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Abstract

Overcoming immune rejection is always a trending topic in regenerative medicine and
transplantation research. Sertoli cells (SCs), which possess immunoprotective properties

provide a fascinating study point in cell-based therapy in regenerative medicine.

Xenopus tropicalis immature Sertoli cells (XtiSCs), derived from juvenile testes, retain the
hallmark morphological and genetic signatures of Sertoli cells. Xenopus tropicalis (X.
tropicalis) is a perfect model for both tail regeneration and heart regeneration research. In
tadpole tail regeneration model, we discovered the novel role of XtiSCs in promoting muscle
regeneration post tail amputation through mechanisms of interaction with macrophages
which are crucial for regeneration success. Besides, XtiSCs have remarkable viability and
homing capabilities. XtiSCs injection led to significant muscle fibre preservation and

regeneration.

In adult frog heart regeneration model, XtiSCs also exhibit excellent viability that they
could survive at the implantation site for over three weeks following hind limb muscle bed
injection. Besides, we successfully developed a protocol for adult frog macrophage depletion
via administration of clodronate liposomes into frog dorsal lymph sac. We found XtiSCs
treatment significantly improved the morphology of the regenerated apex after its cutting and

increased cardiac muscle regeneration.

Due to the current limitations in available antibodies for frog-specific studies, further
exploration at the molecular level remains restricted. To address this, we initiated the
development of transgenic X. tropicalis lines. Using CRISPR/Cas9-mediated homologous
recombination, we successfully constructed two GFP knock-in plasmids targeting the Pax7
and MMP7 genes, and conducted preliminary experiments toward generating stable knock-in

frog lines.

Overall, our study not only underscores the therapeutic potential of SCs in regenerative
medicine but also offers valuable insights into immunomodulatory strategies that can

enhance tissue repair and transplantation outcomes.



Key words: Immature Sertoli cells, Xenopus tropicalis, Tadpole, Tail Regeneration, Frog,
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Abstrakt

Piekonani imunitni rejekce Stépu je stale aktudlnim tématem v oblasti regenerativni
mediciny a vyzkumu transplantaci. Sertoliho bunky (SCs), které vykazuji imunoprotektivni
vlastnosti, predstavuji fascinujici nastroj v oblasti studia bunécnych terapii v rdmci

regenerativni mediciny.

Nezralé Sertoliho buniky druhu Xenopus tropicalis (XtiSCs), ziskané z juvenilnich varlat, si
zachovavaji charakteristické morfologické a genetické znaky Sertoliho bunék. Xenopus
tropicalis je idealnim modelem pro vyzkum regenerace ocasu i srdce. V modelu regenerace
ocasu pulct jsme objevili novou roli XtiSCs pii1 podpoie svalové regenerace po amputaci
ocasu prostiednictvim interakce s makrofagy, které jsou pro usp&$nou regeneraci zasadni.
Kromé toho vykazuji XtiSCs pozoruhodnou Zivotaschopnost a schopnost cilené migrace.

Injekce XtiSCs vedla k vyrazné ochrané svalovych vldken a podpote jejich regenerace.

V modelu regenerace srdce dospélych zab XtiSCs rovnéz prokazaly vybornou
zivotaschopnost — pfezivaly v misté implantace vice neZ tfi tydny po injekci do svalového
lizka v zadni konceting. Navic jsme uspésné vyvinuli protokol pro depleci makrofagl u
dospélych Zab pomoci aplikace klodronatovych liposomii do lymfatického vaku dospélce X.
tropicalis. Zjistili jsme, Ze aplikace XtiSCs vyznamné zlepSila morfologii regenerovaného
srdecniho hrotu po jeho pfedchozi amputaci a zvySila pomér srdecnich svalovych vldken

oproti vazivu v ramci regenerace.

Vzhledem k omezené dostupnosti protilatek specifickych pro drépatky je dalsi vyzkum
zaloZzeny na imunofluorescenci zatim omezen. Abychom tuto piekazku ptrekonali, zahajili
jsme vyvoj transgennich linii X. tropicalis. Pomoci homologni rekombinace
zprostiedkované CRISPR/Cas9 jsme uspésné vytvorili dva knock-in plazmidové konstrukty
s reportérovym genem GFP a cilenymi na geny Pax7 a MMP7. Zaroven jsme provedli

predbézné experimenty sméiujici k vytvoreni stabilnich knock-in linii drapatky tropické.

Nase studie nejenze zdiraziiuje terapeuticky potencidl Sertoliho bun€k v regenerativni
medicing, ale také poskytuje cenné poznatky o imunomodulacnich strategiich, které mohou

zlepsit regeneraci tkani a vysledky transplantaci.



Kli¢ova slova: Juvenilni Sertoliho bunky, Xenopus tropicalis, pulci, regenerace ocasu,

zaba, regenerace srdce, makrofagy, transgenni linie, CRISPR/Cas9, knock-in
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1 ABBREVIATIONS

XtiSCs: Xenopus Tropicalis Immature Sertoli cells
X. tropicalis: Xenopus tropicalis

X. leavis: Xenopus leavis

SCs: Sertoli Cells

hCG: Human Chorionic Gonadotropin

MSCs: Mesenchymal Stem Cells

TGF-B: Transforming Growth Factor Beta

CCL2: Chemokine (C-C motif) ligand 2
CXCL12: C-X-C Motif Chemokine Ligand 12
NO: Nitric Oxide

LLC: Lewis Lung Carcinoma

BTB: Blood Testis Barrier

TIB: Testicular Immunological Barrier

FACS: Fluorescence-Activated Cell Sorting
DAPI: 4',6-diamidino-2-phenylindole

FITC: Fluorescein Isothiocyanate

ECM: Extracellular Matrix

ROS: Reactive Oxygen Species

IL10: Interleukin-10

TALENS: Transcription Activator-like Effector Nucleases

CRISPR-Cas: Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR

Associated

TALE: Transcription Activator-like Effectors



GFP: Green Fluorescent Protein

IVF: In Vitro Fertilization

TNF-a: Tumor Necrosis Factor-o

P55: Tumor Necrosis Factor (TNF) Receptor Type 1
GSK3: Glycogen Synthase Kinase 3

Whnt: Wingless-Type MMTYV Integration Site Family
dpf: Days Post-fertilization

hpa: Hours Post-amputation

dpa: Days Post-amputation

IFNy: Interferon Gamma

ROCs: Re-Organisation Cells

EF: Electric Field

JI: Electric Current Density

TEP: Transepithelial Potential.

BMP: Bone Morphogenetic Protein
FGF: Fibroblast Growth Factor
Shh: Sonic Hedgehog

MI: Myocardial Infarction

CI: Cryoinjury

FGF: Fibroblast Growth Factors

PDGF: Platelet-Derived Growth Factor
VEGTF: Vascular Endothelial Growth Factor
MLC2: Myosin Light Chain 2

DSB: Double-Strand Break

RVD: Repeat Variable Di-Residue



NHEJ: Non-Homologous End Joining
3UTR: 3'-Untranslated Region

mRNA: Messenger RNA

gRNAs: Guide RNAs

PBS: Phosphate buffered saline

MMR: Marc’s Modified Ringer’s Solution
MCS: Multiple Cloning Site

yCry: y-Crystallin

PCR: Polymerase Chain Reaction



2 INTRODUCTION

Sertoli cells (SCs), the essential somatic components of the testis, play a dual role by not only
nurturing developing germ cells but also safeguarding them from the immune system. As
immune-privileged cells, SCs are integral to the formation of the blood-testis barrier and are
uniquely equipped to modulate immune responses within their environment. Numerous
studies have demonstrated that SCs can survive long-term following co-transplantation, both
allogeneic and xenogeneic, enhancing graft survival and function in the absence of
immunosuppressive therapy. Their immunoprotective properties have shown therapeutic
potential in various pathological conditions, including diabetes (Dufour et al., 2003; Luca et
al., 2016), ischemic injury (Milanizadeh et al., 2018), and Duchenne muscular dystrophy
(Chiappalupi et al., 2016). These findings underscore the regenerative potential of SCs and

support their continued exploration as a tool in cell-based therapies.

XtiSCs is a somatic cell line isolated from juvenile Xenopus tropicalis (X. tropicalis)
testes, exhibiting morphological and gene expression characteristics of Sertoli cells
(Tlapakova et al., 2016). XtiSCs underwent full epithelial-mesenchymal transition (EMT)
upon EMT inducer CHIR99021 treatment, exhibiting differentiation capacity and migration
potential towards Hela cells in vitro and towards the injury site in vivo in wounded tadpoles

(Nguyen et al., 2019).

The two key events during muscle regeneration is muscle stem cells (namely satellite
cells) activation, and the immune response. The inflammatory response after injury is
coupled tightly with stages of myogenesis. Of them, inflammatory macrophages are
recruited to the injury site within 24 hours after injury and later polarize toward anti-
inflammatory macrophages (Arnold et al., 2007; Varga et al.,, 2016). Recent findings
revealed that macrophages provided a niche for muscle stem cells during muscle
regeneration (Ratnayake et al., 2021). Interestingly, Xenopus tadpoles are similar with
mammals in muscle regeneration process, both in terms of Pax7 satellite cell activation
(Chen et al., 2006) and inflammatory response (inflammatory myeloid cells and reparative
myeloid cells’ activation) (Aztekin et al., 2020). Using X. tropicalis tadpoles as our
experiment model, we investigated the effects of XtiSCs on tadpole muscle regeneration
after its amputation and we found that XtiSCs could promote muscle regeneration in
amputated tadpole tail through regulating macrophage numbers/possibly their phenotype, at

the injection site and the regenerated tail. Collectively, this work investigated the role of



Sertoli cells on muscle regeneration as an immunoregulator for macrophage response, which

provides basis for Sertoli cell therapy clinical research in the regeneration filed.

Heart disease is one of the leading causes of death worldwide, making the study of cardiac
regeneration a critical area of research. The mammalian heart has very limited regenerative
capacity upon injury, which was reported to be able to regenerate heart tissue within 1-6 days
after birth, but this capacity is lost as they mature (Porrello et al., 2011). Interestingly, recent
studies demonstrated that mammalian cardiogenesis continues throughout adult life,
although the proliferation frequency is less than 1% in humans (Bergmann et al., 2009; Ali et

al., 2014).

Different from mammals, lower vertebrates such as teleost fish and urodele amphibians
(newts and axolotls) have an excellent capacity to regenerate cardiac tissue without scarring,
and restore complete function. (Becker et al., 1974; Flink, 2002; Poss et al., 2002; Lepilina et
al., 2006; Piatkowski et al., 2013). Anuran amphibians can fully regenerate the heart before
metamorphosis, but this ability is reported to graduall diminishes as they transit from larvae
to adult frogs in Xenopus laevis (X. laevis) (Marshall et al., 2019). In Xenopus frogs, it is
notable to mention that Marshall et al. (2019) found that X. /aevis frogs' hearts were unable to
regenerate following endoscopy-based heart apex resection, while Liao et al. found that X.
tropicalis frogs' hearts were capable of near scar-free regeneration following approximately
10% heart apical resection (Liao et al., 2017). X ./laevis and X. tropicalis are two commonly
used model organisms within the genus Xenopus, sharing huge similarities in morphology,
developmental staging systems, and physiological pathways, etc. (P.d and J, 1994;
Kashiwagi et al., 2010; Zahn et al., 2017; Phipps et al., 2020). The reported differences in
heart regeneration capacity between the two species may be owing to species-specific
factors, animal age, differences in resection protocols (such as the size of the resected tissue),
and other variables (Liao et al., 2018). In the meantime, an intriguing question arises as to

why X. tropicalis adults possess such extraordinary heart regeneration potential.

The immune response is closely associated with the heart regeneration process as well
(Simdes and Riley, 2022). Multiple immune cell types are active to establish an
inflammatory and reparative immune state essential for tissue regeneration and recovery
(Nahrendorf et al., 2007). Proinflammatory macrophages play a crucial role in clearing cell

debris through releasing of pro-inflammatory cytokines, proteolytic enzymes, and ROS.
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Anti-inflammatory macrophages become predominant as heart regeneration progresses.
These cells produce anti-inflammatory and pro-fibrotic cytokines, such as IL-10 and TGF-p3,
which can ultimately lead to either successful regeneration or permanent fibrosis (Voll et al.,
1997; Wanetal., 2013). A prolonged pro-inflammatory response can result in adverse tissue
remodeling (Tripathi et al., 2020) and attenuation of the inflammatory response can cause

impaired phagocytosis of dead cardiomyocytes, etc (Bujak et al., 2008).

By transplanting XtiSCs into adult frogs followed by apex resection of the frog heart, we
investigated the role of XtiSCs in X. tropicalis heart regeneration. Our findings indicate that
XtiSCs possess a remarkable ability to promote cardiac cell proliferation and reduce scar

formation in both wild-type and macrophage-depleted frogs.

These study not only highlights the beneficial role of Sertoli cells in tadpole tail
regeneration and frog heart regeneration, but also provides a theoretical basis for Sertoli cell-

based therapeutic strategies in regenerative medicine.

Transgenic animals play a pivotal role in biology research. They are important tools for
human disease research in terms of gene function study, disease intervention, etc. The two
common used Xenopus strains, allotetraploid X. laevis and diploid X. tropicalis are tolerant
with high efficiency of gene editing, and together with their accurate genome sequences
(Hellsten et al., 2010; Session et al., 2016; Fisher et al., 2023;), make them an ideal model for
transgene frog trials. CRISPR/Cas9 is revealed to be a highly efficient and easy-to-operate
genome editing tool in the past years. The studies of injection of Cas9 mRNA, together with
single guide RNA (gRNA), into fertilized eggs are reported to have successfully constructed
gene-mutated frogs or knocked in frogs (Aslan et al., 2017; Mao et al., 2018; Naert and
Vleminckx, 2018a; Mochii et al., 2024). Of them, one study applied CRISPR/Cas9-mediated
knock-in strategy via utilizing ‘2 baits’ sequences which successfully integrated Green

Fluorescent Protein (GFP) to the 3UTR region of targeted genes (Mao et al., 2018).

Pax7 is an important gene expressed in satellite cells (Seale et al., 2000; Halevy et al.,
2004). Studies revealed that Pax7 expressed in quiescent and newly activated muscle
satellite cells and downregulated upon myogenic differentiation (Zammit et al., 2004;
Collins et al., 2005;). In frogs, the Pax7 activation during tadpole muscle regeneration is akin
to the tissue repair events of mammals (Chen et al., 2006). MMP?7 is reportedly associated

with macrophage function in inflammation (Parks et al., 2004; Par¢ et al., 2017; Jobin et al.,
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2019). By utilizing the CRISPR/Cas9-mediated knock-in approach mentioned above, we
successfully constructed Pax7 and MMP7 donor plasmid and injected Cas9 mRNA, gRNA
and donor plasmid into 1-cell stage X. tropicalis embryos. FO positive tadpoles were selected
and raised to frogs. Validation was performed using genomic PCR and by breeding FO frogs
to obtain F1 offspring. While no FO frogs carrying the knock-in construct were identified, the
overall workflow provides an important foundational step toward the successful generation

of transgenic knock-in X. tropicalis lines in our laboratory.



3 GENERAL BACKGROUND

3.1 Sertoli Cells and their Role in Spermatogenesis
Sertoli cells are the essential somatic cells within the seminiferous tubules (Fig.1), which

which play key regulatory roles in ensuring testis development, normal spermatogenesis, and
overall male fertility (Franga et al., 2016). In addition to their role in nourishing developing
germ cells throughout spermatogenesis, Sertoli cells also function as phagocytes by
engulfing residual cytoplasm and apoptotic germ cells during this process (Sertoli cell -

Wikipedia).

Figure 1. Germinal epithelium of the testicle.
1:basal lamina; 2-6:spermatogenic cells; 7: Sertoli cells; 8: tight junction (blood testis barrier);
(Sertoli cell - Wikipedia)

Moreover, the occluding junctions of Sertoli cells form the blood-testis barrier (BTB), a
structure that partitions the blood vessels and the seminiferous tubules of the testes (Fig. 2).

Together with local immune suppression, provide an immunoprivileged microenvironment

for the completion of meiosis (Fijak and Meinhardt, 2006; Mruk and Cheng, 2015).
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Figure 2. Schematic view of the seminiferous epithelium.

The germinal epithelium is divided by the Sertoli cell into two compartments: the basal and
adluminal compartments. The basal compartment contains spermatogonium and newly formed
primary spermatocytes, while the adluminal compartment contains meiotic primary spermatocytes
and other spermatogenic cells. Fully formed spermatozoa are released into the lumen. The blood
testis barrier is in the dashed line (J. Gordon Betts et al., 2022).

3.2 Sertoli Cells Used As Potential Clinical Treatment Approach
It was thought that the somatic cell populations within testes including Sertoli cells, Leydig

cells, and peritubular myoid cells form a spermatogonial stem cell (SSC) niche which helps
maintain stem cell phenotype and stimulate spermatogenic cell differentiation (Oatley and

Brinster, 2012).

3.2.1 In Reproductive Dysfunction
Many reports reveal that Sertoli cells can be used for therapeutic treatment to male

reproductive dysfunction. Massimo Menegazzo et al. revealed that in vitro co-culture of
porcine Sertoli cells with human sperm increased its quality after 7 days (Menegazzo et al.,
2011). Similarly, Mingming Wang et al. revealed that Sertoli cells co-culture with sperm
improved in vitro fertilization (IVF) outcomes in mice by increasing sperm motility (Wang et

al., 2021a).

3.2.2 In Improving Transplantation Outcomes
Early since 1980s, many studies have demonstrated that the immunoprotective environment

of testes made it a promising host organ of transplants. Selawry et al. demonstrated that

allogeneic islets transplanted to rats’ surgically created cryptorchid testis made diabetic rats
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normoglycemic after 24h and insulin was secreted from the islets (Halberstadt et al., 2004).
Subsequent studies repeated and extended these findings, for example, neonatal porcine
islets grafted into dog testes proliferated and secreted insulin and glucagon 2-3 month later,
both in immunosuppressants group and non-immunosuppressants group (Gores et al., 1999).

Further experiments revealed that the somatic cell populations from testes (referred as
Sertoli cells in general, with Sertoli cells as majorities for example, ~95% Sertoli cells, 5%
myoid cells and others) were carrying this immuno-protective role. The isolation principle is
to remove interstitial cells (mainly the Leydig cells outside of seminiferous tubules) by
enzyme digestion and then make single cell suspension of seminiferous tubules while
removing as much as possible the spermatogenic cells through centrifuge. Sertoli cells will
adhere at the final cell culture step. Co-transplantation of Sertoli cells with islets showed
much longer cure than islets-only control (Selawry and Cameron, 1993) in rats. Francesca
Fallarino and Giovanni Luca et al. reported that neonatal microencapsulated porcine Sertoli
cells injection alone led to diabetes prevention and reversion in overtly diabetic (nonobese
diabetic [NOD]) mice through inducing neogenesis of beta-cells (Fallarino et al., 2009; Luca
et al., 2010).

Besides diabetes research, Sertoli cells are reported to function in treatment of many other
diseases. Sara Chiappalupi et al. found that microencapsulated Sertoli Cells injection to
dystrophic mice significantly reduced chronic DMD conditions in Mdx mouse model and
showed protection effect when conducted presymptomatic treatment. Further, they revealed
that microencapsulated Sertoli Cells injection restored muscle morphology and performance
in dystrophic mice and Sertoli Cells had promyogenic and antifibrotic effects on dystrophic
myoblasts (Chiappalupi et al., 2015; Chiappalupi et al., 2016; Salvadori et al., 2021). P R
Sanberg et al. demonstrated that Sertoli Cells had trophic effect on dopamine neurons and
alleviated hemiparkinsonism in rats (Sanberg et al., 1997). Alpa A Trivedi et al. revealed that
Sertoli cells could be used as a carrier of ex vivo gene in the injured spinal cord (Trivedi et al.,
2006).

The mechanism of Sertoli cells’ immunological protection is widely addressed (Selawry
et al., 1991; Lynch et al., 1995; Suarez-Pinzon et al.,; 2000 Kaur et al., 2020). Here we put
three researches about the possible physical interaction between Sertoli cells and immune
cells. First, Sertoli cells express the pS5 TNF-a receptor, while testicular macrophages under
stress can secret TNF-a, which hints the possible interaction between Sertoli cells and

macrophages (Moore and Hutson, 1994; Mauduit et al., 1996). Second, co-culture of Sertoli
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cell line derived from X. tropicalis (XtiSCs) with murine macrophages showed that there
were significant increase of interleukin (IL)10 and significant decrease of Lymphocytes
Expressing Interferon-gamma (IFN-y) compared to both unstimulated cells and xenogeneic
control (Vegrichtova et al., 2022). Third, Hassan Kabbesh et al. revealed that Sertoli Cells
are the main constituent of the testicular immunological barrier (TIB) by transmigration
experiment of LeukoTracker-labeled M0, M1, and M2 macrophages through mono- and co-

cultures of Sertoli cells (Kabbesh et al., 2023).

3.3 Xenopus Tropicalis Immature Sertoli Cells (XtiSCs)

Our laboratory has successfully established a somatic cell line from testes of juvenile X.
tropicalis frogs exhibiting morphological and gene expression characteristics of Sertoli cells
(referred as XtiSCs). Long-term cultivation promotes the formation of colonies which
resemble embryonic stem cells (ESCs). Katushka RFP under CAG promoter was then
transfected into the cell line to trace the cell movement (Tlapakova et al., 2016). XtiSCs
underwent full epithelial-mesenchymal transition (EMT) upon EMT inducer CHIR99021
treatment. After a three-day treatment with CHIR99021, XtiSCs exhibited a morphological
transition from a cobblestone-like shape to an elongated, rod-like form (Nguyen et al., 2019).
All of these characteristics of XtiSCs are illustrated in Fig. 3.

Microinjection to the peritoneal cavity of two days old tadpoles showed that the RFP
signal was enriched mainly in heart, pronephros and intestine (Tlapakova et al., 2016). We
also found limited differentiation of XtiSCs primarily into osteocytes and less frequently into
adipocytes and chondrocytes. Interestingly, cell treatment with GSK3 inhibitor CHIR99021
(activator of Wnt signaling pathway) enhances their differentiation potential towards
cardiomyocytes in microinjection experiments into the peritoneal cavity in 2 days post-

fertilization (dpf) tadpoles (Nguyen et al., 2019).
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Figure 3. XtiSCs cell culture characterization.

(A) XtiSCs cell culture in monolayer in short term culture. (B) Formation of cell colonies

in long term cultivation of XtiSCs. (C) XtiSCs after GSK-3 inhibitor CHIR 99021 treatment in 3
days, with morphological changes into fibroblast-like shape. (D) RFP-positive cell colonies
of XtiSCs. Scale bar A,C: 100 um; B,D: 200 pm (Tlapakova et al., 2016)

3.4 Muscle Regeneration
The regeneration potential in lower vertebrates is robust throughout life, while in higher

vertebrates such as mammals, particularly humans, is limited or absent (Ilismaa et al., 2018).
Muscle regeneration shares common features with muscle development because the
molecular pathways that underlines prenatal development is reactivated when tissue
reconstruction after injury (Hawke and Garry, 2001; Chargé and Rudnicki, 2004).

The most important two events during muscle regeneration is muscle stem cells (namely
satellite cells) activation, and the immune environment response. As illustrated in Fig. 4,
satellite cells located beneath the basal lamina surrounding individual myofibres which are
mitotically quiescent until exposed to physiological stimuli (such as exercise) and
pathological conditions (such as injury and degenerative diseases) (Gayraud-Morel et al.,
2009). Pax7 is a canonical biomarker of most quiescent and proliferating satellite cells as it is
expressed across multiple species, including human, mouse, monkey, salamander, frog, and
zebrafish, et al. (Seale et al., 2000; McLoon and Wirtschafter, 2003; Chen et al., 2005; Relaix
et al., 2005; Morrison et al., 2006; Hammond et al., 2007). After satellite cell activation,
MyoD, Myf5, Myogenin and MRF4 are expressed to initiate myoblast differentiation and

proliferation (Musaro, 2014). Certain satellite cell populations then downregulate muscle
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specific markers and return back into quiescent state to maintain the stem cell pool (Zammit
et al., 2004).
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Figure 4. The diagram of Satellite Cells’ quiescence, activation, proliferation, differentiation.
(Musaro, 2014)

The inflammatory response after injury is coupled tightly with stages of myogenesis (Fig.
5). Early after injury, neutrophils are the first inflammatory myeloid cells that invade the
injury site, decrease after 24h and disappear after 36—48h (Belcastro et al., 1996). Ly6Chi
monocytes/macrophages rapidly increase within 24h after injury and secrete
proinflammatory cytokines such as interferon-y (IFNy) and tumour necrosis factor (TNF) as
well as nitric oxide (NO) which promote myoblast proliferation and inhibit differentiation.
2-3 days after, Ly6Clo macrophages become the predominant subsets and release anti-
inflammatory cytokines such as IL-4 and IL-13 as well as transforming growth factor-3
(TGF-B) which inhibit myoblast proliferation and stimulates their differentiation and fusion
(Arnold et al., 2007; Cordani et al., 2014). The inflammatory vs. reparative capacity of
macrophages are often referred to as M1 or M2 macrophages, while an in vivo muscle injury
induced by cardiotoxin showed that Ly6Chi and Ly6Clo macrophages partially overlap with
M1 and M2 gene expression patterns, respectively (Varga et al., 2016).
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Figure 5. Macrophages and regulators in muscle regeneration.(Oishi and Manabe, 2018)

3.5 Tail Regeneration Study in Xenopus
Xenopus tadpoles possess the remarkable ability to regenerate their tails, including all major

tissue types such as the spinal cord, blood vessels, muscle, and fin (Fig. 6A), from early
tailbud stages (Deuchar, 1975) through to pre-metamorphosis (Deuchar, 1975; Nieuwkoop,
1994; Love et al., 2011; Gaete et al., 2012a; Phipps et al., 2020). Interestingly, this
regenerative capacity is transiently lost during the onset of feeding stages in X. laevis, a phase
referred to as the "refractory period" (Beck et al., 2003). In contrast, X. tropicalis does not
exhibit this refractory period and retains the ability to regenerate the tail throughout all pre-
metamorphic stages (Wang and Shi, 2021).

Regeneration proceeds through three stages: (1) an initial phase involving wound closure
and an inflammatory response during 0—1 days post-amputation (dpa); (2) the formation of a
blastema-like regenerative bud at approximately 1-2 dpa; and (3) a subsequent outgrowth
and overt regeneration phase beginning around 2—3 dpa (Love et al., 2011).

The initiation of a regenerative programme is regulated by a variety of molecular
mechanisms, including key developmental signaling pathways such as Notch, bone
morphogenetic protein (BMP), Wnt, fibroblast growth factor (FGF), transforming growth
factor B (TGFp), and Sonic hedgehog (Shh) (Beck et al., 2003; Ho and Whitman, 2008; Lin
and Slack, 2008; Love et al., 2011; Lin et al., 2012; Taniguchi et al., 2014; Aztekin et al.,
2019). In addition to these pathways, further studies have underscored the importance of
cellular processes and components, such as apoptosis, the extracellular matrix (ECM), and
regeneration-organizing cells (ROCs), in orchestrating successful tissue regeneration (Tseng

et al., 2007; Contreras et al., 2009; Aztekin et al., 2019).
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Figure 6. Tail regeneration.

(A) The image illustrates the anatomy of an intact Xenopus tadpole tail, which comprises somitic
muscle (orange), a notochord (light blue), vasculature (red), and epidermal cells. It also includes
recently identified regeneration-organizing cells (ROCs, purple), melanophores (black), a spinal cord
(dark blue), and motor neurons. (B) The key stages of Xenopus tail regeneration are depicted. Wound
healing initiates immediately after amputation, with the first 0—6 hours post-amputation (hpa)
marking the onset of regeneration. This early phase involves bioelectrical changes and the
upregulation of key signaling molecules, including reactive oxygen species (ROS) and transforming
growth factor B (TGFp). Between 648 hpa, a blastema forms, comprising proliferative cells and
early regenerative structures such as the spinal cord and notochord. From 2 days post-amputation
(dpa), regenerative outgrowth commences, with the regenerate extending along neuronal axons from
the rostral spinal cord and accompanying outgrowth of the spinal cord, notochord, and vasculature.
Concurrently, existing myofibres undergo degeneration and are replaced by newly formed myofibres
derived from Pax7+ satellite cells. Melanophores reappear in the regenerate from melanophore
precursors. Several major signaling pathways active during regeneration are depicted in the
accompanying schematic, including those involving the electric field (EF), current density (JI), and
transepithelial potential (TEP) (Phipps et al., 2020).
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3.5.1 Xenopus Tropicalis and Laevis Are Favorable Models for Muscle Regeneration
Study
Xenopus (X. laevis and X. tropicalis) are one of the most commonly used experimental

organisms, featured in their large quantity and easy to manipulate embryos, rapid embryo
growth and development, fully sequenced and well annotated genome as well as remarkable
structural similarity with the human genome (Nenni et al., 2019). Xenopus can achieve both
scar-free healing and tissue regeneration during its larval stages, while it loses these abilities
during metamorphosis and adulthood in most tissues (Stocum, 1992).The regeneration
mainly includes three phases: (1) Early phase: inflammatory-like phase by 6hpa; (2)
Intermediate phase: cell proliferation beginning at 24 hpa; (3) Late phase: regrowth phase of
differentiated tissues, such as neurons, notochord, muscle and vasculature by 48 and 72 hpa
(Love et al., 2011). Intriguingly, Xenopus shares many common features with humans in
both satellite cell activation process and inflammatory response after injury. Ying Cheng et
al. revealed that the muscle regeneration in Xenopus tails was similar to muscle repair in
mammals, through which process Pax7" satellite cells were activated to repair the damaged
muscle (Chen et al., 2006). Roberto Paredes et al. demonstrated that the inflammatory
response in Xenopus larvae was similar to that seen in human patients following injury

(Paredes et al., 2015).

3.6 Heart Regeneration
The regeneration process restoring tissue architecture was built through a sequential events

including cellular proliferation, differentiation and dedifferentiation and coordinated
morphogenic rearrangements (Uygur and Lee, 2016).

The heart regeneration capacity differs a lot among different species upon injury. As
depicted in Fig. 7 and 8, in vertebrates, adult mammalian heart could not regenerate
including human, mouse, etc. While urodele amphibians and teleost fish have remarkable
cardiac regeneration capacity throughout life (Oberpriller and Oberpriller, 1974; Poss et al.,
2002; Witman et al., 2011; Gamba et al., 2014). Specifically, zebrafish is able to fully
regenerate their hearts with minimal scarring and fully restore cardiac function (Poss et al.,
2002). Interestingly, two commonly used anuran amphibians animal models X. /aevis and X.
tropicalis behaves differently when it comes heart regeneration: both species are able to

regenerate its heart before metamorphosis, while it was reported that X. laevis didn’t retain
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the ability to regenerate its heart and X. tropicalis could fully regenerate its heart after apical

resection(Liao et al., 2017; Liao et al., 2018; Marshall et al., 2019).
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Figure 7. Different regenerative capacities of the hearts of adult humans, adult zebrafish and
neonatal mice.

In adult humans, myocardial infarction (MI) leads to irreversible loss of cardiomyocytes, which are
subsequently replaced by fibrotic tissue (brown), resulting in the formation of a permanent scar
(grey). In contrast, zebrafish possess a remarkable capacity for cardiac regeneration; following
cryoinjury (CI), they form a transient fibrotic scar (brown) that is eventually resolved, allowing for
complete myocardial regeneration. Similarly, neonatal mice exhibit regenerative potential, capable
of restoring myocardium after cryoinjury or ventricular resection, but this ability is limited to the first
week of postnatal life (Sanchez-Iranzo et al., 2013).
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Figure 8. Heart Regeneration across Model Organisms.
Regenerative capacity is conserved in adult teleost fish and urodeles but undergoes developmental
loss in anurans and mammals. (Uygur and Lee, 2016)

3.6.1 Heart Regeneration Mechanisms
Heart regeneration is an orchestrated process, of which cardiomyocyte proliferation plays a

central role (Fig. 9). The immune response is tightly coupled with the proliferation process
and extracellular matrix deposition which is controlled by signals from the epicardium
following injury creates a permissive environment for cellular proliferation. Angiogenesis
which is triggered by FGF and PDGF signaling can provide oxygen and nutrients to regrow
the tissue. Nerves also play an indispensable role in heart regeneration including direct
cellular interactions, secretion of signaling molecules, and modulation of the
microenvironment.

Cardiomyocyte proliferation is considered as the central mechanism during heart
regeneration. It was considered for many years that the postnatal human heart was not able to
do cell renewal which caused the non-regenerative capacity of human heart upon injuries.

However, this view was overturned over the last decades, revealing that mammalian
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cardiogenesis occurs during adult life, including in humans (Bergmann et al., 2009;
Bergmann et al., 2015).

Clinical reports of infant heart surgeries (Fratz et al., 2011) and a case study of a newborn
with myocardial infarction (Haubner et al., 2016) suggest that the human neonatal heart
possesses a notable regenerative capacity and can functionally recover from injury.
Similarly, in neonatal mice, a regenerative response is observed immediately after birth.
Porrello et al. demonstrated enhanced cardiomyocyte proliferation and robust angiogenic
growth following resection or myocardial infarction (MI) in neonatal mice, but only within a
narrow postnatal window (Porrello et al., 2011; Porrello et al., 2013). Upon injury, the
neonatal mouse heart exhibits rapid hemostasis, infiltration of inflammatory cells, epicardial
activation, and cardiomyocyte proliferation—features reminiscent of the regenerative
responses seen in teleost fish and axolotls. Importantly, the newly formed cardiomyocytes
predominantly originate from pre-existing cardiomyocytes that re-enter the cell cycle
(Porrello et al., 2013; Haubner et al., 2016), as also observed in zebrafish (Lepilina et al.,
2006; Jopling et al., 2010). Notably, this regenerative capacity diminishes rapidly, as it is
absent by postnatal day 7 or 14, indicating a swift loss of cardiac regenerative potential in
mammals after birth.

The inflammatory system responds immediately to heart injury in all vertebrate species
studied so far (Kyritsis et al., 2012; Xin et al., 2013). Macrophage regulation is pivotal for
cardiac regeneration, with their polarization states (pro-inflammatory M1 vs. reparative M2)
affecting outcomes such as fibrosis resolution or scar formation. Macrophages could
promote angiogenesis, clear apoptotic cells, and secrete regenerative factors for example
VEGEF and IL-10, and the imbalances between M1 and M2 macrophages activity can drive
pathological remodeling (Aurora et al., 2014; Lavine et al., 2014). Neonatal hearts, which
retain regenerative capacity, exhibit temporally coordinated macrophage recruitment and
phenotype switching, which is lost in adults (Haubner et al., 2016; Pinto et al., 2016). Non-
regenerating species resolve inflammation via fibrotic scarring, whereas regenerating

animals achieve tissue restoration through cellular repopulation.
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Figure 9. Evolutionarily Conserved Mechanisms of Cardiac Regeneration.

Cardiomyocyte proliferation is a fundamental component of cardiac regeneration. The inflammatory
response plays a pivotal role in orchestrating the balance between cellular proliferation and tissue
repair. Following injury, the deposition of extracellular matrix (ECM) establishes a supportive
microenvironment conducive to regeneration, which is modulated by paracrine signals from the
epicardium. Concurrently, neoangiogenesis, mediated by fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF) signaling pathways, facilitates the delivery of oxygen and nutrients
essential for tissue regrowth. Additionally, emerging evidence indicates that proper innervation is a
critical factor for the successful regeneration of cardiac tissue (Uygur and Lee, 2016).

Neoangiogenesis

3.6.2 X. tropicalis and X. laevis In Frog Heart Regeneration Study
Both X. tropicalis and X. laevis larvae possess a remarkable capacity for complete heart

regeneration following injury. However, their regenerative potential diverges dramatically in
adulthood. In X. laevis, the adult heart loses this regenerative ability and instead responds to
injury with fibrotic scarring, similar to the mammalian response (Marshall et al., 2019). In
contrast, studies using X. tropicalis have shown that the adult heart can regenerate following
ventricular apex resection without forming scar tissue (Liao et al., 2017).

Further insights into the regenerative mechanisms in X. tropicalis were gained through the
use of a transgenic reporter line, Tg(mlc2:H2C), which expresses mCherry in cardiomyocyte
nuclei under the control of the myosin light chain 2 (mlc2) promoter. This model
demonstrated that cardiomyocyte proliferation contributes to heart regeneration in the adult
X. tropicalis following injury (Xiao-Lin Lin et al., 2024).

Discrepancies in the regenerative outcomes between X. laevis and X. tropicalis have been

the subject of insightful discussions between the research groups leading these studies (Liao
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et al., 2018; Marshall et al., 2018). Several factors likely contribute to the observed
differences. Similar variability in regenerative potential has been noted in other vertebrate
groups. For example, within teleost fish, zebrafish exhibit robust and lifelong cardiac
regeneration (Poss et al., 2002), whereas this ability is absent in medaka (Ito et al., 2014).
One major factor is the age of the animals used in the studies: Marshall et al. employed 5-
year-old X. laevis, whereas Liao et al. used 1-year-old X. tropicalis. Age-related decline in
regenerative capacity is well documented in multiple models. Additionally, differences in
surgical technique may influence regeneration outcomes. Endoscopic resection used in the
X. laevis study resulted in larger clot formation compared to the smaller clots observed after
apical resection in X. fropicalis. The specific site of injury also plays a role in the
regenerative outcome, as different cardiac regions may differ in their ability to regenerate.
During metamorphosis, Xenopus undergoes significant immune system maturation, a
process that correlates with the loss of regenerative capacity (Godwin and Rosenthal, 2014).
While inflammation is essential for initiating regenerative responses, it can also inhibit
regeneration under certain conditions. In salamanders, for example, Godwin et al. (Godwin
et al., 2017) demonstrated that macrophage depletion at early time points following cardiac
injury leads to regeneration failure, suggesting that heart regeneration is dependent on a
properly timed innate immune response. Together, these studies in amphibians highlight the
critical role of inflammation and immune system dynamics in governing regenerative

capacity.

3.7 Transgenic Lines in Xenopus
Among the two main Xenopus species (X. laevis and X. tropicalis) used in biomedical

research, X. laevis has been predominantly used since the 1950s due to its large size and
experimental robustness. But due to its allotetraploid genome and relatively long generation
time (10-12 months), its genetic tractability is poor. Recent years, X. tropicalis was
frequently used as a genetic model because of its shorter generation time (5-7 months) and
genuine diploid genome.

Transgene frogs serve as an ideal model to study vertebrate development and human
disorders. Commonly used genome-editing methodology which allows for the rapid creation
of mutant frogs to model human diseases including ZFN transgenes, TALENs and CRISPR-

Cas methods.
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ZFNs (Sequence-specific zinc finger nucleases) are the fusion of the nonspecific cleavage
domain of the type IIS restriction enzyme FoklI with a zinc-finger protein which are designed
to cleave predetermined genomic sites, generating targeted double-strand breaks (DSBs) that
enable site-directed mutagenesis and genome editing(Gaj et al., 2012; Miller et al., 1985;
Young et al., 2011).

TALE proteins contain a central domain with 33—-35 amino acid repeats, termed repeat-
variable diresidues (RVDs). These RVDs confer sequence-specific DNA binding, allowing
TALEs to theoretically target virtually any predefined genomic locus (Bogdanove and
Voytas, 2011). Two TALEN arms recognize and bind the DNA sequence with a small 15-25
base spacer region in between which allows the dimerization of fused Fokl endonuclease
and activate its catalytic domain, to create site-specific DNA double-strand breaks (DSBs)
(Christian et al., 2010; Liet al., 2011; Mahfouz et al., 2011; Miller etal., 2011). The TALEN-
induced mutations was first introduced in X. tropicalis, resulting in efficient somatic and
germline mutagenesis (Ishibashi et al., 2012; Lei et al., 2012) .

Another genome editing technique is CRISPR-Cas9, and it has been more widely used due
to its simpler design. CRISPR (clustered regularly interspaced short palindromic repeats)
comprises DNA sequences in prokaryotic genomes. These sequences originate from
bacteriophage DNA fragments that previously infected the host prokaryote or its ancestors,
forming an adaptive immune archive (Barrangou, 2015; Rath et al., 2015; Hille et al., 2018).
Cas is CRISPR-associated genes that are adjacent to these elements. Cas9 endonuclease
enzymes together with CRISPR sequences form the basis of a technology known as
CRISPR-Cas9 to edit genes within living organisms (Bolotin et al., 2005; Jinek et al., 2012;
Cong et al., 2013; Wright et al., 2016; Bak et al., 2018).

Till now, the applications in Xenopus is being exploited more and more (Blitz, 2012; Shi

et al., 2022; Naert and Vleminckx, 2018Db).

3.7.1 CRISPR-Cas9 Knock-In Strategy for Generating Transgenic X. tropicalis
CRISPR/Cas9-mediated knock-in using a donor plasmid and a homology-independent DNA

repair mechanism has emerged as a powerful tool for generating reporter gene transgenic
animals. To avoid the integration of unnecessary plasmid backbone sequences, Mao et al.
developed an efficient and precise strategy using a donor plasmid flanked by two identical
Cas9 target sites on both sides of the transgene cassette (Mao et al., 2018). When co-injected
with Cas9 mRNA and guide RNAs (gRNAs) into one-cell stage fertilized X. tropicalis
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embryos, simultaneous cleavage occurs at both the targeted genomic site and within the
donor plasmid. This promotes the precise insertion of the cassette into the genome without
plasmid backbone contamination.

In this system, the donor cassette contains a fluorescent reporter gene under a ubiquitous
or tissue-specific promoter. For example, when the cassette is correctly integrated into the
target locus, mCherry is expressed in the eyes (serving as a co-injection marker), and GFP is
expressed in a tissue-specific manner, depending on the endogenous gene's expression. This
strategy has been successfully applied to integrate EGFP into the GAPDH locus in human
cells and the Myh6 locus in X. tropicalis, demonstrating its cross-species applicability.

Following this two-guide CRISPR knock-in approach (Fig. 10), we constructed donor
plasmids targeting the 3' UTR regions of Pax7 and MMP7 in X. tropicalis. These constructs
were co-injected with Cas9 mRNA and gene-specific gRNAs into one-cell stage embryos.
We obtained FO tadpoles displaying KatushkaFP fluorescence in the eyes, along with GFP
expression in putative target tissues, indicating preliminary success in targeted cassette
integration.

These positive FO tadpoles were raised to sexual maturity, and outcrosses were performed
to generate F1 offspring. Unfortunately, no F1 tadpoles exhibiting reporter gene expression
were obtained, suggesting that stable germline transmission was not achieved in this trial.
Nevertheless, this work represents an important step toward establishing transgene knock-in
techniques in X. tropicalis and provides valuable experience for future optimization.
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Figure 10. A diagram of the 2-bait Cas strategy
(A, B) The two-bait CRISPR/Cas9 strategy, based on a donor plasmid containing a transcriptional

terminator, simultaneously cleaves the target genomic locus and dual bait sites in the donor construct,
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generating coordinated DSBs to drive targeted integration. This facilitates targeted integration of the
EGFP cassette into the myh6 locus (an example from Mao et al. experiment) in the forward
orientation, primarily utilizing the non-homologous end joining (NHEJ) pathway. (C, D) Similarly,
a two-bait CRISPR/Cas9 approach using a donor plasmid harboring the 3' untranslated region
(3'UTR) of the myh6 gene creates coordinated cleavages at the genomic target site and two baits of
donor plasmid. This also promotes targeted forward integration of the EGFP reporter into the myh6
locus through the NHEJ pathway (Mao et al., 2018).
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4 MATERIALS AND METHODS

4.1 Chemicals
B-mercaptoethanol, 55mM (Life Technologies)

Agarose (Lonza)

Ampicillin (Amresco)

Bovine serum albumin (Sigma-Aldrich)

Cysteine (Sigma-Aldrich)

Collagenase A (Roche)

Clodronate Liposomes (Liposoma Technology)
Control Liposomes (Liposoma Technology)

DNase I (Sigma Aldrich)

DAPI (Intimex s.r.0.)

Ethanol,absolute (Penta)

Ethidium bromid (Merck Life Science s.r.0.)

Ficoll (Sigma-Aldrich)

Fluorescent Dil Liposomes (Liposoma Technology)
Formaldehyde,37% (Penta)

Gentamicin, 50ul/mL (Gentaveto)

Horse Serum (Gibco)

Human chronic gonadotropin hormone, C1063 (Sigma-Aldrich)
Kanamycin (Sigma-Aldrich)

L-15 medium Leibovitz (Life Technologies)
L-glutamine, 200mM (Sigma-Aldrich)
Mowiol/DAPI (Sigma-Aldrich)
O.C.T.™Compound 4583 (Tissue-Tek)

Papain, 61.25 pg/ml (Biochrom AG)

RPMI 1640 medium (Life Technologies)
Saccharose (Penta)

SOC medium (Thermo Fisher Scientific)

Sodium pyruvate, 100mM (Sigma-Aldrich)
Tricaine Methanesulfonate (MS222) (Sigma-Aldrich)
Triton X-100 (Sigma-Aldrich)
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4.2 Instruments
Countess® Automated Cell Counter (Invitrogen)
Cryotome CM3050 S (Leica)
Flow box EM Box 120 (Scholler Instruments)
Fluorescence microscope Olympus BX40 (Olympus)
Fluorescence stereomicroscope Olympus SZX16 (Olympus)
Inversed microscope Olympus BX40F (Olympus)
Mini centrifuge ROTILABO® with butterfly rotor (ROTH)
Microinjector IM 400 with sucking module IM 400B (Narishige)
Micropipette puller PC-10 (Narishige)
Stereomicroscope Stemi 2000 (Zeiss)
Vortex Ika Works Minishaker MS1 (Ika Works)
Water bath Techne TE 10D Tempette (Techne)
Zeiss LSM 880 NLO confocal microscope (Zeiss)

4.3 Other materials
1.5ml Eppendorf tubes (Biologix)
2-0 multifilament silk suture with cutting needle (Ethicon)
Bel-Art® Disposable Pestles, BAF199230000 (Merck Group)
DNA Gel Loading Dye 6X (Thermo Fisher Scientific)
DH5a/dam- host Competent Cells: Kind gift from Dr. Marie Maciirkové lab

E.Z.N.A Cycle pure kit (Omega)

Gene ruler DNA ladder, SM0333 (Thermo Fisher Scientific)

Glass capillary for microinjection (Drummond)

GeneArt™ CRISPR Nuclease mRNA, A29378 (Thermo Fisher Scientific)
Invitrogen™ TrueGuide™ gRNA (Thermo Fisher Scientific)

Insulin syringe 0.5ml1/50 I.U. (Omnican)
PhusionTM High—Fidelity DNA Polymerase, FS30L (Thermo Fisher Scientific)
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pluriStrainer Mini 70 um (pluriSelect)
Primer Synthesis (Integrated DNA Technologies, IDT)
QIAGEN Plasmid Midi Kit (QIAGEN)

Rapid DNA Ligation Kit (Roche)

SuperFrost Plus™ Adhesion slides (Epredia)

Sterile cotton (Hartmann)

Serological pipette (Biologix)

T2A sequence synthesis for gene cloning (Integrated DNA Technologies, IDT)
Taq DNA Polymerase (Thermo Fisher Scientific)

4.4 Antibodies

4.4.1Primary antibodies

Cat./Clone. No Antigen Species Supplier Dilution
' Developmental
Cardiac
CH1 ‘ Mouse Studies 2 pg/ml
Tropomyosin )
Hybridoma Bank
Red
AB233 Rabbit Evrogen 1:5000
fluorescence
F3648 Fibronectin Rabbit Sigma-Aldrich 1:500
Fluorophore
Cat./Clone No. Supplier Dilution
Conjugation
Isolectin B4 Fluorescein Vector Laboratories 1:200

4.4.2 Secondary antibodies

Cat./Clone No. | Antigen Species Supplier Dilution

A11001 Mouse IgG- Goat Thermo  Fisher 1:500
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Alexa  Fluor®
Scientific
488 conjugate

Rabbit IgG-

Thermo  Fisher
A11012 Alexa  Fluor® Goat o 1:500
_ Scientific
594 conjugate

4.5 Solutions

4.5.1 Phosphate buffered saline
10x Phosphate buffered saline (PBS) (pH=7.4) (stock solution)

79 g NaCl

29 g Na2HPO4.12H20
3.1g KH,PO,

1.1 g KCI

Add distilled H,O to 1000 ml

Ix PBS (pH=7.4)
50 ml 10x PBS

Add distilled H,O to 500 ml

2/3 PBS (pH=7.4)
33.4 ml 10x PBS
Add distilled H,O to 500 ml

Xenopus cells have different osmolarity (100mM) compared with mammalian cells

(150mM).
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4.5.2 Fixation solutions
4% Paraformaldehyde (pH=7.4)

4 ¢  Paraformaldehyde

Add 2/3PBS to 100 ml

4.5.3 Medium for cell culture cultivation
Xenopus testicular cell 2/3 cultivation medium

150 mlL-15 Leibovitz

30 ml 5x RPMI 1640

45 ml Foetal bovine serum (FBS)
4.5 ml L-glutamine (200mM)

8 mL NaHCO;(7.5%)

450 ul Gentamicin(50mg/ml)

3ml Sodium pyruvate (100 mM)
818 pl B-mercaptoethanol

Volume adjusted to 450 ml with steriled ddH,O.

Papain solution
61.25 mg/l papain
0.5mM EDTA

ImM L-cysteine in PBS without Ca2" and Mg2"

4.5.4 In vitro fertilization (IVF) solutions
20x Marc’s Modified Ringer’s Solution (MMR) (pH=7.5)

58.44 g NaCl

1.49 g KC1
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2.03 g MgCl,
11.92¢ HEPES (1M)

Add distilled H,O to 500 ml

0.05x MMR (pH=7.7)
2.5 ml 20x MMR

Add distilled H,O to 1000 ml

0.05x MMR + Gentamycin (pH=7.7)
2.5ml 20x MMR
1.0 ml Gentamycin (50 mg/ml)

Add distilled H,O to 1000 ml

Ix MMR + Gentamycin (pH=7.7)
5ml  20x MMR
100 ul Gentamycin (50 mg/ml)

Add distilled H,O to 100 ml

2.2% Cysteine + 0,1x MMR (pH=7.7)
500 ul 20x MMR
2.2g L-Cysteine

Add distilled H,O to 100 ml

L-15 Leibovitz + 10% FBS medium



10 g Foetal bovine serum

Add L-15 Leibovitz to 100ml

0.4% MS222 (pH=7) (Killing solution)
4¢g  MS222
4g  NaHCOs;

Add distilled H,O to 1000 ml

1% Agarose (for Petri dish coating)
lg Agarose

Add distilled H,O to 100 ml, mix and microwave till agarose melting. Pour the solution to

several Petri dishes and let it cool for 15 min.

4.5.4 Microinjection solution
0.2% MS222 (Sleeping solution)

02g MS222
02¢ NaHCO;

Add distilled H,O to 100ml

6% Ficoll
3g Ficoll
Add 0.1x MMR + Gentamycin to 50ml

Adjust PH by adding NaOH
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4.5.5 Cryotome solutions
20% Saccharose in 2/3 PBS

20 g Saccharose

Dissolve in 100ml H,O

4.5.6 Immunofluorescence Solutions
0.1% PBT

100ul TritonX100

Dissolve in 100ml PBS

Immunofluorescence blocking solution (10% horse serum)
Iml horse serum

Diluted by 10ml 0.1% PBT

Whole mount Immunofluorescence blocking solution (1%BSA)
0.1g BSA

Dissolve in 10ml 2/3PBS

4.5.7 DNA isolation using alkaline lysis method

Solution I (pH 8.0)

50mM glucose

25mM Tris-Cl

10mM EDTA

100ug/mL RNase A.

Filter sterilized and stored at 4°C fridge.
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Solution 11

0.2M NaOH

1% SDS

This solution should be made up fresh on the day of use.

Solution Il (PH4.8)

5M potassium acetate solution

Store at 4°C fridge

4.5.8 DNA Cloning Solutions
10X TBE

108 g  Tris base

55g  H3BO4

40ml 0.5M EDTA (pH 8.0)

Add distilled H,O to 1000ml

IXTBE

10ml 10X TBE

Add distilled H,O to 100ml
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https://www.lifescience.net/protocols/31/stock-solution-of-ethylenediamine-tetraacetic-acid/

4.6 Methods

4.6.1 Animal Handling and Tadpole Generation
Adult X. tropicalis (Ivory Coast strain; University of Portsmouth source) were maintained

under standard conditions, with 24-26°C, 12h:12h light-dark cycles, in dechlorinated and
filtered water supplemented with sea salt (2.5 g/10 L). Embryos were generated via
standardized in vitro fertilization protocols (Geach and Zimmerman, 2011). Tadpoles in NF
developmental Stage 48-50 were used for tail amputation experiments. 1-2 years old adult

frogs were used for heart regeneration experiments.

4.6.2 In Vitro Fertilization
To induce ovulation in female X. tropicalis, a two-step human chorionic gonadotropin (hCG)

injection protocol was employed. On the day prior to in vitro fertilization (IVF), a priming
dose of 20 IU hCG was administered into the dorsal lymph sac at approximately 5:00 PM. On
the following day, a booster dose of 180 IU hCG was injected at around 9:00-10:00 AM.
When maintained at 25 °C, females typically begin ovulating within 4-6 hours after the
booster injection. To ensure an adequate number of eggs, 2-3 females were routinely used per
IVF attempt. One male was sacrificed by placing the frog in killing solution for 10-15 min till
its leg reflexes were lost. Cervical spine section was performed with scissors and spike.
Testes were isolated and put in 500 pl L-15 + 10% FBS medium in 1.5ml eppendorf tubes.

The testes were homogenized using disposable pestles and mix by pipette.

When hormonally induced female frogs began laying eggs into water, they were deemed
ready for in vitro fertilization (IVF). A single drop of 1x MMR + Gentamycin was placed at
the center of a 90 mm Petri dish. Eggs were gently squeezed from the female and collected
into the same area. Homogenized testes from a male were then distributed evenly over the
eggs. During this process, eggs were carefully arranged into a monolayer using a pipette tip
to facilitate uniform exposure to sperm. The mixture was left undisturbed for 5 minutes to
allow sperm-egg interaction.

Subsequently, 0.05x MMR was gently poured into the dish until it was filled, initiating
fertilization. After 20 minutes, the fertilization medium was replaced with 2.2% L-cysteine
to remove the jelly coat surrounding the embryos. The eggs were transferred into a 250 ml
beaker and gently swirled for approximately 5 minutes. Following jelly coat removal,

embryos were rinsed four times with 0.05x MMR to eliminate residual L-cysteine. The
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cleaned embryos were then transferred into agarose-coated Petri dishes containing 0.05x
MMR+Gentamycin, with approximately 200-300 embryos per dish. Later when the majority
of embryos reach the 8-cell stage, unfertilized eggs and abnormally developing embryos
were carefully removed. On the second day, the culture medium was replaced with fresh
0.05x MMR +Gentamycin, and malformed or non-viable embryos were carefully removed.
On the third day, the medium was replaced with 0.05x MMR to allow the embryos to begin
acquiring their natural microbiota. On the fourth day, embryos were transferred to tadpole

housing tanks, and feeding was initiated.

4.6.3 XtiSCs Cell Culture
The isolation and culture of XtiSCs were performed according to the protocol described by

Tlapakova et al. (2016). Non-fluorescent XtiSCs were used for mitochondrial labeling
experiments, while XtiSCs transfected with Katushka RFP were utilized for all
transplantation studies. For the Katushka RFP-expressing XtiSCs, cells were sorted based on
fluorescence using an inFlux v7 Sorter (BD Biosciences) and were used within three months

of sorting.

4.6.4 Effect of XtiSCs in X. tropicalis Tadpole Tail Regeneration

4.6.4.1 XtiSCs transplantation into X. tropicalis tadpoles
XtiSCs were collected and rinsed three times with 2/3x PBS to remove eliminate media

residue. Viable counts were obtained using a Countess Automated Cell Counter (Invitrogen).
Two-week-old tadpoles were anesthetized in a sleeping solution containing 0.004% MS-222
for 5—10 minutes. Subsequently, 1,000 viable XtiSCs (2.5 x 10”7 cells/ml) were injected into
the upper tail tissue. After injection, tadpoles were returned to 0.01x MMR supplemented
with gentamicin. The medium was refreshed daily, and any deceased tadpoles were promptly
removed to maintain optimal rearing conditions. On the same day as the injection, one-third

of the tail was amputated, and tadpoles were monitored at 1, 3, 5, and 7 days post-amputation

(dpa).

For mitochondrial labeling, XtiSCs were collected, washed three times with 2/3x PBS, and
incubated with 100 nM MitoTracker® Red CMXRos (MiTT, Thermo Fisher Scientific) for
30 minutes at room temperature. Cells were then washed twice with 2/3x PBS, resuspended

in 2/3x PBS, and kept on ice prior to injection. To confirm specificity, 50 nl of 100 nM
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MitoTracker dye was injected into 4-week-old X. tropicalis tadpoles, which demonstrated

that the dye alone was not specifically taken up by macrophages (Fig. 24).

Experimental procedures for macrophage depletion and XtiSC transplantation are
illustrated in Fig. 15A. All figures use abbreviated group names, with complete explanations

provided below.

Uninjected+2/3PBS: Uninjected (no liposomes injection) tadpoles were injected with

2/3PBS;

Uninjected +XtiSCs: Uninjected (no liposomes injection) tadpoles were injected with
X1tiSCs;
Control lipo+2/3PBS: Control liposomes-injected tadpoles were injected with 2/3PBS;

Control lipo+XtiSCs: Control liposomes-injected tadpoles were injected with XtiSCs;

Clodronate lipo+2/3PBS: Clodronate liposomes-injected tadpoles were injected with

2/3PBS;

Clodronate lipo+XtiSCs: Clodronate liposomes-injected tadpoles were injected with

X1iSCs;

5.6.1.2 XtiSCs Migration Observation

Tadpoles were anesthetized in sleeping solution at a final concentration of 0.004% MS222
prior to observation. Katushka RFP fluorescence was observed under fluorescence

stereomicroscope (Olympus SZX16).

5.6.1.3 Clodronate Liposomes-based Macrophage Depletion in X. tropicalis Tadpoles

Before injection, tadpoles were anesthetized in a solution containing 0.004% MS-222
(Sigma-Aldrich) and 0.004% NaHCOs. Control liposomes (PBS) and clodronate liposomes
(Liposoma Technology) were administered into the heart vein region of the tadpoles on two
consecutive days, with 5.4 nl injected each time. To evaluate the distribution range of the
liposomes and verify the injection procedure, fluorescent Dil liposomes (Liposoma

Technology) were injected at 5.4 nl as a procedural control.
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5.6.1.4 Tail Regeneration Statistics

Tail regeneration was evaluated using images of tadpole tails captured with a Leica TL3000
Ergo stereo microscope. Prior to observation, tadpoles were anesthetized in a solution
containing 0.004% MS-222 (Sigma-Aldrich) and 0.004% NaHCOs. Tail length
measurements were taken from the snout to the point where the axis of the tail myotomes
intersects with the body wall, as defined by Haas and Das (2011). The regeneration index
was derived by dividing the regenerated tail length by the total tail length. Statistical analysis
was performed using GraphPad, student’s t-test (P<0.05) for the comparison between

groups.

4.6.4.5 Whole Mount Hybridization
The whole-mount immunofluorescence staining protocol for isolectin B4 was adapted from

Willsey (2021) with minor modifications. Tadpole samples were fixed overnight in 4%
formaldehyde prepared in 2/3 PBS, followed by three washes in 2/3 PBS, each lasting 30
minutes. The bleaching step was omitted to preserve the Katushka RFP fluorescence of the
XtiSCs. Samples were then permeabilized in 1% Triton X-100 for 1 hour at room
temperature and washed three times with 2/3 PBS for 30 minutes each. Blocking was
performed using 1% BSA at room temperature for 2 hours. Isolectin B4 staining (Vector
Laboratories, Fluorescein-conjugated Isolectin B4) was carried out overnight at 4°C,
followed by three 30-minute washes in 2/3 PBS. Finally, samples were immersed in 150-200
nL of 2/3 PBS, ensuring complete coverage, and nuclei were labeled by staining with DAPI

at a final concentration of 1 pg/mL.

Similarly, whole-mount immunofluorescence staining of skeletal muscle was performed
based on the protocol by Hamilton et al. (2021), with slight modifications. Tadpoles were
fixed overnight in 4% formaldehyde in 2/3 PBS and washed three times for 30 minutes each
with 2/3 PBS. To preserve Katushka RFP fluorescence, the bleaching step was omitted.
Permeabilization was carried out using 1% Triton X-100 for 1 hour at room temperature,
followed by three 30-minute washes in 2/3 PBS. Samples were blocked overnight at 4°C in
10% horse serum. The primary antibody 12/101 (Developmental Studies Hybridoma Bank,
DSHB) was incubated with the samples for 2-3 days at 4°C, followed by three washes of 30

minutes each in 2/3 PBS. The secondary antibody (Alexa Fluor 488 anti-mouse) was
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incubated overnight at 4°C, followed by three additional washes. Finally, nuclei were stained

with DAPI (1 pg/mL) in 150-200 pL of 2/3 PBS.

Imaging for the whole tadpole tail was conducted using a Zeiss LSM 880 NLO confocal

microscope, with z-stack settings (6-8um thickness).

4.6.4.6 Macrophage Cells Counting
To count macrophages, a standard deviation Z-projection was generated for the green

channel. Thresholding was performed using the Otsu method, and particles were filtered by

size, retaining those between 38.8 pixels and infinity.

For area measurements, the transmitted light channel was used. Areas for measurement
were manually selected using the polygon selection tool. In cases where the automated
particle analysis did not accurately reflect macrophage numbers, manual counting was

performed for those specific samples.

4.6.4.7 Analysis of Muscle Fibers Degradation and Growth
For samples at 1 day post-amputation (1 dpa), the amputation plane was defined as a line

parallel to the fin cut, approximating the region where muscle fibers begin early degradation.
The intact muscle region was delineated from the last clearly identifiable somite to the point
where muscle fibers started to deteriorate. The baseline calibration area extended from the
last complete somite to the amputation boundary. Muscle fiber regeneration at 3 and 5 days
post-amputation (3 dpa and 5 dpa) was assessed following the methodology established by
Laura N. Borodinsky’s laboratory (Hamilton et al., 2021; Levin and Borodinsky, 2022), with
slight modifications. Specifically, the analyzed area spanned from the newly regenerated
muscle fibers to the most posterior visible end of the notochord, excluding the fin. All
measurements were performed using Imagel software. Z-stack images were flattened into
maximum-intensity projections for analysis, with each individual z-slice examined to

confirm the presence of regenerated muscle fibers.

4.6.4.8 Immunofluorescence
XtiSCs were collected, rinsed twice with 2/3 PBS, and seeded as a monolayer onto

SuperFrost Plus™ Adhesion slides (Epredia), then air-dried overnight. For staining, cells
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were fixed with 4% formaldehyde in 2/3 PBS for 10 minutes at room temperature, followed
by three washes with 2/3 PBS, each lasting 10 minutes. Permeabilization was performed
using 1% Triton X-100 for 30 minutes at room temperature, followed by three additional 10-
minute washes with 2/3 PBS. Blocking was carried out with 1% BSA for 1 hour at room
temperature. Primary antibodies were incubated overnight at 4°C, then washed three times
for 10 minutes each with 2/3 PBS. Secondary antibodies were applied for 2 hours at room
temperature, followed by three 10-minute washes with 2/3 PBS. For isolectin B4 staining,
which requires a single incubation, samples were incubated for 2 hours at room temperature,
then washed three times for 10 minutes each with 2/3 PBS. Slides were air-dried for 30
seconds to 1 minute until fully dry. DAPI was added to the mounting medium at the working
concentration to stain nuclei. Coverslips were gently placed over the samples, and edges
sealed with transparent nail polish. Secondary antibody incubation was also performed as a
negative control. Imaging was performed using either a Zeiss LSM 880 NLO confocal

microscope or a Leica DM6 FS fixed-stage fluorescence microscope.

4.6.4.9 Single Cell Suspension Preparation and Staining
Tadpoles were maintained in 2/3 PBS and euthanized using 0.2% MS-222. Tail segments

exhibiting strong Katushka RFP fluorescence were excised under an Olympus SZX16
fluorescence stereomicroscope and collected into 1.5 ml Eppendorf tubes on ice. The
segments were rinsed once with 2/3 PBS, then digested in a 200 pL solution containing 1
mg/mL Collagenase A (Roche) and 10 pug/uL DNase I (Sigma Aldrich), incubated at 30°C
for 1 hour with gentle mixing every 5—10 minutes using a Pasteur pipette. Subsequently, a
1:50 dilution of papain solution was added, mixed thoroughly, and incubated at room
temperature for 10 minutes. The enzymatic reaction was stopped by adding cold 2/3 PBS to
fill the tubes. The cell suspension was filtered through a 70 um cell strainer (pluriStrainer
Mini) and centrifuged at 1000 x g for 5 minutes at 4°C. The resulting pellet was resuspended
in 200 pL. 2/3 PBS and incubated with fluorescein-conjugated isolectin B4 (Vector
Laboratories) for 1 hour at room temperature to label endothelial and select immune cells.
After staining, cells were washed twice with 2/3 PBS and centrifuged under the same
conditions. The final pellet was resuspended in 20 pL 2/3 PBS and spread onto SuperFrost
Plus™ adhesion microscope slides (Epredia) to form a monolayer. Slides were air-dried and

imaged using a confocal microscope.
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4.6.4.10 Data Analysis
Data analysis was conducted using GraphPad Prism software (version 9.5). Results were

presented as the mean with the standard error of the mean (SEM). The data were obtained
from at least three independent biological replicates. For comparing significant differences
between two groups, where multiple variables were considered for statistical evaluation
(e.g., no injection vs. control liposomes injection vs. clodronate liposomes injection; 2/3PBS

injection vs. XtiSCs injection; various time points), Student's t-test was applied (P<0.05).

4.6.5 Effect of XtiSCs in X. tropicalis Heart Regeneration Study

4.6.5.1 XtiSCs Transplantation into X. tropicalis Frogs
XtiSCs expressing Katushka RFP were harvested by papain solution at room temperature

incubation for 10 minutes, followed by centrifugation at 900 rpm for 5 minutes. The cell
pellet was then washed with 2/3 PBS twice to remove residual culture medium and re-
suspended in 2/3 PBS medium. The cell concentration was quantified using the Countess
Automated Cell Counter (Invitrogen). Subsequently, 1 million cells in 50 pl 2/3 PBS were

injected into the hindlimb skeletal muscle of frogs.

4.6.5.2 Clodronate Liposome-based Macrophage Depletion in X. tropicalis Frogs
Macrophage depletion was performed using clodronate liposomes from Liposoma

Technology, with liposomes containing only PBS served as a control. In order to rule out the
effect of injection as such frogs without any liposome’s injection were also used as a control
group. 400 pl liposomes was injected directly into the dorsal lymphatic sac. The subsequent
two doses of liposomes with the same volume, were administered at 48-hour intervals
following the initial injection. Cardiac surgery (apical resection) was conducted on the day
after the third liposome administration. To evaluate the distribution range of liposomes,
fluorescent Dil liposomes (Liposoma Technology) were administered following the same

protocol.

4.6.5.3 Heart Apex Resection in X. tropicalis
The apical resection experiments were conducted following the protocol established by Liao

et al. (Liao et al., 2017), as outlined in Fig. 28, panels A1-A6. Briefly, the heart apex

resection was conducted under semi-sterile conditions, with all tools and surfaces regularly
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disinfected using 70% ethanol. Frogs were anesthetized with 0.2% MS222 (Sigma-Aldrich)
and 0.2% NaHCO:s solution for approximately 8 minutes. Once the frogs ceased movement
and lost hind leg grasp reflexes, they were transferred to a surgical table and secured to
prevent movement. A V-shaped incision was made on the chest using surgical scissors. The
sternum was then grasped with forceps, followed by an incision through the muscles. The
heart was gently extruded with circular movements across the chest. The pericardium was
carefully incised with scissors to fully expose the heart chamber. During diastole, forceps
were used to grasp the apex of the heart, and approximately 5% of the cardiac chamber tissue
was resected using surgical scissors. Hemostasis was achieved with sterile cotton wool.
Finally, the cavity was closed, and the skin was sutured four to five times using multifilament
surgical sutures (Ethicon). Only female frogs were included in further analysis due to the
higher mortality rate observed in males following clodronate liposome treatment and

subsequent heart surgery.

4.6.5.4 Immunofluorescence
The frogs were euthanized using 0.2% MS222 (Sigma-Aldrich) and 0.2% NaHCOs solution

7 days after apical resection. The hearts and livers were then removed and rinsed in cold 2/3
PBS. Heart regeneration morphology was observed under a Leica TL3000 Ergo stereo
microscope. Subsequently, the hearts and livers were fixed in 4% paraformaldehyde
overnight at 4°C. The following day, they were washed three times in 2/3 PBS for 10min
each and then immersed in 10ml 20% sucrose solution in a 15ml Eppendorf tube overnight at

4°C. The organs were later embedded in O.C.T. medium (Tissue-Tek) and stored at -80°C.

For cryosectioning, the deep-frozen tissue was cut using a Leica cryostat at -20°C into 10
um thick sections, which were then placed on SuperFrost Plus™ Adhesion slides (Epredia)

and washed three times in 2/3 PBS for 5 minutes each.

The staining procedure commenced with the fixation of tissue sections in 4%
paraformaldehyde for 5 minutes. Permeabilization was achieved using 1% SDS for 5
minutes, followed by blocking with 2% BSA for 1 hour at room temperature. Primary
antibodies were applied, including CHI1 (anti-tropomyosin, DSHB) and FNI1 (anti-
fibronectin, Sigma-Aldrich), and incubated for 60 minutes in a humid chamber at room
temperature. Secondary antibodies (Alexa Fluor 488 anti-mouse and Alexa Fluor 594,

Thermo Fisher Scientific) were subsequently applied and incubated for 45 minutes in a
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humid chamber at room temperature. For isolectin B4 staining (Fluorescein, Vector
Laboratories), a 1:200 dilution was used, omitting the step with secondary antibodies.
Finally, the sections were mounted in Mowiol/DAPI, covered with a coverslip, and sealed
with nail polish. Negative controls using secondary antibodies alone were included. Imaging
of the stained samples was performed using a Leica DM6 FS fixed stage fluorescence

microscope.

4.6.6 CRISPR-Cas9 Knock-In for Generating Transgenic Animals
4.6.6.1 Vector Construction

4.6.6.1.1 Pax7 CRISPR/Cas9 Knock-In Vector Construction Strategy
The vector backbone is pBluescript SK (+) from addgene

(https://www.addgene.org/vector-database/1951/).

TurboFP gene from pTurboFP635-C vector was firstly cloned to pBluescript SK (+)
backbone. This was achieved by performing several steps: 1) Recover Xbal site by
transforming pTurboFP635-C vector into dam- host (Methyltransferase deficient E. coli) and
make fresh DNA. 2) Remove multiple cloning site (MCS) of pTurboFP635-C by cutting at
Xhol, Xbal site. 3) Blunt. 4) Ligate. 5) PCR of the ligated plasmid for TurboFP gene
(TurboFP635 Forward  primer: CGGGATCCTCCGCTAGCGCTACCGGTCG
TurboFP635 Reverse primer: TCCCCCGGGTGAGTTTGGACAAACCACAAC). 6) The
pBluescript SK (+) vector was cut at BamHI and Smal site and ligate with TurboFP PCR

products generated above.

Next, y-crystallin (yCry) promoter was inserted. 1) Distrupt HindlIII sites in pyCry1 GFP3
vector by cutting at HindlIII site, blunt and ligate. 2) Cut the plasmid generated in the above
step at Xbal and BamHI site and insert to TurboFP-pBluescript SK (+) vector at Xbal and

BamHI restriction sites.

Next, GFP gene was insert to y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector. GFP
sequence is from pLenti-C-mGFP-P2A-Puro Lentiviral Gene Expression Vector

(https://www.origene.com/catalog/vectors/lentiviral-gene-expression-vectors/ps100093/

plenti-c-mgfp-p2a-puro-lentiviral-gene-expression-vector).
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Main steps include: 1) PCR of GFP gene (GFP _Forward primer EcoRI:
GGAATTCATGAGCGGGGGCGAGGAGCTGTTCQG, GFP_Reverse primer_Pstl:
AACTGCAGTCAAACTCTGAGTCCGGACCT). 2) Cut y-crystallin (yCry)-TurboFP-
pBluescript SK (+) vector at Pstl, EcoRI restriction sites. 3) Ligate.

Next, add T2A sequence to GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector.
T2Asequence
(ATCGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTG
GCCCAGAATTCC) was produced from LDT company with extra 5° EcoRV and 3’ EcoRI
recognition sequences. The GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector
was cut at EcoRV, EcoRI restriction site. Finally T2A and the open vector were ligated

together.

Next, Pax7 bait (GFP side) sequence was cloned to T2A-GFP-y-crystallin (yCry)-
TurboFP-pBluescript SK (+) vector. The steps include: 1) PCR of Pax7 bait (GFP side)
(Forward primer: CCCAAGCTTTCACCTGGGAGTTCCATGAC, Reverse primer:
ATCGTAGGCCTGGCCGGTCTCCA) which in the meantime introduced extra HindIII,
EcoRYV recognition site at Pax7 bait (GFP side) sequence’s two sides, with template from X.
tropicalis genome DNA. 2) Cut T2A-GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+)
vector at HindIII, EcoRV restriction sites. 3) Ligate.

Next, Pax7 bait (RFP side) was cloned to Pax7 bait (GFP side)-T2A-GFP-y-crystallin
(yCry)-TurboFP-pBluescript SK (+) vector. The steps are as follows: 1) PCR of Pax7 bait
(RFP side) (Forward primer: ATAAGAATGCGGCCGCACCCACACTGACAGGA
CACA, Reverse primer: TGCTCTAGAGTAGGCCTGGCCGGTCTCCA) which in the
meantime introduced extra recognition site at Pax7 bait (RFP side) sequence’s two sides,
with template from X. tropicalis genome DNA. 2) Cut Pax7 bait (GFP side)-T2A-GFP-y-
crystallin (yCry)-TurboFP-pBluescript SK (+) vector at Notl, Xbal restriction sites. 3)
Ligate.

Finally, Pax7 3’UTR sequence was cloned to Pax7 bait (RFP side)-Pax7 bait (GFP side)-
T2A-GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector. The steps are as follows:
1) PCR of Pax7 3’UTR (Forward primer: GGGAGCCAAGGGAATCCTCTGCC, Reverse
primer: GGGTGCAGGTTAGAATTTCATCTTCTT) which in the meantime introduced
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extra Smal at Pax7 3’UTR sequence two sides, with template from X. tropicalis genome
DNA. 2) Cut Pax7 bait (RFP side)-Pax7 bait (GFP side)-T2A-GFP-y-crystallin (yCry)-
TurboFP-pBluescript SK (+) vector at Smal restriction site. 3) Ligate

4.6.6.1.2 MMP7 CRISPR/Cas9 Knock-In Vector Construction Strategy
The vector backbone is pBluescript SK (+) from addgene (https://www.addgene.org/vector-

database/1951/).

The first few steps are the same as Pax7 knock-in vector cloning: TurboFP gene cloning, y-

crystallin (yCry) promoter cloning, GFP gene cloning, T2A sequence cloning.

Then, MMP7 bait (GFP side) cloning to T2A-GFP-y-crystallin (yCry)-TurboFP-
pBluescript SK (+) vector. The steps include: 1) PCR of MMP7 bait (GFP side) (Forward
primer:CCCAAGCTTCAGCTTTTAACTGGGGCAAC, Reverse primer : ATCTTGCC
TTCTTCCATATATTGACTG) which in the meantime introduced extra HindIIl, EcoRV
restriction sites at MMP?7 bait (GFP side) two sides, with template from X. tropicalis genome
DNA. 2) Cut T2A-GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector at HindIII,
EcoRYV restriction sites. 3) Ligate.

Next, MMP7 bait (RFP side) was cloned to MMP7 bait (GFP side)-T2A-GFP-y-crystallin
(yCry)-TurboFP-pBluescript SK (+) vector. The steps are as follows: 1) PCR of MMP7 bait
(RFP side) (Forward primer: ATAAGAATGCGGCCGCCAGCTTTTAA
CTGGGGCAAC, Reverse primer: GCTCTAGATTGCCTTCTTCCATATATTGACTG)
which in the meantime introduced Notl, Xbal at MMP?7 bait (RFP side) two sides. 2) Cut
MMP7 bait (GFP side)-T2A-GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector at
Notl, Xbal restriction sites. 3) Ligate.

Finally, MMP7 3’UTR was cloned to MMP7 bait (RFP side)-MMP7 bait (GFP side)-T2A-
GFP-y-crystallin (yCry)-TurboFP-pBluescript SK (+) vector. The steps are as follows: 1)
PCR of MMP7 3’UTR (Forward primer: GGGGTGCAAAGTCACATGCTTTAG, Reverse
primer: GGGAGGCACATGTAAGCTTTTAATC) which in the meantime introduced extra
Smal at MMP7 3’UTR sequence two sides, with template from X. tropicalis genome DNA.
2) Cut MMP7 bait (RFP side)-MMP7 bait (GFP side)-T2A-GFP-y-crystallin (yCry)-
TurboFP-pBluescript SK (+) vector at Smal restriction site. 3) Ligate.
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4.6.6.2 Gene Cloning Protocols
4.6.6.2.1 High-Fidelity PCR
Component 50 pL

H20: ul

5x PhusionTM HF Buffer: 10 uL
10 mM dNTPs: 1 uL

Forward and Reverse primer: 2ul
Template DNA 250ng: ul

PhusionTM High—Fidelity DNA Polymerase 0.5 pL (last component to add)

PCR program (2-step method with annealing temperature: 72°C):

Cycles Temperature Time

1 98°C 30s

30 98°C 10s
72°C 45s

1 72°C 10 min

1 4°C Hold

4.6.6.2.2 DNA Electrophoresis
Around 5ul PCR products are loaded to 0.8%-1.5% agrose gel (based on fragment length)

and then the gel was runned in TBE buffer, with the running voltage set to 110-120V.

To examine the PCR product, ethidium bromide was used as loading dye. To recycle the

PCR product, crystal violet (0.8ul/ml gel; Or 24ul/30ml gel;) was used.

4.6.6.2.3 Restriction Enzyme Digest
Normal Volume for PCR product examination
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Plasmid Vector: lug

Enzyme: 1ul

10x Buffer Orange: 2ul

dd H20: ul

Total: 20ul

Mix and then incubate via water bath. Mix and briefly centrifuge after a while.

Large Volume for PCR product recycling

Plasmid Vector: 4ug

Enzyme: 6ul

10x Buffer Orange: 8ul

dd H20: ul

Total: 80ul

Total 80ul separate to 4 tubes, each with 20ul.

Mix and then incubate via water bath. Mix and briefly centrifuge after a while.

Take 4ul for control experiment.

The restriction enzymes used are listed in Table 1 below:

Enzyme Brand Temperature | Time
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* EcoRI Thermo Scientific™,FD0274 | 37°C 30min
Bglll Thermo Scientific™,ER0082 | 37°C lhour
Pstl Thermo Scientific™, ER0611 | 37°C lhour
*BamHI NEB, BamHI-HF®, R3136S | 37°C lhour
* BamHI Thermo Scientific™,FD0054 | 37°C lhour
* Smal Thermo Scientific™, ER0662 | 37°C lhour
Smal Thermo Scientific™, ER0661 | 37°C lhour
*Xbal Thermo Scientific™, ER0682 | 37°C lhour
*AflIl Thermo Scientific™, ER0831 | 37°C lhour
*Sacll: Thermo Scientific™, ER0201 | 37°C lhour
*EcoRV Thermo Scientific™,FD0304 | 37°C lhour
EcoRV Thermo Scientific™, ER0301 | 37°C lhour
*Aatll Thermo Scientific™, ER0991 | 37°C lhour
Notl Thermo Scientific™, ER0591 | 37°C lhour

* Fast digest enzyme

Table 1. Restriction Enzymes used for cloning experiment.

There are more enzymes listed in the above table than which were described in Pax7 and
MMP7 vector cloning strategy. The reason is that some restriction enzymes are used for

validation of the vector construct in order to check the fragment length.

4.6.6.2.4 Recycling of PCR Products

PCR products were purified using E.Z.N.A Cycle pure kit from Omega. The maxi load of

one column is ~10ug DNA. Use 30ul elution buffer to dissolve, and then measure DNA

using Nanodrop.

4.6.6.2.5 Blunting
Linear DNA: lug

dNTP Mix, 1 mM each: 2uL (0.1 mM final concentration)

T4 DNA Polymerase:0.2 pL (1 U)
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5x Reaction Buffer: 4uL

dd H20: ul

Total: 20ul

* T4 DNA polymerase (Fermentas/Thermo fisher #EP0061)

Mix thoroughly, spin briefly and incubate at room temperature for 30 min.

Stop the reaction by heating at 75 °C for 10 min.

4.6.6.2.6 Ligation
Self Ligation:

DNA: 50ng

Enzyme: 1lul

5x Buffer: 4ul

dd H20: ul

Total:  20ul

*Rapid DNA Ligation Kit, Roche, 11635379001, 5 U/ul

Incubate at 16 °C overnight.

Ligation of DNA Fragment to Open Vector
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Normally, initial trial to set the moler ratio of open vector: DNA insert=1:10

Negative control for plasmid self-ligation

Open Vector: (the same amount for ligation experiment)

Ligase: 0.25ul

5x Buffer: 1ul

dd H20: ul

Total: 5ul

Experiment setting

Open Vector: ul

DNA Insert: ul

Ligase:  0.5ul

5x Buffer: 2.5ul

dd H20: ul

Total: 10ul

*Rapid DNA Ligation Kit, Roche, 11635379001, 5 U/ul

Incubate the reaction at 16 °C overnight.
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4.6.6.2.7 Transformation to DHSa/dam- host Competent Cells
1) Take out the competent cells from the -80°C freezer and immediately put them on ice. Let

it thaw on ice.

2) Add 100ul DH50/dam- competent cells to the 5ul ligation product. Mix by gently tapping.

There are two experiments: one for negative control and the other for experiment group.

3) Incubate the mixture on ice for 30 minutes.

4) Heat shock in 42°C water bath 60s.

5) Put on ice for 5 min.

6) Add 250 ul of SOC medium, shaking at 500 rpm at 37°C for 40min-1h.

7) Plant on two agar plates (amp+/kan+): one plate with 50ul, the other plate with all the

remaining.

For negative control group, put all mixted solution to one agar plate. Grow at 37°C overnight.

8) The next day, pick up 6-8 colonies in experiment group and grow at 37°C overnight in 3ml

LB medium. The negative control plate theoretically has no colony on the plate.

4.6.6.2.8 Plasmid DNA Extraction (Alkaline Lysis) and Validation
Plasmid DNA Extraction

1) Centrifuge 3ml bacterial cells at top speed for Sminute. Aspirate supernatant.

2) Resuspend cell pellet in 100ul of Solution I.

3) Add 200ul of lysis Solution II. Gently invert tube up and down 6-8 times.

Solution IT should be made fresh just before use.

Solution II:

Per 1ml
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125ul  8%SDS

200ul 1M NaOH

675ul  ddH,O

4) Immediately add 150ul Solution III. Gently invert tube up and down 6-8 times.

5) Centrifuge at top speed 10min.

6) Transfer supernatant to a new tube. Do not pick up any white flakes.

7) Precipitate using 950ul 99% ethanol. Put the tube at -20° for at least 10min.

8) Centrifuge at top speed 10min.

9) Aspirate off all the ethanol supernatant and wash the pellet by 950ul 70% ethanol.

10) Aspirate off all the supernatant and dry the pellet for 5-10min.

11) Dissolve DNA in 80ul TE buffer or ddH,O.

12) Nanodrop measurement.

Plasmid DNA Validation

Validation is firstly through enzyme digest of the extracted vector to check the fragment

length.

1)Restriction Enzyme Digest

Plasmid Vector: lug

Enzyme: lul

10x Buffer Orange: 2ul
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dd H20: ul

Total: 20ul

Mix and then incubate via water bath. Mix and briefly centrifuge after a while.

2)Choose one colony with positive enzyme digest fragment, and re-grow in 3ml LB medium

at 37°.

3)Purify using E.Z.N.A Cycle pure kit from Omega.

4)Use 60ul elution buffer to dissolve, and Nanodrop measurement.

5)Sanger sequencing.

4.6.6.2.9 Primer Design
Primers used for the cloning was designed using Primer 3 online software

(https://bioinfo.ut.ee/primer3-0.4.0/). The template is from X. tropicalis v10genome
(https://www.ncbi.nlm.nih.gov/nuccore/NC 030683.2?
report=fasta&from=130403835&to=130507883 &strand=true) .

4.6.6.3 gRNA Design

4.6.3.3.1 Pax7 gRNA design
gRNA was designed using Crispr scan (https://www.crisprscan.org/).

gRNA is in the last intron of Pax7 gene. The Design sequence used as below:

TCACCTGGGAGTTCCATGACCTGTATAAAAGCCCTTGGCCTTCAGCCTCGTCCCTGGAATG
GCCTTAAAGGGGCGGTTCACCTTTTCGTCAACTTTTAGTATGTTATAGAATGGCCAATTCTA
AGCAGCTTTTTAAATGGTCTTCATTATTTATTTTTTTATAGTTTTTAAACTATTTGACTTCTG
CCTCTTTCCAGCTTTCAAATGGGGGTCACTGACCCCGGCAGCCAAACCCTATTGCTCTGTGA
GGCTCCAGTTTTATTGTTACTGTTACTTTTTATTCCTTATCTTTCTATTCAGCCCCTCTCCTAT
TCATATACCAGCCTCTCATTCAAACCACTCCCTGGTTACTAAGGTAATTTGGACCCTAGCAA
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CCAGAAAGCTGCTAAAACTCCAAACTGCAGAGCTGCTGAACAAAAAAGTGAAATAACAAA
AAAAAAACCAAATAATAAAAAATGAAGACCAATTGCAAGTTGTCTCAGAATATCACTCTC
TACATCATACTAAAAGCTAACTCATCTCTAAATATAAGCAGCTTTGCAGTTGGTCCTCTGTC
TCATTTCTGATGTAAATGATAAGTGTTGGGTTGGGGGATAACAGCTAGTAATGTAATAAGC
ACAATAATAATCTAAAAATTCATTTTTTTGTTCCTGTTTTGCAG

Parameters: Frog-Xenopus tropicalis, 4 mismatches, T7 or Sp6 promoter.

gRNA was evaluated based on their score and was further double checked via CHOPCHOP
(https://chopchop.cbu.uib.no/).

The gRNA sequence chosen for microinjection experiments:

gRNAIL: GGATGTAAATGATAAGTGTT

gRNA2: GGCCCTGGAATGGCCTTAAA

4.6.3.3.2 MMP7 gRNA design
gRNA was designed using Crispr scan (https://www.crisprscan.org/).

gRNA is in the last intron of MMP7gene. The Design sequence used as below:

CAGCTTTTAACTGGGGCAACACTGAGTATATTTTGGTGCAACATACAAATGTTTCCCTGTAC
ATATTGGCTGGTTTTGCATATAAGACTCCCTTAAGTCATAAACTTTTACAGGTTTAATATGC
AACAGAGAATAGCAAGGCTGTTAGTTACAGTTGCACAGAGCTGGTATTCATACAGCAGGT
CATTCTGACTGCAGCTAATCATTTGAATGAATGACATATACTATAGATCAGTGATCCCCAG
CCAGTGGCTCTGGGGCAACATGTTGCTCCCCAACACCTTGGATGTTGCTCTCAGTGGCCTC
AAAGTAGGTGCTTGTTTTTGAATTCCTGGCTTGGAGGCAAGTGCTGATTGCATAAAACCCA
GTGTGAAGCCTAACTGAACCTTCTATAGGCTGCCACTCCACATAGGGGCCAATAACCAATT
ATAGCTCTTATTTGCACCCCAGGAACTTTTTTCCCTGCTTGTGTTGCTCCTCAACACATTTTT
CATTTGAATGTGGCTCACGGGTATAAAAGGTTGGGGATCCCTGCTATAGACTGTATATATG
CAGCCATACATATCCCTGATGGTCCTTTCTTTTGGCAG

Parameters: Frog-Xenopus tropicalis, 4 mismatches, T7 or Sp6 promoter.

gRNA was evaluated based on their score and was further double checked via CHOPCHOP
(https://chopchop.cbu.uib.no/).
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The gRNA sequence chosen for microinjection experiments: GGAGCTGGTA
TTCATACAGC

4.6.3.4 Delivery of CRIPSR-Cas9, gRNA, Knock-in Vector to X. tropicalis embryos

The injection mix was prepared as below:

Cas9 mRNA: 0.4ul

gRNA:  0.46ul

Nuclease Free Water: ul

Mix gently, incubate at 37°C for 2min-5min.

Plasmid (QIAGEN Plasmid Midi Kit purified): 250ng

Total: 5ul

2nl injection mix was injected per embryo. Injection was performed in 6% ficoll solution.

The injection was performed in 1-cell stage X. tropicalis embryos. The embryos were
generated via IVF protocol mentioned above, except that the sperm incubation time

shortened from 20min to 10min.

The injection plates should be washed with 1%BSA solution, to make the bottom not
stickiness. While injection should be performed in Ficoll solution. And after injection, the
embryos should still be kept in Ficoll solution until 4-cell stage. Then transfer to normal
0.05x MMR+Gentamycin solution for embryo development. The next day, pick out bad
embryos. On the 3rd day and 4th day, red or green fluorescent can be detected under the

microscope.
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sgRNA preparation

Stock Solution

Upon receipt, resuspend TrueGuide™ Synthetic gRNA in 1x TE buffer to prepare a 100 uM
(100 pmol/uL) stock solution. Store the resuspended gRNA at —20°C until use. To prevent
RNA degradation, always handle the gRNA using RNase-free reagents, tubes, and pipette
tips.

Working Solution

The preparing of working solution of TrueGuide™ Synthetic gRNA is strictly following

protocol manual as below:

1) Before opening, centrifuge each TrueGuide™ Synthetic gRNA tube at low speed
(maximum RCF 4,000 X g) to collect the contents at the bottom of the tube, then remove the

cap from the tube carefully.

2) Using a pipette and sterile tips, add the required volume of 1x TE buffer to prepare 100 uM
(100 pmol/ul) stock solutions.

3) Vortex the tube to resuspend the oligos, briefly centrifuge to collect the contents at the
bottom of the tube, then incubate at room temperature for 15-30 minutes to allow the gRNA

oligos to dissolve.

4) Vortex the tube again to ensure that all the contents of the tube is resuspended, then briefly

centrifuge to collect the contents at the bottom of the tube.

5) Optional: Check the concentration of the resuspended oligos using the NanoDrop™

Sprectrophotometer (or equivalent) or a UV-base plate reader. Optional: Aliquot the

working stock into one or more tubes for storage.

6)Use working stocks immediately or freeze at —20°C until use.

4.6.3.5 Genotyping of F0 tadpoles
Based on the diagram showed below
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(Fig. 11), FO tadpoles genome DNA was extracted (ENZO Kit, Omega) and primers for Pax7
construct and MMP7 construct were designed. PCR was performed to validate the PCR

bands sizes.

The primers for Pax7 construct genotyping:

1: Pax7 Intergenic: TGTGCTGCAGTCTGCTCCATAT

2: Pax7 Forward: TCTGTCACATGACTCAGTAAAGC

3: Pax7-GFP_Reverse: CACGTTGGTCTGGTAGTGGTC

4: Pax7-RFP_Reverse: CCACACTGAGGGGATGCTAT

Annealing temperature for all primer pairs is 62 °C.

PCR System

14.6 ul H,O

2 ul | TAQ pufr + KCI (10x)
1.2 ul | MgCl, (25 mM)
0.4 pul | primer F+R (10 uM)
0.4 ul | dANTP

1 ul | RT- or cDNA
0.4 ul | TAQ Polymerase (1 Uhal)
20 ul | Total
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Figure 11. Genotyping analysis of targeted integration in positive founder tadpoles
Diagrammatic representation of RT-PCR primer designs for forward targeted integration of the
exogenous cassette induced by the 2-bait Cas strategies. F1/R1 primer pair was used to amplify the 5’
junction between the genome and exogenous DNA. F3/R3 primer pair was used to amplify the 3’
junction for the 2-bait Cas strategy (Mao et al., 2018).

Although no positive genotyping results were obtained from the selected FO tadpoles, we
deemed it worthwhile to raise them to sexual maturity. These FO frogs were then bred to
generate F1 offspring, allowing further screening for potential germline transmission of the

transgene by assessing the presence of RFP and GFP fluorescence signals in the F1 tadpoles.
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5 RESULTS

5.1 Function of XtiSCs in X. tropicalis Tadpole Tail Regeneration

5.1.1 XtiSCs Could Survive in X. tropicalis Tadpoles for More Than One Month
after Injection
One major consideration for cell transplantation research is tissue compatibility. MSC cells

had very poor cell viability and cell compatibility in previous reports (Chang et al., 2013). In
our experiments, XtiSCs have excellent cell viability when injected into tadpole tail tissue.
The majority of tadpoles survive well after 7 days of XtiSCs injection, and when raised the
tadpoles for longer period more than one month, the XtiSCs signal can still be detected as
shown in Fig. 12. Moreover, the XtiSCs went through obvious cell growth in the tadpole
body. This finding resonates with prior research indicating Sertoli cells’ longevity in host
organisms (Trivedi et al., 2006; Dufour et al., 2008).

Interestingly, when inject the XtiSCs to tadpole heart vein, XtiSCs can successfully stay in
heart vein area but the majority of them could only survive for 3 days. This suggested that
tissue transplantation is more efficient way for XtiSCs survivial compared with heart vein

injection.

Figure 12. Long-Term Persistence of XtiSCs at Injection Sites in X. tropicalis.
RFP-labeled XtiSCs were injected into the upper tail region of tadpoles. XtiSCs remained detectable
at the injection site for over one month. Red: XtiSCs. Scale bar: 2 mm.

5.1.2 XtiSCs Exhibit Injury-Directed Movement Following Tail Amputation in
Tadpoles
To investigate the ability of XtiSCs to migrate toward injury sites, we utilized XtiSCs labeled

with Katushka RFP, which allowed for clear visualization and tracking following
transplantation (Shcherbo et al., 2007; Tlapakova et al., 2016). Our results demonstrate that
these cells not only survive efficiently within tadpole tissues but are also capable of
relocating to the regenerating tail region. This migration was observed at multiple time

points: immediately after injection, and at 1, 3, 5, and 7 days following tail amputation.
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Notably, XtiSCs showed a strong tendency to accumulate at the injury site, with significantly
higher cell presence in amputated tadpoles compared to uninjured controls. This suggests
that XtiSCs respond to regenerative cues released upon injury. Overall, these observations
underscore the potential of XtiSCs in tissue regeneration and provide insights into their

migratory behavior in a regenerative context (Fig. 13).
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Figure 13. XtiSCs migrate to the site of tail regeneration following amputation.

(A) XtiSCs were microinjected into the upper tail region of Xenopus tropicalis tadpoles. Panels A2—
A6 illustrate representative fluorescence images capturing XtiSC behavior over time: A2 shows
distribution immediately after injection; A3—A6 display localization at 1, 3, 5, and 7 days post-
amputation (dpa), respectively. Katushka RFP labeling marks the XtiSCs in red. Scale bar: 500 um.
(B) Tail amputation markedly enhanced the directed movement of XtiSCs toward the injury site
compared to intact controls, as determined by Fisher’s exact test (****P < 0.0001). Data were
obtained from three independent experiments: Control group (n = 71); Amputated group (n = 135).

5.1.3 XtiSCs Injection Didn’t Alter The Macrophage Numbers in Tadpole Tail
The immunoregulatory functions of Sertoli cells in allo- and xenogeneic transplantation

contexts are well-established (Fallarino et al., 2009; Bistoni et al., 2012; Jhao et al., 2019;
Kaur et al.,, 2020). Notably, Vegrichtova et al. (2022) demonstrated that Xenopus
tropicalis immature Sertoli cells (XtiSCs) can modulate immune activity even in
phylogenetically distant hosts. Building on these findings, we investigated whether XtiSCs
exhibit similar immunomodulatory effects when transplanted into X. tropicalis tadpoles.
To assess macrophage dynamics, we injected XtiSCs into tadpoles (without liposomes)
and quantified macrophage populations using fluorescein-conjugated isolectin B4, which

specifically labels a-d-galactose residues on macrophage membranes (Sorokin and Hoyt,
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1992; Godwin et al., 2017). Control tadpoles received 2/3x PBS injections. Macrophage
density was calculated as the number of isolectin B4+ cells per unit area.

Comparative analysis revealed no statistically significant differences in macrophage density
between XtiSC-transplanted and control tadpoles at any examined time point (1-7 days post-
amputation, dpa). This consistency was observed both in the entire tail and the tail trunk

region (Fig. 14).
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Figure 14. Injection of XtiSCs into uninjected (no liposome-injected) tadpoles does not
significantly affect macrophage counts.

The macrophage numbers per area in the whole tail and tail trunk were calculated and are presented
separately in (A) and (B). Macrophages were stained using isolectin B4. Quantification of
macrophage density in the tail trunk was performed with ImageJ, normalizing results to macrophage
count per unit area. Statistical analyses were conducted using GraphPad Prism, applying Student’s t-
test to compare treatment groups within each category. Data represent results from at least 8 tadpoles
per group, obtained from three independent biological replicates.

5.1.4 XtiSCs Is Negative for Isolectin B4 Staining
To exclude the possibility that isolectin B4 might non-specifically label XtiSCs in addition to

macrophages, potentially confounding the quantification of macrophages, we performed
isolectin B4 staining on cultured XtiSCs. The results demonstrated that XtiSCs did not
exhibit any isolectin B4 labeling (Fig.15). This confirms that isolectin B4 selectively stains
macrophages in our experimental context, ensuring the accuracy of macrophage

quantification without interference from XtiSCs.
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Figure 15. Isolectin B4 does not stain XtiSCs.

XtiSCs were subjected to immunostaining with isolectin B4 (fluorescein-conjugated, green). (A) As
a positive control, RFP-XtiSCs were stained with an anti-RFP antibody, showing Katushka RFP-
positive XtiSCs in red with DAPI-stained nuclei in blue. Scale bar: 50 um. (B) shows the absence of
isolectin B4 staining in XtiSCs, with B1 at 10x magnification and B2 at 20x magnification. Nuclei
are stained with DAPI (blue), while isolectin B4 signal, which would appear green if present, is
absent. Scale bar: 50 um.

5.1.5 Clodronate Liposomes Administration for Macrophage Depletion
These findings prompted us to further investigate the role of XtiSCs in a macrophage-

depleted environment. To this end, we utilized clodronate liposomes to achieve in vivo
macrophage depletion in X. tropicalis tadpoles. Clodronate, a bisphosphonate compound,
exhibits poor membrane permeability and rapid systemic clearance. Therefore,
encapsulation within liposomes is critical for enabling its selective uptake by phagocytic
cells, leading to intracellular accumulation, cytotoxicity, and targeted depletion of
macrophages (Rooijen and Sanders, 1994; Danenberg et al., 2002).

Fig. 16A illustrates the experimental design, including the timeline of clodronate liposome
administration, XtiSCs implantation, and sample collection. The experimental sequence
involved initial macrophage depletion via liposome injection, followed by XtiSCs
microinjection into the dorsal tail region. Tail amputation was then performed, and samples
were collected on the same day post-amputation (0 dpa), as well as on days 1, 3, 5, and 7 post-
amputation.

The results confirmed the efficacy of clodronate-mediated macrophage depletion, with a

marked reduction in macrophage numbers as visualized and quantified (Fig. 16B, C).
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Figure 16. XtiSCs induce macrophage enrichment in the tail trunk of clodronate liposome-
depleted tadpoles.

(A) Schematic overview of the experimental procedure used for macrophage depletion and XtiSC
transplantation. Tadpoles received two sequential heart vein injections—administered on
consecutive days—with either clodronate or control liposomes. One day after the second liposome
treatment, XtiSCs or 2/3 PBS (as control) were delivered into the upper tail region. Tail amputation
was performed one day following the XtiSC/PBS injection. Regenerative progress was assessed by

collecting samples at multiple post-amputation time points: 1, 3, 5, and 7 days. (B) Treatment with
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clodronate liposomes effectively diminished macrophage populations within the tail at 1, 3, and 5
days post-injection (dpi). Macrophage density in the tail trunk was calculated using ImageJ and
normalized to total tail trunk area (refer to Materials and Methods). Statistical differences were
analyzed using Student’s #-test in GraphPad (*P < 0.05, **P < 0.01, ****P < 0.0001; n.s., not
significant). Data reflect results from at least seven tadpoles per group in three independent
experiments, with the exception of 7 dpi: uninjected (n = 4), control liposome group (n = 2), and
clodronate liposome group (n = 4). (C) Representative images showing macrophages labeled by
isolectin B4 (green) in tail sections from uninjected, control liposome—treated, and clodronate
liposome—treated tadpoles at 5 dpi. Nuclei were stained with DAPI (blue). Panels C1-C2: uninjected
group; C3—C4: control liposome group; C5—C6: clodronate liposome group. Scale bar: 100 pm.

5.1.6 Clodronate Injection Reduces Tadpole Tail Regeneration Capacity
Heart vein injection proved to be an effective method for delivering clodronate liposomes

into the circulatory system of X. tropicalis tadpoles. This was demonstrated using fluorescent
Dil-labeled liposomes, which enabled visualization of liposome distribution throughout the
tadpole body. As shown in Fig. 17A, the Dil liposomes exhibited widespread systemic
dissemination, particularly within the vasculature, thereby confirming the efficacy of the
heart vein injection method and serving as a procedural control for subsequent experiments.

Tail regeneration in tadpoles was categorized into four distinct morphological outcomes:
excellent, good, partial, and none, based on the extent and structure of regenerated tissue. In
our experiments, macrophage depletion via clodronate liposome administration markedly
impaired tail regeneration. As illustrated in Fig. 17B, a significant reduction in regenerative
capacity was observed, underscoring the essential role of macrophages in supporting tissue

repair and regeneration in X. tropicalis.
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Figure 17. Clodronate liposome injection into the heart vein inhibits tail regeneration in
tadpoles.

(A) Control fluorescent Dil liposomes were used to evaluate the distribution and penetration
efficiency of liposomal injections (Clodronate or 2/3 PBS) in X. tropicalis tadpoles. Dil fluorescence
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was detectable throughout the entire body for at least 7 days following the final injection (data not
shown). Panels Al and A2 show representative images of the tadpole head and tail, respectively.
Scale bar: 0.5 mm. (B) Tail regeneration was categorized into four qualitative levels: Excellent—
complete and morphologically perfect regeneration, comparable to an intact tail; Good—regenerated
tail with similar length to an intact tail but with minor structural deficits, often in the fin; Partial—
shorter regenerated tail with morphological abnormalities, such as curvature; and None—absence of
visible regeneration. Sample sizes were as follows: Uninjected, n = 60; Control liposomes-injected
(Control lipo), n = 76; Clodronate liposomes-injected (Clodronate lipo), n = 105. Data were collected
from at least three independent biological replicates. Tadpoles treated with clodronate liposomes
exhibited significantly impaired tail regeneration, likely due to macrophage depletion, consistent
with previous reports (Aztekin et al., 2020).

5.1.7 XtiSCs Enhance Macrophage Accumulation in the Tail Trunk Post-
Amputation
Notably, administration of XtiSCs led to a marked increase in macrophage density

specifically within the tail trunk at 3 and 5 days post-amputation (dpa) in tadpoles treated
with clodronate liposomes. This elevation was not evident when macrophages were
quantified across the entire tail, including the fin region (Fig. 18A), implying a possible
redistribution of macrophages from the fin to the trunk in response to injury. Conversely, in
control tadpoles injected with non-depleting liposomes, XtiSC treatment did not
significantly alter macrophage levels in either the trunk or the whole tail at corresponding

time points (Fig. 18A, B).
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Figure 18. Injection of XtiSCs does not significantly affect overall macrophage count in the
entire tail, but alleviated the macrophage numbers in the tail trunk.

(A) Macrophage distribution was assessed by calculating the number of macrophages per unit area
across the various treatment conditions. Statistical analysis was carried out in GraphPad Prism using
Student’s t-test to determine intergroup differences. The label "ns" indicates results that were not
statistically significant. Each treatment group consisted of at least nine tadpoles, pooled from three
separate biological replicates. (B) Quantification of macrophage density specifically within the tail
trunk region was performed after XtiSC injection in tadpoles pre-treated with either control or
clodronate liposomes. Statistical comparisons were made using Student’s t-test in GraphPad Prism. A
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p-value < 0.05 was considered significant, while “ns” denoted non-significant differences. Each
group included a minimum of six tadpoles from three independent replicates.

5.1.8 XtiSCs Promote Increased Macrophage Presence at Both the Injection Area
and the Regenerating Tail
Upon analyzing the imaging data, we observed a clear accumulation of macrophage signals

at both the injection site and the regenerated tail region. Subsequent statistical evaluation
indicated a notable increase in macrophage density in these regions following tail amputation
in X. tropicalis tadpoles that had undergone macrophage depletion through clodronate
liposome treatment, followed by XtiSC transplantation, when compared with control
tadpoles receiving 2/3 PBS under the same condition, at either 3 or 5 days post-amputation
(dpa) (Fig. 19A and 19B). Furthermore, the control cohorts—including uninjected tadpoles
and those injected with control liposomes—did not show any significant change in
macrophage presence in the areas of interest. A notable exception occurred in the uninjected
group at 3 dpa, where a significant increase in macrophage numbers was detected at the
injection site in the XtiSC-treated subgroup when compared to PBS-injected controls (Fig.

19A, uninjected + XtiSCs Vs. uninjected + 2/3 PBS).
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Figure 19. XtiSCs increase macrophage numbers at both the injection site and within the
regenerated tail.

Macrophage density was measured at the XtiSC injection site (A) and within the regenerated tail
region (B), expressed as the number of macrophages per unit area. Statistical comparisons between
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groups were conducted using Student’s -test via GraphPad Prism. Significance thresholds were
designated as follows: P <0.05 (*), P <0.01 (**), and non-significant differences as n.s. The dataset
for panel (A) included at least 7 tadpoles per group, while that for panel (B) involved a minimum of 9
tadpoles per group. All experiments were replicated independently three times.

5.1.9 Macrophage Enrichment Is More Obvious in A Macrophage Depleted
Environment
Interestingly, upon focusing on macrophage enrichment at both the XtiSCs injection site

and the regenerating tail, we observed that this enrichment was markedly more pronounced
in tadpoles subjected to macrophage depletion via clodronate liposome administration.
Quantitative analysis (Fig. 20A, D) revealed that the relative macrophage densities in this
cohort were significantly higher compared to both uninjected controls and those injected
with control liposomes, particularly at 3 and 5 days post-amputation (dpa).

These data suggest that XtiSCs possess a remarkable capacity not only to recruit
macrophages to sites of cellular disruption but also to promote their redistribution in a
manner that supports regenerative processes. Collectively, these findings position XtiSCs

as key modulators within the immunoregulatory landscape of tissue regeneration.
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Figure 20. Macrophage enrichment induced by XtiSCs is more pronounced in a macrophage-
depleted environment.

Macrophage enrichment was quantified using a macrophage enrichment index, calculated by
dividing the total number of macrophages per mm? in the injection site or regenerated tail by the
macrophage density in the remainder of the tail (excluding both the injection and regenerated
regions). Statistical analysis was performed using GraphPad Prism, applying Student’s t-test for
comparisons between treatment groups within each condition. Significance is indicated as *P <0.05,
**P <(0.0001, and n.s. for non-significant differences. Data for panel (A) were obtained from at least
7 tadpoles per group, while panel (D) includes data from a minimum of 9 tadpoles per group, each
collected across three independent biological replicates. Panels (B1-B4) and (C1-C4) display
representative images of isolectin B4-stained macrophage enrichment at the injection site in control
and clodronate liposome-treated tadpoles, respectively, from 1 to 7 days post-amputation (dpa).
Similarly, panels (E1-E4) and (F1-F4) illustrate macrophage enrichment at the regenerated tail in the
same treatment groups over the same time period. DAPI stains nuclei (blue), and isolectin B4 labels
macrophages (green). Scale bar: 100 pm.

5.1.10 XtiSCs Promote Regenerated Tail Length in Uninjected Tadpoles at 3 days
After Amputation
To determine how XtiSCs influence tail regeneration after amputation, we measured the

length of the regrown tail tissue. As shown in Fig. 21, by 3 days post-amputation (3 dpa),
tadpoles treated with XtiSCs demonstrated a markedly greater extent of tail regeneration
when compared to those that received the control treatment with 2/3 PBS. However, this
enhancement was not observed in tadpoles pretreated with either clodronate liposomes or
control liposomes. These findings suggest that the pro-regenerative effect of XtiSCs is
contingent upon an intact and functional immune environment, particularly the presence of

macrophages.
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Figure 21. XtiSCs promote tail regeneration in uninjected tadpoles at 3 days post-amputation.
Tail regeneration was evaluated by calculating a ratio between the length of the regenerated tail (from
the amputation site to the tail tip along the trunk axis) and the full tail length (measured from the
junction of the tail myotomes with the body wall to the tail tip). Statistical comparisons were
conducted using the Student’s t-test in GraphPad Prism. Results are reported as highly significant (P
< 0.001) or not significant (n.s.). Data were collected from three separate biological experiments,
each with at least 52 tadpoles per treatment group.

5.1.11 XtiSCs Stabilize Injured Muscle Fibers at 1 day Post Amputation in Tadpoles
Following Tail Amputation
Next, we assessed the regeneration of striated muscle fibers. In Xenopus tadpoles, damaged

myofibers typically appear near the amputation site by one day post-amputation (1 dpa), and
their breakdown continues through 2 to 3 dpa (Rodrigues et al., 2012). Our results revealed
that administration of XtiSCs led to a significant delay in muscle fiber degradation at 1 dpa
compared to tadpoles treated with control liposomes, as shown in Fig. 22A. Notably, this
trend was also seen in groups treated with clodronate liposomes, where no significant
difference was found between tadpoles injected with XtiSCs or 2/3 PBS. One possible
explanation is that XtiSCs may act as an anti-inflammatory modulator. In the control
liposome-injected group, where liposomal delivery may induce local inflammation, XtiSCs
might contribute to stabilizing the immune environment, thereby preserving more intact
muscle fibers at the analyzed time point. Conversely, in clodronate liposome-injected
groups, characterized by a macrophage-depleted microenvironment, XtiSCs may exert a

similar modulatory effect. However, due to the already diminished macrophage population,
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both the XtiSCs- and PBS-treated conditions could maintain comparable levels of
undegraded muscle fibers. This suggests that in a macrophage-depleted context, the capacity
of XtiSCs to further modulate muscle preservation may be limited by the already attenuated

inflammatory response.
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Figure 22. XtiSCs stabilize injured muscle fibers.

(A) At 1 day post-amputation (1 dpa), the area of undegraded muscle fibers was measured by
calculating the ratio of the remaining muscle fiber area—originating from the last intact somite—to
the total area between the last complete somite and the amputation plane. This analysis included data
from a minimum of three biological replicates, with sample sizes of at least 14 tadpoles per group. (B)
Representative images display preserved muscle fibers stained with the 12/101 antibody (DSHB) at 1
dpa in three groups: uninjected tadpoles, those injected with control liposomes, and those treated with
clodronate liposomes. The amputation plane is indicated by blue dashed lines; yellow dashed lines
outline the residual muscle fibers located between the last intact somite and the amputation site; red
dashed lines define the overall area spanning from the last intact somite to the amputation plane.
Scale bar represents 100 um. Muscle fibers are shown in green.

5.1.12 Injection of XtiSCs Enhances Muscle Regeneration at 3 days Post
Amputation in Tadpoles Following Tail Amputation
Starting at 3 days post-amputation (3 dpa), newly formed muscle fibers became clearly

visible. Our results indicate that administration of XtiSCs significantly stimulated the growth
of these emerging muscle fibers at 3 dpa in both the control and clodronate liposome-treated
groups, as shown in Fig. 23A. This improvement in muscle regeneration might be linked to
an increase in pro-regenerative M2 macrophages and/or the promotion of the shift from pro-
inflammatory M1 macrophages to the anti-inflammatory M2 phenotype, both essential
processes in effective tissue healing. However, by 5dpa, this effect was no longer observed,

suggesting that the regenerative landscape, particularly the muscle fiber architecture, may
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have already been established by this stage, rendering it less responsive to further modulation

by XtiSCs.
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Figure 23. XtiSCs enhance muscle fiber growth.

(A) Muscle fiber growth was assessed at 3 and 5 days following amputation (3 dpa and 5 dpa). This
was quantified by calculating the ratio of the area occupied by new muscle fibers to the total area
extending from the amputation site to the farthest point of the notochord (excluding the fin region).
Data were obtained from a minimum of three independent biological replicates, with at least 12
samples per group. (B) Representative images illustrating muscle fiber growth at 3 dpa stained with
12/101 (DSHB) are shown. The yellow dashed lines delineate the newly formed muscle fiber region,
whereas the red dashed lines mark the entire regenerated area. Scale bar: 100 pm. Muscle fibers are
shown in green. Statistical significance was evaluated using Student’s t-test, with P values indicated
as *P < 0.05, **P < 0.001, and n.s. for non-significant differences.

5.1.13 Direct Interactions Between XtiSCs and Macrophages
By employing confocal microscopy alongside whole-mount fluorescence imaging, we

detected direct interactions between XtiSCs and macrophages in live X. tropicalis tadpoles.
The overlapping signals of red fluorescence from XtiSCs and green fluorescence marking
macrophages were distinctly observed, suggesting close physical proximity or possible
cellular interaction (Fig. 24A—C). These findings visually support a spatial relationship

between XtiSCs and macrophages during regeneration.
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Figure 24. XtiSCs and XtiSCs’ mitochondria directly interact with macrophages.
Co-localization of XtiSCs and macrophages at the injection site was observed, including
mitochondrial signals from XtiSCs detected within macrophages close to both the regenerated tail
and the injection region. (A—C) The overlap of Katushka RFP-labeled XtiSCs (red) and isolectin B4-
labeled macrophages (green) was identified through whole-mount immunostaining and confocal
microscopy using z-stack scanning. The images are displayed as maximum intensity projections (sum
slices) alongside three selected individual z-stack slices. Cell nuclei are stained with DAPI (blue).
Scale bar: 100 pm.

A1-A4: Uninjected tadpoles injected with XtiSCs at 3 days post-amputation (3 dpa). Al: sum slices;
A2-A4: z-stack slices 9, 18, and 23.

B1-B4: Tadpoles injected with control liposomes followed by XtiSCs at 1 dpa. B1: sum slices; B2—
B4: z-stack slices 5, 9, and 12.

C1-C4: Tadpoles treated with clodronate liposomes prior to XtiSC injection at 3 dpa. C1: sum slices;
C2-C4: z-stack slices 10, 17, and 20.

5.1.14 MitoTracker Dye Can’t Be Uptaken Specifically by Macrophages
To exclude the possibility that Mitotracker dye alone could be nonspecifically taken up by

macrophages, we performed high-dose Mitotracker injections and subsequently assessed dye
distribution at multiple time points (2 hours, 1 day, 2 days, and 3 days post-injection). No co-
localization of unspecific red fluorescence with green macrophage signals was observed at
any of these time points (Fig. 25). These results indicate that macrophages do not specifically
uptake Mitotracker dye under the experimental conditions employed, confirming the

specificity of our mitochondrial labeling strategy.
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Figure 25. MitoTracker dye can’t be uptaken specifically by macrophages.

50nl of 100 uM MitoTracker dye was injected into 4-week-old X. tropicalis tadpoles. Whole-mount
immunostaining for isolectin B4 (green), a macrophage marker, was performed on tadpoles collected
at 2 hours, 1 day, 2 days, and 3 days post-injection. (A) Positive control: tadpoles injected with RFP-
labeled XtiSCs showing red signal representing XtiSCs. (B) Negative control: tadpoles injected only
with MitoTracker dye without isolectin B4 staining. (C—F) Tadpoles collected at 2 hours (C), 1 day
(D), 2 days (E), and 3 days (F) post MitoTracker injection. Green: isolectin B4-labeled macrophages.
Scale bar: 500 pm.

5.1.15 Co-localization of XtiSCs’ Mitochondria and Macrophages
Further analysis employing MitoTracker staining to label XtiSC-derived mitochondria

revealed a clear overlap between the red mitochondrial signal and green fluorescence
marking macrophages, indicating the presence of XtiSC-derived mitochondria within some
macrophages in the tadpole (Fig. 26A). These findings provide compelling in vivo evidence
for mitochondrial transfer from XtiSCs to macrophages. This intercellular organelle transfer
may play a critical role in enhancing macrophage anti-inflammatory functions and shaping

the immune environment conducive to regeneration.
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Figure 26. XtiSCs’ mitochondria directly interact with macrophages.

Co-localization of XtiSC mitochondria and macrophages was observed near the regenerated tail and
injection site at 1 day post-amputation (1 dpa). The overlapping area in a single z-slice was enlarged
within a larger dashed box and displayed alongside the original image. Red indicates mitochondria of
XtiSCs labeled with MitoTracker® Red; green marks macrophages stained with isolectin B4; blue
represents DAPI-stained nuclei. Scale bars are 100 pm except for panels A6 and A8, which have a
scale bar of 10 pm. Images labeled View 1, 2, and 3 correspond to different regions from the same
tadpole: View 1 was captured at 10x magnification, while Views 2 and 3 used 63 magnification.
Panels Al, AS, and A7 show maximum intensity projections (sum slices) from z-stack images,
whereas A2—-A4, A6, and A8 present single slices from the z-stack.

5.1.16 Evidence That XtiSCs May Transdifferentiate to Macrophages in Single Cell
Level
Finally, we investigated whether XtiSCs possess the potential to transdifferentiate into other

cell types, such as macrophages. To test this, we prepared single-cell suspensions from
tadpoles injected with XtiSCs and performed isolectin B4 staining to label macrophages.
Confocal microscopy revealed rare instances of cells co-expressing the red fluorescent
protein Katushka RFP and the fluorescein-conjugated isolectin B4 signal (Fig. 27). Given
our previous observation that XtiSCs alone are not labeled by isolectin B4 (Fig. 15), this co-
expression strongly suggests the possibility of transdifferentiation of XtiSCs into

macrophage-like cells in vivo.
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Figure 27. Co-expression of Katushka RFP-labeled XtiSCs and isolectin B4 (macrophage
marker) was examined at the single-cell level.

A single-cell suspension was prepared from tadpole tails at 5 days post-amputation (5 dpa). Cells
were stained with isolectin B4 to label macrophages (green fluorescence), while Katushka RFP-
labeled XtiSCs displayed inherent red fluorescence without additional staining. Scale bar: 100 pm.

5.2 Function of XtiSCs in X. tropicalis Heart Regeneration Study

5.2.1 Apical Resection of X. tropicalis Heart
Among the commonly utilized models for studying cardiac regeneration mechanisms in

zebrafish are apical resection, cryoinjury, and genetic ablation (Sanchez-Iranzo et al., 2013),
as shown in Fig.28. While these models share similar initial injury responses, they differ
notably in the degree of transient fibrotic tissue accumulation and the time required to
achieve complete regeneration. Considering both procedural feasibility and consistency with
prior literature (Liao et al., 2017; Lv et al., 2020; Lv et al., 2023), we selected the apical
resection model to induce cardiac injury in adult X. tropicalis. The surgical procedure used

for apical resection is illustrated in Fig. 29.

Ventricular resection Cryoinjury Genetic CM ablation

Figure 28: Current used models to study mechanisms of cardiac regeneration. (A) ventricular
apex resection, (B) ventricular cryoinjury (C) cardiomyocytes genetic ablation.
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Figure 29. Apical resection of X. tropicalis heart

(A) The experiment procedure of heart apical resection in X. tropicalis. A1: V-shaped skin incision.
A2: Incision of chest muscles. A3: Dissection of the pleura. A4: Dissection of the pericardium and
resection of the heart apex with scissors. AS: Blood coagulation after heart apex resection with sterile
cotton. A6: Skin incision closure with stitches. Scale bar:2mm.

5.2.2 Hind Limb Muscle Bed XtiSCs Injection Is More Effective in Heart Injury
Healing
Assessment of fibrotic scar formation at 7 days post-apical resection revealed that tadpoles

receiving XtiSC injections into the skeletal muscle bed three days prior to surgery showed
significantly less scar tissue compared to both the 2/3 PBS control group and the group with
XtiSCs implanted directly into the heart (Fig. 30). Thus, in this experiment, we utilized hind

limb muscle bed injection as the delivery method for XtiSCs.
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Figure 30. Comparison of Three XtiSCs Administration Methods

XtiSCs injection into the hind limb muscle bed three days prior to apical heart resection resulted in
more efficient healing outcomes compared to direct administration of XtiSCs into the heart during
surgery. Fibrotic tissue formation was evaluated 7 days post-resection among three experimental
groups: (A1, A2) 2/3 PBS injected directly into the heart during surgery, (B1, B2) XtiSCs delivered
into the heart at the time of resection, and (C1, C2) XtiSCs pre-injected into the hind limb muscle bed
three days before the procedure. Panel Al depicts the heart following PBS injection; A2 provides a
magnified view of the apex. Panel B1 shows the heart after direct intramyocardial XtiSCs injection,
with B2 highlighting the apex in greater detail. Panel C1 illustrates the heart from tadpoles that
received XtiSCs into the hind limb muscle bed in advance of injury, and C2 offers a close-up of the
apex area. Scale bar: 1 mm.

5.2.3 XtiSCs Survive in The Hind Limb Muscle Bed for Up to Three Weeks Post-
injection
Initially, we attempted to inject XtiSCs directly into the heart or bloodstream; however, no
surviving cells were detected in the heart tissue post-injection (data not shown).
Subsequently, we administered XtiSCs into the hind limb skeletal muscle bed, where robust
cell survival was observed for over three weeks post-transplantation (Fig. 31).

This outcome aligns with our prior findings in X. tropicalis tadpoles (Qing Zhao et al.,
2024), which highlighted the high compatibility and viability of XtiSCs in transplantation
settings. Notably, the red fluorescence signal from XtiSCs gradually diminished over time,

with detectable signals at 10 days, 2 weeks, and 3 weeks post-injection.
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Figure 31. XtiSCs exhibit sustained viability in the hind limb skeletal muscle bed.

Survival of XtiSCs 10 days, 2weeks and 3weeks after injection into muscle bed. A1-A3: 2/3PBS
injected control group at 10 days, 2weeks and 3weeks after injection, respectively. B2-B3: XtiSCs
injected group at 10 days, 2weeks and 3weeks after injection, respectively. All images show merged
views of brightfield and red fluorescence channels (Katushka RFP) captured under a fluorescence
microscope. Scale bar: 1 mm.

5.2.4 Administration of Clodronate Liposomes Effectively Depletes Macrophages in
Adult X. tropicalis Frogs
Macrophage depletion during the early post-injury phase has been shown to impair heart

regeneration in salamanders (Godwin et al., 2017). However, whether macrophages play a
similar role in X. tropicalis heart regeneration remains unclear. To investigate this, we
depleted macrophages in adult X.tropicalis frogs by administering three doses of clodronate
liposomes into the dorsal lymph sac every two days. Direct cardiac injection was attempted
but proved lethal, with no survivors. We then assessed the impact of macrophage depletion
on heart regeneration and whether co-administration of XtiSCs could mitigate any
regeneration deficits.

Macrophage depletion was confirmed seven days after the final clodronate liposome
injection, as evidenced by a marked reduction in macrophage markers in both the heart and
liver tissues (Fig. 32C, D). In contrast, Dil-labeled control liposomes were found to be
widely distributed throughout these tissues, demonstrating effective systemic delivery (Fig.
32A, B).

To evaluate the potential immunomodulatory and regenerative benefits of XtiSCs, we
devised an experimental strategy (Fig. 32E) in which XtiSCs were implanted into the hind

limb muscle bed of macrophage-depleted frogs. This was followed by surgical apical
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resection of the heart. Cardiac regeneration was assessed seven days post-injury, a critical
time point characterized by maximal fibrotic tissue formation and robust cardiomyocyte

proliferation (Liao et al., 2017).
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Figure 32. Macrophage depletion in adult X. tropicalis.

Injection of clodronate liposomes into the dorsal lymph sac three times, every two days successfully
depleted macrophages in vivo in adult X. tropicalis frogs. (A) Fluorescent Dil liposomes distribution
in heart and liver at 1day and 7 days after the last dose of fluorescent liposomes, as detected under
stereo fluorescent microscope. Red dashed lines delineate the border of the tissues. Red: Fluorescent
Dil liposomes. Scale bar: 1 mm. (B) Heart section at 8 days after the last dose of fluorescent Dil (7
days after heart surgery) showed that liposomes were filled in the heart tissue. Scale bar: 400 um. (C)
Isolectin B4 (macrophage marker) staining on heart sections at 8 days after the last dose of liposomes
(7 days after heart surgery) in control liposomes (C1) treated and clodronate liposomes (C2) treated
groups. Scale bar: 400 um. 3 frogs were checked for clodronate liposomes depletion efficiency. (D)
Isolectin B4 (macrophage marker) staining on liver sections at 8 days after the last dose of liposomes
(7 days after heart surgery) in control liposomes (D1) treated and clodronate liposomes (D2) treated
groups. Scale bar: 200 um. 3 frogs were checked for clodronate liposomes depletion efficiency. (E)
Experimental setting for macrophage depletion, XtiSCs injection and heart apex resection
experiment. Briefly, three dosages of clodronate liposomes or control liposomes were injected into
dorsal lymphatic sac and the XtiSCs or 2/3PBS (control) were administered into hind limb muscle
bed the same day with 2nd dose injection. One day after last injection, heart injury was performed.
Frogs were sacrificed and samples were imaged and collected at 7 days post-surgery.
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5.2.5 XtiSCs Promote Restoration of Original Heart Apex Morphology After
Resection
The morphological assessment of regenerated X. tropicalis hearts was conducted 7 days

post-surgical injury using stereomicroscopy (Fig. 33). In all samples, fibrotic tissue
formation was evident at the site of apical resection. Notably, the most severe fibrotic
phenotypes were observed in the macrophage-depleted groups treated with clodronate
liposomes (Fig. 33E1, E2, F1, F2), suggesting impaired regenerative capacity in the absence
of macrophages. Remarkably, in all experimental groups that received XtiSCs injections into
the hind limb muscle bed, fibrotic tissue deposition was markedly reduced compared to their
respective 2/3 PBS control groups. These observations support a protective and pro-

regenerative role of XtiSCs, particularly in limiting fibrotic remodeling following cardiac

injury.
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Figure 33. XtiSCs enhance normal morphology of regenerated heart apex after resection.
Representative images of regenerated heart morphology in the six experimental groups at 7 days
post-heart surgery were displayed. Al, A2: Frog without liposomes treatment and injected with 2/3
PBS. B1, B2: Frog without liposomes treatment and injected with XtiSCs. C1, C2: Frog with control
liposomes treatment and injected with 2/3 PBS. D1, D2: Frog with control liposomes treatment and
injected with XtiSCs. E1, E2: Frog with clodronate liposomes treatment and injected with 2/3 PBS.
F1, F2: Frog with clodronate liposomes treatment and injected with XtiSCs. A1-F1: Side view of the
heart apex, A2-F2: Bottom view of the heart apex. Scale bar: Imm. Three frogs were inspected for
each group respectively.

5.2.6 XtiSCs Improve Cardiac Muscle Regeneration and Reduce Scar Formation in
The Frog Apical Resection Model
As demonstrated by Liao et al. (Liao et al., 2017), endogenous cardiomyocyte proliferation is

essential for heart regeneration in adult X. tropicalis, with the injured myocardium capable of
regenerating mature cardiomyocytes within approximately 30 days. Fibronectin, a major
extracellular matrix (ECM) component, serves as a key marker of fibrotic tissue
accumulation (Godwin et al., 2017). In our study, immunostaining for tropomyosin (a
cardiomyocyte marker) and fibronectin (a fibrosis marker) revealed that injection of XtiSCs
into the hind limb muscle bed significantly enhanced myocardial regeneration at 7 days post-
injury across all experimental groups (uninjected, control liposomes, and clodronate
liposomes), compared to their respective 2/3 PBS controls. Correspondingly, fibrotic scar
formation was markedly reduced following XtiSCs administration.

Importantly, our results provide the first evidence that macrophage depletion via
clodronate liposomes in adult X. tropicalis frogs leads to impaired cardiac regeneration (Fig.
34), underscoring the essential role of macrophages in this process. Previous studies have
indicated that inflammatory cell infiltration and fibrotic tissue production peak within the
first 7 days post-injury (Liao et al., 2017). Within this critical window, we observed a
substantial increase in cardiomyocyte regeneration and a decrease in fibrosis in XtiSC-
treated, macrophage-depleted animals, suggesting that XtiSCs may act through modulation

of the immune environment to promote regenerative outcomes in the heart.
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Figure 34. XtiSCs implantation increase heart muscle regeneration and decrease scar
formation.

Heart regeneration and scar formation were visualized by immunostaining frog heart sections for
tropomyosin signal (as a cardiomyocyte marker (Wieczorek, 2018)) and for fibronectin (a component
of the extracellular matrix (ECM) used here as a marker of fibrotic scar). Figure.34A shows
representative pictures of tropomyosin and fibronectin staining in heart sections in 6 experimental
groups, Scale bar: 400 pm.
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5.2.7 XtiSCs Increase Macrophage Infiltration in The Regenerated Heart of Adult
X. tropicalis
The immunomodulatory properties of Sertoli cells in transplantation contexts are well-

established, and recent studies have demonstrated the ability of Xenopus tropicalis immature
Sertoli cells (XtiSCs) to modulate immune responses both in murine models (Vegrichtova et
al., 2022) and in the X. tropicalis tadpole tail regeneration model (Qing Zhao et al., 2024). To
further explore this immunomodulatory potential in adult frogs, we assessed macrophage
distribution following XtiSCs administration in macrophage-depleted animals using
isolectin B4, a validated marker for macrophages (Sorokin and Hoyt, 1992; Godwin et al.,
2017).

Comparative analysis revealed that XtiSCs treatment significantly increased macrophage
density in the liver of clodronate liposome-injected frogs relative to the 2/3 PBS control
group (Fig. 35A). In the heart, XtiSCs did not merely increase macrophage presence but also
modulated their spatial distribution, promoting infiltration into the regenerating myocardium
rather than confinement to the injury margin, as observed in the 2/3 PBS control group (Fig.
35B). These findings suggest that XtiSCs not only enhance systemic macrophage presence in
macrophage-depleted environments but also redirect macrophages toward regenerative

zones, supporting their role as key immunoregulatory agents in heart regeneration.
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Figure 35. XtiSCs implantation increases macrophage infiltration at the regeneration area.
Macrophage numbers and their distribution were assessed in the heart and liver 7 days post-heart
apex injury. Macrophages were labeled with Isolectin B4 coupled with fluorescein, shown in green,
while blue signal (DAPI) represents cell nuclei. A: Macrophages in liver tissue in groups of A1, A2:
2/3PBS control and XtiSCs under non-injection group; A3, A4: 2/3PBS control and XtiSCs under
control liposomes injected group; A5, A6: 2/3PBS control and XtiSCs under clodronate liposomes
injected group. Scale bar: 200um. B: Macrophages in heart tissue in groups of B1, B2: 2/3PBS
control and XtiSCs under non-injection group; B3, B4: 2/3PBS control and XtiSCs under control
liposomes injected group; B5, B6: 2/3PBS control and XtiSCs under clodronate liposomes injected
group. Dashed line delineates presumable cutting line. Scale bar: 400um.

5.2.8 XtiSCs Increase Survival Following Heart Apical Resection Surgery
Beyond their established roles in improving heart regeneration morphology, enhancing

cardiomyocyte proliferation, and reducing fibrotic scar formation, XtiSCs also contributed to
improved survival outcomes following cardiac injury. We conducted a statistical analysis of
frog survival rates post-surgery across three experimental groups: no liposome injection,

control liposome injection, and clodronate liposome injection. Notably, XtiSCs



administration significantly increased survival in both the control and clodronate liposome
groups, with the increase reaching statistical significance in the control liposome group (Fig.
36). These findings suggest that XtiSCs confer systemic benefits that may be associated with
immune stabilization, particularly under the immune-perturbing conditions induced by

liposome treatments.
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Figure36. XtiSCs increased the frog survival rate after heart apex surgery.

Survival rates were assessed post-surgery across different treatment groups. Tadpoles treated with
clodronate liposomes—whether receiving 2/3 PBS or XtiSCs—exhibited markedly elevated
mortality. Statistical significance was determined using a two-way ANOVA, with p-values
indicating levels of significance as follows: *p <0.05; **p <0.001. Additionally, Fisher’s exact test
revealed highly significant differences (****P <(0.0001). Data were compiled from a minimum of
three independent experiments with at least four tadpoles per group (n>4).

5.3 Generation of CRISPR-Cas9 Transgenic X. tropicalis Animals
5.3.1 Construction CRISPR-Cas9 Knock-In Plasmid

5.3.1.1 Construction of Pax7 Knock-In Plasmid
We successfully constructed a Pax7 knock-in plasmid designed for CRISPR/Cas9-mediated

genome editing in X. tropicalis (Fig. 37). The donor plasmid was engineered to include two
homologous "bait" sequences flanking a GFP reporter cassette under the control of the
endogenous Pax7 regulatory context. These baits were placed such that the CRISPR/Cas9
guide RNA (gRNA) target site is located between them, promoting precise cleavage at the
Pax7 locus.

Each gene insertion during plasmid assembly was validated through Sanger sequencing.

Importantly, the donor construct also included a gamma-crystallin promoter driving a
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TurboFP reporter, which functions as a transgenesis marker. The TurboFP reporter is
expressed upon successful genomic integration regardless of the cassette’s orientation,
providing a reliable readout of insertion events.

Targeted integration of the GFP cassette into the Pax7 locus in the correct (forward)
orientation is facilitated via the non-homologous end joining (NHEJ) pathway. The use of a
conventional transcription terminator ensures proper cleavage and polyadenylation of the
inserted sequences.
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Figure 37. Plasmid map of 2 Bait Cas9 Strategy for Pax7 Knock-in Plasmid.
Created with SnapGene.This plasmid has a full sequence of 10893bp and contains components:
gamma crystallin (yCry) promoter, TurboFP, GFP, T2A, Pax7 bait (GFP side), Pax7 bait (RFP side).

5.3.1.2 Construction of MMP7 Knock-In Plasmid
We successfully constructed the MMP7 knock-in plasmid using a donor plasmid designed to

induce concurrent cleavages at the target genomic locus and two bait sites within the plasmid
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(Fig. 38). The guide RNA (gRNA) target sequence is embedded within the two MMP7 bait
sequences flanking the insertion cassette. This setup facilitates precise double-strand breaks

at both the endogenous MMP7 locus and within the donor plasmid.

Each gene insertion during the cloning process was rigorously validated by sequencing to
ensure accuracy. Integration of the GFP reporter cassette into the MMP?7 locus in the forward
orientation is driven by the non-homologous end joining (NHEJ) repair pathway.
Simultaneously, the gamma crystallin promoter-driven TurboFP cassette is expressed

independent of the orientation of integration, serving as an insertion marker.
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Figure 38. Plasmid map of 2 Bait Cas9 Strategy for MMP7 Knock-in Plasmid.

Created with SnapGene.This plasmid has a full sequence of 10893bp and contains components:
gamma crystallin (yCry) promoter, TurboFP, GFP, T2A, MMP7 bait (GFP side), MMP7 bait (RFP
side).

5.3.2 Statistics of Survival Rate and Positive Signal Rate

5.3.2.1 Survival Rate of FO Tadpoles
For both Pax7 and MMP7 knock-in experiments, injected tadpoles were categorized into

four groups (shown below). Across all categories, the average survival rate of injected
tadpoles was generally below 60%. This relatively low survival rate reflects the impact of the

injection procedure and genome editing on tadpole viability.

5.3.2.2 Statistical Analysis of FO Tadpoles Signal for Pax7 Knock-in System
We performed multiple rounds of microinjections using the Pax7 knock-in system and

analyzed the resulting FO tadpoles at 3 dpf for fluorescence expression.

GFP' RFP": 79%

GFP' RFP: 7%

GFP" RFP": 6%

GFP- RFP: 8%

*The RFP signal can be in both eyes or only in one eye.

Theoretically, the FO tadpoles after microinjection of the Pax7 or MMP7 knock-in plasmid
can be categorized into three groups based on fluorescence signals:

1)GFP* RFP* ---Tadpoles expressing both GFP and RFP.

2)GFP~ RFP* ---Tadpoles expressing RFP only.

3)GFP~ RFP ---Tadpoles expressing neither fluorescent protein.

Theoretically, because the GFP cassette insertion into the target locus can occur in either
forward or reverse orientation with equal probability via the NHEJ pathway, the ratio of
GFP* RFP* to GFP~ RFP* tadpoles is expected to be approximately 1:1. The RFP signal
originates from the gamma crystallin promoter-driven TurboFP cassette, which is expected
to express regardless of insertion direction, while GFP expression depends on correct
orientation at the target locus.

Surprisingly, our experimental data show a significantly higher proportion of GFP* RFP*
double-positive FO tadpoles compared to the GFP~ RFP* group. Importantly, none of the
GFP* RFP* FO tadpoles transmitted the transgene to F1 progeny.

87



This strongly suggests that the majority of GFP* RFP" signals in FO tadpoles derive from
transient expression of the plasmid backbone rather than stable, targeted genomic
integration. The plasmid backbone likely remains episomal or is randomly integrated in non-
target loci, producing fluorescence without functional knock-in.

Therefore, while fluorescence in FO is useful for screening, these data highlight the

importance of verifying germline transmission to confirm successful knock-in events.

Figure 39. Representative images of F0 tadpoles under Pax7 knock-in system at 3 days post-
fertilization (3dpf) were captured and analyzed.

Green channel: GFP signal, which theoretically indicates expression in muscle stem cells and brain
regions. Red channel: TurboFP signal driven by the gamma crystallin promoter, specifically
expressed in the eyes. Scale bar: 500um.

5.3.2.3 Statistical Analysis of FO Tadpoles Signal for MMP7 Knock-in System
We performed multiple rounds of microinjections using the MMP7 knock-in system and

analyzed the resulting FO tadpoles at 3 dpf for fluorescence expression.

GFP" RFP" :86.9%

GFP, RFP'/RFP: 13, 10%

Similarly, the MMP7 knock-in FO tadpoles also exhibited a disproportionately high rate of
GFP*/RFP* double-positive individuals. However, no true transgenic FO frogs were
obtained, suggesting that, as with the Pax7 system, the majority of double-positive signals
may result from transient backbone plasmid expression rather than successful targeted

genomic integration.
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Figure 40. Representative images of F0 tadpoles under MMP7 knock-in system at 3 days post-
fertilization (3dpf) were captured and analyzed.

Green channel: GFP signal, which theoretically indicates expression in macrophages. Red channel:
TurboFP signal driven by the gamma crystallin promoter, specifically expressed in the eyes. Scale
bar: 500um.

5.3.3 F1 progeny from Transgene Frog Genotyping
Despite generating a high number of GFP* RFP* FO tadpoles for both the Pax7 and MMP7

knock-in systems (over 400 for each construct) following multiple rounds of microinjection,
none of the resulting FO frogs produced transgenic offspring when crossed with wild-type
frogs. Screening of the F1 progeny revealed no fluorescent signals, indicating that no true
germline transmission occurred, and that the GFP* RFP* signals observed in FO were likely
due to episomal plasmid expression or non-specific integration events.

In parallel, genotyping efforts for both Pax7 and MMP7 FO tadpoles were unsuccessful.
Attempts to validate targeted integration by PCR amplification of intergenic regions flanking
the knock-in cassette consistently failed, likely due to technical challenges associated with
amplifying across large or complex genomic regions, or due to mosaicism and low
abundance of correctly integrated sequences. Additionally, false-negative results may have
occurred in GFP'RFP* tadpoles, as fluorescence alone proved insufficient to confirm true
genomic integration. These issues further support the hypothesis that most fluorescent FO
individuals were the result of transient plasmid expression rather than precise, heritable
knock-in events.

Interestingly, the FO frogs exhibited markedly delayed sexual maturation, often requiring

over one year to reach fertility, in contrast to the typical six-month timeline observed in wild-
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type X. tropicalis. This delay suggests that either the microinjection process or the presence
of the CRISPR/Cas9 and donor plasmids had a developmental impact on the embryos,

potentially affecting germline development or overall physiological stability.
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6 DISCUSSION
6.1 Effect of XtiSCs in X. fropicalis Tadpole Tail Regeneration

In our study of tail regeneration in X. tropicalis tadpoles using an allotransplantation model,
we identified several distinctive properties of immature Sertoli cells (XtiSCs) that
differentiate them from conventional mesenchymal stem cells (MSCs). We found that
XtiSCs predominantly remained at the injection site in the upper tail region, maintaining
viability over extended periods and, in some instances, actively migrating toward the site of
injury after tail amputation. This behavior reflects a higher degree of cellular retention and
injury-directed movement than is typically reported for MSCs, which often exhibit lower
persistence and non-specific distribution (Trounson and McDonald, 2015). Additionally, we
observed a marked decline in XtiSC viability following direct injection into the bloodstream,
indicating that localized tissue delivery may be a more effective method for harnessing
Sertoli cells’ regenerative potential in therapeutic applications.

Consistent evidence supports the pivotal role of Sertoli cells in enhancing muscle
morphology and function in vivo. Notably, they have been shown to promote myoblast
proliferation and facilitate the terminal differentiation of dystrophic myoblasts, as reported in
studies by Chiappalupi et al. (2015, 2016, 2021) and Salvadori et al. (2021). Our findings
align with these reports, demonstrating that XtiSCs effectively mitigate muscle fiber
degradation at one day post-amputation and significantly promote muscle fiber growth by
three days post-amputation. These observations not only underscore the therapeutic potential
of XtiSCs in muscle regeneration but also suggest their broader applicability in enhancing
the regenerative capacity of Xenopus tadpoles.

Addressing the pivotal role of the immune system in regeneration, our study focuses on the
inflammatory response following muscle injury, which involves the sequential recruitment
of neutrophils and the subsequent polarization of macrophages into pro-inflammatory M1
and anti-inflammatory M2 subtypes, as described by Fielding et al. (1993), Lu et al. (2011),
and Mantovani et al. (2004). Given the immunomodulatory capacity of XtiSCs—particularly
their ability to induce an immunosuppressive phenotype—we examined their impact on
macrophage dynamics within the regenerative environment. Our findings reveal that XtiSCs
significantly enhance macrophage accumulation both at the injection site and within the
regenerating tail. This effect is especially pronounced in macrophage-depleted conditions,

such as those induced by clodronate liposome treatment.

91



Interestingly, only a subset of tadpoles exhibited XtiSCs within the regenerated tail,
suggesting that their influence on macrophage recruitment may extend beyond direct cell-
cell interactions at the site of injury. It is plausible that XtiSCs mediate this effect through
endocrine and paracrine signaling. Specifically, they may secrete immunomodulatory and
chemotactic factors such as transforming growth factor-beta (TGF-), chemokine (C-C
motif) ligand 2 (CCL2), and C-X-C motif chemokine ligand 12 (CXCL12), thereby
promoting a pro-regenerative immune environment (Papa et al., 2018; Lynch et al., 2020).
This capacity to modulate macrophage behavior reinforces the notion that XtiSCs serve as
key orchestrators of the immune response during tissue repair and regeneration.

Reflecting on the remarkable regenerative capabilities of Xenopus tadpoles—which
include the restoration of complex tissues such as the spinal cord, muscle, and vasculature
until metamorphosis, as reported by Beck et al. (2003), Filoni and Bosco (1981), Gaete et al.
(2012b), and Love et al. (2011)—our study extends this paradigm by highlighting the
regenerative enhancements following XtiSC transplantation. Notably, the transition from
pro-inflammatory M1 to anti-inflammatory M2 macrophages, a critical step in progressing
from the proliferative to the differentiation phase of myogenesis, appears to be supported by
the presence of XtiSCs. This observation aligns with previous findings by Rigamonti et al.
(2013) and Villalta et al. (2011), and is echoed in our own data, which show macrophage
population shifts following XtiSC injection.

These findings underscore a compelling link between immune modulation and
regenerative success. To further elucidate the mechanisms by which XtiSCs influence
macrophage behavior and tissue repair, future work should aim to characterize M1 and M2
macrophage subtypes during the regeneration timeline post-XtiSC transplantation.
Additionally, defining the molecular pathways involved—including specific cytokines and
chemokines—will be essential for understanding how XtiSCs orchestrate immune responses
to foster a pro-regenerative environment.

Our study is among the first to elucidate the interactive dynamics between XtiSCs and
macrophages, emphasizing both direct cell-cell contact and the potential transfer of
mitochondria as key mechanisms underlying enhanced macrophage function. This
hypothesis is supported by previous findings from Morrison et al. (2017) and Porubska et al.
(2021), which describe similar intercellular interactions contributing to immune modulation.
Another intriguing aspect concerns the potential transdifferentiation of XtiSCs into

macrophage-like cells. Colocalization evidence supports the hypothesis that XtiSCs may
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adopt macrophage-like phenotypes, thereby revealing a novel dimension of Sertoli cell
plasticity and functional versatility in regenerative environments. This idea is consistent with
previous findings where various cell types, such as bone marrow B-cell precursors, vascular
smooth muscle cells, and regulatory T cells (Tregs), have been shown to undergo
transdifferentiation into macrophage-like cells, as demonstrated in multiple studies by Feil et
al. (Feil et al., 2014), Wang et al. (Wang et al., 2021b)and Chen et al. (Chen et al., 2022).
Given that Sertoli cells not only exhibit phagocytic activity but also express markers
commonly associated with macrophages (Turek et al., 1996), it is plausible that XtiSCs may
undergo transdifferentiation into macrophage-like cells. Supporting this hypothesis, we
observed co-localization of red XtiSC signals and green macrophage markers within
individual cells (Fig. 27), based on single-cell suspensions obtained from in vivo tadpoles
following XtiSC injection. These findings provide preliminary evidence for the potential
transdifferentiation of XtiSCs. However, to rigorously test this hypothesis, further studies are
warranted. These should include fluorescence-activated cell sorting (FACS) to isolate cells
double-positive for Katushka RFP (XtiSCs) and fluorescein (macrophage marker), followed
by detailed gene expression profiling of the sorted populations to confirm lineage identity

and functional characteristics.

6.2 Effect of XtiSCs in X. tropicalis Heart Regeneration Study

The immunomodulatory function of Sertoli cells has been extensively documented in various
studies (Washburn et al., 2022). In testicles, Sertoli cells protect germ cells through the
formation of the blood-testis barrier (BTB) and their innate immunomodulatory capabilities
(O’Bryan et al., 2005; Kaur et al., 2014). Studies have shown that Sertoli cells inhibit the
activation and maturation of dendritic cells in the presence of lipopolysaccharides (Lee et al.,
2008). In addition, microencapsulated porcine Sertoli cells have demonstrated
immunomodulatory potential in treating metastatic spread of Lewis lung carcinoma (LLC)
cells in primary tumors (Chiappalupi et al., 2024).

In this study, when injected into the frog hind limb muscle bed, XtiSCs survived for more
than three weeks and positively influenced heart regeneration, likely through autocrine
signaling. Consistent with observations from tadpole injections, direct administration of
XtiSCs into the heart or bloodstream resulted in significantly reduced cell survival and signal
detection. These results strongly support local tissue implantation of XtiSCs as the preferred

approach for Sertoli cell therapy to optimize clinical outcomes. Notably, XtiSCs injection
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into the skeletal muscle bed three days prior to surgery resulted in markedly reduced scar
deposition compared to both the control group (2/3PBS injection) and the heart implantation
group (Fig. 30). Conversely, XtiSCs injection into the skeletal muscle bed during the surgery
was associated with zero survival, and thus was excluded from further comparisons. This
outcome suggests a rapid inflammatory response following apical resection or cardiac injury
and underscores the necessity of pre-surgical XtiSC implantation to effectively evaluate their
therapeutic role in cardiac injury response which echoes the findings reported by De Lemos
et al. and Han et al. (De Lemos et al., 2003; Han et al., 2015).

This study is the first investigation of clodronate liposomes based method for systemic
macrophage depletion in adult frogs. Macrophages are pivotal to the immune system, and
their depletion can lead to various diseases (Wynn et al., 2013; Zaman and Epelman, 2022;
Yang et al., 2023). In our experiment, the survival rate in the macrophage-depleted group
(clodronate liposome-injected) following heart apex surgery was notably low (Fig. 37).
Interestingly, statistical analysis revealed that XtiSCs injection significantly improved
survival rates in the groups injected with control liposomes. Macrophages play a crucial role
in heart regeneration following injury. While macrophage depletion does not impair the
activation of cardiomyocyte proliferation, it leads to the formation of a permanent, highly
cross-linked extracellular matrix scar (Godwin et al., 2017). In our study, we observed that
treatment with XtiSCs obviously enhanced cardiac regeneration and reduced fibrotic scar
formation at 7 days post-surgery in a frog heart apex resection model. The morphology of the
heart apex also showed improved recovery in all XtiSCs treatment groups compared to the
2/3PBS control. Collectively, these findings underscore the capability of XtiSCs to promote
regeneration, potentially through modulation of macrophage distribution or phenotype
transition.

Given the excellent performance of XtiSCs in facilitating heart regeneration even in a
macrophage-depleted environment, we examined the distribution of macrophages after
XtiSCs implantation under these conditions in both the liver and heart. We observed a
significant increase in macrophage density in the liver and a noticeable alteration in
macrophage profiles within the injury area of the heart. These findings suggest that the
beneficial effects of XtiSCs on heart regeneration may be mediated through modulation of
macrophage populations, consistent with our earlier findings in X. tropicalis tadpole tail

regeneration (Qing Zhao et al., 2024).
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Many questions remain unanswered regarding the mechanisms by which XtiSCs facilitate
heart regeneration. The observation that muscle bed injection effectively promotes heart
repair suggests that XtiSCs may act primarily through endocrine signaling rather than direct
cell-to-cell contact, likely via specific secreted factors that influence the regeneration site, a
mechanism that has been reported in many studies (Amram et al., 2021; Easterling et al.,
2019; Graham and Huang, 2021; Love et al., 2013; Sachs and Buchholz, 2019). Investigating
these factors and their regulatory pathways—such as Nitric Oxide (NO), which we have
detected as produced by XtiSCs and previously implicated in X. tropicalis tail regeneration

(data not shown), could provide valuable insights into their role in cardiac repair.

6.3 Generation of CRISPR-Cas9 Transgenic X. tropicalis Animals

Limited availability of antibodies for Xenopus has restricted many avenues of research that
require antibody-based methods. To study the function of specific genes or proteins,
generating transgenic animals is often an effective strategy. With the increasing application
of CRISPR-Cas9 technology in biological research, numerous attempts have been made to
utilize this method in Xenopus (Shi et al., 2015; Naert and Vleminckx, 2018b; Shi et al.,
2019; Naert et al., 2020; Shi et al., 2022; Mochii et al., 2024). For example, Miao et al.
successfully used a CRISPR-Cas9 complex together with a 2-bait (targeting the gene of
interest) GFP plasmid backbone to knock in GFP downstream of target genes (at the 3° UTR)
without disrupting gene structure (Mao et al., 2018).

Inspired by this approach, we constructed two backbone plasmids targeting the muscle
satellite gene Pax7 and the macrophage marker MMP7, then microinjected the CRISPR-
Cas9-backbone plasmid complex into one-cell stage embryos. We obtained FO tadpoles
expressing GFP (at the knock-in gene site) and RFP (reporter line), and raised them to sexual
maturity. However, for both Pax7 and MMP7 transgene lines, we did not observe any
positive F1 frogs (no GFP or RFP signals), indicating that no true germline transmission
occurred.

Interestingly, at 3 dpf, a surprisingly high percentage of FO tadpoles showed GFP 'RFP"
signals. Combined with the failure to detect positive F1 offspring, we suspect that this early
signal likely originates from expression of uncut or episomal plasmid rather than true
genomic integration.

Based on this experience, future trials should include screening at multiple developmental

stages, such as 7 days, 2 weeks, 1 month post-fertilization, and pre-metamorphosis, tracking
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individuals with persistent positive signals throughout. This would avoid the resource-
intensive process of raising many candidates to sexual maturity without prior validation.

For the Pax7 transgene trial, we attempted PCR validation of the presumed integration
locus. This was unsuccessful, likely due to (1) insufficient genomic DNA input since we
primarily used dead tadpoles to preserve living FOs, limiting available DNA; (2) the inherent
difficulty in designing PCR primers targeting these complex transgene integration sites.
Therefore, further optimization of PCR validation strategies is needed before advancing FO
signal-positive tadpoles to mature frogs. Identifying simpler, more reliable PCR targets
would improve genotyping success.

Additionally, we must consider that some true transgenic FO frogs may have been lost
during rearing due to the low survival rate from tadpole to adult stages. Improving survival or

earlier selection of candidates could enhance recovery of germline-transmitting founders.
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7 CONCLUSIONS

This study presents a comprehensive investigation into the role of XtiSCs in tail
regeneration, encompassing their viability, tissue retention, migratory capacity, and
immunomodulatory functions. Our results confirm that XtiSCs significantly enhance
regenerative outcomes, not only by promoting tissue repair but also by modulating the
immune microenvironment. These findings underscore the need for further research to
characterize specific macrophage subtypes and to unravel the molecular mechanisms
underlying XtiSC-macrophage interactions. Advancing our understanding in these areas will
be critical for realizing the full therapeutic potential of XtiSCs in regenerative medicine and
may pave the way for innovative clinical applications.

Our research explored the role of XtiSCs in X. tropicalis heart regeneration. We found that
XtiSCs significantly enhance cardiac regeneration and reduce fibrotic scar formation in both
normally injured frogs and in frogs with macrophage depletion induced by clodronate
liposomes. Furthermore, XtiSCs improved apex morphology consistently across all
experimental groups, including uninjected controls, control liposome-injected, and
clodronate liposome-injected frogs. Importantly, XtiSCs also increased macrophage
numbers in the liver and altered macrophage infiltration patterns within the regenerating
heart tissue. Collectively, these findings suggest that XtiSCs promote frog heart regeneration
primarily through modulation of macrophage populations.

Our study presents a comprehensive analysis of the regenerative potential of XtiSCs,
highlighting their robust survival, targeted homing capacity, and potent immunomodulatory
effects. Together, these attributes underscore the multifaceted role of XtiSCs in promoting
tissue regeneration. While our findings substantiate the regenerative efficacy of XtiSCs, they
also point to the need for deeper investigation into the specific macrophage subtypes
involved and the molecular pathways governing XtiSC—macrophage interactions.
Elucidating these mechanisms will be essential for unlocking the full therapeutic potential of
XtiSCs in regenerative medicine and may inform the development of innovative, cell-based
treatments for tissue repair and immune modulation.

Regarding transgenic approaches, generating transgenic frogs provides an effective
method to study gene and protein functions, especially given the limited availability of
antibodies for Xenopus. Utilizing CRISPR-Cas9 knock-in technology, we successfully
constructed two backbone plasmids targeting Pax7 and MMP7, each containing dual gRNA
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target sites flanking the region to guide precise GFP knock-in at the 3° UTR of the respective
genes. Despite obtaining numerous GFP-positive FO tadpoles after multiple microinjections,
we did not recover any GFP-positive FO frogs. Future efforts will focus on implementing
stringent selection controls at earlier developmental stages to identify and raise true positive
tadpoles to adulthood, thereby optimizing resource use and increasing the likelihood of

establishing stable transgenic lines.
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9 SUPPLEMENTAL

9.1 Pax7 CRISPR-Cas9 Knock-In Donor Plasmid Full Sequence
ORIGIN

I ctaaattgta agcgttaata ttttgttaaa attcgcgtta aatttttgtt aaatcagctc
61 attttttaac caataggccg aaatcggceaa aatcccttat aaatcaaaag aatagaccga
121 gatagggttg agtgttgttc cagtttggaa caagagtcca ctattaaaga acgtggactc
181 caacgtcaaa gggcgaaaaa ccgtetatca gggegatgge ccactacgtg aaccatcace
241 ctaatcaagt tttttggggt cgaggtgecg taaageacta aatcggaacc ctaaagggag
301 cccecgattt agagettgac ggggaaagee ggegaacgtg gegagaaagg aagggaagaa
361 agcgaaagga gcgggcgeta gggegetggce aagtgtageg gtecacgetge gegtaaccac
421 cacacccgcece gegettaatg cgeegetaca gggegegtee cattcgecat tcaggetgeg
481 caactgttgg gaagggcgat cggtgcggec ctettcgeta ttacgecage tggegaaagg
541 gggatgtgct gcaaggegat taagttgggt aacgccaggg ttttcccagt cacgacgttg
601 taaaacgacg gccagtgage gegegtaata cgactcacta tagggcegaat tggageteca
661 ccgeggtgge ggeegeteac ctgggagtte catgacctgt ataaaagecc ttggecttca
721 gectegteee tggaatggece ttaaaggggce ggtteacctt ttcgtcaact tttagtatgt
781 tatagaatgg ccaattctaa gcagcttttt aaatggtctt cattatttat ttttttatag
841 tttttaaact atttgacttc tgectetttc cagetttcaa atgggggtea ctgacceegg
901 cagccaaacc ctattgetct gtgaggctce agttttattg ttactgttac tttttattce
961 ttatctttct attcageccce tetectatte atataccage ctetcattca aaccactece
1021 tggttactaa ggtaatttgg accctagcaa ccagaaagct getaaaactc caaactgeag
1081 agctgctgaa caaaaaagtg aaataacaaa aaaaaaacca aataataaaa aatgaagacc
1141 aattgcaagt tgtctcagaa tatcactctc tacatcatac taaaagctaa ctcatctcta

1201 aatataagca gctttgcagt tggtectetg tetcatttct gatgtaaatg ataagtgttg
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1261 ggttggggga taacagctag taatgtaata agcacaataa taatctaaaa attcattttt
1321 ttgttectgt tttgecageeg cegttgatta cetggegaaa aatgteagtt tgtctacgea

1381 gcgcaggatg aaactcgggg accactcgge agtactaggt ctgttacceg tggagaccgg
1441 ccaggcctac tctagaacaa aagctggtac cgggeccccc ctcgagtceca taagaaagat
1501 ataaataagc tggagagaat gcagaattgt caactagcag tgetggaatt ggggagggat
1561 gccatecect cactttttta tttctgtgaa atageatcee ctcagtgtgg atgcaagttt

1621 tttgaatccc ggaactgtct tttgetccte ttcacttetg catgcaaata caatgcagag

1681 gtaaaatata atatagttaa atatataggg gattaaagga gagaaaaaat tgctgggaga
1741 gaagaagaaa agatagagaa gtgttaaaca gataaagaag gtggaggcat cagagagggt
1801 tatagagaaa aggagagaag aaaaaatgaa ggtattaaac agcagcagat taaggaatag
1861 tgagaaaatg ctttatatga aataatcttg ggtaatatag aatatgatgg ggatgtgcta
1921 tgttatgaca caatacacag aaaaggtgct ttatttgcag tagctgaatt ggtagccaag
1981 aaaagtcata agcacaattt ttattttggg gtccctatag gtcacatatg taaatatggt

2041 tatgggaggg atgcaccaca cagagcatcc ctccactttt tttactccaa ttcaagcact
2101 gggaatgaga tatgcttcat tagcacctaa acatttgaca atgaccaatg tgaatgttag
2161 cgaccatatt tgcgtecttt tgtgaccaaa tggceatatgt gaacattcct agtgtatgta

2221 ataaaatttt gcaacaaaat atttaaaaac tccagagcag atgcttaact tagtcatgta
2281 atattcgcca gcaaatgagt atacctctat ttttaacatce acttgtgatt tttttagtaa

2341 cattcccacc tttagtattt ccagattgaa attatcatac ccccccatte tttaatatag

2401 ggaacactgt accagtgggt ctgggattat ttgtccatat attgcaatat atccaagetg
2461 accaactgtc tcaaagtcac ccctggtctg geccaataaaa cacaaacatt ctagcagaaa
2521 gtaaagctgg ccatagatgt tgagattttt aaaagatcag atcctgatcg tgagaccacg
2581 atcttctcag aacgatcgta cgatcgtacg aatctaccat caactaaaaa gaccaattta

2641 ccaggaaaac aaaggggagce tgectgettg gecctgeaaa catagagaga ttgcactggg
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2701 gccgacaaag attttttgac ctggccgate aatttcccga cagatgtcgg ccgaaaaatc
2761 gtaagatgta cgatcgttcg aataccacta accgcacgat aatttcgaag gattggtcgg
2821 gctteectaa aatcggtegt tcggcaagaa gaatcgtcge gtetatgggg accttaagtg
2881 tacttgcttt ccaaggttaa aaattgttac ctttttatac gacactgcat ggatcacctg

2941 aaagcaggtt gggagctaca acatggaact agccactgtt cctttatatg gttatcacta
3001 cccaatttta aataattaaa ctggagttta ttgatggtgt gaccacaaaa ttgatacaga
3061 taaagacata ctgtatatat tgcgttatat gacaaataca gtaacaccac attactattt

3121 taaattatat ataaaataat attaatatat ctggggacat aaaatgtggce ttcttaaaca

3181 ttggggtgac actgatgaga ttatttggta aatgtttgat gctagctaac cattgtttgg

3241 ttcatttgtg tgattcaaaa gtggcaaaga atgacaccta gatgatgcca aattaaggat
3301 ttactagtaa ccacaattct ttaaactgtt acaaagtgtt tggaccagcea actgaattge

3361 actgtaaatt accacatcag ggtctccggg gtcaacgetg ctaagcaatg gactggaaaa
3421 tttgtgacat tgagtttttg gaataactgg gaatgctgga taactctttg ggtaaageta

3481 tggaacaaaa gtaccagcat gaactaagaa atgactgtca cagcacaaca tcaaacacaa
3541 tgcaagacaa aggttctctg cttttgectt acttgacaga aaaagtaagc tctaggttca
3601 tcgcatgcag acagcagcaa tacatgacat atataaagge tggcetcetttt ctcectteca
3661 ttgaactgaa acttccactc agtcagactt gcggggatce tcegetageg ctaccggteg
3721 ccaccatggt gggtgaggat agcgtgetga tcaccgagaa catgeacatg aaactgtaca
3781 tggagggcac cgtgaacgac caccacttca agtgcacatc cgagggegaa ggcaagecct
3841 acgagggcac ccagaccatg aagatcaagg tggtcgaggg cggecctcte cecttcgect
3901 tcgacatcct ggctaccage ttcatgtacg gcagcaaaac ctttatcaac cacacccagg
3961 gcatccecga cttetttaag cagtecttee ctgagggcett cacatgggag aggatcacca
4021 catacgaaga cgggggegtg ctgaccgeta cccaggacac cagectcecag aacggetgee

4081 tcatctacaa cgtcaagatc aacggggtga acttcccatc caacggecct gtgatgcaga
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4141 agaaaacact cggctgggag gccagecaccg agatgetgta ccccgetgac ageggectga
4201 gaggccatag ccagatggcec ctgaagcetcg tgggeggggg ctacctgeac tgetcecteca
4261 agaccacata cagatccaag aaacccgcta agaacctcaa gatgeccgge ttctacttcg
4321 tggacaggag actggaaaga atcaaggagg ccgacaaaga gacctacgtc gagcageacg
4381 agatggctgt ggccaggtac tgcgacctge ctagcaaact ggggcacage tccggactca
4441 gatctcgact agataactga tcataatcag ccataccaca tttgtagagg ttttacttge

4501 tttaaaaaac ctcccacacc tcceectgaa cctgaaacat aaaatgaatg caattgttgt
4561 tgttaacttg tttattgcag cttataatgg ttacaaataa agcaatagca tcacaaattt

4621 cacaaataaa gcattttttt cactgcattc tagttgtggt ttgtccaaac tcacccgggg

4681 caggttagaa tttcatcttc tttaatatat aacaggaatg cctgaggtac acagagaacc
4741 catacaggcg gecaggtageg agaccecececg ctgetggtea tcagtgeaat gecaaacatct
4801 gtagcacgga caggataaaa caggtattga ttcatcttce tactctacca cataatatag
4861 ctgaataaat tatagcggga ttatatatat gtatatatat atatacagge gtacgagegce

4921 gcactcgtgg ggcaaggtgg ctgtgggtca gatacagagg cggaactggg tggatggaat
4981 gttatctagt tctagttaag tggctccttg gatgtgaatt agaacaagcea agtccatgtt

5041 agaagtcaaa tacatacgca gaagggtaca atgccggatc tacattcgac agaatttttt
5101 gcagaagtat aaaaaaaagg cttaatgtcc gtatgtgcac tgagcataca gagggggttc
5161 cttcgggggt cttgggttgg gatgetteca tggaatgeaa agtcaccata gtctettaat
5221 ccttgttgag gcttegtect ccgaattgee ttaaagggge ggttcacctt aaatttaact

5281 tttagtgtgt tatagaatgc atatagaata ctaagcaact tttcaattgg tcttcattat

5341 gtatttctta tagttttctt cttccccgge agecaaaccce tattgetetg tgaggeteca

5401 gttttattgt tattgttact ttttattact tatctttata ttcagttccc tctcctatte

5461 atatacgagt ctcattcaaa ccactccctg gttgetaagg tcatttggac cctagcaacc

5521 agagagctgc tataactcta aactggagag tcgctaaaca attactgaaa tcattaaaaa
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5581 aactacaaat aataaataat gaagaccaat tgcaagtggt ctcggaatat tactctctac
5641 atcatactac ccctttagca gttcagccca taggttatac aaaaacatct ccaatacagt
5701 cgatacaaac ctggggtaat tataggaatc tgattgtgct tctttaaccc tttcttecte
5761 tgctaacgat attttaaata tacttttttc ttttttttaa tttgggattt tctatgtaca

5821 ttttcagaca acaccactcc atgaatttac atgaaactta ctatacatct gtcaatatta
5881 ctgctcacaa gaaaacttca aatcaatcgt ctcactggaa tgattcggga ctttctttca
5941 catagaggga atcacaaggt ccgtatttac atcattgttg gccgegactt ccaatgtcac
6001 aatgagtgac ccaatacgcg tgtgtccgac aacacaacta tttctacgtt taaggggccc
6061 attagtcaca gtcaagtttt ttagtttttt ttcatggacc tctcggaacc atttggcgag
6121 tcctggctte ccgaccaggg aggggacagt catcgacaag acatattttt tttattaaag
6181 aaaggtgacc tggtaaaaca ttctgaatgt gggcegttegt ccgaagaatc agaatatctg
6241 tatcagataa tatatgtatc agaatacatc cttgaggtcc tttgaggaat gtgcaggaca
6301 tggaatccce acagagggge gccaaagatg aagatgtgta caatgacatc acgtgatatc
6361 acatgttcgt attggctgge cgtacaccca atcggatcee geagttgaga ctacaaacat
6421 aacctgtatc tcagatttca agtggggtec ttgaaatgag cctttacaag gcgaataaaa
6481 tatgtaacca atcagaagct gtagataaca gggggegggg cttcccaate tgeattgtgg
6541 gtttcctgge caactacatt tcagtcatgg cgcaaagttt atggtttate gttttccatg
6601 atatctgatc ccttgaactg taatttccac catgaaatcg atataaggtt catatctgag
6661 attcgcaagt ctccgttggt cctttaacgt ttactccaaa ttatgttttt tggctgtgga
6721 aaaaaaaatc aagaaaaaaa agaccaataa aatgagtttt tcttcttact acccggagct
6781 tattatactg ggggatcage atcacaagtc agaagcgatt ggtcccecca aaacttcagt
6841 ttgtcaccgt gaagtggcag gaaatttgee aaaattgttt tttttttttt ttaaaaaagt

6901 gcaggaagca actcctggea accgecggac geetggggte geagggagtt agaaggegga

6961 tagcggagaa gcaccttgat attgtggecce tgaagcaaga tggeggaatg gacaggtctce
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7021 agaagatgga tacagccgct ctgattggea gaggattcce ttggetcceg ggetgeagte
7081 aaactctgag tccggacctg tacagetegt ccatgeegtg ggtgtggcag caggegetga
7141 aggactccag gagcaccatg tggtcgeggg cctegttgeg gtecttgetg atettggtet
7201 gagtgctcag gtagtggttg atggggatca gcacggggcece gtegeccagg ggeacgttgg
7261 tctggtagtg gtcggccage tgcacgecge cgecctegat gttgtggcgg gtettgaagt
7321 tagcctccag geegttgttg gecttgtcgg ggeggatgta cacgttgtgg ctgttgaage
7381 tgtactccag cttgtggecc aggatgttge cgtectectt gaagtecttg cecttcaget
7441 cgatgcggtt caccagggtg tcgecctcga acttcaccte geecgegggte ttgtacttge
7501 cgtegtectg gaactggatg gtgcgetect ggatgtagee ctcgggeatg gegetettga
7561 agaagtcgtt catcttcatg tgctcggggt agecgggegaa geactggatg cecgtagcaga
7621 gggtggtcac cagggtggge cagggecacgg geagettgee ggtggtecag atgaacttga
7681 tctccagett gecgtagteg gegtecgecct cgeectegee gegeacgetg aacttgtgge
7741 cgtgecacgte geegtecage tegatcagea cgggeacgat geecggegaac ageteetege
7801 cccegceteat gaattetggg ccaggattct cctcgacgte accgeatgtt agcagacttc
7861 ctctgeecte gatatcgtag gectggeecgg tetccacggg taacagacct agtactgecg
7921 agtggtccee gagtttcate ctgegetgeg tagacaaact gacatttttc gccaggtaat
7981 caacggcgge tgcaaaacag gaacaaaaaa atgaattttt agattattat tgtgcttatt
8041 acattactag ctgttatccc ccaacccaac acttatcatt tacatcagaa atgagacaga
8101 ggaccaactg caaagctgct tatatttaga gatgagttag cttttagtat gatgtagaga
8161 gtgatattct gagacaactt gcaattggtc ttcatttttt attatttggt tttttttttg

8221 ttatttcact tttttgttca gcagcetctge agtttggagt tttagcagcet ttctggttge

8281 tagggtccaa attaccttag taaccaggga gtggtttgaa tgagaggctg gtatatgaat
8341 aggagagggg ctgaatagaa agataaggaa taaaaagtaa cagtaacaat aaaactggag

8401 cctcacagag caatagggtt tggetgeegg ggtcagtgac ccccatttga aagetggaaa
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8461 gaggcagaag tcaaatagtt taaaaactat aaaaaaataa ataatgaaga ccatttaaaa
8521 agctgcttag aattggccat tctataacat actaaaagtt gacgaaaagg tgaaccgecc
8581 ctttaaggcc attccaggga cgaggetgaa ggecaagggc ttttatacag gtcatggaac
8641 tcccaggtga aagcttatcg ataccgtcga cetecgagggg gggeccggta ceccagetttt
8701 gttcecttta gtgagggtta attgecgeget tggegtaate atggtcatag ctgtttectg
8761 tgtgaaattg ttatccgctc acaattccac acaacatacg ageccggaage ataaagtgta
8821 aagcctgggg tgectaatga gtgagetaac tcacattaat tgegttgege teactgeeeg
8881 ctttccagtc gggaaacctg tegtgccage tgeattaatg aatcggecaa cgegegggga
8941 gaggcggttt gegtattggg cgcetetteeg cttecteget cactgacteg ctgegetegg
9001 tcgttcgget gecggegageg gtatcagete actcaaagge ggtaatacgg ttatccacag
9061 aatcagggga taacgcagga aagaacatgt gagcaaaagg ccagcaaaag geccaggaace
9121 gtaaaaaggc cgcgttgctg gegtttttce ataggctceg cceeectgac gageatcaca
9181 aaaatcgacg ctcaagtcag aggtggcgaa acccgacagg actataaaga taccaggegt
9241 ttcceectgg aagcetcecte gtgegcetete ctgttcegac cetgecgett accggatace
9301 tgtcegectt teteecttcg ggaagegtgg cgctttetca tagetcacge tgtaggtate
9361 tcagttcggt gtaggtcgtt cgetccaage tgggcetgtgt gecacgaacce cecgttcage
9421 ccgaccgcetg cgcecttatce ggtaactate gtettgagtc caacceggta agacacgact
9481 tatcgccact ggcageagece actggtaaca ggattagcag agcgaggtat gtaggeggtg
9541 ctacagagtt cttgaagtgg tggcctaact acggctacac tagaaggaca gtatttggta
9601 tctgegcetet getgaageca gttaccttcg gaaaaagagt tggtagetct tgatceggea
9661 aacaaaccac cgctggtage ggtggttttt ttgtttgcaa gcagcagatt acgcgcagaa
9721 aaaaaggatc tcaagaagat cctttgatct tttctacggg gtctgacgct cagtggaacg
9781 aaaactcacg ttaagggatt ttggtcatga gattatcaaa aaggatcttc acctagatcc

0841 ttttaaatta aaaatgaagt tttaaatcaa tctaaagtat atatgagtaa acttggtctg
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9901 acagttacca atgcttaatc agtgaggcac ctatctcage gatctgtcta tttcgttcat
9961 ccatagttge ctgactccee gtcgtgtaga taactacgat acgggagggc ttaccatetg
10021 gccccagtge tgeaatgata ccgegagace cacgcetcace ggetecagat ttatcageaa
10081 taaaccagcc agccggaagg gecgagegea gaagtggtee tgcaacttta tecgecteea
10141 tccagtctat taattgttge cgggaagcta gagtaagtag ttcgecagtt aatagtttge
10201 gcaacgttgt tgccattget acaggceatcg tggtgtcacg ctegtegttt ggtatggctt
10261 cattcagctc cggttcccaa cgatcaagge gagttacatg atcccecatg ttgtgcaaaa
10321 aagcggttag ctcctteggt cctccgateg ttgtcagaag taagttggee geagtgttat
10381 cactcatggt tatggcagca ctgcataatt ctcttactgt catgecatce gtaagatget
10441 tttctgtgac tggtgagtac tcaaccaagt cattctgaga atagtgtatg cggegaccga
10501 gttgctcttg cccggegtca atacgggata ataccgegece acatagcaga actttaaaag
10561 tgctcatcat tggaaaacgt tcttcggggc gaaaactctc aaggatctta ccgetgttga
10621 gatccagttc gatgtaaccc actcgtgecac ccaactgatc ttcagcatct tttactttca
10681 ccagcgtttc tgggtgagea aaaacaggaa ggcaaaatge cgcaaaaaag ggaataaggg
10741 cgacacggaa atgttgaata ctcatactct tcctttttca atattattga agcatttatc
10801 agggttattg tctcatgagc ggatacatat ttgaatgtat ttagaaaaat aaacaaatag
10861 gggttccgeg cacatttcce cgaaaagtge cac

//

9.2 MMP7 CRISPR-Cas9 Knock-In Donor Plasmid Full Sequence
ORIGIN

I ctaaattgta agcgttaata ttttgttaaa attcgcgtta aatttttgtt aaatcagctc
61 attttttaac caataggccg aaatcggcaa aatcccttat aaatcaaaag aatagaccga
121 gatagggttg agtgttgttc cagtttggaa caagagtcca ctattaaaga acgtggactc

181 caacgtcaaa gggcgaaaaa ccgtctatca gggegatgge ccactacgtg aaccatcace
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241 ctaatcaagt tttttggggt cgaggtgccg taaagcacta aatcggaacc ctaaagggag
301 cccecgattt agagettgac ggggaaagee ggegaacgtg gegagaaagg aagggaagaa
361 agcgaaagga gegggcgeta gggegetgge aagtgtageg gtcacgetge gegtaaccac
421 cacacccgcc gegcttaatg cgecgetaca gggegegtece cattcgecat tcaggetgeg
481 caactgttgg gaagggcgat cggtgcgggc ctettcgeta ttacgecage tggcgaaagg
541 gggatgtgct gcaaggegat taagttgggt aacgccaggg ttttcccagt cacgacgttg
601 taaaacgacg gccagtgage gegegtaata cgactcacta tagggcegaat tggagcteca
661 ccgeggtgge ggeegecage ttttaactgg ggcaacactg agtatatttt ggtecaacat
721 acaaatgttt ccctgtacat attggcetggt tttgcatata agactccctt aagtcataaa

781 cttttacagg tttaatatgc aacagagaat agcaaggcetg ttagttacag ttgcacagag
841 ctggtattca tacagcaggt cattctgact gcagctaatc atttgaatga atgacatata

901 ctatagatca gtgatcccea gecagtggcet ctggggcaac atgttgctce ccaacacctt
961 ggatgttgct ctcagtggece tcaaagtagg tgcttgtttt tgaattcctg gettggagge
1021 aagtgctgat tgcataaaac ccagtgtgaa gectaactga accttctata ggetgecact
1081 ccacataggg gccaataacc aattataget cttatttgca ccccaggaac ttttttcect
1141 gcttgtgttg ctcctcaaca catttttcat ttgaatgtgg ctcacgggta taaaaggttg

1201 gggatccctg ctatagactg tatatatgca gecatacata tcectgatgg tectttettt
1261 tggcaggttt taatctgttc ctagtggetg cgeatgaatt tggcecattet ctgggactcg
1321 atcattctac tgacccacga gecttgatgt tcccgaccta ccattatgtg gacacgcagg
1381 cctttcgttt gtcccaagat gacatcaacg gaatacagtc aatatatgga agaaggcaat
1441 ctagaacaaa agctggtacc gggeccccce tcgagtccat aagaaagata taaataaget
1501 ggagagaatg cagaattgtc aactagcagt gctggaattg gggagggatg ccatccccte
1561 acttttttat ttctgtgaaa tagcatccce tcagtgtgga tgcaagtttt ttgaatceeg

1621 gaactgtctt ttgctcetet tcacttctge atgcaaatac aatgcagagg taaaatataa
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1681 tatagttaaa tatatagggg attaaaggag agaaaaaatt gctgggagag aagaagaaaa
1741 gatagagaag tgttaaacag ataaagaagg tggaggcatc agagagggtt atagagaaaa
1801 ggagagaaga aaaaatgaag gtattaaaca gcagcagatt aaggaatagt gagaaaatgc
1861 tttatatgaa ataatcttgg gtaatataga atatgatggg gatgtgctat gttatgacac

1921 aatacacaga aaaggtgctt tatttgcagt agctgaattg gtagccaaga aaagtcataa
1981 gcacaatttt tattttgggg tccctatagg tcacatatgt aaatatggtt atgggaggega
2041 tgcaccacac agagcatccce tccacttttt ttactccaat tcaagcactg ggaatgagat
2101 atgcttcatt agcacctaaa catttgacaa tgaccaatgt gaatgttage gaccatattt
2161 gegtectttt gtgaccaaat ggeatatgtg aacattccta gtgtatgtaa taaaattttg

2221 caacaaaata tttaaaaact ccagagcaga tgcttaactt agtcatgtaa tattcgccag
2281 caaatgagta tacctctatt tttaacatca cttgtgattt ttttagtaac attcccacct

2341 ttagtatttc cagattgaaa ttatcatacc cccccattct ttaatatagg gaacactgta

2401 ccagtgggtc tgggattatt tgtccatata ttgcaatata tccaagetga ccaactgtct
2461 caaagtcacc cctggtctgg ccaataaaac acaaacattc tagcagaaag taaagetgge
2521 catagatgtt gagattttta aaagatcaga tcctgatcgt gagaccacga tettctcaga
2581 acgatcgtac gatcgtacga atctaccatc aactaaaaag accaatttac caggaaaaca
2641 aaggggagct geetgettgg cectgcaaac atagagagat tgcactgggg ccgacaaaga
2701 ttttttgace tggececgatea atttcccgac agatgtcgge cgaaaaatcg taagatgtac
2761 gatcgttcga ataccactaa ccgcacgata atttcgaagg attggtcggg cttccctaaa
2821 atcggtcegtt cggecaagaag aatcgtcgeg tctatgggga cettaagtgt acttgettte
2881 caaggttaaa aattgttacc tttttatacg acactgcatg gatcacctga aagcaggttg
2941 ggagctacaa catggaacta gccactgttc ctttatatgg ttatcactac ccaattttaa
3001 ataattaaac tggagtttat tgatggtetg accacaaaat tgatacagat aaagacatac

3061 tgtatatatt gcgttatatg acaaatacag taacaccaca ttactatttt aaattatata
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3121 taaaataata ttaatatatc tggggacata aaatgtggct tcttaaacat tggggtgaca

3181 ctgatgagat tatttggtaa atgtttgatg ctagctaacc attgtttggt tcatttgtgt

3241 gattcaaaag tggcaaagaa tgacacctag atgatgccaa attaaggatt tactagtaac
3301 cacaattctt taaactgtta caaagtgttt ggaccagcaa ctgaattgca ctgtaaatta

3361 ccacatcagg gtctccgggg tcaacgetge taagcaatgg actggaaaat ttgtgacatt
3421 gagtttttgg aataactggg aatgctggat aactctttgg gtaaagctat ggaacaaaag
3481 taccagcatg aactaagaaa tgactgtcac agcacaacat caaacacaat gcaagacaaa
3541 ggttctetge ttttgectta cttgacagaa aaagtaaget ctaggttcat cgecatgecaga

3601 cagcagcaat acatgacata tataaaggct ggctcttttc tcccttccat tgaactgaaa

3661 cttccactca gtcagacttg cggggatcct ccgetagege taccggtege caccatggtg
3721 ggtgaggata gcgtgctgat caccgagaac atgcacatga aactgtacat ggagggcacce
3781 gtgaacgacc accacttcaa gtgcacatce gagggegaag gecaagececta cgagggeacc
3841 cagaccatga agatcaaggt ggtcgaggge ggecctetce cettcgectt cgacatectg
3901 gctaccagct tcatgtacgg cagcaaaacc tttatcaacc acacccaggg catcccecgac
3961 ttctttaagc agtccttcee tgagggcettc acatgggaga ggatcaccac atacgaagac
4021 gggggcgtge tgaccgcetac ccaggacacc agectccaga acggetgcect catctacaac
4081 gtcaagatca acggggtgaa cttcccatcc aacggecctg tgatgcagaa gaaaacactc
4141 ggctgggagg ccagcaccga gatgetgtac cccgetgaca geggectgag aggecatage
4201 cagatggccce tgaagetegt gggecgggggc tacctgeact getcectcaa gaccacatac
4261 agatccaaga aacccgctaa gaacctcaag atgcccggcet tctacttcgt ggacaggaga
4321 ctggaaagaa tcaaggaggc cgacaaagag acctacgtcg agcagcacga gatggetgtg
4381 gccaggtact gcgacctgec tagcaaactg gggeacagcet ccggactcag atctcgacta
4441 gataactgat cataatcagc cataccacat ttgtagaggt tttacttgct ttaaaaaacc

4501 tcccacacct cccecctgaac ctgaaacata aaatgaatge aattgttgtt gttaacttgt
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4561 ttattgcagc ttataatggt tacaaataaa gcaatagcat cacaaatttc acaaataaag
4621 catttttttc actgcattct agttgtggtt tgtccaaact cacccggtag atccacgtag

4681 gcacatgtaa gcttttaatc atcatttatt tatttacacg gtaccagcaa gctatacage
4741 actttacaat aatatagcgc caaaataaaa cagaaggatt agaaggtcct gcatacaaga
4801 gcttacaatg tagcaattaa atgatgacca agctaaagca tgtgactttg caccccggge
4861 tgcagtcaaa ctetgagtce ggacctgtac agetcgtcea tgeecgtgggt gtggecageag
4921 gcgctgaagg actccaggag caccatgtgg tcgecgggect cgttgeggte cttgctgate
4981 ttggtctgag tgctcaggta gtggttgatg gggatcagea cggggecegte geccagggge
5041 acgttggtct ggtagtggte ggccagetge acgecgeege cetcgatgtt gtggegggte
5101 ttgaagttag cctccaggece gttgttggece ttgtcgggge ggatgtacac gttgtggetg
5161 ttgaagctgt actccagett gtggcccagg atgttgccgt cetecttgaa gtecttgeee
5221 ttcagctecga tgeggttcac cagggtgteg cectcgaact tcacctcgee gegggtettg
5281 tacttgeegt cgtectggaa ctggatggtg cgetectgga tgtageecte gggeatggeg
5341 ctcttgaaga agtcgttcat cttcatgtge tcggggtage gggegaagea ctggatgeeg
5401 tagcagaggg tggtcaccag ggtgggcecag ggecacgggcea gettgeeggt ggtgecagatg
5461 aacttgatct ccagcettgee gtagtcggeg tegeectege cetcgecgeg cacgetgaac
5521 ttgtggccegt gecacgtcgee gtecageteg atcageacgg geacgatgee ggegaacage
5581 tectegeeee cgcetcatgaa ttctgggeca ggattetect cgacgtcace geatgttage
5641 agacttccte tgeectegat atettgectt cttccatata ttgactgtat tccgttgatg

5701 tcatcttggg acaaacgaaa ggcctgegtg tccacataat ggtaggtcgg gaacatcaag
5761 gctcgtgggt cagtagaatg atcgagtcce agagaatgge caaattcatg cgcagecact
5821 aggaacagat taaaacctgc caaaagaaag gaccatcagg gatatgtatg getgcatata
5881 tacagtctat agcagggatc cccaaccttt tatacccgtg agccacattc aaatgaaaaa

5941 tgtgttgagg agcaacacaa gcagggaaaa aagttcctgg ggtgcaaata agagctataa
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6001 ttggttattg gccectatgt ggagtggcag cctatagaag gttcagttag gettcacact
6061 gggttttatg caatcagcac ttgecctccaa geccaggaatt caaaaacaag cacctacttt
6121 gaggccactg agagcaacat ccaaggtgtt ggggagcaac atgttgccee agagecactg
6181 gctggggatc actgatctat agtatatgtc attcattcaa atgattaget gcagtcagaa
6241 tgacctgctg tatgaatacc agctetgtge aactgtaact aacagecttg ctattctctg
6301 ttgcatatta aacctgtaaa agtttatgac ttaagggagt cttatatgca aaaccagcca
6361 atatgtacag ggaaacattt gtatgttgca ccaaaatata ctcagtgttg ccccagttaa
6421 aagctgaagc ttatcgatac cgtcgaccte gaggggggec ceggtaccca gettttgttce
6481 cctttagtga gggttaattg cgcgettgge gtaatcatgg tcatagetgt ttcctgtgtg

6541 aaattgttat ccgctcacaa ttccacacaa catacgagec ggaagceataa agtgtaaage
6601 ctggggtgcc taatgagtga gctaactcac attaattgeg ttgcgcetcac tgecegettt
6661 ccagtcggga aacctgtcgt geccagetgea ttaatgaatc ggecaacgeg cggggagagg
6721 cggtttgcgt attgggcgcet cttccgette ctcgetcact gactegetge getcggtegt
6781 tcggctgegg cgageggtat cagetcactc aaaggeggta atacggttat ccacagaatc
6841 aggggataac gcaggaaaga acatgtgage aaaaggcecag caaaaggeca ggaaccgtaa
6901 aaaggccgeg ttgetggegt ttttccatag getcegeecce cetgacgage atcacaaaaa
6961 tcgacgctca agtcagaggt ggcgaaacce gacaggacta taaagatace aggegtttece
7021 ccctggaage teectegtge getctectgt tccgaceetg cegettaceg gatacctgte
7081 cgcctttcte ccttcgggaa gegtggeget ttctcatage tcacgetgta ggtatctcag
7141 ttcggtgtag gtcgtteget ccaagetggg ctgtgtgeac gaacceeceeg ttcageeega
7201 ccgcetgegec ttatccggta actatcgtet tgagtccaac ccggtaagac acgacttate
7261 gccactggea geagecactg gtaacaggat tagcagageg aggtatgtag geggtgctac
7321 agagttcttg aagtggtggc ctaactacgg ctacactaga aggacagtat ttggtatctg

7381 cgctctgetg aagecagtta ccttcggaaa aagagttggt agetettgat ccggecaaaca
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//

7441 aaccaccgct ggtageggtg gtttttttgt ttgcaageag cagattacge gcagaaaaaa
7501 aggatctcaa gaagatcctt tgatcttttc tacggggtct gacgcetcagt ggaacgaaaa
7561 ctcacgttaa gggattttgg tcatgagatt atcaaaaagg atcttcacct agatcctttt

7621 aaattaaaaa tgaagtttta aatcaatcta aagtatatat gagtaaactt ggtctgacag
7681 ttaccaatgc ttaatcagtg aggcacctat ctcagegatc tgtctatttc gttcatccat

7741 agttgcctga ctccecgteg tgtagataac tacgatacgg gagggcttac catctggece
7801 cagtgctgca atgataccge gagacccacg ctcaccggcet ccagatttat cagcaataaa
7861 ccagccagee ggaagggecg agegeagaag tggteetgea actttatccg cetecateca
7921 gtctattaat tgttgccggg aagctagagt aagtagttcg ccagttaata gtttgegeaa
7981 cgttgttgcc attgetacag geatcgtggt gtcacgeteg tegtttggta tggetteatt
8041 cagctccggt tcccaacgat caaggegagt tacatgatec cccatgttgt gcaaaaaage
8101 ggttagctcc ttcggtecte cgatcgttgt cagaagtaag ttggecgeag tgttatcact
8161 catggttatg gcagcactgc ataattctct tactgtcatg ccatccgtaa gatgcettttc

8221 tgtgactggt gagtactcaa ccaagtcatt ctgagaatag tgtatgcgge gaccgagttg
8281 ctettgeeeg gegtcaatac gggataatac cgegecacat agcagaactt taaaagtgcet
8341 catcattgga aaacgttctt cggggcgaaa actctcaagg atcttaccgce tgttgagate
8401 cagttcgatg taacccactc gtgcacccaa ctgatcttca geatctttta ctttcaccag
8461 cgtttctggg tgagcaaaaa caggaaggca aaatgecgea aaaaagggaa taagggegac
8521 acggaaatgt tgaatactca tactcttcct ttttcaatat tattgaagca tttatcaggg

8581 ttattgtctc atgagcggat acatatttga atgtatttag aaaaataaac aaataggggt

8641 tccgegcaca tttccccgaa aagtgecac
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