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Preface

“Opponents confront us continually, but there is no opponent there. Enter deeply into
an attack and neutralize it as you draw that misdirected force into your own sphere”.
- Morihei Ueshiba

T cells are a heterogeneous group of effector immune cells that provide protection
from infectious agents, such as bacteria and viruses, and contribute significantly to
human health and disease. T Cells have been the subject of intense scientific research
in the last few decades to understand their development, phenotypes, and functions
fully.

This book presents an up-to-date overview of crucial topics in T cell biology, including
T-cell development, T cell receptor diversity, central tolerance, peripheral tolerance,
autoimmunity, the subsets of T cells, such as cytotoxic T lymphocytes, helper T lympho-
cytes, 8 T cells, regulatory T cells, the mechanisms of co-stimulation and co-inhibition
of T cells, memory T cells, and the role of T cells in organ transplantation, autoimmune
diseases, infectious Diseases, and vaccines.

Additionally, this collection will highlight the utility of T-cells in novel cancer
immunotherapy approaches, such as cancer vaccines, chimeric antigen receptor

T cell therapy, and adoptive cell therapies. These valuable insights will help advance
our understanding of the immune system, the important contributions of T cells

to our immune homeostasis and overall health, and the therapeutic applications of
T cells in fighting autoimmunity, cancer, and infectious diseases.

I want to thank everyone at IntechOpen who helped with this publication. Finally, I
dedicate this book to my family, colleagues, mentors, and students throughout my
career.

Hilal Arnouk, M.D., Ph.D.,

Associate Professor,

Department of Pathology,

Chicago College of Osteopathic Medicine,
College of Dental Medicine,

Ilinois, United States

Chicago College of Optometry,
Precision Medicine Program,
College of Graduate Studies,
Midwestern University,
Ilinois, United States






Chapter1

Gamma Delta T Cell: A Unique
Member of the T Cell Family
with a Significant Role in Cancer
Immunotherapy

Jackson Sweeney, Smriti Marwaha and Hilal Arnouk

Abstract

Harnessing the potential of the immune system to treat cancers has been the goal
of many scientific investigations and recent advancements in tumor immunology
have allowed for cancer immunotherapy to become a reality. T lymphocytes that
express the y8 TCR (y8 T cells) do not require antigen presentation by target cells.
Instead, they recognize phospho-antigens that accumulate in tumors with increased
activity of the mevalonate metabolic pathway. Additionally, the Natural Killer Group
2D (NKG2D) on y8 T cells recognizes stress-induced self-antigens widely expressed
on cancer cells, such as the MHC Class I-like stress-associated molecules MIC-A and
MIC-B or the UL-16 binding proteins ULBP-1, 2, and 3. This recognition can mediate
direct cytotoxicity against tumor cells without prior antigen exposure or priming.
Moreover, y8 T cells can be expanded when stimulated with IL-2 and Zoledronate.
Collectively, these biological qualities of y8 T cells make them a promising option for
cancer immunotherapy.

Keywords: Gamma Delta T cell, cancer immunotherapy, immuno-oncology, adoptive
cell therapy, CAR-T cell therapy

1. Introduction

Cancer has posed a formidable challenge to researchers for decades. Since the
earliest days of cancer research, scientists have been striving to develop treatments
that specifically target cancer cells while sparing the surrounding healthy tissues.
Recent advancements in cancer biology and emerging technologies suggest that this
goal is on the cusp of becoming a reality. At the forefront of these advancements is
immunotherapy, which harnesses the body’s immune system to seek out and destroy
cancer cells, leaving healthy tissues unharmed.

The underlying principle of immunotherapy is to leverage the body’s natural
defense mechanisms to treat cancer more effectively. However, like many other
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treatments, immunotherapy has been met with variable success across different can-
cer types. When exposed to treatment pressures, many cancers evolve mechanisms

to evade immune detection. Traditional immunotherapies often rely on Antigen-
Presenting Cells (APCs) to prime ap T lymphocytes to attack cancer cells specifically.
This process involves recognizing Major Histocompatibility Complex (MHC) Class
molecules on the surface of cancerous cells. However, many cancers can downregulate
the expression of MHC Class I molecules, evading ap T lymphocytes and preventing
these immune cells from exerting their cytotoxic effects [1]. Additionally, cancer
cells can escape immune surveillance through various strategies, such as secret-

ing the immunosuppressive cytokines Interleukin-10 (IL-10) and Transforming
Growth Factor p (TGF-) into the tumor microenvironment, dampening the immune
response and leading to unchecked cancer growth [2-4]. This complex interplay
between cancer cells and the immune system poses significant challenges to conven-
tional immunotherapy strategies.

2. The biology of Gamma Delta T cell

To overcome challenges faced by the traditional cancer immunotherapy
approaches, researchers have been exploring other creative solutions, including a
subset of immune cells known as y8 T lymphocytes. These cells offer a promising
approach to cancer immunotherapy as they do not rely on the traditional MHC Class I
pathway for antigen recognition. y8 T lymphocytes are a unique subset of T cells char-
acterized by their distinct y8 T-cell receptors (TCRs), which distinguish them from
the more common off T cells. Instead of requiring antigen presentation from MHC
Class I molecules, they are activated by conserved stress-induced self-antigens on
cancer cells. The C-type lectin Natural Killer Group 2D (NKG2D) receptor on yd T-cell
recognizes these stress-induced ligands, such as MHC Class I-chain (MIC) molecules,
MIC-A and MIC-B, along with UL-16 binding proteins ULBP-1, ULBP-2, and ULBP-3
on cancer cells directly and without the need for antigen presentation or priming [5].
Thus, granting y8 T lymphocytes the ability to elicit an immunological response akin
to that of the innate immune system. Consequently, y8 T cells can identify and react
to a wider variety of cancer cells, including those that have evolved defenses against
other immune cell types. Moreover, as a subset of T cells, yd T cells can also establish
memory responses, enabling them to attack cancer cells upon subsequent exposures.

Human y8 T cells are divided into two subsets: V&1 and V62 [6, 7]. The V51 phe-
notype is primarily found in epithelial tissues, such as the skin, gut, and respiratory
tract, where they play a critical role in immune surveillance, serving as first respond-
ers to cellular stress and transformation. V81 T cells possess the C-type Natural Killer
Group 2D (NKG2D) receptor, which recognizes stress-induced self-antigens, includ-
ing MIC-A and MIC-B. These antigens are typically overexpressed on cancer cells,
marking them for attack [8-10]. Stimulation of the NKG2D receptor, on yd T cells,
upon binding to these stress ligands, on cancer cells, can mediate direct cytotoxicity
and lysis of tumor cells. Additionally, this interaction activates the release of anti-
tumor cytokines, such as Interferon gamma (IFN-y) and Tumor Necrosis Factor-a
(TNF-a) [11-13].

Conversely, the second phenotype, V62, is predominantly found in the peripheral
blood. This subset typically binds with a second receptor, Vy9, forming the Vy9V2
phenotype that circulates throughout the body. These cells can recognize non-peptidic
phospho-antigens, such as isopentenyl pyrophosphate (IPP), which is a metabolite
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of the mevalonate metabolic pathway, crucial for cellular metabolism and prolifera-
tion. In normal cells, IPP concentrations are low, and these cells remain undetected
by Vy9V82 cells. However, in cancer cells, the mevalonate metabolic pathway is often
upregulated to meet increased energy demands, leading to IPP accumulation and its
recognition as a tumor antigen [14]. This metabolic adaptation presents a distinct
opportunity for Vy9V82 T cells, which can identify and eradicate tumor cells via
both TCR-dependent and TCR-independent mechanisms. This unique ability makes
Vy9V82 T cells an attractive option for immunotherapy, especially when tumors
become resistant to other therapeutic modalities.

Despite the promising capabilities of y8 T cells, one of the current challenges in
using them for immunotherapy is their relatively low abundance in the human body.
Normally, Vy9V82 cells constitute about 1-5% of peripheral blood T cells, which can
be even lower in cancer patients. To address this pitfall, protocols were developed to
expand these cells ex vivo. One successful strategy involves using agonist molecules
to stimulate their proliferation. Zoledronate, which is already an FDA-approved
bisphosphonate used to prevent bone fractures [15-17] can be used to expand Vy9V2
T cells from cancer patients with hepatocellular [18], colorectal [18], prostate [19],
lymphoid [20], and breast cancers [21, 22]. Zoledronate’s mechanism of action is
to inhibit the enzyme, farnesyl diphosphate synthase (FDPS), which is part of the
mevalonate metabolic pathway leading to the accumulation of IPP in cancer cells and
subsequent TCR-dependent activation of Vy9V52 T cells. Similarly, Bromohydrin
pyrophosphate (BrHPP) also interferes with the mevalonate metabolic pathway
(Figure 1) [23-25].

In cancer patients, levels of yd T cells are often low due to exposure to rigorous
radiation and chemotherapy regimens, making ex vivo expansion a necessary solu-
tion. Studies have also shown that Vy9V82 T cells can be expanded from healthy

V52 ADOPTIVE CELL TRANSFER IN VIVO ACTIVATION

+ phospho-
antigens
+|L-2
+ NKG2D
ligand

Va1

+ anti-TCR
antibodies
+|L-2
+ NKG2D — + aminobisphosphonates
ligand +|L-2

Figure 1.

Schematics showing the current strategies used in y5 T cell-based immunotherapy, including adoptive cell transfer
of ex vivo-expanded yd T cells and in vivo activation of V52Vy9 T cells by phospho-antigens. This original figure
was created by the authors using Microsoft Office PowerPoint and BioRender software.
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donors and transferred to cancer patients with minimal adverse effects [22, 26-28].
This is largely possible because these cells do not rely on MHC recognition for antigen
detection. Consequently, donor-derived allogeneic y3 T cells are unlikely to trigger
graft-versus-host disease (GVHD), a major concern in other forms of cell-based
therapy.

3. Cancer immunotherapies based on yd T cells

Research on agonist-expanded Vy9V&2 T cells has been conducted across vari-
ous cancer types. In colorectal cancer (CRC), Vy9V82 T cells have been identified as
tumor-infiltrating lymphocytes (TILs), and their presence seems to correlate with
favorable outcomes. Ex vivo expanded Vy9V82 T cells exhibit strong lytic activity
against colorectal carcinoma cell lines, relying on both the TCR and the NKG2D
receptor for costimulatory signaling [18, 29-31]. Interestingly, expanding Vy9V52 T
cells with BrHPP or Zoledronate generates effector memory cells capable of continu-
ously eliminating CRC cell lines upon re-exposure. Similarly, BrHPP- or Zoledronate-
stimulated y8 T cells effectively lyse hepatocellular carcinoma cells while sparing
healthy surrounding tissues [18]. Further research indicates that this cytotoxicity
occurs through both TCR-dependent and independent mechanisms, involving inter-
actions between the NKG2D receptor and MIC A/B, as well as between the DNAX
Accessory Molecule-1 (DNAM-1) receptor and the Nectin-like molecule-5 (Necl-5)
on hepatocellular carcinoma cells [32].

While expanded y8 T cells show great promise, they tend to undergo mitogen-
induced apoptosis more readily than traditional ap T lymphocytes. To address
this challenge, researchers attempted expanding Vy9V82 T cells in the presence of
Interleukin-12 (IL-12), which selectively protects a subset of cells from apoptosis,
leading to the proliferation of these apoptosis-resistant cells. These resistant Vy9V52 T
cells demonstrated effectiveness against prostate cancer cell lines, such as the DU145
and PC-3 cell lines [33, 34]. These cells appear to kill cancer cell lines via TCR-
dependent interactions, as well as through interactions between Integrin Beta Chain-2
(DC18) and Intercellular Adhesion Molecule-1 (ICAM-1), facilitated by the perforin/
granzyme pathway [34]. Additionally, a modified protocol for ex vivo expansion
using pulsed Zoledronate stimulation was developed to mitigate the toxicity produced
by inhibiting farnesyl diphosphate synthase using a continuous exposure protocol
[35]. Compared to continuous exposure, the pulsed y5 T cells showed increased purity
and quantities. Moreover, pulse-expanded Vy9V&2 T cells produced higher levels of
perforin and degranulated their granzymes in greater numbers when co-cultured
with PC-3 prostate cancer cells, resulting in a 2.5-fold increase in their anti-tumor
cytolytic activity [36]. In immunocompromised mice with PC-3 tumor xenotrans-
plants, the pulsed Vy9V&2 T cells reduced tumor size by 50% compared to those
receiving continuously expanded Vy9V82 T cells [37].

Furthermore, the V82 subset of y8 T cells has been found in mammary ductal
epithelial organoids, indicating their role in immunosurveillance within these tissues.
These cells produce the anti-tumor cytokine IFN-y while efficiently killing human
breast cancer cells that are triple-negative for estrogen and progesterone receptors,
as well as HER2/neu [38, 39]. Additional studies have also shown that Vy9V82 T cells
exhibit cytotoxic activity against various breast cancer cell lines both in vitro and in
murine models. This anti-tumor activity appears to depend on breast cancer subtype,
TCR engagement, and the expression of MIC A/B and ICAM-1 [40-42]. While these
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results are promising, it is important to note that the predominant y8 T cell subset,
V&1, found in TILs of breast cancer, exerts immunosuppressive effects, including the
suppression of naive T cell proliferation, dendritic cell maturation, and the secretion
of immunosuppressive cytokines. The pro-tumor effects seem to be mediated by
interferon gamma-induced protein 10 (IP-10), secreted by tumor cells. IP-10 recruits
V81T cells to the tumor microenvironment, where they suppress anti-tumor immune
responses and promote tumor growth [43].

Since ex vivo expanded Vy9V62 T cells are well-tolerated, several clinical studies
have used highly enriched autologous Vy9V62 T cells prepared with Zoledronate,
which were then re-infused into cancer patients to evaluate safety and potential
therapeutic effects. In two early-phase clinical trials for Non-Small Cell Lung Cancer
(NSCLC), stable disease was observed in three out of ten patients in one study and six
out of fifteen patients in another [44, 45]. In advanced renal cell carcinoma (RCC),
the transfer of y3 T cells into eleven patients resulted in prolonged tumor doubling
time (DT), leading to one complete remission and stable disease in five patients [46].
Similar outcomes were achieved in metastatic RCC, where six out of ten patients
showed stable disease [23]. In a clinical trial involving gastric cancer, intraperitoneal
injection of ex vivo expanded Vy9V&2 T cells led to a significant reduction in the vol-
ume of malignant ascites due to peritoneal dissemination in two of the seven patients
enrolled [47]. In another trial, four patients with advanced refractory hematological
malignancies received y8 T cells from haploidentical family donors, resulting in three
complete responses [48].

Alternatively, Vy9V82 T cells can also be expanded in vivo rather than strictly ex
vivo. This is typically done through the administration of the same FDA-approved
amino-bisphosphonates used in ex vivo expansion, along with a low dose of IL-2.
Phase I/II clinical trials demonstrated that this approach is both safe and feasible.
Indeed, in vivo stimulation of Vy9V82 T cells in three breast cancer patients resulted
in one case of partial remission and two cases of stable disease. This treatment was
administered for over twelve months and correlated with declining levels of Cancer
Antigen 15-3 (CA 15-3), a surrogate breast cancer biomarker [49]. Additionally, in
vivo expansion with Zoledronate and IL-2 in nine hormone-refractory prostate cancer
patients resulted in three instances of partial remission and five instances of stable
disease [18]. Finally, in a trial focusing on nine patients with relapsed/refractory Non-
Hodgkin’s Lymphoma or multiple myeloma, partial remissions were achieved in three
patients [20].

4, Conclusion

Although several clinical trials have demonstrated the safety and feasibility of y8 T
cell immunotherapies, the overall response in patients has been variable and inconsis-
tent. There might be several potential contributing factors. For instance, the agonists
used in in vivo expansion may have off-target effects, such as systemic toxicity in a
subset of patients. Additionally, in several clinical trials, y8 T cell infiltration and acti-
vation have been limited, possibly due to the immunosuppressive effects of the tumor
microenvironment on y8 T cells [50]. There is also limited knowledge about y5 T cell
checkpoint inhibition and their exact mechanisms for suppressing tumor growth.
Currently, efforts are invested in developing Chimeric Antigen Receptor (CAR)-
engineered y8 T cells. These genetically engineered immune cells, whether autologous
or allogeneic, have the potential to be off-the-shelf cell therapy products due to their
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ability to recognize antigens in an MHC-independent manner. One study successfully
transduced y3 T cells with a second-generation CAR targeting GD2, demonstrating
precise antitumor cytotoxicity against cancer cells expressing this specific antigen
[51]. Despite the challenges and limitations observed in early clinical trials, these
CAR-transduced yd T cells could offer significant advantages as personalized cancer
treatments. As the understanding of cancer biology expands and new technologies
continue to develop, cancer treatments are becoming increasingly personalized, and
¥8 T cell therapy may be on the brink of a significant breakthrough.
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Abstract

Cancer is a significant health problem that demands ongoing innovation in
treatment approaches. This chapter examines the evolution of cancer therapies,
highlighting the limitations of conventional methods and the need for precise and
effective solutions. Chimeric Antigen Receptor T cell therapy (CAR-T) emerges
as a promising solution. The chapter delves into the fundamentals of CAR-T cell
therapy, explaining the process of engineering these cells and their mechanism of
action. It also discusses the clinical applications of CAR-T cell therapy in approved
indications for hematologic malignancies. CAR-T cell therapy has expanded its
scope to solid tumors and is exploring futuristic possibilities, such as combination
therapies. Although there are challenges, ongoing research focuses on enhancing
accessibility. The collaborative and interdisciplinary nature of cancer treatments is
emphasized.

Keywords: CAR-T, T-cells, B-ALL, DLBCL, hematologic malignancies

1. Introduction

Cancer persists as a substantial global health challenge, demanding ongoing
innovation in therapeutic strategies. The contemporary framework of cancer
treatment reflects a collaborative, multidisciplinary endeavor to confront the
intricacies of the disease. While conventional methods like chemotherapy and
radiation exhibit partial effectiveness, their utility is hampered by substantial
limitations encompassing issues of both efficacy and adverse effects. As the
complexities of cancer become increasingly apparent, the imperative for continual
advancements in treatment approaches underscores the pressing need for more
targeted and refined solutions to enhance overall efficacy and mitigate the chal-
lenges associated with traditional modalities [1]. The pressing need for targeted
and effective cancer treatments has propelled the investigation of innovative
approaches, with CAR-T cell therapy standing out as a promising frontier in this
quest. This chapter is dedicated to unraveling the evolutionary trajectory of cancer
treatment, elucidating the limitations inherent in conventional methods. By doing
so, it sets the stage for a comprehensive exploration of the revolutionary CAR-T
cell therapy—a cutting-edge and transformative modality that holds immense
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potential in overcoming the challenges posed by traditional treatments. Through
this exploration, the chapter aims to provide a nuanced understanding of the
historical context and pave the way for a deeper appreciation of the advancements
in CAR-T cell therapy within the broader landscape of cancer treatment [2]. The
evolution of CAR-T cell therapy is intimately entwined with the historical progres-
sion of cancer therapies, particularly within the expansive domain of immuno-
therapy. Immunotherapy, distinguished by its emphasis on leveraging the body’s
own immune system to combat cancer, has traversed a transformative journey
marked by pivotal milestones and groundbreaking discoveries. These key advance-
ments have not only reshaped the landscape of oncology but have also laid the
foundation for the development of novel and targeted therapies such as CAR-T cell
therapy. In tracing this historical trajectory, we gain a profound appreciation for
the interconnectedness of these therapeutic approaches and the profound impact
they collectively wield in advancing the frontiers of cancer treatment [3]. The
evolution of cancer therapies leading up to CAR-T cell therapy represents a series
of scientific and clinical breakthroughs. To appreciate the significance of CAR-T
cell therapy, it is essential to trace the roots of immunotherapy, acknowledging the
key moments and discoveries that paved the way for this revolutionary treatment
modality.

2. Understanding CAR-T cell therapy
2.1 What are CAR-T cells?

CAR-T cells, or Chimeric Antigen Receptor T cells, represent a cutting-edge form
of immunotherapy designed to harness the body’s immune system to combat cancer.
At the heart of CAR-T therapy is the Chimeric Antigen Receptor—a synthetic recep-
tor that combines the specificity of an antibody with the potent cytotoxicity of T cells.
This receptor is engineered to recognize and bind to specific antigens expressed on
the surface of cancer cells [4]. The Chimeric Antigen Receptor is typically composed
of three main components: an extracellular domain, a transmembrane domain,
and an intracellular signaling domain. The extracellular domain, derived from an
antibody, confers the CAR-T cell with the ability to recognize a particular antigen in
cancer cells. The transmembrane domain anchors the receptor in the cell membrane,
while the intracellular signaling domain triggers the activation of the T cell upon
antigen binding [3].

2.1.1 How CAR-T cells are engineered

CAR-T cells are engineered through a complex process that involves isolating
T cells from a patient’s blood, modifying them ex vivo, and then reinfusing them
into the patient. This process begins by extracting T cells from the patient, typi-
cally through apheresis [5]. Once isolated, these T cells are genetically modified to
express the Chimeric Antigen Receptor using viral vectors, often derived from len-
tiviruses or retroviruses [6]. The modified CAR-T cells are then expanded in culture
to create a robust population. This personalized army of CAR-T cells, now armed
with the synthetic receptor, is infused back into the patient. Once in the body, these
engineered cells seek out and selectively destroy cancer cells expressing the targeted
antigen (Figure1).
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2.2 Mechanism of action

Step-by-step process of CAR-T cell therapy:

Extraction of T cells: the process begins with the extraction of T cells from the
patient through apheresis, a technique that separates blood components.

Genetic modification: the isolated T cells undergo genetic modification ex vivo. Using
viral vectors, typically derived from lentiviruses or retroviruses, the Chimeric Antigen
Receptor (CAR) is introduced into the T cells. This step equips the T cells with the abil-
ity to recognize and bind to specific antigens on the surface of cancer cells.

Cell expansion: the genetically modified T cells are cultured and expanded iz vitro
to create a substantial population of CAR-T cells. This ensures a sufficient quantity of
engineered cells for therapeutic effectiveness.

Infusion into the patient: the expanded CAR-T cell population is then infused back
into the patient. This infusion marks the introduction of the modified T cells, now
armed with the CAR, into the patient’s bloodstream.

Homing to tumor sites: once in the body, CAR-T cells navigate the bloodstream and
homing mechanisms to reach tumor sites. The CAR enables these T cells to specifi-
cally recognize and bind to cancer cells expressing the targeted antigen.

Activation and cytotoxicity: upon binding to cancer cells, the CAR-T cells become
activated. This activation triggers the release of cytotoxic substances and the initia-
tion of immune responses that lead to the destruction of the cancer cells.

Persistence and memory: some CAR-T cells persist in the body, forming a “memory”
population. This persistence enhances the ability of the immune system to mount
prolonged responses against cancer cells, offering potential long-term protection.

2.3 Interaction between CAR-T cells and cancer cells

The interaction between CAR-T cells and cancer cells is highly specific. The Chimeric
Antigen Receptor on the surface of CAR-T cells acts as a molecular sensor, recognizing
and binding to specific antigens present on the cancer cell surface. This interaction initi-
ates a cascade of signaling events within the CAR-T cell, leading to its activation.

The engineered CAR-T cells unleash potent cytotoxic mechanisms, including
the release of perforin and granzymes, inducing apoptosis (cell death) in the cancer
cells. Additionally, the activated CAR-T cells can stimulate other components of the
immune system, such as macrophages and natural killer cells, further amplifying the
anti-cancer immune response (Figure 2) [7].
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Cell Death
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Figure 2.
Diagrammatic representation of CAR-T cell interaction with cancer cells lead to cell death.

3. Development and advancements
3.1 Early research and clinical trials

The journey of CAR-T cell therapy commenced with pioneering studies and
clinical trials that laid the foundational groundwork. In the early stages, research-
ers focused on understanding the feasibility and safety of genetically modifying
T cells to express Chimeric Antigen Receptors (CARs). Notable studies, such as
those by Sadelain and Brentjens, marked crucial milestones in demonstrating the
concept’s viability and its potential as a transformative cancer treatment [8]. The
early phases of CAR-T cell therapy research faced significant challenges, including
issues related to the persistence and functionality of engineered T cells, as well
as concerns about off-target effects. These challenges prompted researchers to
refine the CAR design, optimize the genetic modification process, and enhance
the overall therapeutic efficacy. Breakthrough moments emerged as solutions
were devised, leading to improved CAR-T cell technologies and addressing initial
hurdles [9].

The landmark clinical trial by Maude et al. in 2014 demonstrated unprecedented
success in treating pediatric patients with acute lymphoblastic leukemia (ALL),
showcasing the therapy’s potential for achieving sustained remissions and transform-
ing the landscape of cancer treatment [10].

3.2 Key developments in CAR-T cell therapy

Over the years, CAR-T cell therapy has undergone significant technological
advancements, revolutionizing cancer treatment. One major breakthrough has
been the refinement of CAR design. Researchers have developed next-generation
CARs with enhanced signaling domains, optimized co-stimulatory molecules, and
improved antigen recognition capabilities. These technological advancements have
contributed to the development of CAR-T cells with increased potency and persis-
tence in the body, leading to improved treatment outcomes [11].

Another critical development is the evolution of manufacturing processes.
Streamlining and optimizing the production of CAR-T cells have become pivotal
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for scalability and widespread clinical application. Innovative manufacturing tech-
nologies, such as automated systems and closed bioreactors, have been introduced

to ensure consistent and high-quality production of CAR-T cell therapies [12].
Enhancing the safety profile of CAR-T cell therapy has been a key focus of research
and development. Initial concerns regarding cytokine release syndrome (CRS) and
neurotoxicity led to the development of strategies to mitigate these adverse events.
The introduction of cytokine-blocking agents and the refinement of dosing regimens
have contributed to a more favorable safety profile, making CAR-T cell therapy more
manageable for patients [13].

Moreover, advancements in target antigen selection and validation have played a
crucial role in improving the therapy’s efficacy. Identifying antigens that are highly
specific to cancer cells while sparing healthy tissues has enhanced the precision of
CAR-T cell targeting, minimizing off-target effects and maximizing therapeutic
efficacy [14].

4. Clinical applications
4.1 Approved indications

CAR-T cell therapy has gained approval for treating specific types of can-
cers, marking a standard shift in oncology. Notably, the U.S. Food and Drug
Administration (FDA) has approved CAR-T therapies for certain hematologic malig-
nancies. Among these, CD19-targeted CAR-T cells have shown remarkable success
in treating B-cell acute lymphoblastic leukemia (B-ALL) and diffuse large B-cell
lymphoma (DLBCL). The approval of these therapies reflects the transformative
impact of CAR-T cell therapy in providing effective treatment options for patients
with refractory or relapsed hematologic cancers [15, 16]. Success stories in CAR-T
cell therapy are exemplified by cases of patients achieving sustained remissions and,
in some instances, achieving complete responses. Notable outcomes include patients
with B-ALL experiencing long-term remission following CAR-T treatment. These
success stories underscore the therapeutic potential of CAR-T cell therapy, especially
in cases where traditional treatments have failed [17].

4.2 Ongoing research and potential applications

Ongoing research is expanding the scope of CAR-T cell therapy beyond
hematologic malignancies. Investigations are underway to explore the potential
application of CAR-T cells in solid tumors, such as glioblastoma and pancreatic
cancer. Researchers are adapting CAR designs and exploring new target antigens to
overcome the challenges posed by the tumor microenvironment in solid tumors. This
expansion into diverse cancer types represents a promising avenue for broadening
the impact of CAR-T cell therapy [18, 19]. The field of CAR-T cell therapy continues
to evolve with emerging trends and futuristic possibilities. These include the devel-
opment of “off-the-shelf” CAR-T cells, overcoming the current limitation of person-
alized manufacturing for each patient. Additionally, researchers are investigating
combination therapies, integrating CAR-T cells with other treatment modalities
to enhance overall anti-cancer efficacy. The potential for CAR-T cells to serve as a
platform for delivering therapeutic payloads or cytokines is another exciting avenue
under exploration [20, 21].
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5. Challenges and considerations
5.1 Side effects and toxicities

CAR-T cell therapy, while revolutionary, is associated with specific side effects
and toxicities. One of the most common adverse events is Cytokine Release
Syndrome (CRS), a systemic inflammatory response triggered by the rapid activa-
tion and proliferation of CAR-T cells. CRS can range from mild flu-like symptoms
to severe manifestations, potentially impacting multiple organs. Neurotoxicity is
another concern, characterized by cognitive disturbances and, in extreme cases,
seizures. Understanding and managing these side effects are crucial for optimiz-
ing patient outcomes [13, 14]. To mitigate side effects, clinicians employ various
strategies. Tocilizumab, an interleukin-6 receptor antagonist, is frequently used to
counteract CRS. Corticosteroids may be administered to address severe immune
reactions. Monitoring patients closely and intervening promptly are essential
aspects of complication management. Ongoing research aims to develop predictive
biomarkers that can identify individuals at higher risk of severe complications,
enabling proactive interventions to minimize the impact of side effects [22, 23].

5.2 Cost and accessibility

CAR-T cell therapy poses economic challenges due to its intricate manufacturing
process, personalized nature, and the costs associated with clinical management
of side effects. Infrastructure requirements, including specialized facilities for cell
processing, contribute to the overall expense. The initial costs of CAR-T therapies
can be substantial, impacting healthcare systems, insurers, and patients alike.
Economic implications extend beyond treatment costs to considerations of long-
term healthcare expenditures associated with managing potential late effects and
complications [24, 25].

Recognizing the need for broader accessibility, ongoing efforts are directed
toward reducing the economic barriers to CAR-T cell therapy. This involves research
into more cost-effective manufacturing methods, increased collaboration between
healthcare providers and manufacturers, and negotiations to establish reimburse-
ment models that ensure affordability for both healthcare systems and patients.
Furthermore, exploring strategies for “off-the-shelf” CAR-T cells could potentially
streamline production processes, enhancing accessibility by reducing the need for
personalized manufacturing [26, 27].

6. Future directions and outlook
6.1 Next-generation CAR-T cell therapies

The field of CAR-T cell therapy is rapidly advancing, with ongoing research
focused on developing next-generation technologies to enhance its efficacy and safety.
Researchers are exploring novel CAR designs with advanced signaling domains,
optimized co-stimulatory molecules, and improved antigen recognition capabilities.
Additionally, advancements in gene-editing technologies, such as CRISPR-Cas9, are
being harnessed to precisely engineer CAR-T cells, allowing for more controlled and
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predictable modifications. Ongoing efforts aim to address current limitations, such as
antigen escape and persistence of CAR-T cells, with a focus on creating more potent
and durable therapies [28, 29].

The future of CAR-T cell therapy holds promise for several innovations. These
include the development of “universal” or “off-the-shelf” CAR-T cells, allowing for
standardized, readily available treatments without the need for personalized manu-
facturing. Enhanced safety features, such as suicide switches, are under investigation
to provide a fail-safe mechanism for controlling CAR-T cell activity and minimizing
adverse events. Moreover, advancements in delivery systems and targeting strategies
are being explored to improve the precision and efficiency of CAR-T cell therapy
across various cancer types [30, 31].

6.2 Integration with other therapies

Combination therapies involving CAR-T cell therapy and other treatment
modalities are a burgeoning area of research. Researchers are exploring synergis-
tic effects by combining CAR-T cells with traditional therapies like chemotherapy
or radiation. Additionally, combining CAR-T cell therapy with immune check-
point inhibitors aims to enhance the overall immune response against cancer
cells. These synergistic approaches seek to capitalize on the strengths of different
treatments, potentially improving response rates and extending the benefits
of CAR-T cell therapy to a broader range of patients [32, 33]. Collaboration is
becoming increasingly crucial in advancing cancer treatment. Interdisciplinary
collaborations among immunologists, oncologists, geneticists, and other experts
are fostering a comprehensive understanding of cancer biology and immune
response dynamics. This collaborative approach extends beyond individual thera-
pies, emphasizing the integration of diverse treatment modalities into cohesive
and personalized cancer care strategies. Such collaborative efforts are essential
for optimizing treatment outcomes and navigating the complexities of individual
patient responses [34, 35].

7. Conclusion

In conclusion, CAR-T cell therapy stands as a revolutionary and transformative
approach in cancer treatment. The significance of CAR-T cell therapy lies in its ability
to harness the body’s own immune system to target and eliminate cancer cells with
precision. This therapy has demonstrated remarkable success, particularly in the
treatment of certain hematologic malignancies, where conventional treatments have
shown limitations. The incorporation of Chimeric Antigen Receptors into T cells
represents a groundbreaking strategy that has paved the way for personalized and
highly effective cancer therapies.

As of now, CAR-T cell therapy has received approvals for specific indications,
showecasing its clinical success and the paradigm shift it has brought to the field of
oncology. The therapy’s future potential is vast, with ongoing research focusing on
refining current technologies, developing next-generation CAR-T cells, and exploring
innovative combination therapies. The continuous evolution of CAR-T cell therapy
holds promise for extending its application to a broader spectrum of cancer types and
improving its accessibility and safety.
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T-Cell Receptor: From T-Cell
Function to T-Cell Clonality
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Abstract

Evaluation of T cell clonality has been costly and/or time-consuming. The analysis
of TCR B-chain constant region 1 (TRBC1) provides a simplified immunophenotypic
assessment of T-cell clonality. Furthermore, due to the high variability of T-cell
populations, there is a need for reliable and robust panels to sort normally from
pathological T-cells. The CD27 and CD45RA phenotypic profiling strategy associated
with the evaluation of TCRCBetal in the same cytometry tube is able to separate
normal T Cell populations from clonal populations, gating clusters of cells according
to their CD45RA x CD27 expression and then evaluate their TCRCBetal status.
TCRCBetal marker is not only easily implemented in routine immunophenotyping
but is also faster and much cheaper than the analysis of TCR-VBeta families either by
PCR or by flow cytometry.

Keywords: TCRCBetal, T cell neoplasm diagnosis, flow cytometry,
immunophenotyping, clonality

1. Introduction

Flow cytometry is a powerful tool for analyzing lymphoid subsets. This technology
evolved from the simple quantification of TCD4 and TCD8 cells in HIV-positive
patients to a broader comprehension of the lymphoid compartment. Recent publica-
tions describe impressive values as high as 85 different types of TCD4 and 45 types of
TCDS.

The number of different T-cell phenotypes according to their functions makes the
clonality assessment of T-cell populations even more challenging.

For a very long time, flow cytometry specialists all around the world waited for a
so-to-speak “T cell kappa/lambda,” meaning a marker that could easily identify clonal
T Cell populations with accuracy.

It turns out that the p-chain of T-cell receptor aff (TCR) structure has a variant and
a constant region. The variability of the constant region? It is region 1 or region 2 as
simple as that.

Recently, screening of anti-TCR monoclonal antibodies revealed a high specificity
of clone JOVI-1 for the TCR f-chain constant region 1 (TCRBC1) domain, providing
an opportunity for a simplified immunophenotypic assessment of T-cell clonality.
There are two genes associated with the f-chain constant region: TCRBC1 and
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TCRBC2. Each TCR (and therefore each T cell) irreversibly selects a TCR f-chain
constant region encoded by either TCRBC1 or TCRBC2 for expression in a mutually
exclusive manner, similar to the kappa and lambda immunoglobulin light chain utili-
zation by B-cells. Therefore, normal TCRaf T-cell populations are expected to exhibit
comparable numbers of TCRBC1-positive and TCRBC2-positive subsets [1].

Since the vast majority of T-cell malignancies derive from the largely dominant
TCRap T-cell subset, this approach is applicable to most scenarios where a neoplastic
T-cell population is suspected.

2. From T-cell function to T-cell clonality
2.1 Back to basics: a brief recap about the immune system

The cellular component of the innate (or natural) immune system consists of all
the cells that lack immunologic memory, have phagocytic properties or release
inflammatory mediators, such as neutrophils, eosinophils, monocytes, and natural
killer cells.

The acquired (or adaptive) immune response is probably one of the most complex
and advanced systems in known biology, with the ability to identify and memorize
virtually any foreign antigen. It involves the proliferation of antigen-specific B and T
cells, as well as their complex interactions.

While the innate response occurs to the same extent regardless of how many times
the antigen is encountered, the acquired response improves with repeated exposure (1).

Both systems are deeply and beautifully intertwined: activated innate immune cells
convey the information about the nature and origin of the antigen to the adaptive
immune cells, which will elaborate the proper and specific response [2-5].

Flow cytometry identifies the major types and subtypes of lymphocytes.

2.2 T cells

T cells are a heterogeneous group of short- and long-lived cells.

Under normal circumstances, the long-lived cells, typically contained within the
naive subset, are quiescent, remaining in a non-cycling state for months to years while
awaiting encounter with cognate antigen [2-5]. The short-lived cells are generally
contained within the effector and memory subsets, undergoing variable levels of cell
cycling in response to antigens encountered throughout the lifetime of the host.

2.3 Sorting out different types of T-cells: the CD45RA and CD27 strategy

The major T Cell populations divide into naive T cells (those that have not yet
contacted foreign antigens), effector T cells (that will disappear once the antigen is
eliminated), and memory T cells (that may survive for years and may be easily
reactivated if the same antigen appears again) (3). The naive and memory cells can be
distinguished by the expression of different versions of the CD45 molecule: naive cells
express CD45RA, and memory cells express CD45RO (1); these antigens can help
identify different T cell subsets: naive (CD27+ CD45RA+), central/transitional mem-
ory (CM/TM CD27+ CD45RA negative), effector memory (EM CD27 negative and
CD45RA negative) and terminally differentiated (TD CD27 negative CD45RA +)
(Figure 1) [6].
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Figure 1.

T-cell subsets based on the expression of CD27 x CD45RA: TCD4+ naive (dark green), central memory/
transitional memory (CM/TM; bright green), effector memory (EM; green) and terminally differentiated (TD;
light green). TCD8+ naive (purple), CM/TM (dark blue), EM (pale blue), and TD (turquoise). Some effector
CD8+ T-cells showed dim CD27 positivity (blue).

The naive cells are T-cells yet to confront the enemy.

Effector T cells recognize antigens in lymphoid organs (central) or in peripheral
non-lymphoid tissues (terminal) and are activated to perform functions that are
responsible for the elimination of microorganisms and, in disease states, tissue
damage.

Memory T cells that are generated by T cell activation are long-lived cells with
a greater capacity to react against the antigen. After the T cell response subsides,
there are many more memory cells of the corresponding clone than immature
T cells that existed before the response. These memory cells respond quickly to
subsequent encounters with the same antigen and generate new effector cells that
eliminate it.

2.4 TCR

T cell receptor is a membrane-bound heterodimer consisting of two polypeptide
chains (a/p or y/8) and is associated with cytoplasmic protein CD3. During T-cell
development, rearrangement of V] and VDJ (variable (V), diversity (D), joining (J),
and constant (C) region) genes of a/p and y/8 TCR chains provides the molecular basis
for the vast diversity of the T-cell recognition repertoire (Figure 2) [6].

Only one type of p chain can be expressed on an off T cell and therefore all cells in a
clonal T cell population express the same unique TCR (Figure 3).

Flow cytometry-based analysis of TCR-p variable region families, employing a set
of 25 monoclonal antibodies, allows for the characterization and enumeration of
approximately 85% of the total human T-cell repertoire and is a useful target to track
clonal expansions.

However, TCR-VBeta families analysis is expensive and time-consuming. TCR-V(
repertoire analysis by flow cytometry is labor-intensive, costly, difficult to interpret,
and of limited sensitivity (Figure 4). In addition, although next-generation sequenc-
ing (NGS) of rearranged TCRs has been an alternative tool with greater resolution and
analytic sensitivity, it is highly complex, costly, and not usually available in routine
diagnostic practice.

25



Biology of T Cells in Health and Disease

- Variabie domain

Constant domain

‘ ul Extraceliular
pexgsse] | shefe] | é5tii

L | |
EY mR EJ
B
L] |
1 &6 |
CD3 complex

Figure 2.
Schematic representation of a TCR heterodimer consisting of an alpha (a) and beta (p) polypeptide chain, with
each polypeptide containing a constant and a variable region.
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Figure 3.
TCRCBetaz structure and its V(D)] rearrangements [7].

2.5 When friends become foes

Lymphocytes are the unique cells in the body with clonally expressed antigen
receptors, each specific for a different antigenic determinant. Each T lymphocyte
clone expresses antigen receptors with a unique specificity, which is different from
the specificities of the receptors on other clones.

Thus, there are millions of clones of lymphocytes in the body, allowing the recog-
nition and response to millions of foreign antigens.

The activation of lymphocytes follows a series of sequential steps that begin with
the synthesis of new proteins necessary for many of the subsequent changes. The
immature cells then begin to proliferate, resulting in an increased size of antigen-
specific clones, a process called clonal expansion. In some infections, the number of T
cells infected by the microorganism can increase more than 50,000 times. This rapid
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Flow cytometry dot plot (Infinicyt© software) showing TCD4+ (green) and TCD8+ (blue) normal populations in
comparison with monoclonal T-cell population (red: CD4++ CD8 + dim with negative expression of CD7 and
TCRBeta1 negative in 100% of cells).

27



Biology of T Cells in Health and Disease

clonal expansion of specific lymphocytes is necessary to keep pace with the ability of
microorganisms to rapidly replicate [8, 9].

The rearrangement of antigen receptor genes is a key event in the development of
lymphocytes and is responsible for the generation of this diverse repertoire. Each T
lymphocyte clone produces an antigen receptor with a unique antigen-binding struc-
ture in a genetic process similar to the production of surface immunoglobulins on B
lymphocytes. The ability to generate these extremely diverse repertoires does not
require an equally large number of genes of different antigen receptors; otherwise,
much of the human genome would be dedicated to encoding a large number of TCR
molecules.

The genes that encode the different antigen receptors of B and T lymphocytes are
generated by the rearrangement, in each lymphocyte, of different gene segments of
the variable region (V) with gene segments of diversity (D) and junction (J). This
specialized process of rearranging genes at specific locations is called V(D)]
recombination.

In ap T cells, the TCR B chain is the first to be rearranged.

With such a complex genetic mechanism involved in the development of the TCR,
it is no wonder that something eventually goes wrong.

Because the Ig and TCR genes are sites of multiple DNA recombination events in B
and T cells, and because these sites become active for transcription after recombina-
tion, genes from other loci can be abnormally translocated to these loci and, as a result,
may be abnormally transcribed. In B and T lymphocyte tumors, oncogenes are often
translocated to the Ig or TCR gene loci. These chromosomal translocations are often
accompanied by an accentuated transcription of oncogenes and are one of the factors
that promote the development of lymphoid tumors [8].

2.6 Recognizing clonal T-cells

Most of the cases of T-cell diseases are easily spotted because of a subpopulation
prevalence (TCD4+, TCD8+, T double-positive, or T double-negative). If there is no
obvious dominance of a particular T-cell subtype, phenotypic aberrations, most com-
monly the dim expression of CD3 and dim/negative expression of CD7, maybe the
clues.

2.7 Combining the CD45RA and CD27 strategy with TCRCBetal: separating
wheat from chaff

The CD27 and CD45RA phenotypic profile strategy associated with clonality
assessment is able to sort out the normal populations from the clonal populations,
especially since all clonal populations usually show additional phenotypic aberrancies.

TCRCBetal, as a strategy to assess T-cell clonality by the addition of a single anti-
TRBCI1 antibody to a diagnostic flow cytometry T-cell panel, was introduced in 2020
[1, 7, 10-12].

Clonality detection using TRBC1 should always be performed with multiple other
T-cell antigens, sorting out different T-cell subsets and separating neoplastic from
benign T-cells. Eight to ten-color flow cytometry panels based on previously
published data should be used in immunophenotyping.

Thresholds for percentages of TRBC1-positive events greater than 85% or less than
15% might be defined as clonality in current literature.
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In our laboratory (data not published), to study CD27 and CD45RA phenotypic
profile strategy associated with clonality assessment, TCRCBetal (clone JOVI-1) was
added to EuroFlow’s CLPD-T Tube 2 [13] (CD27, CD45RA, CD8, CD16 and CD56,
CD4, CD3, CD45) in the PE channel. The combination of CD27 and CD45RA with
TCRCBetal proved to be an excellent tool for identifying abnormal T-cell populations,
even in small percentages (Figure 5).

2.8 Phenotypic features of T-cell chronic lymphoproliferative disorders
(T-CLPD)

T-CLPD diagnosis is far from simple; almost 20 different entities are described in
2022 WHO’s edition (Table 1) [15]. According to the type of population restriction,
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Figure 5.
TCR-VBeta family repertoive (from cytometry parvt a 75A: 743751, 2009) [14].
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4th edition

5th edition

T-lymphoblastic leukemia/lymphoma, NOS Unchanged
Early T-precursor lymphoblastic leukemia/lymphoma Unchanged
Adult T-cell leukemia/lymphoma Unchanged
Sezary syndrome Unchanged
Primary cutaneous CD4-positive small or medium T-cell Unchanged

lymphoproliferative disorder

Primary cutaneous acral CD8-positive T-cell lymphoma

Primary cutaneous acral CD8-positive
lymphoproliferative disorder

Primary cutaneous CD30-positive T-cell lymphoproliferative Unchanged
disorder: Lymphomatoid papulosis

Primary cutaneous CD30-positive T-cell lymphoproliferative Unchanged
disorder: Primary cutaneous anaplastic large cell lymphoma

Subcutaneous panniculitis-like T-cell lymphoma Unchanged
Primary cutaneous gamma/delta T-cell lymphoma Unchanged
Primary cutaneous CD8-positive aggressive epidermotropic Unchanged

cytotoxic T-cell lymphoma

Indolent T-cell lymphoproliferative disorder of the
gastrointestinal tract

Indolent T-cell lymphoma of the
gastrointestinal tract

Enteropathy-associated T-cell lymphoma Unchanged
Monomorphic epitheliotropic intestinal T-cell lymphoma Unchanged
Intestinal T-cell lymphoma, NOS Unchanged
Hepatosplenic T-cell lymphoma Unchanged

Angioimmunoblastic T-cell lymphoma

Nodal TFH cell lymphoma,
angioimmunoblastic-type

Follicular T-cell lymphoma

Nodal TFH cell lymphoma, follicular-
type

Nodal peripheral T-cell lymphoma with TFH phenotype

Nodal TFH cell lymphoma, NOS

Table 1.
The s5th edition of the World Health Organization classification of hematolymphoid tumors: Overview of changes
and new additions to the classification of T-cell lymphomas.

the expression of CD4 and CD8 can be used to formulate a list of diagnostic possibil-
ities and determine what additional information is required for further classification
(Table 2) [16].

Thus, the immunophenotypic criteria that have been described as of value for the
diagnosis of suspected T-CLPD include: (1) deletion of one or more pan-T molecules
(CD7, CD5, CD2, and CD3); (2) expression of a molecule or a combination of two or
more molecules not usually expressed by a particular maturational stage, and there-
fore designated as aberrant (CCR7, CD26, CD27, CD28, CD45RA, and CD45RO0); (3)
discordant expression of CD3 and TCR on the membrane, and (4) co-expression of
CD4 and CD8 and/or the absence of expression of both molecules in an important
proportion of T cells.

Such criteria, although useful in daily laboratory routine, are fallible, since a clear
immunophenotype impairment has only been found in 60-70% of T-CLPD.
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Disease entities

Distinguishing phenotypic features

Additional diagnostic information

CD4+ CD8—

CTCL / Sézary
syndrome

CD7(—) CD26(—) CD23+/—

Characteristic morphology and clinical
presentation. HTLV-1(—)

'T-PLL

Usually lacks significant phenotypic
aberrancy

80% t(14;14) (q11;q32) or inv.(14) (q11;
q32). TCL1 expression

"Adult T-cell
leukemia/lymphoma

CD7(—) CD25+ (uniform bright)

HTLV-1+ Endemic Japan and Caribbean

Anaplastic large cell
lymphoma

Loss of many pan-T-cell antigens
Strong uniform CD30+

Anaplastic morphology ALK gene
rearrangement

Angioimmunoblastic

Aberrant phenotype. CK10+/—

Characteristic morphology

‘Peripheral CL, NOS

Variable phenotype, often aberrant
loss of CD5 and/or CD7

Diagnosis by exclusion of other distinct
disease entities

CD4— CD8+

T-cell Large granular

Frequent aberrant expression CD5

LGL morphology. Indolent course,

lymphocyte and/or CD7. Positive expression of ~ associated with cytopenias
leukemia. NK markers
Subcutaneous Usually only focal CD56, EBV(—), Must be distinguished from lupus

panniculitis-like

TCL

TCR o/p + Perforin+

profundus

Hepatosplenic TCL

CD5(—) CD7+ CD16+/— CD56+
CD57(—) TIA-1+ Perforin(—) May be
double-negative.

Often TCR /6 but may be TCR o/p, EBV
(—). Frequent isochromosome 7q.
Aggressive clinical course.

+ positive; (—) negative; +/— heterogeneous expression. *may be double-positive. CTCL, cutaneous T-cell lymphoma;

TCL, T-cell lymphoma; NOS, not otherwise specified; T-PLL, T-cell prolymphocytic Leukemia.

Table 2.

Flow cytometric approach to the diagnosis and classification of TCD4+ and TCD8+ lymphoid neoplasms
(adapted from flow cytometric immunophenotyping for hematologic neoplasms, 16).

The immunophenotypic profile of the neoplastic lymphoid T cell is already rela-

tively well characterized in some entities, such as leukemia, chronic T-cell
prolymphocytic leukemia, adult T-cell lymphoma/leukemia, and Tgamma/delta+
hepatosplenic lymphoma. In others, such as in angioimmunoblastic T lymphoma,

the immunophenotypic is heterogeneous and complex, resulting from intra-tumoral

heterogeneity [17].

3. Closing remarks: narrowing down diagnostic hypothesis

What we learned so far

* Due to multiple DNA recombination events and highly active transcription, TCR

gene loci are sites prone to the development of lymphoid tumors;

* the majority of T-CLPD derive from TCR af};

* the B-chain of TCR af structure has a variant and a constant region, and there are

only two genes associated with the f-chain constant region: TCRBC1 and

TCRBC2;
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Figure 6.
Algorithm strategy for flow cytometric immunophenotyping for screening and classification of T-CLPD.

* assessment of TCRBC1 by flow cytometry is a fast and easy method for
establishing T-cell clonality in TCD4+, TCD8+, and double-positive T-CLPDs;

* phenotypic evaluation of CD27 and CD45RA provides a normal background to
sort out an abnormal T-cell population.

Based on all this information, flow cytometry facilities may develop a strategy for
performing a CLPD-T diagnosis (or at least a diagnostic hypothesis) (Figure 6).

Once the T-CLPD is established, further flow cytometry evaluation is needed to
determine any additional phenotypic features, such as lack of expression of T-cell
markers, absence of co-stimulatory molecules, stage of maturation arrest, and expres-
sion of NK antigens [18].

With all the information in hand, clinical presentation (leukemic, extranodal, and
cutaneous) and pathology will conclude the diagnosis.

4. Conclusions

The TCRCBetal marker is not only easily implemented in routine immunophe-
notyping but is also faster and much cheaper than the analysis of TCR-VBeta families
either by PCR or flow cytometry.

The incorporation of a future TCRCBeta2 in the panel will refine and consolidate
the T Cell clonality assessment and provide an almost definitive threshold between
reactive and pathological T cells.
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Chapter 4

Follicular Helper T Cells
and Autoimmune Diseases

Yang Liu, Yanfang Gao, Shiya Wei and Huigin Hao

Abstract

Follicular helper T (Tfh) cells can control the antibody affinity maturation and
memory by supporting the formation of germinal center (GC) and regulating clonal
selection and differentiation of memory and antibody-secreting B cells. Therefore,
Tth cells play an important role in the development of some autoimmune diseases,
such as rheumatoid arthritis and autoimmune hepatitis. The generation and function
of Tth cells are determined by T-cell antigen receptor (TCR), co-stimulation, and
cytokine signals, together with specific mechanisms. In this part, the specialization,
development, and regulation of metabolic and differentiation mechanisms on Tfh
cells will be summarized, which is crucial to understanding pathogenesis and inform-
ing the development of emerging therapies for autoimmune diseases.

Keywords: follicular helper T cells, germinal center, autoimmune disease, B cell,
autoantibodies

1. Introduction

The human immune response can be divided into innate immunity and adaptive
immunity. Many types of cells of the myeloid lineage are involved in innate immunity,
including dendritic cells (DCs), natural killer (NK) cells, macrophages, monocytes,
mast cells, and so on. The adaptive immune response is related to the participation of
T and B lymphocytes, which will be activated in a specific manner upon recognizing
the antigens. The former can be further differentiated into two basic phenotypes
according to the surface marker of cluster of differentiation (CD): cytotoxic T cells,
which can be distinguished by the CD8, and T helper cells (Th), which are character-
ized by CD4. As one subpopulation of CD4" T lymphocytes, follicular helper T cells
(Tfh) are usually but not exclusively found in the lymph nodes and spleen, while the
other Th cells are predominantly found in lymphoid tissues and blood [1, 2]. They can
provide signals directed to B cells located in the germinal center (GC) to promote dif-
ferentiation and antibody generation [3]. The Tth-B-cell interaction occurring in the
inter-follicular regions of GC is crucial for inducing immune responses efficiently [4].

Autoimmune disease is a category of disease with a prevalence of 7-9% globally
that seriously affects human health and results in appreciable mortality [5]. Our
knowledge of the roles of Tth cells in autoimmune diseases has significantly increased
during the past decades, and it has been demonstrated that Tth cells play critical
roles in the pathogenesis of many autoimmune diseases, such as rheumatoid arthritis
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(RA), autoimmune hepatitis (AIH), systemic lupus erythematosus (SLE), systemic
sclerosis (SSc), Primary Sjogren’s Syndrome (pSS), myasthenia gravis (MG), inflam-
matory bowel disease (IBD), immunoglobin G4-related disease (IgG4-RD), etc.

[6, 7]. The tissue damage and organ dysfunction of autoimmune diseases are initiated
by immune responses mistakenly targeting an individual’s cellular, especially by the
autoantibody in the humoral immune response. Help to B cells and the formation of
DC provided by Tfh allows the affinity maturation of antibody responses and pro-
motes disease pathogenesis by forming immune complexes to mediate inflammation
and tissue damage via activating the complement and effector cells in a tissue-specific
manner. Although usually located in secondary lymphoid organs, Tfh cells can be
identified in human blood, and their frequency and phenotype are often altered in
different autoimmune diseases [8].

Herein we will review the recent progress on the specialization and differentiation
of Tth cells, as well as the significance and functionality of these cells in GC forma-
tion and the mutation of high-affinity antibody-producing B cells in this chapter.
Moreover, how these subsets of Tth cells engaged in diverse autoimmunity illnesses
will also be explored to provide us with novel targets for therapeutic intervention in
these disorders.

2. Specialization and development of Tth

As the unique subset of T lymphocytes with the ability to migrate into or out of folli-
cles, Tfh cells co-localize with B cells in secondary lymphoid organs (SLOs) and deliver
contact-dependent and soluble signals to support the survival and differentiation of the
latter [9]. Tth cells can be found in the T-cell zone (pre-Tfh cells phenotype), at the T-B
border, and within the GC (the most mature stage), and express different markers in
line with the location [10]. The differentiation of Tfh cells is initiated in the T-cell zone
of SLOs when naive CD4" T cells encounter activated antigen-presenting dendritic cells
(DCs). The transcription and translation level of Bcl6 in early pre-Tth cells elevates
within hours at first cell division and then they rapidly gain expression of the canoni-
cal surface markers CXC chemokine receptor (CXCR) 5, programmed death receptor
(PD)-1, and inducible costimulator (ICOS). The differentiation of early pre-Tfh cell
phenotype is also regulated by the transcription factor achaete-scute homolog (ASCL)
2 in a Bcl6-independent manner. ASCL2 can directly induce the upregulation of CXCR5
and downregulation of C chemokine receptor (CCR7) and P-selectin glycoprotein
ligand (PSGL)-1 via binding to the Cxcr5 locus [11]. Thereafter, the Tth cells produce
pro-Tfh cytokines, including IL-6 and IL-21, to promote the release of XC chemokine
ligand (CXCL)13 by follicular dendric cells (FDCs) and CXCL12 by CXCL12-producing
reticular cells (CRCs) in the B-cell zone. Recognition of CXCR5 by CXCL13 leads to
recruiting of the immature Tfh into the B-cell zone and to interacting with bystander B
cells, which line the follicular parenchyma. Resembling DCs, bystander B cells express
inducible costimulator ligand (ICOSL) constitutively to induce ICOS signaling in Tth
cells, which is crucial for follicular retention of Tfh cells and the occurrence of GC
reaction [12]. ICOS signaling in Tth cells further induces CXCRS and suppresses CCR7,
PSGL-1, and CD62L expression through the Kruppel-like factor (KLF) 2, and promotes
the motility of Tfh cells in a PI3K-dependent manner to migrate further into the follicle
by responding to CXCL13 more robustly [13]. Bystander B cells also express PD-L1 to
provide the suppressive signal to follicular entry by activated T cells, which is why con-
tinuous ICOS signaling is necessary to maintain the Tfh cells phenotype and follicular
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localization, as well as the recruitment of exclusively ICOS-high expressing cells into
the follicle. Both CXCR5 and ICOS signaling promote the homing of the now-mature
Tth cells into the GC. GC Tth cells express higher levels of surface makers, including
CXCRS5 and PD-1, and more canonical Tfh cell-associated molecules, such as Bcl6,
IL-21, IL-4, and Maf; at the transcript level [14]. The localization of Tth cells to the GC
is guided by Epstein-Barr virus-induced molecule (EBI) 2 and sphingosine-1-phosphate
receptor (S1PR) 2, and the former (also known as Gpr183) is downregulated in GC Tfh
cells and GC B cells while the latter is upregulated [15]. The spatial segregation of Tfh
cells in the follicle may also be regulated by surrounding B cells-associated factors, such
as plexin B (PlxnB), which can interact with semaphorin 4C (Sema4C) expressed on
GC Tfh cells [16]. At last, interactions between Tth cells and B cells in the GC result in
the maturation of B cells into plasma cells to produce antibodies.

3. Subsets and features of Tfh

Human circulating Tfh (cTth) cells can be subdivided into three main populations
according to the expression of surface makers CXCR3 and CCR6: (1) CXCR3*CCR6"
Tfh1 cells, that share properties with Thi cells by secreting interferon (IFN)-y; (2)
CXCR3™ CCR6™ Tfh2 cells, that resemble Th2 cells by expressing interleukin (IL)-4;
(3) CXCR3 CCR6* Tth17 cells, which are similar to Th17 cells in the production of
IL-17. The capacity of Tfh1 cells to assist B cells is not well-defined, while the cTfh2
and Tfh17 cells are considered the most efficient B-cell helpers by inducing naive B
cells to produce immunoglobulins (Tfh2 cells promoting IgG and IgE production and
Tfh17 cells promoting IgG and IgA secretion) and promote isotype switching [17].

Human cTfh cells can be further subdivided based on ICOS, PD-1, and CCR7
expression. ICOS™ and/or PD-1" Tfh cells are considered quiescent subsets, whereas
PD-1'ICOS+CCR7" subsets are recently activated memory Tth cells with a high capacity
to differentiate B cells into IgG-producing cells. This latter population is also described
in human autoimmunity, not being abundant in healthy individuals, and positively
correlates with disease activity and serum antibody titers of some autoimmune diseases,
indicating that it may be a useful biomarker in screening autoimmune patients [18].

4. Regulation of Tfh cells differentiation

The transcriptional environment also changes during these three stages of Tfh
cell differentiation. In its primary stage, the expression of Bcl6 is low and the expres-
sion of BATF, IRF1, pSTATS, and TCF-1 is enhanced. During the second stage, Bcl6
expression remains low while pSTAT3, Tbet, and RORyt are upregulated. In the final
stage of maturation, Bcl6 is now highly expressed, while the expression of Tbet,
GATA3, RORyt, pSTATS, and Blimpl is suppressed.

Furthermore, it is increasingly clear that metabolic regulation plays an impor-
tant role in the differentiation of Tth cells, including glycolysis, ATP and fatty acid
metabolism.

4.1 Glycolysis

Much available data indicates that Tth cells are distinguished by higher levels of gly-
colysis and lower levels of oxidative phosphorylation than other subsets of T cells [19].
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The process of regulating the glucose metabolism in Tth cells is very intricate because
too low or too high level of glycolysis is not conducive to the differentiation of Tth cells.
Activation of mMTORC1 and mTORC2 caused by ICOS can induce the increase in anabo-
lism, high expression of glucose transporter 1 (Glutl) and the promotion of Tth cell
development, while the expression of Bcl-6 inhibits the expression of glycolysis-related
enzymes. It is indicated that glycolysis, which is required during early T-cell activation,
is not mandatory during the differentiation process of mature Tfh cells. Moreover, IL-2
elevates the activation of Akt and mTORC1 to result in the conversion of low-glycolytic
Tth cells to high-glycolytic Th1 cells [20].

4.2 ATP synthesis and metabolism

ATP-gated ionotropic P2X7, one of the purinergic receptors, is selectively and
abundantly expressed in the plasma membranes of Tfh cells and can mediate apop-
tosis in these cells. Knockouting of P2rx7 can promote Tfh cells to resist apoptosis,
elevate the absolute number of Tth cells in Peyer’s patches, and enhance the GC
responses significantly [21].

The A2a adenosine receptor (A2aR) is a stimulatory G protein (Gs) protein-
coupled G protein-coupled receptor (GPCR) that increases cyclic adenosine mono-
phosphate (AMP) levels. The loss of A2aR leads to an increase in relative Tfh cell
differentiation, while the stimulation of A2aR reduces Tfh and GC B-cell numbers.
Furthermore, the hypoxic environment inside GC can induce the production of
extracellular adenosine to regulate the differentiation of Tth cells via A2aR [22].

4.3 Fatty acid metabolism

As the proteins that can catalyze the synthesis of monounsaturated fatty acids
from saturated fatty acids (SFAs) localized in the endoplasmic reticulum, stearoyl-
CoA desaturases (SCDs) are capable of promoting the differentiation of Tfh [23]. It
was indicated that fatty acid metabolism is also involved in the development of Tth
cells. However, the mechanism whereby fatty acid metabolism regulates Tth differen-
tiation remains unclear.

5. Tth and autoimmune and autoinflammatory diseases
5.1 Tfh and rheumatoid arthritis

Rheumatoid arthritis (RA) is a prevalent chronic autoimmune disease character-
ized by synovial inflammation and joint cartilage destruction, resulting in joint
deformity and disability [24]. It was found that the proportion of cTfh cellsin RA
patients was significantly higher than that in healthy people [25] and the Tth cells are
increased in the synovium of patients with RA compared with patients with inflamma-
tory osteoarthritis [26]. The frequencies of circulating CD4*CXCR5'CD40L"Tth cells,
a Tth cell subpopulation, are positively correlated with disease activity score-28 with
erythrocyte sedimentation rate (DAS28-ESR), rheumatoid factors (RFs), and anti-
cyclic citrullinated peptide (anti-CCP) autoantibodies, which are of great significance
in the pathogenesis of RA [27]. In addition, the levels of BCL-6 in Tth cells and IL-21
in the serum of RA patients are higher than those of healthy people, and the expression
of IL-21 was positively correlated with disease activity and serum autoantibodies [28].

40



Follicular Helper T Cells and Autoimmune Diseases
DOI: http://dx.doi.org/10.5772/intechopen.1004154

Deng’s research found that in CD4" T cells of RA patients, excessive activation of the
IL-6-pSTAT3 signal leads to abnormal activation of Tth cells [29]

5.2 Tth and autoimmune hepatitis

Autoimmune hepatitis (AIH) is a chronic immune-mediated liver disease, featured
by circulating autoantibodies, elevated serum IgG levels, and histologic interface
hepatitis [30]. Compared with healthy individuals, AIH patients have an increase in
Tth cells and a decrease in follicular regulatory T (Tfr) cells. Moreover, the number
of Tfr cells is negatively correlated with the number of Tth cells, so the imbalance
between Tfr and Tth cells may lead to excessive production of autoantibodies [31]. Ma
et al. found that compared with healthy controls, the number of circulating CD38",
CD86", or CD95" B cells, ICOS", and PD-1" Tth cells significantly increased, and
serum IL-21 levels increased. The number of ICOS" or PD-1" Tth cells is positively
correlated with CD86* and CD95" B cells, respectively. The number of CD38" B cells,
ICOS?, or PD-1" Tth cells is positively correlated with the patient’s serum IgG or IgM
concentration, respectively. Therefore, it was indicated that circulating activated Tfh
and plasma cells may be associated with hypergammaglobulinemia in the pathogen-
esis of human AIH [32]. However, there is a study reporting that in the experimental
autoimmune hepatitis (EAH) model, Tfh cells were lower than in the healthy control
group, while Tfr cells were much higher [33]. Besides, the liver injury of EAH mice
can be improved by inhibiting Tth cells or adjusting the imbalance between Tfr cells
and Tth cells [7, 34].

5.3 Tfh and systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease
marked by impaired immune tolerance and the production of high-affinity autoan-
tibodies. Abnormal production of type I IFN in SLE patients promotes Tfh cells to
secrete IL-21 and IFN-y by activating STAT4, leading to pathogenic B-cell response
[35]. In SLE patients, the increased Tth cells in SLE patients were mostly T-cell
factor-1 (TCF1) negative subsets with weakened function, and the changes in these
subgroups can reflect the progression of SLE patients [36]. Compared with healthy
people, the proportion of cTfh17 cells in SLE patients is increased [37]. However,
Szabd et al. found that the frequency of cTfh17 cells decreased in patients with lupus
nephritis, which is related to higher disease activity scores [38]. These different results
may be due to the use of different markers to detect cTth17 cells. The frequency of
cTfh2 cells was positively correlated with the level of anti-dsDNA autoantibodies
and the frequency of plasma cells. Research has also found that interferon y (IFN-y)
expressing cTfh cells in the MRL/lpr mice are increased [39]. The decrease of Tfr cells
and Tfr/Tfh cell ratio in renal lymph nodes are related to the increase of GC-B cells
and the onset of lupus nephritis in a mouse model [40].

5.4 Tfh cells and other autoimmune diseases

Primary Sjogren’s Syndrome (pSS) is an autoimmune disease with persistent lym-
phocyte infiltration in exocrine glands, including salivary and lacrimal glands, lead-
ing to Sicca syndrome [41]. The percentage and absolute number of PD-1'ICOS'Tth
cells in pSS patients are significantly higher than those in healthy controls, and the
number of PD-1"ICOS*Tth cells is related to B cells. The PD-1'ICOS*Tth cells are
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positively correlated with autoantibodies, erythrocyte sedimentation rate, IgG, IL-2,
IL-4, IL-10, IL-17, IFN-y, TNF-a, IL-21, and disease activity [42].

Systemic sclerosis (SSc) is a connective tissue disease with high mortality, which is
characterized by fibrosis of the skin and internal organs [43]. Tfh cell infiltration can
be observed in the skin lesions of SSc patients [44]. Compared with healthy controls,
the number of cTth cells in SSc patients increased, the expression level of BCL-6 in
cTth cells was higher, and the ability to secrete IL-21, induce B-cell differentiation and
produce IgG and IgM was enhanced [45, 46]. The levels of cTfhl and c¢Tth17 in SSc
patients increased, and the proportion of cTfh1 cells was positively correlated with
autoantibody titer and IL-21 concentration [45].

Inflammatory bowel disease (IBD) is a non-infectious, chronic inflammatory, multi-
factorial condition encompassing Crohn’s disease, ulcerative colitis (UC), and indetermi-
nate colitis [47]. Studies have found that Tth cells in intestinal GC of IBD patients increase
and Tfr cells decrease. In addition, the levels of BCL-6 and IL-21 in the peripheral blood of
IBD patients were significantly higher than those of healthy controls [48].

6. Taking Tfh cells into therapy for autoimmune diseases

Increasingly, evidence has demonstrated that the elevation in the number and
function of Tth cells plays an important role in the occurrence and progress of vari-
ous autoimmune diseases. The study on the mechanism of Tth cells in autoimmune
diseases not only reveals the pathogenesis of autoimmune diseases but also provides
anew idea for targeting Tfh cells to treat autoimmune diseases. In this section, we
summarize some drugs and methods for Tth cells to treat autoimmune diseases.

7. Exhausting B cells

Tth cells can be reduced or eliminated by exhausting B cells that continuously
present antigens to Tth cells, such as using anti-CD20 antibodies. By detecting Tth
cells in the spleen of patients with immune thrombocytopenia treated with rituximab,
it was found that all CD19" B cells in the spleen were missing, and the mature Tth cells
were eliminated, which indicated that B cells might be necessary to maintain Tth cells
in secondary lymphoid organs [49].

7.1 Regulate Tth cell differentiation

The differentiation of Tth cells is mainly regulated by the signals of costimulatory
molecules and cytokine receptors. CD28, CD40L, ICOS and OX40 are necessary to
produce Tth cells and their auxiliary B cells [3]. By blocking this surface co-receptor,
the differentiation of Tth cells can be inhibited, thus treating autoimmune diseases.
For example, CTLA4 fusion protein can block CD28 costimulatory signal and inhibit
Tth cell production by binding CD80 and CD86, thus reducing the number of
PD-1"Tth cells in RA patients [50] and cTth cells in pSS patients [51].

7.2 Regulate cytokines and cytokine signals

Targeting cytokines is the most direct and successful treatment strategy for auto-
immune diseases. The function of Tfh cells can be regulated by blocking cytokines or
cytokine downstream pathways, such as inhibiting IL-6 or Janus kinases (JAKs) [52].
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7.3 Regulate intestinal microecology

Intestinal probiotics may reduce the number of pathogenic microorganisms in the
intestine and the differentiation of related autoreactive Tth cells, thus inhibiting the
development of autoimmune diseases. Transplantation of fecal microflora can alleviate
liver injury in EAH mice by regulating the balance between Tfr cells and Tth cells [7].

8. Challenge, bottleneck and prospect

Although targeting Tth cells has shown enormous therapeutic potential in animal
models of several autoimmune diseases, more rigorously designed studies are still
needed to ensure the biological safety of these therapies. Because Tth cells play a key
role in antibody production, targeting Tfh cells for autoimmune diseases may lead to
a decrease of various antibodies, including antibodies that protect us from viruses,
bacteria, parasites, and fungi, thus causing serious infections and no response to
vaccines [53]. Therefore, more efforts are needed to fully elucidate the role of Tfh
cells in autoimmune diseases. We need to further use cutting-edge single-cell technol-
ogy to analyze the heterogeneity within the Tfh cell population and understand the
specificity, plasticity, and stability of specific Tth cell subsets so that we can better
understand which Tth cells or molecules in Tfh are the most pathogenic in autoim-
mune diseases. Therefore, fine-tuning the specific subpopulation of Tth cells or the
unique molecules differentially expressed in Tth cells related to the pathogenesis of
autoimmune diseases, and inhibiting pathogenic Tth cells without affecting the pro-
tection against infection, may be the development trend of targeted Tfh cell therapy
in the future. In addition, it is also necessary to further implement more precise
individualized treatment in targeted Tfh cell therapy, and study how to use Tth cell
characteristics, such as Tth cell frequency and functional-related molecular testing
to stratify patients and guide the treatment plan and prognosis evaluation of targeted
immunotherapy.

In this paper, a large number of evidence of Tth cells and the rapid growth of auto-
immune diseases are reviewed, and the incidence and progress of Tfh cells in autoim-
mune diseases and the research status of targeted therapy are introduced. Although
there are still some challenges and bottlenecks, the prospect of using Tfh cells to treat
autoimmune diseases is still very optimistic. We hope that through further research
and technology development, we can deeply understand the specific mechanism of
Tth cell subsets and specific molecules in autoimmune diseases, and develop safer,
more effective, and more accurate treatment strategies for Tth cells, further transfer
targeted therapy from laboratory to clinical application, and bring better health and
quality of life to patients.
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Chapter 5

Tissue-Resident Memory T Cells in
Skin Barriers

Ling Chen and Zhu Shen

Abstract

The skin is the largest defense organ and immune organ. Establishing immune
memory in the skin is a key component of the acquired immune response. The
skin harbors several subpopulations of memory T cells in the skin, including tissue
resident memory T cells (TRMs). TRMs have a unique transcriptional profile, with
the most significant features of long-term survival (lifespan) and long-term residence
in skin lesions. Under physiological conditions, TRMs can respond quickly to the
challenge of pathogen infection. However, increasing evidence supports their role in
the recurrence of chronic inflammatory skin diseases under uncontrolled conditions.
Elucidating the characteristics of skin TRMs will help to provide promising strate-
gies for reducing the frequency and severity of skin inflammation recurrence. In this
chapter, we plan to discuss the latest consensus on the biology of TRMs, and share our
views on the roles of TRMs in the recurrence of inflammatory skin diseases.

Keywords: tissue-resident memory T cells, skin barrier, immunological memory,
disease recurrence, skin inflammation, TRMs

1. Introduction

The body is covered by barrier tissues, such as the skin. Pathogens stimulate
dendritic cells (DCs) below the skin through these barrier tissues. DC captures incom-
ing antigen(s) and then migrates to local draining lymph nodes, presenting the antigen
to naive T cells. Once activated, naive T cells proliferate and transform into effector T
cells, migrating to the B cell region or inflammatory site. A small fraction of activated
T cells differentiates into memory T cell precursors. Based on effector function,
proliferation ability, and migration potential, these precursor memory cells ultimately
develop into distinct subgroups of memory T cells, including tissue resident memory T
cells (TRMs) [1].

TRMs are one of the main executors of immunological memory. They do not
express CD62L or CCR7, but constantly express receptors such as CD69, CD103, and
CDA49a, exhibiting unique characteristics of long-term survival and low migration
in peripheral tissues. The specific expression pattern of these receptors is largely
determined by the microenvironment of peripheral tissue in which TRMs are located.
TRMs are a specific subgroup of memory T cells, and possess a unique transcriptional
profile different from central memory T cells or effector memory T cells [2].
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Research has demonstrated that skin TRMs can significantly over-express genes
related to the acquisition of free fatty acid metabolism, thereby further enhancing
their ability to utilize fatty acid oxidation [3], which suggests their outstanding ability
to adapt to harsh peripheral tissue environments such as glucose depletion. This is
one of the important mechanisms of long-term survival in TRMs. Apart from their
longevity, low migration in peripheral tissues is also a significant feature of TRMs.
Once TRMs reside in peripheral tissues, they will not easily return to the circulating
blood due to other stimuli (also exceptions) [4]. On the one hand, TRMs can provide
rapid first-line protective immunity when exposed to exogenous antigens again, and
on the other hand, they may also play a key role in the recurrence of chronic inflam-
matory diseases such as psoriasis and fixed drug eruption.

2. Long-term survival in peripheral tissues

Research has shown that in the absence of antigen stimulation, the survival of
TRMs in peripheral tissues is mainly regulated by the local microenvironment. These
local microenvironmental factors are related to tissue specificity, e.g., in skin tissue,
keratinocytes and fibroblasts may play a key role. They undergo significant changes in
chronic inflammatory skin damage, and are the main source of IL-7, IL-15, and TGF
that may promote T-cell survival, trafficking, and interactions with keratinocytes
[5]. It has been demonstrated that hair follicle expression of IL-15 is required for the
homeostasis of CD8+ TRMs, and IL-7 for both CD8+ and CD4+ TRMs in the skin [6].

Multiple interrelated intracellular signaling pathways may be involved in the
long-term survival of TRMs in peripheral tissues, including JAK/STATS5, PI3K/Akt,
and Notch signaling pathways. Research has shown that after the action of IL-7
and/or IL-15, both long-lived memory T cells and short-lived effector T cells can
quickly activate the JAK/STATS5 pathway, but the phosphorylation level of STAT5
in the former is much higher than that in the latter [7]. Moreover, sustained high-
level STATS activation can significantly enhance the expression of anti-apoptotic
protein BCL-2 and the survival time of memory T cells [8]. The PI3K/Akt pathway is
more strongly activated in long-lived memory precursor T cells than in short-lived
effector cells, and inhibition of this pathway can lead to the restricted formation of
CD8 + memory T cells. However, further research has found that sustained PI3K/
Akt activation does not enhance the survival of CD8 + memory T cells, but rather
inhibits the expression of IL-7 and IL-15 receptors, STATS5 phosphorylation, and
BCL-2 expression, indicating that the survival of TRMs may depend on the opti-
mized balance of PI3K/Akt signaling [9].

Research has shown that the Notch signaling pathway can affect the survival of
CD4 + memory T cells in circulating blood by regulating Akt phosphorylation and
glucose uptake. Moreover, subpopulations of CD8 + CD69 + TRMs from various
tissues can highly express Notch-1. The inhibition of Notch signaling can affect the
expression of specific genes such as CD103, Tmem37, and Acer2 in TRMs [10, 11].
Tmem37 can stabilize calcium ion channels and voltage-gated ion channels; Acer2 can
hydrolyze ceramides into sphingosine and free fatty acid. Sphingosine-1-phosphate
(S1P) has been shown to promote cell survival [12]. The uptake of exogenous free
fatty acid is crucial for the long-term survival of skin TRMs. Knockout of lipid trans-
port molecules of fatty acid binding protein (FABP4 and FABPS5) increased in psoria-
sis lesions can affect the long-term survival of CD8 + TRM cells in the skin [13, 14]. It
can be seen that Notch signaling is of great importance to TRMs.
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It has been shown that skin CD8+ TRMs upregulate the genes related to lipid
uptake and metabolism (e.g., FABP4/5), and utilize mitochondrial fatty acids oxida-
tion (FAO) to support their long-term survival [15]. That is to say, metabolic repro-
gramming is closely related to the longevity of TRMs. This is actually not limited to
resident cells in peripheral lesions, as the immune cell subpopulations in circulating
blood are also regulated by different metabolic patterns [16].

3. Long-term residency in peripheral tissues

TRMs can survive for several months (e.g., in the lungs) to several years (e.g.,
in the skin) in different peripheral tissues. Research has confirmed that the CD69,
CD49a, CD103, CCR7, and CCL27-CCR10 axes are closely related to the long-term
residence of TRMs in peripheral tissues.

CD69 is a membrane-bound type II C-lectin receptor. Due to its rapid appear-
ance on the surface of the plasma membrane after stimulation, it has been con-
sidered as a classic early marker of lymphocyte activation. However, increasing
evidence suggests that the role of CD69 in the immune system is far more complex
than currently recognized. The main mechanism by which CD69 resides in the
periphery of TRMs is to inhibit the expression and function of S1IPR1 (sphingosine
1-phosphate acid receptor type 1) on the cell surface. S1PR1 is a downstream target
of Kruppel-like factor 2 (KLF2) and mTOR, and involved in T cell migration from
peripheral tissue. Research has shown that CD8 + TRMs lack S1PR1 expression, and
forced expression of S1PR1 or loss of CD69 can significantly prevent peripheral
residence of TRMs [17, 18]. It is now clear that cytokines (including TGF and Type
I IFN) that induce the phenotype of TRMs can increase the expression of CD69 and
CD49a, and inhibit the KLF2 pathway [19].

CD49a (integrinal) participating in collagen IV binding is likely to mediate the
residence of TRMs in mucosal tissue and the basement membrane zone. Blocking
CD49a can reduce the number of TRMs in the mucosal site [20]. CD103 (ITGAE,
Integrin alpha E) is enhanced in inflammatory diseases. The binding of CD103 to
E-cadherin enhances intercellular interactions and adhesion. Lymph node homing
receptor CCR7 is involved in the migration of T cells in peripheral tissues and has a
synergistic effect with S1PR1. Therefore, downregulation of CCR7 expression may be
another important mechanism for TRMs to reside in peripheral tissues [21]. CCR10
and its ligand CCL27 are highly specific chemokines in skin tissue. Research has shown
that CCL27 increases not only during the inflammatory process but also maintains a
high level several weeks after allergen attack. Consistent with the increased expres-
sion of CCL27, alarge number of CD4 + CCR10 + T cells still exist in the skin lesions
of allergic contact dermatitis several weeks after clinical recovery, suggesting that the
CCL27-CCR10 axis is also an important mechanism for TRM cell retention [22].

4. The plasticity of TRMs

TRMs form a heterogeneous population that provides localized protection against
pathogens. They can be further classified by their functional outputs and diversity in
phenotypes. These classifications of TRMs are linked to their heterogeneity and plastic-
ity [23]. For example, in the skin, there are both CD69 + CD103 + and CD69 + CD103 -
populations, as well as both CD8 + CD49a + and CD8 + CD49a - populations of TRMs.
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In vitiligo skin lesions, CD8 + CD49a + TRMs produce IFN-y, perforin, and granzyme
B when stimulated with IL-15. On the contrary, CD8 + CD49a- TRMs in psoriatic
lesions mainly produce IL-17 cytokines, exacerbating the local inflammation of this
skin disease [24].

Important signals for the plasticity of TRMs in multiple tissues include TGF-b,
aryl hydrogen receptor (Ahr) ligands, type I IFN, and cytokine IL-15 [25]. TGF-b
supports the differentiation of CD103+ TRMs. However, inflammatory cytokines type
ITFN, IL-12, and IL-33 can directly suppress this process [26, 27]. The plasticity of
TRMs is an important topic. The plasticity mechanism of TRMs still requires exten-
sive research and exploration. Moreover, there is currently no consensus on whether
plasticity is beneficial to the human body or weakens the function of specialized
immune cells.

5. TRMs in inflammatory skin diseases

The skin is the largest organ in the body. It contains a large number of T cells, up
to 2 x 1010 cells, twice the number of T cells in the blood [28]. Roughly speaking,
approximately 50% of skin T cells possess the molecular phenotype characteristics
of TRMs, and they have been considered to be related to the recurrence and chronic
course of inflammatory diseases [14].

5.1 Psoriasis

Psoriasis is a chronic recurrent skin disease closely related to T cell immune disor-
ders, with plaque-type psoriasis being the most common type. It is characterized by
thickened red plaques and silvery scales predominantly occurring on the scalp, trunk,
and extensor surfaces. Psoriasis shows substantial negative effects on patient quality
of life. The pathophysiology characteristics of psoriasis are abnormal proliferation of
keratinocytes and infiltration of immune cells in the dermis and epidermis. It involves
the innate and adaptive immune systems, with IL-23-IL-17 axis as the principal [29].

A certain number of T cells are often seen infiltrating the skin lesions, including
Th17, Th 22, and Tc17 cells [30, 31]. These cells can secrete various cytokines closely
related to the occurrence/development of psoriasis, including IL-17, TNF-a, and
IFN-y. The importance of these cytokines has been demonstrated by the therapeutic
effects of biological antibodies that block individual cytokines, including TNF-«,
IL-23/IL-12p40, IL-23p19, IL-17A, and IL-17 receptors [32, 33].

As is well known, commonly used immunosuppressive therapy can alleviate
psoriasis skin lesions by blocking the aforementioned cytokines, but it cannot further
prevent disease recurrence. Moreover, recurrent psoriasis lesions often occur in the
areas where the original lesions have subsided, suggesting the possibility of pathologi-
cal immune memory.

Previous research by the author has shown that the molecular levels of CD69,
IL-17A, and VEGFA in the remission area of psoriasis still maintain similar high levels
to adjacent recurrent skin lesions, indicating that the remission area of the skin lesion
still has a risk of recurrence. Moreover, research showed that the high expression of
T cell-related genes (LCK and TRCB1) and inflammatory genes (IL-17, IL-22, and
IFNG) still existed in the relief skin lesions after 3 months of relief, indicating that
active T cells still reside in it [34]. Further research has confirmed that several months
after effective treatment of psoriasis vulgaris with methotrexate, NB-UVB, and
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anti-IL-12/23 biological antibodies, CD4 + TRMs secreting IL-17 and CD8 + TRMs
secreting IL-22 still existed in the epidermis of the subsided skin lesions. These
further confirm that TRMs play a crucial role in the recurrence of psoriasis [31].

It is shown that TRMs in psoriasis lesions exhibita CD8 + CD69+ / CD4 + CD69+
phenotype, or CD8 + CD103+ / CD4 + CD103- phenotype, or another phenotype.
These are determined by the local immune microenvironment and disease progres-
sion. If CD49a is used as the marker for classification, as mentioned earlier, TRMs
in psoriasis are often CD8 + CD103 + CD49a- subgroup that mainly secretes IL-17A
[24, 32]. In general, in psoriasis, CD4 + T cells mainly infiltrate the dermis and almost
do not express CD103. CD8 + T cells infiltrating the epidermis are positive for CD103,
while most cells in the dermis are CD103-. Therefore, most epidermal T cells are
CD8 + CD103 + TRMs. Some CD8 + CD103 + TRMs exist in the papillary layer and
subpapillary layer. The number of CD8 + CD103 + TRMs in the epidermis is often
correlated with epidermal thickness [35], which supports the role of TRMs in the
formation of psoriasis lesions.

Whether it is CD4+ or CD8 + T cells, the IL-17A-secreted subgroup in psoriasis
lesions can be collectively referred to as TRM17 [36]. Of course, there are also stud-
ies that only refer to the CD8 + IL-17 + subgroup as TRM17 [37]. IL-23 is crucial for
maintaining autoimmune inflammation in non-lymphocytic tissues. Research has
confirmed that the application of anti-IL-23 receptor antibodies in mice after the
remission of primary Candida albicans infection led to the loss of skin TRM17 cells.
Moreover, clinical treatment with anti-IL-23 antibodies can significantly reduce
TRM117 cells in the skin lesions of psoriasis patients [36]. Correspondingly, compared
with other targeted biological agents, anti-IL-23 antibodies have the lowest recurrence
rate in clinical treatment of psoriasis. These results demonstrate that locally produced
IL-23 promotes in situ function of cutaneous TRM17 cells.

5.2 Vitiligo

Vitiligo is a skin disease with acquired depigmentation, and it is currently believed
that autoimmunity plays a role in the impaired number/function of melanocytes.
According to the distribution of lesions, vitiligo can be divided into three different
forms: non-segmental, segmental, and mixed-type vitiligo. Vitiligo is associated
with genetic polymorphisms involved in immune response and melanogenesis. Its
occurrence also involves environmental factors. The following vitiligo refers to non-
segmental type.

The pathophysiology of vitiligo is complex, and more and more evidence suggests
that CD8+ TRMs, especially the CD49a + subgroup, are involved in the recurrence of
vitiligo [38]. CD8 + CD49a + TRMs in vitiligo have been demonstrated to constitu-
tively express perforin and granzyme B, thus exhibiting a strong cytotoxic phenotype.
Even in the skin perilesional vitiligo, CD8 + TRMs highly express CD69, CD103, and
CXCR3, and exhibit increased IFN-y and TNF- a production and moderate cytotoxic-
ity activity [24, 39].

IL-15 can promote the survival of TRMs in vitiligo. Research has shown that
IL-15-deficient mice exhibit impaired TRM cell formation. Targeting IL-15 sig-
naling with antibodies against CD122 (IL-15 receptor subunit) can inhibit the
production of IFN-y by TRMs, even deplete TRMs from skin lesions, and reverse
the established mouse vitiligo model [40]. These studies emphasize not only the
role of TRMs in vitiligo recurrence but also provide new potential targets for the
treatment of vitiligo.
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5.3 Fixed drug eruption and SJS/TEN

Fixed drug eruption (FDE) is a well-defined, circular, erythematous, or violaceous
plaque that recurs as one or a few lesions always in fixed locations (e.g., the genitals,
lips, and trunk) upon ingestion of a medication of the same or similar structure.

It occurs in exactly the same location as the first instance, indicating the existence
of immune memory. The predominance of the CD8 + memory T cell population
within the epidermis has been demonstrated in FDE lesions, and they can produce
IFN-y and TNF-a. These T cells constitutively express CD69 and CD103. In addition,
the rate of production of IFN-y is much faster than their peripheral counterparts
[14]. IL-15 is crucial in the pathogenesis of FDE. It is mainly derived from the lesional
keratinocytes. Even without antigen stimulation, it can maintain the survival of
CD8 + memory T cells in the epidermis for a long period of time (>4 years) [41].

Unlike FDE, Stevens-Johnson Syndrome (S]S) and Toxic Epidermal Necrolysis
(TEN) are at the extremely severe end of drug eruption spectrum, and may endanger
the patient’s life. Skin TRMs have been recognized to play a crucial role in the patho-
genesis of SJS and TEN [42, 43]; However, more direct evidence is currently needed.

The SJS/TEN-like skin adverse reactions caused by immune checkpoint inhibi-
tors (ICIs) also involve the role of TRMs. ICIs target immune checkpoint molecules,
such as programmed cell death protein 1 (PD-1), PD ligand 1 (PD-L1), and cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4). The corresponding antibodies include:
pembrolizumab and nivolumab targeting PD-1; atezolizumab, avelumab, and dur-
valumab targeting PD-L1; ipilimumab against CTLA-4. ICI-driven activation of the
immune system can induce various immune-related adverse events (irAEs). Among
them, cutaneous irAEs (cirAEs) are the most common and earliest to occur. The
cirAEs are characterized by a wide range of phenotypes, including life-threatening
SJS/TEN [44].

This mechanism of cirAEs may involve various immune cells, including T cells.
The blockade of PD-1 and CTLA-4 enhances the activity of IL-17, IFN-y, and IL-2-
producing T-cells [45, 46]. In addition, research has shown that nivolumab treatment
can upregulate granular enzyme B and IFN-y in lesions of metastatic melanoma
patients [47]. The clinical and histopathological characteristics of SJS/TEN induced
by ICI are similar to those caused by other classic drugs. It is speculated that PD-L1
is usually not detected in epidermal keratinocytes, but ICI treatment increases the
expression of PD-L1, thereby activating cytotoxic CD8 + T cells and inducing apop-
tosis in keratinocytes with high expression of PD-L1 [46, 48]. It is undeniable that
the mechanism of SJS/TEN induced by IClIs is still unclear. Whether the cytotoxic
CDS8 + T cells involved fully conform to the characteristics of TRMs, that is, whether
these cytotoxic CD8 + T cells have a memory function, needs further clarification.
Furthermore, innate immunity clearly plays a crucial role in this process, but research
in this area is still insufficient. Clarifying these immunological characteristics and
mechanisms helps to ensure that immunotherapy for cancer patients can be carried
out as much as possible, as this is more important for patients.

5.4 Other inflammatory skin diseases

More and more evidence suggests that TRMs are also involved in the progression
of other inflammatory skin diseases, such as alopecia areata [49], atopic dermatitis
[50], and cutaneous lupus erythematosus [51, 52]. Due to space limitations, we will
not elaborate further here.
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6. Conclusion

Skin TRMs are important guardians of the human body barrier. They play an
important role in defending against pathogen invasion. However, in uncontrolled
pathological conditions, TRMs have become one of the important causes of the recur-
rence of inflammatory skin diseases due to their characteristics of long-term survival
(longevity) and long-term residence. Further clarification of the mechanisms of
TRMs in terms of residence, survival, and activation will be of great help in develop-
ing corresponding intervention targets to reduce disease recurrence.
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Nomenclature

Ahr Aryl hydrogen receptor

cirAEs Cutaneous immune-related adverse events
CTLA-4 Cytotoxic T-lymphocyte-associated protein-4
DCs Ddendritic cells

FABP Fatty acid binding protein

FAO Fatty acids oxidation

ICIs Immune checkpoint inhibitors

irAEs Immune-related adverse events

PD-1 Programmed cell death protein 1

PD-L1 Programmed cell death protein ligand 1

S1P Sphingosine-1-phosphate

S1PR1 Sphingosine 1-phosphate acid receptor type 1
SJS Stevens-Johnson Syndrome

TEN Toxic Epidermal Necrolysis

TRMs Tissue-resident memory T cells
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