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HLA-haploidentical blood or marrow transplantation with
high-dose, post-transplantation cyclophosphamide
EJ Fuchs
In the past, partially HLA-mismatched related donor, or HLA-haploidentical, blood or marrow transplantation (haploBMT), for
hematologic malignancies has been complicated by unacceptably high incidences of graft rejection or GvHD resulting from intense
bi-directional alloreactivity. Administration of high doses of cyclophosphamide early after haploBMT selectively kills proliferating,
alloreactive T cells while sparing non-alloreactive T cells responsible for immune reconstitution and resistance to infection. In the
clinic, haploBMT with high-dose, post-transplantation cyclophosphamide is associated with acceptably low incidences of fatal graft
rejection, GvHD and non-relapse mortality, and provides an acceptable treatment option for hematologic malignancies patients
lacking suitably HLA-matched donors. HaploBMT with PTCy is now being investigated as a treatment of hemoglobinopathy and as
a method for inducing tolerance to solid organs transplanted from the same donor. Ongoing and future clinical trials will establish
the hierarchy of donor preference for hematologic malignancy patients lacking an HLA-matched sibling.
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INTRODUCTION
Allogeneic blood or marrow transplantation, or alloBMT, is an
accepted and potentially curative therapy for patients with
hematologic malignancies that cannot be cured by standard
chemotherapy alone. An important therapeutic component of
alloBMT is the ‘graft-versus-tumor’ effect mediated by donor
T cells reactive to host histocompatibility Ags. Historically, the best
results of alloBMT have been obtained when the donor is an HLAmatched sibling or an unrelated donor who is matched to the
recipient at each of eight high-expression HLA molecules: both
alleles at each of HLA-A, -B, -C and -DRB1. Unfortunately, as many
as half of patients in need of hematopoietic stem cell
transplantation (HSCT) do not have an HLA-matched sibling or
unrelated donor. Alternative stem cell sources such as umbilical
cord blood or partially HLA-mismatched, or HLA-haploidentical,
related donors have recently emerged to ﬁll the void for patients
lacking HLA-matched donors. Potential HLA-haploidentical donors
include a patient’s biological parents or children, and each sibling
or half-sibling of a patient has a 50% chance of being HLAhaploidentical. Thus, it is highly likely that any patient has an HLAhaploidentical donor within the immediate family. Advantages of
the HLA-haploidentical option include several potential donors
per patient, rapid graft acquisition time and availabililty of the
donor to donate lymphocytes in the case of post-transplantation
relapse. The major disadvantage of the HLA-haploidentical option
is intense bi-directional alloreactivity that occurs as a result of HLA
mismatch, resulting in historically high incidences of graft
rejection1 and severe GvHD2 T-cell depletion of an HLAhaploidentical graft reduces the risk of GvHD but at the expense
of a higher incidence of graft rejection3 and susceptibility to
opportunistic infection.4 As leaving all T cells in the HLAhaploidentical graft resulted in excessive rates of severe GVHD,

and removing all T cells from the graft resulted in unacceptable
rates of graft failure or opportunistic infection, there has been a
pressing need to develop methods to selectively remove
alloreactive T cells from both the donor and recipient while
sparing the donor lymphocytes that are responsible for providing
immune reconstitution and resistance to infection. High-dose,
post-transplantation cyclophosphamide (PTCy) was developed as
a method of selective in vivo allodepletion5 for HLA-haploidentical
stem cell transplantation and is the subject of this review.
Immunobiology of the allogeneic response
A cardinal feature of the immune response is the high frequency
of T cells reactive to allogeneic MHC molecules. Whereas the
frequency of T cells that react to a speciﬁc foreign peptide or a
non-MHC, or minor, histocompatibility antigen is on the order of
10−4 to 10−5, ~ 1–10% of all T cells in an immunocompetent
animal will react to an allogeneic MHC molecule, and the vast
majority of T cells will react to at least one of a panel of several
allogeneic stimulators. The explanation for the high frequency of
T cells reactive to allogeneic MHC molecules is still debated, but a
plausible hypothesis is that an MHC molecule can bind to any of
several distinct peptides, leading to many unique shapes that can
be recognized by many different T cells.6 In addition to the
degeneracy of peptide binding by MHC molecules, the phenomenon of immunologic cross-reactivity also contributes to the
intensity of the response to allogeneic MHC.7 Experiments have
shown that virus infection leads to the proliferation and clonal
expansion of T cells that also proliferate or lyse allogeneic,
uninfected stimulator cells.8 Thus, T cells can differentiate to
memory cells as a result of infection, but such memory cells can
also respond to MHC-disparate stimulator cells. This phenomenon
creates a challenge in clinical transplantation because memory
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the precise time window of 48–72 h after the i.v. injection of the
donor spleen cells.13 Administration of Cyclophosphamide either
24h or 72 h after i.v. infusion of miHA-incompatible cells failed to
result in low-level chimerism or tolerance induction. Interestingly,
if the spleen cell donors were primed against host miHAs by an i.p.
injection of host spleen cells 1 week before i.v. donor cell
administration and PTCy, full donor hematopoietic chimerism was
achieved but the recipient animals died of GvHD.14 This result
suggests that miHA-primed, effector T cells are resistant to PTCy
and can cause lethal GvHD following adoptive transfer.
The same group also performed extensive mechanistic studies
of Cyclophosphamide-induced tolerance to miHAs, concluding
that tolerance is induced via the peripheral destruction of
alloreactive (host-versus-graft as well as graft-versus-host-reactive)
T cells and by the generation of intrathymic mixed chimerism
resulting in clonal deletion of host-versus-graft reactive T cells, but
at later stages the thymic chimerism is lost and tolerance is
maintained by a peripheral suppressive mechanism.15–21
As mentioned above, the simple protocol of high-dose spleen
cell infusion followed in 48–72 h by high-dose cyclophosphamide
administration failed to induce tolerance to MHC-incompatible
cells. However, Mayumi and Good22 were able to achieve
tolerance across an MHC barrier in mice by adding pretransplant administration of anti-lymphocyte serum to allogeneic
spleen cell infusion followed by PTCy. In this model system, all
three components of the therapy were required for tolerance
induction, and a high number of donor hematopoietic cells were
required for tolerance. Colson and Ildstad23 likewise achieved
tolerance across the MHC barrier by treating the transplant
recipient with ⩾ 500 cGy TBI before bone marrow infusion and
PTCy,23 and the dose of TBI required for tolerance could be
lowered to 300 cGy if the recipient was also treated with antilymphocyte serum before transplantation.24 Luznik et al.5
achieved mixed hematopoietic chimerism and tolerance across
MHC barriers by conditioning mice with ﬂudarabine and TBI
followed by BMT and administration of PTCy. Not only did PTCy
prevent graft rejection in this model, it also mitigated GvHD in
mice given lethal conditioning and transfused with MHCmismatched bone marrow and spleen cells. These results
demonstrate that PTCy inhibits alloreactivity in both the hostversus-graft (rejection) and graft-versus-host directions. Another
important feature of this regimen is that it is truly nonmyeloablative, as reconstitution of autologous hematopoiesis
occurred in all animals that received conditioning and ‘posttransplantation’ cyclophosphamide but did not receive an
allograft.

T cells are much more resistant to tolerance induction than are
their naive counterparts.9 The clinical manifestations of the high
frequency of HLA-alloreactive T cells and the signiﬁcant proportion of memory T cells are a higher incidence of graft rejection and
severe acute GVHD after partially HLA-mismatched as opposed to
HLA-matched alloBMT.
PTCy: preclinical data
Administration of immunosuppressive drugs is required after T cell
replete alloBMT, whether HLA-matched or not, because without
these drugs the risks of graft failure, severe acute GvHD and nonrelapse mortality are prohibitive. The gold standard of immunosuppression in HLA-matched BMT has been a calcineurin inhibitor,
such as cyclosporine or tacrolimus, plus methotrexate, mycophenolate mofetil or sirolimus. The combination of cyclosporine plus
methotrexate has not been adequate for HLA-haploidentical BMT,
as the incidences of severe GvHD, graft failure and non-relaspe
mortality were considered unacceptable.2 In contrast, PTCy has
been associated with acceptably low incidences of these
complications, as detailed below.
High-dose PTCy is essentially an example of the general
strategy of drug-induced immunological tolerance as ﬁrst
described by Schwartz and Dameshek in 1959.10 Their experiments employed 6-mercaptopurine as the tolerance-inducing
drug, but Berenbaum tested a variety of agents for immunologic
tolerance induction and found cyclophosphamide to be welltolerated and highly effective.11 The pioneering experiments of
Schwartz and Dameshek had used abrogation of Ab production as
the read-out of tolerance, but Berenbaum examined the effect of
cyclophosphamide on the survival of skin allografts in rats.
Contrary to expectations, the drug was more effective at
prolonging MHC-disparate skin graft survival when given after
as opposed to before transplantation. Median survival of skin
grafts was ~ 12 days in untreated rats versus 16-19 days in rats
treated with Cyclophosphamide on day 3 after transplantation.
However, grafts were ultimately rejected in all animals, indicating
that PTCy alone is inadequate to induce tolerance across an MHC
barrier.
A series of elegant experiments by Mayumi et al.12 established
that it is possible to induce tolerance to minor histocompatibility
Ags (miHAs) in mice by a simple strategy comprising the i.v.
infusion of a high dose of MHC-matched, miHA-mismatched
spleen cells followed by the i.p. injection of cyclophosphamide
⩾ 150 mg/kg from 48 to 72 h after spleen cell infusion.12 Tolerance
to miHAs was associated with a low level of donor hematopoietic
chimerism, the absence of recipient cytotoxicity against donor
cells and indeﬁnite survival of donor strain but not third party
strain skin grafts. Thus, tolerance was exquisitely speciﬁc to the
Ags present on the donor cells. The authors proceeded to deﬁne
the optimal protocol for tolerance induction, including a requirement for ⩾ 50 million donor spleen cells to be given intravenously,
and administration of a ⩾ 150 mg/kg cyclophosphamide given in

Post-transplantation cyclophosphamide in the clinic
The regimen developed by Luznik et al.25 was adapted to the clinic
for the treatment of patients with hematologic malignancies
(Figure 1).25 Three hundred and seventy-ﬁve patients at the
Sidney Kimmel Comprehensive Cancer Center (SKCCC) at Johns
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Figure 1. Treatment schema for nonmyeloablative, HLA-haploidentical bone marrow transplantation (haploBMT) with high-dose, posttransplantation cyclophosphamide (PTCy). Cy = cyclophosphamide; MMF = mycophenolate mofetil.
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Hopkins have been treated with this regimen between 2004 and
2012. Patients were eligible for treatment if they were referred for
allogeneic stem cell transplantation and lacked an HLA-matched
sibling but had a partially HLA-mismatched ﬁrst degree relative,
including parents, children, siblings or half siblings. HLA typing
was performed at high resolution at HLA-A, -B, -C, -DRB1 and
-DQB1. To be considered as HLA-haploidentical, a donor had to be
matched at high resolution for at least one allele of each of these
loci. Among 236 patients transplanted between 2004 and 2009,
the median patient age was 52 and the median donor age was 42.
Forty-eight percent of donors were siblings or half-siblings, 35%
were children and 17% were parents of the patient. Graft failure in
the absence of relapsed disease occurred in 19 out of 228
evaluable patients (8.3%), but nearly all patients experiencing graft
failure had recovery of autologous hematopoiesis, conﬁrming that
the regimen is non-ablative. Major outcomes of transplantation for
these 236 patients are shown in Figure 2. The safety of the
procedure is quite remarkable. The cumulative incidences of
grades II-IV and III-IV acute GVHD by day 200 after transplantation
were 28 and 4%, respectively, similar to the incidences of acute
GVHD after reduced intensity conditioning and HLA-matched
BMT.26 The incidences of chronic GVHD and non-relapse mortality
were also acceptably low. Relapse exceeded 50%, but it cannot be
determined whether this apparently high incidence of relapse is
due to suppression of a graft-versus-tumor effect by PTCy or due
to the generally poor risk proﬁle of patients undergoing this
procedure at our institution.
Figure 3 shows overall survival for patients with acute leukemia
or lymphoma who received reduced intensity, HLA-haploidentical
BMT as recently as 2012. Each curve appears to achieve a plateau,
with 5-year survivals of 32% for patients with ALL, 43% for patients
with AML, 49% for patients with B-cell non-Hodgkin lymphoma
and 52% for patients with Hodgkin lymphoma. Twenty-two of the
31 patients with Hodgkin lymphoma had experienced disease
relapse after prior autologous stem cell transplantation, demonstrating that haploidentical BMT is an effective salvage therapy for
patients with chemotherapy-resistant disease.
HLA-haploidentical BMT was originally developed as a therapeutic alternative for hematologic malignancy patients who were
referred for transplantation but who lacked an HLA-matched
sibling or suitably matched unrelated donor. With the favorable
© 2015 Macmillan Publishers Limited

toxicity proﬁle described above, we have extended this option to
older adults with hematologic malignancies. Patients up to the
age of 75 have been eligible if they lack HLA-matched sibling
donor and meet eligibility criteria for organ function, including a
left ventricular ejection fraction ⩾ 35%, forced expiratory volume
in 1 s and forced vital capacity 440% of predicted, bilirubin ⩽ 3.0
mg/dL (except for patients with Gilbert’s disease), and alanine and
aspartate transaminases less than ﬁve times the upper limit of
normal. We have recently analyzed the outcomes of reduced
intensity, haploidentical BMT with PTCy according to patient age
by decade for patients 50 and above (Figure 4).27 The left panel
shows that non-relapse mortality was no higher among patients
70 years of age and above compared with patients in their 50 s or
60 s. PFS also did not differ signiﬁcantly between those over 70
versus younger patients (right panel). As a signiﬁcant fraction of
hematologic malignancy patients are above the age of 70, the
tolerability of haploBMT with PTCy should broaden the application
of alloBMT.
HaploBMT with PTCy for sickle cell disease
The improved safety of alloBMT in general and haploBMT in
particular has facilitated the application of the procedure to treat
patients with non-malignant disorders. Sickle cell disease (SCD) is
a severely disabling and life shortening hemoglobinopathy
resulting from a mutation in the gene encoding the hemoglobin
beta chain. The disease is readily curable by myeloablative
conditioning and transplantation of stem cells from an unaffected,
HLA-matched sibling.28 Unfortunately, an HLA-matched sibling is
available for only 18% of SCD patients, and many patients decline
myeloablative BMT because of the substantial risks of toxicity,
especially chronic GvHD.29 The reduced intensity, HLAhaploidentical BMT platform offers three signiﬁcant advantages
for the treatment of SCD: (1) near universal availability of donors,
since biologic parents of the patient are guaranteed to be HLAhaploidentical and are also heterozygous for the sickle cell
mutation; (2) ability to reconstitute autologous hematopoiesis in
the event of graft failure; and (3) a low incidence of chronic GVHD,
which patients perceive as the most unacceptable complication of
alloBMT.29 The treatment schema shown in Figure 1 was applied
to SCD patients receiving HLA-matched sibling or HLAhaploidentical bone marrow and PTCy for GVHD prophylaxis.
Bone Marrow Transplantation (2015) S31 – S36
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Three changes have been made as the treatment protocol has
evolved: (1) sirolimus was substituted for tacrolimus because of
the occurrence of posterior reversible encephalopathy syndrome,
a potential complication of calcineurin inhibitors such as
tacrolimus or cyclosporine; (2) anti-thymocyte globulin has been
added to the conditioning of the patient to reduce the risk of graft
failure; and (3) donors are treated with ﬁlgrastim before bone
marrow harvest to increase the marrow nucleated cell dose, again
Bone Marrow Transplantation (2015) S31 – S36

to overcome graft rejection.22,30,31 Our current conditioning
regimen is shown in Figure 5. We have reported the outcomes
of RIC alloBMT in 17 patients with SCD, 14 of whom received bone
marrow from HLA-haploidentical ﬁrst degree relatives and 3 of
whom received bone marrow from an HLA-matched sibling.32 All
three recipients of HLA-matched sibling bone marrow have
experienced engraftment and are stable mixed hematopoietic
chimeras on continuing single agent immunosuppression. In
© 2015 Macmillan Publishers Limited
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contrast, graft failure has occurred in six of fourteen recipients of
HLA-haploidentical bone marrow. Of the eight patients with stable
donor chimerism, seven evolved to full donor hematopoietic
chimerism and one patient has very low levels of donor chimerism
(o 10% donor) with ongoing sickle hematopoiesis. At the time of
reporting, six of the seven patients with full donor hematopoietic
chimerism had successfully discontinued immunosuppressive
medications with no evidence of GVHD, while the seventh patient
was still on single agent sirolimus o1 year after transplantation.
Importantly, among these 17 patients there was only one case of
grade I acute GVHD, which resolved without treatment, no
mortality and no serious long-term morbidities attributable to
transplantation. Reduced intensity, HLA-haploidentical BMT with
PTCy is therefore a valid therapeutic option for patients with SCD
who lack an HLA-matched sibling or unrelated donor. Graft failure
remains a signiﬁcant risk. More research is required to develop
methods of overcoming graft rejection, especially for patients with
SCD who have been heavily sensitized to HLA alloantigens via
repeated blood transfusions.
HLA-haploidentical BMT plus PTCy for induction of tolerance to
solid organ allografts
The pioneering studies by Owen,33 and Medawar and his
colleagues34,35 established that hematopoietic chimerism, the
stable presence of blood cells from a genetically distinct donor,
was associated with tolerance to grafts of solid organs from the
same donor. Indeed, case reports have shown that patients who
develop kidney or liver failure after undergoing allogeneic stem
cell transplantation for a hematologic disorder can be successfully
transplanted from the same donor and weaned off immunosuppression without experiencing graft rejection.36 Kidney transplantation is an established and effective treatment for patients with
end-stage renal failure. Such patients must take immunosuppressive drugs for the remainder of their lives to prevent acute graft
rejection. Despite signiﬁcant advances in pharmacologic immunosuppression, there is still a 4% per year rate of graft loss from
chronic rejection, and these drugs are associated with signiﬁcant
long-term complications such as infection, cancer and heart
disease. There is signiﬁcant interest in leveraging hematopoietic
chimerism to induce tolerance to solid organ allografts, thereby
permitting discontinuation of immunosuppressive medications.
Leventhal et al.37 have utilized high-dose PTCy (50 mg/kg i.v. on
day 3) to facilitate induction of tolerance in combined kidney/
hematopoietic stem cell transplantation from fully or partially
HLA-mismatched unrelated donors. Our group is adapting the
regimen shown in Figure 5, with the only modiﬁcations being that
the kidney is transplanted along with the bone marrow on day 0,
tacrolimus, MMF and steroids are substituted for sirolimus and
MMF, and tapering of immunosuppression is commenced at
6 months after combined transplantation with the goal of
complete discontinuation by 1 year after transplantation. This
trial of BMT and high-dose PTCy for chimerism induction and renal
allograft tolerance (ACCEPTOR; clinicaltrials.gov #NCT02029638) is
sponsored by the US National Institutes of Health via the Immune
Tolerance Network and accrued its ﬁrst patient in February, 2014.
The primary objective of this trial is to assess the ability of BMT
and high-dose PTCy to induce renal allograft tolerance and thus
enable discontinuation of immunosuppressive therapy in haploidentical living related donor renal transplant recipients.
HLA-haploidentical stem cell transplantation: where do we go
from here?
The haploidentical option for hematopoietic stem cell (HSC)
transplantation has always been attractive from the standpoint of
donor availability, donor motivation, potential for combined
donation of HSCs and a solid organ, and availability of the original
donor to donate lymphocytes in the event of post-transplantation
© 2015 Macmillan Publishers Limited

relapse of the underlying malignancy. The only drawback to
haploidentical BMT has been intense bi-directional alloreactivity,
which made this therapeutic option unacceptable in the past.2,3,38
We believe that PTCy reduces alloreactivity to the point that
HLA-haploidentical BMT can now be performed with safety and
efﬁcacy equivalent, at least, to the alternative graft sourcesunrelated donor umbilical cord blood, and mismatched adult
unrelated donors. It is even possible that haploBMT with PTCy is as
safe and effective as 8/8 matched unrelated donor or even HLAmatched sibling BMT. The US Blood and Marrow Transplant
Clinical Trials Network (BMT CTN) is conducting a randomized,
phase III trial of reduced intensity conditioning and transplantation of either double unrelated donor umbilical cord blood versus
HLA-haploidentical bone marrow for patients with hematologic
malignancies (clinicaltrials.gov identiﬁer NCT01597778). Patients
on the haploidentical BMT arm receive PTCy. Ancillary studies are
designed to compare the cost-effectiveness of each approach and
to characterize post-transplant immune reconstitution. Registry
studies are also underway through the Center for International
Blood and Marrow Transplant Research to compare the outcomes
of haploBMT with PTCy to 8/8 matched unrelated donor
transplantation for patients with acute myeloid leukemia. These
studies will be important to determine the relative safety and
efﬁcacy of different graft sources for hematopoietic stem cell
transplantation.
As the safety of haploidentical SCT improves, new possibilities
emerge. For example, cadaveric liver transplantation is an
accepted treatment of hepatocellular carcinoma, but its application is limited severely by the dearth of livers from cadaveric
donors. Living related donor partial liver transplantation can be
performed, but pharmacologic immunosuppression appears to
increase the risk of cancer relapse within the transplanted liver.
Combined HLA-haploidentical partial liver/bone marrow transplantation offers an intriguing possibility for increasing the supply
of transplantable liver tissue for treatment of hepatocellular
carcinoma, achieving solid organ allograft tolerance, and maintaining immune surveillance against relapse by discontinuing
immunosuppressive medications.
Another potential area of application of haploidentical BMT is in
the treatment of chronic viral infections or cancers, such as human
papillomavirus (HPV)-associated cancers, that result from
such infections. For example, HPV-speciﬁc T cells can be expanded
from a healthy ﬁrst-degree relative, whether HLA-matched or
-haploidentical, and infused after alloBMT from the same
donor for a patient with advanced, HPV-associated cervical or
oropharyngeal cancer. Although such an approach is not unique
to HLA-haploidentical donors and recipients, the haploidentical
option nearly guarantees that such a treatment would be possible,
especially in the child to parent direction.
In summary, HLA-haploidentical BMT with high-dose, PTCy is
becoming a safe and effective treatment for patients with
hematologic malignancies or hemoglobinopathies and for the
induction of tolerance to transplants of solid organs from the same
donor. In the immediate future, research should focus on deﬁning
the optimal graft source for a patient in need of allogeneic stem
cell transplantation. At the same time, there is the potential to
expand the application of HLA-haploidentical stem cell transplantation for the treatment of solid tumor malignancies or for the
eradication of chronic viral infections or their complications.
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