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transplant cyclophosphamide for AML
Avichai Shimoni1✉, Myriam Labopin 2, Emanuele Angelucci3, Didier Blaise 4, Fabio Ciceri 5, Yener Koc6, Zafer Gülbas7,
J. L. Diez-Martin8, Benedetto Bruno9, Luca Castagna10, Massimo Martino 11, Montserrat Rovira12, Mohamad Mohty 2,13 and
Arnon Nagler 1,2

© The Author(s), under exclusive licence to Springer Nature Limited 2021

The association of graft-versus-host disease (GVHD) and graft-versus-leukemia effect after stem-cell transplantation (SCT) is well
established but with limited data in the setting of haploidentical SCT (haploSCT) with post-transplant cyclophosphamide (PTCy). We
used a series of landmark analyses to investigate this association in 805 AML patients following haploSCT. On day +100, 707
patients were alive and leukemia-free, 500 had no prior acute GVHD, 137 had acute GVHD grade II and 70 had grade III–IV.
Subsequent relapse rates were 20.3%, 23.2% and 15.0%, respectively (P= 0.52). Subsequent non-relapse mortality (NRM) was 8.6%,
17.8% and 38.6%, respectively (P < 0.0001). Leukemia-free survival (LFS) was 71.0%, 59.0% and 46.3%, respectively (P < 0.0001).
Multivariate analysis showed that acute GVHD grade II and grade III–IV were not associated with relapse (HR 1.21, P= 0.37 and HR
1.03, P= 0.94), but were associated with increased NRM (HR 2.09, P= 0.005 and HR 6.41, P < 0.0001) and lower LFS (HR 1.47, P=
0.02 and HR 2.59, P= < 0.0001). Chronic GVHD was not associated with subsequent relapse. Extensive chronic GVHD was associated
with higher NRM (HR 6.72, P < 0.0001) and inferior LFS (HR 3.29, P= < 0.0001). GVHD of any type or grade is not associated with
lower relapse after haploSCT with PTCy. Severe forms are associated with higher NRM and lower survival.
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INTRODUCTION
Allogeneic stem cell transplantation (SCT) is a curative therapy for
acute myeloid leukemia (AML). It provides both dose-intensive
chemo-radiotherapy and enhancement of a graft-versus leukemia
effect (GvL). The major causes of treatment failure are recurrent
disease and non-relapse causes such as graft-versus-host disease
(GVHD) and infections. The association between GVHD and GvL is
well established [1–3]. Horowitz et al. have shown that both acute
and chronic GVHD are associated with a lower risk for relapse after
SCT [3]. However, only the mild forms were associated with better
survival as the more severe GVHD forms also resulted in increased
non-relapse mortality (NRM). Chronic GVHD was more important
in controlling relapse in patients with AML.
Marked changes have been introduced in modern SCT over the

last two decades. These include SCT in older patients, the use of
reduced-intensity conditioning (RIC), the use of older sibling
donors, more unrelated donors, as well as alternative donors such
as haploidentical and umbilical cord blood donors, and a change
to the more common use of peripheral blood stem cells (PBSC) as

the stem-cell source. These changes as well as the marked
improvement in supportive care improved NRM, but did not
markedly change the rate of disease relapse [4]. All of these
changes may have an impact on the association of GVHD and GVL
in these new SCT settings. A more recent analysis of the
correlation between relapse and GVHD in a mega-file of >48,000
transplants reported to the European Society for Blood and
Marrow Transplantation (EBMT) confirmed the well-known asso-
ciation of GVHD and GVL [5] However, the strength of the
association was different between diseases. A strong association
was seen in chronic myeloid leukemia and acute lymphoblastic
leukemia. However, the correlation was relatively weak in patients
with AML suggesting that GvL effects may be operating in the
absence of GVHD in this disease [3, 5].
The use of haploSCT has markedly increased over the last

decade [6]. Results have constantly improved with time, more
than most types of transplants [7]. This is mostly related to the
shift towards non-T cell-depleted transplants, such as with the use
of post-transplant cyclophosphamide (PTCy) [8]. The outcome of
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patients with AML after haploSCT is now similar to that after HLA-
matched related or unrelated donors [9, 10]. Haploidentical
transplant with extensive T-cell depletion is associated with low
rates of GVHD and alloreactivity is mostly related to natural killer
(NK) cell activity [11]. The role of NK alloreactivity in non-T cell-
depleted haploidentical transplants is much more controversial
[12]. PTCy limits the rate of severe acute GVHD and of chronic
GVHD. However, there is limited data regarding the association of
GVHD and GVL in this setting [13, 14].
In this study, we explored the association of GVHD and GvL in a

relatively large cohort of patients with AML given haploSCT
with PTCy.

PATIENTS AND METHODS
Study design and data collection
This is a retrospective multicenter analysis. Patient data were obtained
from the EBMT registry. The EBMT is an international research collaborative
group comprising over 650 transplant centers required to report on an
annual basis on all transplants performed. Quality control measures of this
multicenter registry include confirmation of the validity of the entered data
by the reporting team, cross-checking with the national registries, and
regular in-house and external data audits. The study was approved by the
acute leukemia working party (ALWP) and was performed in compliance
with the Helsinki declaration and under guidance of the EBMT. All patients
provided written informed consent authorizing the use of information for
research purposes.
Patients were eligible for the study if they had de-novo or secondary

AML and had received a haploSCT, in first complete remission (CR1) or
second CR (CR2), between the years 2009–2017. Only patients engrafting
after SCT were included in the analysis. Haploidentical donors were
defined as two or more mismatches from a family related donor. Data
collected included recipient and donor characteristics, disease features,
transplant-related factors including drugs and total doses used in the
conditioning regimen, and outcome variables including the occurrence
and timing of acute and chronic GVHD, relapse, and survival data.

Conditioning regimens
The conditioning regimen was selected at the participating center’s
discretion. Dose intensity was defined according to standard criteria based
on the reversibility and expected duration of cytopenia after SCT [15]. All
transplants were non T-cell-depleted and were based on PTCy. Additional
GVHD prophylaxis was selected according to the participating center
policy and consisted of a calcineurin inhibitor (cyclosporine A or
tacrolimus) with mycophenolate mofetil in most cases. No ex-vivo
manipulation was allowed. Patients given anti-thymocyte globulin were
excluded from the analysis. Both bone marrow (BM) and PBSC were
eligible stem cell source.

Evaluation of outcomes
Overall survival (OS) was calculated from the day of SCT until the death of
any cause or the date of the last follow-up. Leukemia-free survival as
survival with no relapse. Disease relapse was defined according to
standard hematological criteria. NRM was defined as death without prior
disease recurrence. Acute GVHD was graded and staged according to the
consensus criteria [16]. Chronic GVHD was graded according to the Seattle
criteria [17].

Statistical analysis
The primary endpoint of the study was relapse for assessing the impact of
acute and chronic GVHD on post transplant outcome. Secondary
endpoints were acute and chronic GVHD rates, NRM, LFS, and OS The
probabilities of OS and LFS were calculated using the Kaplan–Meier
method [18]. Relapse, NRM, and GVHD rates were estimated using
cumulative incidence analysis, considering competing risks. In the
estimation of acute and chronic GVHD we considered relapse and death
to be competing events. Univariate analyses were performed using log
rank test for OS and LFS and Gray’s test for cumulative incidence functions
[19]. For all univariate analyses, continuous variables were categorized and
the median was used as a cut-off point. To study the effect of GVHD on SCT
outcomes, we used a series of landmark analyses [20, 21]. From the original
data set, we constructed data sets for four landmark time points at days

+30, +100, +180, and +360, selecting patients alive in remission at these
time points. At each landmark point, we fitted a simple Cox model.
Variables were included if considered relevant based on the univariate
analysis (P value < 0.2), or known to be so from the literature. In order to
take into account the “overlap” between landmark data sets, and since the
data of the same patient are used repeatedly in the different landmark
strata, we used a stacked data set containing all the landmark data sets,
and the final model was stratified by the landmark and standard errors
obtained by taking into account the “clustering” of the data using the
sandwich estimators of Lin and Wei (1989) [22]. We also used a Cox
proportional hazards model including GVHD as a time-dependent variable
for relpase, NRM, and LFS. Hazard ratios (HR) and 95% confidence intervals
(95% CI) are reported. In the univariate analyses, the P values gave the
global comparison of the 3 groups (No GVHD, grade II, grade III–IV).
However, the interpretation of the results is based on the results of
multivariate analyses where P values are given versus a reference group
which is the absence of GVHD. Statistical analyses were performed with R
3.4.0 (R Core Team (2017). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/.), packages ‘survival’, ‘cmprsk’ and
‘dynpred’.
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RESULTS
Patient characteristics
The study included 805 patients with AML in CR1 or CR2 given a
first T-cell replete haploSCT with PTCy, during the years
2009–2017. Patient characteristics are outlined in Table 1. The
median patient age was 53 years (range, 18–76). The median
donor age was 37 years (range, 13–72). Fifteen percent had
secondary AML and 16% had poor cytogenetics. The conditioning
regimen was myeloablative in 52% of patients and RIC in 48%.
GVHD prophylaxis included a calcineurin inhibitor and mycophe-
nolate mofetil in addition to PTCy in most patients. The stem cell
source was BM in 47% of patients and PBSC in 53%.

Acute GVHD and SCT outcomes
Transplantation outcomes are presented in Fig. 1 and Supple-
mentary Table 1. The overall rate of acute GVHD grade II–IV and
III–IV was 30.3% (95% CI, 27.2–33.6) and 11.6% (95% CI, 9.5–13.9),
respectively. Seven hundred and seven patients were alive and
leukemia-free 100 days after transplant; 500 had no prior acute
GVHD at this landmark, 137 had acute GVHD grade II and 70 had
grade III–IV. The overall rates of relapse subsequent to the day
+100 landmark was 20.3%, 23.2% and 15.0%, respectively (P=
0.52). The overall rates of subsequent NRM were 8.6%, 17.8% and
38.6%, respectively (P < 0.0001). The rates of LFS were 71.0%,
59.0% and 46.3%, respectively (P < 0.0001). Multivariate analysis
showed that acute GVHD grade II before day +100 was not
associated with subsequent relapse (HR) 1.21, P= 0.37), but it was
associated with increased NRM (HR 2.09, P= 0.005) and lower LFS
(HR 1.47, P= 0.02). Similarly, acute GVHD grade III–IV before day
+100 was not associated with subsequent relapse (HR 1.03, P=
0.94) but was associated with higher NRM (HR 6.41, P < 0.0001)
and inferior LFS (HR 2.59, P= < 0.0001). Acute GVHD grade III–IV

was associated with subsequent chronic GVHD (HR 1.75, P= 0.01).
Similar findings were observed at landmark day +30 (Supple-
mentary Table 2).

Chronic GVHD and SCT outcomes
Transplantation outcomes in relation to chronic GVHD are
presented in Fig. 2 and Supplementary Table 3. The overall rates
of chronic GVHD and extensive chronic GVHD were 28.9% (95% CI:
25.6–32.3) and 11.2% (95% CI: 9.0–13.6), respectively. Four
hundred and ninety-three patients were alive and leukemia-free
360 days after transplant; 338 had no prior chronic GVHD at this
landmark, 100 had limited grade chronic GVHD and 55 had
extensive chronic GVHD. The overall rates of relapse subsequent
to the day +360 landmark were 7.9%, 5.2% and 10.9%,
respectively (P= 0.52). The overall rates of subsequent NRM were
2.5%, 3.4% and 23.5%, respectively (P < 0.0001). The rates of LFS
were 89.5%, 91.4% and 65.6%, respectively (P= 0.0001). Multi-
variate analysis showed that limited chronic GVHD before day
+360 was not associated with subsequent relapse (HR 0.63, P=
0.27), NRM (HR 1.61, P= 0.35) or LFS (HR 0.87, P= 0.67). Extensive
chronic GVHD before day +360 was also not associated with
subsequent relapse (HR 1.74, P= 0.22), but it was associated with
higher NRM (HR 6.72, P < 0.0001) and inferior LFS (HR 3.29, P= <
0.0001). Similar findings were observed at landmark day +180
(supplementary Table 4).

Multivariable models
In a final model that was stratified by four landmark points (days
+30. +100, +180, +360) the only factor that predicted relapse
was the use of RIC (HR 1.67, P= 0.007, Table 2). Acute and chronic
GVHD of any grade did not protect from relapse. The factors
predicting an increased NRM were acute GVHD of both grade II
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Fig. 1 Transplantation outcomes after haploidentical transplantation. Cumulative incidence of relapse, non-relapse mortality (NRM) and
the rate of leukemia-free survival (LFS) subsequent to day +100 landmark after haploidentical transplantation by the occurrence and grade of
acute GVHD.
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(HR 1.86, P= 0.01) and grade III–IV (HR 4.61, P < 0.0001). Extensive
chronic GVHD (HR 2.81, P= 0.002) and advanced age (HR 1.3, P=
0.008) also predicted higher NRM (Table 3). The factors predicting
reduced LFS were acute GVHD of both grade II (HR 1.42, P= 0.03)
and grade III–IV (HR 2.05, P= 0.0004), extensive chronic GVHD (HR
1.96, P= 0.008) and RIC (HR 1.52, P= 0.003).
We also constructed a Cox proportional hazards model

including GVHD as a time-dependent variable (Tables 2–4). The

same predicting factors were identified. RIC was the only factor
predicting relapse (HR 1.77, P= 0.001). Acute GVHD of both grade
II, (HR 1.62, P= 0.04) and grade III–IV (HR 6.51, P < 0.0001),
extensive chronic GVHD (HR 2.65, P= 0.0004) and advanced age
(HR 1.34, P= 0.0002) predicted NRM. Acute GVHD of both grade II,
(HR 1.34 P= 0.04) and grade III–IV (HR 2.74, P < 0.0001), extensive
chronic GVHD (HR 1.61, P= 0.02) and RIC (HR 1.53, P= 0.001)
predicted a reduced LFS. We also performed a Cox analysis limited
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Fig. 2 Transplantation outcomes after haploidentical transplantation. Cumulative incidence of relapse, non-relapse mortality (NRM) and
the rate of leukemia-free survival (LFS) subsequent to day +360 landmark after haploidentical transplantation by the occurrence and grade of
chronic GVHD.

Table 2. Multivariate analysis of factors predicting relapse incidence after SCT.

Relapse Incidence Final model stratified by landmark Cox proportional hazards model
including GVHD as a time-dependent
variable

HR P value HR P value

Acute GVHD grade II 1.20 (0.80–1.79) 0.37 1.21 (0.83–1.75) 0.31

Acute GVHD grade III–IV 0.75 (0.36–1.56) 0.44 0.82 (0.43–1.54) 0.50

Chronic GVHD limited 0.73 (0.40–1.33) 0.31 0.81 (0.50–1.33) 0.40

Chronic GVHD extensive 1.30 (0.60–2.85) 0.51 0.99 (0.52–1.87) 0.97

Age per 10 years 0.93 (0.82–1.05) 0.24 0.91 (0.81–1.02) 0.12

CR2 vs. CR1 0.76 (0.52–1.12) 0.17 0.75 (0.52–1.10) 0.14

Secondary AML 1.18 (0.77–1.80) 0.44 1.17 (0.79–1.74) 0.43

Adverse cytogenetics 1.15 (0.76–1.73) 0.52 1.05 (0.71–1.55) 0.82

PB vs. BM 1.07 (0.77–1.48) 0.70 1.01 (0.74–1.39) 0.93

RIC vs. MAC 1.67 (1.15–2.44) 0.007 1.77 (1.25–2.49) 0.001

Abbreviations as in Table 1. HR hazard ratio.
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to 387 patients given RIC. Similar observations were seen in the
entire group. Acute GVHD grade II–IV was not associated with
relapse (HR 1.04, P= 0.86) but was associated with higher NRM
(HR 3.08, P < 0.0001) and lower LFS (HR 1.71, P= 0.0008). Chronic
GVHD was also not associated with relapse rate (HR 0.92, P= 0.76)
but was associated with higher NRM (HR 1.92, P= 0.03)

DISCUSSION
In this registry-based study, we show in a relatively large cohort of
patients with AML given haploSCT with PTCy that acute and
chronic GVHD of any grade are not associated with reduction of
relapse rate after SCT. The more severe forms are associated with
increased NRM and reduced survival. This suggests that PTCy
allows the separation of GvL from GVHD in this transplant setting.
This observation contrasts with the known association of GVHD
and GvL in the HLA-matched setting [1–3].
These observations may be explained in part by the

mechanism of action of PTCy. This mechanism of action has
not been completely defined. Most of the data come from
comes from experiments with MHC- matched murine models of
skin allograft rejection [8]. These experiments suggested that
alloreactive T-cell elimination and thymic clonal deletion are the
major mechanisms for GVHD prevention. Theoretically, rapidly

proliferating T-cells directed against HLA antigens will easily be
eliminated following PTCy in the haploidentical setting, while
T-cells that target underlying leukemia and infectious agents
without causing GVHD will be spared. Therefore, there will not
be any additional advantage in disease control for those having
GVHD. Recent data suggest a major role of regulatory T-cells
(Tregs) in promoting long-term tolerance after SCT with PTCy
[23]. Tregs, similarly to hematopoietic stem cells express high
levels of aldehyde dehydrogenase which confers resistance to
Cy [24]. Acute GVHD grade II is common after PTCy but
progression to more severe forms and to chronic GVHD is less
common, suggesting that alloreactive T-cells are not eliminated
but are controlled and that alloreactivity is reduced with time
[8]. PTCy modulates alloreactivity and abrogates the impact of
most of the traditional risk factors for GVHD, such as the number
of mismatches and donor gender. The potential to use Tregs for
control of GVHD while enhancing GvL has been reported by the
Perujia group with the infusion of Tregs with conventional
T-cells after T- cell-depleted haploSCT that enhanced GvL with
no concomitant GVHD [25].
The degree of correlation between GVHD and GVL in AML is

somewhat controversial [5]. After allogeneic SCT patients with no
GVHD have a lower relapse rate than the rate observed after
identical twin or autologous transplant, supporting this relation

Table 3. Multivariate analysis of factors predicting non-relapse mortality after SCT.

Non-relapse mortality Final model stratified by landmark Cox proportional hazards model
including GVHD as a time-dependent
variable

HR P value HR P value

Acute GVHD grade II 1.86 (1.14–3.03) 0.01 1.62 (1.02–1.80) 0.04

Acute GVHD grade III–IV 4.61 (2.92–7.27) <0.0001 6.51 (4.29–9.86) <0.0001

Chronic GVHD limited 1.15 (0.53–2.51) 0.72 0.93 (0.45–1.91) 0.84

Chronic GVHD extensive 2.81 (1.44–5.48) 0.002 2.65 (1.54–4.55) 0.0004

Age per 10 years 1.30 (1.12–1.52) 0.0008 1.34 (1.15–1.56) 0.0002

CR2 vs. CR1 0.96 (0.63–1.48) 0.86 0.82 (0.55–1.23) 0.34

Secondary AML 0.92 (0.56–1.50) 0.74 0.94 (0.59–1.48) 0.78

Adverse cytogenetics 1.03 (0.63–1.70) 090 1.05 (0.65–1.68) 0.85

PB vs. BM 1.00 (0. 69–1.45) 1.00 0.90 (0.63–1.29) 0.56

RIC vs. MAC 1.32 (0.87–2.00) 0.19 1.27 (0.86–1.88) 0.23

Abbreviations as in Tables 1–2.

Table 4. Multivariate analysis of factors predicting leukemia-free survival after SCT.

Leukemia- free survival Final model stratified by landmark Cox proportional hazards model
including GVHD as a time-dependent
variable

HR P value HR P value

Acute GVHD grade II 1.42 (1.04–1.92) 0.03 1.34 (1.01–1.80) 0.04

Acute GVHD grade III–IV 2.05 (01.37–3.05 0.0004 2.74 (1.99–3.75) <0.0001

Chronic GVHD limited 0.87 (0.54–1.39) 0.55 0.87 (0.58–1.31) 0.50

Chronic GVHD extensive 1.96 (1.19–3.22) 0.008 1.61 (1.08–2.40) 0.02

Age per 10 years 1.06 (0.96–1.17) 0.25 1.07 (0.97–1.17) 0.10

CR2 vs. CR1 0.84 (0.63–1.13) 0.25 0.79 (0.60–1.04) 0.34

Secondary AML 1.07 (0.78–1.47) 0.69 1.06 (0.79–1.43) 0.70

Adverse cytogenetics 1.10 (0.80–1.51) 0.55 1.05 (0.78–1.42) 0.10

PB vs. BM 1.04 (0.81–1.32) 0.78 0.95 (0.75–1.21) 0.68

RIC vs. MAC 1.52 (1.15–2.01) 0.003 1.53 (1.18–1.98) 0.001

Abbreviations as in Tables 1–2.

A. Shimoni et al.

388

Bone Marrow Transplantation (2022) 57:384 – 390



[3, 26]. However, other studies showed only a relatively weak
correlation. There is data to support GVL in the absence of GVHD
in this disease [26]. Results of SCT with T-cell depletion have not
shown excess post-transplant relapse rates in early-stage AML
[27]. The threshold level of T-cells necessary to trigger GvL is lower
compared to GVHD and a lower level of GVHD may be sufficient to
reduce the risk of relapse [28]. Mechanisms other than general
T-cell alloreactivity may be effective in AML. These mechanisms
may include NK cell alloreactivity or targeting of leukemia-specific
antigens.
There is limited data on the association between GvL and GVHD

in the haploidentical setting. The Baltimore group explored this
association in 340 patients with various hematological malignan-
cies following haploSCT with nonmyeloablative conditioning and
PTCy [13]. They used a similar statistical methodology as in the
current study. They showed that acute GVHD grade II was
associated with reduced relapse rates, similar NRM, and improved
OS compared to no GVHD. Acute GVHD grade III–IV did not reduce
relapse, probably due the high immune suppression burden,
markedly increased NRM, and reduced OS. Chronic GVHD showed
a trend towards reduction of relapse but no effect on survival.
Similar observations were seen with the use of PTCy after HLA-
matched transplants with PTCy [29]. Mo et al., investigated the
same question in a group of 324 patients with AML/ MDS
following haploSCT with the Chinese platform using ATG in the
conditioning. Chronic GVHD reduced the risk of relapse and
improved survival, particularly in the mild-moderate forms [14].
The differences between these studies and the current study may
be related to the use of different platforms, different groups of
patients, conditioning regimens, and stem cell source. The
Baltimore group used nonmyeloablative conditioning and BM as
the stem cell source. The Chinese platform uses a different
concept with no use of PTCy. In the current study, PTCy was used,
but the conditioning regimen was myeloablative and PBSC was
given in a significant fraction of patients. The association of
GVHD and GvL has been shown to be more predominant in the
reduced- intensity than in the myeloablative setting [5, 30, 31]. We
observed the same finding when limiting the analysis to RIC
recipients. Still, the nonmyeloablative Baltimore platform with
minimal intensity may show different relations of GVHD and GVL.
Similarly, PBSC may show stronger GVL that may not be
dependent of GVHD.
GVHD and GvL in the HLA- matched setting are directed

against disparities in minor histocompatibility antigens between
the recipient and donor. In the HLA- mismatched setting major
HLA antigens may become targets for alloreactive T- cells [32].
The frequency of T-cells with direct alloreactivity against HLA-
antigens is 0.1–1%, which is higher than against any other
antigen [33]. This suggests theoretically, that the GvL effect will
be stronger following HLA- mismatched unrelated or haploSCT.
There is evidence for reduced relapse risk with an increased
number of mismatches in umbilical cord blood transplantation
[34]. However, in clinical practice, there is no evidence for a
lower relapse rate after haploidentical transplants [35]. The
exploitation of HLA- mismatch as a target for GvL is hampered
by the need for intensive interventions to prevent GVHD. There
is also a strong possibility for immune escape through the loss of
the mismatched haplotype leading to the loss of the targets for
GvL and relapse occurring in up to one-third of relapses [36].
However, there are some locus-specific exceptions such as
permissible or low-expression mismatches in HLA-C or HLA-
DPB1 that are sufficient to provoke GvL but with no excess
GVHD [32].
In conclusion, GVHD of any type or grade is not associated with

improved relapse rate after T-cell replete haplo SCT with PTCy and
offers no survival advantage. Severe forms are associated with
higher NRM and lower survival. Future novel strategies for the
prevention of significant GVHD are warranted.
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