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Abstract: Orthotopic liver transplantation (OLT) currently serves as the sole definitive treatment for thousands of patients suffering
from end-stage liver disease; and the existing supply of donor livers for OLT is drastically outpaced by the increasing demand. To
alleviate this significant gap in treatment, several experimental approaches have been devised with the aim of either offering interim
support to patients waiting on the transplant list or bioengineering complete livers for OLT by infusing them with fresh hepatic cells.
Recently, interspecies blastocyst complementation has emerged as a promising method for generating complete organs in utero over
a short timeframe. When coupled with gene editing technology, it has brought about a potentially revolutionary transformation in
regenerative medicine. Blastocyst complementation harbors notable potential for generating complete human livers in large animals,
which could be used for xenotransplantation in humans, addressing the scarcity of livers for OLT. Nevertheless, substantial
experimental and ethical challenges still need to be overcome to produce human livers in larger domestic animals like pigs. This
review compiles the current understanding of interspecies blastocyst complementation and outlines future possibilities for liver
xenotransplantation in humans.

Keywords: end-stage liver disease, interspecies blastocyst complementation, blastocyst complementation, chimeras, xenotransplantation

Introduction
End-stage liver disease (ESLD) is analogous to advanced liver disease, decompensated cirrhosis, and liver failure due to the
irreversible nature of the aforementioned conditions.' ™ In 2021, mortality attributed to ESLD ranked as ninth out of all causes of
death in the United States and was responsible for more than 55,000 deaths.’ As such, the condition remains a substantial burden
for modern medicine. However, in direct contrast to other leading causes of mortality, orthotopic liver transplantation (OLT) is an
effective therapeutic and even curative option for those with ESLD. Despite OLT being the second most frequently used
transplantation procedure across the globe, its efficacy in alleviating the significant burden posed by ESLD is blunted by
a substantial lack of liver donors, and an incredibly high demand for the procedure.® Across all organ donation, the odds are
equally dismal. In 2021, the total number of transplant candidates in the United States waiting for an organ was over 100,000, and
it is estimated that each year, only a third of all patients waiting on a transplant list will receive an organ.® In response to these
glaring challenges, several innovative approaches including blastocyst complementation and xenotransplantation of chimeric
livers, have been proposed as viable alternatives to overcome the treatment challenges presented for patients with ESLD.”®
These methods contrast with other noteworthy solutions for the treatment of ESLD, namely hepatocyte grafts and
transplantation, as well as extensive bioengineering of discarded livers.”'" While the latter approaches possess potential
for the treatment of ESLD, it is necessary to acknowledge that their efficacy is largely dependent upon several factors.
These include reliable sources of primary human hepatocytes (PHH), optimal cell culture techniques for their propaga-
tion in vitro, and sustained viability and strict maintenance of phenotypic characteristics within cultured hepatocytes in
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addition to effective protocols for the hepatic differentiation. Unfortunately, these obstacles are also in the setting of
a well-characterized tendency of PHHs to de-differentiate and die off rapidly in vitro.'?

Several novel cell culture techniques have been developed in response to the difficulties posed by generating large
quantities of suitable PHHs for transplantation in vivo, including the application of positively-charged surfaces, double
gels, albumin-coated surfaces, varying extracellular matrix compositions, various 3D spheroids and bioreactors, micro-
encapsulation techniques, and liver-on-chip microdevices.'> ' Nevertheless, the task of securing a high volume of PHHs
and ensuring consistent reproducibility of results while utilizing commercially available PHHs are lofty challenges for
the realization of these methods as effective treatment options for patients with ESLD. Thus, with these obstacles in
mind, induced pluripotent stem cell (iPSC) derived hepatocytes have become increasingly preferred to PHHs but even
iPSCs are plagued by several issues, including safety, blunted hepatic maturation in both in vitro and in vivo settings, and
lacking engraftment into the hepatic parenchyma following implantation.?**

It is for these reasons that blastocyst complementation and xenotransplantation have become particularly appealing
avenues for the future of ESLD treatment. In the setting of hepatic medicine, blastocyst complementation is a biological
technique that could potentially generate a whole, human liver in utero of an animal, such as a pig, by microinjecting
stem cells into a blastocyst-stage, dysorganogenetic embryo that possesses functionally normal pluripotent cells.>>® The
efficacy of this technique is reliant upon the dysorganogenetic status of the embryo, which is achieved by knocking out
pivotal gene(s) that direct the biogenesis of an organ at the blastocyst stage of development through the use of genome
editing, before PSCs are injected into the knockout blastocysts to complement the deleted gene(s).?”*® Despite the
relatively recent emergence of this technology, blastocyst complementation has already been used to generate numerous
organs in animal models, including, the heart and vascular system, whole lungs, kidneys, pancreas, salivary glands,
parathyroid glands, and liver.”?**°? In addition to possessing the potential to generate a large variety of analogous
cells, tissues, and organs, cells produced through blastocyst complementation are also immunocompatible, reducing the
risk of rejection in the recipient species following transplantation.**-**

The potential of generating human-scale, chimeric organs using large animal fetuses and human pluripotent stem cells
(PSCs) through blastocyst complementation is abundantly clear. Commonly, porcine models are preferred for growing
chimeric organs for xenotransplantation due to myriad physiological, anatomical, and genetic characteristics shared between
pigs and humans. With reference to the liver specifically, porcine models would be an ideal match because their livers are
similar to human livers in size, segmentation and arterial vasculature.*>® As such, chimeric human livers generated in pigs
are well suited to serve as a potential treatment option for ESLD through OLT. The application of blastocyst complementation
and xenotransplantation for ESLD has only grown with timely advances in the field. Recent studies utilizing an apancreatic pig
embryo phenotype have demonstrated that it was possible through blastocyst complementation to form an entire pancreas
from normal heterologous PSCs. Moreover, there has been noteworthy success in generating both pig-human and pig-primate
chimeras. Together, there is an increasing amount of data to suggest the future reality of pig-human liver chimeras as a viable

therapeutic option for patients requiring transplantation.”°

Early Hepatogenesis
The liver is the largest solid internal organ in the human body, and it is also one of the most complex. It is principally formed
from the anterior primitive streak and the endoderm germ layer that originates from within a gastrulating embryo. While the
liver is composed of a multitude of different cell types, hepatocytes and cholangiocytes, commonly known as bile duct cells,
are the only cells to possess embryonic endoderm-derived origin. Other cells are formed from embryonic mesoderm such as
Kupffer cells (bone marrow derived), epithelial cells, hepatic sinusoidal cells, and stellate cells. Most notably, hepatocytes
make up approximately 80% of the liver cell mass, and about 50% of the cellular population. Moreover, the liver possesses
a distinct tissue architecture, with lobules that receive arterial blood flow from the hepatic artery and portal vein.*”
Hepatic biogenesis, initially identified and characterized using mouse embryonic studies, is tightly regulated, and
conserved throughout evolution as per numerous mammal, bird, and amphibian studies. During elementary stages of
hepatogenesis, the endoderm can be detected around E7.5 in a mouse embryo, equivalent to about the third week of gestation
in humans.*® At this stage, embryonic stem cells (ESCs) undergo a migration process towards the anterior portion of the
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embryo before forming the definitive endoderm by segregating from the mesoderm. A cylindrical structure is then formed by
the definitive endoderm, which rotates along the anterior and posterior axis of the embryo.

The definitive embryo is segregated into three distinct regions: foregut, midgut, and hindgut. The formation of the
liver diverticulum, also known as the liver bud, is initiated by the ventral portion of the foregut and diverse signaling
from the surrounding mesodermal embryonic tissue at an E8.5.*' In contrast, development of the liver outgrowth and
primordium is initiated by adjacent cardiac mesodermal embryonic tissue.*? Following the formation of the outgrowth
and primordium, the liver bud begins to thicken and subsequently transitions to multiple layers of pseudostratified
epithelium that facilitate the synthesis of hepatoblasts. By E9, it has been well established by tissue explant studies that
endothelial cells then surround the newly developed hepatic endoderm and bind the mesenchymal domain that the liver
bud then grows into as it continues to develop.**** At this point in the developmental process, the liver’s endodermal
cells are now polarized, and their stroma further evokes developmental signals.

By E10.5, a migration of hepatoblasts into the surrounding mesenchyme has occurred, and the cystic primordium has
formed as a result. Following this, the liver and intrahepatic biliary tree develops from the cranial portion of the liver
diverticulum and the intrahepatic biliary tree is derived from the caudal portion.*> At around E13.5 when hepatoblasts
have undergone specification and migration to the septum transversum mesenchyme surrounding the liver bud, they
proliferate and then differentiate into hepatocytes and cholangiocytes.*® Through the use of experimental studies
involving tissue explants, animal models, and primary culture systems utilizing stem cells, several integral cellular and

molecular signaling pathways have been implicated in the tight regulation of early hepatogenesis.*’>>

Hhex and the Beginnings of Liver Formation

Hhex (also referred to as proline-rich homeodomain gene (Prh), Hex in rodents, and Xhex in Xenopus) is a homeobox
gene. It was initially discovered in studies involving chicken embryos where it was found to be widely expressed in
several areas including, vascular endothelial cells, thyroid gland primordia, liver, lung, and hematopoietic cells.>**>*
Following initial identification, several Hhex homologs were discovered in the dorsal endomesoderm within gastrula-
stage Xenopus embryos, primitive endoderm of mouse embryos, and differentiation of F9 cells into visceral endoderm
cells within rodent embryos at 15 days-old.>” It is well established that Hhex is tightly conserved across many multi-
cellular organisms, including mice, humans, and pigs.>®

Through the use of in situ hybridization studies, it has been demonstrated that expression of Hhex occurs within the
blastocyst’s primitive endoderm as early as E4.5 and by ES5.5, and is confined to a collection of visceral endodermal cells
localized at the distal end of the developing embryo.”” At E7.5, Hhex’s expression is limited to the visceral endoderm, but it
begins to increase in the chorion region of the ectoplacental cavity.”® Following this at E8.5, localization of Hhex to the
anterior portion of the foregut endodermal tissue, which is principally involved in the formation of the liver diverticulum -
a region vital for primary hepatogenesis - occurs.””*** Expression of Hhex remains elevated in both the thyroid primordium and
hepatic anlage from E9.5 to E16.5, although the latter half mainly involves expression in the thyroid, pancreas, liver, lung,
and thymus.**®' By E18.5, the expression of Hhex is significantly reduced in the lungs but persists in both the bile ducts and
thyroid.®' As such, these findings demonstrate that Hhex is consistently expressed throughout various stages of development
and cements its vital role in hepatogenesis.

Given that Hhex is expressed very early on in hepatogenesis, it is one of the most basic molecular markers of the
anterior endoderm within the developing embryo and alongside albumin, its consistent expression is suggestive of
committed hepatoblasts.””®' The principal means by which Hhex fosters endoderm organogenesis is in supporting
a transition to pseudostratified epithelium. In the elementary stages of hepatogenesis, around E8, Hhex is regulated by
FGF and BMP signaling pathways.®> Moreover, several studies have shown that Hhex expression is transactivated by
GATA4 and HNF3p through direct binding to its promoter region. It has also been shown that elimination of Hhex
completely blunts hepatogenesis in mouse models, and Hhex knockout mice are able to promote hepatic specification, but
liver bud morphogenesis fails. This ultimately results in the formation of hepatic structures devoid of parenchymal cell
components.>’*** However, some of the earliest genes specific to the liver (actin, albumin, transthyretin) remain activated

in the ventral endoderm of Hhex knockout mice at E8.5.%
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The importance of Hhex was further cemented by mouse studies utilizing Hhex-null embryos, which showed that the
endoderm was able to initiate the expression of hepatic genes at E8.5, but expansion of the liver bud was blunted, despite
survival of hepatic endodermal cells with detectable expression of genes within the midgut epithelium, such as
Shh. #3645 1t is, however, significant to note that in these mice embryos, there was hepatoblast migration into surround-
ing mesenchymal tissue and with corresponding arrest of hepatogenesis at E9.5, resulting in embryonic lethality.>®

It has also been well documented in the literature that in early hepatoblasts, conditional ablation of Hhex expression
significantly disrupts the formation of intrahepatic bile ducts and the differentiation of hepatoblasts into hepatocytes
(Figure 1).°° Although complete Hhex knockouts are undoubtedly lethal, studies involving conditional Hhex knockouts
generated by means of transgenic, vav-Cre mice were, in fact, viable. Furthermore, these studies illustrated that Hhex
expression is vital at multiple stages for the proper differentiation of both hematopoietic stem cells and hematopoietic
progenitor cells.’” When examining embryoid bodies obtained from complete Hhex knockouts, ESCs possessed deficits in
the formation of hematopoietic and granulocyte-monocyte cell colonies. In contrast, null Hhex mutants were unable to develop
the hepatopancreatic duct system and possessed noticeable abnormalities in cardiac and vascular development.”®%*~7°

Further evaluation of the molecular marker involved functional studies of the HHEX protein and ultimately revealed
that HHEX could act as either a transcriptional activator or repressor.®” > When HHEX served as a transcriptional
activator, it was found to promote HNF1a expression, a transcription factor principally involved in liver differentiation.”"
Moreover, when serving as a transcriptional repressor, HHEX was involved in the specification of anterior embryonic
structures through direct suppression of genes responding to Spemann organizing signals, such as Chordin and
Goosecoid signals that are vital for anterior patterning.”> As such, these data collectively highlight the extreme
importance of Hhex not only for regulation of the initiation of hepatogenesis, but morphogenesis of the intrahepatic
bile duct and hepatoblast differentiation as well.

The Application of Blastocyst Complementation for Hepatogenesis
Blastocyst complementation has attracted substantial attention in recent years for its potential to serve as an alternative
avenue for organ regeneration. The technique is centered around the generation of cells and even whole organs of one
animal species, the donor, through the use of another animal species in utero, the recipient.”>’° When compared to other
contemporary methods for organ regeneration, such as the previously discussed implementation of PHH transplantation
for ESLD, blastocyst complementation has the benefit of requiring remarkably few PSCs, and most of the inductive cues
required for hepatogenesis are already present within the developing blastocyst.”” ’® In reference to blastocyst com-
plementation for hepatogenesis, genetic modification of the recipient species’ blastocysts occurs such that key gene(s),
such as the aforementioned Hhex, required for hepatogenesis and liver bud development are knocked out, and subse-
quently complemented with a microinjection of PSCs from the donor species — often ESCs or iPSCs (Figure 2).
Following this, the complemented blastocysts are then directly implanted into the uterus of a pseudo-pregnant animal
of the recipient species.®™' At the completion of the gestation period, the complemented offspring born from the
recipient species possess chimeric livers entirely derived from the PSCs injected from the donor species. The resulting
humanized livers would then be transplanted into a human patient with ESLD (Figure 3).

The feasibility of blastocyst complementation was first demonstrated in 1993 when mouse-derived blastocysts from
a Rag2 knockout strain without mature lymphocytes were microinjected with mouse ESCs.*> The chimeric offspring
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Figure 2 Mouse and pig complemented embryos. (A) Whole embryo images showing GFP expression and the developing liver. IHC images of the pig (B) and mouse (C)
complemented embryos showing the liver-heart area in the insets in the magnifications. mComp: mouse complemented embryo; pCompl: pig complemented embryo |;
pComp2: pic complemented embryo 2; MYL7: myosin light chain 7; cTNT: cardiac troponin T (white signal in mouse); ALB: albumin.
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Figure 3 Visual representation of blastocyst complementation for ESLD in humans.

produced from the Rag2 knockout mice were found to possess mature B and T lineages entirely derived from the donor
ESCs. Subsequently, wild-type murine ESCs were microinjected into blastocysts derived from a mutant mouse strain
known as aphakia which possesses the affliction of being unable to develop an ocular lens. This resulted in the creation
of allogenic chimeras that possessed normal ocular lenses secondary to complementation.”” These promising results
spurred further complementation studies responsible for the creation of a chimeric kidney, pancreatic islets, and thymus
in mice, and an exogenic pancreas was even developed in pigs.*>**° Furthermore, advancements in gene editing also
promoted additional investigation in the field by enabling efficient development of robust interspecies chimeric organs. In
particular, the CRISPR/Cas9 and TALEN gene editing techniques have become the primary methods for blastocyst
modification due to their groundbreaking efficiency in genetic modification and broad accessibility.***’

The aforementioned successes with chimeric organs produced within organisms of the same species laid the
foundation for additional experimental exploration involving interspecies, rather than intraspecies, chimeras. One of
the first endeavors that was fruitful in producing an interspecies chimeric organ was centered upon the inactivation of
a gene required for the development of the pancreas in mice, known as Pdx1. Subsequent microinjection of PSCs from
wild-type rats into mouse blastomeres resulted in interspecies chimeric offspring possessing rat-derived pancreases.®®
Following this triumph, interspecies blastocyst complementation was applied for the synthesis of several additional
chimeric organs, including the growth of rat-derived kidneys and thymuses in mice.®**" With this in mind, several
studies began investigating whether human PSCs could be used to generate chimeric organs using interspecies blastocyst
complementation, including that of livers for OLT. However, the utilization of interspecies blastocyst complementation
for the purposes of xenotransplantation would require several steps. Principally, mutant blastocysts with knockout
modifications for the expression of integral gene(s) involved in liver formation would need to be generated. As
previously mentioned, the gene Hhex is considered to be one of the most vital genes for early hepatogenesis - particularly

Hepatic Medicine: Evidence and Research 2024:16 https: 15

Dove:


https://www.dovepress.com
https://www.dovepress.com

Blake and Steer Dove

with regard to the synthesis of hepatocytes and cholangiocytes, morphogenesis of bile ducts, and hepatoblast
differentiation.****® As such, it is notably apparent that the creation of mutant blastocysts lacking Hhex possesses
substantial potential for interspecies blastocyst complementation aimed at producing human chimeric organs for
xenotransplantation.

A pioneering study detailing the compensation of Hhex+ cells in hepatogenesis was that of Bort et. al. The study was
centered upon elucidation of the precise mechanism underlying the emergence of progenitor cells from the epidermal
epithelium and subsequent initiation of organogenesis. The experimental design involved developing chimeras of E9.5 and
microinjecting Hhex knockout ESCs into Hhex+ and GFP+ blastocysts with corresponding evaluation of which cells were
contributing to the formation of the liver bud. It was found that the Hhex knockout ESCs were substantially involved in the
formation of dorsal and posterior embryonic structures, with no significant contribution to the development of the liver bud.*
These findings provided a rationale for the previous observations from chimeric Hhex knockout mice embryos, where the
elimination of Hhex consistently resulted in embryonic mortality. With this in mind, there was a query regarding whether the
microinjection of Hhex+ PSCs into a Hhex knockout embryo would allow for entirely chimeric hepatogenesis. Clearly, given
the aforementioned similarities between human and pig livers, investigation of this hypothesis in porcine models was ideal,
and similar to mice, Hhex expression is also integral to hepatogenesis in pigs.

A study led by Matsunari et. al utilized the TALEN gene editing technique in fetal porcine fibroblasts to create mutations in
exon 1 of the Hhex gene sequence and then conducted somatic cell nuclear transfer with the mutated fibroblasts as donors for
compensation of Hhex knockout embryos. In embryos lacking Hhex expression, no successful liver development was
observed, in turn illustrating inadequate hepatogenesis in pigs lacking Hhex expression and mirroring previous observations
in mice. Collectively, these findings also cemented that Hhex knockout blastocysts could generate whole livers following
intraspecies blastocyst complementation. However, despite the promising nature of these findings, it is important to acknowl-
edge a major shortfall in that out of the 95 complemented blastocysts, only 3 produced chimeric fetuses with normal liver
development and function akin to wild-type, non-complemented, pig fetuses.>> Nevertheless, the promising nature of the
study’s findings remains, and there is clearly further investigation required to examine whether pig-derived PSCs could
produce a whole liver in Hhex knockout pigs, similar to that of results previously described by Bort et. al.**

Feasibility and Ethical Challenges for Interspecies Blastocyst Complementation
Relevant Questions and Concerns
When comparing interspecies blastocyst complementation to other noteworthy techniques discussed in reference to
alleviating the scarcity of organs for OLT, it has the clear advantage of being able to construct an entire liver in utero. The
large-scale implementation of human PSCs and interspecies blastocyst complementation in pigs for the generation of
chimeric human livers could transform the current landscape of regenerative medicine and OLT. Moreover, with
contemporary advances in personalized medicine, the PSCs used for generation of a chimeric liver through blastocyst
complementation could even be derived from the patients themselves. Nevertheless, while chimeric organs and their
potential for xenotransplantation present a wealth of opportunity to advance contemporary medical knowledge and
practices, the path towards generating chimeric organs in domestic livestock remains riddled with challenges. As such,
there are several questions that must be answered through scientific experimentation and inquiry before sufficient
progress can be made for interspecies blastocyst complementation and xenotransplantation in hepatic medicine. These
include, (i) how and to what extent do the injected human PSCs contribute to liver-specific vascular development and
organization; (ii) in chimeric livers, which hepatic cell types do the xenogenic injected stem cells produce; and (iii) is it
possible for human PSC-derived liver cells to cooperate with donor-derived liver cells to permit proper hepatic function?
These pertinent questions have arisen secondary to a hum of anxiety surrounding the interaction between liver cells of
xenogenic origin, and those derived from the host. It is well established that the more plentiful, host-derived liver cells
would contribute more robustly to vascular development of the liver and other associated tissue, so there is no guarantee
that human cells would function properly in a pig. However, it is not just the human cells that may be of concern. There
is also the thought that host-derived endothelial cells remain in the chimeric livers and thus, could trigger an immune
response following xenotransplantation. With this in mind, there has been considerable effort to address and alleviate
these immune concerns. This has included the modification of xenoantigens on pig vascular endothelial cells, such as
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glycosylated epitopes. Thus, if the aforementioned challenges could be rectified in an efficient manner, the application of
interspecies blastocyst complementation and xenotransplantation harbors notable potential for the treatment of ESLD and
other aspects of regenerative medicine.

Feasibility and Potential for Large-Scale Development of Chimeric Livers

Interspecies blastocyst complementation possesses a unique advantage with its rapid turnaround time for the growth of
chimeric organs, which equates to the recipient animal’s gestation period. In pigs, the gestation period is approximately 114
days, and a sow can produce up to two litters per year, with an average of 16 piglets per litter.>>® As such, the quantity of
chimeric livers necessary for hepatic xenotransplantation could be accomplished in an efficient manner. Moreover, it is also
important to note that the HHEX protein plays an instrumental role in organ development as a whole, and therefore other
organs such as the gallbladder, lung, and pancreas could also be produced simultaneously alongside the liver in human-pig
chimeras with blastocysts containing the corresponding knockouts.®*®"*1%3 As an example, if the CRISPR-cas9 system was
utilized to create a triple knockout porcine blastocyst with elimination of Sa/l, Pdx1, and Hhex genes, human PSCs could be
injected to produce a human-pig chimeric kidneys, pancreas, and liver, all within the same pig.

Interspecies blastocyst complementation also possesses an advantage through its application to personalized medi-
cine. If patient-derived PSCs were used for interspecies blastocyst complementation, the resulting chimeric liver would
be genetically and immunologically specific to that patient (Figure 4). As such, xenotransplantation of patient-specific
livers could be a major step towards preventing any adverse immune response, such as xenograft rejection, following the
procedure. Nevertheless, as previously discussed, the chimeric liver, regardless of whether patient-derived cells were
used for complementation, still receives much of its vascular development from recipient-derived cells and therefore,
immunosuppressive therapy may still be required for proper function of the chimeric organ.”’ It is also pertinent to
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Figure 4 Schematic representation of proposed workflow for generation of personalized chimeric livers as a treatment for ESLD through isolation and subsequent
utilization of patient-derived hiPSCs for interspecies blastocyst complementation.
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discuss the potential that chimeric livers have for the treatment of ESLD outside of xenotransplantation. As example,
innovative drugs and therapies could be applied to human-pig chimeric livers to assess efficacy before clinical studies. In
addition, human-pig chimeric hepatocytes could be isolated and used for cell therapy treatments in patients with ESLD,
such as a liver assist device. For example, Takebe et. al reported success with the development of functional IPSC-
derived liver buds in vitro that were then transplanted into a drug-induced human liver failure model. Following
transplantation, the liver bud transplants connected to the host vasculature and became functional within 48 hours,
underscoring the potential of chimerism for ESLD outside of whole organ generation.”* Simply stated, there are many

potential avenues for the application of human-pig chimeric livers in the contemporary treatment of ESLD.

Ensuring Necessary Engraftment and Pluripotency for Efficient Complementation

At present, there are several challenges to overcome with interspecies blastocyst complementation, including the environ-
mental niche and pluripotency of PSCs. Several complementation experiments involving mouse and rat blastocysts with both
human iPSCs and ESCs have had only intermittent success with producing chimeras.®® These pitfalls in achieving consistent
chimera production have been mirrored by similar results from experiments involving mouse embryos and human PSCs.”*%>
At present, it is posited that these difficulties are principally due to growth and differentiation issues following injection.
A recent study utilizing naive human PSCs for blastocyst complementation in non-human primates reported that PSCs
exhibited extremely low colonization in utero due to an immediate stall in the G1 phase of cell cycle and premature
differentiation following injection. This lack of chimeric competence existed for the human PSCs regardless of the host
species.”® However, this problem appears to persist beyond rodent and human cells. For experiments involving pigs, robust
engraftment of naive human PSCs has been observed in pre-implantation porcine and bovine blastocysts but only contributed
minimally to post-implantation embryos. In fact, when assessing the cellular composition of post-implantation pig embryos
following blastocyst complementation with human PSCs, approximately 1 out of every 100,000 cells were that of human
origin and the more human cells contained within the chimeric embryo, the less developed the embryo was overall.*® In
a separate study involving monkey-pig chimeras, over 4000 pig embryos underwent blastocyst complementation with
monkey-derived ESCs, and 10 piglets made it to term, with only two of those piglets being chimeras. Tragically, all 10
piglets then died within one week of birth due to unknown medical issues.*

These studies collectively highlight the difficulty of the challenges associated with the growth of chimeric organs.
However, the solution to these pervasive problems may be within reach. A unique type of stem cell known as a region-
specific PSC can be isolated from mouse embryos and generated in human and primate PSCs through the modulation of
cell culture parameters. These stem cells have had notable success with engraftment into gastrulation-stage mouse
embryos.”” Thus, current issues surrounding blastocyst engraftment may be ameliorated through modification of PSCs
using growth factors and small molecule inhibitors in cell culture medium during growth. Moreover, a landmark study
from Cao et. al recently reported promising results from blastocyst complementation using ESCs under optimized cell
culture conditions that produced a live birth of a chimeric monkey with high, 20-90%, donor cell contribution. These
results have major implications for the future study of PSCs and optimization of corresponding cell culture conditions for
blastocyst complementation.”®

It has been previously shown that murine ESCs can exist in two pluripotent forms, ground form or naive form.” !
Moreover, there are distinct murine ESCs derived from the post-implantation state known as epiblast-derived stem cells that
are often found in a pre-pluripotent state. These epiblast-derived stem cells are notable because relative to human ESCs,
they share a great deal of their gene expression and signaling patterns, making human iPSCs more similar to epiblast-
derived stem cells than even murine ESCs.'*> Human PSCs are primed for pluripotency and are often committed to lineage-
specific development but remain epigenetically restricted. This is in direct contrast to naive PSCs which demonstrate a high
degree of differentiation and can produce chimeric organisms via blastocyst complementation.'®* As such, the utilization of
naive human PSCs would be optimal for maximizing the likelihood of successful human-pig chimeric liver formation.
Fortunately, the transformation of primed human PSCs into naive cells has been previously accomplished through altered
cell culture conditions or exogenous expression of select transcription factors.”*!** Nevertheless, a well-characterized issue
with this process lies in the fact that naive human PSCs possess a strong tendency to form karyotype abnormalities in
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prolonged cell culture conditions.’’ A recent experiment involving direct isolation of naive human PSCs from an inner cell
mass could be a solution to this problem.'%’

The evolutionary basis of interspecies cell competition has also been suggested as another contributing factor for low
chimeric competence. Zheng et al conducted research on interspecies cell competition in tissue culture aggregates,
investigating various paired combinations. They found that cells from distantly related species engaged in vigorous
competition, resulting in the survival of cells from the victorious species while cells from the defeated species underwent
apoptotic cell death.'°® As such, when utilizing human PSCs for blastocyst complementation of pig embryos, this type of
competition is a substantial barrier for ensuring a high degree of chimeric competence. If interspecies cell competition is
based on evolutionary distinction, it has been proposed that embryonic stage-matching of the donor and recipient species
may reduce the likelihood of competition.

Shetty et al conducted in silico stage-matching of different species to elucidate whether there were optimal embryonic
stage matches to maximize the likelihood of success when generating chimeras via interspecies blastocyst complementa-
tion. Through their stage-matching analyses, the team identified the human blastocyst (E6/E7), the gastrulating mouse
embryo (E6-E6.75), the marmoset late inner cell mass, and the pig late blastocyst as the four stages that displayed the
closest similarities to each other. These stage-matching results have the potential to provide invaluable insights for both
in vivo and in vitro interspecies chimerism and blastocyst complementation investigations. It is hoped that these results
can be applied to pair donor cells with host embryos from different species, leading to improved chimerism for

7 Moreover, another recent development that may assist in maximizing chimeric success

organogenesis enhancement.
is the emergence of improved methods for quantifying mixed cell types in chimeric and mosaic tissues. Suchy et. al
created a droplet digital PCR assay that can discriminate single-nucleotide variations and is designed to detect chimerism
among mouse strains. Relative to existing methods for their detection, this assay is unique in that it is compatible with
crude lysates from all solid organs, simplifying the preparation process. It is adaptable to a range of chimeric species, and
it can measure cell populations in chimeric and mosaic tissues with a high degree of accuracy. As such, with emergence
of cutting-edge methods to better understand and quantify chimerism, the field can further optimize the creation of
chimeric organs using blastocyst complementation.'%®

A possible solution for both the developmental arrest of human PSCs and interspecies cell competition was proposed by
a recent study investigating the efficacy of eliminating insulin-like growth factor 1 (Igflr) to facilitate the formation of a “cell-
competitive niche” for interspecies blastocyst complementation.'” Through the deletion of Igflr in mouse embryos,
researchers were able to evade the deleterious developmental arrest in G1 and improve mouse-rat organ chimerism in
mouse embryos, establishing the possibility of similar success with experiments involving naive human PSCs
(Figure 5)."'° Similarly, Yuri et. al reported success with a reverse-blastocyst complementation method in a Fgfi2b-
deficient mouse model with the formation of rat-derived lungs. Their tetraploid-based organ complementation successfully
generated functional lungs in a mouse model and more importantly, the rat epithelial lung cells exhibited no deficits in their
developmental timing following injection.''! Moreover, a separate study recently reported novel human PSCs that possess
broader differentiation and chimerism potential than naive cells. They had the ability to undergo differentiation into embryonic
and extra-embryonic lineages in vivo and successfully form chimeras.''? These findings are instrumental in addressing the

challenges and roadblocks surrounding pluripotency in the production of human-pig chimeric livers.

Ethical Considerations

As interspecies blastocyst complementation has gained growing interest from the scientific community and even the public,
there has been a parallel increase in ethical concerns surrounding its application for regenerative medicine. This is due,
primarily, to its potential in generating human tissues and organs in animals, including brain tissue and germ cells.''*"''* As
previously discussed, Hhex is broadly involved in the formation of several organs, and this includes an integral role in the
development of the forebrain.*'*"*> With this in mind, there is a reasonable possibility that interspecies blastocyst com-
plementation with Hhex-expressing human PSCs could assist in neurogenesis alongside other organs that necessitate Hhex
involvement during their development. Consequently, there is some basis for concerns regarding the production of humanoid
brains through the Hhex model of interspecies blastocyst complementation. Nevertheless, a potential solution to this problem
in the context of interspecies blastocyst complementation to generate human livers is direct differentiation of injected PSCs
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Figure 5 Applications of Igflr-null blastocyst complementation for rat-mouse and human-pig chimeras.

into hepatic lineage. This workaround is feasible, as previously demonstrated by Kobayashi et. al with the development of
chimeric pancreases in mice via directed expression of Mix-like protein 1 to subsequently produce murine ESCs and
endodermal organs following their injection into the blastocyst.''

One intriguing option is to extend the lifespan of ESCs to facilitate a greater degree of engraftment. Masaki et. al
demonstrated the efficacy of this option by upregulating the expression of anti-apoptotic protein BCL2, which in turn
augmented the survival of rat derived ESCs and facilitated their integration into pre-implantation blastocysts, alongside
endothermal progenitor cells possessing Sox17. The increased BCL2 expression enabled the contribution of the Sox17
progenitor cells and rat ESCs within the mouse blastocyst to promote successful development of rat-mouse embryonic
chimeras.''® Moreover, a recent study led by Hasimoto et. al illustrated a means by which chimeric organisms could be
generated in the absence of any contribution to neural or germline cell development while still utilizing interspecies blastocyst
complementation.?® This was first accomplished by creating mutant murine ESCs lacking the genes Prdm14 and Otx2, both of
which are involved in the specification of the forebrain and primordial germ cells in mice.''”!'® Following this, the mutant
murine ESCs, which were also modified to express GFP, were microinjected into Pdx1 knockout murine blastocysts. Post-
mortem tissue analysis of these chimeric mice revealed that the mutant ESCs did not participate in the development of neural
or germline cells.”® An alternative solution for this problem would be to simply use liver-specific progenitor or stem cells in the
place of PSCs, ensuring that only liver or liver-adjacent cells are formed following interspecies blastocyst complementation.
For example, liver-derived progenitor cells could be implanted into a Hhex knockout blastocyst to only produce a chimeric
liver from blastocyst complementation, while leaving the other organs untouched.'"’

Nevertheless, it is important to note that since 2015, the NIH has maintained a moratorium on funding for research
involving human-animal chimeras generated through the insertion of human cells into early-stage, non-human vertebrate
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embryos.'?® This moratorium was placed due to the sensitive nature of human-animal chimeras, but it has served as
a major barrier for productive discussions surrounding the creation of regulations for the field. Furthermore, these
restrictions also presently incentivize US based researchers to pursue research and product development related to the
generation of human-animal chimeras to countries outside the US that possess fewer or no restrictions, in turn raising
concerns for larger issues such as international regulations.'?"'*? As such, effective discussions centered upon regulation
of research involving human-animal chimeras are necessary to allow for proper progression of the field, both at the
national and international level.

Alternative Targets for Exclusive Formation of Chimeric Livers

In addition to the myriad of genes identified to ensure exclusive development of chimeric livers following interspecies
blastocyst complementation, ubiquitin C (UbC) is also of interest as well as male abnormal 21-like protein 2 (Mab21L2)
and transcription factors Tbx3, OC-1, and OC-2. UbC became a potential target following knockout experiments where
mouse embryos would consistently perish in utero between E12.5 and E14.5. It was later revealed that this fatality was
due to significant defects in hematopoietic stem cells as well as blunted proliferation of both bipotent liver epithelial
progenitor cells and hepatocytes.'> When expression of UbC was returned in the mouse embryos, the previous deficits in
hepatogenesis were completely reversed, thereby confirming a potentially vital role of UbC in liver development that has

yet to be further elucidated.'**

Mab21L2 gained attention when it was found to be expressed in the septum transversum
mesenchyme and its absence during embryonic development in a mutant mouse model resulted in inadequate morpho-
genesis of the liver and diminished hepatoblast proliferation with demise occurring between E11.5 and E13.5.'%° It has
also been noted that the Mab21L2 protein is necessary for cardiac and ocular development as well. Functional analysis of
Mab21L2 has shown that the protein interacts with the TGF-§ pathway in addition to serving as an antagonist for BMP4
through its interactions with SMAD1.'%¢

Research involving genetically modified mice has demonstrated that inhibiting notch signaling transcription factor
Tbx3 can hinder the transformation of hepatoblasts into biliary epithelial cells, which ultimately form the biliary tree.'’
OC-1 and OC-2, another set of transcription factors, are also possible targets secondary to the role they play in the
production of a2-macroglobulin and follistatin. These two molecules act as inhibitors of the TGF-f/activin pathway,
which is crucial for the proper formation of the biliary tree. Additionally, during liver development, OC-1 and OC-2 also
facilitate the migration of hepatoblasts within the septum transversum by promoting the degradation of the basal lamina
surrounding the liver bud.*'*® Like Hhex, these handful of genes and transcription factors are of interest as potential
targets for the exclusive formation of chimeric livers through interspecies blastocyst complementation in pigs. Finally, it
is reasonable to predict that the complex ethical conundrum surrounding interspecies blastocyst complementation will

ultimately be addressed to allow the development of a human-pig chimeric liver for transplantation.

Viral Transmission and Xenotransplantation

In addition to ethical considerations, there are also substantial safety concerns surrounding the xenotransplantation of
chimeric livers into patients with ESLD given the elevated risk of associated zoonotic infections. Despite no reported
cases of porcine xenografts causing infections, there is still the potential to transmit several viral infections including:
porcine-derived lymphotropic herpesvirus, cytomegalovirus, and endogenous retroviruses in addition to hepatitis
E genotypes 3 and 4, all of which can cause disease in humans if the xenografts are not robustly tested to ensure their
safety.'?” ! Furthermore, porcine influenza viruses, such as the infamous HIN1 virus that attacks airway epithelial cells

in humans, present significant concerns for pig-derived xenografts.'*?

With this in mind, proper screening and surveil-
lance of porcine xenografts will be of the utmost importance in order to ensure maximal safety and feasibility when
utilizing xenotransplantation for the treatment of ESLD.'** Nevertheless, there are myriad means by which the field is
attempting to mitigate as much of the viral transmission risk as possible for porcine xenografts. Yang et. al recently
demonstrated the effectiveness of genome-wide inactivation of porcine endogenous retroviruses in preventing zoonotic
infection in porcine renal epithelial cells. Through use of the CRISPR-cas9 system, researchers were able to remove 25
copies of porcine endogenous retroviruses from the genomes of pigs. These animals were then genetically engineered to

highly express 9 human transgenes that augmented their blood-coagulation and immunological compatibility with
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humans."** Furthermore, researchers removed three major xenoantigens from these pigs and in turn reduced the
likelihood of xenograft rejection secondary to a host immune response.'>> Host production of xenoantibodies is
a daunting obstacle for safe and effective clinical xenotransplantation, but this study illustrated the feasibility of
successful xenoantigen deletion in pigs.

Host Rejection of Xenografts

Perhaps the most formidable challenge for clinical xenotransplantation of chimeric livers is that of xenograft rejection. There are
several potential causes of graft rejection, all of which serve as major obstacles for successful implementation of xenotrans-
plantation. The first significant cause is that of hyperacute xenograft rejection, which occurs when antibodies from the graft
recipient bind to xenoantigenic epitopes present on porcine-derived endothelial cells and activate the complement cascade,
swiftly resulting in annihilation of the graft vasculature and rejection of the graft.'*® Another significant cause of rejection is acute
humoral xenograft rejection, which is initiated by a combination of the recipient’s cellular and humoral immune responses.'>”'**
The third major cause of rejection is acute cellular xenograft rejection, which is executed by the recipient’s immune cells
following activation of their adaptive and innate immune systems."**"'*° In order to overcome these critical challenges, efforts are
directed towards the development of genetically modified pigs that lack primary components involved in the three major causes
of graft rejection. Recently, to combat hyperacute xenograft rejection, al,3-galactosyltransferase genetic knockout pigs were
generated, and renal xenograft survival was drastically improved.'*''*3

Another pathway to address known difficulties surrounding hyperacute xenograft rejection is through modification of
host endothelial cells, as they are involved in graft rejection for every organ. ETV2, a master regulator of hematoen-
dothelial lineages, has become a major target for the generation of human-pig chimeras with human-derived endothelial
cells to minimize the likelihood of hyperacute graft rejection.’® Due to its pivotal role in regulation and development of
hematoendothelial lineages, deletion of ETV2 results in an absence of all blood and vasculature, thereby, ensuring the
creation of an empty niche for interspecies blastocyst complementation.'** Das et. al successfully generated ETV2-null
blastocysts and subsequently performed interspecies blastocyst complementation with human PSCs to create chimeric
embryos from entirely human-derived endothelial cells.'*>*'*® Moreover, a different group recently published promising
results with efficient in vitro generation of ETV2-null pigs through the use of CRISPR-cas9 mediated genome
modification.'*” Alternatively, to combat immunological rejection of xenografts, genetically modified pigs have been
engineered to express complement-regulatory proteins CD46, CDS55, and CD59 in an attempt to repress any activation of
the recipient’s complement cascade.'*® Collectively, these findings have demonstrated novel avenues to effectively
combat xenogeneic immunity following xenotransplantation and extend graft survival.

While substantial strides have been made to meet and overcome these barriers for feasible xenotransplantation of chimeric
livers, pioneering cases have been unsuccessful. To date, the only xenotransplantation of a pig-derived liver into a human
involved a 26-year-old patient with hepatitis. The xenograft was a heterotopic liver from a wild-type pig that was intended to
serve as a bridge to allotransplantation. Unfortunately, the xenotransplantation failed and approximately 34 hours following
the procedure, the patient died due to terminal brain damage.'* Although this is the sole known instance of pig to human
xenotransplantation of a chimeric liver, similar results were observed following the first orthotopic xenotransplantation of
livers derived from wild-type pigs into non-human primates. Under those circumstances, the primates exhibited a mean
survival time of only 3.5 days following the procedures. Furthermore, a study involving xenotransplantation of livers derived
from al,3-galactosyltransferase genetic knockout pigs did not substantially improve the efficacy of the procedure with the
recipient animals showing a mean survival time of 9 days.'*® In comparison, relative success was achieved with an augmented
mean survival time of 29 days in a study involving xenotransplantation from a pig to a non-human primate alongside
administration of an anti-CD40 monoclonal antibody and continuous infusion of a human prothrombin complex in order to
prevent any coagulation and permit the recovery of platelet counts.'>' Nevertheless, lethal complications of interspecies
incompatibility such as thrombotic microangiopathy, coagulopathy, and severe thrombocytopenia still serve as major barriers
to safe and effective xenotransplantation of chimeric livers.'>?

While there are substantial shortcomings for procedural outcomes involving chimeric livers, fruitful results have been
obtained for other chimeric organs in pig to primate xenotransplantation studies. As example, the mean survival time for
chimeric hearts has been reported to be as long as 945 days, with 499 days for chimeric kidneys.'**"'>* Furthermore,
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there was extensive interest from the public and scientific community alike in January of 2022 when a 57-year-old patient
with end-stage heart failure underwent the procedure and received a genetically engineered, pig-derived chimeric heart.
Following the procedure, the patient exhibited no signs of acute xenograft rejection, and showed strong cardiac function.
However, the patient developed sudden onset of heart failure about two months after the xenotransplantation and died
shortly thereafter. While the sudden cause of death was not determined, it was discovered afterwards that the pig’s heart
was infected with a porcine virus known as porcine cytomegalovirus. Nevertheless, within the scientific community, the
patient’s brief survival following the procedure was considered a landmark achievement for the field of regenerative
medicine.'>

There is growing optimism surrounding the prospects of xenotransplantation for the treatment of ESLD, but
additional studies are required for development of novel techniques to combat current pitfalls with xenograft rejection
and complications. At present, a major avenue for additional study is centered around the generation of chimeric livers
using ESCs from non-human primates to allow for more in-depth investigation of innovative strategies aimed at
improving the safety and feasibility of hepatic xenografts. Alternatively, it is hoped that if a chimeric pig liver is not
truly a sufficient alternative for the treatment of ESLD, chimeric livers may be able to serve as a “bridge” for OLT of
a human liver. The average life expectancy of a patient with fulminant hepatic failure on a transplant waiting list is only 3
days. As such, even if a transplanted chimeric liver is only a suitable option for a few days or weeks, there is immense

potential for improved mortality outcomes.'3%'*’

Conclusions
The use of interspecies blastocyst complementation to generate and restore organs in humans within an extraordinarily

short timeframe harbors immense potential for the future of regenerative medicine.'>®

When comparing contemporary
techniques posed as solutions to the significant lack of available human livers for orthotopic transplantation in the
treatment of ESLD, interspecies blastocyst complementation is an undoubtedly promising avenue. Additional studies are
still required to ensure effective generation of human-pig chimeric livers and may even require successful xenotrans-
plantation in large mammals, such as non-human primates, as proof-of-concept. It will be necessary to confirm optimal
hepatic functions, such as detoxification and metabolism, and corresponding long-term survival prior to feasible
production of chimeric livers using patient-derived PSCs and subsequent xenotransplantation. Regardless, it is clear
that the production of human livers by means of interspecies blastocyst complementation demonstrates significant
potential to pave a novel therapeutic avenue for ESLD and in turn, alleviate an abundance of human suffering.

When considering the urgent unmet medical need for an additional source or repository of transplantable livers, it is
our belief and that of others that the American public is ready to accept human-animal chimera research.'*'®® Recent
polls in the United States have determined that the general public has an overall positive view towards
xenotransplantation.'®’ The complex ethical and moral profile surrounding the technology remains an omnipresent
concern. There is, however, a growing realization that xenotransplantation could provide critical help to those individuals
with life-threatening conditions. This sentiment is also supported by the fact that even optimizing allotransplantation and
primary prevention of organ failure will not alone alleviate the scarcity of organ donors.'®'®* Thus, with further
advancements in blastocyst complementation and xenotransplantation, it is critical that researchers and other stakeholders
maintain the citizens’ trust through transparency, objectivity, and scientific integrity — only then will these 21st century
technologies meet the needs of modern medicine and properly address unmet human suffering.
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