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2. Glossary:
Ab: Antibody

ART: Advanced reproductive techniques
CN-D: Chromosomal Non-Disjunction
ECM: Extracellular Matrix

FACS: Fluorescence Activated Cell Sorting
FBS: Fetal Bovine Serum

FISH: Fluorescence in situ hybridization
hCG: Human Chorionic Gonadotropin
HRT: Hormonal Replacement therapy
HTO: Human Testicular Organoids

ICSI: Intra Citoplasmatic Sperm Injection.
IVF: In Vitro Fertilization

KS: Klinefelter Syndrome

MACS: Magnetic Activated Cell Sorting
MEM: Minimal Essential Media
micro-TESE: micro Testicular Sperm Extraction
NHP: non-human primates

NOA: non-obstructive azoospermia

PCR: Polymerase Chain Reaction

dPCR: digital PCR

gPCR: quantitative PCR

ROSI: Round Spermatid Injection

SSC: Spermatogonial Stem Cells
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4A. Abstract Spanish version

Introduccidn:

El sindrome de Klinefelter (SK) es una alteraciéon cromosdmica que afecta aproximadamente a 1 de
cada 500-1000 nacidos varones. Su cariotipo mas frecuente es 47XXY y hasta un 10% de ellos
presentan mosaicismo significativo en el estudio de sangre periférica. En la mayoria de casos, los
pacientes SK permanecen asintomaticos hasta la edad adulta cuando la infertilidad masculina orienta
al diagnéstico. Se ha descrito una pérdida progresiva de células germinales que se acelera durante la
pubertad hasta establecer una fibrosis testicular extensa dejando a mas del 90% de los pacientes
azoospérmicos.

Segun la literatura actual, aproximadamente 8% de los pacientes SK presentan espermatozoides
funcionales en el eyaculado, dando lugar a descendencia euploide y sana mediante concepcion
natural o terapias de fertilidad avanzada. En los pacientes SK azoospérmicos, se han descrito focos
aislados de tejido testicular con espermatogénesis preservada por lo que la biopsia testicular se ha
establecido como tratamiento de eleccion. No obstante, la tasa de éxito para la extraccion de
espermatozoides en pacientes SK permanece por debajo del 50% y las probabilidades de conseguir
un recién nacido sano se encuentra alrededor del 15%.

Incluso en pacientes SK sin espermatozoides viables en biopsia testicular, el analisis
anatomopatoldgico de las muestras ha descrito la presencia de espermatogonias indiferenciadas. Las
células madre espermatogoniales (SSC) son una pequefia poblacion de espermatogonias
especialmente indiferenciadas presentes en la membrana basal de los tubulos seminiferos. Las SSC
tienen tanto la capacidad para la propia autorenovacion asi como para la diferenciacién hacia la
espermatogénesis, manteniendo el equilibrio de los tubulos seminiferos. A su vez, la cualidad mas
caracteristica atribuida a las SSC es la capacidad para migrar hasta la membrana basal de tubulos
seminiferos de sujetos azoospérmicos y reestablecer la espermatogénesis.

Se ha postulado que las SSC podrian ser utilizadas en nuevas terapias de fertilidad experimentales
para pacientes SK sin espermatozoides disponibles en biopsias testiculares. Dentro de esta nueva
generacion de técnicas de fertilidad avanzada experimentales se incluyen: trasplante de SSC,
espermatogénesis in vitro, maduracion ex vivo de tejido testicular e injerto de tejido testicular. Todas
ellas han mostrado resultados prometedores en modelos animales, asi como en estudios preclinicos
y se encuentran a diferentes niveles de desarrollo hacia la aplicabilidad clinica.

Un aspecto esencial de cualquier tratamiento de fertilidad es el valor del uso de material autélogo del
paciente a fin de transmitir su material genético a su descendencia. La mayoria de las terapias
experimentales basadas en SSC previamente mencionadas requieren un numero significativo de
células para ser viables. Algunos investigadores han logrado propagar in vitro células testiculares
euploides de roedores y humanos manteniendo las caracteristicas propias de una putativa poblacion
de SSC. No obstante, se desconoce si estas técnicas serian reproducibles en sujetos aneuploides como
SK.



Hipdtesis:

Nuestra hipdtesis es que los actuales métodos de aislamiento y propagacion in vitro de células
testiculares podria ser adaptado a las necesidades especificas del tejido testicular de ratones y
humanos con SK.

Organoides testiculares formados a partir de células testiculares SK podrian aportar conocimiento
sobre la fisiopatologia del SK. Los organoides testiculares podrian también suponer un avance hacia
nuevas terapias de fertilidad para pacientes SK.

Objetivos:

1. Aislar, propagar y caracterizar células testiculares procedentes de ratones XXY, incluida una
poblacién de putativas SSC.

2. Aislar, propagar y caracterizar células testiculares procedentes de humanos XXY, incluida una
poblacién de putativas SSC.

3. Formar organoides testiculares en 3D a partir de células testiculares humanas XXY y evaluar
su potencial como modelo de SK in vitro; y como herramienta para la espermatogénesis in
vitro.

Métodos:

El método de aislamiento y cultivo de células testiculares descrito previamente para tejido humano
adulto y prepuberal fue adaptado para tejido SK peripuberal de ratdn y humano hasta conseguir su
propagacion consistente, como se describe en los articulos correspondientes. A su vez, el método de
formacidn y diferenciacion de organoides testiculares previamente descrito por nuestro grupo fue
optimizado.

Algunas de las mas significativas variaciones del protocolo identificadas como beneficiosas durante el
proceso son:

La transicion de una digestidon enzimatica basada en la combinacidn de hialuronidasa, coleganasa,
tripsina y DNAsa a una combinacién de colagenasa (SERVA, aprobada por la FDA para ser aplicada en
humanos) y DNAsa, manteniendo buena eficacia durante el proceso.

Diferentes medios de cultivo fueron comparados hasta describir una nueva variante de StemPro
Complete especialmente enriquecida en FBS a la que hemos dado el nombre de Gonomedia y que en
nuestra experiencia estimula la propagacion inicial de células testiculares inmaduras.

En cuanto a la formacion de organoides testiculares 3D, pasamos de un sistema de cultivo hanging
drop a placas de cultivo ultrantiadherentes y afiadiendo centrifugacion tras la siembra para facilitar la
formacidn de organoides. Se establecié 10.000 células testiculares por organoide como una medida
adecuada para evitar necrosis del nucleo a lo largo del cultivo manteniendo un alto nimero de células
resultantes.

Resultados:

En el primer articulo se reportan células testiculares del modelo murino SK siendo satisfactoriamente
aisladas y propagadas en cultivo hasta incrementar mas de 10° veces su nimero. Estos resultados son
comparables a los obtenidos en controles XY de la misma camada. La posterior caracterizacion de las
células mediante RT-qPCR y dPCR identificd en cultivo los cuatro principales tipos celulares esperados
en el tejido tescticular: espermatogonias, células de Leydig, células de Sertoli y células peritubulares.
A su vez, mediante citometria de flujo se caracterizé una poblacidn de putativas SSC presente a lo
largo de todo el tiempo en cultivo. Se realizod hibridacion in situ fluorescente (FISH) de las células en
cultivo observando mosaicismo presente a lo largo de cultivo e identificandose células XXY, XX y XY
tanto estacionarias como en divisidn.
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En el segundo articulo se presentan los resultados obtenidos del aislamiento y cultivo de células
testiculares humanas de pacientes SK peripuberales. El tejido testicular fue cedido por pacientes
incluidos en el proyecto de criobanco experimental de tejido testicular de pacientes en riesgo de
infertilidad masculina del Wake Forest Baptist Medical Center. El nimero de células experimentd un
crecimiento exponencial durante 90 dias en cultivo hasta alcanzar més de 10° veces su nimero
original. La expresidn génica de las células en cultivo mostré rasgos caracteristicos propios de
espermatogonias indiferenciadas, células de Leydig, células de Sertoli y células peritubulares.
Mediante RNAseq para células individuales se pudo identificar un agregado células con un perfil de
expresion génica superponible la descripcion actual de SSC humana. La presencia de una putativa
poblaciéon de SSC en cultivo fue a su vez identificada mediante citometria de flujo a lo largo del tiempo
de cultivo. Cariotipado molecular de las células en cultivo fue realizado mediante secuenciacion
gendmica de nueva generacion (NGS) describiendo una poblacién homogénea 47 XXY con un filtro de
confianza del 10%. A continuacion, se caracterizaron los cromosomas sexuales de las células en cultivo
mediante hibridacién in situ fluorescente (FISH). Los resultados identificaron de nuevo mosaicismo
presente a lo largo de cultivo e identificandose células XXY, XX y XY tanto estacionarias como en
division. Al enriquecer la poblacion de espermatogonias mediante marcadores magnéticos anti-CD9,
la proporcidn de células euploides se vio incrementada. Al observar estos resultados, se realizé un
analisis FISH en las secciones histoldgicas tejido testicular utilizado en el estudio. Los resultados
demostraron la presencia de mosaicismo minoritario intratesticular a pesar de haber sido
clinicamente diagnosticados como 47, XXY no mosaicos, mediante cariotipo sobre sangre periférica.

Por ultimo, a partir de las células testiculares de pacientes SK aisladas y propagadas in vitro en el
apartado anterior se crearon organoides testiculares para su cultivo en medio 3D. Durante 23 dias en
cultivo (2 dias de formacion y 21 dias de diferenciacién) los organoides permanecieron viables, sin
signos de necrosis y produciendo ATP. Histoldgicamente los organoides presentaban un aspecto
compacto con multitud de nucleos celulares repartidos tanto en la superficie como en el nucleo. No
se apreciaron significativos signos de fibrosis. Para evaluar la capacidad de los organoides de
reproducir in vitro la fisiologia testicular se evaluaron sus dos principales funciones: la
esteroidogénesis y la espermatogénesis semanalmente durante los 21 dias de cultivo en media de
diferenciacién. En cuanto la produccién de testosterona, los organoides produjeron cantidades
analiticamente relevantes a lo largo de su tiempo en cultivo. No se observé una diferencia significativa
en la produccién de testosterona en aquellos organoides testiculares SK sometidos a estimulacion de
pulsos de gonadotropina coridnica humana(hCG), a diferencia de lo observado en organoides
testiculares de pacientes adultos o prepuberales euploides. Para valorar la espermatogenesis
sustentada in vitro, se evalud la evolucion de la expresidn génica. Inicialmente, la expresién de
marcadores spermatogenesis intermedia (SYCP3) y tardia (Acrosina y PRM1) eran indetectables. Tras
1 semana en cultivo de diferenciacidon la expresion de SYCP3 se positivizd mostrando un pico
significativo que decrecid posteriormente. En cambios, marcadores de espermatogénesis tardia como
Acrosina y PRM1 aumentaron significativamente su expresién tan solo en la tercera semanas en
cultivo. Mediante PCR digital se estimd que el porcentaje de células del organoide expresando
Acrosina y PRM1 era del 0.2%.

Finalmente se realizé anadlisis de la dotacién cromosdmica de las células conformando los organoides
mediante tincidn FISH para los cromosomas X, Y y 18. No se apreciaron células haploides al inicio del
estudio ni tras 1 o 2 semanas en cultivo. No obstante, tras 3 semanas en cultivo, células haploides
tanto 18X como 18Y eran distinguibles en el ndcleo de los organoides testiculares. Tras contabilizar
estas poblaciones se pudo estimar que el 10.9% de las células era X/18 y el 4.6% Y/18.
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Discusidn:

Este es el primer registro del que tenemos conocimiento sobre propagacion in vitro de células
testiculares procedentes de sujetos SK. Supone un paso crucial y necesario hacia el desarrollo de
nuevas terapias de fertilidad en pacientes azoospermicos, incluidos SK.

En términos cuantitativos los resultados de propagacién obtenidos son suficientes para
potencialmente permitir su aplicacion a la practica clinica mediante trasplante de SSC o
espermatogénesis in vitro.

No obstante, la confirmacidn definitiva del éxito de este sistema de cultivo celular sera la eficacia con
la que células propagadas in vitro son potencialmente capaces de restituir espermatogénesis en
tubulos seminiferos inactivos. Para ello, nuevos estudios de seguridad y eficacia clinica son necesarios
hasta que suponga razonable su aplicacidon experimental en pacientes.

El mosaicismo intratesticular observado en pacientes SK sin signos de mosaicismo en sangre periférica
confirma la sospecha de mosaicismo tejido-especifico postulada en estudios previos. A su vez, podria
representar una plausible explicacidn para los focos de actividad espermatogénica remanentes en
adultos SK azoospérmicos.

Por otra parte, la observacion de que las células euploides en cultivo son preferentemente
espermatogonias concuerda con el hallazgo clinico documentado de gametos intratesticulares SK
mayoritariamente euploides. De este modo, se afianza la importancia de desarrollar nuevas terapias
de fertilidad para pacientes SK ya que pueden dar lugar a descendencia sana.

En cuanto a los organoides testiculares, el hecho de que reproduzcan adecuadamente la
esteroidogenesis y espermatogénesis in vitro confirman su valor como herramienta de recreacion de
la fisiologia testicular y su aplicabilidad a estudio de toxicidad o exploracién farmacoldgica.

La falta de respuesta a la estimulacién con pulsos de hCG de los organoides SK arrojaria nuevos datos
sobre los mecanismos fisiopatoldgicos del SK y apoyaria las expectativas de su uso como modelo de
enfermedad.

En cuanto a la espermatogénesis, el hallazgo de células haploides tras tres semanas de cultivo de
diferenciacién supone un gran avance hacia la espermatogénesis in vitro como terapia experimental
de fertilidad. Estudios posteriores deberan evaluar el potencial de fertilizacién y la viabilidad de los
embriones resultantes obtenidos a partir de gametos desarrollados in vitro.

Conclusiones:

a) Por primera vez se ha conseguido aislar y propagar in vitro células testiculares de raton XXY.
Las células en cultivo mantuvieron la expresion génica caracteristica de los cuatro principales
tipos celulares testiculares: Espermatogonias, células de Sertoli, células peritubulares y
células de Leydig. A su vez una poblacion de putativas células madre espermatogonicas,
potencialmente adecuada para ser trasplantada, fue identificada.

b) Por primera vez se ha conseguido aislar y propagar in vitro células testiculares humanas XXY
de pacientes con sindrome de Klienfelter. Las células en cultivo mantuvieron la expresion
génica caracteristica de los cuatro principales tipos celulares testiculares: Espermatogonias,
células de Sertoli, células peritubulares y células de Leydig. A su vez una poblacién de
putativas células madre espermatogdnicas, potencialmente adecuada para ser trasplantada,
fue identificada.

c¢) Mosaicismo de cromosomas sexuales fue identificado, caracterizado y cuantificado tanto en
células cultivadas in vitro como en biopsias testiculares obtenidas in vivo de pacientes
clinicamente diagnosticados como Klinefelter no-mosaico.
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d) Organoides testiculares tridimensionales fueron creados con éxito a partir de células
humanas XXY, recreando in vitro caracteristicas de la fisiologia testicular como la produccion
de testosterona, la produccién de ATP y su expresion génica caracteristica.

e) Trastressemanas en cultivo, los organoides testiculares humanos con sindrome de Klinefelter

experimentaron diferenciacion espermatogénica resultando en la produccion de células
haploides.
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4B. Abstract Catalan version

Introduccid:

La sindrome de Klinefelter (SK) és una alteracié cromosomica que afecta aproximadament 1 de cada
500-1000 infants nascuts. El seu cariotip més freqlient és 47XXY i fins a un 10% presenten mosaicisme
significatiu a I’estudi de sang periferica. A la majoria de casos, els pacients SK romanen asimptomatics
fins I'edat adulta quan la infertilitat masculina orienta el diagnostic. S'ha descrit una pérdua
progressiva de cel-lules germinals que s'accelera durant la pubertat fins a establir una fibrosi testicular
extensa que deixa més del 90% dels pacients azoospermics.

Segons la literatura actual, aproximadament el 8% dels pacients SK presenten espermatozous
funcionals a I'ejaculat, donant lloc a descendéencia euploide i sana mitjancant concepcié natural o
terapies de fertilitat avancada. Als pacients SK azoospérmics, s'han descrit focus aillats de teixit
testicular amb espermatogeénesi preservada i en conseqliéncia la biopsia testicular s'ha establert com
a tractament d'eleccid. Tot i aixi, la taxa d'exit per a I'extraccié d'espermatozous en pacients SK roman
per sota del 50% i les probabilitats d'aconseguir un nadé sa es troba al voltant del 15%.

Fins i tot en pacients SK sense espermatozous viables a la biopsia testicular, I'analisi
anatomopatologica de les mostres ha descrit la preséncia d'espermatogonies indiferenciades. Les
cél-lules mare espermatogonials (SSC) sén una petita poblacido d'espermatogonies especialment
indiferenciades presents a la membrana basal dels tubuls seminifers. Les SSC tenen tant la capacitat
per a la propia autorenovacié com per a la diferenciacié cap a l'espermatogenesi, mantenint I'equilibri
dels tubuls seminifers. Alhora, la qualitat més caracteristica atribuida a les SSC és la capacitat per
migrar fins a la membrana basal de tubuls seminifers de subjectes azoospérmics i restablir
I'espermatogenesi.

S'ha postulat que les SSC podrien ser utilitzades en noves terapies de fertilitat experimentals per a
pacients SK sense espermatozous disponibles a biopsies testiculars. Dins aquesta nova generacio de
teécniques de fertilitat avancada experimentals s'inclouen: trasplantament de SSC, espermatogenesi
in vitro, maduracio ex vivo de teixit testicular i empelt de teixit testicular. Totes han mostrat resultats
prometedors en models animals, aixi com en estudis preclinics i es troben a diferents nivells de
desenvolupament cap a l'aplicabilitat clinica.

Un aspecte essencial a qualsevol tractament de fertilitat és el valor de I'is de material autoleg del
pacient per tal de transmetre el material geneétic a la seva descendéncia. La majoria de les terapies
experimentals basades en SSC préviament esmentades requereixen un nombre significatiu de
cél-lules per a ser viables. Alguns investigadors han aconseguit propagar in vitro cél-lules testiculars
euploides de rosegadors i humans mantenint les caracteristiques propies d'una putativa poblacié de
SSC. No obstant aix0, es desconeix si aquestes tecniques serien reproduibles en subjectes aneuploides
com SK.
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Hipotesi:
La nostra hipotesi és que els metodes actuals d'aillament i propagacio in vitro de cél-lules testiculars
podrien ser adaptat a les necessitats especifiques del teixit testicular de ratolins i humans amb SK.

Organoides testiculars formats a partir de cel-lules testiculars SK podrien aportar coneixement sobre
la fisiopatologia del SK. Els organoides testiculars podrien també suposar un aveng¢ cap a noves
terapies de fertilitat per a pacients SK.

Objectius:

1. Aillar, propagar i caracteritzar cél-lules testiculars procedents de ratolins XXY, inclosa una poblacid
de putatives SSC.

2. Aillar, propagar i caracteritzar cél-lules testiculars procedents dels humans XXY, inclosa una poblacio
de putatives SSC.

3. Formar organoides testiculars en 3D a partir de cél-lules testiculars humanes XXY i avaluar-ne el
potencial com a model de SK in vitro; i com a eina per a I'espermatogenesi in vitro.

Metodes:

El metode d'aillament i cultiu de cel-lules testiculars descrit previament per a teixit huma adult i
prepuberal va haver de ser adaptat a teixit SK peripuberal de ratoli i huma fins a aconseguir-ne la
propagacio consistent, com es descriu als articles corresponents. Alhora, el metode de formacié i
diferenciacié d'organoides testiculars previament descrit pel nostre grup va ser optimitzat.

Algunes de les més significatives variacions del protocol identificades com a favorables durant el
procés van ser:

La transicio d'una digestié enzimatica basada en la combinacid de hialuronidasa, col-leganasa, tripsina
i DNAsa a una combinacié de col-lagenasa (SERVA, aprovada per la FDA per ser aplicada en humans) i
DNAsa, mantenint bona eficacia durant el procés.

Diferents mitjans de cultiu van ser comparats fins a descriure una nova variant de StemPro Complete
especialment enriquida amb FBS a la qual hem donat el nom de Gonomedia i que en la nostra
experiencia estimula la propagacio inicial de cél-lules testiculars immadures.

Pel que fa a la formacié d'organoides testiculars 3D, passem d'un sistema de cultiu tipus hanging drop
a plaques de cultiu ultrantiadherents i afegint-hi centrifugacié després de la sembra. Es va establir
10.000 cel-lules testiculars per organoide com una mesura adequada per evitar necrosi del nucli al
Ilarg del cultiu mantenint un alt nombre de cél-lules resultants.

Resultats:

Al primer article es reporten cel-lules testiculars del model roent de SK sent satisfactoriament aillades
i propagades en cultiu fins a incrementar més de 109 vegades el seu nombre. Aquests resultats son
comparables als obtinguts en controls XY de la mateixa ventrada. La posterior caracteritzacio de les
cél-lules mitjancant RT-gPCR i dPCR va identificar en cultiu els quatre principals tipus cel-lulars
esperats en el teixit tescticular: espermatogonies, cél-lules de Leydig, cél-lules de Sertoli i cel-lules
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peritubulars. Alhora, mitjangant citometria de flux es va caracteritzar una poblacié de putatives SSC
present al llarg de tot el temps en cultiu. Es va realitzar hibridacié in situ fluorescent (FISH) de les
cél-lules en cultiu observant mosaicisme present al llarg de cultiu i identificant-se cél-lules XXY, XX i XY
tant estacionaries com en divisio.

Al segon article es presenten els resultats obtinguts de I'aillament i cultiu de cel-lules testiculars
humanes de pacients SK peripuberals. El teixit testicular va ser cedit per pacients inclosos al projecte
de criobanc experimental de teixit testicular per a pacients en risc d'infertilitat masculina del Wake
Forest Baptist Medical Center. El nombre de cel-lules va experimentar un creixement exponencial
durant 90 dies en cultiu fins a assolir més de 109 vegades el seu nombre original. L'expressio genica
de les cel-lules en cultiu va mostrar trets caracteristics propis d'espermatogonies indiferenciades,
cél-lules de Leydig, cél-lules de Sertoli i cél-lules peritubulars. Mitjancant RNAseq per a cél-lules
individuals es va poder identificar un agregat cél-lules amb un perfil dexpressié génica superponible
la descripcidé actual de SSC humana. La preséncia d'una putativa poblacié de SSC en cultiu va ser
identificada al mateix temps mitjancant citometria de flux al llarg del temps de cultiu. Cariotip
molecular de les cél-lules en cultiu va ser realitzat mitjancant seqiienciacié genomica de nova
generacié (NGS) descrivint una poblacié homogenia 47 XXY amb un filtre de confianca del 10%. A
continuacidé, es van caracteritzar els cromosomes sexuals de les cél-lules en cultiu mitjancant
hibridacid in situ fluorescent (FISH). Els resultats van identificar de nou mosaicisme minoritari present
al llarg de cultiu i identificant-se cél-lules XXY, XX i XY tant estacionaries com en divisié. En enriquir la
poblacié d'espermatogonies mitjangant marcadors magnetics anti-CD9, la proporcié de cél-lules
euploides es va veure incrementada. En observar aquests resultats, es va realitzar una analisi FISH a
les seccions histologiques teixit testicular utilitzat a I'estudi. Els resultats van demostrar la presencia
de mosaicisme intratesticular malgrat haver estat clinicament diagnosticats com a 47, XXY no mosaics,
mitjancant cariotip sobre sang periférica.

Finalment, a partir de les cel-lules testiculars de pacients SK aillades i propagades in vitro a |'apartat
anterior es van crear organoides testiculars per al seu cultiu 3D. Durant 23 dies en cultiu (2 dies de
formacid i 21 dies de diferenciacid) els organoides van romandre viables, sense signes de necrosi i
produint ATP. Histologicament els organoides presentaven un aspecte compacte amb multitud de
nuclis cel-lulars repartits tant a la superficie com al nucli. No es van apreciar significatius signes de
fibrosi. Per avaluar la capacitat dels organoides de reproduir in vitro la fisiologia testicular se'n van
avaluar les dues funcions principals: I'esteroidogenesi i I'espermatogénesi setmanalment durant els
21 dies de cultiu en mitjana de diferenciacid. Pel que fa a la produccié de testosterona, els organoides
van produir quantitats analiticament rellevants al llarg del seu temps en cultiu. No es va observar una
diferéncia significativa en la produccié de testosterona als organoides testiculars SK sotmesos a
estimulacio de polsos de gonadotropina corionica humana (hCG), a diferéncia del que s'observa en
organoides testiculars de pacients adults o prepuberals euploides. Per valorar |'espermatogenesi
sustentada in vitro, es va avaluar I'evolucid de I'expressio genica. Inicialment, I'expressio de marcadors
spermatogenesi intermédia (SYCP3) i tardana (Acrosina i PRM1) eren indetectables.

Després d'una setmana en cultiu de diferenciacid, I'expressié de SYCP3 es va positivitzar mostrant un
pic significatiu que va decréixer posteriorment. En canvi, marcadors d'espermatogenesi tardana com
Acrosina i PRM1 van augmentar significativament la seva expressio tan sols a la tercera setmana en
cultiu. Mitjancant PCR digital es va estimar que el percentatge de cel-lules de I'organoide expressant
Acrosina i PRM1 era del 0,2%.
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Finalment es va realitzar analisi de la dotacié cromosomica de les cel-lules conformant els organoides
mitjancant tincié FISH per als cromosomes X, Y i 18. No es van apreciar cel-lules haploides a l'inici de
I'estudi ni després d'1 o 2 setmanes en cultiu. No obstant aix0, després de 3 setmanes en cultiu,
cél-lules haploides tant 18X com 18Y eren visibles al nucli dels organoides testiculars. Després de
comptabilitzar aquestes poblacions es va poder estimar que el 10,9% de les cél-lules era X/18 i el 4,6%
Y/18.

Discussi6:

Aquest és el primer registre del que tenim coneixement sobre propagacié in vitro de cel-lules
testiculars procedents de subjectes SK. Suposa un pas crucial i necessari cap al desenvolupament de
noves terapies de fertilitat en pacients azoospermics, inclosos SK.

En termes quantitatius, els resultats de propagacid obtinguts son suficients per potencialment
permetre'n l'aplicacidé a la practica clinica mitjancant trasplantament de SSC o espermatogénesi in
vitro.

Tot i aixi, la confirmacid definitiva de I'exit d'aquest sistema de cultiu cel-lular sera I'eficacia amb que
cél-lules propagades in vitro seran potencialment capaces de restituir espermatogenesi a tubuls
seminifers inactius. Per aix0, nous estudis de seguretat i eficacia clinica son necessaris fins que suposi
raonable la seva aplicacio experimental en pacients.

El mosaicisme intratesticular observat en pacients SK sense signes de mosaicisme en sang periférica
confirma la sospita de mosaicisme teixit-especific postulada a estudis previs. Alhora, podria
representar una plausible explicacié per als focus d'activitat espermatogénica romanents en adults SK
azoospermics.

D'altra banda, I'observacio de que les cél-lules euploides en cultiu sén preferentment
espermatogonies concorda amb la troballa clinica documentada de gametes intratesticulars SK
majoritariament euploides. D'aquesta manera, es consolida la importancia de desenvolupar noves
terapies de fertilitat per a pacients SK, ja que poden donar lloc a descendéncia sana.

Pel que fa als organoides testiculars, el fet que reprodueixin adequadament |'esteroidogenesi i
espermatogenesi in vitro confirmen el seu valor com a eina de recreacio de la fisiologia testiculari la
seva aplicabilitat a I'estudi de toxicitat o exploracié farmacologica.

La manca de resposta a I'estimulacié amb polsos de hCG dels organoides SK donaria noves dades
sobre els mecanismes fisiopatologics del SK i recolzaria les expectatives del seu Us com a model de
malaltia.

Pel que fa a I'espermatogenesi, la troballa de cel-lules haploides després de tres setmanes de cultiu
de diferenciacié suposa un gran avenc cap a I'espermatogénesi in vitro com a terapia experimental de
fertilitat. Estudis posteriors han d'avaluar el potencial de fertilitzacid i la viabilitat dels embrions
resultants obtinguts a partir de gamets desenvolupats in vitro.
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Conclusions:

18

a)

b)

d)

Per primer cop s’ha aconseguit aillar i propagar in vitro cél-lules testiculars de ratoli XXY. Les
cél-lules en cultiu van mantenir I’expressié génica caracteristica dels quatre principals tipus
cel-lulars testiculars: Espermatogonies, cél-lules de Sertoli, cél-lules peritubulars i cél-lules de
Leydig. Tanmateix una poblaci6 de putatives cel-lules mare espermatogoniques,
potencialment adients per ser trasplantades, fou identificada.

Per primer cop s’ha aconseguit aillar i propagar in vitro cél-lules testiculars humanes XXY de
pacients amb sindrome de Klinefelter. Les cel-lules en cultiu van mantenir I'expressio genica
caracteristica dels quatre principals tipus cel-lulars testiculars: Espermatogonies, cél-lules de
Sertoli, cel-lules peritubulars i cél-lules de Leydig. Tanmateix una poblacid de putatives
cél-lules mare espermatogoniques, potencialment adients per ser trasplantades, fou
identificada.

Mosaicisme de cromosomes sexuals vas ser identificat, caracteritzat y quantificat tant en
cél-lules cultivades in vitro com a biopsies testiculars obtingudes in vivo de pacients
clinicament diagnosticats com Klinefelter no-mosaic.

Organoides testiculars tridimensionals varen ser creats amb éxit a partir de cél-lules humanas
XXY, recreant in vitro caracteristiques de la fisiologia testicular como la produccié de
testosterona, la produccidé de ATP i la seva expressié genica caracteristica.

Després de tres setmanes en cultiu, els organoides testiculars humans amb sindrome de
Klinefelter van experimentar diferenciacid espermatogénica resultant en la produccié de
cél-lules haploides.



5. Introduction:

Klinefelter Syndrome (KS) is a chromosomal disease first described in 1948 as a group of men
presenting with gynecomastia, testicular atrophy, hypogonadism, and infertility (1). The most
common genotype is 47 XXY, but many other less common variants have been described
(mosaicism, 47 iXqY, 48XXXY, 48 XXYY) (1-3).

It is estimated that KS affects approximately 1 out of every 500-1000 males born (4-8). In
most cases, KS remains asymptomatic and undiagnosed until adulthood, when male infertility
affecting more than 90% of KS patients leads to the diagnosis (1,4). Therefore KS is considered
the most common genetic cause of male infertility and represents up to 10% of all men with
non-obstructive azoospermia (9-11).

Meiosis is a key element of sexual reproduction in which through two consecutive cell
divisions four haploid cells with recombined genetic material are produced from a single
diploid cell. During the first cell division (Meiosis |) homologous chromosomes are segregated
into different cells while in the second cell division (Meiosis Il) sister chromatids are
divided(12).
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Figure 1: Different forms of non-disjunction leading to the 47,XXY karyotype of Klinefelter’s syndrome.
Incorporated from Lanfranco et al Lancet 2004; 364: 273-83
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The most common cause of KS is chromosomal non-disjunction (CN-D) during meiosis
producing disomic gametes. In contrast to other chromosomal diseases, KS can originate from
either maternal or paternal germlines in a similar proportion (1,13,14) (Figure 1). Maternal
CN-D may occur during either meiosis | or Il but paternal CN-D can only occur in meiosis |
phase as CN-D during paternal meiosis Il would result in either 47XXX or 47XYY zygotes
(13,15). Some studies have linked increaded risk of KS to advanced maternal age (1,4,13).

Differences during cell division in the early stages of fetal development may lead to mosaicism
consisting of cell populations with different chromosomal dotation coexisting in the same
organism. Around 10-20% of KS patients present some degree of mosaicism in peripheral
blood cells analysis (1,13). However, even in patients clinically diagnosed as non-mosaic
47XXY, tissue-specific hidden mosaicism has been described (16—-18).

At a hormonal level, KS patients usually present with hypergonadotropic hypogonadism
starting at puberty. High luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
levels are frequently associated with low or lower limits of normality testosterone (1,3,19).
High sex-hormone-binding globulin (SHBG) levels decrease the bioavailable active free
testosterone and further exacerbate hypogonadism status (1,3,19). Inhibin B and Anti-
Millerian Hormone (AMH) remain within normal limits in prepubertal boys but decrease
during puberty proportionally to the loss of functional seminiferous tubules (20,21). Similarly,
GnRH appears to be within normal limits in prepubertal boys but rises after puberty in
response to the lack of negative feedback (22). Recent studies have refuted previous beliefs
that estradiol was significantly increased in KS patients (23) in favor of a relative
hyperestrogenism with a high estradiol/testosterone ratio (1,23).

Previous clinical practices used to initiate hormonal replacement therapy (HRT) with
testosterone upon KS diagnosis assuming clinically significant hypogonadism. Current
literature suggest that only some patients may benefit from HRT, but the optimal time to
start treatment remains unclear (24-31). If KS diagnose comes early, close follow up while
transitioning into puberty is recommended to evaluate the adequate indication of HRT in a
case-to-case basis (30). Randomized placebo-controlled clinical trials are still needed to clarify
the real efficacy of HRT in KS patients. Before starting HRT, patients should be informed about
its possible deleterious impact on male fertility in order to better assess the risk-benefit
balance (24,26,27,32).
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The KS classical phenotype included high stature,
feminized  fat  distribution,  hypogonadism,
gynecomastia, testicular atrophy, and learning
difficulties (14,24). Some of the other signs and
symptoms described in KS are cryptorchidia,
micropenis, diabete, metabolic syndrome,
osteopenia and increased thrombotic risk. (14,24)
(Table 1)

Table 1: Abnormalities associated with KS and their
tentative frequencies. Incorporated from Groth et al J
Clin Endocrinol Metab, January 2013, 98(1):20 -30 =»>

However, only a small portion of patients present
as such and most KS patients remain completely
asymptomatic until adulthood being infertility the
sign most frequently leading to the diagnosis (3,27)
(Figure 2).

Figure 2: Signs and symptoms of Klinefelter syndrome (KS) at various stages in life.

from Zitzman et al Andrology. 2021,9:145-167.
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Mosaicism, paternal origin of the extra numeracy chromosome, differences in skewed X
chromosome genes expression, genes escaping inactivation, and androgen receptor
polymorphism may account for the high variability in KS clinical features (3,33-37).

A high incidence of diabetes, metabolic syndrome, and obesity has been described in KS
patients most likely due to multifactorial etiology including hypogonadism, aneuploidy, and
androgen or INS-like receptor polymorphism (24,38,39). Only discrete changes in the
metabolic profile of KS patients were observed after HRT was started, supporting its
multifactorial nature (38).

The previously described endocrinological profile may account for some of KS clinical
features. Low circulating testosterone combined with the underlying chromosomal
abnormality and INS-like receptor 3 levels may contribute to KS elevated height,
osteoporosis, reduced muscle mass, and eunuchoid physical habit (19,24,40-42). Clinically
significant hypogonadism usually presents in KS patients as decreased libido and erectile
dysfunction from an early age (19) that improves after HRT (43). It may also explain the higher
incidence of undescended testis compared to the general population (9,44). Androgen
deficiency is also linked to elevated thromboembolic events in KS patients (25,45).

The overall combination of endocrinological misregulation slightly impacts their overall
survival and life expectancy of KS patients (46,47). No clear connection between KS and
cancer has been established, although currently available data is insufficient to rule out its
association (37,47,48).

Testicular tissue has a complex histologic architecture with many cell types distributed
between two differentiated compartments separated by the basal membrane: the
seminiferous tubules where spermatogenesis takes place and the testicular interstitium
where neurovascular structures and androgen producing cells are located (49) (Figure 3)
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The seminiferous tubules are formed by a tightly sealed layer of Sertoli cells resting on the
inner side of the basal membrane (Figure 3). Sertoli cells provide adequate immunologic
protection, metabolic environment and paracrine regulation to support spermatogonial
lineage thrive (49).

During testicular development, male primordial germ cells migrate from tubules lumen and
settle in close contact to Sertoli cell on the basal membrane where they are conditioned to
become male immature spermatogonia (49,50).

At the onset of puberty, under the influence of testosterone, retinoic acid, and other co-
factors, some immature spermatogonias commit to spermatogenesis and go through a
gradual differentiation process to become mature spermatozoa as they advance into the
seminiferous tubules’ lumen(49-51) (Figure 3 and Figure 4). This process remains active in a
wave fashion of 42-75 days per cycle approximately (49). Cell-to-cell interactions are crucial
to support and maintain functional spermatogenesis.

Figure 4: Overview of germ cells differentiation in mice.
Incorporated from Griswold Physiol Rev 96: 1-17, 2016 => Bprmacganic Bhem Cy
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In the testicular interstitium, immediately outside the tubules, layers of peritubular myoid
cells continuously repair and maintain the basal membrane and secrete co-factors required
for spermatogenesis (Figure 3). Peritubular cells also present contractile functions similar to
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smooth muscles that contribute to propel spermatozoa through the seminiferous tubules
(49,50,75). In the testicular interstitium, Leydig cells aggregated in clusters present an intense
metabolic activity dedicated to steroid production in response to hormonal and non-
hormonal stimulation (49,50) (Figure 3).

KS patients present a progressive loss of spermatogonia (75—-80) which has been described to
accelerate at the onset of puberty (19,34,80-86). Adult patients usually develop extensive
testicular fibrosis and impaired fertility characterized as Sertoli cell-only morphology in most
seminiferous tubules (44,77,80,86,87). However, the specific physiopathology mechanism of
this process remains unclear. Some reports suggested X chromosome genes overexpression,
testicular microenvironment misbalance, or altered meiosis in aneuploid cells as likely causes
for germ cell depletion (18,79,82,83,85,88,89). Leydig cell hyperplasia, although not always
present, is another common histologic finding in KS testes (24,34,44,77,81).

Animal models mimicking the clinical features observed in KS humans have been established
to better understand its pathophysiology (90-99). Lue et al developed an XXY mouse model
with testicular fibrosis, germ cell depletion, osteopenia and learning difficulties (90-92,99).
Wistuba et al used their XXY mouse model to further describe the pathophysiologic
mechanism behind germ cell loss (96,97), Sertoli alteration (95) and Leydig misfunction (94)
Hirota et al used their XXY mouse model to study the mosaicism dynamics in vivo and in vitro
(98). Joerg et al developed a Klinefelter bull reproducing the germ cell loss observed in
humans (93).

Current literature estimates that up to 8% of non-mosaic KS patients may have functional
sperm in their semen (1,26,100,101). In those cases; healthy euploid offspring has been
reported by either natural conception (101-104) or advanced reproductive techniques (ART)
(105-109), suggesting that cells that complete meiosis may develop into euploid sperm
(18,110,111). The mechanism behind KS euploid gametes production remains unknown but
different theories have been postulated (Figure 5) (88).

Figure 5: Competing Spermatogenesis Hypotheses in Klinefelter Syndrome.

(1.) All spermatogenesis derives from 47, XXY Spermatocytes, which results in multiple chromosomal
options in produced sperm. No 46, XY spermatocytes are present.

(2.) All successful spermatogenesis derives from rare 46, XY spermatocytes, which may be present
even in non-mosaic Klinefelter patients resulting in sperm with only normal 23, X, and 23, Y genotypes.
(3.) Both 47, XXY spermatocytes and rare 46, XY spermatocytes are responsible for undergoing
spermatogenesis with an occasional mitotic change between 47, XXY, and 46, XY at the diploid
spermatocyte developmental level. Adapted from our research group work: Deebel NA, Bradshaw AW,
Sadri-Ardekani H. Infertility considerations in klinefelter syndrome: From origin to management. Best
Pract Res Clin Endocrinol Metab. 2020 Dec;34(6):101480. (88)
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More than 90% of KS adults do not present spermatozoa on their semen, making KS the most
common genetic cause of non-obstructive azoospermia (NOA) (4). Even azoospermic KS
patients may still have foci of preserved intratesticular spermatogenesis (18,80,86,111).
Nowadays, the gold standard of care to treat male infertility in KS patients with azoospermia
is TESE (Testicular Sperm Extraction) or micro-TESE (microscopic assisted Testicular Sperm
Extraction) combined with advanced reproductive techniques (ART) like ICSI (Intra
Cytoplasmic Sperm Injection) in order to achieve pregancy (88). However, the success rate of
testicular sperm retrieval remains lower than 50% (1,24,86,112-116). It needs to be
combined with subsequent in vitro Fertilization (IVF) with a pregnancy rate around 40% for a
combined Live Birth Rate of about 15% (24,114,117). It remains unclear if there is a difference
between using freshly retrieved sperm compared to frozen-thawed sperm in KS ART success
(114,118,119). Recent studies evaluating histologic architecture and tissue integrity showed
no significant difference between fresh and thawed testicular tissue (120)

There is a high variability on microTESE/TESE sperm retrieval rates as testicular histology
varies from patient to patient (16,77,114), even in monozygotic twins (121). Many studies
have analyzed variables like testosterone, estradiol, LH, FSH, Prolactin, Inhibin B levels and
testicular volume trying to anticipate sperm retrieval results in KS patients. No factor other
than testicular histology has consistently predicted microTESE/TESE success (32,112—
115,119,122-130). The latest reports have shown promising results centered around the
origin of the extra X Chromosome (131) and AMH levels at the time of the biopsy (132) . The
optimal age for sperm retrieval remains controversial (114,118,128,133,134). The chances of
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finding sperm in prepubertal KS patients is remote. Some experts advocate for early TESE in
pubertal or peripubertal young adults to minimize testicular fibrosis while others prefer adult
TESE to add the benefit of avoiding sperm cryopreservation.

Active testosterone treatment could also negatively impact spermatogenesis in KS, although
available data is still insufficient (27,44,114). Some authors recommend discontinuing
testosterone treatment six months before TESE or microTESE to optimize sperm retrieval
rates (1,19).

Intratesticular sperm retrieved from KS patients is euploid in more than 90% of cases (135).
However, a higher percentage of aneuploid sperm than healthy controls and euploid
azoospermic patients has been reported (89,117,135-137). Consequently, if available,
preimplantation genetic diagnosis and genetic counseling are highly recommended
(117,135).

KS patients, KS parents and medical providers treating underaged KS boys in risk to develop
male infertility have shown significant interest in fertility preservation treatments (138-140).
Even in cases where no sperm is found on testicular biopsy, histology reports may show un-
differentiated spermatogonia and putative SSC present in the seminiferous tubule’s basal
membrane(84,86,141). The presence of this population might be affected by age and HRT
(84,88).

Unfortunately, most KS patients remain undiagnosed or the diagnose is delayed until
adulthood when infertility is already stablished (4,24). Current efforts from clinical
community are concentrating on early diagnose and follow up in order to improve clinical
management and quality of life in KS patients (26,43,142). Since the introduction of prenatal
genetic diagnostic techniques (Amniocentesis, Chorion Villus Sample, Cell-Free-Fetal DNA
determination, Quantitative Fluorescence PCR, Multiplex Ligation Dependent Probe
Amplification, Preimplantation Genetic Screening, Methylation specific PCR) it is now possible
to follow KS patients since the time of birth. Consequently, there is a new window for early
medical interventions in KS patients (27,143-146).

As previously mentioned, the current standard of care for patients with NOA relies on TESE
followed but ICSI or ROSI using retrieved sperm. However, there is a call for new fertility
therapies for patients with no available sperm. That might be the case for prepubertal and
peripubertal patients pending to receive gonadotoxic treatment, presenting bilateral
cryptorchidia, or KS. Experimental SSC-based fertility treatments under development include
SSC transplantation, in vitro spermatogenesis, testicular tissue ex vivo culture, or testicular
tissue grafting (88,147-149). It's been hypothesized that early testicular biopsy and
cryopreservation (29,88,140,141,150-155) (Figure 6) could provide a source of autologous
SSC required to consider future SSC-based fertility treatments. Therefore some reference
fertility-centers are currently offering testicular tissue cryopreservation to their patients.
Several studies have optimized testicular tissue cryopreservation methods and process in
order to protect and maintain viability of SSC for future ART applications (156—165).
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Figure 6. Management of Klinefelter Syndrome for Fertility Preservation. Following Klinefelter
syndrome diagnosis, all ages from fetal through peripubertal children are recommended to undergo
multidisciplinary consultation, including male infertility specialists. Newborns will be followed
longitudinally, as will infants and children with attention paid to regular hormonal evaluations up to,
and especially during, puberty. In children, if at any point a surgical procedure requiring anesthesia is
scheduled, the authors recommend undergoing experimental testicular tissue biopsy and
cryopreservation of SSC at that time. In adults desiring fertility, if sperm is present on semen analysis,
this may be preserved and used for IVF or ICSI. If no sperm are found, mTESE is the preferred next
step. If sperm or round spermatid is found on mTESE, then it may be preserved for ICSI or ROSI. If no
sperm are found, then experimental testicular tissue biopsy and cryopreservation of SSC is suggested.
In adults and children who underwent experimental SSC cryopreservation, SSCs can be cultured and
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propagated, with the goal of SSC auto-transplantation leading to potentially increasing the number of
46XY SSCs to support in vivo spermatogenesis and subsequent natural conception or ROSI/ICSI. An
additional experimental possibility following SSC propagation is in vitro spermatogenesis, which is
possible in 3D Organoid culture and which may allow for ROSI or ICSI conception. Abbreviations: SSC,
Spermatogonia Stem Cells; TESE, Testicular Sperm Extraction; ROSI, Round Spermatid Injection; ICSI,
Intracytoplasmic Sperm Injection. Adapted from our research group work: Deebel NA, Bradshaw AW,
Sadri-Ardekani H. Infertility considerations in Klinefelter syndrome: From origin to management. Best
Pract Res Clin Endocrinol Metab. 2020 Dec;34(6):101480.(88)

SSC transplantation consists of testicular cells suspension infusion into the rete testis so they
retrogradely reach the semniferous tubules, colonize the basal membrane and restore
spermatogenesis. SSC transplantation has already been successfully used to restore male
fertility in animals for more than 25 years (55), and since its methods have been refined
(166,167). The technique has been translated into several animal models (93,168-172)
including non-human primates (NHP) (173—-175) (Figure 7) and xenotransplantation of human
testicular cells (176—178). The system is effective in azoospermia subjects after busulfan
ablation (55,168), radiation exposure (174,175), or congenital infertility models (92,93,179).
In the 41 XXY mouse KS model, seminiferous tubules were successfully repopulated by Lue et
al using SSC transplantation from 40XY mouse after a fully established testicular fibrosis (92).
Unfortunately, spermatogenesis restoration wasn’t achieved after SSC transplantation into
the Klinefelter bull model (93). SSC transplantation has shown efficiency in restoring
spermatogenesis even in non-ablated animals Clonidine 11 KO mice in meiotic arrest (180).
Proof of concept has been provided for the autologous SSC transplantation (174,175,179). In
a recent blinded preclinical study carried out in mice undergoing SSC transplantation no
significant differences in overall health were found in two consecutive offspring generations
compared to wild-type controls (181). Successful SSC transplantation has been achieved using
cryopreserved testicular tissue (182) even after 14 (162) and 20 years in cryostorage (183).
The application of this particular fertility restoration method would represent an important
advance as it would potentially enable natural conception of children without the need to go
through IVF.
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In vitro spermatogenesis consists of in vitro culture systems that recreate testicular
physiologic conditions in order to achieve cell differentiation into male gametas. It has been
explored as means to produce differentiated haploid germ cells suitable for ART (184). This
method might be preferred when concerns are raised regarding reintroducing
undifferentiated cells back into the patient, especially in cancer survivors (185-187).
Literature on animal models show promising reports of in vitro spermatogenesis in 3D culture
systems from both testicular cells (188—191) and somatic stem cells (98,192—-194).
Significantly, Hirota et al. used a 3D culture system to complete in vitro spermatogenesis from
XXY mouse induced Pluripotent Stem Cells (iPSC), achieving the conception of healthy
offspring (98).

In humans, few groups have reported successful haploid germ cells produced in vitro from
testicular cells culture (195-197). Moreover, human testicular organoids have been able to
recreate key features of testicular physiology like testosterone production (196). It has been
proposed as a toxicity model for drug screening alone (196) and included in a multiorganoid
body-in-chip platform (198-200). 3D testicular organoids are also being explored as an
infectious disease pathogenesis model (201).

By testicular tissue culture and ex vivo differentiation we refer to the culture of whole tissue
pieces, without previous cell isolation, trying maintain the original histologic architecture.
This method has shown some success in animal models (202—-208). However, recent attempts
to translate this system into human tissue are still in the early stages of development
(209,210).

Testicular tissue grafting consists on surgically implanting testicular tissue from a donor on to
a living host so the graft can support spermatogenesis under the hormonal control from the
host. We talk about autologous graft when the tissue is implanted on to the donor, allogenic
graft when the tissue is implanted on a host of the same species as the donor and xenograft
when the tissue is implanted on a host from a different species. We can also differentiate
between orthotopic graft when the testicular tissue is implanted inside the host’s scrotum
and ectopic graft when it is implanted anywhere else.

Testicular tissue grafting has shown promising results in the ex vivo maturation (211,212)
enabling conception and healthy offspring in wild-type NHP (Figure 8). In humans, it has been
suggested that testicular tissue grafting could play a role in KS disease modeling (213).
Nevertheless, no germ cell differentiation was reported after four weeks. The scarcity of germ
cells in SK patients may compromise the viability of this experimental fertility option.
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Figure 8: Intracitoplasm Injection of
rhesus spermatids retrieved from
testicular graft and resultant
embryo development until birth.
Incorporated from Fayomi et al
Science. 2019 March 22; 363(6433):
1314-1319

All these different methods are not mutually exclusive, and a holistic approach will help
decide what specific strategy or combination best suits a particular patient. Novel approaches
in the field combine the previously described methods to optimize differentiation and
spermatogenesis (214).

A crucial aspect of any fertility treatment is the value of using autologous material from the
patient to pass down its genetic information through his offspring. Most of the previously
mentioned experimental fertility therapies require a high number of cells to become feasible.
However, testicular tissue from patients at risk of male infertility is usually scarce, and the
number of viable cells is reduced.

Few research groups have been able to propagate testicular cells in vitro while preserving a
putative SSC population from rodents (64,215-221) and humans (64,177,222-231) (Figure 9).

Figure 9: Human testicular cells, including a population of
putative SSC, in culture. Incorporated from Sadri-Ardekani et al
JAMA, November 18, 2009— Vol 302, No. 19

However, whether these systems would be reproducible in KS patients’ testicular cells
remains unknown.
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Abstract:

Klinefelter syndrome is a chromosomal disease characterized by the presence of a masculine
phenotype and at least one supernumerary X chromosome (47 XXY most commonly).
Frequency has been estimated to be 1/500-1000 born males. The most prominent clinical
feature is testicular fibrosis starting at the onset of puberty, leaving more than 95% of them
azoospermics?.

Despite widespread testicular fibrosis, adult Klinefelter patients may still present small
focuses of full spermatogenesis or at least some viable surviving spermatogonia®®. Current
fertility therapies available for azoospermic patients include Testicular Sperm Extraction
(TESE) combined with in vitro fertilization (IVF), although the probability of finding fully
differentiated viable sperm is very limited>.

To improve fertility treatments in azoospermic patients, including Klinefelter, it's been
hypothesized that spermatogonia-based methods could be used when sperm-based
therapies aren’t available.'®'® Many of these methods including Spermatogonial Stem Cell
(SSC) transaplantation!*!> and in vitro Spermatogenesis!’ have shown great progress in the
later years, although remain experimental.

However, these procedures require a significant number of testicular cells and, unfortunately,
the viable testicular tissue present in a Klinefelter testicular biopsy is very limited. In order to
make autologous procedures feasible, it is critically important to increase the number of
spermatogonia in vitro. There have been reports of in vitro propagation of testicular cells in
different species including mouse®!® and human®’, but it remains unknown if these results
are reproducible in Klinefelter patients.

This study aims to isolate, propagate and characterize testicular cells, including SSC, from
Klinefelter mouse model and Klinefelter human patients. To achieve that goal, current culture
systems will have to be adapted. Klinefelter mouse model developed by Dr. Lue et al will be
used in the pilot study. Then the optimized method will be applied to human Klinefelter
testicular tissue donated by patients enrolled in Wake Forest Baptist testicular bank.

If Klinefelter testicular cells are successfully isolated and propagated in culture a new
generation of autologous fertility treatments could be pursued.
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Hypothesis

| hypothesize that current methods of isolation and in vitro propagation of testicular cells
could be optimized to fit the specific needs of KS testicular tissue from both mice and humans.

Testicular organoids formed from KS testicular cells could provide a better understanding of

KS physiology. KS testicular organoids could also support spermatogenesis in vitro and bring
us closer to new therapies for infertile KS patients.
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Objectives:

1. Isolate, Propagate and Characterize mouse XXY testicular cells, including
Spermatogonial Stem Cells population

2. lIsolate, Propagate and Characterize human XXY testicular cells, including
Spermatogonial Stem Cells population

3. Form 3D Testicular Organoids from human XXY testicular cells and evaluate its
potential as Klinefelter Syndrome in vitro disease model and in vitro spermatogenesis
tool
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Materials and methods:

Article 1: “ In Vitro Propagation of XXY Undifferentiated Mouse Spermatogonia: Model for
Fertility Preservation in Klinefelter Syndrome Patients” addressing the objective: Isolate,
Propagate and Characterize mouse XXY testicular cells, including Spermatogonial Stem Cells

population
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Abstract: Klinefelter syndrome (KS) is characterized by a masculine phenotype, supernumerary sex
chromosomes (usually XXY), and spermatogonial stem cell (S5C) loss in their early life. Affecting
1 out of every 650 males born, KS is the most common genetic cause of male infertility, and new
fertility preservation strategies are critically important for these patients. In this study, testes from
41, XXY prepubertal (3-day-old) mice were frozen-thawed. Isolated testicular cells were cultured
and characterized by qPCR, digital PCR, and flow cytometry analyses. We demonstrated that SSCs
survived and were able to be propagated with testicular somatic cells in culture for up to 120 days.
DNA fluorescent in situ hybridization (FISH) showed the presence of XXY spermatogonia at the
beginning of the culture and a variety of propagated XY, XX, and XXY spermatogonia at the end
of the culture. These data provide the first evidence that an extra sex chromosome was lost during
innate SSC culture, a crucial finding in treating KS patients for preserving and propagating SSCs for
future sperm production, either in vitro or in vivo. This in vitro propagation system can be translated
to clinical fertility preservation for KS patients.

Keywords: spermatogonia; spermatogonia stem cells; Klinefelter syndrome; male infertility; fertil-
ity preservation

1. Introduction

Klinefelter syndrome is a chromosomal alteration presenting with a masculine pheno-
type, with one Y chromosome and at least two X chromosomes (47 XXY being the most
common genotype) [1]. It affects around 1 out of 650 newborn males and, despite remaining
widely underdiagnosed, represents the leading genetic cause for male infertility [2,3]. The
most common pathologic finding in Klinefelter adult patients is small testis due to seminif-
erous tubule fibrosis [4]. However, little is known about the preceding pathophysiologic
process except that germ cell loss starts in the fetus [5-8], accelerates around the onset of
puberty [9], and progresses to azoospermia in most adult patients [10,11].

Several authors have studied this process of progressive germ cell loss [9,10,12], re-
sulting often in hyalinized or Sertoli cell only seminiferous tubules. However, it remains
unclear if the germinal loss is due to an intrinsic dysfunction of the germ cells [8], a dysfunc-
tion of supporting Sertoli cells [13], or defective spermatogonial stem cell (SSC) renewal [14].
Studies analyzing these germ cells entering meiosis have described a meiotic arrest either
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at spermatogonia [9] or early spermatocytes [15]. In addition to germ cell loss, Leydig cell
hyperplasia is characteristic in KS patients [4,9].

Testosterone production and testicular growth are often within the normal range
during early puberty, whereas LH, FSH, and estradiol concentrations are increased. Serum
testosterone concentration decreases when mid puberty is reached and remains low or in a
lower than normal range in adult KS patients [16]

Despite extensive testicular fibrosis and germ cell depletion in the testis, it has been
shown that adult KS patients may have focal areas of conserved spermatogenesis in the
testis [1,4,9,10,17]. Moreover, few KS patients may still have some spermatozoa present in
the ejaculate [1,18] that could be potentially used for in vitro fertilization (IVF) or intracyto-
plasmic sperm injection (ICSI) [19-21].

Current therapeutic options for adult KS patients presenting with non-obstructive
azoospermia in the ejaculate include surgical testicular sperm extraction (TESE), with or
without utilization of a surgical microscope, followed by ICSI [14,22,23]. According to
recent meta-analyses, the success rate of sperm retrieval using TESE in KS patients is up to
47% regardless of the age of the patient at the time of surgery and should be decided on a
patient to patient basis [24,25]. Moreover, the subsequent pregnancy rate using harvested
sperm is 43% per ICSI cycle [24,26].

There have also been reports of spermatogonia in the testes of patients without intrat-
esticular spermatazoa on micro-TESE [27,28]. These findings suggest that SSC technology
could be an alternative option in the future.

It has been hypothesized that novel cell therapies may allow the use of autologous
cryopreserved testicular tissue to treat Klinefelter patients” infertility [29-32]. However,
a significant challenge to prove this concept is the lack of acceptance for performing
testicular biopsy before puberty when there are still a significantly higher number of
undifferentiated spermatogonia in Klinefelter testes as shown based on either H&E or
THC staining [9,12,33,34]. The effectiveness of these therapies might also be influenced by
testosterone replacement treatment, making the timing of the testicular biopsy a vital issue
for discussion amongst the patient, their family, and their clinician [33]. More consistent
data is needed to establish a better standard of care for KS patients [27,28].

Several Klinefelter animal models have been introduced in the past decade to better
understand the disease [35-43]. Our group established a colony of the most advanced
41 XXY mouse models sharing many clinical characteristics with human 47XXY [35-37].
Previous studies found that gonocyte numbers were similar in XY and XXY mice at post-
natal day 1, followed by an over 60% decrease in the number of gonocytes in the XXY
mice on day 3 and further progressive loss of spermatogonia by days 5 and 7. Only a
few spermatogonia remained in the XXY mice testis on day 10, mimicking the findings in
pubertal boys [36].

One of the main limitations of potential SSC-based fertility treatments [44,45] in KS
patients is the scarcity of SSC in small testicular biopsies. To make autologous therapies
feasible [44,45], it is critically essential to propagate these cells in culture and increase their
number successfully. SSCs’ in vitro propagation has been developed in different species
in the past two decades, including wild-type mice [46-49]. We also reported the first SSC
in vitro propagation system using adult [50] and prepubertal [51] cryopreserved human
testis tissue. This study aimed to culture testicular cells from frozen prepubertal XY (as
a control) and XXY mice testes to maintain and increase the population of putative SSCs.
This technique may overcome the germ cell loss observed at puberty [36].

2. Results
2.1. Histology and Immunohistochemistry (IHC) Comparison of XY and XXY Neonatal
Mouse Testes

Histologic analysis of testes from both XY and XXY mice was performed to assess the
effect of the extra X chromosome on 3-day-old animals. Hematoxylin and Eosin (H&E)
staining (Figure 1A,B) showed XXY mouse testis had a tubular structure that was primarily
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conserved. Although, the number of undifferentiated spermatogonia appeared to be lower
in the XXY mouse compared to that in XY control mice (Figure 1C,D). Interstitial testicular
tissue was more prominent in XXY mouse testes than in XY control mice, with the presence
of characteristic Leydig cell hyperplasia as previously described [37].

3 day nld mouse x\' | 3 day old mouse xxv

H&E

PGP 9.5 {ucuu]

Figure 1. Histology images from a paraffin section of the whole testis tissue with H&E and IHC
for PGP9.5 (UCHLI1) as an undifferentiated spermatogonia marker. Hematoxylin and Eosin (H&E)
staining of 3-day-old XY (A) and XXY (B) mice testes. UCHLI staining of 3-day-old XY (C) and XXY
(D) mice testes. Arrows point to cells positive for UCHL1 (DAB, brown color) inside the seminiferous
tubules, most likely gonocytes. Scale Bar 20 um.

The immunohistochemistry for PGP 9.5 (UCHL1) results (Figure 1) were especially
useful as this marker is expressed in undifferentiated spermatogonia from seminiferous
tubules and Leydig cells in the testicular interstitium tissue [52] but not in other somatic
cells within the testis. The staining in 3-day-old XY mouse testis showed bright positive
signals on intraluminal gonocytes and undifferentiated spermatogonia migrating to the
basal membrane as well as a dimmer signal on interstitial cells. When the same staining
was performed on 3-day-old XXY mouse testis, very few positive cells were observed inside
the seminiferous tubules or migrating to the basal membrane. Nevertheless, interstitial
cells showed prominent signals suggesting the presence of Leydig cell hyperplasia and
validating the staining. These findings are consistent with previous characterizations of the
XXY mice [35-37].

2.2. Isolation and Culture of XXY Neonatal Mouse Testicular Cells

The testicular cell isolation process was performed based on both mechanical and
enzymatic dissociation of testicular tissue as described by Shinohara’s group [46—49] and
our previous works [50,51]. Supplemented StemPro-34 is a widely used media for testicular
cell culture and has already shown promising results in both mice [46—49] and men [50,51].
However, for this experiment, a different enriched version of StemPro media under the
name of “Gonomedia” (details in the methods section) was used. Our group proposes that
Gonomedia better supports neonatal mice testicular cell expansion.
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The frozen testes came from the Klinefelter XXY mice maintained at The Lundquist
Institute and Harbor-UCLA Medical Center kept frozen at —80 °C and sent to Wake Forest
Institute for Regenerative Medicine (WFIRM) [35-37]. The same isolation and culture
method was applied to both the 3-day-old XXY mouse and its XY littermate mice in
parallel. For each isolation, 5 frozen testes were pooled for a total weight of 1 mg. After
mechanical and chemical tissue digestion, 300,000-350,000 cells were retrieved and seeded
in Gonomedia.

In our isolation and culture system of testicular cells [50,51], both somatic and germ
cells coexist, supporting and nurturing the expansion of each other. The former population
presents an elongated morphology and usually attaches to the culture dish early, creating
intercellular connections and forming patches. The latter population presents a small round
form and usually attaches later, using the somatic cell patches as a physiologic feeder layer
(Figure 2).

XXY mouse testicular cells in culture

Early Timepoint Late Timepoint

GONOMEDIA

Figure 2. Optic microscopy images of XXY mouse testicular cells in culture: (A) Cells re-seeded in
Gonomedia after five days in culture (1st passage, Early timepoint). (B) Cells re-seeded in Gonomedia
after 89 days in culture (10th passage, Late timepoint). Scale Bar 20 um.

In our laboratory, testicular cells from XXY mice remained viable and stable in culture
with a discrete propagation rate, less than a 10-fold increase, during the first 60 days.
However, after 65-70 days in culture, cells started to expand exponentially at least until
day 110, when the study goal was considered met and the study was terminated. At this
point, cells in culture had increased over one million fold its number (Figure 3). To our best
knowledge, this is the first report of cells from XXY testes being successfully propagate
in long-term cultures, overcoming the previously known period of apoptosis in the XXY
mouse model. Testicular cells from XY mice testes, as the control, grew in similar pattern in
parallel (Figure 3).

2.3. Gene Expression Analyses of Cultured Cells

Different spermatogonia markers were used to assess the character and differentiation
of the cells in culture. This was crucial because only undifferentiated spermatogonia cells
containing an SSC subpopulation can repopulate seminiferous tubules after transplantation.
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Figure 3. Evolution of the number of cells in culture from XY and XXY mice testes. Both conditions
include data from two replicas of cell isolation from 5 testes each (1 = 10) seeded in Gonomedia to
improve the transition from gonocyte to spermatogonia and potentiate cell propagation.

Characterization of cultured XXY cells confirmed positive expression for markers of
all four major cell types expected in the immature mouse testis: undifferentiated spermato-
gonia (THY1, CD9, ITGA6, ITGB1), Sertoli (GATA4, SOX9, CYP19A1), Leydig (CYP11A1),
and peritubular (a heterogeneous population with multiple cell types including peritubular
myoid cells and telocytes [53]) (CD34, ACTA2) cells (Figure 4A).

To detect differences in gene expression from XXY cells in culture, qPCR was per-
formed at an early timepoint (Passage 1, 7 days in culture) and late timepoint (Passage 14,
110 days in culture) in the same culture media. Results show a significant increase in the
increment in gene expression for markers of non-differentiated spermatogonia (ZBTB16),
Sertoli cells (SOX9), and peritubular cells (CD34), while no significant difference was found
in the Leydig cell (STAR) marker (Figure 4B).

Undifferentiated spermatogonia markers PGP9.5 (UCHL1) and ZBTB16 were highly
expressed in cultured cells from both XXY and XY testes at several checkpoints along
its time in culture. When expression levels between XXY and XY cells were compared,
PGP9.5 (UCHL1) expression was higher in XXY than XY cells while ZBTB16 expression
levels were comparable (Figure 4C). The expression of the differentiating spermatogonia
marker STRA8 was undetectable in both cultured cells from XY (data not shown) and
XXY (Figure 4A) testes, indicating that cells in culture conserve a non-differentiated status
potentially suitable for transplantation or use for in vitro differentiation.

In addition to quantitative gene expression analysis, digital PCR was used to assess
the portion of all cells expressing the ZBTB16 undifferentiated spermatogonia marker,
compared to a POLR2A housekeeping gene. After seven days in culture, the results
showed that 6.4% of cells expressed ZBTB16. Then, after 110 days in culture, digital PCR
analysis was repeated, showing 29.07% of ZBTB16-positive cells (Figure 5).
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Figure 4. Gene expression analysis of cultured cells from XXY testes. (A) qPCR analysis of XXY cells
after 31 days in culture showed significant expression of markers from all four major testicular cell types:

spermatogonia, Sertoli, Leydig, and peritubular cells. (B) Comparative gene expression between XXY

testicular cells from early (Passage 1, 7 days in culture) and late time points (Passage 14, 110 days in

culture) in Gonomedia using paired t student comparison via Prism9 software; (C) Comparative gene

expression between XXY and XY testicular cells that were long-termed cultured (Passage 14, 110 days)

using a t student comparison via Prism9 software; Results expressed as a Delta Delta Ct value normalized
with the housekeeping gene POLR2A. Statistically significant p < 0.05 shown as *.
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Figure 5. Digital PCR analysis of gene expression for the undifferentiated spermatogonia marker
ZBTB 16 (FAM) and housekeeping gene POLR2A (VIC): (A) Gene expression from XXY mouse
testicular cells after seven days in culture (1st passage) in Gonomedia; (B) XXY mouse testicular cells

after 110 days in culture (14th passage) in Gonomedia.
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2.4. Flow Cytometry Analyses of Cultured Cells from XXY Testes

When enough cells were propagated in culture, flow cytometry was used to identify
the characteristic protein expression of the enriched cells that are SSC. To date, there is no
single marker to identify the SSC population. On the other hand, the combination of MHC
I-/CD9+/CD49f+ is well described in the literature as an enriched SSC population and a
good predictor for SSC [54-59] transplantation success. The same analysis was repeated at
several time points during our culture process (Figure 6).
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Figure 6. (A) Flow cytometry analysis to identify putative spermatogonial stem cells (MHC I-
CD9+ CD49f+) XXY mouse testicular cells after 96 days in culture (11th passage) in Gonomedia;
(B) Evolution of the percentage of putative SSC (MHC I- CD9+ CD49f+) along with culture.

A putative SSC population was identified in all conditions at every checkpoint in the
study. The percentage of cells expressing SSC potential markers remained between 3.3 and
18.8% (Figure 6). These values were comparable to analysis of XY mouse controls testicular
cells (data not shown). These findings are promising and suggest that in vitro propagated
cells using the described culture system could play a role in SSC transplantation.

2.5. DNA FISH Analysis for X and Y Chromosomes

FISH analysis was performed on the samples to characterize X and Y chromosomes.
Cells were cytospinned into slides for chromosome hybridization with fluorescent probes
showing specific staining for X (orange) and Y (green) chromosomes. Our system correctly
identified both X and Y chromosomes in an XY control mouse blood smear and XXY mouse
specimen’s fibroblasts. Then, the same experiment was reproduced with cultured testicular
cells from the XXY mouse testes (Figure 7).
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Figure 7. Characterization of Klinefelter (XXY) mouse and isolated testicular cells using FISH:
(A) FISH staining on peripheral blood smear from control, XY mouse; (B) FISH staining on skin
fibroblast from the Klinefelter model XXY mouse before sacrifice; (C—E) FISH staining on isolated
and propagated testicular cells from the Klinefelter model (XXY) mouse testes; variations of XXY, XY
and XX cells were identified in KS testicular cells in culture.

Systematic analysis of the X and Y chromosomes from cells in culture at different time
points was carried out to identify diverse cell populations and quantify possible mosaicism.
From each cyto-spun slide, five representative areas were imagined, and every cell was
classified depending on its number of X and Y chromosomes. Both stationary and dividing
cells were included. The results showed that mosaicism was present at the initiation of
the culture. Initially, the most prevalent population was XXY cells accounting for 60% of
the cells in culture, followed by XY cells representing 35%, and the final 5% was a mix of
XX, XYY, and XXXY cells. For the first eight passages, the percentages of both XXY and
XY remained most common although slowly decreased while XX and XXXY populations
became more common. After passage 10, the XX population became the most common,
representing at least 42% of the cells in culture while XXY and XY cells followed with 28%
and 5%, respectively. From then on, the XX population continued to increase up to 80% of
the cells in culture at passage 15 (Figure 8A).
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Figure 8. To quantify the presence of X and Y chromosomes in the testicular cell culture from the XXY
mice, FISH staining and systematic counting were performed in consecutive passages. (A) Evolution
of the different mosaic populations in culture. (B) Comparison of mosaicism of the cells 96 days in
culture (12th passage) between unsorted and FACS sorted for putative SSC (MHC I- CD9+ CD49f+).
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In a subsequent study, we assessed if germ or somatic cells preferentially presented a
particular karyotype. Parallel FISH analysis was performed in unsorted and FACS-sorted
for MHC-/CD9+/CD49f+, as previously described as an enriched SSC population. The
results showed a more significant proportion of XXY cells in sorted cells than unsorted
(16% vs. 11%) as well as XY cells (6.7% vs. 3.2%), while XX cells were more frequent in the
unsorted samples than the sorted (65% vs. 48%) (Figure 8B).

3. Discussion

Previous studies have thoroughly characterized the 41 XXY mice as a model for
Klinefelter syndrome and showed that the number of spermatogonia significantly decreased
in XXY mice by day three after birth [35-37]. Histological analysis carried out in this study
showed alteration of the testis architecture with empty seminiferous tubules and prominent
interstitial PGP9.5 (UCHL1) positive cells. These findings support that XXY mice are
a reliable model for Klinefelter patients presenting early germ cell loss and Leydig cell
hyperplasia as is seen in the human KS patient.

The 3-day-old XXY mice were expected to show some degree of germ cell loss without
reaching complete depletion. At this age, the mice would mimic a scenario where peripu-
bertal or adult KS patients with testicular fibrosis but not complete germ cell depletion
may undergo testicular biopsy [27,32-34,60]. With the same clinical setting in mind, a
decision was made to used frozen mice testes as this would be translatable to pre-pubertal
Klinefelter patients that undergo testicular biopsy and cryopreserve testicular tissue for
fertility treatments later in their life [28-31].

The culture system used in this study was optimized for the neonatal XY mouse testes
before attempting to apply it on isolated cells from the XXY mice testes. This step was
necessary because of the well-known challenges with growing 3-day-old C57Bl16 mice testic-
ular cells in vitro [49]. One possible explanation is that after birth, the germ cell population
of mice is transitioning from quiescent gonocytes [61] into mitotic spermatogonia [48],
which may represent a delay for in vitro propagation. Two different culture surfaces were
tested: regular plastic culture plates and laminin-coated culture plates. The rationale to test
laminin-coated wells as a culture surface follows some reports that suggested supporting
cell attachment and proliferation [46]. A decision was made not to use a commercially avail-
able cell-based feeder layer that other authors have reported to improve neonatal mouse
SSC attachment [48,62]. The explanation is that these biological products are not approved
for clinical application, making the culture system not translatable to clinical settings. We
also tested two different media: supplemented StemPro, which has been previously shown
to support mouse SSC propagation in vitro [46], as well as our formulation called Gonome-
dia. This is a variant of supplemented StemPro enriched with 20% FBS, Follistatin, PDGF,
and FSH (see the method section for more details). Based on the present literature [63,64],
our group hypothesized that Gonomedia could help push quiescent neonatal gonocytes
into spermatogonia and favor cell propagation. In our hands, the laminin-coated culture
surface did not improve cell attachment nor cell propagation.

In our experience, a higher cell seeding concentration potentiates cell attachment
but limits the propagation yield of cells in culture. For this study, seeding concentrations
from 3500 to 25,000 cells/cm? were tested. In our hands, only Gonomedia combined with
the plastic surface and up to 250,000 cells/cm? seeding concentration allowed cells to
propagate initially while conserving the gene expression and surface marker characteristics
of SSC during the first 55-70 days in culture. Nevertheless, once cells started propagating
consistently, we reduced the seeding concentration to as low as 3000 cells/cm? to optimize
the yield of cell propagation with no negative impact on cell behavior.

The cells usually took between 55 and 70 days to start growing steadily, with subse-
quent exponential propagation of both XY and XXY cells. The initial quiescent stage sug-
gested by these findings is similar to what was previously reported by Kanatsu-Shinohara
et al. on neonatal mouse testicular cell culture, although our novel formulated Gonomedia
was not used previously.
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Another promising finding of this study was the presence of all significant testicu-
lar cell types (Spermatogonia, Sertoli, Leydig, and peritubular cells) within the culture.
Maintaining the viability of all different cell types is paramount to recreating the in vivo
physiology of the testes. However, more studies could be done to assess specific up- and
downregulated gene expression pathways of every cell type to identify new treatment tar-
gets. Moreover, when we compared the ZBTB16 expression level in cultured testicular cells
from XXY and XY mice, both presented a similar expression level while PGP9.5 (UCHL1)
was significantly higher in XXY cultured cells (Figure 4C). ZBTB16 is highly specific for
undifferentiated spermatogonia while PGP9.5 (UCHL1) is expressed in both spermatogonia
and Leydig cells [52]. Therefore, the difference in the UCHL1 expression level in XXY cul-
ture is most likely related to Leydig cells” hyperplasia in KS testes. Although a final answer
is not provided at this point in our study, these results suggest that some of the differences
between in vitro cultured testicular cells from XY and XXY mice are relevant to in vivo
environments. Therefore, it can be considered as a tool for future physiologic studies.

Consecutive DNA FISH analysis in cultured cells from KS mouse testes demonstrated
sexual chromosome mosaicism from the onset of the culture. The populations of cells in
culture varied significantly over time. At first, most cells presented with XXY, although
a significant population of XY was present with a scarce population of XX. Later in the
culture process, both XXY and XY populations experienced a substantial decline mirrored
by a significant increment of the XX population. This suggests instability in the Y and extra
X chromosomes in this KS mouse model. A similar phenomenon has been described as
trisomy-biased chromosome loss (TCL) in induced pluripotent stem cells (iPSCs) derived
from KS mice fibroblasts [38].

In previous studies characterizing XXY mice, karyotype was performed on cultured
fibroblasts. However, in this study, we analyzed hundreds of cultured testicular cells using
FISH at each timepoint of the culture, detecting the populations that may have remained
concealed in the past studies. Another critical point is long-term culture may alter the chro-
mosome stability of cells. However, previous reports have looked deeply into this matter
without finding definitive reasons for concern [65,66]. Additionally, the presence of few mo-
saic testes between the XXY mice pooled before cell isolation may contribute to the mixture
population of XY and XXY cells at the beginning of cell culture. Although the percentage of
the XY population in propagated KS testicular cells decreased during the culture (Figure 8),
the cumulative number of XY cells increased dramatically from around 120,000 (40% of
300,000 cells) to at least 9,000,000,000 (3% of 3 x 10'2 cells) (Figures 3 and 8). The finding
of XX cells in late passage but not before culture demonstrated that the trisomy-biased
chromosome loss (TCL) occurred in XXY mouse testicular cell culture [38]. Importantly,
these data indicated that tissue- and organ-specific mosaicism may cause a variety of
phenotypes in XXY aneuploidy [67].

We have shown previously that testes from adult XXY mice were successfully repop-
ulated after SSC transplantation from XY littermates [36]. In the current study, testicular
cells from XXY mice were isolated and propagated in culture and, using flow cytometry, a
putative SSC population (MHC I-/CD9+/CD49f+) was identified. Therefore, we believe
that a population of SSC may remain viable after initial germ cell loss. This needs to be
proven by transplantation or in vitro differentiation of cultured XXY testicular cells to
haploid germ cells in the future.

Taking these findings into account, along with previous reports of preserved foci of
spermatogenesis in adult KS [1,4,9,10,17], the data suggest that adult human Klinefelter
testes could potentially sustain spermatogenesis using SSC technology. A critical step to
bring this therapy to the clinic setting would be to expand cultured human KS SSCs to the
point that either autologous SSC transplantation or in vitro differentiation could be possible.
We believe this study is the first step in that direction. Moreover, as previously mentioned,
the specific conditions for this study were selected to support an efficient technique in a
clinical setting. Therefore, we hope these data will help to establish an SSC culture system
for KS patients.



Int. J. Mol. Sci. 2022, 23,173

110f18

4. Materials and Methods
4.1. Animals

In total, 41 XXY mice (n = 5) and 40XY littermates (n = 5) with a C57BI6 genetic
background were generated at the Lundquist Institute lab as described previously [35-37].
Immediately after birth, XXY puppies were identified using DAPI staining on fibroblast
spread. The 3-day-old mice were sacrificed, and orchiectomy was performed under a sterile
technique. Each testis was cut in half and cryopreserved in 1.5 mL cryovials (VWR, PA,
USA) using cryopreservation solution: MEM (Invitrogen, MA, USA), 20% Fetal Bovine
Serum (FBS, ThermoFisher Scientific, MA, USA), and 8% dimethyl sulfoxide (DMSO, Mylan,
WYV, USA). An isopropyl alcohol-based constant slow freezing device (Mr. Frosty, Nalgene,
Sigma-Aldrich, MO, USA) was used to freeze the samples —1 °C/min up to —80 °C
overnight [50,51,54,66]. The next day, cryovials were transferred into liquid nitrogen
tanks for long-term storage. No experiments with living animals were performed. The
creation of 3-day-old XXY mice for testicular cell culture was done at THE LUNDQUIST
INSTITUTE FOR BIOMEDICAL INNOVATION AT HARBOR-UCLA MEDICAL CENTER
under LUNDQUIST INSTITUTE IACUC approval #32014-02 (Ref#052444), last renewal
2/18/2021 through 2/17/2022.

4.2. Histology, Immunohistochemistry, and Viability Assay

Freshly recovered testes from XY and XXY mice were fixed in Bouins for 2 h and then
transferred to 70% ethanol. The tissue was washed three times for 5 min in 70% ethanol
before processing for paraffin embedding. Samples were then paraffinized using an auto-
mated system (Leica ASP300S, Buffalo Grove, IL, USA) following increasing concentrations
of isopropyl alcohol followed by xylene and then paraffin on a three-hour program. Paraf-
finized tissue was then embedded into blocks. Using a Leica RM 2255 manual microtome,
5 um thick sections were obtained and placed on histology glass slides. Slides were then
placed in a 60 °C oven for 30 min to eliminate the excess paraffin.

4.2.1. Hematoxylin and Eosin Staining

Hematoxylin and Eosin (H&E) staining was performed using an automated stainer
(Leica autostainer XL, Buffalo Grove, IL, USA) following a house protocol. Finally, slides
were covered with MM24 mounting media and plastic cover slides. Microscopic images
were taken using a LEICA DM4000B microscope, Olympus camera DP73, and Olympus
Cellsens software.

4.2.2. Immunohistochemical Staining

Immunohistochemical staining of PGP9.5 (UCHL1) was performed following the
protocol optimized at WFIRM. Slides were deparaffinated and rehydrated using the Leica
Autostainer XL protocol. Inmunohistochemistry staining was then performed manually
using the following steps. Initially, antigen retrieval was achieved using sodium citrate
(0.01 M, pH = 6) at 98 °C for 15’ and then allowed to cool down at room temperature. Slides
were then incubated in 0.2% Triton X-100 in PBS for 7 min to help permeabilize membranes.
For the next step, endogenous peroxidase was quenched using 3% hydrogen peroxide
in methanol for 30 min. Non-specific protein binding was prevented by incubating the
slides in Serum-Free Protein Block solution (Dako, Santa Clara, CA, USA) for 15 min. Then
slides were incubated on primary antibody overnight at 4 °C (Positive Slides: anti-PGP9.5
(UCHL1) Ab Rabbit Ig against human Abd Serotec 7863-0504 1:1000 in Dako Antibody
Diluent; Negative controls: Rabbit IgG Sc-2027-1/1000 in Dako Antibody Diluent). To
keep the slides moist during the incubation time, they were covered with parafilm and
maintained in a humidity chamber (Sigma-Aldrich H6644). The next day, positive and
negative slides were washed separately with phosphate buffer saline (PBS) for 5 min
three times. Subsequently, incubation on secondary antibody was performed for 1 h at
room temperature (goat anti-rabbit biotin IgG-BA1000 VECTOR (1/300) in Dako Antibody
Diluent). After washing the remaining unbound antibody with PBS, the slides were
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incubated on Avidin-Biotin-Peroxidase solution for 30 min (Ready to Use Elite ABC Reagent
by Vector Laboratories). Finally, DAB Chromagen Substrate (Vector Laboratories SK-4100)
was prepared as directed by the manufacturer, then added by the drop to both positive slides
and negative controls in parallel. Development was monitored under light microscopy.
The optimal color was reached after 1 min and 30 s. Development was stopped by dipping
the slides in water. All reagents were at room temperature unless mentioned otherwise. At
this point, slides were counterstained with Gill’s hematoxylin using a Leica Autostainer XL.
Finally, slides were over-slipped with MM24 mounting media. Microscopic images were
taken using a LEICA DM4000B microscope, Olympus DP73 camera, and Olympus Cell
sens software.

4.3. Cell Isolation, Culture, and Cryopreservation

Our testicular cell isolation protocol was on based on Shinohara’s group’s work [46-49]
and previous works from our group [50,51] including both mechanical and enzymatic
digestion of testicular tissue. For each experiment, five 3-day-old XY testes and five 3-day-
old XXY testes were used, all DMSO frozen previously. Initially, cryovials were quickly
thawed using running warm tap water, and testicular tissue was transferred into a petri dish
with 1x MEM 8 pug/mL DNAse (Roche). Tunica albuginea was carefully removed using
tweezers and a surgical blade before weighing the tissue. The next step was separating
single seminiferous tubules of the testis from the surrounding conjunctive tissue with
tweezers under a dissecting microscope (Leica S6D) for mechanical digestion. Once single
tubules were obtained, the sample was transferred into a 15 mL centrifuge tube, and tubules
were allowed to sink by gravity to the bottom. The supernatant was carefully removed,
and tubules were then resuspended on enzymatic solution: 1x MEM; 12 ug/mL DNAse
(Roche); Collagenase type I (CLS1) 225 U/mL; Hyaluronidase type IV from sheep (Sigma)
450 U/mL; Trypsine TRL3 (Worthington) 250 U/mL. Testicular tissue on the enzymatic
solution was placed underwater in a shaking water bath at 120 rpm and 32 °C for a one-
hour incubation. The solution was then centrifuged for 5 min at 16 x g without brake, and
supernatant carefully removed to discard early released cells. The remaining testicular
tubules were re-suspended on a second enzymatic solution: 1x MEM 12 ug/mL DNAse
(Roche); Collagenase type I (CLS1) 225 U/mL; Hyaluronidase type IV from sheep (Sigma)
450 U/mL and placed entirely under water in a shaking water bath at 120 rpm and 32 °C
for enzyme incubation for 45 min. At this point, digested tubules were vigorously pipetted
to help release remaining cells from the tubules and centrifuged for 5 min at 350 x ¢ with a
brake. The supernatant was removed, and the pellet was resuspended on Trypsin 0.25%
EDTA (Invitrogen) and incubated at 37 °C for 25 min to dissociate clumps of cells further. At
this point, the sample was centrifuged for 5 min at 350x g with brake, and the supernatant
was carefully removed. Cells were finally resuspended on Gonomedia (Table 1). Trypan
Blue staining (1:1) and a Hematocytometer was used to assess the number of cells and
viability. Cells were then seeded at 20,000-25,000 cells /cm? on culture cell plastic plates
(Falcon) and kept in an incubator at stable conditions of 37 °C 5% CO,.

Culture media was refreshed every three to four days. When confluency of the attached
cells was approached, 80% of cells were passaged and split using Trypsin 0.25% EDTA (Life
Technologies). A surplus of cells were cryopreserved in MEM 20% FBS and 8% DMSO
and kept overnight in Mr. Frosty at —80 °C. The next day, cryotubes were transferred into
liquid nitrogen tanks for long-term storage.

4.4. Quantitative Reverse Transcriptase Polymerase Chain Reaction (q RT-PCR)

RNA was extracted using an RNEasy mini kit (Qiagen, Germantown, MD, USA)
from Snap Frozen tissue or cells. The quality and quantity of the resultant product were
tested with a spectrophotometer (Nanodrop 2000, ThermoFisher, Waltham, MA, USA).
RNA was then converted to cDNA using a Reverse Transcriptase Kit (Life Technologies,
Carlsbad, CA, USA) and through the following thermocycler (Simpli amp thermal cycler,
life technologies) conditions: 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 min and then
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hold on 4 °C. The resulting cDNA samples underwent PCR amplification using Tagman
primers (Supplementary Table S1) and an applied Biosystems 7300 Real-Time PCR system.
The cycling conditions followed were 95 °C for 10 min, then 40 cycles of 95 °C for 15 s
and 60 °C for 1 min. All primers (Supplementary Table S1) were previously tested for not
amplifying genomic DNA. POLR2A was selected as a housekeeping gene [68] and the
expression of genes was normalized to this gene; relative expression was determined with

the Delta CT method.

Table 1. Gonomedia formulation.

Reagent Company Catalog # Final Concentration
Stem Pro-34 SFM Invitrogen 10639-011 Base Medium
Stem Pro Supplement Invitrogen 10639-011 26 pL/mL
Bovine Albumin Roche 10735094001 5mg/mL
D(+) Glucose Sigma G7021 6 mg/mL
Ascorbic acid Sigma A4544 1x107*M
Transferrin Sigma T1147 100 ug/mL
Pyruvic acid Sigma P2256 30 mg/mL
d-Biotin Sigma B4501 10 ug/mL
2-beta Mercatoethanol Sigma M7522 5x107°M
DL-lactic acid Sigma L4263 1 uL/mL
MEM-non essential aa Invitrogen 11140-035 10 uL/mL
Insulin Sigma 11882 25 pg/mL
Sodium Selenite Sigma 51382 30 nM
Putrescine Sigma P7505 60 uM
L-Glutamine Invitrogen 25030-024 2mM
MEM Vitamine solution Invitrogen 11120-037 10 pL/mL
b-Estradiol Sigma E2758 30 ng/mL
Progesterone Sigma P8783 60 ng/mL
Human EGF Sigma E9644 20 ng/mL
Human bFGF Sigma F0291 10 ng/mL
Human LIF Chemicon LIF1010 10 ng/mL
GDNF Sigma G1777 10 ng/mL
FCS Invitrogen 10106-169 20%
Pen/Strep Invitrogen 15140122 0.5%
Gr:v};;ellf;]t)oir(il‘;]gdcl:) Sigma SRP3228-10UG 10 ng/mL
Follistatin (Ft) Sigma F1175-25UG 100 ng/mL
Follicle Stimulant Sigma F8174-1VL 200 ng/mL

Hormone (FSH)

Amplified cDNA from RT qPCR was subsequently used for an electrophoresis study
on the gel to visualize the specific product bands. A 2% agarose gel was used, given that
our target primers were between 50 and 120 base pairs of length (Supplementary Table S1).
Ethidium Bromide was included in the gel formulation at a concentration of 5 uL./100 mL.
After samples and DNA ladder were loaded, a 140 V Voltage (Enduro power supply,
Labnet, Edison, NJ, USA) was applied for 20 min when the DNA dye reached 2/3 of the
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total gel size. Images of the gel were taken using a UV light Camera system (Gel logic
200 imaging system).

4.5. Digital Reverse Transcriptase Polymerase Chain Reaction (d RT-PCR)

A QuantStudio 3D Digital PCR system (Life Technologies, Carlsbad, CA, USA) was
used to estimate the population of cells expressing specific markers for each cell type
expected in culture. Every chip was loaded with 2 Tagman assay primers: one with
FAM signal for the specific targeted gene and one with VIC signal for the housekeeping
gene POLR2A. The chip load was completed following the manufacturer’s manual with
commercially available dPCR Master Mix and cDNA from RNA extracted from Snap Frozen
cells. The quantity of cDNA loaded in each 20,000 wells chip was 50 ng. Assuming each
mammalian cells has around 10-30 pg of total RNA, each well should represent at most
one cell with a significant number of empty wells as a safety margin. Cycling conditions
were 95 °C for 10 min, then 40 cycles of 95 °C for 15 s, and 60 °C for 1 min.

4.6. Flow Cytometry Analyses

The population of putative spermatogonial stem cells (SSCs) in the cells in culture was
estimated as the MHC I/CD9+/CD49f+ population [54-59] using a BD Accuri C6 Flow
cytometry system without sorting. BD antibodies were used (Supplementary Table S2) at a
concentration of 5 pL. of antibody per 50,000 cells in 100 uL. Cells were incubated with the
antibody for one hour at room temperature and then washed with FACS Buffer (1% FBS
in PBS). The obtained data were analyzed using BD Accuri software. Unstained cells and
isotype controls (Supplementary Table S2) were used to optimize channel compensation
and as a negative control. In every condition, at least 10,000 events were evaluated.

In separate experiments, the same staining method was used to perform Fluorescence-
Activated Cell Sorting (FACS) using BD FACS ARIA. Cells expressing MHC I-/CD9+/CD49f+
were sorted and used for DNA FISH analysis.

4.7. X and Y Chromosome Fluorescent In Situ Hybridization (FISH)

After cells in culture were harvested by trypsin, 50,000 cells were attached to the glass
microscopic slides by cytocentrifuge (Cytospin) for 10 min at 1000 RPM on glass poly-1-
lysine slides (citopro, ELI Tech Biomedical Systems, Puteaux, France) using the cytopro
7620 cytocentrifuge system (Wescor). The slides were left to dry at room temperature
overnight. Then, slides were soaked in 2x saline sodium citrate (made from stock 20xSSC
from ABBOTT/VYSIS Company, Chicago, IL, USA) at 37 °C for 35 min. Subsequently,
cells were incubated in Pepsin (AVANTOR PERFORMANCE MATERIALS, INC 2629,
company) 0.5 mg/mL solution of HC10.1 M at 37 °C for 35 min. Slides were then washed
at room temperature in 1XPBS for 5 min, and Post-Fixation Solution (0.9% formaldehyde
w/v; 4.5 mg/mL MgCl, in PBS) was added for 5 min of incubation at room temperature.
Slides were rewashed at room temperature in PBS for 5 min, and the dehydration process
was performed by submerging slides in increasing concentrations of ethanol (70%, 80%,
100%) for 1 min each at room temperature. At this point, working solutions of X and Y
chromosome probes (EMPIRE GENOMICS Company kit MCEN-Y-10-GR and MCEN-X-10-
OR 1:1:4 probe buffer dilution) were added to the sample, and slides were kept at 75 °C
for 5 min overnight incubation at 40 °C (16 h minimum). The following day, slides were
washed in 0.3% IGEPAL/solution (SCI-GENE, Stanford, CA, USA) on 0.4X saline sodium
citrate/for 2 min at 73 °C and 0.1% IGEPAL (SCI-GENE, Stanford, CA, USA) solution on
2X saline sodium citrate for 1 min at room temperature. Slides were finally mounted with
ABBOTT/VYSIS DAPI II and coverslips applied. Imaging of the slides was performed
using a Zeiss Axiophot microscope and Applied Spectral Imaging Software.
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5. Conclusions

To the best of our knowledge, this is the first report of long-term culture and propaga-
tion of mouse XXY testicular cells, well beyond the previously noted and expected time of
germ cell loss. Moreover, the comparable in vitro growth rates of XXY testicular cells and
cultured cells from wild-type mice testes open the door to pursue new cell-based therapies
to treat infertility in Klinefelter syndrome patients. The growing mosaicism observed in the
cells in culture may lead to a better understanding of the stem cell selection dynamics in
the Klinefelter patient’s testis. Finally, we hope this body of work may be reproduced in
human Klinefelter tissue.
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Materials and methods:

Article 2: “In Vitro Propagation of XXY Human Klinefelter Spermatogonial Stem Cells: a step
towards new fertility opportunities” addressing the objective: Isolate, Propagate and
Characterize human XXY testicular cells, including Spermatogonial Stem Cells population
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Klinefelter Syndrome (KS) is characterized by a masculine phenotype,
supernumerary sex chromosomes (47, XXY), and impaired fertility due to loss
of spermatogonial stem cells (SSCs). Early testicular cryopreservation could be
an option for future fertility treatments in these patients, including SSCs
transplantation or in vitro spermatogenesis. It is critically essential to adapt
current in vitro SSCs propagation systems as a fertility option for KS patients. KS
human testicular samples (13,15- and 17-year-old non-mosaic KS boys) were
donated by patients enrolled in an experimental testicular tissue banking
program. Testicular cells were isolated from cryopreserved tissue and
propagated in long-term culture for 110 days. Cell-specific gene expression
confirmed the presence of all four main cell types found in testes:
Spermatogonia, Sertoli, Leydig, and Peritubular cells. A population of
ZBTB16" undifferentiated spermatogonia was identified throughout the
culture using digital PCR. Flow cytometric analysis also detected an HLA™/
CD9*/CD49f* population, indicating maintenance of a stem cell subpopulation
among the spermatogonial cells. FISH staining for chromosomes X and Y
showed most cells containing an XXY karyotype with a smaller number
containing either XY or XX. Both XY and XX populations were able to be
enriched by magnetic sorting for CD9 as a spermatogonia marker. Molecular
karyotyping demonstrated genomic stability of the cultured cells, over time.
Finally, single-cell RNAseq analysis confirmed transcription of ID4, TCN2, and
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NANOS 3 within a population of putative SSCs population. This is the first study
showing successful isolation and long-term in vitro propagation of human KS
testicular cells. These findings could inform the development of therapeutic
fertility options for KS patients, either through in vitro spermatogenesis or
transplantation of SSC, in vivo.

KEYWORDS

spermatogonia, stem cell, germ cell transplantation, fertility preservation, Klinefelter
Syndrome, male infertility, cell culture

Introduction

Klinefelter Syndrome (KS) is a classically underdiagnosed cause
of male infertility characterized by a male phenotype and altered
karyotype, usually presenting as non-mosaic 47 XXY (1). However,
variants have been described with additional X chromosomes and
different degrees of mosaicism. Recent studies using non-invasive
genetic diagnostic technology estimated KS may affect one of every
600-1000 males born (2, 3). Hence, KS is now considered the most
common chromosomal cause of male infertility.

The pathophysiological mechanisms underlying male
infertility in KS patients are not yet entirely understood.
However, several studies have attempted to describe KS
testicular morphology from the fetus into adulthood (4-6).
Testicular morphology remains largely unaffected in
prepubertal patients. During puberty, when testicular fibrosis
accelerates, distortion of the tubular architecture was seen (7).
By the end of puberty, over 95% of KS patients are azoospermic
(8). Leydig cell hyperplasia occurs in the interstitial space in
response to elevated LH. Despite Leydig cell hyperplasia, KS
patients commonly present with low or low normal range
serum testosterone levels. Nevertheless, the degree of testicular
fibrosis differs from patient to patient. Foci of active
spermatogenesis have been found in KS patients with testicular
fibrosis. Current literature shows that only 8% of KS patients have
sperm present in the ejaculate (9). These KS patients with
adequate sperm in the ejaculate can achieve natural conception
with euploid offspring suggesting that cells that complete meiosis
may develop into normal gametes (10). The current gold standard
of care for treatment of infertility in KS patients is micro-TESE
(microscopic testicular sperm extraction) with a reported 44%
success rate in testicular sperm retrieval (11, 12), 43% pregnancy
rate, and 43% birth rate from in vitro fertilization (IVF) or

Abbreviations: KS, Klinefelter Syndrome; SSCs, Spermatogonial Stem Cell;
SSC, Sodium Chloride-Sodium; dPCR, Digital PCR; MACS, Magnetic
Activated Cell Sorting; FISH, Fluorescent In Situ Hybridization; PGM,

Personal Genome Machine.
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intracytoplasmatic sperm injection (ICSI). No other fertility
options for KS patients are currently available.

Since the development of prenatal genetic diagnostic
techniques (e.g. Amniocentesis, Chorion Villus Sample, Cell-
Free-Fetal DNA determination, Quantitative Fluorescence PCR,
Multiplex Ligation Dependent Probe Amplification,
Preimplantation Genetic Screening), it is now possible to
diagnose and follow KS patients in the prepubertal period,
providing social support and enhanced education for
preservation of occult sperm that would provide fertility options,
should infertility develop. Several reports showed that in patients
from whom no spermatozoa could be retrieved by microTESE,
viable spermatogonia, including SSCs, may be found in testicular
biopsies (13, 14). SSCs are a subpopulation of undifferentiated
spermatogonia present in the testis. Their primary function is both
continuous self-renewal and differentiation into germ cells
committed to undergo spermatogenesis (15). It has been
hypothesized that SSCs should be capable of complete restoration
of spermatogenesis following transplantation into infertile patients
(16). This hypothesis has been supported by several different animal
studies (17-22). However, successful SSCs transplantation in
humans has yet to be accomplished (23). Experimental SSCs-
based therapies may potentially treat KS patients’ infertility, even
in those patients with unsuccessful TESE. Testicular tissue banking
has been implemented in KS patients to provide a source of
spermatogonia for new fertility treatments (24, 25). As previously
mentioned, germ cell loss in KS accelerates with the onset of
puberty. Therefore, retrieval of viable spermatogonia in testicular
biopsy is higher in peripubertal than in adult KS patients (8). About
25% of KS patients are diagnosed before puberty (1), and storing
testicular tissue from these patients is not a standard practice. Our
Wake Forest Baptist School of Medicine group has established an
experimental testicular tissue banking for boys and men with a high
risk of infertility. KS is one of the approved indications (26).
Participating patients are given the option to donate a portion of
their testicular samples for research voluntarily.

Our setting provides a unique opportunity to explore the
ability to isolate and propagate KS testicular cells from testicular
biopsy performed before puberty. Expanding the number of KS
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testicular cells in vitro would be critically important when
considering autologous cell-based fertility treatments. It would
also provide material for research to preserve and enhance fertility
in KS patients, and improve our understanding of why XXY males
lose germ cells at puberty. Our previous work tested SSC isolation
and culture on 41 XXY KS mice (27-30). Cells were successfully
propagated in culture for up to 120 days while expanding 650,000-
fold in number. Moreover, characteristic phenotypes of all four
common cell types were maintained in culture, including a
population of putative SSCs (30). Similar findings are now
confirmed using human frozen testicular tissue from KS patients.

Material and methods
Patients

Selected Klinefelter adolescent patients eligible for micro-
Testicular Sperm Extraction (mTESE) were offered the
opportunity to store their testicular tissue for potential stem cell
therapy at Wake Forest Baptist experimental testicular tissue bank
under IRB approved protocols at Wake Forest School of Medicine
(IRB00021686 and IRB00061265). Surgery was performed by
experienced pediatric and adult reproductive urologists (26).
Intraoperative testicular tissue examination to evaluate the
presence of sperm was performed by the clinical embryologist.
The protocol included several rinses, microbiology testing, and
histology tissue processing. Testicular samples were dissected into
2-4mm’ portions and cryopreserved in 1ml cryovials using
cryoprotectant solution: Hank Balances Saline Solution 5%
Human Serum Albumin (CSL Behring LLC) 5% DMSO (Mylan
Institutional). A controlled rate freezing machine was used to freeze
the samples following the in house validated protocol (26, 31).
Cryovials were transferred into vapor nitrogen tanks at the
Manufacturing and Development Center (MDC) of Wake Forest
Institute for Regenerative Medicine (WFIRM) for long-term
storage. A maximum of 20% of stored tissue was used in this
study. The remaining portion (80%) was kept for future clinical use.

A portion of the testicular biopsies was fixed in 4% Formalin,
4% Paraformaldehyde, and Bouin fixatives. Tissue was then
processed, paraffinized, and mounted by a clinical pathology
lab for staining and histology.

Hematoxylin-Eosin staining and immunohistochemical
staining with PGP 9.5 (UCHLI) as a spermatogonia marker
were performed on 5 micron thick tissue sections using an
automated stainer. Immunostaining was performed using the
Leica Microsystems Bond 3 autostainer at the Wake Forest
University clinical pathology laboratory. After 20 minutes of
antigen retrieval using Bond Epitope Retrieval Solution 2 (ER2),
the primary antibody (PA0286; mouse monoclonal PGP9.5
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(UCHL1)) was incubated for 15 minutes at room temperature.
To detect and visualize the antigen, a Bond Polymer Refine
Detection kit (peroxide block, post-primary, polymer reagent,
DAB chromogen/Leica, DS9800, followed by hematoxylin
counterstain) was used. Counterstaining of hematoxylin
identified the nucleus of cells. Isotype control (mouse IgG) was
used as a negative control for the primary antibody. Age-
matched controls (testes biopsies from 46 XY patients via
National Disease Research Interchange, NDRI) were used to
compare testicular morphology. Microscopic images were
acquired using LEICA DM4000B microscope, Olympus
camera DP73, and Olympus Cellsens software.

Cell isolation, culture, and
cryopreservation

Testicular cells were isolated from cryopreserved testicular
tissue. The process was performed under pre-clinical Good
Laboratory Practice (GLP)-conditions following a protocol
previously described by our group (30, 32, 33) with some
modifications for potential clinical application of human SSCs
isolation and culture. Selected cryovials were thawed uniformly
by immersion in warm water. Immediately after, DMSO was
washed out from the tissue using 1x MEM 8ug/ml DNAse
(Roche). External connective tissue was removed, and single
seminiferous tubules were dissected apart using a dissecting
microscope (Leica S6D) and jeweler tweezers.

Tissue was transferred into a 1.5 ml Eppendorf tube due to
the small sample size and resuspended in an enzymatic digestion
solution made of: 1x MEM; 12ug/ml DNAse (Roche); 0.4 PZU/
ml Collagenase NB4 Standard Grade (SERVA); 0.02 DMCU/ml
Natural Protease NB (SERVA). Samples were incubated in a
shaking water bath at 120 rpm and 32°C. The enzyme mix was
exchanged after every hour of incubation. Tubules and cells were
pelleted by centrifugation at 16g for 5 min. A sample of the pellet
was examined under the microscope, and the process was
repeated with fresh enzymatic solution until disassociation of
the tubules was confirmed by these examinations.

Once the enzymatic digestion disrupted the seminiferous
tubules and many single floating cells were visible floating, the
sample was pipetted up and down energetically to help release the
remaining cells. The tube was then centrifuged for 5 min at 350g
(1500 rpm) with a brake. The resultant supernatant was discarded,
and pellets containing released cells were used for culture.

During the isolation process released tubular cells might
form tight clumps. In these cases, it was helpful to additionally
incubate the sample in 0.25% Trypsin-EDTA (FisherScientific-
Gibco) at 37°C for 5-30 minutes, checking every 5 minutes until
a single cell suspension was observed again. Then the sample was
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TABLE 1 Stempro Complete culture media composition.

Reagent Company
Stem Pro-34 SFM Invitrogren
Stem Pro Supplement Invitrogren
Bovine Albumine Roche
D(+) Glucose Sigma
Ascorbic acid Sigma
Transferrin Sigma
Pyruvic acid Sigma
d-Biotin Sigma
2-beta Mercatoethanol Sigma
DL-lactic acid Sigma
MEM-non essential Invitrogen
Stem Pro Supplement Invitrogen
Insulin Sigma
Sodium Selenite Sigma
Putrescine Sigma
L-Glutamine Invitrogen
MEM Vitamine Invitrogen
b-Estradiol Sigma
Progesterone Sigma
Human EGF Sigma
Human bFGF Sigma
Human LIF Chemicon
GDNF Sigma

FCS Invitrogen
Pen/Strep Invitrogen

centrifuged again for 5 min at 350g (1500 rpm) with brake,
trypsin supernatant was removed, and the pellet containing
released cells was used for culture.

The final pellet of cells was resuspended on MEM 10% FBS
for culture. This culture media was used to improve the initial
attachment of cells. Hematocytometer should be used to assess
cell numbers in the final sample and all the previously removed
supernatants to ensure no cell is wasted. Viable cells were seeded
at 10.000 cells/cm® on plastic plates (Falcon) and kept in an
incubator constant 37°C 5% CO2 in a room with positive air
pressure GLP conditions. The next day, culture media was
switched from MEM 10% FBS into an enriched StemPro
medium, Table 1 (32, 33), previously reported to support
testicular cell propagation in vitro.

During the culture, samples were checked every other day.
The media was refreshed every 2-3 days. Cells were passaged and
split when cell confluency approached 80% using 0.25%
Trypsin-EDTA (FisherScientific-Gibco).

After every passage, when possible, a portion of cells were
cryopreserved for backup in a 2ml cryotube (Sigma Aldrich).
Cryopreservation media used was MEM 20% FBS and 8%
DMSO, and Mr.Frosty (Nalgene) at -80°C was used for slow
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Catalog # Final concentration
10639-011 -
10639-011 -
1.07E+10 5 mg/ml

G7021 6 mg/ml
Ad4544 1x 10-4
T1147 100 ug/
P2256 30 mg/ml
B4501 10 pg/ml
M7522 5x 10-5
14263 1 ul/ml
11140-035 10 pl/ml
10639-011 26 pl/ml
11882 25 pg/ml
$1382 30 nM
P7505 60 UM
25030-024 2 mM
11120-037 10 pl/ml
E2758 30 ng/ml
P8783 60 ng/ml
E9644 20 ng/ml
F0291 10 ng/ml
LIF1010 10 ng/ml
G1777 10 ng/ml
10106-169 1%
15140122 0,5%

freezing overnight. The next day, cryotubes were transferred into
liquid nitrogen tanks for long-term storage.

Quantitative reverse transcriptase
polymerase chain reaction

RNA was extracted using RNEasy Minikit (Qiagen) from
Snap Frozen tissue or cells. The quality and quantity of extracted
RNAs were tested with a spectrophotometer (Nanodrop 2000,
ThermoFisher). RNA was then converted to cDNA using
Reverse Transcriptase Kit (Life Technologies) and through the
following thermocycler (Simpli amp thermal cycler, life
technologies) conditions: 25°C for 10min, 37°C for 120min,
85°C for 5 min, and 4°C hold.

The ¢cDNA samples underwent PCR amplification using
Tagman primers (Table 2) and applied Biosystems 7300 Real
Time PCR system. The cycling conditions followed were 95°C
for 10 minutes, then 40 cycles of 95°C for 15 seconds, and 60°C
for 1 minute.

All primers were chosen intron spanning and previously
tested for not amplifying genomic DNA. A minus RT (water)
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TABLE 2 Tagman assay primers used for PCR.

Gene Catalog # Primer length
UCHLI1 Hs00985157 m1 80
ZBTB16 Hs00957433 m1 65
THY1 (CD90) Hs00174816 m1 60
PRM1 Hs00358158 gl 99
GATA4 Hs00171403 m1 68
Clusterin Hs00971656 m1 93
CD34 Hs02576480_m1 63
STAR Hs00264912 m1 85
TSPO Hs00559362 m1 57
CYP11A1 Hs00897320 m1 81
POLR2A Hs00172187 m1 61

control has been used to rule out any contamination in PCR
mixtures (not shown in the gel picture, Figure 4). POLR2A was
selected as a housekeeping gene, and the expression of genes
were normalized to this gene; relative expression was determined
with the Delta CT method.

Amplified ¢cDNA from RT qPCR was later used for an
Electrophoresis study on a gel to visualize the specific product
bands. A 2% Agarose gel was used, given that our target primers
were between 50-120 bp in length (Table 2). Ethidium Bromide
was included in the gel formulation at a concentration of 5ul/
100ml. After the Samples and DNA ladder were loaded, a 140V
Voltage (Enduro power supply, Labnet) was applied for 20 mins
when the DNA dye reached 2/3 of the total gel size. Images of the
gel were taken using a UV light Camera system (Gel logic 200
imaging system).

Digital reverse transcriptase polymerase
chain reaction

Digital PCR is a molecular biology tool that evenly
distributes sample cDNA along with RT PCR mix into
independent microchip wells. Then independent
thermocycling reactions are conducted separately in each well

10.3389/fendo.2022.1002279

prior to fluorescent signal reading. Digital PCR is especially
useful for small population assessment or rare events analysis.
This system has been validated by both manufacturer and
independent researchers (34), even in a clinical setting (35, 36).

To estimate the percentage of undifferentiated spermatogonia
during the culture, we used a Digital PCR system (Quant Studio,
Life Technologies) and Taqman assays labeled with VIC (for
POLR2A as housekeeping gene) and FAM for target gene
(ZBTB16). As each mammalian cell has a range of 10-30 pg of
total RNA, we used the cDNA made from 50 ng of total RNA in
20 000 wells of a digital PCR chip for each assay.

The chips were loaded following the manufacturer’s protocol
with commercially available dPCR Master Mix (Life
Technologies), water, cDNA, and Tagman primers. cDNA for
this project was obtained using retrotranscriptase reaction on
RNA extracted from Snap Frozen cells. Cycling conditions were:
95°C for 10 minutes, then 40 cycles of 95°C for 15 seconds and
60°C for 1 minute.

Flow cytometry analysis and MACS-
sorting

The population of putative spermatogonial stem cells in
culture was estimated as HLA-ABC-/CD9+/CD49f+ population
(37-41) using BD Accuri C6 Flow cytometry system without
sorting. BD antibodies were used (Table 3) at a concentration of
5ul of antibody per 50.000 cells in 100ul Flow Cytometry buffer
(PBS 1% FBS). Cells were incubated with the antibody for 30
minutes at room temperature and then washed with flow
cytometry buffer. Obtained data were analyzed using BD
Accuri software. Unstained cells and cells incubated with
isotypes control antibodies (Table 3) were used to optimize
channel compensation and negative control. In every condition,
10,000 events were evaluated.

The same staining method was used in separate experiments
to perform Fluorescence Activated Cell Sorting using BD FACS
ARIA. Cells expressing HLA-ABC-/CD9+/CD49f+ were sorted
and used for FISH analysis.

TABLE 3 Antibodies used for Flow cytometry and Magnetic-activated cell sorting (MACS).

Antigen Reactive species Raised in Flourochrome Company Catalog #
HLA-ABC Anti-Human Mouse FITC BD Biosciences 555552
CD9 Anti-Human Mouse PE BD Biosciences 341637
CD49f (Integrin alpha 6) Anti-Human Mouse APC Thermofisher 17-0495-80
Mouse IgG FITC BD Biosciences 340755
Mouse IgG PE BD Biosciences 340756
Mouse IgG APC BD Biosciences 340754
FcR Blocking Reagent Anti-Human MACS Microbeads Miltenyl Biotec 120-000-442
Anti-Human MACS Microbeads Miltenyl Biotec 120-000-294
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Single-cell RNA sequencing

Cultured and cryopreserved testicular cells from XXY and
XY adolescent individuals were sent from WFIRM to UCLA.
Upon arriving at the Lundquist Institute of Harbor-UCLA
Medical Center, testicular cells were revived and cultured in a
25 cm” flask with 4 ml of enriched StemPro-34 medium/flask for
five days. Cells were harvested, washed, resuspended in 0.04%
BSA in PBS, and delivered to UCLA Technology Center for
Genomics and Bioinformatics (TCGB). The cell concentration
and viability were determined at TCGB using a countess II
automated cell count. Per manufacturer recommendations, a
single cell suspension (1000 cells/pL) from each sample was
loaded onto the 10x Chromium chip and controller. Ten
thousand cells were targeted for capture per sample. Cell
capture and 10X single cell 3 gene expression sequence library
preparation were performed. The resultant library was
sequenced using a NovaSeq 6000 SP (100 Cycles). Mapping,
cell identification, and clustering analysis were performed using
10x Cell Ranger software at the UCLA-TCGB.

For the data analysis, raw count matrices generated from
10X Genomics and Cell Ranger were imported to the Seurat
package in R, where cells were screened based on QC metrics
(42). An object of class Seurat 19618 features across 9580 cells of
XY testicular sample and 19284 features across 11845 cells of
XXY sample were subject to data analysis. Data normalization,
scaling, and feature selection was performed as described in the
SeuratV3 procedure. These were followed by unsupervised cell
clustering and a UMAP analysis (43, 44). Differential gene
expression among clusters was determined in Seurat using a
Wilcoxon rank sum test, and gene expression probability across
clusters was visualized with VInPot and FeaturePlot.

X and Y chromosome fluorescent in situ
hybridization

After cells in culture had been trypsinized, fifty thousand
cells were cytospin for 10 min at 1000 RPM on glass poly-1-lysine
slides (Cytopro, ELI Tech Biomedical Systems) using the cytopro
7620 cytocentrifuge system (Wescor). The slides were left to dry
at room temperature overnight. In parallel, testicular tissue
samples from the same patients archived in pathology were
processed by for the same X and Y hybridization.

Slides were soaked in 2X saline sodium citrate (made from
stock 20xSSC from ABBOTT/VYSIS Company) at 37°C for 35
minutes. Subsequently, cells were incubated in Pepsin
(AVANTOR PERFORMANCE MATERIALS, INC 2629,
company) 0.5mg/ml solution of HCI 0.1M at 37 degrees C for
35 minutes. Slides were then washed at room temperature in
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1XPBS for 5 minutes, and Post-Fixation Solution (0.9%
formaldehyde W/V; 4.5 mg/ml MgCI2 in PBS) was added for
5 minutes incubation at room temperature. Slides were re-washed
at room temperature 1XPBS for 5 minutes, and the dehydration
process was performed by submerging slides in increasing
concentrations of ethanol (70%, 80%, 100%) for 1 minute each
at room temperature.

A working solution of X and Y chromosome probes (EMPIRE
GENOMICS Company kit 1:1:4 probe buffer dilution) was added
to the sample, and slides were kept at 75°C for 5 minutes, followed
by overnight incubation at 40°C (16 Hours minimum). The
following day, slides were washed in 0.3% IGEPAL/solution
(SCI-GENE) on 0.4X saline sodium citrate/for 2 minutes at 73°
C and 0.1% IGEPAL (SCI-GENE) solution on 2X saline sodium
citrate for 1 minute at room temperature.

Slides were finally mounted with ABBOTT/VYSIS DAPI II
and coverslipped.

Imaging of the slides was performed using a Zeiss Axiophot
microscope and Applied Spectral Imaging Software.

Molecular karyotyping with next
generation sequencing

The cryopreserved cultured cells were transported from
WFIRM to AdvaGenix and Johns Hopkins Medicine lab. After
DNA extraction, fifty to 100 ng of amplified DNA underwent
library preparation (Thermo Fisher Scientific, Waltham, MA).
First, the pooled DNA samples underwent enzymatic shearing to
produce fragment sizes of approximately 200 bp. The DNA
fragments were purified using an AMPure Bead (Beckman
Coulter, Sharon II) wash, stabilized by the ligation of adapters
and barcodes at either end of each fragment, and size selected using
a second AMPure Bead wash. Each DNA fragment was bound to
one ion sphere particle (ISP) and amplified thousands of times
using an emulsion PCR reaction. The positive template ISPs were
recovered using Dynabeads MyOne Streptavidin CI bead washes
(Invitrogen, Carlsbad, CA). Following recovery, sequencing
primers and Ion Hi-Q sequencing polymerase were added to the
samples, and the samples were loaded onto a sequencing chip and
analyzed at a depth of 1X across the entire genome by a Personal
Genome Machine (PGM) or S5 (Thermo Fisher Scientific,
Waltham, MA). Sequencing data were processed by a Torrent
Browser Server (Thermo Fisher Scientific, Waltham, MA) to
provide initial sequencing information and ensure adherence to
our required quality assurance metrics. The data was then
transferred to an Ion Reporter Server (Thermo Fisher Scientific,
Waltham, MA) for comprehensive data analysis and interpretation.
The PGM or S5 sequencing provided a minimum of over 3.5
million reads with a median sequencing fragment length of 181 bp.
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FIGURE 1

mmunostaining for undifferentiated spermatogonia marker UCHLL (PGP 9.5), subjects’ ages: 13, 15 and 1

/ years old. On the top panel, three

Klinefelter patients included in the study. On the bottom panel, three aged-matched controls. Scale bar 100pm

Results

Presence of undifferentiated
spermatogonia in TESE negative KS
patients’ testes

Standard of care at Wake Forest testicular tissue bank includes
histologic analysis and pathology review of all samples. Every KS
patient case is discussed and compared with age-matched controls
from our archives. Three KS patients enrolled in the testicular
tissue bank were selected for this study (13 years old, 15 years old,
and 17 years old). Pathology slides from testicular biopsy stained
immunohistochemically for PGP 9.5 (UCHL1) and Hematoxylin-
Eosin and compared with age-matched controls (Figure 1).

In all KS subjects, most seminiferous tubules were either
hyalinized or only contained Sertoli cells. Rarely, some tubules
contained the cells expressing the PGP 9.5, a marker for
undifferentiated spermatogonia, with no further spermatogenic
cells such as spermatocytes and spermatid. Leydig cell hyperplasia
was prominent between tubules. No evidence of germ cell
neoplasia or carcinoma in situ was observed. In contrast, age-
matched controls presented a well-organized tubular architecture
containing spermatogonia at different stages of differentiation
into elongated spermatids.
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Given that sperm were not found using micro TESE in any
of the three patients (TESE negative), they were considered ideal
candidates to benefit from SSCs isolation and culture strategy.

Long term in vitro propagation of KS
testicular cells

Compared to previous experiences by our group in isolating
cells from human testes, KS samples presented as a different
consistency. Tubules were thickly packed and more difficult to
dissect. In our hands, pieces took between 2-2.5 h of enzymatic
digestion to release cells, but it varied from sample to sample.
Once the isolation method was tuned and optimized for KS
tissue, cell isolation yield was comparable to XY age matched
controls. Similarly, the morphology of cells in short- and long-
term cultures was similar to previous testicular cells cultured
from euploidy patients (Figure 2).

Isolated testicular cells from KS patients remained viable in
culture for more than 90 days. For the first eight days in culture,
the number of cells did not significantly increase. Cells then
started growing exponentially until the end of the study. The
number of cells expanded more than 100 million fold within 90
days (Figure 3). Cell viability was always > 95%, as determined
by trypan blue staining at each passage. These findings are
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n culture

FIGURE 2

Bright field microscope images of the human KS testicular cells in culture at passage 1, 12 days in culture (A) and passage 10, 90 days in culture
(B). As it was also reported previously (30, 32, 33), the current culture system includes both spermatogonia and testicular somatic cells. Somatic
cells usually attach earlier forming an extensive network of plain elongated cells. Then round spermatogonia cells attach forming clusters on top

of somatic cell feeder layer (showed in inserts). Scale Bar 10 pm

comparable to previous data from our group in propagating
testicular cells from peripubertal euploid patients (32).

Presence of undifferentiated
spermatogonia and somatic cells in
culture

After testicular cell isolation, a heterogeneous mixture of cells
is expected in this culture system. Somatic cells are expected to

Fold change in number of cells

quickly attach to the culture surface and form a feeding layer that
provides an excellent environment for spermatogonia
propagation. It is critically important to confirm the presence of
all significant testicular cell types during the culture period, as a
misbalance could prevent the other cell types from expanding.
qPCR analysis was used to confirm the presence of
characteristic gene expression from the main four testicular cell
types expected in culture: undifferentiated spermatogonia (UCHLI,
ZBTBI16, and THY1), Leydig (TSPO, STAR, CYP11Al), Sertoli
(GATA4, Clusterin) and peritubular cells (CD34) (Figure 4). A

— XXY
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FIGURE 3

Evolution of the number of isolated human KS testicular cells in culture. Results show the average from KS subjects’ testicular tissue. The initial

number of
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cells was standardized to 1 to better assess growth along time in the graph and compare subjects with different initial cell numbers
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FIGURE 4

RT-PCR to confirm the presence of the four main testicular cells in culture based on cell-specific gene expression: spermatogonia (UCHLI,
ZBTB16, THY1, PRM1), Sertoli (Gata4, Clusterin), peritubular (CD34) and Leydig (STAR, TSPO, CYP11A1). POLR2A was used as a housekeeping
gene for internal control. Results confirmed the presence of all four common cell types. However, differentiated germ cell marker PRM1
remained negative, indicating the undifferentiated status of the germ cells in culture

positive signal for all of these was obtained from cultured cells.
Conversely, the expression of differentiated germ cell marker PRM1
remained negative (Figure 4). This demonstrated that
spermatogonia remained undifferentiated and capable of
maintaining a putative SSCs population suitable for transplantation.

After confirming the phenotypes of cells present in the
culture, the focus moved to determining the percentage of
spermatogonia throughout the culture period. Digital PCR

analysis was performed (Figure 5) on isolated testicular cells
from frozen tissue with 2.3% of cells shown to be ZTBTB16".
This population grew during the initial stages of culture,
climbing from 20- 37% between days 13-66. In the culture’s
late stages, the percentage of undifferentiated spermatogonia
dropped to 14% but remained present throughout the entire
culture period (Figure 5). Therefore, our culture system for
Klinefelter testicular cells propagated every cell type expected

FIGURE 5

Digital PCR analysis was used to assess the population of undifferentiated spermatogonia expressing ZBTB16 (PLZF) marker and housekeeping
gene POLR2A in testicular cells in culture: After 2nd passage from 15-year-old KS patient (A). The same analysis was repeated at different time
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points. The graph shows the average undifferentiated spermatogonia population during the culture of testicular cells from KS patients (B)
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FIGURE 6
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(A) Spermatogonial stem cells (SSC) population was estimated by combining HLA-/CD9+/CD49f+ markers on Flow Cytometry analysis. After 68
days in culture and nine passages, the percentage of putative SSC was 10.1% of a 17-year-old KS patient (B). Several time points were analyzed
to evaluate the evolution of this population over time in all subject samples in culture. The graph shows the average of the SSCs population

during the culture in KS patients (B)

while maintaining a significant population of undifferentiated
spermatogonia throughout the 90 days culture.

The constant presence of SSCs during
the culture

At the time of transplantation, only SSCs are expected to
migrate to the basal membrane of the seminiferous tubules and
restore spermatogenesis in azoospermic patients. So far, the
scientific community has struggled to identify a single marker
that could fully characterize this population of cells. Meanwhile,
a combination of HLA-ABC -/CD9 +/CD49f + has been
postulated as markers for the enrichment of SSCs and
predicting therapeutic success following transplantation (38—
41, 45).To assess putative SSCs in culture, flow cytometry
analysis was utilized.

Successfully propagated testicular cells from KS patients
presented putative SSCs at every analyzed time point
(Figure 6). Quantitative analysis suggested a consistent
population in culture, representing between 2-10% of cells in
the culture. This indicates that our culture system not only
promotes cell propagation, but also provides an excellent
environment for maintaining SSCs phenotype, in vitro. These
results align with prior data using dPCR that identified viable
undifferentiated spermatogonia within the culture.

ID4 positive cells in culture as an SSCs
sub-population

To further characterize the cells in culture, SCRNA Seq
analysis was carried out. Cell partitioning via UMAP identified
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6 clusters in cultured XY and 7 clusters in cultured XXY
testicular cells. As shown in Figure 7, the ID4, TCN2, and
NANOS 3 positive SSCs (46-48) are predominately located
within clusters 0 and 1. The data showed that ID4 positive
SSCs were more abundant in the XY testicular cell culture than
in the XXY culture. The number of TCN2 and NANOS 3
positive SSCs was similar between XY and XXY testicular cell
cultures. This data demonstrated that our human testicular cell
culture system could provide a favorable environment for SSCs
to grow and support survival, in vitro.

The stable genotype of SSCs in culture

NGS technology has been successfully established to assess
chromosome copy number and integrity by applying linear
regression to the amplification of chromosome-specific
sequences for 24-chromosome aneuploidy screening (49). In
this study, chromosome copy number analysis was essential to
address the concern of genotype instability of cells in culture.

Fluorescence-activated cell sorting (FACS) was used to
isolate putative SSCs using the markers HLA"ABC. /CD9
+/CD49f ™ and compared to peripheral blood XX and XY
controls. Results showed no significant difference in the
number of somatic chromosomes using up to a 10%
confidence filter (Figure 8). Sexual chromosome analysis
identified an XXY sample compared to XX and XY controls.
The sample was finally characterized as non-mosaic 47XXY.

These data suggested that cells in culture remained
karyotypically stable. These findings are interpreted as a
favorable indication of clinical application potential. The same
experiment was conducted on non-sorted cells with equivalent
results (data not shown).
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presence of SSCs during the culture.

Single cell RNAseq analysis of cultured human XY (upper panel) and XXY (lower panel) testicular cells. Cell partitioning via UMAP identified 6
clusters in cultured XY and 7 clusters in cultured XXY testicular cells. Expression patterns of ID4, TCN2 and NANOS 3 (violin plot) supported the
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Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) staining for X and Y
chromosomes was performed to demonstrate the presence of KS
XXY cells in culture. The probes used for this study marked the
X chromosome with a red signal (5-ROX) and the Y
chromosome with a green signal (5-Fluorescein).

The initial goal of this analysis was to confirm the
aneuploidy of the cells in culture. Cytospun slides were
systematically examined, XXY cells were identified.
Additionally, XY and XX and their dividing counter partners
were also seen (Figure 9A).

After these findings were confirmed, we hypothesized that
although all of the patients included in this study had been
clinically diagnosed as non-mosaic 47XXY Klinefelter, we might
have some mosaicism in the testicular cell culture. An
experiment was designed to analyze FISH slides in consecutive
passages to identify different mosaic populations and describe
their evolution in culture over time. Moreover, when the total
cell number was sufficient, FISH staining was performed in
parallel in CD9+ Magnetic Activated Cell Sorter (MACS) cells
and non-sorted controls.

Results showed that even at the earliest time point at four
days, there was a small population of both XY (1.4%) and XX

FIGURE 8

identified cells in culture as 47 XXY with a 10% confidence filter.
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Molecular Karyotyping by next-generation sequencing. After 47 days and 6 passages, Klinefelter cells in culture were FAC Sorted for putative
SSC markers HLA-/CD9+/CD49f+. Then cells were analyzed with next generation sequencing and compared to XX and XY controls. Results
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DNA FISH analyses of cultured cells was used to assess the number of copies of X (red probe) and Y (green probe) chromosomes on KS
testicular cells in culture. (A) Detection of XXY, XY and XX in culture as well as their respective dividing counterparts. (B) Quantification of XXY,
XY and XX populations in consecutive passages during the culture. The results showed a consistent mosaic population (solid lines). Moreover,
when cells in culture were enriched for undifferentiated spermatogonia marker CD9+ using MACS, both XY and XX population increased (dot
lines) suggesting that higher number of euploid cells in spermatogonia population

(0.2%) (Figure 9A). As time passed, both populations thrived
and came to represent (4.4%) and (0.9%) respectively.
Furthermore, when cells were MACS sorted using CD9 to
enrich spermatogonia, XY and XX populations were enriched
up to 6.8% and 1.4%, respectively (Figure 9B). These findings
confirmed that small populations of XY and XX cell mosaicism
among XXY cells in culture and suggested XX and XY cells were
preferably spermatogonia. This is critical, as euploid
spermatogonia may impact the product of spermatogenesis
and might, at some level, provide an explanation for the
presence of healthy offspring produced from azoospermic KS
patients with intratesticular sperm available.

A question was raised about the possibility of KS patients
presenting some congenital testicular mosaicism that had
remained undiagnosed with standard clinical Karyotype
techniques. FISH staining was then performed in testicular
tissue histology slides from the same patients. The results
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showed most cells presenting XXY signal. However, few XX
and XY cells were found inside the few preserved seminiferous
tubules (Figure 10). In the basal membrane from one of the
tubules, few XY cells were found to be dividing. These findings
strongly support some mosaicism in the testes of non-Mosaic 47
XXY KS patients diagnosed by karyotyping.

Discussion

Although testicular morphology was severely affected by
fibrosis in all KS subjects, PGP 9.5 positive spermatogonia cells
were still found inside several seminiferous tubules (Figure 1).
Following isolation and culture of testicular cells from all three
subjects, undifferentiated spermatogonia cells were positive for
PGP 9.5 ZBTB16 and THY1. These findings suggest that even
in patients with negative IHC for spermatogonia, viable
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FIGURE 10

DNA FISH analyses of KS testicular tissue was used to assess any mosaicism in KS testes: X (red probe) and Y (green probe) chromosomes. The
top magnified region showed all three XXY, XY and XX cells in non-mosaic KS subject. The bottom magnified region shows an XY cell actively
dividing in the basal membrane of seminiferous tubules of non-mosaic KS subject

spermatogonia are likely present in the cryopreserved samples.
Cell isolation and culture under optimal conditions may be
able to selectively expand these spermatogonia for fertility
treatments. The age of the subjects and other developmental
factors may be vital in predicting the success of spermatogonia
retrieval and optimizing cell culture.

SSC transplantation is the definitive test for SSCs
identification. However, regulatory limitations do not allow
for human SSC transplantation. The connection between
HLA-/CD9+/CD49f+ enriched cells and SSC transplantation
success has long been characterized in autologous animal
models and xenotransplantation (37-41). The presence
of SSC in our culture system has previous already been tested
using xenotransplantation into nude mice (32). We feel
that SSC characterization using FACS and RNAseq can
reasonably assess the SSC population and may predict
SSC transplantation efficacy without the economic
costs, ethical challenges, and time associated with low
efficient xenotransplantation.
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By reaching a 20 million-fold increase in the number of cells in
culture, the goal of in vitro propagation of spermatogonia cells was
achieved. The number of cells isolated per biopsy varied between
subjects from 275,000 to 400,000, and the propagation culture
system could provide around 5.5 and 8 trillion cells. Conservatively
estimating the enriched population of SSCs (HLA-ABC-/CD9
+/CD49f+ or ID4 +) as 2% of propagated testicular cells, 110
billion SSCs could be provided after 50 days of culture. Based on
previous studies in non-human primates (19, 21, 22), these
numbers of cells might potentially enable SSC transplantation.
An even lower number of cells might be needed for in vitro
spermatogenesis (45, 50). Another advantage to this strategy is
that only XY SSCs from KS subjects (1% of all propagated SSCs) are
likely to go through complete spermatogenesis. Also worth
mentioning is that a maximum of 20% of the original testicular
biopsy sample was used for this project, as 80% remained un-
touched for future clinical applications. When the full samples are
used, the starting number of cells in culture will increase, and the
duration of culture reduced.
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Due to characterization challenges, it has been difficult to
quantify the SSC population in vivo. However, recent reports by
Brinster and Kubota (15) in different mammals estimated this
population to be somewhere between 0.01-12.5% of
spermatogonia. Using HLA-/CD9+/CD49f+ markers, a
population of 2-10% putative SSC was identified in culture.
RNAseq data provided confirmation of SSC presence, identifying
ID4, TCN2, and NANOS 3 positive clusters of cells. These findings
correlate with current literature describing SSC dynamics and their
cellular niche, which could indicate an in vitro system mimicking in
vivo physiology (38, 40, 41, 46, 47, 51). Although further research is
required on this topic, we expect these data to help optimize the
timing between testicular cell culture and SSC transplantation.

Different hypotheses may explain the fluctuation in the
number of undifferentiated spermatogonia in culture. It is
possible that somatic cells, although able to be maintained in
culture long term, do not have the ability to propagate
indefinitely. Therefore, somatic testicular cells become less
proliferative and efficient in supporting the SSCs population.

FISH and NGS analyses were combined to better
characterize the chromosomal stability of cells in culture.
Molecular Karyotyping by NGS gave a broad overview of
chromosomal integrity across hundreds of thousands of cells
using a high number of specific gene loci, very reproducible
technology, increased statistical power. The technical limitations
of statistical analysis provided a 10% confidence filter, meaning
that mosaicisms representing less than 10% of the cells could not
be detected.

The limitation of detecting mosaicism in cultured cells was
overcome using FISH staining for X and Y chromosomes and
manually counting over 5000 cells per subject. Using this
method, XY and XX cells were identified within the
predominantly XXY population, and the ratio of these
karyotypes were characterized during the time in culture.
Consistent with NGS data, mosaicism never reached 10%,
meaning at least 90% of the cells in culture presented a 47XXY
karyotype. Up to 10% might present some mosaicism, including
XX and XY karyotypes. Therefore, looking to potential clinical
fertility applications, preimplantation genetic screening (PGS)
should be recommended for these patients. However, our data
support a reasonable level of genetic stability and safety in the
cells in culture.

Previous studies have shown sex chromosome mosaicism in
cultured iPSCs (52). Similar mosaicism was also described by
Hirota et al. (45) using iPSC derived from both XXY mouse and
human fibroblasts. Cells in our culture system were not
immortalized and achieved long-term culture, up to 100 days.
Future studies should compare different cell sources in parallel to
verify which options presents the greatest chromosomal stability
in culture.

Another interesting finding was that observation of XY and
XX cells, even at the earliest timepoint (day four) in our culture
system. Similar FISH staining was performed on testis tissue
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from the same patients before isolation to validate this data. A
general review of the slides identifed both XX and XY cells. This
fact contradicted previous clinical genetics reports that
diagnosed these subjects as non-mosaic Klinefelter 47 XXY.
Standard clinical karyotyping usually analyzes no more than
20 cells in peripheral blood smear and cannot rule out organ-
specific mosaicism. Although these procedures are beneficial for
diagnosing minor defects on the chromosomes constantly
present in cells, it lacks the sensitivity to detect small mosaic
populations. Further studies are needed to systematically analyze
the histology and establish a better quantification method for
testicular mosaicism of the KS patient testis, in vivo, and its
fertility repercussions.

To assess the impact of this finding for future KS fertility
treatments, the suitability of KS testis for transplantation should
be evaluated. Previous reports by Lue et al. (29) successfully
demonstrated SSC transplantation from XY mice into the
seminiferous tubules of azoospermic young adult XXY mice.
This study suggests that azoospermic KS adult testis, although
severely fibrotic, may still retain the basic seminiferous
architecture required to perform SSC transplantation.
Subsequent studies have shown SSC transplant efficacy in
structurally defective seminiferous tubules (53), even without
prior germ cell ablation (54) Nevertheless, more studies are
needed to confirm that these animal model results are
reproducible in humans.

On the other hand, Hirota et al. (45) successfully
transplanted primordial iPSC derived germ cell-like cells from
XXY mouse fibroblasts into the seminiferous tubules of
azoospermic KS mice. Donor XXY SSCs successfully migrated
into the basal membrane and restored spermatogenesis.
Fertilization and healthy offspring were achieved by ICSI using
testicular sperm (45). Our current study suggests that the use of
primary human SSCs may provide a better strategy for clinical
fertility applications.

Conclusions

To the best of our knowledge, this is the first report of in
vitro propagation of human SSCs in long-term culture. This
study describes the dynamic chromosomal changes in primary
testicular cells from KS subjects in culture. This is a critical step
forward in utilizing SSC technology to preserve fertility in
KS patients.
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Materials and methods:

Article 3: “In vitro Generation of Haploid Germ Cells from Human XXY Testicular
Organoid” addressing the objective: Form 3D Testicular Organoids from human XXY
testicular cells and evaluate its potential as Klinefelter Syndrome in vitro disease model and
in vitro spermatogenesis tool
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Abstract: Klinefelter Syndrome (KS) (47 XXY) is the most common genetic cause of male infertility.
KS patients present with progressive testicular fibrosis accelerating in puberty leading to azoo-
spermia in adults. The increasing availability of genetic testing has facilitated diagnosis of KS early
on in life, opening the door for early fertility interventions. This study was designed to explore new
spermatogonia-based fertility therapies to meet the needs of these patients.

Testicular cells were isolated from cryopreserved human testes tissue from XXY peripubertal pa-
tients and propagated in 2-dimensional culture. Cells were then incorporated into a 10.000 cells 3D
organoid culture system.

During a 3-week culture period in an enriched media for spermatogenesis in vitro, organoids main-
tained their structure, viability, and metabolic activity according to live/dead assay and ATP pro-
duction. Cell-specific PCR and Flow Cytometry markers identified spermatogonia, Sertoli, Leydig,
and peritubular cells along the culture. Testosterone was produced by the organoids with and with-
out hCG stimulation. Upregulation of post-meiotic germ cell markers was detected. Fluorescent in
situ hybridization (FISH) of chromosomes X, Y, and 18 identified haploid cells in the organoids after
the completion of spermatogenesis in vitro maturation.

Thus, 3D organoids were successfully generated from isolated peripubertal human testicular cells
from Klinefelter patients. Moreover, our 3D culture system provided support for androgen produc-
tion and germ cell differentiation in vitro.

Keywords: spermatogonia; spermatogonia stem cells; spermatogenesis in vitro; 3D culture; organ-
oid; Klinefelter syndrome; male infertility; fertility preservation.

1. Introduction

The mammalian testis is a complex multicellular organ that can be divided into two
main compartments, each with a unique role. In the seminiferous tubules, Sertoli cells and
spermatogonia provide the adequate environment to enable germ cell differentiation to
haploid gametes [1,2]. On the interstitial tissue surrounding the tubules, Leydig cells pro-
duce testosterone through steroidogenesis [3,4]. Maintaining these two functions requires
a complex communication network in this multicellular environment [5].

Genetic, epigenetic, and environmental factors can disrupt this network during sper-
matogenesis, causing infertility which has become a major challenge for the human health
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and reproduction [6,7]. Reportedly 8-12% of couples who are trying to conceive, are suf-
fering from this problem; half of them due to male factor [8]. Technical revolutions in the
past decades such as microsurgical testicular sperm extraction (m-TESE), intracytoplasmic
sperm injection (ICSI), and more recently round spermatid injection (ROSI), all have suc-
cessfully improved the chances of fathering children for men with infertility [9,10]. Nev-
ertheless, these therapeutic strategies require the presence of fully differentiated haploid
cells to be considered. Therefore, patients whose conditions are established before puberty
urgently need alternative methods to overcome infertility.

Klinefelter syndrome (KS) is a chromosomal disease characterized by male phenotype
and supernumerary X chromosomes being 47XXY its most frequent karyotype [11,12].
Although seriously underdiagnosed KS affects 1 in every 600-1000 born males and it’s
currently considered the most common genetic cause of male infertility [13-15]. KS’s most
prominent clinical feature is severe testicular fibrosis that accelerates germ cell loss at the
onset of puberty leaving most KS patients completely azoospermic by the time they reach
adulthood[16,17]. Due to the lack of available sperm, previously mentioned fertility treat-
ments like mTESE and ICSI have only found partial success in KS patients[9,18].

It's been hypothesized that prepubertal boys at risk of infertility with no sperm avail-
able could undergo early testicular tissue cryopreservation to save spermatogonial stem
cells (SSC) for future experimental fertility treatments [19-21]. This initiative is currently
in place in many different centers worldwide and their main indications are prepubertal
boys undergoing gonadotoxic chemotherapy, bilateral un-descendent testis, and KS [22-
26]. Many spermatogonia-based fertility therapies are been explored with promising pre-
liminary results including: in vitro spermatogenesis[27,28], SSC transplantation [29], tes-
ticular tissue grafting [30], and testicular ex vivo maturation [31,32].

In vitro spermatogenesis has long been considered a possible solution for these pa-
tients. However, and despite many efforts from different research groups, reliable sper-
matogenesis in vitro system isn’t available for humans yet [33].

In recent years, SSCs isolation from cryopreserved testicular tissue and propagation
in vitro has been established for prepubertal XY boys, XXY mice, and finally, XXY human
[34-36] (Galdon et al 2022 Front. Endocrinol., accepted in print.) paving the way for SSC
clinical application in the future.

In previous works, our group successfully created testicular organoids from isolated
and propagated testicular cells from the adult testicular tissue [27]. In that study, organ-
oids not only maintained viability and morphology in a 3-week 3D culture period but
were also able to produce androgen in response to hormonal stimulation. Moreover, in
vitro maturation of spermatogonia was observed in terms of gene expression and im-
munostaining positive for postmeiotic markers. These organoids can also serve as a scal-
able high-throughput 3D culture system mimicking the native functionality of human tes-
tes in vitro and suitable for toxicity [27] and drug discovery studies [37,38]. In addition,
this model was used to study the pathophysiology of testicular diseases such as chronic
infection by Zika virus [39].

In the current study, a similar system was applied using isolated and propagated pri-
mary testicular cells from peripubertal KS patients to form 3D human testicular organoids
and attempt spermatogenesis in vitro.

2. Materials and Methods

2.1 Human testis material.
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KS testicular tissue (testicular biopsies) was donated by 15 and 17-year-old KS pa- 89
tients enrolled in Wake Forest Medical Baptist testicular bank under IRB-approved proto- 90
cols at Wake Forest School of Medicine (IRB00021686 and IRB00061265). Testicular tissue 91
was processed into small fragments (~2-4 mm) and slow freeze rate cryopreservation was 92
performed according to in-house protocol [21,23]. Cryotubes were then moved to liquid 93

nitrogen (-196° C) for long-term storage. 94
95
2.2 Testicular Tissue Evaluation 96

Preliminary analyses were conducted to evaluate the presence of spermatogonia in 97
testicular tissue from KS testicular biopsies before cell isolation and culture. XXY peripu- 98
bertal patients were expected to mirror a realistic clinical scenario where KS patients un- 99
dergo micro-TESE and no sperm is found. 100

Hematoxylin-Eosin staining and immunohistochemical staining with non-differenti- 101
ated spermatogonia marker PGP 9.5 (UCHL1) (PA0286; mouse monoclonal) were per- 102
formed on testicular tissue histology slides by clinical pathology lab, as previously de- 103
scribed in our work (Galdon ef al 2022 Front. Endocrinol., accepted in print). Negative con- 104
trol was provided by isotype control (mouse IgG) stained slides. Testicular tissue from 105
age-matched 46XY controls obtained via National Disease Research Interchange (NDRI) 106
was used as positive control. Microscopic images were acquired using LEICA DM4000B 107

microscope, Olympus camera DP73, and Olympus Cellsens software 108

109
2.3. Cell Isolation, Propagation, Characterization, and Quantification 110
2.3.1. Isolation and propagation. 111

Previously cryopreserved testicular tissue pieces of around 1-2 mg were thawed 112
slowly in 37° C running water. Testicular cell isolation, including an enriched spermato- 113
gonia stem cells (S5Cs) population, was performed using a two-step mechanical and en- 114
zymatic digestion system [34,40] (Galdon et al 2022 Front. Endocrinol., accepted in print). 115
For this study, FDA-approved collagenase (NB 4 Standard Grade SERVA Electrophoresis, 116
Heidelberg, Germany) and protease (Natural Protease NB, SERVA Electrophoresis, Hei- 117
delberg, Germany) were used to facilitate the transition of this method from research into 118
the clinical setting. 119

Isolated cells were cultured on uncoated 6-well plates at a seeding density of 10,000- 120
20,000 cells/cm2 in supplemented 1X MEM (1X MEM with 10% FBS, 1X non-essential 121
amino acids (Invitrogen), 15mM HEPES (Invitrogen), 50 pug/ml gentamicin (Invitrogen), 122
4mM L-glutamate (Invitrogen) 0.12% sodium bicarbonate, streptomycin (100 pg/ml) - 123
penicillin (100 TU/ml) (sigma)) overnight. The next day, the media was changed to sup- 124
plemented StemPro-34 (Invitrogen) media (Stempro-34 with recombinant human GDNF 125
(40 ng/mL) (Sigma), recombinant human EGF (20 ng/mL), recombinant human Leukemia 126
inhibitory factor (10 ng/mL), streptomycin (100 pg/mL) - penicillin (100 IU/mL) (Sigma)) 127
(Table 1). 128

Media was refreshed every 4 days and cells were passaged when 80% confluent (ap- 129
proximately every 7-10 days). Somatic cells from initial isolation were utilized as a feeder 130
layer for proliferating germ cells. Excess cells after each passage were cryopreserved at - 131

196° C using 1X MEM containing 20% FBS and 8% DMSO. 132

133

Table 1: Testicular cells culture, testicular organoid formation, and testicular organoid dif- 134
ferentiation medias composition 135
136
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Component Manufacturer | Catalogue # | Final conc. g;‘::;ﬁ::e Fol\r/;::slon Diﬂ;}z;?:ﬁ“g
Bovine Serum Albumin Sigma-Aldrich A3059 5 mg/ml v v v
D (+) Glucose Sigma-Aldrich G7021 6 mg/ml v v v
Ascorbic acid Sigma-Aldrich A4544 1x104M v v v
Transferrin (Apo) Sigma-Aldrich T1147 100 pg/ml v v v
Pyruvic Acid Sigma-Aldrich P2256 30 mg/ml v v v
d-Biotin Sigma-Aldrich B4501 10 pg/ml v v v
2B-mercaptoethanol Sigma-Aldrich M3148 5x10°M v v v
DL-Lactic Acid Sigma-Aldrich L4263 1 pl/ml v v v
MEM NEAA Invitrogen 11140-050 10 pl/ml v v v
Stem Pro-34 Supplement Gibco 10641-025 26 ul/ml v v v
Insulin Cell Applications | 128-100 25 pg/ml v v v
Sodium Selenite Sigma-Aldrich S1382 30 nM v v v
Putrescine Sigma-Aldrich P7505 60 uM v v v
L-Glutamin Invitrogen 25030-081 2 mM v v v
MEM Vitamin Solution Invitrogen 11120-052 10 pl/ml v v v
B-Estradiol Sigma-Aldrich E2758 30 ng/ml v v v
Progesterone Sigma-Aldrich P8783 60 ng/ml v v v
Epidermal Growth Factor (EGF) | Sigma-Aldrich E9644 20 ng/ml v v v
e ey TS OV | sigma-Aldrich | F0291 10 ng/ml v v v
Slleﬁrlofre;;;?;[c){c:rv(egnwls) Sigma-Aldrich | G1777 10 ng/ml v v v
Leukemia Inhibitor Factor Chemicon LIF1010 10 ng/ml v v *
Fetal Calf Serum (FCS) Invitrogen 10437010 1% v 30% v
flf:;/“;lr:;f)/ Streptomycine Invitrogen 1514012 | 0.5% v v v
Gentamycin Gibco 15750078 50 pg/ml x v v
gi‘:g:n(bsig;;“ human stemeell Peprotech 300-07 100 ng/ml x x v
Retinoic Acid Sigma-Aldrich R2625 10 uM x x v
E“C“(‘;’)“ chorionic gonadotropin | io 0 Algrich | C8554 1 mIU/ml x x v
(e SmulatingHormone 1 gioma.larich | F4021 236107 x . p
&zrrli?(tgglivs[)]ixtra@ellular n/a wa 1 ng/ml R v v

2.3.2. Characterization of the cultured cells.

To characterize different cell types of testicular tissue in our two-dimensional (2D)
culture, 200K cells were snap-frozen in liquid nitrogen and RNA was isolated later and
converted to cONA. Tagman® gene expression assays include: for undifferentiated sper-
matogonia: PLZF (ZBTB16), UCHL1(PGP 9.5), THY1 (CD90); for differentiated spermato-
gonia: PRM1; for Sertoli cells: CLUSTERIN and GATA4; for Leydig cells: STAR, TSPO,
CYP11A1; and for peritubular cells: CD34 were used (Table 2). POLR2A was used as an
internal control. All reactions were performed using standard Tagman® Universal PCR
Master Mix and run on ABI-7300 FAST System. For each reaction, 25-50 ng of cDNA was
used. PCR productions were later run on 3% Agarose gel in TAE buffer in 120mA current
for 20-30 minutes and pictures of the bands were taken using Kodak Gel Logic 200 Imag-

Catalog #

AAN1052 (Ms01381 35 g1)

AR 152 (M5 T E)_mi)
ABB1182 (HsMEES 1 57_m1)

AAR1 182 (HsMR 1 T4EL 6 ml)

A3X10E2 (M0 T1203_m1)

AR08 (WM T 658 ml)

AR08 (HaMI2E4012 ml)

4351132 (HsM339561 ml)

4331152 (HsOEF7E0 ml)

4RI (Ha0ZXTHEE0 ml)

ing system.
Gene 1D Amplicon Length
FRM| o

Table 2: Tagman® Gene FITR1E (PLEF) &4

Expression Assays primers used LACHLI bl
THY | (-9 ol
GATA4 44
CLUSTERIN "
STAR #5
TSPO 57
CYPLIAL L]
Co-34 #
POLRIA 5l

4331132 (HsT21ET _ml)
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The combination of HLA-/CD9+/CD49f+ is known to enrich the SSC according to cur- 166
rent literature [43—48] and was used for Flow Cytometry to assess the putative SSC popu- 167
lation in culture. Regular mouse IgG for each condition was used as isotype control (Table 168
3). Briefly, after trypsinization and counting, an appropriate number of cells (100K for 169
each marker/condition) were washed with flow cytometry buffer (PBS + 0.5% FBS). Cells 170
were pelleted, resuspended in the buffer, and aliquoted in flow cytometry tubes, 100K in 171
100 pl of buffer in each tube. 10 pl of the respective antibody was introduced to the cell in 172
each condition and kept in darkness for 20 minutes in RT. Then cells were washed, pel- 173
leted, and resuspended in the buffer (100 pl per each condition) and then carried oniceto 174
the flow cytometry machine. Flow cytometry was done using a BD Accuri C6 machine. 175
10,000 events were run per condition. Gating, compensation, and analysis were done us- 176

ing BD Accuri C6 software. 177
170
Conjugated
Specificity Haost Type Fluorochrome | Manufacturer | Catalog #
HLA-ABC | MOUSE | Monoclonal Anti-Human | FITC BD Pharmigen | 555552
" .- | Monoclonal H oo
CD-49f MOUSE Anb-Human/Moiss APC ¢Biosience 17-0495-80
CD-9 MOUSE | Monoclonal Anti-Human | PerCP-Cy5.5 BD Pharmigen | 341649
Control MOUSE | IgG1 Isotype FITC BD Pharmigen | 340755
Control MOUSE [ 1gG1 lsotype APC BD Pharmigen | 340754
Conirol MOUSE | 1gGl Isotype PerCP-Cy35.5 BD Pharmigen | 347212
Table 3: Antibodies used for Flow Cytometry 179
180
2.4. Klinefelter Human Testicular Organoid (HTO) Formation and differentiation 181

Cells were seeded in formation media (Table 1) into 96-well Ultra-Low attachment 182
round-bottom plates using 10000 cells per organoid. The plates were centrifuged at 150g 183
for 30 seconds. Cells were cultured at 37°C and 5% CO2 for 48 hours until organoid for- 184
mation was completed. Then, HTOs were refreshed with differentiating media (Table 1) 185

every other day and kept for additional 3 weeks in culture at 34°C and 5% CO2. 186
187
2.4.3. Diameter and viability assay. 188

HTOs" diameter and viability were determined on days 2, 9, 16, and 23. For viability, 189
Molecular Probes Live-Dead cell imaging (Invitrogen, 1.3224) and ATP content were uti- 190
lized. For the live-dead assay, n=8 HTOs were incubated at 37°C in media with Calcein 191
AM (Green, Live cells) and Ethidium Homodimer (Red, dead cells) for 20 minutes, then 192
were washed in 1X PBS and imaged using Leica TCS-LSI Macro Confocal microscope. 193
HTOs ATP content was evaluated using relative light units (RLUs) from luminescence 194
ATP kit following manufacturer’s instructions (CellTiter-Glo Luminescent Cell Viability 195
Assays, Promega). For each time point, n=8 HTOs were harvested for ATP measurement. 196

197
2.4.4. Cell count and RNA isolation. 198

Additionally, at each time point, N=48-96 HTOs were dissociated in Collagenase NB 199
4 Standard Grade for 2 hours and then mechanically using a pipette. The dissociated cells 200
were counted using a hemocytometer, and the number of counted cells per organoid was 201
calculated. Cells were spun in the centrifuge and the media was removed. 350 puL of RLT/ 202
BME was added to the cells in an Eppendorf tube and then were snap frozen in liquid 203

nitrogen to be used for RNA extraction using RNeasy QIAGEN Mini Kit. 204
205
2.4.5. Histology evaluation. 206

HTOs were harvested for analysis on days 2, 9, 16, and 23 of culture. At each time 207
point, N=24 HTOs were pooled and fixed in 4% PFA for 30 minutes at room temperature. 208
Fixed HTOs were embedded in HistoGel (Thermofisher, HG-4000-012), paraffin-embed- 209
ded, and 5um sections were mounted on a slide. These sections were deparaffinized and 210
Hematoxylin and Eosin staining was performed according to standard in-house protocols 211
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using an autostainer. Organoids were visualized on a Leica DM400 B LED microscope and
pictures were captured.

2.4.6. Testosterone production.

HTOs ability to produce androgen was evaluated using a clinical setting for measur-
ing testosterone in the Wake Forest Baptist Health Medical Center laboratory by compet-
itive binding immunoenzymatic assay (Beckman DXI800 analyzer). A total of N=32 or-
ganoids per time point were used in this assay, half of them stimulated with 10 mIU of
hCG for 3 hours. Then, organoids were harvested and their media was kept in a -80C
freezer until measurement. The measured testosterone level in stimulated HTOs was com-
pared to non-stimulated HTOs at each time point.

2.4.7. Gene expression assay.

HTOs were evaluated for relative gene expression changes for both functional so-
matic cell markers and spermatogenesis markers after 23 days in culture following a sper-
matogenic cell differentiation protocol. As previously mentioned, total RNA was isolated
from cells of the dissociated HTOs (N=48) using QIAGEN RNeasy Mini Kit following
manufacturer’s instructions. Isolated RNA was converted to cDNA using a high-capacity
cDNA Reverse Transcription Kit (Life Technologies). For quantitative reverse transcrip-
tase PCR (qRT-PCR) analysis, Tagman® gene expression assays were used to evaluate
testicular cell type-specific gene expression changes over time. Reactions were performed
using standard Tagman® Universal PCR Master Mix (96-well plate format) and run on an
ABI 7300 FAST system (Life Technologies). Cycling conditions were as follows: 95°C for
10 min, 95°C for 15 seconds (40 cycles), and 60°C for 1 minute. The gene POLR2A was
used as an internal normalization control. Expression of all genes was normalized to
POLR2A housekeeping gene; relative expression of 23-day-old HTOs compared to day 2
HTOs as controls using the 2-AACT method. All runs were performed in duplicate. Sta-
tistical analyses were determined by student t-test using GraphPad Prism 8 software.

2.4.8. Fluorescent in situ Hybridization (FISH )of the HTOs for haploid cells.

23-day-old HTOs were harvested (n=24) and washed with PBS 1X once. Then they
were fixed in 4% PFA for 30 minutes in RT, then placed on Histogel base and embedded
in paraffin following in-house protocol. 5-pum consecutive sections were cut and FISH for
chromosomes 18, X, and Y using AneuVysion Multicolor DNA Probe Kit (Vysis CEP
18/X/Y - alpha satellite) was performed following manufacturer instructions. Nuclei were
counterstained with DAPI. Pictures of the hybridized slides were taken using a filter mi-
croscope and software. Due to color similarities of X and 18 probes, the color of chromo-
some 18 was changed to yellow (pseudo color) digitally. The presence of only one X or
one Y accompanied by one 18 chromosome in a nucleus was considered a haploid cell.
Cells were counted in consecutive sections, among different HTOs.

2.5 Statistics

Statistical analysis of all quantitative results is presented as mean + standard devia-
tion (SD). Statistical significance was determined via GraphPad Prism 8 software using
Student t-test, with p values < 0.05 considered statistically significant.

3. Results

3.1. Testicular tissue characterization before cell isolation.

Testicular tissue from peripubertal KS patients showed severe alteration of testicular
architecture with signs of established testicular fibrosis and no apparent active spermato-
genesis present. Conversely, age-matched controls testicular tissue presented prominent
seminiferous tubules and signs of active spermatogenesis inside the tubules. (Figure 1)
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Immunohistochemistry staining was performed against the non-differentiated sper- 264
matogonia marker PGP 9.5. While PGP 9.5 was highly present inside the adult control 265
testicular tissue, only a few positive cells were found in KS testicular tissue (Figure 1). 266

267

17 year old 268
v vy oM Figure 1. Inmunostaining for un- 269
differentiated spermatogonia marker 270
UCHLL1 (PGP 9.5). On the top panel, 271
Klinefelter patients aged 15 and 17 272
years old respectively included in the 273
study. On the bottom panel, age- 274
matched controls. Scale bar 100um. 275
(Adapted from Galdon et al 2022 Front. 276
Endocrinol., accepted in print.). 277
278

279

280

281

282

283

3.2. Cell isolation and propagation. 284
To isolate cells, previously cryopreserved tissue was digested both mechanically and 285
enzymatically according to an established method for SSC isolation and previously men- 286
tioned enzyme modifications [34-36] (Galdon et al 2022 Front. Endocrinol., accepted in 287
print.). Cells were initially cultured in a 2-dimensional (2D) system with supplemented 288
Stempro-34 media (Table 1). Isolated cells from 15- and 17-years old KS peripubertal pa- 289
tients were propagated until P4, 34 days, and P3,31 days respectively. Media was re- 290
freshed every 2-3 days and cells were passaged at 80% confluency as previously described 291

xX0Y

(Galdon ef al 2022 Front. Endocrinol., accepted in print.). 292
293
3.3. Characterization of the cultured cells. 294

To identify different cell types present in our culture, qRT-PCR was performed on 295
snap-frozen propagated cells for key markers of each of the testicular tissue cell types. 296
Expression of ZBTB16, UCHLI1, and THY1 for Un-differentiated spermatogonia; PRM1 297
for differentiated spermatogonia; GATA4 and Clusterin (CLU) for Sertoli cells; STAR, 298
TSPO, and CYP11A1 for Leydig cells; and CD34 for peritubular cells, all together proved 299
the presence of all 4 different testicular cell types in culture and no signs of spermatogonia 300
differentiation (Figure 2). 301
302
303
| Confirmation different cell type gene expression | Figure 2. RT-PCR to confirm the 304

. presence of the four main testicular 305

18 .4
= #; i 8 -1 g cells in culture based on cell-specific 306
5 E § - 5 g {2 _  gene expression. POLR2A was used 307
323 .E L ,E as a housekeeping gene for internal 308
X2 iz8 %8 xS control Results confirmed the pres- 309
+ B staR [T ence of all four common cell types. 310
Clusterin m Tspo [0 However, differentiated germ cell 311
cos4 M cyepnal [ marker PRM1 remained negative, 312
prm1 B PoLrza 00 indicating the undifferentiated sta- 313
Spermatogonia Sertoli Leydig tus of the germ cells in the culture. 314
Peritubular Adapted from Galdon et al 2022 315
Front. Endocrinol., accepted in print. 316
317
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Using flow cytometry, the presence of HLA-/CD9+/CD49f+ putative SSC was con-
firmed (Figure 3). These results indicate cells in culture retain the ability to initiate sper-
matogenesis.

XXY cells (P4, 34 days in culture)

ADSHLA-FITC CD9-PE COWar

g oo (i P st _

L wiok Figure 3: Assessment of
SSC in a culture based on Flow
Cytometry for a combination
on HLA-/CD9+/CD49f+

.E_ jl |
|
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L I

HLA ABC

CD 49f

Undifferentiated spermatogonia =| MHC I-/CD9+/CDAgf+ = 6.3% |
333

3.5. Human Testicular Organoids (HTOs) formation and differentiation.

HTOs were successfully formed from 10,000 cells in 96-well Ultra-low attachment
round-bottom plates and centrifugation at 150g for 30 seconds from KS peripubertal cells
during 48hs in formation media at 37° C and 5% CO2 (Table 1, Figure 4). During the fol-
lowing 3 weeks of 3D culture, HTO were kept in differentiating media (Table 1) at 34°C
and 5%CO2.

B. Plnﬂe:gr.llruo €. Cell aggregation D. Single spheroid

A. Two-Dimensional
{20) cultured cells

Figure 4: Schematic picture of creating 3-dimensional testicular organoids from cul-
tured testicular cells using Corning Costar® Ultra Low Attachment Round Bottom 96-well
plates (Ref. #7007):

A. 2D cultured cells were trypsinized and made single cells in a suspension of for-
mation media.

B. Single cells were plated in 10000 cells/100 uL/well concentration.

C. Plates were centrifuged at 150g for 30 seconds to make cell aggregates.

D. After 48 hours single spheroids were formed.

HTO presented a morphology of cohesively packed cells with a prominent nucleus.
(Figure 5). Using LIVE/DEAD staining the organoids showed positive viability along the
culture. (Figure 5). Core necrosis was only barely observed in the last timepoint of the
study (Figure 5).
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JDEADS § &

H&E

Scale Bar 100 pm

Figure 5: KS organoids morphology and viability along the culture. Top row: Organoids 370
were stained using Life Technologies LIVE/DEAD Cell Imaging Kit (live cells = green, 371
dead cells =red) and freshly analyzed with a confocal microscope. Bottom row: Organoids 372
were fixed, paraffinized, and processed for Hematoxylin and Eosin staining and analyzed 373
with an optic microscope. Scale bars 100 pm. 374
375

Both size (Figure 6A) and ATP production (Figure 6B) were monitored weekly and 376
showed a statistically significant drop after the first week of culture, followed by stability 377

during the next two weeks until the completion of the study. 378
379
Size of Organoids ATP Production
500
__ 4004 T 100+
g ‘}\ 5
< 3004 B 75
S
% 200+ 8 s0-
E ﬁ
100+ 25+
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@ Day2 Day9 Day16 Dayid Day2 Day9 Day16 Day23
Tt i Gl Time in Culture
380
Figure 6: Testicular organoid size and ATP production was monitored during culture. 381

A) Organoid size measured with optic microscopy. B) Organoid ATP production was 382
measured in RLUs using a luminescence kit. Data presented as mean + SD. Significance p < 383
0.05 384
385

At each of the weekly time points, testosterone production was detected from both 386
hCG stimulated and not stimulated HTOs, showing that they were able to continuously 387
produce testosterone during culture (Figure 8). The hCG stimulation didn’t significantly 388
increase testosterone production in KS organoids (Figure 8) conversely to previous work 389
from our group on euploid adult cells [27]. 390
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Figure 7: Testicular organoids an-
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% standard deviation.
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Gene expression analysis showed upregulation of meiotic (SYPC3) and postmeiotic
(PRM1) markers after 21 days of testicular organoids culture on differentiation media.
(Figure 9A). Moreover, using dPCR it was possible to estimate a population of 0.2% ex-
pressing PRM1 and 0.2% cells expressing Acrosin (Figure 9B).

KS Organoid gene expression

a) RT-qPCR results b) dPCR results
s rdentr s
- ' 0% !
E & + et <
DAZL Eo
H
e POLRZA [VIC)
SYePrs E 5 ! 0.2% 1
= : :
B e e oo
PRM1 < w
LW
POLRZA [VICH

Day 2 Day 9 Day 16  Day 23

Figure 8: KS organoid gene expression 9A) RT-qPCR results expressed as a Heat map
showing gene expression compatible with active spermatogenesis in KS organoids. 9B)
digital PCR analysis for PRM1 (FAM) and Acrosin (FAM) and housekeeping gene
POLR2A (VIC) showing 0.2% of positive cells for both genes.

Finally, Fluorescent in situ Hybridization (FISH) for X, Y, and 18 chromosomes was
performed on fixed organoids after three weeks of differentiation. Among mostly diploid
cells on the organoid’s surface, haploid cells were identified in the core. (Figure 10A)
Quantification of haploid cells observed a presence of 10.9% of 18X and 4.6% of 18Y (Fig-
ure 10B) in contrast to unpublished data from our group on prepubertal patients showing
a 6.42% of 18X cells and a 6.68% of 18Y cells.
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421
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422
423

Figure 9: Fluorescent in situ hybridization (FISH) (Cr X green; Cr Y orange; Cr 18 424
yellow) on KS testicular organoid after 23 days in culture. 9A) Haploid cells stained for 425
only one chromosome 18 and one sex chromosome either X or Y identified with white 426
arrows. Diploid cells, stained for two chromosomes 18 and both sex chromosomes identi- 427
fied with yellow arrows for comparison. 9B) Pie chart showing the percentage of the hap- 428
loid cells (based on their genotype) amongst the total population of the cells in the testic- 429

ular organoid. 430
431
4. Discussion 432

The first goal of this study was to test the viability of testicular organoids made from 433
Klinefelter tissue. On one hand, LIVE/DEAD staining showed good viability at every 434
weekly timepoint and only mild core necrosis was observed by the end of the study after 435
three weeks (Figure 5). On the other hand, considering ATP production analysis as an 436
indirect method to assess viability, a significant drop was found after the first week fol- 437
lowed by stability during the rest of the study. 438

One possibility is that metabolic transition from a 2D propagation system into a 3D 439
differentiation system modifies the physiologic energy requirements and impacts ATP 440
production without compromising cell viability. 441

Another feasible is that although cells in the organoid remained viable, the overall 442
number of cells decreased over time. In preliminary studies comparing different organoid 443
seeding concentrations, the results showed a consistent 33% cell into organoid incorpora- 444
tion rate regardless of seeding concentration while maintaining excellent viability (data 445
not shown). The washout of the cells not incorporated into the organoid structure would 446
account for the initial ATP drop. 447

Perhaps even cells that initially joined the organoid structure die as part of the initial 448
structural remodeling process. The remnants of cellular skeleton and matrix from cells 449
lost during this process may have improved organoid cohesion and helped shape the 450
overall 3D structure. This idea would also be supported by the amount of “conjunctive 451
tissue-like” material found in H&E histology images. 452

453

Testes play a critical role in human physiology by both testosterone secretion and 454
male gamete production. Testicular organoids’ ultimate goal is to accurately and consist- 455
ently reproduce testicular physiology in vitro for clinical and research applications. 456

Therefore, a cornerstone of our study was to assess Testosterone production of the 457
3D organoids in culture with and without previous hCG pulse stimulation. KS organoids 458
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produced clinically detectable amounts of testosterone at every single time point of the
study (Figure 7). Let’s remark that NO testosterone was added in the media but instead a
basal concentration of hCG (Table 1). On the other hand, testosterone production by KS
organoids did not significantly respond to hCG pulse stimulation (Figure 7) in contrast to
previous reports from our group on adult [27] and prepubertal testicular organoids
(Zarandi, Galdon et al in preparation). This might be a sign that KS organoids are an accu-
rate disease model; therefore, KS Leydig cells do not respond to hCG pulses in a compa-
rable way to prepubertal and adult controls.

Later reports from Sun et al [28] have presented a testicular organoid model com-
pletely spermatogenesis orientated with no Leydig cells. However, our group envisions
testicular organoids as similar as possible to human in vivo physiology and therefore
Leydig cells and Testosterone production are key. Including steroidogenic cells in our 3D
culture system could add value to spermatogenesis in vitro in more ways than we could
anticipate. Moreover, successful recreation of steroidogenic pathways in vitro could open
the door to other possible testicular organoid clinical applications including hormone re-
placement therapy.

Gene expression analyses were conducted to identify signs of in vitro spermatogene-
sis in the cells in the culture. Results accurately showed the transition from undifferenti-
ated spermatogonia to postmeiotic spermatids along the three-week differentiation period
mimicking in vivo findings (Figure 8).

Initially, cells in the 2D culture system and testicular tissue showed no differentiated
spermatogonia expression, and the undifferentiated spermatogonia marker (ZBTB16) was
highly expressed (Figure 2). When cells were included in the 3D culture system both un-
differentiated spermatogonia (ZBTB16) and differentiating spermatogonia (DAZL) mark-
ers increased steadily their level of expression along the culture. Organoids started ex-
pressing meiosis marker (SCYP3) after 1 week then the expression level peaked in week 2
and dropped in week 3 (Figure 8). Finally, after 3 weeks in culture positive expression of
postmeiotic markers (PRM1 and Acrosin) was detected (Figure 8). These findings fit the
spermatogenesis gene expression pattern.

Interestingly, an increment on undifferentiated spermatogonia gene expression
markers was observed too. A way to interpret this data is that spermatogonia in our 3D
system do not sync for spermatogenesis and while some cells engage in differentiation
other spermatogonia are preparing for the next spermatogenesis wave. That would also
explain why meiosis marker SCYP3 peaks by week 2 and then negativizes.

Using dPCR postmeiotic cell population was estimated to represent around 0.2% of
cells in culture. Using this data, we will be in a position to estimate the number of organ-
oids needed to produce enough haploid cells for clinical applications.

FISH staining in testicular organoids after 3 weeks in culture revealed a population
of haploid cells with either X or Y chromosomes. No haploid cells were identified inside
testicular organoids in earlier timepoints of the study (Data not shown)

In previous work from our group, evidence of in vitro maturation of spermatogonia
into post-meiotic stage using 3D culture system [27] using adult testicular cells. Although
it represented a good proof of concept for our current work, some questions rose along
the way regarding the use of adult testicular tissue. We wondered whether cells included
in the 3D system were already committed to spermatogenesis and organoids just sup-
ported this process or on the contrary 3D system pushed spermatogonia into differentia-
tion strictly in vitro. Similarly, the latest report by Sun et al [28] used their in vitro spermat-
ogenesis system cells from a patient diagnosed with Obstructive Azoospermia with full
spermatogenesis confirmed by the pathology lab. In this study, by using Klinefelter
peripubertal testicular tissue without active spermatogenesis confirmed by pathology the
possibility of already having differentiated spermatogonia is negligible. Hence it can be
safely concluded that any differentiation observed in this study strictly occurred in vitro
and therefore could potentially represent a future clinical option for Non-Obstructive
Azoospermia KS patients.
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This study tried to bring testicular organoids closer to future clinical applications. 513
Consequently immortalized Sertoli and Leydig cells used in our previous work [27] were 514
substituted by primary somatic cells instead. Only FDA-approved digestive enzymes 515
(Collagenase NB 4 Standard Grade and Natural Protease NB SERVA Electrophoresis, Hei- 516
delberg, Germany) were used during the cell isolation process. KS testicular tissue came 517
from an experimental testicular tissue bank. As only a small portion of their banked ma- 518
terial was used for research those same patients could potentially benefit from the tech- 519
niques developed in this study and tested in their own tissue for future clinical applica- 520
tions. 521

522

Previous studies in mice have used an organotypic 3D culture system for successful 523
in vitro maturation leading to fertile offspring [31,47,48]. Lately, this study was repro- 524
duced using human cells from Obstructive Azospermic human patients producing hap- 525
loid cells capable of fertilizing mouse eggs [28]. However, these studies noticeably identify 526
Knock Out Serum Replacement as a key factor in cell differentiation. In our studies, we 527
avoid using KSR due to concerns about their known impact on the chromosome instability 528
[49]. In the same way, Sun et al [28] meticulously selected Spermatogonia and Sertoli cells 529
with a high level of purity to allegedly improve spermatogenesis efficiency. However, in 530
this study, a decision was made to include Sertoli, Leydig, and peritubular cells as they 531
may support spermatogenesis and better recreating the overall testicular physiology. 532

533

Although Klinefelter Syndrome is considered the most common genetic cause of 534
male infertility its physiopathological mechanism remains widely unknown. The fact that =~ 535
using our 3D organoid culture system both meiosis and androgen production were repli- 536
cated suggests its suitability as a Klinefelter Syndrome disease model. Therefore, it could 537
potentially play a key role in better understanding the Klinefelter syndrome and how to 538
clinically address it. 539

540

This study is presented as promising evidence of germ cell in vitro differentiation. 541
With recent advances in reproductive techniques with intratesticular germ cells (ICSI, 542
ROSI, ELSI) follow-up studies exploring the fertilization potential of in vitro produced 543
haploid cells may unveil significant results. Overall, this work hopes to push in vitro sper- 544
matogenesis a step closer to clinical application for KS patients with no sperm retrieved 545

by TESE/microTESE. 546
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Discussion

As previously described by our group we envision a clinical scenario where peripubertal,
young adults, or even adult KS patients with no sperm detected in semen would undergo
TESE. Most likely these patients would already present some degree of testicular fibrosis.
Then, if no sperm was to be found during TESE, immature spermatogonia possibly present in
the testicular biopsy could be isolated and propagated in vitro for SSC-based future fertility
treatments with or without previous cryopreservation (88). To mirror this scenario, a decision
was made to use 3 day-old XXY Klinefelter mice where testicular fibrosis had been
documented but spermatogonia may still be present (91). These samples proved to be
adequate as, despite the significant testicular fibrosis observed in histology analysis,
spermatogonias were successfully isolated. When the

Only a few research groups have reported successful testicular cell propagation in vitro. Even
fewer groups have been able to do it with testicular cells obtained from NOA patients'
testicular biopsies (225,228) despite being some of the patients who would benefit most from
SSC-based fertility treatments. To the best of our knowledge, this is the first-ever report on
long-term in vitro propagation of testicular cells from KS mouse or KS human subjects. It is
crucial, as KS is the most common genetic cause of NOA.

Along the way, our culture system has evolved and improved to suit the specific needs of KS
testicular tissue and showed consistency between different KS patients. In our hands, KS
testicular cells from both mouse and human initially required more favorable culture
conditions to attach and propagate mainly determined by enriched culture media, high
seeding concentration and close monitoring. However, once initial stages of the culture were
overcome, the propagation rate was comparable to euploid controls. Significantly, our work
focused on non-immortalized primary testicular cells to better adapt current health and
safety regulations and facilitate its future clinical application. For the same reason a decision
was made to avoid culture media co-factors with clinical safety concerns as Knock-out serum
replacement and all the digestive enzymes used during cell isolation were FDA-approved for
clinical use.

When the different experimental SSC-based ARTs are compared one main difference comes
up. While testicular grafting and testicular tissue ex vivo culture are tissue-based strategies,
SSC transplantation and spermatogenesis in vitro are cell-based strategies. Tissue-based
strategies are limited by the total amount of testicular tissue available through biopsy. On the
other hand, cell-based strategies can be enabled by in vitro propagation to overcome
testicular tissue scarcity, as shown in this study. The propagation results obtained would
theoretically be sufficient to reproduce in humans for SSC transplantation clinical application,
as demonstrated in non-human primate recently (174,175). If spermatogenesis in vitro is
considered the number of cells might be even lower. This factor might be a critical advantage
to bring SSC-based ART closer to clinical application.
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Moreover, the KS human testicular tissue used in this study belongs to real patients enrolled
in a experimental testicular tissue bank. There is a real chance that at some point these
patients decide to pursue offspring, present with NOA and no sperm is retrieved by TESE and
then experimental SSC-based ARTs is considered. This study will provide invaluable real data
on the viability of SSC isolation and propagation from their own cryopreserved testicular
tissue.

As previously mentioned, there is currently no consensus on what age should TESE be
performed on KS patients. Nos clear clinically significant differences have been reported on
sperm retrieval between peripubertal young adults and adults(114,127). However, early
testicular biopsy likely increases the chances to find immature spermatogonia and possibly
SSC (84). Paving the way for SSC-based male fertility treatment could impact current clinical
practice to lean into early-testicular biopsy. Then, if no sperm are found, testicular tissue
samples could be cryopreserved to consider SSC-based ART in the future (88,232).

Results from this study reasonably identify a population of SSC present in culture. Previous
studies have used SSC xenotransplantation to complete SSC characterization (177). However,
it is inefficient, not cost-effective, involves extensive animal work with its own ethical
concerns and its findings aren’t categorically translatable into humans. We consider that the
combination of gene expression, flow cytometry and RNAseq data provides reasonable
confirmation of the presence of SSCs in culture at this point. The systematic and consistent
manner on how this study has been conducted will also provide valuable information on
when to attempt SSC transplantation to optimize SSC presence in culture. Definitive
confirmation of the functionality of SSC in culture would require experimental SSC
transplantation in patients. More preclinical safety and efficacy studies are needed before it
becomes acceptable, but when that time comes this study will have meant a significant step
forward.

Gene expression analysis confirmed the presence of all four expected testicular cell types in
culture from both mice and human cells. This is a key aspect of our culture system as it aims
to faithfully recreate testicular environment where somatic cells likely support
spermatogonia in more ways that we can anticipate. While it is definitely important to
maintain a certain balance so somatic cells don’t overgrow spermatogonia we aren’t looking
to over-purify the spermatogonia population either.

The intratesticular mosaicism observed in KS patients without signs of mosaicism in
peripheral blood supports the hypothesis of tissue-specific mosaicism postulated in previous
studies(17). Tissue-specific mosaicism may also influence the clinical variability observed in
KS patients. It could also explain the remaining foci of spermatogenic activity in azoospermic
KS adults (114). Furthermore, the observation that euploid cells in culture are preferentially
spermatogonia is consistent with the documented clinical finding of predominantly euploid
intratesticular KS gametes (88) as well as adding valuable insight on the SSC niche dynamics
on KS. In this way, the importance of developing new SSC based fertility therapies for KS
patients is strengthened since they can give rise to healthy offspring.
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After sex chromosomal mosaicisim was observed, a reasonable concern could be risen on
wether it reflected chromosomal instability in the cells in culture. However, next-generation
sequencing analysis for ploidy did not detected significant presence of somatic chromosomes
aneuploidy nor deletions or translocations. These results further support the safety and
stability of our culture system as currently described.

Testicular organoid formed with KS testicular cells maintain good viability through 23 days in
culture (2 days in formation media followed by 21 days in differentiation media) with no
significant core necrosis observed. During the first differentiation week a slight decline in ATP
production was observed probably due to the transition from 2D to 3D culture system as well
as the loss of cells not incorporated to the 3D organoid structure. Then, ATP production
remained stable for the rest of the study. These findings overall suggest that the optimized
3D culture system in terms of culture surface, media, number of cells per organoid, organoid
size, and organoid handling technique described in this study was adequate.

Characteristic gene expression from all four main testicular cell-types was present through
the study, suggesting that all of them had been incorporated into the organoid structure.
Testosterone production was consistent during the culture. Needed is to remark that no
testosterone was present in the culture medie but basal hCG instead. On the other hand, the
lack of response to hCG pulse stimulation, in contrast to previous findings on euploid
testicular organoids, might yield new data on the pathophysiological mechanisms behing KS
and support its use as a KS disease model. Successful in vitro testosterone production may
eventually open the door for autologous hormone replacement therapy.

Moreover, sequential gene expression analysis indicated spermatogonia differentiation
process taking place in vitro. Finding haploid cells after three weeks of differentiation culture
confirmed the completion of meiosis and represent a significant advance for in vitro
spermatogenesis. Subsequent studies should evaluate the fertilization potential from
gametes developed in vitro as well as the viability of the resulting embryos.

The overall data reaffirmed the value of 3D testicular organoids as a valuable tool to recreate
testicular physiology in toxicity studies, pharmacological exploration and a promising
experimental fertility therapy.

| hope the accomplishment of this work will open the door for new autologous cell-based

infertility treatments. It may as well improve our understanding of KS and hopefully provide
a reliable in vitro disease model.
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Conclusions:

a)

b)

d)

e)

Isolation and in vitro propagation of murine XXY testicular cells was achieved for the
first time. Cells in culture maintained characteristic gene expression of the main four
testicular cell types: Spermatogonia, Sertoli, peritubular and Leydig cells. A
population of putative spermatogonial stem cells potentially suitable for
transplantation was identified.

Isolation and in vitro propagation of human XXY testicular cells was achieved for the
first time. Cells in culture maintained characteristic gene expression of the main four
testicular cell types: Spermatogonia, Sertoli, peritubular and Leydig cells. A
population of putative spermatogonial stem cells potentially suitable for
transplantation was identified.

Sex chromosome mosaicism was identified, characterized and quantified both on in
vitro cultured testicular cells and in vivo testicular biopsies from clinically diagnosed
non-mosaic Klinefelter patients.

Three-dimensional testicular organoids were successfully created from human XXY
testicular cells, recreating in vitro characteristics of testicular physiology including
testosterone production, ATP production and characteristic gene expression.

After three weeks in culture, human Klinefelter syndrome testicular organoids
underwent spermatogenesis differentiation resulting in haploid cell production.
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