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Abstract: From mouse studies to recently published clinical trials, evidence has accumulated
on the potential use of regulatory T cells (Treg) in preventing and treating graft-versus-host
disease following hematopoietic-cell transplantation (HCT). However, controversies remain as
to the phenotype and stability of various Treg subsets and their respective roles in vivo, the
requirement of antigen-specificity of Treg to reduce promiscuous suppression, and the
molecular mechanisms by which Treg suppress, particularly in humans. In this review, we
discuss recent findings that support a heterogeneous population of human Treg, address
advances in understanding how Treg function in the context of HCT, and present data on recent
clinical trials that highlight the feasibility and limitations on Treg immunotherapy for graft-

versus-host disease.
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Introduction

Regulatory T cells (Treg) express the Forkhead
box P3 (FOXP3) transcription factor and
are indispensable for self-tolerance and the regu-
lation of pathogenic immune responses
[Sakaguchi er al. 2008]. They mainly do this by
suppressing the proliferation and function of
effector T cells [Vignali er al. 2008]. Given
their ability to maintain and restore homeostasis
in the immune system, Treg have the potential
to ameliorate aberrant immune conditions such
as autoimmunity and graft-versus-host disease
(GvHD). It is feasible to isolate Treg based on
key cell surface markers and to expand them to
clinically relevant numbers. Administration of
these cells in the murine model reduces
GvHD, but their efficacy in humans is still
uncertain. Correlative human studies to evalu-
ate the association between in vivo Treg num-
bers and the incidence of GvHD have yielded
varying results, although most studies suggest
an inverse correlation between Treg numbers
and GvHD (see Table 1). Recent clinical
trials demonstrate the feasibility and general
safety of adoptive transfer of Treg, but efficacy
outcomes of GVHD and tumor immunity
require further investigation. In this review, we

provide insights into recent advances on the
biology of Treg and discuss how these findings
may impact the use of Treg in immunotherapy
for GvHD.

Characterization of natural regulatory T cells

CD25

Sakaguchi and colleagues reported constitutive
expression of a surface marker, CD25
(IL2Ralpha), on a subset of CD4 T cells that
are suppressive [Sakaguchi er al. 1995]. These
cells comprise approximately 1-10% of periph-
eral CD4 T cells in mice and humans. The
level of CD25 expression correlates with suppres-
sor function, with the top 5-10% representing
the majority of the regulatory T cells. Hence,
most early studies identified Treg as
CD4CD25™ T cells, although the level of
CD25 expression used to characterize or purify
Treg is variable between studies, making compar-
isons of data and results less reliable.
Nevertheless, CD4CD25™ T cells prevented
and reduced autoimmunity, organ transplant
rejection, and GvHD [Sakaguchi ez al. 2008].
However, because T cells express CD25 upon
activation, distinguishing regulatory T cells
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Table 1. Correlation between Treg numbers and incidence and severity of graft-versus-host disease.
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from activated effector T cells can be difficult
based on this single marker.

FOXP3

The transcription factor, FOXP3, was found to
be critical for Treg development and function in
mouse models [Fontenot er al. 2003; Hori ez al.
2003; Khattri et al. 2003], and hence provided a
unique marker for Treg, although the intracellu-
lar localization of FOXP3 precludes its use in
purifying Treg for functional studies. Activation
of CD4"CD25 T cells does not lead to FOXP3
expression in the mouse, unlike CD25 [Khattri
et al. 2003]. In humans, mutation of the FOXP3
gene causes a lymphoproliferative syndrome
called IPEX (immune dysregulation, polyendo-
crinopathy, enterophy, and x-linked) [Sakaguchi
et al. 2008]. However, FOXP3 expression in and
of itself is inadequate to define human Treg, as
naive T cells without regulatory function can
transiently upregulate FOXP3 upon activation
[Gavin et al. 2006]. These findings have led to
confusion on how to interpret results based on
CD25 and FOXP3 expression in human Treg.

CD127 and CD45RA

CD127 (IL7 receptor alpha chain) and CD45RA
have recently emerged as additional markers of
Treg. In combination with high levels of CD25,
low expression of CD127 is correlated with Treg
that express FOXP3 [Liu ez al. 2006; Seddiki ez al.
2006]. However, conventional T cells can also
reduce CD127 expression following activation ex
vivo, limiting the ability to distinguish Treg from
activated nonregulatory T cells [Mazzucchelli and
Durum, 2007]. It is not clear whether this down-
regulation of CD127 occurs i vivo, particularly
under inflammatory conditions such as GvHD.
CD45RA and CD45RO are markers of maturity
in human T cells and when used with CD25,
define several subsets of Treg that share develop-
mental origins but have distinct gene expression
[Miyara et al. 2009]. CD4CD25™CD45RA+
and CD4CD25"CD45RO have low and high
FOXP3 expression and are defined as resting and
activated Treg, respectively. Both Treg subsets are
suppressive i vitro, but the resting Treg are resis-
tant to apoptosis and can proliferate in culture,
while activated Treg have a more differentiated
effector phenotype and are hyporesponsive to
TCR stimulation. Additional markers, such as
CD31, ICOS, and HLA-DR define additional
cell populations within the resting and activated
Treg subsets that appear to have differential sup-
pressor function [Miyara ez al. 2009; Ito ez al. 2008;

Baecher-Allan ez al. 2006]. Thus, it is becoming
clear that there is a heterogeneous population of
human Treg, but whose function and localization
in vivo remain unclear.

Natural Treg versus inducible Treg

Natural Treg (nTreg) are generated in the
thymus, while ‘inducible’ or ‘adaptive’ Treg
(iTreg) are produced in secondary lymphoid
organs and peripheral tissues upon exposure to
transforming growth factor beta (TGFf) and ret-
inoic acid [Coombes ez al. 2007]. Other agents
have been studied to convert naive CD4 T cells
into iTreg. These include hypomethylating
agents (i.e. decitabine), antithymocyte globulin,
and vasoactive intestinal peptides, with further
details provided in Table 2. Both Treg subsets
are mediators of peripheral tolerance and homeo-
stasis in mouse models, however, the relative
extent to which nTreg and iTreg contribute
in vivo is not clear. This has been in part due to
the absence of definitive markers that distinguish
these two Treg subsets. Based on microarray
studies in the mouse, two markers have been
identified to be more specific for nTreg compared
with iTreg. These include Helios [Thornton ez al.
2010], an intracellular molecule, and Neuropilin
1 (Nrpl) [Bruder ez al. 2004], a surface protein.
While increased expression of Helios is observed
for both mouse and human nTreg, early studies
indicate that Nrp1 is only specific for mouse but
not human nTreg. These surface markers provide
tools to characterize the likely phenotypic differ-
ences and functional specialization between
nTreg and iTreg in vivo.

In humans, the role of iTreg i vivo is not known.
In vitro, human naive CD4 T cells can be
induced to express FOXP3 in the presence of
TGEFp; however, these iTreg have reduced sup-
pressor function i vitro and can secrete pro-
inflammatory cytokines [ITran et al. 2007;
Walker ez al. 2005]. The addition of retinoic
acid to the TGFp condition appears to enhance
stability and function of iTreg in vitro [Wang er al.
2009] however, whether this holds true in the
m vivo setting, particularly under lymphopenic
or inflammatory conditions, is not known. Also,
these findings suggest that there may be other
factors that are required to maintain stability of
human iTreg.

Regulatory T-cell functional specialization
The mechanisms by which Treg suppress are
complex, and include signaling via interleukin
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Table 2. Continued

10 (IL10), IL.35, TGFB, CD39, CTLA4, LAGS3,
Granzyme A and B, and perforin, among others.
The details of these mechanisms are beyond the
scope of this review, and were summarized
recently [Vignali ez al. 2008]. Most of the mech-
anistic studies were derived from mouse models.
Our current understanding of how human Treg
function remains limited to i vitro studies, which
do not account for the importance of migration
and localization in the development, differentia-
tion, and function of Treg in vivo [Zhang et al.
2009]. Thus, questions remain on where adop-
tively transferred human Treg get primed, how
they get there, and where they function. Some
insights have been provided by mouse models
of allogeneic tissue grafts [Zhang et al. 2009].
In these studies, nTreg enter the inflamed tissue
before reaching the draining lymph node (LN).
In contrast, iTreg first enter the LN before
migrating to the site of inflammation. These
observations suggest that nTreg and iTreg have
different homing receptors at transfer that affect
their site of priming and activation i vivo.

Recent studies indicate that there is a heteroge-
neous population of Treg with functional special-
ization [Campbell and Koch, 2011]. In
particular, there are subsets of human Treg
with distinct expression of transcription factors,
cytokines, and chemokine receptors that parallel
those expressed in subsets of helper T cells (Th).
How and from whence these Treg develop and
acquire similar phenotypic features of their Th
counterpart requires further investigation.
Preliminary studies suggest that nTreg responds
to cytokines that are specific to the Th subset, for
example, interferon gamma (IFNY), and upregu-
late Tbet, a transcription factor normally
expressed in Thl cells, which promotes acquisi-
tion of homing receptors that allow accumulation
of Treg at sites of Th1 mediated immunity [Koch
et al. 2009]. These findings are relevant as we
continue to define subsets of Treg that are most
effective for different diseases.

As noted previously, nTreg and iTreg are devel-
opmentally different. Therefore, is not clear
whether iTreg and nTreg share mechanisms of
suppression. Because iTreg are generated by mul-
tiple pathways, some not dependent on FOXP3
expression, there are likely mechanisms of sup-
pression that are unique to iTreg. One example
is I35, a cytokine consisting of IL27f and IL.12a
subunits, that are increased on Treg, but not con-
ventional T cells. In both mouse and humans,
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ILL35 induces iTreg, which continue to generate
I1L35 to sustain the iTreg population and function
[Collison ez al. 2010]. I1L.35-Treg do not express
FOXP3 or IL10, but function i vivo with the
same or higher suppressive capacity than nTreg.
Other iTreg subsets that express FOXP3 are not
as potent suppressor iz vivo compared with
nTreg and this is likely related to the functional
dependence of these iTreg on FOXP3 expres-
sion, which is transient and unstable iz vivo as
described below. Under homeostatic conditions,
ILL35-Treg are not detected; they require very
strong inflammatory conditions for induction
and expansion [Collison ez al. 2010]. Potential
differences in nTreg and iTreg suppression sug-
gest that they play nonoverlapping roles i vivo
and therefore may have differential impact in dif-
ferent model systems.

The stability of the Treg phenotype and function
n vivo remains in question [Sakaguchi, 2010].
Understanding this aspect of Treg biology is crit-
ical as we consider the subset(s) of Treg that can
be used in adoptive transfer studies and in the
clinical settings. In murine studies, nTreg
appears to have a stable suppressor phenotype
and function, even under inflammatory condi-
tions [Rubtsov ez al. 2010]. In contrast, both
mouse and human studies indicate that FOXP3
expression in iTreg is more transient, and hence
the suppressor function is inferior i vivo. This is
particularly true under inflammatory or lympho-
penic conditions, which are generally the setting
under which iTreg would be adoptively trans-
ferred [Koenecke ez al. 2009; Zhou ez al. 2009;
Tran et al. 2007; Walker er al. 2005]. Using
FOXP3 lineage-tracer mice, it was shown that
iTreg are less stable and become ‘ex-Treg’ that
generate IFNY and can induce diabetes in NOD
mice [Zhou ez al. 2009]. The plasticity of the
iTreg must therefore be taken into account as
we consider their use  viwo and in the clinical
setting. iTreg subsets that are FOXP3 indepen-
dent, however, can remain suppressive under
inflammatory conditions such as the IL35 iTreg
aforementioned.

GvHD, graft-versus-tumor, and Treg

Mouse studies

Early studies in various murine models of bone
marrow transplantation indicate that adoptively
transferred Treg can prevent and treat GvHD
[Nguyen er al. 2007; Edinger et al. 2003; Jones
et al. 2003; Cohen ez al. 2002; Taylor ez al. 2002].

The mechanisms by which Treg suppress GvHD
is not entirely clear, but localization of Treg into
secondary lymphoid organs [Taylor er al. 2004;
Edinger er al. 2003] and peripheral tissues
[Wysocki ez al. 2005] are critical for their func-
tion. Bioluminescence imaging studies have pro-
vided insights into the kinetics of Treg in GvHD
[Nguyen ez al. 2007]. These studies demonstrate
that Treg, purified as CD4"CD25™ cells, co-
localize with conventional effector T cells
(Tcon) in secondary lymphoid organs initially,
where they expand robustly and then migrate
into peripheral tissues such as the gut and skin.
Their colocalization also led to the suppression of
Tcon proliferation in both lymphoid and periph-
eral tissues. After approximately 7-10 days fol-
lowing transfer, there is a significant reduction
in Treg numbers, which may due to a decreased
inflammatory milieu. By bioluminescence imag-
ing, these labeled Treg, although reduced, are
still detectable 3 months following transfer and
are found diffusely in peripheral tissues. These
findings provided a framework for the design
and development of some recent clinical trials
for adoptive Treg transfer.

Correlative human studies

Many correlative studies have been published to
establish an association between the level of Treg
in various tissues and the incidence and/or sever-
ity of GvHD in patients. As detailed in Table 1,
the results are conflicting and may be due to sev-
eral reasons, particularly variability in the Treg
phenotype, the time point at which they are ana-
lyzed, and the tissue from which they are
extracted for analysis. Predominantly, most stud-
ies report on peripheral blood (PB) Treg number
and percentages; however, the relevance of PB
Treg and how they reflect Treg number and func-
tion in the tissue are not known, particularly in
light of functional specialization and localization
of different Treg subsets. Another caveat is that
the kinetics of Treg and their role in causing or
preventing disease i vivo cannot be captured by
a single or even a few time points following trans-
plantation. Therefore, it would difficult to deter-
mine whether low numbers of Treg in the gut of
patients with GvHD can explain cause or effect
based on these studies. Furthermore, strategies
to purify or characterize “Treg’ are different
between experiments or studies, complicating
interpretation of the findings across studies.
Nevertheless, the majority of the studies indicate
an inverse correlation between Treg number or
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Treg:T'con ratio and the incidence and severity of
GvHD.

Phenotype and source of Treg for adoptive therapy
Most preclinical studies in transplantation trans-
fer freshly isolated Treg. However, because Treg
comprise a small fraction of CD4 T cells, a con-
cern is an insufficient number of Treg that can be
isolated for adoptive transfer in the clinical set-
ting. To address this potential issue, based on
preclinical data [Cohen er al. 2002; Taylor ez al.
2002] current ongoing efforts are to expand
nTreg under activating conditions with CD3/
CD28 stimulation and ILL2, or to induce naive
CD4"CD25 T cells under skewing conditions
with high-dose TGFf and/or retinoic acid that
promote conversion into iTreg. Other strategies
for expansion and conversion have recently been
published and are detailed in Table 2. While
expansion and conversion strategies generate sig-
nificant numbers of Treg, there are issues of
purity and i vivo functional stability for ex vivo
expanded nTreg and iTreg, respectively.

As noted previously, multiple studies have dem-
onstrated plasticity and lack of stability of the
phenotype and function of iTreg in autoimmune
models. Furthermore, in a recent study, iTreg
generated ex wvivo under TGFP conditions
reverted to a nonregulatory T-cell phenotype
in vivo and failed to prevent GVHD in a murine
model [Koenecke er al. 2009]. Thus, TGFp-
induced Treg do not appear to be a reliable
source of suppressor cells for transfer under
inflammatory and  lymphopenic  settings.
However, as detailed in Table 2, there are a mul-
titude of strategies that may induce a more stable
phenotype but these strategies require further
studies to confirm. For the induction of human
Treg, several groups have demonstrated that a
course of extracorporeal photopheresis could
convert naive T cells into iTreg i vivo [Rao
et al. 2009; Biagi er al. 2007]. Other investigators
showed stable iTreg induction with hypomethy-
lating agents [Sanchez-Abarca ez al. 2010], a
promising strategy for translation in the clinical
setting but requires further testing.

For ex viwo expanded nTreg, contamination with
effector T cells in the culture system remains the
major concern. In part, this is due to the impre-
cise selection of Treg based on CD25, since acti-
vated T «cells also upregulate this marker.
However, with additional markers such as
CD127 and CD45RA as detailed previously, it

may now be possible to increase the purity of
sorted and expanded Treg for adoptive transfer
studies [Hippen er al. 2011].

A second concern regarding expanded nTreg is
the impact culturing may have on their homing
and chemokine receptor expression, which could
interfere with their effective entry into target tis-
sues. In murine models of GvHD, expanded
nTreg can suppress GvHD efficiently, albeit it
appears that the major suppressive activity is
due to the CD62L" Treg subset [Taylor er al.
2004]. Although one may postulate homing
receptor expression would change with activation
i vitro, a recent study and our own experience
showed that activation of nTreg i wvirro under
CD3/CD28 costimulation does not significantly
impact the chemokine receptor or selectin
expression: CD62L expression remained high
and there was no affect on the expression levels
of CCR5, CCR6, CCR8, CLA, or CD103 [Cao
er al. 2009]. Further studies are needed to con-
firm the # vivo homing capacity of expanded
nTreg compared with freshly isolated Treg.
Results may help determine the appropriate cell
phenotype and dose for testing in the clinical trial
setting since the ability of Treg to suppress 2 vivo
depends on their ability to migrate to the right
target tissue.

Until concerns of purity and stability of iTreg and
expanded nTreg are addressed, freshly isolated
nTreg are the most appropriate source for clinical
trial. The optimal dose of Treg in the clinical
setting is not known, but likely depends on the
timing of adoptive transfer, the number effector
T cells in the graft, and the tumor burden of the
patient. While preclinical studies indicate that a
1:1 nTreg: Tcon ratio is effective in suppressing
GvHD without abrogating the graft-versus-tumor
response [Edinger et al. 2003; Cohen er al. 2002],
it is not clear that this strategy would lead to sim-
ilar outcomes in patients. Ongoing clinical trials
of Treg immunotherapy will help establish this
dose parameter.

Most preclinical studies and all clinical trials to
date transfer polyclonal Treg into transplant
recipients. Antigen-specific Treg (Ag-Treg) have
been evaluated in autoimmune disease models to
reduce nonspecific suppression of host immunity
[Filippi et al. 2005]. For GvHD however, it is not
currently possible to generate Ag-Treg given the
lack of known immunodominant antigens and
the multi-tissue expression of alloantigens and
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minor histocompatibility antigens that contribute
\to the pathologic immune response. In models of
GvVHD, polyclonal Treg do not appear to compro-
mise the GvT effect [Edinger er al. 2003; Cohen
et al. 2002]. However, these studies were per-
formed under contrived experimental conditions,
with specific cell dose ratios and transplantable
leukemia which may not be translatable to the
clinical setting. Whether polyclonal Treg suppress
tumor and microbial immunity following hemato-
poietic-cell transplantation (HCT) in the clinical
setting remains unknown, and thus careful mon-
itoring for relapse and infections are critical in
trials incorporating Treg immunotherapy.

Clinical trials

Recently, two clinical trials reported on the out-
comes of infusing Treg in patients undergoing
haploidentical [Di Ianni er al. 2011] and
double-cord HCT [Brunstein ez al. 2011]. In
the former study performed in Italy, 28 patients
with hematological malignancies, primarily acute
myeloid leukemia (AML), underwent myeloabla-
tive conditioning with total body irradiation
(TBI), thiotepa, fludarabine, and cyclophospha-
mide followed by an infusion of freshly isolated
CD4"CD25" Treg from a haploidentical donor.
After 4 days, the patient received infusions of
CD34-selected progenitor cells and conventional
CD3 T cells (Tcon) separately. This was a dose
escalation phase I trial, with dose ratios of
Treg: Tcon ranging from 4:1 to 2:1, with a max-
imum of 4 X 10%kg Treg given. The patients did
not receive any post-transplant GvHD prophy-
laxis. With a median follow up of approximately
12 months, the authors report a reduction in
GvHD compared with historical controls; no
patients developed GvHD when 1 X 10%kg or
less Tcon were given. Furthermore, donor
immune reconstitution was timely, with earlier
recovery of T cells specific to various opportunis-
tic pathogens, including Aspergillus, cytomegalo-
virus (CMYV), and adenovirus, congruent with
preclinical data [Nguyen ez al. 2008]. There
were fewer CMV reactivations and no CMV-
related mortality compared with their prior expe-
rience [Perruccio er al. 2005]. Overall, at a
median follow up of 12 months, survival was
46%, with the majority of deaths due to infection,
and the treatment related mortality (TRM) was
50%, which is higher than the reported 36.5% in
their prior haploidentical HCT study [Aversa
et al. 2005]. Leukemia relapse was not increased;
however, longer follow up 1is required to

determine the impact of Treg on the Graft
versus leukemia (GvL) effect.

In the second clinical trial, Brunstein and col-
leagues reported results on the infusion of ex
vivo expanded/activated umbilical-cord blood
(UCB)-derived Treg [Brunstein et al. 2011]. A
total of 23 patients with various leukemias under-
went nonmyeloablative conditioning with low-
dose TBI, cyclophosphamide, and fludarabine,
followed by infusion of two HLA 4-6/6 UCB
graft. From a third-party UCB, Treg were posi-
tively selected for CD25, expanded in culture
with anti-CD3/anti-CD28 monoclonal antibody
and recombinant IL2 over a 14-day period, and
infused into the patient on day +1 of HCT. For
14 patients, a second infusion of Treg was given
at day +15. This was a dose-escalation trial, with
dose levels of 1, 3, 10, or 30X 10° Treg/kg.
GvHD prophylaxis consisted of mycophenolate
mofetili (MMF) and cyclosporine in the first
cohort, and MMF and sirolimus in a subsequent
cohort based on reports that CsA may interfere
with Treg function and survival [Coenen ez al.
2006; Zeiser et al. 2006]. At a median follow up
of approximately 1 year, Treg recipients had sim-
ilar disease-free survival, long-term donor
engraftment, and nonrelapse mortality compared
with historical controls [Brunstein et al. 2007].
As with the trial by Di Ianni and colleagues,
longer follow up is required to determine the
impact of Treg on the GvL effect. While the inci-
dence of grades II-IV acute GvHD was lowered
in Treg-treated patients than historical controls,
no difference was noted for grades III-IV acute
GvVHD. The role of Treg in chronic GVHD in this
trial is not clear at the time of report given the
short follow up.

Results from these two clinical trials indicate the
feasibility of Treg infusions. However, the results
also raise several questions of safety and efficacy.
First, what are the reasons why relapse is not
increased in Treg recipients? Overall, follow up
in both studies is too short to conclude firmly.
However, the infusion of Treg allowed the add-
back of T'con which may exert a GvL effect in the
haploidentical HCT trial. In the UCB HCT, the
authors show short-term survival of Treg of
approximately 2 weeks following infusion; thus,
perhaps the threshold of effector cells that survive
are sufficient to mediate GvL. However, studies
of the m wvivo kinetics of Treg were limited to
circulating Treg in the blood, and not in lym-
phoid or peripheral tissues where Treg reside
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and function. Thus, further investigation is
needed to determine why Treg, particularly at
the higher doses, do not impact tumor immunity
in these two trials.

Second, in the haploidentical HCT trial, TRM
was higher compared to historical controls, and
are primarily due to opportunistic infections,
even in the absence of standard immunosuppres-
sive agents. Recent studies in viral infection
models indicate that Treg can impair CD8 T-
cell cytolytic activity, thus promoting chronic
infection [Dietze er al. 2011]. It’s not clear
whether Treg has similar effects on the mature
donor Tcon which are important for early micro-
bial immunity after transplant. However, differ-
ences in the preparative regimen and the patient
population may also account for the increased
TRM in this trial.

Third, in the UCB HCT clinical trial, the
expanded Treg did not prevent high-grade
acute GvHD compared with historical controls.
This may be due to a variety of reasons,
including timing of Treg infusion, differences
in potency of fresh wersus expanded Treg, the
number and ratio of Treg relative to Tcon,
and the purity of the Treg infused. In the
haploidentical HCT trial, Treg were infused
4 days prior to Tcon, which likely increased
the Treg:Tcon ratio based on Treg expansion
during this lapsed time as shown in preclinical
models [Nguyen er al. 2007]. In contrast, in
the UCB HCT trial, Treg was infused 1 day
after Tcon. In this situation, the earlier Tcon
infusion may lead to early Tcon expansion,
hence reducing the Treg:Tcon ratio. The
timing of Treg therefore may have an impact
on the final ratio of Treg:Tcon iz wviwo and
affect GvHD outcomes. Furthermore, in the
UBC HCT trial, the median proportion of
CD4"CD25" cells was 65% following CD25
selection, and the median proportion of
CD4"CD127FOXP3" was 64% after culture.
The “Treg’ product therefore likely consists of
a significant proportion of Tcon which may
offset the suppressive effects of Treg and may
lead to outcomes that are more difficult to
interpret. Improving the purity of the Treg
population for adoptive transfer, either through
flow-cytometric sorting or cultures under rapa-
mycin conditions [Zeiser et al. 2008; Coenen
et al. 2007; Battaglia er al. 2005] may address
these concerns. Furthermore, performing a
larger and randomized trial with long-term

follow up will better at demonstrating the effi-
cacy of Treg infusion.

Double UCB HCT typically leads to engraftment
of a single unit at day 100 [Barker ez al. 2005],
suggesting rejection of the second unit by resid-
ual host cells, donor cells from the engrafted
cord, or both. The biology of this engraftment
dominance of a single unit is not well under-
stood. In the UBC HCT trial by Brunstein and
colleagues, the transferred Treg are derived from
a third UCB unit. Analysis of the kinetics for the
administered Treg indicates a reduction in both
their absolute number and their percentage of
total CD4 cells by day 14 post-HCT. While this
decrease in Treg may be consistent with a reduc-
tion in inflammation further out from HCT, it
does raise the question of whether third-party
Treg are at risk for rejection by host residual
cells or cells from the other two UCB units.
Some preclinical findings suggest that third-
party Treg may not be protective of engraftment
[Gaidot ez al. 2011; Joffre et al. 2004]; however,
other studies in both mouse and xenogeneic
models of GvHD show promise of third-party
Treg as an effective ‘off-the-shelf’ therapy
[Hippen er al. 2011; Steiner et al. 2006].

Ongoing trials are accessing the role of Treg in
GvHD and other diseases, including diabetes and
kidney transplant rejection. For diabetic patients,
trials include adoptive transfer of polyclonal
expanded autologous Treg
(CD4"CD25"CD127) as a single infusion, or
administration of low-dose IL.2 to induce Treg
in vivo. In the allogeneic HCT setting, studies
include a phase 2 trial to test i vivo induction
of Treg with low-dose IL2 as GvHD prophylaxis,
and a phase 1 trial that transfers sorted freshly
isolated polyclonal nTreg
(CD4"CD25"CD127") into haploidentical
graft recipients to allow higher doses of Tcon to
be given without inducing GvHD.

Treg in evolving or established GvHD

Studies to date have primarily evaluated the role
of Treg, given prophylactically, in reducing the
incidence and severity of GvHD. The impact of
Treg on established or evolving GvHD has been
less studied [Nguyen ez al. 2007; Jones et al.
2003]. When transferred into mice with estab-
lished GvHD, Treg were less effective and while
recipients of Treg had improved survival, end
organ damage caused by GvHD was not
reversed. In a case report, ex wvivo expanded
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CD4"CD25"CD127 Treg were infused into two
patients with steroid-refractory GvHD
[Trzonkowski er al. 2009]. The first patient had
grade IV acute GvHD and did not respond to
three weekly infusions of 3 X 10° Treg/kg. The
second patient with pulmonary chronic GvHD
received a single dose of 1 X 10° Treg/kg, which
lead to a reduction in symptoms and allowed
tapering of multiple immunosuppressive agents.
However, the long-term outcome of this patient
is not known. These findings indicate that Treg
immunotherapy may be optimal under prophy-
lactic conditions.

Summary

Preclinical data indicate that Treg are a potent
suppressor of GvHD that do not abrogate
tumor and microbial immunity under specific
dose ratios with Tcon. However, it remains
unclear whether these outcomes would hold in
the clinical setting, given our limited understand-
ing of how human Treg function i vivo and chal-
lenges in achieving the desired cell dose ratios
and purity. Moreover, unlike the mouse model,
significant variability exists in our patients,
including their genetics, disease, and the trans-
plant and immunosuppressive regimens with
which they are treated, all of which may have
an impact on their response to Treg immunother-
apy and other transplant outcomes. Two clinical
trials offer preliminary observations which dem-
onstrate the feasibility and safety of Treg infu-
sion. However, long-term outcomes on efficacy
and bystander effects on tumor and microbial
immunity must be further addressed in random-
ized and larger trials. With emerging data on het-
erogeneous populations of human Treg with
functional specialization, and as our ability to
purify Treg advances with new markers, the ben-
efit of Treg immunotherapy may rely on transfer-
ring specific subsets of Treg for different diseases,
and even for different organs affected as is the
case for GvHD. However, as with many cellular
therapies, the labor- and cost-intensive process of
generating the product may preclude their wide
application to less-specialized centers and, as
such, efforts to streamline this step must parallel
our studies in understanding the biology and
clinical use of Treg.
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