustered differential gene plots; (D) preconstruction of risk model parameter configuration and soft threshold analysis for the
decision tree; and (E) histogram of survival risk gene composition selected by survival random forest analysis in the yellow and green-yellow

datasets.

low-risk group (p < 0.005) (Figure 3B). In Figure 3C, we evaluate the
survival predictive ability of the risk score for EAC patients using ROC
curves, with 1, 3 and 5 year survival prediction levels of 0.605, 0.632
and 0.704 for EAC patients, respectively. In addition, we also analysed
the prognostic predictive ability of the TEX-related risk score in the
independent validation set of the GSE19417 database ability. It was
found that in Figure 3D, the model had equally good prognostic strati-
fication ability even in the independent data validation set. In the
GEO database, the survival prediction for EAC patients at 1, 3 and
5 years showed better results, with 0.785, 0.776 and 0.744, respec-
tively (Figure 3E).

3.3 | Efficacy assessment and biological function
exploration of TEX-associated genetic risk models

To enrich the biological function of high-risk patients, we used
GSEA, KEGG and GO datasets to marker high-risk patients. In the

GSEA analysis (Figure 3F), the top five enriched signature
pathways were hallmark interferon-alpha response, interferon-
gamma response, allograft rejection and epithelial mesenchymal.
The enriched GO pathways (Figure 3G) are mainly pancreas beta
cells, the P53 pathway, apoptosis, complement and TNFA signalling
via NFKB. In the high-risk group of patients, the five major
enriched KEGG pathways were allograft rejection, epithelial mesen-
chymal transition, inflammatory response, interferon-gamma
response, and myogenesis (Figure 3H). We also assessed KEGG
enrichment in the low-risk group of patients, with the top five
enriched KEGG pathways including cell adhesion molecules cams,
chemokine signalling pathway, haematopoietic cell lineage, leish-
mania infection and primary immunodeficiency (Figure 3l). Func-
tional analysis of these pathways showed that TEX-associated high-
risk patients were highly associated with many tumour proliferation
and metabolism-related pathways, suggesting targeting TEX primar-
ily through tumour proliferation and metabolism pathways influenc-

ing the survival of EAC patients.
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FIGURE 3 Prognostic survival model construction and biological function enrichment analysis of TEX-related genes. (A) Forest plots from
multifactorial Cox regression analysis comparing the risk prediction function of riskScore with multiple clinical indicators; (B) K-M survival curves
for high-risk vs. low-risk subgroups according to TEX risk scores; (C) ROC curves for 1, 3 and 5 year survival rates applying risk scores in TCGA-
EAC; (D) GSE19417 dataset of K-M survival curves for high-risk vs. low-risk subgroups according to TEX risk scores; (E) ROC curves for 1, 3 and
5 year survival with application of risk socres in GSE19417; (F) landmark pathway analysis for high-risk patients with TEX risk scores using Gene
Set Enrichment Analysis (GSEA) analysis; (G) landmark pathway analysis for high-risk patients with TEX risk scores using Gene Ontology

(GO) analysis signature pathway analysis; and (H and 1) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis for

patients in the low- and high-risk groups of the TEX risk score.

On this basis, several gene sets were selected for GSVA analy-
sis based on the above GSEA results and TEXScore was found to
be associated with multiple metabolic as well as tumour pathways.

The specific results are shown in Figure 4A and B, mainly enriched
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in pancreatic cancer, Fc gamma R-mediated phagocytosis, the B-cell
receptor signalling pathway, acute myeloid leukaemia, basal cell car-
cinoma and the hedgehog signalling pathway pathway. These
enriched pathways not only have similar malignant tumour diseases,
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FIGURE 4

Pathway enrichment and immune infiltration assessment of TEX-associated gene risk models. (A) GSVA analysis of the multigene

set to assess the correlation of TEXScore with multiple metabolic as well as tumour pathways; (B) correlation heat map analysis of the correlation
of TEXScore with multiple metabolic and tumour pathways; (C) box plot analysis of the expression levels of 11 immune checkpoints in the high-
risk and low-risk groups; (D) immune infiltration analysis between 22 immune cells and TEXScore of box plot; (E) correlation heat map analysing
the correlation of immune infiltration between two immune cells and TEXScore; (H) radar plot further showing the correlation of TEXScore with

the content of major immune cells in the high-risk group.

but are also enriched in immune-related diseases or reactions, indi-
cating that the genes we screened have research significance and
value. Potential pathways through which TEX functions in patients
with EAC are highlighted. Subsequently, we further explored the
value of TEX in immunotherapy, based on an analysis of the poten-
tial association between TEX and immune infiltration in previous
studies. The expression levels of 11 immune checkpoints in the
high-risk and low-risk groups were analysed and boxed histograms
were plotted. The results showed higher expression of CD44 in
patients in the high-risk group for the risk score of TEX, suggesting
that the study of inhibition of the binding of TEX pathway genes to
CD44 may be a novel potential target for future tumour immuno-
therapy (Figure 4C). The results for 22 immune cell infiltrations
showed more resting CD4 cells and fewer activated NK cells in the
high-risk group (Figure 4D). The TEX risk score was further corre-
lated with 22 immune cells as shown in Figure 4E. Radar plots fur-
ther show the correlation between TEXScores and the content of
major immune cells in the high-risk group (Figure 4F), suggesting
that TEX may influence the prognosis of EAC by regulating T cells
gamma delta.

Immediately afterwards, we sought to analyse the potential close
association between TEX-related mutations and EAC tumour develop-
ment at the nucleotide level. In Figure 5A and B, we assessed the
gene mutations in patients in the high-risk and low-risk TEX groups,
respectively. As seen from the images, 42 and 44 genes were mutated
in the two groups of patients, respectively, with the highest frequency
of TP53 and TTN mutations in the HIGH group. We sought to explore
the major mutation patterns of TEX-related gene mutations in EAC
patients. A missense mutation was found to be the most common
gene mutation type in EAC, SNP was the most common gene muta-
tion type, and C > T mutation was the main single nucleotide variants
(SNV) mutation classification (Figure 5C). We wanted to further evalu-
ate the direct association between the main clinical treatments and
TEX gene expression. By comparing the efficacy of immunotherapy
and chemotherapy in high- and low-risk groups, we performed a sub-
graph analysis of the TCGA-EAC dataset and the IMvigor210 dataset.
The response rate to immunotherapy was lower in the high-risk group
(Figure 5D) and the TEXScore was higher in the low-responder group
than in the responder group, with a statistically significant difference
between the two (Figure 5E). Overall survival was also found to be
lower in the high-risk group than in the low-risk group when receiving
immunotherapy, irrespective of the median risk score, as revealed by
the survival curves (Figure 5F). These results suggest that the TEX risk
score has an important role in predicting the efficacy of immunother-

apy and the prognosis of patients receiving immunotherapy. This may
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account for the close association between the TEX risk score and

immune infiltration.

3.4 | Evaluation of TEX-related gene models at the
single-cell level and functional exhibition

To further explore the internal mechanisms underlying the therapeutic
role of TEX in the EAC patient population, a single-cell sequencing
dataset of T cells was used to search for potential therapeutic target
cell interactions. We identified 13 cell subtypes (B, CD4 Tconv, CD8T
cells, CD8Tex, DC, NK, Tproif and Treg; Figure 6A). We identified the
key gene of the risk model, ALS2CL, which is mainly expressed in
endothelial, malignant and macro cells (Figure 6B, C), as a potential
therapeutic target. The cell communication results showed (Figure 6D
and E) that TEX interacts mainly with CD8T cells. This reveals a new
explanatory theory and therapeutic target for TEX deficiency in EAC.
The GSEA analysis revealed that TEX cells are predominantly enriched

in immunodeficiency pathway processes (Figure 6F).

4 | DISCUSSION

Oesophageal adenocarcinoma is gradually gaining attention as more
and more patients with oesophageal cancer are identified during
follow-up. Considering the complexity of the treatment of EAC, the
burden of survival for patients with oesophageal cancer has been
exacerbated.**** The clinical value of early screening for primary
oesophageal cancer has now been affirmed and several relevant
screening models and evaluation methods have been proposed. A
number of studies have reported the risk of developing EAC.*> How-
ever, most of them have not screened for and assessed high-risk
influencing factors, and there is a relative gap in the analysis of its
main pathogenic mechanisms and immunological infiltration
indicators.

Given the increasing focus on EAC, it is necessary to build a
transcriptome immune infiltration risk prediction model for EAC on
the basis of a large number of cases. We identified potential
TEX-associated genes in EAC patients by unsupervised clustering,
which all showed good performance in our analysis. To facilitate the
clinical risk assessment and practical application of TEX-associated
genes, we constructed a risk model containing three TEX-associated
genes (ALS2CL, LINC02864 and PLAAT3) by LASSO analysis. These
three genes play a greater or lesser role in the development and pro-

gression of cancer, but our experiment is the first to combine these
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FIGURE 5 Gene mutation analysis and treatment response evaluation of TEX-related genetic risk model. (A) Exhibition plot of mutations in
patients in the high-risk group of TEX-associated gene risk assessment score; (B) exhibition plot of mutations in patients in the low-risk group of
TEX-associated gene risk assessment score; (C) histogram of mutation classification, species and SNV Class in EAC patients; (D) histogram of
TEXScore distribution in different treatment response groups in the IMvigor210 dataset; (E) violin plot reveals the distribution of TEXScore in
different treatment response groups; (F) K-M survival curves depicting significant differences in survival across TEX risk subgroups.
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FIGURE 6 Assessment and functional exhibition of TEX-related gene models at the single-cell level. (A) Immune cell distribution map from
single-cell sequencing reveals the main immune infiltration distribution of EAC cells; (B) exhibition of the distribution of ALS2CL, the main risk
gene in the TEX risk model, in different immune cells; (C) visualisation of the distribution of ALS2CL in different immune cells from single-cell
sequencing; (D) cellular communication reveals the main interaction of TEX with CD8 somatic cells; (E and F) GSEA analysis shows that TEX cells
are mainly enriched in immunodeficiency pathway processes.
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three genes as a global risk model. In addition, there are many risk
models with multiple genes used to predict the prognosis of cancer
patients in clinical practice. For example, the National Comprehensive
Cancer Network clinical practice guidelines for breast cancer strongly
recommend 21 gene expression testing in breast cancer patients.*®
However, the risk model we investigated consisted of three genes,
representing a more convenient test for clinical use. Subsequently, we
deeply explored and analysed the biological function and pathway-
related enrichment of the constructed TEX gene model. At the same
time, the perinatal relationship between the TEX pathway and tumour
immunity was investigated by immune infiltration and cell communi-
cation analysis. In addition, single-cell sequencing data also delineated
the predominant distribution of risk genes for TEX at the single-cell
level. This suggests that TEX may play an important role in the devel-
opment of future EACs and in exploring new goals.

We chose to perform an unsupervised cluster analysis based on
the three closest TEX signalling pathways (IL2/IFNG/TNFA) in
184 LUAD patients and classified patients into four clusters. PD-1
overexpression resulted in inhibition of signalling and induction of
TEX, leading to tumour immune escape, suggesting that TEX-related
pathways could be used to influence and interfere with PD-1 thera-
peutic resistance. Analysis of immune cell infiltration in four TEX clus-
ters22 by CIBERSORTx showed that increased mast cells in TEXa and
TEXc, and CD4 T-cell resting were associated with a poorer prognosis.
We used GSEA, KEGG and GO datasets for marker labelling of high-
risk patients. In the GSEA analysis, the main enriched signature path-
ways were hallmark interferon-alpha response, interferon-gamma
response, allograft rejection and epithelial mesenchymal transition.
The main enriched GO pathways were pancreas beta cells, the P53
pathway, apoptosis, complement and TNFA signalling via NFKB. In
the high-risk group of patients, the main KEGG pathways are allograft
rejection, epithelial mesenchymal transition, inflammatory response,
interferon gamma response and myogenesis. This suggests that these
metabolic pathways can be used for TEX and EAC cross-linking
interference.

The present study also has some drawbacks and limitations.
First, the data applied in this study were obtained from the public
database TCGA, and although its reliability and data richness have
been adequately studied for inflammation, future rich experimental
exploration and mechanistic studies at the cellular level are needed.
Secondly, the study included more limited molecular and clinical
information on patients with EAC, and these pathological factors
are relevant to clinical treatment decisions and the role of the TEX
pathway. We hope that we can include more molecular pathological
and clinical information related to EAC in future studies, to deeply
analyse the interaction between TEX-related genes and the immu-
nological pathway of EAC, and to comprehensively explore and
analyse the developmental mechanisms of the TEX pathway in EAC
in depth.

Through

sequencing and transcriptome analysis, we confirmed the high rele-

in-depth bioinformatics analysis with single-cell

vance of TEX-related genomic models to the immune infiltration and

WILEY——

immunological pathways in EAC. This suggests that the interaction
between the TEX pathway and immune infiltration and immune cells
may be a potential target to facilitate the development of novel
tumour therapies for EAC.

However, our experiments still have some limitations. Our risk
model for EAC was developed based on TEX-associated genes, but
has not been further validated from cell experiments and in vitro
experiments. These results help to further demonstrate the usability
of our study. However, our study also has certain advantages. Unlike
traditional risk models, our model is based on bulk transcriptome data
and single-cell sequencing data and has an external validation set, and

our research results are meaningful.

5 | CONCLUSIONS

The potential role of TEX in tumour development has received
increasing attention. We describe the immune infiltration, prognostic
significance and potential possible mechanisms of TEX in a patient
population with oesophageal adenocarcinoma. This is a novel attempt
to promote the development of novel therapeutic modalities and
immunological target construction for oesophageal adenocarcinoma,
although more molecular biology experiments are needed to further
solidify this idea in the future. This is expected to make a potential
contribution to advancing the exploration of immunological
mechanisms and the opening of targeted drugs in oesophageal

adenocarcinoma.

AUTHOR CONTRIBUTIONS

Shiyu Peng was responsible for the construction of the article frame-
work, information extraction and data processing. Xiaojiang Han and
Geng Wenbin were responsible for the inclusion of the dataset. Zhao-

Lifang reviewed the whole manuscript.

ACKNOWLEDGEMENTS
We sincerely appreciate all members who participated in data collec-

tion and analysis.

CONFLICT OF INTEREST STATEMENT
Not applicable.

DATA AVAILABILITY STATEMENT
All datasets generated for this study are included in the online article

material.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The authors are accountable for all aspects of the work in ensuring
that questions related to the accuracy or integrity of any part of the

work are appropriately investigated and resolved.

CONSENT FOR PUBLICATION
All authors agreed to publish.

T Cell Exhaustion and Immunotherapy 57



BACK TO CONTENTS

Wl LEY PENG ET AL.
REFERENCES 21. Mclane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion
1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: GLO- during chronic viral infection and cancer. Annu Rev Immunol. 2019;
BOCAN estimates of incidence and mortality worldwide for 36 can- 37(1):457-495. doi:10.1146/annurev-immunol-041015-055318
cers in 185 countries. CA Cancer J Clin. 2021;71(3):209-249. doi:10. 22 Guan Y, Kraus SG, Quaney MJ, Daniels MA, Mitchem JB, Teixeiro E.
3322/caac.21660 FOLFOX chemotherapy ameliorates CD8 T lymphocyte exhaustion
2. Vineis P, Wild CP. Global cancer patterns: causes and prevention. Lan- and enhances checkpoint blockade efficacy in colorectal cancer. Front
cet (London, England). 2014;383(9916):549-557. doi:10.1016/50140- Oncol. 2020;10:586. doi:10.3389/fonc.2020.00586
6736(13)62224-2 23. Wang X, He Q, Shen H, et al. TOX promotes the exhaustion of antitu-
3. Thrift AP. Global burden and epidemiology of Barrett oesophagus and mor CD8+ T cells by preventing PD1 degradation in hepatocellular
oesophageal cancer. Nat Rev Gastroenterol Hepatol. 2021;18(6):432- carcinoma. J Hepatol. 2019;71(4):731-741. doi:10.1016/j.jhep.2019.
443. doi:10.1038/541575-021-00419-3 05.015
4. Peters Y, al-Kaabi A, Shaheen NJ, et al. Barrett oesophagus. Nat Rev 24. Barsch M, Salié H, Schlaak AE, et al. T-cell exhaustion and residency
Dis Primers. 2019;5(1):35. doi:10.1038/s41572-019-0086-z dynamics inform clinical outcomes in hepatocellular carcinoma.
5. Coleman HG, Xie S, Lagergren J. The epidemiology of esophageal J Hepatol. 2022;77(2):397-409. doi:10.1016/j.jhep.2022.02.032
adenocarcinoma. Gastroenterology. 2018;154(2):390-405. doi:10. 25. Whiteside TL. Exosomes and tumor-mediated immune suppression.
1053/j.gastro.2017.07.046 J Clin Invest. 2016;126(4):1216-1223. doi:10.1172/JCI81136
6. Singh S, Sharma AN, Murad MH, et al. Central adiposity is associated 26. Xu J, Fang Y, Chen K, et al. Single-cell RNA sequencing reveals the
with increased risk of esophageal inflammation, metaplasia, and ade- tissue architecture in human high-grade serous ovarian cancer. Clin
nocarcinoma: a systematic review and meta-analysis. Clin Gastroen- Cancer Res. 2022;28(16):3590-3602. doi:10.1158/1078-0432.CCR-
terol Hepatol. 2013;11(11):1399-1412.e7. doi:10.1016/j.cgh.2013. 22-0296
05.009 27. Chapman PB, Hauschild A, Robert C, et al. Improved survival with
7. Zhang HY, Spechler SJ, Souza RF. Esophageal adenocarcinoma arising vemurafenib in melanoma with BRAF V600E mutation. N Engl J Med.
in Barrett esophagus. Cancer Lett. 2009;275(2):170-177. doi:10. 2011;364(26):2507-2516. doi:10.1056/NEJM0a1103782
1016/j.canlet.2008.07.006 28. Xing X, Yang F, Huang Q, et al. Decoding the multicellular ecosystem
8. Lagergren J, Smyth E, Cunningham D, Lagergren P. Oesophageal can- of lung adenocarcinoma manifested as pulmonary subsolid nodules
cer. Lancet (London, England). 2017;390(10110):2383-2396. doi:10. by single-cell RNA sequencing. Sci Adv. 2021;7(5):eabd9738. doi:10.
1016/50140-6736(17)31462-9 1126/sciadv.abd9738
9. Joseph A, Raja S, Kamath S, et al. Esophageal adenocarcinoma: a dire 29. Hwang B, Lee JH, Bang D. Single-cell RNA sequencing technologies
need for early detection and treatment. Cleve Clin J Med. 2022;89(5): and bioinformatics pipelines. Exp Mol Med. 2018;50(8):1-14. doi:10.
269-279. doi:10.3949/ccjm.89a.21053 1038/s512276-018-0071-8
10. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell 30. Finotello F, Eduati F. Multi-omics profiling of the tumor microenviron-
exhaustion. Nat Rev Immunol. 2015;15(8):486-499. doi:10.1038/ ment: paving the way to precision immuno-oncology. Front Oncol.
nri3862 2018;8:430. doi:10.3389/fonc.2018.00430
11. Chow A, Perica K, Klebanoff CA, Wolchok JD. Clinical implications of 31. Saliba A-E, Westermann AJ, Gorski SA, Vogel J. Single-cell RNA-seq:
T cell exhaustion for cancer immunotherapy. Nat Rev Clin Oncol. advances and future challenges. Nucleic Acids Res. 2014;42(14):8845-
2022;19(12):775-790. doi:10.1038/s41571-022-00689-z 8860. doi:10.1093/nar/gku555
12. Blank CU, Haining WN, Held W, et al. Defining ‘T cell exhaustion’. 32. Kolodziejczyk AA, Kim JK, Svensson V, Marioni JC, Teichmann SA.
Nat Rev Immunol. 2019;19(11):665-674. doi:10.1038/s41577-019- The technology and biology of single-cell RNA sequencing. Mol Cell.
0221-9 2015;58(4):610-620. doi:10.1016/j.molcel.2015.04.005
13. Good CR, Aznar MA, Kuramitsu S, et al. An NK-like CAR T cell transi- 33. Xiao Z, Dai Z, Locasale JW. Metabolic landscape of the tumor micro-
tion in CAR T cell dysfunction. Cell. 2021;184(25):6081-6100. doi:10. environment at single cell resolution. Nat Commun. 2019;10(1):3763.
1016/j.cell.2021.11.016 doi:10.1038/s41467-019-11738-0
14. Van Der Kraak L, Goel G, Ramanan K, et al. 5-fluorouracil upregulates 34. Qian J, Olbrecht S, Boeckx B, et al. A pan-cancer blueprint of the
cell surface B7-H1 (PD-L1) expression in gastrointestinal cancers. heterogeneous tumor microenvironment revealed by single-cell
J Immunother Cancer. 2016;4:1-8. profiling. Cell Res. 2020;30(9):745-762. doi:10.1038/s41422-020-
15. Huang AC, Postow MA, Orlowski RJ, et al. T-cell invigoration to 0355-0
tumour burden ratio associated with anti-PD-1 response. Nature. 35. Massalha H, Bahar Halpern K, Abu-Gazala S, et al. A single cell atlas
2017;60-65. of the human liver tumor microenvironment. Mol Syst Biol. 2020;
16. Pauken KE, Sammons MA, Odorizzi PM, et al. Epigenetic stability 16(12):€9682. doi:10.15252/msb.20209682
of exhausted T cells limits durability of reinvigoration by PD-1 36. Ren X, Zhang L, Zhang Y, Li Z, Siemers N, Zhang Z. Insights gained
blockade. Science. 2016;354(6316):1160-1165. doi:10.1126/science. from single-cell analysis of immune cells in the tumor microenviron-
aaf2807 ment. Annu Rev Immunol. 2021;39(1):583-609. doi:10.1146/annurev-
17. Dolina JS, Van Braeckel-Budimir N, Thomas GD, Salek-Ardakani S. immunol-110519-071134
CD8+ T cell exhaustion in cancer. Front Immunol. 2021;12:715234. 37. Sun D, Wang J, Han Y, et al. TISCH: a comprehensive web resource
doi:10.3389/fimmu.2021.715234 enabling interactive single-cell transcriptome visualization of tumor
18. Ma X, Bi E, LuYY, et al. Cholesterol induces CD8+ T cell exhaustion in microenvironment. Nucleic Acids Res. 2021;49(D1):D1420-D1430.
the tumor microenvironment. Cell Metab. 2019;30(1):143-156.e5. doi:10.1093/nar/gkaa1020
e145. doi:10.1016/j.cmet.2019.04.002 38. Wu H, Yu J, Li Y, et al. Single-cell RNA sequencing reveals diverse
19. Hashimoto M, Kamphorst AO, Im SJ, et al. CD8 T cell exhaustion in intratumoral heterogeneities and gene signatures of two types of
chronic infection and cancer: opportunities for interventions. Annu esophageal cancers. Cancer Lett. 2018;438:133-143. doi:10.1016/j.
Rev Med. 2018;69(1):301-318. doi:10.1146/annurev-med-012017- canlet.2018.09.017
043208 39. Wu H, Chen S, Yu J, et al. Single-cell transcriptome analyses reveal
20. He Q-F, Xu'Y, Li J, Huang Z-M, Li X-H, Wang X. CD8+ T-cell exhaus- molecular signals to intrinsic and acquired paclitaxel resistance in

tion in cancer: mechanisms and new area for cancer immunotherapy.
Brief Funct Genomics. 2019;18(2):99-106. doi:10.1093/bfgp/ely006

58 T Cell Exhaustion and Immunotherapy

esophageal squamous cancer cells. Cancer Lett. 2018;420:156-167.
doi:10.1016/j.canlet.2018.01.059



BACK TO CONTENTS

PENG ET AL. Wl LEY

40. Yang L, Zhang X, Hou Q, et al. Single-cell RNA-seq of esophageal and meta-analysis. Ann Surg. 2016;263(2):251-257. doi:10.1097/SLA.
squamous cell carcinoma cell line with fractionated irradiation reveals 0000000000001438
radioresistant gene expression patterns. BMC Genomics. 2019;20(1): 46. Sparano JA, Gray RJ, Makower DF, et al. Adjuvant chemotherapy
611. doi:10.1186/512864-019-5970-0 guided by a 21-gene expression assay in breast cancer. N Engl J Med.

41. Chen Z, Zhao M, Liang J, et al. Dissecting the single-cell transcriptome 2018;379(2):111-121. doi:10.1056/NEJM0a1804710

network underlying esophagus non-malignant tissues and esophageal
squamous cell carcinoma. EBioMedicine. 2021;69:103459. doi:10.
1016/j.ebiom.2021.103459 SUPPORTING INFORMATION
42. Langfelder P, Horvath S. WGCNA: an R package for weighted

correlation network analysis. BMC Bioinf. 2008;9(1):559. doi:10. ing Inf i i t th d of this articl
1186/1471-2105-9-559 ing Information section at the end of this article.

Additional supporting information can be found online in the Support-

43. Maity AK, Stone TC, Ward V, et al. Novel epigenetic network
biomarkers for early detection of esophageal cancer. Clin Epigenetics.
2022;14(1):23. doi:10.1186/513148-022-01243-5

44. Snider EJ, Kaz AM, Inadomi JM, Grady WM. Chemoprevention of
esophageal adenocarcinoma. Gastroenterol Rep. 2020;8(4):253-260.
doi:10.1093/gastro/goaa040

45. Maret-Ouda J, Konings P, Lagergren J, Brusselaers N. Antireflux
surgery and risk of esophageal adenocarcinoma: a systematic review

T Cell Exhaustion and Immunotherapy 59



BACK TO CONTENTS

Strategies and Considerations for
the Characterization and Deeper
Immunophenotyping of T Cells

BD Biosciences

cells develop distinct surface markers and cytokine signatures dur-

ing their development. Different types of T cell subsets have been

identified based on their phenotypic and functional characteristics.
Carefully designed flow cytometry panels with the combination of some
basic surface markers can be used for characterizing T cells at a high level.
But for deeper characterization of the different subtypes, a basic panel is
not sufficient. Development of larger multicolor panels with additional
drop-in fluorochromes is needed. Expansion of an existing flow cytometry
panel by adding new fluorochromes can be challenging as the drop-ins
can introduce spillover. The spillover spread may compromise panel reso-
lution, ultimately requiring a complete redesign of a new panel, influenc-

ing cost, time and the ability to define cell biology in depth.

as considerations to fluorochrome bright-
ness and spillover and antigen density and
co-expression, they differ in several practical
aspects:

How are standalone panels and
pre-optimized backbone panels
different?

Several standalone panels are available

for T cell characterization. However, these
panels are not specifically designed to ac-
commodate drop-ins. Expansion of these
panels can cause suboptimal resolution of
backbone and/or drop-in channels if panel
design rules are not strictly followed. In ad-
dition, the standalone panels incorporate
some of the most commonly available flu-
orochromes instead of leaving them open
for drop-in flexibility.

A strategically designed pre-optimized back-
bone panel eliminates these disadvantages.
Both standalone and backbone panels use
different approaches, but while both rely on
the fundamental rules of panel design, such
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Considerations for building back-
bone panels

When building a backbone panel, the fol-
lowing four important criteria should be
considered:

e Backbone panel should clearly resolve
all relevant cell subsets

e Panel should not impact resolution
of the recommended drop-in fluoro-
chromes

e Drop-in fluorochromes should not
impact resolution of the backbone
panel-Drop-in fluorochromes should not
impact each other
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Standalone Panel Backbone Panel

additions

Designed for use without modification or

Prospectively designed to be expanded with
different drop-ins

Easy to design—utilize spectrally separated
fluorochromes

Challenging to design—ultilizes challenging
fluorochromes with high spillover

Difficult to expand—challenging selection of
remaining fluorochromes

Easy to expand—spectrally separated
fluorochromes are left for drop-ins

markers

Panel redesign may be required to add new

Minimal panel design is required to add new
markers in the backbone

The newly developed BD Horizon™
Human T Cell Backbone Panel from BD
Biosciences

BD Biosciences has developed the BD Horizon™
Human T Cell Backbone Panel, which contains
five individual vials of fluorochrome-conjugated
antibodies against core T cell markers—CD3,
CD4, CD8, CD45RA, CD197

(CCR7)—conventionally used to assess T cell
maturation and identify naive, central mem-
ory (CM), effector memory (EM) and effec-
tor memory RA (EMRA) subsets.1.2 The kit
also contains the BD Horizon™ Brilliant Stain
Buffer for optimal performance.

The BD Horizon™ Human T Cell Backbone
Panel could be used as a starting point for a
deeper dive into, for example, CD4+ T helper
cells and further identification of regulato-
ry T cells through the addition of specific
drop-ins.

Advantages of using the pre-opti-
mized BD Horizon™ Human T Cell
Backbone Panel

The BD Horizon™ Human T Cell Backbone
Panel is strategically designed to be comple-
mented with up to five recommended drop-
in fluorochromes paired with your antigens
of choice, depending on instrument configu-
ration, with minimal panel design effort and
loss of resolution.

It is vigorously tested and provides appli-
cation data that can be used to gauge the
performance of the panel before using it. By
reducing panel design effort and providing
tested and pre-optimized panels, it helps in
building efficiency and confidence in your
experiments.

e Strategic design of a backbone panel
allows for expansion with recommended
fluorochrome drop-ins, without impacting
resolution

e The panel design process for addition
of new markers is simplified, as spillover
spread and antigen coexpressionare not
of concern

e Proper matching of fluorochrome bright-
ness and antigen density is still required
to ensure optimal resolution

e The number of recommended drop-in
fluorochromes may change depending on
flow cytometer configuration

¢ Application data demonstrate the flex-
ibility and clear resolution of a properly
designed backbone panel

If you are interested in learning more about
the T cell backbone panel, reviewing per-
formance data, accessing relevant protocols
and getting additional tips and tricks, down-
load our BD Horizon™ Human T Cell Back-
bone Panel e-book.
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