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The obvious advantage of haploidentical hematopoietic stem
cell transplantation (HSCT) is that almost every patient who
does not have HLA-identical donor or who urgently needs
transplantation has at least one family member with whom
to share one haplotype and who is promptly available as
a donor. Over the past decade, haploidentical HSCT has
spread to centers worldwide and several hundred patients
have been treated even though significant variations on
two main approaches have emerged over the past decade.
Some centers have preferred an approach based on T cell
depletion of G-CSF-mobilised peripheral blood progenitor
cells (PBPCs); others have focused on manipulating the conditioning regimens and posttransplant immune suppression
after the infusion of unmanipulated grafts.
The graft can be a megadose of positively/negatively T cell
depleted or unmanipulated either bone marrow hematopoietic stem cells or PBPCs. Although haploidentical transplant
modalities are based mainly on high intensity conditioning
regimens, recently introduced reduced intensity regimens
(RIC) showed promise in decreasing early transplant-related
mortality (TRM) and extending the opportunity of hematopoietic stem cell transplantation (HSCT) to an elderly population with more comorbidities. Overall survival and clinical
outcome continue to improve. Future challenges lie in determining the safest preparative conditioning regimen, minimizing GvHD while preserving effective GvL effect and promoting rapid immune reconstitution. Today, a haploidentical

HSCT should be offered, not as a last resort, but as a viable
option to patients who do not have, or cannot find, a matched
donor.
In this special issue, ten articles have been selected to
cover this emerging landscape. K. Parmesar and K. Raj
extensively review the present status of haploidentical HSCT
in adults with hematological malignancies, covering both
T cell manipulated and unmanipulated approaches. This is
further dwelt upon by two separate reviews by M. F. Zahid
and D. A. Rizzieri and W. A. Fabricius and M. Ramanathan.
Posttransplantation cyclophosphamide (PTCy) has been
widely used in the past few years for haploidentical HSCT in
adults. A. Bacigalupo and S. Sica describe their experience
with the use of PTCy and so do S. R. McCurdy and E. J.
Fuchs. Both groups highlight the fact that the outcome of
PTCy-based haploidentical HSCT is comparable to that of
matched related or unrelated donors. Whilst the PTCy-based
approach was based on RIC, S. R. Solomon et al. provide their
perspective on myeloablative conditioning and PTCy with
improved relapse-free survival.
Whilst PTCy was initially employed in conjunction with
marrow graft, several groups have reported the same with
mobilised PBPC grafts. S. Farhan et al. review the existing
literature on the impact of graft source on the outcome of
PTCy-based haploidentical HSCT. One of the major issues in
haploidentical donor selection is the presence of anti-donor
HLA antibodies which are associated with graft failure. P.
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Kongtim et al. discuss the importance of humoral immunity in graft rejection and possible therapeutic measures to
address this problem.
The choice of alternative donor for HSCT in children
with acute leukemia remains controversial. S. R. Jaiswal
and S. Chakrabarti provide a perspective on the current
place of haploidentical HSCT in children lacking a matched
donor. They highlight the fact that extrapolation of outcome
data from adults to children is not often linear and T cell
manipulation might still be the preferred option in younger
children undergoing haploidentical HSCT.
Finally, Y.-B. Chen et al. address the issue of transplantation tolerance and the possibility of HSCT and solid
organ transplantation. In this context, they describe their
experience with a protocol designed to enable induction of
tolerance in SOT using a PTCy-based HSCT.
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Haematopoietic stem cell transplantation is a well-established treatment option for both hematological malignancies and
nonmalignant conditions such as aplastic anemia and haemoglobinopathies. For those patients lacking a suitable matched
sibling or matched unrelated donor, haploidentical donors are an alternative expedient donor pool. Historically, haploidentical
transplantation led to high rates of graft rejection and GVHD. Strategies to circumvent these issues include T cell depletion and
management of complications thereof or T replete transplants with GVHD prophylaxis. This review is an overview of these strategies
and contemporaneous outcomes for hematological malignancies in adult haploidentical stem cell transplant recipients.

1. Introduction
Over 50 years ago, it was first demonstrated that total body
irradiation (TBI) along with transplantation of genetically
identical (syngeneic) bone marrow could induce remission
in a minority of patients with end-stage leukaemia [1]. Whilst
transplantation was initially limited to bone marrow obtained
from an identical twin, later identification of HLA types
made the process of allogeneic transplantation possible that
is from nonidentical HLA-matched donors such as siblings
[2]. Subsequently, allogeneic transplantation was shown to be
curative in a small percentage of patients with acute leukaemia who, at that time, were deemed incurable [3]. This was
an especially significant outcome, despite frequent setbacks
such as aggressive leukaemia progression and posttransplant
complications like infection and graft-versus-host disease
(GVHD) [4].
Further efforts were therefore focused on exploring how
the procedure could become more successful in a greater
number of patients. It was later established that transplants
were more effective during the first remission of leukaemia,

when transplantation could achieve a cure in more than 50
percent of patients [3, 5]. It was also found that patients who
suffered subsequent GVHD had a better leukaemia-free survival in the long term [6]. This has now been determined to be
part of a graft-versus-tumour effect (graft-versus-leukaemia
or GVL effect) in which allogeneic immune cells eliminate
occult tumour cells which may have survived the initial conditioning [7, 8].
Even more recently, advances in transplantation techniques have led to improved survival rates and reduced incidence of complications such as GVHD, thus lowering rates of
transplant-related morbidity and mortality [9]. These include
improved preparative regimens such as reduced intensity
conditioning (RIC), which causes less severe side effects
whilst still ensuring transplant engraftment [10]. RIC has also
enabled transplantation in older, more comorbid populations, where myeloablative (MA) conditioning would have
led to more substantive harm. Other techniques used involve
better informed measures to prevent or limit GVHD and
techniques to reduce the risk of posttransplantation opportunistic infections [4].
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Transplantation has now been extended successfully to
include HLA-matched unrelated donors with the development of national bone marrow registries in over 50 countries
worldwide [4]. Studies have shown that, in some cases,
fully matched unrelated donor (MUD) transplants can be
comparable with matched related donors (MRD) in terms of
disease-free survival and overall survival [11, 12]. Umbilical
cord blood has also been identified as a source of haematopoietic stem cells (HSCs) for transplantation [7].
Haematopoietic stem cell transplantation (HSCT) is now
a well-established treatment option for conditions such as
acute myeloid leukaemia (AML) and myelodysplastic syndromes (MDS), as well as a number of other blood disorders
[13]. In European centres alone, close to 15,000 allogeneic
transplants were performed in 2013 and this number is
increasing annually [14].

2. Limitations of HLA-Matched Transplants
Unfortunately, as few as 30 to 35 percent of patients will have
an HLA-identical matched sibling donor available for HSC
donation [7]. Furthermore, despite an estimated 25 million
HLA-typed potential volunteer donors on the worldwide
register [15], it remains difficult for some patients to find
timely unrelated donors. This problem is most significant for
persons of ethnic backgrounds that vary from the donor pool
and persons of mixed heritage. It has been estimated that the
chance of success in finding a matched donor ranges from
79% of patients with Caucasian background to less than 20%
for some ethnic groups [16]. This is due to a variety of factors,
including greater HLA polymorphism among persons of
ethnic minorities, a smaller pool of potential donors, and
higher rates of attrition from donor registries [17, 18].
Additional difficulties arise when a transplant is needed
urgently, for example, in the case of particularly aggressive or
rapidly progressing disease. The search for a transplant can
often be a lengthy process involving identification, typing,
and collection of cells from the stem cell donor. The entire
process has been estimated to take a median of 4 months
[9]. Shockingly, retrospective data have shown that even after
a matched donor is found, only 53% of transplants actually
proceed with delays and resultant disease progression being
a major factor preventing follow-through [19].
Umbilical cord donations can solve many of these issues,
mainly through reduced search times and greater mismatch
tolerance [7]. Unfortunately, cord blood produces very few
HSCs and therefore double cords may be necessary to provide
adequate HSCs in adult patient [20]. The availability of cords
from accredited banks is also a significant limiting factor.
Engraftment time may be prolonged compared to regular
HSCT, leading to prolonged neutropenia and subsequent
susceptibility to infection in the posttransplant period. UCBT
therefore results in higher rates of posttransplant complications and higher overall transplant-related mortality [9, 21].

3. Haploidentical Transplants as an Option
An alternative option is the transplantation of stem cells from
a related donor who is only partially HLA-matched [22].
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The genes on chromosome 6, which encode HLA antigens,
are very closely linked, and, as a result, a child is likely to
inherit one full set of genes from each parent. Each set is
referred to as a haplotype. Whilst there is only a 25% chance
of siblings sharing the same two parental haplotypes, it is
significantly easier for patients to find a family member who
is matched fully with only one of the HLA haplotypes (with
the other being different). A transplant of this type would be
referred to as a haploidentical transplant [23].
Haploidentical transplants offer substantial benefit to
patients who have difficulty finding a matching donor, as
nearly all patients will have an available haploidentical parent,
sibling, child, or other relatives [9]. Haploidentical transplants can therefore improve access to transplantation, especially in ethnic variant patients who may find it near impossible to secure a matching donor. One report has estimated
that over 95% of patients can find at least one haploidentical
donor, with the average patient having 2 options or more [24].
Haploidentical transplants may provide more choice in
donor selection in terms of age, cytomegalovirus status, and
ABO compatibility [25]. It also allows easy access to posttransplant cellular therapies like donor lymphocyte infusions,
if necessary [21]. Importantly, in case of graft failure, it
provides the opportunity for a second graft from the initial
donor, or from another family member who is available as an
alternative donor.
The immediate availability provided by haploidentical
transplants can provide further benefit by reducing associated
costs and delays of finding unmatched donors (as described
above), thus helping patients who may need a transplant
urgently and creating opportunities for many more. These
transplants can have a special role in less wealthy countries,
where volunteer donor registries may not exist or where cost
might be a prohibitive factor for MUD transplants, which are
typically more expensive [26].

4. Haploidentical Transplant Strategies
The effects of transplantation with HLA mismatch had been
established very early, when researchers sought to determine
the acceptable limits to which a mismatched transplant could
still be completed successfully. It was found that, compared
to patients who had fully matched donors available, patients
who underwent haploidentical transplants after myeloablative conditioning (in the form TBI) had higher rates of graft
rejection, with the extent of HLA mismatch predicting the
incidence risk of graft failure [27]. Another noted complication was acute severe GVHD which developed more often
and sooner after transplantation [28]. Mismatched patients
had a higher (70 percent) chance of developing GVHD of
grades II to IV, which occurred at a median of 14 days,
compared to a 42 percent incidence at a median of 22 days
for the fully matched control group.
Whilst the intense bidirectional alloreactivity to incompatible HLA molecules was clearly a major limitation to these
transplants, it had been hypothesised at that point that the
manipulation of donor T-lymphocytes in the transplanted
marrow could alleviate some of the effects of graft rejection
and GVHD. Prior studies had shown that T cell depleted
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transplantation reduced rates of GVHD but increased rates
of graft failure, potentially due to immunologic rejection via
residual recipient T-cytotoxic lymphocyte precursors with
antidonor specificity [29]. On the other hand, transfusion of
“buffy coat” peripheral lymphocytes reduced graft rejection
but led to a higher incidence of chronic GVHD, likely due to
activation of effector T cells against host tissue [30].
In order to circumvent these problems, strategies centred
around two major modalities [21]. Firstly, the transplant
could be depleted of T cells using one of several techniques,
followed by various measures taken to improve engraftment
rates and reduce infectious complications. Otherwise, the
transplant could be T cell replete, but with measures taken to
reduce the risk of GVHD. A number of these strategies and
their corresponding biological rationales are detailed below.
4.1. T Cell Depleted Transplantation
4.1.1. T Cell Depletion with Megadose of Positively Selected
CD34+ Progenitors. The earliest attempt focused on T cell
depleted transplantation in patients with end-stage chemoresistant leukaemia and involved the use of an extremely
myeloablative, immunosuppressive conditioning regimen
(using 8 Gy unfractionated TBI, 50 mg/kg ×2 cyclophosphamide, rabbit anti-thymocyte globulin 25 mg/kg (ATG),
and 10 mg/kg thiotepa) in order to assist engraftment [31, 32].
Key to overcoming the HLA mismatch was the infusion of a
“megadose” of HSCs obtained by adding granulocyte colony
stimulating factor (G-CSF) mobilised stem cells to bone marrow cells that were T cell depleted by soybean agglutinin and
E-rosetting. This rationale was based on numerous preclinical
studies that achieved high rates of engraftment using large
doses of T cell depleted bone marrow. Preliminary followup showed a high engraftment rate (16 out of 17 patients
engrafted successfully), and overall the regimen resulted in
engraftment for 80 percent of patients with only 18% incidence of acute GVHD and no chronic GVHD reported.
Further modifications included the purification and positive immunoselection of CD34+ HSCs, in addition to further
depletion of T cells and also B cells (to prevent EBVrelated lymphoproliferative disorders) [33]. Fludarabine then
replaced cyclophosphamide, the dose of TBI was reduced,
and posttransplant G-CSF was removed from the protocol.
Overall, 255 patients with acute leukaemia were treated, with
engraftment rates of 95% and very low rates of both acute and
chronic GVHD (only 5% of patients treated under the revised
regimen suffered from acute GVHD grade II or higher).
These results confirmed that a megadose of CD34+ HSCs
could overcome histocompatibility barriers by “veto activity,”
where a group of cells has the ability to specifically inhibit
a cytotoxic T-lymphocyte precursor (CTLp) cell response,
against antigens presented by those veto cells [21, 34]. It is
thought that CD34+ cells, or a group of cells comprising part
of the CD34+ megadose, could veto any residual antidonor
CTLp activity that had previously acted to reject the graft.
These carefully designed alterations to the graft demonstrated
clearly that, by depleting T cells to less than 2 × 104 /kg
sufficiently, GVHD can be effectively prevented [33]. It is
noteworthy that no posttransplant immunosuppression was
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used in these patients, giving the added benefit of lower rates
of leukaemia relapse.
The Achilles heel of this carefully constructed plan was
delayed immune reconstitution resulting in nonrelapse mortality (NRM) as high as 57%, particularly due to opportunistic
infections by viral and fungal pathogens. In response to
this threat, donor T cell clones were raised in vivo against
CMV and Aspergillus antigens, screened to be non-crossreactive to the recipient, and were effective as posttransplant
immunotherapy in doses up to 1×106 /kg. Additional analyses
of these patients highlighted that NK alloreactive donors
impacted favourably upon the survival of patients with AML
patients transplanted in CR with event-free survival of 67%
compared to 18% in those without an NK alloreactive donor.
4.1.2. T Cell Depletion with Reduced Intensity Conditioning. RIC conditioning with reduced doses of fludarabine,
thiotepa, and melphalan [35] and a CD3/CD19 depleted graft
using anti-CD3 monoclonal antibody (OKT-3) was tried in a
limited number of patients. Because of the less myeloablative
conditioning and lack of a megadose, several modifications
were necessary to promote engraftment. OKT-3 was chosen
over ATG as it was thought to spare incoming donor NK
cells, which could aid in engraftment. Additionally, a newer
method of T cell depletion was developed involving the
use of microbeads coated with anti-CD3 and anti-CD19 to
negatively deplete B- and T-lymphocytes, whilst CD34+ stem
cells, CD34− progenitor cells, NK cells, dendritic cells, and
other engraftment-facilitating cells were spared. The graft
contained a median of 7.8 × 106 /kg CD34+ cells, 5 × 107 /kg
CD56+ cells, and less than 2 × 104 /kg CD3+ cells.
This CD3/CD19 depleted haploidentical transplant was
carried out on 61 adult patients with high-risk leukaemia.
Rapid engraftment was observed with significant numbers
of granulocytes and platelets present at 11 and 12 days after
transplant, respectively. Overall TRM rates were comparable
to the previous MA study [33], even in the older and higherrisk population used in this study. One limitation, however,
was higher rates of grade II to IV acute and limited chronic
GVHD (46% and 18%, resp.) when compared to the positively
selected CD34+ transplants with cells probably as a result of
higher doses of T cells being administered.
4.1.3. Other Selective T Cell Depletion Methods. Other methods of selective T cell depletion are also being investigated
in smaller clinical trials [36, 37]. For example, one study
sought to first activate donor T cells in vitro by culturing the
cells with host cells (known as a mixed lymphocyte culture
system). Activated alloreactive T cells proceed to express the
CD25 membrane protein (interleukin 2R𝛼), allowing differentiation from nonalloreactive T cells. A CD25 immunotoxin
was then used to selectively deplete these T cells whilst
sparing those that assist in defence against infection [36].
Engraftment was achieved fully in 10 out of 16 paediatric
patients in the study, with partial chimerism seen in five other
patients. Early results indicated that there were no cases of
GVHD above grade II, and importantly 12 patients showed
signs of preserved immune responses.
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Another study sought to use photodepletion to remove
alloreactive T cells, which were found to selectively accumulate a photo-sensitizing compound known as 4,5-dibromorhodamine 123 (TH9402) [37]. Again, cells were stimulated
in vitro and then selectively T cell depleted and infused into
the patient. Of 24 patients who began the study, 11 patients
survived for a median of 30 months. Incidence of grade III
and IV GVHD was 13%, and six patients suffered relapse.
Immune reconstitution, however, was still observed to be
delayed.
4.1.4. CD45RA Depletion. A novel strategy used to circumvent issues commonly encountered in T cell depleted transplants, (namely, delayed immune reconstitution and graft
failure) is the specific depletion of naı̈ve T cells and terminal
effector cells. The CD45RA cell marker can be found on
naı̈ve T cells, fully matured cells that have never encountered
antigens specific to their T cell receptor [38]. These cells
remain alloreactive and proliferate upon activation. Studies
have suggested that these CD45RA+ naı̈ve T cells are largely
responsible for posttransplant GVH reactions and that infusions of memory T cells, lacking CD45RA+ cells, do not
induce GVHD reactions [39–41]. Further study has shown
that selective depletion of CD45RA+ cells is possible in donor
leukapheresis products [42].
A trial at St. Jude Children’s Research Hospital in Memphis, USA, was conducted to investigate the feasibility of
CD45RA+ depletion in haploidentical transplantation, for
paediatric patients with high-risk malignancy [43]. Eight
patients with relapsed or refractory solid tumours received
two cell product infusions, CD3+ depleted and CD45RA+
depleted, respectively, from KIR2DL1 mismatched donors.
Infusions met a minimum CD34+ dose of 2 × 106 cells/kg
and were below a maximum dose of 1 × 105 CD3+ cells/kg.
All eight patients engrafted neutrophils successfully within
14 days. Despite high-risk disease and the high likelihood of
TRM, the regimen was well tolerated with no cases of acute
GVHD. It is also important to note that GVHD prophylaxis
consisted solely of a brief course of sirolimus.
4.1.5. Treg/Tcon Haploidentical Transplants. Further attempts
to manipulate transplants involve the use of combinations of
regulatory T cells (Tregs) and conventional T cells (Tcons),
working in tandem to provide substantial GVL effect whilst
moderating the acute and chronic GVH effects. Thymus
derived, naturally occurring Tregs are identified by CD4+
CD25+ FoxP3+ cell markers and are primarily involved in
regulation of immune activity and maintenance of physiological self-tolerance [44, 45]. In animal models, these cells have
been shown to suppress GVHD whilst maintaining the GVL
effects of Tcons [46].
One study of 43 patients with high-risk acute leukaemia
sought to investigate whether this Treg/Tcon coinfusion
immunotherapy could replicate results seen in animal models
[47]. Conditioning was MA and included TBI, thiotepa,
and fludarabine, as well as either cyclophosphamide, alemtuzumab, or thymoglobulin. It is important to note that no
GVHD prophylaxis was used. Overall results were encouraging, with a sustained engraftment rate of 95 percent and
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only 15 percent of patients developing acute GVHD (grades
II to IV). The low rates of GVHD observed combined with
the extremely low rates of relapse (cumulative incidence of
0.05) in a high-risk population suggest that the powerful Tcon
derived GVL effect was maintained, despite Treg mediated
GVHD suppression.
4.1.6. Graft Selection and NK Cell Alloreactivity. Although
it would be expected that the extensive depletion of T cells
would lead to loss of the GVL effect and a subsequent increase
in posttransplantation leukaemia relapse rate, this was not
observed in the T cell depleted studies. A potential reason for
this is the alloreactivity of transplanted donor-derived natural
killer (NK) cells [48]. NK cells have been found to possess
inhibitory receptors known as “killer cell immunoglobulinlike receptors” or KIRs, which recognise KIR ligands shared
by self-HLA molecules. On ligand presentation, these KIRs
become “licensed” to react to allogeneic targets that do
not express self-HLA KIR ligands. In haplotype-mismatched
transplantation, NK cells develop in the bone marrow surrounded by cells of donor haplotype and thus become
alloreactive to recipient leukaemia cells that lack the donor
HLA KIR ligand.
A study of 112 patients who received haploidentical transplants demonstrated that transplantation from NK alloreactive donors, those who possessed HLA class I KIR ligands
which were absent in the recipient as well as alloreactive NK
cell clones, had a significantly lower incidence of leukaemia
relapse (3% versus 47%) when transplanted in remission.
Furthermore, transplantation from NK alloreactive donors
led to overall better event-free survival rates and reduced
risk of relapse or death. Maternal donation also provided
protection from leukaemia relapse, additional to any benefit
gained from NK alloreactive donation [49]. This is thought
to be a result of maternal exposure to foetal antigens during
pregnancy, leading to maternal memory T cell tolerance
to the paternal HLA haplotype present in the foetus. This
information can be useful in choosing the best potential
donor when several are made available, as might be the case
with haploidentical transplantation.
4.2. T Cell Replete Transplantation
4.2.1. High Dose Cyclophosphamide Posttransplantation. An
alternative to complete T cell depletion is the selective depletion of T cells responsible for alloreactivity (leading to GVHD
and graft rejection), whilst sparing the nonalloreactive T cell
population which provides immune reconstitution and protection against infection (leading to a reduced TRM rate) [50,
51]. Cyclophosphamide (Cy) provides a unique way of achieving
this. Cy has previously been used as part of a MA regimen,
administered prior to transplantation to suppress the recipient immune system [52]. The effects of Cy are time dependent, and preclinical studies showed that when administered
as a properly timed, high dose after transplantation (between
60 and 72 hours), it reduces incidence of both GVHD and
graft rejection [53]. Cy is thought to affect both donor
and recipient derived proliferating alloreactive T cells selectively, whilst sparing nonproliferating nonalloreactive T cells.
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Transplant
G-CSF 5 𝜇g/kg/day
Cy 14.5 mg/kg/day TBI 200 cGy
MMF 15 mg/kg TDS
Tacrolimus
BMT
Day
−6 −5 −4 −3 −2 −1 0
Fludarabine 30 mg/m2 /day

5 10 20 30 40 50 60

180

Cy 50 mg/kg/day

Figure 1: Conditioning regimen used for nonmyeloablative haploidentical transplantation, using high dose cyclophosphamide (Cy)
posttransplant for in vitro T cell depletion. Pretransplant conditioning involved Cy, fludarabine, and TBI, with administration of high
dose Cy on day 3 (or days 3 and 4) after transplantation. GVHD
prophylaxis consisting of tacrolimus and MMF was initiated after
Cy. BMT: bone marrow transplantation, Cy: cyclophosphamide,
TBI: total body irradiation, G-CSF: granulocyte colony stimulating
factor, and MMF: mycophenolate mofetil.

It has also been observed to be less toxic to HSCs due to
their high expression of its inactivating enzyme, aldehyde
dehydrogenase (ALDH).
One study used a nonmyeloablative approach in order
to reduce the likelihood of transplant-related mortality and
also in the hope that, in case of graft rejection, autologous
haematopoiesis could recommence [50]. Pretransplant conditioning involved Cy, fludarabine, and TBI, with administration of high dose Cy on day 3 (or days 3 and 4) after
transplantation. GVHD prophylaxis consisting of tacrolimus
and MMF was initiated after Cy. This regimen is illustrated in
Figure 1. Whilst engraftment was sustained in a majority of
patients (57 of 66), acute and chronic GVHD incidences were
low (27% and 13% for grades II to IV) and NRM was relatively
low (18%); incidence of relapse mortality was shown to be
high (55%). This was thought to be partly due to a high-risk
trial population and partly due to poor disease eradication by
the nonmyeloablative conditioning used, in addition to the
lack of GVL effect caused by depleting alloreactive T cells.
A similar procedure has also been carried out using
peripheral blood stem cells (PBSCs) as opposed to bone marrow (BM) transplantation [54]. PBSCs are generally preferred
in HLA-matched transplantation as they are easier to collect
from donors, have higher yields of HSCs, and can lead to
better short- and long-term survival. Due to their higher T
cell content and increased risk of GVHD, they had previously
been avoided in haploidentical transplants. Results have
shown that RIC with posttransplant Cy can in fact lead to
acceptable rates of GVHD, NRM, and relapse.
In another study, RIC with posttransplant Cy was also
performed with conditioning consisting of thiotepa, busulfan, and fludarabine, or TBI plus fludarabine [55]. GVHD
prophylaxis consisted of posttransplant Cy on days 3 and
5, ciclosporin, and MMF. Results showed low incidence of
grade II to IV acute and chronic GVHD (12% and 10%, resp.)
and low incidence of overall TRM (18%). Rate of relapse was
also lower than that achieved by RIC in the previous study
(26% in this study). Disease-free survival was also lower (68%
for patients transplanted in remission and 37% for those
transplanted in relapse).

One study has shown that haploidentical transplants
using posttransplantation cyclophosphamide can achieve
similar outcomes to MRD and MUD transplants [56]. Specifically, in 271 consecutive patients undergoing allogeneic
transplantation for haematological malignancy, no significant
difference in nonrelapse mortality, relapse, incidence of acute
severe GVHD, and overall survival was found. This strategy
has been lauded due to its relative success and has a major
advantage over manipulated T cell depleted grafts as it can be
performed in any centre performing HSCT and does not
require specialist graft manipulation.
4.2.2. Posttransplant Rapamycin. An alternative conditioning
to promote immune tolerization by increasing circulating
TRegs employed treosulfan, fludarabine, ATG, and rituximab
for T and B cell depletion and rapamycin/mycophenolate
mofetil [57, 58]. Rapamycin was chosen for its activity in the
promotion of natural regulatory T cells (Tregs), shown in preclinical models, in contrast with calcineurin inhibitors such
as ciclosporin. Tregs play an important role in the induction
of transplant tolerance and the prevention of autoimmune
reactions [59]. Preclinical models have shown that adoptive
transfer of purified natural Tregs can prevent GVHD whilst
leaving the desirable graft-versus-leukaemia effect unaffected. Rapamycin also inhibits effector T cell action and has
direct antineoplastic activity against haematological malignancies such as acute leukaemia and thus could provide
additional benefit.
Fifty-nine patients were transplanted, with conditioning
consisting of treosulfan, fludarabine, and ATG and rituximab
for T and B cell depletion. GVHD prophylaxis consists of
rapamycin and MMF. Engraftment occurred in all patients
and was reported to result in fast immune reconstitution.
Incidences of acute GVHD (grades II to IV) and chronic
GVHD were 29% and 20%, respectively, and incidences of
TRM and relapse were 25% and 44%, respectively. High levels
of circulating Tregs were observed, which were found to
suppress effector T cells when placed in vitro.
4.2.3. G-CSF Priming of Donor Bone Marrow. Another group
of researchers sought to overcome the issues of T cell depletion via in vivo modulation of T cell function in the recipient
and the donor [60]. The protocol they developed was termed
GIAC, representing the four significant protocol adjustments:
donor treatment with granulocyte colony stimulating factor
(G-CSF), intensified immunologic suppression, infusion of
ATG for GVHD prophylaxis, and use of a combination of
PBSC and BM cells. Donors were treated with recombinant
G-CSF for 5 to 6 consecutive days, with BM harvest occurring
on the 4th day and PBSC collection occurring on the 5th
day. Additional cells were collected on day 6 if the previous
collections were insufficient. Cells were then infused into the
recipient, unmanipulated, on the same day. The recipient was
conditioned using cytosine arabinoside, busulfan, Cy, semustine, and ATG and treated after transplant with ciclosporin,
MMF, and methotrexate as GVHD prophylaxis.
Two hundred and fifty patients with acute leukaemia
underwent haploidentical transplantation using this regimen.
Of these, 249 had sustained engraftment, with incidence of
grade II to IV acute and chronic GVHD being 45.8% and
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P
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Figure 2: Illustration of three types of NIMA-complementary HLA haploidentical stem cell transplants: A, B, and C. Transplantation from
mother to offspring (A) causes a graft versus host (GVH) reaction against the inherited paternal antigen (IPA) and a host versus graft (HVG)
reaction against the NIMA of offspring 1 (Mb). Transplantation from offspring to mother (B) causes a GVH reaction against the NIMA of
offspring 2 (Ma) and HVG reaction against the inherited paternal antigen (IPA). Transplantation between NIMA-mismatched siblings with
a shared IPA (C) involves bidirectional mismatch for the NIMA and bidirectional GVH/HVG reactions. Adapted from Ichinohe et al. [63].

53.9%, respectively. Notably, the rates of GVHD were similar
to those of HLA-identical allogeneic HSCT, in spite of the
lack of extensive in vitro depletion of T cells. The mechanism
for this is thought to be a combination of the effects of GCSF priming of donor cells, in maintaining T cell hyporesponsiveness and encouraging the development of tolerant
Th2 cells, as well as the in vivo effects of GVHD prophylaxis
and ATG in the conditioning. Furthermore, probability of
leukaemia-free survival for standard and high-risk AML was
70.7% and 55.9% and for ALL was 59.7% and 24.8%, which is
comparable with previous studies.
Subsequently, another group of researchers has modified
this protocol slightly, only using a G-CSF primed BM graft
as opposed to combining it with HSCs [61]. Patients in
this protocol either were conditioned with myeloablation
using cytarabine and cyclophosphamide plus TBI, treosulfan,
or busulfan or underwent RIC using fludarabine and melphalan. Extensive GVHD prophylaxis was also used via a
combination of five drugs with differing mechanisms, ATG,
ciclosporin, methotrexate (MTX), MMF, and basiliximab, an
anti-CD25 monoclonal antibody.
80 patients with high-risk haematologic malignancies
were transplanted using this protocol. An engraftment rate of
93% was achieved, with incidence of grade II to IV acute and
chronic GVHD being 24% and 6%, respectively. Probability
of overall survival at three years was 54% for standard risk
patients (treated in first or second complete remission) and
33% for high-risk patients (treated in third or later remission,
or in active disease).

The largest study done to date using the GIAC protocol
involved 1210 consecutive patients transplanted between May
2002 and February 2013 at Peking University Institute of
Hematology in China [62]. The study found that under
this standardised protocol the degree of HLA mismatch did
not significantly correlate with transplant outcomes. Rather,
donor characteristics such as age, gender, family relationship,
and microchimerism effects (expanded below) were more
prognostic of favourable outcomes. Despite the large study
number, experience and further data are limited outside of
this institution.
4.2.4. Fetomaternal Microchimerism. Ichinohe and colleagues
hypothesised that the rates of GVHD and graft rejection
could be attenuated by transplanting T cell replete bone marrow or peripheral blood stem cells from mismatched family
donors, such as sibling or children donors who were microchimeric for the noninherited maternal antigen (NIMA), or
a mother who was microchimeric for the inherited paternal
antigen (IPA) [63]. Prior exposure to either ingested or circulating mismatched antigen would have tolerised these donors;
hence, T replete transplants with relatively shorter duration of
immunosuppression would be possible, offsetting the risks of
poor immune reconstitution. A summary of this is illustrated
in Figure 2.
Ichinohe et al. reported the multicentre outcomes of 35
such transplants for haematological malignancies (AML 12,
ALL 11, CML 7, and lymphoma 5) [63]. The transplants
were T cell replete (30 patients received GCSF mobilised
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PBSC harvests, four patients bone marrow harvests, and one
patient a combination of both), predominantly myeloablative
(21 patients/60%) transplant with tacrolimus/methotrexate
GVHD prophylaxis in 63%. Posttransplant GCSF was administered in 28 patients. NIMA and IPA haplotypes were
deduced based on tissue typing family members from 2 or
3 generations. The presence of recipient specific long-term
microchimerism was confirmed by IPA or NIMA specific
nested PCR with sequence specific primers. Fifteen donors
were IPA mismatched (maternal donor) and 20 were NIMA
mismatched (sibling or offspring). Engraftment occurred in
33 evaluable patients at a median of 14 days. The cumulative
incidence of grades II–IV aGVHD was 56% (95% CI 38–71%)
and III-IV 22% (95% CI 10–37%). The incidence of grades IIIIV aGVHD in the NIMA mismatched group was 10% (95%
CI 2–26%) and significantly lower than the IPA mismatched
group 38% (95% CI 15%–60%). The incidence of cGVHD was
83%, six patients had limited cGVHD, and 13 had extensive
cGVHD. Extensive cGVHD occurred in 4/9 patients (44%) in
the IPA targeted group and 9/15 (66%) patients of the NIMA
targeted group. The estimated probability of survival was 38%
(95% CI 17–60%) for the whole cohort.
These results were encouraging but highlighted that
in some individuals severe GVHD occurred despite fetomaternal chimerism, suggesting that whilst this was a relative
indicator of hyporesponsiveness, it was not absolute. In particular, severe GVHD in the NIMA-complementary mismatch was associated with IPA mismatch in the GVH direction. Studies by Cai et al. [64] elucidated that the tolerance
associated with long-term fetomaternal chimerism is determined by the balance between regulatory T cells (Tregs) and
T effector cells (Teff) specific for IPAs or NIMAs. Tests to
evaluate Treg versus Teff balance such as allopeptide-specific
tetramer staining or trans vivo delayed type hypersensitivity
assays (injection of cryopreserved human PBMCs into the
footpad of a CB17 SCID mouse footpad with the relevant antigenic peptide and controlling or neutralising antibody) are
available and may help in further clarifying the role of fetomaternal microchimerism in allospecific tolerance after mismatched haploidentical transplants.
4.2.5. The Role of HLA Matching in Donor Selection. The
degree of HLA mismatching often predicts increased GVHD
and lower relapse rates in the allogeneic transplant setting. In
a retrospective analysis of 185 patients with haematological
malignancies transplanted with the RIC posttransplant Cy
protocol, no correlation was found between the number of
HLA mismatches, the risk of acute grade II–IV GVHD, graft
failure, and event-free survival [83]. The Peking group studied
1210 consecutive haploidentical transplants, treated on the
GIAC protocol to identify the optimal donor, and found that
HLA mismatching did not correlate with outcomes. Instead,
lower NRM and better survival were evident with younger
donors and male donors. Fathers demonstrated lower NRM
and aGVHD than mothers, and children donors demonstrated lower aGVHD than siblings. For siblings with NIMA
mismatches, the rates of aGVHD were lower compared with
those with noninherited paternal antigen (NIPA) mismatches
[62]. An EBMT registry study of 173 adults with AML and 93
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with ALL transplanted with the T deplete megadose, CD34
approach confirmed that the degree of HAL mismatch did not
correlate with outcomes in this setting [84].

5. Haploidentical Transplants for
Haematological Malignancies
To date, a number of studies have been completed evaluating
haploidentical transplants against several outcomes including
rate of engraftment, relapse, and acute and chronic GVHD, as
well as event-free survival and overall survival. In some cases,
these transplants have been compared contemporaneously
with MRD, MUD, mismatched unrelated donor, and cord
blood transplants. Table 1 provides a summary of these
studies, which are described in detail in the following.
5.1. Myelodysplastic Syndrome (MDS) and Acute Myeloid
Leukaemia (AML). Single centre analyses of haploidentical transplant for MDS/AML report encouraging data for
engraftment, acute and chronic GVHD, overall survival,
and event-free survivals that are comparable to matched
unrelated donor transplants [65–67]. Two studies focused on
patients with acute leukaemia including AML [69, 70], and
twelve other trials included one or more patients with AML
or MDS among others [54, 56, 73–82].
Amongst these, a large CIBMTR retrospective study
compared 192 haploidentical (predominantly bone marrow
graft and posttransplant Cy) with 1982 8/8 matched unrelated
donor (predominantly peripheral blood grafts) transplants
for AML [65]. The study demonstrated that, for MA transplants, neutrophil engraftment was at 90% for haploidentical
transplants but 97% for MUD, whereas for RIC haploidentical
transplant and MUD it was 93% and 96%, respectively.
Reassuringly, aGVHD, grades II to IV, at 3 months for MA
haploidentical transplant was low at 16% with this being
doubled at 33% with MUD transplants (𝑝 < 0.001). Similarly,
cGVHD at three years was 30% in MA haploidentical transplant and 53% for MUD (𝑝 < 0.001). This pattern is replicated
with RIC transplants with aGVHD grades II to IV being 19%
compared to 28% (𝑝 = 0.05) with MUD, and cGVHD at 3
years being 34% versus 52% (𝑝 = 0.002). These translate into
comparable probabilities of overall survival (OS) of 45% (95%
CI 36–54) and 50% (95% CI 47–53%) with haploidentical
transplant and MUD MA transplants and 46% (95% CI 35–
56) and 44% (95% CI 40–47) for haploidentical transplant
and MUD RIC transplants, respectively. Although this retrospective analysis is not powered to detect small differences,
these data are reassuring that mismatched family donors
afford equivalent results.
A Chinese study also compared outcomes of patients with
AML transplanted with a T replete low dose ATG conditioned transplant [85]. Of these, 90 patients had matched
sibling donors (MSD), 116 had unrelated donors, and 99
haploidentical related donors (HRD). With this conditioning,
the rates of aGVHD grades II–IV were 42.4% and grades
III-IV were 17.2%, which resulted in a higher nonrelapse
mortality (NRM) of 30.5%. This seems however to lead to a
lower risk of relapse at 5 years in HRD of 15.4% in comparison
with 28.2% with URD and 49.9% with MSD (𝑝 = 0.002).

Unmanipulated (T cell
replete)

Unmanipulated (T cell
replete)

450 AML

82 ALL

[67]

[68]

7874 AML, 2805 ALL

90 HL

718 NHL, 199 HL

[70]

[71]

[72]

528 ALL

918 AML

Unmanipulated (T cell
replete)

227 AML/MDS

[66]

[69]

Unmanipulated (T cell
replete)

2174 AML

[65]

Unmanipulated (T cell
replete)

Unmanipulated (T cell
replete)

Unmanipulated (T cell
replete)
Unmanipulated (T cell
replete)
T cell depleted
Unmanipulated (T cell
replete)
T cell depleted
Unmanipulated (T cell
replete)

HSC manipulation

Indications for transplant

Study

Haplo

MUD

185

491

241

28

Haplo

Various: TBI ± fludarabine, MMF,
or CsA + tacrolimus
Nonmyeloablative: Cy, fludarabine,
TBI, PTCy, tacrolimus, and MMF
Various (fludarabine +
busulfan/Cy/melphalan ± TBI) +
ATG
Various (fludarabine +
busulfan/Cy/melphalan ± TBI)
without ATG
RIC (fludarabine, Cy, TBI, and
PTCy)

Various

596
38
24

Various

Various

104 myeloablative CNI, MMF, and
PTCy
88 RIC CNI, MMF, and PTCy
1245 myeloablative CNI +
MMF/MTX
737 RIC CNI + MMF/MTX
Fludarabine, melphalan,
tacrolimus, and mini-MTX
Fludarabine, melphalan,
tacrolimus, mini-MTX, and ATG
Fludarabine, melphalan, thiotepa,
PTCy, tacrolimus, and MMF
Cytarabine, busulfan, Cy,
Me-CCNU, and ATG; CsA, MMF,
and MTX
Hydroxycarbamide, cytarabine,
busulfan, Cy, Me-CCNU, and ATG;
CsA, MMF, and MTX
TBI, Cy, MMF, CsA, and MTX ±
imatinib
Ara-C, Cy, ATG, MMF, CsA, and
MTX ± imatinib
Various (276 MAC, 280 RIC)
Various (219 MAC, 141 RIC)
Various (261 MAC, 108 RIC)
Various (111 MAC, 43 RIC)
Various

Conditioning

268

9518

558
360
370
158
297

47

MRD
MUD/mmUD

Haplo

MRD

CB
Haplo
CB
Haplo

Haplo

35

MRD/MUD

231

Haplo

219

32

Haplo

MRD (Sib)

108

87

MRD
MUD

1982

192

Haplo

MUD (8/8)

𝑁

Study group

172 BM, 13 PBSC

31 BM, 460 PBSC

26 NM, 279 PBSC

28 BM

38 PBSC
24 PBSC

284 BM, 544 PB, 36 combined

1585 BM, 8174 PB, 56 combined

558 cord
171 BM, 175 PB, 14 combined
370 cord
65 BM, 78 PB, 15 combined

Not specified

14 BM, 81 PB, 124 combined

Combined

18 BM, 1 PB

10 BM, 16 PB

27

94

49

97

40

43

100

97

50
50

25

24

31
27
31
33

51∗

28
36

13∗

36

33∗
51∗

51∗

40∗
35

47∗

49∗

38∗

23
29

30

21

52

38
32
28
34
48

60∗

46∗

78

74

30

27

36

10

12∗

18

24∗

PFS/DFS/EFS
(%)

56
63

50
63

40

27∗

32

31

(NS)∗∗∗

19∗

45∗

15

15

33

23

28

25

37

∗

42

39

58

∗

44

Relapse
(%)

17∗

∗

24
29
25
31
30∗

49∗

26∗

26∗

95
99

∗∗∗

84
91∗
80∗
94∗

∗

∗∗∗

15∗

13∗

42∗

36∗

100

100

19

29

97

30

43

52

29

31

∗

53∗

34

∗

30∗

cGVHD
(%)

96

28

96
99

80 BM, 657 PB
2 BM, 23 PB

19
33∗

93
97∗

77 BM, 11 PB
231 BM, 1014 PB

16∗

aGVHD
II–IV (%)

90∗

Engraft
rate (%)

85 BM, 19 PB

HSC source

Table 1: Summary of studies evaluating use of haploidentical transplantation, along with reported outcomes.
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[80]

[79]

[78]

[77]

[76]

Haplo
Haplo 1 × PTCy

Fixed CD3 DLI, positive
CD34 selection

Unmanipulated (T cell
replete)

15 AML, 2 ALL, 2 MDS, and
1 CML

25 AML, 12 ALL, 5
Unmanipulated (T cell
HL/NHL, 4 MF, 3 CML, and
replete)
1 MPD

9

Haplo

Fixed CD3 DLI w/OKT3

Haplo

Haplo 2 × PTCy

28

MRD
Haplo

Fixed CD3 DLI, positive
CD34 selection

50

11

27

27
50

23

31

63

MUD/MMUD

Haplo

47

MRD

Haplo PB

[74]

116

178

Haplo

MUD

181

MRD

46

Unmanipulated (T cell
replete)

42 AML, 30 NHL, 22 MDS,
17 MM, 10 ALL, 10 CLL, 4
MPD, 3 HL, and 3 CML

[73]

53

Haplo

Haplo BM

Unmanipulated (T cell
replete)

170 AML, 62 ALL, 70 NHL,
53 MDS, 29 HL, 29 CML, 26
CLL, 21 MPD, and 15 MM

[56]

117
101

MRD
MUD

Unmanipulated (T cell
replete)

Unmanipulated (T cell
replete)

91 AML, 44 NHL, 41 ALL,
26 CML/MPD, 22 MDS, 17
HL, 15 CLL, 13 MM, and 2
others

26

𝑁

Haplo

Study group

29 HL, 24 NHL, 4 CLL, 4
AML/MDS, 4 MM, and 2
ALL
38 AML, 20 ALL, 11 NHL, 7
MDS/MPD, and 1 SAA
16 AML, 4 ALL, 3 NHL, 2
MDS, 1 SAA, and 1 other
15 AML, 10 ALL, 2 NHL,
and 1 MDS

Unmanipulated (T cell
replete)

26 HL

[55]

[75]

HSC manipulation

Indications for transplant

Study

Fludarabine, cytarabine, ATG,
busulfan/melphalan, and PTCy
Fludarabine, cytarabine, ATG,
busulfan/melphalan, and PTCy × 2
Thiotepa, busulfan, and
fludarabine; PTCy, CsA, and MMF;
or TBI, fludarabine, PTCy, CsA,
and MMF

TBI, Cy, tacrolimus, and MMF

TBI, Cy, tacrolimus, and MMF

(RIC) Cy, fludarabine, low dose
TBI, PTCy, tacrolimus/CsA, and
MMF
TBI, Cy, tacrolimus, and MMF
TBI, Cy, tacrolimus, and MMF

(RIC) Cy, fludarabine, low dose
TBI, PTCy, tacrolimus/CsA, and
MMF
Various
Various
35 nonmyeloablative: fludarabine,
TBI, Cy, PTCy, tacrolimus, and
MMF. 18 myeloablative:
fludarabine, busulfan, Cy, PTCy,
tacrolimus, and MMF
Various. Tacrolimus and MTX for
GVHD prophylaxis
Various. Tacrolimus and MTX for
GVHD prophylaxis
Nonmyeloablative (fludarabine,
TBI, Cy, and PTCy) or
myeloablative (fludarabine,
busulfan, Cy, PTCy or fludarabine,
TBI, and PTCy)
RIC (fludarabine, busulfan, ATG,
CsA, and MMF)
RIC (fludarabine, busulfan, ATG,
CsA, and MMF)
Initially nonmyeloablative (Cy,
fludarabine, and TBI) increased if
necessary to RIC (Cy/thiotepa,
fludarabine, and busulfan) + PTCy,
CsA, and MMF

Conditioning

50 BM

11 PB

9 PB

28 PB

27 PB

27 DLI
50 DLI

23 PB

46 BM

4 BM, 27 PB

3 BM, 60 PB

47 PB

64 BM, 52 PBSC

32 BM, 146 PBSC

2 BM, 179 PBSC

32 BM, 21 PB

44

100

90

95

100

85

12

64

56

39

26

10

22

16

8∗
4077∗
59

12
19

33

95
100
96

13

25

13

13∗

26

∗∗∗

∗∗∗

32

27
21

∗∗∗

∗∗∗

23

31

25

35∗
24

29

34

30

33

38∗

62

87

23

21

100

97

41

97

48

58

21∗

98
98

38∗

34
34

54∗
54∗

11

31

Relapse
(%)

9

cGVHD
(%)

98

8
11

aGVHD
II–IV (%)

7 BM, 108 PB, 2 combined 98
98
6 BM, 92 PB

Engraft
rate (%)
24

26 BM

HSC source
96

Table 1: Continued.
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Haplo

Unmanipulated (T cell
replete)
20

55

92

Haplo

Haplo

105

CB

43

MUD

43

176

MRD (Sib)

MMUD

𝑁

Study group

Unmanipulated (T cell
replete)

Unmanipulated (T cell
replete)

232 AML/ALL, 59 HL/NHL,
74 MPD, 81 MDS, and 13
others

16 AML, 12 NHL, 9 HL, 5
MDS, 4 SAA, 4 CLL, 3
CML, and 2 ALL
12 AML, 3 CML, 2 ALL, 2
NHL, and 1 HL

HSC manipulation

Indications for transplant

55 PB
20 PB

Fludarabine, busulfan ± Cy and
PTCy, tacrolimus, and MMF

92 BM

105 cord

28 BM, 15 PB

26 BM, 17 PB

156 BM, 20 PB

HSC source

RIC (fludarabine, Cy, TBI, PTCy,
tacrolimus, and MMF)

Various myeloablative or RIC.
GvHD prophylaxis CsA, MTX
Various myeloablative or RIC.
GvHD prophylaxis CsA, MTX, and
ATG
Various myeloablative or RIC.
GvHD prophylaxis CsA, MTX, and
ATG
Various myeloablative or RIC.
GvHD prophylaxis CsA, MMF, and
ATG
Thiotepa, busulfan, and
fludarabine; PTCy, CsA, and MMF;
or TBI, fludarabine, PTCy, CsA,
and MMF

Conditioning

100

96

∗∗∗

Engraft
rate (%)

15

14∗

30

35

18

23

19∗

61

19

22

21∗
42∗

29

cGVHD
(%)

31∗

aGVHD
II–IV (%)

40

28

35

30

30

23

40

Relapse
(%)

50

51

43

33

34

36

32

PFS/DFS/EFS
(%)

69

48

52

34

40

43

45

OS (%)

𝑝 < 0.05, ∗∗ no statistical comparison available, and ∗∗∗ data not reported.
AML: acute myeloid leukaemia, ALL: acute lymphoblastic leukaemia, HL: Hodgkin’s lymphoma, NHL: non-Hodgkin’s lymphoma, CLL: chronic lymphocytic leukaemia, CML: chronic myeloid leukaemia, MM:
multiple myeloma, SAA: severe aplastic anaemia, MDS: myelodysplastic syndrome, MPD: myeloproliferative disorder, SCD: sickle cell disease, Haplo: haploidentical transplant, MUD: matched unrelated donor
transplant, MRD: matched related donor transplant, Sib: matched sibling donor transplant, MMUD: mismatched unrelated donor transplant, RIC: reduced intensity conditioning, MAC: myeloablative conditioning,
CNI: calcineurin inhibitor, MMF: mycophenolate mofetil, PTCy: posttransplant cyclophosphamide, Cy: cyclophosphamide, MTX: methotrexate, Me-CCNU: methyl chloride hexamethylene urea nitrate, ATG:
antithymocyte globulin, CsA: ciclosporin A, TBI: total body irradiation, OKT3: muromonab CD3, BM: bone marrow, PB: peripheral blood stem cell, CB: cord blood transplant, DLI: donor leucocyte infusion,
aGVHD: acute graft-versus-host disease, cGVHD: chronic graft-versus-host disease, TRM: transplant-related mortality, PFS: progression-free survival, DFS: disease-free survival, EFS: event-free survival, and OS:
overall survival.

∗

[82]

[54]

[81]

Study

Table 1: Continued.
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The 5-year disease-free survival (DFS) for those undergoing
transplant with the three donors was 63.6% for MSD, 58.4%
for URD, and 58.3% for HRD. This group then prospectively
compared consecutive transplants between 2010 and 2013
for AML in CR1 with intermediate or high-risk disease
who had either MSD (219 patients) or HRD (231 patients)
transplanted with very similar conditioning, including ATG
for haploidentical transplants and Cy/MTX for MSD [67].
Whilst the haploidentical group tended to be younger, the
results for both groups were similar in terms of aGVHD and
cGVHD with NRM in HRD being 10% (similar to that seen
with posttransplant Cy, 7% at 1 year). These GVHD rates were
also comparable to those with posttransplant Cy. Additional
MRD monitoring and preemptive DLI or therapeutic DLI
resulted in low relapse rates of 15% with both donors. The 3year probabilities of leukaemia-free survival were 76% (95%
CI 64–87) and 80% (95% CI 70–91) for HRD and MSD,
respectively. Three-year probabilities of OS were 79% (95%
CI 73–85) and 82% (95% CI 76–88) for HRD and MSD,
respectively. Features of the underlying leukaemia including
cytogenetics and white cell count >50 × 109 /L at presentation
were independent predictors of outcome on multivariate
analysis.
As patients with AML and MDS are older, the comparison
of transplant outcomes by donor type in the older recipient is
relevant. Blaise et al. [74] compared outcomes of 31 patients
older than 55 years (predominantly MDS/AML) transplanted
with RIC PB Cy haploidentical transplants with MSD and
MUD conditioned with ATG and cyclosporine (CsA) ± MMF
in the same age group. Whilst GVHD rates were comparable
(CI 23% Haplo, 21% MSD) for related donors, it was higher
(CI 44%) for MUD. No patient with HRD developed cGVHD
whereas 16% of MSD and 14% of MUD developed this.
Importantly, the cumulative incidence of relapse (CIR) was
similar in all the groups but NRM after an MUD was threefold
higher compared to a related donor. Thus, 2-year OS was
70%, progression-free survival (PFS) was 67%, and severe
cGVHD-free survival was 67% after HRD transplant. Similar
outcomes were seen with MSD (78%, 64%, and 51%) whereas
the results in this small cohort for URD transplants were 51%
(𝑝 = 0.08), 38% (𝑝 = 0.02), and 31% (𝑝 = 0.007), respectively.
These reports build a case for HRD to be considered
where a MSD is unavailable. They may be preferred over
MUD, in the older patient particularly with posttransplant Cy
due to reduced side effects of transplant and in all recipients
where an 8/8 MUD is not available.
5.2. Acute Lymphoblastic Leukaemia (ALL). There are fewer
reports of the efficacy of modern platforms of T cell replete
haploidentical stem cell transplantation for ALL. A report
from southwest China studied 82 patients with Philadelphia
chromosome positive ALL, transplanted with MSD in 35
patients and HRD in 47 patients [68]. The conditioning
regimen consisted of 9–10.5 Gy TBI and cyclophosphamide
60 mg/kg for two days in the MSD group, with the addition
of 6 g/m2 ATG IV for 3 days in the haploidentical transplant
group and reduction of Cy to 45 mg/kg/day for 2 days.
GVHD prophylaxis in the MSD consisted of CsA, MTX,
and MMF to day 30 whereas the haploidentical transplant
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group received additional ATG and MMF to 90 days. Most
patients were transplanted in molecular remission but bcrabl was detectable at circa 2% in 7 MSD and 10 HRD before
transplant. Imatinib was commenced after transplant when
bcr-abl was detected molecularly. The cumulative incidence of
GVHD both acute (51% HRD versus 26% MSD) and chronic
(49% HRD versus 26% MSD) was higher in the HRD and
appeared to exert a GVL effect with a CIR at 9.1% being lower
than that for MSD 19.1%, HR 0.413 (95% CI 0.178–0.958).
Transplantation in CR > 1 was predictive of relapse. The study
provides encouraging data for a HRD in the absence of MUD.
Two further studies considered acute leukaemia including ALL [69, 70]. In particular, EBMT registry data compared
the outcomes of haploidentical transplant with UCBT for
918 acute myeloid leukaemia patients (HRD 360 patients and
UCBT 558 patients) and 528 acute lymphoblastic leukaemia
patients (HRD 158 patients and UCBT 370 patients). For
ALL, although the HRD had significantly more patients with
advanced stage disease (48% versus 34%, 𝑝 = 0.02) and poor
risk cytogenetics (26% versus 14%, 𝑝 = 0.03), OS and DFS
were similar to both graft sources whereas the incidence
of cGVHD was lower with UCBT. Nonengraftment was
higher with UCBT but did not translate into a higher NRM.
Transplant conditioning regimens were heterogeneous and
cGVHD rates were higher for HRD than those reported from
single centre studies. The deleterious effect of RIC on relapse
and advanced disease on transplant outcomes was seen in
LFS, NRM, and relapse (𝑝 < 0.001). Notwithstanding these
criticisms, results from this large dataset suggest that both
sources of stem cells would be appropriate in the absence of
a suitable matched donor. Further twelve studies with mixed
patient groups all included patients with ALL among others
[54, 56, 73–82].
5.3. Hodgkin’s Lymphoma (HL). Burroughs et al. [71] transplanted patients with Hodgkin’s lymphoma with relapsed or
refractory disease, treated with a median of five chemotherapy regimens, with MRD (38 patients), MUD (24 patients),
or HRD (28 patients with the RIC BM, posttransplant Cy).
Whilst OS was similar at 2 years (53% MRD, 58% MUD, and
58% HRD), relapse was less frequent with HRD 40% versus
63% with MUD and 56% with MRD resulting in a PFS of 51%
with HRD compared to 29% with MUD and 23% with MRD.
These were the initial set of data where a HRD transplant
resulted in outcomes superior to conventional donor, paving
the way for further such comparisons. A number of mixed
studies also included patients with HL [54, 56, 73–75, 81, 82]
or unspecified lymphoma [80].
A recent study published by Kanate et al. [72] compared
917 adult patients with both Hodgkin and non-Hodgkin
lymphoma, undergoing either haploidentical (𝑛 = 185) or
MUD (𝑛 = 732) transplants. The MUD transplant group was
further divided into conditioning regimens with additional
ATG as GVHD prophylaxis and those without. The study
found the haploidentical group to be at significantly reduced
risk of severe acute GVHD (grades III and IV) compared to
ATG and non-ATG groups (8% versus 12% and 17%, resp.,
𝑝 = 0.01 and 0.001). There was also significantly reduced risk
of chronic GVHD (13% versus 51% and 33%, 𝑝 < 0.0001).
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The study also demonstrated no significant differences in OS
between both MUD groups and the haploidentical group
and showed no overall difference in NRM, relapse, and PFS.
These results provide further evidence that haploidentical
transplants may be an acceptable option for lymphoma
patients lacking an HLA-identical donor and can be safely
chosen over MUD donors without compromising survival
outcomes.
5.4. Non-Hodgkin’s Lymphoma (NHL) and Chronic Lymphocytic Leukaemia (CLL). Ten of the twelve studies with mixed
patient groups included patients with NHL [54, 56, 73–78,
81, 82] whilst five of these also included patients with CLL
[54, 56, 73–75]. None of these studies reported outcomes for
these diseases separately.
In one of the bigger comparative studies, Bashey et al.
[56] retrospectively looked at 271 consecutive transplant
patients at their centre in Atlanta, USA. Fifty-three patients
underwent haploidentical transplants, 117 underwent MRD,
and 101 underwent MUD transplants. Several different conditioning regimens were used for the MRD and MUD groups.
In the haploidentical group, 35 patients underwent nonmyeloablative conditioning with fludarabine (30 mg/m2 ),
2 Gy TBI, and Cy (14.5 mg/kg before transplant and 50 mg/kg
after transplant), whilst 18 patients underwent myeloablative conditioning involving fludarabine (25 mg/m2 ), busulfan
(110–130 mg/m2 ), and Cy (14.5 mg/kg before transplant and
50 mg/kg after transplant). Tacrolimus, MMF, and G-CSF
were also used in all patients. Rates of relapse, NRM, aGVHD,
cGVHD, 2-year OS, and DFS for MRD, MUD, and haploidentical transplants were nonsignificant across all groups.
In a later study, Bashey et al. [73] retrospectively analysed
further 475 consecutive transplant patients at their centre,
with a longer follow-up period than the previous study.
Transplants were either MRD (181 patients), MUD (178
patients), or haploidentical (116 patients) with a heterogeneous mixture of conditions including 70 NHL and 26 CLL
patients as well as 170 AML and 62 ALL among others. Conditioning for MRD and MUD groups varied whilst a posttransplant Cy regimen was used for haploidentical transplants. At
2-year follow-up, OS was comparable in haploidentical and
MUD groups (57% versus 59%, resp., 𝑝 > 0.05), as well as DFS
(54% versus 50%), NRM (17% versus 16%), and acute GVHD
(41% versus 48%). Rates for moderate to severe cGVHD were
observed to be lower in the haploidentical group (31% versus
47%, 𝑝 = 0.004), and haploidentical transplants were less
likely to receive systemic immunosuppressive treatment (19%
versus 42%, 𝑝 = 0.007). Results for MRD were significantly
superior for OS and aGVHD only. The study went on to
suggest that haploidentical transplants are an appropriate
alternative in patients lacking a fully matched related donor.
Fully HLA-matched unrelated donors (10/10 HLA alleles)
have been previously shown to be superior to mismatched
unrelated donor transplants (>1 mismatched allele); hence, it
was suggested that haploidentical transplants may in fact be
a more appropriate alternative than mismatched transplants.
Raiola et al. [81] conducted a study of 459 consecutive
patients with a variety of malignancies including 232 patients
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with acute leukaemia (AML/ALL) and 59 patients with
lymphoma (HL/NHL). Transplants were categorised as being
either a matched sibling donor (MSD), MUD, mismatched
unrelated donor (mmUD), unrelated cord blood donor
(UCD), or haploidentical donor. Haploidentical transplants
were either myeloablative using thiotepa, busulfan, and fludarabine or nonmyeloablative using TBI and fludarabine.
Regimens also included posttransplant Cy, CsA, and MMF.
Acute GVHD was significantly lower in the haploidentical
group (14%) compared to the MSD and mmUD groups (31%
and 42%, 𝑝 < 0.001), and there was a similar but not statistically significant pattern for chronic GVHD (𝑝 = 0.053).
Haploidentical transplant recipients had the highest 4-year
OS (52%), which was nonsignificant across all groups (𝑝 =
0.10) but comparable with MSD transplants in multivariate
analysis (45%, 𝑝 = 0.80). Again, results suggested that haploidentical transplants could be a valid option, comparable to
MUD transplants, in the absence of an HLA-identical related
donor.
Castagna et al. [75] sought to compare the use of PBSC
and BM in haploidentical patients. Sixty-nine consecutive
patients (46 BM and 23 PBSC) were analysed in this retrospective study, including 29 patients with HL, 24 with NHL,
and 4 with CLL among others. A nonmyeloablative regimen
with posttransplant Cy was used in both groups of patients.
Results showed similar rates of acute and chronic GVHD in
PBSC and BM groups (33% versus 25%, 𝑝 = 0.43, and 13%
versus 13%, 𝑝 = 0.21) as well as similar NRM (12% versus
22%, 𝑝 = 0.96), suggesting that PBSC transplants using this
regimen were not inferior to BM transplants for this regimen
used. A major limitation of this study was the small number
of patients included; the limited data nonetheless suggest
that PBSCs are a valid option in haploidentical transplants
compared to BM transplants.
5.5. Multiple Myeloma (MM). Few haploidentical transplants
for multiple myeloma with posttransplant Cy have been
included in studies [56, 73–75]; however, outcomes are not
reported separately. A single series reported on 10 patients
transplanted with the RIC PBSC posttransplant Cy haploidentical transplant with TBI doses between 2 Gy and 4 Gy
[86]. The median age of patients was 53 years (range 28–61
years) who had relapsed or were refractory after autograft.
Fludarabine 30 mg/m2 was added to the protocol if CD4
counts before transplant were greater than 200 × 109 /L. Bone
marrow graft was used in six patients and PBSC in four
patients. Engraftment kinetics of neutrophils and platelets
were similar to those reported from other posttransplant Cy
RIC studies. Median neutrophil engraftment occurred by day
18 and platelet engraftment occurred by day 17. The median
OS was 443 days; OS at 1 year was 61.7% and at 2 years was
46.3%. Causes of death included sepsis in one patient and
disease progression in two patients. Grade II–IV aGVHD
occurred in 8/10 patients and five developed cGVHD. Relapse
occurred in five patients with a median time to progression
of 7.8 months: of these, two patients were salvaged with
chemotherapy and DLI. More data are needed.
5.6. Myeloproliferative Neoplasms/Disorders (MPD). Raiola et
al. [80] transplanted 50 patients with a variety of high-risk
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haematologic malignancies, which included four patients
with primary myelofibrosis and one patient with MPD.
Myeloablative conditioning consisted of either thiotepa
(5 mg/kg/day ×2), fludarabine (50 mg/m2 /day ×3), or busulfan (3.2 mg/kg/day ×3). The F-TBI regime consisted of
3.3 Gy TBI/day ×3 and fludarabine (30 mg/m2 /day ×4). Posttransplantation Cy, CsA, and MMF were also used. Neutrophil engraftment occurred in 90% of patients in a median
of 18 days. Incidence of acute GVHD was 12% and limited to
grades II to III. Ten patients (26%) developed chronic GVHD
of which six were mild. Overall incidence of relapse, TRM,
and OS were 26%, 18%, and 68%, respectively. Results for
patients with myelofibrosis were not reported individually.
One of the largest studies involving patients with MPD
was by Raiola et al. [81] described previously. Studies by Raj
et al. [54] and Solomon et al. [82] both included three patients
each with CML; however, results were not reported separately. A number of other studies also included patients with
CML [56, 73, 74, 79, 80] or unspecified myeloproliferative
disorder (MPD) [73, 74, 76, 80, 81].

More studies, particularly randomised trials, are most
certainly necessary before haploidentical transplants can be
more readily used and their numerous benefits can be substantiated. Particularly, comparisons between donor sources
(such as MRD, MUD, umbilical cord, and haploidentical
donor) would be useful, as well as comparisons between various conditioning regimens and graft manipulation (or lack
thereof). Studies can also be improved by recruiting more
patients, focusing on specific conditions to remove confounding by disease variables and following-up patients for longer.
Based on these, it may then be possible for haploidentical
transplantation to fulfil its potential in providing substantial
benefit to the field of allogeneic haematopoietic stem cell
transplantation.

6. Conclusion and Future of
Haploidentical Transplants

This paper was funded by Kings College London.

Undoubtedly, the techniques now used in haploidentical
transplantation have had a positive impact on several outcome measures, namely, overall survival, disease-free progression, and survival free from acute or chronic GVHD. The
studies described above are just a selection of cases where
haploidentical transplants can feasibly be conducted on
patients without an available HLA-matched donor. Recent
retrospective analyses are beginning to assert that the
paradigm for donor selection is changing, with haploidentical
donors vying with MUD. Early data from China would
suggest that these donors perform as well as MRD but this
needs to be validated in further studies.
The ease of posttransplant Cy has led to its adoption
across the world with data from EBMT showing an increasing
trend for haploidentical transplants as opposed to stagnant
levels of UCB transplantation [14]. With disease risk stratification, the role of the underlying disease on subsequent
relapse has become clearer. It is increasingly clear that for
patients with disease risk index, low/intermediate disease
outcomes with haploidentical transplants are encouraging
due to intrinsically lower relapse rates and low rates of acute
GVHD and cGVHD. However, strategies to overcome highrisk disease with all types of donors remain to be identified.
In this respect, engineered grafts with NK alloreactive donors
may come to the fore.
It is important to note, however, that the majority of
clinical data currently gathered for haploidentical transplants
come from nonrandomised trials with retrospective comparison. Because of this, it is difficult to interpret data and compare and declare definitively whether one method is superior
to another. Bearing this in mind, current recommendations
are based on the expertise of the centre performing the
transplantation and the facilities available, for example, for
accommodating manipulation of grafts.
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The induction of specific tolerance, in order to avoid the detrimental effects of lifelong systemic immunosuppressive therapy
after organ transplantation, has been considered the “Holy Grail” of transplantation. Experimentally, tolerance has been achieved
through clonal deletion, through costimulatory blockade, through the induction or infusion of regulatory T-cells, and through the
establishment of hematopoietic chimerism following donor bone marrow transplantation. The focus of this review is how tolerance
has been achieved following combined bone marrow and kidney transplantation. Preclinical models of combined bone marrow and
kidney transplantation have shown that tolerance can be achieved through either transient or sustained hematopoietic chimerism.
Combined transplants for patients with multiple myeloma have shown that organ tolerance and prolonged disease remissions
can be accomplished with such an approach. Similarly, multiple clinical strategies for achieving tolerance in patients without an
underlying malignancy have been described, in the context of either transient or durable mixed chimerism or sustained full donor
hematopoiesis. To expand the chimerism approach to deceased donor transplants, a delayed tolerance approach, which will involve
organ transplantation with conventional immunosuppression followed months later by bone marrow transplantation, has been
successful in a primate model. As combined bone marrow and organ transplantation become safer and increasingly successful, the
achievement of specific tolerance may become more widely applicable.

1. Introduction
The “Holy Grail” of solid organ transplantation is the induction of donor specific immunological tolerance in order to
avoid the complications of long-term systemic immunosuppressive therapy. Tolerance is defined by the absence of a
destructive immune response following transplantation in
the absence of systemic immunosuppression. Specific tolerance refers to acceptance of the allograft with preservation of
third-party immunity. The induction of tolerance has been
attempted experimentally in a number of ways. These ways
include clonal deletion [1], costimulatory blockade [2], the
induction or infusion of regulatory T-cells [3, 4], and the
establishment of mixed chimerism following donor bone
marrow transplantation [5–10].
Several pathways to clinical tolerance have also been
demonstrated. A minority of patients who have stopped their

systemic immunosuppressive therapy (usually on their own)
have subsequently had normal allograft function. This socalled spontaneous tolerance has been reported in up to 20%
of liver transplant recipients, but only rarely in recipients of a
kidney transplant [11, 12]. There are also numerous anecdotes
of patients who received a kidney transplant after a prior
hematopoietic cell transplant for a hematologic malignancy
or other life-threatening blood disorder from the same
donor [13]. These recipients have expectedly accepted the
kidney allograft without systemic immunosuppression. More
recently combined organ and bone marrow transplantation
with the achievement of mixed or full donor chimerism has
been shown to be a method of achieving specific tolerance
(Table 1) [14–19].
The focus of this review will be the induction of specific
tolerance through hematopoietic chimerism following combined bone marrow and kidney transplantation.
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Table 1

Center

MGH

MGH

MGH

Transplant
type

HLA-matched related
donor KdBMT for
HM

Haploidentical donor
KdBMT for HM

Haploidentical
donor KdBMT for
ESRD without
malignancy

Chimerism
goal

FDC

FDC

Transient mixed

Sustained mixed

FDC

Results

Removal of IS in 5 of
10 patients (50%)
Sustained antitumor
responses in 30%

4 of 10 (40%) with
sustained tolerance

Removal of IS in 44%
(HLA-matched)
0% sustained
tolerance
(haploidentical or
unrelated donor)

Removal of IS in 5 of 8
(63%) patients

3 of 4 patients in
remission, two likely
tolerant

Stanford
HLA-matched and
haploidentical related
and unrelated donor
KdBMT for ESRD
without malignancy

Northwestern
Haploidentical/mismatched
related and unrelated donor
KdBMT for ESRD without
malignancy

KdBMT: kidney and bone marrow transplant; HM: hematologic malignancy; FDC: full donor chimerism; IS: immunosuppression.

2. Chimerism and Tolerance:
A Historical Perspective
The biologic basis for chimerism as a means to tolerance induction resulted from an observation in nature. In
1945 Owen demonstrated that a naturally occurring state
of mixed chimerism occurred among freemartin fraternal
bovine twins who shared a common placenta [20]. In 1953
Billingham and colleagues showed that these chimeric twins
were later tolerant to skin grafts from their twin siblings while
third-party grafts were readily rejected [21]. Many attempts
at the induction of chimerism as a platform for tolerance
induction have been undertaken in both small and large
animal preclinical models and clinically. Lifelong tolerance of
full thickness skin allografts across major histocompatibility
barriers following nonmyeloablative conditioning and donor
bone marrow with the induction of durable chimerism was
demonstrated by Slavin and colleagues, who also showed that
tolerance of organ allografts could be accomplished without
the requirement of sustained chimerism [22, 23]. Sustained
mixed lymphohematopoietic chimerism was demonstrated
after “mixed marrow transplantation” involving the infusion
of T-cell depleted autologous and allogeneic marrow following myeloablative conditioning in murine and miniature
swine models which resulted in a tolerance of donor skin
allografts [24, 25]. Reduced intensity transplant approaches in
small and large (swine and primate) models using cyclophosphamide or low dose total body radiation and in vivo Tcell depletion showed that mixed chimerism was essential to
the development of tolerance, but tolerance was achievable
even if the chimerism was only transient [8, 10]. Evidence
from multiple studies has shown that the allograft itself
may be instrumental in the maintenance of donor specific
unresponsiveness even in the absence of durable chimerism
[23, 26]. Clinically, sustained mixed chimerism, particularly
following transplants across major MHC barriers, has been
very difficult to achieve with only anecdotal evidence that this
occurs [27].

3. Combined Kidney and Bone
Marrow Transplantation for
Patients with Malignancy
Several hematopoietic cell transplant strategies have been
developed in the clinic for the induction of mixed lymphohematopoietic chimerism as an immunologic platform for
adoptive cellular therapy via donor lymphocyte infusions and
for inducing tolerance for organ transplantation. Based on
a murine model of Sykes and colleagues, in which mixed
lymphohematopoietic chimerism was reliably achieved following nonmyeloablative conditioning therapy and MHC
fully mismatched murine transplants for both tolerance
induction and for optimizing a graft versus tumor effect
[9, 28], we evaluated a similar model in clinical trials for
patients with advanced hematologic malignancies [27, 29].
Similar to the murine model, conditioning therapy consisted
of cyclophosphamide, peritransplant in vivo T-cell depletion
(initially with equine antithymocyte globulin), and thymic
irradiation (to deplete intrathymic T-cells which were not
eliminated by ATG) on day −1. Mixed lymphohematopoietic
chimerism was nearly uniformly achieved and in the majority
of cases conversion to full donor chimerism hematopoiesis
occurred either spontaneously or after delayed DLI. Dramatic
antitumor responses in patients with advanced hematologic
malignancies were often observed.

4. Combined HLA-Matched Donor Bone
Marrow and Kidney Transplantation for
Patients with Malignancy
Based on this experience and the results of the above
described preclinical models of tolerance induction, we initiated a pilot trial of combined HLA bone marrow and kidney
transplantation for patients with multiple myeloma and end
stage renal disease [14, 16]. The initial schema for this trial
is shown in Figure 1. Ten patients have undergone combined
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Figure 1: Combined HLA-matched bone marrow and kidney transplant. Hemodialysis 14 hours after each Cy dose. Cy: cyclophosphamide;
ATG: equine antithymocyte globulin; CSP: cyclosporine; cGy: centigray; DLI: donor lymphocyte infusion; KdMBT: combined kidney and
bone marrow transplant.

transplantation from HLA-matched related donors, with lead
follow-up time of greater than 17 years. The feasibility and
safety of this approach have been well established. There has
been no transplant-related mortality. Six patients are alive,
two of whom are currently in complete remission from 5+
to 13+ years after transplant. Of the other 4 patients two
underwent a second hematopoietic cell transplant from their
original donor for recurrent or progressive myeloma. One
of the patients who received a second transplant is in a
complete remission for more than 12 years after transplant.
The other patient is being treated for recurrent central
nervous system myeloma more than four years after the
original combined transplant. One patient received a low
dose total body irradiation and ATG preparative regimen
after the original transplant was aborted due to sepsis and
multiorgan failure. Two patients developed acute graft versus
host disease (GVHD) and four developed chronic GVHD
(two after a second allogeneic hematopoietic cell transplant).
Five of ten patients had transient chimerism but, consistent
with the preclinical primate model experience, sustained
chimerism was not essential for durable tolerance. This
experience demonstrated the proof of principle established
in our preclinical models, namely, that combined bone
marrow and kidney transplantation was feasible and that
mixed or full donor chimerism, either transient or sustained,
could result in long-term renal allograft acceptance without,
in some cases, systemic immunosuppression. Because of
cyclophosphamide related toxicities, including cardiotoxicity,
and the observation that the one patient who received
low dose TBI and ATG preparative therapy experienced
minimal toxicity, the HLA-matched combined bone marrow
and kidney transplant protocol (which now includes other
hematologic malignancies and blood disorders) has been
revised to substitute TBI 400 cGy for cyclophosphamide
(NCT02158052). Given the limited number of patients with
multiple myeloma with end stage renal disease who have willing and medically eligible sibling donors our experience has
been expanded to include other hematologic malignancies
and blood disorders for which allogeneic hematopoietic cell
transplantation is indicated with end stage renal disease who
have haploidentical related donors.

5. Combined Haploidentical Bone Marrow
and Kidney Transplantation for Patients
with Malignancy
With the advent of posttransplant high-dose cyclophosphamide based regimens, based on pioneering work at
Hadassah University [30] and Johns Hopkins University [31],
haploidentical HCT has become an accepted standard option
for patients who lack fully matched related donors [31]. These
modern regimens have managed to significantly decrease
the significant rates of graft rejection, GVHD, and infection
which complicated the historical experience with haploidentical HCT. The best described reduced intensity conditioning
regimen for haploidentical HCT is comprised of fludarabine,
low-dose cyclophosphamide, and 200 cGy of TBI followed by
infusion of bone marrow or GCSF mobilized PBSCs on day
0. High-dose cyclophosphamide at 50 mg/kg/day is given on
days +3 and +4 followed by tacrolimus and mycophenolate
mofetil (MMF) starting on day +5 for prevention of GVHD.
In a large multicenter cooperative group trial, 50 patients
with various hematological malignancies were treated with
such an approach. Impressively, no cases of severe (grades IIIIV) acute GVHD, a 13% cumulative incidence at one year of
chronic GVHD, and a 7% incidence of one year nonrelapse
mortality were observed [32]. Using this regimen’s framework, we are currently conducting an ongoing pilot clinical
trial extrapolating the use of a posttransplant cyclophosphamide based regimen for combined hematopoietic stem
cell and kidney transplantation from haploidentical related
donors (NCT01758042).
Given the significant renal clearance of fludarabine, we
initially designed a reduced intensity conditioning regimen
of rabbit ATG, low-dose cyclophosphamide, and 200 cGy
TBI before simultaneous kidney and bone marrow transplant
on day 0, which was then followed by standard posttransplant high-dose cyclophosphamide, tacrolimus, and MMF
(Figure 2(a)). The first patient enrolled was a 67-year-old
female with 17p deleted multiple myeloma and ESRD due to
myeloma kidney. She tolerated therapy well with successful
neutrophil engraftment on day +14, which was confirmed to
be of predominant donor (>95%) origin, before secondary
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Figure 2: Schema for the 3 different versions (a, b, and c) of reduced intensity combined bone marrow and kidney transplantation using a
haploidentical donor.
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graft rejection occurred 10–14 days later. With supportive
care, she ultimately recovered autologous hematopoiesis.
She is now over 38 months after transplantation with no
evidence of recurrent myeloma and normal renal function.
She remains on low-dose tacrolimus. Lack of kidney allograft
rejection despite hematopoietic graft rejection is similar to
our observation among combined kidney and bone marrow
transplant recipients without an underlying malignancy who
received a different conditioning regimen (vide infra) and is
consistent with the likelihood that the kidney may contribute
to sustained tolerance.
Given the graft rejection experienced by our first patient,
we revised the trial to eliminate ATG and add fludarabine
(Figure 2(b)). While we had originally wished to avoid
fludarabine in patients with significant renal dysfunction, we
believed that a 20% dose reduction with daily hemodialysis
would be safe and engender donor engraftment. This was
based on several publications which studied the use of
fludarabine in renal dysfunction [33, 34] including a recent
combined bone marrow–kidney transplant trial delivering
fludarabine safely in a similar manner [17].
The second patient was a 57-year-old female with multiple
myeloma with ESRD from myeloma kidney. Her transplant
course was relatively uncomplicated with successful donor
engraftment and no evident fludarabine toxicities. She is now
24-months after transplantation with no evidence of recurrent myeloma, no chronic GVHD, and normal renal function
and she was able to discontinue systemic immunosuppression
approximately 8 months after transplantation. Our third
patient was a 38-year-old male with relapsed non-Hodgkin
lymphoma with longstanding ESRD of unclear etiology. His
peritransplant course was complicated by significant nausea
and vomiting during conditioning and poor renal recovery
requiring a return to hemodialysis. At day +10, altered
mental status was noted, and workup revealed epileptiform
activity without any organized seizure activity. Cortical blindness developed around day +28 followed by bilateral lower
extremity weakness and paraplegia. The entire constellation
of symptoms and signs was attributed to fludarabine neurotoxicity. He continued with progressive neurological decline
and poor hematopoietic recovery and expired 6 months after
transplantation, ultimately from complications of fludarabine
neurotoxicity.
Given the catastrophic toxicities and death of our third
patient, we revised our protocol by (1) reduction of fludarabine to 24 mg/m2 /day × 3 days (from 5 days), (2) lengthening
of the hemodialysis sessions with a larger dialyzer, and
(3) collection and analysis of fludarabine pharmacokinetics
for each patient (Figure 2(c)). With this revised regimen,
our fourth patient was a 52-year-old male with multiple
myeloma and ESRD from myeloma kidney who underwent
combined bone marrow and kidney transplantation from
his haploidentical brother. His transplant course was fairly
uncomplicated with full donor engraftment, normal renal
function, and no GVHD. He is now more than 6 months
after transplant and off immunosuppression. Fludarabine
pharmacokinetics quantified by F-ara-A AUC as previously
described [35] showed clearance of fludarabine comparable to
that observed with full dose fludarabine given to patients with
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normal renal function (data not shown). Six more patients are
scheduled to be enrolled and treated on this pilot study with
this revised protocol.
As we have broadened the eligibility of our protocols to
include patients with a variety of hematological malignancies
and other life-threatening hematologic disorders using either
HLA-matched or haploidentical related donors, inadvertent
but inherent ethical issues have arisen. With conventional
allogeneic HCT, 2-year rates of transplant-related mortality
ranging from 5 to 20% depending on the regimen and donor
are acceptable. In addition, there is generally no hesitation
about performing an allogeneic HCT for patients with a high
risk of disease relapse; indeed it is not unusual to quote longterm disease-free survival rates of 20–30% depending on the
biology of the underlying disease. These risks are believed to
be acceptable because (1) transplants are potentially curative
and there are usually not comparable alternative treatment
options and (2) donor hematopoietic stem cells are regarded
as renewable with minimal long-term risk to the donor. With
combined bone marrow and kidney transplantation, there is
the added complexity of using a donor kidney, which is not a
renewable organ and whose harvest accrues more risk for the
donor. In addition, for advanced kidney disease, viable renal
replacement therapy exists in the form of dialysis. Therefore,
early mortality after kidney transplantation is not viewed
as acceptable with rigorous review of each case to further
mitigate such outcomes. If such an approach is to become
more widely applicable, much discussion will certainly need
to revolve around what is an acceptable risk and prognosis for
these patients to qualify.

6. The Induction of Specific Tolerance for
Patients without an Underlying Malignancy
The experience with combined bone marrow and kidney
transplantations for patients with an underlying malignancy
has shown the potential for specific tolerance induction and
sustained antitumor responses. This strategy has involved the
intentional induction of mixed chimerism with the eventual
goal of full donor hematopoiesis either spontaneously or after
DLI. In the context of a hematologic malignancy, GVHD is an
acceptable complication, provided that it is not severe, owing
to the theoretical accompanying graft versus tumor effect.
The broader application of tolerance induction strategies,
however, is for patients with organ failure and without an
underlying malignancy to avoid the deleterious effects of
lifelong immunosuppressive therapy. Taking into account
that GVHD is not an acceptable complication in this patient
population and abundant experimental evidence has shown
that mixed chimerism, even transiently, is capable of inducing
sustained specific tolerance, strategies at the MGH have
focused on inducing transient mixed chimerism as a platform
for tolerance induction.
An early trial of nonmyeloablative allogeneic stem cell
transplantation for refractory hematologic malignancies at
the MGH involved preparative therapy with high-dose
cyclophosphamide, in vivo T-cell depletion using an antiCD2 humanized monoclonal antibody (MEDI-507), and
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thymic radiation and haploidentical bone marrow transplantation. In the first four patients lymphohematopoietic
chimerism was only transient (range: 14 to 76 days) [36],
and one of these patients achieved a dramatic and complete
remission of her chemorefractory non-Hodgkin’s lymphoma
and is currently alive and disease-free more than ten years
after the transplant [36, 37]. Transient chimerism was not
the intent of the protocol, however, and the dosing and
timing of MEDI507 were adjusted in subsequent trials to
achieve a high level of sustained donor chimerism. The
tolerability of the regimen in our first cohort of patients and
the demonstration of uniform transient mixed chimerism
were, however, considered to be ideal for a tolerance protocol.
Using this approach we initiated a combined haploidentical bone marrow and kidney transplant protocol for patients
with renal failure and no underlying malignancy. Subsequent
revisions of the protocol included the addition of rituximab
to prevent humoral renal allograft rejection and short-course
corticosteroids to ameliorate an “engraftment syndrome” (a
cytokine “storm” occurring during the conversion of donor
to host hematopoiesis and characterized by fever, fluid retention, and acute kidney injury) [38]. Of the first 10 patients
treated with this approach, 7 achieved functional tolerance as
defined by the withdrawal of systemic immunosuppression
without renal allograft rejection for a minimum duration
of 3 years following their transplant. Three patients subsequently (5–7 years after transplantation) required systemic
immunosuppression, one for recurrent membranoproliferative glomerulonephritis and two for biopsy evidence of
chronic humeral rejection. Four patients have remained off
immunosuppression for >5 to >13 years after transplant [15,
18].
In an effort to avoid the toxicities of high-dose cyclophosphamide including severe gastrointestinal side effects and
cardiotoxicity and to hopefully eliminate the “engraftment
syndrome” that occurred in 9 of 10 patients treated on the
previous protocol [15, 38], we substituted low-dose total
body irradiation (150 × 2 cGy) for cyclophosphamide and
continued rituximab and short-course posttransplant corticosteroids. Two patients have been treated on this protocol.
Mixed chimerism in the first patient was of short duration.
The “engraftment syndrome” did not occur. A late pancytopenia developed, however, but in both cases this was reversible.
The first patient has been off systemic immunosuppression
for 12 months with stable renal function, while the second
who did not have donor hematopoietic chimerism developed
subclinical humoral rejection and remains on immunosuppression.
Specific tolerance has been demonstrated in vitro by
cellular assays of alloreactivity (mixed lymphocyte reaction
(MLR) and cell mediated lympholysis (CML)) [15, 39, 40].
Early posttransplant patients showed global hyporesponsiveness but, by one year after transplant, showed return
of third-party immunity with persistent anti-donor hyporesponsiveness. The mechanism of tolerance induction in these
patients is uncertain. Central deletional (thymic) tolerance
likely plays a minor role given the very transient nature of
donor chimerism. An increase in circulating and intragraft
CD4+ CD25+ FoxP3 expressing T-regulatory cells has been
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demonstrated suggesting a peripheral mechanism of tolerance induction [40]. Experimental evidence suggests that the
kidney graft may also contribute to tolerance.
Other efforts at inducing specific tolerance have recently
been reported. Leventhal and colleagues from Northwestern University have performed HLA-mismatched combined
kidney and stem cell transplants from related and unrelated
donors for renal failure of variable etiology [17]. This strategy
has involved a cyclophosphamide, fludarabine, and low-dose
TBI preparative regimen, the infusion of an GCSF mobilized
peripheral blood stem cell product, which was engineered
ex vivo, to remove GVHD producing T-cells and antigen
presenting cells with retention of hematopoietic progenitors
and facilitating cells (a population comprised principally
of plasmacytoid precursor dendritic cells) on the day after
the kidney transplant and then day 3 posttransplant highdose cyclophosphamide to deplete alloreactive donor T-cells.
Tacrolimus and mycophenolate mofetil for additional GVHD
prophylaxis were administered. Despite the HLA disparity
between donors and recipients, sustained hematopoietic
engraftment has occurred in more than half of the patients
resulting in the successful withdrawal of immunosuppressive
therapy. GVHD has not been reported. Rapid return of CD4
and CD8 T central and effector memory cell populations
has been observed and posttransplant vaccinations have been
administered without loss of chimerism or allograft rejection
[41].
The induction of tolerance has also been attempted at
Stanford University by Scandling et al. for HLA-matched
related and HLA-mismatched related and unrelated donor
kidney and bone marrow transplantation [19]. Following kidney transplantation patients were treated with total lymphoid
irradiation (TLI) and antithymocyte globulin and subsequent
(day 11) infusion of a CD34 cell selected (with a variable
number of T-cells) hematopoietic progenitor cell population. Variable donor chimerism, both in terms of percent
donor cells and duration of chimerism, was achieved after
HLA-matched donor transplantation. Seven of 16 patients
had durable chimerism and were able to be successfully
weaned from immunosuppressive drug therapy. In an initial
cohort of 6 patients who received HLA-mismatched related
or unrelated donor transplantation, none achieved durable
chimerism or tolerance. In a subsequent cohort of patients
receiving haploidentical donor transplants, higher CD34 cell
and T-cell numbers were associated with higher levels of
chimerism and their immunosuppression is currently being
tapered. No GVHD has been observed in these patient
cohorts.

7. Conclusions and Future Directions
Combined bone marrow and kidney transplants have
demonstrated the feasibility and safety of this approach
and proof of principle of tolerance induction after HLAmatched and mismatched transplantation. While the mechanisms of tolerance via persistent full donor chimerism are
straightforward, those via transient chimerism are more
complex which may involve both deletional and peripheral
mechanisms [39, 40, 42]. Future studies will hopefully define
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further the mechanism of tolerance induction and define
the optimal timing of hematopoietic cell and organ or tissue
transplantation.
In order to further expand the application of tolerance approaches, several clinical trials have been proposed
including widening the eligibility for combined transplants
to patients with other hematologic disorders associated
with renal failure such as sickle cell disease and extending
tolerance approaches for other organs and tissues (such as
limbs). In order to accomplish the latter, preparative therapy
will have to be truncated to allow for either the immediacy
of a cadaveric organ transplant or a delayed bone marrow
transplant performed. While compression of the conditioning into one day resulted in unacceptable toxicity, promising
results have been achieved with a tolerance approach in
nonhuman primates. With this delayed tolerance approach,
the recipient initially undergoes organ transplantation with
conventional immunosuppression and then receives conditioning and bone marrow transplantation months later. In
this model, long-term renal and lung allograft tolerance have
been achieved [43, 44]. Based on these preclinical data,
clinical trials using a delayed tolerance approach are planned.
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The use of high dose posttransplant cyclophosphamide (PT-CY) introduced by the Baltimore group approximately 10 years ago
has been rapidly adopted worldwide and is becoming a standard for patients undergoing unmanipulated haploidentical (HAPLO)
transplants. PT-CY has been used following nonmyeloablative as well as myeloablative conditioning regimens, for bone marrow or
peripheral blood grafts, for patients with malignant and nonmalignant disorders. Retrospective comparisons of HAPLO grafts with
conventional sibling and unrelated donor grafts have been published and suggest comparable outcome. The current questions to be
answered include the use of PT-CY for sibling and unrelated donors transplant, possibly in the context of prospective randomized
trial.

1. HLA Haplotypes and
Haploidentical Transplants
The short arm of chromosome 6 is home to the human major
histocompatibility complex (MHC) genes, which code for
human leukocyte antigens (HLA): during meiosis, the MHC
region does not undergo “crossing over” (except for rare
events), and we inherit one HLA haplotype from the father
and one from the mother. If we name A/B and C/D the four
parental haplotypes, the offspring can be A/C, B/C, A/D, or
B/D. Mother and son are therefore called haploidentical (we
will use HAPLO in this review), meaning that donor and
recipient genetically share 1 HLA haplotype, not only the 5
HLA loci, but all the genes in the MHC; of course, mother
and son will be mismatched on the other HLA haplotype;
a brother can be a HAPLO donor but also an uncle or a
cousin. When it comes to HLA antigens, if we consider
the 5 HLA loci A, B, C, DRB1, and DQ, a HAPLO donor
should share 5/10 HLA antigens; however, because parental
HLA haplotypes may share antigens, mother and son may
share more than 5/10 HLA antigens. However, there is no
evidence that a 5/10 HLA matched or a 7/10 HLA matched
HAPLO donor will produce significantly different outcome
[1].

2. Biology of HAPLO Transplants
The double problem of a HAPLO transplant is rejection of
the graft, or host versus graft (HvG), and rejection of the
host, or graft versus host disease (GvHD), and this double
problem was the cause of failure of initial attempts. The first
successful haplotype mismatch transplants were carried out
in the early 1980s in severe combined immunodeficiency
(SCID) patients, in whom the risk of rejection is minimal
[2]: GvHD was prevented using T cell depletion (TCD) in the
absence of any additional posttransplant GvHD prophylaxis
[2]. The program of TCD HAPLO transplants was expanded
to leukemia patients, in the nineties, with the advent of G-CSF
mobilized peripheral blood (PB), as a stem cell source, and
the use of CD34 selection, as a method of TCD [3]. Despite
encouraging long term results, mortality due to infections
remained high, 30% or higher, as a consequence of prolonged
immune deficiency, caused by removal of T cells from the
stem cell source [3]. Immune recovery has become more
rapid with the use of alfa-beta T cell and CD19 B cell depletion
[4].
In the last decade, Wang and coworkers have shown that
HAPLO transplants can be performed without T cell depletion, with intensive immune depletion with antithymocyte
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globulin (ATG), cyclosporine a (CsA), methotrexate (MTX),
and mycophenolate (MMF) [5], and these are referred to
as T cell replete HAPLO grafts: toxicity was acceptable and
long term results are not much different when compared
to matched sibling donor grafts. An alternative way of
preventing GvHD in HAPLO transplants is to use high dose
posttransplant cyclophosphamide (PT-CY) [6]: the present
review will concentrate on the latter modality.

3. Unmanipulated Marrow Grafts following
a Nonmyeloablative Conditioning Regimen
(NMA) and PT-CY
The John Hopkins group hypothesized 40 years ago that high
dose cyclophosphamide (CY), given 3 days after infusion of
mismatched grafts, would protect rats from graft versus host
disease (GvHD) [7]: this would occur because alloreactive
T cells would be in the 𝑆 phase on day +3 and would be
killed by a large dose of CY (50 mg/kg). This phenomenon of
“posttransplant purging” would spare T cells not undergoing
active proliferation, which may include pathogen specific
T cells and hopefully some T cells exerting a graft versus
leukemia effect (GvL). This hypothesis was brought to the
clinic in a study reported in 2008 [6]: a group of patients
received unmanipulated marrow following a nonmyeloablative conditioning (NMA) regimen of low dose CY, fludarabine (FLU), and TBI 2 Gy; CY 50 mg/kg was given on
days +3 and +4, with tacrolimus (TAC) and mycophenolate
(MMF) starting on day +5 [6]. Engraftment was achieved in
87% of patients at a median interval from transplant of day
+16 for neutrophils and day +24 for platelets; acute GvHD,
grades II–IV and III-IV, was, respectively, 34% and 6% and
chronic GvHD was 4%. Nonrelapse mortality (NRM) was
less than 20%, though relapse was significant (60%). The
overall actuarial survival was in 40% range for lymphoid
and 20% for myeloid malignancies. This study proved that
posttransplant CY (PT-CY) was feasible, prevented GvHD,
and allowed engraftment, although relapse was high. The
experience at John Hopkins has been recently updated [8]
on 372 patients, receiving the same NMA regimen originally
described, bone marrow as a stem cell source and PT-CY,
tacrolimus, and mycophenolate for GvHD prophylaxis. The
6-month nonrelapse mortality is 8%; the 4-year probability of
relapse and survival is, respectively, 46% and 50%. The disease
risk index (DRI) was the strongest predictor of survival: 71%,
48%, and 35% for low, intermediate, and high risk patients
[8]. This study would suggest that disease burden dictates the
fate of the transplant, and it is known that patients with a
high load of leukemia require more intensive conditioning
regimens.

4. Unmanipulated Marrow Grafts
following a Myeloablative (MA)
Conditioning Regimen
A study using PT-CY and myeloablative conditioning (MAC)
regimens has shown a low incidence of graft failure (<5%), a
low incidence of acute grades II–IV GvHD (18%), a very low
rate of severe grades III-IV acute GvHD (3%), and relapse as
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expected with a conventional CyA+MTX GvHD prophylaxis
[9]. This study included 2 variations of the protocol: CyA
was started on day 0 and MMF on day +1 (before PTCY), and PT-CY was given on days +3 and +5 (rather
than +3+4). An update on 148 patients, allografted from
haploidentical family members, following MA regimen in the
San Martino Unit in Genova, has been recently published
[10]: all patients received a myeloablative regimen with
posttransplant cyclophosphamide (PT-CY), between August
2010 and January 2014. A total of 63 patients had active
disease at transplant; 46 were in first remission (CR1) and
39 in second remission (CR2), hematologic remission. The
most common diagnosis was acute leukemia (𝑛 = 76), 48
cases of acute myeloid leukemia (AML) (27% with active
disease), and 24 cases of acute lymphoblastic leukemia (ALL)
(32% with active disease). Most of the patients with nonHodgkin lymphoma (60%) also had advanced disease, as
well as patients with myelofibrosis. The median age of the
entire group was 47 years range 17–74. The 4-year cumulative
incidence of NRM was 14%. It was not predicted by patients’
age: 8%, 18%, and 17% for patients aged <40 (𝑛 = 51), 41–
60 (𝑛 = 62), and over 60 (𝑛 = 35) (𝑝 = 0.2). It was also
not predicted by disease phase: 9%, 15%, and 17% for patients
in CR1 (𝑛 = 46), CR2 (𝑛 = 39), and advanced disease
(𝑛 = 63) (𝑝 = 0.4). The cumulative incidence of relapse
related death (RRD) was 27% and could be predicted by
disease phase: 11% for CR1 patients, 26% for CR2 patients, and
40% for patients with active disease at the time of transplant
(𝑝 = 0.003) [9]. With a median follow-up of over 430 days,
the actuarial overall survival is 77% for CR1 patients and
49% and 38% for CR2 and advanced patients (𝑝 = 0.0001)
[10].

5. Unmanipulated Peripheral Blood
Grafts and PT-CY
Several centers have elected to use exclusively peripheral
blood (PB) as a stem cell source in place of bone marrow
(BM), based on donor preference, inability to secure operating room hours, and outcome considerations. These centers
are unwilling to use BM and have thus adopted the Baltimore
protocol using unmanipulated PB instead of BM. Results have
been unexpectedly encouraging: this is clear when PB is given
after the original Baltimore NMA conditioning regimen.
In a recent paper, unmanipulated BM and PB have been
compared in the NMA setting: incidence of acute and chronic
GvHD, nonrelapse mortality, relapse, and survival were quite
comparable [11]. Things may be a little bit more complicated
when unmanipulated PB is given after MA regimen, such
as full dose TBI: in the Atlanta program with TBI 12 Gy,
GvHD, grades III-IV, has been reported to be 23% and the
cumulative incidence of chronic GvHD is 56%, (severe in
10%); however, overall NRM was 3% and 0% for patients with
early intermediate risk disease [12]. The Atlanta group has
also reported a busulfan based regimen (BU 110–130 mg/m2
on each of the 4 days) + FLU and CY, with a very low NRM of
10% and a disease-free survival of 60% [13]. These results are
excellent and suggest that unmanipulated PB can be given in
the context of a HAPLO donor and PT-CY.
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BM+GPB
CNI, MTX, MMF [5]
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CNI, MMF [6]

ATG based
GBM
Basiliximab
CNI, MMF, MTX [18]

G-PB
Double step
CNI, MMF [15]

G-PB
CNI, MMF [12]

BM
CNI, MMF [19]

G-PB
RAPA, MMF [14]

PT-CY based
ATG+PT-CY
GPB
CNI, MMF

Figure 1: Different platforms of GvHD prophylaxis for patients
undergoing a haploidentical stem cell transplant. ATG: programs
based on antithymocyte globulin (ATG) include the original Chinese
protocol [5] using bone marrow (BM) + G-mobilized peripheral
blood (G-PG) and cyclosporin (CsA), mycophenolate (MMF), and
methotrexate (MTX). Also it includes the modified G-mobilized BM
(G-BM) + CsA + MMF + MTX + basiliximab [18]. PT-CY: programs
based on posttransplant cyclophosphamide (PT-CY). The original
Baltimore protocol [6], with unmanipulated BM, a calcineurin
inhibitor (CNI), and MMF. The modified program with rapamycin
and G-PB [12] and the double step approach [14] ATG + PT-CY. The
combined use of ATG + PT-CY as proposed by the Baltimore group
in sickle cell disease [19], or by the French cooperative group using
G-PB as a stem cell source (unpublished).

The transplant group in Milano has combined the use of
PT-CY with rapamycin (RAPA) and MMF, following HAPLO
mismatched PB grafts [14]: acute GvHD, grades II–IV and IIIIV, was 15% and 7,5%, respectively, and chronic GvHD was
20%; NRM at 1 year was 17%, with a disease-free survival at 1
year of 71% for remission patients.

6. The Two-Step Approach of PT-CY
One group has devised a so-called two-step approach [15]:
patients receive a conventional dose of total body irradiation (12 Gy) over 4 days and then a high dose of donor
lymphocytes (2 × 108 /kg), followed after 72 hours by CY
50 mg/kgx2, followed by tacrolimus + mycophenolate on day
−1. Finally, on day zero, patients receive CD34 selected cells,
from G-mobilized peripheral blood [14]. Results, though only
in patients in hematologic remission, were very good with a 2year nonrelapse mortality of 3.6% and a disease-free survival
of 74% [14].

7. Regimens other than PT-CY for
Unmanipulated HAPLO Transplants
There are basically 3 GvHD prophylaxis regimens for unmanipulated HAPLO stem cell transplants (Figure 1).
7.1. ATG Based. The first, also in time, is the Chinese
antithymocyte (ATG) based regimen, first published in 2006

[5] combining ATG, CyA, MMF, and MTX and updated
in 2013 [16]. This regimen has been modified to include
basiliximab and G-mobilized BM [17, 18] (Figure 1). The
ATG based programs have enrolled a rather large number
of patients, with follow-up now over 10 years, in the context
of MA conditioning regimen: acute GHD grades III-IV is
reported to range between 5% with BM and 17% with PB
(Table 1). Chronic GvHD is 17% for BM and up to 53%
for PB (Table 1), and NRM is 36% for G-mobilized BM,
versus 18/30% for grafts including PB in the stem cell source
(Table 1).
7.2. PT-CY Based. The second approach is PT-CY (Figure 1):
Table 1 summarizes three reports using either PB or BM
following MA regimen and PT-CY. Acute GvHD, grades IIIIV, is more frequent when PB is used as a stem cell source, as
well as chronic GvHD. NRM is very low in patients receiving
BM or G-PB.
7.3. ATG + PT-CY. Finally, a third platform exists, the
combination of ATG and PT-CY (Figure 1). This approach
has been used in Baltimore for patients with sickle cell
disease (SCD): the rationale is to ensure engraftment on the
one hand and on the other hand avoid acute and chronic
GvHD altogether in a nonmalignant disorder [19]; 17 patients
were grafted following the Baltimore NMA regimen with
the addition of ATG upfront, all 17 survive, and no patient
developed acute or chronic GvHD [19]; 11/17 (65%) are free
of SCD. A similar protocol is being adopted for patients with
thalassemia. The French cooperative group is launching a
trial on the combined use of ATG and PT-CY, with the aim
of reducing the risk of acute and chronic GvHD in patients
receiving unmanipulated PB grafts from HAPLO identical
family donors. Early results would suggest a strong protection
against GvHD. We shall see what the combination of ATG and
PT-CY will do in patients with malignant disorders, in terms
of control of the original disease.
For the time being an analysis of the EBMT is underway
to assess, in retrospect, but in a large number of patients, the
outcome of ATG based or PT-CY protocols in unmanipulated
HAPLO grafts.

8. Comparison of HAPLO with PT-CY and
Unrelated Donor Transplants
A recent CIBMTR study has compared the outcome of
HAPLO transplants for acute myeloid leukemia (AML) with
PT-CY (𝑛 = 192), with 8/8 matched unrelated donor
grafts (𝑛 = 1982) [20]. Patients, grafted between 2008
and 2012, were stratified according to myeloablative (MA)
or reduced intensity (RiC) conditioning regimens. Recipients of haploidentical transplantation (mismatched at least
two or more HLA loci to donors) received an unmanipulated, predominantly BM, graft with GvHD prophylaxis
consisting of posttransplant cyclophosphamide, CNI, and
mycophenolate mofetil. Recipients of unrelated transplantation (matched at the allele level at HLA-A, -B, -C, and
-DRB1) received predominantly unmanipulated peripheral
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Table 1: Outcome of different GvHD prophylaxis regimens and different SC sources, in the context of a myeloablative conditioning regimen.
SC
ATG based
BM + G-PB
G-PB
G-BM
PT-CY based
G-PB
G-PB
BM

Age

Phase of
disease

𝑁

aGvHD
III-IV

cGvHD
mod-sev

NRM

REF

25 y
25 y
37 y

CR + Ad
CR
CR + Ad

756
99
80

14%
17%
5%

53%
41%
17%

18%
30%
36%

[16]
[25]
[18]

46 y
55 y
47 y

CR
CR + Ad
CR + Ad

30
40
148

23%
7,5%
3%

27%
20%
16%

3%
17%
14%

[12]
[14]
[10]

CR + Ad: patients in complete remission and patients with advanced disease; SC: stem cell source; BM: bone marrow; G-PB: peripheral blood mobilized with
GCSF; G-BM: BM mobilized with GCSF; aGvHD: acute GvHD, grades III-IV; cGvHD: chronic GvHD, moderate to severe; NRM: nonrelapse mortality; REF:
reference number.
ATG: antithymocyte globulin; PT-CY: posttransplant cyclophosphamide.

blood and GvHD prophylaxis consisting of a CNI and
methotrexate or mycophenolate mofetil. The conclusions
of this study are as follows: no differences in overall and
leukemia-free after MUD transplant as compared to HAPLO;
lower relapse after reduced intensity conditioning, negated
by higher NRM after MUD transplant; no differences in
relapse/NRM risks after myeloablative MUD transplant;
higher chronic GvHD after MUD transplant regardless of
intensity of conditioning regimen; and higher grades 2–4
acute GvHD with only myeloablative regimen [20]. Although
statistical power is limited, these data suggests that survival
for patients with AML after haploidentical transplantation
with PT-CY is comparable with matched unrelated donor
transplantation.
Other studies have shown superimposable outcome
of transplants from HAPLO compared to unrelated and
also sibling donors [13, 21–26]. The lack of prospective
randomized trials makes it difficult to prioritize a given
donor type; however, HAPLO transplants offer several
advantages, including the high probability of finding a
donor, a short time to transplant, low cost, and comparable outcome. For these reasons, there have been recently
more HAPLO as compared to cord blood transplants
[27].

And, above all, is the increasing use of HAPLO transplants
going to change the algorithm for donor selection? As usual,
it will take several years to answer some of these questions.
However, one fact has already been ascertained: HAPLO
transplants have made the procedure available for almost
100% of eligible patients, and this is clearly a very significant
improvement.

9. Conclusions

[2] Y. Reisner, N. Kapoor, D. Kirkpatrick et al., “Transplantation
for severe combined immunodeficiency with HLA-A,B,D,DR
incompatible parental marrow cells fractionated by soybean
agglutinin and sheep red blood cells,” Blood, vol. 61, no. 2, pp.
341–348, 1983.

Unmanipulated HAPLO transplants are rapidly increasing
worldwide, indicating encouraging results and reproducible
outcome. GvHD and NRM are acceptable. Disease-free
survival appears to be comparable to transplants from sibling
or unrelated donors.
Several questions remain to be answered: what is the
best dose and timing of PT-CY? Should we use ATG or PTCY based GvHD prophylaxis? Should we use a combination
of both for best protection against GvHD? Should we be
using the same GvHD prophylaxis also for unrelated donor
transplants, in which we still see significant acute and chronic
GvHD? Is bone marrow the best stem cell source, or can
we also use unmanipulated G-mobilized peripheral blood?
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Allogeneic hematopoietic stem cell transplantation (SCT) is often the only curative option for many patients with malignant and
benign hematological stem cell disorders. However, some issues are still of concern regarding finding a donor like shrinking
family sizes in many societies, underrepresentation of the ethnic minorities in the registries, genetic variability for some races,
and significant delays in obtaining stem cells after starting the search. So there is a considerable need to develop alternate donor
stem cell sources. The rapid and near universal availability of the haploidentical donor is an advantage of the haploidentical
SCT and an opportunity that is being explored currently in many centers especially using T cell replete graft and posttransplant
cyclophosphamide. This is probably because it does not require expertise in graft manipulation and because of the lower costs.
However, there are still lots of unanswered questions, like the effect of use of bone marrow versus peripheral blood as the source
of stem cells on graft-versus-host disease, graft versus tumor, overall survival, immune reconstitution, and quality of life. Here we
review the available publications on bone marrow and peripheral blood experience in the haploidentical SCT setting.

1. Introduction
Allogeneic hematopoietic stem cell transplantation (SCT) is
often the only curative option for many patients with malignant and benign hematological stem cell disorders [1]. An
HLA-matched related sibling/donor (MRD) is the preferred
donor; however, donor availability for many patients still
remains a significant challenge as only approximately onethird of patients have an MRD and the shrinking family
sizes in many societies are further reducing this probability.
The likelihood of identifying a volunteer unrelated donor
that is suitably matched at HLA-A, HLA-B, HLA-C, and
HLA-DRB1 is population specific ranging from about 79%
for Caucasian patients of European descent to 30%–50% for
patients of other ethnic backgrounds [2]. This is secondary
to the underrepresentation of the ethnic minorities in the
registries, significant genetic variability for some races, and

expansion of the number of mixed race individuals [3]. In
addition, as the age cutoff for reduced intensity conditioning
(RIC) and nonmyeloablative (NMA) transplant eligibility has
increased, there has been a critical need for alternative donors
for those who may not have a suitable HLA-MRD or matched
unrelated donor (MUD). Moreover, there are significant
delays in obtaining stem cells of couple of months from
initiation of the donor search to transplantation [4]. Because
high-risk diseases like acute leukemia are more common
among the elderly, the time taken to secure a MUD [5]
increases the risk of leukemia relapse in this group that needs
to proceed to SCT promptly. Even if a matched unrelated
donor is identified, the likelihood of proceeding to transplant
is less than 50% because of disease progression during the
search process [3].
Transplantation from a full haplotype mismatch family donor has been studied for several decades. Potential
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HLA-haploidentical donors include biological parents or
children of a patient, and each sibling has a 50% chance
of sharing exactly one HLA haplotype. In most centers,
it is possible to identify at least one HLA-haploidentical
first-degree relative for more than 95% of patients, and the
average number of HLA-haploidentical donors per patient
is 2.7 [6]. This rapid and near universal availability of
the donor is an advantage of haploidentical SCT and an
opportunity that is being explored currently in many centers.
However, there are two major historical barriers to a successful haploidentical SCT which include graft rejection and
graft-versus-host disease (GVHD) arising from the intense
bidirectional alloreactivity and hence a high nonrelapse
mortality (NRM) after transplantation. Recently, utilization
of different methods to overcome these issues, like the
GIAC protocol, pioneered in China, comprising granulocytecolony-stimulating factor (GCSF) stimulation of the donor;
intensified immunosuppression through posttransplantation
cyclosporine, mycophenolate mofetil (MMF), and shortcourse methotrexate; antithymocyte globulin and combination of peripheral blood stem cell and bone marrow allografts;
and the use of posttransplantation cyclophosphamide (Cy)
[7, 8], and the development of novel methods of selective
depletion of T cell subsets, such as the use of 𝛼𝛽 TCD [9, 10],
have improved safety of haploidentical SCT.
Because of lower rate of severe opportunistic infections
and less NRM with T replete compared to T cell deplete stem
cell transplantation [11, 12] and because T cell depletion is
relatively inexpensive and does not require expertise in graft
manipulation and the feasibility of posttransplant Cy, T cell
replete unmanipulated haploidentical graft is now considered
to be a viable alternative option for patients. Posttransplant
Cy can induce donor-host tolerance to allografting and
decrease GVHD probably by eliminating alloreactive T cell
clones without myeloablation [7]. Hematopoietic stem cells
are quiescent nondividing cells which express high levels
of aldehyde dehydrogenase, likely responsible for cellular
resistance to Cy, while T, B, and NK cells express low levels
of this enzyme, rendering them sensitive to Cy cytotoxicity
[13]. The use of posttransplant Cy has been based on evidence
dating back to the 1960s by Berenbaum and Santos who
reported that the use of high-dose posttransplant Cy can
prevent skin graft rejection when administered 2-3 days
after allografting [8]. Immunosuppression after transplant
has been shown to promote allograft tolerance and prevent or alleviate GVHD. Storb and colleagues reported
that posttransplantation immunosuppression administration
with cyclosporine and MMF permits engraftment of major
MHC-identical allogeneic bone marrow in dogs with only
200 cGy total body irradiation (TBI) [14]. When this strategy
was applied to patients, a 20% incidence of graft failure
was noted [15]; this subsequently decreased to 3% after
adding a 3-day course of fludarabine to the pretransplant
conditioning regimen [16]. The group of Luznik et al. was able
to achieve tolerance and multilineage mixed hematopoietic
chimerism across MHC barriers in mice conditioned with
fludarabine and 200 cGy TBI and given cyclophosphamide
200 mg/kg intraperitoneally on day 2. This regimen was truly
NMA as autologous hematopoiesis recovered in mice that
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were conditioned but did not receive an infusion of marrow
[17]. In addition to suppressing graft rejection in sublethally
conditioned mice, posttransplant Cy also inhibited GVHD
in lethally irradiated mice given MHC-mismatched bone
marrow plus a high dose of donor T cells. The administration
of cyclosporine or corticosteroids before cyclophosphamide
treatment disrupted the tolerance that should be achieved
by posttransplant Cy [18, 19] but the tolerance was not
affected by the administration of G-CSF starting the day after
posttransplant Cy treatment [20]. It was also noted that, in
contrast to the conventional GVHD prophylaxis where NRM
increase with increasing genetic disparity [21, 22], when using
posttransplant Cy, GVHD and NRM were not associated with
the degree of HLA mismatching [23].

2. Haploidentical Stem Cell Transplantation:
Bone Marrow Experience
Researchers from Johns Hopkins Hospital (JHH) reported
in 2002 the result of a phase I trial of 13 patients (median
age: 53 years) who received a full haplotype mismatched T
cell replete bone marrow (BM) graft treated with a NMA
regimen consisting of fludarabine 30 mg/m2 administered
daily for 4 days and 2 Gy TBI followed by posttransplant Cy
administration (50 mg/m2 ) on day +3 [24]. The pretransplant
conditioning was increased in 10 patients by adding Cy at
14 mg/kg on days −6 and −5 due to an initial higher rate
of graft failure noted in the first 3 treated patients. For
additional GVHD prophylaxis, MMF and tacrolimus were
administered the day after patients received posttransplant
Cy (day +4) and continued for at least 30 days. Engraftment
was achieved in 8/10 patients in the second cohort (80%), with
a median time to absolute neutrophil count >500/microL of
15 days and to unsupported platelet count >20,000/microL
of 14 days. All patients with engraftment achieved ≧95%
donor chimerism within 60 days of transplantation. Two
patients with myelodysplastic syndrome (MDS) rejected their
grafts but experienced autologous neutrophil recovery at 24
and 44 days. Grade II–IV acute GVHD developed in 6/13
patients (46%), while grade III-IV acute GVHD developed
in only 3/13 patients (23%). After a median follow-up of
6.5 months, 6/10 patients were alive, with 5 remaining
in complete remission after transplant [24]. Subsequently,
Fred Hutchinson Cancer Center (FHCC) and JHH group
published a phase I/II trial of 68 patients who received T
cell replete BM haploidentical SCT using Cy 14.5 mg/kg/day
on days −6 and −5, fludarabine 30 mg/m2 /day on days −6
to −2, and 200 cGy TBI on day −1 followed by one or two
posttransplant days of 50 mg/m2 Cy (day +3 ± day +4) [25].
Twenty-eight patients received one dose and 40 received 2
doses of posttransplant Cy. Tacrolimus and MMF were also
used after transplant but tacrolimus was continued until day
180. GCSF support was started on day +1. The median times
to neutrophil and platelet recovery were 15 and 24 days,
respectively. Graft failure occurred in 9 of 66 (13%) evaluable
patients [25]. The cumulative incidence of grades II–IV and
grades III-IV acute GVHD was 34% and 6%, respectively.
While no significant difference was seen in the incidence of
acute GVHD between the two groups, a strong trend towards
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less extensive chronic GVHD was seen for patients receiving
2 doses as compared with one dose of posttransplant Cy
[25]. The cumulative incidence of NRM at day 100 and 1
year was 4% and 15%, respectively. Low rates of NRM, acute
GVHD, and chronic GVHD were also reported in a longer
follow-up in the expanded cohorts treated in line with the
JHH protocol [38]. With 4.1-year median follow-up, 3-year
probabilities of relapse, progression-free survival (PFS), and
overall survival (OS) were 46%, 40%, and 50%, respectively.
On multivariable analyses, the Disease Risk Index (DRI) was
statistically significantly associated with relapse, PFS, and OS.
The Blood and Marrow Transplant Clinical Trials Network conducted multicenter phase 2 trials for individuals
with leukemia or lymphoma and no suitable related donor.
Cyclophosphamide, fludarabine, and 200 cGy of TBI were
used with HLA-haploidentical related donor BM transplantation (𝑛 = 50). The median time to neutrophil and
platelet recovery was 16 and 24 days, respectively. The 100day cumulative incidence of grades II–IV acute GVHD
was 32%. There were no reported cases of grades III-IV
acute GVHD. The 1-year cumulative incidences of NRM and
relapse after haploidentical BM transplantation were 7% and
45%, respectively [27]. The 1-year probabilities of OS and PFS
were 62% and 48%, respectively. In this study too, the most
frequent cause of death was relapse.
MD Anderson (MDACC) [28, 39], the Italian group [30,
40], and others reported their experience with BM haploidentical SCT using a potentially more ablative conditioning
regimen trying to provide more antitumor activity and
decrease relapse rate. MDACC used fludarabine, melphalan
100–140 mg/m2 based regimen with thiotepa, or TBI 200 cGy.
Eighty-four patients had a BM graft except 4 pts. (95%).
Overall, for the entire cohort, relapse rate was 32% and
PFS was 42.3%. The median OS for first transplants was
25.6 months and it was 6.5 months for second transplant
patients. Of the 49 patients who had first transplant for acute
myeloid leukemia (AML)/MDS, 27 (55.1%) were in complete
remission prior to transplant. NRM for these patients was
9%, relapse rate was 24.3%, and PFS was 66.8% at 50 months
of median follow-up [28]. When they compared 32 patients
with AML/MDS who received BM haploidentical SCT with
MRD and MUD who underwent matched transplantations
and received melphalan-based conditioning regimen and
conventional GVHD prophylaxis, results were comparable.
However, the median time to neutrophil and platelet recovery
for haploidentical SCT recipients was 18 and 25 days compared to 13-12 and 14–16 days in MUD and MRD. These
differences were probably related to the use of bone marrow
stem cells in the haploidentical SCT group [41].
Raiola et al. [30] reported the results of 50 patients
with high-risk hematologic malignancies who underwent
an unmanipulated haploidentical BM transplant followed by
posttransplant Cy. The myeloablative conditioning consisted
of thiotepa, busulfan, fludarabine (𝑛 = 35, 8/35 received
reduced dose of busulfan), or TBI 9.9 Gy and fludarabine
(𝑛 = 15). The median age was 42 years (range: 18–66
years); 23 patients were in remission, 27 patients had active
disease, and 10 patients were receiving a second allograft.
In this study, they used cyclosporine and MMF which were
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started on days 0 and +1, respectively, in order to better
control GVHD, and the second dose of Cy was moved from
day +4 to day +5 to decrease the acute toxicity. GCSF was
started on day +5. Three patients died before engraftment,
and 2 patients had autologous recovery: 45 patients (90%)
had full-donor chimerism on day +30. The median day
for neutrophil engraftment was day +18. The cumulative
incidence of grades II-III acute GVHD was 12%, and that of
moderate chronic GVHD was 10%. With a median followup for surviving patients of 10.7 months, the cumulative
incidence of transplant related mortality (TRM) was 18%,
and the rate of relapse was 26%. The actuarial 22-month
disease-free survival (DFS) rate was 68% for patients in
remission and 37% for patients with active disease (𝑃 <
0.001). They also published a recent update on 148 patients
with encouraging results in terms of engraftment; there was
only one patient who developed primary graft failure (0.7%),
low rates of GVHD, and transplant mortality. The rate of
GVHD, both acute and chronic, was low, and 80% of patients
were off cyclosporine at 1 year. Major causes of death were
relapse (22%), GVHD (2%), and infections (6%) [40]. When
they compared the results of haploidentical SCT to other
graft sources including MRD, unrelated donors, and cord,
haploidentical SCT grafts were comparable to MRD, whereas
UCB had inferior survival [42].
Symons et al. also reported the results of a phase II clinical
trial of T cell replete HLA-haploidentical BM transplant using
a myeloablative regimen and posttransplant Cy that initially
enrolled subjects with refractory hematologic malignancies
only, with the later addition of high-risk leukemias in remission and chemosensitive lymphomas. The majority (67%)
of patients were not in remission at the time of transplant.
Conditioning consisted of IV busulfan (pharmacokinetically
adjusted) on days −6 to −3, Cy (50 mg/kg/day) on days −2
and −1 in twenty-seven patients, or Cy (50 mg/kg/day) on
days −5 and −4 and TBI (300 cGy/day) on days −3 to 0 in
three patients. Donor engraftment at day 60 occurred in all
but one evaluable patient (96%, 24/25). The median times
to neutrophil and platelet recovery were 25 and 32 days,
respectively. The cumulative incidences of grades II–IV and
grades III-IV acute GVHD at day 100 were 14% and 7.3%,
respectively. The cumulative incidence of chronic GVHD
at one year was 13%. The cumulative incidence of NRM at
100 days was 12%. There were no deaths from infection.
The cumulative incidence of relapse at 1 year was 66%, in
this poor-risk cohort. The cumulative incidence of relapse
among patients in complete remission prior to transplant
was 13% at 1 year. With a median follow-up of surviving
patients of 5.5 months, actuarial OS was 40% at one year.
With a median follow-up of event-free patients of 4.5 months,
actuarial event-free survival (EFS) was 23.5% at one year [26].
However, disease progression remained a problem in patients
with refractory leukemia.
A recent report by the Center for International Blood
and Marrow Transplant Research which looked at adults with
AML after haploidentical donor (𝑛 = 192, 162/192 (84%)
were BM) and 8/8 HLA-matched unrelated donor (MUD)
(𝑛 = 1982, 1671/1982 (84%) were PB) showed data suggesting
that survival for patients with AML after haploidentical
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transplantation with posttransplant Cy is comparable with
MUD. Neutrophil recovery on day 30 after MUD was similar
to haploidentical donor in the RIC transplant group, while it
was higher in the myeloablative transplant group, and this is
probably related to use of BM in most of the haploidentical
SCT. In the myeloablative setting, 3-month acute grades II–
IV GVHD (16% versus 33%, 𝑃 < 0.0001) and 3-year chronic
GVHD (30% versus 53%, 𝑃 < 0.0001) were lower after
haploidentical donor compared to MUD. Similar differences
were observed after RIC transplants, 19% versus 28% (𝑃 =
0.05) and 34% versus 52% (𝑃 = 0.002). Whether the observed
low rate of GVHD was solely explained by the use of BM
in most of the haploidentical SCT or use of posttransplant
Cy or the combination of both cannot be determined. When
Ciurea et al. compared chronic GVHD rates in the subset of
patients transplanted with BM, there were no differences in
3-year rates of chronic GVHD after haploidentical donor and
MUD with myeloablative regimens (30%, 𝑛 = 85 versus 36%,
𝑛 = 231) or with reduced intensity regimens (34%, 𝑛 = 77
versus 30%, 𝑛 = 80), but these numbers are small and might
not show the difference. In addition, 39% of patients who got
reduced intensity regimen and 23% of patients who got the
myeloablative regimens in the MUD group also received in
vivo T cell depletion. Among recipients of reduced intensity
regimens, NRM risks were lower after haploidentical compared with MUD transplantation. However, any advantage
derived from lower mortality risks with the very low intensity
regimen for haploidentical transplantation was negated by
higher relapse risks in this group. In the myeloablative setting,
an effect of donor type on NRM or relapse risks was not seen.
OS was similar between the haploidentical and MUD groups
[43].

3. Haploidentical Stem Cell Transplantation:
Peripheral Blood Experience
Collection of BM stem cells involves the use of the operating
room which can be cumbersome, presents an increased risk
of complications to the donor, and can make it difficult to
reach target CD34 when there is great disparity in weight
between the donor and recipient. In addition, in cases of
major ABO incompatibility, further time-consuming and
complex processing is required. Therefore, there is considerable interest in developing peripheral blood stem cells as a
graft source in haploidentical SCT. Recently, emerging data
suggest that G-CSF mobilized peripheral blood stem cell
(PBSC) graft can also safely be used for haploidentical SCT
with posttransplant Cy.
Solomon and colleagues [29, 44] reported the use of
busulfan based conditioning regimen with fludarabine and
cyclophosphamide (Bu/Flu/Cy) in 20 patients of whom 11 had
relapsed/refractory disease. In response to increased rates of
mucositis, fludarabine and busulfan doses were decreased by
30% and 15%, respectively, in 15 patients. On day 0, patients
received an unmanipulated peripheral blood T cell replete
allograft. The cumulative incidence of severe acute GVHD
and chronic GVHD was low at 10% and 5%, respectively,
with a day 100 NRM of only 10%. For standard-risk patients,
NRM was 0% at 100 days and 1 year. The 1-year OS and
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relapse rates were 69% and 40%, respectively, and were better
for standard-risk patients (88% and 33%, resp.). Noninfectious fever (median Tmax 103.9; 101.2–106.8) developed in
18 of 20 patients within a median of 2.5-day (range: 1–
5 days) transplantation and resolved in all patients after
posttransplant Cy administration. Achievement of full-donor
chimerism was rapid with all evaluable patients achieving
durable complete donor T cell and myeloid chimerism by
day +30. However, they noticed high rates of BK-linked
hemorrhagic cystitis (75% of patients) so they published
recently the result of Flu/TBI (12 Gy) regimen and PBSC
haploidentical SCT [34]. All patients engrafted and achieved
sustained complete donor T cell and myeloid chimerism
by day +30. When compared with a contemporaneously
treated cohort of patients receiving myeloablative HLA-MUD
transplantation at their institution, outcomes were statistically similar, with 2-year OS and DFS being 78% and 73%,
respectively, after haploidentical SCT versus 71% and 64%,
respectively, after MUD transplantation. In patients with DRI
low/intermediate risk disease, 2-year DFS was superior after
haploidentical compared with MUD transplantations (100%
versus 74%, 𝑃 = 0.032), whereas there was no difference
in DFS in patients with high/very high-risk disease (39%
versus 37% for haploidentical donor and MUD, resp., 𝑃 =
0.821). Rates of grades II to IV acute GVHD were less after
haploidentical compared with MUD transplantation (43%
versus 63%, 𝑃 = 0.049) as was moderate-to-severe chronic
GVHD (22% versus 58%, 𝑃 = 0.003) in spite of the use
of PBSC as the stem cell source in all 30 haploidentical
transplant recipients compared with 32 of 48 MUD transplant
recipients (100% versus 67%, 𝑃 < 0.001). However, GVHD
prophylaxis was tacrolimus and methotrexate in all MUD
patients, and no patients received in vivo T cell depletion.
BK virus-associated cystitis was significantly less frequent
after TBI-based myeloablative conditioning with clinically
significant hemorrhagic cystitis occurring in only 2 (7%)
patients.
Raj et al. published a 4-center experience of 55 patients
who underwent T cell replete haploidentical PBSC transplant
using RIC followed by posttransplant Cy. The 1-year cumulative incidences of grades II to III acute GVHD were 53% and
8%, respectively. There were no cases of grade IV GVHD. The
2-year cumulative incidence of chronic GVHD was 18%. With
a median follow-up of 509 days, OS and EFS at 2 years were
48% and 51%, respectively. The 2-year cumulative incidences
of NRM and relapse were 23% and 28%, respectively [31].
Using the same protocol of NMA conditioning regimen,
GVHD prophylaxis, growth factor support, and antimicrobial prophylaxis previously reported by Luznik et al. [25],
Bhamidipati et al. reported the results of 18 patients who
received PBSC haploidentical SCT [32]. Despite the high
CD3+ cell dose (median of 19.7 × 107 /kg), the cumulative
incidence of acute GVHD (all grades) was 41 and 53% on days
+60 and +90, respectively. Three patients (17%) developed
grades III-IV acute GVHD. The cumulative incidence of
chronic GVHD at 1 and 2 years was 8% at both the time points
and extensive chronic GVHD developed in only one patient.
One-year OS was 62% for all patients and 70% in those
patients who underwent transplant in complete remission.
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Table 1: Platforms of conditioning regimens, GVHD prophylaxis, and graft source.

Reference

Conditioning regimen

GVHD prophylaxis

Graft source

O’Donnell et al., 2002 [24]

FluCyTBI

BM

Luznik et al., 2008 [25]

FluCyTBI

PTCy D +3, Tac MMF
PTCy D +3 ± D +4, Tac
MMF

Symons et al., 2011 [26]

BuCy or CyTBI

PTCy, Tac MMF

BM
BM

Brunstein et al., 2011 [27]

FluCyTBI

PTCy, Tac MMF

BM

Pingali et al., 2014 [28]

FluMel Thiotepa or TBI

PTCy, Tac MMF

BM (94%)

Solomon et al., 2012 [29]

FluBuCy
FluBu Thiotepa (𝑛 = 35)
FluTBI 9.9 Gy (𝑛 = 15)

PTCy, Tac MMF

PBSC

PTCy, CsA MMF

BM

Raiola et al., 2013 [30]
Raj et al., 2014 [31]

FluCyTBI

PTCy, Tac MMF

PBSC

Bhamidipati et al., 2014 [32]

FluCyTBI

PTCy, Tac MMF
PTCy, Tac MMF 74%
PTCy, CsA MMF 26%

PBSC
BM 𝑛 = 46
(67%)
PBSC 𝑛 = 23
(33%)

BM FluCyTBI
Castagna et al., 2014 [33]
Solomon et al., 2015 [34]
Bradstock et al., 2015 [35]

PBSC FluCyTBI

PTCy, Tac MMF

Flu/TBI (12 Gy)

PTCy, Tac MMF

PBSC

BM FluCyTBI

BM PTCy D +3, Tac MMF
PBSC PTCy D +3 D +4,
Tac MMF

BM 𝑛 = 13

PBSC FluCyTBI

PBSC 𝑛 = 23

Gayoso et al., 2013 [36]

NMA 77.5%
MA 22.5%

PTCy, CNI, MMF

BM 51%
PBSC 49%

Sugita et al., 2015 [37]

FluCyBuTBI

PTCy, Tac MMF

PBSC

BM, bone marrow; Bu, busulfan; CsA, cyclosporine; CNI, calcineurin inhibitor; Cy, cyclophosphamide; D, day; Flu, fludarabine; Mel, melphalan; MMF,
mycophenolate; PTCy, posttransplant cyclophosphamide; Tac, tacrolimus; TBI, total body irradiation; PBSC, peripheral blood stem cells.

Hundred-day and 1-year NRM were 11 and 17%, respectively.
The relapse-free survival at 1 year was 53% [32].
More recently retrospective data comparing BM with
PB in haploidentical SCT have been reported. Castagna et
al. [33] retrospectively looked at the outcome of 2-center
haploidentical SCT comparing PBSC and BM in patients
with mostly lymphoid malignancies. 46 patients had BM
with a median age of 44, while 23 patients had PBSC with
median age of 54. They all received FluCyTBI. The incidence
of grades II to IV acute GVHD was similar in both groups,
25% and 33% after BM and PBSC infusions, respectively. In
addition, chronic GVHD was also similar, 13% after both BM
and PBSC infusions. This is probably related to the short
term follow-up and the small number of patients which may
impair the statistical power of the comparison. No major
differences between the 2 cohorts were observed in terms of
infectious complications. The relapse incidence was similar
in the two cohorts. However, patients in complete remission
had a significant lower incidence of relapse (14% versus 33%,
𝑃 = 0.04) and superior PFS (68% versus 49%, 𝑃 = 0.05)
compared with those who were not in complete remission.
The 2-year overall NRM was 18% (BM: 22%; PBSC: 12%;
𝑃 = 0.96). OS and NRM were not statistically different
between the 2 cohorts of patients. They also reported 49
patients with refractory lymphoma (most of them received
BM (80%)) who received T-repleted haploidentical SCT with
a nonmyeloablative regimen and posttransplant Cy; also in
this group the median number of CD34+ cells infused was

3.3 × 106 /kg in BM group compared to 5.1 × 106 /kg in PBSC
group but the median number of days to engraft was similar.
Relapse rate was low (18%) [45].
Bradstock et al. [35] compared outcomes for two retrospective cohorts of patients undergoing RIC therapy transplants using haploidentical graft and posttransplant Cy. The
graft used was BM in 13 patients and PBSC in 23 patients.
Ten of these patients were previously reported [31]. The BM
cohort received a single 60 mg/kg dose of cyclophosphamide
on day +3, whereas the PBSC cohort received 2 doses on
days +3 and +4 and so the 24-month cumulative rates for
chronic GVHD were similar in both groups, 28.6% for BM
and 32.3% for PBSCs. The 6-month cumulative incidences
of acute GVHD were also similar in both groups, 55.1%
for BM and 48.5% for PBSCs. Patients in the PBSC group
received double the number of CD34+ cells in the stem
cell graft; however, times to neutrophil and platelet recovery
were not different between the 2 groups. Three patients, all
receiving PBSCs, failed to engraft but survived; 2 of these had
Philadelphia chromosome positive ALL in first remission,
and both recovered with autologous Philadelphia chromosome negative hemopoiesis. The third patient had AML in
second remission and because of morbid obesity was unable
to receive TBI; he recovered with autologous hemopoiesis.
None had significant titers of anti-donor HLA antibodies in
their serum, and there is therefore no obvious explanation
for this happening in the 2 ALL patients, both of whom had
received significant prior chemotherapy. The remaining 33
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Table 2: Patients, donors, and graft characteristics.
Reference

Pts.
number

Med. age
(range)

Donors

O’Donnell et al., 2002 [24]

13

53

Parent 16%
Sib 38%
Child 46%

Luznik et al., 2008 [25]

68

46

Parent 28%
Sib 48%
Child 24%

Symons et al., 2011 [26]

30

43

NA

Brunstein et al., 2011 [27]

50

48

Parent 30%
Sib 34%
Child 36%

Pingali et al., 2014 [28]

84

46

Parent 15%
Sib 42%
Child 42%
Cousin 1%

Solomon et al., 2012 [29]

20

44

Parent 15%
Sib 65%
Child 20%

Raiola et al., 2013 [30]

50

42

NA

Raj et al., 2014 [31]

55

49

Parent 24%
Sib 37%
Child 39%

Bhamidipati et al., 2014 [32]

18

41

Parent 28%
Sib 33%
Child 39%

BM,
𝑛 = 46
(67%)

44

NA

PBSC,
𝑛 = 23
(33%)

54

NA

30

46.5

Castagna et al., 2014 [33]

Solomon et al., 2015 [34]

Parent 7%
Sib 40%
Child 53%

Disease
AML/MDS 7
ALL 2
CML 2
MM 1
NHL 1
AML/MDS 28
ALL 4
CML/CMML 6
CLL/NHL 13
HL 13
MM 3
PNH 1
AML 16
3 ALL
2 CML
9 NHL
AML 22
ALL 9
NHL 12
HL 7
AML/MDS 49
ALL 10
CML 9
Lymphoma 13
3 others
AML 20
ALL 2
NHL 2
HL 1
CML 3
AML 25
ALL 12
Lymphoma 5
MPD 5
CML 3
AML/MDS 21
ALL 2
NHL 12
HL 9
AML 12
ALL 2
NHL 2
Other 2
AML/MDS 2
ALL 2
HL 23
NHL/CLL 16
MM 2
AML/MDS 2
HL 6
NHL/CLL 12
MM 2
AML/MDS 17
ALL 6
CML 5
NHL 2

Med. CD34
×106

Med. CD3
×108

5.3

0.32

4.8

0.42

NA

NA

NA

NA

NA

NA

5

1.73

4

0.35

6.4

2

5

1.97

3

0.34

5.1

2.73

5.01

1.55
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Table 2: Continued.

Reference

Pts.
number

Med. age
(range)

BM,
𝑛 = 13

53

PBSC,
𝑛 = 23

44

80

37

Parent 35%
Sib 44%
Child 21%

48

Parent 22.6%
Sib 29%
Child 45.1%
Other 3.2%

Bradstock et al., 2015 [35]

Gayoso et al., 2013 [36]

Sugita et al., 2015 [37]

31

Donors
Parent 7%
Sib 66%
Child 27%

Disease
AML 10
NHL 2
CML 1
AML/MDS 11
NHL 4
ALL 4
Other 4
AML/MDS 30
NHL 5
HL 29
ALL 9
Other 6
AML/MDS 21
ALL 8
NHL 2

Med. CD34
×106

Med. CD3
×108

2.5

NA

5.8

NA

NA

NA

4.0

NA

ALL, acute lymphoid leukemia/lymphoma; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; CMML,
chronic myelomonocytic leukemia; HL, Hodgkin lymphoma; MDS, myelodysplastic syndrome; MM, multiple myeloma; MPD, myeloproliferative disorder;
NHL, non-Hodgkin lymphoma; PNH, paroxysmal nocturnal hemoglobinuria.

patients engrafted, with complete donor chimerism documented on DNA testing of blood T cells and granulocytes.
The 2-year cumulative incidences of relapse were 43.9% for
BM and 23.5% for PBSCs (𝑃 = 0.286). For the 33 patients with
hematological malignancies, the distribution of relapse-free
survival did not differ significantly between BM and PBSC
groups and at 2 years was 44.9% and 72.7%, respectively. OS
at 2 years was significantly better for PBSC patients (𝑃 =
0.028), at 83.4% versus 52.7% for BM. Patients in the first
cohort were slightly older and had a higher proportion of
acute myeloid leukemia, but there were no differences in the
distribution of DRI scores between the 2 groups. No serious
episodes of opportunistic infection occurred in both cohorts
and no posttransplant lymphoproliferative disorder was
observed.
Another abstract from 14 centers in Spain [36] reported
the results of 80 patients (16–66-year-old) who received
NMA (77.5%) or myeloablative (22.5%) conditioning regimens and posttransplant Cy with MMF and calcineurin
inhibitor. Almost half of the patients (51%) got BM, while
the other half (49%) got PBSC. TRM was 19% at 6 months.
Grades II–IV acute GVHD was 33% while grades III-IV
acute GVHD was 14%. Chronic GVHD was present in 24%,
being extensive in 12%. Another multicenter but prospective
phase II study was conducted by the Japan Study Group for
Cell Therapy and Transplantation [37]. They used a reduced
intensity regimen containing busulfan (6.4 mg/kg). GVHD
prophylaxis consisted of Cy (50 mg/kg/day on days 3 and
4), tacrolimus (days 5 to 180), and MMF (days 5 to 60).
They included large numbers of patients who were not in
remission and patients with a history of prior allogeneic SCT
compared to other studies. One-year relapse rate was 45%
with 1-year DFS and OS rates of 34% and 45%. Grades II–
IV acute GVHD was 23%, while grades III-IV acute GVHD
was 3%. Chronic GVHD was present in 15%, without any
severe GVHD. Subgroup analysis showed that patients who

had a history of prior allogeneic SCT (𝑛 = 13) had lower
engraftment (69% versus 100%).

4. Conclusions and Future Directions
The studies in Tables 1–3 and others reported over the
last decade represent considerable evidence to suggest that
haploidentical SCT is a safe and practical option for patients
with no donors with almost comparable results to MRD
or MUD transplant [38, 43, 44, 46–50] and is superior to
conventional consolidation/maintenance chemotherapy as
postremission therapy for high-risk diseases [51, 52]. BM has
been replaced by PBSC as a stem cell source in MRD and
MUD SCT because of the higher engraftment rates due to
the larger number of CD34+ stem cells and because of a
potential higher graft versus tumor effect linked to a larger
number of T cells. In the haploidentical SCT setting, graft
rejection rate appears to be similar or slightly lower in most of
the studies utilizing PBSC rather than BM as in Table 3. The
median days to neutrophils and platelet engraftments appear
to be similar between BM and PBSC grafts in spite of higher
median CD34 cells in the PBSC grafts. High fever at 4 to 5
days after transplant was observed in both studies with BM
or PBSC; however, the median Tmax of patients transplanted
with PBSCs was significantly higher than the Tmax of patients
transplanted with BM, probably related to high number of T
cells [53].
In the study reported by the Blood and Marrow Transplant Clinical Trials Network, chronic GVHD occurred more
frequently after PBSC MUD where most patients did not
get in vivo T cell depletion, without effect on OS [54],
and, in MRD, the higher incidence and greater severity of
chronic GVHD in PBSC MRD SCT had little impact on the
patient’s performance status or survival [55, 56]. Most of the
studies that compared haploidentical SCT to MRD or MUD
transplants showed less GVHD especially chronic GVHD

BM 21/29
PB 20/27
16/25
15/18

4%

2%

4.7%

0%
6%

4%

6%

NA
NA
0

0

Symons et al., 2011 [26]

Brunstein et al., 2011 [27]

Pingali et al., 2014 [28]

Solomon et al., 2012 [29]
Raiola et al., 2013 [30]

Raj et al., 2014 [31]

Bhamidipati et al., 2014
[32]

19/35

13%
(0 in no h/o
SCT; 31% in
h/o SCT)

Sugita et al., 2015 [37]
23%/3%

33%/14%

30%/10%
12%/6%
II 35%
III 8%
IV 0%
All grades
53%/17%
25%/3%
33%/14%
43%/23%
I–III 55.1%
No IV
I–III 48.5%
No IV

32.6%/7.8%

32%/0

14%/7.3%

34%/6%

46%/23%

aGVHD
II–IV/III-IV

15%/none severe

24%/Ext. 12%

32.3%

28.6%

1 y 23%

6 mo. 19%

6 mo. 0

6 mo. 0

2 y 3%

2 y 19%

1 y 17%

1 y 17%

18% @ 2 y
2 severe cases
8% @ 2 y
Ext. only in 1 patient
13%
13%
56%/Ext. 10%

1 y 10%
6 mo. 18%

25%

1 y 7%

35%/severe 5%
26%/Ext. 0

21.3%/Ext. 10%

1 y 13%

100 D 12%

1 y 15%

Ext. 5% in 2 doses of
CY versus 25% in one
dose of Cy
13%

1/10 died of
GVHD

NRM

1/10 limited

cGVHD

1 y 45%

NA

2 y 23.5%

2 y 43.9%

1 y 22%
1 y 12%
2 y 24%

1 y 38%

2 y 28%

1 y 40%
18 mo. 22%

3 y 30.1%

1 y 66% poor risk
1 y 13% in CR
1 y 45%

1 y 51%

4/10 cohort 2
relapsed

Relapse

1 y DFS
34%

2 y EFS
63.6%
1 y EFS
48%

2 y EFS 44.9%

2 y DFS 73%

2 y PFS 62%

1 y 53%

2 y 51%

1 y DFS 50%
DFS 18 mo. 51%

3 y PFS 42.3%

1 y PFS 48%

1 y 23.5%

2 y EFS 26%

At med. f/u
6 mo. 5/10 in CR

EFS/PFS

1 y 45%

1 y 60%

2 y 83.4%

2 y 52.7%

2 y 78%

2 y 68%

1 y 62%

2 y 48%

1 y 62%
1 y OS 64%
Median OS for 1st
SCT 25.6 mo.
2nd SCT 6.5 mo.
1 y 69%
18 mo. 62%

1 y 40%

2 y 36%

At med. f/u 6 mo.
6/10 (cohort 2)
alive

OS

aGVHD, acute graft versus host disease; cGVHD, chronic graft versus host disease; CR, complete remission; Cy, cyclophosphamide; D, day; DFS, disease-free survival; Engraf., engraftment; EFS, event-free survival;
Ext., extensive; mo., months; neut., neutrophils; NRM, nonrelapse mortality; OS, overall survival; PFS, progression-free survival; PLT, platelets; y, year.

18/27

NA

16/24

17/21

16/27
18/23

18/NA

16/24

25/32

Gayoso et al., 2013 [36]

Bradstock et al., 2015 [35]

Solomon et al., 2015 [34]

13%

15/18

13%

Luznik et al., 2008 [25]

Castagna et al., 2014 [33]

15/14

20%
Cohort 2

O’Donnell et al., 2002 [24]

15/24

Med. days to
neut./PLT eng.

Engraf. failure

Reference

Table 3: Transplant outcomes.
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[41] but it is difficult to tell if this is from the use of BM
in most of haploidentical SCT studies or from the use of
posttransplant Cy or from both. In the study that compared
PBSC haploidentical SCT to MUD SCT [34], rates of acute
and moderate-to-severe GVHD were less in haploidentical
SCT which may be attributed to use of BM in some of patients
in the MUD group and no in vivo T cell depletion or use of
posttransplant Cy which is cytotoxic to alloreactive T cells.
Interestingly, the number of CD3+ T cells reported in PBSC
allografts was about 5-fold higher than the one reported in
BM allografts (Table 2) and hence there were higher but
acceptable rates of acute GVHD in most of them and similar
rates in others (Table 3). Most PBSC studies also showed
low rates of severe acute and chronic GVHD and most of
them were responsive to steroids. However, most of these
studies are from single centers with the small number of
patients and short term follow-up especially for the PBSC
grafts. The two studies that compared PB with BM [33, 35]
are retrospective and small which may impair the statistical
power of the comparison. In addition, it is difficult to compare
across different trials because of the heterogeneity of patient
population and conditioning regimens.
Regarding relapse, the high relapse rate in some of the
haploidentical studies compared to other graft sources could
be related to the NMA regimen used, use of the BM grafts
with low graft versus tumor effect, or lower NRM in haploidentical studies, which puts more patients at risk of relapse.
Also effect is probably different depending on the disease
too, myeloid or lymphoid malignancies. The effects of the
substitution of BM with PBSC in the haploidentical setting
on graft versus tumor effect and relapse are also unclear and
difficult to assess because of the lack of prospective studies
and heterogeneity between the above studies regarding disease risk and regimens used. However, in most of the studies,
the most relative factor contributing to outcome was disease
risk prior to transplant.
Despite limitations, these studies suggest that BM or
PBSC could be safely used as allograft sources for haploidentical transplantation with good outcomes and acceptable
rates of GVHD and graft failure, which helps provide more
options for patients and donors. However, there is need for
prospective adequately powered studies to evaluate the effect
of use of BM versus PBSC in haploidentical SCT setting on
GVHD, graft versus tumor, OS, immune reconstitution, and
quality of life. Since disease relapse or progression remains
a problem in high-risk patients, novel therapies added in
the conditioning regimens or posttransplant need to be
evaluated.
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Allogeneic hematopoietic stem cell transplantation (HSCT) remains a curative option for children with high risk and advanced
acute leukemia. Yet availability of matched family donor limits its use and although matched unrelated donor or mismatched
umbilical cord blood (UCB) are viable options, they fail to meet the global need. Haploidentical family donor is almost universally
available and is emerging as the alternate donor of choice in adult patients. However, the same is not true in the case of children.
The studies of haploidentical HSCT in children are largely limited to T cell depleted grafts with not so encouraging results in
advanced leukemia. At the same time, emerging data from UCBT are challenging the existing paradigm of less stringent HLA
match requirements as perceived in the past. The use of posttransplantation cyclophosphamide (PTCY) has yielded encouraging
results in adults, but data in children is sorely lacking. Our experience of using PTCY based haploidentical HSCT in children shows
inadequacy of this approach in younger children compared to excellent outcome in older children. In this context, we discuss the
current status of haploidentical HSCT in children with acute leukemia in a global perspective and dwell on its future prospects.

1. Introduction
Despite marked improvement in the outcome of children
with acute leukemia with first-line chemotherapy, a significant proportion of patients require allogeneic hematopoietic
stem cell transplantation (HSCT) either in first remission
(CR1) or beyond. In the BFM 95, about 12% of children
diagnosed with acute lymphoblastic leukemia (ALL) went
on to receive an allogeneic HSCT and the number increased
in subsequent studies with introduction of MRD based risk
stratification [1]. Likewise in the trials involving children
with acute myeloid leukemia (AML), up to 30% of patients
underwent an allogeneic transplantation [2]. In addition,
allogeneic HSCT is the preferred modality of intervention
beyond CR1. Thus, a conservative estimation would be that
25% of children with ALL and 40% of those with AML might
require an allogeneic HSCT either in CR1 or beyond.
HLA matched family donor (MFD) remains the donor
of choice in any indication for allogeneic HSCT. But with

restricted family sizes, the chances of obtaining a MFD for a
child are substantially reduced. Thus, alternate donor HSCT
would be needed for the majority when an allogeneic HSCT
is indicated and the focus of the transplant community in the
past two decades has been on development of alternate donor
sources.

2. The Dilemma of HLA Matching:
Time for Cord Blood As Well
Developments in unrelated donor registries for both marrow
and cord blood repositories have enabled progress in the
field of allogeneic HSCT. Initial registry based studies had
established equivalence between a mismatched unrelated
cord blood transplantation (UCBT) and matched unrelated
donor (MUD) transplantation [3]. HLA matching based on
high resolution typing has improved the outcome of MUD
transplants over the last two decades [4]. The limitations of
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North American and European registries in providing 8/8
HLA matched donors beyond the White Europeans have
been largely addressed by the availability of ≥4/6 HLA
matched UCB units from the existing public cord blood
banks [5]. Whilst low resolution typing for HLA-A and HLAB and high resolution typing for DRB1 were deemed optimal
for UCBT aiming for 4–6/6 HLA matched units, recent studies have challenged this notion [6–9]. A retrospective analysis
on 803 patients, mostly children, showed the importance
of HLA-C matching to reduce transplant related mortality
(TRM), which was hitherto considered redundant [6]. At
the same time, high resolution allele level matching for both
single and double cord units was shown to reduce TRM [7, 9].
The impact of allele level or extended HLA-C matching was
shown to be independent of the cell dose. These findings, if
taken to cognizance, would restrict the availability of suitably
matched UCB such as ≤2 allele level mismatches including
HLA-C. Thus, the attempts at optimizing the outcome of
UCBT have pushed the quest for the third alternative that is
HLA-haploidentical family donor (HFD) to the fore [7, 8].

3. Haploidentical Family Donor: Always
Present but Barely Noticed until Now
The success of HSCT depends on establishment of bidirectional tolerance and compatibility of major HLA antigens is
a prerequisite for the same. It has been aptly documented in
the setting of unrelated donor HSCT that with each additional
mismatch in HLA-A, HLA-B, HLA-C, or DRB1 the survival
decreases by 10–20% [10–12]. Recent studies have highlighted
the same regarding UCBT [8]. Early attempts at introducing
haploidentical family donor as an alternate donor had failed
miserably. Not unexpectedly, severe alloreactivity or graft
rejection dominated the outcome and the concept of allograft
from a HFD was not thought to be feasible [13].

4. Megadoses of Purified CD34+ Cell Infusion:
The Door Opened but Questions Remained
The breakthrough came from murine experiments demonstrating the ability of megadoses of CD34+ cells to engraft
across major HLA barriers [14–16]. This was translated to
clinical reality by the group from Perugia when they reported
95% engraftment with virtually no serious graft-versus-host
disease (GVHD) without employment of GVHD prophylaxis,
in patients with advanced leukemia [17]. This was possible
due to advent of growth factor mobilized peripheral blood
stem cell (PBSC) collection which enabled collection of large
amounts of CD34 cells which was not hitherto possible from
marrow grafts. The other advancement of technology provided the ability to purify CD34 cells via immunomagnetic
techniques drastically reducing the T and B cell content of
the graft. This approach was based on infusing CD34 cells in
excess of 10 × 106 /kg with a CD3 cell inoculum of <1 × 105 /kg.
In a pilot study on haploidentical HSCT with CD34 selected
PBSC graft following myeloablative and immunoablative
conditioning, Aversa et al. documented sustained engraftment in 41/43 patients with advanced leukemia without acute
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or chronic GVHD and 28% long term disease-free survival
(DFS) [17]. Importantly, no pharmacological GVHD prophylaxis was employed. The study population included both
adults and children with an age range of 4 to 53 years.
However, the major drawback of this approach was delayed
immune reconstitution resulting in mortality from opportunistic infections in about 40% of the patients. The reconstitution of CD4 T cells was delayed beyond 12 months in
the surviving patients. In a study on 39 children employing
a similar approach, 36 patients engrafted promptly with little
or no GVHD [18]. The DFS was 28% and TRM was 34%.
Interestingly, immune reconstitution (IR) was noted to be
better in those receiving >20 × 109 /kg CD34 cells. Subsequent
studies by the Perugia group showed further improvement in
outcome over the next decade, but TRM remained a major
concern which was attributable to delayed IR [19–21]. Two
studies from the UK highlighted similar findings with better
results in patients in CR than those who were not in remission
[22, 23]. The outcome with this approach was remarkably better in patients with AML as compared to those with ALL [19].
An EBMT Pediatric Disease Working Party survey on
127 children with ALL transplanted between 1995 and 2004
revealed some interesting facts [24]. They found that transplants carried out by centres performing more than 231
allografts in the specified period with a median of 8 HFD
yielded a DFS of 39% compared to only 15% in those performing less than 231 allografts with a median of one HFD
transplant. There was a trend towards lower relapse incidence
(RI) and DFS amongst those receiving a higher dose of CD34
cells. These findings highlighted the fact that T cell depleted
(TCD) HFD transplantation was a technically demanding procedure requiring experience and the results heavily
depended on the CD34 cell content of the graft. The other
major hindrance for its universal application was the high
TRM associated with delayed IR. Whilst the major centres
performing such procedures develop protocols and expertise
in managing these complications, the ones performing TCD
HFD transplants only occasionally were unlikely to achieve
similar results.

5. Natural Killer (NK) Cell Alloreactivity:
A New Kid in the Block
The focus of GVHD and GVL had remained on T cells until
Ruggeri et al. highlighted the impact of natural killer (NK)
cells in reduction of relapse in AML following CD34 selected
PBSC grafts from haploidentical donors [25]. Since then,
several groups have reported on the impact of NK cells in
shaping the outcome of both haploidentical family donor
and unrelated donor transplantation. The opinion has often
been divided on this issue [26–28]. The last decade has witnessed an enormous effort in the understanding of NK cell
biology within the context of allogeneic hematopoietic cell
transplantation (HCT).
NK cells kill their target through direct cytotoxicity by
engaging one or more activating receptors. However, the activating receptors are believed to be under the negative
feedback control from inhibitory killer immunoglobulin-like
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receptors (KIRs). Cytotoxicity of NK cells in the steady state
is under the constant negative feedback from inhibitory KIRs
through binding to Self-Class 1 MHC molecules. Several key
KIR genes have been identified along with their putative
ligands, whilst others remain unidentified. Biallelic polymorphism in HLA-C (positions 77 and 80 of heavy chain)
denoted as C1 or C2 and restricted polymorphism in HLA-B
(positions 77–83 in heavy chain) denoted as BW4 have been
identified as ligands for KIR 2DL2/3, 2DL1, and 3DL1, respectively [29].
When NK cells from biallelic donor (C1 and C2 ), for
example, fail to find one of the alleles (C1 or C2 ) in the recipient, a subset of donor NK cells tend to lose the inhibitory
feedback and target the host hematopoietic cells vis-a-vis the
leukemia cells in cytotoxic killing. This phenomenon (missing self-theory) was described by the Perugia group as the key
event responsible for the cure of high risk leukemia following
CD34 selected haploidentical graft [29, 30]. Several other
models of NK alloreactivity have been postulated, yet none
have been proven beyond surrogacy in the clinical setting
[29–32].
In recent years, the focus has shifted to the repertoire of
activating genes in the donor NK cells. Sivori et al. reported
on the beneficial outcome of donor KIR2DS1 expression in
conjunction with C2 allele in the recipient [33]. Furthermore
Cooley et al. showed that KIR haplotypes and the specific
genes related to B haplotype in the donor at centromeric or
telomeric positions might have a favourable impact on the
outcome of both unrelated and haploidentical HCT [34].

6. Manipulating the Graft Further: Positive
versus Negative Selection
The seminal findings on NK alloreactivity along with development of immunomagnetic cell selection gave researchers
in the field the options to rid the graft of CD3 and CD19 cells,
leaving behind CD34, CD56, and other cell types [35]. The
Tuebingen group reported on 46 children undergoing HFD
HSCT with CD3+/CD19+ depleted graft in 2014 [36]. The
engraftment was 88% with 20% TRM at 5 years. However,
the incidences of both acute and chronic GVHD were higher
with this approach, unlike that witnessed with CD34 selected
grafts. The same group studied NK cell reconstitution in
59 patients undergoing CD3/19 depletion as compared to
42 patients undergoing CD34 selection [37]. They observed
superior NK cell recovery and cytotoxicity with the former
approach.
However, despite achieving a DFS of 45% to 80% when
children were in CR, both TCD approaches were associated
with dismal outcomes in more advanced diseases [18, 22,
36–38]. Employment of other TCD approaches in HFD
transplantation for children with advanced leukemia did not
result in improved outcome [39].
Further refinement of this approach took place with a
new TCD method that removes 𝛼𝛽+ T lymphocytes via a
biotinylated anti-TCR𝛼𝛽 antibody followed by an anti-biotin
antibody conjugated to magnetic microbeads while retaining
TCR 𝛾𝛿+ T lymphocytes, natural killer (NK) cells, and other
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cells in the graft [40]. This approach was based on the fact
that the TCR𝛼𝛽 T cells were primarily responsible for GVHD
and that TCR 𝛾𝛿 T cells had potent antileukemia and antipathogen activity which, coupled with NK cells in the graft,
would boost both antitumor and anti-infective potency of
the graft. This approach has yielded excellent results in children with nonmalignant diseases and in those with acute
leukemia in CR [41–44]. The IR was accelerated with this
approach compared to the previous ones. The incidence of
both acute and chronic GVHD remained low more akin to
the CD3/CD19 depletion approach. However, the outcome of
children not in CR remained dismal [43].
Another innovative approach from the Perugia group has
taken graft manipulation a level further [45]. In accordance
with the animal studies, they infused CD4+ CD25+ FoxP3+
regulatory T cell subpopulation (Tregs) on day −4 at 2 × 106 /
kg following myeloablative conditioning [46]. This was followed by infusion of >10 × 106 /kg CD34 cells on day 0
along with 1 × 106 /kg conventional T cells. This study was
exclusively in adults and resulted in a DFS of 53% in patients
with high risk leukemia, primarily in remission [46]. The
authors claimed that this approach might reduce GVHD and
yet augment the GVL effect. This approach is exciting but
expensive and labor intensive.
Despite the encouraging results of TCD based approaches, two major caveats remain. Firstly, the approaches
are technically demanding and expensive limiting its global
application. Second, TCD based HSCT has uniformly yielded
abysmal results in more advanced leukemia, particularly if
not in remission [47].

7. Unmanipulated Haploidentical HSCT:
Changing the Paradigm in Adults, but
What about Children?
Two major approaches to HFD HSCT without graft manipulation in adults have changed the approach and outlook
towards haploidentical transplantation in the last 5 years.
The first approach pioneered by the Peking University group
employed myeloablative conditioning with combined G-CSF
stimulated marrow and PBSC grafts along with multiagent
GVHD prophylaxis [48, 49]. Outcome data on 1210 transplants were reported in both adults and children with mostly
ALL and AML with an impressive DFS of 67% and a NRM
of 17% [50]. The incidences of acute and chronic GVHD
were 40% and 50%, respectively. The RI was only 17%. The
same group reported on the outcome of 212 children with a
median age of 15 years with both AML and ALL [51]. They
reported 100% engraftment with a NRM of 15% in those
transplanted in CR1/CR2, but 25–40% in those beyond CR2.
The incidences of both acute and chronic GVHD were similar
to those reported in the combined population, but grades 34 GVHD which occurred in 15% of patients was identified
as a risk factor for NRM. The RI was 7.2% and 19% in CR1
for AML and ALL, respectively, but was 2–4-fold higher
beyond CR1. The overall DFS was 73% for AML and 57% for
ALL. In those beyond CR2, the DFS was 42% for AML and
22% for ALL. These results compare favourably with TCD
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approaches reported thus far. Not surprisingly, the incidences
of both acute and chronic GVHD were much higher with this
approach.
The other approach which was pioneered by the Johns
Hopkins group involved use of posttransplantation cyclophosphamide (PTCY) [52]. This simple but unique concept
is based on the fact that activated T cells are susceptible to
high dose cyclophosphamide if administered in the window of 72 hours after graft infusion. The hematopoietic stem
cells as well as quiescent T cells are spared of the cytotoxic
effects of PTCY due to higher amount of aldehyde dehydrogenase [53, 54]. It was shown in preclinical as well as
the subsequent clinical studies that this approach resulted
in 90% engraftment with very low incidences of both acute
and chronic GVHD [55]. These studies were carried out in
adults and the conditioning was nonmyeloablative (NMA)
with marrow as the source of graft. The GVHD prophylaxis
consisted of mycophenolate mofetil (MMF) for 35 days
and tacrolimus for 180 days. In those grafted in CR1, the
results were encouraging, but the ones with more advanced
disease experienced very high incidences of relapse [56].
Subsequent studies on PTCY based HFD HSCT employing
myeloablative conditioning reported better DFS with no
significant increase in GVHD or NRM [57, 58]. At the same
time, several groups have used PBSC graft instead of BM
and the outcomes have been similar in terms of engraftment
and NRM with some increase in acute GVHD [59–61]. Thus,
these studies have established PTCY based haploidentical
HSCT as a frontrunner when it comes to alternate donor
HSCT, to the extent that many argue in favour of PTCY
based HFD HSCT ahead of MUD or UCBT [62–64].
Despite the impressive results in adults, the literature has
been largely silent on the use of PTCY in children. One
study from Japan employed a modified PTCY based approach
on day +3 alone and GVHD prophylaxis with steroids and
tacrolimus in 15 children, 9 of whom had advanced leukemia
[65]. They reported a higher incidence of graft failure with
lower conditioning intensity. Although 46% of the patients
achieved a CR, the long term outcome remained dismal.
We had carried out a pilot study with PTCY based
haploidentical PBSC transplantation on 20 children with
advanced leukemia, 13 with refractory or relapsed AML and 7
with high risk ALL in CR1 [66]. A myeloablative conditioning
with Fludarabine, Busulfan, and Melphalan was employed
and GVHD prophylaxis consisted of MMF for 14–21 days and
cyclosporine for 60 days with further 2 weeks of tapering. All
engrafted promptly with 35% experiencing grade 2–4 GVHD
and 5% having mild chronic GVHD. NRM was 20% at 1
year and this was associated with grade 3-4 GVHD, similar
to that reported by the Chinese group [51]. However, it was
of note that grade 3-4 GVHD occurred exclusively in those
below the age of 10 years in our study. The above-mentioned
study from Japan also documented GVHD in 6/8 evaluable
patients below the age of 10 years [65]. In addition, we also
experienced a higher incidence of early alloreactivity in the
form of hemophagocytic syndrome (HPS) in children below
10 years of age [67].
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8. Why Are Younger Children at a Higher
Risk of Early Alloreactivity following PTCY
Based Haploidentical HSCT?
This finding is indeed intriguing and counterintuitive on the
face of it. The high incidence of early alloreactivity in the
younger children undermines the basic principle of the PTCY
approach and contradicts the prevailing concept that GVHD
occurs with increasing age rather than the other way around.
The relative contents of CD34+ cells and CD3+ T cells in
our study were similar in both younger and older children
and hence the higher T lymphocyte content of PBSC graft is
unlikely to be solely responsible for the disparate outcome
in the younger children [66]. Based on these findings, we
hypothesised that the possible reason for early alloreactivity
could be related to the failure of elimination of the alloreactive
T cells by PTCY in younger children. To support this hypothesis, the pharmacokinetic (PK) studies on CY metabolism
in children have been shown to be extremely variable [68].
In a study on 38 children between the ages of 2 and 15
years, there was significant interpatient variability as well as
variable activation of CY to its active metabolites [69, 70].
A pharmacokinetic study of high dose CY in children above
the age of 10 years undergoing myeloablative conditioning for
solid tumours did not reveal any impact of age on clearance
or the volume of distribution of CY [71]. Extrapolating
from the pharmacokinetic studies, this phenomenon might
be explained by the reduced efficacy of PTCY in clearing
alloreactive T cells in younger children, due to the variable
metabolism of the drug in younger age group. Whether the
alloreactivity would be less with marrow grafts is unclear due
to the lack of data on the same. These findings once again
serve as a reminder not to consider children as mere smaller
adults and a regimen deemed successful in adults might not
necessarily yield similar results in children.

9. Choice of Graft for Children in CR1 Lacking
a Matched Donor?
In those in whom an allograft is recommended in CR1,
traditionally, a MUD or UCBT from a cord unit with high cell
dose and ≤2 allele mismatches would generally be preferred
for both AML and ALL. In conventional algorithm, a TCD
graft from a HFD would be considered appropriate if none
of the above is available. The relevant studies on HFD HSCT
in children have been summarised in Tables 1 and 2. Whilst
this approach is feasible and can produce impressive results
in experienced hands, the procedure remains challenging to
most of the world due to financial and technical demands
associated with it. However, the cost of procuring a cord or
a MUD graft is even more and the absence of GVHD and its
prophylaxis or treatment following TCD HFD graft largely
balances out the upfront financial burden in the long term
along with an improved quality of life due to lack of immunosuppression and chronic GVHD. The best results with this
approach are obtained in patients in complete remission, CR1
or CR2, rather than those not in CR or beyond CR2 [18, 20,
36, 39, 43]. The newer approaches to TCD such as TCR𝛼𝛽
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Table 1: Outcome of T cell depleted haploidentical transplantation for children with acute leukemia.
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Table 2: Outcome of haploidentical transplantation for children with acute leukemia without T cell depletion.
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depletion might be more appropriate than CD34 selection
due to the poor immune reconstitution associated with the
latter resulting in significant infection associated mortality
[20, 39, 43, 72]. However, the data on the former is scanty and
follow-ups are short to allow any definitive verdict in favour of
either. Furthermore, NK cell alloreactivity plays an important
role in reducing relapses for myeloid malignancies following
TCD grafts in the HFD setting [32, 73]. The same is not
established unequivocally in the context of ALL [73]. Some
studies have suggested that NK cell alloreactivity might be
effective in T cell ALL as well, whilst another study suggested
an improved outcome in childhood ALL with a donor NK cell
KIR B haplotype with higher B score [74].
The preferred modality of graft manipulation would be
subject to the experience of individual centres with the
main thrust on administering high number of CD34 cells,
preferably in the range of 15–20 × 106 /kg. An NK alloreactive
donor would be preferred as would be a maternal donor, if the
graft is T cell depleted [75]. The issue of donor NK haplotype
and B score might be relevant but remains uncertain pending
further studies. However, if more than one NK alloreactive
HFD is available, choosing one with a B haplotype and/or
higher B score might be preferred. Although the data on NK
cell alloreactivity is more robust in HFD transplants for AML,
the limited data should not preclude the choice of the same in
ALL.
If TCD is not feasible due to technical or financial reasons,
should one opt for an unmanipulated graft and if so, what
should dictate the choice of the donor? Given the limited
data on non-TCD approaches, the recommendations would
be more tailored to the individual situation. The study by the
Chinese group has yielded impressive results in both AML
and ALL in CR1. However, data is not available from other
centres employing a similar approach and it remains unclear
if the results would be similar in other ethnic groups. This
is exemplified by a much higher incidence of HPS following
both UCBT and HFD HSCT from Asia as compared to
Europe and Northern America [67, 76]. The data on PTCY
based approach is limited, but early data indicates that this
approach is best limited to children above the age of 10 years
due to a higher risk of early alloreactivity [66].
The next issue that needs to be addressed is related to
the choice of the haploidentical family donor. If the former
approach is chosen, the choice of donor might be more
definitive as donor issues have been extensively studied by
the researchers from Peking University [50]. Interestingly, in
direct contradiction to the data from TCD HFD [75], maternal donors were found to be associated with poorer outcomes.
Three factors stood out in this analysis, donor gender, donor
age, and noninherited maternal antigen (NIMA) mismatch.
Thus, a NIMA mismatched younger male sibling would be
a preferred donor followed by the father over mother or a
sister. The same group had shown a detrimental effect of NK
cell alloreactivity on the outcome, which was again contrary
to the findings from TCD approach [77]. The same, however,
cannot be extrapolated to other forms of unmanipulated HFD
grafts and, pending further studies, a NIMA mismatched
sibling donor might be a reasonable option. However, given
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the increased number of single child nuclear families, one
might be left to choose between the parents. The Johns Hopkins group had shown that there might not be an impact of
NK cell alloreactivity in the context of NMA PTCY based
haploidentical transplantation [78]. Rather, a HFD with NK
B haplotype might yield better results. This again remains
unproven in the pediatric setting following myeloablative
conditioning.
The current excellent results of TCD haploidentical HSCT
could challenge the current hierarchical algorithm of alternate donor choice of MUD and UCBT in preference to HFD
grafts, especially when the financial implications of the latter
are more favourably balanced in the long term. It would not
be unwise to assume that continued advances in the field of
HFD HSCT might make this form of alternate donor HSCT
the preferred option in the near future.

10. The Choice of Graft beyond CR1/CR2
The results of TCD approaches have been uniformly dismal
even with newer methods of graft manipulation in these
patients [43, 47] and a non-TCD approach might be preferred. Given the high risk of treatment failure, higher incidence of both acute and chronic GVHD following an unmanipulated graft might be more acceptable. Similar to TCD
approaches, the choice would be centre specific with the main
aim of the regimen directed at reducing both relapse and
NRM. However, if a TCD approach is employed, this needs
to be combined with immunotherapy. Whether infusion of
NK cells or even 𝛾𝛿T cells can improve the outcome remains
to be seen but poses an exciting area of research [41, 79,
80]. The other approach being studied is the use of suicide
gene modified T cells [81, 82]. Thus, it might be prudent to
enroll such patients in one of the trials employing any of
these approaches. At our centre, we continue with Flu-BuMel conditioning and PBSC graft with PTCY and attenuated
courses of both MMF and CSA in those above 10 years
old. In those under the age of 10 years, we are currently
enrolling patients with relapsed refractory leukemia in a
study exploring inhibitors of T cell activation with PTCY to
prevent early alloreactivity or TCD grafts with active immunotherapy.

11. Optimizing NK Cell Mediated GVL Effect
in Unmanipulated Haploidentical HSCT
NK cell alloreactivity is unequivocally demonstrable following TCD haploidentical HSCT and yet has not been discernable with an unmanipulated graft. This paradox has never
been addressed but undoubtedly deserves a closer look. There
could be several explanations for this phenomenon. Ligand
mismatches are not the only prerequisite for realising the
antileukemia effect of alloreactive NK cells. Studies on HFD
transplantation with unmanipulated graft have employed
MMF as GVHD prophylaxis and have routinely employed GCSF after transplant. Both of these interventions compromise
NK cell cytotoxicity [83, 84] and so does sirolimus [85]. On
the other hand, CSA probably does not impair NK cell activity
and might even augment it [85, 86].
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High dose CY has also been shown to enhance NK cell
activation. Administration of high doses of CY improved
the antitumor effect of IL-2 activated NK cells in animal
models [87]. The cytotoxic activity of NK cells was increased
by over 300% when they were incubated with CY. This
effect was demonstrable after 2 hours and maximised after
8 hours of incubation [88]. In a clinical study on adoptive
immunotherapy with haploidentical NK cells in patients with
refractory AML, the use of high dose CY was associated with
increased expansion of donor NK cells [89]. This was
attributed to a marked rise in endogenous IL-15, a phenomenon not witnessed with low dose CY.
Thus, the combination of PTCY and CSA might provide
the ideal platform to exploit the antileukemic potential of
alloreactive NK cells, if the use of MMF or G-CSF could
be limited. Furthermore, the use of PBSC graft rather than
marrow might contribute to this phenomenon.
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[6]
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[10]

12. Conclusion
Haploidentical HSCT has come a long way since the initial
failures in the 1980s [90]. The concepts of both the veto effect
of CD34 cells when infused alone in large amounts and the
utilisation of metabolic principles of cyclophosphamide in
eradicating activated T cells immediately after transplantation have ushered a new era in alternate donor transplantation. Newer methods of graft manipulation with adoptive
immunotherapy might pave the way for greater successes
in the field of HFD transplantation for children with acute
leukemia. At the same time, improving on the approaches to
unmanipulated haploidentical HSCT is essential to realise the
global potential of this procedure.
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Allogenic hematopoietic cell transplantation (HSCT) is typically the preferred curative therapy for adult patients with acute myeloid
leukemia, but its use has been reduced as a consequence of limited donor availability in the form of either matched-related donors
(MRD) or matched-unrelated donors (MUD). Alternative options such as unrelated umbilical cord blood (UCB) transplantation
and haploidentical HSCT have been increasingly studied in the past few decades to overcome these obstacles. A human leukocyte
antigen- (HLA-) haploidentical donor is a recipient’s relative who shares an exact haplotype with the recipient but is mismatched
for HLA genes on the unshared haplotype. These dissimilarities pose several challenges to the outcomes of the patient receiving
such a type of HSCT, including higher rates of bidirectional alloreactivity and graft failure. In the past 5 years, however, several
nonrandomized studies have shown promising results in terms of graft success and decreased rates of alloreactivity, in part due to
newer grafting techniques and graft-versus-host disease (GVHD) prophylaxis. We present here a summary and review of the latest
results of these studies as well as a brief discussion on the advantages and challenges of haploidentical HSCT.

1. Introduction
A human leukocyte antigen- (HLA-) haploidentical donor is
one who shares, by inheritance, precisely one HLA haplotype
with the recipient and is mismatched for HLA genes on the
unshared haplotype. HLA-haploidentical donors can be biological parents, biological children, full or half siblings, and
collateral related donors.
Allogeneic hematopoietic cell transplantation (HSCT)
is the treatment of choice with the intention of cure for
some malignant and nonmalignant hematologic disorders.
The hematopoietic stem cells required for this procedure are
usually obtained from the bone marrow or peripheral blood
of a related or unrelated donor. Historically, the best results
of allogeneic HSCT have been observed when the stem cell
donor is a HLA-matched sibling, but, unfortunately, an HLAmatched sibling donor (MSD) can be found in only approximately 30 percent of patients or less. For patients who lack an
HLA-matched sibling, alternative sources of donor grafts can
be found in suitably HLA-matched adult unrelated donors

(MUD), unrelated umbilical cord blood (UCB) donors, and
partially HLA-mismatched-unrelated donors (mMUD) or
HLA-haploidentical related donors [1].
The major challenge of HLA-haploidentical HSCT is the
intense bidirectional alloreactivity leading to high incidences
of graft rejection and graft-versus-host disease (GVHD).
Advances in graft techniques and in pharmacologic prophylaxis of GVHD have reduced the risks of graft failure and
GVHD after HLA-haploidentical HSCT and have made this
stem cell source a viable alternative for patients lacking an
HLA-matched donor [2].
Historically, a MSD has been preferred over other donor
sources due to improved clinical outcomes following transplant, such as improved graft failure and less GVHD, and the
speed and cost-effectiveness of the search. But when a MSD
is not available or suitable, the transplant center usually proceeds with an unrelated donor search and alternative donor
sources (HLA-haploidentical HSCT, UCB transplant) are
considered if there is an urgent need to proceed to transplantation or if a preliminary search indicates a low likelihood of
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finding an eight of eight allele-MUD. Unfortunately, despite
an increasing number of volunteers in the unrelated donor
registries, unrelated adult donor HSCT is performed in only
around 35% of patients for whom an unrelated donor search
has been activated [3].

2. Literature Review
In the past year, two large retrospective studies comparing
outcomes of patients receiving haploidentical HSCT versus
MSD HSCT and MUD HSCT, respectively, have been published showing promising results regarding grafting success,
overall survival, and complications such as GVHD and fatal
graft failure.
The first one, a large, retrospective, study published in
2015 by a Swedish group with international collaboration [9],
compared data collected from 10,679 AML patients who
underwent HSCT from a MSD (𝑛 = 9,815) and haploidentical donor (𝑛 = 864) between 2007 and 2012. This study
showed no statistically significant difference in probability of
relapse between both groups but the leukemia-free survival
was superior in the MSD group when compared to haploidentical transplantation group who received either T cell-replete
or T cell depleted grafts. The authors acknowledge, however,
that this was a retrospective study and the different study
groups were not strictly matched. Since the risk of relapse was
similar in both haploidentical donor grafts and MSD grafts,
we could infer a similar graft-versus-leukemia effect in both
groups.
A second retrospective study that compared adults with
AML who received haploidentical donor transplantation (𝑛 =
192), with 8/8 HLA-MUD (𝑛 = 1982) transplantation,
showed that survival for patients with AML after haploidentical transplantation with posttransplant cyclophosphamide (PTCy) was comparable with MUD transplantation
[8]. The haploidentical recipients considered in this study
received calcineurin inhibitor, mycophenolate, and PTCy for
graft-versus-host disease (GVHD) prophylaxis; 104 patients
received myeloablative and 88 received reduced intensity
conditioning (RIC) regimens. MUD transplant recipients
received CNI with mycophenolate or methotrexate for
GVHD prophylaxis; 1245 patients received myeloablative and
737 received RIC regimens. In the myeloablative setting, day
30 neutrophil recovery was lower after haploidentical compared to MUD transplants (90% versus 97%, 𝑝 = 0.02).
Corresponding engraftment rates after RIC transplants were
however 93% and 96% (𝑝 = 0.25), respectively. In the
myeloablative setting, 3-month acute grade 2–4 (16% versus
33%, 𝑝 < 0.0001) and 3-year chronic GVHD (30% versus
53%, 𝑝 < 0.0001) were lower after haploidentical, due to
in vivo T cell depletion with PTCy, in comparison to MUD
transplants. Similar differences were observed after RIC
transplants, 19% versus 28% (𝑝 = 0.05) and 34% versus 52%
(𝑝 = 0.002). Among patients receiving myeloablative and
RIC regimens, there was no statistically significant difference
in survival (3-year OS was 45% versus 50% (𝑝 = 0.38) for
the myeloablative regimen group and 46% versus 44% for the
RIC group (𝑝 = 0.71)).
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In a retrospective comparative study published in 2014,
Raiola et al. [6] reported data from 459 consecutive patients
with hematologic malignancies, with a median age of 44
years (range of 15–71 years), who received allogeneic HSCT
between January 2006 and July 2012, with grafts from MSD
(𝑛 = 176), MUD (𝑛 = 43), mMUD (𝑛 = 43), and UCB
(𝑛 = 105) of HLA-haploidentical family donors (𝑛 = 92).
GVHD prophylaxis varied based on the source of donor
graft: cyclosporine and methotrexate for the MSD recipients
and ATG for the MUD, mMUD, and UCB recipients. PTCy,
cyclosporine, and mycophenolate were used for the haploidentical transplant group.
This report showed a comparable time (16–18 days) to
engraftment for all groups with the exception of UCB group
that took 23 days on average to achieve absolute neutrophil
count >500 (𝑝 = 0.001). Cumulative incidence of developing
CMV antigenemia was highest in the haploidentical group:
58% in the MSD group, 60% in the MUD group, 68% in
UCB group, and 74% in the haploidentical group (𝑝 = 0.004
for the latter). On the other hand, the cumulative incidence
of transplant-related mortality (TRM) at 1000 days favored
the haploidentical group: 24% for the MSD group, 33% for
the MUD group, 35% for the UCB group, and 18% for the
haploidentical group (𝑝 = 0.02). Rates of acute and chronic
GVHD, relapse, and OS were comparable across all donor
types.
A prospective, multicenter, nonrandomized study conducted by Wang et al. [7] between 2010 and 2013 was
published in 2015 comparing results of patients with AML in
complete first remission (CR1) that underwent haploidentical
donor HSCT versus patients that received MSD HSCT. In this
trial, 450 patients were assigned to undergo haploidentical
HSCT (231 patients) or MSD HSCT (219 patients) according
to donor availability. GVHD prophylaxis regimen consisted
of cyclosporine A, mycophenolate mofetil, and short-term
methotrexate.
The outcomes were comparable across the haploidentical
and MSD HSCT groups, the 3-year disease-free survival
(DFS) rate was 74% and 78% (𝑝 = 0.34), the overall survival
(OS) rate was 79% and 82% (𝑝 = 0.36), cumulative incidences
of relapse were 15% and 15% (𝑝 = 0.98), and the nonrelapsemortality rates (NRM) were 13% and 8% (𝑝 = 0.13),
respectively. All patients in both groups achieved donorcell engraftment. The median time to achieve neutrophil
engraftment was 2 days shorter after haploidentical HSCT
(𝑝 = 0.004); meanwhile, platelet engraftment was achieved
3 days shorter after MSD HSCT. The cumulative incidences
for grades 3 to 4 acute GVHD at 100 days were, however, 10%
(95% CI, 6–14) for the haploidentical transplant group and 3%
(95% CI, 1–5) for the MSD group (𝑝 = 0.004). The cumulative
rates of severe chronic GVHD at 1 year were 12% (95% CI,
8–16) and 2% (95% CI, 0–4), respectively (𝑝 < 0.001), as
well. In sum, the results of this study showed comparable
DFS, OS, and relapse in haploidentical and MSD HSCT for
AML patients in CR1. The fact that both study groups received
the same GVHD regimen might explain, on the other hand,
the higher incidences of acute and chronic GVHD for the
haploidentical group as well as the noticeable lower incidence
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for the MSD group compared to prior, although retrospective,
studies.
Currently, there are no published randomized studies
comparing HLA-haploidentical HSCT versus UCB. However,
the United States Blood and Marrow Transplant Clinical
Trials Network (CTN) is conducting a phase III randomized
trial of RIC and transplantation for patients with acute
leukemia in complete remission or with lymphoma, comparing double UCB versus HLA-haploidentical bone marrow
transplantation (BMT CTN 1101; NCT01597778). For patients
who are not eligible or referred for this trial, the choice
between the two graft sources remains a matter of clinician
preference.

3. Donor Selection Criteria for
Haploidentical HSCT
Most patients will have more than one HLA-haploidentical
first-degree relative willing and able to donate, so the appropriate selection of the donor should follow several criteria in
order to achieve the best results for a successful grafting, best
graft versus leukemic effect , and to minimize graft rejection
and GVHD.
A study by Kasamon et al. [10] published in 2010 showed
that increasing HLA disparity between donor and recipient
had no detrimental impact on the outcome of 185 hematologic malignancy patients treated with nonmyeloablative
conditioning, T cell-replete bone marrow transplantation,
and GVHD prophylaxis including high-dose cyclophosphamide. In this study, the presence of an HLA-DRB1 antigen
mismatch in the graft-versus-host direction actually was
associated with a lesser risk of relapse and increased survival.
No significant difference in overall or disease-free survival between recipients of grafts from MSD versus HLAhaploidentical donors was shown by three subsequent retrospective small studies, supporting the hypothesis that
these transplantation platforms have nullified the detrimental
impact of HLA mismatching on outcome. For GVHD prophylaxis, the patients received PTCy in two of these studies
[6, 11] and the GIAC (granulocyte-colony stimulating factor
filgrastim, intensified immunosuppression, antithymocyte
globulin, and combination of peripheral blood stem cell and
bone marrow allografts; see below) protocol in the other one
[12].
Most selection criteria for a haploidentical stem cell
donor are common to other graft types, such as ABO blood
type, cytomegalovirus (CMV) serostatus of the donor and
recipient, sex mismatch, and donor age and parity. There are,
however, criteria that are unique to HLA-mismatched
HSCT, which include donor-specific HLA antibodies, donor
relationship, donor-recipient HLA mismatch, noninherited
maternal antigens, and natural killer cell alloreactivity.
Absolute contraindication to the use of a specific HLAhaploidentical donor is determined by donor fitness and the
presence of strong anti-donor HLA antibodies, if any, in the
recipient against the donor.
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4. Haploidentical Stem Cell
Transplantation Strategies
Given the lack of large randomized comparative studies and
scarcity of large prospective studies, the decision of how to
plan this type of HSCT is mainly based on the expertise
of practicing clinicians. Over the past few years, several
strategies to HLA-haploidentical HSCT were developed. The
approaches most commonly used are as follows.
4.1. T Cell Depletion (TCD) with “Megadose” CD34+ Cells.
This modality has been associated with increased nonrelapse
mortality (NRM) due to infectious complications secondary
to slow immune reconstitution. It is recommended that centers, choosing this modality, have a predefined immunotherapy strategy readily available to hasten immune reconstitution and reduce the risk of infections. Initial studies of TCD
required negative selection of CD3+ cells and later studies
used grafts with CD34+ positive selection [13–15]. These
studies using “megadose” CD34+ grafts with intensive conditioning and no additional postgrafting GVHD prophylaxis
showed engraftment rates of 90 to 95% and rates of acute and
chronic GVHD of <10% [16–19]. The conditioning regimen
used with this approach evolved with time from TBI (8 Gy in
single fraction) followed by thiotepa, cyclophosphamide, and
rabbit ATG, up to newer regimens that replaced fludarabine
and thymoglobulin, respectively, with cyclophosphamide and
alemtuzumab [20].
Methods used to improve immune reconstitution after
TCD haploidentical HSCT include CD3/CD19 negative selection [21, 22]; depletion of alpha/beta but not gamma/delta T
cells [23, 24]; the infusion of cytotoxic T cell lines with viralspecificity for the prevention or treatment of viral infections
[25]; and reintroduction of lower levels of both conventional
and regulatory T cells [26]. Another approach infuses donor
lymphocytes expressing suicide genes that could be activated
in case GVHD occurs [27–29].
4.2. The “GIAC” Strategy. This modality is based on GCSFstimulation of the donor with filgrastim (“G”), intensified
immunosuppression posttransplantation (“I”), antithymocyte globulin (ATG—“A”) added to conditioning to help
prevent GVHD and aid engraftment, and combination (“C”)
of peripheral blood stem cell and bone marrow allografts.
Although relatively inexpensive and not requiring significant
expertise in graft manipulation, there is limited experience
with this approach outside of China. When compared with
high-dose, posttransplantation cyclophosphamide, GIAC
appears to be associated with higher rates of acute and
chronic GVHD. Conditioning is usually a modified busulfan
plus cyclophosphamide regimen with antithymocyte globulin (ATG), cytarabine, and semustine (Me-CCNU).
In the original study presenting this alternative strategy
[12], engraftment occurred in all 171 patients, with the
cumulative incidences of acute GVHD grades 2–4 of 55%
and grades 3-4 of 23%. The cumulative incidences of chronic
GVHD and extensive chronic GVHD at two years were
74 and 47%, respectively. The two-year probabilities of
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nonrelapse mortality (NRM), relapse, and disease-free survival (DFS) were 20, 12, and 68% for standard-risk-disease
patients and 31, 39, and 42% for high-risk-disease patients,
respectively. Subsequent publications also indicated that
this GIAC protocol could achieve complete engraftment,
acceptable NRM, and favorable DFS after T cell-replete
haploidentical HSCT [7, 30, 31]. Unfortunately, increased
incidence of severe acute and chronic GVHD has been
noted with this approach. In trying to improve these results,
Italian investigators presented a report in 2013 modifying
this approach through using only BM allografts and adding
basiliximab [32] which allowed them to achieve a lower rate of
chronic GVHD, which was 17% including both forms, limited
and extensive. Furthermore, in this population, a cumulative
incidence of only 5% was noted for the extensive form of
GVHD. The rate of neutrophil engraftment in this approach
was 93%, with only one patient having failed grafting, and the
NRM was 36%.
4.3. High-Dose, Posttransplantation Cyclophosphamide
(PTCy). PTCy is comparatively inexpensive as it does not
include graft manipulation. PTCy can also be safely used in
the myeloablative conditioning setting with peripheral blood
progenitor cells as a donor source. Following an initial phase
I/II study and subsequent modifications to include a nonmyeloablative conditioning regimen of low-dose cyclophosphamide, and low-dose total body irradiation (TBI), a
GVHD prophylaxis regimen was established consisting of
posttransplant cyclophosphamide at 50 mg/kg given on
each of days +3 and +4 and mycophenolate mofetil and
calcineurin inhibitor tacrolimus administered for 30 and 180
days, respectively [33, 34].
According to recent publications, this strategy has shown
very little negative impact of the extent of human leukocyte
antigen (HLA) disparity on acute GVHD or progression-free
survival (PFS) [10].
In the large retrospective study mentioned above by
Ciurea et al. [8] utilizing PTCy as a GVHD prophylaxis strategy, the day 30 neutrophil recovery was slightly lower in the
haploidentical compared with MUD transplants (90% versus
97%, 𝑝 = 0.25). However, this haploidentical engraftment
success rate does not vary significantly compared with the
other haploidentical approaches which were about 93% in the
GIAC and 90–95% in the TCD groups. The study by Ciurea
et al., as well, showed no evidence of posttransplantation
lymphoproliferative disease within the first posttransplant
year among patients treated with PTCy [8].
Recently, a longer follow-up of a cohort of more than 370
patients showed very similar outcomes to prior studies with
cumulative incidences of NRM and severe acute GVHD at
six months of 8 and 4%, respectively [35]. The cumulative
incidence of chronic GVHD was 13% at two years. PFS
and OS rates at three years were 40 and 50%, respectively.
When a disease risk index was applied to stratify across
all histologies, three-year OS rates ranged from 35 to 71%.
Relapse and OS estimates were comparable to those seen with
HLA-matched HCST. These outcomes were also seen in two
parallel studies sponsored by the Bone Marrow Transplant
Clinical Trials Network (BMT CTN): a multicenter phase II
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trial of haploidentical HSCT (CTN 0603) and transplantation
of double UCB units for high-risk hematologic malignancies
after RIC.
However, higher rates of leukemia relapse have been
suggested as a disadvantage in haploidentical HSCT with
PTCy by data from certain studies. In the retrospective study
published in 2010 by Kasamon et al. [10], higher doses of
PTCy were associated with higher relapse risk, probably
explained by the deleterious cytotoxic effect of cyclophosphamide on the allografts, thus impairing the antitumor effect
of the latter. Five years later, in 2015, such higher risk of relapse
in haploidentical PTCy regimens was also noted by Ciurea et
al. [8] within the group that got RIC. Although there were
no differences in survival in the RIC group, haploidentical
transplantation showed a statistically significant increased
risk of relapse, compared to MUD transplantation, of 58%
(46–68) versus 42% (38–45), respectively. After myeloablative
conditioning, a nonsignificant increase in risk of relapse was
noted in the haploidentical transplantation group versus the
MUD transplantation group of 44% (34–53) versus 39% (37–
42), respectively.
4.4. Other Strategies. Other approaches are also being studied
to improve the outcomes of haploidentical HSCT. One of
them is the use of CD45RA depletion. This strategy has
been developed over the idea that T cell depletion results
in a profound and often prolonged immunocompromised
state and increased risk for graft failure. Because naı̈ve T
cells are believed to be amongst the most alloreactive T
cell subsets and can be identified by CD45RA expression,
allogeneic HSCT using CD45RA depletion is currently being
studied as an option in haploidentical donors. A recent small
study [36] involved 8 children with relapsed or refractory
solid tumors who were transplanted following myeloablative
conditioning. Each patient received two cell products. The
haploidentical donor apheresis product from the first day of
collection was depleted using the CD3 Microbead reagent
and from the second day was depleted after labeling with the
CD45RA Microbead reagent. The products showed a median
CD34 recovery of 59.2% with CD45RA depletion, compared
to 82.4% using CD3 depletion. Median CD3+ T cell dose after
CD45RA reduction was 99.2 × 106 cells/kg, yet depletion of
CD3+ CD45RA+ cells exceeded 4.5 log. CD45RA depletion
also resulted in substantial depletion of B-cells (median 2.45
log). Patients received the CD3-depleted HSCT infusion on
day 0 and the CD45RA-depleted infusion on day +1. All eight
patients engrafted within 14 days and rapidly achieved 100%
donor chimerism. No acute GVHD or secondary graft failure
was observed.
Another study [37] published by the same group later in
2015 presented results from 17 patients with poor-prognosis
hematologic malignancy, who received haploidentical donor
transplantation with CD45RA-depleted progenitor cell grafts
following a novel RIC regimen without TBI or serotherapy.
The group achieved significant depletion of CD45RA+ T cells
and B-cells, with preservation of abundant memory T cells, in
all 17 products. Neutrophil engraftment was rapidly observed
on median day +10 and full donor chimerism on median
day +11 posttransplantation. There was no infection-related

Advances in Hematology
mortality in this heavily pretreated population, and no patient
developed acute GVHD despite infusion of a median of >100
million per kilogram of haploidentical T cells.

5. Discussion: Advantages and Limitations of
Haploidentical Donors
When compared with the other stem cell sources, the major
advantages of the HLA-haploidentical donor option include
the following:
(a) Increased availability of highly motivated donors:
patients have an average of 2.7 potential HLAhaploidentical donors among first-degree relatives.
In comparison, only approximately 30 percent of
patients will have a HLA-matched sibling, and availability of an unrelated donor genotypically matched
at eight of eight alleles (HLA-A, HLA-B, HLA-C, and
HLA-DRB1) ranges from 16 to 75 percent depending
upon the recipient’s ethnic background. A recent
study published in 2014 was able to determine that
the likelihood of finding an available 8/8 HLAmatched donor for HSCT in the US Registry showed
a wide range depending on racial and/or ethnic
background. This varied from 75% for white patients
of European descent versus 46% for white patients
of Middle Eastern or North African descent and
even lower rates were noted for black Americans of
all ethnic backgrounds, whose probabilities were 16
to 19%, whereas among Hispanics, Asians, Pacific
Islanders, and Native Americans, such likelihood
ranged between 27% and 52% [3].
(b) Immediate availability: an HLA-haploidentical donor
can be identified and mobilized in two weeks to
one month while the time to identify and mobilize
an adult unrelated donor can be longer than three
months for up to 25 percent of patients.
(c) Adequate doses of hematopoietic stem cells (HSCs):
HLA-haploidentical grafts have sufficient doses of
HSCs for transplantation and of memory T cells for
immune reconstitution. In contrast, the total dose of
nucleated cells in a single umbilical cord blood unit
may be suboptimal for engraftment in larger adults in
addition to delayed immune reconstitution.
(d) Lower cost of graft acquisition: the costs of acquiring
grafts for adult unrelated donors and umbilical cord
blood are substantially higher than those of related
donors.
(e) Immediate availability of the donor for repeated
donations of HSCs or lymphocytes to treat relapse. In
contrast, umbilical cord blood is a nonrecurring
source of cells.
(f) Graft-versus-leukemia effect: for patients with highrisk acute leukemia, HLA-haploidentical HSCT may
be associated with a stronger graft-versus-leukemia
effect compared with HLA-matched sibling HSCT,
resulting in a lower cumulative incidence of relapse
[38] and an improved overall survival [39].
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The major disadvantages of HLA-haploidentical HSCT
are due to the higher frequency of host and donor T cells
reactive to HLA alloantigens resulting in intense bidirectional
alloreactivity [40]:
(a) Higher rate of fatal graft rejection.
(b) Severe or fatal GVHD in the absence of effective
prophylactic measures.
(c) Attempts at T cell depletion of the donor graft and
posttransplant cyclophosphamide successfully reducing the incidence of acute GVHD, but at the cost
of increased incidence of graft rejection and relapse,
hence without improvement of leukemia-free survival
[41].
(d) Increased nonrelapse mortality (NRM) due to infectious complications secondary to slow immune
reconstitution, mostly seen in T cell depleted strategies. Fortunately in the last decade, numerous
advances in graft engineering and pharmacologic
management of alloreactivity have decreased the
incidences of GVHD and nonrelapse mortality and
improved OS, PFS, and immune reconstitution, making this graft source an acceptable option for patients
without an HLA-matched sibling or unrelated donor
(Table 1) [6–8, 10, 35].

6. Conclusion
HLA-haploidentical hematopoietic cell transplantation is a
viable treatment option for either patients who lack an
HLA-identical matched sibling donor or those for whom a
matched-unrelated donor cannot be found or mobilized in a
timely fashion. There are no published randomized comparisons of haploidentical HSCT versus matched sibling,
umbilical cord blood, or matched or mismatched-unrelated
donor HSCT. Thus, the choice between these alternative graft
sources depends ultimately on the urgency of the transplant
and on each institutional preference.
The major advantage of haploidentical HSCT is the
almost universal availability of highly motivated donors who
can be mobilized in a short time at a relatively low cost. The
major challenge in haploidentical transplant is from bidirectional alloreactivity that leads to graft rejection and fatal
GVHD. This can be largely overcome by the use of in vivo or
in vitro T cell depletion strategies, which however entails a
higher risk for severe infections and relapse.
Selection of the optimal donor needs to take into consideration donor health, age, and gender, relationship to the
patient, HLA mismatch in host-versus-graft and graft-versushost directions, ABO blood type, and CMV serostatus.
Other factors that can be considered include noninherited
maternal antigen (NIMA) matching and natural killer cell
alloreactivity as predicted by donor killer immunoglobulin
receptor (KIR) haplotype matching with recipient KIR ligand.
Haploidentical HSCT regimens differ according to each
center and clinician: these regimens include the use of either
in vitro T cell-depleted (TCD) “megadose” stem cell graft
with no pharmacologic prophylaxis of GVHD or in vivo T
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Table 1: Comparative summary of haploidentical (HAPLO) versus matched sibling donor (MSD), matched-unrelated donor (MUD), and
unrelated cord blood (UCB) hematopoietic stem cell transplantation outcomes in patients with acute myelogenous leukemia (AML).
HAPLO
MSD
MUD
UCB
Donor availability [3]
(∼50–70%)
(∼15–20%)
(∼20–30%)
(∼50%)
Time to transplant
(∼10–20 days) (∼10–20 days) (∼2–12 months) (∼2–4 weeks)
∼6–8 × 106
∼6–8 × 106
∼3–5 × 105
Stem cell dose (CD34+/kg) [4, 5]
∼6–8 × 106
Days to engraftment [6] (𝑝 < 0.001)
18 d
18 d
17 d
23 d
Acute GVHD, cumulative
Grades 2–4 (𝑝 < 0.01) [6]
14%
31%
21%
19%
Grades 3-4 (𝑝 = 0.10) [6]
4%
7%
3%
1%
Grades 3-4 (𝑝 = 0.004) [7]
10%
3%
—
—
Grades 3-4, myeloablative conditioning (𝑝 = 0.02) [8]
7%
—
13%
—
Grades 3-4, reduced intensity conditioning (𝑝 < 0.0001) [8]
2%
—
11%
—
Chronic GVHD
Cumulative, moderate-severe (𝑝 = 0.053) [6]
15%
29%
22%
23%
Cumulative, at 1 year, severe (𝑝 = 0.001) [7]
12%
2%
—
—
Myeloablative conditioning, at 36 months (𝑝 = 0.0001) [8]
30%
—
53%
—
Reduced intensity conditioning, at 36 months (𝑝 ≤ 0.002) [8]
34%
—
52%
—
Relapse rate
3 y, cumulative (𝑝 = 0.98) [7]
15%
15%
—
—
4 y, cumulative (𝑝 = 0.89) [6]
35%
40%
23%
30%
Early disease (CR1, CR2) (𝑝 = 0.09) [6]
18%
36%
20%
24%
Advanced disease (>CR2) (𝑝 = 0.60) [6]
47%
47%
28%
40%
Disease-free survival
Cumulative 3 y DFS (𝑝 = 0.34) [7]
74%
78%
—
—
Cumulative 4 y DFS (𝑝 = 0.20) [6]
43%
32%
36%
33%
Overall survival
3 y OS (𝑝 = 0.36) [7]
79%
82%
—
—
4 y OS (𝑝 = 0.10) [6]
52%
45%
43%
34%
Relapse-related mortality [6]
26% (𝑛 = 24) 26% (𝑛 = 48) 21% (𝑛 = 9) 29% (𝑛 = 29)
Transplantation-related mortality (𝑝 = 0.10) [6]
18%
24%
33%
35%
Immune reconstitution: CD4+ count at posttransplant day +100 (𝑝 < 0.1) [6] 190/𝜇L
229/𝜇L
106/𝜇L
63/𝜇L
Cumulative incidence of CMV antigenemia (𝑝 = 0.004) [6]
74%
58%
60%
68%
Infection incidence at posttransplant day +100 [6]
Bacterial
25%
23%
36%
39%
Fungal
11%
4%
14%
14%
Rate of fatal infections [6]
11% (𝑛 = 10) 4% (𝑛 = 7)
14% (𝑛 = 6) 17% (𝑛 = 18)
Data obtained from retrospective comparative studies by Raiola et al. [6], Ciurea et al. [8], and Gragert et al. [3] and a prospective study by Wang et al. [7]. The
prospective study by Wang et al. [7] was the only one which used the same GVHD regimen for both the HAPLO and the MSD groups. ∼: approximate; 3 y: 3
years; 4 y: 4 years; CR1: first complete remission; CR2: second complete remission; DFS: disease-free survival; OS: overall survival.

cell depletion using the GIAC strategy or PTCy strategy or
CD45RA depletion discussed above. The excellent outcomes
recently seen in haploidentical transplants have largely been
made possible by the use of in vivo T cell depletion GVHD
regimens such as cyclophosphamide posttransplant as well
as effective immune reconstitution platforms. In summary,
haploidentical stem cell transplantation, with outcomes comparable to any other graft source, is here to stay and sure to
change the future landscape of transplantation.
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Despite the advent of targeted therapies and novel agents, allogeneic hematopoietic stem cell transplantation remains the only
curative modality in the management of hematologic disorders. The necessity to find an HLA-matched related donor is a major
obstacle that compromises the widespread application and development of this field. Matched unrelated donors and umbilical
cord blood have emerged as alternative sources of donor stem cells; however, the cost of maintaining donor registries and cord
blood banks is very high and even impractical in developing countries. Almost every patient has an HLA haploidentical relative
in the family, meaning that haploidentical donors are potential sources of stem cells, especially in situations where cord blood or
matched unrelated donors are not easily available. Due to the high rates of graft failure and graft-versus-host disease, haploidentical
transplant was not considered a feasible option up until the late 20th century, when strategies such as “megadose stem cell infusions”
and posttransplantation immunosuppression with cyclophosphamide showed the ability to overcome the HLA disparity barrier
and significantly improve the rates of engraftment and reduce the incidence and severity of graft-versus-host disease. Newer
technologies of graft manipulation have also yielded the same effects in addition to preserving the antileukemic cells in the donor
graft.

Today’s age represents a truly unprecedented time in care of
the patient with a hematologic malignancy with the advent of
several targeted therapies and novel agents. These therapies
have shown tremendous efficacy in treating several malignancies, yielding impressive response rates with limited toxicity profiles [1]. Despite substantial activity against different
cancer types, relapse is often encountered at some point during the clinical course of most treated patients, with durable
remissions being observed in only a certain percentage of
patients. Allogeneic hematopoietic stem cell transplantation
(allo-HSCT) is often the only treatment modality which can
offer a cure to not only malignant but also benign hematological disorders [2]. A human leukocyte antigen- (HLA-)
matched sibling donor is the preferred source of a stem cell
graft in allo-HSCT. However, only 30% of patients requiring
an allo-HSCT will have an HLA-matched sibling donor [3].
For patients not having a matched sibling donor, a matched
unrelated donor (MUD) is an alternate source of stem cells,

the probability of finding which is up to 75% among Caucasians. However, these chances are much lower among
non-Caucasian populations, with 40% chance in Hispanic
individuals and less than 20% among Asian and African
American individuals [3–5]. In addition, the cost of recruiting
MUDs and maintaining donor registries is a major drawback,
making this approach unaffordable and even impractical for
developing countries. Hence, it is important to explore other
possible stem cell sources.
Unrelated umbilical cord blood (UCB) represents
another alternate source of stem cells, one which has been
proven to be successful when performing allo-HSCT [6–10].
Key advantages include a comparatively quick donor search
and a shorter time to proceed to transplant when compared
with adult MUDs [11, 12]. This is especially important in the
context of advanced/high-risk hematologic malignancies,
where the risk of disease relapse is high and the goal is to
proceed to a transplant while the patient is still in remission
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and has minimal disease burden after induction therapy [13].
In addition, UCB transplantation allows for a greater degree
of HLA mismatch, most likely due to a lower number of
activated alloreactive T lymphocytes present in cord blood
[14, 15]. This accounts for very low and acceptable rates of
graft-versus-host disease (GvHD) following UCB transplants
[8, 12, 16]. One of the obstacles to UCB transplants is the
nonavailability of a sufficient number of hematopoietic
progenitor cells in an UCB unit [12]. Although this limitation
can be overcome by using more than one unit of cord blood,
it is daunted by the high cost of maintaining cord blood banks
[17]. Delayed engraftment, increased time to hematopoietic
recovery, and immune reconstitution lead to substantially
increased risks of life-threatening infections and graft failure,
often offsetting the advantages of using unrelated UCB as a
stem cell source [5, 12]. Furthermore, due to a limited number
of hematopoietic progenitor cells, posttransplant immune
manipulation, such as donor lymphocyte infusions, is very
difficult, which severely limits treatment options for patients
who relapse after transplant [6, 12].
On the other hand, haploidentical related donors offer
several key advantages over MUDs and UCB. Almost all
patients have at least one haploidentical related donor in
the family and the best donor amongst all candidate family
members can be selected. Haploidentical related donors are
readily available and are highly motivated to donate to a family member [18, 19]. Due to rapid availability of donors and
substantially lower costs, patients can proceed to transplant
fairly quickly (as early as 3 weeks) [18]. Another major advantage of haploidentical donors over UCB is easy access to the
stem cell source that makes donor-derived cellular therapy,
such as donor lymphocyte infusions and immune manipulation, available for use after transplant, if necessary [18].
The HLA mismatch between the haploidentical donor
and the recipient offers a potent graft-versus-tumor (GvT)
effect to completely eradicate malignant cells and offer a permanent cure [18]. Some studies have reported substantially
reduced relapse rates with greater degree of HLA mismatches
[20–22]. However, two immunological barriers need to be
overcome: (1) graft rejection, or host-versus-graft effect, and
(2) GvHD. In allo-HSCT studies involving myeloablative
conditioning (MAC) regimens, HLA mismatches, either at
the antigen level or at allele level, have been associated with
inferior survival and poor outcomes after allo-HSCT, with
greater degree of mismatch correlating with worse outcomes
[21, 23, 24]. Since donor-recipient HLA histocompatibility is
the most important independent predictor of outcomes after
allo-HSCT, these two barriers are more difficult to overcome
in haploidentical hematopoietic stem cell transplantation
(haplo-HSCT) than in HLA-matched allo-HSCT. Although
the lower risk of relapse due to HLA disparity supports the
existence of a GvT effect, this positive aspect of haplo-HSCT
is offset by markedly increased rates of GvHD, graft failure,
and nonrelapse mortality [23, 25].
Several attempts to perform haplo-HSCT using T lymphocyte replete, unmanipulated grafts have been made. Since
donor-derived T lymphocytes are the fundamental players in
the pathogenesis of GvHD, these attempts have been associated with early and severe multiorgan failure and GvHD,
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leading to alarming rates of transplant-related mortality
despite pharmacological GvHD prophylaxis [26]. To reduce
the risk of GvHD, a new approach of highly purified CD34+
stem cell grafts was adopted using ex vivo T lymphocyte
depletion technologies [27]. With this strategy, almost no
GvHD was observed in the recipients, despite the absence of
posttransplant immunosuppressants for GvHD prophylaxis
[28–30]. However, the small number of T lymphocytes transplanted using the highly purified CD34+ stem cell strategy
does not allow for an efficient transfer of adoptive immunity,
resulting in substantially delayed immune reconstitution and
frequent, often fatal, infectious complications [18, 31]. Also,
the risk of graft failure is also higher with T lymphocyte
depleted haplo-HSCT [27, 32].
There is a key difference between positive selection of
CD34+ progenitor cells and negative depletion of lymphocytes during graft manipulation. With CD34+ selection
strategies, almost no cells other than the CD34+ stem cells are
transplanted. On the other hand, negative depletion techniques (mainly CD3+ and CD19+ negative depletion) allows
for other types of cells, such as dendritic cells, natural-killer
(NK) cells, and monocytes, to be retained in the donor graft
and transplanted with the CD34+ progenitors. Both graft
manipulation techniques result in effective removal of B and
T lymphocytes, leading to greatly reduced risks of developing
posttransplant Epstein-Barr virus related lymphoproliferative
disorders (B lymphocyte depletion) and GvHD (T lymphocyte depletion) [26, 33]. The detailed research and broad
application of graft manipulation has provided insight into
the biology of NK cells, lymphocytic constituents of the
innate immune system, and their immunotherapeutic potential in allo- and haplo-HSCT [34].
NK cell activity is modulated by the interaction between
killer cell immunoglobulin-like receptor (KIR) expressed on
the surface of NK cells and cognate ligands (i.e., certain HLA
alleles) to KIRs [35]. Engagement of KIRs by their corresponding ligands produces inhibitory signals and prevents
NK cell activation. In the context of allo-HSCT, and especially
haplo-HSCT, NK cells in the allograft can attack malignant
cells in the recipient if there is a mismatch between the KIRs
on the donor-derived NK cells and the HLA antigens on the
recipient (and malignant) cells [36]. With so many haploidentical donors available for a vast majority of patients, the ideal
donor can be picked based on the KIR haplotype on the donor
NK cells to exploit their alloreactivity and induce powerful
GvT effects [37, 38]. Additionally, the disparity between KIRs
and HLA haplotypes does not increase the risk of developing
GvHD [39].
Another fundamental difference between CD34+ selection and negative depletion of lymphocytes (CD3+/CD19+
depletion) is that the number of alloreactive lymphocytes
“contaminating” the donor graft is approximately ten times
higher in CD3+/CD19+ depletion. This necessitates the use
of pharmacological GvHD prophylaxis after transplants using
CD3+/CD19+ depleted grafts [33, 40]. However, a notable
problem with the transplantation of T lymphocyte depleted
grafts is the increased likelihood of relapse after transplantation [41, 42]. A more efficient approach is the depletion of
T-cell receptor (TCR) 𝛼𝛽+ T lymphocytes and CD19+ cells
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(TCR𝛼𝛽+/CD19+ depletion) from donor grafts [43, 44]. This
approach greatly increases the efficiency of alloreactive T
lymphocyte removal (similar to that of CD34+ selection
techniques), while retaining other cells such as NK cells and
monocytes. In addition, this method also retains 𝛾𝛿+ T lymphocytes in the graft. 𝛾𝛿+ T lymphocytes constitute approximately 5% of circulating T lymphocytes. These cells are nonalloreactive and exhibit potent antitumor and anti-infectious
properties [5, 44]. Since these cells are not activated by major
histocompatibility complex (MHC) interactions, they do not
react to alloantigens and hence do not contribute to GvHD
[45, 46]. This is advocated by the fact that patients exhibiting
high 𝛾𝛿+ T lymphocyte counts after allo-HSCT show better
survival with reduced incidence of relapse and GvHD [47]. In
contrast, the majority of circulating T lymphocytes (approximately 95%) are 𝛼𝛽+ T lymphocytes which act against
alloantigens via MHC interactions and give rise to GvHD
after allo-HSCT [48]. The TCR𝛼𝛽+/CD19+ depletion technique allows for satisfactory removal of 𝛼𝛽+ T lymphocytes
to prevent GvHD while retaining 𝛾𝛿+ T lymphocytes to
ensure timely immune reconstitution and a robust GvT
effect, especially after haplo-HSCT [47, 49, 50]. The most
recent study [51] reporting the results of haplo-HSCT with
TCR𝛼𝛽+/CD19+ depletion in pediatric patients showed
acceptable rates of GvHD (22%). In all but one patient, GvHD
was grade 2 and responded to first-line therapy. Graft failure
was observed in 27% of patients, all of whom were successfully retransplanted with different rescue protocols. The
overall survival of patients from this study was 96.7%, advocating the efficacy of TCR𝛼𝛽+/CD19+ depletion in improving
outcomes after haplo-HSCT.
During the 1980s, outcomes of haplo-HSCT were discouraging due to severe GvHD and graft failure, often approaching rates as high as 90% [52, 53]. The introduction of graft
manipulation and T lymphocyte depletion brought about
notable improvements in outcomes of recipients of haploHSCT by dramatically reducing the incidence of GvHD [54];
however, the high incidence of graft failure remained a major
obstacle to the application of haplo-HSCT [55, 56]. Graft failure is mediated by native cytotoxic T lymphocytes that persist
in the recipient’s system even after conditioning regimens
are administered [57]. This barrier in histocompatibility was
shown to be overcome in several animal-model studies [58]
and, subsequently, in clinical studies [57, 59, 60] by infusing
high doses of T lymphocyte depleted hematopoietic progenitor cells. Additional strategies to help engraftment included
enhancing the ablative intensity of conditioning regimens
and addition of anti-T lymphocyte agents [57, 59, 61].
Unfortunately, such intensive conditioning regimens result in
extensive organ damage and toxicities which limit their use
to younger and relatively healthier patients in comparison
to individuals of older age groups [5]. Chemotherapeutic
doses and total body irradiation used in MAC regimens cause
extensive damage to host tissue and release of inflammatory
cytokines, such as tumor necrosis factor alpha (TNF𝛼) and
interferon gamma (IFN𝛾). These inflammatory mediators,
and several others, play an integral role in the pathophysiology of GvHD [62], which may be one of the reasons
why MAC regimen transplants are frequently complicated by
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GvHD [57, 63]. The problem with T lymphocyte depleted
grafts is delayed immune reconstitution and significant
period of immunodeficiency which predisposes to serious
and often fatal infections [28, 57, 64].
Nonmyeloablative conditioning (NMAC) regimens are
an attractive alternative for patients requiring an allo-HSCT
who are not considered suitable candidates for MAC regimens due to advanced age, comorbidities, and/or increased
risks of therapy-related adverse effects [65]. Using NMAC
regimens also results in the decreased release of inflammatory
mediators and cytokines and may consequently reduce the
incidence and magnitude of GvHD, especially when used
for haplo-HSCT. This significantly broadens the applicability
of transplantation to patients who would otherwise be unfit
to receive a transplant using standard protocols. Earlier
studies applying haplo-HSCT with NMAC regimens showed
discouraging patient outcomes, especially with alarming rates
of graft failure [66, 67]. Rizzieri et al. [68] published the
first large study on haplo-HSCT with fludarabine, cyclophosphamide, and alemtuzumab used as the preparatory NMAC
regimen which demonstrated that the complications of
GvHD and graft failure after haplo-HSCT could be overcome,
making it a feasible treatment option in the therapy of
patients with hematologic malignancies. 75% of the patients
in this study achieved complete remission with only 10.2%
transplant-related mortality in the first 100 days. Engraftment
rate was high, with only 14% of patients suffering from graft
failure, while only 8% of patients developed GvHD. However,
relapse and infectious complications were major causes of
mortality in this study (49% and 22%, resp.). One plausible
reason for the high rate of relapse could be that the patients
participating in this study harbored poor-risk hematologic
malignancies which carry an inherent probability of relapse.
Cyclophosphamide is a highly immunosuppressive alkylating agent with an established role in anticancer chemotherapy and HSCT [69]. Historically, cyclophosphamide is commonly administered as part of several conditioning regimens
prior to HSCT; however, as previously discussed, the cytotoxic effects of this agent lead to tissue damage and release
of inflammatory mediators and increase the risk of GvHD
[62]. Administration of cyclophosphamide between 48 and
72 hours after transplant has been shown to facilitate posttransplant immune-tolerance; however, this tolerance is not
induced when the drug is administered at 24 or 96 hours after
transplant [70]. Cyclophosphamide exploits the high cytotoxic sensitivity of alloreactive T lymphocytes (both host and
donor) to DNA damage [71]; hence carefully timed administration of posttransplant cyclophosphamide inhibits GvHD
and graft rejection [72, 73]. O’Donnell et al. [69] investigated
the role of posttransplantation cyclophosphamide in patients
receiving haplo-HSCT after NMAC conditioning. The results
of their study concluded that this strategy substantially
reduced the risks of GvHD and graft rejection and was
able to produce long-lasting donor-recipient chimerism after
transplant. Subsequently, Luznik et al. [64] reported their
experience with using posttransplant cyclophosphamide after
NMAC haplo-HSCT. The results of their study showed
acceptable rates of graft failure (13%) and GvHD (grades
2–4: 34%, grades 3-4: 6%) with rapid achievement of
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donor-recipient chimerism after transplant. Administration
of two doses of cyclophosphamide in the 48-to-72-hour
window was associated with a lower risk of chronic GvHD
than only one dose, further advocating that posttransplant
cyclophosphamide is efficacious in inducing posttransplant
tolerance. However, relapse of primary disease was a major
cause of treatment failure and mortality (up to 51%). This
study also recruited patients with poor-risk hematologic
malignancies, which may explain the high incidence of
relapse in this study group. Patients with lymphoid malignancies were at a lower risk of experiencing relapse than those
with myeloid malignancies, indicating particular effectiveness of cyclophosphamide in treating lymphoid hematologic
malignancies. Other studies have demonstrated similar findings, corroborating that this strategy depletes alloreactive T
lymphocytes in the donor graft as well as the host immune
system, dramatically reducing the risk of both GvHD and
graft failure, which are much more difficult to control in the
setting of haplo-HSCT and are substantial impediments [69].
While there is concern that posttransplant cyclophosphamide
might damage or kill donor hematopoietic progenitors cells,
these cells have high expression of aldehyde dehydrogenase
enzymes which confer relative resistance to the cytotoxic
effects of the drug [74].
A relatively newer strategy to increase the success rates of
haplo-HSCT is the use of T regulatory cells (Tregs). Tregs are
a specialized subset of CD4+ lymphocytes with concurrent
expression of CD25 and FOXP3 genes which play crucial roles
in antitumor immunity, posttransplant tolerance, and protection against autoimmunity [75–77]. In addition, they have
low expression of CD127 [78]. The adoptive transfer of these
specialized T lymphocytes limits graft and host alloreactivity,
leading to reduced risks of GvHD and graft failure [79–82].
Tregs also preserve and maintain normal lymph node and
thymus architecture from GvHD and allow for a quick posttransplant immune recovery while having no negative effects
on the GvT responses of allo-HSCT [83]. Additional studies
have also showed that Tregs become activated and proliferate
by interaction with recipient antigen-presenting cells in the
proinflammatory milieu after administration of conditioning
regimens, attenuating alloreactive T lymphocyte activation
while allowing nonalloreactive T lymphocyte expansion to
ensure a timely immune recovery [82, 84–86].
Di Ianni et al. [87] performed the first human study evaluating the adoptive transfer of Tregs on posttransplantation
outcomes in patients receiving haplo-HSCT. Early infusion
of donor-derived Tregs on day −4 of transplant, followed by
infusion of positively immunoselected CD34+ stem cells and
conventional T lymphocytes on day 0, showed prevention
of GvHD in the absence of any immunosuppressive GvHD
prophylaxis and hastened posttransplant immune recovery
and immunity against opportunistic pathogens and did not
have any negative effects on GvT effects [87]. A follow-up
study of these patients [84] showed successful engraftment in
26/28 (93%) patients. Only 2 (7.7%) of 26 evaluable patients
developed grade 2–4 GvHD. Spectratyping analysis showed
the rapid development of T lymphocyte repertoire within
months after transplant. Naı̈ve and memory T lymphocyte
subpopulations showed rapid increase over the first year after
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transplant, while CD4+ and CD8+ lymphocytes against
opportunistic pathogens like Aspergillus and Toxoplasma
appeared significantly earlier in comparison to historical
controls comprising standard haplo-HSCT recipients. At a
median follow-up of 21 months, 46.1% were alive and in
remission [84].
Tregs can be isolated in vitro using standard donorderived leukapheresis products using double negative selection with anti-CD8 and anti-CD19 monoclonal antibodies
and positive selection for CD25 [88]. Expression of the
FOXP3 gene represents the peripheral mature Tregs [89],
while low CD127 expression correlates with exhibition of
regulatory functions in this T lymphocyte subset [90]. Such
cell-based transplantation and graft modifications prove
to improve posttransplantation engraftment, allow quick
immune reconstitution, and reduce GvHD; however, the
expertise required for such cellular manipulations limits their
clinical implementation to highly specialized medical centers.
With regard to Tregs, posttransplant GvHD prophylaxis
may also play a role in selectively favoring the expansion
of Tregs while suppressing mature effector T lymphocytes.
Sirolimus is an immunosuppressant that demonstrates such
properties [91]. Peccatori et al. [92] performed a recent
study showing that a calcineurin inhibitor-free, sirolimusbased GvHD prophylaxis regimen promoted selective Treg
expansion after haplo-HSCT. This strategy was well tolerated
and a robust and rapid engraftment was observed in the
majority of patients. While the incidence and severity of
acute and chronic GvHD in this study were comparable to
historical data from MUD allo-HSCT using peripheral blood
stem cells [93, 94], they were much higher when compared
with haplo-HSCT using bone marrow as the source of donor
stem cells [64, 95, 96]. In addition, Tregs show a higher level of
resistance to the cytotoxic effects of cyclophosphamide [97].
Future studies may be performed to ascertain the specific
effects of GvHD prophylaxis in T lymphocyte dynamics to
systematize the utility of regimens based on their effects on T
lymphocyte dynamics to derive the maximum benefit, carefully weighing GvHD, GvT, engraftment, and immune recovery after transplant.
In conclusion, allo-HSCT remains the only treatment
modality that offers a potential cure for some with hematologic disorders. HLA-matched donors are not always available, which has led to establishment of UCB and MUDs as
alternative sources for stem cell transplantation. However,
the high cost of maintaining donor registries and cord blood
banks, limited size of the cord blood units, and high-risk
nature of the ablative procedure limit the expansion of these
donor sources as well. HLA haploidentical donors are an
attractive choice for stem cells since nearly every patient
has an available haploidentical donor from their family. In
modern medicine, new strategies such as “megadose stem
cell infusions” and posttransplantation immunosuppression
with cyclophosphamide have shown the ability to overcome
graft failure and GvHD, complications that occurred at overwhelmingly high rates and severely limited the application of
haploidentical transplantation before the 21st century. Other
strategies such as NMAC regimens prior to transplant and
pretransplant graft manipulation have demonstrated similar
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survival rates when compared with HLA-matched allo-HSCT
with MAC regimens, but with significantly reduced toxicities
associated with HSCT and preservation of the antileukemic
properties of immune cells in the donor graft. Future prospective studies to explore the biology of the GvT effects in
this setting can provide more perspective on the advantages
and drawbacks of haplo-HSCT over “traditional” allo-HSCT,
suggest further enhancements of the process, and move this
“now-controversial” modality into the standard of care for
patients with limited options.
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Outcomes of allogeneic hematopoietic stem cell transplantation (AHSCT) using HLA-half matched related donors (haploidentical)
have recently improved due to better control of alloreactive reactions in both graft-versus-host and host-versus-graft directions.
The recognition of the role of humoral rejection in the development of primary graft failure in this setting has broadened our
understanding about causes of engraftment failure in these patients, helped us better select donors for patients in need of AHSCT,
and developed rational therapeutic measures for HLA sensitized patients to prevent this unfortunate event, which is usually
associated with a very high mortality rate. With these recent advances the rate of graft failure in haploidentical transplantation
has decreased to less than 5%.

1. Introduction
Allogeneic hematopoietic stem cell transplantation (AHSCT)
using one human leukocyte antigen (HLA) haplotype
matched first-degree relative donor (haploidentical donor)
represents an alternative treatment for patients with hematologic malignancies who lack HLA-matched related or
unrelated donor. Historically, the main limitations of this
treatment modality were high rate of graft failure (GF)
and graft-versus-host disease (GVHD), which occur due
to intense alloreactive reactions related to the major HLA
mismatch between the recipient and the donor. Although
several approaches have been developed which aimed to
partially deplete T cells in the graft and decrease graftversus-host alloreactivity, GF remains a major obstacle [1–
3]. While increased rate of engraftment has occurred with
the use of “megadoses” of hematopoietic stem cells (over 10
million CD34+ cells/kg with a very low T cell content) (1 ×
104 CD3+ cells/kg) [4, 5], approximately 10–20% of patients
still developed GF [6–8]. The increased risk of GF following

haploidentical stem cell transplant (haploSCT) is due, in
part, to an enhanced susceptibility of the graft to regimenresistant host natural killer (NK) cell- and T lymphocytemediated rejection against mismatched donor cells [9, 10].
In addition to T cell- and NK-cell-mediated graft rejection
(cellular rejection), antibody-mediated rejection (humoral
rejection) occurring either by antibody-dependent cellmediated cytotoxicity or complement mediated cytotoxicity
has been described [11, 12]. Preformed donor-specific antiHLA antibodies (DSAs) present at the time of transplant have
been shown to be correlated with graft rejection and decrease
survival in solid organ transplantation [13–16]. Therefore,
lymphocyte crossmatch tests have been developed for prediction of graft rejection [17, 18] and became mandatory in
solid organ transplant according to the American Society for
Histocompatibility and Immunogenetics (ASHI). In AHSCT
setting, there has been reported that a positive crossmatch
for anti-donor lymphocytotoxic antibody associated strongly
with GF, mainly in mismatched or haploSCT patients [19,
20]. Although a lymphocyte crossmatch is an effective tool
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to evaluate alloimmunization and potential donor-recipient
incompatibility, the procedure is labor intensive and may
detect non-HLA antibodies, which may not be associated
with transplant outcome since there is no data to confirm
the importance of these antibodies to date. Over the recent
years, several methods have been developed to more precisely
detect and characterize DSAs in AHSCT recipients [21,
22], and also the clear association between the presence of
these antibodies and GF has been confirmed especially in
mismatched and haploSCT patients [14, 23, 24]. Still, the
mechanisms by which DSA may cause GF in AHSCT remain
an area of active research.
Here we review the potential mechanisms and clinical
importance of DSAs on GF in haploSCT, as well as treatment
modalities used for DSA desensitization before transplant to
abrogate the risk of GF and improve transplant outcomes.

2. Mechanisms of Graft Rejection in
Haploidentical Stem Cell Transplantation
Engraftment failure rate has been approximately 4% in
AHSCT using matched unrelated donors and about 20% in
umbilical cord blood (UCB) or T cell-depleted haploSCT [25,
26]. The common cause of GF is host immunologic reaction
against donor cells, so called graft rejection. Graft rejection
following haploSCT is generally attributed to cytolytic hostversus-graft reaction mediated by host T and/or NK-cells
that survived the conditioning regimen. However, antibodymediated graft rejection (otherwise known as humoral rejection) has been increasingly recognized in the past decade.
2.1. Cellular-Mediated Graft Rejection. The resistance to
engraftment of AHSCT was thought to be mediated primarily
by recipient T lymphocytes which depends on the genetic
disparity between the donor and recipient and the status
of host antidonor reactivity [27]. This makes mismatched
and haploSCT recipients likely more susceptible to develop
graft rejection compared with matched AHSCT due to
stronger alloreactive reactions in this setting. It has been
found in animal model of stem cell transplantation that
antidonor cytotoxic T cells sensitized to major and minor
histocompatibility (MHC) antigens confer resistance against
allogeneic bone marrow stem cells [28]. This finding also has
been confirmed in clinical studies of AHSCT in patients with
severe aplastic anemia, in which the presence of radioresistant
antidonor cytotoxic T cell populations sensitized to donor
MHC antigens through repeated blood transfusions is associated with a higher incidence of graft rejection and death [29].
Nevertheless, the molecular bases underlying T cell-mediated
graft rejection remain incompletely defined.
NK-mediated graft rejection also has been demonstrated
in animal models [9, 30, 31]. In preclinical models of bone
marrow transplantation, radioresistant host NK-cells are also
capable of lysing donor hematopoietic cell targets and rejecting bone marrow grafts, especially those that lack expression
of MHC class I antigens [32]. Evidence that NK-cells mediate
resistance to engraftment in clinical AHSCT is lacking, due in
part to the difficulty of discriminating T cell- from NK-cellmediated resistance in humans.
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In haploSCT, the use of myeloablative conditioning
chemotherapy and high-dose posttransplant cyclophosphamide can diminish these cellular-mediated immune reactions due to the fact that both human T cells and NKcells are highly sensitive to cyclophosphamide, which is now
commonly used after haploSCT to prevent GVHD [33].
2.2. Antibody-Mediated Graft Rejection. Antibody-mediated
graft rejection has been a major obstacle and well recognized
cause of rejection and organ dysfunction in solid organ
transplants, especially in kidney transplantation, because
transplanted kidneys are highly susceptible to antibodymediated injury [34–36]. In animal models of AHSCT,
preformed antibodies present at the time of marrow infusion
in multitransfused mice, rather than primed T cells, have
been shown to be a major barrier against marrow engraftment
resulting in rapid graft rejection within a few hours in
allosensitized recipients of MHC mismatched bone marrow
transplantation while T cell-mediated graft rejection takes
much longer [12, 37]. The risk of antibody-associated graft
rejection in human depends on antigen density on the target
and capacities of the antibody Fc-domain. While many types
of preformed antibodies can be detected in alloimmunized
stem cell transplant recipients, only antibodies against donor
HLA antigens have been shown to have clinical significance
[38–40].

3. Role of Complement System in
DSA-Mediated Graft Rejection
Antibody-mediated BM failure after AHSCT can occur
either by antibody-dependent cell-mediated cytotoxicity or
by complement mediated cytotoxicity [41]. Evidence from
studies in cardiac and renal transplant patients has shown
that complement system is activated in the transplanted
organ during rejection and can be detected by measuring
the products of complement activation in the patients’ blood
and urine as well as in the transplanted organ itself [42–45].
In haploSCT setting, we recently found that DSAs that bind
complement, detected by the C1q assay, the first component
of the classical complement pathway, plays an important role
in the development of graft rejection in haploSCT recipients.
In this study, the presence of C1q-fixing DSA was found
in 9 of 22 patients who had DSAs and was associated with
a significantly higher rate of GF compared with patients
who had DSAs but negative C1q. Moreover, 4 patients who
became negative C1q after treatment with plasmapheresis
and immunosuppressive therapies before transplant could
engraft with donor cells successfully while 5 patients who
remained positive C1q experienced GF [46]. Previous studies
by Chen showed that there is no predictability by IgG mean
fluorescence intensity (MFI) as to which of the antibodies
will bind C1q because fixation is independent of MFI values
[47]. However, most patients who had positive C1q in our
study had higher median MFI of DSAs (all more than 5,000
MFI) compared with those who had negative C1q [46]. These
results suggest that the possibility of complement fixation
might depend on both ability and level of DSAs.
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4. Prevalence and Risk Factors for
the Development of DSAs in Haploidentical
Stem Cell Transplantation
Anti-HLA antibodies can be found in healthy individuals
as a consequence of allosensitization during pregnancy or
related to either previous transplant with mismatched donor
or multiple transfusions of blood products and the clinical
significance of anti-HLA antibodies is well known in the
field of transfusion medicine. The presence of anti-HLA
antibodies in patients is one of the major causes of platelet
refractoriness [57]. On the other hand, anti-HLA antibodies
present in blood products have been shown to be a major
cause of transfusion-related acute lung injury (TRALI) [58].
According to previous reports in healthy blood donors, antiHLA antibodies could be identified up to 50% depending on
sensitivity of the test used for screening [59–61]. The reported
prevalence of anti-HLA antibodies is of approximately 20–
25% in patients undergoing haploSCT [40, 48, 49].
Despite a high prevalence of anti-HLA antibodies
reported in AHSCT patients, these anti-HLA antibodies
might not be specific to donor HLA antigens. A delay in
recognizing this as a major cause of GF in AHSCT could be
because hematopoietic transplantation has been performed
mostly with a high degree of HLA matching between the
donor and recipient. The increasing use of mismatched
donors (haploidentical, cord blood, and mismatched unrelated donors), in addition to improvements in detection
techniques, has facilitated recognizing DSAs as a major cause
of graft rejection in stem cell transplantation. With the use
of highly sensitive solid-phase immunoassays, DSAs were
identified in up to 24% of stem cell transplant recipients [3, 23,
24, 39, 48, 51, 62]. While, overall, in haploSCT the prevalence
of DSAs may range between approximately 10 and 21% [22,
46, 48, 49], this proportion is highly dependent on the
recipient’s gender with very low prevalence in male recipients
(5%) as compared with female recipients (86%) [43]. AntiHLA antibodies detected in female patients are much more
often DSAs in the settings of “child-to-mother” haploSCT
compared to the settings of CBT [22, 50]. It is because those
anti-HLA antibodies are the results of sensitization during
pregnancies by offspring’s HLA itself and it makes it often
difficult to locate a donor who is not a target of anti-HLA
antibodies. Thus it is particularly important to establish an
effective desensitization protocol in the setting of haploSCT.
A few studies evaluated transplant outcomes in relation
to non-donor-specific anti-HLA antibodies (non-DSAs) in
various donor types of AHSCT [38–40]. Takanashi and
colleagues reported a similar rate of engraftment in cord
blood stem cell transplant recipients who had anti-HLA
antibodies without the corresponding HLA in the transplanted cord blood compared with recipients without antiHLA antibodies, while rate of engraftment in recipients who
had anti-HLA antibodies corresponding with donor cord
blood HLA (DSAs) was significantly lower [38]. Similar
results were found in the study by the Eurocord group, which
reported no difference in neutrophil engraftment after single
or double UCB transplants in 32 recipients with non-DSAs,

3
compared to 158 patients without HLA antibodies [39]. Also,
in a retrospective study of recipients of matched unrelated
stem cell transplants, we found that alloimmunization as
such did not cause a significant increase risk of GF unless
antibodies were directed against the donor HLA antigens,
suggesting that DSA is the key to the development of GF in
AHSCT [40].
It is well recognized in solid organ transplantation that
repeated transfusion is a major risk factor of developing
DSAs [63, 64]. DSA developed after transfusion is also
an important barrier of successful engraftment in patients
with severe aplastic anemia [11] and other thalassemia or
hemoglobinopathies [65].
Additionally, there is a strong evidence to suggest that
female sex and pregnancy confer a significant risk for
allosensitization, and this risk is further increased with a
higher number of pregnancies. Our group has formerly
observed a striking association between the sex of patients
who experience GF and the development of allosensitization.
In our study of haploSCT, we found that all patients who
developed DSAs were multiparous young women with a
median of 3 pregnancies; 30% of women versus 12% of
men had DSAs (𝑃 < 0.0001) and 7 of 8 patients with
DSAs were women, all of whom except 1 had at least 2
prior pregnancies. When the presence of DSAs was evaluated
in women with no pregnancies compared with the male
recipients, no significant association was identified. Although
the majority of allosensitized individuals in this study were
women, 12% of patients with anti-HLA antibodies were
men, suggesting that other factors are associated with the
development of anti-HLA antibodies in these patients, most
likely related to transfusion of blood products [22].

5. Testing for Anti-HLA Antibodies
5.1. DSA Testing. Pretransplant sera of patient are tested for
anti-HLA class I and class II antibodies using multianalyte
bead assays performed on the Luminex platform including
LABScreen® PRA, LABScreen Mixed methods for screening;
the binding level of DSA is determined by the LABScreen Single Antigen bead assay (One Lambda, Part of Thermo Fisher
Scientific, Canoga Park, California, USA) per manufacturer’s
instructions and results are expressed as mean fluorescence
intensity (MFI). Briefly, 5 𝜇L of mixed beads, HLA class I
and class II single antigen beads, is added to 20 𝜇L of sample
serum and incubated for 30 min at room temperature (RT)
in the dark with gentle shaking. After washing with wash
buffer three times, 100 𝜇L of goat anti-human IgG secondary
antibody conjugated with R-phycoerythrin (PE) is added and
the samples are incubated in the dark for 30 min at RT.
After washing three times, the samples are read on Luminexbased LABScan 100 flow analyzer. Antibody specificity and
binding level are analyzed and determined through HLA
Visual or HLA Fusion software from the manufacturer.
TM

5.2. C1q Testing. Complement binding antibodies are detected for patients with DSA using the C1q assay. The complement component (C1q) bound by the antigen-antibody
complex is detected with R-PE labeled anti-C1q antibody.
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Fluorescence intensity is measured using Luminex-based
LABScan 100 flow analyzer. DSA specificity and binding level
are determined by the C1qScreen assay per manufacturer’s
instructions [One Lambda, Part of Thermo Fisher Scientific
(Canoga Park, California, USA)]. Briefly, 5 𝜇L of human C1q
and 5 𝜇L of HLA class I and class II single antigen beads
are added to 5 𝜇L of heat-inactivated sample serum and
incubated for 20 min in dark at RT, followed by adding 5 𝜇L
of R-PE labeled anti-C1q antibody and incubation for 20 min
in dark at RT. The samples are read and C1q specific antibody
specificity and binding levels are analyzed and determined.
TM

6. DSA and Haploidentical Stem Cell
Transplant Outcomes
Multiple investigators have demonstrated that DSAs are
associated with primary GF in either mismatched related
(haploidentical), matched, and mismatched unrelated donor
or UCB transplants (Table 1). This association appears more
discernable in haploSCT presumably due to the close relationship and higher likelihood of sharing the mismatched
HLA antigens with DSAs against the immediate family.
Back in 2009, our group initially showed that DSAs are
associated with primary GF in AHSCT with mismatched
donors [22]. We tested 24 consecutive patients including a
total of 28 haploSCTs with “megadoses” of CD34+ stem cells
for the presence of DSAs determined by a highly sensitive and
specific solid-phase/single antigen assay. DSAs were detected
in 5 patients (21%). Three out of 4 (75%) patients with DSAs
prior to transplant failed to engraft, compared with only 1 out
of 20 (5%) without DSAs (𝑃 = 0.008). All 4 patients who
experienced primary GF had second haploSCT and 1 patient
who had persistent high titer of DSAs developed a second
GF, while 2 out of 3 engrafted patients had the absence of
DSAs [22]. Patients in this study had DSAs directed against
high-expression HLA loci, including class I HLA antigens
(HLA-A and HLA-B) and class II (HLA-DRB1) antigens. In
a later study, we found that anti-HLA antibodies directed
against low-expression loci (HLA-DPB1 and HLA-DQB1)
are also associated with graft rejection, however, to a lower
extent. In our large prospectively tested patients for HLA
antibodies of 592 matched unrelated AHSCT recipients, antiHLA antibodies that were not reactive with donor loci were
identified in 116 patients (19.6%), whereas DSAs were found
only in 8 patients (1.4%) in this population, all directed
against the HLA-DPB1 molecule. Overall, GF occurred in 19
of 592 patients (3.4%), including 16 of 584 (2.7%) patients
without DSAs compared with 3 of 8 (37.5%) patients with
DSAs (𝑃 = 0.0014). As noted above, we have found that the
presence of anti-HLA antibodies in the absence of DSAs did
not predict graft failure. In multivariate analysis, DSA was the
only factor that predicted GF in these patients [40]. Recently
we reported outcomes of 122 patients receiving haploSCT
including 22 patients with DSAs. Results from this study were
consistent with the previous reports, a significantly higher
proportion of DSA-positive patients experienced GF (32%)
compared with DSA negative patients (4%; 𝑃 < 0.001) [46].
In another study in haploSCT by Yoshihara and colleagues, the authors tested anti-HLA antibodies in 79 patients

receiving haploSCT. Among 79 screened patients, 16 (20.2%)
were anti-HLA antibodies-positive, including 5 non-DSApositive and 11 DSA-positive patients. The cumulative incidence of donor neutrophil engraftment was significantly
lower in DSA-positive patients than in DSA-negative patients
(61.9 versus 94.4%, 𝑃 = 0.026) [48]. Furthermore the
most recent study by Chang and colleagues also confirmed
a significantly higher rate of primary graft rejection (20%
versus 0.3%) and poor graft function (27.3% versus 1.9%) in
haploSCT who developed DSAs before transplant compared
with recipients without DSAs.
The clinical importance of DSAs has also been confirmed
in other donor types of AHSCT. In a retrospective case
controlled study by Spellman and colleagues, they have
demonstrated that the prevalence of DSAs was higher in
a group of mismatched unrelated donor-recipients who
suffered graft rejection than in a control group that engrafted.
Among the 37 recipients who failed to engraft, 9 (24%) had
DSAs against HLA-A, HLA-B, or HLA-DP, whereas DSA was
identified in only 1 of 78 patients in the control group who
successfully engrafted [23].
Same results have also been demonstrated in some studies
in patients receiving umbilical cord stem cell transplant as
summarized in Table 1.
Besides GF, some investigators have shown that patients
with DSAs had significantly lower event-free survival as
well as overall survival compared with those without DSAs
[24, 39, 50]. Though the results from these studies have
clearly confirmed that the presence of DSAs influences graft
outcomes and survival in haploSCT, we need to bear in
mind that different cut-off levels of DSAs as well as different
methods of DSAs detection were used in these studies. The
definition of a threshold for DSAs, according to MFI, is a
premise for analyzing the association of DSAs with GF. In
a case-control study conducted by us, MFI of 500 or more
was considered positive [40], while, in haploSCT, MFI values
of more than 1500 or 5000 were defined as significant by
our group [22] and by Yoshihara et al. [48], respectively. An
important difference between these two studies is that our
study was done in patients treated with a T cell-depleted graft,
while the second one was done in patients treated with a T cell
replete graft with ATG or intensified GVHD prophylaxis. It
is possible that stem cells without T cells are more exposed
to the HLA antigens as the only targets available for the
DSAs and by the lack of contribution of donor T cells to
engraftment and eradication of recipient’s alloreactive T cells.
Recently, Chang and colleagues also showed that positive
DSA at MFI of 10,000 or more was correlated to primary graft
rejection while MFI of 2,000 or more was strongly associated
with primary poor graft function [49]. So far the conclusion
from these published studies is that a very strong titer of
DSA, which may be revealed by serum dilution or titration
for those false-low or false negative antibodies defined by the
MFI in the solid-phase immunoassays, poses an absolute contraindication to transplantation (in the absence of treatment),
whereas very weak antibodies may be considered as a relative
contraindication for transplantation. Although the standard
cut-off level of DSAs that is considered safe for transplant

Advances in Hematology

5

Table 1: DSAs and transplant outcomes.
Reference
Ciurea et al. 2009
[22]
Spellman et al.
2010 [23]
Ciurea et al. 2011
[3]

Donor

Test

𝑁

%AntiHLA+

%DSA+

TCD
HaploSCT

Luminex
SA

24

NA

21

MMUD

FlowPRA,
Luminex
SA

115

37

8.7

MUD, 1 Ag
MMUD

Luminex
SA

592

21

1.4

Yoshihara et al.
2012 [48]

HaploSCT

Luminex
SA

79

20

14

Ciurea et al. 2015
[46]

HaploSCT

Luminex
SA

122

NA

18

Chang et al. 2015
[49]

HaploSCT

NA

345

25.2

11.3

Takanashi et al.
2010 [50]

Single
UCB

FlowPRA,
Luminex
SA

Brunstein et al.
2011 [51]

Double
UCB

Luminex
SA

386

126

Graft outcome
(DSA+/DSA−)
GF was 75% versus
5% (𝑃 = 0.008)
24% of GF group had
DSAs versus 1% of
control group that
had DSAs
GF was 37.5% versus
2.7% (𝑃 = 0.0014)
GF was 27% versus
4%
CI of neutrophil
engraftment was
61.9% versus 94.4%,
(𝑃 = 0.026)
GF was 32% versus
4% (𝑃 < 0.001)
Primary graft
rejection was 20%
versus 0.3%
(𝑃 = 0.002)
Primary poor graft
function was 27.3%
versus 1.9%
(𝑃 = 0.003)
CI of neutrophil
engraftment was 32%
versus 83%
(𝑃 < 0.0001)

23.1

5

41

24% had
DSAs target
to 1 UCB, 12%
had DSA
target to both
UCB

GF was 17% versus
22%

Cutler et al. 2011
[24]

Double
UCB

Luminex
SA

73

NA

24.6

GF was 18.2% and
57% in patients who
had DSAs against 1
and 2 UCB,
respectively, versus
5.5% in patients
without DSAs
(𝑃 = 0.01)

Ruggeri et al. 2013
[39]

Single
UCB,
double
UCB

Luminex
SA

294

21

4.7

GF was 56% versus
23%

Comment

(i) 5 patients were
desensitized and 3/5
engrafted
(ii) 67, 5, and 7 patients
were antibody-negative,
non-DSA-positive, and
DSA-positive after
desensitization

Patients with DSA had
significantly lower EFS
and OS compared with
no DSA

The rates of death or
relapse within 100 days
for the group of patients
without DSAs, with
DSAs against a single
UCB unit, or DSAs
against both UCB units
were 23.6%, 36.4%, and
71.4%, respectively
(𝑃 = 0.01)
The presence of DSA
was associated with
lower survival (42%
versus 29%; 𝑃 = 0.07).

MMUD: mismatched unrelated donor; MUD: matched unrelated donor; GF: graft failure; DSA: donor specific antibody; TCD HaploSCT: T cell-depleted
haploidentical stem cell transplant; UCB: umbilical cord blood; EFS: event-free survival; OS: overall survival; NA: not available.
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Figure 1: Desensitization approach for patients with DSAs undergoing haploidentical stem cell transplantation at MD Anderson Cancer
Center.

still needs to be determined, it is likely that other transplant
factors need to be taken into consideration.

7. Desensitization Therapy for
Allosensitized Recipients
Preformed antibodies present at the time of stem cell infusion
are unaffected by standard transplantation conditioning regimens or T cell or B-cell immunosuppressive or modulatory
strategies given in the peritransplantation period. To reduce
the risk of GF, a number of studies have reported beneficial
effects of a variety of interventions used to reduce total antiHLA antibody load, predominantly by using a combined
approach [66]. Reversal of DSAs mediated graft rejection and
reduction in antibody load by using plasmapheresis, intravenous immunoglobulin (IVIg), cyclophosphamide, polyclonal anti-lymphocyte antibodies, monoclonal antibodies to
CD20+ B lymphocytes (rituximab), and proteasome inhibitor
against alloantibody producing plasma cells (bortezomib)
have been described in solid organ transplant. However,
their effectiveness is modest [67–71]. These treatment modalities also have been used to desensitize DSAs in haploSCT
and mismatched AHSCT recipients with a variety of graft
outcomes as summarized in Table 2. The first case was
reported by Barge and colleagues in 1989; a patient with
positive crossmatch test with donor lymphocytes was treated
with plasmapheresis before haploSCT but did not result in
a negative crossmatch before transplant and subsequently
developed GF [41]. Maruta et al. confirmed that repeated
high-volume plasmapheresis does not effectively eliminate
preformed anti-HLA antibodies and applied adsorption of
HLA-antibodies to irradiated donor lymphocytes before
marrow transplantation for a successful engraftment [52]. We
were the first to use a combined approach using plasmapheresis, IVIg, and rituximab with mixed results: out of
the first 4 patients treated with this approach 2 achieved a
significant reduction in antibody levels and engrafted the
donor cells whereas the other 2 patients maintained high
levels of DSAs and experienced primary GF [22]. Yoshihara et
al. have tried 3 desensitization approaches for 5 patients who
were to receive both bone marrow and peripheral blood stem

cell grafts from haploidentical donors. Treatment regimen in
this study was a combination of plasmapheresis, rituximab,
antibody adsorption with platelets, and administration of
the proteasome inhibitor, bortezomib. One of the 2 patients
treated with plasmapheresis and rituximab received plasmapheresis on day −11 and the other received plasmapheresis
on days −17, −15, and −13. Both were given a single dose
of rituximab at 375 mg/mm2 . DSA reduction was achieved
in only 1 of 2 patients. However, both engrafted. Some of
the most impressive reductions of DSAs were achieved by
using 40 units of platelet transfusion from healthy donors
selected to have the HLA antigens corresponding to the
DSAs [48]. In a more recent study, in addition to 3 doses
of alternating plasmapheresis every other day followed by 1
dose of IVIg and rituximab, we added an irradiated buffy
coat infusion on day −1 prepared from 1 unit of blood on
day −2 instead of using platelet transfusion to try to block
remaining circulating antibodies after treatment as platelet
has only class I HLA antigens on their surface (Figure 1)
[46]. Moreover, in this study we have also found that what
is more important appears to be the absence of C1q after
treatment (conversion from C1q positivity to negativity) not
merely the reduction of antibody levels. All 5 patients who
remained C1q positive after treatment with plasmapheresis,
IVIg, and rituximab with or without buffy coat prepared
from donors experienced engraftment failure, whereas all
4 patients who became C1q negative after treatment/before
transplant engrafted the donor cells. Although antibody level
did not significantly change early on, all patients eventually
clear the antibodies completely in the first few weeks after
transplant [46]. These results suggested to us that a reduction
to noncomplement binding level of DSAs should be the goal
of treatment rather than clearing of the noncomplement
binding DSAs, which appear to clear more slowly in the
immediate posttransplant period and became undetectable
in all patients within the first few weeks after transplant,
similar to prior experience [72]. Although our experience
is limited, this approach has been very successful as none
of the patients treated as such experienced primary GF. A
different approach was developed by the John Hopkins group
from solid organ transplants, using a combination of repeated

Advances in Hematology

7

Table 2: DSA desensitization in haploidentical and mismatched related AHSCT.
Donor type
(𝑁)

Anti-HLA
abs test

Desensitization
method

MFI after treatment

Graft outcome

Haplo
(𝑁 = 1)

CDC

Plasmapheresis

NA

Graft failure

Maruta et al. 1991 [52]

Mismatched
related
(𝑁 = 1)

AHG-CDC

CyA, methylpred,
Plasmapheresis, DLI

Negative XM

Engrafted

Braun et al. 2000 [53]

Haplo
(𝑁 = 1)

FCXM

Staphylococcal
protein A
immunoadsorption

Negative XM

Engrafted

Ottinger et al. 2002
[20]

Mismatched
related
(𝑁 = 2)

DTT-CDC

Plasmapheresis,
mismatched platelet
transfusion

1 patient with negative
XM, 1 patient with
positive XM

Patient with negative
XM after treatment
engrafted, while
patients with positive
XM had GF

Pollack and Ririe
2004 [54]

Mismatched
HLA-A68
related
(𝑁 = 1)

FCXM

Platelet transfusion,
plasmapheresis, IVIg

Negative XM

Engrafted

Narimatsu et al. 2005
[55]

Mismatched
related
(𝑁 = 1)

AHG-LCT

Rituximab, platelet
transfusion

Negative AHG-LCT

Engrafted

1 negative, 1 low titer, 2
high titers

Patients with DSAs
negative and low titer
after treatment
engrafted; 2 patients
with high titer had GF

1 patient had temporary
DSA reduction and 1
patient had significant
reduction after
plasmapheresis; 2
patients had a significant
reduction post platelet
transfusion; 1 patient
had moderate DSA
reduction after
bortezomib and dexa

All patients engrafted

Plasmapheresis +
rituximab + IVIg
(𝑁 = 5),
PE + rituximab +
IVIg + donor buffy
coat infusion (𝑁 = 7)

No significant change of
MFI before transplant
All patients cleared DSA
after transplant

5 patients with C1q
positive after
treatment had GF
while patients who
became C1q negative
engrafted

Plasmapheresis +
IVIg

Mean reduction of DSAs
after treatment was
64.4%. 1 patient failed to
reduce DSAs to the level
that was thought to be
safe for transplant

All 14/14 transplanted
patients engrafted

Reference
Barge et al. 1989 [41]

Ciurea et al. 2009 [22]

Yoshihara et al. 2012
[48]

Haplo
(𝑁 = 4)

Haplo
(𝑁 = 5)

Ciurea et al. 2015 [46]

Haplo
(𝑁 = 12)

Leffell et al. 2015 [56]

Haplo
(𝑁 = 13)
MMUD
(𝑁 = 2)

Luminex MFI
>500

Luminex MFI
>500

Luminex
MFI >500

Luminex MFI
>1000

Rituximab,
plasmapheresis

Plasmapheresis +
rituximab (𝑁 = 2),
platelet transfusion
(𝑁 = 2), bortezomib
+ dexa (𝑁 = 1)

MFI: mean fluorescence intensity; CDC: complement mediated cytotoxic; XM: crossmatch, FCXM: flow cytometric crossmatch, GF: graft failure; AHG-LCT:
anti-human immunoglobulin lymphocytotoxicity test; NA: not available; MMUD: mismatched unrelated donor.
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plasmapheresis, IVIg, and immunosuppressive medications.
This group treated 15 mismatched AHSCT patients including
13 haploSCTs with alternate day of single volume plasmapheresis followed by 100 mg/kg of IVIg, tacrolimus (1 mg/day,
i.v.), and mycophenolate mofetil (1 g twice daily) starting 12 weeks before the beginning of transplant conditioning,
depending on patient’s starting DSA levels. Reduction of DSA
to the level that was thought safe for transplant was seen in 14
of 15 patients, all of these 14 patients engrafted with donor
cells [56]. Even though, the majority of these studies have
been anecdotal and included only a few patients but taken
together have indicated that reduction of DSA to low levels
can permit successful engraftment.

8. Conclusions
In the past 5 years much has been learned about the
risks posed by DSAs in the development of primary GF
in AHSCT with mismatched donors. These findings have
impacted donor selection and helped the development of
preventive treatments for allosensitized patients, who now
can more safely undergo a transplant with a major HLA
mismatched donor. Future studies will explore the pathogenesis of antibody-mediated rejection and develop effective
therapies for allosensitized recipients.
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Relapse is the main cause of treatment failure after nonmyeloablative haploidentical transplant (haplo-HSCT). In an attempt
to reduce relapse, we have developed a myeloablative (MA) haplo-HSCT approach utilizing posttransplant cyclophosphamide
(PT/Cy) and peripheral blood stem cells as the stem cell source. We summarize the results of two consecutive clinical trials, using
a busulfan-based (𝑛 = 20) and a TBI-based MA preparative regimen (𝑛 = 30), and analyze a larger cohort of 64 patients receiving
MA haplo-HSCT. All patients have engrafted with full donor chimerism and no late graft failures. Grade III-IV acute GVHD and
moderate-severe chronic GVHD occurred in 23% and 30%, respectively. One-year NRM was 10%. Predicted three-year overall
survival, disease-free survival, and relapse were 53%, 53%, and 26%, respectively, in all patients and 79%, 74%, and 9%, respectively,
in patients with a low/intermediate disease risk index (DRI). In multivariate analysis, DRI was the most significant predictor of
survival and relapse. Use of TBI (versus busulfan) had no significant impact on survival but was associated with significantly less
BK virus-associated hemorrhagic cystitis. We contrast our results with other published reports of MA haplo-HSCT PT/Cy in the
literature and attempt to define the comparative utility of MA haplo-HSCT to other methods of transplantation.

1. Introduction
Seventy percent of patients who urgently need an allogeneic
hematopoietic stem cell transplantation (HSCT) do not have
an available HLA-matched sibling donor. In such patients,
a search for an HLA-matched unrelated donor (MUD) can
identify an 8/8 HLA-identical donor for approximately 30%
to 40% of transplant recipients. The probability of finding
an acceptable MUD varies by ethnic groups, ranging from
75% in the white Europeans, to 30% to 40% in the Mexican
and Central/South Americans, to 15% to 20% for the African
Americans and black Caribbeans [1]. In addition, MUD
transplantation is also complicated by the amount of time it
takes from search initiation to transplantation, causing some
patients to relapse or physically deteriorate while waiting for
transplantation. In contrast, a haploidentical family member
(haplo) can be identified and rapidly utilized in nearly all
cases.

Historically, HSCT from a partially HLA-mismatched relative has been complicated by unacceptably high incidences
of graft rejection, severe graft-versus-host disease (GVHD),
and nonrelapse mortality (NRM) [2, 3]. To address the risk
of graft rejection and GVHD, extensive T cell depletion has
been utilized in association with antithymocyte globulin
(ATG) and high peripheral blood stem cell (PBSC) dose [4];
however, NRM from infectious complications remains a challenge. More recently, the investigators at Johns Hopkins University have pioneered a method to selectively deplete alloreactive cells in vivo by administering high doses of cyclophosphamide (Cy) in a narrow window after transplantation [5].
After nonmyeloablative (NMA) conditioning, this approach
has resulted in low NRM (4% and 15% at 1 and 2 years,
resp.), because of low rates of GVHD and infectious complications. Immune reconstitution was promising with low risk
of cytomegalovirus (CMV) or invasive mold infections. Using
high-dose, posttransplantation cyclophosphamide (PT/Cy),
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2. Busulfan-Based MA Haplo-HSCT
(NSH 864 Protocol)
In a proof-of-principle study of MA haplo-HSCT, twenty
patients with high risk hematologic malignancies were treated
with a preparative regimen of fludarabine (125–180 mg/m2 ),
i.v. busulfan (440–520 mg/m2 ) and Cy (29 mg/kg) before
transplant, a G-CSF-mobilized PBSC graft, and posttransplant GVHD prophylaxis comprised of Cy 50 mg/kg/d on d
+3 and +4, MMF 15 mg/kg three times daily d +5–+35, and
tacrolimus (target 5–15 ng/mL) days +5 to +180 [7]. The median age of patients was 44 years (range: 25–56 years). Eleven
patients (55%) underwent HSCT with relapsed/refractory
disease (acute myelogenous leukemia [AML] 5, chronic
myelogenous leukemia-blast crisis [CML-BC] 1, acute lymphoblastic leukemia 2, non-Hodgkin lymphoma 1, Hodgkin’s
disease 1, and chronic lymphocytic leukemia/Richters 1). The
remaining patients had either AML CR1 with poor-risk cytogenetics and/or induction failure or chronic myelogenous
leukemia resistant to all tyrosine kinase inhibitors.
All patients engrafted and demonstrated 100% donor
chimerism in both peripheral blood T cell and myeloid cells
from day +30. Cumulative incidence of one-year NRM was
10% and that of grade III-IV acute GVHD and severe chronic
GVHD was 10% and 5%, respectively. Relapse was acceptable,
occurring in 40% of patients, despite the fact that the majority
had relapsed/refractory disease at time of transplant. With
a median follow-up of 20 months, estimated probabilities of
overall and disease-free survival (DFS) were 69% and 50%,
respectively.
There were no cases of invasive mold infections or EBVrelated PTLD. Only one patient had CMV disease and only
one patient died of a viral infection (parainfluenza 3) suggesting that anti-infection immunity was preserved with this
approach. However, nonfatal BK virus-associated hemorrhagic cystitis (HC) was seen in 75% of patients at a median of
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crossing the HLA barrier in HSCT is now feasible without
the need for extensive T cell depletion or serotherapy.
Studies of NMA haplo-HSCT with PT/Cy show remarkable tolerability of this approach with low rates of GVHD,
infection, and NRM. Relapse of malignancy remains the
predominant cause of treatment failure, occurring in approximately 45% to 51% of patients [5, 6]. NMA haplo-HSCT with
PT/Cy has also been associated with an approximately 10%
rate of engraftment failure resulting in autologous recovery.
The use of more intense/myeloablative (MA) preparative
regimens and PBSC grafts may potentially reduce the rate
of relapse and graft rejection following haplo-HSCT PT/Cy
transplants. However, only a limited number of such studies
have been reported. In this paper, we report our experience
with MA conditioning and PBSC allografts for T-replete
haplo-HSCT using PT/Cy. We define the major predictors
of outcome following this strategy. We also describe other
published reports of MA haplo-HSCT PT/Cy in the literature.
Finally, we compare the outcomes of MA and NMA haploHSCT using PT/Cy and attempt to define the comparative
utility of MA haplo-HSCT in relation to MUD transplantation.
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Figure 1: Kaplan-Meier analysis of overall survival, disease-free
survival, and nonrelapse mortality and following TBI-based MA
haplo-HSCT.

38 days after transplant. Although it is not a life-threatening
complication, it was a source of significant morbidity for
some patients. We hypothesized that HC was predisposed to
by the combined effect of high-dose busulfan and PT/Cy.

3. Total-Body Irradiation-Based Haplo-HSCT
(NSH 922 Protocol)
In an attempt to reduce the risk of BK virus-associated HC,
thirty patients were enrolled on prospective phase II trial
utilizing a TBI-based myeloablative preparative regimen (fludarabine 25 mg/m2 /d × 3 d and TBI 150 cGy bid on d −4 to −1
[total dose 1200 cGy]) followed by infusion of unmanipulated
peripheral blood stem cells from a haploidentical family
donor [8]. Postgrafting immunosuppression again consisted
of Cy 50 mg/kg/day on days 3 and 4, MMF through d 35,
and tacrolimus through d 180. Median patient age was 46.5
years (range 24–60). Transplant diagnosis included AML [9],
ALL [6], CML [5], MDS [1], and NHL [2]. Using the revised
Dana-Farber/CIBMTR disease risk index (DRI), patients
were classified as having low [4], intermediate [10], high [11],
and very high [3] risk.
All patients engrafted with a median time to neutrophil
and platelet recovery of 16 and 25 days, respectively. All
evaluable patients achieved sustained complete donor T cell
and myeloid chimerism by day +30. Acute GVHD, grades II–
IV and III-IV, was seen in 43% and 23%, respectively. The
cumulative incidence of moderate-to-severe chronic GVHD
was 22% (severe in 10%). Nonrelapse mortality (NRM) at 2
years was 3%, which consisted of one death due to noninfectious respiratory failure/ARDS 8 months after transplant in
a patient with chronic GVHD. Estimated two-year survival,
DFS, and relapse were 78%, 73%, and 24%, respectively
(Figure 1). Two-year DFS and relapse rate in patients with
low/intermediate disease risk, determined by the DRI, were
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Figure 2: Effect of disease risk index on (a) disease-free survival and (b) relapse following MA haplo-HSCT.

100% and 0%, respectively, compared with 39% and 53% for
patients with high/very high risk disease.
As noted in our prior experience with busulfan-based MA
haplo-HSCT, posttransplant fever was common and occurred
in the first 5 posttransplant days in nearly all patients. Fevers
resolved in all patients following administration of PT/Cy.
CMV reactivation (≥400 copies/mL) occurred in 15/26 (58%)
of at-risk patients (either donor or recipient with CMV positive serostatus) at a median of day +43 after transplant (range
11–157). CMV disease did not occur. There were no episodes
of invasive mold infection or infectious death in the first 100
days after transplant. There were no cases of EBV reactivation.
BK virus-associated HC of any grade occurred in 30% of
patients and was severe (grade ≥ 3) in 7%. As compared
with our previous experience with busulfan-based MA haploHSCT, HC occurred significantly less often following TBIbased MA haplo-HSCT (any grade: 30% versus 75%, 𝑝 =
0.005; severe HC: 7% versus 30%, 𝑝 = 0.037).

4. Predictors of Outcome following MA
Haplo-HSCT and PT/Cy
In order to determine predictors of outcome following MA
haplo-HSCT and PT/Cy, we evaluated that sixty-four consecutive patients have been transplanted following either
busulfan-based (𝑛 = 20; NSH 864) or TBI-based (𝑛 = 44;
including 30 patients on NSH 922 and the remaining 14 patients treated identically after completion of the trial) MA conditioning, T cell-replete PBSC infusion, PT/Cy, and tacrolimus/mycophenolate mofetil. Median age of the cohort was
43 years (range 21–60). Patient characteristics included a
high/very high disease risk by the Dana-Farber/CIBMTR disease risk index (DRI) in 32 patients (50%), KPS <90 in 69%,
and comorbidity index (CMI) of ≥2 in 58% of patients. The
most common indications for transplant were AML, ALL,
and advanced-phase CML in 55%, 20%, and 12% of patients,

respectively. Median follow-up for surviving patients was 24
months.
All patients engrafted with full donor chimerism and
no late graft failures. Grade II–IV, III-IV acute GVHD and
moderate-severe chronic GVHD occurred in 46%, 23%, and
30%, respectively. One-year NRM was 10%. Predicted threeyear overall survival (OS), disease-free survival (DFS), and
relapse are 53%, 53%, and 26%, respectively. In the 32 patients
with standard risk disease (low/intermediate DRI), outcomes
were significantly improved with one-year NRM of 0% and
predicted 3-year OS, DFS, and relapse of 79%, 74%, and 9%,
respectively (Figure 2).
In multivariate analysis, high/very high DRI was the most
significant negative predictor of OS (HR 13.26, 𝑝 < 0.001),
followed by CMI ≥2 (HR 3.54, 𝑝 = 0.01) and age (HR
1.26, 𝑝 = 0.038, per 5-year increase in age). DRI was also
significantly associated with DFS (HR 10.84, 𝑝 < 0.001),
NRM (HR 15.0, 𝑝 = 0.004), and relapse (HR 8.85, 𝑝 = 0.004)
(Table 1). Conditioning regimen (TBI versus busulfan) had
no significant impact on OS, DFS, NRM, or relapse.

5. Additional Published Experience with
MA Haplo-HSCT and PT/Cy
Several other groups have published similar experiences with
MA haplo-HSCT with PT/Cy. Grosso et al. [12] reported a
“two-step” strategy where a defined dose of haploidentical
T cells (2 × 108/kg) was infused after MA doses of TBI.
Patients then received 60 mg/kg of CY on two consecutive
days, followed later by infusion of highly purified CD34+ cells
from the donor. All patients engrafted and the cumulative
incidence of grade III-IV acute GVHD and NRM was 7.4%
and 22.5%, respectively, for the 27 patients treated. With a
median follow-up of 40 months, overall survival was 48%. A
second study from the same group [13], which included only
patients in remission at the time of transplant, demonstrated
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Table 1: Predictors of transplant outcomes following MA haplo HSCT.
OS

DRI (high versus low/int)
CMI (≥2 versus <2)
Age (<50 versus ≥50)

HR
13.26
3.54
1.26

DFS
𝑝
<0.001
0.010
0.038

HR
10.84
3.09
1.31

NRM
𝑝
<0.001
0.018
0.015

HR
15.0
13.6
1.43

Relapse
𝑝
0.004
0.007
0.055

HR
8.85
—
—

𝑝
0.004
—
—

The following variables were considered in Cox analysis: age, diagnosis, Karnofsky performance status (KPS), comorbidity index (CMI), revised Dana-Farber
disease risk index (DRI), conditioning regimen (busulfan versus TBI), year of transplant, acute GVHD, and chronic GVHD. Variables were selected by 10%
threshold. Acute and chronic GVHD were modeled as time-dependent variables.

a 2 yr NRM, relapse, and PFS of 4%, 19%, and 74%, respectively. The requirement for stringent ex vivo T depletion of the
hematopoietic cell product differentiates this approach and
may limit its widespread applicability. Furthermore, given the
resistance of hematopoietic stem cells to Cy, such delayed
infusion of selected CD34+ cells may be unnecessary.
Symons et al. [11] reported on 97 patients with either leukemias in complete remission or lymphoma with chemosensitive disease. Patients received MA haplo-HSCT PT/Cy utilizing bone marrow grafts. The preparative regimen consisted
of IV busulfan (pharmacokinetically adjusted) on days −6
to −3 and Cy (50 mg/kg/day) on days −2 and −1, except for
patients with acute lymphocytic leukemia or lymphoblastic
lymphoma who received Cy (50 mg/kg/day) on days −5 and
−4 and TBI (200 cGy twice daily) on days −3 to −1. Donor
engraftment occurred in 73/82 (89%) patients. Estimated
probabilities of NRM and grade III-IV acute GVHD at 100
days were 11% and 7%, respectively. The cumulative incidence
of relapse was 44%. With a median follow-up of surviving
patients of 474 days, estimated 2 yr overall and disease-free
survival is 57% and 49%, respectively.
Raiola et al. [10] reported on 50 patients receiving a
MA haplo-HSCT PT/Cy utilizing bone marrow grafts. The
regimens used were thiotepa, busulfan, and fludarabine (𝑛 =
35) or TBI and fludarabine (𝑛 = 15). Forty-five patients (90%)
engrafted with an 18-month cumulative incidence of NRM,
relapse, and PFS of 18%, 22%, and 51%, respectively. PFS was
67% for patients transplanted in remission versus 37% for
patients with active disease. Reported incidences of acute and
chronic GVHD were low. As in our experience, HC was more
common in patients receiving busulfan rather than TBIbased conditioning.
Whether PBSC or BM is the preferred stem cell source
following MA haplo-HSCT remains unclear; however BM
appears to be associated with a higher rate of graft failure,
occurring in approximately 10% of patients in both the series
by Raiola et al. [10] and the experience of Symons et al. [11].
Graft failure has not been reported with PBSC based myeloablative haplo-HSCT and PT/Cy.

6. Comparison of MA and NMA Haplo-PT/Cy
The overall risk of relapse associated with MA haplo-HSCT in
the majority of studies is 20–25% [7, 8, 10, 13] and compares
favorably with that reported for NMA haplo-HSCT (45–
51%) [5, 6]. In our analysis of 64 patients receiving MA
haplo-HSCT, relapse risk in patients with low (𝑛 = 7) or

intermediate (𝑛 = 25) DRI was 9%, compared with 42%
relapse rate in high (𝑛 = 24) or very high (𝑛 = 8) DRI
patients. This compares favorably to that seen in the NMA
setting, where relapse risk according to DRI was recently
analyzed in 372 consecutive patients by the group from Johns
Hopkins University [14]. In this analysis, the risk of relapse
was also highly correlated with DRI, with relapse occurring
in approximately 75%, 50%, and 20% of patients in the high/
very high, intermediate, and low DRI groups, respectively.
The finding of higher relapse following NMA conditioning
parallels what has been seen following matched related or
unrelated donor transplantation [9, 15–17].

7. Comparison of MA Haplo-PT/Cy with
MA MUD Transplants
In order to evaluate the comparative efficacy of MA haploHSCT, we have compared outcomes of patients receiving
TBI-based MA haplo-HSCT with PT/Cy (𝑛 = 30) with a
contemporaneously treated cohort of consecutive patients at
our institution receiving HLA-matched (8/8 HLA-A, HLA-B,
HLA-C, and HLA-DR) MA T cell-replete MUD transplantation (𝑛 = 48) [8]. Haplo- and MUD transplant patients were
well matched according to age, diagnosis, disease risk, CMV
serostatus, and comorbidity index. The groups did differ in
the use of PBSC as the stem cell source which was utilized
in all haplotransplant recipients compared with 32 of 48
MUD transplants recipients. When compared with recipients
of MA MUD transplants, outcomes after MA haplo-HSCT
were statistically similar to 2 yr OS and DFS being 78%
and 73%, respectively, after haplotransplant versus 71% and
64%, respectively, after MUD transplants. Grade II–IV acute
GVHD was seen less often following haplotransplantation
compared with MUD transplantation (43% versus 63%, 𝑝 =
0.049), as was moderate-to-severe chronic GVHD (22%
versus 58%, 𝑝 = 0.003). The lower incidence of chronic
GVHD occurred despite the greater use of PBSC in the haploHSCT group.
Similarly, a Center for International Blood and Marrow
Transplant Research (CIBMTR) analysis [18] compared outcomes of adults with acute myeloid leukemia (AML) after
haplo- (𝑛 = 192) and MUD (𝑛 = 1982) transplantation,
including 104 MA haplotransplants and 1245 MA MUD
transplants. In this large analysis, there were no significant
differences in 1 yr NRM (12% versus 14%), 3 yr relapse (44%
versus 39%), or 3 yr OS (46% versus 44%), comparing MA
haplo- and MA MUD transplants, respectively. Grade II–IV
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acute GVHD (16% versus 33%), grade III-IV acute GVHD
(7% versus 13%), and chronic GVHD (30% versus 53%) were
all statistically lower in haplopatients compared with MUD
patients.

8. Immune Recovery following
MA Haplo-PT/Cy
Historically, MA haplotransplantation has been associated
with considerable infectious morbidity and mortality. In
contrast, our experience and others suggest that MA haploPT/Cy may significantly reduce the risk of infectious complications. In a published series of thirty patients undergoing
TBI-based MA haplo-PT/Cy [8], CMV reactivation (≥400
copies/mL) occurred in only 15/26 (58%) of at-risk patients
(either donor or recipient with CMV positive serostatus),
and CMV disease did not occur. There were no episodes of
invasive mold infection or infectious death in the first 100
days after transplant. Furthermore, there were no cases of
EBV, HHV6, or adenovirus infections.
The reduced risk of infectious complications following
MA haplo-PT/Cy has translated into low NRM, approximately 10% in the first year after transplant. Our experience
compares favorably to the results reported with T cell-depleted (TCD) MA haplo, where NRM of approximately 40%
have been seen, with much of this attributable to infectious
mortality [4, 19–21]. Ciurea and colleagues at the MD Anderson Cancer Center analyzed their outcomes following MA
haplo-PT/Cy following a preparative regimen of fludarabine,
melphalan, and thiotepa, with historical results of TCD
MA haplo using the same preparative regimen [20]. In this
analysis, one-year NRM favored PT/Cy (16% versus 42%) as
did death directly attributable to infection (9% versus 24%),
with significantly less viral and fungal infections seen in
PT/Cy versus TCD patients. T cell subset analysis demonstrated significant improvements in T cell recovery in PT/Cy
versus TCD patients, with more rapid reconstitution noted in
multiple T cell subsets (CD4, CD8, naı̈ve, and memory).
Immune reconstitution following haplo-PT/Cy is characterized by a diverse T cell receptor repertoire and appears
dependent on T memory stem cells maturing from naı̈ve T
cells [22, 23]. These cells are adoptively transferred in the
donor graft and have been shown to survive cyclophosphamide-induced deletion. Furthermore, regulatory T cells also are
preferentially preserved following PT/Cy, likely due to higher
aldehyde dehydrogenase in these cells [24]. Finally, murine
studies have demonstrated that PT/Cy relatively spares pathogen and cancer-specific T cells [25]. The selective elimination
of alloreactive donor T cells with relative preservation of nonalloreactive donor T cell clones provides a mechanistic understanding of the surprisingly low infectious mortality following MA haplo-PT/Cy.

9. Discussion
In the past decade, there has been a growing interest in the
use of haplo-HSCT due to the rapid and nearly universal
availability of donors, which is a critical issue in patients with
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advanced hematologic malignancies. A major advance in the
success of haplo-HSCT is the use of properly timed PT/Cy,
a technique pioneered by investigators at Johns Hopkins
University [5, 26]. Using a NMA approach, this strategy has
resulted in low rates of GVHD, infection, and NRM. However, relapse remains the major cause of treatment failure,
occurring in approximately half of transplant recipients. One
explanation for the high rate of relapse, as in other NMA
HSCT trials, is that the transplantation conditioning was not
intense enough to achieve sufficient tumor cytoreduction.
In order to reduce the risk of relapse in patients with high
risk hematologic malignancies, our group and others have
demonstrated the feasibility of performing MA haplo-HSCT
utilizing PT/Cy. In 64 consecutive patients transplanted at
our institution following either busulfan-based (𝑛 = 20) or
TBI-based (𝑛 = 44) MA conditioning, we have noted universal engraftment with rapid donor chimerism, acceptable
rates of GVHD (grade III-IV acute GVHD and moderatesevere chronic GVHD occurred in 23% and 30%, resp.), and
a low one-year NRM of 10%. Predicted three-year overall
survival (OS), disease-free survival (DFS), and relapse were
53%, 53%, and 26%, respectively, and in the 32 patients with
standard risk disease (low/intermediate DRI), outcomes were
very favorable (3-year OS, DFS, and relapse of 79%, 74%, and
9%, resp.).
Relapse appears less following MA conditioning with
relapse rates in the majority of studies of 20–25% [7, 8, 10, 13],
compared with that reported for NMA haplo-BMT (45–51%)
[5, 6]. However, truly defining the influence of the preparative
regimen intensity on relapse risk will likely require a randomized controlled trial. When comparing our results with
the other published experiences of MA haplo-HSCT using
PT/Cy, it becomes evident that disease risk, as defined by
either the DRI or disease status at the time of transplant,
is the primary driver of outcomes, with 2 yr DFS being
approximately 67–74% [8, 10, 13] in patients transplanted
in remission without high risk disease defined by the DRI.
Whether PBSC or BM is the preferred stem cell source following myeloablative haplo-HSCT remains unclear; however
BM appears to be associated with a higher rate of graft failure,
occurring in approximately 10% of patients [10, 11] receiving
marrow grafts, and is obviously more consequential following
MA conditioning.
Although there have been no randomized studies to date,
there is now compelling evidence regarding the equivalent
efficacy and safety of haplo-HSCT PT/Cy and MUD transplantation, in both the NMA and MA setting [8, 18, 27–29].
When considering the optimal transplant donor type, MUD
versus haplo-HSCT, one must consider the inherent advantages of haplodonors including near universal and rapid
availability, as well as lower costs related to donor searching
and graft acquisition, whereas as almost all patients have an
available haplomatched family member, the availability of an
8/8 matched unrelated donor varies according to ethnic background, ranging from 75% for white patients of European
descent to less than 20% for the African Americans. Furthermore, given the complexities inherent in registry searching,
time from initiation of donor searching to transplant can be
significant, averaging around 3 months.
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In conclusion, our results show that MA haplo-HSCT
results in favorable engraftment, acceptable rates of GVHD,
and low nonrelapse mortality. Relapse rates appear lower than
that reported with NMA haplo-HSCT. DRI represents the
strongest predictor of outcome following MA haplo-HSCT
and PT/Cy. Disease-free and overall survival is equivalent to
recipients of MA MUD transplants. Therefore, in younger
patients without contraindications to standard intensity conditioning, MA haplo-HSCT is a valid option for patients with
advanced hematologic malignancies who lack timely access
to a conventional donor.
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The implementation of high-dose posttransplantation cyclophosphamide (PTCy) has made HLA-haploidentical (haplo) blood or
marrow transplantation (BMT) a cost effective and safe alternative donor transplantation technique, resulting in its increasing
utilization over the last decade. We review the available retrospective comparisons of haplo BMT with PTCy and HLA-matched
BMT in adults with hematologic malignancies. The examined studies demonstrate no difference between haplo BMT with PTCy
and HLA-matched BMT with regard to acute graft-versus-host disease (aGVHD), nonrelapse mortality, and overall survival.
Chronic GVHD occurred less frequently after haplo BMT with PTCy compared with HLA-matched BMT utilizing standard GVHD
prophylaxis. In addition, patients with a high risk of relapse by the disease risk index had a suggestion of improved progression-free
and overall survival after haplo BMT with PTCy when compared with a historical cohort of HLA-matched BMT in one analysis.
Furthermore, in Hodgkin lymphoma relapse and progression-free survival were improved in the haplo BMT with PTCy compared
with the HLA-matched BMT cohort. These findings support the use of this transplantation platform when HLA-matched related
donors (MRDs) are unavailable and suggest that clinical scenarios exist in which haplo BMT may be preferred to HLA-matched
BMT, which warrant further investigation.

1. Introduction
HLA-haploidentical (haplo) blood or marrow stem cell transplantation (BMT) has historically been limited by unacceptable rates of graft-versus-host disease (GVHD), graft
failure, and nonrelapse mortality (NRM). However, modern
transplant techniques, specifically the use of high-dose posttransplantation cyclophosphamide (PTCy) on days +3 and
+4, have remarkably reduced GVHD and led to the increasing
utilization of haplo donors. The feasibility of haplo BMT has
dramatically expanded the donor pool, making allogeneic
transplantation available for the vast majority of patients.
While clinical trials revealed the safety of the haplo approach
with a 1-year NRM of 7% after haplo BMT and a 24% NRM
after double umbilical cord blood transplantation (dUCB),
the 1-year relapse rates of 45% and 31%, respectively [1], led

to concern that haplo BMT with PTCy was associated with
a high risk of relapse. However, the inflated rate may be
more apparent than real, as the observed lower incidence
of NRM puts a greater pool of patients at risk of relapse.
The ease of application, the reduced cost, and the ready
availability of haplo donors have led to the widespread
adoption of haplo BMT with PTCy as an alternative donor
approach. With its expanded use, an increasing number of
retrospective studies (Table 1) have been published showing
the safety and efficacy of this transplant platform in adults
with hematologic malignancies (two of the examined studies
contained a small number of adolescent patients) [2, 3]. We
review the available publications that compare haplo BMT
with PTCy and HLA-matched BMT in an effort to understand the role of haplo BMT and the prioritization of graft
type.

AML

Ciurea et al.
Blood 2015 [6]

Hematologic
malignancies

Hematologic
malignancies

McCurdy et al.
Blood 2015 [11]

Bashey et al.
BBMT [7]

Disease

Study

Haplo 𝑛 = 116

MRD 𝑛 = 181
MUD 𝑛 = 178

Haplo 𝑛 = 192

MUD 𝑛 = 1982

Historical MRD or MUD
cohort 𝑛 = 614∗

Haplo 𝑛 = 372

HLA type and patient number

TBI/Flu
Bu/Cy
Mel/Thiotepa/Flu
Bu/Flu
Bu/Flu/ATG
Bu/Thiotepa/Flu
NMA:
Flu/Cy/TBI
MRD or MUD:
Bu/Cy
Flu/Bu
Flu/Bu/Cy
Flu/Mel
Etop/TBI
Flu/Cy
Flu/Cy/TBI
Cy/TBI
Mel/TBI
Flu/TBI
Bu/Cy/Etop
NMA haplo:
Flu/Cy/TBI
MAC haplo:
Flu/Bu/Cy
Flu/TBI

MAC:
TBI/Cy

Conditioning regimens
Haplo:
Flu 30 mg/m2 D-6–2
Cy 14.5 mg/kg D-6-5
TBI 200 cGY D-1
MRD/MUD:
Flu 120 mg/m2
Bu 3.2–6.4 IV mg/kg
±ATG

Table 1: Summary of included studies.

Haplo:
PTCy 50 mg/kg D3 and D4, MMF,
and CNI

MRD or MUD:
Tac + MTX ± ATG ± alemtuzumab

Haplo:
PTCy 50 mg/kg D3 and D4, MMF,
and CNI

MRD/MUD:
CNI + MTX ± sirolimus
or
CSP with MMF
MUD:
CNI + MTX
or
MMF

Haplo: PTCy 50 mg/kg D3 and D4,
MMF D5–35,
Tac D5–90 or 180

GVHD prophylaxis

NMA haplo:
BM ≫ PBSC
MAC haplo:
PBSC only

PBSC ≫ BM

BM > PBSC

PBSC > BM

BM or PBSC

BM

Graft source
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AML or MDS

Peripheral T-cell
lymphoma

Kanakry et al.
BBMT 2013 [10]

Hematologic
malignancies

Hematologic
malignancies

Disease

Di Stasi et al.
BBMT 2014 [4]

Bashey et al.
JCO 2013 [5]

Raiola et al.
BBMT 2014 [3]

Study

Haplo 𝑛 = 22

Bu/Cy

MRD 𝑛 = 22

Cy/TBI
Flu/TBI
Bu/Flu
Flu/Cy/TBI
Fly/Cy/TBI
Bu/Cy
Cy/TBI

Haplo: above + thiotepa 5–10 mg/kg

NMA haplo:
Flu 30 mg/m2 D-6–2
Cy 14.5 mg/kg D-6-5
TBI 200 cGY D-1
or
MAC haplo: Flu 25 mg/m2 D-6–2,
Bu 110–130 mg/m2 IV
D-7–4,
Cy 14.5 mg/kg D-3-2
MRD/MUD:
Flu 120–160 mg/m2 in 4 daily doses
Mel 140 mg/m2 or 100 mg/m2

RIC or MAC

Conditioning regimens
MAC:
Thio/Bu/Flu
Bu/Cy
Flu/TBI
Cy/TBI
RIC:
Flu/Cy/TBI
Thio/Cy ± Mel

Haplo 𝑛 = 32

MRD 𝑛 = 87
MUD 𝑛 = 108

Haplo 𝑛 = 53

MRD 𝑛 = 117
MUD 𝑛 = 101

MRD 𝑛 = 176
MUD 𝑛 = 43
mmUD 𝑛 = 43
UCB 𝑛 = 105
Haplo 𝑛 = 92

HLA type and patient number

Table 1: Continued.

Haplo:
PTCy 50 mg/kg D3 and D4,
MMF, Tac, or CSP

Haplo:
PTCy 50 mg/kg D3 and D4,
MMF D5–100,
Tac D5–180
MRD: CSP
or
PTCy 50 mg/kg D3 and D4
±MMF ±Tac

MRD: Tac + mini-MTX
MUD: Tac + mini-MTX + ATG

Haplo: PTCy 50 mg/kg D3 and D4,
MMF D5–35, and Tac D5–180

Standard regimens

MRD: CSP + mini-MTX
MUD: CSP + mini-MTX + ATG
UCB: CSP + MMF + ATG
Haplo: PTCy 50 mg/kg D3 and D4 +
CSP + MMF

GVHD prophylaxis

BM (1 PBSC)

BM or PBSC

BM or PBSC

PBSC for
MAC

BM for NMA

PBSC or BM

BM
PBSC
UCB

Graft source
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Hodgkin lymphoma

Burroughs et al.
BBMT 2008 [2]

Conditioning regimens
MRD/MUD:
TBI 2 Gy
TBI 2 Gy + Flu 30 mg/m2 days 4–2
Haplo:
Flu 30 mg/m2 D-6–2
Cy 14.5 mg/kg D-6-5
TBI 200 cGY D-1

HLA type and patient number
MRD 𝑛 = 38
MUD 𝑛 = 24

Haplo 𝑛 = 28

GVHD prophylaxis
MRD/MUD:
MMF
or
CNI
Haplo:
PTCy 50 mg/kg D3 (±D4),
MMF D4 or 5–35,
Tac D4, or 5–180

BM

PBSC

Graft source

HLA: human leukocyte antigen; GVHD: graft-versus-host disease; haplo: HLA-haploidentical; 𝑛: number; MRD: HLA-matched related donor; MUD: HLA-matched unrelated donor; Flu: fludarabine; D: day; Cy:
cyclophosphamide; TBI: total body irradiation; Bu: busulfan; ATG: antithymocyte globulin; PTCy: posttransplantation cyclophosphamide; MMF: mycophenolate mofetil; Tac: tacrolimus; CNI: calcineurin inhibitor;
MTX: methotrexate; CSP: cyclosporine; BM: bone marrow; PBSC: peripheral blood stem cells; AML: acute myelogenous leukemia; MAC: myeloablative conditioning; Mel: melphalan; BBMT: biology of blood and
marrow transplantation; Etop: etoposide; NMA: nonmyeloablative; mmUD: HLA-mismatched unrelated donor; UCB: umbilical cord blood; JCO: Journal of Clinical Oncology; MDS: myelodysplastic syndrome.
∗
Armand et al. [12], a disease risk index for patients undergoing allogeneic stem cell transplantation, July 2012; Blood: 120 (4) 905–913.

Disease

Study

Table 1: Continued.
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2. Graft-versus-Host Disease and
Immunosuppression Discontinuation
The majority of the reviewed studies showed that the incidence of acute (a) GVHD was either similar [2, 4, 5] or
significantly lower after haplo BMT with PTCy (𝑝 < 0.001)
[3, 6] compared with HLA-matched BMT. The cumulative
incidence of grades II–IV aGVHD ranged from 24 to 50%
after HLA-matched related donor (MRD), 19% to 50% after
HLA-matched unrelated donor (MUD), and 14% to 43% after
haplo BMT [2–7]. Grades III-IV aGVHD rates were similarly
low after MRD, MUD, and haplo BMT, ranging from 4 to 8%,
4 to 13%, and 0 to 11%, respectively [4–6].
The incidence of chronic (c) GVHD was either significantly lower [5, 7] or tended towards being lower [2–4,
6] after haplo compared with HLA-matched donor BMT.
Cumulative incidences of moderate or severe cGVHD were
29%, 22%, and 15% (𝑝 = 0.053) [3], and extensive cGVHD
were 54%, 54%, and 38% (𝑝 < 0.05) [5] for MRD, MUD,
and haplo BMT with PTCy, respectively. When transplants
only using BM grafts were compared in one analysis, there
was no difference in cGHVD rates after MUD and haplo
BMT using either myeloablative (MAC) or reduced intensity
conditioning (RIC) [6]. However, in another study, when
only transplants using peripheral blood stem cell (PBSC)
grafts were compared, the 2-year incidence of moderatesevere cGVHD was 45% after MRD, 48% after MUD, and
25% after haplo (𝑝 = 0.01 for haplo compared with MRD
and 𝑝 = 0.002 for haplo versus MUD) [7]. In keeping with
the finding of reduced cGVHD, haplo BMT patients were
also more likely to discontinue immunosuppression in both
univariable analysis at 1 year (81% compared with 55% in the
MRD patients (𝑝 < 0.001)) [3] and multivariable analysis
(𝑝 = 0.04, 𝑝 < 0.001) [2, 7], in the studies that examined
this outcome.

3. Immune Reconstitution and Infection
While haplo patients were more likely to have received
bone marrow (BM) grafts, which have been associated with
engraftment delays [8, 9], neutrophil recovery was similar
after haplo BMT with PTCy and HLA-matched BMT. There
were low rates of graft failure and time to neutrophil engraftment was similar (18 days in both) [3] or slightly delayed
(18 compared with 13 days [4] or 16 compared with 14 [7])
after haplo BMT with PTCy and HLA-matched BMT. In
one study, neutrophil recovery was no different after RIC
MUD and RIC haplo BMT; however, Day 30 neutrophil
recovery was 97% after MAC MUD compared with 90% after
MAC haplo BMT, respectively (𝑝 = 0.02) [6]. Bashey et al.
compared neutrophil and platelet engraftment among haplo
BMT patients who received either PBSC grafts or BM grafts
and found no difference in time to recovery by graft source
(16 days to neutrophil engraftment and 26 days to platelet
engraftment in both groups) [7]. Immune reconstitution was
different at early time points after HLA-matched and haplo
BMT, with a decrease in CD3+ and natural killer (NK) cell
counts at Day 30 [4] and CD4+ counts at Day 50 [3] in the
haplo cohort. However, there were no differences in CD4+ ,
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CD3+ , or NK cell counts after these early time points. CD20+
cell counts were similar across transplantation techniques at
all time points examined [4].
There was either a trend to an increase [4] or a significant
increase [3] in cytomegalovirus (CMV) reactivation after
haplo BMT with PTCy compared with MRD and MUD BMT.
CMV reactivation rates ranged from 48 to 58%, 54 to 60%,
and 71 to 74% after MRD, MUD, and haplo BMT, respectively.
Epstein-Barr virus reactivation was either similar with no
cases [4] or higher after haplo at 10% compared with 2%
after MRD [3]. However, there were no deaths due to posttransplantation lymphoproliferative disease in either cohort
of these studies [3, 4].

4. Nonrelapse Mortality
Nonrelapse mortality (NRM) was either not significantly
different [3–5, 7, 10] or significantly lower (𝑝 = 0.02) [2]
after haplo compared with MRD BMT. NRM at 1 year ranged
from 6% to 24% for MRD, 10% to 35% for MUD, and 4%
to 24% for haplo BMT with PTCy (Table 2) [4, 5, 10, 11].
Importantly, NRM was comparable across graft types when
conditioning intensity was either similar [3, 5, 6] or more
intense [4] for patients undergoing haplo allografting with
PTCy. In an analysis that included five graft sources, haplo,
MRD, and MUD BMT had equivalent NRM; however, dUCB
and HLA-mismatched unrelated donor (mmUD) BMT were
both associated with higher NRM [3].

5. Relapse
When examining outcomes for patients with any hematologic
malignancy diagnosis who underwent MRD, MUD, or haplo
BMT there was no difference in relapse incidence between the
graft types [3, 5, 7]. This was notable given the less frequent
use of MAC [5, 7] and PBSC grafts [3, 5, 7] and/or the
evidence of more advanced disease [3] in the haplo compared
with MRD or MUD BMT cohorts in these studies. Raiola
et al. also examined outcomes by disease status and showed
a tendency towards less relapse in patients with early phase
disease (first or second complete remission) after haplo BMT
with PTCy at 18% compared with 36% after MRD BMT (𝑝 =
0.09), with no difference in relapse incidence for patients
beyond second complete remission (𝑝 = 0.60) [3].
Several studies looked at disease specific outcomes.
An analysis of acute myelogenous leukemia (AML) and
myelodysplastic syndrome (MDS) patients that utilized similar conditioning platforms across graft types found that the
relapse rate was not significantly different after MRD, MUD,
or haplo BMT at 28%, 23%, and 33% (𝑝 = 0.75) [4]. In
AML, 3-year relapse risks after MAC MUD and MAC haplo
were similar, but rates were lower after NMA MUD compared
with NMA haplo BMT. The difference in the NMA cohorts
may in part be explained by the longer time from diagnosis
to transplantation, poorer performance status scores, and
higher proportion of patients transplanted beyond first complete remission (despite no difference in disease risk index
between the groups) in the haplo BMT compared with the
MUD cohort [6]. Patients with peripheral T-cell lymphoma

MAC:
1 yr: 12%
RIC:
1 yr: 6%
2 yr: 17%
D1000: 18%
1 yr: 4%
1 yr: 24%
1 yr: 8%
2 yr: 9%

1 yr: 11%

Haplo

16%
(14%/16%)
(24%/33%)
(10%/10%)
(20%/35%)
MRD 6%
(21%/8%)

14%

Matched
(MRD/MUD)

NRM

3 yr: 46%
Low: 20%
Int: 48%
High: 67%
MAC:
3 yr: 44%
RIC:
3 yr: 58%
2 yr: 29%
35%
2 yr: 33%
1 yr: 33%
1 yr: 34%
2 yr: 40%

Haplo

42%
(30%/34%)
(40%/23%)
(34%/34%)
(28%/23%)
MRD 38%
(56%/63%)

39%

Matched
(MRD/MUD)

Relapse

(56%/50%)
(32%/36%)
(53%/52%)
(36%/27%)
(23%/29%)

2 yr: 54%
4 yr: 43%
2 yr: 60%
3 yr: 30%
2 yr: 51%

PFS or DFS
Matched
Haplo
(MRD/MUD)
3 yr: 40%
66%∗
Low: 65%
31%
Int: 39%
15%
High: 25%

2 yr: 58%

3 yr: 50%
Low: 73%
Int: 49%
High: 37%
MAC:
3 yr: 45%
RIC:
3 yr: 46%
2 yr: 57%
4 yr: 52%
2 yr: 64%

Haplo

(53%/58%)

44%
(72%/59%)
(45%/43%)
(76%/67%)

50%

70%
47%
25%

Matched
(MRD/MUD)

OS

NRM: nonrelapse mortality; haplo: human leukocyte antigen- (HLA-) haploidentical; matched: HLA-matched; MRD: HLA-matched related donor; MUD: HLA-matched unrelated donor; PFS: progression-free
survival; DFS: disease-free survival; OS: overall survival; yr: year; low: low risk by disease risk index; Int: intermediate risk by disease risk index; high: high or very high risk by disease risk index; BBMT: biology of
blood and marrow transplantation; D: day; JCO: Journal of Clinical Oncology.
∗
Data based on 614 recipients of reduced intensity conditioning and HLA-matched stem cell transplantation from the original disease risk index study cohort [12] whose outcomes were tabulated and received from
P. Armand Dana-Farber Cancer Institute, email, July 24, 2014, personal communication.

Bashey et al. BBMT 2015 [7]
Raiola et al. BBMT 2014 [3]
Bashey et al. JCO 2013 [5]
Di Stasi et al. BBMT 2014 [4]
Kanakry et al. BBMT 2013 [10]
Burroughs et al. BBMT 2008 [2]

Ciurea et al. Blood 2015 [6]

McCurdy et al. Blood 2015 [11]

Study

Table 2: Survival outcomes.
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also had equivalent 1-year cumulative incidence of relapse
after MAC MRD at 38% compared with 34% after NMA haplo
BMT [10], which is notable given the decreased conditioning
intensity in the haplo BMT with PTCy cohort. Notably, in
a study of Hodgkin lymphoma, the occurrence of relapse
or progressive disease was significantly lower after haplo
BMT with PTCy at 40% compared with 56% (𝑝 = 0.01)
and 63% (𝑝 = 0.03) after MRD and MUD, respectively
[2].

6. Progression-Free and Overall Survival
Progression-free survival (PFS) and disease-free survival
(DFS) were similar after both haplo and HLA-matched BMT
in the studies that included either a variety of hematologic
malignancies [3, 5, 7, 11] or AML and MDS [4] ranging from
30 to 40% at 3 years [4, 11]. One analysis looked at PFS by
disease risk index (DRI) [12] and found that patients with
low-risk and intermediate-risk disease had similar PFS after
haplo BMT with PTCy and HLA-matched BMT at 65% and
66%, and 39% and 31%, respectively. There was, however, a
suggestion of improved outcomes in patients with high or
very high-risk disease after haplo BMT with a 3-year PFS
of 25% compared with 15% in the HLA-matched setting
[11]. In another report, early phase disease was associated
with a tendency towards improved DFS at 60% after haplo
compared with 38% for MRD, 25% for MUD, 40% for
mmUD, and 38% for UCB BMT (𝑝 = 0.10) [3]. For advanced
phase disease, DFS was no different at 32% for haplo, 22%
for MRD, 39% for MUD, 18% for mmUD, and 28% for UCB
transplantation (𝑝 = 0.60).
In Hodgkin lymphoma an improvement in PFS was seen
after haplo at 51% compared with 23% and 29% after MRD
(𝑝 = 0.0008) and MUD (𝑝 = 0.03) BMT, respectively [2]. In
peripheral T-cell lymphoma, despite the higher median age
in the haplo cohort (59 years compared with 46 years), there
was no difference in PFS after MRD BMT and haplo BMT
with PTCy [10].
Overall survival (OS) was not significantly different in
the majority of the analyses and ranged from 53 to 76% after
MRD, 58 to 67% after MUD, and 58 to 64% after haplo BMT
at 2 years (Table 2) [2, 5]. Three-year OS by DRI was 70%
and 73% for low-risk patients, 47% and 49% for intermediaterisk patients, and 25% and 37% for high or very high-risk
patients, after HLA-matched and haplo BMT, respectively.
In a comparison of haplo, MRD, MUD, mmUD, and UCB
transplantation, there was no difference in 4-year actuarial
survival at 53%, 45%, 43%, 40%, and 34% (𝑝 = 0.10),
respectively. However, UCB BMT had inferior survival in
multivariable analysis (𝑝 = 0.03), with haplo and MRD
having similar survival (𝑝 = 0.80) [3]. Finally, 4-year OS
in advanced disease by BMT platform was 47%, 30%, 31%,
20%, and 27%, after haplo, MRD, MUD, mmUD, and UCB
transplantation, respectively (𝑝 = 0.20) [3].

7. Discussion
PTCy has decreased the incidence of GVHD, graft failure, and NRM associated with haplo BMT and led to its
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increasing adoption for patients without an HLA-matched
donor. We review the existing retrospective comparisons of
HLA-matched BMT and haplo BMT with PTCy in adults
with hematologic malignancies. With the use of PTCy based
GVHD prophylaxis, rates of aGVHD after haplo BMT appear
comparable to that after MRD BMT utilizing standard prophylaxis. While we found similar rates of aGVHD, cGVHD
incidence was reduced in the haplo compared with the
MRD BMT cohorts. We believe this finding is attributable
to PTCy, the use of which was limited to the haplo cohorts
in these studies. PTCy, when given early posttransplant,
is cytotoxic to alloreactive T-cells that would eventually
contribute to cGVHD development. Traditional immunosuppressants, such as calcineurin inhibitors, methotrexate,
or mycophenolate mofetil, only inhibit the immune system
and flare of GVHD can occur with their cessation. With
PTCy, cGVHD prevention is mediated early after transplant
and does not require continued use of immunosuppression.
Engraftment and immune reconstitution of CD3+ , CD4+ , and
NK cells also appear similar in haplo and MRD BMT after
the early posttransplant time period. While the slight delay
in neutrophil engraftment and reduction in T-cell counts
before Day 50 may be associated with either the haplo graft
or the PTCy, it is possible that the use of BM as a stem cell
source, which has been associated with engraftment delay
[8, 9] and was used preferentially in the haplo cohort, may
have contributed. However, the one study that compared
neutrophil engraftment after haplo PBSC and haplo BM
allografting found no difference in time to neutrophil or
platelet recovery [7].
With comparable aGVHD and graft failure rates and a
reduced incidence of cGVHD, we would expect a similar
NRM. As demonstrated in the early studies of haplo BMT
with PTCy, NRM rates were low in these reports, comparable
to that seen after MRD BMT. As such, there is now strong
evidence for the safety of this transplant platform.
Relapse rates, on the other hand, were a purported
weakness associated with haplo BMT with PTCy, owing
to the original Phase II study, which found a 45% relapse
rate at 1 year [1]. This was an unexpected finding given
that the increasing HLA-mismatch could potentially lead to
more graft-versus-tumor effects and less relapse after haplo
BMT compared with HLA-matched grafts. Critics believed
that the PTCy inhibited not only the negative effects of
HLA-mismatch, namely, GVHD and graft failure, but the
positive graft-versus-tumor effects as well. After reviewing
the existing literature comparing HLA-matched and haplo
BMT there appears to be no difference in relapse rate in
the majority of these retrospective studies. In fact, in certain
diseases, relapse may be decreased after haplo BMT. This
has been suggested in a study of Hodgkin lymphoma in
which relapse and PFS were significantly improved in the
haplo cohort compared with the MRD and MUD cohorts,
despite the use of BM as a graft source in the haplo cohort
and PBSC in the HLA-matched cohort (PBSC have been
associated with reduction in relapse in prior analyses [13]).
In a single armed study of haplo BMT with PTCy for
relapsed Hodgkin lymphoma after prior autologous grafting,
Raiola et al. reported a 3-year EFS of 63% [14]. These results
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support the efficacy of haplo BMT for patients with poor risk
Hodgkin lymphoma. Furthermore, MAC has been associated
with decreased relapse and increased NRM, equating to no
difference in OS when compared with NMA conditioning in
prior studies [15]. Despite decreasing conditioning intensity,
relapse in peripheral T-cell lymphoma patients was equivocal
after with MAC MRD and NMA haplo, suggesting that haplo
BMT with PTCy may play an important role in relapse
reduction in this disease. However, given the limited and
retrospective nature of this data, further study is warranted
to better clarify the hierarchy of haplo in transplantation
for lymphoma and the effects of haplo BMT with PTCy on
relapse.
Outside of lymphoma, stage or risk of disease may also
present a scenario in which haplo grafts may be preferred. In
the analysis of outcomes by the DRI, there was a suggestion
of improved PFS and OS in high and very high-risk disease
(risk is determined by disease characteristics and disease
stage at transplantation) [11, 12]. This finding reflects the very
early clinical data of haplo BMT before the era of PTCy,
in which patients with early phase disease did worse after
haplo compared with MRD BMT, owing to an increased
NRM. However, survival in patients with advanced leukemia
after haplo BMT was more similar to those after MRD BMT
in that study [16]. The difference in outcomes by disease
risk may have been due to a higher risk of death from
relapse in high-risk patients. Therefore, the outcomes of
high-risk patients depended less on the risk of NRM and
more on relapse reduction, which was more effective after
haplo BMT. However, Raiola et al. found a trend towards
reduction of relapse in early phase disease after haplo BMT
with PTCy compared with MRD BMT and similar relapse
rates in advanced disease [3]. In the early phases of MAC
haplo BMT with PTCy, patients with active leukemia were
transplanted and outcomes were poor due to progressive
disease early after BMT. As a result, Johns Hopkins adopted a
policy to avoid transplantation of patients not in remission.
Similarly, with HLA-matched transplant platforms, active
disease at the time of transplantation has been associated
with poor outcomes, especially in the setting of RIC [17].
Given these contradictory findings, the preferential use of
haplo grafts for a given disease stage or risk warrants further
investigation.
In all, OS and PFS were not different after haplo and
MRD BMT in the studies that compared the two transplant
platforms. This suggests that, at a minimum, haplo is an
acceptable alternative to HLA-matched transplantation, but
further studies are needed to elucidate the clinical scenarios in which haplo BMT with PTCy may be preferred.
In the future, other donor factors such as age, sex mismatch, ABO match, CMV compatibility, or NK cell alloreactivity may be more critical than HLA match for donor
selection.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Advances in Hematology

References
[1] C. G. Brunstein, E. J. Fuchs, S. L. Carter et al., “Alternative donor
transplantation after reduced intensity conditioning: results of
parallel phase 2 trials using partially HLA-mismatched related
bone marrow or unrelated double umbilical cord blood grafts,”
Blood, vol. 118, no. 2, pp. 282–288, 2011.
[2] L. M. Burroughs, P. V. O’Donnell, B. M. Sandmaier et al.,
“Comparison of outcomes of HLA-matched related, unrelated,
or HLA-haploidentical related hematopoietic cell transplantation following nonmyeloablative conditioning for relapsed or
refractory hodgkin lymphoma,” Biology of Blood and Marrow
Transplantation, vol. 14, no. 11, pp. 1279–1287, 2008.
[3] A. M. Raiola, A. Dominietto, C. di Grazia et al., “Unmanipulated
haploidentical transplants compared with other alternative
donors and matched sibling grafts,” Biology of Blood and
Marrow Transplantation, vol. 20, no. 10, pp. 1573–1579, 2014.
[4] A. Di Stasi, D. R. Milton, L. M. Poon et al., “Similar transplantation outcomes for acute myeloid leukemia and myelodysplastic
syndrome patients with haploidentical versus 10/10 human
leukocyte antigen-matched unrelated and related donors,” Biology of Blood and Marrow Transplantation, vol. 20, no. 12, pp.
1975–1981, 2014.
[5] A. Bashey, X. Zhang, C. A. Sizemore et al., “T-cell-replete HLAhaploidentical hematopoietic transplantation for hematologic
malignancies using post-transplantation cyclophosphamide
results in outcomes equivalent to those of contemporaneous
HLA-matched related and unrelated donor transplantation,”
Journal of Clinical Oncology, vol. 31, no. 10, pp. 1310–1316, 2013.
[6] S. O. Ciurea, M. J. Zhang, A. A. Bacigalupo et al., “Haploidentical transplant with posttransplant cyclophosphamide
vs matched unrelated donor transplant for acute myeloid
leukemia,” Blood, vol. 126, no. 8, pp. 1033–1040, 2015.
[7] A. Bashey, X. Zhang, K. Jackson et al., “Comparison of outcomes
of hematopoietic cell transplants from T-replete haploidentical
donors using post-transplantation cyclophosphamide with 10 of
10 HLA-A, -B, -C, -DRB1, and -DQB1 allele-matched unrelated
donors and HLA-identical sibling donors: a multivariable analysis including disease risk index,” Biology of Blood and Marrow
Transplantation, 2015.
[8] J. Storek, M. A. Dawson, B. Storer et al., “Immune reconstitution
after allogeneic marrow transplantation compared with blood
stem cell transplantation,” Blood, vol. 97, no. 11, pp. 3380–3389,
2001.
[9] G. Gahrton, S. Iacobelli, G. Bandini et al., “Peripheral blood or
bone marrow cells in reduced-intensity or myeloablative conditioning allogeneic HLA identical sibling donor transplantation
for multiple myeloma,” Haematologica, vol. 92, no. 11, pp. 1513–
1518, 2007.
[10] J. A. Kanakry, Y. L. Kasamon, C. D. Gocke et al., “Outcomes
of related donor HLA-identical or HLA-haploidentical allogeneic blood or marrow transplantation for peripheral T cell
lymphoma,” Biology of Blood and Marrow Transplantation, vol.
19, no. 4, pp. 602–606, 2013, Erratum in: Biology of Blood and
Marrow Transplantation, vol. 19, no. 10, p. 1530, 2013.
[11] S. R. McCurdy, J. A. Kanakry, M. M. Showel et al., “Riskstratified outcomes of nonmyeloablative HLA-haploidentical
BMT with high-dose posttransplantation cyclophosphamide,”
Blood, vol. 125, no. 19, pp. 3024–3031, 2015.
[12] P. Armand, C. J. Gibson, C. Cutler et al., “A disease risk index
for patients undergoing allogeneic stem cell transplantation,”
Blood, vol. 120, no. 4, pp. 905–913, 2012.

Advances in Hematology
[13] Stem Cell Trialists’ Collaborative Group, “Allogeneic peripheral
blood stem-cell compared with bone marrow transplantation
in the management of hematologic malignancies: an individual
patient data meta-analysis of nine randomized trials,” Journal of
Clinical Oncology, vol. 23, no. 22, pp. 5074–5087, 2005.
[14] A. Raiola, A. Dominietto, R. Varaldo et al., “Unmanipulated
haploidentical BMT following non-myeloablative conditioning
and post-transplantation CY for advanced Hodgkin’s lymphoma,” Bone Marrow Transplantation, vol. 49, no. 2, pp. 190–
194, 2014.
[15] O. Ringdén, M. Labopin, G. Ehninger et al., “Reduced intensity
conditioning compared with myeloablative conditioning using
unrelated donor transplants in patients with acute myeloid
leukemia,” Journal of Clinical Oncology, vol. 27, no. 27, pp. 4570–
4577, 2009.
[16] R. Szydlo, J. M. Goldman, J. P. Klein et al., “Results of allogeneic
bone marrow transplants for leukemia using donors other than
HLA-identical siblings,” Journal of Clinical Oncology, vol. 15, no.
5, pp. 1767–1777, 1997.
[17] A. Shimoni, I. Hardan, N. Shem-Tov et al., “Allogeneic hematopoietic stem-cell transplantation in AML and MDS using
myeloablative versus reduced-intensity conditioning: the role of
dose intensity,” Leukemia, vol. 20, no. 2, pp. 322–328, 2006.

9

