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STUDY QUESTION: What is the impact of cancer or hematological disorders on germ cells in pediatric male patients?

SUMMARY ANSWER: Spermatogonial quantity is reduced in testes of prepubertal boys diagnosed with cancer or severe hematological
disorder compared to healthy controls and this reduction is disease and age dependent: patients with central nervous system cancer (CNS
tumors) and hematological disorders, as well as boys <7 years are the most affected.

WHAT IS KNOWN ALREADY: Fertility preservation in pediatric male patients is considered based on the gonadotoxicity of selected
treatments. Although treatment effects on germ cells have been extensively investigated, limited data are available on the effect of the
disease on the prepubertal male gonad. Of the few studies investigating the effects of cancer or hematologic disorders on testicular
function and germ cell quantity in prepuberty, the results are inconsistent. However, recent studies suggested impairments before the
initiation of known gonadotoxic therapy. Understanding which diseases and at what age affect the germ cell pool in pediatric patients
before treatment is critical to optimize strategies and counseling for fertility preservation.

STUDY DESIGN, SIZE, DURATION: This multicenter retrospective cohort study included |01 boys aged <14 years with extra-cerebral
cancer (solid tumors), CNS tumors, leukemia/lymphoma (blood cancer), or non-malignant hematological disorders, who were admitted for a
fertility preservation programme between 2002 and 2018.

PARTICIPANTS/MATERIALS, SETTING, METHODS: In addition to clinical data, we analyzed measurements of testicular volume and
performed histological staining on testicular biopsies obtained before treatment, at cryopreservation, to evaluate number of spermatogonia
per tubular cross-section, tubular fertility index, and the most advanced germ cell type prior to chemo-/radiotherapy. The controls were data
simulations with summary statistics from original studies reporting healthy prepubertal boys’ testes characteristics.

MAIN RESULTS AND THE ROLE OF CHANCE: Prepubertal patients with childhood cancer or hematological disorders were more
likely to have significantly reduced spermatogonial quantity compared to healthy controls (48.5% versus 31.0% prevalence, respectively).
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The prevalence of patients with reduced spermatogonial quantity was highest in the CNS tumor (56.7%) and the hematological disorder
(55.6%) groups, including patients with hydroxyurea pre-treated sickle cell disease (58.3%) and patients not exposed to hydroxyurea
(50%). Disease also adversely impacted spermatogonial distribution and differentiation. Irrespective of disease, we observed the highest
spermatogonial quantity reduction in patients <7 years of age.

LIMITATIONS, REASONS FOR CAUTION: For ethical reasons, we could not collect spermatogonial quantity data in healthy
prepubertal boys as controls and thus deployed statistical simulation on data from literature. Also, our results should be interpreted
considering low patient numbers per (sub)group.

WIDER IMPLICATIONS OF THE FINDINGS: Cancers, especially CNS tumors, and severe hematological disorders can affect
spermatogonial quantity in prepubertal boys before treatment. Consequently, these patients may have a higher risk of depleted
spermatogonia following therapies, resulting in persistent infertility. Therefore, patient counseling prior to disease treatment and timing of
fertility preservation should not only be based on treatment regimes, but also on diagnoses and age.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by Marie Curie Initial Training Network (ITN) (EU-FP7-
PEOPLE-2013-ITN) funded by European Commision grant no. 603568; ZonMW Translational Adult stem cell research (TAS) grant no.

1 16003002. No competing interests.
TRIAL REGISTRATION NUMBER: N/A.
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Introduction

The current 5-year survival rate for childhood cancer patients is over
80% (Robison and Hudson, 2014). As most patients survive into adult-
hood (Smith et al., 2010; Winther et al., 2015), disease and treatment
side effects, including fertility impairment, and timely fertility preserva-
tion are increasingly important (Magelssen et al., 2006; Nathan et dl.,
2008; Diller et al., 2009; Green et al., 2014).

For prepubertal boys, conditioning therapies for hematopoietic stem
cell transplantation, abdominal/pelvic radiotherapy, and high-cumulative
dose alkylating agent-based chemotherapy are major risks for germ cell
depletion and infertility (Poganitsch-Korhonen et al, 2017; Mulder
et al, 2021). These therapies are used in both cancer and non-
malignant hematological disorders patients (Loren and Senapati, 2019).
In addition, prepubertal boys with severe hematological disorders, i.e.
sickle cell disease (SCD), receiving hydroxyurea (HU) treatment to pre-
vent vaso-occlusive crises (Stukenborg et al., 2018; Portela et al., 2020;
Benninghoven-Frey et al., 2022), and the ones who do not receive HU
(Gille et al., 2021), were recently acknowledged to face germ cell loss
with possible long-term fertility consequences and are currently more
frequently counseled for fertility preservation.

Although gonadotoxicity has been extensively investigated, limited
data are available on the disease’s effect on prepubertal male gonad
development. Of the few studies investigating the effects of cancer or
a hematologic disorder on testicular function and germ cell quantity in
prepuberty (Crofton et al., 2003; Krawczuk-Rybak et al., 2012; Wigny
et al., 2016; Stukenborg et al, 2018), the results are inconsistent.
However, a few recent studies indicate impairments before initiation
of known gonadotoxic therapy (Wigny et al., 2016; Stukenborg et al.,
2018; Gille et al., 2021). Understanding which diseases at what age af-
fect the germ cell pool in pediatric patients before treatment is critical
to optimize strategies and counseling for fertility preservation.

Here, we determine disease effects on the quantity, distribution,
and differentiation of spermatogonia, the precursors of spermatozoa,
in the testes of boys diagnosed with cancer or a severe hematological
disorder prior to mainline treatment.

Materials and methods

Ethical approval

Ethical approvals came from the Dutch Central Committee on re-
search involving human subjects (CCMO) (approval NL27690.000.09),
Medical Ethics Review Committee of Amsterdam UMC (AUMC) (ap-
proval 2009-132), and the Universitair Ziekenhuis Brussel (approval
2000/149D) to use prepubertal tissue for research, with parents/
caregivers’ (and patients, if applicable) written informed consent.

Patients

Testicular tissue samples and clinical data from prepubertal boys aged
up to |4years, who participated in fertility preservation programmes
prior to chemo-/radiotherapy treatment at Amsterdam UMC
(AUMC) between 201 | and 2018 and Universitair Ziekenhuis Brussel
(UZB) between 2002 and 2017 were included. The older boys in our
cohort were offered testicular tissue cryopreservation, because they
could not produce an ejaculate. At AUMC, prepubertal boys were of-
fered fertility preservation before the initiation of known gonadotoxic
therapy, irrespective of the infertility risk. At UZB, only children at
high risk for infertility (above 80%), which was estimated based on the
selected treatment, were included in the fertility preservation pro-
gramme. Prepubertal patients considered to be at high risk of infertility
include the ones receiving high-dose alkylating and platinum-based
agents, total body irradiation, or testicular radiotherapy, yet the criteria
are not strictly established (Goossens et al., 2020; Delgouffe et al.,
2022).

At both centers, children with a history of testicular torsion or
cryptorchidism or with testicular malignancies were excluded from the
fertility preservation programmes. Testicular malignancies were ex-
cluded because of the risk of reintroducing cancer cells during auto-
transplantation of the testicular biopsy and because testicular malignan-
cies are known to negatively affect gonadal function (Petersen et al.,
1998) and can possibly negatively affect future fertility treatment.
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Patients diagnosed with Klinefelter syndrome were also excluded from
this study.

Clinical data, classification and grouping

Patient data were identified through AUMC and UZB records, includ-
ing age at time of testicular biopsy, testicular volume by ultrasound,
SD of height- and weight-for-age z-score (WHO, 2006), general health
condition, potential pre-treatment, and disease diagnosis. Based on di-
agnoses, we classified patients into four groups: extra-cerebral cancer
(solid tumors), central nervous system cancer (CNS tumors), leukemia
and lymphoma (blood cancer), and non-malignant hematological
disorders.

We analyzed the patient data in the age groups 0 to <4, 4 to <7,
7 to <Il, and || to <l4years, to reflect the prepubertal testicular
and germ cell developmental periods, namely, gonocyte differentiation
into spermatogonia and dispersion throughout elongating seminiferous
tubules; proliferation of spermatogonia to populate the testes; gradual
maturation of somatic testicular environment; and finally Sertoli cell
maturation allowing for spermatogonial differentiation into spermato-
cytes and later spermatids, respectively (Masliukaite et al., 2016).

Tissue preparation and
immunohistochemistry

Following testicular biopsy, a portion of fresh tissue was fixed in
formalin-based fixative for the UZB samples (VWR International,
Leuven, Belgium) or diluted Bouin’s or modified methacarn (Jan et dl.,
2017) for the AUMC samples and embedded in paraffin. For immuno-
histological analysis to identify spermatogonia, 5pum thick sections
were dewaxed, rehydrated, and washed in PBS. Endogenous peroxi-
dase was blocked with 0.3% (v/v) hydrogen peroxide in methanol
(Merck KGaA, Darmstadt, Germany), and heat-mediated antigen re-
trieval was performed in 0.0 M citric acid (pH 6.0; J.T.Baker, NJ,
USA). Sections were blocked against non-specific binding with 4% nor-
mal goat serum (Tebu-bio, Boechout, Belgium) or Superblock (SkyTek
laboratories, UT, USA) and incubated with the primary antibody
against MAGE-A4 (mouse monoclonal anti-melanoma-associated anti-
gen 4, 1:100-1:200; gift from Dr. Spagnoli), which is a specific marker
for spermatogonia (bright immunostaining) (Takahashi et al., 1995),
overnight at 4°C. Following washing, sections were incubated with a
peroxidase-conjugated anti-mouse antibody (Dako, Heverlee, Belgium
or Immunologic, Duiven, The Netherlands) for | h. Staining was visual-
ized with 3,3'-diaminobenzidine (Dako or Immunologic) as chromogen
and hematoxylin as counterstain.

Determining spermatogonial quantity,
distribution and differentiation

Two or more sections of each sample, at least 25 pm apart, were ana-
lyzed by microscope (Olympus X8 or BX4l, Tokyo, Japan).
Between 30 and 100 round/oval shaped tubular cross-sections
(tubules with a diameter maximum 1.5 times the perpendicular diame-
ter) (Ntemou et al., 2019) per patient were analyzed to quantify sper-
matogonia per tubular cross-section (S/T) by counting MAGE-A4°mE
germ cells at the basal membrane of the seminiferous tubules. To ana-
lyze the distribution of spermatogonia in the testes, the percentage of

tubular cross-sections containing spermatogonia, namely the tubular

fertility index (TFIl), was recorded. To analyze the differentiation capac-
ity of spermatogonia, the most advanced germ cell type for each pa-
tient was noted.

Control data, simulation and modeling

Considering we could not collect S/T data from healthy prepubertal
boys as controls for ethical reasons, we simulated control S/T values
(n=310) using the summary statistics (age group range and the num-
ber of subjects, and S/T mean and SD) from original studies
(Hedinger, 1982; Paniagua and Nistal, 1984; Hadziselimovic et dl.,
1987; Cinti et al, 1993) that were selected in a systematic literature
review and meta-analysis (Masliukaite et al., 2016) as reporting sper-
matogonial quantity throughout healthy prepuberty (thus excluding
children with cryptorchidism, testicular tumors, or other health condi-
tions that might influence spermatogenesis).

Control data simulations were performed in R (386 3.5.1; R
Foundation for Statistical Computing, Vienna, Austria) using general
functions and the ‘truncnorm’ package. ‘Truncnorm’ creates a
requested spreading of subjects to fit the original study mean and SD
per each age group (Supplementary Data File SI). In this way, even
though we could not obtain the original datasets, we created a simu-
lated dataset with the same summary statistics for each parameter of
interest (spermatogonial quantity, TFl, and testicular volume) from each
original study. We then pooled the simulated data from different stud-
ies together to form a control dataset (model). To account for model
uncertainty, data simulation was repeated to create five independent
control datasets (models): each having different subject distribution
within the SD. To validate the models, we plotted these simulated con-
trols of spermatogonial quantity against the regression fit with 95% ClI
from meta-analysis (Masliukaite et al., 2016) and indicated the four age
groups used in this study (Supplementary Fig. SI). When performing
statistical analysis, a statistical significance was only considered when the
difference between samples and controls was significant within at least
4 out of 5 control models. If the observed significant difference was re-
peated in the majority of models, the likelihood of such significant differ-
ence in the original dataset was regarded as highly likely.

Similarly, we simulated testicular volume control values based on
data available from healthy Dutch boys (Goede et al., 201 1; Joustra
et al, 2015) and TFl control values based on summary statistics in
boys without known health conditions affecting testes histology
(Farrington, 1969; Paniagua and Nistal, 1984).

Finally, control data on germ cell differentiation were based on a de-
scriptive study of healthy prepubertal boys’ autopsies, excluding cases
with testicular or endocrine pathologies or samples with complete
spermatogenesis (Nistal and Paniagua, 1984), with no data simulation.

Calculating the prevalence

We deployed age-specific S/T normative values (Masliukaite et dl.,
2016) to calculate the prevalence of patients having reduced spermato-
gonial quantity. We selected a lower limit of 95% Cl of the normative
reference curve as the cutoff for S/T below the normative quantity and
calculated the proportion of patients falling below this cutoff. In the
same way, we estimated the prevalence of decreased spermatogonia in
the simulated S/T controls in all five models separately.
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Statistical analysis

Statistical analysis for baseline characteristics used a Pearson chi-square
test between different disease groups per variable. To evaluate the dis-
ease effect on spermatogonial quantity throughout prepuberty, we
assessed patients’ likelihood of having spermatogonial quantity below
the normative cutoff value by performing Fisher’s exact test comparing
the prevalence of patients versus controls having reduced spermatogo-
nial quantity. We repeated the testing five times with each simulated
control dataset and compared the patient data with each simulated
control dataset per disease group and per selected age group using an
independent sample T-test or Mann—Whitney U test as appropriate;
we repeated the latter analysis with testicular volume and the TFl vari-
ables. All analyses were performed using SPSS (v24.0.0.1; IBM corp.,
NY, USA), and P < 0.05 was set for significance.

Results

Patient data included in the study

A total of 130 prepubertal boys were included in fertility preservation
programmes prior to gonadotoxic cancer therapy at AUMC and UZB
and underwent testicular biopsy (Supplementary Fig. S2). For 12]
(93%) patients, a small fragment of their testicular tissue was analyzed
(S/T, TFl and most advanced germ cell type), while from nine patients
no tissue was processed for histological analysis. In 20 cases, we could
not count S/T because the testicular sample’s morphology was dam-
aged, or the material was insufficient to evaluate >30 cross-sections of
seminiferous tubules. The data of |0l patients (78%) with sufficient
material to count MAGE-A4 positive spermatogonia were included in
the analysis.

Patient characteristics

Among the 10l included cases, 34.7% had solid tumor, 29.7% CNS
tumor, 17.8% blood cancer, and 17.8% hematological disorder
(Table I). Rhabdomyosarcoma and Ewing sarcoma patients comprised
60.0% of the solid tumor group. Medulloblastomas were the most fre-
quent in the CNS tumor group (43.3%) and Hodgkin's lymphoma in
the blood cancer group (27.8%). In all three cancer groups, most pre-
sented without metastatic disease (68.6% in solid tumor, 83.3% in
CNS tumor, and 77.8% in blood cancer patients). Of the CNS tumor
patients, 73.3% had hydrocephalus at diagnosis, and 53.3% had tumors
in the posterior fossa area. All patients with posterior fossa tumors
had hydrocephalus (n=16). In the hematological disorders group,
SCD was the most common diagnosis (66.7%). All SCD patients were
treated with HU 25 mg/kg/day until the day before biopsy. The mean
patient age at diagnosis (+SD) was 7.3 £4.1 years (range 0.5-14.0).
Most patients had normal height (80.2%) and weight (81.2%) for their
age, and 54.5% displayed no general health problems (i.e. nausea,
vomiting, unwillingness to eat, headaches, tiredness, irritability, neuro-
logical symptoms, fever, infections, or endocrine problems). We found
no differences in age at diagnosis between all four disease groups or
between patient frequency counts in the SD of height- and weight-for-
age z-score categories or general health condition categories between
the cancer groups.

Prevalence and likelihood of patients with
reduced spermatogonial quantity

In general, patients were more likely to have reduced S/T quantity
compared to the simulated controls: 48.5% versus 31.0%, respectively
(P<0.05) (Table Il, based on simulated Model | (Supplementary
Table SI and Fig. 1)). This was also true when HU pre-treated patients
were excluded from the patient cohort (47.2% versus 31.0%,
P < 0.05). This trend was confirmed throughout five simulation models
(Supplementary Table SI). In addition, 2.0% of the patients (or 1.1% of
patients when HU-pretreated cases were excluded) had complete ab-
sence of spermatogonia compared to 0.6—1.0% in the control simula-
tion models (significance calculations were omitted owing to the low
number of cases) (Supplementary Table SII). Per disease group, CNS
tumor and hematological disorder patients were more likely to present
with reduced S/T quantity compared to simulated controls (P < 0.05
in 5/5 models and P<0.05 in 4/5 models, respectively), with the
highest prevalence of reduced S/T quantity in HU-treated SCD
patients (58.3%).

Testicular volume, spermatogonial

quantity, distribution and differentiation

per age group

As testicular development depends on prepubertal boys’ age, we com-
pared testicular volume, S/T and TFI per age group (04, 4-7, 7-11,
and | 1-14years) with the control data in five simulation models. The
mean testicular volume in all patient and age groups was comparable
to the simulated controls (Table Ill), yet it is important to mention
that testicular volume data were missing for all SCD patients.

However, the average S/T was significantly lower at 0—4years
(P<0.00! in 5/5 models) and at 47 years (P<0.00! in 5/5 models)
in our patient cohort compared to the simulated controls. The mean
TFl was reduced in patients compared to simulated controls for age
groups up to | | years old (P < 0.05; in 5/5 models for age groups 0—4
and 7—1 1 and in 4/5 models for 4—7 years). All these results remained
unchanged when HU-pretreated cases were excluded from the analy-
sis (Table Il).

We also compared testes volume, S/T, TFl, and the most advanced
germ cell type per age group in each disease group. No significant dif-
ferences were found in testis volume in any age group compared to
the controls (Table lll). The patient group with solid tumors was the
least affected group with regards to S/T, TFl, or germ cell develop-
ment. The CNS tumor patients had significantly reduced S/T and TH
compared to the controls between ages 0—4 (P < 0.05 and P<0.001
in 5/5 models, respectively) and 4—7years (P < 0.001 in 5/5 models
and P<0.05 in 4/5 models, respectively). The blood cancer patients
were mostly affected in S/T and TFl compared to the controls at ages
4—7years (P<0.05 in 4/5 models and P<0.05 in 5/5 models, re-
spectively). The hematological disorder patients had severely reduced
S/T and TFl compared to the controls at ages 0—4 years (P < 0.05 and
P=0.001 in 5/5 models, respectively). When this group was split in
HU-treated and non-treated sub-groups, the sample numbers became
too low to perform statistical calculations, but the same trend of
results remained. In the aforementioned patient groups per age group
where S/T reduction was significant, TFl below 50% was recorded.
When comparing the most advanced germ cell development for each
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Table I Baseline characteristics in prepubertal boys admitted to fertility preservation programmes at AUMC and UZB.

Baseline characteristic

Diagnosis
Rhabdomyosarcoma
Ewing sarcoma
Osteosarcoma
Soft tissue sarcoma
Hepatoblastoma
Neuroblastoma
Nasopharyngeal carcinoma
Medulloblastoma
Extragonadal germ cell tumor
Glioma
Ependymoma
Brain tumor (unspecified)

Astrocytoma

Intracranial CNS tumor located parieto occipital

Hodgkin’s lymphoma
ALL
Non-Hodgkin’s lymphoma
AML
Histiocytosis
Lymphoma (unspecified)
MDS
Sickle cell disease
Granulomatous disease
Idiopathic medullary aplasia
Inherited bone marrow failure syndrome
Primary immune deficiency
Severe aplastic anemia
Thalassemia
Metastatic disease
Present
Absent
Missing data
Hydrocephalus at diagnosis
Present
Absent
Missing data
Fossa tumor
Present
Absent
Missing data

Hydroxyurea pre-treatment

Disease group

Total Solid tumors  CNS tumors Blood cancers Hema-tological P
(n=101) (n=35) (n=30) (n=18) disorders (n = 18)
No. % No. % No. % No. % No. %
13 129% 13 37.1% — — — — — — NA
8 7.9% 8 22.9% — — — — — —
5 5.0% 5 14.3% — — — — — —
4 4.0% 4 I'1.4% — — — — — —
2 2.0% 2 5.7% — — — — — —
2 2.0% 2 5.7% — — — — — —
| 1.0% | 2.9% — — — — — —
13 129% — — I3 433%  — — — — NA
5 50% — — 5 16.7%  — — — —
5 50% — — 5 16.7%  — — — —
3 3.0% — — 3 10.0%  — — — —
2 20% — — 2 6.7% — — — —
| 1.0% — — | 3.3% — — — —
| 1.0% — — | 3.3% — — — —
5 50% — — — — 5 27.8% — — NA
4 4.0% — — — — 4 22.2% — —
3 3.0% — — — — 3 16.7% — —
2 20% — — — — 2 I1.1% — —
2 20% — — — — 2 I1.1% — —
| 1.0% — — — — | 5.6% — —
| 1.0% — — — — | 5.6% — —
12 11.9% — — — — — — 12 66.7% NA
| 1.0% — — — — — — | 5.6%
| 1.0% — — — — — — | 5.6%
| 1.0% — — — — — — | 5.6%
| 1.0%  — — — — — — | 5.6%
| 1.0% — — — — — — | 5.6%
| 1.0% — — — — — — | 5.6%
— — I 31.4% 4 13.3% 2 I1.1% — — 0.145
— — 24 68.6% 25 83.3% 14 77.8% — —
— — 0 0.0% | 3.3% 2 I1.1% — —
— — — — 22 733%  — — — — NA
— — — — 7 233%  — — — —
— — — — | 3.3% — — — —
— — — — 16 533% — — — — NA
— — — — 30.0%  — — — —
— — — — 5 16.7%  — — — —
— — — — — — — — 6 33.3% NA

None

(continued)
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Table | Continued

Total Solid tumors CNS tumors Blood cancers Hema-tological P
(n=101) (n=235) (n=30) (n=18) disorders (n = 18)
Baseline characteristic No. % No. % No. % No. % No. %
25 mg/kg/day — — — — — — — — 12 66.7%
Age at diagnosis (year)
04 31 307% 13 37.1% 10 33.3% 4 22.2% 4 22.2% 0.962
4-7 17 168% 5 14.3% 16.7% 3 16.7% 4 22.2%
7-11 33 327% 11 31.4% 26.7% 7 38.9% 7 38.9%
[1-14 20 198% 6 17.1% 23.3% 4 22.2% 3 16.7%
Height (SD)
Stunted (<—2 SD of z-score) 2 2.0% — — — — | 5.6% I 5.6% 0.114*
Normal (—2 SD to 2 SD of z-score) 8l 80.2% 35 100.0% 27  90.0% 16 88.9% 3 16.7%
Over (>2 SD of z-score) 2 2.0% — — 2 6.7% — — — —
Missing data 16 15.8% — — I 33% | 5.6% 14 77.8%
Weight (SD)
Underweight (<—2 SD of z-score) | 1.0% — — I 3.3% — — — — 0.580%*
Normal (—2 SD to 2 SD of z-score) 82 8l.2% 33 94.3% 27 90.0% 17 94.4% 5 27.8%
Overweight (>2 SD of z-score) 3 3.0% 2 5.7% I 3.3% — — — —
Missing data 15 149% — — I 3.3% | 5.6% 13 72.2%
General health
Affected 16 158% 5 4.3% 7 23.3% 2 I11.1% 2 I1.1% 0.485*
Not affected 55 54.5% 27 77.1% 18 60.0% 10 55.6% — —
Missing data 30 297% 3 8.6% 5 16.7% 6 33.3% 16 88.9%

Disease group

P is significant if <0.05 as measured by Pearson’s chi-square test comparing patient distribution between different disease groups per category of a variable.
*Hematological disorders group was excluded from comparison due to the large number of missing values.
CNS, central nervous system; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MDS, myelodysplastic syndromes; NA, not applicable; AUMC, Amsterdam UMC;

UZB, Universitair Ziekenhuis Brussel.

age group per disease group, the differentiation of spermatogonia into
spermatocytes and spermatids was not observed even at ages |-
|4years in the hematological disorders group, as opposed to healthy
controls where spermatocytes were seen from the age group 7-—
|l years onwards (Fig. 2).

Discussion

We demonstrated that spermatogonial quantity is likely to be reduced
in the testes of prepubertal boys diagnosed with cancer or a severe
hematological disorder compared to healthy controls and that the re-
duction appears to be disease dependent. Patients with CNS tumors
and hematological disorders were most affected (56.7% and 55.6%, re-
spectively), with the highest prevalence in HU-treated SCD patients
(58.3%) in the latter group. Our findings complement previous evi-
dence that testicular function in pediatric cancer patients is already al-
tered prior to treatment (Wigny et al., 2016; Stukenborg et al., 2018).
The highest reduction in spermatogonial quantity was in the youngest
patient groups (0—4 and 47 years). The disease adversely impacted

spermatogonial quantity, distribution (TFl), and differentiation (most
advanced germ cell type); these effects differed per disease group and
age group similarly to the prevalence.

The pathophysiology and pathogenesis per disease group may be at-
tributed to spermatogonial quantity reduction. In patients with solid
tumors, tumor location outside the CNS and not near the pituitary or
gonads, as recorded in most of the patients, could be the main factors
for the least adverse outcome. In contrast, physical brain changes in
CNS tumor patients, such as hydrocephalus, may impact endocrine
regulation, affecting testicular function and the germ cell pool. Lin and
Riva-Cambrin (2015) note that approximately 70-90% of patients with
a posterior fossa tumor present with hydrocephalus at diagnosis, as in
our cohort (100%, n= 16). Increased intracranial pressure from hydro-
cephalus could be a possible cause of hypothalamic—pituitary dysfunc-
tion in pediatric patients (LoppSnen et al., 1998). In the blood cancer
group, reduction in spermatogonial quantity may be attributed to the
disease’s systemic effects (Magelssen et al., 2006), such as overproduc-
tion of pro-inflammatory cytokines or impaired oxygen and nutrient
transport to target organs. Among Hodgkin’s disease patients, fever is
thought to be associated with increased cases of infertility (Rueffer
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Table Il The prevalence of patients with reduced spermatogonial quantity within each disease group and sub-group com-

pared to simulated controls.

Patients with decreased S/T (below reference 95% CI?)

n cases

% per (sub)group

OR (95% CI)

Simulated controls® (n=310)
Patients total (n=101)
Patients excluding HU treated (n = 89)
Patients per disease group
Solid tumors (n = 35)
CNS tumors (n = 30)
Blood cancers (n=18)
Hematological disorders (n= 18)
Patients per hematologic disorders sub-group
HU-treated SCD (n= 12)
Non-treated other diagnosis (n = 6)

14
17

10

40.0%
56.7%
44.4%
55.6%

58.3%
50.0%

2.1 (1.3-33)
2.0(1.2-32)

1.5 (0.7-3.0)
2.9 (1.4-6.2)
1.8 (0.7-4.7)
2.8 (1.1-7.3)

3.1 (1.0-10.1)
2.2 (0.4-11.2)

<0.05**
<0.05%*

0.25-0.45
<0.05%*

0.19-0.31

0.03-0.07*

0.05-0.11
0.37-0.40

*The prevalence of cases below 95% Cl of normative values as in Masliukaite et al. (2016).

®Values from simulated Model |.

P values from five models when the prevalence of patients having reduced S/T were compared to simulated controls having reduced S/T.
S/T, spermatogonia per tubular cross-section; OR, odds ratio when prevalence in patients were compared to prevalence in simulated controls in Model |; CNS, central nervous sys-

tem; HU, hydroxyurea; SCD, sickle cell disease.
**Significance in 5/5 models.
*Significance in 4/5 models.

& mean/ median where dot size is proportional to n
] : o
= = regression fit
@ 95% confidence interval
g ! Masliukaite et al,, 2016
"‘3 non-malignant
A O solid extra-cerebral cancer B hematological disorder o
& i | (not treated with HU)
@ o © solid cerebral cancer An-FalighatE -
o A hematologic cancer B hematological disorder
- (treated with HU) o
o & =
= =
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Figure |. Spermatogonia per tubular cross-section in a patient population with cancer or hematological disorders and in simu-
lated control datasets. S/T per patient per disease category and per hydroxyurea (HU) treatment against the reference values of spermatogonia
per tubular cross-section in healthy prepubertal boys from the meta-analysis (Masliukaite et al., 2016). The vertical marking divides the graph to age

groups of 0—4, 4-7, 7—1 1, and | [-14 years.
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Table IIl Spermatogenic parameters per age group per disease group.

Number of spermatogonia (S/T) Testes size (ml) TFI (%)
Mean SD n (missing) P rangeb Mean SD n (missing) P rangeb Mean SD n (missing) P rangeb
Simulated controls®
04 2.17 .34 143 0.51 0.12 133 51.64 11.72 55
4-7 2.40 1.08 63 0.62 0.2 135 67.37 10.29 38
7-11 2.4| 1.06 6l 0.96 0.64 224 76.11 20.62 62
I1-14  6.76 4.46 43 3.6l 2.92 152 86.40 11.83 10
Patients per age group
Total patients
04 1.37 0.90 31 <0.001** 0.55 0.24 19 (12) 0.21-042 5165 2376 31 <0.05%*
4-7 |.43 0.78 17 <0.001** 0.67 0.41 I'1(6) 0.64-0.74  51.88  22.2I 17 <0.05*
7-11 2.13 I.61 33 0.18-0.47 1.09 0.74 18 (15) 0.16-0.46  57.62 2626 33 <0.001**
I1-14 7.4l 5.57 20 0.43-0.79 3.68 2.47 13(7) 0.75-0.99  75.05  29.64 20 0.02-0.42
Total patients without HU exposure
04 [.41 0.89 30 <0.001** 0.55 0.24 19 (12) 0.21-042  53.07 2279 30 <0.05%*
4-7 [.31 0.81 13 <0.001** 0.67 0.41 I'1(6) 0.64-0.74  46.62  21.45 13 <0.05%*
7-11 2.30 1.59 27 0.34-0.88 1.09 0.74 18 (15) 0.16-0.46 61.89 2137 27 <0.05%*
I1-14 745 5.72 19 0.43-0.79 3.68 2.47 13 (7) 0.75-0.99 7400  30.07 19 0.02-0.32
Patients per age group per disease group
Solid tumors
04 |.64 0.91 13 0.12-0.18 0.55 0.11 I (2) 0.04-0.21 62.00 19.64 13 0.46-0.89
4-7 1.60 I.14 5 0.06-0.11 0.86 0.56 5 0.38-0.46 5340 23.64 5 0.16-0.63
7-11 2.50 |.88 I 0.58-0.63 0.97 0.37 8(3) 0.23-0.50  62.73 19.90 I <0.05%*
I1-14  6.20 4.02 6 0.52-0.96 427 2.4 5(1) 0.36-0.58 7400  36.62 6 0.27-0.96
CNS tumors
04 1.22 0.52 10 <0.05%* 0.58 0.47 5(5) 0.25-0.43  47.80 16.05 10 <0.001**
4-7 0.90 0.56 <0.001** 0.51 0.15 5 0.11-0.24  39.00  25.05 <0.05*
7-11 2.10 |.54 0.11-0.18 1.43 [.21 6(2) 0.25-0.40 5588  21.76 8 <0.05*
I1-14  7.03 7.06 7 0.46-0.76 2.94 2.55 7 0.26-0.52  66.71 36.12 7 0.09-0.60
Blood cancers
04 1.67 |.46 4 0.40-0.43 0.53 0.25 2(2) 0.89-0.99 5550 3545 4 0.41-0.61
4-7 1.50 0.21 3 0.02-0.06* 0.56 — 1(2) — 48.00 .14 3 <0.05%*
7-11 2.13 1.42 7 0.47-0.64 0.83 0.14 4(3) 0.63-0.93  63.57 2430 7 0.02-0.07
I1-14 10.67 7.02 4 0.17-0.33 6.00 — I 3) — 80.00 15.08 4 0.20-0.84
Hematological disorders
04 0.55 0.71 4 <0.05%* 0.50 — I 3) — 2375 2244 4 <0.001**
4-7 |.84 0.55 4 0.14-0.32 — — (4) — 69.00 16.71 4 0.44-0.92
7-11 1.59 1.59 7 0.26-0.39 — — (7) — 45.66  40.20 7 0.07-0.10
I1-14 637 1.8l 3 0.58-0.88 — — 3) — 90.00 10.44 3 0.37-0.94
Hematological disorders patients per age group by HU exposure
HU treated
04 0.16 — | — — — ) — 9.00 — | —
4-7 |.84 0.55 4 0.14-0.32 — — (4) — 69.00 16.71 4 0.44-0.70
7-11 1.37 |61 6 0.10-0.97 — — (6) — 3843 3874 6 <0.05%*
I1-14  6.62 — | — — — (h — 95.00 — | —
Non-treated
04 0.68 0.8l 3 0.04-0.06 0.50 — 1 (2) — 28.67 247 3 <0.05%*
4-7 — — — — — — — — — — — —

(continued)
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Table Ill Continued

Number of spermatogonia (S/T) Testes size (ml) TFI (%)
Mean SD  n(missing) Prange® Mean SD n(missing) Prange® Mean SD n (missing) P range®
7-11 2.96 — | — — — ) — 89.00 — | —
[1-14 625 2.54 2 0.69-1.00 — — 2 — 87.50 13.44 2 0.58-1.00
*Values from simulated Model |.
5P values from five models when simulated controls were compared to patient data.
CNS, central nervous system; HU, hydroxyurea; S/T, spermatogonia per tubular cross-section; TFl, tubular fertility index.
**Significance in 5/5 models.
*Significance in 4/5 models.
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Figure 2. Most advanced germ cell type by age group and disease group. Most advanced germ cell type in prepubertal boys at the time of
testicular biopsy (prior to mainline therapy) per age group for each disease group (years) compared with age-matched controls. Numbers inside bars
represent the number of patients. Control values in healthy prepubertal boys are from Nistal and Paniagua (1984) where spermatocytes and sperma-

tids are presented in one category. SCO, Sertoli cell only; CNS, central nervous system.
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et al, 2001). Based on studies in cryptorchid patients, the increase in
testicular temperature (Mieusset et al., 1993) could be associated with
cellular, histologic, and hormonal changes in the testis that further im-
pair spermatogenesis and fertility. Thus, systemic effects of the disease
in prepubertal boys could be linked to the development of a subopti-
mal testicular environment, disturbing the germ cell pool and, as docu-
mented in adult blood cancer cases, inducing tubular hyalinization and
Sertoli and Leydig cell atrophy or degeneration (Chapman et dl.,
1981). This hypothesis is supported by studies reporting germ cell loss
and impaired fertility in adult blood cancer patients (Chapman et dl.,
1981; Rueffer et al., 2001; Sieniawski et al., 2008). Concurrently, in pe-
diatric patients, germline mutations might be another factor contribut-
ing to germ cell loss. Recent studies have demonstrated that up to
10% of children who develop cancer may have a predisposition owing
to germline mutations, including pathways of DNA repair, RASopathy,
telomeropathy, or a recognized syndrome (e.g. the Li Fraumeni syn-
drome) (Zhang et dl., 2015). For instance, 9% of patients with acute
myeloid leukemia carry potential pathogenic variants (VWartiovaara-
Kautto et al., 2018). One of the most frequent mutations in children is
the germline GATA2 mutation, which causes a high propensity for my-
eloid diseases (Hasle, 2016). The GATA2 germline mutation causes
several diseases, including monocytopenia, congenital deafness, lymph-
edema (Hasle, 2016), and also affects cell response to androgens (He
et al., 2014) required for normal testicular development.

The hematological disorders group in our study, primarily SCD
patients, often presented with severely reduced and focally distributed
spermatogonia. This indicates the poor prognosis of spermatogenic re-
covery even after several years of follow-up (Wallace et al, 1991;
Masliukaite et al., 2016). We also noted that hematological disorder
patients presented with delayed maturation of the seminiferous epithe-
lium, shown by the absence of spermatocytes and spermatids up to
the age of |4years. This concurs with the previously described ~2-
year delayed sexual maturation in SCD patients (Zemel et al., 2007).
Such adverse outcomes may be associated with hypothalamic—pitui-
tary—gonadal axis dysfunction, altered spermatogenesis-relevant growth
factor production, germline mutations, or, in SCD patients, vaso-
occlusion (Sieniawski et al., 2008; Hofmann, 2015). Furthermore, SCD
patients, who all received HU pre-treatment, had the highest preva-
lence of reduced spermatogonial quantity (58.3%) compared to other
hematological diseases not receiving HU (50.0%). Our results are in
accordance with previously published results on decreased spermato-
gonial quantity in prepubertal HU-treated SCD patients (Stukenborg
et al, 2018; Benninghoven-Frey et al., 2022). The HU mechanism of
action involves inhibition of DNA synthesis and induction of cell cycle
arrest or apoptosis in the S-phase (Timson, 1975), possibly contribut-
ing to observed germ cell reduction. Studies in adult men show re-
duced sperm counts following HU administration (Debaun, 2014) and
a possibility of a spermatogenic recovery upon HU withdrawal (Grigg,
2007; Stukenborg et al., 2018). However, a recent study in prepuber-
tal patients could not find an effect on spermatogonial numbers when
comparing SCD patients with or without HU treatment (Gille et dl.,
2021), showing that the decrease in germ cell numbers is also related
to the disease itself. Although it is unclear if the SCD or the treatment
causes this effect in our patient cohort owing to the low number of
patients, we hypothesize that it is a combination of both, yet the effect
of the HU is not much stronger than the effect of the disease itself.
More research in large cohorts is required to reach a definite

conclusion on the effect of HU on spermatogonial quantity in perpub-
erty, taking into account the possible functional recovery of synchro-
nized spermatogonia upon HU withdrawal.

Finally, irrespective of the disease, we showed for the first time that
the patients aged 0—4 and 4—7 years were predominantly prone to re-
duced spermatogonial quantity compared to the normative reference
values. Early age periods are highly important in testicular develop-
ment, as proliferation of Sertoli cells, gonocyte migration and differenti-
ation to spermatogonia, spermatogonial proliferation, and interstitial
cell development set the basis of adult testis structure and function
(Mancini et al, 1960; Paniagua and Nistal, 1984; Masliukaite et dl,
2016; Allen et al., 2018). Whether these processes are compromised
by germline mutations or by early adverse general biological conditions
caused by the disease, e.g. changes in metabolism, hormonal regula-
tion, and/or overproduction of pro-inflammatory cytokines (Rueffer
et al., 2001; Magelssen et al., 2006; Zhang et al., 2015), is not known
and still requires further investigation.

Limitations

Although we provide testicular tissue analysis data on the largest
European multicenter cohort of male pre-pubertal patients who under-
went fertility preservation before gonadotoxic cancer treatment, our
study has limitations. First, for ethical reasons, we could not collect sper-
matogonial quantity data in healthy prepubertal boys as controls and
thus deployed statistical simulation on data from literature. To reduce
the role of chance, account for uncertainty, and increase reliability we
performed multiple simulations of control datasets. Second, our results
should be interpreted considering low patient numbers per (sub)group.

Conclusion

Our findings demonstrate that cancer and severe hematological disor-
ders can affect prepubertal boys’ spermatogonial quantity and distribu-
tion in the testis, even before gonadotoxic therapy. Most affected are
patients with CNS tumors and hematological disorders, including HU-
pretreated SCD. Boys up to the age of 7 years are most susceptible to
germ cell loss. These groups may have a high risk of depleted sperma-
togonia resulting in high risk for permanent infertility after potentially
sterilizing therapies (Green et al, 2014; Poganitsch-Korhonen et al.,
2017; Allen et al., 2018) and possible poor outcome of fertility preser-
vation. Therefore, patient counseling and the timing of testicular biopsy
for fertility preservation should be adjusted based on the diagnosis prior
to treatment and patient’s age in parallel to the current criteria of the
mainline treatment regime. For boys with SCD who need HU treat-
ment, more research is needed on the timing of fertility preservation.

Supplementary data

Supplementary data are available at Human Reproduction online.

Data availability

The data underlying this article will be shared upon reasonable request
to the corresponding author.
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