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Regulatory T cells for
transplant tolerance

The so-called natural CD4*CD25" regu-
latory T cells (Tregs) are thymus-derived
suppressor cells that were first character-
ized in the landmark paper by Shimon Sak-
aguchi and colleagues as an anergic and
suppressive T cell population that potently
inhibits autoimmunity (1). The later dis-
covery that FOXP3 expression determines
the thymic development and peripheral
function of Tregs (2) justified the designa-
tion of this population as a separate T cell
lineage and sparked the interest of the sci-
entific community in Treg biology. Once it
was shown that lack-of-function mutations
of the FOXP3-encoding gene impair Treg
function and cause severe and frequently
lethal autoimmunity in mice and humans
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Regulatory T cells (Tregs) modulate the function of a variety of immune
cells and are critical for maintaining self-tolerance and preventing the
development of autoimmune disease. Due to their ability to suppress
effector T cells, Tregs have been increasingly explored for clinical use

to suppress alloresponses. While this approach has been promising in
preclinical models and early clinical trials, widespread clinical use of Tregs
has been limited by the low number of these cells in the periphery and

the unknown frequency of allo-responsive Tregs. In this issue of the JCI,
MacDonald and colleagues transduced human Tregs with a chimeric antigen
receptor (CAR) that targets the HLA class | molecule A2. These CAR-
expressing T cells were readily activated via CAR stimulation and exerted
potent immunosuppressive effects when stimulated in vitro. In a murine
model of hematopoietic stem cell transplantation, CAR-modified Tregs were
more effective in preventing the development of graft-versus-host disease
compared with polyclonal Tregs. The results of this study lay the groundwork
for the further evaluation of CAR-expressing Tregs in the prevention or
treatment of transplant complications.

(scurfy and immune dysregulation, poly-
endocrinopathy, enteropathy, X-linked
[IPEX], respectively) (3, 4), it was broadly
recognized that Treg-mediated suppres-
sion plays a pivotal role in the maintenance
of peripheral tolerance. These findings also
illustrated that no other regulatory cell pop-
ulation compensates for the lack of FOXP3*
suppressor cells in the periphery. Tregs
gain suppressive activity only after stimula-
tion of their own T cell receptor; however,
once activated, Tregs suppress effector T
cells in their vicinity in a nonspecific man-
ner (referred to as bystander or linked
suppression). Initially, it was thought that
Tregs employ a unique and Treg-specific
mode of suppression, but it now seems
that these cells apply various and variable
suppressive mechanisms in response to
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the inflammatory microenvironment (5).
Furthermore, Tregs do not solely act on
effector T cells, but modulate the function
of virtually every cell type of the innate and
adaptive immune system and even act on
nonhematopoietic targets (6).

The ability of Tregs to suppress T cell
responses without mediating proinflam-
matory effects themselves has evoked the
interest of transplantation immunologists,
as such a cell population may dampen allo-
responses without causing tissue damage.
In murine disease models, it was shown
that the adoptive transfer of donor Tregs
prevents severe graft-versus-host disease
(GVHD) after allogeneic stem cell trans-
plantation (SCT), which otherwise would be
initiated by conventional donor T cells con-
tained in the stem cell graft (7-9). Similarly,
host-derived Tregs responding to donor
alloantigens have been shown to ameliorate
graft rejection after solid organ transplanta-
tion, suggesting that strengthening Treg-
mediated suppression may be an attractive
strategy for promoting transplantation tol-
erance (10, 11). Indeed, early clinical trials
confirmed the suppressive activity of donor
Tregs in SCT, as acute GVHD was prevent-
ed in individuals that received haploidenti-
cal grafts in the absence of pharmacologic
immunosuppression (12).

Applying CAR technology

to Tregs

Second-generation chimeric antigen recep-
tors (CARs), composed of single-chain vari-
able fragments from an antibody fused to
costimulatory and TCR signaling endodo-
mains, trigger T cell responses in an HLA-
independent manner upon CAR engage-
ment. CD19-targeted CAR-T cells mediate
potent cytotoxicity against malignant (as
well as normal) B cells and induce com-
plete remissions in patients with refractory
acute lymphoblastic leukemia and certain
lymphomas with unprecedented efficacy
(13-15). This groundbreaking progress has
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inspired scientists, as well as biotech and
pharmaceutical companies, to extend CAR-
T cell therapy to other malignant diseases
(16). An obvious next step in the exploita-
tion of CAR technologies is the genetic
modification of Tregs for the treatment of
autoimmune diseases and for the induction
of tolerance after allogeneic SCT or solid
organ transplantation (17). Initial proof-of-
concept studies have already shown that
CAR-redirected Tregs ameliorate experi-
mental colitis (18) and that CAR-modified
human Tregs gain suppressive activity upon
antigen-specific CAR engagement (19).
In this issue, MacDonald and colleagues
report on the transduction of human Tregs
with a CAR directed against the HLA class
I molecule A2 to explore the capacity of
these engineered cells to suppress allore-
sponses in vitro and in xenogenic models
in vivo (20). The authors have convincingly
shown that lentivirally transduced Tregs
stably express the HLA-A2-specific CAR
(A2-CAR) without changing their pheno-
type, FOXP3 expression, or incapacity to
secrete proinflammatory cytokines. Upon
CAR triggering, Tregs became activated
and gained suppressive activity, as illustrat-
ed by the inhibition of mixed lymphocyte
reactions. MacDonald et al. employed a
so-called xenogenic GVHD model to evalu-
ate the efficacy of this approach in vivo. In
this model, HLA-A2-positive peripheral
blood mononuclear cells (PBMCs), which
contain effector T cells, are infused into
NOD/SCID  IL-2Ry™!
(NSG) mice and induce lethal disease.
Cotransfer of anti-A2-CAR-modified Tregs
ameliorated the development of lethal
GVHD in this model, while cotransfer of
Tregs expressing a HER2-specific control
CAR did not improve outcome. Moreover,
immune-monitoring data suggest that the
observed delay in disease onset is caused
by the Treg-mediated inhibition of effec-
tor T cell engraftment and expansion. Even
though this kind of experiment is often
performed (and frequently requested by
reviewers) to illustrate human Treg effi-
cacy for the prevention of GVHD, results
should be interpreted with caution, as the
xenogenic disease has hardly anything in
common with human GVHD or GVHD in
allogeneic transplant models. Furthermore,
human Tregs do not survive in such hosts
for more than a few days and thus can only
act during the disease initiation phase, but

immunodeficient

not for the long term. Hence, such mod-
els can be confirmative at most (in cases
where the expected results are observed),
but are unsuited to study the basic biology
of human Tregs in vivo. The same consider-
ations also apply to safety aspects of CAR-
modified Treg therapy that were addressed
by MacDonald et al. in supplemental exper-
iments in which HLA-A2-transgenic NSG
mice were used as hosts. The lack of tissue
damage after transfer of A2-CAR Tregs is
reassuring, yet it should be noted that these
immunodeficient xenogenic recipients lack
pivotal cells and effector mechanisms/mol-
ecules that may indirectly contribute to tis-
sue damage upon recognition of HLA-A2
on target organs by CAR-modified Tregs.
Despite these reservations, the use of CAR-
modified Tregs is an attractive new strategy
for enhancing transplantation tolerance in
the future, and these Tregs are well worth
examining in more detail in appropriate
experimental models in preparation for
first clinical trials. Several issues, including
the selection of the CAR target antigens,
remain to be addressed in more pertinent
models. Tregs are CD4" T cells that are usu-
ally restricted by HLA class II molecules.
In murine models, the lymph node-hom-
ing capacity of donor Tregs is required for
protection from acute GVHD, suggesting
that class II-positive professional antigen-
presenting cells (APCs) stimulate allore-
active Tregs and license them for the sup-
pression of alloreactive effector T cells in
lymphoid organs (21). Yet for therapeutic
purposes, it may be that Treg-mediated
suppression is primarily required in tar-
get organs and that activation via locally
expressed HLA class I molecules is benefi-
cial. However, the ubiquitous expression of
class I molecules increases the risk of gen-
eralized immunosuppression by class I-tar-
geted CAR-expressing Tregs and therefore
might be detrimental for SCT patients with
residual leukemia or lymphoma who rely on
efficient graft-versus-leukemia effects and
are prone to opportunistic infections. The
incorporation of suicide genes or molecular
on/off switches into CAR-expressing Tregs
could enhance the safety profile of such
suppressor cell products (22).

Clinical translation

The main hurdles for the clinical trans-
lation of experimental Treg therapies
have been the paucity of thymus-derived
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Tregs in peripheral blood and the lack of
specific isolation and efficient in vitro
expansion protocols. MacDonald and
colleagues have now isolated CD45RA*
Tregs, a strategy that diminishes the risk
of contamination with conventional T
cells and ensures improved Treg lineage
stability upon in vitro stimulation and
expansion (23, 24). The success of this
strategy was verified by the analysis of
epigenetic signatures of Treg stability,
such as demethylation of the Treg-spe-
cific demethylation region (TSDR) within
the FOXP3 locus, a prerequisite for stable
FOXP3 expression (25). Nevertheless,
the ability to isolate human Tregs from
peripheral blood without contaminating
effector T cells is still a challenge, and
good-manufacturing-practice-compliant
(GMP-compliant) technologies for the
isolation of Treg subpopulations are not
yet generally available. However, new
strategies that permit reversible labeling
for cell enrichment are currently being
developed and might soon permit the
stepwise purification of Treg subpopu-
lations (26). Furthermore, our group, as
well as a few other groups, has recently
established GMP-compatible flow cyto-
metric sort technologies for clinical
applications, and some companies have
now developed optimized high-speed
cell sorters to provide flexible tools for
the purification of rare T cell subpopu-
lations from peripheral blood. Thus,
CARs have not only advanced genetic
T cell modification technologies, but
have also encouraged technology suppli-
ers to invest in new T cell isolation and
expansion reagents. In our hands, FACS-
purified CD45RA" Tregs maintain all the
phenotypic and functional characteris-
tics of thymic Tregs after isolation and
extended in vitro expansion. Moreover,
such cell products increased the Treg
pool of several patients treated for refrac-
tory acute GVHD within an ongoing
clinical trial at our institution (EudraCT
2012-002685-12). Redirecting Tregs
toward a single HLA mismatch by CARs
is a promising next step in the exploration
of Treg-mediated suppression of allore-
sponses because bystander suppression
may be sufficient to prevent (and even-
tually suppress an ongoing) polyclonal
T cell response after HLA-mismatched
stem cell or solid organ transplanta-
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tion. However, more work will need to
be done, including a better evaluation of
CAR-modified Tregs in preclinical mod-
els, before this treatment option can be
applied to patients.
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