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Regulatory T cells (Tregs), possess a pivotal function in the maintenance of
immune homeostasis. The dysregulated activity of Tregs has been associated with
the onset of autoimmune diseases and cancer. Hence, Tregs are promising targets
for interventions aimed at steering the immune response toward the desired path,
either by augmenting the immune system to eliminate infected and cancerous cells
or by dampening it to curtail the damage to self-tissues in autoimmune disorders.
The activation of Tregs has been observed to have a potent immunosuppressive
effect against T cells that respond to self-antigens, thus safeguarding our
body against autoimmunity. Therefore, promoting Treg cell stability presents a
promising strategy for preventing or managing chronic inflammation that results
from various autoimmune diseases. On the other hand, Tregs have been found to
be overactivated in several forms of cancer, and their role as immune response
regulators with immunosuppressive properties poses a significant impediment to
the successful implementation of cancer immunotherapy. However, the targeting
of Tregs in a systemic manner may lead to the onset of severe inflammation
and autoimmune toxicity. It is imperative to develop more selective methods
for targeting the function of Tregs in tumors. In this review, our objective is to
elucidate the function of Tregs in tumors and autoimmunity while also delving into
numerous therapeutic strategies for reprogramming their function. Our focus is
on reprogramming Tregs in a highly activated phenotype driven by the activation
of key surface receptors and metabolic reprogramming. Furthermore, we examine
Treg-based therapies in autoimmunity, with a specific emphasis on Chimeric
Antigen Receptor (CAR)-Treg therapy and T-cell receptor (TCR)-Treg therapy.
Finally, we discuss key challenges and the future steps in reprogramming Tregs that
could lead to the development of novel and effective cancer immunotherapies.
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1. Introduction

Immunotherapy seeks to utilize the immune system in the management of a diverse range
of illnesses (1-4). Nonetheless, in order for a particular therapy to be efficacious, it is essential
that it precisely target an immune response against the illness while simultaneously safeguarding
the host from autoimmunity and producing the desired antitumor outcomes (5-7). Such an
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effect is scrutinized especially in the context of cancer and
autoimmune disorders (8). In the tumor microenvironment, Tregs
(CD4+ FOXP3+ regulatory T cells), formerly known as suppressor T
cells, promote cancer immune evasion through the suppression of
antitumor T effector responses (9, 10). As a result, they represent the
primary obstacles to cancer immunotherapy. On the other hand, a
deficiency in Treg function fosters T effector responses against self-
antigens, which can ultimately lead to autoimmune disease (8, 11-13).
Therefore, the disruption of the homeostatic balance between T
effector and Treg cells is frequently associated with both cancer and
autoimmunity (14-16).

The importance of Tregs in cancer and autoimmune diseases has
made them a potentially critical target for these illnesses (17, 18). It is
increasingly evident that the development of effective therapeutic
strategies to reprogram Treg functionality holds great promise for
immunotherapy, both in inducing tolerance in autoimmune diseases
and advancing immune-based treatments for cancer (19). In cancer,
the selective reprogramming of Treg cells through molecular modules
serves not only to reduce their immunosuppressive activity but also
may have the potential to enhance the efficacy of cancer treatment by
converting immunosuppressive Tregs into cancer-specific
immunostimulatory cells (19, 20).

This review provides comprehensive data, focusing on novel drugs
and strategies aimed at reprogramming Tregs for the treatment of
cancer and autoimmunity. The section entitled “Treg-based therapies
in cancer” emphasizes two critical aspects of TI(tumor-infiltrating)-
Tregs that, when perturbed, can modify their function: (i) their highly
activated phenotype via stimulatory cell surface receptors; and (ii)
their metabolic status. In the section “Treg-based therapies in
autoimmunity;” we discuss two therapies that are currently being
investigated for the cure and prevention of autoimmune diseases: (i)
autoantigen-specific TCR Tregs and (ii) autoantigen-specific CAR
Tregs. These therapies suppress effector T cell function and promote
Tregs, restoring immune homeostasis and tolerance by promoting and
activating Tregs. Finally, we review the future steps of Treg
reprogramming to highlight the potential of Treg reprogramming in
the treatment of both cancer and autoimmunity.

2. Role of Tregs in tumor

For decades, researchers have investigated the association between
Tregs and tumor microenvironments. Tregs are present in various
cancers’ tumor microenvironment (TME), including melanoma, lung,
ovarian, pancreatic, breast, and stomach cancers, and high Treg
infiltration has been linked to low survival rates and a poor prognosis
(21, 22). Tregs can be generated and differentiated by conventional T
cells in the TME, and these cells have a potent immunosuppressive
effect that impedes antitumor immunity and promotes tumor growth.
Tregs are crucial in the tumor’s immune escape and can repress
immune effector cell activity in diverse forms in tumor-bearing hosts.
Therefore, Tregs function as a double-edged sword, with a protective
role in maintaining immune homeostasis and a pathological role in
the inhibition of effector cells in TME (23). Tregs hinder immune
responses against tumors by a variety of mechanisms. Tregs can
release immunosuppressive molecules that can suppress antitumor
immunity, such as TGF- (Transforming growth factor-f), IL-10, and
IL-35. TGF-P can inhibit T-helper (Th) 1, NK, and CTLs(Cytotoxic T
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lymphocytes) cell responses and convert NK cells in the TME to
innate type 1 lymphoid cells (24). Moreover, TGF-f signaling can
stimulate the differentiation of suboptimally stimulated peripheral
CD4+ T cells into Tregs which then promotes the development of
immune tolerance and immunosuppression in the TME (24, 25). It
should be noted that both immune and nonimmune cells can generate
TGEF-B, and the role of TGF-f derived from Treg cells remains
controversial (26, 27). TGF-p and IL10 induce the conversion of
resident fibroblasts into cancer-associated fibroblasts (CAF) and
monocytes into tumor-associated macrophages (TAM), respectively
(28, 29). CAFs and TAMs are capable of inducing effector T cell
apoptosis, thereby facilitating tumor evasion from antitumor
immunity (30). The production of IL-10 by Tregs may be crucial for
the survival and proliferation of tumor cells, as it regulates antitumor
immunity. Its expression has been associated with an unfavorable
prognosis in various cancers (31). The effects of IL-10 on the TME are
varied, and IL-35 can reinforce its immunosuppressive impact, which
is also generated by Tregs (31).Tregs producing IL-35 accumulated in
the TME and impeded effector T cell activation and their effector
function by inducing the expression of several inhibitory receptors
such as PD-1 (Programmed cell death protein 1), Tim-3(T cell
immunoglobulin and mucin-3)and BLIMP1(B-lymphocyte-induced
maturation protein-1)-dependent exhaustion (32).

It is noteworthy that IL-35 and IL-10 have distinct
immunomodulatory functions. Tregs producing IL-35 promote
effector T cell exhaustion, while Tregs producing IL-10 inhibit the
cytotoxic effector function of effector T cells. To some extent, Treg
cells can also activate major pathways that regulate apoptosis, such as
the FAS-FasL and TNF-TNFR-mediated signaling in response to
specific antigens (33). Tregs can prompt tumors to become resistant
to immune checkpoint inhibitors (ICIs). While the precise processes
through which Tregs can promote tumor resistance to ICIs are not
fully comprehended, several molecules and signaling pathways, such
as Phosphatidylinositol 3-kinase (PI3K), have been associated with the
resistance of Tregs to approved ICIs (23). Other roles played by Tregs
include the immediate destruction of other cells by secreting granzyme
and perforin, and the production and release of cAMP to disrupt the
metabolism of other cells.

3. Role of Tregs in autoimmunity

Tregs play a pivotal role in preventing a multitude of autoimmune
diseases by virtue of their capacity to maintain self-tolerance. Hence,
the malfunctioning, paucity of Tregs, and the resistance of effector
cells toward Treg immunoregulatory mechanisms can initiate
autoimmune diseases. This is in line with earlier research, which
indicates that several human autoimmune diseases exhibit
abnormalities in Treg function or peripheral Treg cell counts (34). The
mechanism by which Tregs inhibit autoreactivity is that when
activated via their TCR and the costimulatory molecule CD28, Tregs
secrete anti-inflammatory cytokines such as TGF-f, IL10, and IL35
that target different cell types at the site of inflammation (35). These
anti-inflammatory cytokines induce the production of tolerogenic
APCs, which promote the anergy of autoreactive memory effector
CD4+ T cells that bind to their MHC molecules (36). Tregs have also
been found to suppress autoreactive effector T cells via IL-2
consumption or the induction of cell death through granzyme and
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perforin. Tolerogenic APCs can also induce the expression of PD-L1
(CD274 molecule), serving as a pivotal mechanism for the induction
of CD8+ T cell exhaustion following autoimmune activation (37). The
expression of FOXP3 is believed to be modified or reduced in various
diseases, including type 1 diabetes (T1D) and multiple sclerosis (MS)
in humans, as well as the Scurfy phenotype (which involves the
complete absence of T cell regulatory function) in mice (38-40). Apart
from the FOXP3 expression loss, which serves as the main regulator
of Treg cells, a specific epigenetic signature is a distinguishing feature
of Treg cells (41). Both components(epigenetic and FOXP3
expression) are fundamental in the preservation of Treg cell function,
and it is probable that the perturbation of FOXP3 expression or
epigenetic modifications may result in Treg cell instability and
aberrant plasticity, which are commonly observed in a variety of
autoimmune diseases. Moreover, there is compelling evidence
showing that the impairment of Treg function can be linked to a
decline in thymic production and a decrease in the mutual interplay
between CD58 and CD2, both of which belong to the immunoglobulin
family (42). In EAE (experimental autoimmune encephalomyelitis), it
has been observed that the transmission of Tregs was sufficient in
mitigating the severity of EAE (43). Conversely, the removal of Tregs
has been shown to exacerbate the condition in EAE models (43).
Despite recent advancements in comprehending Treg functions in
pathological circumstances, more research is required to explicate the
mechanisms that underlie Treg cell instability and plasticity. This will
enable the modulation of Treg cell function in autoimmune
pathologies and other diseases like cancer.

4. Treg-based therapies in cancer

The recent success of various immune-based therapies for cancer
that activate cytotoxic T cells to attack cancer cells has brought about
a revolutionary change in cancer treatment. However, a significant
number of patients do not respond favorably to these immune-
stimulating therapies, highlighting the requirement for therapies that
enhance the immune response beyond a simple boost. Currently, the
major challenge hindering the success of tumor immunotherapy is
overcoming immunosuppressive TME (20). Tregs are present in
almost all cancers and serve as immunosuppressive regulators of
immune responses, representing a significant obstacle to the success
of cancer immunotherapy (44, 45). The requirement for a novel
approach directed toward the targeted alteration of intratumoral
regulatory T cells has been expedited due to the fact that general
inhibition of regulatory T cells results in significant autoimmune
toxicity (45). Hence, the specific reprogramming of Treg cells may
decrease the frequency of immune-related unfavorable events
frequently linked with systemic approaches intended to eradicate Treg
cells, which may result in the discontinuation of therapy and
subsequent loss of therapeutic benefit (46). Reprogramming Tregs has
the potential to achieve two significant benefits in cancer therapy.
First, it can evade immune regulation in tumors by eliminating
immunosuppressive cells. Second, it can enhance the effectiveness of
cancer treatment by transforming immunosuppressive Tregs into
immunostimulatory cells, specifically within cancer (33). To
reprogram the TT (tumor infiltrating)-Treg function, it is necessary to
focus on targeting the unique properties of TI-Tregs, which include
their activation condition via stimulatory cell surface receptors,
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metabolic condition, and transcriptional condition as influenced by
critical transcription factors and chromatin regulators (20, 47).

4.1. Reprogramming of Tregs in highly
activated phenotype

TI-Tregs exhibit highly activated phenotype. A number of
receptors, including CTLA4 (cytotoxic T-lymphocyte associated
protein 4), GITR (TNF receptor superfamily member 18), CD25,
CD28, CD39, 0X40, PDI1 (programmed cell death 1), LAG3
(lymphocyte activating 3), NRP1 (neuropilin 1), chemokine receptors,
and NT5E are constitutively expressed in human Tregs and become
visible on the cell surface upon activation in the TME. These receptors
have the crucial role in regulating the immune response against
tumors (48-50). Therefore, targeting Tregs in tumors and
reprogramming their functions to the highly activated state of TI-regs
or their particular differentiation state is an effective approach.

4.1.1. OX40

The surface receptor OX40 is expressed by both effector T cells
and Tregs. Despite its role as a potent costimulatory molecule for
activated effector T cells, OX40 plays a critical role in regulating
FOXP3 Tregs. According to Vue et al., activation of OX40 on mature
FOXP3 Tregs completely disables their ability to inhibit effector T cell
proliferation and cytokine production. Interestingly, OX40 signaling
on Tregs does not appear to affect their survival and proliferation but
suppresses FOXP3 expression (51). OX40 consistently impedes the
capacity of TGFB to elicit FOXP3 expression in activated effector T
cells. Consequently, OX40 functions as a potent negative regulator of
both inherent FOXP3 Tregs and Tregs that are produced by activated
effector T cells. This illustrates that OX40 governs a pivotal checkpoint
in Treg homeostasis (51). The co-stimulation of OX40 has emerged as
a promising method to combat the suppressive effects of Tregs (52).
OX40 agonists have been observed to augment antitumor immunity
in multiple tumor models and are currently being investigated as a
new cancer immunotherapy target in clinical trials. The primary OX40
agonist antibodies employed in clinical research are MEDI0562,
MEDI6469, INBRX-106, PF04518600, and SL279252 (53). Another
novel approach for improving antitumor immunity involves the in situ
reprogramming of tumor cells into “artificial” antigen-presenting cells
(APCs) that express OX40L using nanoparticles that are loaded with
an OX40L plasmid. This method has demonstrated the capacity to
induce T cell proliferation in vitro, while also eliciting potent
antitumor immune responses in vivo without any notable toxicity (54).
While targeted therapy for OX40 has exhibited remarkable outcomes
in mice with tumors, preliminary clinical evidence suggests that its
efficacy in humans is moderate when utilized independently.
Nevertheless, when employed with immunotherapies that target
inhibitory receptors such as anti-PD-1 and anti-PD-L1, OX40
costimulation demonstrates potential as a promising strategy (55).

4.1.2.CD28

The secondary stimulus for Treg function is activated concurrently
with TCR stimulation and facilitated by the costimulatory receptor
CD28. The protein CD28 from the immunoglobulin superfamily
contains a single “V-like” extracellular domain that positively regulates
Treg cell response. It is the most typical and best- studied costimulatory
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transmembrane protein (56). CD28 is of critical importance in the
development of Treg cells in the thymus, as well as in the survival,
proliferation, suppressor function, and homeostasis of Treg cells in the
periphery (57, 58). However, it is still unknown how CD28 regulates Treg
development and homeostasis. In addition, CD28 plays a crucial role in
preventing T cell anergy by providing a co-stimulatory signal. Without
this signal, T cells may either remain inactive or develop tolerance to
antigens. Therefore, CD28 is identified as an essential second signal for
T cell activation. In the nonobese diabetic (NOD) mouse model, wherein
CD28 or its ligands (CD80 [B7-1] and CD86 [B7-2]) have been knocked
out, the number of natural Tregs (nTregs) decreased significantly,
resulting in accelerated autoimmunity in mice (58). The development of
CD28 blockers could potentially offer a more targeted therapy for cancer.
Drugs like abatacept (CTLA4-Ig) and belatacept (LEA29Y) affect the
CD28 signaling pathway by acting as blocking agents for CD28/CD80-
CD86 interactions. Abatacept, for example, inhibits CD28 from binding
to CD80-CD86 on the APC surface, thereby hindering CD28-mediated
costimulatory signaling that is essential for Treg cell activation and
reducing the resulting downstream inflammation response (59). These
medications are employed in clinical settings to manage autoimmune
diseases like psoriasis and rheumatoid arthritis (RA), wherein genetic
abnormalities or modified posttranslational variations of the CTLA-4
gene or its promoter are detected. However, more research is needed to
determine how strong the immunosuppressive effects of these drugs are
in cancer settings. Inhibition of downstream components of the CD28
signaling pathway is another potential target for modulating Treg cell
activation. Vang et al. demonstrated that the effective development of
Tregs requires the P187YAP motif in the cytoplasmic tail of CD28 (60).
The CBM complex (CARD11/CARMA1-BCL10-MALT1) is activated
by the LCK-PRKC (protein kinase C) pathway, which is linked to CD28
through this motif (61). This complex then activates the JNK2 complex
and the IKK complex, which, in turn, triggers the activation of the
classical NF-kB pathway (60, 61). REL is one of the NF-kB family
members required for the development of progenitor Tregs or the
development of mature Tregs. A xanthine derivative called PTXF
(pentoxifylline) has specific and dose-dependent effects on REL and
exhibits competitive and nonselective phosphodiesterase inhibitory
activity (62). Ghosh et al. demonstrated that in a mouse model of
melanoma inhibition of C-Rel by PTXE, similar to genetic deletion of
C-Rel, reduced Tregs and improved antitumor response (63). Inhibition
of MALT1 in tumor-bearing mice with a drug induces Treg cells to
secrete the immunostimulatory cytokine IFNy only in tumor tissue,
resulting in stunted tumor growth. This antitumor effect is due to
macrophage activation and upregulation of MHC class I on tumor cells
(64). EZH2 (enhancer of zeste 2 polycomb repressive complex 2 subunit)
is expressed in Treg cells via CD28 signaling (1). Once activated, FOXP3
and EZH?2 can develop a complex crucial for preserving the identity of
nTregs. Suppression of EZH2 in Tregs (using Foxp3-cre ezh2"" mice) and
employing CPI-1205 (a pharmacological inhibitor of EZH2) resulted in
functional modifications in Tregs and improved cytotoxic activity of
effector T cells (65).

4.1.3.CTLA4

CTLAA4 is a related inhibitor of the costimulatory T-cell molecule
CD28. While CD28 promotes T-cell activation, CTLA4 serves as an
immune checkpoint and downregulated T-cell responses (66). Similar
to CD28, CTLA4 binds to CD80 and CD86 on APCs, but with higher
affinity and avidity than CD28, allowing it to outcompete CD28 in
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terms of ligands. Activation of CD28 induces expression of CTLA4 as
a negative feedback mechanism in effector T cells and inhibits
activation of effector T cells, whereas expression of CTLA4 in
TI-Tregs, most likely due to their highly activated state, enhances their
immunosuppressive activity in the TME (67). Monoclonal antibodies
directed toward CTLA-4 have been found to provide an
immunotherapeutic effect against cancer (CITE), however, they are
also associated with inducing severe immunotherapy-related adverse
events (irAE). Despite this, the targeting of CTLA-4 remains a valuable
approach for cancer immunotherapy owing to its remarkable long-
term benefits provided the irAEs could be effectively managed (68).
Further research is warranted to design safer reagents targeting
CTLA-4. Several therapeutic molecules are currently being developed
to selectively knock down or disrupt CTLA4 function in TI-Tregs.
Drugs that block CTLA4 are called ICIs (immune checkpoint
inhibitors) (66, 69). These drugs include ipilimumab (Yervoy) and
Inhibition of CTLA4 by
tremelimumab allows for CD28-mediated positive signaling and

tremelimumab. ipilimumab and
activation of cytotoxic T-cell responses (69). Ipilimumab was the first
antibody approved by the FDA. It is a fully human anti-CTLA4 (IgG1)
monoclonal antibody that has been shown to improve the long-term
survival of melanoma patients (70).

4.14.GITR

GITR (TNF receptor superfamily member 18) is categorized
under the TNFR superfamily, and its expression is more common in
Treg cells as compared to conventional CD4 and CD8 T cells. GITR
can interact with its corresponding ligand, GITRL, which is expressed
in APCs and endothelial cells (71, 72). The activation of GITR on Treg
cells leads to instability and reduction of suppressive function, whereas
activation of GITR in conventional T cells results in a co-stimulatory
signal that enhances T effector cell viability, cytokine production, and
effector function (72). Studies have provided evidence that the
resistance to immunotherapy in glioblastoma mice models can
be effectively reduced through the targeted activation of Treg cells by
GITR. In a study conducted by Amoozgar et al., it was demonstrated
that the activation of GITR in Treg cells by an agonistic antibody
(aGITR) led to the transformation of immunosuppressive Treg cells
in the TME into immunostimulatory Th1-like CD4 T cells, enhancing
the immune response against the tumor (73). AGITR promotes the
differentiation of CD4 Treg cells into CD4 effector T cells, reduced the
ability of Treg cells to suppress effector T cells, and induced potent
antitumor effector cells in GBM (73). Other potent GITR mAbs
currently in ongoing clinical trials include MEDI1873 (NCT02583165)
(74), AMG 228 (NCT02437916) (75), BMS-986156 (NCT02598960)
(76), and GWN323 (NCT02740270) (77). A Phase 1 clinical trial
administered the anti-GITR antibody TRX518 to patients with cancer
that cannot be cured. The study established that TRX518 is safe to use
as monotherapy and has immune effects (78). However, although
Tregs were reduced and the ratios of T effector cells to Tregs increased,
there were no notable clinical responses. Similarly, in mice with
advanced tumors, GITR agonist alone could not activate effector T
cells because of persistent exhaustion (78, 79). Overcoming the
resistance of advanced tumors to anti-GITR monotherapy may
be achieved through T-cell reinvigoration with other immune
checkpoint inhibitors, such as PD-1 blockade. These findings have
prompted the investigation of TRX518 in combination with the PD-1
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pathway blockade in patients with advanced refractory tumors
(NCT02628574) (78).

4.1.5.CD25

The IL2RA (interleukin-2 receptor subunit alpha)/CD25 is
expressed on activated CD4+ and CD8+ T cells, as well as on Tregs,
in a constitutive manner. It is noteworthy that Tregs exhibit a greater
upregulation of IL2RA expression when compared to CD4+ and
CD8+ T cells. This observation implies that targeting IL2RA could
be a promising strategy for cancer therapy, as supported by prior
research (80). The development, control, proliferation, and
maintenance of Tregs depend on IL2. The binding of IL2 to IL2R leads
to phosphorylation, dimerization and translocation of STAT5 (signal
transducer and activator of transcription 5) to the nucleus, where they
direct the transcription of target genes required for the Treg
immunosuppressive phenotype, largely through direct regulation of
FOXP3 expression (81). CD25 also interferes with the optimal
functioning of effector T cells by depriving surrounding effector T
cells of IL2. IL2 is necessary for the differentiation and fate of effector
T cells after immune activation (82). Therefore, an efficient strategy to
reprogram Tregs would entail the creation of a recombinant IL-2 that
demonstrates heightened selectivity toward the IL-2 receptor on
natural killer (NK) and naive CD8 T-cells, while abstaining from
binding to the IL-2 receptor on Tregs. The first approach targeting
IL2RA was the use of denileukin diptitox, a fusion protein of IL2 and
diphtheria toxin (83). More recently, the recombinant anti-IL2RA
immunotoxins and daclizumab have been evaluated for their ability
to block IL2 binding to IL2RA in Tregs (83). However, the mechanism
of action of these drugs remains to be elucidated. Proleukin
(recombinant human interleukin-2) has been identified as an effective
therapy for metastatic melanoma and renal cell carcinoma (RCC)
(84-86). However, the need for the high-dose regime of Proleukin
because of its short half-life, and the potential to expand Tregs, has
raised concerns about the use of this therapy. MDNA11 is a new IL-2R
agonist designed to address the limitations associated with IL-2
therapy (86, 87). This has been made possible by implementing two
crucial modifications: first, the selectivity of the receptors has been
altered in favor of anti-cancer immune cells, which has led to a
significant improvement in therapeutic effectiveness, and second, the
immunotherapeutic has been fused with albumin to prolong its half-
life, eliminating the need for a high dosage of administration (87).
MDNA11 exhibits an increased attraction to CD122 (IL-2 receptor on
NK and naive CD8 T cells), but does not bind to CD25 on Treg cells.
This leads to a restriction of Treg stimulation, while simultaneously
prompting an amplified activation of NK and naive CD8 T cells when
compared to Proleukin. In in vivo models, MDNAI11 effectively
restricted tumor growth when used alone, and when combined with
inhibitors of immune checkpoints, it resulted in tumor eradication
with a once-weekly dosing schedule (87).

4.2. Metabolic reprogramming in Treg cells

Tumor cells are characterized by dysregulated metabolism that
disrupts the metabolism of infiltrating immune cells, resulting in
decreased glucose, hypoxic and acidic TME. Improving productive
antitumor immune responses by disrupting the metabolic programs
required to support the tumor-killing functions of infiltrating effector
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T cells while minimizing the ability of Treg cells to suppress effector T
cells in the TME (88). Many molecular signaling pathways and/or
molecules, including AKT-MTOR signaling, TLR signaling, HIF1A,
MYC, and FOXP3, have been shown to directly affect metabolic
programming and development of Tregs.

4.2.1. Glucose uptake

Glucose is needed for effector T cells to function and kill cancer
cells. Similarly, cancer cells use glucose and compete with T cells for
it, effectively reducing the amount of available glucose and,
consequently, reducing the anti-cancer response (89). However, Tregs
are less dependent on glucose uptake due to their master
transcriptional regulator FOXP3, which shifts their metabolism from
aerobic glycolysis to mitochondrial pathways, allowing Tregs to thrive
in TME (90). In addition, in human FOXP3* Tregs, FOXP3 inhibits
AKT phosphorylation, which in turn prevents Glutl (the main
glucose transporter of Tregs) from being expressed on the cell surface.
The most direct method for metabolic reprogramming of Tregs is the
PI3K-AKT-MTOR pathway, which is essential in the control of
various metabolic pathways, including glucose metabolism (91, 92).
An important signal that appears to abolish the Treg suppressive
phenotype is the activation of the PI3K - AKT — MTOR axis. In
effector T cells, this axis is crucial for inducing proliferation and
achieving effector function. However, in Tregs, this pathway can have
a profound negative effect on suppressive activity (91). Low glucose
levels in the TME promote Treg cell suppressive activity, as
downstream activation of the PI3K— AKT —-MTOR signaling
pathway renders Tregs unstable. Thus, pharmacological intervention
to enable AKT activation increases glucose uptake and glycolysis via
the upregulation of Glutl and subsequent destabilization of Tregs.
PTEN (phosphatase and tensin homolog) is the main negative
regulator of PI3K. PTEN catalyzes the dephosphorylation of the
inositol ring 3’-phosphate in phosphatidylinositol-3-phosphate)
PtdIns3P(and reverses the PtdIns3K reaction (93). Mice that carried
a particular PTEN Treg deletion exhibited a substantial decrease in
tumor growth and even experienced rapid regression of tumors (94).
In addition, PTEN deficiency in Tregs increases FOXP3 instability,
which is likely the result of increased glycolytic metabolism and
decreased oxidative phosphorylation (OXPHOS) (95). The effective
operation of Tregs depends on the OXPHOS pathway. Studies have
shown that deleting key regulators of OXPHOS, namely Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1x)
or NAD-dependent deacetylase sirtuin-3 can disrupt Treg-dependent
suppressive function and impair their survival (96). Histone
deacetylase-9 (Hdac9) inhibits myocyte enhancer factor 2 (MEF2),
which induces the expression of genes essential to
OXPHOS. Interestingly, deleting Hdac9 has been found to increase
Treg suppressive function (96). PTEN inhibitor drugs are under active
investigation for their immunostimulatory impacts (94). VHL (von
Hippel-Lindau tumor suppressor) could be an effective target for the
activation of the PI3K— AKT—-MTOR pathway. Lee et al.
demonstrated that Treg cells deficient in VHL exhibit elevated
expression of HIF1-a (hypoxia inducible factor 1 subunit alpha). The
family of prolyl hydroxylase domain-containing proteins, namely
PHDI, PHD2, and PHD3, play a crucial role in driving Treg
programming in metastatic niches. This is achieved through the
catalyzation of post-translational hydroxylation of HIF1a, which leads
to its degradation (97). The targeted deletion of the HIF1-a E3
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ubiquitin ligase VHL in Tregs results in elevated levels of HIF1-at (98).
This increase in HIF1-a level impairs Treg stability by upregulating
the transcription of glycolytic enzymes and directly binding to FOXP3
and inducing its degradation (98). Moreover, HIF1-« directly binds to
the Ifng promoter in Tregs, ultimately leading to their conversion into
Th1-like cells and the impairment of their suppressive function (99).
Basu et al. demonstrated that SC79, a small molecular activator of
AKT, is able to overcome the effects of FOXP3-mediated AKT
repression, leading to significant upregulation of Glutl in both
primary Tregs and conventional T cells (92).

4.2.2. Lipid metabolism

The elevation in lipid oxidation implies that this metabolic route
may serve as a crucial source of energy for Treg cells, which is in line
with the recent findings that these cells can maintain their viability
even under conditions of glucose deprivation or exposure to
(100).
comprehensive understanding of how lipids regulate the development

2-deoxyglucose, a glycolysis inhibitor However, a
and function of Tregs is still lacking. The two most highly activated
processes in activated Tregs obtained from human liver cancer are
glycolysis and lipid biosynthesis. The utilization of various metabolic
pathways may serve as an immune escape mechanism that grants a
selective advantage to Tregs in the TME (101, 102). As a result,
disrupting lipid metabolism could potentially serve as a therapeutic
target for cancer therapy. Several studies have revealed that the genes
responsible for lipid metabolism, including CD36, a fatty acid(FA)
transporter, were found to be upregulated in TI-Treg cells, playing a
crucial role in their ability to suppress antitumor CD8+ T cell
responses. Notably, mice with Treg cell-specific loss of CD36 were
found to exhibit a reduced count of Treg cells in their tumors, but
higher numbers of TI-CD8+ T cells that produced IFN-y and TNF
(tumor necrosis factor) (103). In mice with tumors deficient in Cd36,
administration of monoclonal antibodies to PD-1 was found to limit
tumor progression and increase survival compared with wild-type
mice. This suggests that the antitumor effect of CD36 blockade can
be enhanced by reinvigorating exhausted T cells using ICIs. These
results indicate that targeting CD36 in Treg cells has the potential to
reprogram the TME to immunostimulatory conditions, which may
therapeutically complement the effect of PD-1 blockade to combat T
cell exhaustion (104). Lim et al. showed that inhibition of FAS (Fatty
acid synthase) and SREBF (sterol regulatory element binding
transcription factor)-dependent metabolic signaling in Treg cells
induces potent antitumor immune responses without autoimmune
toxicity (105). In an in vitro model of Treg proliferation, treatment
with 5-tetradecyloxy-2-furoic acid (TOFA), an ACC (acetyl-CoA
carboxylase) inhibitor, —a crucial enzyme in the FAS cascade -
significantly reduced Treg proliferation in a dose-dependent manner.
TOFA treatment specifically abolished FA accumulation in
proliferating cells, demonstrating the importance of FAS in both Treg
expansion and lipid pool formation (102). Signaling between CD70
and CD27 was identified as the only significant contact interaction
between CD4+ naive T cells, Tregs, and nasopharyngeal carcinoma
(NPC) cells in the TME (106). This interaction strengthens a lipid
signaling network in Treg cells that involves mitochondrial integrity,
cholesterol homeostasis, and FA metabolism. Knockout of CD70 has
been shown to inhibit Treg-mediated suppression, restoring CD8+ T
cell immunity. CD70 blockade may act synergistically with anti-PD -1
treatment to reinvigorate T cell immunity against NPC. Anti-CD70+
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anti-PD-1 therapy has been studied in preclinical animal models and
showed enhanced tumor-killing efficacy (106).

4.2.3. Amino acid metabolism

The metabolism of amino acids provides support for the synthesis
of proteins and nucleotides crucial for the rapid proliferation of Treg
cells. Nevertheless, the signaling of amino acids in Treg cells and their
significance in vivo are presently obscure. During the proliferation and
activation of Treg cells, a number of major amino acid transporters are
expressed, including LAT1, LAT4, CAT-1, SLC3A2, and SLC7A1l
(107, 108). For example, the amino acid transporter SLC3A2 is
required for maintaining the proliferative state of Treg cells and their
suppressive activity by transporting branched-chain amino acids
(BCAAs), including leucine, isoleucine, and valine (109, 110).
Knockdown of Slc3a2 in mice results in impaired in vivo replication
and reduced numbers of Treg cells (110). In addition to BCAAs,
arginine, glutamine, serine, tryptophan, glutathione, and glutamate
modulate Treg production and function. Tryptophan catabolism is
mediated primarily by the rate-limiting enzyme IDO, and there is
increasing evidence that IDO-induced metabolites of tryptophan,
including kynurenine and 3-hydroxyanthranilic acid (3-HAA),
promote the proliferation of Tregs (111). Recently, a correlation
between the IDO signaling pathway and Treg biology has been
showed in several stages. The first link is attributed to the ability of
IDO -expressing dendritic cells (DCs) to drive the differentiation of
naive CD4 (+) T cells toward a Treg phenotype. The second link is the
ability of IDO-expressing DCs to activate Tregs and significantly
enhance target cell suppression. Finally, the third link is attributed to
the ability of IDO to deter the inflammation-induced transformation
of Tregs into T helper-like cells. These findings emphasize IDO’s
potential as an appealing target for therapeutic intervention, given its
involvement in stabilizing and strengthening the suppressive
phenotype and deterring the reprogramming of Tregs into T helper-
like cells (112). Numerous preclinical and clinical trials have been
carried out to examine the effectiveness of IDO1 inhibitors, with the
most studied ones being NLG-8189, Epacadostat (INCB024360),
NLG-919 (GDC-0919), and Linrodostat (113). The signaling of
MTORCI (mechanistic target of rapamycin complex 1) kinase plays
a crucial role in the Treg cell responses to amino acids, specifically
arginine, and leucine (108). The activation of MTORC1 is amino acid-
dependent and required the activation of GTPases such as RRAG
(RRAGA or RRAGB) and RHEB (RHEB1 or RHEB2). The knockdown
of these GTPases causes a decline in Treg cell accumulation and
suppressive function and is associated with the emergence of deadly
autoimmunity (108). The identification of RRAG and RHEB as
downstream targets of amino acid signaling implies the potential
therapeutic target of these proteins to regulate Treg cell responses in
autoimmune diseases and cancer.

4.2.4. Autophagy

Autophagy and lysosomal activities hold critical significance
in governing the metabolic efficacy of Treg cells and their cell
lineage stability in the TME. Suppression of ATG7 (autophagy-
related 7) or ATG5 (autophagy-related 5) in Treg cells results in
elevated apoptosis rates and reduced lineage stability (114).
Furthermore, it should be noted that the suppressive impact of
autophagy on MTORCI is a contributing factor to the survival and
stability of Treg cells. In Treg cells that are deficient in autophagy,
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the expression of MTORCI is dysregulated, which in turn
promotes the expression of c-Myc and glycolysis metabolic
pathway (115). The stability impairment of autophagy-deficient
Treg cells is partially restored by pharmacologically inhibiting
MTORCI, MYC, or glycolytic activities (114). Conversely,
lysosomal knockout of Traf3ip3/T3jam (TRAF3 interacting protein
3) in mice impairs Treg cell suppressive functions and loss of
signature gene Foxp3 expression, leading to the development of
inflammatory diseases, stronger antitumor T cell responses, and a
significant reduction in tumor size (116). TRAF3IP3 actively
suppresses MTORCI signaling at the lysosome and limits glycolytic
metabolism, thereby preserving Treg cell identity and function
(116). The Foxp3CreAtg7fl/fl mouse model was used to illustrate
the effects of Treg-restricted autophagy deficiency on MC38 colon
adenocarcinoma cells that were inoculated (117). Tumor growth
was significantly reduced and the tumor site exhibited a remarkable
increase in TI -CD8+ cells, increased IFN-y expression in effector
CD4+ and CD8+ T cells, and a remarkable decrease in Tregs (117).

10.3389/fmed.2023.1244298

These results demonstrate the critical role that autophagy plays in
Treg-mediated suppression of anti-tumor immune responses.
Figure 1 illustrates immune signaling pathways involved in the
metabolism and to

regulation of Treg cell adaptation

non-lymphoid tissues.

4.3. Treg reprogramming beyond reversal
of its immunosuppressive effect

Recent studies have shown that Tregs present in the TME have the
ability to not only suppress the anti-tumor immune response but also
induce certain properties associated with the tumor, such as
proliferation, invasion, and metastasis. This suggests that the
the of their
immunosuppressive function could potentially be used to enhance the

reprogramming of Tregs beyond reversal
overall survival of patients by decreasing the possibility of invasion

and metastasis (119).
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Immune signaling pathways play a vital role in regulating the metabolism and adaptation of Treg cells to non-lymphoid tissues. Stimuli like
microenvironmental antigens, co-stimulators, toll-like receptors, and cytokines cause the PI3K signaling pathways to respond to TCR and other signals
which then activate mTOR complexes, subsequently leading to the reprogramming of cellular metabolism through several transcription factors. LKB1
signaling is further fueled by TCR and co-stimulation, which in turn restricts the function of STAT4 and stabilizes the b-catenin content, thus enabling
metabolic reprogramming. This further leads to the upregulation of certain genes related to metabolic processes, including the biosynthesis of lipids,
mitochondrial metabolism, glycolysis, fatty acid oxidation, and amino acid metabolism. Additionally, cytokines present in different tissues also sustain
the accumulation and proper functioning of Treg cells through the mediation of various transcription factors. Moreover, the accumulation of VAT-Treg
cells is dependent upon signaling from TCR, FOXP3, and IL-33, while IL-7 is necessary for the homeostasis and proper functioning of skin-Tregs. This
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The investigation into the correlation between the direct
involvement of Tregs in the metastasis of cancer is currently ongoing
and dynamic (120). Previous studies have shown that there is an
association between the presence of Tregs and higher metastasis rates
in RCC (121), breast cancers (BC) (122), and gastric cancers (GC)
(123). TI-Tregs have been shown to stimulate BC cell metastasis
through their expression of TNFSF11 (TNF superfamily member 11).
TNEFSF11 interacts with TNFRSF11A receptor on BC cells, decreasing
the expression of SERPINB5 as a metastasis inhibitor and subsequently
inducing epithelial-mesenchymal transition (EMT) (124). These
results are consistent with the impact of Treg cells on the poor
prognosis of human BC and suggest that targeting TNFSF11-
TNFRSF11A can be used as a novel therapeutic target in primary
breast tumors to curb recurrent metastatic disease (124). Interestingly,
in a mouse melanoma model, the combination of antibodies against
TNFSF11 and CTLA4 inhibits tumor growth and metastasis,
accompanied by increased T-cell effector function due to significantly
higher T-cell infiltration into the tumor (125). A fully human
monoclonal antibody called denosumab binds to TNFSF11 with great
avidity and prevents signaling and interaction between TNFSF11 and
TNFRSF11A. Denosumab is widely used to prevent skeletal-related
events associated with bone metastases in solid malignancies such as
breast and prostate cancer (126).

5. Treg-based therapies in
autoimmunity

Therapeutic approaches to treat or control autoimmune diseases
focus on reviving immune homeostasis and tolerance by promoting,
activating, or administering Tregs (127). These therapeutic modalities
employ pharmacological agents to inhibit effector T cell function and
promote Tregs. Clinicians are increasingly utilizing Treg-mediated
suppressive mechanisms as a means of treating autoimmune diseases
due to safety guidelines (127). Several Treg-based therapies are now
being investigated for the cure and prevention of autoimmune
diseases, including polyclonal Tregs, autoantigen-specific TCR Tregs,
autoantigen-specific CAR Tregs, and fecal transplantation of specific
Treg-promoting bacteria. There are two main sources of Tregs for cell
therapy: (1) in vivo induction of antigen-specific Tregs by the use of
monoclonal antibodies (mAbs), particularly anti-CD3 mAb
(teplizumab, and Otelixizumab), and (2) ex vivo expanded polyclonal
Tregs isolated from peripheral blood and expanded in vitro with
anti-CD3/CD28 antibody-coated beads and high-dose IL2 (128). In
the next section, we have discussed in detail the process of CAR and
TCR Treg in the treatment of autoimmunity.

5.1. CAR-Treg therapy

CAR is a strategy to generate antigen-specific Tregs in a manner
independent of the major histocompatibility complex (MHC) and less
dependent on IL2, presenting “off-the-shelf” capability in a
translational setting (129). The CAR construct is composed of an
extracellular antigen recognition domain that is in a single-chain
variable antibody fragment (scFv) form, combined with an
extracellular hinge, a transmembrane region, and intracellular

signaling domains (130). This particular configuration allows for the
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transmission of an extracellular signal of the antigen to the Treg cells,
which subsequently results in the stimulation of Treg cell activation
without the need for interaction with the antigen in the
MHC-dependent manner. Based on previous preclinical and clinical
results, CAR-Tregs have shown a promising therapeutic potential to
treat autoimmune diseases and to induce graft tolerance (131, 132).
Two clinical studies are currently underway (NCT04817774 and
NCT05234190) using CAR-Tregs to recognize the HLA-A2 molecule
on the donated organ and thus induce and maintain immune tolerance
to the organ (133, 134).

Type 1 diabetes, commonly referred to as juvenile diabetes, is
caused by a breakdown in immunological tolerance toward self-
antigens. Extensive research has demonstrated that the absence of Treg
cells or their suppressive activity may be a contributing factor toward
the lack of self-tolerance among T1D patients. Consequently, utilizing
CAR technology to restore the immunological tolerance of Tregs may
present a promising approach to combating T1D (135). Tenspoldea
et al. produced CAR-Tregs specific to insulin and explored the
potential to restore immunological tolerance in T1D using a
significant number of CAR-modified Tregs. Despite not being able to
prevent diabetes in NOD/Ltj mice, the resulting insulin-specific
CAR-Tregs demonstrated a normal Treg phenotype and were long-
lasting for diabetic mice. Additionally, they exhibited suppressive
properties, as evidenced by their ability to suppress effector T cell
proliferation in vitro (136). In a separate investigation, Imam et al.
conducted a study wherein CAR-Tregs that target beta cells (GAD65
B-cell epitopes) were developed and subsequently employed for
therapeutic purposes in a mouse model that closely resembling
human T1D (137). The outcomes of this study demonstrated that
GAD65-CAR-Tregs successfully colonized the pancreatic islets just
24h after infusion. Furthermore, the population of Tregs was markedly
increased in the pancreas of treated mice in comparison to their
untreated counterparts. The glucose tolerance tests (GTT) have
demonstrated that the mice subjected to CAR-Tregs treatment
exhibited considerably diminished blood glucose levels in comparison
to the control group of mice. These findings clearly indicate that the
application of CAR engineering in the production of robust,
operational, and persistent beta cell-specific CAR-Tregs can serve as
a viable therapeutic intervention for treating T1D in humans (137).
T1D vaccine candidates can also promote the induction of human
FOXP3" Tregs in humanized mice. Serr et al. provided evidence for
human autoantigen-specific FOXP3* Treg induction in vivo using
humanized NSG-HLA-DQS8 transgenic mice (138). They identified
HLA-DQ8-restricted insulin-specific CD4" T cell responses and
demonstrated efficient insulin-specific FOXP3* Treg induction
following subimmunogenic application of insulin mimetopes in a
human immune system in vivo. They demonstrated that high
frequencies of insulin mimetope-specific Tregs are associated with a
significant delay in the progression of T1D in children. This supports
the consideration of inducing insulin-specific FOXP3* Tregs to delay
or even prevent T1D in humans (138).

Multiple sclerosis (MS), a disease of the central nervous system, is
characterized by autoimmune demyelination and neurodegeneration
and leads to lifelong disability. Its pathogenesis is associated with T
cells, making the use of Treg cell therapy a potential treatment option.
The rationale behind this approach is that patients with MS have been
found to have less functional (although not necessarily less frequent)
Tregs (139). In a mouse model of MS, the adoptive transfer of
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CAR-Tregs has been shown to be effective and resulted in a reduction
in disease symptoms. Fransson et al. have reported that
CAR-engineered Tregs targeting MOG (myelin oligodendrocyte
glycoprotein) in the CNS can suppress the mouse model of
experimental — autoimmune  encephalomyelitisCEAE)  when
administered intranasally, leading to a reduction in disease
symptoms (140).

It is worth mention that, in patients diagnosed with MS, the
application of oleic acid in vitro has been observed to partially restore
the suppressive function of Tregs (141). This discovery suggests that
an oleic acid-enriched diet may be considered as an adjuvant therapy
for MS patients. Moreover, the binding of oleic acid to the cell surface
of Tregs has been found to increase the expression of genes required
for fatty acid oxidation (FAO)-driven OXPHOS pathway. This, in turn,
reinforces the expression of FOXP3 and enhances the suppressor
function of Treg cells (141). The signaling of Prostaglandin 12 (PGI2)-
prostacyclin has been found to provide support to the suppressive
function of Tregs. In autoimmune diseases, the administration of
PGI2 could prove to be an efficacious therapeutic agent for the
improvement of Treg function (142). It has been observed that mice
lacking the PGI2 receptor exhibit a lower degree of suppressive effect
when it comes to allergic airway inflammatory responses, compared

to mice with intact PGI2 signaling (142).

5.2. TCR Treg therapy

Compared with CAR-Treg therapy, T cell receptor-modified Treg
(TCR-Treg) therapy has no restrictions on the expression of antigens
on the surface of target cells, which is a significant obstacle to the use
of CAR -Treg in the clinic (143). Moreover, TCR-Tregs require only
interaction with a peptide-MHC for activation, which differs from
CAR -Treg, which requires the presence of more than 100 target self-
antigens on the target cell for successful recognition by CAR and
(144).
hybridization of exogenous and endogenous MHC receptor chains

subsequent Treg stimulation However, mismatched
may limit their application In NOD mice, which spontaneously
exhibit a disease that bears resemblance to human T1D, and in EAE,
a model that mimics multiple sclerosis, TCR-engineered Tregs that are
targeted toward MBP (myelin basic protein) effectively suppress the
development and the progression of the disease. Recent research has
shown that TCR-engineered Tregs targeting MBP can effectively
suppress MBP-specific T effector cells, as well as T cells with other
specificities after Treg activation via the TCR. MBP-reactive Treg cells
improve EAE recovery in recipient mice when used directly from
donor mice (genetically modified mice expressing a transgenic
MBP-reactive TCR). In vitro expanded MBP-reactive Treg cells also
prevent disease progression when administered after the onset of
clinical EAE (145). In vitro, these Tregs have demonstrated an increase
in the expression of key markers, such as FOXP3, LRRC32 and IKZF2
(146). It is noteworthy that these TCR-engineered Tregs have shown
functional efficacy, even in the presence of TLR-induced solid
inflammatory signals. MBP-specific Tregs have successfully mitigated
EAE in MOG (myelin oligodendrocyte glycoprotein)-immunized
transgenic mice. Further in vitro experimentation has revealed that
IL-2 secretion by neighboring effector T cells activates MBP-specific
Tregs, initiating suppression of T effectors within the local milieu
(147). Similarly, TCR-engineered Tregs targeting MOG and
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neurofilament medium (NF-MT) were utilized to treat C57BL/6 mice
with EAE induced by MOG35-55 or PLP178-191. These manipulated
Tregs mitigated the clinical symptoms of EAE, and their effectiveness
was noted to increase toward the peak of the disease. The
TCR-engineered Tregs that were specific for MOG were equally
efficacious in reducing EAE induced by an unrelated central nervous
system (CNS) antigen, PLP178-191. Hence, this finding suggests that
if extrapolated to humans, this approach could be a valuable
therapeutic property in the management of MS (148). Another study
demonstrated that induced regulatory T cells (iTregs) that have been
engineered with TCR and target proteolipid protein139-151/
lipophilin peptide can effectively suppress the T cell response to the
PLP139-151 peptides in experimental EAE without inducing
pan-suppression in vivo. These iTregs are generated in vitro by
stimulating T cells with TGF-p, retinoic acid, and IL-2. These iTregs
underwent antigen-driven proliferation and impeded the proliferation
and activation of CD4+ T cells specific to PLP139-151 in SJL/B6 F1
mice that have been primed with PLP139-151 (149).

The primary obstacle in utilizing antigen-specific Tregs in clinical
practice is the isolation of Tregs with rare specificities from the native
polyclonal T cell repertoire. A novel approach to instantly prevent
tissue damage caused by previously activated T cells in autoimmune
diseases involves converting primary T cells into antigen-specific
regulatory cells. Wright et al. transferred FOXP3 and TCR genes to
transform conventional CD4" T cells into antigen-specific regulators
for the purpose of facilitating adoptive T-cell therapy of arthritis (150).
They used OTII-TCR, which targets SERPIN (SERine Proteinase
INhibitors) presented by MHC class molecules II. After adoptive
transfer into recipient mice, FOXP3 TCR-transduced CD4" T cells
gather specifically in the draining lymph nodes of the SERPIN/
ovalbumin-loaded knee, resulting in a local decline in the numbers of
inflammatory Th17 cells and a substantial drop in arthritic bone
destruction (150). This strategy provides the opportunity to use
induced Tregs from CD4" T cells for highly targeted inhibition of
tissue damage without systemic immunosuppression. Moreover,
opens the possibility of targeting Tregs with tissue-specific antigens to
treat autoimmune tissue damage without knowing the autoantigen
responsible for the disease.

5.3. Metabolic and epigenetic
reprogramming

The dysregulation of T helper 17 cells (Th17) and Treg cells has
been identified as a prominent etiological factor in various
(151). It has that
methylidenesuccinic acid (itaconate), an endogenous metabolite that

autoimmune diseases been observed
is associated with inflammation, can effectively reprogram metabolic
and epigenetic processes (152, 153). In Th17- and Treg-polarizing T
cells, itaconate can suppress the metabolic pathway that is responsible
for glycolysis and electron transport-linked phosphorylation. This
suppression leads to inhibition of Th17 cell differentiation and
promotion of Treg cell differentiation. In both Th17 and Treg cells,
itaconate has been observed to result in a reduction in the
concentrations of SAM (S-adenosyl-L-methionine) to the levels of
SAH (S-adenosylhomocysteine) and 2-hydroxyglutaric acid (2-HG),
respectively (153). These metabolic alterations have been linked to
changes in genome accessibility and gene expression during
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differentiation of Th17 and Treg cells, including decreased binding of
RAR-related orphan receptor gamma (RORyt), a member of the
nuclear receptor family of transcription factors (154), at the CTLAS8
(cytotoxic T-lymphocyte-associated protein 8)/IL-17A promoter
(155). The transfer of itaconate-treated Thl7-polarizing T cells
significantly treated experimental EAE, suggesting that itaconate, as a
crucial metabolic regulator for Th17/Treg cell balance, might serve as
a therapeutic agent for autoimmune diseases (153).

6. Key challenges and future steps

Researchers worldwide have extensively investigated the potential
of Treg therapy. The preclinical studies conducted on animal models
have yielded valuable insights into the safety, efficacy, and feasibility
of Treg therapy. Subsequently, several phase I clinical trials and a few
phase II trials have been initiated, indicating that Treg therapy is well-
tolerated and holds some promise of efficacy (156). Despite the
positive results of Treg therapy in treating autoimmune diseases,
several obstacles still need to be addressed. In an experimental
context, adoptive cell transfer (ACT) of Treg cells is being utilized to
treat autoimmune diseases such as systemic lupus erythematosus and
RA. Nonetheless, the isolation of functional Treg cells in higher
quantity for Treg cell-based therapies has become challenging (150,
157). Furthermore, the requirement for ex vivo manipulations that are
considerably expensive and complex, coupled with the risk of
contamination with nonTreg cells, serves to limit the effectiveness of
their utilization. A novel approach to addressing these challenges
involves the generation of functional Treg cells from induced
pluripotent stem (iPS) cells (157). Through transduction of the Foxp3
gene and stimulation with a NOTCH ligand in vitro, the differentiation
of iPS cells into Treg cells is initiated. These Treg cells, which are
derived from iPS cells, have the potential to be therapeutic, as they are
capable of secreting TGFB and IL10, and interfering with other
immune cell activities. In mouse models, Treg cells that are derived
from iPS cells have been demonstrated to suppress arthritis, as well as
recipient autoimmunity in allogeneic (MHC incompatible)
status (157).

Several pre-clinical studies have exhibited the effectiveness of
TI-Treg reprogramming because of its ability to reduce Treg
immunosuppression in tumors. In fact, it can even reverse it by
converting TI-Tregs into pro-inflammatory cells that stimulate the
immune response within tumors. However, targeting TI-Tregs for
their unique properties in the cancers described here may have
negative effects by blocking the function of beneficial immune cells
that attack cancer. For example, the development of CD28 blockers
may allow for more targeted cancer therapy by interrupting the
activation and development of Treg cells. However, it should be noted
that CD28 is also crucial for T-cell activation and facilitates maximal
glucose uptake by promoting Glutl subsequent to TCR-induced

References

1. ArefNezhad R, Motedayyen H, Mohammadi A. Therapeutic aspects of
mesenchymal stem cell-based cell therapy with a focus on human amniotic epithelial
cells in multiple sclerosis: a mechanistic review. Int ] Stem Cells. (2021) 14:241-51. doi:
10.15283/ijsc21032

2. Motedayyen H, Zarnani A-H, Tajik N, Ghotloo S, Rezaei A. Inmunomodulatory
effects of human amniotic epithelial cells on naive CD4+ T cells from women with

Frontiers in Medicine

10

10.3389/fmed.2023.1244298

stimulation (158). Furthermore, it has been shown that the
co-stimulation of CD28 has a significant effect on the effectiveness of
anti-PD1 therapy (159). The inhibition of CD28, which impairs the
activity of effector immune cells that infiltrate the TME, thus
counteracts the numerous advantages of Treg reprogramming.
Similarly, inhibiting CD25 could potentially impede the anti-
neoplastic functions of both NK cells and T effector cells. The
expression of CD25 is observed on activated NK cells and is
indispensable for their proliferation as well as the production of lytic
agents including PRF1 (perforin 1) and GZMB (granzyme B) (160,
161). Therefore, further investigation is necessary to precisely target
these pharmaceutical substances toward TI-Tregs, without eliciting
negative impacts on immune cells that fight against cancerous cells.

Author contributions

HH and AR involved in conception, design, statistical analysis and
drafting of the manuscript. FR, NE, HR, and DJK contributed in
involved in the conception, interpretation of data, drafting and
critically revised ms. This author approved the final version of ms.
Also, they agree to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity of any part
of the work are appropriately investigated and resolved. All authors
contributed to the article and approved the submitted version.

Acknowledgments

We would like to thank Dr. Herman Waldmann (Sir William
Dunn School of Pathology, University of Oxford, Oxford, UK) and Dr.
David Hafler (Departments of Neurology and Immunobiology, Yale
School of Medicine) for their kind advice on improving
our manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

unexplained recurrent spontaneous abortion. Placenta. (2018) 71:31-40. doi: 10.1016/j.
placenta.2018.06.008

3. Motedayyen H, Rezaei A, Zarnani A-H, Tajik N. Human amniotic epithelial cells
inhibit activation and pro-inflammatory cytokines production of naive CD4+ T cells
from women with unexplained recurrent spontaneous abortion. Reprod Biol. (2018)
18:182-8. doi: 10.1016/j.repbio.2018.04.002

frontiersin.org


https://doi.org/10.3389/fmed.2023.1244298
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.15283/ijsc21032
https://doi.org/10.1016/j.placenta.2018.06.008
https://doi.org/10.1016/j.placenta.2018.06.008
https://doi.org/10.1016/j.repbio.2018.04.002

Hosseinalizadeh et al.

4. Khadem F, Esmaeil N, Rezaei A, Motadayen H, Khani B. Inmunoregulatory effects
of human amnion epithelial cells on natural killer and T cells in women with Recurrent
Spontaneous Abortion (RSA). Turk J Immunol. (2019) 7:21-30. doi: 10.25002/
ji.2019.991

5. Rahmati M, Ghannadian SM, Kasiri N, Ahmadi L, Motedayyen H, Shaygannejad
V; et al. Modulation of Th17 proliferation and IL-17A gene expression by acetylated form
of apigenin in patients with multiple sclerosis. Immunol Investig. (2021) 50:216-29. doi:
10.1080/08820139.2020.1726381

6. Rezaei-Tazangi F, Roghani-Shahraki H, Khorsand Ghaffari M, Abolhasani Zadeh
F, Boostan A, ArefNezhad R, et al. The therapeutic potential of common herbal and
nano-based herbal formulations against ovarian cancer: new insight into the current
evidence. Pharmaceuticals. (2021) 14:1315. doi: 10.3390/ph14121315

7. ArefNezhad R, Rezaei-Tazangi F Roghani-Shahraki H, Goleij P, Zare N,
Motedayyen H, et al. Human umbsilical cord mesenchymal stem cells: heralding an
effective treatment against esophageal cancer? Cell Biol Int. (2023) 47:714-9. doi:
10.1002/cbin.11991

8. Dominguez-Villar M, Hafler DA. Regulatory T cells in autoimmune disease. Nat
Immunol. (2018) 19:665-73. doi: 10.1038/s41590-018-0120-4

9. Fathi F, Zamani B, Piroozmand A, Mozafarpoor S, Seyedhashemi E, ArefNezhad
R, et al. Programmed cell death 1 (PDCD1) gene haplotypes and susceptibility of
patients to basal cell carcinoma. Mol Biol Rep. (2021) 48:2047-52. doi: 10.1007/
511033-020-06115-w

10. Sadati ZA, Motedayyen H, Sherkat R, Ostadi V, Eskandari N. Comparison of the
percentage of regulatory T cells and their p-STAT5 expression in allergic and non-
allergic common variable immunodeficiency patients. Immunol Investig. (2019)
48:52-63. doi: 10.1080/08820139.2018.1498882

11. Kurniawan H, Soriano-Baguet L, Brenner D. Regulatory T cell metabolism at the
intersection between autoimmune diseases and cancer. Eur ] Immunol. (2020)
50:1626-42. doi: 10.1002/eji.201948470

12. Karimifar M, Akbari K, ArefNezhad R, Fathi F, Mousaei Ghasroldasht M,
Motedayyen H. Impacts of FcyRIIB and FcyRIIIA gene polymorphisms on systemic
lupus erythematous disease activity index. BMC Res Notes. (2021) 14:1-7. doi: 10.1186/
513104-021-05868-2

13. Keyhanmehr N, Motedayyen H, Eskandari N. The effects of silymarin and
cyclosporine A on the proliferation and cytokine production of regulatory T cells.
Immunol Investig. (2019) 48:533-48. doi: 10.1080/08820139.2019.1571506

14. Fathi F, Saidi RFE, Banafshe HR, Arbabi M, Lotfinia M, Motedayyen H. Changes in
immune profile affect disease progression in hepatocellular carcinoma. Int J
Immunopathol Pharmacol. (2022) 36:039463202210784. doi:
10.1177/03946320221078476

15. Fathi F, Atapour A, Eskandari N, Keyhanmehr N, Hafezi H, Mohammadi S, et al.
Regulatory T-cells and their impacts on cytokine profile of end-stage renal disease
patients suffering from systemic lupus erythematosus. Int | Immunopathol Pharmacol.
(2019) 33:2058738419863238. doi: 10.1177/2058738419863238

16. Fathi F, Ebrahimi M, Eslami A, Hafezi H, Eskandari N, Motedayyen H. Association
of programmed death-1 gene polymorphisms with the risk of basal cell carcinoma. Int
J Immunogenet. (2019) 46:444-50. doi: 10.1111/iji.12447

17. Sedaghat N, Motedayyen H, Alsahebfosoul F, Etemadifar M, Ostadi V, Kianpour
F, et al. Increased expression of lymphocyte activation gene-3 by regulatory T cells in
multiple sclerosis patients with fingolimod treatment. Turk J Immunol. (2019) 7. doi:
10.25002/tji.2019.1035

18. Kay M, Hasan-Abad AM, Hojati Z, Korbekandi H. Targeted mutations in Val101
and Arg27 interferon beta protein increase its transcriptional and translational activities.
Cytokine. (2016) 78:1-6. doi: 10.1016/j.cyt0.2015.11.019

19. Radhakrishnan S, Cabrera R, Schenk EL, Nava-Parada P, Bell MP, Van Keulen VP,
et al. Reprogrammed FoxP3+ T regulatory cells become IL-17+ antigen-specific
autoimmune effectors in vitro and in vivol. J Immunol. (2008) 181:3137-47. doi:
10.4049/jimmunol.181.5.3137

20. Moreno Ayala MA, Li Z, DuPage M. Treg programming and therapeutic
reprogramming in cancer. Immunology. (2019) 157:198-209. doi: 10.1111/imm.13058

21.Joyce JA, Fearon DT. T cell exclusion, immune privilege, and the tumor
microenvironment. Science. (2015) 348:74-80. doi: 10.1126/science.aaa6204

22. Chaudhary B, Elkord E. Regulatory T cells in the tumor microenvironment and
cancer progression: role and therapeutic targeting. Vaccine. (2016) 4:28. doi: 10.3390/
vaccines4030028

23. Saleh R, Elkord E. Treg-mediated acquired resistance to immune checkpoint
inhibitors. Cancer Lett. (2019) 457:168-79. doi: 10.1016/j.canlet.2019.05.003

24. Scott EN, Gocher AM, Workman CJ, DAA V. Regulatory T cells: barriers of
immune infiltration into the tumor microenvironment. Front Immunol. (2021) 12:12.
doi: 10.3389/fimmu.2021.702726

25. Schaaf MB, Garg AD, Agostinis P. Defining the role of the tumor vasculature in
antitumor immunity and immunotherapy. Cell Death Dis. (2018) 9:1-14. doi: 10.1038/
541419-017-0061-0

26. Sullivan JA, Tomita Y, Jankowska-Gan E, Lema DA, Arvedson MP, Nair A, et al.
Treg-cell-derived IL-35-coated extracellular vesicles promote infectious tolerance. Cell
Rep. (2020) 30:1039-51.e5. doi: 10.1016/j.celrep.2019.12.081

Frontiers in Medicine

11

10.3389/fmed.2023.1244298

27. Sawant DV, Yano H, Chikina M, Zhang Q, Liao M, Liu C, et al. Adaptive plasticity
of IL-10(+) and IL-35(+) T(reg) cells cooperatively promotes tumor T cell exhaustion.
Nat Immunol. (2019) 20:724-35. doi: 10.1038/s41590-019-0346-9

28. Najafi M, Farhood B, Mortezaee K. Contribution of regulatory T cells to cancer: a
review. J Cell Physiol. (2019) 234:7983-93. doi: 10.1002/jcp.27553

29. Tiemessen MM, Jagger AL, Evans HG, van Herwijnen M]J, John S, Taams LS.
CD4+CD25+Foxp3+ regulatory T cells induce alternative activation of human
monocytes/macrophages. Proc Natl Acad Sci U S A. (2007) 104:19446-51. doi: 10.1073/
pnas.0706832104

30. Gunaydin G. CAFs interacting with TAMs in tumor microenvironment to
enhance tumorigenesis and immune evasion. Front Oncol. (2021) 11:668349. doi:
10.3389/fonc.2021.668349

31. Dennis KL, Blatner NR, Gounari F, Khazaie K. Current status of interleukin-10
and regulatory T-cells in cancer. Curr Opin Oncol. (2013) 25:637-45. doi: 10.1097/
CC0.0000000000000006

32. Sawant DV, Yano H, Chikina M, Zhang Q, Liao M, Liu C, et al. Adaptive plasticity
of IL-10+ and IL-35+ Treg cells cooperatively promotes tumor T cell exhaustion. Nat
Immunol. (2019) 20:724-35. doi: 10.1038/s41590-019-0346-9

33. Chen B-J, Zhao J-W, Zhang D-H, Zheng A-H, Wu G-Q. Immunotherapy of cancer
by targeting regulatory T cells. Int Immunopharmacol. (2022) 104:108469. doi: 10.1016/j.
intimp.2021.108469

34. Gol-Ara M, Jadidi-Niaragh F, Sadria R, Azizi G, Mirshafiey A. The role of different
subsets of regulatory T cells in immunopathogenesis of rheumatoid arthritis. Arthritis.
(2012) 2012:805875. doi: 10.1155/2012/805875

35.Bettini M, Vignali DA. Regulatory T cells and inhibitory cytokines in
autoimmunity. Curr Opin Immunol. (2009) 21:612-8. doi: 10.1016/j.c0i.2009.09.011

36. Arellano B, Graber DJ, Sentman CL. Regulatory T cell-based therapies for
autoimmunity. Discov Med. (2016) 22:73-80.

37. Wolfle S, Strebovsky J, Bartz H, Sihr A, Arnold C, Kaiser C, et al. PD-L1
expression on tolerogenic APCs is controlled by STAT-3. Eur J Immunol. (2011)
41:413-24. doi: 10.1002/¢ji.201040979

38. Brusko TM, Wasserfall CH, Clare-Salzler M]J, Schatz DA, Atkinson MA.
Functional defects and the influence of age on the frequency of CD4+ CD25+ T-cells in
type 1 diabetes. Diabetes. (2005) 54:1407-14. doi: 10.2337/diabetes.54.5.1407

39. Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA. Loss of functional
suppression by CD4+CD25+ regulatory T cells in patients with multiple sclerosis. ] Exp
Med. (2004) 199:971-9. doi: 10.1084/jem.20031579

40. Brunkow ME, Jeffery EW, Hjerrild KA, Paeper B, Clark LB, Yasayko SA, et al.
Disruption of a new forkhead/winged-helix protein, scurfin, results in the fatal
lymphoproliferative disorder of the scurfy mouse. Nat Genet. (2001) 27:68-73. doi:
10.1038/83784

41. Ohkura N, Hamaguchi M, Morikawa H, Sugimura K, Tanaka A, Ito Y, et al. T cell
receptor stimulation-induced epigenetic changes and Foxp3 expression are independent
and complementary events required for Treg cell development. Immunity. (2012)
37:785-99. doi: 10.1016/j.immuni.2012.09.010

42. Baecher-Allan CM, Costantino CM, Cvetanovich GL, Ashley CW, Beriou G,
Dominguez-Villar M, et al. CD2 Costimulation reveals defective activity by human
CD4+CD25hi Regulatory cells in patients with multiple sclerosis. J Immunol. (2011)
186:3317-26. doi: 10.4049/jimmunol.1002502

43. Randolph DA, Fathman CG. CD4+CD25+ regulatory T cells and their therapeutic
potential. Annu Rev Med. (2006) 57:381-402. doi: 10.1146/annurev.
med.57.121304.131337

44. Iglesias-Escudero M, Arias-Gonzélez N, Martinez-Caceres E. Regulatory cells and
the effect of cancer immunotherapy. Mol Cancer. (2023) 22:26. doi: 10.1186/
512943-023-01714-0

45. von Boehmer H, Daniel C. Therapeutic opportunities for manipulating TReg cells
in autoimmunity and cancer. Nat Rev Drug Discov. (2013) 12:51-63. doi: 10.1038/
nrd3683

46. Munn DH, Sharma MD, Johnson TS. Treg destabilization and reprogramming:
implications for cancer immunotherapy. Cancer Res. (2018) 78:5191-9. doi:
10.1158/0008-5472.CAN-18-1351

47. Dixon ML, Leavenworth JD, Leavenworth JW. Lineage reprogramming of effector
regulatory T cells in cancer. Front Immunol. (2021) 12:717421. doi: 10.3389/
fimmu.2021.717421

48. Grinberg-Bleyer Y, Oh H, Desrichard A, Bhatt DM, Caron R, Chan TA, et al. NF-
kB c-Rel is crucial for the regulatory T cell immune checkpoint in cancer. Cells. (2017)
170:1096-1108.e13. doi: 10.1016/j.cell.2017.08.004

49. Plitas G, Konopacki C, Wu K, Bos PD, Morrow M, Putintseva EV, et al. Regulatory
T cells exhibit distinct features in human breast cancer. Immunity. (2016) 45:1122-34.
doi: 10.1016/j.immuni.2016.10.032

50. De Simone M, Arrigoni A, Rossetti G, Gruarin P, Ranzani V, Politano C, et al.
Transcriptional landscape of human tissue lymphocytes unveils uniqueness of tumor-
infiltrating T regulatory cells. Immunity. (2016) 45:1135-47. doi: 10.1016/j.
immuni.2016.10.021

51. Kupiec-Weglinski JW. OX40 costimulation and regulatory T cells. Blood. (2007)
110:2217-8. doi: 10.1182/blood-2007-07-097642

frontiersin.org


https://doi.org/10.3389/fmed.2023.1244298
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.25002/tji.2019.991
https://doi.org/10.25002/tji.2019.991
https://doi.org/10.1080/08820139.2020.1726381
https://doi.org/10.3390/ph14121315
https://doi.org/10.1002/cbin.11991
https://doi.org/10.1038/s41590-018-0120-4
https://doi.org/10.1007/s11033-020-06115-w
https://doi.org/10.1007/s11033-020-06115-w
https://doi.org/10.1080/08820139.2018.1498882
https://doi.org/10.1002/eji.201948470
https://doi.org/10.1186/s13104-021-05868-2
https://doi.org/10.1186/s13104-021-05868-2
https://doi.org/10.1080/08820139.2019.1571506
https://doi.org/10.1177/03946320221078476
https://doi.org/10.1177/2058738419863238
https://doi.org/10.1111/iji.12447
https://doi.org/10.25002/tji.2019.1035
https://doi.org/10.1016/j.cyto.2015.11.019
https://doi.org/10.4049/jimmunol.181.5.3137
https://doi.org/10.1111/imm.13058
https://doi.org/10.1126/science.aaa6204
https://doi.org/10.3390/vaccines4030028
https://doi.org/10.3390/vaccines4030028
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.3389/fimmu.2021.702726
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1016/j.celrep.2019.12.081
https://doi.org/10.1038/s41590-019-0346-9
https://doi.org/10.1002/jcp.27553
https://doi.org/10.1073/pnas.0706832104
https://doi.org/10.1073/pnas.0706832104
https://doi.org/10.3389/fonc.2021.668349
https://doi.org/10.1097/CCO.0000000000000006
https://doi.org/10.1097/CCO.0000000000000006
https://doi.org/10.1038/s41590-019-0346-9
https://doi.org/10.1016/j.intimp.2021.108469
https://doi.org/10.1016/j.intimp.2021.108469
https://doi.org/10.1155/2012/805875
https://doi.org/10.1016/j.coi.2009.09.011
https://doi.org/10.1002/eji.201040979
https://doi.org/10.2337/diabetes.54.5.1407
https://doi.org/10.1084/jem.20031579
https://doi.org/10.1038/83784
https://doi.org/10.1016/j.immuni.2012.09.010
https://doi.org/10.4049/jimmunol.1002502
https://doi.org/10.1146/annurev.med.57.121304.131337
https://doi.org/10.1146/annurev.med.57.121304.131337
https://doi.org/10.1186/s12943-023-01714-0
https://doi.org/10.1186/s12943-023-01714-0
https://doi.org/10.1038/nrd3683
https://doi.org/10.1038/nrd3683
https://doi.org/10.1158/0008-5472.CAN-18-1351
https://doi.org/10.3389/fimmu.2021.717421
https://doi.org/10.3389/fimmu.2021.717421
https://doi.org/10.1016/j.cell.2017.08.004
https://doi.org/10.1016/j.immuni.2016.10.032
https://doi.org/10.1016/j.immuni.2016.10.021
https://doi.org/10.1016/j.immuni.2016.10.021
https://doi.org/10.1182/blood-2007-07-097642

Hosseinalizadeh et al.

52.Kitamura N, Murata S, Ueki T, Mekata E, Reilly RT, Jaffee EM, et al. 0X40
costimulation can abrogate Foxp3+ regulatory T cell-mediated suppression of antitumor
immunity. Int ] Cancer. (2009) 125:630-8. doi: 10.1002/ijc.24435

53. Mascarelli DE, Rosa RSM, Toscaro JM, Semionatto IF, Ruas LP, Fogagnolo CT,
et al. Boosting antitumor response by costimulatory strategies driven to 4-1BB and
OX40 T-cell receptors. Front Cell Develop Biol. (2021) 9:9. doi: 10.3389/fcell.2021.692982

54. Gao Y, Zhao J, Huang Z, Zhao H, Guo Z, Ma S, et al. In situ reprogramming of
tumors for activating the OX40/0X40 ligand checkpoint pathway and boosting
antitumor immunity. ACS Biomater Sci Eng. (2022) 9:4108-16. doi: 10.1021/
acsbiomaterials.1c01637

55. Alves Costa Silva C, Facchinetti F, Routy B, Derosa L. New pathways in immune
stimulation: targeting OX40. ESMO Open. (2020) 5:2000573. doi: 10.1136/
esmoopen-2019-000573

56. Sansom DM. CD28, CTLA-4 and their ligands: who does what and to whom?
ImmunvlogyA (2000) 101:169-77. doi: 10.1046/j.1365-2567.2000.00121.x

57.He X, Smeets RL, van Rijssen E, Boots AMH, Joosten I, Koenen HJPM. Single
CD28 stimulation induces stable and polyclonal expansion of human regulatory T cells.
Sci Rep. (2017) 7:43003. doi: 10.1038/srep43003

58. Tang Q, Henriksen KJ, Boden EK, Tooley AJ, Ye J, Subudhi SK, et al. Cutting edge:
CD28 controls peripheral homeostasis of CD4+ CD25+ regulatory T cells. ] Immunol.
(2003) 171:3348-52. doi: 10.4049/jimmunol.171.7.3348

59. Crepeau RL, Ford ML. Challenges and opportunities in targeting the CD28/
CTLA-4 pathway in transplantation and autoimmunity. Expert Opin Biol Ther. (2017)
17:1001-12. doi: 10.1080/14712598.2017.1333595

60. Vang KB, Yang ], Pagan AJ, Li L-X, Wang J, Green JM, et al. Cutting edge: CD28
and c-rel-dependent pathways initiate regulatory T cell development. ] Immunol. (2010)
184:4074-7. doi: 10.4049/jimmunol.0903933

61. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nat
Rev Cancer. (2012) 12:252-64. doi: 10.1038/nrc3239

62.Li A, Jacks T. Driving Rel-iant Tregs toward an identity crisis. Immunity. (2017)
47:391-3. doi: 10.1016/j.immuni.2017.08.014

63. Grinberg-Bleyer Y, Oh H, Desrichard A, Bhatt DM, Caron R, Chan TA, et al. NF-
kB c-Rel is crucial for the regulatory T cell immune checkpoint in cancer. Cells. (2017)
170:1096-108.e13. doi: 10.1016/j.cell.2017.08.004

64. Di Pilato M, Kim EY, Cadilha BL, Priifimann JN, Nasrallah MN, Seruggia D, et al.
Targeting the CBM complex causes Treg cells to prime tumours for immune checkpoint
therapy. Nature. (2019) 570:112-6. doi: 10.1038/s41586-019-1215-2

65. Goswami S, Apostolou I, Zhang ], Skepner J, Anandhan S, Zhang X, et al.
Modulation of EZH2 expression in T cells improves efficacy of anti-CTLA-4 therapy. ]
Clin Invest. (2018) 128:3813-8. doi: 10.1172/JCI99760

66. Marable ], Ruiz D, Jaiswal AK, Bhattacharya R, Pantazes R, Agarwal P, et al.
Nanobody-based CTLA4 inhibitors for immune checkpoint blockade therapy of canine
cancer patients. Sci Rep. (2021) 11:20763. doi: 10.1038/s41598-021-00325-3

67. Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways: similarities, differences, and
implications of their inhibition. Am J Clin Oncol. (2016) 39:98-106. doi: 10.1097/
COC.0000000000000239

68.Du X, Liu M, Su J, Zhang P, Tang F, Ye P, et al. Uncoupling therapeutic from
immunotherapy-related adverse effects for safer and effective anti-CTLA-4 antibodies
in CTLA4 humanized mice. Cell Res. (2018) 28:433-47. doi: 10.1038/s41422-018-0012-z

69. Chen H, Liakou CI, Kamat A, Pettaway C, Ward JE, Tang DN, et al. Anti-CTLA-4
therapy results in higher CD4+ ICOShi T cell frequency and IFN-y levels in both
nonmalignant and malignant prostate tissues. Proc Natl Acad Sci. (2009) 106:2729-34.
doi: 10.1073/pnas.0813175106

70. Fellner C. Ipilimumab (yervoy) prolongs survival in advanced melanoma: serious
side effects and a hefty price tag may limit its use. P T. (2012) 37:503-30.

71.Nocentini G, Riccardi C. GITR: a modulator of immune response and
inflammation. Adv Exp Med Biol. (2009) 647:156-73. doi: 10.1007/978-0-387-89520-8_11

72. Coe D, Begom S, Addey C, White M, Dyson ], Chai J-G. Depletion of regulatory
T cells by anti-GITR mAD as a novel mechanism for cancer immunotherapy. Cancer
Immunol Immunother. (2010) 59:1367-77. doi: 10.1007/s00262-010-0866-5

73. Amoozgar Z, Kloepper J, Ren J, Tay RE, Kazer SW, Kiner E, et al. Targeting Treg
cells with GITR activation alleviates resistance to immunotherapy in murine
glioblastomas. Nat Commun. (2021) 12:2582. doi: 10.1038/s41467-021-22885-8

74. Denlinger C, Infante J, Aljumaily R, Naing A, Chintakuntlawar A, Rizvi N, et al.
A phase I study of MEDI1873, a novel GITR agonist, in advanced solid tumors. Ann
Oncol. (2018) 29:viii411. doi: 10.1093/annonc/mdy288.027

75. Tran B, Carvajal RD, Marabelle A, Patel SP, LoRusso PM, Rasmussen E, et al. Dose
escalation results from a first-in-human, phase 1 study of glucocorticoid-induced TNF
receptor-related protein agonist AMG 228 in patients with advanced solid tumors. J
Immunother Cancer. (2018) 6:93. doi: 10.1186/s40425-018-0407-x

76. Heinhuis KM, Carlino M, Joerger M, Di Nicola M, Meniawy T, Rottey S, et al.
Safety, tolerability, and potential clinical activity of a glucocorticoid-induced TNF
receptor-related protein agonist alone or in combination with nivolumab for patients
with advanced solid tumors: a phase 1/2a dose-escalation and cohort-expansion clinical
trial. JAMA Oncol. (2020) 6:100-7. doi: 10.1001/jamaoncol.2019.3848

Frontiers in Medicine

12

10.3389/fmed.2023.1244298

77. Phase I/1b study of GWN323 alone and in combination with PDRO01 in patients
with advanced malignancies and lymphomas. Available at: https://Clinical Trials.gov/
show/NCT02740270

78. Zappasodi R, Sirard C, Li Y, Budhu S, Abu-Akeel M, Liu C, et al. Rational design
of anti-GITR-based combination immunotherapy. Nat Med. (2019) 25:759-66. doi:
10.1038/s41591-019-0420-8

79.Ko K, Yamazaki S, Nakamura K, Nishioka T, Hirota K, Yamaguchi T, et al.
Treatment of advanced tumors with agonistic anti-GITR mAb and its effects on tumor-
infiltrating Foxp3+ CD25+ CD4+ regulatory T cells. J Exp Med. (2005) 202:885-91. doi:
10.1084/jem.20050940

80. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic self-tolerance
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune diseases.
J Immunol. (1995) 155:1151-64. doi: 10.4049/jimmunol.155.3.1151

81. Feng Y, Arvey A, Chinen T, Van Der Veeken ], Gasteiger G, Rudensky AY. Control
of the inheritance of regulatory T cell identity by a cis element in the Foxp3 locus. Cells.
(2014) 158:749-63. doi: 10.1016/j.cell.2014.07.031

82. Jiang T, Zhou C, Ren S. Role of IL-2 in cancer immunotherapy. Onco Targets Ther.
(2016) 5:e1163462. doi: 10.1080/2162402X.2016.1163462

83. Rech AJ, Mick R, Martin S, Recio A, Aqui NA, Powell D] Jr, et al. CD25 blockade
depletes and selectively reprograms regulatory T cells in concert with immunotherapy
in cancer patients. Sci Transl Med. (2012) 4:134ra62-2. doi: 10.1126/
scitranslmed.3003330

84. Wrangle JM, Patterson A, Johnson CB, Neitzke DJ, Mehrotra S, Denlinger CE, et al.
IL-2 and beyond in cancer immunotherapy. J Interf Cytokine Res. (2018) 38:45-68. doi:
10.1089/jir.2017.0101

85. Rosenberg SA, Lotze MT, Muul LM, Leitman S, Chang AE, Ettinghausen SE, et al.
Observations on the systemic administration of autologous lymphokine-activated killer
cells and recombinant interleukin-2 to patients with metastatic cancer. N Engl ] Med.
(1985) 313:1485-92. doi: 10.1056/NEJM198512053132327

86. Kirchner GI, Franzke A, Buer J, Beil W, Probst-Kepper M, Wittke F, et al.
Pharmacokinetics of recombinant human interleukin-2 in advanced renal cell carcinoma
patients following subcutaneous application. Br J Clin Pharmacol. (1998) 46:5-10. doi:
10.1046/j.1365-2125.1998.00036.x

87. Rosemina M, Carole G, Manjunatha Ankathatti M, Pearce LB, Peter L, Paul S, et al.
Fine-tuned long-acting interleukin-2 superkine potentiates durable immune responses
in mice and non-human primate. J Immunother Cancer. (2022) 10:e003155. doi:
10.1136/jitc-2021-003155

88.Phan LM, Yeung SC, Lee MH. Cancer metabolic reprogramming: importance,
main features, and potentials for precise targeted anti-cancer therapies. Cancer Biol Med.
(2014) 11:1-19. doi: 10.7497/j.issn.2095-3941.2014.01.001

89. Chang C-H, Qiu J, O’Sullivan D, Buck M, Noguchi T, Curtis J, et al. Metabolic
competition in the tumor microenvironment is a driver of cancer progression. Cells.
(2015) 162:1229-41. doi: 10.1016/j.cell.2015.08.016

90. Angelin A, Gil-de-Gémez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
reprograms T cell metabolism to function in low-glucose, high-lactate environments.
Cell Metab. (2017) 25:1282-1293.e7. doi: 10.1016/j.cmet.2016.12.018

91. Munn DH, Sharma MD, Johnson TS. Treg destabilization and reprogramming:
implications for Cancer immunotherapy. Cancer Res. (2018) 78:5191-9. doi:
10.1158/0008-5472.CAN-18-1351

92.Basu S, Hubbard B, Shevach EM. Foxp3-mediated inhibition of Akt inhibits Glut1
(glucose transporter 1) expression in human T regulatory cells. ] Leukoc Biol. (2015)
97:279-83. doi: 10.1189/jlb.2AB0514-273RR

93. Stambolic V, Suzuki A, De La Pompa JL, Brothers GM, Mirtsos C, Sasaki T, et al.
Negative regulation of PKB/Akt-dependent cell survival by the tumor suppressor PTEN.
Cells. (1998) 95:29-39. doi: 10.1016/S0092-8674(00)81780-8

94. Sharma MD, Shinde R, McGaha TL, Huang L, Holmgaard RB, Wolchok JD, et al.
The PTEN pathway in Tregs is a critical driver of the suppressive tumor
microenvironment. Sci Adv. 1:¢1500845. doi: 10.1126/sciadv.1500845

95. Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the
phosphatase PTEN to restrain TH1 and TFH cell responses. Nat Immunol. (2015)
16:178-87. doi: 10.1038/ni.3076

96. Beier UH, Angelin A, Akimova T, Wang L, Liu Y, Xiao H, et al. Essential role of
mitochondrial energy metabolism in Foxp3* T-regulatory cell function and allograft
survival. FASEB J. (2015) 29:2315-26. doi: 10.1096/f].14-268409

97. Clever D, Roychoudhuri R, Constantinides MG, Askenase MH, Sukumar M,
Klebanoff CA, et al. Oxygen sensing by T cells establishes an immunologically tolerant
metastatic niche. Cells. (2016) 166:1117-31.e14. doi: 10.1016/j.cell.2016.07.032

98.Lee JH, Elly C, Park Y, Liu YC. E3 ubiquitin ligase VHL regulates hypoxia-
inducible factor-1a to maintain Regulatory T cell stability and suppressive capacity.
Immunity. (2015) 42:1062-74. doi: 10.1016/j.immuni.2015.05.016

99. Overacre-Delgoffe AE, Chikina M, Dadey RE, Yano H, Brunazzi EA, Shayan G,
et al. Interferon-y drives T(reg) fragility to promote anti-tumor immunity. Cells. (2017)
169:1130-41.e11. doi: 10.1016/j.cell.2017.05.005

frontiersin.org


https://doi.org/10.3389/fmed.2023.1244298
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1002/ijc.24435
https://doi.org/10.3389/fcell.2021.692982
https://doi.org/10.1021/acsbiomaterials.1c01637
https://doi.org/10.1021/acsbiomaterials.1c01637
https://doi.org/10.1136/esmoopen-2019-000573
https://doi.org/10.1136/esmoopen-2019-000573
https://doi.org/10.1046/j.1365-2567.2000.00121.x
https://doi.org/10.1038/srep43003
https://doi.org/10.4049/jimmunol.171.7.3348
https://doi.org/10.1080/14712598.2017.1333595
https://doi.org/10.4049/jimmunol.0903933
https://doi.org/10.1038/nrc3239
https://doi.org/10.1016/j.immuni.2017.08.014
https://doi.org/10.1016/j.cell.2017.08.004
https://doi.org/10.1038/s41586-019-1215-2
https://doi.org/10.1172/JCI99760
https://doi.org/10.1038/s41598-021-00325-3
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1038/s41422-018-0012-z
https://doi.org/10.1073/pnas.0813175106
https://doi.org/10.1007/978-0-387-89520-8_11
https://doi.org/10.1007/s00262-010-0866-5
https://doi.org/10.1038/s41467-021-22885-8
https://doi.org/10.1093/annonc/mdy288.027
https://doi.org/10.1186/s40425-018-0407-x
https://doi.org/10.1001/jamaoncol.2019.3848
https://ClinicalTrials.gov/show/NCT02740270
https://ClinicalTrials.gov/show/NCT02740270
https://doi.org/10.1038/s41591-019-0420-8
https://doi.org/10.1084/jem.20050940
https://doi.org/10.4049/jimmunol.155.3.1151
https://doi.org/10.1016/j.cell.2014.07.031
https://doi.org/10.1080/2162402X.2016.1163462
https://doi.org/10.1126/scitranslmed.3003330
https://doi.org/10.1126/scitranslmed.3003330
https://doi.org/10.1089/jir.2017.0101
https://doi.org/10.1056/NEJM198512053132327
https://doi.org/10.1046/j.1365-2125.1998.00036.x
https://doi.org/10.1136/jitc-2021-003155
https://doi.org/10.7497/j.issn.2095-3941.2014.01.001
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1158/0008-5472.CAN-18-1351
https://doi.org/10.1189/jlb.2AB0514-273RR
https://doi.org/10.1016/S0092-8674(00)81780-8
https://doi.org/10.1126/sciadv.1500845
https://doi.org/10.1038/ni.3076
https://doi.org/10.1096/fj.14-268409
https://doi.org/10.1016/j.cell.2016.07.032
https://doi.org/10.1016/j.immuni.2015.05.016
https://doi.org/10.1016/j.cell.2017.05.005

Hosseinalizadeh et al.

100. Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al. HIFlalpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the differentiation
of TH17 and Treg cells. ] Exp Med. (2011) 208:1367-76. doi: 10.1084/jem.20110278

101. Field CS, Baixauli E Kyle RL, Puleston DJ, Cameron AM, Sanin DE, et al.
Mitochondrial integrity regulated by lipid metabolism is a cell-intrinsic checkpoint for Treg
suppressive function. Cell Metab. (2020) 31:422-37.e5. doi: 10.1016/j.cmet.2019.11.021

102. Pacella I, Procaccini C, Focaccetti C, Miacci S, Timperi E, Faicchia D, et al. Fatty
acid metabolism complements glycolysis in the selective regulatory T cell expansion
during tumor growth. Proc Natl Acad Sci U S A. (2018) 115:E6546-e55. doi: 10.1073/
pnas.1720113115

103. Horton BL, Spranger S. CD36 — the Achilles’ heel of Treg cells. Nat Immunol.
(2020) 21:251-3. doi: 10.1038/s41590-020-0601-0

104. Wang H, Franco F, Tsui Y-C, Xie X, Trefny MP, Zappasodi R, et al. CD36-
mediated metabolic adaptation supports regulatory T cell survival and function in
tumors. Nat Immunol. (2020) 21:298-308. doi: 10.1038/s41590-019-0589-5

105. Lim SA, Wei J, Nguyen T-LM, Shi H, Su W, Palacios G, et al. Lipid signalling
enforces functional specialization of Treg cells in tumours. Nature. (2021) 591:306-11.
doi: 10.1038/s41586-021-03235-6

106. Gong L, Luo J, Zhang Y, Yang Y, Li S, Fang X, et al. Nasopharyngeal carcinoma
cells promote regulatory T cell development and suppressive activity via CD70-CD27
interaction. Nat Commun. (2023) 14:1912. doi: 10.1038/s41467-023-37614-6

107. Procaccini C, Garavelli S, Carbone F, Di Silvestre D, La Rocca C, Greco D, et al.
Signals of pseudo-starvation unveil the amino acid transporter SLC7A11 as key
determinant in the control of Treg cell proliferative potential. Immunity. (2021)
54:1543-1560.€6. doi: 10.1016/j.immuni.2021.04.014

108. Shi H, Chapman NM, Wen J, Guy C, Long L, Dhungana Y, et al. Amino acids
license kinase mTORCI activity and Treg cell function via small G proteins rag and
Rheb. Immunity. (2019) 51:1012-27.e7. doi: 10.1016/j.immuni.2019.10.001

109. Yahsi B, Gunaydin G. Immunometabolism - the role of branched-chain amino
acids. Front Immunol. (2022) 13:886822. doi: 10.3389/fimmu.2022.886822

110. Tkeda K, Kinoshita M, Kayama H, Nagamori S, Kongpracha P, Umemoto E, et al.
Slc3a2 mediates branched-chain amino-acid-dependent maintenance of regulatory T
cells. Cell Rep. (2017) 21:1824-38. doi: 10.1016/j.celrep.2017.10.082

111. Hosseinalizadeh H, Mahmoodpour M, Samadani AA, Roudkenar MH. The
immunosuppressive role of indoleamine 2, 3-dioxygenase in glioblastoma: mechanism
of action and immunotherapeutic strategies. Med Oncol. (2022) 39:130. doi: 10.1007/
$12032-022-01724-w

112. Munn DH. Indoleamine 2,3-dioxygenase, Tregs and cancer. Curr Med Chem.
(2011) 18:2240-6. doi: 10.2174/092986711795656045

113. Liu M, Wang X, Wang L, Ma X, Gong Z, Zhang S, et al. Targeting the IDO1
pathway in cancer: from bench to bedside. ] Hematol Oncol. (2018) 11:100. doi: 10.1186/
513045-018-0644-y

114. Wei ], Long L, Yang K, Guy C, Shrestha S, Chen Z, et al. Autophagy enforces
functional integrity of regulatory T cells by coupling environmental cues and metabolic
homeostasis. Nat Immunol. (2016) 17:277-85. doi: 10.1038/ni.3365

115. Hosseinalizadeh H, Mohamadzadeh O, Kahrizi MS, Razaghi Bahabadi Z,
Klionsky DJ, Mirzei H. TRIMS: a double-edged sword in glioblastoma with the power
to heal or hurt. Cell Mol Biol Lett. (2023) 28:6. doi: 10.1186/s11658-023-00418-z

116. Yu X, Teng XL, Wang F, Zheng Y, Qu G, Zhou Y, et al. Metabolic control of
regulatory T cell stability and function by TRAF3IP3 at the lysosome. ] Exp Med. (2018)
215:2463-76. doi: 10.1084/jem.20180397

117. Wei ], Long L, Yang K, Guy C, Shrestha S, Chen Z, et al. Autophagy enforces
functional integrity of regulatory T cells by coupling environmental cues and metabolic
homeostasis. Nat Immunol. (2016) 17:277-85. doi: 10.1038/ni.3365

118. Yang K. Regulation of Treg cell metabolism and function in non-lymphoid
tissues. Front Immunol. (2022) 13:909705. doi: 10.3389/fimmu.2022.1081546

119. Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: can Treg cells be a new
therapeutic target? Cancer Sci. (2019) 110:2080-9. doi: 10.1111/cas.14069

120. Oh E, Hong ], Yun CO. Regulatory T cells induce metastasis by increasing Tgf-f
and enhancing the epithelial-mesenchymal transition. Cells. (2019) 8:1387. doi: 10.3390/
cells8111387

121. Giraldo NA, Becht E, Vano Y, Petitprez F, Lacroix L, Validire P, et al. Tumor-
infiltrating and peripheral blood T-cell immunophenotypes predict early relapse
in localized clear cell renal cell carcinoma T-cell immunophenotype in renal cell
carcinoma. Clin Cancer Res. (2017) 23:4416-28. doi: 10.1158/1078-0432.CCR-16-2848

122. Lal A, Chan L, DeVries S, Chin K, Scott GK, Benz CC, et al. FOXP3-positive
regulatory T lymphocytes and epithelial FOXP3 expression in synchronous normal,
ductal carcinoma in situ, and invasive cancer of the breast. Breast Cancer Res Treat.
(2013) 139:381-90. doi: 10.1007/s10549-013-2556-4

123. Zhou S, Xu S, Tao H, Zhen Z, Chen G, Zhang Z, et al. CCR7 expression and
intratumoral FOXP3+ regulatory T cells are correlated with overall survival and lymph node
metastasis in gastric cancer. PLoS One. (2013) 8:e74430. doi: 10.1371/journal.pone.0074430

124. Tan W, Zhang W, Strasner A, Grivennikov S, Cheng JQ, Hoffman RM, et al.
Tumour-infiltrating regulatory T cells stimulate mammary cancer metastasis through
RANKL-RANK signalling. Nature. (2011) 470:548-53. doi: 10.1038/nature09707

Frontiers in Medicine

13

10.3389/fmed.2023.1244298

125. Ahern E, Harjunpéi H, Barkauskas D, Allen S, Takeda K, Yagita H, et al. Co-
administration of RANKL and CTLA4 antibodies enhances lymphocyte-mediated
antitumor immunity in mice. Clin Cancer Res. (2017) 23:5789-801. doi:
10.1158/1078-0432.CCR-17-0606

126. Miller PD. Denosumab: anti-RANKL antibody. Curr Osteoporos Rep. (2009)
7:18-22. doi: 10.1007/s11914-009-0004-5

127. Bluestone JA, Buckner JH, Fitch M, Gitelman SE, Gupta S, Hellerstein MK, et al.
Type 1 diabetes immunotherapy using polyclonal regulatory T cells. Sci Transl Med.
(2015) 7:315ra189. doi: 10.1126/scitranslmed.aad4134

128. Rana J, Biswas M. Regulatory T cell therapy: current and future design
perspectives. Cell Immunol. (2020) 356:104193. doi: 10.1016/j.cellimm.2020.104193

129. Raffin C, Vo LT, Bluestone JA. Treg cell-based therapies: challenges and
perspectives. Nat Rev Immunol. (2020) 20:158-72. doi: 10.1038/s41577-019-0232-6

130. Hosseinalizadeh H, Habibi Roudkenar M, Mohammadi Roushandeh A,
Kuwahara Y, Tomita K, Sato T. Natural killer cell immunotherapy in glioblastoma.
Discover Oncol. (2022) 13:113. doi: 10.1007/s12672-022-00567-1

131. Sun Y, Yuan Y, Zhang B, Zhang X. CARs: a new approach for the treatment of
autoimmune diseases. Sci China Life Sci. (2022) 66:711-28. doi: 10.1007/
s11427-022-2212-5

132. Elinav E, Waks T, Eshhar Z. Redirection of regulatory T cells with predetermined
specificity for the treatment of experimental colitis in mice. Gastroenterology. (2008)
134:2014-24. doi: 10.1053/.gastro.2008.02.060

133. Safety & Tolerability Study of Chimeric Antigen Receptor T-Reg Cell Therapy in
Living Donor Renal Transplant Recipients. Available at: https://Clinical Trials.gov/show/
NCT04817774.

134. Safety and Clinical Activity of QEL-001 in A2-mismatch Liver Transplant
Patients. Available at: https://Clinical Trials.gov/show/NCT05234190.

135. Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M, Tree TI. Defective
suppressor function in CD4+ CD25+ T-cells from patients with type 1 diabetes.
Diabetes. (2005) 54:92-9. doi: 10.2337/diabetes.54.1.92

136. Tenspolde M, Zimmermann K, Weber LC, Hapke M, Lieber M, Dywicki ], et al.
Regulatory T cells engineered with a novel insulin-specific chimeric antigen receptor as
a candidate immunotherapy for type 1 diabetes. ] Autoimmun. (2019) 103:102289. doi:
10.1016/j.jaut.2019.05.017

137. Imam S, Jaume J. MON-LB033 unleashing the anti-inflammatory potential of
Treg cells against type I diabetes using advanced chimeric antigen receptor technology.
J Endocr Soc. (2019) 3:MON-LB033. doi: 10.1210/js.2019-MON-LB033

138. Serr I, Fiirst RW, Achenbach P, Scherm MG, Gékmen E, Haupt F, et al. Type 1
diabetes vaccine candidates promote human Foxp3+Treg induction in humanized mice.
Nat Commun. (2016) 7:10991. doi: 10.1038/ncomms10991

139. Kimura K, Hohjoh H, Fukuoka M, Sato W, Oki S, Tomi C, et al. Circulating
exosomes suppress the induction of regulatory T cells via let-7i in multiple sclerosis. Nat
Commun. (2018) 9:17. doi: 10.1038/s41467-017-02406-2

140. Fransson M, Piras E, Burman J, Nilsson B, Essand M, Lu B, et al. CAR/FoxP3-
engineered T regulatory cells target the CNS and suppress EAE upon intranasal delivery.
J Neuroinflammation. (2012) 9:112. doi: 10.1186/1742-2094-9-112

141. Goverman JM, Regulatory T. Cells in multiple sclerosis. N Engl ] Med. (2021)
384:578-80. doi: 10.1056/NEJMcibr2033544

142. Norlander AE, Bloodworth MH, Toki S, Zhang J, Zhou W, Boyd K, et al.
Prostaglandin I2 signaling licenses Treg suppressive function and prevents
pathogenic reprogramming. J Clin Invest. (2021) 131:e140690. doi: 10.1172/
JCI140690

143. Eggenhuizen PJ], Ng BH, Ooi JD. Treg enhancing therapies to treat autoimmune
diseases. Int ] Mol Sci. (2020) 21:7015. doi: 10.3390/ijms21197015

144. Selck C, Dominguez-Villar M. Antigen-specific regulatory T cell therapy in
autoimmune diseases and transplantation. Front Immunol. (2021) 12:661875. doi:
10.3389/fimmu.2021.661875

145. Stephens LA, Malpass KH, Anderton SM. Curing CNS autoimmune disease with
myelin-reactive Foxp3+ Treg. Eur ] Immunol. (2009) 39:1108-17. doi: 10.1002/
€ji.200839073

146. Kim YC, Zhang A-H, Yoon J, Culp WE, Lees JR, Wucherpfennig KW, et al.
Engineered MBP-specific human Tregs ameliorate MOG-induced EAE through IL-2-
triggered inhibition of effector T cells. J Autoimmun. (2018) 92:77-86. doi: 10.1016/j.
jaut.2018.05.003

147. Kim YC, Zhang AH, Yoon ], Culp WE, Lees JR, Wucherpfennig KW, et al.
Engineered MBP-specific human Tregs ameliorate MOG-induced EAE through IL-2-
triggered inhibition of effector T cells. J Autoimmun. (2018) 92:77-86. doi: 10.1016/j.
jaut.2018.05.003

148. Malviya M, Saoudi A, Bauer J, Fillatreau S, Liblau R. Treatment of
experimental autoimmune encephalomyelitis with engineered bi-specific Foxp3+
regulatory CD4+ T cells. J Autoimmun. (2020) 108:102401. doi: 10.1016/j.
jaut.2020.102401

149. Zhang H, Podojil JR, Chang J, Luo X, Miller SD. TGF-p-induced myelin peptide-
specific regulatory T cells mediate antigen-specific suppression of induction of
experimental autoimmune encephalomyelitis. J Immunol. (2010) 184:6629-36. doi:
10.4049/jimmunol.0904044

frontiersin.org


https://doi.org/10.3389/fmed.2023.1244298
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1016/j.cmet.2019.11.021
https://doi.org/10.1073/pnas.1720113115
https://doi.org/10.1073/pnas.1720113115
https://doi.org/10.1038/s41590-020-0601-0
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.1038/s41467-023-37614-6
https://doi.org/10.1016/j.immuni.2021.04.014
https://doi.org/10.1016/j.immuni.2019.10.001
https://doi.org/10.3389/fimmu.2022.886822
https://doi.org/10.1016/j.celrep.2017.10.082
https://doi.org/10.1007/s12032-022-01724-w
https://doi.org/10.1007/s12032-022-01724-w
https://doi.org/10.2174/092986711795656045
https://doi.org/10.1186/s13045-018-0644-y
https://doi.org/10.1186/s13045-018-0644-y
https://doi.org/10.1038/ni.3365
https://doi.org/10.1186/s11658-023-00418-z
https://doi.org/10.1084/jem.20180397
https://doi.org/10.1038/ni.3365
https://doi.org/10.3389/fimmu.2022.1081546
https://doi.org/10.1111/cas.14069
https://doi.org/10.3390/cells8111387
https://doi.org/10.3390/cells8111387
https://doi.org/10.1158/1078-0432.CCR-16-2848
https://doi.org/10.1007/s10549-013-2556-4
https://doi.org/10.1371/journal.pone.0074430
https://doi.org/10.1038/nature09707
https://doi.org/10.1158/1078-0432.CCR-17-0606
https://doi.org/10.1007/s11914-009-0004-5
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1016/j.cellimm.2020.104193
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1007/s12672-022-00567-1
https://doi.org/10.1007/s11427-022-2212-5
https://doi.org/10.1007/s11427-022-2212-5
https://doi.org/10.1053/j.gastro.2008.02.060
https://ClinicalTrials.gov/show/NCT04817774
https://ClinicalTrials.gov/show/NCT04817774
https://ClinicalTrials.gov/show/NCT05234190
https://doi.org/10.2337/diabetes.54.1.92
https://doi.org/10.1016/j.jaut.2019.05.017
https://doi.org/10.1210/js.2019-MON-LB033
https://doi.org/10.1038/ncomms10991
https://doi.org/10.1038/s41467-017-02406-2
https://doi.org/10.1186/1742-2094-9-112
https://doi.org/10.1056/NEJMcibr2033544
https://doi.org/10.1172/JCI140690
https://doi.org/10.1172/JCI140690
https://doi.org/10.3390/ijms21197015
https://doi.org/10.3389/fimmu.2021.661875
https://doi.org/10.1002/eji.200839073
https://doi.org/10.1002/eji.200839073
https://doi.org/10.1016/j.jaut.2018.05.003
https://doi.org/10.1016/j.jaut.2018.05.003
https://doi.org/10.1016/j.jaut.2018.05.003
https://doi.org/10.1016/j.jaut.2018.05.003
https://doi.org/10.1016/j.jaut.2020.102401
https://doi.org/10.1016/j.jaut.2020.102401
https://doi.org/10.4049/jimmunol.0904044

Hosseinalizadeh et al.

150. Wright GP, Notley CA, Xue S-A, Bendle GM, Holler A, Schumacher TN, et al.
Adoptive therapy with redirected primary regulatory T cells results in antigen-specific
suppression of arthritis. Proc Natl Acad Sci. (2009) 106:19078-83. doi: 10.1073/
pnas.0907396106

151. Afzali B, Lombardi G, Lechler RI, Lord GM. The role of T helper 17 (Th17) and
regulatory T cells (Treg) in human organ transplantation and autoimmune disease. Clin
Exp Immunol. (2007) 148:32-46. doi: 10.1111/j.1365-2249.2007.03356.x

152. Chen LL, Morcelle C, Cheng ZL, Chen X, Xu Y, Gao Y, et al. Itaconate inhibits
TET DNA dioxygenases to dampen inflammatory responses. Nat Cell Biol. (2022)
24:353-63. doi: 10.1038/s41556-022-00853-8

153. Aso K, Kono M, Kanda M, Kudo Y, Sakiyama K, Hisada R, et al. Itaconate
ameliorates autoimmunity by modulating T cell imbalance via metabolic and epigenetic
reprogramming. Nat Commun. (2023) 14:984. doi: 10.1038/s41467-023-36594-x

154. Capone A, Volpe E. Transcriptional regulators of T helper 17 cell differentiation
in health and autoimmune diseases. Front Immunol. (2020) 11:348. doi: 10.3389/
fimmu.2020.00348

155. Kanai T, Mikami Y, Sujino T, Hisamatsu T, Hibi T. RORyt-dependent IL-17A-

producing cells in the pathogenesis of intestinal inflammation. Mucosal Immunol. (2012)
5:240-7. doi: 10.1038/mi.2012.6

Frontiers in Medicine

14

10.3389/fmed.2023.1244298

156. Baeten P, Van Zeebroeck L, Kleinewietfeld M, Hellings N, Broux B. Improving
the efficacy of regulatory T cell therapy. Clin Rev Allergy Immunol. (2022) 62:363-81.
doi: 10.1007/s12016-021-08866-1

157. Haque R, Lei E, Xiong X, Bian Y, Zhao B, Wu Y, et al. Programming of regulatory
T cells from pluripotent stem cells and prevention of autoimmunity. J Immunol. (2012)
189:1228-36. doi: 10.4049/jimmunol.1200633

158. Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL, Hammen JJ, et al.
Glucose uptake is limiting in T cell activation and requires CD28-mediated Akt-
dependent and independent pathways. J Immunol. (2008) 180:4476-86. doi: 10.4049/
jimmunol.180.7.4476

159. Kaviani E, Hosseini A, Mahmoudi Maymand E, Ramzi M, Ghaderi A, Ramezani A.
Triggering of lymphocytes by CD28, 4-1BB, and PD-1 checkpoints to enhance the immune
response capacities. PLoS One. (2022) 17:¢0275777. doi: 10.1371/journal.pone.0275777

160. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer cells: development,
maturation, and clinical utilization. Front Immunol. (2018) 9:1869. doi: 10.3389/
fimmu.2018.01869

161. Arenas-Ramirez N, Zou C, Popp S, Zingg D, Brannetti B, Wirth E, et al. Improved
cancer immunotherapy by a CD25-mimobody conferring selectivity to human
interleukin-2. Sci Transl Med. (2016) 8:367ra166-6. doi: 10.1126/scitranslmed.aag3187

frontiersin.org


https://doi.org/10.3389/fmed.2023.1244298
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1073/pnas.0907396106
https://doi.org/10.1073/pnas.0907396106
https://doi.org/10.1111/j.1365-2249.2007.03356.x
https://doi.org/10.1038/s41556-022-00853-8
https://doi.org/10.1038/s41467-023-36594-x
https://doi.org/10.3389/fimmu.2020.00348
https://doi.org/10.3389/fimmu.2020.00348
https://doi.org/10.1038/mi.2012.6
https://doi.org/10.1007/s12016-021-08866-1
https://doi.org/10.4049/jimmunol.1200633
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.4049/jimmunol.180.7.4476
https://doi.org/10.1371/journal.pone.0275777
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1126/scitranslmed.aag3187

Hosseinalizadeh et al.

10.3389/fmed.2023.1244298

Glossary
Tregs regulatory T cells
CAR chimeric antigen receptor
IDO indolamine-2,3-dioxygenase
Th T helper
CAF cancer-associated fibroblasts
TAM tumor-associated macrophages
PD-L1 Programmed death-ligand 1
T1D type 1 diabetes
MS multiple sclerosis
CTLA4 cytotoxic T-lymphocyte associated protein 4
GITR Glucocorticoid-induced TNFR-related protein
NRP1 neuropilin 1
NOD nonobese diabetic
CBM CARMA1/Bcl10/Maltl
RA rheumatoid arthritis
TME tumor microenvironment
ICIs immune checkpoint inhibitors
GITRL Glucocorticoid-induced TNF-related ligand
IL2RA interleukin 2 receptor subunit alpha
STAT5 signal transducer and activator of transcription 5
PTEN phosphatase and tensin homolog
OXPHOS oxidative phosphorylation
VHL von Hippel-Lindau
HIF1-o hypoxia inducible factor 1 subunit alpha
DCA dichloroacetate
PDHK pyruvate dehydrogenase kinase
2-DG 2-deoxyglucose
FAS fatty acid synthesis
SREBF sterol regulatory element binding transcription factor
TOFA 5-tetradecyloxy-2-furoic acid
ACC acetyl-CoA carboxylase
CPT1 carnitine palmitoyltransferase 1
FAO fatty-acid p-oxidation
BCAAs branched-chain amino acids
3-HAA 3-hydroxyanthranilic acid
Arg arginine
ATG7 autophagy related 7
Traf3ip3 TRAF3 interacting protein 3
RCC renal cell carcinomas
BC breast cancers
GC gastric cancers
EMT epithelial-mesenchymal transition
TNFSF11/RANKL TNF superfamily member 11
MHC major histocompatibility complex
scf single-chain variable antibody fragment
GTIT glucose tolerance tests
MOG myelin oligodendrocyte glycoprotein
EAE encephalomyelitis
MBP myelin basic protein
SERPIN serpin family B
ACT adoptive cell transfer
iPS induced pluripotent stem
EZH2 enhancer of zeste 2 polycomb repressive complex 2 subunit
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