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Abstract

could predict relapse in AML patients following HID HSCT.

We aimed to identify dynamic changes of lysine (K)-specific methyltransferase 2A partial tandem duplications (KMT2A-PTD)
before and after haploidentical donor hematopoietic stem cell transplantation (HID HSCT) and explore the prognostic value of
pre-transplantation levels of KMT2A-PTD in acute myeloid leukemia (AML) receiving HID HSCT. Consecutive 64 AML patients with
KMT2A-PTD positivity at diagnosis receiving HID HSCT were included in this study. Patients with KMT2A-PTD >1% before HSCT
had a slower decrease of KMT2A-PTD after HID HSCT. Patients with KMT2A-PTD >1% before HID HSCT had a higher cumulative
incidence of relapse (36.4%, 95% confidence interval [Cl]: 6.3%—-66.5%) at 2 years after HSCT than those with KMT2A-PTD <1%
(7.5%, 95% Cl: 0.3%-14.7%, P = .010). In multivariable analysis, KMT2A-PTD >1% before HID HSCT was the only independent
risk factor for relapse (hazard ratio [HR]: 4.90; 95% Cl: 1.22—-19.59; P = .025). Thus, pre-transplantation levels of KMT2A-PTD
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1. INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
is the most important curative therapy for acute myeloid leuke-
mia (AML)." Because both the human leukocyte antigen (HLA)
matched sibling donors (MSD) and unrelated donors (URD)
are usually unavailable in China, haploidentical-related donors
are the most important alternative donors for Chinese AML
patients.'=>*” Haploidentical donor (HID) HSCT could achieve
superior clinical outcomes compared with consolidation chemo-
therapy for intermediate- and high-risk AML.%’ Furthermore,
HID HSCT can achieve clinical outcomes similar to!®!! or even
superior to'>!? those of MSD HSCT for AML patients.

Lysine (K)-specific methyltransferase 2A (KMT2A), which
used to be named as mixed-lineage leukemia (MLL) gene, is
located on chromosome 11g23.'* There are more than 100 types
of KMT2A rearrangements, and KMT2A-partial tandem dupli-
cations (PTD) is formed when the KMT2A gene is rearranged
to generate PTD.">"'7 KMT2A-PTD is reported in approximately
5% to 10% of cases of AML.!$-20

AML patients with a high level of KMT2A-PTD were
unlikely to achieve complete remission (CR) and long-time sur-
vival.'21-23 Kong et al? reported that in AML patients, a high
initial KMT2A-PTD level (ie, KMT2A-PTD >1%) was the only
independent risk factor for CR after induction chemotherapy,
and patients with a higher initial level of KMT2A-PTD had a
shorter survival period compared to those with a lower level
of KMT2A-PTD. The level of KMT2A-PTD after chemotherapy
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could also predict relapse of AML patients. Weisser et al*
reported that KMT2A-PTD level decreasing at least 2 logs after
chemotherapy was associated with a superior overall survival
(OS) in AML patients. Lastly, Kong et al* reported that KMT2A-
PTD level after allo-HSCT could predict relapse; and myelo-
dysplastic syndrome (MDS)/AML patients with post-transplant
KMT2A-PTD levels 21% had a higher cumulative incidence of
relapse, a lower probability of OS, and a lower probability of
disease-free survival (DFS) compared to those with KMT2A-
PTD levels <1%.

However, most of the studies included other hematologic
malignancies apart from AML (eg, MDS), and no study had
identified the influence of KMT2A-PTD on the post-transplant
outcomes in the specific population with AML. In addition, no
studies had identified the impact of pre-HSCT level of KMT2A-
PTD on the clinical outcomes after HID HSCT, and whether
KMT2A-PTD levels before HID HSCT could predict post-
transplant relapse of AML patients was unclear.

Thus, we aimed to identify the dynamic changes of KMT2A-
PTD before and after HID HSCT, particularly, we aimed to
explore the prognostic value of pre-HSCT KMT2A-PTD level
in AML patients receiving HID HSCT.

2. MATERIAL AND METHODS

2.1. Patients

Consecutive 64 AML patients with KMT2A-PTD positivity at
diagnosis receiving HID HSCT at Peking University Institute of
Hematology (PUIH) from April 2016 to December 2020 were
enrolled in this study (refer to Supplementary Figure 1, http:/links.
Iww.com/BS/A105, for detailed inclusion criteria). The last follow-
up was on January 13,2023. The study was approved by the insti-
tutional review board of Peking University People’s Hospital and
was conducted in accordance with the Declaration of Helsinki.

2.2. Transplant regimen

The preconditioning regimen consisted of cytarabine,
busulfex, cyclophosphamide, simustine, and rabbit anti-
thymocyte globulin (ATG).?¢ Cyclosporine A (CSA), mycophe-
nolate mofetil (MMF), and methotrexate (MTX) were used to
prevent GVHD.?

2.3. KMT2A-PTD and multiparameter flow cytometry
(MFC) monitoring

KMT2A-PTD expression levels were determined by real-
time quantitative polymerase chain reaction (RQ-PCR) tech-
nology.?® The transcript level was calculated as KMT2A-PTD
transcript copies/ABL copies in percentage. According to our
experiment method, KMT2A-PTD/ABL 20.1% was considered
as KMT2A-PTD positivity. Measurable residual disease (MRD)
detected by MFC was based on leukemia-associated aberrant
immune phenotypes (LAIPs). The different-from-normal (DfN)
approach was used when LAIPs at diagnosis were not avail-
able. MFC MRD positivity was defined as >0.1% of cells with
LAIPs or DN abnormalities in bone marrow (BM) samples in
accordance with the European LeukemiaNet (ELN)-2022 crite-
ria.? Patients with post-transplant KMT2A-PTD or MFC MRD
positivity were routinely treated with preemptive interventions
including donor lymphocyte infusion (DLI) and interferon-o
(IFN-q).252

2.4. Definitions of clinical outcomes

Relapse was defined as recurrence of at least 5% blasts in
BM, reappearance of blasts in peripheral blood, or development
of extramedullary disease. Non-relapse mortality (NRM) was
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defined as death of any cause beyond relapse. Leukemia-free
survival (LFS) was defined as survival period without relapse or
death of any cause. OS was defined as survival period without
death from any cause. The primary endpoint was relapse, and
the secondary endpoints included NRM, LFS, and OS.

2.5. Statistical analysis

Categorical variables were compared using %? or Fisher exact
tests, and continuous variables were compared using the Mann—
Whitney U test. Survival analysis was calculated by the Kaplan—
Meier method. Relapse and NRM were estimated by competing
risk analysis. Relapse was the competing event for NRM and
vice versa. Multivariable analysis was performed by Cox’s pro-
portional hazards model. Estimate the hazard ratios of clini-
cal factors using univariable and multivariable Cox regression
analysis. The following factors for multivariable analysis were
included: age, genetic risk classification, disease status before
allo-HSCT, hematopoietic cell transplantation-specific comor-
bidity index (HCT-CI) score, donor—recipient sex matched and
KMT2A-PTD before allo-HSCT. The P values were 2-sided, and
P < .05 was considered statistically significant. Statistical analy-
sis was performed by the SPSS 27 (SPSS Inc./IBM, Armonk, NY)
and the R software package (version 4.2.1; http://www.r-proj-
ect.org).

3. RESULTS

3.1. Patient characteristics

The characteristics of 64 patients with initial KMT2A-PTD
positivity are shown in Table 1, and 39, 14, and 11 patients
showed KMT2A-PTD < 0.1% (group 1), 20.1% but <1%
(group 2), and 21% (group 3) before HID HSCT, respectively.
All of the clinical characteristics including age, genetic risk clas-
sification, and disease status before allo-HSCT were comparable
among these 3 groups.

3.2. Dynamic changes of KMT2A-PTD after HID HSCT

A total of 36 (92.3%), 13 (92.9%), and 8 (72.7%) patients
achieved MRD negativity at 1 month after HID HSCT, respec-
tively, in group 1, group 2, and group 3 (P =.175). A total of 37
(94.9%), 14 (100.0%), and 8 (72.7%) patients achieved MRD
negativity at 2 months after HID HSCT, respectively, in group
1, group 2, and group 3 (P = .042). A total of 35 (89.7%), 13
(92.9%), and 6 (54.5%) patients achieved MRD negativity at
3 months after HID HSCT, respectively, in group 1, group 2,
and group 3 (P = .018). A total of 37 (94.9%), 14 (100.0%),
and 8 (72.7%) patients achieved MRD negativity ultimately
after HID HSCT, respectively, in group 1, group 2, and group
3 (P = .042) (Fig. 1). The dynamic variation of KMT2A-PTD
before and after HID HSCT is shown in Figure 2, and patients
with KMT2A-PTD 21% before HSCT had a slower decrease
of KMT2A-PTD after HID HSCT. Meanwhile, in 57 patients
achieving MRD negativity after HID HSCT, patients with
KMT2A-PTD 21% before HSCT were more likely to convert to
KMT2A-PTD positivity again (87.5% vs 24.5%, P < .001) and
experience relapse compared to those with KMT2A-PTD <1%
before HSCT (50.0% vs 8.2%, P = .002).

3.3. The association between KMT2A-PTD and
MFC MRD

KMT2A-PTD 21% before HSCT was significantly associated
with MFC MRD positive (Spearman’s correlation coefficient:
0.260, P = .038), although there was no association between
KMT2A-PTD 20.1% before HSCT and MFC MRD positivity
(Spearman’s correlation coefficient: 0.196, P = .120).
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Patients’ clinical characteristics.

KMT2A-PTD KMT2A-PTD KMT2A-
<0.1% 0.1%-1% PTD >1%
Characteristics (n=39) (n=14) (n=11) P
Median age at allo-HSCT, y (range) 42 (14-62) 43 (14-57) 33 (16-56) 278
Sex, male/female, n 23/16 6/8 a/7 .359
Normal karyotype, n (%) 24 (61.5) 1(78.6) 8(72.7) 637
FLT3-ITD mutation, n (%) .896
Yes 6(15.4) 3(21.4) 2(18.2)
No 33(84.6) 11 (78.6) 9(81.9)
Genetic risk classification 940
Favorable 4(10.3) 1(7.1) 0(0.0)
Intermediate 24 (61.5) 8(57.1) 7 (63.6)
Adverse 11 (28.2) 5(35.8) 4(36.4)
HCT-CI score, n (%) 922
Low risk 30 (76.9) 10 (71.4) 8(72.7)
Intermediate risk 9(23.1) 4 (28.6) 3(27.3)
High risk 0(0.0) 0(0.0) 0(0.0)
Disease status before allo-HSCT 1.000
CR1 35(89.7) 13(92.9) 10 (90.9)
CR2 4(10.3) 1(7.1) 1(9.1)
Donor—recipient sex matched, n (%) 254
Female to male 9(23.1) 2 (14.3) 0(0.0)
Others 30 (76.9) 12 (85.7) 11 (100.0)
Donor—recipient relationship, n (%) .619
Mother—child 3(7.7) 0(0.0) 109.7)
Others 36 (92.3) 14 (100.0) 10 (90.9)
ABO compatibility, n (%) 241
Compatible (61.5) 6 (42.9) 4 (36.4)
Incompatible 5(38.5) 8(57.1) 7 (63.6)
Median mononuclear cell counts, x10%/kg (range) (2.7-15.7) 7 (5.2-12.4) 9.1(6.1-12.5) .898
Median CD34+ cell counts, x10°kg (range) .7 (0.5-6.7) .8(0.3-5.6) 1.8 (0.7-6.0) 41
Neutrophil engraftment, n (%) 39 (100.0) 4(100.0) 11 (100.0) 1.000
Median time from HSCT to neutrophil engraftment, d (range) 2 (8-21) 3(10-23) 13 (11-20) 849
Platelet engraftment, n (%) 7 (94.9) 2(85.7) 11 (100.0) 331
Median time from HSCT to platelet engraftment, d (range) 15 (9-83) 15 5 (11-56) 20 (10-102) 422

Allo-HSCT = allogeneic hematopoietic stem cell transplantation, CR = complete remission, FLT3-/ITD =
lysine (K)-specific methyltransferase 2A partial tandem duplication.

transplantation—specific comorbidity index, KMT2A-PTD =

FMS-like tyrosine kinase 3 (FLT3) internal tandem duplication, HCT-CI = hematopoietic cell
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Figure 1. KMT2A-PTD achieving negative at 1, 2, 3 mo and ultimately after HID HSCT. HID HSCT = haploidentical donor hematopoietic stem cell transplanta-

tion, KMT2A-PTD = lysine (K)-specific methyltransferase 2A partial tandem dup

lication.

Five patients showed KMT2A-PTD and MFC MRD positiv-
ity simultaneously after HSCT, and 1 and 1 of them showed
KMT2A-PTD positivity 2 and 4 months prior to MFC MRD
positivity, respectively. None showed MFC MRD positivity
before KMT2A-PTD positivity. KMT2A-PTD positivity after
HSCT was significantly associated with MFC MRD positivity
(Spearman’s correlation coefficient: 0.448, P < .001) within 1
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year after HID HSCT, and KMT2A-PTD >1% after HID HSCT
was more significantly associated with MFC MRD positivity
within 1 year after HSCT (Spearman’s correlation coefficient:
1.000, P < .001).

Five patients showed KMT2A-PTD 21% and MFC MRD pos-
itivity simultaneously after HSCT, and none showed KMT2A-
PTD >1% prior to MFC MRD positivity and vice versa.
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Figure 2. The dynamic variation of KMT2A-PTD before and after HID HSCT. HID HSCT = haploidentical donor hematopoietic stem cell transplantation, KMT2A-

PTD = lysine (K)-specific methyltransferase 2A partial tandem duplication.

3.4. Comparison of clinical outcomes between patients
with KMT2A-PTD <0.1% (group 1), 20.1% but <1%
(group 2), and >1% (group 3) before HID HSCT

Patients in group 3 had a higher 2-year cumulative incidence
of relapse after HID HSCT (36.4%, 95% confidence interval
[CI]: 6.3%—66.5%) compared with those in group 1 (7.7%,
95% CI: 0.0%-16.2%) (P = .016), and showed a trend of higher
2-year cumulative incidence of relapse compared with those in
group 2 (7.1%, 95% CI: 0.0%-21.1%) (P = .091) (Fig. 3A).

The 2-year probabilities of NRM after HID HSCT were
10.3% (95% CIL: 0.6%-20.0%), 21.4% (95% CIL: 0.0%-
43.9%), and 9.1% (95% CI: 0.0%-27.4%) (P = .531), respec-
tively, for group 1, group 2, and group 3 (Fig. 3B). The 2-year
probabilities of LFS after HID HSCT were 82.1% (95% CI:
70.1%-94.1%), 71.4% (95% CI: 47.7%-95.1%), and 54.5%
(95% CI: 25.1%-83.9%) (P = .222), respectively, for group
1, group 2, and group 3 (Fig. 3C). The 2-year probabilities of
OS after HID HSCT were 84.6% (95% CI: 73.2%-96.0%),
71.4% (95% Cl: 47.7%-95.1%), and 72.7% (95% CI: 46.4%—
99.0%) (P = .516), respectively, for group 1, group 2, and group
3 (Fig. 3D).

Because all clinical outcomes were comparable between
patients in group 1 and group 2, we combined these 2 groups
as KMT2A-PTD <1% in the following analysis. Patients with
KMT2A-PTD 21% before HID HSCT had a higher 2-year
cumulative incidence of relapse (36.4%, 95% Cl: 6.3%—66.5%)
after HSCT than those with KMT2A-PTD <1% (7.5%, 95%
CL: 0.3%-14.7%, P = .010) (Fig. 4A). The 2-year probabilities
of NRM, LFS, and OS after HID HSCT were 13.2% (95% CI:
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4.0%-22.4%) vs 9.1% (95% Cl: 0.0%-27.4%) (P = .670),
79.2% (95% CI: 68.2%-90.2%) vs 54.5% (95% CI: 25.1%—
83.9%) (P = .120), and 81.1% (95% CI: 70.5%-91.7%) vs
72.7% (95% CI: 46.4%-99.0%) (P = .596), respectively, for
patients with KMT2A-PTD <1% and those with KMT2A-PTD
>1% before HID HSCT (Fig. 4B-D).

In patients with KMT2A-PTD >1% before HID HSCT, a total
of 4 patients suffered post-transplant relapse, and 2 of them
died of relapse while the other 2 still survived due to receiving
DLI. In addition, in those with KMT2A-PTD <1% before HID
HSCT, a total of 4 patients suffered post-transplant relapse, and
3 of them died of relapse, while only 1 was still alive due to
receiving DLI.

In multivariable analysis, KMT2A-PTD 21% before HID
HSCT was the only independent risk factor for post-transplant
relapse (hazard ratio [HR]: 4.90; 95% CI: 1.22-19.59; P =
.025). No risk factors were associated with NRM, LFS, and OS
in multivariable analysis (data not shown).

3.5. KMT2A-PTD levels before HID HSCT did not
influence the efficacy of post-transplant preemptive
interventions

Among 8 patients who developed MRD positivity post-
HSCT (KMT2A-PTD positivity alone: 5; both KMT2A-PTD
and MFC MRD positivity: 3), we preemptively intervened with
DLI in 2 patients and IFN-a in 6 patients. Two patients subse-
quently relapsed. Pre-transplant KMT2A-PTD levels were <1%
in 4 patients and >1% in the other four. Notably, 1 patient from

www.blood-science.org
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Figure 3. Comparison of clinical outcomes between patients with KMT2A-PTD <0.1%, >0.1% but <1%, and >1% before HID HSCT. (A) Cumulative incidence
of relapse, (B) non-relapse mortality, (C) leukemia-free survival, (D) overall survival. HID HSCT = haploidentical donor hematopoietic stem cell transplantation,
KMT2A-PTD = lysine (K)-specific methyltransferase 2A partial tandem duplication.

each group relapsed. The relapse rates were not significantly dif-
ferent between the 2 groups (25.0% vs 25.0%, P = 1.000).

4. DISCUSSION

In this study, KMT2A-PTD >1% before allo-HSCT had a sig-
nificant impact on MRD achieving negativity after HID HSCT,
and it could also be associated with a higher incidence of relapse
after HID HSCT. To the best of our knowledge, this study first
described the dynamic changes of KMT2A-PTD levels before
and after HID HSCT in AML patients and first showed that
pre-transplant KMT2A-PTD levels could predict relapse after
HID HSCT.

This study showed that KMT2A-PTD positivity after HID
HSCT, especially KMT2A-PTD 21%, was highly correlated
with MFC MRD positivity. In addition, KMT2A-PTD >1%
before HID HSCT was also associated with MFC MRD positiv-
ity. A large number of studies had proved that MFC MRD was
a reliable and efficient MRD marker for AML patients.?$30-33
Thus, based on the strong correlation between KMT2A-PTD
positivity and MFC positivity, KMT2A-PTD had the potential
to be an excellent MRD marker for AML patients receiving HID
HSCT.

This study also found that AML patients with KMT2A-PTD
>1% before HID HSCT had a significantly high incidence of
relapse than those with KMT2A-PTD <1%. Previous studies
had found that, compared to MSD HSCT, HID HSCT had a

www.blood-science.org

stronger graft-versus-leukemia (GVL) effect and could decrease
relapse more significantly in high-risk AML patients.!!3:31:34
However, in this study, HID HSCT could not overcome the
adverse effect of a higher level of KMT2A-PTD on post-
transplant relapse. Therefore, how to further reduce relapse of
these patients was critical to improve the prognosis of AML
patients with KMT2A-PTD.

Previous studies reported that the incidence of relapse after
allo-HSCT could be decreased by some strategies. For example,
intensive preconditioning regimen (eg, decitabine-based precon-
ditioning regimen) could effectively reduce relapse in relapsed/
refractory AML patients.>*> In addition, preemptive DLI after
allo-HSCT could also effectively prevent post-transplant relapse
of high-risk AML patients; and Yan et al reported a prospec-
tive study on preemptive DLI, which included 814 standard-risk
AL patients who underwent allo-HSCT. The results demon-
strated that preemptive DLI significantly reduced relapse rates
(P = .001), improved both OS (P = .022) and DFS (P = .002)
compared to these MRD* subjects who received only low-dose
IL-2 in MRD positivity patients after HSCT.>**? Thirdly, main-
tenance therapy,”* such as hypomethylating agents, could
decrease relapse of high-risk AML patients. However, we do not
recommend using Venetoclax (VEN) combined with azacitidine
(AZA) for maintenance therapy post-HSCT due to its signifi-
cant myelosuppressive effects. Our center conducted a study on
the efficacy of VEN + AZA in 60 de novo unfit and relapsed/
refractory AML patients. While this regimen achieved high
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Figure 4. Comparison of clinical outcomes between patients with KMT2A-PTD <1%, and >1% before HID HSCT. (A) Cumulative incidence of relapse, (B)
non-relapse mortality, (D) leukemia-free survival, (D) overall survival. HID HSCT = haploidentical donor hematopoietic stem cell transplantation, KMT2A-PTD =

lysine (K)-specific methyltransferase 2A partial tandem duplication.

response rates, it also resulted in a 100% incidence of hema-
tological adverse effects, including 58.3% leukopenia, 28.3%
anemia, and 28.3% thrombocytopenia.*® Furthermore, a pro-
spective study has shown that T-cell reconstitution was delayed
in HID HSCT compared to HLA-matched unrelated donor
transplantation (MUDT).*” Given that our center primarily per-
forms haploidentical transplants, poor graft function remains a
significant complication of allo-HSCT and presents a substan-
tial clinical challenge. Consequently, we are particularly con-
cerned about the risks associated with VEN + AZA. Moreover,
our well-established preemptive intervention system, which has
achieved long-term survival rates exceeding 70% through the
use of IFN-a and DLI, enables precise intervention following
MRD positivity and helps avoid overtreatment in patients who
achieve deep remission.?’**

In this study, the relapse rate after post-transplant preemptive
interventions was the same for AML patients with KMT2A-
PTD <1% and 21% before HID HSCT, which suggested that
preemptive interventions may help to reduce relapse in AML
patients with a high level of KMT2A-PTD before HID HSCT.
We believe this may be explained by preemptive interventions
that enhance the GVL effect. A previous prospective study indi-
cated that preemptive DLI increased the incidence of acute graft-
versus-host disease (GVHD).*> However, Morris et al confirmed
that the use of G-CSF during blood-cell mobilization enhances
natural killer and T-cell-dependent CD8+ cytotoxicity, which

6

may help to separate GVHD from GVL effects.*>*** [FN-a and
DLI have similar effects. In GVHD mouse models, IFN signaling
in recipient tissues has been shown to inhibit CD4-dependent
GVHD while promoting CD8-mediated GVHD and enhanc-
ing the GVL effect.’® In a prospective study conducted at our
center, we observed that severe chronic GVHD can occur fol-
lowing IFN-o treatment. Nonetheless, the incidence of severe
chronic GVHD after IFN-a treatment was only 6%, indicat-
ing that the severity of chronic GVHD induced by IFN-a was
well-controlled.’! However, the number of cases were not suffi-
cient in the study, so the result needed to be confirmed by further
research. Nevertheless, methods mentioned above may help to
further decrease the risk of relapse in AML patients with high
levels of KMT2A-PTD before HID HSCT.

In this study, AML patients with KMT2A-PTD 21% before
HID HSCT were more likely to suffer post-transplant relapse
than those with KMT2A-PTD <1%. And the NRM rates were
comparable between these 2 groups. However, the OS rates
were not significantly different. This is also consistent with the
previous report. Kong et al*® conducted a retrospective study
on the impact of KMT2A-PTD levels before transplantation on
the prognosis of 48 KMT2A-PTD-positive AML or MDS-EB
patients. The results indicated that there was no significant
difference in OS between patients with KMT2A-PTD levels
>1% and those with levels <1% before HSCT.?® One reason
why AML patients with KMT2A-PTD >1% before HID HSCT
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had comparable OS with those with KMT2A-PTD <1% in our
study may be the small sample size of the study; secondly, some
relapsed patients achieved long-term survival due to receiving
DLIL

There were some limitations in the study. Firstly, it was a
retrospective study. In addition, the sample size was relatively
small, especially only 11 patients with KMT2A-PTD >1%,
which was also a possible reason for no impacts of KMT2A-
PTD on LFS and OS. Future studies with large samples may
help to further identify the impact of KMT2A-PTD before HID
HSCT on the prognosis of AML patients.

5. CONCLUSION

In conclusion, this study first described the dynamic changes
of KMT2A-PTD before and after HID HSCT, and first observed
that KMT2A-PTD levels before HID HSCT could effectively
predict post-transplant relapse in AML patients. Future multi-
center, large sample size studies may help to further validate our
conclusions.
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