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Editorial on the Research Topic

The Immunobiology of HLA-Haploidentical Hematopoietic Cell Transplantation

Allogeneic hematopoietic cell transplantation from a related donor who is mismatched for one
human leukocyte antigen (HLA) haplotype [HLA-haploidentical transplantation (haploHCT)] has
become an effective treatment for patients with high-risk hematologic malignancies, the majority
of whom lack an HLA-matched donor. Bi-directional responses to mismatched HLAmolecules are
associated with high risk of adverse immune reactions driven either by donor alloreactive T cells
against recipient tissues [graft-vs.-host disease (GvHD)], or by host alloreactive T cells against the
graft (graft rejection). At the same time, donor alloreactive T cells exert a strong graft-vs.-tumor
effect because of the mismatch within the unshared HLA haplotype, and this contributes to relapse
prevention. The present Research Topic describes how immunological studies pave the way for the
development of successful protocols for haploHCT and continuous advancements in the field.

The first safe and effective haploHCT protocol consisted of a myeloablative and
immunosuppressive conditioning regimen, the infusion of a “mega-dose” of T-cell-depleted
hematopoietic stem cells harvested initially by sedimentation and then through a CD34+ positive
selection, and no post-transplant immunosuppression. This approach achieved a high rate of
engraftment and low incidence of GvHD. The strong graft-vs.-leukemia effect mediated by
alloreactive NK cells was unveiled in this setting. However, infection-related mortality was high
because donor post-transplant immune reconstitution was slow. Aversa et al. review how T-cell
depleted haploHCT has evolved in order to improve outcomes. One approach is to selectively
deplete the graft from T-cell subpopulations that can be alloreactive, such as αβ+ T cells or
CD45RA+ naïve T cells. Other groups have developed adoptive cell therapies that aim at boosting
immunity against pathogens and malignant cells while controlling adverse alloreactions. Zhang
and Tey focus on adoptive T-cell therapies that can provide pathogen- or tumor-specific immunity,
or broad T-cell immunity. Among them, switch gene-modified T cells are transduced with suicide
genes (e.g., HSV-derived thymidine kinase or inducible caspase 9 genes) and can be conditionally
deleted when GvHD occurs. More recently, the importance of the role of CD4+Foxp3+ regulatory
T cells in inducing tolerance after allogeneic HCT has been appreciated. Mancusi et al. report how
adoptive immunotherapy with donor conventional T cells under the control of regulatory T cells
prevents GvHD, improves immune reconstitution, and preserves the graft-vs.-leukemia effect after
haploHCT in the absence of post-transplant immunosuppression.

A strong innovation in the field has been the development of feasible and effective protocols
of unmanipulated (T-cell-replete) haploHCT, based on novel strategies that control T-cell
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alloreactivity and induce T-cell tolerance. One main protocol
of T-cell-replete haploHCT is based on the modulation of
T-cell immunity using granulocyte colony-stimulating factor-
primed grafts, anti-thymocyte globulin, and intensive post-
transplant immunosuppression. Chang et al. report further
improvements of this protocol, that include the definition
of parameters to identify patients with higher risk of post-
transplant complications, interventions to overcome poor graft
function, and the prophylaxis and treatment of viral infections
and relapse.

The second main approach to T-cell-replete haploHCT is
the administration of high-dose cyclophosphamide following
graft infusion [post-transplantation cyclophosphamide (PTCy)],
which allows for the immunomodulation of alloresponses while
sparing donor hematopoietic stem cells. Current trials of
haploHCT with PTCy are associated with high engraftment
rates and low incidences of severe acute and chronic GvHD as
well as non-relapse mortality. This approach has become widely
adopted over the last several years, but the mechanism by which
PTCy prevents GvHD remain incompletely understood. Kato
et al. describe the work performed in the 1980s and early 1990s
in murine skin allografting models that was instrumental in
developing PTCy clinically and established the first model of
understanding for how PTCy may work to control alloreactive
responses. An adaptation of this model has since become widely
accepted in the field. Nunes and Kanakry describe limitations
of this model and recent work that challenges this model and
provides the framework for a new model of understanding
of the mechanisms by which PTCy prevents GvHD. Williams
et al. describe the successful and increasingly widespread
application of the PTCy approach to HLA-matched related
or unrelated donor transplantation platforms, building on the
success in haploHCT.

The above protocols of haploHCT variously affect the
reconstitution of functional immune cell subsets after transplant,
which impacts on outcomes. Zaghi et al. highlight the role of
innate lymphocytes, such as NK cells, innate lymphoid cells, and
γδ T cells, which tend to reconstitute faster than adaptive B
and T cells and could provide early protection against infections
and relapse. However, results in patients with unfavorable
prognosis, such as those with chemo-resistant disease, are still
unsatisfactory, and relapse is still a major cause of treatment

failure. Rovatti et al. discuss the mechanisms of immune evasion
in allogeneic HCT, such as genomic loss or downregulation of
HLAmolecules, up-regulation of T-cell inhibitory ligands, release
of mediators of T-cell exhaustion, and inhibition of the release
of pro-inflammatory cytokines. Among them, the genomic loss
of the mismatched HLA haplotype expressed by leukemic cells
(known as “HLA loss”) has been detected in ∼30% of relapses
after haploHCT compared with 5–10% in unrelated donor HCT,
possibly reflecting the strong pressure exerted by donor T cells
on the mismatched HLA haplotype. Baumeister et al. provide an
exhaustive overview of the current protocols for haploHCT, the
post-transplant reconstitution of immune cell subpopulations,
and the perspectives to further improve outcomes.

The present Research Topic reports how haploHCT has
become an effective and widespread treatment so much that
survival rates are similar to those after HLA-matched sibling
or unrelated donor HCT. Moreover, haploHCT is a feasible
platform for further improvements, including the combination
with innovative immunotherapies such as bi-specific antibodies
and CAR-T cells and CAR-NK cells.
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Delayed immune reconstitution and the consequently high rates of leukemia relapse and

infectious complications are the main limitations of haploidentical hematopoietic stem

cell transplantation. Donor T cell addback can accelerate immune reconstitution but

the therapeutic window between graft-vs.-host disease and protective immunity is very

narrow in the haploidentical transplant setting. Hence, strategies to improve the safety

and efficacy of adoptive T cell transfer are particularly relevant in this setting. Adoptive T

cell transfer strategies in haploidentical transplantation include the use of antigen-specific

T cells, allodepletion and alloanergy induction, immune modulation by the co-infusion

of regulatory cell populations, and the use of safety switch gene-modified T cells.

Whilst common principles apply, there are features that are unique to haploidentical

transplantation, where HLA-mismatching directly impacts on immune reconstitution, and

shared vs. non-shared HLA-allele can be an important consideration in antigen-specific

T cell therapy. This review will also present an update on safety switch gene-modified T

cells, which can be conditionally deleted in the event of severe graft- vs.-host disease or

other adverse events. Herpes Virus Simplex Thymidine Kinase (HSVtk) and inducible

caspase-9 (iCasp9) are safety switches that have undergone multicenter studies in

haploidentical transplantation with encouraging results. These gene-modified cells, which

are trackable long-term, have also provided important insights on the fate of adoptively

transferred T cells. In this review, we will discuss the biology of post-transplant T

cell immune reconstitution and the impact of HLA-mismatching, and the different

cellular therapy strategies that can help accelerate T cell immune reconstitution after

haploidentical transplantation.

Keywords: haploidentical transplant, T cell immune reconstitution, adoptive T cell therapy, antigen-specific T cells,

safety switch, gene modification

INTRODUCTION

The past decade has seen a sharp increase in the number of haploidentical hematopoietic stem
cell transplants (HSCT), which is driven by smaller family sizes and increased transplant activity
amongst patients of non-European ancestries that are not well-represented in volunteer donor
registries (1, 2). At the same time, outcomes of haploidentical HSCT have steadily improved,
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with some specialized centers reporting outcomes that are
comparable to those of matched sibling and matched unrelated
transplants (3–8). This remarkable progress can be attributed
to advances in graft-engineering and critical refinements in
conditioning regimen and immunosuppressive regimen, which
together overcome the key barriers of graft rejection and lethal
graft- vs.-host disease (GVHD). Three major haploidentical
HSCT approaches have emerged: (1) intensive myeloablative
conditioning regimen combined with in vivo T cell depletion
with anti-thymocyte globulin (ATG) to enable the engraftment
of megadose CD34-selected T cell depleted graft, which was
pioneered in Perugia, Italy (9); (2) non-myeloablative or
reduced-intensity conditioning followed by the infusion of
unmanipulated T cell replete bone marrow or peripheral blood
stem cell graft, followed by the depletion of alloreactive T
cells in vivo with high-dose post-transplant cyclophosphamide
(PTCy), which was pioneered in Baltimore, USA (10); and
(3) high-intensity myeloablative conditioning regimen that
incorporates ATG-based in vivo T cell depletion and intensive
immunosuppression followed by the infusion of granulocyte
colony-stimulating factor (G-CSF)-primed bone marrow or
peripheral blood stem cell grafts, which was pioneered in
Beijing, China (11). Despite the promising outcomes, infectious
complications and relapse of underlying malignancies remain
significant sources of transplant failure, especially following
ex vivo T cell deplete haploidentical HSCT, where T cell immune
reconstitution is particularly delayed. T cell reconstitution is
numerically more rapid after T cell replete haploidentical HSCT
using either PTCy or the Beijing approach (12–14), but the
qualitative immune dysfunction that characterizes all forms
of allogeneic HSCT is exacerbated by HLA-disparity in the
haploidentical setting.

Adoptive T cell transfer has an established role in allogeneic
HSCT and are particularly relevant in the haploidentical
setting, where immune reconstitution is poorer and the
immediate and near-universal availability of related donors
provide added opportunities for advanced graft engineering
and cellular therapy. The principles of adoptive T cell transfer
after HLA-matched transplantation is broadly applicable
to other transplant settings but the risk of GVHD, at
least from donor-derived T cell therapy, is higher in the
presence of HLA-mismatch, especially in haploidentical
HSCT, where the precursor frequency of alloreactive T
cells can be orders of magnitude higher (15). This lower
therapeutic index has inspired new approaches, including
the use of safety-switch modified T cells that can be
conditionally deleted in the event of severe GVHD (16),
and immune-modulatory approaches, such as the co-infusion
of regulatory T cells (Tregs) together with conventional T
cells (Tcons) (17), and allospecific T cell depletion and anergy
induction (18).

In this manuscript, we will briefly review the features of
immune reconstitution after haploidentical HCST, followed
by detailed discussions on the use of adoptive T cell
transfer, including an update on safety-switch gene-modified T
cell addback.

T CELL RECONSTITUTION FOLLOWING
HAPLOIDENTICAL HSCT

The pattern and tempo of immune reconstitution is influenced
by the specific transplant technique. In all cases, innate immunity
reconstitutes faster, with natural killer (NK) cells and γδ-
T cell reaching normal numbers within the first few weeks
post-transplant (19). The reconstitution of adaptive immunity,
both cellular and humoral, is significantly slower (20). T
cells, which are key mediators of both GVHD and graft- vs.-
leukemia effect, reconstitute via two distinct pathways: the
expansion of T cells that are contained within the stem cell
graft, and the development of new thymic emigrants from
donor hematopoietic stem cells (20, 21). The lymphopenic
environment created by pre-transplant conditioning promotes
cytokine-driven expansion of T cells within the graft. Subsequent
antigen exposure, including viral antigens, provides further
expansion of antigen-specific T cells (14, 22). In T cell deplete
transplants where there are only small numbers of contaminating
T cells, these early reconstituting T cells have a narrow T
cell receptor (TCR) repertoire. In one study, 80% of the T
cells at 2 months post-transplant could be accounted by as
few as 13–504 TCR clonotypes, with overlaps found with T
cells in the graft (23). In haploidentical HSCT with PTCy, the
number of T cells infused is large, but a significant proportion
is subsequently deleted by cyclophosphamide. Although T cell
count recovery is muchmore rapid, the T cells are predominantly
CD45RA(-)CCR7(-) effector memory and CD45(+)CCR7(-)
terminally differentiated TEMRA in phenotype, and have a
lower TCR repertoire diversity that is not fully restored even
at 1 year post-transplant (14). The impact of transplantation
platform on TCR repertoire reconstitution is difficult to quantify
because of differences in baseline patient characteristics and
TCR sequencing technologies, but delayed reconstitution of TCR
repertoire is common to all allogeneic HSCT, including fully
HLA-matched transplantation (24), and can have important
implications on functional immune reconstitution.

Restoration of TCR repertoire through the export of naïve
T cells from the thymus is a slow process which takes 1–
2 years and is affected by recipient age and GVHD (25–27).
Thymic T cell selection is determined by the affinity of TCR
to peptide-MHC expressed in the thymic microenvironment,
specifically by the thymus epithelial cells (TECs) and bone-
marrow-derived antigen-presenting cells (28). T cell selection
comprises two sequential stages: positive selection which
prevents death by neglect of double positive thymocytes that
express TCR of intermediate affinity for self-peptide MHC on
cortical TECs; followed by negative selection, during which
thymocytes with high-affinity to self-peptide MHC are deleted
by apoptosis. Negative selection occurs predominantly in the
thymic medulla and is mediated by a broader range of cell
types, including medullary TECs and a range of bone marrow-
derived cells: resident andmigratory conventional dendritic cells,
plasmacytoid dendritic cells and B cells (28, 29). Following
allogeneic HSCT, the hematopoietic antigen presenting cells are
of donor origin, whereas the TECs remain of recipient origin.
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In haploidentical HSCT, there is a degree of mismatch between
the MHC that effect thymic selection and the MHC that is
expressed on peripheral tissue. In addition, the thymus is a
target organ for GVHD, and the thymic stroma can also be
damaged by the conditioning regimen. The resulting thymic
dysfunction impairs thymic export of naïve T cells and disruption
to negative selection allows escape of autoreactive T cells to
the periphery, which exacerbates GVHD and leads to further
thymic dysfunction (30, 31). The recovery of thymic export
after allogeneic HSCT also disproportionately affects Tregs, with
lower proportions of recent thymic emigrants within the Treg
compartment as compared to CD4 and CD8 conventional T
cell compartments, and this imbalance further contributes to
post-transplant immune dysregulation (32).

Cytomegalovirus (CMV) is a strong driver of early T
cell reconstitution, especially in the CD8 effector memory
and TEMRA compartments (14, 22). Interestingly, CMV also
promotes a convergence of TCR repertoire between recipients
and donors, likely because CMV-specific T cells can constitute a
significant fraction of the T cell compartment (14). It is important
to note here that HLA-mismatching in itself has an impact on
functional immune reconstitution: a proportion of pathogen-
specific memory T cells transferred within the graft will bear
TCRs that are restricted to non-shared HLA alleles, which are
not expressed by pathogen-infected recipient non-hematopoietic
cells. Conversely, there is a deficiency of T cells that can bind
recipient HLA alleles that are not present in the donor. The net
effect is a functional defect in the TCR repertoire, which will
take months and years to recover, with the reconstitution of new
thymic emigrants.

HIGH FREQUENCY OF
MHC-ALLOREACTIVE T CELLS AS A
LIMITATION TO UNMANIPULATED T CELL
ADDBACK

The delayed addback of defined doses of T cells after T cell deplete
transplantation can potentially accelerate T cell reconstitution
without excessive risks of life-threatening GVHD. Intensive pre-
transplant conditioning induces tissue damage, and the resulting
cytokine storm activates recipient antigen-presenting cells and
enhances the priming and Th1/Th17 polarization of donor
alloreactive T cells (33, 34). Hence, donor T cell infusion after the
resolution of cytokine storm should in theory be associated with
lower risks of severe GVHD. However, in the presence of HLA-
disparity, the risk of GVHD is high even with small T cell doses.
In early studies using T cell depletion by soybean agglutination
and E-rosetting, fatal acute GVHD occurred with T cell graft
contamination of 1 × 106/kg despite concurrent administration
of ATG (35). Indeed, the actual safe dose of T cell would turn out
to be much lower.

The precursor frequency of alloreactive T cells in HLA-
mismatched transplantation is estimated at 1–10% based on
in vitro and in vivo functional assays (15, 36). The molecular
basis for this vast repertoire of MHC-alloreactive T cells is
not fully elucidated. Current evidence suggests that TCRs

that are positively selected on low and intermediate affinity
interactions with self MHC/peptide can sometimes cross-react
with allogeneic MHC/peptide because there is a degree of
flexibility in TCR-MHC/peptide interaction. These allogeneic
MHC/peptide interactions can be of high affinity because the
mismatched recipient MHC is not expressed in the donor’s
thymus and, hence, physiological deletion of high affinity TCR
has not occurred (15). Cross-reactivity can occur by molecular
mimicry: for example, a single TCR that is specific to HLA-
B∗0801 presenting FLRGRAYGL peptide from an Epstein-Barr
virus (EBV) nuclear antigen can also recognize HLA-B∗3501
presenting KPIVVLHGY peptide from human cytochrome P450
because of structural homology in the regions implicated in TCR
recognition “hot spots” (37, 38). In other cases, cross-reactivity
occurs without a need for molecular mimicry: a single TCR can
recognize self- and allogeneic-MHC/peptide complexes through
unique amino acid contacts, which results in divergent binding
orientations (36). The relative contribution of the different
molecular mechanisms is yet to be defined but it is clear that
the magnitude of allogeneic MHC cross-reactive T cells can be
very large: in one study, 45% of virus-specific T cell clones were
found to cross-react with allogeneic HLA molecules in vitro (39).
Thus, even small doses of T cells has the potential to cause
life-threatening GVHD in haploidentical transplantation.

G-CSF priming is perhaps one of the earliest, albeit
unintended, form of T cell immune modulation. The incidence
of acute GVHD after transplantation with G-CSF mobilized
peripheral blood stem cell grafts is comparable to that after bone
marrow grafts despite the former having 10-fold higher number
of T cells (40). This has been attributed to Th2 polarization (41),
promotion of regulatory T cells (42) and expansion of regulatory
antigen-presenting cells (43), which collectively contribute to the
lower rate of acute GVHD, although at the expense of increased
Th17 polarization and chronic GVHD (44, 45). Despite this, the
safe dose of G-CSF-primed donor lymphocyte infusion (DLI)
is very low. In a dose-finding study, adult patients undergoing
CD34-selected haploidentical HSCT without post-transplant
immunosuppression received prophylactic DLI from day +28
onwards, using the CD34-negative fraction of the graft. A dose of
3 × 104 CD3+ T cells/kg induced grade II acute GVHD in 2 out
of 2 patients. Three lots of monthly DLI at 1 × 104 CD3/kg/dose
was found to be safe but incremental DLI to 3 × 104 CD3+

T cells/kg again induced high rates of acute GVHD (Table 1)
(46). CD4 immune reconstitution remained very delayed despite
DLI, relapse rate was high in patients without GVHD, and two
patients in this small study later died from GVHD. A similar
approach was studied in the pediatric population with G-CSF-
primed DLI at 4–6 weeks after T cell deplete transplant. In this
study, weekly methotrexate was administered post-DLI to limit
the risk of acute GVHD. It was found that modest T cell doses
at 3–5 × 104 cells/kg could achieve their target endpoint of at
least 67% of children reaching CD4 T cell count >100/uL by day
+120 post-transplant, nearly all of which were memory T cells,
suggesting that they originated form the DLI fraction. Grade II–
IV acute GVHD occurred in seven out of 35 children (49). In the
T cell replete setting, investigators at Beijing used cryopreserved
excess peripheral blood stem cell grafts for subsequent DLI, either
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in response to disease relapse or prophylactically in high-risk
patients. In one study, 20 patients with leukemia relapse received
G-CSF primed DLI at a dose of 0.07–4.4 × 108 CD3+ T cells/kg.
Grade III-IV acute GVHD occurred in 5 out of 9 patients who did
not receive GVHD prophylaxis and in 1 out of 11 patients who
received post-DLI cyclosporine or methotrexate; with overall
disease response rate of 70% (47). In a recent study from the same
group, 31 patients who underwent haploidentical HSCT for high-
risk leukemia received prophylactic DLI at a median of 77 days
post-transplant, at a median dose of 1.8 × 107 CD3+ T cells/kg.
Grade III–IV acute GVHD occurred in only 10% of patients, but
a significant proportion were on prophylactic cyclosporine (48).
Together, these studies demonstrate that the safe dose of G-CSF-
primed DLI without concurrent immunosuppression is in the
range of 1–3 × 104 CD3+ T cells/kg; higher doses will require
concurrent immunosuppression, which may limit their efficacy.

IN VITRO T CELL MANIPULATION FOR
ADOPTIVE CELLULAR THERAPY

The high frequency of alloreactive T cells relative to the frequency
of anti-pathogen and anti-leukemic T cells meant that the
addback of unmanipulated T cells have a low therapeutic index
in haploidentical HSCT and are unlikely to confer meaningful
reconstitution of protective immunity without unacceptable
risk of severe GVHD. Therefore, in vitro T cell engineering
approaches to improve safety, reduce alloreactivity, and enhance
protective anti-pathogen and anti-leukemic responses following
allogeneic HSCT are of particular interest in this setting. Specific
approaches to mitigate the risk of GVHD include enrichment
for antigen-specific T cells to selectively reconstitute pathogen-
specific or leukemia-specific T cells, immunomodulation of
alloreactive T cells or co-infusion of suppressor cells, and safety
switch gene-modification to enable the conditional deletion of T
cells in the event of GVHD or other adverse events (Figure 1).

ANTIGEN-SPECIFIC T CELLS

Virus-Specific T Cells
One of the earliest forms of T cell therapy is the adoptive transfer
of donor-derived virus-specific T cells, which can be effective in
the prevention or treatment of post-transplant CMV infection
(50) and EBV-associated post-transplant lymphoproliferative
disease (PTLD) (Table 2) (55). The early success of this
approach has led to the development of T cells that can target
other pathogens, including adenovirus, polyoma viruses, and
aspergillus. Repeated rounds of in vitro antigenic stimulation to
expand virus-specific memory T cells from seropositive donors
remains the mainstay for this approach but other technological
platforms, including immunomagnetic capture of interferon-γ-
producing T cells for rapid infusion has also been successfully
applied (52, 56). In the past decade, there has been a strong
move from donor-derived T cells toward third-party T cells.
Although third-party T cells do not engraft long-term, they are
effective and have the benefits of immediate availability, lower
cost per treatment and, importantly, are available to patients

with seronegative donors, where virus-specific T cells cannot be
generated. A full discussion on virus-specific T cells is beyond
the scope of this paper and has been reviewed elsewhere (57–
59), but it is important to highlight here the implication of
HLA-mismatching. In haploidentical HSCT, the dominant virus-
specific T cell response in the donor is sometimes restricted to
a non-shared HLA, in which case it will not recognize infected
recipient cells. This was illustrated by a patient with recipient-
derived EBV-associated PTLD after a maternal haploidentical
transplant which failed to respond to donor-derived EBV-specific
T cells. It was later discovered that the dominant EBV-specific
response in the maternal donor was restricted to a non-shared
HLA; and subsequent infusion of third-party T cells that had
EBV-specific activity restricted to the patient’s HLA resulted in
a complete response (60).

Leukemia-Specific T Cells
Immunogenic proteins that are differentially expressed by
leukemic cells and normal hematopoietic cells can be targeted by
immunotherapy. In general, the expansion of leukemia-specific
T cells is significantly more challenging than that for virus-
specific T cells because of their lower precursor frequency and
predominance in the naïve T cell compartment, but it can
nonetheless be accomplished from both healthy donors and
cancer patients. One of the first targets pursued clinically is
Wilms tumor protein-1 (WT-1), which is overexpressed in a
number of leukemias and solid tumors and encode a range of
immunogenic peptide epitopes that can be used to successfully
expand WT-1 specific T cells (61–63). Over the years, a number
of other leukemia- and tumor-associated antigens have been
identified and their epitopes mapped, including PR1 (64), BCR-
ABL (65), and PRAME (66). Two early phase small-scale clinical
trials have shown the feasibility of using WT-1 specific donor
T cells in allogeneic stem cell transplant, and disease response

was reported in two patients, one of whom had a prolonged
remission (67, 68). Although mapped epitopes provide the first
proof-of-principle, it is also feasible to generate antigen-specific
T cells from healthy donors using overlapping peptide libraries,
which does not require prior epitope-mapping or knowledge
of HLA-restriction (69). However, as is the case with virus-
specific T cells, HLA-restriction remains a critical consideration
in haploidentical transplantation as around half of the T cell
response is anticipated to be restricted to non-shared HLA.

T Cells Targeting Minor Histocompatibility
Antigens
Minor histocompatibility antigens are polymorphic peptides that
are presented on MHC. In the allogeneic transplant setting,
minor histocompatibility antigens are most commonly the result
of single nucleotide polymorphism (SNP) that differs between
donor and recipients (70). Some of these antigens demonstrate
preferential expression on hematopoietic cells, which make them
promising targets for immunotherapy after allogeneic transplant.
One such candidate is HA-1, the immunogenic form of which is
presented by HLA-A2. Around half of the European population
carry the immunogenic HA-1 allele (71), and if they are also
HLA-A2(+), they may benefit from the adoptive transfer of
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TABLE 1 | Selected studies using G-CSF primed peripheral blood mononuclear cell (G-PBMC) add-back following haploidentical HSCT.

Underlying

disease

Transplant protocol Study cohort T cell dose/time of infusion GVHD

prophylaxis after

G-PBMC

Outcome References

AML, ALL, CML,

MDS, NHL

CD34+ selected stem cell graft, with ATG and

pre-transplant CSA and steroids. No

post-transplant immunosuppression.

Adults (n = 12) but

only n = 11 received

DLI

3 × 104/kg (n = 2),

1 × 104/kg/month × 3 doses,

or

1, 3, 10 × 104/kg/month or

1–5 × 105/kg every 2 weeks

(n = 9) (therapeutic DLI

after relapse)

None aGVHD in 2/2 at 3 × 104/kg;

aGVHD grade I not requiring systemic

treatment at 1 × 104/kg/month but high

relapse rate; GVHD in all patients with

dose-escalated DLI or therapeutic DLI. CD4

count ≥ 100 /µL at 6–14 months.

Lewalle et al. (46)

AML, ALL, and

CML

Unmanipulated graft,

in vivo T cell depletion with ATG,

post-transplant immunosuppression

Children (n = 13)

Adults (n = 5)

0.07–4.4 × 108/kg (median

0.58 × 108/kg);

Administered after leukemia

relapse; ≥2 doses in

five patients

12 patients

received

CSA or low-dose

MTX for 2–4

weeks

aGVHD III-IV in 6/20 patients;

15 patients achieved CR at a median of 289

days after DLI; 2 year DFS: 40%

Huang et al. (47)

High-risk

leukemia/lymphoma

Unmanipulated graft, in vivo T cell depletion

with ATG, post-transplant immunosuppression

Adults (n = 31) 0.4–6.9 × 107/kg (median 1.8

× 107/kg);

45–240 (median 77) days after

HSCT (prophylactic)

CSA aGVHD II-IV in 55% and aGVHD III-IV in 10%

at 100 days after DLI; severe cGVHD in 18%.

TRM 26% and relapse rate 33% at 2 years

after DLI

Gao et al. (48)

Malignant and

non-malignant

diseases

CD34+ selected stem cell graft without

post-transplant immunosuppression

Children (n = 31)

Young adults (n = 4)

3–5 × 104/kg;

30–42 days after HSCT

(prophylactic); Rituximab given

1 day before DLI in the last

10 patients

MTX DLI dose of 5 × 104/kg resulted in CD4 count

> 100/µL by 120 days in 67% of patients and

aGVHD II-IV in 11%;

Fatal viral and fungal infections in 11%;

2 year OS: 69% for patients in remission

at transplant.

Gilman et al. (49)

aGVHD, acute graft- vs.-host disease; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; CSA, cyclosporine; DFS, disease-free survival; MDS, myelodysplastic syndrome; MTX,

methotrexate; NHL, non-Hodgkin’s lymphoma; TRM, treatment-related mortality; OS, overall survival.
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FIGURE 1 | Strategies for adoptive T cell transfer.

T cells targeting HA-1. However, it is very difficult to expand
HA-1-specifc T cells from healthy donors to clinically relevant
numbers because they are present in very low frequencies within
the naïve T cell compartment (72). Hence, gene-modification
with TCR alpha and beta chains cloned from HA-1-specific T
cells has been pursued (72) and is currently undergoing clinical
trial (NCT03326921). In HLA-matched setting, the donor would
need to be homozygous for the non-immunogenic form of HA-1
in order to avoid fratricide of donor hematopoietic cells; but in
haploidentical transplantation, the HA-1 genotype is no longer
relevant if an HLA-A2(–) donor is used, thus expanding the
donor pool.

SELECTIVE REMOVAL OF ALLOREACTIVE
T CELLS

Selective Allodepletion and Anergy
Induction
Although the adoptive transfer of antigen-specific T cells can
be highly effective in specific infectious complications, they are
highly targeted and do not confer broad protective immunity. A
converse approach is the selective depletion or anergy induction
of alloreactive T cells which, in theory, will retain broad immune
repertoire minus alloreactivity (Table 3). The process involves
the co-culture of donor T cells with irradiated recipient blood
cells to activate alloreactive donor T cells: in allodepletion,
activated T cells are removed based on their expression of
activation markers or other properties associated with cell
activation (73); and in alloanergy induction, the addition of co-
stimulation blockade during co-culture results in the generation
of anergic T cells (77, 81). A number of activation markers

and depletion strategies have been investigated, two of which
have been the focus of clinical trials. In the first method, an
immunotoxin comprising a CD25-antibody conjugated to ricin
is used to deplete CD25(+) alloreactive T cells in vitro. This
could effectively reduce alloreactive T cells to <1% of the T
cell population and retain responses to pathogens. The infusion
of 1–8 × 105/kg allodepleted T cells was found to be safe in
haploidentical transplant setting and could help accelerate T
cell reconstitution not only numerically but also in diversity,
with broad TCR repertoire and evidence of CMV and EBV-
specific T cell reconstitution (73, 74). A second method involves
photodynamic removal of activated T cells, which have reduced
p-glycoprotein-mediated efflux of a photosensitizer, TH9402
(82). Following a phase I dose-finding study demonstrating
grade I–II GVHD but no life-threatening grade III–IV GVHD
(75), a multicenter phase II study was conducted. Twenty-three
patients with high-risk acute leukemia were given photodepleted
donor T cell products at a dose of 2 × 106 CD3+ cells/kg at
a median of 28 days after T cell deplete haploidentical HSCT:
5 patients developed grade I-II acute GVHD and the rates of
leukemia relapse and non-relapsemortality were lower compared
to historical controls (76).

The induction of anergy in alloreactive donor T cells can
be achieved by blocking B7/CD28 costimulation during co-
culture. This can be achieved by adding CTLA-4-Ig, which
is a soluble fusion protein of CTLA-4 extracellular domain
to human IgG1 constant region (77), or anti-B7-1 and B7-
2 antibodies during co-culture (18). This process can reduce
the precursor frequency of alloreactive T cells by 1–4 logs, as
measured by IL-2 production in one-way mixed lymphocyte
response co-culture with irradiated recipient cells. Seminal works
have demonstrated that when used with routine post-transplant
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TABLE 2 | Selected studies using virus-specific T cells that enrolled predominantly haploidentical HSCT patients.

Underlying

disease

Transplant protocol Study cohort Methodology used to

generate

virus-specific T cells

T cell source T cell dose/time of

infusion

Outcome References

AML, ALL, CML,

MM, lymphoma

CD34+ selected stem

cell graft, myeloablative

conditioning, ATG. No

post-transplant

immunosuppression

Adults (n = 25) Repeated rounds of

stimulation with CMV

lysate

Stem cell donor Escalating doses:

105/kg−3 × 106/kg;

13–37 days after

HSCT (prophylaxis)

Reduced CMV reactivation compared to

control and accelerated pathogen-specific

immune reconstitution;

aGVHD grade II in 1/25 patients.

Perruccio et al. (51)*

Acute leukemia

and others

Haploidentical HSCT with

post-transplant

immunosuppression

Children (n = 8)

Adults (n = 3)

IFN-γ cytokine capture

for CMV-pp65 specific

T cells

Stem cell donor 2.5–16.6 × 103/kg; in

patients with refractory

CMV infection

Complete or partial viral clearance in 10/11

patients;

No de novo GVHD

Feuchtinger et al. (52)†

AML/ALL and

others

Unmanipulated graft,

in vivo T cell depletion

with ATG, post-transplant

immunosuppression

Children and

adults (n = 32)

Repeated rounds of

stimulation with

CMV-pp65 peptide

mixture

Stem cell donor 0.7–15.4 × 107/kg

(median 2.7 × 107/kg);

≥2 doses in 14 patients

with refractory CMV

infection; 53–127

(median 69) days after

HSCT

Viral clearance in 27/32 patients within 4

weeks;

aGVHD grade II in 1/32 patients

Pei et al. (53)

Malignant and

non-malignant

diseases

Haploidentical (n = 5)

and alternative donor

(n = 33) HSCT

Children and

adults

Multivirus-specific T cell

lines

Third-party

off-the-shelf

2 × 107 total cells;

Treatment of infection

with one (n = 31) or two

(n = 7) viruses

Response rates:

94% for CMV (n = 17),

100% for BK virus (n = 16), 71% for

Adenovirus (n = 7),

67% for HHV-6 (n = 3),

100% for EBV (n = 2). aGVHD grade I in

2/38 patients

Tzannou et al. (54)

aGVHD, acute graft- vs.-host disease; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; HHV-6, Human Herpesvirus 6; MM, multiple myeloma.

*This study also included patients who received Aspergillus-specific T cells.
†
This study also included patients who received matched unrelated or umbilical cord blood transplant.
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TABLE 3 | Selected studies using allodepletion, alloanergy induction, and other immune modulation to facilitate T cell addback after haploidentical HSCT.

Underlying

disease

Transplant protocol Study cohort Method for generating T cell

therapy product

T cell dose/time of

infusion

Outcome References

Malignant and

non-malignant

diseases

CD34+ selected graft, myeloablative

conditioning, ATG. No post-transplant

immunosuppression

Infants or young

children (n = 15)

Anti-CD25

immunotoxin-mediated

allo-depletion using non-donor

parent PBMC as alllo-stimulators

1–8 × 105/kg in

dose-escalating cohorts;

15–47 days after HSCT

CD4 count ≥200/µL after 13 weeks (median)

in 10 evaluable patients; massive expansion of

T cells within 4 weeks of T cell infusion in three

patients with CMV infection; aGVHD II-IV in

0/15 patients.

Andre-Schmutz

et al. (73)*

Malignant and

non-malignant

diseases

CD34+ selected graft, myeloablative and

non-myeloablative-conditioning,

alemtuzumab. 7/16 patients received

tacrolimus/CSA

Children (n = 14)

Adults (n = 2)

Anti-CD25

immunotoxin-mediated

allo-depletion using recipient

EBV-LCL as allo-stimulators

Two dose levels:

Level 1: 104/kg (n = 8),

Level 2: 105/kg (n = 8);

Days +30, +60 and +90

after HSCT

Dose level 2 significantly accelerated

reconstitution of both CD4 and CD8T cells,

with CMV and EBV-specific responses

observed in 4 of 6 evaluable patients at 2–4

months after HSCT;

aGVHD II-IV in 2/16 patients

Amrolia et al.

(74)

Malignant

diseases

CD34+ selected graft, myeloablative

conditioning, ATG. No post-transplant

immunosuppression

Adults (n = 19) Photodepletion with TH9402

using recipient PBMC as

allo-stimulators

Phase I dose-finding

study: 1 × 104/kg−5 ×

106/kg; 28–40 days after

HSCT

aGVHD I–II in 5/19 patients

No aGVHD III–IV

Roy et al. (75)

High-risk AML and

ALL

CD34+ selected graft, myeloablative

conditioning, ATG.

Adults (n = 23) Photodepletion with TH9402

using recipient PBMC as

allo-stimulators

Phase II study:

2 × 106/kg;

28 days (median)

after HSCT

aGVHD I–II in 22 %;

1 year TRM: 32%

Roy et al. (76)

(Abstract)

Malignant and

non-malignant

diseases

Allo-anergized bone marrow with

post-transplant CSA/MTX

Children (n = 9)

Young adults

(n = 3)

CTLA-4-Ig mediated alloanergy

induction, using recipient PBMC

as allo-stimulators

1.6–5.5 × 107/kg

(contained in BM graft)

on Day 0 of HSCT

CD4 count ≥400/µL by 6 months and

CD4/CD8 ratio ≥ 1.4 by 7 months in all five

surviving patients; Gut aGVHD in 3/11

patients;

DFS at last follow-up: 5/12 patients

Guinan et al. (77)

High-risk acute

leukemia or MDS

CD34+ selected graft, myeloablative

conditioning, ATG. No post-transplant

immunosuppression

Children (n = 5)

Adults (n = 11)

Anti-B7.1-mediated alloanergy

induction using PBMC from

recipient or a second

haploidentical donor as

allo-stimulators

Escalating dose levels:

Level 1: 103/kg,

Level 2: 104/kg,

Level 3: 105/kg;

35–42 days after HSCT

Functional virus-specific CD4 T cells

detectable at a median of 9, 3, and 2.5

months and CD8T cells at median of 9, 4, and

3 months in dose level 1/no DLI, dose level 2,

and dose level 3, respectively; aGVHD II-IV in

5/16 patients; DFS at last follow-up: 4/16

patients

Davies et al. (78)

High-risk AML,

ALL, lymphoma

CD34+ selected graft, myeloablative

conditioning. No ATG or other serotherapy.

No post-transplant immunosuppression.

Adults (n = 26) Fresh Tregs (G-CSF mobilized)

isolated by

CD25-immuno-magnetic

selection on Day (– 4), CD34+

selected stem cells and Tcon on

Day 0.

Two dose levels:

Level 1: Treg 2 × 106/kg

+ Tcon 0.5–1 × 106/kg

(n = 21);

Level 2: Treg 4 × 106/kg

+ Tcon 2 × 106/kg (n

= 5)

CD4 count ≥100/µL and ≥ 200/µL at median

of 42 (28–135) and 67 (40–146) days after

HSCT, respectively; CD8 count ≥100/µL and

≥200/µL at median of 38 (19–95) and 48

(21–95) days, respectively; aGVHD II-IV in

2/26 patients; 12-month DFS: 46%

Di Ianni et al. (79)

High-risk AML and

ALL

CD34+ selected graft, myeloablative

conditioning. No serotherapy (n = 25),

ATG or alemtuzumab (n = 18).

No post-transplant immunosuppression.

Adults (n = 43) As above Treg 2.5 × 106/kg

(mean) + Tcon 1.1 ×

106/kg (mean)

CD4 count ≥100/µL and ≥200/µL at median

of 40 (25–150) and 55 (45–160) days after

HSCT, respectively; CD8 count ≥100/µL and

≥200/µL at median of 45 (18–100) and 60

(50–140) days, respectively; aGVHD II-IV in

15%;

Relapse: 2/41 patients; 46-month DFS: 56%

Martelli et al.

(17)†

(Continued)
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immunosuppression, haploidentical alloenergized bone marrow
grafts could successfully engraft, rates of infection were low,
and there were no GVHD-associated deaths (77). More recently,
alloanergized T cells were used as DLI at 35–42 days after CD34-
selected haploidentical HSCT; 16 patients were treated: low dose
DLI (103 T cells/kg; n = 4) did not result in acute GVHD but
also had little impact on T cell reconstitution, whereas higher
doses (104-105 T cells/kg; n = 12) significantly accelerated T
cell recovery, although five patients developed grade II–IV acute
GVHD. Interestingly, in vitro alloanergy induction was found to
expand CD4+CD25+CD127low Tregs within the graft but this
did not impair the expansion of antigen-specific T cells in vivo,
with patients on higher dose levels demonstrating reconstitution
of adenovirus-, CMV-, and WT-1-specific T cells (78).

These early phase proof-of-concept studies on the ability
of allodepletion and alloanergy induction in promoting
engraftment and T cell immune reconstitution with clinically
acceptable rates of GVHD are highly promising and call for
further studies. One of the most critical considerations in this
field is the source of recipient antigen-presenting cells, which can
be limiting in heavily pre-treated leukopenic patients. This can
be overcome by the use of EBV-transformed lymphoblastoid cell
lines (EBV-LCL), which can be generated from small numbers
of B cells and expand into large numbers (74), or the use of a
second haploidentical family member as the source of stimulator
cells (78). However, more difficult to overcome is the reliance
on hematopoietic cells as stimulators, which may have the
unwanted effect of depletion or anergization of leukemia-specific
and hematopoietic-restricted minor histocompatibility antigen-
specific T cells, thus reducing their graft- vs.-leukemia effect; and
at the same time, the retention of tissue-specific alloreactive T
cells that can mediate GVHD.

Naïve T Cell Depletion
T cells that mediate GVHD largely reside within the naïve T cell
compartment (83), whereas virus-specific T cells largely reside

within the memory T cell compartment. In the past few years,
the immunomagnetic depletion of CD45RA(+) naïve T cells has
emerged as an elegant and relatively simple method to deplete
alloreactive T cells whilst retaining virus-specific responses (84,
85). In the haploidentical setting, 17 high-risk patients received
T cell depleted grafts with the addition of CD45RA-depleted T
cell fraction, which contained <103/kg CD3+CD45RA+ T cells
and a median of 108/kg CD45RA(-) T cells (86): there was rapid
reconstitution of memory T cells and remarkably, none of the
patients developed acute GVHD. This promising approach is
now undergoing further investigation (87) with several clinical
trials in progress in the haploidentical setting (NCT02960646;
NCT03849651; NCT02790515).

CO-INFUSION OF REGULATORY T CELL
SUBSETS

Tregs are CD25+Foxp3+ CD4 T cells, which are the key
mediators of peripheral tolerance. Their ability to prevent and
attenuate GVHD is well-established in preclinical studies and
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clinical correlative studies (32, 88, 89). Adoptively transferred
Tregs can reduce the risk of GVHD associated with the add-
back of Tcons (Table 3). In this approach, Tregs were isolated by
CD25 immunomagnetic selection and 2 × 106 /kg Tregs were
infused 4 days prior to the infusion of stem cell graft, which
was given together with controlled numbers (0.5–2 × 106/kg)
of Tcons, without any post-transplant immunosuppression (17,
79). This approach was shown to accelerate CD4 and CD8T
cell immune reconstitution, with low rates (15%) of acute
GVHD grade ≥2, and significant improvement in clinical
outcome compared to historical controls. T cells specific to CMV,
adenovirus, Aspergillus and other pathogens were detectable at
much earlier timepoints compared to historical controls; and
although infection remained a significant challenge, there were
significant improvements in the rates of CMV reactivation and
there were no target organ CMV disease (79). However, Tregs
constitute only 5–10% of total CD4 T cells and it is often
challenging to isolate Tregs in sufficient numbers and purity.
Tregs can be expanded in vitro by thousands-fold without loss
of purity and suppressive function (90, 91). Early phase clinical
trials have shown that in vitro expanded Tregs are safe in cord
blood transplantation, but their impact on GVHD is difficult to
assess (92, 93) and this approach has not been reported in the
haploidentical setting.

In vitro induced Tregs (iTregs) can be generated by the
activation of conventional CD4 T cells in the presence of
transforming growth factor-β (TGF-β) and rapamycin. Although
iTregs have suppressive abilities in vitro, their suppression of
GVHD in preclinical models requires the administration of
rapamycin, without which they revert to pathogenic conventional
T cells (92, 94). Type-1 regulatory T cells (Tr1 cells) is a subtype
of Foxp3(–) CD4 T cells with regulatory function. They can
regulate alloantigen-specific immune response via granzyme B-
mediated killing of myeloid antigen-presenting cells and the
production of immunomodulatory cytokines, chiefly interleukin-
10 (IL-10) and TGF-β (95, 96). In preclinical models, the adoptive
transfer of Tr1 cells is effective in suppressing GVHD (96). In
a proof-of-concept clinical study, Tr1 cells were generated by
co-culture of donor peripheral blood mononuclear cells with
recipient CD3-depleted cells in the presence of IL-10 (Table 3).
Twelve patients received delayed add-back of Tr1 cells after
CD34-selected haploidentical HSCT: 7 died before day 100, the
remaining 5 had accelerated immune reconstitution, but all
had acute GVHD grade II–III (80). Thus, the results for these
alternative regulatory T cell populations are mixed and naturally
occurring Tregs which are biologically well-defined remain the
most established form of immunomodulatory T cell population
at present.

SAFETY SWITCH GENE-MODIFIED
T CELLS

All T cell add-back strategies carry a risk of life-threatening
GVHD. Although the risk is dose-related, it is not predictable for
a given individual, and a cell dose that is safe for all is ineffective
in haploidentical transplantation where there is a narrow

therapeutic window. Safety switches, also known as suicide
genes, refers to gene modification that enables the conditional
elimination of infused cells and all their progenies in the setting
of adverse events. This technology has potential application
in a broad range of cellular therapeutics but their proof-of-
concept was in allogeneic HSCT where the safety switch can be
triggered and donor T cells deleted in the event of life-threatening
GVHD (Table 4).

Safety Switch Technologies
The first clinically tested safety switch was herpes simplex
virus thymidine kinase (HSVtk). This kinase catalyzes the
monophosphorylation of ganciclovir and related nucleoside
analogs, which is then converted by cellular kinases to di-
and tri-phosphates, leading to arrest of DNA synthesis and
subsequent cell death. T cells transduced with HSVtk retained
their ability to mediate protective immunity in vivo and, in
patients who developed GVHD, the HSVtk T cells could be
eliminated by ganciclovir, with resolution of GVHD (104,
105). This strategy thus allows the administration of T cells
with broad specificity and in numbers sufficient for mediating
protective immunity. However, HSVtk as a safety switch has
a number of drawbacks: the mechanism is dependent on
cell cycle, thus killing can be delayed and is limited to
proliferating cells; it precludes the use of ganciclovir and
acyclovir as anti-virals; and it is a foreign protein which can
elicit CD4 and CD8 immune response (106), although this is not
universal and long-term persistence of HSVtk T cells has been
reported (98).

The past decade has seen the development and clinical
validation of inducible caspase 9 (iCasp9) as a safety switch.
This technology is based on a cell membrane-permeable small
molecule dimerizing drug, AP1903 (also known as Rimiducid),
which binds with very high affinity and specificity to an
engineered drug-binding domain. The drug-binding domain
is derived from human FKBP12, with a single amino acid
substitution from phenylalanine to valine (FKBP12-F36V) (107,
108). The iCasp9 transgene consists of FKBP12-F36V, joined
via a short flexible linker to human caspase 9, without the
caspase activation and recruitment domain (CARD), which is
now superfluous (107). The administration of AP1903 induces
dimerization of caspase 9, which activates the terminal effector
caspase, caspase 3, with rapid induction of apoptosis. This system
has a number of benefits over HSVtk: it is almost fully human-
derived and hence much less likely to be immunogenic, it
does not preclude the use of anti-virals and, importantly, the
mechanism of cell death is cell-cycle independent, with>90% cell
death within 30min in vitro and in vivo (16, 107).

A couple of other safety switches based on cell surface
expression of epitopes that enables their elimination by clinical
monoclonal antibodies have also entered clinical trial, mainly in
the area of chimeric antigen receptor (CAR) T cell therapy rather
than in allogeneic HSCT. RQR8 is a relatively small transgene
that encodes two epitopes: one from CD34, which binds to a
clinical grade CD34 antibody for immunomagnetic selection; and
a CD20 epitope, which functions as a safety switch in conjunction
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TABLE 4 | Clinical trials using safety switch gene-modified T cells after haploidentical HSCT.

Underlying

disease

Study/Transplant protocol Study cohort Method for generating

T cell therapy product

T cell dose/time of infusion Outcome References

High-risk leukemia CD34+ selected stem cell graft,

myeloablative conditioning, ATG. No

post-transplant immunosuppression

Adults (n = 28) HSVtk modification of T cells Intrapatient dose escalation at

monthly interval if no GVHD:

Dose level 1: 106/kg,

Dose level 2: 107/kg,

Dose level 3: 106/kg + IL-2,

Dose level 4: 107/kg + IL-2;

Starting 28 days after HSCT

HSVtk T cells engrafted in 22 patients:

CD3+ count >100/µL at median of 75

(34–127) days after HSCT and 23 (13–42)

days after HSVtk T cell infusion; aGVHD

II-IV in 9/28, extensive cGVHD in 1/28, all

resolved with ganciclovir administration

Ciceri et al. (97)

Oliveira et al. (98)

High risk acute

leukemia and MDS

Phase I, allodepleted T cell add-back after

CD34-selected transplant. 9/10 patients

received alemtuzumab for in vivo T cell

depletion (NCT00710892)

Children (n = 10) iCasp9 modification with

prior T cell allodepletion

using CD25-immunotoxin

Escalating doses:

Dose level 1: 106/kg

Dose level 2: 3 × 106/kg

Dose level 3: 107/kg;

1st dose: 30–124 days after

HSCT

(4 patients received 2nd dose)

iCasp9T cells: 54/µL and 63/µL at 1 and

2 years after HSCT, respectively;

aGVHD I- II in 4/10 patients, all resolved

with AP1903 administration

Di Stasi et al. (16)

Zhou et al. (99)

Acute leukemia

and other

malignant

diseases

Phase I, non-allodepleted T cell add-back

after CD34-selected transplant. All 10

patients received alemtuzumab for in vivo

T cell depletion (NCT01494103)

Children (n = 9)

Adults (n = 3)

iCasp9 modification of

T cells

Dose level 1: 104/kg (n = 5),

Dose level 2: 5 × 105/kg (n = 2,

one patient received 2nd dose),

Dose level 3: 106/kg (n = 2),

Dose level 4: 5 × 106/kg (n =

3);

1st dose: 31–82 days

after HSCT

Viral-specific iCasp9 T cells were detected

in eight patients;

aGVHD I–II in 3/12, all resolved after

AP1903 administration

Zhou et al. (100)

Acute leukemia

and non-malignant

diseases

Pilot followed by phase II study. TCR αβ+

T cell and CD19+ B cell depleted stem

cell graft, myeloablative conditioning and

ATG. No post-transplant

immunosuppression NCT02065869 and

EudraCT:2014-000584-41

Long term follow-up:

NCT03733249 and EudraCT:

2016-003226-16

Children (n = 108) iCasp9 modification of

T cells (BPX-501)

Pilot (n = 9): dose escalation:

2.5 × 105/kg, 5 × 105/kg,

106/kg;

Phase II: 1 × 106/kg (n =99);

All on Day 0 of transplant

iCasp9 (BPX-501) T cells peaked at 9

months after infusion (mean 144/µL) and

persisted for at least 2 years (mean 62/

µL);

Expansion of iCasp9 T cells correlates with

CMV reactivation.

Merli et al. (101)

(Abstract)

High-risk acute

leukemia

CD34-selected stem cell graft with

myeloablative conditioning and ATG for

in vivo T cell depletion

(ACTRN12614000290695)

Adults (n = 3) iCasp9 modification of

T cells

Dose level 1: 0.5 × 106/kg (n =

2),

Dose level 2: 1 × 106/kg (n = 1)

Additional doses allowed;

1st dose at 25–26 days

after HSCT

One patient in DFS at >3.5 years;

One patient died of relapse;

One patient died of GVHD

Zhang et al.

(102, 103)

aGVHD, acute graft- vs.-host disease; DFS, disease free survival; MDS, myelodysplastic syndrome.
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with rituximab, a chimeric antibody which mediates antibody-
dependent cytotoxicity widely used in the treatment of CD20-
positive B cell malignancies (109). Another strategy is to express
a truncated form of human epidermal growth factor receptor
(EGFR), which enables the cells to be deleted by cetuximab, a
chimeric antibody used to treat EGFR-expressing colorectal and
head and neck cancer (110). Both RQR8 and truncated EGFR
have been incorporated within other forms of gene therapy but
there has not been a need to activate the safety switch and hence
their clinical efficacy in vivo is yet to be demonstrated. These
technologies have not been used as standalone safety switch in
post-transplant T cell addback.

Clinical Experience of Safety Switch
Modified T Cells in Haploidentical
Transplantation
HSVtk has undergone clinical trial in HLA-matched sibling
allogeneic HSCT (105, 111) and haploidentical HSCT (97). In
a phase I–II multicentre study in haploidentical HSCT, patients
received 106/kg−107/kg HSVtk T cells starting 28 days after
myeloablative transplantation using CD34-selected stem cell
graft and in vivo T cell depletion with ATG, without any
post-transplant immunosuppression (97). Additional doses were
allowed at monthly intervals in the absence of GVHD. Of
the 50 enrolled patients, 28 were eligible to receive HSVtk T
cells, none of whom had detectable T cells prior to HSVtk
infusion. Twenty-two patients achieved T cell count >100
cells/µL within 13–42 days (median 23) after HSVtk T cell
infusion, and reconstitution of EBV and CMV-specific T cells

was observed. Ten patients developed acute GVHD and one
developed chronic GVHD, all of which were controlled by the
infusion of ganciclovir.

The iCasp9 safety switch was first tested in the haploidentical
HSCT setting using donor T cells that were first allodepleted
before iCasp9 transduction (112). Ten patients received 105-
107 iCasp9 T cells/kg between day 30–124 after CD34-selected
stem cell transplant. The iCasp9 T cells were found to engraft,
expand, contribute to the reconstitution of both CD4 and CD8T
cells, and confer anti-viral immunity (16, 99). Four patients
developed acute GVHD and received AP1903, which eliminated
>90% of iCasp9 T cells within 30min, with a further 0.5 log
reduction in the subsequent 24 h and resolution of GVHD
within 24–48 h (16). The safety of this approach led to a
second clinical study using non-allodepleted iCasp9 T cells at
1 × 104–5 × 106 cells/kg (100). Again, immune reconstitution
was accelerated and 4 patients developed GVHD, all of which
were successfully managed with AP1903 administration. The
largest study using iCasp9 T cells to date is a phase II
multicenter study conducted in Italy on children who have
undergone TCRαβ- and B cell-deplete haploidentical HSCT
(NCT02065869). In a preliminary report, 108 patients received
0.25–1 × 106 iCasp9 T cells within 1 month of transplantation
and it was shown that the iCasp9 T cells engrafted, peaked
at 9 months after infusion and persisted for at least 2
years (101). Encouraged by these clinical successes, larger
multicenter studies are underway in the USA and Europe
(Table 5).

The addback of safety switch gene-modified T cells does not
inhibit endogenous T cell reconstitution. Indeed, the infusion

TABLE 5 | Additional clinical trials on ClinicalTrials.gov involving iCasp9 T cell addback following haploidentical HSCT*.

Registration

ID

Underlying disease Study protocol Study

cohort

Study Locations Posted

Date/status

Comment

NCT03301168 Malignant and

non-malignant

diseases

Phase II, T cell add-back after

TCR αβ, and B cell deplete stem

cell transplant

Children Multiple locations,

USA

Oct-4-2017

Active/not

recruiting

NCT01744223 Malignant diseases Phase I/II, T cell add-back after T

cell deplete transplant

Adults Multiple locations,

USA

Dec-6-2012

Active/not

recruiting

NCT02477878;

EudraCT:2015-

005176-17

Malignant diseases Phase I, treatment of relapse or

minimal residual disease after

allogeneic HSCT

Adults Multiple locations,

USA & Italy

Jun-23-2015

Active/not

recruiting

This study includes

matched related and

haploidentical HSCT

NCT03459170 Malignant diseases Phase I, treatment of relapse or

minimal residual disease after

allogeneic HSCT

Children Italy Mar-8-2018

Recruiting

This study includes

matched related and

haploidentical HSCT

NCT03639844 Non-malignant

diseases

T cell add-back after TCR αβ and

B cell deplete transplant

Children

and young

adults

Multiple locations,

USA

Aug-21-2018 Expanded access

protocol

NCT03699475 Malignant diseases Phase II/III, TCR αβ and B cell

deplete transplant with iCasp9 T

cell addback vs. Haploidentical

HSCT with PTCy

Children

and adults

Nashville, TN and

San Antonio, TX

Oct-8-2018/

Recruiting

NCT02231710 Non-malignant

diseases

Phase I, T cell add-back after T

cell deplete transplant

Children

and adults

Seattle, WA Sep-4-2014

Active/not

recruiting

Closed after enrolling one

patient

*Excludes studies listed on Table 4.
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of HSVtk was associated with an increase in circulating TCR
excision circles (TREC) and CD31+ recent thymic emigrants,
and an expansion of thymic tissue, which seemed to coincide
with a peak in serum IL-7 level (113). Similarly, an increase in
endogenous naïve T cell numbers after the infusion of iCasp9 T
cells has also been reported (99). Together, these findings
suggest that the transfer of safety switch gene-modified T cells
can promote thymic output; but this phenomenon requires
confirmation and further study.

Fate of Safety Switch Gene-Modified
T Cells
Safety switch gene-modified T cells can be tracked long-term
because the transgene is integrated within the cell genome
and passed on to all daughter cells. The transduced T cells
can be identified by PCR and, in many cases, also by flow
cytometry for surface markers contained within the transgene.
For example, HSVtk gene-modified T cells co-express 1LNGFR
and iCasp9 T cells co-express 1CD19, which enable them to be
readily distinguished on flow cytometry from T cells contained
within the stem cell graft and new thymic emigrants. Using a
combination of these techniques, safety switch gene-modified T
cells have been shown to persist long-term: iCasp9 T cells can
persist for at least 2–4 years (99, 101, 102), and long-term follow-
up studies have demonstrated the presence of HSVtk T cells in all

memory and effector T cell compartments for up to 14 years after
infusion (98).

The clonal origins of safety-switch modified T cells can be
tracked with high resolution by TCR analysis and transgene
integration site analysis. The integration site refers to the position
within the host cell genome in which the transgene has been
inserted. Each transduction event results in the integration

of the transgene into unique positions within the host cell

genome; hence, analysis of transgene integration sites enables
the identification of cells that are clonally related and provides

information on the source, fate and proliferative capacity of
HSVtk and iCaps9 T cells (Figure 2). In the HSVtk studies,
there was a high level of TCR diversity in the first few
months after adoptive transfer (16), but dominant clonotypes
emerged over time (98). TCR and viral integration site analysis
showed that these dominant clonotypes preferentially originated
from stem cell memory (Tscm) and central memory (Tcm)
in the infused cell product; and tracking of CMV- and Flu-
specific HSVtk T cells showed that antigen exposure was a
major driver of in vivo expansion and long-term persistence
(98). Despite prior in vitro expansion and gene modification,
safety switch gene-modified T cells retain massive proliferative
capacity in response to antigen stimulation: we have shown
that a single clone of iCasp9 T cell, bearing the same TCR and
viral integration site, could expand 6-log fold in the context

FIGURE 2 | Integration site and TCR analysis on safety switch gene-modified T cells. The safety switch transgene is integrated into the host cell genome, with 1–3

copies of integrants per cell. The region of the genomic DNA in which the transgene integrates (indicated by a unique color) is unique to each integration event and all

progenies from that cell can be identified through the unique integration site. Similarly, each T cell bears a unique TCR (indicated by a unique color), which is passed

on to all progenies. However, two cells bearing the same TCR may be separately gene-modified, resulting in two clones of T cells which bear the same TCR but with

different integration site. Surface markers, for example 1CD19 or 1LNGFR, enable identification of safety switch gene-modified T cells by flow cytometry and can be

used for cell sort before TCR sequencing. The concurrent analysis of TCR and integration site can provide high resolution data on the clonal origin of safety switch

gene-modified T cells.
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of EBV-associated PTLD and contract following resolution of
EBV (102).

An interesting feature of iCasp9 safety switch system is that
treatment with AP1903 preferentially deletes alloreactive T cells,
and the residual iCasp9 T cells retained anti-viral specificity
and could subsequently re-expand without causing GVHD (16,
99). Similarly, the kinetics of peripheral blood HSVtk was not
significantly different in patients who received ganciclovir vs.
those who did not, suggesting a similar phenomenon also
operates in the HSVtk system (98). This preferential deletion of
alloreactive T cells is in part attributed to higher level of transgene
expression in activated T cells, which increase their susceptibility
to safety switch activation (112, 114), whereas non-activated
viral-specific T cells were relatively spared.

TIMING OF ADOPTIVE T CELL THERAPY

Adoptive T cell therapy should ideally occur as early as possible to
confer protective immunity but, as explained earlier, the cytokine
storm in the first 2 weeks post-transplant promotes the priming
and Th1/Th17 polarization of alloreactive T cells within the cell
product, thus increasingly the risk of GVHD. Furthermore, ATG
or, less commonly, alemtuzumab, used during conditioning have
long half-life and can eliminate the adoptively transferred T cell
product if infused too early. In vivo T cell depletion with ATG is
critical for the engraftment of haploidentical T cell deplete grafts
(9, 35). It is also a standard component of the Beijing approach
(11). It is not part of the PTCy approach but the addition of ATG
to PTCy is undergoing clinical trial as a means to reduce the rate
of GVHD (NCT03689465; NCT03608059; and NCT03367546)
(115, 116). The half-life of rabbit ATG (thymoglobulin) is ∼6
days (103, 117) and most investigators wait 4–5 half-lives before
T cell transfer. The half-life of alemtuzumab is around 8 days and
at a standard dose of 100mg, it will take 56 days (seven half-lives)
to fall below the commonly accepted lympholytic level (118).

One approach to enable earlier T cell addback is to administer
serotherapy very early, for example, the Treg study administered
ATG or alemtuzumab 21 days before transplant (17). Another
strategy was to use plasmapheresis prior to T cell addback: a 1–
1.5 plasma volume pheresis can half the level of residual ATG
(103); however, the relationship between ATG level and in vitro
cytotoxicity is log-linear, hence halving the ATG level may have
only modest biological impact and further studies to define the
clinically relevant level of current ATG preparations are required.

CONCLUSIONS

Haploidentical HSCT is now widely accepted as a transplant
option for patients who do not have matched sibling donors.

It is particularly suitable for adoptive cellular therapy because
the donor is readily available for additional donation and it
is very feasible to generate advanced cellular therapeutics:
sample availability, timing, and the consent process are all
less of a barrier compared to using volunteer unrelated
donors. In some cases, haploidentical HSCT may be
preferable over HLA-matched donor if T cells targeting
minor histocompatibility antigen is considered; although
this is currently restricted to HA-1 (72), if successful,
other hematopoietic-restricted antigens could be identified
and similarly targeted (119, 120). On the other hand,
it is important to consider shared vs. non-shared HLA-
allele in selecting antigen-specific T cell addback after
haploidentical HSCT.

The choice of T cell add-back strategy is highly dependent
on local expertise and transplant platform. Proof-of-concept
studies that were conducted in lymphopenic ex vivo T cell
deplete settings may not be directly translatable to the non-
lymphopenic T cell replete transplant settings. In ex vivo T cell
deplete transplantation, T cell reconstitution is globally delayed
and adoptively transferred T cells can proliferate robustly in a
lymphopenic environment; hence, the most effective strategies
are likely those that can reconstitute broad protective immunity,
such as the infusion of allodepleted or alloanergized T cells,
safety-switch gene-modified T cells, and co-infusion of Tcons
with Tregs. In T cell replete transplant settings, infection is
less of an issue but relapse remains a significant challenge, and
strategies that are directed at relapse prevention, such as the
use of leukemia-specific T cells and minor histocompatibility
antigen-specific T cells may be more relevant. Rapid advances
in the broader field of cellular immunotherapy will expand the
armamentarium, which will likely incorporate chimeric antigen
receptor T cells, off-the-shelf products and NK cell-directed
therapy, all of which will help reconstitute protective immunity
with an increasingly higher level of safety and efficacy after
haploidentical HSCT.
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Granulocyte colony-stimulating factor (G-CSF), a growth factor for neutrophils, has been

successfully used for stem cell mobilization and T cell immune tolerance induction.

The establishment of G-CSF-primed unmanipulated haploidentical blood and marrow

transplantation (The Beijing Protocol) has achieved outcomes for the treatment of acute

leukemia, myelodysplastic syndrome, and severe aplastic anemia with haploidentical

allografts comparable to those of human leukocyte antigen (HLA)-matched sibling donor

transplantation. Currently, G-CSF-mobilized bone marrow and/or peripheral blood stem

cell sources have been widely used in unmanipulated haploidentical transplant settings.

In this review, we summarize the roles of G-CSF in inducing T cell immune tolerance.

We discuss the recent advances in the Beijing Protocol, mainly focusing on strategies

that have been used to improve transplant outcomes in cases of poor graft function, virus

infections, and relapse. The application of G-CSF-primed allografts in other haploidentical

modalities is also discussed.

Keywords: haploidentical stem cell transplantation, granulocyte colony-stimulating factor, poor graft function,

relapse, virus infections

INTRODUCTION

Allogeneic stem cell transplantation (allo-SCT) is a method for the therapeutic cure of
hematological malignancies (1–3). However, donor limitations restrict the wide use of allo-SCT.
In the past two decades, researchers have established several haploidentical SCT (haplo-SCT)
protocols based on different approaches to induce immune tolerance (4–6). Those approaches
include ex vivo graft T cell depletion (TCD) in combination with megadoses of CD34+ cells
and/or anti-third-party CD8T cells, in vitro CD3αβ/CD19 depletion, immune tolerance induced
by granulocyte colony-stimulating factor (G-CSF) (7), and post-transplantation cyclophosphamide
(PT/CY) for tolerance induction (8–18). Based on T cell tolerance induced by G-CSF, the
Peking University group established a novel G-CSF-primed haploidentical blood and marrow
transplantation system (The Beijing Protocol, Figures 1, 2) (4, 5), including individualized
conditioning regimens, the combination of unmanipulated G-CSF primed blood and marrow as
allografts, donor selection based on non-human leukocyte antigen (HLA) systems, risk-directed
strategies for graft-vs.-host disease (GVHD) (19), and relapse. Currently, because of the shift from
TCD grafts to unmanipulated marrow and/or peripheral blood harvests, haplo-SCT is easier to

24
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FIGURE 1 | Timeline showing the number of haploidentical stem cell transplantation and advances in Peking University Institute of Hematology, 2000–2018.

Haplo-SCT, haploidentical stem cell transplantation; G-CSF, granulocyte colony-stimulating factor; HLA, human leukocyte antigen; HM, hematological malignancies;

MSDT, HLA-matched sibling donor transplantation; DLI, donor lymphocyte infusion; MUDT, HLA-matched unrelated donor transplantation; SAA, severe aplastic

anemia; AML, acute myeloid leukemia; MRD, minimal residual disease; ALL, acute lymphoblastic leukemia; GVHD, graft-vs.-host disease. The red number indicates

cumulative cases of patients who underwent haplo-SCT until December 31, 2018.

perform than before. The development and success of
haploidentical allografts worldwide makes “everyone has a
donor” a reality (20). Several reviews have already been published
on this topic (21–25). Here, we summarize the advances in
inducing T cell tolerance by treating healthy donors with G-CSF.
We discuss the recent advances in the Beijing Protocol mainly
focusing on strategies that have been used for poor graft function
(PGF) (26–30), virus infections (31–33), and relapse (34–36).
We also indicate the application of G-CSF-primed allografts for
other haploidentical allograft modalities.

T CELL TOLERANCE INDUCED BY G-CSF

G-CSF has been widely applied to mobilize hematopoietic
stem/progenitor cells in allo-HSCT settings. In the past 20
years, a number of studies support the notion that G-CSF

plays an important role in regulating immune cell number and
function in allografts, especially in inducing T cell tolerance (37–
46) Previously, researchers mainly focused on the regulatory
effects of G-CSF on T cells through indirect effects, such as
expanding regulatory T cells, CD34+ regulatory monocytes,
tolerogeneic antigen presentation cells, regulatory B cells (47),
CD3+CD4−CD8− T cells, regulatory γδ T cells (48), suppressor
interleukin-10 (IL-10)+ neutrophils, myeloid-derived suppressor
cells (MDSCs) (37), and granulocytic MDSCs (also known as
low-density neutrophils) (49). All of these cells could suppress
T cell proliferation through IL-10, transforming growth factor-β
(TGF-β), nitric oxide (NO), indoleamine 2,3-dioxygenase (IDO),
and/or cell contact (Figure 3).

In 2003, Franzke et al. (45) suggested that G-CSF acts as a
strong immune regulator in T cells and directly modulates T-cell
immune responses via its receptor on T cells. They demonstrated
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FIGURE 2 | Individual conditioning regimens in the Beijing Protocol. Conditioning regimens for hematological malignancies without total body irradiation (TBI) (A), or

with TBI (B), or with reduced intensity (C); for severe aplastic anemia (D); as well as for pediatric adrenoleukodystrophy and mucopolysaccharidosis (E). G-CSF,

granulocyte colony-stimulating factor; Ara-C, cytrarabine; CTX, cyclophosphamide; M-CCNU, Semustine; Bu, busulfan; ATG, thymoglobulin; BM, G-CSF-primed

bone marrow harvests; PB, G-CSF-mobilized peripheral blood harvests; CSA, cyclosporine; MMF, mycophenolate mofetil; MTX, methotrexate; Flu, fludarabine.

that G-CSF could limit the interferon-γ signaling in T cells
by suppressing the gene expression of ISGF3-γ subunit/p48 in
CD4+ donor T cells. In vitro experiments also showed that the
Th2 type could be induced by G-CSF through direct induction
of GATA-3. In 2014, in vivo experiments also demonstrated
that donor T cell alloreactivity could be modulated directly
via binding to G-CSF receptor expressed on T cells (43). The
authors reported that the protective effects of G-CSF on GVHD
imparted during stem cell mobilization were totally dependent
on direct signaling through the T cell, because WT but not G-
CSFR−/− donor T cells were modulated by G-CSF (43). Overall,
mounting evidence indicates that G-CSF can induce T cell
tolerance through both indirect and direct pathways (Figure 3)

(43, 45, 46), although the detailed molecular mechanisms of
which remain unclear.

Clinically, Ringdén et al. (50) reported that application G-
CSF after bone marrow transplantation increased the cumulative
incidence of grades II to IV acute GVHD, which is not
consistent with above-mentioned concept. The following reasons
may account for this inconsistence: First, use of G-CSF after
transplantation increases the levels of soluble interleukin-2
(IL-2)-receptor-alpha that may aggravate acute GVHD (51).
Second, treating healthy donors with G-CSF decreases the
production of tumor necrosis factor alpha, IL-2, and interferon-
γ; the immunoregulatory effects of G-CSF on cytokines, T cells,
and regulatory cells of donors might contribute to the lower
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FIGURE 3 | Immune regulatory effects of treating healthy donors with granulocyte colony-stimulating factor. Granulocyte colony-stimulating factor (G-CSF) has

immune regulatory effects on T cells via direct (light green area) and indirect mechanisms (light gray area). ➀ ISGF-3 was down-regulated and GATA3 was

up-regulated by G-CSF through binding G-CSF receptor, leading to a polarization of T cells from Th1 to Th2 phenotype as well as hyporesponsiveness of T cells (light

green area). ➁ Effects of G-CSF obtained from G-CSF-primed allografts on polarizing T cell from Th1 to Th2. Suppressing T cell proliferation ability by regulatory T

cells (Treg), type 1 Treg, CD34+ monocyte, myeloid derived suppressor cells, and CD3+CD4−CD8− T cells obtained from G-CSF-primed allografts either via direct

contact, cytokines, such as interleukin-10 and transform growth factor-β, or via other molecules, such as arginase-1 and reactive oxygen species (light gray area).

*indicates G-CSF receptor expressed on immune cells, such as myeloid-derived suppressor cells.

incidence of GVHD after using G-CSF-primed bone marrow
harvests and/or G-CSF-mobilized peripheral blood harvests as
allografts (39, 46).

RECENT ADVANCES IN THE BEIJING
PROTOCOL

The Beijing Protocol, one of the main haplo-SCT modalities,
has been performed in nearly 98% of transplant centers in
China (52). In the first half of 2016, the proportion of haplo-
SCT out of the allo-HSCT had increased to 51.7% according
to data reported by Xu et al. (52) on behalf of the Chinese
Blood and Marrow Transplantation Register Group. Based on
the Beijing experience, Di Bartolomeo et al. (53) treated 80
patient hematological malignancies by applying a modified
protocol. The key characteristics of their protocol were (i) a
chemotherapy-based conditioning regimen, (ii) infusion of only
G-CSF-stimulated bone marrow harvests, (iii) intensified GVHD
prophylaxis with anti–thymocyte globulin (ATG), cyclosporine
(CSA), methotrexate (MTX), mycophenolate mofetil (MMF),
and anti-CD25 antibody. Di Bartolomeo et al. (53) found that
the cumulative incidence (CI) of neutrophil engraftment was
93%. The 100-day CI for II–IV grade of acute GVHD was 24%.
The 2-year CI of extensive chronic GVHD was 6%. The 3-
year probability of overall survival (OS) and disease-free survival
(DFS) for standard-risk and high-risk patients was 54 and 33%
and 44 and 30%, respectively.

In a multicenter, prospective study, Wang et al. (54) showed
that unmanipulated haplo-SCT achieved outcomes, including
3-year DFS (74 vs. 78%, P = 0.34) and OS (79 vs. 82%,
P = 0.36), similar to those of HLA-matched sibling donor
transplantation (MSDT) for acute myeloid leukemia patients
in complete remission 1 (CR1). In another biologically phase
III randomized study, Wang et al. (55) demonstrated that the
3-year DFS (61 vs. 60%, P = 0.91) and OS (68% vs. 66%,
P = 0.81) were comparable between adults with Philadelphia-
negative high-risk acute lymphoblastic leukemia (ALL) who
underwent haplo-SCT and those who received MSDT. Similar to
the report by Wang et al. (55), adults with standard-risk ALL in
CR1 who underwent haplo-SCT could also achieve comparable
survival to those of MSDT (56). In a registry-based study,
Wang et al. (57) reported that the 4-year adjusted probabilities
of OS (63 vs. 73%) and relapse-free-survival (63% vs. 71%)
between patients who received haplo-SCT with 4–5/6 matched
donors and those who received MSDT were comparable. These
results were also confirmed by researchers from other centers
in China (58). In Europe and the United States of America, a
number of studies obtained similar results as reported by us
(54, 55, 57), that patients with hematological malignancies who
underwent haplo-SCT with PT/CY could achieve comparable
outcomes to those with MSDT or HLA-matched unrelated donor
transplantation (59–65).

In the past 3 years, a series of studies from different transplant
centers in China confirmed the efficacy, safety, and feasibility of
treating adult and pediatric severe aplastic anemia (SAA) patients
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with haploidentical allografts based on G-CSF-induced immune
tolerance (Table 1) (66–75). In a multicenter prospective study,
Xu et al. (76) showed that treating SAA patients (n = 101) with
haplo-SCT could achieve a 3-year estimated OS (89.0 vs. 91.0%,
P = 0.555) and failure-free survival (FFS, 86.8 vs. 80.3%, P =

0.659) when compared with patients (n = 48) who received
contemporaneous transplantation from matched related donors.
In another registry-based study, Xu et al. (67) further observed
similar 3-year estimated OS (86.1 vs. 91.3%, P = 0.358) and FFS
(85.0 vs. 89.8%, P = 0.413) between the haplo-SCT and MUDT
cohorts for the treatment of SAA. In this regard, Professor Neal S.
Young commented that “Haploidentical transplantation has been
advocated in China as first-line treatment for children” (77).

More recently, the G-CSF-based haplo-SCT protocol
has been successfully used for the treatment of inherited
metabolic storage diseases (IMD) and genetic diseases, such as
adrenoleukodystrophy (ALD), mucopolysaccharidosis (MPS),
and thalassaemia major (78, 79). In China, six IMD cases,
including ALD (n = 4) and MPS (n = 2), were treated by
Chen et al. (79) with busulfan (Bu), fludarabine (Flu), and
cyclophosphamide (Cy) conditioning regimen. Hematopoietic
reconstitution was achieved in all cases. Four patients developed
grade I–II acute GVHD, and one patient had limited chronic
GVHD. After a median follow-up of 292 days, the cumulative
incidence of 1-year transplant-related mortality (TRM) was
0%. The 1-year probability of OS was 100%. In another study,
Sun et al. (78) reported the results of eight thalassaemia
major children who underwent haplo-SCT using the FBCA
conditioning regimen [Flu, Bu, Cy, and antithymocyte globulin
(ATG)]. All cases achieved hematopoietic recovery after
transplantation. Four (50%) and two (25%) cases experienced
grade I–II and grade III–IV acute GVHD, respectively. One
patient suffered from localized chronic GVHD of the skin.
All cases survived and achieved independence from blood
transfusion. The OS and transfusion-free survival rates were
both 100% after a median follow-up of 36 months. These studies
suggest that haplo-SCT based on G-CSF could be a feasible,
safe, and efficient approach for the treatment of IMD and
genetic disease.

Although the indications for haplo-SCT have been extended,
and no differences in the outcomes between haploidentical
allografts, that is, MSDT and MUDT, were achieved, transplant
complications, such as PGF (4, 26–30, 80–83) virus infection
(31, 32, 84), and relapse (85–94), remain the major causes of
morbidity and mortality. Fortunately, in recent years, some
advances in the treatment of PGF, virus infections, and leukemia
relapse after haplo-SCT have been made by scholars worldwide.
We discuss these advances here.

Mechanisms and Therapies for PGF
PGF, which occurs in 5–26% of cases after allo-HSCT (26, 28–30)
has become a growing obstacle that contributes to highmorbidity
and mortality. PGF is defined as follows: absolute neutrophil
count ≤0.5 × 109/L, platelets ≤20 × 109/L, or hemoglobin
≤70 g/L for at least three consecutive days beyond day 28
post-transplantation with a transfusion requirement associated
with hypoplastic–aplastic BM in the presence of complete donor T
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chimerism. Previous studies by Ciurea et al. (85) showed that
patients with high donor-specific anti-HLA antibody (DSA)
levels (>5,000 MFI) and complement-binding DSA antibodies
(C1q positive) experienced higher risk of primary graft failure.
Our data demonstrated that a number of risk factors, such as
infused CD34+ cells, DSA, GVHD, and CMV infection, were
associated with PGF (86, 87). The available therapeutic strategies
for PGF patients include the administration of hematopoietic
growth factors, donor lymphocyte infusion (30), a second allo-
HSCT, a CD34+ cell boost (29, 30), or mesenchymal stem cell
(MSC) infusion (80, 88). Additionally, eltrombopag, an oral
thrombopoietin receptor agonist, has shown promising results
in severe aplasia anemia. In a recent study, 12 patients who
responded poorly to standard treatments for secondary PGF
after allo-SHCT were treated with eltrombopag (89). The median
duration from PGF diagnosis to eltrombopag treatment was 59
(range, 30–180) days. The dose of eltrombopag was 25 mg/day
for 3 days and subsequently increased to 50 or 75 mg/day.
After treatment for 8 (range, 2–23) weeks, 10 cases responded
to eltrombopag: eight cases achieved complete response (CR)
and two cases achieved partial response. The median time from
treatment to achieving CR was 29 (10–49) days. The 1-year
probability of OS was 83.3%. No TRM and no evidence of
cataract, thrombosis, or any other grade 3/4 toxicities were
observed (89). This result was also confirmed by Fu et al. (90)
and Marotta et al. (91), suggesting that eltrombopag could be an
alternative treatment for PGF.

Several studies have been reported seeking to elucidate the
pathophysiology of PGF (4, 26, 27, 81–83). First, patients
with PGF after allo-SCT had reduced and dysfunctional
endothelial progenitor cells (EPCs) in the bone marrow
microenvironment: these EPCs are characterized by impaired
proliferation, migration, angiogenesis, and increased levels
of ROS and apoptosis. In addition, the increased reactive
oxygen species (ROS) could activate p38 and its downstream
transcription factor in BM EPCs, both of which might contribute
to the occurrence of PGF. Second, BM CD34+ cells are
functionally normal in PGF; however, elevated ROS in CD34+

cells might lead to exhaustion of quiescent BM CD34+ cells.
Third, dysregulated T cell responses, including a shift in the
Th1/Th2 and Tc1/Tc2 ratios toward a type 1 response and
an increased Th17/Treg ratio, may also be involved in the
pathogenesis of PGF. In addition, the presence of DSA may
contribute to primary PGF through antibody-dependent cell-
mediated cytotoxicity, resulting in impairment or apoptosis of
CD34+ cells in patients with PGF (92).

According to previous studies (4, 26, 27, 81–83). Shi et al.
(26) and Wang et al. (27) found that atorvastatin, a regulator
of p38 MAPK, may offer a novel therapeutic strategy to
promote hematopoietic recovery through repair of the BM
microenvironment in PGF patients. More recently, our group
performed two prospective clinical trials. In the first one (n =

68), Kong et al. (4) found that EC < 0.1% in the BM before
transplantation identified high-risk patients with PGF and PT.
In the second one (n = 35), cases with EC < 0.1% were treated
with oralN-acetyl-L-cysteine (NAC; 400mg, three times per day)
from −14 days to +60 days continuously (experiment group);

the remaining cases with EC ≥ 0.1% (n = 39) underwent allo-
HSCT only (control group). The authors observed a similar
survival rate at 10 months after transplantation between the
experiment and control groups (4). This study suggests that
improvement of the BMmicroenvironment through EC-directed
NAC intervention could be a promising approach to enhance
hematopoietic recovery in allo-HSCT settings. Therefore, a
randomized, controlled, multicenter study is warranted.

Prophylaxis and Treatment of Virus
Infections
In haplo-SCT with G-CSF modality, the cumulative incidence of
cytomegalovirus (CMV) DNAemia varies from 63.7 to 66.1%,
which remains one of the main causes of morbidity and
mortality. The risk factors for CMV DNAemia include HBsAg
seropositivity, acute GVHD before CMV DNAemia, and poor
CMV-specific CD8+ T central memory subset recovery (93). In
contrast, transplantation from HLA-mismatched family donors
(P < 0.001), acute GVHD (P < 0.001), and donor-recipient
KIR ligand mismatched (P = 0.012) were associated with an
increased risk of refractory CMV infection (31, 32). In addition,
refractory CMV infection within 60–100 days after allo-HSCT
was an independent risk factor for NRM (P = 0.015). Compared
to placebo, letermovir prophylaxis can significantly reduce the
incidence of CMV disease. For cases with refractory CMV
infection/reactivation or who failed ganciclovir, foscarnet, and
cidofovir, these adoptive T-cell therapies, for example, CMV-
specific T-cell (CMV CTL), represent a promising approach.

In a recent study, 32 patients with refractory CMV infection
following haplo-SCT were treated with adoptive transfer of
CMV CTL. Pei et al. (33) showed that 27 of the 32 cases
exhibited CMV clearance within 4 weeks after treatment without
recurrence. Compared with those of the non-refractory CMV-
infected patients, the authors observed significantly fewer CMV-
specific CD8+IFN-γ+ and CD4+IFN-γ+ T cells. In addition,
the CMV clearance is closely correlated with rapid and massive
expansion of CD8+ and CD4+ CMV CTL in vivo. Using
a humanized HCMV-infected mouse model, the same group
further elucidated that systemic HCMV infection could be
combated after first-line therapy with CTL through in vivo
promotion of the recovery of graft-derived endogenous HCMV-
specific CTL (84). These studies provide substantial evidence
suggesting that CMV infection could be successfully addressed
with prophylaxis, treatment, and adoptive transfer of CMV CTL
(84). In summary, future studies should focus on the risk factor-
directed intervention or development of new drugs for CMV
infections in haplo-SCT settings.

Minimal Residual Disease (MRD)-Based
Transplant Indication to Decrease Relapse
MRD determined by multiparameter flow cytometry (MFC)
and/or real-time polymerase chain reaction (RT-PCR) at pre-
and post-transplantation could be used for predicting outcomes
(Table 2) (5, 94–105) Our group showed that, after two course
consolidation therapies, patients with t(8;21) AML could be
classified as the low-risk group or high-risk group (106).
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The low-risk group was defined as cases who achieved major
molecular remission (MMR)/MRD negativity [>3-log reduction
in RUNX1/RUNX1T1 transcripts (<0.4%) compared with the
pre-treatment baseline of 388% in our center] after the second
consolidation therapy and maintained MMR for 6 months
thereafter. The high-risk group was defined as cases not achieving
MMR/MRD positivity after the second consolidation therapy or
those exhibiting the loss of MMR (defined as RUNX1/RUNX1T1
transcript levels >0.4% in MMR patients) within 6 months of
achieving MMR. In the high-risk subgroup, compared with cases
receiving chemotherapy alone, cases who underwent allo-HSCT
experienced a significantly lower cumulative incidence of relapse
(CIR, 22.1 vs. 78.9%, P < 0.0001) and superior DFS (61.7 vs.
19.6%, P = 0.001). However, allo-HSCT was not superior to
chemotherapy alone in the low-risk group. Multivariate analysis
demonstrated that MRD status and treatment strategy were
independent risk factors for CIR and DFS (106). Our results
suggest that MRD-directed risk stratification treatment may
improve the outcome not only of patients with AML with
t(8;21) in CR1 but also of t(8;21) AML cases after two courses of
consolidation therapy; thus, allo-HSCT should be performed for
those with positive MRD.

More recently, another multicenter study enrolled 229 AML
patients with NPM1-mutated (NPM1m). Balsat et al. (107)
reported that a >4-log reduction in PB-MRD was significantly
associated with a higher relapse incidence and shorter OS.
The DFS and OS were significantly improved by allo-HSCT in
those with a >4-log reduction in PB-MRD. These data suggest
that NPM1m PB-MRD may be used as a predictive factor for
allo-HSCT indication. Considering the comparable outcomes
between haplo-SCT and MSDT, the data reported by Balsat et al.
(107) and us (106) suggest that for the abovementioned MRD-
positive AML patients who lack MSD, haplo-SCT might be an
alternative choice to improve clinical outcomes if there are no
MSDs available.

MRD-Based Donor Selection to Decrease
Relapse
In the era of haplo-SCT, MSDT remains the first choice for
transplant candidates according to recent literatures (23, 108).
Recently, Chang et al. (109) showed that, for AML patients
with positive pre-transplantation (pre-MRD), haplo-SCT could
achieve lower CIR (19 vs. 57%, P < 0.001) and superior LFS
(73 vs. 29%, P < 0.001) compared with those after MSDT in the
retrospective group and prospective group (CIR, 13 vs. 36%, P =

0.017 and LFS, 80 vs. 48%, P = 0.007, respectively). These results
were further confirmed in pediatric patients (110) and a subset
of AML cases with FLT3-ITD (111), indicating superior graft-
vs.-leukemia (GVL) effects of haploidentical donors to HLA-
matched sibling donors. In another study, 64Hodgkin lymphoma
(HL) patients who relapsed following autologous SCT were
treated with haplo-SCT with PT-Cy (n = 30) and MSDT (n =

34). After a median follow-up of 47 months, Mariotti et al. (112)
found that patients receiving haplo-SCT experienced lower 3-
year CIR (13 vs. 62%, P = 0.0001) and better PFS (60 vs. 29%,
P = 0.04). The authors also indicated that haplo-SCT (HR, 0.17,

P = 0.02) was independently associated with a reduced risk of
relapse. In a more recent study, 151 consecutive cases with HL
who were treated with haplo-SCT (n = 61) or MSDT (n = 90)
were retrospectively enrolled. Gauthier et al. (113) reported a
significantly lower GVHD-free/relapse-free survival (GRFS) in
the MRDT group compared with those of haplo-SCT based on
the PT/CY group (HR= 0.339, P < 0.001).

In contrast to the studies reported by other researchers and
us, Ringden et al. (114) observed similar risk of relapse between
acute leukemia patients who received haploidentical donor grafts
(n = 864) and those given MSD transplants (n = 9,815),
suggesting a similar GVL effect. The different results reported
by Ringdén et al. and us may be related to the differences in
patient population, conditioning regimen, allografts infused, and
GVHD prophylaxis.

In summary, studies by others (36, 112, 113, 115) and us
(109, 111) have suggested the inferiority of MSDT to haplo-SCT,
indicating that, for AML patients with positive pre-MRD and
HL, haploidentical donors might be selected first in experienced
centers, although controversy remains. Therefore, a prospective,
randomized study is needed to elucidate which one has better
anti-leukemia activity, MSDT or haplo-SCT?

MRD-Directed DLI to Decrease Relapse
The transplant outcomes are worse for patients who had a
hematological relapse after allo-HSCT, including haplo-SCT
(116–119). In the past 10 years, a modified DLI (mDLI) protocol
was used to treat patients with G-CSF-mobilized peripheral blood
harvests, followed by short-term immune suppression, including
cyclosporine (CSA) or methotrexate (MTX) (34, 35). Compared
with traditional DLI, mDLI alleviated the pancytopenia and
reduced acute GVHD without influencing the GVL effects. The
safety and efficacy of mDLI for prophylaxis and treatment
of relapse after haplo-SCT have been well-established. In a
prospective study, 814 patients with standard-risk acute leukemia
were enrolled. Yan et al. (34) reported that the MRD-positive
patients who had mDLI had comparable 3-year CIR (27.8 vs.
18.1%) and DFS (55.6 vs. 61.6%) compared with those MRD-
negative patients. The authors found that factors associated with
lower CIR included MRD negative after transplantation (OR =

0.255, P < 0.001) and receiving DLI (OR = 0.269, P < 0.001).
Factors correlated with superior DFS included receiving DLI (OR
= 0.436, P= 0.006) and MRD negative after transplantation (OR
= 0.511, P = 0.001). In a recent study, Yan et al. (35) further
showed that, for subjects with refractory/relapsed acute leukemia,
MRD- and GVHD-guided multiple DLIs could reduce CIR and
improve LFS and OS.

Presently, a number of strategies, including DLI, cellular
approaches (NK cells and CAR-T) (117), targeted drugs,
hypomethylating agents, IFN-γ, and blinatumomab (120–122),
are currently applied for relapse prevention or treatment in
the clinic (116–119). Blinatumomab, a CD3 × CD19 bispecific
antibody, has been approved previously for the treatment of
relapsed or refractory B-cell precursor ALL (BCP-ALL). In a
recent study (n = 116), adults with BCP-ALL in hematologic
CR with MRD (≥10−3) received blinatumomab 15 µg/m2/day
by continuous IV infusion for up to four cycles. Patients could
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TABLE 2 | Correlation of MRD with clinical outcomes in patients who underwent Haplo-SCT.

References Diagnosis (Pt. No.) Transplant modalities Methods for MRD Transplant outcomes Multivariate

analysis

Zhao et al.

(94)

ALL (543) Haplo-SCT based on G-CSF MFC Positive pre-MRD, except for low level

one (MRD < 0.01%), is correlated with

higher CIR, and inferior LFS.

Yes

Lv et al. (5) Intermediate risk AML (78) Haplo-SCT based on G-CSF MFC Positive MRD (detectable) after

two-cycle consolidation is associated

with higher CIR and inferior survival.

Yes

Liu et al. (95) AML (460) Haplo-SCT based on G-CSF MFC Peri-transplantation MRD (detectable)

assessment is useful for risk

stratification.

Yes

Liu et al. (96) AML (145) Haplo-SCT based on G-CSF MFC Persistent positive MRD (detectable)

pre-transplantation predicts poor clinical

outcome.

Yes

Canaani

et al. (97)

AML (393) Haplo-SCT based on G-CSF

(27.2%)

Haplo-SCT with PTCy (66%)

Haplo-SCT with

G-CSF+PTCy (6.8%)

MFC Positive pre-transplant MRD status

(detectable) is a predictor of poor

prognosis.

Yes

Qin et al.

(100)

AML (14) Haplo-SCT based on G-CSF

(79%)

MSDT (21%)

RT-PCR TLS-ERG transcript levels (>1.0%)

predict high-risk of relapse and inferior

survival.

No

Hong et al.

(104)

B-ALL (28) Haplo-SCT based on G-CSF

(90%)

MSDT (10%)

TR-PCR The E2A-PBX1 positive (detectable) after

transplantation is correlated with poor

prognosis.

No

Tang et al.

(103)

AML (53) Haplo-SCT based on G-CSF

(75.5%)

MSDT (24.5%)

RT-PCR Post-transplant CBFB-MYH11 positive

(defined as ≤3-log reduction in

CBFB-MYH11 transcripts compared

with the pre-treatment baseline level)

could predict poor outcomes.

No

Zhao et al.

(101)

T-ALL (29) Haplo-SCT based on G-CSF

(90%)

MSDT (10%)

RT-PCR Pre- or post-transplantation SIL-TAL1

positive (detectable) is associated with

higher CIR and inferior DFS and OS.

No

Liu et al.

(105)

AML (16)/ALL (24) Haplo-SCT based on G-CSF

(75%)

MSDT (10%)

Other alternative modality (15%)

RT-PCR MLL gene positive after transplantation

(detectable) is associated with higher

CIR and inferior DFS and OS.

Yes

Wang et al.

(102)

ALL (92) Haplo-SCT based on G-CSF

(48%)

MSDT (48%)

Other alternative modality (4%)

RT-PCR Positive MRD (defined as ≤3-log

reduction in RUNX1/RUNX1T1

transcripts when compared with the

pre-treatment baseline level) at 1, 2, and

3 months after transplantation predicts

higher CIR and inferior survival.

Yes

Zhou et al.

(99)

ALL (139) Haplo-SCT based on

G-CSF (76%)

MSDT (24%)

MFC Positive MRD post-transplantation

(detectable) is associated with high risk

of relapse and inferior survival.

Yes

Zhou et al.

(98)

AL (138) Haplo-SCT based on G-CSF

(58%)

MSDT (29%)

Other alternative

modalities (13%)

RT-PCR The WT1 expression level (≥0.60%) after

transplantation is associated with higher

CIR and inferior survival.

Yes

MRD, minimal residual disease; Haplo-SCT, haploidentical stem cell transplantation; Ref., reference; Pt., patients; No., number; G-CSF, granulocyte colony-stimulating factor; MFC,

multiparameter flow cytometry; CIR, cumulative incidence of relapse; LFS, leukemia-free survival; AML, acute myeloid leukemia; PTCy, post-cyclophosphamide; RT-PCR, real-time

quantitative polymerase chain reaction; MDST, human leukocyte antigen-matched sibling donor transplantation; AL, acute leukemia.

undergo allo-HSCT at any time after cycle 1. Gökbuget et al.
(122) found that 88 (78%) of 113 evaluable patients achieved
a complete MRD response. The RFS at 18 months was 54%.
Grade 3 or 4 neurologic events occurred in 10 and 3% of cases,
respectively. Four patients (3%) had cytokine release during cycle

1. These data suggest that blinatumomab could be used not only
in treating relapse but only in intervention cases with positive
MRD because those responders had significantly longer RFS
and OS compared to non-responders. Overall, the available data
(34, 35, 123) suggest that MRD-directed relapse intervention
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could be a simple method in haplo-SCT settings, leading to
improved outcomes.

APPLICATION OF G-CSF-PRIMED
ALLOGRAFTS IN HAPLO-SCT WITH PTCy

For the unmanipulated haplo-SCT protocol with PTCy using
steady-state bonemarrow (SS-BM) as allografts (124), 68 patients
with hematological malignancies were enrolled. The authors
reported that the CIR at 1 and 2 years following transplantation
was 51 and 58%, respectively. Therefore, a number of studies use
G-CSF-mobilized peripheral blood harvests (G-PB) as allografts
(Table 3) (7–17, 125). In a recent multicenter retrospective
study from the United States, Bashey et al. (16) compared
the outcomes of patients with hematological malignancies who
underwent haplo-SCT based on PTCy receiving G-PB (n =

190) and SS-BM (n = 481). The authors found that there were
no significant differences in NRM (G-PB 16% vs. SS-BM 17%,
P = 0.78) and OS (G-PB 57% vs. SS-BM 54%, P = 0.52);
however, compared to those with SS-BM, cases receiving G-PB
experienced a significantly higher incidence of grades II–IV acute
GVHD (G-PB 42% vs. SS-BM 25%, P< 0.001) and 2-year chronic
GVHD (G-PB 41% vs. SS-BM 20%, P = 0.001). The authors
demonstrated that patients receiving G-PB had a lower CIR (G-
PB 28% vs. SS-BM 45%, P < 0.001) and superior progression-free
survival (G-PB 54% vs. SS-BM 41%, P = 0.002).

More recently, a meta-analysis of four comparative
retrospective reports and 10 single-arm reports, with a total
of 1,759 patients (462 patients received PBSCT, and 1,297
patients received BMT) who received haplo-SCT with PTCy, was
performed by Yu et al. (126) They reported that compared with
those of the BM group, patients in the PB group experienced
a significantly higher incidence of grade II–IV (OR = 1.778)
and grade III–IV acute GVHD (OR = 1.741), as well as rapid
hematopoietic recovery (OR = 1.843). No significant differences
in 2-year CIR, OS, DFS, and chronic GVHD between the two
groups were observed. Considering comfort, safety, and speed,
G-PB is suitable for haplo-SCT and is currently widely used in
the settings of haploidentical allograft with PTCy (126). Thus,
multicenter, prospective, randomized studies are warranted to
evaluate whether G-PB or BM is the best allograft in the setting
of haplo-SCT with PTCy.

FUTURE DIRECTION

There are several questions that remain to be answered in the
field of G-CSF-primed unmanipulated haploidentical blood and
marrow transplantation. First, the mechanisms underlying T
cell immune tolerance induced by G-CSF remain to be further
investigated. Second, G-CSF-primed bone marrow harvests
and/or peripheral blood stem cell harvests have been widely
used in unmanipulated haploidentical allografts based on G-
CSF or haplo-SCT with PTCy. However, we do not know
which is the best stem cell source: G-CSF-primed bone marrow
harvests, G-CSF-mobilized peripheral stem cell harvests, or a
mixture of allografts of both of these harvests? Third, the T
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contributions of DSA, that is, impairment of the cell immune
and bone marrow niche, to PGF have been identified. More
efforts are needed to investigate which methods, available
drugs or novel ones, could prevent or treat PGF based on
known immune mechanisms underlying this complication.
Fourth, more clinical data, especially multicenter, prospective,
randomized trials, are needed to confirm the results that haplo-
SCT has a stronger GVL effect compared with MSDT. In
addition, the immunological mechanism underlying relapse after
transplantation and the stronger GVL effects of haplo-SCT
remain to be elucidated. Finally, regarding the MRD-directed
intervention, the perfection of MRD detection methods and
establishment of novel intervention strategies, such as new
generation CAR-T, will further improve transplant outcomes.

In summary, several haplo-SCT protocols have been
established worldwide (Tables 1, 3), but each one has both
disadvantages and advantages. No haplo-SCT modality could
be widely accepted by each transplantation center as a standard
approach for the treatment of hematological malignancies, IMD,
and genetic diseases. More recently, our group demonstrated
that the addition of low-dose PTCy to the Beijing Protocol can
further enhance the G-CSF/ATG-induced GVHD protective
activity, leading to a superior survival. A similar attempt has
also been made by other researchers. In addition, with the deep
understanding of the underlying mechanisms behind transplant

complications, such as PGF, virus infection, and relapse, novel
methods for the prevention and treatment of these complications
will be established. All of these will further improve the outcomes
of haplo-SCT. In this regard, well-designed prospective clinical
trials are needed to compare the outcomes of the currently
available haplo-SCT protocols and complication prevention
and treatment methods, as well as to establish better treatments
and prophylaxis for patients who had PGF, virus infection, and
relapse after haploidentical allografts.
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Work on bone marrow transplantation from haploidentical donor has been proceeding

for over 20 years all over the world and new transplant procedures have been

developed. To control both graft rejection and graft vs. host disease, some centers

have preferred to enhance the intensity of the conditioning regimens and the

post-transplant immune suppression in the absence of graft manipulation; others have

concentrated on manipulating the graft in the absence of any additional post-transplant

immune suppressive agent. Due to the current high engraftment rates, the low

incidence of graft-vs.-host disease and regimen related mortality, transplantation from

haploidentical donors have been progressively offered even to elderly patients. Overall,

survivals compare favorably with reports on transplants from unrelated donors. Further

improvements will come with successful implementation of strategies to enhance

post-transplant immune reconstitution and to prevent leukemia relapse.

Keywords: haploidentical transplantation, T cell depletion, graft vs. host disease, immune reconstitution, graft vs.

leukemia effect

INTRODUCTION

The great interest in hematopoietic stem cell transplantation (HSCT) from partially matched family
donors (haplo-HSCT) arises from several advantages: (1) the donor is immediately available for
almost all patients, (2) he/she can be chosen from family members, (3) he/she is highly motivated,
and (4) post-transplant donor-derived cellular therapies (such as donor lymphocyte infusions) are
easily accessible if needed (1). A recent survey confirmed the numbers of haplo-HSCT performed
in Europe continue to increase (2), certainly because of the impressive progress in the clinical,
biological, and technical aspects of haplo-HSCT that have been achieved over the past decade.
Nowadays, haplo-HSCT is a clinical reality that provides similar outcomes to transplantation from
either matched unrelated donors or unrelated cord blood unit (3–5).

Approaches to T-cell depletion have varied greatly in the levels of residual T lymphocytes in
the inoculum, intensity of the conditioning regimens and post-transplant immunosuppression
(6). On the other hand, interest in unmanipulated or T cell replete haplo-HSCT was reawakened
by new strategies for graft-vs.-host disease (GvHD) prophylaxis, such as G-CSF–primed grafts
(7, 8), post-transplant rapamycin (9), or high-dose cyclophosphamide (CY) in combination
with other immunosuppressive agents (10–13). This latter is mainly based on standard T cell
replete stem cell transplants with the aim of making haplo-HSCT as easier as possible. On
the contrary, transplant platforms based on T cell depletion rely mainly on graft processing to
achieve an ideal graft composition that allows for prevention of rejection, recurrence of leukemia,
infections, and GvHD without the need for any further post-transplant immune suppressive
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treatment. T cell depletion-based grafts require dedicated
laboratories and are more expensive than conventional
unmanipulated HSCT, especially if combined with adoptive
transfer of T cell populations that have been chosen to improve
post-transplant immune reconstitution. However, unlike in
unmanipulated haplo-HSCT, pharmacologic GvHD prophylaxis
and further treatments are not necessary in T cell depleted
haplo-HSCT, thus, reducing the need and the cost of supportive
care and post-transplant hospitalizations. In recipients of
unmanipulated T replete haplo-HSCT followed by post-
transplant cyclophosphamide (PTCY), the use of non-ablative
conditioning regimen has certainly contributed to reduce
non-relapse mortality (NRM). However, non-fatal BK virus-
associated hemorrhagic cystitis (HC) occurred in 75% of patients
after a busulfan-based conditioning and in 30% of patients after a
TBI-based conditioning [reviewed in (14)]. Furthermore, relapse
remains a major concern, especially after non-myeloablative
conditioning regimens, occurring in ∼45–51% of patients
(11, 14, 15).

This review will concentrate on the evolution of the T cell
depleted (TCD) haplo-HSCT since the main obstacles to its
success (lethal GvHD and graft rejection) were overcome in the
early 1990s.

PREVENTING GvHD AND OVERCOMING
REJECTION

In the early 1980s the use of soybean lectin agglutination (SBA)
followed by rosetting with sheep red blood cells (E-rosette)
allowed hematopoietic stem cell engraftment and immune
reconstitution in the absence of GvHD. The sedimentation of
T cells that spontaneously surrounded sheep red cells (rosettes)
made possible the depletion of most of the T lymphocytes that
escaped lectin agglutination. Such approach resulted in about
a thousand-fold depletion of T-cells (16, 17). Thanks to this
technique, patients with severe combined immunodeficiency
(SCID) were successfully transplanted with TCD bone marrow
graft from a haploidentical donor. T cell depletion facilitated
engraftment and ensured no GvHD in these patients (16, 17).

Since the first successful haplo-HSCT in SCID patients, a
lectin-based T cell depletion approach has been implemented
over the years with great success in hundreds of SCID patients
with a very long follow-up. It showed a cure rate that was
especially impressive in patients receiving the transplant within
the first year after birth (16–19). Following these remarkable
results, TCD haplo-HSCT was attempted in patients affected by
acute leukemias. In the first patient series such approach failed
because of an unacceptable high rate of graft rejection (20, 21).
In leukemia patients, anti-donor, recipient type, cytotoxic T-
lymphocyte precursors (CTL-p) may survive the conditioning
regimen and promote rejection of the donor graft (21–23). Donor
T cells that derives from the inoculum eliminate residual host
CTL-ps and allow for engraftment in unmanipulated transplants.
Such mechanism is not present in TCD transplants. Thus,
conditioning regimens that might be conventionally considered

sufficient for donor engraftment in unmanipulated transplants
are no longer adequate in TCD haplo-HSCT.

The use of a graft containing a “megadose” of TCD
hematopoietic progenitor cells was a clinical breakthrough as
it overcame such immunological barrier in the absence of
an excessive conditioning regimen related toxicity (24, 25).
Preclinical studies demonstrated that cells within the human
CD34+ hematopoietic stem cell population can specifically
neutralize CTL-ps directed against their antigens but not against
a third party in mixed lymphocyte reactions. This peculiar ability
was called “veto” activity (26–28). The ability of a “megadose”
of CD34+ cells to exert in vivo “veto” activity and, thus, to
facilitate engraftment, was confirmed in a “first in human”
clinical trial in Perugia from 1993 to 1995. In this study, TCD
haplo-HSCT was performed in 36 acute leukemia patients that
received a conditioning regimen with single dose total body
irradiation (TBI), cyclophosphamide, anti-thymocyte globulin
(ATG), and thiotepa followed by the infusion of ≈10 × 106

CD34+ cells/kg and only 2 × 105 CD3+ cells/kg. This clinical
protocol showed robust sustained engraftment in 80% of patients
with only 20% of them experiencing GvHD despite the absence of
any pharmacologic immune suppressive GvHD prophylaxis (29).

FROM LECTINS TO CD34+ CELL
SELECTION

Following this initial success, efforts have been made to optimize
graft processing and reducing the conditioning-related toxicity
with the aim to further improve TCD haplo-HSCT outcome.

Grafts containing a median of 2 × 105 CD3+ cells/kg after
the lectin-based procedure were associated to a 20% incidence
of GvHD. Moreover, in SCID haplo-HSCT, 3 × 104/kg of
donor T cells was identified as the threshold for GvHD (17).
To further reduce the number of T lymphocytes in the final
graft to such level, peripheral blood progenitor cells (PBPCs)
mobilized with G-CSF were depleted of T-cells by one round of
E-rosetting followed by positive immuno-selection of the CD34+
cells with the Ceprate system (30). This strategy was subsequently
abandoned in 1999 when the CliniMACS device (©Miltenyi)
allowed for an effective CD34+ cell selection in just one step
procedure. This approach is still widely used to date as no other
manipulation of leukapheresis products is needed (31).

In 1995 the Perugia group started to use fludarabine instead
of cyclophosphamide for the first time in allogeneic HSCT.
This modification of the conditioning regimen was based on
data from a murine model where conditioning regimens with
TBI/cyclophosphamide and TBI/fludarabine provided similar
immunosuppression (32). In fact, fludarabine was introduced in
order to minimize extra-hematological toxicity and, at the same
time, to enhance host immunosuppression (30, 31).

The combination of a fludarabine-based conditioning
regimen and the positive selection of the CD34+ cells prevented
both rejection and GvHD. However, it is worth noting that in
vivo persistence of ATG, which was part of the conditioning,
may have contributed to the almost complete control of GvHD.
At the same time, the conditioning-related toxicity was very low
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with only a minority of patients developing severe mucositis and
no case of veno-occlusive disease of the liver was observed (31).

An analysis of the relapse rate also led to some interesting
observations. In fact, despite the absence of GvHD, the leukemia
relapse was not increased in these high-risk leukemia patients
(31). Several factors may have contributed to eradicate the
residual leukemic cells despite the lack of a potent T-cell mediated
Graft-vs.-Leukemia (GvL) effect: (1) the intense myeloablation of
the conditioning regimen could have reached a deeper reduction
of leukemic stem cells in the bone marrow of the patients;
(2) the few T cells in the graft may have exerted a subclinical
GvL/GvHD effect because they were unopposed by any post-
transplant immune suppressive treatment; (3) a strong and T
cell independent GvL effect exerted by donor NK cells (33–35).
NK-cell function is regulated by a balance of signals mediated
by activating and inhibitory receptors (36). NK receptors specific
for major histocompatibility complex (MHC) class I molecules,
including killer immunoglobulin (Ig)-like receptors (KIR) and
the C-type lectin-like CD94/NKG2A, have a role in eradicating
residual leukemic cells. NK cells react to the lack of self-
HLA expression on allogeneic targets (so-called “missing self-
recognition”) (37). In an analysis of 112 patients with high-risk
AML, transplantation from NK-alloreactive donors (n= 51) was
associated with a significantly lower relapse rate in the 61 patients
in complete remission (CR) at transplant (3 vs. 47%) (P > 0.003)
and better event-free survival (EFS) (67 vs. 18%, P = 0.02) (38).
Results from clinical trials have shown that NK cell alloreactivity
is also an effective form of immunotherapy in pediatric acute
leukemia (39, 40). The combination of KIR genes define group
A haplotype, which has few genes, most of which encoding
for inhibitory KIRs, while group B, in addition to inhibitory
KIRs, has several genes encoding for activating KIRs (40). In
children with acute lymphoid leukemia in complete remission,
Oevermann et al. reported a significantly reduced incidence of
relapse among the group B haplotype as compared to those of
the group A haplotype (33 vs. 64%) (41). Another mechanism
that allows for better control of leukemia relapse relies on the
use of mothers as donors. In fact, mothers can develop memory
T cells against paternal HLA haplotype because of exposure
to fetal antigens during pregnancy. This T cell immunity
could be responsible for early recognition of such antigens in
leukemic cells after transplant resulting in stronger GVL effect
when mothers are chosen as donors (42). In addition to the
anti-leukemia effect, NK-alloreactive donors carrying KIR2DS1
and/or KIR3DS1 genes also impact on NRM by controlling
infections, and so contributing to improve the event-free survival
(43). Therefore, the donor-vs.-recipient NK alloreactivity, as
predicted by the HLA disparity, should be considered when
selecting the optimal donor within the family members.

Apart from the NK alloreactivity, 43% of AML and 30%
of ALL patients who were in any CR at transplant survive
event-free and GvHD-free with a maximum follow-up of 20
years (31). More recently, the European Group for Blood and
Marrow Transplantation (EBMT) performed a retrospective
study collecting data from different European centers to
analyze the outcome of “mega-dose” haplo-HSCT. This study
confirmed the success of the approach by reporting 48%

EFS in 266 patients with AML in first CR at the time of
transplantation (44).

POSITIVE SELECTION OF THE PBPCs AND
POST-TRANPLANT IMMUNOLOGICAL
RECONSTITUTION

While the low number of infused donor T lymphocytes allows
for almost full prevention of GvHD in TCDhaplo-HSCT, it is also
responsible for themajor drawback of this approach. In fact, post-
transplant T cell immune reconstitution in TCD haplo-HSCT
is delayed because it relies only on the expansion of the few T
cells infused within the graft and on the development of donor,
thymus derived, naïve T cells that occurs several months after
transplant in adult patients. Thymus function decays with age
and myeloablative conditioning regimen further disrupts thymus
and lymphoid structures. These events alter post-transplant T
cell dynamics and impede generation of efficient memory T
cell immunity (45). Because of the low number of donor T
cell in the graft and the additional in vivo T cell depletion
exerted by the use of ATG in the conditioning regimen, patients
that receive TCD haplo-HSCT exhibit a very narrow T-cell
repertoire that is responsible for their prolonged susceptibility
to life-threatening opportunistic infections (46). In the study by
Aversa and colleagues, 27 of 103 patients died because of deadly
infections (31). Thus, infection-related mortality was the main
cause of transplant failure in this setting.

In this context, it is of note the retrospective analysis that the
Swiss Blood Stem Cell Transplantation group made to evaluate
the effect on immune reconstitution and incidence of infections
in haplo-HSCT from 1998 to 2010. The authors reported 69
transplants that were performed with ex-vivo T cell depletion
(through CD34 positive selection or CD3/CD19 depletion) or
with in vivo T cell depletion using anti-CD52 monoclonal
antibody alemtuzumab (47). High incidence of life-threatening
bacterial, fungal, and viral infections (mostly Cytomegalovirus,
CMV) was reported in all these patients. Eventually, the use of
alemtuzumab was associated with a higher incidence of CMV
reactivations (54 vs. 28%, p= 0.015), demonstrating that even in
vivo T cell depletion should be considered a relevant risk factor
in haplo-HSCT (48).

Improving Immunological Reconstitution
After CD34+ Cell Haplo-HSCT
With the aim of diminishing the challenges of life-threatening
infections, GvHD, and relapse after TCD haplo-HSCT, various
strategies have been investigated over the past decade to facilitate
the safe transfer of mismatched T lymphocytes.

The use of post-transplant adoptive transfer of pathogen-
specific T lymphocytes represents a possible strategy. A study
demonstrated that the infusion of donor derived ex vivo
selected T cells that were able to clone specifically against
Aspergillus or CMV antigens, could control CMV reactivation
and reduced detection of galactomannan (49). Interestingly
these cells remained pathogen-specific over time after infusion
as patients did not develop such infections and did not

Frontiers in Immunology | www.frontiersin.org 3 November 2019 | Volume 10 | Article 276940

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Aversa et al. T Cell Depleted Haploidentical Transplantation

experience GvHD. Thanks to these promising results, other
authors developed similar approaches for the prevention of
Adenovirus and Epstein-Barr virus (EBV) infections (50, 51).

Several groups attempted to ameliorate post-transplant
immune reconstitution by infusing adoptive T cell
immunotherapy with a broad T cell receptor repertoire
that resembles physiological conditions. Different approaches
have been used to manipulate the graft so that enough T cells
could be infused to the patients without causing GvHD.

The group form San Raffaele Institute in Milan, Italy,
engineered polyclonal donor T cells to express suicide genes
(e.g., the herpes simplex thymidine kinase, TK, and gene). Once
infused, these engineered cells could be lysed in case they
triggered GvHD by the simple use of Ganciclovir, a widely
available anti-viral kinase drug normally used in the treatment
of CMV reactivations or diseases (52). One concern is that the
mechanism is dependent on cell cycle, thus killing can be delayed
and is limited to proliferating cells. Nevertheless, the patients
enrolled in this study experienced a low rate of infection-related
mortality suggesting functional protection against pathogens
(53, 54). Thanks to this experience, it was further possible to
understand that TK cell dependent immune reconstitution relies
on the thymic generation of T cells derived from differentiated
donor hematopoietic precursors (55).

An alternative and more attractive approach is based on the
post-transplant infusion of inducible human caspase-9 transgene
(iC9) T lymphocytes (56, 57). This technology is based on
a cell membrane-permeable small molecule dimerizing drug,
AP1903 (also known as Rimiducid). The administration of
AP1903 induces dimerization of caspase 9, which activates the
terminal effector caspase, caspase 3, with rapid induction of
apoptosis. Unlike the HSV-TK–based suicide gene, the iC9 is
human derived and has limited immunogenicity and, more
important, ganciclovir and related drugs to treat viral infection
are allowed without T-cell damage (56). Activation of iC9
produces up to 99% eradication of iC9-expressing T cells within
2 h of a single dose of AP1903 and controls GvHD within
24–48 h. Although administration of AP1903 in patients with
GvHD reduces the level of circulating virus-specific iC9-T cells,
these cells subsequently recover and in vivo antiviral activity
is retained.

Another approach aims to ex vivo selectively deplete
donor-vs.-recipient alloreactive T lymphocytes. T-cell activation
is associated with P-glycoprotein pump inhibition, which
leads to intracellular accumulation of the rhodamine-derived
photosensitizer TH9402, a substrate of this pump Alloreactive
T cells preferentially retain the photosensitizer TH9402 and
can then be eliminated following exposure to visible light.
On the contrary, resting T lymphocytes still exhibit a broad
repertoire against infective agents (58–60). More recently, this
photodepletion strategy has been tested in a phase I clinical
study with aims to find the maximum tolerated dose and
to evaluate the safety of allodepleted T-cell immunotherapy
(ATIR101), administered in the absence of any additional GvHD
prophylaxis, in recipients of CD34+-selected haploidentical
HSCT (61). Adults with hematological malignancies were treated
with myeloablative TCD haplo-HSCT followed 1 month later

by ATIR101 at escalating doses. No patient developed grade
III/IV acute GVHD. At 1 year, all nine patients receiving at least
one million ATIR101 CD3+ cells/kg did not experience life-
threatening infections. After more than 8 years, none of them
died because of non-relapse mortality and two thirds of them
survive. These promising results set the base for the development
of an ongoing phase 3 randomized trial that compares haplo-
HSCT+ ATIR101 vs. unmanipulated haplo-HSCT+ PTCY.

Recently, the group of Perugia employed adoptive transfer
of donor CD4+CD25+FOXP3+ regulatory T cells (Tregs) to
protect from GvHD that could be caused by the concomitant
infusion of high numbers of donor conventional T cells
(Tcons) (62, 63). Freshly isolated donor Tregs at a dose of
2 × 106 /kg were given 4 days prior to the infusion of a
“megadose” of CD34-positive cells and controlled numbers (0.5–
2 × 106/kg) of broad repertoire Tcons, without any post-
transplant immunosuppression. GvHD occurred in a minority
of the patients proving the effectiveness of the approach
despite no post-transplant pharmacologic immune suppressive
drug was given to the patients. Moreover, Treg/Tcon adoptive
immunotherapy allowed for a fast post-transplant T and B
cell immune reconstitution. Diverse naïve and memory T cell
subpopulations with a broad T cell receptor repertoire could
be early detected and rapidly increased over time. Pathogen-
specific CD4+ and CD8+ T cell clones emerged earlier in
comparison to patients that received TCD haplo-HSCT with
no Treg/Tcon infusions. Treg/Tcon adoptive immunotherapy
reduced CMV reactivation episodes with no CMV-related death.
More importantly, Treg infusion did not interfere with Tcon
mediated GvL effect as leukemia relapse occurred in very few
patients despite high-risk diseases (64).

FROM POSITIVE TO NEGATIVE
SELECTION OF PBPCs

More recently, the CD34-positive selection technique has been
progressively abandoned in favor of a negative selection of
the PBPCs with the aim of improving clinical results. In
fact, unlike the CD34-positive selected grafts, other immune
components, such as NK cells, dendritic cells, and monocytes,
are not lost during the negative selection-based procedure and
all together these cells contribute to facilitate engraftment, to
improve the post-transplant recovery of the anti-infective and
anti-leukemia immunity.

Negative Selection in Children
In the study by Bader et al. (65), grafts were depleted of T
and B cells by using CD3- and CD19-coated microbeads and
the automated CliniMACS device (Miltenyi Biotec, Germany).
Children with acute leukemia received a conditioning that
included fludarabine, thiotepa, melphalan, and OKT-3 or ATG.
Primary engraftment was achieved in 88% of patients, acute
GvHD grade II and III-IV occurred in 20 and 7%, and chronic
GvHD in 21%. NRM was 8% at 1 year and 20% at 5 years
(65). Using the same T and B cell depletion but a reduced
intensity conditioning in 61 adults (median age 46 years), the
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incidence of grade II–IV acute and chronic GvHD was 46 and
18%, respectively. Non-relapse mortality on Day 100 was 23 and
42% at 2 years. Relapse rate was 31% and OS at 2 years was 28%
(66). A major concern with this approach was the high incidence
of GvHD.

To overcome this problem, Chaleff et al. recently described
a large-scale clinical method using the Miltenyi Biotec
CliniMACS R© TCR α/β System for the depletion of α/β T
lymphocytes from peripheral blood stem cells while retaining
all other cells (67). The CliniMACS R© TCR α/β System uses
murine monoclonal antibodies specific for the T-cell receptor
α/β antigen conjugated to biotin in combination with the
CliniMACS R© Anti-Biotin reagent. The pioneering experience
of the Handgretinger’s group showed that TCR αβ/CD19
depletion allows a T-cell reduction of 4.5–5 log, which is
comparable to CD34+ positive selection (68, 69). It also
ensures patients to receive NK cells, monocytes, dendritic
cells, and, most important, the TCRγδ+ T lymphocytes.
TCRγδ+ T cells appear to exert anti-leukemic activity
since they directly recognized stress-induced self-antigens
expressed by malignant cells. Strikingly, they do not recognize
specific processed peptide antigens as presented on major
histocompatibility complex molecules and so are not expected to
induce GvHD (70–72).

The first clinical experiences with children transplanted in
Tubingen confirmed excellent full-donor engraftment, a rapid
early expansion of donor-derived TCRγδ+ T lymphocytes
that contributed to a very fast immunological reconstitution
(69). Using the same method for graft processing, Locatelli
and colleagues in Rome achieved similar results in terms of
engraftment, prevention of both acute and chronic GvHD
and a rapid recovery of post-transplant immunity in children
independently from the conditioning regimen, whether TBI-
based (children with leukemia) or chemotherapy-based (children
with non-malignant disorders) (73, 74). In 23 children with non-
malignant disorders, no cases of visceral acute or chronic GvHD
was observed and survival was 91% at 2 years (75). The same
group in Rome, starting from encouraging results on a chimeric
gene incorporating the death domain of inducible caspase 9
(iC9) (56, 76), has recently launched a phase I/II study enrolling
children with either malignant or non-malignant disorders who
will receive TCRαβ/CD19-depleted haplo-HSCT, followed by the
infusion of titrated numbers of iC9 T cells on day 14 ± 4. These
iC9-modified T cells are expected to further improve T cell
immune reconstitution without the risk of severe GvHD. In fact,
they can be rapidly eliminated by the administration of AP1903,
if acute GvHD occurs (77).

TCRγδ+ T cell recovering during the first year after HSCT
in 102 patients with acute leukemia correlated with a reduced
incidence of infection in the study by Perko et al. (78). Children
with an elevated number of TCRγδ+ T cells post-engraftment
experienced only viral infection, while low/normal TCRγδ+ T
cell group had viral, bacterial and fungal infections. Enhanced
TCRγδ+ T cell recovery resulted also in higher EFS rate at 1
year. One can speculate that the following factors may contribute
to explain these excellent results: a very fast reconstitution
of intestinal mucosa integrity, prompt anti-infective function

of TCRγδ+ T cell, and possibly a better balance within gut
microbiota (79).

Outcomes of TCRαβ/CD19-depleted haplo-HSCT were
evaluated in a cohort of children with chemorefractory
AML. The conditioning regimen was designed to include a
cytoreduction phase with fludarabine and cytarabine followed by
a myeloablative phase with treosulfan and thiotepa. Tocilizumab
was given instead ATG in all patients, abatacept in 10 patients.
Post-engraftment CD45RA-depleted donor lymphocytes were
given prophylactic with or without a hypomethylating agent.
Overall results were promising with 95% of patients achieving
a complete remission, 18% having a grade II-IV acute GvHD
and 23% chronic GvHD. At 2 years, NRM was 9%, relapse
rate 42%, event-free and overall survival were 49 and 53%,
respectively (80).

More recently, the advantages of this strategy were confirmed
in 20 advanced-stage Sickle Cell Disease (SCD) patients (children
and adults, median age 15 years). Conditioning consisted of ATG,
thiotepa, fludarabine, and treosulfan. Two patients succumbed
to a CMV pneumonitis and a macrophage activation syndrome.
One patient requires renal replacement therapy because of BK
virus nephritis. None developed grade III-IV acute GvHD. At a
median follow-up of 21 (range 9–62) months, 90% of these high-
risk patients survive showing the feasibility, safety, and efficacy of
TCD haplo-HSCT also for advanced stage SCD patients (81).

Negative Selection in Adults
This approach was recently tested in 59 adult patients (median
age 48 years, range 19–74) with hematological malignancies,
mostly acute leukemias (82). At the time of transplant, 35 (60%)
were in first or later remission and 24 (40%) in advanced
phase. All patients were conditioned with a chemotherapy-
based regimen that included ATG, treosulfan, fludarabine, and
thiotepa. No additional pharmacologic prophylaxis for GvHD
was given after transplantation and to minimize the in-vivo T
cell depletion, ATG was given at a median of 10 days before
the graft infusion. A full donor sustained engraftment was
achieved in 56/59 (95%) patients. Severe GvHD occurred in
two patients who subsequently died from complications due to
the GvHD itself and its treatment. One of them had received
the highest dose of αβ+ T cells (3.7 × 105/kg). Skin limited
grade II acute GvHD was observed in 8 patients who responded
rapidly to steroids. Only two patients have so far developed
chronic GvHD that recovered completely after steroid and
cyclosporine treatment. Interestingly, also in these adults with
high-risk hematological malignancies, numbers and functions of
the immune system recovered very soon after the engraftment.
Naïve and memory T-cell subsets increased significantly over
the first year after transplantation. B-cell reconstitution was
rapid and immunoglobulin serum levels normalized within 3
months. The quality of the immunological reconstitution allowed
a good control of the CMV reactivation with no cases occurring
after the first 2 months after transplantation. In two patients,
CMV reactivation was associated with a significant expansion
of pathogen-specific CD8+ T cells that contributed to clear
viral load spontaneously. Relapse of the underlying disease was
the main cause of death in 16/59 patients; 15 patients died
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TABLE 1 | Evolution of T cell depleted allogeneic HSCT.

Years Technique Donor Disease

1980s TCD BM cells by

SBA+E-rosetting

Matched HMs

Haplo SCID

1990s TCD PBPCs by positive selection

of the CD34+ cells using the

CliniMACS device

Matched HMs, N-MHs

Haplo HMs, N-MHs

Early 2000s CD3/CD19 selection of the

PBPCs

Haplo HMs, N-MHs

Late 2000s CD34+ cell selection +

Tregs/Tcons

Haplo HMs

Late 2000s Selective depletion of

TCRαβ/CD19 cells in some

center followed by cell therapy

with HSTK-engineered

lymphocytes, photodynamic

purged T cells, iC9

Matched

Haplo

HMs, N-MHs

HMs, N-MHs

TCD, T Cell Depleted; BM, Bone Marrow; SBA, SoyBean Agglutinin; PBPCs, Peripheral

Blood Progenitor Cells; Tregs, T regulatory cells; Tcons, Conventional T cells; HMs,

Hematological Malignancies; N-MHs, Non-Malignant Hematologic diseases; HSTK,

Herpes Simplex Thymidine Kinase; iC9, inducible Caspase-9.

without relapsing, 11 of them from infections. Age at time of
transplantation was a significant risk factor for NRM. Three of
the 28 patients (10.7%) aged ≤48 years and 12 of the 31 (38.7%)
over 48 years of age have so far died from non-relapsing causes.
Cumulative incidence of NRM at 2 years was 18% for patients
aged ≤48 years and 47% for those over 48 years of age (p =

0.011). At a median of 27 months (range 1–62), 30 patients
(50.8%) survive.

Similar results have been recently reported by a team in
Turkey in 34 adult patients with either AML (n= 24) or ALL (n=
10) (83). Conditioning regimen consisted of thiotepa, melphalan,
fludarabine, and ATG. Full donor chimerism was achieved in
31/34 patients. Overall, four patients developed severe GvHD
(2 acute, 2 chronic). A low NRM (11.7%) at day 100 was
attributed to a rapid T-cell reconstitution. Relapse still remained
the main cause of death (56.3%). At 1 year, 42% of the patients
survive disease-free.

CONCLUSIONS

Haplo-HSCT is an attractive treatment for patients with high-risk
hematological malignancies lacking a well-matched unrelated
donor and who require a HSCT urgently. Today, rejection and
GvHD are no longer major issues and a recent registry-based
study of the EBMT confirmed that outcomes of TCD haplo-
HSCT have improved over time reflecting gaining experience,

better selection of the donor-recipient pairs, evolution of the
conditioning regimens, better supportive care, and treatment
options for infections complications, that remain the main cause
of death in this setting (84).

Years of research have taken us from a haplo-HSCT
containing amegadose of CD34-positive cells and very few donor
T lymphocytes to a new “designed” graft containing a megadose
of selectively depleted PBPCs and also different types of non-
alloreactive immune cells meant to improve immune recovery
in the absence of any additional post-transplant immune
suppressive prophylaxis of the GvHD (Table 1).

In this way, an innovative strategy has been recently designed
by the Perugia group using a Total Marrow/Total Lymphoid
Irradiation-based conditioning regimen followed by the infusion
of TCD Treg/Tcon haplo-HSCT to treat elderly patients (aged
55–68 years) with acute myeloid leukemia. None of the first 14
transplanted patients have so far relapsed (85). On the other
hand, in a recent retrospective cohort study by Solomon et al.,
recurrent disease was the main cause of death, in particular in
patients aged 55–70 years for whom a RIC protocol was adopted
to minimize the transplant-related toxicity (86).

In conclusion, we believe that TCD is still valid in haplo-HSCT
for the following main reasons: (a) it guarantees patients to have
a good quality of life in the absence of GvHD, in particular in the
elderly who, due to the age-related comorbidities, are less able to
tolerate GvHD and its treatments; (b) it provides a safer platform
for advanced treatment with infusions of TCR-transgenic T-cells,
genetically modified redirected NK cells or donor T cells bearing
chimeric antigen receptor (CAR-T) to reduce, or even abrogate,
the risk of recurrence of the underlying disease.
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In the context of allogeneic transplant platforms, human leukocyte antigen

(HLA)-haploidentical hematopoietic stem cell transplantation (haplo-HSCT) represents

one of the latest and most promising curative strategies for patients affected by high-risk

hematologic malignancies. Indeed, this platform ensures a suitable stem cell source

immediately available for virtually any patents in need. Moreover, the establishment

in recipients of a state of immunologic tolerance toward grafted hematopoietic stem

cells (HSCs) remarkably improves the clinical outcome of this transplant procedure

in terms of overall and disease free survival. However, the HLA-mismatch between

donors and recipients has not been yet fully exploited in order to optimize the Graft

vs. Leukemia effect. Furthermore, the efficacy of haplo-HSCT is currently hampered by

several life-threatening side effects including the onset of Graft vs. Host Disease (GvHD)

and the occurrence of opportunistic viral infections. In this context, the quality and

the kinetic of the immune cell reconstitution (IR) certainly play a major role and several

experimental efforts have been greatly endorsed to better understand and accelerate

the post-transplant recovery of a fully competent immune system in haplo-HSCT. In

particular, the IR of innate immune system is receiving a growing interest, as it recovers

much earlier than T and B cells and it is able to rapidly exert protective effects against

both tumor relapses, GvHD and the onset of life-threatening opportunistic infections.

Herein, we review our current knowledge in regard to the kinetic and clinical impact

of Natural Killer (NK), γδ and Innate lymphoid cells (ILCs) IRs in both allogeneic and

haplo-HSCT. The present paper also provides an overview of those new therapeutic

strategies currently being implemented to boost the alloreactivity of the above-mentioned

innate immune effectors in order to ameliorate the prognosis of patients affected by

hematologic malignancies and undergone transplant procedures.

Keywords: innate lymphocytes, haploidentical hematopoietic stem cell transplantation, immune-reconstitution,

natural killer cells, innate lymphoid cells, γδ T cells, alloreactivity
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INTRODUCTION

Allogeneic (allo-) hematopoietic stem cell transplantation
(HSCT) represents the best curative approach for patients
affected by high-risk hematologic malignancies and several
genetic disorders (1). In the absence of human leukocyte
antigen (HLA)-identical siblings, HLA-haploidentical (haplo)
related donors are a source of hematopoietic stem cells
(HSCs) immediately available for almost any patients in
need (2).

However, the first developed protocols of haplo-HSCT
were mainly associated with graft rejection, high degree
of treatment-related mortality (TRM) and severe graft-vs.-
host-disease (GvHD) due to the partial HLA-mismatch
between donors and recipients. This poor clinical outcome
was also worsened by the increased risk of developing
opportunistic infections, a phenomenon associated with a
delayed immune-reconstitution (IR) following the transplant.
On the other hand, HLA-mismatch remarkably boosted the
so-called Graft-vs.-Leukemia (GvL) effect that eradicates
those malignant cells surviving conditioning regimes (3, 4).
Hence, the mechanisms inducing both GvHD and GvL rely
on immunologic alloreactivity that, indeed, represents the
bad and good side of the same coin in both allogeneic and
haplo-HSCT. The possibility to improve GvL while limiting
life-threatening side effects have firmly driven the development
of new clinical protocols of haplo-HSCT delivering better
clinical outcomes. In this context, a better understanding of
both kinetics and mechanisms of IR is key to improve the
prognosis of patients undergone haplo-HSCT and limit its side
effects (5–13).

Several lines of evidences clearly showed that a full recovery

of adaptive immune responses in transplanted patients take

long time. Indeed, adaptive B- and T-cell effector-functions
are either lacking or not completely competent for several

months after haplo-HSCT, thus leaving the patients in a
deadly condition of immune-deficiency. On the other hand,

innate immune cells reconstitute early after haplo-HSCT,
thus ensuring a certain degree of immune-protections in the

first days/weeks after the transplant (3, 14). In particular,

neutrophils and monocytes recirculate at levels similar to
those of healthy individuals 1 month after the infusion of

HSCs, while innate lymphocyte IR starts from the 2nd week
after the transplant (15–17). Nonetheless, quite a few cell
compartments of innate immunity are greatly impaired in
their functions early after haplo-HSCT (18, 19). This scenario
enforced the implementation of graft manipulations in allo-
and haplo-HSCT setting (i.e., αβ T and/or B cell depletion)
able to preserve Natural Killer (NK), gamma-delta (γδ) T and
innate lymphoid (ILCs), thus avoiding a prolonged immune
suppression and speeding their IR early after the transplant
(Table 1) (12, 26–28). In particular, NK and γδ T cells have
been shown to recover faster in those recipients receiving αβ

T cell depleted grafts rather than the conventional CD34pos

conventional counterparts in the context of the haplo-HSCT
setting (25, 28, 29).

Graft vs. Host Diseases and Opportunistic
Infections
One of the main complications affecting the positive clinical
outcomes of allo-HSCT is still represented by the donor-
derived alloreactive T cell responses against host tissues, a
phenomenon inducing the onset of GvHD mainly affecting skin,
gastrointestinal tract and liver (30, 31). Moreover, the different
expression of tissue antigens between donors and recipients
together with the clinical setting of induced immune-deficiency
in recipients represent additional factors that remarkably worsen
the impact of GvHD (32). In order to limit T cell alloreactivity,
several haplo-HSCT platforms have been developed over the
recent years (summarized in Table 1), including T-cell depleted
(TCD) and T-cell replete (TCRep) approaches (5, 22, 25).
Although the infusion of TCD grafts coupled with a mega-
dose of CD34pos peripheral blood HSCs (on average 10 × 106

cells/kg body weight) ensures high engraftment rates associated
with potent GvL effect and reduced GvHD, the small number
of residual T lymphocytes administered in recipients are still
able to induce high degrees of TRM and to delay IR with
a subsequent increased rates of opportunistic infection onsets
(5, 33). Hence, alternative and more efficient TCRep approaches
able to better target alloreactive T cells have been developed in
haplo-HSCT setting. These new protocols employ the infusion
of high doses of post-transplant cyclophosphamide (PT-Cy),
an immune-suppressant drug that is able to deplete in vivo
all alloreactive and proliferating T cells (34). This new PT-Cy
TCRep strategy showed since from the beginning very good
clinical outcomes in term of engraftment, decreased GvHD and
a faster kinetic of IR. Indeed, while donor T cell infused at
the time of the transplant mediates a strong GvL in the first
days soon after the administration of HSCs, the removal of
those alloreactive and proliferating donor-derived T cells clones
by PT-Cy limited the onset of GvHD afterward. These TCRep
protocols have been then further optimized by infusing colony-
stimulation factor (G-CSF)-primed grafts, by depleting in vivo
selective T cell populations and by using a combination of other
immune-suppressive agents (24, 35, 36).

Both the induced clinical condition of immune-deficiency
early after allo- and haplo- HSCT and the delayed/aberrant IR
facilitate the occurrence of opportunistic infections that greatly
affect the quality and duration of life. Human cytomegalovirus
(HCMV) is one of the most aggressive opportunistic microbes
in allogeneic transplant including haplo-HSCT. Indeed,
while HCMV infection is often asymptomatic or associated
with mild flu-like symptoms in immune-competent hosts,
its reactivation or de novo infection occurs in more than
50% of patients undergone haplo-HSCT within the first 3
months after the procedure and it remains a major cause
of morbidity and mortality especially in TCD procedures
(22, 37–45). Although the efficacy of the novel antiviral therapies
decreased the incidence of HCMV infections/reactivations
(46), this still represents one of main complications of allo-
HSCT (47). In this regard, a careful selection of donors is
recommended particularly within the haplo-HSCT setting,
since their mismatch with the HCMV-serostatus of recipients
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TABLE 1 | Main results of different haplo-HSCT protocols with relative clinical outcomes and immunological recovery.

Sample size and

disease

haplo-HSCT platform Conditioning Relapse/NRM aGvHD/cGvHD Clinical outcomes Immune-reconstitution findings References

67 AML

37 ALL

G-CSF and TCD using

CD34+ cell

immunoselection

TBI

Thiotepa

Fludarabine

ATG

Engraftment: 99%

Relapse: 13,6%

NRM: 36.5%

aGvHD: 8%

cGvHD: 7.1%

EFS rate for AML: 48%

± 8%

EFS rate for ALL: 46%

± 10%

CD4+ T cell count: from 100 ± 40/mm3 to 200 ±

20/mm3 for 10 months;

CD8+ T cell count: 230 ± 80/mm3 day +60;

570 ± 80/mm3 on day +300;

CD16+ NK cell count: 400/mm3 stably by day +30

(5)

66 ALL

51 AML

47 CML

7 MDS

NMAC TCRep ATG

CsA (d −9)

MMF (d −9 to

+30)

Methotrexate (d

+1, +3, +6, +11)

Probability of relapse:

12% at 2 years for

standard-risk

Probability of relapse:

39% at 2 years

for high-risk

aGvHD (III–IV): 23%

cGvHD: 47%

DFS: 68% at 2 years

for standard-risk

DFS: 42% at 2 years

for high-risk

Neutrophil counts recover between 13 and 14 days;

quick recovery of NK cells;

CD8+ T-cell recovery starts at 2nd month after the

transplant;

B- cell reconstitution starts at 6th month;

CD4+ T-cell recovery is slower and can require till

1 year

(20, 21)

67 hematologic

malignancies

1 paroxysmal

nocturnal

hemoglobinuria

NMAC TCRep Cy (d −6, −5, +3,

or +3/+4),

fludarabine (d −6

to −2)

TBI (d −1)

tacrolimus

MMF

Probabilities of

relapse:51% at 1 year

NRM: 4% at days 100;

15% at 1 year

Graft failure: 13%

aGVHD (II-IV): 34% at

day 200

aGVHD (III-IV): 6% at

day 200

OS: 46% at 1 year;

36% at 2 years

EFS: 34% at 1 year;

26% at 2 years

The median times to neutrophil recovery (>500/µL):

day +15;

The median times to platelet recovery

(>20,000/µL): day +24

(22)

52 AML

16 ALL

15 MDS

Unmanipulated G-CSF

mobilized PB with in

vivo TCD

MAC or RIC

NRM: 14% (MAC) or

9% (RIC) at 3 years

Incidence of relapse:

44% (MAC) or 58%

(RIC) at 3 years

aGVHD (II-IV): 16%

(MAC) or 19% (RIC)

cGvHD: 30%(MAC) or

34% (RIC) at 3 years

OS: 45% (MAC) or

46% (RIC)

Platelet count: 20,000/ul at 17 days;

NK count: >100/ul from 3 months;

CD8 count: >200/ul from 3 months;

CD4+ count: >200/ul from at 1 year

(23)

57 AML

14 ALL

CML

1MM

8 HL

4 MDS

2 MFI

NHL

1 Plasma

Cell Leukemia

G-CSF primed,

unmanipulated BM

MAC = 68 or RIC = 29

TBF

ATG

Methotrexate

CsA

MMF

basiliximab

TRM: 36 ± 65% (MAC)

or 28 ± 9% (RIC)

relapse: 22 ± 6%

(MAC) or 45 ± 11%

(RIC)

100 day Cumulative

Incidence of aGvHD

(II-IV): 31 ± 5%

Cumulative Incidence

of overall cGvHD: 12 ±

4% at 2 years

OS: 48 ± 7% (MAC) or

29 ± 10% (RIC)

DFS: 43 ± 7% (MAC)

or 26 ± 10% (RIC)

100 day Cumulative Incidence of neutrophil

engraftment: 94 ± 3%

100 day Cumulative Incidence of platelet

engraftment: 84 ± 4%

(24)

80 acute leukemia

(AL) in pediatric

children

Negative depletion of

αβ T and B cells

MAC

ATG (d −3, −5) 2 graft failure

Relapse: 24%

NRM: 5%

aGVHD (I/II): 30%

cGVHD-free survival:

71% at 5 years

DFS: 71,4% (ALL) or

67.5% (AML)

CD3+ T cells/µL: 231 (1–1,618); CD4+ T cells/µL:

19 (0–442) and CD8+ T cells/µL: 24 (0–910)

γδ T cells/µL: 181 (1–1,335)

CD3-CD56+ NK cells/µL: 236 (47–1,813)

CD19+ B cells/µL: 0 (0–20)

Clinical trial:

NCT01810120

(25)

aGvHD, acute Graft vs. host disease; ALL, Acute lymphoid Leukemia; AML, Acute myeloid Leukemia; ATG, Anti-thymocyte globulin; BM, Bone marrow; CsA, Cyclosporine A; cGvHD, chronic Graft vs. host disease; CML, Chronic myeloid

Leukemia; Cy, Cyclophosphamide; d, days; DFS, Disease free survival; EFS, Event free survival; G-CSF, Growth colony stimulating factor; HL, Hodgkin lymphoma; MAC, Myeloablative conditioning; MDS, Myelodisplastic syndrome;

MFI, Myelofibrosis; NHL, Non-Hodgkin lymphoma; MM, multiple myeloma; MMF, Mycophenolate mofetil; NMAC, Non-myeloablative conditioning; NMR, Non relapse mortality; OS, Overall survival; PB, Peripheral blood; RIC, Reduced

intensity conditioning; TBI, Total body irradiation; TBF, Thiotepa, Busilvex, Fludarabine; TCD, T cell depletion; TCRep, T cell repletion. In immune-reconstitution findings column the cell counts are defined as mean ± SD (first row) or

mean (range) at 1 month (last row).
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greatly impacts the incidence and the virulence of HCMV
reactivation (47). In particular, HCMV-seropositive recipients
receiving a graft from HCMV-seronegative donors have
the highest risks to develop HCMV reactivations. On the
other hand, administering grafts from HCMV-seropositive
donors increases the degree of OS in HCMV-seropositive
patients receiving myeloablative conditioning (40). Hence,
also the type of conditioning regimens plays a role in HCMV
reactivations after allo-HSCT. The protective effect of HCMV-
seropositive donors toward HCMV-seropositive recipient is
also associated with the transfer of anti-HCMV specific T
cell immunity (48). The frequency of primary infections in
HCMV-seronegative recipients receiving a transplant from a
HCMV-seronegative donor is very low since the reactivating
viral strains generally origin from recipients, while their
control is mediated by donor-derived alloreactive immune
cells (45, 49, 50). However, a few other studies denied any
significant impact of donor serostatus on HCMV reactivation
in recipients undergone allo-HSCT (51, 52), thus leaving this
important matter open for further discussion and clinical
investigations. HCMV infections/reactivations also greatly
affects the pattern of IR of both adaptive (53, 54) and innate
immune cells (55, 56). Hence, it is conceivable that the kinetic
of ILCs, NK and γδ T cell IR after haplo-HSCT as well as
their effector-functions are somewhat influenced by HCMV
infections/reactivations (55–58).

INNATE LYMPHOID CELLS

ILCs are a heterogeneous population of non-B and non-T
lymphocytes that originate from common lymphoid progenitors.
Since they lack adaptive antigen receptors, ILCs are able to
rapidly produce and secrete pro-inflammatory and regulatory
cytokines in response to local injuries, inflammation, infections
or commensal microbiota perturbations (59–61). Similar to
T cells, ILCs have been grouped into cytotoxic and helper
lymphocytes and classified into three distinct sub-populations on
the basis of their cytokines production and of the transcription
factors involved in their development. These cell subsets are
named ILC1, ILC2, and ILC3 and functionally mirror the
CD4pos T helper (Th)1, Th2, and Th17 cells, respectively.
More recently, also NK cells have been grouped within ILC
family and resemble the functions of CD8pos cytotoxic T
cells (59, 62–65).

ILC1 are mainly involved in interferon-γ (IFN-γ) production
and represent potent effectors against bacterial and viral
infections (61, 66–68). Despite sharing these functions with NK
cells, ILC1 are currently considered a distinct subpopulation
in terms of phenotype, function and development. Indeed,
ILC1 are generally poorly cytotoxic and, unlike NK cells, are
found at high frequency in tonsil and gut epithelium (i.e.,
intraepithelial ILC1) (69). Instead, ILC1 are rare in peripheral
blood (PB) where they can be easily distinguished from NK
cells due to their lack of CD56 and CD94 surface expression
(63, 70, 71). ILC2 are also mostly tissue-resident lymphocytes

and their effector-functions are triggered by interleukin (IL)-
25 and IL-33 produced by epithelial cells or other immune
cells in response to parasite infections or to allergen exposure.
Following activation, ILC2 produce and secrete type 2 cytokines
including IL-4, IL-5, IL-9, and IL-13 (62, 72–75). Moreover,
ILC2 contribute to the resolution of inflammation by producing
amphiregulin (AREG), a member of the epidermal growth factor
that helps repairing damaged tissues (76). ILC3 are mainly
resident in the gut lamina propria but have been also found
in skin, lung and liver (77). Two different ILC3 subsets have
been identified based on the expression of the Natural Cytotoxic
Receptor (NCR) NKp44 in humans and NKp46 in mice. Both
NCRpos/ and NCRneg/ILC3 subsets are able to produce IL-17,
a cytokine crucial for fungal infection resistance. NCRpos/ILC3
can also secrete IL-22, an important cytokine that regulates
the homeostasis of gut epithelium, prevents the dissemination
of commensal bacteria and limits inflammatory response (78).
Another subset of lymphocytes grouped within ILC family
is represented by the so-called lymphoid tissue-inducer (LTi)
cells that are mainly involved in lymphoid organogenesis in
fetal life. However, LTi-like cells are present also in adult life
where they facilitate the generation of secondary lymphoid
organs (79). LTi/LTi-like cells also produce IL-22 and initiate
protective immune responses against extracellular bacteria.
However, these latter lymphocytes have been grouped separately
from ILC3 since they have a unique transcriptional profile
and are generated from distinct progenitors (80). Moreover,
LTi/LTi-like cells are endowed with specialized functions related
to adaptive immunity as they are involved in T and B cell
development (79).

Despite their differences in term of phenotype and functions,
several lines of evidence indicates that the helper-ILCs (i.e., ILC1,
ILC2, and ILC3) have high degrees of cell plasticity, as each
one of these three subsets can give rise to other members of
the same family if cultured with the proper cytokine stimulation
(81). Moreover, recent findings indicate that, although ILC1,
ILC2, and ILC3 are mainly tissue-resident, they might traffic
through the different organs by recirculating in the bloodstream.
Indeed, gut-resident ILC2 can migrate into the lung and other
peripheral tissues in response to helminthes or upon IL-25
stimulation to either fight the parasite infections or to contribute
to tissue repair (82). This experimental evidence suggests that
helper-ILCs, other than exerting anti-microbial responses and
tissue remodeling in those organs where they reside under
homeostatic conditions, can alsomediate a protective role against
tissue damage in different anatomic compartments following
exposure to inflammatory stimuli. In the context of allo-HSCT,
this phenomenon is highly relevant in the mucositis induced
by chemo/radiotherapies, in the development of GvHD and in
response to infections. However, little is known about the role(s)
played by ILCs in the pathogenesis of hematologic malignancies
as well as in the clinical outcomes of transplantation. Indeed, very
few studies have addressed the role of immune- reconstituting
ILC in the context of allo-HSCT (83), while their functions in
haplo-HSCT remain still completely unexplored. Thus, in the
next paragraphs we will summarize the evidence on ILCs in
allo-HSCT setting.
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Immune-Reconstitution of Innate
Lymphoid Cells
It has been recently disclosed that ILCs have a great clinical
impact in patients affected by Acute Myeloid Leukemia (AML)
either at disease onset or after chemo/radiotherapy and allo-
HSCT (84, 85). In particular, there is a great reduction of
circulating ILCs in AML, a phenomenon associated with a
relative increase of ILC1 and a decrease of NCRpos/ILC3. The
overall frequencies of PB NCRpos/ILC3 but not the ones of
ILC1 are restored to normal levels in AML responders to
chemotherapy. These quantitative changes of circulating ILCs in
AML patients mirror their impaired abilities in producing IFN-
γ and type 2 cytokines (85). Taken together, these data suggest
that either leukemia burden or disease relapse markedly affect
ILC development, a phenomenon also confirmed in vitro by
co-culturing ILC precursors with AML blasts (86).

It has been also reported that conditioning regimens prior
allo-HSCT deplete circulating ILCs that then undergo in
recipients through a slow process of IR taking at last 6 months
for a complete recover. In this setting, reconstituting ILCs
show an increased expression of markers associated with tissue
homing, such as the skin-homing receptors CLA and CCR10,
the gut-homing molecules α4β7 and CCR6, the activation/tissue-
residence marker CD69 and the cell proliferation nuclear protein
Ki-67 (84). After 3 months from the transplant, the levels of
circulating ILC2 are still strongly decreased compared to those of
healthy subjects, while NCRpos/ILC3 outnumber the other ILC
subsets (84). These data suggest that ILC3 play a major role in
ILC IR after allo-HSCT. In line with this working hypothesis, a
study showed that the high amounts of IL-22 produced by ILC3
can enhance both thymic regeneration and a more rapid T cell IR
in a IL2−/− mouse model receiving a TCD allo-HSCT (87).

It has been also reported that both conditioning regimens
and different source of HSCs affects ILC IR after the transplant.
This is of great importance in those children affected by severe
combined immune deficiency (SCID) and carrying mutations
of genes either encoding the common γ-chain subunit of IL-2
receptor or the tyrosine kinase JAK3. These patients lack all ILC
subsets and experience an effective T cell IR following allo-HSCT
only in the presence ofmyeloablative conditioning regimens (88).
Instead, the administrations of cyclosporine or corticosteroids
do not affect ILC IR (84). Another study showed in an in vitro
setting that ILC3 IR is hampered by both pre- and post-transplant
treatments with the mobilizing agent G-CSF (89). Moreover, it
has been also reported that the generation of ILCs (especially
NCRpos/ILC3) is much higher when culturing in vitroHSCs from
bone marrow (BM) and umbilical cord blood rather than their
counterparts from PB following mobilization with G-CSF (89).

Innate Lymphoid Cells and Graft vs. Host Disease
Several lines of evidence demonstrated that ILCs play a key role
in limiting the onset of GvHD after allo-HSCT. In particular, it
has been shown in murine models that ILC3 have a great impact
in protecting recipient gut epithelial cells from alloreactive
responses exerted by donor immune cells. This phenomenon is
mediated by the ILC3 high production of IL-22 (90). Indeed,
IL-22 deficient mice undergone allo-HSCT suffer from severe

intestinal GvHD and intestinal barrier disruption, while the
administration of IL-22 in transplanted wild type animals limits
the onset of intestinal GvHD and enhances both intestinal
stem cell recovery and epithelial cell regeneration (91). In
humans, increased frequencies of circulating NCRpos/ILC3 early
after allo-HSCT correlate with a lower incidence of intestinal
GvHD. Notably, the ability to secrete high amounts of IL-22
by NCRpos/ILC3 exerts a key role in the regeneration of the
mucosal gut barrier after immune depletion following allo-HSCT,
thus protecting from GvHD onset (92, 93). Moreover, higher
expressions on recipients’ circulating ILCs of both CD69 and
α4β7 markers before the transplant reduce the risk of developing
GvHD and can serve as good prognostic factors (84). Even
increased frequencies of CD69pos/ILC1 are associated with lower
incidence of severe cutaneous GvHD since these cells express
high levels of the skin homing markers CLA and CCR10. It
has been also reported in murine models that type 2 cytokines
play a protective role in GvHD development (92). Another
reported mechanism protecting from GvHD is the ability of
ILC2 to produce AREG that, in turn, boosts epithelial cell
regeneration after the tissue damage induced by the conditioning
regimens (76).

Innate Lymphoid Cells and Opportunistic Viral

Infections
Although the role of ILCs in controlling infections in immune-
competent individuals seem marginal, studies in immune-
deficient mice showed that these innate lymphocytes can fight
different pathogens (83, 94). However, very little if nothing is
known in regard to their functional role in allo- and in haplo-
HSCT setting. Since both T and B cell IR start to be effective and
functional relevant only after a few months after haplo-HSCT,
innate immune system certainly plays a key role in controlling
opportunistic infections early after the transplant (19, 48, 95, 96).
In this regard, while NK cells represent an immediate available
source of IFN-γ in the bloodstream, ILC1 can provide large
amounts of the same pro-inflammatory cytokine in tissues as
reported in murine models of CMV, influenza, and Sendai
infections (97, 98). Unlike ILC1, ILC2 are mainly involved in
tissue damage repair during the resolution of the inflammatory
process rather than in controlling the opportunistic infections
(76, 99). Indeed, the proliferation and effector-functions of ILC2
are inhibited by both type I and II IFN that are largely produced
during the course of viral infections (75, 100). Thus, high levels of
IFN-γ produced by tissue-residence ILC1 not only control viral
replication but also limit the dysregulation of ILC2 homeostasis.

NATURAL KILLER CELLS

NK cells are innate lymphocytes playing a major role in the
immune-surveillance mainly against cancer and viral infections
without a prior antigen sensitization and through the signal
delivered by large families of inhibitory and activating NK cell
receptors (aNKRs and iNKRs) (101).

iNKRs recognize, as their natural ligands, “self ” HLA-I
molecules expressed on the surface of all nucleated cells, ensuring
both the recognition of autologous targets and a certain threshold
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of immunologic tolerance especially at tissue levels. On contrary,
tumor-transformed, viral infected, and heterologous cells lack
or have reduced or express heterologous HLA-I molecules,
respectively. NK cells can recognize these abnormalities on “non-
self ” and threatening targets due to the impaired or missing
binding with iNKRs, whose downstream signaling is normally
dominant over the activating stimuli driven by aNKRs in NK
cells (“missing-self hypothesis”). The absence of this dominant
inhibition shifts the balance toward NK cell activation via the
engagement of aNKRs that binds their putative ligands on
heterologous cell targets. These mechanisms trigger NK cell
release of cytotoxic granules (i.e., perforin and granzymes)
and secretion of anti-viral/pro-inflammatory cytokines for the
clearance of both tumor and viral-infected cells (102–105).

The repertoire of NKRs is highly variable among different
individuals and in different anatomic compartment and it is
influenced by genetic factors, environmental exposure to non-
self targets and tissue microenvironments (106, 107). Moreover,
the phenotypic profiles of NK cells also depends by the so
called “education/licensing” process that dictates the avidities of
the interactions between iNKRs and their putative HLA ligands
(108). The main classes of NKRs specific for HLA-I molecules
include Killer Ig-like Receptors (KIRs) that recognize different
HLA-A, -B, and -C allotypes (109) as well as the C-type lectin
receptors CD94/NKG2A and CD94/NKG2C that bind the non-
classical HLA-E molecules (110, 111). KIRs (known as CD158
molecules) represent a highly polymorphic family of NKRs that
serve as regulators of development, tolerance and activation
of NK cells (112). Interestingly, KIR superfamily includes
both activating and inhibitory forms sharing homology in the
extracellular domain, while differing for their cytoplasmatic tails.
Activating KIRs (aKIRs) are characterized by a short intracellular
domains that interact with adaptor signaling molecules carrying
an Immunoreceptor Tyrosine-Based Activating Motif (ITAM)
such as DAP-12 (113). On contrary, long cytoplasmatic tails
containing Tyrosine-Based Inhibitory Motif (ITIM) distinguish
inhibitory receptors (iKIRs) (109, 113, 114).

Similarly, the inhibitory C-type lectin receptor CD94/NKG2A
is characterized by long intracellular tail containing ITIMmotifs,
while the trans-membrane domain of CD94/NKG2C interacts
with the ITAM-containing adaptor molecule DAP-12 driving NK
cell activation (115, 116). Among the other aNKRS driving the
activation of NK cells there are the NCRs NKp30, NKp44, NKp46
together with the co-receptor NKp80 and 2B4 (117, 118).

CD16 (FCγRIII) is an immunoglobulin (Ig) receptor that,
upon binding with the Fc portion of IgG antibodies, induces
series of potent activating signals through the adaptor molecules
CD3ζ and FcεRγ containing the activation ITAM motif.
This down-stream pathway mediates the so-called antibody-
dependent cell mediated cytotoxicity (ADCC) (119). The
sequential expressions of CD16 together with KIRs, NCRs
and C-type lectin receptors characterize the developmental
stages, the effector-functions and the education of NK cells
(120). The main steps of NK cell ontogenesis take place in
BM niche starting from CD34pos HSCs but, differently from
helper ILCs, these innate lymphocytes are mainly enriched
in PB (121). Indeed, under homeostatic conditions, NK cells

account up to 10% of total circulating lymphocytes and
represent an heterogeneous population that can be subdivided
into two main subsets according to the surface expression
of CD56 and CD16 (122). CD56bright/CD16neg−low (CD56br)
NK cells represent 5–15% of total circulating NK cells and
are considered regulatory lymphocytes, as they produce high
amounts of chemokines/cytokines and are involved in the cross-
talk with other immune cells such as dendritic cells (DCs)
and monocytes/macrophages (123–125). On the other hand,
CD56dim/CD16pos (CD56dim) NK cells are the largest NK cell
subset in PB (up to 95%) and mainly exert cytototoxic functions
via the secretion of lytic granules (104, 126–128). CD56br

and CD56dim are also considered two sequential stages of NK
cell maturation with the latter subset being the terminally-
differentiation one characterized by shortest telomere length
(120, 121, 129, 130). CD56br NK cells usually show high
levels of CD94/NKG2A, while almost lack KIRs (131). On
contrary, CD56dim NK cells acquire KIR expression and loose
CD94/NKG2A, thus being fully licensed end-stage effector cells
(115, 132). Despite intense efforts in better disclosing human
NK cell ontogenesis, the mechanisms tuning the appearance of
NKRs and the different NK cell developmental stages remain to
be elucidated (120).

NK Cell Immune-Reconstitution
Given the ability of NK cells to promptly mount effective
alloreactive responses against tumor cells and pathogens, their
kinetic and quality of IR certainly play important roles
in determining the clinical outcome of allo- and haplo-
HSCT. Indeed, delayed recoveries of these donor-derived
alloreactive innate lymphocytes result in poor clinical outcomes
of transplants (133, 134). As a matter of fact, NK cells are the first
lymphocytes to appear soon after allo-and haplo-HSCTs and are
essential for a better engraftment, to avoid tumor relapse and to
limit the onsets of both GvHD and opportunistic viral infection.
Moreover, the possibility to follow human NK cell IR in this
unique in vivo setting is key in disclosing the several unknown
mechanisms and patterns of their ontogenesis and differentiation
(19, 135, 136). Regardless of the graft sources, NK cell chimerism
in recipient is completely donor dependent after one month from
haplo-HSCT. However, although the frequencies and absolute
counts of circulating NK cells reach normal levels after few
weeks post-transplant, their maturation and achievement of
efficient effector-functions takes much longer (6, 15, 19, 130,
135, 137). Similar results have been observed also in recipients
receiving HLA-matched HSCT, where reconstituting NK cells
remain immature for more than 6 months after the infusion
of HSCs. These phenomena are associated with functional
defects that do not ensure an optimal protection against HCMV
infections/reactivations, GvHD onset and tumor relapse in the
first year after HSCT (138).

Reconstituting NK cells derive from CD34pos progenitors
rather than from already mature NK cells infused with the
graft. Indeed, the PT-Cy eliminates proliferating alloreactive NK
cells in haplo-HSCT as they have an even higher proliferation
rate compared to T cells in the first days after the graft
infusion and before the Cy administration. The 2nd wave of
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proliferating donor-derived NK cells occurs after 15 days from
haplo-HSCT and these new innate lymphocytes display an
immature phenotype, thus confirming that they are de novo
generated from donor HSCs (96). Indeed, CD56br NK cell subset
appears much earlier that terminally differentiated CD56dim,
while the NK cell surface distribution of both CD56 and
CD16 return similar to that of healthy donors only several
months later (6, 19, 96, 120, 139–141). Unexpectedly though,
we recently reported that the subset of reconstituting donor-
derived NK cells expanded at the highest frequency in the first
weeks after haplo-HSCT is characterized by an unconventional
CD56dim/CD16neg−low phenotype (unCD56dim). This neglected
NK cell population is present at very low frequency under
homeostatic conditions, but plays a key role in the IR and in
the clinical outcome of haplo-HSCT. In particular, although
armed to be cytotoxic and carrying large amounts of perforin
and granzymes, unCD56dim NK cells are highly defective in
their killing activities due to the transient high expression
of CD94/NKG2A receptor. Hence, this C-lectin type receptor
functions as an inhibitory checkpoint that renders donor-
derived unCD56dim NK cells anergic against residual tumor cells,
recipients T cells and Antigen Presenting Cells (APC). This NK
cell status early after haplo-HSCT makes recipients more at
risk to undergo tumor relapse and to develop acute (a) GvHD.
Similar transient high surface levels of CD94/NKG2A have
been observed also on terminally-differentiated and cytotoxic
CD56dim NK cells that start to reconstitute from the 2nd

month after the transplants and subsequent to the appearance
of unCD56dim NK cells (19, 135, 139, 142). This gained
knowledge paved the ground for a novel therapeutic approach
targeting CD94/NKG2A in order to unleash NK cell cytotoxicity
in haplo-HSCT.

NK Cells and Graft vs. Host Diseases
The HLA-mismatch between donor and recipient cells allow
donor-derived and alloreactive NK cells to both limit the onset
of GvHD and to prevent graft rejection in allo- and haplo-
HSCT (143, 144). Indeed, several studies directly correlated
an efficient NK cell IR in allogeneic transplant with the
reduced incidence of relapse as well as with decreased rates
of opportunistic infections in the presence of lower TRM and
increased OS (134, 145, 146). In contrast, low frequencies of
NK cells in the first weeks after allo-HSCT are associated
with increased non-relapse mortality, shorter OS and higher
degrees of opportunistic infections (133, 145). This clinical
evidence underline the importance of NK cell IR in shaping
the clinical outcomes of allogeneic transplants and its possible
exploitation for developing novel therapeutic strategies (2,
135, 147). However, the exact NK cell-mediated mechanism
preventing GvHD onset are not yet fully elucidated. One working
hypothesis is that alloreactive NK cells could limit GvHD by
killing donor T cells via the NKG2D-mediated recognition of
stress-induced NKG2D-ligands on activated T lymphocytes (148,
149). Another study claimed that high frequency of NK cells in
the first weeks after HSCT might prevent T cell proliferation
through IL-10 production (150). Conversely, it has been also

reported that NK-cell production of pro-inflammatory IFN-
γ could promote tissue damage and consequent GvHD (151).
Notably, also the quality of NK cells IR greatly affects the
occurrence of GvHD after allo-HSCT. Indeed, higher surface
levels of CD94/NKG2A on NK cells have been reported to limit
aGvHD in vivo by inhibiting T cell proliferation and activation
(152). Furthermore, increased frequencies of CD94/NKG2Cpos

NK cells are associated with a lower incidence of GvHD in
allo-HSCT (153).

Even the NK cell maturation stage is important, as
a recent report showed that those haplo-HSCT recipients
developing GvHD display a more differentiated and activated
NK cell phenotype (154). This evidence has been also further
corroborated by other studies reporting that a reduction of
circulating CD56br NK cells in the first 2 months after allo-HSCT
is associated with higher incidence of aGvHD. This latter clinical
correlation was so evident in the recruited cohorts of patients
receiving allo-HSCT to be proposed as an early prognostic factor
to predict GvHD (141, 143). Moreover, a higher ratio of T/NK
during IR after phase correlates with a higher risk to develop both
acute and chronic GvHD in haplo-HSCT (8).

Remarkably, the potential clinical benefits of reconstituting
NK cells in haplo-HSCT might be influenced by pre- and post-
conditioning treatments. In this regard, many studies performing
adoptive transfer of NK cells after haplo-HSCT showed a
reduced risk in aGvHD induction (151). Moreover, GvHD
prophylaxis with Mycophenolate Mofetil has been demonstrated
to inhibit NK cell proliferation and effector-functions (155, 156),
thus affecting the NK cell mediated control of GvHD and
opportunistic infections.

NK Cells and Viral Infections
The occurrence of an optimal quantitative and qualitative NK
cell IR in haplo-HSCT is key for hampering the onset of life-
threatening opportunistic infections. Indeed, lower frequencies
of circulating donor-derived NK cells are associated with
higher susceptibilities to develop viral infections, mainly HCMV
(157). In turn, HCMV infections/reactivations are also able to
influence NK cell homeostasis and differentiation by inducing
the expansion of the CD56neg/CD16pos (CD56neg) NK cell subset
(158, 159). While poorly represented in healthy individuals,
CD56neg NK cells are present at high frequencies in active
and chronic HIV-1 and HCV infections (58, 160, 161) and
display impaired effector-functions due to their abnormal
repertoire of NKRs (162, 163). Indeed, CD56neg NK cells
are defective in the clearance of viral infections and express
markers of cell exhaustion of their surface (164, 165). However,
the ontogenesis and the impact of CD56neg NK cells in
determining the clinical outcomes of allo- and haplo-HSCT
are still being debated. Recent studies revealed that HCMV
infections/reactivations are beneficial rather than detrimental
on NK cell recovery upon haplo-HSCT. In particular, it
has been reported that this virus can accelerate NK cell
maturation and shape their NKR repertoire in haplo-HSCT
by inducing the expansion of terminally-differentiated and
alloreactive CD56dim NK cells which, in turn, exert potent
GvL effects (166). Indeed, upon HCMV infections/reactivations,
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CD56dim NK cells acquire a mature NKG2Cpos/CD57pos/
NKG2Aneg/KIRpos phenotype, thus becoming fully licensed
to efficiently exert anti-viral and anti-tumor properties (i.e.,
production of IFN-γ and Tumor Necrosis Factor (TNF)-α) (167–
169). On the contrary, NK cells from haplo-HSCT patients
that do not experience HCMV infections/reactivations retain
an immature phenotype characterized by high expressions of
CD94/NKG2A (170).

These HCMV-induced NKG2Cpos/CD57pos/NKG2Aneg/
KIRpos/CD56dim NK cell subset can persist even after 1 year
from haplo-HSCT and show higher effector-functions when re-
encountering the same antigen or following a proper activation
with specific pro-inflammatory cytokines. These data suggest
that HCMV infections/reactivations drive the expansion of
NK cells with adaptive properties (167, 170–172). Similar
features have been reported in murine models in vivo, where
the murine CMV (MCMV) infection is responsible for the
expansion of the so-called “memory-like” NK (ml-NK) cells
that specifically recognize the viral glycoprotein m157 through
the activating receptor Ly49H (173, 174). However, neither a
univocal phenotype nor the receptor(s) able to specifically bind
HCMV antigens have been clearly defined in human ml-NK
cell and this is a matter currently being highly investigated in
several models in vitro and ex vivo. In this regard, NKG2C has
been proposed as the best putative candidate binding HCMV
antigens, since those NK cells expressing this aNKR are the ones
preferentially expanded following this viral infection (175, 176).
In this regard, it has also been reported that the HCMV-encoded
UL40 protein stabilizes HLA-E surface expression on target
cells, thus favoring the recognition of viral-infected via the
NKG2C/HLA-E interactions (159, 177). Moreover, another
study claimed that proliferation/expansion of NKG2Cpos NK
cells requires additional signaling pathways including the one
mediated by IL-12 produced by autologous monocyte (178).
Despite all the above-mentioned experimental evidence, the
primary role of NKG2C in the homeostasis and functional
relevance of ml-NK cells is still unclear. Indeed, other subsets
of NKG2Cneg/KIRpos NK cells are also expanded in response to
HCMV infection and they are able as well to recognize viral-
infected cells (106), thus suggesting the existence of additional
aNKRs (i.e., KIRs) involved in the expansion of human ml-NK
cells (179). Furthermore, NKG2C-deficient individuals can
mount equivalent adaptive NK cell response against HCMV
(180). In agreement, in patients receiving cord blood grafts
from NKG2C−/− donors, HCMV infection is still able to
promote NK cell maturation in the absence of this activating
C-lectin type molecule. This latter experimental evidence further
supports the current working hypothesis that other NKRs
such aKIRs play a central role in the generation of ml-NK
cells (181).

More recently, other studies demonstrated that the generation
of ml-NK cells is associated with epigenetic reprogramming
through a specific reconfiguration of adaptormolecules including
tyrosine kinase SYK, the intracellular adaptor EAT-2, and the
transmembrane adaptor protein FcεRγ. The gene expression
of these three factors is regulated by the transcription
factor promyelocytic leukemia zinc finger (PLZF), which is

downregulated in the majority of ml-NK cells upon HCMV
infections. As a matter of fact, the reduced expression of at
least one of the above-mentioned signaling proteins is observed
in the 50% of the HCMV-seropositive donors. Moreover, the
reduced levels of PLZF also decreases the expression of IL-
12 and IL-18 receptors, thus lowering NK cell responsiveness
to these pro-inflammatory cytokines. The lack of FcεRγ, SYK,
and EAT-2 in mature CD56dim NK cells is also correlated with
the expansion of NKG2Cpos NK cells upon HCMV infection
(182–185). In this regard, CD56neg NK cells expanded in
those patients receiving umbilical cord blood transplant and
experiencing HCMV infection/reactivation are characterized
by the downregulation of FcεRγ (186). In addition to the
downregulation of PLZF, FcεRγ, SYK, and EAT-2, ml-NK
cells share with cytotoxic CD8pos T cells similar genome-wide
DNA methylation patterns (182), thus suggesting the existence
of epigenetic determination programs associated with HCMV
infections. Notably and similar to memory Th1 lymphocytes, the
increased production of IFN-γ by ml-NK cells correlates with a
stable demethylation of conserved non-coding sequence 1 of the
IFNG locus (187).

Although there is a phenotypic heterogeneity of ml-NK
cells following HCMV exposure, their rapid maturation in
response to the viral challenges could favor not only the
control of infection, but also NK cell alloreactivity against
residual tumor cells (188). Hence, HCMV infection can represent
a “natural” tool to generate ml-NK cells to then use for
adoptive cellular immunotherapies (132, 189, 190). In this
regard, newborn mice challenged with MCMV showed that
ml-NK cells undergo expansion, release cytokines and provide
a protective anti-tumor immune response in adoptive cell
transfers (173). In humans, the expansion and the functional
relevance of NKG2Cpos ml-NK cells in HSCT recipients
experiencing de novo viral infection or undergone HCMV
reactivations also depends from donor serostatus. Indeed, the
in vivo expanded NKG2Cpos ml-NK showed higher cytokine
productions in those recipients receiving grafts from HCMV-
seropositive donors compared to their counterparts originated
from grafts of HCMV-seronegative donors. However, NKG2Cpos

ml-NK cells also expand in the absence of detectable HCMV
viremia when both donor and recipient are HCMV-seropositive.
These data suggest that also human NKG2Cpos ml-NK cells
are transplantable and require exposure to either active or
latent (subclinical) HCMV antigens in the recipients for the
expansion of alloreactive NK cells from seropositive donors
(191). Moreover, NKG2Cpos ml-NK cells are able to produce
high levels of IFN-γ following in vitro co-culture with K562
erytroleukemia cell line, thus supporting their high potential
in GvL effect (192). Consistent with these findings, the
adoptive transfer of donor-derived or cytokine-induced (i.e.,
activation with IL-12, IL-15, IL-18) ml-NK cells induces in the
recipients affected by refractory AML the expansion of NK cells
producing high levels of IFN-γ when encountering tumor cell
targets (172).

Taken together these results suggest that ml-NK cells can
be potentially exploited in order to both better control HCMV
infection/reactivation and to enhance GvL (193).
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γδ T CELLS

γδ T cells are a group of unconventional T cells that bridge
the gap between innate and adaptive immunity. Similar to
αβ T cells, γδ T cells develop in the thymus and express a
somatically rearranged T cell receptor (TCR) consisting of a
TCR-γ and a TCR-δ chains (65, 194–196). In humans, γδ T cells
normally account for the 1–10% of circulating T lymphocytes,
while in mucosal tissues and skin they constitute the major
subset of resident T cells (194, 196). Different γδ T cell subsets
can be identified based on the Vδ expression (Vδ1, Vδ2,
Vδ3, and Vδ5) (195, 197). Under homeostatic conditions, 95%
of circulating γδ T cells express Vδ2 TCR paired with Vγ9
chain, whereas in mucosa and skin γδ T cells mostly express
Vδ1 or Vδ3 TCRs paired with various Vγ chains (195, 198–
200).

γδ T cells are rapid responders to pathogens and tumor-
transformed cells, since they do not require further peripheral
maturation or extensive clonal expansion to initiate their
effector-functions (194). Therefore, γδ T cells allow a prompt
immune-surveillance in a MHC-independent manner through
the recognition of a diverse array of antigens including peptides,
sulfatides and phospholipids (194, 196, 199, 201, 202). Moreover,
the γδ TCR can bind CD1d expressed by APC loaded with
glycolipids and microbial lipids (203). In addition to their TCR,
γδ T cells express an array of pattern-recognition receptors,
such as toll-like receptors (TLRs) (201, 204), activating and
inhibitory NKRs (201, 205, 206), the NCRs NKp30 and NKp44
(206, 207), the aNKR DNAM-1, the Fc receptor CD16 as well
as the C-type lectin-like receptors NKG2D and CD94/NKG2A
(195, 206, 208, 209). The presence of such receptor repertoire
suggests a tight regulation of the TCR-mediated activity
through an interplay between activating and inhibitory signaling
downstream pathways (206).

Upon their activation, γδ T cells secrete high levels
of Th1 cytokines (i.e., IFN-γ and TNF-α) modulating the
responses of other neighboring immune effectors which, in
turn, induce monocyte-derived DC maturation/activation and
enhance antigen-specific αβ T cell responses (194, 195).
Moreover, γδ T cells are able to directly lyse target cells by

the release of granzymes and perforin and the engagement
of FAS and TRAIL death receptors (195, 197, 210). As
consequence of their high heterogeneity, γδ T cells are
implied in diverse biological functions. First, these cells
exert anti-tumor activities against various types of solid
tumors and hematological malignancies (211). Since they
represent the most abundant population among epithelial-
resident lymphocytes in mucosal tissues and skin, γδ T
cells are also the first line of defense against pathogens in
these anatomic compartments (211, 212). Finally, several γδ

T cell subtypes are involved in the induction of transplant
immune-tolerance both in solid organ transplantation and in
allo-HSCT (211, 213).

γδ T Cell Immune-Reconstitution
The growing interests on the role of γδ T cells IR in HSCT
arose from their potential ability to perform GvL effects and

fight opportunistic infections in the absence of GvHD (205,
211, 214). Indeed, pediatric and adult patients undergone haplo-
HSCT and showing a long-term disease-free survival (DFS)
were coupled with high frequencies of circulating γδ T cells
(215, 216). γδ T cells are also the predominant T cell population
reconstituting early after haplo-HSCT, with the Vδ2 cells showing
a faster recovery compared with B and T lymphocytes in
the PB of recipients receiving αβ and CD19 depleted grafts.
In particular, it has been shown that the recovery of the
complimentary determinant region 3 (CDR3) of the TCR δ

chain is almost completed after 2 months from haplo-HSCT
(25, 28, 29, 48, 95, 217). In the context of allo-HSCT, the majority
of both donor-derived Vδ1 and Vδ2 cell subset recovering in
the first weeks have a CD27pos/CD45RAneg Central Memory
(CM) phenotype and contribute to ensure an early protection
against viruses, bacteria and residual tumor cells that survived
the conditioning regimes (65). The current working hypothesis
of a peripheral expansion of graft-derived mature γδ T cells is
further supported by experimental evidence indicating that the
same γδ T cell clones found in the donor are present in the
recipient after the transplant (218). Later on, within a range
of 14–60 days post-transplantation, the frequency of CM γδ

T cells progressively decreases and it is counterbalanced by
increase frequencies of naïve CD27pos/CD45RApos γδ T cells
originated from donor infused HSCs (28, 65). This latter de novo
generation of reconstituting γδ T cells is confirmed by the fact
that, while the repertoire of the γ and δ chains is qualitatively
comparable between donors and recipients, their clonotype is
different (57).

γδ T cell IR after allo- and haplo-HSCT can be influenced
by different variables including the conditioning regimen,
the administration of immuno-suppressive agents, the GvHD
prophylaxis and the onset of opportunistic infections (211). In
this regard, it has been reported that stem cell mobilization with
G-CSF in allo-HSCT induces higher frequencies of Vδ1 T cells
endowed with potent alloreactivity against AML blasts (214).
Moreover, also donor/recipient characteristics (i.e., gender, age,
disease type, and graft source) affect γδ T cell IR too. Indeed,
patients receiving a transplant from either matched related
(MRD) or haplo-related donors have significant differences in
the recovery of γδ T cells compared to matched unrelated donor
(MUD) (215).

γδ T Cells and Graft vs. Host Diseases
It has been reported in allogenic HSCT that patients developing
aGvHD show an increased frequency of reconstituting γδ T
cells (219). However, this evidence has been denied by more
recent findings indicating that absolute counts of γδ T cells
do not influence the incidence and the severity of GvHD (65,
215). Instead, higher frequencies of donor-derived γδ T cells
in the grafts seem to protect against the development of severe
aGvHD (220). Similarly, patients receiving a TCD haplo-HSCT
and showing increased frequencies of γδ T cells undergo longer
DFS and OS compared to those with normal/decreased immune-
reconstituting γδ T cells. These data corroborate the current
consensus stating that γδ T cells can facilitate GvL effect without
inducing GvHD (196, 216, 221, 222).
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γδ T Cells in Viral Infections
The occurrence of high frequencies of reconstituting γδ T cells
early after haplo-HSCT also protect from bacterial infections and
show a decreased incidence of both viral and fungal infections
(215). Indeed, pediatric patients, receiving αβ TCD grafts in
haplo-HSCT setting have both reduced numbers of γδ T cells
at day 30 post-transplant and higher incidence of HCMV
infections/reactivations (65). At the same time, opportunistic
infections can also shape the homeostasis and maturation of
these cells (28, 55, 57, 195, 223). Indeed, patients undergoing
allo-HSCT and experiencing HCMV reactivations display a
preferential proliferation of specific Vδ1 and Vδ3 T cell clones,
thus suggesting that γδ T cells are capable of adaptive responses
through an oligoclonal selection of specific TCR repertoires
(57). In particular, HCMV reactivation in haplo-HSCT patients
has been associated with a specific expansion of terminally
differentiated cytotoxic Vδ1 T expressing the effector memory
CD45RApos/CD27neg (TEMRA) phenotype (28). This HCMV-
induced expansion of TEMRA γδ T cells also enhance their anti-
tumor functions both against hematological (28, 223) and solid
(224) tumor cell targets in vitro. Taken together, these results
suggest that the adoptive transfer of HCMV-specific Vδ1-donor
γδ T cells can be used as a possible alternative to the common
infusion of HCMV-specific αβ T cells (225). Indeed, this novel
approach could promote viral immunity, protect from HCMV-
related complications while contribute to prevent from leukemic
relapses (214).

NOVEL THERAPEUTIC STRATEGIES TO
IMPROVE IR UPON HSCT

The early protection and the limited side effects following
HSCT render innate immune system a particularly attractive
tool for adoptive cell therapy strategies. In this context, several
approaches have been recently developed to improve NK and γδ

T cell IR and to enhance their reactivity against cancer. These
new therapeutic strategies include the targeting of checkpoint
inhibitors, the stimulation with activating cytokines and genetic
engineering of immune cells (Table 2) (Figure 1).

CHECKPOINT INHIBITOR

NK cells and γδ T lymphocytes share several receptors including
NCRs and iNKRs as CD94/NKG2A (195, 206, 209). The use
of monoclonal antibodies (mAbs) against inhibitory immune
checkpoints represents a promising therapeutic approach for
both hematologic and solid tumors (228, 229). Of particular
relevance, the blockade of NKG2A binding to HLA-E has
been demonstrated to unleash the effector-functions of both
T and NK cells in different kind of tumors (230–233). These
encouraging results have driven the development of humanized
IgG4 anti-NKG2A mAb (IPH2201, monalizumab), currently
under investigation in many clinical trials for the treatment of
solid tumors (clinicaltrials.gov) (Table 2). Conversely, only one
phase I clinical study is now investigating the potential role
of IPH2201 in hematologic malignancies after HLA-identical

transplantation (NCT02921685). In this regard, our recent data
demonstrate that there is a clear clinic indication to extend the
IPH2201 administration early after haplo-HSCT, thus targeting
those hypo-functional NK cells expressing high levels of NKG2A
with the aim of enhancing their alloreactivity (19). Moreover,
given the fast recovery of γδ T lymphocytes following haplo-
HSCT, the post-transplant infusion of IPH2201 could also
positively impact their anti-tumor responses in synergy with NK
cells before the acquisition of a full functional competence of the
adaptive immune response (i.e., T and B cells).

Among other receptors regulating NK cell missing-self
responses, KIRs cover an important place. Indeed, their clinical
impact have been firstly shown in AML patients undergoing
haplo-HSCTwhere themismatch between KIRs and their ligands
in the recipient has been exploited to promote alloreactive NK
cell-mediated GvL effect (135). In this context, therapeutic anti-
KIR mAb (IPH2101, 1-7F9, lirilumab) has been generated and its
administration showed positive outcomes in AML and multiple
myeloma (MM) patients (Table 2) (226, 227).

CYTOKINES

As anticipated, NK cell anti-tumor responses are finely governed
by an array of NKRs tuning their balance between inhibition and
activation. This gained knowledge allowed to implement several
protocols of in vitro NK cell manipulation that use cytokines to
regulate the aNKR repertoire, thus boosting their killing ability
against tumor targets (Table 2).

IL-2 and IL-15 represent the first molecules used to induce
the proliferation and increase the cytotoxic potential of both
T and NK cells for adoptive cell transfer therapies in different
tumor settings (234). Later on, IL-21, another cytokine involved
in NK cell maturation (235) also gained clinical relevance for the
treatment of hematologic malignancies. Indeed, a recent phase I
clinical trial using K562-based feeder cells expressing membrane-
bound chimeras of IL-21 (mbIL21) was conducted in patients
affected by AML/myelodysplastic syndrome and demonstrated
that the infusion of ex vivo–expanded NK cells from BM
haplo-donor could control tumor relapse without major toxicity
(236). Other clinical trials exploiting the same technology are
currently ongoing for AML in haplo-HSCT setting (Table 2)
(NCT02809092, NCT01787474, NCT01904136). In order to
optimize NK cell expansion and effector-functions, other
experimental approaches also tested the combination of different
cytokines. In particular, the stimulation with IL-15, IL-12, and
IL-18 together drive the expansion of a particular subset of NK
cells displaying adaptive traits similar to those of ml-NK cells
re-challenged by HCMV (172). The adoptive transfer of these
donor-derived and cytokine-induced ml-NK cells in patients
affected by refractory AML is associated with higher levels of
IFN-γ encountering and eliminating tumor cell targets (172).
Two clinical trials are currently administering cytokine-induced
ml-NK cells in AML patients undergone haplo-HSCT (Table 2)
(NCT02782546, NCT01898793).

The combination of IL-2 and IL-15 either alone or in synergy
with other stimulant agents have been extensively used also to
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TABLE 2 | Clinical trials targeting NK/γδ T cells in HSCT to cure patients with hematologic malignancies.

Therapeutic

approach

Study title Study

phase/

status

Hematologic disease

investigated

Cell sources/

targets

Drug/CAR

construct

NCT number

Blocking mAbs Study of a humanized antibody initiated 2

months After an HLA matched allogenic

stem cell transplantation

Phase I/

recruiting

Hematologic malignancies

(AML, ALL, MDS, MM, CLL,

CML, myeloproliferative

neoplasm, HD, NHD)

T, NK Anti-NKG2A mAb,

IPH2201,

monalizumab

02921685

Blocking mAbs Combination study of IPH2201 with

Ibrutinib in patients with relapsed,

refractory, or previously untreated chronic

lymphocytic leukemia

Phase I-II/

active, not

recruiting

Relapsed and refractory

CLL

T, NK Anti-NKG2A mAb,

IPH2201,

monalizumab

02557516

Blocking mAbs Study on the anti-tumor activity, safety,

and pharmacology of IPH2101 in patients

with smoldering multiple myeloma

Phase II/

completed with

results (226, 227)

Smoldering MM NK Anti-KIR mAb,

IPH2101,

Lirilumab

01222286

Blocking mAbs Evaluation of activity, safety and

pharmacology of IPH2101 a human

monoclonal antibody in patients with

multiple myeloma

Phase II/

completed with

results (226, 227)

MM NK Anti-KIR mAb,

IPH2101,

Lirilumab

00999830

Blocking mAbs A safety and tolerability extension trial

assessing repeated dosing of anti-KIR

(1-7F9) human monoclonal antibody in

patients with acute myeloid leukemia

Phase I/

completed

AML NK Anti-KIR mAb,

IPH2101,

Lirilumab

01256073

Cytokines and

drug stimulation

Interleukin-21 (IL-21)- expanded natural

killer cells for induction of acute myeloid

leukemia

Phase I-II/

recruiting

AML NK IL-21 02809092

Cytokines and

drug stimulation

Donor natural killer cells in treating patients

with relapsed or refractory acute myeloid

leukemia

Phase I-II/

recruiting

AML NK IL-21 01787474

Cytokines and

drug stimulation

Natural killer cells before and after donor

stem cell transplant in treating patients

with acute myeloid leukemia,

myelodysplastic syndrome, or chronic

myelogenous leukemia

Phase I-II/

recruiting

AML, MDS, CML NK IL-21 01904136

Cytokines and

drug stimulation

Cytokine induced memory-like NK cell

adoptive therapy after haploidentical

donor hematopoietic cell transplantation

Phase II/

recruiting

AML NK IL12-IL15-IL18 02782546

Cytokines and

drug stimulation

Cytokine-induced memory-like NK cells in

Patients With Acute Myeloid Leukemia

(AML) or Myelodysplastic Syndrome (MDS)

Phase I–II/

recruiting

AML NK IL12-IL15-IL18 01898793

Cytokines and

drug stimulation

Zoledronic acid in combination with

interleukin-2 to expand Vγ9Vδ2 T cells

after T-replete haplo-identical

allotransplant

Phase I/

recruiting

Hematologic malignancies γδ T Zol+IL2 03862833

Cytokines and

drug stimulation

Expanded/activated gamma delta T-cell

infusion following hematopoietic stem cell

transplantation and post-transplant

cyclophosphamide

Phase I/

not recruiting

AML, CML, ALL, MDS γδ T CliniMACS-

Prodigy

technology

03533816

Genetic

engineering

Genetically modified haploidentical natural

killer cell infusions for B-lineage acute

lymphoblastic leukemia

Phase I/

completed

ALL CAR-NK Anti-CD19-BB-

zeta

00995137

Genetic

engineering

Pilot study of redirected haploidentical

natural killer cell infusions for B-lineage

acute lymphoblastic leukemia

Phase I/

suspended

ALL CAR-NK Anti-CD19-BB-

zeta

01974479

Genetic

engineering

Umbilical and Cord Blood (CB) derived

CAR-engineered NK cells for b lymphoid

malignancies

Phase I–II/

recruiting

ALL, CLL, NHL CAR-NK Anti-CD19-CD28-

zeta-2A-iCasp9-

IL15-transduced

CB NK cells

03056339

ALL, Acute lymphoid Leukemia; AML, Acute myeloid Leukemia; CB, Cord blood; CLL, Chronic lymphoid Leukemia; CML, Chronic myeloid Leukemia; HL, Hodgkin lymphoma; IL,

interleukin; MDS, Myelodisplastic syndrome; NHL, Non-Hodgkin lymphoma; mAb, monoclonal antibody; MM, multiple myeloma; Zol, Zoledronic acid.
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FIGURE 1 | Targeting γδ T, Natural Killer, and Innate Lymphoid cells in haplo-HSCT. (1–3) MHC-independent activation of innate immune cells: γδ T lymphocytes (1)

and NK cells (2) can kill hematologic tumors by direct cytotoxicity and cytokine secretion. Innate Lymphoid cells (ILCs and ILC3 in particular) (3) play an indirect role in

the clearance of tumors cells by improving both thymic regeneration and T cell maturation via their secretion of IL-22. (4–6) Novel therapeutic strategies implemented

to enhance NK and γδ T cell alloreactivity against cancer: administration of monoclonal antibodies (mAbs) against NK cell inhibitory checkpoints (4); use of cytokines

and zoledronic acid to activate γδ T cells (5); CAR editing and genetic engineering of γδ T and CAR on NK cells (6). (7) Ad hoc manipulation/editing/engineering of ILCs

in transplant setting have not yet been explored.
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expand γδ T cells (237). In this regard, one of the more promising
protocols is represented by in vivo post-transplant administration
of Zoledronic Acid (ZA) that improves the cytotoxicity of γδ T
cells against leukemic cells (Table 2). This latter strategy relies on
the use of ZA and IL-15 to expand terminally-differentiated and
anti-tumor CD45ROneg/CD27neg effector memory (TEMRA)
Vδ2 cells. In this setting, the use of IL-15 is meant also to
simultaneously boost the cytotoxicity and the proliferation of
NK cells, thus targeting the two main anti-cancer effectors at the
same time (28, 238, 239). In haplo-HSCT platforms, two very
recent phase I studies propose to expand/activate γδ T cell prior
(NCT03533816) or after (NCT03862833) cell infusion to provide
innate GvL responses and to limit the onset of GvHD (Table 2).

GENETIC ENGINEERING

Genetic manipulation of immune cells allows the generation of
highly specific anti-tumor effectors effectively targeting several
tumor antigens. The introduction of chimeric antigen receptor
(CAR)-T cells in HSCT opened new insight for the treatment
of hematologic malignancies. Despite the very good clinical
outcomes given by autologous CAR-T cell therapies against
several tumors (240–243), the occurrence of life-threatening
side effects such as tumor relapses (240, 244) and higher
frequencies of GvHD and cytokine release syndrome onsets
(245) have arisen major limitations in the use of allogeneic
CAR-T cells. In this regard, engineering CAR-NK and CAR-
γδ T cells may provide alternative procedures to improve their
anti-tumor potentials, while overcoming allogeneic CAR-T cell
therapy obstacles (Table 2) (139, 246–249). Notably, CAR-NK
cells and CAR-γδ T cells retain the expression of their NKR
repertoire and γδ TCR, respectively (214, 250). Hence, they can
recognize tumor targets by their native receptors independently
from CAR-restriction, thus reducing antigen-driven escape of
tumor cells and further increasing their killing activities. CAR-
NK cells are also characterized by relatively short life-span. If
this latter feature certainly limits NK cell cytotoxicity over the
time after transplantation, it can then prevent long-term side
effects (such as cytopenia) that are observed upon CAR-T cell
infusion (251).

A multitude of preclinical studies have tested the efficacy
of CAR-NK cells against a variety of target antigens such
as CD19 (252, 253) and CD20 (254, 255) for hematological
malignancies as well as solid tumors. Another methodology
used to promote the persistence of CAR-NK cell is to
incorporate genes for IL-2 (256, 257) or IL-15 (258) within
the CAR construct to constantly provide cytokine support
to the CAR-transduced cells. In particular, this approach
showed improved tumor control and prolonged survival in
a mouse model of Raji lymphoma (258). These encouraging
pre-clinical data opened new insights for the transfer of such
protocols into human clinical trials such as the one that is
optimizing the dose of IL-15-transduced CAR-NK cells for
the treatment of B cell lymphoma (Table 2) (NCT03056339).
Finally, genetic engineered CAR-NK cells mimicking ml-
NK cells have been obtained redirecting NKG2C-mediated

NK cell responses against cells expressing HLA-E. This
protocol allows to overcome the dominant NKG2A-mediated
inhibition, while boosting CAR-redirected NK cell activation via
NKG2C (259).

Besides NK cells, also γδ T cells have been engineered against
tumor targets using CAR technology (260). However, although
CAR-γδ T cells were firstly introduced in 2004 (249), relatively
few studies report their benefic potential in the treatment of
hematologic and solid tumors.

Among these trials, PB-derived Vg9Vd2T cells transduced
with retroviral vectors encoding either disialoganglioside GD2-
or CD19-specific CARs showed a higher capacity to secrete
antigen-specific IFN-γ and to exert potent cytotoxicity against
GD2pos neuroblastoma cells and CD19pos leukemic blasts in
vitro (249). Furthermore, γδ T cells can be also transduced with
exogenous αβ TCR directed against tumor associated antigens
(214, 261). However, no clinical trials using CAR-γδ T cells have
been initiated yet.

CONCLUDING REMARKS

Great efforts have been put in place to ameliorate the clinical
outcome of allo-HSCT, to find an ideal donor for every
patient in need and to limit the life-threatening complication
of this transplant procedure. The development of haplo-
HSCT platforms certainly represents a great step forward on
these matters, although quite a few side effects, including the
occurrence of GvHD and opportunistic infections, still affect the
quality and the duration of life of these patients. In this regard,
the quantity and quality of IR play a central role and require
a deep understanding of all the mechanisms tuning the kinetic
and the effector-functions of those immune cells that can better
control the onset of tumor relapse, GvHD, and opportunistic
infections. In this context, innate immune responses are key as
they act immediately after the transplant. Several experimental
and clinical studies clearly highlighted the importance to
boost both adaptive and innate IR, ameliorate anti-tumor
alloreactivity and develop alternative immunotherapy weapons
against cancer.

The advances of current technologies have optimized the
ex vivo expansion/activation of immune effectors and have
selectively targeted checkpoint inhibitors also in the field of
haplo-HSCT, where NK cells and γδ T lymphocytes early
provide protection against cancers. Although helper ILCs could
theoretically play a key role against tumors, the investigations of
their clinical and functional impacts following HSCT are still in
their infancy and must be deeper exploited. Our challenges and
clinical perspectives over the next decade rely on our ability to
give answers to the several important biological questions we still
have on these matters.
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Post-transplantation cyclophosphamide (PTCy) has been highly successful at

preventing severe acute and chronic graft-versus-host disease (GVHD) after allogeneic

hematopoietic cell transplantation (HCT). The clinical application of this approach

was based on extensive studies in major histocompatibility complex (MHC)-matched

murine skin allografting models, in which cyclophosphamide was believed to act via

three main mechanisms: (1) selective elimination of alloreactive T cells; (2) intrathymic

clonal deletion of alloreactive T-cell precursors; and (3) induction of suppressor T

cells. In these models, cyclophosphamide was only effective in very specific contexts,

requiring particular cell dose, cell source, PTCy dose, and recipient age. Achievement

of transient mixed chimerism also was required. Furthermore, these studies showed

differences in the impact of cyclophosphamide on transplanted cells (tumor) versus

tissue (skin grafts), including the ability of cyclophosphamide to prevent rejection of

the former but not the latter after MHC-mismatched transplants. Yet, clinically PTCy

has demonstrated efficacy in MHC-matched or partially-MHC-mismatched HCT across

a wide array of patients and HCT platforms. Importantly, clinically significant acute

GVHD occurs frequently after PTCy, inconsistent with alloreactive T-cell elimination,

whereas PTCy is most active against severe acute GVHD and chronic GVHD. These

differences between murine skin allografting and clinical HCT suggest that the

above-mentioned mechanisms may not be responsible for GVHD prevention by PTCy.

Indeed, recent work by our group in murine HCT has shown that PTCy does not

eliminate alloreactive T cells nor is the thymus necessary for PTCy’s efficacy. Instead,

other mechanisms appear to be playing important roles, including: (1) reduction of

alloreactive CD4+ effector T-cell proliferation; (2) induced functional impairment of

surviving alloreactive CD4+ and CD8+ effector T cells; and (3) preferential recovery of

CD4+ regulatory T cells. Herein, we review the history of cyclophosphamide’s use in

preventing murine skin allograft rejection and our evolving new understanding of the

mechanisms underlying its efficacy in preventing GVHD after HCT. Efforts are ongoing
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to more fully refine and elaborate this proposed new working model. The completion of

this effort will provide critical insight relevant for the rational design of novel approaches

to improve outcomes for PTCy-treated patients and for the induction of tolerance in other

clinical contexts.

Keywords: post-transplantation cyclophosphamide, haploidentical allogeneic hematopoietic cell transplantation,

graft-versus-host disease, skin allograft rejection, alloreactive T cells, tolerance, regulatory T cells

INTRODUCTION

Hematopoietic cell transplantation (HCT) is the only potentially
curative treatment for many patients with advanced hematologic
malignancies or severe non-malignant diseases. Human
leukocyte antigen (HLA)-matched donors are the historical
gold standard source for HCT, but they are unavailable for
many patients, including the majority of those not of white
European ethnicity (1). The use of donors who are not fully
HLA-matched has been associated with high levels of graft-
versus-host disease (GVHD) and graft rejection (2, 3), which
are attributable to strong bi-directional responses of donor and
host alloreactive T cells (3, 4). Fortunately, newer strategies have
improved outcomes for HCT using partially HLA-mismatched
donors, resulting in outcomes comparable with those seen with
HLA-matched donor HCT (5).

Among these strategies, post-transplantation
cyclophosphamide (PTCy) has become widely used as GVHD
prophylaxis (6). A research group from JohnsHopkins University
was the first to utilize high-dose PTCy in their platform for HLA-
haploidentical bone marrow HCT (7, 8); PTCy since has been
extended to other HCT platforms and a variety of donor
types (6, 9). Accelerating its widespread adoption is the fact
that PTCy is an inexpensive treatment that does not require
extensive training for its administration, thus resulting in
high accessibility. Furthermore, clinical outcomes using PTCy
have been quite promising; registry data suggest that PTCy
reduces chronic GVHD incidence after HLA-haploidentical
HCT, resulting in decreased GVHD rates but similar survival
compared with patients undergoing standard HCT using HLA-
matched related or unrelated donors (10–13). The benefits of
PTCy in preventing severe acute and chronic GVHD observed in
the HLA-haploidentical HCT setting also have been found in the
HLA-matched donor HCT setting (14–16), further decreasing
the need for other post-transplant immunosuppression (17).

Recently, in a prospective multi-center, randomized
phase II clinical trial, Bolaños-Meade and colleagues have
compared the relative efficacy of three novel approaches for
GVHD prophylaxis after reduced-intensity conditioning,
HLA-matched related or unrelated donor HCT (18).
Each of the three novel agents was added to standard
calcineurin-inhibitor (CNI)-based GVHD prophylaxis, and
each regimen was compared to a contemporaneous non-
randomized control group receiving standard tacrolimus
and methotrexate (18). Only the PTCy-containing regimen
resulted in superior GVHD-free, relapse-free survival (the
primary endpoint). The PTCy-containing regimen also
provided superior protection against both severe acute

GVHD and chronic GVHD requiring immunosuppressive
therapy (18).

While we still await the results of ongoing and planned
randomized phase III studies, PTCy already has had a dramatic
impact on the HCT field. Rates of HLA-haploidentical HCT have
risen precipitously, and the use of PTCy steadily has beenmaking
in-roads into HLA-matched HCT, which will likely accelerate
given the results from the randomized phase II study detailed
above. Yet, in order to rationally improve upon outcomes seen
with HCT using PTCy, it is of the utmost importance to have
a detailed understanding of the mechanisms by which PTCy
prevents GVHD after HCT. It has been long believed that
we understood these mechanisms based on extrapolation from
major histocompatibility complex (MHC)-matched murine skin
allografting models using cyclophosphamide (19, 20). However,
these mechanisms have not fit with some of the clinical
observations in human HCT (e.g., no substantial impact of PTCy
on grade II acute GVHD), and recent data suggest that these
mechanistic explanationsmay not be true inmurine HCTmodels
(21–23). Therefore, this review provides an overview of the
history of cyclophosphamide’s use in preventing skin allografting
rejection experimentally and of the evolving understanding
regarding mechanisms of GVHD prevention by PTCy after HCT.

EARLY STUDIES OF

CYCLOPHOSPHAMIDE AS A

TOLEROGENIC AGENT

There is an intriguing duality in the history of cyclophosphamide
as it has been used both as a pro-inflammatory and as
a tolerogenic agent (24). The latter has taken many forms
experimentally, including prolongation of skin allograft survival,
mitigation of GVHD, and prevention of antibody-mediated
responses to antigens, such as erythrocytes (25–35).

In the early 1960s, Berenbaum and Brown began to investigate
the use of cyclophosphamide to prolong skin allograft survival
in an MHC-haploidentical murine experimental model. They
observed that a single high-dose injection of cyclophosphamide
given during the critical window of days 0 to +4 was able to
delay skin allograft rejection (25). Owens and Santos found in
a partially-MHC-mismatched murine HCT model that when
cyclophosphamide was given at 37.5 or 75 mg/kg/day on days
+5, +8, +11, and +14, it was successful at preventing fatal
GVHD, distinct from 6-mercaptopurine, methotrexate, cortisol,
or mechlorethamine, which were all ineffective (33). Although
protected from fatal GVHD, cyclophosphamide-treated mice
still rejected skin allografts from the host or third-party
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strains, but with slower kinetics than untreated mice, suggesting
that alloreactivity against host antigens was not lost after
cyclophosphamide. Moreover, in a rat HCT model, low-dose (5–
10 mg/kg/day) cyclophosphamide was successful at preventing
fatal GVHD when given on days +2, +3, and +5, but was
ineffective if begun later, starting on day +7 (35). Overall, these
several studies showed that PTCy could exert a tolerogenic effect
on allograft survival or GVHD when given early post-transplant.

In an attempt to improve murine skin allograft survival,
Nirmul and colleagues (1973) introduced a new concept in which
they gave priming allogeneic MHC-haploidentical splenocytes
on day 0, cyclophosphamide on day +2, and skin allografts
(from the same donor strain as the splenocytes) on day +12
(34). This approach produced a 2-week prolongation of skin
allograft survival, although these grafts still were rejected (34).
These investigators also began to more thoroughly investigate the
timing and dosage of cyclophosphamide, observing that a 200
mg/kg single dose on day +2 was superior in effect to the same
total dose divided in smaller doses over days+2 to+5. They also
found that the dose of splenocytes administered was important,
as a dose of 100 x 106 cells was more effective than 50 × 106

cells (34).

EFFICACY OF CYCLOPHOSPHAMIDE IN

PREVENTING REJECTION OF

MHC-MATCHED SKIN ALLOGRAFTS

In a series of 13 papers from 1984 to 1987, a Japanese
investigative group from Kyushu University continued to
study and develop the approach pioneered by Nirmul and
colleagues. At first, they evaluated the differences between
tumor and skin allograft survival in models like Nirmul’s,
in which viable donor splenocytes were given prior to
cyclophosphamide administration. Consistent with previous data
on the optimal timing of cyclophosphamide in skin allografting
models (34), MHC-mismatched tumors continued to grow
if cyclophosphamide was given between 1 and 3 days after
splenocyte administration, whereas accelerated rejection was
seen if cyclophosphamide was given on day −2, 0, +5, or
+7 in relation to splenocyte administration (36). Tolerance
was antigen-specific, however, as injection of tumors of a
different MHC-mismatched strain were rejected even with
cyclophosphamide. Furthermore, prevention of tumor rejection
required giving viable donor splenocytes at a specific dose, as
simply infusing large amounts of soluble donor antigen was
ineffective (36).

Surprisingly, MHC-mismatched skin allografts would be
rejected in models in which MHC-mismatched tumors were
not rejected, suggesting critical differences between responses
to the two types of allografts (36). Furthermore, the dose of
MHC-mismatched tumor given to cyclophosphamide-treated
mice was important as small doses were rejected rapidly,
while large doses of tumor were not rejected (37). Despite
continued tumor growth, mice treated with cyclophosphamide
retained antigen-specific cytotoxic lymphocyte responses to
tumor alloantigen after cyclophosphamide as measured via

delayed footpad reaction and chromium release cytotoxicity
assays, and there actually was heightened reactivity early after
cyclophosphamide treatment (38).

However, a very different effect was seen after MHC-matched
skin allografting. In this setting, survival of skin allografts
was substantially prolonged in cyclophosphamide-treated mice,
which was accompanied by abrogated responses in delayed
footpad reactions and cytotoxicity assays (39). Prolonged skin
allograft survival also was seen in syngeneic sex-mismatched
transplants, in which male skin allografts were not rejected by
female hosts when primed with male splenocytes beforehand and
given cyclophosphamide on day 0 (40). Other differences were
observed between the MHC-matched and MHC-mismatched
systems. Thymectomy had no effect inMHC-mismatchedmodels
(41), but resulted in decreased skin allograft survival in MHC-
matched models (42). Conversely, splenectomy could prolong
skin allograft survival somewhat in the MHC-mismatched
models but had no effect in MHC-matched models (42).

This group spent a considerable amount of time better
developing and understanding their model system. They found
that the activity of cyclophosphamide in MHC-matched skin
allografting peaked when given on days +2 or +3 after
infusion of the priming splenocytes, as measured by skin
allograft survival, delayed footpad reactions, and cytotoxicity
assays (43). The cyclophosphamide dose seemed important
as it was marginally less effective when given at 150 mg/kg
than at 200 mg/kg (43). The dose and type of cells also
were important; if thymocytes or bone marrow cells were
used as the priming cells, cyclophosphamide was much less
effective (43, 44). Yet, the presence of viable donor stem
cells either from spleens or bone marrow was necessary for
successful maintenance of MHC-matched skin allograft, and
some degree of donor engraftment and mixed chimerism
in the thymus was critical (44, 45). Irradiating the priming
donor cells abrogated the tolerogenic effect, and lower doses
of cells actually led to accelerated rejection (44). The age of
the recipient, but not the donor, was crucial; there was no
significant difference between recipients of 6–12 weeks of age, but
reduced tolerance to the allograft was observed when recipient
mice were 40 weeks of age (46). Thus, the development of this
model identified several crucial parameters needed for successful
prolongation of skin allograft survival by cyclophosphamide,
includingMHC-matched donor/recipient pairs, specific dose and
timing of PTCy, specific dose and type of priming donor cells,
achievement of intrathymic mixed chimerism, and specific age of
the recipient.

Later efforts were focused on trying to overcome the
barrier to MHC-mismatched skin allografting. Two successful
approaches were identified. The first consisted of T-cell
depletion with anti-Thy1.2 antibody treatment on day
−1, transplant of spleen and bone marrow cells on day 0,
followed by high-dose cyclophosphamide on day +2 (47).
Another method successful in overcoming the barrier to
MHC-mismatched skin allografting involved two rounds
of cyclophosphamide, which could successfully first induce
tolerance across major MHC antigens and then secondarily
across minor antigens (48).
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PROPOSED MECHANISMS BY WHICH

CYCLOPHOSPHAMIDE PREVENTED

REJECTION OF MHC-MATCHED SKIN

ALLOGRAFTS

This group proposed that three mechanisms mediate prevention
of MHC-matched skin allograft rejection by cyclophosphamide
(49). The first mechanism, thought to be the dominant one,
was described as direct deletion by cyclophosphamide of highly
proliferating host mature T cells that were alloreactive to donor
antigens. The secondmechanism was proposed to be intrathymic
clonal deletion of donor-alloreactive host precursor T cells, and
the third mechanism was proposed to be induction of host
suppressor T cells (49).

Regarding the first mechanism, the authors showed that in
the MHC-matched setting, splenocytes derived from tolerized
mice at day +35 were unresponsive in vitro to stimulation from
cells from the priming strain, whereas they responded normally
to third-party antigens (50). They hypothesized that this
unresponsiveness was due to selective elimination of alloreactive
T cells by cyclophosphamide. To test this hypothesis, they
leveraged mismatches within the minor lymphocyte stimulating
system [responses to proviruses of the mouse mammary tumor
virus incorporated into the genomes of certain mouse strains
(51)] between different mouse strains to provide markers of
alloreactive T cells. In their MHC-matched models, mixed
chimerism was established in the lymph nodes by day +14
(49). At that time point in the lymph nodes, there was a
substantial two-thirds reduction in the percentages of CD4+ T
cells, but not CD8+ T cells, that were donor-alloreactive (Vβ6+);
there was continued decline through days +35 and +70 in
the percentage of CD4+ T cells in the lymph nodes that were
Vβ6+ (49, 50, 52), although a small but detectable (10% of
original percentage) population of Vβ6+CD4+ T cells remained.
However, the percentages of donor-alloreactive Vβ6+CD4+ T
cells both in the lymph nodes and in the thymus (see below)
increased again by day +100. Additionally, studies of host-
alloreactive donor Vβ3+CD4+ T cells in one of the MHC-
matched models showed a decline in their percentages within
CD4+ T cells in the lymph nodes at day+10, although there was
persistent mixed chimerism in these mice (53).

Regarding the second proposed mechanism, intrathymic
clonal deletion, the investigators found in the thymus that donor-
alloreactive Vβ6+CD4+ T cells remained at normal levels at day
+14 after cyclophosphamide, at which point there was minimal
intrathymic donor chimerism (49, 52). However, Vβ6+CD4+ T-
cell percentages steadily declined thereafter such that they were
quite low by day +35 (49, 52), at which point there was low but
easily detectable donor chimerism in the thymus. Surprisingly
in some mice, donor-alloreactive Vβ6+CD4+ T cells began to
reappear in the thymus at day+70 to+100, which corresponded
with loss of substantive intrathymic donor chimerism (49).
Interestingly, this loss of donor-alloreactive T-cell intrathymic
clonal deletion was not associated with skin allograft rejection
(49). Thus, the authors concluded that intrathymic clonal
deletion of donor-alloreactive T-cell precursors did occur after

cyclophosphamide and required intrathymic mixed chimerism,
but was not essential for maintenance of skin allografts at
late stages.

The third proposed mechanism, induction of host suppressor
T cells, was thought to be the least important of the three and
only active at late time points (49). These investigators found
that transferring splenocytes at day +14 from tolerized mice to
new irradiated mice led to only a short prolongation of skin
allograft survival (49). After 100 days, however, transferring
splenocytes in this fashion led to marked prolongation of skin
allografts (49). This latter effect also was true in models using
mice mismatched at both major and minor histocompatibility
antigens, even in the absence of any mixed chimerism (54).
In their MHC-matched models, antibody treatment to deplete
all T cells or just CD4+ or CD8+ cells suggested that CD8+

regulatory T cells were the cells responsible for this effect, since
depleting T cells in general or CD8+ cells led to more rapid
skin allograft rejection (49, 54). However, later work contradicted
these findings and instead showed that T-cell or CD4+-cell
depletion (but not CD8+-cell depletion) would obviate the
suppressive activity, suggesting instead that CD4+ regulatory
T cells were responsible (55). These CD4+ regulatory T cells
mediated suppression in cyclophosphamide-treated mice in an
alloantigen-specific manner, which was important since they also
showed that donor-alloreactive effector T cells did persist and
were not anergic (55).

In their proposed model, there were important interactions
between the three mechanisms. As described above, direct
peripheral elimination of alloreactive T cells was thought to
be the dominant mechanism, followed by intrathymic clonal
deletion of alloreactive T-cell precursors. The authors concluded
that intrathymic mixed chimerism was necessary for this second
step to occur, but intrathymic clonal deletion terminated once
mixed chimerism ended. At that turning point, occurring in
some mice between days +35 and +100 (49), suppressor T
cells became most critical, maintaining a state of immunologic
tolerance and preventing skin allograft rejection (49, 54). Playing
an adjunct role to suppression, clonal anergy also was suggested
to contribute to long-lasting tolerance, since the authors observed
no proliferative response in donor-alloreactive T cells that
reappeared in the periphery once intrathymic clonal deletion
ended (49, 56); however, a similar lack of response also was
seen in mice primed with allogeneic MHC-matched splenocytes
without cyclophosphamide (49). Furthermore, later findings also
showed persistence of donor-alloreactive T cells with the ability
to respond to alloantigen and thus not anergic (55), suggesting
that the model and its dynamics may be even more complex than
initially described.

POTENTIAL LIMITATIONS OF THIS

MECHANISTIC MODEL

Other investigators at the University of Pittsburgh and Johns
Hopkins drew on this rich immunologic background to examine
the impact of cyclophosphamide given post-transplant in
preventing GVHD in HCT models (57–60). This has led directly
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to the successful clinical translation of this approach in both HCT
and in combined solid organ/hematopoietic cell transplantation
(6–8, 61, 62).

Yet, the mechanistic model (20) used to explain how
cyclophosphamide works clinically largely has been extrapolated
from the MHC-matched skin allografting models reviewed
above, in which the efficacy of cyclophosphamide was contextual.
For cyclophosphamide to prevent skin allograft rejection, the
host had to be 6–12 weeks old (46), the transplant had to be
MHC-matched (36, 39), a specific dose and type of priming cells
had to be used (43), the priming cells had to contain viable
stem cells (44), the dose of cyclophosphamide had to be 150–
200 mg/kg (43, 44), and a minimal level of mixed chimerism had
to be achieved, even if only transiently (45, 52). A single round
of cyclophosphamide was unable to overcome the MHC barrier,
but instead a two-step approach or inclusion of T-cell-depleting
antibodies had to be performed (47, 48).

These models showed that cyclophosphamide led to a decline
in the frequency of alloreactive T cells only in the MHC-matched
setting. In the MHC-mismatched setting, an initial decline in
alloreactive T-cell percentages at day +14 was followed by
subsequent rising percentages over the next 3 weeks. The authors
conjectured, but did not demonstrate, that highly proliferative
T-cell clones would be sensitive to cyclophosphamide, resulting
in their elimination, and consequent tolerance induction;
conversely, slowly proliferative clones were hypothesized to
survive cyclophosphamide treatment in a sensitized state, and
thus no tolerance would be induced (63). The authors interpreted
the findings of inability of a single dose of cyclophosphamide
to induce tolerance to MHC-mismatched skin allografts and
selectively eliminate alloreactive T cells as indicating that
alloreactivity in theMHC-mismatched setting has slower kinetics
than in the MHC-matched setting; in this framework, T
cells responding to MHC-mismatched antigens would be less
sensitive to cyclophosphamide (39). Such a conclusion is at odds
with our broader immunologic understanding that alloreactive
T-cell responses are more potent in the MHC-mismatched
setting, including clinical manifestations of intense and rapid
alloreactivity in the HLA-haploidentical setting that are not
observed after HLA-matched HCT (64–66).

Furthermore, the decline in the percentages of donor-
alloreactive T cells seen in MHC-matched skin allografting
models steadily progressed over several weeks instead of
immediately after cyclophosphamide. These kinetics suggest
that peripheral deletional tolerance may be operational and
may be acting in addition to or instead of direct deletion
by cyclophosphamide. Transferring splenocytes at day +14
from tolerized mice to newly irradiated mice led to only
minimal prolongation of skin allograft survival, confirming that
alloreactive T cells survived cyclophosphamide and retained
some functionality (49). Moreover, the reduction in the
percentages of alloreactive T cells was shown to be transient and
associated with a resurgence of alloreactive T cells that displayed
functional impairment (49, 50, 53, 56). Indeed, persistent
alloreactive T cells present at 10 weeks after cyclophosphamide
could provoke graft rejection in particular circumstances (55).
Similarly, splenocytes taken from mice tolerized by PTCy could

cause GVHD, inconsistent with the hypothesis of selective
alloreactive T-cell elimination.When splenocytes fromC3Hmice
tolerized by cyclophosphamide were given as donor cells for
HCT into the same strain used for the priming splenocytes
(AKR), no GVHD was induced. But, use of the reverse
model (AKR→C3H) resulted in chronic GVHD reactions (67).
Likewise, fatal GVHD occurred, albeit at a slightly delayed
interval, when cyclophosphamide-treated cells from MHC-
mismatched donor/recipient combinations were used (67).
Overall, decreases in alloreactive T cells in lymph nodes were
observed in some contexts after cyclophosphamide, but were not
shown to be due to direct destruction by cyclophosphamide nor
were they directly linked mechanistically to prevention of skin
allograft rejection.

Although the investigators demonstrated that intrathymic
clonal deletion occurred, this also was not strongly linked
experimentally with prevention of skin allograft rejection, but
rather correlated with mixed chimerism. Thymectomy could
worsen outcomes in this model, but half of thymectomized
mice still maintained the graft long-term. Moreover, when it
occurred in thymectomized mice, rejection generally happened
later (42), and thymectomy only had an impact inMHC-matched
models (41, 42). Notably, intrathymic clonal deletion could break
down at later stages and tolerance to the skin allograft would
still be maintained (49), drawing into question the importance
of this mechanism for prevention of skin allograft rejection.
Also, in some model systems, intrathymic mixed chimerism was
not necessary (54). Finally, the role of regulatory T cells was
established but there was discrepancy between studies on the
relative role of CD4+ vs. CD8+ regulatory T cells (49, 55).

Ultimately, it is unclear whether some of the elements of
the model are mechanistic vs. epiphenomena. Moreover, it is
unknown what findings are specific for cyclophosphamide’s
effects only in the context of this specific model vs. being broadly
applicable to other contexts. This is of particular importance
given the differential effects seen in these skin allografting models
between transplantation of cells vs. solid organs and between
MHC-matched vs. MHC-mismatched allografts and the fact that
cyclophosphamide has proven efficacy clinically for partially
HLA-mismatched HCT (6, 9).

TOWARD A NEW UNDERSTANDING

Despite the limitations noted above, a mechanistic model largely
based on extrapolation from the skin allografting models was
developed to explain how PTCy prevents GVHD (20, 68); this
mechanistic model has since become entrenched in the HCT
field. Yet, there are important inconsistencies between what
would be predicted from this model and what actually has
been observed clinically after HCT. PTCy is most effective at
preventing chronic GVHD and the progression of moderate
(grade II) to severe (grade III-IV) acute GVHD (6). However,
grade II acute GVHD frequently occurs in PTCy-treated patients
at rates of 20–80% (6, 15, 16, 69, 70), which would suggest
that alloreactive T cells persist after PTCy and are not anergic.
Nonetheless, only 10–20% of patients develop chronic GVHD
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(6, 15, 16, 69, 70), indicating no ongoing clinical alloreactivity
even though alloreactive T cells may persist. Furthermore, PTCy
is broadly effective in HCT patients across an array of recipient
ages, cell doses, HLA-matching, and PTCy doses (6, 9, 69, 71–
73), contrasting with the specific requirements needed in the
MHC-matched skin allografting studies. Lastly, treatment with
a CNI prior to cyclophosphamide blocked cyclophosphamide’s
efficacy in the skin allografting models (74), but clinically CNIs
can be integrated prior to PTCy without any loss, and potentially
even improvement, in prevention of GVHD after HCT (75,
76). Therefore, we began to question how well the proposed
mechanistic model extrapolated from the MHC-matched skin
allografting models (20, 49) serves as an accurate depiction of
how PTCy prevents GVHD after allogeneic HCT.

In the skin allografting models, it was posited that regulatory
T cells only serve a later role to compensate for breakdown
of clonal deletion and reemergence of alloreactive T cells. Yet,
given the apparent persistence of alloreactive T cells clinically,
we explored the role of CD4+ regulatory T cells (Tregs)
in HCT in two studies. First, we found that CD4+ Tregs
recovered rapidly after HCT in patients despite protracted
total CD4+ T-cell lymphopenia (21). Additionally, we observed
that human CD4+ Tregs were more resistant to PTCy in
mixed lymphocyte cultures in vitro and increased expression of
aldehyde dehydrogenase (ALDH), the major in vivo detoxifying
enzyme for cyclophosphamide, both in vivo and in vitro (21).
Beyond just better survival and reconstitution, CD4+ Tregs were
necessary early post-transplant for GVHD prevention by PTCy
in both xenogeneic and MHC-matched HCT models (21, 22),
and thymically-derived natural CD4+Foxp3+ Tregs, rather than
peripherally induced CD4+Foxp3+ Tregs, appeared to be playing
the major role in the murine MHC-matched HCT models (22).
These findings overall solidified a role for Tregs that seemed
more critical than previously ascribed and more important at
earlier time points. Notably, given that Tregs were necessary
immediately post-HCT for GVHD prevention by PTCy (21, 22),
these results implied that alloreactive T-cell elimination either
was not occurring or was not as complete after PTCy as had been
previously believed.

Given the primary clinical use of PTCy for HLA-
haploidentical HCT, we next developed an MHC-haploidentical
HCT model (B6C3F1→B6D2F1) that parallels clinical HCT to
further study the mechanisms underlying GVHD prevention by
PTCy (23). We used this model to clarify the three previously
proposed mechanisms of GVHD prevention by PTCy: selective
elimination of alloreactive T cells, intrathymic clonal deletion of
alloreactive T-cell precursors, and induction of Tregs (20, 49).
Our primary goal was to test the hypothesis that alloreactive
T-cell elimination is a necessary and central mechanism of
GVHD prevention by PTCy. In this model, we administered
PTCy on days +3 and +4 to further parallel clinical HCT. We
first established the optimal PTCy dose (25 mg/kg/day) for
GVHD prevention in our model; either lower or higher doses
of PTCy were less effective at preventing GVHD and mortality.
Alloreactive T cells robustly proliferated post-transplant,
consistent with results seen in human HLA-haploidentical
HCT (77, 78). CD4+ T-cell proliferation was reduced but not

eliminated after 25 mg/kg/day PTCy (Figure 1). Surprisingly,
CD8+ T-cell proliferation was not substantially reduced by 25
mg/kg/day PTCy (Figure 1).

Using Vβ6+ as a marker of host-alloreactive donor T cells
(akin to what was done in the skin allografting models),
we observed that host-alloreactive donor T cells persisted at
percentages similar to or even higher than seen in mice not
treated with PTCy. The persistence of Vβ6+ host-alloreactive
donor T cells after PTCy was demonstrated in this model at days
+7, +21, and +200 and at specific time points in three other
murine HCT models: at day +7 in another MHC-haploidentical
model (B6→B6D2F1), at days +6 and +200 in an MHC-
mismatched model (C3H→B6D2F1), and at day+7 in anMHC-
matched model (C3H→AKR), and the persistence of Vβ3+ and
Vβ5+ host-alloreactive donor T cells was seen at day+7 in a third
MHC-haploidentical model (B6→B6C3F1) (23).

To additionally confirm that PTCy was not selectively
eliminating alloreactive T cells, two other markers of host-
alloreactive donor T cells were used: 2C T-cell receptor (TCR)+

CD8+ T cells and 4C TCR+ CD4+ T cells. 2C TCR+ T cells from
B6C3F1 [(C3H x 2C TCR+ B6)F1] mice were admixed with wild-
type T cells to generate allografts containing a fixed percentage
(8%) of the CD8+ T cells having the 2C TCR; splenocytes
containing this mixture were used as the donor cells for HCT.
A similar approach was used for studying 4C TCR+ T cells
as a percentage (8%) of CD4+ T cells. 2C TCR+ CD8+ host-
alloreactive donor T cells remained highly proliferative despite
PTCy and actually expanded from 8% of donor CD8+ T cells
at transplant up to 30–80% of donor CD8+ T cells by day +7
(Figure 1) and still were detectable at day +200 (23). Yet, PTCy
remained effective at GVHD prevention in this model. 4C TCR+

T cells also persisted after PTCy at similar to higher percentages
as in vehicle-treated mice, but their proliferation after PTCy was
reduced, as we had seen for Vβ6+ host-alloreactive donor CD4+

T cells (23). In these studies, it was not possible to definitively
separate the relative resistance of different T-cell subsets to PTCy
vs. changes in early reconstitution after PTCy, particularly given
how rapidly host-alloreactive donor T cells were proliferating
despite PTCy (and thus numerically expanding) and the in
vivo system that limited exhaustive tracking of whole-body
alloreactive T-cell numbers; regardless, host-alloreactive donor T
cells were not selectively eliminated, and if anything, appeared to
dominate early reconstitution after PTCy (Figure 1).

To test the fate of host-non-alloreactive donor T cells
after HCT, we used our admixed 2C TCR+ approach in an
MHC-haploidentical model B6→B6C3F1, wherein 2C TCR+

T cells are host-non-alloreactive. In this setting, 2C TCR+ T
cells maintained a naïve phenotype and low-level proliferation
(Figure 1) (23). Thus, since host-alloreactive donor T cells
continued to proliferate rapidly and expand despite PTCy, the
percentage of CD8+ T cells that were host-non-alloreactive
2C TCR+ actually greatly contracted (Figure 1). These results
demonstrated that GVHD prevention could be achieved by PTCy
despite persistence and even expansion of host-alloreactive donor
T cells, whereas host-non-alloreactive donor T cells appear not to
be the dominant population early after PTCy (Figure 1) as had
been previously believed (20). This differs from the previously
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FIGURE 1 | Proposed new working model of the mechanisms by which post-transplantation cyclophosphamide prevents graft-versus-host disease after allogeneic

hematopoietic cell transplantation. After infusion into the recipient, host-alloreactive donor T cells become activated, highly proliferative, and more productive of

inflammatory cytokines (depicted by the small red dots around the cells). Since PTCy, as an alkylator, is not a cell cycle-dependent cytotoxic agent, both

host-alloreactive donor T cells (highly proliferative), and host-non-alloreactive donor T cells (lowly proliferative) are affected and there is some cell death in all subsets. It

is unclear in vivo whether host-alloreactive donor T cells are more resistant to PTCy or just more rapidly reconstitute due to their ongoing rapid proliferation; survival (or

death) after PTCy likely is due to a complex array of factors occurring in each individual cell and may be modulated by several interrelated factors (24). Between

post-transplant days +3 and +7, there is continued high-level proliferation of host-alloreactive donor CD8+ effector T cells and reduced but continued proliferation of

the surviving host-alloreactive donor CD4+ T cells (effector (Teff) and regulatory (Treg) cells). The reduced proliferation of host-alloreactive donor CD4+ effector T cells

seems to be important for PTCy’s efficacy as dosing schedules that fail to decrease host-alloreactive donor CD4+ effector T-cell proliferation are ineffective or

suboptimal at preventing GVHD (79). Impaired functionality of surviving host-alloreactive donor effector T cells occurs early after PTCy (as early as post-transplant day

+5) and appears to increase with time, as depicted with progressive decreases in cytokine production and changes in color of those subsets. This change in

host-alloreactive donor effector T-cell functionality appears to be in part a direct (or at least rapid) effect of PTCy, but also is augmented by preferential reconstitution of

donor CD4+ regulatory T cells between days +7 and +21, which suppress the host-alloreactive donor effector T cells, further contributing to their impaired

functionality. Throughout this entire process, host-non-alloreactive donor T cells are not activated, maintain low-level proliferation, and consequently contract relative

to host-alloreactive donor T cells. The dynamics of host-alloreactive vs. host-non-alloreactive donor T cells at later time points are unknown, but indirect data suggest

that they may change with time and/or antigenic (e.g., viral) stimulation (80). This proposed working model is heavily based on experimental data in murine HCT

(21–23) and does not account for the integration of other immunosuppressant agents with PTCy as is commonly done clinically. However, the proposed model is

expected to be imperfect and incomplete, and further study likely will increase its accuracy, comprehensiveness, and complexity.
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proposed model wherein antigen-activated donor T cells with
high proliferation were proposed to be preferentially targeted by
PTCy, whereas non-alloreactive donor T cells were believed to be
much less affected, leading to an immune reconstitution devoid
of alloreactive T cells (20).

If host-alloreactive donor T cells persist and even expand
after PTCy, how is GVHD being mitigated? We examined this
question in two different ways (23). The first approach isolated
liver-infiltrating donor cells frommice treated with either vehicle
or 25 mg/kg/day PTCy and re-stimulated them in vitro with
alloantigen. We found that PTCy-treated T cells continued to
proliferate, but did so to a lesser degree than vehicle-treated mice.
Although the effect of PTCy on proliferation was more modest,
PTCy-treated cells also produced dramatically less inflammatory
cytokines (Figure 1). Similar findings of decreased proliferation
and cytokine production were seen when using donor T cells that
were flow cytometrically devoid of CD4+CD25+ T cells to isolate
the effect on host-alloreactive donor T cells themselves, rather
than the confounding effect of the presence of donor Tregs in
the cultures. These results suggested that PTCy was leading to
intrinsic functional impairment of host-alloreactive donor T cells
(Figure 1). We confirmed these findings by using our 2C TCR+

admixed model described above, treating mice with vehicle or
25 mg/kg/day PTCy on days +3 and +4, flow cytometrically
sorting viable 2C TCR+ CD8+ T cells on day +5, and reinfusing
them into new irradiated mice which were not further treated.
In these serial transplants, mice transplanted with PTCy-treated
2C TCR+ T cells had better weights and clinical scores than
mice transplanted with vehicle-treated 2C TCR+ T cells, despite
similar persistence of 2C TCR+ T cells numerically at day
+150. These results confirmed that PTCy appears to be rapidly
inducing functional impairment of surviving alloreactive T cells
that contributes to GVHD prevention (Figure 1). Although
the nature of this functional impairment has not yet been
fully characterized, both the in vitro and in vivo data above
showed that host-alloreactive donor T cells treated with PTCy
do continue to respond to alloantigens, albeit at a reduced level,
suggesting that they are not becoming anergic.

The second mechanism previously proposed to underlie
PTCy’s efficacy in preventing skin allograft rejection
was intrathymic clonal deletion of alloreactive T-cell
precursors. However, in our MHC-haploidentical HCT model
(B6C3F1→B6D2F1), we demonstrated that 25 mg/kg/day
PTCy on days +3 and +4 remained effective in thymectomized
recipients with no apparent difference in outcomes between
mice that were or were not thymectomized (23). These
results disproved that the thymus plays a necessary role in
GVHD prevention by PTCy. Furthermore, PTCy-treated mice
transplanted in these models quickly converted to full donor
chimeras (23), demonstrating that mixed chimerism is not
necessary to achieve GVHD prevention by PTCy.

The third mechanism previously proposed was the induction
of suppressor T cells (49, 54). Our previous data showed that
CD4+Foxp3+ Tregs rapidly reconstituted in HCT patients by
a month after PTCy, preferentially survived PTCy in vitro, and
were necessary for GVHD prevention immediately after PTCy
in xenogeneic and MHC-matched HCT models (21, 22). We

further investigated the impact of CD4+CD25+Foxp3+ Tregs in
our MHC-haploidentical model. We were surprised to find that
the percentages of donor CD4+ T cells that were CD25+Foxp3+

were similar or lower at day +7 (after PTCy on days +3/+4)
compared with vehicle-treated mice (23); these results were
different from what we had observed in human or mouse in vitro
mixed lymphocyte cultures (21, 22), in which the percentages
of Tregs were increased at day +7. Even so, in our MHC-
haploidentical HCT model, donor CD4+CD25+Foxp3+ Tregs
preferentially reconstituted by day +21 in all four tested organs
in mice treated with 25 mg/kg/day PTCy on days +3 and +4
(Figure 1) (23). This effect appeared dose-dependent as mice
treated with too low (5 mg/kg/day) or too high (100 mg/kg/day)
PTCy doses did not have preferential donor Treg recovery. The
lack of preferential recovery of Tregs after the 100 mg/kg/day
PTCy dose was not due to an inadequate recovery of Tregs, as the
numbers were similar with 25 mg/kg/day PTCy-treated mice, but
rather due to a much more robust rebound of host-alloreactive
donor effector T cells after 100 mg/kg/day PTCy; these findings
may explain the worse GVHD seen histopathologically with
that higher dose (23). Thus, the ability of PTCy to constrain
host-alloreactive donor effector T-cell proliferation seemed to be
optimal after the 25 mg/kg/day dose on days+3 and+4.

Our results provided a few additional novel insights into the
role of donor Tregs in GVHD prevention by PTCy. Alloantigen-
specific donor Tregs were increased in the liver of PTCy-treated
mice at day +21 compared with vehicle-treated mice, and
the Treg content of the liver at day +50 correlated very well
with the histopathologic score of GVHD in those organs (23).
Furthermore, Foxp3+ Treg depletion in ourMHC-haploidentical
model (B6C3F1→B6D2F1) demonstrated a time dependency.
Although they were necessary early post-transplant as we also
had shown in our other models (21–23), donor Tregs appeared
to play an increasingly important role as time progressed post-
transplant; much higher mortality and more rapid and severe
GVHD induction were observed when Tregs were depleted at
later time points (day +30 and especially day +60 or +150)
(23). We also explored whether donor Tregs were sufficient to
prevent GVHD in our model as they were in MHC-matched
murineHCT or human T-cell-depletedHLA-haploidentical HCT
(81, 82). We tested this in our T-cell-replete MHC-haploidentical
HCT model by giving CD4+CD25+ donor Tregs 4 days prior
to HCT; GVHD lethality was delayed, but ultimately these mice
still developed severe and fatal GVHD, suggesting that donor
Tregs, while necessary for GVHD prevention by PTCy, may
not be sufficient to prevent GVHD after T-cell-replete MHC-
haploidentical HCT (23).

We further tested the role of suppressive mechanisms in
GVHD prevention by PTCy in another set of experiments
in which mice were transplanted with our B6C3F1→B6D2F1
MHC-haploidentical HCT model and at a later date had new
donor splenocytes infused. Consistent with our findings that
PTCy does not work via alloreactive T-cell elimination and
that suppressive mechanisms are critical, infusion of new donor
splenocytes at various time points (day +5, day +28, day +126,
day +150, day +200) did not cause GVHD (23). In fact, mice
reinfused on days +5 or +28 were indistinguishable from mice
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not reinfused with new donor splenocytes. These results suggest
that suppressive mechanisms are induced immediately after
PTCy and are sufficient to prevent new donor T cells from
causing GVHD. We are actively exploring the relevant role of
donor Tregs vs. other suppressive cell populations in mediating
this effect and whether there may be other immunosuppressive
players involved in GVHD prevention by PTCy. Thus, the model
proposed in Figure 1 may really serve as a starting place from
which to build and refine a complete mechanistic model of
GVHDprevention by PTCy. This goal is amajor focus of ongoing
investigations in our laboratory.

As we increasingly have come to recognize that the previous
paradigm of understanding for how cyclophosphamide prolongs
MHC-matched skin allograft survival may not apply to GVHD
prevention by PTCy, we also have begun to question what
we thought we knew about how PTCy should best be applied
clinically. As we have described above, the maximal efficacy
of PTCy in the MHC-matched skin allografting models was
achieved with a high dose (200 mg/kg) given on day +2 or
+3 (43). Murine HCT models, building on the skin allografting
data, used the 200 mg/kg dose on day +2 or +3 to decrease
graft rejection and GVHD (57–60). When PTCy then was
translated to patients (8), it was given at 50 mg/kg [close to
the maximum tolerable dose in humans and a dose which had
showed efficacy in aplastic anemia treatment (83)] and was
given on day +3 to space it as far away from conditioning
as possible aiming to decrease toxicity. Results from the first
phase II study suggested that adding a second dose of PTCy
on day +4 might lead to less extensive chronic GVHD than
dosing on day +3 only (7); thus, nearly all subsequent studies
have used dosing of PTCy at 50 mg/kg/day on days +3 and
+4. Our studies in murine MHC-haploidentical and MHC-
mismatched HCT models showed that an intermediate dose of
PTCy of 25 mg/kg/day on days +3 and +4 appeared superior
to both lower and higher doses (23). Consequently, we have
extensively studied the impact of the timing and dosing of
PTCy on its efficacy in preventing GVHD in our murine MHC-
haploidentical HCT model (79). We found that the dose, timing,
and cumulative exposure of PTCy all impacted substantially on
how well it prevented GVHD and that there were interactions
between these three parameters (79). Ultimately, the peak efficacy
of PTCy appeared to be at approximately day +4, with dosing at
earlier or later time points being less effective; this finding was
most pronounced when using suboptimal doses of PTCy (79).
Furthermore, the most effective dosing schema of PTCy both
reduced host-alloreactive (Vβ6+) donor CD4+CD25−Foxp3−

effector T-cell proliferation at day +7 and allowed preferential
donor CD4+CD25+Foxp3+ regulatory T-cell reconstitution at
day +21, which together may serve as potential biomarkers
of effective GVHD prevention by PTCy (79). Compared with
PTCy dosing on days +3/+4, dosing on days +1/+2 did not
reduce host-alloreactive donor CD4+ effector T-cell proliferation
at day +7 as effectively, while dosing on days +5/+6 or +7/+8
hindered preferential donor Treg recovery at day+21 (79). Based
on these data, we are currently exploring in a clinical trial whether
the dosing and timing of PTCy can be optimized in HLA-
haploidentical HCT (NCT03983850) with the goals of further

improving hematopoietic and immune reconstitution after HCT
and reducing toxicity, while maintaining or potentially even
improving prevention of acute and chronic GVHD.

IMMUNOLOGIC INSIGHTS FROM

CLINICAL HCT

As described earlier, we have shown that activated Tregs
reconstitute rapidly in patients post-transplant, recovering close
to donor levels within a month after HCT despite prolonged
CD4+ T-cell lymphopenia (21). Another group showed that
higher percentages of Tregs at day +14 were associated with
decreased risk for acute GVHD (84), while we showed that the
percentages of Tregs at days +30 and +60 actually were elevated
in patients with active acute GVHD (21), suggesting a potential
compensatory increase in those patients. However, these studies
have focused on Tregs as a bulk population, and alloantigen-
specific Tregs have not been studied in HCT patients treated
with PTCy.

The identification of alloreactive effector or regulatory T cells
in humans is complicated. Unlike in mice, where we can know
that a specific T-cell clone is alloreactive in a specific setting, in
humans we generally have to rely on functional characteristics
associated with a cell to prove it as an alloreactive clone.
Alloreactive T cells are generally expected to derive largely from
the naïve T-cell pool, wherein each clone would be expected to
exist as a single cell or only a few cells. Thus, it can be difficult
to track the fate of alloreactive T cells post-transplant due simply
to the inadequacy of sampling; indeed, clones that are <0.01% of
T cells cannot be reliably detected on repeat sampling even from
the same sample that is split into two halves for T-cell receptor
sequencing (80). Furthermore, apparent alloreactive T-cell clones
found within GVHD target tissues are not always found in the
blood of the same patients (80, 85).

Even so, we recently studied immune reconstitution by flow
cytometry and TCR sequencing in patients treated with HLA-
matched HCT using PTCy as single-agent GVHD prophylaxis
(80). Despite complete or near-complete donor chimerism
(15), surprisingly, the TCR repertoires in patients at 1 month
post-transplant bore little resemblance to their donors’ TCR
repertoires (80). In fact, T-cell clones that were expanded in
donors were generally undetectable in recipients at 1–2 months
post-transplant, whereas frequent donor T-cell clones in patients
at 1–2 months post-transplant were generally not able to be
tracked back to their origin within the donor repertoires (80);
importantly, these patients were older and had been heavily pre-
treated, with minimal recent thymic emigrants at these time
points. This implied that the repertoire early post-transplant
indeed may be largely derived from rare, presumably naïve,
clones found in the donor. Indeed, other groups have reported
that T-cell reconstitution early after PTCy appears to be coming
predominantly from naïve-derived T cells that assume a stem-
cell-memory-like phenotype (77, 78). Conversely, memory T-
cell clones in the donor, particularly those reactive to pathogens
like cytomegalovirus, were not found at high levels early
post-transplant, but began to dominate the T-cell repertoire
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after 3 months post-transplant, at which time point the TCR
repertoire in the recipient became increasingly similar to the
donor (80). Overall, these results in patients are completely
consistent with the new proposed working model (Figure 1),
in which expansion of alloreactive T cells, derived in patients
from rare donor T cells, occurs early post-transplant despite
PTCy. However, the human studies have not yet linked these
naïve-derived T-cell clones present early post-transplant to be
specifically alloreactive.

Although T cells have been the primary focus of these studies
and the proposed mechanistic model, the impact of PTCy on
other immune cells has been investigated. Both B cell and natural
killer (NK) cells appear largely to turn over post-transplant,
as the cells that do recover tend to be predominantly naïve
mature B cells and immature NK cells (80, 86). However,
there are no data available regarding any potential role of
either of these subsets in acute or chronic GVHD prevention
by PTCy. In patients treated with PTCy and bortezomib for
GVHD prophylaxis, dendritic cells isolated early post-transplant
had decreased expression of co-stimulatory and maturation
markers (87). T cells stimulated with these dendritic cells were
less proliferative than T cells stimulated with dendritic cells
derived from patients treated with standard CNI-based GVHD
prophylaxis (87). However, it is unclear what of this effect is
due to PTCy vs. bortezomib and whether this is mechanistic or
an epiphenomenon.

IMMUNOLOGIC INSIGHTS FROM

CLINICAL SOLID ORGAN

TRANSPLANTATION

The success of clinical solid organ transplantation is limited by
absence of tolerance induction in the vast majority of patients,
generally requiring long-term immunosuppression to prevent
allograft loss. As an alternative, investigators have pursued
the addition of HCT to solid organ transplantation with the
goal of inducing long-term tolerance and thus the ability to
reduce or remove immunosuppression. Given PTCy’s efficacy
clinically in HCT and preclinically in skin and other solid
organ transplantation models (19, 57, 58, 88), PTCy has been
incorporated into some approaches to HLA-mismatched or
HLA-haploidentical combined HCT/kidney transplantation (61,
62, 89, 90); the results have been promising with very low rates of
GVHD and the ability to fully remove immunosuppression in all
patients with persisting donor chimerism except for one patient
with chronic GVHD (89, 90). However, in patients without
durable donor chimerism, graft rejection could occur even when
hyporesponsiveness of recipient cells to donor cells in vitro was
observed (62). These data suggest that mixed chimerism was
protective, but that the T cells present after PTCy still could
mediate graft rejection.

Morris and colleagues have proposed an in vitro method to
screen for donor-alloreactive T cells, wherein mixed lymphocyte
reactions were performed between donor and recipient PBMCs,
followed by flow cytometric sorting of the T cells reactive
to the donor antigens (91). Deep sequencing of the TCRβ

repertoires was performed in order to identify the presumptive
alloreactive T cells (those proliferating in response to alloantigen)
and evaluate the fate of these clones after transplant. Six
patients were studied. Even in PTCy-treated patients who were
functionally tolerant, anti-donor T-cell responses could be seen
persisting for 6–18 months post-transplant. Although a decrease
in donor-reactive T-cell clones was observed post-transplant,
overall the reduction was modest and progressive over 6–18
months post-transplant (91). This did differ from the two patients
studied who were not treated with PTCy, in which progressive
increases in the number of donor-reactive CD4+ T-cell clones
were seen. Overall, these results support that alloreactive T-
cell deletion may be occurring to a limited extent in patients
after combined HCT/kidney transplantation using PTCy. Yet,
this does not appear to be an immediate effect of PTCy but
rather a progressive change over months to years, reflecting likely
peripheral deletional tolerance in these mixed chimeric states.

DISCUSSION

The use of cyclophosphamide for inducing tolerance to skin
allografting models had been thought to rest on three principles,
with the primary mechanism being selective elimination of
alloreactive T cells by PTCy (49, 53). Although a preferential
reduction of alloreactive T cells over time was shown in
MHC-matched skin allografting models, it was not shown in
MHC-mismatched models. Furthermore, the slow reduction of
alloreactive T-cell percentages after cyclophosphamide was not
directly linked to killing by cyclophosphamide. Minimal levels of
mixed chimerism were an essential component that consistently
tracked with alloreactive T-cell depletion in those studies.
Indeed, we have observed peripheral deletion of alloreactive
T cells in thymectomized mice treated with T-cell-depleted
HCT without PTCy (23). Thus, it is unclear whether the
reduction of alloreactive T cells seen in the MHC-matched
skin allografting models was directly or indirectly related to
cyclophosphamide. Even if that effect was directly related to
cyclophosphamide, the effectiveness of cyclophosphamide in
those models was contextual, including differential effects on
tumor vs. skin allografts and on MHC-matched vs. MHC-
mismatched allografts, raising concerns about the relevance of
such a model for MHC-haploidentical HCT (Table 1). Indeed,
clinically PTCy is highly effective across an array of donor types,
transplant platforms, graft compositions and cell doses, and
recipient and donor ages (6). In our recent paper (23), we tried to
replicate some of the contextuality of the skin allografting models
by exploring different doses of PTCy, the inclusion or exclusion
of radiation prior to HCT, and investigation of MHC-matched,
MHC-haploidentical, and fullyMHC-mismatchedmodels, but in
all cases we saw persistence of host-alloreactive donor T cells in
the recipients at percentages that were similar to or even higher
than were transplanted (23).

Our current understanding of how PTCy works to prevent
GVHD has greatly evolved over the past several years.
The initial proposed mechanistic model extrapolated from
the skin allografting models had posited that PTCy works
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TABLE 1 | Elements of the previously proposed mechanistic model as relates to outcomes observed with experimental murine skin allografting or allogeneic HCT.

Skin grafting Hematopoietic cell transplantation

Alloreactive T cells • The percentages of donor-alloreactive CD4+ T cells were selectively reduced

between days 0 and +35 in MHC-matched models, increasing again afterwards.

This was associated with abrogation of alloreactive functional responses.

• Host-alloreactive donor CD4+ T cells were selectively reduced at day +10 in

MHC-matched models.

• There was not a sustained decrease in donor-alloreactive CD4+ T cells in

MHC-mismatched models. This was associated with persistence and early increases

in alloreactive functional responses.

• The reduction of donor-alloreactive CD4+ T cells in MHC-matched models was not

linked mechanistically with the fate of skin allografts.

• Donor-alloreactive CD4+ T cells present at later time points were in many cases

anergic in vitro; when not anergic, they still had reduced functionality. Even so, these

alloreactive T cells retained sufficient functionality to cause graft rejection or GVHD in

serial transplants and also could cause graft rejection when regulatory T cells

were removed.

• No selective elimination of host-alloreactive donor T cells was observed at early or late

time points.

• The lack of host-alloreactive donor T-cell elimination was seen in MHC-matched,

MHC-haploidentical, and MHC-mismatched HCT models.

• Persistence of host-alloreactive donor T cells was seen regardless of the dose of PTCy

used or whether the mice were irradiated.

• GVHD prevention occurred despite host-alloreactive donor T-cell persistence.

• PTCy at the optimal dose had minimal impact on host-alloreactive donor CD8+ T-cell

proliferation but did reduce host-alloreactive donor CD4+ T-cell proliferation.

• 2C TCR+ donor T cells preferentially expanded despite PTCy in a model wherein

they were host-alloreactive, but contracted in a model wherein they were host-

non-alloreactive. Thus, host-alloreactive donor T cells appeared to preferentially

reconstitute post-transplant due to their survival and continued proliferation after PTCy.

• Host-alloreactive donor T cells did have reduced functionality after PTCy in terms of

their in vitro proliferation and cytokine production in response to alloantigen and their

in vivo ability to cause GVHD in that mouse or on serial transfer. Yet, these alloreactive

T cells were not functionally or phenotypically anergic.

• Host-alloreactive donor T-cell elimination was seen in thymectomized mice treated

with T-cell-depleted HCT without PTCy, suggesting that peripheral deletion of

alloreactive T cells can occur independently of PTCy.

Intrathymic clonal

deletion of

alloreactive T-cell

precursors

• Intrathymic clonal deletion occurred only in settings wherein cyclophosphamide was

effective, but was not linked mechanistically with skin graft rejection.

• Intrathymic clonal deletion was linked in most cases with intrathymic mixed

chimerism that was at least transient in nature.

• Thymectomy decreased survival of skin allografts in a subset of mice in

MHC-matched models, but had no impact in MHC-mismatched models.

• The breakdown of intrathymic clonal deletion was associated with loss of intrathymic

mixed chimerism, but skin allografts were not rejected when this occurred.

• The thymus was not necessary for GVHD prevention by PTCy.

• Outcomes were similar between thymectomized and non-thymectomizedmice treated

with PTCy.

• Full donor chimerism was rapidly achieved in PTCy-treated mice. Of note, mice

treated with TCD BM only had persistent mixed chimerism within T cells despite the

myeloablative conditioning intensity.

Suppressor cells • Depletion of suppressor T cells at late time points reduced allograft survival. There

were mixed data regarding whether depletion of CD4+ or CD8+ T cells mediated this

effect.

• The transfer of splenocytes at day +14 from mice tolerized by cyclophosphamide

only slightly prolonged skin allograft survival, whereas it led to a much greater

prolongation of survival when performed at day +100.

• The suppression exerted by CD4+ Tregs was mediated in an

alloantigen-specific manner.

• CD4+CD25+Foxp3+ donor T cells, including those that were alloantigen-specific,

preferentially reconstituted after PTCy.

• CD4+CD25+Foxp3+ donor T cells played a necessary role in GVHD prevention by

PTCy, but did not appear sufficient to prevent severe and fatal GVHD.

• Foxp3+ donor T cells were necessary for GVHD prevention by PTCy both at early

and late post-transplant time points, but appeared increasingly important as time

progressed.

• The suppressive mechanisms induced early after PTCy were sufficient to prevent

new donor T cells from causing GVHD.
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primarily through selectively eliminating alloreactive T cells (68).
Subsequently, our work in showing a necessary role for Tregs
confirmed the role of Tregs identified in the skin allografting
models; therefore, the model was revised to include the
preferential recovery of Tregs and an important balance between
effector and regulatory T cells (20). Additionally, intrathymic
clonal deletion was added back into the model to reflect the
initial MHC-matched skin allografting data (20, 49). Our recent
work has affirmed the role of Tregs, but showed that neither
alloreactive T-cell elimination nor intrathymic clonal elimination
are necessary for GVHD prevention by PTCy (23). Rather, PTCy
appears to induce functional impairment of alloreactive T cells,
which is supported by the rapid induction of active suppressive
mechanisms after PTCy. These suppressive mechanisms include
the preferential recovery of Tregs, including those that are
alloantigen-specific. Ongoing work in the laboratory suggests
that the model may be even more complicated than that shown
in Figure 1, but the presented workingmodel at least displays our
level of understanding at this time.

This current understanding fits much better with clinical
observations after PTCy than the prior model. PTCy is effective
in older and heavily pretreated patients, many of whom lack
substantive thymic function (6). Clinically, acute GVHD occurs
frequently after PTCy and actually is associated with improved
outcomes in those patients (69, 92), consistent with persistence
of alloreactive T cells after PTCy. Yet, severe acute or chronic
GVHD is infrequent after PTCy, consistent with our model
that persisting alloreactive T cells are becoming functionally
impaired. GVHD incidence is associated with lower levels
of Tregs (23, 84), but clinically Tregs also have been found
to be increased in patients with active acute GVHD (21);
therefore, Tregs may play roles both in preventing acute GVHD
but also controlling breakthrough GVHD and preventing its
progression to more severe forms. However, how the integration
of adjunct immunosuppression with PTCy, both in terms of
the agents used and their timing in relation to PTCy, affects
GVHD prevention by PTCy and PTCy’s impact on specific
immune subsets require further study (93). Furthermore, our

recently published work suggests that intermediate, rather
than high, dose PTCy may be most effective at preventing
GVHD in two murine HCT models (23). Additionally, we
have recently demonstrated in our murine MHC-haploidentical
HCT model that the optimal timing of PTCy appears to differ
from that demonstrated in murine skin allografting models
(79). The clinical relevance of these findings concerning the
optimal dosing and timing of PTCy requires further study
in human HCT, which is being done in a clinical study at
our institution.

Improving upon outcomes of patients treated with PTCy may
be achieved most rapidly by using a paradigm of understanding
that is both based on HCT data and consistent with clinical
observations in humans. The persistence of alloreactive T cells
after PTCy may allow for the reinduction of a graft-versus-
host anti-tumor response in patients with relapsed or aggressive
disease post-transplant. Conversely, better understanding the
highly active suppressive mechanisms induced by PTCy may
allow for better prevention and treatment of GVHD and other
post-transplant inflammatory conditions. Thesemechanisms will
provide insight into the pathophysiology of GVHD and its
prevention, but also may be directly relevant for improving
outcomes in other clinical settings in which tolerance induction
is desired, such as autoimmunity and solid organ transplantation.
Ultimately, we hope that our recent data and proposed working
model will help facilitate the rational development of novel
approaches to further reduce GVHD incidence and severity,
improve immune reconstitution, and decrease malignancy
relapse post-transplant.
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Since their discovery CD4+FOXP3+ regulatory T cells (Tregs) represented a promising

tool to induce tolerance in allogeneic hematopoietic cell transplantation. Preclinical

models proved that adoptive transfer of Tregs or the use of compounds that can

favor their function in vivo are effective for prevention and treatment of graft-vs.-host

disease (GvHD). Following these findings, Treg-based therapies have been employed

in clinical trials. Adoptive immunotherapy with Tregs effectively prevents GvHD

induced by alloreactive T cells in the setting of one HLA haplotype mismatched

hematopoietic transplantation. The absence of post transplant pharmacologic

immunosuppression unleashes T-cell mediated graft-vs.-tumor (GvT) effect, which results

in an unprecedented, almost complete control of leukemia relapse in this setting. In the

present review, we will report preclinical studies and clinical trials that demonstrate Treg

ability to promote donor engraftment, protect from GvHD and improve GvT effect. We will

also discuss new strategies to further enhance in vivo efficacy of Treg-based therapies.

Keywords: regulatory T cells, allogeneic hematopoietic transplantation, tolerance, engraftment,

graft-vs.-host-disease, graft-vs.-tumor effect

INTRODUCTION

CD4+FOXP3+ regulatory T cells (Tregs) are capable of suppressing the function of conventional
CD4+ and CD8+ T cells (Tcons), B cells, NK cells and antigen presenting cells (APCs).
They maintain tolerance to self and prevent autoimmune diseases, control excessive immune
responses to allergens and pathogens, help maintain a balance with commensal microbial
flora and the maternal tolerance to fetus. They have been shown to infiltrate tumors and
suppress anti-tumor immunity (1–6). Recent studies have uncovered a role for bone marrow
mouse Tregs in the maintenance of the hematopoietic stem cell (HSC) niche and in B cell
lymphopoiesis (7, 8). Tregs develop in the thymus with a T cell receptor (TCR) repertoire
that overlaps to some extent with that of Tcons (9–12). In addition, studies in mice reported
that TGF-β and retinoic acid can induce differentiation of peripheral naïve CD4+ T cells
into Tregs in response to antigenic stimulation (13–19). FOXP3 is a transcription factor of
the forkhead winged helix family and is the lineage marker for both mouse and human
Tregs (20–25), although human Tcons can express low levels of FOXP3 after activation (26,
27). FOXP3 deficiency causes lymphoproliferation and multi-organ autoimmunity in scurfy
mice and a lethal X-linked syndrome with immune dysregulation, polyendocrinopathy, and
entheropathy in humans (28–31). Recent studies in mouse models suggest that FOXP3 expression
is not required to direct thymocyte development to the Treg cell lineage, but it is essential
for Treg stability and function (32–34). TCR, IL-2, and TGF-β signaling can induce Foxp3
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transcription and are responsible for the maintenance and the
function of thymic Tregs and the differentiation of Tregs in
the periphery (35–38). Among others, FOXP3 represses the
transcription of genes for IL-2 and other inflammatory cytokines,
while it activates the transcription of IL2RA, CTLA4, and its own
gene (39, 40). The α chain of the IL-2 receptor (IL-2Rα, CD25)
and CTLA-4 are constitutively expressed by Tregs, while they are
expressed on Tcons upon activation (1, 2, 41–44). Due to the
intranuclear localization of FOXP3, CD25 is currently used to
select Tregs for functional in vitro studies and cellular therapy,
although it is not an exclusive marker. As Tregs do not produce
IL-2, they depend on IL-2 produced by other immune cells,
mainly Tcons (45). Tregs constitutively express the high-affinity
receptor for IL-2 (IL-2Rαβγc), thus they can efficiently compete
for IL-2 with Tcons and NK cells (46–48). TCR stimulation
activates Tregs that are capable of suppressing antigen-specific
responses but can also exert bystander suppression (49). Tregs act
through several mechanisms, including production of inhibitory
cytokines such us IL-10 and TGF-β, cell-cell contacts, and
cytolysis (5, 50). The inhibition of dendritic cell maturation
and function is considered a core mechanism of Treg-mediated
suppression. CTLA-4 on Tregs binds CD80 and CD86 on
dendritic cells and inhibits maturation of APCs and co-
stimulation of Tcons (51, 52).

Efforts have been made to exploit Treg function for
the treatment of autoimmune and inflammatory diseases.
Recently, clinical trials are evaluating Treg-based therapies in
allogeneic hematopoietic transplantation (HCT) with promising
results. Allogeneic HCT is a life-saving treatment for high-risk
hematologic malignancies (53). After a conditioning regimen
based on radiotherapy and/or chemotherapy, a bone marrow
or a stem cell graft reconstitutes hematopoiesis and immunity
of donor origin in the recipient. Residual host T cells that may
have survived the conditioning regimen can recognize donor
alloantigens and cause rejection. Similarly, donor alloreactive
T cells recognize recipient alloantigens, eliminate malignant
cells [graft-vs.-tumor (GvT) effect] and can prevent relapse.
However, they also attack host normal tissues (mainly skin,
gut and liver), causing graft-vs.-host disease (GvHD), that is a
major cause of non-relapse mortality (NRM). Pharmacological
immune suppression is widely used to prevent GvHD, but it
also reduces the GvT effect. Separation of the GvT effect from
GvHD is the main goal of the translational research in the field.
In this setting, Tregs contribute to induction and maintenance of
tolerance to alloantigens, facilitating engraftment and preventing
the development of GvHD (54–56).

INDUCTION OF TOLERANCE BY TREGS IN
PRECLINICAL MODELS OF ALLOGENEIC
HCT

Mouse models of allogeneic HCT have provided evidence
that Tregs suppress T cell alloreactions and can promote
engraftment and help control GvHD. The role of Tregs in
GvHD has been mostly investigated in MHC mismatched bone
marrow transplantation. Pioneering studies demonstrated that

CD4+CD25+ T-cell depletion from the bone marrow graft
exacerbated GvHD.When additional CD4+CD25+ T cells, either
freshly isolated or ex-vivo expanded, were infused, GvHD onset
was delayed and even prevented to various degrees (57–60). One
study showed that Tregs also protected from GvHD in a minor
histocompatibility antigen-disparate, MHCmatched setting (60).
In a mouse model of fully mismatched T-cell depleted bone
marrow transplantation, infusion of donor Tcons killed all the
mice within 30 days of acute GvHD. When donor CD4+CD25+

Tregs were co-infused at a 1:1 ratio with Tcons more than 70%
of mice were protected from lethal acute GvHD. Co-infusion of
Tregs reduced the number of Tcons that could be recovered in
lymph nodes and GvHD target tissues such as skin and gut, thus
limiting Tcon expansion (61). Importantly, when mice were co-
injected with a leukemia or lymphoma cell line, transfer of Tregs
did not inhibit Tcon-mediated GvT effect (60–62). Moreover,
Treg transfer preserved thymic and lymph node architecture
and even accelerated donor lymphoid reconstitution to such
an extent that mice survived lethal mouse Cytomegalovirus
(CMV) infection (63). Treg homing to lymph nodes and target
tissue is an important variable in GvHD prevention. In mouse
models of GvHD, bioluminescence analyses showed that Tregs
localized to peripheral lymph nodes and spleen in the first 24–
48 h with a peak on day 4 after infusion, then they migrated
to peripheral tissues. When Tregs were infused 2 days before
Tcons, an unfavorable 1:10 ratio with Tcons still protected
from GvHD at some extent (64). Moreover, when Tregs were
eliminated in vivo 2 days after their transfer and even before
Tcon injection, mice survived to GvHD (65). Finally, CD62L−

Tregs do not migrate to lymph nodes and are not capable
of controlling GvHD (66, 67). Thus, Tregs migrate to lymph
nodes and suppress Tcon proliferation early after transplant.
However, Tregs could also suppress alloreactive Tcons in GvHD
target tissues. One study showed that CCR5-deficient Tregs had
reduced migration to mesenteric lymph nodes, liver, lung, and
spleen and were less effective in preventing GvHD (68). In
another study, CXCR3-transfected Tregs migrated better to liver,
lung, and intestine and better controlled GvHD (69). Adoptively
transferred third party Tregs also conferred protection from
GVHD in mouse models of allogeneic transplantation, although
they were less effective than donor Tregs. Third party Tregs
survived for a shorter period, probably because they were
rejected by donor Tcons. Thus, suppression of alloreactive T
cells can also operate through MHC-independent mechanisms
(65). Moreover, both radiation-resistant host Tregs and donor
Tregs reduced the severity of chronic GvHD in a mouse model
of bone marrow transplantation with a minor histocompatibility
antigen mismatch (70). The capability of human donor Tregs
to prevent and ameliorate GvHD caused by co-infused Tcons
has been demonstrated in xenogeneic mouse models (71–73),
and one of these studies also showed that the GvT effect was
unaffected (73). Similar results were obtained with the infusion of
third party human Tregs derived from umbilical cord blood and
expanded before infusion (74). The same group also showed that
fucosylation of expanded third party Tregs improved prevention
of GvHD. In fact, the addition of a fucose formed the moiety
found on P-selectin ligand on Treg cell surface, enhancing their
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persistence in vivo as a result of improved homing to the sites of
inflammation (75).

Other studies focused more specifically on the role of Tregs
in the engraftment of T-cell depleted bone marrow allografts.
Joffre et al. demonstrated that when host Tregs were activated
in vitro with donor allogeneic APCs, they inhibited host CD4+

and CD8+ T-cell mediated rejection of donor bone marrow
graft, but not of a third-party bone marrow graft (76, 77).
Another study showed that either donor or host CD62Lhi,
but not CD62Llo, ex-vivo activated Tregs inhibited rejection of
MHC-mismatched bone marrow in sublethally irradiated mice
(66). In a similar model, donor Tregs promoted engraftment
without being activated ex-vivo (78). Steiner et al. showed that
third-party Tregs, either naïve or ex-vivo expanded, enhanced
engraftment of bone marrow allografts (79). Adoptive transfer
of host-type Tregs can also induce mixed chimerism and
tolerance to a fully mismatched bone marrow graft after a
conditioning with short-course costimulation blockade (with
CTLA-4 Ig and anti-CD40L antibody) and rapamycin, in the
absence of cytoreductive treatment (80). Rapamycin is used
because it limits activation and expansion of Tcons while
promoting the expansion of Tregs (81). The ability of Tregs
to promote engraftment is consistent with their role in the
maintenance of the HSC niche, where they protect HSCs from
autologous and allogeneic immune attack (7, 8). Tregs are also
critical for tolerance induction to allogeneic HCT after reduced
intensity conditioning regimens with total lymphoid irradiation
and anti-thymocyte globulin (TLI/ATG). These regimens kill
host-type Tcons while partially sparing Tregs, which increase
donor HSC engraftment, cell cycling and differentiation (82, 83).
These results support the use of TLI/ATG to establish mixed
chimerism after allogeneic HCT in patients with hematologic
malignancies (84).

TREG-BASED THERAPIES IN ONE HLA
HAPLOTYPE MISMATCHED
TRANSPLANTATION

In one HLA haplotype mismatched (haploidentical)
hematopoietic transplantation, the high degree of HLAmismatch
triggers strong host-vs.-graft and graft-vs.-host alloresponses.
In the early 1990s, the combination of a myeloablative and
immunosuppressive conditioning regimen with the infusion
of a “mega-dose” of T-cell-depleted HSCs made haploidentical
transplantation feasible and effective without the need for any
post-transplant GvHD prophylaxis. The major limitation of
this approach was delayed post-transplant immune recovery,
which resulted in∼40% NRM, mainly due to infections (85–87).
More recently, protocols of unmanipulated (T-cell replete)
haploidentical transplantation have been developed. They are
based on new strategies to control T-cell alloreactivity that
also rely on Treg-induced tolerance (87, 88). A widespread
and effective approach is the administration of high-dose
cyclophosphamide following graft infusion (PTCy), which
inhibits alloresponses while sparing donor HSCs (88–90). Donor
Tregs are resistant to PTCy-induced cytotoxicity upon allogeneic

HCT, because they express high levels of the enzyme aldehyde
dehydrogenase, which is essential for in vivo detoxification of
cyclophosphamide (91). Treg-mediated suppression plays an
essential role in the prevention of GvHD in mouse models of
allogeneic HCT with PTCy (91, 92). A recent study showed that
PTCy induced functional impairment rather than elimination
of alloreactive T cells and confirmed a role for Tregs in GvHD
mouse models (93). Moreover, recovery of mature and functional
natural killer (NK) cells is also impaired in patients undergoing
haploidentical transplantation with PTCy (94, 95). Such effects
could impair T cell- and NK cell-mediated leukemia killing
after transplant. Importantly, clinical data suggest survival
after haploidentical transplantation with PTCy is similar to
that of patients undergoing HLA-matched sibling or unrelated
HCT (96–102). Another trial used a rapamycin-based GvHD
prophylaxis in order to promote in vivo expansion of Tregs and
allow the infusion of unmanipulated haploidentical grafts (103).

In the setting of T-cell depleted haploidentical transplantation
without post-transplant immunosuppression, the Perugia
Bone Marrow Transplant Program is exploiting adoptive
immunotherapy with freshly isolated donor Tcons and Tregs,
in order to promote immune reconstitution while preventing
GvHD (73, 87, 104, 105). CD4+CD25+ Tregs are isolated
by a two-step immunomagnetic selection consisting of a
negative CD19/CD8 selection, followed by a positive CD25
selection. The purity of CD4+FOXP3+ Tregs is around
70–80%. 2 × 106 Tregs/kg are infused 4 days before 1 ×

106 Tcons/kg and about 10× 106 CD34+ cells/Kg. No
pharmacological GvHD prophylaxis is given. The first study
reported results in 28 patients with hematologic malignancies
(24 in any complete remission and 4 in relapse at transplant).
They received a conditioning regimen with TBI, thiotepa,
fludarabine, and cyclophosphamide. Twenty-six patients
engrafted. Treg/Tcon adoptive immunotherapy was associated
with rapid reconstitution of B cells and of T cells with a
wide repertoire. Compared with standard T-cell depleted
haploidentical transplantation, reconstitution of pathogen-
specific CD4+ and CD8+ T cells, and of mature NK cells
was faster. The incidence of CMV reactivation was markedly
reduced, with no CMV-related deaths. Two patients developed
≥grade 2 acute GvHD and no patient developed chronic GvHD.
One patient (in chemoresistant relapse at transplant) relapsed.
Thirteen patients died of NRM, 4 of them because of extra-
hematological toxicity (104). The second study extended the
analysis to 43 patients with high-risk leukemia in any remission,
including 24 reported before. In order to reduce NRM, a
lower dose of cyclophosphamide or anti-T cell antibodies in
the place of cyclophosphamide were used in the conditioning
regimen. Forty-one patients engrafted. NRM was 40% and fell
to 21% in patients who had received anti-T cell antibodies
as a part of the conditioning. Incidence of ≥grade 2 acute
GvHD was 15% and only one patient developed chronic GvHD.
Incidence of leukemia relapse was 5% and it was significantly
reduced compared to the standard protocol of T-cell depleted
haploidentical transplantation (73). Finally, in an updated
analysis of a total of 60 patients with acute leukemia in any
remission at transplant, incidence of acute grade II-IVGvHD and
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chronic GvHD were 15 and 3%, respectively. Five-year incidence
of NRM was 35%. Five-year relapse incidence was as low as 12%,
confirming preclinical data that Treg adoptive transfer does
not impair T-cell immune reconstitution and the GvT effect
(87). More recently, this strategy of adoptive immunotherapy
with Treg/Tcon in haploidentical transplantation has been
combined with a low-toxicity conditioning regimen based on
total marrow and lymphoid irradiation (TMLI). TMLI provides
high-intensity irradiation to bone marrow, spleen, and major
lymph node chains, while sparing other tissues (106). This
transplant protocol has been tested in acute myeloid leukemia
patients who were aged or unfit to receive total body irradiation.
Preliminary data indicate this combination provides promising
results in terms of control of leukemia relapse and chronic
GvHD/leukemia-free survival (107). Despite acute GvHD still
occurs in a relevant fraction of patients, Treg/Tcon adoptive
immunotherapy strikingly improves outcomes of T-cell depleted
haploidentical transplantation thanks to a better chronic
GvHD/leukemia-free survival.

TREG-BASED THERAPIES IN
HLA-MATCHED AND UMBILICAL CORD
BLOOD TRANSPLANTATION

Since the number of freshly isolated Tregs to be used for cellular
therapy is limited (5–10% of CD4+ T cells in peripheral blood),
several protocols of expansion under good manufacturing
practice have been developed and tested in clinical trials (108).
Such expansion protocols preserve FOXP3+ Treg purity and
suppressive function in vitro. Tregs can be isolated from
peripheral blood or umbilical cord blood by immunomagnetic
selection as described above, or by flow cytometric cell sorting.
Tregs are usually incubated with anti-CD3/CD28 beads and high-
dose IL-2 with or without rapamycin for around 2–3 weeks
(108–112). Another option is the use of a modified K562 cell
line, which expresses the Fc receptor CD64 to cross-link an
anti-CD3 antibody, and CD86 to provide co-stimulation in the
presence of IL-2 (113–115). Brunstein and colleagues used this
approach to prevent GvHD after double-umbilical cord blood
transplantation. Tregs were isolated by CD25 immunomagnetic
selection from a third party cord blood unit that was 4–6/6 HLA
matched with the patient, and expanded in vitro (114). In the
last published clinical study, 3–100 × 106 Tregs/kg were infused
in 11 patients with various hematologic malignancies, who also
received post-transplant immune suppression. Expanded Tregs
were detectable in patients for a maximum of 14 days after
the infusion. The incidence of grade II-IV acute GvHD at 100
days was 9% compared with 45% in contemporary controls with
the same transplant protocol without Treg infusion. Chronic
GvHD was 0% compared with 14% in controls. Incidence of
infections, NRM and relapse, and disease-free survival were
similar in patients infused with Tregs and in controls (114).
Such studies suggest third party Tregs can be an alternative
to donor-derived Tregs. However, donor and third party Tregs
have never been compared in clinical studies for their efficacy
in GvHD prevention. The infusion of donor expanded Tregs has

been also tested for the treatment of acute and chronic GvHD in
small series of patients after HLA-matched transplantation, with
a clinical response in some patients (109, 111).

A recent phase I/II study investigated the infusion of
fresh donor Tregs and Tcons in the setting HLA-matched
transplantation in 12 patients with various hematological
malignancies (116). Tregs were purified by CD25+

immunomagnetic selection, followed by flow cytometric
cell sorting of CD4+CD127loCD25+ cells (as Treg cells do not
express the IL-7 receptor α subunit CD127 or express it at low
intensity). Purity of CD4+FOXP3+ Tregs was over 90%. The
first cohort of 5 patients received frozen Tregs but showed signs
of GvHD, consistent with the reduced functionality of Tregs
after cryopreservation and thawing (117). The other 7 patients
received freshly isolated Tregs in combination with low-dose
single-agent GvHD prophylaxis. No acute or chronic GvHD was
observed (116).

TREATMENT WITH LOW-DOSE IL-2 IN
ALLOGENEIC HCT

A promising alternative to Treg adoptive transfer is low-dose
IL-2 therapy, that has been shown to selectively activate and
expand Tregs in several autoimmune and inflammatory settings,
due to the constitutive expression of CD25 and factors related
to IL-2 receptor signaling (118, 119). The group from Dana-
Faber Cancer Institute and Harvard University investigated in
vivo stimulation of Tregs with low-dose IL-2 for the treatment
of steroid-refractory chronic GvHD after allogeneic HCT. A
phase I study established that the maximum tolerated dose
of IL-2 was 1 × 106 IU/m2/day. During the 8 weeks of
treatment, Treg counts and the Treg:Tcon ratio rose and 52%
of patients had a clinical response (120). In a phase II study,
35 patients with steroid-refractory chronic GvHD were treated
for 12 weeks. Two patients withdrew, 5 patients required dose
reduction, and 61% of evaluable patients had a partial response
to treatment. After a 4-week hiatus, low-dose IL-2 therapy could
be extended for 2 years in patients with partial response or
stable disease (121). The same group showed that low-dose IL-
2 induced phosphorylation of signal transducer and activator
of transcription 5 (STAT5) in Tregs but not in Tcons and
preferentially expanded Tregs in vitro. Moreover, patients with
severe chronic GvHD had constitutive phosphorylation of STAT5
in Tcons and high levels of IL-7 and IL-15. Treatment with low-
dose IL-2 was associated with increased STAT5 phosphorylation
in Tregs and decreased STAT5 phosphorylation in Tcons. This
resulted in enhanced Treg proliferation, thymic export and
resistance to apoptosis (122). Strategies to enhance efficacy
of low-dose IL-2 therapy are under investigation and include
combination with infusion of purified Tregs or extracorporeal
photopheresis (123, 124). Another phase II study used ultra-
low dose IL-2 for GvHD prophylaxis in 16 pediatric recipients
of allogeneic HCT. Treatment started at a median of 28 days
after transplant and consisted of 1–2 × 105 IU/m2 three times
per week for 6 or 12 weeks. This treatment was safe and it was
associated with expansion of Tregs in vivo. None of the patients
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developed II-IV GvHD, while the incidence of acute GvHD was
12% in a control group of patients who did not receive IL-2
treatment (125).

PERSPECTIVES

Recent clinical trials demonstrate that Treg-based therapies can
effectively promote engraftment and prevent or treat GvHD
after allogeneic HCT. However, these treatments fail to protect
some patients from severe GvHD. Strategies to improve purity,
enhance specificity, promote activation and control localization
of Tregs are needed. Several experimental strategies are under
investigation to achieve this goal.

Recent studies have focused on the generation of IL-2
compounds with enhanced selectivity for Tregs (126). One
strategy is the use of anti-IL-2 antibodies in complex with IL-2
that allow for selective stimulation of T cell subsets. Boyman
et al. showed that one anti-mouse IL-2 antibody prevented the
binding of IL-2 to IL-2Rβγc, but not to CD25 (IL-2Rα). When
complexed with IL-2, this antibody preferentially triggered the
proliferation of Tregs (127). Subsequently, Trotta et al. reported
the generation of a fully human anti-IL-2 antibody (F5111.2) that
exerted the same effect on humanTregs when complexed with IL-
2. Treatment with F5111.2-human IL-2 complexes was effective
in preclinical models of autoimmune diseases and GvHD, and

it did not affect immune response to mouse CMV (128). IL-2
can also be covalently linked to the antibody to generate a single-
agent cytokine/antibody fusion that is more stable than the above
immune complexes (129). Ward et al. designed a fusion protein
of mouse IL-2 and CD25 that allows for a selective stimulation
of Tregs in vivo. A treatment with this fusion protein delayed
the development of diabetes in non-obese diabetic mice (130).
An alternative strategy is engineering human IL-2 so that it
preferentially binds the high affinity receptor IL-2Rαβγc and,
consequently, preferentially activates Tregs (131, 132). Moreover,
these IL-2 muteins are also designed to have a longer half-life and
can provide a persistent stimulation of Tregs (130–132).

Another pleiotropic cytokine, TNF-α, has been recently
shown to enhance Treg function. After the conditioning regimen,
tissue macrophages release TNF-α, which activates donor
alloreactive T cells that cause GvHD (133, 134). In fact, anti-
TNF-α therapy with infliximab and etanercept is used to treat
steroid-refractory chronic GvHD. However, some patients do
not respond or even worsen (134–136). Tregs express higher
levels of TNF receptor (TNFR) 2 compared with Tcons, and
TNFR2+ Tregs are more suppressive than TNFR2− Tregs
(137–140). While TNFR1−/− mice have defective immunity
to infections and inflammatory response, TNFR2−/− mice are
affected by exacerbated inflammation (141). Several reports
suggest that TNF-α/TNFR2 signaling is required for effective
mouse Treg development in the thymus and optimal function

FIGURE 1 | Treg-based therapies in allogeneic HCT. Adoptive transfer of Tregs or the use of compounds that can favor their function in vivo are used to promote

donor engraftment and protect from GvHD after HCT. New strategies to further enhance in vivo efficacy of Treg-based therapies are under active investigation, and

include CAR-Tregs, ex-vivo priming with IL-2 and TNF-α, TNFR2, or DR3 agonists, Treg-selective IL-2 compounds or compounds that inhibit Tcon function while

sparing Treg suppressive activity.
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in vivo (142–145). In mouse models of allogeneic bone marrow
transplantation, GvHD control was abrogated when mice were
infused with TNFR2 deficient Tregs or with a TNFR2 blocking
monoclonal antibody (143). Moreover, ex-vivo priming of Tregs
with TNF-α enhanced the effectiveness of GvHD prevention
(144). Finally, expansion of radiation resistant host Tregs with a
TNFR2 agonist reduced GvHD severity and improved survival
(145). Importantly, the GvT effect was unaffected by Treg
stimulation in these studies. Ex-vivo priming or expansion
of Tregs with TNF-α or a TNFR2 agonist before adoptive
transfer could improve prevention and treatment of GvHD.
TNFR2 agonists could also be used to expand Tregs in vivo
(146, 147). As Tregs express higher levels of TNFR2, they
could be preferentially activated. However, Tcons upregulate
TNFR2 expression upon activation and become more resistant
to Treg-mediated suppression (148). Thus, the effects of in
vivo TNFR2 signaling stimulation should be carefully evaluated.
Another option is treatment with agonists of the costimulatory
receptor TNFR superfamily 25 (Death receptor 3, DR3), which
strongly stimulate Treg proliferation while weakly affect CD4+

T cell proliferation (149, 150). Treatment of donor mice with
DR3 agonists reduced severity of GvHD in recipient mice
of MHC-mismatched bone marrow transplantation, preserving
GvT effects (151). Moreover, when recipient mice received a
prophylactic treatment with a DR3 agonist, recipient-derived
Treg expanded and severity of GvHD was reduced. In contrast,
treatment of recipient mice after transplant favored donor
Tcon alloreactions and worsened GvHD (152). In other studies,
Treg expansion was induced in donors with the combination
of a DR3 agonist and low-dose IL-2. The infusion of donor
expanded Tregs ameliorated GvHD but did not affect GvT
activity in both MHC matched and MHC mismatched bone
marrow transplantationmodels (153–155). Recently, Copsel et al.
combined this approach with the administration of inhibitors
of bromodomain and extra-terminal proteins (BETi), which
suppress expression of pro-inflammatory cytokines and other
genes involved in T cell activation. They found that BETi
EP11313 spared Tregs and that GvHD severity was reduced in
mice treated with EP11313 and low numbers of donor Tregs
expanded with DR3 agonist and low-dose IL-2 (156).

While current protocols of adoptive transfer use polyclonal
Tregs, antigen-specific Tregs could be more effective without
exerting a broad suppression of immune responses. Alloantigen-
specific Tregs can be generated in the presence of allogeneic
APCs or by TCR gene transfer. An alternative is the generation of
chimeric antigen receptors Tregs (CAR-Tregs) (157). MacDonald

et al. generated human HLA-A2-specific CAR-Tregs that
prevented GvHD caused by HLA-A2+ Tcons in a xenogeneic
mouse model. They were more effective than Tregs expressing
an irrelevant CAR (158). A similar strategy was also used to
prevent rejection after xenogeneic transplantation (159). Another
study used Tregs expressing a CAR that binds Fluorescein
isothiocyanate-conjugated monoclonal antibodies (mAbCAR-
Tregs). Using tissue-specific antibodies, mAbCAR-Tregs could be
directed to different sites, where they exerted their suppressive
function (160).

Finally, several compounds are under investigation for
the prevention and treatment of GvHD, such as Janus-
activated kinase inhibitors and others. They share the ability
to preferentially inhibit Tcon function while sparing Treg
suppressive activity to various degrees (161). Thus, Tregs play a
key role in many of the current and newly developed strategies to
induce tolerance in allogeneic HCT.

CONCLUSIONS

Treg-based therapies have provided promising clinical responses
in allogeneic HCT. These treatments have proven to be safe
and are not associated with the side effects that could have
been anticipated, such as increased susceptibility to infections
and leukemia relapse. Efforts are ongoing to improve the
effectiveness of these approaches, whether they are based on
adoptive transfer of freshly isolated, expanded or modified Tregs
or on the induction of Treg expansion and function in vivo
(Figure 1).

To these days, treatment of patients with chemoresistant
leukemia is still largely ineffective. In the present review, we
discussed that Treg-adoptive transfer allows for a strong Tcon-
mediated GvT effect while controlling GvHD. Although it
requires further optimization, we believe this strategy is close to
become an effective treatment for these patients.
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Immune tolerance against alloantigens plays an important role in the success of clinical

organ and allogeneic hematopoietic stem cell transplantation. The mechanisms of

immune tolerance to alloantigens have gradually been elucidated over time. Although

there have been numerous reports to date on the induction of tolerance to alloantigens,

the establishment of mixed chimerism is well-known to be crucial in the induction and

maintenance of immune tolerance for either of the methods. Since the early 1980s, the

murine system of cyclophosphamide (Cy)-induced tolerance has also been examined

extensively. The present review focuses on studies conducted on Cy-induced immune

tolerance. Clinical data of patients with allogeneic transplantation suggest that the

posttransplant Cy method to induce immune tolerance has been successfully translated

from basic studies into clinical practice.

Keywords: tolerance, cyclophosphamide, graft-vs.-host disease, allogeneic hematopoietic stem cell

transplantation, kidney transplantation

INTRODUCTION

Donor availability remains a limiting factor for success of allogeneic hematopoietic stem cell
transplantation (allo-HSCT). A suitable human leukocyte antigen (HLA)-matched sibling or
unrelated donor cannot be identified in time for about half of transplant recipients. On the other
hand, an HLA-haploidentical donor can be identified rapidly in most cases. However, although
rapid donor availability is the major advantage of HLA-haploidentical allo-HSCT, the obstacles
of HLA-haploidentical allo-HSCT with a T-cell-replete graft include a high incidence of severe
graft-vs.-host disease (GVHD), resulting in an increased incidence of non-relapse mortality at
∼50% in early trials (1, 2). Certainly, ex vivo depletion of graft T cells reduces the risk of severe
GVHD after HLA-haploidentical allo-HSCT; however, it is associated with an increased risk of
engraftment failure and severe infections. Similarly, opportunistic infections which are associated
with the suppression of cell-mediated immunity have now become pressing issues related to
kidney transplantation, although the advances in immunosuppressants such as cyclosporine and
tacrolimus have resulted in decreasing incidence of graft rejection in organ transplantation (3).
These are as a result of non-specific immunosuppression, which suppresses the function of T cells
in general.

To reduce the incidence of GVHD inHLA-haploidentical allo-HSCT through the donor-specific
induction of immune tolerance in host or to avoid graft rejection in organ transplantation

94

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.03138
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.03138&domain=pdf&date_stamp=2020-01-31
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:kojikato@intmed1.med.kyushu-u.ac.jp
https://doi.org/10.3389/fimmu.2019.03138
https://www.frontiersin.org/articles/10.3389/fimmu.2019.03138/full
http://loop.frontiersin.org/people/765268/overview
http://loop.frontiersin.org/people/266860/overview


Kato et al. Cyclophosphamide-Induced Tolerance

through the recipient-specific induction of immune tolerance
against donor graft is the eventual goal for success of these
allogeneic transplantation. This can be approached by selectively
depleting alloreactive T cells; however, there is still no established
method to achieve this goal. Recently, several research groups
developed a method with high doses of cyclophosphamide (Cy)
administered just after allogeneic transplantation (4, 5). In this
article, we will provide a general outline of this topic, including a
history of the basic research conducted to date.

WHAT IS IMMUNE TOLERANCE?

Herein, we mainly describe immune tolerance to alloantigens
(donor antigens) within the overall context of immune tolerance.
First, however, we must discuss the induction and maintenance
of tolerance to self-antigens. Tolerance against self-antigens is
crucial in preventing the development of autoimmune diseases.
Clonal deletion by eliminating autoreactive T cells has been
proposed as the mechanism for the induction of tolerance.
Tolerance has been clarified through the specific relationship
between superantigens and certain Vβ segments of the T-cell
receptor. In the late 1980s, clonal deletion in the thymus
was shown in a mouse model with superantigens (e.g., Mlsa

antigens), which can combine with major histocompatibility
complex (MHC) antigen class II molecules and can respond
strongly to T cells via the certain Vβ segments (e.g., Vβ6). In
this mouse model with self-Mlsa antigens, specific Vβ6-positive
T cells are eliminated in the periphery (6, 7). Indeed, these
Vβ6-positive T cells were shown to be depleted during their
differentiation in the thymus (central tolerance) (8). This was
the first report of a method to explain the induction of self-
tolerance through clonal deletion. Although central tolerance
via clonal deletion is considered to be sufficient, they cannot
control self-reactivity completely. Peripheral deletion mediated
predominately via a Fas/FasL mechanism is one mechanism
by which the immune system eliminates self-reactive T cells
that escaped from central tolerance. Other mechanisms have
been proposed for the induction and maintenance of self-
tolerance. These include paralyzing autoreactive T cells (clonal
anergy) and continuously suppressing autoreactive T cells by
way of suppressor T cells. By these peripheral tolerances via
regulatory T cells (Tregs) and cytokines, self-reactive T cells are
rendered anergic even after encountering self-antigens outside of
the thymus.

Immune tolerance against alloantigens plays an important
role in the success of clinical organ and hematopoietic stem cell
transplantation. There have been many reports of methods to
date for the induction of tolerance to alloantigens (e.g., induction
of immune tolerance in neonates, induction of tolerance
using irradiation, induction of tolerance using monoclonal
antibodies, and drug-induced immune tolerance). Although the
establishment of mixed chimerism, in which donor cells are
found at a certain rate in the recipient’s body, is widely known to
be crucial in the induction andmaintenance of immune tolerance
for either of the methods (9), MacDonald et al. demonstrated
that the induction of immune tolerance in neonates was

due to the intrathymic clonal deletion of alloantigen-reactive
T cells (10). Especially after Starzl et al. reported that a
microchimerism was established in some patients after liver
transplantation in whom immunosuppressive treatment could
be discontinued without the occurrence of graft rejection (11,
12), much work has been focused on how to induce immune
tolerance by establishing chimerism in the field of clinical organ
transplantation (13, 14). In addition, drug-induced immune
tolerance with Cy was effective in xenotransplantation against
B cells that produce xenoreactive antibodies (15). Thus, the
mechanisms of immune tolerance to alloantigens have gradually
been elucidated over time. Since the early 1980s, Professor Kikuo
Nomoto’s laboratory in the Department of Immunology, Medical
Institute of Bioregulation, Kyushu University has extensively
reexamined and developed a murine system of Cy-induced
tolerance to show central and peripheral clonal deletion (4).

CYCLOPHOSPHAMIDE-INDUCED
IMMUNE TOLERANCE

Cy is a chemotherapeutic agent. Since Cy has been in clinical
rotation for about 50 years, there is much experience to
draw on for using this agent in the treatment of cancer and
autoimmune diseases. Besides chemotherapeutic effects, Cy has
immunosuppressive as well as immunomodulatory abilities. In
1963, Berenbaum and Brown first demonstrated the effects
of Cy on the allogeneic response (16). Cy (200mg/kg) was
intraperitoneally administered to mice before or after an MHC-
mismatched allogeneic skin graft (17).While controlmice lost the
allogeneic skin graft after∼14 days, mice treated with Cy revealed
delayed skin graft rejection. When a single dose of Cy just after
allogeneic skin grafting (day 0) was administered between days
0 and 4, it was shown to be more effective in prolonging graft
survival compared to Cy use on day 6 or between days −4 and
0. Santos and Owens reported that Cy reduced the incidence
and severity of GVHD when Cy was given on days 2, 3, and
5 after the infusion of allogeneic spleen cells in rats (18). From
the extensive studies on the cells-followed-by-chemotherapeutic
drugs system by many investigators, the optimal timing of
chemotherapeutic drug use for the induction of tolerance is 1–4
days after antigen exposure; however, the different dose, timing,
and cumulative exposure of Cy are critical for its efficacy in
preventing GVHD (19). In addition, chemotherapeutic drugs
such as 6-mercaptopurine, methotrexate, and 5-fluorouracil may
be useful for promoting the success of the cells-followed-by-
chemotherapeutic drug system, Cy is known to have the greatest
tolerance induction potential among these chemotherapeutic
drugs (20, 21). Treatment of Cy with other immunosuppressive
drugs such as steroids, cyclosporine, and tacrolimus before
or together with the allogeneic cell infusion impaired the
development of the tolerance induction because the cell
proliferation was inhibited as a result of these drugs being used
for pretreatment (22).

Based on these results, the Nomoto’s laboratory developed a
method, the so-called “cells-followed-by-Cy system” for inducing
tolerance to allogeneic grafts (4, 23). Here, the method of the
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FIGURE 1 | The schema of cyclophosphamide-induced tolerance model. (A)

Original protocol of cyclophosphamide-induced tolerance model. (B) Modified

protocol using anti-T-cell monoclonal antibody. SC, spleen cell; BMC, bone

marrow cell; Cy, cyclophosphamide; mAb, monoclonal antibody; ip,

intraperitoneal injection; iv, intravenous injection; MLR, mixed lymphocyte

reaction analysis; CTL, cytotoxic T-lymphocyte analysis; TCR, T-cell-receptor

analysis.

Cy-induced immune tolerance that we have reported on to date
consists of a very simple process of administering 5–10 × 107

allogeneic spleen cells (bone marrow cells were later added)
intravenously 2 days before intraperitoneally administering Cy
at a dose of 150–200mg/kg (Figure 1A). The most distinctive
feature is the administration of Cy after rather than before the
administration of alloantigens (24–26). Furthermore, the “cells-
followed-by-Cy system” in combination with using anti-T-cell
monoclonal antibody and low-dose total body irradiation (TBI)
on day −1 could induce a profound tolerance with sustained
mixed chimerism to skin or other solid organs in various
mouse combinations with differing MHCs and minor antigens
(5, 27–29) (Figure 1B). Thus, through the extensive efforts of
basic researches, this “cells-followed-by-Cy system” has been also
referred to as “posttransplant Cy (PTCy)” in the clinical field of
allo-HSCT and solid organ transplantation.

MECHANISMS OF
CYCLOPHOSPHAMIDE-INDUCED
IMMUNE TOLERANCE

Using the aforementioned correlations between Mlsa antigens
and Vβ6-positive T cells, the Nomoto’s laboratory investigated
the mechanism of immune induction and maintenance of
tolerance to alloantigens through Cy-induced immune tolerance
and identified the following three distinct and sequential
mechanisms in MHC-matched setting. The first mechanism was
the deletion of alloantigen-stimulated T cells after Cy treatment
in the periphery (30, 31). The secondmechanismwas intrathymic
clonal deletion of donor-reactive T cells, which was strongly
associated with mixed chimerism in the thymus during the
maintenance phase. The third mechanism was the generation of

FIGURE 2 | The flow of the three major mechanisms of

cyclophosphamide-induced tolerance. Cy, cyclophosphamide; BM, bone

marrow; PBSCT; Treg, regulatory T cells.

suppressor T cells in the late stage of the tolerance. The flows of
the three mechanisms over time are summarized in Figure 2.

Clonal Deletion of Donor-Reactive T Cells
During the Induction of Tolerance
When AKR/J (H-2k, Mlsa, Thy-1.1) is used as the donor and
C3H/He (H-2k, Mlsb, Thy-1.2) is used as the recipient, long-term
engraftment of AKR/J skin allografts can be induced through
Cy-induced immune tolerance (32). When AKR/J splenocytes
were administered to recipient C3H/He and Cy was administered
2 days later, the number of CD4-positive Vβ6-positive T cells with
strong reactivity to donor Mlsa antigens selectively decreased
from an early stage and were remarkably decreased at 5 weeks
after Cy administration. No such changes were observed in
control Vβ8-positive T cells, indicating that the findings were
specific to Vβ6-positive T cells. In addition, since CD8-positive
T cells were less reactive to Mlsa antigens in Vβ6-positive T
cells, a response similar to the one observed in CD4-positive T
cells was not seen. These results indicate that alloreactive T cells
are selectively eliminated after Cy in the periphery. The clonal
deletion mechanism acts on mature T cells, which are outside
of the bone marrow and thymus. In addition, clonal deletion at
the time of induction of tolerance was also observed in recipient-
reactive T cells from treated donors, and an involvement in the
prevention of GVHD was also revealed through an evaluation of
the transition of Vβ3-positive T cells from donor AKR/J reactive
to Mls-2a antigens of recipient C3H/He.

Intrathymic Mixed Chimerism in the
Maintenance Phase
In AKR/J→C3H/He combinations, while Thy-1.1-positive T
cells from donor AKR/J were observed in peripheral lymph nodes
beginning immediately after the induction of tolerance, Thy-1.1-
positive T cells from the donor AKR/J were not observed in the
thymus of recipient C3H/He on day 14 after Cy administration,
and Vβ6-positive T cells reactive to donor Mlsa antigens were
found at normal levels (32). However, by day 35 after the
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administration of Cy, Thy-1.1-positive T cells from donor AKR/J
were found in the thymus of recipient C3H/He, suggesting
that the hematopoietic cells in donor AKR/J splenocytes had
differentiated and matured in the thymus of recipient C3H/He.
In the thymus that was in such a chimeric state, there was clonal
deletion of Vβ6-positive T cells reactive to donor Mlsa antigens.
This indicates that chimerism is also established at the antigen-
presenting cell level in recipient thymus. Clonal deletion of Vβ6-
positive T cells was observed in either CD4- or CD8-positive
mature thymic T cells, unlike the aforementioned peripheral
clonal deletion, to allow for the negative selection of CD4- and
CD8-positive immature thymocytes in the thymus (10, 33).

Generation of Tolerogen-Specific
Regulatory T Cells in the Late Maintenance
Phase
Although the clonal destruction of alloreactive T cells is
thought to be the dominant mechanism of Cy-induced tolerance,
it is insufficient to explain peripheral tolerance in the Cy-
induced tolerance system. Tregs also have an important role
in Cy-induced tolerance system (34–37). In DBA/2 (H-2d,
Mlsa)→BALB/c (H-2d, Mlsb) combinations, intrathymic T-cell
chimerism disappeared by day 100 following the induction of
tolerance in some recipient BALB/c mice and, as a consequence,
the intrathymic clonal deletion of Vβ6-positive T cells reactive to
donor Mlsa antigens was also disrupted, with the regeneration
of Vβ6-positive T cells observed in peripheral lymph nodes
(38). This suggests that chimerism was also lost at the level of
antigen-presenting cells in the thymus. Nevertheless, the skin
allografts remained engrafted. Therefore, the presence or absence
of the involvement of Tregs was evaluated as a mechanism of
maintaining tolerance at this stage. The adoptive transfer of
splenocytes from mice engrafted with donor skin allografts into
syngeneic mice irradiated with low doses of radiation followed by
the grafting of donor skin allografts on the following day revealed
the presence of donor antigen-specific Tregs (39), with CD8-
positive T cells being predominantly found in this combination.
Tregs were insufficient at day 14 to prevent skin allograft rejection
upon transfer. In addition, the presence of CD4-positive Tregs
has also been observed among mice differing only in terms of
class II antigens (40).

Because MHC-matched murine skin-allografting models with
Mls antigens were highly contextual, the exact association
of these three mechanisms to how PTCy prevents GVHD
in allo-HSCT still remains unclear. Donor Tregs, which are
resistant to PTCy via aldehyde dehydrogenase expression, are
necessary for protection against GVHD (35, 37). A recent
report showed that PTCy did not eliminate alloreactive T cells
and the thymus was not necessary for efficacy of PTCy in
T-cell replete, MHC-haploidentical, murine allo-HSCT model
(B6C3F1→B6D2F1), whereas PTCy impaired the function of
alloreactive T cells and the rapid recovery of Tregs played an
important role in suppressive mechanisms of GVHD (36). In
four other models including one of the same MHC-matched
strain combinations as used in the skin allograftingmodels, PTCy
also did not eliminate alloreactive T cells. Rather, PTCy induced

alloreactive T-cell functional impairment over time through
the suppressive mechanism with rapid recovery of alloantigen-
specific Tregs (36). In addition to the role of Tregs, clonal anergy
was suggested to be involved in the maintenance of tolerance
in the late phase of maintenance (41, 42), although this did
not appear in allo-HSCT (36). In the early stage of induction
of Cy-induced tolerance, observing higher chimerism of donor-
derived cells in the recipient periphery was also found to be
important in inducing a higher level of tolerance (43). The
differential influence of Cy on each subset of T cells has been also
reported. Among T cells spared by Cy treatment, naive-derived
memory stem T cells (44–47) that can differentiate into various
memory T cells are the most abundant T-cell population in the
early period following PTCy haploidentical allo-HSCT and play
an important role in immune reconstitution in the long term
after transplantation (48, 49). Therefore, further understanding
of tolerance induction by PTCy can be put in perspective in
future studies.

CLINICAL APPLICATION OF
CYCLOPHOSPHAMIDE-INDUCED
IMMUNE TOLERANCE

The outline of the historical background on underlying
mechanisms in Cy-induced immune tolerance has hereby been
provided. Of note, however, Cy-induced tolerance is now also
receiving great attention in two clinical fields: allo-HSCT and
kidney transplantation.

Clinical Application in Allo-HSCT
As previously described, a characteristic feature of the PTCy
method is the fact that Cy is given after rather than before
the administration of alloantigens. Especially in the field
of HLA-haploidentical allo-HSCT, this method has garnered
significant attention with respect to good engraftment and
low incidence of GVHD. The Johns Hopkins University
group has previously successfully achieved tolerance and mixed
hematopoietic chimerism in mice treated with fludarabine
(Flu) and 200 cGy TBI, transplanted with 10 million marrow
cells, and given Cy 200mg/kg intraperitoneally on day 3 (5).
This method reduced the incidence and severity of GVHD
in an MHC-mismatched combination. These promising results
provided the rationale to conduct a clinical trial of PTCy
HLA-haploidentical allo-HSCT for patients with poor prognoses
for hematological malignancies (50–52) and non-neoplastic
hematological diseases (53).

Based on these results, a phase I/II clinical trial of
haploidentical bone marrow transplantation for hematological
malignancies was initiated in 1999. Thirteen patients with
hematological malignancies received conditioning with Flu
(30mg/sqm/day from days −6 to −2) and TBI (200 cGy on
day −1). All patients received Cy at a single dose of 50mg/kg
on day 3 with tacrolimus and mycophenolate mofetil from day
4 as a GVHD prophylaxis (51). Of the first three patients, two
conditioned without Cy developed engraftment failure in the
phase I portion. Therefore, Cy was added to the conditioning
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regimen at a total dose of 29mg/kg given on days −5 and −6
in the next 10 patients, and 8 could achieve engraftment. Acute
GVHD developed in six of these eight engrafted patients during
the phase II portion and responded well to treatment. Results
of the first 13 patients were reported as a proof-of-principle
report in 2002 (51). Clinical outcomes of 68 patients in phase
II trials were also reported in 2008 (52). In this trial, the dose
of administered Cy was modified by increasing the total dose of
PTCy to 100mg/kg given over days 3 and 4 to decrease in the
incidence of GVHD. Among 68 patients, 40 patients received the
total dose of PTCy with 50mg/kg on days +3 and +4, and 28
patients received 50mg/kg on day +3. Primary engraft failure
occurred in 13% of patients. Themedian times for neutrophil and
platelet recovery were 15 and 24 days, respectively. There was no
difference in the incidence of severe acute GVHD between one
or two doses of PTCy with 34% of cumulative incidences being
of grades II–IV and 6% being of grades III–IV acute GVHD. The
cumulative incidences of non-relapse mortality and relapse at 1
year were 15 and 51%, respectively.

Thus, PTCy as GVHD prophylaxis has been developed
initially for haploidentical bone marrow transplantation
after non-myeloablative conditioning (Figure 3A); however,
myeloablative conditioning or peripheral blood stem cells as
the graft source have been successfully used in several studies
(54–56). Among themany platforms used with PTCy, an example
of a myeloablative approach with peripheral blood stem cells is
shown in Figure 3B. In addition, recent studies demonstrated
that PTCy could be applied even in HLA-matched allo-HSCT,
and donor type might no longer be a significant predictor in the
era of PTCy (57–59). Consequentially, allo-HSCT with PTCy has
spread rapidly worldwide.

FIGURE 3 | The schema of human leukocyte antigen (HLA)-haploidentical

transplantation with posttransplantation cyclophosphamide. (A) The schema

of non-myeloablative, HLA-haploidentical bone marrow transplantation with

posttransplantation cyclophosphamide, which was originally developed by the

Johns Hopkins University group. (B) One example schema for myeloablative,

HLA-haploidentical peripheral blood stem cell transplantation with

posttransplantation cyclophosphamide. Cy, cyclophosphamide; Flu,

fludarabine; TBI, total body irradiation; BMT, bone marrow transplantation;

PBSCT, peripheral blood stem cell transplantation; MMF, mycophenolate

mofetil.

Clinical Application to Kidney
Transplantation
Clinical trials to induce renal allograft tolerance with allogeneic
stem cell have been reported from three centers: Northwestern
University, Stanford University, and Massachusetts General
Hospital in the United States (60). Aside from the methods
inducing tolerance by PTCy, Stanford University and
Massachusetts General Hospital groups have been using
their specific approaches to induce renal allograft tolerance (61).
Researchers at Stanford University group used allo-HSCT with
total lymphoid irradiation and rabbit antithymocyte globulin
to induce mixed chimerism. In their experience, durable or
transient chimerism was induced in HLA-matched transplant
recipients, and immunosuppressive agents were withdrawn
in ∼70% of the patients; however, induction of chimerism
has been difficult in HLA-mismatched transplant recipients,
and no recipients has achieved complete discontinuation of
immunosuppression. The Massachusetts General Hospital
group developed the conditioning regimen for HLA-mismatched
kidney transplantation, which included Cy (60mg/kg on days−5
and−4), thymic irradiation, anti-CD2monoclonal antibody, and
posttransplant calcineurin inhibitors administration (13, 14). In
a revised regimen, low-dose TBI replaced Cy, and rituximab was
added. Of the 10 recipients enrolled in the studies, all developed
transient mixed chimerism and immunosuppression was
discontinued in eight patients. After a follow-up period of 7–14
years, four patients still could discontinue immunosuppression
completely (62).

The Northwestern University group reported results from a
recent clinical trial involving patients undergoing living-donor
kidney transplantation using the regimen shown in Figure 4,
where stable donor-derived chimerism was able to be induced
in 19 out of 31 recipients and immunosuppressive agents could
also be discontinued (60, 63). In this report, patients were
transplanted from six of six HLA-matched related to zero of six
HLA-matched unrelated donor. Twelve subjects had unrelated

FIGURE 4 | The schema of living-donor kidney transplantation with

posttransplantation cyclophosphamide. Cy, cyclophosphamide; Flu,

fludarabine; TBI, total body irradiation; FCs, facilitating cells; MMF,

mycophenolate mofetil002E.
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and 19 had related donors. The patients are conditioned with
Flu (30mg/sqm/day on days −5, −4, −3), Cy (50mg/kg on day
−3), low-dose TBI (200 cGy on day −1) followed by living-
donor kidneys transplant (day 0). The patients received donor
bone marrow after living-donor kidneys were transplanted.
Regarding stem cell transplantation, a population of so-called
facilitating cells from donor bone marrow cells was enriched
and used, after which point, Cy was administered at a dose of
50mg/kg, 2 days later. Facilitating cells are identified as CD8-
positive and αβγδ T-cell receptor-negative donor bone-marrow-
derived cells that promote allogeneic stem cell reconstitution.
In the recent report, two patients developed GVHD, and two
patients experienced renal allograft losses. Although not yet
a perfect induction of tolerance, the ability to discontinue
immunosuppressive drugs in two-thirds of patients can be
considered a great achievement. Combined hematopoietic stem
cell and kidney transplantations have shown efficacy and safety,

as well as validated the proof of principle of inducing tolerance
by PTCy (64–67).

CONCLUSION

In this report, we outlined the history of Cy-induced immune
tolerance. Collectively, clinical data suggest that the PTCy
method for the induction of immune tolerance has been
successfully translated from basic studies to clinical application.
So far, the data have been adequately encouraging us to further
develop PTCy approach in future studies.
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Hematopoietic stem cell transplantation from a haploidentical donor is increasingly

used and has become a standard donor option for patients lacking an appropriately

matched sibling or unrelated donor. Historically, prohibitive immunological barriers

resulting from the high degree of HLA-mismatch included graft-vs.-host disease (GVHD)

and graft failure. These were overcome with increasingly sophisticated strategies to

manipulate the sensitive balance between donor and recipient immune cells. Three

different approaches are currently in clinical use: (a) ex vivo T-cell depletion resulting

in grafts with defined immune cell content (b) extensive immunosuppression with a

T-cell replete graft consisting of G-CSF primed bone marrow and PBSC (GIAC) (c) T-cell

replete grafts with post-transplant cyclophosphamide (PTCy). Intriguing studies have

recently elucidated the immunologic mechanisms by which PTCy prevents GVHD. Each

approach uniquely affects post-transplant immune reconstitution which is critical for the

control of post-transplant infections and relapse. NK-cells play a key role in haplo-HCT

since they do not mediate GVHD but can successfully mediate a graft-vs.-leukemia

effect. This effect is in part regulated by KIR receptors that inhibit NK cell cytotoxic

function when binding to the appropriate HLA-class I ligands. In the context of

an HLA-class I mismatch in haplo-HCT, lack of inhibition can contribute to NK-cell

alloreactivity leading to enhanced anti-leukemic effect. Emerging work reveals immune

evasion phenomena such as copy-neutral loss of heterozygosity of the incompatible HLA

alleles as one of the major mechanisms of relapse. Relapse and infectious complications

remain the leading causes impacting overall survival and are central to scientific advances

seeking to improve haplo-HCT. Given that haploidentical donors can typically be readily

approached to collect additional stem- or immune cells for the recipient, haplo-HCT

represents a unique platform for cell- and immune-based therapies aimed at further

reducing relapse and infections. The rapid advancements in our understanding of the

immunobiology of haplo-HCT are therefore poised to lead to iterative innovations resulting

in further improvement of outcomes with this compelling transplant modality.
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INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) remains
a curative approach for many patients with malignant and
non-malignant hematologic indications (1). However, timely
availability of a suitable HLA-matched sibling donor (MSD)
or adequately HLA-matched unrelated donor (MUD) remains
a significant challenge in providing access to HCT. The
likelihood of finding an optimal donor varies significantly
among racial and ethnic groups with the chances of finding an
appropriate donor ranging from 75% for whites of European
descent to 16% for blacks of South or Central American
descent (2). Although most candidates for HCT will have a
donor or cord blood unit considered suitable (HLA-matched
or minimally mismatched), even single allele mismatches
negatively impact patient outcomes after HCT (3). Additionally,
proceeding with an unrelated donor is a time- and cost-
consuming process that can result in delay or suboptimal timing
of HCT.

In contrast, haploidentical donors are available for >95%

of patients in need of HCT (4). Biological children, parents,
siblings, and frequently more distant family members who
share one haplotype potentially qualify as donors (Figure 1).
They can be readily identified and are typically available

FIGURE 1 | HLA-matching in Haplo-HCT. (A) Distribution of HLA alleles on chromosome 6. All HLA alleles exist on the short arm of the chromosome, specifically

6p21.3. The classical HLA classification system is used clinically for matching donors and recipients in the transplant setting. HLA class I alleles -A, -B, and -C are

expressed on all nucleated cells and display antigen to CD8+ T-cells, while HLA Class II alleles -DR, -DQ, -DP are expressed on antigen-presenting cells and initiate a

response by CD4+ T-cells. Not shown are the non-classical HLA Class I alleles -E, -F, -G, -H, -J that are also present on the same chromosome arm. (B) A

representative inheritance pattern of HLA alleles is demonstrated. For a patient with HLA allele distribution b and d as shown in the middle, each sibling has a 25%

chance of being a full match based on inheritance of the same maternal (b) and paternal (d) alleles as the patient. Each sibling has a 50% chance of being a

haploidentical match by virtue of having inherited one identical allele (b) from the parents. The likelihood of having inherited neither of the parental alleles that were

inherited by the patient is 25% (complete HLA-mismatch).

and motivated to donate bone marrow (BM) or peripheral
blood stem cells (PBSC) to their family member in a
timely fashion. This is particularly beneficial when unexpected
events delay or expedite the need for HCT. Moreover,
haploidentical donors can readily be tested in situations where
there is concern for an underlying familiar predisposition
syndrome and are typically available for a repeat stem
cell collection, donor lymphocyte infusion or other cell
therapeutic approaches which may be indicated if post-
transplant complications such as graft failure, relapse, or
infectious complications arise. Finally, if the selected family
member had a poor stem cell mobilization for a PBSC graft
or the optimal graft composition was not achieved then a
different family member can be approached to serve as a
haploidentical donor.

Historically, haploidentical HCT (haplo-HCT) was associated
with high rates of graft vs. host disease (GVHD) and graft
failure (5–7). With the introduction of efficient T-cell depletion
(TCD) of the graft (8), haplo-HCT became feasible from a
GVHD perspective. However, TCD led to an imbalance between
host and donor T cells resulting in high rates of graft failure.
This imbalance was overcome with the use of T-cell depleted
“megadose” stem cell grafts (9, 10). Since then, nuanced ex
vivo approaches to optimize the immunological composition
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of haploidentical grafts have been developed as outlined in
this review.

Amajormilestone in promoting the wide-spread use and cost-
efficient accessibility of haplo-HCT, including in resource-poor
countries, was reached with the use of high-dose post-transplant
cyclophosphamide (PTCy) to achieve in vivo attenuation of T cell
alloreactivity (11). A different strategy using Granulocyte-colony
stimulating factor (G-CSF) mobilized bone marrow grafts with
extensive immunosuppression has been similarly feasible (12).
In addition, a special emphasis is being placed on using natural
killer (NK) cells to harness both innate and adaptive immunity
in haplo-HCT. NK cells are uniquely regulated by activating and
inhibitory receptors and can mediate a critical graft-vs.-leukemia
(GVL) effect, also referred to as NK-cell alloreactivity, without
mediating GVHD (13–15).

These approaches have contributed to a surge in the use
of haplo-HCT in recent years (16). Furthermore, dramatic
advances in the field of adoptive immune cell transfer have been
applied to the haplo-HCT platform whereby donors could be
readily approached for additional cell collections to enhance
immunity against infections and relapse (17, 18). As haplo-
HCT evolves to refine and establish its role in the field of
transplantation, it is critical to examine the immunobiological
properties unique to haplo-HCT and the effect of ex vivo or
in vivo graft manipulation on the immunological content and
trajectory of immune reconstitution.

CHALLENGES OF THE HLA-BARRIER IN
HAPLO-HCT

Early trials of T-cell-replete haplo-HCT were associated with
poor outcomes due to a high incidence of GVHD and graft
rejection, resulting in ∼10% long-term survival (5–7, 19, 20).
In the setting of grafting across a haploidentical HLA barrier,
∼2% of donor T cells mediate alloreactive reactions resulting in
GVHDwhile residual host T cells mount host-vs.-graft responses
leading to graft rejection (21–23). The ability to overcome the
problem of GVHD despite the large HLA-disparity in haplo-
HCT was first demonstrated by Reisner and colleagues with
the successful transplantation of children with severe combined
immunodeficiency (SCID) using T-cell depleted haploidentical
grafts which differed at three major HLA loci (8). However,
when this approach was extended to other indications in which
a patient’s underlying immune system is generally functional, the
minimal T-cell content in the graft resulted in unopposed host-
vs.-graft rejections and a high rate of graft failure. The latter
was mediated by recipient anti-donor T lymphocyte precursors
that survived the conditioning regimen (22, 24, 25), as well as
anti-donor HLA antibodies (26) (Figure 2).

A second breakthrough that paved the way toward the broad
application of haplo-HCT was the use of “megadose” grafts,
targeting the infusion of a stem cell product containing on
the order of ≥10 × 106/kg CD34+ hematopoietic stem cells

FIGURE 2 | Immunological balance determines outcomes after haplo-HCT. The graft contains CD34+ and CD34− hematopoietic cells. CD34+ progenitor and stem

cells are required for engraftment and reconstitution of the bone marrow after transplantation into the host. T cells in the graft facilitate neutrophil engraftment, immune

reconstitution, post-transplant infectious immunity and exert GVL effect (Right). However, without an ex vivo (T cell depletion or CD34 positive selection) or in vivo

(ATG or Campath) T cell depletion strategy, they mediate prohibitively severe GVHD (Right). In contrast, extensive T cell depletion from the graft results in an

immunologic imbalance between residual host and donor T cells favoring graft rejection (Left). Extensive T cell depletion of the graft also results in slow immune

constitution, infections and poor GVL control. To achieve an optimal immunologic balance, novel graft manipulation approaches selectively deplete T cells involved in

GVHD (CD45RA+ T cell and αβ- T cell depletion strategies), while maintaining beneficial immune cells such as NK cells and γδT cells in the graft.
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while retaining the threshold dose of ≤4 × 104/kg T cells
established in the SCID patients (9, 10, 27, 28). The underlying
immunologic effect of megadose grafting was attributed to
tolerance induction of host anti-donor cytotoxic T cell precursors
by donor CD34+ stem cells or by CD34+ derived regulatory
immune cells endowed with a “veto”-effect in a TNFα mediated
mechanism (29, 30). Intensified myeloablative conditioning
(MAC) with 8Gy total body irradiation (TBI), thiotepa, rabbit
anti-thymocyte globulin (ATG) and fludarabine (replacing
cyclophosphamide after 1995) (31) to eliminate host T cells,
followed by G-CSF mobilized megadose T-cell depleted PBSC
grafts (initially using soybean agglutination and erythrocyte
resetting and later immunomagnetic selection of CD34+ HSCs)
without any additional post-transplant immunosuppression was
refined over the years (28, 32). This approach ultimately
demonstrated primary engraftment in 95% of patients with acute
leukemia (n= 104), with 6 of 7 patients who initially experienced
graft failure engrafting successfully after second transplantation.
Although acute and chronic GVHD were largely prevented, a
significant non-relapse mortality (NRM) of 36.5% was observed
largely owing to post-transplant infections (27 of the 38 patients
died of infectious complications) and substantial relapse risk.
The 2-year event-free survival (EFS) probability among patients
receiving transplantation in any complete remission (CR) was
47%, while the EFS for those transplanted in relapse was 4% (27).

Despite the tremendous advances toward clinical feasibility
of haplo-HCT, these early studies embodied the challenge
of achieving a sensitive immunologic balance during
transplantation across haploidentical HLA-barriers. This
challenge is reflective of the need for extensive T-cell depletion
and immunosuppression to control GVHD on the one hand,
and facilitation of engraftment, immune reconstitution,
protection from infections, and prevention of relapse on the
other (Figure 2). This conundrum has fueled the iterative
improvement of modulating immunity in the context of
haplo-HCT as outlined below.

CURRENT HAPLO-HCT PLATFORMS

In vivo Haplo-HCT Strategies With
Unmanipulated Stem Cell Grafts
Post-transplantation Cyclophosphamide (PTCy)
Post-transplantation high-dose cyclophosphamide (PTCy), when
administered in a specific time-frame after graft infusion,
efficiently attenuates alloreactive T cells from both donor
and host and prevents GVHD and graft rejection. This
immunological effect of PTCy was first observed in the
1960s in animal models of allogeneic skin grafts whereby
cyclophosphamide administration within a window of up
to 4 days after grafting delayed rejection (33). Subsequent
preclinical studies defined the role of PTCy in the setting
of allogeneic HCT and showed the benefits of its use with
respect to engraftment and GVHD (34–36). Importantly the
concurrent immunosuppression of T cells with cyclosporine
or steroids interfered with PTCy-tolerogenic effects (37, 38),

indicating that high proliferative rates are critical for the PTCy
immunomodulatory mechanism (39).

Initial mechanistic studies based on murine skin allografting
models attributed the PTCy-effect to the selective depletion of
alloreactive T cells. Based on these hypotheses, the presumed
depletion was dependent on the heightened cytotoxic sensitivity
of newly primed and highly proliferative alloreactive T cells
(particularly CD4+ T cells) at the peak of anti-host and anti-
donor T cell expansion, aided by a favorable balance between
effector T cells and regulator T cells (Tregs) as well as an
additional intrathymic clonal deletion of alloreactive T cell
precursors (40–44). Suppressive immune cells were only felt
to have an adjunct role in maintaining tolerance (45, 46).
However, recent work by Kanakry and colleagues formally tested
the putative immunologic mechanisms (selective destruction of
alloreactive T cells, intrathymic clonal deletion of alloreactive
T cells and induction of suppressor T cells) in dedicated
murine PTCy haplo-HCT models (47). These studies suggest
that PTCy reduces CD4+ T cell proliferation but does not
eliminate alloreactive T cells and instead functionally impairs
the T-cell response to alloantigens and induces the rapid and
preferential recovery and expansion of regulatory T cells (Treg).
Treg resistance to PTCy is based on their differential expression
of aldehyde dehydrogenase (ALDH) (48). Evidence for the
importance of the role of Tregs after PTCy is exemplified by
the development of severe and fatal GVHD in the context
of Foxp3+ Treg depletion, as well as additional data showing
that Tregs are required for PTCy-mediated protection against
GVHD (49). Studies in thymectomized mice also suggested the
dispensability of the thymus in this process (47). Advances in
this active field of preclinical and clinical study are poised to
further elucidate and facilitate adaption of the PTCy platform
for different clinical scenarios. Increasing experience with this
platform and the potential for PTCy-mediated bi-directional
tolerance induction also lends itself to further exploration of
this approach in the setting of combined solid organ and bone
marrow transplantation (44).

The first clinical study of unmanipulated haplo-HCT with
PTCy was conducted in the setting of non-myeloablative (NMA)
conditioning with administration of PTCy at 50 mg/kg on day
+3 and an added immunosuppressive regimen of mycophenolate
mofetil (MMF) and tacrolimus starting on day +4 in 13 patients
(50) (Figures 3A, 4C). Subsequent prospective clinical trials,
administering PTCy either on day +3 or on days +3 and
+4, demonstrated rates of graft failure and GVHD comparable
to those reported with reduced intensity conditioning (RIC)
HLA-matched sibling and MUD HCTs with a trend toward
a lower risk of extensive chronic GVHD among recipients
of two doses of PTCy (50). These studies paved the way for
the increased investigation and clinical use of haplo-HCT with
PTCy (Figure 3B).

GIAC Approach (G-CSF-Mobilization, Intensified

Post-transplant Immunosuppression, ATG and

Combination of PBSC and BM Allografts)
The GIAC approach using T-cell replete haploidentical grafts was
pioneered at Peking University (12, 51). This approach uses ATG
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FIGURE 3 | Frequently used haplo-HCT regimens. (A) Non-myeloablative (NMA) conditioning with administration of post-transplant cyclophosphamide (PTCy) as part

of the Hopkins protocol for haplo-related donor HCT uses cyclophosphamide 50mg/kg/day on days +3 and +4 and additional GVHD prophylaxis with oral MMF and

tacrolimus (Tacro) starting on day +5. (B) Myeloablative conditioning (MAC) protocol with administration of post-transplant cyclophosphamide 50 mg/kg/day given on

days +3 and +4 and additional GVHD prophylaxis with oral MMF and tacrolimus starting on day +5. (C) GIAC haplo-HCT protocol using a combination of G-CSF

primed bone marrow (BM) and peripheral blood stem cells (PBSC) administered after a conditioning regimen including ATG on days −5 to −2. GVHD prophylaxis

includes short-course Methotrexate in addition to MMF and cyclosporine (CSA).

as part of the conditioning regimen, which affects recipient T
cells and facilitates engraftment. Owing to its long half-life, it also
exerts effects on donor T cells and therefore impacts GVHD and
post-transplant immunity. The graft consists of a combination of
G-CSF-primed bone marrow and PBSC, thereby combining the
advantages of both elements. PBSC grafts contain 2–3-fold higher
CD34+ cells and a log-fold higher T cell dose than are typically
contained in a steady-state bone marrow graft (52), and this has
been shown to accelerate engraftment and decrease the relapse
rate (Figures 3C, 4B).

The higher T cell dose in PBSC grafts adversely affects chronic

GVHD but not acute GVHD rates in unrelated donor HCT
(53). Multiple mechanisms may contribute to why acute GVHD
rates are not drastically higher despite the high T cell dose.
These include preferential dendritic cell mobilization and T
cell polarization (54, 55), attenuating effects on costimulatory
molecules such as CD86 on APCs and CD28 on CD4+ T
cells (56, 57), as well as IL-10 mediated T-cell suppression
by monocytes (58). Several studies underscored the benefit of

utilizing G-CSFmobilized bonemarrow, leading to less acute and
chronic GVHD while maintaining engraftment rates comparable
to PBSC (59) and have attributed these effects to differences
in cytokine milieu, T-cell polarization and T-cell hypo-
responsiveness (60–62).

In the initial study of 171 patients using GIAC, most of
whom had ALL, AML, or CML, all patients engrafted with
sustained full donor chimerism. The rates of leukemia-free
survival and incidences of grade II-IV acute GVHD and extensive
chronic GVHD were comparable to MUD HCT (12, 53). A
prospective multicenter study of AML patients has demonstrated

that transplant outcomes with the GIAC strategy have also
been comparable to MSD HCT (63). Although a modified
approach using G-CSF primed haploidentical bone marrow and
extensive GVHD prophylaxis has also been applied in Europe
(64), the GIAC strategy has been used most extensively in China
and therefore patients transplanted with this strategy represent
a large cohort of haploidentical transplants HCT treated
to date (65).
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FIGURE 4 | Comparison of the three major haplo-HCT platforms. (A) Four different ex vivo T-cell depletion protocols are shown, with the resulting cell composition in

the graft. CD34-positive selection preferentially isolates the hematopoietic stem and progenitor fraction required for engraftment with minimal immune cell content (top

panel). Depletion of CD3+ T-cells results in a graft composed predominantly of CD34+ and NK cells (2nd panel). Depletion of αβ-T cells depletes T cells involved in

mediating GVHD but retains beneficial immune cells such as NK cells and γδ- T cells in the graft. CD45RA-Depletion removes naïve T cells including cells responsible

for alloreactivity and GVHD, while retaining memory T cells including cells vital for immunity against infections (3rd panel). Additional immunosuppression (IS) and/or

infusion of T-cell subsets may be employed post-transplant to optimize engraftment (3rd panel). (B) Representation of the GIAC protocol indicating a G-CSF primed

bone marrow (BM) and peripheral blood stem cell (PBSC) graft, with ATG targeting T-cells derived from both the donor and recipient. GVHD prophylaxis with

methotrexate, a calcineurin inhibitor (CNI), and MMF targets residual T cells (3rd panel). (C) Post-transplant cyclophosphamide (PTCy) functionally impairs actively

proliferating recipient and graft derived T cells while favoring Treg recovery (color of cells corresponds to Figure 2; Tregs are depicted in bright yellow).

Haploidentical Hct With ex vivo T Cell
Depletion or Anergy Induction Strategies
CD34+ Cell Selection
The establishment of procedures for the ex vivo removal of
T cells from the graft in the late 1970s by Reisner, O’Reilly
and colleagues, represented a tremendous breakthrough toward
the feasibility of utilizing haploidentical donors. In the initial
approach, T cells were eliminated from the bone marrow by
first rosetting with sheep red blood cells followed by differential
soybean agglutination of residual T lymphocytes in the non-
rosetting population. This yielded an un-agglutinated fraction
containing a high proportion of colony-forming cells without
any detectable T cell alloreactivity, and abrogated lethal GVHD
in murine models (66, 67). This strategy was applied in the first
clinically successful haploidentical HCT of an infant with AML,
leading to sustained hematopoietic engraftment without GVHD
until relapse occurred 11 weeks after HCT (68). Three infants
with SCID were also treated with this approach of whom 2 had
sustained engraftment and none developed GVHD (8).

CD34+ selection, now in wide-spread use in TCD transplants,
was first introduced in the 1990s. This process utilizes a
CD34+ directed antibody coupled to immunomagnetic beads
to positively select CD34+ cells and isolate them over a

magnetic column. This effectively eliminates all other immune
cells, including T-, B-, NK-cells, dendritic cells and monocytes
from the graft (69, 70). This process was further refined with
the use of micromagnetic beads, which had the advantages
of high purity selection via attachment to single cells and
safe infusion into patients (71). Aversa and colleagues of the
Perugia group pioneered a novel haploidentical HCT platform
incorporating an intensified conditioning regimen to eliminate
host T cells and administering megadose T cell depleted grafts
without additional post-grafting immunosuppression (28, 72).
Handgretinger et al. tested this approach with G-CSF mobilized
megadose PBSC grafts in 39 children lacking suitable donors
and observed low rates of GVHD, but significant relapse
and treatment-related mortality (TRM) (73). Investigators from
Perugia further evaluated this system in adults with high-
risk leukemia using megadose haplo-HCT, demonstrating 91%
primary engraftment and low rates of GVHD without post-
transplant GVHD prophylaxis (27) (Figure 4A, top panel).

CD3+ Cell Depletion
To improve post-transplant immune reconstitution, control
of infections and prevention of relapse, further iterations of
immunomagnetic graft engineering were developed (74). This
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included the elimination of CD3+ T cells and CD19+ B cells
using a negative immunomagnetic selection method to deplete
these subsets from the graft. Stem cells, NK cells, myeloid
precursors, monocytes, and other progenitor cells important for
engraftment are preserved (75). This strategy maintains innate
immunity in the graft while removing CD3+ T cells capable of
inducing GVHD. Depletion of CD19+ B cells was introduced
to reduce the risk of post-transplant lymphoproliferative disease
(PTLD) (73) and GVHD (76). While the depletion of donor
B-cells reduces the risk of PTLD, it does not address PTLD
arising from residual host B cells. Instead, this can be addressed
with the inclusion of rituximab or Campath (but not the T cell
directed agents ATG or OKT3) into the conditioning regimen
(77, 78). Several centers established CD3+/CD19+ depletion
as a feasible approach for patients lacking a suitable donor,
with excellent primary engraftment and reduced rates of GVHD
correlating with the remaining CD3+ cell/kg content of the graft.
However, the low OS rate of 31% remains primarily attributable
to infections and relapse, suggesting that further improvement of
TCD haplo-HCT is needed (79, 80) (Figure 4A, second panel).

αβT-Cell/B-Cell Depletion
With emerging recognition of γδT cells (81), a yet more
sophisticated approach was developed for GVHD prevention.
In contrast to αβ-T-cell receptor (TCR) expressing T cells, γδ-
TCR expressing T-cells are not implicated in mediating GVHD
(82) but do exhibit important functions characteristic of innate
immune recognition and anti-tumor effects (83, 84). These
cells represent 1–20% of all CD3+ circulating T lymphocytes
in human peripheral blood and the majority of resident T
cells in skin and mucosa. Their TCR heterodimer consists of
a γ and δ chain encoded by a limited repertoire of V, D,
and J gene segments. The two major Vδ1 and Vδ2 subsets
are distinguished based on their TCRδ composition. Whereas,
Vδ1+ cells are typically associated with a Vγ1/2/3/5/8 chain, the
majority of Vδ2+ T cells express an invariant TCR harboring
Vγ9. The Vγ9δ2 TCR is expressed by the majority of peripheral
γδ T cells, whereas γδ T cells including other Vδ elements
are predominantly enriched at epithelial surfaces and the skin
(81, 84). Analogous to NK cell biology, γδT cells are fine-tuned by
activating and inhibitory receptors and recognize conserved non-
peptide antigens that signal potential danger or cellular stress.
The activating receptor NKG2D is broadly expressed in γδT cells
and functions synergistically with the γδ-TCR as a costimulatory
receptor (85, 86).

γδT cells have heterogenous functions, ranging from
protection against intra- and extracellular pathogens or
malignant cells to modulation of the immune response and tissue
homeostasis. They contribute to pathogen clearance through
the production of granulysin, defensins, and cytotoxic effector
molecules such as perforin and granzymes (84). γδT cells secrete
proinflammatory cytokines involved in protective immunity
against viruses, intracellular pathogens (TNF-α and IFN-γ),
extracellular bacteria, fungi (IL-17), and extracellular parasites
(IL4, IL5, IL13), and have been shown to exhibit lytic activities
against leukemia, lymphoma and carcinoma cells (87–89).
Indeed, increased γδT-cell numbers after allogeneic HCT were

associated with a lower incidence of infections and improved
disease-free survival (DFS) in several studies (90–92).

In a pediatric trial using αβ-T cell/B-cell depleted haplo-HCT,
γδ-T cells were the predominant T-cell population in the initial
weeks after transplantation, specifically expanded in response to
CMV reactivation, and displayed cytotoxicity and degranulation
when challenged with primary leukemia blasts in vitro (93).
These effects were increased after exposure to zoledronic acid,
suggesting that the anti-leukemic capacity of γδ-T cells could
further be enhanced (94). Outcomes with the αβ-T cell/B-cell
depleted haplo-HCT approach in which no additional GVHD
prophylaxis was employed appear promising both in children
with malignant (95) and non-malignant conditions (96), and
when compared with MUD and MMUDHCTs in a retrospective
analysis of children transplanted for acute leukemias (97).
However, the high incidence of viral infections reported by some
groups highlights the potential to further improve ex vivo T-cell
depletion strategies (98) (Figure 4A, third panel).

CD45RA-Depletion
As our understanding of T cell differentiation status and
phenotype has become increasingly sophisticated, so have
approaches to tailor graft composition further (99, 100). αβ-T
cells exist as distinct subsets that can be differentiated by cell
surface phenotype: naïve (TN), stem cell memory (TSCM), effector
(TE), effector memory (TEM), and central memory (TCM).
The CD45RA+CD62L+ TN subset is antigen inexperienced,
has a more diverse TCR repertoire than memory T cells
and clonally expands following T cell priming to execute
short-lived effector functions. They ultimately differentiate into
memory subsets, which is associated with downregulation of
CD45RA and upregulation of CD45RO. Studies in mouse models
demonstrated that TN mediated severe GVHD, whereas TCM

induced milder GVHD and TEM were devoid of GVH activity
(101–105). Importantly memory T cells transferred infectious
immunity and GVL activity in these models (106).

Based on the premise that elimination of TN from the graft
could significantly reduce GVHD while maintaining pathogen-
and tumor-specific immunity, Bleakley and colleagues developed
a novel graft-engineering strategy using immunomagnetic beads
coupled to a monoclonal Ab targeting CD45RA. The latter
antigen is expressed on all TN, but absent on Treg, TCM and
most TM (107). This strategy was initially studied in patients
with high risk hematologic malignancies undergoing MSD HCT,
utilizing a 2-step selection procedure with a CD34+ selection of
stem cells (a minor subset of which expresses CD45RA) followed
by depletion of CD45RA+ cells from the CD34− fraction. This
study demonstrated engraftment in all patients (n= 35), prompt
immune recovery without excessive rates of infection or relapse
and low chronic GVHD, but interestingly no reduction in acute
GVHD although the latter was readily steroid-responsive (108).

Clinical results with CD45RA-depletion in the context
of haplo-HCT are so far limited. A study of 17 pediatric
patients with high risk hematologic malignancies using a RIC
conditioning with total lymphoid irradiation (TLI) but without
TBI or serotherapy, administered a CD34+ selected PBSC
product on day 0, followed by a CD45RA-depleted PBSC product

Frontiers in Immunology | www.frontiersin.org 7 February 2020 | Volume 11 | Article 191108

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Baumeister et al. Key Aspects of the Immunobiology of Haploidentical HCT

which had been collected the following day, and ultimately
a donor NK cell product administered on day +6 with the
use of Sirolimus or MMF post-transplant. Rapid neutrophil
engraftment and memory T-cell reconstitution was observed,
without any infectious deaths and with 76.5% of patients
alive at a median of 225 days after HCT. Grade III-IV acute
GVHD and chronic GVHD were seen in 3 and 6 of 17
patients, respectively (109). In a second small study, 5 children
with combined immunodeficiency and chronic viral infections
received a combination of a CD34+ selected product and the
CD45RA-depleted fraction of the CD34-negative product with
post-HCT prophylaxis consisting of Cyclosporine and MMF.
One patient died with graft failure. In the 4 engrafted patients,
viral infections cleared within 2 months after HCT and an early
T cell response against viral pathogens was documented in 2
patients (110). Further studies will be needed to further define the
role of this approach in haplo-HCT (Figure 4A, bottom panel).

Ex vivo Induction of T Cell Anergy With CTLA-4Ig
An early strategy to minimize T-cell alloreactivity by interfering
with the priming of alloreactive T cells in haplo-HCT was
explored in a pediatric trial. This involved collection of patients’
peripheral blood mononuclear cells (PBMC) prior to the start
of myeloablation and a 36-h in vitro incubation of the recipient
cells with non-mobilized donor bone marrow in a mixed
lymphocyte reaction (MLR) setting in the presence of CTLA-
4Ig, a fusion protein which inhibits priming of alloreactive T
cells by inhibiting costimulatory signaling between the B7 protein
family (CD80/CD86) on APCs and CD28 on T cells (111). This
reduced the frequency of T cells recognizing alloantigens of the
recipient while preserving responsiveness to alloantigens of other
persons. In this trial of 11 evaluable patients most of which had
persistent disease at the time of HCT, 5 were alive and in CR
at 4.5–29 months after transplant with 3 patients developing
steroid-responsive acute GVHD of the gut only. There were no
deaths attributable to GVHD (112). However, this approach has
not been explored further.

Photodynamic Purging of Adoptive T Cell Therapy

Following TCD Haplo-Hct
A different approach to augment the TCD graft with an adoptive
T cell therapy product devoid of alloreactive T cells is a process
termed photoallodepletion. Prior to G-CSF mobilization of the
PBSC graft, donors undergo non-mobilized leukapheresis to
obtain T cells. Donor T cells are then incubated with recipient
PBMC in an MLR in the presence of TH9402, a photosensitizer
similar to rhodamine. T cell activation in the MLR, which
occurs selectively in the alloreactive T cells but spares Tregs and
pathogen-specific T cells, is associated with P-glycoprotein pump
inhibition leading to mitochondrial accumulation of TH9402 in
alloreactive T cells (113, 114). Subsequent activation of TH9402
with visible light leads is then selectively toxic to and eliminates
alloreactive T cells via an oxidative damage mechanism (115).
Early results from a clinical trial in which patients received the
photodynamically allodepleted T-cell product subsequent to a
CD34+ selected graft appear promising (116).

ROLE OF INNATE IMMUNITY IN
HAPLO-HCT

NK-cells are an important component of the innate immune
system providing protection against infectious pathogens and
cancer. Recent studies have elucidated that human NK cell
diversity is much broader than the traditional distinction via
CD56bright and CD56dim subsets reflective of differentiation stage
and cytotoxic potential. The ability of NK cells to differentiate
into long-lived cells with memory capacity (117) and the
discovery of non-NK innate lymphoid cells has highlighted the
complexity and potential roles of innate immune cells after
HCT (118, 119). NK cells have potent anti-leukemia effector
capacity, respond to viral infections via release of toxic granules,
and facilitate engraftment without mediating GVHD. This is
particularly important in the setting of heavily T cell-depleted
grafts or T-cell directed post-transplant immunosuppression and
has inspired a rich field of investigation to augment NK cell
immunity in the context of HCT to develop leukemia-directed
NK-cell based cellular therapies.

NK-cell activity is governed by the balance of a system of
activating and inhibitory NK cell receptors (120). Activating
signals are provided by receptors such as NKG2D, CD94/NKG2C
and Natural Cytotoxicity Receptor (NCRs) including NKp30,
44, and 46 and by activating killer-cell Ig-like receptors
(KIR). NKG2D recognizes MHC-class I related stress-ligands
that can be upregulated by tissues in response to infection,
inflammation, DNA-damage, and malignant transformation
(121), while CD94/NKG2C binds to the non-classical HLA-
E molecules and senses overall HLA-Class I expression on
cells (Figure 5A). NK cells utilize a unique process to balance
tolerance to self under steady state conditions with the ability to
mediate an immune response to pathogens or malignant cells.
This is referred to as NK-cell education or licensing (122), is
in large part regulated by inhibitory KIR receptors and impacts
NK-cell alloreactivity in the setting of haplo-HCT and allogeneic
NK-cell therapies (123).

KIRs are either activating or inhibitory based on their
structure. The KIR nomenclature incorporates the number
of extracellular Ig-like domains (two in KIR2D vs. three in
KIR3D) and whether the KIR contains a long or short tail
(KIR2DL vs. KIR2DS). KIRs are further numbered in order
of their discovery within their structural group (KIR2DL1 vs.
KIR2DL2). KIRs with long tails are generally inhibitory (with
exception of KIR2DL4) and KIRs with short tails function
as activating receptors according to presence or absence of
immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (124).
There is tremendous variability within the KIR repertoire owing
to a high degree of polymorphism among individual KIR genes as
well as their organization and recombination within haplotypes
(Figures 5B,C) (125). An individual’s genetic KIR repertoire is
determined by the inherited composition of centromeric and
telomeric A and B haplotypes (Figure 5B). Group A haplotypes
contain fewer genes and predominantly those encoding for
inhibitory KIRs. Additionally, the activating KIR2DS4 gene exist
as an inactive deletion variant, termed KIR1D in the majority
of Caucasians, leaving the framework gene KIR2DL4 as the
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FIGURE 5 | NK-cell receptor repertoire. (A) NK-cell activity is mediated by a balance of activating and inhibitory signaling. Key activating receptors and their

corresponding ligands are listed in the green table, while inhibitory receptors are displayed in the red table. (B) KIR genes are highly polymorphic and organized in

centromeric and telomeric motifs with structural variation that creates multiple gene content haplotypes. Group A haplotype motifs are characterized by fewer genes

and predominantly those encoding for inhibitory KIRs. In contrast, Group B haplotype motifs are enriched for activating KIRs. (C) Centromeric and telomeric motifs are

paired together to generate either a KIR A haplotype (composed of centromeric and telomeric A motifs) or a KIR B haplotype (containing at least one centromeric or

telomeric B motif). Representative KIR haplotypes by recombination are shown here. Prominent linkage disequilibrium has been noted within the centromeric and

telomeric motifs but not between them, suggesting that pairing occurs by recombination between the centromeric and telomeric regions.

sole receptor on this haplotype with any activating function
(126, 127). In contrast, Group B haplotypes are enriched for
activating KIRs. Two groups of KIR haplotype can be assigned
based on the combination of the centromeric and telomeric
motifs. Presence of a centromeric or telomeric B-haplotype
constitutes a KIR B haplotype whereas the combination of
a centromeric and a telomeric A-haplotype results in a KIR
A haplotype (Figure 5C). Although more than 50 different
haplotypes have been described, there are 11 common haplotypes
derived by reciprocal recombination, which collectively account
for 94% of Caucasian haplotypes examined by Jiang et al.
(128). Distribution of a KIR gene in the centromeric or
telomeric region of chromosome 19q13.4 is further thought
to impact KIR-mediated regulation of NK-cell activity (129).
Additionally, KIR-cell surface expression at the protein level may
vary substantially from the inherited KIR gene profile. This is
attributable to the fact that KIRs are stochastically expressed
on NK cells and each NK cell may therefore display a different

cell-surface profile of inhibitory or activating KIRs (130). For
the most accurate prediction of NK-cell alloreactivity between
haploidentical donor and recipient, KIR-genotyping alone is
insufficient and determination of the KIR phenotype (by flow
cytometry) should also be pursued.

The majority of inhibitory KIRs recognize classical (HLA- A,
B, and C) or non-classical HLA-class I molecules (HLA-G) as
their cognate ligands (Figure 5A) (131). KIR genes are located on
chromosome 19 whereas HLA-genes are located on chromosome
6. KIR and HLA genes therefore segregate independently, and
an individual may or may not express the cognate HLA-ligand
for any given KIR. This forms the basis for the concept of
“education” or “licensing” of NK-cells, which allows NK-cells
to maintain self-tolerance under physiologic conditions, while
retaining the ability to mount an immune response (132). When
NK cells encounter the matching HLA-class I ligand for their
inhibitory KIR (based on the requisite germline inheritance of the
appropriate HLA and KIR genes and their expression patterns on
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individual NK cells), they are considered “educated” or “licensed”
and refrain from an attack on healthy tissues under steady state.
However, when NK cells are accustomed to this inhibitory signal
and subsequently encounter a cell that does not express the
appropriate KIR-ligand (“missing ligand”), this situation renders
them functional to mount an effector response, if the target also
expresses stress-ligands that trigger activating NK-cell receptors
(133). A missing ligand may be encountered on malignant
cells due to HLA-class I downregulation, or HLA-mismatched
allogeneic transplantation such as haplo-HCT, when the recipient
does not express the corresponding HLA-ligand (Figure 6). NK-
cells are considered “unlicensed” when they do not encounter
the matching HLA-class I ligand for their given inhibitory KIR.
Due to the lack of exposure to their corresponding ligand,
unlicensed NK-cells are “un-educated” and hyporesponsive at
steady state rather than being triggered by self-tissues lacking
the ligand (134). Unlicensed NK cells require a higher threshold
for activation. However, in the absence of KIR inhibition, they
can mediate higher levels of effector function when they receive
strong stimulatory signals under inflammatory conditions (such

as CMV infection or in the posttransplant setting) or when
triggered for antibody-dependent cellular cytotoxicity (ADCC)
(135, 136). Given that NK cells may surface-express variable
combinations and densities of inhibitory KIRs, NK-cell education
occurs on a continuum along which individual NK cells display
graded levels of responsiveness based on their KIR profile and
engagement of cognate HLA-class I ligands (122, 137, 138).

Since the model of NK-cell alloreactivity in the context of
mismatched HCT was first proposed, a number of studies have
evaluated its clinical impact (139). For the interpretation of HCT
studies evaluating the role of NK-cell alloreactivity it is critical
to consider the definition of the KIR-mismatch model employed
in each study (131, 140) (Figure 6). The “KIR ligand-ligand
mismatch model” is based on the hypothesis that the presence
of the corresponding HLA-ligand prevents NK-cell alloreactivity,
whereas a missing ligand in the HCT recipient triggers NK cell
alloreactivity. However, while this model accounts for HLA-class
I mismatches, it does not consider KIR-genotype or phenotype.
In contrast, the “KIR receptor-ligand mismatch model” accounts
for the fact that a missing ligand is irrelevant if NK cells do

FIGURE 6 | NK cell alloreactivity in haplo-HCT is demonstrated via the different models of receptor-ligand mismatch. (A) The donor-derived NK cell is licensed when

its KIR2DL1 receptor had been engaged by expression of its cognate C2 ligand in the donor environment. Upon infusion of the licensed NK cell into the recipient, a

leukemia cell expressing the C2 ligand will not activate the NK cell due to a receptor-ligand match. (B) A receptor-ligand mismatch occurs when the donor-derived NK

cell is licensed, but the recipient does not express the C2 ligand (missing ligand). Provided that it is further driven by stimulation through activating receptors, this

results in activation of the licensed donor NK cell upon infusion into the recipient, leading to a graft-vs.-leukemia effect. (C) If the donor does not express the

appropriate class I ligand for its KIR receptor (HLA and KIR segregate independently), the donor NK cell is unlicensed. In this case, donor NK cells are accustomed to

a missing ligand. They may be activated when encountering strong activating signals (like activating cytokines) or be further inhibited when encountering the inhibitory

ligand in the recipient. (D) Licensing of the NK cell for the C1 ligand occurs in the donor. Upon transplant into the host, the missing C1 ligand coupled with binding of

the activating ligand with the activating receptor on the NK cell results in alloreactivity. Binding of the activating KIR receptor KIR2DS1 to the C2 ligand on the target

leukemia cell enhances NK cell alloreactivity.
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not express the corresponding KIR for a mismatched HLA-class
I ligand. Therefore, this model incorporates the HLA-ligand
repertoire in the recipient as well as the donor KIR genotype
and ideally phenotype. Other groups have employed the “KIR-
haplotype model” which takes into consideration the presence
or absence of a B-KIR haplotype in the donor, as a measure of
enrichment for activating vs. inhibitory KIRs. Use of this model
demonstrated a reduced risk of leukemia relapse when patients
were transplanted from donors with centromeric B-haplotypes
(141–143). Similarly, more recent approaches have focused on
the predicted overall degree of inhibitory and activating KIR-KIR
ligand interactions between the recipient and potential donors
with a highly variable KIR repertoire. This allows for selection
of an optimal donor, even when the transplant recipient’s HLA-
class I repertoire is such that all KIR ligands are expressed and a
missing-ligand scenario is unachievable.

Ruggeri et al. first established that a NK-cell alloreactivity
of the donor toward recipient (based on KIR receptor-ligand
mismatch in the GVL direction and presence of alloreactive
clones against recipient targets) lowered the AML relapse risk
in the context of ex vivo depleted haplo-HCT (72). These
results were subsequently consolidated in a larger cohort of 112
AML patients, where transplantation from a NK-cell alloreactive
donor was associated with a significantly lower relapse rate (3%
compared to 47%) when transplanted in complete remission and
better EFS when transplanted in relapse (34% compared to 6%)
or CR (67% compared to 18%) (144). Subsequent studies of
sibling donor, unrelated donor (URD), and umbilical cord blood
(UCB) donor sources have yielded variable results (14). Some
studies showed no benefit or even inferior survival resulting from
a mismatch in the KIR/KIR-ligand system. This may be partly
related to the variable definition of KIR-mismatch models and
transplant regimens used. In contrast, a large analysis in AML
patients undergoing 9/10 or 10/10 URD employed an algorithm
to predict the strength of inhibition between the ubiquitous
KIR3DL1 and its ligand HLA-B and found that combinations
with absent of weak inhibition were associated with significantly
lower rates of relapse and overall mortality (145). The extent of T-
cell depletion may also play an important role, since the presence
of T cells in the graft affects NK cell reconstitution leading to
lower KIR-receptor expression (146). Lastly, given that a KIR
ligand-ligand mismatch implies an absence of a KIR ligand in the
host that is present in the donor, it equates with the presence of a
major HLA-class I mismatch. It is therefore not unexpected that
such mismatch leads to significant T-cell alloreactivity and poor
survival unless T-cell reactivity is minimized with methods such
as TCD.

A retrospective analysis of 161 patients receiving TCD
haploidentical allografts confirmed a beneficial role of NK cell
alloreactivity. In the presence of KIR-receptor-ligandmismatches
in the GVL direction, expression of activating KIR2DS1 or
KIR3DS1 was associated with a significant reduction in NRM,
largely owing to 50% reduction in infection rates (147). While
much of the benefits of NK cell alloreactivity are reported for
myeloid indications, a pediatric study of 85 patients undergoing
TCD haplo-HCT showed that patients transplanted for ALL from
aKIR B-haplotype donor had a significantly better EFS than those

with KIR haplotype A donors. Additionally, a higher KIR B-
content score (based on the number of centromeric and telomeric
KIR B motifs) was associated with a significant reduction in
relapse risk (148). Although limited by use of a KIR ligand-
ligand model, a study of haplo-HCT with PTCy for various
hematologic malignancies found that KIR-ligand mismatch was
associated with a lower incidence of relapse and better PFS for
patients transplanted in relapse but had no significant impact on
those transplanted in CR (149). A growing ability to navigate
the complexities of the KIR-system, such as recognition of
varied strengths of inhibition among subtypes of inhibitory
KIRs and its ligands resulting in discrete hierarchies of anti-
leukemic cytotoxicity will aid in further revealing how donor
selection based on KIR-compatibility may improve outcomes
(145). While the beneficial effects of NK-cell alloreactivity are
mostly documented in the context of ex vivo T cell-depleted
haplo-HCT, the growing adaptation of T-cell replete haplo-HCT
affords the opportunity to carefully study the role of NK-cell
alloreactivity in these platforms.

IMMUNE RECONSTITUTION AFTER
HAPLO-HCT

Transplant outcomes are directly related to the achievement of
an acceptable restoration of the immune system. Several cell
subsets play a key role in the protection toward infections and
disease recurrence. In general, innate immunity recovers early
after transplant and represents the first line of defense against
pathogens. Specifically, monocytes followed by neutrophils and
NK cells arise in the first month after transplant. Adaptive
immunity mediated by T and B cell lymphocytes recovers later
and is crucial for both immune tolerance maintenance and
long-term protection against infections and disease relapse. T
cell reconstitution can occur through two different mechanisms:
thymus-independent T cell peripheral expansion of infused
donormemory T cells and thymus-dependent de novo generation
of donor T cells from donor hematopoietic progenitors (150).

While the kinetics of immune reconstitution and its
correlation withHCT outcomes are well-established in the setting
of matched donor transplant, more studies are needed in the
setting of haplo-HCT. Different donor sources do not represent
the only cause of possible differences in immune reconstitution
kinetics. Specific haplo-HCT platforms and GVHD prophylaxis
approaches are also crucial factors to consider (151). As detailed
above, two major haplo-platforms are currently used: T- cell
replete haplo-HCT that use an in vivo T-cell depletion with
ATG or PTCY, and TCD haplo-HCT in which the graft is ex
vivo manipulated with a CD34-positive selection or a T-cell
negative selection. Here, we review the immune reconstitution
of different blood cell subsets after different types of haplo-
HCT (Figure 7).

Monocytes
Monocytes are the first immune subset to recover after HCT.
Rapid and robust monocyte CD14+ cell reconstitution has been
correlated with the improvement of transplant outcomes in
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FIGURE 7 | Immune reconstitution with different haploidentical transplant platforms. Only subsets which have been characterized by published primary data for each

platform are included in this figure (e.g., data on dendritic cell reconstitution has only been described for the GIAC approach). Cells are depicted at the approximate

time-point of reaching the lower range of normal. T-cell depleted (TCD) haploidentical transplant is associated with early recovery of neutrophils, monocytes, immature

NK cells and rapid NK cell maturation which takes 6–8 weeks (top panel). Additionally, αβ-T cell/CD19 depletion is associated with early detection of γδT cells and

mature NK cells that are infused with the graft infusion (2nd panel from the top). B cell recovery is delayed with CD19 depletion relative to CD34+ selection. T-cell

replete (TCR) haploidentical transplant performed with post-transplant cyclophosphamide (PTCy) and GIAC protocols is associated with early reconstitution of

immature NK cells (3rd panel from the top). It is also associated with earlier reconstitution of CD8+ T-cells than TCD protocols. The GIAC protocol is associated with

delayed dendritic cell recovery (bottom panel). This figure was created using BioRender.com.

the setting of MSD (152) and UCB-HCT (153). Recently, a
study by Turcotte and colleagues showed that higher absolute
monocyte count (AMC) and higher classic monocyte subsets
(CD14bright CD16−) at day +28 were associated with a reduced
risk of relapse and TRM, better 2-yr OS, and improved 2-
yr PFS in a cohort of patients transplanted for different
hematological malignancies using both RIC or MAC regimens
and different stem cell sources (154). AMC was influenced
by the graft origin, with a higher AMC found in UCB but
no differences between BM and PBSC. However, no haplo-
HCTs were included in this study. In a separate cohort of
144 patients treated with MAC conditioning for hematological
malignancies, receiving a T-cell replete graft consisting of G-CSF-
mobilized BM and PBSC from HLA-haploidentical or MSDs,
the monocytes recovered rapidly, and the AMC was above the
normal range starting from the first month to the first year
after transplant. Both patient groups received GVHDprophylaxis
with Methotrexate, Tacrolimus, MMF, and Cyclosporine with
the addition of ATG in the haploidentical group (GIAC
protocol). Monocyte reconstitution was comparable between
recipients after HLA-matched and haplo-HCT on days +30, 90,
and 180 after transplantation. None of the patient transplant
characteristics impacted monocyte recovery in the multivariable
analysis (155). Finally, in a pediatric cohort of 40 patients
receiving TCD haplo-HCT using CD34 positive selection or
CD3/CD19 cell depletion, monocyte expansion was rapid,
reaching normal values for age within 30 days of transplant.
Moreover, no differences in monocyte recovery were seen

between different graft purification and conditioning intensity
regimens (156).

Neutrophils
Depending on the study, neutrophil engraftment is defined by
the presence of more than 500 or 1,000 neutrophils/µL of blood
and represents a crucial step in the early phase after transplant.
Prolonged neutropenia is associated with severe infection and
increased TRM (157). In the setting of a T-cell replete transplant,
neutrophil recovery occurs quickly. With GIAC protocols, the
median neutrophil engraftment was achieved at 14 days (range
9–25) (158, 159), whereas with the RIC PTCY platform using BM
grafts and Tacrolimus and MMF GVHD-based prophylaxis, the
median time to neutrophil recovery was 15 days (range 11–42)
(11). For both protocols, patients received recombinant human
granulocyte colony-stimulating factor (rhG-CSF) from day+6 or
+4 to engraftment, respectively.

In the context of TCD HCT using the Perugia protocol
with CD34+ selected megadose grafts, the median time to
neutrophil recovery was 11 days (range 9–30) without G-
CSF support (27). Studies using CD3/CD19 cell depletion in
adult patients also showed rapid neutrophil recovery, with a
median time of 12 days (range 9–50) without the addition
of G-CSF (79, 80). Similar results were seen in a cohort
of pediatric patients with acute leukemia undergoing MAC
transplant. Specifically, patients in the αβ-T cell-depleted haplo-
HCT had a faster neutrophil recovery compared to MUD,
mismatch unrelated donors (mMUD), and those treated with
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Methotrexate and Calcineurin-inhibitors, with median time to
neutrophil engraftment of 13 (range 6–23), 19 (range 9–46),
and 20 days (range 10–120), respectively (97). All three groups
received ATG during the conditioning for prevention of graft
failure and GVHD, and none of the patients received G-CSF
to accelerate neutrophil recovery. Taken together, these data
show that haplo-HCT provides a comparable or even expedited
neutrophil recovery compared to standard matched donor-HCT.

Dendritic Cells
Dendritic cells (DCs) represent a rare population in the
peripheral blood, accounting for 0.15–0.7% of mononuclear cells
(160). In the context of T-cell replete haplo-HCT using the
GIAC protocol, Wang and colleagues measured the frequencies
of DCs and their subsets among white blood cells (WBCs)
after haplo-HCT, including CD123+ plasmacytoid DCs (pDCs)
and CD11c+ myeloid DCs (mDCs). Recipients had strikingly
decreased proportions of DCs (0.49% vs. 0.27%, P = 0.025),
mDCs (0.27% vs. 0.14%, P < 0.001), and pDCs (0.04% vs. 0.02%,
P = 0.008) in the WBC compartment at ∼180 days post-haplo-
HCT compared to healthy subjects. Since, it was reported that
primary human DCs were the most potent expander of the γδ

T cell subset Vδ2+ (161), the authors also investigated whether
the recovery levels of Vδ2+ T cells were associated with the DC
content following transplantation. Bivariate correlation analysis
showed that the proportion of mDCs, but not DCs and pDCs,
in WBCs was significantly correlated with the recovery of Vδ2+

T cells after haplo-HCT. Specifically, slow recovery of mDCs was
associated with a slow recovery of Vδ2+ T cells in this haplo-HCT
setting (162).

Chang and colleagues also described a slower DCs recovery
at +15 and 30 days after HCT compared to those in the HLA-
matched recipients in another study (158). In their protocol,
ATG was administrated only in the haplo-group. Indeed, it was
described that ATG not only induced a tolerogenic phenotype in
human DCs (163), but was also able to mediate a complement-
mediated lysis of DCs (164). In summary, these findings may
explain the delay in DC recovery in the setting of the haplo-HCT
using the GIAC protocol. The kinetics of DC reconstitution in
other haplo-HCT settings, remain to be fully characterized.

Natural Killer (NK) Cells
Due to the need to perform an extensive T cell depletion in
haplo-HCT, anti-tumor efficacy is largely dependent on the
graft-vs.-leukemia effect exerted by NK cells that eradicate
residual leukemic blasts surviving the preparative regimen (72,
165–167). In the haplo-HCT setting performed through the
infusion of positively selected CD34+ cells, the first emergence of
fully functioning, KIR alloreactive NK cells from hematopoietic
progenitors may require at least 6–8 weeks, and therefore the
benefit offered by their anti-leukemia effect is delayed (168–171).
In the setting of αβ-T-cell/CD19 depletion, generation of NK cells
from donor HSC takes ∼8 weeks but circulating NK cells can
be detected earlier after transplant due to infusion with the graft
(172). Moreover, CMV reactivation in this setting was associated
with an expansion of memory-like NK cells (NKG2C+, CD57+,
KIR+) as early as 3 months after HCT (173). Surprisingly, in a

pediatric comparison between TCD haplo-HCT performed with
CD34 positive selection or CD3/19 negative selection, NK-cell
recovery was faster in patients receiving PBSC from CD34+

positive selection in the first 4 months after transplant (156).
In the T-cell replete haplo-HCT setting using PTCY, Russo

and colleagues described that donor alloreactive NK cells
infused with the graft were killed by cyclophosphamide (174).
This translated into a delay of NK recovery and maturation
resulting from a profound reduction after cyclophosphamide
administration following a robust proliferation of donor-NK cells
in the early phase after graft infusion. The absence of aldehyde
dehydrogenase (ALDH)-positive NK cells suggested that they
were susceptible to cyclophosphamide cytotoxicity, and this was
then confirmed using an in vitro assay of mafosfamide-induced
cell death (174). On the other hand, Russo et al. reported an
IL-15 peak in patient sera at day +15 after transplant that was
associated with a progressive increase of NK cells expressing
an immature phenotype (CD62L+, NKG2A+, KIR−) between
day +15 and day +30 (174). The normal distribution of NK
phenotypes was achieved only between 9 and 12 months after
transplant, with a decrease of CD56bright, NKG2A, and CD62L
expression and an increase of maturation markers (CD16, CD57,
and KIR). KIR expression returned to normal levels around day
+60, but NKG2A expression decreased only after 6 months.
Interestingly, in this cohort of patients, there was no difference
in PFS between patients with or without a predicted KIR
alloreactivity, suggesting that the protective anti-tumor activity
of NK cells is dampened after T-cell replete haplo-HCT using the
PTCY platform (174).

Another group described the transient and predominant
expansion of an unconventional subset of NK cells characterized
by a specific phenotype: NKp46neg/low, CD56dim, CD16neg,
CD94/NKG2Ahigh starting from the second week after transplant
and maintained until the 7th week (175). This unconventional
population retained its proliferative capacity and the ability to
differentiate into the CD56bright subsets (NKp46+, CD56bright,
CD16− cells) in response to IL-15 and IL-18. Despite the
unconventional NK cells expressing a high level of activating
receptors (NKG2D and NKp30), Granzyme-B and Perforin, they
displayed a defective in vitro cytotoxicity highlighting again the
need to improve NK reconstitution after PTCy haplo-HCT (175).
Similar results were reported in the GIAC protocol in which early
and higher expression of CD94/NKG2A was inversely correlated
with KIR expression, and was associated with worse survival
(176). The same group showed that NK cells from patients who
developed GVHD had a lower expression of NKG2A, lower
proliferative capacity and an increased rate of apoptosis, but
retained their cytotoxicity after in vitro co-culture with the K562
cell line (177).

Finally, in contrast to TCD haplo-HCT, KIR-mismatch
analysis between donor-recipient pairs when using only HLA and
KIR genotyping without consideration of the KIR phenotype, was
unable to predict post-transplantation outcomes in multivariate
analyses in the setting of haplo-HCT using the GIAC protocol
(178). However, it has been reported that KIR-driven NK
cell alloreactivity is better predicted if donor KIR genotype
is considered in conjunction with KIR cell surface expression
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(130). Moreover, in haplo-HCT using the GIAC protocol, the
higher number of T-cells infused in the graft contributed to
the high incidence of acute GVHD (178). This resulted in
a need for increased immune suppression, thereby affecting
NK alloreactivity.

T Cells
Achievement of an acceptable T cell reconstitution after
HCT represents a crucial goal and correlates with better
transplant outcomes. Impairment of T cell reconstitution is more
pronounced after T cell depletion (152). In the context of T-cell
replete haplo-HCT using the GIAC protocol, CD3+ T cell counts
were 125, 883, 1,163, and 1,308 cells/µL at 30, 90, 180, and 360
days after HCT, respectively (158). A lower median CD3+ T cell
count was reported after NMA haplo-HCT using a BM graft with
PTCy, Tacrolimus and MMF based GVHD prophylaxis, with 206
cells/µL at day 40 and 219 cells/µL at day 100 (179). On the other
hand, CD3+ T-cell recovery was more rapid with 338 cells/uL at
day +30 after MAC haplo-HCT using PBSC grafts with PTCy,
MMF, and sirolimus GVHD-based prophylaxis (180).

In the setting of T-cell replete haplo-HCT with both GIAC
and PTCy-based protocols, CD8+ T cells recovered earlier than
CD4+ T cells (158, 181–183). Faster CD8+ T cell recovery at
day +90 correlated with higher CD3+ cells in the graft but
was not associated with a higher incidence of GVHD (184).
The same studies highlighted that the recovery of CD4+ T cells
was impaired for the whole first year after transplant, but failed
to demonstrate a correlation between delay in CD4+ T cell
reconstitution and NRM as was shown in the HLA-matched
donor setting (185). Notably, in the GIAC experience the delay of
CD4+ T-cell reconstitution was compensated by the proportional
increase of the CD8+ T cell- and monocyte fractions, and the
NRM was relatively low (19.5% in the haplo group vs. 17.4%
for the matched-sibling donor cohort). This was likely due to
patient care improvements, especially the management of CMV
reactivation (158).

A retrospective EBMT registry study including both adult and
pediatric patients undergoing haplo-HCT found an association
between higher CD3+, CD4+, and CD8+ T-cell counts and
better OS with less NRM (186). However, in the multivariable
analysis only higher CD3+ and CD8+ T-cell counts correlated
with lower NRM. No association was found between any of
the T-cell, B-cell, or NK-cell subset counts with relapse-related
mortality. In this study, the majority of patients were treated
with TCD haplo-HCT using both CD34+ selection and CD3/19
depletion (186). In the context of αβ T-cell depleted haplo-HCT,
CD3+, and CD3+/CD8+ T-cell recovery was slower compared
to MUD or MMUD-HCT until 6 months after transplant (97).
Recovery of CD4+ T cells was delayed only in the first 3 months
and became even better at 1 year after haplo-HCT compared
to MUD and MMUD. In this pediatric experience, haplo-HCT
patients did not receive any additional pharmacological GVHD
prophylaxis, whereas MUD and MUD HCT were performed
using standard calcineurin-based GVHD prophylaxis and short-
term methotrexate (97).

T memory stem cells (TSCM) represent a subset of early-
differentiated human memory T cells with stem cell-like

properties. TSCM and naïve T cells (TN) both express naïve
markers such as CD45RA, CCR7, and CD62L, but in distinction
to TN and similar to other memory subsets, TSCM are
characterized by CD95 expression. In the context of haplo-HCT
using PTCy, two different groups elegantly showed that donor-
derived TSCM reconstitute early after transplant, representing
the majority of both CD4 and CD8T cells at day +8. At the
polyclonal, antigen-specific, and clonal level, TSCM lymphocytes
were preferentially derived from differentiation of TN infused
within the graft, whereas most memory infused lymphocytes are
purged by PTCy (182, 187).

Regulatory T (Treg) Cells
Treg cells play a key role in the modulation of immune
tolerance after HCT. Higher Treg content in the graft has been
associated with better OS and lower aGVHD (188), whereas a
reduced frequency of Tregs contributed to cGVHD incidence
after matched-donor transplant (189). In the matched donor
setting, Kanakry and colleagues showed that Treg, especially
memory CD45RA-Treg, were preserved and recovered rapidly
while conventional T (Tcon) naïve cells were reduced when
PTCy was used as the sole method of GVHD prophylaxis
(48). This was ascribed to the high levels of aldehyde
dehydrogenase (ALDH), as the major in vivo mechanism
of Cyclophosphamide resistance in the Treg population. In
addition, murine studies demonstrated the importance of Tregs
for GVHD reduction in the context of the PTCy-based GVHD
prophylaxis (49).

In the T-cell replete haplo-HCT setting using PTCy, naïve
Tregs increased after cyclophosphamide administration. This
was attributed to the lower Ki67 levels compared to the
memory subsets at day +3. In addition, Tregs exhibited a lower
proliferation profile compared to Tcons, suggesting a lower
susceptibility to PTCy in the haploidentical setting (182). This
effect seems to be enhanced when PTCy is combined with
sirolimus instead of a calcineurin inhibitor (180). Cieri et al.
showed an expansion of CD25+CD127−FoxP3+ Tregs early
after transplant, relative to the donor leukapheresis content
and to the quantity in healthy subjects. Interestingly, patients
who did not experience acute GVHD had a higher percentage
of circulating Tregs at day +15 compared to patients who
developed acute GVHD (180). Notably, the ability of Sirolimus
to boost Treg reconstitution has also been reported outside of
the PTCy platform. Indeed, Peccatori and colleagues reported an
expansion of Treg after haplo-HCT using a combination of ATG,
sirolimus and MMF as GVHD prophylaxis (190). Moreover, in
the Baltimore experience with a cohort of patients undergoing
MAC haplo-HCT using PTCy, MMF, and tacrolimus-based
GVHD prophylaxis, Tregs achieved normal donor levels at
all time-points examined (day +30, +90, +180, and +365)
(181). Finally, in haplo-HCT using the GIAC protocol, patients
with a higher day +30 percentage of naive Treg, defined as
CD4+CD25+CD45RA+, had a significantly lower incidence of
grades II–IV acute GVHD (191). This highlights the importance
of reaching a satisfactory Treg reconstitution for the achievement
of immune tolerance after haplo-HCT.
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γδ T Cells
γδ T cells combine conventional adaptive immunity features
with innate-like MHC-independent tumor recognition (192).
In healthy donors the majority of circulating γδ T cells
expresses the Vδ2 chain, whereas the minority expresses the
Vδ1 chain. The former subgroup is able to recognize non-
peptide phosphoantigens and to perform direct killing of tumor
cells (193). The Vδ1 γδ T-cell subgroup on the other hand
is associated with control of CMV infection and also retains
antitumor activity (194). Both subgroups play a key role in the
setting of haplo-HCT because they do not induce GVHD but
can exert immunological surveillance. In patients undergoing
αβ-TCD haplo-HCT, γδ-T cells were the predominant T-cell
subset for the first 2–3 weeks after transplant (91.5% of CD3+

lymphocytes), while αβ T cells became the most prevalent
population at 1 month (93). Moreover, patients had a higher
proportion of γδ-T cells, especially the Vδ2+ subset for the first
3 months. However, CMV reactivation (but not infection with
other viruses) was associated with an expansion of Vδ1 γδ-T
cells (93). Interestingly, the authors showed that zolendronic acid
was able to potentiate Vδ2+ killing against leukemia blasts after
in vitro culture, indicating that the cytotoxicity was dependent
on phosphoantigen recognition and providing a rationale for
the development of future clinical trials to boost the γδ T
anti-tumor effect (93). The same group tested the in vivo
ability of zolendronic acid (ZOL) to enhance γδ T-cell recovery
and function, by administrating the drug to pediatric patients
undergoing αβ-TCR/CD19 depleted haplo-HCT. An induction
of Vδ2-cell differentiation paralleled by increased cytotoxicity
of both Vδ1 and Vδ2 cells against primary leukemia blasts was
associated with ZOL treatment. Patients given three or more ZOL
infusions had a better probability of survival in comparison to
those given one or two treatments (86% vs. 54%, respectively,
p = 0.008), suggesting that ZOL infusion promotes γδ T-cell
differentiation and cytotoxicity and may influence the outcome
of patients in this transplant setting (94).

B Cells
B cell recovery occurs late after HCT. B cells are almost
undetectable during the first and second months and normal
values are only reached around 12 months after transplant (195).
In the setting of NMA haplo-BMT using PTCy, MMF and
Tacrolimus as GVHD prophylaxis, B cells were undetectable
until day +28. Recovery of B cells started from week 5 with
an immature CD38bright CD10+ Ki-67 negative phenotype,
suggesting that the increase in B-cell number was not due
to the homeostatic proliferation of transferred B cells but
to de novo generation (196). Maturation of B cells was
characterized by different expression of both transitional (T)
markers CD5 and CD21: T0 (CD5−CD21−), T1 (CD5+CD21−),
T2 (CD5+CD21+), and the CD5−CD21+ subset. Starting at
week 9, mature B cells (CD38dim CD10−) began to increase with a
naïve phenotype (IgD+, IgM+). Overall, B cell maturation took 6
months to complete in the setting of a T-cell replete PTCy-based
haplo-HCT (196).

With haplo-HCT using the GIAC protocol, median B cell
counts did not differ from HLA-matched HCT at any of the time

points examined (158). In an analysis comparing CD34 positive
selection and CD3/CD19 cell depletion, B cells reconstituted
more rapidly in the former group (156). Furthermore, recovery
of B cells after αβ T cell-depleted haplo-HCT was delayed for
the first 6 months compared to a cohort of patients transplanted
with aMUDorMMUDusing standard calcineurin-based GVHD
prophylaxis. However, this is at least in part attributable to the
fact that in the αβ T-cell depletion setting, patients received one
dose of Rituximab as part of the conditioning regimen in order to
prevent post-transplant lymphoproliferative disorders (97).

RELAPSE AND IMMUNE EVASION
MECHANISMS AFTER HAPLO-HCT

Recent data has highlighted the critical role of the immune
system in the control of myeloid leukemia after HCT and
elucidated our understanding regarding the immunologic
mechanisms underlying relapse after haplo-HCT. Work by
Vago and colleagues revealed that a substantial proportion of
AML and MDS relapses after haplo-HCT are attributable to
acquired uniparental disomy of chromosome 6p (copy-neutral
loss of heterozygosity eliminating the incompatible HLA alleles
without decreasing the overall level of expression of HLA
class I molecules). This was shown to result in loss of the
mismatched HLA molecules on leukemia cells and immune
escape from leukemia control exerted by haploidentical donor
T cells via the major histocompatibility mismatch (197). The
maintained overall expression of class I molecules in this
study also evaded activation of NK-cell mediated anti-leukemic
responses which could potentially be based on a newly missing
ligand to an inhibitory KIR receptor (197). Clinical suspicion
for an immune evasion phenomenon was first raised when
patients relapsing after haplo-HCT had discrepant findings
in host chimerism monitoring between short-tandem-repeat
amplification but not HLA typing (198). Recognition of this
leukemia escape mechanism has therapeutic importance for
patients who are candidates for subsequent haplo-HCT in whom
a different donor is available who is mismatched for the HLA
haplotype retained in the relapsed leukemic cells and/or is
predicted to mediate NK-cell alloreactivity based on the newly
missing KIR-ligand. The development of routine diagnostic
methods is expected to facilitate this (198). Importantly, ∼30%
of relapses after haplo-HCT are attributable to this mechanism
of the elimination of the incompatible HLA alleles irrespective
of the GVHD prophylaxis or platform used to control T-cell
alloreactivity (190, 199, 200).

To identify other drivers of post-HCT relapse Toffalori et al.
analyzed transcriptional signatures specific for post-transplant
AML relapses (201). This study demonstrated deregulation of the
costimulatory interface between donor T cells and host leukemia
cells, with loss of costimulatory interactions and enforcement of
inhibitory ones (PD-1/PDL-1) as evidenced by both changes in
leukemic cells and donor T cells (Figure 8). Additionally, the
study documented downregulation of surface expression of HLA
class II molecules on leukemia cells due to the downregulation
of the HLA class II regulator CIITA (201). Patients with AML
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FIGURE 8 | Mechanisms of relapse post haploidentical HCT. Late relapse after haploidentical allogeneic transplantation can be driven by a number of immunologic

mechanisms as shown. Under the immune pressure of graft-vs.-leukemia (GVL) via HLA mismatch in a haploidentical environment, loss of heterozygosity for the

mismatched HLA allele is a mechanism of escape from immune surveillance and relapse (1). Another mechanism involves transcriptional silencing of HLA class II

molecule, thereby reducing T-cell mediated GVL. This effect can be partially reversed in the presence of immunomodulatory molecules such as IFN-y or the epigenetic

regulator 5-azacitidine (5-aza) (2). Modification of the tumor microenvironment via suppression of release of mediators that promote GVL is another mechanism used

by relapsing leukemia cells, which may be partially reversed via administration of IL-15 agonists and NK cell infusions that promote the secretion of proinflammatory

cytokines (3). An additional common mechanism of relapse involves the emergence of T-cell exhaustion with associated upregulation of PD-L1 and other inhibitory

receptors. The latter may be reversed through administration of checkpoint inhibitors (4). Blue arrows indicate possible therapeutic strategies to overcome the different

mechanisms of immune evasion. MRD, minimal residual disease; LOH, loss of heterozygosity; Chr, chromosome; DLI, donor lymphocyte infusion. This Figure was

created using BioRender.com.

relapse after HCT were found to have a higher proportion
of BM—infiltrating T cells expressing inhibitory receptors (IR)
compared to patients remaining in CR. The exhausted BM-T
cell phenotype was associated with a restricted TCR repertoire,
impaired effector functions and leukemia-reactive specificities.
Furthermore, early detection of severely exhausted BM-memory
stem T cells predicted relapse (202). Interestingly, IR-positive T
cells infiltrating the BM of AML patients at relapse displayed
a greater ability to recognize matched leukemic blasts after in
vitro expansion compared with their IR-negative counterparts.
This suggest that IR expression marks lymphocytes enriched
for tumor specificity whose activity could be unleashed with
therapeutic check-point blockade, although innovative targeted
strategies will be required to avoid exacerbation of GVHD in the
HCT context (202).

HAPLO-HCT AS A PLATFORM FOR
POST-TRANSPLANT IMMUNE THERAPIES

Numerous scientific advances have contributed to the resurgence
of haplo-HCT as a viable transplant option for patients requiring
HCT and have achieved similar outcomes to those from other
donor sources. The ability to perform haplo-HCT without costly
ex-vivo T-cell depletion approaches, which require extensive cell

manufacturing expertise frequently limited to large transplant
centers, has been a major advance in transplant accessibility
for patients in resource-limited countries that frequently do
not perform unrelated donor transplantation (203). However,
further efforts are required to improve immune reconstitution,
control infectious complications and decrease relapse rates in
patients after haplo-HCT. Fortunately, haplo-HCT provides an
ideal platform characterized by unique immunologic properties
and ready accessibility of the donor for additional cell products.
This offers tremendous opportunities for the development and
implementation of innovative adoptive immune cell therapies
to augment infectious and antitumor immunity and further
improve outcomes (Figure 9).

Suicide Mechanisms for Defined T-Cell
Content in the Graft and Post-transplant
Ex-vivo TCD haplo-HCT affords opportunities not only for
the dose-titration but also the manipulation of the T cell
product prior to infusion into the patient. Rather than in-
or ex-vivo approaches to selectively deplete or attenuate T
cells, a different approach is the infusion of polyclonal T
cells that have been genetically engineered to include an
inducible suicide gene. With this strategy, a defined dose
of T cells can be administered to aid in engraftment and
immune reconstitution, mediate a GVL effect, and provide
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FIGURE 9 | Haplo-HCT offers a platform for post-transplant immune therapies to prevent and treat relapse. In the context of a haploidentical transplant, there are

several options to administer cellular therapies in order to address relapse, infection and GVHD either pre-emptively or therapeutically. In the event of a relapse,

enhancing GVL effect using cellular therapy that either relies on the haploidentical mismatch between donor and recipient or gene-modified donor immune effector

cells T cells are potential options. Donors haploidentical to the recipient may also readily serve as a source of cells for the production of CAR-T or CAR-NK. In the

event of significant viral infection post relapse, administration of antiviral cytotoxic T-cells may promote viral clearance without increasing the risk of GVHD. Finally, Treg

infusions may be utilized to treat GVHD. DLI, Donor lymphocyte infusion; CIML NK cells, Cytokine-induced memory-like NK cells; TCR, T-cell receptor; CAR, Chimeric

antigen receptor; CTLs, Cytotoxic T-lymphocytes.

infectious immunity while being selectively susceptible to an
externally inducible suicide mechanism in the event of significant
GVHD (204).

The first such approach was pioneered by Bonini and
colleagues with the introduction of a herpes simplex virus
thymidine kinase (HSV-TK) suicide gene into T cells using γ-
retroviral transduction in which the transgene also contained
the truncated selection marker 1LNGFR. This allowed for the
isolation and infusion of transduced cells bearing the suicide gene
(205). With this strategy, administration of the drug ganciclovir
activated the suicide mechanism and successfully controlled
GVHD in several patients after infusion (204). Interestingly, the
first wave of circulating TK+ cells after infusion facilitated thymic
renewal and was followed by a second wave of long-term immune
reconstitution with naïve lymphocytes. This was supported by an
increase in TCR excision circles, CD31+ recent thymic emigrants
and expansion of thymic tissue on imaging and was further
associated with an increase in serum IL-7 levels following each
infusion (206).

Since then, other approaches have been developed, such as

transduction of T-cells with the iCasp-9 suicide gene. This gene
can be activated by an otherwise inert drug (207, 208). Novel
approaches have also included the use of a different transduction
marker such as truncated CD19 that allows for the confirmation
of transduction and if desired positive isolation of transduced T
cells prior to infusion. Brenner and colleagues first utilized this
approach in children undergoing haplo-HCT and demonstrated
impressively how iCasp-9 transduced T cells expressing the
truncated CD19 aid in immune reconstitution and contribute to
infectious immunity (207, 208). Activation of the suicide gene

led to resolution of GVHD symptoms within hours (209, 210).
Interestingly, while alloreactivity was rapidly abrogated, suicide-
gene transduced T cells were not permanently eliminated and
able to reconstitute again without causing GVHD. Pediatric
studies are underway to investigate suicide-gene equipped T-cell
infusions after αβ-TCR/CD19 depleted haplo-HCT.

Haploidentical Donor Lymphocyte
Infusions
A common approach to address relapse early after HCT is the
infusion of donor lymphocyte infusions (DLI) to exert a GVL
effect, but this is frequently accompanied by significant rates
of GVHD. Zeidan and colleagues demonstrated the feasibility
of this approach after haplo-HCT with PTCy in a retrospective
analysis of a dose escalation approach at their center (211). Forty
patients received 52 haplo-DLI doses initially at 1× 105 CD3+/kg
and most commonly starting at 1 × 106 CD3+/kg. Ten patients
(25%) developed GVHDwith Grade III-IV acute GVHD in 6 and
chronic GVHD in 3 patients. Twelve patients (30%) achieved a
CR with a median duration of 11.8 months (211).

Sun et al. reported on haplo-DLI following a number of
different chemotherapy regimens (FLAG, Methotrexate and
others) for relapse after haplo-HCT with the GIAC protocol. Of
86 patients, 20 developed Grade III-IV aGVHD and 41 developed
cGHVD. NRM was 10.3%, and 62% of patients achieved a
CR after chemo-DLI of which 50% experienced re-relapse at a
median duration of 92 days (212). A modified GIAC backbone
was also utilized to assess preemptive DLI at a median of 77
days post haplo-HCT in high risk patients to prevent relapse.
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With a sizeable median CD3+ dose of 1.8 × 107/kg, the 100-
day incidences of acute GVHD were 55.3% for Grade II–IV
and 10.2% for Grade III–IV, respectively. Two-year incidence
of chronic GVHD was 52%, among which 18.2% were severe.
With this regimen, 2-year NRM was high at 33.1% with a 2-year
relapse incidence of 32% (213). Approaches to reduce GVHD
while optimizing the GVL effect of preemptive or therapeutic
DLI are likely to evolve over time and include the infusion of
IL-10 anergized DLI (214), CD45-RA depleted DLI (215) and
adoptive transfer of gene modified cells as described in this
section. Although experience in the haplo-HCT setting is limited
to date, azacitidine or decitabine in conjunction with DLI have
shown promising overall response rates on the order of 25–
33% for patients with AML or MDS relapsing after allogeneic
HCT (216, 217).

CAR- T or CAR-NK-Cell Infusion
Chimeric antigen receptor (CAR) T cells targeting CD19 have
revolutionized the treatment of relapsed/refractory B-cell acute
lymphoblastic leukemias and aggressive B-cell lymphomas, with
complete remission rates ranging from 70–90% in ALL (218, 219)
and ∼60% for refractory large B-cell lymphoma (220, 221).
CAR-T cells have been successfully manufactured from donor T
cells in patients with relapse after allogeneic HCT and infused
without mediating GVHD. Autoimmune complications have
not been observed after infusion of CAR-T cells derived from
autologous T cells suggesting that the CAR-signal overrides TCR-
based recognition. The use of third-party CAR-T cells has been
explored with concurrent transcription activator-like effector
nuclease (TALEN)-based gene editing of the endogenous TCR.
These CAR-T cells did mediate GVHD in a limited study of three
patients (222). The use of CAR-NK cells is also being explored
in the relapse setting, and although long-term persistence may
be more limited than that of CAR-T cells, this approach may

be beneficial when there is a higher degree of HLA-mismatch
such as after haplo-HCT (223). While the therapeutic success of
CD19-targeting CAR-T cell therapy to date is limited to B-cell
malignancies and multiple myeloma (224), studies are underway
to investigate the safety, feasibility, and preliminary efficacy of
CAR-T cells directed against AML and MDS (225–227). Given
this rapidly evolving field, the established efficacy potential of
CAR-T cells and ability to utilize donor cells for CAR-T cell
manufacture post-HCT, haploidentical HCT donors represent a
readily available post-transplant cell source for donor-derived
CAR-T cell or CAR-NK cell therapies for relapsed leukemia.

Antiviral Cytotoxic T Lymphocyte (CTL)
Infusion
Infectious complications and particularly end-organ viral disease
after HCT remain a challenge, particularly in haplo-HCT where
ex- or in- vivo T-cell depletion is necessary. For example, the
incidence of BK-virus hemorrhagic cystitis is higher in haplo-
HCT (228). As demonstrated by Leen and Bollard the infusion
of virus-specific CTL lines, generated by stimulating PBMC
from adenovirus and EBV-seropositive donors, can safely be
performed without inducing GVHD and can result in clearance
of adenoviral disease and prevention of EBV-associated PTLD

(229). The successful use of off-the-shelf multi-virus-specific T
cells to treat viral infections after allogeneic HCT with minimal
risk of GVHD has since been confirmed in a larger study and
has the potential to mitigate serious viral disease after haplo-HCT
either with third-party or haploidentical antiviral CTLs (230).

TCR-Edited T Cell Infusions
Whereas, CAR-transduced T cells recognize extracellular
peptides on the surface of target cells in an MHC-independent
manner, TCR-mediated T cell recognition mediates T cell
immunity against MHC-restricted, intracellular targets
and minor histocompatibility antigens. With the advent of
sophisticated strategies to optimize T cell transduction and
prevent mis-coupling of transduced and endogenous TCR
chains, TCR-edited T cells have successfully entered clinical trials
for patients with an HLA-type required for the HLA-restricted
expression of the antigen. Greenberg and colleagues cloned
a high affinity TCR targeting the HLA-A2 restricted tumor
antigen WT-1 from healthy donors and inserted this TCR into
EBV-specific donor CD8+ T cells (to minimize the GVHD risk
and enhance persistence). The WT1-TCR modified donor T
cells were then infused prophylactically into the HLA-A∗0201+
recipients after they had received an allogeneic HCT from the
same donor. This approach resulted in 100% relapse free survival
in the WT-1 TCR-T cell group at 44 months as compared to
a comparative group of similar risk AML patients with a 54%
relapse-free survival after HCT (231). A separate approach
is currently under investigation to target the HLA-A∗0201-
restricted minor histocompatibility antigen HA-1, which is
exclusively expressed on hematopoietic cells (232). When the
immunogenic single-nucleotide polymorphic variant of HA-1
is expressed on hematopoietic cells of the HLA-A2+HCT-
recipient, donor T cells that have been transduced to encode
a high-avidity TCR recognizing HA-1 can effectively eliminate

leukemia and lymphoma cells in vitro (233). Given the facile
availability of donor T cells, haplo-HCT can and should serve
as a beneficial platform to explore new approaches to reduce
relapse after HCT.

NK Cell Product Infusion to Augment Graft
vs. Tumor Effect
As previously described, NK-cells can mediate GVL effects
due to KIR-mediated alloreactivity in the haplo-HCT setting.
In addition to selecting the donor based on predicted NK-
cell alloreactivity, the availability of haploidentical donors for
additional cell product collection affords the unique opportunity
to utilize NK-cell infusions to provide for additional GVL or
GVT effects after HCT prophylactically or in the face of relapse
(234). Generation of adequate numbers of NK cells for post-
transplant therapies can be challenging given the relatively low
NK cell frequency in the blood but can be overcome by in
vitro expansion such as with membrane-bound IL-21 expressing
feeder cells (mbIL21). A Phase 1 study evaluated prophylactic NK
cell infusions after haplo-HCT with PTCy on days −2, +7, and
+28. Of 11 enrolled patients who received all 3 planned NK cell
doses, 54% developed Grade I-II aGVHD, and none developed
Grade III-IV aGVHD, chronic GVHD or dose-limiting toxicities.
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Only 1/11 patient relapsed. All others were alive and in remission
at a median follow-up of 14.7 months (235). Administration of
cytokines can facilitate NK cell expansion, but certain cytokines
such as IL-2 also preferentially expand Tregs based on their
constitutive expression of high-affinity IL-2R (CD25). These
Tregs in turn inhibit NK cell proliferation (236). A study
treating AML patients with haploidentical NK cell infusions
after lymphodepletion with cyclophosphamide and fludarabine
demonstrated that NK cell expansion was most pronounced
and effective when IL-2-diphteria toxin fusion protein was
administered to achieve host Treg depletion (237).

A recent trial administering haploidentical NK cells with
rhIL15 for relapsed AML after lymphodepleting chemotherapy
showed that rhIL-15 achieved better rates of in vivo NK-cell
expansion and remission compared to previous trials utilizing IL-
2, but also observed steroid- and tocilizumab-responsive cytokine
release syndrome and neurologic toxicity which was associated
with high levels of IL-6 (238). Cytokine-induced memory-like
(CIML) NK cells from haploidentical donors were able to induce
complete remissions in relapsed/refractory AML patients outside
of the transplant setting without any toxicities (239). This GVL
effect may be even more durable when NK cells from the same
haploidentical donor are infused after haplo-HCT because no
immunologic rejection of the CIML NK cells from the same
donor is expected. Studies to date have suggested that KIR-
reactivity is less important when NK cells are cytokine-induced
(240). Studies are now underway to evaluate the safety and
efficacy of CIML NK cells for relapse after haplo-HCT.

Cytokine Support to Enhance NK-Cell
Alloreactivity After Hct
An alternative strategy to address relapse after HCT is the
administration of cytokines aimed at enhancing the anti-
leukemic function of the existing post-transplant immune
environment. One such approach employed ALT-803, an IL-
15 superagonist complex designed to extend the in vivo half-
life of IL-15 and mimic the physiologic trans-presentation
of IL-15 (241). In contrast to IL-2 that can promote the
survival, proliferation, and activation of lymphocytes, but that
also stimulates Tregs, IL-15 preferentially expands CD8+ T

cells and NK cells via trans-presentation to the IL-2/15Rβγc-
receptor while avoiding the stimulation of Tregs. In a recent
Phase 1 trial ALT-803 was well-tolerated, particularly when

administered subcutaneously, and induced responses of 19% in
patients relapsed after HCT (241), suggesting that such agents
may also be explored in the haplo-HCT setting. Efforts are
underway to test use of IL-15 or IL-15 superagonist complex
alone or in combination with NK cell- based therapy to target
relapse after haplo-HCT.

CONCLUSION

The initial immunologic barriers to haplo-HCT, namely GVHD
and graft failure, have been overcome with different platforms
that can be utilized to control T cell alloreactivity post-transplant.
Comparable clinical outcomes have now been achieved relative
to alternative donor sources and depending on the specific
scenario, haplo-HCT can offer a lower risk of GVHD and/or
improved control against relapse. The GVL effect in haplo-
HCT is particularly intriguing given the concept of NK-
cell alloreactivity based on the KIR/KIR-ligand system and
ability to select donors accordingly. An emerging body of
literature is elucidating immunologic mechanisms of GVHD
and relapse that are potentially targetable and highlight the
immune pressure exerted by donor immune cells after HCT.
Given ready accessibility of the donor, haplo-HCT offers a
unique platform for post-transplant cell-based immune therapies
aimed at expediting immune reconstitution, improving thymic
function, providing infectious immunity, and treating or
protecting against relapse, while maintaining therapeutic control
of those cell immunotherapies with methods such as suicide
mechanisms. The rapid advancements in our understanding
of the immunobiology of haplo-HCT are therefore poised
to lead to increasingly sophisticated strategies to fine-tune
the transplant process and to further improve outcomes
after haplo-HCT.
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Over the last decade, the development of multiple strategies to allow the safe transfer

from the donor to the patient of high numbers of partially HLA-incompatible T cells has

dramatically reduced the toxicities of haploidentical hematopoietic cell transplantation

(haplo-HCT), but this was not accompanied by a similar positive impact on the incidence

of post-transplantation relapse. In the present review, we will elaborate on how the unique

interplay between HLA-mismatched immune system and malignancy that characterizes

haplo-HCT may impact relapse biology, shaping the selection of disease variants that are

resistant to the “graft-vs.-leukemia” effect. In particular, we will present current knowledge

on genomic loss of HLA, a relapse modality first described in haplo-HCT and accounting

for a significant proportion of relapses in this setting, and discuss other more recently

identifiedmechanisms of post-transplantation immune evasion and relapse, including the

transcriptional downregulation of HLA class II molecules and the enforcement of inhibitory

checkpoints between T cells and leukemia. Ultimately, we will review the available

treatment options for patients who relapse after haplo-HCT and discuss on how a deeper

insight into relapse immunobiology might inform the rational and personalized selection

of therapies to improve the largely unsatisfactory clinical outcome of relapsing patients.

Keywords: haploidentical allogeneic hematopoietic stem cell transplantation, relapse, immune escape, HLA,

immune check point

INTRODUCTION

Allogeneic hematopoietic cell transplantation from haploidentical family members represents
a promising solution to offer allogeneic HCT to virtually all patients with an indication to
transplant, but lacking a fully compatible and/or rapidly available donor. However, from the
immunological standpoint, haplo-HCT also represents the most challenging transplantation
setting, counterpoising two largely HLA-incompatible immune systems and thus posing a severe
risk of graft-vs.-host disease (GvHD) and immune rejection. To overcome this obstacle, over the
last few decades, many strategies have been developed to improve the feasibility and safety of haplo-
HCT (1, 2). In particular, two main haplo-HCT “philosophies” were progressively refined over
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the years: the ex vivo manipulation of the graft to deplete the
most alloreactive cell subsets (3), eventually reinfusing them in a
subsequent moment in combination with regulatory T cells (4, 5)
or upon incorporation of safety switches (6–8), vs. the infusion
of unmanipulated grafts, followed by administration of drugs
capable of eliminating alloreactive cells in vivo (9, 10). Noticeably,
some of these platforms have demonstrated remarkable success,
leading to an exponential increase in the number of haplo-HCT
performed worldwide (11, 12).

The development of innovative strategies to render
haplo-HCT feasible was fueled by intensive research on
the immunobiology of allo-HCT, leading to a number of
observations that were later extended to other transplantation
settings or even served as the foundation to explain the
physiological metrics of immune responses to pathogens
and tumors.

In the present review, we will present one of the most
paradigmatic examples of this process by describing how
investigation of mechanisms of relapse after haplo-HCT paved
the way to understanding the interplay between transplanted
immune system and tumor also in other transplantation settings
and, importantly, to the development of new rationales for
relapse therapy.

TUMOR-INTRINSIC MECHANISMS OF

RELAPSE

Seminal studies conducted by the Seattle group more than 25
years ago led to the identification of donor-derived T cells as
one of the major drivers of the graft-vs.-leukemia (GvL) effect
(13). It is thus no surprise that all the best-characterized tumor-
intrinsic mechanisms of immune evasion and relapse after allo-
HCT have as a final output the abrogation of interactions between
T cells and the tumor. This can occur either because leukemia
cells become “invisible” to patrolling T cells, for instance through
genetic or epigenetic alterations in the antigen processing and
presenting machinery, or because they enact mechanisms to
render the encounter ineffectual, as when inhibitory immune
checkpoints are enforced (Figure 1).

Genomic Loss of HLA
Alterations in the expression and functionality of HLA class I
and II molecules have long been characterized in solid tumors,
underlining also in this setting the importance of T cell-mediated
responses in shaping tumor immunogenicity (14).

Interestingly, in hematological tumors, and acute myeloid
leukemia (AML) in particular, alterations in the HLA region are
quite uncommon, especially at the time of diagnosis (15, 16). This
feature is critical, since the donor T cell-mediated GvL effect of
allo-HCT mostly depends on the HLA molecule expression on
the surface of leukemic cells. As part of the antigen-presenting
machinery, HLA molecules serve as restriction elements for
minor histocompatibility antigens and tumor-associated antigens
or, when incompatible, as direct targets of primary alloreactivity.
In haplo-HCT especially, where an entire HLA haplotype

is mismatched between patient and donor, T cell-mediated
alloreactivity converges against the incompatible molecules that
rapidly become the immunodominant GvL targets.

Given this fundamental role of HLAs in the biology of haplo-
HCT, it is reasonable that a possible getaway for malignant cells
to escape the bottleneck of immunological pressure might be to
exploit alterations in the HLA locus, mirroring what happens in
solid tumors.

The first characterization of such a strategy being used in
AML after haplo-HCT was provided nearly 10 years ago, when
genomic loss of the mismatched HLA haplotype (from this point
on referred to as “HLA loss”) was first reported (17). Behind
this discovery, there is a curious case of serendipity: While
investigating intermediate-resolution genomic HLA typing of
bone marrow aspirate samples as an alternative technique for
the assessment of hematopoietic chimerism (18), our group
encountered several cases of AML post-transplantation relapse
that typed negative for the patient HLAs. Genomic HLA
typing of leukemic blasts purified from these relapses confirmed
the absence of all HLA class I and class II genes encoded
on the mismatched patient-specific HLA haplotype. A deeper
examination of this phenomenon was then carried out exploiting
whole-genome single-nucleotide polymorphism (SNP) arrays,
demonstrating loss of heterozygosity (LOH) of chromosome
6p in the absence of copy number variations (CNVs), thus
suggesting an event of acquired somatic uniparental disomy
(aUPD). UPD has been described as a common chromosomal
aberration in different tumor types, both solid and hematological
(19–21). This genomic alteration consists of the loss of a
chromosome region that is subsequently replaced by the
homologous copy, resulting in acquired homozygosity of that
region without the actual loss of genomic material. The
consequences of this event can be diverse: We can witness an
increase in the expression of oncogenes, loss of heterozygosity of
mutated tumor-suppressors, or in this specific context, the loss
of the HLA molecules not shared between donor and recipient,
which represented the most immunodominant targets for donor
T cell alloreactivity. In the case of HLA loss, the observed
rearrangements had variable boundaries and extension in the
different patients, but inmost cases, encompassed the entire HLA
region and, therefore, included all HLA class I and class II loci.

Ex vivo coculture of donor T cells with leukemic cells
demonstrated that whenHLA loss occurs, mutated blasts become
completely invisible to donor T cells that were capable of
recognizing them before transplantation, thus taking the upper
hand over other clones and rapidly becoming the predominant
population (17, 22). Documentation of HLA loss not only
provides an explanation for how disease escaped a pre-existing
control, but also contraindicates the infusion of additional donor
T cells as a strategy to try to revert relapse, since also these cells
would fail to find a target to attack.

Conversely, HLA loss variants that become invisible to donor
T cell allorecognition could in principle still represent viable
targets for alloreactive donor natural killer (NK) cells. Indeed,
while themechanism of aUPD does not reduce the overall surface
levels of HLA class I molecules on the leukemia cell surface, thus
avoiding to trigger “missing self ” recognition by NK cells (23),
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FIGURE 1 | Tumor-Intrinsic Mechanisms of Immune Evasion and Relapse. This cartoon summarizes the features of the three modalities of leukemia immune evasion

and relapse after allo-HCT better characterized to date. Chromosomes indicate the HLA haplotype homo- or hetero-zygosity, showing in cyan the donor-recipient

shared haplotype and in red the patient-specific incompatible haplotype. The padlock symbolizes epigenetic silencing of the HLA class II loci. On the cell surface, HLA

class I molecules are shown as heterodimers of HLA and beta-2-microglobulin (in yellow), HLA class II as dimers of two transmembrane single-chain HLA molecules,

and inhibitory ligands as green homodimers.

the HLA alleles that are lost by leukemia cells often also represent
ligands for donor inhibitory KIRs (24). Nonetheless, HLA loss
relapses still occur, and the biology at the basis of NK cell failure
in preventing or controlling the emergence of HLA loss relapses
needs to be investigated further. This is highly relevant from the
translational standpoint, since an improved understanding of NK
cell responses in the context of HLA loss could also serve as a
springboard to design adoptive immunotherapy trials based on
NK cells to treat, or even prevent, these relapse variants.

One of the most relevant open issues regarding HLA loss
is understanding when the genetic alteration occurs, or in
other terms, if an infinitesimally small immune-resistant clone
exists before allo-HCT or not. To date, the molecular drivers
of aUPD are poorly known. It has been demonstrated that
an increased susceptibility for chromosomal breaks and the
effects of DNA damage inducers, including chemotherapeutic
agents, might lead to higher aUPD risk in tight proximity
of mitotic recombination sites (20), jeopardizing those heavily
treated patients who undergo the transplantation procedure after
multiple lines of chemotherapy. However, there is also evidence
that aUPD can also be a common finding in AML samples

at the time of diagnosis, with a large study on 454 samples
reporting aUPD frequency of 15–20%. This alteration mainly
affects specific chromosome arms, including 13q, 11p, and 11q
(25). Of note in these reports, the involvement of the HLA region
located in chromosome 6p is exceptional, with an estimated 3–4%
of myeloid malignancies characterized by HLA LOH at disease
onset (26, 27).

Some suggestions on the biological origin of HLA loss
relapses come from retrospective clinical studies. In the
largest analysis on this topic performed to date (28), HLA
loss relapses were shown to occur significantly later than
their “classical” counterparts and to be strongly associated to
allo-HCTs performed in an active disease stage. A possible
explanation linking these two observations might be that
patients transplanted with a sizable leukemia burden probably
present also much higher intratumoral heterogeneity than
those transplanted with minimal or even undetectable residual
disease and are thus also more likely to carry a clone with
HLA loss or with high predisposition to aUPD, which may
then slowly but steadily grow in the subsequent months
following transplantation.
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Soon after the initial description (17), a number of other
studies reported cases of HLA loss relapses after haplo-HCT,
with an incidence ranging between 20 and 40% of all relapses
occurring in this setting (22, 29, 30). Of interest, analysis of
two different cohorts transplanted at our institution using the
same haplo-HCT backbone and differing only in the use of anti-
thymocyte globulin (31) or high-dose cyclophosphamide (32) as
in vivo T cell-depleting agent showed superimposable frequency
of HLA loss relapses, suggesting that regardless of the strategy
used, a significant population of alloreactive T cells escapes the
initial purging and is capable to mediate significant antileukemic
immune pressure. Studies specifically focused on T cell-depleted
haplo-HCTs are to date lacking, but available data from T cell
replete platforms indicate that the frequency of HLA loss is
directly associated to the number of T cells transferred as part of
the graft or after that (28), thus suggesting that in “T cell naked”
transplants, HLA loss might be a rare event and relapses might
have different underlying biology.

Interestingly, there have been reports of HLA loss relapses
occurring in other transplantation settings, in particular after
mismatched unrelated donor HCT (33–36) and, less frequently,
after matched unrelated donor HCT (36). Although these reports
originate from small cohorts of patients and therefore cannot
provide an accurate estimate of the actual incidence of HLA loss
in these settings, they appear to indicate a lower incidence of
the phenomenon as compared to haplo-HCT. We can speculate
that this lower frequency might indicate that, when donor-
recipient incompatibilities are fewer, T cell alloreactivity and
GvL effect is less pronouncedly focused against incompatible
HLAs and possibly outperformed by immunodominant minor
histocompatibility antigens. Moreover, it should be considered
that in the unrelated HCT setting, the incompatibilities are
often not in cis on the same haplotype, meaning that losing
one haplotype by aUPD might not be as effective in abrogating
immune pressure as in the haplo-HCT setting. Finally, the
relative contribution of mismatches at the different HLA loci in
driving alloreactivity and the GvL effect is not entirely clear, and
it may be possible that some, but not other, incompatibilities
might be more potent in promoting immune escape by HLA
loss. In conclusion, more studies regarding the characterization
of relapses outside of the haploidentical setting are still needed,
and the complete understanding of how the GvL effect and the
strength of the selective pressure mediated by alloreactive T-cells
influences and shapes the underlying biological mechanisms of
relapse in these contexts is yet to be entirely dissected.

It has already been stated how the occurrence of this genomic
alteration greatly impairs T cell allorecognition, prompting
the need for a more personalized clinical management of
these relapses. As a consequence, the acute leukemia working
party (ALWP) of the European Society for Blood and Marrow
Transplantation (EBMT) recently made recommendations for
testing eventual HLA loss at the time of relapse before employing
donor lymphocyte infusions (DLIs) (37). However, until recently,
documentation of HLA loss at relapse required the presence of
a considerable tumor burden to perform HLA typing of either
unprocessed bone marrow samples or, when possible, sorted
leukemic blasts (18). To overcome these limitations, we recently

developed “HLA-KMR,” a rapid, reliable, and economic assay
based on quantitative PCR (qPCR) (38) that almost immediately
became a commercially available diagnostic tool (GenDx, The
Netherlands). The rationale of HLA-KMRs is to combine the
detection of non-HLA-polymorphisms together with ad hoc
qPCR reactions targeting the most common HLA allele groups.
Therefore, in “classical” relapses, non-HLA and patient-specific
HLA markers are concordantly positive, whereas the absence
of HLA-specific signal indicates HLA loss relapse. This tool
provides a sensitive method to detect HLA loss relapses event at
early stages, allowing fast clinical decision-making and the use of
a personalized therapeutic approach for every patient.

Finally, what should be the most appropriate therapeutic
approach for HLA loss relapses occurring after haplo-HCT?
Taking into consideration the mechanism and immunological
consequences of this genomic alteration, a possible strategy could
be a second haploidentical transplantation from an alternative
donor, selected to target the remaining HLA haplotype. This
originates from a unique situation, where donor T cells still
share one haplotype with non-hematopoietic tissues, while being
fully mismatched with the leukemic blasts, possibly providing
an even stronger GvL effect (39). As a proof of concept, this
approach was the one associated with the longest survival
after relapse for patients experiencing HLA loss at our center
(28) and might explain the superior outcome described by
Imus and collaborators upon choosing donors with a different
HLA-haplotype for second haplo-HCT (40). Unfortunately, a
second allo-HCT is often not feasible in elderly or heavily
pretreated patients, prompting further preclinical and clinical
studies to treat HLA loss relapses using non-HLA-restricted
immunotherapy approaches, including bispecific antibodies and
chimeric antigen receptor (CAR)-modified T cells.

Downregulation of HLA Class II Molecules
Two very recent studies provided remarkable evidence that
genomic haplotype loss is not the only strategy used by
leukemic cells to alter their HLA assets and avoid detection by
donor-derived T cells. In both studies, comparison of samples
pairwise collected from patients before and after allo-HCT led to
appreciate that in up to 40% of post-transplantation relapses, the
surface expression of HLA class II molecules (HLA-DR, -DQ, and
-DP) becomes virtually absent, and this translates to the failure of
donor T cells primed against the original disease to recognize the
relapse variants (41, 42). Supporting previous studies conducted
in animal models (43), this evidence suggests that interactions
between HLA class II molecules and CD4T cells are necessary
for a proficient GvL effect and that this non-redundant arm of
the antitumor immunity represents a vulnerability that is easily
exploited by leukemia to reemerge. It should be noted, however,
that HLA class II expression is also emerging as a relevant
prognostic parameter in a number of other malignancies. HLA
class II negativity has in fact been linked to unfavorable outcome
in patients diagnosed with germinal center B-cell like diffuse
large B cell lymphoma (44, 45) and with microsatellite stable
carcinomas (46). In a study performed on relapsed/refractory
classical Hodgkin’s lymphoma, in addition to the positivity for
PD-L1, high surface expression of HLA class II molecules also
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correlated with a better response to the anti PD-1 monoclonal
antibody nivolumab (47).

Coming back to leukemia post-transplantation relapses,
similar to the previously described genomic HLA loss
mechanism, in this case a higher dose of T cells infused
with the graft is also associated with a higher likelihood of
also experiencing this modality of relapse (41). However,
different from haplotype loss, class II downregulation has
to date been observed with similar frequencies in both
HLA-compatible and incompatible transplants (41, 42). This
observation suggests that the driver of this event might not
be alloreactivity toward incompatible HLA class II molecules,
but rather against their presented repertoire of tumor-specific
antigens and minor histocompatibility antigens. Recently, in
silico studies convincingly showed that the number of minor
histocompatibility antigens that are presented by HLA class II
molecules surpasses its HLA class I counterpart by more than
one logarithm (48, 49), suggesting that in the unrelated donor
setting, immune reactivity against minors might be even more
potent than the one against the few incompatible HLAmolecules.

Of note, in both studies that first described HLA class
II downregulation as an immune escape modality, in-depth
genetic profiling of the relapsed leukemia found no evidence of
mutations in HLA genes or their regulators, arguing toward an
epigenetic origin of the observed phenotype. Gene expression
analysis, performed to assess the mechanism of HLA class
II expression defects, revealed a significant downregulation
of the major histocompatibility class II transactivator CIITA
(MHC2TA) (41, 42), which in some patients was linked to
hypermethylation of its promoters (42). We further showed
that this feature is stably maintained upon transplantation and
serial passages in immune-compromised mice, with levels of
surface expression of HLA class II molecules in patient-derived
xenografts (PDXs) perfectly mirroring those observed in the
corresponding primary human samples (41).

Unexpectedly, however, when we infused donor-derived T
cells to animals harboring the HLA class II-expressing diagnosis
or the HLA class II-defective relapse, we observed that, although
with a slower kinetics, the latter was also eventually recognized
and eradicated. An in-depth study of this phenomenon showed
that cross-recognition of murine antigens by the infused T
cells led to the release of high levels of interferon-γ (IFN-
γ) in the animal plasma and that this was followed by the
recovery of HLA class II expression on leukemic cells (41). These
findings were also confirmed by ex vivo experiments, in which
post-transplantation leukemic blasts exposed to recombinant
human IFN-γ recovered HLA class II expression, and this in
turn reconvened donor T cell-mediated recognition (41, 42).
From a translational perspective, these results imply that a
proinflammatory environment, driven by GvHD or recognition
of antigens presented by HLA class I molecules, might actually
revert this mechanism of relapse and re-establish a proficient
antileukemic response.

Whereas, the description of deregulated HLA class II
expression as a mechanism of AML post-transplantation relapse
is extremely recent, there are a number of other malignancies
in which alterations in HLA class II have been extensively

investigated and that might provide precious hints on the
molecular driver of the phenomenon in AML. For instance,
there have been several reports of HLA class II downregulation
in lymphoma cells as a consequence of deletions and point
mutations of HLA class II genes and their regulators, including
CIITA (44, 45). Moreover, in lymphomas, CIITA has been
reported to be a recurrent fusion partner of the programmed
death-ligands CD274/PD-L1 and CD273/PD-L2, leading to the
downregulation of HLA class II genes and the upregulation
of PD-L1 and PD-L2 (50). In addition, loss of HLA class
II expression has also been linked to epigenetic silencing,
as a consequence of mutations in epigenetic regulators (e.g.,
enhancer of zeste homolog 2, EZH2) or of hypermethylation or
hypoacetylation of the promoters of HLA genes and/or CIITA
(42, 44, 45, 51). Finally, Tarafdar et al. also proposed a cytokine-
mediated pathway of HLA class II silencing active in chronic
myeloid leukemia: In this disease, tumor cells can produce anti-
inflammatory cytokines including IL-4 (52) and TGF-β (53) that
downregulate the expression of CIITA, rendering themselves less
immunogenic and susceptible to T cell recognition (52, 54).

Upregulation of T Cell Inhibitory Ligands
While genomic and epigenetic alterations in HLA genes have
all the final effect of turning tumor cells invisible to the
donor-derived immune system, there is emerging evidence
that leukemic cells can also hide in plain sight, using their
encounter with T cells to transmit inhibitory signals that stun
and impair antigen-specific responses. A number of reports
have in fact shown that over the course of treatments and
in particular after allo-HCT, hematologic malignancies increase
their expression of molecules that inhibit T cell responses or
drive their exhaustion, including members of the programmed
death-ligand family (41, 55). In a recent study, retrospectively
analyzing samples pairwise collected from AML patients at
the time of diagnosis and at post-transplantation relapse, we
showed increased expression of the inhibitory molecules PD-
L1, CD276/B7-H3, and CD155/PVRL2 in up to 40% of cases
of relapse. PD-L1 overexpression on AML blasts impaired
donor T cell functions ex vivo, and antileukemic responses
could be partially restored upon treatment with anti-PD-L1
monoclonal antibody (41). It should be noted, however, that
in most patients, the landscape of expression of inhibitory
ligands at time of relapse was quite composite, with high inter-
patient variability, hinting at the fact that blocking a single
interaction might yield limited clinical benefits and that efforts
should rather be aimed at identifying and targeting a shared
regulator of these molecules. The relative frequency of changes in
T cell costimulation molecules remained superimposable when
analyzed in different cohorts of patients receiving allo-HCT
from donors with variable levels of HLA-compatibility (37),
similarly to patients experiencing downregulation of HLA class II
molecules at relapse and differently from patients with genomic
loss of HLA-haplotype.

However, to date, little is known about the molecular drivers
of this phenotype in the post-transplantation setting, and most
of the currently available knowledge relates to PD-L1 and its
regulation in other malignancies. Activation of aberrant janus
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kinase (JAK) signaling through 9p24.1 amplification has been
shown to be a potent driver of PD-L1 upregulation in Hodgkin’s
lymphoma (56). Also, myeloproliferative neoplasms bearing
the JAKV617F point mutation had the same effect on PD-L1
expression (57). With that said, loss-of-function mutations in the
JAK/STAT pathway observed in several other tumor types (e.g.,
melanoma) have been proven to be associated with resistance
to PD-1/PD-L1 blockade (58–60). Also, Myc-driven lymphomas
display constitutive upregulation of inhibitory molecules: Myc
oncogenic signaling has been shown in fact to increase the
expression of PD-L1 and of the “don’t eat me” signal CD47
in tumor cells, impairing interactions with T lymphocytes
and dendritic cells (61). Beside oncogenes driving PD-L1
overexpression, several epigenetic mechanisms have also been
reported. Expression of PD-L1 has been shown, for instance,
to be inversely correlated with methylation of its promoter
and robustly induced upon treatment of tumor cells with
hypomethylating agents (62). Also, micro RNAs (miRNAs),
have been implicated in the regulation of PD-L1 expression by
binding to the PD-L1 mRNA and driving its degradation; in
AML, for instance, the levels of miRNA-34a showed inverse
correlation with PD-L1 expression (63). Another emerging layer
of regulation of PD-L1 is represented by post-translational
modifications—for instance, through glycosylation of the mature
protein (64).

In addition to all the tumor-intrinsic mechanisms of PD-
L1 regulation mentioned in the previous paragraph, pro-
inflammatory molecules (e.g., IFN-γ) secreted in the tumor
microenvironment can also potently drive upregulation of PD-
L1 on tumor cells (65). This might be extremely relevant
in the setting of leukemia post-transplantation relapses, since,
as discussed in the previous section, induction of a pro-
inflammatory microenvironment conversely represents the key
to reverting epigenetic downregulation of HLA class II molecules.
Indeed, when data regarding expression of HLA molecules
and inhibitory ligands at relapse in our patient cohorts were
plotted together, it appeared quite evident that these two
modalities of relapse are largely non-overlapping (41) and should
prospectively be discriminated one from the other to enact the
most appropriate salvage treatments.

Noticeably, the phenotypic features of T cells circulating in
patients at the time of relapse mirror the changes observed
in leukemic cells, with significant upregulation of inhibitory
receptors in the patients whose leukemias express the respective
ligands (41, 66). Recent studies showed that expression of
inhibitory receptors such as PD-1 on T lymphocytes can at
least in part be prompted by the intense stimulation conveyed
to the donor immune system upon transfer into an allogeneic
environment (67), as suggested also by the observation of higher
expression of inhibitory receptors on the T cells of patients who
received haplo-HCTs (66). However, in-depth analysis of T cells
from patients who did or did not experience relapse allowed
for the identification of specific exhaustion features in T cells
from relapsing patients, with co-expression of multiple inhibitory
receptors not only in terminally differentiated effectors, but also
in early-differentiated memory stem and central memory T cells
(66, 68). The exhausted phenotype was particularly evident in

the patients’ bone marrow, where T cell-leukemia interactions
are mainly expected to occur and associated with a skewed T
cell receptor (TCR) repertoire (66). Importantly, backtracking
the clinical follow-up of patients who eventually relapsed, it
was possible to identify the T cell exhaustion signature even
months before relapse (41, 66) and in patients who relapsed after
sole chemotherapy (69), suggesting that, upon further validation,
these features might be used as an indicator to guide pre-emptive
therapeutic approaches.

TUMOR-EXTRINSIC MECHANISMS OF

RELAPSE

Beside altering their features to increase aggressiveness and
reduce immunogenicity, malignant cells can also accelerate
disease progression by rewiring the microenvironment to their
advantage, coopting the niche and the physiological mechanisms
at the basis of immune tolerance. Mostly investigated in the
context of solid tumors, interactions between cancer cells and
the microenvironment are also starting to gain more attention in
hematological diseases and gain an additional layer of complexity
upon allo-HCT, when the niche becomes an admixture of
pathological and non-pathological elements of both host and
donor origin (Figure 2).

One of the best characterized modalities employed by
hematological tumors to alter the immune microenvironment
that surrounds them is switching from the production of pro-
inflammatory cytokines to the release of immunosuppressive
molecules, including IL-10 and TGF-β. For instance, it has been
shown that during transformation, myeloid cells can reduce
their production of granulocyte colony-stimulating factor (G-
CSF), IL-15, and IFN-γ. Defects in IFN-γ production have been
correlated to a specific polymorphism, which has been also
linked to clinical risk parameters (e.g., prednisone response) in
patients affected by B-lineage acute lymphocytic leukemia (ALL)
(70). Strongly produced by normal myeloid progenitors, the
physiological function of IL-15 is to expand and activate effector
T and NK cells (71) and to promote the generation of memory
stem T cell subset (72). Therefore, it is not difficult to understand
why high levels of this cytokine in the tumor microenvironment
are unfavorable for leukemic cells. In the post-transplantation
setting, low plasma levels of IL-15 have been correlated to higher
risk of relapse in patient affected by different hematological
malignancies (73). One recently discovered mechanism at the
basis of the reduced production of IL-15 by AML cells is the
internal tandem duplication (ITD) of the FLT3 tyrosine kinase
(FLT3-ITD) (74).

Even though in non-transplantation setting, the dysregulated
effect of several metabolites has been shown to mediate immune
suppression. The expression of indoleamine 2,3-dioxygenase-
1 (IDO1) by leukemia cells was for instance correlated with
unfavorable prognosis in childhood AML (75). IDO1 is the
first actor of an enzymatic cascade resulting in the inhibition
of T cell function and the T regulatory cell reprogramming
(76). Moreover, AML exhibits the ability to block T cell
function through the amino acid arginase, which can also drive
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FIGURE 2 | Tumor-Extrinsic Mechanisms of Immune Evasion and Relapse. This cartoon summarizes several of the pathways exploited by leukemic cells in order to

rewire the bone marrow microenvironment and evade immune recognition. In particular, featured in the figure are the deregulated release by AML blasts of cytokines,

such as interferon-γ (IFN-γ), interleukin-15 (IL-15), and granulocyte-colony stimulating factor (G-CSF); the expression of enzymes involved in aminoacid metabolism,

such as arginase (Arg) and indoleamine 2,3-dioxygenase (IDO-1); and the upregulation of the ectonucleotidases CD73 and CD39 that leads to the increase in

extracellular adenosine (ADO). All of these mediators can have an impact on the frequency and function of immune cell subsets, impairing T and NK cell activity,

driving effector T cells toward exhaustion, inducing the expansion of regulatory T cells (Treg), and promoting the phenotypic switch of macrophages from

pro-inflammatory M1 to immuno-suppressive M2.

macrophages toward the suppressive M2-like phenotype (77).
Other two enzymes that are gaining recent attention for their
possible role in inducing leukemia immune escape are the
ectonucleotidase CD73 (78) and the ectonucleoside triphosphate
diphosphohydrolase-1 CD39 (79).

Recently, moreover, studies conducted in solid tumors
highlighted a major role of tumor-induced metabolic remodeling
in altering T cell state and function. Specifically, Vodnala
et al. revealed that the elevated presence of extracellular
potassium in the tumor microenvironment can promote a
state of functional starvation in tumor-specific T cells. The
starvation response results in induction of autophagy and in
epigenetic reprogramming, impairing T cell differentiation and
function (80).

TRANSLATING RELAPSE BIOLOGY INTO

RATIONALES FOR TREATMENT

The ideal strategies to treat relapse after allo-HCT should
exert both a direct anti-tumor activity and enhance the
alloreactive GvL effect of allogeneic T cells, sparing the risks of
inducing significant cytopenias, immunosuppression, or GvHD.
Moreover, considering the numerous and complexly combined

modalities of relapse that were summarized in previous section,
it should be considered that, ideally only using combinatorial
therapies, it might be possible to hit a target without exposing the
flank to compensatory responses that ultimately select alternative
mechanisms of escape.

Here, we summarize the most recent evidence about post-
HCT relapse treatment modalities, categorizing strategies that
rely on cellular therapies or that aim at boosting or redirecting
the pre-existent donor-derived immune system.

Cellular Therapies
Donor Lymphocyte Infusions
One of the simplest and most intuitive ways to induce a GvL
response after allogeneicHCT is to administer donor-lymphocyte
infusions (DLIs). The main advantage of this strategy is the
induction of a polyclonal T cell response able to target multiple
antigens on malignant cells, reducing the risks of escaping T
cell recognition just by loss of a single antigen. The major
drawback of DLIs is represented by the possibility of donor T
cells recognizing and attacking non-hematopoietic tissues, with
the risk of triggering GvHD, which can turn out to be a serious,
and often fatal, complication. This hazard can be significantly
reduced either by incorporating suicide genes in the infused cells,
acting as a “safety switch” in case of unwanted reactions (81, 82),
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or by infusing specific T cell subsets endowed with lower intrinsic
alloreactivity, such as memory (83, 84) or γδ (85, 86) T cells.

As discussed in previous sections, when considering the
therapeutic use of DLI for relapses after haplo-HCT, it is
fundamental to rapidly determine if relapse is sustained by HLA
loss immune-escape leukemia variants that represent a clear
counter indication to DLI administration. In fact, the genomic
loss of the unshared HLA haplotype in leukemia cells not only
renders them invisible to the major HLA alloreactivity exerted
by infused T cells, but it also does not impact their recognition
of healthy tissues, leaving the risk of DLI-induced GvHD largely
unaltered. For these reasons, upon documentation of HLA
loss, other salvage options should be prioritized as treatment
strategies (17, 39).

Outside of this specific context, a considerable body of
literature exists on the use of DLI as therapy of relapse after
haplo-HCT. The first study after unmanipulated haplo-HCT
performed under ATG-based GvHD prophylaxis utilized a
median dose of donor T cells of 0.6 × 108 CD3+/Kg, reporting
significant risks of both severe acute GvHD (aGvHD, 30%)
and chronic GvHD (cGvHD, 64%) (87). More recently, a study
testing DLI after post-transplant cyclophosphamide (PTCy)-
based GvHD prophylaxis yielded a 30% complete remission (CR)
rate, with a risk of developing grade III–IV aGvHD or cGvHD of
15 and 8%, respectively. In this trial, a dose of 1 × 106 CD3+/Kg
was considered a reasonable starting dose (88). Another study
showed that escalating doses of DLI after PTCy-based haplo-
HCT were accompanied by at least a 33% CR rate, a 14% risk
of grade II–III aGvHD, and no cases of grade III–IV aGvHD or
cGvHD. In this study, the initial administered DLI dose was 1
× 105 CD3+/Kg, in case of molecular relapse, and higher (from
1 × 106 rising to 1 × 107 CD3+/Kg), in case of hematological
relapse (89).

Several studies also reported results from combinatorial
administration of DLI and immunomodulating agents, with the
aim of increasing the immunogenicity of tumor cells, rendering
them more susceptible to DLI action. The diverse dose schedules
and time points of infusions preclude a clear guideline, but most
trials employed a starting dose of 1 × 105 CD3+/Kg, eventually
escalating in the absence of GvHD development (88, 90–98).

Second Allogeneic Transplantation
Second allogeneic transplantation (allo-HCT2) to treat relapse
after the first allo-HCT has recently gained more popularity,
thanks to the introduction of reduced-intensity conditioning and
improvements of supportive therapies, which have significantly
reduced toxicities after allo-HCT2, historically burdened by
treatment-related mortality up to 40–50% (99, 100). As
in the case of DLI, when considering HCT2 for relapse
after HLA-mismatched HCT, it is mandatory to discriminate
whether relapse after the first transplant was classical or
HLA loss. Especially in the second case, as mentioned above,
selecting a second haploidentical donor with a different HLA
haplotype provided some very promising preliminary results
(40). Unfortunately, for all the studies on this subject, the
inevitable selection bias of patients fit to receive a second
conditioning and further transplantation must be taken into

account, and clinical decisions must balance individual patient
comorbidities and alternative therapeutic strategies.

Adoptive Immunotherapy With Genetically

Redirected Immune Cells
Over the last few years, a number of landmark studies have
demonstrated the feasibility and efficacy of using gene therapy
to redirect immune cells in a non-HLA-restricted fashion against
antigens of choice. The most striking example is provided by
chimeric antigen receptor (CAR) T cells, which are capable
of binding to the surface antigen of choice without the
need for TCR-HLA interactions, thus representing a promising
therapeutic option for patients relapsing with HLA loss or HLA
downregulation. Moreover, CAR potent synthetic co-stimulatory
domainsmay bypass the effect of the immune-suppressive signals
expressed by tumor cells or microenvironment (101, 102).

CAR T cells targeting CD19 are, to date, the best studied
and have demonstrated significant activity in chemotherapy
refractory CLL, B-cell lymphomas and B-ALL in the autologous
setting (103–108). There is also growing evidence of the efficacy
of donor-origin CD19 CAR T cells in patients relapsing after
allo-HCT (102, 108–111) or even haplo-HCT (112, 113). In
this scenario, the infusion of allogeneic CAR T cells could
carry the theoretical risk of GvHD; however, incidence of this
fearsome complication in early trials was quite low, and an
elegant study in mouse models showed that the CAR-driven
and TCR-driven signal actually adds up, accelerating exhaustion
and limiting alloreactions (101). Still, a number of studies
are focusing on the development of improved strategies to
further enhance CAR T efficacy and persistence without risking
to induce GvHD, such as by transducing recipient-derived
donor T cells (113), by using genome editing approaches to
knock out the endogenous TCR (101, 114), or by modifying
with the CAR different immune cells, less prone to induce
GvHD (85, 115, 116).

Redirecting or Boosting the Donor-Derived

Immune System
Bispecific Antibodies
Based on a principle similar to the one that guided the
development of CAR T cells, bispecific antibodies can also enable
redirection of immune cells toward malignant cells, forcing the
formation of an immunological synapsis through the binding
of an antigen expressed on effectors (such as CD3 on T cells
or CD16 on NK cells), with one expressed by the tumor
target (such as CD19 for lymphoid malignancies or CD33 for
myeloid leukemias) (117, 118). This results in the release of
cytotoxic granules in close proximity to target cells, with the
ultimate step of apoptosis induction and elimination, also fueled
by inflammatory cytokines production and antigen spreading
mechanisms (119). This strategy could be another useful way
to circumvent HLA-restriction of TCR, with the potential added
value of being readily available off the shelf and taking advantage
of cells that are already circulating in the patient and tolerized
against his healthy tissues. However, other immune-evasion
mechanisms (related to the induction of inhibitory checkpoint
molecules and the production of immunosuppressive cytokines
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or metabolites), have been shown to rapidly emerge upon
treatment with bispecifics, suggesting that full exploitation of
the anti-tumoral activity of these promising molecules could
pass by enhancing costimulatory pathways or blocking immune
checkpoints (120–125).

Epigenetic Therapies
The two commercially available hypomethylating agents
(HMAs), azacytidine (Aza) and decitabine (DAC), are
frequently used for post-HCT relapse treatment in AML or
myelodysplastic syndromes (MDS). HMAs indirectly inhibit
DNA methyltransferases significantly altering DNA methylation
patterns with consequent induction of cell cycle arrest, DNA
damage accumulation, apoptosis, and differentiation (126–132).
More recently, immune-related effects of hypomethylating
agents have also been described. In particular, Aza stimulates
antitumor immunity inducing the upregulation on leukemic
cells of leukemia-associated and minor-histocompatibility
antigens, including PRAME, MAGE-A, NY-ESO1, and HA-1
(129, 130, 133–136). Aza can also lead to increased HLA class-I
and II expression and modulate tumor-immunogenicity through
the upregulation on leukemic cell surface of costimulatory
molecules, such as CD80, CD86, ULBP, and MIC-A (137).
Among the reported effects, HMAs can induce the expression
of important players involved in anti-viral responses, including
IFN-γ and cytokines. Interestingly, Aza can also promote
upregulation of endogenous retroviral elements on tumor cells,
inducing a “viral mimicry” response that ultimately results in
the induction of anti-tumor immunity (138–140). However, Aza
can also act as a double-edged sword, since it can upregulate
PD-1, PD-L1/L2, and CTLA-4 inhibitory pathways and induce
the expansion of regulatory T cells (131), potentially hampering
the intensity and duration of cytotoxic T cell responses and
facilitating the tolerization and exhaustion of tumor-specific T
cells (141, 142).

Due to their reported immune-related effects, HMAs have
been frequently employed in combination with DLI. To
date, we have data on more than 600 patients undergoing
salvage regimens including Aza and DLI, reporting very
variable results in terms of clinical outcome (143–148). Because
of the heterogeneous results obtained so far and lack of
consent on treatment schedules, two retrospective surveys have
analyzed the correlates of efficacy of Aza+DLI combinations
in more homogeneous cohorts, one facilitated by the German
Cooperative Transplant Study Group (145) and the other by
the EBMT (146). These studies reported that patients that
benefitted the most from Aza+DLI combinatorial approach were
those who presented low disease burden at the time of relapse
(molecular relapse or <20% blasts in bone marrow) and those
with a longer interval from allo-HCT to relapse. These variables
can be adopted to predict treatment response through a score
assignment (AZA relapse prognostic score: ARPS), even if an
independent validation cohort is still lacking (146).

Histone acetylation is another epigenetic mechanism of
immune regulation, balanced between the activity of histone
acetyl-transferases (HATs) and histone deacetylases (HDACs).
HDAC inhibitors, such as vorinostat and panobinostat, have been

associated with the upregulation of major-histocompatibility
and co-stimulatory molecules on AML cell surface through the
induction of an open and readable structure of chromatin (149,
150). To date, two prospective phase I/II trials of post-HCT
therapy with panobinostat for AML/MDS patients, alone or in
combination with DAC and DLI, have been reported (151, 152).

Immune Checkpoint Blockade
Immune checkpoint inhibition through the administration of
monoclonal antibodies that target the PD-1/PD-L1 and CTLA-
4/B7 axes is emerging as an attractive strategy to enhance
alloreactive T cell function and rewire the immunosuppressive
milieu in which disease relapse often occurs (153–155). Clinical
trials exploring the efficacy of immune checkpoint inhibitors
after allo-HCT have shown some promise using the anti-
CTLA4 antibody ipilimumab (156, 157) and more modest
results using PD-1 inhibitors in diseases other than Hodgkin’s
lymphoma (158–161). Moreover, post-transplantation treatment
with checkpoint inhibitors appears to be associated to a
significant risk of severe and treatment-refractory GvHD and
immune-related events (162).

However, as the balance of stimulatory and inhibitory
signals determines the magnitude of immune responses against
tumor cells, combiningHMAs and immune-checkpoint blockade
therapies may represent an interesting approach to release the
“break” signal received by tumor-reactive immune cells (163–
165). A phase II trial exploring the combination of the anti-
PD1 monoclonal antibody Nivolumab and Aza in relapsed AML
reported an overall response rate of 33% (166), and several
ongoing trials are assessing the efficacy of HMAs and immune
checkpoint inhibitor combinations, some of them recruiting
also post-transplantation relapsed patients (NCT02890329,
NCT02845297, NCT02996474, and NCT02397720).

Cytokine Therapies
The use of exogenous cytokines to boost or restore T cell-
and NK cell-impaired effector functions have been object of
intense investigation in cancer therapy and especially in the
field of hematological malignancies. Interleukin 2 (IL2), IFN-
α, and IL-15 are the best studied. IL-2 has been shown
to stimulate the anti-tumor effect of lymphocytes, polarizing
helper T cell responses toward type 1 and exerting both
immune-enhancing and immune-suppressive activities (167–
169). However, application of IL-2 monotherapy against AML
has yielded very limited clinical benefit, both for the induction
of regulatory T cells that impaired antileukemic activity and
for the rapid drop in effector functions due to T cells terminal
differentiation and exhaustion (170–173). IFN-α, however, exerts
pleiotropic functions, since it has a direct antileukemic effect
and also possesses immune-stimulatory properties, leading to
dendritic cells stimulation, enhancement of NK-cell cytotoxicity,
and sensitization of T cells to other inflammatory cytokines,
such as IL-2 (174–177). Despite these theoretical premises, IFN-α
failed to demonstrate significant activity as single agent in post-
transplantation relapse (178–181). As previously described, IL-15
is a potent immunostimulatory cytokine, that potentiates both T
and NK cell immune responses, promoting the generation and
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maintenance of high-avidity and long-lived CD8+ memory T
cells. IL-15 also prevents activation-induced T cell death and does
not induce the expansion of immunosuppressive regulatory T
cells (72, 182–186). A phase I trial testing the IL-15 super-agonist
complex ALT-803 in patients relapsing after allo-HCT showed
a very promising response rate (19% of evaluable patients),
correlated to the expansion of both NK and T cells (187).
Recently, novel approaches to transfer high concentration of
cytokines to the tumor site and reduce their systemic effects are
emerging, including gene therapy “Trojan Horse” strategies (188)
and the use of lipid nanoparticles to convey to the tumor site
mRNAs encoding cytokines (189).

Immune-Related Effects of Targeted

Therapies
The growing armamentarium of targeted therapies is providing
new evidence that, beside their direct effects, some of them can
also promote antitumor immunity. A recent work testing the
effect of the tyrosine-kinase inhibitor sorafenib in a mouse model
of leukemia showed that the treatment increased the production
of IL-15 by leukemic cells bearing FLT3-ITD. This resulted in
enhanced CD8+ T cell effector function (via their increased
metabolic capacity) and leukemia eradication. Mechanistically,
sorafenib induced transcription of IL-15, acting by inhibition of
the transcription factor ATF435 that in turn suppresses the IL-15
activator interferon regulatory factor 7 (IRF7) (74).

Another example of tyrosine-kinase inhibitor exerting “off-
target” immune mechanisms is represented by imatinib, which
is indicated in Philadelphia-positive (Ph+) leukemias, namely
chronic myeloid leukemia (CML) and Ph+ acute lymphoblastic
leukemia (ALL). Allogeneic HCT remains the only curative
option for Ph+ ALL and advanced-phase CML, and there is
general consensus about imatinib administration following HCT
(190, 191). In addition to targeting Bcr/Abl1 and KIT oncogene
products, imatinib modulates the proliferation, polarization,
and functionality of different subsets of myeloid and lymphoid
cells (192–195). This modulation can exert either inhibitory
or stimulating immune effects. Among the inhibitory effects
are the inhibition of dendritic cells expansion, resulting in
less efficient priming of cytotoxic T cells (196–199), the
polarization toward a M2-like anti-inflammatory phenotype
of tumor-associated macrophages (200, 201), the reduction
of effector-cytokine production by CD4+ T cells in response
to TCR-signaling (202, 203), and the reduction of IgM-
producing memory B-cell frequency (204–206). On the other
hand, imatinib also has stimulating effects such as decreased
expression of 2,3-IDO and consequent apoptosis in regulatory
T cells (207, 208); reduction of myeloid-derived suppressor
cells, thus restoring a T cell cytotoxic response (209–211);
reduced secretion of VEGF with subsequent antiangiogenic
effect (212, 213); polarization toward a higher Th1/Th2
ratio (214–216); and preferential expression of activating NK
receptors (217).

CONCLUSIONS AND PERSPECTIVES

The landscape of allo-HCT, and haplo-HCT in particular,
is rapidly changing, with multiple platforms able to achieve
remarkable long-term outcome results. The reduced risk of
treatment-related toxicities and mortality has also opened the
possibility to implement innovative pharmacological or cellular
therapies in the post-transplantation follow-up, transforming
the perception of allo-HCT from that of a final consolidation
therapy to a “platform” to build on. In this new scenario, it
will be of utmost relevance to also associate to the analysis
of clinical endpoints a detailed study on how changing the
recipe of allo-HCT influences its immunobiology. For instance,
understanding the relative contribution of each immune cell
subset transferred as part of the graft in the induction of GvHD
and protection against relapse will be fundamental to guide
further improvements in “tailoring” graft composition and post-
transplantation cell therapies, as convincingly suggested by a
number of recent studies (218–220). It is now evident that the
success or failure of transplantation is linked to our ability
to take full advantage of the many features endowed in the
immune system and to combine them with targeted therapies
to hit as many tumor targets as possible, reducing the chances
of selection of escape variants. Generation of new quantitative
systems to map tumor immune targets, characterization of
the tumor immune microenvironment by multi-omics single-
cell technologies, and generation of more refined humanized
mouse model to mirror allo-HCT all appear to be promising
avenues in advancing knowledge on allo-HCT immunobiology
and, ultimately, in generating new rationales to further improve
clinical outcome.
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Following allogeneic blood and marrow transplantation (BMT), graft-versus-host disease
(GvHD) continues to represent a significant cause of treatment failure, despite the routine
use of conventional, mainly calcineurin inhibitor-based prophylaxis. Recently, post-
transplant cyclophosphamide (PTCy) has emerged as a safe and efficacious alternative.
First, omitting the need for ex vivo T-cell depletion in the setting of haploidentical
transplantation, growing evidence supports PTCy role in GvHD prevention in matched-
related and matched-unrelated transplants. Through improved understanding of GvHD
pathophysiology and advancements in drug development, PTCy emerges as a unique
opportunity to design calcineurin inhibitor-free strategies by integrating agents that
target different stages of GvHD development.

Keywords: GvHD prevention, post-transplant cyclophosphamide, matched-related donor, matched unrelated
donor, bortezomib, calcineurin inhibitor-free

INTRODUCTION

Despite continued improvement in the outcomes of allogeneic blood and marrow transplant
(BMT) over the last decade, the prospects of acute and chronic graft-versus-host disease
(aGvHD and cGvHD) continue to drive treatment-related mortality (TRM) and limit the utility
and wide applicability of this valuable treatment modality (1). Conventional combinations of
calcineurin (CN) or mammalian target of rapamycin (mTOR) inhibitors, coupled with either
methotrexate (MTX) or mycophenolate mofetil (MMF), achieve rates of aGvHD and cGvHD
of approximately 40–75% and 40–70% following matched-related donor (MRD) and matched-
unrelated donor (MUD) transplants (2). In addition to their partial efficacy, these regimens
target T-cells broadly and indiscriminately, therefore delaying immune reconstitution and
hampering graft-versus-leukemia (GvL) effect. Furthermore, both CN inhibitors (CNI) and mTOR
inhibitors (mTORI) have a narrow therapeutic index with multiple drug interactions rendering
prescriber experience and patients’ compliance essential for their safety and efficacy (3). Lastly,
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as these agents are administered for 6 to 9 months, they typically
prevent early post-transplant introduction of interventions and
small molecules aimed to decrease the risk of disease relapse.

Post-transplant cyclophosphamide (PTCy), initially
developed to overcome human leukocyte antigen (HLA)
barriers in the setting of haploidentical transplantation
(4), has proved promising following MRD and MUD
transplants (5–7). Furthermore, PTCy may represent an
ideal platform for the development of CN and mTORI-free
GvHD prevention strategies.

MECHANISMS of PTCy In GVHD
PREVENTION

Cyclophosphamide is an alkylating agent that acts through
its metabolites, phosphoramide and acrolein, to induce DNA
strand breakage that ultimately leads to replication stress in
rapidly dividing cells (8). The efficacy of cyclophosphamide
appears to be cell-cycle dependent and is highest in the G1
and S phases (9). In studies evaluating the specific effects
of cyclophosphamide on cytotoxic T-cell lines, Strauss et al.
observed that increased apoptosis, mediated by increased Fas
expression, may differentiate cyclophosphamide from other
immunosuppressive agents (4, 10, 11).

The biological underpinnings of PTCy-induced immune
tolerance have yet to be fully elucidated. However, there is
evidence to support that PTCy eliminates alloreactive T-cell
clones of both donor and host origin in the early post-
transplantation period with relative preservation of regulatory
T-cells (12, 13). This is supported by early evidence from
murine skin allograft experiments where allografted mice were
treated with cyclophosphamide shortly after engraftment. In
these test animals, donor-derived alloreactive T-cell populations
were eliminated via extra-thymic mechanism, presumably related
to cyclophosphamide administration (14, 15). Simultaneously,
regulatory T-cells were selectively spared, possibly due to their
expression of a specific aldehyde dehydrogenase that confers
resistance to cyclophosphamide (16, 17). Life-long immune
tolerance was subsequently maintained by central, intra-thymic
clonal deletion of the anti-host T-cells derived from donor
hematopoietic stem cells.

The previously demonstrated pivotal role of regulatory T-cells
in PTCy-induced immune tolerance was recently corroborated
by a series of experiments performed by Waschmuth et al. Mice
treated with PTCy at 25 mg/kg on day +3 and +4 following
haploidentical transplantation showed significantly less severe
GvHD than mice treated with 5 or 100 mg/kg a day. In these
experiments, immune tolerance developed despite the persistence
of alloreactive T-cells following optimally dosed PTCy and in
the absence of thymus. Rather than eliminating alloreactive
T-cells, PTCy induced functional impairment of these cells,
supported by robust suppressive mechanisms that included rapid
and preferential recovery of regulatory T-cells (18, 19). Further
validation of these mechanisms will improve our understanding
of PTCy-induced immune tolerance and identify the optimal
dosing of cyclophosphamide.

PTCy IN HAPLOIDENTICAL
TRANSPLANT

An early study established that PTCy can overcome HLA barriers
and omit the need for ex vivo T-cell depletion following a
non-myeloablative preparative regimen and haploidentical bone
marrow transplant (20, 21). In this trial, the investigators
compared one dose of PTCy administered on day +3 and two
doses of PTCy on day +3 and +4, demonstrating a decreased
incidence of cGvHD in the group receiving two doses (25%
versus 5%, p = 0.05%) with no differences in aGvHD, event-
free survival (EFS) or overall survival (OS). The incidence
of grades II-IV and III-IV aGvHD for the entire cohort was
34 and 6%, respectively (21). This data was confirmed in a
larger study conducted by Kasamon et al. and Munchel et al.
In a cohort of 210 patients, the incidence of grades II-IV
acute and cGvHD were 27 and 13%, respectively (22, 23).
The rates of disease relapse, EFS, and OS were 55, 35, and
27%, respectively.

Following the initial studies, which were focused on bone
marrow as the graft source, the safety and efficacy of
PTCy-based GvHD prevention were validated following both
myeloablative and non-myeloablative conditioning regimens by
several investigators. In a study by Solomon et al. using busulfan-
based myeloablative conditioning, the incidence of grade II-IV
and III-IV aGvHD and cGvHD were 30, 10, and 35% (24). Similar
results were reported by Bhamidipati et al. following a non-
myeloablative preparative regimen (25). More recently, Wang
et al. showed that the addition of low dose PTCy (14.5 mg/kg
on day +3 and +4), to the so-called Beijing protocol, reduced
the incidence of grade II-IV aGvHD and improved GvHD- and
relapse-free survival (GRFS) (26).

Based on these studies and others, haploidentical
transplantation has become, with the advent of PTCy, one
of the most commonly used alternative donor strategies.
Multiple retrospective comparisons have demonstrated similar
overall survival of haploidentical transplantation to that of
HLA-matched donor and cord blood transplants (27).

PTCy AS MONOTHERAPY IN MRD AND
MUD TRANSPLANT

Since establishing its role in the haploidentical setting, several
investigators examined the applicability of PTCy to GvHD
prevention in MRD and MUD transplants. Luznik et al. reported
the incidence of acute and cGvHD following myeloablative
conditioning in 117 recipients of MRD (n = 78) and MUD
(n = 39) bone marrow grafts. In this study, GvHD prophylaxis
consisted of a single agent PTCy. Grades II-IV and III-IV acute
GvHD rates were 43 and 10% for the entire cohort. The long-
term incidence of cGvHD was particularly low at 10%. EFS sand
OS were 55 and 39% (5). Interestingly, 43% of patients did
not require any other form of immunosuppressive therapy (28).
These favorable results were corroborated by a similar multi-
institutional trial by Kankary et al. with a low incidence of cGvHD
at 14% (6).
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Unfortunately, when Alousi et al. examined PTCy as the
only GvHD prophylaxis following reduced-intensity preparative
regimen and peripheral blood grafts, the results were strikingly
different (29). In this study, 38 patients received bone marrow
and 11 patients received peripheral blood grafts. Twenty-two
patients received rabbit anti-thymocyte globulin (rATG) before
the study was amended to omit rATG. The rates of grade II-
IV and grade III-IV aGVHD were of 58% and 22%, whereas
the rate of cGVHD was 18%. When the authors compared
the results to a matched, historical cohort of patients receiving
TAC and MTX for GvHD prophylaxis, significantly higher
rates of all grades of aGvHD [46% vs. 19%, hazard ratio
(HR) = 2.8, p = 0.02] as well as inferior TRM (HR = 3.3,
p = 0.035) and OS (HR = 1.9, p = 0.02) were observed
in the PTCy cohort. There were no differences in cGvHD
between the prospectively treated patients and the historical
control (29). Similarly, unsatisfactory results were reported in
a smaller phase II study by Holtick et al. (30). The authors
examined the safety and efficacy of PTCy as monotherapy
for GvHD prevention following reduced-intensity conditioning
and MRD and MUD peripheral blood transplants. The rate
of TRM was unacceptably high at 36%, principally attributable
to an increased rate of severe intestinal aGVHD. A study by
Bradstock et al. was terminated early when four out of the first
five patients developed life-threatening aGvHD, two of whom
died (31).

Cumulatively, the current evidence suggests that, while single-
agent PTCy may represent a viable prophylactic option in
patients receiving myeloablative conditioning and bone marrow

graft, it is inadequate in the setting of reduced-intensity
conditioning and peripheral blood transplantation.

PTCy AND CNI OR mTOR INHIBITORS IN
MRD AND MUD TRANSPLANT

Given the shortcomings of PTCy as monotherapy for GvHD
prophylaxis following MRD and MUD peripheral blood
transplants, several groups reverted to combining PTCy with a
CNI or mTORI with or without MMF, aiming to reduce the
relatively high incidence of cGvHD characteristic of CNI and
mTOR inhibitors-based combinations. To this end, Mierlcarek
et al. combined PTCy with cyclosporine A (CSA) in patients
receiving myeloablative conditioning. The rates of grades II-
IV and III-IV aGvHD were favorable at 77 and 0% and again
with a low incidence of cGvHD at 16%. The rates of TRM and
disease relapse were 14 and 17% (32). Moiseev et al. compared
the outcomes of patients receiving a combination PTCy, TAC
and MMF to the outcomes of consecutive historical control
patients receiving TAC, MMF and rATG following myeloablative
conditioning and MUD or 1–2 HLA loci mismatched-unrelated
donor peripheral blood grafts. The rates of grades II-IV and
III-IV aGvHD were 19% vs. 45% (p = 0.003) and 4% vs. 27%,
(p < 0.001), respectively. The incidence of cGvHD was 16% vs.
65% (p < 0.001). EFS and OS were also improved in the PTCy
group (HR = 0.49, 95% CI 0.31–0.78, p = 0.006, and 0.43, 95%
CI 0.26–0.7, p = 0.007) (33). Carnevale-Schianca et al. employed
the same GvHD prevention regimen in 35 patients receiving RIC

TABLE 1 | Selected registered studies of PTCy-based GvHD prevention in MRD and MUD transplantation.

Study
identification

Study type Intervention Responsible party

NCT04202835 Phase III,
Randomized

rATG versus rATG and PTCy Sarah Kleiboer

NCT04232085 Phase II PTCy, tacrolimus, and MMF in patients with primary bone marrow failure or immunodeficiency syndromes Orly Klein

NCT03357159 Phase II PTCy and rATG Arnon Nagler

NCT02629120 Phase II PTCy and sirolimus in patients with chronic granulomatous disease Elizabeth Kang

NCT02861417 Phase II PTCy, tacrolimus and MMF Uday Popat

NCT03192397 Phase II PTCy, sirolimus and MMF Christine Ho

NCT03818334 Phase III,
Randomized

rATG, CNI, and MMF versus PTCy, CNI and MMF Andreza Feisoa Ribeiro

NCT03945591 Phase II PTCy, bortezomib and rATG A Samer Al-Homsi

NCT03602898 Phase II CNI and MTX versus CNI, MTX, and rATG or PTCy and CNI Masumi Ueda

NCT03959241 Phase III,
Randomized

Tacrolimus and MTX versus PTCy, tacrolimus and MMF (GvHD prevention and stool microbiome) Mary Horowitz

NCT03555851 Phase I PTCy (pharmacogenetics predictors of efficacy) Chojecki, Aleksander

NCT03246906 Phase II Cyclosporine, sirolimus, and MMF versus PTCy, cyclosporine, and sirolimus Masumi Ueda

NCT03263767 Phase II PTCy Patrice Cehvallier

NCT04160390 Phase I PTCy (biomarkers predictors of efficacy) Jeannine McCune

NCT03680092 Phase II Tacrolimus and MTX versus PTCy and abatacept Divya Koura

NCT02556931 Phase II PTCy, tacrolimus (short course) and MMF Amy E. Dezern

NCT02876679 Phase II Cyclosporine, MMF and rATG versus PTCY, cyclosporine, and MMF Mohamad Mothy

NCT02833805 Phase II PTCy, tacrolimus, and MMF in patients with severe aplastic anemia Amy E. Dezern

rATG, rabbit anti-thymocyte globulin; MMF, mycophenolate mofetil; MTX, methotrexate.
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and MRD, MUD, or 1 HLA locus mismatched-unrelated donor
peripheral blood transplants. The patients achieved grades II-IV
aGvHD and cGvHD rates of 17 and 7% with no grade IV aGvHD.
The 2-year TRM rate was 3% with EFS and OS rates of 54% and
77% (34).

Two studies examined the combination of PTCy and
sirolimus. Solomon et al. conducted a phase II study that included
26 patients treated with RIC following MUD and peripheral
blood transplants. Sirolimus was stopped without taper between
day +90 and 100. The rates of grade III-IV acute and cGvHD
were higher than the aforementioned rates with PTCy and
CNI combinations at 16 and 31% (35). Greco et al. elaborated
on the use of PTCy in combination with sirolimus in 28
patients receiving a myeloablative preparative regimen and MRD
or MUD peripheral blood allografts. MMF was added to the
regimen in patients receiving MUD transplants. The incidence
of grades II-IV acute and cGvHD seemed better at 23 and
13% (36).

The most substantial evidence favoring a PTCy-based GvHD
prevention strategy in the setting of MRD or MUD donor
transplants stems from a recent Blood and Marrow Transplant
Clinical Trial Net randomized phase II trial (37). In this trial
patients received RIC and were randomized to one of three
GvHD prevention regimens: TAC, MTX, and bortezomib, TAC,
MTX and maraviroc or PTCy, TAC, and MMF. Patients with
MRD, MUD, or 1 HLA locus mismatched-unrelated donors were
included. Each of the trial’s three groups was then compared
to a contemporaneous prospective control group receiving TAC
and MTX from non-participating institutions. Comorbidities
were more frequent in the control group. The distribution of
the conditioning regimens was also different. Among the three
groups, only the group treated with PTCy-based prophylaxis had
better outcomes in comparison to the control cohort. The rates
of grades II-IV and III-IV aGvHD for the PTCy group were 27%
(90% CI 20%–35%) and 2% (90% CI 0–5%). The corresponding
rates in the control group were 30% (90% CI 25%–36%) and

FIGURE 1 | Mechanism of action of agents that may conceptually be added to PTCy to develop CN and mTORI-free combinations for GvHD prevention. DAMPS,
damage-associated molecular patterns; PAMPS, pathogen-associated molecular patterns; BOR, bortezomib; ABA, abatacept; MHC II, major histocompatibility
complex class II; UST, ustekinumab; TGF-β, transforming growth factor-β; HSC, hematopoietic stem cells; VEDO, vedolizumab; NATA, natalizumab.
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13% (90% CI 9–16%). The 1-year incidence of cGvHD was 28%
(90% CI 20%–36%) and 28% (90% CI 33%–43%), respectively.
The 1-year GRFS rates were also superior in the PTCy group
(HR = 0.72, 95% CI 0.54–0.94, p = 0.044). However, there was no
difference in TRM, DFS, and OS. These results were corroborated
by a prospective randomized trial comparing CSA and MMF
to PTCy and CSA following MRD and MUD peripheral blood
transplants. The group receiving PTCy-based GvHD prophylaxis
had lower rates of acute and cGvHD and improved GRFS (38).

In summary, pending the results of an ongoing phase
III randomized trial (CTN03959241), comparing PTCy in
combination with TAC and MMF to TAC and MTX, PTCy in
combination with a CNI for GvHD prophylaxis may potentially
emerge as a new standard of care for the prevention of GvHD in
the setting of MRD and MUD transplantation.

PTCy AS A PLATFORM FOR CN AND
mTOR INHIBITOR-FREE GvHD
PREVENTION IN MRD AND MUD
TRANSPLANT

Given the previously mentioned pitfalls of CN and mTOR
inhibitor-containing GvHD prevention regimens, our work over
the last several years focused on exploiting PTCy in order develop
CN and mTOR inhibitor-free GvHD preventive combinations.

Proteasome inhibitors have multiple immune modulatory
effects that span different stages of GvHD development including
dendritic and T-cell differentiation, proliferation and function.
Proteasome inhibitors also foster the expansion of regulatory
T-cells (39, 40). Despite the fact that the results of a recent
phase II trial examining the combination of bortezomib with
CN and mTORI compared to a standard TAC and MTX
combination were disappointing (41), we hypothesized based on
pre-clinical data that proteasome inhibitors remain appealing
agents when paired with PTCy. In a murine model, the
combination of PTCy and ixazomib resulted in superior
survival of animals subjected to lethal GvHD in comparison to
either drug alone. Furthermore, PTCy prevented the surge in
interleukin-1β (IL-1β) and donor T-cell expansion characteristic
of delayed administration of proteasome inhibitors following
transplantation. The combination induced profound post-
transplant cytokine suppression including IL-6, IL-1β, and tumor
necrosis factor-α (42). In a clinical trial, bortezomib was added
to PTCy in MRD and MUD transplantation following RIC and
peripheral blood grafts. Patients receiving MUD transplantation
also received r-ATG. Two doses of bortezomib were given 6 h
after graft infusion and 72 h thereafter. All GvHD prophylaxis
was completed on day +4. The rates of aGvHD grades II to IV
and III to IV were 35.9% (95% CI 18.6–53.6%) and 11.7% (95%
CI 2.8%–27.5%). The rate of cGvHD was 27% (95% CI 11.4%–
45.3%). The 2-year GRFS was 37.7% (95% CI 20.1%–55.3%) (43).
When compared to a registry control group the 1-year GRFS was
39% (95% CI 24%–54%) in the study group and 32% (95% CI

27%–38%) in the control group (HR = 0.81, 90% CI 0.52–1.27,
p = 0.44) (unpublished data). These promising results are being
confirmed in a larger trial.

Table 1 provides a summary of selected registered studies
that use PTCy-based GvHD prevention in MRD and MUD
transplantation.

FUTURE DIRECTIONS

Improving upon our understanding of GvHD pathophysiology
and our advancement in drug development offer additional
opportunities to rationally design CN and mTORI-free PTCy-
based GvHD prevention combinations following MRD and MUD
transplantation. Toward this end, T-cell co-stimulation blockade,
integrin antagonists and IL-23 inhibitors seem attractive as these
agents target different phases of GvHD development (Figure 1).
Abatacept, a soluble fusion compound of cytotoxic T-cell
associated antigen-4 (CTLA-4) and immunoglobulin G1 (IgG1)
that binds to CD80 and prevents dendritic cells from delivering
a second stimulation signal for T-cell activation, reduced the
incidence of aGvHD when added to a standard combination of
CNI and MTX in patients receiving matched or one HLA locus
mismatched-unrelated donor transplantation (44). Anti-integrin
therapy, on the other hand, prevents T-cell trafficking into the
guts. Vedolizumab, which acts on a gut-trophic α4β7 integrin and
natalizumab, which acts on α4-integrin are being examined in
GvHD prevention and treatment (45, 46). Lastly, IL-23 subunit
p40 antagonist, ustekinumab, polarizes T-cell differentiation thus
preventing the development of T-helper 1 (Th1) and T-helper
17 (Th17) and favoring the expansion of regulatory T-cells
is also being studied in GvHD prevention (47). Other IL-23
p19 subunit inhibitors including guselkumab, tildrakizumab and
risankizumab may also be of interest. Carefully designed clinical
trials are warranted to examine the potential role of these agents
in the prevention of GvHD.

CONCLUSION

Since establishing its role in HLA-haploidentical transplantation,
PTCy has emerged as an effective platform in GvHD prevention
strategies in MRD and MUD transplantation. Pending ongoing
randomized study, PTCy in combination with TAC and MMF
may represent a new standard of care based on its ease of
administration and efficacy. Furthermore, PTCy offers a unique
opportunity for the development of CN and mTORI-free GvHD
preventive combinations, allowing an early introduction of
immune manipulations and small molecules aimed to prevent
disease relapse following allogeneic BMT.
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