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Cellular therapies with polyclonal regulatory T-cells (Tregs) in transplantation and
autoimmune diseases have been carried out in both animal models and clinical
trials. However, The use of large numbers of polyclonal Tregs with unknown antigen
specificities has led to unwanted effects, such as systemic immunosuppression,
which can be avoided via utilization of antigen-specific Tregs. Antigen-specific Tregs
are also more potent in suppression than polyclonal ones. Although antigen-specific
Tregs can be induced in vitro, these iTregs are usually contaminated with effector T
cells during in vitro expansion. Fortunately, Tregs can be efficiently engineered with
a predetermined antigen-specificity via transfection of viral vectors encoding specific
T cell receptors (TCRs) or chimeric antigen receptors (CARs). Compared to Tregs
engineered with TCRs (TCR-Tregs), CAR-modified Tregs (CAR-Tregs) engineered in a
non-MHC restricted manner have the advantage of widespread applications, especially
in transplantation and autoimmunity. CAR-Tregs also are less dependent on IL-2 than
are TCR-Tregs. CAR-Tregs are promising given that they maintain stable phenotypes
and functions, preferentially migrate to target sites, and exert more potent and specific
immunosuppression than do polyclonal Tregs. However, there are some major hurdles
that must be overcome before CAR-Tregs can be used in clinic. It is known that
treatments with anti-tumor CAR-T cells cause side effects due to cytokine “storm” and
neuronal cytotoxicity. It is unclear whether CAR-Tregs would also induce these adverse
reactions. Moreover, antibodies specific for self- or allo-antigens must be characterized
to construct antigen-specific CAR-Tregs. Selection of antigens targeted by CARs and
development of specific antibodies are difficult in some disease models. Finally, CAR-Treg
exhaustion may limit their efficacy in immunosuppression. Recently, innovative CAR-Treg
therapies in animal models of transplantation and autoimmune diseases have been
reported. In this mini-review, we have summarized recent progress of CAR-Tregs and
discussed their potential applications for induction of immunological tolerance.
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INTRODUCTION

Regulatory T cells (Tregs) are a subpopulation of T cells that
can suppress the function of conventional T cells and other
immune cells. A major subset of Tregs is defined by their
stable expression of the interleukin (IL)-2 receptor o chain
(CD25) and the transcription factor forkhead box protein 3
(FoxP3), which determines Treg function (1). It has been
shown that mutations in FoxP3 gene impair Treg function,
causing severe and lethal autoimmunity, including immune
dysregulation, polyendocrinopathy, enteropathy, and X-linked
(IPEX) syndrome in mice and humans (2, 3). CD4TCD25™" Tregs
are classified into two subsets: thymus-derived natural Tregs
(nTregs) that comprise 5-10% of CD4" T cell compartment
and peripherally induced Tregs (iTregs) that develop from
naive T cells in the periphery (4-7). Numerous studies have
shown that Tregs exert their suppressive function in both
contact-independent and contact-dependent manners, including
release of inhibitory cytokines, disruption of metabolic pathways,
suppression of antigen-presenting cells (APCs), and cytotoxic
mechanisms (8-10). Tregs play an important role in preventing
graft-vs.-host disease (GVHD) (11), allograft rejection (12), and
autoimmune diseases (13-15).

Tregs inhibit allograft rejection and autoimmunity in many
animal models (12-18) while multiple Treg-based cell therapies
have also been conducted in clinical trials (19). The first
clinical trial of adoptive transfer of in vitro-expanded Tregs
was reported for treating GVHD (20). This cellular therapy
allowed for significant alleviation of the symptoms and reduction
in conventional immunosuppressive agents in chronic GVHD.
Then, multiple clinical trials demonstrated that Tregs prevented
both acute and chronic GVHD with no cytotoxicity and other
adverse events (21-23). On the other hand, polyclonal Tregs
were shown to preserve beta-cell function, prolong pancreatic
islet survival and attenuate type 1 diabetes (T1D) (24-26). In
these studies, the adoptively transferred Tregs were proved to
be safe while ameliorating T1D. As the safety of Treg therapy
was demonstrated in these clinical trials, additional trials based
on antigen-specific Treg therapies in solid organ transplantation
were conducted (10, 27). Using ex vivo-generated Tregs, a major
pilot study showed that most of the patients developed liver
transplant tolerance with normal graft function but with no
obvious side effects after the withdrawal of immunosuppressive
agents (28). Thus, Treg therapies hold much promise for treating
both autoimmune diseases and transplant rejection.

However, previous clinical trials have largely used polyclonal
or in vitro-expanded Tregs (29). While the initially limited
success of polyclonal Tregs is encouraging, the amounts of
cells needed for infusions are quite large and the risk of non-
specific immunosuppression should be considered. Indeed, viral
reactivation after infusion of polyclonal Tregs has been reported
(30). These drawbacks could be overcome using antigen-specific
Tregs, which require fewer cells to exert more localized and
targeted suppression than polyclonal Tregs. Moreover, many
groups have demonstrated that Tregs specific for a desired
antigen are functionally superior to polyclonal or unmodified
Tregs in animal models (27, 31-33).

Traditional methods to generate antigen-specific Tregs rely on
expanding Tregs with APCs and specific antigens or engineering
Tregs with T-cell receptors (TCRs). Treg expansion with APCs
is ineflicient, because there are few antigen-specific Tregs in
the original polyclonal cells. Although Tregs engineered with
TCRs (TCR-Tregs) seem to be promising (18, 31, 34-36), they
are still MHC-restricted, limiting the modular application in
individual patients. An MHC-independent strategy of generating
antigen specificity is to engineer Tregs with genes encoding
chimeric antigen receptors (CARs). CARs typically consist of
a single-chain variable fragment (scFv, a binding moiety of
monoclonal antibody), an extracellular hinge, a transmembrane
region, and intracellular signaling domains (Figure 1) (27). CAR-
modified T (CAR-T) cells are now mainly used for cancer
immunotherapies. CD19-targeted CAR-T cells are effective in
treating hematologic malignancies in preclinical and clinical
trials (37, 38), and have been authorized by US FDA for
clinical treatments in 2017. This technology has been extended
to Treg therapies using Tregs engineered with CARs (CAR-
Tregs). In animal models, CAR-Tregs have shown great potential
for treating different diseases, especially allograft rejection and
various autoimmune diseases. In this mini-review, we have
summarized CAR-Treg therapies mainly in transplantation and
autoimmunity (Table 1). Also presented is the schematic diagram
showing CAR-Treg structure and mechanisms underlying their
suppression (Figure 1).

CAR-TREG IN TRANSPLANTATION

MHC class I molecule is constitutively expressed on the surface
of nearly all transplanted cells, including passenger leukocytes
emigrating from a graft. In particular, HLA-A2 is highly
prevalent (>40%) in white donors (52, 53). In addition, HLA-
A mismatching is often associated with poor outcomes after
transplantation. Thus, HLA-A2 is a potential target antigen
to generate antigen-specific Tregs for inducing transplantation
tolerance.

Alloantigen-specific human Tregs were created with a HLA-
A2-specific CAR (A2-CAR) in a peptide-independent manner
and utilized to prevent xenogeneic GVHD in the immune
deficient NOD.SCID.yc-/- (NSG) mice receiving HLA-A2T
human PBMCs alone or with A2-CAR-expressing Tregs (39).
A2-CAR-Tregs maintained high expression of canonical Treg
markers, including FoxP3, CD25, Helios, CTLA-4 and a high
degree of demethylation of the Treg-specific demethylated region
(TSDR) of the FOXP3 locus. An A2-CAR on Tregs enabled
stronger antigen-specific activation than did an endogenous
TCR. A2-CAR-Tregs activated via CARs suppressed in vitro
proliferation of CD8" T cells. Moreover, A2-CAR-Tregs were
more efficient in preventing xenogeneic GVHD in the NSG
recipients than were TCR-Tregs. Unlike TCRs, CARs could also
stimulate IL-2-independent Treg proliferation in short-term (39).
Further, CAR-stimulated Tregs had higher surface expression
of CTLA-4, latency-associated peptide (LAP) and the inactive
precursor of TGF-B. Thus, CAR-Tregs may be superior to TCR-
Tregs.
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FIGURE 1 | Schematic diagram depicting the structure of CAR-modified regulatory T cells (CAR-Tregs) and their suppression of effector T cells. (A) Tregs transduced
with viral vectors overexpress CARs that specifically recognize surface antigens on target cells. CAR-Tregs suppress effector T (Teff) cells through various mechanisms.
CAR-Tregs secrete immunosuppressive cytokines. CTLA-4 on activated Tregs also competes with CD28 on Teffs to bind CD80/CD86 on APCs. Granzyme B/A
(GrzB/A) and perforin (Pfr) secreted by Tregs or their Fas-ligand can induce Teff apoptosis. (B) The constructions of the first generation (1st CAR), second generation
(2nd CAR), third generation (3rd CAR) and universal CAR (UniCAR) are presented. CARs consist of antigen binding scFv (single chain variable fragment), an
extracellular hinge, a transmembrane domain (TMD) and intracellular signaling (CD28/CD137/CD3¢) domains. The 1st CAR contains only CD3¢ signaling domain. The
2nd CAR contains an additional costimulatory domain (either CD28 or CD137). The 3rd CAR combines both of the costimulatory domains. Finally, the hinge of the
universal CAR is attached to P1 (a peptide or protein), which binds to another peptide or protein P2 fused to an scFv recognizing surface molecules on target cells.

A2-CAR-Tregs were then developed to prevent rejection of
skin allograft (40). A2-CAR changed the specificity of nTregs
without alteration of their regulatory phenotypes and epigenetic
stability. Activation of the Tregs via an A2-CAR led to a stronger
cell proliferation and upregulation of CD39 effector molecule,
and inhibited allospecific effector T (Teff) cell proliferation
in vitro more effectively than that of unmodified nTregs or
control CAR-Tregs. Furthermore, based on measurements of
ear thickness in NOD.Ragl1™!IL-2yc (NRG) mice receiving
A2-CAR Tregs or control nTregs plus HLA-Al+ PBMCs
(responders) and irradiated HLA-A2+ PBMCs (stimulators),
A2-CAR Tregs suppressed allogeneic responses of delayed-type
hypersensitivity more potently than did unmodified nTregs
or control CAR-Tregs. While adoptive transfer of polyclonal
nTregs or control CAR-Tregs had only a moderate effect
on tolerance induction, transfer of A2-CAR-Tregs completely
prevented killing of allogeneic HLA-A2-positive target cells
and rejection of HLA-A2-positive human skin grafts for over
40 days. Histologic examination showed that transferred A2-
CAR-Tregs homed to skin grafts and persisted for long-term
(40). Meanwhile, a similar study was reported with two HLA-
A2-specific CARs engineered: one comprising a CD28-CD3¢
signaling domain (CAR) and another lacking an intracellular
signaling domain (ACAR) (41). In this model, it was found

that, relative to polyclonal Tregs, CAR and ACAR Tregs
transmigrated through HLA-A2" endothelial monolayers much
faster than through HLA-A2~ endothelial monolayers in vitro,
which confirmed a preferential migration of A2-CAR-Tregs
into HLA-A2" target tissues (41). This finding suggests that
expression of target antigens on transplanted cells would likely
stimulate localization of antigen-specific CAR-Tregs to a graft.
Indeed, Treg localization to the graft is important to prevent
allograft rejection and induce transplant tolerance (54). These
two reports on A2-CAR Tregs imply a potentially clinical
application for CAR-Treg therapies.

Antonio et al. developed a new type of CAR termed
mAbCAR expressing a FITC-targeted CAR on Tregs that could
be activated in a flexible way by various mAbs covalently
conjugated to FITC (42). They proved that mAbCAR Tregs
could be activated by FITC-conjugated antibodies. Antigen-
specific mAbCAR Tregs retained their original phenotypes and
functions. Prior to receiving allogeneic donor T cells and T
cell-depleted bone marrow, adoptive transfer of donor-derived
MAdCAM1-mADbCAR Tregs into lethally irradiated allogeneic
BALB/c recipients effectively prevented GVHD. Compared
with isotype-mAbCAR Tregs, donor-specific H-2DY-mAbCAR
Tregs, which were directed against an MHC-I antigen H-2D¢
expressed on transplanted islets, also significantly prolonged
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TABLE 1 | Potential application of CAR-Tregs for different diseases.

Disease model Antigen Functional characteristics References
specificity
TRANSPLANTATION
GVHD HLA-A2 e Superior to polyclonal Tregs at preventing xenogeneic GVHD after engraftment with (89)
human PBMCs

Skin Transplant HLA-A2 e Completely preventing rejection of HLA-A2—positive PBMCs and skin grafts (40)

Rejection

Skin Transplant HLA-A2 ¢ |nhibiting rejection of human HLA-A2—-positive skin grafts more effectively than (41)

Rejection polyclonal Tregs

GVHD, islet, and Universal e Activation of mAbCAR-Treg by FITC conjugated mAb (42)

Skin e Preventing GVHD and extending survival of islet allografts and secondary skin

Transplantation allografts

AUTOIMMUNE DISEASES

Colitis TNP e Attenuation of murine colitis by CAR-Treg (43, 44)
e Better than polyclonal Tregs

Colitis and CEA e Better than irrelevant CAR-Tregs in ameliorating colitis and colitis-associated (45)

colorectal cancer colorectal cancer

Multiple sclerosis MOG o Naive CD41 T cells reprogrammed into Tregs by over-expressing FOXP3 (46)
e Suppressing EAE better than MOCK-transduced Tregs

MISCELLANEOUS

Hemophilia A FVIIl e CAR-Treg activated by soluble protein FVIII (47)
e Suppression of anti-FVIII antibody responses

Asthma CEA e More efficient in controlling asthma than unmodified Tregs (48)

Burkitt lymphoma CD19 ¢ Inhibiting antitumor efficacy of CD19-specific CAR-T (49)

Sarcoma CEA ¢ Inhibiting antitumor efficacy of CEA-specific CAR-T (50)

Prostate cancer Universal e Activation of UniCAR-Treg by a peptide E5B9 -conjugated mAb/scFv targeting a (51)

cell surface structure

Costimulation with CD137 superior to that with CD28 in terms of safety issues
Inhibiting antitumor efficacy of Teff with the same specificity

GVHD, graft-vs.-host disease; HLA, human leukocyte antigen;, PBMC, peripheral blood mononuclear cell; mAb, monoclonal antibody; FITC, fluorescein isothiocyanate; TNF, 2,4,6-
trinitrophenol; CEA, carcinoembryonic antigen; MOG, myelin oligodendrocyte glycoprotein; EAE, experimental autoimmune encephalomyelitis; FVIIl, Factor VIIl; scFv, single chain

variable fragment.

islet allograft survival. Bioluminescent imaging and histologic
analysis confirmed an enhanced ability of H-2D9-mAbCAR
Tregs to home to and expand in the islet grafts. They further
demonstrated that H-2DY-mAbCAR Tregs fostered alloantigen-
specific peripheral tolerance by showing that mice infused
with H-2D9-mAbCAR Tregs exhibited a prolonged survival of
secondary skin allografts (42). Thus, the ability to home to target
tissues was improved by antigen-specific stimulation of mAbCAR
Tregs that could be activated by various FITC-conjugated mAbs
recognizing a number of different surface proteins, suggesting
that mAbCAR can be used to extend CAR technology to Treg
application. Similarly, another flexible module termed universal
CAR (UniCAR) has been published recently (51), as described
under the subheading of CAR-Treg for Other Diseases.

CAR-TREG IN AUTOIMMUNITY

Elinav et al. initially reported CAR Tregs that were isolated
from transgenic BALB/c mice with a CAR specific for 2,4,6-
trinitrophenol (TNP), an antigen commonly used in a mouse
model of colitis (43). TNP-CAR Tregs, but not non-specific
control Tregs, suppressed the proliferation of both control and
TNP-CAR Teffs in vitro. The costimulatory signal CD28 was

not crucial for the Treg suppression as the CAR-Tregs could
also inhibit Teff cell proliferation even in the absence of B7-
CD28 costimulation. When colitis was induced with 2,4,6-
trinitrobenzene sulphonic acid (TNBS), the mortality rate of
TNP-CAR-tg mice significantly decreased in comparison with
WT mice, indicating that TNP-CAR Tregs may have protected
mice from colitis. Similarly, transfer of TNP-CAR Tregs, but not
unmodified Tregs, to WT mice with TNBS colitis alleviated the
disease and prolonged mouse survival. In situ fluorescent micro-
endoscopic evaluation verified that TNP-CAR Tregs localized to
inflamed colonic mucosa. Moreover, intrarectal administration
of TNBS resulted in TNP-CAR Treg-mediated protection from
oxazolone-induced colitis, implying that activation of these TNP-
CAR Tregs by TNBS also generates “bystander suppression” (43).
Thus, Tregs redirected to inflamed tissue can exert protective
effects with a specificity that differs from that of pathogenic T
cells.

To employ this approach in a non-transgenic mouse model,
the same group developed a novel protocol that enabled
efficient and reproducible retroviral transduction and expansion
of murine nTregs, leading to a highly enriched population of
TNP-specific Tregs. The TNP-CAR nTregs exhibited similar
suppressive capabilities to TNP-CAR Tregs both in vitro and
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in vivo. Furthermore, TNP-CAR nTreg-mediated suppression
in vitro was partially dependent on cell-cell contact but not
IL-10 or TGF-B1 (44). Since carcinoembryonic antigen (CEA)
has been shown to be overexpressed in human colitis and
colorectal cancer (55), this group also utilized CEA-specific CAR-
Tregs to treat CEA-transgenic mice with colitis or colorectal
cancer. Two experimental models were implemented: CEA-
specific CAR Teff-induced colitis and azoxymethane-dextran
sodium sulfate (AOM-DSS) murine model of colitis-associated
colorectal cancer. CEA-CAR Tregs suppressed the proliferation
of CEA-CAR Teffs more effectively than did the irrelevant control
CAR Tregs in vitro. Both CEA-CAR Tregs and CEA-CAR Tefts,
but not control CAR Tregs, homed to and accumulated in the
colon of diseased mice, confirming the importance of antigen-
specific stimulation for Teff or Treg homing to target organs.
On the other hand, transfer of CEA-CAR Tregs ameliorated
CEA-CAR Teft-transferred colitis, AOM-DSS-induced colitis
and colitis-associated colorectal cancer more efficiently than that
of control CAR Tregs (45).

In another study, CAR Tregs were engineered with specificity
for myelin oligodendrocyte glycoprotein (MOG) to suppress
experimental autoimmune encephalomyelitis (EAE), a model
relating to multiple sclerosis in humans (46). In this model,
murine FoxP3 was co-expressed with the CAR to drive Treg
differentiation from naive CD4™ T cells. Reprogramming naive
or memory CD4" T cells into Tregs by overexpressing a
high level of FOXP3 has been proved to be valid (56, 57).
In these studies, engineered T cells obtained Treg suppressive
capacity. MOG-CAR Tregs efficiently homed to various regions
in the brain after intranasal cell delivery, as demonstrated
by examination of horizontal cryosections of the brain, and
suppressed ongoing encephalomyelitis, as evidenced by reduced
disease symptoms and decreased mRNA levels of IL-12 and
IFN-y in the brain tissue. Moreover, EAE mice treated with
MOG-CAR Tregs were protected from a second EAE challenge,
indicating a sustained effect of the engineered CAR-Tregs (46).

CAR-TREG FOR OTHER DISEASES

Hombach et al. pioneered CEA-specific CAR-Tregs in 2009
(50). Although cytolytic immune responses of CEA-specific
CD3" T cells were dramatically repressed in the presence
of CEA-CAR Tregs, the low expression of FOXP3 and
coproduction of IFN-y and IL-10 make it difficult to assess
the net impacts of CAR expression on Treg suppression. Since
CEA is mainly present on the surface of adenoepithelia in
the lung and gastrointestinal tract, Skuljec et al. redirected
CEA-CAR Tregs toward lung epithelia in a mouse model of
experimental allergic asthma (48). CEA-CAR Tregs significantly
reduced in vitro proliferation of CEA-CAR Teffs stimulated
through their CARs. After adoptively transferred to asthmatic
CEA transgenic mice, CEA-CAR Tregs were activated and
accumulated in the lung and tracheobronchial lymph nodes,
reduced airway hyperreactivity and diminished eosinophilic
airway inflammation more efficiently than unmodified Tregs
(48). In mice lacking transgenic CEA, however, CEA-CAR Tregs

functioned similarly to unmodified Tregs in suppression of
inflammation and were not accumulated in the lung, supporting
the view that antigen-specific stimulation enhances the ability of
Tregs to home to target sites and exert suppression.

Based on a previous study showing that CD19-CAR T cells
successfully eradicated systemic human CD19% tumors in SCID-
Beige mice (58), Lee et al. engineered CDI19-targeted CAR
Tregs (49). These Tregs exerted immunosuppressive function
and facilitated a hostile tumor microenvironment, in which
antitumor activity of CD19-CAR Teffs was suppressed. When
tumor-bearing SCID mice transferred with CD19-CAR Tregs
were lymphodepleted with cyclophosphamide, the subsequently
infused CD19-CAR Teffs restored their antitumor capacity,
suggesting that antigen-specific CAR-Tregs hinder antitumor
activity of CAR-T cells.

FVIII-specific chimeric antigen receptor (ANS8-CAR) Tregs
were engineered to generate tolerance to factor VIII (FVIII)
in a model of hemophilia A (47, 59, 60). Soluble FVIII,
not a protein on the cell surface, could be used as a target
antigen for antigen-specific Treg recognition. When activated
by FVIII, ANS8-CAR Tregs suppressed anti-FVIII antibody
responses. These results were consistent with important data
using FVIII-specific TCR-Tregs published by the same group
(31). Interestingly, ANS8-CAR Tregs specific for A2 domain of
FVIII suppressed in vitro proliferation of effector T cells with a
specificity toward a C2 domain of FVIII or a different protein,
myelin basic protein (MBP) (47), suggesting that CAR-Tregs can
exert “bystander” suppression in vitro in the presence of both
antigens that activate Tregs and T effectors. It remains to be
determined if this bystander suppression occurs in vivo. It is also
unclear whether this bystander immunosuppression generated
by antigen-specific CAR-Tregs is superior to deleterious non-
specific immunosuppression by polyclonal Tregs.

Universal CAR-Tregs (UniCAR-Tregs) have been recently
developed from tumor-targeted CAR-Ts (51). The activation of
UniCAR-Tregs is mediated by a peptide epitope-conjugated scFv,
which targets a cell surface structure. UniCAR-Tregs can be
applied universally as their antigen-specificity is easily adjusted
using scFvs with different specificities. UniCAR-Tregs have
demonstrated greater suppressive capacity than did unmodified
Tregs. Moreover, UniCAR-Tregs with CD137 co-stimulation
molecule showed a stronger suppressive activity in vivo than
did UniCAR-Stop Tregs transduced with intracellular signaling
domain-deficient UniCAR (51).

ADVANTAGES AND LIMITATIONS OF
CAR-TREGS

It is generally accepted that antigen-specific Tregs, including
TCR- and CAR-Tregs, are superior to polyclonal Tregs
in their suppression. Tregs need to migrate to disease-
related target organs to exert maximal effects of suppression.
Thus, CAR-Tregs are more potent in suppression than
polyclonal Tregs since antigen-specific CAR-Tregs tend to
migrate to a target organ harboring a specific antigen.
Compared with non-specific immunosuppression mediated by
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polyclonal Tregs, inhibition mediated by CAR-Tregs is antigen-
specific, which likely generates fewer side effects related to
general immunosuppression. They provide an approach to
achieving disease-specific immunosuppression. Moreover, CAR-
Tregs appear to hold advantages over TCR-Tregs given that the
former is non-MHC-restricted and less dependent on IL-2 than
the latter.

However, there are some disadvantages or limitations in CAR-
Tregs. It is well known that treatments with anti-tumor CAR-
T cells can cause side effects related to cytokine “storm” and
neuronal cytotoxicity. It remains to be determined whether CAR-
Tregs would also induce these adverse reactions. Furthermore,
there is a need to characterize antibodies specific for self- or allo-
antigens to construct efficient and specific CAR-Tregs. Selection
of antigens targeted by CARs and development of specific
antibodies are time-consuming and may be difficult in some
disease models. Finally, exhaustion of CAR-Tregs likely limits
their efficacy in suppression. Because CD28 plays an important
role in Treg development and expansion (61), most of the
studies on CAR-Tregs used the second generation CARs with
CD28 costimulatory domain to expand the Tregs while some
studies indicated that CARs with CD137 costimulation, but not
CD28, could ameliorate T cell exhaustion, thus improving CAR-
T persistence (62, 63). Perhaps, inclusion of both CD28 and
CD137 costimulatory domains may further help maintain CAR-
Tregs. More studies are warranted to select the best costimulatory
signals for optimal CAR-Treg suppression. Further, CARs
incorporating IL-2 receptorf-chain (64), telomerase reverse
transcriptase co-transduction (65) or treatment with PI3K
inhibitor (66) were found to improve in vivo persistence of CAR-
T cells. It remains to be defined whether these measures would
also improve CAR-Treg performance.

REFERENCES

1. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and
function of CD4+CD25+ regulatory T cells. Nat Immunol. (2003) 4:330-6.
doi: 10.1038/ni904

2. Bennett CL, Christie ], Ramsdell E Brunkow ME, Ferguson PJ, Whitesell
L, et al. The immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet. (2001)
27:20-1. doi: 10.1038/83713

3. 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

4. Josefowicz SZ, Rudensky A. Control of regulatory T cell lineage
commitment and  maintenance.  Immunity ~ (2009)  30:616-25.
doi: 10.1016/j.immuni.2009.04.009

5. Sakaguchi S, Ono M, Setoguchi R, Yagi H, Hori S, Fehervari Z,
et al. Foxp3+ CD25+ CD4+ natural regulatory T cells in dominant
self-tolerance and autoimmune disease. Immunol Rev. (2006) 212:8-27.
doi: 10.1111/j.0105-2896.2006.00427.x

6. Nguyen TL, Sullivan NL, Ebel M, Teague RM, DiPaolo R]. Antigen-
specific TGF-beta-induced regulatory T cells secrete chemokines, regulate
T cell trafficking, and suppress ongoing autoimmunity. J Immunol. (2011)
187:1745-53. doi: 10.4049/jimmunol.1004112

7. DiPaolo RJ, Brinster C, Davidson TS, Andersson J, Glass D, Shevach EM.
Autoantigen-specific TGFbeta-induced Foxp3+ regulatory T cells prevent

PERSPECTIVE

With the development of the new generation of CAR-Ts, such
as UniCAR-T (51, 67), and genome-editing technologies to
eliminate the immunogenicity of endogenous TCRs and MHC
molecules (68, 69), donor-derived or third-party T cells may be
used to modularly generate CAR-T or CAR-Treg cell banks with
batch production and improved safety. In contrast, autologous
CAR-Tregs made individually are time-consuming although
they are not immunogenic. A recent study has reported that
genome-editing can be utilized to identify neoantigens for cancer
immunotherapy (70). This technology may also help identify
hidden self-antigens. Thus, the development of self-antigen-
specific antibodies for CAR construction is expected to accelerate.
As researchers make progress in CAR-Treg treatments in animal
models, clinical trials using CAR-Tregs will emerge in the near
future.

AUTHOR CONTRIBUTIONS

QZ and WL wrote the manuscript. CL-L, YC and HL collected the
literature and provided general idea. FQ and ZD edited the
manuscript.

FUNDING

This work was supported by National Natural
Science Foundation of China [81471550], Guangdong Provincial
Administration of Chinese Medicine (20181124 and 20182038),
and Innovative and Enhancement Research Program of
Guangzhou University of Chinese Medicine (E1-KFD015181K36
and E1-KFD015181K37).

autoimmunity by inhibiting dendritic cells from activating autoreactive T
cells. J Immunol. (2007) 179:4685-93. doi: 10.4049/jimmunol.179.7.4685

8. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev
Immunol. (2008) 8:523-32. doi: 10.1038/nri2343

9. Romano M, Tung SL, Smyth LA, Lombardi G. Treg therapy in
transplantation: a general overview. Transplant Int. (2017) 30:745-53.
doi: 10.1111/tri.12909

10. Vaikunthanathan T, Safinia N, Boardman D, Lechler RI, Lombardi
G. Regulatory T cells: tolerance induction in solid organ
transplantation. Clin Exp Immunol. (2017) 189:197-210. doi: 10.1111/cei.
12978

11. Edinger M, Hoffmann P, Ermann J, Drago K, Fathman CG, Strober
S, et al. CD4+CD25+ regulatory T cells preserve graft-versus-
tumor activity while inhibiting graft-versus-host disease after bone
marrow transplantation. Nat Med. (2003) 9:1144-50. doi: 10.1038/
nm915

12. Tsang JY, Tanriver Y, Jiang S, Leung E, Ratnasothy K, Lombardi G,
et al. Indefinite mouse heart allograft survival in recipient treated
with CD4(4)CD25(+) regulatory T cells with indirect allospecificity
and short term immunosuppression. Transpl Immunol. (2009) 21:203-9.
doi: 10.1016/j.trim.2009.05.003

13. Sakaguchi S, Sakaguchi N, Shimizu ], Yamazaki S, Sakihama T, Itoh
M, et al. Immunologic tolerance maintained by CD25(+) CD4(+)
regulatory T cells: their common role in controlling autoimmunity, tumor
immunity, and transplantation tolerance. Immunol Rev. (2001) 182:18-32.
doi: 10.1034/j.1600-065X.2001.1820102.x

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2359


https://doi.org/10.1038/ni904
https://doi.org/10.1038/83713
https://doi.org/10.1038/83784
https://doi.org/10.1016/j.immuni.2009.04.009
https://doi.org/10.1111/j.0105-2896.2006.00427.x
https://doi.org/10.4049/jimmunol.1004112
https://doi.org/10.4049/jimmunol.179.7.4685
https://doi.org/10.1038/nri2343
https://doi.org/10.1111/tri.12909
https://doi.org/10.1111/cei.12978
https://doi.org/10.1038/nm915
https://doi.org/10.1016/j.trim.2009.05.003
https://doi.org/10.1034/j.1600-065X.2001.1820102.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

CAR-Treg in Alloimmunity and Autoimmunity

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

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. ] Immunol. (1995) 155:1151-64.

Weber SE, Harbertson J, Godebu E, Mros GA, Padrick RC, Carson BD, et al.
Adaptive islet-specific regulatory CD4 T cells control autoimmune diabetes
and mediate the disappearance of pathogenic Thl cells in vivo. ] Immunol.
(2006) 176:4730-9. doi: 10.4049/jimmunol.176.8.4730

Golshayan D, Jiang S, Tsang ], Garin MI, Mottet C, Lechler RL In
vitro-expanded donor alloantigen-specific CD4+CD25+ regulatory T cells
promote experimental transplantation tolerance. Blood (2007) 109:827-35.
doi: 10.1182/blood-2006-05-025460

Sagoo P, Ali N, Garg G, Nestle FO, Lechler RI, Lombardi G. Human regulatory
T cells with alloantigen specificity are more potent inhibitors of alloimmune
skin graft damage than polyclonal regulatory T cells. Sci Transl Med. (2011)
3:83ra42. doi: 10.1126/scitranslmed.3002076

Tsang JY, Tanriver Y, Jiang S, Xue SA, Ratnasothy K, Chen D, et al.
Conferring indirect allospecificity on CD4+CD25+ Tregs by TCR gene
transfer favors transplantation tolerance in mice. J Clin Invest. (2008)
118:3619-28. doi: 10.1172/]JCI33185

Biswas M, Kumar SRP, Terhorst C, Herzog RW. Gene Therapy With
Regulatory T Cells: a Beneficial Alliance. Front Immunol. (2018) 9:554.
doi: 10.3389/fimmu.2018.00554

Trzonkowski P, Bieniaszewska M, Juscinska J, Dobyszuk A, Krzystyniak
A, Marek N, et al. First-in-man clinical results of the treatment of
patients with graft versus host disease with human ex vivo expanded
CD4+CD25+CD127- T regulatory cells. Clin Immunol. (2009) 133:22-6.
doi: 10.1016/j.clim.2009.06.001

Di Ianni M, Falzetti E Carotti A, Terenzi A, Castellino F, Bonifacio
E, et al. Tregs prevent GVHD and promote immune reconstitution
in HLA-haploidentical transplantation. Blood (2011) 117:3921-8.
doi: 10.1182/blood-2010-10-311894

Brunstein CG, Miller JS, Cao Q, McKenna DH, Hippen KL, Curtsinger J,
et al. Infusion of ex vivo expanded T regulatory cells in adults transplanted
with umbilical cord blood: safety profile and detection kinetics. Blood (2011)
117:1061-70. doi: 10.1182/blood-2010-07-293795

Theil A, Tuve S, Oelschlagel U, Maiwald A, Dohler D, Ossmann D,
et al. Adoptive transfer of allogeneic regulatory T cells into patients
with chronic graft-versus-host disease. Cytotherapy (2015) 17:473-86.
doi: 10.1016/j.jcyt.2014.11.005

Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M,
Techmanska I, Juscinska J, et al. Administration of CD4-+CD25highCD127-
regulatory T cells preserves beta-cell function in type 1 diabetes in children.
Diabetes Care (2012) 35:1817-20. doi: 10.2337/dc12-0038

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) 7:315ral189. doi: 10.1126/scitranslmed.aad4134
Marek-Trzonkowska N, Mysliwiec M, Dobyszuk A, Grabowska M,
Derkowska I, Juscinska J, et al. Therapy of type 1 diabetes with
CD4(+)CD25(high)CD127-regulatory T cells prolongs survival of pancreatic
islets - results of one year follow-up. Clin Immunol. (2014) 153:23-30.
doi: 10.1016/j.clim.2014.03.016

Boardman D, Maher J, Lechler R, Smyth L, Lombardi G. Antigen-specificity
using chimeric antigen receptors: the future of regulatory T-cell therapy?
Biochem Soc Trans. (2016) 44:342-8. doi: 10.1042/BST20150247

Todo S, Yamashita K, Goto R, Zaitsu M, Nagatsu A, Oura T, et al. A
pilot study of operational tolerance with a regulatory T-cell-based cell
therapy in living donor liver transplantation. Hepatology (2016) 64:632-43.
doi: 10.1002/hep.28459

Saudemont A, Jespers L, Clay T. Current Status of Gene Engineering
Cell Therapeutics. Front Immunol. (2018) 9:153. doi: 10.3389/fimmu.2018.
00153

Brunstein CG, Blazar BR, Miller JS, Cao Q, Hippen KL, McKenna DH,
et al. Adoptive transfer of umbilical cord blood-derived regulatory T cells
and early viral reactivation. Biol Blood Marrow Transpl. (2013) 19:1271-3.
doi: 10.1016/j.bbmt.2013.06.004

Kim YC, Zhang AH, Su Y, Rieder SA, Rossi RJ, Ettinger RA, et al.
Engineered antigen-specific human regulatory T cells: immunosuppression

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

of FVIII-specific T- and B-cell responses. Blood (2015) 125:1107-15.
doi: 10.1182/blood-2014-04-566786

Tang Q, Henriksen K], Bi M, Finger EB, Szot G, Ye J, et al. In vitro-expanded
antigen-specific regulatory T cells suppress autoimmune diabetes. ] Exp Med.
(2004) 199:1455-65. doi: 10.1084/jem.20040139

Tarbell KV, Yamazaki S, Olson K, Toy P, Steinman RM. CD25+4 CD4+
T cells, expanded with dendritic cells presenting a single autoantigenic
peptide, suppress autoimmune diabetes. ] Exp Med. (2004) 199:1467-77.
doi: 10.1084/jem.20040180

Brusko TM, Koya RC, Zhu S, Lee MR, Putnam AL, McClymont SA, et al.
Human antigen-specific regulatory T cells generated by T cell receptor gene
transfer. PLoS ONE (2010) 5:e11726. doi: 10.1371/journal.pone.0011726

Hull CM, Nickolay LE, Estorninho M, Richardson MW, Riley JL, Peakman
M, et al. Generation of human islet-specific regulatory T cells by TCR gene
transfer. J Autoimmun. (2017) 79:63-73. doi: 10.1016/j.jaut.2017.01.001
Wright GP, Notley CA, Xue SA, 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 USA. (2009) 106:19078-83.
doi: 10.1073/pnas.0907396106

Jain MD, Davila ML. Concise review: emerging principles from the
clinical application of chimeric antigen receptor T cell therapies for B cell
malignancies. Stem Cells (2018) 36:36-44. doi: 10.1002/stem.2715

Gauthier ], Yakoub-Agha I. Chimeric antigen-receptor T-cell therapy for
hematological malignancies and solid tumors: clinical data to date, current
limitations and perspectives. Curr Res Transl Med. (2017) 65:93-102.
doi: 10.1016/j.retram.2017.08.003

MacDonald KG, Hoeppli RE, Huang Q, Gillies ], Luciani DS, Orban PC,
et al. Alloantigen-specific regulatory T cells generated with a chimeric antigen
receptor. ] Clin Invest. (2016) 126:1413-24. doi: 10.1172/JCI82771

Noyan F, Zimmermann K, Hardtke-Wolenski M, Knoefel A, Schulde E,
Geffers R, et al. Prevention of allograft rejection by use of regulatory T
cells with an MHC-specific chimeric antigen receptor. Am J Transpl. (2017)
17:917-30. doi: 10.1111/ajt.14175

Boardman DA, Philippeos C, Fruhwirth GO, Ibrahim MA, Hannen RE
Cooper D, et al. Expression of a chimeric antigen receptor specific for
donor HLA class I enhances the potency of human regulatory T cells in
preventing human skin transplant rejection. Am J Transpl. (2017) 17:931-43.
doi: 10.1111/ajt.14185

Pierini A, Iliopoulou BP, Peiris H, Perez-Cruz M, Baker J, Hsu K, et al. T cells
expressing chimeric antigen receptor promote immune tolerance. JCI Insight
(2017) 2:92865. doi: 10.1172/jci.insight.92865

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/j.gastro.2008.
02.060

Elinav E, Adam N, Waks T, Eshhar Z. Amelioration of colitis by
genetically engineered murine regulatory T cells redirected by antigen-
specific  chimeric  receptor.  Gastroenterology  (2009)  136:1721-31.
doi: 10.1053/j.gastro.2009.01.049

Blat D, Zigmond E, Alteber Z, Waks T, Eshhar Z. Suppression of murine colitis
and its associated cancer by carcinoembryonic antigen-specific regulatory T
cells. Mol Ther. (2014) 22:1018-28. doi: 10.1038/mt.2014.41

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. ] Neuroinflammation (2012) 9:112.
doi: 10.1186/1742-2094-9-112

Yoon J, Schmidt A, Zhang AH, Konigs C, Kim YC, Scott DW.
FVIII-specific human chimeric antigen receptor T-regulatory cells
suppress T- and B-cell responses to FVIII. Blood (2017) 129:238-45.
doi: 10.1182/blood-2016-07-727834

Skuljec J, Chmielewski M, Happle C, Habener A, Busse M, Abken H,
et al. Chimeric Antigen Receptor-Redirected Regulatory T Cells Suppress
Experimental Allergic Airway Inflammation, a Model of Asthma. Front
Immunol. (2017) 8:1125. doi: 10.3389/fimmu.2017.01125

Lee JC, Hayman E, Pegram HJ, Santos E, Heller G, Sadelain M, et al. In vivo
inhibition of human CD19-targeted effector T cells by natural T regulatory
cells in a xenotransplant murine model of B cell malignancy. Cancer Res.
(2011) 71:2871-81. doi: 10.1158/0008-5472.CAN-10-0552

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2359


https://doi.org/10.4049/jimmunol.176.8.4730
https://doi.org/10.1182/blood-2006-05-025460
https://doi.org/10.1126/scitranslmed.3002076
https://doi.org/10.1172/JCI33185
https://doi.org/10.3389/fimmu.2018.00554
https://doi.org/10.1016/j.clim.2009.06.001
https://doi.org/10.1182/blood-2010-10-311894
https://doi.org/10.1182/blood-2010-07-293795
https://doi.org/10.1016/j.jcyt.2014.11.005
https://doi.org/10.2337/dc12-0038
https://doi.org/10.1126/scitranslmed.aad4134
https://doi.org/10.1016/j.clim.2014.03.016
https://doi.org/10.1042/BST20150247
https://doi.org/10.1002/hep.28459
https://doi.org/10.3389/fimmu.2018.00153
https://doi.org/10.1016/j.bbmt.2013.06.004
https://doi.org/10.1182/blood-2014-04-566786
https://doi.org/10.1084/jem.20040139
https://doi.org/10.1084/jem.20040180
https://doi.org/10.1371/journal.pone.0011726
https://doi.org/10.1016/j.jaut.2017.01.001
https://doi.org/10.1073/pnas.0907396106
https://doi.org/10.1002/stem.2715
https://doi.org/10.1016/j.retram.2017.08.003
https://doi.org/10.1172/JCI82771
https://doi.org/10.1111/ajt.14175
https://doi.org/10.1111/ajt.14185
https://doi.org/10.1172/jci.insight.92865
https://doi.org/10.1053/j.gastro.2008.02.060
https://doi.org/10.1053/j.gastro.2009.01.049
https://doi.org/10.1038/mt.2014.41
https://doi.org/10.1186/1742-2094-9-112
https://doi.org/10.1182/blood-2016-07-727834
https://doi.org/10.3389/fimmu.2017.01125
https://doi.org/10.1158/0008-5472.CAN-10-0552
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

CAR-Treg in Alloimmunity and Autoimmunity

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hombach AA, Kofler D, Rappl G, Abken H. Redirecting human
CD4+4CD25+4 regulatory T cells from the peripheral blood with pre-defined
target specificity. Gene Ther. (2009) 16:1088-96. doi: 10.1038/gt.2009.75
Koristka S, Kegler A, Bergmann R, Arndt C, Feldmann A, Albert S,
et al. Engrafting human regulatory T cells with a flexible modular
chimeric antigen receptor technology. J Autoimmun. (2018) 90:116-31.
doi: 10.1016/j.jaut.2018.02.006

Gonzalez-Galarza FF, Takeshita LY, Santos EJ, Kempson F, Maia MH, da
Silva AL, et al. Allele frequency net 2015 update: new features for HLA
epitopes, KIR and disease and HLA adverse drug reaction associations.
Nucleic Acids Res. (2015) 43(Database issue):D784-8. doi: 10.1093/nar/
gkull66

Burt C, Cryer C, Fuggle S, Little AM, Dyer P. HLA-A, -B, -DR allele group
frequencies in 7007 kidney transplant list patients in 27 UK centres. Int J
Immunogenet. (2013) 40:209-15. doi: 10.1111/iji.12000

Issa E Hester J, Milward K, Wood KJ. Homing of regulatory T cells
to human skin is important for the prevention of alloimmune-mediated
pathology in an in vivo cellular therapy model. PLoS ONE (2012) 7:¢53331.
doi: 10.1371/journal.pone.0053331

Smithson JE, Warren BE Young S, Pigott R, Jewell DP. Heterogeneous
expression of carcinoembryonic antigen in the normal colon and upregulation
in active ulcerative colitis. ] Pathol. (1996) 180:146-51.

Jaeckel E, von Boehmer H, Manns MP. Antigen-specific FoxP3-transduced
T-cells can control established type 1 diabetes. Diabetes (2005) 54:306-10.
doi: 10.2337/diabetes.54.2.306

Allan SE, Alstad AN, Merindol N, Crellin NK, Amendola M, Bacchetta R,
et al. Generation of potent and stable human CD4+ T regulatory cells by
activation-independent expression of FOXP3. Mol Ther. (2008) 16:194-202.
doi: 10.1038/sj.mt.6300341

Brentjens RJ, Latouche JB, Santos E, Marti E Gong MC, Lyddane C, et al.
Eradication of systemic B-cell tumors by genetically targeted human T
lymphocytes co-stimulated by CD80 and interleukin-15. Nat Med. (2003)
9:279-86. doi: 10.1038/nm827

Scott DW. From IgG fusion proteins to engineered-specific human
regulatory T Cells: A Life of Tolerance. Front Immunol. (2017) 8:1576.
doi: 10.3389/fimmu.2017.01576

Adair PR, Kim YC, Zhang AH, Yoon J, Scott DW. Human tregs made
antigen specific by gene modification: the power to treat autoimmunity
and antidrug antibodies with precision. Front Immunol. (2017) 8:1117.
doi: 10.3389/fimmu.2017.01117

Bour-Jordan H, Bluestone JA. Regulating the regulators: costimulatory signals
control the homeostasis and function of regulatory T cells. Immunol Rev.
(2009) 229:41-66. doi: 10.1111/j.1600-065X.2009.00775.x

62.

63.

64.

65.

66.

67.

68.

69.

70.

Long AH, Haso WM, Shern JE Wanhainen KM, Murgai M, Ingaramo
M, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by
tonic signaling of chimeric antigen receptors. Nat Med. (2015) 21:581-90.
doi: 10.1038/nm.3838

Quintarelli C, Orlando D, Boffa I, Guercio M, Polito VA, Petretto A,
et al. Choice of costimulatory domains and of cytokines determines
CAR T-cell activity in neuroblastoma. Oncoimmunology (2018) 7:e1433518.
doi: 10.1080/2162402X.2018.1433518

Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang CH, Saso K, et al. A novel
chimeric antigen receptor containing a JAK-STAT signaling domain mediates
superior antitumor effects. Nat Med. (2018) 24:352-9. doi: 10.1038/nm.4478
Bai Y, Kan S, Zhou S, Wang Y, Xu J, Cooke JP, et al. Enhancement of the in vivo
persistence and antitumor efficacy of CD19 chimeric antigen receptor T cells
through the delivery of modified TERT mRNA. Cell Discov. (2015) 1:15040.
doi: 10.1038/celldisc.2015.40

Zheng W, O’Hear CE, Alli R, Basham JH, Abdelsamed HA, Palmer
LE, et al. PI3K orchestration of the in vivo persistence of chimeric
antigen receptor-modified T (2018)  32:1157-67.
doi: 10.1038/541375-017-0008-6

Cho JH, Collins JJ, Wong WW. Universal chimeric antigen receptors for
multiplexed and logical control of T cell responses. Cell (2018) 173:1426-38
ell. doi: 10.1016/j.cell.2018.03.038

Provasi E, Genovese P, Lombardo A, Magnani Z, Liu PQ, Reik A, et al. Editing
T cell specificity towards leukemia by zinc finger nucleases and lentiviral gene
transfer. Nat Med. (2012) 18:807-15. doi: 10.1038/nm.2700
Morris  EC, Stauss HJ. Optimizing T-cell receptor
for ~ hematologic =~ malignancies.  Blood  (2016)
doi: 10.1182/blood-2015-11-629071

Manguso RT, Pope HW, Zimmer MD, Brown FD, Yates KB, Miller BC, et al.
In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target.
Nature (2017) 547:413-8. doi: 10.1038/nature23270

cells. Leukemia

gene therapy
127:3305-11.

Conflict of Interest Statement: 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

Copyright © 2018 Zhang, Lu, Liang, Chen, Liu, Qiu and Dai. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

October 2018 | Volume 9 | Article 2359


https://doi.org/10.1038/gt.2009.75
https://doi.org/10.1016/j.jaut.2018.02.006
https://doi.org/10.1093/nar/gku1166
https://doi.org/10.1111/iji.12000
https://doi.org/10.1371/journal.pone.0053331
https://doi.org/10.2337/diabetes.54.2.306
https://doi.org/10.1038/sj.mt.6300341
https://doi.org/10.1038/nm827
https://doi.org/10.3389/fimmu.2017.01576
https://doi.org/10.3389/fimmu.2017.01117
https://doi.org/10.1111/j.1600-065X.2009.00775.x
https://doi.org/10.1038/nm.3838
https://doi.org/10.1080/2162402X.2018.1433518
https://doi.org/10.1038/nm.4478
https://doi.org/10.1038/celldisc.2015.40
https://doi.org/10.1038/s41375-017-0008-6
https://doi.org/10.1016/j.cell.2018.03.038
https://doi.org/10.1038/nm.2700
https://doi.org/10.1182/blood-2015-11-629071
https://doi.org/10.1038/nature23270
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Chimeric Antigen Receptor (CAR) Treg: A Promising Approach to Inducing Immunological Tolerance
	Introduction
	CAR-Treg in Transplantation
	CAR-Treg in Autoimmunity
	CAR-Treg for Other Diseases
	Advantages and limitations of CAR-Tregs
	Perspective
	Author Contributions
	Funding
	References


