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INTRODUCTION
We have a great pleasure to organize the Research Topic “Applying large Animals for Developmental Study and Disease Modeling”. It is well known that large animals show similarities in many physical and pathological characteristics with human beings and have numerous advantages in developmental and medical research. In recent years, an important breakthrough has been achieved in gene editing technique, including ZFN, TALEN, CRISPR/Cas9, and so on. Especially for the emergence of CRISPR/Cas9 mediated gene modification strategies, various types of human diseases have been recapitulated in large animal models. It has to be mentioned that the progress in establishing embryonic stem cells and inducible pluripotent stem cells is also critical for the application in diseases modeling and therapies. In our Research Topic more than ten papers have been collected, and most of them focus on pig, monkey, rabbit and horse (Figure 1).
[image: Figure 1]FIGURE 1 | Applying genomic editing technology and somatic cell nuclear transfer to generate large animal models.
PIG
The pig, as one of the most common livestock, exhibits several advantages in biomedical research. These are: comparable human and pig body sizes, similar anatomical and physiological characteristics, genomic composition and ordinary diets (Hou et al., 2022). It makes the pig a promising alternative animal model for humans. Rapid growth rate, early sexual maturity, short generation intervals, high number of offspring per litter, and standardized breeding techniques, also make easier the application of pigs in the study on human diseases. In recent decades, the advances in technologies contribute to the development of genetically engineered pig models of human diseases. The emergence of somatic cell nuclear transfer (SCNT) and reliable genome editing techniques make possible for the generation of porcine models of human diseases. The efficacy of porcine SCNT has been largely improved and several kinds of small molecular inhibitors have been applied to enhance the developmental competence of SCNT embryos (Ouyang et al., 2021; Hou et al., 2022). CRISPR/Cas9-mediated gene editing strategies are widely used in the establishment of porcine models of human diseases. Various genomic genetically engineered pigs have been generated, including chimeric gene knock in, point mutations, large genome fragment deletions, multifunctional live cell sensors, etc. One of the most promising potential application of pigs in the biomedical field is xenotransplantation. In 7 January 2022, the medical school of the University of Maryland in the United States conducted the first-ever life-saving cardiac xenotransplantation and it was successful in extending the patient’s life for about 8 weeks (Rothblatt, 2022). The breakthrough sheds light on xenotransplantation using porcine organs as donors. Actually, corneas, lungs, nerve cells, kidneys, livers, and islets of pigs are also potential candidates for xenotransplantation. In the Research Topic, Junliang Li et al. evaluated the methylation status of IG-DMR and gene expression profile in the DLK1-DIO3 region (Li et al.); Lin et al. revealed that intravenous injection of AAV9-GFP could result in widespread expression of transgene in various porcine organs (Lin et al.); Hilansi Rawat et al. found that porcine expanded pluripotent stem cells could differentiate into cardiovascular progenitor cells, functional cardiomyocytes, epicardial cells and epicardial-derived cells, and they established an enhanced system for whole-embryo culture allowing ex utero development of porcine post-implantation embryos from ED14 up to ED17 (Hilansi et al.); and many papers review the progress of applying pigs in xenotransplantation and biomedical research.
NONHUMAN PRIMATES
Nonhuman primates (NHP) emerge increasingly as excellent models for translational research, due to even closer proximity to human beings in terms of physiology, biochemistry, immunology, pathology and genetic evolution. For example, NHP models are widely used in studies on Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). In fact, NHP models of HIV, ZIKV or Ebola virus infection mirror closely the pathogenesis in human patients. SCNT monkeys have been successfully produced using fetal fibroblasts as donor cells in recent years (Liu et al., 2018). Furthermore, BMAL1 gene-edited monkeys via the CRISPR/Cas9 technique were generated with both intracytoplasmic sperm injection and SCNT method (Liu et al., 2019; Qiu et al., 2019). Cynomolgus monkey blastoids resembling blastocysts in morphology and transcriptomics using naive ESC develop to embryonic disk with the structures of yolk sac, amnion cavity, chorionic cavity and primitive streak via prolonged in vitro culture (Li et al., 2023), making it possible to investigate primate embryonic development without the same ethical concerns associated humans. Various NHP models of human diseases have been established in recent years, including bilaterally delivering synthetic Aβ oligomers into the cerebral parenchyma of cynomolgus monkeys to drive early pathological progression of Alzheimer’s disease (Yue et al., 2021). However, in the near future, researchers might face monkey shortage crisis (Grimm, 2023). In the Research Topic, Liang et al. summarizes the recent progress in using genomic editing technology in the establishment of NHP models and discusses the factors limiting the wide application of NHP models of human diseases (Liang et al.).
RABBIT
Rabbit is another commonly used experimental model for investigating equivalents of human diseases. With the emergence of microinjecting, SCNT and genomic editing technology, a large number of rabbit models of human diseases were established. The pronuclear microinjection is still the most common method in the generation of transgenic rabbit models. Novel genomic editing technologies, such as CRISPR/Cas9, remarkably promote precision in rabbit genome manipulation (Song et al., 2020). In previous studies, CRISPR/Cas9 technique was applied to introduce mutation of αA-Crystallin or GJA8 gene to induce congenital cataracts in Rabbits (Yuan et al., 2016; Yuan et al., 2017). Recently, SpRY-ABEmax mediated base substitution has been used to generate YIPF5 (p.W218R) mutation to generate rabbit primary microcephaly model, which precisely recapitulate the typical symptoms of human primary microcephaly (Liu et al., 2023). With recent technological innovations in genomic editing techniques, rabbit models will certainly play a much more important role in the study on human diseases. In our Research Topic, a carrageenan-induced abdominal aortic adventitial inflammatory model in hypercholesterolemic rabbits is described (Chen et al.). It determines the role of MMP-12 secreted from adventitial macrophages in the pathogenesis of this diseases (Chen et al.).
HORSE
Horses are commonly used as animal models for studying several human diseases, including neurodegenerative diseases, mental and behavioral disorders, neuropsychiatric disorders and spontaneous sepsis. Using SCNT and genomic editing technology to generate horse models of human diseases seems to be less attractive than porcine and rabbit models. However, the rapid development in horse models have been achieved in recent years. A recent report has revealed that a total of 12 SCNT foals were born (Cortez et al., 2023), and gene-edited horse embryos have been generated by CRISPR/Cas9 technology (Maniego et al., 2022). In our Research Topic, Neil Marr et al. utilized immunolabelling for CD146 to determine horse tendon cell population, providing the intrinsic evidences for the relationships between local interfascicular matrix vascular and basement membrane constituents (Marr et al.).
In conclusion, the Research Topic “Applying large Animals for Developmental Study and Disease Modeling” delivers a whole plethora of excellent examples of the fascinating progress made recently in this field of biomedical research.
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The foundation for investigating the mechanisms of human diseases is the establishment of animal models, which are also widely used in agricultural industry, pharmaceutical applications, and clinical research. However, small animals such as rodents, which have been extensively used to create disease models, do not often fully mimic the key pathological changes and/or important symptoms of human disease. As a result, there is an emerging need to establish suitable large animal models that can recapitulate important phenotypes of human diseases for investigating pathogenesis and developing effective therapeutics. However, traditional genetic modification technologies used in establishing small animal models are difficultly applied for generating large animal models of human diseases. This difficulty has been overcome to a great extent by the recent development of gene editing technology, especially the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9). In this review, we focus on the applications of CRISPR/Cas9 system to establishment of large animal models, including nonhuman primates, pigs, sheep, goats and dogs, for investigating disease pathogenesis and treatment. We also discuss the limitations of large animal models and possible solutions according to our current knowledge. Finally, we sum up the applications of the novel genome editing tool Base Editors (BEs) and its great potential for gene editing in large animals.
Keywords: Large animals, CRISPR/Cas9, Off-target, Mosaicism, Base editing
INTRODUCTION
Animal models play an important role in scientific research, including the study of disease mechanisms, medicinal development and the production of agricultural products (McGonigle and Ruggeri, 2014). To create ideal animal models, researchers often genetically modify animals to achieve desirable traits. Gene-modified small rodent models, especially mice and rats, provide a large amount of experimental data and play an important role in the study of disease mechanisms as well as important biology function (Ribitsch et al., 2020). However, these small animal models also have some shortcomings. First, because of considerable differences between small animals and humans in physiological, anatomical, and genomic structures, small animal models are often unable to mimic the disease characteristics of humans, leading to the inability of researchers to fully understand the pathogenesis of diseases. This has also led to the failure of many drugs screened from small animal models in clinical trials (Prabhakar, 2012; Zhao et al., 2019). In addition, small animal models play less roles in agricultural activities, such as the production of animal by-products.
To overcome these limitations, scientists are increasingly focusing on large animal models (including non-human primates (NHPs), pigs, dogs, goats, and sheep). Large animals represented by NHPs are more ideal animal models for human diseases due to their similarities in genetics, physiology, developmental biology, social behavior and cognition (Shen, 2013). For example, the brain mass of different species, which are depicted in Figure 1, are apparently very different. However, many factors, including the difficulties in genome editing, have limited the establishment of gene modified large animal models.
[image: Figure 1]FIGURE 1 | Brain mass for different animals. This figure mainly depicts the brain mass of different large animals and small animals. Notice that large animals, such as pigs and nonhuman primates, are much closer to human beings compared with small animals to some extent.
With the development of gene editing technology in recent twodecades, like zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and CRISPR/Cas9, this difficulty has been overcome greatly. The ZFNs system consists of two components, including DNA-binding zinc-finger protein (ZFP) domain at the amino terminus and the Fok I nuclease cleavage domain at the carboxyl terminus. Each Fok I monomer link with a ZFP to form a ZFN that recognizes a specific site. Under certain conditions, two ZFNs can perform enzyme function of cleavage, leading to double-strand breaks (DSBs), thus mediating DNA site-specific cleavage (Durai et al., 2005; Carroll, 2011). ZFNs have been used in a variety of species, including plants, animal and mammalian cells (Carroll, 2011). However, due to the differences between large animals and small animals, it is still difficult to establish a large animal model using ZFNs(Chen et al., 2016). TALENs are gene-editing tools similar to ZFNs(Christian et al., 2010; Mussolino and Cathomen, 2012; Joung and Sander, 2013). They are also made by two structures: a transcription activator-like (TAL) effector DNA-binding domain and a DNA cleavage domain (a nuclease which cuts DNA strands). Thus, TALENs can also be designed to induce site-specific DSBs to target specific gene sequences (Yoshimi and Mashimo, 2018). Compared with ZFNs, the synthesis and design of TALENs components are simpler, so some large animal models are successfully established by TALENs strategy. For example, in 2014, researchers created methyl CpG binding protein 2 (MECP2) Mutant Rhesus and Cynomolgus monkeys using TALENs(Liu et al., 2014).
Although ZFNs and TALENs have greatly improved the efficiency of establishing gene editing animal models, CRISPR/Cas9 is the most popular and effective gene editing method at present. The CRISPR/Cas9 system also consists of a recognition component, small RNAs called single-guide RNAs (sgRNAs), and a cleavage component, Cas9 nuclease. CRISPR/Cas9 can target almost any loosened (non-condensed) part of the genomes through base pairing between sgRNAs and DNA as well as the recognition of protospacer adjacent motif (PAM) sequences (Jinek et al., 2012). Cas9 then cleaves the double-strand DNA at the target site to form DSBs. Subsequently, cells repair DSBs sites by non-homologous end joining (NHEJ) or homology-directed repair (HDR). The repair process can go wrong, resulting in mutations at specific genetic loci. Since the discovery of CRISPR/Cas9, researchers have rapidly implemented a series of optimizations to the system, and applied it in the establishment of gene-editing models of small animal, including mice (Wang et al., 2013), rats (Ma et al., 2014) and zebrafishes (Kim and Kim, 2014). As a result, the CRISPR/Cas9 system has greatly accelerated the research of gene editing large animal models, which is what we mainly discuss in this article.
THE APPLICATION OF CRISPR/CAS9 IN NONHUMAN PRIMATE MODELS
Undoubtedly, the nonhuman primate is the most representative animal that is capable of mimicking the human disease for the similarities in terms of genetics, physiology, developmental biology, social behaviors and cognition. However, it is really difficult to create a nonhuman primate transgenic model compared with small animals, such as the mouse because of various factors including the long breeding cycle and ethical factors. The first transgenic mouse model was built as early as 1974 (Jaenisch and Mintz, 1974), but the first genetically modified monkey model did not appear until 2001 (Chan et al., 2001). Afterwards, in 2008, Yang et al. developed a transgenic model of Huntington’s disease (HD) in a rhesus macaque that expressed polyglutamine (polyQ)-expanded huntingtin protein (HTT) by injecting lentiviral vector into mature rhesus oocytes followed by fertilization through intracytoplasmic sperm injection and embryo transplantation (Yang et al., 2008). This is the first transgenic nonhuman primate disease model, which could already show some features similar to those found in HD patients, including chorea, dystonia as well as nuclear inclusion and neuropil aggregates in the brains. In the later experiment, they used the same transgenic strategy to introduce mutant huntingtin (HTT) genes into monkey oocytes, which also expressed exon1 of HTT with a 147Q tract (previous models containing a 65–88Q tract and dying soon) in transgenic monkeys (Wang et al., 2008). These HD monkeys display degeneration of axons and neuronal processes, suggesting that the disruption in axons or dendrites can lead to the neuronal degeneration in HD.
The success of transgenic monkey models of human disease and the advances in gene editing technology inspired scientists to establish genome editing monkey models. The generation of a gene-modified monkey via CRISPR/Cas9 was first reported in 2014 (Niu et al., 2014). By coinjection of Cas9 mRNA and sgRNAs into one-cell-stage embryos, researchers successfully achieved precise gene targeting in cynomolgus monkeys. They also showed that this system enabled simultaneous disruption of two target genes (peroxisome proliferator-activated receptor gamma (PPARG) and recombination activating gene 1 (RAG1) in one step without detectable off-target effects. They also demonstrated that germline transmission could happen in the Cas9-manipulated monkeys by examining gene targeting in gonads and germ cells (Chen et al., 2015a). However, the resulting transgenic monkey exhibited mosaic mutations accompanied by the presence of wild type allele in different tissues, which left an issue of whether the mosaic mutations could influence the function study. Then, Chen et al. used Cas9 to disrupt the dystrophin gene (DMD) in rhesus monkeys, which exhibited markedly depleted dystrophin and muscle degeneration seen in early Duchenne muscular dystrophy (DMD) (Chen et al., 2015b), indicating that CRISPR/Cas9 can efficiently generate monkey models of human diseases regardless of inheritance patterns.
Next, some experiments were conducted aimed at eliminating the mosaic mutations. Researchers showed that biallelic gene mutation can be efficiently generated in monkeys by zygote injection with an optimized Cas9/sgRNA combination in one-step (Wan et al., 2015). After optimization and innovation of the approach, Zuo et al. also showed that a single gene or multiple genes can be completely knocked out in monkey embryos by zygotic injection of Cas9 mRNA and multiple adjacent sgRNAs without mosaicism (Zuo et al., 2017). Apart from that, another research indicated that shortening the half-life of Cas9 in fertilized zygotes reduced mosaic mutations and increased its ability to modify genomes in monkey embryos (Tu et al., 2017). Following this approach, they used the Cas9/sgRNA method to disrupt SH3 and ankyrin repeat domains 3 gene (SHANK3) in cynomolgus monkeys, which showed altered neurogenesis and disrupted expression of synaptic proteins in the prefrontal cortex, which was not found in the mouse model (Zhao et al., 2017).
Apart from knockout animals, researchers have also attempted to obtain knock-in nonhuman primates in recent years. Yao et al. first established knock-in monkeys by homology-mediated end joining (HMEJ)-based method. However, monkeys generated by this approach showed mosaicism. Therefore, further serial crossbreeding is required to generate complete gene knock-in monkeys (Yao et al., 2018). A similar work to achieve precise OCT4-hrGFP (octamer-binding transcription factor 4-humanized recombinant green fluorescent protein) knock-in in cynomolgus monkey model was also tried via CRISPR/Cas9-assisted HR (Cui et al., 2018).
However, a genetically modified nonhuman primate is expensive to maintain and requires the facility that is only available to a small number of laboratories. Thus, researchers have tried to establish the modified embryonic stem cells (ESCs) of rhesus monkey using the CRISPR/Cas9 system, which can undergo unlimited self-renewal while maintaining the potential to give rise to all cell types (Zhu et al., 2015; Kobayashi et al., 2019). Using a dual-guide gene targeting approach, another group achieved biallelic deletions in the CCR5 gene (C-C motif chemokine receptor 5) of cynomolgus macaque embryos (23–37%) (Schmidt et al., 2020).
Although CRISPR/Cas9 system is the most widely used strategy in the creation of large animal models nowadays, there were also nonhuman primate models using different approaches like TALENs(Liu et al., 2014; Liu et al., 2016; Chen et al., 2017). An obvious issue is the safety of the gene-editing in nonhuman primates due to potential off-target mutations. Using whole-genome sequencing to comprehensively assess on- and off-target mutations in previously produced CRISPR/Cas9 editing monkeys (Chen et al., 2015b), researchers found that CRISPR/Cas9-based gene editing is active on the expected genomic sites without producing off-target modifications in other functional regions of the genome, suggesting that the CRISPR/Cas9 technique could be relatively safe and effective in modeling genetic disease in nonhuman primates (Wang S. et al., 2018; Luo et al., 2019).
CRISPR/Cas9 editing monkeys have already shown better phenotypes in human diseases than mouse models despite a limited number of successfully established models (Seita et al., 2020; Yang et al., 2021; Yin et al., 2022). Yang et al. generated PTEN-induced kinase 1 (PINK1, whose mutations cause early-onset Parkinson’s disease (PD) mutant monkeys by targeting two exons in the PINK1 gene (Yang et al., 2019a; Yang et al., 2019b), which showed remarkable neuronal loss in the cortex, substantia nigra and striatum. However, neuronal loss was not reported in Pink1 KO mice (Kitada et al., 2007; Dawson et al., 2010) or pigs (Zhou et al., 2015; Wang et al., 2016b). Similar results were confirmed in acute monkey models created by CRISPR/Cas9 system (Li et al., 2021; Sun et al., 2022; Yang et al., 2022). In another example, Kang et al. achieved dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (DAX1) knockout in the monkey, which could recapitulate the phenotypes of human adrenal hypoplasia congenita (AHC) and hypogonadotropic hypogonadism (HH).
Nonhuman primate models of human diseases were also used for developing therapies. Tu et al. found that abnormal behaviors and brain activities of autism spectrum disorder (ASD) in the previously established monkey models (Zhao et al., 2017) were alleviated by the antidepressant fluoxetine treatment (Tu et al., 2019). This finding demonstrated that the genetically modified non-human primate can be used for translational research of therapeutics for ASD, pointing out that the nonhuman primate models of human disease have a great potential for clinical research like drug tests.
THE APPLICATION OF CRISPR/CAS9 IN PIG MODELS
The pig is also an important animal with several unique features that make it a promising alternative animal model (Prather et al., 2003). Pigs are model animals that are also close to humans (Meurens et al., 2012). Pigs and humans are extremely similar in terms of anatomy, physiology and biochemical metabolism (Roura et al., 2016). Pigs have the advantages of early sexual maturity, short reproductive cycle, high number of offspring per litter (Zou et al., 2019). Moreover, the recent development of somatic cell nuclear transfer (SCNT) technology and genome editing technology has made it possible to generate genetically modified large animals efficiently (Yang et al., 2014). The first genome editing pigs were generated in 1985 using pronuclear DNA microinjection in zygotes (Hammer et al., 1985). With the development of CRISPR/Cas9 technology, the speed of building genome-edited pig models has been greatly accelerated.
Hai et al. first showed that zygotes microinjection of the CRISPR/Cas9 system can efficiently generate genome-modified pigs in one step (Hai et al., 2014), and the mutations can be transmitted into the germline efficiently. Different researchers then reported that single- or double-gene targeted pigs can be effectively achieved by using the CRISPR/Cas9 system combined with SCNT, which avoids mosaic mutation and detectable off-target effects (Whitworth et al., 2014; Zhou et al., 2015). Also, the modification of multiple genes like triple gene-targeted pigs was feasible to be generated (Wang et al., 2016b).
Apart from knockout pigs, CRISPR/Cas system is also used to establish knock-in models that mimic human diseases. Yan et al. used CRISPR/Cas9 to insert a large CAG repeat (150 CAGs) into the endogenous pig HTT gene in fibroblast cells and employed the SCNT to generate a HD KI pig model expressing full-length mutant HTT at the endogenous level (Yan et al., 2018), whose brains presented severe and preferential neurodegeneration in the medium spiny neurons like HD patients. Other examples include genes or large fragment knock-in pig models (Ruan et al., 2015; Li G. et al., 2020).
Based on these successful trials in establishing knockout or knock-in animals using CRISPR/Cas9 system, a number of pig models that could recapture the features of human diseases have been created, such as 5-hydroxytryptamine (5-HT) deficiency (Li et al., 2017b), complement protein deficiency (Zhang W. et al., 2017), cardiovascular disease (Huang et al., 2017), cancer (Kang et al., 2016), type II collagenopathy (Zhang et al., 2020), and HD (Yan et al., 2018).
On the other hand, the pig is one of the most important livestock in the agriculture industry. Genetically modified pigs may offer distinct features, such as increased mass of muscle and resistance to the pathogen. As a result, researchers have made great efforts to improve the mass of muscle by using CRISPR/Cas9 system to disrupt genes that hinder the hypertrophy of muscle (Wang K. et al., 2015; Wang et al., 2017; Zou et al., 2018; Liu et al., 2019; Li R. et al., 2020) and improve the resistance to virus (Xie et al., 2020).
Apart from this, the pig is considered to be an important resource of donor organs for transplantation because of the growing demand in the xenotransplantation. A key problem after xenotransplantation is the pig-to-human immunological compatibility. Therefore, a great deal of genome editing pigs has been established to eliminate antigens leading to immunological rejection in human (Petersen et al., 2016; Chuang et al., 2017; Gao et al., 2017; Wu et al., 2017; Joanna et al., 2018). Another problem is the risk of cross-species transmission of porcine endogenous retroviruses (PERVs). Therefore, researchers inactivated all of the PERVs in a porcine primary cell line and generated PERV-inactivated pigs via SCNT and CRISPR/Cas9 system (Yang et al., 2015; Niu D. et al., 2017; Yue et al., 2021). These efforts were aimed to make the clinical usage of pig organs safer. Recently, a series of stunning reports have provided the first results showing the feasibility of transplanting organs from transgenic pigs into humans, including the kidney and the heart (2022; Porrett et al., 2022), which marked a great breakthrough in the clinical application.
THE APPLICATION OF CRISPR/CAS9 IN SHEEP AND GOAT MODELS
Sheep and goats have also become important model animals in biomedical research due to their suitable size and short gestation period. Like pigs, sheep and goats also play an important role in agricultural and pharmaceutical field for their meat, milk, fiber, and other by-products. Han et al. reported the successful one-step generation of gene knockout sheep using a one-step zygote injection of the CRISPR/Cas9 system by targeting the myostatin (MSTN) gene (Zhengxing et al., 2014), which demonstrated the feasibility of gene targeting in sheep using the CRISPR/Cas9 system at the first time. At the same year, Ni et al. showed for the first time that the CRISPR/Cas9 mediated genome editing can be efficiently accomplished in goats (Ni et al., 2014) and the single-gene knockout fibroblasts were successfully used for SCNT and resulted in live-born goats harboring biallelic mutations.
Apart from the knockout strategy based on the aberrant DNA repair to generate frameshifting insertion-deletion mutations (indels), whether this genomic engineering technique involving HR can be used to introduce defined point mutations is another question. Subsequently, Niu et al. reported a G→A point mutation in the growth differentiation factor 9 (GDF9) gene that has a large effect on the litter size of cashmere goats successfully (Niu et al., 2018). Moreover, Wu et al. succeeded in integrating an exogenous tGFP (turboGFP) gene into targeted genes in frame with high efficiency (Wu et al., 2016), which was the first gene knock-in sheep via CRISPR/Cas9 system. Another research specifically inserted the thymosin beta 4 (Tβ4) gene into the goat CCR5 locus (Li X. et al., 2019), which also provided an example for the establishment of knock-in goats models.
Sheep and goats have been used as interesting models in biomedical research. Compared to experimental rodents, sheep and goats offer the advantage of being more suitable in mimicking human diseases due to their similar size and anatomy. There have already been some examples of genome editing sheep or goats by CRISPR/Cas9 system to mimic human disease. Fan et al. created the first sheep model of human disease of cystic fibrosis (CF) generated by CRISPR/Cas9 mediated disruption of the cystic fibrosis transmembrane conductance regulator (CFTR) gene (Fan et al., 2018). The newborn CFTR−/- sheep developed severe disease phenotypes consistent with CF pathology in humans, like pancreatic fibrosis, intestinal obstruction, and substantial liver and gallbladder disease reflecting CF liver disease that is evident in humans. Another study reported for the first time the generation of otoferlin (OTOF) gene disrupted sheep, which provided a model allowing better understanding and development of new therapies for human deafness related to genetic disorders (Menchaca et al., 2020). Additionally, Williams et al. have also reported an interesting sheep model, recapitulating human hypophosphatasia (HPP, a rare metabolic bone disease) by applying CRISPR/Cas9(Williams et al., 2018). In this study, a single point mutation in the tissue-nonspecific alkaline phosphatase gene (ALPL) was introduced. Thus, the generated gene-edited lambs accurately phenocopied human HPP, providing a useful large animal model for the study of rare human bone diseases. The results of these reports corroborate the great potential of the CRISPR/Cas9 system to generate gene-edited sheep or goats that recapitulate human diseases (Kalds et al., 2019).
Similar to pigs, the sheep or the goat is also one of the most important livestock in agriculture industry, which urges scientists to reform its traits via genome editing from different aspects according to physical demand. Sheep and goats could provide us with donor organs for xenotransplantation by serving as the host for the growth of human organs. As a result, Vilarino et al. created PDX1−/− (pancreatic and duodenal homeobox protein 1) fetus lacking a pancreas, which provided the basis for the production of gene-edited sheep as a host for interspecies organ generation (Vilarino et al., 2017). BMPR-IB (bone morphogenetic protein receptor type IB, also known as FecB) is a key candidate gene for the genetic control of sheep reproductive performance. Researchers created loss-of-function mutations in the sheep BMPR-IB by using the CRISPR/Cas9 system, leading to an increase in ovulation rate and consequently larger litter size (Zhang et al., 2017c). Ma et al. established an AANAT/ASMT (aralkylamine N-acetyltransferase/acetylserotonin O-methyltransferase) transgenic animal model constructed with CRISPR/Cas9 system, which served as the mammary gland bioreactor to produce melatonin-enriched milk in the sheep (Ma et al., 2017) or in goats (Zhou et al., 2017; Tian et al., 2018). Another research showed that CRISPR/Cas9-mediated loss of fibroblast growth factor 5 (FGF5) activity could promote the wool growth and, consequently, increase the wool length and yield in sheep (Li et al., 2017a; Hu et al., 2017) or in goats (Wang et al., 2016a), and similar research was performed in order to change the coat color of sheep and goats (Zhang et al., 2017b).
To meet the growing demand for the meat product of sheep and goats, many experiments are aimed at improving the yield and quality of the meat production of sheep or goats, most of which were conducted by hindering the muscle producing genes in sheep (Crispo et al., 2015; Niu Y. et al., 2017; Zhang Y. et al., 2018) or in goats (Wang X. et al., 2015; Guo et al., 2016; Zhang J. et al., 2018; Wang X. et al., 2018; He et al., 2018), like MSTN. This strategy was also used in the pig.
THE APPLICATION OF CRISPR/CAS9 IN DOG MODELS
The dog is also a typical species used in scientific research, though there are not many labs focusing on the topic of CRISPR/Cas9 system editing dogs. Zou et al. demonstrated for the first time that a single injection of Cas9 mRNA and sgRNA corresponding to a specific gene into zygotes, combined with an auto-embryo transfer strategy, can efficiently generate site-specific genome-modified dogs (Zou et al., 2015). Their team also generated the apolipoprotein E (APOE) deficient dogs via similar strategy 3 years later (Feng et al., 2018).
The most exciting breakthrough about gene edited dogs related to CRISPR/Cas9 system happened in the year of 2018. Researchers of Olson lab working with dogs successfully fixed a genetic glitch that causes DMD by further damaging the DNA. They used adeno-associated viruses (AAV) to deliver CRISPR/Cas9 gene editing components to four dogs, which allowed the mutated gene to again make a key muscle protein and greatly alleviated the disease (Amoasii et al., 2018). The feat-achieved for the first time in a large animal-raised hope that such genetic surgery could 1 day prevent or treat this crippling and deadly disease in people, which created a great interest in the field (Cohen, 2018; Duan, 2018; Wasala et al., 2019; Mata Lopez et al., 2020).
DISCUSSION
Limitations of CRISPR/Cas9 System in Large Animal Models
Above all, the progress of genome editing large animal models is accelerated tremendously by CRISPR/Cas9 system because of many aspects of advantages. First, this system is nearly able to target any locus of the genome in animals theoretically as long as there are PAM sequences near the location (Mali et al., 2013), which really expanded the range of editing genes compared with previous strategy. Next, because the targeting strategy relies on 23 base pair matches, CRISPR/Cas9 can target to virtually any genes in a sequence-dependent manner. As a result, CRISPR/Cas9 can target two alleles to cause a null mutation in the founder animals, which would avoid the procedure of mating heterozygous mutant animals to generate homozygous mutants. This advantage is really critical to large animals because the outcrossing process may take much longer time than mouse models, even several years in nonhuman primates. Third, the CRISPR/Cas9 system can simultaneously manipulate several genes by the co-injection of several sgRNAs with Cas9 into fertilized eggs at the one-cell stage, which makes the establishment of animal models of multigenic disease possible, especially the complex neurodegenerative diseases, such as PD and Alzheimer’s disease (AD). As a result, these models may mimic the genetic mutations and the symptoms in patients in a better way.
Although the CRISPR/Cas9 system has brought great hope for the use of large animal models for studying human diseases, several challenges remain. The first one is the off-targeting effect. When the approximate 23 base pairs that enable the specific cutting of Cas9 match other areas of the genomic DNA, nonspecific editing may happen and cause off-targeting mutations. Although the off-target events can be diluted over generations in small animals with short breeding times, this strategy is infeasible for large animals like monkeys because their sexual maturation usually requires 4–5 years (Niu et al., 2014). To eliminate or reduce the side effects of off-target mutations, truncated guide RNAs in the CRISPR/Cas9 system can be used to improve the specificity of Cas9 nucleases or paired nickases (Fu et al., 2013; Sakuma et al., 2014). On the other hand, the use of bioinformatic screening to search for unique genomic targets and the use of paired Cas9 nickases can also reduce off-targets (Tu et al., 2015).
The second problem is the mosaicism in CRISPR/Cas9-mediated genome editing, which means the presence of more than one genotype in one individual. The mechanisms of the mosaicism are still unclear, and there may be several causes. It is possible that the translation of Cas9 mRNA to produce an active enzymatic form is delayed until after the first cell division, and this delay may play a major role in genetic mosaicism. The mosaicism problem may also result from the prolonged expression of Cas9 mRNA. Alternatively, differential DNA repair and non-homozygous recombination activities in zygotes and divided embryonic cells can also influence genetic mutation rates and mosaicism (Tu et al., 2015). In a word, the CRISPR/Cas9 system can continuously target and cleave genes at different stages of embryonic development in different ways, as a result, leading to mosaicism of the introduced mutations. Although the mosaicism is an undesired result in genome editing animals, there may be several advantages, which include enabling animals to survive beyond the lethal phase when manipulated genes are essential to animals. In addition, mosaic animals help us better understand dosage effects of genes on developmental defects, especially those which may mimic human congenital disorders (Zhong et al., 2015). However, the mosaicism caused by CRISPR/Cas9 is undesirable in most cases. The biggest problem of chimeric large animals is that the mutation may be difficult to be transmitted into the offspring (Oliver et al., 2015) because of the long breeding cycle of large animals especially nonhuman primates. There are several possible strategies to reduce the mosaicism. The first way is to speed up the editing process by the introduction of CRISPR/Cas9 components in an appropriate format [Cas9/sgRNA ribonucleoprotein (RNP)] and concentration into very early pronuclear stage zygotes by using electroporation (Mehravar et al., 2019), so the CRISPR/Cas9 system will work at the earliest stage of zygotes. Secondly, as described above, shortening the longevity of Cas9 in combination with embryo splitting to eliminate the delayed function of Cas9 also makes a difference (Tu et al., 2017). The third strategy is to use germline modification. In this way, genetically-modified somatic cells can be used as nuclear donors for SCNT into enucleated germ cells. In another way, generally targeted gene edited spermatogonial stem cells (SSCs) can be used as donors for transplantation into testis directly.
The last problem is the efficiency of the CRISPR/Cas9 system. According to the previous study, the efficiency of gene targeting with CRISPR in large animals (like nonhuman primates) is more variable and lower than that in mice (Chen et al., 2016). Therefore, precise gene editing technologies need to be further improved, to increase the efficiency of gene targeting and the rate of homozygous mutation by using new Cas protein [like Cpf1 (Cas12a)] and new systems (like base editing system).
Base Editing in Large Animals and Prime Editing
Although the CRISPR/Cas9 system has been used to establish gene editing models in multiple species, it is more likely to induce random indels through error-prone NHEJ rather than the error-free HDR during gene editing (Kim and Kim, 2014), which makes indels more likely to occur at the editing site than single-nucleotide substitutions. In addition, DNA sequencing results show that point mutations, not indels, cause the vast majority of human genetic diseases (Yuan et al., 2020), which suggests the importance of the newly developed gene-editing tool base editing in establishing animal models of human disease. Base editing is a gene editing tool developed in recent years, which can lead to gene mutations through changes in a single base pair (Komor et al., 2016; Nishida et al., 2016; Gaudelli et al., 2017). At the genome level, BEs can achieve all four kinds of single base transition, including C to T, G to A, A to G, and T to C (adenine (A), cytosine (C), guanine (G), and thymine (T)). There are several basic base editors, include cytosine base editors (CBEs), adenine base editors (ABEs) and RNA base editors (RBEs). CBEs is capable of converting the base pair C-G to into T-A, while ABEs can achieve the transition from A-T into G-C. RBEs are able to achieve the conversion of A to Inosine (I) in the level of RNA (Molla and Yang, 2019) (the structure of these BEs are depicted in Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of CRISPR/Cas9 and different BEs (A) Schematic diagram of CRISPR/Cas9. Through base pairing between sgRNAs and DNA as well as the PAM sequence, Cas9 can recognize and cleave the double-strand DNA at the target site to form DSBs (B,C) Schematic diagram of two original base editors (CBEs). BE3: a SpCas9 nickase (D10A) is linked to a rat cytidine deaminase (rAPOBEC1) through the N terminus, and to a uracil glycosylase inhibitor (UGI) at the C terminus. Target-AID: the C terminus of SpCas9 nickase (D10A) is linked to both cytidine deaminase from Petromyzon marinus (PmCDA1) and UGI (D) Schematic diagram of adenine base editor (ABEs). ABEs: fusion of artificially evolved DNA adenine deaminase (TadA*-TadA) with SpCas9 nickase (D10A) generates ABEs (TadA, wildtype Escherichia coil tRNA adenosine deaminase; TadA*, mutated TadA) (E) Schematic diagram of RNA base editor (RBEs). RBEs: catalytically dead Prevotella sp. Cas13 (dCas13b) is tethered with deaminase domain of human“adenosine deaminase acting on RNA” (ADAR2DD) to form RBEs.
Although there are only several years after the invention of base editing, scientists have used it to achieve gene editing successfully in many small animals and plants, such as mouse (Ryu et al., 2018), rat (Ma et al., 2018), rabbit (Lee et al., 2018; Liu et al., 2018), zebrafish (Zhang Y. et al., 2017), rice (Hua et al., 2018) and wheat (Li C. et al., 2018).
Apart from these, there are also some examples of gene editing large animal models created by BEs. In the 2018, a group demonstrated the BE3 (one kind of CBEs)-mediated base editing can induce nonsense mutations in the goat FGF5 gene. They further characterized the phenotypic and genetic changes to investigate the consequence of base pair editing, and provided strong supporting evidence that the BE3 induced off-target mutations were rare at genome-wide level (Li G. et al., 2019). These successful attempts in goats opened up unlimited possibilities of genome engineering by base editing in large animals. Inspired by this, researchers also created BE3-mediated sheep by co-injection of a BE3 mRNA and guide RNA aiming at the SOCS2 (suppressor of cytokine signaling 2) gene in the next year (Zhou et al., 2019).
By using BE3 to target the TWIST2 (twist-related protein 2) gene [responsible for the ablepharon macrostomia syndrome (AMS) in human)] and the tyrosinase (TYR) gene [the causal gene for oculocutaneous albinism type 1 (OCA1)], researchers created a gene editing pig model successfully in the same year of the first base editing goats (Li Z. et al., 2018), which mimicked the phenotypic characteristics of human diseases well. The group of Liangxue Lai also achieved efficient base editing for several genes in pigs by combining CBEs with SCNT in the next year, including DMD, RAG1 (recombination activating gene 1), RAG2 (recombination activating gene 1) and IL2RG (interleukin 2 receptor subunit gamma) (Xie et al., 2019). Another group also achieved precise base conversion in three genes {[GGTA1 (glycoprotein alpha-galactosyltransferase 1), B4GALNT2 (beta-1,4-N-acetyl-galactosaminyltransferase 2), and CMAH (cytidine monophospho-N-acetylneuraminic acid hydroxylasegenes)]} in pig genome (Yuan et al., 2020). As for NHPs, researchers generated the first Hutchinson-Gilford progeria syndrome (HGPS) monkey model by delivering a BE mRNA and guide RNA (gRNA) targeting the LMNA (lamin A/C) gene via microinjection into monkey zygotes, and the typical HGPS phenotypes including growth retardation, bone alterations, and vascular abnormalities confirmed the reliability of this model (Wang et al., 2020). Since the appearance of BEs, this tool has been applied in some species of large animals, like NHPs, goats, sheep and pigs. It is really convenient to establish disease models or improve the traits in large animals by base editing for its ability of precise single base pair editing.
Although base editing has played a great role in precise genome editing, it is still unable to achieve all base conversions. To solve this problem, researchers created the prime editing. This system consists of a Cas9 nickase (H840A mutation) fused to a reverse transcriptase domain and a modified sgRNA, named prime editing guide RNA (pegRNA). The basic principle is to use nCas9 to nick the non-target strand at the target location, and then use reverse transcriptase to generate the required sequence using the template RNA. Then the FEN1 endonuclease is able to excise the sequence called flap during this process and contributes to the genome repairing (Anzalone et al., 2019; Caso and Davies, 2022). Although this technique has only been reported in the establishment of small animal models (Liu et al., 2020), it is of great significance for the study of diseases caused by various base mutations in large animal models because it can mediate almost all types of base conversions.
Prospects and Challenges
Large animal models can be used in many areas including disease pathogenesis investigation and pre-clinical research. Due to the lack of ESCs from large animals, it has been difficult to use traditional gene targeting technology to establish large animal models of human diseases. Nowadays, the development of precise genome editing tools especially the CRISPR/Cas9 system has greatly advanced this field. Many genome-edited large animals have been created including knockout or knock-in that cover almost all types of currently used experimental animals, such as nonhuman primates, pigs, sheep, goats and dogs. Even so, there are still many limitations in the establishment of large animal models, which may involve the inadequate gene targeting efficiency, mosaicism, and off-targeting. Many strategies and optimized components of the system have been brought up to reduce these drawbacks or to improve efficiency.
The BEs recently provide us with a new tool in the establishment of large animal models with the rapid development and optimization of this new system. Although there are only few successful examples in large animals, the BEs greatly expanded the scope of this area promisingly because the vast majority of human genetic diseases are induced by point mutations. On the other hand, all kinds of other technologies, like somatic cell nuclear transfer, genome editing of SSCs, and tetraploid complementation, have played more and more important roles in the establishment of rodents or even large animal models nowadays. Therefore, the combination of the BEs or optimized CRISPR/Cas9 components with other platforms previously described will make precise genome modification in large animals more efficient and easier (the procedure of gene modified large animal models is depicted in Figure 3).
[image: Figure 3]FIGURE 3 | Schematic representation of practical and possible pathways of genetic modification in large animals. To achieve the generation of live founders with desired genetic modifications (pronuclear injection and nuclear transfer are the two primary procedures), the first step is to conduct gene manipulations in a variety of cells or organs, including somatic cells, embryonic cells, embryos, spermatozoa, SSCs and other targeted organs by the use of many tools, such as viral vectors, recombinases, transposons, RNA interference (RNAi), and endonucleases. Through a series of embryonic operations, such as nuclear transfer, genetically modified cells or embryos can produce genetically modified offspring.
In clinical research, it is a promising direction to use gene therapy to treat inherited human diseases. The FDA has approved some gene therapy products for patients, such as patients with B-cell precursor acute lymphoblastic leukemia (ALL). Before applying the strategy on patients, evaluating the efficacy and safety using genetically modified animal models that can mimic the characteristics of human disease is necessary, which further underscores the importance of the establishment of genome editing large animal models. Xenotransplantation is another promising direction, as the shortage of human organs is a common problem, and model animals can provide a sufficient supply of organ products. Genetic modification of donor animals can eliminate many problems, especially the immunological compatibility, and increase the probability of success during xenotransplantation. The recent success of transplanting organs from transgenic pigs into the humans is a stunning breakthrough in this field, which will in turn lead to the development of gene-editing large animal models.
In summary, with the development and application of precise genome editing tools represented by CRISPR/Ca9 system, a great number of large animal models will be established (the examples of genome-edited large animals described in this article is listed in Table 1). The improvement will create ideal animal models that are more similar to the human, benefit the study of the mechanisms of human diseases, and make important contribution to the clinical application.
TABLE 1 | Examples of genome-edited large animals described in this article.
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Correct reprogramming of the DLK1-DIO3 imprinted region is critical for the development of cloned animals. However, in pigs, the imprinting and regulation of the DLK1-DIO3 region has not been systematically analyzed. The objective of this study was to investigate the imprinting status and methylation regulation of the DLK1-DIO3 region in wild-type and cloned neonatal pigs. We mapped the imprinting control region, IG-DMR, by homologous alignment and validated it in sperm, oocytes, fibroblasts, and parthenogenetic embryos. Subsequently, single nucleotide polymorphism-based sequencing and bisulfite sequencing polymerase chain reaction were conducted to analyze imprinting and methylation in different types of fibroblasts, as well as wild-type and cloned neonatal pigs. The results showed that Somatic cell nuclear transfer (SCNT) resulted in hypermethylation of the IG-DMR and aberrant gene expression in the DLK1-DIO3 region. Similar to wild-type pigs, imprinted expression and methylation were observed in the surviving cloned pigs, whereas in dead cloned pigs, the IG-DMR was hypermethylated and the expression of GTL2 was nearly undetectable. Our study reveals that abnormal imprinting of the DLK1-DIO3 region occurs in cloned pigs, which provides a theoretical basis for improving the cloning efficiency by gene editing to correct abnormal imprinting.
Keywords: pig, IG-DMR, DNA methylation, genomic imprinting, SCNT
INTRODUCTION
Somatic cell nuclear transfer (SCNT) is an assisted reproduction technology applied in the production of genetically modified (transgenic) animals, multiplication of elite animals, and protection of endangered species. Although the SCNT technology has been well developed in most domesticated and laboratory animals, the efficiency remains low, which limits its widespread application. Cloned animals show high rates of abortion during the perinatal period and reduced neonatal viability due to obesity, immunodeficiency, and respiratory defects (Ogura et al., 2013; Loi et al., 2016). A growing number of studies have demonstrated that cloned animals often undergo epigenetic modification errors, with gene imprinting being a major cause of developmental disorders in cloned animals (Matoba and Zhang 2018). The erasure and reconstruction of gene imprinting during somatic cell nuclear transfer cannot fully mimic normal gamete fertilization and embryo development, resulting in the loss of gene imprinting, which in turn affects the development of cloned embryos.
Imprinted genes are usually present in clusters, and the delta-like homolog one gene and the type III iodothyronine deiodinase gene (DLK1-DIO3) imprinted domains are located on chromosomes 12 (Schmidt et al., 2000) and 14 (Miyoshi et al., 2000) in mouse and human, respectively. The DLK1-DIO3 imprinting domain spans a region of 825 kb in the mouse and contains multiple coding and non-coding transcripts (da Rocha et al., 2008). The main genes are the paternally expressed imprinted genes DLK1, RTL1, and DIO3, and the maternally expressed imprinted gene GTL2. The genetic spacer region DMR (intergenic DMR, IG-DMR) located between GTL2 and DLK1 has been demonstrated to regulate the expression of the entire DLK1-DIO3 region. The GTL2 gene has been shown to repress the expression of the maternally expressed gene DLK1 in cis-regulation by recruiting polycomb repressive complex II (PRC2) in mice (Zhao et al., 2010; Kaneko et al., 2014; Das et al., 2015; Sanli et al., 2018). Previous studies have reported that the control of GTL2 expression by the IG-DMR is essential for the maintenance of imprinting in the DLK1-DIO3 domain (Lin et al., 2003; Kota et al., 2014; Das et al., 2015; Luo et al., 2016).
Loss of imprinting of DLK1-DIO3 is associated with severe developmental defects and malignant tumorigenesis (da Rocha et al., 2008; Jelinic and Shaw 2007; Khoury et al., 2010; Manodoro et al., 2014). The DLK1-DIO3 imprinted domain plays an important role in the derivation and culture of induced pluripotent stem cells and embryonic stem cells in mice (Liu et al., 2010; Carey et al., 2011; Stadtfeld et al., 2012; Mo et al., 2015). A recent study successfully generated bimaternal and bipaternal mice by knocking out three maternal imprinting regions (including the IG-DMR) and seven paternal imprinting regions in parthenogenetic haploid stem cells and parthenogenetic haploid stem cells, respectively. The bimaternal mice survived to adulthood, while the bipaternal mice survived more than 48 h (Li et al., 2018). These results suggest that proper maintenance of imprinting in the DLK1-DIO3 region is critical for embryonic development.
The expression of imprinting genes is controlled by DNA methylation marks that are established in germ cells in a sex-specific manner by cis-regulated differentially methylated regions (DMRs) called imprinting control regions (ICRs). Differentially methylated regions within imprinted loci undergo binding of specific transcription factors and modification by chromatin modifiers, ultimately establishing single allele expression patterns (Ferguson-Smith and Bourc’his 2018). Countless reports in the human and mouse have shown that the IG-DMR is the ICR of the DLK1-DIO3 imprinting region. (Rocha et al., 2008; Saito et al., 2017; Tucci et al., 2019), but there are no reports in large mammals such as the pig.
Previous studies have demonstrated that the DLK1-DIO3 region is silenced in cloned pig embryos, and the survival rate of cloned pigs is significantly improved by dosage compensation of the RTL1 gene, indicating that the imprinting of the DLK1-DIO3 region is abnormal in cloned pigs (Yu et al., 2018). Currently, there are few studies on the DLK1-DIO3 region. In addition, the location of the IG-DMR imprinting regulatory region in the DLK1-DIO3 region and the imprinting state of the DLK1-DIO3 region in pigs remain unknown. Therefore, a detailed and systematic study of the porcine DLK1-DIO3 imprinting region is necessary to provide a theoretical basis for improving the efficiency of pig cloning.
In the present study, the conserved sequences of the IG-DMRs in the mouse, human, and sheep were used for a comparative analysis of the porcine genome, and the location of the IG-DMR in the pig was localized. Methylation analysis of the IG-DMR showed that the methylation of cloned fetal fibroblasts and neonatal cloned dead pigs was higher than that of corresponding donor cells and wild-type neonates. In addition, the expression of the DLK1-DIO3 region was aberrant, and the expression of GTL2 was nearly completely lost in neonatal cloned dead pigs, indicating abnormal imprinting in the DLK1-DIO3 imprinted domain.
MATERIALS AND METHODS
Primary cell isolation and culture
Porcine fetal fibroblasts (PEFs) were isolated from 20 to 30-day-old embryos of forward and backward crosses of laboratory minipigs, Duroc and Rongchang. Porcine fetal fibroblasts were cultured in Dulbecco’s modified Eagle medium containing 10% fetal bovine serum, 1% non-essential amino acids (Invitrogen), and 1% penicillin–streptomycin (Gibco) in a constant temperature and humidified incubator at 37.5 °C and 5% CO2.
Collection and in vitro maturation of porcine oocytes
The bilateral ovaries of slaughterhouse sows were harvested within 30 min of slaughtering and dried with sterilized gauzes. The ovaries were placed in wide-mouth thermos flasks filled in sterilized saline (containing both antibiotics) at a temperature of 30–35°C and transported back to the laboratory within 2 h. The follicular fluid from follicles of 3–6 mm in diameter was collected with an 18-gauge needle connected to a filter pump in a 50-ml centrifuge tube and undisturbed for 45–60 min. The supernatant was discarded, and Poly (vinyl alcohol)-Phosphate Buffered Saline (PVA-PBS) solution was added to the precipitate, followed by resuspension in a 60-mm cell culture dish. The intact cumulus and oocytes (COCs) were collected with a mouth pipette under a body view microscope and cultured in an incubator at 38.5°C with 5% CO2 for approximately 40 h. The matured COCs were transferred into T2 solution containing l mg/ml hyaluronidase pre-warmed to 38.5°C, followed by gentle pipetting. The oocytes with clear perivitelline gaps and homogenized cytoplasm were selected under the body view microscope and placed in T2 solution pre-warmed to 38.5°C.
Nuclear transfer
The mature oocytes were removed by micro-manipulation. Next, the individual donor cells were injected into the perivitelline space, and fusion was completed with two 1.2 kV/cm DC pulses (1-s interval) of 30 μs in fusion medium [0.3 M mannitol, 1.0 mM CaCl2, 0.1 mM MgCl2, 0.5 mM HEPES (pH 7.0–7.4)] using a BTX electronic cell manipulator. The oocytes were then incubated for 30 min in porcine zygote medium-3 (PZM-3), and the fusion percentage was calculated under a stereomicroscope. Fifty fused embryos were placed into a four-well dish (Nunc) containing 500 μl of PZM-3 pre-warmed to 38.5°C and incubated at 5% CO2 with maximum humidity.
Embryo transfer
The day-1 NT zygotes were surgically transferred into surrogate mothers (250–300 zygotes per surrogate). Approximately 25 days later, the pregnancy status of each surrogate was determined by ultrasonography.
Sample collection
The pregnant sows were executed on gestational day 114, and the skin, fat, muscle, and peritoneum were incised sequentially in the lower abdomen. The uterine body and uterine horns were ligated with hemostats, and the uterus was removed for dissection. An incision in the uterus was made to detach the placenta containing the fetus from the uterus. Finally, the fetus was removed for anatomical sampling. These tissues are subsequently used to extract RNA or DNA.
RNA and DNA extraction
Fetuses and placentae were frozen in liquid N2 and grounded in a mortar with a pestle. Half of each tissue was used for RNA extraction, and the remaining half was used for DNA extraction. RNA was extracted using the RNeasy Mini Kit (Qiagen), according to the manufacturer’s protocol. To eliminate contamination of RNA with DNA, genomic DNA was removed by treatment with DNase I. The RNA was eluted in RNase free water and stored at −80°C. The DNA samples were extracted using the QIAamp DNA Mini Kit (Qiagen), according to the manufacturer’s protocol. The DNA was eluted in sterile RNase-free water and stored at -20 °C until use.
RNA reverse transcription and quantitative polymerase chain reaction analysis
One microgram of total RNA was converted to a final volume of 20 μl of cDNA using the HiScript®III First Strand cDNA Synthesis Kit. The universal SYBR qPCR Master Mix was used for quantitative polymerase chain reactions. The procedure included 40 cycles of pre-denaturation (95°C, 30 s) and amplification (95°C, 10 s; 60°C, 30 s), followed by melting curve analysis (95°C, 15 s; 60°C, 1 min; 95°C, 15 s). The expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control. The primer information is provided in Supplementary Table S1. Statistical analyses were performed using Excel and graphs were prepared using GraphPad Prism 5, and the statistical significance was set at 0.05.
Bisulfite genomic sequencing analysis
Genomic DNA was extracted from tissue samples using the TIANamp Genomic DNA Kit. For bisulfite genomic sequencing, 1 μg of gDNA was subjected to bisulfite treatment using the EpiTect Bisulfite Kit (Qiagen, Germany), according to the manufacturer’s protocol. Bisulfite sequencing PCR primers were designed using a web-based methylation primer tool (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi). The PCR products were cloned into the pMD19-T vector. At least ten randomly selected clones were sequenced. The sequences were aligned using a web-based quantification tool for methylation analysis (QUMA; http://quma.cdb.riken.jp/).
Examination of the allelic expression status of DLK1, GTL2, and DIO3
All heterozygous individuals corresponding to each SNP were used to analyze the allelic expression of DLK1, GTL2, and DIO3 by quantitative PCR. The cDNA templates were reverse transcribed from fetal and placental samples by random hexamer priming. The primers DK-F and DK-R were used for DLK1 expression analysis, the primers GT-F and GT-R were used for GTL2 expression analysis, and the primers DO-F and DO-R were used for DIO3 expression analysis. The cDNA templates were amplified for 35 cycles. The PCR products were extracted from agarose gels using the Gel Recovery Kit (Sangon, Shanghai, China) and subjected to direct sequencing.
RESULTS
Identification of the porcine IG-DMR
A previous study has reported that conserved repeats exist in the IG-DMRs of the human, mouse, and sheep (Paulsen et al., 2001). To investigate whether such repeats exist in the porcine IG-DMR, the conserved repeats from the human, mouse, and sheep were aligned with the porcine DLK1-GTL2 region. As a result, conserved repeats were observed 5 kb upstream of GTL2 in the pig (Figure 1A). The repeat sequence of the pig included 13 repeats, and the conserved sequence was GTT​GCC​CGC​GGT​CCG​CCA.
[image: Figure 1]FIGURE 1 | Screening of porcine IG-DMR. (A) Analysis of the IG-DMR tandem repeat sequences in pigs by interspecies conserved sequences. The black squares represent the positions of DLK1 and GTL2, respectively. The arrow direction is the gene transcription direction. The gray rectangle represents the IG-DMR candidate region (5 kb). The black triangle represents the conserved interspecies tandem repeat sequence, and the gray areas of the tandem repeat sequences in human, mouse, sheep, and pig are the conserved sequence dinucleotides. (B) Analysis of methylation in porcine fibroblasts, sperm, and oocytes Each circle represents a CpG dinucleotide. The degree of methylation (%) is based on methylated CpGs/all CpGs; open circles indicate unmethylated CpGs and filled circles indicate methylated CpGs.
To map the porcine IG-DMR, we used a website tool (MethPrimer) to predict the three DMRs around the repeats and designed methylation primers to analyze this region. The methylation detection of the three DMRs was carried out in sperm, oocytes, and fibroblasts. The results showed that DMR3 was hypomethylated in oocytes, hypermethylated in sperm, and half hypermethylated and half hypomethylated in fibroblasts, suggesting DMR3 is the IG-DMR regulating imprinting in the DLK1-GTL2 region (Figure 1B).
Conserved imprinting of the porcine DLK1-DIO3 region
To examine the imprinting status of the DLK1-DIO3 region (Figure 2A), we performed allele-specific expression analysis in 20-days (20-d) Rongchang (mother) and Duroc (father) crossbred pigs. To distinguish the expression between paternal and maternal alleles, we searched for SNPs in the DLK1-DIO3 region between the two pig breeds using the UCSC database (UCSC Genome Browser Home). Three SNPs (rs81211138, rs325797437, and rs343094622) were identified in DLK1, GTL2, and RTL1, respectively, and verified in the genomes of the female parent Rongchang pig and the male parent Duroc pig (Table 1; Figure 2B). The SNP rs81211138 in DLK1 was C in Rongchang and T in Duroc. The SNP rs325797437 in GTL2 was T in Rongchang and C in Duroc. The SNP rs343094622 in DIO3 was C in Rongchang and A in Duroc (Figure 2C). Quantitative polymerase chain reactions were performed to detect the expression of the three genes in fetuses and placentae of 20-d crossbred pigs. The PCR products were sequenced and showed monoallelic expression of DLK1, GTL2, and DIO3 in the three crossbred pigs.
[image: Figure 2]FIGURE 2 | Imprinted expression of DLK1, GTL2, and DIO3 in the DLK1-DIO3 region. (A). Structure diagram of the DLK1-DIO3 imprinted domain. Blue squares represent paternal expression imprinted genes, and red squares represent maternal expression imprinted bases. The arrow direction is the transcription direction, and vertical lines represent non-coding RNA. Primer positions and directions are marked on the corresponding genes. (B). Validation of SNPs in Rongchang and Duroc pig genomes. (C). Allele-specific expression analysis of DLK1, GTL2, and DIO3 in the fetus and placenta of the three crossbred pigs. The above sequencing results used the genome as a template for PCR, and the following sequencing results used cDNA as a template for PCR. The red-dashed boxes indicate SNP loci.
TABLE 1 | DLK1, GTL2, and DIO3 gene SNPs in both Rongchang and Duroc minipigs.
[image: Table 1]Combined with SNP analysis, DLK1 and DIO3 were determined to be expressed by the paternal chromosome and GTL2 was determined to be expressed by the maternal chromosome. The results indicated that DLK1 and DIO3 in the porcine DLK1-DIO3 imprinted domain were maternally imprinted genes and GTL2 was paternally imprinted, consistent with the imprinting status of the mouse DLK1-DIO3 imprinted domain (Edwards et al., 2008; Li et al., 2008; Coster et al., 2012). These results reveal that imprinting of the DLK1-DIO3 domain is conserved in mammals (Coster et al., 2012; Kalish et al., 2014).
IG-DMR is hypomethylated in porcine parthenogenetic embryos
The genome of parthenogenetic embryos is derived from oocytes. Methylation analysis of the IG-DMR was conducted on parthenogenetic embryos at different developmental stages (Figure 3). The results showed that the IG-DMR in parthenogenetic embryos remained hypomethylated from the two-cell stage to the blastocyst stage, consistent with the hypomethylation of the IG-DMR in the female parent.
[image: Figure 3]FIGURE 3 | Methylation analysis of the IG-DMR in parthenogenetic embryos. (A). Parthenogenetic embryos at different developmental stages. Scale bars, 100 μm. (B). Methylation analysis of the IG-DMR in parthenogenetic embryos. Each circle represents a CpG dinucleotide. The degree of methylation (%) is based on methylated CPGs/all CPGs; open circles indicate unmethylated CpGs, and filled circles indicate methylated CpGs.
SCNT alters imprinting and methylation of the DLK1-DIO3 region
The data from mice and some pigs showed that the methylation of the IG-DMR and the gene expression of the DLK1-DIO3 imprinted domain were abnormal in unisexual embryos and cloned animals (Wei et al., 2010; Aronson et al., 2021; Wei et al., 2022). Therefore, we initially performed methylation analysis of the IG-DMR and examined gene imprinting expression of the DLK1-DIO3 region in porcine fetal fibroblasts (pEF-1, pEF-2) (Figure 4A), fetal fibroblasts derived from porcine somatic cell nuclear transfer embryos (pEF-1-NT, pEF-2-NT) (Figure 4B), and fetal fibroblasts derived from porcine parthenogenetic embryos (PApEF-1, PApEF-2, PApEF-3) (Figure 4C). PEF-1 and PEF-2 were donor cells for nuclear transfer embryos of PEF-1-NT and PEF-2-NT, respectively. The IG-DMR methylation levels of PEF-1-NT and PEF-2-NT were higher than those of PEF-1 and PEF-2. The IG-DMRs of PApEF-1, PApEF-2, and PApEF-3 were hypomethylated, consistent with previous results in early parthenogenetic embryos (Sato et al., 2011). Correspondingly, the GTL2 expression level was decreased in pEF-1-NT and pEF-2-NT, whereas it was increased in PApEF-1, PApEF-2, and PApEF-3, indicating the IG-DMR regulates the expression of GTL2. The expression levels of maternally imprinted genes DLK1, RTL1, and DIO3 were not significantly different among the three types of cells (Figure 4D). These results reveal that the methylation status of the IG-DMR is abnormal in cloned and parthenogenetic embryos, which affects the expression of the paternally imprinted gene GTL2.
[image: Figure 4]FIGURE 4 | Methylation analysis of IG-DMR gene imprinting expression of the DLK1-DIO3 region in pEF, NTpEF, and PApEF. (A) Analysis of IG-DMR methylation levels in pEF, (B) NTpEF, and (C) PApEF. Each circle represents one CpG dinucleotide. The degree of methylation (%) is based on methylated CPGs/all CPGs; open circles indicate unmethylated CpGs, and filled circles indicate methylated CpGs. (D) Analysis of DLK1, GTL2, RTL1, and DIO3 gene expression in pEF, NTpEF, and PApEF. Horizontal coordinates are samples, and vertical coordinates are gene expression levels. Different letters (A,B) indicate significant differences (p < 0.05).
IG-DMR is abnormally methylated in cloned pigs
To investigate in detail the methylation status of the IG-DMR in cloned pigs, we performed methylation assays on various tissues from wild-type neonatal and cloned neonatal pigs. Wild-type pigs are born naturally at term. The newborn cloned pigs were obtained by caesarean section at term, of which #7 died during birth, while #2 and #28503 survived at birth. IG-DMR methylation analysis was performed on various tissues (heart, liver, spleen, lung, kidney, muscle, and brain) from these pigs. The methylation level in cloned pig #2 was not significantly different from that in wild-type pigs (Figures 5A,B; Supplementary Figure S1A), and the methylation degree of each tissue was approximately 50%, whereas the IG-DMR in cloned pig #7 was abnormally hypermethylated, and the methylation level of each tissue was higher than 88% (Figure 5C). Therefore, we hypothesize that reprogramming errors occur in the methylation of the IG-DMR during somatic reprogramming.
[image: Figure 5]FIGURE 5 | Analysis of IG-DMR methylation in wild-type neonatal pigs and cloned neonatal pigs. (A) Analysis of IG-DMR methylation in wild-type neonatal pigs. (B) Analysis of methylation in the surviving cloned piglet #2. (C) Analysis of methylation in dead cloned piglet #7. Each circle represents a CpG dinucleotide. The degree of methylation (%) is based on methylated CpGs/all CpGs; open circles indicate unmethylated CpGs, and filled circles indicate methylated CpGs.
Abnormal imprinted expression in cloned pigs
We analyzed the gene expression of the DLK1-DIO3 imprinted domain in wild-type neonatal pigs and cloned neonatal pigs. The results of quantitative PCR showed that DLK1 was highly expressed in the muscle (Figures 6A; Supplementary Figure S1B), DIO3 was highly expressed in the lungs (Figure 6D), and GTL2 and RTL1 were highly expressed in the brain (Figures 6B,C). The expression level of GTL2 in cloned pig #2 was higher than that in wild-type pigs, with no significant differences in the expression levels of maternally imprinted genes in most tissues. However, GTL2 expression was nearly undetectable in cloned pig #7, and DLK1 expression was elevated in most tissues. The hypermethylation of the IG-DMR in cloned pig #7 inhibited the expression of GTL2, indicating aberrant methylation of the IG-DMR was an important cause of death of cloned pig #7.
[image: Figure 6]FIGURE 6 | Analysis of DLK1-DIO3 imprinted domain gene expression in wild-type neonatal pigs and cloned neonatal pigs. (A) The expression of DLK1 in wild-type neonatal pigs and cloned neonatal pigs. (B) The expression of GTL2 in wild-type neonatal pigs and cloned neonatal pigs. (C) The expression of RTL1 in wild-type neonatal pigs and cloned neonatal pigs. (D) The expression of DIO3 in wild-type neonatal pigs and cloned neonatal pigs. The quantitative results are presented for tissue samples at horizontal coordinates and gene expression levels at vertical coordinates.
DISCUSSION
Genomic imprinting is critical for several life processes. The DLK1-DIO3 imprinted domain is a cluster of genes essential for mammalian development. Numerous studies performed in the human and mouse have demonstrated that the IG-DMR is a key regulatory element of DLK1-DIO3 and that it can also control maternally imprinted gene expression by regulating GTL2 expression (Lin et al., 2003; Nowak et al., 2011; Kota et al., 2014; Luo et al., 2016; Wang et al., 2017; Saito et al., 2018). However, the imprinting of the DLK1-DIO3 region in the pig and the location of the IG-DMR remain unknown. We examined the expression of DLK1, GTL2, and DIO3 in Rongchang and Duroc crossbred pigs. The expression of male and female alleles was analyzed by SNPs in both pig breeds. The results showed that DLK1 and DIO3 were paternally expressed in the fetus and placenta, while GTL2 was maternally expressed, consistent with the results observed in the human and mouse. Thus, the imprinting of the DLK1-DIO3 region is well conserved in mammals.
Furthermore, we identified the tandem repeats in the pig based on the intermediate conserved repeat sequences in the human, mouse, and sheep IG-DMR and located it in the pig IG-DMR (Engemann et al., 2000; Okamura et al., 2000; Onyango et al., 2000; Paulsen et al., 2000). These tandem repeats are highly conserved, thus verifying the reliability of the pig IG-DMR locus. Nine tandem repeats were found in the human, seven conserved tandem repeats in the mouse, 16 conserved tandem repeats in the sheep, and 13 conserved tandem repeats, which spanned approximately 2.5 kb, in the pig.
The analysis of the methylation of the IG-DMR and the expression of each gene in the imprinted domain of DLK1-DIO3 in cloned pigs showed abnormal hypermethylation of the IG-DMR in dead cloned pigs and the loss of GTL2 expression in various tissues. GTL2 is widely involved in various cell processes, including transcriptional repression and RNA interference-mediated mRNA degradation (Charlier et al., 2001) GTL2 is expressed in the embryo and placenta, as well as in the adult, and the brain is the main site of its expression (Rocha et al., 2008). Maternal deletion of GTL2 and its DMR in the mouse leads to death due to alveolar hypoplasia and hepatocyte necrosis. We speculate that the loss of GTL2 expression in various tissues may affect the growth and development of cloned pigs.
Previous studies in the mouse have indicated that Gtl2 suppresses the expression of the parental allele (Rocha et al., 2008). In our study, the expression levels of the maternal imprinting genes DLK1 and DIO3 were higher in the tissues of cloned surviving and dead pigs than those in wild-type pigs, whereas the DLK1 expression level was significantly higher in the muscle and kidneys and that of DIO3 was significantly higher in the lungs of wild-type pigs and cloned surviving pigs. However, the RTL1 expression level was unchanged. RTL1 is mainly expressed in embryonic and placental tissues, where it is essential for normal placental development, and both paternal and maternal RTL1 deletion can lead to growth retardation and prenatal death (Yu et al., 2018). The antisense strand of the RTL1 gene encodes an RNA transcript and two maternally expressed microRNAs that are complementary to RTL1 (Seitz et al., 2003). We speculate that RTL1 was not elevated like the other maternally imprinted genes in cloned dead pigs because RTL1as, which is expressed by the antisense strand, also participates in the regulation of RTL1 expression.
In conclusion, we have localized the porcine IG-DMR and demonstrated that the porcine DLK1-DIO3 region was imprinted. In addition, abnormal DLK1-DIO3 region imprinting was observed in cloned dead pigs by methylation and quantitative PCR analyses. Our study provides a theoretical basis for the future correction of aberrant methylation in the IG-DMR by epigenetic editing and provides new directions for improving the cloning efficiency in pigs.
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Animal models play a key role in life science research, especially in the study of human disease pathogenesis and drug screening. Because of the closer proximity to humans in terms of genetic evolution, physiology, immunology, biochemistry, and pathology, nonhuman primates (NHPs) have outstanding advantages in model construction for disease mechanism study and drug development. In terms of animal model construction, gene editing technology has been widely applied to this area in recent years. This review summarizes the current progress in the establishment of NHPs using gene editing technology, which mainly focuses on rhesus and cynomolgus monkeys. In addition, we discuss the limiting factors in the applications of genetically modified NHP models as well as the possible solutions and improvements. Furthermore, we highlight the prospects and challenges of the gene-edited NHP models.
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INTRODUCTION
With the development of human medical research, a broader and deeper understanding of disease pathology and identification of therapeutic strategies has become quite urgent. The establishment of genetically modified animal models is an important aspect of human disease studies. The validity of the animal model is based on its evolutionary similarity to humans. So far, a lot of research has been conducted on the construction of rodent models such as mice models (Gurney, 2000; Wong et al., 2002). Though mice models have played a big role in clinical research, models with higher similarity to humans are needed to study pathogenesis, especially in neurological diseases (Wong et al., 2019). Compared to other animal models, primates are more similar to humans in terms of genetic background and physiological characteristics (Zhao et al., 2019). With up to 93% homologous genome between monkeys and humans, the NHP model has become irreplaceable in studying human diseases (Gibbs et al., 2007; Yan et al., 2011; Higashino et al., 2012; Brasó-Vives et al., 2020).
Though scientists have obtained primate models by screening natural mutations, drug induction, and traditional genetic engineering methods previously (Chan, 2004; Chen et al., 2012; Forny-Germano et al., 2014), it was difficult to obtain by spontaneous mutation. Traditional transgenic methods are not only inefficient but also require many embryonic stem cells, which is time consuming and laborious. In addition, other methods such as retroviral or lentivirus-mediated gene modification methods, RNA interference techniques, and sperm vector-mediated methods are subject to large exogenous random insertion of foreign genes with unstable expression and low operability accompanied by significant chimerism. Until recent years, with the development of gene editing technologies, researchers can use TALEN and CRISPR technology to achieve precise genetic modification on monkeys with the advantage of higher efficiency and accuracy which are unmatched by other methods. Here, we will present recent developments of gene-modified rhesus and cynomolgus monkeys and discuss the factors limiting the application of NHP models and highlight their future applications prospects.
TRADITIONAL TRANSGENIC METHODS TO ESTABLISH NHP MODELS
The classical method of constructing transgenic primates mainly depends on the retrovirus vector-mediated approach, which recombines the target gene into the retroviral vector and integrates the exogenous target gene into the host genome by infecting the host cells. This method has been applied to mice for a long time (Gordon et al., 1980). In 2001, Chan et al. (2001) successfully established a transgenic rhesus monkey termed ANDi by transducing oocytes with high-titer lentivirus followed by sperm injection and embryo transfer, which is the first genetically modified primate in the world. Although the expression of the exogenous gene GFP was detected in only one of the three births obtained, this pioneering work marked the birth of transgenic NHP technology. In the same year, another group also constructed the transgenic rhesus monkeys with exogenous eGFP integrated into the placental tissue (Wolfgang et al., 2001). Taken together, these two studies provide the basis for the feasibility of exogenous gene integration and lay the foundation for future functional gene studies. Seven years later, scientists successfully obtained the transgenic macaque model expressing the human HTT gene to study Huntington’s disease (HD) (Yang et al., 2008). This is the first transgenic primate model with human disease-causing gene integration, which not only helps to study the pathogenic mechanism of HD and explores corresponding treatment options but also makes it possible for studying other genetic diseases such as Parkinson’s disease and Alzheimer’s disease. Subsequently, Sasaki et al. (2009) successfully generated germline-transmissible GFP transgenic marmosets through lentiviral vector transfection. For the first time, this study demonstrated germline inheritance of transgenic traits in primates. In addition, people from other countries also established transgenic monkey models (Niu et al., 2010; Liu et al., 2016a).
Although some progress has been made in the construction of NHP models through the retroviral vector methods (Figure 1; Tables 1, 2), these gene modification sites are random and uncertain, and precise genetically modified NHP models cannot be obtained. In addition, the length of the fragment inserted is also limited since lentiviral vectors can only carry fragments no larger than 10 kb, which also brings many uncertainties and limitations to the research. Finally, the low efficiency of transgenic methods also restricts their application. Therefore, more precise and efficient gene editing methods are needed to overcome these limitations.
[image: Figure 1]FIGURE 1 | Approaches to genetically modify monkeys. Current techniques to genetically modify monkeys include virus, ZFN, TALEN, CRISPR-Cas9, and base editor. Chimerism exists in gene editing monkeys, and there is the potential for off-targeting.
TABLE 1 | Rhesus monkey models established by various gene editing technologies.
[image: Table 1]TABLE 2 | Cynomolgus monkey models established by various gene editing technologies.
[image: Table 2]ZFN AND TALEN GENE EDITING TECHNOLOGY TO BUILD NHP MODELS
Zinc finger endonucleases (ZFNs) structurally comprise a zinc finger DNA-binding domain and a Fok I DNA-cleavage domain (Carroll, 2011; Wood et al., 2011). Transcription activator-like effector nucleases (TALENs) are gene editing tools made by TAL effector DNA-binding domains and FokI DNA-cleavage domains (Cermak et al., 2011; Wood et al., 2011). After recognizing DNA sequences through DNA-binding domains, the DNA-cleavage domains will target specific DNA sequences to introduce double-strand breaks, which subsequently induce cell repair mechanisms to achieve gene knockout or knock-in by non-homologous end joining (NHEJ) or homologous recombination (HR). The ZFN is time consuming and costly in construction and design, with severe off-target effects. So far, there are no reports on the application of ZFNs on rhesus and cynomolgus monkeys. Compared to ZFNs, TALENs technology is relatively simple to design, less costly, and has high DNA sequence specificity and fewer off-target events, which make it a useful and effective tool to achieve gene modification. Previous studies have witnessed its successful application in many species, including mice, rats, zebrafish, Xenopus, Iberian ribbed newts, zebrafish, and maize (Lei et al., 2012; Qiu et al., 2013; Hayashi et al., 2014; Hisano et al., 2014; Liang et al., 2014; Chen et al., 2017a). Recently, more scientists have started to turn their attention to primates. In 2014, one group successfully generated MeCP2 gene mutated female cynomolgus monkeys with Rett syndrome (RTT) using TALENs technology (Liu et al., 2014a). RTT cynomolgus monkeys have many similarities with RTT patients in both genotype and phenotype, which is of great significance for human research on the pathogenesis and treatment of RTT. Afterward, other groups also obtained MeCP2 gene-modified monkeys by using TALENs technology (Liu et al., 2014b; Chen et al., 2017b). In 2016, Ke et al. reported another case that constructed an MCPH1 gene-modified cynomolgus monkey model mimicking human microcephaly using TALENs-based method (Ke et al., 2016).
In sum, the application of TALENs technology has been widely reported in various studies (Figure 1; Tables 1, 2). However, the gene editing technique requires the design of different recognition proteins for different target sites, which involves huge protein modification work and is time consuming, labor intensive, and costly. These limitations seriously restrict the wide application of TALENs.
APPLICATION OF CRISPR/CAS9 GENE EDITING TECHNOLOGY IN NHPS
The CRISPR/Cas system, which is short for clustered regularly interspaced short palindromic repeats and CRISPR-associated protein, was originally characterized as a defense mechanism that bacteria use against viruses (Horvath and Barrangou, 2010). It was subsequently engineered to cleave DNA in eukaryotes (Cong et al., 2013; Mali et al., 2013). Due to its simplicity, efficiency, and technical flexibility, CRISPR/Cas technologies became strong tools in biological and biomedical studies of various cell types and living organisms.
As for primates, there are also gratifying results. In 2014, for the first time, the researchers obtained twin cynomolgus monkeys carrying targeted mutation genes and achieved simultaneous knockout of two genes PPARγ and RAG1 by using CRISPR/Cas9 technology (Niu et al., 2014), and it’s important for studying immune system related diseases. This was the first application of CRISPR gene editing technology in primates. More importantly, this study achieved the simultaneous knockout of two target genes in one step. In addition, the DNA samples extracted from the umbilical cord and placenta of newborn monkeys were detected and analyzed, and no off-target phenomenon was found. Finally, they also found the mutation appeared in germ cells, which demonstrated that genetic mutations mediated by CRISPR technology can enable germline transmission (Chen et al., 2015a). The success of this study makes it possible to establish animal models of some complex diseases controlled by multiple genes. Duchenne muscular dystrophy (DMD) is a genetic disorder characterized by muscle degeneration due to the mutant muscle protein dystrophin. In order to study this disease, Chen et al. generated mutant rhesus monkeys by using CRISPR/Cas9 technology to target the dystrophin gene (Chen et al., 2015b). They analyzed the muscle tissue of monkeys who died of dystocia, finding that the expression of dystrophin protein was significantly decreased, which was similar to that of DMD patients. And the degeneration of muscle cells at an early stage was observed in both monkey models and DMD. In the same year, one group obtained a P53 gene (tumor suppressor gene) biallelic mutant cynomolgus monkey model without germline mating by optimizing the CRISPR/Cas9 technology (Wan et al., 2015). Meanwhile, another group generated a cynomolgus monkey model with DAX1 gene deletion via CRISPR/Cas9 technology (Kang et al., 2015). This DAX1 mutant monkey exhibited adrenal developmental defects and aberrant testicular architecture which were very similar to the clinical features of AHC-HH patients. Another study reported a rhesus monkey model with hemoglobin beta gene modified by CRISPR/Cas9 technology, and they found a way to improve the gene editing efficiency and reduced unfavorable outcomes such as off-target effects by optimization of sgRNAs concentrations (Midic et al., 2017). In 2019, scientists utilized CRISPR/Cas9 to establish SHANK3 gene mutated cynomolgus macaques and their F1 offspring (Zhou et al., 2019), which could lead to sleep disorders, movement disorders, increased repetitive behaviors, and social and learning disabilities similar to what happened in autism spectrum disorders. Another example is the SIRT6 gene, the scientists successfully generated SIRT6 gene-modified cynomolgus monkeys, which showed a deficiency in SIRT6 function (Zhang et al., 2018). SIRT6 has been identified as a longevity protein in mice (Mostoslavsky et al., 2006). As expected, the model monkey died shortly after birth and displayed severe developmental retardation. A recent study reported a new method to generate gene-modified monkeys by in situ CRISPR-mediated technique (Zhong et al., 2021). This study utilized CRISPR/Cas9 to knock down Pten and p53 genes in adult cynomolgus, thus modeling primary and metastatic liver tumors rapidly, which was effective in situ gene editing approach. Other groups also generated gene-edited monkeys using this method (Figure 1; Tables 1, 2).
LIMITATION FACTORS AFFECTING THE APPLICATION OF GENE-EDITED NHP MODELS
Whether it is transgenic monkeys obtained by lentiviral vector transduction or gene-edited monkeys generated by targeting nucleases, most of the founder monkeys exist in the form of chimeras. For surviving chimeric founder monkeys, it is difficult to precisely map the transgene or target gene mutation to the underlying phenotype. When using lentiviral vectors to construct transgenic monkeys, various numbers of lentiviral vector sequences can be integrated into the monkey genome at different time points in early embryos, accompanied by the randomness of integration numbers and time. This leads to the possibility that the number of transgene copies and the transgene integration sites of individuals obtained from different embryos injected with the same batch of viral vectors may vary greatly, and the number of transgenes and integration sites contained in different cells of the same transgenic individual may also be different (Liu et al., 2016a). Then the same batch of transgenic founder monkeys obtained by the same lentivirus may have phenotypic differences. To overcome this problem, a non-integrating lentiviral vector (NILV) has been developed by integrase mutation to reduce the risks of random insertion (Wanisch and Yáñez-Muñoz, 2009). Currently, NILVs have shown efficacy in different preclinical mice models, such as Parkinson’s disease and Hemophilia B, with relatively lower expression levels than integrating lentiviral vectors though (Lu-Nguyen et al., 2014; Suwanmanee et al., 2014). So, whether NILV can construct transgenic NHP models with fewer random insertion risks still remains to be seen.
Similarly, when using targeted nucleases such as ZFN, TALENs, and CRISPR/Cas9 to construct gene editing monkeys, the founder monkeys obtained always exist in the form of chimeras (Niu et al., 2014; Chen et al., 2015b; Guo and Li, 2015) (Figure 1). Due to the long growth cycle of NHPs, it takes a lot of time and money to screen animal models with purely targeted gene modification through multi-generational mating. Chimeric mutations can also seriously affect the functional studies of target genes and the pathological analysis of related diseases, so it is particularly necessary to reduce the generation of chimeras. Two main reasons account for chimeric mutation. First, after Cas9 modifies the target site, the DNA repair activity between dividing cells may differ, resulting in different degrees of mutation of the target gene between different cells and tissues. Second, random insertion and deletion (Insertion/deletion, indel) will occur in the process of the NHEJ-mediated DNA repairing, resulting in various indels at the target site, leading to the formation of multi-genotype chimeric mutants.
Another problem in constructing gene editing monkeys using targeted nucleases such as ZFNs, TALENs, and CRISPR/Cas9 is off-targeting (Figure 1; Tables 3, 4). Previous studies did by multiple groups showed significant off-target activity in the CRISPR/Cas9 system (Fu et al., 2013; Pattanayak et al., 2013; Cho et al., 2014). Although no off-target effects have been found in NHPs models built by the CRISPR/Cas9 system which may be due to the limitation of the number of detection sites, it is difficult to conclude that these founder monkeys did not have off-target mutations. Therefore, the existence of the off-target phenomenon is also one of the unavoidable factors that potentially limit the in-depth study of gene editing monkeys as animal models.
TABLE 3 | Comparison of the three main used genome editing technologies in monkeys: ZFN, TALEN, and CRISPR.
[image: Table 3]TABLE 4 | The advantage and disadvantages of the three main used gene editing technologies.
[image: Table 4]The third problem is the low efficiency of gene knock-in. The incidence of HR repair for gene editing is very low in the current use of the CRISPR/Cas9 system for NHPs. The only successful results are the knock-in of small DNA sequences (Wan et al., 2015). However, no successful knock-in of large segments of gene sequences has been reported in NHPs.
REFINEMENT OF STRATEGIES TO OVERCOME THESE DEFICIENCIES
All the factors mentioned above strictly limited the broad application of NHPs as animal models for human diseases. So, there is an urgent need for some improvements to overcome these deficiencies. With the development of technology, some effective methods start to appear. As for chimerism, current researches show that the continuous expression of Cas9 protein may increase chimeric mutation. So, it is easy to imagine that restricting Cas9 expression only at the one-cell stage may be an effective method to reduce chimeric mutation. One group established a new method in which they linked ubiquitin-proteasome to the N-terminus of Cas9 protein, which can facilitate the degradation of Cas9 protein in cynomolgus monkey embryos whereby reducing the mosaic mutations (Tu et al., 2017). Similarly, other ways of controlling the Cas9 activity can also be applied in the future establishment of gene-edited NHPs models such as small molecules, light, inhibitors, and degraders (González et al., 2014; Nihongaki et al., 2015a; Nihongaki et al., 2015b; Zhou et al., 2018; Gangopadhyay et al., 2019; Maji et al., 2019). Another alternative approach to avoid mosaic mutations is the F1 offspring. As is well known, no matter what form of chimerism it is in the founder monkey, the F1 offspring can only get a specific edited genotype. Since the sexual maturation cycle of NHPs is very long, which takes about 4–5 years to reach sexual maturity for commonly used rhesus and cynomolgus monkeys, the development of methods to shorten the sexual maturation cycle of NHPs to achieve accelerated reproduction will promote the application of NHPs research. For this purpose, one group has developed testis xenotransplantation to accelerate spermatogenesis. By transplanting juvenile cynomolgus monkey testis tissue blocks to the back of adult male nude mice, the spermatogenesis time of cynomolgus monkeys was successfully shortened to 24 months, and the obtained sperm was used for embryo construction and transplantation to obtain healthy offspring of cynomolgus monkeys (Liu et al., 2016b). Therefore, the development of other methods to accelerate the reproduction cycle of NHPs will also be an important research direction for future NHP genetic modification models. Finally, one group generated complete gene knockout monkeys in one step by multiple sgRNAs, which provides another method to reduce the chimerism rate (Zuo et al., 2017).
In addition, for the off-target phenomenon, some improvements have been made to avoid this. One method is to screen and predict potential off-target sites in silico and optimize the gRNA design accordingly to minimize the off-target effects. Sangsu et al. developed a tool termed Cas-OFFinder, which can search for potential off-target sites in a given genome or user-defined sequences (Bae et al., 2014). Another method is Cas9 protein optimization. People from various groups have utilized different ways to optimize the Cas9 protein including fusion protein and mutated protein to achieve lower or no off-target efficiency (Koo et al., 2015; Anders et al., 2016; Kleinstiver et al., 2016; Slaymaker et al., 2016). In addition, controlling Cas9 protein expression can be used as another strategy to circumvent the off-target. Some groups have used inducible Cas9 protein and Cas9 inhibitory protein to achieve this goal (Nihongaki et al., 2015a; Rauch et al., 2017). All these methods are worth trying on monkeys in the future.
As for low knock-in efficiency, there are also some promising results. In principle, two ways can be used to improve the knock-in efficiency, one is to block non-homologous end joining, and the other is to increase homologous repair. Previous studies have shown that Scr7 which can bind to Ligase IV, a key component in the NHEJ process, can be used to block the NHEJ pathway whereby improving the precise repair (Chu et al., 2015; Vartak and Raghavan, 2015; Maruyama et al., 2016). In addition, another group enhanced the HR efficiency by optimizing donor DNA (Richardson et al., 2016).
Lastly, base editor systems can also be used to achieve precise gene editing, by which one base can be converted to another base precisely without requiring DNA cleavage, thus decreasing insertion or deletion events that happened randomly at the specific sites caused by DSB.
Single-base editing technology mainly realizes gene editing through the complex formed by deaminase, Cas9 variant, and sgRNA, in which sgRNA is responsible for guiding the complex to target the target sequence, and deaminase is responsible for deamination to achieve single-base editing (Komor et al., 2016; Gaudelli et al., 2017). According to different editing sequences and editors, the developed single-base editing technologies can be divided into two categories, namely cytosine base editing (CBE) technology and purine base editing (ABE) technology. CBE technology mainly realizes C→T or G→A conversion through sgRNA, inactive Cas9 protein (dCas9), and cytosine deaminase (Komor et al., 2016), there are various types of CBEs such as CBE1, CBE2, CBE3, CBE4, HF-CBE, SaBE4, CBE4-Gam, eCBE et al. ABE technology mainly realizes A→G or T→C base editing through sgRNA, adenosine deaminase and Cas9n, in which sgRNA is responsible for guiding the complex to target the target sequence, and adenosine deaminase is responsible for catalyzing the deamination of adenine in the target sequence (Gaudelli et al., 2017). Various types of ABEs have been developed such as xABE, SaABE, VRER-ABE, ScCas9-ABE, et al. Until now, there are different types of base editor systems developed and applied (Komor et al., 2016; Gaudelli et al., 2017; Komor et al., 2017; Koblan et al., 2018; Molla and Yang, 2019; Zhang et al., 2020a). In addition, point mutation is a key cause of genetic diseases. Therefore, the base editor systems can be used in constructing gene-edited monkeys mimicking the diseases caused by point mutations. One group successfully generated base-edited cynomolgus monkeys with multiple target sites simultaneously modified using cytidine- and adenine-base editors (Zhang et al., 2020b).
CONCLUSION AND PERSPECTIVES
The role primates play in the field of biomedical research is unmatched by other species. It is well known that the odds for a newly discovered drug to come to the market are lower than 10%. The primary cause for this situation is that there are no ideal animal models available that mimic human diseases, such as cancer. Currently, two animal models are commonly used clinically for drug and vaccinee valuation in the antitumor market, which in rodents and NHPs. The former is preferred by many scientists due to its short reproduction cycle, cheap, small, clean genetic background, and genetic operability. However, the large species divergences between humans and rodents render many failures in clinical trials though the drug has shown satisfying safety and efficacy in preclinical trials. NHPs, however, such as cynomolgus monkeys and rhesus monkeys, display considerable similarities to humans in terms of genetic background, physiological composition, and immunological nature. As such, NHP has an advantage over other animal models to be applied in drug research and development and preclinical animal trials for safety and efficacy evaluation. Monkeys and chimpanzees share many cancer genes with humans. However, they are seldomly used in cancer research and drug development because of high costs and ethical issues. Furthermore, generating loss-of-function or gain-of-function mutations in NHPs by breeding remains cumbersome and challenging compared to rodents due to their longer sexual maturity cycle. On the other hand, using nuclear transfer (NT) technology to obtain cloned transgenic animals is the most direct and reliable method, which is a very mature technology in some species (Zhou et al., 2015). One group successfully obtained healthy cloned monkeys using somatic cell nuclear transfer technology, which provides important technical support for gene editing and model construction of NHPs (Liu et al., 2018). Therefore, combining gene editing technology with nuclear transfer and other technologies in the future is expected to contribute to constructing primate disease models more efficiently (Figure 2). Meanwhile, with the continuous updating and improvement of technology, the establishment of primate models of human diseases will eventually provide more possibilities for scientists to deeply study disease mechanisms and explore new disease treatments, which will eventually bring a boon to human health (Figure 3).
[image: Figure 2]FIGURE 2 | Joint application of gene editing and nuclear transfer technique in producing gene-modified monkeys. Using gene editing technology to modify the genome of monkey cells, and screen out specific types of positive cells. The nuclei of the positive cells are transferred to the enucleated monkey eggs, and the fusion cells are transferred to the surrogate mother monkey to obtain the gene-edited cloned monkeys.
[image: Figure 3]FIGURE 3 | The application of gene-edited monkey models in drug development and treatment for the disease. A transgenic monkey model constructed by gene editing can be applied to drug screening for human diseases such as neurodegenerative diseases and cancer, thus providing an opportunity for disease treatment.
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As the standard of living improves, chronic diseases and end-stage organ failure have been a regular occurrence in human beings. Organ transplantation has become one of the hopes in the fight against chronic diseases and end-stage organ failure. However, organs available for transplantation are far from sufficient to meet the demand, leading to a major organ shortage crisis. To solve this problem, researchers have turned to pigs as their target since pigs have many advantages as xenograft donors. Pigs are considered the ideal organ donor for human xenotransplantation, but direct transplantation of porcine organs to humans faces many obstacles, such as hyperacute rejection, acute humoral xenograft rejection, coagulation dysregulation, inflammatory response, coagulation dysregulation, and endogenous porcine retroviral infection. Many transgenic strategies have been developed to overcome these obstacles. This review provides an overview of current advances in genetically modified pigs for xenotransplantation. Future genetic engineering-based delivery of safe and effective organs and tissues for xenotransplantation remains our goal.
Keywords: gene editing, pigs, xeno-transplantation, xenograft donors, xenograft rejection
INTRODUCTION
In recent years, the incidence of vital organ failure has increased(Abouna, 2008). Different types of diseases progress to the end stage, and organs are no longer able to meet the most basic needs of the body. Despite the use of drugs and conventional surgery, organ transplantation has become one of the most viable solutions to this problem. To date, more than 106,120 patients have required organ transplants in the United States, while only approximately 40,000 transplants were performed in 2021 (data from URL: https://www.organdonor.gov/statistics-stories/statistics.html). Based on urgent clinical needs, replacing human organs with fully functional animal organs for xenotransplantation therapy is an effective method to address the shortage of donor organs.
Compared with nonhuman primates, pigs have characteristics such as fast reproduction, easy breeding, lower cost, and closer anatomical characteristics and physiological indices to humans, and the use of pigs can avoid the ethical problems caused by the use of nonhuman primate organs (Gao et al., 2021). The use of pigs as donors for pig-to-nonhuman primate (NHP) organ transplantation has become a standard model for preclinical xenotransplantation studies(Klymiuk et al., 2010). However, the clinical application of xenotransplantation still faces many problems: immune rejection of xenotransplantation, abnormal coagulation due to endothelial damage caused by rejection and abnormal growth of transplant donors and biosafety. Gene editing technology has been widely used to solve these problems and prolong the survival rate of organ transplantation. This article reviews the status of xenotransplant organ development and future perspectives.
ANTIGENS EXISTING IN PORCINE CELLS THAT INTRODUCE XENOGRAFT REJECTION
The major carbohydrate antigen on porcine vascular endothelial cells has been identified as galactose-α1,3-galactose (α-Gal), to which humans and nonhuman primates have anti-pig antibodies(Cooper et al., 2016). Activation of natural antibodies and the complement cascade mediated by α-Gal (α-1,3-galactosyl) epitopes on the pig cell surface is the main cause of hyperacute rejection (HAR), which leads to severe immune rejection in xenotransplantation (Cowan et al., 2000; Bucher et al., 2005). In 2002, Lai et al. (2002) generated α-1,3-galactosyltransferase knockout pigs, which significantly reduced HAR in pig-to-primate organ transplantation. Subsequently, many research groups have deleted the porcine α-1,3-galactosyltransferase gene and have shown that transplantation of organs from α-1,3-galactosyltransferase knockout (GTKO) pigs significantly prolonged the survival of transplants(Dai et al., 2002; Phelps et al., 2003; Chen et al., 2005; Kuwaki et al., 2005).
Furthermore, previous studies(Chen et al., 2005; Kuwaki et al., 2005; Ezzelarab et al., 2009) have shown that antibody binding to non-Gal antigens and complement activation also lead to xenograft rejection. Acute humoral xenograft rejection (AHXR) caused by non-Gal antibodies and complement activation are obstacles at present. Non-Gal antigens that have been identified to cause AHXR include N-acetylneuraminic acid (Neu5Gc) synthesized by cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) and Sda produced by β4GalNT2 glycosyltransferase(Byrne et al., 2015; Wang et al., 2018). Several research groups(Estrada et al., 2015; Martens et al., 2017; Zhang et al., 2018; Tanihara et al., 2021) have developed GGTA1/CMAH/β4GalNT2 knockout pigs, which greatly reduced HAR and AHXR. In 2021, Tanihara’s group(Tanihara et al., 2021) generated GGTA1/CMAH double gene-edited pigs and GGTA1/CMAH/B4GALNT2 triple gene-edited pigs using the CRISPR/Cas9 system, which was the first time that multiple gene-edited pigs had been generated from CRISPR/Cas9-mediated gene-edited zygotes using electroporation. However, there is also some basal reactivity in the TKO (triple knockout) background, leading to poor pig-to-NHP xenotransplantation (Firl and Markmann, 2022).
Martens et al. (2017) revealed SLA class I as an additional target for gene editing in xenotransplantation by screening for human antibody binding using flow cytometric crossmatch (FCXM) in 2017. HLA is a protein complex expressed on human tissue that stimulates the production of new antibodies in allotransplantation. These antibodies can lead to graft failure through hyperacute, acute, or chronic rejection(Ladowski et al., 2021).
In 2014, Reyes et al. (2014) produced piglets lacking the expression of class I SLA proteins, which developed normally. However, class I SLA antigens are critical for viral control in pigs(Ambagala et al., 2000), and class I SLA antigen knockout in pigs still requires long-term evaluation to determine the susceptibility of these animals to infectious diseases and cancer. In 2019, Fischer et al. (2020) produced pigs carrying four gene knockouts of GGTA1, CMAH, B4GALNT2 and either the SLA-I heavy α-chain or light β-chain (B2M), which showed functional knockdown of B2M in animals as well as a lack of SLA-I molecules on the cell surface. However, one group reported negative effects of B2M knockout in mice(Santos et al., 1996). Although the absence of SLA expression is possible, it makes pigs susceptible to infectious complications. A potential alternative effective strategy is to screen key amino acids in SLA by base editor-mediated screening to produce pigs that eliminate cross-reactive binding in the future.
HUMAN PROTEINS INVOLVED IN ALLEVIATING XENOGRAFT REJECTION
Although knockdown of antigens in pigs helps to reduce graft rejection, there are still other factors that affect graft survival, such as human complement-mediated injury, inflammatory response, and coagulation dysregulation. The expression of human C-reactive proteins (hCRPs) has been reported to prevent damage to pig cells by complement activation(Lin et al., 2009). A number of attempts have been made to deplete or inhibit the complement cascade, generating pigs expressing hCRPs (human C-reactive proteins), hDAF (human decay-accelerating factor, also known as CD55) (Cozzi and White, 1995), hMCP (human membrane cofactor protein, also known as CD46) (Diamond et al., 2001) and hCD59(Fodor et al., 1994). A series of studies have shown that organs from pigs expressing hCRPs effectively resist complement-mediated cytolysis, thereby increasing the survival time after xenotransplantation(Diamond et al., 1996; Ramirez et al., 2000).
However, several other immunological and nonimmunological barriers remain. In 2008, Sprangers et al. (2008) noted that humoral and cellular immune-mediated acute vascular rejection (AVR) mechanisms play key roles in xenotransplantation. The human A20 gene (hA20) is considered to be potentially involved in AVR regulation (Opipari et al., 1990; Daniel et al., 2004; Ferran, 2006). AVR is characterized by endothelial cell (EC) activation and coagulation disorder. In 2009, Oropeza et al. (2009) successfully prepared pigs expressing hA20. The expression of hA20 protects cells against TNF-mediated apoptosis and cell damage caused by inflammation. In addition to A20, haem oxygenase-1 (HO-1) is also a potential factor in the regulation of acute vascular rejection (AVR). HO-1 and its derivatives have anti-apoptotic and anti-inflammatory effects and can resist reactive oxygen species(Nath et al., 1992; Ramackers et al., 2008). In 2011, Petersen et al. (2011) reported hHO-1 gene-modified pigs, and hHO-1 expression was detected in various organs and cells cultured in vitro, such as heart, kidney, endothelial and fibroblast cells. Moreover, their results demonstrate that HO-1 plays a protective role in TNF-α-mediated apoptosis(Houser et al., 2004; Shimizu et al., 2005; Shimizu et al., 2008; Shimizu et al., 2012).
It has also been shown that thrombotic microangiopathy occurs in most pig grafts, which may induce the recipient to develop consumptive coagulopathy, leading to graft failure. hTM (human thrombomodulin) is a natural anticoagulant. TM inhibits thrombosis by suppressing direct prothrombinase activity through binding to prothrombinase and enhances its activation of protein C, which is an anticoagulant when activated(Conway, 2012; Yazaki et al., 2012). In 2014, Wuensch et al. (2014) created a genetically modified pig expressing hTM and proved that hTM-expressing pig endothelial cells had anticoagulant properties in a human whole-blood assay. In addition, the biological efficacy of hTM indicated that hTM gene-modified pigs could overcome the coagulation incompatibility in pig-to-primate xenotransplantation.
In addition, the expression of other human coagulation-regulatory proteins (endothelial protein C receptor, tissue factor pathway inhibitor, CD39, CD73) has undergone extensive testing (Lee et al., 2008; Roussel et al., 2008; Petersen et al., 2009; Miwa et al., 2010; Mohiuddin et al., 2014c; Iwase et al., 2014; Mohiuddin et al., 2016). It has been demonstrated that human coagulation proteins greatly minimize coagulation-related problems after xenotransplantation, and coexpression of these coagulation proteins can further improve graft survival (Mohiuddin et al., 2014a; Mohiuddin et al., 2014b; Mohiuddin et al., 2014c). CD47 is a negative regulator of macrophages and is widely expressed in many cells(Oldenborg et al., 2000). The production of CD47 gene-edited pigs is an approach to reduce intrinsic and inflammatory responses and thus improve xenograft survival(Navarro-Alvarez and Yang, 2011). Porcine CD47 does not induce SIRPα tyrosine phosphorylation in human macrophage-like cell lines, and the expression of soluble human CD47-Fc fusion protein induces SIRPα tyrosine phosphorylation, thereby inhibiting phagocytosis of porcine cells by human macrophages. Ide et al. expressed human CD47 in porcine cells and fundamentally demonstrated that it reduced phagocytosis (Ide et al., 2007). Subsequent groups have reported prolonged skin graft survival after the use of human CD47-expressing porcine cells, as well as a substantial protective effect of porcine cell expression of human CD47 on xenografts(Tena et al., 2014; Tena et al., 2017; Chen et al., 2019). Inhibiting the activation of human macrophages through the CD47-SIRP-α signaling pathway is a feasible approach to improve the success rate of xenotransplantation.
ADVANCE OF GENETICALLY MODIFIED PIGS IN XENOTRANSPLANTATION
In recent years, the application of gene editing technology has become increasingly common, which has led to prolonged survival of transplanted pig organs in nonhuman primates (NHPs) and a reduced risk of pathogen transfer in organs. Xenotransplantation has made breakthroughs in many fields, especially in heart (see Figure 1 and Table 1), liver (see Figure 2 and Table 2), kidney (see Figure 3 and Table 3), and islet transplantation.
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TABLE 1 | Progress in transgenic porcine heart xenotransplantation.
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TABLE 2 | Progress in transgenic porcine liver xenotransplantation.
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TABLE 3 | Progress in transgenic porcine kidney xenotransplantation.
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In 1964, Hardy performed the first clinical orthotopic cardiac xenotransplantation (CXTx) when he implanted a chimpanzee’s heart into a 64-year-old male patient who died within 2 h of transplantation(Hardy and Chavez, 1969). Histopathological examination showed that antibody-mediated rejection was the primary cause of the patient’s death(Murthy et al., 2016). In 1968, Donald performed the first clinical heterotopic abdominal CXTx by implanting a wild-type porcine heart into a patient who died of hyperacute rejection (HAR) within minutes after receiving the xenotransplanted heart (Figure 1; Table 1) (Adams et al., 2000), which was intended to confirm the feasibility of human heart transplantation and to provide experience for subsequent human xenotransplantation. In 1998, the Waterworth group(Waterworth et al., 1998) attempted to transplant transgenic porcine hearts to NHPs. They transplanted hCD55 gene-modified pig hearts into baboons, and histological studies showed acute vascular rejection resulting in graft failure (Figure 1; Table 1). Expression of the hCD55 gene extended survival to 21 days and abrogated hyperacute rejection. In 2005, the Kuwaki group(Kuwaki et al., 2005) used alpha1,3-galactosyltransferase knockout pigs as donors for heart transplantation in baboons, which further prevented hyperacute rejection and prolonged survival time to 2–6 months, though xenograft injury due to thrombotic microangiopathy occurred. The transplantation of hearts from galactosyltransferase gene knockout pigs increases graft survival compared to previous studies. In 2010, Bauer’s group(Bauer et al., 2010) performed the first heterotopic thoracic pig-baboon heart transplantation, where the recipient heart could assist the donor heart during rejection episodes, and the recipient eventually survived for 50 days compared to the orthotopic transplant.
An immunosuppressive regimen of co-stimulation blockade via anti-CD154 antibodies significantly prolonged cardiac xenograft survival, but many coagulation disorders were observed with the use of anti-CD154 antibodies. In 2013, Mohiuddin’s group(Mohiuddin et al., 2014b) replaced anti-CD154 antibody with anti-CD40 antibody in a GTKO/hCD46 Tg pig-to-baboon heterotopic allograft model, and graft survival was prolonged, with a maximum survival of 146 days. To solve the issue of thrombus formation, GTKO/hCD46 Tg pigs were engineered to express hTBM. In 2013, Mohiuddin’s group transplanted GTKO/hCD46/hTBM pig hearts into baboons, and recipient survival occurred after 1 year(Mohiuddin et al., 2014a). In 2016, the Mohiuddin group(Mohiuddin et al., 2016) achieved recipient survival of 945 days based on a GTKO/hCD46/hTBM modified pig conjugated CD40 antibody regimen. In 2018, the Längin group(Längin et al., 2018) achieved allograft transplantation based on GTKO/hCD46/hTBM combined with nonischemic preservation, continuous perfusion and controlled posttransplant growth of the heart and maintained stable life support function for up to 195 days. Furthermore, on 7 January 2022, Baltimore reported the first-ever life-saving cardiac xenotransplantation. The procedure was successful in extending the patient’s life for 8 weeks. The patient received a 10G-pig xeno-heart (6 human genes knocked-in: CD55, CD46, CD47, human hemeoxygenase-1, human endothelial protein C receptor, hTM; four pig genes knocked-out: Alpha-Gal, Beta4GalNT2, CMAH, growth hormone receptor) and a modified immunosuppression protocol, including costimulation blockade (anti-CD40) maintenance(Rothblatt, 2022). Early published results of posttransplant survival showed that the heart performed very well in the absence of rejection. In the eighth week posttransplant, the patient’s status started to decline, and 2 months after posttransplant, the patient died of multiple organ failure. It is encouraging to see that hyperacute rejection has been defeated. A porcine virus was detected in the transplanted heart and may have been the cause of the patient’s death(Kuehn, 2022).
Advances in liver xenotransplantation
To address the insufficient supply of living donor livers, liver xenotransplantation is an attractive approach. In 1968, Calne’s group(Calne et al., 1968) performed the first trial of liver xenotransplantation using wild-type pigs as donors, with a maximum survival time of 3.5 days for the recipients, and the longest surviving recipient was treated with an immunosuppressive therapy of glucocorticoids (GC) and azathioprine (AZA). With the application of gene editing, hDAF transgenic pigs with hearts and kidneys that prolong survival and suppress hyperacute rejection have been reported. In 2000, the Ramirez group(Ramirez et al., 2000) first orthotopically transplanted h-DAF gene-modified porcine livers into baboons, which survived up to 8 days postoperatively. The results showed that HAR was abrogated. In 2010, Ekser’s group(Ekser et al., 2010) performed the first orthotopic liver xenotransplantation in baboons using GTKO minipigs transfected with hCD46 as donors, and the baboons survived 4–7 days before dying of abdominal hemorrhage. Baboon survival was prolonged, and hyperacute rejection was further eliminated after transplantation using GTKO. hCD46 pigs as donors compared to hCD46 pigs as donors.
With the elimination of the major obstacle (hyperacute rejection), the current obstacle to the clinical application of liver transplantation is severe thrombocytopenia(Rees et al., 2002; Ekser et al., 2010). Burlak and his colleagues found binding and phagocytosis of human platelets by sinusoidal endothelial cells and Kupffer cells in an ex vivo perfusion system. ASGR1 is a receptor expressed by Kupffer cells and hepatocytes that mediates platelet phagocytosis based on the carbohydrate profile of platelets. Paris and his colleagues(Paris et al., 2011) knocked down ASGR1 to reduce ASGR1 expression in asynchronous primary enriched liver sinusoidal endothelial cells (eLSEC) and cripple the ability of primary porcine eLSEC to bind and phagocytose human platelets. Xie’s group(Xie et al., 2021) produced ASGR1-deficient pigs using the CRISPR/Cas9 system. The ASGR1-deficient pigs unexpectedly exhibited mild to moderate liver injury, which has not been reported in humans with ASGR1 variants.
One of the possible approaches to address liver damage resulting from ASGR1 defects in pigs is to screen key amino acid functional loci of proteins at the individual level using base editing techniques. The approach aims to eliminate the liver damage caused by ASGR1 defects in pigs and to effectively alleviate thrombocytopenia in liver xenografts as much as possible.
Shah’s group(Shah et al., 2017) developed a complete pig-to-NHP liver xenotransplantation protocol based on the long-term survival of kidney and heart xenotransplants using GTKO pigs, which do not carry cytomegalovirus, as the organ source. Then, the pigs were supplemented with human clotting factors, followed by applying anti-CD40 monoclonal antibodies to block activation of the recipient costimulatory pathway. For the first time, the protocol allowed for recipient survival following pig-to-primate liver xenotransplantation (LXT) for nearly 1 month. Amino acid and lipid profiles following pig-to-primate liver xenotransplantation suggest that most of the biochemical profiles of porcine liver can be maintained postoperatively in baboons and that supplementation with arginine after LXT may be a potential option to further extend the survival of xenografts(Shah et al., 2019). Based on costimulation blockade with posttransplant administration of human coagulation factors, the team effectively circumvented consumptive coagulopathy and prevented the development of thrombotic microangiopathy (TMA).
Liver xenotransplantation still has a long way to go before undergoing clinical trials, with thrombocytopenia and coagulation dysregulation remaining major hurdles(Li et al., 2021). Gene editing techniques and the combination of tailored immunosuppression and coagulation factor support will likely accelerate the arrival of clinical trials for pig-to-human liver xenotransplantation.
Advances in kidney xenotransplantation
The rapid development of genome editing technologies such as CRISPR‒Cas9 technology has led to significant progress in kidney transplantation from pigs to NHPs. To date, some groups have achieved more than 6 months of survival in life-supporting pig-to-baboon kidney transplants(Iwase et al., 2017). Recently, the Kim group(Kim et al., 2019) even achieved more than 1 year of survival in life-supporting pig-to-macaque kidney transplants. These recent experiments confirmed the feasibility of kidney transplantation from pigs to NHPs. On 24 September 2021, Robert’s group transplanted a GTKO experimental porcine kidney xenograft into a brain-dead patient, and it functioned immediately after transplantation, urinating and clearing creatinine with no obvious signs of rejection. On 20 January 2022, Porrett’s group(Porrett et al., 2022) performed bilateral native nephrectomies in a human brain-dead decedent. They transplanted a TKO pig kidney with seven additional genetic modifications (ten genetic modifications or 10G-pigs) into a brain-dead patient. The absence of hyperacute rejection (HAR) and the fact that the kidneys remained viable until termination after 74 h suggested that the major barriers to human xenotransplantation had been overcome (Figure 3; Table 3). However, the biopsy revealed thrombotic microangiopathy, which may have been caused by brain death rather than antibody-mediated rejection (AMR). Because the brain death model has many flaws, the next step is expected to be transplanting kidneys from genetically engineered pigs into patients who cannot wait for an allogeneic liver donor.
Advances in islet xenotransplantation
Pig islet xenotransplantation is a potential approach to patients with type 1 diabetes. In 1994, Groth et al. (1994) performed the first clinical islet xenotransplantation using foetal porcine islet cell-like clusters (ICCs), providing preliminary data for subsequent clinical islet xenotransplantation. There has also been some work in islet xenotransplantation from pigs to NHPs and successful reversal of recipient diabetes and achievement of long-term normoglycemia(Dufrane et al., 2006; Hering et al., 2006; Cardona et al., 2007). Moreover, in some clinical trials(Yang and Yoon, 2015), xenografts were performed using encapsulated neonatal porcine islets, and the grafts were maintained for more than 2 years with a significant reduction in the number of hypoglycemic episodes. In islet xenotransplantation, islet encapsulation and gene editing technologies are currently used to alleviate rejection(Dhanasekaran et al., 2017). Targeted specific removal of porcine endogenous retroviruses from the genomes of porcine cell lines using CRISPR/Cas9 can improve islet xenotransplantation safety. The production of pigs with multiple genetic modifications for xenotransplantation using the targeted specificity of CRISPR/Cas9 has been discussed in this paper and will not be discussed here.
DISCUSSION
Although the current work has effectively reduced the occurrence of immune rejection, the cross-species infection of pathogens between pigs and humans remains a difficult problem to be solved. This difficulty arises from two aspects: first, overexpression of human genes may increase the risk of human pathogens infecting genetically engineered pigs; second, transplanting pig organs into human bodies may also increase the risk of infection by pig pathogens.
Knock-in of certain human proteins in pigs may enhance the susceptibility of certain viruses to the organism. In engineering genetically modified pigs to overcome immune rejection, human CD46 was introduced into porcine cells to inhibit complement-mediated graft injury(Lu et al., 2019). CD46 not only regulates complement activation and T-cell immunity but is also especially able to control inflammation(Diamond et al., 2001; Astier, 2008; Griffiths et al., 2009). However, CD46 has been shown to be the receptor for measles virus(Okada et al., 1995; Pérez De La Lastra et al., 1999). In addition, hCD55 has been shown to be a receptor for pathogens(Bergelson et al., 1995). Knocking out porcine genomic PERV sequences is a feasible solution to avoid cross-species transmission of PERV and improve the safety of xenotransplantation. Certain groups have performed a large amount of work in this area. Yang et al.(Yang et al., 2015) disrupted all copies of the PERV pol gene in porcine PK-15 at the genome-wide level by using CRISPR/Cas9, reducing the risk of human PERV infection during xenotransplantation by approximately 1000 times. Niu et al. (2017) successfully inactivated all PERV copies in primary pig cell lines using CRISPR/Cas9 and generated PERV-inactivated pigs. Not only are these pigs healthy, but their genome changes are heritable. All of these efforts have effectively addressed the problem of transmission of swine pathogens to humans. In the transplantation of porcine organs into humans, a number of other roseoloviruses may be transmitted and pose a risk in xenografts, such as porcine cytomegalovirus(Denner et al., 2019). Increased viral replication occurs in xenografts during immunosuppression(Mueller et al., 2004). Porcine cytomegalovirus is responsible for a significant reduction in the survival time of transplanted porcine organs. PCMV-negative piglets can be obtained for PCMV elimination through a number of early weaning strategies(Denner, 2022). Eliminating the safety concerns associated with viral infections during xenotransplantation is an essential safety consideration for xenotransplantation.
Furthermore, to further reduce the incidence of immune rejection that is still an issue in current xenotransplants, researchers could try to produce pigs with different genetic modifications using different gene-editing combinations, including knocking in human genes and knocking out pig immunogenicity-related genes(Hinrichs et al., 2021; Yue et al., 2021), to test whether immune rejection is further effectively reduced. Adopting new editing tools is still a good option. Several groups have attempted to use base editors, such as CBE and ABE, to construct better xenograft model pigs(Yuan et al., 2020; Zhu et al., 2022). CRISPR screening of new factors is also a promising option. The emergence of CRISPR genetic screening tools offers hope for screening for new antigenic factors in xenotransplantation. Zhao’s group(Zhao et al., 2020) constructed the first genome-scale CRISPR/Cas9 libraries for screening studies in pigs. A porcine genome-scale CRISPR/Cas9 knockout (PigGeCKO) library was designed, and key host factors promoting JEV infection in porcine cells were identified. It is theoretically feasible to use a porcine genome-scale CRISPR/Cas9 knockout (PigGeCKO) library to identify novel antigens in xenotransplantation.
From the recent first-ever life-saving cardiac xenotransplantation, patients died of multiple organ failure, and organ grafts died from porcine virus infection(Kuehn, 2022). Therefore, with the hope of the eventual implementation of clinical cardiac xenotransplantation, we think it is important to eliminate porcine virus infections to prolong the lifespan of these clinical grafts. The molecular mechanisms associated with rejection involved in pig liver xenotransplantation are more complex than those in cardiac xenotransplantation(Lu et al., 2019). Thrombotic microangiopathy and systemic consumptive coagulopathy are more severe in grafts after liver xenotransplantation than in xenotransplantations of other organs(Zhou et al., 2022). Therefore, addressing thrombotic microangiopathy and systemic consumptive coagulopathy remains a priority for breakthroughs in liver xenotransplantation. In the field of kidney xenotransplantation, which has recently been performed successfully in a brain-dead patient, NYU porcine kidney transplantation is just the beginning. More clinical data are still needed, and the next step may be to initiate a pig kidney transplant trial in patients with end-stage renal failure. More clinical organ xenotransplantation may begin within a few years, with clinical kidney xenotransplantation going first. This is because in the event of a failed transplant, patients could also be put back on dialysis to stay alive(Porrett et al., 2022). In islet xenotransplantation, a current hot spot is the use of cell encapsulation techniques to protect islets from host immune rejection during the initial stages of transplantation. Additionally, there are now some groups trying to transplant porcine islets into different recipient sites(Zhou et al., 2022).
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The large animal model has gradually become an essential part of preclinical research studies, relating to exploring the disease pathological mechanism, genic function, pharmacy, and other subjects. Although the mouse model has already been widely accepted in clinical experiments, the need for finding an animal model with high similarity compared with a human model is urgent due to the different body functions and systems between mice and humans. The pig is an optimal choice for replacement. Therefore, enhancing the production of pigs used for models is an important part of the large animal model as well. Transgenic pigs show superiority in pig model creation because of the progress in genetic engineering. Successful cases of transgenic pig models occur in the clinical field of metabolic diseases, neurodegenerative diseases, and genetic diseases. In addition, the choice of pig breed influences the effort and efficiency of reproduction, and the mini pig has relative obvious advantages in pig model production. Indeed, pig models in these diseases provide great value in studies of their causes and treatments, especially at the genetic level. This review briefly outlines the method used to create transgenic pigs and species of producing transgenic pigs and provides an overview of their applications on different diseases and limitations for present pig model developments.
Keywords: pig model, transgenetic pigs, biomedicine, engineering editing, disease model
1 INTRODUCTION
Animal models for human diseases commonly include the kind of animals that imitate traits of a certain disease, which is an essential technique to learn the pathogenesis and treatment of a disease. It can help researchers gain a better understanding of pharmaceutical development and toxicological or safety screening technologies (Robl et al., 2007). Indeed, disease animal models are always regarded as a basis for life science research studies. Animal models have a long history in body function observation, which began in ancient Greece (Ericsson et al., 2013). With the growing need for in vivo experiments, specific species were chosen as animal models including rabbits, sheep, and pigs (Hammer et al., 1985). However, considering finance conditions and characteristics of specific species, the production of animal models has become a challenge to scientific research studies. Tissue and organ structures and cellular function of mice are similar to those of humans, which makes mice a suitable option for imitating the body of humans (Kobayashi et al., 2012; Hryhorowicz et al., 2020; Lunney et al., 2021). In the 1980s, since the dramatic development of genetic techniques, mice with deleted genetic material were accepted widely. Such a model could produce a stable and quick process of reproduction (Ericsson et al., 2013). An animal whose genome has been altered by the inclusion of foreign genetic material can be called a transgenic animal, aiming to add new genes to an organism’s genome to produce a new protein or set of proteins that has not been presented before (Tadesse and Koricho, 2017). Although mouse models are widely used in biomedical research, less similarity between mice and humans in pathological mechanisms of diseases and medical safety raises strong worries and challenges in biomedical research studies. Combining with the superiority of high similarity of humans in body size, organ size and structure, physiology, and pathophysiology (Flisikowska et al., 2014), the pig is thought to be a better model than mice and the transgenic pig has been used with sophisticated technology in diseases such as cardiovascular diseases, cancers, diabetes mellitus, Alzheimer’s disease, cystic fibrosis, and Duchenne muscular dystrophy (Flisikowska et al., 2014). This article will provide an overview of techniques to create transgenic pigs, breeds of mini pigs for transgenic technique applications, and diseases that used transgenic pig models to explore relative mechanisms and treatments. In the end, a discussion of worries about pig models would be mentioned, including the large-scale production of models and applications on potential gene targets. The ways of researching transgenic pigs may provide inspiration for exploring other big animal models.
2 TECHNIQUES FOR BUILDING TRANS GENETIC PIGS
2.1 Microinjection
Microinjection has a long history in biomedical research. This well-developed technology involves the injection of the DNA material into the male pronucleus, the RNA material into the cytoplasm, or proteins into the cytoplasm or pronucleus (Stout et al., 2009a; Hryhorowicz et al., 2020). The technique for adding a transgene by using pronuclear injection was pioneered in mice (Gordon et al., 1980) and then in pigs. Conventionally, gene-editing pigs were produced first by pronuclear injection (Xu, 2019). The random feature of integration can be viewed as an advantage or a disadvantage due to the fact that genome integration occurs randomly (Lavitrano et al., 1989; Stout et al., 2009b), which could lead to less efficiency on a specific structure, function, and expression regulation of genes. The effects of microinjection depend greatly on many aspects including the solution purity, its concentration (Piedrahita, 2000), material form (DNA/RNA/protein) (Le et al., 2021), the length or size of the introduced structure (with increasing length/size, the efficiency decreases), and embryo development (Le et al., 2021).
2.2 Sperm-mediated gene transfer (SMGT)
Sperm-mediated gene transfer (SMGT) is a kind of method that enhances the intrinsic ability of sperm cells to bind and internalize exogenous DNA molecules and to transfer them into the oocyte at fertilization. This technique first appeared in 1989, gaining a result of transgenetic rats with 30% integration degree and stable inheritance and expression in the next generation (Sperandio et al., 1996). Obvious advantages of this method include the high rate of integration with the natural combining process and less damage to the embryo caused by the machine (Umeyama et al., 2012). On the other hand, due to the differences between species, large efficiency gaps occurred among species. Sperm-mediated gene transfer has been used successfully in mice (Lavitrano et al., 2003), pigs (Harel-Markowitz et al., 2009), and chickens (García-Vázquez et al., 2010) The first transgenetic pig was developed by recombinase-mediated DNA transfer and the ICSI-SGMT technique (Perry et al., 1999). Intracytoplasmic sperm injection-mediated gene transfer is one way of SMGT which is widely used to create the transgenic pig model by controlling stable integration and gene expression of reproduction at the embryonic level (Lai et al., 2002; Watanabe et al., 2012; Dicks et al., 2015).
2.3 Somatic cell nuclear transfer
SCNT is a technique that transfers somatic nuclei into mature denucleated oocytes by using denucleated oocytes as the recipient and single cell nuclei as the donor. This technique first appeared in 1996 when Dolly sheep was cloned successfully (Wilmut et al., 2007). Since then, SCNT entered into an era of dramatic development. Theoretically, SCNT is a simple technique, involving the removal of nuclear DNA from an oocyte and its replacement with a somatic cell nucleus (Czernik et al., 2019). However, this process is influenced by the quality of oocytes and their ages, and high fetal mortality resulting primarily from genetic defects shows a great challenge in the colon process (Campbell, 2002). However, the efficiency of genome-edited somatic cells is only 0.5%–1.0% in livestock animals (Tan et al., 2016). Mature techniques of building gene-editing pigs have already been applied in large animal models. SCNT played great roles in editing the CRISPR/Cas9 system without detectable off-target effects to improve the convenience and efficacy of generating genetically modified pigs (Wilmut et al., 1997), tackling the barrier of low efficiency of homologous recombination (HR) in somatic cells in genetic pigs (Hammer et al., 1985).
2.4 Gene-targeting technique
The development of the gene-targeting technique dramatically fastens the speed of reproducing pig models. Several methods have significant functions in the process of developing gene targeting, including HR, zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and the CRISPR/Cas9 system (Hai et al., 2014). HR between DNA sequences residing in the chromosome and newly introduced, cloned DNA sequences (gene targeting) allows the transfer of any modification of the cloned gene into the genome of a living cell (Watanabe et al., 2010; Zhou et al., 2015). The first gene-targeting pig model was produced in 2002, α-1,3-galactosyltransferase (GGTA1)-knockout pigs, which produced an ideal animal model for xenotransplantation. ZFN is a method with high efficiency of knockout genes in many species. This method first appeared in 2010, and now, knockout pigs have been produced containing GGTA1 biallelic-knockout pigs (Watanabe et al., 2010) and PPARγ mono-allelic-knockout pigs (Cermak et al., 2011). TALENs have been proved to achieve site-directed modification of the target sequence (Li et al., 2015). Other pig models made by TALEN were GGTA1-knockout pigs (Li et al., 2014) and Rosa26-targeted swine models (Wang et al., 2013). The CRISPR/Cas9 system is an easier and more advanced method since the appearance of ZFN and TALEN (Hai et al., 2014). The CRISPR/Cas9 system has validated its gene knocking on multiple species with the unique advantage of multiple editing genes (including embryos and cells) with high efficiency (Cong et al., 2013; Ding et al., 2013; Mali et al., 2013). Hai et al. (2014)first used CRISPR/Cas9 to gain a vWF gene-knockout pig, combining with microinjection of fertilized eggs. The PRSAD2 gene-knock-in pig (Tanihara et al., 2021) and CD163-edited pig (Stumvoll et al., 2005) are also developed by the CRISPR/Cas9 system. Table 1 concludes the techniques, their working mechanisms, and features for transgene pig model creations.
TABLE 1 | Techniques, working mechanisms, and features for transgene pig model creation.
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Several features should have occurred in a proper animal model: pathogenesis homology, behavioral image consistency, and drug treatment predictability (Deslauriers et al., 2018). Features like convenience, reputation, and finance should also be considered in building an animal model. Rodent animals account for the largest proportion and the most significant function in animal models. It plays essential roles in exploring biological activities, disease pathogenesis, and drug development in human beings due to advanced and sophisticated gene techniques in mouse models (Nakamura et al., 2004; Kim et al., 2020). Furthermore, it has high similarity in physiological, biochemical, and developmental processes. In addition, the availability of embryonic stem cell (ESC) lines highlighted mice’s significance in animal model usage (Bronson and Smithies, 1994; Rogers, 2016b; a). This is why mouse models can intimate drug functions when a disease occurs in them. Nevertheless, failing to recreate important aspects of human diseases such as fewer genetic similarities and significant differences in hereditation and lifespan could limit utilities as translational research tools (Tammen et al., 2006). In order to clarify the pathogenesis of human diseases specifically, especially those that are serious, animal models in higher evolutionary positions are really needed (Mclean et al., 2020). Research related to human safety, such as curative effects and disease treatments, demands more on large animal models, even non-human primate models. Indeed, narrowing the genetic differences between animals and humans can lead to the real condition of human physiology (Van Dam and De Deyn, 2017), which could provide a basic guarantee to human beings.
Pigs have been the predominant choice when modeling most human diseases (Min et al., 2014), owing to their high productivity, finance, and abundant resources. Since the development of hybridizing techniques, mini pigs were used more than farmyard pigs because of their remarkable smaller size, taking advantage of the growing process to be more controllable, reducing the compound that needs consequential prohibitive costs for the experiments, and making animal handling easier (Min et al., 2014). Nevertheless, compared with breeding mini pigs in the way of hybridization, transgenic pigs show benefits in shortening the breeding period and reducing limitations like provenance to introduce new traits, which greatly affects the improvement of pig models at the genetic level.
In view of the superiority of mini pigs, researchers from America, Europe, and Japan have started breeding new pig varieties with the goal of minimizing expenditure on building pig models as early as the 1940s and successively bred several breeds including Yucatan mini pigs, Gottingen mini pigs, and many other miniature pig breeds and strains. China followed the step and self-developed domestic species such as WZS pigs and Bama mini pigs that have already been widely accepted by medical institutions and organizations all over the world.
One of the cases for the Yucatan transgenic pig is generating male and female LDLR+/-pigs with techniques of recombinant adeno-associated virus-mediated gene targeting and somatic cell nuclear transfer in 2014, providing a better model of large animals in familial hypercholesterolemia and atherosclerosis (Wells and Prather, 2017). In addition, genetic inheritable GGTA1-knockout Yucatan miniature pigs were produced by combining transcription activator-like effector nuclease (TALEN) and nuclear transfer in 2020 by Choi. They concluded that TALEN could be a precise and safe tool for generating gene-edited pigs, and the TALEN-mediated GGTA1-knockout Yucatan miniature pig model in this study can serve as a safe and effective organ and tissue resource for clinical applications (Choi et al., 2020). Another Yucatan miniature pig with a gene knockout technique that should be mentioned was reported by Shim in 2021. Triple knockout of the genes occurred on GGTA1, cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH), and alpha 1,3-galactosyltransferase 2 (A3GALT2) in Yucatan miniature pigs on human immune reactivity (Shim et al., 2021). Although many cases lacking in the use of in vitro testing restrained a whole conclusion from being explored, studies on characterizations of Yucatan miniature pigs and the effects of genetically modified pig-to-nonhuman primate organ transplantation would be focused (Li et al., 2015).
Apart from Yucatan miniature pigs, Gottingen minipig, a small, white miniature pig with good fertility and stable genetics, is also a widely used mini-pig model (Eriksson et al., 2018). Crossing the Minnesota mini pig with the Vietnamese potbelly swine and the German Landrace, the Institute of Animal Breeding and Genetics of the University of Gottingen in Germany produced the Gottingen minipig between 1961 and 1962 (Bollen and Ellegaard, 1997). Gottingen miniature pigs are generally used as a model for neurodegenerative diseases, such as Alzheimer’s disease (Norris et al., 2021). A double-transgenic Gottingen minipig model was created by Jakobsen in 2016. PSEN1, the gene for Alzheimer’s disease, was induced in double-transgenic Gottingen minipig and triggered Met146Ile (PSEN1M146I) mutation (Jakobsen et al., 2016). This model could clarify the pathogenesis of Alzheimer’s disease at an early stage (Shim et al., 2021).
Although China started late, the development had been rapid in Bama and Wuzhishan minipigs to obtain multiple genetically modified pigs and had even cultivated inbred minipigs (Renner et al., 2013). Wuzhishan pigs were on edge of extinction in the 1980s, found by Chinese scientists when performing animal species research. They inhabited isolated tropical areas in Hainan province, an island in southern China. In the beginning, this breed was used to enlarge reproduction and then, was found to be a proper species for the mini pig model. One case of transgenic Wuzhishan mini pigs was produced by handmade cloning with impaired systemic GHR activity, and research studies assessed their growth profile and glucose metabolism. The studies concluded that this model could be valuable in growth hormone functions in relation to cancer, diabetes, and longevity (Panepinto and Phillips, 1986).
The Bama mini-pig is a miniature porcine species from the Guangxi province of China. A study reported an optimization of the efficiency of production of transgenic Bama mini-pigs through SCNT, concluding that the in vitro and in vivo developmental competence of transgenic Bama mini-pig embryos was improved using roscovitine-treated donor cells for SCNT (Jakobsen et al., 2016). The result provided both assessment and establishment of producing pig transgenic models for biomedical uses. Table 2 provides an overview of mini pig species used for transgenic pig models.
TABLE 2 | Overview of mini pig species used for transgenic pig models.
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4.1 Alzheimer’s disease
Alzheimer’s disease (AD) is an age-related, progressive neurodegenerative disorder with the characteristics of memory dysfunction, presenting symptoms such as disorientation cognitive decline and cognitive decline (Hoffe and Holahan, 2019). Alzheimer’s disease at the early stage is caused by increased production of the AβPP-derived peptide Aβ42 with the growth in mutations in the amyloid-β protein precursor gene (AβPP), the presenilin 1 gene (PSEN1), or the presenilin 2 gene (PSEN2) (Younkin, 1998; Renner et al., 2010; Hansson et al., 2019). The targeted genes that are generally chosen for transgene usage are the APP695sw-human transgene, PSEN1M1461-human transgene (Al-Mashhadi et al., 2013), APP695sw and PSEN1M1461human transgenes (Shim et al., 2021), and hAPP, hTau, and hPS1n human transgenes (Donninger et al., 2015). A kind of Göttingen minipigs was created for carrying the genome of one copy of a human PSEN1 cDNA with the Met146Ile (PSEN1M146I) mutation and three copies of a human AβPP695 cDNA with the Lys670Asn/Met671Leu (AβPPsw) double-mutation, to accumulate Aβ42 in brains (Denner et al., 2020). The accumulation could be detected by staining with Aβ42-specific antibodies in the intraneuronal system to reflect the pathogenesis of Alzheimer’s disease at the beginning period of its developing process (Shim et al., 2021). The AD transgenic pig by SCNT 47 was produced for preclinical research for drug treatment. Through research studies, six well-characterized mutations were observed: hAPP (K670N/M671L, I716V, and V717I), hTau (P301L), and hPS1 (M146V and L286P). The result demonstrated that compared to the wild-type, the AD transgenic pig could express a higher level in brain tissue and a two-fold increase in Aβ levels in the brain (Donninger et al., 2015), which shows the transgenic pig is more suitable for Alzheimer’s disease research.
4.2 Diabetes mellitus
Diabetes mellitus (DM) is a group of metabolic disorders with the result of deficiency or ineffectiveness of insulin featuring hyperglycemia. It mainly classifies DM into three types: type I, type II, and gestational diabetes. Type II, thereinto, is explored more widely than the other two types. Although many studies have been made, most of the transgenic pig models used in type II DM are single-gene variant models due to their feature of polygenic complex disease. At present, targeting porcine InsC94Y (Kong et al., 2016), human HNF-1αP291fsinsC (Yamagata et al., 1996; Umeyama et al., 2009), and glucose-dependent insulinotropic polypeptide (GIP) Rdn (Jakobsen et al., 2016) are mostly used in diabetic transgenic pigs. Renner created the INSC94Y transgenic pig, meaning a permanent neonatal diabetic pig model was developed successfully (Kong et al., 2016). However, as the age grows, associated cataracts became more and more serious. A total of 29 transgenic pigs expressing a dominant-negative GIP receptor (GIPR [dn]) in pancreatic islets were generated, demonstrating an essential role of GIP30 for insulin secretion, the proliferation of β-cells, and physiological expansion of β-cell mass. These pigs are good models to study the role of GIP in glucose homeostasis and pancreatic development due to the obvious insulin resistance to exogenous GIP (Jakobsen et al., 2016). This finding may provide direction for analyzing the influences of GIP in different stages of pancreatic development.
4.3 Cystic fibrosis
Cystic fibrosis (CF) is caused by dysfunction of the CF transmembrane conductance regulator (CFTR), which is a recessive genetic disease with a single gene mutation (Bobadilla et al., 2002; Rogers et al., 2008a). The disease can affect many tissues and organs (Dinwiddie, 2000; Rogers et al., 2008b). Targets of editing genes of the CF pig model include the homozygous stop in CFTR exon 10 (Uc et al., 2012) and homozygous ΔF508 in CFTR (Cheng et al., 1990; Li et al., 2016). Stoltz et al. established a corrected model for intestinal expression based on studies of the pigs CFTR−/− (Flisikowska et al., 2012) in 2013, which alleviated meconium obstruction successfully. This result gives inspiration for CF treatments from the intestinal aspect.
4.4 Muscular dystrophy
Muscular dystrophy is a genetic disorder whose symptoms are progressive muscle weakness, wasting, and muscle degeneration. These diseases mainly include Duchenne muscular dystrophy (DMD) (Sheikh and Yokota, 2021), Becker muscular dystrophy (BMD) (Slatkovska et al., 2010), limb-girdle muscular dystrophy (LGMD) (Nallamilli et al., 2018), congenital muscular dystrophy (CMD) (CMD et al., 2012), and Emery–Dreifuss muscular dystrophy (EDMD) (Bushby et al., 2007; Fröhlich et al., 2016). DMD is an incurable X-linked genetic disease caused by deletion, point mutation, or duplication of the DMD gene (Klymiuk et al., 2013). Indeed, DND is essential for muscular dystrophy model building and relative treatments. Through gene targeting and SCNT, a pig model with a deletion of exon 52 of DMD was generated by Klymiuk et al. (2013). A high similarity occurred between this pig model and human DMD patients (Yu et al., 2016). Nevertheless, the problem of the rates of pig neonatal death needed to be considered, which could restrain the use of DMD pig models. Although an updated technique (accurate edit exon 27 of DMD) was used, this problem had not been solved yet (Chiappalupi et al., 2019). A truncated DMDΔ51–52 pig model was found with a lower neonatal death rate. This model not only enhanced skeletal muscle function and heart rhythm but also limited the inflammatory response and the expression of dystrophin through injecting porcine Sertoli cells (Walsh et al., 2005; Renner et al., 2010). The model is regarded to be useful to patients with d52DMD.
4.5 Cancer
Transgenic pig models have been developed for several kinds of cancer, such as porcine cancer models, breast cancer, colorectal cancer, and pancreatic cancer models. Targeted gene usage contains BRCA1’ BRCA1+/∆, APC, RUNX 3, TP53, KRASG12D, and TP53R167H. In 2010, a pig model with a knockout of the breast cancer-associated gene (BRCA1) mediated by adenovirus was reported. This model was the first pig model for breast cancer, with features of breast cancer stem cells. Through mutating adenomatous polyposis coli (APC) at sites 1,311 and 1,016, abnormal lesions and adenomas occurred in large intestines of pigs, which was regarded as impossible in the mouse model because it led to similar growths between the model and patients with familial adenomatous polyposis in human colorectal lesions. In 2016, Kang et al. created RUNX 3-knockout pigs to push gastric cancer research move forward a large step (Wang et al., 2017). Saalfrank et al. produced targeted TP53-knockout pigs, which developed multiple tumors at the same time (Hou et al., 2022). Combining TALEN and SCNT techniques, pigs simulating human non-small cell lung cancer were developed and achieved time–space and site-specific expression of the mutant proteins through rearrangement of echinoderm microtubule-associated protein 4 (EML4) and anaplastic lymphoma kinase (ALK) genes.
4.6 Cardiovascular diseases
Atherosclerosis is one of the major causes of cardiovascular diseases, with symptoms of narrowing of arteries because of the accumulation of lipid and plaque formation (Gofman and Lindgren, 1950; Rogers, 2016b). Its features generally contain the deposition of lipids, cholesterol, and sugar complexes beginning from the intima and histiocytosis, leading to calcification (Crowther, 2005; Poirier et al., 2006). In research studies until now, four kinds of genes were used to produce transgenic pig models related to cardiovascular diseases. Proprotein convertase subtilisin/kexin type 9 (PCSK 9) mutation pigs could decrease low-density lipoprotein receptor (LDLR) levels and become a suitable model with obvious atherosclerosis symptoms (Renner et al., 2010). In 2013, al-Mashhadi et al. generated proprotein convertase subtilisin/kexin type 9 (PCSK 9) mutation pigs, which exhibited reduced low-density lipoprotein receptor (LDLR) levels and developed severe hypercholesterolemia and spontaneous atherosclerosis (Renner et al., 2010). Large animal models with impaired incretin function were proved to have a crucial function for GIP for insulin secretion, the proliferation of ␤-cells, and physiological expansion of ␤-cell mass. Although human ApoCIII transgenic pigs were ideal models for hypertriglyceridemia-associated diseases and drug treatments, their relation with atherosclerosis had not been cleared in 2010 (Renner et al., 2010). In 2012, a pig model of hypertriglyceridemia was created by targeting a key apolipoprotein in triglyceride metabolism-apolipoprotein (Apo) CIII (Wei et al., 2012). However, 6 years later, the success of apolipoprotein E (ApoE)-knockout pigs reproduced the human-like atherosclerotic lesions induced by a high-fat, high-cholesterol diet when the model had severe hypercholesterolemia (Fang et al., 2018), making a better representation of atherosclerosis in transgenic pig models. Figure 1 summarizes applications of the transgenic pig model for specific diseases.
[image: Figure 1]FIGURE 1 | Diseases of transgenic pig model application. Source: Section 4.
5 DISCUSSION
In summary, techniques for developing genetic pig models showed a trend of advanced level with a rapid speed. Apart from methods and diseases that used transgenic pig models, this review introduces the breeds for creating transgenic pigs that could provide another direction for producing pig models from a biological and physical aspect, including considering skin colors and size of viscera. Indeed, such a model with obvious natural features could help disease symptoms to be represented in a better way. Although many similar characteristics to human physiological and biological distinctions had been mentioned, several challenges still need to be tackled.
Developing the scale of transgenic pigs as an industrialized model is a suitable option to solve the issues of the shortage of animal resources and the high cost of building models. It is obvious that gene-editing accounts for the largest amount of pig model production but lacking a stable and fixed procedure for a breed of pig and low efficiency of success targeting are still barriers to the industrialization of the transgenic pig model.
In addition, with the growing number of potential targeted genes and pathogenesis of human diseases that have been discovered, using gene editing technology to explore functions of the genome, realizing genetic improvement in reproduction traits, and overcoming species differences to simulate human diseases accurately still need further research. Moreover, models of large animals for human diseases have already been developed well in species like sheep (Banstola and Reynolds, 2022), monkeys (Khampang et al., 2021), and horses (Metrangolo et al., 2021) that covered genetic diseases like Batten disease (Karageorgos et al., 2011) and Gaucher disease (Kawabata et al., 2021), hypophyseal dysfunction (Koch and Betts, 2007), joint problems (Harman et al., 2021), and cutaneous wounds (Rogers, 2016b). Although the system of a species can differ from another, the ways of creating transgenic pig may provide new directions for other large animal models.
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Tendinopathy has a high incidence in athletes and the aging population. It can cause pain and movement disorders, and is one of the most difficult problems in orthopedics. Animal models of tendinopathy provide potentially efficient and effective means to develop understanding of human tendinopathy and its underlying pathological mechanisms and treatments. The selection of preclinical models is essential to ensure the successful translation of effective and innovative treatments into clinical practice. Large animals can be used in both micro- and macro-level research owing to their similarity to humans in size, structure, and function. This article reviews the application of large animal models in tendinopathy regarding injuries to four tendons: rotator cuff, patellar ligament, Achilles tendon, and flexor tendon. The advantages and disadvantages of studying tendinopathy with large animal models are summarized. It is hoped that, with further development of animal models of tendinopathy, new strategies for the prevention and treatment of tendinopathy in humans will be developed.
Keywords: large animal model, tendinopathy, rotator cuff injury, patellar tendon injury, Achilles tendon injury, flexor tendon injury
INTRODUCTION
Tendons are dense connective tissues that connect muscle to bone and transmit the forces created by muscles to the bones, which causes movement. Trauma, strenuous exercise, or overuse can lead to acute tendon rupture or chronic degenerative disease, resulting in pain, movement disorders and other clinical symptoms (Dean et al., 2017). Tendon injuries often occur in areas with frequent movements and high stress. The frequent sites of tendon injuries in humans are demonstrated the schematic diagram in Figure 1. Tendon injury is very common and can be debilitating, but tendon repair remains a clinical challenge for orthopedic medicine.
[image: Figure 1]FIGURE 1 | Schematic diagram of the sites of tendon injuries that frequently occur in humans.
Tendon biology is poorly understood compared to other components of the musculoskeletal system (Gaut and Duprez, 2016). Development of effective therapeutics is hindered by the lack of fundamental guiding data on the biology of tendon development, signal transduction, mechanotransduction, and the basic mechanisms underlying tendon pathogenesis and healing (Andarawis-Puri et al., 2015). The ability to perform invasive assays in animal models provides researchers with powerful opportunities to improve understanding of many aspects of tendinopathy (Warden, 2007). The efficacy and safety of stem cells, growth factors, drugs, tissue-engineered tendons, and other therapeutic methods must be validated in animal models before using them in clinical trials. Therefore, to study the pathogenesis and treatment of tendinopathy, animal models are indispensable (Habets et al., 2018; Longo et al., 2018).
The pathology and pathophysiology of tendinopathy in humans is currently poorly understood, meaning that the validation of animal models is difficult. Two common and established features associated with tendinopathy in humans are histopathological changes and mechanical weakening of the tendon (Warden, 2007). The prominent histological and molecular features of tendinopathy include increased immune cells and inflammatory mediators, enhanced cellular apoptosis, dysregulated extracellular matrix homeostasis, disorganization of collagen fibers, an increase in the microvasculature, and sensory nerve innervation (Millar et al., 2021). The most reasonable way to generate tendinopathy in animal models is to introduce known and potential causative factors. At present, the most used methods of modeling tendinopathy include mechanical stimulation, chemical induction, and surgical operation.
The principal animals used in the study of tendinopathy include rats, mice, chickens, rabbits, sheep, horses, dogs, pigs, and so on. The research objectives of tendinopathy are stratified by two main concerns (Liu et al., 2021). One is at the micro level, such as the biological characteristics of tendon-bone healing, the potential signaling pathway and the genetic mechanism of the disease, etc.; verified small animal models can usually meet the needs of such research. The second is at the macro level, such as biomechanical modeling, optimization of surgical techniques, evaluation of new instruments or devices, etc. This type of research requires animal models to be highly similar to humans in structure and function, so large animal models, especially non-human primate models, are usually more suitable. In most cases, these two goals are not separate; both micro and macro levels need to be considered. Large animals have more prospects for application because they can be used for both microscopic and macroscopic research.
This article reviews and analyzes the large animal models used in the study of tendinopathy in recent years with respect to four aspects: rotator cuff injury, patellar ligament injury, Achilles tendon injury and flexor tendon injury. The article aims to provide reference for further research.
Rotator cuff injury model
Rotator cuff injury is the most common shoulder injury. After injury, the tissue often presents with irreversible muscle atrophy, stiffness and fatty infiltration (Derwin et al., 2007). The ideal animal model of rotator cuff injury should have a similar anatomical structure and function to humans to be able to simulate the local microenvironment and histological changes after tendon injury. Previous studies have evaluated the application of various experimental animals in rotator cuff injury modeling (Takase et al., 2017; Lebaschi et al., 2018). But, in fact, except for humans, most animals rely on limbs for support. Even if there is occasional standing behavior supported on double hind limbs for a short time, the double forelimbs still have more weight-bearing functions than humans. Thus, the anatomy of the shoulder is different between humans and most other animals. The shoulder structure of nonhuman primates is the closest anatomical and physiological analog to that of humans. A schematic diagram of the scapula structure of human and different animals is shown in Figure 2. Large animal models of rotator cuff injury are mainly rabbits, sheep, dogs and cattle, which are suitable for studying the mechanisms of muscle degeneration, stent repair technology and improved surgical methods (Bisson et al., 2008; Liu et al., 2018; Smith et al., 2018; Roßbach et al., 2020).
[image: Figure 2]FIGURE 2 | Schematic diagram of the structure of the scapula in humans and different animals. S, scapular spine; A, acromion; G, glenoid cavity.
Rabbits are one of the commonly used animal models in orthopedic studies. Hyman et al. presented a detailed architectural and physiological analysis of chronic tear and repair compared with age-matched control rabbit supraspinatus muscles (Hyman et al., 2021). Previous studies have used rabbit supraspinatus tendon or infraspinatus tendon tear models to analyze the tendon-bone healing effects of platelet-rich plasma and ozone therapy (Gurger et al., 2021), microfracture apertures (Sun et al., 2020), decellularized tendon sheets (Liu et al., 2018), preservation of native enthesis (Su et al., 2018) and nano-calcium silicate mineralized fish scale scaffolds (Han et al., 2023). Lee et al. studied the histological and biomechanical changes in a rabbit model of chronic rotator cuff tears repaired by human dermal fibroblasts (Lee et al., 2021). Yildiz et al. used a rabbit irreparable rotator cuff tear model to compare the healing of two types of upper joint capsule reconstruction grafts (Yildiz et al., 2019). Xu et al. explored the in vivo biomechanical and histological processes of the rerouting biceps tendon to treat chronic irreparable rotator cuff tears in a rabbit model (Xu et al., 2022). In addition, Grumet et al. proposed that the rabbit subscapularis muscle model could be used for the study of rotator cuff lesions. They found that the rabbit glenohumeral joint had a bone channel formed by the supraglenoid tubercle, coracoid process and infraglenoid tubercle. The rabbit subscapularis muscle passes through this bone channel and to the lesser tubercle of the humerus, similar to the human supraspinatus tendon that passes under the acromion to the greater tubercle of the humerus. More importantly, the structure traversed within this bone tunnel is the tendon part of the subscapularis muscle. Another advantage of this model is the presence of fatty infiltration of the muscle after the tendon is severed (Grumet et al., 2009). Vargas-Vila et al. studied the progression of muscle loss and fat accumulation in a rabbit model of rotator cuff tear (Vargas-Vila et al., 2022). Wang et al. studied that adipose stem cell-derived exosomes decreased fatty infiltration and enhanced rotator cuff healing in a rabbit model of chronic tears (Wang et al., 2020).
Sheep can be used as a practical, large animal model. This model has been gradually used in various orthopedic studies, including studies on rotator cuff repair, due to its easy availability, ease of rearing, and relatively low cost. The large size of the infraspinatus tendon in sheep makes them particularly suitable for in vitro biomechanical studies (Camenzind et al., 2016; Guo et al., 2016). In addition, the sheep model has also been used to investigate the effect on rotator cuff repair of engineered tissue grafting (Novakova et al., 2018), perforated anchors, or collagen scaffolds loaded with tenocytes (Roßbach et al., 2020). Coleman et al. successfully constructed a chronic rotator cuff injury repair model by wrapping the broken end of the ovine infraspinatus tendon with a membrane (Coleman et al., 2003). Sener et al. used two different fixation methods to investigate the biomechanical and histological characteristics of patellar tendon-bone autografting and free flexor-tendon autografting in reconstruction of an infraspinatus defect in sheep (Sener et al., 2004). Romeo et al. evaluated the mechanical, structural, and histologic quality of rotator cuff repairs augmented with an interposition electrospun nanofiber scaffold in an acute sheep model (Romeo et al., 2022). Luan et al. found that muscle fatty infiltration and fibrosis would also occur after repair of acute rotator cuff injury in sheep (Luan et al., 2015). In a sheep rotator cuff model, tenotomy predominantly induces fatty infiltration, and denervation induces mostly muscle atrophy (Wieser et al., 2021). Some scholars have further revealed the possible mechanisms of muscle atrophy and degeneration after rotator cuff injury through sheep models, which is expected to provide a new target for clinical treatment (Gerber et al., 2017; Ruoss et al., 2018a; Ruoss et al., 2018b).
The canine rotator cuff injury model has been used to study a variety of rotator cuff repair materials or surgical methods (Adams et al., 2006; Derwin et al., 2007; Roller et al., 2018; Smith et al., 2018). Adams et al. used a full-thickness tear model of the Canis infraspinatus tendon to evaluate the effect of using human acellular dermal matrix grafting to enhance rotator cuff repair (Adams et al., 2006). Smith et al. compared the augmentation of partial rotator cuff tears of biologic scaffolds in a canine model (Smith et al., 2020). Derwin et al. evaluated the applicability of the canine rotator cuff acute full-thickness injury repair model; their results demonstrated that the repair strength immediately after surgery depended on the suture type and method, although all repaired tendons had retears shortly after surgery (Derwin et al., 2007). Derwin et al. evaluated the extent to which augmentation of acute repair of rotator cuff tendons with a newly designed poly-L-lactide repair device would improve functional and biomechanical outcomes in a canine model (Derwin et al., 2009). In addition, the canine model can replicate muscle atrophy and fatty infiltration following rotator cuff injury in humans. Safran et al. developed a canine rotator cuff chronic injury model to explore the dynamic performance, muscle volume, and fat infiltration of infraspinatus muscles over time (Safran et al., 2005). The canine rotator cuff injury repair model can also tolerate various postoperative rehabilitation programs, such as plaster fixation, suspension fixation, and treadmill exercises (Lebaschi et al., 2016). Ji et al. tested a non-weight-bearing (NWB) canine model for rotator cuff repair research. In this model, the extensor muscles of the elbow and wrist were denervated by cutting the radial nerve proximal to the innervation region of the triceps brachii, to prevent weight bearing and muscle contraction of the affected limb after surgery (Ji et al., 2015). Liu et al. reported a novel biomaterial with engineered tendon-fibrocartilage-bone composite and bone marrow-derived mesenchymal stem cell sheet; the construct was tested for augmentation of rotator cuff repair using a canine NWB model (Liu et al., 2019).
The rotator cuff injury model of cattle is used in biomechanical research. Previous studies have investigated the biomechanical differences between single-row and double-row rotator cuff repairs (Mahar et al., 2007), the initial fixation strength of different suture methods under cyclic loading (Anderl et al., 2012), the influence of suture materials on the biomechanics of the suture–tendon interface (Bisson et al., 2008), and the pull out strength of different stitches (Bisson and Manohar, 2010). Park et al. evaluated the interface pressure of the rotator cuff tendon to the greater tuberosity for different rotator cuff repair techniques. Simulated rotator cuff tears over a 1 x 2 cm infraspinatus insertion footprint were created in 25 bovine shoulders. A transosseous tunnel simple suture technique, suture anchor simple technique, and suture anchor mattress technique were used for repair. Their results showed that the transosseous tunnel rotator cuff repair technique created significantly more contact and greater overall pressure distribution over a defined footprint when compared with suture anchor techniques (Park et al., 2005). The main advantage of the bovine rotator cuff injury model is that there is little difference in rotator cuff size and quality of tissue between different individuals, which helps to ensure the consistency of the replication model (Liu et al., 2021).
From the perspective of translational medicine, nonhuman primates are undoubtedly the most ideal species for shoulder joint research, as they are the most similar to humans in anatomical structure and physiology. Plate et al. studied age-related degenerative functional, radiographic, and histological changes of the shoulder in nonhuman primates (Plate et al., 2013). Sonnabend et al. stated that baboons make the best animal model for rotator cuff repair research based on their shoulders’ similarity to the human shoulder joint (Sonnabend et al., 2010). Xu et al. used the African green monkey rotator cuff injury model to evaluate the repair effect and immune response of a non-cross-linked porcine dermal extracellular matrix graft; the results of this study demonstrated that the graft integrated well with the host tendon tissue and did not cause significant inflammatory reactions (Xu et al., 2012). However, the high cost of primate rearing, complexity of management, and difficulties in ethical approval limit its experimental application (Warden, 2007).
Patellar tendon injury model
The patellar tendon is located on the surface of the knee joint, connecting the patella and the tibia of the lower leg. It is one of the knee extensor devices. Due to the constant movement of the human knee joint, the patellar tendon is under periodic load for a long time, and the patellar tendon has become a common and frequent site of tendinopathy (Hast et al., 2014). In general, the patellar tendon is relatively large and its anatomical position is superficial and easy to access (Longo et al., 2011). The animal model of this part is convenient for biomechanical testing and research because the dual osseous attachment of the patellar tendon can be pulled without direct injury to the tendon material. However, the patellar tendon is wide and thin, which makes it difficult to inject drugs into. It requires delicate local operations, which require higher technical requirements for operators. Large animal models used in the study of tendinopathy include rabbit, sheep, dog, cow, and pig.
Patellar tendinitis in athletes is a chronic injury caused by repeated pulling on the patellar tip attachment of the patellar tendon due to excessive training, which can overload the patella and patellar tendon. To study the pathogenesis and development of patellar tendon fibrosis, a rabbit model of patellar tendon fibrosis was established by electrical stimulation-induced jumping (Liu et al., 2020). Intense exercise can cause acute injury to the proximal patella. Wang et al. detected the effect of the time of training after injury on healing (Wang et al., 2017). Xu et al. established a rabbit model of partial patellar resection to verify whether combined magnetic field technology can promote the healing of the bone–tendon junction through endochondral ossification (Xu et al., 2014). Kim et al. evaluated the healing capacity of injected atelocollagen as a treatment scaffold for patellar tendon defects (Kim et al., 2021). Other studies have compared the effects of human recombinant epidermal growth factor and platelet-rich plasma on the histological healing process and gene expression profile using a rabbit patellar tendon incision model (Lyras et al., 2016; Sarıkaya et al., 2017).
The sheep knee joint is often used as a model in orthopedic research. Kayser et al. provided ultrasound images of the sheep knee joint that were relevant in musculoskeletal research (Kayser et al., 2019). The biomechanical characteristics of the patellar tendon, such as elasticity and stiffness, are of paramount importance and constitute major outcome measures in research. Kayser et al. assessed whether the stiffness of the healthy ovine patellar tendon changed with age and weight in a population of normal animals (Kayser et al., 2022). Thangarajah et al. used a sheep model of acute tendon contraction to study the role of the demineralized bone matrix in the treatment of tendon tear retractions. The patellar tendon was detached from the tibial tuberosity and a complete distal tendon transverse defect measuring 1 cm was created. The tendon was reconnected with suture anchors, and the defect was bridged with a demineralized bone matrix and minimally invasive mesenchymal stem cells (Thangarajah et al., 2016). Enea et al. performed surgery on the right hind leg of 48 Welsh goats, removed the central third of the patellar tendon, replaced it with an implant, and studied the effect of implanted collagen on tendon and ligament tissue regeneration in vivo (Enea et al., 2013).
One study examined the biomechanical and histological properties of the medial third of the patellar tendon in dogs; the results found a direct contrast to those of the central third (Linder et al., 1994). Gersoff et al. used the canine patellar tendon defect model to perform full-thickness proximal and distal flap defects of the patellar tendon in eight purpose-bred research mongrel dogs, and compared the healing of the Artelon patch-augmented tendon and tendon repair alone (Gersoff et al., 2019). A total of 27 patellar tendons in male Beagles were surgically subjected to stretching by a small diameter or a large diameter rod to induce damage due to strain, and were evaluated at 4- and 8-week intervals using quantitative magnetic resonance imaging, biomechanical testing, and histology (Pownder et al., 2021). de Moya and Kim quantified changes in the patellar tendon length following surgical correction of medial patellar luxation in dogs and evaluated the potential risk factors associated with patellar tendon elongation using dogs that underwent surgery for medial patellar luxation correction and had 2–3 months follow ups (de Moya and Kim, 2020).
In animal models of tendinopathy, the main ex vivo measurements of interest are the mechanical properties of the tendon. Reduced mechanical properties leading to an increased likelihood of spontaneous rupture is the result of clinical tendinopathy. The bovine patellar tendon is often used in biomechanical studies owing to its large size. Flanigan et al. evaluated the biomechanical properties of FiberWire, a novel suture material, compared with standard Ethibond sutures for tendon injury repair in the bovine knee joint (Flanigan et al., 2011). A three-step tensile stress-relaxation test was conducted on the patellar tendons of bovines, and the result revealed that long-term relaxation behavior is affected or implied by proteoglycans and crimp angle, possibly relating to slow structural reorganization of the tissue (Ristaniemi et al., 2021). To describe and compare the characteristics and coordination between knee ligaments and patellar tendons, dumbbell-shaped tensile specimens were cut from bovine knee ligament and patellar tendon for tensile testing. This study improved the understanding of the elasticity, viscoelasticity and failure characteristics of knee ligaments and patellar tendons (Ristaniemi et al., 2018).
Neovascular embolization is a therapeutic strategy for chronic musculoskeletal pain. Ghelfi et al. established a large animal model of patellar tendinopathy with neovascularization by percutaneous injection of increased doses of collagenase in nine 3-month-old male piglets. The model is feasible, safe and reproducible, which is helpful for the study of a new treatment for direct endovascular embolization of neovascularization (Ghelfi et al., 2021).
Achilles tendon injury model
As the largest and longest tendon of the human body, the Achilles tendon can typically bear more than 12.5 times the weight of the individual. Long-term, high-intensity load increases the incidence of Achilles tendinopathy (Komi, 1990). The Achilles tendon is also one of the most thoroughly researched elements of animal models of tendinopathy. It is advantageous to study because of its superficial parts, convenience of operation, and ease of sampling, which are conducive to the study of the mechanisms of tendinopathy. The Achilles tendon has been widely used in a variety of animal models (Hast et al., 2014; Loiselle et al., 2016). Large animals such as sheep or cattle are popular due to the appropriate size of their Achilles tendon, the weight bearing similar to humans, and their suitability for clinical evaluation. Rabbits are also suitable for Achilles tendon injury models because their Achilles tendon size allows for surgical approaches and accurate specimen examination (Doherty et al., 2006).
Skalec et al. conducted an anatomical and histological analysis on eight female New Zealand rabbits and comprehensively described the macroscopic and microscopic morphology of their Achilles tendon and its related structures (Skalec et al., 2019). The Achilles tendon transection model is a common model of injury that is used to study the biomechanical properties of healed tendons and the degree of adhesion formation (Meier Bürgisser et al., 2016), as well as the time-dependent changes of strain ratios (SRs) and the correlation between SRs and mechanical and histological properties of healed tissue (Yamamoto et al., 2017). It was also used to compare the effects of early activity and fixation on postoperative healing of rabbit Achilles tendon rupture (Jielile et al., 2016). The healing of tendons through open and percutaneous repair techniques was compared by histological, electron microscopic and biomechanical investigation (Yılmaz et al., 2014). Achilles tendon defects occur frequently in traumatic injuries. The rabbit Achilles tendon defect model was used to evaluate the repair effect of decellularized bovine tendon sheets (Zhang et al., 2018), polyethylene terephthalate artificial ligaments (Li et al., 2016), and collagen implants with or without a polydioxanone sheath for Achilles tendon defect reconstruction (Meimandi-Parizi et al., 2013). The Achilles tendinopathy model induced by bilateral Achilles tendon injection of collagenase in rabbits accurately represents the progressive histological and biomechanical characteristics of human chronic Achilles tendinopathy (de Cesar Netto et al., 2018). A rabbit model of ischemic injury caused by Achilles tendon ligation was used to compare a series of changes in Achilles tendon morphology and strain in the early stage of Achilles tendinopathy (Ahn et al., 2017).
Achilles tendon rupture is common in sheep Achilles tendon injury models. Previous studies have evaluated the repair effect of cross-linked acellular porcine dermal patches, platelet-rich plasma fibrin matrixes (Sarrafian et al., 2010), exogenous growth differentiation factor CDMP-2 (Virchenko et al., 2008) and plasma rich in growth factors (Fernández-Sarmiento et al., 2013) on sheep Achilles tendon ruptures. Bruns et al. studied the spontaneous healing process of sheep Achilles tendons after transection and partial resection by means of histological and biomechanical analyses (Bruns et al., 2000). Dündar et al. used the sheep Achilles tendon tear model to compare the biomechanical properties of modified Kessler, Bunnell and Tsuge technology in repairing sheep Achilles tendon tears (Dündar et al., 2020). Leung et al. simulated bone–bone, bone–tendon and tendon–tendon repairs with osteotomy of the calcaneus, reattachment of Achilles tendon to the calcaneus after removal of the insertion, and tenotomy of the Achilles tendon resection in 47 goats (Leung et al., 2015). There have also been studies using collagenase injections to create Achilles tendon injury models. Serrani et al. used real-time elastosonography to monitor the progress of Achilles tendon healing after an experimentally induced tendinopathy (Serrani et al., 2021). Facon-Poroszewska et al. compared the efficacy of radial pressure wave therapy with injections of autologous adipose-derived stem cells or platelet rich plasma in the therapeutic procedure for collagenase-induced Achilles tendinopathy in sheep (Facon-Poroszewska et al., 2019).
Cattle Achilles tendons are larger and are often used for improvements in surgical suture techniques. Tian et al. designed the Locking Block Modified Krackow (LBMK) peri-tendon fixation technique for minimally invasive surgery and then compared the biomechanics of LBMK with Kessler and percutaneous Achilles repair system techniques with a simulated early rehabilitation program (Tian et al., 2020b).Tian et al. used 20 fresh bovine Achilles tendon specimens and randomly divided them into two groups, which were respectively sutured by open Giftbox Achilles tendon repair and minimally invasive LBMK techniques. The early rehabilitation simulation scheme was used to compare the biomechanics of the two techniques (Tian et al., 2020a).
There are few studies on pigs as animal models for Achilles tendon injury. Previous studies used pigs to study the biological characteristics of Achilles tendons or collected the Achilles tendons of pigs as materials for tendon injury repair. Zhang et al. characterized the structural components, vascularity, and resident tendon cells of the porcine Achilles tendon (Zhang et al., 2021). Lohan et al. achieved tendon-like tissue formation by implanting decellularized porcine Achilles tendons that were recellularized with human hamstring tendon-derived tenocytes into nude mice (Lohan et al., 2018).
Flexor tendon injury model
Animal models involving flexor tendons include the superficial flexor digitorum and flexor digitorum profunda tendons. The tendon healing process here is very slow due to the presence of ischemic and cell deficiency, which is consistent with the healing characteristics of tendinopathy (Adams and Habbu, 2015). Flexor tendons are relatively small, limiting their use in small animals. At the same time, large animals have the advantage of naturally occurring tendinopathy (Longo et al., 2011). At present, large mammals such as sheep and horses are the main animal models of flexor tendon injuries. However, large animals cost more, and rabbits offer a good compromise. Moreover, rabbit flexor tendons are more like human tendons in diameter and the presence of a perceptible synovial sheath (Bottagisio and Lovati, 2017).
To understand the repair process of flexor tendon injuries, studies have used the rabbit flexor tendon injury model to detect the expression of mast cells, fibroblasts, neuropeptides (Berglund et al., 2010) and growth response factor-1 (Derby et al., 2012). Progressive tendon adhesion is a major challenge in flexor tendon repair. Liao et al. developed an anti-adhesion scaffold for surgical repair of the flexor tendon in a rabbit model (Liao et al., 2018). Chen et al. investigated the preventive effects and mechanism of chitosan on tendon repair adhesion in rabbit flexor tendons (Chen et al., 2015). Previous studies have explored the effects on the healing of flexor tendon injury in rabbits investigated fibrin glue (He et al., 2013), autologous platelet-rich fibrin (Liao et al., 2017), bone marrow mesenchymal stem cells (He et al., 2015), adipose-derived stem cells (de Lima Santos et al., 2019), growth differentiation factor-5 (Henn et al., 2010), and lactoferrin peptide (Håkansson et al., 2012). A reinforced tubular, medicated electrospun construct was developed for rabbit deep flexor tendon repair that combines mechanical strength with the release of anti-inflammatory and anti-adhesion drugs (Peeters et al., 2022).
Sheep flexor tendon injury models include flexor tendon transection, collagenase induction, and partial tendon resection to create defects. To explore the mechanism of flexor tendon injury, Biasutti et al. recorded the gene expression, and histopathology and biomechanical changes that occur throughout the superficial digital flexor tendon up to 16 weeks post-injury in a sheep surgical model (Biasutti et al., 2017). Previous studies have investigated the repair effects of synovial multipotent cells (Khan et al., 2020), peripheral blood-derived mesenchymal stromal cells, and platelet-rich plasma (Martinello et al., 2013) on experimentally injured deep digital flexor tendons of sheep. The effects of the multiwave locked system were investigated in the acute phase of collagenase-induced tendon lesions in six adult sheep (Iacopetti et al., 2015). De Mattos et al. examined the effect of nano light emitting diode phototherapy on tendinopathy by partial tenotomies measuring 0.2 × 0.5 cm on the second third of the superficial flexor tendons of 10 healthy sheep (de Mattos et al., 2015). The sheep flexor tendon injury model is also used to improve surgical suture techniques. Uslu et al. randomly divided 60 fresh sheep forelimb flexor digitorum profundus tendons into three groups, and used two-, four-, and eight-strand suture techniques, respectively, to investigate the biomechanical relationship between the diameter of the core suture and the final repair strength of the surrounding suture with an increase of the number of suture lines (Uslu et al., 2014). Doğramaci et al. used 20 fresh flexor digitorum profundus tendons from the forelimbs of healthy adult sheep to improve suture techniques and evaluate their mechanical properties after repair (Doğramaci et al., 2009).
The flexor digitorum superficialis tendon of horses is a frequently injured structure that is functionally equivalent to the human Achilles tendon. Both play a key role in energy storage systems during high-speed exercise and can accumulate microdamage related to exercise and age, and are prone to rupture during strenuous activities (Patterson-Kane et al., 2012). To study the biological mechanism of age-related tendon injury, some studies have performed qualitative and quantitative analyses on the gene expression and collagen fiber diameters of the flexor digitorum superficially and the flexor digitorum profunda tendons of horses at different ages (Ribitsch et al., 2020). Some researchers studied the therapeutic effect of fetal-derived embryonic-like stem cells using a collagenase gel-physical defect model in the mid-metacarpal region of the superficial digital flexor tendon of horses (Watts et al., 2011). Durgam et al. described the value of intralesional tendon-derived progenitor cell injections in equine flexor tendinitis using collagenase-induced tendinitis in both front superficial digital flexor tendons of horses (Durgam et al., 2016). Some studies examined superficial flexor tendon injuries in both horse forelimbs to explore the safety and effectiveness of equine allogeneic tenogenic primed mesenchymal stem cells in the treatment of tendon injury (Depuydt et al., 2021), and compared the changes of imaging, histology, and biochemical and biomechanical parameters (Johnson et al., 2021). Nelson et al. compared the intra- and postoperative clinical features of desmotomy of the accessory ligament of the superficial digital flexor tendon using a Saber radiofrequency electrosurgical probe versus sharp transection with a tenotomy knife (Nelson et al., 2015). With in-depth research on equine tendinopathy in recent years, the application of flexor tendon modeling is more common, and further promotes the translation of research results from large animal models to clinical practice on humans.
CONCLUSION
The selection of preclinical models is essential to ensure that the efficacy and safety of studied treatments is successfully translated into clinical practice. The selection of animal models requires consideration of scientific criteria, economics, and ethical issues. Indeed, the costs associated with animal rearing and management significantly influence the selection of animal species because an adequate sample size is necessary to obtain reliable results. Therefore, the selection of animal models for proof-of-concept studies needs to balance the ethical justification, cost-effectiveness, and appropriateness of the model itself, such as anatomical location, size, surgical approach, and biomechanical properties. When considering the efficacy of a new therapy, for the validity of preclinical models, the identification of appropriate controls, optimal study duration and intermediate time points, and the provision of the most in-depth analysis must be considered (Bottagisio and Lovati, 2017).
Rodents are the most used animal model for the study of the genetic and molecular mechanisms of tendinopathy due to their minimal cost and ethical compliance. Rats are often used to explore the factors affecting tendon-bone healing (Degen et al., 2016; Arimura et al., 2017; Nakagawa et al., 2017; Yonemitsu et al., 2019), the molecular mechanisms underlying ectopic ossification in tendinopathy (Geng et al., 2020) and inflammation and scar formation in the injury tendon healing (Wang et al., 2019; Geng et al., 2020). The advantage of mouse model is the ability to examine the role of specific signal transduction pathways and molecules in tendon degeneration and repair by gene knockout (Kuenzler et al., 2017; Jensen et al., 2018). Despite their low cost and ease of rearing, the small size of rats and mice has an impact on surgical approaches, non-invasive imaging techniques, and biomechanical testing. Moreover, the relevant results still need to be applied to large animals and clinical trials to ensure safety and effectiveness.
Compared with small animals, large animals share many similar characteristics with humans in genetics, anatomy, physiology, pathology, and so on. Therefore, large animals are more suitable for macroscopic research on topics such as tendon biomechanics, scaffold repair technology, and surgical method optimization. The advantages and disadvantages of large animal models in tendinopathy research are summarized in Table 1. However, due to the prohibitive cost of rearing and managing large animals and the difficulty of ethical approval, typically only small sample studies can be conducted. Rabbits offer a satisfactory compromise. The size and biomechanical properties of rabbit tendons are similar to those of human flexor tendons (Goodman and Choueka, 2005; Nagasawa et al., 2008), allowing for surgical and in vivo imaging analysis. The docility of rabbits allows evaluation of postoperative rehabilitation effects by immobilization or active loading. Rabbit models can also be used to evaluate the role of autologous cell therapy and regenerative medicine (Chong et al., 2007). Sheep are readily available, moderately expensive, and are used to study chronic tendon injuries and various suture techniques to reduce postoperative adverse conditions. Dogs are used to explore the repair effect of tendon injury mediated by internal factors and postoperative rehabilitation schemes, owing to their high degree of cooperation. However, public opinion pressure against the animal testing dogs hinders the selection of this species. Some experiments have used specially bred dogs as models of tendinopathy. The horse is a natural tendon injury model due to its frequent sports. Horses can be used to study the mechanisms and repair methods of tendon injury. Porcine tendons and ligaments are the best animal sources for xenogeneic tendon transplantation.
TABLE 1 | Advantages and disadvantages of large animal models in studying tendinopathy.
[image: Table 1]The application of animal models has promoted the progress of tendinopathy research but, given the complexity of human tendinopathy, there are still significant differences between animal experimental models and clinical human tendon injuries. In addition, more validated animal models are needed, as no single model can answer all the questions (Warden, 2007). It is hoped that, with the further development of animal models of tendinopathy, new strategies for the prevention and treatment of human tendinopathy can be provided.
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The tendon interfascicular basement membrane provides a vascular niche for CD146+ cell subpopulations
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Introduction: The interfascicular matrix (IFM; also known as the endotenon) is critical to the mechanical adaptations and response to load in energy-storing tendons, such as the human Achilles and equine superficial digital flexor tendon (SDFT). We hypothesized that the IFM is a tendon progenitor cell niche housing an exclusive cell subpopulation.
Methods: Immunolabelling of equine superficial digital flexor tendon was used to identify the interfascicular matrix niche, localising expression patterns of CD31 (endothelial cells), Desmin (smooth muscle cells and pericytes), CD146 (interfascicular matrix cells) and LAMA4 (interfascicular matrix basement membrane marker). Magnetic-activated cell sorting was employed to isolate and compare in vitro properties of CD146+ and CD146− subpopulations.
Results: Labelling for CD146 using standard histological and 3D imaging of large intact 3D segments revealed an exclusive interfascicular cell subpopulation that resides in proximity to a basal lamina which forms extensive, interconnected vascular networks. Isolated CD146+ cells exhibited limited mineralisation (osteogenesis) and lipid production (adipogenesis).
Discussion: This study demonstrates that the interfascicular matrix is a unique tendon cell niche, containing a vascular-rich network of basement membrane, CD31+ endothelial cells, Desmin+ mural cells, and CD146+ cell populations that are likely essential to tendon structure and/or function. Contrary to our hypothesis, interfascicular CD146+ subpopulations did not exhibit stem cell-like phenotypes. Instead, our results indicate CD146 as a pan-vascular marker within the tendon interfascicular matrix. Together with previous work demonstrating that endogenous tendon CD146+ cells migrate to sites of injury, our data suggest that their mobilisation to promote intrinsic repair involves changes in their relationships with local interfascicular matrix vascular and basement membrane constituents.
Keywords: tendon, interfascicular matrix, tendon progenitors, CD146, basement membrane
1 INTRODUCTION
Tendons are fundamental components of the musculoskeletal system, acting as connections between muscle and bone. The predominant function of tendon is to transfer the forces exerted by skeletal muscle contractions to bone, positioning the limb for locomotion (Alexander, 1991; Benjamin et al., 2008). However, specialised energy-storing tendons, such as the equine superficial digital flexor tendon (SDFT) and human Achilles tendon, enhance the functional adaptation of tendon by lowering the energetic cost of locomotion through their mechanical properties, such as greater extensibility, elasticity and fatigue resistance (Biewener, 1998; Alexander, 2002; Thorpe et al., 2015). Much like skeletal muscle, these specialised mechanical properties of energy-storing tendons are provided by their hierarchical structure of subunits predominantly composed of type I collagen, forming fascicles and fascicle bundles. Both fascicles and fascicle bundles are surrounded and bound by a non-collagenous interfascicular matrix (IFM, also known as the endotenon) which governs the high-strain behaviour of energy-storing SDFT by facilitating sliding between fascicles (Kannus, 2000; Thorpe and Screen, 2016; Handsfield et al., 2016). While the mechanical role of IFM in the function of energy storing tendons is well defined, less is known regarding its biological role in developing, adult and ageing tendon, particularly regarding the identity and function of IFM localised cell populations and their niche, defined as the anatomical microenvironment in which specific cell populations reside.
Histological analyses of tendon have revealed regional morphological differences in cell populations, with rounder cells within the IFM, present in greater number compared to those within the fascicles which are highly aligned with the long axis of the tendon (Thorpe and Screen, 2016; Thorpe et al., 2016). In addition, seminal studies have alluded to an endogenous tendon stem/progenitor cell (TSPC) population and niche, both of which remain largely undefined but have been speculated to reside within the IFM (Bi et al., 2007; Richardson et al., 2007; Godwin et al., 2012). In other tissues, the stem cell niche is maintained by mechanically unique microenvironments, similar to the high shear environment within the IFM, which may therefore be the location of the tendon stem/progenitor cell niche (Evans et al., 2013; Ivanovska et al., 2015; Smith et al., 2018).
Tendon development is driven by stem/progenitor cell populations which express Mohawk homeobox (MKX) and Scleraxis (SCX) transcription factors (Schweitzer et al., 2001; Anderson et al., 2006; Kimura et al., 2011); unfortunately, their intracellular localisation impedes cell sorting techniques required for in vitro study of stem/progenitor cell populations. In adult tissues, cell surface markers, such as CD44 and CD90 (THY1), are members of a number of canonical marker panels routinely used in the characterisation and isolation of specific stromal/stem cell populations (Horwitz et al., 2005; Morath et al., 2016). Recent studies have also reported resident CD146 populations in tendon (Yin et al., 2016; Gumucio et al., 2020). CD146 or melanoma adhesion molecule (MCAM; MUC18; Gicerin; OMIM:155735) is a transmembrane glycoprotein belonging to the IgG superfamily of cell adhesion molecules (Shih, 1999). Originally characterised as a marker of tumour progression and metastasis, CD146 has since been reported as a marker of endothelial cell lineages, both haematopoietic and mesenchymal stem cell lineages, as well as synovial fibroblasts and periosteal cells (Johnson et al., 1993; Sers et al., 1993; Schlagbauer-Wadl et al., 1999; Schrage et al., 2008; Kaltz et al., 2010; Russell et al., 2010; Tormin et al., 2011). Our laboratory has recently reported that these CD146 subpopulations are present within the IFM of the rat Achilles and recruited to injury sites from their IFM niche via the CD146 ligand Laminin α4 (LAMA4) (Marr et al., 2021). However, to the authors’ knowledge, no studies have attempted to comprehensively characterise CD146 tendon cells and their in vivo cell niche composition.
In this study, we tested the hypothesis that the IFM is a tendon progenitor cell niche housing an exclusive cell subpopulation. We report novel markers of interfascicular cells and basement membrane, and identify CD146 as an optimal marker for use in IFM cell sorting procedures. We also demonstrate that the lineage potential and clonogenicity of interfascicular CD146 cells is limited, which may be indicative of a differentiated vascular population rather than resident tendon stem/progenitor cells.
2 MATERIALS AND METHODS
2.1 Ethical statement
The collection of animal tissues was approved by the Royal Veterinary College Ethics and Welfare Committee (URN-2016-1627b). All tissues were sourced from horses euthanised for reasons unrelated to this study, and other than tendon injury at a commercial equine abattoir.
2.2 Tissue acquisition
Superficial digital flexor tendons (SDFT) were harvested from forelimbs taken from young, skeletally mature horses (age = 3–8 years, n = 5, exercise history unknown). Prior to isolation, the forelimbs were clipped to remove hair and the skin sterilised by several applications of 4% chlorhexidine (HiBiScrub®; Mölnlycke Health Care). Portions of mid-metacarpal SDFT (6–10 cm) were dissected free of the limb and stored immediately in standard growth medium consisting of pyruvate and low glucose Dulbecco’s modified eagle medium (DMEM) supplemented with 1% (v/v) penicillin/streptomycin and 10% (v/v) qualified, heat-inactivated foetal bovine serum (FBS) until tissue processing (all from Gibco™). Excised tendons presenting with previously reported definitions of macroscopic evidence of injury were excluded from all experiments (Webbon, 1977; Dakin et al., 2012), and all tendons had a normal histological appearance. Dissections and subsequent cell processing were completed within 24 h of euthanasia.
2.3 Cryosectioning
SDFT frozen sections were prepared as previously described (Godinho et al., 2017). Tissues were briefly washed in Dulbecco’s phosphate-buffered saline (calcium and magnesium free, embedded with optimal cutting temperature compound (OCT; Cell Path, Newtown, United Kingdom) embedding matrix and snap-frozen in pre-cooled hexane on dry ice. Serial longitudinal (6–20 µm thickness) and transverse (30 µm thickness) sections were prepared using a cryostat microtome (OTF5000, Bright Instruments) equipped with MX35 Premier Disposable Low-Profile Microtome Blades (3052835, Fisher Scientific). Tissue sections were mounted on SuperFrost™ Plus Slides (10149870, Fisher Scientific), air-dried at room temperature (RT) for a maximum of 2 h and stored at −80 °C.
2.4 Periodic acid-Schiff staining
Periodic acid-Schiff (PAS) staining was used to detect mucins and basement membrane proteins. Staining was performed using an Alcian Blue (pH 2.5)/PAS staining kit according to manufacturer guidelines (Atomic Scientific). SDFT cryosections (20 µm) were thawed and fixed with 4% PFA/10% NBF for 10 min at RT. Slides were rinsed thoroughly with distilled water, stained with 1% Alcian blue in 3% acetic acid (pH 2.5) for 10 min, and washed thoroughly in distilled water. Slides were treated with 1% periodic acid solution for 10 min at RT, washed with distilled water, then treated with Schiff reagent (Feulgen) for 10 min at RT. Sections were then washed under running tap water until sections presented a magenta colour macroscopically. Sections were then counter-stained with haematoxylin, dehydrated and cleared using an automated slide stainer (Varistain™ Gemini ES), and mounted with glass coverslips using DPX mountant. Slides were cured at RT overnight and imaged using brightfield microscopy (DM4000B upright microscope) in Leica Application Suite software version 2.6 (Leica Microsystems).
2.5 Network-based predictions of CD146 interactions
Proteins of interest for immunolabelling were selected based on their expression by tendon progenitor cell subpopulations in previous reports (Yin et al., 2016) and their predicted interactions in Equus caballus (NCBI taxid: 9796) using STRING (version 10.5) network-based predictions for CD146 and LAMA4 (Szklarczyk et al., 2017; Gumucio et al., 2020).
2.6 Immunolabelling
SDFT cryosections were thawed and fixed with acetone (pre-cooled at −20°C) for 10 min, washed three times for 5 min at RT with tris-buffered saline (TBS), incubated in “blocking” buffer (TBS supplemented with 1% (w/v) bovine serum albumin (Scientific Laboratory Supplies), 5% (v/v) goat serum (Sigma), and 5% (v/v) horse serum (Sigma) for 2 h. Horse serum was used to saturate Fc receptors on the surface of cells within the tissue. Sections were incubated with primary antibodies overnight at 4°C (details regarding primary and secondary antibodies are provided in Supplementary Table S1). For negative controls, sections were treated with blocking buffer only. For isotype controls, sections were treated with mouse and rabbit IgG isotype-matched controls diluted in blocking buffer at identical concentration to primary antibodies used. For fluorescent detection (10 µm sections), secondary antibodies diluted in blocking buffer were applied to sections and incubated for 1 h at RT under dark conditions. Sections were washed three times with TBS for 5 min, and mounted with glass coverslips using ProLong™ Diamond antifade mountant with 4′,6-diamidino-2-phenylindole (DAPI) as a nuclei counterstain. Slides were cured for 24 h at RT under dark conditions, prior to imaging. Negative and isotype matched control images for fluorescent labelling are provided in Supplementary Figure S1. Immunohistochemical labelling (6 µm sections) was performed in a similar manner to fluorescent detection, using an EnVision®+ Dual Link System-HRP DAB+ system (Dako), with the inclusion of an of EnVision dual endogenous enzyme block for 15 min at RT under dark conditions prior to treatment with blocking buffer, and wash steps were performed using .05% (v/v) TBS-TWEEN20. For immunohistochemical detection, sections were incubated in EnVision peroxidase labelled polymer (conjugated to goat anti-mouse and goat anti-rabbit immunoglobulins) for 30 min at RT. Sections were then washed three times and incubated with EnVision DAB+ substrate buffer-3,3′-diaminobenzidine (DAB) chromogen solution for 3 min, rinsed three times with deionised water (diH2O), counter-stained using haematoxylin according to Delafield, dehydrated and cleared using standard procedures on a Varistain™ Gemini ES automated slide stainer, then finally mounted with glass coverslips using DPX mountant. Slides were cured at RT overnight and imaged using brightfield microscopy (DM4000B upright microscope) in Leica Application Suite software version 2.6 (Leica Microsystems). Regions clearly showing IFM vascular morphology and positively labelled structures were chosen to demonstrate protein localisation. Negative control images for immunohistochemistry are provided in Supplementary Figure S2.
2.7 Fluorescent labelling analyses
To distinguish between regions of IFM and fascicular matrix (FM), boundaries between both phases were determined by light refraction in phase contrast images, as well as gross identification by nuclei number and cell morphology (Supplementary Figure S3). For quantification, all settings remained constant between samples including exposure, pixel size, z-step size, and laser settings with all images taken in one single session. For each sample, two distinct areas were imaged in two separate serial tissue sections (2 × sections per horse donor, n = 5). Confocal images are presented as maximum intensity projections from z-stacks containing image slices at a resolution of 512 × 512 × 40 pixels (227.9 × 227.9 × 13.09 µm; .34 µm z-step size) to fully capture tissue depths. Image processing and analysis was performed using Fiji/ImageJ software (Schindelin et al., 2012). For IFM measurements, an area fraction (%) of positively stained pixels were recorded in 8-bit binary images (black = negative, white = positive) to measure expression of markers of interest. To generate binary images for each marker, a background correction was performed to remove noise, followed by a median filter and threshold (Triangle for CD146/MKX = 555 nm, Huang for CD44/CD90 = 633 nm). The lookup table (LUT) of colour channels within images was changed for visualisation purposes.
2.8 3D immunolabelling
3D immunolabelling of SDFT segments was performed as previously described (Marr et al., 2020). All steps were performed with orbital agitation. SDFT segments (5 mm × 5 mm  ×  2 mm, n = 2) were washed twice for 12 h with TBS at RT, and permeabilised sequentially in 50% (v/v) methanol:TBS, 80% (v/v) methanol:diH2O, and 100% methanol for 2 h at 4°C. Samples were washed sequentially for 40 min at 4°C with 20% (v/v) DMSO:methanol, 80% (v/v) methanol:diH2O, 50% (v/v) methanol:TBS, TBS, and TBS supplemented with .2% (v/v) Triton X-100. Prior to blocking, samples were incubated with a pre-blocking penetration buffer containing .2% TBS-TX100, .3 M glycine, and 20% DMSO for 6 h at 37°C. Equine SDFT segments were blocked for 80 h at 37°C in .2% TBS-TX100 supplemented with 6% (v/v) goat and 6% (v/v) donkey serum and 10% (v/v) DMSO. Primary antibody incubations for CD146 (1:100) were performed at 37°C for 80 h in wash buffer (TBS supplemented with .2% (v/v) TWEEN20), 3% (v/v) goat serum, 3% (v/v) donkey serum, and 5% (v/v) DMSO. Segments were washed 3 × 2 h with wash buffer, incubated with secondary antibodies (1:250, goat anti-rabbit Alexa Fluor® 594) for 36 h at 37°C, washed 5 × 5 min with wash buffer, and counterstained overnight with DAPI (1:2000) diluted in wash buffer. Segments were dehydrated with increasing concentration of methanol, and tissue cleared with immersion in Visikol® HISTO™-1 for 36 h, followed by immersion in HISTO™-2 for at least 36 h at RT. Samples were stored in HISTO™-2 at 4°C prior to confocal imaging. Confocal imaging of regions (approx. 1 mm × 1 mm  × .2 mm) within each sample was performed using a Leica TCS SP8 laser scanning confocal microscope with a motorised stage. Images were captured using lasers emitting light at 405 (blue channel; DAPI) and 561 (red channel; Alexa Fluor 594) nm with laser power <10% and scanning speed = 600 Hz with a HC PL FLUOTAR 10x/.32 dry objective lens, resolution = 1,024 × 1,024 px, pinhole size = 1 Airy unit, frame average = 1, line average = 8, and electronic zoom = .75. 3D renderings were captured in Leica LAS X software (version 3.5.5) within the 3D module.
2.9 Primary tendon cell culture
SDFTs collected under sterile conditions were placed in Petri dishes containing Gibco™ Dulbecco’s PBS (without phenol red, calcium and magnesium) supplemented with 1% (v/v) antibiotic-antimycotic solution. Surrounding peritenon was removed to isolate the tendon core (6 g), which was diced into approximately 4 mm3 pieces, rinsed with DPBS, and digested with 1 mg/mL pronase E (39052, VWR) per 1 g tissue for 6–8 h at 37°C and 5% CO2 under constant agitation. Following pronase digestion, tissue was digested for a further 24 h with .5 mg/ml collagenase type IV (CLS-4, Lorne Laboratories) and 1 mg/mL dispase II (17105041, Invitrogen) at 37°C and 5% CO2 with constant agitation (Garvican et al., 2017).
2.10 Magnet-activated cell sorting (MACS) of CD146 cells
Previous studies have shown that >50% expression of cell membrane proteins can be restored post-digestion by 24 h in vitro culture (Autengruber et al., 2012). Hence, to enhance antigen recovery, freshly digested tendon-derived cells (TDCs) were cultured overnight to maximise CD146 cell isolations. Following this recovery phase, adherent cells were dissociated at 37°C for 10 min using Accutase® solution according to manufacturer’s guidelines. Cells remaining in suspension (i.e. non-adherent populations) were also collected alongside dissociated cells (adherent populations). Cell isolates were washed by resuspension in fresh growth medium and centrifuged at 300 × g for 10–20 min depending on pellet formation. Cell pellets (passage 1; p1) were resuspended in growth medium and separated into single-cell suspensions (SCSs) by passing through a 70 μm cell strainer. SCSs were resuspended in freshly prepared, ice-cold MACS buffer containing sterile-filtered FACSFlow™ (342003, BD Biosciences) supplemented with 1% (w/v) BSA. SCSs were centrifuged for 10 min at 300 × g, resuspended in MACS buffer, and both cell viability and numbers determined by trypan blue (T8154, Sigma-Aldrich) and a haemocytometer. Suspensions with <90% viability were discarded. SCSs were incubated with anti-CD146 antibodies (ab75769, Abcam, Cambridge, United Kingdom) at a concentration of 1 μg/mL for 30 min at 4°C on ice. Following primary antibody incubation, SCSs were washed three times by centrifugation at 300 × g, resuspended in MACS buffer, and incubated with anti-rabbit IgG micro-beads (130-048-602, Miltenyi biotec) diluted in MACS buffer for 15 min at 4°C. SCSs were washed three times by centrifugation at 300 × g and resuspended in MACS buffer. MidiMACS™ LS columns (130-042-401, Miltenyi biotec) were mounted to a MidiMACS™ Separator and multistand (130-042-301, Miltenyi biotec) and washed with MACS buffer according to manufacturer guidelines. MACS-ready SCSs were passed through MidiMACS™ columns and washed with MACS buffer twice. All wash elutions containing negatively selected cells (i.e. CD146- TDCs) were collected on ice until processing of sub-cultures. Following negative cell depletion, CD146+ cells were collected by removing the MACS column from the MACS magnet and eluting the column with MACS buffer and a plunger. All sub-cultures were maintained until a maximum of three passages (p3) to limit phenotypic drift. For downstream assays, cells were dissociated using Accutase® solution (A6964, Sigma-Aldrich). n = 9 (biological replicates).
2.11 Flow cytometry
For direct flow cytometry, .1–.2 × 106 cells were resuspended in DPBS. For CD146+ cells, lower concentrations were used according to yields following MACS isolation. All tubes were stored on ice immediately prior to and during flow cytometry. Cell suspensions (50 µl) were incubated with a phycoerythrin (PE)-conjugated variant of the EPR3208 anti-CD146 antibody (1:100, ab209298, Abcam, Cambridge, United Kingdom) on ice for 30 min, washed with DPBS and spun at 400 × g. Supernatant was removed, and pellets resuspended in 500 µl DPBS for immediate flow cytometry analyses.
All flow cytometry acquisition was performed using an air-cooled 3-laser BD FACSCanto II™ flow cytometer (BD Biosciences) equipped with BD FACSDiva (version 8.0.1, BD Biosciences). Acquisition equipment and software were calibrated daily or immediately prior to acquisition using BD FACSDiva™ CS&T Research Beads (BD Biosciences). Data analyses was performed in FlowJo software (version 10, FlowJo LLC). Unstained controls (fluorescence minus one control) were used to gate and discriminate positively and negatively labelled populations (see Supplementaty Figure S4). The percentage of positive cells gated in unstained samples (i.e., autofluorescent cells) was subtracted from stained samples (i.e. experimental cells) to give an overall percentage of immunoreactivity. All experiments recorded a minimum of 10,000 total events (i.e. cells). n = 2 (biological replicates) per cell fraction.
2.12 Immunocytochemistry
For detection of CD146 in unsorted TDCs, .1–.2 × 106 cells were seeded on sterile 16 mm borosilicate glass circle coverslips coated with poly-L-lysine solution (.01%, sterile-filtered, P4832, Sigma-Aldrich) until 70%–80% confluence. To detect CD146 within MACS-enriched CD146+ cells, immunocytochemistry was performed directly on cells (.1–.2 × 106 seeding density) in non-coated culture vessels at 70%–80% confluence. Cells were washed 3 times with DPBS, fixed with pre-chilled (−20°C) acetone:methanol (1:1) for 20 min on ice, then washed three times with DPBS. Cells were blocked for 1 h with blocking buffer as described above. Cells were incubated overnight with primary antibodies overnight at 4°C as described above, washed three times with DPBS, incubated for 1 h with secondary antibodies (1:500, goat anti-rabbit Alexa Fluor® 488 and goat anti-mouse Alexa Fluor® 594).
For direct CD146 labelling in MACS-sorted populations, cells were incubated overnight at 4 °C with phycoerythrin (PE)-conjugated anti-CD146 antibodies (1:100, ab209298, Abcam, Cambridge, United Kingdom). Cells were washed three times with DPBS, labelled with DAPI (1 μg/mL) for 2 min, washed three times with DPBS and mounted using Prolong™ Diamond, cured at RT under dark conditions for 24 h before storing at 4°C until imaging. Fluorescent imaging of TDCs was performed using a Leica SP5 (40 × HCX PL FLUOTAR PH2 NA = .75 objective). For CD146+ cells, imaging was performed on a DMIRB inverted microscope (Leica Microsystems, Wetzlar, Germany; 40 × N PLAN L corr PH2 NA = .55 objective). n = 3 (biological replicates).
2.13 Clonogenic assay
Bone marrow-derived mesenchymal stromal cells (MSCs) isolated as described previously were kindly provided by Dr Giulia Sivelli (Godwin et al., 2012). MSCs, unsorted TDCs, sorted CD146− cells and CD146+ cells were seeded in 6-well plates at a density of 100 cells cm−3 (approx. 900 cells) and cultured for 7 d. At termination of cultures, cells were washed 3× with DPBS, fixed with 2.5% glutaraldehyde for 10 min, then washed 3× DBPS (all steps at RT). Cells were stained with .1% (v/v) crystal violet for 30 min at RT. Cells were washed 3x with DBPS and left to air dry at RT. Images were acquired using a flat-bed scanner (Epson Perfection 4990, Epson) at a resolution of 800 dpi. n = 3 for each cell type (biological replicates). n = 2–3 wells for each condition (technical replicates).
2.14 Adipogenesis assay
MSCs, unsorted TDCs, sorted CD146− cells and CD146+ cells were seeded into 12-well plates at a density of .4 × 105 cells per well and cultured for 48 h until adherence in standard growth medium. To induce adipogenesis, standard growth media was removed, and cells were cultured with StemPro® Adipogenesis differentiation media for a further 14 d. Cells were fed induction media every 72 h. Upon termination of culture, monolayers were washed once with DPBS before fixation with 4% PFA/10% NBF for 30 min at RT. To assess intracellular lipid vesicles produced by adipogenic conditions, cells were stained with Oil Red O. Fixed monolayers were rinsed once with distilled water then washed with 60% isopropanol for 5 min at RT. Monolayers were stained for 15 min at RT with a 3:2 working solution of 3-parts .3% (w/v) Oil Red O diluted in isopropanol and 1-part distilled water. Cells were washed repeatedly with distilled water until rinsed clear of precipitating Oil Red O, then counterstained with Harris haematoxylin for 1 min at RT. Imaging was performed on an Axiovert 135TV inverted microscope (Zeiss) using Image Pro Insight version 9.1.4 (Media Cybernetics). n = 3 for each cell type (biological replicates). n = 2-3 wells for each condition (technical replicates).
2.15 Osteogenesis assay
Following dissociation, MSCs, unsorted TDCs, sorted CD146+ and CD146- cells were seeded into 12-well plates a density of .1 × 106 cells per well with osteogenic media containing 2 mM sodium phosphate dibasic (DiP) or standard growth medium as a control with each condition supplemented with 50 μg/ml ascorbic acid to promote collagen synthesis (Barnes, 1975; Patel et al., 2019). DiP (free phosphate donor) is essential for bone/mineralised extracellular matrix metabolism during osteogenesis (Robey and Termine, 1985). Monolayers were fed with fresh half-media changes corresponding to each condition every 72 h. Cell cultures were terminated after 21 days to assess mineralisation with Alizarin Red S staining (Taylor et al., 2014). Monolayers were rinsed once with DPBS then fixed for 10 min at RT with 2.5% (v/v) glutaraldehyde. Fixed cells were rinsed once with DBPS then three times with 70% ethanol and air-dried at RT overnight. Dried monolayers were subsequently stained with 1% (w/v) Alizarin Red S in diH2O for 5 min at RT, then washed three times with 50% ethanol and left to air-dry overnight. Imaging was performed as described above. n = 3 for each cell type (biological replicates). n = 2-3 wells for each condition (technical replicates).
2.16 Statistical analyses
Statistical analyses and graphs were produced using GraphPad Prism (version 9.1). Normality tests were performed according to Shapiro-Wilk tests (α = .05). All datasets passed normality tests and were analysed using unpaired two-tailed t-test (significance set to p < .05). Graphs were plotted as mean (µ) ± standard deviation (SD).
3 RESULTS
3.1 CD146 is a marker of interfascicular cell populations
PAS staining demonstrated that the IFM contains mucin-rich basement membrane (Figure 1A). Using both CD146 and the IFM basement membrane marker LAMA4 in STRING predictions identified several potential interfascicular cell surface markers including CD44, CD90 (THY1) and CD133 (PROM1), as well as a broader network of interfascicular niche and basement membrane components, including dystroglycan 1 (DAG1), integrin subunit β1 (ITGB1) and fibronectin 1 (FN1) (Figure 1B). To validate these proposed interfascicular cell markers, fluorescent labelling of CD44, CD90, CD146 and MKX was quantified in both fascicular and interfascicular regions. All markers were enriched within IFM (72%–94% positive expression) and had significantly less expression within fascicles; fascicular CD146 expression was less than 1% whereas CD44, CD90 and MKX expression was between 4% and 15% (Figures 1C–J). Using 3D imaging of SDFT labelled with CD146, we identified an interfascicular network of vascular structures within which CD146 cells were localised (Figure 2A). The colocalisation of Desmin (mural cell marker) with CD31 (endothelial marker) and CD146 (pan-vascular marker), alongside LAMA4 (basement membrane; Figures 2B–D) observed in transverse sections confirmed that the structures were vascular, and often found in regions of IFM connecting 3 adjacent fascicles. Within IFM, we observed distinct CD31 endothelium surrounded by Desmin-rich layers, whilst CD146 and Desmin colocalised in smooth muscle and pericyte layers. Labelling of CD31, CD146 and Desmin was also confirmed in vascular layers of larger blood vessels within epitendinous regions (Supplementary Figure S5).
[image: Figure 1]FIGURE 1 | Analyses of regional differences in tendon cell marker expression demonstrated that CD146 is exclusively expressed by interfascicular cells within an interfascicular niche. (A) PAS-staining and schematic of SDFT sections highlighted mucin-rich basement membrane (arrow; purple, schematic; red) within the interfascicular matrix (IFM). Nuclei = blue. Scale bar = 50 µm. (B) STRING-predicted protein-protein interactions revealed potential targets for novel tendon cell populations using validated interfascicular niche markers CD146 and LAMA4. Interactions based on CD146 (MCAM) and LAMA4 demonstrated a protein neighborhood consisting of cell markers CD44, CD90 (THY1), CD133 (PROM1), as well as cell niche components such as ITGB1, DAG1 and FN1. (C–J) Image analyses comparing the positive labelling (area fraction; %) of longitudinal SDFT sections immunolabelled with CD44 (C,D), CD90 (E,F), CD146 (G,H) and MKX (I,J) overlayed with DAPI [blue = nuclei; (K,L)] in both fascicular matrix (FM) and IFM regions. The IFM is outlined by dotted lines. Scale bar = 50 µm. Biological replicates (n) = 5 per tendon region. Technical replicates = 3-4 per individual sample. Graphs were plotted as mean (µ) ± SD. Statistical significance: **** (p ≤ .0001).
[image: Figure 2]FIGURE 2 | CD146 cell populations demarcated a vascular network indicative of a vascular cell niche within the interfascicular matrix. (A) 3D imaging of (i) CD146 and (ii) CD146 and nuclei (DAPI, blue) confirmed that the IFM was enriched with CD146 cell populations as part of an interconnected vessel network. Images of labelled transverse SDFT sections demonstrating colocalisation of Desmin with CD31 and CD146 (B,C) and CD146 with LAMA4 (D) indicating that CD146 represents a marker of interfascicular vascular cell populations resident within laminin-rich vessels. Nuclei = DAPI (blue). IFM is demarcated by dashed lines in transverse images. Scale bar = 50 µm. Images represent maximum projection of 30 µm section.
3.2 Tendon interfascicular matrix is enriched in an endothelial basement membrane
To characterise the distribution of the major components of interfascicular basement membrane, we performed immunolabelling of basement membrane proteins in longitudinal tendon sections, including full-length laminin (pan-laminin), type IV collagen, and Perlecan (Figures 3A–C), all of which localised to the vasculature within IFM. Further labelling with endothelial markers endomucin (EMCN) and von Willebrand factor (VWF) demonstrated abundant expression within the IFM (Figures 3D, E). STRING predictions in Equus caballus identified canonical basement membrane components integrin β1 (ITGB1) and dystroglycan 1 (DAG1), as part of the CD146-LAMA4 interaction network. Hence, we performed labelling of α-dystroglycan (IIH6) and ITGB1 (Figures 3F, H), in addition to network-predicted cell surface marker CD133 (Figure 3G) with all three labelled abundantly within the IFM. As LAMA4/LAMA5 ratios are critical for basement membrane integrity (Galatenko et al., 2018), we also demonstrated labelling for laminin α5 (LAMA5) within the IFM (Figure 3I). We also examined other reported angiogenic mediators, Netrin-1 (NTN1); a reported ligand of CD146, and Neuropilin-1 (NRP1), both of which also localised to the IFM (Figures 3J, K). In addition to demonstrating the presence of these vascular and basement membrane markers in the IFM, our results highlight the variability in IFM vasculature and morphology in the mid-metarcarpal region of the SDFT, with a complex vascular network distinguishable in transverse and longitudinal sections, as well as 3D imaging (Figure 2).
[image: Figure 3]FIGURE 3 | Canonical and network-predicted vascular and basement membrane components were enriched within the interfascicular matrix. Immunohistochemical labelling of longitudinal sections confirmed interfascicular expression of Type IV collagen (A), full-length laminin (B), Perlecan (C), as well as vascular markers EMCN (D) and VWF (E). Immunolabelling validation also confirmed enrichment within interfascicular vasculature with network-predicted markers DAG1 (IIH6; (F), CD133 (G), ITGB1 (H), laminin isoform LAMA5 (I), and angiogenic mediators NTN1 (J) and NRP1 (K). Scale bar = 75 µm. Representative images shown.
3.3 Interfascicular CD146+ cells are a rare subpopulation requiring enrichment for in vitro isolation
Upon isolation from the SDFT, in vitro labelling of cell surface markers demonstrated that the majority of TDCs exhibited abundant CD44 and CD90 labelling and limited CD146 expression (Figures 4A–C). To study CD146 cells in vitro, we therefore developed a MACS procedure for the enrichment of CD146 cells. Immunocytochemistry of positively sorted CD146 cells confirmed enrichment for cells expressing CD146 (Figure 4D). A single application of MACS was able to yield CD146 cells with enrichment of approximately 64% as determined by flow cytometry (Figures 4E, F). Comparison of cell numbers pre and post MACS showed that approximately 2% of unsorted cells were CD146 positive (Figure 4G), providing further emphasis on the rarity of CD146 cell subpopulations and requirements for optimal enrichment procedures. However, some CD146 positive cells were detected in negative fractions (approx. 14%; Figure 4H).
[image: Figure 4]FIGURE 4 | Immunocytochemical labelling confirms CD146+ cells are a rare subpopulation when expanded in vitro, and can be enriched via MACS. Tendon cell-surface markers CD44 (A), CD90 (B) and CD146 (C) demonstrate that CD146 cells are a rare subpopulation amongst cultured TDCs (passage 1) when compared to cells expressing CD44 or CD90. n = 3 (biological replicates). Scale bar = 100 µm. Immunocytochemically labelled CD146 cells (D; passage 2) labelled with CD146 reaffirmed that expression persisted once expanded in vitro. n = 3 (biological replicates). Scale bar = 100 µm. Flow cytometry (E,F) confirmed CD146 expression in CD146+ cell populations. Total events = 10,000. (G) The percentage of CD146 cells (approx. 2%) yields by MACS from the original tendon-derived cell suspensions as determined by cell counting, reiterated the rarity of CD146 cells. n = 9 (biological replicates). Across MACS isolations (H), flow cytometry confirms CD146 enrichment, albeit approximately 15% of cells in the CD146− negative fraction were positive for CD146. n = 2 (biological replicates) per cell fraction. Graphs were plotted as mean (µ) ± SD.
3.4 Interfascicular CD146 cells have limited differentiation potential
To assess their clonogenicity and multi-lineage potential, unsorted TDCs, CD146+, CD146− cells were subjected to clonogenic, osteogenic and adipogenic assays using MSCs as a positive control. CD146+ cells showed no enhanced clonogenicity compared to CD146-negative cells or heterogenous TDCs (Figures 5A–D). For adipogenesis, TDCs, CD146+ and CD146− cells all showed limited adipogenic potential when stimulated (Figures 5E–H). Under osteogenic conditions, unsorted TDCs displayed extensive calcium deposition with some mineralised nodules present, however virtually no calcium deposition nor mineralisation was detected in either CD146+ and CD146− sorted cell populations (Figures 5M–P).
[image: Figure 5]FIGURE 5 | CD146+ cells exhibit limited clonogenicity and lineage potential. Representative images of colonies formed by MSCs, TDCs, CD146- and CD146+ populations (A–D). Scale bar = 1 cm. Oil Red O staining of MSCs, TDCs, CD146- and CD146+ cells (E–L) under adipogenic conditions using StemPro® Adipogenesis differentiation media (E–H) and control conditions (I–L) demonstrate that TDCs, CD146+ and CD146− cells produce a limited number of lipid vesicles. Lipid vesicles = red. n = 3 per cell type (biological replicates). n = 3 per condition (technical replicates). Scale bar = 100 µm. Alizarin Red S staining of MSCs, TDCs, CD146- and CD146+ cells (M–T) under osteogenic conditions containing 2 mM DiP (M–P) and control conditions (Q–T) demonstrate that tendon cells exhibit limited mineralisation capacity when separated. Mineralised nodules = black. Calcium deposits = red. Unmineralised matrix = reflective/white. Scale bar = 100 µm. Images shown are representative of each condition.
4 DISCUSSION
In this study, we have characterised CD146+ cell populations and their niche within the tendon IFM. We demonstrate that CD146+ cells exclusively localise to the IFM in healthy tendon, forming extensive interconnected 3D networks, comprising a niche containing vascular basement membrane and vascular-associated cells and proteins, several of which have been identified in the IFM for the first time. In contrast to our hypothesis that the IFM is a progenitor cell niche, CD146+ cells exhibited limited differentiation potential, indicating they are unlikely to be stem/progenitor cells, and are instead likely of vascular derivation.
The presence of CD146+ cells in tendon has been demonstrated previously; with immunolabelling of the human Achilles showing CD146 within the IFM (Yin et al., 2016). Our results support these findings. In addition, single-cell RNA sequencing of human tendon revealed three cell populations that express CD146; one of which was an endothelial population which co-expressed CD31 (Kendal et al., 2020). Furthermore, in single-cell analyses of mouse tendon, CD146+ tendon cells, identified as haematopoietic cells, represented around 9% of TDCs (De Micheli et al., 2020). In other tissues such as bone, CD31 and CD146 expression can be used to delineate endosteal and vascular populations which remodel the haematopoietic niche (Sacchetti et al., 2007; Tormin et al., 2011). Previous research from our group has highlighted CD31 as an IFM-localised vascular marker (Godinho et al., 2017) whilst other studies have reported Desmin as a pericyte and muscle cell marker (Chan-Ling et al., 2004; Piercy et al., 2007). The localisation of CD146 and CD31 with Desmin we report herein suggests that CD146+ delineates IFM endothelial and mural populations, whilst CD31 distinguishes endothelial cells from Desmin+ smooth muscle cells and pericytes. Indeed, the interconnected network of CD146 positivity detected demonstrates the presence of an interconnected IFM vascular network, which is likely continuous throughout the entire tendon. While studies have demonstrated vascularization of the IFM in both the SDFT and Achilles (Kraus-Hansen et al., 1992; Ahmed et al., 1998), the abundance and complexity of these vessels has not been appreciated previously. Further, epitendinous vessels (i.e., arteries and veins) are distinct when compared to interfascicular arterioles, capillaries or venules, given the observed differences in smooth muscle layers and whole vessel. Future studies are therefore required to improve classification of tendinous vasculature and the role of vasculature-associated cells in tendon homeostasis and repair.
In addition, our recent studies have established that CD146+ cells migrate to sites of injury in the rat Achilles tendon, which is accompanied by increased LAMA4 expression (Marr et al., 2021). In the current study, 3D imaging of the SDFT revealed an extensive interconnected network of CD146 labelling within the IFM; together these findings suggest that CD146+ cells are found both within, and separate from the vasculature. However it is yet to be established whether these are two distinct cell populations, or whether vascular-associated CD146 cells are able to migrate away from the vasculature. The interconnected network of CD146 forms structures which were similar those seen in 3D imaging of LAMA4 in SDFT (Marr et al., 2020). The colocalisation of CD146 and LAMA4 in the current study further reinforces the putative ligand-receptor interaction that CD146 and LAMA4 share, which has been demonstrated in previous studies (Ishikawa et al., 2014; Wragg et al., 2016). In chondrocytes, blocking of LAMA4 inhibited cluster formation, which is typical of pathological cartilage, and also resulted in downregulation of Claudin-1 (previously identified as a tendon IFM protein) and MMP3 (Fuerst et al., 2011; Moazedi-Fuerst et al., 2016). Recent studies have already established that loss of LAMA4 results in reduced CD146 cell expression and loss of basement membrane/niche maintenance in both mesenchymal and haematopoietic environments (Cai et al., 2022). Therefore, LAMA4 may act as a homing receptor for migrating interfascicular CD146+ tenocytes, however the chemokines that facilitate this are yet to be identified.
Here, we demonstrate that both LAMA4 and LAMA5 are abundant within the IFM niche, alongside other vascular components ITGB1, VWF, EMCN, NTN1 and NRP1. It has been shown previously that the early stage deletion of the laminin α4-chain is not functionally compensated for by other laminin chains leading to failed angiogenic development. Yet, in contrast, compensatory upregulation of LAMA5 as a result of LAMA4 loss results in a relatively milder vascular phenotype during postnatal maturation, which suggests that the balance between laminin subunits LAMA4/LAMA5 ratios is critical for maintaining a healthy vascular network and vascular niche (Thyboll et al., 2002). Given the abundant expression of both LAMA4 and LAMA5 found in our studies, it is likely that both chains and their full-length laminin isoforms 411 and 511 are essential to IFM endothelial basement membrane function, due to their previously reported role in shear-stress response and mechanotransduction (Di Russo et al., 2017; Beguin et al., 2020).
In situ, IFM cells were also positive for CD44 and CD90. Although their expression is likely acquired at later stages of differentiation and proliferation. These markers have been used to label putative stem/progenitor cell populations in tendon and other tissues (Leonardi et al., 2021). However, given that both markers were widely expressed throughout the IFM and fascicles, it is unlikely that they specifically label tendon stem cells in the equine SDFT and instead label several populations within tendon, including the tenocytes resident within fascicles. This assertion is supported by single-cell RNA sequencing data from the mouse Achilles tendon showing that both CD44 and CD90 are expressed by tenocytes and other tendon cell populations (De Micheli et al., 2020).
The identification of multiple vascular structures using markers of endothelial/vascular cell lineages demonstrates that the IFM houses a specialised vascular niche, rich in basement membrane proteins. This builds on our previous proteomics data showing enrichment of basement membrane proteins in the IFM, including perlecan, laminins and collagen type IV (Thorpe et al., 2016). The identification of perlecan-rich vascular networks in tendon IFM has major implications for the study of tendon. During development, perlecan is integral for tight packaging of interstitial tissues, which house vasculature, to ensure that maturation of endothelial tissues proceeds (Gustafsson et al., 2013). In addition, lymphangiogenesis within interstitial tissues is defined by the expression of perlecan and interstitial fluid flow (Rutkowski et al., 2006). In tendons, fascicular sliding may therefore be integral to IFM lymphatic and vascular remodelling. Moreover, VWF is likely to act as an endothelial cell ligand within the interfascicular basement membrane. The assembly of vascular basement membranes are regulated by β1-integrins and dystroglycans, and are typically formed of type IV collagens, proteoglycans such as perlecan, as well as vascular laminin isoforms comprised of LAMA4 and LAMA5 (Nikolova et al., 2006; Thomsen et al., 2017). Previous studies have reported vascular cell niches housing CD146-expressing stem/progenitor populations (Castrechini et al., 2010). Furthermore, the angiogenic capacity of CD146 is controlled by signalling molecules such as Netrin-1 and Neuropilin-1; both of which are critical for vascular cell patterning (Melani and Weinstein, 2010; Tu et al., 2015; Chen et al., 2018). It is notable that several of the above mentioned proteins, most of which are predicted to interact with CD146, localise to the IFM, indicating tethering of CD146 cells to a vascular basement membrane.
In vitro, tendon derived cells showed similar protein expression to that seen in situ, with abundant labelling of CD44 and CD90, and limited labelling for CD146 in only 2% of TDC. This is somewhat lower than the 9% of cells in the mouse Achilles that expressed CD146 as determined by single cell sequencing (De Micheli et al., 2020); this discrepancy may be explained by species-specific differences. The equine model is a highly relevant and well-accepted model for tendon research as the SDFT and human Achilles share similar function, structure and injury risk (Innes and Clegg, 2010; Patterson-Kane and Rich, 2014). Another explanation for this discrepancy in population proportions is the removal of the epitenon in the current study, which is known to house CD146+ cells (Marr et al., 2020). MACS was successfully employed to enrich CD146 populations, with approximately 65% of cells positive for CD146 post-sorting as determined by flow cytometry. This percentage is likely an under-representation, as CD146+ cells were detected using flow cytometry immediately post MACS-enrichment. This suggests that some CD146 antigens may still be bound to the magnetic label used during MACS, rendering them unavailable for binding to fluorescently tagged antibodies and hence non-detected by flow cytometry. Indeed, immunocytochemistry of CD146+ cells showed that virtually all cells labelled positively for CD146 post-MACS enrichment. However, a proportion of negatively selected cells expressed CD146 following cell sorting, likely due to a small number of CD146+ cells not binding to the column and therefore being eluted with the negative fraction. Enrichment could have been improved by additional rounds of sorting; however, this would have resulted in insufficient cell numbers for downstream experiments.
While previous studies have reported CD146 as a marker of mesenchymal stem cell lineages, tendon-derived CD146 populations exhibited similar clonogenicity to other TDCs, as well as limited differentiation potential. These findings agree with previous studies that demonstrated equine SDFT-derived TSPCs have limited clonogenicity and differentiation potential; this study utilised low density plating as opposed to cell sorting procedures to obtain TSPCs yet still failed to detect adipogenesis following stimulation (Williamson et al., 2015). In the current study, a limited number of lipid vesicles were however produced in adipogenic-induced TDCs, CD146+ and CD146− cells. Unfortunately, we were unable to assess chondrogenesis after sorting due to the insufficient number of CD146+ cells for micromass survival during chondrogenic pellet induction. Together, these results indicate that CD146+ tendon-derived cells do not exhibit stem cell plasticity and instead CD146 is a pan-vascular marker in tendon, labelling both mural and endothelial cells. While the multipotency of pericytes has been demonstrated in a range of species (Esteves and Donadeu, 2018), other studies have shown that pericyte plasticity varies between tissue types, with some pericytes having limited differentiation potential (Herrmann et al., 2016). It is possible that, while tendon pericytes have a limited multipotency, they can differentiate down a tenogenic lineage, and indeed single cell sequencing data indicate that pericytes are a source of progenitor cells for adult tenocytes in murine tendon (De Micheli et al., 2020). However, as we did not assess tenogenesis in CD146 subpopulations, we are unable to confirm this and therefore future studies will need to fully characterize CD146 subpopulations. As tendon CD146+ populations have been shown to migrate to sites of injury, establishing further understanding of their local microenvironment, lineage origins, in vitro characteristics, and the effects of ageing will aid future research aimed at establishing if mobilising these populations can enhance intrinsic repair.
5 CONCLUSION
CD146 demarcates an IFM-specific cell population that reside in a niche rich in basement membrane and vascular proteins in tendons. Contrary to our hypothesis, CD146+ cells have limited clonogenicity and differentiation potential indicating they are unlikely to be stem/progenitor cells. Instead, co-localisation of Desmin with CD31 and CD146 indicates that CD146 is a pan-vascular marker within tendon. As previous studies have shown that CD146 cells migrate to sites of injury, establishing regenerative strategies that utilise endogenous tendon cell populations to promote intrinsic repair could act as a viable and effective method for improving healing responses and preventing tendon re-injury.
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Abdominal aortic aneurysm (AAA) is pathologically characterized by intimal atherosclerosis, disruption and attenuation of the elastic media, and adventitial inflammatory infiltrates. Although all these pathological events are possibly involved in the pathogenesis of AAA, the functional roles contributed by adventitial inflammatory macrophages have not been fully documented. Recent studies have revealed that increased expression of matrix metalloproteinase-12 (MMP-12) derived from macrophages may be particularly important in the pathogenesis of both atherosclerosis and AAA. In the current study, we developed a carrageenan-induced abdominal aortic adventitial inflammatory model in hypercholesterolemic rabbits and evaluated the effect of adventitial macrophage accumulation on the aortic remodeling with special reference to the influence of increased expression of MMP-12. To accomplish this, we compared the carrageenan-induced aortic lesions of transgenic (Tg) rabbits that expressed high levels of MMP-12 in the macrophage lineage to those of non-Tg rabbits. We found that the aortic medial and adventitial lesions of Tg rabbits were greater in degree than those of non-Tg rabbits, with the increased infiltration of macrophages and prominent destruction of elastic lamellae accompanied by the frequent appearance of dilated lesions, while the intimal lesions were slightly increased. Enhanced aortic lesions in Tg rabbits were focally associated with increased dilation of the aortic lumens. RT-PCR and Western blotting revealed high levels of MMP-12 in the lesions of Tg rabbits that were accompanied by elevated levels of MMP-2 and -3, which was caused by increased number of macrophages. Our results suggest that adventitial inflammation constitutes a major stimulus to aortic remodeling and increased expression of MMP-12 secreted from adventitial macrophages plays an important role in the pathogenesis of vascular diseases such as AAA.
Keywords: MMP-12, macrophage, elastin, abdominal aortic aneurysm, transgenic rabbits, atherosclerosis
1 INTRODUCTION
Abdominal aortic aneurysm (AAA) is thought to be a degenerative process affecting the aortic wall; however, its cause remains unclear (Thompson et al., 2006; Wassef et al., 2007). Regardless of etiology, the basic pathologic features of most AAA are quite similar: intimal atherosclerosis and marked destruction of the aortic wall characterized by the degradation of elastin and collagen in medial and adventitial lesions. Accumulating evidence has suggested that increased activity of matrix metalloproteinases (MMPs) derived from vascular cells such as macrophages and smooth muscle cells plays a major role in the pathogenesis of AAA (Thompson and Parks, 1996; Shah, 1997; Liapis and Paraskevas, 2003). So far, many MMPs have been detected in the lesions of AAA and it seems that many of them, either predominantly or collaboratively, are involved in the process of aneurysm’s formation. In the aortic wall, elastin and collagen constitute most of the extracellular matrix (ECM), and therefore increased elastolytic activity has been suggested to be critical in the cascade of MMP-mediated degradation of ECM. Curci and coworkers first reported that the levels of macrophage elastase (MMP-12), the major elastin-degrading enzyme in the arterial wall is remarkably increased in the lesions of AAA patients, suggesting MMP-12 to be an important MMP that is involved in the pathogenesis of AAA (Curci et al., 1998). In MMP-12 knock-out mice, a deficiency of MMP-12 attenuated calcium chloride-induced AAA (Longo et al., 2005).
MMP-12, also called macrophage metalloelastase, was first identified as a potent elastolytic metalloproteinase specifically secreted by macrophages (Banda and Werb, 1981; Shapiro et al., 1993). In addition to elastin, MMP-12 is also able to degrade a broad spectrum of components of the ECM in the arterial wall such as collagen type IV, fibronectin, laminin, vitronectin, proteoglycans and plasminogen (Chandler et al., 1996; Gronski et al., 1997). Therefore, it is very likely that in the arterial wall, MMP-12 degrade not only elastin but also collagen directly or through interaction with other MMPs. Several lines of evidence show that MMP-12 can activate other MMPs such as MMP-2 and MMP-3 (Matsumoto et al., 1998) thus, MMP-12 has a pivotal role in the activation of other MMPs in the arterial wall.
To elucidate the functional roles of MMP-12, our laboratory generated transgenic rabbits with high levels of human MMP-12 specifically in tissue macrophages (Fan et al., 2004). Using this unique model, we have demonstrated that increased MMP-12 expression enhances the development of atherosclerosis (Liang et al., 2006) and inflammatory arthritis (Wang et al., 2004). We postulated that abnormal expression of macrophage-derived MMP-12, in concert with other MMPs, may also play a central role in the abdominal aortic remodeling. Rabbits are an appropriate model to study hyperlipidemia and atherosclerosis because they are sensitive to a cholesterol diet and rapidly develop atherosclerosis (Fan et al., 2015). In addition, our previous study revealed that many MMPs are upregulated in the lesions of aortic atherosclerosis of hypercholesterolemic rabbits (Fan et al., 2018). However, cholesterol-diet manipulation alone in rabbits usually induces prominent atherosclerotic lesions initiated in the aortic arch and thoracic aorta rather than abdominal aorta, which hampers examination of the effect of MMP-12 on AAA and aortic remodeling. In the current study, we produced a model of abdominal aortic injury in rabbits fed a cholesterol diet. Through embedding carrageenan, chronic adventitial inflammation of the abdominal aorta was induced to examine whether the adventitial inflammation is involved in aortic remodeling. Here we report that MMP-12 derived from adventitial inflammatory macrophages significantly modulates the formation of aortic lesions and aortic remodeling.
2 MATERIALS AND METHODS
2.1 Animals
MMP-12 transgenic (Tg) rabbits expressing human MMP-12 were generated in our laboratory as described previously (Fan et al., 2004). The Tg construct consisted of human MMP-12 cDNA (catalytic domain sequence) under the control of the human scavenger receptor A enhancer/promoter, which directs the expression of the transgene in the macrophage lineage (Fan et al., 2004) and foam cells of atherosclerotic lesions (Horvai et al., 1995). A total of 18 male Tg and 18 non-Tg littermates (5–6 months old) were used for the current study. They were fed a diet containing .3–.8% cholesterol and 3% soybean oil for 4 weeks and then, the abdominal aortic adventitial lesions were produced as described below (Figure 1). During the period of feeding, we maintained the plasma total cholesterol levels in these rabbits at a constant 800–1,000 mg/dL (Supplemental Fig.1) (similar to levels in homozygous familial hypercholesterolemic patients) by adjusting the cholesterol content of the diet.
[image: Figure 1]FIGURE 1 | Schematic illustration of carrageenan-induced abdominal aortic lesions. Rabbits were fed a cholesterol-diet for 4 weeks before the surgery. A piece of sterilized gauze pre-soaked with λ-carrageenan was placed along the isolated abdominal aorta between the inferior mesenteric artery and lumbar artery and wrapped with a piece of polyethylene film. At the end of experiments, aortic rings were sectioned as shown on the right. The abdominal aorta was cut into 10 cross-sections.
2.2 Carrageenan-induced abdominal aortic adventitial lesions
To produce the abdominal aortic adventitial inflammation, we embedded carrageenan (a polysaccharide) around the isolated abdominal aorta segment (2.5 cm between inferior mesenteric artery and lumbar artery) as shown in Figure 1. Carrageenan is a potent chemoattractant for monocytes and can induce the focal accumulation of inflammatory macrophages (Wang et al., 2004). For this undertaking, rabbits were anesthetized by intramuscular injection of ketamine (25 mg/kg BW) + medetomidine hydrochloride (.5 mg/kg BW) and the abdominal aortas were exposed. A piece of sterilized gauze was pre-soaked in 10 mg/mL of λ-carrageenan (Wako Chemicals, Osaka, Japan) in .9% NaCl (w/v) at 40°C overnight, laid around the isolated abdominal aorta without any arterial branches, and gently covered with a sheet of polyethylene film to prevent inflammatory adhesion to the surrounding tissue. All rabbits were sacrificed at 24 weeks after surgery by intravenous injection of an overdose of sodium pentobarbital solution. The whole abdominal aortas were carefully collected for histological examination, immunostaining, and RNA and protein extraction (see below). This study was approved by the Animal Care Committee of the University of Yamanashi and Saga University and conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH.
2.3 Histological examinations and immunohistochemical staining
The abdominal aortas were divided into 10 segments, fixed in 10% neutral buffered formalin, and embedded in paraffin. The sections (3 μm thick) were stained with hematoxylin and eosin (H&E) and Elastica van Gieson (EVG) for histological examination and morphometric analysis. To assess the degree to which elastic fibers were degraded, we quantified the contents of elastic fibers (expressed as elastic staining area μm (Wassef et al., 2007) per section) and the aortic diameter (expressed as μm calculated by area of the internal elastic lamina) using EVG-stained specimens and an image analysis system (Liang et al., 2006). The number of focal micro-dilated lesions in each aorta was calculated by two independent researchers. Immunohistochemical staining was performed using labeled streptavidin biotin kits (Nichirei Co, Tokyo, Japan) according to the manufacturer’s instructions. After hydration and the blocking of endogenous peroxidase activity, the sections were incubated with monoclonal antibodies (mAbs) against rabbit macrophages (RAM11, 1:200) from Dako Corporation (Carpineteria, CA), and against smooth muscle α-actin (HHF35, 1:400) and the human MMP-12 catalytic domain (MAB 919, 1:20) from R&D System (Minneapolis, MN). Non-specific mouse IgG was used to stain the sections as a negative control. Macrophage infiltration in the peri-adventitial area was quantitated using an image analysis system after immunohistochemical staining. The positive staining area of the whole adventitial granulomatous lesion was measured and expressed as the percentages of the lesions. In addition, in situ β-casein zymography was performed using selected frozen sections to confirm MMP enzymatic activity in adventitial macrophages (Yu et al., 2008).
2.4 Real-time reverse-transcription polymerase chain reaction
A 1.0 μg sample of total RNA isolated from the aortas of three non-Tg and three Tg rabbits was transcribed into cDNA using QuantiTect® reverse transcription kit (Qiagen K.K., Tokyo). Amplification was conducted in a total reaction volume of 20 μL containing 5 μL of cDNA, 10 μL of 2X SYBR Green PCR Master Mix, and .5 μL of each primer (10 μM). Primers for real-time reverse-transcription (RT) polymerase chain reaction (PCR) was used as shown in Table 1. Rabbit endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression was measured as an internal control and changes in each gene expression were expressed as the fold-increase relative to the control. All analyses were performed in triplicate. Amplifications were performed on a DNA Engine Opticon (MJ Research, Tokyo, Japan) using a DyNAmoTm SYBR® Green qPCR kit (Finnzymes, MJ Bioworks, Inc., Espoo, Finland) according to the manufacturer’s instructions. The absence of non-specific amplification products was confirmed in a melting-curve analysis.
TABLE 1 | Primer sequences and amplification conditions for real-time RT-PCR.
[image: Table 1]2.5 Western blot analysis
The abdominal aortic segments from 3 non-Tg and 3 Tg rabbits were homogenized in an ice-cold suspension buffer (10 mM Tris-HCl, pH7.6, 100 mM NaCl) supplemented with a proteinase inhibitor cocktail (Sigma, St. Louis, MO). The supernatant was collected, and the protein content was measured using a Bio-Rad protein assay kit (Bio-Rad Japan, Tokyo). Ten-microgram aliquots of the crude proteins from the artery were separated by 10% SDS-PAGE for Western blotting and probed with a panel of Abs against MMP-2, −3, −9, and −12 (Liang et al., 2006).
2.6 Statistical analyses
All values were expressed as the mean ± SE and statistical significance was analyzed using Student’s t-test or Mann-Whitney’s U test for non-parametric analysis. Statistical significance was set at p < .05.
3 RESULTS
By embedding carrageenan, we produced chronic inflammatory lesions around the abdominal aorta in rabbits fed a cholesterol diet. As shown in Figure 2, the peri-aortic lesions were mainly composed of infiltrating macrophages, many of which had a foamy appearance, resembling granulomatous lesions. We examined whether adventitial chronic inflammation influences aortic remodeling and intimal lesions or whether increased MMP-12 (derived from macrophages) is instrumental in these processes.
[image: Figure 2]FIGURE 2 | Micrographs of abdominal aortic lesions from non-Tg and Tg rabbits. Cross-sections were stained with H&E, with EVG, or immunohistochemically with Abs against macrophages and MMP-12. Adventitial macrophage infiltration and MMP-12 staining of a Tg rabbit aorta are shown at higher magnification at the bottom. Macrophage infiltration was quantitated and showed as percentage. 4–10 immunostained sections from each rabbit (n = 8 for non-Tg and 9 for Tg) were used. The data were expressed as the mean ± SE. **p < .01 vs. non-Tg.
3.1 Adventitial lesions
At first glance, the abdominal aortas were surrounded by numerous infiltrating macrophages with few intimal lesions (see below). The adventitial accumulation of macrophages was markedly and significantly increased in Tg compared to non-Tg rabbits and was associated with strong staining intensity of MMP-12 (Figure 2). In situ zymography confirmed that there was MMP-degrading activity around the aorta (data not shown). Furthermore, the lesions of Tg rabbits were characterized by remarkable disruption of the elastic fibers of both medial and adventitial lamellae as visualized with the EVG staining. The destruction of aortic elastin was histologically characterized by a partial or complete disappearance or degradation, or loss as shown in Figure 3A. In areas where the destruction occurred, there were many macrophages intermingled. To quantitate these changes, we measured the amount of elastin in each segment using EVG-stained specimens and compared Tg rabbits with non-Tg rabbits. The elastin content was significantly and consistently reduced throughout the segments of the abdominal aorta in Tg rabbits (Figure 3B). Of note, loss of the elastin was colocalized with MMP-12 immunoreactive proteins (Supplemental Fig.2) and associated with aortic remodeling in Tg rabbits. Under microscopic observation, we found that the aortic lumen focally protruded outwards and formed partially dilated (Figure 4A). We calculated the number of such lesions from all segments of the abdominal aorta and found that Tg rabbits had a 2-fold higher frequency of the dilated lesions than did non-Tg rabbits (4.0 ± .9 lesions/aorta in Tg vs. 2.2 ± .5 lesions/aorta in non-Tg, p < .05). We also measured the aortic diameter of each segment and found that 1–3rd and 7–10th of the segments of Tg rabbits were dilated compared to non-Tg aortas (Figure 4B) although average diameter of 10 segments were not statistically significant between two groups. Taken together, these results revealed that increased expression of MMP-12 in Tg rabbits resulted in more lesions and augmented degradation of the elastin in the aortic wall.
[image: Figure 3]FIGURE 3 | Disruption of elastin fibers of the aortic wall (A) and quantitation of the elastin contents of each section (B). A: Histological features of destroyed elastic fibers in carrageenan-induced lesions. Cross-sections were stained with EVG. IEL (arrows): internal elastic lamina. B: The data were expressed as the mean ± SE (n = 12 for each group). *p < .05 **p < .01 vs. non-Tg.
[image: Figure 4]FIGURE 4 | Representative micrographs of the focal dilation in the abdominal aortas of Tg rabbits (A) and quantitation of aortic dilation (B). A: The lesions were stained with either H&E or EVG. Arrows indicate the protruded lumens. B: The aortic dilation was evaluated by measuring a defined area of the internal elastic lamina and calculating the diameter in each segment of the aorta. The data were expressed as the mean ± SE (n = 12 for each group). *p < .05 vs. non-Tg.
3.2 Intimal atherosclerosis
To examine whether the adventitial inflammation also affects the abdominal aortic intima, we analyzed the intimal atherosclerotic lesions. The intimal lesions in the abdominal aortas were essentially characterized by intimal thickening and mainly composed of proliferating smooth muscle cells (SMCs) and extracellular matrix with very few macrophages at the surface (Figure 5A). We measured the area occupied by intimal lesions in each segment. As shown in Figure 5B, in all segments, the lesions tended to be larger in Tg than non-Tg rabbits.
[image: Figure 5]FIGURE 5 | Representative intimal atherosclerotic lesions of Tg and non-Tg rabbits (A) and quantitation of intimal lesions (B). A: Cross-sections of the aorta were stained with H&E or immunohistochemically stained with Abs against macrophages (Mϕ) and smooth muscle cells (SMC). B: The area occupied by intimal lesions was measured using an image analysis system as described in the Materials and Methods. The data were expressed as the mean ± SE (n = 12 for each group). *p < .05, **p < .01 vs. non-Tg.
3.3 Analysis of MMP expression
To investigate the status of MMPs in the lesions, we measured the MMPs expression at both the protein and mRNA levels using Western blotting and real-time RT-PCR. As shown in Figures 6A, B, levels of MMP-12 along with MMP-2 and -3 were significantly increased in Tg rabbits compared to non-Tg rabbits. The mRNA expression of monocyte chemoattractant protein-1 (MCP-1) was also increased but that of MMP-9 and TIMP-1 were not significantly changed in Tg rabbits.
[image: Figure 6]FIGURE 6 | Western blot analysis (A) and real-time RT-PCR analysis (B). A: Proteins isolated from the aortic lesions were subjected to 10% SDS-PAGE under reducing conditions, and probed with Abs against MMP-12, MMP-2, MMP-3, and MMP-9. The same membrane was re-probed with mAb against β-actin to indicate that equal amounts of proteins were loaded. The relative level of each MMP was quantitated by calculating the optical density (OD) of each signal on the films using a densitometer (GS-700, Bio-Rad) and normalized relative to the amount of protein for β-actin. All analyses were performed in triplicate and the values are expressed as the mean ± SE (n = 3 for each group). *p < .05 vs. non-Tg. B: Expression of MMP-12, -2, -3, and -9, MCP-1, and TIMP-1 were analyzed with real-time RT-PCR. Expression levels of each gene are expressed as a percentage of the control value. Data are expressed as the mean ± SE (n = 5 for each group). *p < .05 vs. non-Tg.
4 DISCUSSION
Although it is generally accepted that aortic atherosclerosis is the main risk factor for AAA (Alcorn et al., 1996; Golledge et al., 2006), the role of adventitial inflammatory macrophages, while involved in many vascular diseases (Michel et al., 2007), has not been fully appreciated. In this study, we developed a rabbit model of adventitial inflammation to investigate the influence of inflammatory macrophages and MMP-12 on abdominal aortic remodeling. We found that embedding carrageenan around the abdominal aorta for 24 weeks resulted in a marked accumulation of macrophages, many of which had a foamy appearance, histologically resembling granulomatous lesions. These macrophages could be possibly originated from the peritoneal cavity where many resident macrophages were normally present. It should be pointed out that the lesions produced by carrageenan differ from other models of AAA such as the periarterial application of calcium chloride in rabbit carotid arteries and aortas (Gertz et al., 1988; Freestone et al., 1997) because the carrageen treatment cannot lead to the formation of typical AAA lesions. However, this adventitial inflammation model allowed us to examine the potential role of inflammatory macrophages in the (1) destruction of the elastic lamellae of the aortic wall; (2) aortic remodeling (depicted as aortic dilation); (3) the formation of micro-aneurysm-like lesions; and (4) intimal thickening. In this respect, we were specifically interested in the role of MMP-12, an important elastase secreted from macrophages, which has been shown to play diverse roles in inflammatory processes such as arthritis (Wang et al., 2004), atherosclerosis (Johnson et al., 2005; Liang et al., 2006), and AAA (Curci et al., 1998; Longo et al., 2005).
Compared to non-Tg rabbits, Tg rabbits showed a greater infiltration of macrophages along with a greater reduction of the elastin content of the aortic wall, suggesting that MMP-12 derived from macrophages is indeed involved in the enhanced degradation of elastin. The decrease in elastin content of the aortic wall led to a partial dilation of aortic lumens. All these changes suggest that increased MMP-12 activity enhances aortic remodeling. Several possible mechanisms exist for these pathological changes in Tg rabbits. First, increased elastolytic activity of MMP-12 derived from adventitial macrophages may directly lead to the degradation of aortic elastin and other extracellular matrices. More importantly, in addition to MMP-12, other MMPs such as MMP-2 and -3 also derived from increased infiltrating macrophages may be upregulated in the lesions as shown by the results of Western blotting and real-time RT-PCR. Thus, it is likely that increased activity of MMP-12 may trigger the activation of other MMPs (Matsumoto et al., 1998) which work together in aortic remodeling. Second, increased MMP-12 may also result in increased macrophage infiltration through the generation of elastin peptide, which can induce monocyte chemotaxis (Senior et al., 1980). Of note, MCP-1, a potent chemoattractant for monocytes, was highly expressed in the lesions, which may indirectly indicate a high degree of inflammation. Lanone et al. (2002) demonstrated that MMP-12 can accelerate IL-13-induced inflammatory infiltration whereas MMP-12-deficient macrophages showed diminished proteolytic activity and migration (Shipley et al., 1996). Consistent with these observations, a deficiency in MMP-12 gene attenuated calcium chloride-induced aneurysm growth with less infiltration by macrophages in MMP-12 KO mice (Longo et al., 2005) although there was no effect on the elastase-infusion model (Pyo et al., 2000).
As mentioned above, we failed to observe gross aneurysms in the damaged abdominal aortas though we did observe dilated lesions under the microscope. This may be because in the current model, we covered the carrageenan-induced peri-aortic lesions with a sheet of polyethylene film to prevent inflammatory adhesion to the adjacent tissues, which may limit remarkable dilation of the aortic wall or aneurysms. Alternatively, the period of observation was not long enough for AAAs to form. Therefore, this model is merely an adventitial inflammatory model rather than a true AAA model. While having such a flaw, we could assess the influence of MMP-12 on aortic remodeling, which is closely associated with the formation of AAA. Recently, we also generated transgenic rabbits expressed high levels of MMP-1 and MMP-9 in macrophages (Niimi et al., 2019; Chen et al., 2020). It seems that MMP-1 is also involved in the formation of AAA but MMP-9 contributes the vascular calcification formation. In future, it needs to compare these MMPs in terms of AAA development.
In addition to the medial and adventitial lesions, we found that intimal atherosclerotic lesions were also more frequent in Tg rabbits than non-Tg rabbits. However, these intimal lesions were essentially characterized by the proliferation of SMCs whereas macrophage infiltration was less prominent. This result was surprising because the SMC-rich lesions induced by adventitial inflammation were sharply different from the foam cell-rich lesions often observed in the aortic arch and thoracic aortas of cholesterol-fed rabbits (Liang et al., 2006). It seems that the SMC-rich lesions seen in these rabbits are more like injury-induced (balloon or cuff) lesions (Booth et al., 1989; Kockx et al., 1993). It has been reported that enhanced elastin fragmentation is required for the migration and proliferation of SMCs (Zempo et al., 1994; Southgate et al., 1996). Because we merely examined the aortic lesions at 24 weeks after surgery, it is also possible that macrophage-rich lesions are present in the early stages.
In conclusion, we have demonstrated that adventitial inflammation can affect aortic remodeling, and increased activity of MMP-12 derived from infiltrating macrophages leads to the enhanced formation of lesions. These results suggest that adventitial inflammation is a crucial stimulus for the development of vascular lesions and remodeling. Our findings clearly support the hypothesis that MMP-12 derived from adventitial macrophages plays an important role in the pathogenesis of atherosclerotic disease such as AAA. It would be interesting to examine whether the administration of a MMP-12 specific inhibitor (Devel et al., 2006) prevents the formation of atherosclerosis in vivo.
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The shortage of donor resources has greatly limited the application of clinical xenotransplantation. As such, genetically engineered pigs are expected to be an ideal organ source for xenotransplantation. Most current studies mainly focus on genetically modifying organs or tissues from donor pigs to reduce or prevent attack by the human immune system. Another potential organ source is interspecies chimeras. In this paper, we reviewed the progress of the genetically engineered pigs from the view of immunologic barriers and strategies, and discussed the possibility and challenges of the interspecies chimeras.
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1 INTRODUCTION
Organ transplantation is one of the greatest medical achievements in the 20th century and has saved the lives of thousands of patients who were suffering from organ failure. With the rapid developments in surgical techniques and the utilization of immunosuppressive agents, allotransplantation has become the only available treatment for end-stage organ failure in biomedicine. However, the disparity between organ supply and the demand for human organs is a bottleneck for clinical allotransplantation. According to the statistical results of United States Government Information on Organ Donation and Transplantation, 105,000 patients are currently waiting for transplants in the United States at present, and approximately 17 people die daily whilst waiting for a transplant. The organ supply in developed countries can only meet 15% of the needs, and about one-fifth of patients die while waiting. In China, the ratio of patients on the waiting list to the transplant recipients is 30:1.6 (Pan et al., 2019). Research on xenotransplantation was brought into being because of the increasingly arresting contradiction between organ supply and the demand for organ resources. Many disorders could be treated with clinical xenotransplantation (Figure 1) (Ekser et al., 2012). At present, various large animals have been used in xenotransplantation, including pigs, monkeys, chimpanzees and baboons. Pigs are considered the most ideal organ xenograft donor because their organ size, physiological metabolism and immune system are similar to those of human beings. However, natural immunologic barriers exist between pig organs and human organs. So how can suitable pig organs be produced for xenotransplantation?
[image: Figure 1]FIGURE 1 | Tissues or organs that can be used for xenotransplantation (Ekser et al. 2012).
One approach is to genetically modify the donor pigs to reduce or prevent attack by the human immune system, and thus achieve the compatibility with the human body. Another possible approach is the use of interspecies chimeras, in which human stem cells are made chimeric with pigs with specific organ defects, and then developed into a particular organ under a human micro-environment.
2 GENETICALLY MODIFIED PIGS PROVIDE ORGANS FOR XENOTRANSPLANTATION
In recent years, some non-cellular tissues from pigs have been used in clinical applications, such as pig cardiac valves for plastic surgery, small intestinal submucosa for bladder repair, and dermis for extensive burns (Laurencin and El-Amin, 2008). Meanwhile, the use of pigs with one or more immune-related genes modified has made a significant advance in solid organ transplantation from pigs to other large animals, and has resulted in remarkably long survival times for both recipients and grafts (Cooper, 2003). The survival time of neurons from CTLA4-Ig modified pigs reached 549 days after xenotransplantation (Badin et al., 2013). Islet cells xenografted from hCD46 transgenic pigs survived for 950 days (Shin et al., 2016). The use of genetically modified pigs has greatly addressed the immune barriers to xenotransplantation. Hyperacute rejection and acute cellular rejection have been nearly overcome (Kuwaki et al., 2005), and results from these studies have greatly contributed to research on acute vascular rejection and chronic rejection. With the discovery of an increasing number of immune-related key genes and the rapid development of efficient gene modification methods, the clinical application of xenotransplantation using genetically modified pigs as donors in preclinical application is becoming more feasible (Table 1). The immune barriers to xenotransplantation can be overcome via several genetic modification strategies that address the different modes of rejection discussed below.
TABLE 1 | Genetically modified pigs for xenotransplantation.
[image: Table 1]2.1 Hyperacute rejection
This type of rejection is mediated by the xenoreactive natural antibodies (XNAs) from the recipient and occur within minutes or hours after the restoration of xenograft blood circulation. XNAs bind to the xenoantigens of the xenograft and activate the classical complement pathway in the recipient, resulting in interstitial hemorrhage, edema and thrombosis of the xenograft, and finally leading to inactivation and necrosis of the xenograft within a few minutes or hours (Shimizu and Yamada, 2006). After more than a century of research, various methods to prevent hyperacute rejection have been developed. The first and most essential method is to reduce or eliminate the expression of galactose-α1,3-galactose (α-Gal), which is the main xenoantigen recognized by XNAs. α-Gal is expressed by α-1, 3-galactosyltransferase (GGTA1) gene and functions in pigs, but not in human beings, apes, or Old World monkeys (Good et al., 1992; Cooper et al., 1993). In 2002, Lai et al. and Dai et al. first produced clone pigs with GGTA1 gene deficient, which was seen as a milestone of xenotransplantation field (Dai et al., 2002; Lai et al., 2002). Subsequently, an increasing number of GTKO (GGTA1 knock out) pigs have been generated and used in xenotransplantation research (Cheng et al., 2016; Feng et al., 2016). When xenograft organs from GTKO pigs were transplanted into non-human primates, the survival times of the xenograft and the recipient were significantly prolonged, and the frequency of hyperacute rejection was significantly reduced or even disappeared. In other studies, a heart from a GTKO/hTBM/hCD46 pig survived for 945 days after transplantation into baboons (Mohiuddin et al., 2016), and kidney xenografts from a GTKO/hCD55 pig survived for 499 days after transplantation into rhesus macaque (Kim et al., 2019).
Except for α-Gal, two other non-Gal epitopes present an additional barrier to xenotransplantation. One is N-glycolylneuraminic acid (Neu5Gc), which is encoded by CMP-N-acetylneuraminic acid hydroxylase (CMAH) gene (Song et al., 2010). The other is the SDa blood group, which is produced by beta-1,4-N-acetyl-galactosaminyltransferase 2 (β4GALNT2) (Byrne, Ahmad-Villiers, Du, & McGregor, 2018). Attempts have been made to overcome these new xenoantigens by developing new transgenic pigs. The double or triple knockout pigs, which eliminate a-Gal, Neu5Gc, and the SDa epitopes, exhibited reduced human antibody binding in vitro (Lutz et al., 2013; Estrada et al., 2015; Li et al., 2015; Adams et al., 2018).
Another method for preventing hyperacute rejection is to inhibit complement response. Hyperacute rejection is mainly caused by the activation of complement pathway when XNAs bind to α-Gal. Thus, inhibiting the complement response can achieve the same effect. Numerous studies have shown that the frequency of hyperacute rejection during xenotransplantation was significantly reduced when transgenic pigs with human complement regulatory proteins (hCRPs) such as CD46, CD55, or CD59 were used (Huang et al., 2001; Dong et al., 2017; Gao et al., 2017; Zhang et al., 2018). Pancreas grafts from hCD46 transgenic pigs survived 396 days after transplantation into non-human primates (van der Windt et al., 2009). Kidney grafts from GTKO/hCD55 pigs survived for 499 days (Kim et al., 2019). Heart grafts from GTKO/hTBM/hCD46 gene-modified pigs survived for 945 days (Mohiuddin et al., 2016). These results suggest that inhibition of the complement response is another effective way of inhibiting hyperacute rejection.
Other methods can also be used to inhibit hyperacute rejection. For example, the level of α-Gal can be reduced by transducing enzymes that compete with α-1, 3-galactosyltransferase (Sharma et al., 1996). In another study, specific siRNA was used to reduce the expression of α-1, 3 galactosyltransferase via RNA interference (Zhu et al., 2005). Plasmapheresis can decrease the level of α-1, 3 galactosyltransferase, which reduces the risk of activation of the complement response and delayed hypersensitivity (Watts et al., 2000).
2.2 Acute vascular rejection
Acute vascular rejection usually occurs two to three days after xenotransplantation. However, a detailed mechanism for this response remains unclear. This rejection may be caused by the interaction between the xenograft and the recipient’s xenoantibodies, macrophages, or platelets. The combination of XNAs and xenograft endothelial causes the activation of xenograft endothelial cells and receptor of macrophage, which induces the expression of various specific proteins, including cytokines, endothelial adhesion molecules, and blood coagulation factors. These factors can cause inflammation, thrombosis, cellulose precipitation or diffuse blood clotting in the xenograft, which lead to xenograft loss or inactivation (Gollackner et al., 2004). At present, the main strategies for addressing acute vascular rejection are to inhibit the activities of endothelial cells and macrophage, induce the expression of anticoagulants on the surface of porcine organs, and inhibit NF-kB signaling.
1) Inhibition of activity of endothelial cells and macrophage. Endothelial cells and macrophage release a variety of cytokines after activation. These cytokines participate in inflammation, thrombosis, and coagulation formation. Inhibition of macrophages and endothelial activities helps alleviate acute vascular rejection. Meanwhile, human leukocyte antigen G (HLA-G), a non-classical MHC Ⅰ molecule, is mainly expressed in the extravillous trophoblast cells of the maternal-fetal barrier and plays an significant role in maintaining maternal immune tolerance to the fetus as well as normal pregnancy. In xenotransplantation, the soluble HLA-G can protect porcine endothelial cells from NK cell; thus, HLA-G transgenic pigs are a potential option as donors in xenotransplantation (M. H. Zeng et al., 2006). The fibroblasts from the GTKO/HLA-G5 pigs showed enhanced resistance to complement-mediated lysis ability (Zhou et al., 2022). HLA-E/human beta2-microglobulin transgenic pigs showed the protection against xenogeneic human anti-pig natural killer cell cytotoxicity (Weiss et al., 2009). Signal regulatory protein α (SIRPα), a major macrophage inhibitory receptor, can inhibit the macrophages activity when it binds to CD47. Porcine cells that expressing human CD47 could almost completely resist phagocytosis by macrophages (Ide et al., 2007).
2) Induction of the expression of anticoagulants on the surface of porcine organs. Coagulation dysfunction is an important cause of acute vascular rejection. The expression of one or more anticoagulant substances on the surface of pig organs by genetically modified methods, can significantly inhibit platelet aggregation and activation after xenotransplantation, thus alleviating the acute vascular rejection (Crikis et al., 2010). The same effect can be achieved by reducing the expression of procoagulant substances.
3) Inhibition of NF-kB signaling. Endothelial adhesion factors, cytokines and procoagulant factors mostly function through the NF-kB signaling pathway and participate in the formation of inflammation, thrombosis, and coagulation. The A20 protein can regulate the NF-kB expression, inhibit NF-kB activation and nuclear transfer, prevent endothelial cells activation and prevent the production of related inflammatory molecules such as vascular cell adhesion molecules and interleukins, thus inhibiting acute vascular rejection (Ferran, Stroka, Badrichani, Cooper, & Bach, 1997; Oropeza et al., 2009).
2.3 Acute cellular rejection
Hyperacute rejection and acute vascular rejection are mainly related to humoral immune system, whereas acute cellular rejection is primarily based on cell immunity. The most important cells in acute cellular rejection are NK cells and T lymphocytes. After xenotransplantation, antigen presenting cells present xenoantigen epitopes to recipient CD4+ T Cells via xenogeneic MHC class Ⅱ molecules. The xenoantigen of the graft can also be presented to CD8+ T cells via the MHC class I molecules of the recipient. The proliferation of CD4+ T cells and CD8+ T cells induces the production of interleukin-2 (IL-2) and interferon-γ (IFN-γ), which induces a series of immune rejection reactions (Maksoud, 2004). At present, T cell response is mainly inhibited by multigenic modifications that reduce acute cellular rejection. Pigs with multigenic GTKO/hCRPs modification were originally developed to overcome primary humoral immunity, however, Gal epitope loss and hCRP expression on porcine cell surfaces can also slow down the T cell proliferation and some cytokine mediated responses, thereby inhibiting acute cellular rejection to a certain extent (Xu, Goodman, Sasaki, Lowell, & Mohanakumar, 2002; Saethre et al., 2008). Cytotoxic effects mediated by human CD8+ T Cells, especially CD8+ CTL cells, mainly occur through the Fas/FasL apoptosis pathway. Kawamoto et al. overexpressed human FasL and Fas in pig islet cells, and found that the overexpression interfered with the apoptotic pathway, resulting in resistance to the cytotoxic effect mediated by CD8+CTL cells (Kawamoto et al., 2006). Recombinant hCTLA4-Ig expressed in piglets induced a 50% reduction in the proliferative response of human T lymphocytes, thus specifically and effectively inhibiting cellular and humoral immunity through negative immune regulation (Martin et al., 2005). Badin et al. transplanted the neuronal cells from hCTLA4-Ig transgenic pigs into Parkinson monkeys and observed long-term clinical recovery in the monkeys (Badin et al., 2010). Hara et al. found that the knockdown of CⅡTA, an MHC class Ⅱ transactivator, can effectively reduce the expression of MHC class Ⅱ molecules in pigs, thereby slowing down the stimulation of CD4+ T cells and reducing xenoantibody-mediated injury and T cell response (Hara et al., 2013).
2.4 Chronic rejection
To date, the chronic rejection in immune disorders has not been convincingly explained. Chronic rejection usually occurs months or years after xenotransplantation and mainly proceeds through humoral immunity, which is mediated by XNAs and the complement system. The low immune response of XNAs in the circulatory system leads to perivascular inflammation and injury to the vascular endothelium of the xenograft, which is accompanied by proliferation of vascular smooth muscle cells that block the blood vessels, and eventually leads to arteriosclerosis and xenograft loss. Chronic rejection may be inhibited by transducing new anti-inflammatory genes, such as TFPI (tissue factor inhibitor), ENTPD1 (CD39), and hHO-1 (human heme oxidase), to GTKO/hCRPs pigs. Of course, it still needs to be strengthened in overcoming chronic rejection before xenotransplantation comes into clinical applications.
Except for reduction or prevention the attack by the human immune system, how to improve the activity of transplanted organ is also a key concern. As reported, deletion of p53 or overexpression of BCL2 could inhibit cell apoptosis (Masaki et al., 2016; Olbrich et al., 2017; Zhang et al., 2020), which could provide a new different approach to inhibit exnograft cell apoptosis or prolong xenograft cell survival.
3 INTERSPECIES CHIMERAS
Another potential organ source is by creating human organs from human pluripotent stems cells (PSCs) in animal bodies via forming interspecies chimeras. Chimeras refer to cells in an organism that are derived from two different zygotes. This phenomenon usually occurs during embryonic development and does not involve immune rejection (or good immune tolerance). Chimerism has been reported in humans under natural conditions (such as in twins) (Dunsford et al., 1953) or during in-vitro fertilization (IVF) (Strain, Dean, Hamilton, & Bonthron, 1998). In scientific research, the intraspecies chimerism in lower animals, including drosophila, xenopus, zebrafish, birds and other model animals, was first applied in studies on development issues. As an important tool for studying the developmental biology, the use of intraspecies mice chimeras made a very significant contribution to the study of cell fate determination, cell migration, immune system development, organogenesis and stem cells. Therefore, intraspecies chimeras were originally used as a convenient biomarker to study embryonic development (Tarkowski, 1961; Le Douarin and Jotereau, 1975; Le Douarin, Jotereau, Houssaint, & Belo, 1976).
The first reported interspecies chimera that survived to adulthood was a chimera from a goat and a sheep (Fehilly, Willadsen, & Tucker, 1984). That study showed the feasibility of generating interspecies chimeras. In 2001, Mercer et al. reported that human-mouse chimeric liver animals were used as an animal model to study hepatitis C virus infection in vivo. Although a high ratio of chimerism was observed in the liver, chimerism in small animals can only be used for human cell level research, and is difficult to use in human organ transplantation (Mercer et al., 2001). In terms of large animals, in 2006, Zeng et al. developed a “human-goat chimera” by injecting bone marrow stem cells at the early stage of goat embryonic development (F. Zeng et al., 2006). However, this process was challenging to do in large animals and easily caused miscarriage, resulting a very low ratio of exogenous cells in animal organs obtained was very low. Only a particular population of cells (e.g., hematopoietic stem cells) can be studied, thus making targeting a specific organ difficult.
With the developments in stem cell research and regenerative medicine, an increasing number of researchers have attempted to use stem cells, particularly patient-derived iPS cells to generate human organs or tissues in vitro, which is also one of the ultimate goals of regenerative medicine. In 2016, mouse-rat hetero-diploid embryonic stems cells (ESCs) have been successfully constructed using mouse and rat haploid ESCs. These ESCs had a stable hetero-diploid genome and were able to differentiate into all three germ layers and early germ cells (Li et al., 2016). Given the high complexity of organogenesis, Kobayashi et al. adopted the blastocyst complementation method to mimic the certain microenvironments in vivo (Kobayashi et al., 2010). PSCs isolated from a normal mouse or rat were injected into the blastocysts of defective pancreatic development Pdx1−/− mice and retransplanted into the uterus of surrogate mice. The newborn mice had a chimeric pancreas and showed normal pancreas function. In 2012, Usui et al. used the same method to obtain allogeneic source compensation in blastocysts from defective renal development Sall1−/− mice (Usui et al., 2012). By injecting mouse PSCs into Pdx1−/− deficient rat blastocysts, Yamaguchi et al. generated rat-sized pancreata composed of mouse-PSC-derived cells. Islets from these mouse-rat chimaeric pancreata were transplanted into diabetes mice. The transplanted islets successfully normalized and maintained host blood glucose levels for over 370 days in the absence of immunosuppression (Yamaguchi et al., 2017). Aside from the pancreas, many other organs have been generated by blastocyst complementation, including kidney, thymus, blood and vascular endothelial cells, lungs and bronchi, and gametes (Isotani, Hatayama, Kaseda, Ikawa, & Okabe, 2011; Hamanaka et al., 2018; Goto et al., 2019; Mori et al., 2019; Kobayashi et al., 2021). Blastocyst complementation could also generated exogenic pancreas in vivo in apancreatic cloned pigs (Matsunari et al., 2013). These studies showed the potential of using xenogeneic animals to generate human organs for clinical application.
However, numerous scientific issues that remain to be addressed before organs can be generated from interspecies chimeras for clinical application: (1) Embryonic mortality is high, and interspecies chimeras such as the Sall1−/− mice rarely survive to adulthood. (2) The main barriers to interspecies chimeras, which may be related to the evolutionary distance between species, have not been fully elucidated. (3) Organs are multicellular structures that are organized in three dimensions. Thus, the mechanisms involved in the organ development are immensely complex and multifaceted. (4) The sizes and other morphological characteristics of the chimeric organs are determined by the recipient blastocyst animal, Thus limiting the selection of large animals for clinical application. (5) Primate stem cells are different from rodent stem cells, and their developmental potential, chimerism ability and chimerism timing remain to be determined (Nichols and Smith, 2009). The ratios of chimerism between human ES cells and chicken embryo or human ES cells and mouse blastocyst have been very low (Goldstein, Drukker, Reubinoff, & Benvenisty, 2002; James, Noggle, Swigut, & Brivanlou, 2006). Reports on chimera in rhesus monkeys suggest that these animals require a different approach from that on mice because their cells are heterogeneous at the early stage of blastocyst development (Tachibana et al., 2012). Exhilaratingly, Tan et al. first generated the human-monkey chimeric embryos in 2021, which developed strategies to improve human chimerism in evolutionarily distant species (Tan et al., 2021). Yu et al. derived PSCs from mice, horses, and humans that are permissive for direct PGC-like cell induction in vitro and are capable of contributing to intra- or inter-species chimeras in vivo (Yu et al., 2021). Currently, many species have been used for the research of interspecies chimerism, including non-human and human related researches (Table 2).
TABLE 2 | Interspecies chimerism in different species.
[image: Table 2]Pigs have always been a good choice as an animal source for xenotransplantation. Chimeric pigs are obtained by injecting inner cell masses into blastocysts (Nagashima, Giannakis, Ashman, & Nottle, 2004). Human-pig chimerism has been reported in human liver cells that had been grafted into pigs via intrauterine injection and postnatal injection; the proteins produced by human hepatocytes can be detected in pigs after 6 weeks (Fisher et al., 2013). Of course, such simple grafting, rather than regular chimerism, can produce only certain proteins made by human liver cells, not human cell-derived organs for xenotransplantation. Wu et al. found that instead of naïve hPSCs, an intermediate hPSC type exhibited higher capability to generate differentiated progenies in post-implantation pig embryos (Wu et al., 2017). Fu et al. demonstrated that domesticated cynomolgus monkey embryonic stem cells exhibited the capability to integrate and differentiate into functional cells in a porcine model (Fu et al., 2020). The use of pig-human chimerism still has a long way to go before it can be used in clinical xenotransplantation.
4 ENDOGENOUS VIRUS INFECTION IN PIGS
As an alternative to allotransplantation, xenotransplantation using pig cells, tissues, or organs has made tremendous progress in recent years. However, the clinical use of porcine organs has been hindered by the potential risk of transmission of pig viruses to humans. Although many known potential viruses and microorganisms can be removed by strict feeding conditions, porcine endogenous retroviruses (PERV) are unavoidable. PERV is incorporated into the pig genome in the form of proviral DNA and replicates as the cells proliferate. PERV was integrated into the pig genome more than six million years ago, and formed three subtypes (PERV-A, PERV-B and PERV-C). Two subtypes of PERV-A and -B can be found in the genome of all pigs, and both of which can infect human cells (Patience, Takeuchi, & Weiss, 1997; Takeuchi et al., 1998). By contrast, PERV-C does not ubiquitously appear in the pig genome and only infects pig cells (Jung et al., 2013). PERVs are harmless to pigs, however, whether they are potential harmful to humans remains unclear. PERVs have been verified to be transmitted from pig to human in vitro (Denner et al., 2013). Since xenotransplant recipients are under strong immunosuppression, it is desirable to avoid PERV infection.
Scientists have developed various strategies to reduce the risk of PERV transmission to human recipients. These strategies include inhibition of PERV expression using a PERV-specific vaccine (Denner, Mihica, Kaulitz, & Schmidt, 2012; Waechter and Denner, 2014), antiretroviral drugs (Demange et al., 2015; Argaw, Colon-Moran, & Wilson, 2016; Denner, 2017), PERV-specific small interfering RNAs (Ramsoondar et al., 2009; Semaan, Kaulitz, Petersen, Niemann, & Denner, 2012) and PERV gene knockout by genome editing technologies (Semaan, Ivanusic, & Denner, 2015; Yang et al., 2015; Niu et al., 2017). In 2015, Denner et al., 2003 reported that they failed to knock out of PERVs in pig PK15 cells using ZFN technology (Semaan et al., 2015). They found that ZFN is extremely toxic to the transfected cells. In addition, they presumed that the cytotoxic effects are due to the specific cutting of a high copy number of the PERV gene or the non-specific cleavage of off-target sites, which both produce numerous double-stranded DNA breaks in the pig genome. In the same year, Yang et al. reported that they completely eradicated 62 copies of PERV in porcine PK15 using CRISPR/Cas9 (Yang et al., 2015). Two years later, their team successfully generated the PERV knockout pigs (Niu et al., 2017). In 2021, Yang’s team generated an extensively edited pigs with inactivated endogenous retroviruses, thus enhancing the compatibility of pig organs with the human immune and coagulation system (Yue et al., 2021). In 2022, the multigene edited pig heart was given to a dying patient (David Bennett Sr). The new pig heart pumped for about 2 months after his transplant surgery, and eventually failed with the patient’s death. The cause of his death was not clear, however, the porcine cytomegalovirus (PCMV) were detected in his body, which may have contributed to his death. All these reports indicated that the potential risk of transmission of pig viruses to humans remains a big obstacle in the clinical use of porcine organs for xenotransplantation.
5 PROSPECTS AND CHALLENGES
Aside from the inevitable immune obstacles in xenotransplantation, numerous challenges also need to be addressed in the use of genetically modified pigs in clinical application. However, rapid developments in transgenic technology and recent remarkable progress in large-animal cloning, particularly the emergence of GTKO/hCRP genetically modified pigs, bring xenotransplantation a major step closer to clinical application. Although interspecies chimeras meet great challenges, we believe that future research developments will lead to the realization of animal-based transplantation medicine. At present, in some European and American countries, pig hearts, kidneys, and livers have reportedly been transplanted to patients that suffered from advanced organ failure. In 2020, GTKO pigs were approved by the United States Food and Drug Administration (FDA) to be a source of human therapeutics including xenotransplantation. In 2022, the university of Alabama reported that a brain-dead decedent was transplanted a kidney from 10-gene modified pig (Porrett et al., 2022). Furthermore, the University of Maryland Medical Center reported that an extensively edited pig heart was given to a dying patient. All these cases marked the clinical application of xenotransplantation from a pig to a human. Although the survival times of the xenografts were relatively short or xenotransplantation was used only as a transition to allotransplantation, hope remains for the use of xenogeneic organ transplantation in the future. The road toward the introduction of clinical xenotransplantation is proving long and arduous, but progress is steadily being made.
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Gynecological diseases are a series of diseases caused by abnormalities in the female reproductive organs or breast, which endanger women’s fertility and even their lives. Therefore, it is important to investigate the mechanism of occurrence and treatment of gynecological diseases. Animal models are the main objects for people to study the development of diseases and explore treatment options. Large animals, compared to small rodents, have reproductive organs with structural and physiological characteristics closer to those of humans, and are also better suited for long-term serial examinations for gynecological disease studies. This review gives examples of large animal models in gynecological diseases and provides a reference for the selection of animal models for gynecological diseases.
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INTRODUCTION
Animal models are commonly used in biomedical research as the basis for experimental and clinical hypotheses. The use of animal models is an extremely important experimental method and tool in modern biomedical research, contributing to a more convenient and effective understanding of the developmental patterns of human diseases (Robinson et al., 2019; Lunney et al., 2021). People first used animals as physiological models in ancient Greek times (Ericsson et al., 2013). Since then, animals have been utilized more and more in the study of human diseases and have gradually become an irreplaceable part. Rodents such as mice and rats reproduce rapidly and one can make them present multiple phenotypes by knockout techniques (Filipiak and Saunders, 2006). In the early 20th century, the use of rodents as models for biological research was well established. However, these rodents do not mimic all diseases because some of the physiological characteristics differ significantly from those of humans. In pursuit of higher similarity of physiological structures, large animal models such as pigs (Lunney et al., 2021), sheep (Murray et al., 2019), and horses (Schüttler et al., 2020) and other higher classes of animals have become the choice of models for disease studies.
Gynecological diseases are diseases caused by abnormal development, infections, and tumors of the female reproductive organs and mammary glands. According to the site of the disease, gynecological diseases are mainly divided into: 1) Diseases of the reproductive system such as uterine diseases and vaginal diseases, which are mostly caused by infections, but also some diseases caused by genetic factors and hormonal disorders (Grimbizis et al., 2001; Stewart, 2001; White et al., 2011); 2) breast diseases, which mostly refer to breast inflammation and malignant tumors (Harbeck and Gnant, 2017; Scott, 2022); 3) endocrine disorders due to reproductive abnormalities, such as gestational diabetes (Khalil et al., 2018). In the current research on gynecological diseases, a variety of animals have successfully simulated human diseases, and the research is divided into two main areas. The first is the mechanism of disease onset. Researchers explore the possible causes of disease through the expression of proteins associated with specific signaling pathways. In the study of signaling pathways (Lv et al., 2022), researchers can predict the potential symptoms of a disease and reveal the harm of it to other tissues or organs. The second is the treatment plan for the disease (Tyrrell, 1999). By applying spontaneous disease models or artificially induced disease models, drug efficacy is evaluated, and issues such as drug safety are assessed, which is the basis of preclinical drug research. However, due to the specificity of gynecological diseases, small rodents do not mimic the manifestations of human gynecological diseases very well (Adams et al., 2012). Large animals are often applied in the study of gynecological diseases because of their reproductive characteristics close to those of humans. In this review, we briefly introduce the application of large animal models in gynecologic diseases, using three gynecologic diseases as examples. An in-depth understanding of the application of large animal models will provide more insight into the study of gynecological diseases and enlighten researchers to pay more attention to the selection of animal models in their studies.
LARGE ANIMAL MODELS
For a long time, it has been found that it is difficult to advance medicine by using human subjects as subjects themselves. Not only are the accumulated clinical experiences limited in time and space, but many experiments are morally and methodologically restricted. The attractiveness of animal models lies in the fact that they overcome these shortcomings, and their unique role in biomedical research is being increasingly appreciated by researchers (Banstola and Reynolds, 2022). In order to fully simulate the main clinical manifestations and pathological features of a specific disease, the selection of animal models varies from disease to disease. Although rodents such as mice and rats are widely used in disease research, they have shown many shortcomings in gynecological diseases. Rodents usually have a short ovarian cycle and a luteal phase that only arises during mating, and their gestation period is much smaller than that of humans (Table 1). Their small size is also a problem, and examination of organs by necropsy does not allow for continuous follow-up of disease progression. Although there are instruments for examination of mice, such as Doppler ultrasound, the same instruments used for human examination can be applied to large animals and can be examined by palpation, which are not possible in small rodents. In contrast, gynecological diseases usually develop continuously over a specific period of time, so examination by means of dissection does not contribute to the understanding of the disease. The larger size of large animals facilitates real-time examination of the ovaries and uterus. Researchers used cows as an animal model to study the effects of aging on female reproduction. Changes in plasma estradiol concentrations and luteal phase progesterone concentrations were found to be similar to those in menopausal women (Malhi et al., 2005). Ovary-related endocrine changes in sheep have also been shown to be similar to those in women (de Souza et al., 1998). The results of large animals as models for human gynecological studies are more closely related to those of humans. Smaller animals tend to have shorter lifespans, and obtaining sufficient blood from these small animals for analysis is difficult and does not allow for long-term observation of hormone level. In addition, the pharmacokinetics of small animals differ significantly from those of humans, and the evaluation of drugs in small animals may deviate significantly from reality (Lin, 1995). In a review by Mondal et al. (2022) detailing the comparison of tumor sink between mice and pigs, it was found that using a mouse model would severely underestimate the toxicity of the drug, compared to pigs. This is due to the smaller size of the mouse, where the drug would be more preferentially concentrated at the tumor site, while the pig has higher concentrations in the plasma and greater systemic toxicity. Therefore, large animals are more advantageous in studying gynecological diseases both in terms of physiological similarity and manipulation. This is why researchers have used large animals to construct models of various gynecological diseases for basic and pharmacodynamic studies.
TABLE 1 | Reproductive characteristics of humans and some animals. Table content was compiled from Abedal-Majed and Cupp (2019), Lu et al. (2022).
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Gestational diabetes (GDM) is a spontaneous hyperglycemia during pregnancy. Gestational diabetes is one of the factors that affect the prognosis of pregnancy, increasing the risk of pregnancy and causing adverse pregnancy outcomes (Bellamy et al., 2009; American Diabetes Association, 2013). In addition, GDM may have an impact on maternal health long after delivery, increasing the risk of type 2 diabetes (Peters et al., 1996) as well as cardiovascular disease (Shostrom et al., 2017; Plows et al., 2018). Therefore, an in-depth study of the pathogenesis of gestational diabetes mellitus and the proposal of targeted therapeutic approaches are of great clinical value. Establishing effective animal models is the basis for understanding GDM. In GDM modeling, chemical induction of toxicity in pancreatic β-cells of rodents is commonly used. However, rodents have a shorter gestation period, and gestational hormones and islet structure are different from humans (Schüttler et al., 2020). This is the main problem of using them for GDM studies (Pasek and Gannon, 2013; Gao et al., 2021). Pigs are similar to humans in terms of anatomy, physiology, and disease mechanisms (Yao et al., 2016). They were used to create a maternal diabetes model to explore the effects of tetraoxacillin diabetes and maternal fasting on fetal development. For the quantitative increase in body fat only in fetuses of diabetic pigs, it was concluded that diabetic pregnancy stimulates the ab initio synthesis of fatty acids from fetal fat and is the main mechanism for the increase in fetal body fat accumulation (Kasser et al., 1981). In Ezekwe’s study, streptozotocin was administered to pregnant sows during gestation to induce diabetes and to explore changes in fetal growth, energy reserves and body composition in neonatal pigs (Ezekwe et al., 1984). With the rapid development of genetic engineering technology, researchers are using transgenic techniques to manipulate animals and construct the desired models. Mice can be genetically edited and reproduced stably by CRISPR/Cas9 technology (Hall et al., 2018). Gene editing techniques are also used in large animals, and people have successfully used sperm-mediated gene transfer (Umeyama et al., 2012), gene-targeted technique (Watanabe et al., 2010) to get transgenic pigs, which have potential in the research of gynecological diseases. Renner et al. (2019) designed transgenic pigs with INSC93S, a genetic mutation that causes hyperglycemia and insulin resistance in pregnant pigs in late gestation, and the transgenic pigs became a promising model for GDM. In addition to pigs, dogs have also been used to model GDM. Moore et al. (1985) successfully induced a GDM in dogs by feeding them high fat and fructose at weeks six and seven of gestation. Further exploration of hepatic glucose metabolism in dogs during gestation revealed that the hepatic response to hyperglycemia is diminished in normal pregnancy whereas this response is more suppressed in the GDM model. This response may be responsible for exacerbating hyperglycemia and is one of the characteristics of GDM (Coate et al., 2013). Large animals are of greater value in the construction of gestational diabetes models (Table 2), and gene editing technology offers new directions for the construction of such models.
TABLE 2 | Different large animals for the study of gestational diabetes.
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Polycystic ovary syndrome (PCOS) is a complex endocrine disorder that is characterized by hyperandrogenemia. Hyperandrogenemia leads to abnormal follicular development, obesity, and hirsutism, which cause greater distress for women (Legro et al., 2013; Azziz et al., 2016; Lizneva et al., 2016; Rosenfield and Ehrmann, 2016; Zeng et al., 2020). However, the pathogenesis of PCOS has not yet been fully elucidated, and genetics is thought to be one of the main causes (Kahsar-Miller et al., 2001). Understanding the pathophysiology of PCOS and the methods to predict and prevent it is crucial. Because highly invasive tests are not applicable to humans, studies of PCOS need to be initiated from animal models. Although rodent models are widely used, there are differences in ovulation patterns and growth regulation between rodents and human females. In addition, there are significant differences in placental structure and fetal development between rodents and humans. Most organ development in the mouse fetus occurs after birth, which makes it less accurate to assess the effect of disease on fetal development (Carter, 2020). Because sheep and monkeys are similar to humans in terms of physiology and hormone regulation, several researchers have used these large animals to simulate human PCOS and to explore possible pathogenesis in recent years (Table 3). In a study by Tonellotto Dos Santos et al. (2018), the possible causes of the hypertrichosis symptoms caused by PCOS were investigated by injecting pregnant ewes with androgens to make them androgenic. It was found that increased 5-a-reductase type 1 (SRD5A1) activity may be a cause of hirsutism due to PCOS. PCOS is also induced in sheep by prenatal overtreatment with testosterone, and King et al. (2007) demonstrated mild hypertension in unproductive sheep after overtreatment with testosterone, which is also a symptom of PCOS. The human and sheep placentas have similar villi structures in the stem, middle and terminal vessels (Leiser et al., 1997). Kelley et al. (2019) examined the effects of testosterone treatment on the sheep placenta and demonstrated that PCOS may impair placental function through increased oxidative stress and hypoxia. In general, the higher the evolutionary stage of experimental animals, the more complex their functions and structures are, and the closer their physiological responses are to humans. Non-primate species are widely used in PCOS research (Abbott et al., 1998). In a detailed comparison of multiple animal models of PCOS in a review by Paixao et al, (2017) they concluded that the prenatal administration of androgens in non-human primates was the closest modeling approach to the real. Non-human primates treated with testosterone have the same characteristics as humans with PCOS (Abbott et al., 2016). In addition, the secretory function of the fetus is affected in individuals with PCOS. The secretion of gonadotropins is increased in fetuses of non-human primate models induced with androgens. This also provides a retrospective basis for the developmental origin of luteinizing hormone and androgen overload symptoms in adulthood (Abbott et al., 2008). Although it is costly to use large animals such as sheep and monkeys, they are suitable for androgen injection molding and the disease response is much closer to that of humans.
TABLE 3 | Large animal models for the study of polycystic ovary syndrome.
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Endometriosis is a disease caused by the growth of the endometrial glands and mesenchyme outside the uterine cavity. There are three main types of endometriosis: peritoneal endometriosis, ovarian endometriosis cysts, and deep infiltrating endometriosis (Shafrir et al., 2018; Chapron et al., 2019; Lagana et al., 2019). Li et al. (2022) were able to establish an endometriosis model in nude mice using a mixture of human immortalized endometriosis stromal cells and epithelial cells. The use of rodents to study this disease is not appropriate. In rodents, molting occurs only in the presence of a fertilized egg, whereas in humans this process is automatic. In addition, the receptors that play a dominant role in this process differ between the two (Bulun et al., 2019). However, transgenic mice are reproductively different from humans (Maenhoudt et al., 2022). Because of this, non-human primates play a large role in preclinical disease research (D’Hooghe et al., 2009). Investigators have mastered multiple methods to induce endometriosis in large animals (Table 4). Models of endometriosis formed by induction in non-human primates are highly physiologically similar to humans, and therefore many related studies have been conducted in them. Some researchers have induced endometriosis in baboons by shredding and transferring endometrial tissue to the peritoneum, ovaries, and fallopian tubes (D’Hooghe et al., 1995a). Mann et al. found that intraperitoneal implantation using menstrual endometrium rather than luteal endometrium was more successful in inducing endometriosis compared to retroperitoneal injection. They also demonstrated that continuous infusion of GnRH agonist or levonorgestrel was effective in the treatment of endometriosis in monkeys (Mann et al., 1986; Gu et al., 2020). In addition, the exploration of the molecular mechanisms of endometriosis has revealed abnormal expression of many progesterone and estrogen regulatory genes. Transient pre-disease upregulation of vascular endothelial cell growth factor-A and angiogenic factor CYR61 suggests that symptoms of endometriosis are associated with increased angiogenic capacity and imbalance of hormonal regulation (Hastings and Fazleabas, 2006). The analysis related to endometriosis in the thorax of rhesus monkeys was first reported by Assaf and Miller (2012) Immunohistochemical and other results revealed that the uterine glands and mesenchyme entered the lungs, an extremely rare case that provides a reference for the extrauterine effects of endometriosis. A comparative study of progesterone treatment versus surgical excision in rhesus monkeys showed that subcutaneous implantation is a viable treatment with a shorter recovery period compared to oral versus surgical treatment (Maginnis et al., 2008). Researchers are also using large animals to explore biological therapies for endometriosis. Adipose-Derived Stem Cells (ADSCs) have been used to study the immunomodulatory effects of ADSCs on endometriosis in mares. Although positive effects such as some infiltration of ADSCs into endometrial tissue and upregulation of matrix metalloproteinase-9 expression were observed, the upregulation of interleukin-8 may have a negative effect on the therapeutic effect (Falomo et al., 2015). Nevertheless, this study is instructive for the biological treatment of endometriosis.
TABLE 4 | Large animal models for the study of endometriosis.
[image: Table 4]DISCUSSION
Large animal models are an important reliance for humans to explore disease principles, discover drug targets, and test new drugs. Small rodents such as mice and rats still account for the majority of preclinical studies in gynecological diseases. These animals are cheaper, reproduce rapidly, and the knockout technique is easier to implement compared to larger animals, allowing study results to be obtained in a short period of time. However, large animals, such as pigs, monkeys, and sheep, have reproductive organs with structures and physiological cycles that are closer to those of humans than to those of rodents. Also, the larger size of large animals and the larger volume of their organs lend themselves to a wider variety of modeling approaches and allow for real-time examination. In the study of gynecological diseases, large animal models are more suitable (Figure 1). However, there are some issues to be noted for the use of large animals. Large animals are subject to more stringent ethical review and have higher requirements for husbandry conditions. Therefore, the selection of animal models requires a comprehensive consideration by the investigator. In this review, the use of large animals in gynecological diseases is presented with three disease examples, but of course, the examples go far beyond that Trus et al. (2020) used pigs to simulate human in utero Zika virus infection with a pathological response highly correlated with that of humans Nahmias et al. (1971) successfully simulated genital infection with genital herpesvirus hominis type 2 virus in macaques. Researchers should be more critical in the selection of experimental animals, and the selection of appropriate animal models according to the study content is already a non-negligible item in the design of experiments.
[image: Figure 1]FIGURE 1 | Advantages of large animal models for gynecological disease research. This figure was created using images from Servier Medical Art Commons Attribution 3.0 Unported License (http://smart.servier.com).
Undeniably, with the increased use of large animal models in the study of gynecological diseases, there are many accompanying issues that deserve deeper consideration. First, although the characteristics of large animals are closer to those of humans, the issue of heterogeneity should be equally considered. There are also variations in reproductive characteristics between large animals and humans, for example, the trophoblast does not enter the uterine vasculature during pregnancy in sheep. The differences in physiological properties between large animal models and humans should be explored more deeply and these differences should be considered when studying human diseases. Finally, more attention should be paid to the welfare of large animals and to reducing the harm to experimental animals in the process of modeling and experimental validation using large animals. Though large animals are more tolerant of handling, the implementation process should follow the principles of “replace, reduce, optimize”. Since it is not feasible to conduct large-scale disease studies with humans, the use of large laboratory animals remains the better option for now. However, there are still some reproductive diseases that lack large animals as models for research, such as multiple bacterial and fungal infection models, where researchers induce infection by inoculating bacteria and fungi in the genitalia. As for large animals, more naturally occurring diseased animals have been collected for research. But there is no denying the advantages of large animals for gynecological disease research, and more modeling protocols being explored will facilitate a deeper understanding of gynecological diseases.
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Intravenous AAV9 administration results in safe and widespread distribution of transgene in the brain of mini-pig
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Animal models are important for understanding the pathogenesis of human diseases and for developing and testing new drugs. Pigs have been widely used in the research on the cardiovascular, skin barrier, gastrointestinal, and central nervous systems as well as organ transplantation. Recently, pigs also become an attractive large animal model for the study of neurodegenerative diseases because their brains are very similar to human brains in terms of mass, gully pattern, vascularization, and the proportions of the gray and white matters. Although adeno-associated virus type 9 (AAV9) has been widely used to deliver transgenes in the brain, its utilization in large animal models remains to be fully characterized. Here, we report that intravenous injection of AAV9-GFP can lead to widespread expression of transgene in various organs in the pig. Importantly, GFP was highly expressed in various brain regions, especially the striatum, cortex, cerebellum, hippocampus, without detectable inflammatory responses. These results suggest that intravenous AAV9 administration can be used to establish large animal models of neurodegenerative diseases caused by gene mutations and to treat these animal models as well.
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INTRODUCTION
Animal models are indispensable in scientific research and often used in the study of disease mechanisms, drug development, and therapeutics. Many animal models of neurodegenerative diseases have been established and thoroughly investigated in the past. These include invertebrate (Lee et al., 2018) and rodent models (Levine et al., 2004; Ashe and Zahs, 2010; Epis et al., 2010; McWilliams et al., 2018), and provide valuable information for understanding how neuropathology and neurological symptoms are developed. However, the genomic homology and complexity (Kwon and Ernst, 2021), the size and structure of the brain (Laramée and Boire, 2015), and the life span (Dutta and Sengupta, 2016) as well as various physiological aspects are noticeably different between small animals and humans, which hampers small animal models in fully modeling the complex pathological features in neurodegenerative diseases, especially in selective neurodegeneration. Therefore, there is an apparent need to establish large animal models that can more closely mimic important pathological and clinical features because of they are more similar to humans in anatomy, physiology and development.
Compared to small animal models, pigs are highly similar to humans in genetics, anatomy, physiology, and neural network complexity (Wernersson et al., 2005; Chen et al., 2007). In addition, the pregnancy period of pigs is short, the number of offspring born in a litter is large, and sexual maturity can be achieved in 5–6 months. These advantages are superior to non-human primates, which normally produce single fetus and have long sexual maturity time with a long pregnancy period. Transgenic pig models for a variety of neurodegenerative diseases have been established, including Alzheimer’s diseases (Kragh et al., 2009; Søndergaard et al., 2012; Jakobsen et al., 2013), Huntington’s disease (Yang et al., 2010; Baxa et al., 2013; Yan et al., 2018), Parkinson’s disease (Yao et al., 2014; Zhou et al., 2015), amyotrophic lateral sclerosis (Chieppa et al., 2014; Yang et al., 2014), spinal muscular atrophy (Lorson et al., 2011), and ataxia–telangiectasia (Kim et al., 2014). Our previous studies have shown that pigs expressing full-length mutant HTT at endogenous levels exhibit neuropathologic and behavioral characteristics similar to the HD patients (Yan et al., 2018). Therefore, pigs have become an attractive large animal model for studying neurodegenerative diseases or other neurological disorders.
Viral vectors are often used to deliver transgenes into the central nervous system to generate neurodegenerative disease models or to treat neurodegenerative diseases. Adeno-associated virus (AAV) is one of the most studied gene therapy tool. So far, multiple AAV serotypes have been characterized, including AAV1-5 and AAV7-9 (Wu et al., 2006). A variety of AAV-based treatments have already been used in clinical research, including Alipogene tiparvovec (Glybera®; AMT-011, AAV1-LPLS447X), an adeno-associated virus serotype 1-based gene therapy for adult patients with familial lipoprotein lipase (LPL) deficiency (LPLD) (Scott, 2015), AAV-2 vector for Neurosurgical Delivery of Aspartoacylase Gene (ASPA) to treat Canavan Disease (Janson et al., 2002), a serotype 2 adeno-associated virus expressing CLN2 cDNA for treating late infantile neuronal ceroid lipofuscinos (Worgall et al., 2008), and the voretigene neparvovec gene therapy for patients with RPE65-mediated inherited retinal dystrophy (Russell et al., 2017).
Although AAV has become one of the key tools for preclinical and clinical gene therapy research, how to deliver these AAV carrying the transgenes to the affected brain regions remains a challenge (Mingozzi and High, 2011). To bypass the blood-brain barrier (BBB), intraparenchymal or intrathecal delivery is usually used in current research. However, permanent effects normally cannot be achieved by single AAV administration, and multiple or regular administrations are usually required to produce desired effects (Broekman et al., 2007; Herzog et al., 2007; Worgall et al., 2008; Hudry et al., 2010; Hocquemiller et al., 2016). Although direct injection of AAV into the brain has made great progress, craniotomy still faces many risks and challenges, such as postoperative nausea, vomiting, pain, venous thromboembolism and so on (Anthofer et al., 2016; Fang et al., 2017; Tsaousi et al., 2017). Therefore, there is a need to find an efficient, safe, and simple delivery method of AAVs.
AAV9 is one of the most studied AAV serotypes recently in gene therapy. Compared with other AAV serotypes, AAV9 targets the central nervous system with a higher efficiency and can cross the blood-brain barrier (Duque et al., 2009; Penzes et al., 2021). In addition, AAV9 has a low seropositive rate in the population, which has a significant advantage in gene therapy for humans (Boutin et al., 2010). However, the efficiency of intravenous delivery of adeno-associated virus to the central nervous system in large animals remains to be fully investigated. In the current study, we investigated the efficacy and safety of intravenous delivery of AAV9 in pigs. Our results demonstrated that intravenous administration of AAV9 that expresses GFP did not cause significant inflammatory response and allowed GFP to be widely distributed in the central nervous system in the pigs. These findings provided experimental evidence from large animals for using AAV9 in the preclinical treatment of human brain diseases.
RESULTS
Expression of GFP in the central nervous system and peripheral tissues after auricular vein injection of AAV-CMV-GFP in pigs
The purpose of this study is to find an efficient, safe, and simple way of AAV virus delivery to the brain in mini pigs, allowing transgene to cross the blood brain barrier for the gene therapy on neurodegenerative diseases. To this end, AAV-CMV-GFP was injected into mini pigs through the ear vein. The subsequent experiments were then performed to verify the expression of GFP in the pig brain and to explore whether this therapeutic approach yielded any obvious neurotoxicity and inflammatory response.
As a disease model, pigs have been widely used in the study of central nervous system diseases. AAV, as a delivery tool for foreign genes, is also widely used in the study of central nervous system diseases. But how to safely and efficiently deliver AAV to the central nerve system of pigs has not been studied. Because the blood-brain barrier of newborn piglets is not fully established, AAV-9 virus has been proved that it can cross the blood-brain barrier relatively easily and can be distributed widely in the brain after intravenous injection of newborn pigs (Foust et al., 2009). Therefore, we injected the AAV-CMV-GFP through auricular vein into 7-day-old piglets at a dose of 1.2 × 1013 genome copies/kg (Figure 1A). GFP was expressed by AAV9 vector under the control of the CMV promoter (AAV-CMV-GFP). This virus can be widely expressed in a variety of cell types and was selected for intravenous injection such that GFP represents transgene expression that can be readily detected.
[image: Figure 1]FIGURE 1 | GFP expression in the pig brain, spinal cord and periphery tissues following intravascular administration. (A) Injection of AAV-CMV-GFP into 7-day-old Bama pigs via auricular vein. Saline served as a control. AAV9 serotype was used to package viruses. (B) Immunofluorescent staining showed that GFP was expressed in various brain regions and spinal cord of pigs after AAV-CMV-GFP injection. Regions are (clockwise from upper left) cortex and striatum (ctx and str), cerebellum (cb), hippocampus (hip), brain stem (bs), spinal cord (sp). (C) Western blotting demonstrates that GFP was expressed in various brain regions of pigs. Vinculin served as a loading control (left). Quantification of the GFP expression in each brain region. Data are analyzed by Student’s T-test and presented as mean ± SEM (right). N = 3 animals per group. (D) Western blotting of GFP expression in various peripheral tissues of pigs. Vinculin served as a loading control (left). Quantification of GFP expression in each type of peripheral tissues. Data are analyzed by Student’s T-test and presented as mean ± SEM (right). N = 3 animals per group.
We first evaluated the expression of GFP in the mini-pig. We detected the expression of GFP in the central nervous system, including the cortex, striatum, cerebellum, hippocampus and spinal cord by using immunofluorescent staining with anti-GFP antibody (Figure 1B). GFP-positive cells were widely distributed in the cortex and were more abundant in the gray matter region where neuronal cells are enriched. GFP-positive cells were also frequently seen in the striatum (Figure 1B, top left panels). The cerebellum contained abundant GFP-positive neurons and glia cells, and most Purkinje cells expressed GFP (Figure 1B, top right panels). We also observed a large number of GFP-positive cells in the hippocampus (Figure 1B, bottom right panel). Many GFP-positive fibers were observed mainly in the brainstem and spinal cord, potentially reflecting fibers in afferent and efferent brain regions (Figure 1B, bottom, center, right panel). Consistently, western blotting results showed that GFP was wildly expressed in the brain regions, including the cortex, caudate, putamen, cerebellum and hippocampus (Figure 1C). In addition, GFP was also expressed in the peripheral tissues of pig, especially in heart and muscle. Interestingly, we found that GFP was expressed in the testis, which means that the virus can enter the seminiferous ducts through the blood-testis barrier when being injected through the auricular vein in newborn animals (Figure 1D). Taken together, a single intravenous injection of AAV-CMV-GFP into the newborn pigs allowed GFP expression throughout the pig body.
Effects of AAV-GFP transduction on the expression of neuronal and glial proteins
To assess the effect of AAV-GFP transduction on neuronal and glial cells, we used antibodies against neuronal protein (NeuN) for detecting neurons (Gusel’nikova and Korzhevskiy, 2015), glial fibrillary acidic protein (GFAP) for astrocytes (Baba et al., 1997; Eng et al., 2000; Li et al., 2020), ionized calcium binding adapter molecule 1 (Iba1) for microglia (Ito et al., 1998; Sasaki et al., 2001), and oligodendrocyte lineage transcription factor 2 (Olig2) for oligodendrocytes (Zhou et al., 2000). The number s of neurons, astrocytes, microglia and oligodendrocytes in the cortex of wild type (WT) pigs injected with virus did not change, compared with WT pigs injected with saline. (Figures 2A–L). Similarly, the results of western blotting demonstrated that synapsin-1, which is involved in regulation of neurotransmitter release, NeuN, GFAP and Iba1 were unchanged in cortex (Figure 2M, N). In brain regions where numerous cell bodies were also GFP-labeled, including the striatum (Figure 3), hippocampus (Figure 4) and cerebellum (Figure 5), cell numbers and synapsin-1 staining did not change, consistent with the results observed in the cortex. Similarly, there were also no changes in the above-mentioned neuropathology-related markers in the brain stem (Supplementary Figure S1) and spinal cord (Supplementary Figure S2), though GFP-tagged fibers were present in these two regions. We then compared GFP expression in the cortex (Figure 2), striatum (Figure 3), and hippocampus (Figure 4) using double immunohistochemical staining and found that AAV-CMV-GFP was more abundant in neurons (Figure 2B; Figure 3B; Figure 4B) and astrocytes (Figure 2E; Figure 3E; Figure 4E) than microglia (Figure 2H; Figure 3H; Figure 4H) and oligodendrocytes (Figure 2K; Figure 3K; Figure 4K). A qualitative analysis of transduction levels of each cell type is in Supplementary Table S1. What is strikingly noticeable is that in the cerebellum the virus basically infected neurons, especially Purkinje cells, and did not infect glial cells (Figure 5). Taken together, injecting the AAV-CMV-GFP into pigs through auricular vein did not cause neuronal damage and glial cell activation, and the virus infected basically neurons and astrocytes.
[image: Figure 2]FIGURE 2 | Immunofluorescent staining of the pig’s cortex injected with AAV-GFP or saline. (A–C) Double immunofluorescent labeling (A,B) and quantification (C) of neurons (NeuN) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green (small images in the upper right), NeuN positive cells are shown in red (small images in the lower right). The triangles indicate cells that are positive for both GFP and NeuN. (D–F) Double-immunofluorescent labeling (D,E) and quantification (F) of astrocytes (GFAP) in saline control or AAV-GFP injected pigs. Small images in the upper right are GFP positive cells and in the lower right are GFAP positive cells. (G–I) Double-immunofluorescent labeling (G,H) and quantification (I) of microglial cells (Iba1) in saline control or AAV-GFP injected pigs. Small images in the upper right are GFP positive cells and in the lower right are Iba1 positive cells. (J–L) Double-immunofluorescent labeling (G,H) and quantification (L) of oligodendrocytes (Olig2) cells in the saline control or AAV-GFP injected pigs. Small images in the upper right are GFP positive cells and in the lower right are Olig2 positive cells. Quantification of the numbers of neuronal or glial cells was performed using three animals per group. Data are analyzed by Student’s T-test and presented as mean ± SEM. (M) Western blotting of the cortex of the saline- or AAV-GFP-injected pigs with antibodies against synapsin-1, NeuN, GFAP, and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP and Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
[image: Figure 3]FIGURE 3 | Immunofluorescent staining of the pig’s striatum injected with AAV-GFP or saline. (A–L) Double immunofluorescent labeling and quantification of neurons (NeuN) (A–C), astrocytes (GFAP) (D–F), microglial (Iba1) (G–I) and oligodendrocytes (Olig2) (J–L) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green, NeuN, GFAP, Iba1 and Olig2 positive cells are shown in red. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group. (M) Western blotting of the striatum of saline- or AAV-GFP-injected pigs with antibodies against synapsin-1, NeuN, GFAP and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP or Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
[image: Figure 4]FIGURE 4 | Immunofluorescent staining of the pigs’ hippocampus injected with AAV-GFP or saline. (A–L) Double immunofluorescent labeling and quantification of neurons (NeuN) (A–C), astrocytes (GFAP) (D–F), microglial (Iba1) (G–I) and oligodendrocytes (Olig2) (J–L) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green, NeuN, GFAP, Iba1 and Olig2 positive cells are shown in red. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group. (M) Western blotting of the hippocampus of saline- or AAV-GFP-injected pigs with antibodies against synapsin-1, NeuN, GFAP and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP or Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
[image: Figure 5]FIGURE 5 | Immunofluorescent staining of the pigs’ cerebellum injected with AAV-GFP or saline. (A–L) Double immunofluorescent labeling and quantification of neurons (NeuN) (A–C), astrocytes (GFAP) (D–F), microglial (Iba1) (G–I) and oligodendrocytes (Olig2) (J–L) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green, NeuN, GFAP, Iba1 and Olig2 positive cells are shown in red. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group. (M) Western blotting of the cerebellum injected with saline or AAV-GFP using antibodies against synapsin-1, NeuN, GFAP and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP or Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
AAV-CMV-GFP injection in pigs via auricular vein does not cause inflammatory response
Inflammation within the central nervous system can damage neurons (Herz et al., 2010; Ashraf et al., 2021). In addition, the degree of inflammatory response in the central nervous system is associated with systemic inflammation. Inhibiting the inflammatory response in the peripheral tissues can improve inflammation in the central nervous system (Campbell et al., 2007, 2008; Anthony and Couch, 2014; Clausen et al., 2014). To test the safety of intravenous administration of AAV, we next investigated whether intravenous injection of AAV-CMV-GFP could cause inflammatory responses in the central nervous system and peripheral tissues. Because the expression of inflammatory cytokines is a pathological feature of inflammation in the brain, spinal cord, and periphery (Zhang and An, 2007; Becher et al., 2017), we chose to examine the expression of several typical inflammatory cytokines, including TGFβ, IL17, IL6, IL4, IL1β, TNFɑ, in the AAV-GFP-injected pigs and compare them with those in the saline-injected pigs. Western blotting results showed no significant changes in the expression of inflammatory cytokines detected in the cortex of pigs after virus injection (Figure 6A). Similar, similar results were observed in the striatum (Figure 6B), hippocampus (Figure 6C), cerebellum (Figure 6D), and brain stem (Supplementary Figure S3A). The expression of these inflammatory cytokines was also largely unchanged in the spinal cord (Supplementary Figure S3B) and peripheral tissues (Supplementary Figure S4). The above results indicate that intravenous injection of AAV-CMV-GFP is safe and does not cause severe inflammatory reactions in any major organ.
[image: Figure 6]FIGURE 6 | Examination of inflammatory factors in the pig’s central nervous system after intravenous injection of saline or AAV-GFP. (A–D) Western blotting of the cortical tissue (A), striatum (B), hippocampus (C) and cerebellum (D) of saline-or AAV GFP-injected pigs with antibodies against TGFβ, IL17, IL6, IL4, IL1β and TNFɑ. Vinculin served as a loading control. Quantitation of the ratios of TGFβ, IL17, IL6, IL4, IL1β and TNFɑ to vinculin on the western blots are presented beneath the blots. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group.
AAV-CMV-GFP injection in pigs via auricular vein does not cause transcriptome alternation
To further determine the effect of intravenous AAV9 on the central nervous system, we performed RNA-seq analysis of the cortical tissues, which has high GFP expression and contains major part of the brain. The results showed that the transcriptomes of in the cortex of pigs receiving intravenous AAV-CMV-GFP (GFP) were very similar to those of pigs receiving saline treatment (WT) (Figure 7A; Supplementary Figure S5). Further analysis of the differential expression at the same difference threshold (log2FC > 2, Padj<.01) revealed no significant difference between WT and AAV-GFP groups (Figure 7B), though slight but not significant differences may exist. We also examined 20 genes associated with inflammation between WT and GFP groups and found no significant changes in these genes (Figure 7C), suggesting that intravenous administration of AAV9 in large animals did not induce a strong inflammatory response. RNA-seq showed that intravenous administration of AAV9 did not cause changes in the transcriptional regulation or inflammatory response in the cortical tissues of pigs injected with AAV-GFP.
[image: Figure 7]FIGURE 7 | Transcriptome analysis of the intravenous AAV9-injected pig cortical tissues. (A) Heatmap of differential gene expression, blue and red color intensities represent gene downregulation and upregulation, respectively. (B) GFP vs. WT differential gene volcano plot, Log2 fold change cutoff,2; adjust p-value cutoff,0.01. (C) Heatmap of expression of 20 common genes associated with inflammatory responses.
DISCUSSION
Intravenous delivery of AAV9 to target specific genes in the central nervous system has great therapeutic potential for a variety of neurodegenerative diseases, such as Alzheimer’s, Huntington’s, Parkinson’s diseases, amyotrophic lateral sclerosis, spinal muscular atrophy, ataxia telangiectasia etc. Currently, not many studies have evaluated the transduction efficiency, distribution pattern, and safety of AAV9 after direct intravenous delivery in the central nervous system of large animals such as pigs. Our results demonstrated the ability of AAV9 to transduce neurons and glial cells in various brain regions and spinal cord of pigs by injecting AAV-CMV-GFP into the auricular vein.
Many neurodegenerative diseases often start with selective specific brain regional cell death (Double et al., 2010; Reith, 2018), and as diseases progress, neurodegeneration becomes more severe and extends to other brain regions. Brain regional administration can be used to treat brain-region specific damage but would be difficult to reach to the large area of brain parenchyma. However, AAV9 can spreading to various brain regions and is able to pass blood brain barrier, providing a possibility for the treatment of disease that affects large areas in brain.
In our study, neuronal cells in both the cortex and striatum were found to express transgene GFP after intravenous injection of AAV-CMV-GFP. The widespread expression of transgene in these two brain regions is important for treating Huntington disease (HD), which is caused by polyglutamine repeat expansion in the Huntingtin (HTT) protein and display neurodegeneration that is most severe in the striatum and cortex (Bates et al., 2015). In both HD patients and HD KI pig models, the medium spiny neurons in the striatum undergo preferential neurodegeneration. With the development of the disease, the cortex and other brain regions will also be involved (Waldvogel et al., 2015; Yan et al., 2018). Because HD is caused by a single gene mutation, using gene therapy to inhibit the expression of mutated HTT is one of the attractive strategies to treat HD. Previous study has used HDKI-140Q mice to test gene therapy because they express mutant HTT in the same manner as patients with HD. However, rodents cannot truly mimic the neuropathology seen in HD patients, and HD KI mice expressing full-length mutant HTT at endogenous level lack significant pathological features of neuronal loss (Levine et al., 2004; Yang et al., 2017). On the other hand, HD KI pigs we established previously show striking neuronal loss as HD patients (Yan et al., 2018), providing a valuable model to evaluate the effects of gene therapy on neurodegeneration. Thus, it is important to use pigs as a model to examine whether AAV administration can effectively deliver transgene into the pig brain.
Previous studies have used intracranial or intratarsal injection of AAV into the pig brain to suppress HTT expression (Evers et al., 2018; Vallès et al., 2021). It remains unknown whether a single intravenous injection of AAV into large animals can lead to the broad distribution of transgene in various brain regions. We used AAV9-GFP for intravenous injection in pigs so that the expression of transgene (GFP) could be identified in the pig brain. In addition to the striatum and cortex that are most affected in HD, GFP was expressed in the hippocampus, cerebellum (especially in Purkinje cells), brainstem, and spinal cord. These brain regions have been reported to be affected in a number of neurodegenerative diseases. For example, in patients with Alzheimer’s disease, the abnormal accumulation of Aβ plaques and Tau tangles leads to neuronal cell death in the entorhinal cortex and hippocampus first, with plaques and tangles gradually being spread in the frontal lobe, parietal lobe, globus pallidus and other brain regions (Čaušević et al., 2010; Latimer et al., 2019). A common and fatal heritable spinal muscular atrophy in infants is caused by the loss of alpha motor neurons in the spinal cord (Crawford and Pardo, 1996), and amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease with the degeneration of motor neurons in the brain stem of the motor cortex and spinal cord (Wang et al., 2015; Bonafede and Mariotti, 2017). SCA3 is caused by an abnormal CAG repeat expansion in exon 10 of the ATXN3 gene with progressive motor and neuronal dysfunction, in the somatosensory and motor nuclei spanning brainstem, cerebellum, midbrain, spinal cord, striatum, and thalamus (McLoughlin et al., 2020). For all the brain disordered in the above-mentioned classes, intravenous injection has an advantage in the treatment, and once AAV9 passes through the blood-brain barrier, the transgene can be expressed in the specific populations of cells or selective brain regions under the control of specific promoters.
It should be point out that intravenous AAV delivery can induce immune and inflammatory responses, which would also be dependent on animal size, brain anatomy, and physiology in different species. Our findings demonstrated the efficacy and safety of intravenous injection of AAV-CMV-GFP in transducing the central nervous system of piglet. Currently, lipid nanoparticles (LNPS) have become an attractive treatment tool due to their low immunogenicity, low production costs, and the capability to deliver various goods. However, LNPS tend to target peripheral tissue, as they are difficult to pass the blood brain barrier to deliver the cargoes to the brain, and do not yield long-term transgene expression. Therefore, the gene expression of AAV is currently a more effective treatment for neurodegenerative diseases.
We found that a single intravenous injection of AAV-CMV-GFP can lead to a widespread expression of GFP in the central nervous system in a large animal model. Because the sizes of brain and body of pigs are similar to those of humans, the non-invasive nature of intravenous injection of AAV and widespread expression of transgene in pigs reinforce the therapeutic potential of intravenous injection of AAV to treat neurological disorders in humans.
MATERIALS AND METHODS
Animals and ethics statement
Bama pigs are local strains from Southern China. The pigs were breed at the animal Facility of the Guangzhou Institute of Biomedicine and Health (GIBH), Chinese Academy of Sciences (Animal Welfare Assurance #N2019083). Animal use and care followed the NIH Guide for the Care and Use of Laboratory Animals. The Institutional Animal Care and Use Committees (IACUC) at Guangzhou Institute of Biomedicine and Health (GIBH), Chinese Academy of Sciences approved the animal use protocol. This study carried out in strict compliance with the “Guide for the Care and Use of Laboratory Animals (2011)” to ensure the safety of personnel and animal welfare. The pigs used in the current experiments were wild-type pigs, and maintained under in-door housing conditions at room temperature in the Animal Center of Guangzhou Institutes of Biomedicine and Health. Regular food and water were provided ad libitum.
Virus production and injection
GFP-expressing viral vector was obtained from Addgene (plasmid# 67634). The vector was packaged by PackGene Biotech with the AAV9 serotype. Purified viruses were stored at -80°C. The genomic titer of the purified viruses (vg) (approximate 1013 vg/mL) was determined by PCR method.
The same litter of 7-day-old Bama pigs were injected with AAV-CMV-GFP or saline as the experimental group or the control group. The pigs were anesthetized with 1.5% isoflurane, and the surgical site was sterilized with a betadine solution (10% povidone-iodine) followed by 75% ethanol. A 30G needle attached to a 1 ml Hamilton syringe was inserted into the auricular vein. Viruses (300 ml of 1013 vg/ml diluted in 1 ml saline) or the same volume of saline were injected through the auricular vein into each pig over the course of 5 min. After the infusion is complete, the needle was left in place for 3 min and then slowly removed from the pigs. Pigs were placed on a warm cuddy after surgery to allow them to recover from anesthesia. After the piglets woke up, they were sent back to their mothers.
Necropsy and tissue collection
Two months after the virus injection, the pigs were euthanized by deep anesthesia with intraperitoneal injection of .3–.5 ml of atropine, followed by 10–12 mg of ketamine per kg body weight and perfused with 3 L of a sterile .9% sodium chloride solution through the left ventricle of the heart. The brain was removed from the skull, the left hemisphere was immediately frozen on dry ice after the brain regions were separated, and the right hemisphere was emersed in 10 volumes of 4% paraformaldehyde (PFA) for fixation for 48 h.
Western blot analysis and immunohistochemistry
The primary antibodies against the following proteins were used in the study: synapsin-1 (Cell Signaling, 5297 S), NeuN (Abcam, ab177487), GFAP (Abcam, ab7260), IBA1 (WAKO, 019-19741), Olig2 (Milipore, MABN50), GFP (Invitrogen, A11122), TGFβ (Abcam, ab215715), IL17 (Santa Cruz, sc-374218), IL6 (abcam, ab6672), IL4 (Proteintech, 66142-1-Ig), IL1β (abcam, ab9722), TNF (abcam, ab1793). Secondary antibodies were all from Jackson ImmunoResearch laboratories, INC, Abcam and Invitrogen.
For western blot analysis, pig brain tissues were lysed in ice-cold RIPA buffer (50 mmol/L Tris, pH 8.0, 150 mmol/L NaCl, 1 mmol/L EDTA pH 8.0, 1 mmol/L EGTA pH 8.0, .1% SDS, .5% DOC, 50 mmol/L NaF and 1% Triton X-100) containing Halt protease inhibitor cocktail (Thermo Scientific) and PMSF (Sigma). The pig brain tissues were grinded by using a Luka Grinding instrument (LUKYM-II, China) and the tissue lysates were incubated on ice for 30 min, centrifuged at 12,000 rpm for 10 min. Protein concentrations in the supernatants were determined by BCA assay (Bio-Rad), and equal amount of proteins were loaded to SDS-PAGE and subsequently transferred to a nitrocellulose membrane. The membrane was blocked with 5% milk/TBST for 1 h at room temperature. Primary antibodies were diluted in 3% BSA/TBST and incubated with the membrane overnight at 4°C. The membranes were then washed 3 times with TBST and incubated with HRP-conjugated secondary antibodies in 5% milk/TBST for 1 h at room temperature. After washing with TBST, the signals on the membrane were detected with the ECL Prime (GE Healthcare) kit.
For immunofluorescent study, the isolated pig brain tissues were fixed for 48 h in 4% paraformaldehyde/0.01 M PBS and then transferred into 30% sucrose to dehydrate at 4°C until the brain completely sank to the bottom of the tube. The tissues embedded in Tissue-Tek®O.C.T.Compound (Tissue-Tek, Sakura Finetek) and frozen in liquid nitrogen with an isopentane interphase. The consecutive pig brain coronal sections of 30 μm were cut with freezing microtome. The pig tissue slides were fixed in 4% paraformaldehyde in .01 M PB for 10 min, and pre-blocked with 4% normal goat serum in .1% Triton X-100/PBS for 1 h. Slides were incubated with primary antibodies in 3% BSA/2%NGS/TBST overnight at 4°C. Secondary antibodies were added after three washes with PBS. Microscopic images were acquired by TissueFAXS PLUS (TissueGnostics, Vienna, AUT) and a confocal imaging system ((Olympus FV3000 Microscope).
RNA-seq and data analysis
Total RNA of the cortex in WT pigs injected with saline or WT pigs injected with AAV-CMV-GFP through the auricular vein were isolated using RNAiso Plus (TaKaRa). The RNAs were sent to HeQin Biotechnology Corporation (Guangzhou) for RNA-seq analysis and database construction. A total of 2 mg of RNAs per sample were used for analysis. NEBNext Ultra RNA Library Prep Kit for Illumina (E7530L; NEB) was used for sequencing according to the manufacturer’s recommendations. After cluster generation, the libraries were sequenced and 150-bp paired-end reads were generated using Illumina platform. After obtaining the raw sequencing data, Trimmomatic software was used to control the quality of raw RNA-seq data and remove the sequencing adapter (Bolger et al., 2014). We then used STAR software (STAR: ultrafast universal RNA-seq aligner - PMC) to map the clean data to the pig genome, which was downloaded from the Ensembl website (Howe et al., 2020), to obtain the sam files. The samtools (Li et al., 2009) was used to convert sam files into bam files, sort and build index files. We used stringtie (Pertea et al., 2015) and its script ‘prepDE.py’ to quantify genes and convert them into read counts matrix. Finally, the R package DESeq2 (Love et al., 2014) was used for gene differential expression analysis, and the read counts matrix was used as the input file. Genes with adjusted p-value <.01 and an absolute fold change >2 were considered as DEGs. GO enrichment analysis for DEGs in a group was carried out using TBtools (Chen et al., 2020). GO terms with a p-value <.01 and a hit rate >.05 were considered significantly enriched. In addition, PCA analysis and heat map were also performed using carrieUBC. The RNAseq data have been deposited with the GEO number PRJNA911021.
Statistical analysis
When every two groups were compared, statistical significance was assessed with the two-tailed Student’s t-test. Data are presented as mean ± SEM. For pathological examination, western blotting, and RNA-seq, at least three animals per group were used. Calculations were performed with GraphPad Prism software (GraphPad Software). A p-value of .05 was considered statistically significant.
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Supplementary Material S1 | Three brain regions were chosen (cortex, striatum and hippocampus) for qualitative rating of cell type transduction. Scale ranges from − to ++++, with − indicating no double labeling of GFP and the cell specific marker and ++++ indicating the highest level of double labeling observed.
Supplementary Material S1 | Three brain regions were chosen (cortex, striatum and hippocampus) for qualitative rating of cell type transduction. Scale ranges from − to ++++, with − indicating no double labeling of GFP and the cell specific marker and ++++ indicating the highest level of double labeling observed.
Supplementary Figure S1 | Immunofluorescent staining of the pig’s brain stem injected with AAV-GFP or saline. (A–L) Double immunofluorescent labeling and quantification of neurons (NeuN) (A–C), astrocytes (GFAP) (D–F), microglial (Iba1) (G–I) and oligodendrocytes (Olig2) (J–L) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green, NeuN, GFAP, Iba1 and Olig2 positive cells are shown in red. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group. (N) Western blotting of the brain stem of saline- or AAV-GFP-injected pigs with antibodies against synapsin-1, NeuN, GFAP and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP or Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
Supplementary Figure S2 | Immunofluorescent staining of the pig’s spinal cord injected with AAV-GFP or saline. (A–L) Double immunofluorescent labeling and quantification of neurons (NeuN) (A–C), astrocytes (GFAP) (D–F), microglial (Iba1) (G–I) and oligodendrocytes (Olig2) (J–L) of saline- or AAV-GFP-injected-wild type pigs. GFP positive cells are shown in green, NeuN, GFAP, Iba1 and Olig2 positive cells are shown in red. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group. (M) Western blotting of the spinal cord of saline- or AAV-GFP-injected pigs with antibodies against synapsin-1, NeuN, GFAP and Iba1. Vinculin served as a loading control. (N) Quantitation of the ratios of synapsin-1, NeuN, GFAP or Iba1 to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
Supplementary Figure S3 | Examination of inflammatory factors in the pig’s brain stem and spinal cord after intravenous injection of saline or AAV-GFP. (A,B) Western blotting of the brain stem (A) and spinal cord (B) of saline-or AAV GFP-injected pigs with antibodies against TGFβ, IL17, IL6, IL4, IL1β and TNFα. Vinculin served as a loading control. Quantitation of the ratios of TGFβ, IL17, IL6, IL4, IL1β and TNFα to vinculin on the western blots are presented beneath the blots. Data are analyzed by Student’s T-test and presented as mean ± SEM. n = 3 animals per group.
Supplementary Figure S4 | Examination of inflammatory factors in the pig’s peripheral tissues after intravenous injection of saline or AAV-GFP. (A,C) Western blotting of the heart, muscle, spleen, testis, liver, lung, kidney of saline-or AAV GFP-injected pigs with antibodies against TGFβ, IL17, IL6, IL4, IL1β and TNFα. Vinculin served as a loading control. (B,D) Quantitation of the ratios of TGFβ, IL17, IL6, IL4, IL1β or TNFα to vinculin on the western blots. Data are analyzed by student’s T-test and presented as mean ± SEM. n = 3 animals per group.
Supplementary Figure S5 | Heat map of correlation of expression levels between WT and GFP.
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Domestic pigs (Sus scrofa) share many genetic, anatomical, and physiological traits with humans and therefore constitute an excellent preclinical animal model. Fundamental understanding of the cellular and molecular processes governing early porcine cardiogenesis is critical for developing advanced porcine models used for the study of heart diseases and new regenerative therapies. Here, we provide a detailed characterization of porcine cardiogenesis based on fetal porcine hearts at various developmental stages and cardiac cells derived from porcine expanded pluripotent stem cells (pEPSCs), i.e., stem cells having the potential to give rise to both embryonic and extraembryonic tissue. We notably demonstrate for the first time that pEPSCs can differentiate into cardiovascular progenitor cells (CPCs), functional cardiomyocytes (CMs), epicardial cells and epicardial-derived cells (EPDCs) in vitro. Furthermore, we present an enhanced system for whole-embryo culture which allows continuous ex utero development of porcine post-implantation embryos from the cardiac crescent stage (ED14) up to the cardiac looping (ED17) stage. These new techniques provide a versatile platform for studying porcine cardiac development and disease modeling.
Keywords: pig, heart development, porcine expanded pluripotent stem cells, cardiac progenitor cells, epicardial cells, cardiomyocyte, cardiac differentiation
INTRODUCTION
Cardiovascular diseases including congenital heart defects remain the leading cause of mortality worldwide. Our current knowledge of cardiogenesis is largely based on studies performed in rodents, owing to their accessibility, rapid reproducibility, and relatively low cost. However, results from these models do not always translate to humans due to significant differences in cardiac development and physiology (Maselli et al., 2022). There is an urgent need to establish alternative model systems more closely related to humans in terms fetal development, organ size, anatomy, and physiology. Large animal models offer a clear advantage compared to rodents. Non-human primates have the closest phylogenetic relationship to humans, but these models are limited due to their high costs, prolonged breeding time, and high ethical concerns (Stirm et al., 2022). However, pigs represent a valuable alternative, since important physiological parameters such as heart rate, cardiac structure, and contractile function closely resemble those of an adult human (Hughes, 1986; Lelovas et al., 2014; Romagnuolo et al., 2019).
Although anatomical atlases of both human and mouse heart development have been published, only two recent studies have investigated embryonic cardiac development of pigs (Gabriel et al., 2021; Lauschke et al., 2021). However, in vitro models of porcine cardiogenesis are still limited due to the lack of bona fide pluripotent stem cells (PSCs) in this species. Recently, we established porcine expanded potential stem cells (pEPSCs) (Gao et al., 2019), which possess long-term self-renewal, allow precise genome editing, and have the ability to contribute to both embryonic and extraembryonic lineages in vitro and in vivo, thereby representing a major advance for differentiation studies and future cell therapy applications. However, the efficient generation of cardiac lineages from pEPSCs has not been yet investigated.
Here, we provide an anatomical and molecular characterization of in vivo porcine cardiogenesis at embryonic days ED13, ED14, ED15, ED17 and ED19. We also established an ex utero culture system allowing faithful monitoring of porcine embryonic cardiac development. Finally, we describe protocols for the directed differentiation of pEPSCs into CPCs, CMs, epicardial cells, smooth muscle cells (SMCs), endothelial cells (ECs) and cardiac fibroblasts (FBs). These platforms open new possibilities for the development of autologous or allogeneic cell-based cardiac regenerative therapies.
MATERIALS AND METHODS
Animals
German Landrace gilts (7–9 months) from an approved local farm facility were used as embryo donors. Animals were transported to the Technical University Munich, Klinikum rechts der Isar animal facility for sample isolation. Embryos were harvested in the accordance with §4 German Animal Welfare legislation. Pregnant sows were euthanized using pentobarbital (Euthadorm, CP-Pharma, Germany) according to the manufacturer’s specifications and the uterus was explanted immediately after cardiac arrest. All experiments were performed with permission from the local regulatory authority.
pEPSCs culture
Porcine EPSCs were maintained on 0.1% gelatin-coated plates (Sigma-Aldrich®, G1890) with mitotically inactivated mouse SNL76/7 feeder cells in porcine EPSC medium (pEPSCM) as previously described by Gao et al. (2019). The N2B27 basal media was supplemented with 0.2 μM CHIR99021 (Tocris, 4423), 0.02 μM A-419259 trihydrochloride (Tocris, 3914), 2.5 μM XAV939 (Sigma-Aldrich®, X3004), 50 μg/mL ascorbic acid (Sigma-Aldrich®, 49752-100G), 10 ng/mL LIF (Millipore, LIF1050), 20 ng/mL Activin A (Stemcell Technologies, 78001.1). Cells were enzymatically passaged every 4 days using TrypLE™ (Thermo Fisher Scientific, 12605010). To promote cell survival, Rho-associated coiled kinase (ROCK) inhibitor Y-27632 (Tocris, 1254) was added at a concentration of 5 μM for 24 h after passaging. Two different pEPSCs lines (pEPSCs-T4 and pEPSCs-T6) at different passages were used for differentiation experiments.
hESCs culture
Human ESC line used in these studies was approved by the Ethics Commission of the TUM Faculty of Medicine (# 447/17S). Authorization to use the hESC-TN was granted by the Central Ethics Committee for Stem Cell Research of the Robert Koch Institute to AM (AZ 3.04.02/0131). Generation of the hESC-TN line was described in Zawada et al. (2023). hESCs were maintained on Matrigel-coated plates (Corning, 354277) in Essential 8 medium (Thermo Fisher Scientific, A1517001) containing 0.5% penicillin/streptomycin (Thermo Fisher Scientific, 15140-122) under standard culture conditions (37°C, 5% CO2); medium was refreshed every day. Cells were passaged every 4 days with 0.5 mM EDTA (Invitrogen, AM92606) in PBS without Ca2+ and Mg2+ (PBS−/−; Thermo Fisher Scientific, 10010023). To promote better cell survival, 2 µM ROCK inhibitor Thiazovivin (Sigma-Aldrich®, SML1045) was added for 24 h after passaging. Cells were differentiated according to differentiation protocols described below.
Cardiac differentiation
The cardiac differentiation protocol was adapted from well-established protocols (Mendjan et al., 2014; Hofbauer et al., 2021; Zawada et al., 2023). Briefly, pEPSCs were passaged using TrypLE™ and were pre-plated on a gelatinized 6-well tissue culture plates in pEPSCM for 30 min at 37°C and 5% CO2 to remove SNL76/7 feeder cells. Thereafter, 240,000 pEPSCs were seeded per well of a 24-well plate in pEPSCM containing 5 μM Y-27632 (day −1). Differentiation was initiated (day 0) by changing the EPSCM to CDM-BSA medium (CDM-BSA: 1:1 DMEM/F-12 with Glutamax (Thermo Fisher Scientific, 31331028) and IMDM (Thermo Fisher Scientific, 21980032) containing 0.1 g/mL BSA (Sigma-Aldrich®, A9647), 30 mg/mL transferrin (Sigma-Aldrich®, T1147), 1% chemically defined lipid concentrate (Thermo Fisher Scientific, 11905031), ∼0.46 mM (0.004%) of monothioglycerol (Sigma-Aldrich®, M6145), supplemented with 10 ng/mL BMP4 (R&D, 314-BP), 1.5 μM CHIR99021 (R&D, 4423), 50 ng/mL Activin A (Sigma-Aldrich®, SRP3003), 30 ng/mL bFGF (R&D, 233-FB) and 5 μM LY 294002 hydrochloride (R&D, 1130). Thereafter medium was replaced with CDM-Meso medium [CDM-BSA supplemented with 10 ng/mL BMP4, 8 ng/mL bFGF, 10 μg/mL insulin (Sigma-Aldrich®, 11376497001), 5 μM IWP2 (Stemcell Technologies, 72122) and 0.5 μM retinoic acid (RA; Sigma-Aldrich®, R2625)] for 4 days with medium change every 24 h. Subsequently, the medium was replaced with CDM-Myo medium (CDM-BSA medium supplemented with 10 ng/mL BMP4, 8 ng/mL bFGF, and 10 μg/mL insulin) for 2 days with medium change every 24 h. The cardiomyocytes were cultured in CDM-Maintenance medium (CDM-BSA supplemented with 10 μg/mL insulin). The medium was replaced every second day. Human ESCs were differentiated into CPCs as described in Zawada et al. (2023).
Cardiomyocytes dissociation and replating
Five days before dissociation, maintenance medium was changed to EB2 medium consisting of DMEM/F12 (Thermo Fisher Scientific, 21331-020) supplemented with 2% fetal bovine serum (FBS; Sigma-Aldrich®, F7524, batch 044M3395), 1% L-glutamine (Thermo Fisher Scientific, 25030-081), 1% non-essential amino acids (Thermo Fisher Scientific, 11140-050), 0.5% penicillin/streptomycin and 0.1 mM beta-mercaptoethanol. Cells were subjected to papain-based dissociation as described by Fischer et al. (2018). Briefly, cells were incubated with papain solution (Worthington Biochemical Corporation, LS003124) for 20 min at 37°C. The enzymatic reaction was stopped with 1 mg/mL trypsin inhibitor (Sigma-Aldrich®, T9253) in PBS−/−. Cells were reseeded at a density of 100,000-120,000 cells on 12-well chamber slides (Ibidi, 81201) coated with 2 μg/cm2 fibronectin (Sigma-Aldrich®, F1141) for immunofluorescence analysis or at a density of 50,000-70,000 cells in 3.5 cm glass-bottom cell culture microdishes (MatTek Corporation, P35G-1.5 14-C) coated with 2 μg/cm2 fibronectin for calcium and action potential analysis. Cells were incubated for 24 h in EB20 medium consisting of DMEM/F12, 20% FBS, 1% L-glutamine, 1% non-essential amino acids, 0.5% penicillin/streptomycin and 0.1 mM beta-mercaptoethanol. The next day media was changed to EB2 and changed daily till day 65.
Epicardial and endothelial differentiation of CPCs
Porcine EPSCs were differentiated into epicardial cells as previously described (Bao et al., 2017b; Zawada et al., 2023). On day 6, pEPSC-derived CPCs were detached with Accutase (Thermo Fisher Scientific, A1110501) at 37°C for 5 min and seeded in a density of 20,000 cells/cm2 onto 0.1% gelatin-coated wells of 12-well chamber slide or 48-well plates for long-term culture in LaSR medium (Advanced DMEM/ F12 containing Glutamax (Thermo Fisher Scientific, 12634010), 0.1 mg/mL ascorbic acid (Sigma-Aldrich®, A5960) and 0.5% penicillin/streptomycin) supplemented with 1% FBS and 10 μM of Y- 27632 for 24 h. On days 7 and 8, the medium was replaced with LaSR medium containing 3 µM CHIR99021. From day 9 to day 12 LaSR medium without additional supplementation was replaced every day. From day 12, epicardial cells were maintained in LaSR medium containing 2 µM SB431542 (R&D, 1614/1) to prevent spontaneous differentiation. For long-term maintenance, cells were passaged 1:4 onto gelatin-coated plates in LaSR medium supplemented with 2 µM SB431542. hESCs were differentiated as described in Zawada et al. (2023).
For endothelial differentiation modified protocol described by Wei et al. (2020) was used. Briefly, d4.5 CPCs were seeded in a density of 20,000 cells/cm2 on 12-well chamber slides in LaSR medium containing 50 ng/mL VEGF (R&D, 293-VE-010) and 25 ng/mL BMP4 (R&D, 314-BP). After 8 days, cells were fixed for immunofluorescence staining.
Differentiation of epicardial cells into ECs, SMCs and cardiac FBs
Porcine EPSC-derived epicardial cells were differentiated into SMCs and FBs as previously described by Bao et al. (2017b). On day −1, pEPSCs were dissociated with Accutase and reseeded onto gelatin-coated plates at a density of 30,000 cells/cm2 in LaSR medium containing 5 µM Y27632. From day 0 to day 8, medium was replaced every day with LaSR medium containing 5 ng/mL TGF-β1 (R&D, 7754-BH-005) for SMCs differentiation or with 10 ng/mL bFGF (R&D, 233-FB-025/CF) for FBs differentiation. Epicardial cells were differentiated into ECs as previously described by Bao et al. (2017a) with some modifications. After maintenance in LaSR medium containing 0.5 μM A83-01 for several passages, confluent pEPSC-derived epicardial cells were reseeded at a density of 40,000 cells/cm2 on 12-well chamber slides in EGM-2 medium (Lonza, CC-3162) supplemented with 100 ng/mL VEGF. After 8 days cells were fixed for immunostaining.
RNA isolation, reverse transcription PCR (RT-PCR), and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from cells using the Absolutely RNA Microprep kit (Agilent, 400805) following manufacturer’s instructions. cDNA was prepared using the High Capacity cDNA RT kit (Applied Biosystems, 4368814) according to the manufacturer’s instructions, and a FlexCycler2 PCR thermal cycler (Analytik Jena, Germany). For long-term storage, RNA was kept at −80°C and cDNA at −20°C. Quantitative real-time PCR (qRT-PCR) was performed using the Power SYBR Green PCR Master Mix (Applied Biosystems, 4367659), 1 µL cDNA, and the gene-specific primers (Table 1). Reactions were run on a 7,500 Fast Real-Time PCR instrument (Applied Biosystems, Germany). The mRNA expression levels of genes of interest were quantified relative to GAPDH expression using the ΔCt method.
TABLE 1 | Quantitative RT (qRT)-PCR primers used for gene expression analysis of porcine cardiac and epicardial cells.
[image: Table 1]Immunofluorescence staining of cells
For immunostaining, cells were washed with PBS with Ca2+ and Mg2+ (PBS+/+; Sigma-Aldrich®, D8662) and fixed with 4% PFA (Sigma-Aldrich®, 158127) for 15 min at room temperature (RT). After washing three times with PBS+/+, cells were blocked for 1 h at RT in 0.1% Triton X-100 (Sigma-Aldrich®, X100) in PBS+/+ containing 3% BSA. Appropriate primary antibodies (Table 2) were then added at the indicated dilutions in PBS+/+ containing 0.1% Triton-X-100 and 0.5% BSA and incubated overnight at 4°C. After washing with 0.1% Triton-X-100 in PBS+/+, samples were incubated with appropriate secondary antibodies (Table 3) diluted in 0.1% Triton-X-100 PBS containing 0.5% BSA for 1 h at RT. After three washing steps with 0.1% Triton-X-100 in PBS+/+, Hoechst 33258 (Sigma-Aldrich®, 94403) was added at a final concentration of 5 µg/mL in PBS+/+ for 15 min at RT. After washing once with PBS+/+, slides with cells were then covered with fluorescence mounting medium (Dako, S3023) and coverslip and stored at 4°C until imaging.
TABLE 2 | Primary antibodies used for immunostaining.
[image: Table 2]TABLE 3 | Secondary antibodies used for immunostaining.
[image: Table 3]Microscopy and image analysis
Stained cells were imaged using confocal laser scanning microscope (TCS SP8; Leica Microsystems, Wetzlar, Germany). Images were acquired and processed using the Leica Application Suite X software (v3.5.7.23225). To quantify the relative distribution of CM subtypes, the number of ventricular (MLC2v+), immature ventricular (MLC2v+/a+) and atrial CMs (MLC2a+) was counted using ImageJ (National Institutes of Health).
Flow cytometry analysis
At day 30 of cardiac differentiation, cells were detached using papain-based dissociation as previously described (Fischer et al., 2018; Zawada et al., 2023). 2 × 106 cells per sample were fixed with 4% PFA for 7 min at RT. After washing three times for 5 min with PBS+/+, cells were permeabilized/blocked with 0.1% Triton-X-100, 10% FCS, for 1 h at RT. The primary antibody for cardiac Troponin T (Table 2) was diluted in 1% FCS, with 0.1% Triton-X-100 in PBS+/+, and incubated with cells overnight at 4°C. After washing three times for 15 min with PBS+/+ containing 0.1% Triton-X-100, an appropriate secondary antibody diluted in 1% FCS in PBS+/+ with 0.1% Triton-X-100 was added for 1 h at RT (Table 3). After repeating the previous washing steps with PBS+/+ containing 0.1% Triton-X-100 cells were re-suspended in 100 µL PBS+/+ supplemented with 2% FCS. Cells were then filtered with a 40 μm filter (Sartorius, 16555-K) and subjected to flow cytometry analysis on Gallios (Beckman Coulter). Data were analyzed using Kaluza software (Beckman Coulter). No-primary antibody, no-secondary antibody, IgG antibody and undifferentiated pEPSCs were performed as controls.
Calcium imaging
For calcium imaging, day 65 pEPSC-CMs were incubated with calcium indicator Fluo-4 AM (Thermo Fisher, F14201) at a concentration of 1 μM in Tyrode’s solution supplemented with Ca2+ as previously described (Moretti et al., 2020). Briefly, field stimulation electrodes (RC-37FS, Warner Instruments, Hamden, CT, United States) were connected to a stimulus generator (HSE Stimulator P, Hugo Sachs Elektronik, March-Hugstetten, Germany) providing depolarizing pulses (50 V, 5 ms duration) at the frequencies indicated. ImageJ (National Institutes of Health, Bethesda, MD) was used to quantify fluorescence over single cells and background regions. Thereafter, analysis was performed in RStudio using custom-written scripts (RStudio, 2020). After subtraction of background fluorescence, the time course of Fluo-4 fluorescence was normalized to the initial value (F/F0). After manual selection of the starting points and peaks of the calcium transients, the transient duration at 50% decay (TD50) and 90% decay (TD90) was automatically determined by the script. The amplitude of calcium transients was calculated by subtracting the basal fluorescence value from the peak value.
Optical action potential measurements
For optical action potential imaging a genetically encoded Förster resonance energy transfer (FRET)-mediated membrane potential sensor (voltage-sensitive fluorescent protein, VSFP) was used as previously described (Chen et al., 2017). Briefly, day 58 porcine CMs were reseeded on a 3.5 cm glass-bottom cell culture dishes (MatTek Life Science) using papain-based dissociation and 2 days later transduced with a lentiviral vector encoding the VSFP sensor under the control of the ubiquitous phosphoglycerate kinase 1 (PGK) promoter. Five days after infection, CMs were incubated with Tyrode’s solution and subjected to imaging at 100 frames per second on an inverted epifluorescence microscope (DMI6000B, Leica Microsystems) equipped with a Zyla V sCMOS camera (Andor Technology). Electrical stimulation was performed at 0.5 Hz using field stimulation electrodes as described above. The VSFP was excited at 480 nm, and the emitted GFP and RFP fluorescence signals were separated using an image splitter (OptoSplit II, Caim Research) equipped with CAIRN HQ535.50 566DCXR E570LP filters (Chen et al., 2017; Goedel et al., 2018). The fluorescence over cells and over background regions was quantified in GFP and RFP channels using ImageJ (National Institutes of Health). Custom-written scripts were applied for further analysis in RStudio Team (2020). After background correction, the RFP/GFP ratio corresponding to APs was derived. Cardiomyocytes based on their action potentials were classified into 2 groups: Ventricular-like cardiomyocytes (V-CMs), and immature ventricular-like cardiomyocytes (iV-CMs) based on APD90/50 ratio. iV-CMs = APD90/APD50 ratio between 1.4 and 1.8. V-CMs = APD90/APD50 ratio between 1.0 and 1.4.
Porcine in vivo embryos
Porcine embryos were obtained at ED13, ED14, ED15, ED17, and ED19 of gestation following insemination on two subsequent days. The sows were slaughtered and the uterus was excised and flushed with PBS−/−. Collected embryos (11-16 embryos per stage) were fixed in 4% PFA. After washing with PBS+/+, the embryos were subjected to a sucrose gradient (5–20%) and embedded in a 1:1 mixture of Tissue-Tek O.C.T. (Sakura, 4583) and 20% sucrose (Sigma-Aldrich®, S9378). Samples were frozen in a bath of 2-methylbutane (Sigma-Aldrich®, M32631) with liquid nitrogen and stored at −80°C or directly cryo-sectioned into 8 µm-thick sections using cryotome (Microm HM560, Thermo Fisher). Sections were collected onto polylysine-coated slides and stored at −80°C until staining.
Whole embryo culture ex utero
Porcine embryos at ED14 were dissected from uterus and transferred to culture dish with prewarmed PBS−/−. Approximately 2 cm of chorioamniotic membrane attached to both ends of each embryo were kept. Immediately after dissection, a single intact embryo was transferred into one glass culture bottle (B.T.C. Engineering, Cullum Starr Precision Engineering Ltd.) in a pre-equilibrated culture medium containing 50% porcine serum (prepared in-house) and 50% DMEM (Thermo Fisher Scientific, 31966). The bottles were placed on a rotating incubator (B.T.C. Engineering) and the complete medium was changed every 24 h. At the end of the culture, embryos were removed from the yolk sac, allantois, and amnion and evaluated in terms of morphological development. Subsequently, embryos were fixed with 4% PFA and processed for cryopreservation as described above.
Immunofluorescence staining of cryosections
Tissue slides were re-fixed with 3.7% formaldehyde for 15 min at RT. After washing three times with 0.05% Tween-20 in PBS+/+ (PBST), sections were permeabilized with 0.1% TritonX-100 for 10 min at RT. After washing briefly with PBST sections were blocked with 10% FBS in PBST for 1 h at RT. The slides were incubated with primary antibodies (Table 2) in PBS+/+ containing 1% FBS and 0.1% TritonX-100 at 4°C overnight. Subsequently, sections were washed three times with PBST, incubated with appropriate secondary antibodies (Table 3) for 1 h at RT. After washing three times with PBST, samples were counterstained with Hoechst 33258 at a final concentration of 5 µg/mL in PBS+/+ for 15 min at RT. After a final wash with PBS+/+, sections were covered with fluorescence mounting medium (Dako, S3023) and stored at 4°C until imaging with confocal laser scanning microscopy (TCS SP8; Leica Microsystems, Wetzlar, Germany) or Leica THUNDER system.
Statistical analysis
Statistical analyses were performed with GraphPad Prism 9.1.0 (La Jolla California, United States). Bar graphs indicate the mean ± SEM with all data points displayed separately. For calcium imaging, a p-value < 0.05 was considered statistically significant.
RESULTS
Anatomical and molecular profile of porcine heart development
Porcine preclinical models are now considered the gold standard for studying congenital heart diseases (CHDs) (Buijtendijk et al., 2020; Gabriel et al., 2021), as numerous recent studies have highlighted the anatomical and molecular similarities in cardiac development between pigs and humans (Lelovas et al., 2014; Lauschke et al., 2021). However, a detailed characterization of the early stages of porcine cardiogenesis is still lacking. Here, we examined the porcine heart development from the primitive streak stage (ED13) to the four-chambered beating heart (ED19). The embryos were collected at five different time points (ED13, ED14, ED15, ED17, and ED19) (Figure 1A) and subjected to anatomical and immunohistochemical analyses (Figures 1B–P; Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | Porcine heart development from ED13 to ED19. (A) Graphical representation of different stages of porcine cardiac development. (B, C) Frontal view of ED13 porcine embryo displaying primitive streak (arrow). The boxed region in (B) is shown at higher magnification in (C). (D) Representative image of sagittal section of ED13 embryo after immunofluorescence analysis of TBXT (green). Nuclei were labeled with Hoechst 33528 (blue). (E, F) Frontal view of ED14 embryo depicting the cardiac crescent. The boxed region in (E) is shown at higher magnification in (F). (G) Representative image of transverse section of ED14 embryo after immunofluorescence analysis of cTNT (magenta). Nuclei were labeled with Hoechst 33528 (blue). (H, I) Left view of ED15 embryo showing the primitive heart tube. The boxed region in (H) is shown at higher magnification in (I). (J) Representative image of sagittal section of ED15 embryo after immunofluorescence analysis of cTNT (magenta). Nuclei were labeled with Hoechst 33528 (blue). (K, L) Left view of ED17 embryo displaying the proepicardium, common atrium, and left ventricle. The boxed region in (K) is shown at higher magnification in (L). (M) Representative image of sagittal section of ED17 embryo after immunofluorescence analysis of cTNT (magenta). Nuclei were labeled with Hoechst 33528 (blue). (N, O) Left view of ED19 embryo with four-chambered heart. The boxed region in (N) is shown at higher magnification in (O). (P) Representative image of frontal section of ED19 embryo after immunofluorescence analysis of cTNT (magenta). Nuclei were labeled with Hoechst 33528 (blue). (Q) Table summarizing major events during heart development in pig, mouse and human. A, atrium; ca, caudal; CC, cardiac crescent; cr, cranial; d, dorsal; HT, heart tube; IFT, inflow tract; l, left; LA, left atrium; LAA, left atrial appendage; LV, left ventricle; OFT, outflow tract; PEO, proepicardial organ; PN, primitive node; PS, primitive streak; r, right; SM, splanchnic mesoderm; v, ventral; V, ventricle. Asterix indicates interventricular septum. Scale bars for bright-field images 1 mm, for immunostaining images: 10 μm.
At ED11-12, the porcine spherical blastocyst starts to elongate and forms a filamentous structure (Hyttel et al., 2011). This process is accompanied by the initiation of gastrulation, establishing the primitive streak. At ED13, the primitive streak was visible at the caudal end of the porcine embryo (Figures 1A–D), which was marked by the expression of mesodermal T-box transcription factor TBXT (BRACHYURY) (Figure 1D) and cardiac mesoderm-specific marker KDR (Supplementary Figures S2A–C) corresponding to the stage ED6.5 in the mouse (Krishnan et al., 2014). The first cells expressing cardiac troponin T (cTNT) were detected at ED14 (ED7.5 in mouse and approximately week 2 of human gestation) (Krishnan et al., 2014; Buijtendijk et al., 2020) in splanchnic mesoderm forming the cardiac crescent (Figures 1E–G, Q). At ED15, a faintly beating linear heart tube could be visualized (ED8.0 in mouse and week 3 of human gestation) (Figures 1H–J, Q), which subsequently underwent looping and around ED17 (ED9.5 in mouse) common atrium and ventricle could be distinguished (Krishnan et al., 2014; Buijtendijk et al., 2020) (Figures 1K–M, Q). Notably, at ED17 an extracardiac cluster of cells was detectable at the base of the venous pole of the embryonic heart resembling the proepicardial organ (PEO) in mouse at ED9.5 (Figures 1L, Q) (Krishnan et al., 2014). By ED19 the embryo and extraembryonic membranes increased in size (Figures 1N, O, Q; Supplementary Figures S1J–N). The heart had developed a four-chambered structure, and the heartbeat became more prominent (Figures 1N–P). The interventricular septum, atrial septum, atrial appendages, compact myocardium, and trabecular myocardium were also clearly visible at ED19 (Figure 1P; Supplementary Figure S1).
Next, we sought to provide a more comprehensive characterization of the porcine cardiac precursors giving rise to the various cardiac lineages. In mouse embryo, three spatially and temporarily distinct populations of cardiac progenitors have been identified and described in detail: the cardiogenic mesoderm cells, which encompasses first and second heart field (FHF and SHF), precursors of the PEO, and cardiac neural crest cells (Brade et al., 2013). Here, we focussed primarily on the cardiogenic mesoderm and PEO (Moretti et al., 2006; Zhou et al., 2008; Buijtendijk et al., 2020).
Within the cardiogenic mesoderm, FHF progenitors reside in the cardiac crescent and form a linear heart tube, which later becomes the left ventricle, whereas SHF precursors are located posteriorly and medially to the FHF and give rise to the outflow tract, right ventricle, a subset of left ventricular cells, and atria (Brade et al., 2013; Paige et al., 2015; Meilhac and Buckingham, 2018; Ivanovitch et al., 2021). NKX2.5 and ISL1 are the key cardiac-specific transcription factors that mark FHF and SHF and play a pivotal role in early heart development (Lyons et al., 1995; Cai et al., 2003; Moretti et al., 2006). While NKX2.5 is expressed in cardiac precursors of both heart fields and differentiated CMs (Lints et al., 1993; Kasahara et al., 1998), ISL1 shows transient expression in FHF and is mainly restricted to the SHF progenitors. Furthermore, it is absent in differentiated states (Moretti et al., 2006).
In porcine embryos at ED14, we detected NKX2.5+ and ISL1+ cells in splanchnic mesoderm, where cardiogenic progenitors reside, and in pharyngeal endoderm (Figures 2A, A′, E, E′). ISL1+ cells were also present in neuroectoderm (Figure 2E′). Co-staining of both proteins allowed us to identify a population of NKX2.5high/ISL1low- and NKX2.5high/ISL1high-expressing progenitors, resembling FHF and SHF precursors in mouse, respectively (Mommersteeg et al., 2010) (Supplementary Figures S2D–G). At later stages ED15, ED17, and ED19, NKX2.5 was expressed in CMs of the developing heart (Figures 2B–D′), whereas ISL1+ cells were detected in SHF and outflow tract (OFT) at ED15 and ED17 (Figures 2F–G′), which is similar to the mouse (Kasahara et al., 1998; Cai et al., 2003). By ED19, no more ISL1+ cells could be found within the heart (Figure 2H), although very few cells in the pericardium persisted to express ISL1 (Figure 2H′).
[image: Figure 2]FIGURE 2 | NKX2.5 and ISL1 expression during porcine heart development from ED14 to ED19. (A–D′) Representative images of ED14 (A, A′), transverse, ED15 (B, B′), sagittal, ED17 (C, C′), sagittal, and ED19 (D, D′), frontal embryo sections after immunofluorescence analysis of NKX2.5 (green) and cTNT (red). Nuclei were labeled with Hoechst 33528 (blue). At ED14, NKX2.5+ cells were detected in the splanchnic mesoderm (empty arrowheads) and pharyngeal endoderm (filled arrowheads) (A, A′). At ED15, ED17, and ED19, NKX2.5 expression was observed in cardiomyocytes of the developing heart (empty arrowheads) (B′–D′). (E–H′) Representative images of ED14 (E, E′), transverse, ED15 (F, F′), sagittal, ED17 (G, G′), sagittal, and ED19 (H, H′), frontal embryo sections after immunofluorescence analysis of ISL1 (green) and cTNT (red). Nuclei were labeled with Hoechst 33528 (blue). At ED14, ISL1+ cells were found in splanchnic mesoderm (empty arrowheads), pharyngeal endoderm (filled arrowheads), and neuroectoderm (arrows) (E, E′). At ED15, ISL1 expression was detected in SHF (filled arrowheads) and outflow tract (empty arrowheads) of the primitive heart tube (F, F′). At ED17, ISL1 expression was detected in cells of OFT (G), arrow and SHF (G′), empty arrowheads. At ED19, ISL1+ cells were sparsely detected in the pericardium (empty arrows) (H, H′). Sections correspond to the position indicated by the plane drawn through the adjacent embryo view. The white boxes indicate a region of higher magnification shown in adjacent panels. A, atrium; ca, caudal; cr, cranial; d, dorsal; IFT, inflow tract; l, left; LA, left atrium; LV, left ventricle; NE, neuroectoderm; NG, neural groove; OFT, outflow tract; Pha, pharyngeal arch; PC, pericardium; r, right; RA, right atrium; RV, right ventricle; SHF, second heart field; SM, splanchnic mesoderm; v, ventral; asterix indicates interventricular septum. Scale bars: 10 µm.
Next, we took advantage of ED17 porcine embryos to examine and further characterize the PEO, which gives rise to the epicardium, the outermost mesothelial layer of the heart (Cao et al., 2020). In mouse, the PEO is a transient extra-cardiac structure that arises at the septum transversum of the venous pole at ED9.0 -ED10.5 and is derived from NKX2.5/ISL1 expressing progenitors. PEO is marked by the expression of several transcription factors, including Wilm’s Tumor 1 (WT1), which continues to be expressed in the epicardium (Wagner et al., 2005). Immunofluorescence analysis of ED17 porcine hearts demonstrated WT1 expression in the cell cluster at the ventro-caudal base of the developing heart corresponding to PEO (Figures 3A, A′). Importantly, we could capture single cells in the PEO translocating across the pericardial cavity and adhering to the myocardial layer of the developing heart (Figure 3A′). At this stage WT1+ epicardial cells were sparsely scattered around the heart (Figure 3A′) and by ED19 they uniformly enveloped the myocardium (Figures 3B, B′). Strikingly, few cells emerging from the PEO and attaching to the myocardium also expressed ISL1 (Figures 4A, B), as well as cells at the junction of PEO and base of the atrium (Figure 4C), the area that was positive for WT1 (Figure 4D). This differs from the mouse, where ISL1 is not expressed in these cells at comparable stages (Ruiz-Villalba et al., 2013; Zhuang et al., 2013; Niderla-Bielinska et al., 2019). At ED19, ISL1 expression was lost in the porcine epicardium and became restricted to the pericardium, which was negative for WT1 (Supplementary Figure S3). Interestingly, we observed WT1 expression in the cardiomyocytes of the developing heart at ED17 (Figure 3A′) as well as in the compact and trabecular myocardium and atria at ED19 (Figure 3B′), which is in line with the recent reports describing WT1 expression in cardiomyocytes in mice at ED10.5 (Diaz Del Moral et al., 2021; Wagner et al., 2021).
[image: Figure 3]FIGURE 3 | WT1 expression in proepicardium and epicardium of ED17 and ED19 porcine hearts. (A, A′) Representative images of sagittal section of ED17 embryo after immunofluorescence analysis of cTNT (green) and WT1 (red) depicting WT1 expression in proepiardial (dashed arrows), in PEO-derived translocating cells (arrows), epicardial (empty arrowheads) cells and cardiomyocytes (filled arrowheads). Nuclei were labeled with Hoechst 33528 (blue). The boxed region in (A) is shown at higher magnification in (A′). Scale bars: 10 µm. (B, B′) Representative images of frontal section of ED19 embryo after immunofluorescence analysis of cTNT (green) and WT1 (red) showing WT1 expression in epicardial cells (empty arrowheads), ventricular cardiomyocytes in compact (filled arrowheads) and trabecular myocardium (arrows) and in atrial cardiomyocytes (dashed arrows). Nuclei were labeled with Hoechst 33528 (blue). The boxed region in (B) is shown at higher magnification in (B′). Scale bars: 10 µm. Sections correspond to the position indicated by the plane drawn through the adjacent embryo view. A, atrium; ca, caudal; CM, compact myocardium; cr, cranial; d, dorsal; l, left; LV, left ventricle; Myo, myocardium; OFT, outflow tract; PEO (#), proepicardial organ; r, right; RV, right ventricle; TM, trabecular myocardium; v, ventral; asterix indicates interventricular septum.
[image: Figure 4]FIGURE 4 | Expression of ISL1 and WT1 in ED17 porcine hearts. (A) Representative image of sagittal section of ED17 embryo stained with Hoechst 33528 (blue). The white boxes indicate regions of higher magnification shown in (B–D) (B–D) Representative images of sagittal section of ED17 embryo after immunofluorescence analysis of cTNT (red), ISL1 (green), and WT1 (green). ISL1 expression was detected in cells emerging from the proepicardium (filled arrowheads), translocating towards epicardium (arrows), in the newly formed epicardium (dashed arrows) (B), at the junction of the PEO and the base of the atrium (empty arrowheads), and atrium (dashed arrows) (C). WT1+ cells were present at the PEO-atrium junction (arrows), atrium (dashed arrows), epicardium (filled arrowheads), and PEO (empty arrowheads). Scale bars: 10 µm. A, atrium; ca, caudal; cr, cranial; d, dorsal; l, left; LV, left ventricle; OFT, outflow tract; PEO (*), proepicardial organ; Pha, pharyngeal arch; v, ventral.
Ex utero culture of porcine embryos from cardiac crescent to proepicardial organ specification
Recent studies using ex utero culture of mouse embryos have recapitulated in utero development and thus opened new possibilities to study mammalian development and disease (Aguilera-Castrejon et al., 2021; Zawada et al., 2023). Here, we report for the first time the culture of porcine embryos at cardiac crescent stage for up to 4 days using a rotating incubator (Figure 5A). We applied the same conditions as for the mouse embryo culture (20% O2, 5% CO2, 30 rpm, 37°C) (Aguilera-Castrejon et al., 2021) and observed similar development in terms of morphology, initiation of heartbeat and growth compared to the in utero situation (Figures 5B, C). Embryos were examined after 24, 48, 72, and 96 h of ex utero culture. The beating of the heart was detected after 48 h and persisted at 96 h of culture, although weaker. Morphological and immunohistochemical analyses revealed development of a primitive heart tube within 48 h and PEO within 96 h of culture, resembling ED15 and ED17 embryos in vivo, respectively (Figure 5D). At these stages, ISL1 was expressed in the second heart field and NKX2.5 was present in CMs of the developing heart, similarly to the in utero counterpart. WT1 could be detected after 48 h of culture and after 96 h WT1 expressing cells were identified underneath the atrioventricular cavity forming the PEO as seen in vivo. Together, we could culture porcine embryos from cardiac crescent up to PEO stage, and recapitulate porcine early embryonic development ex utero. This system offers new possibilities for genetic manipulation of porcine embryos and for life-monitoring of developing structures.
[image: Figure 5]FIGURE 5 | Culture of porcine embryos ex utero. (A) Picture depicting rotating incubator used for porcine embryo culture ex utero. (B) Schematic comparison of porcine embryonic development in utero and ex utero based on two developmental hallmarks (heart beat and PEO formation). (C) Bright-field images of embryo at ED14, after 24, 48, 72, and 96 h ex utero culture. (D) On the left, bright-field images of the dissected ex utero cultured embryos after 48 h (top) and 96 h (bottom) are shown. Right beside corresponding representative images of sagittal sections after immunofluorescence analysis for cTNT (red), ISL1 (green), WT1 (green), and NKX2.5 (green). Nuclei were labeled with Hoechst 33528 (blue). The white box indicates a region of higher magnification shown in the adjacent right panel. Scale bars for bright-field images: 500 μm, for immunostaining images: 50 µm. A, atrium; ca, caudal; cr, cranial; d, dorsal; IFT, inflow tract; OFT, outflow tract; Pha, pharyngeal arch; PEO, proepicardial organ; SHF, second heart field; v, ventral; V, ventricle.
Porcine CPCs and CMs derived from pEPSCs express key lineage commitment markers
The availability of functional porcine CPCs and CMs is essential for cardiac disease modeling or testing of autologous cell therapy in the preclinical pig model. However, differentiation of porcine PSCs into the numerous cardiac lineages has not yet been achieved.
To investigate whether CMs can be derived from pEPSCs, we utilized a stepwise 2D differentiation protocol for directed differentiation of human PSCs towards CMs using low/mid-dose dosage of retinoic acid (Zawada et al., 2023) (Figure 6A). This protocol is based on temporal control of key cardiogenic signaling pathways, including Activin/Nodal, bone morphogenic protein (BMP), fibroblast growth factor (FGF), Wnt and retinoic acid (RA), recapitulating induction of FHF-like cells and (left) ventricular-like CMs (Zawada et al., 2023).
[image: Figure 6]FIGURE 6 | Differentiation of pEPSCs into early mesodermal cells. (A) Schematic representation of the protocol used to differentiate porcine expanded potential stem cells (EPSCs) into cardiomyocytes (CMs) through defined steps of early mesoderm and cardiovascular progenitor cells (CPCs). Act A, Activin A; CHIR, CHIR99021, LY, LY-29004, RA, retinoic acid, Ins, Insulin. (B) mRNA expression levels of TBXT, EOMES, ID2, MESP1 and KDR relative to GAPDH during the first 6 days of cardiac differentiation. Data are mean ± SEM; n = 3–6 differentiations. (C) mRNA expression level of ISL1, NKX2.5 in CPCs. (D) mRNA expression of FHF marker TBX5 and anterior SHF markers TBX1 and WNT5A relative to GAPDH during 8 days of cardiac differentiation. Data are mean ± SEM; n = 3–6 differentiations. (E) Top panel: Schematic representation of the protocol used to differentiate day 4.5 cardiovascular progenitor cells (CPCs) into endothelial cells (ECs). Bottom panel: Representative bright-field and immunofluorescence images of CPC-derived ECs stained for CD31 (red) and VE-CADHERIN (red) at day 8 of differentiation. Nuclei were labeled with Hoechst 33258 (blue). Scale bars: 50 μm. Images are representative of three independent differentiations.
The differentiation of pEPSCs into CMs progresses through multiple steps of cell-fate determination, and each stage can be captured by the expression of identity-specific marker genes. Porcine EPSCs, which expressed pluripotency markers, including OCT4, NANOG, SOX2, SSEA1 and SSEA4 (Supplementary Figure S4A), differentiated in the first step into primitive streak/early mesoderm-like cells upon activation of Wnt pathway by GSK-3β inhibition using CHIR99021 (CHIR) and phosphatidylinositol 3-kinase inhibitor LY294002 (Ly), and parallel stimulation of FGF and Activin/Nodal pathways by basic FGF (bFGF) and Activin A, respectively. At day 1, we detected expression of TBXT (BRACHYURY), indicative of the primitive streak stage in vivo, as well as EOMES, ID2, and KDR marking the earliest cardiac mesodermal cells, followed by upregulation of MESP1 at day 2 (Figure 6B). Subsequent Wnt inhibition from day 1.5 to day 5.5 by IWP2 and supplementation with BMP4, bFGF and RA induced expression of CPCs markers ISL1, NKX2.5 and TBX5 (Figures 6C, D). Timing and patterns of gene expression corresponded to those described recently by our group during in vitro differentiation of hPSCs (Zawada et al., 2023). With the progression of differentiation, we observed a downregulation of ISL1 and increased expression of NKX2.5 (Figure 6C). Thereafter we analysed the expression of key FHF marker TBX5 and anterior SHF markers TBX1 and WNT5A. Notably, we confirmed only an abundant presence of TBX5 transcripts in the porcine CPCs suggesting FHF-like fate acquisition similar to hPSCs (Figure 6D) (Zawada et al., 2023). Interestingly, porcine CPCs arising at day 4.5 of differentiation had also the potential to differentiate into ECs upon treatment with VEGF and BMP4, as indicated by expression of CD31 and VE-CADHERIN as well as cobblestone-like morphology (Figure 6E).
During differentiation, upregulation of TNNT2 gene was observed from day 6 onward (Figure 7A), which corresponds to the first observed cTNT expression in the porcine cardiac crescent at ED14 (Figure 1G). Importantly, we validated our mRNA results using immunofluorescence analysis showing a similar expression pattern of TBXT, EOMES and KDR (Supplementary Figure S4B). Porcine CPCs were stained positive for ISL1 and early CMs for NKX2.5 (Supplementary Figure S4C). Spontaneously contracting porcine CMs emerged in 80% of differentiation experiments at day 8 and in around 20% of experiments at days 9 and 10 (n = 8) (Supplementary Video). Using flow cytometry analyses we detected ∼76% of cTNT+ cells at day 30 of differentiation (Figure 7B). The CMs had elongated morphology and showed well-organized sarcomeres, as visualized by immunostaining for cTNT at day 30 (Figure 7C). Furthermore, immunofluorescence analysis revealed that they expressed TBX5 and NKX2.5 at day 30 (Figure 7D).
[image: Figure 7]FIGURE 7 | Characteristics of pEPSC-derived CMs. (A) mRNA expression level of TNNT2 relative to GAPDH during 30 days of the differentiation. Data are mean ± SEM; n = 3–6 differentiations. (B) Representative plots of flow cytometry analysis (left) and percentage of cells positive for cTNT at day 30 of differentiation (right); n = 4 independent differentiations. (C) Representative immunofluorescence images for the cTNT (magenta) in CMs at d30. The white box indicates a region of higher magnification shown in the adjacent right panel. Nuclei were labeled with Hoechst 33258 (blue). Scale bars: 50 μm. n = 8 independent differentiations. (D) Representative images of immunostaining for NKX2.5 (red), TBX5 (red) in CMs at day 30. Nuclei were labeled with Hoechst 33258 (blue). Scale bars: 50 μm. n = 8 independent differentiations. (E) mRNA expression level of markers specific for ventricular (MYL2, MYH7) and atrial (MYL7, MYH6) CMs relative to GAPDH. Data are mean ± SEM, n = 3–6 independent experiments. (F) Left panel: Representative immunofluorescence images of CMs stained for MLC2v (magenta) and MLC2a (green) at day 65. Immature CMs expressing both MLC2v+ and MLC2a+ were marked with empty arrows and mature CMs expressing only MLC2v+ with filled arrowheads. Nuclei were labeled with Hoechst 33258 (blue). Scale bars: 50 μm, n = 4 independent differentiations. Right panel: Percentage of CMs expressing MLC2a+ and MLC2v+ (65%), MLC2v+ (34%) and MLC2a+ (1%) at day 65, N = 579 cells, n = 2 differentiations. (G) Left panel: Representative trace of Fluo-4-based intracellular calcium transient of porcine CMs at day 65 with increasing pacing rates (0.4–1 Hz). Middle panel: Ca2+ transient duration at 90% and 50% decay (TD90 and TD50). Right panel: Calcium transient amplitudes. Data are mean ± SEM; N = 42 cells, n = 3 independent differentiations. *p < 0.05, **p < 0.01, ***p < 0.0001 (Kruskal–Wallis test with a Dunn’s multiple comparisons test). (H) Left panel: Representative optical AP traces of porcine CMs transduced with a lentiviral vector encoding PGK-voltage-sensitive fluorescent protein at 0.5 Hz stimulation at day 65. Middle panel: Ratio of APD90/APD50 at 0.5 Hz. Data are mean ± SEM; N = 11 cells, n = 2 independent differentiations. Right panel: Percentage of cardiomyocyte subtypes at day 65 of differentiation based on the ratio of APD90/APD50. iV-CMs immature ventricular cardiomyocytes, V-CMs ventricular cardiomyocytes.
Next, we examined the expression of cardiac subtype-specific markers during differentiation. Transcripts for myosin light chain 2v (MYL2) and myosin heavy chain 7 (MYH7)—markers that are specific for ventricular CMs—increased during differentiation, whereas expression of markers typical of atrial or immature CMs, such as myosin light chain 2a (MYL7) and myosin heavy chain 6 (MYH6) remained constant over time (Figure 7E).
Immunofluorescence analysis for the ventricular and atrial-specific myosin light chain isoforms (MLC2v and MLC2a) indicated that most of the CMs at day 65 (99%) were positive for MLC2v, implying a ventricular-like identity. Many of them still expressed MLC2a and represented immature ventricular CMs. We observed only around 1% of MLC2a+/MLC2v− CMs, likely corresponding to an atrial population (Figure 7F).
We further validated the functionality of the pEPSC-derived CMs at day 65 using calcium and optical action potential (AP) imaging. The porcine CMs responded to electrical stimulation and demonstrated a reduction in Ca2+ transient duration at 50% and 90% decay (TD50 and TD90) as well as in calcium transient amplitude at increasing pacing frequencies (0.4 Hz–1.0 Hz), indicative of normal Ca2+ handling (Figure 7G). Optical AP traces obtained from porcine CMs were comparable to those previously recorded from human CMs (Chen et al., 2017). CMs demonstrated a ratio of AP duration at 90% and 50% repolarization (APD90 and APD50) typical of the ventricular CM lineage (APD90/APD50 = 1.0–1.8) (Figure 7H). In line with immunofluorescence results, AP measurements indicated a primarily immature ventricular-like profile of porcine CMs (Figures 7F, H).
In summary, we could demonstrate that porcine CPCs in our differentiation conditions acquired a FHF-like fate and gave rise to ventricular-like CMs similar to hPSCs (Zawada et al., 2023). Overall, these findings confirm that the developmental pathways that take place in the embryonic porcine heart in vivo can be replicated during cardiogenesis in vitro using pEPSCs.
Differentiation and long-term maintenance of pEPSC-derived epicardial cells
The epicardium, as an outer mesothelial layer of the heart, plays a crucial role during heart development by providing the majority of cardiac FBs and vascular SMCs. It is also essential for myocardial growth and repair, making epicardial cells a relevant population for preclinical testing (Cai et al., 2003; Cai et al., 2008; Bao et al., 2016).
Having succeeded in applying hPSC-directed cardiac differentiation protocol to pEPSCs, we decided to use a similar approach to generate epicardial cells. We again used the protocol published by Zawada et al. (2023) [based on a modified protocol of Bao et al. (2016)]. This protocol is based on the induction of CPCs from pEPSCs as described above. On day 7, pEPSC-derived CPCs were directed to proepicardial cells by activation of Wnt signaling using GSK-3β inhibitor CHIR for 48 h (Figure 8A). At day 13, pEPSC-derived epicardial cells adopted typical epithelial cobblestone-like morphology similar to human cells (Figure 8B). Molecular analysis revealed progressive induction of well-established epicardial markers BNC2, TBX18, ALDH1A2, SEMAD3, TCF21 and WT1 during differentiation (Figure 8C), which was consistent with the expression pattern seen in hESC-derived epicardial cells (Bao et al., 2016; Iyer et al., 2016; Guadix et al., 2017). Immunofluorescence analysis showed that pEPSC-derived epicardial cells expressed WT1, cytokeratin 18 (CK18), and BNC1 proteins and formed tight junctions marked by ZO-1 expression along cell borders (Figure 9A). Furthermore, they also expressed aldehyde dehydrogenase enzyme retinaldehyde dehydrogenase 2 (ALDH1A2) (Figure 9A) indicating that these cells could synthesize retinoic acid, which is a sign of more mature functional epicardial cells (Witty et al., 2014). Of note, at day 12, some porcine WT1+ cells co-expressed ISL1, resembling the expression pattern of hESC-derived epicardial cells in vitro (Figures 9A, B) (Sun et al., 2007). This was in line with our results from the native pig embryos at ED19 (Supplementary Figures S3A, A′) and with recent findings in the early developing epicardium of human embryos and hPSC-derived epicardioids (Meier et al., 2023), confirming a higher degree of similarity between pig and human cardiac development when compared to the mouse. Inhibition of TGF-β signaling by SB431542 enabled expansion of pEPSC-derived epicardial cells, which maintained their epithelial characteristics for more than 40 days (14 passages) (Figure 9A).
[image: Figure 8]FIGURE 8 | Differentiation of pEPSCs and hESCs into epicardial cells. (A) Graphical representation of the protocol used to differentiate pEPSCs and hESCs into epicardial cells. CHIR: CHIR99021. CPCs: cardiovascular progenitors, CMs: cardiomyocytes. (B) Representative bright-field images of hESC- and pEPSC-derived epicardial cells displaying typical cobblestone morphology at day 13 of differentiation. Scale bars: 100 μm. hESC-Epi: human embryonic stem cell-derived epicardial cells; pEPSC-Epi: porcine expanded potential stem cell-derived epicardial cells. (C) mRNA expression levels of markers specific for epicardial cells BNC2, TBX18, ALDH1A2, SEMA3D, TCF21 and WT1 relative to GAPDH at days 6, 10, 29, and 40 of differentiation. Data are mean ± SEM; n = 3–6 differentiations.
[image: Figure 9]FIGURE 9 | pEPSC-derived epicardial cells express similar epicardial markers to humans. (A) Representative bright-field image of pEPSC-derived epicardial cells at day 40 of differentiation displaying typical cobblestone morphology and immunofluorescence images after staining for WT1 (green), CK18 (red), BNC1 (green), ZO-1 (red), ALDH1A2 (red) and ISL1 (red) derived from pEPSCs. Nuclei were labeled with Hoechst 33528 (blue). WT1 (green)/ISL1 (magenta) co-expressing cells are marked with arrows. Scale bars: 50 μm. pEPSCs: porcine expanded potential stem cells. Scale bar: 100 μm, n = 6 independent differentiations. (B) Representative images of hESC-derived epicardial cells immunostained for ISL1 (magenta), WT1 (green), CK18 (red), BNC1 (green), ZO-1 (red) and ALDH1A2 (red). Nuclei were labeled with Hoechst 33528 (blue). Arrows: cells co-expressing WT1/ISL1. Scale bars: 50 μm, n = 1 differentiation. (C) Graphical representation of the protocols used to differentiate pEPSC-derived epicardial cells into SMCs, ECs and cardiac FBs. Representative images of SMCs immunostained for CALPONIN (green) and ALPHA SMOOTH MUSCLE ACTIN (α-SMA) (red), ECs stained for CD31 (red) together with epicardial cells stained for WT1 (green) and cardiac FBs stained for fibroblast marker VIMENTIN (red). Scale bars: 50 μm, n = 3 independent differentiations.
The in vitro generation of epicardial cells from pEPSCs provides a source of porcine epicardial cells for functional studies aimed at harnessing the regenerative capacity of the epicardium for therapeutic purposes.
Porcine epicardial cells undergo EMT to differentiate into SMCs, ECs and cardiac FBs
During cardiac development in vivo, a subset of epicardial cells undergo epithelial-to-mesenchymal transition (EMT) to become epicardial-derived cells (EPDCs) that migrate into the myocardium and give rise to several differentiated non-myocardial cell types including mural cells (vascular smooth muscle cells and pericytes) and cardiac FBs (Cai et al., 2003; Cai et al., 2008; Bao et al., 2016). However, differentiation into CMs and coronary endothelial cells is still debated (Quijada et al., 2020). Previous studies have shown that both mouse and human in vitro-derived epicardial cells possess the same potential (Witty et al., 2014; Iyer et al., 2016; Bao et al., 2017b; Meier et al., 2023).
We adopted the protocol published by Bao et al. (2017a, b) to initiate epicardial EMT in vitro from pEPSC-derived epicardial cells and induce SMCs, ECs and FBs differentiation (Figure 9C). SMCs could be differentiated upon TGF-β1 treatment and expressed both CALPONIN and ALPHA SMOOTH MUSCLE ACTININ (α-SMA). Maintaining cultures in the presence of bFGF led to a generation FBs-like cells expressing VIMENTIN, whereas angiogenic growth factor VEGF promoted emergence of ECs expressing CD31 (Figure 9C).
DISCUSSION
The pig represents one of the large animal models currently used in human disease-related translational research (Romagnuolo et al., 2019; Zhao et al., 2021; Poch et al., 2022). Several studies in the past described pre-gastrulation and gastrulation processes in pigs (Flechon et al., 2004; Oestrup et al., 2009); however, little is known about porcine heart development. Recently, a developmental profile of the cardiovascular system in porcine embryos has been described by Gabriel et al. (2021) and Lauschke et al. (2021), providing the first insights into porcine cardiogenesis. Still, the knowledge of early porcine heart development is very limited and a more detailed, comprehensive, stage-by-stage characterization of molecular determinants is needed. Our study provides a detailed anatomical and molecular analysis of porcine development from the primitive streak stage to the four-chambered beating heart. For the first time, we identified and molecularly characterized porcine proepicardium and epicardium during embryonic development. Our findings highlight previously unappreciated differences between porcine and murine epicardium, which are conserved in human.
In pig, gastrulation starts with the appearance of the primitive streak marked by the expression of TBXT at ED13/ED14 (Hyttel et al., 2011). The earliest cardiac mesoderm progenitors migrate from the primitive streak to form the cardiac crescent (Lescroart et al., 2014; Ivanovitch et al., 2021). We found the first cells marked by cTNT in splanchnic mesoderm in the porcine embryo at ED14, which formed a horseshoe-shaped structure resembling the cardiac crescent. We observed the generation of a linear heart tube at ED15, which is in line with the results published by Lauschke et al. (2021). Porcine ED17 was marked by the presence of PEO, which has not been previously characterized in porcine embryos. By ED19, the porcine heart showed tremendous growth and became four-chambered, corresponding to ED20/ED22 as described by Lauschke et al. (2021).
The expression of pan-cardiac markers ISL1 and NKX2.5 observed in porcine ED14, ED15, ED17 and ED19 overlapped with mouse and human expression pattern (Elliott et al., 2003; Kelly et al., 2014; Zhang et al., 2014; Ren et al., 2021). Importantly, for the first time, we identified and characterized porcine PEO cells expressing WT1 at ED17, showing similar WT1 expression dynamics to humans and mice (Zhou et al., 2008; Risebro et al., 2015). Intriguingly, at ED17 we observed some WT1+ and ISL1+ cells migrating toward the myocardium and forming the epicardium of the developing heart. This data highlights previously unappreciated differences between pig and mouse epicardial cells, as the latter do not express ISL1 (Sun et al., 2007), and similarity to the human counterpart (Meier et al., 2023). A more detailed analysis will be necessary to fully characterize the origin and differentiation potential of these cells in the pig. It has been shown in mouse that WT1+ PEO progenitors are derived from ISL1+/NKX2.5+ precursors (Zhou et al., 2008) and that epicardial cells give rise to the coronary vasculature and potentially to a small population of myocytes during embryonic and postnatal development (Dorn et al., 2018; Wagner et al., 2021). In human fetal and adult heart WT1+ cells were found in epicardium, sub-epicardium, and myocardial layer (Duim et al., 2016).
An improved understanding of porcine cardiac development is essential not only for studying cardiac physiology but also for developing cell-based therapies for preclinical testing. The limited regenerative capacity of the adult heart is insufficient to replace damaged CMs leading to heart failure (Eschenhagen et al., 2017; Tzahor and Poss, 2017). Heart transplantation is usually the only available treatment option for patients with end-stage heart failure but it is limited by the discrepancy between the availability of donors and recipients (Boilson et al., 2010; Tzahor and Poss, 2017). Therefore, there is enormous interest in tissue-engineered porcine biomaterials or cell replacement-based therapies aimed at the repopulation of damaged cardiac tissue in the pig as preclinical model (Cui et al., 2005; Foo et al., 2018; Miia et al., 2021; Maselli et al., 2022). From a clinical perspective, allogeneic and autologous cell therapies may provide a better understanding of the respective immunological responses and the corresponding immunosuppression regimens for future PSC-derived cell therapies in humans (Wu et al., 2012; Stauske et al., 2020). Until now, for testing of allogenic therapies in the porcine heart infarct model, CPCs derived directly from heart biopsy were used (Crisostomo et al., 2015; Prat-Vidal et al., 2021). The disadvantage of these cells is their limited proliferation potential in vitro and, thus constant need of replacement by new donor animals. Therefore, exploring the prospects and safety of preclinical cell therapy creates interest in the establishment of cardiac cells directly from pESCs. In the present study, for the first-time pEPSCs could be directed to differentiate into functional cardiac and epicardial lineages, in vitro, recapitulating the differentiation potential of hPSCs towards ventricular-like CMs and epicardial cells. Thus, these cells offer a valuable source of pEPSC-derived CPCs, CMs and epicardial cells for future preclinical testing of autologous and allogeneic cardiac cell therapies and would be an authentic reflection of human physiology in preclinical studies. Furthermore, pEPSC-derived CPCs can be functionally validated using ex utero porcine embryo culture platform, allowing for faithful recapitulation of porcine cardiac development outside the uterus.
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Primer Forward sequence Reverse sequence References
ALDHIA2 AGCTCTGTGCTGTGGCAATAC AAAGCCAGCCTCCTTGATG
BNC2 CTGAGGACTTGCGATCAGTGT GTATAGGTGCTGCGTGCTGA
TBXT TCAAGGAGCTCACCAACGA AGACACGTTCACCTTCAGCAC
EOMES ACTCCCATGGACCTCCAGAA TCGCTTACAAGCACTGGTGT Zhi et al. (2022)
GAPDH | CTCAACGGGAAGCTCACTGG CATTGTCGTACGAGGAAATGAGC Gao et al. (2019)
D2 TCGCACCCCACTATTGTCAG TTCAGAAGCCTGCAAGGACA Wei et al. (2020)
IsL1 CACTGTGGACATTACTCCCTGTT AACCAACACATAGGGAAATCAGAC
KDR GAGCCCCTGATTACACCACC ‘GCAGATACTGACTGATTCCTGCT Wei et al. (2020)
MESP1 CGTCTTGGGGGTCTCCTTCTG ‘GGGGCCAATATTCCACCGTC Wei et al. (2020)
MYH6 TCCATCTCTGACAACGCCTA TGGCGAAGTACTGGATGACA
MYH7 AAGGCCAAGATTTTGTCTCG CTTGTCGAACTTGGGTGGAT
MyL2 GGGACACCTTTGCTGCTCT ATTGGACCTGGAGCTTCCTT
MYL7 ATGGCATCATCTGCAAGTCA AACGTGAGGAAGACGGTGAA
NKX2.5 CCCTCGAGCCGATAAGAAAG [ ACCTGTGCCTGCGAAAAG Das et al. (2020)
SEMA3D CACGCTGTTTCTTCCAGTCA CAGCTATTTGAAAGCAGCAAGTC
TBX1 GTGAAGAAGAACGCGAAGGT ATGCCGAAAAGCTTCACTTG
TBXS CACGAAGTGGGCACAGAAA TTTGGGATTAAGGCCAGTCA
TBX18 TTCACTACGGACTCTCACCTTTG CATTCCCAGAACCTTGGAGTAA
TCF21 CAACGACAAGTACGAGAATGGTT TCAGGTCACTTTCGGGTTTC
TNNT2 CCGGAAGAAGAAGGCTCTGT CCGTCTGCCTCTTTCCACT
WNT5A CGCGAAGACAGGCATCAAAG CCTATCTGCATGACCCTGCC
W1 AAGCTGGGAGGTCATTTGGT

‘GTCTACGGATGCCACACCTC
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Species Genes Editing type References
NHPs  RTT, MECP2 Ko Liuet al. (2014)
PPARG, RAGT M-KO Niu et al. (2014)
DMD Ko Chen et al. (2015b)
P53 KO Wan et al. (2015)
ARNTL, PRRT2 MKO Zuo et al. (2017)
PINK1, ASPM Ko Tuetal. (2017)
SHANK3 Ko Zhao et al. (2017)
mCherry K Yao et al. (2018)
hrGFP Kl Cui et al. (2018)
MECP2 Ko Chen et al. (2017)
PINK1 M-KO Yang et . (2019b)
LMNA BE Wang et al. (2020)
Pigs VWE Ko Zhang et al. (20172)
CDID, CD163, EGFP M-KO Huang et al. (2017)
PRKN, DJ-1, PINK1 M-KO Wang et al. (2016b)
HTT K Yan et al. (2018)
Large transgene cassette  KI Liet al. (20208)
F9 K Chen et al. (2021)
Large transgene cassette  KI Ruan et al. (2015)
TPH2 Ko Liet al. (2017b)
c3 KO Zhang et al. (20172)
APOE, LDLR MKO Huang et al. (2017)
RUNX3 Ko Kang et al. (2016)
MSTN Ko Wang et al, (2015a)
Wang et al., 2017
Liet al. (2020b)
IGF2 Ko Liu et al. (2019)
FBX 0 40 KO Zou et al. (2018)
PRSAD2 K Xie et al. (2020)
pULBPT KO Joanna et al. (2018)
PDXT Ko Wu et dl. (2017)
GGTAT, CMAH MKO Gao et al. (2017)
GGTAT Ko (Petersen et ., 2016
Chuang et al. (2017)
GGTAT, BGALNT2, CMAH ~ BE Yuan et al. (2020)
TWIST2, TYR BE Liet al. (20180)
species Genes Editing type References
goats MSTN KO Niet al, (2014)
Guo et al., 2016
He et al, 2018
Wang et al. (2018b)
CDFY PM Niu et al. (2018)
4 KI Li et al. (2019b)
scp1 KO Tian et al. (2018)
BLG KO Zhou et al. (2017)
FGF5 KO Wang et al. (20162)
MSTN, FGF5 M-KO Wang et al. (2015b)
FAT1, MSTN KOKI Zhang et al. (2018a)
FGF5 BE Lietal. (20192)
sheep 1GFP K Wu et al. (2016)
CFIR KO Fan et al. (2018)
oTOF KO Menchaca et al. (2020)
ALPL PM Williams et al. (2018)
PDX1 KO Vilarino et al. (2017)
BMPR-B KO Zhang et al. (2017¢)
AANAT, ASMT Ki Ma et al. (2017)
FGF5 KO Huetal., (2017)
Lietal. (2017a)
ASIP KO Zhang et al. (2017b)
MSTN KO Crispo et al., (2015)
Rao et al., 2016
Zhang et al. (2018b)
BCO2 KO Niu et al. (2017b)
socs2 BE Zhou et al. (2019)
dogs MSTN KO Zou et al. (2015)
APOE KO Feng et al. (2018)

The table lists genes that have been changed by the way of KO, M-KO, PM or BE or KI.
Abbreviations: KO, knockout; M-KO, multiplex knockout; Ki, knock-in; PM, point

mutation (by HOR): BE, base ediling.
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Method

Result

References

Pigs Alloxan injection  Elevated liver glycogen concentration in offspring of gestational diabetic sows with unaffected prenatal muscle | Ezekwe and Martin,
development (1978)
Maternal diabetes induces increased abundance of IGF- mRNA i fetal skeletal muscle, liver, heart, kidney and | Ramsay et al. (1994)
placenta and decreased IGF-I mRNA levels in the brain
Streptozotocin ‘The offspring of severely diabetic sows have clevated body lipids, while the offspring of mildly diabetic sows have | Ezekwe et al. (1984)
injection unaffected body lipids
Dogs High fat/fructose diet | Dogs fed a high-fat/high-fructose diet in late gestation exhibit worsened glucose tolerance and impaired systemic | Moore et al. (1985)
and hepatic insulin sensitivity
Sheep. High-fat diet Fetal insulin is clevated in ewes on a high-fat diet due to increased glucose exposure and cortisol-induced Ford et al. (2009)
accelerated beta-cell maturation
Streptozotocin Streptozotocin-induced islet beta-cell destruction causes altered maternal glucose and insulin responses and | Dickinson et al. (1991)
injection results in elevated fetal glucose, insulin, and body weight levels

Alloxan injection

Gestational diabetes mellitus was successfully induced in ewes by alloxan injection, but their fetuses were not
significantly affected

Miodovnik et al. (1989)
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Species Modeling method Result References

Rhesus Testosterone propionate Testosterone propionate injections increased serum testosterone and Abbott et al. (2008)
monkeys injection androstenedione levels in maternal and prenatal androgenized fetuses

Testosterone pellets implanting  Androgens stimulate gonadotropin-independent follicle growth in the Vendola et al. (1998)

subcutancously primate ovary
Sheep. Testosterone propionate Prenatal androgen injections reduce adipose differentiation during puberty | Siemienowicz et al. (2021)
injection and lead to subeutaneous adipose tissue inflammation in adulthood in sheep

Pregnant ewes showed increased hair number and diameter, mild
hypertension, and impaired placental function after testosterone treatment

King et al. (2007); Tonellotto Dos Santos et al.
(2018); Kelley et al. (2019)
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Species

Cynomolgus
monkeys

Baboons

Marmoset
monkeys

Pigs
Dogs

Sheep

Modeling method

Shredding and transferring endometrial tissue to the
peritoneum

Perfusing cell suspensions of endometrial tissue into

the posterior culde-sac

Intrapelvic injection of menstrual endometrium

Flushing sterile medium through the fallopian tube
from the uterus into the abdominal cavity

Suturing the endometrium to the caudodorsal aspect

of the bladder

Suturing the endometrium to caudodorsal aspect of
the uterus

Result

GhRha is therapeutically effective in monkey endometriosis, but
ovulation and cessation of menstruation ocur in some individuals

Intact structure is an important condition for ectopic bed of
endometrial fragments, and ectopic growth is inhibited after enzymatic
digestion and protease inhibitor treatment of endometrial fragments

‘Transplantation of menstrual endometrium is more likely to cause
endometriosis than transplantation of luteal endometrium, and
intraperitoneal seeding is more likely to cause endometriosis than
subperitoneal injection

Endometriosis lesions have high local estradiol synthesis and low
estrogen inactivation

Endometriosis was successfully induced in dogs, pigs and sheep by
surgical transplantation of endometrium, but subsequent lesions could
be observed in dogs

References

Werlin and Hodgen (1983);
Mann et al. (1986)

Sillem et al. (1996)

D'Hooghe et al. (1995b)

Einspanier et al. (2006)

Varughese et al. (2018)
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Reproductive characteristics

 Ovarian size

‘ Diameter of ovulatory follicle
Lifespan

‘ Ovulatory cycle

‘ Length of follicular phase
Length of luteal phase

‘ Duration of gestation

4x3x1lcm
18-20 mm
70-80 years
24-30 days
12-14 days
14-16 days

278-282 days

2-3x1-25x 1-1.5cm
15-20 mm

10-20 years

17-24 days

2-3 days

15-18 days

278-282 days

1-15 % 0.5-1 x 05-1 cm

5-7 mm
5-15 years
13-19 days
2-3 days
12-14 days

142-148 days

02 x 0.1 x 0.05 cm.
09-11 mm

1-3 years

4-6 days

1-3 days

21 days

1.0-1.8 X 0.4-0.6 x 0.2-04 cm

6-9 mm

20-25 years
22-33 days
17-19 days
13-15 days

156-180 days
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Target genes

Gene

modifications

Functions

References

Incompatible
epitopes

Immunological
cell

Complement
system

PERV

Multiple system

GGTAL Gene knockout Deletion of a-Gal epitope Cheng etal. (2016); Dai et al. (2002); Fengeetal.
(2016); Gao et al. (2017); Kolber-Simonds
etal, 2004; Lai et al. (2002); Phelps et al,, 2003)
GGTA1/hCD46 Gene knockout & Deletion of a-Gal epitope, inactivation of Dong et al. (2017); Mohiuddin et al. (2010)
Transgenic complement system
GGTAL/pGaINT2 Gene knockout Deletion of a-Gal epitope and SDa blood |~ Adams et al. (2018)
group
GGTAI/CMAH Gene knockout Deletion of a-Gal epitope and Lai et al. (2002); Li et al. (2015); Lutz et al.
N-glycolylneuraminic acid (2013)
GGTAI/BGaINT2/CMAH Gene knockout Deletion of a-Gal epitope, Estrada et al. (2015); Zhang et al. (2018)
N-glycolylneuraminic acid and SDa blood
group
KCTLA+Ig Transgenic Reduction of the proliferative response of | (badin et al, 2010; Martin et al. (2005)
human T lymphocytes
GGTAI/HLA-G Gene knockout & | Reduction of NK cell attack Zhou et al. (2022)
Transgenic
CITA-DN Transgenic Suppression of T-cell activation Hara et al. (2013)
HLA-E/p2m Transgenic Protection of against human NK cell- Weiss et al. (2009)
mediated cytotoxicity
A20 Transgenic Reduction of apoptosis and inflammatory Oropeza et al. (2009)
stimuli
hCDi6 Transgenic Inactivation of complement system (Diamond et al,, 2001; van der Windt et al.
(2009)
hCD55 Transgenic Acceleration of complement decay (Baldan et al,, 2004)
PERV/ Gene knockout Inactivation of porcine endogenous Niu et al. (2017)
retrovirus
PERV/GGTAI/CMAH/ Gene knockout & | Inactivation of porcine endogenous Yue et al. (2021)

BAGALNT2/hCD46/hCDS5/hCD59/
THBD/hTEPI/hCD39/hB2M/
HLA-E/hCD47

Transgenic

retrovirus, deletion of a-Gal epitope,
inactivation of complement system
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Chimeric
species

Research objects

LEEE

Non-human

Human
related

Japanese quail-chick | Thymuses and bursa development

Le Douarin and Jotereau, (1975); Le Douarin, Jotereau, Houssaint,
and Belo, (1976)

Goat-sheep Reproductive incompatibilities Fehilly, Willadsen, and Tucker, (1984)
Mouse-rat Chimeric pancreas Kobayashi et al. (2010)

Mouse-rat Thymus Isotani, Hatayama, Kaseda, Tkawa, and Okabe, (2011)
Mouse-rat Chimeric renal development Usui et al. (2012)

Mouse-rat Hetero-diploid ESCs Liet al. (2016)

Mouse-rat Chimeric pancreata Yamaguchi et al. (2017)

Mouse-rat Pluripotent stem cell-derived mouse kidneys Goto et al. (2019)

Monkey-pig Functional cells derived from monkey Fu et al. (2020)

Mouse-rat Gametes Kobayashi et al. (2021)

Human-mouse

Human-chicken

Hepatitis C virus infection

Integration and differentiation of human embryonic stem cells

Mercer et al. (2001)

Goldstein, Drukker, Reubinoff, and Benvenisty, (2002)

Human-goat Multitissue engraftment of human primitive hematopoetic cells and  F. Zeng et al. (2006)
their differentiation

Human-pig Hepatocytes Fisher et al. (2013)

Human-pig hPSCs derived progenies Wu et al. (2017)

Human-monkey

Chimeric competency of human extended pluripotent stem cells

Tan et al. (2021)
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Gene Primer sequence (5'-3') Annealing temperature

Product size (bp)

‘ MMP-2 Gaaggtcaagtggtcegtgt cegtacttgecatccttcte 68 167 ‘
‘ MMP-3 Cttectgatgttggteacttc tggeagatceggtgtgtaa 6 100
MMP-9 aaactggatgacgatgtetgegteccg acctgttcegetatggtiacacccgegta 58 362
‘ MMP-12 tggeagaggtggtgtcatag tggtcacaggeagtiggttc 60 326 ‘
‘ MCP-1 Tteagetcecatglget ctggacecacticty 53 204
TIMP-1 greatcagggecaagittgt tecagegatgagaaactcct 58 209

|

‘ GAPDH acggtgcacgecateactgee gectgettcaccacttcttg 63 266
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Year Recipient Genetic Survival Reason of References
modifications experiment termination

1968 human WT <th hyperacute rejection Adams et al. (2000)

1998 baboon hCD55 21d acute vascular rejection Baldan et al. (2004)

2005  baboon GTKO 179d thrombotic microangiopathy Kuwaki et al. (2005)

2010 baboon GGTAIKO/hCD46  50d no signs of infection and active rejection Bauer et al. (2010)

2013 baboon GTKO/hCD46/ 499d heart xenografts were explanted after rejection and recipient baboons were Mohiuddin et al. (2014a)
hTBM survived

2016  baboon GTKO/hCD46/ 945d anti-CD40 significantly prolongs graft survival Mohiuddin et al. (2016)
hTBM

2018 baboon GTKO/hCD46/ 195d consistent life-supporting function Lingin et al. (2018)
hTBM

2022 human G10 Sweeks multiple organ failure and a porcine virus Rothblatt, (2022)
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Year Recipient Genetic Survival Reason of References
modifications experiment termination
1968 baboon WT 6-84h hyperacute rejection Calne et al. (1968)
1992 human WT 34h hyperacute rejection Starzl et al. (1999)
2000 baboon hCDs5 sd development of sepsis and coagulopathy Ramirez et al. (2000)
2010 baboon GTKO/hCD46 47d thrombocytopenia Ekser et al. (2010)
2012 baboon GTKO 9d bleeding and enterococcal infection Kim et al. (2012)
2017 baboon GTKO 29d ‘minimal inflammation Shah et al. (2017)
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Modified Method Success Disease model Year References

gene rate

GEP Retrovirus-mediated gene transfer 20% None 2001 Chan et al. (2001)

HTT-84Q GFP  Lentivirus-mediated gene transfer 2% Huntington’s disease 2008 Yang et al. (2008)

EGFP Simian Immunodeficiency Virus (SIV)-based lentivirus-mediated gene  50% None 2010 Niu et al. (2010)
transfer

MeCP2 TALEN 67% Rett syndrome 2014 Liu et al. (2014)

Dystrophin CRISPR/Cas9 61% Duchenne muscular 2015 Chen etal. (2015b)

dystrophy

a-Syn Lentivirus-mediated gene transfer 85% Parkinson’s disease 2015 Niu et al. (2015)

MCPH1 Lentivirus-mediated gene transfer 100% Brain development 2019 Shi et al. (2019)

PINKI CRISPR/Cas9 73% Parkinson’s disease 2019 Yang et al. (2019)

MeCP2 CBE 30% (embryo)  Rett syndrome 2020 Qin et al. (2020)

Success rate: number of transgenic monkeys/number of pregnancies (birth).
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Modified Method Success Disease model Year References
gene rate

MeCP2 TALEN 167% Rett syndrome 2014 Liu et al. (20142)
Pparg, Ragl CRISPR/Cas9 100% None 2014 Niu et al. (2014)
P53 CRISPR/Cas9 66.7% P53 related tumor 2015 Wan et al. (2015)
Dax1 CRISPR/Cas9 25% adrenal hypoplasia congenita, hypogonadotropic 2015 Kang et al. (2015)
hypogonadism
GFP Embryo stem cell - None 2015 Chen et al. (2015¢)
transplantation
MeCP2 Lentivirus-mediated gene 100% Rett syndrome 2016 Liu et al. (2016a)
transfer
GFP Lentivirus-mediated gene 50% None 2016 Scita et al. (2016)
transfer
MCPH1 TALEN 33% Microcephaly 2016 Ke et al. (2016)
SHANK3 CRISPR/Cas9 100% Autism spectrum disorders 2017 Zhao et al. (2017)
MeCP2 TALEN 81% Rett syndrome 2017 Chen et al. (2017b)
mCherry CRISPR/Cas9 - None 2017 Yao et al. (2017)
SIRT6 CRISPR/Cas9 100% developmental retardation 2018 Zhang et al. (2018)
Oct4-GEP CRISPR/Cas9 62% None 2018 Cui et al. (2018)
SHANK3 CRISPR/Cas9 55% Autism spectrum disorders 2019 Zhou et al. (2019)
BMAL1 CRISPR/Cas9 62% Circadian disruption 2019 Qiu etal. (2019)
PKDI CRISPR/Cas9 80% Autosomal dominant polycystic kidney disease 2019 Tsukiyama etal. (2019)
HBB CRISPR/Cas9 100% p-Thalassemia 2019 Huang et al. (2019)
LMNA CBE 83% Hutchinson-Gilford progeria syndrome 2020 Wang et al. (2020)
Multiple targets  CBE, ABE - None 2020 Zhang et al. (2020b)
Pten, p53 CRISPR/Cas9 87% Primary and metastatic liver tumors 2021 Zhong et al. (2021)
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ZFN

RISPR

Target recognition

Number of target sequence (bp)
Sequence recognition

Build difficulty

Editing RNA

Off-target

Cytotoxicity

Protein-DNA.
18-36 bp.
3bp as a unit
Difficult

No

High

High

Protein-DNA
24-40 bp

Requires a T at 5'-end of the target sequence
Easy

No

High

Low

RNA-DNA
~23bp

Requires NGG sequence at 3'-end
Very easy

Yes

Low

Low





OPS/images/fcell-10-913996/fcell-10-913996-t004.jpg
ZFN TALEN CRISPR

Advantage  Mature technology High specificity, simpler design than ZEN, high success ~ Low off-target effects, low cytotosicity,
rate cheap
Disadvantage  Low success rate, high off-target effects, high Cumbersome process, heavy workload, high cost ‘The possibility of off-target

cytotoxicity
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Species

Rabbit

Sheep

Canine

Cattle

Horse

Primate

Advantages

Low cost and easy to access and manage
Cytological and histological levels similarities to humans
Medium somatotype is convenient for surgical operation
Biomechanical testing can be performed

In vivo imaging can be performed

Commercial reagents are available for molecular research

The rabbit subscapularis muscle model, which has a similar structure with humans,
can be used for the study of rotator cuff injury Grumet et al. (2009)

Easily available and feeding

Biomechanical and anatomical similarities to humans
Big dimensions and easy to perform surgical procedures
Biomechanical testing can be performed

Model transformation can be carried out

In vivo imaging can be performed

It is mainly used in the study of chronic tendon injuries and various suture
techniques to reduce postoperative adverse conditions Gerber et al. (2004)

Easy to access and manage
Similar biomechanical environments
Large dimensions and casy to perform surgical procedures

Biomechanical testing can be performed

Model transformation can be carried out
Better tolerance of multiple postoperative rehabilitation programs
In vivo imaging can be performed

It s used to explore the repair effect of tendon injury mediated by some internal
factors and postoperative rehabilitation plan

Offer great potential for long-term functional studies
It s used in biomechanical research

‘The flexor digitorum superficial
human Achilles tendon

tendon of horse is functionally equivalent to the

Tendinopathy occurs naturally Longo et al. (2011)
The anatomical structure and physiological functions are closest to those of humans
Larger tissues allow for easier examination

‘The structure of the shoulder s very similar to that of humans. Baboons may be the
best animals to study rotator cuff damage Sonnabend et al. (2010)

Disadvantages

Strong self-healing ability, not easy to simulate the discase process

Diarrhea occurs easily due to fright Lui et al. (2011)

High costs of feeding and management
Long growth period
Not useful for rehabilitation programs

Higher costs of purchase and breeding
Difficulty unfolding large sample experimental studies
Significant differences from the anatomy of humans

Cases with spontaneous rotator cuff degeneration, not conducive to
control variables Fransson et al. (2005)

Ethical concerns

High feeding costs
Lack of reagents for molecular studies

High feeding costs

Lack of reagents for molecular studies
The cost of purchasing, feeding and management is extremely high

Ethical concerns
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Technique

Microinjection

Sperm-mediated gene transfer (SMGT)

Somatic cell nuclear transfer (SCNT)

Gene-targeted
technique

Homalogous recombination

Zine-finger nucleases
(ZFNs)

Transcription activator-like
effector nucleases,
(TALENs)

CRISPR/Cas9

Mechanism

Injecting the DNA material into the male
pronucleus

Injecting the RNA material into the cytoplasm

Injecting proteins into the cytoplasm or pronucleus

Using exogenous DNA molecules to transfer them
into the oocyte at fertilization

Injecting the RNA material into the cytoplasm

Injecting proteins into the cytoplasm or pronucleus

Injecting the RNA material into the cytoplasm

Homologous recombination between DNA
sequences residing in the chromosome and newly
introduced, cloned DNA sequences (gene targeting)

Feature

Random feature of integration

Low efficiency on a specific structure,
function, and expression regulation of
genes

Depends greatly on many aspects

High rate of integration with the natural
combining process

Less damage to the embryo caused by
the machine

Large efficiency gaps occurred among
species

Low efficiency on a specific structure,
function, and expression regulation of
genes

Depends greatly on many aspects

Low efficiency of genome-edited
somatic cells

Low efficiency on a specific structure,
function, and expression regulation of
genes

Allowing the transfer of any
modification of the cloned gene into the
genome of a living cell

Knockout genes

Knockout genes

Multiple knockout genes

Reference

(Lavitrano et al., 1989
Stout et al.,, 2009a)

Piedrahita, (2000)
Le et al. (2021)
Umeyama et al. (2012)

Campbell, (2002)

Piedrahita, (2000)
Le et al. (2021)

(Watanabe et al,, 2010;
Zhou et al, 2015)

Watanabe et al. (2010)
Cermak et al. (2011)
Li et al. (2015)

(Cong et al, 2013; Ding
et al, 2013; Mali et al,,
2013)
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Species Species of Application/target Year Technique Reference
origin gene
Yucatan One breed of native wild pigs in ~ Creating male and female LDLR+/~pigs 2014 Adeno-associated virus- Wells and Prather,
miniature pig Peninsula de Yucatin of Mexico mediated gene targeting (2017)
SCNT
GGTAl-knockout Yucatan miniature pigs 2020 TALEN Pan et al. (2019)
Nuclear transfer
GGTAlL 2021 Triple knockout of genes Li et al. (2015)
Cytidine monophosphate-N-
acetylneuraminic acid hydroxylase (CMAH)
Alpha 1,3-galactosyltransferase 2 (A3GALT2)
Gottingen Crossing German Landrace, Double-transgenic Gottingen minipig model 2016~ SCNT Shim et al. (2021)
minipig Vietnamese potbelly swine for Alzheimer’s disease
WZS pig One breed of Hainan province Models with GH functions in relation to 2015 Handmade cloning with Panepinto and
cancer, diabetes, and longevity impaired systemic GHR activity  Phillips, (1986)
Bama minipig ~ One breed of Guangxi province Providing assessment and establishment of 2015 SCNT Jakobsen et al.

producing pig transgenic models

(2016)
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Year

1968
1992
2000
2010

Recipient

baboon
human
baboon

baboon

Genetic

modifications

WT

WT

hCD55
GTKO/hCD46

Survival

6-84h
34h
8d
4-7d

Reason of
experiment termination

hyperacute rejection
hyperacute rejection
development of sepsis and coagulopathy

thrombocytopenia

References

Calne et al. (1968)
Starzl et al. (1999)
Ramirez et al. (2000)
Ekser et al. (2010)





