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Influence of KIR and NK Cell
Reconstitution in the Outcomes of
Hematopoietic Stem Cell
Transplantation
Fei Gao 1,2,3, Yishan Ye 1,2,3, Yang Gao 1,2,3, He Huang 1,2,3* and Yanmin Zhao 1,2,3*

1 Bone Marrow Transplantation Center, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou,

China, 2 Institute of Hematology, Zhejiang University, Hangzhou, China, 3 Zhejiang Engineering Laboratory for Stem Cell and

Immunotherapy, Hangzhou, China

Natural killer (NK) cells play a significant role in immune tolerance and immune

surveillance. Killer immunoglobin-like receptors (KIRs), which recognize human leukocyte

antigen (HLA) class I molecules, are particularly important for NK cell functions. Previous

studies have suggested that, in the setting of hematopoietic stem cell transplantation

(HSCT), alloreactive NK cells from the donor could efficiently eliminate recipient

tumor cells and the residual immune cells. Subsequently, several clinical models were

established to determine the optimal donors who would exhibit a graft-vs. -leukemia

(GVL) effect without developing graft-vs. -host disease (GVHD). In addition, hypotheses

about specific beneficial receptor-ligand pairs and KIR genes have been raised and the

favorable effects of alloreactive NK cells are being investigated. Moreover, with a deeper

understanding of the process of NK cell reconstitution post-HSCT, new factors involved

in this process and the defects of previous models have been observed. In this review,

we summarize the most relevant literatures about the impact of NK cell alloreactivity on

transplant outcomes and the factors affecting NK cell reconstitution.

Keywords: KIR, NK cell reconstitution, hematopoietic stem cell transplantation, GVHD, infection, relapse

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is an effective therapy for patients
with hematological malignancies. However, relapse, graft-vs. -host disease (GVHD), and infections
remain the main causes of treatment failure (1–4). Potential strategies to prevent GVHD and even
infections while sparing the graft-vs. -leukemia (GVL) effect have attracted extensive attention.
Natural killer (NK) cells, which are a major type of innate lymphocytes, are being researched in
this context.

NK cells constitute 5–15% of human peripheral blood lymphocytes (5, 6) and possess the abilities
of cytotoxic lysis and rapid cytokine secretion without prior antigen presentation (7, 8). These
functions are regulated by various types of receptors expressed on NK cells manifesting multiple
functions either activating or inhibitory (9–11) (Table 1). Among the NK cell receptors, the killer
immunoglobin-like receptor (KIR) is one of the major factors that mediate self-tolerance and
anti-tumor/infection responses.
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TABLE 1 | NK cell receptors and their ligands.

Inhibitory receptors

and their ligands

Activating receptors

and their ligands

Coreceptors and

their ligands

KIR2DL1 HLA-C2 KIR2DS1 HLA-C2 2B4 CD48

KIR2DL2 HLA-C1 KIR2DS2 HLA-C1 NTB-A NTB-A

KIR2DL3 HLA-C1 KIR2DS3 Unknown CS1 CS1

KIR2DL4 HLA-G KIR2DS4 HLA-A11 NKp80 AICL

KIR2DL5 Unknown KIR2DS5 Unknown TLR TLRL

KIR3DL1 HLA-Bw4 KIR3DS1 HLA-F DNM-1 PVR,

Netcin-2

KIR3DL2 HLA-A3/A11 NKG2C HLA-E CD96 PVR

KIR3DL3 Unknown NKG2D MICA, MICB,

ULBP1-4

NKG2A HLA-E NKp30 B7-H6, BAT3,

CMV pp65

LIR-1 HLA class I NKp44 Viral

hemagglutinins

NKp46 Viral

hemagglutinins

CD16 IgG-1, 3, 4

It is well established that KIR genes are located on
chromosome 19q13.4 (12). Based on their various structures
(the number of extracellular immunoglobulin domains (D) and
the long (L) or short (S) tails), 16 KIR genes (including two
pseudogenes (P), KIR2DP1 and KIR3DP1) have been classified
into four groups (KIR2DL1-5, KIR3DL1-3, KIR2DS1-5, and
KIR3DS1). Six genes with short tails are activating KIR genes
that encode activating receptors, while the eight genes with long
tails are inhibitory KIR genes encoding inhibitory receptors.
KIRs could be divided into haplotype A and B according
to the activating genes on them. Haplotype A has only one
activating gene, KIR2DS4, whereas haplotype B possesses up to
five activating KIR genes, including KIR2DS1, 2, 3, 5, and 3DS1
(Figure 1). Thus, the A/A genotype is defined as homozygous
for A haplotypes, and the B/x genotype consists of at least one
B haplotype. Finally, according to the specific KIR gene locus
on the chromosome, a centromeric (Cen) and telomeric (Tel)
KIR haplotype and genotype are further determined (13–15).
Five inhibitory and three activating KIRs recognize specific
class I HLA (A, B, or C) ligands, with the inhibitory KIR2DL1
recognizes group 2 HLA-C alleles, KIR2DL2 and KIR2DL3
recognize group 1 HLA-C alleles, KIR3DL1 recognizes HLA-Bw4
alleles, and KIR3DL2 recognizes HLA-A3/-A11 alleles.Moreover,
activating KIR2DS1, KIR2DS2, and KIR2DS4 recognize HLA-C2,
C1, A11, respectively (15). The ligands of the remaining KIRs
remain unknown.

As KIR genes and human leukocyte antigen (HLA) genes
are located on different chromosomes, autologous KIR receptor-
ligand mismatch may exist (16). Normally, NK cells acquire
self-tolerance and functional competence through the education
process, in which inhibitory KIRs could be inhibited by self-
HLA ligands and activated in a non-self HLA environment.
Besides, the decreased responsiveness of activating KIRs in the
presence of their cognate ligands also prevents autoimmunity

(17–23) (Figure 2A). Importantly, infected and/or tumor cells
may express inhibitory KIR ligands insufficiently or express
activating ligands that may activate NK cells (24–31).

As the first reconstituted lymphocyte subset after
transplantation (32, 33), NK cells play a critical role in
controlling early relapse and infections. They also possess the
ability to eliminate recipient T cells and antigen-presenting cells
(APCs), to prevent graft failure and GVHD (34–38) (Figure 2B).
Three models were established historically in an attempt to
optimize donor selection for HSCT based on KIR (Figure 2A).
The Perugia group in Italy firstly proposed the donor-recipient
KIR ligand-ligand model (also known as KIR ligand model)
solely based on the HLA phenotype of the donor and recipient.
The KIR ligand incompatibility in the GVH direction was
defined as the absence in recipients of donor class I allele
group(s) recognized by KIRs. Those authors observed that the
HLA haplotype-mismatched transplants reduced the rejection
and relapse rate and prevented GVHD in patients with acute
myeloid leukemia (AML) (36). Subsequently, the second model
(named receptor-ligand model or missing ligand model) was
raised by Leung et al. based on the compatibilities between the
recipient HLA and donor inhibitory KIR. This model focused on
donor KIR instead of donor HLA and could, therefore, be used
in both HLA-matched and HLA-mismatched transplants. The
results of that study suggested that the receptor-ligand model
better predicted the risk of primary disease relapse, especially
for lymphoid malignancies, compared with the ligand-ligand
model (39). Subsequently, with a deeper understanding of KIR
haplotypes, the third model analyzed and compared the KIR
genotypes of different donors. Cooley et al. showed that unrelated
donors with KIR-B haplotypes conferred a significant relapse-
free survival (RFS) benefit to patients with AML undergoing T
cell-replete HSCT (40). Based on the three models described
above, numerous studies have been carried out to explore the
impact of NK cell alloreactivity. Clinical results obtained from
KIR ligand model, receptor ligand model and KIR haplotype
and gene model were summarized in Tables 2–4, respectively.
Nevertheless, the results were controversial, and several key
questions remained regarding NK cell biology post-HSCT. What
are the exact effects of NK cell alloreactivity on patients after
HSCT? How do NK cells reconstitute post-HSCT and which
factors may interfere with the reconstitution process? This
review summarizes the latest literature on this important topic
and offer some instructive hypothesis.

KIR AND TRANSPLANT OUTCOMES

NK Cell Alloreactivity and GVHD
GVHD is an important complication of HSCT with high
morbidity and mortality in which allogeneic donor immune cells
are activated by APCs and then recognize and attack the host
tissue (105). Removing donor T cells from grafts reduces the
occurrence of GVHD, while it also elevates the risk of graft failure
and disease relapse (106–108).

As another component of immune cells, previous murine
studies suggested that adoptive transfer of interleukin-2 (IL-
2)-activated SCID NK cells with donor bone marrow cells
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FIGURE 1 | Simplified genomic maps of KIR. Inhibitory KIR genes are color-coded in blue, activating KIR genes in orange, and pseudogenes in gray. KIR haplotype A

has only one activating KIR gene: KIR2DS4, KIR B haplotype has fixable content of activating KIR genes. KIR haplotype could be further determined as Cen haplotype

and Tel haplotype.

promoted engraftment in allogenic hosts with no signs of GVHD
(109). Later, Asai et al. reported that hosts receiving MHC-
incompatible bone marrow and spleen cells (as a source of
T cells) rapidly succumbed to acute GVHD, while hosts who
additionally received IL-2-activated donor NK cells on day 0
experienced a significant improvement in survival because of the
lower incidence of severe GVHD. They further demonstrated
that that the protective effect on GVHD was dependent on the
transforming growth factor-beta (TGF-β) and could be abrogated
by an anti-TGF-β antibody (35). Moreover, Ruggeri et al. showed
that pre-transplant alloreactive Ly49 (Ly49 receptors recognize
major histocompatibility complex (MHC) class I molecules in
mice, which is analogous to KIR in humans) ligand-mismatched
donor NK cell transfusion successfully eliminated host tumor
cells and protected against GVHD by depleting host APCs.
In contrast, hosts receiving bone marrow grafts without NK
cell infusion died of GVHD, and non-alloreactive Ly49 ligand
matched NK cell infusion did not provide protection against
GVHD (36). Consistently, subsequent studies also found that

donor alloreactive NK cells suppressed GVHD by inhibiting
T cell proliferation and activation (37, 110). However, the
protective role of NK cells in GVHD pathogenesis has also
been challenged. Pre-clinical evidence from a xenogeneic model
showed that an in vitro IL-2-activated human NK cell infusion
promoted GVHD in SCID mice via the production of cytokines
such as IFN-γ and tumor necrosis factor-α (TNF-α) (111, 112).
Accordingly, GVHD was inhibited after the administration of
anti-IFN-γ and depletion of Poly I:C-activated NK cells in
murine studies (113, 114).

In patients with hematological malignancies, a purified (115,
116) or cytokine-induced (117–121) donor NK cell transfusion
was also well tolerated and seldom induced severe GVHD (grade
III-IV acute GVHD or moderate-to-severe chronic GVHD).
More recently, a pilot study suggested that, after haplo-HSCT,
patients with refractory AML who received a donor NK cell
infusion experienced a significantly lower grade II-IV GVHD
than did those without NK cell infusion (122). In contrast,
Shah et al. observed that patients who received a donor
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FIGURE 2 | KIR models (A) and NK cell-mediated killing (B). APC, antigen presenting cell. (A). Donor NK cell is tolerant to self because donor inhibitory KIR is

inhibited by its cognate HLA ligand; donor NK cell might kill recipient cell because HLA ligand for donor inhibitory KIR presents in donor but absents in recipient (KIR

ligand model); donor NK cell could kill recipient cell because recipient HLA ligand does not inhibit donor inhibitory KIR (receptor ligand model); donor NK cell could kill

recipient cell because donor activating KIR is activated by recipient (KIR B haplotypes and KIR B genes). (B). Alloreactive donor NK cell could kill recipient leukemia

cell to prevent relapse; it could kill recipient T cell to prevent graft rejection; and it could kill recipient APC to prevent GVHD.

IL-15/4-1BBL-activated NK cell infusion after T cell-depleted
(TCD) stem cell transplantation experienced a high risk of
GVHD (123).

In addition to the technique of adoptive transfer, many studies
have analyzed the effects of innate donor-recipient NK cell
alloreactivity on GVHD in a clinical setting. The majority of
studies did not report a significant association between these
parameters (41–44, 46, 47, 50, 51, 54–56, 59, 65, 66, 79, 81,
83, 87–89, 91–93, 97, 98, 102, 104), while some reported a
protective effect (70, 74, 76). Moreover, several studies found
that KIR ligand mismatch or receptor-ligand mismatch increased
the risk of GVHD (45, 57, 60, 64, 68, 80). Accordingly, two
studies performed in China that applied the ‘Peking protocol’
for HSCT using the granulocyte-colony stimulating factor (G-
CSF)-mobilized graft containing a high dose of T cells observed
promotive effects of NK cell alloreactivity on GVHD (48, 49).

It is not entirely clear why the reconstituted alloreactive
NK cells were unable to prevent GVHD as the adoptively
transferred NK cells. Studies have indicated that this discrepancy
was probably attributable to the impaired function of early
reconstituted NK cells. Shilling et al. first observed that a period

of several months or even years was required for the recipient
to reconstitute an NK cell repertoire resembling that of the
donor (124). Vago et al. also suggested that the NK cells that
were reconstituted early after transplantation were immature and
exhibited compromised cytotoxicity (125). In addition, NK cell
reconstitution is affected by graft composition. Patients receiving
more T cells in grafts experience a faster T cell reconstitution
(126, 127), while the absolute number of reconstituted NK cells
and KIR expression are impaired by the co-grafted T cells (127–
130). Other than NK cells, nearly 5% of CD8+ T cells, 0.2% of
CD4+ T cells, and 10% of γδ T cells in the peripheral blood also
express KIRs (131–133). Therefore, it is possible that the potential
beneficial effects of alloreactive NK cells are overwhelmed by the
strong alloreactive T cell response. In addition, it was observed
that NK cells generated more IFN-γ in the presence of T
cells in grafts, leading to a higher occurrence of acute GVHD
(aGVHD) (130). Moreover, post-transplant immune suppression
also exerted negative effects on NK cell reconstitution (134, 135).

Regarding specific genotypes, some studies have reported
that KIR haplotype B donors afforded a significantly reduced
risk of GVHD (60, 63, 86, 96). Consistent with these findings,
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TABLE 2 | Impact of KIR on clinical outcomes in KIR ligand model.

References N Disease Donor Graft

manipulation

Clinical outcomes

Ruggeri et al. (36) 92 AML, ALL HRD TCD* KIR ligand mismatch: higher EFS and OS, lower relapse (AML)

KIR ligand mismatch: lower aGVHD2−4

Davies et al. (41) 175 Mixed URD TCD*, TCR KIR ligand mismatch: lower OS (myeloid cohort)

Giebel et al. (42) 130 Mixed URD TCD# KIR ligand mismatch: higher OS and DFS, lower TRM

Schaffer et al. (43) 190 Mixed URD TCD*, TCD# KIR ligand mismatch: higher IRM and TRM, and lower OS

Elmaagacli et al. (44) 236 CML MSD, URD TCR KIR ligand mismatch: lower molecular relapse

Yabe et al. (45) 1489 Mixed URD TCD#, TCR KIR ligand mismatch: higher aGVHD2/3−4 and lower OS (HLA-C

mismatched transplants)

Verneris et al. (46) 716 Pediatric AL URD TCD#, TCR KIR ligand mismatch: no significant impact on OS, DFS, relapse,

TRM, or aGVHD.

Ruggeri et al. (47) 112 AML HRD TCD* KIR ligand mismatch: lower relapse (CR group), higher EFS, and

lower risk of relapse or death

Huang et al. (48) 116 Mixed HRD TCD# KIR ligand mismatch: higher aGVHD2−4 and relapse, lower OS

Zhao et al. (49) 64 Mixed HRD TCD# KIR ligand mismatch: higher aGVHD;

Michaelis et al. (50) 57 Mixed HRD TCD* KIR ligand mismatch: lower EFS (AML)

Mancusi et al. (51) 161 AML, ALL HRD TCD*

TCD*+Treg/Tcon

NK-alloreactive donors: lower relapse and higher EFS (AML)

Yahng et al. (52) 100 AML HRD TCD# KIR ligand mismatch (HVG): higher relapse and CMV reactivation,

lower DFS

Zhao et al. (53) 180 Mixed HRD TCD# KIR ligand match: lower CMV reactivation rate and higher IFN-γ

expression

Wanquet et al. (54) 144 Mixed HRD TCD# KIR ligand mismatch: lower relapse and higher PFS (no CR group)

Shimoni et al. (55) 444 AML, ALL HRD TCD# KIR ligand mismatch: a trend of higher relapse (AML), lower OS

MSD, matched sibling donor; URD, unrelated donor; HRD, haploidentical related donor; AML, acute myeloid leukemia; ALL, acute lymphoid leukemia; CML, chronic myeloid leukemia;

TCD, T cell depleted; TCR: T cell replete; Treg, regulatory T cells; Tcon, conventional T cells; aGVHD: acute graft vs. host disease; cGVHD: chronic graft vs. host disease; OS, overall

survival; RFS, relapse free survival; DFS, disease free survival; EFS, event free survival; IRM: infection related mortality; TRM: transplant related mortality; CMV, cytomegalovirus.

TCD*: ex-vivo TCD.

TCD#: in-vivo TCD.

Sivori et al. suggested that donor NK cells expressing KIR2DS1
were efficient in killing allogenic dendric cells in the setting
of haplo-HSCT, thus leading to a better GVHD control (136).
However, several studies also found that donors with KIR-B/x led
to higher GVHD occurrence in recipients compared with donors
with A/A, probably because of the more potent production of
IFN-γ by alloreactive NK cells (40, 45, 76, 77, 94, 95).

Other factors, such as HLA mismatch, disease type, patient
age, GVHD prophylaxis, and graft source, were also reported
to interfere with GVHD occurrence in these studies (44, 45,
63, 66, 87, 92, 93, 104). Collectively, the manner in which
the reconstituted NK cells affect the risk of GVHD remains
largely unknown, and the relationships between NK and T
cells during the initiation and process of GVHD warrant
further investigation.

NK Cell Alloreactivity and Infection
Infections are especially challenging for patients after HSCT
because of the immunological derangement caused by
multiple factors, including an intensive conditioning regimen,
immunosuppressive agents, and other complications, such as
GVHD (137, 138).

Several studies have reported that patients receiving KIR
ligand-mismatched transplants are more vulnerable to infections.
Schaffer et al. first reported that KIR ligand mismatch was

associated with an increased infection-related mortality (43).
Similarly, results from Zhao et al. showed that recipients from
the KIR ligand-mismatched group experienced a significantly
higher cytomegalovirus (CMV) reactivation rate. Moreover, the
percentage of interferon-gamma (IFN-γ)-expressing NK cells in
the peripheral blood was significantly higher in the KIR ligand
matched group 30 and 100 days post-HSCT compared with the
KIR ligand-mismatched group (53). The higher level of IFN-γ
secretion from the NK cells might trigger Th1 immune responses,
antigen presentation cell activation, and macrophage killing (7,
8), leading to lower infection rate. While, KIR ligand mismatch
may increase the risk of infection by eliminating recipient APCs
by donor alloreactive NK cells (36).

Many studies have found that KIR-B genes protect patients
with HSCT against infections and most of them were
predominantly T cell replete (TCR) transplants (81, 84, 87,
96, 139, 140). Cook et al. first observed that KIR haplotype B
donors exhibited a significant reduction in the rate of CMV
reactivation in sibling allo-HSCT (139). Wu et al. and Zaia et al.
reported that donors expressing higher numbers of activating
KIRs were associated with a lower CMV reactivation rate (62, 84).
Specifically, activating KIR2DS2 and KIR2DS4 may play a major
protective role (84, 140). Importantly, transplantations from
donors with KIR2DS1 correlated with better infectious control
(51, 96). Mancusi et al. further demonstrated that the binding
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TABLE 3 | Impact of KIR on clinical outcomes in receptor ligand model.

References N Disease Donor Graft

manipulation

Clinical outcomes

Leung et al. (39) 36 Mixed HRD TCD* Receptor ligand mismatch: lower relapse

Cook et al. (56) 220 Mixed MSD / HLA-C2C2 patients vs. HLA-C1/x patients: lower OS (myeloid cohort)

Verheyden et al. (57) 65 Mixed MSD TCD*, TCR HLA-C1C2 patients vs. HLA-C1C1 or C2C2 patients: lower aGVHD

Hsu et al. (58) 1770 Mixed URD TCR Missing ligand for donor iKIR: lower relapse (HLA

mismatched transplants)

Clausen et al. (59) 43 Mixed MSD TCR Ligand missing to KIR3DL2 plus one other iKIR vs. others: lower

relapse and higher OS

Ludajic et al. (60) 124 Mixed URD TCD#, TCR Missing ligand for donor KIR2DL1: higher aGVHD2−4;

Linn et al. (61) 151 Mixed MSD TCR Missing ligand for donor iKIR: no impact on OS and RFS

Wu et al. (62) 48 Mixed URD TCD# HLA group C1 vs. C2: higher CMV reactivation rate

Gagne et al. (63) 264 Mixed URD TCR Missing HLA-C1 ligand: lower OS (myeloid cohort)

Clausen et al. (64) 100 Mixed MSD TCR HLA-C1C2 patients vs. HLA-C1C1 or C2C2 patients: lower relapse

and aGVHD2−4, higher RFS

Björklund et al. (65) 105 AML, MDS MSD TCD#, TCR Receptor ligand mismatch: no significant impact on OS, relapse

and GVHD

Wu et al. (66) 116 Mixed URD TCD#, TCR Missing ligand for donor iKIR: lower relapse, higher OS and DFS

(myeloid cohort);

Zhou et al. (67) 219 Mixed MSD / HLA-C1C1 patients vs. HLA-C2/x patients: lower aGVHD2−4

Sobecks et al. (68) 909 AML, MDS URD TCD#, TCR Missing ligand for donor iKIR: higher aGVHD3−4 and TRM (AML);

Missing HLA-C2 for donor KIR2DL1: higher aGVHD2/3−4 (AML)

Park et al. (69) 59 Mixed MSD, URD TCD#, TCR Receptor ligand mismatch: higher OS, DFS and lower relapse

Cardozo et al. (70) 50 Mixed MSD TCR Patients with all ligands present vs. missing ligand for donor iKIR:

higher aGVHD;

Missing ligand for donor iKIR: higher OS (myeloid cohort)

Faridi et al. (71) 281 Mixed MSD, URD TCD# Missing ligand for donor iKIR: lower relapse and better RFS (URD)

Neuchel et al. (72) 1446 Mixed URD TCR HLA-C2C2 vs. HLA-C1/x patients: lower OS, DFS, higher relapse

(myeloid cohort)

Arima et al. (73) 10638 Mixed MSD, URD TCD*, TCD#

TCR

HLA-C1C1 patients vs. HLA-C1C2 patients: lower relapse and higher

RFS (AML and CML);

HLA-C1C1 patients vs. HLA-C1C2 patients: higher relapse (ALL)

Gaafar et al. (74) 87 Mixed MSD TCR KIR2DL1: HLA-C2 match: higher aGVHD2−4 (AML)

Arima et al. (75) 2884 ALL MSD, URD TCD, TCR HLA-C1C1 patients vs. HLA-C1C2 patients: higher relapse

Chen et al. (76) 84 Mixed HRD TCD# Missing HLA-C2 ligand for donor KIR2DL1: higher OS and lower RRM

(myeloid cohort);

Missing HLA-C for donor iKIR: lower aGVHD2−4 (lymphoid cohort);

Zhao et al. (77) 97 CML HRD TCD# Receptor ligand match: lower relapse

Zhao et al. (78) 188 Mixed HRD TCD# Receptor ligand match: lower relapse and higher LFS

Solomon et al. (79) 208 Mixed HRD TCD# Receptor ligand mismatch: higher OS and DFS, lower relapse

Willem et al. (80) 51 Mixed HRD TCD# KIR2DL/HLA mismatch: higher GVHD and lower relapse

AL, acute leukemia; MDS, myelodysplastic syndromes; iKIR, inhibitory KIR; LFS, leukemia-free survival.

of KIR2DS1 to HLA-C2 triggered pro-inflammatory cytokine
production by alloreactive NK cells (51). Moreover, without a
cognate ligand (HLA-C1) in recipients, donor KIR2DS2 was
associated with a higher CMV reactivation rate after HLA-
identical sibling HSCTs (81). Apart from CMV reactivation,
the incidence of bacterial infections was also reduced when
patients had KIR-B/x donors (87). In contrast with previous
results, KIR2DS2 gene and Cen-B/x donors related to a higher
incidence of CMV reactivation and infection-related mortality in
TCD transplants (53, 100). The reasons for these differing results
may be due to the different graft composition. As previously
described, NK cells generate more IFN-γ in TCR transplants,

which may benefit the infection control (130). Of notice, the
activating KIR targets outside of HLA are largely unknown, and
these clinical observations still need to be confirmed by definitive
functional analysis in the future.

NK Cell Alloreactivity and Relapse/Survival
Primary disease relapse remains the main obstacle that
hampers the long-term survival of patients with hematological
malignancies. Previous experience showed that adoptive
transfer of autologous NK cell for patients with tumors was
safe but inefficient (141–145), probably because autologous
NK cells could not overcome the inhibition mediated by
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TABLE 4 | Impact of KIR on clinical outcomes in KIR haplotype and gene model.

References N Disease Donor Graft

manipulation

Clinical outcomes

Cooley et al. (40) 448 AML URD TCR KIR B/x donor: higher RFS and cGVHD

Cook et al. (56) 220 Mixed MSD / KIR2DS2: lower OS (HLA-C2C2 patients with myeloid diseases)

Verheyden et al. (57) 65 Mixed MSD TCD*, TCR Donor co-presenting KIR2DS1 and 2DS2: lower relapse

Chen et al. (81) 131 Mixed MSD TCR KIR2DS2: higher CMV reactivation (HLA-C2C2 patients);

Additional activating KIR genes in donor: higher OS and lower

CMV reactivation

Yabe et al. (45) 1489 Mixed URD TCD#, TCR KIR2DS2: higher aGVHD3−4 (HLA-C mismatched transplants)

Schellekens et al. (82) 83 Mixed MSD TCR KIR2DS1: higher OS (HLA-C1C1 patients);

More activating KIRs in donor or patients: higher relapse;

KIR2DS5 in patients or both in donor and patients: higher relapse

van der Meer et al. (83) 70 Mixed MSD TCD* KIR2DS5: higher LFS and lower relapse (HLA-C1C1 or HLA-C2C2

patients);

KIR2DS5: lower LFS and higher relapse (HLA-C1C2 patients)

Ludajic et al. (60) 124 Mixed URD TCD#, TCR KIR2DS2: lower aGVHD2−4 (HLA-C1C2 patients)

Zaia et al. (84) 211 Mixed MSD, URD TCR Donor co-presenting KIR 2DS2 and 2DS4: lower CMV reactivation;

Donor aKIR gene content ≥5: lower CMV reactivation

Wu et al. (62) 48 Mixed URD TCD# High aKIRs group: lower CMV reactivation rate

Gagne et al. (63) 264 Mixed URD TCR KIR B/x donor: lower aGVHD3−4 (HLA identical pairs with

myeloid disease)

Bao et al. (85) 75 Mixed URD TCD# KIR B/x donor: higher OS

Venstrom et al. (86) 1087 Mixed URD TCD*, TCR KIR3DS1: lower aGVHD2−4;

KIR3DS1: lower aGVHD2−4, TRM and mortality (AML, CML and ALL)

Wu et al. (66) 116 Mixed URD TCD#, TCR KIR2DS3: higher relapse, lower OS and DFS (myeloid cohort);

More numbers of activating KIR genes in donor: higher relapse

Tomblyn et al. (87) 116 Mixed URD TCD*, TCR KIR B/x donor: lower bacterial infections by day 180

Cooley et al. (88) 1409 AML, ALL URD TCR KIR B/x donor: lower relapse and higher DFS (AML);

Cen-BB vs. Cen-BA or AA: lower relapse and higher DFS (AML);

Tel-B/x vs. Tel-AA: lower relapse (AML);

B content ≥ 2: lower relapse (AML)

Venstrom et al. (89) 1277 AML URD TCD*, TCR Donor KIR2DS1 with HLA-C1/x patients vs. with HLA-C2C2 patients:

lower relapse;

KIR3DS1: higher OS

Zhou et al. (67) 219 Mixed MSD / Cen-B/x donor: higher OS, RFS and lower relapse

Impola et al. (90) 134 Mixed MSD / KIR 2DL2 or KIR 2DS2: better RFS (AML)

Bao et al. (91) 210 Mixed URD TCD# KIR B/x donor: higher OS, RFS and lower NRM (AML and MDS);

Cen-B/x donor: higher OS, RFS (AML and MDS at standard risk)

Cardozo et al. (70) 50 Mixed MSD TCR KIR2DS2: lower OS and EFS

Bachanova et al. (92) 614 NHL URD TCD#, TCR KIR B/x donor: lower relapse and better PFS (HLA matched transplants)

Kamenaric et al. (93) 111 Mixed MSD, URD TCD# KIR2DS4 (neg vs. pos): no impact on GVHD (MSD)

Hosokai et al. (94) 106 Mixed MSD, URD TCR KIR B/x donor: higher aGVHD3−4 (more evdient in HLA

mismatched transplants)

Neuchel et al. (72) 1446 Mixed URD TCR KIR2DS2: higher OS and DFS (HLA-C2C2 patients);

KIR2DS1: lower relapse but higher TRM (HLA-C2C2 patients);

KIR2DS5: lower relapse (HLA-C2C2 patients)

Gaafar et al. (74) 87 Mixed MSD TCR KIR2DS2: HLA-C1 match: higher aGVHD2−4 (AML);

KIR2DS1: HLA-C2 match: higher cGVHD (AML);

Donor presenting KIR2DL1 or 2DS2: higher cGVHD (AML)

Sahin et al. (95) 96 AML, CML MSD TCR KIR B/x donor: higher cGVHD

Heatley et al. (96). 152 Mixed MSD TCR KIR2DS2: higher OS (AML);

Cen-B/x donor: higher OS (AML) and lower aGVHD2−4 (AML);

Tel B/x donor: lower CMV reactivation

Babor et al. (97) 317 Pediatric ALL MSD, URD TCD#, TCR Higher ct-KIR score: lower relapse

Tordai et al. (98) 314 Mixed MSD, URD / The combination of KIR2DS1 donor with HLA-C2 pos patients:

higher OS

(Continued)
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TABLE 4 | Continued

References N Disease Donor Graft

manipulation

Clinical outcomes

Nakamura et al. (99) 288 AML MSD, URD TCD*, TCD# CMV reactivation: lower relapse and higher NRM (more evident in KIR

B/x donor or when donor presenting KIR2DS1)

Bultitude et al. (100) 119 AML URD TCD, TCR Cen-B/x donor: lower OS and NRM, higher IRM

Weisdorf et al. (101) 2662 AML URD TCD#, TCR KIR B/x donor: lower relapse and higher LFS (RIC)

Verneris et al. (46) 716 Pediatric AL URD TCD#, TCR KIR gene content: no significant impact on OS, DFS, relapse, TRM,

or aGVHD

Zhao et al. (49) 64 Mixed HRD TCD# KIR2DS3: higher aGVHD and cGVHD;

KIR2DS5: higher aGVHD

Symons et al. (102) 86 Mixed HRD TCD# KIR B/x donor: lower NRM and higher OS, EFS (KIR AA patients)

Chen et al. (76) 84 Mixed HRD TCD# KIR2DS2: higher OS (lymphoid cohort);

KIR2DS1: higher GVHD (lymphoid cohort)

Michaelis et al. (50) 57 Mixed HRD TCD* KIR B/x donor: lower relapse

Zhao et al. (77) 97 CML HRD TCD# KIR2DS3: lower EFS and OS, higher TRM;

KIR2DS5: higher EFS and OS, lower TRM;

KIR B/x donor: higher aGVHD3−4

Oevermann et al. (103) 85 Pediatric ALL HRD TCD* KIR B/x donor: lower relapse and better EFS;

High donor KIR-B content: lower relapse and better EFS

Mancusi et al. (51) 161 AML, ALL HRD TCD*

TCD*+Treg/Tcon

Tel B/x vs. Tel AA: lower NRM and higher EFS (NK-alloreactive donors)

KIR2DS1/3DS1: lower NRM and higher EFS (NK-alloreactive donors)

KIR 2DS1 binding to HLA C2: increased inflammatory cytokine

Zhao et al. (53) 180 Mixed HRD TCD# KIR2DS2: higher CMV reactivation

Solomon et al. (79) 208 Mixed HRD TCD# KIR B/x donor with 2DS2 vs. KIR B/x donor without 2DS2: higher OS

and DFS, lower relapse and NRM;

KIR B/x donor with 2DS2 vs. KIR A/A donor: higher OS and DFS,

lower NRM

Perez-Martinez et al.

(104)

192 Pediatric

mixed

HRD TCD*, TCD# KIR AA donor: higher relapse and lower DFS

pos: positive; neg: negative; NHL, non-Hodgkin lymphoma; PFS, progression-free survival; NRM: non-relapse mortality. TCD*: ex-vivo TCD; TCD#: in-vivo TCD.

tumor cells expressing self-HLA. In contrast, allogenic (117),
especially haploidentical, donor NK cell infusion demonstrated
wide prospects in the salvage treatment (115, 120, 121)
and prophylactic treatment (118, 119) of patients with
hematological malignancies. In allo-HSCT, whether the
reconstituted alloreactive NK cells prevent the disease relapse
remains controversial.

In HLA-mismatched transplants, the Perugia group first
observed that, in the context of T cell depletion, high stem
cell dose, and absence of post-transplant immune suppression,
KIR ligand mismatch reduced the risk of relapse and markedly
improved survival in patients with AML, but not in those with
acute lymphoblast leukemia (ALL) (36). This protective effect
on relapse or survival was supported by many clinical studies
(42, 44, 47, 51, 54), especially in myeloid disease (44, 47, 51) and
transplants with TCD grafts (42, 47, 51, 54). However, conflicting
results stemmed from many studies that failed to replicate these
results (39, 46, 58, 102), and some even reached the opposite
conclusions (41, 43, 45, 48, 50, 55).

Studies using the receptor-ligand model including HLA-
matched donor-recipient pairs also reported conflicting results.
Leung et al. first reported that the receptor-ligand model was
more accurate than the KIR ligand model when predicting the
risk of relapse, especially for lymphoid malignancies. Moreover,

the potency of the relapse protection positively correlated
with the number of receptor-ligand mismatch pairs (39).
Subsequently, the protective effect of receptor-ligand mismatch
has been confirmed by many investigations (58, 59, 66, 69, 71, 73,
76, 79, 80). Moreover, a survival advantage was also observed in
patients with receptor-ligand mismatch compared with receptor-
ligand matched pairs (59, 66, 69–71, 73, 76, 79). However, several
other studies described opposite results (63, 64, 75, 77, 78). Of
notice, two studies from Japan observed that the lack of the HLA-
C2 ligand for donor inhibitory KIR afforded relapse protection in
patients with AML and chronic myeloid leukemia, but increased
the relapse rate in patients with ALL (73, 75). To date, no
plausible explanation has been put forward for this disparity
in relapse.

In contrast to the controversial results described above,
transplantations from KIR haplotype B donors achieved greater
agreement. Cooley et al. observed that patients with AML
with KIR-B/x donors experienced a 30% improvement in RFS
compared with those with A/A donors (40). Subsequently,
many further investigations confirmed this beneficial effect of
the KIR-B haplotype on relapse and survival in patients with
hematological malignancies (50, 51, 57, 67, 72, 76, 79, 81, 85, 88–
92, 96, 98, 101–104). Five of these studies reported that the
protection effects mainly existed in the KIR Cen-B locus (67,
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88, 91, 92, 96). Babor et al. further suggested that the presence
of Cen-B with absence of Tel-B improved leukemia control
in pediatric patients with ALL (97). At the genetic level, the
KIR2DS2 gene, which is located on the Cen-B motif (72, 76, 79,
90, 92, 96), and the KIR2DS1 gene, located on the Tel-B motif
(51, 72, 82, 98), were found to be related to a decreased relapse
rate or an improved survival. However, several studies found that
Cen-B donors indicated a lower OS (56, 70, 100). Meanwhile,
Verneris et al. did not find any association between transplant
outcomes and NK cell alloreactivity or KIR gene content in
pediatric patients with acute leukemia (46).

Recently, Krieger et al. developed a scoring system, in which
interactions of multiple KIR genes and HLA ligands were
quantitatively analyzed. This comprehensive method raised an
improved strategy to select a donor and exhibited great potential
in the future (146).

Collectively, it is still controversial to determine an optimal
donor who exhibits the best NK cell function using the
three established KIR models. A better knowledge of NK cell
reconstitution after HSCT may promote a better understanding
of how NK cells affect the transplant outcomes in these patients.
More in-depth studies focusing on “functional changes in NK
cells” rather than “match or mismatch” may help us get closer to
an optimal donor.

NK CELL RECONSTITUTION AFTER
TRANSPLANTATION

Maturation and Differentiation of NK Cells
NK cells are derived from the CD34+ hematopoietic stem and
precursor cells in the bone marrow, which then migrate to the
periphery (147). Recent evidence suggested that not only the
bone marrow, but also secondary lymphoid tissues contribute
to the development of NK cells (148). According to the surface
expression of CD56, NK cells could be divided in two main
subtypes: CD56bright and CD56dim NK cells. CD56bright NK
cells exist mainly in lymph nodes and tonsils, while CD56dim

NK cells, the more mature subset transformed from CD56bright

NK cells, are dominant in the peripheral blood (7, 147, 149,
150). CD56bright and CD56dim NK cells are equipped with
distinct functions. The former population responds rapidly to
interleukin-mediated stimulation with proliferation and cytokine
secretion, while the latter population displays higher cytolytic
capacity and lower proliferation (7, 8, 149). During the process of
maturation, CD94/NKG2A is the first receptor that is expressed
on immature NK cells. Together with the downregulation of
CD56 expression, NK cells upregulate CD16 expression, lose
NKG2A, and acquire KIR receptors. Finally, a subset of CD56dim

cells continue to differentiate and express CD57, together
with an increased KIR expression and a completely abolished
proliferative ability (150, 151).

In HSCTs with post-transplant cyclophosphamide (PT-Cy) as
GVHD prophylaxis, NK cells experience two waves of expansion.
After graft infusion, peripheral NK cells and T cells (mainly
mature cells from the donor) were detectable at very low levels.
PT-Cy administration results in a further decrease in T cells and

NK cells, and NK cells are barely detectable in the peripheral
blood. Subsequently, the reconstituted NK cells gradually recover
and express high levels of CD56 and NKG2A. Around 60 days
after transplantation, the KIR expression returns to normal.
The expression of CD56 and NKG2A gradually decreases and
becomes stable at 9–12 months post-transplantation. Other
receptors expressed on NK cells, such as DNAM-1and 2B4,
also require several months to return to normal (152). In
summary, post-transplantation NK cell reconstitution is a long-
term process (124, 125, 152).

KIR Education: From Anergic to
Responsive
As described earlier, the random combination of KIR receptor
and HLA ligand can exist in healthy individuals. However, the
autoimmune attack is inhibited because each NK cell expresses
at least one self-inhibitory receptor. To avoid autoreactivity, NK
cells must undergo an education process: NK cells expressing
inhibitory KIR for self-HLA ligand (self-KIR) are educated,
which means that these cells can be inhibited by self-inhibitory
signals and become alloreactive against self-HLA-deficient
targets. In contrast, NK cells expressing an inhibitory KIR that
lacks a self-HLA ligand (non-self KIR) are uneducated, which
means that they are tolerant to the self but also to infected or
malignant cells (19, 21).

In the last decades, studies on KIR education have
much extended our knowledge of NK cell function. After
transplantation, most reconstituted NK cells express a donor-
like KIR repertoire that is significantly different from that
of recipient NK cells prior to transplantation (124, 151).
Therefore, reconstituted NK cells expressing donor KIR may
exert alloreactivity in recipients, or become anergic, as recipients
may not present the cognate HLA (Figure 3). Foley et al. and
Björklund et al. observed that reconstituted NK cells with non-
self KIR remained tolerant, while those with self KIR acquired
better functions after transplantation (65, 153). However, Yu
et al. reached the opposite conclusion that alloreactive NK cells
broke the self-tolerance and displayed functional capacities in the
first 3 months, then gradually acquired self-tolerance by day 100
post-transplantation (154). Rathmann et al. also suggested that
alloreactive NK cells were increased in the peripheral blood and
exhibited a GVL effect in the early period after transplantation
(155). One possible explanation for this observation is that the
infusion of a megadose of donor CD34+ cells may create a
transient donor dominant HLA environment in recipient bone
marrow, and the early reconstituted NK cells expressing non-
self KIR for the recipient may become educated by donor HLA
and acquire functions (156). After migration to a recipient-
dominant environment, reconstituted NK cells may gradually
lose their responsiveness.

In murine studies, it was observed that mature NK cells
from major histocompatibility complex (MHC) class I-sufficient
mice become hyporesponsive after transfusion into MHC class
I-deficient mice. Conversely, anergic NK cells from MHC
class I-deficient mice acquired functions after exposure to the
MHC class I-sufficient environment (157, 158). Using a murine
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FIGURE 3 | Self KIR and non-self KIR.

transgenic model of HLA-B∗27:05 exhibiting the Bw4 ligand
for KIR3DL1, Boudreau et al. observed similar results in stem
cell transplantation. CD34+ cells from KIR3DL1+ donors were
transfused to B27 Tg+ and Tg− mice, respectively. A functional
analysis suggested that the most cytotoxic responsive cells were
KIR3DL1+ NK cells from Bw4+ donors and developed in
B27 Tg+ mice (Bw4+ donors and Tg+ mice), while the least-
responsive cells were KIR3DL1+ NK cells from Bw4− donors and
developed in Tg− mice (Bw4− donors and Tg− mice). Recipients
with the other two combinations (Bw4+ donors and Tg− mice
and Bw4− donors and Tg+ mice) displayed a medium level of
responsiveness. The stepwise escalation of NK cell responsiveness
suggested that both the donor and recipient MHC environments
are critical for the maintenance and adjustment of NK cell
education (159).

Recently, the Nowak team proposed that inhibitory KIR
(iKIR)-HLA pairs could predict the post-HSCT NK cell

education status, i.e., donors presenting cognate HLA for donor
iKIR and recipients lacking it predict a downward education
level; in contrast, recipients presenting cognate HLA for donor
iKIR and donors lacking it predict an upward education level.
Those authors found that the decrease in iKIR–HLA pairs post-
transplantation is associated with a higher relapse and poorer
survival (160–162), indicating that reconstituted NK cells acquire
better functions after interaction with more cognate HLA class
I ligands in recipients. Zhao et al. also observed that, when
the donors and recipients expressed three major HLA ligands
(HLA-C1, C2, Bw4), patients with AML and myelodysplastic
syndrome (MDS) experienced the lowest relapse rate, and
NK cells expressing three inhibitory receptors exhibited the
greatest cytotoxicity and cytokine responsiveness against K562
targets (163).

Based on the findings described above, it is likely that
three factors (donor KIR, donor HLA, and recipient HLA) all
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contribute to the variation in NK cell function. Therefore, the
KIR ligand and receptor-ligand models, which only take two
factors into account, may not accurately predict donors that
exhibit the greatest NK cell function post-transplantation.

Factors That Affect NK Cell Reconstitution
Although CMV reactivation suggests an immune-compromised
state, patients who experienced CMV reactivation had a lower
relapse rate or better survival (70, 98, 99, 164). This protective
effect might be attributed to the rapid maturation of NK
cells. During CMV reactivation, NK cells that express NKG2C
rapidly expand and continue to increase for 1 year (165). The
number of CD56dim NK cells in the peripheral blood, their KIR
expression, and IFN-γ production in response to K562 cells
were also elevated in patients who developed CMV reactivation
(165–173). Furthermore, nearly 60% of NKG2C+ NK cells
achieved complete differentiation and expressed CD57 after
CMV reactivation. These cells were termedmemory-like NK cells
and could be detected long after the primary CMV infection,
offering a long-lasting protection (147, 166). In contrast, for
non-CMV-infected patients, a higher proportion of NKG2A+

NKG2C− KIR− NK cells in the peripheral blood indicates a
slow NK cell maturation. Interestingly, CMV antigen exposure to
recipients also leads to an increased frequency of NKG2C+ NK
cells, accompanied by increased KIR expression and decreased
NKG2A expression (174).

As mentioned above, T cells in the graft impair the recovery
of NK cells and KIR reconstitution (127–130). A possible
explanation for this observation is that T cells compete with NK
cells for IL-15, a cytokine that regulates immune cell survival
and development (175, 176). Unlike ex-vivo TCD grafts, pre-
transplant anti-thymocyte globulin (ATG) administration results
in partial T cell depletion. Two recent studies found that ATG
administration promoted NK cell recovery and delayed the
reconstitution of CD4+ and CD8+ T cells, while sparing the
effector memory T and regulatory T cells (Tregs) (177, 178).
Compared with ATG, PT-Cy is more efficient in eliminating NK
cells, with a higher residual ratio of CD4+ T cells and Tregs
(179). Of note, several studies showed that T cells in the graft
may contribute to a better NK cell function (153, 180). Several
studies reported that CD56bright NK cells in lymph nodes could
be stimulated by IL-2-producing T cells, resulting in NK cell
maturation with higher IFN-γ secretion and cytotoxic functions
(181, 182).

The relationship between GVHD and NK cell reconstitution
remains controversial. Previous studies demonstrated that
GVHD correlated with an impaired NK cell reconstitution and
KIR expression (183–185). Ullrich et al. found that CD56bright

NK cells were dramatically decreased in patients with GVHD,
while CD56dim NK cells, the more mature subtype, did not show
significant changes (185). In addition, Hu et al. found that the
NKG2A subset of CD56dim NK cells was significantly decreased
in patients with GVHD. Remarkably, a functional analysis
showed that NKG2A+ NK cells from GVHD and non-GVHD
patients exhibited a comparable GVL effect. Furthermore, the
co-culture of donor T cells with NKG2A+ cells from non-
GVHD patients suggested that NKG2A+ NK cells inhibit

T cell proliferation and activation, indicating that the decreased
number of NKG2A+ NK cells might be a cause, rather than a
consequence, of GVHD (186). In addition, the administration of
immunosuppressive agents could also affect immune recovery.
Both Ullrich et al. and Giebel et al. suggested that steroid
treatment, rather than GVHD, was related to the delayed NK cell
reconstitution (184, 187).

FUTURE DIRECTIONS

Numerous studies have found that alloreactive NK cells affect
treatment outcomes. Although great progress has been made
through both pre-clinical and clinical investigations based on the
three KIR models, the controversy remains, especially regarding
the benefits of KIR alloreactivity on relapse control. Recent
findings showed that donor KIR, donor HLA, and recipient HLA
environment all contribute to the variation of NK cell function.
The newly proposed iKIR-HLA pair model needs to be further
examined in the future.

NK cells, the lymphocytes that are reconstituted first after
transplantation, could be negatively affected by the T cells in the
graft. However, NK cell function could also be promoted through
T-cell-mediated activation. The exact interactions between NK
and T cells, as well as the strategy to trigger a potential synergistic
NK and T cell effect remains to be investigated.

It is noteworthy that the protective role of NK cell
alloreactivity in relapse protection mostly exists in myeloid
disease; in fact, some studies even found that NK cell
alloreactivity increased the risk of relapse for patients with
lymphoid disease. The discrepancy between expressing ligands
among different diseases and their binding affinity to KIR should
raise more attention. In this way, we might identify which
patients would benefit from the KIR-based donor selection.

CONCLUSION

In the early period after transplantation, reconstituted
alloreactive NK cell may not directly influence GVHD
occurrence, as it is immature and it could be affected by T
cells and immunosuppressive agents. The compatibility between
donor KIR and the recipient HLA ligand may protect patients
from infection. In the late period after transplantation, the
iKIR-HLA pair model may reflect the variation in NK cell
function, and quantitative analysis of KIR-HLA interactions
may provide more convincing results regarding relapse
and survival.

AUTHOR CONTRIBUTIONS

YZ and HH designed. FG and YY wrote this paper. All authors
revised and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81670148 and 81730008) and Medical and
Health Research Project of Zhejiang Province (2012KYB709).

Frontiers in Immunology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 202214

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


Gao et al. KIR and Transplant Outcomes

REFERENCES

1. Gratwohl A, Brand R, Frassoni F, Rocha V, Niederwieser D, Reusser P, et al.

Cause of death after allogeneic haematopoietic stem cell transplantation

(HSCT) in early leukaemias: an EBMT analysis of lethal infectious

complications and changes over calendar time. Bone Marrow Trans. (2005)

36:757–69. doi: 10.1038/sj.bmt.1705140

2. Wingard JR, Majhail NS, Brazauskas R, Wang Z, Sobocinski

KA, Jacobsohn D, et al. Long-term survival and late deaths after

allogeneic hematopoietic cell transplantation. J Clin Oncol. (2011)

29:2230–9. doi: 10.1200/JCO.2010.33.7212

3. Holmqvist AS, Chen Y, Wu J, Battles K, Bhatia R, Francisco L,

et al. Assessment of late mortality risk after allogeneic blood or

marrow transplantation performed in childhood. JAMA Oncol. (2018)

4:e182453. doi: 10.1001/jamaoncol.2018.2453

4. Styczynski J, Tridello G, Koster L, Iacobelli S, van Biezen A, van der Werf

S, et al. Death after hematopoietic stem cell transplantation: changes over

calendar year time, infections and associated factors. Bone Marrow Trans.

(2020) 55:126–36. doi: 10.1038/s41409-019-0624-z

5. Lanier LL, Le AM, Civin CI, Loken MR, Phillips JH. The relationship

of CD16 (Leu-11) and Leu-19 (NKH-1) antigen expression on human

peripheral blood NK cells and cytotoxic T lymphocytes. J Immunol.

(1986) 136:4480-6.

6. Almeida-Oliveira A, Smith-Carvalho M, Porto LC, Cardoso-Oliveira J,

Ribeiro Ados S, Falcao RR, et al. Age-related changes in natural killer cell

receptors from childhood through old age. Hum Immunol. (2011) 72:319–

29. doi: 10.1016/j.humimm.2011.01.009

7. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of natural

killer cells. Nat Immunol. (2008) 9:503–10. doi: 10.1038/ni1582

8. Caligiuri MA. Human natural killer cells. Blood. (2008) 112:461–

9. doi: 10.1182/blood-2007-09-077438

9. Lanier LL. NK cell receptors. Annu Rev Immunol. (1998) 16:359–

93. doi: 10.1146/annurev.immunol.16.1.359

10. Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari

MC, et al. Activating receptors and coreceptors involved in human

natural killer cell-mediated cytolysis. Annu Rev Immunol. (2001) 19:197–

223. doi: 10.1146/annurev.immunol.19.1.197

11. Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, Kershaw MH. Activating

and inhibitory receptors of natural killer cells. Immunol Cell Biol. (2011)

89:216–24. doi: 10.1038/icb.2010.78

12. Wilson MJ, Torkar M, Trowsdale J. Genomic organization of a human

killer cell inhibitory receptor gene. Tissue Antigens. (1997) 49:574–

9. doi: 10.1111/j.1399-0039.1997.tb02804.x

13. Hsu KC, Chida S, Geraghty DE, Dupont B. The killer cell

immunoglobulin-like receptor (KIR) genomic region: gene-

order, haplotypes and allelic polymorphism. Immunol Rev. (2002)

190:40–52. doi: 10.1034/j.1600-065X.2002.19004.x

14. Parham P, Moffett A. Variable NK cell receptors and their MHC class I

ligands in immunity, reproduction and human evolution. Nat Rev Immunol.

(2013) 13:133–44. doi: 10.1038/nri3370

15. Manser AR, Weinhold S, Uhrberg M. Human KIR repertoires: shaped

by genetic diversity and evolution. Immunol Rev. (2015) 267:178–

96. doi: 10.1111/imr.12316

16. LeungW. Use of NK cell activity in cure by transplant. Br J Haematol. (2011)

155:14–29. doi: 10.1111/j.1365-2141.2011.08823.x

17. Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ, Yang L,

et al. Licensing of natural killer cells by host major histocompatibility

complex class I molecules. Nature. (2005) 436:709–13. doi: 10.1038/nature

03847

18. Fernandez NC, Treiner E, Vance RE, Jamieson AM, Lemieux S, Raulet

DH. A subset of natural killer cells achieves self-tolerance without

expressing inhibitory receptors specific for self-MHC molecules. Blood.

(2005) 105:4416–23. doi: 10.1182/blood-2004-08-3156

19. Anfossi N, Andre P, Guia S, Falk CS, Roetynck S, Stewart CA, et al. Human

NK cell education by inhibitory receptors for MHC class I. Immunity. (2006)

25:331–42. doi: 10.1016/j.immuni.2006.06.013

20. Fauriat C, Ivarsson MA, Ljunggren HG, Malmberg KJ, Michaelsson

J. Education of human natural killer cells by activating killer

cell immunoglobulin-like receptors. Blood. (2010) 115:1166–

74. doi: 10.1182/blood-2009-09-245746

21. Schonberg K, Fischer JC, Kogler G, UhrbergM. Neonatal NK-cell repertoires

are functionally, but not structurally, biased toward recognition of self HLA

class I. Blood. (2011) 117:5152–6. doi: 10.1182/blood-2011-02-334441

22. Vivier E, Nunes JA, Vely F. Natural killer cell signaling pathways. Science.

(2004) 306:1517–9. doi: 10.1126/science.1103478

23. Valiante NM, Uhrberg M, Shilling HG, Lienert-Weidenbach K, Arnett KL,

D’Andrea A, et al. Functionally and structurally distinct NK cell receptor

repertoires in the peripheral blood of two human donors. Immunity. (1997)

7:739–51. doi: 10.1016/S1074-7613(00)80393-3

24. Demanet C, Mulder A, Deneys V, Worsham MJ, Maes P, Claas FH,

et al. Down-regulation of HLA-A and HLA-Bw6, but not HLA-Bw4,

allospecificities in leukemic cells: an escape mechanism from CTL and NK

attack? Blood. (2004) 103:3122–30. doi: 10.1182/blood-2003-07-2500

25. Masuda K, Hiraki A, Fujii N, Watanabe T, Tanaka M, Matsue K,

et al. Loss or down-regulation of HLA class I expression at the allelic

level in freshly isolated leukemic blasts. Cancer Sci. (2007) 98:102–

8. doi: 10.1111/j.1349-7006.2006.00356.x

26. Verheyden S, Ferrone S,Mulder A, Claas FH, Schots R, DeMoerloose B, et al.

Role of the inhibitory KIR ligand HLA-Bw4 and HLA-C expression levels

in the recognition of leukemic cells by Natural Killer cells. Cancer Immunol

Immunother. (2009) 58:855–65. doi: 10.1007/s00262-008-0601-7

27. Reusing SB, Manser AR, Enczmann J, Mulder A, Claas FH,

Carrington M, et al. Selective downregulation of HLA-C and HLA-E

in childhood acute lymphoblastic leukaemia. Br J Haematol. (2016)

174:477–80. doi: 10.1111/bjh.13777

28. Cerwenka A, Lanier LL. Natural killer cells, viruses and cancer. Nat Rev

Immunol. (2001) 1:41–9. doi: 10.1038/35095564

29. Seliger B, Ritz U, Ferrone S. Molecular mechanisms of HLA class I antigen

abnormalities following viral infection and transformation. Int J Cancer.

(2006) 118:129–38. doi: 10.1002/ijc.21312

30. Pende D, Marcenaro S, Falco M, Martini S, Bernardo ME, Montagna D, et al.

Anti-leukemia activity of alloreactive NK cells in KIR ligand-mismatched

haploidentical HSCT for pediatric patients: evaluation of the functional role

of activating KIR and redefinition of inhibitory KIR specificity. Blood. (2009)

113:3119–29. doi: 10.1182/blood-2008-06-164103

31. Thiruchelvam-Kyle L, Hoelsbrekken SE, Saether PC, Bjornsen EG, Pende D,

Fossum S, et al. The activating human NK Cell receptor KIR2DS2 recognizes

a beta2-microglobulin-independent ligand on cancer cells. J Immunol. (2017)

198:2556–67. doi: 10.4049/jimmunol.1600930

32. Ogonek J, Kralj Juric M, Ghimire S, Varanasi PR, Holler

E, Greinix H, et al. Immune reconstitution after allogeneic

hematopoietic stem cell transplantation. Front Immunol. (2016)

7:507. doi: 10.3389/fimmu.2016.00507

33. de Witte MA, Sarhan D, Davis Z, Felices M, Vallera DA, Hinderlie P, et al.

Early reconstitution of NK and gammadelta T cells and its implication for the

design of post-transplant immunotherapy. Biol Blood Marrow Transplant.

(2018) 24:1152–62. doi: 10.1016/j.bbmt.2018.02.023

34. Alvarez M, Sun K, Murphy WJ. Mouse host unlicensed NK cells promote

donor allogeneic bone marrow engraftment. Blood. (2016) 127:1202–

5. doi: 10.1182/blood-2015-08-665570

35. Asai O, Longo DL, Tian ZG, Hornung RL, Taub DD, Ruscetti FW, et al.

Suppression of graft-versus-host disease and amplification of graft-versus-

tumor effects by activated natural killer cells after allogeneic bone marrow

transplantation. J Clin Invest. (1998) 101:1835–42. doi: 10.1172/JCI1268

36. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik

WD, Tosti A, et al. Effectiveness of donor natural killer cell

alloreactivity in mismatched hematopoietic transplants. Science. (2002)

295:2097–100. doi: 10.1126/science.1068440

37. Olson JA, Leveson-Gower DB, Gill S, Baker J, Beilhack A, Negrin

RS. NK cells mediate reduction of GVHD by inhibiting activated,

alloreactive T cells while retaining GVT effects. Blood. (2010) 115:4293–

301. doi: 10.1182/blood-2009-05-222190

38. Hu B, Bao G, Zhang Y, Lin D, Wu Y, Wu D, et al. Donor

NK Cells and IL-15 promoted engraftment in nonmyeloablative

allogeneic bone marrow transplantation. J Immunol. (2012)

189:1661–70. doi: 10.4049/jimmunol.1103199

Frontiers in Immunology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 202215

https://doi.org/10.1038/sj.bmt.1705140
https://doi.org/10.1200/JCO.2010.33.7212
https://doi.org/10.1001/jamaoncol.2018.2453
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1016/j.humimm.2011.01.009
https://doi.org/10.1038/ni1582
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1146/annurev.immunol.16.1.359
https://doi.org/10.1146/annurev.immunol.19.1.197
https://doi.org/10.1038/icb.2010.78
https://doi.org/10.1111/j.1399-0039.1997.tb02804.x
https://doi.org/10.1034/j.1600-065X.2002.19004.x
https://doi.org/10.1038/nri3370
https://doi.org/10.1111/imr.12316
https://doi.org/10.1111/j.1365-2141.2011.08823.x
https://doi.org/10.1038/nature03847
https://doi.org/10.1182/blood-2004-08-3156
https://doi.org/10.1016/j.immuni.2006.06.013
https://doi.org/10.1182/blood-2009-09-245746
https://doi.org/10.1182/blood-2011-02-334441
https://doi.org/10.1126/science.1103478
https://doi.org/10.1016/S1074-7613(00)80393-3
https://doi.org/10.1182/blood-2003-07-2500
https://doi.org/10.1111/j.1349-7006.2006.00356.x
https://doi.org/10.1007/s00262-008-0601-7
https://doi.org/10.1111/bjh.13777
https://doi.org/10.1038/35095564
https://doi.org/10.1002/ijc.21312
https://doi.org/10.1182/blood-2008-06-164103
https://doi.org/10.4049/jimmunol.1600930
https://doi.org/10.3389/fimmu.2016.00507
https://doi.org/10.1016/j.bbmt.2018.02.023
https://doi.org/10.1182/blood-2015-08-665570
https://doi.org/10.1172/JCI1268
https://doi.org/10.1126/science.1068440
https://doi.org/10.1182/blood-2009-05-222190
https://doi.org/10.4049/jimmunol.1103199
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gao et al. KIR and Transplant Outcomes

39. Leung W, Iyengar R, Turner V, Lang P, Bader P, Conn P, et al. Determinants

of antileukemia effects of allogeneic NK cells. J Immunol. (2004) 172:644–

50. doi: 10.4049/jimmunol.172.1.644

40. Cooley S, Trachtenberg E, Bergemann TL, Saeteurn K, Klein J, Le CT,

et al. Donors with group B KIR haplotypes improve relapse-free survival

after unrelated hematopoietic cell transplantation for acute myelogenous

leukemia. Blood. (2009) 113:726–32. doi: 10.1182/blood-2008-07-171926

41. Davies SM, Ruggieri L, DeFor T, Wagner JE, Weisdorf DJ, Miller JS, et al.

Evaluation of KIR ligand incompatibility in mismatched unrelated donor

hematopoietic transplants. Killer immunoglobulin-like receptor. Blood.

(2002) 100:3825–7. doi: 10.1182/blood-2002-04-1197

42. Giebel S, Locatelli F, Lamparelli T, Velardi A, Davies S, Frumento G,

et al. Survival advantage with KIR ligand incompatibility in hematopoietic

stem cell transplantation from unrelated donors. Blood. (2003) 102:814–

9. doi: 10.1182/blood-2003-01-0091

43. Schaffer M, Malmberg KJ, Ringden O, Ljunggren HG, Remberger M.

Increased infection-related mortality in KIR-ligand-mismatched unrelated

allogeneic hematopoietic stem-cell transplantation. Transplantation. (2004)

78:1081–5. doi: 10.1097/01.TP.0000137103.19717.86

44. Elmaagacli AH, Ottinger H, Koldehoff M, Peceny R, Steckel

NK, Trenschel R, et al. Reduced risk for molecular disease in

patients with chronic myeloid leukemia after transplantation

from a KIR-mismatched donor. Transplantation. (2005) 79:1741–

7. doi: 10.1097/01.TP.0000164500.16052.3C

45. Yabe T, Matsuo K, Hirayasu K, Kashiwase K, Kawamura-Ishii S, Tanaka

H, et al. Donor killer immunoglobulin-like receptor (KIR) genotype-

patient cognate KIR ligand combination and antithymocyte globulin

preadministration are critical factors in outcome of HLA-C-KIR ligand-

mismatched T cell-replete unrelated bone marrow transplantation. Biol

Blood Marrow Transplant. (2008) 14:75–87. doi: 10.1016/j.bbmt.2007.09.012

46. Verneris MR, Miller JS, Hsu KC, Wang T, Sees JA, Paczesny S, et al.

Investigation of donor KIR content and matching in children undergoing

hematopoietic cell transplantation for acute leukemia. Blood Adv. (2020)

4:1350–6. doi: 10.1182/bloodadvances.2019001284

47. Ruggeri L, Mancusi A, Capanni M, Urbani E, Carotti A, Aloisi

T, et al. Donor natural killer cell allorecognition of missing

self in haploidentical hematopoietic transplantation for acute

myeloid leukemia: challenging its predictive value. Blood. (2007)

110:433–40. doi: 10.1182/blood-2006-07-038687

48. Huang XJ, Zhao XY, Liu DH, Liu KY, Xu LP. Deleterious effects of KIR

ligand incompatibility on clinical outcomes in haploidentical hematopoietic

stem cell transplantation without in vitro T-cell depletion. Leukemia. (2007)

21:848–51. doi: 10.1038/sj.leu.2404566

49. Zhao XY, Huang XJ, Liu KY, Xu LP, Liu DH. Prognosis after unmanipulated

HLA-haploidentical blood and marrow transplantation is correlated to the

numbers of KIR ligands in recipients. Eur J Haematol. (2007) 78:338–

46. doi: 10.1111/j.1600-0609.2007.00822.x

50. Michaelis SU, Mezger M, Bornhauser M, Trenschel R, Stuhler G, Federmann

B, et al. KIR haplotype B donors but not KIR-ligand mismatch result

in a reduced incidence of relapse after haploidentical transplantation

using reduced intensity conditioning and CD3/CD19-depleted grafts. Ann

Hematol. (2014) 93:1579–86. doi: 10.1007/s00277-014-2084-2

51. Mancusi A, Ruggeri L, Urbani E, Pierini A, Massei MS, Carotti A, et al.

Haploidentical hematopoietic transplantation from KIR ligand-mismatched

donors with activating KIRs reduces nonrelapse mortality. Blood. (2015)

125:3173–82. doi: 10.1182/blood-2014-09-599993

52. Yahng SA, Jeon YW, Yoon JH, Shin SH, Lee SE, Cho BS, et al. Negative

impact of unidirectional host-versus-graft killer cell immunoglobulin-

like receptor ligand mismatch on transplantation outcomes after

unmanipulated haploidentical peripheral blood stem cell transplantation

for acute myeloid leukemia. Biol Blood Marrow Transplant. (2016)

22:316–23. doi: 10.1016/j.bbmt.2015.09.018

53. Zhao XY, Luo XY, Yu XX, Zhao XS, Han TT, Chang YJ, et al.

Recipient-donor KIR ligand matching prevents CMV reactivation post-

haploidentical T cell-replete transplantation. Br J Haematol. (2017) 177:766–

81. doi: 10.1111/bjh.14622

54. Wanquet A, Bramanti S, Harbi S, Furst S, Legrand F, Faucher C, et al.

Killer cell immunoglobulin-like receptor-ligand mismatch in donor versus

recipient direction provides better graft-versus-tumor effect in patients with

hematologic malignancies undergoing allogeneic t cell-replete haploidentical

transplantation followed by post-transplant cyclophosphamide. Biol Blood

Marrow Transplant. (2018) 24:549–54. doi: 10.1016/j.bbmt.2017.11.042

55. Shimoni A, Labopin M, Lorentino F, Van Lint MT, Koc Y, Gulbas Z, et al.

Killer cell immunoglobulin-like receptor ligand mismatching and outcome

after haploidentical transplantation with post-transplant cyclophosphamide.

Leukemia. (2019) 33:230–9. doi: 10.1038/s41375-018-0170-5

56. Cook MA, Milligan DW, Fegan CD, Darbyshire PJ, Mahendra P,

Craddock CF, et al. The impact of donor KIR and patient HLA-C

genotypes on outcome following HLA-identical sibling hematopoietic

stem cell transplantation for myeloid leukemia. Blood. (2004) 103:1521–

6. doi: 10.1182/blood-2003-02-0438

57. Verheyden S, Schots R, Duquet W, Demanet C. A defined donor activating

natural killer cell receptor genotype protects against leukemic relapse after

related HLA-identical hematopoietic stem cell transplantation. Leukemia.

(2005) 19:1446–51. doi: 10.1038/sj.leu.2403839

58. Hsu KC, Gooley T, Malkki M, Pinto-Agnello C, Dupont B, Bignon

JD, et al. KIR ligands and prediction of relapse after unrelated donor

hematopoietic cell transplantation for hematologic malignancy. Biol Blood

Marrow Transplant. (2006) 12:828–36. doi: 10.1016/j.bbmt.2006.04.008

59. Clausen J, Wolf D, Petzer AL, Gunsilius E, Schumacher P, Kircher B, et al.

Impact of natural killer cell dose and donor killer-cell immunoglobulin-like

receptor (KIR) genotype on outcome following human leucocyte antigen-

identical haematopoietic stem cell transplantation.Clin Exp Immunol. (2007)

148:520–8. doi: 10.1111/j.1365-2249.2007.03360.x

60. Ludajic K, Balavarca Y, Bickeboller H, Rosenmayr A, Fae I, Fischer GF, et al.

KIR genes and KIR ligands affect occurrence of acute GVHD after unrelated,

12/12 HLA matched, hematopoietic stem cell transplantation. Bone Marrow

Transplant. (2009) 44:97–103. doi: 10.1038/bmt.2008.432

61. Linn YC, Phang CY, Lim TJ, Chong SF, Heng KK, Lee JJ, et al. Effect of

missing killer-immunoglobulin-like receptor ligand in recipients undergoing

HLA full matched, non-T-depleted sibling donor transplantation: a single

institution experience of 151 Asian patients. BoneMarrow Transplant. (2010)

45:1031–7. doi: 10.1038/bmt.2009.303

62. Wu X, He J, Wu D, Bao X, Qiu Q, Yuan X, et al. KIR and HLA-Cw genotypes

of donor-recipient pairs influence the rate of CMV reactivation following

non-T-cell deleted unrelated donor hematopoietic cell transplantation. Am J

Hematol. (2009) 84:776–7. doi: 10.1002/ajh.21527

63. Gagne K, Busson M, Bignon JD, Balere-Appert ML, Loiseau P, Dormoy

A, et al. Donor KIR3DL1/3DS1 gene and recipient Bw4 KIR ligand

as prognostic markers for outcome in unrelated hematopoietic stem

cell transplantation. Biol Blood Marrow Transplant. (2009) 15:1366–

75. doi: 10.1016/j.bbmt.2009.06.015

64. Clausen J, Kircher B, Auberger J, Schumacher P, Ulmer H, Hetzenauer

G, et al. The role of missing killer cell immunoglobulin-like receptor

ligands in T cell replete peripheral blood stem cell transplantation from

HLA-identical siblings. Biol Blood Marrow Transplant. (2010) 16:273–

80. doi: 10.1016/j.bbmt.2009.10.021

65. Bjorklund AT, Schaffer M, Fauriat C, Ringden O, Remberger M,

Hammarstedt C, et al. NK cells expressing inhibitory KIR for non-self-

ligands remain tolerant in HLA-matched sibling stem cell transplantation.

Blood. (2010) 115:2686–94. doi: 10.1182/blood-2009-07-229740

66. Wu GQ, Zhao YM, Lai XY, Luo Y, Tan YM, Shi JM, et al. The beneficial

impact of missing KIR ligands and absence of donor KIR2DS3 gene on

outcome following unrelated hematopoietic SCT for myeloid leukemia

in the Chinese population. Bone Marrow Transplant. (2010) 45:1514–

21. doi: 10.1038/bmt.2010.3

67. ZhouH, Bao X,WuX, Tang X,WangM,WuD, et al. Donor selection for KIR

B haplotype of the centromeric motifs can improve the outcome after HLA-

identical sibling hematopoietic stem cell transplantation. Biol Blood Marrow

Transplant. (2013) doi: 10.1016/j.bbmt.2013.10.017

68. Sobecks RM, Wang T, Askar M, Gallagher MM, Haagenson M, Spellman

S, et al. Impact of KIR and HLA genotypes on outcomes after reduced-

intensity conditioning hematopoietic cell transplantation. Biol BloodMarrow

Transplant. (2015) 21:1589–96. doi: 10.1016/j.bbmt.2015.05.002

69. Park S, Kim K, Jang JH, Kim SJ, Kim WS, Kang ES, et al. KIR

alloreactivity based on the receptor-ligandmodel is associated with improved

Frontiers in Immunology | www.frontiersin.org 13 September 2020 | Volume 11 | Article 202216

https://doi.org/10.4049/jimmunol.172.1.644
https://doi.org/10.1182/blood-2008-07-171926
https://doi.org/10.1182/blood-2002-04-1197
https://doi.org/10.1182/blood-2003-01-0091
https://doi.org/10.1097/01.TP.0000137103.19717.86
https://doi.org/10.1097/01.TP.0000164500.16052.3C
https://doi.org/10.1016/j.bbmt.2007.09.012
https://doi.org/10.1182/bloodadvances.2019001284
https://doi.org/10.1182/blood-2006-07-038687
https://doi.org/10.1038/sj.leu.2404566
https://doi.org/10.1111/j.1600-0609.2007.00822.x
https://doi.org/10.1007/s00277-014-2084-2
https://doi.org/10.1182/blood-2014-09-599993
https://doi.org/10.1016/j.bbmt.2015.09.018
https://doi.org/10.1111/bjh.14622
https://doi.org/10.1016/j.bbmt.2017.11.042
https://doi.org/10.1038/s41375-018-0170-5
https://doi.org/10.1182/blood-2003-02-0438
https://doi.org/10.1038/sj.leu.2403839
https://doi.org/10.1016/j.bbmt.2006.04.008
https://doi.org/10.1111/j.1365-2249.2007.03360.x
https://doi.org/10.1038/bmt.2008.432
https://doi.org/10.1038/bmt.2009.303
https://doi.org/10.1002/ajh.21527
https://doi.org/10.1016/j.bbmt.2009.06.015
https://doi.org/10.1016/j.bbmt.2009.10.021
https://doi.org/10.1182/blood-2009-07-229740
https://doi.org/10.1038/bmt.2010.3
https://doi.org/10.1016/j.bbmt.2013.10.017
https://doi.org/10.1016/j.bbmt.2015.05.002
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gao et al. KIR and Transplant Outcomes

clinical outcomes of allogeneic hematopoietic stem cell transplantation:

Result of single center prospective study. Hum Immunol. (2015) 76:636–

43. doi: 10.1016/j.humimm.2015.09.009

70. Cardozo DM, Marangon AV, da Silva RF, Aranha FJP, Visentainer

JEL, Bonon SHA, et al. Synergistic effect of KIR ligands missing

and cytomegalovirus reactivation in improving outcomes of

haematopoietic stem cell transplantation from HLA-matched sibling

donor for treatment of myeloid malignancies. Hum Immunol. (2016)

77:861–8. doi: 10.1016/j.humimm.2016.07.003

71. Faridi RM, Kemp TJ, Dharmani-Khan P, Lewis V, Tripathi G, Rajalingam

R, et al. Donor-recipient matching for KIR genotypes reduces chronic

GVHD and missing inhibitory KIR ligands protect against relapse after

myeloablative, HLA matched hematopoietic cell transplantation. PLoS ONE.

(2016) 11:e0158242. doi: 10.1371/journal.pone.0158242

72. Neuchel C, Furst D, Niederwieser D, Bunjes D, Tsamadou C,

Wulf G, et al. Impact of donor activating KIR genes on HSCT

outcome in C1-ligand negative myeloid disease patients transplanted

with unrelated donors-a retrospective study. PLoS ONE. (2017)

12:e0169512. doi: 10.1371/journal.pone.0169512

73. Arima N, Kanda J, Tanaka J, Yabe T, Morishima Y, Kim SW, et al.

Homozygous HLA-C1 is associated with reduced risk of relapse after HLA-

matched transplantation in patients with myeloid leukemia. Biol Blood

Marrow Transplant. (2018) 24:717–25. doi: 10.1016/j.bbmt.2017.11.029

74. Gaafar A, Sheereen A, Almohareb F, Eldali A, Chaudhri N, Mohamed SY,

et al. Prognostic role of KIR genes and HLA-C after hematopoietic stem

cell transplantation in a patient cohort with acute myeloid leukemia from

a consanguineous community. Bone Marrow Transplant. (2018) 53:1170–

9. doi: 10.1038/s41409-018-0123-7

75. Arima N, Kanda J, Yabe T, Morishima Y, Tanaka J, Kako S, et al.

Increased relapse risk of acute lymphoid leukemia in homozygous HLA-

C1 patients after HLA-matched allogeneic transplantation: a japanese

national registry study. Biol Blood Marrow Transplant. (2020) 26:431–

7. doi: 10.1016/j.bbmt.2019.10.032

76. Chen DF, Prasad VK, Broadwater G, Reinsmoen NL, DeOliveira A,

Clark A, et al. Differential impact of inhibitory and activating Killer

Ig-Like Receptors (KIR) on high-risk patients with myeloid and

lymphoid malignancies undergoing reduced intensity transplantation

from haploidentical related donors. Bone Marrow Transplant. (2012)

47:817–23. doi: 10.1038/bmt.2011.181

77. Zhao XY, Chang YJ, Xu LP, Zhang XH, Liu KY, Li D, et al. HLA and

KIR genotyping correlates with relapse after T-cell-replete haploidentical

transplantation in chronic myeloid leukaemia patients. Br J Cancer. (2014)

111:1080–8. doi: 10.1038/bjc.2014.423

78. Zhao XY, Chang YJ, Zhao XS, Xu LP, Zhang XH, Liu KY, et al. Recipient

expression of ligands for donor inhibitory KIRs enhances NK-cell function to

control leukemic relapse after haploidentical transplantation. Eur J Immunol.

(2015) 45:2396–408. doi: 10.1002/eji.201445057

79. Solomon SR, Aubrey MT, Zhang X, Piluso A, Freed BM, Brown

S, et al. Selecting the best donor for haploidentical transplant:

impact of HLA, killer cell immunoglobulin-like receptor genotyping,

and other clinical variables. Biol Blood Marrow Transplant. (2018)

24:789–98. doi: 10.1016/j.bbmt.2018.01.013

80. Willem C, Makanga DR, Guillaume T, Maniangou B, Legrand N, Gagne K,

et al. Impact of KIR/HLA incompatibilities on NK cell reconstitution and

clinical outcome after T cell-replete haploidentical hematopoietic stem cell

transplantation with posttransplant cyclophosphamide. J Immunol. (2019)

202:2141–52. doi: 10.4049/jimmunol.1801489

81. Chen C, Busson M, Rocha V, Appert ML, Lepage V, Dulphy N,

et al. Activating KIR genes are associated with CMV reactivation and

survival after non-T-cell depleted HLA-identical sibling bone marrow

transplantation for malignant disorders. Bone Marrow Transplant. (2006)

38:437–44. doi: 10.1038/sj.bmt.1705468

82. Schellekens J, Rozemuller EH, Petersen EJ, van den Tweel JG, Verdonck

LF, Tilanus MG. Activating KIRs exert a crucial role on relapse and overall

survival after HLA-identical sibling transplantation. Mol Immunol. (2008)

45:2255–61. doi: 10.1016/j.molimm.2007.11.014

83. van der Meer A, Schaap NP, Schattenberg AV, van Cranenbroek B, Tijssen

HJ, Joosten I. KIR2DS5 is associated with leukemia free survival after HLA

identical stem cell transplantation in chronic myeloid leukemia patients.Mol

Immunol. (2008) 45:3631–8. doi: 10.1016/j.molimm.2008.04.016

84. Zaia JA, Sun JY, Gallez-Hawkins GM, Thao L, Oki A, Lacey SF, et al.

The effect of single and combined activating killer immunoglobulin-

like receptor genotypes on cytomegalovirus infection and immunity after

hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2009)

15:315–25. doi: 10.1016/j.bbmt.2008.11.030

85. Bao XJ, Hou LH, Sun AN, Qiu QC, Yuan XN, Chen MH, et al. The

impact of KIR2DS4 alleles and the expression of KIR in the development

of acute GVHD after unrelated allogeneic hematopoietic SCT. Bone Marrow

Transplant. (2010) 45:1435–41. doi: 10.1038/bmt.2009.357

86. Venstrom JM, Gooley TA, Spellman S, Pring J, Malkki M, Dupont B, et al.

Donor activating KIR3DS1 is associated with decreased acute GVHD in

unrelated allogeneic hematopoietic stem cell transplantation. Blood. (2010)

115:3162–5. doi: 10.1182/blood-2009-08-236943

87. Tomblyn M, Young JA, Haagenson MD, Klein JP, Trachtenberg EA, Storek

J, et al. Decreased infections in recipients of unrelated donor hematopoietic

cell transplantation from donors with an activating KIR genotype. Biol Blood

Marrow Transplant. (2010) 16:1155–61. doi: 10.1016/j.bbmt.2010.02.024

88. Cooley S, Weisdorf DJ, Guethlein LA, Klein JP, Wang T, Le CT, et al. Donor

selection for natural killer cell receptor genes leads to superior survival after

unrelated transplantation for acute myelogenous leukemia. Blood. (2010)

116:2411–9. doi: 10.1182/blood-2010-05-283051

89. Venstrom JM, Pittari G, Gooley TA, Chewning JH, Spellman S,

Haagenson M, et al. HLA-C-dependent prevention of leukemia

relapse by donor activating KIR2DS1. N Engl J Med. (2012)

367:805–16. doi: 10.1056/NEJMoa1200503

90. Impola U, Turpeinen H, Alakulppi N, Linjama T, Volin L, Niittyvuopio R,

et al. Donor haplotype B of NKKIR receptor reduces the relapse risk in HLA-

identical sibling hematopoietic stem cell transplantation of AML patients.

Front Immunol. (2014) 5:405. doi: 10.3389/fimmu.2014.00405

91. Bao X, Wang M, Zhou H, Zhang H, Wu X, Yuan X, et al. Donor killer

immunoglobulin-like receptor profile bx1 imparts a negative effect and

centromeric b-specific gene motifs render a positive effect on standard-

risk acute myeloid leukemia/myelodysplastic syndrome patient survival after

unrelated donor hematopoietic stem cell transplantation. Biol Blood Marrow

Transplant. (2016) 22:232–9. doi: 10.1016/j.bbmt.2015.09.007

92. Bachanova V, Weisdorf DJ, Wang T, Marsh SGE, Trachtenberg E,

Haagenson MD, et al. Donor KIR B genotype improves progression-

free survival of non-hodgkin lymphoma patients receiving unrelated

donor transplantation. Biol Blood Marrow Transplant. (2016) 22:1602–

7. doi: 10.1016/j.bbmt.2016.05.016

93. Burek Kamenaric M, Stingl Jankovic K, Grubic Z, Serventi Seiwerth R,

Maskalan M, Nemet D, et al. The impact of KIR2DS4 gene on clinical

outcome after hematopoietic stem cell transplantation. Hum Immunol.

(2017) 78:95–102. doi: 10.1016/j.humimm.2016.11.010

94. Hosokai R, Masuko M, Shibasaki Y, Saitoh A, Furukawa T, Imai C.

Donor killer immunoglobulin-like receptor haplotype B/x induces severe

acute graft-versus-host disease in the presence of human leukocyte antigen

mismatch in T cell-replete hematopoietic cell transplantation. Biol Blood

Marrow Transplant. (2017) 23:606–11. doi: 10.1016/j.bbmt.2016.12.638

95. Sahin U, Dalva K, Gungor F, Ustun C, Beksac M. Donor-recipient killer

immunoglobulin like receptor (KIR) genotype matching has a protective

effect on chronic graft versus host disease and relapse incidence following

HLA-identical sibling hematopoietic stem cell transplantation.AnnHematol.

(2018) 97:1027–39. doi: 10.1007/s00277-018-3274-0

96. Heatley SL, Mullighan CG, Doherty K, Danner S, O’Connor GM, Hahn

U, et al. Activating KIR haplotype influences clinical outcome following

HLA-matched sibling hematopoietic stem cell transplantation. HLA. (2018)

92:74–82. doi: 10.1111/tan.13327

97. Babor F, Peters C, Manser AR, Glogova E, Sauer M, Potschger U,

et al. Presence of centromeric but absence of telomeric group B

KIR haplotypes in stem cell donors improve leukaemia control after

HSCT for childhood ALL. Bone Marrow Transplant. (2019) 54:1847–

58. doi: 10.1038/s41409-019-0543-z

98. Tordai A, Bors A, Kiss KP, Balassa K, Andrikovics H, Batai

A, et al. Donor KIR2DS1 reduces the risk of transplant related

mortality in HLA-C2 positive young recipients with hematological

Frontiers in Immunology | www.frontiersin.org 14 September 2020 | Volume 11 | Article 202217

https://doi.org/10.1016/j.humimm.2015.09.009
https://doi.org/10.1016/j.humimm.2016.07.003
https://doi.org/10.1371/journal.pone.0158242
https://doi.org/10.1371/journal.pone.0169512
https://doi.org/10.1016/j.bbmt.2017.11.029
https://doi.org/10.1038/s41409-018-0123-7
https://doi.org/10.1016/j.bbmt.2019.10.032
https://doi.org/10.1038/bmt.2011.181
https://doi.org/10.1038/bjc.2014.423
https://doi.org/10.1002/eji.201445057
https://doi.org/10.1016/j.bbmt.2018.01.013
https://doi.org/10.4049/jimmunol.1801489
https://doi.org/10.1038/sj.bmt.1705468
https://doi.org/10.1016/j.molimm.2007.11.014
https://doi.org/10.1016/j.molimm.2008.04.016
https://doi.org/10.1016/j.bbmt.2008.11.030
https://doi.org/10.1038/bmt.2009.357
https://doi.org/10.1182/blood-2009-08-236943
https://doi.org/10.1016/j.bbmt.2010.02.024
https://doi.org/10.1182/blood-2010-05-283051
https://doi.org/10.1056/NEJMoa1200503
https://doi.org/10.3389/fimmu.2014.00405
https://doi.org/10.1016/j.bbmt.2015.09.007
https://doi.org/10.1016/j.bbmt.2016.05.016
https://doi.org/10.1016/j.humimm.2016.11.010
https://doi.org/10.1016/j.bbmt.2016.12.638
https://doi.org/10.1007/s00277-018-3274-0
https://doi.org/10.1111/tan.13327
https://doi.org/10.1038/s41409-019-0543-z
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gao et al. KIR and Transplant Outcomes

malignancies treated by myeloablative conditioning. PLoS ONE. (2019)

14:e0218945. doi: 10.1371/journal.pone.0218945

99. Nakamura R, Gendzekhadze K, Palmer J, Tsai NC, Mokhtari S, Forman

SJ, et al. Influence of donor KIR genotypes on reduced relapse

risk in acute myelogenous leukemia after hematopoietic stem cell

transplantation in patients with CMV reactivation. Leuk Res. (2019)

87:106230. doi: 10.1016/j.leukres.2019.106230

100. Bultitude WP, Schellekens J, Szydlo RM, Anthias C, Cooley SA, Miller

JS, et al. Presence of donor-encoded centromeric KIR B content increases

the risk of infectious mortality in recipients of myeloablative, T-cell

deplete, HLA-matched HCT to treat AML. Bone Marrow Transplant.

(2020) doi: 10.1038/s41409-020-0858-9. [Epub ahead of print].

101. Weisdorf D, Cooley S, Wang T, Trachtenberg E, Vierra-Green C, Spellman S,

et al. KIR B donors improve the outcome for AML patients given reduced

intensity conditioning and unrelated donor transplantation. Blood Adv.

(2020) 4:740–54. doi: 10.1182/bloodadvances.2019001053

102. Symons HJ, Leffell MS, Rossiter ND, Zahurak M, Jones RJ, Fuchs EJ.

Improved survival with inhibitory killer immunoglobulin receptor (KIR)

gene mismatches and KIR haplotype B donors after nonmyeloablative, HLA-

haploidentical bone marrow transplantation. Biol Blood Marrow Transplant.

(2010) 16:533–42. doi: 10.1016/j.bbmt.2009.11.022

103. Oevermann L, Michaelis SU, Mezger M, Lang P, Toporski J, Bertaina A,

et al. KIR B haplotype donors confer a reduced risk for relapse after

haploidentical transplantation in children with ALL. Blood. (2014) 124:2744–

7. doi: 10.1182/blood-2014-03-565069

104. Perez-Martinez A, Ferreras C, Pascual A, Gonzalez-Vicent M, Alonso L,

Badell I, et al. Haploidentical transplantation in high-risk pediatric leukemia:

A retrospective comparative analysis on behalf of the Spanish working Group

for bone marrow transplantation in children (GETMON) and the Spanish

Grupo for hematopoietic transplantation (GETH). Am J Hematol. (2020)

95:28–37. doi: 10.1002/ajh.25661

105. YuH, Tian Y,Wang Y,Mineishi S, Zhang Y. Dendritic cell regulation of graft-

vs.-host disease: immunostimulation and tolerance. Front Immunol. (2019)

10:93. doi: 10.3389/fimmu.2019.00093

106. Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ,

et al. Graft-versus-leukemia reactions after bone marrow transplantation.

Blood. (1990) 75:555-62. doi: 10.1182/blood.V75.3.555.bloodjournal7

53555

107. Marmont AM, Horowitz MM, Gale RP, Sobocinski K, Ash RC, van Bekkum

DW, et al. T-cell depletion of HLA-identical transplants in leukemia. Blood.

(1991) 78:2120–30. doi: 10.1182/blood.V78.8.2120.bloodjournal7882120

108. Champlin RE, Passweg JR, Zhang MJ, Rowlings PA, Pelz CJ, Atkinson

KA, et al. T-cell depletion of bone marrow transplants for leukemia from

donors other thanHLA-identical siblings: advantage of T-cell antibodies with

narrow specificities. Blood. (2000) 95:3996–4003.

109. Murphy WJ, Bennett M, Kumar V, Longo DL. Donor-type activated natural

killer cells promote marrow engraftment and B cell development during

allogeneic bone marrow transplantation. J Immunol. (1992) 148:2953–60.

110. Huber CM, Doisne JM, Colucci F. IL-12/15/18-preactivated

NK cells suppress GvHD in a mouse model of mismatched

hematopoietic cell transplantation. Eur J Immunol. (2015)

45:1727–35. doi: 10.1002/eji.201445200

111. Xun C, Brown SA, Jennings CD, Henslee-Downey PJ, Thompson JS.

Acute graft-versus-host-like disease induced by transplantation of human

activated natural killer cells into SCIDmice. Transplantation. (1993) 56:409–

17. doi: 10.1097/00007890-199308000-00031

112. Xun CQ, Thompson JS, Jennings CD, Brown SA. The effect of

human IL-2-activated natural killer and T cells on graft-versus-host

disease and graft-versus-leukemia in SCID mice bearing human leukemic

cells. Transplantation. (1995) 60:821–7. doi: 10.1097/00007890-199510270-

00011

113. Mowat AM. Antibodies to IFN-gamma prevent immunologically mediated

intestinal damage in murine graft-versus-host reaction. Immunology.

(1989) 68:18–23.

114. MacDonald GC, Gartner JG. Prevention of acute lethal graft-

versus-host disease in F1 hybrid mice by pretreatment of the

graft with anti-NK-1.1 and complement. Transplantation. (1992)

54:147–51. doi: 10.1097/00007890-199207000-00026

115. Passweg JR, Tichelli A, Meyer-Monard S, Heim D, Stern M, Kuhne T,

et al. Purified donor NK-lymphocyte infusion to consolidate engraftment

after haploidentical stem cell transplantation. Leukemia. (2004) 18:1835–

8. doi: 10.1038/sj.leu.2403524

116. Rizzieri DA, Storms R, Chen DF, Long G, Yang Y, Nikcevich DA,

et al. Natural killer cell-enriched donor lymphocyte infusions from A 3-

6/6 HLA matched family member following nonmyeloablative allogeneic

stem cell transplantation. Biol Blood Marrow Transplant. (2010) 16:1107–

14. doi: 10.1016/j.bbmt.2010.02.018

117. Introna M, Borleri G, Conti E, Franceschetti M, Barbui AM, Broady R,

et al. Repeated infusions of donor-derived cytokine-induced killer cells in

patients relapsing after allogeneic stem cell transplantation: a phase I study.

Haematologica. (2007) 92:952–9. doi: 10.3324/haematol.11132

118. Yoon SR, Lee YS, Yang SH, Ahn KH, Lee JH, Lee JH, et al.

Generation of donor natural killer cells from CD34(+) progenitor cells

and subsequent infusion after HLA-mismatched allogeneic hematopoietic

cell transplantation: a feasibility study. Bone Marrow Transplant. (2010)

45:1038–46. doi: 10.1038/bmt.2009.304

119. Ciurea SO, Schafer JR, Bassett R, Denman CJ, Cao K, Willis D, et al.

Phase 1 clinical trial using mbIL21 ex vivo-expanded donor-derived

NK cells after haploidentical transplantation. Blood. (2017) 130:1857–

68. doi: 10.1182/blood-2017-05-785659

120. Bjorklund AT, Carlsten M, Sohlberg E, Liu LL, Clancy T, Karimi M,

et al. Complete Remission with Reduction of High-Risk Clones following

Haploidentical NK-Cell Therapy against MDS and AML. Clin Cancer Res.

(2018) 24:1834–44. doi: 10.1158/1078-0432.CCR-17-3196

121. Vela M, Corral D, Carrasco P, Fernandez L, Valentin J, Gonzalez

B, et al. Haploidentical IL-15/41BBL activated and expanded natural

killer cell infusion therapy after salvage chemotherapy in children

with relapsed and refractory leukemia. Cancer Lett. (2018) 422:107–

17. doi: 10.1016/j.canlet.2018.02.033

122. Jaiswal SR, Zaman S, Nedunchezhian M, Chakrabarti A, Bhakuni P, Ahmed

M, et al. CD56-enriched donor cell infusion after post-transplantation

cyclophosphamide for haploidentical transplantation of advanced myeloid

malignancies is associated with prompt reconstitution of mature natural

killer cells and regulatory T cells with reduced incidence of acute

graft versus host disease: A pilot study. Cytotherapy. (2017) 19:531–

42. doi: 10.1016/j.jcyt.2016.12.006

123. Shah NN, Baird K, Delbrook CP, Fleisher TA, Kohler ME, Rampertaap S,

et al. Acute GVHD in patients receiving IL-15/4-1BBL activated NK cells

following T-cell-depleted stem cell transplantation. Blood. (2015) 125:784–

92. doi: 10.1182/blood-2014-07-592881

124. Shilling HG, McQueen KL, Cheng NW, Shizuru JA, Negrin RS,

Parham P. Reconstitution of NK cell receptor repertoire following HLA-

matched hematopoietic cell transplantation. Blood. (2003) 101:3730–

40. doi: 10.1182/blood-2002-08-2568

125. Vago L, Forno B, Sormani MP, Crocchiolo R, Zino E, Di Terlizzi

S, et al. Temporal, quantitative, and functional characteristics of

single-KIR-positive alloreactive natural killer cell recovery account

for impaired graft-versus-leukemia activity after haploidentical

hematopoietic stem cell transplantation. Blood. (2008) 112:3488–

99. doi: 10.1182/blood-2007-07-103325

126. Fallen PR, McGreavey L, Madrigal JA, Potter M, Ethell M, Prentice HG,

et al. Factors affecting reconstitution of the T cell compartment in allogeneic

haematopoietic cell transplant recipients. Bone Marrow Transplant. (2003)

32:1001–14. doi: 10.1038/sj.bmt.1704235

127. Ciurea SO, Mulanovich V, Saliba RM, Bayraktar UD, Jiang Y, Bassett R, et al.

Improved early outcomes using a T cell replete graft compared with T cell

depleted haploidentical hematopoietic stem cell transplantation. Biol Blood

Marrow Transplant. (2012) 18:1835–44. doi: 10.1016/j.bbmt.2012.07.003

128. Eissens DN, Schaap NP, Preijers FW, Dolstra H, van Cranenbroek B,

Schattenberg AV, et al. CD3+/CD19+-depleted grafts in HLA-matched

allogeneic peripheral blood stem cell transplantation lead to early NK cell

cytolytic responses and reduced inhibitory activity of NKG2A. Leukemia.

(2010) 24:583–91. doi: 10.1038/leu.2009.269

129. Pfeiffer MM, Feuchtinger T, Teltschik HM, Schumm M, Muller I,

Handgretinger R, et al. Reconstitution of natural killer cell receptors

influences natural killer activity and relapse rate after haploidentical

Frontiers in Immunology | www.frontiersin.org 15 September 2020 | Volume 11 | Article 202218

https://doi.org/10.1371/journal.pone.0218945
https://doi.org/10.1016/j.leukres.2019.106230
https://doi.org/10.1038/s41409-020-0858-9
https://doi.org/10.1182/bloodadvances.2019001053
https://doi.org/10.1016/j.bbmt.2009.11.022
https://doi.org/10.1182/blood-2014-03-565069
https://doi.org/10.1002/ajh.25661
https://doi.org/10.3389/fimmu.2019.00093
https://doi.org/10.1182/blood.V75.3.555.bloodjournal753555
https://doi.org/10.1182/blood.V78.8.2120.bloodjournal7882120
https://doi.org/10.1002/eji.201445200
https://doi.org/10.1097/00007890-199308000-00031
https://doi.org/10.1097/00007890-199510270-00011
https://doi.org/10.1097/00007890-199207000-00026
https://doi.org/10.1038/sj.leu.2403524
https://doi.org/10.1016/j.bbmt.2010.02.018
https://doi.org/10.3324/haematol.11132
https://doi.org/10.1038/bmt.2009.304
https://doi.org/10.1182/blood-2017-05-785659
https://doi.org/10.1158/1078-0432.CCR-17-3196
https://doi.org/10.1016/j.canlet.2018.02.033
https://doi.org/10.1016/j.jcyt.2016.12.006
https://doi.org/10.1182/blood-2014-07-592881
https://doi.org/10.1182/blood-2002-08-2568
https://doi.org/10.1182/blood-2007-07-103325
https://doi.org/10.1038/sj.bmt.1704235
https://doi.org/10.1016/j.bbmt.2012.07.003
https://doi.org/10.1038/leu.2009.269
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gao et al. KIR and Transplant Outcomes

transplantation of T- and B-cell depleted grafts in children. Haematologica.

(2010) 95:1381–8. doi: 10.3324/haematol.2009.021121

130. Cooley S, McCullar V, Wangen R, Bergemann TL, Spellman S, Weisdorf

DJ, et al. KIR reconstitution is altered by T cells in the graft and correlates

with clinical outcomes after unrelated donor transplantation. Blood. (2005)

106:4370–6. doi: 10.1182/blood-2005-04-1644

131. Bjorkstrom NK, Beziat V, Cichocki F, Liu LL, Levine J, Larsson

S, et al. CD8T cells express randomly selected KIRs with

distinct specificities compared with NK cells. Blood. (2012)

120:3455–65. doi: 10.1182/blood-2012-03-416867

132. van Bergen J, Thompson A, van der Slik A, Ottenhoff TH, Gussekloo

J, Koning F. Phenotypic and functional characterization of CD4T

cells expressing killer Ig-like receptors. J Immunol. (2004) 173:6719–

26. doi: 10.4049/jimmunol.173.11.6719

133. Lafarge X, Pitard V, Ravet S, Roumanes D, Halary F, Dromer C,

et al. Expression of MHC class I receptors confers functional intraclonal

heterogeneity to a reactive expansion of gammadelta T cells. Eur J Immunol.

(2005) 35:1896–905. doi: 10.1002/eji.200425837

134. Pradier A, PapaserafeimM, Li N, Rietveld A, Kaestel C, Gruaz L, et al. Small-

molecule immunosuppressive drugs and therapeutic immunoglobulins

differentially inhibit NK cell effector functions in vitro. Front Immunol.

(2019) 10:556. doi: 10.3389/fimmu.2019.00556

135. Schmidt S, Schubert R, Demir A, Lehrnbecher T. Distinct effects of

immunosuppressive drugs on the anti-aspergillus activity of human natural

killer cells. Pathogens. (2019) 8:4. doi: 10.3390/pathogens8040246

136. Sivori S, Carlomagno S, Falco M, Romeo E, Moretta L, Moretta A. Natural

killer cells expressing the KIR2DS1-activating receptor efficiently kill T-cell

blasts and dendritic cells: implications in haploidentical HSCT. Blood. (2011)

117:4284–92. doi: 10.1182/blood-2010-10-316125

137. Wojtowicz A, Bochud PY. Risk stratification and immunogenetic risk for

infections following stem cell transplantation. Virulence. (2016) 7:917–

29. doi: 10.1080/21505594.2016.1234566

138. Kao RL, Holtan SG. Host and graft factors impacting infection risk in

hematopoietic cell transplantation. Infect Dis Clin North Am. (2019) 33:311–

29. doi: 10.1016/j.idc.2019.02.001

139. Cook M, Briggs D, Craddock C, Mahendra P, Milligan D, Fegan C, et al.

Donor KIR genotype has a major influence on the rate of cytomegalovirus

reactivation following T-cell replete stem cell transplantation. Blood. (2006)

107:1230–2. doi: 10.1182/blood-2005-03-1039

140. Gallez-Hawkins GM, Franck AE, Li X, Thao L, Oki A, Gendzekhadze K, et al.

Expression of activating KIR2DS2 and KIR2DS4 genes after hematopoietic

cell transplantation: relevance to cytomegalovirus infection. Biol Blood

Marrow Transplant. (2011) 17:1662–72. doi: 10.1016/j.bbmt.2011.04.008

141. Lister J, Rybka WB, Donnenberg AD, deMagalhaes-Silverman M, Pincus

SM, Bloom EJ, et al. Autologous peripheral blood stem cell transplantation

and adoptive immunotherapy with activated natural killer cells in the

immediate posttransplant period. Clin Cancer Res. (1995) 1:607–14. PubMed

PMID: 9816022.

142. Burns LJ, Weisdorf DJ, DeFor TE, Repka TL, Ogle KM, Hummer C, et al.

Enhancement of the anti-tumor activity of a peripheral blood progenitor cell

graft by mobilization with interleukin 2 plus granulocyte colony-stimulating

factor in patients with advanced breast cancer. Exp Hematol. (2000) 28:96–

103. doi: 10.1016/S0301-472X(99)00129-0

143. Burns LJ, Weisdorf DJ, DeFor TE, Vesole DH, Repka TL, Blazar BR,

et al. IL-2-based immunotherapy after autologous transplantation for

lymphoma and breast cancer induces immune activation and cytokine

release: a phase I/II trial. Bone Marrow Transplant. (2003) 32:177–

86. doi: 10.1038/sj.bmt.1704086

144. Ishikawa E, Tsuboi K, Saijo K, Harada H, Takano S, Nose T, et al. Autologous

natural killer cell therapy for human recurrent malignant glioma. Anticancer

Res. (2004) 24:1861–71.

145. Krause SW, Gastpar R, Andreesen R, Gross C, Ullrich H, Thonigs G,

et al. Treatment of colon and lung cancer patients with ex vivo heat shock

protein 70-peptide-activated, autologous natural killer cells: a clinical phase

i trial. Clin Cancer Res. (2004) 10:3699–707. doi: 10.1158/1078-0432.CCR-0

3-0683

146. Krieger E, Sabo R, Moezzi S, Cain C, Roberts C, Kimball P, et al. Killer

immunoglobulin-like receptor-ligand interactions predict clinical outcomes

following unrelated donor transplantations. Biol Blood Marrow Transplant.

(2020) 26:672–82. doi: 10.1016/j.bbmt.2019.10.016

147. Montaldo E, Del Zotto G, Della Chiesa M, Mingari MC, Moretta A,

De Maria A, et al. Human NK cell receptors/markers: a tool to analyze

NK cell development, subsets and function. Cytometry A. (2013) 83:702–

13. doi: 10.1002/cyto.a.22302

148. Scoville SD, Freud AG, Caligiuri MA. Modeling human natural killer cell

development in the era of innate lymphoid cells. Front Immunol. (2017)

8:360. doi: 10.3389/fimmu.2017.00360

149. Cooper MA, Fehniger TA, Caligiuri MA. The biology of

human natural killer-cell subsets. Trends Immunol. (2001)

22:633–40. doi: 10.1016/S1471-4906(01)02060-9

150. Bjorkstrom NK, Riese P, Heuts F, Andersson S, Fauriat C, Ivarsson MA, et al.

Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim

NK-cell differentiation uncoupled from NK-cell education. Blood. (2010)

116:3853–64. doi: 10.1182/blood-2010-04-281675

151. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer cells:

development, maturation, and clinical utilization. Front Immunol. (2018)

9:1869. doi: 10.3389/fimmu.2018.01869

152. Russo A, Oliveira G, Berglund S, Greco R, Gambacorta V, Cieri N,

et al. NK cell recovery after haploidentical HSCT with posttransplant

cyclophosphamide: dynamics and clinical implications. Blood. (2018)

131:247–62. doi: 10.1182/blood-2017-05-780668

153. Foley B, Cooley S, Verneris MR, Curtsinger J, Luo X, Waller EK, et al. NK

cell education after allogeneic transplantation: dissociation between recovery

of cytokine-producing and cytotoxic functions. Blood. (2011) 118:2784–

92. doi: 10.1182/blood-2011-04-347070

154. Yu J, Venstrom JM, Liu XR, Pring J, Hasan RS, O’Reilly RJ, et al.

Breaking tolerance to self, circulating natural killer cells expressing inhibitory

KIR for non-self HLA exhibit effector function after T cell-depleted

allogeneic hematopoietic cell transplantation. Blood. (2009) 113:3875–

84. doi: 10.1182/blood-2008-09-177055

155. Rathmann S, Glatzel S, Schonberg K, Uhrberg M, Follo M, Schulz-Huotari

C, et al. Expansion of NKG2A-LIR1- natural killer cells in HLA-matched,

killer cell immunoglobulin-like receptors/HLA-ligand mismatched patients

following hematopoietic cell transplantation. Biol Blood Marrow Transplant.

(2010) 16:469–81. doi: 10.1016/j.bbmt.2009.12.008

156. Moretta L, Locatelli F, Pende D, Marcenaro E, Mingari MC, Moretta A.

Killer Ig-like receptor-mediated control of natural killer cell alloreactivity

in haploidentical hematopoietic stem cell transplantation. Blood. (2011)

117:764–71. doi: 10.1182/blood-2010-08-264085

157. Joncker NT, Shifrin N, Delebecque F, Raulet DH. Mature natural killer cells

reset their responsiveness when exposed to an altered MHC environment. J

Exp Med. (2010) 207:2065–72. doi: 10.1084/jem.20100570

158. Elliott JM, Wahle JA, Yokoyama WM. MHC class I-deficient

natural killer cells acquire a licensed phenotype after transfer

into an MHC class I-sufficient environment. J Exp Med. (2010)

207:2073–9. doi: 10.1084/jem.20100986

159. Boudreau JE, Liu XR, Zhao Z, Zhang A, Shultz LD, Greiner DL, et al.

Cell-Extrinsic MHC Class I molecule engagement augments human NK

cell education programmed by cell-intrinsic MHC class I. Immunity. (2016)

45:280–91. doi: 10.1016/j.immuni.2016.07.005

160. Rogatko-Koros M, Mika-Witkowska R, Bogunia-Kubik K, Wysoczanska B,

Jaskula E, Koscinska K, et al. Prediction of NK cell licensing level in selection

of hematopoietic stem cell donor, initial results. Arch Immunol Ther Exp

(Warsz). (2016) 64(Suppl 1):63–71. doi: 10.1007/s00005-016-0438-2

161. Graczyk-Pol E, Rogatko-Koros M, Nestorowicz K, Gwozdowicz S, Mika-

Witkowska R, Pawliczak D, et al. Role of donor HLA class I mismatch,

KIR-ligand mismatch and HLA:KIR pairings in hematological malignancy

relapse after unrelated hematopoietic stem cell transplantation. HLA. (2018)

92 Suppl 2:42–6. doi: 10.1111/tan.13386

162. Nowak J, Gwozdowicz S, Graczyk-Pol E, Mika-Witkowska R, Rogatko-Koros

M, Nestorowicz K, et al. Epstein-Barr virus infections are strongly dependent

on activating and inhibitory KIR-HLA pairs after T-cell replate unrelated

hematopoietic stem cell transplantation, the principles, and method of

pairing analysis. HLA. (2019) 94 Suppl 2:40–8. doi: 10.1111/tan.13770

163. Zhao XY, Yu XX, Xu ZL, Cao XH, Huo MR, Zhao XS, et al. Donor

and host coexpressing KIR ligands promote NK education after allogeneic

Frontiers in Immunology | www.frontiersin.org 16 September 2020 | Volume 11 | Article 202219

https://doi.org/10.3324/haematol.2009.021121
https://doi.org/10.1182/blood-2005-04-1644
https://doi.org/10.1182/blood-2012-03-416867
https://doi.org/10.4049/jimmunol.173.11.6719
https://doi.org/10.1002/eji.200425837
https://doi.org/10.3389/fimmu.2019.00556
https://doi.org/10.3390/pathogens8040246
https://doi.org/10.1182/blood-2010-10-316125
https://doi.org/10.1080/21505594.2016.1234566
https://doi.org/10.1016/j.idc.2019.02.001
https://doi.org/10.1182/blood-2005-03-1039
https://doi.org/10.1016/j.bbmt.2011.04.008
https://doi.org/10.1016/S0301-472X(99)00129-0
https://doi.org/10.1038/sj.bmt.1704086
https://doi.org/10.1158/1078-0432.CCR-03-0683
https://doi.org/10.1016/j.bbmt.2019.10.016
https://doi.org/10.1002/cyto.a.22302
https://doi.org/10.3389/fimmu.2017.00360
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1182/blood-2010-04-281675
https://doi.org/10.3389/fimmu.2018.01869
https://doi.org/10.1182/blood-2017-05-780668
https://doi.org/10.1182/blood-2011-04-347070
https://doi.org/10.1182/blood-2008-09-177055
https://doi.org/10.1016/j.bbmt.2009.12.008
https://doi.org/10.1182/blood-2010-08-264085
https://doi.org/10.1084/jem.20100570
https://doi.org/10.1084/jem.20100986
https://doi.org/10.1016/j.immuni.2016.07.005
https://doi.org/10.1007/s00005-016-0438-2
https://doi.org/10.1111/tan.13386
https://doi.org/10.1111/tan.13770
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gao et al. KIR and Transplant Outcomes

hematopoietic stem cell transplantation. Blood Adv. (2019) 3:4312–

25. doi: 10.1182/bloodadvances.2019000242

164. Elmaagacli AH, Steckel NK, Koldehoff M, Hegerfeldt Y, Trenschel R,

Ditschkowski M, et al. Early human cytomegalovirus replication after

transplantation is associated with a decreased relapse risk: evidence for a

putative virus-versus-leukemia effect in acute myeloid leukemia patients.

Blood. (2011) 118:1402–12. doi: 10.1182/blood-2010-08-304121

165. Della Chiesa M, Falco M, Podesta M, Locatelli F, Moretta L, Frassoni F, et al.

Phenotypic and functional heterogeneity of human NK cells developing after

umbilical cord blood transplantation: a role for human cytomegalovirus?

Blood. (2012) 119:399–410. doi: 10.1182/blood-2011-08-372003

166. Foley B, Cooley S, Verneris MR, Pitt M, Curtsinger J, Luo X, et al.

Cytomegalovirus reactivation after allogeneic transplantation promotes a

lasting increase in educated NKG2C+ natural killer cells with potent

function. Blood. (2012) 119:2665–74. doi: 10.1182/blood-2011-10-386995

167. Horowitz A, Guethlein LA, Nemat-Gorgani N, Norman PJ, Cooley S,

Miller JS, et al. Regulation of adaptive NK cells and CD8T cells

by HLA-C correlates with allogeneic hematopoietic cell transplantation

and with cytomegalovirus reactivation. J Immunol. (2015) 195:4524–

36. doi: 10.4049/jimmunol.1401990

168. Jin F, Lin H, Gao S, Wang H, Yan H, Guo J, et al. Characterization

of IFNgamma-producing natural killer cells induced by cytomegalovirus

reactivation after haploidentical hematopoietic stem cell transplantation.

Oncotarget. (2017) 8:51–63. doi: 10.18632/oncotarget.13916

169. Beziat V, Liu LL, Malmberg JA, Ivarsson MA, Sohlberg E, Bjorklund AT,

et al. NK cell responses to cytomegalovirus infection lead to stable imprints

in the human KIR repertoire and involve activating KIRs. Blood. (2013)

121:2678–88. doi: 10.1182/blood-2012-10-459545

170. Djaoud Z, David G, Bressollette C, Willem C, Rettman P, Gagne K,

et al. Amplified NKG2C+ NK cells in cytomegalovirus (CMV) infection

preferentially express killer cell Ig-like receptor 2DL: functional impact

in controlling CMV-infected dendritic cells. J Immunol. (2013) 191:2708–

16. doi: 10.4049/jimmunol.1301138

171. Charoudeh HN, Terszowski G, Czaja K, Gonzalez A, Schmitter K, Stern

M. Modulation of the natural killer cell KIR repertoire by cytomegalovirus

infection. Eur J Immunol. (2013) 43:480–7. doi: 10.1002/eji.201242389

172. Della Chiesa M, Falco M, Bertaina A, Muccio L, Alicata C, Frassoni F,

et al. Human cytomegalovirus infection promotes rapid maturation of NK

cells expressing activating killer Ig-like receptor in patients transplanted

with NKG2C-/- umbilical cord blood. J Immunol. (2014) 192:1471–

9. doi: 10.4049/jimmunol.1302053

173. Muccio L, Bertaina A, Falco M, Pende D, Meazza R, Lopez-Botet M, et al.

Analysis of memory-like natural killer cells in human cytomegalovirus-

infected children undergoing alphabeta+T and B cell-depleted

hematopoietic stem cell transplantation for hematological malignancies.

Haematologica. (2016) 101:371–81. doi: 10.3324/haematol.2015.1

34155

174. Davis ZB, Cooley SA, Cichocki F, FelicesM,Wangen R, Luo X, et al. Adaptive

natural killer cell and killer cell immunoglobulin-like receptor-expressing

T cell responses are induced by cytomegalovirus and are associated with

protection against cytomegalovirus reactivation after allogeneic donor

hematopoietic cell transplantation. Biol Blood Marrow Transplant. (2015)

21:1653–62. doi: 10.1016/j.bbmt.2015.05.025

175. Lodolce JP, Boone DL, Chai S, Swain RE, Dassopoulos T, Trettin

S, et al. IL-15 receptor maintains lymphoid homeostasis by

supporting lymphocyte homing and proliferation. Immunity. (1998)

9:669–76. doi: 10.1016/S1074-7613(00)80664-0

176. Cooper MA, Bush JE, Fehniger TA, VanDeusen JB, Waite RE, Liu Y, et al. In

vivo evidence for a dependence on interleukin 15 for survival of natural killer

cells. Blood. (2002) 100:3633–8. doi: 10.1182/blood-2001-12-0293

177. Bosch M, Dhadda M, Hoegh-Petersen M, Liu Y, Hagel LM, Podgorny

P, et al. Immune reconstitution after anti-thymocyte globulin-

conditioned hematopoietic cell transplantation. Cytotherapy. (2012)

14:1258–75. doi: 10.3109/14653249.2012.715243

178. Servais S, Menten-Dedoyart C, Beguin Y, Seidel L, Gothot A, Daulne C, et al.

Impact of pre-transplant anti-T cell globulin (ATG) on immune recovery

after myeloablative allogeneic peripheral blood stem cell transplantation.

PLoS ONE. (2015) 10:e0130026. doi: 10.1371/journal.pone.0130026

179. Retiere C, Willem C, Guillaume T, Vie H, Gautreau-Rolland L, Scotet E,

et al. Impact on early outcomes and immune reconstitution of high-dose

post-transplant cyclophosphamide vs. anti-thymocyte globulin after reduced

intensity conditioning peripheral blood stem cell allogeneic transplantation.

Oncotarget. (2018) 9:11451–64. doi: 10.18632/oncotarget.24328

180. Nguyen S, Kuentz M, Vernant JP, Dhedin N, Bories D, Debre P, et al.

Involvement of mature donor T cells in the NK cell reconstitution after

haploidentical hematopoietic stem-cell transplantation. Leukemia. (2008)

22:344–52. doi: 10.1038/sj.leu.2405041

181. Fehniger TA, Cooper MA, Nuovo GJ, Cella M, Facchetti F, Colonna

M, et al. CD56bright natural killer cells are present in human lymph

nodes and are activated by T cell-derived IL-2: a potential new

link between adaptive and innate immunity. Blood. (2003) 101:3052–

7. doi: 10.1182/blood-2002-09-2876

182. Ferlazzo G, Thomas D, Lin SL, Goodman K, Morandi B, Muller WA,

et al. The abundant NK cells in human secondary lymphoid tissues require

activation to express killer cell Ig-like receptors and become cytolytic. J

Immunol. (2004) 172:1455–62. doi: 10.4049/jimmunol.172.3.1455

183. Zhao XY, Huang XJ, Liu KY, Xu LP, Liu DH. Reconstitution of

natural killer cell receptor repertoires after unmanipulated HLA-

mismatched/haploidentical blood and marrow transplantation: analyses

of CD94:NKG2A and killer immunoglobulin-like receptor expression and

their associations with clinical outcome. Biol Blood Marrow Transplant.

(2007) 13:734–44. doi: 10.1016/j.bbmt.2007.02.010

184. Bunting MD, Varelias A, Souza-Fonseca-Guimaraes F, Schuster IS,

Lineburg KE, Kuns RD, et al. GVHD prevents NK-cell-dependent

leukemia and virus-specific innate immunity. Blood. (2017) 129:630–

42. doi: 10.1182/blood-2016-08-734020

185. Ullrich E, Salzmann-Manrique E, Bakhtiar S, Bremm M, Gerstner S,

Herrmann E, et al. Relation between Acute GVHD and NK cell

subset reconstitution following allogeneic stem cell transplantation. Front

Immunol. (2016) 7:595. doi: 10.3389/fimmu.2016.00595

186. Hu LJ, Zhao XY, Yu XX, Lv M, Han TT, Han W, et al. Quantity and quality

reconstitution of NKG2A(+) natural killer cells are associated with graft-

versus-host disease after allogeneic hematopoietic cell transplantation. Biol

Blood Marrow Transplant. (2019) 25:1–11. doi: 10.1016/j.bbmt.2018.08.008

187. Giebel S, Dziaczkowska J, Czerw T, Wojnar J, Krawczyk-Kulis M,

Nowak I, et al. Sequential recovery of NK cell receptor repertoire after

allogeneic hematopoietic SCT. Bone Marrow Transplant. (2010) 45:1022–

30. doi: 10.1038/bmt.2009.384

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Gao, Ye, Gao, Huang and Zhao. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 17 September 2020 | Volume 11 | Article 202220

https://doi.org/10.1182/bloodadvances.2019000242
https://doi.org/10.1182/blood-2010-08-304121
https://doi.org/10.1182/blood-2011-08-372003
https://doi.org/10.1182/blood-2011-10-386995
https://doi.org/10.4049/jimmunol.1401990
https://doi.org/10.18632/oncotarget.13916
https://doi.org/10.1182/blood-2012-10-459545
https://doi.org/10.4049/jimmunol.1301138
https://doi.org/10.1002/eji.201242389
https://doi.org/10.4049/jimmunol.1302053
https://doi.org/10.3324/haematol.2015.134155
https://doi.org/10.1016/j.bbmt.2015.05.025
https://doi.org/10.1016/S1074-7613(00)80664-0
https://doi.org/10.1182/blood-2001-12-0293
https://doi.org/10.3109/14653249.2012.715243
https://doi.org/10.1371/journal.pone.0130026
https://doi.org/10.18632/oncotarget.24328
https://doi.org/10.1038/sj.leu.2405041
https://doi.org/10.1182/blood-2002-09-2876
https://doi.org/10.4049/jimmunol.172.3.1455
https://doi.org/10.1016/j.bbmt.2007.02.010
https://doi.org/10.1182/blood-2016-08-734020
https://doi.org/10.3389/fimmu.2016.00595
https://doi.org/10.1016/j.bbmt.2018.08.008
https://doi.org/10.1038/bmt.2009.384~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Nicolaus Martin Kröger,

Universität Hamburg, Germany

Reviewed by:
Michael Medinger,

University Hospital of Basel,
Switzerland
Jun Peng,

Shandong University, China

*Correspondence:
Depei Wu

wudepeisz@163.com
Yue Han

hanyue@suda.edu.cn

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

Alloimmunity and Transplantation,
a section of the journal

Frontiers in Immunology

Received: 22 May 2020
Accepted: 30 November 2020
Published: 20 January 2021

Citation:
Zhang R, Zhou M, Qi J, Miao W,
Zhang Z, Wu D and Han Y (2021)

Efficacy and Safety of Eculizumab in
the Treatment of Transplant-

Associated Thrombotic
Microangiopathy: A Systematic

Review and Meta-Analysis.
Front. Immunol. 11:564647.

doi: 10.3389/fimmu.2020.564647

SYSTEMATIC REVIEW
published: 20 January 2021

doi: 10.3389/fimmu.2020.564647
Efficacy and Safety of Eculizumab
in the Treatment of Transplant-
Associated Thrombotic
Microangiopathy: A Systematic
Review and Meta-Analysis
Rui Zhang1,2,3,4†, Meng Zhou1,2,3,4,5†, Jiaqian Qi1,2,3,4,5†, Wenjing Miao1,2,3,4,
Ziyan Zhang1,3,5, Depei Wu1,2,3,4,5,6* and Yue Han1,2,3,4,5,6*

1 Jiangsu Institute of Hematology, The First Affiliated Hospital of Soochow University, Suzhou, China, 2 Collaborative
Innovation Center of Hematology, Soochow University, Suzhou, China, 3 Institute of Blood and Marrow Transplantation,
Suzhou, China, 4 Key Laboratory of Thrombosis and Hemostasis of Ministry of Health, Suzhou, China, 5 National Clinical
Research Center for Hematologic Diseases, Suzhou, China, 6 State Key Laboratory of Radiation Medicine and Protection,
Soochow University, Suzhou, China

Background: Transplant-associated thrombotic microangiopathy (TA-TMA) is a
dangerous and life-threatening complication in patients undergoing hematopoietic stem
cell transplantation (HSCT). Eculizumab has been used in the treatment of TA-TMA, and
several studies have confirmed the benefit of Eculizumab in patients with TA-TMA.
However, the results remain controversial. We conducted a systematic review and
meta-analysis to evaluate the efficacy and safety of Eculizumab for TA-TMA.

Materials and Methods: We searched PubMed and Embase for studies on the efficacy
and safety of Eculizumab in TA-TMA patients. Efficacy outcomes consisted of overall
response rate (ORR), complete response rate (CRR), and survival rate at the last follow-up
(SR). Safety outcomes were adverse events (AEs), including infection, sepsis, impaired
liver function, infusion reactions, and death.

Results: A total of 116 patients from six studies were subjected to meta-analysis. The
pooled estimates of ORR, CRR, and SR for TA-TMA patients were 71% (95% CI: 58–
82%), 32% (95%CI: 11–56%), and 52% (95%CI: 40–65%), respectively. Only one patient
presented with a severe rash, and infection was the most common AEs. The main causes
of death were infection and GvHD.

Conclusion: Current evidence suggests that Eculizumab improves SR and ORR in
patients with TA-TMA and that Eculizumab is well tolerated. However, the number of
studies is limited, and the findings are based mainly on data from observational studies.
Higher quality randomized controlled trials and more extensive prospective cohort studies
are needed.

Keywords: Eculizumab, terminal complement inhibitor, transplant-associated thrombotic microangiopathy,
hematopoietic stem cell transplantation, efficacy, safety, meta-analysis
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INTRODUCTION

Hematopoietic stem cell transplantation (HSCT) is a recognized
treatment for both malignant and non-malignant diseases. While
this treatment has increased cure rates and reduced disease
mortality, its complications remain life-threatening and of
concern. Transplant-associated thrombotic microangiopathy
(TA-TMA) is one of the most devastating complications of
hematopoietic stem cell transplantation. A recent study
reported a 3-year cumulative incidence rate of 3% for TA-
TMA, and TA-TMA was associated with high mortality (HR =
3.1, 95% CI: 2.8–16.3%) (1). Treatment intensity, use of
calcitonin inhibitors (CNIs), graft-versus-host disease (GvHD),
and viral infection are risk factors for TA-TMA (2, 3). Patients
with TA-TMA are characterized by microangiopathic hemolytic
anemia, unexplained thrombocytopenia, elevated lactate
dehydrogenase (LDH), and endothelial injury-related organ
failure, such as hypertension, chronic kidney disease (CKD),
pulmonary hypertension, gastrointestinal or central nervous
system disease (4). TA-TMA is mainly defined with two
standard diagnostic criteria. One is the International Working
Group (IWG) (thrombocytopenia in the blood; new-onset,
prolonged or progressive thrombocytopenia; sudden and
persistent elevation of LDH; decreased hemoglobin or
increased transfusion requirements, decreased serum
hemoglobin) (5), and the other is overall-TMA (O-TMA) as
demonstrated by Cho et al. (Elevated LDH; new-onset
thrombocytopenia with a platelet count <50 × 109/L or
thrombocytopenia >50%; new-onset anemia with hemoglobin
below the lower limit of normal or requiring transfusion support;
the presence of typed cells in peripheral blood or histological
evidence of microangiopathy in tissue specimens; no coagulation
dysfunction, negative Coombs test) (6). The mechanism of how
systemic microvascular endothelial injury leads to TA-TMA
remains unclear. Due to its similar histomorphology to atypical
hemolytic uremic syndrome (aHUS), most studies suggest that it
is dysregulation of the complement system that causes TA-TMA
to occur (7–9). Subsequently, C5 is cleaved to C5a and C5b,
forming a cell membrane attack complex (MAC, C5b-9) on the
surface of the endothelial cells, resulting in further endothelial
cell damage (8). Significantly elevated plasma C3b, sC5b-9 levels
were observed in TA-TMA patients (10).

There is no consensus on care strategies for TA-TMA.
Conventional treatments, including supportive care measures,
withdrawal of CNIs, therapeutic plasma exchange (TPE) and
pharmacological treatments such as rituximab, defibrotide, and
daclizumab have been used in the treatment of TA-TMA (8).
Recently, the use of Eculizumab for the treatment of TA-TMA
has raised concerns. With more and more case reports reaching
remission (11–13), Eculizumab has shown its benefits in the
treatment of patients with TA-TMA. Eculizumab is a terminal
complement inhibitor that works by inhibiting the cleavage of C5
to C5a and C5b. C5b-9 is then blocked from forming on the
surface of endothelial cells (14). Since the FDA approved
Eculizumab for the treatment of atypical hemolytic uremic
syndrome (aHUS) (15), TA-TMA patients treated with
Eculizumab were treated according to the standard regimen of
Frontiers in Immunology | www.frontiersin.org 222
aHUS (16). Patients received induction therapy with Eculizumab
900mg once a week for four weeks. When hematological signs of
TA-TMA resolved, maintenance therapy was continued with
1,200 mg given every two weeks (17, 18). Some researchers have
paid attention to evaluate the therapeutic benefits of Eculizumab
in patients with TA-TMA. A study by Joslyn et al. showed a
hematological response rate of 70% in patients with TA-TMA
after Eculizumab treatment (19), similar to the 67% reported by
Michelle et al. (20), but much worse compared to the 93%
reported by Stephan et al. (21). In addition, the survival rate of
60% (19) studied by Joslyn et al. was similar to that of Michelle
et al.’s 67% (20) and more favorable than that of Stephan et al.
(33%) (21). The efficacy results vary from study to study.

To determine which factors may contribute to diversity in
response rates and survival, we systematically reviewed relevant
studies of Eculizumab in patients with TA-TMA and performed
a meta-analysis to better understand the efficacy and safety
of Eculizumab.
MATERIALS AND METHODS

Search Strategy
PubMed and Embase databases were searched from their
inception up to February 15, 2020, for relevant studies, and
publication language was restricted as English. The search
strategy was based on the following combined MeSH terms:
((((“Transplantation”[Mesh]) OR Transplantations[Title/
Abstract])) AND ((“Thrombotic Microangiopathies”[Mesh])
OR (((Microangiopathies, Thrombotic[Title/Abstract]) OR
Microangiopathy, Thrombotic[Title/Abstract]) OR Thrombotic
Microangiopathy[Title/Abstract]))) AND ((((((((Eculizumab)
OR Alexion) OR Soliris) OR 5G1.1) OR H5G1.1VHC
+H5G1.1VLC) OR H5G1.1) OR H5G1-1) OR H5G11). The
systematic review and meta-analysis were conducted and
reported in compliance with the PRISMA statement (22).

Selection Criteria
Studies eligible in the meta-analysis met the following criteria:
(1) Patients developed TMA after hematopoietic stem cell
transplantation; (2) Eculizumab was regarded as first-line
therapy or second-line therapy; (3) studies are cohort studies
and data from case, letter, review, conference abstract were not
taken into consideration. (4) Outcomes of this meta-analysis will
include complete response, overall response, survival rate, and
adverse events (AEs). To minimize bias in the selected pieces of
literature, each paper with a title and a general meeting, our
inclusion criteria were checked by two reviewers independently.
Then full texts were identified and reevaluated carefully. Any
disagreements were further discussed and resolved by consulting
a senior investigator to reach a consensus.

Outcome Measures
The diagnosis of TA-TMA was identified according to IWG (5)
or O-TMA (6). Hematological response (HR) was defined as
disappearance of schistocytes, normalization of LDH and
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haptoglobin, and dependence of transfusion. Complete response
(CR) was defined as hematological response with resolution of
organ dysregulation caused by TMA. Among outcomes of
patients undergoing Eculizumab therapy, which included
hematological response (HR), complete response (CR) and no
response (NR), an effective overall response (OR) was composed
of CR and HR. The survival rate (SR) was evaluated at the last
follow-up of each study. Adverse events were reported at baseline
and a follow-up visit with a focus on meningococcal infections,
serious infections, sepsis, hepatic impairment, infusion reaction,
and death.

Data Extraction
We extracted general characteristics, including the surname of
the first author, year of publication, setting, sample size from
each included study. Pretreatment patient data collected
included age, gender, primary disease, type of transplant,
diagnostic criteria, the level of serum sC5b-9, time from HSCT
to TA-TMA diagnosis, time from TA-TMA diagnosis to
Eculizumab use. Treatment variables included median days of
Eculizumab therapy, median Eculizumab dose, outcomes
and prognosis.

Quality Assessment
The Newcastle–Ottawa Quality Assessment Scale for Cohort
Studies was applied to evaluate the quality and risk of bias of
included studies (23).

Statistical Analysis
Efficacy was evaluated by the overall response rate (ORR),
complete response rate (CRR), survival rate (SR). Safety of
Eculizumab was evaluated by adverse events (AEs) including
treatment-emergent adverse events (TEAEs), treatment-related
adverse events (TRAEs), serious adverse events (SAEs), and
cause of death. All the raw data extracted from the studies
were transformed with the Freeman–Tukey double arcsine
method. Estimated proportions (ES) with 95% confidence
intervals (CIs) were calculated for ratio outcomes. The
presence of heterogeneity was assessed by using the chi-square
test of heterogeneity and the I2 measure of inconsistency. Higher
I2 value and lower P-value indicate a greater degree of
heterogeneity, and I2 values ≤25%, between 25 and 50%, and
≥50% were equal to low, median, and substantial heterogeneity,
respectively. A random-effects model was used regardless of
heterogeneity. Considering some significant factors might affect
clinical response, survival and prognosis, subgroup analyses and
meta-regression for the overall response rate (ORR) and survival
rate (SR) were performed based on publication year, setting,
sample size, age, primary disease, median days between
transplant to TA-TMA, Eculizumab as first-line therapy,
overall median therapy duration, the median number of
Eculizumab doses if relevant data were available. The p-value
of meta-regression of publication <0.05 accounted for the
existence of heterogeneity. Funnel plots were inappropriate to
perform as the total number of included studies were six (<10).
Sensitivity analyses were conducted further to decide the stability
and reliability of the results we performed by deletion of every
Frontiers in Immunology | www.frontiersin.org 323
single investigation. All statistical analyses were conducted using
R (version 3.6.2). A two-tailed P value of less than 0.05 was
considered statistically significant.
RESULTS

Data Sources
In all, 592 publications were initially identified based on
literature search parameters (Figure 1). A total of 98 were
discarded for duplicates, and 482 records were removed by
inspecting the titles and abstracts based on prospective search
criteria. After full-text evaluations of the remaining 12 articles,
six were considered to be eligible for the systematic review and
meta-analysis according to the selection criteria (19–21, 24–26).
The necessary information of the included six articles was
summarized in Table 1. These articles were published, ranging
from 2015 to 2020. TA-TMA was diagnosed mainly by adopting
O-TMA proposed by Cho et al. Treatment with Eculizumab was
primarily administered following the recommended dose for
aHUS. And for pediatric patients, the dose of Eculizumab
followed the protocol of Jodele et al. Baseline characteristics of
patients including age, gender, primary disease, type of
transplant and Eculizumab treatment, and outcomes of efficacy
and safety endpoints were described in Table 2. TA-TMA was
diagnosed at a median age of 23 years (range1.2–66) post-
transplantation. Most patients had transplant performed for
hematological malignancy, neuroblastoma, as well as immune
deficiency. Of patients with available information, 82.8%
received allogeneic hematopoietic cell transplantation, 69.9%
received CNI treatment at the time of diagnosis, aGvHD
occurred in 39.7%, and viral infection was 26.7%.

Efficacy Outcomes
A total of six articles, including 116 patients were eligible for the
analysis of overall response rate (ORR) (19–21, 24–26). It
showed that the heterogeneity among the included studies was
median (I2 = 30%, P = 0.21). Pooled result of ORR in TA-TMA
patients treated with Eculizumab was 71% (95%CI: 58–82%)
(Figure 2). Subgroup analysis and meta-regression were
conducted to evaluate the potential effects of setting, sample
size, age, primary disease, median days between transplant to
TA-TMA, Eculizumab as first-line or second-line, therapy
duration, the median number of Eculizumab doses (Table S1).
Subgroup analysis of setting showed that the pooled ORR of
single-center (ORR = 74%, 95%CI:57–88%) was numerically
higher than that of multicenter (ORR = 63%, 95%CI:35–87%).
Subgroup analysis of the number of Eculizumab dose showed
that the pooled ORR of dose ≥8 was 75% (95%CI:58–89%),
which is higher than that <8 (ORR = 59%, 95%CI:37–80%). The
therapy duration <60 days achieved a higher survival rate
(ORR = 84%, 95%CI:57–100%) than that ≥60 days (ORR =
64%, 95%CI:54–75%). However, the p-value of meta-regression
of variables were all >0.05, which did not account for the
existence of heterogeneity. The application of sensitivity
analysis showed that the study by Stephan et al. (21) impacted
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the overall results (Figure S1), which was a historically
controlled, single-center study as opposed to the other
observational studies.

Among these included studies, five studies reported the
complete response rate (CRR) for TA-TMA patients receiving
Eculizumab treatment (19, 20, 24–26). The heterogeneity among
included studies was substantial (I2 = 73%, P < 0.01) and the
pooled estimate of CRR was 32% (95%CI: 11–56%), which was
much lower than overall response (Figure 3). As the number of
studies was limited, the source of heterogeneity could not be
analyzed by meta-regression. Sensitivity analysis of CRR in TA-
TMA patients treated with Eculizumab informed that Sonata
et al. (26) might be the source of heterogeneity (Figure S2). The
CRR of the study was 88% which was much higher than other
studies, and it is an observational study consisting of 64 pediatric
patients diagnosed as high-risk TA-TMA. All the patients were
offered Eculizumab as first-line therapy, and the median number
of Eculizumab doses given was 11, which is more than that of
other studies.

The survival rate (SR) of TA-TMA patients treated with
Eculizumab was analyzed in six articles (19–21, 24–26). The
heterogeneity among the six included studies was low (I2 = 24%,
P = 0.25). Pooled estimate of SR was 52% (95%CI: 40–65%)
(Figure 4). Subgroup analysis and meta-regression were
Frontiers in Immunology | www.frontiersin.org 424
conducted to evaluate the potential effects of publication year,
setting, sample size, age, primary disease, median days between
transplant to TA-TMA, therapy duration, the median number of
Eculizumab doses (Table S2). Subgroup analysis of sample size
showed that the pooled SR of the size ≤10 (SR = 68%, 95%CI:47–
86%) was numerically higher than that >10 (SR = 45%, 95%
CI:29–61%). Subgroup analysis of age showed that the pooled SR
of pediatric TA-TMA patients (SR = 59%, 95%CI:47–70%) was
numerically higher than that of adult patients (SR = 40%, 95%
CI:24–57%). Subgroup analysis of primary disease indicated that
the pooled SR of hematological disease was 40% (95%CI:24–
57%), which is lower than that of primary disease containing the
hematological disease and others (SR = 59%, 95%CI:47–70%).
The pooled SR of TA-TMA diagnosed during first 100 days after
transplant was 59% (95%CI:48–70%), which was significantly
higher than that of TA-TMA diagnosed more than 100 days after
transplant (SR = 33%, 95%CI:16–53%). The therapy duration of
more than 65 days achieved a higher survival rate (SR = 59%,
95%CI:47–70%) than that less than 65 days (SR = 40%, 95%
CI:24–57%). P-value of median days between transplant and TA-
TMA was 0.0266, which can explain the source of heterogeneity.
The result of sensitivity analysis indicated that omitting the study
of Prajwal et al. (25) and Stephan et al. (21) may influence the
pooled results (Figure S3).
FIGURE 1 | Preferred Reporting Items for Systematic Reviews and Meta-Analyses analysis.
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Safety Outcomes
All six studies were reported that treatment of TA-TMA with
Eculizumab was well tolerated (19–21, 24–26). Among 116
patients, only one case was reported to get severe skin rash leading
to drug discontinuation during Eculizumab therapy (19). Three
studies were reported that some patients developed the infection
after starting Eculizumab therapy for TA-TMA (21, 24, 26), and no
meningococcal infections were reported. After the Eculizumab
therapy, many survivors suffered from CKD and HTN, and much
of them were still depend on dialysis (Table 2). As the data from the
studies were limited, further studies need to analyze the prognosis.

From a total of 55 subjects who died, cause of death can be
divided into four risk factors: GvHD, infection, TA-TMA related
organ failure, relapse of disease, which were presented in Figure 5.
Among these risk factors, the proportion of infection was 31%
(95%CI:6–61%), which is much higher than the other three
factors. And the proportion of GvHD was 26% (95%CI:2–59%).
TA-TMA related death was occupied 23% (95%CI:10–38%).
Death related to relapse of primary disease was the least. No
study was reported that death is related to the use of Eculizumab.

Risk of Bias
The Newcastle-Ottawa scale was used to assess the risk of bias. The
NOS scores of every study ranged from 7 to 9, with an average of
7.7. The detailed information of NOS scores is shown in Table S3.
DISCUSSION

In all six observational studies, including 116 patients, were
included in a systematic review and meta-analysis to
Frontiers in Immunology | www.frontiersin.org 525
investigate the efficacy and safety of Eculizumab in patients
with TA-TMA (19–21, 24–26). After Eculizumab treatment,
almost 71% of patients responded to the therapy. However, the
number of patients who reached full response was significantly
lower (32%). Patients with TA-TMA treated with Eculizumab
had a 52% survival rate at a median follow-up of 13.5 months
after HSCT. Previous treatment strategies for TA-TMA after
HSCT have focused on conventional therapies, including
withdrawal of CNIs, plasmapheresis, defibrillation, rituximab,
and combinations of several therapies (8). A retrospective study
showed that 24% of TA-TMA patients (n = 33) underwent
plasmapheresis and achieved a clinical response with an SR of
45% at 100 days after diagnosis (27). Corti et al. reported a total
of 12 TA-TMA patients undergoing defibrillation in two centers
with an ORR and SR of 67 and 50%, respectively (28). Another
study by Au et al. showed an ORR of 80% (n = 4/5) for rituximab
treatment and a study SR of 60% at a median follow-up of 305
(250–440) d (29). Due to the small sample size reported above, it
is difficult to perform a systematic and comprehensive
comparison between conventional therapy and Eculizumab.
Nonetheless, the summary ORR and SR of Eculizumab from
our meta-analysis appeared higher than traditional treatment.

A retrospective study by Prajwal et al. provided an evaluation
of efficacy for TA-TMA patients treated with Eculizumab (25).
Although they also demonstrated higher response rates and
survival in TA-TMA patients treated with Eculizumab, the
articles they included were mostly cases (11–13). Cases usually
report successful treatment rather than unsuccessful treatment.
The benefit of Eculizumab may be significantly overestimated,
and it is difficult to explain the heterogeneity between cases. In
addition, this retrospective analysis focused on patients with
TABLE 1 | Study from which patient-level data were provided and included in meta-analysis.

Study Year setting diagnostic
criteria

Patients with TMA
after HSCT in the

study

TA-TMA patients with
Eculizumab treatment in the

study

Eculizumab regime

Flore
et al.
(24)

2015 Multicenter O-TMA
criteria

12 12 Induction therapy: 900 mg weekly for 4 weeks
Maintenance therapy: 1,200 mg every 2 weeks

Prajwal
et al.
(25)

2016 Multicenter O-TMA
criteria

9 9 Adult patients: induction therapy was 900 mg weekly for 4
weeks, followed by 1,200 mg every 2 weeks for maintenance
therapy.
Pediatric patients: the first dose was based on weight,
subsequent dose according to CH50.

Stephan
et al.
(21)

2017 Single-
center

O-TMA
criteria

39 15 Induction therapy: 900 mg weekly for 4 weeks
Maintenance therapy: 1,200 mg every 2 weeks

Joslyn
et al.
(19)

2018 Single-
center

O-TMA
criteria

10 10 Induction therapy: 900 mg weekly for 4 weeks
Maintenance therapy: 1,200 mg every 2 weeks

Michelle
et al.
(20)

2019 Single-
center

Before 2010,
IWG criteria
After 2010,
O-TMA
criteria

9 6 Adult patients: induction therapy was 900 mg weekly for 4
weeks, followed by 1,200 mg every 2 weeks for maintenance
therapy.
Pediatric patients: the first dose was based on weight,
subsequent dose according to CH50.

Sonata
et al.
(26)

2020 Single-
center

O-TMA
criteria

177 64 The first dose was based on weight, subsequent dose
according to CH50.
CH50, a total hemolytic complement activity level; HSCT, Hematopoietic stem cell transplantation; IWG, International Working Group; O-TMA, overall-TMA; TA-TMA, Transplant
associated thrombotic microangiopathy.
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refractory discontinuation of calcineurin inhibitors and plasma
exchange in patients with TA-TMA. Eculizumab was considered
second-line therapy, whereas patients receiving Eculizumab as
first-line therapy were not considered. What’s more, adverse
events during Eculizumab treatment were not analyzed. Our
current meta-analysis incorporates the largest number of
observational studies to date. Among these included studies,
we joined the largest cohort to date, which included the terminal
complement blocker Eculizumab as first-line treatment in
patients with TA-TMA, which provides a higher weighting in
the meta-data. Subgroup analysis and meta-regression were
performed to detect heterogeneous sources. A sensitivity
analysis was performed to demonstrate the stability and
reliability of the findings. More importantly, our study
provides not only a pooled assessment of efficacy but also of
AEs and cause of death. Therefore, the current meta-analysis is a
more comprehensive and credible analysis of the effectiveness
and safety of Eculizumab for TA-TMA.

Because efficacy outcomes vary widely across centers, our
current study analyzed which factors may contribute to
differences in response rates and survival rates. Since the p-
values of meta-regression were all greater than 0.05, the
subgroup analysis of ORR could not explain the source of the
Frontiers in Immunology | www.frontiersin.org 626
difference. Flore et al. (24) studied the lowest ORR compared to
four other studies (19–21, 26). Due to the multicenter and
retrospective nature of the study, there was heterogeneity in
patient inclusion criteria, primary disease, stem cell
transplantation characteristics, and Eculizumab regimens. It
seems that this setup may be the source of the ORR
discrepancy. More importantly, the overall response in the
study results was good, but the complete response rate was
meagre. This indicates that the kidney damage is advanced by
the time of Eculizumab treatment. As a result, most patients do
not get organ recovery. From this, it appears that the delay in
Eculizumab treatment may prevent patients from achieving
optimal response and maximum recovery of organ function.
However, in the study by Joslyn et al., the median duration
between diagnosis and Eculizumab therapy was shorter, at four
days, compared to other studies. Only one patient achieved a
complete response and organ function was restored (19). This
suggests that earlier initiation of Eculizumab may have no
significant effect on restoring organ function. How to improve
the full response rate remains a big question. Our subgroup
analysis of TA-TMA patient survival revealed that the time
between HSCT and TA-TMA diagnosis is a potential source of
SR heterogeneity, as the p value for meta-regression for days
TABLE 2 | Baseline characteristics for patients included in meta-analysis.

Variable Flore et al.
(n = 12)

Prajwal et al.
(n = 9)

Stephan et al.
(n = 15)

Joslyn et al.
(n = 10)

Michelle et al.
(n = 6)

Sonata et al.
(n = 64)

Age, median (range) 39(1.2–66) 7(2–61) 48(23–66) 44(17–59) 5.2(2.5–25) 5.5(2.7–11.7)
Gender, male (%) 7(58) 6(67) 7(47) 4(40) 4(67) 40(63)
Primary disease Hematological

disease
Hematological
disease/others

Hematological
disease

Hematological
disease

Hematological
disease/others

Hematological
disease/others

Type of transplant Allo/UCB Allo/Auto Allo Allo/UCB Auto Allo/Auto/UCB
Conditioning regimen MAC/RIC MAC/RIC MAC/RIC MAC/RIC MAC MAC/RIC
Other risk factors at diagnosis, number (%)
CNI used 8(67) 7(78) 9(60) 10(100) NA 49(77)
aGvHD 8(67) 5(56) 12(80) 7(70) 0(0) 14(22)
Affection 6(50) 2(22) 8(67) 8(80) 1(17) 6(9)
Interval between HSCT and diagnosis,
median days

121 68 264 93 35 <100a

sC5b-9 NA NA 456(127-810) NA 151.5(100-460) 398(282-544)
Interval between diagnosis and Eculizumab
therapy, median days

31 24 10 4 18 NA

Eculizumab therapy, median days 65 178 52.5 48.5 110 66
First-line therapy, number (%)/second-line
therapy, number

5(42)/7 2(22)/7 11(73)/4 7(70)/3 6(100)/0 64(100)/0

Eculizumab dose, median dose 6 8 9 6 9.5 11
Overall response, number (%) 6(50) 7(78) 13(93)b 7(70) 4(67) 41(64)
Complete response, number (%) 2(17) 5(56) NA 1(10) 1(17) 36(56)
Survivals, number (%) 4(33) 7(78) 5(33) 6(60) 4(67) 35(55)
Median follow-up months 14 12 8 13 30 15
AEs during Eculizumab therapy Infection No Infection Skin rash NA Infection
Cause of death, numbers (%)
TA-TMA related 4(50) 0 2(20) 0 1(50) 8(28)
Infection 2(25) 0 8(80) 2(50) 0 6(21)
GvHD 2(25) 2(100) 0 1(25) 0 14(48)
Relapse of the primary disease 0 0 0 1(25) 1(50) 1(3)
Prognosis CKD CKD CKD CKD CKD/HTN CKD/HTN
J
anuary 2021 | Volume
Allo,; Auto, Autologous HSCT; CNI, calcineurin inhibitors; HTN hypertension; MAC, myeloablative regimen; RIC, reduced intensity regimen; UCB, umbilical cord blood.
aAs 92% patients were diagnosed TA-TMA at a median of 23 days (IQR 3–48), and five had TA-TMA between 118 and 221 days after transplant, we regarded that the median days of
interval between HSCT and diagnosis was less than 100 days.
bone unknown response due to early death.
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between transplantation and TA-TMA is 0.0266. TA-TMA
diagnosed within the first 100 days after transplantation is
more susceptible to publication bias than TA-TMA more than
100 days after transplantation. Therefore, early diagnosis of TA-
TMA is the key to successful treatment of TA-TMA. However,
the early diagnosis of TA-TMA faces challenges due to
overlapping clinical features and the lack of standard
diagnostic criteria as most studies support the idea that
unregulated complement activation leads to the development
of TA-TMA occurrence (7–9). The search for sensitivity and
specificity of complement activation monitoring biomarkers
should be of interest. Recently, Orsolya et al. showed that early
elevation of sC5b-9 is a predictor of late development of TA-
TMA (30). In this study, sC5b-9 levels increased from baseline
levels to day 28 in patients with TA-TMA (n = 10), while the
same trend was observed in only nine patients (p = 0.031)
without TA-TMA (n = 23). In our meta-analysis, sC5b-9 levels
were documented in three articles, and elevated sC5b-9 was
observed in TA-TMA patients in two studies. However, the
timing of the detection of sC5b-9 levels was not elaborated.
Further studies are needed to determine whether terminal
pathway activation is an independent predictor of TA-TMA
after HSCT. Median age and primary disease may be another two
factors contributing to significant differences between studies
though their p-values of meta-regression are both 0.0827.
Children seem to achieve higher SR than adults. In addition,
SR of TA-TMA patients under treatment of Eculizumab reported
in the studies which focused on hematological disease is lower
Frontiers in Immunology | www.frontiersin.org 727
than that of other studies. Sensitivity analysis of ORR and SR
showed that the investigation by Stephan et al. (21) was a source
of heterogeneity in SR of this meta-analysis. The SR (33%) in this
single-center analysis was significantly lower compared to other
studies. Patients in this study were diagnosed as hematological
disease and the median age was 48 years, which was older than
that of other five reports included. Additionally, the median days
from hematopoietic stem cell transplantation to TA-TMA
diagnosis were 264 days, the longest in all the studies.

The safety profile seems to indicate that Eculizumab is well
tolerated. A more substantial observational data set covering a 5-
year registry of patients with aHUS reported that no new safety
issues were identified in patients treated with adult or pediatric
Eculizumab (31). In our meta-analysis, only one case of TRAEs,
i.e. one patient with a severe rash, was reported, resulting in
discontinuation of Eculizumab therapy. The most commonly
reported AEs are infections. Eculizumab is a monoclonal
antibody that inhibits C5 cleavage and prevents terminal
complement activation (4). Patients treated with Eculizumab
have an increased risk of infection, especially meningococcal
infections, due to the lack of adequate functional complement
(17). Whereas a study by Sonata et al. reported no cases of
meningococcal infections in patients who had not received the
meningococcal vaccine (32). And in our present study, no
meningococcal infections were reported, which corresponds to
the findings of Sonata et al. However, among patients treated
with Eculizumab, the highest number of deaths due to infection
was seen in the study by Stephan et al. Based on their report, an
FIGURE 2 | Forest plot of the estimated proportions (95% CI) for overall response rate (ORR) of the TA-TMA patients after Eculizumab treatment.
FIGURE 3 | Forest plot of the estimated proportions (95% CI) for complete response rate (CRR) of the TA-TMA patients after Eculizumab treatment.
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increase in mortality due to infection in the group treated with
Eculizumab was found compared to the conventional treatment
group (21). Therefore, precaution and treatment of infection are
equally urgent during the treatment of TA-TMA. GvHD is a risk
factor that leads not only to TA-TMA but also to death during
treatment. It has been shown that GvHD almost always precedes
the diagnosis of TA-TMA, and there may be a mechanical link
Frontiers in Immunology | www.frontiersin.org 828
between TA-TMA, GvHD, and endothelial injury (33). Another
study reported that the occurrence of TA-TMA was associated
with risk factors such as aGvHD grade ≥2, steroid-refractory
aGvHD, and CMV reactivation/end-organ disease, but not with
conditioning regimen (RIC or MAC), TBI use or TBI dose,
primary condition, donor type, age, or gender. More
importantly, patients diagnosed with TA-TMA combined with
FIGURE 4 | Forest plot of the estimated proportions (95% CI) for survival rate (SR) of the TA-TMA patients after Eculizumab treatment.
FIGURE 5 | Forest plot of the estimated proportions (95% CI) for cause of death after Eculizumab treatment.
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aGvHD had significantly lower overall survival compared to
patients with TA-TMA alone or GvHD (median 5.6 vs. 7.6 vs.
55.4 months; p < 0.0001) (34). The relationship between TA-TMA
and GvHD is unclear. Future studies should provide information
on the relationship between GvHD and Evidence of the TA-TMA
link. TA-TMA itself is another major cause of death because of
endothelial injury-related organ failure. It is necessary to explore
how endothelial cells are damaged. One study from our center has
reported that heme oxygenase-1 (HO-1) was significantly
decreased in patients with TA-TMA and suppressed oxidative
stress could attenuate complement deposition in TMA plasma-
challenged HUVECs (35). The nuclear factor erythroid 2-related
factor 2 (Nrf2), a transcription factor, initiates transcription of the
HO-1 gene to protect cells from oxidative stress (36). Further
experimental study about Nrf2 and endothelial injury is
undertaken in our center.

Another area that needs to be discussed is how much
Eculizumab needs to be given to achieve a hematological
response and the duration of Eculizumab treatment for TA-
TMA. For adult patients, the dose of induction therapy was 900
mg per week for four weeks. If the patient responds to induction
therapy, the treatment is maintained at 1,200 mg administered
every two weeks. For pediatric patients, the initial dose is based
on body weight, and subsequent dose adjustments are based on
maintaining total hemolytic complement activity (CH50) levels.
Patients weighing less than 40 kg started at 600 mg and others at
900 mg. Induction therapy is also administered weekly for four
weeks, and CH50 should be maintained at complement activator
enzyme (CAE) levels of 0 to 3 (18, 37). The treatment then
transitions to maintenance therapy, which adequately suppresses
CH50 to a scale of three CAE (4) and then to maintenance
therapy. Regarding the question of when Eculizumab can be
safely discontinued, the study by Prajwal et al. proposed that
ECU can be suspended after determining clinical symptoms and
laboratory manifestations (38).

There are still some potential limitations to our study. First,
there is a complete lack of randomized controlled trials and a
limited study population size, and investigators have conducted
limited studies on the efficacy of Eculizumab for TA-TMA. Second,
although there is a great deal of heterogeneity among the included
studies, the limited number of included studies prevents us from
analyzing the sources of heterogeneity. Third, AEs are generalized
in the article, so we do not have access to security data for AEs.
Despite these limitations, our review is the first comprehensive
meta-analysis of all eligible studies that analyzed the efficacy and
safety of Eculizumab in patients with TA-TMA.
Frontiers in Immunology | www.frontiersin.org 929
CONCLUSION

This systematic review and meta-analysis suggest that
Eculizumab improves SR and ORR in patients with TA-TMA.
Furthermore, patients with TA-TMA diagnosed within the first
100 days after HSCT are more likely to achieve better outcomes
with Eculizumab compared to patients with TA-TMA diagnosed
more than 100 days after HSCT. In addition, Eculizumab is well-
tolerated, but the prevention and treatment of infection still
require attention. Further RCTs and extensive prospective cohort
studies are needed to evaluate efficacy and safety, particularly for
Eculizumab for TA-TMA.
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This analysis aimed to systematically review and synthesize the existing evidence

regarding the outcome of tyrosine kinase inhibitor (TKI) maintenance therapy after

allogeneic stem-cell transplantation for patients with FLT3-ITD-mutated acute myeloid

leukemia (AML). We searched publicly available databases, references lists of relevant

reviews, registered trials, and relevant conference proceedings. A total of 7 studies

comprising 680 patients were included. Five studies evaluated sorafenib and 2 studies

evaluated midostaurin, compared with control. The incidence of relapse was significantly

reduced after TKI therapy, showing an overall pooled risk ratio (RR) of 0.35 (95%

confidence interval [CI], 0.23-0.51; P < 0.001), with a marked 65% reduced risk for

relapse. The overall pooled RR for relapse-free survival and overall survival showed

significantly improved outcome after TKI maintenance therapy, being 0.48 (95% CI,

0.37–0.61; P < 0.001) and 0.48 (95% CI, 0.36–0.64; P < 0.001). The risk for relapse

or death from any cause was reduced by 52% using TKI. No difference in outcome

was seen for non-relapse mortality, and the risk for chronic or acute graft-vs. -host

disease appeared to be increased, at least for sorafenib. In conclusion, post-transplant

maintenance therapy with TKI was associated with significantly improved outcome in

relapse and survival in patients with FLT3-ITD positive AML.

Keywords: sorafenib, midostaurin, maintenance, allogeneic stem cell transplantation, FLT3-internal tandem

duplication, acute myeloid leukemia, graft-vs.-host disease

INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy derived from
hematopoietic stem cells with a series of abnormalities on the level of cytogenetics, genetics, and
epigenetics (1, 2). Prognosis of this disease varies widely according to mutation profile, patient
age, and comorbidities (2, 3). The duplication in Fms-like tyrosine kinase 3-internal tandem
(FLT3-ITD) occurs in about 25% of adult AML patients (4–7). Patients harboring FLT3-ITD,
particularly those with a high allelic ratio, show increased relapse rates and inferior survival, despite
undergoing allogeneic stem-cell transplantation (6, 8).
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In the front-line setting of FLT3-mutated AML, combining
conventional chemotherapy with amulti-targeted tyrosine kinase
inhibitor (TKI), namely midostaurin, resulted in improved
overall survival (9). Another multi-targeted TKI, sorafenib, has
been approved for solid tumors such as hepatocellular and
renal cell cancer (10, 11), but it has also shown efficacy in
terms of prolonged progression-free survival in younger AML
patients in combination with upfront chemotherapy (12), but
not in the elderly population (13). In the relapsed/refractory
setting, patients with FLT3-ITD-positive AML receiving TKI
monotherapy showed promising outcomes (14–16), while this
approach may remain a palliative strategy which is furthermore
limited by emerging TKI resistance (17, 18). In contrast, when
patients with FLT3-ITD-mutated AML relapsing after allogeneic
stem-cell transplantation received sorafenib, the outcome may
differ profoundly, as suggested by long-term remissions in
selected patients (19, 20).

To reflect the increasing interest within clinical and basic
research, we aimed to systematically review the current body of
literature and to synthesize the existing evidence regarding the
outcome of TKI maintenance therapy after allogeneic stem-cell
transplantation for patients with FLT3-ITD-mutated AML.

METHODS

The methodology of this systematic review with meta-analysis
was undergone in accordance with the Cochrane handbook.
Further, dimensions of reporting were assessed with the
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) guidelines and the meta-analysis of
observational studies in epidemiology (MOOSE) checklist
and adhered accordingly (21, 22). The research question was
defined using the PICOS framework: population, FLT3-ITD
mutated AML; intervention, stem-cell transplantation with TKI
maintenance; comparator, placebo, or no maintenance; outcome,
survival and relapse; study design, retrospective and prospective
comparative studies.

Search Strategy
Medline and the Cochrane Library were searched (until August
11, 2020, respectively). Additionally, meeting abstracts archived
between 2017 and 2020 from hematology/oncology meetings
were screened. Review of clinicaltrials.gov was performed until
August 11, 2020. The search strategy consisted of keywords
specific to each database and considered all trial designs of
human subjects and was not restricted by language. Search
terms included all subject headings and associated keywords
for “sorafenib or midostaurin or gilteritinib” and “leukemia or
leukemia.” Reference lists of relevant reports were reviewed
in addition.

Study Selection, Data Extraction, and End
Points
Two reviewers (NG and NK) independently screened titles,
abstracts, and the full text of relevant articles. Disagreements
were resolved by consensus. Studies were included if they
fulfilled the following criteria: adult patients with FLT3-ITD

AML; prospective or retrospective studies reporting on patients
receiving TKI therapy after stem-cell transplantation; evaluating
a comparison with a control; reporting at least on relapse-free
survival and/or cumulative incidence of relapse.

The following information was extracted from the included
studies: the name of the first author, year of publication,
study design, TKI treatment, control, number of participants,
conditioning intensity for stem-cell transplantation, frequency
of high-risk cytogenetics within the studied population, length
of follow-up, and primary, and secondary outcomes. Primary
end points for data synthesis were relapse-free survival and
cumulative incidence of relapse. Secondary end points were
overall survival, non-relapse mortality, chronic and acute graft-
vs. -host disease (GVHD). Relapse-free survival was defined
as time from randomization to first event of either AML
relapse or death from any cause in prospective studies or as
defined in retrospective studies. Definition of relapse was used
in accordance with the included studies.

Risk of Bias and Quality Assessment
Risk of bias for prospective trials was addressed in accordance
with tools developed by the Cochrane Collaboration, and the
risk of bias for retrospective comparisons was assessed using
the ROBINS-I tool (23). The certainty of the evidence for each
outcome was assessed using the grading of recommendations
assessment, development, and evaluation (GRADE) approach
(24), including considerations of risk of bias, inconsistency,
indirectness, imprecision, and publication bias. Retrospective
studies were judged a priori as having serious risk of bias, in
accordance with the GRADE approach. The resulting overall
certainty of the evidence was assessed as high, moderate, low,
or very low. All end points within the quality assessment were
considered as being of critical importance.

Data Synthesis and Analysis
Risk ratios (RRs) and 95% confidence intervals (CIs) were
calculated for primary and secondary end points by pooling
the results from studies using the Mantel-Haenszel method and
the random-effects model. Heterogeneity was assessed using I2

and was categorized from moderate to high (25). Prespecified
subgroups were different TKIs (midostaurin and sorafenib). All
values with P < 0.05 were considered statistically significant.
Means were calculated for the end point of safety. Analyses
were performed using R statistical software version 3.6.1 using
the meta and metafor packages (R Core Team. R: A language
and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://www.R-project.
org/)(26).

RESULTS

Search Results
A total of 1050 citations were identified from the electronic
database search and from other sources including meeting
abstracts. After duplicates were removed, 800 unique citations
remained. Based on title and abstract screening, 752 citations
were excluded. Forty-one citations were excluded on the basis

Frontiers in Immunology | www.frontiersin.org 2 March 2021 | Volume 12 | Article 63042932

https://www.R-project.org/
https://www.R-project.org/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gagelmann et al. TKIs After Transplant for FLT3-ITD AML

FIGURE 1 | Study selection process.

of screening full-text articles. Reasons for exclusion were: studies
with no maintenance setting; lack of direct comparison results;
no patients undergoing allogeneic stem-cell transplantation; and
review articles. Seven studies (27–33) were included in qualitative
and quantitative analyses (Figure 1).

Study Characteristics and Risk of Bias
A total of 680 patients were included in the 7 studies. Three
studies (28, 31, 32) were prospective randomized studies and
1 study (29) was a prospective study that compared TKI
intervention with historical controls using propensity score
matching. One prospective study was an abstract, and fully
published data were not accessible during finalization of the
present manuscript (32). The remaining 3 studies (27, 30, 33)
were of retrospective design. Five studies evaluated the efficacy of
sorafenib comprising 504 patients while the remaining 2 studies
evaluated the TKI midostaurin and comprised 176 patients.
Median age in the TKI group ranged from 24 to 55 years
and frequency of patients having complete remission at time of

transplantation in the TKI group ranged from 61 to 100%. Four
studies only used myeloablative conditioning transplantation.
Median time of follow-up ranged from 18 to 59 months. The
remaining characteristics are summarized in Table 1.

The duration of maintenance treatment differed between the
studies. Maintenance was administered for 24 months or until
occurrence of relapse, or limiting toxicity in Burchert et al. (31) In
both studies from Xuan et al. (27, 28) TKI was given until day 180
after transplantation or until intolerable adverse events occurred.
Maziarz et al. (32) applied TKI for twelve 4-week cycles. Patients
in the study from Shi et al. (33) received TKI maintenance at a
median of 238 days (range, 21–385 days). In Brunner et al. (30)
TKI therapy was planned for 12–24months, leaving continuation
or early withdrawal to the discretion of the treating physician.
Schlenk et al. (29) gave TKI therapy for 365 days.

Low risk of bias was assessed in 2 prospective randomized
studies (28, 31), 4 studies showed moderate risk of bias (16,
27, 30, 33), and 2 studies conferred high risk of bias (29, 32).
Overall, the risk of bias of the included studies according to
each end point was judged to be serious. Publication bias could
not be assessed due to the number of <10 studies included
in the analysis, which is in accordance with the Cochrane
handbook recommendations. Supplementary Tables 1, 2 depict
the summary of the risk of bias profile for each dimension within
each study and Supplementary Table 3 summarizes the quality
of evidence for each end point.

Relapse-Free Survival and Incidence of
Relapse
The primary end point of relapse-free survival was assessed in
all 7 studies at 18–59 months follow-up. The overall pooled
RR showed significantly better relapse-free survival after TKI
therapy, being 0.48 (95% CI, 0.37–0.61; P < 0.001) with no
relevant heterogeneity (I2 = 0%, Figure 2A). The quality of the
evidence was high. Subgroup analyses showed no significant
difference in outcome between midostaurin and sorafenib (P =

0.21). However, the pooled RR for midostaurin was 0.60 (95% CI,
0.39–0.94; I² = 0%) while a larger effect was seen for sorafenib,
being 0.43 (95% CI, 0.32–0.58; I²=0%), compared with control.

Incidence of relapse was assessed in six studies. The overall
pooled RR showed significantly reduced incidence of relapse,
being 0.35 (95% CI, 0.23–0.51; P < 0.001) in favor of the TKI
therapy with no relevant heterogeneity (I2 = 0%, Figure 3A).
The quality of the evidence was high. Subgroup analyses showed
no significant difference in outcome between midostaurin and
sorafenib (P = 0.72). One study evaluated midostaurin, with
a pooled RR of 0.43 (95% CI, 0.12–1.50). Sorafenib showed
significantly reduced incidence of relapse showing a RR 0.34 (95%
CI, 0.22–0.51; I²= 0%), compared with control.

Overall Survival and Non-relapse Mortality
Significantly improved outcome for TKI therapy was also seen
in overall survival, which was assessed in 6 studies. The overall
pooled RR was 0.48 (95% CI, 0.36-0.64; P < 0.001) in favor of the
TKI therapy with no relevant heterogeneity (I2 = 0%, Figure 2B).
The quality of the evidence was high. Subgroup analyses showed
no significant difference in outcome between midostaurin and
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TABLE 1 | Study characteristics.

Study Design N Age in TKI

group (range)

TKI Comparator Myeloablative

conditioning

CR at

transplantb
High-risk

cytogenetics

Length of

follow-up

Burchert et al.

(31)

Randomized

phase 2

83 54

(23–74)

Sorafenib Placebo TKI: 42%,

Placebo: 47%

TKI: 63%,

placebo: 48%

TKI: 2%,

Placebo: 8%

42 months

Brunner et al.

(30)

Retrospective 81 55

(20–74)

Sorafenib No TKI TKI: 54%,

No: 49%

100% (CR1) 8% 27 months

Schlenk et al.

(29)

Prospective

phase 2,

propensity score

matching with

historical controls

116a 54

(18–70)

Midostaurin Historical control NR TKI: 61%,

control: 43%

NR 24 months

Xuan et al. (28) Randomized

phase 3

202 35

(26–42)

Sorafenib No TKI 100% TKI: 73%,

no: 77%

TKI: 7%,

no: 5%

21 months

Xuan et al. (27) Retrospective 82 37

(15–55)

Sorafenib No TKI 100% 77% TKI: 6%,

no: 1%

59 months

Maziarz et al.

(32)

Randomized

phase 2

60 18–70c Midostaurin No TKI 100% NR NR 18 months

Shi et al. (33) Retrospective 56 24

(14–62)

Sorafenib No TKI 100% 100% 17% 24 months

N, number; TKI, tyrosine kinase inhibitor; HSCT, hematopoietic stem-cell transplantation; MAC, myeloablative conditioning; RIC, reduced intensity conditioning; CR, complete remission;

NR, not reported.
aThe original number of patients in the study was 284, here we report on the subgroup analyses of patients that actually underwent midostaurin maintenance after stem-cell transplantation

or not.
bAs reported in the patient characteristics of the trials.
c Inclusion criteria, age distribution not given.

sorafenib (P = 0.30). The pooled RR for midostaurin, which was
evaluated only in 1 study, was 0.60 (95% CI, 0.36–1.00). A larger
effect was seen for sorafenib after synthesis of the remaining 7
studies, with a RR 0.48 (95% CI, 0.36–0.64; I² = 0%), compared
with control.

Non-relapse mortality was assessed in 5 studies, which
evaluated the efficacy of sorafenib. No significant difference
between sorafenib and the control was seen, showing an overall
pooled RR of 0.87 (95% CI, 0.51–1.47; P = 0.60) with no
relevant heterogeneity (I2 = 0%, Figure 3B). The quality of the
evidence was low.

Graft-vs.-Host Disease and Safety
Chronic GVHD was assessed in 6 studies. No significant
difference in the incidence was seen, with a trend toward higher
incidence after TKI therapy showing an overall pooled RR of 1.14
(95% CI, 0.93–1.41; P = 0.21) with no relevant heterogeneity (I2

= 0%, Figure 4A). The quality of the evidence was low. Subgroup
analyses showed no significant difference in outcome between
midostaurin and sorafenib (P = 0.19). However, the pooled RR
for midostaurin was 0.79 (95% CI, 0.43–1.44) while results for
sorafenib suggested higher risk for chronic GVHD showing a RR
of 0.43 (95% CI, 0.32–0.57; I²= 0%), compared with control.

Similar results were yielded for acute GVHD, which was
assessed in six studies. The overall pooled RR was 1.22 (95% CI,
0.96–1.55; P = 0.10) with no relevant heterogeneity (I2 = 0%,
Figure 4B). The quality of the evidence was high. No difference
was seen between the TKIs (P= 0.48). One study which evaluated
midostaurin showed a RR of 1.06 (95% CI, 0.67–1.68), while
risk for acute GVHD appeared to be increased after sorafenib

therapy showing a RR of 1.29 (95% CI, 0.98–1.70; I2 = 0%), when
compared with control.

The safety profile could be assessed in the two randomized
controlled trials on sorafenib (28, 31), for which means were
calculated (Table 2). Frequency of adverse events were mostly
comparable while skin toxicity was seen more frequently in
the sorafenib group (19.5%) in comparison with the control
group (6.3%), and hematologic toxicities such as neutropenia
and thrombocytopenia, albeit in low absolute numbers, were
more frequently observed in the sorafenib group (8.7 and 8.9%)
compared with the control group (4.8 and 4.3%).

DISCUSSION

Patients with FLT3-ITD mutated AML undergoing allogeneic
stem-cell transplantation have a high risk of relapse (34).
Because oncogenic addiction is caused by FLT3-ITD (35),
it was reasonable to hypothesize that it could be a potential
therapeutic target in FLT3-ITD mutated patients (36). While
evidence accumulated that the multi-targeted TKI midostaurin
can improve outcome in the front-line setting (9), whether
specifically targeting FLT3-ITD using TKI therapy after
allogeneic stem-cell transplantation can improve outcome was
long unknown (6, 37, 38).

This first evidence synthesis for TKI therapy after allogeneic
stem-cell transplantation in FLT3-ITD mutated AML found
TKI therapy using midostaurin or sorafenib in comparison
with control was significantly associated with better outcome in
relapse and relapse-free survival. The risk for relapse was reduced
by marked 65% and the risk for relapse or death from any cause
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FIGURE 2 | The impact of TKI therapy on primary end points of relapse-free survival and cumulative incidence of relapse. Relapse-free survival (A) was assessed in all

7 studies at 18–59 months follow-up. The overall pooled RR showed significantly better relapse-free survival after TKI therapy, being 0.48 (95% CI, 0.37–0.61;

P < 0.001) with no relevant heterogeneity (I2 = 0%). Subgroup analyses showed no significant difference in outcome between midostaurin and sorafenib (P = 0.21).

Incidence of relapse (B) was assessed in six studies. The overall pooled RR showed significantly reduced incidence of relapse, being 0.35 (95% CI, 0.23–0.51;

P < 0.001) in favor of the TKI therapy with no relevant heterogeneity (I2 = 0%). Subgroup analyses showed no significant difference in outcome between midostaurin

and sorafenib (P = 0.72).

was reduced by 53% using TKI. Furthermore, overall survival
was significantly improved after TKIs with a risk reduction for
death from any cause by 52%. No significant difference for non-
relapse mortality was noted, which was only assessed in studies
on sorafenib. The risk for GVHD appeared to be increased for
TKI therapy.

Although the results of this analysis did not seem to
be influenced by different TKIs, more studies evaluated
the role of sorafenib (6). Two studies used midostaurin, of
which 1 is a still ongoing phase 2 randomized study and
1 a priori studied the effects of midostaurin throughout
the therapeutic course, with a subgroup analysis of
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FIGURE 3 | The impact of TKI therapy on secondary end points of overall survival and non-relapse mortality. Significantly improved outcome for TKI therapy was also

seen in overall survival (A), which was assessed in 6 studies. The overall pooled RR was 0.48 (95% CI, 0.36–0.64; P < 0.001) in favor of the TKI therapy with no

relevant heterogeneity (I2 = 0%). Subgroup analyses showed no significant difference in outcome between midostaurin and sorafenib (P = 0.30). Non-relapse

mortality (B) was assessed in 5 studies, which evaluated the efficacy of sorafenib. No significant difference between sorafenib and the control was seen, showing an

overall pooled RR of 0.87 (95% CI, 0.51–1.47; P = 0.60) with no relevant heterogeneity (I2 = 0%).

post-transplant therapy compared with no post-transplant
therapy. Other TKIs, for example, quizartinib and gilteritinib,
which inhibit FLT3 more specifically and potently in
comparison with midostaurin (39), showed improvement
in overall survival in relapsed/refractory patients (18, 40).
Gilteritinib is also being investigated for post-transplantation
maintenance in AML patients with FLT3-ITD in a phase
3 randomized study (NCT02997202). Further research is
needed to ascertain the comparative efficacy and safety of

different TKIs post-transplantation therapy in FLT3-ITD
mutated AML.

Given the well-described impact of minimal residual
disease (MRD) on the outcomes after allogeneic stem-cell
transplantation for AML (41, 42), and with the availability of
a commercially available, next-generation sequencing-based
MRD test for such patients, demonstration of a benefit of
TKI therapy (or control) is critical to develop and incorporate
TKIs into risk-based maintenance approaches (43). Both
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FIGURE 4 | The impact of TKI therapy on secondary end points of acute and chronic GVHD. Chronic GVHD (A) was assessed in six studies. No significant difference

in the incidence was seen, with a trend toward higher incidence after TKI therapy showing an overall pooled RR of 1.14 (95% CI, 0.93–1.41; P = 0.21) with no

relevant heterogeneity (I2 = 0%). Subgroup analyses showed no significant difference in outcome between midostaurin and sorafenib (P = 0.19). However, the pooled

RR for midostaurin was 0.79 (95% CI, 0.43–1.44) while results for sorafenib suggested higher risk for chronic GVHD showing a RR of 0.43 (95% CI, 0.32–0.57;

I² = 0%), compared with control. Similar results were yielded for acute GVHD (B), which was assessed in six studies. The overall pooled RR was 1.22 (95% CI,

0.96–1.55; P = 0.10) with no relevant heterogeneity (I2 = 0%). No difference was seen between the TKIs (P = 0.48). One study which evaluated midostaurin showed

a RR of 1.06 (95% CI, 0.67–1.68), while risk for acute GVHD appeared to be increased after sorafenib therapy showing a RR of 1.29 (95% CI, 0.98–1.70; I2 = 0%),

when compared with control.

prospective randomized studies on sorafenib showed subgroup
results according to the MRD status at time of randomization
(28, 31). While the Chinese study group showed significantly
reduced incidence of relapse after sorafenib with hazard
ratios of 0.28 for patients with undetectable MRD and
0.25 for detectable MRD (28), patients with undetectable
MRD appeared to have better relapse-free survival in the

German study group, but this comparison was not statistically
significant (31). In the German study group, patients with
detectable MRD had significantly improved relapse-free
survival, while the results need to be interpreted with caution
owing to the relatively low numbers of patients in each
group. The ongoing BMT CTN 1506 study on gilteritinib
includes the critical objective to better understand the
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TABLE 2 | Safety of sorafenib in 2 randomized controlled trials.

Sorafenib Control

(n = 143) (n = 142)

Neutropenia 8.7% 4.8%

Thrombocytopenia 8.9% 4.3%

Skin toxicity 19.5% 6.3%

Infections 29.6% 28.0%

Gastrointestinal toxicity 25.2% 21.7%

Cardiac and renal insufficiency 11.8% 7.8%

impact of MRD on outcomes with post-transplantation
TKI maintenance.

Recent basic research findings indicate that the synergism
of T-cells and sorafenib may metabolically reprogram AML-
reactive T-cells, providing potential to contribute to immune-
mediated curative treatment of FLT3-ITD mutated AML relapse
(44). Furthermore and in general, a graft-vs.-leukemia effect
is considered to be associated with the occurrence of GVHD
(45). The findings of the present data synthesis suggest that
at least sorafenib might increase the incidence of GVHD.
Whether other mechanisms are involved in this effect requires
further investigation.

In terms of safety, multi-targeted TKIs such as midostaurin
and sorafenib are relatively non-specific and exert off-target
activities. The prospective study on front-line midostaurin
showed no unexpected adverse events (9). Higher grade 3–
4 adverse events were seen for anemia (92.7 vs. 87.8%), rash
(14.1 vs. 7.6%), and nausea (9.6 vs. 5.6%) in comparison with
placebo, with no necessary dose modification for hematologic
toxicity. With respect to sorafenib, small-sample studies have
shown that the most common adverse events were related to
hematological, skin, and gastrointestinal toxicities. In the present
analysis, safety of post-transplantation TKI therapy could only
be assessed for both prospective studies on sorafenib which
showed no unexpected and comparable rates of adverse events
when compared with control (Table 2). Only skin toxicity
appeared to be slightly increased, but the overlap in skin rashes
between an adverse event caused by sorafenib and graft-vs.-
host disease of the skin represents a difficulty for the differential
diagnosis (27, 46). Furthermore, 60 and 50% of patients in
the Chinese and German study needed a dose modification
(interruption or reduction) because of adverse events. Dose
reductions did not seem to limit sorafenib efficacy but more
attention in view of TKI-specific toxicities and dose intensities
is needed.

As with any meta-analysis, the present evidence synthesis
regarding TKIs after stem-cell transplantation has several
limitations. The conditioning intensity for transplantation
was not homogenous. Four studies only used myeloablative
conditioning transplantation (27, 28, 32, 33). Comparative

analyses on the superiority of one conditioning over another
are inconclusive and may be interpreted on the subgroup level
(42, 47–50), and the evidence on the impact of conditioning
on outcome after TKIs is immature (51). Furthermore, the time
of initiation of TKI was not homogeneous between studies and
this meta-analysis could not account for differences in dosage
schemes nor duration of treatment or treatment interruptions.
Additionally, the present analysis may not provide any evidence
for favoring one TKI over another. Further, RRs had to be
calculated at different time of follow-up in the included studies,
ranging from 18 to 59 months. This issue can be controlled
for only when patient-level data are available. The risk of
selection bias in meta-analyses of different donor stem-cell
transplantation studies or due to the incorporation of findings
from retrospective and prospective studies cannot be completely
ruled out (52, 53). One prospective study on midostaurin was not
adequately powered to identify a statistical difference between
the groups (32), and on prospective study on sorafenib was
prematurely terminated owing to slow patient recruitment (31).
However, upfront exclusion of certain studies may even increase
heterogeneity. And last, associations of allele ratios or TKD
mutations cannot be addressed by analyses as presented here and
further prospective evaluations are warranted.

In sum, this analysis identified a significant improvement
in relapse-free survival, overall survival, and relapse incidence
after post-transplant TKI therapy in FLT3-ITD mutated AML.
These effects are irrespective of the TKI, while there is
more consistent evidence for sorafenib so far. Ongoing
studies could further help to better dissect patient subgroups
that may benefit the most and identify refined relation of
FLT3 selectivity vs. immune-stimulatory off-target activities
governing TKI therapy after stem-cell transplantation in
FLT3-ITD mutated AML.
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Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a potentially curative
therapy for many hematological disorders and autoimmune diseases, but acute graft-
versus-host disease (aGVHD) has remained a major obstacle that limits allo-HSCT and
exhibits a daunting mortality rate. The gastrointestinal system is among the most common
sites affected by aGVHD. Experimental advances in the field of intestinal microbiota
research enhanced our understanding - not only of the quantity and diversity of intestinal
microbiota - but also their association with homeostasis of the immune system and
disease pathogenesis, including that of aGVHD. Meanwhile, ever-growing clinical
evidence suggest that the intestinal microbiota is dysregulated in patients who develop
aGVHD and that the imbalance may affect clinical outcomes, indicating a potential
predictive role for microbiota dysregulation in aGVHD severity and prognosis. The
current animal and human studies investigating the intestinal microbiota in aGVHD and
the understanding of the influence and management of the microbiota in the clinic are
reviewed herein. Taken together, monitoring and remodeling the intestinal microecology
following allo-HSCT may provide us with promising avenues for diagnosing, preventing or
treating aGVHD in the clinic.

Keywords: hematopoietic stem cell transplantation, acute graft-versus-host disease, intestinal microbiota,
diversity, strategies
INTRODUCTION

Malignancies of the hematopoietic system and therapy-refractory autoimmune diseases are
frequently associated with high mortality and hence represent the most common indications to
perform allogeneic hematopoietic stem cell transplantation (allo-HSCT) (1, 2). However, graft-
versus-host disease (GVHD), in which donor-derived T cells recognize host tissues as foreign,
causing inappropriate and aberrant immune attacks, remains one of the major limitations to HSCT.
Approximately 40-60% of patients receiving allo-HSCT may suffer from GVHD (3–5) with a
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mortality rate of 15% to 20% (3, 4, 6–9). Clinically, prophylaxis of
acute GVHD (aGVHD) involves immunosuppression of donor
cells, but there is no standard approach, and it often varies by
institution (3). Treatment protocols can also be challenging
because therapeutic options are limited, response rates for
corticosteroids are only approximately 50%, and response
durations are typically brief (6, 7). In addition, several drugs
are reported to be effective in patients not responding to
corticosteroids, but most data are unconvincing, and
combination therapies tried to date have yielded modest or no
benefit over corticosteroids alone (10–12). Because of the small
number of results from well-designed, large-scale, clinical
studies, there is considerable variability in dealing with
aGVHD worldwide, which leads to updated consensus
recommendations that still have problems (13).

Much work has been done to research the biological
mechanisms participating in the pathogenesis of aGVHD, but
the specific nature of these interactions has not been fully
elucidated, especially the relationship between aGVHD and the
intestinal microbiota. The intestinal microbiota has been proven
to be critical for maintaining healthy tissues and stimulating
immunity (14), and increasing evidence has revealed that
dysbiosis in intestinal microbial populations is linked to human
disease and defects in immunity (15–18). Recent studies have
notably widened our understanding of the interactions between
the loss of intestinal bacterial diversity and aGVHD following
allo-HSCT. This review provides an update of current knowledge
on the cross-talk between them, with the purpose of determining
improved prophylactics and therapies for aGVHD based on the
role of the intestinal microbiota.
THE INTESTINAL TRACT AND
INTESTINAL MICROBIOTA

The gastrointestinal tract consists of the mucous layer,
submucous layer, muscular layer and serosa from the inner to
outer layers. The intestinal mucosa, the innermost layer of the
gastrointestinal tract, can be further divided into the epithelium,
lamina propria and muscularis mucosae (19). The epithelium is a
single-cell layer that contains unique secretory cells and stem
cells, and many immune cells in the lamina propria help to
monitor pathogens and maintain immune tolerance to food and
commensal antigens (20). The mucosal surface maintains an
intact biological barrier that prevents substantial bacterial and
other detrimental invasion into the host tissue and blood
circulation under steady-state homeostasis; this function is
implemented by epithelial tissues, gut-associated lymphoid
tissue (GALT) and important secretory components (21). The
commensal intestinal microbiota also contributes to the
maintenance of intestinal ecological balance. An overview of
homeostasis between the microbiota and the host intestinal
mucosa is shown in Figure 1A.

The human intestinal tract hosts 1013 to 1014 microbial
organisms of approximately 1000 species (Table 1) (22, 23).
Frontiers in Immunology | www.frontiersin.org 242
Although viruses and fungi are also present in considerable
amounts and diversity, the vast majority of these organisms are
bacteria collectively termed the gut microbiota (24–26), which
play an important role in the synthesis of a variety of vitamins
and amino acids, participating in the metabolism of
carbohydrates and proteins and promoting the absorption of
various mineral elements (27). The balance and diversity of the
gut microbiota is of great importance for the human body, as
researchers have found close connections between changes in the
gut microbiota and human diseases, such as obesity (28),
diabetes (29, 30), functional bowel syndrome (31), autism (32),
and autoimmune diseases (e.g., rheumatoid arthritis (33)). For
decades, the analysis of the intestinal microbiota has been largely
dependent on ex vivo cultivation of bacteria, which yields only
10–30% of the population, limiting knowledge of the bacterial
composition (34). In recent years, the development of next-
generation sequencing technologies, such as 16S rDNA
sequencing and metagenomics, has allowed for further
identification of microorganisms, which clarifies the detailed
and specific role of the intestinal microbiota in aGVHD,
leading to a new era of research (35, 36).
INTESTINAL MICROBIOTA IN THE
MECHANISM OF AGVHD

Pathophysiology
Development of aGVHD is considered a three-step process. The
microbiota-linked pathogenesis of gastrointestinal aGVHD is
summarized herein.

In the first step, when the conditioning regimen of allo-HSCT
damages the intestinal epithelium, homeostasis between the host
and intestinal commensals is disturbed (Figure 1B). Total-
body irradiation (TBI) induces dose-dependent damage to
the gut lining including killing intestinal stem cells (ISCs),
depleting or inhibiting non-epithelial cells, injuring intestinal
crypts and causing gastrointestinal tract syndrome (37–39),
by mechanisms such as increasing p53-mediated epithelial
apoptosis (40) and plasminogen activator inhibitor-type 1
(PAI-1)-mediated enteritis (41). The intestinal mucosa is the
major target tissue, and histological evidence has shown villous
shortening, increased lymphocytic cell infiltration, crypt
destruction and epithelial apoptosis. Crypt cell degeneration
has been suggested to be the initial lesion of gastrointestinal
aGVHD (42–44), and loss of goblet cells and Paneth cells has
been shown to lead to translocation of dominant luminal
pathogens and pathogen-associated molecular patterns
(PAMPs) as well as intestinal dysbiosis, which further
accelerates gastrointestinal aGVHD and infections (45).
Moreover, some studies have provided evidence that these
toxic effects are partially mediated by the intestinal microbiota.
Lai et al. found that mice treated with antibiotics or deficient in
myeloid differentiation primary response gene 88 (MyD88),
a crucial adaptor for recognition of microbial molecules,
showed less crypt loss and less damage to progenitor and stem
March 2021 | Volume 12 | Article 644982
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cells after radiation (46). Seth et al. showed that the microbiota
protects against dextran sodium sulfate–induced intestinal
damage after radiation (47). It is possible that the microbiota
affects the initiation of damage.
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In terms of the alloreactive cells at the second step, it is well
known that potential pathogens and their antigen molecules can
activate T cells and affect differentiation. A study showed that
cohousing laboratory mice with feral mice produced mice with
A

B

FIGURE 1 | Overview of intestinal ecology and gastrointestinal aGVHD. (A) Homeostasis between the commensals and host intestinal epithelium. At steady state,
host intestinal epithelial cells live with commensals, and their interaction maintains immune and biological homeostasis. ISCs maintain the regeneration of the
epithelium, Paneth cells secrete AMPs that create a sterility gradient, goblet cells produce mucus to separate the microbiota from host epithelial tissue, and immune
cells such as B lymphocytes secrete SIgA to neutralize biologically active microbial antigens. Together, they maintain an intact barrier on the mucosa surface. SCFAs
(e.g., butyrate) are bacterial fermentation products that can be used as an energy source and regulate the differentiation, recruitment and activation of immune cells.
(B) Pathogenesis of gastrointestinal aGVHD. During allo-HSCT, the antibiotics and altered diet and cell damage caused by the conditioning regimen all lead to
dysbiosis and metabolic disorders. Then, the depletion of SCFAs may also contribute to epithelial defects, allowing translocation of pathogenic bacteria and PAMPs.
APCs (e.g., DCs) recognize them and elicit Th1 and Th17 responses and the release of proinflammatory factors that enhance tissue damage. ISCs, intestinal stem
cells; AMPs, antimicrobial peptides; SCFAs, short-chain fatty acids; SIgA, secretory immunoglobulin A; APC, antigen-presenting cell; PAMP, pathogen-associated
molecular pattern.
TABLE 1 | Bacterial taxonomy of some important microbiota constituents in the literature.

Phylum Class Order Family Genus Species

Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Akkermansia
Proteobacteria g-proteobacteria Enterobacteriales Enterobacteriaceae Escherichia E. coli
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroide
Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia

Eubacterium
Ruminococcaceae

Erysipelotrichia Erysipelotrichiales Erysipelatoclostridium
Bacilli Lactobacillales Lactobacteriaceae Enterococcus Enterococci

Lactobacillus
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immune systems closer to those of adult humans, with a
preference toward effector and memory T cell populations,
suggesting that ‘dirtier’ mice have more intrinsic activation
leading to more GVHD (48). After observing their existence,
studies have shown that activated T cells access the epithelium
via gut-specific homing molecules on the T cells and adhesion
ligands on the vasculature, such as MAdCAM-1; the intestinal
crypts are the primary location invaded by T cells, wherein they
directly interact with ISCs (49–54). For T cell differentiation, the
induction of both T helper (Th) and regulatory T (Treg) cells is
influenced by the microbiota. Breaching the intestinal barrier or
penetration by the microbiota in aGVHD activates the IL-23
pathway by JAK-STAT, stimulating epithelial cells to produce
serum amyloid A proteins, which leads to Th17 differentiation,
an important subset in aggravating aGVHD (55–57).
Interestingly, some species, such as Bacteroides fragilis, prevent
IL-17 production by releasing polysaccharide A (PSA) and
promoting Foxp3+ Tregs, and Tregs maintain gastrointestinal
homeostasis via the release of IL-10 (58), which could alleviate
aGVHD. Other species, i.e., Clostridiales, produce SCFAs (e.g.,
butyrate and propionate), which block histone deacetylases
(HDACs) through the G-protein receptor (GPR) to promote
acetylation of histone H3 in Tregs at the Foxp3 locus, which also
induces Treg differentiation (59). In addition, innate lymphoid
cells 3 (ILC3s), an activated population with expression of the
natural cytotoxicity receptor (NCR, such as NKp44) and nuclear
hormone receptor RORgt were found mainly in mucosal tissues
and emerged as modulators of conditioning-induced tissue
damage in the context of aGVHD, secreting IL-22 and IL-17,
which are necessary in defense against bacterial pathogens (60,
61). NCR+ ILC3-derived IL-22 has already been found to be
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crucial in epithelial recovery and protect ISCs from damage by
activating STAT3 and downstream regulators of cellular
proliferation and survival which finally attenuates aGVHD (62,
63). But there is no direct evidence that NCR- ILC3s-derived IL-
17 is involved in the pathology of aGVHD (64). Granulocyte
macrophage colony-stimulating factor (GM-CSF) produced by
ILC3s is also essential for the normal development of intestinal
dendritic cells (DCs) involved in Treg induction (65). These
interactions are summarized in Figure 2.

The third step links cytokine storms and inflammatory
amplification, which induce direct damage and establish typical
aGVHD injury. Damage to the intestine plays a central role in
amplifying systemic GVHD by propagating a proinflammatory
cytokine milieu (66). Moreover, the many combinations of
cytokines (e.g., TNF, INF-g, IL-1, IL-2, and IL-17) and
costimulatory networks at the T cell surface are definitely
complex, in addition to numerous products produced by the
intestinal microbiota. The role of the intestinal microbiota in
regulating cytokines has been elucidated in some previous
studies. Atarashi et al. showed that on the basis of high
potency in enhancing Treg abundance and inducing
anti-inflammatory molecules, 17 rationally selected strains
of Clostridia result the increase of IL-10 in the gut (67).
Another study reported that increased abundance of
Enterobacteriaceae is positively correlated with IL-17A
aggravating aGVHD (68).

In addition to the abovementioned mechanisms, the
pathogenesis of aGVHD involves many other specific
mechanisms that require deeper investigation. However, it is
increasingly clear that the intestinal microbiota indeed
participates in the initiation and development of aGVHD.
FIGURE 2 | Impact of the intestinal microbiota on T cell subsets and interactions with ILC3s. The intestinal microbiota influences the differentiation of T cells into
anti-inflammatory Tregs or proinflammatory Th17 cells, and ILCs play an important role in this process. PSA, polysaccharide A; GM-CSF, granulocyte macrophage
colony-stimulating factor; HDAC, histone deacetylase; GPR, G protein receptor.
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Metabolites
The intestinal microbiota generates a wide range of bioactive
metabolites serving as mediators and has pervasive consequences
in aGVHD; modifications in bacteria-derived metabolites may be
a new perspective regarding this disease (69).

Short-chain fatty acids (SCFAs) are one of the major
microbial-derived metabolites found exclusively in the
intestinal tract, which function in maintaining the epithelial
barrier and colonocyte survival as well as play a diverse array
of immune regulatory roles (70, 71). It has been reported that
butyrate, one of the three main SCFAs, has a protective effect
against aGVHD in murine models; butyrate restoration
improved histone acetylation and IEC junctional integrity and
decreased IEC apoptosis, ultimately mitigating aGVHD (72–74).

3-Indoxyl sulfate (3-IS), another promising metabolite
analyzed in aGVHD, is a tryptophan metabolite of commensal
colonic bacteria that has been identified as an indirect marker of
a balanced microbiota and predicts the outcome of allo-HSCT
(75, 76). Moreover, studies have also shown that gut tryptophan-
produced indole metabolites reduce GVHD severity via type I
interferon (IFN I) (77).

Respiratory metabolites may hold potential as surrogate
markers for aGVHD (78–80). Various microbiota constituents
are known to produce volatile metabolites, and volatile organic
compounds (VOCs) generated during pathologic processes have
been reported monitored in diseases such as obesity (81),
hepatitis (82) and IBD (83). More recently, Hamilton et al.
analyzed the VOCs of patients with and without aGVHD and
correctly classified 89% (17 of 19) and 90% (9 of 10) of them,
respectively, showing that breath analysis is a feasible and
promising noninvasive method to detect and potentially
monitor aGVHD (84).

Choline, phosphatidylcholine and carnitine-containing
dietary ingredients can be metabolized into trimethylamine
(TMA) and subsequently converted into trimethylamine N-
oxide (TMAO), which could induce vascular inflammation and
endothelial dysfunction (85). Dietary habit such as high-choline
diet producing high level of TMAO alters distinct quality and
quantity of gut microbiota which might affect microbial
metabolites and GVHD severity. The latest research further
explored TMAO in aGVHD and found that TMAO enhanced
the allogenic GVH reaction. In an animal model, the group
stimulated with TMAO showed a worse survival rate, higher
GVHD scores and more damage to target tissues, which resulted
from Th1 and Th17 differentiation (86).

These studies innovatively provide the link between
microbiota-derived metabolites and aGVHD, which sheds light
on alleviating aGVHD by controlling metabolism.
LOSS OF MICROBIOTA DIVERSITY
IN AGVHD

Views about the role of the microbiota in aGVHD are separated
into two roles: a direct role and an indirect role. The former
considers that the intestinal microbiota directly promotes tissue
Frontiers in Immunology | www.frontiersin.org 545
injury or inflammation after allo-HSCT, and animals possess
normal immunocompetence but abnormal microbiota
community compositions, so eliminating this proinflammatory
factor by antimicrobial treatment should protect the recipient
from aGVHD (87–89). The latter considers the intestinal
microbiota to play an indirect role, as animals raised in germ-
free conditions have abnormal development with highly aberrant
immunity, and this kind of animal does not possess a
prerequisite immune ability to develop aGVHD (90–92). Some
researchers even support that both direct and indirect effects may
occur simultaneously (93). Furthermore, we can identify some
common alterations or differences from animal experiments and
clinical studies.

Animal Studies
Earlier transplantation studies on animals in the 1970s focused
on manifestations such as better survival and lower mortality
with the management of the intestinal microbiota (94, 95).
Subsequently, protection from GVHD in germ-free animals
was confirmed in the 1980s (87), including xenogeneic
transplantation that typically abrogates severe GVHD (88, 89).
Antibiotic-mediated gut decontamination in mice (96) and dogs
(97) showed that both microbes and aberrant immune
development most proximately affect the development of
GVHD. However, few animal studies have measured the
impact of antibiotic treatment on microbiota composition or
linked specific bacterial species to GVHD at this time.

In the early 21st century, advances in technology advanced
research on the alterations (Table 2). Shono et al. found that
piperacillin-tazobactam and imipenem-cilastatin therapy led to
distinct patterns of gut microbiota composition in GVHD mice,
with an increasing abundance of an Akkermansia strain, a
bacterium with mucus-degrading capabilities, which raises the
possibility that mucus degradation may contribute to murine
GVHD (102). At the phylum level, the proportions of Firmicutes
and Bacteroidetes, two of the major enteric commensals, were
found to be decreased in GVHD mice, while the abundance of
E. coli at the genus level was higher, which could be due to the
development of systemic infection (100, 101). Furthermore, for
Clostridiales and Lactobacillales, at the order level of Firmicutes,
diversity analysis showed loss of the former but expansion of the
latter, while eliminating Lactobacillales from mice before
transplantation aggravated GVHD, and reintroducing the
predominant Lactobacillus species showed a significant
protective effect (99). Similar to these results, a report showed
that the acute phase of GVHDwas characterized by a shift toward
the Enterobacteriaceae family. Bacteroides and Enterococcus
abundances increased during GVHD, whereas Clostridia,
Bifidobacteria and Bacillus were less abundant, but in this
report, Lactobacillus abundance was decreased in GVHD (98),
Moreover, subsequent studies also presented contrary results that
the abundances of Lactobacillus and another uncultured
bacterium from Firmicutes increased while the abundances of
E. coli and another uncultured bacterium from Bacteroidetes
decreased in allogeneic immunoglobulin yolk (IgY)-treated
GVHD animals (103). However, the exact mechanisms of these
alterations remain unclear, although several mechanisms have
March 2021 | Volume 12 | Article 644982

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


Hong et al. Interplay Between Microbiota and aGVHD
been proposed in earlier publications, including agglutination,
opsonization, and toxin neutralization (106, 107).

Collectively, it is evident that not all bacteria have the same
effect on GVHD, the composition of bacterial species and their
function matter. The perturbations in the diversity and function
of bacterial species may be caused by animal strains or research
environment. However, one special bacterial species seems to be
adverse in GVHD. Enterococci, gram-positive, facultative,
anaerobic bacteria, occur in low abundance in the healthy host
gut, with reports showing that Enterococcus expansion is
associated with increased bloodstream infection and mortality
in HSCT (108, 109). The data mentioned above (98) also
revealed an increase in enterococci in the development of
GVHD. In a recent study (104), in line with previous
suspicion, enterococci similarly expanded and dominated the
microbiota after allo-HSCT in GVHD mice; lactose drove this
growth, and a lactose-free diet attenuated enterococcal expansion
and T cell–driven inflammation in GVHD. Indeed, fecal
domination by specific translocation of pathogenic bacteria,
such as Enterococcus, is a significant risk factor for the
development of aGVHD and increased overall GVHD-related
mortality. Some easily overlooked factors, such as dietary
elements, may play important roles in the progression, which
should be closely managed.

The development of biogenetics has led to a focus on specific
gene sites. For example, host NOD-like receptor family pyrin
Frontiers in Immunology | www.frontiersin.org 646
domain-containing 6 (NLRP6) regulates microbiota-dependent
protection in intestinal colitis and tumorigenesis (110–113), but
Tomomi et al. found an inverse effect in GVHD, in which host
NLRP6 played a pathogenic role in aggravating intestinal
damage (105). Interestingly, this influence was independent of
indigenous microbiota changes. Toll-like receptors (TLRs),
which sense bacterial lipoproteins and LPS and DNA, are
suspected to modulate innate immune responses, and a major
role of TLR9-mediated sensing of bacterial DNA in the
aggravation of GVHD has been reported (114–116). With gene
knockout, Markus et al. similarly proved that bacterial innate
immune receptor TLR-/- mice showed significantly reduced
GVHD mortality, which was further confirmed by less
pronounced GVHD scores over time (98).

Furthermore, some groups have demonstrated substantial
differences between the gut microbiota of mice purchased from
different commercial vendors or repositories (117). There are clear
differences in microbiota composition and diversity between sexes
in previous studies (118, 119). In addition, Floris et al. showed that
BALB/c mice had higher abundance and diversity of
immunoglobulin A (IgAs) than C57BL/6 mice which is correlated
with increased microbiota diversity (120). And aging alters the gut
microbiota in mice, in which aged microbiome leads to an
exaggerated systemic inflammatory response and reduced levels of
SCFAs in young mice (121). In conclusion, gut microbiota
composition can be influenced by housing, gender, host genetic,
TABLE 2 | Summary of nearly 10 years of experimental studies investigating the association between alterations in the intestinal microbiota and aGVHD.

Year Mouse model Relative abundance alteration
of microbiota

Relationship with aGVHD Ref

2010 (Age- and sex-matched)
Balb/c!C57B6(TLR-/-,

MyD88-/-, TRIF-/- and WT)

● Bacteroides, Enterococcus ↑
● Clostridia, Bifidobacteria, Bacillus,
Lactobacilli↓

GVHD development is accompanied by shift towards proinflammatory
bacterial species(enterobacteria, enterococci and Bacteroides/Prevotella).

(98)

2012 B10.BR!B6
Balb/c!B10.BR

B6!BM12

● Clostridiales↓
● Lactobacillales↑

Increased microbial chaos early after allo-HSCT is a potential risk factor
for subsequent GVHD.

(99)

2012 (F) B6!B6D2F1
(F) C3H.Sw!B6

(F) B6-Ly5.1!B6D2F1

● Firmicutes, Bacteroidetes↓
● E. coli↑

Diversity of the microbial community was significantly reduced in mice
with GVHD. (100)

2015 (F) B6!BALB.B
(F) B6/SJL!BALB.B

● E. coli↑ Diversity of the microbial community was significantly reduced in mice
with GVHD. (101)

2016 (F) C57BL/6!129S1 ● Erysipelotrichia, Enterococcus,
Akkermansia↑
● Clostridiales↓

Aggravated GVHD mortality was associated with imipenem-cilastatin or
piperacillin-tazobactam treatment mice which lead to an increase in
Akkermansia muciniphila.

(102)

2017 C57BL/6!B6D2F1
B6D2F1!B6D2F1

● Lactobacillus and another uncultured
bacterium from Firmicutes↑
● E. coli and another uncultured bacterium
from Bacteroidetes↓

Improvement of aGVHD in animals treated with immunoglobulin may be
mediated by reducing pathogenic bacteria such as E. coli and increasing
probiotic bacteria such as Lactobacillus.

(103)

2017 BALB/c(WT, IL-17A -/-, IL-
17RA -/-)!B6(WT, IL-17A -/-,

IL-17RA -/-)
BALB/c(WT)!B6(WT, IL-

17RA/B/C-/-)

● Microbiome of WT mice shifted toward
that of the IL-17RA/C–deficient mice during
cohousing prior to transplant

IL-17–sensitive microbiota controls susceptibility to aGVHD with increased
susceptibility to aGVHD transferred to WT mice via cohousing with IL-
17RA or IL-17RC–deficient mice.

(57)

2019 (M) C57BL/6!BALB/c
(M) C57BL/6!129S1/Sv

(M) LP/J!C57BL/6

● Enterococcus↑ Enterococcus expands in mouse after allo-HSCT and exacerbates GVHD
severity which is dependent on the lactose. (104)

2019 (F) BALB/c!B6(WT and
Nlrp6-/-)

(F) C3H.sw!B6(WT and
Nlrp6-/-)

● Verrucomicrobia, Proteobacteria,
Bacteroidetes↑
● Firmicutes↓

Host NLRP6 play a pathogenic role in aggravating GVHD which was
independent of indigenous microbiota changes. (105)
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age, et al, and further studies are needed to determine the impact of
different murine models and strains on aGVHD.

Human Studies
Early in the 1980s, in a clinical report of 130 patients with
aplastic anemia undergoing allo-HSCT, gut decontamination
and laminar airflow isolation were shown to lower the
incidence of aGVHD (122). However, subsequent clinical
research of human aGVHD has demonstrated that loss of
intestinal microbiota diversity is associated with aGVHD, as
microbiota disruption characterized by expansions of potentially
pathogenic bacteria and reduction in alpha diversity (a variable
that reflects the number of unique bacterial taxa present and
their relative frequencies) have been reported. Some advanced
clinical studies performed in recent years may further provide us
with a better understanding of these alterations (Table 3).

In 2012, Jenq et al. studied changes in the microbiota of
patients undergoing allo-HSCT and found that only the GVHD
group had decreased microbial diversity with increased
Frontiers in Immunology | www.frontiersin.org 747
Lactobacillales abundance and loss of Clostridiales, suggesting
that shifts in diversity were a result of GVHD rather than allo-
HSCT or antibiotic exposure (99). In 2014, Taur Y et al. found
that loss of bacterial diversity in stool specimens was associated
with increased mortality from GVHD, and survival at 3 years
after allo-HSCT was 36%, 60%, and 67% for patients with low,
intermediate, and high microbiota diversity, respectively (123).
However, patients in this study received T cell-depleted grafts,
which could also reduce GVHD. Jenq et al. further investigated
64 allo-HSCT recipients of T cell–replete grafts and found that a
higher abundance of Blautia was associated with a reduced risk of
GVHD-related mortality and increased overall survival (124).
Blautia is a genus that belongs to the class Clostridia. As reported
in previous studies, Clostridiales rescue intestinal epithelial cell
damage by upregulating Treg cells through the production of the
SCFA butyrate (59, 67, 130), and alteration of the indigenous
microbiota with 17 rationally selected strains of high butyrate-
producing Clostridia led to decreased GVHD (74). Consistent
with these findings, in 2017, Simms et al. reported a significant
TABLE 3 | Summary of human studies investigating the association between the microbiota and GVHD in the past 10 years.

Year Patients Relative abundance alteration
of microbiota

Outcomes Ref

2012 18 adult patients
(8 GVHD vs. 10
non-GVHD)

● In GVHD patients:
Lactobacillales↑

Clostridiales↓

GVHD group had decreased stool microbial diversity, microbial chaos early after
transplantation is a potential risk factor for subsequent GVHD.

(99)

2014 80 adult patients ● In GVHD patients:
Enterococcus, Streptococcus,

Lactobacillus↑

Increased mortality from GVHD was associated with lower diversity of microbiota at
engraftment, which showed a strong predictive effect on mortality. (123)

2015 115 adult patients ● In GVHD patients:
Blautia↓

Increased abundance of commensal bacteria belonging to the Blautia genus is
associated with reduced lethal GVHD and improved OS. (124)

2017 29 pediatric
patients

● In GVHD patients:
Enterobacteriaceae, Enterococcus↑
● In non-GVHD patients:
anti-inflammatory Clostridia(AIC),

Bacteroidetes, Bifidobacterium ↑

Exposure to antianaerobic antibiotics clindamycin lead to depletion of Clostridia
species which is associated with GVHD in pediatric HSCT patients. (125)

2017 66 adult patients
(52 GVHD vs. 14
non-GVHD)

● In GVHD patients:
oral Actinobacteria, oral Firmicutes↑

Lachnospiraceae↓

The stool microbiota at neutrophil recovery post-HSCT is predictive of subsequent
development of aGVHD. (126)

2018 81 adult patients
(32 GVHD vs. 49
non-GVHD)

● In GVHD patients:
Enterobacteriaceae↑

Lachnospiraceae, Ruminococcaceae↓

Intestinal microbiota might induce aGVHD by influencing the Treg/Th17 balance. (68)

2019 141 adult patients
(83 grade 0-I
aGVHD vs. 58
grade II-IV aGVHD)

● In GVHD patients:
Proteobacteria, Gammaproteobacteria,

Enterobacteriaceae↑

Firmicutes, Clostridia, Lachnospiraceae,
Peptostreptococcaceae,
Erysipelotrichaceae, Blautia,
Lachnoclostridium,
Erysipelatoclostridium, Eubacterium↓

GVHD group had lower diversity of microbiota.
The AIM score defined as microbiota diversity of 4 bacterials (Lachnospiraceae,
Peptostreptococcaceae, Erysipelotrichaceae, Enterobacteriaceae) was positively
correlated with aGVHD grade and could be predictive of the development of aGVHD.

(127)

2019 1325 adult male
patients

● In GVHD patients:
enterococcal↑

Expansion of enterococcal was associated with GVHD and mortality which can be
driven by lactose. (104)

2020 70 patients
(35GVHD vs. 35
non-GVHD)

● In GVHD patients:
Lachnospiraceae, Blautia,

Ruminococcaceae↓

Microbiota alterations were highly specific of GI aGVHD severity with lower bacterial
biomass, a-diversity and decreased butyrate. (128)

2020 1362 adult patients
from 4 centers

● In GVHD patients:
Enterococcus, Klebsiella, Escherichia,

Staphylococcus, Streptococcus↑

Patterns of microbiota disruption during allo-HSCT were similar across transplantation
centers and geographic locations which were characterized by loss of diversity and
domination by single taxa, lower diversity was associated with higher risks of TRM and
death attributable to GVHD.

(129)
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decline in anti-inflammatory Clostridia in pediatric patients with
aGVHD (125). Therefore, it can be speculated that some
microbial taxa, such as Blautia, are beneficial for the outcomes
of HSCT and mitigation of aGVHD, as they behave as drivers in
this process, which should be protected and used in a probiotic
approach. By contrast, the Enterococcus genus from
Lactobacillales contributes to inflammation, whose role in
human aGVHD is the same as that in animals, as expansion of
Enterococcus association with increased GVHD in humans has
been reported (104, 131). Lactobacillus, another genus of
Lactobacillales, showed a possible protective effect in human
GVHD (99). In 2018, Lijie Han et al. found that GVHD patients
showed a higher abundance of Proteobacteria and a lower
abundance of Clostridia, which was correlated with the Treg/
Th17 ratio and H3 acetylation, indicating an interaction among
alterations in the microbiota, allogenic T cell activation and
histone acetylation (68). One year later, this team (127) proved
again that in aGVHD, the diversity of the microbiota was
significantly lower, with decreases in Clostridia, Lachnospiraceae,
Blautia, Eubacterium, and Erysipelatoclostridium abundance and
increases in Enterobacteriaceae abundance. This finding was
consistent with a study in 2017 showing a persistent lack of
Lachnospiraceae and Bacteroidaceae species in GVHD patients,
whereas Lachnospiraceae was negatively correlated with
neutrophil recovery (126). In addition, the specific actors in the
intestinal ecosystem involved in the pathologic process of
aGVHD have been explored more recently (128). Shown in
stool samples, microbiota alterations were highly specific to
gastrointestinal aGVHD severity, and a negative correlation
was observed with the Lachnospiraceae, especially the Blautia
genus, and Ruminococcaceae families. On the other hand,
geographic variations matter, while a recent study analyzing
8767 fecal samples from 1362 patients with allo-HSCT at 4
different centers likewise showed a similar association between
lower intestinal diversity and higher risks of transplantation-
related death and death attributable to GVHD (129).

From these data, we conclude that restoring intestinal
microbiota diversity after allo-HSCT is beneficial in the clinic,
protective indigenous probiotics should be preserved to balance
the alteration of intestinal microbiota community for patients.
CLINICAL INTERVENTIONS AND VALUE
OF THE INTESTINAL MICROBIOTA
IN AGVHD

Diet
Certain diets may contribute to the development of GVHD given
that food is one of the most important factors affecting the
composition of the intestinal microbiota (132). One example is a
choline diet, and a murine model has shown that a high-choline
diet enhances the allogenic GVH reaction, which leads to more
aGVHD (86). The effect of parenteral or enteral nutrition on the
intestinal ecosystem during HSCT has also been evaluated, with
preference toward the latter choice, as enteral feeding has been
shown to protect against GVHD in several studies (133–135),
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while parenteral nutrition was associated with poor outcomes
and other complications (136, 137). The type of oral nutrition
may be another important factor. Recently, elaborate foods
known as a neutropenic diet for allo-HSCT patients have been
reexamined, and advanced evidence has shown limited benefit
and even potentially harm of supplying aGVHD patients with
neutropenic diets (138, 139).

Prebiotics and Probiotics
Intervention in the intestinal microbiota with a nutritional
approach including prebiotics and probiotics may be another
promising treatment option for aGVHD.

Prebiotics are indigestible compounds, usually indigestible
carbohydrates, that bacteria have an advantage in metabolizing,
resulting in the production of SCFAs and metabolites with a
potential immunomodulatory role (140, 141). Strategies have
been studied in the setting of aGVHD to modulate the intestinal
microbiota by supplementation with inulin, oligosaccharides,
galacto-oligosaccharides, and potato starch, showing beneficial
results. In a recent study, Yoshifuji et al. found that intake of
resistant starch and GFO (glutamine, fiber, and oligosaccharide)
shortened the duration of oral mucositis and diarrhea and
reduced the incidence and severity of aGVHD (142). Other
clinical trials focused on fructooligosaccharide, potato-based
starch, and gluten-free diets are currently being studied for
potential benefit (143).

Probiotics are ingestible formulations of live bacteria that can
modulate intestinal homeostasis. A probiotic strategy achieved by
FMT consists of introducing one strain or selected strains of
microorganisms that confer a benefit. An early report showed
that a probiotic-rich diet prior to HSCT is associated with earlier
neutrophil engraftment and a shorter duration of febrile
neutropenia (144). Some probiotics were found to be safe to
administer during aGVHD, such as Lactobacillus plantarum
reported in pediatric patients (145) and Lactobacillus rhamnosus
GG in murine models (146). However, controversies exist.
Recently, there have been some concerns regarding the safety of
administering living microorganisms to immunocompromised
patients with altered gut permeability, as some clinical cases
have demonstrated sepsis (147), bacteremia (148) and meningitis
(149) after treatment of pediatric patients.

Antibiotics
Given that the intestinal microbiota critically affects transplant
outcomes, correctly managing the influence of the microbiota in
GVHD—antibiotics has been encouraged. The advent of
techniques to generate and maintain germ-free rodents since
the 1940s made it possible to examine the microbiota in animals
(123), and subsequent studies demonstrated the benefits of using
antibiotics. Bekkum and Jones et al. found that germ-free mice
housed in sterile conditions or mice treated with antibiotics
developed less severe aGVHD (94, 95). Vossen et al. showed that
in a cohort of 112 pediatric patients, recipients treated with total
gastrointestinal decontamination (GID) using high doses of
nonabsorbable antibiotics prevented moderate-to-severe
aGVHD, suggesting that the translocation of luminal bacteria
and their cell wall-derived compounds might be inhibited during
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total GID (150). Weber et al. analyzed 394 patients receiving allo-
HSCT and found that the treatment of rifaximin correlated with
lower enterococcal positivity and higher urinary 3-indoxyl
sulfate concentrations. Patients on rifaximin showed lower 1-
year transplant-related mortality and higher overall survival.
Infectious complications with systemic antibiotic use did not
abrogate the beneficial effects of rifaximin on intestinal
microbiota composition in the early course of allo-HSCT or
outcome (151).

However, the use of gut-decontamination prophylactic
antibiotics seems to be a doubled-edged sword. A retrospective
analysis in 2018 mentioned above (68) proved that b-lactam
antibiotic administration was an independent risk factor for
aGVHD according to the Cox regression model for
multivariate analysis of aGVHD. Although showing no
significant adverse effect, in an allo-BMT murine model,
treatment of both donor mice with broad-spectrum antibiotics
and control SPF donor mice induced GVHD mortality at a
similar rate, and reducing and altering the microbial flora in
the donors had no effect on their T cell alloreactivity and
induction of GVHD after allogeneic BMT (152). In human
studies, the concept that gut decontamination prevents aGVHD
is controversial given that some subsequent clinical trials have
failed to demonstrate consistent benefits (68, 153–155).
Prophylactic use of antibiotics is reported to be associated with
more severe aGVHD that involves the intestinal tract and liver,
impacting 1-y and 2-y overall survival (OS) in patients receiving
myeloablative regimens (155). Earlier antibiotic treatment in
patients prior to allo-HSCT was further associated with higher
transplant-related mortality than no antibiotics (76). A potential
role for anaerobic bacteria, in particular Clostridiales, was
supported that Blautia abundance was inversely correlated with
the risk of developing gastrointestinal GVHD (124), while
clindamycin, an anti-anaerobic bacterial agent, increased the
risk of GVHD by depleting anti-inflammatory clostridia (125).
Reported previously, piperacillin-tazobactam and imipenem-
cilastatin increased the incidence, severity, and mortality of
GVHD, and piperacillin-tazobactam reduced Bacteroidetes and
Lactobacillus abundance (102). Subsequent evidence further
supports the adverse role of anti-anaerobic bacterial penicillin
derivatives and carbapenems, as both are associated with a higher
incidence of GVHD (156). Although seemingly negative, these
findings may enlighten us that antibiotics preserving anaerobic
bacteria may potentially reduce the risk of developing gut GVHD.

In conclusion, it is obvious that there remain many
controversies for GVHD patients to undergo antibiotic
therapy, which needs further exploration. Thus, it is of great
necessity to identify new strategies to maintain the diversity and
richness of the intestinal microbiota. Different attempts have
been made in clinical practice involving narrow-spectrum
antibiotics and modulating the timing and duration of treatment.

FMT
Loss of microbiota diversity creates an opportunity to intervene
in aGVHD by reestablishing diversity using microbes that
modulate inflammation. FMT has been investigated as a
potential therapeutic strategy for gut GVHD in both preventive
Frontiers in Immunology | www.frontiersin.org 949
and therapeutic strategies in recent years. The recent insight of
FMT considers it the ‘ultimate probiotic’ for GVHD in allo-
HSCT because it directly modifies the host’s intestinal
microbiome composition to restore eubiosis and gut
homeostasis (157). Indeed, according to some previous reports,
FMT significantly improves the outcome of GVHD. Kakihana
et al. reported that 4 patients received FMT 92 days after HSCT,
all patients responded to FMT within several days, with 3
complete responses and 1 partial response, and an increase in
peripheral effector regulatory T cells during the response to FMT
was also observed (158). Similarly, another study reported that
two of three patients achieved a complete response with multiple
FMTs, while the other obtained a partial response; the FMT
response was correlated with increased microbial diversity and
richness (159). More recent reports further illustrate the role of
FMT in GVHD, with promising results (160–162). Currently, a
number of ongoing clinical trials to investigate the role of FMT in
preventing intestinal GVHD following allo-HSCT, summarized
in Table 4, are being carried out to try to find the best
treatment protocol.

Although many reports have shown that FMT is a safe and
effective strategy used in different situations to modulate the
microbiota and cure aGVHD, it should be noted that patients
are usually immunocompromised with altered intestinal
permeability, as infectious complications after FMT have been
reported in other settings at the same time (163, 164). Moreover,
the evidence mentioned above suggests a beneficial role of FMT
in GVHD and needs to be confirmed in larger studies. The
optimization of all practical aspects of FMT still needs to be
addressed in the future.

Predictive Marker
As reported in the current literature, a reduction in microbiota
diversity and alteration of metabolites can predict transplantation
outcomes and aGVHD, shedding light on the value of the
microbiota. In 2015, Weber et al. detected 3-indoxyl sulfate (3-
IS) in urine specimens within the first 28 days after allo-HSCT in
131 patients and found that a low level of 3-IS within the first 10
days was associated with significantly higher transplant-related
mortality and worse overall survival 1 year after allo-HSCT.
Furthermore, the class Bacilli was proven to be associated with
low 3-IS levels (75). In 2017, Golob et al. showed that a gradient
of 20 types of bacterial species could predict severe aGVHD by
calculating a gradient of the sum of the relative abundance of
positively correlated bacteria minus the sum of the relative
abundance of negative correlates (126). Similarly, a study in 2019
by Lijie Han et al. showed that microbiota diversity combined
with the gradients of 4 bacteria (Peptostreptococcaceae,
Erysipelotrichaceae, Enterobacteriaceae, and Lachnospiraceae)
can predict the development and severity of aGVHD (127).
Geographic variations in the composition of human microbial
communities and differences in clinical practices across institutions
raise the question of whether relationships between microbiota
composition and clinical outcomes after allo-HSCT are
generalizable. In 2020, Peled et al. conducted a study with data
from four clinical research institutions by comparing risk scores
from regularized Cox regression with cross-validation; they
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showed that not only a diversity metric but also a signature of
specific bacterial abundances was informative about the risk of
death after allo-HSCT across institutions (129). Similarly, another
study analyzing data from stool and blood samples of 150 patients
from two centers who underwent allo-HSCT also showed that gut
microbiota score (GMS) from a LASSO (least absolute shrinkage
Frontiers in Immunology | www.frontiersin.org 1050
and selection operator) model at neutrophil engraftment could
predict aGVHD (165).

Thus, studies on the microbiota as a predictive marker for
aGVHD are worth further exploration to provide assistance with
the currently available tools for predicting the development
of aGVHD.
TABLE 4 | Summary of ongoing microbiota-linked (not)recruiting clinical trials for GVHD.

Number Trail title Interventions Aims Study
design

Phase Patients Time

NCT03819803 Fecal microbiota transplantation in
aGVHD after ASCT

FMT To explore the employment of FMT
in GI-aGVHD.

Single group
assignment
Open label

III 15 2017/
3/1-
2020/
12/31

NCT04285424 FMT for steroid resistant gut acute
GVHD

FMT To evaluate safety and efficacy of FMT for the
treatment of steroid resistant GVHD of the gut.

Single group
assignment
Open label

Early I 30 2020/
3/1-
2022/
3/1

NCT03812705 Fecal microbiota transplantation for
steroid resistant/dependent acute
GI GVHD

FMT To evaluate the efficacy and safety of fecal
microbiome transplantation in patients with
steroid resistant/dependent acute
gastrointestinal GVHD.

Single group
assignment
Open label

II 30 2018/
12/
13-

2022/
12/31

NCT04269850 Fecal microbiota transplantation
with Ruxolitinib and Steroids as an
upfront treatment of severe acute
intestinal GVHD

FMT;
Ruxolitinib;
Methylprednisone

To evaluate this combination treatment in the
first line with FMT.

Single group
assignment
Open label

I/II 20 2019/
9/1-
2023/
9/1

NCT03371667 To compare the efficacy of the
addition of Methotrexate (MTX) to
current standard acute GVHD first-
line treatment with corticosteroids

Methotrexate To compare the efficacy of the addition of MTX
to current standard acute GVHD first-line
treatment with corticosteroids.

Randomized
Multicenter
Double
blinded
Parallel
assignment

III 102 2018/
8/16-
2021/
9

NCT03727113 Optimization of antibiotic treatment
in hematopoietic stem cell
receptors

Antibiotics To demonstrate that in ASCT receptors a
predefined protocol of optimization of the
antibacterial treatment will preserve the
intestinal microbiota diversity which will
correlate with decrease incidence of acute
GVHD.

Observational
Case-Control
Prospective

Unknown 180 2018/
1/16-
2020/
5/31

NCT03727113 Choosing the Best Antibiotic to
Protect Friendly Gut Bacteria
During the Course of Stem Cell
Transplant

Piperacillin-
tazobactam

To compare the effects of different antibiotics
on the community of friendly bacteria in the gut

Randomized
Parallel
Assignment
Open Label

II 144 2017/
2/10-
2021/
2

(not R)
NCT04059757

Fecal microbiota transplantation for
the treatment of gastrointestinal
acute GVHD

FMT To see the efficacy and what side effects are
seen with FMT as a treatment for GVHD.

Single group
assignment
Open label

II 17 2020/
7/1-
2021/
12

NCT04280471 Fecal microbiota transplantation for
the treatment of severe acute gut
Graft-Versus-Host Disease

FMT capsule To explore side effects of using an
investigational procedure (FMT) in treating
patients with severe acute gut GVHD.

Single group
assignment
Open label

I 10 2020/
6/30-
2022/
7/1

NCT04139577 FMT In high-risk acute GVHD after
allo-HCT

FMT To evaluate the effectiveness of Fecal
Microbiota Transplant (FMT) treatment in high-
risk acute GVHD.

Single group
assignment
Open label

I 11 2019/
11-

2023/
5/1

NCT03549676 Fecal microbiota Transplantation
for Treatment of Refractory Graft
Versus Host Disease-a Pilot Study

FMT To evaluate safety and efficacy of FMT for the
treatment of refractory GVHD of the gut.

Single group
assignment
Open label

I 15 2019/
7/1-
2020/
12/31

NCT03359980 Treatment of steroid refractory
gastro-intestinal acute GVHD after
allogeneic HSCT With fecal
microbiota transfer

FMT To explore the employment of FMT in GI-
aGVHD.

Single group
assignment
Open label

II 32 2018/
8/13-
2020/
12
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FMT, fecal microbiota transplantation; GI-aGVHD, gastrointestinal acute graft-versus-host disease.
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CONCLUSION AND PROSPECTS

Alteration of the intestinal microbiota is a corollary given that
the gut is an aGVHD target organ. Although we could further
explore the intestinal microbiota by better dissecting
compositional and functional microbiota structures, most of
the research has concentrated on characterization, with data
analyzed only via correlation. In this regard, determining which
specific bacterial taxa are the main taxa affecting aGVHD is of
great urgency and importance. In addition to descriptive
investigations, mechanistic investigations are needed, which
will help translate these associations into therapies for aGVHD
if the microbiota is causal.

New approaches to prevent and cure aGVHD remain an
unmet need that can be best addressed by understanding the
complex pathophysiology, with increasing evidence indicating
that the intestinal microbiota indeed participates in this process.
Future studies are essential to explore further the role of the
intestinal microbiota in aGVHD to elucidate the real impact of
microbiota ecology. A promising approach may involve altering
certain microbiota species by more precise and safer methods,
which may consist of diet, prebiotics, probiotics, advanced
antibiotic therapies, FMT, and microbiota metabolism analyses
(Figure 3). Fully understanding the mechanism by which loss of
microbiota diversity influences specific molecules and pathways
and regulates the pathogenesis and development of aGVHD
Frontiers in Immunology | www.frontiersin.org 1151
remains a top concern. Only by attempting to find better
prophylactic and therapeutic schemes for allo-HSCT
complications can we focus on what truly matters, which is
also the appeal and value of the Human Microbiome Project and
precision medicine.
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Graft-vs. host disease (GVHD), both acute and chronic are among the chief non-relapse

complications of allogeneic transplantation which still cause substantial morbidity and

mortality despite significant advances in supportive care over the last few decades.

The prevention of GVHD therefore remains critical to the success of allogeneic

transplantation. In this review we briefly discuss the pathophysiology and immunobiology

of GVHD and the current standards in the field which remain centered around

calcineurin inhibitors. We then discuss important translational advances in GVHD

prophylaxis, approaching these various platforms from a mechanistic standpoint

based on the pathophysiology of GVHD including in-vivo and ex-vivo T-cell depletion

alongwith methods of selective T-cell depletion, modulation of T-cell co-stimulatory

pathways (checkpoints), enhancing regulatory T-cells (Tregs), targeting T-cell trafficking

as well as cytokine pathways. Finally we highlight exciting novel pre-clinical research

that has the potential to translate to the clinic successfully. We approach these

methods from a pathophysiology based perspective as well and touch upon strategies

targeting the interaction between tissue damage induced antigens and T-cells, regimen

related endothelial toxicity, T-cell co-stimulatory pathways and other T-cell modulatory

approaches, T-cell trafficking, and cytokine pathways. We end this review with a critical

discussion of existing data and novel therapies that may be transformative in the field

in the near future as a comprehensive picture of GVHD prophylaxis in 2020. While

calcineurin inhibitors remain the standard, post-transplant eparinsphamide originally

developed to facilitate haploidentical transplantation is becoming an attractive alternative

to traditional calcinuerin inhibitor based prophylaxis due to its ability to reduce severe

forms of acute and chronic GVHD without compromising other outcomes, even in the

HLA-matched setting. In addition T-cell modulation, particularly targeting some important

T-cell co-stimulatory pathways have resulted in promising outcomes and may be a part

of GVHD prophylaxis in the future. Novel approaches including targeting early events in

GVHD pathogenesis such as interactions bvetween tissue damage associated antigens

and T-cells, endothelial toxicity, and T-cell trafficking are also promising and discussed in

this review. GVHD prophylaxis in 2020 continues to evolve with novel exicitng therapies

on the horizon based on a more sophisticated understanding of the immunobiology

of GVHD.

Keywords: GvHD prophylaxis, calcineurin inhibitors, post-transplant cyclophosphamide, T-cell depletion, T-cell

modulation, T-cell trafficking
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INTRODUCTION

GVHD prophylaxis has come a long way since the initial
days of allogeneic transplantation. The improvement in GVHD
outcomes has been one of the primary reasons for the reduction
in non-relapse mortality over time (1) that has enhanced the
success of allogeneic transplantation and allowed us to perform
transplants in older patients as well as those with co-morbidities.
GVHD comprises two distinct entities-acute GVHD (aGVHD)
which typically presents in the first 3–6 months following
transplant and manifests as a characteristic rash, secretory
diarrhea, or cholestatic liver function abnormalities and chronic
GVHD (cGVHD) which presents usually after the first 3 months
and can affect virtually any organ system (ocular, oral, skin,
musculo-skeletal, gastro-intestinal, pulmonary etc.,). Overlap
syndromes are well-recognized, although relatively rare. These
two entities have distinct pathophysiologies as well, however,
prophylactic strategies generally try to prevent both acute and
chronic varieties albeit with varying success depending on
the strategy.

In HLA-matched transplantation, while the backbone of
most widely used prophylactic platforms remains calcineurin-
inhibitor (CNI)-based, a variety of new drugs have been added
to CNI’s in an attempt to improve efficacy and reduce toxicity.
In this review, we discuss current standards and their evolution
over time and highlight some of these translational advances.
Further we touch upon novel pre-clinical advances developed
on the foundation of a deeper understanding of transplant
immunology and promising for translation to the clinic. We
begin with a description of the immunobiology of GVHD, to
better understand potential targets which have been exploited
over the last few decades and currently to develop effective
prophylactic therapies for GVHD.

The Immunobiology of Graft-vs.-Host
Disease
Acute GVHD
One of the first models describing the biology of GVHD
was proposed by Antin and Ferrara where they described a
sequential cascade initiated by conditioning regimen mediated
host tissue injury with the production of inflammatory cytokines
(phase 1). This is followed by activation and proliferation
of effector T-lymphocytes (phase II) which eventually lead to
recruitment and activation of additional mononuclear effectors
and amplification of a “cytokine storm” (Phase III) (2). Further
extensive research has refined these concepts and identified
targets for development of novel prophylactic strategies to
prevent acute and chronic GVHD.

Phase 1
Both neutrophils and monocytes are involved in the initial
inflammatory response in the pathogenesis of GVHD.Monocytes
are activated by molecules called damage-associated molecular
patterns (DAMPs) such as uric acid, ATP, Heparan sulfate,
HMGB-1 or IL-33 which can initiate and perpetuate a non-
infectious inflammatory response involving the innate immune
system. In contrast pathogen-associated molecular patterns

(PAMPs) such as bacterial lipopolysaccharides cause infection-
associated inflammation. The DAMP and PAMP mediated
inflammatory responses result in activation of the innate immune
system (monocytes and neutrophils) which then cause local tissue
damage mediated by reactive oxygen species. This eventually
culminates in interaction of antigen-presenting cells (APCs) in
the innate and adaptive immune and activation of cytokine
cascades (IL-1, IL-6, TNF-α, etc.,) leading to the “cytokine
storm (3).” Prophylactic strategies targeting these events have
focused on arresting the cytokine storm through inhibition
of particular cytokines or interrupting the interaction between
APCs and PAMP.

Phase II
Primed by this cytokine storm, effector T-lymphocytes now
migrate to lymphoid organs and host tissues mediated by
L-selectin, CCR7. This culminates in APC mediated T-cell
activation and engagement of the T-cell receptor complex and
modulation by anti and co-stimulatory pathways. In particular,
T-lymphocytes trafficking to the gut express high levels of
integrin β7 (α4β7) which bind corresponding host tissue
ligands presenting a potential target for intervention. The T-cell
activation process and proliferation process is a crucial target for
GVHD prevention.

Phase III
These events lead to a self-potentiating T-lymphocyte activation
causing tissue damage via direct cellular cytotoxicity and
indirectly via release of soluble mediators (TNF-α, IFN-γ, IL-1,
and nitric oxide) (4).

A number of additional pathways have since been implicated
in GVHD pathogenesis including the canonical NOTCH
pathway (5). It has been shown via monoclonal antibodies that
Notch-deprived T-cells proliferate normally but produce less
inflammatory cytokines with a preferential increase in Tregs (6)
and all the effects were dependent on NOTCH1/2 receptors on T-
cells and Dll1/4 ligands in the recipient with dominant roles for
NOTCH1 and Dll4 (6).

While the pro-inflammatory signals described above
potentiate GVHD, there are also anti-inflammatory components
of the immune system that try to dampen these inflammatory
responses. Regulatory T-cells (Tregs) are important in
immunologic tolerance, partly via release of anti-inflammatory
cytokines such as IL-10 and TGF-β (7). Cytokine responses are
often classified as effector T helper (Th) type 1 (IL-2, INF-γ) and
type 2 (IL-4, IL-10) responses where type 2 cytokines can inhibit
potent proinflammatory type 1cytokines, and a Th1 to Th2 shift
could be beneficial in aGVHD (8). In addition a particular subset
of CD4+ cells called Th17 cells have been identified which are
characterized by the production characterized by production
of IL-17A and F, IL-21, and IL-22 and which in murine models
migrate to GVHD target organs causing severe pulmonary and
GI lesions and GVHD deaths (9). These are postulated to be
anatagonistic to Tregs (10) making them an interesting target.
Invariant natural killer T (iNKT) cells are another cellular
subset with putative immunoregulatory functions, in part via an
increase Treg numbers and IL-4 secretion, that may be important
in GVHD pathophysiology.
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Chronic GVHD
Chronic GVHD remains the most common late toxicity
of allogeneic transplantation with significant morbidity
and quality of life implications. cGVHD has its own
distinctive immunobiology. Briefly we can conceptualize the
pathophysiology of cGVHD in three phases: (1) Inflammation
leading to tissue damage (2) chronic inflammation, thymic
injury, dysregulated B- and T-cell immunity (3) tissue repair
with fibrosis (11, 12). Although a more detailed discussion of
these phases is beyond the scope of this review, we will focus
on some of the known interventions that can prevent or reduce
the incidence of cGVHD as well as some novel therapies being
tested, particularly those targeting the B-cell axis.

Potential targets for developing novel prophylactic
platforms have been identified based on our current and
more comprehensive understanding of the biology of GVHD.
In this review we discuss both current standards and important
translational advances as well as exciting new potential therapies
which may be translated to the clinic in the future.

Current Standards in GVHD Prophylaxis
The effective prevention of GVHD is critical to the success of
allogeneic transplantation. Based on the understanding that
aGVHD is primarily mediated by effector T-lymphocytes,
prophylactic strategies have focused on T-cell suppression
in the recipient. Calcineurin inhibitors (tacrolimus/Tac and
cyclosporine/CyA) inhibit the proliferation and activation of T-
cells and have been used in combination with either methotrexate
(MTX) or mycophenolate mofetil (MMF) as standard
prophylaxis in HLA-matched HSCT. In two randomized
controlled trials (RCT) in the 1990s, the combination of
Tac/MTX was found to be significantly superior to CyA/MTX
is the prevention of grade II-IV aGVHD and extensive chronic
GVHD in HLA-matched sibling and unrelated donors, although
a benefit in overall survival (OS) was not shown (13, 14).
Furthermore, a single-center phase II RCT compared Tac/MTX
with Tac/MMF and found that Tac/MTX was more effective in
preventing severe aGVHD, particularly in matched unrelated
donor (MUD) transplantation (15). CNI based prophylaxis
remains the standard inHLA-matched transplantation. However,
the recent advent of post-transplant cyclophosphamide (PTCy),
has been revolutionary, not only allowing related donor
haploidentical transplants to be performed but also making some
inroads in the field of HLA-matched transplantation.

Translational Advances in GVHD
Prophylaxis
In-vivo T-Cell Depletion/Modulation
T-cell depletion or modulation in-vivo has been the basis for the
development of a number of novel GVHD prophylaxis strategies.
These have typically been incorporated into regimens where
the backbone comprises CNIs. We summarize some of these
approaches below.

Post-transplant Cyclophosphamide
Transplantation across HLA barriers historically has been
difficult due to high rates of graft rejection and severe GVHD
secondary to strong bidirectional alloreactive responses between

donor and recipient. The introduction of post-transplant
cyclophosphamide (PTCy) in the context of haploidentical
transplantation has been a gamechanger and allowed us to
perform such mismatched transplants safely and effectively,
typically from related donors.

First pioneered at Johns Hopkins, cyclophosphamide is given
at doses of 50 mg/kg on days +3 and +4 following the infusion
of haploidentical stem-cells. In initial studies reported by the
Hopkins group, reduced intensity HSCT with PTCy along with
Tac and MMF as GVHD prophylaxis resulted in engraftment in
87% of patients with acceptable rates of grade II-IV (34%) and
III-IV aGVHD (6%). Further, rates of chronic severe GVHDwere
found to be particularly low. Relapse rates were in the 50% range
(16). Numerous subsequent studies have shown similar numbers
and more recently myeloablative haploidentical transplantation
with PTCy based prophylaxis has also been widely adopted
(17–19). It is interesting to note that the rates of grade II-IV
aGVHD are not in fact significantly lower with PTCy based
prophylaxis in haplotransplants compared with those seen in
HLA-matched transplant with CNI based prophylaxis and the
actual mechanistic implications of PTCy are being investigated.

The earlier more simplistic hypotheses postulated that PTCy
results in the deletion of alloreactive T-cells with some debate
regarding the effect it may have on the T-cell mediated graft-
vs. leukemia (GVL) effect. However, more recently it has been
shown in mice that Tregs are preserved and that T-effector cell
exhaustion may play an important role (20). A comprehensive
model has however not been defined yet.

The beneficial effect of PTCy on severe aGVHD and
cGVHD has led to its adoption into the HLA-matched setting
more recently. In a Phase II RCT (BMT CTN 1203) which
compared three different GVHD prophylaxis regimens in
RIC MUD HSCT (PTCy/Tac/MMF, Tac/MTX/bortezomib, and
Tac/MTX/maraviroc) with standard Tac/MTX prophylaxis, the
PTCy arm fared the best with comparable grade II-IV aGVHD
(27%) but lower rates of grade III-IV aGVHD (2%) and cGVHD
requiring immunosuppression (22%) outcomes. Relapse rates in
the PTCy arm were 28%. Overall GVHD and relapse free survival
(GRFS) was superior in the PTCy arm meeting the primary
end-point of the trial (21). Again in an RCT from Europe,
PTCy/Tac/MMF based prophylaxis fared better than CyA/MMF
in the prevention of acute and chronic GVHD in HLA_matched
RIC HSCT although the standard of care arm did not include
Tac or MTX and numbers were limited (22). Some centers have
been using low-dose ATG along with low-dose PTCy to try and
improve grade II-IV aGVHD rates (23), however, this is not an
universally accepted practice at this time due to limited data.

Bolstered by this data, PTCy/Tac/MMF is now being
compared to standard Tac/MTX prophylaxis in RIC HLA-
matched HSCT in a large phase III RCT (BMT CTN 1703). PTCy
does have the potential to eliminate the effect of donor mismatch
on GVHD outcomes, however, CNI based prophylaxis remains
the standard until phase III data is available.

Anti-thymocyte Globulin
The polyclonal immunoglobulin product obtained from the sera
of rabbits and horses immunized with human thymocytes or T-
cell lines is called anti-thymocyte globulin or ATG. ATG has
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been used as part of transplant conditioning to effect in-vivo
TCD with the aim to reduce both acute and chronic GVHD with
varying success.

Of the four RCTs that have evaluated ATG in combination
with standard CNI/MTX prophylaxis, the first used horse ATG
and showed a reduction in aGVHD; however, there were higher
rates of infection with resultant no difference in NRM or OS.
Importantly, there was a reduction in chronic severe GVHD
(24, 25). The second RCT used rabbit ATGwhile the third mainly
used PBSC grafts. In both of these trials, although there was no
effect on aGVHD, a reduction in chronic GVHD was seen once
again (26). Therefore, it seems that the use of ATG can reduce
severe chronic GVHD with no deleterious effect on OS, however,
aGVHD is not consistently reduced.

Rabbit ATG is generally considered to deplete T-cells more
effectively as well as allow greater expansion of regulatory T-
cells (Tregs) (27). The beneficial effect of ATG on extensive
chronic GVHD was suggested in an retrospective analysis which
compared ATG to no ATG containing GVHD prophylaxis
regimens in matched unrelated donor transplantation (28).
Subsequently, in a recent RCT which evaluated Tac/MTX ±

anti T-lymphocyte globulin (ATLG), a form of rabbit ATG,
in myeloablative unrelated donor transplantation, a significant
reduction in grade II-IV aGVHD and moderate/severe chronic
GVHD was seen. However, NRM and OS was impaired in
the ATLG arm (29). It was suggested that a higher dose of
ATLG in the trial may have contributed to increased infections
and mortality.

In this context, there is evidence that increased
doses or prolonged dosage schedules of ATG may have
immunosuppressive toxicity with increased NRM and relapse
(30). Individualized ATG dosing, based not just on weight but
on absolute lymphocyte count has been proposed as a way to
tailor doses of ATG for maximal benefit (31). Different doses of
ATG have also been explored in the context of haploidentical
transplantation (32).

In the realm of matched related donor transplantation, a
recent multi-center randomized study from China demonstrated
improved acute and chronic GVHD rates without compromising
relapse or treatment-related mortality (33) and merits
further study.

Sirolimus
Sirolimus is a mTOR inhibitor which inhibits effector T-
lymphocytes and in in-vitro studies appeared to spare regulatory
T-lymphocytes. A favorable ratio of Tregs:Teff has been shown to
be associated with better GVHD outcomes and hence sirolimus
has an immunologic profile that was thought to be potentially
beneficial for GVHD prevention. In addition, it has a distinct
toxicity profile compared to tacrolimus and is not nephrotoxic.
In a large RCT in myeloablative transplants with HLA-matched
donors, sirolimus in combination with tacrolimus was compared
with the standard Tac/MTX platform. There was no difference
in grades II-IV aGVHD and cGVHD, but better grade III-IV
aGVHD outcomes with sirolimus/Tac were seen. Non-relapse
mortality (NRM) and OS were similar as well (34). Hence
sirolimus appears to be an acceptable alternative to MTX when

used with CNIs. In subsequent studies, sirolimus has been
associated with higher rates of veno-occlusive disease (VOD)
particularly when ablative busulfan is used (35) or when there
are additional risk factors for VOD. In RIC transplantation, the
addition of sirolimus to Tac/MTX resulted in better grade II-IV
aGVHD outcomes without survival benefit in a phase II RCT
(36). More recently, a phase II RCT found that the combination
of sirolimus with CyA and MMF was superior to CyA/MMF;
however, the comparator arm is generally considered inferior to
Tac/MTX (37).

Sirolimus has been found to be particularly helpful
in situations where nephrotoxicity is a concern such as in
transplantation for sickle-cell disease. It is also being used with
PTCy in patients with borderline renal function, with rates of
engraftment and GVHD comparable to PTCy based regimens
with CNI and may be a way to safely perform HSCT in patients
with renal dysfunction (38).

Given its Treg sparing effects, novel combinations such as
that with OX40L blockade are being investigated (39). This is
discussed in greater detail in the section on OX40L blockade later
in this review.

Ex-vivo T-Cell Depletion/Modulation
Ex-vivo TCD has been used for decades in allogeneic
transplantation as a prophylactic strategy to prevent GVHD.
Methods of T-cell depletion have included (1) negative selection
(removal of T-lymphocytes) through the use of monoclonal
antibodies with or without complement (40, 41), counter flow
elutriation (42), and immunotoxins (43) or (2) positive selection
of CD34+ hematopoietic stem cells from the graft which
(currently the preferred method) usually via immunomagnetic
beads with the CliniMACS CD34 Reagent System (Miltenyi
Biotech, Gladbach, Germany) (44). The two methods do differ in
efficacy with greater TCD being achieved by positive selection.

Pan T-Cell Depletion
An early concern with TCD was that it could affect the powerful
GVL effect in HSCT which is also believed to be T-cell mediated.
In a RCT in patients transplanted with marrow grafts, TCD was
compared to conventional prophylaxis with CyA/MTX; the 3-
year disease free survival (DFS) was similar in both groups with
lower rates of grade III-IV aGVHDwith TCD. Relapse rates were
however, higher with TCD, particularly in patients with chronic
myelogenous leukemia (CML) (45). A large registry analysis
also showed higher relapse rates with TCD (46). Subsequently,
in a phase II trial with peripheral blood stem-cell (PBSC)
transplantation (BMT CTN 0303), immunomagnetic beads were
used for CD34 selection of the graft and TCD and relapse rates
appeared to be comparable to historic controls while rates of
acute and extensive chronic GVHD were favorable (47). Another
trial comparing CD34 selected HLA-matched sibling HSCT with
conventional prophylaxis showed comparable rates of GVHD,
relapse and overall survival (48). Whether these results will hold
up in the setting of an RCT has been tested in the recently
completed multi-center RCT (NCT02345850) comparing ex-vivo
CD34 selection to PTCy + MMF and conventional Tac/MTX
prophylaxis, the results of which are eagerly awaited.
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The other notable issue with pan-TCD has been a higher
incidence of graft failure and slower immune reconstitution (IR)
leading to higher rates of infectious complications, particularly
viral infections (CMV, EBV) (49). The use of additional in-vivo
TCD in the form of anti-thymocyte globulin (ATG), particularly
in the haploidentical setting can potentially be helpful in
achieving better engraftment rates (50). Other strategies to
improve IR have incorporated direct T-cell add back strategies
post stem-cell infusion (51) or the use of megadoses of CD34
selected cells (Perugia group) which seem to have a tolerizing
effect (52).

Given these issues with pan-TCD, more selective methods of
T-cell depletion aimed at preventing GVHD while preserving
GVL are being explored with the availability of sophisticated
clinical grade cell separation techniques.

Selective T-Cell Depletion Strategies
While a number of strategies have been attempted for selective
TCD, they did not meet with lasting success. Depletion of CD5+
T-cells and CD8+ T-cells were tried in the 1990s; while rates of
GVHD were encouraging, rates of relapse were high leading to
the abandonment of these strategies. CD6 depletion is separately
discussed in the section on T-cell modulation.

More recently Bleakley et al. have looked at CD45RA (naïve)
TCD with the understanding that it is primarily the naïve T-
cells in an allograft that are alloreactive. Unfortunately, this
strategy has not produced encouraging results thus far. Bleakley
et al. reported a first in human trial where they performed
CD45RA (naïve) TCD via a two-step immunomagnetic bead-
based procedure in 35 adult patients. Although 34/35 patients
engrafted, rates of aGVHD were high in the 66% range. This
was not improved when naïve TCD was combined with a/b TCD
(described below) either and this approach is not widely used at
this time.

α/β TCD
While a majority of T-cells express α/β receptors T-cell receptors
(TCR), 2–10% of T-cells express γ/δ TCR. These γ/δ T-cells are
believed to have important innate immune effects characterized
by rapid cytokine release and killing of viral infected and tumor
cells (53). This makes them an attractive candidate to potentially
mediate GVL without inducing GVHD by the selective depletion
of α/β T-cells. In a prospective single-arm pediatric trial in
patients with acute leukemia, an encouraging GRFS of 70% was
seen (54). The median follow-up for surviving patients in this
study was 46 months. This approach is being tested in a number
of other trials in pediatric and adult patients; in one of these a
CNI-free GVHD prophylaxis strategy for acute leukemia patients
undergoing 1–2 locus MMUD MAC HSCT (NCT03717480) is
being looked at.

Modulating T-Cell Co-stimulatory/Co-inhibitory

Pathways
During T-cell activation, following initial engagement of antigen
by the TCR, a number of co-stimulatory and co-inhibitory signals
come into play mediated by receptors on T-cells and APCs. This
is true in acute GVHD as well. Hence the modulation of these

co-stimulatory and co-inhibitory interactions is one of the new
frontiers in the prophylaxis of GVHD.

CD28/CTLA-4 Blockade: Abatacept
The most promising of these has been blockade of the
CD28/CTLA-4 axis. CD28 and CTLA-4 are both receptors on
the T-cell which bind to B7-1/CD80 and B7-2/CD86 ligands on
the APC; however, while CD28 is co-stimulatory, CTLA-4 is co-
inhibitory. Abatacept (CTLA4-Ig) is the soluble extra-cellular
portion of CTLA-4 complexed with immunoglobulin heavy chain
which blocks CD28 and CTLA-4, with more of an effect on
CD28 leading ultimately to an inhibitory signal. Murine models
from Blazar et al. showed that CD28/CTLA-4 blockade could
reduce aGVHD lethality (55). Kean et al. performed a promising
feasibility study in humans and reported results from a phase II
RCT comparing standard of care (SOC)+abatacept to abatacept
only in pediatric and adult patients. Grades III-IV aGVHD were
significantly decreased and OS was improved in the abatacept
arm (56). These impressive results have led to FDA breakthrough
designation for this drug.

Since this approach blocks both stimulatory and inhibitory
pathways, the concern for unwanted T-cell activation has been
raised; hence more selective approaches to blocking CD28 are
also being investigated. As an example, FR104 (CD28-specific
pegylated-Fab’) with and without sirolimus are being investigated
in non-human primate models (57).

Enhancing Regulatory T-Cells
Tregs (CD4+CD25+Foxp3+) comprise a unique subset of T-
lymphocytes that can be derived from the thymus or converted
from CD4+CD25- cells (inducible or iTregs). Tregs play an
important role in immune homeostasis and a favorable balance
between Tregs and effector T-cells may be important to prevent
GVHD. While ex-vivo expansion of Tregs is possible (58), there
are concerns about their stability ex-vivo. Some preliminary data
in alternative donor transplantation has shown that infusion of
such expanded Tregs can be beneficial (59).

Hence, rather than the direct infusion of Tregs, other
approaches have been attempted which can upregulate Tregs
or enhance their functionality in the post-transplant immune
milieu. One such approach involves invariant natural killer T
(iNKT) cells.

Invariant Natural Killer T Cells
iNKT cells are unique in that they co-express both T and NK
cell markers and therefore straddle both the innate and adaptive
immune system with a semi-invariant TCR that recognizes
glycolipid antigens presented by the major histocompatibility
complex (MHC) class I-like molecule CD1d. They modulate the
immune system via IL-4 and IL-10. In murine models, iNKT cells
reduced GVHD both by a switch to a Th2 cytokine profile and/or
IL-4-dependent Treg expansion. These mice were conditioned
with a regimen incorporating total lymphoid irradiation plus
ATG (TLI-ATG) (60, 61). This was then translated in a proof of
concept study in humans with promising GVHD outcomes (62).
An analysis of post-transplant immune reconstitution showed
that low iNKT/T cell ratios were independently associated with
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rates of acute GVHD (63) while another provocative study
suggested that the larger numbers of iNKT cells in the donor graft
correlated with improved GVHD free relapse free survival (64).
Direct infusion of ex-vivo expanded iNKT cells is also an area
of investigation.

In this contect, REGiMMUNE is a compound in which
KRN7000, a synthetic alpha-galactosylceramide derivative and a
CD1d ligand, is embedded in a lipid bilayer. REGiMMUNE has
been shown to reduce aGVHD mortality by expanding Tregs
via iNKT cells in murine models (65). In a Phase IIa trial
REGiMMUNE in combination with sirolimus did reduce overall
and acute GVHD although more mature data is awaited (66).

Targeting T-Cell Trafficking

Vedolizumab
Alloreactive CD8+ T-cells bound for the intestines express high
levels of integrin β7 (α4β7) that binds to its ligand mucosal
addressin cell adhesion molecule 1 (MAdCAM 1) in Peyer’s
patches and gut-associated lymphoid tissue (GALT) in the
intestinal mucosa. Vedolizumab is a humanized moAb which
prevents T-cell trafficking to the gut by targeting α4β7integrins
on the T-cells. Early proof-of-concept and restrospective analyses
have shown promising efficacy with vedolizumab in steroid
refractory aGVHD (67). Given its effect on T-cell trafficking, an
early critical event in GVHD pathogenesis, it was then tested
in the context of prophylaxis in a phase 1b study where it was
moderately safe with low rates of acute and chronic GVHD (68).
A phase III RCT comparing vedolizumab + SOC prophylaxis to
SOC is currently underway (NCT03657160).

Maraviroc
Maraviroc is an antagonist of CCR5, a chemokine receptor
that has been implicated in T-cell trafficking during GVHD
pathogenesis. Maraviroc appears to block lymphocyte
chemotaxis without actually affecting T-cell function which
made it an attractive candidate as a prophylactic agent. However,
in a prospective non-randomized study from the BMT CTN,
maraviroc in combination with standard Tac/MTX was not
superior to standard of care and in this trial the PTCy/Tac/MMF
arm fared the best (21).

Targeting Cytokine Pathways

Tocilizumab
Interleukin-6 (IL-6), an inflammatory cytokine has been shown
to be one of the chief mediators of aGVHD in murine models
(69). Therefore, IL-6 blocking agents could prevent aGVHD. In
a phase II trial, tocilizumab, a humanized monoclonal antibody
against the IL-6 receptor (IL-6R) was found to be promising
(70); however, in a placebo-controlled phase III study from
Australia, there was no significant difference in grades II-
IV or III-IV aGVHD (71). This is a salient reminder that
given the complex pathophysiology of aGVHD, with crosstalk
between myriad cytokines and immune effector cells, targeting
multiple cytokine pathways will be required for efficacy. These
translational advances are summarized in Table 1.

Novel GVHD Prophylactic Strategies on the
Horizon
There are novel therapies which have not yet been successfully
translated to clinical practice but hold great promise. These
therapies are based on innovative targets based on a more
intricate understanding of the pathophysiology of GVHD.

Targeting Tissue Damage/Endothelial Injury

Siglecs/CD24 Fc
As mentioned above in the section on the immunobiology
of GVHD, conditioning regimen associated tissue damage
exposes antigens which comprise pathogens or Pathogen-
Associated Molecular Patterns (PAMPs) and components
of damaged cells (Danger-Associated Molecular Patterns
or DAMPs) which trigger activation of the innate immune
system. Conversely Sialic-acid-binding-immunoglobulin-like
lectins (Siglecs) are a particular class of pattern recognition
receptors that downregulate innate immune responses (72).
A number of Siglec homologs have been identified in mice
and humans and are all characterized by immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) or ITIM-like regions in
their intracellular domains.

A role for Siglecs in modulating adaptive T-cell mediated
immune responses has also been proposed. Reddy et al. have
shown that Siglec-G interacts with CD24c in murine models
and this interaction CD24 suppresses TNF-α, IL-1β, and IL-6
via NFkB and therefore is promising in the domain of GVHD
prophylaxis (73).

Defibrotide
Defibrotide is a polydisperse mixture of predominantly
single-stranded polydeoxyribonucleotides which in pre-
clinical and human studies has demonstrated profibrinolytic,
antithrombotic, anti-inflammatory and angio-protective
effects ultimately resulting in stabilization of endothelial cells
(74). Defibrotide is used in the treatment of veno-occlusive
disease/sinusoidal obstruction syndrome (VOD/SOS), another
morbid complication of allogeneic transplantation. Endothelial
activation is also associated with transplant conditioning
regimens and prime the host for GVHD. In a randomized phase
II pediatric trial of defibrotide in VOD/SOS, the incidence and
severity of aGVHD at days +30 and +100 were significantly
better in the defibrotide-treated arm in patients who underwent
HSCT (75). This signal is being further explored in a phase II
randomized, open-label study comparing defibrotide + SOC vs.
SOC alone in pediatric and adult patients for the prevention of
aGVHD (NCT03339297).

T-Cell Modulation

Notch Pathway
The canonical NOTCH pathway has been shown to play a
critical role in T-cell activation, differentiation, and function
in aGVHD pathogenesis (5). Using humanized monoclonal
antibodies, it has now been shown that Notch-deprived T-cells
produce less inflammatory cytokines but proliferate normally,
with a preferential increase in Tregs, without compromising
GVL, mediated chiefly by NOTCH1, and Dll-4 (6). Selective
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TABLE 1 | Translational advances and experimental strategies in GVHD prophylaxis.

Translational advances in GVHD

Prophylaxis

Experimental GVHD prophylaxis

strategies

1. In vivo T-cell depletion/modulation Targeting tissue damage/endothelial

damage

A. Post-transplant cyclophosphamide Phase II/III Siglecs/CD24 Fc Murine models

B. Anti-thymocyte Globulin Phase III Defibrotide Ongoing Phase II

C. Sirolimus Phase III

2. Ex-vivo T-cell depletion/modulation T-cell modulation

A. Pan T-cell depletion Phase II/III Notch pathway Pre-clinical

B. Selective T-cell depletion Mesenchymal stem-cells Exploratory

a/b T-cell depletion Phase I/II

CD45RA (naïve) T-cell depletion Phase I/II

3. Modulating T-cell

co-stimulatory/inhibitory pathways

Modulating T-cell

co-stimulatory/inhibitory pathways

A. CD28/CTLA-4 blockade/Abatacept Phase III OX40L blockade Murine/non-human primate models

ALPN101 Murine models, Phase I/II ongoing

CD6 blockade: Itolizumab Xenograft models, Phase I/II ongoing

4. Enhancing Tregs (regulatory T-cells) Targeting T-cell trafficking

iNKT-cells Murine models, proof of concept in

humans

PSGL-1 Murine models

REGimmune Phase IIa

5. Targeting T-cell trafficking Subset T-cell depletion

Vedolizumab Phase 1b, Phase III ongoing Xenikos/T-guard Exploratory

Maraviroc Phase III (negative study)

6. Targeting cytokine pathways Targeting cytokine pathways

Tocilizumab Phase III (negative study) AAT (Alpha-1 antitrypsin) Phase II/III ongoing

JAK-STAT Phase I ongoing

NOTCH blockade is an exciting new frontier and offers potential
for clinical translation.

Mesenchymal Stem-Cells
Attempts have been made to utilize the immunomodulatory
properties of MSCs for GVHD prophylaxis based on
murine models of HLA-mismatched transplantation with
co-transplantation of hematopoietic stem-cells and MSCs (76).
Ning et al. showed in a small randomized trial, the incidence
of grade II-IV aGVHD was 11.1% in the MSC group compared
to 53.3% in the control group (77). However, the sample size in
this trial was very small (n = 25) and larger studies are needed
to further study the effect of MSCs on preventing GVHD. A
randomized phase II trial has also shown some beneficial effect
on cGVHD and need to be further studied (78).

Targeting T-Cell Co-stimulatory Pathways (CD24 Fc)

OX40L Blockade
OX40 (CD134) is a co-stimulatory receptor found on T-cells
while its ligand OX40L is expressed on dendritic cells, B-cells,
and endothelial cells. In 2003 Blazar et al. investigated the
OX40 regulation of GVHD in murine models and found that
antagonistic anti OX40L moAb or the use of OX40−/−donor
or recipient mice resulted in similar reduction in GVHD (79).
Further, although OX40 was expressed on CD4 and CD8 cells,
the effect of OX40 appeared to bemediated chiefly by CD4+ cells.

OX40 is also a strong negative regulator of Foxp3(+) Tregs (80)
and therefore blockage could enhance Treg reconstitution which
could be beneficial in GVHD. Tkachev et al. (39) then have shown
that in non-human primate models, the combination of KY1005
(OX40L blocking antibody) and sirolimus has synergistic activity
in reduction of GVHD mortality associated with control of both
Th/Tc1 and Th/Tc17 activity. In addition, there was a Treg
sparing effect with the combination. This exciting approach is
now being translated to the clinic.

ALPN101
Inducible Costimulator (ICOS) is a member of the CD28/CTLA-
4 family expressed on activated T-cells while the ICOS ligand
(ICOSL), a B7 family member is constitutively expressed on B-
cells, macrophages and dendritic cells and upregulated on APCs
via TNF-alpha and lipopolysaccharides (LPS). In murine models
of GVHD, blockade of the ICOS:ICOSL interactions via moAb
or ICOS−/− mice resulted in significant decrease in GVHD and
GVHD related mortality both mediated by CD4+ and CD8+
cells (81).

ALPN101 is a novel Fc fusion protein of a human
ICOSL variant immunoglobulin domain (single domain vIgDTM)
binding both ICOS and CD28 at higher affinity than wild-type
molecules, designed to inhibit both the CD28 and ICOS pathways
to dampen co-stimulatory responses during alloreactive T-cell
activation. In a murine dose-ranging study, ALPN101 inhibited
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GVHD responses at all doses and more significantly than the
comparator belatacept, an approved CTLA-4-Fc protein CD28
pathway inhibitor (82).

A phase 1/2 dose finding study (BALANCE) is ongoing
in patients with steroid sensitive and steroid refractory
aGVHD (NCT04227938) investigating this potentially
transformative effect and this is another promising target
for GVHD prophylaxis.

CD6 Blockade: Itolizumab
CD6 is a co-stimulatory receptor on T-cells that binds to activated
leukocyte cell adhesion molecule (ALCAM), a ligand on APCs
and is involved in T-cell activation and trafficking. Historically
CD6 T-cell depletion using a monoclonal antibody (moAb) was
evaluated in a single-arm trial (n = 112) with aGVHD rates in
the 18% range using bone marrow grafts (41). More recently,
itolizumab, a humanized anti-CD6 moAb was tested in xenograft
models with some evidence that it could modulate T-cell activity
(83). This molecule has also been fast-tracked by the FDA and
is being tested in a phase I/II study for first-line treatment (with
steroids) of severe aGVHD (NCT03763318) and may have a role
in prophylaxis.

Targeting T-Cell Trafficking

PSGL-1
P-selectin is one of a family of three glycosylated lectins (E, L,
and P-selectin) which is constitutively expressed on the vascular
endothelium of skin and bone marrow and inducibly expressed
on other cells during inflammation. P-selectin is a receptor
for PSGL-1, a glycoprotein strongly expressed on all leukocytes
(84). PSGL-1 mRNA has been shown to be upregulated during
GVHD in experimental models (85). P-selectin deficient mice
were shown to have less GVHD morbidity and mortality; in
addition T-cells were redirected from Peyer’s patches and GALT
to spleen and lymph nodes indicating that disruption of P-
selectin interactions during GVHD pathogenesis can affect T-
cell trafficking to target organs (84). Although it is likely that
disruption of this pathway alone may not fully abrogate selectin
interactions in GVHD, it is a promising new target.

Targeting Cytokine Pathways

Alpha-1 Antitrypsin
AAT is a liver derived serine protease inhibitor which can
inhibit proinflammatory plasma cytokines and induce
anti-inflammatory IL10 among other somewhat protean
immunologic functions. It has also been shown to be involved
in the in-vivo induction of Treg. In preclinical aGVHD models,
AAT reduced inflammatory cytokines, altered the ratio of
effector and regulatory T-cells and reduced levels of DAMPs
(86). AAT has shown promise in early phase trials for SR
aGVHD (87) and is being tested in phase III trials. This drug
is also being tested in the prophylactic setting in a phase
II/III randomized, multi-center, placebo-controlled study for
prevention of aGVHD (NCT03805789).

JAK-STAT
The Janus kinase family comprises intra-cellular signaling
proteins (JAK-1, 2, 3, and tyrosine kinase 2) involved in
downstream transduction of various cytokine pathways (88).
They are fundamentally involved in all three phases of GVHD
pathogenesis by regulating the activity of APCs, T- and B-
lymphocytes (89). Pre-clinical studies showed that JAK-1/JAK-2
could reduce GVHD without affecting GVL (90, 91) including
an effect on T-cell trafficking and enhancement of Tregs. JAK-
1/JAK-3 inhibition also appears to reduce GVHD in murine
models (92). Following on encouraging early phase studies
with JAK-1/JAK-2 inhibitor ruxolitinib (Rux) in SR aGVHD,
phase III data has now been reported (Rux vs. investigator’s
choice for SR aGVHD, REACH-2) which shows better overall
response rates with Rux although a benefit in NRM could not
be shown. JAK inhibition could be an exciting new frontier
for GVHD prophylaxis as well. Choi et al. (93) showed
that baricitinib (JAK1/JAK2 inhibitor) completely prevented
GVHD in murine models without hampering GVL by multiple
mechanisms including expansion of Tregs by preserving JAK3-
STAT5 signaling; downregulation of CXCR3 and helper T cells 1
and 2.

So far clinical data is limited to a pilot study in myelofibrosis
patients where a combination of ATG, ruxolitinib, and PTCy
was used as GVHD prophylaxis with acceptable engraftment
rates (94) and a single-arm study where Rux was used to
replace CNIs in patients with CNI intolerance (95). Itacitinib,
a selective JAK-1 inhibitor is being investigated in combination
with CNI for primary prophylaxis of GVHD (GRAVITAS-119
trial, NCT03320642).

Subset TCD

Xenikos/T-Guard
Monoclonal antibodies conjugated with immunotoxins is a
method of selective TCD that has been attempted in the past
with CD5 as a target among others as described above. T-
guard is a immunotoxin combination comprised of a mixture
of anti-CD3 and anti-CD7 antibodies separately conjugated to
recombinant ricin A (CD3/CD7-IT), which induces in vivo
depletion of T cells and natural killer (NK) cells and suppresses T
cell receptor activation.

This was first evaluated in a phase I/II trial in humans
in SR aGVHD with a 50% response rate and manageable
toxicities albeit with evidence of capillary leak and thrombotic
microangiopathy (96). This may be a potential target for
prophylaxis in the future. These experimental methods are
summarized in Table 1.

Prevention of cGVHD
Although cGVHD is a distinct clinical and immunologic entity
from aGVHD, there are limited interventions that specifically
target the prevention of cGVHD. In general we know that
patients who have less aGVHD will likely get less cGVHD and
so the prevention of aGVHD is important in the prevention of
cGVHD. In terms of donor and transplant related interventions,
younger same-sex donors and the use of bone marrow product
rather than PBSC has been shown to reduce rates of cGVHD (97).
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T-cell directed approaches that have been quite successful
include ATG and more recently PTCy as outlined above. B-cell
directed approaches are an area of interest given our current
understanding of the important role that B-cells play in the
pathophysiology of cGVHD. Rituximab, a monoclonal antibody
targeting CD20 was evaluated in a phase II trial with cGVHD
rates in the 48% range cGVHD requiring immunosuppression
in the 31% range (98). This was promising at the time and led
to an ongoing randomized trial where obinutuzumab, another
monoclonal B-cell directed antibody is being tested for cGVHD
prevention (NCT02867384). It will be interesting to see how it
will fare in comparison to PTCy.

Another area of interest is the augmentation of tolerance
by the use of low-dose IL-2 (aldeskeukin) to enhance Treg
reconstitution creating a favorable immunologic milieu for the
prevention of cGVHD. This strategy has had success in the
therapy of steroid-refractory cGVHD (99) and may have a role in
prevention as well although remains investigational at this time.

DISCUSSION

GVHD prophylaxis has evolved over the last few decades
from direct in-vivo and ex-vivo pan T-cell depletion strategies
to more directed immunomodulatory strategies based on a
more comprehensive understanding of GVHD immunobiology.
Nevertheless, the basic backbone of CNI based prophylaxis
has survived the test of time. We have touched upon this
current standard in this review and further discussed important
translational advances and exciting pre-clinical strategies which
may be a part of future prophylactic regimens.

Of these translational advances, PTCy is arguably the most
exciting and a potential replacement for standard CNI/MTX
based prophylaxis in multiple transplant settings. Sometimes
considered to be an elegant method of in vivo T-cell depletion,
mechanistic studies have indicated that PTCy has a far
more complex impact on the post-transplant immune system
including a Treg sparing role which is of great interest in
the community (20). In haploidentical transplants, PTCy based
GVHD prophylaxis is the standard, typically incorporating a
CNI and MMF in the most widely used regimens. Although
rates of grades II-IV aGVHD are comparable in haploidentical
transplants with PTCy based prophylaxis compared to CNI/MTX
prophylaxis in MUD transplants, the rates of severe acute and
chronic GVHD are far lower without significantly compromising
relapse rates which makes it a very attractive strategy (100). In
fact, the results in the haploidentical setting with PTCy based
prophylaxis have been so impressive that this platform is now
being tested in the HLA_matched setting where it is being
compared to standard CNI/MTX based prophylaxis. Data from
a small RCT (22) as well as a larger prospective trial (BMT
CTN 1203) (21) in the reduced intensity setting have already
generated encouraging signals where the PTCy arm performed
better than the standard CNI arm as well as other potential novel
strategies. Based on this data, some centers have already migrated
to using PTCy based prophylaxis for matched unrelated donor
and in some cases even inmatched related donor transplantation.

However, from a purist’s viewpoint, data from a well-powered
RCT is still not sufficient to change practice standards and the
results of BMT CTN 1703 comparing PTCy based prophylaxis to
CNI/MTX are eagerly awaited. In the myeloablative setting, the
standard remains CNI/MTX although PTCy based prophylaxis
will likely be tested in this setting as well. Other in-vivo TCD
strategies such as ATG are still widely used, although the most
profound effect of ATG appears to be on severe chronic GVHD
and comes at the cost of poorer T-cell immune reconstitution and
therefore more infectious complications. Sirolimus is another
drug that has had promising results in reducing severe acute
GVHD without much impact on chronic GVHD and is a
reasonable alternative to CNI/MTX (34).

In the domain of ex-vivo TCD, pan TCD is still performed
routinely in certain centers; once again with gains in the
realm of severe chronic GVHD at the cost of more infectious
complications. There have been some concerns about higher
rates of relapse with ex-vivo TCD as well. These three important
methods of T-cell depletion for GVHD prophylaxis, namely
CNI/MTX, PTCy and ex-vivo pan-TCD have been compared
in a multi-center RCT (BMT CTN 1301), the results of which
are eagerly awaited as well. In the last decade the spotlight has
shifted to methods of selective ex-vivo TCD with limited success
in the clinical setting. a/b TCD which attempts to reduce GVHD
without affecting GVL and can be performed without the use of
post-transplant immunosuppression is promising and may be an
important modality in the future.

Separate from direct TCD (in-vivo or ex-vivo), a new
frontier in GVHD prophylaxis is targeting immune checkpoints
which regulate T-cell activation. Given the dramatic success of
checkpoint inhibitors in the world of solid tumor oncology, there
has been tremendous interest and amuch better understanding of
these checkpoints in recent years. In the case of GVHD of course,
researchers have tried to downregulate rather than upregulate
T-cell activation following initial antigen engagement by the T-
cell receptor complex. Although there are a number of molecules
being tested at the bench and detailed in this review, the most
promising of these has been blockade of the CD28/CTLA-4 axis
with Abatacept (CTLA-Ig) with an eventual inhibitory signal
downstream to the T-cell. Results from a RCT with pediatric
and adult patients has shown a dramatic reduction in severe
acute and chronic GVHD including in mismatched unrelated
donors (56). With FDA breakthrough status, this molecule has
the potential to be an integral part of GVHD prophylaxis in the
future although it is unclear if it is more effective than PTCy based
prophylaxis. Certainly cyclophosphamide, a drug that has been
used for decades, is far more affordable and therefore a platform
easily generalizable in more resource poor settings.

Targeting T-cell trafficking, an early event in GVHD
prophylaxis, is being tried with integrin blockers such as
vedolizumab. It is logical that inhibiting the very movement of
effector T-lymphocytes to target organs should better prevent
GVHD rather than trying to arrest the widespread inflammation
and cytokine cascades which characterize the final common
pathway in GVHD pathogenesis. As a testimony to that, when
tocilizumab an IL-6 blocker was evaluated, despite promising
phase II single-arm data, was not more effective than standard
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prophylaxis in a phase III RCT (71). This has in fact been the case
with numerous promising prophylactic therapies which perform
well in single-arm studies but have not been a home run in
well-designed phase III studies.

Within the limitations of this review, we have highlighted
some of the exciting pre-clinical science that has the potential
to translate into effective prophylactic therapies which target
GVHD pathogenesis beyond direct T-cell depletion. Targeting
the interaction between DAMPs/ PAMPs on APCs and Siglecs
with a downstream inhibitory effect on cytokine cascades
as well as investigating a role for Siglecs in modulating
adaptive T-cell mediated immunity are areas of interest (73).
Endothelial damage, another inciting pro-inflammatory event in
GVHD pathogenesis is being targeted by drugs like defibrotide
which have enjoyed tremendous success in the therapy of
VOD. Targeting selectin interactions such as PSGL-1 (84) is
another developing area in the field of GVHD therapeutics
and prophylaxis.

Pathways critical in T-cell modulation during activation and
proliferation such as the Notch pathway has been an area of

great interest although not ready for translation at this time (6).
Bolstered by the success of Abatacept, other molecules targeting
checkpoints such as OX40L blockade (including combination
with sirolimus) (39), blockade of the ICOS: ICOSL interaction
with ALPN101 (81) and CD6 blockade (Itolizumab) (83) are
extremely exciting. The role of AAT in prophylaxis both as
an immunomodulator as well as in opposing inflammatory
cytokines is being looked at.

In conclusion, while GVHD prophylaxis in 2020 still
incorporates the traditional paradigms of CNI based
prophylaxis, PTCy is knocking on the door and a number
of exciting new translational therapies and pre-clinical
advances are on the horizon which promise to challenge the
established paradigms.
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High resolution typing of the HLA-DPB1 locus for patient who requested for
hematopoietic stem cell transplantation (HSCT) workup has recently become
mandatory by the National Marrow Donor Program (NMDP) in order to facilitate
matching between donors and recipients for better outcomes. The likelihood of
identifying HLA matched donors in Hong Kong, on top of the existing HLA-A, -B, -C,
and -DRB1 loci, is revisited in this study. HLA-A, -B, -C, -DRB1 and -DPB1 genotypes of
5,266 volunteer unrelated Chinese donors from the Hong Kong Bone Marrow Donor
Registry (HKBMDR), were included in this study. Matching models were employed to
determine the matching probabilities for 10/10(DPB1) and 9/10(DPB1) HLA match. The
matching probabilities are 20% at 10/10(DPB1) HLA match and 55% at 9/10(DPB1)
match, based on the existing 130,000 donors in the HKBMDR. The likelihoods of match
become 27% and 65% respectively, by increasing the registry to 250,000. However, if
DPB T-cell-epitope (TCE) model is considered in the matching, the probability will increase
to 46% at 10/10 DPB1 permissive mismatching. Our findings provide vital information
about the future planning on the targeted recruitment size, HLA typing and search
strategies of the donor registry and arose the transplant physicians’ acceptability to 9/
10(DBP1) or 10/10(DBP1) HLA match. Nevertheless, the marrow donor registry has
planned for increasing the registry size and bringing down the age of recruited donors
which will ultimately enhance patient outcome.

Keywords: alleles, frequency haplotypes, HLA antigens, Chinese, matching probability
INTRODUCTION

The detrimental graft-versus-host disease (GVHD) remains a major challenge after curative
hematopoietic stem cell transplantation (HSCT). Systemic outcome analysis has shown that
HLA-DPB1 mismatch had resulted in increased risk of acute GVHD. Transplantation with non-
permissive DPB1 mismatch was shown to be associated with higher transplant-related mortality
(1). Starting from 27 February 2021, HLA typing of DBP1 loci has become mandatory for patients
org April 2021 | Volume 12 | Article 638253170
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requesting for HSCT workup from the National Marrow Donor
Program (NMDP). In light of better outcome for HSCT,
optimal matching between donors and recipients are
recommended at high resolution in the HLA-A, -B, -C,
-DRB1 and -DPB1 loci. Due to the population-specific allelic
variation and the extremely high level of HLA gene
polymorphism, the availability of optimal HLA-matched
unrelated donors and cord-blood units has always been a
concern (2, 3). As a result, donors with mismatched HLA
antigens may also be considered in many situations.
However, these HLA mismatches may lead to an 8%
reduction per loci in the 5-year overall survival rate after
HSCT (4). The additional information on DPB1 loci may
help clinician on final donor selection by reviewing the
matching at DPB1 to enhance the patient outcome when
more than one potential donors are available for HSCT.

Volunteer unrelated donor database has been managed by
the Hong Kong Bone Marrow Donor Registry (HKBMDR). At
present, there are close to 130,000 stem cell donors in
HKBMDR and 38 million donors in the Bone Marrow
Donors Worldwide (BMDW) (5). Continual growth on the
number of donors has been achieved globally. However, it
accompanied with significant resource implication in donor
recruitment and HLA typing. Therefore, strategic donor
recruitment becomes very important account of the donor
registry planning. Many crucial factors, including recruitment
on more young male donors (6) or focus on the recruitment of
donors with rare human leukocyte antigen (HLA) phenotypes
(7), donors from ethnic minority (8–11), and recruitment
activities based on HLA frequency differences at regional
priority setting (12–15).

Estimation of matching probability, including mixed patient
population, provides vital information for donor recruitment
strategy planning and framework for international stem cell
donor exchange (16). We have used the calculations based on
HLA-A, -B, -C and -DRB1 loci high-resolution haplotype
frequencies (HF) of our own population to estimate the donor
pool size earlier (17).

The linkage disequilibrium between HLA-DPB1 and other
loci are weak due to a hot-spot of recombination between HLA-
DPB1 and HLA-DQB1 loci (18). A big proportion of unrelated
donor HSCTs were performed across HLA-DPB1 mismatches
(19, 20). HLA-DPB1 alloantigens are target of graft-versus-
leukemia (GVL) or graft-versus-host (GVH) disease mediated
by alloreactive T cells (21–24). However, only 3-57% of HLA-
DPB1 were typed in the HLA DNA typed unrelated donors from
varies registries (25). Since it was well known that racial and
ethnic background play a profound role in adult-donor
availabil ity and match probabil it ies (26), the same
phenomenon was proven in our previous study (17). We
estimated the donor pool and matching probability on HLA
10/10(DBP1) matching with reference to our recent publication
on the gene and HF of the Hong Kong population (27). To our
knowledge, this is the first study to revisit the calculation of
matching probabilities of our population and the estimation of
donor size based on the additional DPB1 requirement.
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MATERIALS AND METHODS

Sample Collection and Genotyping
The gene frequency and HF as reported previously were used in
the analysis (27). In brief, Next generation sequencing
supplemented with sequence-specific primer was used to define
allele combinations and some specific alleles with 5,266 donors.
HF was calculated from these results using Markov Chain Monte
Carlo (MCMC) algorithm PHASE (28). Matching model was
then utilized by using the calculated HF and effective adult-
donor registry size for each group, with the assumption of
genotypes in Hardy-Weinberg equilibrium (HWE) (29, 30).

HLA-DPB1 typing was assigned based on T-cell Epitope
a l go r i t hms ve r s i on 2 . 0 a s s i gnmen t (h t tp s : / / r aw .
githubusercontent.com/ANHIG/IMGTHLA/Latest/tce/dpb_tce.
csv) and also the online tool at https://www.ebi.ac.uk/ipd/imgt/
hla/dpb_v2.html (31). The TCE group assignment was reported
for all HLA-DPB1 alleles according to the Release 3.38.0 of the
IPD-IMGT/HLA Database, released 2019-10. The predicted
immunogenicity of the HLA-DPB1 matching will be presented
as Permissive, Non-Permissive GvH or Non-Permissive host-
versus-graft (HvG).

Statistics Analysis
The frequencies of HLA-A, -B, -C, -DRB1 and -DPB1 alleles
were calculated from the number of observed genotypes. MCMC
simulation from Guo and Thompson was utilized to assess the
Hardy-Weinberg equilibrium for each loci via PHASE (32), and
the deviance of genotype frequency within each loci was detected
by PHASE invoking Arlequin (33). P value of <0.01 was
considered to be statistically significant.

Formulae described by Schmidt et al. has been utilized in this
study with modification (16). In brief, the probability p(n) for
any patient from their own population to identify at least one
matched donor in a registry including n individuals of a donor
population is given p(n) =Ʃifi[1-(1-fi)n] with p(n) being the
matching probability in “n” sample size, fi being the
frequencies of the i-th genotype and i-th is any genotype from
the rank of genotype frequencies in the order from the highest to
the lowest in a donor population. The estimated HF was used to
derive the genotype frequencies under the assumption of HWE.
RESULTS AND DISCUSSION

Data from the recently published HLA genotype and haplotype
frequencies of the HKBMDR (27) was applied in this study.
Characteristics of these HLA haplotypes in Hong Kong were
summarized in Table 1.

In concordance with our previous study (17), it was found
that the number of haplotypes was significantly increased with
number of donor samples. This increase is exclusive for our local
population, as a plateau of number of haplotypes with increase in
sample size was not observed in other ethnic groups, e.g.
Caucasians and European populations (34). Mori et al.
April 2021 | Volume 12 | Article 638253
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reported that a significant higher level of the occurrence of
common haplotypes (0.01%) was observed in Asian Americans
than in Caucasian Americans in the NMDP database. This
suggested that the Caucasian Americans had a smaller degree
of genetic diversity than Asian Americans (35). Similar findings
from a large sample database that the occurrence of common
haplotypes in Asian or Pacific Islanders (API) was also higher
than Caucasians (34). However, whether the same phenomenon
will be observed when HLA-DPB1 is considered requires
further elucidation.
372
A similar methodology was applied in calculating the
likelihood of finding a “matched” donor in US (26), likelihood
of finding an 8/8 HLA match or ≥ 7/8 HLA match by different
donor registry size in Hong Kong was reported in previous study
for matching A, B, C, DRB1 loci only (17). With the increase in
the number of donors in the HKBMDR to 130,000 as of
December 2020, the likelihood of finding an available 8/8 HLA
matched donor is 49% and 69% for finding 7/8 HLA matched
donor (Figure 1). The results were comparable to those figures
found among Asians, Pacific Islanders, and Native Americans
(26). However, when taking into account of matching for HLA-
DPB1 loci, the likelihood of finding an available 10/10(DBP1)
HLA matched donor is 20% while 55% for finding 9/10(DBP1)
HLA matched donor. Similar finding was observed in a Finnish
retrospective study in which only 32.6% of local donors or 19.3%
of both local and foreign donors were HLA-DPB1 matched with
HSCT patients (36). In our data, the matching probability
increases to 38% when taking into account of the DPB1 T-cell-
epitope (TCE) permissive mismatching model.

TCE Groups has been utilized in classifying HLA-DPB1
mismatches that might be tolerated (permissive) or would
increase risks (non-permissive) after unrelated HSCT. If HLA‐
DPB1 matching with TCE Groups is considered, beneficial effect
during donor selection has been shown in various studies (37,
38). Donors with a permissive HLA-DPB1 group are preferred
over those showing a non‐permissive HLA-DPB1 group, among
those 9/10(DPB1) and 10/10(DBP1) potential donors. “DPB1
TCE3 grading” has been implanted in OptiMatch with the
FIGURE 1 | Matching Probability (MP) of varies level of HLA match against different donor registry size in HKBMDR. DPB1 PMM –with HLA-DPB1 permissive mismatch.
TABLE 1 | Characteristics of the haplotypes of Hong Kong.

HLA loci available A-C-B-DRB1-DPB1

Sample size (N) 5,266
Sample size (2N) 10,532
Number of haplotypes (>0.006%) 3,326
Sum (%) of haplotype frequencies within the top 10 10.7

25 16.0
50 21.1
100 28.1
250 40.2
500 51.7
1,000 65.6

Number of haplotypes with frequency ≥0.01 3
≥0.005 9
≥0.001 126
≥0.0005 323
≥0.0001 1,918
April 2021 | Volume 12 | Article 638253
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evident published by Zino et al. (39, 40). The new score was
assigned based on the 3 TCE Groups algorithm according to the
T cell cross-reactivity patterns (31).

IPD‐IMGT/HLA website provided the original feature of
DPB1 TCE3 algorithm and have been used in the BMDW
Search & Match Service. The discrimination of permissive or
non‐permissive HLA‐DPB1 mismatches is determined based on
whether the donor and patient alleles belong to the same
(permissive) or different (non‐permissive) TCE Groups. There
are total of 81 combinations of the HLA-DPB1 typing resulting
for TCE version 2 assignment (Supplementary Table 1).

Greater heterogeneity in HLA typing of the Hong Kong
Chinese was found where compared with other populations
(34, 41, 42). Therefore, to enhance the chance of successful
donor search, a larger donor pool is warranted. In concordance
with the findings by Dehn and Buck, the likelihood of matching
in HLA-A, -B, -C, -DRB1 and -DQB1 10 alleles for Asian
Americans was also inferior than Caucasian Americans for 7/8
or 9/10(DQB1) matched unrelated donor search was also lower
(98% vs 88%) (43–45).

In addition to the matching issue, attrition of donors due to
age and contact unavailability may pose another negative impact
on the likelihood of finding a donor. Based on the previous
registry size of 100,000, the attrition rate was 2% or 2,000 per
year. As shown in the projection (Figure 1), increasing the
registry size to 250,000 in five-year time, 26,600 new
recruitments per year is required to achieve matching
likelihood at 46% for 10/10(DBP1) HLA-DPB1 permissible
Match or 65% for ≥ 9/10(DBP1) HLA Match. An annual
recruitment of 26,600 is a big rise compared to the current of
8,000 per year. Extra resources should be sought to cover the cost
in donor recruitment and HLA typing. A survey was conducted
to identify the crucial factors that affect the motivation of stem
cell donation in Hong Kong (46). To enhance the recruitment
ratio of the younger age group, recruitment program targeting a
specific age group, especially for student at higher education may
facilitate better recruitment rate and longer maintenance for
donation to maximize the cost-effectiveness. Targeted
educational activities such as Stem Cell Donation campaign,
including educational talks to students and parents, promotion
video on social media and social networking platforms and
roadshows may help to enhance the recruitment of youngsters.

Racial and ethnic background in a donor registry has been
reported to affect the adult-donor availability (26). The current
analysis has not taken into the account of adult-donor availability
which may have substantially lower match likelihoods. In
addition, donors from the patient’s own racial and ethnic group
has shown to have the highest matching probability (47), this
probability may also be enhanced if donors from other racial and
ethnic groups could be available. Registry with donors that have a
relatively low occurrence of inter-racial or inter-ethnic marriage
might have less chance to have donors identified from other
groups. The overall donor available rate is less than 30% (27)
and it will expect to be lowered when additional loci is considered.

In the above estimation, the matching probability from
around 3 million Chinese donors registered in China and
Frontiers in Immunology | www.frontiersin.org 473
Taiwan registries has not taken into account, which may
provide extra donor matching. Furthermore, the matching
probability of the cord blood units which are readily available
and require less stringent HLAmatching was not included in this
calculation. Cord blood would be used as an alternative when
adult donor is not readily available in many transplant centers.
The issue of relatively low stem cell dose for adult size recipient
has been resolved by the application of double cord blood units,
and has been proven success clinically (48, 49). Whether cord
blood can eventually substitute the need of a large registry is
still debatable.

Although only 5,266 donors HLA haplotype frequencies have
been included in the current study, some rare alleles may not be
covered in the presence analysis and affect the accuracy of the
estimation. Nonetheless, common haplotype for those with
frequencies above 0.2% should be covered. The information
provided in this study provided an overview of the matching
probability for the local population and facilitate the formulation
of donor recruitment target and planning for extra resources in
order to support the cost in donor recruitment and HLA typing.
Establishment of a cost-effective bone marrow donor registry
with an expanded donor pool is utmost important to enhance the
likelihood of matching, shorten donor search time in the same
ethnicity as domestic donors are more likely to donate stem cells
(47). Moreover, it circumvents the shipment restriction or border
control especially during the COVID-19 pandemic. This will
facilitate timely HSCT in order to catch the best timing during
patient remission period, and thus enhance the success rate of
HSCT and patient outcome. A more comprehensive model of
analysis for inclusion of availability of donor, incomplete or
discrepant donor typing and loss of contact would be desired.
With the continuation of donor HLA typing by the NGS
technology, a revisit of the analysis with a larger sample size
would be warranted in the future in order to obtain a more
accurate estimation to cover the rare HLA alleles.
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Transplantation of allogeneic hematopoietic cells faces two barriers: failure of engraftment

due to a host versus graft reaction, and the attack of donor cells against the patient, the

graft versus host (GVH) reaction. This reaction may lead to GVH disease (GVHD), but in

patients transplanted due to leukemia or other malignant disorders, this may also convey

the benefit of a graft versus leukemia (GVL) effect. The interplay of transplant conditioning

with donor and host cells and the environment in the patient is complex. The microbiome,

particularly in the intestinal tract, profoundly affects these interactions, directly and

via soluble mediators, which also reach other host organs. The microenvironment is

further altered by the modifying effect of malignant cells on marrow niches, favoring

the propagation of the malignant cells. The development of stable mixed donor/host

chimerism has the potential of GVHD prevention without necessarily increasing the

risk of relapse. There has been remarkable progress with novel conditioning regimens

and selective T-cell manipulation aimed at securing engraftment while preventing GVHD

without ablating the GVL effect. Interventions to alter the microenvironment and change

the composition of the microbiome and its metabolic products may modify graft/host

interactions, thereby further reducing GVHD, while enhancing the GVL effect. The result

should be improved transplant outcome.

Keywords: chimerism, microenviroment, microbiome, GVHD prophylaxis regimens, allogeneic transplant, Graft

vs. Leukemia Effect

“. . . he first commanded Bellerophon to kill that savage monster, the Chimaera, who was not a
human being, but a goddess, . . . ” (Homer, The Iliad)

INTRODUCTION

In modern medical terminology, particularly in transplantation, the term “chimera” is applied
to the result of transplantation, specifically the transplantation of cells from one individual into
another. This cell transfer will change the recipient composition (1) and may lead to adverse
events by inducing a syndrome, termed graft versus host (GVH) disease (GVHD). While GVHD is
undesirable, the transferred cells also aid in eliminating the disease for which the patient is being
transplanted, via a graft versus leukemia (GVL) effect. In fact, conditioning with cytotoxic therapy
alone generally will not eradicate the last malignant cells, as shown in early murine models (2). The
donor cell-mediated GVL effect is an essential part of the curative potential of hematopoietic cell
transplantation (HCT).
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GRAFT VERSUS HOST DISEASE AND
GRAFT VERSUS LEUKEMIA EFFECT

A GVL effect was first reported by Barnes and colleagues in
murine models in 1956 (3) and 1957 (4), just as Don Thomas
et al. reported the successful transfer of normal blood-forming
hematopoietic stem cells from healthy donors into human
patients with leukemia (5). These reports were followed by
publications considering immunotherapeutic approaches to treat
leukemia (6, 7). Weiden et al. presented the first comprehensive
analysis of clinical transplant results, which showed that patients
with acute leukemia who were transplanted with marrow cells
from human leukocyte antigen (HLA)-matched sibling donors
and who developed GVHD, particularly in its chronic form,
had a reduced incidence of relapse and superior survival (8,
9). The GVH reaction is triggered by the encounter of cells
from two individuals, the transplant donor and the recipient,
with prominent manifestations at the patient’s boundaries, in
particular the intestinal tract (1, 10). Since a patient’s leukemic
cells have the same basic genetic makeup as the patient’s healthy
organs and tissues, this GVL effect may not be surprising.
However, the question that arises immediately is whether this
effect could be achieved and exploited without the development
of GVHD. It has been challenging to separate the GVL effect
fromGVHD, but animal models indicate that the post-transplant
interaction of donor and host cells—conventional and regulatory
T cells, donor and host dendritic cells of various lineages, and
iNKT cells, along with components of the microenvironment—
can be shifted such that GVHD is largely prevented while the
GVL effect is maintained (11).

The probability of post-HCT relapse depends upon numerous
factors, including disease characteristics, treatment received
before transplantation, remission status, including measurable
residual disease (MRD) at the time of transplantation, the
transplant conditioning regimen, the source of donor cells, HLA
mismatch between donor and patient, and the development of
(chronic) GVHD. MRD, in particular, is currently an area of
extensive research. The level of detection of MRD depends upon
the methodology used (e.g., deep sequencing for DNAmutations
vs. multi-color flow cytometric analysis) (12–14). While flow
cytometry identifies immunophenotypic abnormalities that may
serve as targets for the GVH reaction and the GVL effect, this is
less likely to be the case for most mutations, unless they result
in changes in protein expression. A head-to-head comparison
of flow and mutation data in regard to their impact on post-
transplant relapse is currently not available. Further, there has
been a keen interest in the role of DNA polymorphism (and
the respective differences between donor and patient) and the
occurrence of GVHD and GVL reactivity. While some single-
nucleotide polymorphisms associated with a limited number of
genes and their possible role for GVHD have been described,
no firm conclusions can be drawn (15). Considering an impact
of cytogenetic risk and GVHD, we carried out an analysis
(Radich and Deeg, unpublished) in patients transplanted for
MDS, selecting cohorts, which by conventional criteria could be
considered the two extremes for relapse risk: patients who had

high risk cytogenetics (16) and did not develop GVHD (acute or
chronic) and patients with good risk karyotype who did develop
GVHD. Remission status at the time of transplantation, donor
selection, conditioning regimen, and GVHD prophylaxis were
comparable. Contrary to our hypothesis that there would be a
high incidence of relapse in the first cohort and a low incidence
in the second, we failed to observe a significant difference. While
the analysis may have had limited statistical power, the lack of
any difference was striking. Clearly, risk parameters such as DNA
mutations (17) (not available for our analysis) and factors that
have not been incorporated into currently used risk schemes are
relevant for relapse or sustained remission. It is of interest in this
context that a recent report suggests a higher incidence of chronic
GVHD and possibly a reduction in relapse incidence in patients
transplanted from donors with clonal hematopoiesis (18).

T-CELL DEPLETION

Early data on global T-cell depletion of the donor cell inoculum
before infusion into the patient showed substantial reduction of
the incidence of GVHD but also resulted in a high rate of graft
failure and disease relapse (19). More recent data using selective
T-cell depletion appear to be more promising.

One strategy is the administration of post-transplant
cyclophosphamide (CY), originally for HLA haplo-identical
transplants but then extended to other donor/host combinations
(20). The reduction of the incidence of GVHD, especially
chronic GVHD, with this approach was interpreted as
a result of the elimination of host-alloreactive donor T
cells. However, more recent data from murine models
show that treatment with CY favors the development of
CD4+CD25+Foxp3+ regulatory T cells. In addition, some
conventional alloreactive T cells persist, albeit with impaired
function (21). It is this conjunction of an expansion of
regulatory T cells, including those with alloantigen specificity,
and altered immuno-competence of conventional T cells
that is responsible for the observed prevention of GVHD
(21). This mechanism was also functional in thymectomized
mice, indicating that it does not require the generation or
central selection of T cells. Whether the use of post-transplant
CY is associated with an increase in relapse, particularly of
myeloid malignancies, remains a matter of debate. Apparently,
the modified donor-derived alloreactive T cells maintain
GVL activity.

Another concept with similar aims, the prevention of GVHD
without increasing the risk of relapse, is the depletion of
CD45A+CD62L+ naïve T cells (22, 23). In murine models,
the infusion of naïve T cells induced severe GVHD, while
central memory T cells resulted in milder GVHD, and effector-
memory T cells did not cause significant GVHD (24, 25).
Memory T cells, however, conveyed anti-pathogen immunity
and GVL reactivity (26). Naïve CD45+CD62L+ T cells appear
to be “uncommitted” and, thus, are able to get activated by
new (patient) antigens that they encounter, thereby triggering a
cascade of signals that initiate GVHD. In the clinic, patients with
myeloid or lymphoid malignancies conditioned with regimens
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of various intensities and infused with hematopoietic cells
from HLA-identical sibling donors that were in vitro depleted
of CD45RA+ T cells achieved sustained engraftment, had a
very low incidence of severe acute and chronic GVHD, and
were not at a higher risk of relapse than patients transplanted
with T cell-replete grafts (23). Further, in patients who did
develop acute GVHD, generally grade II, corticosteroid treatment
could be discontinued much earlier, at a median of 85 days,
compared with 853 days in patients given T cell-replete grafts.
No case of steroid-refractory GVHD has been observed so far
after naïve T-cell depletion. This pattern of rapid response of
acute GVHD to steroid therapy and the rare occurrence of
chronic GVHD suggests a modified immune environment and
a different biology of acute GVHD related to the removal of
non-committed naïve T cells. The fact that regulatory T cells
that express CD45RA are also eliminated suggests that those
cells are not required for the establishment or maintenance of
tolerance in this clinical model. In fact, one can speculate that
elimination of those regulatory T cells might lead to a more
potent GVL effect.

MIXED DONOR/RECIPIENT CHIMERISM

What is the impact of incomplete donor cell engraftment?
Available data indicate that the development ofmixed chimerism,
the concurrent presence of recipient and donor lympho-
hematopoietic cells in the patient after transplantation, may
attenuate or prevent the development of GVHD. Mixed
chimerism was originally described in patients with non-
malignant disorders, in particular immune deficiencies (27)
but also in aplastic anemia (28). This mixed chimerism can
persist for years. Studies in a canine model indicated that
administration of sublethal doses of total body irradiation
before and pharmacological immunosuppression after donor cell
infusion resulted in stable mixed hematopoietic donor/recipient
chimerism (29). These data underscore the importance of the
intensity of the transplant conditioning regimens, which for non-
malignant disorders tend to be less intensive, for the development
of mixed chimerism.

Would mixed chimerism also be possible and consistent with
transplant success in patients with malignant disorders? Stated
differently, would the establishment of “tolerance” between
patient and recipient cells include tolerance to the malignant
cells and, thereby, eliminated the GVL effect? In fact, several
reports have shown persistent antitumor responses even after a
loss of donor cell chimerism (30, 31). What is the mechanism?
The answer will at least in part depend upon which donor
and patient cell sub-populations in the patient’s marrow and
immune system account for the mix and how the mix alters
cell functions. We showed recently that in patients transplanted
for myeloproliferative disorders, mixed CD33+ chimerism was
associated with subsequent relapse, whereas mixed CD3+
chimerism was not and, in fact, did result in less GVHD without
an increased incidence of relapse (32). We observed similar
outcomes in two trials enrolling patients with acute myeloid
leukemia (AML) or MDS who had been conditioned with

busulfan/fludarabine and thymoglobulin (Yeh et al., unpublished
observations, February 2021). The factors controlling this balance
between patient and donor cells without leading to disease
recurrence remain to be determined.

GRAFT VERSUS LEUKEMIA EFFECTS
WITHOUT CLASSICAL HEMATOPOIETIC
CELL TRANSPLANTATION

If cells from healthy donors are able to induce a GVL effect after
transplantation, can such an effect be achieved with the infusion
of donor cells (DLI), without carrying out an actual transplant, as
has been shown for patients who relapsed after transplantation
(60)? Several investigators used leukocyte infusions from HLA-
mismatched donors in an attempt to provide a direct GVL effect
(33–35). In one study, DLI was given to patients with various
malignancies to induce a GVL or GV tumor effect (33). These
patients were pre-treated with interferon 2β and given DLI,
and 4 weeks later, donor chimerism (determined by PCR for
marker analysis) was detected in four of 11 evaluable patients.
Of note, four patients who had previously received an autologous
transplant developed acute GVHD, and the three patients who
could be assessed did show anti-tumor responses. GVHD is a
risk associated with DLI. However, the occurrence of GVHD in
patients who had previously undergone a transplant is consistent
with a modified microenvironment and a role of host cells
in the GVHD pathophysiology (36). However, many patients
given DLI for relapse after transplantation do experience tumor
responses without developing GVHD, illustrating that clinical
GVHD is not required for a GVL effect to occur. The GVL
effect may be mediated by a subclinical reaction or, alternatively,
might involve activity against antigens with limited expression,
restricted to the tumor (37). Ongoing research is exploiting
this possibility, for example, by generating effector cells against
minor histocompatibility antigens (HA-1) primarily expressed
on lympho-hematopoietic cells and for which patient and donor
differ (61).

Guo et al. reported results with the infusion of granulocyte
colony-stimulating factor (G-CSF)-mobilized peripheral blood
progenitor cells (including CD34+, CD3+, and NK cells)
at various doses, from HLA-mismatched donors in patients
with AML in first remission who were not given any GVHD
prophylaxis (38). Donor chimerism as determined by the
identification of cells containing the Y chromosome (from the
male donor) was present in 20 of 23 female recipients as
late as 1,000 days after infusion. Leukemia-free survival was
significantly prolonged in patients who received higher doses
of CD3+ donor cells, while no GVHD was observed. The
investigators also showed, further, that in addition to a GVL
effect, these patients also experienced a recipient vs. leukemia
effect, suggesting activation of the patient’s immune system by the
infused HLA non-identical donor cells (38). The same authors
subsequently reported similar results in another 185 patients
with de novo AML (35), but confirmation from other centers is
currently not available.
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THE MICROENVIRONMENT

The marrow microenvironment is essential for the support
of normal and malignant hematopoiesis. We have presented
in vitro data from patients with MDS, which show a two-
way signaling path between the clonal disease cells and non-
clonal mesenchymal/stroma cells (39). Stroma cells exhibited
altered gene expression and favored the survival of clonal MDS
cells rather than healthy hematopoietic precursors. Exposure
to the hypomethylating agent, 5-aza-citidine, normalized gene
expression in stroma cells and restored their functional
competence in support of normal hematopoiesis (39). It is
intriguing to speculate that altered gene expression in themarrow
microenvironment is a contributor to the frequently observed
myelosuppression following DLI.

Data on the role of stroma in disease persistence or recurrence
have also been presented for patients with AML (40, 41).
Those studies show that malignant (clonal) myeloid cells trigger
remodeling events in bone marrow niches, and this remodeled
environment then favors the expansion of the malignant clone
(39, 42). Other broad-acting contributors to the altered post-
transplant milieu in the patient are the effects of endothelial cell
activation (43).

Further, solid cancer models show that propagation of clonal
tumor cells in the form of metastases was dependent upon
the co-migration of stromal cells with those tumor cells (44).
Consistent with that observation, we were not able to establish
sustained engraftment of clonal MDS cells in a xenotransplant
model of human MDS cells in immunodeficient mice, if MDS
cells were injected by themselves. However, we did achieve long-
term engraftment and expansion when MDS cells were injected
along with the (transformed) human stroma cell line HS27a (45).
The role of the microenvironment for effective hematopoiesis is
undisputed, but what is of note in these models is the support of
the clonal disease that is mediated at least in part by a quasi auto-
feedback loop that leads to “preferential treatment” of the clone.

Possibly related to these data are observations on the
development of donor-derived leukemia, i.e., the transformation
of polyclonal, healthy donor cells into originator cells of a clonal
myeloid disorder (assuming the absence of preexisting clonal
abnormalities in donor cells). Several reports have postulated
a “leukemogenic effect” of the marrow microenvironment (46,
47). Is the underlying mechanism related to signals provided
by donor cells, viz., the chimeric status associated with a
successful transplant?

THE MICROBIOME

Exciting research has established that the microbiome plays a
central role in the development of GVHD (48–50). We recently
summarized data from several laboratories on the profound
effects of donor/host interactions at the boundaries of the
transplant recipient and the role of the patient’s microbiome,
particularly in the intestinal tract, in modifying those interactions
(1). Shifts in the composition of the intestinal microbiome
are associated with GVHD. While some bacteria, such as
Blautia, appear to have a beneficial effect, others, for example,

Veillonella or enterococcal species such as Enterococcus faecium
or Enterococcus faecalis, favor the development or propagation
of GVHD, leading to inferior transplant survival (51). These
intestinal bacteria interact directly with patient cells, including
GALT, L cells, and dendritic cells and thereby modify either
tolerogenic or allo-reactive signals (52, 53). Various species, such
as E. faecalis, can cross the intestinal barrier and migrate to
intestinal lymph nodes, priming resident T and B lymphocytes.
Bacterial metabolites, specifically the short-chain fatty acids
butyrate or propionate, released into the bloodstream, have a
protective effect against chronic GVHD (54, 55). Onemechanism
involves enhanced development of regulatory T cells. Conversely,
a loss of species that produce high levels of butyrate would be
associated with a higher incidence of GVHD. So far, there is
no evidence that a shift in the composition of the intestinal
microbiome impacted progression of the malignancy for which
the patient underwent transplantation (51), although there is
a profound impact of the mix of the gut microbiome on the
response to immunotherapy in other models (56). Intriguing are
some very recent observations (Chris Johnston PhD, personal
communication, November 2020) indicating that bacteria can
alter the methylation pattern of human DNA, thereby modifying
gene expression. Conceivably, this may lead to alterations of
potential targets for a GVL effect by donor cells.

Viral organisms such as picobirna viruses have also been
shown to participate in these donor/host interactions (57), and
the role of the cytomegalovirus (CMV) in GVHD development
has been investigated extensively (58). Sellar et al. (59) studied
patients with various lymphohematopoietic malignancies who
were CMV+ and received transplants from CMV negative
donors. The conditioning regimens were of reduced intensity
and included in vivo T-cell depletion with alemtuzumab.
The investigators showed that CMV-specific T cells were
exclusively of host origin and protected the patients against
recurrent CMV infections, indicating that the status of mixed
donor/host chimerism in these patients was associated with
increased immune protection. DLI to induced full donor
chimerism did not trigger the development of symptomatic
CMV infection, and in some patients, donor-derived CMV-
specific CD8+ T lymphocytes further expanded. This conversion
(from host to donor) occurred without clinical evidence
of GVHD, suggesting the possibility that the presence of
mixed chimerism, albeit temporary, facilitated the establishment
of tolerance.

SUMMARY AND CONCLUSIONS

The interactions between donor and recipient cells following
allogeneic HCT are complex, and the cast of characters of this
drama is not limited to donor and recipient immune cells.
Additional actors include cellular and non-cellular components
of the microenvironment and, importantly, the microbiome.
Nature had not envisioned Homo sapiens trying to break down
barriers that have evolved over millions of years. Doing so
upsets the balance that we observe in healthy individuals.
Of course, these therapeutic interventions are directed at the
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eradication of a malignant disease, which has already changed
the internal milieu. A better understanding of signals that
trigger the development of malignant disorders such as leukemia
would allow for earlier interventions and might permit their
exploitation to restrict the reactions of donor cells to the GVL
effect, while preventing GVHD. Can we direct the divine ability
of the chimera against the malignancy and sever the ugly head of
GVHD? Current research using state of the art tools, including
systems biology and machine learning, may be able to pave
the way.
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Although the majority of patients with acute myeloid leukemia (AML) treated with intensive
chemotherapy achieve a complete remission (CR), many are destined to relapse if treated
with intensive chemotherapy alone. Allogeneic stem cell transplant (allo-SCT) represents a
pivotally important treatment strategy in fit adults with AML because of its augmented anti-
leukemic activity consequent upon dose intensification and the genesis of a potent graft-
versus-leukemia effect. Increased donor availability coupled with the advent of reduced
intensity conditioning (RIC) regimens has dramatically increased transplant access and
consequently allo-SCT is now a key component of the treatment algorithm in both patients
with AML in first CR (CR1) and advanced disease. Although transplant related mortality
has fallen steadily over recent decades there has been no real progress in reducing the risk
of disease relapse which remains the major cause of transplant failure and represents a
major area of unmet need. A number of therapeutic approaches with the potential to
reduce disease relapse, including advances in induction chemotherapy, the development
of novel conditioning regimens and the emergence of the concept of post-transplant
maintenance, are currently under development. Furthermore, the use of genetics and
measurable residual disease technology in disease assessment has improved the
identification of patients who are likely to benefit from an allo-SCT which now
represents an increasingly personalized therapy. Future progress in optimizing
transplant outcome will be dependent on the successful delivery by the international
transplant community of randomized prospective clinical trials which permit examination
of current and future transplant therapies with the same degree of rigor as is routinely
adopted for non-transplant therapies.

Keywords: acute myeloid leukemia, allogeneic stem cell transplantation, graft-versus-leukemia, chemotherapy,
minimal residual disease, measurable residual disease (MRD)
INTRODUCTION

It is more than sixty years since allogeneic stem cell transplantation (allo-SCT) was pioneered as a
novel and potentially curative therapeutic modality in patients with chemotherapy-resistant acute
myeloid leukemia (AML) (1, 2). Subsequent analyses have confirmed the role of allo-SCT as the
optimal treatment strategy in adults with AML in first complete remission (CR1) consequent upon
org May 2021 | Volume 12 | Article 659595183
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its ability to reduce the risk of disease relapse by more than 60%
compared with intensive chemotherapy alone. Remarkably the
magnitude of the augmented anti-leukemic activity of allo-SCT,
result from both dose intensification and the genesis of a potent
graft-versus-leukemia (GVL) effect, is similar in all biological
subtypes of AML (3).

The survival benefit of the augmented anti-leukemic activity of
allo-SCT is blunted by its attendant transplant related mortality
(TRM). It is therefore essential to a) identify patients whose
outcome with intensive chemotherapy (IC) is such that the
enhanced anti-leukemic activity of allo-SCT is otiose b) identify
patients whose outcome with IC is such that deployment of the
enhanced anti-leukemic activity of an allograft should be considered
and c) define as precisely as possible the patient population in which
allo-SCT can be delivered with an acceptable morbidity and
mortality. Thus the identification of patients likely to benefit from
allo-SCT requires a dynamic assessment which incorporates both
the predicted risk of disease relapse if the patient were to receive IC
alone coupled with a prediction of the TRM were the patient to
proceed to transplant (4). Accurate prediction of these parameters
has been refined by progress in both risk stratification utilizing
clinical, cytogenetic and molecular genetic data as well as advances
in prediction of the risk of allo-SCT (5–9). Increasingly, randomized
controlled trials are informing critical questions concerning relapse
risk in patients treated with IC alone (10) and informing the
personalization of transplant strategies (11–14). Cooperative
transplant trials networks such as the US BMT CTN and the UK
transplant cooperative IMPACT will play an increasingly important
role in optimizing outcomes after allo-SCT in AML (15).

Who and When Should Patients With AML
Be Transplanted?
The focus of therapeutic endeavor in newly diagnosed AML in
recent years has primarily been on improving induction
chemotherapy (16, 17). However, the increasing availability of
allo-SCT coupled with the recognition that a substantial
proportion of patients treated with IC alone are destined to
relapse has prioritized the development of algorithms designed
to identify patients likely to benefit from allo-SCT in CR1. The
advent of more accurate risk stratification, utilizing genetic and
measurable residual disease (MRD) analysis, coupled with
increased sophistication in predicting and reducing TRM has
improved decision making concerning the delivery of optimal
consolidation therapy in adult AML (18).

The importance of correctly identifying patients in first CR1
who are likely to relapse is predicated by the poor, incomplete
rates of remission salvage, such that a significant proportion of
patient who relapse do not reach a second CR (CR2) (19).
Furthermore, the use of additional intensive chemotherapy and
concomitant infections often result in patients with impaired
fitness prior to an allo-SCT in CR2. Studies recurrently show that
patients with active disease have poorer outcomes as compared
to those patients transplanted in CR, thus this should be a critical
goal prior to proceeding to transplant (20, 21). Whilst patients
transplanted with CR with incomplete count recovery (CRi) have
inferior outcomes to patients with AML in CR, this is as a result
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of increased non-relapse mortality (NRM) but not necessarily
relapse risk (22). Other studies have shown the number of
courses of consolidation chemotherapy delivered prior to
transplant do not improve patient outcome (23).

Who Should Be Transplanted With Refractory or
Relapsed Disease?
The aim of therapy in fit adults with relapsed with AML is to
proceed to allo-SCT once a 2nd CR has been achieved (24). This
is based on studies demonstrating very poor outcomes in patients
who are not allografted in CR2 (19, 25, 26). However, there may
be a subset of patients with core-binding factor translocated
AML who may achieve long term remission with autologous
transplantation, or in a minority, salvage chemotherapy (19, 27).
A number of prognostic systems exist for patients with relapsed/
refractory AML (28, 29) which may help to identify subgroups of
patients with AML who are likely to have long-term survival
following an allo-SCT. Important factors identified in these
prognostic systems include, duration of CR1, age at relapse
and cytogenetic risk at diagnosis.

Retrospective analyses of allo-SCT for AML in CR2 have
demonstrated overall survival (OS) of 30-60%, with acceptable
rates of TRM despite intensive pre-treatment in this cohort of
patients (30–32). Results have also been encouraging in the use of
alternative donors in transplantation at CR2 (32). A formal
comparison of myeloablative (MAC) versus RIC regimens in
this setting is not possible, but registry studies show no
significant differences in OS between patients treated with the
differing conditioning intensities (32). Despite this, in fit younger
patients who might tolerate a MAC regimen, this is probably the
preferred treatment strategy to reduce further disease relapse
which remains the major risk facing this patient cohort.

A particularly challenging group of patients with AML are
those with primary refractory disease, defined as failure to
achieve remission following two cycles of induction
chemotherapy (33). Numerous studies have shown that
patients transplanted with active disease have poorer outcomes
than those in remission (20, 31, 34). However, studies have
demonstrated approximately 20-30% of patients with primary
refractory disease may have long term survival after an allo-SCT
(35) and recent work has identified risk factors that may identify
patients who are likely to have primary refractory disease at an
earlier stage (36). In the evolving landscape of genetic
stratification, these scoring systems are likely to be refined, and
the long term impact of novel salvage options from targeted
therapies remains to be seen (37, 38). One recent study
underlined the particularly poor outcome of patients with
TP53 mutant AML, when they were transplanted with active
disease (39). A challenge in assessments of such genetic risk
factors will be the clonal evolution which occurs in patients with
AML following treatment (40).

Finally, for patients who relapse following an allo-SCT, the
outcome is very poor (41). However, for some patients, especially
ones with a durable remission since transplant, and with disease
control at the time of second allo-SCT, this procedure may
provide an OS at 2 years of 25% (42). In patients who received an
May 2021 | Volume 12 | Article 659595
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unrelated donor transplant, no advantage for change in donor in
this setting could be demonstrated.

Who Should Be Transplanted in First
Complete Remission?
Donor versus no donor studies were the first to demonstrate the
ability of allo-SCT to increase disease free survival (DFS) and OS
in patients transplanted using a myeloablative HLA matched
sibling allo-SCT (43). A selection strategy to identify patients
who should be transplanted in CR1 was articulated by
Cornelissen and colleagues with the European LeukaemiaNet
(ELN) AML working party (4) and is based on the competing
risks of relapse with chemotherapy alone versus risk of relapse
after an allo-SCT and the concomitant TRM (Figure 1).
Underpinning this treatment algorithm is the observation that
the risk of relapse following allo-SCT is more than halved as
compared to that observed in patients treated with IC alone (3)-
regardless of cytogenetic risk group. At the same time recent
reductions in transplant toxicity permit delivery of an allo-SCT
with an NRM of 15% or less in fit adults with a well matched
Frontiers in Immunology | www.frontiersin.org 385
sibling or volunteer unrelated donor. On this basis the ELN
group recommend consideration of allo-SCT in fit adults with
AML in CR1 who have a predicted relapse risk of 35-40% and a
suitable donor (33). Thus adults with AML in CR1 who fulfill
ELN criteria for good risk disease on the basis of cytogenetics or
the presence of an NPM1mutation without FLT3-ITDmutation,
and demonstrate a good response to induction chemotherapy by
MRD criteria are not routinely deemed eligible for an allo-SCT in
CR1. Conversely, all other adults in CR1 in whom the predicted
risk of relapse of >40% if they are treated with IC alone should, in
principle, be considered transplant candidates providing a
suitable stem cell donor is available (44).

Risk stratification in patients with AML in CR1 is based on
clinical (5) factors, such as age and gender, as well as cytogenetic risk
based on karyotyping results (6) (Table 1). This has been refined in
recent years by the discovery of further mutations of prognostic
significance in genes such as FLT3 (45), NPM1 (46), ASXL1 (47),
RUNX1 (48) and TP53 (49) as reflected in the 2017 ELN
classification (33). Increasingly mutational information is available
for patients as a result of next generation sequencing (NGS)
FIGURE 1 | Identifying patients with Acute Myeloid Leukemia (AML) who are likely to benefit from allogeneic stem cell transplantation (allo-SCT). MRD, Measurable
Residual Disease; TRM, Transplant related mortality; HCT-CI, Hematopoietic cell transplantation - specific comorbidity index; NGS, next generation sequencing.
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technology assaying panels of commonly affected myeloid genes
(33). This is of further importance as these genetic markers are now
commonly used as both therapeutic targets (50, 51) and as
prognostic markers of response to therapies (52). The results of
these large scale sequencing efforts of AML samples at diagnosis, in
combination with data relating to treatment use and clinical
outcome will likely refine these risk categories. This will provide a
“personalized” risk score for individuals patients based on a number
of these clinical factors and allow for incorporation of combinations
of genetic mutations, such as that seen recently in the study of
myeloproliferative neoplasms (53, 54). It is increasingly becoming
apparent that both clinical and mutational characteristics determine
the kinetics of disease relapse. Importantly patients with a FLT3
mutation are amongst those likely to relapse early in whom the
timing of transplant should not be delayed (55).

Incorporation of MRD Risk Stratification
An important development in risk stratification has been the
incorporation of MRD monitoring to routinely assess patients’
response to chemotherapy (56) (Table 2 and Figure 2). The
kinetics and depth of response has been identified as being
critical in re-assessing the risk of relapse in patients with
otherwise favorable and intermediate risk disease. The impact
of MRD monitoring appears to be the most important,
independent prognostic factor in many scenarios (57, 58). The
selection of the optimal MRD monitoring modality depends on
the presence of leukemia specific molecular, cytogenetic or
immuno-phenotypic dependent on the AML subtype. Each
MRD monitoring technique has its own advantages and
Frontiers in Immunology | www.frontiersin.org 486
disadvantages, and all require expertise in the delivery of
reliable results (Table 2).

Examples of Different Uses of MRD Risk Stratification
Real-time quantitative polymerase chain reaction (RQ-PCR)
monitoring of disease specific transcripts provides a sensitive
and disease specific assay of MRD for patients with AML
expressing a detectable fusion gene transcript (e.g. Core-
binding factor (CBF) fusion gene, KMT2A fusion genes,
mutant NPM1). In the case of AML with CBF translocation,
although age can influence prognosis (59), the depth of response
to course 1 and 2 of IC (57) are critical determinants of relapse
risk. In cases with residual levels of CBF fusion transcripts at the
end of treatment (60), relapse risk depends on level of
transcripts, but low levels of CBF fusion gene transcripts may
persist after end of treatment without affecting long-term
survival. Failure to achieve a 3-log reduction in CBF fusion
transcript after two cycles of chemotherapy is associated with an
over 50% relapse risk in the monitoring studies of two large
cooperative groups, suggesting possible benefit from an allo-SCT
in these patients (57, 61).

In younger adults with NPM1 mutant AML, RQ-PCR
positivity in the peripheral blood after two cycles of
chemotherapy is an important predictor of relapse, identifying
a population of patients who should be considered allo-SCT
mandatory (58). This is supported by data which points to the
beneficial effect of allo-SCT in patients with mutant NPM1
residual disease post induction chemotherapy (62). Recent
studies have confirmed that, in younger adults at least, NPM1
is also a predictive biomarker. Patients with NPM1 mutant AML
who have a less than 4-log reduction in peripheral blood NPM1
MRD levels demonstrated improved survival after allo-SCT
compared with patients who received chemotherapy alone
(62). The low relapse risk for patients who are negative for
mutant NPM1 transcripts in the peripheral blood after two cycles
of intensive chemotherapy outweighs other poor prognostic
factors such as concomitant FLT3-ITD mutation or poor risk
genotypes (7). The degree to which NPM1 mutations are a
prognostic or predictive biomarker in older patients (over the
age of 60 years) remains unclear (63). In part this may be due to
the increased association of other poor risk cytogenetic features
in more elderly patients with NPM1 mutant AML (64). Of note
in patients with adverse risk cytogenetics, the presence of NPM1
mutation has no impact on survival outcomes.
TABLE 2 | Relative merits of different MRD monitoring methodologies.

Method Multi-parameter Flow Cytometry (MFC MRD) Quantitative PCR (RQ-PCR) Next generation
sequencing (NGS)

Advantages Rapid results
Widely applicable to many patents

Sensitive
Easily compared with sequential results due to
quantitative range
Widely accepted standardisation

Applicable to many
patients
Error correction increases
sensitivity

Disadvantages Reliant on expertise of reporting lab
Phenotype of AML cells may change over time

Restricted molecular targets (e.g. Core binding factor
translocations, NPM1c mutant)

Ongoing development of
technology
Expense

Examples of
use

Risk stratification in younger adults, post induction
chemotherapy, with NPM1 negative AML.

Risk stratification post chemotherapy to determine
relapse risk in NPM1 mutant AML.

Pre-transplant MRD
monitoring.
May 2021 | Vo
TABLE 1 | Factors determining disease risk in AML.

Clinical Variables Molecular
variables

Dynamic
variables

• Age • Cytogenetic • Response to
course 1 by
morphology

• Gender • Next generation
sequencing of genes
e.g. FLT3, NPM1,
RUNX1, ASXL1, TP53

• Response to
treatment by MRD

• Presenting white cell
count

• Primary versus
secondary disease

• Performance status
lume 12 | Article 659595
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A number of large prospective studies have confirmed the
prognostic significance of multi-parametric flow cytometry
(MFC) determined MRD in adults with newly diagnosed AML
treated with IC. In younger adults, MFC MRD+ positive patients
with standard risk, NPM1- mutated AML appeared to benefit
from allo-SCT in CR1 (10) and data on this group of patients
continues to be accrued, including the benefits of intensifying
chemotherapy in patients with a suboptimal MRD response after
first course of intensive chemotherapy. In older patients, a higher
level of MRD after induction treatment is also prognostic of a
worse outcome (65). However, in this age group, although MFC
MRD negativity, offered improved overall survival, relapse rates
remained high.

Early studies suggest a promise for NGS technology for MRD
assessment (66), which has the advantage that it may be
applicable for many forms of AML. Error correction
methodology has become incorporated in this technology to
enable higher levels of sensitivity (67), but is currently limited to
research settings due to the costs. Furthermore, there has not yet
been an upfront comparison of these different MRD technologies
independently, or in combination, to compare technical
specifications. A recent large study suggested there was an
additive prognostic value of NGS MRD over MFC MRD, but
interestingly the persistence of age related clonal hematopoiesis
after treatment did not result in an increased relapsed rate (66)

Improving Assessment of Transplant Related Mortality in
Patients With AML
A critical factor to understand whether a patient with AML is
suitable for an allo-SCT is estimation of the TRM associated with
Frontiers in Immunology | www.frontiersin.org 587
the procedure and whether it is outweighed by the improvement
in relapse risk delivered by the transplant process (68–70)
(Figure 1). Furthermore, these considerations are central to
any discussion with patient and family as to whether the
increased risk of an allograft is justifiable. The European
Society for Blood and Marrow Transplantation (EBMT) risk
score, originally developed in patients allografted for chronic
myeloid leukemia (CML) (71), was subsequently shown to be
applicable in other disease settings (72), and provided the first
attempt to provide a quantifiable estimate of TRM and
transplant outcome which could be routinely applied in clinic.
However in patients allografted for AML more emphasis is now
placed on the Hematopoietic cell transplantation-specific
comorbidity index (HCT-CI) score which incorporates a
weighted score based on the presence of pre-transplant
comorbidities (8). This has been shown to be valid in patients
undergoing an allo-SCT for myelodysplastic syndrome (MDS) or
AML (9) and more recently combined with age (73), to
demonstrate the varying effects of these comorbidities based on
a patients’ age. Of note, this analysis showed that younger
patients with comorbidities were at a significant disadvantage
to older fit individuals with no other significant comorbidities.

Unfortunately no scoring system for TRM can include the
importance of a clinical assessment of patients based on the “end
of bed” assessment and knowledge of how patients have tolerated
recent intensive treatment. Thus despite improvements in
mathematical modeling techniques to predict treatment related
risk on a personalized basis to account for the dynamic
interactions between different variables (74, 75), there remains
a considerable limitation in the ability of these scoring systems to
FIGURE 2 | Role of measurable residual disease (MRD) and novel agents at different stages of the treatment pathway in acute myeloid leukemia (AML). GVHD, graft
versus host disease; DLI, donor lymphocyte infusion.
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predict TRM. Finally, the majority of these scoring systems were
developed in the era of sibling or matched unrelated donor
transplantation, thereby limiting their use for those with
alternative donor sources, which are now of increasing use;
such as for recipients of haploidentical donor or umbilical cord
stem cells transplants.

What Is the Impact of Patients’ Age in Considering
Transplant Eligibility?
It is commonly recognized that an important challenge in the
management of patients with AML is the increased frequency of
this disease with age. Furthermore, the older patient faces a
combined challenge of increased frequency of comorbidities and
higher risk genetic features (76). Nevertheless patients over the
age of 70 years with AML are routinely transplanted with
acceptable results (77) but careful assessment of transplant
suitability is required. The widely used, updated HCT-CI score
allows some adjustments due to age (73), and this analysis
showed that younger patients with comorbidities were at a
significant disadvantage to older fit individuals with no other
significant comorbidities. Nonetheless the HCT-CI score is still
of importance in this population, as it has been shown that in
patients above 60 years of age a HCT-CI score of 2 or greater
results in substantially higher TRM than otherwise expected (78).
Future developments to improve assessment of transplant
eligibility in this cohort should involve geriatric assessments
that encompass an assessment of the functional status of the
patient (79).
HOW SHOULD PATIENTS WITH AML
IN CR1 BE TRANSPLANTED?

The major causes of treatment failure in adults allografted for
AML are transplant toxicity and disease relapse. Whilst
significant progress has been made over recent decades in
reducing TRM the risk of disease relapse remains stubbornly
high. The key considerations in patients with allo-SCT-
mandatory AML include identifying which patients should
receive RIC as opposed to a MAC allo-SCT and, in patients
lacking a well-matched sibling or unrelated donor, what is the
preferential alternative donor stem cell source? The development
of strategies with the ability to reduce the risk of disease relapse
post-transplant also represents a major unmet need.
Strategies to Improve Outcomes
Pre-Transplant
The design of novel treatment strategies with the potential to
reduce the risk of disease relapse post allo-SCT remains a priority
if we are to increase the number of patients with AML who
benefit from transplant. A number of questions remain regarding
the optimal management of patients’ pathway before, during and
after an allo-SCT (Figure 2). This debate has been reinvigorated
in recent years by two key innovations: the widespread use of
MRD technologies in patients with AML (80) and the increasing
availability of novel pharmacological agents that may be applied
Frontiers in Immunology | www.frontiersin.org 688
at different treatment stages (81) (Figure 2). The adverse impact
of pre-transplant MRD on post-transplant outcomes has been
increasingly widely recognized (14, 82) and this may inform pre-
transplant treatment strategies. Furthermore, emerging data
suggest that conditioning intensity and potentially graft-versus-
host disease prophylaxis strategies may influence the poor
prognostic impact of pre-transplant MRD (83). Finally, post-
transplant monitoring of MRD may become important in
identifying patients who should receive pre-emptive treatment
(84) and is likely to be important in future maintenance
strategies in patients post allo-SCT.

How Important Is Pre-Transplant MRD?
A number of retrospective studies have demonstrated the
adverse prognostic significance of patients with MFC MRD
positivity prior to transplant (82), with some likening the
outcomes of these patients post allo-SCT to those with active
disease (85). This draws comparison to the outcomes of younger
adults with a partial response to the first cycle of induction
chemotherapy who have a similar overall outcome as compared
to patients who have a CR or CRi but have MFC MRD positivity
(10). Two prospective studies have demonstrated the importance
of pre-transplant MRD (14, 83) in patients with AML or high
risk MDS. The FIGARO study investigated the impact of pre-
transplant MFC MRD in 244 patients entered into a randomized
comparison between FLAMSA-Bu-RIC regimen and a control
RIC arm. This identified a poor prognostic impact of a 0.2%
threshold of residual disease. However, even in the MRD positive
arm, only approximately 50% of patients relapsed: not only
suggesting further strategies to identify patients at risk of
relapse are required (14), but contrary to previously held
opinions, this sizeable proportion of patients with high risk
AML may be salvageable with an allo-SCT.

The importance of pre-transplant MRD persists regardless of
the technique used to monitor MRD. RT-PCR monitoring of
CBF fusion transcripts prior to allo-SCT for patients in CR2,
show that those with MRD negativity have a reduced risk of
relapse as compared to those with MRD positive disease pre-
transplant (86).

Can We Improve Transplant Outcomes in Patients
With Evidence of Pre-Transplant MRD?
It remains unknown whether additional courses of
chemotherapy or whether further alterations to transplant
management in patients with pre-transplant MRD would be of
benefit. However, in recent years a number of provocative results
have provided impetus to design clinical trials to tackle the poor
prognostic impact of pre-transplant MRD.

Pre-Transplant Strategies to Alter Impact of Pre-
Transplant MRD?
Studies of novel agents in recent years such as midostaurin and
the liposomal cytarabine-daunorubicin preparation CPX-351,
suggest that the benefits of these drugs may extend to patients
who receive an allo-SCT (16, 50) (Figure 2). This provides
interesting preliminary data that this may be through
improving quality of remissions pre-transplant which may in
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future studies be measured as pre-transplant MRD. In the case of
the FLT3 inhibitor midostaurin which was added to intensive
induction and consolidation, the overall survival benefit of the
addition of midostaurin appeared to persist in the majority of
patients who were allografted in first remission. Notably
midostaurin was not administered as post-transplant
maintenance in this study. Likewise, CPX-351 demonstrated
improved remission rates and OS in patients receiving this
drug over standard remission induction therapy in patients
with secondary AML. In patients who subsequently received an
allo-SCT, those who had received CPX-351 had improved
survival as compared to those in the control arm, but the
numbers in the study were small, and a smaller proportion
were in a remission at time of transplant in the control arm
(16). Definitive studies including the incorporation of pre-
transplant MRD will be important in validating or refuting the
role of pre-transplant therapy in influencing pre-transplant
MRD status.

In patients with comorbidities and a high chance of induction
related death following intensive chemotherapy, in whom a
curative pathway is still intended (87, 88), a less intensive
approach may be valid prior to transplant. With the increasing
availability of venetoclax based regimens, data will likely emerge
as to the transplant outcomes of patients who have a remission
following these lower intensity approaches as compared to
conventional intensive induction regimens. At present, data on
this cohort remains limited, as these regimens have been
developed in cohorts of less fit individuals in which the overall
transplant rates have been low (89). Certainly, it is well
established that patients with AML who have non-proliferative
disease, or transformed MDS can have durable remissions with
azacitidine alone (90), and patients who proceed to transplant in
remission may have long term outcomes which is comparable to
those who have remissions from IC (91–93). Although,
remission rates for patients receiving non-intensive treatment
such as Azacitidine are likely to be inferior as compared to
conventional induction chemotherapy alone (94–96), it is
unclear whether for patients who do remit, pre-transplant
MRD levels are affected by treatment intensity, and whether
this has subsequent impact on post-transplant outcomes.

Can Changes in Conditioning and GVHD Prophylaxis
Alter the Impact of Pre-Transplant MRD?
MRD as measured by error corrected NGS was performed in
patients with AML who were enrolled onto the BMT CTN 0901
study which performed a randomized comparison of RIC versus
MAC regimens (15). In a comparison of patients who were NGS
MRD positive pre-transplant, patients who received a RIC
regimen had an inferior outcome to those who were MRD
negative at the same timepoint (83). In contrast, in patients
transplanted with a MAC regimen, levels of MRD pre-transplant
did not appear to affect outcomes post-transplant. This suggested
that it was possible to alter transplant conditioning to improve
outcomes of patients with MRD pre-transplant, but in practice
would be limited to younger patients who would be eligible to
receive a MAC regimen regardless (see below).
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For those with NPM1 mutant transcripts pre-transplant, the
risk of relapse post-transplant is increased. However, this is also
dependent on the concomitant FLT3-ITD mutation status (97).
The identification of T-cell depletion as an adverse risk factor in
the whole cohort, and in those with positive NPM1 MRD pre-
transplant, suggest a possible transplant strategy that may
improve outcomes for this subset of patients.

Improving Conditioning Regimens for
Patients With AML
Transplant conditioning regimens have evolved since the
establishment of allo-SCT as a pivotal tool in reducing relapse
risk in patients with AML. MAC regimens established the
benefits of an allo-SCT in patients with AML (43, 98) but
patients over the age of 40 experienced excess toxicity
historically. In the last two decades the increased use of RIC
regimens has allowed the routine delivery of an allo-SCT to
patients over the age of 70 (77). In recent years the efforts of a
number transplant cooperative groups have delivered important
randomized controlled trials to optimize transplant conditioning
regimens to further inform choice of conditioning regimens (12,
15, 99, 100).

What Is the Optimal Conditioning Intensity?
A MAC regimen by definition requires the infusion of donor
stem cells to rescue recipients from permanent bone marrow
aplasia. The original studies in allo-SCT used conditioning
regimens based on radiotherapy (1). This established the basic
principles required of any conditioning regimen in acute
leukemia, which is to allow durable engraftment of donor
hematopoiesis as well as the delivery of an anti-leukemic effect,
which is in turn related to the intensity of conditioning (101).

Cyclophosphamide (Cy) based conditioning combined with
total body irradiation (TBI) or busulphan are acceptable MAC
regimens. The development of intravenous preparations of
busulphan has improved the pharmacokinetics of this agent
(102) and has practical advantages over TBI based regimens.
Measuring busulphan pharmacokinetics may help predict
optimal doses in conditioning (103). Cy/TBI regimens are still
commonly used and may be better for patients with either central
nervous system (CNS) disease or myeloid sarcoma. Nevertheless,
a pivotal randomized controlled trial that demonstrated the
superior tolerability of a Fludarabine/Busulphan (Flu/Bu4:
12.8 mg/kg over 4 days of IV busulfan) combination over a
standard Cyclophosphamide/Busulphan combination, with
acceptable tolerability in patients up to the age of 65 (12). This
has resulted in the Flu/Bu4 regimen being accepted as a standard
of care for fit patients where a MAC regimen is desired.

RIC regimens result in varying duration of cytopenias and are
defined as containing less than ≤8 Gy Total Body Irradiation
(TBI) or ≤8 mg/kg busulfan (104). The optimal RIC regimen has
not been established. A number of RIC regimens have been
developed over the last twenty years to enable a tolerable
conditioning regimen to be delivered in patients due to either
comorbidities or increased age, with varying levels of toxicity and
anti-leukemic potency (e.g. Flu/Bu2: 6.4mg/kg, 2 days of IV
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busulphan) (105), and Flu/melphalan (140 mg/m2 of IV
melphalan on 1 day) (106). The variability in the effectiveness
of these regimens are exemplified by two randomized controlled
trials (RCT) of RIC regimens. One study which compared the
outcomes of a Flu/2Gy TBI regimen with a Flu/Bu2 regimen
demonstrated increased TRM but notable decrease in relapse
rates with the Flu/Bu2 regimen (107). In contrast, a recent Flu/
Treosulfan study showed superior toxicity incidence to a Flu/Bu2
comparison, but is notable for a TRM in the Flu/Bu2 arm that is
far in excess of historical expectations (108).

Given the improved tolerability of novel MAC regimens (12)
alongside widespread experience with RIC regimens an
important question arose as to whether a MAC or RIC
regimen should be selected when either is available in high risk
MDS and AML (109, 110). Despite this interest it was surprising
that two RCTs comparing RIC and MAC regimens closed early
to recruitment but did not demonstrate significant differences in
relapse free or overall survival (99, 100, 111). In contrast, a Blood
and Marrow Transplant Clinical Trials Network (BMT CTN)
study (15) which studied a randomized comparison of RIC
versus MAC regimens demonstrated a lower rate of TRM, but
higher relapse risk resulting in an inferior relapse free survival
(RFS) in patients receiving in the RIC arm as compared to those
who received a MAC regimen. However, this study is notable for
the higher than expected relapse risk in patients who received a
RIC regimen.

The high relapse rates associated with RIC regimens, for
patients with high risk AML resulted in the development of the
FIGARO study, which compared the outcomes of a standard RIC
arm with an augmented RIC schedule with sequential
chemotherapy (FLAMSA-Bu) which had shown promising
results in early studies in patients with primary refractory
disease (112). However, this randomized controlled study
demonstrated no improvement in relapse risk from the
FLAMSA-Bu regimen as compared to a standard control
arm (14).

GVHD Prophylaxis Strategies
The introduction of Ciclosporin was critical in establishing the
deliverability of allo-SCT in patients with acute leukemia (113,
114) reducing the risk of graft-versus-host disease (GVHD).
However, studies that demonstrated an inverse relationship
between GVHD and relapse risk form the basis of the evidence
underlying the GVL (115, 116). Commensurate with this
observation, further studies demonstrated a relationship
between ciclosporin exposure and risk of relapse, in the
context of T-cell depleted allo-SCT (21, 117). Tacrolimus
(FK506) has also been compared with Ciclosporin in a number
of randomized trials with varying results (118–120), suggesting a
reduction in acute GVHD with the use of Tacrolimus but no
significant effect on OS or RFS. Other agents such as Sirolimus
(121, 122) and Mycophenolate mofetil (123, 124) have also been
used either as an addition or substitute for historical Ciclosporin/
Methotrexate combination without a definitive improvement in
overall outcomes.

In vivo T-cell depletion can be achieved by either Anti-
thymocyte globulin (ATG) or Alemtuzumab. Studies
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demonstrate an improvement in risk of acute GVHD without
significant changes in OS (125, 126). However a US retrospective
study suggested that ATG compromised relapse risk in patients
undergoing a RIC allo-SCT (127) which has led to a discrepancy
in the uptake of ATG on the two continents (128). More recent
data suggest that variations in vivo levels of ATG may result in
differences in relapse risk as well as NRM (129). It is also
important to note that there appear to be different
immunosuppressive properties dependent on the source of
ATG, which is critical when different studies are compared
(130). The humanized anti-CD52 antibody, Alemtuzumab has
also been used extensively as a method of in vivo T-cell depletion
(131, 132), with control of GVHD particularly notable in the
HLA-mismatch setting (133). In more recent years, the use of
post-transplant Cyclophosphamide which was pioneered for use
in the haploidentical donor allo-SCT setting (134) has been used
in the volunteer unrelated donor setting (135) but formal
assessment in the clinical trial setting is awaited.

The variation in relapse rate from study to study for these
different GVHD prophylaxis studies suggest the need to perform
adequately powered studies with suitable endpoints, in order to
determine the optimal GVHD prophylaxis strategies in AML.

How to Improve Outcomes of Patients
With AML Post-Transplant
Improving Monitoring of Disease Post-Transplant
Whilst the cornerstone of post-transplant care remains careful
clinical assessment and review, post-transplant disease
monitoring to identify patients at risk of relapse, and timely
intervention is becoming more important. This is particularly
important with the increased use of RIC allo-SCT which is
associated with a higher risk of relapse (15). Furthermore, the
use of pre-emptive treatment before fulminant hematological
relapse may increase the efficacy of interventions such as donor
lymphocyte infusion (DLI) or Azacitidine (136–139).

MRD Monitoring Post-Transplant
Prior to hematological relapse, the prognosis of which is usually
very poor, early disease re-emergence can be detected by several
techniques. The ELN guidelines formally recommend
monitoring for MRD post-transplant (33). Similar to pre-
transplant, the optimal method for monitoring MRD will be
dependent on disease characteristics, and availability of
technology, and expertise in the treating center. Post-
transplant MRD monitoring has prognostic value. For
example, the (8, 21) fusion transcript RUNX1/RUNX1T1 is
suitable for MRD monitoring and has been investigated post-
transplant (60, 140, 141). Similar to pre-transplant, detectable
RUNX1/RUNX1T1 transcripts at 3 months after transplant was
a more potent predictor of relapse than presence of c-KIT
mutations (141). The most prognostic threshold of MRD may
be different after transplant, as compared to that of the pre-
transplant setting. For example, one study determined the
prognostic impact of NPM1 MRD pre- and post-transplant
and found that 1% increase in transcripts pre-transplant and a
10% increase post-transplant were predictive of outcome (142).
A combination of multiple methods to detect MRD may be
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required to provide the most accurate prognostic information.
For example combining NGS MRD for NPM1 with multicolor
flow cytometry may improve relapse prediction over either
modality alone (143).

Discrepancies between the most discriminatory MRD
thresholds at different treatment stages illustrate how the pre-
and post-transplant bone marrow environment is different; post-
transplant, there is a complex immunological milieu of
developing tolerance and GVL. As not all patients with MRD
relapse, it is postulated that the GVL effect may eradicate residual
disease without the need for further intervention. Although it is
also logical that early intervention for patients with molecular
MRD would be beneficial, there is limited evidence to support
this strategy. In a sub-analysis of patients included in the UK
AML17 trial, the provision of post-transplant MRD information
to clinicians did not affect outcomes – although this was not a
randomized comparison, and not a main aim of the study (97).

Chimerism
Post-transplant monitoring of host-donor hematopoietic
chimerism is a widely used post-transplant monitoring strategy,
particularly after RIC allo-SCT. Chimerism can bemeasured in the
whole blood, or specifically in T cells (CD3+ selected) or myeloid
cells (CD33+). It is known that patients with mixed chimerism
post-RIC allo-SCT do have an increased risk of relapse (144),
although it should be noted that chimerism and residual disease
are conceptually different. Mixed chimerism does not necessarily
mean thepresenceof residual disease,nordoes complete chimerism
confirm its absence. In haploidentical allo-SCT disease relapse can
occur due to acquired uniparental disomy of chromosome 6p
leading to loss of the mismatched HLA-haplotype on leukemia
cells and subsequent immune escape (145, 146). In this context,
chimerism measurement by disparate methodologies can yield
different results: recipient non-HLA marker based chimerism
shows an increase during relapse, whilst HLA marker based
chimerism remains low in disease relapse driven by a loss of HLA
(147). Nevertheless chimerismmonitoring, post RIC allo-SCT is an
important way of identifying patients at high risk of relapse in
whom intervention with pre-emptive DLI may be beneficial.
Patients who achieve full donor chimerism (FDC) with DLI have
a comparable outcome to those who reach FDC spontaneously
(148, 149).

There may be ways to improve the performance of chimerism
monitoring, including earlier use post-transplant (150), in
CD34+ cells (151–154), and, in combination with monitoring
for MRD. Waterhouse et al. compared the utility of chimerism
and molecular monitoring including WT1 over-expression. Of
15/70 patients in whom increasing mixed chimerism was
detected, all had a positive MRD marker and/or increased
WT1 expression. They found that in half, detectable MRD and
mixed chimerism occurred at the same time but in the other half,
mixed chimerism preceded MRD positivity (155). The FIGARO
study demonstrated that the risk of relapse following pre-
transplant MRD positivity, is reduced by the achievement of
full donor chimerism (14), and is a key finding that should direct
future treatment strategies to identify methods of increasing the
rate of achieving full donor chimerism.
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Post-Transplant Maintenance Strategies to
Reduce Relapse
Post-transplant pharmacological interventions may have direct
activity on malignant cells, and there is improving understanding
that modulation of the complex immunological environment
may provide additional benefit. There is improving interest in
assessing the impact of routine, maintenance treatments, which
do not significantly add to the burden of toxicity which includes
infection, organ toxicity, and GVHD (Table 3 and Figure 3).

Non-Targeted Agents
Non-targeted agents which modulate the immune system and
tumor microenvironment have the advantage that they are
generalizable, are not dependent on specific mutations and
may maintain efficacy across the patchwork of clonally
heterogeneous disease which is rapidly changing in the post-
transplant bone marrow (165, 166).

Azacitidine is an epigenetic modulator that has efficacy in
AML both as sole therapy and in combination with other
treatments. Post-transplant, in the RICAZA study, Azacitadine
was shown to be well tolerated and may both reduce the risk of
GVHD through regulatory T-cell expansion and augment the
GVL through upregulation of cancer associated antigens on
leukemia cells (139, 156, 167). Azacitadine has also been
studied in the RELAZA (157) and RELAZA2 (84) studies
whereby patients were with mixed CD34+ chimerism and
MRD positivity respectively were offered single-agent
Azacitadine. In RELAZA, 80% patients responded and
Azacitadine delayed relapse. In RELAZA2, relapse free survival
at 12 months was 46% in those who had MRD detected and
received Azacitadine, suggesting a delaying of haematological
relapse. Despite this, a phase 3 RCT of azacitadine versus
observation did not show evidence of survival benefit when
used as post-transplant maintenance for patients with high risk
AML, although this study was limited by the short duration of
time that patients remained on treatment (158). The oral
formulation of Azacitidine (CC-486) and Panobinostat,
another epigenetic modulator have also shown promise in
early phase studies and are both the subject of on-going RCTs
(NCT04173533 and NCT04326764 respectively) (168, 169).
Lenalidomide, an immunomodulator, in combination with
Azacitidine is also active in post-transplant relapse (170) but is
associated with GVHD when used as monotherapy in the
maintenance setting (159) thus indicating the importance of
studying the effects of drugs in this specific treatment stage.

DLI can induce remission in patients with hematological
relapse, eradicate MRD and promote reversion to full donor
chimerism. Alternatively, prophylactic DLI can be delivered to
patients at high risk of relapse regardless of detectable disease. A
recent observational, matched-pair study found that
prophylactic DLI in patients with high-risk AML increased OS
at five years by 30% (164). The on-going prospective, 2-arm,
phase II PRO-DLI randomized trial will add valuable further
information in this area (171). There are also developing
technology to manipulate DLI to improve efficacy and limit
toxicity. These are reviewed elsewhere, and studies are on-
going (172).
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Targeted Agents and Future Areas of Development
Routine application of NGS for DNAmutations have allowed for
the identification of dysregulated, druggable pathways in AML.
Many are only applicable to a subset of patients, but may also
offer the first rung on the ladder of personalized medicine. The
major challenges include identification of suitable, druggable
targets in the context of clonal heterogeneity (165), and
proving clinical efficacy when patient subgroups are
relatively small.

An ever-expanding list of targeted treatments directed against
keypathways inAMLhave receivedFoodandDrugAdministration
FDAapproval in recent years. FLT3, as described above is a tyrosine
kinase, mutations in which are known to be associated with poor
outcomes. In patients with FLT3 mutations, the use of post-
transplant sorafenib, a broad-spectrum tyrosine kinase inhibitor
(including FLT3),was associatedwith improved survival compared
with placebo (13), findings that were consistent with the phase II
SORMAIN study (160). As discussed earlier, the use of another
broad-spectrum FLT3 inhibitor, midostaurin along with induction
chemotherapy improves outcomes in FLT3-mutated AML (50). In
the post-transplant setting, evidence of benefit frommidostaurin is
limited to a randomized phase II study (RADIUS) which showed a
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reduction in relapse with midostaurin treatment post-transplant
albeit compared with historical controls (173).

Despite some evidence of benefit, there remain concerns about
the off-target toxicity and adverse events associated with the broad-
spectrum tyrosine kinase inhibitors. The aforementioned
SORMAIN study found that the patients most likely to benefit
from sorafenib post-transplant were those in whom MRD was
detectable (160). For treatments where there are concerns over
toxicity, especially in patients with more comorbidities, it is clear
that post-transplant disease monitoring can add vital information
for assessment of the risk-benefit equation. Second generation
drugs which are potent, more specific FLT3 inhibitors are now
available and have efficacy as monotherapy in relapsed AML (37).
Clinical evaluation of Gilteritinib for post-transplant maintenance
is underway (174).

Other targets of small molecule inhibitors include the anti-
apoptotic protein BCL2, the Hedgehog signaling pathway, and
isocitrate dehydrogenase 1 and 2 (IDH1 & 2). Venetoclax is a
selective BCL2 inhibitor which is currently licensed in
combination with Azacitidine for the treatment of older
patients who are not suitable for intensive treatment and was
found to have a substantial survival benefit in this cohort when
TABLE 3 | Examples of post-transplant maintenance strategies.

Mechanism Examples of use

Non-targeted
agents

Azacitidine Epigenetic modulator RICAZA (2016)
Phase II trial, azacitidine single agent, n=37. Reduced GvHD (156).
RELAZA (2012)
Phase II trial, azacitadine single agent for mixed CD34+ chimerism, n=20.
80% responded (157).
RELAZA2 (2018)
Phase II trial, azacitadine single agent for MRD+ patients, n=55. Relapse free survival
at 12 months 46% (84).
Oran et al. (2020)
Phase III trial, n=187. No difference in relapse free survival or overall survival (158).

Oral azacitidine Epigenetic modulator On-going phase III trial
NCT04173533 (oral azacitidine versus placebo).

Panobinostat Epigenetic modulator On-going phase II trial NCT04326764
Lenalidomide Immunomodulator LENAMAINT (2012)

Phase II trial, n=10. Stopped early due to high incidence of severe acute GVHD (159).
Targeted
agents

Sorafenib Broad-spectrum tyrosine
kinase inhibitor

SORMAIN study (2020)
Randomised phase II, n=83, FLT3-ITD. Improved relapse free survival at 2 years (85%
versus 53%) (160).
Xuan et al. (13)
Randomised phase III, n=202, FLT3-ITD. Reduced relapse at 1 year (7% versus 24%) (13).

Midostaurin Broad-spectrum tyrosine
kinase inhibitor

RADIUS study (2020)
Phase II, n=60 (161).

Gilteritinib FLT-3 inhibitor On-going phase III trial
NCT02997202 (gilteritinib versus placebo).

Venetoclax BCL-2 inhibitor Kent et al. (2020) (abstract)
Phase II, n=23. 6 month leukemia free survival: 87% (162).
On-going trials
Venetoclax + azacitidine. NCT04161885 (phase III) and NCT04128501 (phase II).

Glasdegib Hedgehog inhibitor Kent et al. (2020)
Phase II, n=31, high risk patients. No apparent benefit (163).

Ivosidenib IDH-1 inhibitor On-going phase I trial NCT03728335
Enasidenib IDH-2 inhibitor On-going phase I trial NCT03564821

Cellular
therapy

Prophylactic donor lymphocyte
infusion (DLI)

Graft-versus-leukemia
effect

Schmid et al. (2019)
Retrospective matched-pair study of prophylactic DLI for high-risk disease. Overall
survival benefit (69.8% vs. 40.2%) (164).
On-going phase II trial NCT02856464
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compared with Azacitidine monotherapy (89). In a small study
in the post-transplant maintenance setting, Venetoclax was
reported to be safe and well tolerated but further studies are
required to demonstrate benefit (162). Venetoclax is also being
assessed in combination with Azacitadine as maintenance
therapy post-transplant (175, 176) but its application may be
limited by concerns over myelosuppression.

Glasdegib is an inhibitor of the Hedgehog signaling pathway
which has evidence ofmodest benefit in combinationwith lowdose
Cytarabine for patients unfit for intensive treatment (38). It has
been recently evaluated in a small single arm study in unselected
high-risk patients in the post-transplant maintenance setting.
However, there was no clear evidence of benefit either measured
by MRD elimination, change in chimerism status, or clinical
outcomes. Additionally, treatment was complicated by adverse
events requiring pausing or cessation of treatment (163). Further
studies in patients who are most likely to benefit as identified by
genetic pre-stratification are required.

IDH1 and 2 are proteins which mediate the conversion of
isocitrate to alpha-ketoglutarate. Gain in function mutations
result in DNA and histone hypermethylation and altered
downstream gene expression contributing to oncogenesis.
Ivosidenib and Enasidenib, IDH1 and IDH2 inhibitors
respectively both have evidence of efficacy in single-arm studies in
AML (177–179) and are currently being evaluated for post-
transplant maintenance (180, 181).

In summary, there is emerging, encouraging evidence that
post-transplant maintenance therapies can reduce the risk of
relapse, modulate the risk of GVHD, and improve survival.
However, their use must be balanced in order to weigh up the
additional toxicity and financial burden against the magnitude of
the clinical effect. Detailed molecular analysis of a patient’s
Frontiers in Immunology | www.frontiersin.org 1193
disease and post-transplant disease monitoring will allow
further stratification and potentially identify the patients who
are most likely to benefit from treatment (summarized in
Figure 3).
CONCLUSION

The establishment of large transplant trial networks has
improved the scientific rationale behind transplant practice at
every stage of the treatment pathway. This has improved the
identification of which patients who are most likely to benefit
from an allo-SCT, and also provides a rigorous assessment of
novel agents that may benefit patients. Finally, by embedding
correlative translational science in these studies, this further
improves our knowledge and understanding of the scientific
basis of clinical practice. This is of direct benefit to patients, and
subsequently provides a vital starting place for future studies.
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FIGURE 3 | Risk-benefit analysis for maintenance therapy post-allogeneic stem cell transplant. MRD, measurable residual disease; GVHD, graft versus host disease.
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The aim of this review is to update the current status of allogeneic hemopoietic stem cell
transplants (HSCT) for patients with myelofibrosis (MF). We have first summarized the
issue of an indication for allogeneic HSCT, discussing several prognostic scoring systems,
developed to predict the outcome of MF, and therefore to identify patients who will benefit
of an allogeneic HSCT. Patients with low risk MF are usually not selected for a transplant,
whereas patients with intermediate or high risk MF are eligible. A separate issue, is how to
predict the outcome of HSCT: we will outline a clinical molecular myelofibrosis transplant
scoring system (MTSS), which predicts overall survival, ranging from 90% for low risk
patients, to 20% for very high risk patients. We will also discuss transfusion burden and
spleen size, as predictors of transplant outcome. The choice of a transplant platform
including the conditioning regimen, the stem cell source and GvHD prophylaxis, are crucial
for a successful program in MF, and will be outlined. Complications such as poor graft
function, graft failure, GvHD and relapse of the disease, will also be reviewed. Finally we
discuss monitoring the disease after HSCT with donor chimerism, driver mutations and
hematologic data. We have made an effort to make this review as comprehensive and up
to date as possible, and we hope it will provide some useful data for the clinicians.

Keywords: myelofibrosis, allogeneic transplantation, busulfan, thiotepa, fludarabine chimerism, splenectomy
INDICATIONS FOR HSCT

In the era of JAK inhibitors, allogeneic hematopoietic stem cell transplantation (HSCT) remains the
only curative treatment for patients with Myelofibrosis (MF) (1). The American Society for
Transplantation and Cellular Therapy (ASTCT) considers an allogeneic HSCT “standard of care
with clinical evidence” for patients with intermediate and high risk disease (2). In order to classify
patients as intermediate or high risk several models have been developed. Table 1 outlines some of
the most commonly used scoring systems and the variables they are based on: IPSS (3), DIPSS (4),
DIPSS-plus (5) and MIPSS70 (6). The first two are based exclusively on clinical data, the third
incorporates cytogenetics and the fourth includes mutational analysis. Survival of patients with MF
org May 2021 | Volume 12 | Article 6375121101
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can be predicted using one of those models, and thus eligibility
for a transplant procedure. However eligibility must also include
transplant related variables, such as patients age up to 70-75
years, a good performance status, low transfusion burden,
absence of a massive splenomegaly and portal hypertension
and donor type. Older patients also tend to have one or more
comorbidities which may increase the risk of transplant related
mortality (TRM) or even preclude a transplant approach. A
Panel of experts recommends considering allogeneic HSCT for
patients with IPSS/DIPSS/DIPSS plus high or intermediate-2 risk
(7) (Figure 1). The Panel also recommends considering an
allogeneic HSCT for transplant-eligible patients with IPSS/
DIPSS/DIPSS-Plus intermediate-1 risk score, who present with
either refractory, transfusion-dependent anemia, a percentage of
blasts in peripheral blood > 2% in at least two repeated manual
measurements, adverse cytogenetics, or high-risk mutations,
such as such as ASXL1, EZH2, IDH1/IDH2, SRSF2 (7)(Figure
1). In this situation, the transplant procedure should be
performed in a controlled setting (registries, clinical trial) (7).

More recently a mutation-based prognostic model has been
proposed to identify candidates for HSCT among low or
intermediate-1 risk DIPSS, who are expected to have similar
overall survival as patients with a high risk DIPSS (8). Patients
who are triple negative (JAK2/CALR/MPL) or CALR wild type
and ASXL1 mutated, irrespective of DIPSS risk scores, should be
considered for HSCT (8). A combination of mutation-based
prognosis together with clinical data has been compiled in a
recent scoring system (9).

In conclusion, we are now able to identify MF patients with a
different median survival: there is consensus on the eligibility to
transplant for DIPSS intermediate2/high risk patients. The
presence of high risk mutations in DIPSS intermediate1/low
risk patients may also suggest eligibility for a transplant
procedure. The clinical conditions of the patient, the degree of
Frontiers in Immunology | www.frontiersin.org 2102
HLA matching of potential donors and the patient’s choice must
be considered in the final decision to transplant or not.
HOW TO DEAL WITH SPLENOMEGALY

Splenomegaly is a common feature in patients with advanced
myelofibrosis (MF) and it is a sign of extramedullary
hematopoiesis (also known as myeloid metaplasia) (10).
Patients may be severely symptomatic with abdominal pain,
early satiety, weight loss, cytopenia, portal hypertension, and
splenic infarction (10).

Splenectomy is effective in relieving symptoms, but is
associated with a number of complications, as well as
significant morbidity and mortality.

Peri-operative mortality is in the range of 5%-10%. The most
common complications are infections, thrombosis and bleeding,
occurring in up to 30% of patients (11). Patients with
thrombocytopenia seemed to have an increased probability of
post-splenectomy blast transformation, although this did not
result in shortened survival. Leukemic transformation is more
probably related to natural progression of the disease in
advanced stage and to post-splenectomy redistribution of
circulating blasts, not to true clonal evolution (12, 13).
Hemopoietic stem cell transplantation (HSCT) offers the
potential of cure for patients with intermediate or high risk
myelofibrosis (14). Splenomegaly, characteristic of those
patients, may lead to sequestration of transplanted stem cells
and delayed hematologic recovery (3, 15) thus affecting the
transplant outcome. Surgical removal of the spleen may be
effective in reducing the time for neutrophil and platelet
recovery (16) but its impact on relapse rate and survival is
unclear (17, 18), calling for a prospective randomized trial.
Pre-transplant splenectomy in MF patients was associated with
TABLE 1 | Prognostic scoring systems for patients with myelofibrosis.

IPSS [3] DIPSS [4] DIPSS-plus [5] MIPSS70 [6]

Genetic variables:
✓ One HMR mutation (1 point)
✓ ≥2 HMR mutations (2 points)
✓ Type1/like CALR absent (1 point)

✓

✓ Age > 65 years (1 point)
✓ Constitutional symptoms (1
point)
✓ Hemoglobin < 10 g/dl (1point)
✓ WBC count > 25 × 109/l (1
point)
Circulating blasts ≥ 1% (1 point)

✓ Age > 65 years (1 point)
✓ Constitutional symptoms (1 point)
✓ Hemoglobin < 10 g/dl (2points)
✓ WBC count > 25 × 109/l (1 point)
Circulating blasts ≥ 1% (1 point)

✓ RBC transfusion (1 point)
✓ PLT count < 100 × 109/l (1 point)
Unfavorable karyotype a (1 point)

Clinical variables:
✓ Hemoglobin <10g/dl (1 point)
✓ Leukocytes >25×109/l (2 points)
✓ Platelets <100×109/l (2 points)
✓ Circulating blasts ≥2% (1 point)
✓ Constitutional symptoms (1 point)
✓ Bone marrow fibrosis grade ≥2 (1
point)

• Low risk: 0 points (11.3 yrs)
• Intermediate-1 risk: 1 point (7.9
yrs)
• Intermediate-2 risk: 2 points (4
yrs)
• High risk: ≥ 3 points (2.3 yrs)

• Low risk: 0 point ( n.r.)
• Intermediate-1 risk: 1–2 point (14.2
yrs)
• Intermediate-2 risk: 3–4 points (4
yrs)
• High risk: 5-6 points (1.5 yrs)

• Low risk: 0 point ( 15.4 yrs)
• Intermediate-1 risk: 1 point (6.5 yrs)
• Intermediate-2 risk: 2–3 points (2.9
yrs)
• High risk: 4–6 points (1.3 yrs)

• Low risk: 0-1 points (n.r.)
• Intermediate risk: 2-4 points (6.3 yrs)
• High risk: ≥ 5 points (3.1 yrs)

•
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IPSS, international prognostic scoring system; DIPSS, dynamic international prognostic scoing system; MIPSS70, mutation-enhanced international prognostic scoring system; HMR, high
molecular risk (see text).
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a prolonged overall and event-free survival in a recently
published study (19).

The advent of Janus kinase (JAK) 1/2 inhibitors, which
decrease splenomegaly and alleviate MF-related symptoms, has
had, as compared to old cytoreductive drugs, amajor impact on the
management of splenomegaly, removing some indications for
splenectomy. However, in a proportion of patients, the splenic
response is then lost. Many MF patients who proceed to allogeneic
HSCT, are currently treatedwith JAKinhibitors, usually ruxolitinib:
this should be tapered down over a 10- to 14-day period and should
be discontinued just before the conditioning regimen (20). In one
study, ruxolitinib was continued also during transplant in the
attempt of preventing GvHD (21).

Splenic irradiation (SI)may also be used to reduce the spleen
size and related symptoms; there are only few small studies on SI
prior to transplant in MF patients (22, 23). It was demonstrated
that SI alleviates splenic discomfort and reduces spleen size in a
majority of MF patients, with a median duration of response of 6
months (24). Limitations of SI include prolonged pancytopenia
with infectious complications. Comparable engraftment rate has
been shown in patients receiving or not SI (25) as well as
comparable acute and chronic GVHD incidence, post-
transplant infectious complications and survival. The role of SI
in leukemic transformation (LT) remains unclear and
speculative. Radiotherapy may be indicated in patients who are
Frontiers in Immunology | www.frontiersin.org 3103
not eligible for surgery or in patients who have lost their response
to JAK2 inhibitors (26–28).
PREDICTING THE OUTCOME OF HSCT

Disease based risk score. Survival of MF patients receiving
medical treatment, with the exclusion of allogeneic HSCT, can
be predicted by several scoring systems, reviewed in Indications
for HSCT (3–7). Some studies have assessed whether these
scoring systems can predict the outcome of patients after an
allogeneic HSCT. DIPSS can predict post transplant survival
(29), and the same has been shown for DIPSS-plus (30). In
multivariate analysis, the DIPPS-plus score predicted survival,
disease free survival (DFS) and TRM, together with conditioning
regimen, comorbidity index (HCT-CI), patients’ age and donor
type (30). In 2019, a cohort of 159 patients with secondary
myelofibrosis who underwent allogeneic HSCT was analyzed
retrospectively to compare the predictive value of DIPSS and
MYSEC (31). The four risk groups of DIPSS did not predict
survival after allogeneic HSCT, whereas MYSEC maintained its
predictive role also in the post-transplant setting.

Transplant based risk score (TS). Few scoring systems have
been designed exclusively for allogeneic HSCT. In 2010, a study
identified spleen size, transfusion history and donor type as
FIGURE 1 | Eligibility for a transplant procedure in patients with myelofibrosis: medical treatment should be offered for older patients (>75 years) and/or patients with
comorbidities. Dynamic international prognostic scoring system (DIPSS) will then identify patients low risk patients, who should be followed. DIPSS-intermediate 2
and high risk patients are who are strong candidates for an allogeneic transplant. DIPSS-Intermediate 1 patients with a high transfusion burden and blasts counts are
also strong candidates for an allogeneic transplant. Patients may also be studied with a molecular international prognostic scoring system (MIPSS), and may be
eligible for transplantation if high risk mutations (HMR) (see text) are identified.
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predictive of outcome: survival was 79% for low risk patients and
8% for high risk patients (18). In 2012 a predictive risk model
including JAKV617F status, age and constitutional symptoms
was proposed in the setting of 150 transplanted patients and
resulted to be predictive for 5 years overall survival (OS) (32).

More recently, a scoring system has been devised, which
incorporates HLA matching between donor and recipient,
mutational analysis, and clinical data, at time of transplantation
(MTSS), in patient with primary and secondary MF (9). This
index is predictive of non-relapse mortality. In the last year we
have revisited our transplant score (TS) including maximum
spleen size and red blood cell transfusion burden before HSCT
(18): the 5 year disease free survival (DFS) was 74% vs 36%
(p=0.0001) for patients with low or high TS.

In conclusion, scoring systems designed to predict transplant
outcome are available and can be used when counseling patients
eligible for transplant procedures.
DONOR TYPE, STEM CELL SOURCE AND
GVHD PROPHYLAXIS

Donor type is an importantpredictor of outcome inmyelofibrosis: a
study from the Center for International Blood and Marrow
Transplant Research (CIBMTR) on 233 transplants for
myelofibrosis (33), showed that donor type was an independent
risk factor for TRM,with a relative risk of death of 3.92 formatched
unrelated donor (MUD) and 9.37 for mismatched unrelated donor
(MMUD), when compared to matched related donor (MRD) (33).
The 5 year overall survival was 56% for MRD, 48% for MUD and
34% for MMUD. The main causes of death were GvHD, infections
and organ failure, in particular among MMUD grafts (33). Similar
results are reported in other studies (17, 34–37). On the other hand,
contrasting data exist regarding GvHD and donor type. Some
studies show no significant difference among different donor
types (17, 35, 38), whereas the CIBMTR shows a higher risk of
GvHDforpatients receivingMUD(RR1.98) andMMUD(RR1.52)
as compared to MRD (33). Engraftment is reported to be
comparable according to donor type (33, 35, 38), whereas
significant differences have been described according to the stem
cell source,with faster recoverywithperipheral bloodgrafts (37, 38).
Unrelated cord blood (UCB) transplants have been rarely used in
myelofibrosis, and are associated with delayed engraftment and a
high TRM, probably due to the significant risk for graft failure and
infectious complications (39).

The addition of ATG to conventional GvHD prophylaxis,
based on calcineurin inhibitor alone or combined to
methotrexate or mycophenolic acid, reduces the incidence of
GvHD, as one would expect (40). However, modified regimens of
GvHD prophylaxis, including the use of post-transplant
cyclophosphamide (PT-CY) have reduced post-transplant
complications in alternative donor grafts, especially for HLA
haplo-identical donor (36). A combination of calcineurin
inhibitor with ATG and PTCy after reduced intensity
conditioning may further reduce the risk of GvHD, improving
TRM and survival, without an increased risk of relapse (41). Very
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recently, an interesting pilot study was conducted by Morozova
and colleagues: GvHD prophylaxis with PTCY and ruxolitinib
showed promising results in terms of GvHD control in a small
cohort of patients with acceptable TRM (42).

In summary an HLA matched donor is the best option for
myelofibrosis, in order to achieve optimal outcome: alternative
donor grafts may be explored using modified regimens of
GvHD prophylaxis.
CONDITIONING REGIMENS AND
RUXOLITINIB

Conditioning regimens in myelofibrosis were historically
myeloablative (MAC), predominantly busulfan plus
cyclophosphamide and total body irradiation with or without
cyclophosphamide (15), but transplant related mortality (TRM)
and GvHD rates were high, especially in older individuals (43).

Reduced intensity conditioning (RIC) has been increasingly
used in MF, in consideration of the older age of MF patients. The
first prospective EBMT multicenter phase II trial of RIC SCT
consisted of busulfan (10 mg/kg) orally (or equivalent IV dose)
plus fludarabine (180 mg/m2) and in vivo T-cell depletion with
anti-thymocyte globulin at a dose of 3 x 10 mg/kg (for related
transplantation) or 3 x 20 mg/kg (for unrelated donor
transplantation): this protocol resulted in low rates of primary
graft failure and rapid hematologic recovery (17). Fludarabine 90
mg/m^2, combined with melphalan 140 mg/m^2 (FLU-MEL) is
an alternative RIC regimen, and has been compared in a
retrospective study with the BU-FLU regimen (44). Although
the FLU-MEL was associated with increased early toxicity, the
long-term outcome (OS and disease-free survival) was similar in
the two groups. In both regimens the use of a HLA mismatched
unrelated donor was associated with worse outcome, in terms of
TRM, OS and progression-free survival. A randomized study
comparing fludarabine in combination with busulfan 10 mg/kg
i.v. or thiotepa 12 mg/kg, failed to identify significant differences
in terms of clinical outcome (45): both regimens were associated
with a significant degree of mixed chimerism.

In a retrospective comparisons of RIC versus MAC regimens
for myelofibrosis, the latter do not appear to protect patients
from relapse (46), neither there are differences within day +100
transplant-related mortality (47). A large retrospective analysis
of the EBMT in 2224 patients with myelofibrosis, compared
MAC regimens (781 patients) with RIC regimens (1443 patients)
(48): there was no statistically significant difference in
engraftment, GvHD, TRM and overall survival; there was a
trend toward a higher relapse rate with RIC.

We have recently shown that a conditioning regimen
including two alkylating agents (in our case busulfan and
thiotepa) with fludarabine, significantly reduced the risk of
relapse when compared to regimen with one alkylating agent
(either busulfan or thiotepa or melphalan) in combination with
fludarabine (36). Therefore, the choice of the conditioning
regimen, may play a significant role in determining the control
of the disease after an allogeneic HSCT.
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The efficacy of the JAK1/JAK2 inhibitor ruxolitinib in
reducing spleen size and systemic symptoms, in myelofibrosis,
has been established (49, 50). Currently, most patients
undergoing an allogeneic HSCT have been treated with this
agent with the aim of reducing splenomegaly, improving the
performance status and shorten time to engraftment. A phase II
trial demonstrated the feasibility of ruxolitinib therapy followed
by a RIC regimen for patients with myelofibrosis (51).
Appropriate tapering should be scheduled (52), although
recently peri-transplant ruxolitinib has been reported (42).
There is no evidence, however, that the administration of
ruxolitinib pre-transplant reduces the incidence of relapse
after transplant.
MONITORING DISEASE CONTROL
(DONOR CHIMERISM AND MUTATIONS)

Patients with myelofibrosis may have one of three driver
mutations (JAK2, CALR and MPL), or lack all three (triple
negative patients). Ditschkowski et al. (53) showed that survival
after transplantation was not significantly different for JAK2+
(75%) versus JAK2 negative (71%) patients. More recent
retrospective studies have suggested a survival advantage for
CALR mutation (54, 55). A large retrospective study has
investigated the role of extensive mutational profiling with a
targeted 16-gene panel, and has confirmed the favorable role of a
CALR mutation (56). In the same study IDH2 and ASXL1
mutations confirmed their adverse prognostic role after
allogenic HSCT, whereas a triple negative status (JAK2, MPL,
CALR) did not appear to modify the outcome after transplant.

Minimal residual disease (MRD) should be used to identify
patients achieving a complete remission after HSCT, as well as an
early evidence of relapse. Alchalby et al. has shown that JAK2
negativity after allogeneic HSCT significantly reduces the risk of
relapse (57). Similar results have been obtained with MPL and
CALR mutations as MRD markers (58). A recent retrospective
single-center study (59) has shown that thatpatientswithdetectable
mutations on day +100 or at day +180 after allogeneicHSCThave a
significant higher risk of clinical relapse at 5 years, as compared to
molecular-negative patients (62% vs 10%, P<0.001 and 70% vs 10%,
P<0.001, respectively): single different mutations have comparable
predictive value on relapse.

However, 10% to 15% of patients are triple negative and
cannot be followed after transplantation with a molecular
marker: in these patients chimerism studies can be helpful to
identify early signs of relapse. We have recently described 120
patients with chimerism data on day +30 (60), showing that early
full donor chimerism is highly predictive of long-term disease
control. The cumulative incidence of relapse at 5 years, was 14%
vs 40% for patients with or without full donor chimerism (40).
We found that a conditioning regimen including two alkylating
agents (busulfan and thiotepa) induces a significantly higher rate
of complete donor chimerism on day +30, as compared to
patients prepared with one alkylating agent (either busulfan,
melphalan or thiotepa) (87% vs 45%, p<0.0001).
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MRD positive patients or patients with declining donor
chimerism, who still are receiving immunosuppressive therapy,
may discontinue immunosuppressive drugs and/or receive
donor lymphocyte infusions (DLI), in order to achieve again
full donor chimerism.
PRIMARY GRAFT FAILURE (PRGF) AND
POOR GRAFT FUNCTION (PGF)

Lack of engraftment of donor stem cells is referred to as primary
graft failure (PrGF), and is characterized by neutropenia,
combined with mixed or no donor chimerism on bone marrow
and/or peripheral blood cells (61). PrGF should be distinguished
from poor graft function, or cytopenia with full donor chimerism
(62). The latter suggests inappropriate function of engrafted
donor stem cells and can be treated with the infusion of
selected CD34+ cells from the same donor, without a
preparative regimen (62). Predictive factors have not been
determined, but several conditions have been associated with
unsuccessful engraftment, such as the intensity of the
conditioning regimen, donor type, stem cells source, number
of CD34+ cells infused, GvHD prophylaxis, degree of fibrosis,
degree of splenomegaly, pre-transplant thrombocytopenia (63).

The incidence of PrGF ranges from 2 to 24%. A lower rate was
reported in a large prospective study from EBMT (48), with only
in 2 out 103 patients with PrGF. However, 11% of patients
experienced poor graft function and required an additional stem
cell boost. In a subsequent pilot study, PrGF was not influenced
by the intensity of conditioning regimen (64) and no other
predictors were found in other studies (17, 53). Donor type
appears to influence the incidence of PrGF, which is lower in
patients transplanted from HLA identical donors, as compared
to transplants from family mismatched and unrelated donors
(65–67). Contrasting data are reported on other factors:
splenectomy before HSCT, peripheral stem cell use as source
of stem cells and the absence of pre-transplant thrombocytopenia
have been suggested to promote engraftment in some studied (18,
66, 68), but not in other studies (65).

Patients with full donor engraftment, may still have
transfusion dependent low blood counts for variable periods of
time, and this is referred to as Poor graft function (PGF). In a
large retrospective analysis, the proportion of patients with less
than 20x10^9/l platelets between day +50 and +100 after an
allogeneic HSCT, is 10% and has not changed in the time period
before 2000, 2001-2010 and beyond 2010 (unpublished). A
diagnosis of myelofibrosis is a negative predictor for
hematologic recovery: a low platelet count is seen in 18% vs
8% of patients with or without a diagnosis of MF (unpublished).
For this reason, when looking at patients receiving a top up of
CD34 selected cells for PGF, the proportion of patients with MF
(26%) is higher than the proportion of MF in the transplant
indications (7%) (62). These patients may remain transfusion
dependent for long periods of time, and may be treated either
with an infusion of CD34 selected cells from the same donor, or,
more recently with high dose eltrombopag. Time to trilineage
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recovery is however delayed with these approaches and long-
lasting supportive care must be planned.
TREATMENT OF MF RELAPSE AFTER
ALLOGENEIC TRANSPLANT

Allogeneic hematopoietic stem cell transplant remains the only
curative treatment for myelofibrosis (MF). A retrospective
EBMT study on 1055 patients with MF transplanted between
1995 and 2014, alive and free of their disease at two years after
HSCT showed that the most common cause of death (41-61%)
was relapse of MF, for all time periods (2-5years, 5-10 years) (40).
There is no standardized re-treatment of relapse after allogeneic
transplant. Based on limited available literature, ruxolitinib,
donor leukocytes infusion (DLI), and a second allogenic HSCT
are three options for relapsing MF patients; obviously, the choice
depends on patients age, fitness status, molecular or hematologic
relapse, and the presence of GVHD.

The use of DLI and second transplant as salvage treatment for
relapsed MF after allogeneic HSCT was reported in a retrospective
study some years ago (69). Out of 26 relapsed patients, 39% achieved
a stable response to dose-escalatedDLIs. Seventeen patients, thirteen
of which non-responders to DLI, underwent a second allogeneic
HSCT, achieving an ORR of 80% (9 CR and 3 PR); incidence of
relapse at 1-year was 24%. The 2-year overall survival and
progression-free survival were 70% and 67%, respectively.

The most consistent data derive from a recent EBMT real-life
retrospective study focusing on the treatment of 251/1371 (18%)
MFpatients,who relapsedafter an allogeneicHSCT (70).DLIswere
used in 23% of patients, whereas 20% underwent DLI combined
with chemotherapy and 11% had chemotherapy alone. Fifty-one
patients (25%) underwent second allogeneic HSCT alone and 26
(13%) underwent DLI and a second allogeneic HSCT. The median
OS from the time of relapse for patients receiving DLI alone, DLI
followed by a second allogeneic HSCT or second allogeneic HSCT
were 76 months, 54 months, and 27 months respectively.

Recently Chabra et al. published a small number ofMF patients,
mostly treated with ruxolitinb pre-transplant (71): after a median
follow up of >3 years, two patients out of 37 had relapsed after
HSCT (5.4%), but the study lacked a strong control group of
untreated ruxolitinib patients. Indeed other recently published data
in the ruxolitinib era (72), have shown no improvement in survival
nor in the incidence of relapse for MF. The use of ruxolitinib after
allogenic HSCT is primarily attributable to the treatment of
GVHD, and only in few cases for the treatment of the relapse,
mostly in combination with DLIs. One study has reported peri-
transplant use of ruxolitinib (21).

In conclusion, although based on a small number of studies,
the best therapeutic strategy for MF patients relapsing after an
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allogeneic HSCT, seems to be dose -escalated DLI, or otherwise,
for non-responders, a second allogeneic HSCT. The question
remains whether DLI should be infused after a lympho-depleting
treatment, as currently is being done for CAR-T cells.
DESIGNING A TRANSPLANT STRATEGY
FOR MYELOFIBROSIS

Patients with myelofibrosis need to be discussed to identify
eligibility for transplant procedures (Figure 1). Patients over the
age of 75 years, with severe comorbidities, coexisting active
neoplasms, or poor compliance, should be addressed by medical
treatment. Patients less than 75 years of age and fit, should be
assessed for risk factors (DIPSS or other scoring systems): low risk
patients should be followed regularly. DIPSS intermediate 2 or high
risk patients are eligible for a transplant procedure (Figure 1).
DIPSS int 1 patients should be studied with next generation
sequencing (NGS): if no additional adverse mutations are found
(ASXL1, EZH2, SRSF2, IDH1/2) then the search for a donor can be
initiated, but the transplant may be postponed. If, on the contrary,
additional adversemutations are identified the donor searchmaybe
initiated and the transplant also programmed.

Once a transplant is programmed several facts need to be
considered: in addition to patient factors such as age,
comorbidities and disease phase (DIPSS), other facts need to
be taken in to account, including transplant variables (donor
type, stem cell source, conditioning regimen, GvHD
prophylaxis), the psychological status of the patient, the
presence of care givers, especially for the post-transplant
discharge and logistics (transplant centers may be located at a
distance from the patients’ home). The combination of all these
factors will then lead to a tailored strategy in terms of optimal
timing and choice of a transplant platform.
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Br J Haematol (2011) 152(3):331–9. doi: 10.1111/j.1365-2141.2010.08417.x

38. Murata M, Takenaka K, Uchida N, Ozawa Y, Ohashi K, Kim SW, et al.
Comparison of Outcomes of Allogeneic Transplantation for Primary
Myelofibrosis among Hematopoietic Stem Cell Source Groups. Biol Blood
Marrow Transpl (2019) 25(8):1536–43. doi: 10.1016/j.bbmt.2019.02.019

39. Robin M, Giannotti F, Deconinck E, Mohty M, Michallet M, Sanz G, et al.
Eurocord and Chronic Malignancies Working Party-European Group for
Blood and Marrow Transplantation (CMWP-EBMT). Unrelated cord blood
transplantation for patients with primary or secondary myelofibrosis. Biol
Blood Marrow Transpl (2014) 20(11):1841–6. doi: 10.1016/j.bbmt.2014.06.011

40. Robin M, de Wreede LC, Wolschke C, Schetelig J, Eikema DJ, Van Lint MT,
et al. Long-term outcome after allogeneic hematopoietic cell transplantation
for myelofibrosis. Haematologica (2019) 104(9):1782–8. doi: 10.3324/
haematol.2018.205211

41. Salas MQ, LamW, Law AD, Kim DDH, Michelis FV, Loach D, et al. Reduced-
intensity conditioning allogeneic transplant with dual T-cell depletion
in myelofibrosis. Eur J Haematol (2019) 103(6):597–606. doi: 10.1111/
ejh.13327

42. Morozova EV, Barabanshikova MV, Moiseev IS, Shakirova AI, Barhatov IM,
Ushal IE, et al. A Prospective Pilot Study of Graft-versus-Host Disease
Prophylaxis with Post-Transplantation Cyclophosphamide and Ruxolitinib
in Patients with Myelofibrosis. Acta Haematol (2020) 23:1–8. doi: 10.1159/
000506758

43. Kröger N, Zabelina T, Schieder H, Panse J, Ayuk F, Stute N, et al. Pilot study of
reduced-intensity conditioning followed by allogeneic stem cell
transplantation from related and unrelated donors in patients with
myelofibrosis. Br J Haematol (2005) 128(5):690–7. doi: 10.1111/j.1365-
2141.2005.05373.x

44. Robin M, Porcher R, Wolschke C, Sicre de Fontbrune F, Alchalby H,
Christopeit M, et al. Outcome after Transplantation According to Reduced-
Intensity Conditioning Regimen in Patients Undergoing Transplantation for
Myelofibrosis. Biol Blood Marrow Transpl (2016) 22(7):1206–11. doi: 10.1016/
j.bbmt.2016.02.019

45. Patriarca F, Masciulli A, Bacigalupo A, Bregante S, Pavoni C, Finazzi MC,
et al. Busulfan- or Thiotepa-Based Conditioning in Myelofibrosis: A Phase II
Multicenter Randomized Study from the GITMO Group. Biol Blood Marrow
Transpl (2019) 25(5):932–40. doi: 10.1016/j.bbmt.2018.12.064

46. Patriarca F, Bacigalupo A, Sperotto A, Isola M, Soldano F, Bruno B, et al.
Allogeneic hematopoietic stem cell transplantation in myelofibrosis: the 20-
year experience of the Gruppo Italiano Trapianto di Midollo Osseo (GITMO).
Haematologica (2008) 93(10):1514–22. doi: 10.3324/haematol.12828

47. Abelsson J, Merup M, Birgegård G, WeisBjerrum O, Brinch L. Brune M et al;
Nordic MPD Study Group. The outcome of allo-HSCT for 92 patients with
myelofibrosis in the Nordic countries. Bone Marrow Transpl (2012) 47
(3):380–6. doi: 10.1038/bmt.2011.91

48. McLornan D, Szydlo R, Koster L, Chalandon Y, Robin M, Wolschke C, et al.
Myeloablative and Reduced-Intensity Conditioned Allogeneic Hematopoietic
Stem Cell Transplantation in Myelofibrosis: A Retrospective Study by the
Chronic Malignancies Working Party of the European Society for Blood and
Marrow Transplantation. Biol Blood Marrow Transplant (2019) 25(11):2167–
71. doi: 10.1016/j.bbmt.2019.06.034
Frontiers in Immunology | www.frontiersin.org 8108
49. Harrison C, Kiladjian JJ, Al-Ali HK, Gisslinger H, Waltzman R, Stalbovskaya
V, et al. JAK inhibition with ruxolitinib versus best available therapy for
myelofibrosis. N Engl J Med (2012) 366(9):787–98. doi: 10.1056/
NEJMoa1110556

50. Verstovsek S, Mesa RA, Gotlib J, Levy RS, Gupta V, DiPersio JF, et al. A
double-blind, placebo-controlled trial of ruxolitinib for myelofibrosis. N Engl J
Med (2012) 366(9):799–807. doi: 10.1056/NEJMoa1110557

51. Gupta V, Kosiorek HE, Mead A, Klisovic RB, Galvin JP, Berenzon D, et al.
Ruxolitinib Therapy Followed by Reduced-Intensity Conditioning for
Hematopoietic Cell Transplantation for Myelofibrosis: Myeloproliferative
Disorders Research Consortium 114 Study. Biol Blood Marrow Transpl
(2019) 25(2):256–64. doi: 10.1016/j.bbmt.2018.09.001

52. Robin M, Francois S, Huynh A, Cassinat B, Bay JO, Cornillon J, et al.
Ruxolitinib Before Allogeneic Hematopoietic Stem Cell Transplantation
(HSCT) In Patients With myelofibrosis : a Preliminary Descriptive Report
Of The JAK ALLO Study, a Phase II Trial Sponsored By Goelams-FIM In
Collaboration With The Sfgmtc. Blood (2013) 122(21):306. doi: 10.1182/
blood.V122.21.306.306

53. Ditschkowski M, Elmaagacli AH, Trenschel R, Steckel NK, Koldehoff M,
Beelen DW. No influence of V617F mutation in JAK2 on outcome after
allogeneic hematopoietic stem cell transplantation (HSCT) for myelofibrosis.
Biol Blood Marrow Transpl (2006) Dec12(12):1350–1. doi: 10.1016/
j.bbmt.2006.07.010

54. Alchalby H, Badbaran A, Zabelina T, Kobbe G, Hahn J, Wolff D, et al. Impact
of JAK2V617F mutation status, allele burden, and clearance after allogeneic
stem cell transplantation for myelofibrosis. Blood (2010) 116(18):3572–81.
doi: 10.1182/blood-2009-12-260588

55. Panagiota V, Thol F, Markus B, Fehse B, Alchalby H, Badbaran A, et al.
Prognostic effect of calreticulin mutations in patients with myelofibrosis after
allogeneic hematopoietic stem cell transplantation. Leukemia (2014) 28
(7):1552–5. doi: 10.1038/leu.2014.66

56. Kröger N, Panagiota V, Badbaran A, Zabelina T, Triviai I, Araujo Cruz MM,
et al. Impact of Molecular Genetics on Outcome in Myelofibrosis Patients
after Allogeneic Stem Cell Transplantation. Biol Blood Marrow Transpl (2017)
23(7):1095–101. doi: 10.1016/j.bbmt.2017.03.034

57. Alchalby H, Badbaran A, Bock O, Fehse B, Bacher U, Zander AR, et al.
Screening and monitoring of MPL W515L mutation with real-time PCR in
patients with myelofibrosis undergoing allogeneic-SCT. Bone Marrow Transpl
(2010) 45(9):1404–7. doi: 10.1038/bmt.2009.367

58. Rumi E, Passamonti F, Arcaini L, Bernasconi P, Elena C, Pietra D, et al.
Molecular remission after allo-SCT in a patient with post-essential
thrombocythemia myelofibrosis carrying the MPL (W515A) mutation. Bone
Marrow Transpl (2010) 45(4):798–800. doi: 10.1038/bmt.2009.231

59. Wolschke C, Badbaran A, Zabelina T, Christopeit M, Ayuk F, Triviai I, et al.
Impact of molecular residual disease post allografting in myelofibrosis
patients. Bone Marrow Transpl (2017) 52(11):1526–9. doi: 10.1038/
bmt.2017.157

60. Chiusolo P, Bregante S, Giammarco S, Lamparelli T, Casarino L, Dominietto
A, et al. Full Donor Chimerism After Allogeneic Hematopoietic Stem Cells
Transplant For Myelofibrosis: The Role Of The Conditioning Regimen. Am J
Hematol (2021) 96:234–40. doi: 10.1002/ajh.26042

61. Olsson RF, Logan BR, Chaudhury S, Zhu X, Akpek G, Bolwell BJ, et al.
Primary graft failure after myeloablative allogeneic hematopoietic cell
transplantation for hematologic malignancies. Leukemia (2015) 29(8):1754–
62. doi: 10.1038/leu.2015.75

62. Stasia A, Ghiso A, Galaverna F, Raiola AM, Gualandi F, Luchetti S, et al. CD34
selected cells for the treatment of poor graft function after allogeneic stem cell
transplantation. Biol Blood Marrow Transpl (2014) 20(9):1440–3.
doi: 10.1016/j.bbmt.2014.05.016

63. Slot S, Smits K, van de Donk NW, Witte BI, Raymakers R, Janssen JJ, et al.
Effect of conditioning regimens on graft failure in myelofibrosis: a
retrospective analysis. Bone Marrow Transpl (2015) 50(11):1424–31.
doi: 10.1038/bmt.2015.172

64. Kröger N, Zabelina T, Schieder H, Panse J, Ayuk F, Stute N, et al. Pilot study of
reduced-intensity conditioning followed by allogeneic stem cell
transplantation from related and unrelated donors in patients with
myelofibrosis. Br J Haematol (2005) 128(5):690–7. doi: 10.1111/j.1365-
2141.2005.05373.x
May 2021 | Volume 12 | Article 637512

https://doi.org/10.1016/j.bbmt.2018.10.017
https://doi.org/10.1016/j.bbmt.2016.08.029
https://doi.org/10.1016/j.bbmt.2016.08.029
https://doi.org/10.1016/j.bbmt.2015.09.028
https://doi.org/10.1111/j.1365-2141.2010.08417.x
https://doi.org/10.1016/j.bbmt.2019.02.019
https://doi.org/10.1016/j.bbmt.2014.06.011
https://doi.org/10.3324/haematol.2018.205211
https://doi.org/10.3324/haematol.2018.205211
https://doi.org/10.1111/ejh.13327
https://doi.org/10.1111/ejh.13327
https://doi.org/10.1159/000506758
https://doi.org/10.1159/000506758
https://doi.org/10.1111/j.1365-2141.2005.05373.x
https://doi.org/10.1111/j.1365-2141.2005.05373.x
https://doi.org/10.1016/j.bbmt.2016.02.019
https://doi.org/10.1016/j.bbmt.2016.02.019
https://doi.org/10.1016/j.bbmt.2018.12.064
https://doi.org/10.3324/haematol.12828
https://doi.org/10.1038/bmt.2011.91
https://doi.org/10.1016/j.bbmt.2019.06.034
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1056/NEJMoa1110557
https://doi.org/10.1016/j.bbmt.2018.09.001
https://doi.org/10.1182/blood.V122.21.306.306
https://doi.org/10.1182/blood.V122.21.306.306
https://doi.org/10.1016/j.bbmt.2006.07.010
https://doi.org/10.1016/j.bbmt.2006.07.010
https://doi.org/10.1182/blood-2009-12-260588
https://doi.org/10.1038/leu.2014.66
https://doi.org/10.1016/j.bbmt.2017.03.034
https://doi.org/10.1038/bmt.2009.367
https://doi.org/10.1038/bmt.2009.231
https://doi.org/10.1038/bmt.2017.157
https://doi.org/10.1038/bmt.2017.157
https://doi.org/10.1002/ajh.26042
https://doi.org/10.1038/leu.2015.75
https://doi.org/10.1016/j.bbmt.2014.05.016
https://doi.org/10.1038/bmt.2015.172
https://doi.org/10.1111/j.1365-2141.2005.05373.x
https://doi.org/10.1111/j.1365-2141.2005.05373.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bacigalupo et al. Allogenic HSCT for Myelofibrosis
65. Gupta V, Kröger N, Aschan J, Xu W, Leber B, Dalley C, et al. A retrospective
comparison of conventional intensity conditioning and reduced-intensity
conditioning for allogeneic hematopoietic cell transplantation in
myelofibrosis. Bone Marrow Transpl (2009) 44(5):317–20. doi: 10.1038/
bmt.2009.10

66. Rondelli D, Goldberg JD, Isola L, Price LS, Shore TB, Boyer M, et al. MPD-RC
101 prospective study of reduced-intensity allogeneic hematopoietic stem cell
transplantation in patients with myelofibrosis. Blood (2014) 124(7):1183–91.
doi: 10.1182/blood-2014-04-572545

67. Robin M, Tabrizi R, Mohty M, Furst S, Michallet M, Bay JO, et al.
Allogeneic haematopoietic stem cell transplantation for myelofibrosis: a
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Patients often undergo consolidation allogeneic hematopoietic stem cell transplantation
(allo-HSCT) to maintain long-term remission following chimeric antigen receptor (CAR) T-
cell therapy. Comparisons of safety and efficacy of allo-HSCT following complete
remission (CR) achieved by CAR-T therapy versus by chemotherapy for B-cell acute
lymphoblastic leukemia (B-ALL) has not been reported. We performed a parallel
comparison of transplant outcomes in 105 consecutive B-ALL patients who received
allo-HSCT after achieving CR with CAR-T therapy (n=27) or with chemotherapy (n=78).
The CAR-T-allo-HSCT group had more patients in second CR compared to the
chemotherapy-allo-HSCT group (78% vs. 37%; p<0.01) and more with complex
cytogenetics (44% vs. 6%; p<0.001) but the proportion of patients with pre-transplant
minimal residual disease (MRD) was similar. The median follow-up time was 49 months
(range: 25-54 months). The CAR-T cohort had a higher incidence of Grade II-IV acute
graft-versus-host disease (aGVHD 48.1% [95% CI: 46.1-50.1%] vs. 25.6% [95%CI: 25.2-
26.0%]; p=0.016). The incidence of Grade III-IV aGVHD was similar in both groups
(11.1% vs.11.5%, p=0.945). The overall incidence of chronic GVHD in the CAR-T group
was higher compared to the chemotherapy group (73.3% [95%CI: 71.3-75.3%] vs.
55.0% [95%CI: 54.2-55.8%], p=0.107), but the rate of extensive chronic GVHD was
similar (11.1% vs.11.9%, p=0.964). Efficacy measures 4 years following transplant were
org May 2021 | Volume 12 | Article 6057661110

https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.605766/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:peihua_lu@126.com
https://doi.org/10.3389/fimmu.2021.605766
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.605766
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.605766&domain=pdf&date_stamp=2021-05-07


Zhao et al. Effects of CAR-T on Transplantation

Frontiers in Immunology | www.frontiersin.
all similar in the CAR-T vs. the chemotherapy groups: cumulative incidences of relapse
(CIR; 11.1% vs.12.8%; p=0.84), cumulative incidences of non-relapse mortality (NRM;
18.7% vs. 23.1%; p=0.641) leukemia-free survival (LFS; 70.2% vs. 64.1%; p=0.63) and
overall survival (OS; 70.2% vs. 65.4%; p=0.681). We found that pre-transplant MRD-
negative CR predicted a lower CIR and a higher LFS compared with MRD-positive CR. In
conclusion, our data indicate that, in B-ALL patients, similar clinical safety outcomes could
be achieved with either CD19 CAR T-cell therapy followed by allo-HSCT or chemotherapy
followed by allo-HSCT. Despite the inclusion of more patients with advanced diseases in
the CAR-T group, the 4-year LFS and OS achieved with CAR T-cells followed by allo-
HSCT were as remarkable as those achieved with chemotherapy followed by allo-HSCT.
Further confirmation of these results requires larger, randomized clinical trials.
Keywords: CD19 CAR T-cell therapy, relapse/refractory B cell acute lymphoblastic leukemia, allogeneic
hematopoietic cell transplantation, survival, relapse
INTRODUCTION

Refractory/relapsed (R/R) B-cell acute lymphoblastic leukemia
(B-ALL) is a leading cause of morbidity and mortality in children
and young adults (1–3). Allogeneic hematopoietic stem cell
transplantation (allo-HSCT) is often undertaken for high-risk
R/R B-ALL patients. However, many R/R patients are never able
to achieve a complete remission (CR) following chemotherapy
and are not referred for allo-HSCT. Therefore, relapse rates
among these patients remain high despite the potential cure that
is possible for B-ALL patients with an allo-HSCT. Achieving a
CR prior to allo-HSCT has been shown to improve outcomes for
these R/R B-ALL patients including improving leukemia free
survival (LFS) following transplantation (4, 5).

In recent years, clinical trials with anti-CD19+ chimeric
antigen receptor T-cell (CAR-T) therapy have demonstrated
high CR rates of ~70% to 90% in patients with R/R B-ALL (6–
12) and offer the hope of a potential cure for those patients who
are otherwise refractory or relapsed following chemotherapy.
However, remission following CAR-T therapy is often not
durable with about half of CR patients relapsing within 1 year
of therapy (6, 10, 13, 14). There is accumulating evidence from
recent studies demonstrating that CAR-T therapy followed by
allo-HSCT could potentially result in higher rates of durable,
long-term remission for pediatric R/R B-ALL and reduce the
relapse rates seen with CAR T-cell therapy alone (6, 8, 15–17).
Yet there is still controversy around the safety and efficacy of
allo-HSCT following CAR T-cell therapy and the ability to
achieve long-term LFS with thi s sequent ia l , dua l
immunotherapy. Some studies have reported high relapse rates
and higher treatment related mortality following transplant after
CAR-T therapy, resulting in no improvement of LFS and overall
survival (OS) when compared to CAR T-cell therapy alone
(11, 18).

In the present study, we conducted a parallel comparison of
outcomes among R/R B-ALL patients who achieved remission
from either CAR T-cell therapy or chemotherapy and who
subsequently underwent allo-HSCT. We report safety and
efficacy results in these two cohorts.
org 2111
MATERIALS AND METHODS

Patients
We included 105 consecutive B-ALL patients who underwent allo-
HSCT after achieving CR either from CAR-T therapy (n=27) or
chemotherapy (n=78) at the Hebei Yanda Lu Daopei Hospital
between November 2015 and August 2016. Details on the
enrollment of the CAR-T group and chemotherapy group
(including 13 B-ALL patients with BCR/ABL who received
chemotherapy plus a tyrosine kinase inhibitor) are shown inFigure 1.

The study protocol was approved by the ethics committee of the
Hebei Yanda Lu Daopei Hospital. Informed consent was obtained
from the patients according to the Declaration of Helsinki.

CD19+ CAR T-Cell Therapy and CAR-T-
Related Side Effects
CD19+ CAR T-cell therapy was performed according to
previously described methods (6). Briefly, we used a second
generation CD19+ lentiviral vector that also expressed the co-
stimulatory 4-1BB molecule (CAR-T clinical trials No: ChiCTR-
IIh-16008711). Before CAR T-cell infusion, patients received
lymphodepleting chemotherapy consisting of fludarabine (30
mg/m2/day) and cyclophosphamide (250 mg/m2/day) (FC) on
days -5, -4, and -3. Cytokine release syndrome (CRS) and
neurotoxicity grading were performed according to previously
described methods (19–22).

Clinical Transplant Protocol
Before transplantation, patients received intensive myeloablative
conditioning regimens. Total body irradiation (TBI) plus
cyclophosphamide/fludarabine-based chemotherapy or
busulfan (Bu) plus cyclophosphamide/fludarabine-based were
used according to each patient’s status. TBI-based regimes
were preferred if no contraindications such as severe
pulmonary complications were observed. TBI was given using
a horizontal beam in a linear accelerator. Patients in the TBI
group received conditioning with fractioned TBI (200cGy Bid for
5-6 doses). Patients in the Bu group received Bu (0.8mg/kg i.v.
Q6h for 16 doses) on days -8 to -6. TBI or Bu was followed by
May 2021 | Volume 12 | Article 605766
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cyclophosphamide 1.8 g/m2/day for 2 days or fludarabine 30mg/
m2/day for 5 days. Rabbit anti-T Cell Globulin (ATG, Fresenius;
totally 20mg/kg divided by 4 days) or thymoglobuline (ATG,
Sanofi-Aventis, total dose of 7.5mg/kg divided by 4 days) were
used on days -5 to -2 in mismatched unrelated transplants and
haploidentical transplants (Haplo-HSCT). Cyclosporine, short-
term methotrexate (15 mg/m2 on day +1, then 10 mg/m2 on
days +3, +6, and +11 intravenously after transplantation), and
mycophenolate mofetil were used for graft-versus-host disease
(GVHD) prophylaxis. Grafts were granulocyte colony-
stimulating factor (G-CSF) mobilized bone marrow (BM) and
peripheral blood (PB) cells as described previously (23).

Acute GVHD (aGVHD) was diagnosed and graded according
to modified Glucksberg criteria (24–26). Chronic GVHD
(cGVHD) was evaluated using National Institutes of Health
consensus criteria (27, 28) and aGVHD treatment was
described previously (23, 24). Thrombotic microangiopathy
(TMA) was diagnosed according to the Jodele criteria (29).

Analysis of Chimerism
Hematopoietic chimerism was evaluated by PCR amplification of
short tandem repeats (STR) using both bone marrow and CD3+
Frontiers in Immunology | www.frontiersin.org 3112
cells from PB samples collected at 1, 2, 3, 6, 9, and 12 months
after transplant and at 6-month intervals thereafter. Complete
donor chimerism was defined as the presence of ≥95% of the
donor-type.

Statistics
Comparisons of patient characteristics between the two groups
were performed using the Mann-Whitney U-test for continuous
variables and c2 for categorical data. The probabilities of survival
were calculated using the Kaplan-Meier method. Cumulative
incidences were estimated for aGVHD, non-relapse mortality
(NRM), and relapse to accommodate for competing risks. Death
and relapse were competing events for aGVHD and death was a
competing event for cGVHD. NRM was the competing event for
relapse and vice versa. Hazard ratios (HRs) for clinical outcomes
were estimated in a multivariate analysis using Cox proportional
hazards regression with a backward stepwise model selection
approach. The following variables were included: gender, patient
age (<14 years vs. ≥14 years), pre-HSCT treatment (CAR-T vs.
chemotherapy), disease status pre-transplant (≥CR2 vs. CR1),
MRD status pre-transplant (positive vs. negative), poor risk
chromosomes (yes vs. no), conditioning regimens (TBI-based
FIGURE 1 | Enrollment, and parallel comparison. Between November 2015 and August 2016, 105 consecutive B-ALL patients who underwent allo-HSCT after
achieving CR either from CAR-T therapy (n=27) or chemotherapy (n=78) were enrolled for parallel comparison.
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vs. Bu-based), donor type (alternative donor vs. identical
unrelated or sibling donor), donor-recipient gender matching
(female to male vs. others), course from diagnosis to transplant,
and mononuclear, CD3+ and CD34+ cell counts (using the
median value as the cut-off point). Independent variables with
P > 0.1 were sequentially excluded from the model, and P < 0.05
was considered to be statistically significant. P values were 2-
sided. The SPSS 16 (SPSS Inc./IBM, Armonk, NY, USA) and the
R software package (version 4.0.0; http://www.r-project.org)
were used for data analyses. Surviving patients were censored
on April 30th, 2020.

Definitions
CR and CR with incomplete count recovery (CRi) were defined
in accordance with the National Comprehensive Cancer
Network (NCCN) guideline, version 1.2018 (30). Minimal
residual disease (MRD)-negative status was defined as the
absence of leukemia cells in BM determined by multiparameter
flow cytometry (FCM, sensitivity, 1:10,000), and the absence of
leukemia-associated fusion gene in BM determined by real-time
quantitative PCR (RT-PCR). Hypodiploidy, complex karyotype,
t(v;11q23) or t(9;22) (q34;q11.2) determined by G band or FISH
were defined as poor risk chromosomes according to the NCCN
guideline, version 1.2018 (30). LFS and OS were calculated from
the date of allo-HSCT to the date of relapse or death or the last
follow-up time. The cumulative incidence of relapse (CIR) was
calculated from date of allo-HSCT to the date of relapse.
RESULTS

Patient Characteristics
The detailed characteristics of the two groups are summarized in
Table 1. Patients’ median age was 13 years (range: 2–52 years)
with a 58/42 male/female ratio. Fifty-three percent of the patients
were pediatric (age <14 years) and 47% of patients were adults
(age ≥14 years). High WBC counts were observed in 31 patients
(30%) at initial diagnosis.

The median time from CAR T-cell therapy to HSCT was 84
days (range: 35-293 days). CRS was observed in the majority of
the patients in the CAR T-cell therapy group. Grade 1 (56%) and
Grade 2 (26%) CRS made up the majority of CRS cases. Severe
CRS occurred in 15% of patients—11% of patients had Grade 3,
and 4% of patients had Grade 4 CRS. A total of four patients had
Grade 3 neurotoxicity with seizures.

In the CAR-T group, 22 (81%) patients had R/R B-ALL, and 5
(19%) had persistent or relapsed MRD after hematological
remission. Among the 21 relapsed patients in the CAR T-cell
group, the median time from diagnosis to first relapse was 17
months (range: 3-47 months). Following relapse, 17 patients
failed to regain CR after a median 2 courses of chemotherapy
(range: 1-5 courses) and afterwards underwent CAR T-cell
therapy. Four patients who had relapsed during consolidation
chemotherapy received CAR-T therapy directly. In the
chemotherapy group, 48 (62%) had R/R B-ALL, and 12 (15%)
had persistent or recurrent MRD. The median time from
Frontiers in Immunology | www.frontiersin.org 4113
diagnosis to last relapse of the 33 relapsed patients was 31
months (range: 2-120 months). One patient relapsed 3 times
within 10 years. Among 18 (17%) patients in the chemotherapy
group, 9 presented with high risk ALL. As shown in Table 1, in
the CAR-T group, prior to allo-HSCT, 22% (6/27) of the patients
were in CR1 compared to 63% (49/78) of the patients in CR1 in
the chemotherapy group. Compared to the chemotherapy group,
the CAR-T group had more patients who were ≥CR 2 (78% vs.
37%, respectively; p<0.001).

As assayed by FCM and RT-PCR, 22% of patients in the
CAR-T group and 35% of patients in the chemotherapy group
had MRD detected pre-transplant (p=0.232). The proportion of
patients with extramedullary diseases at diagnosis and at relapse
before transplant were not significantly different between the
CAR-T group and the chemotherapy group (p=0.927). There
was no significant difference in the median time from diagnosis
to transplant (13.5 months [range: 4-123 months]). Complex
chromosomes were present in 44% of patients in the CAR-T
group and 12% of the chemotherapy group (p<0.001). There was
significant difference in the presence of fusion genes (p=0.023).
Poor risk BCR-ABL1 (n=13) and MLL-AF4 (n=4) were
exclusively observed in the chemotherapy group (Table 1).

Donor Source, Graft, Conditioning
Regimens and Engraftment
In the CAR-T group, 59% of patients received a transplant from
haploidentical donors (Haplo-D), 30% from matched unrelated
donors (MUD), and 11% from HLA-matched sibling donors
(MSD). In the chemotherapy group, 64% of patients received a
transplant from Haplo-Ds, 21% from MUDs and the remaining
15% of patients received a transplant from MSDs. There were no
significant differences among different donor types, the donors’
age and gender between the CAR-T and chemotherapy groups.
In addition, there were no differences in the median
mononuclear cells, CD34 and CD3 between the two groups
(Table 1).

Myeloablative conditioning regimens were administered with
TBI cyclophosphamide/TBI-fludarabine in 83% of patients and
Bu cyclophosphamide/fludarabine in 17% of patients. There was
no significant difference in conditioning regimens observed
between the groups.

All patients achieved sustained neutrophil engraftment after a
median of 14 days (range: 11-20 days) in the CAR-T group and
14 days (range: 10-29 days) in the chemotherapy group (p=0.97).
Platelet engraftment failure occurred in 2 patients (7%) in the
CAR-T group. One patient died of severe acute GVHD on day 27
after transplantation, and one died of infection at 68 days post-
transplantation. All the 78 patients in the chemotherapy group
achieved sustained platelet engraftment. There was a significant
difference in platelet engraftment between the two groups
(p=0.026). Post-transplant, the median day of platelet
engraftment was significantly longer in the CAR-T group (14
days, range: 5-47 days) compared to the chemotherapy group (12
days, range: 4-32 days) (p=0.026).

No graft failure occurred (except that one patient had poor
graft function) and rapid achievement of full donor chimerism
May 2021 | Volume 12 | Article 605766
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was confirmed in all patients by day 30. No significant difference
between the two groups was observed.

Incidence of GVHD
The cumulative incidence of Grade II-IV aGVHD was higher in
the CAR T-cell group compared to the chemotherapy group
(48.1% [95% CI: 46.1, 50.1%] vs. 25.6% [95% CI: 25.2, 26.0%],
Frontiers in Immunology | www.frontiersin.org 5114
respectively; p=0.016), while the incidence of Grade III-IV
aGVHD were similar between the two groups (11.1% [95% CI:
10.3, 11.9%] vs. 11.5% [95% CI: 11.3, 11.7%], respectively;
p=0.945) (Figures 2A, B). A low versus high grade CRS
(Grade 0-1 vs. Grade 2-4) before transplant did not have
significant effects on Grade II-IV aGVHD (47.4% [95% CI:
44.7, 50.1%] vs. 50.0% [95% CI: 42.6, 57.4%] among the CAR-
TABLE 1 | Patient characteristics.

Characteristics Total CAR-T group Chemotherapy group P value

No. 105 27 78
Median age, years (range) 13.0(2-52) 11(3-44) 14.5(2-52) 0.441
Age group, no. (%) 0.236
≥14 49(47) 10(36) 39(50)
<14 56(53) 17(63) 39(50)

Median donor age, years (range) 33(8-63) 31(16-54) 33.5(8-63) 0.550
Gender, male, no. (%) 61(58%) 18(67) 43(55) 0.295
With extramedullary disease (EMD), no (%) 15(14) 4(15) 11(14) 0.927
Median duration from diagnosis to HSCT months (range) 13.5(4-123) 20(4-54) 11(4-123) 0.232
Disease risk 0.042
R/R B-ALL, no (%) 70(67) 22(82) 48(62)

From diagnosis to first relapse time, no. (%)
<18 months 19(58) 11(41) 8(17)
18~36 months 19(44) 8(30) 11(14)
>36 months 16(19) 2(1) 14(18)
Primary refractory 16(19) 1(0) 15(19)
Persistent or relapsed MRD 17(16) 5(19) 12(15)
Others 18(17) 0 18(17)

Disease status pre-transplant, no. (%) <0.001
CR1 55(52) 6(22) 49(63)
≥CR2 50(48) 21(78) 29(37)

Donor source, no. (%) 0.588
Haplo-d 66(63) 16(59) 50(64)
MUD 24(23) 8(30) 16(21)
MSD 15(14) 3(11) 12(15)

FCM MRD-positive pre-conditioning, no. (%) 33(31) 6(22) 27(35) 0.232
Fusion genes 0.023
BCR-ABL1 13(12) 0 13(17)
TEL-AML1 9(9) 2(7) 7(9)
E2A-PBX1 4(4) 3(11) 1(1)
MLL-AF4 4(4) 0 4(5)
MLL-AF1P 1(1) 1(4) 0
MLL-ENL 1(1) 0 1(1)

Gene mutations
NRAS/KRAS 12(11) 5(11) 7(9) 0.16
IKZF 9(9) 2(7) 7(9) 0.58
TP53 5(5) 2(7) 3(4) 0.383
Flt3 ITD/KTD 4(4) 1(4) 3(4) 0.728
High risk cytogenetics, no. (%) 48(46) 16(59) 32(41) 0.103
Complex cytogenetic, no (%) 17(16) 12(44) 5(6) <0.001
Donor-recipient gender match, n (%) 0.263
Female to male 19(18) 7(26) 12(15)
Others 86(82) 20(74) 66(85)

Conditioning regimens, no. (%) 0.335
TBI-based 87(83) 24(89) 63(81)
Bu-based 18(17) 3(11) 15(19)
Median CD34 cells,×106/kg(range) 4.45(1.76-12.23) 4.6(1.76-10.18) 4.41(2.02-12.23) 0.428
Median CD3 cells,×108/kg(range) 1.66(0.44-4.99) 1.83(0.85-3.04) 1.59(0.44-4.99) 0.491
Graft type, no. (%) 0.41
BM+PB 80(76) 19(70) 61(78)
PB 25(24) 8(30) 17(22)

Neutrophil engraftment, days (range) 14(10-29) 14(11-20) 4(10-29) 0.973
Platelet engraftment, days (range) 12(4-47) 14(5-47) 12(4-32) 0.026
Median follow-up time in survivor, months (range) 49 (25-54) 49 (44-53) 49 (25-54) 0.831
May 2021 | Volume 12 | Article
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T and chemotherapy groups, respectively; p=0.95) or on Grade
III-IV aGVHD (10.5% [95% CI: 9.5, 11.5%] vs. 12.5% [95% CI:
9.4, 15.6%]; p=0.92) after transplant (Figures 2C, D).

For patients surviving over 100 days after transplantation,
cumulative incidence of cGVHD at 18 months were higher in the
CAR-T group, but this difference did not reach statistical
difference (71.3% [95% CI: 71.3, 75.3%] vs. 55.0% [95% CI:
54.2, 55.8%], p=0.107) (Figure 3A). Cumulative incidence of
extensive cGVHD at 18 months was similar between the CAR-T
and chemotherapy groups (11.1% [95% CI: 10.3, 11.9%] vs.
11.9% [95% CI: 11.7, 12.1%]; p=0.964) (Figure 3B).

CIR After HSCT
The CIRs at 4 years following transplant were 11.1% [95%CI:
10.3,11.9%] for the CAR-T group versus 12.8% [95% CI: 12.0-
13.6%] for the chemotherapy group (p=0.84) (Figure 4A).
Univariate analysis showed that disease status (HR 3.87, [95%
CI 1.09-13.7], p=0.027) and MRD before transplantation (HR
2.81 [95%CI 0.961-8.24], p=0.056) were predictive factors for
relapse. The multivariate analysis confirmed these predictive
effects of relapse (HR 4.10, [95% CI1.13-14.84], p=0.031 and
HR 3.02, [95% CI1.02-8.96], p=0.046, for disease status and
MRD before transplant, respectively) (Table 2).
Frontiers in Immunology | www.frontiersin.org 6115
A total of 13 patients relapsed after transplant, three in CAR-
T group and 10 in the chemotherapy group. All except one
patient died at a median time of day 283 (range: 48-1116) after
transplant. The patient that survived relapsed following a second
haploidentical transplant underwent donor CD19 CAR T-cell
therapy and remains in remission.

In the CAR T-cell group, 6 patients were MRD positive
(MRD+CR) before transplant, including 5 patients who were
CD19 negative (CD19-) and MRD+CR. Two of the CD19-
MRD+CR patients relapsed with CD19- leukemia at Day 60
and at Day 275, and consequently died at Day 270 and Day 336
after transplant, respectively. Another patient died of severe
GVHD on Day 27. The remaining three patients survived in
remission at Month 46, 47, and 49, respectively.

Infection, TMA and NRM
No remarkable differences were observed in cytomegalovirus
(CMV) reactivation (52% vs. 50%, p=0.93) between the CAR
T-cell and chemotherapy groups, respectively. There were also
no differences in rates of transplant-associated TMA (TA-
TMA) between the CAR T-cell and chemotherapy groups,
respectively (15% vs. 14%, p=0.51). In the chemotherapy
group, three patients were diagnosed with viral pneumonia
A B

C D

FIGURE 2 | Cumulative incidences of Grade II-IV and Grade III-IV acute GVHD. (A) Cumulative incidences of Grade II-IV acute GVHD: CAR-T group: 48.1% (95%
CI:46.1, 50.1%) vs. chemotherapy group: 25.6% (95% CI: 25.2, 26.0%); p=0.016. (B) Cumulative incidences of Grade III-IV acute GVHD: CAR T-cell group: 11.1%
(95% CI: 10.3, 11.9%) vs. chemotherapy group: 11.5% (95% CI: 11.3, 11.7%); p=0.945. (C) Cumulative incidences of Grade II-IV acute GVHD: CRS Grade 0-I
47.4% (95% CI: 44.7, 50.1%) vs. CRS Grade II-IV: 50.0% (95% CI:42.6, 57.4%); p=0.95. (D) Cumulative incidences of Grade III-IV aGVHD: CRS Grade 0-I: 10.5%
(95% CI: 9.5, 11.5%) vs. CRS Grade II-IV: 12.5% (95% CI: 9.4, 15.6%); p=0.92.
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and died. Incidences or non-relapse mortality (NRM) within
100 days were 7.4% (95% CI:6.8-8.0%) and 5.1% (95% CI: 4.9-
5 .3%) (p=0.64) . The NRM at 1 and 4 years af ter
transplantation was 11.1% (95% CI: 10.3-11.9%) and 18.7%
(95% CI: 17.5, 19.9%), respectively, for the CAR-T group
versus 16.7% (95% CI [16.3-17.1%] and 23.1% (95% CI:
22.7, 23.5%) for the chemotherapy group (p=0.64)
(Figure 4B).

LFS, OS and Cause of Mortality
With a median follow-up of 49 months (range: 44-54 months)
for surviving patients, LFS and OS at 4 years were similar in the
CAR-T and chemotherapy groups (LFS: 70.2% [95% CI: 53.0,
87.4%] vs. 64.1% [95% CI: 53.5, 74.7%], p=0.63; OS: 70.2% [95%
CI: 53.0, 87.4%] vs. 65.4% [95%CI:54.8, 76.0%], p=0.681)
(Figure 5A).

Univariate and multivariate analysis showed that MRD prior
to transplant was a negative prognostic factor for LFS (p=0.024
for univariate-analysis and p=0.016 (HR 2.6 [95% CI: 1.2, 5.8] for
multivariate-analysis). The 4-year LFS for the MRD-CR and
Frontiers in Immunology | www.frontiersin.org 7116
MRD+CR groups was 72.2% [95% CI: 61.8, 82.6%] and 51.5%
[95% CI: 34.4, 68.6%], respectively (p=0.024). The 4-year OS for
MRD-CR patients was 73.6% (95%CI: 63.4, 83.8%) and MRD
+CR of 51.5% (95%CI: 34.4, 68.6%) (p=0.02), respectively
(Figure 5B).

For the 97 patients who survived over 100 days after transplant,
4-year LFS for no cGVHD, and limited and extensive cGVHDwas
62.2% (95% CI: 46.5, 77.9%), 85.6% (95% CI: 75.8, 95.4%) and
36.4% (95% CI: 8.0, 64.8%), respectively (no vs. limited cGVHD,
p=0.009; limited vs. extensive cGVHD, p<0.001; no vs. extensive
cGVHD, p=0.20). The 4-year OS for the no cGVHD cohort was
64.9% (95% CI:49.6, 80.2%), 85.6% (95% CI: 75.8, 95.4%) for the
limited cGVHD cohort and 36.4% (95% CI: 8.0, 64.8%) for the
extensive cGVHD cohort (no vs. limited cGVHD, p=0.019; limited
vs. extensive cGVHD, p<0.001; no vs. extensive cGVHD, p=0.123)
(Figure 5C).

At the time of the latest follow up in April 2020, 29 patients
had died. The primary causes of death were relapse (8 patients),
GVHD (8 patients), infection (5 patients) and TMA (5 patients)
(Table 3).
A

B

FIGURE 3 | Cumulative incidences of chronic and extensive chronic GVHD.
(A) Cumulative incidences of chronic GVHD: CAR T-cell group: 73.3% (95%
CI: 71.3, 75.3%) vs. chemotherapy group: 55.0% (95% CI: 54.2, 55.8%);
p=0.107. (B) Cumulative incidences of extensive chronic GVHD: CAR T-cell
group: 11.1% (95% CI:10.3, 11.9%) vs. the chemotherapy group: 11.9%
(95% CI: 11.7, 12.1%); p=0.964.
A

B

FIGURE 4 | Cumulative incidences of relapse (CIR) and NRM. (A) Cumulative
incidence of relapse: CAR T-cell group: 4-year CIR of 11.1% (95% CI: 10.3,
11.9%) vs. chemotherapy group: 12.8% (95% CI:12.6, 13.0%) (p=0.84).
(B) Cumulative incidence of NRM: CAR T-cell group: 4-year NRM of 18.7%
(95% CI:17.5, 19.9%) vs. chemotherapy group: 4-year NRM of 23.1% (95%
CI:22.7, 23.5%); p=0.64.
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DISCUSSION

Recently CAR-T therapy has shown dramatic initial responses
with CR rates approaching 80-90% among R/R B-ALL patients
(6–12). However, risk of relapse remains a major problem for
these patients. Allo-HSCT after CAR-T therapy may have a
consolidative role to further improve the durability of
remission for these patients. However, whether prior CAR-T
therapy can potentially increase the transplant-related
mortality and toxicity remain a concern. In the present study,
we compared the safety and efficacy of allo-HSCT in patients in
patients after achieving CR either post CAR-T or after
chemotherapy with a median follow-up of 4 years. To our
knowledge, this is the first analysis comparing B-ALL patient
outcomes after allo-HSCT following either prior CAR T-cell
therapy or chemotherapy.

Although this is not a randomized trial, our parallel cohort
study showed a similarly high LFS (70.2% vs. 64.1%) and OS
(70.2% vs. 65.4%) after a median follow-up of 4 years in patients
who received allo-HSCT after achieving CR from CAR-T therapy
(n=27) or after achieving CR following chemotherapy (n=78),
even despite having significantly more patients with advanced
disease and refractory/relapsed status in the CAR-T group. There
was no graft-failure in either group. The incidences of NRM, TMA
and CMV reactivation within both groups were similar.

Hematopoietic reconstitution is one of the key issues in
heavily pre-treated B-ALL patients after allo-HSCT. In our
study, all patients achieved prompt and sustained neutrophil
engraftment, at a median 14 days and achieved 100% donor
chimerism in bone marrow and blood on day 28 in both the
CAR-T and chemotherapy groups. Nevertheless, the
engraftment of platelets was significantly slower in the CAR-T
group compared to the chemotherapy group (Day 14 vs. Day 12,
p=0.026). One possible reason may be due to the higher
incidence of aGVHD and corresponding glucocorticoids
treatment of patients in the CAR-T group. In addition,
cytokine storm subsequent to CAR-T therapy might impair the
endothelium system in transplant recipients (6–9), including the
hematological microenvironment.

GVHD remains a major cause of morbidity and mortality
following allo-HSCT. The reports of incidence and severity of
GVHD after transplant post CAR T-cell therapy have been very
limited. In a study by Shadman et al. from the University of
Washington, it reported incidence of Grade II-IV and Grade III-
IV acute GVHD of 69% and 25%, respectively (17). Jiang et al.
reported no severe aGVHD except for mild skin rash and
diarrhea (Grade ≤2) among 21 patients (31). In our study,
Grade II-IV and Grade III-IV aGVHD were 48% and 11%,
respectively, in the CAR-T group. Further analysis showed that
the grade of CRS had no influence on the incidence and severity
of aGVHD. Considering the limited size of the CAR-T group in
our study, further clinical trials are necessary to verify the effect
of CRS on aGVHD after transplantation. We found higher
incidence of Grade II-IV aGVHD in the CAR T-cell group, but
similar incidence of severe aGVHD compared to the
chemotherapy group. Regarding the cGVHD, the overall
incidence of cGVHD in the CAR-T group was higher, but the
T
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rate of extensive cGVHD (11.1% vs. 11.9%, in the CAR T-cell and
chemotherapy groups, respectively p=0.96) was similar between
the groups. There was a relative higher incidence of cGVHD in
our study. It is likely because the major donor type was haplo
donor (67%) in our study. In addition, considering the high risk
of recurrence in this group of patients with advanced disease,
immunosuppressants were withdrawn as soon as possible. And
in some very high-risk patients, prophylactic DLI and interferon
were applied to gain a limited chronic GVHD status in both
groups. The incidence of the cGVHD was similar to our previous
reports of haplo-HSCT with ATG (23, 32).
A

B

C

FIGURE 5 | LFS and OS. (A) LFS and OS in the CAR-T and chemotherapy groups. The 4-year LFS for the CAR-T group was 70.2% (95% CI:53.0, 87.4%) vs.
64.1% (95% CI:53.5, 74.7%) for the chemotherapy group (p=0.63). The 4-year OS for the CAR-T group was 70.2% (95% CI:53.0, 87.4%) vs. 65.4% (95% CI:54.8,
76.0%) for the chemotherapy group (p=0.681) (B) LFS and OS according to MRD. The 4-year LFS for patients who achieved MRD- CR was 72.2% (95% CI:61.8,
82.6%) and 51.5% (95% CI:34.4, 68.6%) for those that had an MRD+ CR (p=0.024). The 4-year OS for the MRD- CR group was 73.6% (95% CI:63.4, 83.8%) and
51.5% (95% CI:34.4, 68.6%) for the MRD+CR group (p=0.02). (C) LFS and OS according to cGVHD. 4-year LFS for patients without cGVHD was 62.2% (95%
CI:46.5, 77.9%), 85.6% (95% CI:75.8,95.4%) for those with limited cGVHD and 36.4% (95% CI:8.0, 64.8%) for those with extensive cGVHD (no vs. limited cGVHD,
p=0.009; limited vs. extensive cGVHD, p<0.001; no vs. extensive cGVHD, p=0.20). 4-year OS for the no cGVHD group was 64.9% (95% CI:49.6, 80.2%), 85.6% for
the limited cGVHD group (95% CI:75.8, 95.4%) and 36.4% for the extensive cGVHD group (95% CI:8.0, 64.8%) (no vs. limited cGVHD, p=0.019; limited vs.
extensive cGVHD, p<0.001; no vs. extensive cGVHD, p=0.123).
TABLE 3 | Causes of death in the CAR-T and chemotherapy groups.

Causes Total CAR-T group Chemotherapy group

All causes of death 34 8 26
Relapse 11 3 8
NRM 23 4 18
GVHD 8 1 7
Infection 6 2 4
TMA 5 1 4
Graft failure or rejection 1 1
Malignant arrhythmia 1 1
Acute pancreatitis 1 1
Organic pneumonia 1 1
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Neurotoxicity is a relatively common toxicity with CAR-T
therapy (20–22). However, whether development of CAR-T-
related neurotoxicity increases the neurotoxicity of fundamental
immunomodulators such as cyclosporine and tacrolimus after
allo-HSCT is still unclear. In our study, four patients experienced
Grade III neurotoxicity with seizures after CAR-T infusion.
However, none of the four patients had developed drug-induced
encephalopathy or TMA after transplant. Nevertheless, patients
who present with severe neurotoxicity after CAR-T should be
followed up and treated with caution.

There are now more and more published studies confirming
that consolidative allo-HSCT following CAR-T therapy could
reduce relapse rates and improve LFS for R/R ALL patients (6,
10, 11, 14–16). However, studies comparing CIR, LFS and OS
between patients post CAR T-cell therapy and post-chemotherapy
have not been reported. In the present study, we found similar
CIR, LFS and OS rates between our two cohorts. Among our 105
patients, there was only 11% CIR, which is lower than the CIR rate
reported previously among ALL patients in CR (33–35). There are
multiple potential reasons for the relatively lower CIR in our study.
First, a haploidentical donor was the main donor source (67%) in
our study. Mo et al. found that a haplo-donor was superior to a
matched sibling donor in offsetting the detrimental effects of high-
risk factors and pre-transplant MSD among ALL patients (13, 36).
Second, TBI-based conditioning regimes were used in the majority
of our patients (83%). TBI has demonstrated an advantage
over Bu as a component of conditioning regimens for MSD,
MUD, and haplo-HSCT in pediatric and adult patients with
ALL (33–35, 37). Third, myeloablative conditioning regimens
were used in all the patients in this study, which were more
effective in eradicating residual leukemia disease.

Several studies have previously shown the prognostic
relevance of disease status and MRD status among B-ALL
patients (38, 39). In our multivariate analysis, we demonstrated
that the CIR for MRD+ patients before transplant was 3 times as
high as that of MRD- patients and a negative MRD status either
after CAR-T therapy or after chemotherapy and prior to
transplant predicted better results. We showed that MRD
before transplant was an independent predicator for CIR after
HSCT and that achieving an MRD-negative CR was crucial and
equally important for optimal transplantation outcomes among
both the chemotherapy and CAR-T therapy groups.

Among patients receiving CAR-T therapy, whether CR
patients with an CD19-negative status before transplant will
have an increased risk of relapse remains a concern and will
require further investigation. The possible reason for a CD19-
negative relapse could be due to a selective immune escape
mechanism of the tumor cells (40). So far there is no evidence
that CD19-negative leukemic clones may be more easily attained
as a further escape from the graft-versus-leukemia (GVL) effect
of donor cells. Allo-HSCT is an anti-HLA immunotherapy,
which is independent from CD19. Excluding the one early
treatment-related death within one month following
transplantation, half (2/4) of the patients relapsed with CD19-
negative clones in our CAR-T group. Due to the limited number
of cases in our study, we cannot make any conclusions on
Frontiers in Immunology | www.frontiersin.org 10119
whether patients with a CD19-negative MRD status before
transplant are more likely to relapse. Nevertheless, caution
should be taken for those patients with CD19-negative MRD
status who are to undergo an allo-HSCT.

In addition to CAR-T therapy, other immunotherapeutic
approaches have proven successful in R/R B-ALL such as
blimatumomab and inotuzomab. Currently, it remains unclear
whether it is better to treat R/R B-ALL with CAR-T cell therapy
vs.. blimatumomab or inotuzomab. Thus, it is important to
conduct a randomized clinical trial in the future to investigate
this quest ion. A head-to-head comparison trial of
blimatumomab or inotuzomab vs. CAR-T cell is undergoing
(NCT03628053). Despite high CR/CRi of 67% achieved with
inotuzomab for pediatric R/R ALL patients (41), 44% with
blimatumomab (42), relapse remains the major problem.
Without consolidative allo-HSCT, long-term disease control
was limited with both blimatumomab and inotuzomab,
especially for patients with high leukemic burden (43). The
incidence of sinusoids obstruction syndrome (SOS), previously
known as veno-occlusive disease, has been reported after allo-
HSCT following inotuzomab, at an especially high rate (52%) in
pediatric patients (41). In addition to efficacy and safety
considerations, cost, insurance coverage, and local availability
of each immunotherapy are all factors that will influence clinical
decision-making. One limitation of our study is that it is not a
randomized clinical trial but it is not feasible at the present time
to do such randomized clinical trial as the CAR-T therapy is
currently only indicated to chemotherapy refractory or relapsed
patients. Nevertheless, our long-term follow-up and parallel
comparison results demonstrate that pre-transplant CR
induced by CAR-T therapy in R/R B-cell ALL patients carry
the same prognostic significance as CR induced by conventional
chemotherapy for patients without refractory disease. Although
the CAR-T group had a higher incidence of Grade overall
aGVHD and cGVHD, the incidence of serve aGVHD and
cGVHD was comparable in both groups. Importantly, no clear
increased transplant related mortality was identified in our CAR-
T group. We conclude that the strategy of CAR-T therapy
followed by allo-HSCT in R/R B cell-ALL was safe and
effective, exhibiting similar long- term NRM, CIR, LFS and OS
as those achieved among patients in the chemotherapy group.
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