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Tregs: hype or hope for allogeneic hematopoietic stem
cell transplantation?
F Lussana1, M Di Ianni2 and A Rambaldi1,3

The discovery of T regulatory cells has been one of the most important advances in basic immunology and has opened the door to
the development of innovative therapeutic strategies for improving the outcome of solid organ and hematopoietic stem cell
transplantation. Basic immunology is rapidly elucidating the complex biology of these cells even though the difficulties in purifying
or even expanding them in vitro represent a major limitation to the development of clinical studies. The clinical benefit potentially
associated with this therapeutic approach remains to be demonstrated. Meanwhile, several drugs used for the treatment of
hematologic malignancies or for other purposes have been shown to upregulate the number and function of Tregs in vivo. In the
near future, both ex vivo or in vivo expanded T cells are likely to enter the therapeutic armamentarium of clinical transplantation.
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INTRODUCTION
Rejection, graft versus host disease (GvHD) and infections are
major complications of allogeneic hematopoietic stem cell
transplantation (alloHSCT) and remain the main causes of
transplant related morbidity and mortality. These complications
still offset a significant part of the transplant benefit and limit the
curative use of alloHSCT. Overcoming these complications is the
main challenging objective to improve the transplant outcome as
well as the patients’ quality of life and to minimize the long-term
use of immunosuppressive drugs. The field of immunology was
revolutionized when in 1995 Sakaguchi showed that depletion of
the small fraction of CD4+ T cells co-expressing CD25 from normal
adult T cells left a population of cells that induced a spectrum of
autoimmune diseases when transferred to an immunocompro-
mised recipient.1 These T suppressor cells (defined as T regulatory
cells, Tregs) suppress the function of other T cells and accordingly,
they play a crucial role to limit the immune response, to regulate
the immune homeostasis and to maintain self-tolerance.2,3 Two
major classes of Tregs have been identified4 and, according to the
Third International Conference on Regulatory T Cells, defined as
thymus-derived Treg cell (tTreg cell) and peripherally derived Treg
cell (pTreg cell).5 tTreg cells originate from the thymus as CD4+

cells expressing high levels of CD25 and the transcription factor
FoxP3, a transcriptional repression factor of the forkhead or
winged helix family of transcription factors, also known as Scurfin,
IPEX and JM2.6–8 FoxP3 was initially identified as a Treg marker in
mice by Sakaguchi and Rudensky in CD4+ cells.9 tTreg cells
represent approximately 1–2% of the total CD4+ T-cell
population10 and are positively selected thymocytes with a
relatively high avidity for self-Ags.11 The signal to develop into
Treg cells comes from the physical interactions between the T-cell
receptor/MHC II complex with self-peptides expressed on the
thymic stroma.12 pTreg cells are thymic CD4+ cells that
differentiate into CD25+ and FoxP3+ expressing Tregs following

adequate antigenic stimulation in the presence of cognate Ag and
specialized immunoregulatory cytokines such as TGF-β, IL-10 and
IL-4 and in the absence of IL-6 and possibly IL-23.13

High levels of Tregs have been found in many malignant
disorders including lung, pancreatic and breast cancers suggest-
ing their role in preventing an adequate immune response of the
patient against cancer.14 Alterations in the number and function of
Tregs have been implicated in several autoimmune diseases
including multiple sclerosis, active rheumatoid arthritis and type 1
diabetes.15 Mutations of FOXP3 are associated with the develop-
ment of immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX), leading to organ-specific autoimmune
diseases, insulin-dependent diabetes and hematological
disorders.7

Tregs are ideal candidates for tolerance induction in the clinical
context of solid organ and alloHSCT and may represent an ideal
tool for an adoptive cellular therapy for inducing tolerance,
preventing GvHD and for improving the quality of immune
reconstitution without compromising the beneficial graft-versus-
leukemia (GvL) effect. Here, we analyze the available data
suggesting the role of Tregs in preventing and controlling GvHD.
We review experimental data generated in animal models and
then the indirect and direct evidence suggesting the clinical role
of Tregs in the setting of alloHSCT.

ANIMAL MODELS
Infusion of Tregs reduces the incidence of GvHD, favor post-
transplant immune reconstitution and promote GvL
In murine models, experimental data demonstrated that infusion
of Tregs reduces the incidence of GvHD and promotes immune
reconstitution. Freshly isolated or ex vivo expanded polyclonal
Tregs, co-infused with conventional T cells (Tcons) at 1:1 ratio,
prevented lethal GvHD.16–19 The proinflammatory environment

1Hematology and Bone Marrow Transplant Unit, Azienda Ospedaliera Papa Giovanni XXIII, Bergamo, Italy; 2Hematology Section, Department of Life, Health and Environmental
Sciences, University of L’Aquila, L’Aquila, Italy and 3Department of Oncology-Hematology Università degli Studi di Milano, Milan, Italy. Correspondence: Professor A Rambaldi,
Hematology and Bone Marrow Transplant Unit, University of Milan, Ospedale Papa Giovanni XXIII Bergamo, Piazza OMS, 1, Bergamo 24127, Italy.
E-mail: arambaldi@asst-pg23.it
Received 9 August 2016; revised 11 October 2016; accepted 14 October 2016; published online 20 March 2017

Bone Marrow Transplantation (2017) 52, 1225–1232
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved 0268-3369/17

www.nature.com/bmt

http://dx.doi.org/10.1038/bmt.2017.30
mailto:arambaldi@asst-pg23.it
http://www.nature.com/bmt


induced by pre-transplant irradiation was found to represent
a crucial stimulus for early Tregs activation, expansion and
migration to GvHD target tissues (skin, gut, liver and lung).
Suppression was optimal during the initial phase of inflammation,
when Tregs specifically suppressed early alloreactive T-cell
proliferation in lymph nodes and in non-lymphoid tissues.17

Conversely, Tregs did not cross-inhibit pathogen-specific Tcons
expansion and response, thus allowing functional immune system
reconstitution. Indeed, Tregs prevented GvHD-induced damage to
the thymus and peripheral lymph node architecture and
accelerated donor lymphoid reconstitution with a polyclonal
TCR-Vβ repertoire. The enhanced immune reconstitution in Tregs
recipient mice protected them from lethal CMV infection.16 The
preclinical studies also demonstrated that Tregs could proliferate
in the post-conditioning proinflammatory environment of the
T-cell depleted host in the 4 to 7 day interval before the Tcons
infusion. This in vivo Tregs expansion allowed the subsequent
infusion of significant numbers of Tcons without triggering GvHD.
More recently, Bolton and colleagues showed that selective Tregs
reconstitution before T-cell transfer normalized dendritic cell
co-stimulation and provided complete protection against GvHD.
Tregs-mediated CTLA-4-dependent downregulation of CD80 and
CD86 on dendritic cells was critical to inhibit the rapid
proliferation of alloreactive T cells.20

The mechanisms by which Tregs suppress GvHD with no loss of
the transplant GvL activity have been described in several studies.
In a murine model, Edinger et al. observed that Tregs can inhibit
the early expansion of alloreactive donor T cells and their capacity
to induce GvHD but do not inhibit co-transplanted Tcons
activation and cytotoxicity against leukemia and lymphoma cell
lines in vitro and in vivo.21 GvL activity relies mainly on Tcons
activation and it is mediated by the perforin lysis pathway so that
an efficient GvL effect requires transplantation of a sufficient
number of Tcons. In this context, Ruggeri and colleagues, in
murine models engrafted with human primary acute myeloid and
lymphoid leukemia (AML and ALL) cells, showed that the
sequential adoptive transfer of human Tregs and Tcons was able
to eradicate leukemia without GvHD. In contrast, mice that
received only Tregs died of leukemia, while animals that received
only Tcons developed severe GvHD and died within 60 days.
These data suggest Tcons can be blocked by Tregs in the
periphery and exert unopposed allo-antigen recognition in the
bone marrow where Tregs are unable to home because of
different migratory properties.22

Recent experimental results indicate that NOTCH should be
considered as a major regulator of alloreactivity and tolerance,
since its signaling inactivation in donor T cells markedly reduces
GvHD severity and mortality.23–25 Interestingly, a very recent study
showed that Tregs trigger NOTCH1 downregulation directly on
Tcons through the CD39/adenosine axis.26 NOTCH1 downregula-
tion along with the different Tregs migratory properties might
elucidate the observations obtained in clinical trials performed
with Treg/Tcons adoptive immunotherapy resulting in potent
GvL effects with markedly reduced risk of GvHD.27,28

CLINICAL STUDIES
Indirect evidence for a role of Tregs on GvHD
Small retrospective studies have examined the relationship
between the content of Tregs in allogeneic hematopoietic stem
cell grafts and the transplant outcomes. While some studies
suggested a protective effect on GvHD played by a high number
of Tregs in the graft29–33 other studies showed no relationship34,35

and some even showed the opposite effect.36 More recently,
Danby et al.,37 in a cohort of 94 adult patients, reported that
patients receiving higher numbers of Tregs had an improved

overall survival and a reduced non-relapse mortality with a trend
toward less acute GvHD (aGvHD).
The relationship between the number of Tregs detected in vivo

post-transplant and the development of GvHD is similarly
controversial. In an early study, Clark and colleagues investigated
the number of peripheral blood CD4+CD25+high T cells in
patients after allogeneic hematopoietic stem cell transplantation.
Patients with chronic (cGvHD) had markedly elevated numbers of
CD4+CD25+high T cells as compared to patients without GvHD
and this observation lead authors to claim that cGvHD does not
occur as a result of Treg cell deficiency.38 More recently, Ukena
reported that in patients with acute/chronic GvHD the number of
Tregs always remained lower than observed in patients who never
developed GvHD. In addition, numerically deficient recovery of
Tregs following a transplant performed using peripheral blood
derived stem cells was significantly associated with the develop-
ment of acute but not chronic GvHD.39 By contrast, in
a study based on the post-transplant immune reconstitution
analysis, Zorn et al.40 reported a decreased frequency of
CD4+CD25+ T cells in patients with cGvHD compared with
patients without cGvHD and healthy individuals. Along the same
lines, Fujioka and co-workers reported that at the second week
after transplantation, patients with aGvHD had significantly lower
Treg/CD4(+) T-cell ratios than those without aGvHD. As these
differences were seen before the development of aGvHD, these
ratios can predict the incidence of aGVHD.41

Tregs as adoptive cellular therapy
Cord blood derived Tregs. The consistent proof of concept
derived from preclinical models and the development of
efficacious methods to isolate and in vitro expand Tregs from
blood, led to test Tregs in clinical trials, in patients who underwent
alloHSCT. In the ‘first in human’ clinical trial performed in
23 patients immediately after double-umbilical cord blood (UCB)
transplantation, the infusion of UCB-derived tTregs (as defined by
an average expression of FOXP3+ in about 60% of cells infused
after in vitro expansion) was associated with a reduced incidence
of aGvHD compared to historical control subjects. Moreover, the
authors did not observe an increased incidence of opportunistic
infections or relapse, suggesting that Tregs could provide an
immediate, albeit possibly transient, immune suppression to
control GvHD without long-term deleterious effects.42

However, in this clinical trial, investigators from the University of
Minnesota were not able to generate ex vivo the planned Treg
doses for almost 20% of the patients enrolled in their study. With
the aim to maximize the infused Tregs dose, selected CD251 UCB
cells were expanded in the presence of K562 cells modified to
express the high-affinity Fc receptor (CD64) and CD86, the natural
ligand of CD28 (KT64/86). In this new study, 11 patients were
treated with Tregs doses from 3 up to 100 × 106/kg. Clinical
outcomes were compared with contemporary controls who
received the same conditioning regimen with sirolimus and
mycophenolate mofetil immune suppression. The incidence of
grade II–IV aGvHD at 100 days was 9% vs 45% in controls (P= 0.05)
and cGvHD at 1 year was 0% in patients treated with Tregs and
14% in controls. Moreover, it is important to note that no increase
in relapse, infection, or toxicity was observed between the
2 groups of patients, confirming that expanded UCB Tregs were
safe and reduced the risk of aGvHD even at highest Treg doses.43

Normal donor-derived, Tregs. The potential clinical application of
human Tregs purified and expanded from normal donors could be
potentially limited by the small number detectable in the
peripheral blood. During the past ten years several laboratory
approaches have been tested to implement this clinical technol-
ogy. Initial attempts were based on the use of artificial APCs
for repeated stimulation via CD3 and CD28 in the presence of
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high-dose IL-2. After in vitro expansion, CD4+ CD25+ bright T cells
were shown to be polyclonal, to maintain their original phenotype
including the expression of the lymph node homing receptors
L-selectin (CD62L) and CCR744 and to retain their suppressive
activity. However, the therapeutic application in humans of large
numbers of in vitro expanded Tregs requires the application of
clinical grade protocols according to Good Manufacturing Practice
(GMP) rules. Therefore, subsequent efforts have been put into
developing Tregs from standard leukapheresis products by using
a two-step magnetic cell-separation protocol performed under
GMP conditions. The generated cell products contained about
50% CD4+ CD25+ bright T cells that phenotypically and functionally
were fully comparable to Tregs preparations obtained by a
non GMP approved, fluorescence-activated cell sorting-based
technology.45

Tregs have been also isolated from leukapheresis products by
CliniMACS, with a GMP compliant isolation strategy, using anti-
CD25, anti-CD8 and anti-CD19 coated microbeads.46 CliniMACS
isolation procedures led to 40–60% pure CD4+ CD25+ bright FoxP3+
Tregs populations with moderate suppressive activity and these
cells could be also expanded with maintenance of suppressive
function. Depletion of unwanted CD19+ and CD127+ cells
improved the purity of Tregs up to ~ 90%.46 Cryopreservation of
CliniMACS isolated Tregs is feasible, but after thawing activation is
necessary to restore suppressive potential.46 In addition, it has
been shown that CD25+ cells isolated from G-CSF-mobilized
apheresis contain a significant increase in the proportion of FoxP3
expression when compared with conventional non-mobilized
CD25+ cells and showed a superior suppressive capacity in a T-cell
proliferation assay.47 Recent results confirmed that in a clinical
scale setting significant amounts of functionally active Tregs can
be purified from G-CSF mobilized PBSCs by a CD8+CD19+CD14+
cell depletion followed by CD25+ cell selection (two-step process)
or by adding an initial CD14+ cell depletion (three-step process)
using a CliniMACS device. The three-step approach resulted in
a better purity and yield of functionally suppressive in vitro FoxP3
+CD127dim Tregs.48

In a phase I study reported by Edinger and Hoffman,49 nine
patients at high risk of leukemia relapse after alloHSCT received
freshly isolated donor Tregs. In this pre-emptive Tregs infusion
strategy, up to 5 × 106/kg cells (450% FOXP3+) were adminis-
tered after stopping any pharmacologic GvHD prophylaxis
(within one year after alloHSCT). After an observation period of
8 weeks, additional Tcons were administered at the same dose to
promote GvL activity. Despite the absence of pharmacologic
immunosuppression, no Tregs transfusion-related adverse events
were observed. Furthermore, neither GvHD nor opportunistic
infections or early disease relapses occurred after Tregs transfu-
sion, suggesting safety and feasibility of this cellular therapy.49

In the most compelling setting of haploidentical transplantation
the adoptive infusion of in vitro-selected Tregs might be extremely
important since the development of an uncontrolled aGvHD can
be rapidly lethal. On the basis of the previously described murine
models,22 normal haploidentical donor-derived, in vitro-selected
Tregs were infused 4 days before unselected Tcons.27,28 The
primary goal of these studies was to manipulate the graft in order
to increase the speed and quality of immune reconstitution for
preventing the high risk of infection-related deaths associated
with the extensive T-cell depletion used in this type of
transplant,50 as well as to reduce the incidence and severity
of aGvHD likely expected after the infusion of a minimal number
of unmanipulated haploidentical lymphocytes. In a trial of
43 consecutive acute leukemia patients undergoing haploidentical
using an ex vivo T-cell depleted graft, authors investigated the
infusion of donor Tregs (2 × 106/kg), followed 4 days later by an
inoculum of mature donor T cells (Tcons, 1 × 106/kg) and positively
immune selected CD34+ cells. Patients did not receive any
prophylactic immunosuppression after transplant. The early, post-
transplant adoptive transfer of Tregs resulted effective not only in
improving the immune reconstitution, but it was also associated
with a low incidence of leukemia relapse in a group of patients
with very high risk AML.27,28 However, the non-relapse mortality
remained significantly high, possibly related to the inclusion of
patients that were heavily pre-treated and/or had a history of
significant infectious complications before transplantation.27,28

The potential future clinical developments of this approach to
adoptive immunotherapy with Tregs are summarized in Figure 1.
Very few data are available about the therapeutic use of Tregs

when GvHD is already established. In a report of 2 patients the
infusion of in vitro expanded donor Tregs (90% FOXP3+, dose of
1 × 105/kg) contributed to improve of cGvHD and allowed the
reduction of immunosuppressive drugs in one patient. In contrast,
the second patient treated with a higher Tregs dose (3 × 106/kg)
for resistant aGvHD did not benefit from this immunotherapy.51

At the time of writing this article, several clinical trials with
Tregs-based cellular therapy protocols are ongoing for the
treatment of GvHD after alloHSCT. The main aim of all these
studies is to assess that these cells do not induce an undesired
aggravation of this life-threatening complication as well as
their potential efficacy for the treatment of resistant forms of
GvHD (see for reference clinicaltrials.gov numbers NCT01903473,
NCT02749084, NCT01937468, NCT02385019, NCT01911039 and
NCT02519816). Table 1 summarizes the available results from
published trials using Tregs as adoptive cellular therapy.

Drug induced, in vivo expansion of Tregs
From what was described in the previous sections it is clear how
challenging is the clinical use of in vitro isolated and expanded

Option 1: Isolation and infusion

Pros: easy separation from aphersis
Cons: maximum 3-4×106/kg 

Tregs isolation: Option 2: Isolation, expansion

(with anti-CD3/CD28 +IL2+ Rapamycin) 
and infusion

Pros: up to 20×106/kg
Cons: GMP facilities

Indications

Prevent GvHD in Haplo-HSCT for elderly/unfit patients

Treat early post-transplant relapses (Treg-protected DLI)

Treat chronic GvHD

Megnetic beads or GMP sorter

Figure 1. Potential indications for adoptive immunotherapy with isolated or expanded Tregs.
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Tregs. In fact, the need for a cell-separation strategy to purify such
a small proportion of peripheral blood T cells10,52 and the absolute
need for appropriate GMP procedures to ensure optimal in vitro
expansion to obtain clinically relevant numbers of reasonably pure
Tregs prompted several investigators to search for drugs able to
expand Tregs in vivo. Studies evaluating drug-induced expansion
of Tregs are summarized in Table 2.

Drugs with a direct effect on in vivo expansion of Tregs
Interleukin-2. In a phase I escalation study the administration of
low-dose IL-2 to 29 patients with steroid-refractory cGvHD
induced a rapid increase of circulating Tregs, associated with a
significant clinical response which allowed a clinically relevant
reduction of the steroid dose.53 Laboratory investigation per-
formed in the context of this clinical study allowed the
demonstration that in patients with cGvHD, IL-2 induces a series
of changes in Treg homeostasis, including increased proliferation,
increased thymic export and enhanced resistance to apoptosis.54

The same group from Harvard University recently published a
phase 2 study, involving 35 adult patients with steroid-refractory
cGvHD receiving daily IL-2 at the dosage of 1 × 106 IU/m2 per day
for 12 weeks. Twenty of 33 evaluable patients (61%) had clinical
responses and only 3 patients (9%) had progressive cGvHD.
Compared with pre-treatment levels, Treg and NK-cell counts rose
more than fivefold (Po0.001) and fourfold (Po0.001),
respectively.55 A similar study performed at Baylor College using
ultra low doses of IL-2 for GvHD prophylaxis, confirmed the in vivo
expansion of Tregs and suggested a GvHD reduction in patients
receiving this experimental treatment.56 Taken together, these
results suggest that low-dose IL-2 may be a reasonable candidate
as adjuvant for adoptive Tregs cell therapy. Nonetheless, the
impact of the therapeutic administration of IL-2 can be
controversial as to its role on NK-cell expansion57 that could be
regarded as positive for its ability to promote a significant GvL
protective effect58 or potentially negative in relation to a possible
proinflammatory activity as observed in various autoimmune
models and in patients.59

Drugs with an indirect effect on in vivo expansion of Tregs
Post-transplant cyclophosphamide and rapamycin. Several experi-
mental models suggest the in vivo expansion of Tregs when
Cyclophosphamide is given post transplant (PTCy) for GvHD
prophylaxis and tolerance induction.60,61 Despite the potential
dominant effect of a deep depletion of alloreactive cytotoxic
T cells, these studies suggest that expansion of Tregs is also
contributing to the therapeutic effect of this drug. Two studies
with mice models confirmed Tregs as necessary for PTCy
mediated GvHD prevention. In these studies Tregs were present
at higher levels in patients with GvHD and the protective effects
against GvHD of PTCy were lost when Tregs were depleted from
grafts prior to transplantation.62,63 Of note, in patients receiving a
standard, calcineurin inhibitors based GvHD prophylaxis, low
levels of circulating Tregs have been found at onset of aGvHD.29

Interestingly, a quick Tregs reconstitution after alloHSCT
using PTCy was observed, despite continued post-transplant
CD4+ lymphopenia. Tregs resistance to PTCy appears to be
related to induction of aldehyde dehydrogenase (ALDH) expres-
sion upon allogeneic stimulation, in contrast to a condition of
equilibrium in which ALDH is minimally expressed by human
Tregs.63 Preservation of regulatory T cells by PTCy has been
postulated even when this GvHD prophylaxis has been used after
myeloablative, HLA-matched transplant in acute leukemia and
MDS patients.64

Another interesting drug to expand Tregs in vivo is represented
by rapamycin, an inhibitor of the mTOR-AKT pathway that
promotes growth and expansion of Tregs.65,66 In a murine model,
this drug selectively expands and preferentially preserves Tregs
over T-conventional.65 In the human haploidentical setting,
Peccatori and colleagues examined the role of rapamycin-based
GvHD prophylaxis to allow the infusion of unmanipulated
peripheral blood stem cell grafts. In a first study with GvHD
prophylaxis based on highly purified rabbit polyclonal antihuman
T-lymphocyte Ig (ATG) (Grafalon, Neovii Biotech GmbH, Gräfelfing,
Germany), rituximab and oral administration of rapamycin and
mycophenolate, T-cell reconstitution was rapid and skewed
toward Tregs, as documented by the high frequencies of

Table 1. Adoptive cellular therapy with Tregs

Author Setting Total
patients

Intervention and Tregs doses Main results

Brunstein
(2011)42

Prevention of GvHD after
double-UCB transplantation

23 Infusion immediately after transplantation of
ex vivo expanded UCB-derived natural
regulatory T cells (nTregs) average 64%
FOXP3+ after expansion

Reduced incidence of acute GvHD relative
to historical controls. Similar incidence of
opportunistic infections or relapse.

Edinger and
Hoffman
(2011)49

Patients with high risk of
leukemia relapse after alloHSCT

9 Infusion of freshly isolated donor Treg. Up to
5 × 106 cells per kg (450% FOXP3+). After an
observation period of 8 weeks, additional
Tcons cells were administered at the same
dose to promote GvL activity

No Treg transfusion-related adverse events
were observed despite the absence of
pharmacologic immunosuppression.
Neither GvHD nor opportunistic infections
or early disease relapses occurred after Treg
transfusion.

Di Ianni
(2011)27 and
Martelli
(2014)28

Improving the quality of
immune reconstitution after
haploidentical ex vivo T-cell
depleted tranplantation

43 Infusion of donor CD4/CD25+ Tregs,
followed by an inoculum of Tcons and
positively immunoselected CD34+cells.
Patients did not receive any prophylactic
immunosuppression

Effective not only in improving the immune
reconstitution but it was also associated
to a low incidence of leukemia and
GvHD prevention. NRM remained
significantly high

Trzonkowski
(2009)51

Patients with chronic GvHD and
resistant acute GvHD

2 Infusion of in vitro expanded donor Treg
(90% FOXP3+, dose of 1 × 105/kg for patient
with chronic GvHD and 3× 106/kg for
patient with resistant acute GvHD)

Contributed to amelioration of chronic
GvHD and permitted to reduce
immunosuppressive drugs. In contrast, for
resistant acute GvHD no benefit was
observed

Brunstein
(2016)43

Prevention of GvHD after
double-UCB transplantation

11 Treg doses from 3–100× 106 Treg/kg Tregs were safe and resulted in low risk of
acute and chronic GvHD.

Abbreviations: alloHSCT= allogeneic hematopoietic stem cell transplantation; DLI=donor lymphocyte infusion; NRM=non-relapse mortality;
UCB= umbilical cord blood.
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circulating Tregs. Interestingly, the occurrence and severity of
GvHD was negatively correlated with Tregs frequency.67,68 The
role of ATG is noteworthy since data are available suggesting that
this drug acts by modulating the circulating T-cell pool through a
selective negative impact on the recovery of naive CD4+, central
memory CD4+ and naive CD8+ cells, while effector memory T and
regulatory T cells are spared.69

Azacytidine and histone deacetylase inhibitors. Promising results
indicate that azacytidine can have an immunomodulatory effect
by increasing functional Treg numbers. In particular, azacytidine,
in addition to the direct cytotoxic effect, seems to accelerate the
reconstitution of Tregs and induce CD8+ T-cell response to
candidate tumor antigens, enhancing the GvL effect and reducing
the risk of GvHD.70–72 In this context, the potential mechanism of
action of azacytidine seems to be related to a delayed effect of the
drug leading to demethylation of the FOXP3 promoter and
overexpression of FOXP3, driving T-cell differentiation toward a
regulatory phenotype.72 Since azacytidine may represent a simple
and relatively non-toxic approach to limit GvHD and preserving
the GvL effect, future studies combining azacytidine and donor
lymphocyte infusion (DLI) or NK cells deserve to be investigated in
the prevention of relapse in patients transplanted for high risk
AML and myelodysplastic syndrome.73

In experimental models of alloHSCT, a histone deacetylase
inhibitor (vorinostat) reduced proinflammatory cytokines,
increased Tregs and reduced GvHD.74,75 On the basis of these
observations, recently, Choi and colleagues report a phase 1/2
study testing vorinostat combined with standard immune
prophylaxis in the setting of alloHSCT. These investigators showed
that vorinostat is a safe and feasible drug and has the potential to
reduce aGvHD.76 Interestingly, vorinostat was associated with

augmented FOXP3 expression and increased numbers of Treg
cells in peripheral blood, suggesting that the beneficial effects of
histone deacetylase inhibition may be due to its ability to expand
in vivo and activate the function of circulating Tregs.77

Ruxolitinib. Ruxolitinib is a potent inhibitor of the JAK1/2 signal
transduction pathway and it has been licensed for the treatment
of patients with myelofibrosis. Interestingly, in this disease a
marked reduction in the total number of circulating Tregs has
been reported.78 In a very recent study, the same authors
confirmed a reduced frequency of Tregs in 202 consecutive
patients with myelofibrosis compared with healthy subjects.
Interestingly, in this new study a higher Tregs frequency was
reported in subjects with JAK2V617F mutation, in particular in
those with an allele burden 450%, suggesting that the degree of
activation of the JAK-STAT pathway may influence Tregs levels.79

While a possible relationship between the myelofibrosis related
cytokine storm80 and the reduced amount of Tregs found in these
patients is conceivable, the therapeutic use of ruxolitinib has been
associated to further reduction of Tregs.81 However, in experi-
mental transplant models, higher frequencies of CD4+ FoxP3+
regulatory T cells have been observed in ruxolitinib-treated mice
compared to controls.82 The conflicting observation of a reduced
number of Tregs in myelofibrosis and the preclinical data showing
higher Treg frequencies in ruxolitinib-treated mice must be
clarified in future studies, evaluating also the potential role played
by different myelofibrosis genotypes79 and the possible ruxolitinib
dose effect.82 However, the potent immunosuppressive activity
related to the JAK1/2 inhibition mediated by ruxolitinib led to
hypothesize the clinical use of this drug for the treatment of
steroid resistant GvHD. Interestingly, ruxolitinib has been reported
to be clinically effective in a cohort of 95 patients with steroid-

Table 2. Drug induced in vivo expansion of Tregs

Author Setting Patients Intervention and doses Main results

Koreth
(2011)53

Treatment of steroid-
refractory chronic GvHD

29 Low-dose SC IL-2 (0.3 × 106, 1 × 106 or
3 × 106 IU/m2 BSA) for 8 weeks.

The maximum tolerated dose of IL-2 was 1× 106 IU/m2.
Administration was associated with Treg cell expansion
in vivo and improvement of chronic GvHD in 12 of 23
evaluable patients

Koreth
(2016)55

Patients with steroid-
refractory chronic GvHD

35 Daily IL-2 (1 × 106IU/m2 per day) for
12 weeks

20 of 33 (61%) evaluable patients had clinical responses.
Compared with pre-treatment levels, Treg and NK-cell
counts rose more than fivefold and fourfold, respectively

Kennedy-
Nasser
(2014)56

GvHD prophylaxis in
pediatric patients

16 Ultra low-dose IL-2 injections (100 000-
200 000 IU/m2 3× per week)

No IL-2 patients developed grade 2–4 acute GvHD,
compared with 4 of 33 (12%) of the comparator group.
Among IL-2 recipients in vivo expansion of Tregs was
observed

Peccatori
(2015)67

GvHD prophylaxis in
haplo transplant using
PBSC grafts

121 Sirolimus based, calcineurin-inhibitor-
free prophylaxis of GvHD

T-cell reconstitution was rapid and skewed toward Tregs.
The occurrence and severity of GvHD was negatively
correlated with Tregs frequency.

Cieri
(2015)68

GvHD prophylaxis in
haploidentical using
PBSC grafts

40 Post-transplant Cy and sirolimus-based
GvHD prophylaxis (Sir-PTCy)

Grade II to IV and III–IV acute GvHD were 15% and 7.5%,
respectively. The 1-year cumulative incidence of chronic
GvHD was 20%. The number of circulating regulatory
T cells at day 15 after HSCT were predictive of
subsequent GvHD occurrence

Goodyear
(2012)71

Aza administration after
reduced intensity
alloHSCT for AML

27 Monthly courses of 5-Aza after after
reduced intensity alloHSCT

Aza after transplantation was well tolerated with a low
incidence of GvHD. 5-Aza increased the number of Tregs
within the first 3 months

Schroeder
(2013)73

Aza and DLI
administration as
salvage therapy for
relapse after alloHSCT

13 Aza 100 mg/m2 /day on days 1–5 or
75 mg/m2/day on days 1–7 every
28 days and DLI after every second Aza
cycle

After 4 Aza cycles was observed an increase in the
absolute number of Tregs, especially in patients relapsing
early after alloHSCT. A relatively low rate and mild
presentation of GvHD despite a dose-escalating DLI
schedule was reported

Choi
(2014) and
(2015)76,77

Prevention of GvHD after
alloHSCT

50 Vorinostat (100 mg or 200 mg, twice a
day) combined with standard
immunoprophylaxis for GvHD

Grade 2–4 acute GvHD by day 100 was lower than
expected 22% (95% CI 13–36). Vorinostat enhances Tregs
after alloHSCT

Abbreviations: alloHSCT= allogeneic hematopoietic stem cell transplantation; Aza= azacytidine; CI= confidence interval; Cy= cyclophosphamide;
DLI=donor lymphocyte infusion; IL-2= Interleukin-2; NK= natural killer; PT=post-transplant.
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refractory acute and chronic GvHD treated in Europe and United
States with an overall response rate of 81% with a complete
responses of 46% and a 6 months survival of 79%.83 On the basis
of these results, an international randomized trial for the use of
ruxolitinib in steroid-refractory GvHD is on the way to start and it
will offer the unique opportunity to investigate the role of this
drug in the biology of Tregs.

CONCLUSIONS
The discovery of Tregs and their enormous biologic potential has
opened the door to the development of clinically applicable
therapeutic strategies to modulate the most critical aspects of
GvHD following allogeneic stem cell transplantation. Collectively,
the available data suggest that promises generated from basic
and preclinical models will translate into innovative and effective
clinical therapies. Both adoptive cellular therapy programs as well
as drug induced in vivo expansion of Tregs will likely be
transferred into clinical practice. However, the challenge of
adoptive cellular therapy programs is remarkable. The need of
a cell-separation strategy that easily and efficiently allows isolation
of this cell population and its subsequent in vitro expansion is still
problematic. In fact, selection and in vitro expansion of Tregs
remains a difficult laboratory task since the purity of the expanded
population is not fully satisfactory and not yet standardized. Most
importantly and even more problematic is the issue about the
complexity of the laboratory manipulation in compliance with
internationally validated GMP rules and the costs of such
GMP grade procedures. An additional concern is also related to
the fact that the long-term immunologic properties of in vitro
expanded Tregs are not yet known. The possible long-term loss of
the immune suppression properties of in vitro expanded Tregs
following their infusion into patients remains to be carefully
investigated. All in all, to date only a few clinical protocols have
been designed and clinically tested by academic facilities and this
may represent a limit for the wide clinical application of any
adoptive cellular therapy approach. However, the possibility of
a pharmacologic manipulation of the immune system to favour
the in vivo expansion of Tregs is another attractive possibility.
Several drugs may offer such a possibility to expand and activate
Tregs and are currently under clinical investigation even though
the complex interactions between different concomitant drugs for
prevention of GvHD and their relationship with different
transplant modalities in term of type of grafts, conditioning
regimens and underlying disease should be clarified. The under-
standing of these mechanisms with appropriate investigations will
help us to translate into optimal therapeutic decisions the
outstanding body of scientific information that basic science has
provided about Tregs.
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