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SUMMARY

Cell therapy has emerged as an attractive therapeutic option in organ
transplantation. During the last decade, the therapeutic potency of Treg
immunotherapy has been shown in various preclinical animal models and
safety was demonstrated in first clinical trials. However, there are still criti-
cal open questions regarding specificity, survival, and migration to the tar-
get tissue so the best Treg population for infusion into patients is still
under debate. Recent advances in CAR technology hold the promise for
Treg-functional superiority. Another exciting strategy is the generation of
B-cell antibody receptor (BAR) Treg/cytotoxic T cells to specifically regu-
late or deplete alloreactive memory B cells. Finally, B cells are also capable
of immune regulation, making them promising candidates for
immunomodulatory therapeutic strategies. This article summarizes avail-
able literature on cell-based innovative therapeutic approaches aiming at
modulating alloimmune response for transplantation. Crucial areas of
investigation that need a joined effort of the transplant community for
moving the field toward successful achievement of tolerance are high-
lighted.
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Introduction

Organ transplantation has become the treatment of
choice for most end-stage organ diseases. Since the
achievement of valuable histocompatibility is not always
feasible for multiple reasons, the complex task of
immunosuppressive therapy in organ transplantation is
a moving target. The high level of preoperative
immunological mismatch in some transplants (i.e., heart
and lung transplantation), in which clinical urgency’s
variables lead the allocation, drives the need for a
greater burden of immunosuppressive therapies with all
the related complications. In such a scenario, the possi-
bility of inducing tolerance, even also temporary, repre-
sents an evident unmet clinical need. Many different
strategies have been entrusted to immunomodulate
more than immunosuppress, but there is the need to
collect more data to bring such immunomodulation
tools in the clinical field. Indeed, the massive activation
of the recipient immune system against the foreign
organ requires the life-long use of potent immunosup-
pressive drugs. These therapies have allowed optimal
short-term graft survival but their side effects and the
global immunosuppression expose the patients to unac-
ceptable risks of life-threatening complications. In addi-
tion, the current therapeutics often fail to effectively
prevent chronic rejection, which remains the leading
cause of graft loss.

The establishment of donor-specific immunological
tolerance to minimize or even eliminate the need of
life-long immunosuppressive regimen remains the major
objective of the transplant community.

It is now well established that transplantation of a
major histocompatibility complex-incompatible organ
triggers the activation of both anti-graft effector T cells
as well as graft-protective regulatory T cells (Tregs) [1].
The same paradigm applies to B cells, which can show
opposing activity in the alloimmune response from
effector antibody-producing cells to cells with regulatory
properties. Being able to skewing the balance of such

Transplant International 2021; 34: 1594-1606
© 2021 Steunstichting ESOT. Published by John Wiley & Sons Ltd

opposing subsets toward regulation would drive the
immune response toward tolerance rather than rejec-
tion. To this aim, several groups are developing adop-
Treg-based therapy to  regulate
alloimmunity and promote tolerance. On the same line,
though the role of B cells is less well defined than that
of Tregs, strategies to expand B cells with immunoregu-
latory properties in vivo or ex vivo are matter of intense
investigation.

Nowadays, despite the very low number of Tregs in
the peripheral blood, GMP-compliant procedures for
ex vivo expansion of polyclonal Tregs have been success-
fully developed and early phase 1 studies have shown
the safety and feasibility of the infusion of a large num-
ber of Tregs [2—4].

Considering the preclinical evidence that antigen-
specific Tregs are significantly more effective than poly-
clonal Tregs, several groups are building up protocols
for expanding alloantigen-specific Tregs via stimulation
with donor cells. However, they are facing major hur-
dles, such as the inefficiency of the expansion process.
To overcome these barriers, genetic engineering technol-
ogy is being employed to redirect specificity of thera-
peutic Tregs, possibly promoting also B cells with
immunoregulatory properties [5]. The same technology
is being applied to redirect cytotoxic T cells toward
effector B cells as a strategy for depleting antibody-
producer B cells.

Here, we summarized the completed and ongoing
clinical studies with Treg cell therapy in solid organ
transplantation, emphasizing major obstacles encoun-
tered by these strategies. We then provide an over-
view of the T-cell engineering approaches
development for tailoring antigen specificity of Tregs
in order to promote tolerance and to control humoral
alloimmune response. Finally, we highlight the emerg-
ing role of B cells with regulatory properties as a
potential future cell therapy and the remaining out-
standing questions that need to be solved to advance

the field.

tive cellular

under
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Polyclonal and donor-alloantigen-activated
regulatory T cells

Regulatory T cells (Tregs) are a subset of CD4" T cells
responsible of the maintenance of immune homeostasis
and self-tolerance [6-8]. Human Tregs in the peripheral
circulation are currently identified by the surface expres-
sion of a high level of the IL-2 receptor chain CD25 and
low level of the IL-7 receptor (CD127) and by the intra-
cellular expression of the specific transcription factor
forkhead box P3 (Foxp3) [9,10]. Circulating Tregs are
divided into two mains subpopulations: thymic Tregs or
peripherally induced Tregs [11,12]. Thymic Tregs express
Foxp3 constitutively and develop in the thymus through
the recognition of self-antigen during their maturation.
Peripheral Tregs develop in peripheral tissue from con-
ventional Foxp3™ T cells in response to non-self-antigens
under pro-tolerogenic conditions. Therefore, the TCR
repertoire of thymic Tregs is directed toward self-antigens
while TCRs of peripheral Tregs recognize non-self-
antigens with high affinity. The role of Tregs in inhibiting
anti-graft effector T cells and in promoting tolerance
toward solid organ transplant has been well established
[13]. Studies using humanized mouse models have pro-
vided the additional evidence that the transfer of ex vivo
expanded Tregs can control acute [14,15] and chronic
[16] graft rejection, and laid the foundations for Treg-
based therapy in clinical transplantation.

Several clinical trials involving ex vivo expansion of
autologous Tregs and re-infusion into kidney and liver
organ transplant patients have been performed world-
wide (Table 1) or are currently underway (Table 2).
Polyclonal Tregs have been administered as a single
injection of 0.5-10 x 10°kg to kidney transplant
patients with subclinical rejection [17], to living-donor
kidney transplant recipients 2 months post-transplant
after induction therapy with alemtuzumab [18] or to
kidney transplant recipients not given induction ther-
apy, five [19] or seven [20] days after transplant. A sub-
set of patients of the two latter studies [19,20],
belonging to the ONE study trial [21], had successfully
withdrawn mycophenolate mofetil (MMF) and are cur-
rently on stable tacrolimus monotherapy. Polyclonal
Tregs have been administered also to liver transplant
recipients 3 or 6-12 months after transplant [22] even
though the applicability and feasibility of the procedure
were found to be poor. A non-GMP cell product
enriched in donor-reactive Tregs has been given to
splenectomized liver transplant patients after induction
therapy with cyclophosphamide [23]. Immunosuppres-
sive drugs were discontinued in 7 out of the 10 patients,
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documenting for the first time the possibility to taper
immunosuppression after Treg-based cellular therapy.
However, the cell product contained only 3-17% of
Tregs, clouding any attribution of immunoregulation to
Tregs. Overall, these phase 1 clinical studies using poly-
clonal Tregs showed a high safety profile of the proce-
dure and a trend toward the possibility to safely
minimize immunosuppression and reduce the incidence
of opportunistic infections.

Despite the heterogeneity between them, these trials
have also provided the feasibility of expanding Tregs
ex vivo in GMP conditions to achieve the target clinical
doses (300-800 x 10° total Treg dose) from end-stage
kidney disease and immunosuppressed transplant recipi-
ents. The protocols involved purification of Tregs
through cell sorting technology by FACS- [17,24] or via
magnetic beads (MACS)- [18-20,22,25,26] cell sorting
using different panel of Treg markers such as
CD4"CD25'CD127°% [17,24] or of CD4'CD25" [18-
20,22,25,26] T cells. Purified cells were expanded by
strong TCR stimulation (anti-CD3/anti-CD28 mAb-
coated beads) and high-dose IL-2 alone [17,24] or with
rapamycin [19,20,22,24-26] with the addition of TGEFf
[18]. Expanded Tregs showed high expression of Foxp3
with stable demethylation in the promoter region,
maintained TCR diversity, and exerted potent suppres-
sive function in vitro. Tracking and ex vivo FACS analy-
sis showed a transient increased in peripheral Tregs in
treated patients [17-20]. Overall, feared complications
such as over-immunosuppression, malignancies, or
infections during the relatively long follow-up (2-
3 years) have not been observed after the infusion of
polyclonal Tregs. Also the conversion of Tregs into
anti-graft effector T cells—a concern documented in
non-human primates (NHP) given a high number of
polyclonal Tregs [27]—did not occur in kidney and
liver transplant recipients. These encouraging findings
have allowed the advancement of Treg therapy to ongo-
ing phase II clinical trials (Table 2).

However, GMP manufacturing of donor-alloantigen
activated Tregs (darTregs) remains a major concern.
Less encouraging appears to be the results on the feasi-
bility of manufacturing donor-alloantigen-activated
Tregs (darTregs). This approach is based on data
demonstrating that donor-reactive Tregs inhibit the
alloreactive T cells response better than polyclonal Tregs
and requiring a lower number of cells [28,29]. To
obtain the darTreg product, purified Tregs are ex vivo
co-cultured with peripheral blood mononuclear cells
form the donor organ under costimulation blockade
with belatacept [30] or are stimulated with donor B
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T- and B-cell therapy in solid organ transplantation

Table 1. Published studies with Treg therapy in kidney and liver transplantation.

FU, follow-up; IS, immunosuppression; MMF, mycophenolate mofetil; TAC, tacrolimus; Treg, regulatory T cells.

cells previously activated with K562 cells expressing
human CD40L and subsequently exposed to polyclonal
restimulation [31]. The feasibility and safety of darTregs
have been analyzed in pooled data of the regulatory
cell-based medicinal product (CBMPs) arm in the ONE
study trial [21]. This ONE study patient group received
one of six CBMPs involving Tregs, DCs, or macro-
phages. The results of the cell therapy group revealed
lower infections and lower requirements of
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immunosuppressive therapy over a 60-week follow-up
period in comparison with the reference group trial
administered  standard-of-care  immunosuppression.
However, according to the results from each single trial
available on the CORDIS website (cordis.europa.eu/pro-
ject/id/260687/reporting), one of the two patients of the
DART trial using B-cell-expanded darTregs showed
signs of acute rejection shortly after infusion, and the
trial has been suspended (Table 2). The challenges in
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Table 2. Continued.
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manufacturing donor B-cell-expanded darTregs led also
to the termination of Delta study after the enrollment
of patients of the low-dose cohort (50 x 10°% www.Clin
icalTrail.gov NCT02188719). The MGH trial with dar-
Tregs expanded by donor cells and belatacept was able
to infuse three patients without adverse events, but the
trial has been suspended to improve the darTreg manu-
facturing protocol, as well. Due to similar manufactur-
ing difficulties, the TASK trial has been updated and it
does no longer foresee the arm with donor-specific
Tregs as originally conceived and the study will assess
the efficacy of polyclonal Tregs in kidney transplant
patients developing graft inflammation (ClinicalTrials.-
gov NCT02711826). Finally, according to the last update
of the ARTEMIS study, darTregs were successfully
obtained for only 5 out of the 10 enrolled patients.
These patients initiated IS withdrawal, but it appears
that most of them experienced graft rejection (Clini-
calTrials.gov NCT02474199). The complete results of
darTregs studies are not yet published, but overall, it
appears that the manufacturing of darTregs is more
challenging than polyclonal Tregs with apparently less
encouraging results regarding their efficacy. A sugges-
tion of lack of efficiency of darTregs comes from a very
recent report in a NHP cardiac transplant model. Dar-
Tregs expanded in vitro with donor B cells did not pro-
long graft survival when given as multiple infusions
(range 20-120 x 10%kg each dose) either early (within
2 weeks) or late (6-8 weeks) after transplantation.
Infused Tregs declined rapidly in the circulation and in
secondary lymphoid and non-lymphoid organs, and
downregulate the expression of Foxp3 and CTLA4Ig as
well as the anti-apoptotic molecule Bcl2, suggesting that
ex vivo expanded darTregs may lose regulatory signature
and survival capacity when reinfused in vivo [32].

Considering the very recent pieces of evidence, it
appears that the development of Treg-based therapy is
facing more hurdles than initially expected.

From a basic science perspective, among the several
questions that remain to be answered (i.e., dose, timing,
concomitant immunosuppression) two main areas of
Treg-research should be investigated:

1. Polyclonal Tregs seem to be a more feasible
approach than darTreg. Nevertheless, this does not
ensure that Tregs with the correct features are
injected into the patients. Tregs should be able to
survive in the new microenvironment and to maintain
their identity. Tregs should exhibit cytokine, migra-
tory, and transcription factor programs to allow them
to traffic to lymphoid organs and to the graft along
with their target effector T cells [33,34]. Therapeutic
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cells should also maintain their suppressive functions
robust enough in the most severe inflammatory envi-
ronment. Hence, the challenge here is to enhance
Treg survival, homing, and stability and to foster
their program once in the
patient circulation.

2. The TCR repertoire of Tregs is different to that of
conventional T cells but a fraction of Tregs is expected
to recognize donor alloantigens through the direct path-
way of antigen presentation, as well [35]. The concern
is whether Tregs with a direct alloantigen specificity are
strong enough, as a single agent, to control the activa-
tion of the large pool of alloantigen-reactive T cells with
direct and indirect specificity. Tregs exert their regula-
tory effects via multiple mechanisms such as release of
soluble factors, direct killing or disruption of metabolic
pathways of target cells, and competition for growth
factors. In addition, Tregs control the crosstalk between
APC and T cells via inhibitory receptors and by affect-
ing the APC antigen-presenting capacity [7,32,33]. The
two remarkable and unique features of Treg mecha-
nisms are bystander suppression [36] and infectious tol-
erance [37-39]. By exerting bystander suppression and
infectious tolerance, Tregs with direct specificity could
promote the emergence of peripherally induced Tregs
with indirect specificity later on, which could contribute
in the maintenance of original Treg-induced tolerance.
Implementing these mechanisms of immune regulation
would assure the durability of tolerance which can
adapt to the dynamic and evolving post-transplant
immune response.

New insight into the mechanisms of tolerance and
function of Tregs as well as into the cellular network
involved in the immunoregulation could lead to the
development of new strategies to increase the efficacy of
the Treg therapy and to delivering an optimal Treg pro-
duct for the successful achievement of tolerance induc-

effector reintroduced

tion and maintenance.

T-cell engineering approaches for redirecting
antigen specificity

Chimeric antigen receptor-Tregs

An attractive alternative to the difficult expansion of
natural-occurring antigen-specific Tregs is genetic modi-
fication of polyclonal Tregs to redirect their specificity.
Chimeric antigen receptors (CARs) are surface mole-
cules genetically engineered to target a specific antigens
and activate downstream signaling. CAR-engineered
immune cells have been developed almost three decades

1600

ago as a novel therapy for cancers [40]. These chimeric
fusion proteins consist of (T) cell stimulatory and cos-
timulatory intracellular domains fused to a monoclonal
antibody extracellular domains (scFV single chain).
CAR T cells have demonstrated superior T effector effi-
cacy in preclinical cancer models and clinical studies of
hematologic malignancies [41], as they are able to rec-
ognize antigens without the need for presentation in
context of MHC, which is also the major advancement
over TCR transgenic Tregs.

Recent progress in the CAR technology in the context
of cancer therapy led to a better understanding and
development of more precise and potent CAR con-
structs. “First-generation” CARs, composed of only a
single CD3( intracellular signaling domain, led to only
suboptimal T-cell activation and insufficient prolifera-
tion; therefore, “second-generation” CARs contained an
additional intracellular costimulatory domain, leading
to a breakthrough in cancer immunotherapy [42].

The application of these rather “basic” CAR Tregs is
currently being investigated in the treatment of autoim-
mune diseases, GVHD, and transplant rejection. The
development of the third- and fourth-generation (also
known as TRUCK) CAR constructs, also including vari-
ous additional costimulatory domains
expression of cytokines or transcription factors, would
likely maximize the potential of CAR Treg immunother-
apies to suit the individual disease [5] (Figure 1).
Details about design and important functional findings
in CAR Treg engineering are reviewed in [5].

It has been shown that generation of allo-specific
human CAR Tregs targeting the HLA-A2 molecule is
possible; moreover, these CAR Tregs maintained their
expected phenotype and suppressive function in vitro
and have been shown to prevent xenogeneic GVHD
in a humanized murine HSCT model in vivo [43].
Additional studies have proven the efficacy and stabil-
ity of suppressive phenotype of 2,4,6-trinitrophenol-
specific CAR Tregs in colitis and of HLA-A2-specific
CAR Tregs in a human skin xenograft transplant
model and several mechanisms of CAR Treg mediated
suppression have been suggested [44]. As CAR Tregs
can recognize antigen not only in the context of
MHC on the surface of (antigen-presenting) cells, but
also recognize soluble antigen, both contact-dependent
and -independent mechanisms of suppression have
been suggested. This offers the opportunity of using
bystander suppression in inflammatory settings where
direct targeting of antigen-expressing cells might be
detrimental due to cytolytic activity of CAR Tregs
[45].

and co-
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Figure 1 Schematic overview of CAR Treg structures, antigen-recognition and function. (a) Different CAR Treg generations varying in signaling
domains, fourth generation CAR constructs contain additional constitutive or inducible factors such as cytokines or transcription factors for
enhanced effector function. (b) CARs are engineered receptors which are able to bin specific antigen in an MHC-independent way, enabling
them to recognize surface-expressed and soluble antigens. CARs expressed in Tregs initiate Treg-mediated suppressor mechanisms as well as

additional mechanisms, depending on the CAR construct (created with

Specific homing of adoptively transferred Tregs has
been shown to be necessary for therapeutic Treg-
mediated suppression in autoimmunity [46] and trans-
plantation [34]. Donor-specific CAR Tregs have been
shown to migrate into the target tissue in both a
humanized mouse model [47] and in immunocompe-
tent mice [48]. Moreover, donor-specific CAR Tregs
could not only delay skin graft rejection but also attenu-
ate B-cell responses and DSA production. However,
CAR Tregs failed to control memory alloreactivity and
graft rejection in sensitized mice [48], a well-known
barrier to tolerance induction.

Nevertheless, safety of CAR Tregs has still to be con-
firmed as their production requires viral transduction
techniques, mostly utilizing y-retroviral or lentiviral vec-
tors. Importantly, CAR manufacturing relying on viral
transduction is not only associated with safety concerns

Transplant International 2021; 34: 1594-1606
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but also with high manufacturing costs and limitations
in vector capacity; therefore, the development of non-
viral transfection approaches might be relevant for next-
generation T-cell therapeutics [49].

Although CAR technology offers the possibility to
generate antigen-specific Tregs in high numbers, there
are still many open questions in CAR Treg design, keep-
ing in mind the differences in TCR stimulation, co-
receptor ligation, or cytokine production with regard to
Treg and Teff biology.

Despite this uncertainty, a first-in human clinical trial
with HLA-A*02 CAR-Treg product is currently ongoing
in HLA-A2-mismatched living-donor kidney transplant
transplantation (Table 2). This study is evaluating safety
and tolerability of three single ascending dose cohorts
of Tregs (CD4'CD45RACD25'CD127'°"""8) that have
been expanded ex vivo and transduced with a lentiviral

1601



Pilat et al.

vector encoding for CAR to recognize HLA-A2*02
molecule (NCT04817774).

B-cell antibody receptor Tregs/T cells

New chimeric immune receptors (CIR) T cells have
been recently developed to target specific antibody-
producer B cells: Genetically engineered B-cell antibody
receptor (BAR) T cells are composed of an antigen or
its domains expressed on the cell surface and fused with
intracellular costimulatory and T-cell signaling domains.

BAR-T cells represent an attractive therapeutic strat-
egy for antibody-mediated diseases and were initially
developed for the autoimmune disease [reason for
which they are sometimes also refer as chimeric autoan-
tibody receptors (CAAR) T cells]: Pemphigus Vulgaris
[50] and Hemophilia A [51]. Both BAR-engineered
CD8 T cells and Treg are able to silence the production
of antibodies by directly depletes or regulates Ag-
specific B cells, respectively.

The insufficient control of the humoral alloimmune
response by immunosuppressive drugs armamentarium
[52] results in the generation of de novo donor-specific
antibodies (DSA), which promote damages to graft vas-
culature [53]. It is now widely accepted that antibody-
mediated rejection accounts for a least 2/3 of late graft
loss [54]. HLA-BAR Tregs represent an attractive option
to prevent de novo DSA generation in non-sensitized
recipients, through direct tolerogenic interactions with
allo-specific B-cell clones.

Another major problem with humoral alloimmune
response is that some patients on the waiting list for
transplantation have preformed DSA against a wide
range of allogeneic HLA, severely limiting their access
to transplantation [55]. In the latter, global plasma cell
depletion with proteasome inhibitors has not proven to
be effective [56], likely because of replenishment of
plasma cell by allogenic memory B cells [57]. Combin-
ing proteasome inhibitors with CD20" B cells depletion
with Rituximab could prevent this problem but would
then generate the total loss of humoral memory (in-
cluding vaccinal protection), resulting in an unaccept-
able risk of major infectious complications. In this
context, coupling drug-based global plasma cell deple-
tion with HLA-encoding BAR-T CD8"cells could repre-
sent an attractive option to desensitize patients with
preformed DSA by selectively eliminating anti-donor
HLA memory B cells, restoring sensitized transplant
candidates access to transplantation while preserving
their vaccinal protection. One could question the
impact of circulating DSA on the life span of HLA-
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encoding BAR-T CD8" cells. This point was addressed
in the experimental study, which investigated the effi-
ciency of BAR-T cells in a murine model of Pemphigus
Vulgaris. In this model, the presence of autoantibodies
directed against the BAR increased the cytolytic effect of
chimeric immune receptors T cells, resulting in a drastic
decrease in serum autoantibody titer. These data there-
fore suggest that soluble DSA rather than impeding
HLA-encoding BAR-T CDS8" cells efficiency could
instead enhance their therapeutic effects and persistence
due to CD137-mediated costimulatory signals [50].

Finally, a major uncertainty regarding the use of the
BAR-T cells in transplantation is due to the fact that these
genetically engineered cells express an allogeneic HLA
molecule as an extracellular domain. Allogeneic HLA can
be recognized by 1-10% of T-cell receptors expressed by
recipient’s lymphocytes [58] through the direct allorecog-
nition pathways. This could not only induce the destruc-
tion of BAR-T cells, but may also trigger a “cytokine
storm” (i.e., a systemic inflammatory syndrome due to
excessive T-cell activation [59], threatening patients’ life).

In conclusion, BAR Tregs/T-cell approach combines
cell and gene therapy and could be an effective therapeu-
tic alternative to the non-specific treatments currently
available to tame humoral alloimmune response. How-
ever, many unsolved questions, some specific to trans-
plant immunology, remain to be addressed to determine
whether this innovative immunotherapy approach will
hold its promises in the field of transplantation.

B cells with regulatory properties

Whereas B lymphocytes are mainly known for their
ability to produce antibodies, B cells also display regula-
tory functions via cytokine production, cell-to-cell con-
tact, and by promoting regulatory T cells. Some subsets
of B cells have thus been shown to display suppressive
properties in different models of inflammation in
rodent but also in humans in different clinical settings.
Such B cells with regulatory properties (Bregs) are
increased in patients with long-term graft acceptance.
These Bregs are able to block effector T-cell prolifera-
tion via production of granzyme B or IL-10 and in a
contact-dependent manner [60—67]. Other Bregs have
been shown to display suppressive functions on differ-
ent cell types and through multiple mechanisms, and
the efficiency of adoptive transfer of B cells has been
demonstrated in cancer field, mediating tumor regres-
sion and host T-cell antitumor immunity [68]. All these
points render Bregs attractive for therapy in different
conditions and particularly in transplantation [69,70].
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However, the use of B cells as a cell therapy first
requires some important Go-noGo tasks. First, their
usage will require their easy identification and isolation
from one or several compartments and, to date, Bregs
are mainly classified by their suppressive mechanisms
and no consensual phenotype has been proposed thus
far either in humans or mice. No specific transcription
factor(s) has been identified yet for Breg cells and how
they acquire their suppressive function remains to be
elucidated. Key Breg markers or signaling molecules are
still missing. Another point is their stability and the
possibility to produce them easily, using reproducible
protocols. Regarding the stability, it seems not to be the
case since one of the most promising markers, CD9, has
been shown to be highly modulated [71]. Moreover,
since no cell lineage commitment has been identified
yet for Bregs cells, it remains unclear from which B cells
and which level of development we have to start with to
produce the most efficient population.

When these obstacles will be overtaken, enrichment
and GMP suitable protocols allowing not only their effi-
cient expansion but also the maintenance of their sup-
pressive properties would be needed to envision their
interest as a cell therapy. Different strategies involving a
combination of different ligands have already been
tested efficiently but these protocols are also dependent
from the Breg cell type to expand [72-74]. Finally, anti-
gen specificity is also an important point to study [75],
considering the experience in Treg cell therapy where
donor-specific Tregs result in increased suppressive
properties compared with polyclonal Tregs [28,29].

Chimeric antigen receptor (CAR) technology is one
of the most exciting possibilities considering that it has
revolutionized T-cell therapy and has shown promising
clinical outcome. Different constructs may be included
to increased efficiency of such therapeutic approach.
Another possibility is the reprogramming of B cells, a
technique that has been shown to be effective in chronic
experimental autoimmune encephalomyelitis [76], but
that remains challenging in human. Human-induced
pluripotent stem cells (hiPSC) generation from differen-
tiated cell types also represents a real opportunity for
disease modeling as well as for cell-based therapy
[76,77]. B-cell generation from hiPSC would offer sev-
eral advantages including an unlimited cell source, the
choice of cell donor origin, and the possibility to modu-
late and control their gene expression [78,79]. However
to date, B-cell generation needs specific environment
and gene activation to trigger their differentiation from
hematopoietic stem cells and assays were more or less
conclusive [80-83].
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Thus, Breg cell therapy represents an exciting possi-
bility in transplantation in the future and clinical trials
would likely emerge in complementary to already exist-
ing studies. The main issue that requires an extensive
basic research remains the clear identification of com-
mon and stable markers for Breg cells. Existing therapy
that favor Breg cell generation or expansion should be
considered, as well.

Conclusion

The potential of Treg cellular therapy in enabling
immunosuppression minimization in transplant patients
is undoubtedly high but the clinical translation of this
strategy is proven challenging.

The generation of CAR Tregs recognizing alloantigens
could help overcoming many of the obstacles encoun-
tered by natural Tregs, but there remain many out-
standing questions that need to be solved. In addition,
engineered BAR Tregs/T cells hold a promise for an
antigen-specific cellular therapy for
reversing humoral alloimmune response. Moreover, the
ability of Bregs to inhibit the adaptive immune response
while expanding Tregs makes them a promising thera-
peutic tool to complement each other in settings of suc-
cessful tolerance.

From a basic science perspective, a concrete under-
standing of the complex mechanism of action of Tregs
and Bregs and their control over adaptive alloimmune
response is mandatory for designing successful engi-
neered T- and B-cell therapies.

Much work remains to be done, but the field is
evolving rapidly. The next decade will see major
advancements in the genetic engineering of specific,
stable, safe, and potent cell-based tolerogenic therapies.
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