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In a cohort of b-Thalassemia (b-Thal) transplanted with haploidentical-HSCT we identified one transplanted patient
characterized by persistent mixed chimerism (PMC) for several months after HSCT. In this unique b-Thal patient we
assessed the donor engraftment overtime after transplantation, the potential loss of the non-shared HLA haplotype,
and the presence of CD49bCLAG-3C T regulatory type 1 (Tr1) cells, previously demonstrated to be associated with PMC
after HLA-related HSCT for b-Thal. The majority of the patient’s erythrocytes were of donor origin, whereas T cells were
initially mostly derived from the recipient, no HLA loss, but an increased frequency of circulating Tr1 cells were
observed. For the first time, we showed that when the proportion of residual donor cells decreases, the frequency of
CD49bCLAG-3C Tr1 cells declines, reaching the levels present in healthy subjects. These findings confirm previous
results obtained in transplant related settings for b-Thal, and supported the central role of Tr1 cells in promoting and
maintaining PMC after allo-HSCT.

Results and Discussion

Haematopoietic stem cell transplant (HSCT) is the only cure
for b-thalassemia (b-Thal).1 The recent years have witnessed the
development and success of haploidentical (haplo)-HSCT
approaches, offering a valuable alternative for most b-Thal
patients lacking an HLA-matched donor.2,3 In the transplant
related settings for b-Thal, approximately 10% of long-term
b-Thal HLA-matched transplanted patients, cured and transfu-
sions independent, developed a status of persistent mixed chime-
rism (PMC) in which donor- and host-derived cells co-exist for
more that 2 years after HSCT. In some PMC pts the donor-
derived cell proportion is low, but not in mature erythrocytes,
which are all of donor origin.4,5 Although the mechanisms that
drive the patient toward the establishment of PMC are still
unknown, a strong relationship between the presence of mixed
chimerism and immunological tolerance has been observed in
other HSCT settings, in pregnancy, or after solid organ trans-
plantation.6-8 Long-term mixed chimerism has been achieved
after haplo-HSCT in swine conditioned with non-myeloablative
regimen.9 Induction of mixed chimerism was observed in

patients conditioned with non-myeloablative regimen underwent
HSCT from haploidentical related donors sharing at least one
HLA-A, -B, or -DR allele on the mismatched haplotype.10 More-
over, the deliberate establishment of mixed chimerism by reprog-
ramming the immune system of the recipient is an effective way
of inducing tolerance and maintaining the graft in solid organ
transplants. The achievement of transplantation tolerance has
been well-documented in patients who received HLA-mis-
matched or HLA-matched HSCT with conventional myeloabla-
tive conditioning to treat a haematological malignancy followed
by an organ transplant from the same donor without needing
immunosuppressive therapy.11,12 Interestingly, PMC was
induced in the HLA-matched studies, whereas only transient
mixed chimerism was seen in the HLA-mismatched transplant
study. The mechanisms underlying the induction of tolerance to
donor grafts have not been clarified yet; however, it has been sug-
gested a role for host T regulatory cells (Tregs) and NKT cells.12

Our group demonstrated that T regulatory type 1 (Tr1) cells,
a discrete population of inducible IL-10-producing Tregs cells,
are involved in promoting/maintaining PMC.13,14 Tr1 cells co-
express CD49b and LAG-3,15 secrete high levels of IL-10 and
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minimal amounts of IL-4 and IL-17,16 suppress T cell responses
via the secretion of IL-10 and TGF-b,16 and kill myeloid anti-
gen-presenting cells through the release of Granzyme B (GzB).17

Tr1 cells were discovered in a patient with severe combined
immunodeficiency who developed PMC after an HLA-mis-
matched fetal liver HSCT.13 We next demonstrated that a high
proportion of Tr1 cell clones were identified in the peripheral
blood of b-Thal HLA-matched transplanted patients with PMC;
conversely, Tr1 cells were not detected in transplanted patients
with full-donor engraftment.14 More recently, we confirmed that
a high proportion of Tr1 cells, identified as CD49bCLAG-3C T
cells, is present in the blood of b-Thal HLA-matched trans-
planted patients with PMC compared to both healthy donors
and transplanted patients with full-donor engraftment.15

Our group recently reported the outcomes of 31 children with
b-Thal who received transplants from haploidentical donors.18,19

As previously reported,19 patients received a pre-conditioning
regiment from day ¡59 to day ¡11 consisting in Deferoxamine,
Hydroxyurea, Azathioprine, and Fludarabine, followed by a con-
ditioning regiment constisting in Busulfan, Cyclophosphamide,
Thiotepa, and ATG-Fresenius S. All patients received a megadose
of G-CSF-mobilized CD34C cells, between 4£104 and 15£104,
and Cyclosporine for GvHD prophylaxis for the first 2 months
post transplantation. Among transplanted patients, 19 developed
complete chimerism and are successfully cured, 2 died from
transplantation-related causes, 7 rejected their grafts, surviving
with b-Thal, and 3 developed PMC and are cured from the dis-
ease. Among these 3 PMC patients, 2 showed the presence of few
host cells, while the third was characterized by the presence of
large amounts of recipient cells for several months after haplo-
HSCT. This latter b-Thal patient was haplo-identical with the
donor, sharing only one HLA-A-B-C-DR-DQ haplotype, and
did not develop GvHD or significant infections complications
after transplantation. In this unique b-Thal patient who devel-
oped PMC after haplo-HSCT we monitored the donor engraft-
ment and the presence of Tr1 cells at different time points after
transplant. White blood cell and T cell counts reached normal
levels 3 months after transplant. We detected short-term (C20
and C60 days) after haplo-HSCT full-donor engraftment in
peripheral blood mononuclear cells (PBMC) and in bone mar-
row (BM) that decreased to 62% and 84% at day C172, respec-
tively (Fig. 1A and data not shown). Subsequently, the
proportion of donor-derived cells in the BM increased from 89%
on day C250 to 97% on day C1334 (data not shown). Con-
versely, a stable proportion of donor-derived PBMC ranging
from 65% to 75% was found till day C723 (Fig. 1A). Afterward
the percentage of donor-derived PBMC increased to over 90%,
and on day C1334 post haplo-HSCT the patient showed the
presence of mixed chimerism, but with a proportion of donor-
derived cells of 98% and 97%, in the BM and PBMC, respec-
tively (Fig. 1A, and data not shown). Notably, red blood cells
(RBC) were mostly of donor origin, being up to 96% at the time
points tested (C221, C546, C1334 days post haplo-HSCT,
Fig. 1A). Analysis of the proportion of donor-derived CD3C T
cells isolated over time after haplo-HSCT revealed a progressive
increasing from 25% on day C125 to 81% on day C1334

(Fig. 1B). Conversely, CD19C, CD56C cells, and PMNs, ana-
lyzed at the same time points post haplo-HSCT, were mostly of
donor origin (range 97–100% for CD19C cells; 75–86% for
CD56C cells, and 92–100% for PMNs). Although observed in
one patient, these findings are in line with results reported in
b-Thal patients who develop PMC after sibling allo-HSCT in
whom the majority of the patient’s erythrocytes were of donor
origin, whereas T cells were mostly derived from the recipi-
ent.14,20 These findings indicate that the mechanisms underlying
the induction of split chimerism in b-Thal patients after HLA-
matched HSCT are operational also in haplo-HSCT.

It is well known that haploidentical T cells are able to recog-
nize and eliminate residual patient leukemic cells by an allo-reac-
tion against the patient-specific HLA molecules encoded on the
mismatched haplotype. However, Vago et al.21 showed that leu-
kemic cells are frequently able to evade this potent graft-versus-
leukemia effect by a permanent loss of the non-shared HLA hap-
lotype. In the described patient, we did not observe the loss of
the non-shared HLA haplotype in any of the different lymphoid
cell subsets analyzed after haplo-HSCT. Thus, despite CD3C

and CD8C T cells of the recipient were present in the patient in

Figure 1. Engraftment evolution in the patient after haplo-HSCT.
(A) The frequency of donor-derived cells in peripheral blood mononu-
clear cells (PBMC) and red blood cells (RBC) of a b-Thal patient
underwent haploidentical HSCT was determined by STR (Short Tandem
Repeats) at the indicated time points. (B) Donor chimerism was deter-
mined in sorted CD3C, CD19C, and CD56C cells, and CD15C (PMN) at the
indicated time points after haplo-HSCT.
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an extremely high frequency over time after haplo-HSCT, the 2
recipient HLA haplotypes co-exist together with the non-shared
HLA haplotype of the donor in the T cells. Based on this obser-
vation, it can be postulated that the mechanism of escape from
allo-recognition of the CD3C cells in the haplo-HSCT setting
for haemoglobinopathies might not be considered similar to
those proposed for oncological settings.21,22

To investigate whether Tr1 cells are involved in the induction
and maintenance of PMC in the described patient, we took the
advantage of the use of the newly identified biomarkers of Tr1
cells, the CD49b and the LAG-3.15 The proportion of
CD4CCD45RA¡CD49bCLAG-3C Tr1 cells was 11% and 16%,
on day C125 and C221 after haplo-HSCT, respectively
(Table 1), and resulted higher as compared to that observed in
healthy donors (1.62§0.55%, mean§StD, nD5), and in trans-
planted b-Thal patients who rejected the graft (1.63§0.32,
mean§StD, nD3). Interestingly, on day C1334 after haplo-
HSCT, when a significantly higher proportion of donor-derived
CD3C T cells was observed (81%, Fig. 1B), indicative of the
evolution of mixed chimerism toward full-donor engraftment,
the proportion of CD4CCD45RA¡CD49bCLAG-3C Tr1 cells
declined to 2.1%, reaching the levels generally detected in
healthy donors. Although observed in one patient, these results
support our previous conclusion that Tr1 cells are involved in
establishing and maintaining PMC after allo-HSCT, not only in
b-Thal patients transplanted with HLA-related donors,14,15 but
also in the haplo-HSCT setting. Moreover, these findings sup-
port the hypothesis that Tr1 cells are induced and/or expanded
in the presence of persistent chronic (allo) antigenic stimula-
tion,23 and that can be used as biomarkers of mixed chimerism
induction and maintenance after allo-HSCT.

To further characterize the immunological status of the haplo-
HSCT transplanted patient, we assessed the proliferative
responses and cytokine profile of T cells isolated from the periph-
eral blood on day C125, when the patient showed the co-exis-
tence of donor and recipient cells, and on day C1334, when the
proportion of residual host T cells drastically decreased. Indepen-
dently from the time point analyzed, T cells isolated from the
patient were hypo-responsive to polyclonal stimulation (i.e. anti-
CD3/CD28 mAbs) as demonstrated by the low percentages of
CD4CKI67C T cells (7.7% and 22%, respectively, Table 2). In
line with these results, no cytokines were detected in culture
supernatant of peripheral blood cells of the patient on day C125,
while only limited levels of IFN-g were secreted by T cells iso-
lated on day C1334 (Table 2). As expected, the proliferation of
T cells isolated from peripheral blood of healthy donors or

patients who rejected the graft, tested in parallel, were signifi-
cantly higher compared to those of the patient (92§2.83% and
89§4.24% of CD4CKI67C T cells, mean§StD, nD2, respec-
tively). Moreover, peripheral blood T cells from healthy donors
and from patients with rejection secreted significant and almost
comparable levels of IL-2, IFN-g, TNF-a, IL-17, and limited
amounts of IL-10 upon polyclonal stimulation (Table 2). Of
note, T cells of the patient on day C1334 after haplo-HSCT
showed an increased proliferative capacity and ability to secrete
IFN-g compared to T cells isolated on day C125 post haplo-
HSCT. Thus, it can be postulated that the presence of Tr1 cells
at high frequency in the peripheral blood might inhibit the pro-
liferative response of effector T cells allowing the co-existence of
donor and recipient cells.

In conclusion, we report for the first time the presence of
PMC in a b-Thal patient who received transplant from haploi-
dentical donors. Moreover, in this unique haplo-identical trans-
planted b-Thal patient we show that Tr1 cells are highly
represented in peripheral blood during the induction of PMC
and that, as soon as the proportion of residual host cells drasti-
cally decreases, the frequency of Tr1 cells declines reaching levels
normally observed in healthy individuals. Although highly pre-
liminary, our findings support the hypothesis that chronic alloge-
neic stimulation by mismatched antigen-presenting cells plays a
role in Tr1 cell induction after allo-HSCT, and that these cells
actively control allogeneic T cell responses leading to the estab-
lishment and maintenance of mixed chimerism. Finally, we con-
firm that CD49b and LAG-3 can be used to trace Tr1 cells in
vivo and we propose that the frequency of circulating
CD49bCLAG-3C Tr1 cells can be used as a biomarker for moni-
toring the induction and maintenance of PMC.

Material and Methods

Signed informed consent was received before transplantation
in accordance with the Declaration of Helsinki, and all proce-
dures were performed according to our center’s established proto-
cols. The study protocol was approved by the institutional review
board of the Mediterranean Institute of Hematology.

Monitoring of Engraftment

Peripheral blood and bone marrow samples were collected in
EDTA from patient at different time points after transplantation.

Table 1. Proportion of Tr1 cells.

Days after Haplo-HSCT % of donor-derived T cells % of (CD45RA¡CD49bCLAG-3C) Tr1 cells

C125 25% 11%
C221 16% 16%
C1334 81% 2.1%

The frequency of donor-derived T cells in peripheral blood of a b-Thal patient underwent haplo-identical HSCT was determined by STR (Short Tandem
Repeats) at the indicated time points. In parallel, the frequency of CD4C T cells co-expressing CD49b and LAG-3 in the peripheral blood was analyzed by
FACS.
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CD3, CD19 and CD56 positive cells and granulocytes were
obtained by rosette centrisep separation and donor engraftment
was established according to the protocol described in.20 Chime-
rism in red blood cells (RBC) was quantified as previously
described.20

HLA Typing

Peripheral blood samples were typed for HLA-A, -B, -C,
-DRB1 and -DQB1 genes by PCR-SSO method using Luminex
technology (One Lambda - Canoga Park) and, when needed by
PCR-SSP (Olerup SSP AB).

Flow Cytometric Analysis

Peripheral blood mononuclear cells were stained with anti-
CD4 (SK3, BD PharMingen), anti-CD45RA (HI100, Biole-
gend), anti-CD49b (clone REA188, Miltenyi Biotech), and anti-
LAG-3 (FAB2319P, R&D Systems) mAbs. The staining was per-
formed at 37 �C for 15 min. Samples were acquired using a BD
FACS Canto II flow cytometer (Becton Dickinson, CA), and
data were analyzed with Flowjo software. Quadrant markers were
set accordingly to unstained controls.

Proliferative Response and Cytokine Determination

Peripheral blood mononuclear cells were stimulated at a con-
centration of 106 cells/ml in 96-well plates coated with anti-CD3
(OKT3, Miltenyi Biotec-10 mg/ml) and anti-CD28 (CD28.2,
BD Pharmigen-1 mg/ml) mAbs for 5 days. To determine T cell
proliferation, cells were stained with anti-human Ki67

(Biolegend,USA) mAbs according to the manufacturer’s instruc-
tions. Samples were acquired using a BD FACS Canto II flow
cytometer (Becton Dickinson, CA, USA), and data were analyzed
with Flowjo software. Concentration levels of cytokines were
determined by capture ELISA according to the manufacturer’s
instruction (BD Biosciences) in culture supernatants after 24h
(IL-2) and 48h (IFN-g, TNF-a, IL-17, IL-10) of culture. The
limits of detection were as follows: IL-2: 31 pg/ml; IL-10: 15 pg/
ml; IFN-g: 31 pg/ml; IL-17: 62 pg/ml and TNF- a: 31 pg/ml.
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