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Short telomere length predicts nonrelapse mortality after
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Allogeneic hematopoietic stem cell transplantation is the only potentially curative treat-
ment for patients with myelodysplastic syndrome (MDS), but long-term survival is limited
by the risk of transplant-related complications. Short telomere length, mediated by
inherited or acquired factors, impairs cellular response to genotoxic and replicative stress
and could identify patients at higher risk for toxicity after transplantation. We measured
relative telomere length in pretransplant recipient blood samples in 1514 MDS patients and
evaluated the association of telomere length with MDS disease characteristics and
transplantation outcomes. Shorter telomere length was significantly associated with older
age, male sex, somatic mutations that impair the DNA damage response, and more severe
pretransplant cytopenias, but not with bone marrow blast count, MDS treatment history,
or history of prior cancer therapy. Among 1267 patients 240 years old, telomere length in

® Recipient telomere
length is
independently
associated with overall
survival and NRM after
transplantation
for MDS.

® The effect of telomere
length on NRM was
most prominent after
higher intensity
conditioning and in
patients with severe
acute graft-versus-
host disease.

the shortest quartile was associated with inferior survival (P <.001) because of a high risk of
nonrelapse mortality (NRM; P = .001) after adjusting for significant clinical and genetic
variables. The adverse impact of shorter telomeres on NRM was independent of recipient

_/ comorbidities and was observed selectively among patients receiving more intensive

conditioning, including myeloablative regimens and higher dose melphalan-based reduced-intensity regimens. The
effect of shorter telomeres on NRM was prominent among patients who developed severe acute graft-versus-host
disease, suggesting that short telomere length may limit regenerative potential of mucosal tissues after acute injury.
MDS patients with shorter telomere length, who have inferior survival driven by excess toxicity, could be considered
for strategies focused on minimizing toxic effects of transplantation. (Blood. 2020;136(26):3070-3081)

In rare cases, germline genetic factors have been shown to in-
fluence the risk of transplant toxicity. Patients with dyskeratosis
congenita, an inherited telomere biology disorder associated
with premature telomere attrition, bone marrow failure, and a
predisposition to MDS, have a high rate of NRM.?"" This effect
was observed early after conditioning with radiation and DNA
alkylating agents, suggesting that short telomere length may
restrict tissue regenerative capacity in the setting of genotoxic or
replicative stress. Moreover, in patients without documented
telomere biology disorders, shorter blood telomere length has

Introduction

The only curative treatment for patients with myelodysplastic
syndrome (MDS) is allogeneic hematopoietic stem cell trans-
plantation.” MDS genetic characteristics measured before trans-
plantation improve standard clinical prognostic models, primarily
by identifying patients with poor survival because of an elevated
risk of relapse.?® In contrast, estimating the risk of nonrelapse
mortality (NRM) relies on clinical ascertainment of patient
comorbidities and indicators of end-organ dysfunction.¢® Patients
in whom comorbidity indices predict an elevated risk of treatment-
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induced toxicity are either transplanted with reduced-intensity
conditioning (RIC) regimens or directed to nontransplant thera-
peutic approaches. Identification of patients most at risk of toxicity
will improve selection of conditioning regimens and enable pri-
oritization of patients most likely to benefit from transplantation.’
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been linked to increased toxicity after chemotherapy for solid
tumors and adverse outcomes after allogeneic stem cell trans-
plantation in patients with severe aplastic anemia and in a cohort
of younger patients (median age 31) with a variety of malignant
and nonmalignant hematologic diseases.'#'*
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Although several studies have suggested that MDS patients
have shorter telomeres compared with healthy controls,’>"” the
effect of telomere length on transplantation outcomes in MDS
has not been systematically assessed. We therefore evaluated
the effect of telomere length on survival after transplantation in a
cohort of MDS patients with comprehensive annotation of
clinical, genetic, and transplantation variables.

Methods

Patients

We previously described a cohort of 1514 MDS patients who
were enrolled in The Center for International Blood and Marrow
Transplant Research (CIBMTR) repository and research database
who had banked whole peripheral blood DNA.2 All the patients
provided written informed consent to participate in the CIBMTR
research database and repository. Clinical outcome data were
refreshed for the current analysis and the updated median
follow-up time for censored patients was 5.0 years. Peripheral
blood counts and bone marrow blast counts were measured at
time of transplantation. This study was conducted with the
approval of the institutional review board at the Dana-Farber
Cancer Institute.

Telomere length measurement

Aliquots of whole blood in anticoagulant citrate dextrose so-
lution were collected and stored in a uniform manner according
to the protocol of the CIBMTR research sample repository. DNA
was extracted using a single method (Qiagen DNA Blood Mini
Kit) in 1 laboratory (LabCorp) in a single batch using an auto-
mated, plate-based method. Samples were maintained in Tris
EDTA buffer and uniformly subjected to a total of 2 freeze-thaw
cycles before real-time quantitative polymerase chain reaction
(gPCR) analysis. Relative leukocyte telomere length was mea-
sured in triplicate using gPCR with the following primers: Tel1:
5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-
3’, Tel2: 5'-TCCCGACTATCCCTATCCCTATCCCTATCCCTA
TCCCTA-3'. 36B4u: 5'-CAGCAAGTGGGAAGGTGTAATCC-3',
36B4d: 5'-CCCATTCTATCATCAACGGGTACAA-3'. The rela-
tive telomere to single (T/S) copy reference gene (36B4) ratio for
each sample was calculated by subtracting the T/S ratio of a
calibrator DNA from the T/S ratio of each sample. Quality control
samples were interspersed throughout the plates in order to
assess interplate and intraplate variability of cycle threshold
values. Samples were stored, processed, and analyzed uniformly
in a single laboratory.

Telomere measurement was successful in 1508 of 1514 patients
and the mean coefficient of variation of triplicates among all
samples was 0.37% for the telomere assay and 0.26% for the
36B4 assay. The mean coefficient of variation of T/S ratios for the
2 quality control samples were 8.7% and 8.3%. The intraclass
correlation of the assay was 0.82 for 1 year, 0.75 for 3 years, and
0.58 for 10 years.

For patients age 40 and older, recursive partitioning models
were used to select quantiles of telomere length based on as-
sociation with overall survival. Quantiles considered were mul-
tiples of 5 from 5% to 45%. Based on these models, patients
were grouped into 3 groups: (1) shortest telomere length (first
quartile), (2) intermediate telomere length (second and third
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quartiles), or (3) longest telomere length (fourth quartile), where
quartiles were internally defined in the cohort.

Genetic studies

As previously reported, genetic profiling was performed on
whole peripheral blood and included targeted sequencing of
129 genes, selected based on their known or suspected in-
volvement in the pathogenesis of myeloid malignancies.?

Curation of conditioning regimen intensity
Conditioning intensities were classified based on chemotherapy
regimen and/or total body irradiation dose as myeloablative,
nonmyeloablative, or reduced intensity.'8?

Statistical analyses

The Wilcoxon or Kruskal-Wallis rank-sum test was used to assess
a location shift in the distribution of continuous variables be-
tween 2 or 3 groups, respectively. For associations with ordered
categorical variables, Cuzick's rank-sum test was used for con-
tinuous variables; Kruskal-Wallis or Jonckheere-Terpstra tests
were used for singly or doubly ordered contingency tables,
respectively. Descriptive statistics (proportions, medians, etc)
were reported with 95% confidence interval (Cl) or range. Chi-
square and Fisher’s exact tests were used to test for association
between pairs of categorical variables. Odds ratios and 95% Cls
were calculated for binary outcomes from contingency tables or
logistic regression models. All P values were 2-sided, and ad-
justments for multiple hypothesis testing were performed where
indicated.

Overall survival (OS) was defined as time from transplant until
death from any cause. Subjects not confirmed dead were cen-
sored at the time last known to be alive. Differences in survival
curves were assessed using log-rank tests. NRM was defined as
death without relapse. NRM, with relapse as a competing risk,
was assessed with the use of Gray's test. For relapse, death
without relapse was considered a competing risk.

Univariate and multivariable analyses of OS were performed
using Cox regression. OS estimates were calculated using the
method of Kaplan-Meier and reported with 95% Cls based on
Greenwood's formula. Forward and backward stepwise variable
selection was used to generate a multivariable OS model in-
tegrating clinical and genetic features. Variables used in se-
lection procedure included modifiable clinical, nonmodifiable
clinical, and genetic features (supplemental Table 1 on the Blood
Web site). Hazard ratios with 95% Cls and Wald P values were
reported for covariates in multivariable Cox models. An addi-
tional multivariable OS model was generated with hematopoi-
etic cell transplantation-specific comorbidity index (HCT-CI)
score forced on top of the variables selected by the initial ap-
proach (supplemental Tables 2 and 3). Multivariable models for
competing risks of relapse and NRM were generated using the
Fine and Gray method.

Results

Telomere length and MDS characteristics

We measured relative leukocyte telomere length in peripheral
blood samples obtained uniformly just before transplantation
in an otherwise unselected cohort of 1514 MDS patients. As
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expected, female patients had significantly longer telomere
length than male patients (P < .001) (Table 1), and increasing
patient age was associated with shorter blood telomere length
(Figure 1A). However, the association between age and telo-
mere length was only evident among younger patients, with the
greatest effect in those younger than age 10 years (P < .001) and
those 10 to 39 years old (P < .001). There was no significant
association between age and blood telomere length among
older MDS patients 40 to 77 years old (Figure 1B). Because MDS
in patients age 40 and older is genetically and clinically distinct
from MDS in younger individuals,? and older patients account for
most transplants for MDS, we report here the association be-
tween telomere length and MDS characteristics in patients age
40 and older (n = 1267) (Table 1). Transplant outcomes by
telomere quartiles in patients younger than age 40 years are
presented in supplemental Figure 1.

To determine whether telomere length correlated with disease-
related factors, we first analyzed the association between
telomere length groups and components of the Revised
International Prognostic Scoring System (IPSS-R). Shorter blood
telomere length was associated with more severe peripheral
cytopenias, including lower hemoglobin (median 9.0 vs 9.6 vs
9.8 g/dL, P < .001), lower platelet count (median 53 vs 83 vs
96 X 10%/L, P < .001), and lower absolute neutrophil count
(median 0.9 vs 1.2 vs 1.6 X 10%/L, P < .001). The bone marrow
blast count (P = .27) and distribution of IPSS-R cytogenetic risk
groups (P = .62) were similar across telomere length groups.

Because exposure to antineoplastic therapy has been associated
with accelerated telomere attrition,2>?’ we next determined
whether telomere length differences in the cohort were ex-
plained by treatment history. Telomere length was similar in
patients who had received prior MDS treatment with DNA
methyltransferase inhibitors (n = 713), chemotherapy (n = 38), or
DNA methyltransferase inhibitors and chemotherapy (n = 60),
compared with those who had not received MDS-directed
treatment (n = 361). Further, we observed no association be-
tween telomere length and the time interval between MDS
diagnosis and transplantation (P = .13) (Table 1). Last, the dis-
tribution of blood telomere length was similar in patients who
had previously received treatment with chemotherapy or radi-
ation for a non-myeloid cancer (therapy-related MDS) compared
with those with primary MDS (P = .29).

Independent of the IPSS-R, somatic gene mutations in MDS have
been closely linked to clinical phenotype and transplantation
outcomes.?28-30 We therefore analyzed the association between
MDS mutation status and blood telomere length (Figure 1C-D;
supplemental Table 4). Mutations in 3 genes, SRSF2 (P < .001),
DNA methyltransferase 3A (DNMT3A; P < .001), and STAG2
(P = .04), were significantly more common in those with the
longest quartile blood telomere length than in those with the
shortest quartile telomere length, whereas 3 gene mutations
were significantly more common in patients with the shortest
telomere length: PPM1D (P = .01), WT1 (P = .03), and ATM
(P = .04). Differences in telomere length according to somatic
mutation status were not explained by differences in age or sex.
Further, there was no consistent relationship between telomere
length and MDS clone size across different gene mutations, as
inferred by variant allele fraction, suggesting that differences in
telomere length were not generally explained by overall disease
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burden (supplemental Figure 2). There was no association be-
tween telomere length and the proportion of neutrophils in the
white blood cell differential (supplemental Figure 3), indicating
that measured whole blood telomere length was not explained
primarily by leukocyte constituency.

Clinical outcomes according to telomere length

To determine whether recipient telomere length was associated
with clinical outcomes after transplantation, we evaluated
OS and rates of relapse and NRM. In multivariable analysis,
intermediate and short blood telomere length were indepen-
dently associated with inferior overall survival compared with
the longest telomere quartile (hazard ratio for death in shortest
vs longest, 1.49; 95% Cl, 1.22-1.83; P < .001; intermediate vs
longest, 1.34; 95% ClI, 1.12-1.60; P = .001) (Figure 2A). Other
clinical and genetic characteristics previously reported to be
associated with survival remained significant in the model, in-
cluding recipient age, Karnofsky performance score <90, very
high IPSS-R risk category, presence of TP53, JAK2 V617F, or
RAS/tyrosine kinase pathway mutations, and cord blood
grafts.>3" Shorter and intermediate telomere length, trans-
plantation before year 2008, and JAK2 V617F mutations were
associated with a higher rate of NRM but not a higher rate of
relapse (Figure 2B). TP53 mutations and very high IPSS-R risk
category were associated with a higher rate of relapse but not a
higher rate of NRM (Figure 2C). HCT-Cl score, which was forced
into the model, was not independently associated with NRM or
relapse. Complete results of the multivariable Cox model for OS
and the Fine-Gray models for the rates of relapse and NRM are
provided in supplemental Table 3.

Outcomes according to conditioning intensity
Patients in the longest telomere length quartile had superior
overall survival irrespective of conditioning intensity (Figure
3A-B). However, the specific risk of NRM is closely linked to
conditioning regimen intensity.'?3233 Therefore, we asked
whether the effect of telomere length on NRM was different in
patients who received myeloablative regimens compared with
those who received RIC regimens. In patients who received mye-
loablative conditioning (MAC), shorter telomere length was asso-
ciated with increased cumulative incidence of NRM (P < .001)
(Figure 3A). Patients with shortest quartile telomere length had
higher NRM than those with intermediate or long telomere length
(supplemental Figure 4). There was no difference in the cumulative
incidence of relapse based on telomere length (P = .54).

In patients who received RIC regimens, telomere length was
not significantly associated with NRM (P = .28) or relapse (P = .35)
(Figure 3B; supplemental Figure 4). However, analysis of out-
comes based on the dichotomous classification of regimens
as either of high or reduced intensity fail to account for regimen
heterogeneity. Specifically, fludarabine/melphalan-based RIC
regimens are similar to MAC regimens, having a reduced risk of
relapse and increased risk of NRM compared with lower in-
tensity fludarabine/busulfan-based RIC regimens.’?3* We hy-
pothesized that patients with shorter telomere length have
increased NRM with higher intensity fludarabine/melphalan-
based conditioning compared with those who received other
RIC regimens. We therefore compared clinical outcomes in
each telomere length group based on RIC regimen intensity
(Figure 4A-C; supplemental Table 5). As expected, the cumulative
incidence of relapse was lower after fludarabine/melphalan-based
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Table 1. Characteristics of patients age 40 y or older and association with telomere length quartiles

Telomere length quartile

Shortest, Intermediate
n =317 (2nd and 3rd), n = 633 Longest, n = 317

Patient-related variable

Age at transplantation, median (range), y 61 (40-77) 61 (40-77) 60 (40-76) NP
Female, n (%) 99 (31) 251 (40) 146 (46) <001t
Karnofsky performance 99 (31) 196 (31) 87 (27) A1t

status score <90, n (%)

Disease-related variable

Hemoglobin, median (IQR), g/dL 9.0 (8.0-10.4) 9.6 (8.2-11.4) 9.8 (8.4-11.5) <.001*
Platelet count, median (IQR), X10%/L 53 (20-99) 83 (34-160) 96 (50-159) <.001*
Absolute neutrophil count, median (IQR), X10°/L 0.9 (0.4-1.7) 1.2 (0.6-2.3) 1.6 (0.7-2.8) <.001*
Bone marrow blasts, median (IQR), % 3(1-7) 3 (1-5) 3 (1-5) 27*
IPSS-R cytogenetic risk group, n (%) .62%

Very good 3(1 3(0) 3(1)

Good 116 (37) 249 (39) 126 (40)

Intermediate 51 (16) 93 (15) 48 (15)

Poor 52 (16) 105 (17) 45 (14)

Very poor 29 (9) 56 (9) 27 (9)

Unknown 66 (21) 127 (20) 68 (21)
Prior MDS-directed therapy, n (%) 186 (59) 424 (67) 201 (63) .08t
Therapy-related MDS, n (%) 79 (25) 122 (19) 68 (21) .29t
Time from diagnosis to HSCT, median (IQR), mo 9.5 (5.5-23.7) 8.2 (5.4-15.5) 8.4 (5.4-16.5) 13*

Transplantation-related variable

Conditioning regimen, n (%) .70t
Myeloablative 140 (44) 291 (46) 151 (48)
Reduced intensity 145 (46) 274 (43) 136 (43)
Nonmyeloablative 28 (9) 64 (10) 29 (9)
Missing 4(1) 4.(1) 1(0)
Donor type, n (%) .39t
Matched, related 35(11) 84 (13) 46 (15)
Matched, unrelated 188 (59) 380 (60) 187 (59)
Mismatched 71 (22) 113 (18) 58 (18)
Cord blood 23 (7) 56 (9) 26 (8)
Graft type, n (%) 73t
Bone marrow 41 (13) 78 (12) 38 (12)
Peripheral blood stem cells 251 (79) 497 (79) 253 (80)
Cord blood 22 (7) 54 (9) 25 (8)
Other 3(1) 4(1) 1(0)
In vivo T-cell depletion, n (%) .38t
No 178 (56) 356 (56) 162 (51)
Yes 129 (41) 248 (39) 136 (43)
Missing 10 (3) 29 (5) 19 (6)
GVHD prophylaxis, n (%) .99t
Tacrolimus-based 245 (77) 502 (79) 242 (76)
Cyclosporine A-based 39 (12) 80 (13) 41 (13)
Other 10 (3) 18 (3) 9 @)
CD34 selection 8 (3) 13 (2 8 (3)
Ex vivo T-cell depletion 5(2) 7 (1) 4 (1)
Cyclophosphamide-based 4 (1) 8 (1) 5(2)
None reported 6(2) 5(1) 8 (3)

Peripheral blood counts and bone marrow blast counts at time of transplantation.
HSCT, hematopoietic stem cell transplantation; IQR, interquartile range.
*Cuzick’s trend test.

tKruskal-Wallis trend test.

FJonckheere-Terpstra test.
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Figure 1. Association of telomere length with age and somatic mutations. (A) Association between recipient telomere length and age at transplantation. Linear regression
lines for age groups 0to 10, 10to 40, and 40 to 77 years are shown in orange. Red and blue areas highlight the telomere lengths in the shortest quartile and the longest telomere
length groups, respectively. (B) Violin plots for distribution of age at transplantation in telomere length groups in patients age 40 or older. Yellow lines indicate median ages at
transplantation. (C) Distribution of telomere lengths according to somatic gene mutations in patients age 40 or older. Yellow lines represent the median telomere lengths and
genes are ordered from shortest to longest by median telomere length. Areas in red and blue reflect telomere lengths in the shortest and the longest quartile telomere length
groups, respectively. Genes with more than 15 mutated patients shown. (D) Association between somatic mutations and the shortest or the longest quartile telomere length
groups in patients age 40 years or older. The x-axis depicts the magnitude of association (log, odds ratio), and the y-axis shows the negative log of the nominal Pvalue (-logq P).
The dashed line represents the threshold of significance (.05) for nominal P values. Each circle represents a mutated gene and the size of the circle reflects the number of patients
with mutation. Genes with a mutation in at least 10 patients are shown.
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A Overall survival, age 40 and older
Death
No.

Variable of patients Hazard Ratio (Cl) P value
TP53

No mutation (reference) 1005

Mutation 262 1.69 (1.43, 2.00) < 0.001
IPSS-R risk category

Other (reference) 1133

Very high 134 1.66 (1.35, 2.05) < 0.001
Recipient telomere length quartile

Longest (reference) 317

Intermediate (2" and 3") 633 1.34 (1.12, 1.60) 0.001

Shortest 317 1.49 (1.22,1.83) < 0.001
Donor group

Matched, related (reference) 165

Matched, unrelated 755 1.00 (0.66, 1.52) 0.99

Mismatched 242 1.41(0.91, 2.18) 0.12

Cord blood 105 1.63(1.01, 2.64) 0.05
RAS-tyrosine kinase pathway

No mutation (reference) 1118

Mutation 149 1.35(1.10, 1.66) 0.004
Donor age

< 35 years old (reference) 755

35 years or older 503 1.26 (1.08, 1.47) 0.004

Missing 9 0.75(0.31, 1.82) 0.52
Recipient age

10 year increase 1267 1.14 (1.03, 1.26) 0.01
Year of transplantation

2005-2007 (reference) 219

2008-2014 1048 0.70 (0.44, 1.11) 0.13
Karnofsky performance score

90-100 (reference) 640

10-80 382 1.20(1.03, 1.41) 0.02

Missing 245 1.01(0.83, 1.23) 0.91
JAK2V617F

No mutation (reference) 1232

Mutation 35 1.61(1.11, 2.35) 0.01
Hematopoietic cell transplant comorbidity index (HCT-CI)

0 (reference) 185

1-2 228 1.23(0.95, 1.59) 0.11

3 or above 497 1.29 (1.03, 1.62) 0.03

Missing 357 1.09 (0.69, 1.73) 0.72

Nonrelapse mortality Relapse
Hazard ratio Hazard ratio
0.51.01.520253.035 0.51.01.52.0253.035
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Figure 2. Multivariable models for overall survival, nonrelapse mortality and relapse. (A) Stepwise multivariable Cox regression model for overall survival in patients age
40 years or older. Variables shown are those that significantly contributed to the model, with the exception of HCT-Cl score, which was forced into the model. A complete list of variables
offered for selection in the model is shown in supplemental Table 1. Multivariable models without HCT-Cl are presented in supplemental Table 2. Pvalues for overall significance: <.001 for
recipient telomere length, <.001 for donor group, .16 for HCT-Cl score. (B-C) Results of Fine-Gray models for nonrelapse mortality and relapse, respectively. The symbols represent the
hazard ratios for nonrelapse mortality (in red) and relapse (in blue) and lines show 95% confidence intervals. Complete tables are shown in supplemental Table 3.

RIC regimens than after other RIC regimens in all 3 telomere length
groups (shortest, P = .008; intermediate, P < .001; longest, P = .001;
Figure 4C). In contrast, the cumulative incidence of NRM was
significantly increased in patients receiving fludarabine/melphalan-
based RIC regimens compared with those receiving other RIC
regimens in those with shorter telomeres (3-year cumulative
incidence-NRM 51% vs 28%, P = .002), but not in those with
intermediate (3 year cumulative incidence-NRM 36% vs 29%,
P = .15) or longer telomere length (3 year cumulative incidence-
NRM 33% vs 23%, P = .15) (Figure 4B). Primary causes of death
based on telomere length group and conditioning intensity are
listed in supplemental Table 6.

Telomere length and recipient comorbidities
The risk of NRM after transplantation is associated with poor
performance status and the presence of comorbid medical
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conditions.'®3" The proportion of patients with Karnofsky per-
formance status score <90 was similar across all 3 telomere
length groups (P = .11)(Table 1), indicating that differences in
telomere length were not reflective of global differences in
overall health. Detailed annotation of organ-specific comor-
bidities based on the HCT-CI, was available in 72% (910/1267)
of patients (supplemental Figure 5). HCT-CI score ranges from
0 to 26, where 0 is the absence of comorbidities and higher
score is associated with inferior outcomes.

MDS patients with longer telomere length had lower HCT-CI
scores than those with intermediate and shorter telomere
length (P = .005) (Figure 5A). This effect was driven by a
significant association between shorter telomere length and an
increased frequency of pulmonary dysfunction (odds ratio
shortest vs longest, 1.90; false discovery rate [FDR]-corrected
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Figure 3. Outcomes after transplantation by conditioning intensity. Shown are the Kaplan-Meier curves for overall survival and cumulative incidence curves for nonrelapse
mortality and relapse based on telomere length group in patients who received myeloablative (A) or reduced-intensity (B) conditioning regimens. Telomere length groups are
indicated by color: the shortest quartile (red), second and third quartiles (green), and the longest quartile (blue). Patient characteristics by telomere length quartiles in patients
who received myeloablative and reduced-intensity conditioning, respectively, are shown in supplemental Tables 10 and 11.

P = .003), hepatic dysfunction (odds ratio shortest vs longest,
3.80; FDR-corrected P = .003), and infection before trans-
plantation (odds ratio shortest vs longest, 4.46; FDR-corrected
P = .003). There were no other differences across the HCT-CI
component comorbidities according to telomere length
(Figure 5B; supplemental Table 7).

To determine whether the association between telomere
length and NRM was evident in patients without documented
comorbidities, we analyzed outcomes in 86 patients with HCT-
Cl score 0 who received myeloablative conditioning (Figure
5C-D). Shorter telomere length was associated with inferior
survival (OS at 1 year, 42% vs 65% vs 70%, P = .046), with
OS differences attributable to a marked increase in early
NRM (1-year cumulative incidence-NRM, 53% vs 22% vs 23%,
P = .02). There were no significant differences in disease
characteristics or transplant variables based on telomere length
in patients with HCT-SCl score 0 who received MAC (Figure 5E;
supplemental Table 8).
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Telomere length and acute graft-versus-host
disease (GVHD) mortality

GVHD is a major cause of transplant-related mortality. In this
MDS cohort, the cumulative incidence of severe (grade 3 or 4)
acute GVHD (aGVHD) at day 100 after transplantation was
19%, and among the 265 patients that developed severe
aGVHD, survival was poor compared with those who did not
develop severe aGVHD (5-year OS, 25% vs 51%). Because
severe acute gastrointestinal GVHD has been shown to drive
rapid telomere attrition in enterocytes,*®> we hypothesized
that patients with shorter baseline telomere length that de-
velop severe aGVHD have worse outcomes than those with
longer telomeres. Indeed, even though there was no signif-
icant difference in the cumulative incidence of severe aGVHD
across telomere length groups (Figure 6A), OS after de-
veloping severe aGVHD was significantly worse in patients
with shorter telomere length than in those with intermediate
or longer telomere length (Figure 6B), owing to a high rate of
early NRM (Figure 6C). In contrast, there was no significant
difference in the cumulative incidence of chronic GVHD or in
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Figure 4. Outcomes based on fludarabine-melphalan vs other RIC regimen. Shown are Kaplan-Meier curves for overall survival and cumulative incidence (A) for nonrelapse
mortality (B) and relapse based on telomere length and reduced-intensity regimen type (C). Fludarabine/melphalan (Flu-Mel)-based regimens are indicated by dashed lines;
other RIC regimens are indicated by solid lines. Telomere length groups are indicated by color: the shortest quartile (red), second and third quartiles (green), and the longest
quartile (blue). The distribution of melphalan doses is presented in supplemental Figure 7. Outcomes by telomere length quartiles in RIC regimen groups are presented in

supplemental Figure 8.

the rate of NRM after onset of chronic GVHD between
telomere length groups (supplemental Figure 6). Detailed
description of GVHD prophylaxis is presented in supple-
mental Table 9.

Discussion

Predicting the risk of NRM after transplantation is central to
clinical decision making. Current risk models, such as the HCT-CI

SHORT TELOMERES PREDICT POSTTRANSPLANT NRM IN MDS

and the European Group for Blood and Marrow Transplantation
score, require integration of clinically ascertained patient
comorbidities and capture only a subset of NRM risk. In this
study, we paired telomere length analysis with comprehensive
clinical annotation in a large, registry-based cohort of MDS
patients who received allogeneic stem cell transplantation to
study the association of telomere length with outcomes. We
found that recipient blood telomere length was a significant
predictor of survival and NRM after transplantation among
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Figure 5. Telomere length and comorbidities. (A) Distribution of HCT-Cl scores according to telomere length groups. (B) Association between each HCT-CI component
comorbidity and the shortest or the longest telomere length group in patients age 40 years or older. The x-axis depicts the magnitude of association (log, odds ratio), and the
y-axis shows the negative log of the P values corrected for multiple hypothesis testing (-logsg P). The solid line represents the threshold of significance (0.05) for FDR-corrected
Pvalues. Each circle represents 1 comorbidity; the size of the circle reflects the number of patients with a comorbidity. (C-E) Overall survival, cumulative incidence of nonrelapse
mortality, and age at transplantation, respectively, by telomere length quartiles in patients with HCT-CI score 0 who received myeloablative conditioning.

patients age 40 or older with MDS, independent of established
clinical factors such as age, somatic mutations, hematologic
parameters, MDS treatment history, performance status,
comorbidity index, and donor-recipient HLA matching.

Long telomere length was associated with superior OS in-
dependent of conditioning intensity. The effect of shorter
telomere length on the risk of NRM was observed predominantly
in patients receiving myeloablative conditioning regimens.
When viewed as a whole, there was no effect of shorter telomere
length on NRM risk among patients who received RIC. However,
recent registry-level analyses have shown that RIC regimens
containing higher dose melphalan may effectively be more
similar to myeloablative than other RIC regimens based on their
effect on relapse and NRM.?:343¢ Consistent with registry-level
reports that show increased NRM risk in patients receiving higher
dose melphalan-based RIC regimens, we found that patients
with shorter telomeres who received melphalan-based RIC
regimens had an elevated risk of early NRM compared with
those receiving lower intensity busulfan-based RIC regimens.
Overall, these results indicate that shorter telomere length
highlights a group of patients in whom higher intensity regimens
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should be used with caution. If validated in a prospective analysis,
measurement of pretransplantation recipient telomere length may
provide a rational basis for more precise prediction of NRM risk
that could influence conditioning regimen selection.

In this retrospective study, we could not define a direct causal
link between short telomere length and specific cause of NRM.
However, we found that the risk of death in remission among
patients who develop severe acute GVHD was significantly el-
evated in those with shorter pretransplant telomere length
compared with those having longer telomere length. Because
telomere length influences tissue regenerative capacity after
replicative stress, sites of GVHD related inflammatory injury may
be susceptible to restricted telomere length. It has been shown
that severe acute intestinal GVHD causes epithelial injury that
drives increased cellular turnover and rapid telomere shortening
in enterocytes, approaching 200-fold more than at steady
state.®> Most patients with severe aGVHD have gastrointestinal
involvement® and gastrointestinal manifestations are most
strongly associated with NRM risk in patients with severe
aGVHD.*® To the extent that our measurement reflects differ-
ences in constitutional telomere length,?® our results suggest
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Figure 6. Telomere length and severe acute graft-versus-host disease outcomes. (A) Cumulative incidence of grade 3-4 acute GVHD after transplantation by telomere
length quartiles; death without grade 3-4 acute GVHD was used as a competing risk. (B-C) Overall survival and cumulative incidence of nonrelapse mortality, respectively,
according to telomere length quartiles after onset of grade 3-4 acute GVHD in patients age 40 or older.

that longer baseline telomeres may buffer against replicative
exhaustion that limits competence for regeneration in the setting
of acute inflammatory injury.

A high HCT-CI score has been associated with poor outcomes
after transplantation for MDS, but pretransplant comorbidities
not completely explain NRM risk.54%4" The association be-
tween telomere length and NRM in this study was independent
of HCT-CI in our multivariable model and evident in patients
with HCT-Cl score 0, suggesting that telomere length reflects a
biological risk that is distinct from manifest comorbidities.
Among HCT-Cl component comorbidities, we did find that
shorter telomere length was significantly associated with pul-
monary and hepatic dysfunction and pretransplant infection
history. We note that this mirrors the spectrum of end-organ
manifestations of constitutional telomere biology disorders.?
This raises the possibility that some patients with short telo-
meres in the cohort have unrecognized germline determinants
of telomere length, or that globally short telomeres could have
end-organ consequences even in the absence of a germline
risk allele.

Telomere length did not appear to be a proxy for other MDS- or
patient-associated variables that influence toxicity outcomes.
For example, the history of disease-modifying treatment, time
interval between diagnosis and transplantation, and history of
cytotoxic treatment of nonmyeloid cancers were not associated
with differences in telomere length. These results indicate that
telomere length heterogeneity in MDS patients was not primarily
related to replication history or cyclic regeneration after mye-
losuppressive therapy. However, we did observe an association
between shorter telomere length and deeper cytopenias. These
data are consistent with a mouse model of telomerase deficiency
in which short telomeres were associated with impaired
granulocyte-macrophage colony-forming unit activity and

SHORT TELOMERES PREDICT POSTTRANSPLANT NRM IN MDS

decreased long-term hematopoietic repopulation capacity of
bone marrow cells.* Telomere length may thus modulate MDS
phenotype by incurring reduced hematopoietic competency,
leading to more severe cytopenias.

Distinct sets of MDS-associated somatic gene mutations were
significantly associated with longer or shorter telomere length,
further suggesting a possible link between telomere biology and
MDS pathogenesis. Critically short telomeres trigger cellular se-
nescence via activation of the DNA damage response (DDR)
pathway. Mutations in genes that are required for sensing DNA
damage (ATM) or enacting the DDR (PPM1D, TP53) could
therefore enable selective survival of MDS clones by impairing
senescence or apoptosis induced by telomere attrition. In this
setting, constitutional or acquired variation in hematopoietic
telomere length could alter the baseline fitness of the HSC
compartment and favor expansion of DDR-deficient clones. In
contrast, loss of de novo or maintenance DNMT activity via
concurrent deletion of Dnmt3a and Dnmt3b or Dnmt1, re-
spectively, has been shown to cause telomere elongation in
mouse embryonic stem cells.#” In this model, loss of DNMT activity
was associated with markedly reduced methylation of sub-
telomeric DNA, suggesting that DNMT3A mutations may cause
clone-intrinsic acquisition of an aberrant telomere lengthening
phenotype. Definitive evaluation of the interaction between MDS
gene mutations and inherited or acquired differences in telomere
length will require purification of MDS clonal cells and comparison
with constitutional baseline samples.

Translation of our results to clinical practice will be enhanced by
prospective validation using flow-fluorescent in-situ hybridization
(flow-FISH), which affords specific benefits over gqPCR but is infeasible
for studying large retrospective cohorts. Specifically, flow-FISH
enables comparison with age-matched population controls,*84?
measurement of telomere length in different leukocyte subsets,
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and more accurate distinction of differences in the shortest and
longest decile of telomere lengths.>® We directly addressed po-
tential technical variability of gPCR by processing and analyzing all
samples in a uniform manner, and the potential vulnerability of
gPCR to aneuploidy by using a reference gene located on
chromosome 12q, which is not subject to recurrent copy number
alteration in MDS.

In summary, our findings show that telomere length measured in
MDS patients at the time of transplantation is a strong predictor
of NRM independent of age, disease characteristics, and clinical
comorbidities. Patients with shorter telomere length, who have
inferior survival driven by excess toxicity without an effect on
relapse, could be considered for strategies focused on mini-
mizing toxic effects of transplantation.
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