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Abstract
Allogeneic bone marrow transplant is a life-saving pro-
cedure for adults and children that have high-risk or 
relapsed hematological malignancies. Incremental ad-
vances in the procedure, as well as expanded sources 
of donor hematopoietic cell grafts have significantly 
improved overall rates of success. Yet, the outcomes 
for patients for whom suitable donors cannot be found 
remain a significant limitation. These patients may 
benefit from a hematopoietic cell transplant wherein a 
relative donor is fully haplotype mismatched. Previously 
this procedure was limited by graft rejection, lethal 
graft-versus-host disease, and increased treatment-
related toxicity. Recent approaches in haplo-identical 
transplantation have demonstrated significantly im-
proved outcomes. Based on years of incremental pre-
clinical research into this unique form of bone marrow 
transplant, a range of approaches have now been stud-
ied in patients in relatively large phase Ⅱ trials that will 
be summarized in this review. 
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Core tip: Timely donor availability remains a challenge 
for patients in need of an urgent stem cell transplant. 
The ability to obtain half matched stem cells from any 
family member represents a significant breakthrough in 
the field. This review summarizes some of the current 
strategies used to substantially improve the outcomes 
of patients undergoing haplo-identical stem cell trans-
plantation.
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INTRODUCTION
Allogeneic bone marrow transplantation (BMT) offers 
a chance to cure patients that present with high-risk 
hematological malignancies. These include adults and 
children with acute myeloid leukemia (AML) in first or 
latter remission and acute lymphoblastic leukemia (ALL) 
employing BMT as post remission therapy in first or 
greater complete remission. Allogeneic BMT can also be 
considered in eligible patients with chronic lymphocytic 
leukemia, chronic myeloid leukemia and lymphoma (fol-
licular, large cell, Hodgkin and peripheral T cell). The 
process of  safely performing allogeneic BMT requires 
the regulated experience of  a comprehensive multi-
disciplinary team of  health care professionals. In prin-
ciple, the goal is to replace a diseased bone marrow with 
healthy blood-forming hematopoietic elements from a 
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fully human leukocyte antigen (HLA)-matched healthy 
donor. At one time allogeneic BMT was routinely as-
sociated with a mortality of  greater than 40%. Advances 
in stem cell acquisition and processing, molecular-level 
typing of  unrelated donors and general supportive care 
that have reduced infectious complications have collec-
tively improved rates of  survival. Essential to success is 
durable engraftment of  donor progenitor cells capable 
of  restoring stable hematopoiesis. In addition to engraft-
ment of  hematopoietic progenitors, it is now known that 
donor immune effector cells (including T-lymphocytes) 
are required for disease eradication and prevention of  
relapse[1-3]. Specific anti-tumor donor lymphocytes engage 
in an ongoing immune reaction against residual host ma-
lignant cells[4-6]. This graft-versus-tumor (GVT) effect is 
closely linked to graft-vs-host disease (GVHD)[7-9]. The 
ability to dissect immune effectors responsible for each 
process is a element of  current BMT research. Recogniz-
ing that a successful transplant requires contribution of  
both donor progenitor and immune effectors has lead 
to substantial changes in the field. These enhancements 
include: (1) the design of  newer less-toxic preparative 
regimens[10-13]; and (2) expansion of  the sources of  donor 
stem/progenitor cell grafts. 

Preparative regimens
Myeloablative transplant conditioning has traditionally 
been used to “create space” for donor progenitor cells 
and simultaneously kill residual tumor cells. These pre-
parative protocols employ high-dose chemotherapy often 
in combination with whole-body irradiation. Significant 
treatment-related toxicities (TRM) restrict the procedure 
to young, otherwise-fit patients. Shifting the focus and 
goals of  clinical efficacy from stem cell replacement to 
maintenance of  a transplanted donor immune system has 
enabled the introduction of  less-intense preparative regi-
mens. Milder preparative regimens aim to achieve chime-
ric engraftment of  progenitors as well as donor immune 
effector cells, including T lymphocytes. Reduced-intensity 
conditioning (RIC) or non-myeloablative allogeneic BMT 
is currently performed in a growing number of  older pa-
tients (up to and beyond 70 years of  age) diagnosed with 
a variety of  lymphoid and myeloid neoplasms[13-16]. These 
hematological malignancies appear to have mixed suscep-
tibility to the GVT effect. Donor immune effector cells 
impact therapeutic efficacy but also contribute to serious 
post-transplant side effects, including severe acute and 
chronic GVHD (aGVHD and cGVHD, respectively). 
Patient determinants, including remission status, remis-
sion duration and disease type, may govern the choice of  
preparative regimen as well as the type of  graft that will 
contribute to rate of  stable engraftment, immune recon-
stitution, GVL, and GVHD.  

Graft sources
Once exclusively obtained by large volume aspiration 
from the posterior pelvis of  a donor, transplantable he-
matopoietic progenitor cells can now be obtained directly 

from peripheral blood as well as from fresh umbilical 
cord blood. These stem cell products are transported 
world-wide in a highly regulated manner. Common ter-
minology are used to describe stem cells derived from a 
bone marrow harvest (Hematopoietic Progenitor Cells 
- Marrow, HPC-M), from a mobilized apheresis periph-
eral blood product (Hematopoietic Progenitor Cells-
Apheresis, HPC-A), from umbilical cord blood (Hema-
topoietic Progenitor Cells -Cord, HPC-C), or for donor 
lymphocyte infusion (DLI) (Therapeutic Cells-T). Each 
source of  hematopoietic progenitors exhibits differences 
in cellular composition which leads to specific biologi-
cal properties that may be of  therapeutic benefit or risk 
depending on the transplant recipient, type of  transplant 
to be performed as well as the type and immediate status 
of  the hematological malignancy. For example mobilized 
peripheral blood products HPC-A often have a higher 
number of  CD34+ stem/progenitor cells but also more 
CD3+ T lymphocytes (1-log higher). Higher CD34+ 
progenitor cell counts may improve time to engraftment 
and be used in a non-myeloablative setting but also ap-
pear to increase the risk of  cGVHD[17-19]. Umbilical cord 
blood (HPC-C) typically contains a much lower absolute 
CD34+ progenitor cell count leading to significant de-
lays in engraftment (or rejection); however the immature 
nature of  the donor white blood cells from this source 
may also reduce the risk of  GVHD and allow for some 
degree of  HLA mismatch[20-22]. 

Understanding the unique properties of  each source 
of  hematopoietic cells helps to determine the anticipated 
performance for a given transplant recipient. Moreover, 
efforts to improve efficacy and reduce unwanted tox-
icities are currently under intense investigation. These 
include efforts to: (1) increase the dose of  CD34+ he-
matopoietic progenitors in umbilical cord transplanta-
tion by combining two separate cord products[23,24] or by 
performing ex vivo CD34+ stem cell expansions[25]; (2) re-
duce the number of  T-lymphocytes in HPC-A products 
by ex vivo T cell depletion or by in vivo administration of  
anti-thymocyte globulin (ATG)[26,27]; and (3) improve en-
graftment kinetics without cGVHD of  HPC-M products 
by administering G-CSF to the donor prior to marrow 
harvest[28]. These advances illustrate the growing ability 
of  practitioners to safely manipulate graft sources for 
maximum clinical benefit.   

Identification of a donor
Finding a suitable bone marrow match is based on the 
HLA system, comprised of  genes on chromosome 6. 
The major histocompatibility complex (MHC) includes 
two basic classes involved in antigen presentation and 
subsequent immune activation. MHC class Ⅰ involves 
peptide presentation following intracellular digestion, 
while MHC class Ⅱ presents extracellular antigens to 
host T lymphocytes. HLA-A, HLA-B, and HLA-C com-
prise class Ⅰ, and HLA-DR, HLA-DQ and HLA-DP are 
class Ⅱ. The proteins encoded by HLA define “self ” to 
the host immune system. One set (haplotype) of  HLA 
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genes are maternal and the other paternal. From this, any 
given sibling, excluding an identical twin, will have only a 
25% chance of  being fully HLA-matched. While matched 
related siblings remain the best source of  donor material, 
this approach has several world-wide limitations includ-
ing a significant reduction of  family sizes (fertility rates 
of  1.5-2.0 per family across Europe and North America), 
a policy of  one child families, as well as the health status 
and potential co-morbidities of  older sibling donors. 
Moreover, lack of  sibling donor availability is predicted 
to become a much greater issue due to reduced family 
size. It is estimated that the likelihood of  finding a sib-
ling match will decline from 53.7% in 2002, to 37.1% in 
2009 and 16.6% in 2024[29]. Nonetheless, investigation of  
family members using low-resolution serological typing 
(antigen level HLA-A,B, C and allele level HLA-DRB1) 
remains a standard initial evaluation approach. 

If  a suitable sibling-match cannot be found, a recipi-
ent in need of  a transplant will require a search for an 
unrelated HLA-matched donor. Large national marrow 
donor programs will canvass for potential volunteers, 
perform HLA typing and maintain data in an ongo-
ing registry. To be eligible volunteer donors must be in 
good general health and may be asked to undergo bone 
marrow harvesting under general anesthesia or daily 
administration of  G-CSF (Filgrastim) followed by large 
volume leukapheresis. Stem cell donors must be screened 
to exclude active malignancies, transmissible infectious 
conditions (HIV, Hepatitis, HTLV-1, West Nile virus, 
Syphilis), hematological disorders (Sickle Cell Disease), 
and congenital bleeding disorders. A formal donor as-
sessment will include a comprehensive questionnaire, 
complete medical history, and medical examination. 
Once screened and considered eligible, the most perti-
nent factor that predicts transplant success is donor age. 
Bone marrow recipients from younger donors (i.e., < 30 
years of  age) demonstrate improved five-year overall and 
disease-free survival[30,31]. This survival benefit appears to 
be the result of  lower rates of  GVHD when a younger 
donor is used. A retrospective analysis by the National 
Marrow Donor Program (NMDP) on over 6900 HLA-
matched transplants performed between 1987 to 1999 
was conducted to identify unique donor-specific features 
associated with transplant outcome[30]. In this analysis use 
of  a donor aged 18 to 30 years correlated with a lower 
cumulative incidence of  grade Ⅲ/Ⅳ acute GVHD (P = 
0.005) and lower incidence of  chronic GVHD at 2 years 
(P = 0.02). Other studies have suggested a higher rate 
of  chronic GVHD in male recipients transplanted from 
a multiparous female donor or if  mobilized progenitor 
cells are used[19,30].

Identifying a potential unrelated donor BMT match 
generally requires high-resolution (HR) HLA typing of  
both recipient and donor. Studies suggest that employing 
a molecular (allele level) typing technique can reduce the 
incidence of  severe GVHD and increase survival to lev-
els similar to that seen with a matched-sibling donor[32,33]. 
Algorithms exist that combine a serological preliminary 

search (antigen level) with latter confirmatory molecular 
HR analysis (Figure 1). Efforts to decrease time and cost 
are dependent on clinical urgency and stability of  the 
primary malignancy[34]. Patients with common alleles and 
haplotypes have a higher probability of  finding a match 
and generally require fewer pre-screened potential donors 
to be selected for HR typing (3-5 donors), while those 
with rare alleles and haplotypes may require as many as 
10 or more. High resolution allele level matching for 
HLA-A, B, C and DRB1 (8/8 match) results in improved 
survival[35-37]. Additional typing at HLA-DQB1 (10/10 
match) and DPB1 loci, as well as DRB3, 4, 5 can be 
considered. Single loci mismatches at DQB1 and DPB1 
appear to be tolerated better than at A, B, C or DRB1. 
Although it is necessary to minimize the number of  al-
lele mismatches, a single allele 7/8 or 9/10 alteration can 
still be considered. Single mismatch at B or C may be less 
of  a concern than mismatches at A or DRB1 in patients 
undergoing HPC-M, but not HPC-A transplantation[38,39]. 
Factors such as the recipient diagnosis, CMV status, age, 
and sex also need consideration[30].

The ability to perform world-wide searches and 
identify volunteer donors has dramatically changed the 
international landscape of  BMT. Superior matching as 
well as enhanced supportive care has improved the over-
all outcome of  matched-unrelated donor (MUD) BMT 
such that results appear similar to matched-related donor 
BMT[32,33,38]. Despite this, national registries face consid-
erable challenges and limitations. Increasing allogeneic 
transplant indications puts greater pressure on the num-
ber of  world-wide searches. Donor attrition and main-
tenance of  a donor registry requires ongoing organized 
drives that reach out to younger volunteers and maintain 
a large potential pool of  active registrants. This may 
vary from country to country; in the United States it is 
estimated that 1 out of  44 is registered, Canada 1 in 100, 
while Germany has a donor ratio of  1 to 17 (calculated 
# of  registrants/total population). Moreover, within any 
given registry, certain ethnicities are often significantly 
underrepresented[40,41]. Ultimately as many as 25% of  all 
patients requiring BMT will never find a donor and either 
seek alternative treatments or palliation. This pressing 
unmet medical need has inspired advances in the use of  
alternative approaches that include the development of  
umbilical cord blood (UCB) hematopoietic cell transplant 
and haplo-identical BMT. 

Advances in alternative donor hematopoietic cell 
transplantation
Umbilical cord blood contains hematopoietic progeni-
tor cells that can be used for allogeneic transplant and 
immunological reconstitution[42]. Graft composition is 
a critical element in predicting the short and long-term 
engraftment performance, rate of  rejection, development 
of  GVHD, or ability to provide GVL and prevention of  
relapse. Potential advantages of  pre-stored UCB units 
include immediate access without donor attrition and 
an increased availability for ethnic minorities through 
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of  at least 4/6 are potentially acceptable[44]. Mismatches 
at DRB1 and C may increase treatment-related mortal-
ity. Efforts to safely expand immature progenitors ex vivo 
without increasing differentiation to committed progeni-
tors are moving towards early phase clinical trials[25].

HAPLO-IDENTICAL BMT IN ADULT 
PATIENTS
A hematopoietic cell graft (HPC-M or HPC-A) obtained 
from a family donor that is mismatched at 3/6 loci 
(HLA-A, B, DRB1) remains a potential for patients who 
lack a fully matched sibling, 8/8 unrelated donor, or UCB 
product (patient size, haplotype). Advantages of  such a 
haplo- approach include an expanded potential donor 
pool that may include parents, siblings, children, and first-
degree relatives. Family donors of  all ethnicities may be 
highly motivated, readily available, and willing to donate 
and be re-mobilized if  required. These important theo-
retical advantages make a compelling case for further de-
velopment of  this approach, especially for patients with 
high-risk leukemia that are unlikely to maintain a remis-
sion during a prolonged unrelated search that may take 
months. Nonetheless, the ability to safely achieve sus-
tained engraftment of  highly HLA-disparate transplanted 
progenitor cells is a major challenge. Moreover, the risk 
of  lethal aGVHD in the setting of  3/6 HLA disparity is 
an even greater risk. When GVHD occurs in a fully HLA 
matched 6/6 sibling transplant it is felt to be the result of  
minor histocompatibility antigen mismatches, however 
the nature and extent of  immune activation with overt 
HLA host mismatches will differ in a haplo-identical 
BMT. Understanding the unique biology, as well as the 
immediate risk of  fatal GVHD, has driven implementa-
tion of  a variety of  relatively effective novel approaches.

Graft-vs-host disease
The essential elements for the development of  GVHD 
include the presence of  immunologically competent cells 
in the hematopoietic cell graft, the presence of  transplan-
tation antigens in the host that have not been encoun-
tered by the donor, and an inability of  the host to destroy 
the transplanted graft (Billingham’s criteria)[45,46]. Clinical 
GVHD is generally divided into acute (diffuse maculo-
papular rash, GI mucosal inflammation, and elevated liver 
function tests) and chronic GVHD. The diagnosis of  
chronic GVHD has been recently revised by the National 
Institutes of  Health (NIH) consensus working group 
report[47]. Clinical signs involve organs or sites that in-
clude skin, nails, mouth eyes, genitalia, GI tract, lung and 
the musculoskeletal system. Specific abnormalities may 
be either diagnostic (i.e., poikiloderma, esophageal web, 
bronchiolitis obliterans) or distinctive (i.e., xerostomia, 
myositis, keratoconjunctivitis sicca). Diagnosis requires at 
least one diagnostic category or the presence of  least one 
distinctive manifestation confirmed by biopsy or special-
ized objective test. While classic acute GVHD occurs 
within 100 d after transplantation some patients continue 

the use of  partially matched UCB products. Conversely, 
donors of  unrelated UCB products are not available if  
future grafts or donor lymphocyte infusions are required. 
Numerous international cord banks operate under strict 
standards of  testing, storage, and characterization. A 
minimum target of  3.0 × 107 nucleated cells per recipient 
weight per unit of  cord blood is generally recommended, 
while flow cytometry-based measurement of  CD34+ 
cells per recipient weight may be more predictive[42,43]. 
Most cord products lack sufficient stem cells for most 
adults or large adolescent recipients. Efforts to acceler-
ate cellular reconstitution following UCB BMT include 
combining two umbilical cord products (dUCBT) as well 
as ex vivo expansion[23,25]. When evaluated post-transplant 
(d 100) typically only one (dominant) cord unit can be 
identified[24]. In addition to the risk of  graft failure, de-
layed immune reconstitution and increase in infections or 
relapse, there are theoretical risks that a potential hemato-
logical disease, not yet recognized in the newborn, will be 
transferred to the BMT recipient. 

HLA typing of  UCB products requires only low 
resolution serological testing for HLA-A, B, and mo-
lecular typing for DRB1 (6 alleles). Units with matches 
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Eligible for BMT
HR-HLA typing 
HLA-A, B, C, DRB1

All siblings 
HLA typing LR-HLA-A, B, C HR-
DRB1 (8/8)
25% chance of success

Unrelated Donor search
-HR typing 8/8 match
-Haplotype 
common - pick 3-5 potential 
rare - pick 10 + potential
-7/8 or 9/10 single allele or 
antigen mismatch - acceptable?
-Secondary DQ, DP, DRB 3,4,5
-DSA

Time?
Risk of relapse?

Unrelated Umbilical Cord Unit
> 4/6 HLA-A, B, DR (cell dose)
HLA-C
NIMA, DSA

Haplo-identical donor
Multiple donors
Siblings, parents, children, 
first degree relatives
KIR reactivity
DSA
(NIMA)

Figure 1  Example of a potential donor search algorithm that aims to ex-
pedite finding a suitable stem cell donor. A blend of high and low resolution 
approaches are employed. In certain situations the likelihood of finding an un-
related donor match is low due to rare alleles and haplotypes. Consideration 
of a haplo-identical BMT may be considered at an earlier stage. Abbreviations: 
HR: High resolution (allele level); LR: Low resolution (antigen level); NIMA: 
Non-inherited maternal antigen; KIR: Killer cell Ig-like receptors; DSA: Donor-
specific antibodies; BMT: Bone marrow transplant.



or relapse beyond this time point often during tapered 
withdrawal of  immunosuppressive agents. Similarly, while 
classic chronic GVHD may occur in the absence of  acute 
GVHD it may also be present along with acute GVHD 
(overlap syndrome).  

The clinical development of  the GVHD reaction 
is complex and involves sequential step-wise immune 
activation. The primary effector cells are T lymphocytes 
present in the graft. In the haplo-identical setting, donor 
T cells may attack disparate non-matched MHC mol-
ecules present on the majority of  host cells. Donor T 
cells may be further activated by immunostimulatory cy-
tokines released following tissue damage (gastrointestinal) 
that results from the preparative regimen[48,49]. Additional 
activation may occur at the level of  the vascular endo-
thelium, co-stimulatory signals originating from antigen 
presenting cells, and following release of  TNFα and 
other pro-inflammatory cytokines[45,46,50]. T cell effector 
damage appears to be mediated by perforin-based host 
target cell lysis and Fas-mediated apoptosis[51,52]. In a stan-
dard BMT, treatment options of  established GVHD are 
limited; efforts to prevent GVHD with a combination of  
a calcineurin inhibitor and methotrexate have proven suc-
cessful[53,54]. In this setting about one half  of  patients will 
develop significant GVHD requiring additional immuno-
suppressive therapy (corticosteroids). 

With a focus on T-lymphocytes, recent advances 
have been able to dissect the roles of  donor T cell sub-
sets present in the graft[55]. These include naive T cells, 
memory T cells, and regulatory T cells. Naive T cells 
(CD45RA+/CD62L+) may include cells destined to be 
alloreactive to the host. Memory T cells (CD45RO+/
CD62L+/-) include cells that provide protective anti-
microbial immunity post-transplant. Regulatory T cells 
(CD4+/25+/FoxP3) appear to generally dampen other 
T cell responses and may be useful in attenuating clini-
cal GVHD. Separation of  naive T cells responsible for 
GVHD from donor T cell subsets responsible for GVT 
remain relatively elusive but are of  obvious clinical im-
portance. The ability to customize, harness, or control 
the fate of  these T cell subsets to mitigate GVHD and 
retain GVT yet provide adequate post-transplant anti-
viral immunity has considerable clinical potential and 
is of  heightened importance in the setting of  high-risk 
leukemia patients undergoing a haplo-identical BMT. 
These challenges have led to important advances both in 
laboratory technologies and clinical application of  newer 
agents. 

APPROACHES TO HAPLO-IDENTICAL 
BMT 
Given the potential for development of  lethal aGVHD, 
efforts to entirely eliminate alloreactive donor T cells 
remain a critical first step. It has been suggested that as 
few as 3 × 104 T cells per recipient weight are capable 
of  causing clinical GVHD[56]. Both in vivo and ex vivo ap-
proaches have been developed (Figure 2). Ex vivo strate-

gies include immunomagnetic-based positive selection of  
CD34+ cells or CD3/19 depletion with preservation of  
NK and gamma-delta T cells[57,58]. In vivo T cell depletion 
may be accomplished by early administration of  post-
transplant cyclophosphamide or by aggressive multi-
agent anti-GVHD therapies that include anti-thymocyte 
globulin (ATG), G-CSF, and triple GVHD prophylaxis as 
well as recent studies using rapamycin (Table 1).

Aversa et al[59-61] in Perugia, Italy, described a series of  
incremental approaches to haplo-identical BMT from 
1993 to 2006. A series of  step-wise approaches focused 
on patients with high-risk acute myeloid (AML) and lym-
phoblastic leukemia (ALL). The investigators examined: 
(1) stem cell sources; (2) graft processing technologies; 
(3) conditioning regimens; and (4) post-transplant admin-
istration of  G-CSF. Collectively, the investigative team 
were able to obtain high doses of  CD34+ donor progen-
itor cells (> 10 × 106/kg. recipient weight) that led to a 
remarkable rate of  successful engraftment. Aversa et al[61] 
and Reisner et al[62] had previously described the ability 
of  purified CD34+ cells to block the action of  residual 
cytotoxic T lymphocytes leading to tolerance[61]. More-
over when transplanted in very high numbers this “veto 
effect” could overcome clinical graft rejection by residual 
host T cells. At the same time newer technologies includ-
ing CD34-positive selection and use of  mobilization 
agents and peripheral blood progenitor cell collections 
led to “mega dose” grafts that consistently demonstrated 
remarkable engraftment of  neutrophils and platelets 
with a low level of  graft rejections in a large number of  
patients. Ex vivo T cell depletion was highly effective (< 
0.5 × 105 CD3+ T cells/kg. recipient wt.) with little or 
no evidence of  significant clinical GVHD even in the ab-
sence of  prophylaxis. Impressive event-free survival rates 
of  up to 48% were noted in AML patients in first com-
plete remission. Higher rates of  relapse were seen in ALL 
patients. Despite these notable clinical and technological 
advances, prolonged immune reconstitution (CD4+ T 
lymphocytes) was problematic and non-relapse mortality 
in the range of  41%. Infections were mostly cytomega-
lovirus and fungal in origin. Nonetheless, the ability to 
use rigorous positive selection of  “megadose” CD34+ 
products and achieve timely multi-lineage engraftment, 
minimal GVHD, and durable survival in some patients 
became an important clinical platform for future trials.

Following the work of  the Perugia group, Roy and 
colleagues in Montreal devised a novel strategy to safely 
“add-back” modified donor lymphocytes to hasten im-
mune recovery and provide anti-viral immunity[56]. This 
strategy involved ex vivo photo-based depletion of  al-
loreactive T cells derived from a donor-recipient mixed 
lymphocyte reaction (MLR). Working with a highly po-
tent dibromorphodamine photosensitizing compound 
(TH9402) the team demonstrated accumulation of  drug 
in certain cell types including cancer cells and alloreac-
tive T cells. These cells could then be lysed following 
exposure to a specific wavelength of  visible light (514 
nm). The mechanism of  ex vivo cellular lysis was shown 
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to involve reactive oxygen species. During an MLR reac-
tion in a haplo-identical setting, donor T lymphocytes re-
spond to donor immune cells and take up TH9402. Non-
reactive resting T cells capable of  anti-viral immunity do 
not accumulate the agent and are retained in the infused 
“add-back” lymphocyte product (ATIR). The character-
ization of  retained cells following photo-depletion dif-
fered when HLA-matched or haplo-matched pairs were 
tested. These experiments demonstrated preservation of  
CD8+ naive and effector cells in the matched situation 
and preservation of  naive and central memory cells of  
both CD4+ and CD8+ phenotypes when haplo-identical 
pairs were studied. When tested in a clinical trial, admin-
istration of  relatively high doses of  photo-depleted T 
cells post-transplant did not increase grade Ⅲ-Ⅳ GVHD. 
Patients receiving higher doses of  cells demonstrated de-
creased rates of  infection and improved overall survival 
(47.4%) at a median of  4 years[56]. These encouraging re-
sults are now being studied in a multi-institutional phase 
Ⅱ setting. A similar approach using anti-CD25 immu-
notoxin MLR-based purging has been studied in several 
transplant settings. Similar results indicating successful 
removal of  alloreactive GVHD cells and maintenance of  
virus-specific T cells have been demonstrated[63].

Ex vivo graft engineering to eliminate GVHD, yet re-
tain GVT and avoid life-threatening infectious complica-
tions, is promising but remains investigational, complex, 
and costly. Kasamon et al[64], Fuchs et al[65], Luznik et al[66], 
Brunstein et al[67] in Baltimore have developed a similar 
in vivo platform using post-transplant cyclophospha-
mide administered shortly following infusion of  an un-

manipulated haplo-identical mismatched marrow graft. 
Similar to the ex vivo MLR approach, this strategy exploits 
the concept of  selective depletion of  alloreactive immune 
cells with preservation of  resting non-alloreactive cells. 
Within a period of  24-48 h post-infusion of  mismatched 
HPC-M, alloreactive T cells will rapidly encounter stimu-
latory host cells. T cells capable of  anti-viral immunity 
will not respond at this stage. Cyclophosphamide will 
selectively eliminate reactive cells and limit GVHD. In-
deed this approach has proven highly feasible in over 200 
patients with a range of  advanced hematological malig-
nancies. Using a non-myeloablative regimen engraftment 
was timely (neutrophils 15 d and platelets 24 d) with 
graft rejections in the range of  13% (autologous marrow 
recovery). Rates of  acute and chronic GVHD were less 
than 30%. Post-transplant GVHD prophylaxis included 
tacrolimus and mycophenolate mofetil. Relapse rates 
were relatively high in a broad range of  advanced stage 
hematological malignancies and overall survival was in 
the range of  40%-45%.  

A recent publication from Di Bartolomero and col-
leagues demonstrates the feasibility of  performing haplo-
identical BMT using an un-manipulated G-CSF-primed 
approach in patients with high-risk malignancy[68]. In this 
series, GVHD prophylaxis was intensive and included 
ATG, cyclosporine, methotrexate, mycophenylate mofetil, 
and basiliximab (anti-CD25). Engraftment of  neutrophils 
(21 d) and platelets (28 d) were reasonable. The cumula-
tive incidence of  serious acute GVHD was 24% and at 2 
years extensive cGVHD was only 6%. The overall 3-year 
overall survival ranged from 33%-54% (high-risk and 
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Figure 2  Current approaches to Haplo-identical bone marrow transplant. Recent novel strategies include issues of donor selection, ex vivo complete or partial T 
cell depletion of HPC-M or HPC-A grafts and the use of anti-thymocyte globulin. Additional strategies include in vivo administration of “high dose” cyclophosphamide 
and intensive multi-agent GVHD prophylaxis. Finally, in an effort to overcome severe prolonged immune suppression the addition of donor T lymphocytes that have 
been purged of alloreactive T cells may be of benefit. Abbreviations: DSA: Donor-specific antibodies; MLR: Mixed lymphocyte reaction; HLA: Human leukocyte anti-
gen; GVT: Graft-versus tumor; KIR: Killer cell Ig-like receptors; GVHD: Graft-vs-host disease; ATG: Anti-thymocyte globulin.



standard risk). A large series published by Huang et al[69] 

and Wu et al[70] also described a similar approach to haplo-
identical transplantation using un-manipulated cell grafts 
with escalated post-transplant immunosuppression. The 
Peking “GIAC” approach was studied in 250 patients 
and highlighted the effects of  administration of  G-CSF 
to the donor for collection of  combined HPC-M and 
HPC-A grafts, intense immunosuppression (cyclosporine, 
methotrexate, mycophenolate mofetil and G-CSF), and 
ATG. Engraftment was rapid with neutrophils and plate-
lets engrafting at 12 and 15 d, respectively. Grade Ⅲ-Ⅳ 
acute GVHD was 45% and any cGVHD was 31%. Re-
lapse in standard risk AML and ALL was 19.4 and 21.2%, 
in high-risk AML and ALL was 29.4% and 50.8%. Treat-
ment related mortality ranged from 11.9% to 48.5% and 
was dependent on risk and disease type. Ultimately inves-
tigators suggested these results were comparable to re-
sults obtained using an HLA-matched sibling donor[69,70]. 
In this study investigators administered G-CSF to both 
the donor and recipient post-transplant. Administration 
of  G-CSF following both autologous and allogeneic 
BMT has been primarily used to reduce the duration of  
neutropenia and related complications[71]. In both settings 
neutrophil recovery is faster resulting in shorter hospital-
ization for autologous but not allogeneic BMT. Use of  
G-CSF in allogeneic transplants is otherwise considered 
safe; however two retrospective studies have raised con-
cern over a possible increase in GVHD[72,73]. Still others 
have suggested that pre-treatment of  T-lymphocytes with 
G-CSF results in an anti-inflammatory (type-2) cytokine 
profile that attenuates experimental GVHD severity[74].

Towards the future, Fowler et al[75] at the NIH have 
recently published a compelling phase 2 study using 
rapamycin-resistant T cells (2.5 × 107 cells/kg. recipient 
weight) infused 14 d after hematopoietic cell transplanta-
tion for treatment of  a variety of  refractory hematologi-
cal malignancies. While that study, on 40 patients of  a 

wide range of  ages (18 of  whom remained in sustained 
complete remission up to 84 mo of  follow-up), was done 
in the context of  6/6 HLA-matched sibling donors, it 
is conceivable that such an approach using their low-
intensity conditioning regimen and this specific immune 
effector product could be adapted to the haplo-transplant 
setting. Donor lymphocytes in that study demonstrated 
a consistent and balanced Th1/Th2 profile; incidence 
probabilities of  aGVHD were 20% and 40% at 100 and 
180 d post-transplant, respectively.

The studies described above illustrate a broad range 
of  current and future strategies to advance the field of  
haplo-identical BMT. Ex vivo T cell depletion, selective 
T cell “add back”, in vivo T cell depletion, and use of  in-
tensive GVHD prophylaxis are being actively improved. 
Feasibility has now been established with reasonable 
overall survival in a population of  high-risk advanced 
malignancies who lack a traditional matched donor. Pre-
vious limitations of  graft rejection and unacceptable rates 
of  serious GVHD have been largely overcome. Efforts 
to enhance GVT and prevent life-threatening viral and 
fungal infections remain a current focus. Separation and 
exploitation of  the linkage between GVT and GVHD 
remain a critical next step. It has also been suggested that 
alloreactive natural killer cells (NK) may be protective 
against myeloid leukemia relapse. Given that a patient 
may have several potential haplo-identical donors, it may 
be possible to choose a donor with heightened NK al-
loreactivity[76,77]. In addition, administration of  donor-
derived regulatory T cells may attenuate GVHD yet facili-
tate GVT effectors[78]. Finally a retrospective analysis of  
118 acute leukemia patients undergoing haplo-identical 
BMT using a parent as a donor suggested improved 5-year 
EFS when the mother was the donor as compared to 
the father[79]. When sibling (non-parent) haplo-identical 
donors were evaluated, the gender of  the donor had no 
effect on outcome. The presence of  donor-specific anti-
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Table 1  Summary of clinical approaches to haplo-identical bone marrow transplant

Ref. n Preparative regimen T-cell depletion/engraftment GVHD prophylaxis Acute GVHD Chronic GVHD TRM OS

Perugia, 255 TBI +/- Yes none 17% < 5% 41% 47%2

Aversa et al[59-61] MA 84%-96%
ATG

Peking, 
GIAC[69,70]

250 MA No CsA, MTX 45% 31% 12%-48% 56%-71% AML1

ATG G-BM + G-PB MMF 25%-60% ALL1

100%
Montreal TBI +/- Yes none 20% 25% 15% 47%
Bastien et al[56] 19 MA T cell

ATG “Add Back”
100%

Baltimore 210 NMA No Tacro, MMF 27% 13% 15% 40%-45%
Studies[64-67] 87% PTCyclo
Di Bartolomeo 
et al[68]

88 MA 80% No CsA, MTX 24% 6% 36% 33%-54%1

NMA 20% G-BM MMF
ATG 91% Basilixumab

1Survival range including standard and high-risk groups; 2Survival for patients in complete remission. A variety of approaches have been studied that 
compare MA-myeloablative to NMA-non myeloablative, T cell depletion of graft, and GVHD prophylaxis. Engraftment rates are high, and GVHD can be 
attenuated through T cell depletion of the graft or by intensive anti-GVHD prophylaxis, including ATG. GVHD: Graft-vs-host disease; TRM: Treatment 
related mortality; OS: Overall survival; TBI: Total body irradiation; ATG: Anti-thymocyte globulin; CsA: Cyclosporine A; MTX: Methotrexate; MMF: Myco-
phenolate mofetil; PTCyclo: Post transplant cyclophosphamide; AML: Acute myeloid leukemia; ALL: Acute lymphoblastic leukemia; Tacro: Tacrolimus. 



bodies (DSA) in the recipient may be evaluated to reduce 
the risk of  graft failure[80]. 

CONCLUSION
At present, allogeneic BMT remains the only chance of  
cure for adults and children with advanced hematological 
disease. Transplant indications and eligibility are expand-
ing. Outcomes are improving with reduced-intensity 
conditioning, HR molecular typing of  unrelated donors 
as well as improved general supportive care measures. 
Most, but not all patients in need of  this life-saving pro-
cedure will have a suitable sibling, matched unrelated, or 
UCB donor graft. Haplo-identical transplantation offers 
hope to those high-risk patients who face limited treat-
ment options. Despite ethnicity, an expanded pool of  
motivated donors could be immediately available. A wide 
range of  strategies are currently being explored. Previous 
serious pitfalls, including graft rejection, severe GVHD, 
and prolonged immune suppression are becoming less 
problematic as the science of  the field advances. Novel 
experimental utilization of  T regulatory cells, alloreac-
tive NK cells, and other T cell subsets (T-Rapa cells, for 
example) hold great promise in this rapidly emerging and 
much needed field.
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