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TO THE EDITOR:

Allogeneic hematopoietic cell transplantation (alloHCT) is an important part of the 

therapeutic algorithm of myeloid neoplasms. Risk of acute myeloid leukemia (AML)/

myelodysplastic syndrome (MDS) relapse after alloHCT continues to be significant, and 

recent efforts have been devoted to dissecting the molecular pathways leading to post-

transplant relapse (1). The dynamic process of clonal evolution is shaped by the nature 

of ancestral hits and emergence of subclones to create a highly diverse clonal architecture 

(2, 3). During the course of disease, both evolution drives and types of therapies mold the 

trajectory of this architectural change with extinction of less fit (more sensitive) subclones 

and appearance of new subclonal mutations as a result of a selection process (1). However, 

if not eradicated by the therapy, ancestral mutations may remain present throughout the 

subsequent clinical course, alone or with other subclones, may initiate disease recurrence or 

be a source of persistent disease (3).

Previously, we investigated the impact of mutational landscapes in AML and MDS 

undergoing alloHCT (4). In addition to molecular drivers, a limited normal hematopoietic 

stem cell compartment and allogenic immunogenicity play a fundamental role in 

determining the fate of the malignant process in the post-transplant setting. So far, 

studies comparing mutational landscape changes at post-alloHCT relapse to those at post-

chemotherapy relapse are lacking. We theorized that the clonal selection process following 

alloHCT is distinct from that of post-chemotherapy relapse, as it is shaped not only by the 

exposure to the conditioning regimen, but also by graft-vs-leukemia (GVL) responses. These 

factors may have implications for our understanding of the biology and timing of relapse, 

help to assign prognosis, and inform appropriate clinical management.

Hence, using a next-generation sequencing (NGS)-based method targeting the most 

frequently mutated myeloid genes, we comprehensively analyzed clinical and molecular 

characteristics (i.e., types of mutation, variant allelic frequency [VAF]) associated with post-

transplant relapse and compared the observed somatic changes to those occurring at relapse 

post-chemotherapy. Among patients transplanted at our program between 2005 and 2018, 

we identified 76 AML /MDS cases with available sampling at diagnosis and full clinical and 

molecular annotation (cohort 1). Among them, a subset of 49 cases had available samples 

for molecular analysis at post-transplant relapse (Supp. Fig.1). Additionally, we reviewed a 

well annotated cohort of 259 patients with AML or MDS who relapsed after chemotherapy 

from 2006 to 2017 and identified additional 35 cases with serial samples for comparison 

with post-transplant cohort (cohort 2). The study was approved by the Cleveland Clinic 

Foundation’s Institutional Review Board.

Multiamplicon deep sequencing was used to identify 30 genes most frequently mutated in 

myeloid disorders in the selected DNA samples (Supp. Table 1). The sequencing libraries 

were generated as previously described (3). The sequencing libraries were generated 

according to manufacturer protocol and instructions. Analyses were performed to investigate 

molecular, patient, disease, and transplant characteristics associated with long-term survival 

without relapse after first alloHCT, defined as 5 years in this study (relapse-free survival 

[RFS]) and mutational changes associated with post-transplant relapse were analyzed by 
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comparing relapse after transplant and relapse after chemotherapy. The transplant cohort 

was further categorized by early relapse (relapse <6 months from alloHCT) and late 

relapse (relapse ≥6 months) based on findings from our prior analysis (5). Changes 

in molecular features at relapse were categorized as [1] complete recapitulation of pre-

treatment landscape (recapitulation), [2] additional subclonal loss without subclonal gain 

(loss only), [3] additional subclonal gain without subclonal loss (gain only) or [4] additional 

subclonal loss with subclonal gain (loss & gain). Descriptive statistics, logistic regression, 

Bootstrap analysis, and two-sample t-test were performed using SAS® software, version 9.4 

(SAS Institute, Inc., Cary, NC, USA).

Most patients (64/76, 84%) were in a complete remission at the time of pre-alloHCT 

evaluation. With a median follow up of 67 months post-alloHCT, 64% (49/76) experienced 

post-transplant relapse while the remainder of patients were alive 5 years post-alloHCT 

without relapse (4). Disease- and transplant-related characteristics were similar among 

cohort 1 as well as cohort 2 (Supp. Tables 2A-B). Myeloablative conditioning and presence 

of extensive stage chronic graft-versus-host disease were associated with higher RFS in 

univariate analysis but was not confirmed in multivariate analyses (Fig. 1). As demonstrated 

previously (6), older age (OR 0.51 per 10-year increase, CI 0.31-0.84, P=0.008) and higher 

number of mutations at baseline (OR 0.36 per 1 mutation increase, CI 0.19-0.69, P=0.002) 

were independent negative predictors of 5-year RFS (Fig. 2A).

Focusing on pre-alloHCT leukemic mutations, presence of any mutation (OR 0.32, CI 

0.12-0.85, P=0.023) and DNMT3A lesions before transplant (OR 0.10, CI 0.01-0.78, 

P=0.028), regardless of R882 status, were also associated with worse RFS. This finding 

aligned with the results described by Ahn et al. (7) that DNMT3A R882 mutation but no 

other lesions in this gene is associated with worse event-free survival. However, among 

cases with DNMT3A mutations at baseline (of which 1 splice site [7%], 2 truncating 

[13%], and the remainder [80%] missense), only 1 had a long-term RFS, while 15 

patients experienced post-transplant relapse, thereby precluding any further analysis on the 

prognostic impact of the type of DNMT3A mutations at baseline. Older age is likely to 

be a confounding factor considering the variables of DNMT3A mutation rate and reduced-

intensity conditioning use. Advanced age at transplant has been associated with DNMT3A 

mutation in myeloid neoplasms (8), and older age is an indication to consider reduced-

intensity conditioning. No other molecular signature/pathways or cytogenetic abnormalities 

were otherwise associated with RFS. Specific comparisons with previous studies are listed in 

Fig. 1.

The types and VAFs of pre-treatment leukemic mutations varied widely (Figs. 2B, 2C). 

Mean number of mutations at baseline was higher in the post-chemotherapy relapse group 

(2.3 ± 1.6 vs. 1.6±1.5, P=0.022 compared to the post-alloHCT relapse group; Fig. 2D). 

Recapitulation of original clonal architecture was seen less frequently at post-transplant 

relapse (6%) than after chemotherapy relapse (29%, P=0.011). Of note is that new IDH1 
mutations were registered only in post-transplant relapse (41% vs. 0% in post-chemotherapy 

group, P=0.038) while new PCLO mutations were characteristics of relapse following 

chemotherapy (11% vs. 0% in post-transplant group, P=0.027; Fig. 2B). Moreover, VAFs 

of BCOR and TP53 mutations increased in post-transplant relapses (by on average +91% 
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and +74%, respectively), while they decreased in post-chemotherapy relapses (for BCOR 
by −59%, P=0.011, TP53 by −74%, P=0.004; Fig. 2C). Overall, no specific patterns of 

molecular changes were identified at post-transplant relapse, as illustrated by an analysis of 

clonal dynamics (Fig. 2D) and exemplificative cases (Supp. Fig. 2). No specific pattern of 

mutational changes based on conditioning regimen or graft-versus-host disease prophylaxis 

was found.

When analyzing the possible effects of time from alloHCT on the molecular makeup of 

relapse, no recapitulation of the baseline mutational landscape was found in late relapses, 

possibly suggesting a specific imprint dictated by the immunological forces of the post-

transplant period. There was also a trend towards more subclonal losses was noticed in 

the late relapse group (mean 1.1 vs. 0.5 in early relapses, P=0.08) in particular with 

disappearance of all PHF6 subclones (18%, P=0.037; Fig. 2C). The burden of subclonal 

gains after early and late relapse were instead not significantly different (Fig. 2E). Focusing 

on individual gene mutations, the clonal burden of EP300 increased in early relapses (mean 

+9% in VAF) and decreased in the late relapse group (mean −7%, P=0.003; Fig. 2C), 

whereas VAFs of IDH1 mutations decreased more heavily at late relapse (−41%) than at 

early relapse (−1%, P=0.033).

Our results confirm that a greater number of baseline mutations are associated with 

an increased risk of relapse after alloHCT, as an increasing number of subclones can 

enhance the leukemic cell’s ability to resist treatment. Conversely, no specific cytogenetic 

or molecular abnormality was associated with RFS, unlike what was previously reported 

(4, 6, 9, 11). Evolution of the mutational landscape, represented by addition or loss of 

subclonal mutation(s), was seen more frequently at alloHCT relapse than at chemotherapy 

relapse. Specifically, there was no recapitulation of baseline mutations and a trend towards 

more subclonal losses at late transplant relapse. This may implicate the emergence of a 

dynamic evolution after alloHCT that contributes to overcome the GvL effects to possibly 

acquire a fitness advantage. It has been hypothesized that mutations with tumor suppressive 

or proliferative function can drive mutations arising post-alloHCT, but our study did not 

find a specific type or pathway of gene mutations associated with such a scenario (6, 9, 

10). Limitations of our study include the retrospective nature prone to selection bias, the 

small sample size, and a possibility of missing some somatic mutations or epigenetic drivers 

by not including whole genome or exome sequencing. Our study included a serial paired 

samples and, in this setting, lower numbers of patients were available to achieve appropriate 

power. Particularly, due to a small number of cases, a specific analysis on the impact of 

FLT3-ITD, TP53, or mutations in the RAS pathway, or of allelic burden changes on RFS 

was not feasible. Nonetheless, the overall clonal architecture after alloHCT was reconfirmed 

to be distinctive from the relapse after chemotherapy, possibly due to the intervention of 

selective immune pressure.

In conclusion, we demonstrate that AML/MDS relapses after alloHCT represent a more 

complex and dynamic molecular evolution than chemotherapy relapse, possibly as a result 

of the intervention of GVL forces. The multifaceted nature of this immune-pressure is 

reflected in the absence of specific patterns of somatic mutation changes observed at the 

time of transplant relapse. Our results add to the current literature concerning the genomic 
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underpinnings of transplant relapse and highlight the importance of re-testing for mutations 

at disease recurrence to update the genomic landscape that may guide targeted therapy 

choices. Larger scale analyses that incorporate an appreciation of the complex evolutionary 

patterns of myeloid neoplasm are warranted to pinpoint more specific genomic data and 

better exploit the vulnerabilities of such disorders post-alloHCT, ultimately improving 

treatment outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pre-transplant factors associated with relapse-free survival at 5 years after transplant
Mutations that were unevaluable due to 0% or 100% presence were not listed. From 

multivariable analysis, age at transplant and number of mutation present before transplant 

were associated with 5-year RFS.
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Figure 2. Relapse after allogeneic transplant
(A) Estimated probability of achieving RFS5 based on number of mutations and age at 

BMT.

(B) Frequency of selected somatic mutations and cytogenetic abnormalities at diagnosis. 

*DNMT3A was the most commonly mutated genes in both post-transplant relapses (29%) 

and post-chemotherapy relapses (37%). DNMT3A mutations were less frequently seen in 

cases with 5-year RFS post BMT (4% vs. 29% in BMT rel, P=0.028). †25% (n=1 in 

early BMT relapse) and 50% (n=1) of baseline FLT3 mutations were internal tandem 

duplication (ITD) at BMT and chemotherapy relapses, respectively. ‡IDH1 mutations were 

enriched in relapses post BMT than those post-chemotherapy (14% vs. 0%, P=0.038) while 
§PCLO mutations were seen more often at chemotherapy relapses (11% vs. 0%, P=0.027). 
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∥Presence of PHF6 mutations was registered more often at late (18%) than early relapse 

(0%, P=0.037).

(C) Changes in average variant allelic frequency (VAF) for each positive mutation. *Gain 

of BCOR and TP53 mutations were seen at BMT relapse than chemotherapy relapse 

(BCOR +91% at BMT relapse vs. −59% at chemotherapy relapse, P=0.011; TP53 +74% 

at BMT relapse vs. −62% at chemotherapy relapse, P=0.004). †There were more VAF 

increase of EP300 at early relapse (+9%) than at late relapse (−7%, P=0.003). §The greater 

decrease in VAF of IDH1 was seen with late relapses (−1%) than in early relapse (−41%, 

P=0.033). Overall, ǂ3% of chemotherapy (n=1), 6% of early transplant (n=2), and 12% of 

late transplant relapses (n=2) were seen with FLT3-ITD subclonal gain (P=0.48). Morover, 

3%, 3%, and 6% of chemotherapy (n=1), early (n=1), and late transplant relapses (n=1) were 

seen with FLT3-ITD subclonal loss, respectively (P=0.84).

(D) Overall molecular changes at relapse. Top = pattern of somatic mutation changes at 

relapses after BMT and after chemo. Middle= Somatic mutations before and after relapses 

(rel). A lower number of mutations was found in transplanted patients surviving without 

relapse. Also, patients who relapsed from chemotherapy had higher number of mutations 

before treatment than those who relapsed after transplant. Bottom = Subclonal gains and 

losses of individual mutations at relapse. A two-sample t-test was used for statistical 

comparisons.

(E) VAF changes in selected 6 most positive gene mutations: ASXL1, DNMT3A, FLT3, 
NPM1, RUNX1, and TET2 (alphabetical order). Grey = reappearance, green =subclonal 

gain, pink =subclonal loss.
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