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Summary 
Pluripotent stem cells (PSCs), including embryonic and induced pluripotent stem 

cells (ESCs and iPSCs) can contribute to all germ layers of the developing embryo when 

injected into host blastocysts, which results in chimeric animals. These properties can be 

harnessed to generate donor PSC derived cells and tissues across species boundaries. 

Blastocyst complementation is a promising technique exploiting this observation, wherein 

the host blastocysts carry mutations hindering the formation of specific cells, allowing the 

injected PSCs to populate this developmental niche and generate cells or tissues 

exclusively derived from the donor PSCs. 

 

Generation of male gametes in vitro is investigated not only for the study of how 

germ cells are formed, but also for potential species conservation efforts. However, it 

often relies on testes of the species of interest being available, which is not feasible for 

rare species. To overcome this limitation, in the first study, we aimed to generate 

exclusively donor PSC derived spermatozoa via blastocyst complementation with mouse-

to-mouse intra- and rat-to-mouse interspecies chimeras. To this end, we injected the 

donor cells into mouse Tsc22d3-knockout (KO) blastocysts, which carried a defect in 

meiosis I, causing male sterility in non-complemented animals. Resultant intraspecies 

chimeras harbored exclusively allogeneic donor mouse PSC derived spermatozoa, and 

were fertile upon natural mating with female mice. In addition, injection of rat rESCs into 

Tsc22d3-KO blastocysts resulted in mouse-rat chimeras, and analysis of testes and 

spermatozoa revealed exclusive generation of xenogeneic donor rESC derived germ 

cells, which was further confirmed by single-cell RNA-sequencing. Fertilizing rat oocytes 

using chimera derived rat spermatozoa led to the generation of blastocysts in vitro, and 

implantation sites and embryos in vivo, although no offspring was generated. 

 

In the second project, blastocyst injections were utilized to generate muscle stem 

cells, also termed satellite cells, conferring the skeletal muscle’s immense capacity for 

regeneration, which is lost in muscular dystrophies. We generated iPSCs from a muscular 

dystrophy mouse model, gene-corrected the present mutation using CRISPR/Cas9 and 

utilized the iPSCs to generate intraspecies chimeras. The host blastocysts carried a 

satellite cell specific ablation system allowing for exclusive generation of donor cell 

derived satellite cells. Upon isolation of the iPSC derived satellite cells, and in vitro 

propagation, the resulting myoblasts were transplanted into the Tibialis anterior muscles 
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of dystrophic mice, where they expressed dystrophin. Further, we generated interspecies 

chimeras via injection of the iPSCs into rat blastocysts. We were able to purify mouse 

satellite cells from these chimeras, expanded and characterized them in vitro, and we 

observed contribution of the myoblasts to dystrophin expression in vivo in dystrophic 

recipient muscles. 

 

These results show that generation of interspecies chimeras carries the potential 

to not only generate xenogeneic germ cells, potentially capable of aiding in species 

conservation, but also adult muscle stem cells, which could help in paving the way to treat 

muscular dystrophies in human patients. 
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Zusammenfassung 
Pluripotente Stammzellen (PSZ), inklusive embryonaler und induzierter 

pluripotenter Stammzellen (ESZ und iPSZ), können zu allen Keimblättern des sich 

entwickelnden Embryos beitragen wenn sie in Empfänger-Blastozysten injizierten, was 

zur Bildung von chimären Tieren führt. Diese Eigenschaften können genutzt werden, um 

speziesübergreifend Spender-PSZ abgeleitete Zellen oder Gewebe zu generieren. 

Blastozysten-Komplementierung ist eine vielversprechende Technik welche diese 

Beobachtung nutzt, wobei die Empfänger-Blastozysten Mutation in sich tragen, welche 

die Genese bestimmter Zellen unterbindet, und dadurch den Spender-PSZ ermöglicht, 

eine Entwicklungsnische zu besiedeln, und Zellen und Gewebe welche ausschliesslich 

von den Spender-PSZ stammen zu bilden. 

 

Die Generierung von männlichen Gameten in vitro wird nicht nur für das Studium 

der Keimzellbildung verwendet, sondern auch für potenzielle Anstrengungen im 

Artenschutz. Jedoch sind oft Testes der Spezies von Interesse nötig, was für seltene 

Spezies nicht machbar ist. Um diese Einschränkung zu überwinden, hatten wir in der 

ersten Studie zum Ziel, ausschliesslich Spender-PSZ abgeleitete Spermatozoen via 

Blastozysten-Komplementierung mit Maus-zu-Maus intra- und Ratte-zu-Maus inter-

spezifischen Chimären zu bilden. Dazu haben wir die Spenderzellen in Maus Tsc22d3-

ausgeschaltetet (KO) Blastozysten injiziert, welche einen Defekt in Meiose I in sich 

tragen, was zu Sterilität in allen nicht komplementierten Männchen führt. Die daraus 

resultierten intraspezifischen Chimären hatten Spermien welche ausschliesslich von den 

Spender-PSZ abgeleitet waren, und waren fruchtbar bei natürlicher Verpaarung mit 

weiblichen Mäusen. Weiter haben wir Ratten ESZ in Tsc22d3-KO Blastozysten injiziert, 

wodurch Maus-Ratten Chimären gebildet wurden, und Analyse derer Testes und 

Spermatozoen zeigte auf, dass nur xenogeneische von den Spender-rESZ abgeleitet 

Keimzellen gebildet wurden, was auch mittels Einzelzell-RNA-Sequenzierung bestätigt 

wurde. Die Befruchtung von Ratten-Oozyten mittels von Chimären abgeleiteten 

Rattenspermatozoen führte zur Bildung von Blastozysten in vitro, und Nidationsstellen 

und Embryos in vivo, jedoch wurden keine Nachkommen geboren. 

 

Im zweiten Projekt, wurden Blastozysten-injektionen dazu benutzt um 

Muskelstammzellen zu generieren, auch Satellitenzellen genannt, welche ursächlich sind 

für die beachtliche Regenerationskapazität von Skelettmuskeln, welche im Falle von 
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Muskeldystrophien verloren geht. Dazu haben wir iPSZ eine Mausmodelles von 

Muskeldystrophie generiert, in diesen mittels CRISPR/Cas9 gen-korrigiert und diese 

iPSZ verwendet, um intraspezifische Chimären zu generieren. Die Empfänger-

Blastozysten haben eine Mutation in sich getragen, welche die gezielte Abtragung ihrer 

Satellitenzellen ermöglicht, und wodurch ausschliesslich Spenderzellen abgeleitete 

Satellitenzellen gebildet werden. Auf die Isolation der iPSZ abgeleiteten Satellitenzellen 

und deren in vitro Vermehrung folgend, wurden die daraus gebildeten Myoblasten in die 

Tibialis anterior Muskeln von dystrophischen Mäusen transplantiert, woraufhin sie 

Dystrophin exprimierten. Weiter haben wir interspezifische Chimären gebildet mittels 

Injektion der iPSZ in Ratten-Blastozysten. Wir konnten Maus-Satellitenzellen aus diesen 

Chimären aufreinigen, diese in vitro Vermehren und Charakterisieren, und wir konnten 

einen Beitrag der Myoblasten zur Dystrophin Expression in vivo in dystrophischen 

Empfängermuskeln beobachten.  

 

Diese Resultate zeigen auf, dass die Bildung von interspezifischen Chimären nicht 

nur das Potenzial hat, xenogeneische Keimzellen zu bilden, welche Möglicherweise im 

Artenschutz verwendet werden können, sondern auch adulte Muskelstammzellen, 

welche den Weg hin zur Behandlung muskulärer Dystrophien in humanen Patienten 

pflastern können. 
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Abbreviations 
BCl Blastocyst complementation 

BMP Bone morphogenetic protein 

CRISPR Clustered regularly interspaced short palindromic repeats 

DMD Duchenne muscular dystrophy 

E Embryonic day 

EpiLC Epiblast like cells 

EpiSC Epiblast stem cell 

FACS Fluorescence activated cell sorting  

Gilz Glucocorticoid-induced leucine zipper 

GSK3 Glycogen synthase kinase-3 

hESC Human embryonic stem cells 

hiPSC Human induced pluripotent stem cells 

hPSC Human Pluripotent stem cells 

ICM Inner cell mass 

ICSI Intracytoplasmic sperm injection 

KO  Knockout 

LIF Leukemia inhibitory factor 

mESC Mouse embryonic stem cells 

miPSC Mouse induced pluripotent stem cells 

mPSC Mouse Pluripotent stem cells 

MEK Mitogen-activated protein kinase kinase 

MyoD Myoblast determination protein 1 

rESC Rat embryonic stem cells 

riPSC Rat induced pluripotent stem cells 

rPSC Rat Pluripotent stem cells 

P Day post-partum 

PCR Polymerase chain reaction 

PGCLC Primordial germ cell like cell 

ROSI Round spermatid injection 

Pax3 Paired box protein 3 

Pax7 Paired box protein 7 

Prdm1 PR domain zinc finger protein 1 

Prdm14 PR domain zinc finger protein 14 
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Pdx1 Pancreatic and duodenal homeobox 1 

Sox9 SRY-Box Transcription Factor 9 

Sry Sex determining region Y 

SSC Spermatogonial stem cell 

SSCT Spermatogonial stem cell transplantation 

Tcfap2 Transcription factor activator protein AP-2 

TE Trophectoderm 

TESE- ICSI Testicular sperm extraction ICSI 

XEN Extraembryonic endoderm stem cells 
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Chapter 1. General Introduction 

1.1.1 Pluripotency 
Every mammalian life relying on sexual reproduction begins with the fertilization of 

the female gamete, the oocyte, with a male gamete, the spermatozoon. It is this crucial 

process which gives rise to the diploid and totipotent zygote, a single cell out of which all 

the embryonic as well as extra-embryonic tissues develop, ultimately leading to the 

generation of a whole organism.  

Soon after fertilization, the 8-cell-stage embryo, made of equally totipotent 

blastomeres, is compacting into the morula1. The spherical morula consists of 16 to 32 

cells, and the outer layer is made of polar cells developing towards the extraembryonic 

trophectoderm (TE) lineage, which will go on to form the placenta, and the inner apolar 

cells, which will give rise to the inner cell mass (ICM) of the blastocyst1,2. At embryonic 

day 3.5 (E3.5) on the inside of the early blastocyst a cavity called the blastocoel is 

beginning to form. The cells of the ICM express markers either for the pluripotent epiblast 

stem cells (EpiSC), such as Nanog and Oct4, or for the primitive endoderm (PrE), such 

as Gata61,2. The EpiSCs will contribute to the whole developing embryo, whereas the PrE 

cells will commit their fate towards the yolk sack and the extraembryonic endoderm. The 

cells continue to organize themselves, and in the late blastocyst stage the EpiSCs are 

packed between the TE cells towards the outside, and the PrE cells towards the 

blastocoel1,2. Up to this point, the cells have already undergone two cell fate decisions, 

between ICM and TE, and PrE and EpiSC, but many more are to follow during 

embryogenesis until birth3. To continue embryonic development, the blastocyst implants 

into the uterine wall between E4.75 to E54. 

From the ICM of pre-implantation blastocysts, embryonic stem cells (ESCs) can 

be isolated for further in vitro culture5. Before the isolation of mouse ESCs (mESCs) in 

1981, embryonal carcinoma cells were the only pluripotent stem cells available6-8. 

However, it is also possible to isolate extra-embryonic endoderm stem cells (XEN) from 

the PrE and trophoblast stem cells (TSCs) from the trophectoderm9,10. First reports of 

human ESCs (hESCs) followed in 199811. For another common research animal, the rat, 

it took another decade to generate rat ESCs (rESCs) in 200812,13. The two key hallmarks 

of pluripotency are self-renewal and the potential to differentiate into any cell type of the 

three embryonic germ layers14. One of the gold standards of evaluating pluripotency of 

ESCs is the teratoma formation assay, in which ESCs are injected into immunodeficient 
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mice and give rise to teratomas, which contain all three germ layers of the endo-, meso- 

and ectoderm15. More importantly, ESCs have the capability to give rise to all tissues of 

the developing embryo, including the germline, upon injection into blastocysts14. A more 

stringent evaluation of ESC functionality is tetraploid complementation, a method allowing 

for generation of animals derived only from donor cells14. Tetraploid 4n embryos are 

generated by electrofusion of 2-cell zygotes and upon culture to the blastocyst stage, 

PSCs can be injected. While the tetraploid cells are restricted towards the extraembryonic 

lineage, the donor PSCs develop to the embryo proper14,16,17 

While mouse and rat ESCs are maintained in a naïve state (i.e. resembling the 

ICM of pre-implantation blastocysts), hESCs are more closely matching peri- and post-

implantation EpiSCs which are primed for specification into a cell lineage18. Thus, they 

also differ in their culture conditions and dependance on support from feeder cells, 

cytokines or small molecules to maintain pluripotency18. For example, mESCs were 

commonly cultured on mitotically inactivated feeder cells in medium containing serum and 

leukemia inhibitory factor (LIF) to inhibit differentiation. However, in recent years more 

defined serum-free media formulations containing the GSK3 inhibitor CHIR99021 and the 

MEK inhibitor PD0325901 have been reported, with some even claiming vastly superior 

chimera formation efficiency, while contrasting publications reported on prolonged MEK 

inhibition negatively affecting chimera formation efficiency19-21. Unlike mESCs, rESCs are 

exclusively maintained in serum free conditions, with only very minor differences in media 

composition12,13.  
 
1.1.2 Induced pluripotency 

In 2006, a seminal study performed by Takahashi and Yamanaka showed the 

feasibility of generating pluripotent stem cells termed induced pluripotent stem cells 

(iPSC) from somatic cells22. Via overexpression of the pluripotency associated 

transcription factors and oncogenes Oct4, Klf3/4, Sox2 and c-Myc, mouse fibroblasts 

were reprogrammed to pluripotency, exhibiting ESC morphology, and also matching 

ESCs in terms of gene expression very closely, however the epigenetic state is more 

disputed23,24. Akin to ESCs, iPSCs also contribute to the developing embryo and can give 

rise to chimeric animals, exhibiting germline transmission potency and giving rise to 

entirely iPSC derived animals upon tetraploid complementation25. The generation of 

iPSCs has not only opened up many opportunities for basic research, but also for 

regenerative medicine26-28. It holds promise for the generation of patient derived iPSCs, 
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which can be generated from easily obtainable skin biopsies or blood29,30. These could 

be utilized for in vitro disease modelling and drug testing, allowing to find drugs best suited 

for a specific patient, and could also be used to generate autologous cells from in vitro 

differentiated hPSCs30. It could also be envisioned that human autologous cells or tissues 

could be derived via blastocyst complementation with large mammal hosts31. 
 

1.1.3 Blastocyst complementation 
Blastocyst complementation (BCl) has been pioneered in a groundbreaking study 

by Chen and colleagues in 199332. Recombination-activating gene 2 (RAG-2) is crucial 

for the formation of mature B and T cells, and mice lacking the gene are devoid of 

lymphocytes, rendering them immunodeficient. However, upon injection of donor mouse 

ESCs into a RAG-2 -/- blastocyst, followed by transplantation of the embryo into a foster 

mother, all the lymphocytes of the resulting chimeras were derived from the donor cells, 

also resolving the immunodeficiency of the chimeras32. This publication was the first to 

take advantage of an empty developmental niche in blastocysts harboring knockout (KO) 

mutations, precluding the formation of specific cells, tissues or organs. Since competition 

for these niches from host cells is eliminated, the injected donor ESCs can complement 

the niche during embryogenesis, eventually generating entirely the specific cell 

population or even an organ in the animal post-partum32.  

It was not until a decade later that this approach was utilized to study the 

development of a whole organ, namely the pancreas33. An inducible system to ablate 

Pdx1 expressing cells was used, since Pdx1 is indispensable for the formation of the 

pancreas, generating a donor cell derived pancreatic epithelium. This study also 

established the number of progenitor cells as one of the key determinants of organ size. 

However, the focus was on embryonic development, and no live birth of chimeric animals 

was reported33. 

After the discovery of rat PSCs, the next step was to trial interspecies blastocyst 

complementation. First steps towards the generation of interspecies chimeras were taken 

in the 1970s, when different approaches were trialed to generate rat-to-mouse chimeras. 

By aggregation of mouse and rat morulae, and injections or aggregations of rat ICM cells 

into mouse blastocysts, chimeric embryos were formed34-36. This was followed up by 

combining bank vole (Clethrionomys glareolus) morulae together with mouse morulae, 

culturing them to the blastocyst stage in vitro and transplantation into recipient female 

mice37. Only two normal looking embryos developed until E9 and E10, respectively, and 
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both showed only low chimeric contribution37. It was not until 1980 that viable interspecies 

chimeras between Mus musculus and Mus caroli were generated38. In a landmark study 

in 2010, Kobayashi and colleagues confirmed the feasibility of inter-specific BCl between 

mouse hosts, and rat iPSC donor cells39. Capitalizing on a Pdx1-KO mouse blastocyst, 

which in an uncomplemented state leads to embryonic lethality, they injected rat iPSCs 

and brought the animals to term. Strikingly, this resulted in interspecies chimeras being 

born. Several findings were of importance in this study. First, the rat donor iPSCs can 

complement the embryo, and rescue the lethal phenotype. Second, the animals were of 

host animal size and overall appearance. Third, all the endocrine and exocrine tissues in 

the chimeric pancreas were rat-derived, yet the pancreas was of mouse size. 

Interestingly, they also observed contribution of rat PSCs to interspecific gallbladders, 

hinting towards ‘unlocking’ of a developmental program in a xenogeneic environment, 

since rats do not have gallbladders39. 

In the years since then, multiple tissues and organs have been generated in mouse 

intraspecies chimeras, such as kidneys, forebrain, liver, lung, and bone amongst others, 

but also in pig intraspecies chimeras20,40-46. Additionally, numerous studies have also 

generated interspecific organs via BCl. In rat and mouse interspecies chimeras, 

generation of thymi, blood vasculature, kidneys, and also mouse germ cells in rat hosts 

have been reported on47-49. There are just few publications about chimerism between 

primates, such as humans or monkeys, with other species, and even fewer about BCl50-

57. However, it is important to note that the contribution of primate PSCs to the resulting 

chimeras were either minute, or that the chimeric embryos were not brought to term.  

The most facile way to assess contribution of donor cells to chimeras is based on 

coat color chimerism if the fur of donor and host cells is encoded by different genes38. An 

interesting finding in rat-to-mouse chimerism is that rat PSCs appear to preferentially 

contribute to the anterior part of the chimeras, however the reason is as of yet 

unknown39,58. Depending on the amount of contribution, the weight and size of the animal 

is affected as well. While at birth interspecies chimeras exhibit size comparable to the 

host species, during later development the size is skewed to some extent towards the 

donor species, dependent on the amount of contribution39,58. However, chimeras with a 

very high amount of donor cell contribution are rarely observed. Considerable xenogeneic 

contribution causes high embryonic lethality, and chimeras being born often suffer from 

various malformations, likely due to mismatches between the two species58,59. This 
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finding, in extension, might also imply future challenges in utilizing BCl between species 

more distant than rat and mouse57.  

 

1.2 Germline 
1.2.1 From stem cells to spermatozoa 

Germ cells are the only cells which can transmit genetic information to offspring 

and are essential for sexual reproduction. Since the focus of this project lies with the male 

germline, pathways pertaining to the female germline will not be covered in this thesis.  

In mice, the primordial germ cells (PGCs), the gamete’s precursors, specialize 

early during embryogenesis in the proximal epiblast60,61. At around E6 the bone 

morphogenic proteins (BMP) BMP4 and BMP8b secreted from the extraembryonic 

mesoderm direct the PGC precursors to segregate in their development from somatic 

cells and develop towards the germ cell lineage via signaling through the Smad1/5 

pathway62-64. At E6.25, Blimp1 (also known as Prdm1) serves as a marker for the germ 

cell lineage, and is detected in a few precursor cells, acting together with other key 

regulators for PGC specification called Prdm14 and Tcfap2c, a downstream target of 

Blimp165-67. A lack of these transcription factors has been shown to impair PGC formation 

as the somatic program is not sufficiently suppressed, or genes required for maintenance 

of the PGCs do not reactivate65-68. At E7.25, the PGCs form the first identifiable cluster 

making up the founder population, consisting of about 40 cells specifically expressing 

Stella and staining positive for alkaline phosphatase60,69.  

Shortly thereafter, the PGCs need to migrate to the correct location in the 

developing embryo in order to populate the gonads. At E7.75 the PGCs start to migrate 

along the hindgut endoderm towards, and eventually start to colonize, the genital ridges 

between E10 and E1170-72. Once the genital ridges have been colonized, the PGCs 

undergo a rapid increase in numbers, until they reach approximately 25,000 cells73.  

PGCs are bipotential, being able to give rise to the female as well as the male 

germline. Thus, they are reliant on external cues from the gonads to initiate sex 

determination. In XY gonads, the Y-linked gene Sry is upregulated at E10.5 and initiates 

male gonad determination, but its expression is brief and is downregulated by E12.574,75. 

Sry acts to differentiate the pre-Sertoli cells via initial activation of Sox976,77. Sox9 then 

leads to an upregulation of Fgf9, establishing an FGFR2 mediated Sox9-Fgf9 positive 

feedback loop, leading to an Sry independent maintenance of Sox9 expression in 

PGCs76. Aside from a role in expression of Sox9, Fgf9 is also important for proliferation 
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of pre-Sertoli cells76-78. This feedback loop establishes Sry, Fgf9 and FGFR2 as 

necessary to inhibit specification of granulosa cell and the formation of female ovaries, 

and instead direct the pre-Sertoli cells to differentiate towards Sertoli cells77. At around 

E11.5 to E12.5, formation of the testis cords takes place79,80. Testis cords are the 

precursors of the seminiferous tubules and are formed by Sertoli cells enclosing germ 

cells. Sertoli cells are the only cells present inside the seminiferous tubules apart from 

germ cells. They are commonly described as ‘nurse’ cells for the male germ cells, 

secreting a number of proteins and hormones essential for spermatogensis81. They also 

secrete Cyp26b1, which metabolizes retinoic acid and thus ensures inhibition of meiosis 

until post-partum82. Another important role of Sertoli cells is the formation of tight junctions 

to maintain the blood-testis-barrier, affording immune privilege to the developing germ 

cells83. In rodents, testis cords are also surrounded by one layer peritubular myoid cells, 

smooth muscle-like cells important for transportation of the not yet motile spermatozoa79.  

Figure 1.1: Schematic for germ cell development. During embryonic development, at around 
E6.5 PGCs arise at the most proximal. After migration to the genital ridges, they colonize the 
gonads, undergo sex differentiation and form testis cords with Sertoli cells. After birth, meiosis 
commences and via spermatogenesis gives rise to mature spermatozoa. ICM, inner cell mass. 
TE, trophectoderm. ExE, extraembryonic ectoderm. VE, visceral endoderm. Al, allantois. 
PGCs, primordial germ cells. Pro-SG, prospermatogonia. SG, spermatogonia. SC, 
spermatocyte. R-ST, round spermatids. El-ST, elongating spermatids. [Adapted from 84] 
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The formation of testis cords also defines the interstitial space, which contains fibroblasts, 

vasculature and fetal Leydig cells80. The fetal Leydig cells are dependent on PDGF 

signaling to migrate and differentiate from their precursors. Once established, they 

produce androstenedione which is converted to testosterone by Sertoli cells, directing 

masculinization of genitalia80,85. Fetal Leydig cells diminish in numbers shortly after birth, 

however, and the adult Leydig cells capable of producing testosterone start to 

differentiate and contribute to the regulation of spermatogenesis85. Around the time of 

testis cord formation, the male germ cells undergo mitotic arrest, remaining in the G0/G1 

cell cycle phase as primary transitional T1 prospermatogonia86.  

After birth, between day 0 and 3 post-partum (P0-P3), T1 prospermatogonia enter 

the cell cycle again, migrate towards the basal lamina and convert into secondary 

transitional T2 prospermatogonia87-89. Once at the correct location under the basement 

membrane, between P4 to P6 they give rise to two cell populations; one is transient, lacks 

self-renewal and is responsible for the first wave of spermatogenesis, while the other 

gives rise to spermatogonial stem cells (SSCs), which are the germ cell specific stem 

cells responsible for spermatogenesis after sexual maturity has been reached87,89. SSCs 

are also called Type A Single (As) spermatogonia. They can either undergo symmetrical 

divisions, resulting in generation of two progenitor cells committed to spermatogenesis or 

two daughter SSCs, or asymmetrical division, giving rise to a single SSC and a committed 

progenitor each90. However, it has not been resolved whether symmetrical divisions occur 

in adult testes, or whether they are only relied on during testis morphogenesis, and then 

switch to asymmetric91,92. The committed progenitor spermatogonia, Type A paired (Apr) 

undergo a series of 8-10 mitotic divisions to give rise to Type B spermatogonia90. After a 

final mitotic division, the preleptotene primary spermatocytes are formed90. 

While primary spermatocytes are diploid with 46 sister chromatids, the mature 

spermatozoa are haploid with only 23 single chromatids each. In order to reduce the 

number of chromatids, the spermatocytes have to undergo two meiotic divisions. In 

rodents exactly every 8.6d an increase in retinoic acid initiates spermatogonial 

differentiation as well as meiotic initiation, indicating the length of a seminiferous cycle93. 

The first burst of retinoic acid is derived from the Sertoli cells, while later on they act in 

concert with primary pachytene spermatocytes to regulate retinoic acid levels and 

progression through spermatogenesis93. After passing through Meiosis I, a single primary 

spermatocyte has given rise to two secondary spermatocytes. The two secondary 

spermatocytes then undergo Meiosis II and generate four haploid round spermatids. The 
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round spermatids already carry the capacity to generate offspring via Round Spermatid 

Injections (ROSI), but in a process termed spermiogenesis will have to undergo dramatic 

changes in order to become spermatozoa94,95.  

Spermiogenesis in the mouse consists of four phases and sixteen steps96. Starting 

with the Golgi phase, the trans-Golgi network forms pro-acrosomic granules, which 

accumulate and fuse with each other to form a singular acrosomal granule95. During the 

cap phase, the enlarged acrosomal granule flattens, spreading over a third of the nucleus. 

It is attached to the nucleus by the acroplaxome, which ensures that acrosome and 

nucleus do not separate in the following acrosomal phase95. The spermatid is now 

elongating, the shape of the nucleus and the acrosome changing drastically towards 

falciform. To accommodate the paternal DNA in a spermatozoon, a small cell, histones 

are replaced by protamines, allowing for stabilization and condensation of the DNA, 

however, rendering the spermatozoon transcriptionally silent with only a fraction of RNAs 

present97-99. In the last phase of spermiogenesis, the maturation phase, the nucleus 

further condenses, and the acrosome undergoes final maturation95. The remaining 

excess cytoplasm and organelles are shed as residual bodies, which are then digested 

by the Sertoli cells95. During the last step of spermiogenesis, the mature elongated 

spermatids, at this point still connected to the Sertoli cells, need to be released into the 

lumen of the seminiferous tubules95. Throughout the spermiogenesis, the components of 

the tail develop, ultimately conferring motility in mature and capacitated spermatozoa100.  

In the event spermatogenesis, spermiogenesis and spermiation succeed, the 

spermatozoa transit through the epididymis towards the cauda epididymis, where they 

are stored until needed to fertilize an oocyte. During this transition, they acquire the first 

part of their fertilization competence and gain motility, but also undergo further 

maturation101.  
 

1.2.2 In vitro gametogenesis 
In an effort to study gametogenesis in more depth in vitro, in 2003 Toyooka and 

colleagues built on the observation that co-culture of isolated epiblasts with extra-

embryonic ectoderm fragments, or cells expressing BMP4 and BMP8b, led to the 

formation of cells resembling PGCs102-104. They expanded these findings to mouse ESCs, 

which upon aggregation together with BMP4 expressing cells gave rise to PGCs. 

Following transplantation of the PGCs into recipient testes, they underwent complete 

spermatogenesis104. Of note, capacity of these spermatozoa to fertilize oocytes or give 
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rise to offspring was not evaluated104. A few years later, the first offspring generated from 

EpiSC derived primordial germ cell-like cells (PGCLCs) was born105. After induction of 

PGCLCs from EpiSCs in a floating culture with addition of BMP4, the cells were 

transplanted into testes of nude mice which have been busulfan treated to ablate all 

spermatogonia. The transplanted cells then successfully committed to spermatogenesis, 

resulting in spermatozoa which gave rise to pups after Intracytoplasmic sperm injection 

(ICSI), an artificial reproductive technique105,106. However, since EpiSC culture is more 

demanding, and ESCs and iPSCs are more readily available, the protocol was extended 

to generate offspring from in vivo transplanted PGCLCs generated from PSCs via either 

a cytokine-induced transient EpiLC state, or via overexpression of Prdm14 in 

EpiLCs107,108. To circumvent the need for an in vivo host for the PGCLCs, the system was 

further optimized to generate completely in vitro derived spermatid-like cells, by co-culture 

of PGCLCs with neonate sterile Kitw/Kitw-v testis cells, or aggregation with embryonic 

testicular somatic cells with subsequent air-liquid interface culture109-111. These findings 

were only recently replicated with rat ESC derived PGCLCs, which gave rise to offspring 

upon ROSI and Testicular Sperm Extraction (TESE-) ICSI112-114. Generation of human 

PGCLCs and prospermatogonia has been reported on, however, these trials will be 

scrutinized to a higher extent due to associated ethical concerns84,115-117. 

Transplantations of spermatogonial stem cells (SSCT) have also been explored, 

resulting in the first successful mouse-to-mouse transplantations which gave rise to 

spermatozoa able to generate offspring118. Intraspecies SSCT leading to 

spermatogenesis, has been described also for dogs, cattle, pigs and macaques, however 

in these trials no generation of offspring was reported119,120. In addition, the generation of 

offspring from intraspecies SSCT has been recorded not only for mice, but also for rats, 

goats, and sheep121-124. The idea of SSCT was also adapted for xenogeneic SSCs, 

namely by transplantation of rat or Syrian golden hamster SSCs into non-sterile, but 

spermatogonia-ablated mouse testes, where donor cell spermatogenesis was observed, 

although malformations were present in hamster spermatozoa, and fertilization capacity 

was not evaluated125,126. It was later confirmed that indeed rat spermatozoa generated 

via interspecies SSCT into mice were able to give rise to rat offspring121. The reverse 

experiment was also performed, whereby mouse germline stem cells were injected into 

ex vivo E14.5 rat embryonic testes and the testes explants transplanted into immune 

compromised and spermatogonia-ablated nude mice127. Upon ROSI and ICSI with mouse 

oocytes, successful generation of offspring was observed121.  
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1.2.3 The formation of spermatogenic niches 
Generation of mature spermatozoa is a highly regulated process, and 

perturbations to genes important for formation of precursor germ cells or 

spermatogenesis can result in sterility, as has been shown previously with BMP4, c-kit, 

Prdm14, Nanos2/3, Blimp1, or Tcfap262,65-67,120,128-131. For obvious reasons, these 

animals cannot be maintained on a homozygous background, resulting in only 25% of 

homozygous sterile animals from heterozygous matings. There are several reports about 

intraspecies germ cell blastocyst complementation, either utilizing ablation of VASA 

expressing germ cells via diphtheria-toxin, or a knockout of Nanos3 in mouse hosts132,133. 

A mutation in a gene indispensable for spermatogenesis, the X-chromosome linked 

Tsc22d3, has been generated via the Cre/loxP system134. Tsc22d3 (also known as 

glucocorticoid-induced leucine zipper, Gilz) is required for inhibition of proliferation of 

undifferentiated spermatogonia, and its absence causes defects in spermatogonia 

differentiation. Further, lack of Tsc22d3 leads to increased spermatogonial apoptosis 

upon re-initiation of meiosis post birth130,135-137. Apart from spermatogonia, Tsc22d3 is 

also expressed in primary spermatocytes, but not at later stages of meiosis, indicating a 

crucial role in the pachytene phase of prophase I of meiosis I. A KO of the gene leads to 

a complete lack of any spermatogenic cells past meiosis I, including spermatozoa, and 

male sterility130,135-137. This model has been utilized to generate exclusively donor-derived 

spermatozoa in intraspecies mouse chimeras from ESCs134. Of note, while males are 

sterile, females are not affected and are fertile. The loss of all cells of the spermatogenic 

lineage results in reduced testis size and weight. In addition, the seminiferous tubules are 

devoid of any cells aside from Sertoli cells, and there is an increased number of Leydig 

cells present in the interstitium130,135. 
 
1.2.4 Generation of xenogeneic germ cells 

In a surprising finding, in testes of a rat-to-mouse chimera mature rat spermatozoa 

were found138. This observation was further substantiated by the finding that rat 

spermatozoa generated in rat-to-mouse chimeras could be used for the generation of rats 

via ICSI and even transmit transgenes139,140. It is important to note that the mouse host 

blastocysts did not carry a mutation rendering them sterile, such that time-consuming 

visual identification and separation of the rat spermatozoa from the mouse spermatozoa 

was required, also relying on fluorescent reporters which could interfere with the intended 

use of the inter-species chimera derived rat sperm139,140. To improve on these results, rat 
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Prdm14-KO blastocysts lacking PGCs were complemented with mouse ESCs, generating 

exclusively donor derived germ cells141. This finding could potentially be extended to more 

diverse species than mice and rats to generate xenogeneic germ cells. 

A key motivation to generate xenogeneic gametes is the sixth mass extinction of 

species, which describes the massive loss of biodiversity caused by human actions142. 

Urgent measures are needed to counter the rapid loss of, not only, mammalian species. 

One way to conserve and potentially even de-extinct species, while concomitantly 

maintaining genetic diversity, could be stem cell technology143-146. However, it is not 

possible to obtain ESCs from most endangered species, but cell banks containing cells 

from hundreds of animals could provide a resource for the generation of gametes of 

endangered animals via iPSCs via interspecies germline complementation to aid in 

conservation efforts146,147. 

 

1.3 Muscle 
1.3.1 Skeletal muscle regeneration  

Skeletal muscle tissue comprises 35%-45% of the normal human body mass and 

is the most abundant tissue. Approximately 600 individual muscles, each exhibiting 

different contraction properties, allow for force generation, thus enabling postural support 

and act in concert to also generate highly precise movements148,149. In order to contract 

in an efficient way, it consists of several distinct units, organized hierarchically to form a 

functional muscle148-150. Multinucleated muscle fibers, termed myofibers and containing 

post-mitotic myonuclei, are made up of myofibrils, themselves containing the myosin and 

actin filaments which convert energy into movement. Myofibers are connected to bones 

via tendons and osteotendinous junctions, and together they form intricate levers148,149. 

However, as myonuclei are post-mitotic, other cells in the form of muscle stem cells are 

responsible for muscle adaptation and regeneration148-150.  

These unique muscle stem cells termed satellite cells are localized in a niche 

underneath the basal lamina and above the cell membrane, and carry a prodigious 

capacity to functionally repair muscle upon injury, disease or during normal growth149. 

Remarkably, satellite cells have transplantation potential when isolated and re-injected 

back into pre-injured skeletal muscles149,151,152. While under homeostatic conditions, 

satellite cells are usually in a quiescent state, characterized by high expression of the key 

transcription factor paired box protein 7 (Pax7)153. However, the quiescent satellite cell 

population is not homogeneous, as some are in an alert state, allowing for rapid 
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activation, and others are in a more in committed state154,155. Upon activation cues in the 

form of tissue insult or growth, satellite cells undergo asymmetric divisions, forming 

daughter stem cells that can replenish the satellite cell pool in addition to committed 

myogenic progenitors termed myoblasts that can further differentiate into fusion-

competent myocytes and myofibers156. During the proliferation phase, myoblasts express 

high levels of the transcription factors Pax7 and Myf5 and express high levels of MYOD 

mRNA which is sequestered awaiting translation, and following differentiation into 

myocytes they downregulate Pax7 expression. Concomitantly, other Myogenic 

Regulatory Factors (MRFs) and Myogenin are hierarchically expressed until the myocytes 

either fuse to each other to form new myofibers, or to damaged muscle fibers to 

regenerate the tissue148. Pax7 has been reported to be indispensable for satellite cell 

function, and therefore to muscle growth and regeneration153,157,158. Newborn mice 

lacking Pax7 show severe growth retardation, exhibit a considerable small size relative 

to wild type littermates, and typically die within a few weeks post birth153,157. Deletion of 

the Pax7 gene in adult mice results in progressive loss of nearly all satellite cells due to  

Figure 1.2: Structure of skeletal muscle. Schematic to show the structure of skeletal muscle 
(top). During regeneration, quiescent satellite cells, marked by high expression of Pax7, become 
activated and express the MYOD protein. Their differentiate into myocytes, which can then fuse 
with myofibrils. [From 159] 
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their inability to self-renew, leading to severely impaired muscle regeneration upon 

injury158. Interestingly, a few cases of human Pax7 mutations have been described in the 

literature. The patients, often of consanguineous heritage, presented with a severe 

clinical phenotype, however, have been reported to survive at least into their second 

decade of life160-162. 

 

1.3.2 Duchenne Muscular Dystrophy 
Although skeletal muscle has a remarkable plasticity and capacity for regeneration, 

both can be hampered by genetic mutations in key genes necessary for muscle function, 

leading to muscular degenerative disorders. The most common hereditary muscle 

disease, Duchenne Muscular Dystrophy (DMD), occurs in approximately 1 in 5000 male 

births163,164. It is marked by progressive muscle weakening, leading to first signs of the 

disease during early childhood, presenting with difficulties walking and general 

ambulation is often lost at early adolescence, requiring a wheelchair164. Since muscles 

supporting breathing are affected as well, leading to respiratory insufficiency, patients are 

also often dependent on assisted ventilation164. Eventually, patients succumb to 

respiratory or cardiac failure around the third to fourth decade of life164,165.  

DMD is caused by a loss of function mutation in the Dystrophin gene, the largest 

gene in the human genome, which encodes for a structural protein that plays a crucial 

role in the dystrophin-associated glycoprotein complex (DGC)165. The DGC consists of 

four binding domains and links the F-actin of the muscular cytoskeleton to the muscle’s 

extracellular matrix166,167. Most commonly, large deletions account for the defect, however 

duplications, point mutations and small deletions also occur frequently and can generate 

premature stop-codons164,168. Since the majority of mutations occur between dystrophin 

exons 45 and 55, it is often regarded as mutational ‘hotspot’ region168. As the gene is X-

chromosome linked, it mainly affects males, however, females can be carriers of the 

mutation, most often without exhibiting a phenotype169,170.  

In absence of a functional dystrophin protein, a loss of stability of the muscle’s 

plasma membrane ensues, leading to fragile muscle fibers being damaged by 

contractions165,166,171. In turn, this causes muscle degeneration and necrosis through 

excessive reactive oxygen species, functional ischemia, and an overload in intracellular 

calcium164,166. The resulting muscle wasting, accompanied by fibrosis and replacement 

of muscle tissue with fat, cannot be repaired by the satellite cells, which led to the idea 

that the satellite cell pool is exhausted via constant degeneration and regeneration, 
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indicating that DMD it not only a disease of the DGC, but also of the satellite cells172-174. 

It has been shown that satellite cells express dystrophin, which governs asymmetric cell 

divisions. A lack of dystrophin protein in satellite cells leads to a reduction in asymmetric 

divisions, contributing to satellite cell dysfunction, exacerbated satellite cell exhaustion, 

and to an overall perturbed myogenic regeneration program172,174,175. While DMD mainly 

affects skeletal and cardiac muscle tissue, tissues such as eyes and brain can also be 

affected, leading to impairments of vision and cognition164,166. 
 
1.3.3 Treatment approaches for DMD 

To date, there is no effective cure for most muscular dystrophies163,176,177. Most 

treatments available focus on symptoms, for example by providing respiratory support, 

management of urological or gastrointestinal issues, or neurological impairments178,179. 

Therapies also aim to maintain muscle function, for example physiotherapy or treatments 

with glucocorticoids179. However, especially glucocorticoids can cause severe side-

effects such as osteoporosis, increasing the risk of fractures, but also affecting 

metabolism or the gastrointestinal tract178. It is thus paramount to find treatments to tackle 

DMD at the root of the cause: defective dystrophin protein expression. First allogeneic 

myoblast transplantations for the treatment of DMD in the 1990s did not prove to be 

successful180,181. It was assumed that several factors such as low graft survival, poor 

migration of transplanted myoblasts, immune rejection or the inability of myoblasts to 

contribute to the muscle stem cell pool accounted for the poor functional outcomes182. 

However, later trials with improved injection protocols evidenced long-term expression of 

dystrophin emanating from donor cells182,183. Further, autologous myoblast 

transplantations did show functional improvements in patients suffering from 

Oculopharyngeal muscular dystrophy after a 2year followup184.  

Apart from cell transplantations, pharmacological agents inducing stop codon read 

through or skipping of the exons containing stop codons are currently being investigated 

or approved185,186. Other promising treatments aim to deliver and incorporate functional 

dystrophin genes into myonuclei187. However, in order to achieve a functional benefit, a 

large number of targeted muscles is needed, for example via systemic delivery of adeno-

associated viruses (AAVs)187,188. Since dystrophin is a large gene, and AAVs typically 

have a small packaging capacity, micro-dystrophins have been generated, which are 

dystrophin variants containing only the most important parts of the gene187. In recent 

years, CRISPR/Cas9 has emerged as a powerful tool allowing for precise targeting of 
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mutations in genes, and has shown successful application in DMD animal models189,190. 

It has been shown that for example skipping the exon containing the stop codon can 

restore dystrophin expression and alleviate the disease phenotype in vivo191,192.  

Myogenic cells potentially fit for therapeutic purposes can also be directly induced 

in vitro from PSCs. Since PSCs show rapid proliferation, and can be propagated in vitro 

to large numbers, generation of a sufficient amount of myogenic cells is rendered quicker. 

By harnessing the PSCs plasticity, overexpression of myogenic genes such as Pax3 or 

Pax7 can differentiate the PSCs towards the myogenic fate193,194. However, under the 

aspect of future application in human subjects, the use of transgenes might not be ideal. 

Protocols subjecting either mouse or human PSCs to growth factors in conjunction with 

small molecule treatment have also proven successful193,195-197. Of note, these protocols 

usually do not yield a homogeneous cell population, necessitating FACS purification. 

Recently, teratomas have been identified as a potential source of satellite cells198. 

To this end, mouse ESCs were transplanted into hindleg muscles of recipient mice, where 

they formed teratomas. Sorting for the satellite cell surface maker ITGA7 and VCAM1 

resulted in cells capable of contributing to muscle regeneration upon transplantation into 

recipient muscle, and sustaining muscle regeneration after re-injury of the muscle. A 

follow-up study further showed engraftment competence after an in vitro propagation 

step, and additionally a paper by the same group reported on formation of myogenic cells 

in hPSC derived teratomas, albeit not having been shown to carry transplantation 

potential199,200. However, it is unclear what confers this extraordinary capability to expand 

in vitro and still keep in vivo engraftment potential. 

Based on the observation that mouse fibroblasts can be reprogrammed into post-

meiotic myotubes via MyoD overexpression, a recent publication has expanded this 

finding by incorporating MyoD overexpression with treatment of the cells with three small 

molecules201,202. By addition of CHIR-99021, Forskolin and RepSox to the culture media, 

mouse embryonic fibroblasts readily reprogrammed into induced myogenic progenitor 

cells (iMPCs). These iMPCs contained not only myofibers expressing mature markers, 

but more importantly also Pax7 expressing mononucleated cells. The iMPC cultures 

showed rapid in vitro expansion, and upon transplantation contributed to the satellite cell 

niche202. This finding was adapted to generate iMPCs from a DMD mouse model, and the 

iMPCs were subsequently edited to re-express dystrophin via a CRISPR/Cas9 exon-

skipping approach. The gene-edited iMPCs were shown to contribute to the satellite cell 

pool upon transplantation into the muscles of DMD mice203. 
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Further, an attractive approach to restore dystrophin expression and remedy DMD 

symptoms is cell therapy by satellite cell transplantation203,204. The transplanted satellite 

cells contribute to the satellite cell niche, replenishing the cell pool, and also fuse with 

existing myofibers204. However, these cells are a rare population in muscles and as such 

only insufficient numbers can be isolated from allogeneic donors for transplantation via 

purification using satellite cell surface markers205. A further complication is that satellite 

cells convert into myoblasts when expanded in vitro and progressively lose their in vivo 

transplantation potential, rendering them ineffective for therapy204. A way to circumvent 

this limitation could be interspecies blastocyst complementation, harnessing mutations in 

genes of the myogenic lineage in host blastocysts. This might allow for generation of large 

numbers of donor cells in large mammals and direct transplantation of satellite cells. A 

first proof-of-concept and so far the only complementation in the myogenic lineage was 

recently reported for human-to-pig chimeras harboring a MYF5/MYOD/MYF6 -null 

mutation in the pig embryos. Of note, the embryos were not brought to term, and the 

functionality of the myogenic cells was not evaluated53,206. However, utilizing blastocyst 

complementation, it might be possible to generate autologous satellite cells which have 

been gene-edited to correct the dystrophin mutation.  

If successful dystrophin restoration in patients is achieved, it is important bear in 

mind that this could also generate challenges in itself. Although many DMD patients have 

revertant fibers expressing dystrophin, the introduction of the dystrophin protein might 

elicit immune responses against the ‘foreign’ protein, potentially necessitating 

immunosuppression for some patients207-210. 
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Chapter 2. Aims of the thesis 
Currently, the world faces a mass annihilation of species, termed the sixth mass 

extinction. A potential way to help preserve endangered species is via generation of their 

gametes in interspecies chimeras. So far, there were reports about generation of rat 

spermatozoa in wildtype mouse hosts using wildtype blastocysts, but not on whether it’s 

possible to generate exclusively rat donor ESC derived spermatozoa in sterile mouse 

hosts via blastocyst complementation. In Chapter 3, we aimed to elucidate on this by 

injecting mouse and rat PSCs into Tsc22d3-KO blastocysts, which are unable to undergo 

meiosis I and thus rendering all non-complemented males sterile, we generated mouse-

to-mouse and rat-to-mouse chimeras. These chimeras were then further analyzed for 

presence of only donor PSC derived spermatozoa, and their potential fertilization 

capacity. This could serve as a proof-of-principle to exclusively generate xenogeneic 

germ cells of rare species in more common animal hosts, without time-consuming visual 

identification or fluorescent labelling of the germ cells for artificial reproductive 

techniques. 

 

Animal life relies on movement to gather food and to reproduce. The key tissue 

involved in this is skeletal muscle, a multinucleated tissue harboring an exceptional 

regeneration capacity conferred by muscle stem cells, called satellite cells. However, in 

case of muscular dystrophies, this regeneration capacity is lost. To explore novel 

treatment strategies, in Chapter 4, we aimed to generate gene-corrected mouse iPSCs 

of the most common muscular dystrophy, Duchenne muscular dystrophy, and utilize them 

to generate intra- and inter-species chimeras. Via in vitro and in vivo characterization, we 

aimed to assess a potential therapeutic competence by restoration of dystrophin 

expression following cell engraftment, which could aid in treatment of Duchenne muscular 

dystrophy if recapitulated in the future in a human-animal chimera model.  
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Summary 

Blastocyst complementation denotes a technique which aims to generate organs, 

tissues or cell types in animal chimeras via injection of pluripotent stem cells (PSCs) into 

genetically compromised blastocyst-stage embryos. Here, we report on successful 

complementation of the male germline in adult chimeras following injection of mouse or 

rat PSCs into mouse blastocysts carrying a mutation in Tsc22d3, an essential gene for 

spermatozoa production. Injection of mouse PSCs into Tsc22d3-KnockOut (KO) 

blastocysts gave rise to intraspecies chimeras exclusively embodying PSC-derived 

functional spermatozoa. Additionally, injection of rat embryonic stem cells (rESCs) into 

Tsc22d3-KO embryos produced interspecies mouse-rat chimeras solely harboring rat 

spermatids and spermatozoa capable of fertilizing oocytes. Furthermore, using single cell 

RNA-sequencing (scRNA-seq) we deconstructed rat spermatogenesis occurring in a 

mouse-rat chimera testis. Collectively, this study details a method for exclusive 

xenogeneic germ cell production in vivo, with implications that may extend to rat 

transgenesis, or endangered animal species conservation efforts. 
 

Introduction 
Pluripotent stem cells in the form of ESCs or induced pluripotent stem cells (iPSCs) 

hold a unique propensity to differentiate into any cell type of the adult organism including 

germ cells211. Furthermore, injection of mouse or rat PSCs into blastocysts can produce 

adult chimeras that harbor PSC contribution to all cell types and organs including the 

germline, thus rendering genetically modified PSCs a commonly used method for the 

production of transgenic animals212. However, the quality of ESCs or iPSCs is oftentimes 

impaired due to genetic or epigenetic aberrations, precipitating reduced contribution to 

chimerism and to the germline. These undesirable attributes may complicate production 

of transgenic animal models which are reliant on germline transmission to establish 

animal colonies, warranting methods that augment PSC contribution to the germline 

highly valuable. 

Blastocyst complementation is an innovative technology which enables production 

of specific cell types or organs in chimeras via injection of PSCs into blastocysts carrying 

organ or cell type-disabling genetic mutations, thereby unfolding a developmental niche 

receptive for exclusive generation of specific cell types or organs from injected PSCs212. 

A seminal study performed in the 1990s was the first to demonstrate injection of mouse 
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ESCs (mESCs) into recombination-activating gene-2 (RAG-2) mutated mouse 

blastocysts32,213. As RAG-2 deficient mice cannot produce mature lymphocytes, 

intraspecies chimeras harbored B and T cells that were solely derived from the injected 

ESCs32,213. Follow-up studies have recently reported on production of PSC-derived 

kidney, lung, bone, forebrain, and vascular endothelium utilizing blastocyst 

complementation in mice20,40-42,214,215. Similarly, recent studies have reported successes 

in utilizing intraspecies blastocyst complementation to produce tissues and organs in 

pigs43-45. 

Animal chimeras carrying two distinct genotypes were first reported for two murine 

species, Mus musculus and Mus caroli38. Further, blastocyst complementation between 

mice and rats has been documented in groundbreaking studies which reported on 

xenogeneic pancreas formation in interspecies chimeras following injection of PSCs into 

Pdx1-KO blastocysts39,57,216. Additional studies have harnessed interspecies blastocyst 

complementation to exclusively generate blood vasculature, kidneys or thymi in mice or 

rats48,49,138. 

Blastocyst complementation may further provide an attractive approach to 

generate germ cells solely from injected PSCs212. Notably, such method may aid in 

production of transgenic animals utilizing PSCs that do not contribute well to the germline, 

as a vacant germline niche may reduce competition with host germ cells and enable 

increased formation of gametes from the injected PSCs132,134,217. Additionally, 

intraspecies blastocyst complementation in mice may reduce the necessity to breed large 

numbers of chimeras to achieve germline transmission, thereby reducing animal 

husbandry costs and mitigating animal burden132,134. This method may also prove useful 

for interspecies blastocyst complementation in rats, which provide an excellent 

biomedical research model for a plethora of human conditions. Rat PSCs oftentimes do 

not contribute well to the germline, and transgenic techniques such as blastocyst injection 

and embryo transfer are not as widely established as with mice. As such, germline 

blastocyst complementation using genetically modified rat PSCs in sterile mice may 

enable exclusive production of transgenic rat gametes, thus assisting in the production of 

rat models for biomedical research. 

Spermatogenesis is a complex biological process that manifests via 

spermatogonial stem cell differentiation into mature haploid spermatozoa in a 

unidirectional step-wise trajectory. Genetic mutations in genes that are critical for this 

differentiation process can lead to sterility and complete lack of mature spermatozoa in 
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adult animals64. For example, mutations in the X-linked glucocorticoid-induced leucine 

zipper gene (Gilz, also known as Tsc22d3), have been well-established to inflict sterility 

in male mice130,134-137. Absence of the TSC22D3 protein manifests in azoospermia and 

male infertility as a consequence of arrest in spermatogenesis during meiosis I, resulting 

in extensive atrophy of the testes and absence of spermatozoa in adult Tsc22d3-KO 

mice130,134-137. As a result, Tsc22d3-KO mice have been recently used to preferentially 

produce functional mouse spermatozoa from injected ESCs134. Building upon this finding, 

here we set out to explore whether injection of mouse iPSCs (miPSCs) or rESCs into 

Tsc22d3-KO blastocysts can overcome the sterility associated with the Tsc22d3 mutation 

in male intra- or interspecies chimeras and produce functional spermatozoa which are 

solely derived from the injected PSCs. 

 

Results 

Injection of mESCs into Tsc22d3-KO blastocysts produces intraspecies chimeras 
exclusively carrying functional mouse spermatozoa 

We commenced our investigation with injection of mESCs into Tsc22d3-KO 

blastocysts to assess whether injected cells can contribute to chimerism and generate 

functional mouse spermatozoa which are solely derived from injected ESCs as previously 

reported134 (Figures 1A and S1A). The Tsc22d3-KO blastocysts were generated by 

crossing homozygous Tsc22d3-floxed females with homozygous Rosa26-Cre males134. 

As the Tsc22d3 gene is located on the X chromosome, this mating strategy ensures that 

all male progenies are hemizygous Tsc22d3-KO and sterile, whereas females are 

heterozygous and fertile (Figure S1A). As donor PSCs, we utilized KH2-mESCs, a 

subclone of V6.5 ESCs, and transduced cells with lentiviruses encoding for a constitutive 

cytoplasmic and nuclear Red Fluorescent Protein (RFP) (Figure 1B) 218. Prior to injections 

of cells into Tsc22d3-KO blastocysts, we confirmed that RFP+KH2-mESCs maintained a 

normal diploid karyotype and expressed well-established pluripotency genes (Figures 

S1B and S1C). Following fluorescence-activated cell sorting (FACS)-purification for RFP+ 

cells and in vitro propagation, we injected 12-15 cells into Tsc22d3-KO blastocysts to 

produce RFP+KH2-mESC/Tsc22d3-KO chimeras, while concomitantly generating non-

chimeric Tsc22d3-KO sterile male mice and fertile females (Figure 1C). Non-chimeric 

Tsc22d3-KO mice retained their albino fur color, whereas chimeric Tsc22d3-KO animals 

exhibited dark fur color emanating from the contribution of RFP+KH2-mESCs and 
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demonstrating a diverse degree of coat color chimerism (Figure 1C). Tsc22d3-KO adult 

male mice were of normal size and bodyweight, however their testes were significantly 

smaller and weighed less in comparison to wild-type (WT) mice (Figures 1E and S1D. In 

contrast, chimeras’ testes size and weight were slightly smaller than WT mouse testes of 

a similar genetic background, and most notably weighing 4-5 times more than testes 

harvested from Tsc22d3-KO mice (Figure 1E). Of note, complemented testes exhibited 

strong RFP expression, suggesting that lentiviral promoter silencing did not occur in 

several testicular cell types (Figure 1F). Cross-section of Tsc22d3-KO testes followed by 

staining with Hematoxylin and Eosin (H&E) demonstrated extensive seminiferous tubule 

atrophy and lack of spermatozoa (Figure 1G). In contrast, testes of RFP+KH2-

mESC/Tsc22d3-KO chimeras exhibited WT-like seminiferous tubule structures 

containing spermatozoa, albeit due to transgene silencing RFP expression was not 

detected in VASA+ germ cells and was mostly confined to interstitial cells that expressed 

the Leydig cell marker HSD3B (Figures 1G and S1E-G). Notably, motile spermatozoa 

with intact tails and typical mouse sperm head-morphology were detected in the cauda 

epididymis of an RFP+KH2-mESC/Tsc22d3-KO chimera, however, were absent in the 

cauda of a Tsc22d3-KO mouse (Figure 1H and video S1). Natural mating of chimeras’ 

F1 offspring with WT mice produced RFP+ embryos, thus establishing the germline 

transmission potency of RFP+KH2-mESCs (Figure 1I). Last, in vitro fertilization (IVF) of 

oocytes from a Swiss Webster albino mouse strain with chimera spermatozoa only gave 

rise to progenies that had either a black or agouti fur coat color, emanating from the mixed 

C57BL/6 X 129/Sv genetic background of KH2-mESCs (Figure 1J). Based on these 

results, we confirmed that Tsc22d3-KO male mice embody a vacant developmental niche 

receptive for blastocyst complementation with mESCs as previously reported134. As such, 

Tsc22d3-mutated embryos can be employed to investigate blastocyst complementation 

of the male germline with other PSC types. 
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Fig 2: (A) A schematic illustrating experimental design. mESCs, mouse embryonic stem cells. 
RFP, red fluorescent protein, KO, KnockOut. (B) Representative bright-field and RFP images of 
KH2-mESCs transduced with lentiviruses encoding for constitutive EF1α-TurboRFP-T2A-H2B-
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RFP reporter expression. Scale bar, 100µm. (C) Representative photos of a Tsc22d3-KO mouse 
(left), a low-grade RFP+KH2-ESCs/Tsc22d3-KO chimera (middle) and high-grade RFP+KH2-
ESCs/Tsc22d3-KO chimeras (right). (D) A representative photo of testes isolated from the 
indicated mouse strains. (E) Quantification of testes weight for the indicated mouse strains (n= 6-
8 biological replicates; each dot represents a single testicle, one-way ANOVA test with Tukey 
Post-Hoc analysis was used, error bars denote SD, *p<0.05, ****p<0.0001). (F) Representative 
bright-field and RFP images of mouse testes isolated from the indicated strains. Scale bar, 2mm. 
(G) Testes cross-sections of the indicated samples stained with H&E. Scale bar, 100µm. (H) 
Representative images of spermatozoa extracted from the cauda epididymis of the indicated 
animals. Scale bar, 20µm. (I) Representative images of an E13.5 embryo generated from a cross 
between the F1 male progeny of an RFP+KH2-mESCs/Tsc22d3-KO chimera and a WT female 
mouse. Scale bar, 2mm. (J) A photo showing mouse pups derived via IVF with spermatozoa 
extracted from an RFP+KH2-mESCs/Tsc22d3-KO chimera and oocytes of an albino Swiss 
Webster mouse. 
 
 
Exclusive generation of miPSC-derived spermatozoa via blastocyst 
complementation  

ESCs are rarely available from most animal species, rendering iPSCs a more 

accessible PSC source to produce intra- or interspecies germ cells via blastocyst 

complementation. Therefore, our next goal was to investigate whether injection of 

transgenic mouse iPSCs into Tsc22d3-KO embryos can exclusively produce iPSC-

derived functional spermatozoa in chimeras that carry a transgenic allele (Figure 2A). To 

this end, we reprogrammed to pluripotency embryonic fibroblasts carrying a Pax7-nuclear 

GFP (Pax7-nGFP) reporter, which fluorescently labels skeletal muscle stem cells termed 

satellite cells, thus allowing for genotyping in F1 progeny219. Reprogramming of Pax7-

nGFP mouse embryonic fibroblasts into iPSCs was performed using lentiviral vectors 

carrying a polycistronic doxycycline-inducible mouse STEMCCA cassette, an M2rtTA 

cassette, and medium containing ascorbic acid and GSK-3β inhibitor as previously 

described220,221. Pax7-nGFP iPSCs were dome shaped, expressed pluripotency genes 

and maintained a normal diploid karyotype (Figures 2B, 2C, S2A and S2B). Injection of 

Pax7-nGFP iPSCs into Tsc22d3-KO blastocysts gave rise to several chimeras as judged 

by dark coat color (Figure 2D and table S2). 

Testes weight and size of several Pax7-nGFP iPSC/Tsc22d3-KO chimeras were 

similar to those of Tsc22d3-KO mice, however three chimeras showed increased 

testicular size and weight (Figures 2E, 2F, S2C and table S2). Of note, the more variable 

and lower testicular weight of miPSC-chimeras in comparison to mESC-chimeras may be 

attributed to enhanced contribution of KH2-mESCs to chimerism and the germline in 

comparison with Pax7-nGFP iPSCs, as supported by increased contribution of KH2-

mESCs to fur color (Figures 1C and 2D). Nonetheless, the Pax7-nGFP iPSC/Tsc22d3-
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KO testes that were of bigger size and weight harbored intact seminiferous tubules 

containing spermatozoa, thus unveiling germline complementation (Figures S2D and 

S2E). Furthermore, we did not observe TSC22D3 or VASA protein expression in testes 

harvested from Tsc22d3-KO mice, whereas prominent expression of these germ cell-

related proteins was documented in testes of a WT mouse and two complemented iPSC-

chimeras (Figure 2G). Altogether, out of eight analyzed iPSC-chimeras we detected in 

the cauda epididymis of three animals mature and motile spermatozoa via percutaneous 

epididymal sperm aspiration (PESA) procedure or posthumous analysis (Figure S2E, 

table S2 and video S2). To better characterize the cell populations that are present in the 

cauda epididymis, we performed scRNA-seq of PESA biopsies extracted from a Tsc22d3-

KO mouse and a Pax7-nGFP iPSC/Tsc22d3-KO chimera. This analysis revealed a germ 

cell population that was only present in the Pax7-nGFP-iPSC/Tsc22d3-KO chimera and 

expressed post-meiotic markers indicative of late-stage spermatogenesis such as Prm1 

and Prm2 (Figures 2H, 2I, and S2F). In contrast, a PESA biopsy of a Tsc22d3-KO male 

mouse was devoid of cells expressing spermatid markers and was mainly composed of 

immune cells in the form of macrophages and B cells (Figures 2H, 2I, and S2F). 

Next, we subjected PESA-derived cells from Pax7-nGFP iPSC/Tsc22d3-KO 

chimeras to FACS-purification for haploid cells based on DNA content and isolated 

mature spermatozoa (Figures S2G and S2H). PCR of genomic DNA extracted from the 

sorted spermatozoa demonstrated presence of the Pax7-nGFP transgenic allele (Figure 

S2I). Importantly, natural breeding of two complemented chimeras with albino female 

mice solely produced agouti F1 pups which all carried the Pax7-nGFP reporter allele, 

thus demonstrating the exclusive germline transmission of Pax7-nGFP iPSCs (Figures 

2J and 2K). Last, FACS-purification of satellite cells from limb muscles of an F1 pup gave 

rise to a population of proliferative Pax7-nGFP+ myoblasts that could further differentiate 

into multinucleated myotubes that were GFP negative (Figures S2J and S2K). Based on 

these results, and similar to mESCs, we conclude that transgenic miPSCs can 

reconstitute the male germline in intraspecies chimeras, giving rise via natural mating to 

mouse progeny that is exclusively iPSC-derived. 
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Fig 2: Exclusive production of miPSC-derived functional spermatozoa in chimeras 
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(A) A schematic illustrating experimental design. (B) Representative bright-field images of Pax7-
nGFP fibroblasts (top) and derivative Pax7-nGFP iPSCs (bottom). Scale bar, 100µm. MEFs, 
mouse embryonic fibroblasts. (C) Representative immunofluorescence images of OCT4 and 
NANOG in Pax7-nGFP iPSCs. Scale bar, 100µm. (D) Representative photos showing two adult 
male Pax7-nGFP-iPSC/Tsc22d3-KO chimeras. Agouti coat color indicates contribution of Pax7-
nGFP iPSCs to chimerism. (E) A photo of testes isolated from the indicated mouse strains. (F) A 
graph depicting testes weight from the indicated mouse strains (n=4-8 biological replicates; each 
dot represents a single testis, one-way ANOVA test with Tukey Post-Hoc analysis was used, error 
bars denote SD, **p<0.01, ****p<0.0001). (G) Western blot analysis for TSC22D3 and VASA 
protein expression in the indicated samples. (H) UMAP projections showing all cells colored by 
different cell types in PESA-derived cauda epididymis biopsies from the indicated animals. Note 
presence of germ cells only in the iPSC-chimera. (I) UMAP projections for the indicated elongated 
spermatid markers showing presence only in the iPSC-chimera cell populations shown in (H). (J) 
A photo showing the progeny of natural breeding between a Pax7-nGFP-iPSC/Tsc22d3-KO male 
chimera and an albino female mouse. Note that all F1 pups have an agouti coat color, indicating 
exclusive germline transmission from Pax7-nGFP iPSCs. (K) PCR analysis for the transgenic 
Pax7-nGFP allele in the indicated mouse strains.  
 
DAC8 rat ESCs contribute to multiple organs and tissues in mouse-rat chimeras 

Following the success in restoring fertility via intraspecies blastocyst 

complementation with mouse PSCs in male chimeras, we next wished to investigate 

whether injection of rat PSCs into Tsc22d3-KO mouse embryos can reconstitute the male 

germline niche and produce rat spermatozoa in mouse-rat chimeras. To this end, we set 

out to attempt production of adult mouse-rat chimeras utilizing DAC8 rat ESCs (DAC8-

rESCs), a line that was previously shown to contribute to chimerism and germline 

transmission in rats (Figure 3A)12,222. As a first step, we transduced DAC8-rESCs with 

lentiviruses encoding for constitutive H2B-RFP expression followed by FACS-purification 

of RFP+ cells to produce a homogeneous population of RFP+DAC8-rESCs for injections 

(Figures 3A and 3B). DAC8-RFP+rESCs expressed pluripotency markers and maintained 

a normal diploid male karyotype (Figures 3C and 3D). Furthermore, we confirmed via bulk 

RNA-seq analysis that DAC8-rESCs highly expressed, in comparison to rat fibroblasts, a 

suite of canonical markers indicative of pluripotency (Figure 3E). To assess the 

contribution of rESCs to chimerism in mice, we injected 12-15 RFP+DAC8-rESCs or 

DAC8-rESCs into Tsc22d3-KO blastocysts and transferred the embryos into the oviducts 

of foster mice. These efforts resulted in production of 16 mouse-rat chimeras as judged 

by visual inspection of fur color, exhibiting various degrees of coat color chimerism (Figure 

3F and Table S3). Of note, we observed lower generation of interspecies mouse-rat 

chimeras in comparison to intraspecies chimeras, a finding which may be attributed to 

curtailed contribution of rat ESCs to mouse chimerism or increased embryonic lethality of 
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mouse-rat chimeras as previously reported58,59. Importantly, most of the mouse-rat 

chimeras appeared healthy and developed normally while exhibiting mouse size and 

weight (Figure S3A). However, a few chimeras exhibited reduced body size and weight, 

malocclusion or other abnormalities as reported by others (Figure S3A) 58,59. Interestingly, 

one female mouse-rat chimera had reached over 1 year of age, suggesting that a chimera 

composed of XY-rat / XX-mouse cells can successfully reach an adult age (Figure 3F). 

We analyzed several internal organs for RFP expression and detected contribution of 

RFP+DAC8-rESCs to the heart, brain, kidney and spleen, and further confirmed presence 

of the RFP transgene (Figures 3G, 3H, 3I and S3B). We then subjected genomic DNA 

extracted from skin biopsies of chimeras to species-specific PCR using either mouse or 

rat specific primers and detected both mouse and rat DNA (Figure 3J). Taken together, 

we show that injection of DAC8 -rESCs into Tsc22d3-KO blastocysts gave rise to viable 

mouse-rat chimeras that predominately appeared normal and could reach adulthood. 

Contribution of rESCs was detected in the heart and brain, demonstrating a permissive 

environment for two distinct genotypes to coexist in important organs. 
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Fig 3: Generation and characterization of mouse-rat chimeras 
(A) A schematic illustrating experimental design. (B) Representative bright-field and RFP images 
of RFP+DAC8 rESCs. Scale bar, 200µm. rESCs, rat embryonic stem cells. (C) Representative 
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immunofluorescence images of OCT4 and SOX2 in DAC8-rESCs. Scale bar, 200µm. (D) A 
karyogram of DAC8-rESCs showing a normal set of 42 chromosomes. (E) A heatmap depicting 
expression of pluripotency genes based on global RNA-seq of rESCs and three rat TTFs lines. 
TTFs, tail tip fibroblasts. (F) Representative photos of three adult mouse-rat chimeras 
demonstrating dark agouti fur color from the contribution of injected DAC8-rESCs. “#” denotes a 
non-chimeric Tsc22d3-KO mouse, “*” denotes a male mouse-rat chimera, “$” denotes a female 
mouse-rat chimera. (G) Representative bright-field and RFP images of the indicated organs that 
were harvested from mouse-rat chimeras. Scale bar, 5mm. (H) Representative cross-section 
images of the indicated organs harvested from RFP+DAC8-rESCs/Tsc22d3-KO chimeras and 
demonstrating RFP+ reporter expression. Scale bar, 100µm. (I) A PCR analysis for presence of 
the RFP transgene in the indicated animals. (J) A gel depicting species-specific PCR for mouse 
(mV1rh3, mGapdh) or rat (rV1rm1, rGapdh) genes in the indicated animals. 
 
Exclusive production of rESC-derived spermatozoa in interspecies chimeras 

Following the success in production of adult mouse-rat chimeras, we next wished 

to investigate whether DAC8-rESCs or RFP+DAC8-rESCs can exclusively give rise to rat 

spermatozoa in interspecies mouse-rat chimeras (Figure 4A). To this end, we sacrificed 

and posthumously inspected an RFP+DAC8-rESC high-grade mouse-rat chimera-1 and 

documented a large testicular size in comparison to a non-complemented Tsc22d3-KO 

control (Figures S4A and S4B). Large testicular size was also observed in several other 

DAC8-rESC/Tsc22d3-KO chimeras (Figures 4B and 4C). A testis cross-section of mouse-

rat chimera-1 showed strong nuclear RFP expression, emanating from RFP+DAC8-

rESCs (Figure S4C). Most notably, the testis of a Tsc22d3-KO mouse exhibited atrophic 

seminiferous tubules, whereas the testis of a mouse-rat chimera demonstrated intact 

tubules containing spermatozoa (Figure 4D). We further detected presence of the germ 

cell and spermatid-associated proteins VASA and PNA in the testes of several DAC8-

rESC/Tsc22d3-KO chimeras, whereas these germ cell markers were absent in the testes 

of Tsc22d3-KO mice (Figures 4E and 4F). 

Immature spermatozoa gain motility and fertilization capacity as they transition 

from the testes through the epididymis, where they are stored in the cauda epididymis101. 

Spermatozoa extracted from the cauda epididymis of 2-3 months old mouse-rat chimeras 

contained elongated tails with a typical rat sperm head-morphology, whereas no 

spermatozoa were detected in the cauda epididymis of Tsc22d3-KO mice (Figures 4G 

and S4D). However, these spermatozoa were immotile, and we further detected in the 

cauda epididymis immature elongated spermatids containing intact tails albeit lacking the 

typical sperm head-morphology associated with mature rat spermatozoa (Figure S4D). 

To unequivocally confirm exclusive contribution of rESCs to the production of rat 

spermatozoa in mouse-rat chimeras, we subjected cells that were extracted from the 
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cauda epididymis of mouse-rat chimera-1 to FACS-purification for haploid cells based on 

DNA content (Figure 4H). Using this method, we purified spermatozoa containing 

elongated tails and a typical rat sperm head-morphology indicative of mature 

spermatozoa (Figure 4H). We then extracted genomic DNA from these spermatozoa and 

subjected it to species-specific PCR for the mouse and rat Gapdh and vomeronasal 

receptor genes (mouse V1rh3 or rat V1rm1). We could only detect rat Gapdh and V1rm1 

PCR bands in the FACS-purified spermatozoa, and no PCR bands for mouse genes were 

detected (Figure 4I). Next, we subjected the PCR products to sequencing and 

documented complete matched read alignment only with the rat reference genome 

(Figures 4J and S4E). Collectively, these findings demonstrate that rESCs can overcome 

the germline differentiation defect attributed to lack of the TSC22D3 protein in sterile mice 

and exclusively produce haploid rat spermatozoa in interspecies chimeras. 
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Fig 4: Exclusive generation of rat spermatozoa in mouse-rat chimeras 
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(A) A schematic illustrating experimental design. (B) A representative photo of isolated testes 
from the indicated animals. (C) Quantification of testes weight in the indicated animals (n= 20-22 
biological replicates; each dot represents a single testis, unpaired two tailed t-test was used, error 
bars denote SD, ***p<0.001). (D) H&E staining of testes cross-sections from the indicated 
samples. Scale bar, 100µm. (E) Western blot analysis for VASA protein expression in the 
indicated testes samples. (F) Immunostaining for VASA and PNA in testes of the indicated 
animals. Scale bar, 100µm(G) Representative images of spermatozoa extracted from the cauda 
epididymis of the indicated animals and counterstained with DAPI. Scale bar, 10µm. (H) FACS-
sorting strategy for purification of haploid cells from the cauda epididymis of 
RFP+DAC8rESCs/Tsc22d3-KO mouse-rat chimera-1. Shown is a representative image of sorted 
spermatozoa embodying rat sperm head-morphology. Scale bar, 10µm. (I) A gel showing 
species-specific PCR for the indicated genes in haploid spermatozoa sorted from the cauda 
epididymis of the indicated animals. (J) DNA sequencing of the mouse and rat Gapdh PCR 
products shown in Fig. 4I. Misalignments are highlighted in yellow. 
 

Characterization of cell types and differentiation trajectory in a mouse-rat chimera 
testis by scRNA-seq 

Our observation that rat germ cells can be produced in the testes of mouse-rat 

chimeras prompted us to investigate to what extent rat cells undergo spermatogenesis in 

a xenogeneic environment lacking a TSC22D3 protein. To this end, we performed 

scRNA-seq of dissociated testes from a Tsc22d3-KO mouse and a mouse-rat chimera. 

Expectedly, the Tsc22d3-KO testis was devoid of germ cells yet consisted of white blood, 

endothelial and Leydig cells (Figure 5A). Further, as we expected to find cells of both rat 

and mouse origin in a chimera testis, we created a custom mouse-rat chimeric reference 

genome and mapped both samples against it to ensure species specificity. Mapping 

results demonstrated that the Tsc22d3-KO testis was only composed of mouse cells, 

whilst the chimera testis contained cells expressing either mouse or rat genes, albeit 

predominantly the latter (Figures 5B and S5A). Mouse cell populations in a chimera testis 

consisted of white blood, stromal and Leydig cells in addition to a very small population 

of pre-meiotic germ cells, which presumably indicate an early cell population preceding 

the differentiation blockage inflicted by the Tsc22d3 mutation (Figure 5C). In stark 

contrast, rat cells in the chimera testis were annotated as spermatogonial cells (Crabp1+, 

Uchl1+), spermatocytes (Sycp3+, Piwil1+), round spermatids (Acrv1+, Spaca1+) and 

elongated spermatids (Tnp1+, Prm2+), thus representing multiple differentiation stages of 

spermatogenesis (Figures 5C and 5D). Interestingly, only germ cells yet no other somatic 

cell type was of rat origin, suggesting a preferential contribution of rat PSCs towards the 

germline in the chimera testis (Figure 5C). Further, a cell cycle analysis demonstrated 

that rat spermatogonia and spermatocytes are predominantly in an S and G2/M 
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proliferation state, whereas downstream cell types gradually exited the cell cycle as they 

transitioned through meiosis and underwent terminal differentiation into elongated 

spermatids (Figure S5B). Examination of various markers for spermatogenesis revealed 

that none of the inspected genes were expressed in a Tsc22d3-KO mouse testis and only 

rat germ cell transcripts were expressed in a chimera testis (Figures 5D, 5E and S5C). 

Additionally, we documented a similar pattern of rat germ cells in a chimera testis and a 

WT rat testis, confirming high expression of genes such as Prm1, Tnp2 and Tssk6 that 

are indicative of late elongated spermatids in both samples (Figure S5C). 

Next, we performed a pseudotime lineage trajectory analysis for rat cells and 

confirmed the progression from spermatocytes to round and elongated spermatids in a 

chimera testis (Figure 5F). Of note, we also detected spermatogonia, spermatocytes and 

spermatid cell populations that did not participate in the lineage trajectory (Figure 5F). 

Based on the trajectory analysis we observed a pseudotime difference within round and 

elongated spermatid populations indicating that these populations are composed of cells 

representing different stages of spermatogenesis (Figure 5G). We annotated the stages 

into early and late based on the high expression of well-established markers (Figures 5G 

and S5D). To conclude, the scRNA-seq unequivocally determined that only rat cells 

participate in active spermatogenesis in a mouse-rat chimera testis harboring a Tsc22d3 

mutation. This analysis helped to dissect the various rat cell types undergoing germline 

differentiation in a xenogeneic mouse host environment, and further highlighted several 

rat germ cell populations that did not participate in the differentiation trajectory. 
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Fig 5: scRNA-seq of testicular cells derived from a germline-complemented mouse-rat 
chimera 
(A) UMAP projection of Tsc22d3-KO testis representing 6,382 cells and colored by different cell 
types. Note absence of germ cells. (B) UMAP projection of mouse-rat chimera testis representing 
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5,060 cells colored by species. (C) UMAP projection based on scRNA-seq data of a mouse-rat 
chimera testis representing 5,060 cells colored by different cell types. R, Rat. M, Mouse. RST, 
round spermatids. EST, elongated spermatids. SPC, spermatocytes. (D) Dot plot for individual 
gene expression in various germ cell populations as shown in Fig. 3C. rn, Rattus norvegicus. 
SPG, spermatogonia. (E) UMAP projection of Tsc22d3-KO and mouse-rat chimera testes 
showing all cells colored by the expression level of the indicated spermatid markers. (F) Monocle3 
UMAP projection showing all rat cells (n=4,491) from a mouse-rat chimera colored by different 
cell types (left) and calculated pseudotime values (right). (G) Monocle3 UMAP projection showing 
all rat cells from a mouse-rat chimera colored by the expression level of the indicated germ cell 
markers. 

 

Fertilization of rat oocytes with interspecies rat spermatozoa 

The exclusive production of rat germ cells in interspecies chimeras raised the 

question whether these cells can fertilize rat oocytes. As mouse-rat chimeras are of 

mouse size and might be preyed by rats, we opted to use Intracytoplasmic Sperm 

Injection (ICSI), an assisted reproductive technology, to attempt fertilization of rat 

oocytes223. We first trialed generation of rats using frozen-thawed cauda-derived 

spermatozoa produced in rats (Figure 6A). We were successful in generating live and 

healthy rat progeny via ICSI and in addition could grow fertilized zygotes to the blastocyst 

stage in vitro (Figure 6B). As the next step, we trialed injection of frozen-thawed cauda 

epididymis-derived spermatozoa from an interspecies chimera into Sprague-Dawley (SD) 

rat oocytes (Figure 6C). To this end, we injected spermatozoa that were produced in 

mouse-rat chimera-1. We first attempted production of embryos in vitro to determine if 

interspecies rat spermatozoa can support early-stage embryonic development. We 

performed ICSI with 312 SD oocytes, out of which 213 embryos survived, resulting in 

several rat embryos that developed until 4-8 cell stage, in addition to morula and 

blastocyst stage embryos (Figures 6D and 6E). Of note, the rate of embryo production 

was substantially lower in comparison to similar in vitro trials conducted with rat 

spermatozoa produced in rats (Figure 6B). Next, to attempt generation of adult rats, 239 

SD oocytes were injected with interspecies spermatozoa from chimera-1 and 180 

embryos were transferred into the oviducts of foster SD rats, however, did not produce 

live rats. 

Due to the inability to produce live rats from cauda epididymis-derived 

spermatozoa of a mouse-rat chimera, we reasoned that germ cells at an earlier 

developmental stage might produce rats via Testicular Sperm Extraction (TESE)-ICSI139 

(Figure 6C). To investigate this hypothesis, we generated new interspecies chimeras by 

injection of Tsc22d3-KO blastocysts with F344-Tg.EC4011/Rrrc rESCs, which are 
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heterozygous for a ubiquitin C promoter-EGFP (UBC-EGFP) transgene and were 

previously shown to contribute to germline transmission in rats224,225. Similar to DAC8-

rESCs, UBC-EGFP rESCs could contribute to chimerism in mice and produce 

interspecies chimeras of normal mouse bodyweight (Figure S6A). Notably, two UBC-

EGFP-rESC/Tsc22d3-KO mouse-rat chimeras exhibited significantly larger testes in 

comparison to Tsc22d3-KO mice and expressed the EGFP transgene (Figures S6B-SE). 

We dissociated the EGFP+ testes posthumously and detected multiple spermatozoa 

showing typical rat sperm head-morphology in the testes of one chimera (Figure S6F). 

We then performed TESE-ICSI with 208 oocytes, out of which 136 survived, with frozen-

thawed interspecies testicular germ cells derived from an EGFP+ mouse-rat chimera. This 

trial gave rise to an EGFP+ blastocyst upon in vitro embryo culture (Figures 6G and S6G). 

Notably, transfer of 113 embryos (194 injected) into foster mothers did not produce live 

rats. Last, as we did not document rat births, we decided to investigate whether 

blastocysts can be produced in vivo and implant into the uterus (Figure 6C). To this end, 

we performed a C-section of foster mothers which were subjected to embryo transfer with 

1 or 2 cell-stage embryos (206 embryos in total). Surprisingly, we detected several 

implantation sites containing resorbed embryos, and one expressing the EGFP reporter 

(Figures 6H and S6H). In summary, frozen-thawed germ cells from the two examined 

interspecies chimeras contained cells that carry potential to fertilize rat oocytes and give 

rise to blastocysts in vitro, or implanted embryos that resorbed; however not to live rats. 
 



 
38 

 

 
Fig 6: Fertilization of rat oocytes with rat spermatozoa exclusively produced in 
interspecies chimeras 
(A) A schematic illustrating experimental design. (B) Blastocysts generated via ICSI from cauda 
epididymis-derived spermatozoa produced in rats (left) and derivative pups (right). Scale bar, 
50µm. ICSI, Intracytoplasmic Sperm Injection. (C) A schematic illustrating experimental design. 
TESE-ICSI, Testicular Sperm Extraction ICSI. (D) Rat oocytes injected with cauda epididymis-
derived spermatozoa produced in mouse-rat chimera-1 via ICSI. Scale bar, 20µm. (E) Images 
showing rat embryos produced from interspecies rat spermatozoa of mouse-rat chimera-1. 
Frozen-thawed cells were injected into rat Sprague-Dawley (SD) oocytes via ICSI and cultured in 
vitro. Shown are 4-8 cell stage, morula-stage and blastocysts-stage rat embryos at the indicated 
days, as pointed by arrows. Scale bar, 50µm. (F) Image depicting an interspecies testicular rat 
germ cell prior to injection into an SD oocyte. Scale bar, 20µm. (G) An image showing a blastocyst 
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that was generated using an interspecies rat germ cell from the testes of a GFP+ mouse-rat 
chimera. Frozen-thawed cells were injected into SD oocytes via TESE-ICSI and cultured in vitro. 
Scale bar, 50µm. (H) A photo showing three embryonic implantation sites in a foster female after 
embryo transfer of SD oocytes injected with mouse-rat chimera germ cells. Arrows point to 
implantation sites. 
 
Discussion 

In this study we report on a method to exclusively produce germ cells of one 

species in another utilizing blastocyst complementation with PSCs. Capitalizing on the 

sterility-associated mutation in Tsc22d3-KO mouse blastocysts, we documented 

production of intraspecies and interspecies chimeras that embody mouse or rat 

spermatozoa solely from injected ESCs or iPSCs. Notably, mouse intraspecies chimeras 

harboring PSC-derived spermatozoa solely gave rise to PSC-derived adult mice, whereas 

interspecies rat spermatozoa could fertilize oocytes and produce blastocysts and 

implantation-competent embryos. However, for the two examined mouse-rat chimeras, 

embryos fertilized with frozen-thawed interspecies germ cells did not develop normally, 

and live births were not recorded. 

In general, the capacity to produce interspecies chimeras with somatic and 

germline contribution is expected to be dependent on species similarity and a 

physiologically receptive environment that is permissive for two distinct genotypes to 

coalesce in the same organism, as demonstrated in recent years for adult or fetal mouse-

rat, human-monkey and human-pig chimeras50,52,53,226. Furthermore, contribution to 

interspecies chimerism is highly dependent on cell competition and the capacity of PSCs 

to overcome evolutionary barriers227. Recent efforts to overcome such barriers have been 

reported and include injection of TP53, Myd88- or P65-null PSCs, overexpression of the 

anti-apoptotic gene Bcl2 in PSCs or harnessing mouse Igf1r-null blastocysts to increase 

contribution of PSCs to chimerism53,228-230. In respect to germline complementation, given 

that we documented a relatively low number of interspecies chimera production, we 

postulate that utilizing such methods may augment the capacity of PSCs to contribute to 

chimerism and in particular to the germline. However, such methods also warrant caution, 

as production of chimeras with extensive contribution from xenogeneic PSCs could be 

detrimental to survival during embryonic development58,59. 

To date, interspecies blastocyst complementation between a mouse and a rat has 

been documented for various organs and tissues including pancreas, thymus, kidney and 

blood vasculature39,48,49,57,138,216,226. In respect to contribution of rat PSCs to the germline 

in mice, two studies previously reported on the production of functional rat spermatozoa 
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in mouse-rat chimeras from injected rESCs or riPSCs139,140. However, chimera testes 

contained both mouse and rat spermatozoa, necessitating a genetic reporter or 

morphological examination to distinguish between the two cell types139,140. The capacity 

to solely generate rat spermatozoa in sterile mice renders use of such methods potentially 

dispensable. Moreover, in agreement with our findings, a recent study by Kobayashi and 

colleagues documented germline blastocyst complementation in rats utilizing embryos 

that carry a mutation in Prdm14, an essential gene for germ cell production 47,66,141. The 

authors further demonstrated interspecies blastocyst complementation via injection of 

mouse PSCs into Prdm14-KO rat embryos, solely generating functional mouse 

spermatids in rats that could give rise to live mice via Round Spermatid Injection (ROSI) 
141. The findings reported in that study, and the results reported herein, synergize to 

suggest that both mouse and rat PSCs can complement the male germline in interspecies 

chimeras by injection into blastocysts that carry mutations that preclude 

spermatogenesis. Furthermore, these and other observations suggest that mutations in 

different essential genes for germ cell production provides a vacant niche receptive for 

reconstitution with PSCs132,134,141,217. 

Our efforts to produce live rats from frozen-thawed interspecies spermatozoa 

produced in two mouse-rat chimeras were unsuccessful. We hypothesize two reasons 

which may account for this result: (i) Effect of cell freezing: the ICSI and TESE-ICSI trials 

reported in this study were performed using frozen-thawed cauda epididymis or testicular 

germ cells. We speculate that use of non-frozen germ cells may carry increased chances 

of fertilization by mitigating potential impairment due to freeze-thaw cycles. (ii) Impaired 

interspecies germ cells: rat spermatogonia subjected to differentiation in mouse testes 

encounters a xenogeneic environment that is receptive towards differentiation of mouse 

and not rat cells, potentially impairing the functionality of interspecies rat germ cells. In 

support of this hypothesis, we documented via scRNA-seq several rat germ cell 

populations in a chimera testis that did not participate in the lineage differentiation 

progression towards an elongated spermatid cell population, potentially indicating an 

impaired process. To address this limitation, using immature germ cells via ROSI may 

lend a more favorable technique for production of animals from interspecies germ cells. 

Indeed, generation of live mice from mouse round spermatids produced in Prdm14-KO 

rats via ROSI was recently reported141. Nonetheless, further work is certainly required to 

explore the molecular and functional nature of rat germ cells produced in a xenogeneic 

mouse host in comparison to rat germ cells produced in rats. In particular, it will be of 
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interest to assess whether contribution of rat PSCs to spermatogenesis support cells in 

the form of Sertoli or Leydig cells will increase the portion of functional interspecies 

spermatozoa. 

Given future experimental success, two additional implications may emanate from 

our study. The first involves production of rat transgenic models via sterile mice. Rats are 

commonly used as an animal model for human diseases in biomedical research, however 

production of transgenic rats from genetically modified PSCs are oftentimes challenged 

by low germline transmission rates. As such, the capacity to utilize sterile mice as hosts 

for genetically modified rat PSCs may assist in generation of transgenic rats via a one-

step and faster solution139. This approach is particularly attractive for models that cannot 

rely on genome engineering tools such as CRISPR-Cas9 to produce transgenic rats, 

namely insertion of large DNA fragments or an artificial chromosome 141. Last, an 

additional potential implication of this study may extend to animal conservation efforts, as 

the technique reported herein can be adapted to produce xenogeneic germ cells of 

endangered animal species. Notably however, blastocyst complementation of the 

germline has mostly been trialed thus far for mouse and rat PSCs, whose culture 

conditions and propensity to contribute to chimerism and the germline are well-

established. To assess whether this technique can be adapted to other animal species, 

generation of additional mammalian PSCs with germline transmission competency is 

warranted. With success, we envision that germline blastocyst complementation may 

provide a useful tool to generate germ cells in vivo for production of transgenic animal 

models, or potentially assisting in the preservation efforts of endangered species. 

 

Experimental procedures 
Details on methods, reagents, multiomics analyses, reprogramming and transgenic 

techniques can be found in the supplemental information. 

 
Animal strains and cell lines used in this study 
The following mouse and rat strains were used in this study: KH2-ESCs, a subclone of 

V6.5 ESCs derived from a cross between C57BL/6 X 129/sv mice (a kind gift from Dr. 

Konrad Hochedlinger)218. Pax7-nGFP MEFs were derived from Tg:Pax7-

nGFP/C57BL6;DBA2 mice (a kind gift from Dr. Shahragim Tajbakhsh)219. Tsc22D3-KO 

male embryos, also known as “GoGermline” were purchased from Ozgene (Ozgene, 
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Perth, Australia). Rat DAC8-ESCs were derived from a DA/OlaHsd-ES8/Qly rat strain12 

and UBC-GFP ESCs were derived from a F344-Tg(UBC-EGFP)F455Rrrc rat strain224, 

and both were purchased from the Rat Resource and Research Center (RRRC) 

(https://www.rrrc.us). Animals were housed in Allentown cages in standard laboratory 

conditions, room temperature 23°C; relative humidity 50 to 60%; 12:12-h light-dark cycle. 

Photos of chimeras were taken with Canon PowerShot G7 X Mark II camera. The present 

study was approved by the Federal Food Safety and Veterinary Office, Cantonal 

veterinary office (Zurich) and granted animal experiment license numbers ZH124/19 and 

FormG-135. 
 

Data and code availability 
The bulk and scRNA-seq datasets generated in this study are available in Gene 

Expression Omnibus (GEO) repository under accession number GSE167435. 
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Figure S1 related to Figure 1: Molecular characterization of KH2-mESCs and analysis of 
chimeras 
(A) A schematic depicting the breeding strategy used to produce Tsc22d3-KO blastocysts and 
chimeras. (B) A karyogram of KH2-mESCs showing 40 mouse chromosomes. (C) Representative 
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immunofluorescence images for OCT4, NANOG and SOX2 expression in KH2-mESCs. Scale 
bar, 200µm. (D) A graph showing bodyweight quantification of the indicated mouse strains, (n = 
3-4 biological replicates, each dot represents a single animal, one-way ANOVA test with Tukey 
Post-Hoc analysis was used, ns; non-significant, error bars denote SD). (E) A representative 
image of a testis cross-section of an RFP+KH2-mESCs/Tsc22d3-KO chimera, demonstrating 
transgenic RFP expression. Note that RFP+ cells were not detected in the center of the tubules. 
Scale bar, 100µm. (F) Immunostaining for VASA expression in testes of the indicated animals. 
Note that VASA positive germ cells do not express the transgenic lentiviral RFP reporter most 
likely due to transgene silencing. Scale bar, 100µm. (G) Immunostaining for the Leydig cell marker 
HSD3B in the testis cross-section of the indicated animals, demonstrating that lentiviral RFP+ 
testicular cells in a chimera are predominantly Leydig cells. Note that in a Tsc22d3-KO testis 
HSD3B is widely expressed, cautiously suggesting that in the absence of mouse 
spermatogenesis more Leydig cells are present. Scale bar, 100µm. 
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Figure S2 related to Figure 2: Characterization of intraspecies miPSC-derived germ cells 
(A) A representative immunofluorescence image for SOX2 expression in Pax7-nGFP iPSCs. 
Scale bar, 100µm. (B) A karyogram of Pax7-nGFP-iPSCs showing 40 mouse chromosomes. 
Scale bar, 5µm. (C) A representative photo of testes isolated from the indicated mouse strains. 
NC-iPSC-chimera, non-complemented iPSC chimera. (D) Hematoxylin and Eosin staining of 
testes cross-sections of the indicated animals. Scale bar, 100µm. (E) Bright-field images showing 
PESA biopsies extracted from the indicated animals. Note complete lack of spermatozoa in the 
biopsy taken from the Tsc22d3-KO mouse and the abundance of spermatozoa in the biopsy taken 
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from the complemented Pax7-nGFP-iPSC/Tsc22d3-KO chimera. PESA, percutaneous 
epididymal sperm aspiration. Scale bar, 20µm. (F) UMAP plots showing all cells colored by 
spermatid and spermatozoa-associated markers in a cauda epididymis biopsy of a Tsc22d3-KO 
mouse or a Pax7-nGFP-iPSC/Tsc22d3-KO chimera. Note expression of germ cell-associated 
markers only in the cauda epididymis of the chimera. (G) A FACS plot showing the sorting strategy 
used to purify haploid spermatozoa from the cauda epididymis of a Pax7-nGFP-iPSC/Tsc22d3-
KO chimera. Spermatozoa were stained with Hoechst 33342. (H) A bright-field image showing 
FACS-purified Pax7-nGFP-iPSC/Tsc22d3-KO chimera-derived spermatozoa. Scale bar, 10µm. 
(I) PCR genotyping analysis for the transgenic Pax7-nGFP allele in FACS-purified spermatozoa 
from Pax7-nGFP-iPSC/Tsc22d3-KO chimeras. Spermatozoa from a Pax7-nGFP mouse and a 
WT mouse were used as positive and negative control, respectively. (J) Flow cytometric analysis 
for Pax7-nGFP expression in cells that were extracted from skeletal muscles of a 5-week-old F1 
pup; a progeny of a Pax7-nGFP-iPSC/Tsc22d3-KO male chimera. (K) Representative bright-field 
and GFP images of Pax7-nGFP+ myoblasts extracted from skeletal muscles of a progeny of a 
Pax7-nGFP-iPSC/Tsc22d3-KO male chimera (left) and derivative myotubes (right). Note lack of 
Pax7-nGFP expression in multinucleated myotubes due to the downregulation of the Pax7 
reporter expression. Scale bar, 100µm 
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Figure S3 related to Figure 3: Analysis of mouse-rat chimeras  
(A) A graph showing total bodyweight measurement of mouse-rat chimeras in comparison to 
Tsc22d3-KO mice (n = 10-11 biological replicates; each dot represents a single male animal, 
unpaired two tailed t-test was used, ns; non-significant, error bars denote SD). (B) A 
representative bright-field and RFP overlay image of a spleen that was harvested from a mouse-
rat chimera. Note nuclear RFP expression emanating from the lentiviral EF1α-H2B-RFP 
transgenic reporter present in rESCs. Scale bar, 2mm. 
  



 
49 

 

Figure S4 related to Figure 4: Characterization of rat spermatozoa exclusively produced in 
interspecies chimeras 
(A) A photo of a deceased RFP+DAC8-rESC/Tsc22d3-KO mouse-rat chimera-1 showing 
prominent contribution of RFP+DAC8-rESCs to dark coat color chimerism. (B) Camera photos of 
testes harvested from a Tsc22d3-KO mouse or a mouse-rat RFP+DAC8-rESC/Tsc22d3-KO 
chimera-1. (C) A representative cross-section image of a testis that was harvested from an 
RFP+DAC8-rESC/Tsc22d3-KO chimera-1. Note extensive EF1α-H2B-RFP nuclear reporter 
expression. Scale bar, 100µm. (D) Representative bright-field images of PESA biopsies extracted 
from the cauda epididymis of the indicated animals. PESA, percutaneous epidydimal sperm 
aspiration. Scale bar, 20µm. (E) DNA sequences of the mouse V1rh3 and rat V1rm1 genes using 
the PCR products shown in Fig. 4I. The DNA was isolated from the sorted spermatozoa of the 
indicated animals. Sequence misalignment is indicated in yellow. 
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Figure S5 related to Figure 5: scRNA-seq analysis of a mouse-rat chimera testis  
(A) UMAP projection of a Tsc22d3-KO mouse testis based on mapping against the mouse-rat 
chimeric reference genome. (B) UMAP projection of a mouse-rat chimera testis showing 4,491 
rat cells colored by different cell cycle states. (C) UMAP projection of a WT rat or mouse-rat 
chimera testis showing the expression level of the indicated rat and mouse spermatid markers. 
Note the absence of the indicated mouse spermatid markers in the mouse-rat chimera testis. (D) 
Monocle3 UMAP projection showing all rat cells from a mouse-rat chimera colored by the 
expression level of the indicated germ cell markers. EST, elongating spermatids. SPC, 
spermatocytes. 
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Figure S6 related to Figure 6: Characterization of UBC-EGFP mouse-rat chimeras 
(A) A graph showing quantification of the total bodyweight of the indicated animals, (n=3 biological 
replicates; each dot represents a single animal. Unpaired two tailed t-test was used, ns; non-
significant, error bars denote SD). (B) Representative bright-field and GFP images of testes 
isolated from the indicated animals. Scale bar, 2mm. (C) A graph showing quantification of the 
testes weight of the indicated animals, (n = 6 biological replicates; each dot represents a single 
testis, unpaired two tailed t-test was used, *p<0.05, error bars denote SD). (D) A gel showing 
PCR for the UBC-EGFP transgene in the indicated samples. (E) A gel showing species-specific 
PCR for mouse and rat genes in the indicated animals. (F) Representative images of testicular 
germ cells extracted from a UBC-EGFP mouse-rat chimera. Scale bar, 20µm. (G) An image 
showing a hatched UBC-EGFP blastocyst that was generated using interspecies rat germ cells 
isolated from the testes of a GFP+ mouse-rat chimera. Scale bar, 50µm. (H) Resorbed UBC-
EGFP positive rat embryo or placenta generated via TESE-ICSI from UBC-EGFP interspecies 
spermatozoa. Scale bar, 2mm. 
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Table S1: Summary of mESC-intraspecies chimera production and germline 
transmission 

Cell 
type 

Culture 
conditio

n 

Embryos 
injected 

Embryos 
transferred 

Animal
s born Chimeras 

Germ 
cells 

detected 
(M) 

mESCs Regular 30 30 8M 8M (100%) 7 (87.5%) 
Summary of blastocyst injections using RFP+KH2-mESCs. F, female, M, male. 
 
Table S2: Summary of Pax7-nGFP-miPSC chimera production and germline transmission 

Cell 
type 

Culture 
condition 

Embryos 
injected 

Embryos 
transferred Animals born Chimeras 

Germ cells 
Detected 

(M) 

miPSCs Regular 34 32 24 (8M, 26F) 11 (8M, 3F) 
(46%) 1 (12.5%) 

miPSCs Enhanced20 27 26 4M 4M (100%) 2 (50%) 
Summary of blastocyst injections using Pax7-nGFP miPSCs. F, female, M, male 
 
Table S3: Summary of mouse-rat chimera production and germline transmission 

Cell 
type 

Culture 
condition 

Embryos 
injected 

Embryos 
transferred 

Animal
s born Chimeras 

Germ cells 
detected 

(M) 
DAC8-
rESCs Regular 588 588 123 14 (5F, 9M) 

(11%) 6 (66.6%) 

DAC8-
rESCs Enhanced20 203 198 29 2M (7%) 1 (50%) 

GFP-
rESCs Regular 328 311 41 4 (1F, 3M) 

(10%) 1 (33.3%) 

Summary of blastocyst injections using DAC8-rESCs or UBC-EGFP-rESCs. F, female, M, male. 
 
Data S1: Cell-specific markers for Tsc22d3-KO and mouse-rat chimera testes 
Mouse and rat markers used to annotate scRNA-seq cell populations in a mouse-rat chimera 
testis. Related to Figure 5, S5. 
 
Video S1: Motile spermatozoa of an RFP+KH2-mESC/Tsc22d3-KO chimera. 
 
Video S2: Motile spermatozoa of a Pax7-nGFP iPSC/Tsc22d3-KO chimera. 
 
Supplemental experimental procedures 
Cell culture  
Mouse embryonic fibroblasts (MEFs) and tail tip fibroblasts (TTFs) were cultured in “MEF 
medium” consisting of DMEM (Thermo Fisher Scientific, 41966029), supplemented with 10% 
Fetal Bovine Serum (FBS) (Thermo Fisher Scientific, 10270106), 1% non-essential amino acids 
(Thermo Fisher Scientific, 11140035), 1% penicillin-streptomycin (Thermo Fisher Scientific, 
15140122), 0.05% β-mercaptoethanol (Thermo Fisher Scientific, 21985-023). Mouse ESCs and 
iPSCs were maintained on γ-irradiated CF-1 fibroblasts (Thermo Fisher, A34181) and cultured in 
“conventional” mESC medium containing KnockOut DMEM (Thermo Fisher Scientific, 10829018) 
supplemented with 15% Fetal Bovine Serum (FBS) (Thermo Fisher Scientific, 10270106), 1% 
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GlutaMAX (Thermo Fisher Scientific, 35050038), 1% non-essential amino acids (Thermo Fisher 
Scientific, 11140035), 1% penicillin-streptomycin, 0.05% β-mercaptoethanol and 10ng/ml mouse 
LIF (ESLIF) (PolyGene Transgenics, PG-A1140-0010). Alternatively, mouse iPSCs were also 
cultured for 5d before blastocyst injections in “enhanced” culture conditions consisting of: mESC 
medium supplemented with 1.5μM of CGP77675 (Merck, SML0314-5mg), 0.5mM of valproic acid 
(VPA, Merck, P4543-10G) and 3µM of CHIR99021 (R&D Systems, 4423) as previously 
reported20. Rat ESCs were maintained on γ-irradiated CF-1 fibroblasts and cultured in rat ESC 
medium consisting of advanced DMEM-F12 (Thermo Fisher scientific, 12634010) mixed 1:1 with 
Neurobasal medium (Thermo Fisher scientific, 21103049), 0.5x N2 and 0.5x B27 supplements 
(Thermo Fisher Scientific, 17502048 and 17504044), 1% penicillin-streptomycin and in the 
presence of the small molecules GSK3-β inhibitor CHIR99021 (1μM) (R&D Systems,4423), the 
MEK inhibitor PD0325901 (1μM) (Tocris, 4192) and rat LIF (10ng/ml, Prospec, CYT-731) as 
previously described231. Alternatively, rat ESCs were also cultured for 5d before blastocyst 
injection using “enhanced” culture conditions consisting of rat ESC medium supplemented with 
1.5μM of CGP77675 (Merck, SML0314-5mg) and 0.5mM of valproic acid (VPA, Merck, P4543-
10G). All PSC were maintained in a humidified incubator at 37°C in 5% CO2. Mouse ESCs and 
iPSCs were passaged with 0.05% trypsin-EDTA (Thermo Fisher Scientific, 25300054) whereas 
rat ESCs were passaged with TrypLE Express (Thermo Fisher Scientific, 12605010).  
 
Blastocyst injections, embryo transfer and assessment of chimerism 
Blastocyst injections and embryo transfer were performed in the ETH Phenomics Center (EPIC) 
at ETH Zurich and in house, abiding to all legal rules of the Federal Food Safety and Veterinary 
Office, Cantonal veterinary office (Zurich) and an animal experimental license (FormG-135). 
Tsc22d3-KO embryos (also known as “goGermline”) were purchased from Ozgene, Australia, 
and handled according to the manufacture’s guidelines. Morula-stage embryos were thawed 24 
hours before injections according to standard Ozgene embryo thawing protocol guidelines. Prior 
to commencing injections, ESCs and iPSCs were dissociated and pre-plated on gelatin coated 
plastic dishes to remove irradiated mouse feeder cells. Injections were carried out in droplets of 
M2 Media (Merck, M7167, HEPES-buffered embryo handling media) covered with Paraffin Oil 
(Merck, 76235). Typically, 12–15 ES cells were injected per blastocyst. Successfully injected 
blastocysts were transferred to a 60ml IVF culture dish containing CO2-buffered culture medium 
(e.g. KSOM+AA) and kept in an incubator at 37°C and 5% CO2. The injected blastocysts were 
transferred to the uteri of pseudo-pregnant females on the same day. The injections were 
performed with an Eppendorf TransferMan 4r (Eppendorf, Hamburg, Germany), combined with a 
CellTram Air holding capillary and a CellTram Vario, with support of an Eppendorf Piezo Device 
(PiezoXpert). Presence of chimerism in intraspecies or interspecies chimeras was first assessed 
using visual examination of fur coat color or expression of GFP or RFP. Presence of chimerism 
was also assessed by genotyping for the GFP or RFP transgenes, or via species specific PCR 
for presence of mouse and rat genes in interspecies chimeras. Of note, we solely analyzed male 
and not female chimeras as the latter were heterozygotes for the Tsc22d3 mutation and as such 
are not sterile.  
 
Percutaneous epidydimal sperm aspiration (PESA) 
This method entails sperm cell extraction from the cauda epididymis of live animals under 
isoflurane-induced anesthesia. Prior to commencing the PESA procedure, the animals were pre-
emptively treated with the analgesic drug carprofen (5 mg/kg; Rimadyl, Zoetis Schweiz GmbH, 
Switzerland) which was injected subcutaneously. Anesthesia was initiated in a chamber with the 
vaporizer set at 3% isoflurane with 0.6L/min oxygen flow. Once anesthesia was induced, the 
mouse was laid on its back on a heating pad and connected to the isoflurane nose cone with a 
setting of 2% isoflurane in 0.5L/min oxygen flow. The eyes were covered with a vitamin A eye 
ointment (Vitamin A Blache, Bausch+Lomb). In order to facilitate visual identification of the 
epididymis through the skin, the caudal abdomen was massaged in such a way, that the testes 
were gently pushed towards the scrotum. The skin was then disinfected with 70% ethanol. The 
cauda epididymis was fixed with a curved forceps (F.S.T., 11051-10), holding the cauda in place 
with gentle pressure. A 30-gauge needle on an insulin syringe (B. Braun, 4656300), prefilled with 
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0.05 mL PBS was used to puncture the tissue. After penetration of the cauda epididymis, sperm 
was gently aspirated for further analysis. For postoperative analgesia, carprofen (5 mg/kg) was 
injected subcutaneously every 24h until 2 days post treatment. 
 
In Vitro Fertilization (IVF) 
Sperm of RFP+KH2-mESC/Tsc22d3-KO chimeras was frozen and stored in liquid nitrogen232. 
Swiss webster recipient females (4-5 weeks old) were superovulated according to a standard 
scheme (Pregnant mare serum gonadotropin PMSG 5:00 pm, human chorionic gonadotropin 
hCG 4:00 pm) and sacrificed 15 hours after hCG administration. Sperm from the chimeras was 
added to the cumulus complexes and incubated for 4 hours. The oocytes were washed with 5 
drops of equilibrated HTF media, covered with Paraffin Oil (Merck, 76235-500ML) and incubated 
in the same media overnight. Embryo transfer was performed the following day.  
 
Intracytoplasmic Sperm Injection (ICSI) and Testicular Sperm Extraction (TESE)-ICSI 
Female rats (Sprague–Dawley, 4–6 weeks old, purchased from Janvier, France) were 
superovulated by intraperitoneal injections of 300IU/kg PMSG (Prospec) followed by 
intraperitoneal injections of 300IU/kg hCG (Prospec) 48 hours later. At 14–17h post hCG injection, 
the cumulus-oocyte complexes were collected and treated with 0.1% hyaluronidase. The oocytes 
were then washed three times with KSOM (Cosmo Bio LTD, CSR-R-R149) and incubated at 
37°C, 5% CO2 until injection. The sperm suspension was sonicated using an ultrasonic bath at 
lowest power for 10 seconds, or the tails were cut off with the PiezoXpert drill (Eppendorf, 
Germany). The sperm heads were then injected into the oocytes using a piezo-actuated 
micromanipulation, according to the method described previously113. After drilling the zona 
pellucida, the sperm head was hung with the hook over the edge of the injection capillary (inner 
diameter 3-5µm), or the entire sperm head was inserted into the capillary, especially in the 
absence of a well-formed hook. The pipette tip was pressed against the oolemma to stretch it, 
and the oolemma was punctured via a piezo pulse at the lowest setting and the sperm head was 
ejected into the oocyte. The injection pipette was then gently withdrawn. After sperm injection, 
the oocytes were washed three times with rat KSOM and cultured in 500µl of rat KSOM under 
mineral oil in a low oxygen incubator for 5 days without medium changing or transferred into a 
0.5dpc foster mother233. For TESE-ICSI, an established protocol for spermatogenic cell isolation 
was followed234. In brief, testes were placed in ACK lysing buffer (Thermo Fisher Scientific, 
A1049201) and the tunica albuginea removed. After gentle loosening of the seminiferous tubules 
with a blunt-end forceps, the seminiferous tubules, were washed in cold GL-PBS, consisting of 
5.6mM glucose (Carl Roth, HN06.2), 5.4mM sodium lactate (Merck, L7022) and 0.01% PVP 
(Merck, P8136) in PBS. The seminiferous tubules were cut several times with sharp scissors, and 
gently triturated to release spermatogenic cells. Cells were dispersed in 5ml GL-PBS and spun 
down at 5°C, 200g for 5min. The cell pellet was resuspended in Cellbanker-1 (Zenoaq, 11888), 
while the supernatant containing spermatozoa was then collected, washed and spun down twice 
with GL-PBS at 5°C, 800g for 15mins. The cells were then diluted in TE buffer (Thermo Fisher 
Scientific, AM9849) and frozen at -80°C followed by transfer to LN2. TESE-ICSI was performed 
in the same way as described for ICSI. 
 
Isolation and differentiation of myoblasts into myotubes  
Skeletal muscles of 5-week-old Pax7-nGFP mice (offspring of Pax7-nGFP-iPSC/Tsc22d3-KO 
male) were harvested and subjected to mechanical and enzymatic dissociation. In brief, muscles 
were mechanically minced, suspended in PBS and the supernatant was removed via short 
centrifugation step. Muscle tissue pellets were incubated in a digestion solution containing 0.2% 
Collagenase Type II (Thermo Fisher Scientific,17101015) in DMEM for 90min using a shaking 
37°C water bath. The cells were then washed with F-10 medium (Thermo Fisher Scientific, 
22390025) supplemented with 10% horse serum (Thermo Fisher Scientific, 16050122), and 
muscle tissue pellets were incubated in a digestion solution consisting of 14ml F-10 (Thermo 
Fisher Scientific, 22390025) supplemented with 10% horse serum (Thermo Fisher Scientific, 
16050122), 1ml of 0.2% Collagenase Type II (Thermo Fisher Scientific, 17101015) and 2.5ml of 
0.4% Dispase (Thermo Fisher Scientific, 17105041) for 30min in a shaking 37°C water bath. 
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Following the second digestion step, cells were further dislodged from the muscle fibers using an 
18-gauge needle (Henke-Sass, Wolf GmbH, 613-2029). Cells were filtered through 100µm 
(Corning, 734-0004), 70µm (Corning, 734-0003) and 30µm (Miltenyi Biotec, 130-041-407) cell 
strainers before they were resuspended in FACS buffer consisting of 2% FBS in PBS. Freshly 
isolated Pax7-nGFP satellite cells and derivative myoblasts were sorted using an SH800S cell 
sorter. Myoblasts were cultured in a 1:1 ratio of DMEM and F-10, supplemented with 10% horse 
serum, 20% FBS, 1% Penicillin-Streptomycin (10,000 U/mL) and 10ng/ml basic FGF (R&D 
Systems, 233-FB-500). Myoblasts were cultured on plates coated with Matrigel Basement 
Membrane Matrix (Corning, FAL354234) and passaged using Trypsin (0.05%). Differentiation 
was induced in DMEM medium containing 2% horse serum and 1% Penicillin-Streptomycin. 

 
Lentiviral vector transduction  
Lentiviruses generation commenced with transfection of 60-70% confluent HEK293T cells in 
15cm culture dishes (Corning, 430599). To this end, 16.5μg pLV-Δ8.9, 11μg of pLV-VSVG 
envelope and 22μg of one of the target plasmids were mixed and incubated for 10 minutes with 
Polyethylenimine 4-8µg/ml (Polysciences, POL23966-1) and 150mM Sodium chloride (Merck, 
1.06404.1000). The plasmids used in this study include: LV-mSTEMCCA, LV-FUW-M2rtTA, LV-
EF1α-H2B-RFP and LV-EF1α-TurboRFP-T2A-H2B-RFP. Cells were transfected using regular 
MEF medium. Twenty-four hours post transfection, the medium was replaced, and 48 or 72hrs 
after transfection the supernatant was collected, filtered through a 0.45μM filter (Corning, 431220) 
and incubated over night at 4°C using PEG-it Virus Precipitation Solution (System Biosciences, 
LV825A-1). The Virus/Peg-it solution was centrifuged at 1500xg for 30 minutes at 4°C. The 
supernatant was removed and the virus pellet was resuspended in 1/100 of the initial volume with 
PBS 25mM Hepes (Thermo Fisher Scientific, 15630056). Virus aliquots were stored at -80°C until 
used. Approximately 20uL was added to a confluent well and supplemented with 4-8μg/ml 
polybrene transfection reagent (Merck, TR-1003-G). 

For the preparation of “fresh” lentiviral supernatant, 60-70% confluent HEK293T cells in a 
10cm dish were transfected in “MEF medium” without Penicillin-Streptomycin. A solution 
containing 770µl Opti-MEM (Thermo Fisher Scientific, 21985047), 50µl TransIT-LT1 (Labforce, 
MIR2300), 8.5µg pLV-Δ8.9, 5.5µg pLV-VSVG envelope and 22μg of the target plasmid (LV-
mSTEMCCA, LV-FUW-M2rtTA, LV-EF1α-TurboRFP-T2A-H2B-RFP). Around 24h after 
transfection, the medium was changed to “MEF medium” and around 48h and 72h after 
transfection, the supernatant was collected and filtered through a 0.45µm syringe filter and 
supplemented with 4-8µg/ml polybrene transfection reagent. ESCs were transduced for two 
consecutive days. A few thousand RFP-transduced mouse or rat ESCs were sorted directly onto 
plates containing γ-irradiated CF-1 fibroblasts and cultured until confluency.  

 
Production of iPSCs 
Reprogramming of Pax7-nGFP MEFs into iPSCs was done in “reprogramming medium” 
consisting of mESC media supplemented with 2µg/ml doxycycline (Merck, D9891), 50µg/ml 
ascorbic acid (Merck, A92902) and 3µM of the GSK3-β inhibitor CHIR99021 (R&D Systems, 
4423). In brief, Pax7-nGFP MEFs at P1 were transduced with a polycistronic LV-mSTEMCCA221 
and an LV-FUW-M2rtTA lentiviral vector cassettes (Addgene plasmid #20342). Reprogramming 
media was changed daily until the appearance of iPSCs. Dox-independent iPSC colonies were 
picked and replated onto γ-irradiated CF-1 fibroblasts and propagated in the absence of dox, 
ascorbic acid and CHIR99021.  
 
Immunofluorescence  
ESCs or iPSCs were washed with PBS and fixed with 4% paraformaldehyde (PFA, Fisher 
Scientific, 11400580, diluted to 4% with PBS) for 10min at room temperature (RT). Afterwards, 
cells were washed twice with PBS and blocked using a solution consisting of PBS, 0.1% Triton 
X-100 (Merck, 9002-93-1) and 2% bovine serum albumin (BSA, AppliChem, A1391) for 30min at 
RT. Primary and secondary antibodies were diluted in a solution consisting of PBS, 0.1%BSA 
and 0.1% Tween (Merck, P9416). Samples were incubated with primary antibodies for 3hrs at RT 
or at 4°C overnight. Following two washes with PBS, the secondary antibodies were applied for 
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1h at RT with 1µg/ml DAPI (Thermo Fisher Scientific, 62248). Cells were then washed twice with 
PBS and mounted with anti-fade reagent to prevent photobleaching (ProLong Gold antifade 
mountant, Thermo Fisher Scientific, P36930). The following primary antibodies were used in this 
study: mouse anti-OCT4 (1:200, Invitrogen, MA1-104), rabbit anti-SOX2 (2.5µg/ml, Invitrogen, 
48-100), rat anti-NANOG (10µg/ml, Invitrogen, 50-5761-82). Secondary antibodies used were 
donkey anti-mouse IgG Alexa Fluor 488 (1:400, Invitrogen, A21202), goat anti-mouse IgG1 
AF546 (1:400, Invitrogen, A21123), and donkey anti-rabbit IgG AF546 (1:400, Invitrogen, 
A10040). 
 
Immunofluorescence staining of testes sections 
Testes were either embedded directly in optimal cutting temperature (OCT) reagent (CellPath, 
KMA-0100-00A) after isolation or fixed with 4% PFA overnight at 4°C and embedded in OCT and 
frozen in isopentane cooled in liquid nitrogen and stored at -80°C. Unfixed testis sections were 
washed with PBS, followed by 5min fixation in Bouin’s fixative (Carl Roth, 6482). Fixed sections 
were washed with PBS three times and incubated for 1h using blocking solution containing 2% 
BSA and 0.1% Triton-X100. After removal of the blocking solution, primary antibody diluted in 
blocking solution was applied to the section for 2hrs at room temperature or overnight at 4°C. 
After two PBS washes for 5 mins, sections were incubated with secondary antibodies and DAPI 
diluted in blocking solution for 30mins. About 2-3 drops of ProLong™ Glass Antifade Mountant 
(Merck, P36980) were applied to immunostained sections and covered with a coverslip. The 
following antibodies were used: rabbit anti-GILZ (1:100, Thermo Fisher Scientific, PA5-93215), 
rabbit anti-VASA/DDX4 (1:200, Abcam, AB13840), mouse anti-HSD3B (1:200, Santa Cruz 
Biotechnology, sc-5151520) and Lectin PNA (1:400, Thermo Fisher Scientific, L21409) . 
Secondary antibodies used were: goat anti-rabbit IgG Alexa Fluor 488 (1:400, Thermo Fisher 
Scientific, A11008), donkey anti-rabbit IgG Alexa Fluor 647 (1:400, Thermo Fisher Scientific, 
A31573) and goat anti-mouse IgG3 Alexa Fluor 488 (1:400, Thermo Fisher Scientific, A21151). 
 
Spermatozoa DAPI staining 
Isolated spermatozoa were washed in PBS and spun down at 1000g for 10min. The supernatant 
was discarded and the cell pellet was resuspended in PBS. Spermatozoa in suspension were 
spread on Superfrost plus slides (Thermo Fisher Scientific, J1800BMNT) and left to dry for 1h, 
followed by fixation in 4% PFA at room temperature. After rinsing the slides twice with PBS, 
spermatozoa were blocked and stained using a solution consisting of PBS, 2% Triton X-100, 0.1% 
BSA and 1µg/ml DAPI for 1h before washing twice with PBS and mounting with ProLong Glass 
antifade reagent (Thermo Fisher Scientific, P36980). 
 
Hematoxylin and Eosin staining 
Slides were fixed for 5 mins using 4% Paraformaldehyde. Next, the sections were incubated for 
5 mins with Hematoxylin (Merck, MHS16) followed by a 5min wash with water. The sections were 
then incubated for 10 seconds in Eosin (Carl Roth, X883.1) followed by a 90 second washing 
step. Slides were next incubated for 5 seconds in 70% Ethanol and 5 seconds in 100% Ethanol, 
dried and mounted with Entellan (Merck Millipore, 107960). Hematoxylin and Eosin pictures were 
imaged using a Nikon Eclipse Ti2-E microscope. 
 
Karyotype analysis  
PSCs used for the karyotype analysis were first pre-treated for 4 hours with KaryoMAX Colcemid 
Solution (Thermo Fisher Scientific, 15212012) at a concentration of 100ng/ml. Cells were then 
harvested and incubated for 30mins with a hypotonic solution containing 0.56g KCl + 0.5g Sodium 
Citrate (Carl Roth, 3580.4 and Sigma, W302600) in 200ml H2O. As the next step, the cells were 
fixed with Methanol (VWR, 20847.295) and Acetic acid (Carl Roth, 7332.1) at a 3:1 ratio. 
Metaphase spreads were prepared by dripping fixed cells from 1-2 meters onto microscope 
slides, which were further stained with Giemsa (Carl Roth, T862.1) and imaged using a Nikon 
Eclipse Ti2-E microscope. The pluripotent cell lines KH2-ESCs and DAC8-rESCs were sent to 
Cell Guidance Systems Ltd in Cambridge for reconstructing karyogram images. At least 10 
metaphases were analyzed from each respective cell line.  
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DNA extraction and PCR genotyping and sequencing 
Skin biopsies were lysed with DirectPCR Lysis Reagent (Viagen Biotech, 102-T) containing 
Proteinase K at a 50µg/ml concentration (AppliChem, 10027587). The samples were incubated 
for 1h at 55°C and 45min at 85°C using a thermo block. 1µl of the lysed sample was then used 
for the PCR reaction. For spermatozoa DNA extraction, cells were washed twice in wash buffer, 
consisting of 150mM NaCl (Merck, 1.06404.1000) and 10mM EDTA (pH 8.0) in sterile water and 
spun down at 1000g for 10min 235. Then, the cells were resuspended in sperm lysis buffer 
consisting of 20mM TrisHCl (Carl Roth, 9090.2), 20mM EDTA (Merck, EDS), 200mM NaCl (4%), 
80mM DTT (Merck, D0632) and 200µg/ml Proteinase K (AppliChem, A3830), according to a 
Qiagen-supplied protocol (Qiagen QA04 Jul-10). The sperm was then lysed at 56°C for 3-3.5 
hours. Following lysis, DNA was extracted using a DNeasy Blood & Tissue kit (Qiagen, 69506). 
The PCR reaction products for rat and mouse Gapdh, rV1rm1 and mV1rh3 were purified using 
the QIAquick PCR Purification Kit (Qiagen, 28104) prior to sequencing. PCR products were 
subjected to Sanger sequencing (Microsynth AG, Balgach, Switzerland). Sequence alignment 
was performed using Jalview (Version 2.11.1.0). 
 
Table illustrating primer sequences used in this study:  
Primer name Primer sequence 
Pax7 nGFP F (sv40pA F3) 5'-CCA CAC CTC CCC CTG AAC CTG AAA CAT AAA-3' 
Pax7 nGFP R (Pax7 R10) 5'-GAA TTC CCC GGG GAG TCG CAT CCT GCG G-3' 
mRFP1 F 5'-CCC CGT AAT GCA GAA GAA GA-3' 
mRFP1 R 5'-CTT GGC CAT GTA GGT GGT CT-3' 
mouse V1rh3 F  5'-GGG AGG GGC CAG TGG CTA CAT-3' 
mouse V1rh3 R  5'-TGC CAC CAA TCA ACC AGA AGC CCA-3' 
V1rm1 rat F 5’-TGG CTT TCA GGC CAC CAG GC-3’ 
V1rm1 rat R 5'-GCT CTG TCC TCA GGG GCA GGT-3' 
Mouse Gapdh F 5'-GCC AAA AGG GTC ATC ATC TCC G-3' 
Mouse Gapdh R 5'-GTC CAC TCA TGG CAG GGT AAG ATA AG-3' 
Rat Gapdh F 5'-CTG GCT CTT GAG AGT AAC TGA AGG-3' 
Rat Gapdh R 5'-TGG GGA CTC CTC AGC AAC TG-3' 
Rat UBC-EGFP F 5’-AAC CTC CCA GTG CTT TGA ACG CTA-3’ 
Rat UBC-EGFP R 5’-GGT GCC AAG CCT CAA CTT CTT TGT-3’ 
Rat UBC-EGFP Mutant 5’-ATC AGG GAA GTA GCC TTG TGT GTG-3’ 
Rosa 26 F 5’- AAA GTC GCT CTG AGT TGT TAT-3’ 
Rosa 26 R 5’- GGA GCG GGA GAA ATG GAT ATG-3’ 

 
Organ, testes and embryo harvest and visualization  
All organs were harvested from freshly euthanized animals. After imaging, the organs were frozen 
in optimal cutting temperature compound (OCT, CellPath, KMA-0100-00A) in isopentane cooled 
in liquid nitrogen and stored at -80°C. Kidney and heart sections were made at 12µm section 
thickness. Brains were harvested from freshly euthanized animals and fixed in 4% PFA overnight, 
followed by two rinses in PBS and sucrose protection in 30% sucrose (Merck, S7903) for 24-48h 
before freezing in an isopentane-dry ice mixture and stored at -80°C. Sections were taken at 
100µm section thickness. All sections were made with a Leica CM1950 cryostat. Testes were 
frozen in OCT and isopentane cooled in liquid nitrogen and stored at -80°C. Sections were made 
at 7µm section thickness. Images of testes were taken with a Canon PowerShot G7 X Mark II 
camera. Embryos were harvested at E13.5. The uterus was removed from a euthanized female 
and rinsed in diluted iodine solution, followed by rinsing in 70% ethanol solution. The embryos 
were removed from the uterus and rinsed in PBS before imaging. Fluorescence images of organs 
and embryos were taken with a Nikon SMZ-1270 stereomicroscope with a Qimaging Retiga R1 
camera. Sections were imaged with a Nikon Eclipse Ti2-E microscope with a DS-Qi2 camera.  
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Flowcytometry and Fluorescent-Activated Cell Sorting (FACS)  
For cell sorting of RFP+ PSCs, cells were detached from the cell culture plate and spun down for 
5min at 300g. The cell pellet was then resuspended in 500µl of PBS solution supplemented with 
2% BSA, filtered through a cell strainer to remove aggregates and supplemented with 1µg/ml 
DAPI (Thermo Fisher Scientific, 62248). For spermatozoa sorting, cells were washed twice in 
wash buffer consisting of 150mM NaCl, 10mM EDTA (pH 8.0) in sterile water and spun down at 
1000g for 10min 235. The sperm pellet was resuspended in 500µl of PBS and supplemented with 
2% BSA and 5µg/ml Hoechst 33342 (Thermo Fisher Scientific, H3570) at 37°C for 30min. The 
tubes containing the spermatozoa were placed immediately on ice. Prior to FACS-purification, 
1µg/ml of Propidium iodide (PI, Merck, 81845) was added and the cell suspension was filtered 
through a cell strainer to remove aggregates. After exclusion of debris and cell doublets, cells 
were sorted for haploidy based on DNA content. All cell sorting was performed on a Sony SH800S 
Cell Sorter (Sony Biotechnology). 
 
Western blot analysis  
Total protein was isolated from the testes of WT mice, Tsc22d3-KO mice and chimeras. About 
10-15 mg of frozen testis tissue was placed in 200µl RIPA buffer (50 mM Tris,150 mM NaCl 
(Merck, 1.06404, 2mM EDTA (Merck, EDS-100g), 1% Triton (Merck, X100-100ML), 0.1% SDS 
(Carl Roth, 2326.1), supplemented with 1x Halt protease inhibitor cocktail (Thermo Fisher 
Scientific, 87785) and lysed using a rotor-stator tissue homogenizer (Omni THQ). After 
centrifugation at 10’000xg for 20 minutes at 4°C, the supernatant was collected and protein 
content was quantified with DC protein assay kit (Bio-Rad, 5000111) using BSA for 
standardization. Electrophoresis was performed using 4-20% pre-cast gels (Bio-Rad, 4568094). 
About 25µg of protein was loaded per lane. Stain-free gel images were taken after electrophoresis 
(UV trans-illumination, 45s activation time, optimal auto-exposure) and served as loading control 
(Figure 4e). Protein transfer was conducted using the Trans-Blot Turbo Transfer System (Bio-
Rad) on the mixed molecular weight setting to transfer onto PVDF membranes (Bio-Rad, 
1704156). Following protein transfer, membranes were blocked for 1h at RT in 1xTBS-T with 5% 
non-fat dry milk (Carl Roth, T145.1). Next, membranes were incubated overnight at 4°C in the 
presence of primary antibodies against GILZ (TSC22D3) (1:1000, Rabbit IgG, Thermo Fisher 
Scientific, PA5-93215) and VASA (1:1000, Rabbit IgG, Abcam, AB13840). On the next day, 
membranes were washed three times for 10 minutes in TBS-T and incubated for 1h at RT with 
anti-Rabbit IgG HRP-linked secondary antibody (1:5000, Cell Signaling, 7074S). Then, 
membranes were washed again three times for 10 minutes in TBS-T. For detection of 
chemiluminescence, membranes were then developed in ECL substrate according to the 
manufacturer’s instructions (Bio-Rad, 1705060). For detection of GAPDH protein expression, 
membranes were stripped for 20 minutes at room temperature in stripping buffer (200 mM Glycine 
(AppliChem, A1067), 0.1% SDS, 1% Tween, pH 2.2) and washed three times in TBS-T for 5 
minutes. Then, membranes were re-blocked for 1h at room temperature in TBS-T and 5% non-
fat dry milk followed by a 1h incubation at room temperature with anti-GAPDH HRP-conjugated 
antibody (1:5000, Cell Signaling, 3683). Last, membranes were washed three times in TBS-T for 
10 minutes before proceeding to imaging as described above. TBS-T consisted of 50mM Tris, 
154mM NaCl and 0.1% Tween-20. All washing and incubation steps were performed on a shaker. 
All imaging was performed using the Chemidoc MP imaging system (Bio-Rad).  
 
Bulk RNA sequencing analysis  
Total RNA was extracted using the RNeasy mini kit (Qiagen, 74106). Prior to RNA extraction, 
PSCs were pre-plated on gelatin coated culture dishes for 90min to remove CF1 “feeder” 
fibroblasts. RNA sequencing was performed on an Illumina NovaSeq instrument at the Functional 
Genomics Center Zurich (FGCZ). Approximately 30-40 million reads were produced per sample 
and analyzed using the SUSHI framework developed at the FGCZ236,237. The initial quality control 
(adapter and low-quality base trimming) was performed with fastp v0.20238. Next, raw reads were 
mapped against the reference rat genome (the Ensembl genome assembly Rnor_6.0: 
https://www.ensembl.org/Rattus_norvegicus/Info/Index) using STAR v2.7.a239. The R package 

https://www.ensembl.org/Rattus_norvegicus/Info/Index
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Rsubread v2.2.4 was used to determine the gene expression values240. Genes were considered 
to be detected if they had at least 10 counts in 50% of the replicates in one of the groups. 
Differential gene expression analysis was performed using the negative binomial generalized 
linear model approach of the R package edgeR v3.30.3241. The quasi-likelihood F-test was used 
to determine the significance of differential expression. Correction for multiple testing was done 
by applying the Benjamini-Hochberg algorithm. A threshold of |log2FC| > 0.5 and p < 0.05 was 
selected to identify the differentially expressed genes between the various conditions. 
 
scRNA-seq sequencing of mouse cauda epididymis  
Isolated cells from the cauda epididymis were resuspended in 1% BSA/PBS solution and 
subjected to sodium azide treatment (3mM) to reduce sperm mobility. The cells were then counted 
and checked for viability. Samples with fewer than 95% viable cells were not processed. Post 
quality examination, around 6000–8000 cells were loaded onto the 10x Chromium System (10x 
Genomics) for single-cell encapsulation with barcoded gel beads as per the manufacturer’s 
instructions in Chromium Single Cell 3’ Reagents kits v3.1 user guide RevD. Libraries were 
prepared using Single Cell 3’ v3.1 chemistry. Briefly, reverse transcription was performed in the 
gel bead emulsion, cDNA amplified while adding three additional PCR cycles to compensate for 
low RNA content of spermatids and spermatozoa. Final libraries were quantified and assessed 
for fragments size using the Agilent 4200 Tapestation System. Libraries were pooled and 
sequenced on a NovaSeq 6000 (Illumina).  
 
scRNA-seq data analysis of mouse cauda epididymis  
The 10x Genomics Cell Ranger v6.1.2 pipeline 242 was used for demultiplexing, aligning the reads, 
processing the barcodes and counting the unique molecular identifiers (UMIs). During read 
alignment, the mouse genome assembly GRCm38.p6 was used as the reference. The resulting 
filtered gene–cell barcode matrices were imported into R v4.1.2 and analyzed using the Seurat 
v4.1.0 pipeline243,244. Since the majority of droplets in Pax7-nGFP-iPSC/Tsc22d3-KO chimera 
were empty partly due to the low RNA content of spermatids and spermatozoa, cells with at least 
> 100 UMIs were considered for downstream analysis based on the raw count matrix. As a quality 
control step, cells with unique feature counts < 250 or > 5,000 and mitochondrial gene counts > 
10% were excluded from both samples. The filtered data were log-normalized and scaled. 
Principal component analysis (PCA) with 2,000 variable genes was performed on the scaled data 
for dimensional reduction. The neighborhood graph of cells was computed based on 20 principal 
components (PCs) and clustered using the Louvain algorithm with a resolution of 0.4. Clustered 
cells were visualized in a two-dimensional space using the uniform manifold approximation and 
projection (UMAP) of PCs. For each sample, differential gene expression analysis (Wilcoxon 
rank-sum test with log2 fold-change > 0.25 and adjusted p-value < 0.01) was performed to 
determine the top cluster markers. Marker genes combined with single cell reference databases 
(PanglaoDB 245 and Mouse Cell Atlas246) and published literature on mouse epididymis247 were 
used for cell type annotation. 
 
scRNA-seq of testes  
Testes were isolated, placed on ice and immediately processed as previously reported248. The 
tunica albuginea was removed using fine tipped forceps, and the testes were placed in 5ml of 
digestion buffer, consisting of 1mg/ml collagenase type IV (Thermo Fisher Scientific, 17104019) 
in HBSS (Thermo Fisher Scientific, 14025050). The tissue was digested for 5min at 37°C with 
gentle shaking, then manually shaken and incubated for additional 3min. After centrifugation at 
200g for 5min at room temperature, the cells were washed with HBSS and spun down again. The 
cells were then digested with 4.5ml 0.25% Trypsin EDTA (Thermo Fisher Scientific, 25200056) 
and 4kU DNase I (Merck, D4527-20KU) in HBSS, and triturated with a 10ml serological pipette 
3-5 times and incubated at 37°C for 5 mins on a shaking platform. The trituration with incubation 
was repeated two times, until the digestion was stopped by the addition of 10% FBS (Thermo 
Fisher Scientific, 10270106). The cell suspension was then filtered through a 70µm cell strainer 
(Bioswisstec, 10270106), followed by a 40µm cell strainer (Bioswisstec, 93040) and centrifugation 
at 400g for 15min in 4°C, and washed twice with PBS containing 5% FBS solution. The cells were 
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FACS-purified with 1µg/ml DAPI (Thermo Fisher Scientific, 62248) to exclude dead cells, and 
further processed similar to the cauda epididymis biopsies. 
 
scRNA-seq data analysis of testes  
The mouse-rat chimeric reference genome was created by merging the rat reference genome 
(Rnor_6.0 with gene model definition Ensembl release 98) and mouse reference genome 
(GRCm38.p6 with gene model definition GENCODE release 23) using the R package ezRun 249. 
The 10x Genomics Cell Ranger v6.1.2 pipeline 242 was used for filtering the merged genome for 
protein-coding and rRNA gene biotypes, sample demultiplexing, read alignment against filtered 
chimeric genome and feature-barcode count matrix generation. Feature names were appended 
by “-rn” and “-mm” for rat and mouse respectively to distinguish between their reference genome 
origin. In addition, Tsc22d3-KO mouse and WT rat testis samples were mapped against their 
respective reference genome assemblies GRCm38.p6 and Rnor_6.0 using the 10x Genomics 
Cell Ranger v6.1.2 pipeline 242. Downstream analysis was performed on the feature-barcode 
count matrices using the R package Seurat v4.1.2243,244. Cells with unique feature counts < 250 
or > 5,000, UMI counts > 60,000 and mitochondrial gene counts > 5% were discarded as a 
measure of quality control. Filtered data was log-normalized and scaled. Dimensional reduction 
was performed using PCA with 2,000 highly variable genes. Louvain algorithm was applied with 
a resolution of 0.4 to cluster the cells using the first 30 PCs. The clustered cells were visualized 
in a two-dimensional space via UMAP of the same PCs. For each cluster, the markers were 
identified based on the differential gene expression analysis (Wilcoxon rank-sum test with log2 
fold-change > 0.25 and adjusted p-value < 0.01). Marker genes combined with single cell 
reference database PanglaoDB 245 and published literature250,251 on spermatogenesis were used 
for cell type annotation. Pseudotime trajectory analysis was performed only on the rat cells from 
the chimera testis using the R package Monocle3252-254. 
 
Statistical analysis 
Statistical analysis of graphs was performed with GraphPad Prism (Version 9.2.0, GraphPad 
Software) and presented as mean ± SD. Values of p<0.05 were considered statistically significant. 
Differences were evaluated using Student’s t-test (two sided) or one-way ANOVA with Tukey 
Post-Hoc analysis. 
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Abstract 
Satellite cells, the stem cells of skeletal muscle tissue, hold a prodigious regeneration 

capacity. However, low satellite cell yield from autologous or donor-derived muscles 

precludes adoption of satellite cell transplantation for the treatment of muscle diseases 

including Duchenne muscular dystrophy (DMD). To address this limitation, here we 

investigated whether sufficient quantity of satellite cells can be produced in allogeneic or 

xenogeneic animal hosts. First, we report on exclusive satellite cell production in 

intraspecies mouse chimeras by injection of CRISPR/Cas9-corrected DMD-induced 

pluripotent stem cells (iPSCs) into blastocysts carrying an ablation system of host Pax7+ 

satellite cells. Additionally, injection of genetically-corrected DMD-iPSCs into rat 

blastocysts produced interspecies rat-mouse chimeras harboring mouse muscle stem 

cells that efficiently restored dystrophin expression in DMD mice. This study thus provides 

a proof-of-principle for generation of therapeutically-competent stem cells between 

divergent species, raising the possibility of procuring human stem cells in large animals 

for regenerative medicine purposes. 
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Introduction 
Muscle degeneration denotes the loss of skeletal muscle mass as a consequence of 

pathological affliction in the form of sarcopenia, cachexia or muscular dystrophies255. 

Following muscle insult, quiescent satellite cells orchestrate a myogenic regeneration 

program by means of activation and differentiation into transit-amplifying myoblasts that 

further differentiate into fusion-competent myocytes that merge with damaged 

multinucleated muscle fibers for tissue repair255,256. This step-wise differentiation process 

is characterized by upregulation of specific transcription factors including paired box 7 

(Pax7) in satellite cells and myogenic differentiation 1 (MyoD) in myoblasts255,256.  

DMD is the most common and currently uncurable muscular dystrophy, which 

arises due to a mutation in the dystrophin gene, a large structural protein that connects 

skeletal muscle fibers to the extracellular matrix257-259. In DMD patients, lack of dystrophin 

renders muscle fibers highly susceptible to breakage due to muscle contraction forces, 

resulting in increased regeneration cycles by satellite cells259. However, continuous 

erosion of myofibers gradually exhausts the regeneration capacity of satellite cells, 

precipitating muscle fiber replacement with fibrotic and adipogenic tissues over time260. 

As a consequence of skeletal muscle wasting, DMD patients become wheelchair-

dependent during childhood and eventually succumb to untimely death due to 

cardiorespiratory failures in the second or third decade of life260. 

A variety of therapeutic interventions are currently being explored for their capacity 

to restore dystrophin expression163. Such efforts include gene therapy using 

overexpression of micro-dystrophin or correction of the DMD mutation by CRISPR/Cas9, 

typically via use of adeno associated viruses (AAVs)163. While promising, these 

approaches still carry various concerns including AAV toxicity, genomic integration or 

DNA breakage as well as an unfavorable immunological response against repeated AAV 

treatment or Cas9261-264. Alternatively, cell-based therapies have been extensively 

explored for their potential to restore dystrophin expression in DMD animal models via 

injection of myogenic stem or progenitor cells into dystrophic muscles159,265. Such trials 

aim to add healthy myonuclei to dystrophic myofibers via cell fusion for dystrophin 

restoration266. Early endeavors performed in the 1990’s utilizing healthy myoblasts to 

restore dystrophin expression in DMD patients were unsuccessful, albeit more recent 

trials reported a better outcome182,267,268. One explanation for this unfavorable result is 

that myoblasts lose in vivo engraftment capabilities following extensive in vitro 
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expansion204. As such, major efforts have been directed towards finding means to 

augment the engraftment potential of myoblasts, or seek additional expandable myogenic 

cell types that can efficiently restore dystrophin expression in vivo following intramuscular 

injection in DMD animal models159,265. Several notable examples include iPSC-derived 

myogenic precursor cells, teratoma-derived muscle stem cells or directly reprogrammed 

induced myogenic progenitor cells (iMPCs)195,197,198,202,203,269,270. However, satellite cells 

are still widely-accepted as the most potent source capable of restoring dystrophin 

expression, since low number of satellite cells can efficiently engraft and regenerate 

muscles in vivo151,156,204,271. In respect to treating DMD patients, harvesting sufficient 

number of satellite cells from autologous or donor-derived muscles represents a major 

challenge for cell-based therapy159.  

Blastocyst complementation is an innovative technology that enables the creation 

of specific organs, tissues, or cell-types from donor-derived PSCs226. To this end, PSCs 

such as embryonic stem cells (ESCs) or iPSCs are injected into blastocysts that carry 

genetic mutations that impede the formation of specific organs or cell types in animal 

chimeras, thereby enabling exclusive generation from injected PSCs226. In recent years, 

this approach has been utilized to produce cells and organs in intraspecies mouse-mouse 

or pig-pig chimeras226. Most notably, this technique was also utilized in an interspecies 

manner, demonstrating production of organs or cell types in xenogeneic hosts such as 

pancreas, blood vasculature, kidneys, thymi or germ cells in mice or 

rats39,48,49,57,138,141,216,272. However, production of genetically-corrected interspecies adult 

stem cells between different animal species has not been reported to date226. Here, we 

set out to combine cellular reprogramming, genome engineering and in vivo differentiation 

of PSCs in mouse-mouse and rat-mouse chimeras to generate allogeneic and 

genetically-corrected mouse stem cells that can be exploited to restore dystrophin 

expression in DMD mice.  

 
Results 
Substantial production of mESC-derived satellite cells in intraspecies chimeras 

We commenced our study by setting out to explore whether mESCs can solely 

produce satellite cells in intraspecies chimeras generated using mouse blastocysts 

carrying Pax7-CreERT2 and Rosa26-loxSTOPlox-Diphteria toxin A (R26-LSL-DTA) 

homozygous alleles273,274. As satellite cells uniquely express the Pax7 gene in skeletal 

muscles153, this system ensures specific ablation of host satellite cells following tamoxifen 



 
65 

 

injection, and can potentially provide a vacant niche receptive for mESC-derived satellite 

cell colonization in skeletal muscles of chimeras (Figure 1A). To investigate this question, 

we used lentiviral-transduced Red Fluorescent Protein positive (RFP+) KH2-mESCs, 

which have been previously reported to contribute robustly to mouse chimerism (Figure 

S1A)218,272. Of note, prior to blastocyst injections, RFP+mESCs were cultured for 5 days 

in ‘enhanced’ culture medium to increase chimeric contribution20. Altogether, we 

performed three blastocyst injection rounds which produced 28 out of 58 (48%) chimera 

offspring based on genotyping for the RFP allele and presence of agouti coat color 

emanating from KH2-mESCs (Figure 1B, 1C and S1B). Furthermore, all mice carried the 

R26-LSL-DTA allele as expected (Figure S1B). Next, we wished to assess whether we 

can exploit the genetic system to ablate host satellite cells in newborn pups, aiming to 

create this way a vacant niche for reconstitution with mESC-derived satellite cells during 

postnatal growth. To this end, we performed tamoxifen injections in 3 day-old chimeric or 

non-chimeric pups for three consecutive days. This early developmental time point was 

chosen as it is characterized by rapid muscle growth associated with high proliferation 

rate of endogenous PAX7+ satellite cells275. Over a course of three weeks after birth, we 

observed significant bodyweight reduction in tamoxifen injected non-chimeric Pax7-

CreERT2: R26-LSL-DTA animals, however not in non-injected control animals (Figures 

1C and 1D). Notably, intraspecies Pax7-CreERT2: R26-LSL-DTA / RFP+KH2-mESC 

chimeras showed no appreciable reduction in size or bodyweight, even when subjected 

to tamoxifen injection, suggesting rescue by mESCs (Figure 1C and 1D). To validate 

efficient satellite cell ablation, we harvested leg muscles from non-chimeric Pax7-

CreERT2: R26-LSL-DTA mice subjected to tamoxifen injections and non-injected 

controls. We solely detected Pax7 expressing satellite cells in non-injected muscle 

sections, however not in muscles of injected animals (Figure 1E). Next, we observed that 

RFP+KH2-mESCs extensively contributed to skeletal muscle tissue in chimeras as 

muscle sections exhibited strong RFP expression in resident muscle cells, independent 

of host satellite cell ablation (Figure 1F). We then assessed whether all PAX7+ satellite 

cells expressed the RFP label in these muscle sections. Unexpectedly, we detected 

PAX7+ satellite cells that were RFP negative, suggesting that either host satellite cells 

remained following tamoxifen injection, or that transgene silencing occurred in mESC-

derived satellite cells (Figure 1G).  

To assess which hypothesis is correct, we Fluorescence Activated Cell Sorting 

(FACS)-purified satellite cells using the established surface markers276 CD45-/CD31-
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/SCA1-/ITGA7+ from muscles of chimeras subjected to host satellite cell ablation or non-

injected controls (Figure S1C). Surprisingly, we detected both RFP positive and negative 

satellite cell populations and generated either RFP+ or RFP- myoblast lines from chimeric 

muscles (Figures 1H and 1I). Importantly, PCR analysis for the RFP allele revealed that 

both the positive and negative RFP cell populations contained the RFP transgene, 

indicating that lentiviral vector silencing occurred in mESC-derived satellite cells (Figure 

1J). Collectively, in this first trial we established a system to ablate host satellite cells in 

intraspecies chimeras and successfully produced satellite cells and myoblasts from 

donor-derived mESCs. However, lentiviral transgene silencing occurred in mESC-derived 

satellite cells, raising a need to find a genetic system that will allow to distinguish between 

host and donor-derived satellite cells. 
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Fig. 1. Satellite cells generated in intraspecies chimeras solely from mESCs. (A) A 
schematic of experimental design. RFP, red fluorescent protein; mESCs, mouse embryonic stem 
cells. (B) A graph showing chimera numbers. (C) Photos depicting the indicated mouse strains at 
day 17. Chimerism is represented by agouti coat color. Scale bar, 1cm. (D) Graph showing weight 
during postnatal growth of the indicated strains. Only the non-chimeric+tamoxifen group showed 
a significant difference in bodyweight compared to the other groups. N≥3, error bars denote SD. 
Statistical analysis was performed using 2-way ANOVA. ∗p ≤ 0.05. (E) Immunofluorescence 
images of the indicated markers and strains in skeletal muscle cross-sections at day 17. Scale 
bar, 50µm. (F) Immunofluorescence staining for the indicated markers and strains in skeletal 
muscle cross-sections at day 17. Note presence of RFP positive cells only in chimeras. Scale bar, 
50µm. (G) Immunofluorescence staining for PAX7 in muscle cross-sections of a chimera at day 
17, that has been subjected to host satellite cell ablation. White arrowheads point to PAX7+/RFP- 

satellite cells. Scale bar 50µm. (H) A schematic illustrating strategy to assess if the RFP reporter 
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is silenced in PAX7 expressing satellite cells. (I) Bright-field and fluorescence images of ITGA7+ 
satellite cell-derived myoblasts isolated from chimera muscles subjected to host satellite cell 
ablation. Scale bar, 100µm. (J) PCR for RFP in the indicated myoblast lines and conditions. 
 

Exclusive production of gene-edited DMD iPSC-derived functional satellite 

cells in intraspecies chimeras  
Given the encouraging results involving production of mESC-derived satellite cells 

in intraspecies chimeras, we next wished to test whether a similar approach may enable 

exclusive and allogeneic production of therapeutically-competent and gene-edited 

satellite cells from the well-established Dmdmdx mouse model277. Specifically, we set out 

to explore whether we can produce and genetically correct Dmdmdx-iPSCs that carry a 

Pax7-nuclear(n)GFP satellite cell-specific genetic reporter, and then utilize Dmdmdx; 

Pax7-nGFP iPSCs to exclusively generate functional satellite cells in intraspecies 

chimeras following host satellite cell ablation (Figure 2A)219.  

As the first step, we crossed homozygous Dmdmdx female mice with homozygous 

Pax7-nGFP males and generated mouse embryonic fibroblast (MEF) lines. As the 

dystrophin gene is located on the X chromosome, all male MEF lines inherit the Dmdmdx 

mutation and are heterozygous for the Pax7-nGFP allele. Reprogramming to pluripotency 

was performed using a polycistronic STEMCCA cassette together with small molecule 

treatment (Figure S2A)220,221. Following manual picking and propagation of clones, we 

were able to establish Dmdmdx; Pax7-nGFP iPSCs that expressed well-known 

pluripotency markers (Figures S2B-E).  

Next, we set out to correct the dystrophin mutation in exon 23 of Dmdmdx; Pax7-

nGFP iPSC clones and employed a previously described CRISPR/Cas9 exon-skipping-

based strategy that results in a restored reading frame (Figures S2F and S2G)192. To this 

end, we utilized a previously reported single plasmid which encodes for Cas9, guide 

RNAs and a puromycin selection cassette (Figures S2F and S2G)203. Transfection and 

antibiotic selection led to the generation of 24 DMD-iPSC sub-clones, of which two were 

correctly edited, and appeared indistinguishable from parental iPSCs (Figure 2B). We 

confirmed successful editing in these sub-clones at the DNA level by PCR and Sanger 

sequencing (Figures 2C and 2D). To unequivocally validate whether Dmdmdx; Pax7-nGFP 

iPSC sub-clones were successfully edited, we employed an established directed 

differentiation protocol of PSCs into muscle fibers in vitro195,278. This effort led to the 

generation of contractile muscle fibers from edited Dmdmdx; Pax7-nGFP iPSC sub-clones, 
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which showed successful reframing of dystrophin at the mRNA level (Figures 2E-G). 

Furthermore, immunostaining revealed dystrophin+ myofibers solely in ESCs and edited 

Dmdmdx; Pax7-nGFP iPSCs subjected to the differentiation protocol, however not in 

unedited Dmdmdx; Pax7-nGFP iPSC-derived myogenic cultures subjected to this protocol 

(Figure S2H).  

Based on these results, we proceeded to inject karyotypically normal and gene-

edited Dmdmdx; Pax7-nGFP iPSCs into Pax7-CreERT2: R26-LSL-DTA blastocysts and 

produced 36 pups (Figures 2H and S2I). As both iPSCs and host blastocysts carry genes 

which encode for black fur coat color, we employed genotyping for the Pax7-nGFP allele 

to assess for chimerism, revealing this way that 21 out of 36 (58%) of the offspring were 

chimeric (Figures 2H and 2I). We then injected chimeras with tamoxifen between days 3-

5 postnatally and harvested skeletal muscles from injected and non-injected chimeras at 

5 weeks of age, aiming to assess the number of Pax7-nGFP+ satellite cells with and 

without host satellite cell ablation (Figure 2A). Remarkably, we detected presence of 

Pax7-nGFP+ satellite cells in chimeras following host satellite cell ablation (Figures 2J 

and S2J). Unexpectedly, we also detected approximately the same number of Pax7-

nGFP+ satellite cells in non-injected chimeras, suggesting that cell ablation is not critical 

for substantial production of donor-derived satellite cells in chimeras (Figures 2J, 2K). 

FACS-purified satellite cells were then extracted from both injected and non-injected 

chimeras, giving rise to Pax7-nGFP+ myoblast lines (Figures S2J and S2K). Importantly, 

we confirmed that all of the Pax7-nGFP+ myoblast lines solely carried a correctly edited 

dystrophin gene (Figure S2L).  

The observation that a comparable number of edited Dmdmdx; Pax7-nGFP satellite 

cells were generated in injected and non-injected chimeras promoted us to explore to 

what extent PAX7+ cell ablation may promote enhanced iPSC contribution to the satellite 

cell niche. To this end, we analyzed additional chimeras that have been treated with and 

without tamoxifen injections and FACS-purified satellite cells from their skeletal muscles 

using established satellite cell surface markers (CD45-/CD31-/SCA1-/ITGA7+)276. We 

determined this way that most ITGA7+ satellite cells were GFP positive with and without 

tamoxifen administration (Figures 2L, 2M and S2M). We further plated CD45-/CD31-

/SCA1-/ITGA7+ satellite cells and observed that nearly all myoblasts were GFP positive 

(Figures S2M and S2N). Most importantly, all ITGA7+ satellite cell-derived myoblast lines 

contained only the gene-edited dystrophin allele, suggesting that indeed all satellite cells 

were derived from edited Dmdmdx; Pax7-nGFP iPSCs (Figure 2N).  
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Next, we embarked on molecular and functional characterization of edited Dmdmdx; 

Pax7-nGFP myoblasts, confirming strong GFP expression in multiple myoblast lines 

(Figures S3A and S3B). Bulk RNA-seq analysis of FACS-purified edited Dmdmdx; Pax7-

nGFP+ myoblasts revealed high expression of myoblast-related myogenic markers, and 

these cells were highly similar to FACS-purified PAX7+ myoblasts harvested from Pax7-

nGFP mice279 (Figures 2O and S3C). We then differentiated Dmdmdx; Pax7-nGFP 

myoblasts into myotubes by serum withdrawal and observed formation of elongated, 

multinucleated fibers that downregulated the Pax7-nGFP reporter (Figure S3D). PCR and 

cDNA sequencing analyses of differentiated myotubes revealed faithful correction of the 

mutation in dystrophin (Figures S3E and S3F). Notably, we detected dystrophin+ 

myotubes only in WT and edited Dmdmdx; Pax7-nGFP myotubes but not in unedited 

control (Figures 2P and S3G). 

 Finally, we explored whether edited Dmdmdx; Pax7-nGFP myoblasts can efficiently 

restore dystrophin expression in vivo in dystrophic muscles of immunodeficient Prkdcscid; 

Dmdmdx-4Cv mice, which were chosen due to the low rate of naturally-occurring revertant 

myofibers280,281. We transplanted 1 million edited Dmdmdx; Pax7-nGFP myoblasts into 

tibialis anterior (TA) muscles that have been pre-injured with cardiotoxin (CTX) injection 

to facilitate myoblast engraftment (Figures S3H and S3I). At 4 weeks post cell 

transplantation, we harvested the TA muscles and analyzed cross-muscle sections for 

presence of dystrophin expression. We observed a significant increase in dystrophin+ 

myofibers in dystrophic muscles transplanted with edited Dmdmdx; Pax7-nGFP myoblasts 

compared to PBS-injected controls (Figures 2Q and 2R). Altogether, we conclude that 

genetically-corrected Dmdmdx; Pax7-nGFP iPSCs can exclusively give rise to bona fide 

satellite cells in intraspecies chimeras, even without host satellite cell ablation. Myoblasts 

derived from these satellite cells can efficiently contribute to dystrophin restoration in vivo. 
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Fig. 2. Functional muscle stem cells derived solely from edited Dmdmdx; Pax7-nGFP iPSCs 
in chimeras. (A) A schematic overview of experimental plan. (B) Representative bright-field 
images on the indicated cells. Scale bar, 500µm. (C) PCR products for Dystrophin amplified from 
DNA of non-edited (-) and edited (+) Dmdmdx; Pax7-nGFP iPSCs. Non-edited DNA formed a PCR 
fragment of 340bp, whereas gene editing leads to a shorter PCR product of 146bp (red asterisk). 
(D) DNA sequencing of the edited Dystrophin PCR product lacking a splice site. Red asterisk 
indicates the mdx mutation. (E) Myogenic differentiation of non-edited and edited Dmdmdx; Pax7-
nGFP iPSCs into myotubes. Scale bar, 500µm. (F) PCR on cDNA of non-edited (396bp) and 
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edited (183bp) Dmdmdx; Pax7-nGFP iPSC-derived myogenic cultures. The edited dystrophin band 
is marked by a red asterisk. (G) DNA sequencing of an edited dystrophin band, revealing 
successful exon skipping and reframing. (H) A graph showing chimera numbers. (I) 
Representative DNA genotyping for the Pax7-nGFP allele in in non-chimeric and chimeric 
offspring. (J) Flow cytometry analysis of Pax7-nGFP in the indicated animals and conditions. (K) 
Quantification showing the percentage of Pax7-nGFP+ cells in muscles derived from chimeras 
upon satellite ablation or control. N=2-3. (L) Strategy to investigate the proportion of Pax7-nGFP+ 
cells within the ITGA7+ satellite cell population. (M) Quantification of the percentage of Pax7-
nGFP+ cells within the ITGA7+ satellite cell population derived from chimeras with or without 
tamoxifen treatment. N=3 for control, N=5 for the tamoxifen treated group. Statistical analysis was 
performed with percentage of GFP cells using ordinary one-way ANOVA, n.s., not significant. (N) 
PCR for dystrophin in ITGA7+-derived myoblasts from the indicated animals and conditions. Note 
that all myoblasts show only an edited band. (O) Scatterplot based on log2-normalized gene 
counts from bulk RNA-seq of the indicated samples. N=3 cell lines per group, p<2.2e-16. (P) 
Immunofluorescence staining for the indicated cells. Scale bar, 100µm. (Q) Immunofluorescence 
staining of cross-muscle sections of tibialis anterior (TA) muscles of the indicated conditions. 
Scale bar, 100µm. (R) Quantification of transplantation trials. Statistical analysis using paired t-
test, N=5, ∗p ≤ 0.05, each dot represents an individual muscle.  

 
Functional mouse satellite cells produced in interspecies rat-mouse 

chimeras 
The capacity to generate genetically corrected satellite cells in intraspecies 

chimeras even without host satellite cell ablation prompted us to assess whether mouse 

satellite cells can be generated in another animal host. To address this objective, we 

chose rats as recipients, as xenogeneic cells and organs were previously produced in rat-

mouse chimeras216. We chose to inject edited Dmdmdx; Pax7-nGFP iPSCs into WT 

Sprague-Dawley (SD) rat blastocysts and assess production of satellite cells in rat-mouse 

adult chimeras (Figure 3A). We injected 8-12 edited Dmdmdx; Pax7-nGFP iPSCs into SD 

rat blastocysts, and embryos were transferred into the oviducts of foster rats. Collectively, 

this trial resulted in production of 4 rat-mouse chimeras out of 7 born pups (57.1%), as 

judged by patches of black fur. The extent of chimerism was varied, ranging between 

small fur patches to prominent contribution to fur black color (Figures 3B and S4A). Of 

note, most of these chimeras appeared healthy although one chimera, which showed the 

highest chimerism, was smaller in size and demonstrated body asymmetry and 

malocclusion (Figure S4A, top), in line with previous reports that documented 

abnormalities in interspecies chimeras with extensive xenogeneic contribution58,59,282. We 

then opted to isolate and digest skeletal muscles from rat-mouse chimeras #2 and #4 and 

confirmed presence of the rat dystrophin allele and the mouse gene-edited dystrophin 

(Figures 3B, 3C and S4B). Flow cytometry analysis revealed presence of Pax7-nGFP+ 

satellite cells in the chimeras’ muscles, however less than in skeletal muscles harvested 
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from young Pax7-nGFP mice (Figure 3D). Collectively, out of the four rat-mouse 

chimeras, we detected presence of Pax7-nGFP+ satellite cells in 3 chimeras (75%) 

(Figures 3D and S4C). We next decided to produce and characterize myoblast lines from 

rat-mouse chimeras #2 and #4, which showed robust Pax7-nGFP reporter expression in 

vitro (Figures 3D and 3E). DNA analysis confirmed the presence of only the corrected 

dystrophin gene and lack of rat DNA, as well as presence of the Pax7-nGFP transgene 

(Figures 3F, S4D and S4E). Additionally, myoblast mRNA showed reframing of 

dystrophin and Sanger sequencing validated this result (Figures 3G and 3H). Of note, 

differentiation of myoblasts downregulated the Pax7-nGFP reporter and gave rise to 

dystrophin+ myotubes, unlike unedited control (Figures 3I and S4F). 

Last, we set out to explore whether xenogeneic satellite cells or derivative 

myoblasts produced in rat-mouse chimeras can restore dystrophin expression in DMD 

mice in an allogeneic manner following intramuscular transplantation (Figure 3J). To this 

end, we FACS-purified Pax7-nGFP+ satellite cells from rat-mouse chimera #2 and 

injected about 10’000 cells into CTX pre-injured TA muscles of Prkdcscid; Dmdmdx mice. 

Alternatively, we injected 1 million myoblasts at passage 7 that have been isolated from 

rat-mouse chimera #2 into CTX pre-injured TA muscles of Prkdcscid; Dmdmdx-4Cv mice 

(Figures 3J and 3K). At 1-month post transplantation, TA muscles were harvested, 

sectioned, and analyzed. Remarkably, we could detect areas of dystrophin+ myofibers in 

dystrophic muscles subjected to satellite or myoblast cell transplantation (Figures 3L and 

3M). Quantification of these muscle cross-sections in comparison to a PBS-injected 

control revealed around 40 times more dystrophin+ myofibers following myoblast 

engraftment (Figure 3N). Together, these results demonstrate that mouse Dmdmdx; Pax7-

nGFP iPSC-derived satellite cells or myoblasts produced in rat-mouse chimeras can 

efficiently restore dystrophin expression in muscles of DMD mice.  
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Fig. 3. Production of edited Dmdmdx; Pax7-nGFP iPSC-derived functional mouse satellite in 
rat-mouse chimeras. (A) A schematic overview of experimental design. (B) Photos of rat-mouse 
chimeras at 7 weeks of age. Scale bar, 3.5cm. (C) PCR for rat and mouse dystrophin from muscle 
lysates of the indicated animals. Black and red asterisks denote unedited (340bp) and edited 
(146bp) murine dystrophin, respectively. (D) Flow cytometry analysis of Pax7-nGFP expression 
in muscle lysates of the indicated animal strains. (E) Representative images of Dmdmdx; Pax7-
nGFP mouse myoblasts isolated from rat-mouse chimera #2 at P0. Scale bar, 100µm. (F) PCR 
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for rat and mouse dystrophin of myoblasts isolated from the indicated animals. Black and red 
asterisks denote unedited and edited murine dystrophin, respectively. (G) PCR for mouse 
Dystrophin using cDNA of myotubes derived from edited Dmdmdx; Pax7-nGFP myoblasts 
produced in rat-mouse chimera vs. control. (H) Sanger sequencing reveals reframing of the 
dystrophin gene at the cDNA level of the myotubes analyzed in (G). (I) Immunofluorescence for 
dystrophin in edited Dmdmdx; Pax7-nGFP myotubes differentiated from rat-mouse chimera 
myoblasts vs. controls. Scale bar, 100µm. (J) A schematic overview of transplantation 
experiments. (K) Edited Dmdmdx; Pax7-nGFP myoblasts before transplantation. Scale bar, 
100µm. (L) TA muscle cross-section of Dmdmdx; Prkdcscid mice stained for dystrophin at 4 weeks 
after transplantation with satellite cells. Scale bar, 100µm. (M) Dmdmdx-4Cv; Prkdcscid TA muscle 
cross-sections stained for dystrophin at 4 weeks after transplantation with myoblasts. Scale bar, 
100µm. (N) Quantification of dystrophin+ fibers. Statistical analysis was performed using paired t-
test, N=5, ∗∗∗p ≤ 0.001, each dot represents an individual muscle. 
 
Discussion 

In this study, we report on production of genetically corrected and functional DMD 

satellite cells in mouse-mouse or rat-mouse chimeras. For intraspecies chimeras, we 

utilized an inducible ablation system of host Pax7+ cells to preferentially obtain ESC- or 

gene-edited iPSC-derived satellite cells and myoblasts capable of restoring dystrophin 

expression in vivo (Figure 4). Surprisingly, we observed efficient production of satellite 

cells even without an ablation system, prompting us to investigate production of gene-

edited iPSC-derived mouse satellite cells in rat-mouse chimeras. Strikingly, multiple rat-

mouse chimeras contained appreciable numbers of donor-derived and gene-edited 

mouse satellite cells and derivative myoblasts that could efficiently restore dystrophin 

expression in DMD mice (Figure 4).  

Our work raises the possibility that a similar approach may enable production of 

xenogeneic lineage-specific human adult stem cells in interspecies chimeras. In recent 

years, several papers reported on contribution of human PSCs to chimerism in mouse, 

pig and monkey embryos50-53,283. However, adapting such a technique for production of 

human cells in animal chimeras is associated with ethical considerations and barriers, 

and most notably will require means to exclude production of undesired human cell types 

such as brain cells or gametes in human-animal chimeras284-286. To this end, use of PSCs 

that carry a genetic mutation that precludes their differentiation into these cell types may 

provide a plausible solution as recently shown in mice285.  

Utilizing blastocyst complementation, a recent study reported on pig and human 

skeletal muscle formation by injection of pig PSCs or P53-null human iPSCs into pig 

embryos carrying triple knockout in MYOD, MYF5 and MYF6, thus enabling PSC-

colonization of the skeletal muscle lineage in chimeric embryos53. However, assessing 

the contribution of human PSCs to the embryonic muscle stem cell compartment, or in 
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vitro production of human myogenic cell lines from these interspecies embryos has not 

been documented53. Moreover, one notable caveat for production of xenogeneic skeletal 

muscle tissue or organs in interspecies chimeras is the presence of animal host-derived 

endothelium, mesenchyme or other cell types, which may evoke an immunological 

response49,284. The approach reported in our study circumvents this major limitation as 

autologous muscle stem cells can be FACS-purified in considerable numbers from 

interspecies chimera muscles and transplanted into patients, without lingering animal 

cells. Another advantage for the approach detailed in our study is that the PSCs were 

differentiated in vivo, thus mitigating any potential future risk for residual PSCs to form 

teratomas in patients as recently reported for in vitro PSC-derived cells287. Last, as iPSCs 

differentiate into satellite cells in postnatal chimeras, this approach ensures the 

generation of adult muscle stem cells, in comparison to myogenic cells generated from 

PSCs via directed differentiation in vitro, which carry embryonic attributes288.  

To close, our study demonstrates a proof-of-principle for combining cellular 

reprogramming, genome engineering and in vivo PSC differentiation to produce 

therapeutically-competent muscle stem cells in a xenogeneic chimera host. In respect to 

implications for human therapy, further work is certainly warranted to address the hurdles 

associated with generating human cells in animals. However, with further success, we 

envision this work may pave the way for producing autologous human satellite cells in 

large animals for the treatment of muscle diseases. 
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Fig. 4. Schematic overview of the study results. 
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Materials and Methods 
 
Animals 
Mice and rats used in this study were housed in Allentown cages, under standard conditions at 
room temperature 23°C and a relative humidity of 50-60%, with a 12-h light-dark cycle. All animals 
had ad libitum access to food and water. The following mouse strains from Jackson Laboratories 
were used: C57BL/10ScSn-Dmdmdx/J (Stock No: 001801); B10ScSn.Cg-Prkdcscid Dmdmdx/J 
(Stock No: 018018); B6; 129S- Gt(ROSA)26Sortm1.1Ksvo/J (Stock No: 023139); B6.Cg-
Pax7tm1(cre/ERT2)Gaka/J (Stock No: 017763). Additionally, the previously reported strains were used: 
Tg:Pax7-nGFP/C57BL6;DBA2 mice (a kind gift from Dr. Shahragim Tajbakhsh)219 for production 
of MEFs for iPSC reprogramming and NOD.Cg-Prkdcscidl2rgtm1Wjl/SzJ (005557)x B6Ros.Cg-
Dmdmdx-4Cv/J (002378) as recipient mice for intramuscular myoblast transplantations. Swiss 
webster mice and Sprague-Dawley rats were purchased from Janvier, France. The present study 
was approved by the Federal Food Safety and Veterinary Office, Cantonal veterinary office 
(Zurich) and granted animal experiment license numbers ZH246/18, ZH177/18 and FormG-135. 
 
Cell culture 
Mouse embryonic fibroblasts (MEFs) were isolated from E13.5 mouse embryos and grown in 
‘MEF medium’ containing DMEM (41966029, Thermo Fisher Scientific) supplemented with 10% 
FBS (10270106, Thermo Fisher Scientific), 1% MEM Non-Essential Amino Acids Solution (100X) 
(11140050, Thermo Fisher Scientific), 1% Penicillin-Streptomycin (10,000 U/mL) (15140122, 
Thermo Fisher Scientific) and 0.1% Gibco 2-Mercaptoethanol (21985023, Thermo Fisher 
Scientific). HEK-293T cells were grown in ‘MEF medium’. MEF reprogramming and iPSCs culture 
was performed in MES medium consisting of DMEM (41966029, Thermo Fisher Scientific), 1% 
GlutaMAX Supplement (35050061, Thermo Fisher Scientific), 1% Penicillin-Streptomycin (10,000 
U/mL) (15140122, Thermo Fisher Scientific), 1% MEM Non-Essential Amino Acids Solution 
(100X) (11140050, Thermo Fisher Scientific), 0.1% Gibco 2-Mercaptoethanol (21985023, 
Thermo Fisher Scientific), 15 % FBS (10270106, Thermo Fisher Scientific) supplemented with 
1000U/ml mLIF (#PG-A1140-0010, PolyGene Transgenetics). iPSCs and ESC were cultured in 
‘Enhanced medium’ consisting of MES medium supplemented with 0.5µmol/l VPA (P4543-10G, 
Sigma-Aldrich), 1.5µmol/l CGP77675 (SML0314, Merck ) and 3µmol/l CHIR99021 (4423, Tocris 
Bioscience) for 5 days prior to blastocyst injections. ‘Myoblast medium’ for satellite cells and 
myoblast consisted of 50% DMEM (41966029, Thermo Fisher Scientific), 50% F-10 medium 
(22390025, Thermo Fisher Scientific), 10% Horse serum (16050122, Thermo Fisher Scientific), 
20% FBS (10270106, Thermo Fisher Scientific), 1% Penicillin-Streptomycin (10,000 U/mL) 
(15140122, Thermo Fisher Scientific) and 10ng/ml basic FGF (233-FB-500, R&D Systems). 
Myoblast were differentiated in ‘Differentiation medium’ containing DMEM (41966029, Thermo 
Fisher Scientific) supplemented with 2% Horse serum (16050122, Thermo Fisher Scientific) and 
1% Penicillin-Streptomycin (10,000 U/mL) (15140122, Thermo Fisher Scientific). All cells were 
passaged using Gibco Trypsin-EDTA (0.05%) (25300054, Thermo Fisher Scientific) and tested 
for mycoplasma (LT07-318, Lonza). All cells were maintained at 37°C in a 5% CO2 incubator.  
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Generation of iPSCs 
To generate iPSCs, male MEFs were transduced with lentiviral vectors FUW-M2rtTA (Addgene 
plasmid #20342) and LV-mSTEMCCA-1221 combined with 5ug/ml Polybrene (TR-1003-G, Sigma-
Aldrich) on two consecutive days in MEF medium without Penicillin-Streptomycin. 20’000 
transduced MEFs were then seeded into one well of a 6 well plate in ‘MES medium’ supplemented 
with 2ug/ml Doxycycline (D9891-5G, Sigma-Aldrich), 3μM CHIR99021 (4423/50, R&D Systems) 
and Ascorbic acid (A4403-100MG, Sigma-Aldrich) at the final concentration of 50 µg/ml to initiate 
reprogramming. Reprogramming medium was changed daily until iPSC colonies appeared. Dox-
independent iPSCs colonies were picked and transferred onto γ-irradiated CF-1 fibroblasts and 
expanded in ‘MES medium’.  
 
Lentivirus preparation 
Frozen lentiviral stocks were generated by transfecting 70% confluent HEK-293T cells in 15cm 
cell culture dishes in ‘MEF medium’ together with a solution consisting of 1ml 150mM NaCl 
(1.06404.1000, VWR), 1ml Polyethylenimine (23966-1, Polysciences), pLV delta 8.9 (16.5μg), 
pLV VSVG Envelope (11μg) and the transfer vector (22μg). 24 hours after transfection, the cell 
medium was changed to regular ‘MEF medium’. Supernatant was collected, filtered using a 
0.45μm filter and stored at 4°C 48h and 72h after transfection. 0.25ml of cold PEG-it Virus 
Precipitation Solution (LV810A-1-SBI, System Biosciences) was added per 1ml of lentiviral-
containing supernatant and kept cool at 4°C overnight. Next, the mixture was centrifuged at 1500g 
for 30min at 4°C, resuspended in PBS containing 25mM HEPES (15630056, Thermo Fisher 
Scientific) and stored at -80°C for future use. 
 
Gene editing 
iPSCs were transfected as single cells using Lipofectamine CRISPRMAX Cas9 Transfection 
Reagent (CMAX00003, Thermo Fisher Scientific) according to the manufacturer’s instructions 
with pRP[CRISPR]-EGFP/Puro-hCas9-U6>(long left)-U6>(long right) (Vector builder, VB190118-
1126uvv). 1 day after transfection, puromycin (A1113803, Thermo Fisher Scientific) was added 
at a final concentration of 1 µg/ml for 3-4 days for selection. After recovery in puromycin-free 
medium, single iPSC colonies were picked and expanded. 24 colonies were picked and 
characterized. 2 out of these showed the expected editing with an additional 6 bp intronic deletion 
that didn’t impact the final outcome.  
 
iPSC differentiation 
iPSC differentiation towards myogenic cells was performed as described by Chal et al195,278. 
 
Karyotyping 
KaryoMAX Colcemid Solution (15212012, Thermo Fisher Scientific) was added to the iPSCs at a 
final concentration of 100 ng/ml. After a 5-hour incubation at 37°C, cells were harvested, 
centrifuged, and supernatant was removed to 1 ml. Cells were re-suspended by vortexing at low 
setting and 5ml of pre-warmed hypotonic solution (0.56g KCl+0.5g sodium citrate in 200ml H2O) 
were added dropwise while mixing. The cell suspension was then incubated at 37°C and after 
30min, 2.5ml of fixative (Methanol:Acetic acid = 3:1) were added. The mixture was centrifuged, 
supernatant removed, and the cell pellet was re-suspended in 2ml of fixative while vortexing and 
incubated at room temperature for 5 min. This step was repeated 3 times. Next, the cell pellet 
was re-suspended in 1ml fixative and 400µl of this cell suspension was dripped on a polarized 
microscope slide from a height of 150cm. After the slides dried, they were immersed in Giemsa 
solution for 7 min, put into Gurr's buffer (0.469 g NaH2PO4 + 0.937 g Na2HPO4 in 1 l of H2O) for 
2 min and then washed with water. Slides were let to dry and examined. For analysis, 30 cell 
spreads were randomly selected and chromosomes were counted.  
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Blastocyst injection 
Blastocyst injections and embryo transfer were performed in house, abiding to all legal rules of 
the Federal Food Safety and Veterinary Office, Cantonal veterinary office (Zurich) and an animal 
experimental license (FormG-135 and ZH246/18). On the injection day, cells were pre-plated and 
then kept on ice in until injection. For mouse intraspecies blastocyst injections, mice aged 3-4w 
were superovulated via intraperitoneal injection of 5IU PMSG (ProSpec). About 46-48h later, the 
mice were injected again with 5IU hCG (ProSpec), to induce ovulation, and were paired with stud 
males. The following morning the females were separated, euthanized after 48 hours, the morulae 
flushed from the oviduct using M2 Medium (M7167, Sigma-Aldrich) and incubated overnight at 
37°C and 5% CO2. For mouse to rat interspecies blastocyst injections, SD rats (aged 8-15w) 
were synchronized via injection of 40µg of LHRHa (L4513, Sigma-Aldrich). About 94-96h later, 
the rats were paired with stud males. After 116-120h, the blastocysts were flushed in M2 medium. 
Injections were carried out in droplets of M2 medium covered with Mineral Oil (Sigma-Aldrich, 
M8410-1L). Typically, 8-12 iPSCs or ESCs cells were injected per blastocyst. Successfully 
injected blastocysts were transferred to a 60ml center well organ culture dish containing CO2-
buffered culture medium (EmbryoMax KSOM medium (MR-106-D, Sigma-Aldrich) for mouse 
blastocysts, rat KSOM (CSR-R-R148, Cosmo Bio) for rat blastocysts) and kept in an incubator at 
37°C and 5% CO2. The injected mouse blastocysts were transferred to the uteri of 2.5dpc 
pseudo-pregnant female mice on the same day, or into uteri of 3.5pdc pseudo-pregnant female 
SD rats in case of rat blastocysts. Injections were performed with a Narishige MTK-1 hydraulic 
micromanipulator (Narishige), combined with a CellTram oil and a PiezoXpert (both Eppendorf). 
Presence of chimerism in intraspecies or interspecies chimeras was first assessed using visual 
examination of fur coat color. Further, chimerism was also assessed by genotyping for the RFP 
transgene or the Pax7-nGFP reporter. 
 
Satellite cell ablation 
A tamoxifen inducible ‘Pax7-CreERT2: R26-LSL-DTA’ system was used to ablate host satellite 
cells. Mice received an intraperitoneal injection of 50μl of 1mg/ml tamoxifen (T5648-1G, Sigma-
Aldrich) in corn oil (C8267, Sigma-Aldrich) every day at P3-P5 followed by bi-weekly injections 
/75 mg tamoxifen/kg body weight). 
 
Intramuscular transplantation of myoblasts and satellite cells 
Either B10ScSn.Cg-Prkdcscid Dmdmdx/J mice or NOD.Cg-Prkdcscid /SzJ; B6Ros.Cg-Dmdmdx-4Cv/J 
received an injection of 50μl of 10μM Cardiotoxin (L8102, Latoxan) into the hindleg tibialis anterior 
(TA) muscles to enhance engraftment of the cells to be injected the day after. For myoblast 
transplantation, myoblasts were harvested, and 1’000’000 cells were resuspended in 20µl PBS. 
For satellite cell transplantation, 10’000 satellite cells were centrifuged at 650g for 5 min 
immediately after FACS and resuspended in 20µl PBS. This cell mixture was then injected 
craniocaudally into the pre-injured TA muscle (left leg) using an insulin syringe (324824, BD) and 
the cell suspension was slowly released upon retraction of the cannula. As a control, PBS was 
injected into the right hindleg pre-injured TA muscle. Mice were euthanized and TAs harvested 
27-28 days after cell transplantation. Fifteen NOD.Cg-Prkdcscid /SzJ; B6Ros.Cg-Dmdmdx-4Cv/J 
recipient mice were used for the transplantation experiment using three different myoblast lines 
(two from intraspecies chimeras and one from interspecies chimera), but only ten of these mice 
showed engraftment. Two B10ScSn.Cg-Prkdcscid Dmdmdx/J mice were used for direct 
transplantation of satellite cells, which engrafted in only one of them.  
 
Muscle embedding and processing 
Harvested TAs were placed onto a cork covered with 10% Tragacanth (G1128, Sigma-Aldrich), 
and frozen for 30-60s in 2-Methylbutane (3927.1, Carl Roth) pre-cooled in LN2. The samples were 
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added to liquid nitrogen for 1min and then stored at -80°C. Frozen muscles were cryo-sectioned 
into 10μm thick cross-sectional muscle sections and stored at -80°C. 
 
Genomic DNA isolation and PCR  
Isolation of genomic DNA from cells was performed using the DNeasy Blood & Tissue Kit (69504, 
Qiagen) according to the manufacturer’s instruction. DNA for PCR from muscle lysates was 
obtained by direct lysis of muscle slurry generated by muscle mincing followed by 90 min 
incubation in digestion solution containing 2mg/ml Collagenase Type 2 (17101015, Thermo 
Fisher Scientific) in DMEM (41966029, Thermo Fisher Scientific) at 37°C using DirectPCR Lysis 
Reagent (mouse tail) (VIG102-T, Viagen Biotech). PCR for Pax7-nGFP was performed using 
primer Pax7nGFP.F/ Pax7nGFP.R and GoTaq G2 Hot Start Green Master Mix (M7423, Promega) 
via the following program: 94°C 2min, 30x (94°C 30s, 65°C 30s, 72°C 30s), 72°C 5min. Dystrophin 
gene editing was verified by PCR for mouse dystrophin using primers Dmd_i22-i23.F/ Dmd_i22-
i23.Rand GoTaq G2 Hot Start Green Master Mix (M7423, Promega) via the following program: 
94°C 5min, 30x (94°C 30s, 55°C 30s, 72°C 30s), 72°C 5min. PCR products were separated on a 
1.5-2% agarose gel (7-01P02-R, BioConcept) dissolved in TAE buffer (3-07F03-I, BioConcept) 
and visualized using GelRed Nucleic Acid Stain (Cat# 41003, Biotium). Presence of rat cells in 
myoblast culture/muscle lysate was assessed by PCR for rat dystrophin using primers Rat Dmd 
i22-i23.F/ Rat Dmd i22-i23.R and GoTaq G2 Hot Start Green Master Mix (M7423, Promega) via 
the following program: 94°C 5min, 30x (94°C 30s, 57°C 1min, 72°C 30s), 72°C 5min. 
 
Table 1: PCR primers 

 Forward primer (5’-3’) Reverse primer (5’-3) 
Pax7-

nGFP 

Pax7nGFP.F: 

CCA CAC CTC CCC CTG AAC 

CTG AAA CAT AAA 

Pax7nGFP.R: 

GAA TTC CCC GGG GAG TCG CAT 

CCT GCG G 

Mouse 

dystrophin 

Dmd_i22-i23.F: 

TGA AAC TCA TCA AAT ATG CGT 

GT 

Dmd_i22-i23.R: 

TCT GTT TCC CAT CAC ATT TTC CA 

Rat 

dystrophin 

Rat Dmd i22-i23.F: 

AGA AAA CTC CTG TGA TGT 

GAG G 

Rat Dmd i22-i23.R: 

ACA TAG GAC AAA TAG GCG AGT T 

 
RNA Extraction and cDNA synthesis 
RNA isolation was performed using Qiagen RNeasy kit, with 15min DNase digest (74104, 
Qiagen). The concentration was measured by a Tecan Spark 10M. cDNA was synthesized with 
the High-Capacity cDNA Reverse Transcription Kit (4368814, Thermo Fisher Scientific) using 1µg 
of RNA according to the manufacturer’s instruction. 
 
RT-PCR and RT-qPCR on cDNA 
To verify Dystrophin gene editing on mRNA derived cDNA, RT-PCR was performed with primers 
Dmd_e22-e24.F / Dmd_e22-e24.R using GoTaq G2 Hot Start Green Master Mix (M7423, 
Promega) via the following program: 94°C 5min, 35x (94°C 30s, 55°C 30s, 72°C 30s), 72°C 5min. 
PCR products were run on a 1.5-2% agarose gel (7-01P02-R, BioConcept) in TAE buffer (3-
07F03-I, BioConcept) and imaged using GelRed Nucleic Acid Stain (41003, Biotium). For RT-
qPCR, the Applied Biosystems PowerUp SYBR Green Master Mix (A25741, Thermo Fisher 
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Scientific) was used, with a final cDNA concentration of 5ng/μl according to the manufactures 
manual and primer sets mGapdh.F/mGapdh.R, mNanog.F/mNanog.R, mOct4.F/mOct4.R, 
mSox2.F/mSox2.R, Pkg.F/Pkg.R. RT-qPCR reactions were run on a 384-well block QuantSudio 
5 System with comparative CT standard run mode and the following cycling conditions: Hold 
stage 50°C 2min- 95°C 10min; PCR stage: 95°C 15s-60°C 1min, 40x; Melt Curve stage: 95°C 
15s-60°C 1min-95° 15s. All reactions were done in triplicate and Ct values were obtained. Data 
was analyzed using 2-ΔΔCt method and mouse Pgk and Gapdh served as housekeeping control 
genes.  
 
Table 2: RT-qPCR primers 

 
Sequencing 
Dystrophin DNA and cDNA PCR products were run on a 1.5-2% agarose gel (7-01P02-R, 
BioConcept) in TAE buffer (3-07F03-I, BioConcept) and products were extracted using the 
QIAquick Gel Extraction Kit (28706, Qiagen) and Sanger sequenced by Microsynth (Balgach, 
Switzerland) and evaluated with Benchling (retrieved from https://benchling.com in 2020) or 
SnapGene Viewer 3. The following primers were used for sequencing: Dmd_e22-e24.F (for 
sequencing of PCR products obtained from myoblast cDNA), Dmd_i22-i23.F (for sequencing of 
PCR products obtained from iPSC genomic DNA).  
 
Alkaline phosphatase test 
Alkaline phosphatase test was performed using the Leukocyte Alkaline Phosphatase Kit (86R-
1KT, Sigma-Aldrich). First, alkaline dye mixture was prepared as described in manufacturer’s 
protocol. Next, the fixing step was adopted for cells in a culture dish: 0.5ml of fixative solution 
prepared as described by manufacturer was added to each well of the 6-well plate with the cells. 

 Forward primer (5’-3’) Reverse primer (5’-3) 
Dystrophin Dmd_e22-e24.F  

CACTTTACCACCAATGCGCT 

Dmd_e22-e24.R  
ACA TCA ACT TCA GCC ATC CA 

mGapdh mGapdh.F 

TCA CCA CCA TGG AGA AGG C 

mGapdh.R 

GCT AAG CAG TTG GTG GTG CA 

mNanog mNanog.F 

AGG ACA GGT TTC AGA AGC 

AGA 

mNanog.R  

CCA TTG CTA GTC TTC AAC CAC TG  

mOct4 mOct4.F 

CAC CAT CTG TCG CTT CGA 

GG 

mOct4.R 

AGG GTC TCC GAT TTG CAT ATC T 

mSox2 mSox2.F 

GCG GAG TGG AAA CTT TTG 

TCC 

mSox2.R 

GGG AAG CGT GTA CTT ATC CTT CT 

Pgk Pgk.F 

ATG TCG CTT TCC AAC AAG 

CTG 

Pgk.R 

GCT CCA TTG TCC AAG CAG AAT 

https://benchling.com/
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After 1min incubation at room temperature, cells were washed with PBS twice. Finally, 1ml of 
alkaline dye mixture per well of 6-well plate was added and plates were incubated for 15 min at 
room temperature in the dark. Alkaline dye mixture was aspirated, cells were washed twice with 
PBS, covered with 0.5 ml of PBS and imaged.  
 
Immunofluorescent staining 
Cells cultured in 6 well plates were washed with PBS and fixed with 4% Paraformaldehyde 
(11400580, Fisher Scientific) in PBS for 5min at room temperature (RT). After two PBS washing 
steps, ‘blocking solution’ made up of PBS supplemented with 2% BSA (A1391, AppliChem) and 
1% Triton X-100 (9002-93-1, Sigma-Aldrich) was added to the fixed cells for 30min at RT. Primary 
antibodies diluted in ‘blocking solution’ containing 0.2-1% Triton-X-100 were then added for 1 h 
at RT. Cells were washed twice with PBS and incubated with secondary antibodies and DAPI 
(62248, Thermo Fisher Scientific) in ‘blocking solution’ for 1h at RT. Cells were again washed 
twice with PBS and covered with ProLong Gold Antifade Mountant (P36934, Thermo Fisher 
Scientific) to prevent photobleaching before storage at 4°C. 

TA muscle sections on microscope slides (J1800AMNZ, Epredia) were fixed with 4% 
Paraformaldehyde (11400580, Fisher Scientific) in PBS for 5min at RT and washed twice with 
PBS. ‘Blocking solution’ consisting of PBS supplemented with BSA (Cat. # A1391, AppliChem) 
and 0.2% Triton X-100 (Cat. #9002-93-1, Sigma-Aldrich) was added for 15min at RT. Primary 
antibodies diluted in ‘blocking solution’ were added for 1h at RT, after which the sections were 
washed twice with PBS and incubated for 30min with a secondary antibody and DAPI (62248, 
Thermo Fisher Scientific) diluted in ‘blocking solution. Sections were washed twice with PBS and 
covered with a few drops of ProLong Glass Antifade Mountant (P36980, Thermo Fisher Scientific) 
and a coverslip and stored at 4°C. 

The following primary antibodies were used in this study: SOX2 Polyclonal Antibody (48-
1400, Thermo Fisher Scientific), rat anti-mouse NANOG conjugated eFluor 660 (50576182, 
Thermo Fisher Scientific), OCT4 monoclonal antibody (9B7) (MA1-104, Thermo Fisher Scientific) 
and anti-Dystrophin antibody (Cat.#ab15277, Abcam), all diluted 1:200, Myosin Heavy Chain 
antibody (MAB4470, R&D Systems) diluted 1:500, anti-Laminin antibody (ab11575) 
(Cat.#ab11575, Abcam) and Human/Mouse/Rat/Chicken anti-PAX7 antibody (MAB1675, R&D 
Systems, 5μg/ml), both diluted 1:100. Secondary antibodies used were: goat anti-rabbit IgG 488 
(A11008, Thermo Fisher Scientific), goat anti-mouse IgG1 488 488 (A21121, Thermo Fisher 
Scientific), goat anti-mouse IgG2b 647 (A21242, Thermo Fisher Scientific), goat anti-Mouse IgG1 
647 (A-21240, Thermo Fisher Scientific), anti-rabbit IgG 647 (A31573, Thermo Fisher Scientific), 
anti-mouse 488 (A-21141, Thermo Fisher Scientific). All secondary antibodies were diluted 1:400. 
 
Satellite cell isolation and FACS 
A Sony SH800S Cell Sorter was utilized for flow cytometry analysis and cell sorting for satellite 
cell isolation using Pax7-nGFP reporter, cell surface markers and for the purification of GFP 
positive myoblasts. For satellite cell isolation, skeletal muscles were harvested, minced and 
centrifuged in PBS at 350g for 3 min. The tissue pellet was then resuspended in digestion solution 
containing 2mg/ml Collagenase Type 2 (17101015, Thermo Fisher Scientific) in DMEM 
(41966029, Thermo Fisher Scientific) and incubated for 90min. This was followed by a 30min 
incubation step in a digestion solution consisting of 14ml F-10 (Thermo Fisher Scientific, 
22390025) supplemented with 10% horse serum (Thermo Fisher Scientific, 16050122), 1ml of 
0.2% Collagenase Type II (Thermo Fisher Scientific, 17101015) and 2.5ml of 0.4% Dispase II 
(Thermo Fisher Scientific, 17105041). Both incubation steps were performed in a shaking 37°C 
water bath. An 18 gauge needle syringe was then used to dislodge the cells from the fibers, 
followed by filtering the cells with a 100μm, 70μm and either 30μm or 40μm cell strainers. The 
cell pellet was resuspended in ‘FACS buffer’ consisting of PBS and 2% FBS (10270106, Thermo 
Fisher Scientific) and kept on ice until FACS. Satellite cells were FACS-purified using either Pax7-
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nGFP reporter or the following combinations of cell surface markers: APC anti-mouse Ly-6A/E 
(Sca-1) Antibody (108111, BioLegend), mouse Integrin alpha 7 Alexa Fluor 750-conjugated 
Antibody (FAB3518S, R&D Systems), APC anti-mouse CD45 Antibody (103111, BioLegend), 
APC anti-mouse CD31 Antibody (102409, BioLegend). In each FACS experiment, DAPI (62248, 
Thermo Fisher Scientific) was used to exclude dead cells. For GFP based sorting, GFP positive 
cells were sorted using the EGFP channel. For surface marker-based sorting, all SCA1+, CD45+ 
and/or CD31+ cells were excluded using APC channel. ITGA7+ were sorted from the remaining 
population and analyzed for GFP expression.  
 
RNA sequencing 
RNA sequencing was performed at the FGCZ on an Illumina NovaSeq instrument and library was 
prepared  according to Illumina Truseq mRNA protocol. The sequencing reads were 
analyzed using the SUSHI framework 236,237 developed at the FGCZ. After the quality control 
(adapter and low-quality base trimming) with fastp v0.20238, raw reads were pseudo-aligned 
against the reference mouse genome assembly GRCm39 and gene expression level (GENCODE 
release 26) was quantified using Kallisto v0.46.1289. Genes were considered to be detected if they 
had at least 10 counts in 50% of the samples. Pax7-nGFP MEFs and Pax7-nGFP+ myoblasts 
samples from the GEO data set GSE169053 were re-processed in the same way 279. TPM 
(Transcripts per Million mapped reads) was used as the unit for normalized gene expression.  
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Fig. S1. 
(A) Microscopy images of RFP+-mESCs. Scalebar, 100µm. (B) PCR of DNA extracted from ear 
clips of non-chimeric and chimeric mice for the Rfp transgene and Rosa26-LSL-DTA allele. (C) 
FACS plots displaying satellite cell sorting strategy. 
  



 
86 

 

 
Fig. S2. 
(A) Schematic overview. MEFs, mouse embryonic fibroblasts; dox, doxycycline. (B) Quantitative 
real-time PCR for the indicted genes. N=3 different lines, error bars denote SD. Statistical analysis 
was performed with delta Ct values using ordinary one-way ANOVA. ∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 
0.0001, n.s., not significant. (C) Immunofluorescence images for the indicated proteins. Scalebar, 
100µm. (D) Dmdmdx iPSCs showing expression of SOX2. Scalebar, 100µm. (E) Alkaline 
phosphatase staining in Dmdmdx iPSCs. Scalebar, 500µm. (F) Overview of gene editing of Dmdmdx; 
Pax7-nGFP iPSCs. (G) Strategy showing CRISPR/Cas9 induced gene editing of exon 23 in the 
dystrophin gene. (H) Immunofluorescence staining for DYSTROPHIN in the indicated samples. 
Scalebar, 50µm. (I) Karyotype of edited Dmdmdx; Pax7-nGFP iPSCs. (J) Edited Dmdmdx; Pax7-
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nGFP myoblasts FACS-purified from muscle tissue of the indicated chimeras. Scalebar, 100µm. 
(K) PCR gel showing genotyping of the Pax7-nGFP allele in chimera-derived myoblasts that have 
been treated with or without tamoxifen (tam). (L) PCR for Dystrophin using DNA of edited Dmdmdx; 
Pax7-nGFP myoblasts that have been FACS-purified from muscle tissue of tamoxifen-injected 
chimeras (+) or non-injected control (-). Only the edited shorter 146bp (red asterisk) product was 
detected in both groups. (M) Representative flow cytometry analysis showing the Pax7-nGFP+ / 
ITGA+ satellite cells. (N) Pax7-nGFP expression in myoblasts that have been derived from 
ITGA7+satellite cells of the indicated animals and conditions. Scalebar, 100µm.  
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Fig. S3. 
(A) Bright-field and microscopy images of myoblast lines isolated from three different intraspecies 
chimeras. Scalebar, 100µm. (B) Flow cytometry analysis for Pax7-nGFP in the indicated 
myoblasts lines. (C) Bar plots showing the log2 normalized expression of the indicated genes for 
edited Dmdmdx; Pax7-nGFP myoblasts compared to Pax7-nGFP myoblasts and MEFs. N=3 cell 
lines per group. TPM, Transcripts per kilobase Million, MEFs, mouse embryonic fibroblasts. (D) 
Representative bright-field images showing edited Dmdmdx; Pax7-nGFP myoblasts and myotubes. 
Note that GFP is downregulated upon differentiation. Scalebar, 100µm. (E) PCR for Dystrophin 
amplified using cDNA of edited Dmdmdx; Pax7-nGFP myotubes and wt myotubes. Non-edited and 
edited Dystrophin are 396bp and 183bp (red asterisk), respectively. (F) DNA sequencing of (E) 
showing successful ligation of exon 22 and exon 24. (G) Immunofluorescence for dystrophin in 
the indicated cell lines. Scalebar, 100µm. (H) Bright-field and microscopy images of edited 
Dmdmdx; Pax7-nGFP myoblasts prior to transplantation. Scale bar, 100µm. (I) PCR for Dystrophin 
in Dmdmdx; Pax7-nGFP myoblasts showing only the edited shorter PCR product (red asterisk) vs. 
control.  
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Fig. S4. 
(A) Photos of rat-mouse chimeras #1 and #3 at 5 (top, chimera #1) and 17 (bottom, chimera #3) 
weeks of age. Scale bar, 3.5cm. (B) PCR for rat and mouse dystrophin from muscle lysates of 
the indicated animals. Black and red asterisks denote unedited (340bp) and edited (146bp) 
murine dystrophin, respectively. (C) Flow cytometry analysis of GFP expression in whole-body 
skeletal muscles isolated from the indicated animals. (D) PCR for rat and mouse dystrophin in 
myoblasts isolated from the indicated animals. Black and red asterisks denote unedited and 
edited murine dystrophin. (E) PCR for Pax7-nGFP transgene in myoblasts isolated from chimeras 
#2 and #4 and controls. (F) Dmdmdx; Pax7-nGFP myoblasts and derivative myotubes. Scale bar, 
100µm. Bright-field and LUT settings differed between both images, GFP LUT settings are the 
same.  
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Chapter 5. Discussion 
Blastocyst complementation is a powerful tool to create cells, tissues and even 

entire organs derived exclusively from donor-derived cells via injection of PSCs into 

organogenesis disabled blastocysts. Recent studies have reported on the generation of 

kidney, forebrain, lung, thymus and pancreas, amongst others, in intra- and interspecies 

chimeras20,39,40,42,138. This technology holds promise not only for generation of animal 

gametes for species conservation efforts, but also for the generation of therapeutically 

competent cells or tissues. 

With the studies presented here, we set out to further investigate the potential of 

blastocyst complementation to generate only rat gametes in rat-to-mouse chimeras as 

well as the generation of gene-edited mouse satellite cells in mouse-mouse or mouse-to-

rat chimeras. 
 

5.1 Exclusive generation of rat spermatozoa in sterile mice 
Generation of gametes for production of transgenic animals or for species 

protection is a salient question and carries many important implications. Not only does it 

allow for numerous genetic alterations of PSCs for the generation of transgenic animals, 

but it also holds promise to generate spermatozoa of endangered species for 

conservation efforts145,290.  

Recently, generation of rat spermatozoa in rat-to-mouse chimeras has been 

reported139,140. However, the chimeric testes consisted of rat and mouse germ cells, and 

rat germ cells had to be fluorescently labelled for identification and separation from the 

mouse spermatozoa, an observation which could interfere with the intended use of the 

inter-species chimera derived rat sperm139,140. To circumvent this limitation, in chapter 3 

we set out to generate rat-to-mouse chimeras carrying solely donor rat ESC-derived 

spermatozoa via blastocyst complementation. 

By using host blastocysts carrying a mutation in the Tsc22d3 gene, which renders 

all non-complemented males sterile, we generated chimeras via injection of mouse ESCs 

or iPSCs. These intra-species chimeras showed restored testicular morphology, which 

was confirmed by H&E staining and by the presence of the spermatogonia marker VASA, 

and exhibited normal testicular weight. The donor cells successfully overcame the meiotic 

arrest of the host animals, as shown by scRNA-seq of the cauda epididymis, and were 
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able to sire offspring via natural mating with transmission of the donor cells’ transgenes. 

These findings were in accordance with previous reports132,134.  

When we injected male rat ESCs into the mutated blastocyst, it resulted in both 

male and female interspecies mouse-rat chimeras. These chimeras were overall healthy 

and were able to grow to adulthood. Interestingly, we observed that the generation of 

interspecies mouse-rat chimeras led to more male than female chimeras. It is known that 

contribution of XY PSCs can, when injected into an XX blastocyst, push the sex of the 

animal towards a male phenotype, and the resulting animals can sire offspring, likely due 

to Sox9 expression291-293. To date, there are no reports about this effect in an interspecies 

environment, but sex determination both in mice and rats relies on Sry, the sex 

determining region of the Y-Chromosome294. This suggests a potential of rat XY PSCs to 

influence the chimera’s sex towards a male phenotype upon contribution to the 

developing gonads291,292.  

 When analyzing the testes of interspecies chimeras, several of them confirmed 

our previous intraspecies chimera findings in terms of morphology and weight. The donor 

rESCs were also able to contribute to spermatogenesis, as the chimeras carried sperm 

with rat morphology. Further examination of the haploid portion of the cells isolated from 

the cauda confirmed that all spermatozoa were derived from the donor rESCs.  

To better characterize the extent of rat spermatogenesis in a sterile mouse host, 

we subjected testicular cells to scRNA-seq. However, since the chimeric testes also 

contained somatic cells from the mouse host, which were not affected by the Tsc22d3 

mutation, we had to generate a custom chimeric reference genome, able to differentiate 

between transcripts of the two species. When the chimeric sample was mapped against 

the genome, the mouse cell clusters consisted of somatic cell populations, for example 

immune and Leydig cells, but surprisingly also formed a cluster termed “Germ cells”. This 

cluster was characterized by the expression of genes indicative of late spermatogonia 

and early spermatocytes, such as Dazl, Sycp1 and Sycp2. Previous reports have 

described early cell death of the germ cell lineage in Tsc22d3-KO animals135. Hence, 

these cells presumably represent a minor mouse germ cell population still surviving, yet, 

as shown by a lack of later stage spermatocytes, are unable to undergo spermatogenesis. 

Interestingly, we did not record any somatic cell types of rat origin. Several reasons could 

account for this; since there is no niche available in somatic tissues, the donor cells are 

at a competitive disadvantage and cannot contribute to these lineages135,137. 

Alternatively, somatic cells are less abundant in testes than germ cells, and potentially 
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inefficient isolation of somatic cells from the tissue could affect fidelity, leading to a lack 

of rat somatic cells during library preparation. Interestingly, we also detected cell clusters 

consisting of rat cells expressing germ cell markers, yet which did not participate in a 

pseudotime analysis. We could not conclusively determine the reason for this 

observation, and if these could be cells not progressing through spermatogenesis due to 

strict quality checkpoints, as almost 75% of the male germ cells undergo cell death295. 

Analysis of wildtype mouse or rat testes would elucidate whether this is observed more 

commonly, or whether it is specific to interspecies chimeric testes. Importantly however, 

the expression of markers for round and elongated spermatids, such as Dydc1 and Tnp2, 

had similar expression patterns in the rat germ cell fraction of the chimeric testis, and 

wild-type rats. These findings showed that rat germ cells can undergo spermatogenesis 

in a xenogeneic environment, however, future experiments might clarify the contribution 

to the somatic cell population, especially also because we did not capture Sox9+ Sertoli 

cells. Since this data is based on one chimera, analysis of future chimeras might show 

contribution to the somatic cell niches. It is important to note that we most likely did not 

capture any mature spermatozoa. Due to their low RNA content and cell morphology, 

they are a challenging cell type to perform scRNA-seq on296. We did attempt to analyze 

specifically spermatozoa via scRNA-seq, however, were unsuccessful in establishing the 

technique, especially given the low sample size available from chimeras. 

Since mouse-rat chimeras and female rats cannot be naturally mated, we 

performed Testicular Sperm Extraction (TESE-) ICSI to evaluate the spermatozoa’s 

fertilization capability. While we observed germ cells in the majority of analyzed male 

chimeras, which shows a successful complementation in a niche that is only available 

after birth, not all chimeras developed mature spermatozoa or sufficient numbers to be 

used for (TESE-) ICSI. Mechanistically, this might be explained by the lack of a niche 

during development. As a consequence, the injected donor cells face competition with 

the host’s own cells, reducing the probability of a sufficient number of donor cells to 

contribute to the germ cell lineage. This limitation could be circumvented by interfering 

with earlier stages of gametogenesis of the host blastocysts, which has previously been 

shown to be achieved by the introduction of mutations in genes involved in 

gametogenesis62,65-67,120,128,129. Additionally, this would also increase the chances of 

contribution to the germ line, when only donor PSCs with lower quality are available. Our 

efforts to establish (TESE-) ICSI for chimera derived rat spermatozoa, which have been 

frozen-thawed, resulted in the in vitro generation of blastocysts. However, after embryo 
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transfer of fertilized oocytes into surrogate females to assess in vivo development, we 

were not able to detect live births from these trials.  

This might be explained by the observation that rat sperm is highly susceptible to 

freeze-thaw damage, impacting on sperm quality297,298. However, this contrasts with 

previous findings, where TE buffer as freezing medium for wildtype rat spermatozoa 

intended for ICSI has been shown to be sufficient, and in fact we also successfully 

performed ICSI with wildtype rat sperm frozen in this way299. It is unclear whether rat 

spermatozoa from an inter-species chimera behave in the same manner. But since rat 

spermatozoa do not undergo complete maturation in a xenogeneic environment, they 

may be more susceptible to freezing damage than fully matured spermatozoa140. 

Concluding from that, performing (TESE-) ICSI with freshly isolated spermatozoa might 

be a superior approach, as has been shown previously139. It has been previously reported 

that round spermatids, a post-meiotic germ cell population preceding spermiogenesis into 

mature spermatozoa, can give rise to offspring even after freeze-thawing and upon 

Round Spermatid Injection (ROSI) into rat oocytes300. This technique could potentially be 

employed to store chimera-derived rat germ cells long term and utilize it successfully to 

generate animals300. 

In recent years, significant effort has been put towards in vitro differentiation from 

mouse and rat PSCs into male gametes84,108,112. Nonetheless, many hurdles remain that 

yet have to be overcome. For instance, it took over a decade to adapt the findings from 

the mouse model to another common research model, the rat108,112. Currently, all the 

protocols to generate spermatids capable of fertilization have a major caveat, namely the 

requirement of either host testes for in vivo maturation, or dissociated testes cells to 

support the development in vitro84,301. This poses a drawback, since both methods rely 

on the availability of either suitable allogeneic hosts, or the species’ testes. Utilizing 

xenogeneic testes for transplantations of SSCs did sustain the spermatogonia in the 

recipient testes, however the resulting spermatozoa exhibited abnormalities, and apart 

from rat-to-mouse SSC transplantations, no offspring was reported119,121,125,126,302,303. This 

renders in vitro gametogenesis a rather slow and inefficient way, which could benefit from 

ways to directly reprogram somatic cells into PGCLCs. Testes do not only consist of germ 

cells, but also other cells crucial for the maintenance of germ cells and their subsequent 

spermatogenesis, such as Sertoli or Leydig cells. Generation of these cells in vitro, either 

from PSCs or somatic cells, might aid in the in vitro maturation of PGCLCs, especially for 

species from which testicular cells or PGCLC/SSC transplantation recipients are not 
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available. This may help to alleviate the need for embryonic or adult testes for co-culture 

or aggregation304-308.  

Recently, Kobayashi and colleagues circumvented xenogeneic in vitro 

gametogenesis by the generation of only mouse derived functional round spermatids, and 

mouse derived spermatozoa in a Prdm14-KO rat host via blastocyst complementation 

with mouse PSCs. In line with our findings, they also did not observe normal motility in 

spermatozoa47,141. Contrasting with our attempts utilizing spermatozoa, by performing 

ROSI they were able to generate live mouse offspring141. Their study showed feasibility 

of exclusive generation of xenogeneic germ cells via interspecies chimerism. 

For germline chimera-formation it might be warranted to generate mutations not 

only affecting the germ cells directly, but also niches for the formation of fetal and adult 

Leydig cells, whose main function is to secrete testosterone, or Sertoli cells, which are 

commonly described as the ‘nurse’ cell for spermatogenesis and are reliant on Sox9 

expression78,81,85,309,310. Spermatogenesis in mice takes 35d, in comparison to the rat’s 

54d, and even in mice engrafted with rat spermatogonia, the rat cells keep their distinct 

cell cycle311,312. Thus, gene expression and timing of rat spermatogenesis differs from 

mouse, potentially causing defects in chimera derived spermatozoa, a hypothesis 

underscored by severely reduced, or even a complete lack of motility in spermatozoa as 

observed by us and others47,141,311. It could be hypothesized that the formation of mostly 

donor cell derived testes, potentially providing species-matched hormones and their 

respective levels and timing could improve the conditions for spermatogenesis and 

maturation of the spermatozoa in a xenogeneic host. However, new germline- or 

testicular KO models can only carry mutations in genes not crucial for the formation or 

maintenance extraembryonic tissues, as otherwise such mutations could not be 

compensated for by the injected donor PSCs, potentially compromising the embryos 

development and survival.  

In future experiments, chimera derived spermatozoa could be further analyzed for 

defects present in DNA or epigenetic profiles in order to elucidate to what extent 

development of xenogeneic germ cells in vivo is affected. Also, since we observed more 

male than female chimeras, it would be interesting to genotype chimeras exhibiting a 

male phenotype for the presence of female genes, and if there’s a correlation between 

XX/XY males, presence of germ cells and maturation status of the sperm. 

Generation of germ cells of species other than rat or mouse via inter-species 

blastocyst complementation could prove especially promising in respect to endangered 
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species, with the caveat that PSCs capable of contributing to the germline would need to 

be generated142,143,146,313. Especially regarding the aspect of species conservation, or 

even de-extinction, male germ cells do not suffice, as the female counterpart in the form 

of the oocyte is also needed. For this, appropriate models for female germline 

complementation need to be found, or existing ones evaluated141. Currently the problem 

remains that males can produce several millions of sperm per gram of testis tissue per 

day, and several methods are available to retrieve sperm from a live male without 

euthanasia, allowing for a ‘near unlimited’ amount of spermatozoa available. In contrast, 

far fewer oocytes can be harvested from a female, making this an even more difficult 

undertaking for rare species314-318. Additionally, artificial reproductive techniques will need 

to be established to successfully fertilize the oocytes and ensure survival of the embryos. 

Subsequently, strict controls will have to be established to ensure the health of these 

animals over several generations, and that no undue mutations have been introduced 

during interspecies chimeric gametogenesis. 

Our study was the first to show rat-to-mouse blastocyst complementation in the 

germline. While we successfully generated rat spermatozoa in chimeras, they did not 

allow for complete embryogenesis after transplantation into foster mothers. However, we 

propose a proof-of-principle, which might serve as a starting point to improve interspecies 

gamete formation in chimeras. 
 

5.2 Interspecies generation of functional muscle stem cells 
Generation of therapeutically competent satellite cells holds great promise for the 

treatment of muscular dystrophies, especially if autologous and gene-edited cells could 

be transplanted back into patients. 

While a number of approaches to generate myogenic cells exist, satellite cells still 

exhibit the largest propensity to contribute to muscle upon transplantation204. However, 

only small numbers can be isolated from donors, and in vitro expansion of satellite cells 

hampers their potential applicability204. To generate large numbers of satellite cells in 

vivo, in chapter 4 we generated iPSCs from a DMD mouse model and gene-corrected the 

DMD mutation using CRISPR/Cas9 gene editing to utilize the iPSCs for the formation of 

satellite cells in intra- and inter-species chimeras. We injected these gene-edited DMD 

iPSCs into Pax7-CReERT2: R26-LSL-DTA mouse blastocysts, allowing for selectively 

ablating host Pax7 expressing cells upon tamoxifen injections. To our surprise, when we 

compared the fraction of iPSC derived satellite cells in ablated versus non-ablated 
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chimeras, as based on the Pax7-nGFP reporter present in injected iPSCs, no significant 

difference was observed. This confirmed robust contribution of donor cells to the satellite 

cell niche, however, precluded us from observing potential effects in Pax7 ablated 

animals. It would be interesting to compare other iPSC clones, and whether they also 

preferentially contribute to the satellite cell niche. Other ways to unequivocally establish 

whether the cells expressing Pax7-nGFP are of donor origin and are satellite cells are 

scRNA-seq or spatial transcriptomics, a novel technique allowing for single cell 

assessment of the transplanted cells in muscle sections319. It could be hypothesized that 

the injected iPSCs preferentially contributed to the myotomes, the muscle’s anlage during 

embryogenesis, and as a result the majority of the myogenic cells would be iPSC 

derived320-322.  

We have previously generated a rat Pax7-KO (rPax7-KO) model (Supplemental 

Figure 1). The homozygous animals resulting from heterozygous matings showed 

severely inhibited growth post-partum compared to heterozygous or wildtype littermates, 

and only survived a few days after birth. We therefore surmised that this model would be 

suitable to generate inter-species PSC derived satellite cells. Upon performing blastocyst 

injections with blastocysts from rPax7+/- matings, we obtained rPax7-KO pups, but none 

were complemented. However, we did obtain mouse-to-rat inter-species chimeras on a 

rPax7+/- background, several harboring donor iPSC-derived satellite cells which we could 

culture and characterize in vitro, confirming contribution of gene-corrected iPSCs to the 

satellite cell niche. However, while our approach confirmed feasibility, blastocyst 

complementation would likely increase the number of satellite cells generated. 

Transplantation of in vitro expanded myoblasts into DMD mouse model muscles showed 

dystrophin expression in vivo. This was in line with previous reports about expanded 

myoblasts being able to contribute to muscle upon transplantation, but less efficiently 

than freshly isolated satellite cells204. It was also shown that autologous in vitro expanded 

myoblasts were able to largely restore functionality of the urinary sphincter in dogs323. 

Similarly, transplantation of autologous in vitro expanded myoblasts into the anal 

sphincter showed clinical improvements in humans suffering from fecal incontinence, 

hinting towards therapeutical applications for myoblasts324. We also attempted to isolate 

and directly transplant freshly isolated satellite cells from one interspecies chimera, 

however, we did not observe dystrophin restoration only in one recipient Tibialis anterior, 

requiring further experimental work.  
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We also wanted to confirm not only dystrophin expression, since this might only 

confer short-term results in patients, but also whether the myoblasts contribute to the 

satellite cell niche. To this end, in an experiment performed after submission of the study 

manuscript, we FACS purified re-transplanted myoblasts from inter-species chimeras and 

observed presence of the Pax7-nGFP reporter, however this could also be a population 

of Pax7-nGFP expressing myoblasts surviving outside the niche after transplantation 

(Supplemental Figure 2)219. To unequivocally assess contribution of transplanted cells to 

the satellite cell niche, re-injury of the muscle using cardiotoxin, a snake venom peptide 

able to destroy myofibers, but leaving satellite cells largely unaffected, would prove 

superior325,326. Serial injury would elucidate whether the contribution of the myoblasts was 

only to dystrophin expression, or also to the satellite cell niche326.  

In order to harness the benefits of blastocyst complementation, improvements to 

the number of blastocysts harboring a Pax7-KO should be increased. Since not all 

injected embryos give rise to chimeras, means of generating rPax7-KO embryos other 

than rPax7+/- matings might be preferrable. For example, pronuclear injections of gRNAs 

targeting rPax7 and subsequent embryo culture to the blastocyst stage would ensure that 

the majority of blastocysts injected are rPax7-KO233,327. Another salient approach is 

Somatic Cell Nuclear Transfer (SCNT, colloquially known as ‘cloning’), potentially 

concomitantly also targeting other myogenic genes to improve donor derived satellite cell 

or myofiber formation53. Combining germ cell blastocyst complementation with this 

project, rPax7-KO PSCs could be injected into rat PRDM14-KO blastocysts to exclusively 

generate rPax7-KO spermatozoa in intraspecies chimeras. With these, it would be 

possible to generate 50% of rPax7-KO blastocysts upon matings with heterozygous 

rPax7-KO females. While Pax7 is crucial for the survival of satellite cells post-partum, a 

Pax7-KO can be compensated to some extent during embryonic development by 

expression of Pax3157. Thus, a double Knockout for Pax3 and Pax7 in host blastocysts 

could improve donor cell contribution to the satellite cell pool, and ensure that no 

competition for the niche is present328. It has been reported that a double Pax3/Pax7-KO 

leads to the death of the embryo at mid-gestation328. Together with our observation of, so 

far, no chimeric rPax7-/- pups having been born, and reports about high chimerism 

leading to increased embryonic lethality, stringent pilot experiments will be necessary to 

assess whether double knockouts of Pax3/Pax7 or other myogenic genes will prevent 

normal development of the embryo53,58,59,328. Alternatively, and similar to the mouse 

model, generation of a rat Pax7-CReERT2: R26-LSL-DTA model would allow for ablation 
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of satellite post-partum, reducing the risk of embryonic lethality. Additionally, since high 

chimerism influences the chimera’s size and weight, as observed by us and others, long 

term survival of inter-species chimeras with muscle entirely derived from donor cells on a 

Pax7-KO background remains to be assessed39,59. Related to our chapter 3, Pax7 has 

been proposed as SSC marker in testes, however a conditional testis Pax7-KO did not 

affect fertility329. 

In recent years, a number of alternative ways to generate myogenic cells have been 

devised193,195-200,202. For example, overexpression of MyoD in mouse embryonic 

fibroblasts in concert with small molecules treatment directly reprogrammed the cells into 

iMPCs, containing mononucleated Pax7+ cells202. Other promising approaches are 

harnessing the PSCs amenability by inducing myogenic cells in vitro from PSCs via 

overexpression of myogenic genes or treatment with growth factors and small 

molecules193,195-197. The ability of PSCs to form teratomas in vivo can also be capitalized  

on to generate myogenic cells exhibiting a prominent capacity to expand in vitro, yet still 

engraft into recipient muscles efficiently198-200. 

Table 1. Comparison of iPSC, Teratoma, iMPC or in vivo chimera derived myogenic progenitor 

cells 194,195,200,202,210,278,288,330,331 

Method Benefits Drawbacks 
In vitro 
differentiated 

+ No need for chimera generation 
+ More rapid than other methods 
+ No risk of zoonoses 
 

- Risk of teratomas 
- More resembling a late in vivo 

embryonic development stage 
- Form heterogeneous population 
- Limited in vitro expansion potential 

Teratoma 
derived 

+ Can be expanded to large numbers 
in vitro 

+ Maintain robust muscle 
engraftment upon in vitro expansion 

+ Clonally expandable 

- Risk of teratomas 
- More myoblast like 
- Potential risk of zoonoses from host 

animal 
 

iMPC derived + Can be expanded to large numbers 
in vitro 

+ Fibroblasts easily available 

- Form heterogeneous population 
- MyoD overexpression needed 
- Dependent on small molecules 

In vivo chimera 
derived 

+ Cells matured in correct niche in 
vivo 

+ Isolation of multipotent cells, no risk 
of teratoma 

+ Satellite cells show robust 
contribution to muscle upon 
transplantation 

+ Large numbers of satellite cells 
generated 

- Potential risk of zoonoses from host 
animal 

- Chimera with niche preferred 
- Time consuming 
- Limited in vitro expansion potential 
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It will be crucial to compare our approach to generate satellite cells in vivo in 

chimeras with PSC derived myoblasts generated via in vitro differentiation or teratomas. 

The capacity to contribute to the satellite cell niche in vivo could be evaluated by 

employing spatial transcriptomics. Another, more important aspect in human applications 

is long-term safety after transplantations. It will also be necessary to exclude any 

contaminating PSCs potentially still present in in vitro or teratoma derived myogenic cell 

populations, in order to avoid the risk associated with PSCs and formation of undesired 

teratomas in vivo. 

 Regarding DMD patients lacking the dystrophin protein, re-expression of 

dystrophin in muscle could theoretically cause an immunoreaction against the protein, 

although rare revertant fibers spontaneously expressing dystrophin are present in many 

patients, and thus re-expressed dystrophin might not pose a problem207,208,332. However, 

in cases dystrophin is not recognized as self, immunosuppression might be needed210,332. 

Additionally, pre-treatment with the dystrophin specific drug Ataluren, which induces 

exon-skipping and read-through of the mutated dystrophin gene might serve to generate 

an immunity to dystrophin333. 

Here, we report on the first study of generation of gene-corrected satellite cells in 

intra- and inter-species chimeras via blastocyst injections. We were able to show 

generation of gene-corrected, therapeutically competent satellite cells and myoblasts 

derived from iPSCs of a DMD mouse via intra-species and mouse-to-rat interspecies 

chimeras. These findings lay the foundation to further improve the system towards 

generation of exclusively donor derived satellite cells via blastocyst complementation, 

and in the future could help in tackling the challenges of currently incurable muscular 

dystrophies.  
 

5.3 Blastocyst complementation in a human context 
Globally, there is a dearth of donor organs available for transplantations. Cell 

therapy holds promise for treatment of a number of diseases, however, donor cells are 

not always available in sufficient numbers, and may further not be immunologically 

compatible with a recipient. One strategy proposed to help ameliorate these needs is 

blastocyst complementation with human PSCs (hPSCs). By generating patient derived 

iPSCs, and potentially gene-edit mutations, human-animal chimeras might provide a new 

pool of cells and organs fit for transplantation212. 
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Several key challenges still remain in adopting human-animal chimeras for clinical 

applications, spanning from biology to ethical considerations. Likely the biggest hurdle to 

overcome is to increase overall contribution of hPSCs to chimerism. While human-mouse 

chimerism has been shown to be in the low single digits, human-pig embryonic chimerism 

has been revealed to be more successful52,53,57,228. Several potential causes for this 

finding which affects all inter-species chimeras to some extent have been proposed. 

Some, such as evolutionary distance, could only be tackled by using different hosts such 

as non-human primates. However, this would come with a whole raft of new challenges 

and ethical considerations286. Other barriers are the developmental state of hPSCs and 

how it relates to the host blastocyst state or cell competition, in which less fit cells are 

being eliminated334. Recent reports demonstrated that a KO of the Igf1r gene allows the 

donor cells to ‘outgrow’ the host cells, resulting in enhanced tissue contribution230. Other 

means to increase survival of donor cells in a less-than-ideal exogenic environment are 

KO’s in TP53, Myd88 or P65, or alternatively ectopic overexpression of the anti-apoptotic 

gene Bcl253,228,229. Of note, while limiting early elimination of hPSCs via genetic 

alterations might be feasible for proof-of-concept studies and devising solutions to 

increase chimerism at later stages, applicability for treatment of human diseases is 

questionable. If it cannot be shown that these mutations do not affect the tissue long term, 

transplantation of a potentially tumorigenic tissue poses too large of a health risk. 

In order to generate human-animal chimeras, suitable hosts will be necessary. 

Currently, pigs are the most promising candidate, however, are not without their own 

challenges. For example, porcine endogenous retroviruses (PERVs) remain an issue, 

requiring animals which have been reared under PERV-free conditions, or animals in 

which all PERV-copies have been inactivated284,335. Since most organs do not consist of 

only one cell type, but often also contain endothelial or immune cells, animal models with 

multiple tissue specific mutations will be needed in order to avoid potentially fatal immune 

reactions284. Currently, it is not known to what extent autologous iPSC-derived organs 

might cause immune reactions upon transplantation, but it is expected to be mild as long 

as no contaminating host cells are present31. However, since satellite cells can be isolated 

as single cell population, there is hope of autologous cells not eliciting an 

immunoreaction.  

At the same time, unlike the Pdx1-KO, organogenesis in many tissues cannot be 

disabled by mutation of a single gene, requiring further mutations to the host embryo. It 

is unclear how well a host embryo with a number of organogenesis disabling mutations 
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would develop, and to what extent complementation by hPSCs would rescue a potentially 

fatal phenotype.  

Besides biological challenges, inter-species chimerism with human PSCs also 

raises ethical questions. Since donor PSCs can contribute to all the cells in a chimera, 

there are concerns of contribution of human donor PSCs to the brain or the gametes in 

chimeras, possibly resulting in some form of abrogated human consciousness212,285,336. 

Although, based on so far overall low contribution of human PSCs to inter-species 

chimeras, the risk is not very high, yet it is still warranted to eliminate chances of this 

occuring31. It is unclear to what extent, a likely minute, contribution of hPSCs to the 

chimera’s brain would alter consciousness. Since the generation of rat-mouse chimeras 

is possible, behavioral tests comparing chimeras to non-chimeric animals of the host 

species might provide some insight. A recent publication described generation of hiPSC 

derived human cortical organoids (hCO)337. After transplantation of the hCOs into the 

somatosensory cortex of rat pups, the hCOs integrated into the brain, developed cell 

types not observed in in vitro hCOs and affected the rat’s reward-seeking behavior. When 

they were evaluated for learning abilities, they did not differ from non-transplanted rats, 

indicating the hCOs did not affect cognition337. This experiment differs in that the hCOs 

were in a defined area of the brain, introduced post-partum, in contrast to potentially more 

heterogeneous contribution in a chimera’s brain and integration into its circuitry. However, 

an altered consciousness or lack thereof would still be hard to prove. Still, as we propose 

to use a Pax7-KO niche in chapter 4, potentially in conjunction with a Pax3-KO, it is 

important to note that both genes are important for neural crest cells, and this could open 

a niche for human donor cells to populate157. Relating to gametes it could also be argued 

that chimeras will not be used for breeding purposes, and potential formation of human 

gametes thus is of less concern338. In theory, and similar to our first study (chapter 3), 

human gametes could be generated in chimeras to treat male infertility. Major concerns 

would arise, since spermatozoa could only be characterized in vitro, and predictions 

about their capacity to generate healthy children could not be made. In addition, the 

controversy about utilizing CRISPR/Cas9 to generate ‘designer children’ would be sure 

to also extend to human gametes from chimeras, deeming this approach socially 

unacceptable and of questionable scientific benefit, however, may further our 

understanding of male infertility and its treatment115,339,340. A way to circumvent both these 

concerns could be conceptus complementation341. Via careful injection of donor iPSCs or 

suitable myogenic progenitors into an empty myotome niche for the generation of muscle, 



 
102 

 

contribution to other tissues could be excluded53,341,342. Precluding formation of gametes 

or neuronal cells can also be achieved via mutations in genes specific for the respective 

cells, such as Prdm14 for the germ cells or Otx2 for neuronal cells285. Alternatively, 

instead of removing the ability to differentiate into specific tissues, the cells could also be 

pushed to adapt a desired fate. This concept has been shown with Mixl1 overexpression, 

prompting donor PSCs to adopt a endodermal fate and significantly reduce contribution 

to non-endodermal tissues336. A further point of consideration is the public’s opinion, 

which might not have the scientific background to assess the impact of human neuronal 

cells or gametes in chimeras, potentially leading to a public outcry and cessation of public 

funding343. Thus, thorough and unbiased information and ethical assessment will be 

necessary. 

Once human organs have been generated via blastocyst complementation, 

stringent functionality and safety evaluations will have to be performed. Not only does 

survival of the chimera need to be assessed, potentially giving clues as to the organ’s 

functionality, but also the organs morphology, since the host mutations could affect the 

overall development and functionality of the organ. Harking back at our proposal to 

generate autologous satellite cells, safety and functionality of the cells would certainly be 

more facile to assess. Since single cells would be isolated, rather than an entire organ, 

immunogenicity would likely be mild, and preliminary characterization of the cells in vitro 

or in vivo in animals is possible. Additionally, and in contrast to other often transplanted 

organs such as the heart or liver, transplanted satellite cells are not crucial for immediate 

survival, allowing assessment without the risk of the patient’s early demise due to graft 

failure. 

Generation of autologous iPSCs is labor, time and cost intensive. Until this process 

will be made more efficient, it might be a more feasible approach to utilize allogeneic 

cells, rather than autologous cell approaches. This has led to the generation of iPS cell 

banks to cover a large portion of the population with a few clinically relevant iPSC lines 

of a defined HLA haplotype, selected to reduce immune rejection344. As an alternative, 

hiPSCs with an HLA-A/B deletion in combination with an HLA class-II KO has been 

proposed to cover nearly 90% of the global population345. This would have the benefit of 

‘off-the-shelf’ availability of iPSCs, and subsequently treatment times for patients could 

be reduced, as chimeras harboring specific organs or tissues could be kept for near 

constant availability, resulting in vastly improved outcomes with more timely treatments. 
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In summary, we demonstrated germline complementation in interspecies chimeras 

via blastocyst complementation, resulting in rat spermatozoa carrying fertilization 

capacity being formed in sterile mouse hosts. Future research will be needed to validate 

this approach to generate germ cells capable of giving rise to healthy offspring, which 

could then be tailored for species conservation efforts. In a separate project, we also 

generated gene-edited iPSCs of a DMD mouse model which gave rise to intra- or inter-

species chimeras after injections into mouse or rat blastocysts. These chimeras harbored 

satellite cells derived from the donor cells, and upon engraftment into recipient DMD mice 

contributed to re-expression of the dystrophin protein. Next steps would include 

improvements to the system, in order to generate only donor cell derived xenogeneic 

satellite cells, and means to adapt and translate the findings for the treatment of human 

muscular dystrophies. 
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Chapter 6. Appendix 
6.1 Supplemental Figures 

Supp. Fig. 1. Generation and preliminary evaluation of a rat Pax7-KO model 
(A) Cutting sites of 3 CRISPR/Cas9 gRNAs targeting rat Pax7 exon 2 indicated by arrows. (B) 
Weights of pups resulting from mating of Pax7+/- rats. From postnatal day 5 (P5) to P7. Note lack 
of weight gain of knockout (KO) animal. n= 1-6 animals. (C) Representative photo of a rat Pax7-
KO pup with wildtype (WT) littermates. (D) Immunofluorescence image of LAMA, DAPI, and PAX7 
in the indicated animals. Note absence of PAX7 in KO animal. Scale bar in non-magnified, 100µm. 

Supp. Fig. 2. Re-isolation of transplanted edited Dmdmdx; Pax7-nGFP myoblasts derived 
from inter-species chimera #2 
(A) FACS-plots based on nGFP expression for indicated samples. (B) PCR for the presence of 
edited and non-edited Dmd. Note presence of only the edited band in re-isolated myoblasts. (C) 
Representative images of Dmdmdx; Pax7-nGFP mouse myoblasts re-isolated at P0. Scale bar, 
100µm.  
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