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yet were more prone to apoptosis following exertion of their 
suppressive function. Population III, however, was shown to be 
non-suppressive in vitro (19).

Demarcation of these three populations of Tregs was also able 
to depict the di!erentiation dynamics of FOXP3+ Tregs in vivo. 
Resting Tregs were found to upregulate their FOXP3 expression, 
following stimulation, and mature to terminally di!erentiated 
activated Tregs thus replenishing the apoptotic pool of activated 
Tregs. Miyara et al. suggested that population III had the greatest 
potential to di!erentiate into in#ammatory $17 cells, inferred 
from their relative IL-17 production following cytokine stimula-
tion. $e three comparative populations are found in di!erent 
proportions in certain biological environments and their analysis 
can prove to be instrumental in identifying the immunological 
pathophysiology of disease and the optimal Treg subpopulation 
for cell therapeutic application.

It should, however, also be noted that the de%nitive functional 
characteristics of population III are controversial. Booth et  al. 
and data from our laboratory indicated that both CD45RO+ 
and CD45RA+ Treg subsets are equally suppressive, popula-
tion III representing a bona "de Treg subpopulation, bearing T 
cell memory markers (20). Moreover, we and others, have also 
reported the expression of CD161, a member of the killer cell 
lectin-like receptor subfamily B, on a subpopulation of human 
Tregs in population III, that produce IL-17 upon in vitro activation 

FIGURE 1 | Regulatory T cell populations. Selection of naïve CD4+ T cells 
and natural Tregs occurs in the thymus. Thymic-derived natural Tregs (tTregs), 
the main focus of this review, have been reported to express a variety of 
activation and functional markers as depicted in the diagram. Naïve CD4+ T 
cells, subsequently, can differentiate into several different T cell subsets: Th1, 
Th2, Th17, induced Tregs, in the periphery, all heralding distinct immunological 
roles. These differentiation programs are controlled by different cytokines and 
each separate CD4+ T cell subset can be identi!ed from their lineage-speci!c 
transcription factors responsible for the regulation and maintenance of their 
individual functions; T-bet (Th1 cells), GATA3 (Th2 cells), RORγt (Th17 cells), 
FOXP3 (Tregs). Each subset has its own immunological role in vivo: Th1 cells 
secrete IFNγ, controlling immunity to foreign pathogens. Th2 cells produce 
various cytokines including: IL-4, IL-5, IL-13, IL-10, which are primarily 
involved in promoting humoral immunity, protecting against infection. Th17 
cells produce predominantly the in"ammatory cytokine, IL-17, and play an 

important role in controlling pathogens especially at environmental surfaces 
and the cytokine, IL-22. Despite the apparent terminal differentiation of all 
these cells, they cannot be considered to be committed to one cell fate. 
Lineage plasticity following differentiation is depicted by the dotted arrows 
between the cells. This diagram is far from comprehensive; it is most likely that 
the future will see various changes and additions to this diagram concerning 
the differentiation of CD4+ T cells. In vitro generation of Tregs in the presence 
of IL-2 and TGF-β polarizing conditions leads to the development of iTregs. 
Abbreviations: APC, antigen presenting cells; CD, cluster of differentiation; 
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; FOXP3, forkhead 
Box P3; IFN, interferon; IL, interleukin; IRF, interferon regulatory factor; iTreg, 
induced Treg; nTreg, natural Treg; pTreg, peripheral Treg; RORγt, retinoid 
related orphan receptor γ; T-bet, T box transcription factor; TCR, T cell 
receptor; TGF-β, transforming growth factor-β; Th, T helper cell; Treg, 
regulatory T cell.

in the presence of IL-1β, but not IL-6. In addition, evidence has 
also supported the suppressive capacity of these cells (21, 22).

Above, we have outlined some of the key Treg markers of 
which are pertinent when considering the isolation of these cells 
for clinical application. However, one must be wary that the array 
of markers outlined in this review is far from exhaustive. For a 
comprehensive review of Treg markers, the reader is directed to 
Schmetterer et al. (23) and Povoleri et al. (6).

The mechanisms of Treg suppression still remain elusive. 
In vitro studies have demonstrated that the immunosuppres-
sive qualities native to Tregs manifest through a variety of 
mechanisms, namely, modulation of APC maturation and 
function (24–26), anti-inflammatory cytokine production 
(27–30), induction of apoptosis in target cells (31, 32), and 
disruption of metabolic pathways (33, 34) (Figure 2).

Regulatory T Cells in Transplantation; 
Lessons Learnt From Pre-Clinical Data

$e current paradigm hypothesizes that immune tolerance in 
transplantation is determined by a balance of Tregs over T e!ector 
cells. With this phenomenon in mind, the therapeutic potential of 
inducing and expanding Tregs directly in vivo or infusing autolo-
gous ex vivo-expanded Tregs represents a promising approach in 
the induction and maintenance of transplantation tolerance.

2.  at least two well-defined populations of pTregs;  
•  Th3, identified from their role in oral tolerance through the secretion of TGF-β 
•  Tr1, by their role in preventing autoimmune colitis and ability to secrete IL-10 
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•  Indirect evidence for a role of Tregs on GvHD 
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TRANSPLANTATION

Donor CD41 Foxp31 regulatory T cells are necessary for
posttransplantation cyclophosphamide-mediated protection against
GVHD in mice
Sudipto Ganguly,1 Duncan B. Ross,2 Angela Panoskaltsis-Mortari,3 Christopher G. Kanakry,1 Bruce R. Blazar,3

Robert B. Levy,2 and Leo Luznik1

1Division of Hematologic Malignancies, Johns Hopkins Sidney Kimmel Comprehensive Cancer Center, Baltimore, MD; 2Department of Microbiology and

Immunology, Miller School of Medicine, University of Miami, Miami, FL; and 3Division of Blood and Marrow Transplantation, Department of Pediatrics,

University of Minnesota Cancer Center, Minneapolis, MN

Key Points

• The prophylactic efficacy
of posttransplantation
cyclophosphamide (PTCy)
against GVHD is dependent
on donor CD41 Foxp31 Tregs.

• PTCy treatment was
associated with recovery
of epigenetically stable
and suppressive donor
thymus–derived Tregs in
secondary lymphoid organs.

Posttransplantation cyclophosphamide (PTCy) is an effective prophylaxis against graft-

versus-host disease (GVHD). However, it is unknown whether PTCy works singularly by

eliminating alloreactive T cells via DNA alkylation or also by restoring the conventional

(Tcon)/regulatory (Treg) T-cell balance. We studied the role of Tregs in PTCy-mediated

GVHD prophylaxis in murine models of allogeneic blood or marrow transplantation

(alloBMT). In 2 distinct MHC-matched alloBMTmodels, infusing Treg-depleted allografts

abrogated the GVHD-prophylactic activity of PTCy. Using allografts in which Foxp31

Tregs could be selectively depleted in vivo, either pre- or post-PTCy ablation of donor

thymus–derivedTregs (tTregs)abolishedPTCyprotectionagainstGVHD.PTCy treatment

was associated with relative preservation of donor Tregs. Experiments using combina-

tions of Foxp3– Tcons and Foxp31 Tregs sorted from different Foxp3 reporter mice

indicated that donor Tregpersistence after PTCy treatmentwaspredominantly causedby

survival of functional tTregs that retainedTreg-specific demethylation and also induction

of peripherally derived Tregs. Finally, adoptive transfer of tTregs retrieved from PTCy-

treated chimeras rescued PTCy-treated, Treg-depleted recipients from lethal GVHD. Our

findings indicate that PTCy-mediated protection against GVHD is not singularly dependent on depletion of donor alloreactive T cells

but also requires rapidly recovering donor Tregs to initiate and maintain alloimmune regulation. (Blood. 2014;124(13):2131-2141)

Introduction

Allogeneic blood or bone marrow transplantation (alloBMT) is a
life-saving intervention for many malignant and nonmalignant
hematologic diseases.1,2 The therapeutic benefit of alloBMT is
offset by graft-versus-host disease (GVHD), which often requires
prolonged immunosuppressive prophylaxis. To reduce the incidence
and severity of GVHD and shorten the duration of posttransplant
immunosuppression, and based on antecedent studies in mouse
models,3 posttransplantation cyclophosphamide (PTCy) was de-
veloped as a novel GVHD prophylaxis after human allografting.4 In
the clinic, PTCy facilitates engraftment with a low incidence of
severe GVHD after partially HLA-mismatched alloBMT and, as a
single-agent administered for only 2 days, also prevents GVHD after
HLA-matched alloBMT.5,6 The cellular mechanisms by which
PTCy prevents GVHD remain unclear, particularly whether PTCy
works singularly by eliminating alloreactive T cells or whether
PTCy has other immunoregulatory effects contributing to its clinical
efficacy. Additional insight into these mechanisms would allow the
refinement of this novel approach clinically and the optimized

integration of other immunosuppressants along with PTCy in the
HLA-mismatched setting.4,7

T regulatory cells (Tregs) play an important role in the induction
and maintenance of immunologic tolerance.8,9 Activation of CD41

Foxp31 Tregs is one of the earliest events during the initial phase of
an immune response.10 The appropriate balance between Tregs and
effector T cells is crucial for the maintenance of self-tolerance and of
functional immune responses in vivo. In murine alloBMT models,
depletion of CD251 T cells from donor inocula increases GVHD
severity, whereas co-administration of CD251 T cells at a higher
ratio protects recipient mice from alloimmune injury caused by
lethal doses of conventional T cells (Tcons).11-13 There are at least 2
different Treg subsets characterized by their expression of themaster
regulatory transcription factor Foxp3,14 namely thymically-derived
natural Tregs (tTregs) and those that are situationally induced in
the periphery from Tcons (pTregs).15 Furthermore, recent studies
suggest that Foxp3 expression alone is insufficient in the generation,
maintenance, and function of Tregs and needs to be complemented
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Ruxolitinib in corticosteroid-refractory graft-versus-host
disease after allogeneic stem cell transplantation:
a multicenter survey
R Zeiser1, A Burchert2, C Lengerke3, M Verbeek4, K Maas-Bauer1, SK Metzelder2, S Spoerl4, M Ditschkowski5, M Ecsedi3, K Sockel6,
F Ayuk7, S Ajib8, FS de Fontbrune9, I-K Na10, L Penter10, U Holtick11, D Wolf12, E Schuler13, E Meyer14, P Apostolova1, H Bertz1, R Marks1,
M Lübbert1, R Wäsch1, C Scheid11, F Stölzel6, R Ordemann6, G Bug8, G Kobbe13, R Negrin14, M Brune15, A Spyridonidis16,
A Schmitt-Gräff17, W van der Velden18, G Huls18, S Mielke19, GU Grigoleit19, J Kuball20, R Flynn21, G Ihorst22, J Du21, BR Blazar21,
R Arnold10, N Kröger7, J Passweg3, J Halter3, G Socié9, D Beelen5, C Peschel4, A Neubauer2, J Finke1, J Duyster1 and N von Bubnoff1

Despite major improvements in allogeneic hematopoietic cell transplantation over the past decades, corticosteroid-refractory (SR)
acute (a) and chronic (c) graft-versus-host disease (GVHD) cause high mortality. Preclinical evidence indicates the potent anti-
inflammatory properties of the JAK1/2 inhibitor ruxolitinib. In this retrospective survey, 19 stem cell transplant centers in Europe
and the United States reported outcome data from 95 patients who had received ruxolitinib as salvage therapy for SR-GVHD.
Patients were classified as having SR-aGVHD (n= 54, all grades III or IV) or SR-cGVHD (n= 41, all moderate or severe). The median
number of previous GVHD-therapies was 3 for both SR-aGVHD (1–7) and SR-cGVHD (1–10). The overall response rate was 81.5%
(44/54) in SR-aGVHD including 25 complete responses (46.3%), while for SR-cGVHD the ORR was 85.4% (35/41). Of those patients
responding to ruxolitinib, the rate of GVHD-relapse was 6.8% (3/44) and 5.7% (2/35) for SR-aGVHD and SR-cGVHD, respectively. The
6-month-survival was 79% (67.3–90.7%, 95% confidence interval (CI)) and 97.4% (92.3–100%, 95% CI) for SR-aGVHD and SR-cGVHD,
respectively. Cytopenia and cytomegalovirus-reactivation were observed during ruxolitinib treatment in both SR-aGVHD (30/54,
55.6% and 18/54, 33.3%) and SR-cGVHD (7/41, 17.1% and 6/41, 14.6%) patients. Ruxolitinib may constitute a promising
new treatment option for SR-aGVHD and SR-cGVHD that should be validated in a prospective trial.

Leukemia (2015) 29, 2062–2068; doi:10.1038/leu.2015.212

INTRODUCTION
The curative potential of allogeneic hematopoietic stem cell
transplantation (allo-HCT) is hampered by acute and chronic graft-
versus-host disease (GVHD). Despite prophylactic treatment with
immunosuppressive agents, 20–80% of recipients develop acute
GVHD (aGVHD). Corticosteroid-refractory GVHD (SR-GVHD) is
associated with a dismal outcome,1,2 with only 5–30% long-term
survival.3 Chronic GVHD (cGVHD) causes high morbidity, and is
associated with a significantly higher risk of treatment-related
mortality and inferior overall survival.4 Steroids currently represent
the gold-standard treatment for aGVHD based on prospective
randomized trials, whereas second-line therapy is based on data
from retrospective analyses, one phase III trial and uncontrolled

phase-II trials.3 Available second-line therapy approaches such as
cyclosporine A (CYA), sirolimus, tacrolimus, mycophenolate
mofetil (MMF), pentostatin, infliximab, daclizumab, alemtuzumab,
mesenchymal stroma cells (MSC), Anti-thymocyte globulin (ATG)
or extracorporal photopheresis (ECP) have shown some activity,
but none has been established as a standard salvage therapy for
SR-aGVHD, which is reflected in the non-uniform strategies in SR-
aGVHD applied by different transplant centers.5 For SR-cGVHD
second-line therapies are CYA, sirolimus, tacrolimus, MMF, ECP or
experimentally low-dose IL-2.6,7

We previously reported that ruxolitinib, a selective Janus kinase
(JAK) 1/2 inhibitor approved for the treatment of myelofibrosis,8

was effective for the treatment of GVHD in a murine aGVHD
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Defining the severity of cytopenias
Cytopenias were defined according to NCI-CTCAE grades. Anemia: grade 1:
HboLLN to 10.0 g/dl; grade 2: Hbo10.0 to 8.0 g/dl, grade 3: Hbo8.0 g/dl;
transfusion indicated; grade 4: life-threatening consequences; urgent
intervention indicated. Neutropenia: grade 1: neutrophilsoLLN to 1500/
mm3; grade 2: neutrophilso1500 to 1000/mm3; grade 3: neutrophils
o1000 to 500/mm3, grade 4: Neutrophils o500/mm3. Thrombocytopenia:
grade 1: plateletsoLLN to 75 000/mm3; grade 2: o75 000 to 50 000/mm3;
grade 3: o50 000 to 25 000/mm3; grade 4: o25 000/mm3.

Cytokine measurements
The levels of IL-6, soluble IL-2R and CD3+HLA-DR+ T-cells were analyzed
from peripheral blood on the day before or within 5 days after starting
ruxolitinib in 10 random patients at Freiburg University Medical Center.

Mouse model of cGVHD
B10.BR recipients were conditioned with cyclophosphamide (Sigma,
St Louis, MO, USA) on days − 3 and − 2 (120mg/kg/day i.p.) as previously
described.23 On day − 1, recipients received whole body gamma irradiation
(8.3 Gy). B6 donor bone marrow was T-cell depleted with anti-Thy1.2 mAb
followed by rabbit complement. T-cells were purified from spleens by
incubation with biotin-labeled anti-CD19 mAb (eBioscience, San Diego, CA,
USA), followed by EasySep streptavidin rapidspheres, and were then
depleted on a magnetic column (StemCell Technologies, Vancouver, BC,
Canada). On day 0, recipients received 1× 107 T-cell depleted bone marrow
cells with or without purified splenic T-cells (1× 105). Ruxolitinib (Novartis,
Basel, Switzerland) was given on days 28–56 after transplantation.

Statistics
Data were analyzed using SAS statistical software version 9.2 (SAS Institute
Inc, Cary, NC, USA). Overall survival (OS) was calculated as the time from
start of treatment with ruxolitinib to death from any cause. Patients still
alive at the last follow-up were treated as censored observations. OS rates
were estimated and displayed using the Kaplan–Meier method.
The duration of response was assessed for responders only by

calculating the time from first observation of response to the first
observation of GVHD-relapse or progression. Death without prior observa-
tion of GVHD-relapse or progression was considered to be a competing
risk, and observations where neither death nor GVHD-relapse or
progression occurred were treated as censored observations. One patient’s
observation time was censored upon stop of ruxolitinib treatment due to
allergic reactions. Cumulative incidence rates for GVHD-relapse were
estimated using the Aalen-Johanson estimator.24

RESULTS
Patients with severe aGVHD respond to ruxolitinib
A total of 54 patients with aGVHD, with 34/54 (63%) patients
having multiple organ involvement, were treated with ruxolitinib.

All patients had grades 3 or 4 aGVHD and 39/54 (72.2%) patients
were beyond second-line treatment for aGVHD (Supplementary
Table 1). The median number of previous aGVHD-therapies was 3
(range: 1–7). The overall response rate (ORR) was 81.5% (44/54)
including 25 CRs (46.3%). The median time to response was 1.5 (1–
11) weeks after initiation of ruxolitinib treatment. Several patients
with severe intestinal (Figure 1a), liver (Figure 1b) or skin GVHD
(Figures 2a and b) showed impressive responses to ruxolitinib.
One patient with grade 4 intestinal SR-aGVHD received sequential
biopsies before and after response to ruxolitinib. Histological
evaluation showed massive destruction of the intestinal epithe-
lium before ruxolitinib treatment and significant epithelial
regeneration of the intestine after ruxolitinib therapy was initiated
(Figure 2c).
The absolute number of activated T-cells (CD3+HLA-DR+) were

measured in 8/25 patients and levels of IL-6 and the soluble IL-2
(R) receptor were determined in 12/25 patients treated at the
Transplant Center Freiburg. We observed a significant decline in
all three pro-inflammatory parameters during ruxolitinib treat-
ment compared with the day before the drug was started
(Figures 3a–c), and all of these patients responded to ruxolitinib
treatment. These data indicate that ruxolitinib can induce
significant clinical responses in a majority of patients suffering
from SR-aGVHD going along with a marked reduction of pro-
inflammatory cytokines.

OS and GVHD-relapse after ruxolitinib treatment in patients with
aGVHD
The 6-month survival estimate was 79% (67.3–90.7%, 95% CI) in
patients treated with ruxolitinib for SR-aGVHD (Figure 4a). The
median follow-up time was 26.5 (3–106) weeks for SR-aGVHD
patients. The GVHD-relapse rate was analyzed for patients who
had achieved CR or PR. The cumulative incidence of aGVHD
relapse was low (Figure 4b). Relapses in aGVHD occurred in 6.8%
(3/44) of ruxolitinib-responsive patients (2 PR, 1 CR). Thus,
ruxolitinib induces durable clinical responses in SR-aGVHD.

Ruxolitinib improves cGVHD
Preclinical efficacy of ruxolitinib has only been proven in a murine
aGVHD model.9 Therefore, we evaluated the therapeutic potential
of ruxolitinib in a murine cGVHD model.23 We observed
significantly improved cGVHD in ruxolitinib versus vehicle-
treated mice, as measured by pulmonary function and levels of
collagen deposition (Supplementary Figures 1 and 2). On the basis
of these preclinical results, ruxolitinib was applied to 41 patients
suffering from cGVHD (Table 1) involving the skin, the liver,

Figure 1. Representative responses in patients with acute GVHD of the liver and intestines. (a) One patient with histologically proven intestinal
GVHD grade IV was treated with ruxolitinib as described in the Methods. No other immunosuppressive therapy was started at the same time-
point. The patient also had corticosteroids (blue area) and cyclosporine A (green area) when ruxolitinib was started. The frequency of diarrhea
decreased upon treatment with ruxolitinib and corticosteroids could be tapered. (b) One patient with clinically diagnosed liver GVHD grade IV
was treated with ruxolitinib as described in the Methods. The bilirubin level decreased following ruxolitinib treatment. No other
immunosuppressive therapy was started at the same time-point although corticosteroid treatment (blue area) was continued and reduced by
50% in the observation period. There was no change in treatment with regard to potential liver toxic agents throughout the entire time period
displayed.
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intestinal tract, the lungs and musculoskeletal tissues. In 29/41
(70.7%) of patients more than one organ system was involved. All
patients had moderate (n= 6/41, 14.6%) to severe (n= 35, 85.4%)
cGVHD. Most patients were beyond second-line treatment for
cGVHD, with a median number of 3 prior treatments (range: 1–10)

before ruxolitinib was administered (Supplementary Table 2). The
ORR was 85.4% (35/41), with 78% (32/41) PR and 7.3% (3/41) CR.
14.6% (6/41) of the patients showed no response. Responses to
ruxolitinib were not restricted to specific organ systems affected
by SR-cGVHD. The median time to response was 3 (1–25) weeks
after initiation of ruxolitinib treatment.

OS after ruxolitinib treatment for cGVHD
The 6-month survival estimate was 97.4% (92.3–100%, 95% CI)
for patients treated with ruxolitinib for SR-cGVHD (Figure 5a).

Figure 3. Inflammation related markers in the blood decrease upon ruxolitinib treatment. (a–c) CD3+HLA-DR+ cells, IL-6 and soluble IL-2R were
measured one day prior and 5–7 days after the start of ruxolitinib in the peripheral blood. The levels of these three parameters declined
significantly after ruxolitinib treatment when analyzed by the Wilcoxon matched-pairs signed rank test. The number of patients are indicated
in each graph.

Figure 4. Acute GVHD-relapse free and overall survival. (a) The
overall survival of all patients treated with ruxolitinib for acute GVHD
is displayed. (b) The cumulative incidence of acute GVHD-relapse is
displayed.

Figure 2. Skin and intestinal GVHD responds to ruxolitinib. (a) A
representative patient with cutaneous acute GVHD is shown prior
and 1 week after ruxolitinib. (b) A representative patient with
cutaneous chronic GVHD is shown prior and 3 weeks after
ruxolitinib. (c) Serial biopsies of the intestinal tract of a patient with
GVHD are displayed. Biopsies were taken 1 day before start of
ruxolitinib and 4 weeks after ruxolitinib had been started.
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patient, with known coronary artery disease, had a 
myocardial infarction after 2 weeks of interleukin-2 
treatment, with subsequent in-stent thrombosis 
during extended treatment with interleukin-2. This 
patient continued to receive extended treatment 
with interleukin-2, with preserved cardiac function 
and further improvement in the clinical manifes-
tations of chronic GVHD.

Clinical Response
A total of 23 patients could be evaluated for a re-
sponse. Twelve had an objective partial response 
during 8 weeks of interleukin-2 treatment (Table 2, 
and Table B in the Supplementary Appendix). Re-
sponses included softened skin and subcutaneous 
tissue; decreased erythema and extent of sclero-

dermatous, hidebound skin; improved joint mobil-
ity and gait; improved liver function; and resolu-
tion of neuropathy. Two skin responses are shown 
in Figure 1. Eleven patients had stable disease 
(three with minor objective responses).

Of the 15 patients who had a response (12 who 
had a partial response and 3 who had stable dis-
ease with a minor response), 12 (9 who had a 
partial response and 3 who had stable disease with 
a minor response) received interleukin-2 for an 
extended period. Two patients who had stable dis-
ease with a minor response discontinued therapy 
after 1.5 and 4 months of extended treatment, 
without further improvement. The remainder 
had continued improvement during a median of 
13 months (range, 2 to 36) of extended treatment 
with interleukin-2. One patient with extensive 
sclerodermatous chronic GVHD had a complete 
response after 14 months and discontinued both 
immunosuppressive agents and interleukin-2. An-
other patient, who had stabilization of chronic 
GVHD in the lung, discontinued immunosuppres-
sive agents after 12 months. Two other patients 
discontinued glucocorticoids after 30 and 36 
months. Overall, the glucocorticoid dose was ta-
pered by a mean of 60% (range, 25 to 100).

Clinical Laboratory Measures
In the entire cohort, 8 weeks of interleukin-2 
treatment did not induce significant leukopenia, 
neutropenia, thrombocytopenia, or hepatic dys-
function. Asymptomatic peripheral-blood eosino-
philia peaked at 10% (interquartile range, 2 to 19) 
after 4 weeks (P = 0.002) and subsequently declined 
to 2% (interquartile range, 1 to 8) by 8 weeks.

Table 2. Adverse Events and Outcome of Treatment at 8 Weeks.*

Variable
No. of

Patients

Adverse events

Patients who could be evaluated 28

Grade 4 thrombotic microangiopathy (dose-limiting toxicity)† 2

Grade 3 induration† 3

Grade 2 constitutional symptoms (fever, malaise, fatigue)† 1

Grade 2 increase in serum creatinine† 1

Grade 2 thrombocytopenia (with schistocytes)† 1

Grade 4 dyspnea 1

Grade 4 MRSA pneumonia 1

Grade 4 myocardial infarction 1

Grade 3 lower gastrointestinal bleeding 1

Grade 3 deep-vein thrombosis or left ventricular thrombus 1

Grade 3 Haemophilus influenzae type B bacteremia 1

Grade 3 MRSA abscess 1

Outcomes

Patients who could be evaluated 23

Partial response 12

Stable disease‡ 11

Progression of disease 0

Sentinel sites of response

Skin, subcutaneous tissue, or both 11

Joint, fascia, muscle, or all three 8

Liver 1

Peripheral nerves 1

* MRSA denotes methicillin-resistant Staphylococcus aureus.
† The events were possibly or probably related to interleukin-2.
‡ Three of the patients had a minor response.

Figure 1 (facing page). Clinical and Regulatory T (Treg) 
Cell Responses to 8 Weeks of Daily Low-Dose Interleukin-2 
Therapy in Individual Patients.

Panels A and C show manifestations of sclerodermatous 
chronic GVHD in two patients at baseline; Panels B and 
D show partial responses, with decreased erythema, 
after 8 weeks of treatment with low-dose interleukin-2. 
Softening of sclerodermatous hidebound skin, which 
cannot be seen in the photographs, was also prominent. 
Panel E shows flow-cytometric plots, gated on CD4, of 
Treg cells (CD4+CD25med-highCD127low) during 8 weeks 
of interleukin-2 therapy in one patient with chronic GVHD. 
The percentage of total CD4+ cells that are Treg cells 
(shown in the truncated rectangle) is indicated in each 
plot. The fluorescence intensity of fluorophore-conjugated 
CD127 and CD25 monoclonal antibody–bound cells is 
indicated on the x and y axes, respectively.
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Background
Dysfunction of regulatory T (Treg) cells has been detected in diverse inflammatory 
disorders, including chronic graft-versus-host disease (GVHD). Interleukin-2 is critical 
for Treg cell growth, survival, and activity. We hypothesized that low-dose interleukin-2 
could preferentially enhance Treg cells in vivo and suppress clinical manifestations of 
chronic GVHD.
Methods
In this observational cohort study, patients with chronic GVHD that was refractory to 
glucocorticoid therapy received daily low-dose subcutaneous interleukin-2 (0.3×106, 
1×106, or 3×106 IU per square meter of body-surface area) for 8 weeks. The end points 
were safety and clinical and immunologic response. After a 4-week hiatus, patients with 
a response could receive interleukin-2 for an extended period.
Results
A total of 29 patients were enrolled. None had progression of chronic GVHD or 
relapse of a hematologic cancer. The maximum tolerated dose of interleukin-2 was 
1×106 IU per square meter. The highest dose level induced unacceptable constitu-
tional symptoms. Of the 23 patients who could be evaluated for response, 12 had major 
responses involving multiple sites. The numbers of CD4+ Treg cells were preferen-
tially increased in all patients, with a peak median value, at 4 weeks, that was more 
than eight times the baseline value (P<0.001), without affecting CD4+ conventional 
T (Tcon) cells. The Treg:Tcon ratio increased to a median of more than five times the 
baseline value (P<0.001). The Treg cell count and Treg:Tcon ratio remained elevated 
at 8 weeks (P<0.001 for both comparisons with baseline values), then declined when 
the patients were not receiving interleukin-2. The increased numbers of Treg cells ex-
pressed the transcription factor forkhead box P3 (FOXP3) and could inhibit autologous 
Tcon cells. Immunologic and clinical responses were sustained in patients who re-
ceived interleukin-2 for an extended period, permitting the glucocorticoid dose to be 
tapered by a mean of 60% (range, 25 to 100).
Conclusions
Daily low-dose interleukin-2 was safely administered in patients with active chronic 
GVHD that was refractory to glucocorticoid therapy. Administration was associated 
with preferential, sustained Treg cell expansion in vivo and amelioration of the man-
ifestations of chronic GVHD in a substantial proportion of patients. (Funded by a 
Dana–Farber Dunkin’ Donuts Rising Star award and others; ClinicalTrials.gov number, 
NCT00529035.)
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Ultra Low-Dose IL-2 for GVHD Prophylaxis after Allogeneic
Hematopoietic Stem Cell Transplantation Mediates
Expansion of Regulatory T Cells without Diminishing Antiviral
and Antileukemic Activity

Alana A. Kennedy-Nasser1, Stephanie Ku1, Paul Castillo-Caro1, Yasmin Hazrat1, Meng-Fen Wu2, Hao Liu2,
JosMelenhorst4, A. John Barrett4, Sawa Ito4, Aaron Foster1, Barbara Savoldo1, Eric Yvon1, George Carrum1,3,
Carlos A. Ramos1,3, Robert A. Krance1,3, Kathryn Leung1, Helen E. Heslop1,3, Malcolm K. Brenner1,3, and
Catherine M. Bollard1,3

Abstract
Purpose: GVHD after allogeneic hematopoietic stem cell transplantation (alloSCT) has been associated

with low numbers of circulating CD4þCD25þFoxP3þ regulatory T cells (Tregs). Because Tregs express high

levels of the interleukin (IL)-2 receptor, they may selectively expand in vivo in response to doses of IL-2

insufficient to stimulate T effector T-cell populations, thereby preventing GVHD.
Experimental Design:We prospectively evaluated the effects of ultra low-dose (ULD) IL-2 injections on

Treg recovery in pediatric patients after alloSCT and compared this recovery with Treg reconstitution post

alloSCT in patients without IL-2. Sixteen recipients of related (n ¼ 12) or unrelated (n ¼ 4) donor grafts

received ULD IL-2 post hematopoietic stem cell transplantation (HSCT; 100,000–200,000 IU/m2 #3 per

week), starting <day 30 and continuing for 6 to 12 weeks.

Results: No grade 3/4 toxicities were associated with ULD IL-2. CD4þCD25þFoxP3þ Tregs increased

from a mean of 4.8% (range, 0%–11.0%) pre IL-2 to 11.1% (range, 1.2%–31.1%) following therapy, with

the greatest changeoccurring in the recipients ofmatched related donor (MRD) transplants.No IL-2 patients
developed grade 2–4 acute GVHD (aGVHD), compared with 4 of 33 (12%) of the comparator group who

did not receive IL-2. IL-2 recipients retained T cells reactive to viral and leukemia antigens, and in the MRD

recipients, only 2 of 13 (15%) of the IL-2 patients developed viral infections versus 63% of the comparator

group (P ¼ 0.022).

Conclusions:Hence,ULD IL-2 is well tolerated, expands a Treg population in vivo, andmay be associated

with a lower incidence of viral infections and GVHD. Clin Cancer Res; 20(8); 2215–25. !2014 AACR.

Introduction
In patients with leukemia, those who develop GVHD

after allogeneic hematopoietic stem cell transplantation
(HSCT) may have a lower incidence of leukemia relapse
than patients not developing GVHD, a finding that suggests
that residual leukemic cells present after the preparatory
regimens can be eliminated by donor cellular mechanisms.

Unfortunately, this graft-versus-leukemia (GvL) effect is
often associated with GVHD, a leading cause of morbidity
and mortality occurring in 30% to 60% of patients, with
mortality reaching 50%. A hallmark of acute GVHD
(aGVHD) is the activation and expansion of alloreactive
T cells (1). Although alloreactive T cells present in a SCT
graft are responsible for GVHD, removal of T cells entirely
may compromise engraftment by increasing the risk of
rejection by the residual recipient immune system, increas-
ing infection risks, and reducing GvL (2). Therefore, a
balance must be maintained between the benefits of donor
T cells (GvL, infection control) and their risks (GVHD).

Accumulating evidence suggests that lower levels of cir-
culating regulatory T cells (Tregs) following allogeneic
hematopoietic SCT (alloSCT) in humans are associated
with a higher incidence of GVHD. A causal link for this
association is suggested by murine models that show infu-
sion of donor Tregs at the time of transplant, or shortly
thereafter, prevents GVHD while maintaining the GvL
effect. Several groups are, therefore, evaluating the adoptive
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ratio increased to amedianof 1.3-times the baseline value at
3 months (range, 0–29).

Administration ofULD IL-2 rapidly restored functional
Tregs after alloSCT
The Tregs obtained from the recipients of MRD grafts

receiving IL-2 suppressed alloreactive responses in vitro
because 3H-thymidine incorporation by activated T cells
(CD4þCD25") stimulatedwith allogeneicOKT3blasts was
markedly suppressed by the addition of patient Tregs
(CD4þCD25hi Tregs; Fig. 2F and G). To determine whether
the Tregs produced after IL-2 administration were of donor
origin, PBMCs were analyzed for donor chimerism by FISH
for sex chromosomes in sex-mismatched transplants and
short tandem repeats measurement in same sex pairs. All
patients were 100%donor duringULD IL-2 administration,
suggesting that these expanded cells were of donor origin
(data not shown).

No effect of ULD IL-2 on NK or CD8þ T cells’ immune
reconstitution post SCT
Because recovery of CD8þ T cells, CD56þ/CD3"NK cells,

and CD56þ/CD3þNK-like T cells may play a critical role in
engraftment and defense against relapse, we compared
immune reconstitution in the treatment and control
groups. In the recipients of MUD grafts, no significant
differences in recovery of any cell subset was seen between
treatment and control groups likely related to recent ser-
otherapy use (data not shown). There was a significant
increase of NK cells in the IL-2 treatment cohort at 1 week
after starting therapy (Supplementary Fig. S1A) and a con-
comitant fall in CD8þ T cells (Supplementary Fig. S1B).
These differences had disappeared by day 35. No significant
differences were observed in absolute numbers or percen-
tages of NK-like T cells (CD3þ/56þ) CD4þ CD3þ T cells, or
CD19þ B cells (Supplementary Fig. S1C–S1E).

Administration of ULD IL-2 can blunt humoral but not
cellular immune responses
To determine whether the rise in Tregs in patients who

received ULD IL-2 was associated with blunted antibody-

mediated antibacterial responses after alloSCT, we immu-
nized related MRD and recipient pairs with tetanus tox-
oid 1 week pretransplant. As shown in Fig. 3A and B, we
enrolled 3 patients in the treatment group and 4 controls.
Patients who received IL-2 also received a 3-month tet-
anus booster. Figure 3B shows blunting of the tetanus
antibody response in all 3 IL-2–treated patients; in con-
trast, 3 control patients responded well to the vaccine
and the single nonresponder relapsed shortly after
immunization.

ULD IL-2 therapy does not impair virus-specific cell-
mediated immunity and viral infection rates were low

We next evaluated the cell-mediated immune recovery to
viral antigens: adenovirus hexon and penton (Fig. 4A), BK
virus VP1 and large T antigen (Fig. 4B), CMV IE1 and pp65
(Fig. 4C), and EBV antigens BZLF1, EBNA1, EBNA3A,
EBNA3B, and EBNA3C (Fig. 4D). We detected specific
reactivity against all viral antigens in all recipients of MRD
grafts early after SCT, indicating equal recovery of virus-
specific cellular immunity in the treatment and control
groups (Fig. 4A–D). We next evaluated virus infection rates,
defined as culture positive infection or PCR positivity in
plasma or urine requiring treatment. In theMRD recipients,
only 2 of 13 (15%) of the IL-2 patients developed viral
infections (RSV and parainfluenza) as compared with 10 of
16 (63%) of the untreated patients (HHV6, VZV, BK virus,
EBV, and CMV). Moreover, in the recipients of MUD grafts,
17 of 18 (95%) of patients without IL-2 developed viral
infections versus 2of 6 (33%)of the IL-2–treated group (P¼
0.007), suggesting that IL-2 therapy does not increase (and
may reduce) the risk of developing virus infections (Fig. 4E
and F).

Comparable GvL effects in treatment and control
groups

To detect tumor-specific T cells, the PBMCs were stained
with HLA A2-restricted tetramers (Fig. 5A and B). T cell–
specific reactivity to at least one leukemia-associated anti-
gen (MAGE, PRAME, survivin, or WT-1) was detectable in
IFN-g ELISPOT assay in recipients of MRD grafts in both

Comparator Group
(MRD+AD) 

A B
IL-2 (MRD+AD)

6% 19% 
6% 

26% 
62% 

81% 
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Grade 1
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Figure 1. Incidence of aGVHD. The
pie charts represent the
percentage of patients who were
recipients of MRD and MUD grafts
who did not receive ULD IL-2 (A)
versus patients who did receive
ULD IL-2 (B). No incidences of
Grade 3 and 4 were seen in IL-2
recipients.
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Author	
   Setting	
   patients	
   Intervention and doses	
   Main results	
  

Koreth 2011 38	
   Treatment of steroid 
refractory chronic GvHD 	
  

29	
   Low-dose subcutaneous interleukin-2 (0.3x106, 
1x106, or 3x106 IU per m2 BSA) for 8 weeks.	
  

The maximum tolerated dose of interleukin-2 was 1x106 
IU/ m2. Administration was associated with Treg cell 
expansion in vivo and improvement of chronic GVHD in 
12 of  23  evaluable patients	
  

Koreth 2016 39	
   Patients with steroid-
refractory chronic GvHD	
  

35	
   Daily IL-2 (1x106IU/m2/d) 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 5-fold and 4-fold respectively	
  

Kennedy-Nasser 2014 40	
   GvHD prophylaxis in 
pediatric patients	
  

16 	
   Ultra low-dose IL-2 injections (100,000-200,000 
IU/m2 x3 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 2005 43	
   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 44	
   GVHD prophylaxis in 
haploidentical using 

peripheral blood stem 
cells 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 49	
   5-Aza administration after 
reduced intensity 

alloHSCT for AML	
  

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

5-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 51	
   Aza and DLI 

administration as salvage 
therapy for relapse after 

alloHSCT	
  

13	
   Aza 100mg/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 54, 55	
   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 allo-HSCT	
  
Zeiser 2015 56	
   Treatment of  steroid-

refractory acute and 
chronic GvHD	
  

95	
   Ruxolitinib, as an add-on immunosuppression 
therapy, at a dose of 5–10 mg orally twice daily	
  

The overall response rate was 81.5% and 85.4% for 
acute GvHD and cGvHD, respectively. The rate of 

GvHD-relapse was 7% and 6% for aGvHD and cGvHD, 
respectively 	
  

Drug induced in vivo expansion of Tregs 

Lussana, F et al.: BMT, in press 



•  Which	
  popula'on	
  of	
  Tregs	
  is	
  the	
  most	
  effec've?	
  	
  	
  

•  What	
  is	
  the	
  best	
  method	
  for	
  Tregs	
  isola'on?	
  

•  Can	
  Tregs	
  be	
  expanded	
  in	
  vitro?	
  Do	
  Tregs	
  need	
  to	
  be	
  an'gen-­‐

specific?	
  

•  Warning:	
  can	
  in	
  vitro	
  selected	
  Tregs	
  be	
  reprogrammed	
  in	
  vivo	
  

to	
  pro-­‐inflammatory	
  cells?	
  	
  

Ex	
  vivo	
  selec'on	
  (and	
  expansion)	
  of	
  T-­‐regs:	
  	
  
from	
  the	
  laboratory	
  to	
  clinical	
  applica'on	
  

(ques'ons	
  to	
  be	
  answered)	
  	
  



Bead-­‐enrichment	
  protocols	
  	
  

•  Several	
  GMP-­‐compliant	
  Tregs	
  isola'on	
  protocols	
  have	
  been	
  
published	
  (1,2)	
  	
  

•  The	
  level	
  of	
  purity	
  of	
  the	
  Tregs	
  resul'ng	
  from	
  bead	
  enrichment	
  
was	
  40-­‐60%.	
  	
  

•  These	
  cells	
  are	
  more	
  heterogeneous	
  than	
  those	
  described	
  by	
  
Edinger’s	
  group!	
  	
  

•  Purity	
  is	
  obviously	
  important	
  for	
  transla'ng	
  Tregs	
  cell	
  therapy	
  to	
  
the	
  clinic,	
  as	
  contamina'ng	
  conven'onal	
  T	
  cells	
  could	
  contribute	
  to	
  
rejec'on	
  or	
  GvHD	
  

	
  
1)	
  Hoffmann	
  P,	
  et	
  al.	
  Biol	
  Blood	
  Marrow	
  Transplant	
  2006;12:267–274.	
  	
  

	
  
2)	
  Peters	
  JH,	
  et	
  al.	
  PLoS	
  ONE	
  2008;3:	
  e2233.	
  	
  



The	
  clinical	
  use	
  of	
  Tregs	
  aNer	
  HaploHSCT	
  

Mauro Di Ianni et al. Blood 2011;117:3921-3928 
©2011 by American Society of Hematology 



•  Can Tregs be expanded in vitro? 

Clinical studies with Tregs 



•  CD4	
  CD25	
  FoxP3	
  (Tregs)	
  enrichment	
  from	
  

cryopreserved	
  UCB	
  	
  

•  18	
  day	
  expansion	
  culture	
  with	
  an'-­‐CD3/an'-­‐

CD28	
  an'body-­‐coated	
  beads	
  and	
  IL-­‐2	
  

•  Pa'ents	
  received	
  a	
  dose	
  of	
  0.1-­‐30	
  x	
  105UCB	
  

Tregs/kg	
  aSer	
  double	
  UCB	
  transplant	
  

•  UCB	
  Treg	
  could	
  be	
  detected	
  for	
  14	
  days,	
  with	
  

the	
  greatest	
  propor'on	
  of	
  circula'ng	
  CD4	
  

CD127	
  FoxP3	
  cells	
  observed	
  on	
  day	
  2	
  	
  

lower than that observed in 108 historical controls (61%; 95% CI,
51%-72%) at a median of 30 days (range, 14-73 days) compared
with all Treg recipients (n ! .05) and with recipients who received
a total Treg dose ! 30 " 105/kg (n ! .04). The incidence of grades
III-IV acute GVHD for all Treg-treated patients was 17% (95% CI,
2%-23%) at a median time of 51.5 days (range, 24-86 days), and
for those who received a Treg dose ! 30 " 105/kg, it was 11%
(95% CI, 0%-25%) at a median time of 76 days (range,
66-86 days). This finding was similar to that observed in the
108 historical controls (23%; 95% CI, 15%-31% at a median of
29 days; range, 14-72 days; P ! NS). Two of 14 (14%) Treg
patients at risk developed chronic GVHD. Thus far, chronic GVHD
has not been observed among patients who received a total

Treg dose ! 30 " 105/kg. These results compare favorably with
108 historical controls in whom the incidence of chronic GVHD
was 26% (95% CI, 17%-35%). Taken together, these data support
further investigation to determine whether ex vivo–expanded and
–activated UCB Tregs can suppress GVHD.

Discussion

This is the first report on the use of ex vivo–expanded, –activated,
UCB-derived Tregs in humans. By following studies in murine
models that demonstrated the potential of natural Tregs for
preventing aGVHD and autoimmune disease, we developed a

Table 4. Individual clinical outcome of patients who received a Treg dose > 30 ! 105/kg

UPN*

Time to
neutrophil
recovery

Time to
acute GVHD

Maximum
grade of

acute GVHD
Time to
relapse

Time to last
follow-up

Status at
last follow-up

Cyclosporine A " mycophenolate mofetil
4837 34 – 0 – 52 Dead

4855 7 39 2 400 430 Dead

4872 6 20 1 – 727 Alive

4908 7 33 2 – 371 Alive

4915 20 – 0 – 388 Alive

4930 GF 39 4 – 157 Dead

4936 6 – 0 21 202 Dead

4963 13 29 2 – 365 Alive

4975 8 41 2 – 375 Alive

4654 7 – 0 97 365 Alive

5039 3 37 2 – 372 Alive

5002 36 66 3 – 375 Alive

Sirolimus " mycophenolate mofetil
5083 9 – 0 – 384 Alive

5087 16 86 3 103 359 Alive

5117 7 – 0 – 368 Alive

5121 38 – 0 – 365 Alive

5125 41 – 0 – 373 Alive

5151 GF – NA – 151 Dead

GF indicates graft failure; GVHD, graft-versus-host disease; Treg, regulatory T cell; and UPN, unique patient number.
*The UPN column is listed by the order of patient accrual and treatment in the protocol.

Figure 2. Clinical outcomes of patients after non-
myeloablative umbilical cord blood transplantation
who received Treg > 30 ! 105/kg (dotted line; n # 18)
and historical controls (solid line; n # 108). (A) DFS
(P ! .25), (B) NRM (P ! .51), (C) sustained donor engraft-
ment (P ! .89), and (D) grade II-IV aGVHD (P ! .04).
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Infusion of ex vivo expanded T regulatory cells in adults transplanted with
umbilical cord blood: safety profile and detection kinetics
Claudio G. Brunstein,1,2 Jeffrey S. Miller,1,2 Qing Cao,1 David H. McKenna,3 Keli L. Hippen,1,4 Julie Curtsinger,1,5

Todd DeFor,1 Bruce L. Levine,6 Carl H. June,6 Pablo Rubinstein,7 Philip B. McGlave,1,2 Bruce R. Blazar,1,4 and
John E. Wagner1,4

1Blood and Marrow Transplant Program, University of Minnesota, Minneapolis, MN; 2Division of Medical Hematology, Oncology and Transplantation, University
of Minnesota, Minneapolis, MN; 3Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, MN; 4Division of Pediatric
Hematology, Oncology and Transplantation, University of Minnesota, Minneapolis, MN; 5Masonic Cancer Center, University of Minnesota, Minneapolis, MN;
6Department of Pathology and Laboratory Medicine and Abramson Cancer Center, University of Pennsylvania, Philadelphia, PA; and 7The New York Blood
Center, New York NY

Acute graft-versus-host disease (aGVHD)
is associated with high risk of morbidity
and mortality and is a common complica-
tion after double umbilical cord blood
(UCB) transplantation. To reduce these
risks, we established a method of
CD4!CD25!FoxP3! T regulatory cell
(Treg) enrichment from cryopreserved
UCB followed by a 18 ! 1-day expansion
culture including anti-CD3/anti-CD28 anti-
body-coated beads and recombinant hu-
man interleukin-2. In a “first-in-human”

clinical trial, we evaluated the safety pro-
file of UCB Treg in 23 patients. Patients
received a dose of 0.1-30 " 105UCB
Treg/kg after double UCB transplantation.
The targeted Treg dose was achieved in
74% of cultures, with all products being
suppressive in vitro (median 86% sup-
pression at a 1:4 ratio). No infusional
toxicities were observed. After infusion,
UCB Treg could be detected for 14 days,
with the greatest proportion of circulating
CD4!CD127#FoxP3! cells observed on

day !2. Compared with identically treated
108 historical controls without Treg, there
was a reduced incidence of grade II-IV
aGVHD (43% vs 61%, P $ .05) with no
deleterious effect on risks of infection,
relapse, or early mortality. These results
set the stage for a definitive study of UCB
Treg to determine its potency in prevent-
ing allogeneic aGVHD. This study is
registered at http://www.clinicaltrials.
gov as NCT00602693. (Blood. 2011;117(3):
1061-1070)

Introduction

Regulatory T cells (Tregs) represent a novel cell-based approach
for potentially reducing the risk of severe acute graft-versus-host
disease (aGVHD). Tregs are a subset of CD4! T cells that
coexpress CD25 (interleukin-2R" chain) and high levels of Foxp31

and are dependent on interleukin-2.2 Our group and others have
shown that in murine models lethal aGVHD can be prevented by
Tregs, with enhanced survival.3-8 In these models of aGVHD,
CD4!/CD25! Treg cells functioned at least in part through the
suppression of CD8! effector cells expansion in GVHD target
organs.7 In contrast, depletion of CD4!/CD25! Treg cells in-
creased aGVHD lethality.5 Further, Tregs inhibited the develop-
ment of chronic GVHD9-11 and facilitated engraftment in murine
models of allogeneic transplantation.7,12,13

Double umbilical cord blood transplantation (DUCBT) has
been shown to overcome the cell-dose limitation that often
prevents the use of this treatment modality in adults and larger
adolescents.14-16 However, compared with single UCBT, a signifi-
cantly greater risk of grade II aGVHD17 is observed after DUCBT.
Regardless of the source of allogeneic hematopoietic stem cells
(HSCs), severe forms of aGVHD are associated with an increased
risk of morbidity and mortality.15,17

To date, there are no reports in the literature that document the
safety and efficacy of ex vivo–expanded natural Tregs. Therefore,
we designed a phase 1 dose-escalation trial to study the safety and

feasibility of the infusion of Tregs isolated from a partially human
leukocyte antigen (HLA)-matched UCB unit and ex vivo expanded
in culture. We report here the result of the first-in-human clinical
trial of UCB-derived CD4!/CD25! Tregs in the setting of UCBT.

Methods

Patient inclusion criteria

Patients with advanced or high-risk hematologic malignancy were eligible
to receive UCB-derived Tregs if they met the following criteria:
12-70 years of age with an available HLA 4-6/6 UCB graft containing
! 3.0 # 107 nucleated cells/kg, suitable organ function for a nonmyeloab-
lative regimen, and free of progressive fungal infection. Eligibility criteria
for nonmyeloablative conditioning and choice of partially HLA-matched
UCB units have been previously described.15 In this study, all patients (with
one exception) received 2 UCB units as the HSC graft. Because of the
potential increased risk of sustained dual chimerism after DUCBT, graft
units were ABO-compatible. The methodology of HLA typing has been
detailed previously.14

Treatment and supportive care

All patients received a conditioning regimen consisting of cyclophospha-
mide 50 mg/kg on day $6, fludarabine 40 mg/m2 daily on days $6 to $2,
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Author Setting Total patients Intervention and Tregs doses Main results 

Brunstein 2011 26 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 33 Patients with high risk of leukemia 
relapse after alloHSCT 

9  Infusion of freshly isolated donor Treg. Up 
to 5 x106 cells per kg (>50% 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 18 and Martelli 

201419 
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 35 Patients with chronic GvHD and 

resistant acute GvHD  
2 Infusion of in vitro expanded donor Treg 

(90% FOXP3+, dose of 1x105/Kg for 
patient with chronic GvHD and (3x106/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 27 Prevention of GvHD after double-
UCB transplantation 

11 Treg doses from 3-100x106 Treg/kg Tregs were safe and resulted in 
low risk of acute and chronic 

GvHD.   

Adoptive cellular therapy with Tregs  

Lussana, F et al.: BMT, in press 



AdopFve	
  immunotherapy	
  with	
  Tregs:	
  expanding	
  the	
  pool	
  of	
  eligible	
  paFents	
  

Indica'ons	
  

Prevent	
  GvHD	
  in	
  Haplo-­‐HSCT	
  for	
  elderly/unfit	
  paFents	
  
Treat	
  early	
  post	
  transplant	
  relapses	
  (Treg-­‐protected	
  DLI)	
  

Treat	
  chronic	
  GvHD	
  

Tregs	
  isolaFon:	
  
magne'c	
  beads	
  or	
  GMP	
  sorter	
  

OpFon	
  2:	
  IsolaFon,	
  expansion	
  
(with	
  anF-­‐CD3/CD28	
  +IL2+	
  
Rapamycin)	
  and	
  infusion	
  
Pros:	
  up	
  to	
  20x106/kg	
  
Cons:	
  GMP	
  facili'es	
  

OpFon	
  1:	
  IsolaFon	
  and	
  
infusion	
  
Pros:	
  easy	
  separa'on	
  from	
  
apheresis	
  
Cons:	
  maximum	
  3-­‐4	
  x106/kg	
  	
  

Lussana	
  F	
  et	
  al.:	
  BMT	
  in	
  press	
  



Warning	
  about	
  adopFve	
  T	
  cell	
  therapy	
  with	
  T-­‐regs	
  

•  Can	
  T-­‐regs,	
  lose	
  Foxp3	
  and	
  transform	
  into	
  pathogenic	
  cells	
  
under	
  inflammatory	
  condi'ons	
  in	
  vivo?	
  	
  

	
  
•  The	
  possibility	
  of	
  them	
  conver'ng	
  into	
  pathogenic	
  effector	
  
T	
  cells	
  could	
  be	
  a	
  cri'cal	
  threat	
  to	
  the	
  host	
  in	
  the	
  context	
  of	
  
autoimmunity	
  

Zhou X, .: Plasticity of CD4(+) FoxP3(+) T cells. Curr. Opin. Immunol. 2009;21:281–5. 
 



The Role of MSCs in the Biology of GVHD 

Aggarwal S, et al. Blood. 2005;105(4):1815-1822. 



Clinical	
  results	
  MSC	
  for	
  treatment	
  of	
  	
  grade	
  III-­‐IV	
  aGvHD	
  	
  

Author	
   Year	
   No	
  pts	
   PreparaFon	
   Response	
  
CR/PR/Other	
  

Outcome	
  
Alive/Dead	
  

Le	
  Blanc	
   2004	
   1	
   Custom	
   1	
   1/0	
  

Ringden	
   2006	
   8	
   Custom	
   5/0/3	
   5/3	
  

Prasad	
   2007	
   12	
   Custom	
   6/6/0	
   6/6	
  

Fang	
   2007	
   6	
   Custom	
   5/0/1	
   4/2	
  

Mulle	
   2008	
   2	
   Custom	
   0/0/2	
   1/1	
  

LeBlanc	
   2008	
   55	
   Custom	
   30/9/16	
   21/34	
  

VonBonin	
   2009	
   13	
   Custom	
   1/1/11	
   4/9	
  

Muroi	
   2009	
   2	
   Custom	
   0/0/2	
   0/2	
  

Kebriaei	
   2009	
   31	
   Custom	
   24/5/2	
   22/9	
  

Osiris	
  Thera	
   2009	
   260	
   Industrial	
   	
  CR	
  40%	
   NR	
  

Osiris	
  Thera	
   2009	
   192	
   Industrial	
   	
  NR	
   NR	
  

•  Adapted	
  from	
  Sato	
  et	
  al.:	
  J	
  Clin	
  Exp	
  Hematol,	
  2010	
  



Outcomes	
  aNer	
  MSCs	
  therapy	
  

M.	
  Introna	
  et	
  al.	
  /	
  Biol	
  Blood	
  Marrow	
  Transplant	
  20	
  (2014)	
  375-­‐381	
  

•  Sample	
  size:	
  40	
  pa'ents	
  (adults/children	
  25/15)	
  
•  Evalua'on	
  of	
  response:	
  At	
  day	
  +28	
  aSer	
  the	
  last	
  MSC	
  infusion	
  
	
  
•  Treatment	
  response:	
  

Adults	
   	
  CR	
  16% 	
   	
  CR+PR	
  68%	
  
Children	
  CR	
  47% 	
   	
  CR+PR	
  67%	
  
	
  

•  Median	
  follow	
  up	
  from	
  last	
  MSC	
  infusion:	
  	
  250	
  (30-­‐1066)	
  days	
  
•  Deaths	
  =	
  17	
  

Relapse	
  =	
  3	
  
NRM	
  =	
  14	
  

	
  



M.	
  Introna	
  et	
  al.	
  /	
  Biol	
  Blood	
  Marrow	
  Transplant	
  20	
  (2014)	
  375-­‐381	
  

Survival	
  according	
  to	
  GVHD	
  grade	
  



M.	
  Introna	
  et	
  al.	
  /	
  Biol	
  Blood	
  Marrow	
  Transplant	
  20	
  (2014)	
  375-­‐381	
  

CumulaFve	
  incidence	
  of	
  GVHD	
  and	
  death	
  post	
  response,	
  
for	
  paFents	
  who	
  responded	
  to	
  MSC	
  



Ø  MSC	
  obtained	
  have	
  
comparable	
  phenotype	
  and	
  
immunosuppression	
  ac'vity	
  
to	
  BM	
  derived	
  MSC	
  

Ø  Easily	
  accessible,	
  sterile	
  and	
  
abundant	
  source	
  

Ø  Much	
  more	
  abundant	
  
content	
  of	
  CFU-­‐F	
  precursors	
  
and	
  very	
  high	
  yields	
  

The	
  umbilical	
  cord	
  wall	
  as	
  an	
  alternaFve	
  source	
  of	
  MSCs	
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Capelli	
  C	
  et	
  al.:	
  Cytotherapy	
  2011;13:786-­‐801	
  



UMBILICAL	
  CORD	
  DERIVED	
  MESENCHYMAL	
  STROMAL	
  CELLS	
  (UC-­‐MSC)	
  FOR	
  
THE	
  TREATMENT	
  OF	
  SEVERE	
  (GRADE	
  III-­‐IV)	
  STEROID-­‐RESISTANT	
  GRAFT	
  

VERSUS	
  HOST	
  DISEASE:	
  A	
  PHASE	
  I/II	
  TRIAL	
  
EudraCT	
  number	
  2012-­‐000582-­‐21	
  

ClinicalTrials.Gov	
  IdenFfier	
  NCT02032446	
  

The	
  umbilical	
  cord	
  wall	
  as	
  an	
  alternaFve	
  source	
  of	
  MSCs	
  

P*	
   P	
   P	
   MSC§	
  I	
   MSC	
  III	
  

CRF1	
  
baseline	
   CRF2	
  

MSC	
  II	
  

+1	
   +2	
   +3	
   +12	
  +5	
   +19	
  +7	
   +9	
  

CRF4	
  CRF3	
   CRF5	
  

+14	
  

CRF6	
  

+16	
  

CRF7	
   CRF8	
  

+21	
  

CRF9	
  

+28	
  

CRF10	
  

+35	
  

CRF11	
  

+42	
  

CRF12	
  

*	
  P	
  =	
  pentostaFn,	
  dose	
  1	
  mg/m2	
  

§	
  MSC	
  doses:	
  	
  
	
  a)	
  3	
  paFents	
  →	
  3	
  infusions	
  of	
  1x106	
  cells	
  /kg	
  
	
  b)	
  3	
  paFents	
  →	
  3	
  infusions	
  of	
  2x106	
  cells	
  /kg	
  
	
  c)	
  3	
  paFents	
  →	
  3	
  infusions	
  of	
  3x106	
  cells	
  /kg	
  



Umbilical	
  Cord	
  Derived	
  Mesenchymal	
  Stromal	
  Cells	
  (UC-­‐MSC)	
  for	
  The	
  Treatment	
  
of	
  Severe	
  (Grade	
  III-­‐IV)	
  Steroid-­‐Resistant	
  GvHD.	
  A	
  Phase	
  I/II	
  Trial	
  	
  

EudraCT	
  Number	
  2012-­‐000582-­‐21	
  

PaFents	
  Enrolled	
   	
   	
   	
   	
  15	
  
	
  
PaFents	
  with	
  aGvHD	
  	
  

	
   	
  (overall	
  	
  max	
  	
  grade	
  3) 	
  	
  	
   	
  5	
  
	
  (overall	
  	
  max	
  	
  grade	
  4) 	
   	
  9	
  	
  

	
   	
  overlap	
  syndrome 	
   	
  1	
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