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Abstract

Purpose of the review—The adoptive transfer of alloantigen-specific regulatory T cells (Tregs) 

following organ transplantation is an emerging treatment paradigm that may induce tolerance and 

reduce the risk for graft rejection. In particular, redirecting Treg specificity via expression of 

synthetic chimeric antigen receptors (CARs) has demonstrated therapeutic promise in several 

preclinical studies. In this review, we highlight recent progress and remaining barriers to the 

clinical translation of CAR-Treg therapies.

Recent findings—CAR Tregs targeting human leukocyte antigen (HLA)-A2 showed antigen-

specific in vitro activation and superior in vivo protective function relative to polyclonal Tregs. 

Adoptively transferred anti-HLA-A2 CAR Tregs prolonged the survival of HLA-A2–positive 

grafts in humanized mouse models.

Summary—Donor HLA molecules are attractive candidate antigens to target with CAR Tregs in 

transplantation due to mismatched HLA only expressed on the transplanted organ. The feasibility 

of this approach has been demonstrated by several independent groups in recent years. However, 

substantial challenges in CAR design and preclinical modeling must be more extensively 

addressed prior to clinical application.
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Introduction

Solid organ transplantation remains an important therapy for patients with end-stage organ 

dysfunction but comes with the need for life-long immunosuppression to prevent allograft 

rejection. Immunosuppression increases risks for infections and cancer development and has 
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direct toxicity for various organs. Thus, promoting immune tolerance to prevent allograft 

rejection while minimizing or stopping generalized immunosuppression has been an 

important topic of research in recent years.

Regulatory T cells (Tregs) are a key player in controlling immune responses. Extensive 

preclinical research has shown that Treg therapy can induce tolerance in transplantation 

models [1] and alloantigen-reactive Tregs are more potent than polyclonal Tregs [2–6]. One 

way of achieving alloantigen-specificity is the use of a synthetic chimeric antigen receptor 

(CAR) targeted toward donor alloantigen. In theory, the human leukocyte antigens (HLA) 

that are present on allografts and absent in recipients can be used as CAR targets for 

directing Treg specificity for organ transplantation. Indeed, preclinical and translational 

efforts are ongoing to develop anti-HLA CAR Tregs for clinical applications. Here we 

summarize current efforts in developing CAR Treg therapy for organ transplantation and 

provide our perspective on its promises and issues needing to be addressed before its clinical 

application.

Background

Organ transplantation and rejection

After organ transplantation, the patient’s immune system recognizes the transplanted organ 

as non-self and without immunosuppression, this immune reaction would lead to destruction 

and rejection of the organ. T cells are the principal driver of alloimmune responses, and they 

are activated by alloantigens, chiefly the polymorphic major histocompatibility complex 

(MHC) molecules that are distinct between the graft and the recipient.

The MHC molecules in humans are also referred to as HLA. MHC or HLA are divided into 

class I and class II. HLA-A, HLA-B and HLA-C are class I MHC and HLA-DP, HLA-DQ, 

and HLA-DR are class II MHC molecules. Class I MHC are expressed on almost all cell 

types whereas MHC class II are primarily restricted to antigen-presenting cells (APC) and a 

few other cell types, such as vascular endothelial cells in humans. CD8+ T cells recognize 

class I MHC and CD4+ T cells recognize class II MHC.

Alloreactive T cells recognize foreign MHC via direct, semi-direct, or indirect pathways 

([7], Figure 1). Direct allorecognition is a unique feature of transplantation and it refers to 

the engagement and activation of T cell receptors (TCR) by intact donor MHC molecules 

displayed on donor cells. Additionally, recipient dendritic cells can also acquire and display 

intact donor MHC molecules, thus forming the semi-direct pathway of allorecognition [8]. 

In this pathway, microvesicles/exosomes containing intact donor class I and II MHC are 

released from graft-derived cells and travel to the secondary lymphoid organs, where the 

MHC molecule is acquired and presented by recipient dendritic cells [9, 10]. Canonical 

immune recognition, however, involves processing of foreign proteins into shorter peptides 

and then presenting the peptides in the MHC expressed by the host cells. In the context of 

transplantation, this pathway of host APC processing and presenting donor MHC-derived 

peptides is referred to as indirect allorecognition. It is worth noting that alloantigen-reactive 

Tregs, as CD4+ T cells, naturally recognize class II MHCs. Thus, they are activated by intact 

donor class II MHC directly or semi-directly or by donor class I and class II MHC peptides 
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indirectly presented by recipient class II MHC on recipient APCs. Hence, Tregs primarily, if 

not exclusively, interact with a limited range of cell types that express class II MHC.

Tregs as immune modulators

Tregs are a subset of CD4+ T cells that are specialized in maintaining immune homeostasis 

and prevention of autoimmune diseases by regulating the activation of other immune cells 

(reviewed in [11]). They are characterized by the expression of CD4, CD25, and the 

transcription factor FOXP3 (forkhead box P3). Tregs can suppress the function and 

proliferation of other CD4+ T cells, CD8+ T cells, B cells, NK cells, and myeloid cells. In 

the setting of transplantation, a variety of preclinical studies have shown that the infusion of 

Tregs can control alloimmune responses and promote immune tolerance to allografts [2, 4, 

5, 12]. Most of these studies show a clear advantage of donor alloantigen-reactive Tregs over 

polyclonal Tregs by significantly decreasing the number of Tregs needed to induce graft 

tolerance. In a murine islet transplantation model in which 80% of alloantigen-reactive 

endogenous T cells were depleted, infusion of 5×106 alloantigen-reactive Tregs was 

sufficient to prevent graft rejection, whereas 25–30×106 polyclonal Tregs were necessary to 

induce graft tolerance [12]. In humans, it has been estimated that 1.5×108 to 1×109 

alloantigen-reactive Tregs, instead of 5×109 polyclonal Tregs, may be sufficient to induce 

graft tolerance when combined with T cell depletion agents to delete 90% of endogenous T 

cells [13]. To date, there are multiple clinical trials testing the application of polyclonal 

Tregs in transplantation (summarized in [14]).

The endogenous T cell population is armed with a diverse repertoire of TCRs recognizing a 

wide variety of distinct antigens. In healthy individuals, 0.1 to 10% of conventional and 

regulatory T cells have alloreactivity [15–17]. To generate a sufficient number of donor 

alloantigen-reactive Tregs estimated to be effective for humans, in vitro selective expansion 

of Tregs using donor APC stimulation can be an effective strategy [18]. A limitation of this 

approach is the requirement for donor material to be collected under Good Manufacturing 

Process (GMP)-compliant conditions. An approach using banked B cells has been proposed 

to overcome this challenge [19]. Alternatively, synthetic antigen-reactive receptors can be 

used for off-the-shelf engineering of alloantigen-specific Tregs.

Chimeric antigen receptors

Chimeric antigen receptors (CAR) are synthetic fusion proteins composed of an extracellular 

antigen recognition domain and an intracellular signal transduction domain connected via a 

transmembrane domain. The extracellular antigen-binding domain is often derived from an 

antibody-derived single-chain variable fragment (scFv). Four generations of CARs have 

been developed, with increasing designed signaling capability (Figure 2). First-generation 

CARs, consisting of solely a CD3ζ intracellular domain, were first reported in the late 1980s 

as a research tool [20]. However, CD3ζ stimulation alone is not sufficient for expansion and 

persistence of CAR-expressing T cells [21, 22]. The necessity of co-stimulation for 

productive T-cell activation became clear in the 1990s; thus, second-generation CARs were 

developed by inclusion of a co-stimulatory domain from CD28 [22, 23] or 4–1BB [24, 25]. 

The expansion and function of CAR-expressing T cells could be further enhanced by 

incorporating additional intracellular co-stimulatory domains, such as CD28 and OX-40 [26] 
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or 4–1BB and ICOS [27], which led to the third-generation CAR constructs. Other studies, 

however, could not confirm the superior effect of third-generation CARs over second-

generation CARs [28]. Most recently, a cytokine induction cassette was further added to 

generate fourth-generation CAR-T cells, which also release proinflammatory cytokines such 

as IL-12 upon CAR T cell activation [29, 30]. The addition of an IL-12 inducer to the third 

generation CAR led to macrophage infiltration into the tumor and thus enhanced the anti-

tumor response [31]. The application of CAR T cells in cancer therapy was initiated in the 

2000s and the first report of successful anti-leukemia therapy anti-CD19 CAR T cells in 

patients was published in 2011 [32]. Since then, a variety of clinical trials have been 

published demonstrating remarkable efficacy of CAR T cells in their ability to induce 

remission in otherwise incurable cancers in the blood. Two CD19-targeting CAR-T cell 

therapies are the first FDA-approved gene-modified cellular therapies.

CAR Tregs

The success of CAR-T cells in cancer treatment has inspired to the consideration of using 

these receptors to generate antigen-specific Tregs to suppress unwanted immune responses. 

The first CAR-Treg report was published in 2008, in which Tregs expressing a CAR specific 

for 2,4,6-trinitrophenol ameliorated the severity of 2,4,6-trinitrobenzene sulphonic acid-

induced colitis in an animal model [33]. Later, the same group reported using Tregs 

expressing an anti-carcinoembryonic antigen CAR to suppress dextran sodium sulfate-

induced colitis [34]. In experimental autoimmune encephalitis (EAE), a widely used mouse 

model for multiple sclerosis, Tregs expressing a CAR with an scFv for myelin 

oligodendrocyte glycoprotein localized to the brain and were able to suppress active EAE 

[35].

In the case of organ transplantation, Tregs are needed in the proximity of the transplanted 

organ to control rejection. Since donor and recipient HLA receptor mismatch is the main 

cause of graft rejection, these molecules are attractive targets for re-directing Tregs to 

protect the transplanted organ graft. The most common HLA mismatch is HLA-A2 since 

50% of human population is HLA-A2 positive. Thus, an HLA-A2 CAR Treg could be 

applied in about 25 % of transplantations, in which the donor is HLA-A2 positive and the 

recipient is HLA-A2 negative [36].

Several research groups have designed anti-HLA-A2 CARs (A2-CARs) for Tregs and 

evaluated human A2-CAR Tregs in vitro and in vivo [37–41]. Two different approaches in 

generating the A2-CAR were taken. The Levings group generated the A2-CAR by using the 

scFv from the mouse anti-HLA-A2 BB7.2 clone [37], which was later used by a different 

research group [41]; whereas the Lombardi and Jaeckel groups used an scFv from a patient-

derived anti-HLA-A2 clone that was published previously [38, 39]. All of these studies 

focused on human Tregs, including one study on unconventional CD8+FOXP3+ Tregs [41]. 

The A2-CAR was transduced using a lentivirus and all studies showed that human A2-CAR 

Tregs remained phenotypically unchanged, as assessed by the expression of FOXP3, CD25, 

CD39, HELIOS, and CTLA-4. Furthermore, CAR Tregs maintained their suppressive 

function in vitro when stimulated via the endogenous TCR [37–40]. Importantly, A2-CAR 

Tregs showed superior in vitro suppression upon stimulation by HLA-A2 antigen compared 
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to polyclonal Tregs [37–41]. The activation of Tregs via the CAR compared to the TCR led 

to an increased upregulation of proteins important for Treg function, including CTLA-4, 

LAP and GARP [37]. Using epithelial monolayers, Boardman et al. showed faster migration 

of A2-CAR Tregs through HLA-A2 negative than HLA-A2 positive monolayers, 

demonstrating a preferential accumulation within HLA-A2 positive tissue in vitro [38]. All 

in vivo studies involving A2-CAR Tregs were conducted with humanized mouse models, 

either using a Graft-versus-Host-Disease (GvHD) or a skin transplantation model with the 

donor tissue expressing HLA-A2. Two separate studies showed a preferential migration to 

and persistence of A2-CAR Tregs in the HLA-A2+ skin grafts, confirming the in vitro 
findings from the Boardman study [39, 40]. Lastly, all studies reported superior function of 

A2-CAR Tregs in preventing the rejection of allogeneic skin grafts [38–41] or xenogeneic 

GvHD [37, 40, 41], relative to unmodified Tregs. Together, these studies establish the 

viability of directing CAR Tregs to alloantigens by using scFvs targeting donor-recipient 

mismatched HLAs.

In addition to target specificity, intracellular domains will also likely impact the function of 

CAR Tregs, as shown for conventional T cells in the cancer setting. While most studies on 

CAR Tregs used CD28 and CD3ζ as intracellular signalling domains, three studies directly 

compared CD28 and 4–1BB as CAR co-stimulation domains along with CD3ζ in Tregs [42–

44]. Both domains maintained FOXP3 expression in Tregs. However, the CAR with the 

CD28 co-stimulatory domain induced increased surface expression of CTLA-4 and LAP. 

Moreover, 4–1BB-expressing CAR Tregs had a decreased suppressive capacity via the CAR 

compared to CD28-expressing CAR Tregs. This was confirmed in vivo showing that 4–1BB-

expressing CAR Tregs could not prevent the skin graft rejection by effector T cells in a 

humanized mouse model compared to CD28-expressing CAR Tregs [43]. Similarly, the 

Levings group showed a superior function of CD28-expressing CAR Tregs over 4–1BB-

expressing CAR Tregs in preventing GvHD in vivo [44]. Koristka et al., however, observed 

no difference in Treg suppressive capacity when comparing 41BB- to CD28-CAR Tregs 

using a ‘universal’ CAR (the scFv binds to a targeting molecule, which then binds to the 

antigen) [42]. The studies comparing the co-stimulatory domains (reviewed in [45]), 

however, were conducted in different models and with different antigens targeted by the 

CAR, so it remains unclear which intracellular domain is the most efficacious in inducing 

and/or maintaining Treg function.

Unresolved issues in CAR Treg therapy

Function of Tregs in restraining immune responses including that toward alloantigen is a 

firmly established immunological principal backed by decades of rigorous research. The 

therapeutic efficacy of Tregs in autoimmune diseases and transplantation has been 

demonstrated in various preclinical models from various labs around the world. As clinical 

trials involving Treg therapy continue to expand, there is increasing interest in applying 

synthetic biology tools to transform Tregs into an indefectible therapy for unwanted immune 

responses and inflammation. By providing a clearly defined antigen target and duration of 

antigen exposure, transplantation is considered an ideal starting point to explore the clinical 

utility of CAR Tregs. So far, a handful of papers have provided the proof of principal data to 
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demonstrate the feasibility of this approach. However, there are a number of key issues that 

need to be addressed before its clinical translation.

Safety

Nearly all CAR-Treg reports have thus far focused on the efficacy of the strategy, and as the 

field moves toward clinical translation, safety will become increasingly paramount. While 

Treg cell therapy has largely been considered safe with clinical experiences thus far 

supporting this notion [1, 46–48], the same cannot be assumed for CAR Tregs which have 

been endowed with synthetic features.

There are a number of ways CAR Tregs can be potentially toxic. One of the many 

suppressive mechanisms that Tregs employ is direct cytotoxicity toward the cell they interact 

with, mediated by perforin and granzyme B [49]. As mentioned above, Tregs naturally 

engage APCs expressing class II MHC and killing of APCs leads to reduced antigen 

presentation, and subsequent priming and activation of effector T cells. It is unclear if re-

directing CAR Tregs against parenchymal cells expressing class I MHC, such as A2-CAR 

Tregs to transplanted liver, would also lead to killing of the cells the CAR Tregs are 

designed to protect. Encouragingly, short-term co-culture of A2-CAR Tregs with HLA-A2-

positive K562 cells (for 24h) [37] and HLA-A2-positive primary epithelial cells (for 3h) [41] 

did not lead to obvious death of target cells even when a high ratio of A2-CAR Tregs to 

HLA-A2-positive cells was used. On the other hand, it has been observed that anti-CD19-

CAR Tregs led to 50% specific lysis of CD19+ target cells in vitro [43]. It is not immediately 

clear what may underlie the discrepant findings among these different studies. In the anti-

CD19 CAR study, similar levels of target-cell lysis were observed with different intracellular 

signalling domains of CD3ζ-only, CD28-CD3ζ, and 41BB-CD3ζ, but not with an anti-

CD19 CAR devoid of any intracellular signalling domains, suggesting the difference is not 

likely due to co-stimulatory domains in the CARs. Moreover, the molecular mechanism of 

CAR Treg-mediated target-cell lysis is not clear. Although anti-CD19 CAR Tregs expressed 

granzyme B and degranulated upon target engagement, the requirement for granzyme B or 

other cytolysis machinery for CAR Treg-mediated target-cell killing has not been 

established [43]. Thorough and mechanistic investigation of this phenomenon is needed to 

clarify this issue.

Another safety concern of cell-based therapy involves the cell lineage and phenotypic 

stability of the therapeutic cells. While functional stability is necessary for lasting 

therapeutic efficacy, lineage stability is particularly important in the setting of Treg therapy, 

since destabilization could result in an effector T-cell population that potentiates instead of 

suppresses the immune response [50]. This particular safety concern is even more acute for 

antigen-specific Tregs targeted against tissue-specific antigens. Treg lineage and suppressive 

function depend on the stable expression of FOXP3, the master transcription factor for Treg 

identity [51–53]. Heritable FOXP3 expression during cell proliferation is safeguarded by an 

epigenetic program that maintains Treg gene expression in progenies [54]. However, it has 

been shown that repetitive in vitro stimulation of human Tregs with anti-CD3 and anti-CD28 

coated beads leads to loss of FOXP3 expression [55–57]. It is unclear if Treg destabilization 

due to overstimulation also occurs in vivo. Under steady state conditions in vivo, Tregs 
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undergo more frequent TCR stimulation than conventional T-cells, evidenced by higher 

expression of TCR-induced Nur77 [58, 59], as well as a greater proportion of cells in active 

cell cycle [60–62]. Despite this, Treg destabilization is rare [63, 64], indicating that the 

majority of Tregs are not destabilized by repeated stimulation through their TCR in vivo. 

The effect of repeated CAR stimulation on Tregs has not been reported and is worth in-depth 

examination considering the supraphysiological signaling through a CAR.

Efficacy

So far, the efficacy of human A2-CAR Tregs has been shown in vitro and in vivo in 

humanized mouse models [37–42]. All studies reported efficacy of the CAR Tregs in vivo in 

prevention of human against mouse, i.e. xenogeneic GvHD, or in controlling alloimmune-

mediated rejection of HLA-A2+ human skin grafts. In the GvHD model, HLA-A2+ PBMC 

were used as effector cells to mediate the disease and also to stimulate the co-transferred 

A2-CAR Tregs. Though efficient, the experimental system has a complication that the 

effector PBMCs and the Tregs are allogeneic to each other and can react and potentially 

reject each other, in addition to (or instead of) rejecting the mouse host as the model 

intended to. Indeed, no human immune cell engraftment, PBMC or Tregs, were detected 

beyond the short window immediately after cell injection [37, 40]. Thus, this model is 

limited in the ability to evaluate A2-CAR Treg-mediated control of GvHD since the cells 

responsible for mediating GvHD failed to persist.

The human skin model is an established approach for measuring alloimmune response of 

human cells in vivo. For evaluating A2-CAR Tregs, HLA-A2+ human skin grafts are 

transplanted into NSG mice. After skin engraftment, HLA-A2− PMBCs and autologous A2-

CAR Tregs are co-injected. Results in all four reports using this model show efficacy in 

terms of reduction of graft inflammation or control of rejection. However, this model cannot 

examine long-term impacts of CAR Tregs on the grafts because the experimental duration is 

limited by GvHD induced by human T cells against the xenogeneic mouse host. Long-term 

follow up is important for CAR Treg therapy considering potential Treg overstimulation due 

to the abundance of HLA-A2 antigen on all graft cells and the potent signalling by CARs. 

Aside from the concern of overstimulation-induced CAR Treg destabilization discussed 

above, overstimulation through a CAR may also lead to Treg exhaustion and apoptosis, both 

resulting in limitation of therapeutic efficacy. In this regard, a human skin graft in a mouse 

impose a relatively small antigenic load. The likelihood of A2-CAR Treg overstimulation 

that might promote destabilization or exhaustion/apoptosis, is much higher with a large 

organ such as a transplanted liver.

In addition to limited follow-up duration, all five studies of A2-CAR Tregs studies have only 

very limited quantitative data. As one main advantage of alloantigen-reactive Tregs is the 

reduced number of Tregs needed to achieve tolerance, Treg dose titration is helpful to 

demonstrate quantitative gain of Treg efficacy using an A2-CAR. Three studies compared 

A2-CAR to control-CAR Tregs using a single ratio of Tregs to PBMCs [38–40], whereas the 

other studies compared two ratios, 1:1 and 2:1 [37] or 3:1 PBMC to Tregs [41]. The 

comparison of a 1:1 and 2:1 PBMC to Treg ratios showed better efficacy over control CARs. 

However, a noticeable decrease in efficacy was seen at 2:1 ratio when compared to 1:1 ratio 
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of PBMC to Tregs [37]. In the other study, graft survival in the reduced A2-CAR Treg group 

(3:1 ratio) was better than in the no Treg group but not worse than the 1:1 PBMC to Treg 

group [41]. These results suggest that the gain of efficacy with A2-CAR may not be as high 

as hoped and large dose of A2-CAR Tregs would be needed to effectively control graft 

rejection.

As discussed above in the background section, Tregs normally recognize class II MHC 

expressed on APCs; thus, it would be more physiological directing CAR Tregs to HLA-DR, 

DP and DQ. In addition, this will avoid direct engagement of CAR Tregs with parenchymal 

cells of the graft and potential direct toxicity (Figure 3). A challenge of targeting class II 

MHC is that they are expressed by a relative rare population of APCs in the grafts and these 

cells are mostly short-lived. It is not clear how well and how long a donor HLA-DR-targeted 

CAR Treg would need to be stimulated to exert sustained suppressive function. In mouse 

and humanized mouse models, Tregs with direct alloreactivity against donor derived APCs 

can indeed control alloimmune responses and support tolerance induction [3, 6, 12]. It is 

hypothesized that infusion of Tregs with direct alloreactivity creates a tolerogenic tissue 

microenvironment so that endogenous Tregs with indirect alloreactivity can expand and 

dominate over effector cells to maintain tolerance in the long run. Indeed, combining Tregs 

with direct and indirect alloreactivity can further improve the efficacy of Treg therapy [4]. It 

would be of interest to directly compare the efficacy of class I targeting CAR Tregs (e.g. A2-

CAR) and class II targeting CAR Tregs with direct and indirect alloreactivity. Currently, 

there has been no report of class II targeting CAR Tregs. Moreover, a strategy for efficient 

transfer of indirect alloreactivity to Tregs using CAR or other technologies remains to be 

developed.

Preclinical models for cellular therapy

Preclinical modelling is a major roadblock in the development of cellular therapy for 

humans including CAR Tregs due to the species incompatibility of human cell therapy 

products and animal hosts. Researchers in the field face the dilemma of working with a 

directly clinically relevant cellular product, (i.e., human CAR Tregs), without robust in vivo 
models to evaluate the product’s efficacy or safety. It is reasonable and even necessary to 

work directly with the human cellular product to enable clinical translation, which is 

probably why all A2-CAR studies have focused on humanized mouse models. However, the 

currently available humanized mouse models are all severely immunodeficient. While 

human T cells do engraft, human NK, B cells, and myeloid cells are severely impaired [65]. 

Moreover, even the engrafted T cells fail to retain full functionality in the xenogeneic 

environment of the mouse. For example, it takes 40 to 50 days to reject allogeneic human 

skin in this system and in some cases the skin is never rejected. In comparison, allogeneic 

skin grafts are universally rejected within two weeks in immune replete mouse models. 

Moreover, successful human T-cell engraftment results in xenogeneic GvHD within 4–6 

weeks, which complicates interpretation of the results and limits experimental duration. 

Lastly, an issue specific for Treg cellular products is their reliance on IL-2 from other cells 

for their lineage stability and survival. Mouse IL-2 does not bind to the human IL-2 receptor 

[66]. Thus, solely transferring Tregs to assess potential toxicity of the cellular product, for 

example, will not provide interpretable data.
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Evaluating murine CAR Tregs targeting antigen homologs expressed on mouse cells within 

immune-competent mice would obviate most of the problems with humanized models 

outlined above, but with the major drawback that the cells and the CAR construct studied in 

these models will not ultimately be developed into a clinical product. Not only will the cells 

need to be of syngeneic mouse origin, the CAR must be constructed from murine domains to 

ensure proper function in the mouse cell context. Taking the research of CAR Treg therapy 

from humanized mouse models back to murine models may seem a regress when 

momentum is building to drive the technology to the clinic. Thoroughly, systematic 

investigation of CAR function in more physiologically and clinically relevant models will 

provide valuable biological insights and ultimately yield safer and efficacious CAR Tregs 

with therapeutic application.

Concluding remarks

The application of Tregs in transplantation is a promising therapy to minimize or eliminate 

the chronic use of immunosuppression post transplantation. Alloantigen-reactive Tregs are 

more potent than polyclonal Tregs. Synthetic biology to engineer a receptor tailored to be 

alloantigen reactive is a useful tool to re-direct Tregs to the transplanted organ. To date, anti-

HLA-A2 CAR Tregs have been generated and tested in vitro and in vivo in humanized 

mouse models and have shown the viability of directing Tregs to alloantigens using 

mismatched HLA as an antigen target. However, data on safety and efficacy thus far is still 

limited. Alloantigen-reactive CAR Tregs losing their ability to regulate alloimmune 

responses can not only limit the efficacy of the therapy but could potentiate instead of 

suppressing immune responses in an antigen-specific manner and thus harm the transplanted 

organ. Furthermore, so far only A2-CAR Tregs have been generated and tested in the setting 

of transplantation, which re-directs Tregs unnaturally to class I HLA. Engineering CAR 

Tregs targeting class II HLA could be a more physiological way of generating alloantigen-

reactivity, however, this has yet to be established and compared to the existing A2-CAR 

Tregs. Overall, research in CAR Tregs for transplantation has had a promising start. Further 

research to address crucial unresolved issues is needed for considering clinical translation of 

this strategy.
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Figure 1. Pathways of allorecognition
After organ transplantation recipient’s CD4 and CD8 T cells (green) recognize the antigen 

presented by MHC class II or class I via the direct pathway, indirect or semi-direct pathways 

of allorecognition.
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Figure 2. Different CAR generations
(TM = transmembrane domain, ICD = intracellular domain, CoStim = costimulatory domain
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Figure 3. Using CARs to re-direct Treg response
Example of an application of CAR Tregs in transplantation of HLA mismatched donor and 

recipients: HLA-A2 CAR Tregs can recognize the HLA-A2, which is expressed on donor 

APCs as well as donor graft cells or epithelial cells via the direct pathway of allorecognition. 

If the HLA-A2 is integrated into recipient APCs, the CAR Tregs can recognize the antigen 

as well (semi-direct pathway). Similarly, the application of a CAR targeting a class II MHC 

(DR Treg) directs the Treg to the antigen via the direct and indirect pathways: CAR Tregs 

recognize the antigen on donor APCs and endothelial cells and recipient APCs.
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