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1 | INTRODUCTION

Telomeres are non-coding long tandem repeated sequences at the
ends of chromosomes, which prevent accumulation of DNA damage
and genomic instability.! Human telomerase (hTERT) is an enzyme
able to restore telomere sequences thus preventing telomere short-
ening, and is commonly down-regulated in adults, leading to progres-
sive telomere attrition with age.?® In fact, leucocyte telomere length
(TL) correlates with lifespan and has been extensively studied as a
biomarker of ageing.! In adults, telomere erosion is more pronounced
in men compared with women, and, accordingly, men have shorter life
expectancy and higher cancer incidence.**~” Furthermore, several
studies indicate that TL dynamics are altered in cancer, implying an
important role of telomere attrition in cancer development and pro-
gression.®? Oxidative and replicative stresses are among the most
important mechanisms underlying telomere attrition in humans.!
Several experimental systems of accelerated aging have been
employed to investigate leucocyte telomere dynamics, including
exposure to cytotoxic chemotherapy, autologous and allogeneic stem
cell transplantation (ASCT and allo-SCT).2°"*¢ These models
enabled the identification of intrinsic (e.g., genetic) and extrinsic fac-
tors influencing TL in vivo. Extrinsic modifiable factors are of special
importance representing possible targets for therapeutic intervention.

Chemotherapy exposure, through direct and reactive oxygen
species (ROS)-mediated DNA damage, is a well-established cause of
telomere attrition."14"1” Previous studies uncovered the relevance
of telomere shortening in the setting of high dose chemotherapy and
ASCT demonstrating that a reduced TL of the grafted cells could be
an important predisposing factor for the development of secondary
myeloid neoplasms.’®1? However, few studies investigated de-
terminants of TL dynamics following chemotherapy exposure in
lymphoma patients treated in the first-line setting, with conflicting

results.2%-21

2 | METHODS AND MATERIALS

In the present study, we studied telomere dynamics in a series of 34
lymphoma patients undergoing first-line chemotherapy at the He-
matology Department of Mauriziano Hospital (Turin, Italy), from
2013 to 2014. TL was measured by southern blotting on granulocyte
fractions before and after each chemotherapy cycle, and at least one
year after the end of the induction therapy. All patients gave a
written informed consent. This retrospective, non-interventional
study, was approved by the institutional review board and carried
out according to the Helsinki declaration. Main patients character-
istics are detailed in Table 1. All patients underwent bone marrow
biopsy at initial staging, and only patients with no evidence of bone
marrow lymphoma infiltration were included in this analysis. TL was
assessed on granulocyte fractions, obtained through a modified
density gradient separation method (Ficoll-Paque, GE Healthcare).
TL was assessed by Southern blot analysis as previously
described.1®*® Briefly, 2 pg of DNA were digested by mixing with

TABLE 1 Main patients characteristics

Parameter No. =

No. of patients

all 34
female 16
male 18

Age (yrs), median (range) 59 (22 - 77)
female 60 (23-73)
male 57 (22-77)

p-value for age 0.55 (M vs. F)

Chemotherapy schedule

ABVD 5
BEACOPP 1
BENDAMUSTINE 2
Ox-DHA 3
MINE 1
R-CHOP 19
R-CVP 3

No. of cycles delivered, median (range) 6 (3-6)
3 cycles 4
4-6 cycles 30

Lymphoma subtype

DLBCL 15
FL 10
MZL 2
MCL 1
HL 6

Abbreviations: ABVD, Doxorubicin, Bleomycin, Vinblastine,
Dacarbazine; BEACOPP, Bleomycin, Etoposide, Doxorubicin,
Cyclophosphamide, Vincristine, Procarbazine, Prednisone; DLBCL,
Diffuse Large B-cell Lymphoma; F, female; FL, Follicular Lymphoma; HL,
Hodgkin Lymphoma; M, male; MCL, Mantle Cell Lymphoma; MINE,
Mesna, Ifosfamide, Mitoxantrone, Etoposide; MZL, Marginal Zone
Lymphoma; No., number; OXDHA, Oxaliplatin, High-Dose ARA-C,
Dexametasone; R-CHOP, Rituximab-Cyclophosphamide, Doxorubicin,
Vincristine, Prednisone; R-CVP, Rituximab, Cyclophosphamide,
Vincristine, Prednisone.

Hinf | (20 U) and Rsa | (20 U) for 2 h at 37°C, according to manu-
facturer's recommendations (Roche Diagnostic). Digested DNA
fragments were then separated by 0.8% agarose gel electrophoresis
in 1 TAE running buffer1X (pH 8.0).After electrophoresis, gels were
transferred to a positively charged nylon membrane (Roche Diag-
nostic Mannheim), and then exposed for 10’ to UV light to fix DNA
fragments. The TeloTAGGG Telomere Length Assay Kit (Roche
Diagnostic, Mannheim, Germany, catalogue N° 12209136001) was
employed for the hybridization phase, in accordance with the man-

ufacturer's instructions. Membranes were prehybridyzed for 2 hours
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in the prehybridization solution at 62C° and then hybrydized for
3 hours in the same conditions adding 2 pL of the digoxigenin (DIG)-
labeled probe specific for telomeric repeats. Following hybridization,
filters were washed twice at room temperature for 15 min in 2X
washing solution and then twice at 39C° in 0.5X washing solution for
20 min. Filters were then incubated with a DIG-specific antibody
covalently coupled to alkaline phosphate (AP Finally, results were
visualized using AP metabolizing CDP-Star a highly sensitive chemi-
luminescent substrate. The light signal produced on the site of the
hybridized probe was recorded on X-ray films (Lumi-Film Chemilu-
minescent Detection Film, Roche Diagnostic, Mannheim, Germany).
Chemiluminescence is detected by x-ray film (RocheDiagnostics) and
scanned for analysis. Analysis is performed using Quantity One 4.6.3
(Bio-Rad Laboratories). Telomeres are visualized as smears and the
software calculates the intensity curve corresponding to each sample
and the point of maximum signal intensity defined the highest con-
centration of telomeric repeats (‘peak TRF length’). TRF length was

determined by comparing the signals relative to standard molecular
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weights. Two different molecular weight standards were used in or-
der to have a more precise estimate of the telomere length data
obtained.

TL measurements were performed pretreatment at cycle 1 day 1
(C1D1), at C2D1, C3D1, C4D1, C5D1, C6D1, at day 30 after C6, and
after at least 1 year from chemotherapy completion (+12-18 months).

2.1 | Statistical analysis

Patient characteristics were summarized by percentages, median
values and ranges. Differences between groups were calculated with
the Student T test and Mann-Whitney test. Box-plot graphs were
used to show distributions of telomere length across different
groups. The Pearson's test was used to establish correlations be-
tween different variables. Differences were considered significant for
p < 0.05. Statistical analysis was performed with the statistical

software package Prism 6.0 (GraphPad Software).
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FIGURE 1 Characterization of granulocyte telomere length (TL) modifications in 34 lymphoma patients undergoing first-line chemotherapy
treatment. (A). Changes in TL after 1,2,3,4,5,6 cycles of chemotherapy and after 1 year since therapy completion. Error bars represent standard
error of the mean (S.E.M). p value was calculated with the paired T test. (B). Mean loss of TL in base pairs (DELTA TL, bp), after cycles 1-2-3, after
cycles 4-5-6, and after all chemotherapy cycles (total). Error bars represent standard error of the mean (S.E.M). p value was calculated with the
Mann-Whitney test. (C). Fractional telomere loss (telomere loss in bp/baseline TL) in the whole patient's population and in patients treated with
or without anthracyclines or rituximab. Error bars represent standard error of the mean (S.E.M). p value was calculated with the Mann-Whitney
test. (D). Linear correlation between degree of telomere loss (DELTA TL) and baseline TL, according to the Pearson's test.
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3 | RESULTS

All patients considered in this study were undergoing their front-
line treatment (Table 1). Median age was 59 yrs (range 22-77),
with no significant differences between males and females (p = 0.55,
Table 1). Overall, 26 patients (76%) were treated with antracycline-
containing regimens. Rituximab immunotherapy was used in
combination with chemotherapy in 22 patients (65%). Twenty-
seven patients (79%) completed 6 cycles of therapy (median 6,
range 3-6).

As expected, there was an inverse correlation between pre-
treatment TL and age (p value = 0.01 R = 0.18, data not shown).
Considering the whole patient's population, mean telomere loss by
cycle 6 was 673 base pairs (bp) (8.7% of the pretreatment mean TL)
(Figure 1A). Granulocyte TL decreased following chemotherapy
exposure in 27 of 34 patients (79%), and in 25 of 27 patients total
telomere loss exceeded 100 base pairs (bp). Among the latter group
of patients, median telomere loss was 827 bp (range 177-4081). No
significant differences in baseline characteristics were observed be-
tween patients experiencing telomere shortening (n = 27) and the 7
patients with increased telomere length after treatment (Table S1).
Median increase in TL in the latter group assessed after chemo-
therapy completion (vs. pretreatment TL) was 986 bp (range 186-
1482).

Telomere shortening was observed as early as after 1 cycle of
chemotherapy, being significantly decreased after 3 and 6 cycles.
Maximal drop in TL was observed at the end of induction therapy, with
no significant recovery after 1 year (Figure 1A). Telomere shortening
was an early event in the chemotherapy course, since 87% of the total
telomere loss (mean 586 bp) occurred by the end of cycle 3, and only
13% from cycle 3 to cycle 6, as detailed in Figure 1B. Interestingly,
maximal telomere erosion was determined by cycle 3 (Figure S1A and
S1B). No significant differences in fractional telomere loss were
observed in patients treated with chemotherapy regimens with or
without anthracyclines or rituximab (Figure 1C). Representative
southern blot analyses are shown in Figures S2 and S3.

Interestingly, we observed a significant correlation between
baseline (pre-treatment) TL and total telomere loss, with a higher
degree of telomere shortening following chemotherapy observed in
those patients harboring the longest telomeres at pre-treatment
evaluation (Figure 1D). In line with this observation, dividing pa-
tients into 2 subgroups based on the median baseline TL (7657 bp,
range 4792-12104), significant telomere shortening was observed
only among patients with longer telomeres at pre-treatment evalu-
ation (Figure 2A). Importantly we did not observe significant differ-
ences with respect to baseline characteristics between the short and
long telomere subgroups, with the exception that a higher fraction of
long TL patients received anthracycline-based chemotherapy,
compared to the short TL subgroup (Table 2). In light of this, we
performed a separate analysis considering only anthracycline-treated
patients, confirming increased telomere shortening in long TL pa-
tients, as compared to short TL patients (Figure S4). Overall, mean

fractional telomere loss by cycle 6 was 14.4% of pretreatment TL in

patients with long telomeres at baseline versus 0.3% in patients with
short telomeres (p = 0.0008) (Figure 2B). Accordingly, while telomere
shortening was negligible in patients with short telomeres, patients
with long telomeres experienced a significant telomere loss by cycle
3 (Figure 2C). Notably, this trend was significantly more pronounced
in male compared to female patients: in fact, in the long telomere
subgroup only male patients experienced significant telomere
shortening by cycle 3 (mean 1145 bp) (12.8% of the pretreatment
mean TL), as compared to females, where total telomere loss (mean
205 bp) reached only 2.4% of the pretreatment mean TL (Figure 2C).

Following these observations, in order to ascertain whether the
female milieu had an influence on telomere dynamics following
chemotherapy, we stratified TL analyses by gender and age. Inter-
estingly, among all patient's subgroups, only young women <51 years
of age, which is the mean menopausal age in Europe,?? did not show a
significant decrease in TL following chemotherapy exposure
(Figure 2D).

After a median follow-up of 6 years (range 1-8), no tAML/MDS
cases were observed in this cohort. However, two patients were
diagnosed with solid tumors, with pancreatic and bladder cancer
occurring respectively after 4 and 3 years from chemotherapy
completion. Maximal telomere loss was 1044 bp and 791 bp in the
first and second case respectively. Overall, at the last follow-up, 3
patients had died: 2 patients in the short TL subgroup (DLBCL pro-
gression and pancreatic cancer respectively) and 1 patient in the long

TL subgroup (complications of allo-SCT).

4 | DISCUSSION

In this study, we analyzed telomere dynamics in a cohort of lym-
phoma patients undergoing first line chemotherapy, providing some
important observations: 1-the majority of patients experienced
telomere attrition following chemotherapy; 2- telomere shortening
was an early event, since the vast majority of telomere loss was
accumulated during the first 3 chemotherapy courses; 3- persistent
telomere loss was detected at 1 year since chemotherapy comple-
tion; 4- pre-treatment long telomeres were more prone to
chemotherapy-induced telomere attrition; 5- highest telomere dam-
age was observed in male patients with long telomeres at baseline; 6-
significant telomere loss was observed in all patients subgroups with
the exception of pre-menopausal women.

The observation that more than 80% of telomere loss is accu-
mulated relatively early during chemotherapy is in line with similar
findings in the setting of early-life telomere dynamics of humans and
vertebrates, where accelerated telomere loss is commonly observed
during the first years of age, when telomeres are longer, as compared
to older ages.23 On the other hand, we observed that the extent of
telomere loss was strictly correlated with baseline telomere length,
with pronounced telomere loss observed only in patients harboring
long telomeres as compared to those with short telomeres. Thus,
early and preferential attrition of long telomeres seems to be a

common feature in different experimental models of aging.
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FIGURE 2 Impact of baseline telomere length (TL) and sex on telomere dynamics in 34 lymphoma patients undergoing first-line
chemotherapy treatment. (A). Dot plot graph representing TL before and after chemotherapy in patient subgroups categorized according to
baseline short (SHORT T) and long telomeres (LONG T). Patients were divided in the 2 subgroups based on the median TL. Differences
between groups were calculated with the paired T test. (B). Fractional telomere loss (telomere loss in bp/baseline TL) in patients with long and
short telomeres at baseline. Error bars represent standard error of the mean (S.E.M). p value was calculated with the Mann-Whitney test. (C).
Mean loss of TL in base pairs (DELTA TL, bp) from cycle 1 to 3 according to baseline TL (SHORT vs. LONG) and sex Male (M) versus Female (F).
Error bars represent standard error of the mean (S.E.M). p value was calculated with the Mann-Whitney test. (D). Pre and post chemotherapy
TL in patient subgroups categorized according to age (>51 y.o vs. </ = 51 y.0) and Male (M) or Female (F) gender. Differences between groups

were calculated with the paired T test

Interestingly, a recent systematic review of 25 studies could not draw
definite conclusions on the effects of chemotherapy and radiotherapy
on leukocyte TL in unselected patients populations.?’ Our study
clearly demonstrates that the extent of telomere attrition is not
homogeneous across all patient subsets, and that specific patient
populations could be at higher risk of telomere loss following
chemotherapy, such as patients with long telomeres at baseline.
Whether these observations indicate an increased susceptibility to
oxidative damage in cells with long telomeres, or a selection of
subclones with short telomeres following exposure to chemotherapy,
is a very relevant question which should be addressed in future
studies. Irrespective of the underlying mechanisms, the preferential
loss of long telomeres was significantly more pronounced in male

patients compared to females. Furthermore, leukocyte TL was

relatively preserved in pre-menopausal women. These findings are in
line with previous observation from our group®® and others,>242¢
pointing to a protective role of the female milieu on telomere
maintenance dynamics. Since rate of telomere loss has been associ-
ated with life-span,2” and telomere attrition after chemotherapy has
been associated with an increased risk of therapy-related acute
myeloid leukemia or myelodysplasia (t-AML/MDS),*81%28 these data
could have relevant clinical implications providing the rationale for
the use of female hormones as anti-aging agents, and to prevent
tAML/MDS in selected high-risk patients subgroups. Due to a rela-
tively short follow-up and considering the small number of patients
included, we did not observe any tAML/MDS case in this cohort;
however, 2 of 34 patients (5.9%) were diagnosed with secondary

solid tumors. Interestingly both patients experienced telomere loss
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TABLE 2 Patients characteristics in the short and long
telomere lenght subgroups

Short TL Long TL
Parameter subgroup subgroup p-Value
No. of patients
all 17 17 -
female 9 9
male 8 8

Baseline TL (bp), median 7007 (4792- 8444 (7698- <0.0001

(range) 7615) 12104)
Age (yrs), median (range) 64 (27 - 73) 55 (22-77) 0.31

Chemotherapy schedule

ABVD 2 S =
BEACOPP 0 1 =
BENDAMUSTINE 1 1 -
Ox-DHA 3 0 =
MINE 0 1 @
R-CHOP 8 11 =
R-CVP 3 0 =
Anthracycline 0.03
Yes 10 16
No 7 1
Rituximab
Yes 11 11 =
No 6 6
No. of cycles delivered, 6 (3-6) 6 (3-6) -
median (range)
3 cycles 2 2
4-6 cycles 15 15
Lymphoma subtype
NHL 15 13 0.65
DLBCL 5 10 0.16
FL 7 3 0.25
MZL 2 0 0.48
MCL 1 1 =
HL 2 4 0.65

Abbreviations: ABVD, Doxorubicin, Bleomycin, Vinblastine,
Dacarbazine; BEACOPP, Bleomycin, Etoposide, Doxorubicin,
Cyclophosphamide, Vincristine, Procarbazine, Prednisone; DLBCL,
Diffuse Large B-cell Lymphoma; F, female; FL, Follicular Lymphoma; HL,
Hodgkin Lymphoma; M, male; MCL, Mantle Cell Lymphoma; MINE,
Mesna, Ifosfamide, Mitoxantrone, Etoposide; MZL, Marginal Zone
Lymphoma; No., number; OXDHA, Oxaliplatin, High-Dose ARA-C,
Dexametasone; R-CHOP, Rituximab-Cyclophosphamide, Doxorubicin,
Vincristine, Prednisone; R-CVP, Rituximab, Cyclophosphamide,
Vincristine, Prednisone.

after chemotherapy exposure. Notably, recent studies confirm a
mechanistic role of telomere shortening in immune-mediated in-
flammatory dysfunction and cancer initiation in preclinical models.?’
Subgroup analyses addressing the long-term effects of telomere
attrition on tAML/MDS incidence and cancer immune surveillance in
general, should be the goal of future studies with longer follow-up,
bigger sample size, and external validation cohorts. These studies
should be focusing on the relative risk of secondary malignancies in
long TL patients at baseline experiencing significant treatment-
related telomere shortening versus short TL patients with negli-

gible telomere loss following therapy.

5 | CONCLUSIONS

This characterization of telomere dynamic following in vivo exposure
to chemotherapy may offer some useful insights for understanding
the physiological process leading to cell ageing. Baseline TL and fe-
male milieu emerged as powerful determinants of telomere dynamics
following chemotherapy exposure, thus indicating that telomere
maintenance is a complex process influenced by a combination of
intrinsic and extrinsic, (thus modifiable), factors.

These observations, together with our previous findings on the
effects of female hormones on telomere maintenance in the trans-
plant setting,*® could pave the way for future telomere-protective
therapies in specific high-risk patient's subsets following chemo-

therapy exposure.
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