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Objective: Interspecific human-animal chimerism via blastocyst complementation provides a promising
strategy to generate function human cells, tissues or organs from human pluripotent stem cells (hPSCs),
although it is still quite challenging. In this review, we will mainly focus on the recent advances, such as the
options of donor hPSCs and the understanding of interspecific chimera barriers, challenges, and perspectives
on the efficient generation of human-animal interspecies chimeras.

Background: hPSCs, including the human embryonic stem cells (hESCs) and the human induced
pluripotent stem cells (hiPSCs) hold great promise for regenerative medicine to treat various degenerative
diseases. However, although hPSCs can differentiate to all lineage cells in dish, the functionality of these cells
is limited, hinting that the 7z vitro differentiation system failed to fully recapture the iz vivo development. A
promising alternative strategy is iz vivo generation of functional human cells in animals through interspecies
chimerism, based on the principle that mammalian development is highly conserved across species. This
strategy was inspired by the successful generation of functional rat pancreas in mice through blastocyst
injection of rat pluripotent stem cells (PSCs). Over the past ten years, since this milestone work was reported,
advances have been made in the human-animal interspecies chimerism. However, it is still challenging to
efficiently generate human cells, tissues, or organs in the interspecies chimeras. This phenomenon suggests
that there are still obstacles to illustrate and overcome implicated in human-animal interspecies chimeras.
Methods: Narrative overview of the literatures reported the recent advances, challenges and perspectives
regarding the interspecies chimerism via blastocyst complementation.

Conclusions: Human-animal interspecies chimerism via blastocyst complementation is a valuable method
to generate functional human cells, tissues or organs, while there are at least three barriers need to be
overcome. Firstly, conventional hPSCs should be converted to possess the chimera competency; secondly,
efficient human-animal chimerism are required to robustly generate human derivatives in chimera; thirdly,
the discrepancy regarding the developmental regulation network between human and host animals must be

eliminated to generate certain human cells, tissues or organs in the interspecies chimeras.
Keywords: Human pluripotent stem cell (hPSC); regenerative medicine; interspecies chimeras; barrier
Received: 21 December 2020; Accepted: 28 June 2021; Published: 11 October 2021.

doi: 10.21037/sci-2020-074
View this article at: https://dx.doi.org/10.21037/sci-2020-074

© Stem Cell Investigation. All rights reserved. Stem Cell Investig 2021;8:20 | https://dx.doi.org/10.21037/sci-2020-074


https://crossmark.crossref.org/dialog/?doi=10.21037/sci-2020-074

Page 2 of 7

Introduction

Human pluripotent stem cells (hPSCs), including the human
embryonic stem cells (hESCs) and the human induced
pluripotent stem cells (hiPSCs), are characterized by their
capacities of unlimited proliferation and differentiation into
all lineage cells. Therefore, the hPSCs hold great potential
for the treatment of various degenerative diseases. The
hESCs were initially derived from the preimplantation
blastocysts over twenty years ago (1). In contrast, it is until
recently reported that the hESCs could also be generated
through somatic cell nuclear transfer (SCNT) from adult
cells with low efficiency (2). The clinical application
of hESCs is implicated with several concerns, such as
the destruction of human embryos to generate hESCs
and allogeneic immune rejection of the hESCs derived
transplants. In contrast, the hiPSCs reprogramed from the
patient's somatic cells could bypass the challenges of the
hESCs and open the door for personalized regenerative
medicine. With the availability of the hESCs and hiPSCs,
efforts have been dedicated to developing in vitro strategies
to differentiate the hPSCs into mature and functional cells,
tissues, and even organs for regenerative treatments.

However, the advancement in obtaining functional
cells from hPSCs has been limited. To date, only retinal
cells (3) and nature killer cells (4) derived from hPSCs
showed function similarity to their iz vivo counterparts.
The maturation and function of other cell types from the
hPSCs, like hematopoietic stem/progenitor cells (5,6), liver
cells (7) and pancreas beta cells (8-10) were compromised.
The failure of in vitro protocols in generating mature
and functional cells from hPSCs suggesting that the
in vitro differentiation failed to fully recapture the in vivo
development. Thereby, a novel strategy to overcome this
issue is desirable.

Notably, pluripotent stem cells (PSCs) possess a privilege
called chimera formation. They could contribute to host
animal development after injection into preimplantation
embryos, making it possible to generate functional cells
from PSCs by chimera formation. This concept was proved
by a milestone work reported in 2010, which described the
functional rat pancreas generation in the PdxI gene knockout
mouse through blastocyst injection of rat PSCs (11).
This report highlighted a potential alternative to generate
mature and functional human cells in interspecies chimeras
through blastocyst complementation (Figure I). Yet, to
achieve this goal, at least three major challenges have to be
overcome: firstly, conventional hPSCs must be converted to
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possess the chimera competency; secondly, high efficiency
of the human-animal chimerism are required to robustly
generate human cells in chimera; thirdly, the discrepancy
regarding the developmental regulation network between
human and host animals must be eliminated to generate
certain types of mature and functional human derivatives in
the interspecies chimeras. In this review, we will focus on
the recent advances and challenges on the human-animal
interspecies chimerism via blastocyst complementation.
Other approaches to acquire interspecies chimeras at
the blastocyst stage, like aggregation of cleavage stage
embryos, will not be discussed here due to ethical concerns.
We present the following article in accordance with the
narrative review reporting checklist (available at https://
dx.doi.org/10.21037/sci-2020-074).

Blastocyst complementation

Blastocyst complementation was a method utilizing the
PSCs’ chimera capacity to generate donor-derived cells,
tissues, or organs by injecting the PSC into recipient
morulas/blastocysts with corresponding cell, tissue, or
organ development deficiency. This method was first
introduced using wild type (WT) mouse embryonic stem
cells (mESCs) to complement Rag2-deficient recipient
mouse blastocysts. Since the Rag2-deficient mice lacked the
T and B lymphocyte, these cells in the chimeras should be
exclusively derived from the WT mESCs (12). This assay
has been used to evaluate the lymphocyte potential of the
Gata2-deficient mESCs (13). Later, this method was used
to complement the Pdx! (14) and Fab (15)-deficient mouse
blastocysts with WT mESCs and mouse induced pluripotent
stem cells (miPSCs) respectively. The WT mESCs/
miPSCs contributed to the pancreas and liver development
in chimeras. A landmark report in 2010 by Hiromitsu
Nakauchi’s group proved the feasibility of generating xeno-
organ through blastocyst complementation. They used
rat PSCs as a donor to complement the PdxI-deficient
mouse blastocysts. As a result, the rat PSCs populated
the entire pancreas epithelium in the PdxI-deficient adult
mice, and the pancreas functionally maintained the serum
glucose levels in the chimera (11). Consistently, in a reverse
experiment, the mESCs also contribute to functional islet
in the PdxI-null rat host (16). In addition, the rat PSCs also
showed the capability to form thymus in nude mice through
blastocyst complementation (17). The success of rat-mouse
interspecies chimerism raised the possibility of generating
functional human cells in host animals. However, to fulfill
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Figure 1 Schematic representation of interspecies chimeras from human pluripotent stem cells via blastocyst complementation. In brief,

the hPSCs were injected into the host embryos to rescue their cell, tissue or organ developmental defects, such Pdx1”” mouse with pancreas

development failure. The survived Pdx1”" mice were supposed to harbor the hPSCs derived pancreases. hPSC, human pluripotent stem cell.

this goal, the conventional hPSCs must be converted to be
with chimera competency in blastocysts.

Cellular status of PSCs

Conventional hPSCs were considered to be in a primed
state. They resemble the mouse epiblast stem cells (EpiSCs)
regarding cultural requirements and transcriptional profile,
while the mESCs were in a naive state (18). The primed
and naive state represents two different pluripotent states
and harbors distinct development potential in chimera
formation. Indeed, the naive mESCs can integrate to the
preimplantation blastocysts and contribute to the three
germ layers during subsequent development. On the
contrary, the primed hPSCs and EpiSCs failed to integrate
into the blastocysts. However, they can integrate into
the postimplantation embryos(19,20). Due to chimera
formation in postimplantation embryos always involved the
sacrifice of host embryos. Hence, it is presumed that the
conventional primed hPSCs should be converted into naive
or naive-like states to endow them with chimera potential in
the blastocysts.

Many groups have reported attempts to convert the primed
to naive or naive like states of hPSCs. For instance, Gafni
et al. reported that primed hPSCs could be transformed into a
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“naive” state with chimera potential in mice (21). In addition,
Takashima et a/. (22) and Theunissen ez 4/. (23,24) established a
ground/naive state of hPSCs, respectively, which also showed
contribution of human cells in mouse morulas/blastocysts
or embryos. Plus, Wu et 4/. introduced a distinct naive like
state, enabling the chimera potential of hPSCs in pig but not
mouse (25). Besides, Yang et al converted the primed human
PSCs into extended PSCs (EPSCs), which also possessed
the potency to contribute to embryonic and extraembryonic
tissues in mice (26). Recently, Hu et al reported a naive state
of hPSCs with robust chimera formation as quantification
by the next-generation sequencing (NGS) of 185 rDNA in
the chimera (27). However, human cell contribution in the
interspecies chimeras is still relatively low in these reported
human-animal chimeras. These observations highlighted that
the naive state of hPSCs is not sufficient for efficient chimera
formation in the interspecific blastocysts. Hence, barriers in
interspecies chimerism of hPSCs must be fully illustrated.

Apoptosis is the initial barrier in interspecies
chimerism of hPSCs

In 2016, Masaki er 4l. reported that mouse EpiSCs injected
into blastocysts rapidly disappeared because of apoptosis,
and induced BCL2 expression enabled the mouse EpiSCs to
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survive in blastocysts and form chimeras (28). Remarkably,
they showed that apoptosis inhibition could also enable
primed rat EpiSCs to form interspecies chimeras in mouse
blastocysts, overriding barriers regarding developmental
stage and species (28). Wang ez 4/. further proved that upon
inhibition of apoptosis by BCL2 overexpression, hESCs
could also contribute to mouse embryos’ development (29).
In addition, we reported that overexpression of BMI1 in
hPSCs could also overcome the apoptosis and endowed
the hPSCs with interspecies chimerism in both mouse,
rabbit, and pig. More importantly, we demonstrated that
the anti-apoptosis ability is also a prerequisite for naive
hPSCs to form chimera. The naive hPSCs with high anti-
apoptosis competence possessed a high level of chimera
formation efficiency (30). Recently, cell competition has
been confirmed to be responsible to the apoptosis of primed
hPSCs in the chimera, and overcoming the competition
improved the survival and chimerism of human cells in early
mouse embryos (31). These observations suggested that
anti-apoptosis is a general property for cells that could form
interspecies chimeras.

In particular, Das er al. injected hiPSCs with BCL2
overexpression into the ETV2-null pig blastocysts with
endothelial deficiency and found that all endothelial cells
were of human origin in the chimera (32), demonstrating
that anti-apoptosis could enable the human tissue
generation in the chimera. Notably, the author found that
the number of chimeric embryos decreases over time after
injection of BCL2 overexpressed hiPSCs. In comparison,
the viable human cells in the embryos displayed a similar
proliferation rate to the porcine blastomere cells delivered
into the porcine parthenogenotes (32). These results
suggested that there might be other hurdles, such as growth
competition (33,34), responsible for the initial reduction
of human cell viability and decrease of human cell positive
chimeras, which eventually led to the inefficient interspecies
chimera formation of hPSCs.

Xenobarrier implicated with the developmental
niche discrepancy

Except for the hurdles discussed above, the developmental
niche discrepancy between human and animals should also
be noted. The rationale of interspecies chimerism is based
on the principle that the mammalian development is a
highly conserved process across species. Thereby, the host
niche, including stromal cells or signals, could support the
donor cells’ development. However, the successful reports
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on interspecific chimera have been limited in generating
rat pancreas and thymus in mouse and human endothelial
cells in pig embryos. Other cells, tissues, or organs like
T cells, hematopoietic stem cells (HSCs), or liver have
yet not been successfully generated in the interspecies
chimeras even the rat-mouse chimeras. As Isotani er al.
reported, rat ESCs could contribute to the thymus in nude
mice through blastocyst complementation, while rat T
cells could not be detected in the chimera. However, after
transplanting the rat thymus from the chimera into the
nude rat, T cells can be generated in the recipient (17).
These data suggested that the developmental niche in the
mouse embryos is not sufficient for the rat T cell or HSC
generation (17). Also, it is worth noting that the mESCs
efficiently contributed to endothelial and hematopoietic
cells in the mouse embryos with Flk-1 deficiency, and the
chimera could survive to adulthood; otherwise, the Flk-1-
null embryo died at E8.5-E9.5. While, the Flk-1 deficient
mouse embryos with rat ESCs contribution survived at
E9.5, but unable to survive to E13.5, which might be due
to immature vascularization of the rat derived endothelial
cells or incomplete contribution of donor cells to the AGM
region (35). Considering the human cells could proliferate
well after initial integration into the host environment (32),
the discrepancy of the developmental niche between
different species might be a major xenobarrier for the
successful generation of certain cell types in human-animal
interspecies chimerism from hPSCs.

Perspective: humanized hosts for interspecies
chimerism

There are unneglectable differences in the biological
systems between human and animals. For instance,
functional Toll-like receptor 10 (TLR10) is absent in
mice (36). Also, human leukemia inhibitory factor (LIF)
can activate mouse LIF receptor and be used for mESC
maintenance. In contrast, mouse LIF cannot bind to human
receptor, rendering mouse LIF inactive to human cells (37).
In addition, the interaction of IL.2 and IL2R across pig and
human was defective, as porcine IL2 did not effectively
induce human lymphocyte proliferation and human IL2
also had limited induction effect on porcine lymphocyte
proliferation (38).

Thereby, for efficient generation of interspecies
chimerism with hPSCs in animal embryos, it would be
desirable to construct the humanized hosts for the chimera
formation. The humanized hosts, like humanized mice,
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refer to the mice engrafted with human cells, tissues, or
transgenic mice expressing human genes. Indeed, the
humanized mice have been widely used to support human
cells in vivo. For example, to enhance long-term human
HSC engraftment, overexpression of membrane-bound
human stem cell factor (SCF) (39,40), and knockin of
human thrombopoietin (TPO) (41) have been applied in
mice. These approaches have increased the contribution of
human blood cells in the host mice. Furthermore, through
knockin of human M-CSF, IL3, GM-CSEF, and TPO into
their respective loci of immunodeficient Rag2” I/12rg™"
mouse, the humanized mice (MISTRG) develop functional
human innate immune cells, including monocytes/
macrophages and natural killer cell from engrafted human
HSCs (42). Recently, by injection human liver cell into
the Fah”™ MISTRG mice, Song et al. proved that the liver
humanized mice could enable the generation of circulating
human red blood cells from engrafted human HSCs (43).

These reports highlighted not only the discrepancy
between human and animal development regulation
program, but also the significance of humanized animal
in supporting human cell differentiation/development
in host animals. Thus, it would be necessary to generate
interspecies chimeras in humanized animals. To this end,
firstly genes crucial for human cell development, but
inactive or absent in the hosts must be fully illustrated.
Then, the human genes should be transferred into their host
loci through gene knockin or overexpression to support the
human cell, tissue, or organ development. We believe that it
will benefit human cell development and maturation in the
interspecies chimeras through constructing the humanized
hosts.

Conclusions

In this review, we summarized the advances and several
hurdles in interspecies chimerism. As discussed, apoptosis
is the first obstacle of hPSCs in interspecies chimerism,
which could be a result of cell competition (31). The anti-
apoptosis ability is crucial for the chimera potential of
both primed and naive hPSCs (30). Besides, other hurdles,
such as growth competition might be responsible for the
inefficient interspecies chimerism of hPSCs even with
anti-apoptosis ability (33,34). In addition, another major
hurdle of the human-animal interspecies chimerism is the
developmental niche discrepancy between human and
host animals; thereby humanized animals could be an ideal
model to harvest specific human cells, tissues, or organs in
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the chimera such as HSCs, liver.

Also, the interspecies chimerism is still facing several
other challenges as reviewed elsewhere (44-46), such as (I)
high level of xenogenic cells in the chimera led to higher risk
of abortion and malformation (16), though it is currently
not observed in human animal chimeras; (II) lymphoid
infiltration in the donor derived tissues in the chimera
similar to the autoimmune diseases (16), calling for the use of
immunodeficient host animals; (III) contribution of human
cells to the germ cells or neural system, which might be
overcome by deletion of critical genes involved in the germ
cell or neural system development in the hPSCs (45); and (IV)
host virus infection to the donor derived tissues, yet the virus
genes can also be inactivated by gene editing (47).

Nevertheless, interspecies chimerism provided a
promising method to generate functional cells, tissues, or
even organs with three-dimensional structures from hPSCs.
Thus, it could be possible to overcome donor shortages and
treat patients on the waiting list for transplantation with
degenerative diseases. Moreover, the interspecies chimerism
could also be valuable to other research, such as stem cell fate
determination, developmental biology, and disease modeling
and drug screening. Therefore, the interspecies chimerism
via blastocyst complementation should be significantly
enhanced and would be beneficial to human society.
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