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Abstract

Introduction: Testicular germ cell tumor is the most frequent neoplasia in men of

reproductive age, with a 5-year survival rate of 95%. Antineoplastic treatments induce

spermDNA fragmentation, especially within the first year post-therapy. Data in the lit-

erature are heterogeneous concerning longer follow-upperiods, and the largemajority

is limited to 2 years.

Objective: To define the timing for the recovery of sperm DNA damage and the

proportion of patients with severe DNA damage at 2 and 3 years from the end of

therapy.

Materials and methods: Sperm DNA fragmentation was evaluated in 115 testicu-

lar germ cell tumor patients using terminal deoxynucleotidyl transferase dUTP nick

end labeling assay coupled with flow cytometry before (T0) and 2 (T2) and 3 (T3)

years post-treatment. Patients were divided based on the type of treatment: carbo-

platin, bleomycin–etoposide–cisplatin, and radiotherapy. For 24patients, paired sperm

DNA fragmentation data were available at all time-points (T0–T2–T3). Seventy-nine

cancer-free, fertile normozoospermic men served as controls. Severe DNA damage

was defined as the 95th percentile in controls (spermDNA fragmentation= 50%).

Results: Comparing patients versus controls, we observed: (i) no differences at T0 and

T3 and (ii) significantly higher sperm DNA fragmentation levels (p < 0.05) at T2 in all

treatment groups. Comparing pre- and post-therapy in the 115 patients, the median

spermDNA fragmentation values were higher in all groups at T2, reaching significance

(p < 0.05) only in the carboplatin group. While the median sperm DNA fragmenta-

tion values were also higher in the strictly paired cohort at T2, about 50% of patients

returned to baseline. The proportion of severe DNA damage in the entire cohort was

23.4% and 4.8% of patients at T2 and T3, respectively.
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Discussion: Currently, testicular germ cell tumor patients are advised to wait 2 years

post-therapy before seeking natural pregnancy. Our results suggest that this period

may not be sufficient for all patients.

Conclusion: The analysis of sperm DNA fragmentation may represent a useful

biomarker for pre-conception counseling following cancer treatment.
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1 INTRODUCTION

Testicular germ cell tumor (TGCT) is the most frequent malignancy

in men of reproductive age.1 Its incidence has risen by 1.5% world-

wide in the past two decades, presenting sharp geographic differences

with the highest incidence in Caucasian populations.1–3 Thanks to

the progress in diagnosis and treatment, TGCT is now highly cur-

able with an overall 5-year survival rate of 95%.4 The primary

treatment is radical inguinal orchiectomy, which can be followed by

chemotherapy (CT) and/or radiotherapy (RT), depending on the his-

tology and staging.5 CT usually includes platinum-based agents, such

as carboplatin (CP) or a combination of bleomycin, etoposide, and cis-

platin (BEP), while RT is recommended only in seminoma (stage IIA

and IIB).5

Antineoplastic treatments exert their effect by inducing DNA

fragmentation in proliferating cells. Hence, they often lead to sper-

matogenic impairment (severe oligozoospermia or azoospermia) as a

short-term effect. In the large majority of cases, a full or partial recov-

ery of the spermatogenesis occurs within 2 years from the end of

therapy. Although routine semen parameters return or even amelio-

rate with respect to the pre-treatment values, concerns have been

raised about the potential long-term effect of oncological treatments

on spermDNA integrity.6

The importance of better characterizing the nature and persis-

tence of sperm DNA damage after oncological treatment is related

to its potential consequences on the offspring’s health. It is plau-

sible that severe DNA damage (SDD) could not only negatively

influence sperm fertilizing capacity but also be responsible for mal-

formations in children born to cancer survivors. Data in the lit-

erature are extremely poor concerning the malformation rate in

children from TGCT survivors. To date, the largest epidemiologi-

cal study collecting information in children with paternal history of

cancer reported an overall significant increase in the risk for con-

genital malformations.7 However, the adjusted relative ratio did not

show a significant increase in case of TGCT.7 A more recent study

based on a smaller population focusing only on children fathered

by men treated for TGCT observed a 30% increased risk for mal-

formations with respect to those born from fathers without this

neoplasia.8 However, in the same study, the authors did not observe an

increased risk when comparing children conceived before and after CT

and/or RT.8

The standard indication for attempting natural pregnancy after

the end of cancer treatment is 24 months. However, some authors

reported an increased sperm aneuploidy rate up to 18−24 months

after therapy.9–12 Another consequence of anticancer treatment is the

induction of sperm DNA fragmentation (SDF). The most commonly

used technique to evaluate SDF is the spermchromatin structure assay

(SCSA), which detects the susceptibility of spermatozoa toDNAdenat-

uration and provides an indirect measure of SDF. Others used terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and

COMET assays, both directly detecting SDF. Literature data on SDF in

TGCT patients prior to and after cytotoxic therapy are controversial.

Several studies based on different assays (SCSA,13–17 TUNEL,15,18,19

or COMET15,20,21) observed increased SDF in TGCT patients prior to

therapy (T0) with respect to controls, suggesting two possible scenar-

ios: (i) a direct effect of cancer itself on sperm DNA quality and (ii) a

constitutional genomic instability of cancer patients.7,8 However, some

other studiesbasedonSCSA22–26 orTUNELassay13,23,27,28 didnot find

significant differences between SDF values at T0 versus controls. The

literature exploring the effects of CT and RT on SDF also produced

conflicting results, especially concerning the time needed to repair

such damages.6 Most of the studies are limited to a 2-year follow-

up13,14,20,27,29 and among them, some authors who used SCSA13,29 or

TUNEL assay13,18 observed a return of SDF levels to baseline after 2

years (T2), while others using the same methods found that patients

at T2 still had significantly higher SDF than T0 or controls.22–24 Only

five studies extended the survey over 3 years from the end of ther-

apies, reporting a return of SDF values to baseline in the majority

of cases.18,22–25 However, if we consider paired samples, only three

patients have been evaluated in a 3-year follow-up.23 Regarding the

type of cancer treatment, there is a general consensus among studies

on the fact that RT is the most harmful treatment,22,25,29 followed by

BEP and CP.27

The different conclusions in the literature may derive from the

recruitment of relatively small cohorts and the composition of control

populations. Given that the same method used by different authors

gave contradictory results, it is possible that the observed differences

derive from the set-up of a given method to detect SDF. In fact, SDF

data reported in independent cohorts from the same laboratory show

similar results.

Given thepaucity of dataon long-termeffect of antineoplastic treat-

ment in the literature, the objective of our study was to evaluate SDF
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with TUNEL assay coupled with flow cytometry in TGCT patients in an

up to 3-year longitudinal survey. We aimed to define the timing for the

recovery of sperm DNA damage and the proportion of patients with

SDD at 2 (T2) and 3 (T3) years from the end of therapy. In addition, we

analyzed SDF in the largest cohort of patients havingmatched samples

at the three different time-points.

2 MATERIALS AND METHODS

2.1 Subjects

We enrolled a total of 115 men affected by TGCT who underwent

orchifunicolectomy at the University Hospital of Careggi (Florence,

Italy) in the context of an onco-andrological follow-up every 12months

for up to 3 years. Only patients for whom we were able to analyze

SDF were included in the study; hence, severe oligozoospermic and

azoospermic patients were excluded. According to the testis histology,

66patientswere affectedbypure seminoma,while 49wereaffectedby

non-seminomatous germ cell tumor. Semen samples for SDFwere ana-

lyzed before therapy (T0) and 2 and 3 years after the end of therapy (T2
and T3, respectively). A total of 104 patients were treated with CT/RT,

whereas 11underwent active surveillance. For 56/104patients, semen

samples were available before therapy, and for 44/56, semen samples

were available at different post-therapy time-points (Figure 1). Due to

the sperm number request of TUNEL assay (at least 5 million sperma-

tozoa) and the drop out of some patients, only for 24/44 patients we

could perform a longitudinal follow-up including all time-points (T0–

T2–T3). Forty-eight out of 104 patients entered the study only 2 or 3

years (T2 or T3) after therapy (Figure 1).

The control groupwas composedof 79men recruited in the frameof

a previous European Academy of Andrology ultrasound study.30 All of

them achieved pregnancy within 12 months and were normozoosper-

mic according to the 5th percentile of the World Health Organization

(WHO) reference values.31

F IGURE 1 Flowchart illustrating the distribution of the
115 testicular germ cell tumor patients according to the type of cancer
treatment and the time-points when the sperm analysis took place.
The arrows connect the samples delivered by the same patient (paired
samples at different time-points). T0, before therapy; T2, 2 years after
the end of therapy; T3, 3 years after the end of therapy. The total num-
ber of individuals participating in the four different treatment groups
are as follows: 11 no cytotoxic therapy (NT), 32 carboplatin (CP),
56 bleomycin–etoposide–cisplatin (BEP), and 16 radiotherapy (RT).

TABLE 1 Patients’ distribution according to the treatment
regimen used in the entire cohort and in the paired longitudinal cohort

Number of patients

Treatment Regimen

Entire

cohort

(n= 115)

Paired longitudinal

cohort

(n= 24)

CP 1 cycle 22 6

2 cycles 10 3

BEP 1 cycle 9 5

2 cycles 20 3

3 cycles 22 4

4 cycles 4 –

6 cycles 1 –

RT 20Gy 12 3

36Gy 4 –

NT – 11 –

Abbreviations: BEP, bleomycin–etoposide–cisplatin; CP, carboplatin; RT,

radiotherapy; NT, no cytotoxic therapy; Gy, Gray.

The project was approved by the regional ethics committee for clin-

ical experimentations in Tuscany (ref. 27–11 and 2019-481), and writ-

ten informed consent for participationwas obtained fromeach subject.

2.2 Cancer treatment

Patients were treated according to the current international5 and

national guidelines (http://media.aiom.it/userfiles/files/doc/LG/2017_

LGAIOM_Testicolo.pdf) for testis cancer and were divided into four

groups according to the treatment received, that is, CP, BEP, RT, and

surgery only (no therapy, NT) (Table 1). RT was administered to the

lumbar-aortic lymph nodes, with shielding of the remaining testicle, at

a mean absorbed dose of 20 Gy (n= 12) or 36 Gy (n= 4).

2.3 Semen analysis

All semensampleswereobtained throughmasturbationafter2−7days

of sexual abstinence. After collection, samples were incubated at 37◦C

for 30−60 min for complete liquefaction and evaluated according to

the WHO guidelines.32 Apart from taking into consideration the total

sperm count (TSC), we also combined quantitative and qualitative fea-

tures and defined the following two sperm parameters: total motile

sperm count (TMSC) and total number of spermatozoa with typical

morphology (TTSC).

2.4 TUNEL/propidium iodide assay

SDF was determined on fresh semen samples of controls and patients

through TUNEL assay coupledwith flow cytometry and combinedwith
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nuclear staining using propidium iodide, which allows the exclusion

of semen apoptotic bodies. SDF has been determined as previously

described by Muratori et al.32 Sample measurements were acquired

using a FACScan flow cytometer (Becton Dickinson) equipped with a

15-m Wargon-ion laser for excitation. The inter- and intra-individual

variability of the method has been previously reported.32 In particu-

lar, themethod has an intra-individual coefficient of variation of 12.9%

(when the time interval between measurements is 12 months) and

14% (with a time interval of 2 years), as previously described by the

authors.32

2.5 Statistical analysis

Statistical analysiswas performedusing the SPSS 27.0.1 software (SPSS,

Chicago, IL, USA). Semen parameters and SDF values are not nor-

mally distributed (Kolmogorov–Smirnov test); therefore, descriptive

values are expressed as medians and interquartile ranges (IQR). The

Mann–Whitney U-test was used to make comparisons between dif-

ferent groups: (i) patients at T0 versus controls and (ii) patients at T0
versus T2 and T3 in the three treatment groups. The same compar-

isons were made in the paired longitudinal cohort using the Wilcoxon

signed-rank test for correlated samples. Fisher’s exact test was used to

make intergroup comparisons of the proportion of patients with SDF

higher than the threshold for SDD. A p-value <0.05 was considered

statistically significant.

3 RESULTS

3.1 Baseline comparison between patients
affected by TGCT and controls

The results concerning thebaselinevalues are reported inTable2. Prior

to oncological treatment, TGCT patients exhibited significantly lower

values for sperm concentration, TSC, TMSC, and TTSC than controls

(p < 0.001). On the contrary, similar values of SDF were observed in

the two groups, even after adjusting for age. Routine sperm param-

eters and SDF values showed no difference between the two TGCT

histotypes.

3.2 Effect of treatments on sperm DNA
fragmentation

3.2.1 Analysis of the entire study population

We analyzed the effect of three different treatment types in the entire

cohort of patients (n = 115): CP, BEP, and RT after 2 (T2) and 3

(T3) years from the end of the therapy. We observed a more evident

increase in SDF at T2 in those patients who received higher doses of

CT (CP 2 cycles or BEP 3 or 4 cycles); however, the difference was not

statistically significant (Table S1). Therefore, for further statistical anal-

ysis, patients receiving CT were divided into two groups, CP and BEP, T
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F IGURE 2 SpermDNA fragmentation (SDF) trend in the entire
cohort at the three time-points in the three cytotoxic treatment
groups. Bars indicatemedian values, boxes represent interquartile
intervals, and whiskers represent maximum andminimum SDF values
observed in the cohorts. T0, before therapy (excluding 11 patients who
did not underwent cytotoxic treatments); T2 and T3, 2 and 3 years
after the end of therapy, respectively. Different numbers of patients
were evaluated at each time-point—T0: 21 carboplatin (CP), 29
bleomycin–etoposide–cisplatin (BEP), and 6 radiotherapy (RT); T2: 27
CP, 37 BEP, and 13 RT; T3: 19 CP, 32 BEP, and 11 RT. *p< 0.05.

independent of the number of cycles received. In all three treatment

groups, we observed an improvement in routine semen parameters

such as TSC, TMSC, and TTSC at T2 and T3 with respect to pre-therapy.

Statistical significancewas obtained for TSC and TMSConly in the BEP

group (T0 versus T2, p < 0.05, Table S2A). Concerning SDF, by com-

paring pre- and post-therapy data, we observed higher median SDF

levels in patients at T2 than at T0, with statistical difference only in the

CP group. SDF at T3 decreased in all the three treatment groups, with

median values lower than T2. However, only CP and RT groups exhib-

ited a significant reduction in median SDF values at T3 with respect to

T2 (Figure 2 and Table S2A).

The comparison of patients after therapy versus cancer-free, fer-

tile normozoospermic controls showed that in all the three treatment

groups, patients had significantly higher SDF at T2 (Figure 2 and Table

S2A). At T3, no differences in SDF levels have been observed between

controls andpatients in all the three treatment categories (Figure2and

Table S2A).

In order to define putative SDD, we used an SDF threshold of 50%,

corresponding to the 95th percentile in controls. At T0, 8.9%; at T2,

23.4%; and at T3, 4.8% of patients exhibited SDD. With respect to T0,

we observed in all three treatment groups an increase in the propor-

tion of patients having SDD at T2, reaching statistical significance only

in the BEP group (T0 6.9% vs. T2 24.3%, p < 0.05). After 3 years from

the end of therapy, a reduction in patients with SDD was observed in

all groups being significant in the BEP group (T3 vs. T2, p < 0.05). How-

ever, three patients treatedwith three cycles of BEP showed SDDafter

TABLE 3 Proportion of patients belonging to the entire cohort,
showing severe DNA damage (SDD) at various time-points (pre- and
post-therapy)

nwith SDD/total n
(% patients with SDD)

Treatment groups T0 T2 T3

CP 2/21 (9.5) 5/27 (18.5) 0/19 (0)

BEP 2/29 (6.9) 9/37 (24.3) 3/32 (9.4)

RT 1/6 (16.7) 4/13 (30.8) 0/11 (0)

Note: SDD was defined as sperm DNA fragmentation >95th percentile in

the control group.

Abbreviations: BEP, bleomycin–etoposide–cisplatin; CP, carboplatin; RT,

radiotherapy; T0, before therapy; T2 and T3, 2 and 3 years after the end of

therapy, respectively.

3 years of therapy. No patientwith SDDwas observed in theCP andRT

cohorts (Table 3).

3.2.2 Analysis of the longitudinal cohort with
paired semen samples

We performed a subgroup analysis in 24 patients for whom SDF data

were available at all three time-points. In analogy to the entire cohort,

we observed an improvement in semen parameters at T2 and T3 in all

treatment groups without reaching statistical significance (Table S2B).

Regarding median SDF values in the two groups who received

CT (CP or BEP), we observed the same trend in the entire cohort:

median SDF values at T2 were higher than those at T0, while at T3,

they were similar to those at T0. However, statistical significance

(p < 0.05) was reached only in the CP and BEP groups when compar-

ing T2 versus T3 (Figure S1 and Table S2B). We could not perform any

statistics on the RT group because of the small number of patients

(n= 3).

At the individual level, when we compared T0 versus T2, only 4/9 of

the CP group, 6/12 of the BEP group, and 1/3 of the RT group showed

an increase in SDF. The remaining individuals had either lower or sim-

ilar values with respect to T0 (Figures S2–S4). Given that data on SDF

were available for each patient at all the three time-points, we were

interested in defining the proportion of patients who returned to base-

line SDF values after 2 or 3 years from the end of therapy. Overall,

45.8% of patients did not return to baseline at T2 and about 12.5%

of these patients still exhibited SDF values at T3 higher than T0. In

Figure 3, the proportion of patients returning to pre-treatment values

after CT is reported. In both CP and BEP groups, a similar percent-

age of patients did not normalize at T2, whereas at T3 only in the BEP

group were present patients with higher than T0 SDF values. In order

to evaluate whether clinical parameters may predict a higher risk for

“non-normalization” at T2, we analyzed the data as a function of body

mass index (BMI), age, tumor histotype, semen phenotype at base-

line, and type and number of cycles of CT (Table S3). No significant
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F IGURE 3 Evaluation of the proportion of patients with sperm
DNA fragmentation returning to pre-treatment values (≤T0) in the
paired cohort. Patients were divided according to the different
treatment categories: (A) after 2 years and (B) after 3 years from the
end of the therapies. BEP, bleomycin–etoposide–cisplatin; CP,
carboplatin; T0, before therapy; T2 and T3, 2 and 3 years from the end
of therapy, respectively. Radiotherapy was not included in the analysis
because of the limited number of individuals (n= 3).

associations were found with any of the above parameters, including

the type and number of cycles received.

Similar to the entire cohort, we defined the proportion of subjects

with SDD in this paired longitudinal group. The percentage of patients

with SDDwas 20.8% at T2, and themajority of themwere treated with

BEP. Interestingly, 1/5patientswith SDDatT2 showedSDDatT0,while

at T3, all the five patients presented an SDFvalue below50% (Figure 4).

4 DISCUSSION

The treatment of TGCT is based mainly on three types of anti-cancer

regimens, such as CP, BEP, and/or RT. Their anti-neoplastic effect is

exerted through the induction ofDNAdamage on actively proliferating

cells followed by their apoptosis. As a result, TGCT survivors experi-

ence a temporary disruption of spermatogenesis, especially in the first

year after the completion of therapy. However, after 2 years, there is

a substantial improvement of the quantitative and qualitative sperm

parameters.13,18,22,23,33 In our study, we also observed a progressive

F IGURE 4 SpermDNA fragmentation (SDF) trend over the
observation period in patients with severe DNA damage (SDF≥50%)
at T2. BEP, bleomycin–etoposide–cisplatin; CP, carboplatin; T0, before
therapy; T2 and T3, 2 and 3 years after the end therapy, respectively.

improvement of the TSC, TMSC, and TTSC during the observation

period up to 36months.

The recovery of spermatogenesis in the large majority of cases

allows couples to plan natural pregnancies instead of undergoing

assisted reproductive techniques with the cryopreserved samples.

However, concerns were raised about the genetic integrity of sperma-

tozoa after genotoxic treatments, especially based on the observations

about the persistence of increased aneuploidy rate and DNA fragmen-

tation in some patients up to 18/24 months.9–13 It is well known that

etoposide, a component of the BEP regimen, inhibits both topoiso-

merase II activity and the disjunction of recombinant chromosomes

and sister chromatids, leading to aneuploidy.35,36 On the other hand,

platinum-based drugs, that is, cisplatin and CP, and RT are known to

cause DNA strand breaks. Several authors proposed the evaluation of

SDFasabiomarker tomonitor sucheffectswith a follow-upusually lim-

ited to 24 months. Among the five studies that extended the survey to

3 years after therapy, three of themanalyzed overlapping cohorts,22–24

and in the other two papers, it is not possible to extrapolate the results

at T3 because the authors did not standardize the time-points after

therapy.18,25 Given the paucity of data on longer follow-up periods, our

main objectivewas to obtain novel insights into the persistency ofDNA

damage over 3 years. To this purpose we evaluated SDF by applying

TUNEL assay coupled with flow cytometry prior to and after 2 and 3

years from the end of cytotoxic therapy in a total of 115 patients.

Pre-therapy SDF values were similar between seminoma versus

non-seminoma patients, in accordance with other authors.25,28,29

Our results also support the majority of the studies based on

TUNEL13,23,27,28 and 5/11 studies based on SCSA,22-26 which reported

similar SDF levels in patients at T0 versus healthy controls. On the

otherhand, other SCSA- andall COMET-based studies13-19,21 reported

higher SDF values in patients with respect to controls. These dis-

crepancies may derive from differences in the methodologies and

their respective targets (double or single strand breakage, chromatin

integrity or susceptibility to denaturing agents) and clinical character-

istics of the controls (fertile and/or normozoospermic or volunteers

from the general population). Moreover, the analysis of fresh versus
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frozen semen samples may also influence the results. Indeed, in a pre-

vious study from our laboratory, we demonstrated that spermatozoa

from oncological patients have higher DNA damage after thawing in

respect to non-cancer patients, implying a higher susceptibility to ther-

mic shock in oncological patients.36 In our current study, in order to

obtain information on the genomic integrity of spermatozoa in the con-

text of natural conception, we analyzed fresh semen samples at all

time-points.

Concerning the effects of CT and RT on SDF, data in the litera-

ture clearly show that 1 year after the completion of treatment, SDF

values are significantly higher than T0, while data on T2 are more

heterogeneous.6 We therefore focused our attention on the long-term

effect of cancer therapies. Since sperm parameters and SDF values

were not significantly different between subgroups defined according

to the number of cycles of a given treatment (low vs. high dosage),

patients were divided into three treatment groups: CP, BEP, or RT. For

all the three treatment categories, we observed an increase in SDF at

T2 with respect to baseline, reaching statistical significance only in the

CP group. Data on the effect of CP are extremely scarce in the litera-

ture because there is only one Italian study reporting the effect of this

treatment without finding a significant difference between T0 versus

T2 and betweenCP andBEP at T2.27 We also found similarmedian SDF

values between CP and BEP, 36.2% (IQR 25.7–49.1) and 32.3% (IQR

26.3–50.5), respectively. Although there was no significant difference

between the three types of treatments at T2, the highest median SDF

values (43.6% [IQR28.1–61.5%])were observed in the13patientswho

underwent RT. This observation is in linewith other studies reporting a

higher impact of RTonDNA fragmentationwith respect toCTat differ-

ent time-points.23,25,29 As stated above, we did not observe significant

differences in SDF levels between patients receiving low doses versus

high doses of CT at T2. Ståhl et al.23 reported a similar finding after the

same 24-month interval. The effect of treatment intensity (1–2 cycles

vs. 3−4 cycles BEP) seems to be relevant only after a fewmonths from

the end of therapies, that is, significant increase in SDF was observed

when evaluated at T0 versus 3−6 months in patients receiving high

doses of BEP.29

When we compared the T2 values with a group of tumor-free, nor-

mozoospermic, fertilemen,we found a significantly highermedian SDF

level in all three treatment groups.O’Flaherty et al.14 has also reported

higher SDFvalues in patients treatedwithBEP than controls atT2, indi-

cating that the genotoxic effect of cancer therapiesmay extendover 24

months.Wewere therefore interested in defining spermDNA damage

after an additional year by extending the follow-up to T3.We observed

a reduction in median SDF levels at T3 compared to T2 in all the three

treatment categories, reaching statistical significance in the CP and

RT groups. Moreover, median SDF levels at T3 were not significantly

different from both baseline and controls.

One of the biggest challenges we are facing in this field is the dif-

ficulty to perform longitudinal studies with paired semen samples. In

fact, except for very few papers reaching up to 24 months of obser-

vation, the large majority of the literature is based on the analysis

of unmatched samples at different time-points with a risk of intrin-

sic biases.13,14,20,22–24,27,29 The analysis of median values derived from

a paired sample set (from T0 to T3) allows a more precise evaluation

of the treatment effect, and most importantly, allows us to define for

each individual the timing of the “normalization” of SDF values, that is,

the return to the baseline values. For this purpose, we selected from

the entire cohort those 24 patients for whom SDF values of pre- and

post-therapy (T2 and T3) were available. Although it is a relatively small

cohort, this is the largest one that has been evaluated in a 3-year post-

therapy survey. Indeed, in the literature, only threepatientswithpaired

samples were analyzed at T0, T2, and T3.23 In our selected cohort,

almost half of the patients (11/24) exhibited higher SDF at T2 than T0
and among them, except for three patients, all the remaining patients

returned to or below the pre-therapy levels at T3. Hence, at T3, only

12.5% (3/24) of patients displayed higher SDF values than T0, although

they showed an average 10%−14% decrease with respect to T2. Given

the progressive amelioration of DNAdamage also in these patients, we

can speculate that their SDF value will return to baseline within the

subsequent 12months.

In order to evaluate whether we can predict who is more suscep-

tible to a longer persistence of DNA damage, we compared patients

returning to baseline versus those who remained higher after 2 years

as a function of selected clinical parameters at diagnosis (age, BMI,

TGCT histotype, clinical and pathological stage, and semen phenotype)

and treatment regimens. None of the clinical parameters, including

treatment intensity, seems to be associated with an increased risk for

non-normalization of SDF values.

The evaluation of the median SDF values is useful for providing

a general notion about the persistence of post-therapy DNA dam-

age. If we consider the observed significantly higher median values

at T2 with respect to the control group, we should conclude that the

currently advised waiting time for natural pregnancy should be fur-

ther expanded. However, we should take into consideration the high

inter-individual variability, that is, about 50% of patients do not show

increased SDF at T2. In addition, for personalized counseling, it should

be important to define the severity of the post-therapy DNA damage.

For this purpose, we established an arbitrary threshold for putative

SDD corresponding to SDF values above the 95th percentile in con-

trols. A similar approach was taken by Bujan et al.13 who defined

SDD as the SDF value above the 90th percentile in controls. We

observed that 8.9% of patients had SDD before therapy, with a signifi-

cant increase to 23.4% (p = 0.033) in the second year after treatment.

Although numbers are low, the highest incidence of SDDwas observed

in the RT group (30.8%). Bujan et al.13 also found an increase from

11% at T0 to 15% at T2. After 3 years, SDD was observed in only 3/62

patients, and all of them were treated with three cycles of BEP. Unfor-

tunately, we do not have their SDF values prior to therapy; therefore,

it remains an open question, whether these patients have an intrinsi-

cally high DNA fragmentation or there is a longer persistency of the

genotoxic effect because of the higher doses of BEP. Concerning the

second option, it is worth noticing that the four patients belonging

to the paired cohort, who received three cycles of BEP, did not show

persistent DNA damage. In addition, interindividual differences may

also depend on the individual efficiency of the DNA repair machin-

ery. Among the three patients with persistent SDD, we did not identify
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shared clinical features that would distinguish them from the remain-

ing individuals. Patient with code CRR-116 was 35 years old and

affected by seminoma, while the other two were younger (25 and 27

years old) and had non-seminoma. CRR-116 was the only one with a

history of bilateral cryptorchidism and he was severely oligozoosper-

mic at T2 (TSC = 1.08 × 106 spermatozoa); hence, we were unable to

perform the TUNEL assay. For the other two patients, SDFwas already

above 50% at T2. Our results on the persistence of DNA damage even

after 3 years call for further investigation on larger study populations

with paired samples.

In conclusion, our results provide further evidence for the long-

lasting deleterious effect of cytotoxic treatment on the integrity of

sperm DNA. Currently, couples are advised to wait for 2 years from

the end of antineoplastic treatment before seeking natural pregnancy.

However, such a time interval might not be sufficient for all patients

because according to our data, SDD might persist for a longer period.

Hence, the analysis of SDF may represent a useful biomarker for the

detection of persistent genotoxic effects. Measuring this parameter at

T2 may help in personalizing pre-conceptional counseling on the use

of cryopreserved versus fresh spermatozoa, especially when SDD is

observed.

4.1 Limitations of the study

The main limitation of the study is related to the method. The TUNEL

assay coupled with flow cytometry requires a minimum of 5 million

spermatozoa to be performed, implying that severe oligozoospermic or

cryptozoospermic patients could not be included in the study. There-

fore, although the sperm concentration and TSC are significantly lower

in TGCT patients than in controls, we cannot provide information on

subjects with severely impaired spermatogenesis before and/or after

cytotoxic treatment.
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