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Abstract
Despite advances in lymphoma treatment, autologous hematopoietic stem cell transplantation (auto-HCT) re-

mains essential in regions with limited access to novel therapies. Improved survival post-auto-HCT has led to an
increased incidence of therapy-related myeloid neoplasms (t-MN).

We conducted a retrospective analysis of adult patients (≥18 years) who underwent auto-HCT for lymphoma
at King Hussein Cancer Center in Jordan between 2003 and 2020 with the goal of evaluating characteristics and
outcomes of patients developing t-MN post-auto-HCT.

We identified 407 patients with a median follow-up of 5.8 years. The median age at auto-HCT was 34.6 years,
54.9% were males, 65.3% had Hodgkin lymphoma, and 41.1% were refractory to first-line treatment. dex-
amethasone, ara-C, cisplatin (DHAP) was the most common salvage regimen (47.8%). At the time of auto-HCT,
39.7% were in complete remission. BCNU, etoposide, ara-C, melphalan (BEAM) was the most common condi-
tioning regimen 91.9%. The 5-year overall survival (OS) was 64.4%.

Thirteen patients (3.2%) developed t-MN (5 acute myeloid leukemia, 8 myelodysplastic syndrome) with a me-
dian onset of 3.25 years post-auto-HCT. The median OS post t-MN diagnosis was 6 months. Patients with t-MN
were older (p < 0.001), more likely to have non-Hodgkin lymphoma (p=0.023) and had more comorbidities (p=
0.02). The most common cytogenetic abnormality was del (7) (46%), and TP53 was the most common molecular
abnormality (15%). Age at transplant was the only significant predictor of t-MN (Hazard Ratio=1.162, p < 0.001)
on multivariate analysis. t-MM accounted for 18.8% of non-relapse mortality (NRM).

t-MN significantly contributes to NRM post-auto-HCT. Age at transplant is the primary risk factor, highlighting
the need for vigilant monitoring and risk mitigation strategies.
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Introduction
High-dose chemotherapy and autologous hematopoie-

tic stem cell transplantation (auto-HCT) is a well-

established treatment option for patients with relapsed

Hodgkin lymphoma (HL) and non-Hodgkin lymphoma

(NHL), especially in regions with limited access to

novel treatments. With improved survival outcomes fol-

lowing auto-HCT, there has been a rise in therapy-

related myeloid neoplasms (t-MN)1,2, a leading cause of

non-relapse mortality (NRM)3-6. T-MN, which manifest

as therapy-related myelodysplastic syndrome (t-MDS)

or therapy-related acute myeloid leukemia (t-AML),

represent a genetically heterogeneous and high-risk

group of secondary myeloid disorders arising as late

complications of cytotoxic therapies for primary malig-

nancies7-9.

These disorders are characterized by complex

genomic alterations, including TP53 mutations and cy-

togenetic abnormalities such as del(5q)/5- and del(7q)/
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7-, which contribute to their poor prognosis10,11. Several

factors unique to auto-HCT for lymphoma patients in-

fluence the risk of developing t-MN. These include he-

matopoietic stem cell (HSC) mobilization stress, graft

size, pre-existing clonal hematopoiesis, and the cumula-

tive impact of chemotherapy prior to high-intensity con-

ditioning regimens12-14. Reported incidences of t-MN

range widely from 1.1% to 24.3%, reflecting differ-

ences in patient populations and treatment proto-

cols13,15-19. This study evaluates the incidence and charac-

teristics of t-MN following auto-HCT for lymphoma at

King Hussein Cancer Center (KHCC), Jordan’s leading

cancer treatment facility, over two decades. By explor-

ing these outcomes, this study provides insights into the

long-term risks of auto-HCT and the impact of evolving

treatment practices.

Materials and Methods
Study design and population

We conducted a systematic retrospective analysis of

all adult patients (aged ≥ 18 years) who underwent

auto-HCT for lymphoma at KHCC between January

2003 and December 2020. Data was initially obtained

from KHCC HCT database and supplemented by addi-

tional data from electronic medical records.

Data collected included demographic information, pa-

tient age at lymphoma diagnosis, comorbidities, age at

transplant, initial disease characteristics, pre-HCT treat-

ments, and HCT characteristics and variables. For pa-

tients with t-MN, additional information included the

date of t-MN diagnosis, clinical presentation, subtype

(t-MDS or t-AML) and relevant cytogenetic and mo-

lecular data. Ethical approval for the study was ob-

tained by KHCC’s institutional review board (IRB ap-

proval 23 KHCC 133). The IRB at KHCC waived con-

sent for conducting this study.

Definitions
We defined t-MN according to the 2016 revision to

the World Health Organization classification of myeloid

neoplasms and acute leukemia7. Molecular analysis was

performed using a standard 54-myeloid gene panel us-

ing next-generation sequencing (NGS) with sensitivity

of 5% variant allele fraction and a minimum depth of

coverage of 500X. Cytogenetic evaluation was per-

formed using conventional karyotyping and fluores-

cence in situ hybridization (FISH). Comorbidities were

defined as presence of at least one of the following: hy-

pertension, diabetes, coronary artery disease, cere-

brovascular disease and chronic kidney disease. Overall

survival (OS) for the entire cohort was defined as the

time from HCT until death or last observation alive.

Progression-free survival (PFS) was defined as the time

from HCT until disease progression or death. NRM was

defined as death without relapse of primary disease. OS

for patients with t-MN was defined as the time from di-

agnosis of t-MN until death or last observation alive.

Statistical analysis
Continuous variables were summarized using the

sample median and range and analyzed using the

Mann-Whitney U test. Categorical variables were sum-

marized with number and percentages were compared

between groups using the chi-square test. Survival and

time-to-event outcomes, including the development of t-

MN, were estimated using the Kaplan-Meier method,

with differences compared using the log-rank test. Mul-

tivariable analysis to identify independent risk factors

for t-MN was conducted using Cox proportional haz-

ards regression. All statistical analyses were performed

using IBM SPSS Statistics for Windows, version 28.0

(IBM SPSS Statistics for Windows, Version 28.0. Ar-

monk, NY: IBM Corp). A p-value of ≤ 0.05 was con-

sidered statistically significant for all analyses.

Results
Patient and HCT characteristics

A total of 407 patients underwent auto-HCT for lym-

phoma at our center. The median follow-up for the en-

tire cohort was 5.8 years (range 5-6.1). the median age

at diagnosis of lymphoma was 31.8 years (range: 10.5-

68.9) and the median age at the time of auto-HCT was

34.6 years (range 19-71), with 223 (54.9%) of the pa-

tients being male. Of the 407 patients 265 (65.3%) had

HL, while 142 (34.9%) patients had NHL. The indica-

tion for auto-HCT was refractory disease in 167

(41.1%) and relapsed disease in 240 (58.9%). The most

common salvage regimen used was a combination of

dexamethasone, cisplatin, and cytarabine (DHAP) (n=

194, 47.8%), followed by a combination of cisplatin,

dexamethasone, and gemcitabine (GDP) (n=84, 20.6%),

with 173 patients (42.6%) receiving more than one sal-

vage regimen. At the time of auto-HCT, 161 patients

(39.7%) were in complete remission. The most frequent

conditioning regimen was a carmustine, cytarabine,

etoposide and melphalan regimen (BEAM) (n=373,

91.9%). The median time to neutrophil engraftment was

10 days (range: 9-20) and the median platelet engraft-

ment time was 15 days (range: 9-74).The median num-

ber of lines post-HCT relapse was 1 (range: 0-6). De-

tailed characteristics are provided in Table 1.

HCT outcomes
With a median follow-up of 43.4 months (range 0.1-

242), The 5-year OS rate for the entire cohort was

64.4% (Figure 1A) and the median OS was not
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Table　1.　Characteristics of the study cohort

Characteristic
 (n=407) 

Median (range) or
n (%)

Age, years 35 (27-46)
Gender
Male 183 (45%)
Female 223 (55%)

Diagnosis
HL 265 (65%)
NHL 141 (35%)

Received radiotherapy 168 (42%)
Disease stage
I-II 147 (38%)
III-IV 244 (62%)
missing 16 (3.9%)

Comorbidities
Yes 106 (26%)
No 301 (74%)

First line
ABVD 248 (61%)
RCHOP 98 (24%)
Others 61 (15%)

Salvage
DHAP 196 (50%)
GDP 84 (22%)
ICE 70 (18%)
Others 40 (10.3%)
Missing 17 (4.2%)

Number of salvage lines 4 (1-13)
1 226 (58%)
2 89 (23%)
≥3 79 (19%)
missing 17 (4%)

Pre-auto-HCT response
CR 147 (38%)
PR 244 (62%)
missing 16 (4%)

Conditioning Regimen
BEAM 373 (92%)
TEAM 33 (8.1%)

Neutrophil engraftment time 10 days (9-20)
Platelet engraftment time 15 days (9-74)
HL, Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; 
ABVD, Adriamycin, Bleomycin, Vincristine, Dacarbazine; 
RCHOP, Rituximab, cyclophosphamide, doxorubicin hy-
drochloride (hydroxydaunorubicin), vincristine sulfate 
(Oncovin), and prednisone; DHAP, Dexamethasone, 
High-Dose Cytarabine, and Cisplatin; GDP, Gemcit-
abine, Dexamethasone, and Cisplatin; ICE, Ifosfamide, 
Carboplatin, and Etoposide; HCT, hematopoietic stem 
cell transplantation; CR, complete remission; PR, partial 
response; BEAM, Carmustine (BCNU), Etoposide, Cytar-
abine (Ara-C), and Melphalan; TEAM, Thiotepa, Etopo-
side, Cytarabine (Ara-C), and Melphalan

reached during the follow-up period. The median

Relapse-free survival (RFS) was 21.9 months (range:

0.1-242.1) (Figure 1B). The median time to relapse

post-HCT was 6.2 months (range: 1.1-144.4). Thirty-

two patients (7.9%) experienced NRM during the study

period, with t-MN accounting for 18.75% of these

cases.

Characteristics and outcomes of patients with t-
MN

We identified 13 patients (3.2%), with a median time

to diagnosis of 3.25 years (range 0.3-4.9) post-auto-

HCT. Among these, 5 patients were diagnosed with

AML, and 8 with MDS (Table 2). The median age at

diagnosis of myeloid malignancy was 59 years (range:

34-69 years), while the median age at lymphoma diag-

nosis was 59 years (range: 34-69). There was a light

male predominance at 54% (n=7). Regarding lymphoma

subtypes, 5 patients had HL, and 8 had NHL. At the

time of t-MN diagnosis, 6 patients (46%) were in re-

mission, whereas 7 (54%) had relapsed disease. The

median number of comorbidities was 1 (range: 0-4),

and the median number of chemotherapy lines received

prior to t-MN was 2 (range: 1-8). The median hemoglo-

bin level was 8.6 g/dL (range: 6.7-10.9), median white

blood cell count was 4.6 (range: 1.3-58.7) and median

platelet count was 42 (range: 11-159). Karyotyping re-

sults showed complex abnormalities in 2 patients

(15%), aneuploidy in 4 (31%) and inv(3) in 2 (15%).

FISH analysis revealed del(7) in 6 patients (46%), del

(5) in 4 (31%), trisomy 8 in 1 (7.5%), MLL rearrange-

ment in 1 (7.5%), and normal findings in 4 (31%).

NGS identified TP53 as the most common mutation at

15% (n=2) followed by ASXL1, TET2, DNMT3A, and

PTPN11 in 1 patient each (7.5%). The median Revised

International Prognostic Scoring System (R-IPSS) score

for t-MDS was 4.5 (range: 4-9.5). Treatment for t-MN

included azacitidine in 7 patients (54%), azacitidine

plus venetoclax in 2 (15%), intensive induction in 1

(7.5%), allogeneic transplantation in 1 (7.5%), and best

supportive care in 2 (15%). Response to t-MN treat-

ment showed that 1 patient (7.5%) achieved complete

remission (CR), while 10 patients (77%) had refractory

disease. With a median follow-up post diagnosis of t-

MN was 5.4 months (range: 0.9-102.2). The median

overall survival post-t-MN diagnosis was 6 months

(95% confidence interval (CI): 5-6.9), with a 1-year OS

of 8% and a 3-year OS of 8% (Figure 2).

Predictors of t-MN development
Patients who developed a t-MN were older (median

age 55.7 vs 34 years; p < 0.001), more likely to have

NHL (5.7% vs. 1.9%; p=0.039) and more likely to have

comorbidities (54% vs. 25%; p=0.04).

First-line treatment also showed a statistically signifi-

cant difference, with 69% of t-MN patients having re-
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Figure 1. Survival curves for patients undergoing autologous lymphoma at King Hussein cancer center
(A) Kaplan-Meier curve depicting relapse-free survival (RFS) among patients who underwent autologous hemato-
poietic stem cell transplantation (Auto-HCT) for lymphoma at King Hussein Cancer Center. The x-axis rep-
resents follow-up time (months), and the y-axis shows the proportion of patients remaining relapse-free.
(B) Kaplan-Meier curve illustrating overall survival (OS) for the same cohort. The x-axis represents follow-up time
(months), and the y-axis shows the proportion of patients surviving.

A

B
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Figure 2. Overall survival for patients with therapy-related myeloid neoplasms post auto-HCT
Kaplan-Meier curve illustrating overall survival (OS) for patients who developed therapy-related myeloid neo-
plasms (t-MN) post autologous hematopoietic stem cell transplantation (Auto-HCT) at King Hussein Cancer 
Center. The x-axis represents follow-up time in months, and the y-axis indicates the proportion of patients sur-
viving.

ceived doxorubicin, bleomycin, vinblastine, dacarbazine

(non-ABVD) therapies, compared to 38% of non-t-MN

patients (p=0.023).

In the multivariate analysis, age was identified as the

only significant independent predictor of t-MN develop-

ment, with a p-value of < 0.001 (Table 3).

There was no association between gender, smoking

status, site of involvement, stage, radiotherapy, response

to first line treatment, number of salvage chemotherapy

lines and conditioning regimen on the development of

t-MN on univariate or multivariate analysis.

Discussion
The development of t-MN following high-dose che-

motherapy and auto-HCT remains a serious complica-

tion and a leading cause of cumulative effects of che-

motherapy, radiation, and high-dose conditioning regi-

mens contribute to genomic instability, leading to clonal

expansion and progression to secondary myeloid neo-

plasms13,14,20.

The heavy reliance on intensive chemotherapy in Jor-

dan and other limited-resource settings due to lack of

novel therapeutic options (e.g., checkpoint inhibitors,

targeted therapies, bispecific T-cell engagers, and chi-

meric antigen T-cell therapy) results in patients receiv-

ing multiple cycles of chemotherapy in the second and

third line (42% of patients received ≥ 2 salvage regi-

mens) before proceeding to auto-HCT, further contribut-

ing to the risk of t-MN, however, despite this repeated

exposure to intensive chemotherapy, the incidence of t-

MN in our cohort appears to consistent with other pub-

lished reports in the literature, signaling that there are

potentially other factors contributing to the development

of t-MN.

In our cohort, the overall incidence of t-MN was

3.2%, aligning with the lower range reported in the lit-

erature13,15. Age at the time of transplant emerged as the

strongest predictor of t-MN, likely due to the accumula-

tion of genomic or cytogenetic lesions, diminished he-

matopoietic regenerative capacity, and clonal evolu-

tion1,10,21. Notably, clonal hematopoiesis of indeterminate

potential (CHIP) is increasingly recognized as a precur-

sor to t-MN, particularly in older patients. A recent

study by Yan et al. found CHIP in 14.3% of peripheral

blood stem cell (PBSC) products, with TP53 mutations

significantly increasing t-MN risk (adjusted hazard ratio

[aHR] 4.50, 95% CI 1.54-13.19)22,23. A similar study by

Gibson et al.48, utilized whole exome sequencing on

pre-auto-HCT and t-MN samples from 12 patients who

developed t-MN after auto-HCT for HL and NHL, in 6

of the 12 patients, the mutations found in the t-MN

specimen were also detectable in the pre-auto-HCT
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Table　2.　Characteristics of patients with t-MN (n=13)

Variable Median (range) 
or n (%)

Median age at auto-HCT (Yrs), range 56 (27-65)
Median age at diagnosis (Yrs), range 59 (34-69)
Gender (M) 7 (54%)
Lymphoma subtype
HL 5
NHL 8

Lymphoma status at t-MN
remission 6 (46%)
relapsed 7 (54%)

No of comorbidities 1 (0-4)
No. of chemotherapy lines prior to t-MN 2 (1-8)
Type of t-MN
MDS 8 (61.5)
AML 5 (38.5)

Median Hb (g/dL) 8.6 (6.7-10.9)
Median WBC (×106/mL) 4.6 (1.3-58.7)
Median Platelet count (×106/mL) 42 (11-159)
Karyotyping
Complex 2 (15%)
Aneuploidy 4 (31%)
Inv 3 2 (15%)
Failed 5 (39%)

FISH
Del 7 6 (46%)
Del 5 4 (31%)
Trisomy 8 1 (7.5%)
MLL 1 (7.5%)
Normal 4 (31%)

NGS
TP53 2 (15%)
ASXL1 1 (7.5%)
TET2 1 (7.5%)
DNMT3A 1 (7.5%)
PTPN11 1 (7.5%)
None 2 (15%)
Missing 5 (38.5%)

R-IPSS 4.5 (4-9.5)
Treatment for t-MN
Azacitidine 7 (54%)
Azacitidine + venetoclax 2 (15%)
Intensive Induction 1 (7.5%)
Allogeneic transplant 1 (7.5%)
Best supportive care 2 (15%)

Response to treatment for t-MN
CR 1 (7.5%)
Refractory 10 (77%)

CR, complete remission; R-IPSS, revised international prognostic 
scoring system; NGS, next-generation sequencing; FISH, flores-
cence in-situ hybridization; inv 3, inversion 3; WBC, white blood 
cell count; Hb, hemoglobin; t-MN, therapy-related myeloid neo-
plasm; AML, acute myeloid leukemia; MDS, myelodysplastic syn-
drome; HL, Hodgkin Lymphoma; NHL, non-Hodgkin lymphoma; 
HCT, hematopoietic stem cell transplantation

specimen. Similarly, in separate cohort in the same

study, a targeted sequencing on cryopreserved aliquots

of autologous products from 401 patients who under-

went auto-HCT for NHL, 120 patients (29.9%) had

CHIP at the time of auto-HCT, which was associated

with an increased rate of t-MN (10-year cumulative in-

cidence, 14.1% v.s. 4.3% for those with and without

CHIP, respectively; p=0.002). Patients with CHIP had

significantly inferior OS compared with those without

CHIP (10-year overall survival, 30.4% v.s. 60.9%, re-

spectively; p < 0.001), including increased risk of death

from t-MN and cardiovascular disease.

The cytogenetic abnormalities found included del(7),

complex karyotypes, and chromosome 3 abnormalities

were prevalent in our cohort with TP53 being the most

common mutation found, all of which are well-known

markers of poor prognosis which explains the dismal

outcomes observed7,10,11,24. Abnormalities in chromo-

somes 5 and 7, often linked to prior exposure to al-

kylating agents, further emphasize the role of intensive

chemotherapy in leukemogenesis.

BEAM, the most commonly used conditioning regi-

men in our cohort (91.9%), contains alkylating agents

such as carmustine and melphalan, both associated with

DNA damage and leukemogenesis, which in part ex-

plains the increased presence of del(7) and del(5) in our

cohort. While BEAM remains the standard in many

centers, including ours, its cumulative genotoxic effect

may contribute to the development of t-MN. Alternative

regimens such as lomustine, etoposide, cyclophos-

phamide, and dexamethasone (LEED) or thiotepa,

etoposide, ara-C, melphalan (TEAM), which incorpo-

rate agents with potentially lower leukemogenic pro-

files, may be associated with a different risk profile.

However, comparative data are limited and the risk of

higher relapse rates with less intense regimens should

be considered. Future studies exploring the impact of

different conditioning regimens on secondary malignan-

cies are warranted to inform safer protocols.

The median OS for t-MN patients was only six

months, reflecting the aggressive nature of the disease

is in the lower range of OS reported in the literature for

t-MN, which have shown survival ranges of 8-14.5

months2,25,26. The majority of our patients received lower

intensity treatment like azacitidine, and only 2 patients

(15.3%) received newer options like azacitidine-

venetoclax27, while allogeneic stem cell transplantation,

the only curative option for t-MN, was rarely utilized in

our cohort, likely due to advanced patient age and in-

adequate disease control as only 7.5% of patients

achieved a CR28-30. Recently, novel therapies have

emerged, including CPX-351, a liposomal formulation

of cytarabine and daunorubicin, which has improved re-

sponse rates and transplant outcomes by reducing early
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Characteristic n
No t-MN
n = 393 
(97%)

t-MN
n = 13
(3.2%)

p-value

Univariate analysis
Age 406 34 (27, 45) 56 (54, 64) <0.001
Comorbidities 406 99 (25%) 7 (54%) 0.047
ABVD-based treatment 406 0.023
ABVD 244 (62%) 4 (31%)
Others 149 (38%) 9 (69%)
Characteristic n HR p-value

Multivariate analysis
Age 406 1.15 (1.06-1.24) <0.001
ABVD-based regimen 406
Other regimen 0.91 (0.23-3.54) 0.897
ABVD

Presence of Comorbidities 406
Yes 0.66 (0.16-2.61) 0.56
No

ABVD, adriamycin, bleomycin, vinblastine, dacarbazine; HR, hazard ratio; t-MN, 
therapy-related myeloid neoplasms

mortality31,32 and is now the standard of care for fit pa-

tients with secondary AML. Additional targeted ap-

proaches such as FLT3 and IDH1/2 inhibitors33, the ve-

netoclax + hypomethylating agent (HMA) combina-

tion34,35, and experimental therapies like magrolimab

(anti-CD47)36, eprenetapopt (APR246, anti-TP53)37, and

MDM2 inhibitors (idasanutlin RG7388)38 offer potential

avenues for improving survival in t-MN. However, all

these strategies remain a bridge to allogeneic transplan-

tation, which remains the definitive curative ap-

proach25,39. Given the strong association between older

age and t-MN risk, and the dismal outcomes once t-MN

develops, the role of auto-HCT in older patients should

be carefully weighed, particularly in settings where

novel therapies such as PD-1 inhibitors, antibody-drug

conjugates, and bispecifics are accessible. In such cases,

alternative treatment approaches may offer safer long-

term outcomes. This underscores the need for individu-

alized decision-making that incorporates patient age,

comorbidities, and availability of newer agents.

The presence of cytogenetic abnormalities in stem

cells suggests that pre-transplant screening using stan-

dard cytogenetics and FISH may help identify high-risk

patients40-43. Emerging genetic testing methods, including

microarray analysis, single nucleotide polymorphism

studies, and metabolic profiling, hold promise for pre-

dicting t-MN susceptibility44-46. Prospective studies are

needed to establish CHIP as a biomarker for risk strati-

fication and to define genetic alterations that confer the

highest risk.

Risk mitigation strategies should focus on modifying

primary cancer treatment approaches, such as limiting

alkylating agents or reducing radiation exposure in ge-

netically predisposed patients. Screening for CHIP in

autologous donors and reconsidering auto-HCT in

CHIP-positive patients could further reduce the inci-

dence of t-MN47-49. Finally, collaborative efforts across

cancer centers are crucial for conducting prospective tri-

als to refine our understanding of t-MN pathogenesis

and develop evidence-based prevention strategies.

There are several limitations to our study. First, the

retrospective nature of the data collection introduces the

potential for missing information, particularly regarding

prior treatments and comorbidities. Additionally, the

relatively small number of t-MN cases limits the power

of our analysis to detect risk factors and their interac-

tions. Additionally, not all t-MN cases had comprehen-

sive genetic testing, particularly in the earlier years of

the study, due to introduction of molecular testing at

our center in 2016. While this is consistent with the

timing molecular testing became widespread in practice

worldwide, it may have led to under detection of cer-

tain mutations such as TP53 compared to other cohort

to t-MN in the literature.

Conclusion
t-MN are a major complication after auto-HCT in

lymphoma patients, leading to poor survival and in-

creased NRM. Our study identifies older age at trans-

plantation as a key predictor of t-MN, suggesting age-

related genetic vulnerabilities contribute to its develop-

ment. The poor prognosis of t-MN underscores the

need for enhanced surveillance, early diagnosis, and op-

Table　3.　Univariate and multivariate analysis
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timized treatment strategies. Vigilant post-transplant

monitoring and further research into additional risk fac-

tors and preventive measures, such as pre-transplant

clonal hematopoeisis screening, are essential to improv-

ing patient outcomes.
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