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Establishment of a controlled slow
freezing-based approach for
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Objective: To develop an efficient, clinical-grade, freezing protocol toward experimental clinical cryopreservation of testicular tissues
in prepubertal boys suffering from cancer.
Design: Experimental cryopreservation of testicular tissue.
Setting: University Medical Center.
Patient(s): Adult patients undergoing orchiectomy for various tumors and prepubertal boys scheduled for gonadotoxic treatment.
Intervention(s): None.
Main Outcome Measure(s): Histopathological analysis of tissue architecture, structural integrity, and cellular morphology was
performed for control and frozen-thawed cryopreserved tissues.

The number of seminiferous tubules per testicular section was calculated. The survival of spermatogonial stem cells (SSCs) and Sertoli
cells of the control and frozen-thawed cryopreserved tissues was analyzed by immunofluorescence staining.
Result(s): Uncontrolled Slow Freezing, Controlled slow freezing, and vitrification similarly preserved the integrity of the adult testic-
ular tissues and the survival of SSCs and Sertoli cells. Controlled slow freezing of prepubertal testicular tissues effectively preserved their
architecture, the number of tubules, SSCs, and Sertoli cells. In addition, we observed SSC loss after chemotherapy in prepubertal boys,
reemphasizing the importance of fertility preservation before gonadotoxic treatment.
Conclusion(s): Future fertility restoration for male survivors of pediatric cancers depends on the development of an optimal prepuber-
tal testicular tissue cryopreservation method. Our findings demonstrate the effectiveness of controlled slow freezing for cryopreserva-
tion of human prepubertal testicular tissues and may contribute to more effective banking of these tissues and potential fertility
restoration.
Clinical Trial Registration Number: NIH research clinical trials number: NCT02529826. (Fertil Steril Rep® 2022;3:47-56. ©2021 by
American Society for Reproductive Medicine.)
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many children diagnosed with cancer can enjoy a

longer life free of the disease (1, 2). To date, it is esti-
mated that one in 250 young adults is a cancer survivor (3).
Although oncological treatments are highly effective, long-
term survivors of pediatric cancers often suffer from fertility
problems due to gonadotoxic therapies (4, 5). Whereas puber-
tal male patients are encouraged to cryopreserve sperm, this is
not possible for prepubertal boys in whom spermatogenesis,
the process of differentiation of spermatogonial stem cells
(SSCs) to mature sperm, has not yet begun (2). Two different
approaches may be considered for fertility preservation in
prepubertal boys before gonadotoxic treatments, cryopreser-
vation of isolated SSCs obtained after enzymatic digestion of
the testicular tissue and cryopreservation of testicular tissue
fragments that preserve both the SSCs and their supporting
microenvironment (6). Testicular tissue cryopreservation is
advantageous to SSC freezing because it could potentially
enable the use of either tissue or SSCs for fertility restoration.
Although this method is not yet feasible for use in humans (6,
7), it was successfully applied to restore fertility in several an-
imal models (8, 9). Recently, autologous transplantation of
frozen-thawed prepubertal rhesus testicular tissue was re-
ported to produce mature sperms that were used for in vitro
fertilization (IVF) to produce offspring, suggesting that this
approach may be applicable in the future for fertility restora-
tion in humans (10).

At present, a standardized protocol for freezing human
testicular tissue has not been established, and the optimal
cryopreservation method is still unknown (11). Several groups
have developed protocols for cryopreservation of adult
testicular tissues. These protocols were predominantly based
on controlled slow freezing (CSF) and uncontrolled slow
freezing (USF) methods (12-14). The various publications on
CSF differed in the composition and concentrations of the
cryoprotective  agents  (dimethyl sulfoxide [DMSO],
ethylene glycol, sucrose, and human serum albumin [HSA])
(6, 13, 15). Only a single study compared the efficacy of
cryopreservation by CSF and USF with open pulled-straw
vitrification (13).

The potential of the various cryopreservation methods to
restore fertility in pediatric cancer survivors has not been
shown. Studies evaluating the efficacy of prepubertal tissue
cryopreservation are scarce (12, 16-21). Nevertheless,
currently, medical and academic centers offer experimental
slow freezing testicular tissue cryopreservation to
prepubertal cancer-affected boys in anticipation that
these tissues would be used in the future to restore
fertility (11, 15, 22, 23)

The objective of the present study was to develop an
efficient clinical-grade freezing protocol toward experi-
mental clinical cryopreservation of testicular tissues in pre-
pubertal boys suffering from cancer. First, we compared the
effectiveness of cryopreservation of adult human testicular
tissues by three methods: USF, CSF, and vitrification. Then,
we studied the efficacy of CSF in cryopreservation of pre-
pubertal human testicular tissues from prepubertal patients
with cancer.

B s the effectiveness of cancer treatments has improved,

MATERIALS AND METHODS
Tissue Collection and Processing

Adult testicular tissues were obtained from men undergoing
orchiectomy for various tumors. A wedge biopsy was per-
formed by a urologist after obtaining written informed con-
sent. The testicular tissue was immediately transferred in cold
Hank’s buffered salt solution (HBSS) (SH30588.01, Hyclone,
Fisher Scientific, Pittsburgh, PA) on ice to the laboratory. It
was washed with cold HBSS and manually dissected into small
fragments (approximately 4 x 4 x 4 mm>) using a scalpel. One
fragment was fixed in 4% paraformaldehyde (PFA) and served
as a nonfrozen control. The remaining fragments were cryo-
preserved using three freezing protocols: USF, CSF, and vitrifi-
cation (adapted from Baert et al. [13]). Prepubertal testicular
tissue cryopreservation was offered as an experimental proced-
ure to young prepubertal boys before gonadotoxic treatment,
or after an earlier treatment/relapse of the disease when further
gonadotoxic treatment was planned. After obtaining written
informed consent from the parents, a pediatric urologist per-
formed a wedge biopsy from one testis under anesthesia. The
biopsied tissues were immediately transported to the laboratory
in cold HBSS on ice, washed, and manually dissected using a
scalpel into fragments of approximately 3 x 3 x 3 mm?, and
CSF cryopreservation was performed. Some of the cryopre-
served tissues were retained for research, and the remaining
tissues were stored at the Hadassah Fertility Cryobank.

Uncontrolled Slow Freezing

Several testicular tissue fragments were placed into a prelabeled
(preprinted with Brady label) cryovial tube and filled with 1 ml
cold buffer, composed of Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 medium (DMEM/F12- 21331020,
Invitrogen, Thermo Fisher Scientific, Waltham, MA), contain-
ing 1.5 M DMSO (CryoSure DMSO solution, USP grade,
WAK-DMSO0-10, WAK-Chemie Medical GmbH, Steinbach,
Germany), 0.15 M sucrose (S-9378, Sigma-Aldrich, St. Louis,
MO), and 10 mg/mL human serum albumin (HSA-9988 FUJI-
FILM, Irvine Scientific, Santa Ana, CA). After equilibration
for 15 minutes on ice, the cryovial tube was placed in an isopro-
pyl alcohol container (Mr. Frosty Freezing Container- 5100-
0001, Nalgene, Thermo Fisher Scientific) and put in a -80 °C
freezer overnight. The next day, the cryovial tubes were trans-
ferred to liquid nitrogen for long-term storage. The frozen sam-
ples were thawed at 37 °C in a water bath for 2 minutes, then
washed twice in prewarmed (37 °C) DMEM/F12 containing 10
mg/mL HSA.

Controlled Slow Freezing

Several testicular tissue fragments were placed in a cryovial
tube filled with 1 ml of cold sterile HBSS, containing 1.5 M
DMSO0, 0.1 M sucrose, and 10 mg/mL HSA. After equilibration
for 30 minutes on ice, the cryovial tubes were placed in a pro-
grammable freezer (Kryo 360-1.7, Planer Limited, Sunbury-
on-Thames, UK). Cooling was performed at 1 °C/min with a
holding period at 0 °C for 5 minutes, followed by cooling at
0.5 °C/min until -8 °C. When the temperature reached -8 °C,
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the program was put on hold for 10 minutes to allow manual
seeding. Cooling was resumed at a rate of 0.5 °C/min until
-40 °C, put on hold for 10 minutes, and continued cooling to
-70 °C at 7 °C/min. Cryovial tubes were then transferred to
liquid nitrogen for long-term storage. The frozen samples
were thawed at 37 °C in a water bath for 2 minutes and washed
twice in cold HBSS on ice for 5 minutes.

Vitrification

Several testicular tissue fragments were incubated at room
temperature for 10 minutes in vitrification solution I
composed of Dulbecco’s modified Eagle medium (DMEM)/
F12 containing 1.05 M DMSO, 1.35 M ethylene glycol
(433810010, Acros Organics, Thermo Fisher). This was fol-
lowed by incubation at room temperature for 5 minutes in
vitrification solution II composed of DMEM/F12 containing
2.1 M DMSO, 2.7 M ethylene glycol, and 20 mg/mL HAS.
Cryovial tubes (2 ml, Nalgene cryogenic vials) were filled
with liquid nitrogen, and using a floater, partially immersed
in a thermos filled with liquid nitrogen. Open pulled vitrifica-
tion straws (CryoTip cat 40709, Irvine Scientific, CA) were
manually cut at their widest diameter, removing the fine tip
and the metal cover sleeve, leaving approximately 3 cm of
the wide part of the straw able to fit the cryovial tubes. Using
a 1 ml syringe and an adaptor, 2-3 testicular tissue fragments
were carefully aspirated into the wide tip of the straws under a
binocular microscope. The nonsealed vitrification straws were
immediately submerged into the liquid nitrogen-filled cryo-
vial tubes. When vitrification was completed, the straws
with the cryopreserved tissues were transferred to new liquid
nitrogen-empty cryovial tubes that were capped and trans-
ferred to liquid nitrogen for long-term storage. The frozen
straws were thawed by immersing them in a prewarmed (37
°C) thawing solution composed of DMEM/F12 containing
1.5 M Sucrose and 20 mg/mL HSA. They were further incu-
bated at 37 °C for 2 minutes in a solution composed of
DMEM/F12 containing 20 mg/mL HSA.

Histological Analysis

The frozen-thawed and the control testicular tissue fragments
were fixed in 4% PFA, embedded in paraffin, and serially
sectioned into 6-um sections. Every other section was mounted
on slides (2-3 sections per slide, and 20 slides for each frag-
ment). Four slides (slides 3, 8, 13, and 18) containing 8-12 sec-
tions from various parts of the testicular fragments were
stained with hematoxylin and eosin (HEE). Histological anal-
ysis to evaluate cellular morphology, tissue architecture, and
structural integrity was performed by a certified pathologist.
The number of tubules per 1,500 x 1,000 um? was calculated
using light microscopy at x 100 magnifications for adult do-
nors from 5 to 11 random images and x200 magnification
for prepubertal patients from 4 to 10 random images. The num-
ber of images depended on the amount of donated testicular
tissue that was available.

Immunohistochemistry Analysis

The frozen-thawed and control testicular tissues were fixed in
4% PFA, embedded in paraffin, and sectioned. Six-micron
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sections were dewaxed and rehydrated. Antigen retrieval
was performed in 20 mM citrate buffer pH 6 (Invitrogen, Ther-
mofisher Scientific). Nonspecific binding was blocked in CAS
Block buffer (Zymed Laboratories, San Francisco, CA) for 30
minutes at room temperature, and blocking of endogenous
peroxidase was performed with H,0, (3%) (Merck, Darmstadt,
Germany). Sections were then incubated overnight at4°Cina
humidified chamber with the specific primary anti-human
antibodies against Oct4 (mouse anti-Oct4; sc-5279, 1:100,
Santa Cruz Biotechnology), MAGE-A4 (mouse anti-human
monoclonal antibody purified from hybridoma 57B, kindly
provided by Giulio Spagnoli, MD, University of Basel,
Switzerland; 1:50), and vimentin (mouse monoclonal
antibody clone V9, M0725, 1:50, Dako, Heverlee, Belgium).
Visualization was performed using EnVision+System-
horseradish peroxidase labeled polymer goat anti-mouse
(Dako). DAB Chromogen (Invitrogen, Thermofisher Scientific)
was used as a substrate for the horseradish peroxidase reac-
tion. Sections were counterstained using H&E. For the nega-
tive controls, the primary antibody was omitted. The number
of MAGE-A4, Oct4, and vimentin positively stained cells per
tubule section was calculated from 3 to 5 random images
(x 100 or x 200 magnifications). For each marker, 4-20 tubule
sections were analyzed. Detailed IHC analysis of stem and
Sertoli cells particularly from donor 3, was performed because
a large quantity of testicular tissue, which was cryopreserved
using the three methods (UCSF, CSF, and vitrification), was
available from this donor.

Statistical Analysis

To test the difference between three or more independent
groups (control and cryopreservation methods), the Kruskal-
Wallis nonparametric test and the post hoc pairwise nonpara-
metric Mann-Whitney U test with the Bonferroni correction
of the significance level was applied. Repeated measures anal-
ysis using generalized estimating equations was used to eval-
uate the effect of the freezing methods, taking into account
the dependence between the measurements taken from the
same donor. All tests used were two-tailed, and P<.05 was
considered statistically significant. Because of the variety in
SCC numbers related to the age and condition of the prepu-
bertal patients (i.e., before or after gonadotoxic treatment),
each prepubertal sample was analyzed separately.

Ethical Approval

All the experiments in this study were approved by the insti-
tutional review board of Hadassah Hebrew University Medical
Center (IRB no: 0266-10-HMO and 0530-14-HMO).

RESULTS
Cryopreservation of Adult Human Testicular
Tissues by CSF, USF, and Vitrification

Four adult patients were enrolled in the study. After an open
testicular biopsy, the testicular tissues were cryopreserved us-
ing three protocols: USF, CSF, and vitrification (Supplemental
Table 1, available online). The slow-freeze protocols were
adapted from Baert et al. (13), using cryopreservation
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Histological analysis of control and cryopreserved adult human testicular tissues. Representative hematoxylin-eosin stained sections of control and
frozen-thawed testicular tissues from donor 3 cryopreserved by controlled slow freezing (CSF), uncontrolled slow freezing (USF), and vitrification.
Bar = 100 um; Bar for insets = 200 um (A). Boxplots displaying the distribution of intact tubules numbers (per 1,000 x 1,500 um, x100
magnification) in control, CSF, USF, and vitrification cryopreserved testicular tissues from donors 3, 4, and 2, respectively (Supplemental
Table 1). The line in the center of each box represents the median. The top and bottom parts of each box represent 75% and 25% percentiles,
respectively. The lines extending from each box show the maximum and minimum values of the data. P value was determined by the Kruskal-

Wallis H test (nonpaired) (B). n = number of analyzed tubule sections.

Kabiri. Testicular tissue cryopreservation. Fertil Steril Rep 2022.

solutions containing DMSO, sucrose, and HSA. The vitrifica-
tion protocol was based on Baert et al. (24) using vitrification
solutions containing DMSO, ethylene glycol, and HSA. We
optimized the three protocols for clinical applications with
the use of clinical-grade reagents when available. After stor-
age in liquid nitrogen, the cryopreserved testicular tissues
were thawed, fixed, embedded in paraffin, and sectioned.
Testicular sections were analyzed after both H&E as well as
immunostaining to evaluate their structural integrity, cellular
morphology, and the survival of SSCs, spermatogonia, and
components of the testicular niche.

Histopathological analysis of the adult control and
frozen-thawed cryopreserved tissues revealed typical semi-
niferous tubule architecture. Sertoli cells were located near
the basement membrane. Consistent with active spermato-
genesis, spermatogonia, differentiating spermatids, and
mature spermatozoa were observed. Tissue architecture,
structural integrity, and cellular morphology were similar
when comparing the control and cryopreserved samples after
CSF, USF, and vitrification (Fig. 1A). Quantitation of the num-
ber of intact seminiferous tubules in the control group and
three cryopreservation groups showed that the average
numbers of tubules per 1,500 x 1,000 um® were 7.96 +
4.09, 8.52 +2.18,8.91 £+ 3.52,and 9.15 + 2.85, in the control,
CSF, USF, and vitrification groups, respectively. Statistical
analysis showed no significant differences between the con-
trol and three cryopreservation groups (P=.406) (Fig. 1B).

Spermatogonial stem cells are present in both prepubertal
and adult testes (25). These stem cells maintain the balance
between self-renewal and differentiation into spermatogonial
progenitors, which will give rise to mature spermatozoa (26).
Preservation of SSCs in the cryopreserved tissue is therefore
crucial for the future implementation of fertility restoration.
We analyzed the survival of SSCs in the postthawed tissues
using two molecular markers: MAGE-A4, a cell-surface anti-
gen expressed by human SSCs and spermatogonia (25, 27),
and Oct4, a key pluripotency transcription factor (28), which
was shown to be required for SSC proliferation (29). Inmuno-
histochemical analysis of the control and frozen-thawed
testicular tissues from donor 3 showed positive staining for
MAGE-A4 and Oct4 in tubule sections of the control and three
cryopreserved samples. MAGE-A4 and Oct4-expressing cells
were located primarily adjacent to the basement membrane
of the seminiferous tubules, indicating that these cells are
SSCs and/or progenitor spermatogonia cells (Fig. 2A). Anal-
ysis of the number of MAGE-A4-positive cells per tubule sec-
tion from donor 3 showed comparable numbers of stained
cells in the control and cryopreserved tissues (42 + 15.44,
40.38 + 9.13, 35.5 + 11.47, 61 =+ 26.59 in the control, CSF,
USF, and vitrification groups, respectively; P=.193). Quanti-
tation of Oct4 staining showed 17.26 + 6.96, 30.25 + 7.29,
24.09 £ 7.84, 26.5 + 13.14 stained cells in the control, CSF,
USF, and vitrification groups, respectively. Statistical analysis
showed a statistically significant difference between groups
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Immunohistochemical analysis of control and cryopreserved adult human testicular tissues from donor 3. The control and thawed testicular tissues
sections are cryopreserved by uncontrolled slow freezing (USF), controlled slow freezing (CSF), and vitrification, stained for MAGE-A4, Oct4, and
vimentin. Bar = 100 um (A). Boxplots displaying the distribution of positively stained cell numbers per tubule section in control and cryopreserved
testicular tissues. Pvalues were determined by the Kruskal-Wallis H test (nonpaired). For Oct4, Pvalues in multiple comparisons were determined by
post hoc pairwise Mann-Whitney U test (nonpaired) with Bonferroni corrections (B). n = number of analyzed tubule sections.
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Histological and immunohistochemical analysis of control and controlled slow freezing (CSF)-cryopreserved prepubertal human testicular tissues
from patients with primary cancer. Hematoxylin-eosin stained sections of control and frozen-thawed testicular tissues cryopreserved by CSF
from patients 1, 2, and 5. Bar = 100 um (A). Boxplots displaying the distribution of intact tubules numbers (per 1,000 x 1,500 um, x200
magpnification, in control and CSF-cryopreserved testicular tissues. P values were determined by the Mann-Whitney U test (nonpaired). (B).
MAGE-A4 stained sections of control and CSF-cryopreserved testicular tissues. Bar = 100 um (C). Boxplots displaying the distribution of MAGE-
A4 positively stained cell numbers per tubule section, control, and CSF-cryopreserved testicular tissues (D) vimentin stained sections of control,
and CSF-cryopreserved testicular tissues. Bar = 100 um P values were determined by the Mann-Whitney U test (nonpaired).

Kabiri. Testicular tissue cryopreservation. Fertil Steril Rep 2022.

52

VOL. 3NO. 1/ MARCH 2022



Patient #3

Patient #4

C MAGEA-4
Cntrol

P_atient #3

Patient #4

Fertil Steril Rep®

1 Control P=0.227
. 35{ W CSF =0.
€
3
S 301
oo
S 254
S
o
> 207
K
a
S 151 P=0.535
k]
* 10
5 n=4 n=5 n=6 n=6
3 4
Patient
D Vimentin

Control

Histological and immunohistochemical analysis of control and controlled slow freezing (CSF)-cryopreserved prepubertal human testicular tissues from
patients with recurrent cancer. Hematoxylin-eosin stained sections of control and frozen-thawed testicular tissues cryopreserved by CSF from patients 3
and 4. Bar = 100 um (A). Boxplots displaying the distribution of intact tubules numbers (per 1,000 x 1,500 um, x200 magnification, in control and
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were not demonstrated in fresh testicular tissues of patient 3 (control), immunohistochemical analysis post-thawing was not performed. (C) and
vimentin (D) stained sections of control and frozen-thawed testicular tissues. Bar = 100 um (C-D).
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(P=.014). However, multiple comparisons between the
different groups by post hoc pairwise Mann-Whitney U test
(nonpaired) with Bonferroni corrections showed significantly
higher numbers of Oct4 stained cells in the CSF group,
compared with the control group (P=.003), but comparable
numbers of Oct4 stained cells in all three cryopreserved sam-
ples (Fig. 2B).

Sertoli cells are one of the major components of the testic-
ular niche and play a vital role in spermatogenesis (30). Posi-
tively stained cells for vimentin, a marker of Sertoli cells, were
observed in the control and cryopreserved samples (Fig. 2A,
lower panel). Analysis of the number of vimentin-positive
cells per tubule section from donor 3 showed comparable
numbers of stained cells in the control and cryopreserved
tissues (33 + 12.35, 32.36 + 9.36, 43.09 & 13.3, 41.86 +
14.14 in the control, CSF, USF, and vitrification groups,
respectively (P=.198) (Fig. 2B).

Taken together, the histological and IHC analyses
demonstrated that all three cryopreservation methods

similarly preserved the structural integrity and cellular
morphology of the testicular tissue, as well as the survival
of both SSCs and Sertoli cells.

Cryopreservation of Prepubertal Human Testicular
Tissues by CSF

We next proceeded to analyze the effect of cryopreservation
on prepubertal human tissues using the CSF protocol. This
methodology was chosen because its cooling process is ma-
chinery controlled and therefore may be less affected by vari-
ability between operators, and is therefore more suitable for
an experimental clinical application. Though this protocol
was used for the cryopreservation of adult human testicular
tissues (13), its efficacy with prepubertal human tissues has
not been reported.

Five prepubertal patients with cancer were enrolled in the
study. Two of them were previously treated with gonadotoxic
therapies (Supplemental Table 2). After testicular biopsies and
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cryopreservation by CSF, we analyzed the postthawed tissues
and compared them with control tissues. Hematoxylin and
eosin staining of the testicular tissues from the three patients
with cancer that did not receive previous treatments (patients
1, 2, and 5) demonstrated an intact architecture of the control
and cryopreserved tissues, including the tubule structure and
tubular niche. Spermatogonial stem cells/spermatogonia were
observed in proximity to the basement membranes in all
testicular tissues. As expected, mature spermatozoa were ab-
sent, indicating inactive spermatogenesis (Fig. 3A). Quantita-
tive analysis of tubule numbers per 1,000 x 1,500 /,Lm2
showed similar tubule numbers in the control and CSF-
cryopreserved tissues (18 + 2.8 in control vs. 17 £+ 1.5 in
CSF of patient 1, 19.25 £ 3.5 in control vs. 20.29 4+ 1.7 in
CSF of patient 2, and 20.2 £ 6.1 in control vs. 16 + 3.5
in CSF of patient 5). Statistical analysis showed no significant
differences between the control and CSF-cryopreserved
groups (P values of .459, .446, and .137 for patients 1, 2,
and 5, respectively) (Fig. 3B). Immunostaining for MAGE-
A4 detected positively stained cells located mostly at the
basement membranes, in both control and cryopreserved tis-
sues, and the numbers of MAGE-A4 positive cells per tubule
section were comparable in the control and cryopreserved
samples (7 & 2.8 in control vs. 5.33 + 3.6 in CSF of patient
1, 8.5 &+ 3.8 in control vs. 5.85 + 2.8 in CSF of patient 2,
and 8.25 + 3.6 in control vs. 8.0 + 3.2 in CSF of patient 5).
Statistical analysis showed no significant differences between
the control and CSF-cryopreserved groups (P values of .195,
.078, and .893 for patients 1, 2, and 5, respectively) (Fig. 3C
and D). Vimentin staining showed strong positive staining
that could not be quantified in the control and cryopreserved
samples (Fig. 3E). Analysis of the testicular tissues from the
two patients with cancer with previous gonadotoxic treat-
ments (patients 3 and 4) demonstrated preservation of intact
architecture of the testicular niche after CSF, as well as similar
numbers of tubules per 1,000 x 1,500 um? between control
and CSF-cryopreserved tissues (9.25 + 2.2 in control vs.
10.2 £ 2.4 in CSF of patient 3, and 30.33 + 2.1 in control
vs. 27.17 £+ 5.0 in CSF of patient 4). Statistical analysis
showed no significant differences between the control and
CSF-cryopreserved groups (P values of .535 and .227 for pa-
tients 3 and 4, respectively) (Fig. 4A and 4B). Notably, both
HE&E and MAGE-A4 staining did not detect SSC/spermato-
gonia in tubular sections from patient 3, already in the control
sample, indicating gonadotoxicity of previous treatments
(platinum-based chemotherapy and radiation of the brain
and the spine) (Fig. 4A and C). MAGE-A4 staining of the tu-
bule sections from patient 4 showed staining in 82.3% =+
1.2% of the tubules in the control sample, and 65.7% =+
14.3% in the cryopreserved samples (P=.114), suggesting
that previous treatments (chemotherapy without platinum
[Adriamycin, Bleomycin, Vinblastin, and Dacarbazine])
were less gonadotoxic in this patient (Fig. 4C). In line with
the preservation of the integrity of the testicular niche,
vimentin-positive cells were similarly observed in the control
and cryopreserved samples (Fig. 4D).

Taken together, the histological and IHC analyses showed
that CSF preserved the structural integrity of the prepubertal
testicular tissue, as well as the survival of both SSCs and

Sertoli cells. They also emphasized the importance of
cryopreservation of the prepubertal testicular tissue before
gonadotoxic treatments.

DISCUSSION

The objective of the present study was to develop an efficient
clinical-grade protocol for cryopreservation of prepubertal hu-
man testicular tissues. Given the ethical restrictions and limited
availability of human prepubertal testicular tissue, we first
analyzed the efficiency of USF, CSF, and vitrification for cryo-
preservation of adult testicular tissues. Various slow freezing
protocols for cryopreservation of adult (12, 13) and prepubertal
(12, 16-19) human testicular tissues were previously reported.
The open pulled-straw vitrification method was reported as an
alternative preservation technique of prepubertal human
testicular tissues, with the potential to minimize freezing in-
juries caused by ice crystal formation (20, 21). The protocols
we used were adapted from Baert et al. (13) and optimized
for clinical use. Evaluation of the effects of both slow freezing
and vitrification on adult testicular tissues showed that all
three methods preserved the integrity and architecture of the
testicular niche, including survival of SSCs and their support-
ing Sertoli cells. We observed a significantly higher number of
Oct4-positive cells per tubule section in the CSF compared with
the control group. The IHC staining of Oct4 after CSF was
brighter than that of the controls, probably because of an
obscure technical issue, and we assume that this was the reason
for the higher quantification in this subgroup. The comparable
quantification of MAGE-A4 expressing cells per tubule section
between the various cryopreservation methods and control
groups supports this assumption. Further assessment of the
testicular tissue function after slow freezing vs. vitrification
is necessary to determine the preferable cryopreservation
method that may provide functional advantages for future
fertility restoration in prepubertal boys undergoing gonado-
toxic treatment.

We sought to further study the effect of CSF cryopreser-
vation on prepubertal human testicular tissues because it
might be less affected by the variability between operators
and thus more suitable for an experimental clinical applica-
tion. Of note, while this approach was previously used to
cryopreserve adult human testicular tissues (13), its efficacy
for the cryopreservation of prepubertal tissues was not evalu-
ated. Our findings demonstrated that CSF was an efficient
method for cryopreservation of prepubertal human testicular
tissues. Supporting our results, a different CSF-based protocol
is currently employed by several academic centers in the
course of a clinical experimental testicular tissue cryopreser-
vation trial for prepubertal cancer-affected boys (22). It
should be noted that the function of CSF-cryopreserved pre-
pubertal testicular tissues has not yet been reported in hu-
mans; however, it was recently demonstrated to preserve
testicular function in nonhuman primates (10).

The present study included testicular tissue samples from
two pediatric patients who previously received gonadotoxic
treatments. The tubules of patient 3, who received chemo-
therapy with alkylating agents and radiation, did not contain
SSC/spermatogonia, as shown by H&E and MAGE-A4
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immunostaining. In patient 4, who received chemotherapy 8. Shinohara T. Birth of offspring following transplantation of cryopreserved

without alkylating agents, MAGE-A4 expression was immature testicular pieces and in-vitro microinsemination. Hum Reprod

observed in a proportion of the tubules, indicating a less 2002;17:3035-45.
. . 9. Snedaker AK, Honaramooz A, Dobrinski I. A game of cat and mouse: xen-
severe effect on SSC/spermatogonia. These results are in . . _

X X . i ografting of testis tissue from domestic kittens results in complete cat sper-

line with previously reported data, demonstrating the matogenesis in a mouse host. J Androl 2004;25:926-30.

toxicity of cancer treatments to the SSC and spermatogonia 10. Fayomi AP, Peters K, Sukhwani M, Valli-Pulaski H, Shetty G, Meistrich ML,

pool (4, 5, 31-33). In contrast, staining for vimentin showed et al. Autologous grafting of cryopreserved prepubertal rhesus testis pro-

a similar pattern in all control and cryopreserved samples duces sperm and offspring. Science 2019;363:1314-9.

from primary- and recurrent- cancer-affected boys, indi- 11.  Goossens E, Jahnukainen K, Mitchell RT, van Pelt AMM, Pennings G, Rives N,

. . . . .- . et al. Fertility preservation in boys: recent developments and new insights.
cating that the testicular niche is less sensitive to gonadotoxic Hum Reprod Open 2020:2020:h033016

treatment. These results demonstrate the gonad0t0X1C1ty of 12. Keros V, Rosenlund B, Hultenby K, Aghajanova L, Levkov L, Hovatta O. Opti-

the cancer treatments, especially to the SSCs, and emphasize mizing cryopreservation of human testicular tissue: comparison of protocols

the need to cryopreserve testicular tissues before gonadotoxic with glycerol, propanediol and dimethylsulphoxide as cryoprotectants. Hum
therapies, which may irreversibly affect the SSC pool, Reprod 2005;20:1676-87.

impeding future fertility. 13. BaertY, Van Saen D, Haentjens P, In't Veld P, Tournaye H, Goossens E. What

A limitation of our study was the small number of sam- is the best Zryopreservat\on protocol for human testicular tissue banking?
e . . Hum Reprod 2013:1816-26.

ples. .AS fertlhty preservation fo.r.prepubert:fll b"}fs will be 14. Moraveji S, Esfandiari F, Sharbatoghli M, Taleahmad S, Nikeghbalian S,

pI‘aCthGd more Commonly’ additional studies with larger Shahverdi A, et al. Optimizing methods for human testicular tissue cryopres-

sample sizes may be performed. Additionally, the function- ervation and spermatogonial stem cell isolation. J Cell Biochem 2019;120:

ality of the thawed testicular tissue after CSF should be 613-21.

evaluated in future studies. 15.  OnofreJ, Baert, Faes K, Goossens E. Cryopreservation of testicular tissue or
testicular cell suspensions: a pivotal step in fertility preservation. Hum Re-
prod Update 2016;22:744-61.

CONCLUSlON 16. Wyns C, Van Langendonckt A, Wese FX, Donnez J, Curaba M. Long-term

Our study presents a CSE-based clinical-grade protocol for spermatog.onial survival in cryopresgrvefj and xenografted immature human

. . testicular tissue. Hum Reprod 2008;23:2402-14.

cryopreservation of adult and prepubertal human testicular 17. Keros V, Hultenby K, Borgstrom B, Fridstrom M, Jahnukainen K, Hovatta O.

tissues. The presented protocol preserved the integrity and ar- Methods of cryopreservation of testicular tissue with viable spermatogonia

chitecture of the testicular niche, including the survival of in pre-pubertal boys undergoing gonadotoxic cancer treatment. Hum Re-

SSCs and their supporting Sertoli cells. Our results may prod 2007;22:1384-95.

contribute to more effective banking of prepubertal testicular 8. Kvist K, Thorup J, Byskov AG, Hayer PE, Mellgard K, Yding Andersen C.

tissues and potential fertility restoration in the future. Cryopreservation of intact testicular tissue from boys with cryptorchidism.
Hum Reprod 2006;21:484-91.
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