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Abstract

The important immunoregulatory roles of regulatory T cells (Tregs) include fostering tolerance to infections, controlling immune surveil-
lance, and curtailing autoimmunity. Years of research have not only generated abundant knowledge in the field of Treg biology but also
enabled the initial application of Tregs in cell therapy. However, most data in this field are obtained from laboratory animals and in vitro
experiments. This review provides an updated summary and the latest understanding of Treg-targeting cell therapy. We introduce the
unique traits of Tregs, review animal experiments and clinical trials on Treg injections, discuss limitations of Treg applications, and con-
sider future perspectives on Treg-based therapies. Overall, the safety and potential efficacy of Tregs will broaden the scope of cell-based
treatments.
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1. Introduction to Tregs
Over the past 30 years, various types of regulatory

T cells (Tregs) have been discovered. This particular
T-cell subset is well known for its ability to control
the immune response and enhance self-tolerance [1].
Three to ten percent of human peripheral CD4+ T
cells are Tregs. The phenotypic diversity of Tregs is
demonstrated by the presence of numerous markers and
their combinations. Forkhead box protein 3 (FOXP3),
CD25, and CD4 are all expressed by classic Tregs [2,3].
Therefore, the phenotypic name for these CD4+ Tregs
is CD4+CD25+Foxp3+ regulatory T cells. Human
Tregs usually have the CD3+CD4+CD25highCD127low
FOXP3+ phenotype. Other regulatory molecules, such as
Glucocorticoid-Induced TNFR-Related Protein (GITR),
lymphocyte activating 3 (Lag-3), glycoprotein A33
(GPA33), Helios, glycoprotein A repetitions predominant
(GARP), neuropilin, and T-cell immunoreceptor with Ig
and ITIM domains (TIGIT), are also considered Treg-
specific markers [4,5]. Peripheral-origin Tregs (pTregs)
and thymic-origin Tregs (tTregs) are the two subsets of
T cells that are distinguished by their sites of origin and
development. There are two types of Tregs, known as ef-
fector Tregs (eTregs) and central Tregs (cTregs), depending
on how they function and differentiate. Within lymphoid
tissues, cTregs are relatively dormant. These cells rely on
the IL-2 released by conventional T cells (Tconv cells)
in the T-cell zones of lymphoid tissues and express the
lymphoid homing molecules CD62L and CCR7 (C-C
motif chemokine receptor 7). Treg homing to secondary
lymphoid organs is facilitated by CD62L as well as CCR7

[6]; eTregs are mostly nonlymphoid Tregs that exhibit
increased expression of GITR, ICOS (inducible T-cell
costimulator), CD44 and other activation-induced markers
with decreased lymphoid homing molecule expression
[6]. High levels of IL-10 and the transcription factor
BLIMP1 (PR domain 1) are expressed by the majority of
Tregs [7]. Tregs are found in various inflammatory sites
as well as tissues, and the acquisition of corresponding
adhesion molecules along with chemokine receptors that
facilitate directional homing is linked to their differenti-
ation. For example, CCR4 guides Treg migration to skin
tissues; GPR-15 guides Tregs to the intestines; and LFA-1
(lymphocyte function-associated antigen 1), CXCR3
(C-X-C motif chemokine receptor 3), VLA-4 (integrin
alpha4beta1), CCR2, CCR5, CCR6 and CCR8 guide Tregs
to areas of inflammation [8].

2. Immunosuppressive Traits of Tregs
Tregs, myeloid-derived suppressor cells (MDSCs),

and regulatory B cells (Bregs) are crucial for preserving
tolerance to infections and regulating the immune response
to avoid overactivation [2]. Tregs inhibit proinflammatory
cytokine production and dampen effector T-cell activation
and proliferation by secreting transforming growth factor
beta (TGF-β) and IL-10 (both inhibitory cytokines). To
produce immunosuppressive effects, these regulatory cells
also express programmed cell death protein 1 (PD-1), cy-
totoxic T lymphocyte-associated protein 4 (CTLA-4), and
adenosine (ADO, an immunosuppressive metabolite) to ex-
ert immunosuppressive effects [9].
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Regardless of how Tregs are classified, only the abil-
ity to inhibit immune responses distinguishes Tregs from
inflammatory T cells. Reduced Treg function or quantity
leads to tolerance loss and increases autoimmune disease
risk. In the context of autoimmune diseases and organ trans-
plantation, Tregs inhibit autoimmunization or favor organ
transplantation, whereas in cancer, increased Treg levels are
linked to tumor growth and a poor prognosis [10].

The barrier tissues and secondary lymphoid organs of
the body, such as the lungs, skin, liver and gastrointestinal
tract, contain Tregs [11]. When an inflammatory response
arises, Tregs penetrate the area and suppress the immune
system to reduce the reaction [12]. Tregs can increase im-
mune escape and suppress the antitumor immune response,
in addition to reducing autoimmunity [13]. When stimu-
lated by inflammation, Tregs release both CCL4 and CCL3,
which are chemokines that guide Treg migration [14].

We recently reported two NK cell subsets,
CD38+CD16+ NK cells and CD38+CD16- NK cells,
involved in the differentiation of Tregs from CD4+ T
cells. CD38+CD16+ NK cells can suppress CD4+ T-
cell differentiation into Tregs, and a high proportion of
CD38+CD16+ NK cells leads to a low abundance of Tregs,
which interrupts immune tolerance in autoimmune diseases
such as rheumatoid arthritis. In contrast, CD38+CD16-
NK cells can promote the differentiation of CD4+ T cells
into Tregs, and a high proportion of CD38+CD16- NK
cells contributes to the abundance of Tregs in tumors
to disturb immune surveillance. Treg differentiation is
partially dependent on the ratio of CD38+CD16+ NK
cells to CD38+CD16- NK cells [15–19]. Other studies
also reported the regulatory effect of NK cells on Treg
differentiation [20]. Additionally, inhibitory natural killer
cell receptors expressed on cytotoxic CD8 T lymphocytes
regulate in HIV-1 replication in antiretroviral therapy [21].

3. Treg-Targeting Therapy for Various
Immune-Related Diseases

Tregs maintain immune homeostasis, which is closely
linked to the development of different diseases. Tissue
destruction, transplant rejection, graft-versus-host disease,
and autoimmune diseases can all be caused by Treg defi-
ciency or dysfunction [22]. However, when a high abun-
dance of Tregs is present in the microenvironment, tumor
cells can avoid host immune surveillance [23]. Thus, Tregs
may be the basis for the development of novel immunother-
apeutic strategies. The following provides an updated sum-
mary of Treg-targeting therapies for various diseases.

3.1 Treg Depletion for Tumor Treatment
Many researchers have revealed an increased number

of circulating and intratumoral Tregs under tumor condi-
tions, which correlates with impaired CD8+ T-cell func-
tion [23]. Tregs disturb immune homeostasis in tumor tis-
sues. Treg reprogramming and T-cell transformation into
an immunosuppressive phenotype are caused by the tumor-

related inflammatory microenvironment. The interaction
between Tregs and tumor cells suppresses immune surveil-
lance and accelerates the growth of tumors, which con-
sequently facilitates tumor progression or immune escape
[23]. We recently reported that in vitro, CD4+ T cells are
prompted to differentiate into Tregs when tumor cells with
high Sirt6 activity and expression are present [24]. There-
fore, Tregs are key targets for cancer immunotherapy [25].

Treg depletion strategies may inhibit tumor growth.
Interference reprogramming has been shown to be promis-
ing for reducing the number of tumor-associated Tregs
or weakening Treg function in the context of tumor im-
munotherapy, thereby improving antitumor immune re-
sponses [23]. Although GITR is expressed at low levels
by naive T cells, Tregs show high GITR expression [26].
GITR binding to its ligand prompts Treg function and in-
hibits T effector cells [27,28]. Therefore, strategies for re-
ducing Treg numbers have been developed to target GITR.
The anti-GITR antibody TRX518 have been used in the first
human phase I trial. The antibody increased the T effec-
tor cell/Treg ratio and lowered intratumoral as well as cir-
culating Treg counts [29]. Combining anti-GITR antibod-
ies with other antitumor antibodies can increase therapeu-
tic efficacy. In mice with breast tumors grafted with CT26
cells (mouse colon cancer cells), the combination of anti-
PD-1 and anti-GITR antibodies with paclitaxel or cisplatin,
chemotherapeutic medications, markedly suppressed tumor
growth. T effector cell and IFN-γ levels were increased
in these tumor-bearing mice [30]. In an animal model of
triple-negative breast cancer created in 4T1mice, the antitu-
mor effect of the anti-PD-1 antibody was greatly increased
under combined treatment with local radiation and a DTA-1
mAb (anti-GITR antibody). Increases in CD8+ T cells and
decreases in Tregs were also detected [31].

IL-2 is an important cytokine, and CD25 (IL-2Rα
chain) is a growth factor essential for Treg development. In
both Tregs and activated circulating immune cells, CD25 is
highly expressed. CD4+CD25+ Tregs in peripheral blood
can be decreased by injecting anti-CD25 antibodies, as
demonstrated in numerous experiments. Tumor immunity
and treatment are improved when CD25+ Treg levels are
decreased by daclizumab as well as basiliximab, both of
which are anti-CD25 monoclonal antibodies [32]. In pa-
tients with metastatic breast cancer, daclizumab dramati-
cally reduces the number of CD4+CD25+ Tregs in the pe-
ripheral blood within 3 to 4 weeks [33]. Nonselective anti-
CD25 antibodies, on the other hand, prevent other T cells
from expressing IL-2, which hinders T effector cell growth
and function [34]. Researchers have developed an anti-
CD25 antibody (RG6292) that is both selective and spe-
cific for eradicating tumor-associated Tregs and prevent-
ing immune-related adverse effects. The antibody exhibits
obvious antitumor activity in nonhuman primates and hu-
manized mouse models but exerts no obvious toxic effects
on other immune cells. Optimized to deplete Tregs while
maintaining the IL-2-STAT5 signal in effector T cells, the
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RG6292 antibody efficiently decreases the single-drug ac-
tivity of the anti-CD25 antibody [35]. NK cells based on
chimeric antigen receptors (CARs) have been created re-
cently. These cells can target CD25+ Tregs by the expres-
sion of CD25 CAR, enabling an innovative anticancer im-
munotherapy approach [36]. It has been suggested that in-
terleukin IL-2/IL-2 receptor (IL-2R) signaling is very im-
portant for the development and proliferation of antigen-
activated T cells, including effector T cells and Tregs. The
infusion of IL-2/anti-IL-2 complexes represents a thera-
peutic option to selectively accentuate or dampen Tregs
in the immune response [37]. Basiliximab (Simulect) is a
chimeric monoclonal antibody against the IL-2R (CD25)α
chain. However, short-term treatment with basiliximab
does not affect the functional Treg population [38].

Inducible costimulator (ICOS) widely participates in
anti-inflammatory responses, particularly in ICOS+ Tregs.
ICOS expression increases the differentiation and prolifer-
ation of Tregs. High levels of ICOS+ Tregs are detected
in tumor tissues. Elevated proportions of ICOS+ Tregs are
also associated with poor outcomes in most cases [39]. In-
ducible costimulatory molecule ligand (ICOS-L) is a B7
family member. ICOS-L is a cell-surface protein ligand
that binds to receptors on lymphocytes to regulate immune
responses. ICOS-L is activated in many cancers to main-
tain immunosuppressive Tregs. Given the stimulatory role
of the ICOS/ICOS-L signaling pathway in tumors, it has
become an emerging target in cancer immunotherapy de-
velopment. ICOS costimulatory receptor agonists alone
or in combination with other coinhibitors are expected to
improve the response rates to antitumor immunotherapies
[40].

OX40 (also known as CD134) is a costimulatory
molecule of T cells and a member of the tumor necrosis
factor receptor superfamily 4 (TNFRSF4). OX40 plays a
costimulatory role in the process of T-cell activation and
mediates the survival and expansion of CD4+ and CD8+ T
cells in autoimmune diseases, infectious diseases and can-
cers. OX40 can activate the classical NF-κB1 pathway or
nonclassical NF-κB2 pathway, as well as the PI3k/PKB
and NFAT pathways, and then regulate the genes that con-
trol T-cell division and survival, promoting the transcrip-
tion of cytokine genes and the expression of cytokine recep-
tors. OX40 signaling downregulates CTLA-4 and Foxp3
in Tregs. Thus, OX40 and its homologous ligand OX40L
are potential targets for cancer treatment. Ligation of
OX40 with targeted agonist anti-OX40 mAbs can activate
the T-cell-related immune response. OX40 agonists have
been tested in clinical trials for cancer treatment both as
monotherapies and in combination with other immunother-
apeutic agents, particularly specific checkpoint inhibitors.
When combined with other therapeutic treatments, such as
anti-PD-1 or anti-CTLA-4 blockade, cytokines, chemother-
apy, or radiotherapy, the antitumor activity of the agonistic
anti-OX40 treatment is further enhanced. These data sup-
port the potential of OX40-mediated therapies [41,42].

Tregs are a heterogeneous subgroup of immunosup-
pressive T cells that are not always beneficial for tumor de-
velopment. The frequency and function of Tregs are as-
sociated with a poor prognosis in some cancers but with a
good prognosis in others. In some cancers, such as colorec-
tal cancer, Tregs inhibit bacteria-driven inflammation that
promotes carcinogenesis and are thus beneficial to the host
[43]. Therefore, before the implementation of treatments
for Treg depletion, researchers should explore the patho-
genesis and developmental stage of tumors.

3.2 Treg Cell Therapy for GVHD

Recipient immune effector cells identify and eliminate
donor tissues and organs, which causes the immune com-
plication known as acute graft-versus-host disease (GVHD)
[44]. The clinical use of immunosuppressants is often insuf-
ficient, and they are accompanied by obvious side effects.
New therapeutic approaches include adoptively transfer-
ring ex vivo-expanded Tregs because of their suppressive
qualities. In a previous study, mice with GVHD after al-
logeneic bone marrow transplantation were treated with
donor CD4+CD25+ Tregs. In that study, a leukemia bone
marrow transplantation model was established by inject-
ing bone marrow cells as well as EL4 leukemia cells from
BALB/c mice into C57BL/6 mice. By using magnetic-
activated cell sorting (MACS) for positive selection, Tregs
were isolated from the bone marrow mononuclear cells of
BALB/c mice. Four hours after allogeneic bone marrow
transplantation, the recipients received injections of ex vivo-
expanded Tregs. These Tregs successfully protected recip-
ients from lethal GVHD following allogeneic bone marrow
transplantation [45]. Another study investigated the im-
pressive ability of third-party Tregs compared with that of
donor-type cells to facilitate allogeneic bone marrow trans-
plantation. In that study, C3H mice were transplanted with
the bone marrow of BALB/c-nude mice 2 days after irradi-
ation to deplete T cells. Third-party Tregs expanded from
BALB/c or FVBmice effectively enhanced the engraftment
of bone marrow allografts. These results suggest that, un-
like donor-derived cells, third-party Tregs can be used to
prepare large doses of Tregs in advance [46].

To determine whether Treg-based therapy is safe as
well as feasible, clinical trials have been carried out. Pa-
tients with chronic GVHD have benefited from the adoptive
transfer of allogeneic Tregs. The disease status improved
and stabilized, all patients were able to tolerate exogenous
Tregs, and the quantity of Tregs in circulation increased
[47–49]. A team of researchers investigated Treg grafts in
the context of allogeneic hematopoietic cell transplantation
by conducting the initial phase of an open-label, single-
center phase 2 study. The ratio of CD4+ T cells to Tregs
decreased in patients who received Treg grafts. They fur-
ther reported that Treg grafts containing tacrolimus, a pow-
erful immunosuppressant, were obviously superior to Treg
grafts alone for preventing acute GVHD [50]. In another
clinical study, three children with severe refractory GVHD
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were treated with polyclonal amplified Tregs. Adoptive
Treg transfer was well tolerated and could control T-cell-
mediated allogeneic reactions, as evidenced by significant
clinical improvement as well as decreased GVHD activity
[51]. The above studies indicate that Treg grafts can effec-
tively prevent acute GVHD. Tregs, as a type of cell therapy,
have beenwidely studied for their ability to treat GVHDand
limit immune responses leading to transplant rejection.

People with hematological malignancies benefit from
CAR-T-cell therapy. Hematological malignancies can now
be treated clinically with many autologous CAR-T cells, or
auto-CAR-T cells, which have been approved since 2017.
Unfortunately, insufficient amplification and function, poor
quality and quantity of primary T cells, batch-to-batch vari-
ations, and lengthy production times limit the use of autol-
ogous CAR-T-cell therapies, and some patients do not re-
spond to them. Allogeneic CAR-T cells, or allo-CAR-T
cells, are considered to have the potential to overcome this
obstacle. Some researchers have attempted to cure hema-
tological malignancies with allogeneic CAR-T cells. How-
ever, preclinical and clinical results have shown that allo-
geneic CAR-T cells are unsafe and ineffective because of
allograft rejection along with GVHD [52]. It is anticipated
that Treg cell therapy can improve the efficacy and safety
of the engineered T-cell therapy. Using human peripheral
blood mononuclear cells (PBMCs), researchers produced
CD19-targeted CAR-Tregs. CD19 CAR-Tregs not only
suppressed B cells but also retained their Treg traits, includ-
ing high TGF-β expression. CD19 CAR-Tregs, via a TGF-
β-dependent mechanism, suppressed B-cell differentiation
as well as IgG antibody production. CD19 CAR-Tregs
have been demonstrated in experiments to lower GVHD
risk and suppress antibody production in immunodeficient
mice [53]. In a mouse model, GVHD was suppressed by
HLA-A*02:01-directed chimeric antigen receptor/forkhead
box P3-engineered CD4+ T cells [54]. After solid organ or
hematopoietic stem cell transplantation, merging the ben-
efits of CAR technology and engineered Tregs may offer
novel and promising therapeutic options for unfavorable
immune responses [55].

3.3 Treg Cell Therapy for Organ Transplantation

Organ transplantation is an effective method for treat-
ing end-stage organ failure. However, success is limited
by the immune response of the recipient to allogenic tis-
sue. Tregs have recently attracted attention in the context
of transplantation tolerance. Treg-based immunotherapy
has been studied as a potential cell-based model to pro-
mote graft survival. One study involved injecting corneal
allograft recipient mice with CD4+CD25+Foxp3+ Tregs la-
beled with green fluorescent protein (GFP) after their iso-
lation from the draining lymph nodes of GFP transgenic
mice. Six hours after injection, the draining lymph nodes
and the ipsilateral cornea of the recipients contained GFP-
expressing Tregs. These Tregs prevented CD45+ T cells
from infiltrating the graft and lymph nodes and markedly

decreased the levels of Th1 cells and mature antigen-
presenting cells. The graft IL-10 and TGF-β levels were el-
evated, IFN-γ expression was considerably decreased, and
the ability of the graft to survive was increased [56].

One study isolated CD4+CD25+ Tregs via magnetic
cell separation techniques. These Tregs were activated via
complex skin antigens from the donor and intraperitoneally
injected into the host mice. Skin grafts survived longer
in mice that received CD4+CD25+ Treg injections than
in the control mice [57]. In a humanized mouse allograft
model, when a few human Tregs were intradermally in-
jected, inflammation in the skin graft was prevented [58].
In another study, allogeneic human PBMCs were admin-
istered intraperitoneally to mice with severe combined im-
munodeficiency (SCID) after human skin transplantation.
Then, ex vivo-expanded human Tregs were injected in-
traperitoneally. Skin inflammation, as well as effector T
cell infiltration, was suppressed by the injection of human
Tregs. Exogenous Tregs immunomodulated local proin-
flammatory responses, as evidenced by the fact that this in-
jection decreased the number of IL-17-secreting cells and
encouraged a relative increase in the number of immuno-
suppressive Foxp 3+ Tregs in human skin grafts [59].

Allogeneic immunity and unchecked inflammation re-
duce the survival rate after lung transplantation. Treg
cell therapy is considered to improve the outcomes of
solid organ transplantation. Before lung transplanta-
tion, CD4+CD25high Tregs were grown in vitro in a rat
model. Three days after transplantation, the recipient mice
were injected with these Tregs. After entering the lung
parenchyma, the transplanted Tregs were found to suppress
effector T-cell activation without negatively affecting the
physiology of the donor lung. This finding raises the pos-
sibility of clinical transplantation and indicates that Treg
administration has the potential to suppress lung allograft
alloimmunity [60].

Graft dysfunction and fibrosis are common after renal
transplantation. In three kidney transplant recipients, autol-
ogous Treg therapy was tested for feasibility and safety in a
pilot study. After being isolated from the peripheral blood
of the kidney transplant recipients, Tregs were polyclonally
grown ex vivo. All patients received expanded Tregs. No
serious treatment-related adverse events occurred after the
cell injection. Polyclonal Tregs from renal transplant recip-
ients were shown to suppress graft inflammation [61,62].
In a phase I/IIa clinical trial, seven days after kidney trans-
plantation, CD4+CD25+FoxP3+ Tregs were infused intra-
venously at a dose of 0.5, 1.0, or 2.5–3.0 × 106 cells/kg
body weight to evaluate the effect of autologous Treg in-
fusion on the immune balance. For the kidney transplant
recipients, autologous Tregs were safe and practical [63],
and graft survival and effectiveness were enhanced by Treg
cell therapy.

Although some clinical evaluations have proven the
safety of Treg therapy, in some clinical trials, Tregs have
failed to prevent rejection after solid organ transplantation.
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An adaptive Treg study (deLTa, NCT02188719) aimed at
preventing liver transplantation has not been completed
within the research time frame, and several studies (ThRIL,
NCT02166177; ARTEMIS, NCT02474199) have either not
been officially reported or have not started recruitment
(LITTMUS, NCT03654040) [64]. Improving the effective-
ness of Treg therapy may require increasing the persistence
of Tregs or coordinating the migration of Tregs to inflam-
matory sites. The doses of Tregs may also be insufficient,
resulting in the loss of regulatory function in vivo [65].

3.4 Treg Cell Therapy for Autoimmune Diseases

Tregs are crucial for preserving tolerance to infections
and managing persistent autoimmunity. Treg-based cell
therapy has shown promise for treating many autoimmune
diseases.

Tregs can be used to treat autoimmune diseases such
as rheumatoid arthritis (RA) [15]. CD4+CD25+ Tregs are
defective in people with RA. Many experimental and ap-
proved RA drugs may exert effects partly by promoting the
function or increasing the quantity of Tregs [66]. There-
fore, cell-based therapy involving Tregs may achieve last-
ing disease remission in RA patients. Similar findings were
documented in an animal model of collagen-induced arthri-
tis (CIA), a model commonly used for studying RA. One
study involved injecting Tregs into DBA/1 mice with CIA
after the Tregs were purified and grown in vitro using anti-
CD3 and anti-CD28 antibody-coated beads. In addition to
controlling proinflammatory cytokine levels and preventing
osteoclastogenesis in vitro as well as in vivo, CD4+CD25+
Tregs alleviated CIA symptoms [67]. To determine whether
exogenous Tregs can be used to treat CIA in a rat RAmodel,
we used human Tregs to treat CIA in rats. We isolated hu-
man Tregs from the peripheral blood of healthy individu-
als and expanded them in vitro. CIA rats received injec-
tions of Tregs through the tail vein. Human Treg injection
dramatically decreased CIA severity, increased the number
of endogenous Tregs in the rat spleen and blood, and de-
creased the number of B cells. In the peripheral blood of
the model animals, the Th1/Th2 ratio, IL-6 level, and IL-
5 level decreased. Allo-Tregs, even those obtained from
cross-species sources, may be used as an immune rejection-
free treatment for CIA or RA [68]. Taking supplements of
allo-Treg cells may be useful for treating RA.

The maintenance of immunological homeostasis in
multiple sclerosis (MS) is another function of Tregs. Pe-
ripheral Tregs (pTregs) are lower and their immunosup-
pressive capacity is compromised in patients with MS. In
one study, adoptive cell therapy using induced antigen-
specific Tregs was investigated for its therapeutic effi-
cacy and safety in an animal MS model. To do this,
soluble CD40L was used to activate model animal B
cells, which were then used as antigen-presenting cells
(APCs). The study induced antigen-specific Treg differ-
entiation from naive CD4+ T-cell precursors with the ac-
tivated B cells. After being separated using a flow sorter,

CD4+CD25highCD127low Tregs were administered toMS
model animals. In addition to lower spinal cord de-
myelination and inflammatory infiltration, MS mice pre-
sented markedly improved disease severity [69]. Another
group collectedCD4+CD25+Foxp3+CD127low Tregs from
remitting-relapsing MS patients and cultured them ex vivo
to evaluate the safety and clinical effectiveness of autol-
ogous Tregs. In the pilot study, 14 patients participated,
and they were subcutaneously administered ex vivo Tregs
at doses ranging from 2.8 to 4.5 × 108 cells per injection.
These blood levels of Tregs in these patients increased by
1.5 to 2 fold after receiving an exogenous Treg injection.
No adverse effects were noted. The patients exhibited im-
proved immune system balance after receiving expanded
ex vivo autologous CD4+CD25+FoxP3+CD127low Tregs.
Therefore, ex vivo-expanded Tregs could compensate for
the compromised function of Tregs and regulate adoptive
immunotherapy in MS [70].

Some researchers injected Tregs into recipient mice
with established colitis. When SCID mice were given syn-
geneic CD25-depleted CD4+ cells, these mice developed
chronic colitis, and their colons presented markedly ele-
vated Th1 and Th17 cytokine expression. When Tregs were
injected into the mice with established colitis, the colitis
considerably improved, and Th17 expression dramatically
decreased [71].

Autoimmune diseases such as glomerulonephritis
(GN) and lupus erythematosus often affect the kidneys. The
ability of Tregs to treat experimental anti-glomerular base-
ment membrane (anti-GBM) GN in mice was examined.
After receiving anti-GBM rabbit serum injection, the ani-
mals were immunized with rabbit IgG to establish experi-
mental GN. Treg-treated model mice presented markedly
reduced CD8+ T-cell and macrophage infiltration along
with a sharp decline in glomerular damage. Significant re-
ductions in renal TNF-α, IFN-γ and TGF-β mRNA expres-
sions were also observed in the model animals treated with
Tregs. This novel study demonstrated that Tregs effectively
inhibit GBM GN. Therefore, Tregs have therapeutic value
for treating severe GN in humans [72].

In Type 1 diabetes mellitus (T1D), the immune sys-
tem targets and kills the pancreatic β cells that produce in-
sulin. Although artificial insulin can save lives, it cannot
prevent long-term complications. Tregs, which constitute
a natural immunosuppressive immune cell subgroup, are
usually dysfunctional in the disease. Thus, increasing at-
tention has been given to the possibility of using Tregs as
a biotherapy to protect against T1D and restore tolerance
to autoantigens [73]. In one study, 12 children with T1D
who received autologous ex vivo-expanded Tregs were fol-
lowed up for one year. Patients received a Treg infusion
once or twice, with a total dose of 3 × 107 cells/kg body
weight. No severe adverse effects were noted. The Treg
concentration in the peripheral blood increased following
Treg infusion. Importantly, the Tregs decreased the need
for exogenous insulin, and two patients were fully insulin
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independent one year after the injection [74]. A phase 1
trial was conducted to assess the safety of adoptive Treg im-
munotherapy in patients with T1D. Fourteen patients with
T1D received autologous CD4+CD127low/−CD25+ poly-
clonal Tregs expanded in vitro. The Treg count temporar-
ily increased following the injection, and the Treg pheno-
type was maintained as Foxp3+CD4+CD25highCD127low
for a long time. The patients did not show an infusion
response or serious adverse events following cell therapy.
These results support the safety of Treg cell therapy [75].
Another group explored factors contributing to the effi-
cacy of autologous polyclonal expanded Tregs in a random-
ized phase 2 multicenter, double-blind, clinical trial (San-
ford/Lisata Therapeutics T-Rex phase 2 trial, ClinicalTri-
als.govNCT02691247). They reported that, comparedwith
placebo, a single dose of expTregs was safe but did not pre-
vent a decline in residual β-cell function over 1 year [76].
Nevertheless, despite their good safety record, polyclonal
Tregs have been shown to have limited effectiveness in clin-
ical trials of patients with T1D. The effectiveness of Treg
preparations is hampered by numerous issues, such as an
inability to produce enough cells, low cell persistence, and
lack of antigen specificity. Thankfully, Tregs can be modi-
fied using gene editing to improve their function and speci-
ficity. A greater number of suppressive Tregs can be pro-
duced by this approach. Adoptive cell therapy using Tregs
genetically engineered to express FOXP3 achieved signifi-
cant immunosuppression in the pancreas and islet transplan-
tation sites [77].

Autoimmune liver diseases occur when immune cells
attack the liver cells of the host. Autologous poly-
clonal GMP-grade Tregs were isolated and reinfused intra-
venously into 4 patients with autoimmune hepatitis. Treg
infusion showed safety in the patients, and nearly a quar-
ter of infused Tregs homed to liver tissues and locally sup-
pressed tissue-damaging effector T cells. Thus, Tregs have
potential as an immune cell-based therapy for autoimmune
liver diseases [78].

3.5 Treg Cell Therapy for Other Diseases

Clinicians have treated other diseases with Treg-based
cell therapies. In acute corneal wound healing, one study in-
vestigated the therapeutic impact of Tregs and the possible
mechanism underlying local delivery. After a mouse model
of corneal alkali burns was established, the model mice
received subconjunctival injections of Tregs isolated from
homologous mice. The Tregs that were injected moved
swiftly to the area of corneal injury. Treg-treated mice pre-
sented faster epithelial reformation, less edema, and notice-
ably less corneal opacity. Treg therapy increased corneal
epithelial cell proliferation, prevented inflammatory cell in-
filtration, and stopped apoptosis in these cells. Subconjunc-
tival injection of Tregs successfully accelerated the heal-
ing of corneal wounds by preventing unwarranted inflam-
mation and encouraging epithelial regeneration [79]. One
study investigated the treatment of uveitis by the in situ ad-

ministration of ex vivo-activated polyclonal Tregs. Preacti-
vated polyclonal Tregs were found to be just as effective in
suppressing uveitis in mice as antigen-specific Tregs [80].

A study investigated how Tregs affect renal fibrosis
using a mouse model of unilateral ureteral obstruction. The
areas of α-smooth muscle actin (α-SMA), TGF-β1, tubular
necrosis, and collagen in the unilateral ureteral obstruction
were all reduced after the tail vein injection of CD4+CD25+
Tregs. Moreover, Tregs promoted the transition of M1
macrophages into M2 macrophages. Tregs also increased
IL-10 levels in vitro while decreasing IL-6 and IL-1β lev-
els [81].

One team hypothesized that adoptive Treg transfer
can alleviate aldosterone-induced hypertension and vascu-
lar damage. Tregs were obtained by negative CD4+ T-cell
selection and positive CD25+ T-cell selection from among
splenocytes collected from male C57BL/6 mice. Fifteen-
week-old male C57BL/6 mice were injected with Tregs and
aldosterone. Aldosterone increased blood pressure, aortic
and renal cortex macrophage infiltration and aortic T-cell
infiltration and decreased the number of Tregs in the renal
cortex. Adoptive Treg transfer prevented all of the vascular
and renal effects induced by aldosterone. Thus, Tregs sup-
pressed aldosterone-mediated vascular injury by mediating
innate and adaptive immunity. These results suggest that
aldosterone-induced vascular damage can be prevented by
adoptive Treg transfer [82].

Alzheimer’s disease (AD) is characterized by neuroin-
flammation. The adoptive transfer of Aβ antigen-specific
Tregs (Aβ+ Tregs) was conducted by tail vein injection into
AD model mice. Aβ accumulation, tau hyperphosphoryla-
tion, neuroinflammation, and cognitive impairments during
AD pathology are markedly reduced by a single adoptive
transfer. Therefore, the use of Tregs specific to the Aβ
antigen has potential as a novel cell therapy strategy for
AD [83]. In a phase 1 amyotrophic lateral sclerosis study,
the combination of autologous amplified Treg infusion and
subcutaneous IL-2 injection was proven to be safe and ef-
fective, and patients tolerated this combination well [84].

One study produced induced Tregs (iTregs) by stim-
ulating naive T cells in vitro for 96 h with 17β-estradiol,
TGF-β1, and progesterone. These iTregs were subse-
quently injected into pregnant DBA/2-mated CBA/J female
mice, a model known to be prone to abortion. The fetal sur-
vival rate of the abortion-prone mice was greatly enhanced
by adoptive Treg transfer. Hence, Tregs may also have ther-
apeutic benefits in reproductive disorders [85].

Table 1 summarizes Treg cell therapies for many dis-
eases via animal experiments or clinical tests.

4. Preparation of Tregs for Therapy
Numerous diseases may be treated with Treg ther-

apy. Nevertheless, numerous barriers to therapeutic effects
have been noted and are caused mainly by problems in cell
preparation, including reduced cell persistence, poor anti-
gen specificity, and problems in generating adequate cell
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Table 1. Summary of Treg cell therapies.
Diseases Animal experiments Clinical trial

Abortion-prone performed
Aldosterone-induced hypertension and vascular damage performed
Alzheimer’s disease (AD) performed
Amyotrophic lateral sclerosis performed
Autoimmune gastritis performed
Autoimmune hepatitis performed
Autoimmune uveitis performed
Chronic ischemia performed
Colitis performed
Corneal alkali burns performed
Glomerulonephritis performed
Graft-versus-host disease (GVHD) performed
Myocarditis performed
Organ transplantation performed performed
Rheumatic arthritis (RA) performed
Multiple sclerosis (MS) performed performed
Type 1 diabetes (T1D) performed performed
Unilateral ureteral obstruction performed performed

numbers. New techniques for preparing Tregs could im-
prove the efficacy of Treg cell therapies.

4.1 Preparation of Antigen-Specific Tregs

In the target tissue, antigen-specific Tregs are needed
to accomplish efficient immune regulation. The use of
alloantigen-presenting cells to facilitate cell expansion is
one current method used to produce Tregs that are spe-
cific to alloantigens. In one study, neuroinflammation was
suppressed in a mouse model of AD using Aβ antigen-
specific Tregs. In this study, DEREG (regulatory T-cell
BAC transgenic mouse deletion) male mice aged 6 to 7
weeks were modified to express the diphtheria toxin (DT)
receptor with GFP under Foxp3 control. A 1:1 mixture of
aggregated Aβ and complete Freund’s adjuvant was sub-
cutaneously injected into DEREG mice. DT was given to
these mice to reduce preexisting Tregs. Splenocytes were
obtained from the DEREG mice and cultured with anti-
CD3ϵ and anti-CD28 antibodies. After incubation for 4
days, CD4+CD25+ Tregs were isolated via MACS. Tail
vein injection was applied for the adoptive transfer of Aβ+-
activated Tregs into 3xTg-AD mice, a popular model for
AD research. In the animal model of AD, Tregs that recog-
nize the Aβ antigen significantly reduced inflammation in
primary microglia [83].

Another study investigated the efficacy and safety of
induced antigen-specific Tregs in an animalMSmodel. Re-
searchers collected the lymph nodes and spleens of model
mice and passed them through a 70-micron filter. MNCs
were obtained from the cell mixture using Ficoll gradi-
ent centrifugation. B cells were extracted from the MNCs
with a B-cell magnetic bead separation kit. The isolated
B220+ B cells were resuspended in cell culture medium
and mixed with sCD40L and IL-4, along with the MOG35-

55 peptide, for 7 to 10 days. CD4+ T cells were also ob-
tained fromMNCs using a CD4+ T-cell magnetic bead sep-
aration kit. Naive CD4+ T cells were cultured with allo-
geneic sCD40L-activated B cells at a ratio of 10:1 for 14
days, after which IL-2 and the mouse MOG35–55 pep-
tide were added. After 14 days, the T cells were har-
vested, and CD4+CD25highCD127low Tregs were isolated
using PE-conjugated anti-mouse CD25, APC-conjugated
anti-mouse CD127, and PerCP-conjugated anti-mouse CD4
monoclonal antibodies to sort the cells by flow cytometry.
After treatment with CD4+CD25highCD127low Tregs, the
disease severity score, spinal cord demyelination, and in-
flammatory infiltrationwere dramatically reduced in the an-
imal AD model [69].

Recently, researchers have produced donor-specific
Tregs using chimeric antigen receptor (CAR) technology;
this approach overcomes the drawbacks of Treg enrich-
ment, which is dependent on complicated alloantigen stim-
ulation procedures. One team investigated how donor-
specific CAR-Tregs affect immunocompetent mice that re-
ceived skin transplants. In their experiment, Bl/6 mice re-
ceived an HLA-A2+Bl/6 skin graft. Tregs expressing anti-
HLA-A2-specific CAR were administered to the skin graft
model. Skin rejection caused byHLA-A2+ T cells was con-
siderably delayed by the donor-specific CAR-Tregs, which
also reduced the levels of donor-specific antibodies (DSAs)
and B cells that secrete DSAs. The use of donor-specific
CAR-Tregs as an adoptive cell therapy has important im-
plications for transplantation [86].

4.2 Expanding Polyclonal Tregs via Incubation With
Anti-CD3 and Anti-CD28 Antibodies

The problem in generating sufficient cell numbers is
a barrier to Treg therapy. The process used to produce
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antigen-specific Tregs is too complicated to be widely used
in the clinic. A routine method of ex vivo Treg expan-
sion has been developed to conduct cell therapy. Us-
ing beads coated with anti-CD28 and anti-CD3 antibod-
ies, researchers grew purified Tregs in vitro to treat CIA.
When they injected expanded Tregs into the mouse arthri-
tis model, Tregs significantly inhibited CIA development
and lowered the serum levels of TNF-α and IL-6 [64]. In
another study for CIA treatment, lymph nodes were col-
lected from mice aged 6 to 8 weeks. A mouse T-cell
CD4 subset column kit was used to enrich CD4+ T cells
from the lymph nodes. An anti-CD25 monoclonal an-
tibody was used to label CD4+ T cells. CD4+CD25+
T cells were obtained using an LS column and a mag-
netic field. Then, using Dynabeads containing recombi-
nant IL-2 along with a mouse CD3/CD28 T-cell expander,
CD4+CD25+ cells were activated and grown [87]. Poly-
clonal Tregs were also found to suppress uveitis in a mouse
model just as effectively as antigen-specific Tregs. In this
study, cells were collected from the spleen and peripheral
lymph nodes of BALB/c mice, and CD25+ cells were sep-
arated using an autoMACS Pro separator or LS column.
Among the cells in this enriched Treg population, 70%were
CD4+CD25highFoxp3high cells. These cells were labeled
with an L-selectin (MEL-14, PE) mAb, streptavidin-PE-
cyanine 5, or an anti-CD4 mAb (RM4.5, FITC) and fur-
ther sorted by flow cytometry. Highly purified Tregs (99%
Foxp3+ cells) were ultimately obtained. GM-CSF, mouse
IL-2, an anti-CD3mAb and an anti-CD28mAb are added to
the complete culture medium to activate the cells [80]. The
above studies reveal a routine Treg cell therapy approach
involving in vitro polyclonal cell amplification.

The adoptive transfer of Tregs includes polyclonal
Tregs with nonspecific effects and antigen-specific Tregs
with specific effects. Polyclonal Tregs are easily prepared,
but their therapeutic effects are low; however, antigen-
specific Tregs have strong therapeutic effects, but their
preparation is complicated. Several papers have discussed
the application and limitations of these two Treg prepara-
tions [88]. Recently, a review focused on comparisons of
nonspecific and antigen-specific approaches for the use of
Tregs, along with their advantages, disadvantages, gaps in
development, and future prospects [89].

4.3 Engineering Tregs via Gene Editing Techniques

Despite having a great safety record, polyclonal Tregs
have limited effectiveness. Tregs can now be engineered
to have improved immunoregulatory functions and speci-
ficity via gene editing techniques. Steroid receptor coac-
tivator 3 (SRC-3) is strongly expressed in Tregs and B
cells. This gene is the second-most highly expressed tran-
scription coactivator in Tregs and downregulates Treg func-
tion. Researchers constructed tamoxifen-inducible Treg-
cell-specific SRC-3 knockout (KO) mice by the CRISPR-
Cas9 engineering technique. SRC-3 KO Tregs were
highly proliferative and preferentially infiltrated tumor tis-

sues, generating antitumor immunity by enhancing the
interferon-γ/C-X-C motif chemokine ligand (Cxcl) 9 sig-
naling axis to facilitate the entrance and function of effec-
tor T cells and NK cells. SRC-3 KO Tregs also blocked
the immunosuppressive function of wild-type Tregs. When
genetically engineered SRC-3 KO Tregs were injected into
mice bearing E0771 breast cancer cell-derived tumors, the
tumors were permanently eradicated. The subsequent in-
jection of additional E0771 cells into these mice did not
result in the formation of additional tumors, indicating
that resistance to tumor development continued without
the need for tamoxifen induction to produce additional
SRC-3 KO Tregs. Similar observation was observed in
a prostate tumor-bearing model. These observations sug-
gest that a single adoptive transfer of SRC-3 KO Tregs can
completely abolish tumor growth and prevent tumor recur-
rence by generating antitumor immunity [90]. Addition-
ally, PTEN (phosphatase A and tensin homolog) is needed
for Treg-mediated inhibition of T-cell activation. Using
the CRISPR-based genome editing technique, a study re-
vealed that PTEN ablation did not lead to overall defects
in Treg function or stability. Instead, it selectively blocked
their ability to inhibit antigen-presenting cells. PTEN KO
Tregs presented increased glycolytic activity and upregu-
lated FOXP3 expression. PTEN-KO Tregs can be used to
treat autoimmune diseases [91].

One study produced CD19-targeted CAR-Tregs that
inhibited B-cell differentiation as well as IgG antibody pro-
duction while retaining the characteristics of Tregs, in-
cluding high production of TGF-β. Therefore, adoptive
CD19 CAR-Treg transfer is considered a novel approach
for CAR-T-cell-induced GVHD [53]. CAR Treg therapy
also provides the opportunity to improve the treatment of
Crohn’s disease. One study revealed that IL23R-CAR
Tregs maintained a regulatory phenotype with enhanced in-
hibitory activity. IL23R-CAR Tregs could elicit specific
activation of colon biopsy-derived cells from patients with
Crohn’s disease. Thus, IL23R-CAR Tregs may represent a
promising therapy for Crohn’s disease [92].

4.4 Stimulating Treg Conversion by Inhibiting the
Development Pathway

Tregs display great promise in cell therapy. However,
their low number and differentiation rate limit their fur-
ther application in the clinic. Everolimus, which suppresses
mammalian target of rapamycin (mTOR), helps convert
more CD4+ T cells into Tregs. One study used everolimus
to increase Treg conversion. In vitro, these Tregs showed
better Foxp3 expression stability in medium containing
TGF-β. The converted Tregs could be further expanded by
incubation with IL-2/IL-2ab complexes. Thus, the combi-
nation of everolimus and IL-2/IL-2ab complexes makes it
possible to achieve highly effective antigen-driven conver-
sion of naive T cells into Tregs and their expansion in vivo
[93].
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Rapamycin (Rapa), a clinically used immunosup-
pressive drug, has been shown to inhibit Th17 cell dif-
ferentiation but promote Treg generation. Rapa induces
metabolic reprogramming in Tregs, affecting their differ-
entiation [94].

The combination of the cyclin-dependent kinase in-
hibitor AS2863619 (IL-2/TGF-β/AS), TGF-β, and IL-2
was optimized to effectively induce Tregs in vitro. Us-
ing mouse CD4 MicroBeads, CD4+ T cells were isolated
from the spleens of DBA/1 mice, and the cells were cul-
tivated in complete RPMI 1640 medium. CD4+ T cells
were cultured with IL-2, TGF-β, and AS2863619. IL-2
alone was unable to induce Tregs, while IL-2 mixed with
TGF-β or AS2863619 alone was able to induce Tregs, and
AS2863619 combined with IL-2 and TGF-β stimulated
greater Treg differentiation in vitro [95].

4.5 Increasing Tregs In Vivo
The preparation method of Treg will be improved,

which may stimulate the proliferation and functional effi-
ciency of Tregs in vivo. The infusion of IL-2 or anti-IL-2
complexes, or both, represents a therapeutic option to selec-
tively accentuate or dampen Tregs in the immune response
[37]. IL-2/JES6-1 (anti-IL-2 antibody) injection resulted in
increased frequencies of natural and peripheral Tregs in the
spleen and draining lymph nodes and elevated IL-10 and
TGF-β production by CD4+ T cells. The injection of im-
mune complexes composed of the cytokines IL-2 and JES6-
1A12 (anti-IL-2 antibody) sustained the expansion of Tregs
by the peripheral proliferation of CD4+CD25+Foxp3+ cells
and the peripheral conversion of CD4+CD25-Foxp3- cells.
GVHD, transplantation-related acute lung injury, type 1
diabetes, myocardial ischemia/reperfusion injury (MIRI),
contact hypersensitivity, renal ischemia‒reperfusion injury,
myasthenia gravis and allergic airway disease have been
treated by in vivo Treg expansion using IL-2/anti-IL-2 com-
plexes [96–103].

Researchers have reported that IL-6 and TNF-α can
promote the proliferation of human Tregs. Tregs exposed to
these proinflammatory cytokines maintained high expres-
sion of FOXP3 and Helios, demethylation of FOXP3 en-
hancer, and low secretion of IFNγ, IL-4 and IL-17. These
Tregs maintained their inhibitory function both in vivo and
in vitro. These characteristics could be useful in the prepa-
ration of therapeutic Tregs [104].

The parasite Heligmosomoides polygyrus is known to
secrete a molecule (Hp-TGM) that mimics the ability of
TGF-β to induce FOXP3 expression in CD4+ T cells. Hp-
TGM efficiently induced FOXP3 expression, in addition to
CD25 and CTLA-4 expression, and caused epigenetic mod-
ification of the FOXP3 locus to a greater extent than did
TGF-β. Compared with TGIF-β-induced Tregs, Hp-TGM-
induced Tregs have superior immune suppression [105].

By breaking down harmful toxins in patient blood,
Xuebijing (XBJ), a substance used in traditional Chinese
medicine, increases blood circulation and prevents blood

stasis. The Chinese FDA has authorized XBJ for the treat-
ment of chlorosis. We injected XBJ into CIA model rats
and patients with RA. In the rat model, XBJ alleviated CIA,
and the levels of IL-6, IFN-γ, TNF-α, and IL-17A de-
creased. Furthermore, patients with RA treated with XBJ
presented increased Treg numbers and decreased Th17 cell
numbers and Th1/Th2 ratios. By increasing the percentage
of Tregs and reestablishing immunological balance, XBJ
demonstrates therapeutic benefits in CIA as well as RA, as
shown by our preclinical and animal research [106].

5. Injection and Delivery Technology for
Treg Treatment

Clinical trials have shown the therapeutic value of
Tregs. The methods and techniques used for Treg trans-
fer have become very important for improving therapeutic
efficacy.

5.1 Local Injection of Tregs

One study revealed that compared with traditional
subcutaneous injection and intravenous injection, the local
injection at the site of inflammationmay require fewer cells.
Thus, the local injection of Tregs may suppress inflamma-
tion without requiring large-scale Treg expansion ex vivo
[58].

5.2 Treg Combination Therapy With Mesenchymal Stem
Cells (MSCs) and MSC-Derived Small Extracellular
Vesicles

Mesenchymal stem cells (MSCs) are derived from the
mesoderm and have gradually become one of themain com-
ponents of cell therapy because of their multidirectional dif-
ferentiation potential. At present, many kinds of stem cell
therapy products have been approved in several countries to
treat various diseases, especially aging-related diseases and
degenerative diseases. MSCs can inhibit the proliferation of
proinflammatory T lymphocytes, which can cause autoim-
mune disease and immunological rejection. MSCs have
been shown to influence Treg differentiation both in vitro
and in vivo. Researchers have collected MSCs and CD4+ T
cells from mouse bone marrow and spleens, respectively,
and cocultured them with MSCs. In contrast to the in-
creased proportion of CD4+CD25+Foxp3+ Tregs and the
amount of secreted IL-10, MSCs markedly inhibited CD4+
T-cell proliferation, activation and differentiation into Th1
and Th17 cells [107]. Another study investigated the pos-
sibility of contransplanting autologous bone marrowMSCs
and Tregs. Using fluorescence-activated cell sorting, Tregs
were isolated from peripheral blood and purified. The team
also isolated autologousMSCs in vitro. Yorkshire pigs with
chronic myocardial ischemia then underwent the cotrans-
plantation of MSCs and Tregs using a direct intramuscular
injection. Many CD25+ cells and CD90+ cells (MSC cell
marker) were detected in the myocardium via immunoflu-
orescence staining 6 weeks after the injection, suggesting
that the injected Tregs were still present and had survived
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locally. Factor VIII+ cells were also detected, suggesting
an increase in angiogenesis. Cotransplanting Tregs with
MSCs represents a novel tactic for the clinical use of thera-
pies based on Tregs [108].

MSC-derived small extracellular vesicles (sEVs) can
mimic the effects of MSCs. sEV treatment can amelio-
rate arthritis and inhibit synovial hyperplasia in rheumatic
joints, because sEVs can inhibit T lymphocyte prolifera-
tion and promote their apoptosis while decreasing the pro-
portion of Th17 cells and increasing the number of Tregs.
Transcription analysis demonstrated that sEVs decreased
RORγt and increased FOXP3 expression in the spleen and
joints [109]. The coinjection of sEVs and Tregs is more
effective than the injection of Tregs alone.

5.3 Coinjection Therapy Involving Tregs and IL-2

In vitro, the cyclin-dependent kinase inhibitor
AS2863619, TGF-β, and IL-2 can all effectively induce
Tregs [87]. A phase 1 study revealed that the autologous
infusion of expanded Tregs with IL-2 was well tolerated
and safe in patients with ALS. In that study, Tregs from
patients with ALS were isolated and expanded in vitro.
Treg infusions (1 × 106 cells/kg) every 4 weeks and IL-2
(2 × 105 IU/m2) injections 3 times/week for 24 weeks
were administered to six patients [84].

A phase I study was conducted by combining poly-
clonal Tregs and low-dose IL-2 to treat with T1D. The com-
bination not only increased infused and endogenous Tregs,
but also elevated active NK cells, mucosal associated in-
variant T cell and CD8+ T cell populations. The study
demonstrates the important implications for a combination
of IL-2 and Tregs for Treg therapy [110].

5.4 Coinjection Therapy Involving Tregs, Dendritic Cells
and mTOR Inhibitors

Rapamycin is an effective and specific mTOR in-
hibitor. Some studies have investigated the effect of ra-
pamycin (Rapa) on Tregs in vitro. Dendritic cells (DCs)
can initiate the expansion of Tregs and play an indispens-
able role in inducing immune tolerance. A study inves-
tigated the effect of Rapa combined with immature den-
dritic cells (iDCs) on the development of Tregs in vivo.
iDCs from Lewis rats were injected intravenously into
Brown Norway rats, and then Rapa was injected intraperi-
toneally every day for 7 days. In the Brown Norway rats
treated with allogeneic iDCs and short-term Rapa, the lev-
els of CD4+CD25+Foxp3+ Tregs and the serum TGF-β
level were significantly increased. This protocol may be
a promising strategy to improve the effects of Treg therapy
[111].

5.5 Injection of Artificial Antigen-Presenting Cells to
Induce Tregs In Vivo

Islet transplantation can prolong the life span of
patients with T1D and greatly improve their quality of
life, but a tolerant environment is needed to safeguard

transplanted islet tissues. The goal of artificial antigen-
presenting cells (aAPCs) is to enable a tolerogenic mi-
croenvironment in vivo and induce Tregs to extend islet
transplant durability. TolAPCs, representing a novel aAPC
that contains poly(lactic acid-co-glycolic acid) (PLGA)
and PLGA/PBAE, conjugate with anti-CD28 and anti-CD3
antibodies and contain TGF-β. These cells are specifi-
cally designed to induce Tregs to produce a tolerant re-
sponse. TolAPCs stimulated the expansion of FOXP3+
Tregs, provided islet cell protection, and improved glucose-
stimulated insulin secretion in vitro. In a streptozotocin-
induced T1C57BL/6 mouse model, the local injection of
TolAPCs resulted in partial islet protection for the first few
days. However, grafts failed soon thereafter, and other im-
mune cell types, such as APCs andNK, increased in number
at the islet injection site [112]. However, regardless of the
above results, injection of aAPCs provides a new idea for
Treg cell therapy.

5.6 Treg Therapy via a Delivery System

A study evaluated the use of hyaluronic acid and
methyl cellulose (HAMC) as an immunoprotective and in-
jectable hydrogel cell delivery system to improve the effi-
cacy of Treg-based treatment for experimental autoimmune
uveitis (EAU). The combination of Tregs and HAMCs en-
hanced Treg stability and survival in proinflammatory envi-
ronments. Tregs were twice as likely to infiltrate the ocular
inflammatory environment in EAU mice when the intrav-
itreal HAMC delivery system was used. The Treg-HAMC
combination successfully reduced ocular inflammation and
preserved vision in mice with EAU. Due to the delivery sys-
tem, the number of inflammatory IL-17+CD4+ T and IFN-
γ+CD4+ cells in the uvea decreased significantly. Thus,
HAMC has the potential to be developed into a Treg ther-
apy delivery method [113].

Combination therapy was also performed with
biomaterial-based poly(lactic-glycolic acid) nanoparticles
coloaded with Treg growth factor, IL-2 and the β-cell
regenerant harmine, an inhibitor of tyrosine-regulated
kinase 1A. Nanoparticles were bound to the surface of
Tregs. IL-2 and harmine from the nanoparticles were
continuously released in vitro for at least 7 days. Re-
searchers injected Tregs in combination with the adoptive
transfer of IL-2/harmine nanoparticles into 12-week-old
female nonobese diabetic mice and found that diabetes was
significantly prevented. These data provide a preclinical
basis for developing cell therapy optimized by biomaterials
to restore immune tolerance in T1D [114].

Generally, there is still a lack of effective methods for
tracing the differentiation and tissue distribution of Tregs.
Microcomputed tomography analyses, histological stain-
ing and bioluminescence imaging assays can be employed
to evaluate Treg survival and homing efficiency. A study
quantified the homing efficiency of Tregs within secondary
lymphoid organs using intravital two-photon microscopy.
The results showed that, compared with traditional CD4+ T
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Fig. 1. A schema summarizing Treg-targeting therapies. TGF, transforming growth factor; GM-CSF, granulocyte-macrophage colony
stimulating factor; IL, Interleukin; MSCs, mesenchymal stem cells; APCs, antigen-presenting cells; iDCs, immature dendritic cells. The
figure was created using Figdraw (https://www.figdraw.com).

cells, the homing efficiency of Tregs to secondary lymphoid
organs was obviously lower, whereas the average survival
time of Tregs in lymphoid nodes was 2–3 times greater than
that of traditional CD4+ T cells [115].

Fig. 1 summarizes the progress of Treg-targeting ther-
apies.

6. Limitations and the Future of Treg Cell
Therapy

We now know more about Treg differentiation, plas-
ticity, and maturity, as well as the relation between their
function and phenotype, than we did a few years ago. Al-
though a few clinical achievements have been reported, the
clinical utility of Tregs is limited due to an incomplete un-
derstanding of their function and mechanism in the immune
response. The Treg differentiation pathway allows them
to be separated into two types: peripherally induced Tregs
(pTregs), which are produced by the extrathymic differen-
tiation of normal T cells at peripheral sites, and thymic-
derived Tregs (tTregs). Despite a partial overlap in their
regulatory properties, their functional stability, protein ex-
pression profiles, and modes of action vary [3]. Another
challenge is that we cannot completely define Treg popula-
tions and their functions on the basis of CD25 and Foxp3
expression, along with that of other cell surface mark-

ers. For example, we recently found that human periph-
eral blood contains CD8+CD183 (CXCR3)+ T cells and
CD8+CD122+ T cells, which can prevent atherosclerosis
as Treg-like cells in human and animal models, respec-
tively [116]. In addition, immunotherapy is hampered by
the plasticity of Tregs in the inflammatory microenviron-
ment. Contrary to popular belief, Tregs are not always
focused on promoting tumor growth; they can occasion-
ally exhibit two functions in the tumor microenvironment.
Some studies have even reported the antitumor activity of
Tregs [10,117,118]. The inhibitory mechanisms of Tregs
are not only numerous but also varied and even contradic-
tory, which reflects the intricacy of the system that regu-
lates the immune response [9]. Therefore, understanding
the functional diversity of Tregs is essential for improv-
ing tumor treatment strategies. Furthermore, when the im-
munological community attempts to move an efficient ap-
proach from mouse research to human research and even
clinical research, contradictory results regarding the func-
tion of Tregs in various diseases are often reported. Treg
plasticity and instability are critical challenges for Treg cell
therapy. For example, the proportion of IL-17-producing
Tregs (Th17-like cells) is increased in the peripheral blood
of patients with systemic lupus erythematosus (SLE), and
the level of these cells is closely associated with the clini-
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cal index of SLE. These Th17-like Tregs from SLE patients
lose their immunosuppression ability and respond to stim-
ulation by autoantigens [119]. Treg plasticity and instabil-
ity can interrupt the efficiency of Treg cell therapy under
pathological and inflammatory conditions.

Single-cell sequencing technology, which has in-
creased in popularity in recent years, is likely a good tool
for exploring the functional diversity and plasticity of Tregs
in diseases and physiological conditions. Single-cell multi-
omics integrates various omic technologies at the single-
cell level, providing insights into cellular heterogeneity,
disease mechanisms, and therapeutic responses. By an-
alyzing the mRNA and protein expression profiles and
metabolic features at the single-cell level, distinct sub-
types of Tregs and their responses to therapies can be de-
fined. This technique can help researchers find novel sur-
face markers to identify Treg subtypes to accurately treat
immunodeficiency, screen reagents or protein factors to in-
crease Treg expansion and antigen specificity, and perform
optimization plans to identify the best combination ther-
apy because single-cell sequencing can be used to identify
functional cell subsets and regulatory pathways by compar-
ing the expression profiles of the differential cell subtypes.
Researchers will gain a better understanding of how Tregs
modulate immunoregulation to improve the efficacy of im-
munotherapy by conducting functional and genetic studies.

Current regulatory approval and clinical trial pipelines
seem to restrict the progress of Treg cell therapy, and the
management policies of each country are different. Gener-
ally, the management policies of various countries are very
strict regarding the conduct of clinical trials by scientists
and clinical researchers. Some good ideas are difficult to
realize, although relative zoological experiments and pre-
clinical experiments have shown good results. In China, as
in other countries, Treg clinical trials require a clinical trial
registry. Only those hospitals with a stem cell experimental
base are qualified to apply for clinical trials of Treg cell ther-
apies. Government departments combine clinical trials of
Tregs with clinical trials of stem cells to improve manage-
ment. In fact, Tregs are immunosuppressive and generally
do not cause obvious immune rejection, which means that
Treg therapy is much safer than treatments with stem cell
therapy or other immune cell therapies, such as T cells and
NK cells. Therefore, government departments should not
combine studies of Treg therapies, stem cell therapies and
other immunotherapies to implement management. Sep-
arate policies should be formulated for Treg cell therapy.
After all, many diseases are autoimmune diseases, chronic
inflammatory diseases and aging-related diseases. Treg cell
therapy is a good way to provide relief from these diseases.
Even for CAR-T-cell therapy, adjuvant Treg therapy is a
good and effective method to overcome the side effects of
allogeneic CAR-T-cell therapy.

7. Conclusion
Tregs play an important role in maintaining immune

homeostasis, and their functional defects are closely related
to the development of different diseases. As a result, ex-
ogenous Treg supplementationmay be used in immunother-
apy, particularly to treat autoimmune diseases. Treg ther-
apy also has excellent benefits for organ transplantation and
GVHD treatment. To reduce the immune response and re-
store immune balance, CD4+CD25+FOXP3+ Tregs have
been shown to be effective in clinical trials. Treg-based
therapy will advance clinically at a rapid pace as basic and
applied Treg research continues.
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