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Introduction

As an established and practical treatment option for patients 
with end-stage organ dysfunction, organ transplantation is 
standard of care to replace liver, kidney, pancreas, heart, and 
lung. However, several barriers exist and can still impede 
the success of organ transplantation. Organ supply from 
both deceased and living donors is unable to address the 
increasing demand both within the United States and around 
the world. Although the success of immunosuppression for 
transplantation has advanced significantly, the available 
therapies are not always sufficient to prevent graft rejec-
tion1. The field of regenerative medicine has begun explor-
ing the possibility of new technologies such as stem cells 
and tissue engineering to repair damaged organs and restore 
cellular function. Regenerative medicine now has the poten-
tial to provide transplantation of tissues and organs that is 
free of the requirements for immunosuppression and to cre-
ate an unlimited source of organs2. The clinical relevance 
and application of generating autologous, on-demand organs 
to combat these major barriers of supply-demand and immu-
noreactivity would be enormous.

Intraspecies and interspecies chimeras are useful tools 
with the potential for clinical implementation due to their 

broad and basic translational applications. Chimeras contain 
cell types with two or more distinct genetic lineages used to 
study cell potency, signaling pathways, cell-to-cell commu-
nication, production of exogenic organs, and the generalized 
early development of animals and humans. Chimeric models 
make the engineering of exogenic organs possible by taking 
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advantage of stem cell technologies and the process of blas-
tocyst complementation as a creative tool. The technology of 
blastocyst complementation allows us to generate organs via 
the injection of normal pluripotent stem cells (PSCs) into a 
dysorganogenetic embryo3. The absent organ is produced by 
the exogenous cells and maintained and grown by the host 
embryo. This approach allows for exogenic organs of one 
species to be created within the body of another species as a 
biological incubator.

In the last decade, PSC-derived organs have been at the 
forefront of chimeric studies. By exploiting genetically engi-
neered developmental niches, these studies demonstrated the 
ability to generate both mouse and rat pancreases in Pdx1−/− 
mouse blastocysts4. The goal in exogenic organ development 
is to have adequate contribution of the injected PSCs into the 
preimplantation blastocyst or postimplantation embryos4–6 
(Fig. 1). The ability to form exogenic organs in intraspecies 
PSC-derived tissues is far more efficient compared with inter-
species PSC-derived organs, which incorporate barriers to 
impede chimera formation. These barriers include (1) evolu-
tionary distance between species; (2) stage-matching for tem-
poral and spatial synchronization of developmental timing; 

(3) cell competition and the survival of PSCs and embryos; 
(4) compatibility of ligand–receptor signaling between spe-
cies; and (5) the ethical concerns of creating such models. 
Successfully overcoming interspecies barriers allows the 
field to better utilize the chimeric animal model and technol-
ogy to produce organs and tissues for transplantation.

Evolutionary Distance

Understanding evolutionary distance between species pro-
vides insights into molecular and cellular mechanisms that 
are critical to the formation of interspecies chimeras for exo-
genic organ development. Orthologous genes conserve 
molecular and cellular mechanisms associated with tissues, 
diseases, and aging between species, suggesting that compa-
rable genes in different species encode for similar functions 
that drive development7. Orthologous genes evolved from a 
common ancestry but developed separately in individual 
species. While they preserve the overall outcome of a given 
protein, the mechanisms involved in their synthesis and/or 
function can vary significantly. Thus, there are differences in 
the gene and protein operating mechanisms between species 

Figure 1. Generation of interspecies chimeras and organs. (A) Using blastocyst complementation, donor stem cells (yellow) from 
one species are injected into a host blastocyst. The donor stem cells contribute more robustly to host animals, often leading to 
systemic contribution, represented by the donor cells found throughout the host animal. (B) Injection of donor stem cells (yellow) into 
postimplantation embryos results in more limited, localized contribution to the host animal, represented by the donor stem cells in a 
single organ. WT: wild type; KO: knockout.



Strell et al 3

that may contribute to inefficient chimera formation. Given 
the increased conservation among certain genes, one would 
predict a successful outcome in interspecies chimera forma-
tion within these developmental niches. However, despite 
the high levels of conservation of these cellular and molecu-
lar mechanisms, interspecies chimera formation remains a 
challenging outcome. Additional issues that must be consid-
ered in the deconstruction of the interspecies barriers to evo-
lutionary distance include time divergence estimates and 
genomic and epigenomic factors.

Due to an ever-increasing amount of molecular data and 
fossil records, databases have been developed to make infor-
mation readily accessible to the scientific community. 
TimeTree is an example of a database that acts as a resource 
for collecting information related to time of divergence, rates 
of change, and consensus among studies8. According to the 
TimeTree database, molecular time estimates from 75 differ-
ent studies comparing rodents with humans produced an 
average estimated divergence time of 90 million years 
ago9,10. Rat and mouse estimated time of divergence from 84 
studies is 20.9 million years9. Estimating divergence between 
species can be difficult using molecular methods and fossil 
records due to varying rates of species evolution. Some pro-
tein sequence studies utilize modeling that takes advantage 
of large data sets to determine the estimated divergence 
between species. The estimated time of divergence for the 
various species provides insight into the evolutionary dis-
tinctions that make each species unique. Most notably, it also 
addresses the complexity of creating interspecies chimeras. 
The genomic variations between species observed from pre-
vious studies further complicate the formation of interspe-
cies chimeras due to the operational variances of molecular 
and cellular mechanisms for a specific animal. Rats and mice 
are far more similar than humans and rodents, observed by 
the roughly 70-million-year time gap between rat-mouse 
time divergence compared with that of human-rodent. These 
genomic differences are even further entangled and compli-
cated by the myriad of variations in the epigenome.

Epigenomic modifications create an additional layer of 
information that is available for understanding the evolu-
tionary genomic distance between species. Comparative 
epigenomic exploration is in its infancy, and many of the 
effects of those modifications are unknown11,12. These epi-
modifications comprise a number of chemical changes 
affecting an array of functions and regulatory mechanisms 
within the cell11,13. Additional studies indicate the impor-
tance of epigenomes in regulating early vertebrate devel-
opment. Because epigenetic modifications affect most 
DNA-dependent processes, they have the potential to mark 
genes for transcriptional activity or repression in a cell-
specific fashion, leading to distinct cell fate(s)13. The gene 
regulatory networks epigenetically constrain or overcome 
those that are creating species change. The epigenome 
modifications early in development remain potentially crit-
ical factors that must be considered for ensuring successful 

chimera formation. Epigenetic modifications contribute to 
the complexity of evolutionary distance and the develop-
ment of interspecies chimeras. Fewer than 37% of the 
tissue- specific epigenetic marks observed are conserved 
between human and mouse12. However, in recent years, the 
possibility to reprogram somatic cells to a pluripotent state 
has become a reality. Most notably, that seminal discovery 
demonstrates the ability to defy the epigenetic barriers by 
ectopically expressing pluripotency regulators that are nor-
mally expressed in both DNA and histone methylation14–16. 
Breaking through the epigenetic barrier by reprogramming 
somatic cells now makes it possible to alter the epigenome, 
thereby improving the formation and efficiency of interspe-
cies chimeras. Based on the differences observed between 
species’ genomes and epigenomes, the next step becomes 
management and matching of these developmental changes 
between species.

Matched Developmental Timing 
Through Temporal and Spatial 
Synchronization

Early embryonic developmental timelines are different 
among species. For example, a human’s developmental time 
will be much longer than that of a rodent. The ability to match 
or manipulate these timelines could potentially increase lev-
els of chimeric competency. The concept of stage-matching 
developmental timelines for multiple species demonstrates 
the ability to align both temporally and spatially for synchro-
nization of species development. Temporal and spatial align-
ment of cellular and molecular mechanisms between species 
via stage-matching potentially allows for the correct develop-
mental cues in the host embryo to trigger the appropriate 
response in the donor cells. The genome, transcriptome, and 
proteome data available for species-specific cell lines and 
embryos provide invaluable genetic information that is 
involved in early embryonic development.

Transcriptome data of human and mouse embryogenesis 
demonstrate the preservation of transcriptional changes in 
stage-specific time points. Many of the gene networks are 
highly conserved in maintaining and expressing the transcrip-
tional architecture that is needed for development. Further 
interrogation with gene ontology analyses indicates that 
stage-specific time points between mouse and human have 
many functional similarities. The core transcriptional compo-
nents are shared among early embryogenesis between humans 
and mice. However, a divergence in the species’ stage-spec-
ificity and timing occurs, which is likely influenced by spe-
cies-specific differences in human and mouse gestational 
periods. Transcription factor expression in these species 
establishes initial cell fates in early embryogenesis via mech-
anisms such as autoregulation, reciprocal feedback loops, and 
lineage-specific transcription factors17,18. In addition, tran-
scriptome data obtained from single-cell RNA sequencing 
(scRNA-seq) provide further information into the sequence, 
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that is, temporal and spatial expression of genes activated and 
genetically programmed in early embryogenesis19–21.

Multiple studies have analyzed scRNA-seq data of 
embryos at different developmental stages and across multi-
ple species for in silico stage-matching in interspecies chi-
merism and blastocyst complementation. In addition to 
embryos, scRNA-seq data of different embryonic stem cell 
(ESC) and induced pluripotent stem cell (iPSC) lines have 
also been used for interspecies stage-matching. The over-
arching hypothesis behind these in silico studies is that the 
higher the similarity in transcriptomes between any two 
developmental stages, the greater the probability of generat-
ing efficient chimera. Using the in silico approach, numerous 
studies have stage-matched different combinations of human, 
nonhuman primate, mouse, and pig early embryos. For 
example, the human inner cell mass (ICM) is best matched 
with the marmoset ICM and the pig late blastocyst stage 
embryos22,23. These in silico stage-matching results agree 
with the successful in vivo and ex vivo interspecies chime-
rism and blastocyst complementation studies published to 
date6,24,25. Further analysis of the scRNA-seq datasets using 
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) provides insight into the genes and 
developmental pathways that are similar as well as distinct 
between different species. These insights can be used to 
modulate the genes in the grafted cells or the host embryos to 
increase the efficiency of chimerism.

In addition to in silico stage-matching methods, tech-
niques to relate the temporal development between the spe-
cies of the grafted cells and host embryos are also being 
explored. Early embryos develop at different rates across 
different species, providing an opportunity for aligning 
important timepoints of embryo development between spe-
cies. For example, the early embryo undergoes implanta-
tion around embryonic day 5 in the mouse and around 
embryonic day 8 in human. Previous studies have explored 
the causes for interspecies differences in the oscillation 
speed of the segmentation clock. These studies have shown 
that although the genes are conserved across different spe-
cies, specific biochemical factors, translational rates, and 
protein degradation rates account for the observed differ-
ences26. Decreasing the temporal development of the mouse 
to match that of the human or other grafted cells’ species 
could ensure that those cells develop at the same rate as in 
the host embryo and increase the efficiency of chimerism. 
Altering the temporal and spatial development in the donor 
cells or host embryo may play a critical role in interspecies 
chimera formation. Gene activation and gene repression 
may provide tools to achieve the temporal development 
alignment, and location of key gene networks may supply 
information on spatial alignment required during interspe-
cies embryogenesis.

Further comparisons between host embryos and donor 
iPSCs or ESCs have revealed that PSC lines more closely 
match with certain embryonic stages. This is observed in the 

naïve or primed state of the donor stem cells. Naïve human 
stem cells resemble preimplantation human day 6 blastocysts 
and primed human iPSCs resemble postimplantation human 
day 10 epiblasts. An additional stem cell line was determined 
to be closer to day 8 epiblasts, making it an intermediate 
stage stem cell27. Comparisons among mice and human cells 
demonstrated that human pluripotent stem cells more closely 
resembled mouse epiblast-derived stem cells from the early 
postimplantation stage of development28,29. The naïve, 
primed, or intermediate states of human stem cells matched 
with the host embryo cells at the appropriate time may form 
more successful chimeras (Fig. 2). However, when trying to 
create interspecies chimeras, the state of both species must 
be considered. Mouse ESCs derived from murine embryo 
cultures were found to be in the naïve ground state30. The 
naïve ground state of the mouse should be matched with the 
naïve state in human stem cells to match the developmental 
cues between the species. The differences observed between 
various species stem cell states represent the incongruencies 
of activated and repressed gene networks at a given time in 
each species. In addition, cell cultures are maintained at the 
same status of pluripotency, while a species embryogenesis 
is dynamic. The ability to stage-match and continue to meet 
the needs of the host’s embryonic environment and donor 
stem cells is crucial for synchronization.

Interspecies Ligand–Receptor 
Interactions

The embryonic environment of an interspecies chimera is 
further complicated by associated ligand–receptor interac-
tions. Ligands and receptors co-evolved with one another  
in different species, which improved the binding affinity 
and specificity of these interactions31. The co-evolution of 
ligands and receptors in different species is called parallel 
evolution, in which binding affinity and specificity are main-
tained in divergent species32. Due to the co-evolution of 
species-specific ligands and receptors, the ligand–receptor 
incompatibilities between species may, in part, be responsi-
ble for the observed low-level chimeric competency. To bet-
ter understand interspecies ligand and receptor interactions, 
recent studies compared host embryos and chimeric embryos 
to determine the potential for cellular interactions between 
species in a chimera33,34. A greater number of ligand–recep-
tor interactions were found in chimeric embryos than in the 
control embryos35. The interactions between different cell 
types among varying species in embryological development 
have shown cellular interactions to be more robust between 
some species compared with others. A previous study 
reported the amount of ligand–receptor interactions for 
humans, monkeys, and pigs; these interactions were 89, 98, 
and 7, respectively. The epiblasts in monkeys and humans 
shared more human–ligand pairings (eg, fibroblast growth 
factor-2 and fibroblast growth receptor-3) than those shared 
by pigs and humans (eg, nerve growth factor receptor and 
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brain-derived neurotrophic factor)27. By analyzing these 
cell–cell interactions with KEGG and GO, specific signaling 
pathways highlight the differences observed in chimeras and 
control embryos27,35. The ligand–receptor interactions and 
pathways derived from these studies can now be considered 
as future pathways to target for improving chimeric compe-
tency (Fig. 3). Humanizing pathways in the host embryo 
had the potential for narrowing the divergence previously 
observed between species and their ligand–receptor pairs.

Another example of humanization of ligand–receptor 
interactions to enhance chimera competency is the generation 
of the human immune system in mice. A mouse model that 
demonstrates the compatibility to humanize ligand–receptor 
interactions is the MISTRG mouse, with knock-in human 
cytokine genes in place of their mouse gene counterparts36. 
MISTRG mice are genetically altered to express human 
genes for M-CSF, IL-3, SIRP alpha, thrombopoietin, and 
human GM-CSF (MISTRG), which function to increase the 
tolerance of the mouse phagocytes and deter them from 
engulfing grafted human cells (Fig. 4)37,38. By targeting 
homologous cytokine genes in the mouse, this ensures loca-
tion and functional specificity of the human cytokines. The 
MISTRG mouse model allows for the induction and mainte-
nance of human hematopoiesis, and further supports the 
development of human innate immune cells. The human 

cells exist within the mouse without provoking an immune 
response. The concept of humanized ligand–receptor inter-
actions provides a nuanced approach to improving chimera 
competency through the humanization of key embryo devel-
opmental time points. The humanized ligand–receptor inter-
actions have the potential to influence the early cell lineages, 
which may allow for better temporal and spatial synchroni-
zation of donor stem cells in a host embryo. In addition, the 
immune system of the host embryo would theoretically be 
humanized at an early stage of development and therefore 
more accepting of the donor stem cells.

Anti-apoptotic Cells/Enhancing Survival 
of Cells and Embryo

Recent successes in interspecies chimera formation have 
been hindered by the low chimeric competency that may be 
driven by death of donor stem cells or the host embryo39–41. 
The studies by Zheng et al.40 examined interspecies cell com-
petition between a variety of paired combinations in tissue 
culture aggregates. They observed that cells of distantly 
related species exhibited robust competition leading to the 
survival of cells from the “winning” species and the apop-
totic death of cells from the “losing” species. Anti-apoptotic 
compounds can combat this perceived barrier by interfering 

Figure 2. The naïve state of pluripotent stem cells aligns with the best match embryonic stage of development. Mice and human 
morphologic development are similar through the blastocyst stage, with human development being slower than that of mouse. The naïve 
stem cells and primed stem cells most resemble the preimplantation blastocyst and postimplantation blastocyst, respectively, for the 
different species. Human intermediate stem cells fall between the preimplantation and postimplantation blastocyst stage of development.
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with cell death. Anti-apoptotic activity necessary for chimera 
formation increases the levels of integration and survival of 
chimeras by improving the survival rate of donor stem cells 
and host embryos, especially in interspecies chimeras. Anti-
apoptotic expression of genes and proteins or other nonpro-
tein compounds increases cell survival or decreases apoptosis 
in the cells of interest.

Anti-apoptotic compounds target mechanisms and func-
tions of cells to prevent or delay cell death. Under normal 
conditions, anti-apoptotic proteins are modulated throughout 
development, and downregulation allows for apoptosis and 
directs cells toward specific lineages. Some anti-apoptotic 
proteins identified in interspecies chimera embryos include 
BCL-2, BCL-XL, MCL1, and BCL-W42,43. In fact, the BCL 
family demonstrates anti-apoptotic activities through a vari-
ety of different mechanisms41,43. The overexpression of 
BCL-2 has been studied by several groups, and only varying 

levels of success were achieved in generating chimeras from 
different donor cell types. BCL-2 overexpression induced 
Sox17+ endoderm precursor cells to integrate into embryos 
after blastocyst complementation and formed interspecies 
chimeras that survived to adulthood41. The overexpression of 
BCL-2 in neural crest cells also formed chimeras with func-
tionally integrated blastocysts. However, these findings were 
complicated by BCL-2 overexpression delaying differentia-
tion of the ESCs into neural crest cells. Overexpression of 
BCL-2 in primary neural crest cells injected into blastocysts 
failed to produce donor cell contributions in embryos44. 
These studies suggested that the anti-apoptotic activity relies 
on the different cell types, the anti-apoptotic protein expres-
sion levels within the cells, and the timing of injection. 
Ultimately, the anti-apoptotic compounds influence chimera 
formation through several different mechanisms. It is not 
quite as simple as only extending the survival of donor stem 

Figure 3. Compatibility of ligands and receptors may influence the formation of interspecies chimeras. Ligand–receptor pairs found 
within a developing embryo participate in signaling pathways involved in embryogenesis. These ligand–receptor pairs cue subsequent 
steps of development to occur in an embryo. The same logic can apply to successful chimeric embryo development. (A) Injected donor 
stem cells (yellow cells) and host cells (blue, purple, and pink cells) may have similar or different ligand–receptor pairs that can influence 
the success of chimeras formed through blastocyst complementation. Chimera competency will likely increase when the ligand (brown 
circle) and receptor (blue shape attached to the purple cell) from two different species are compatible with one another. In contrast, 
incompatibility will likely prevent the formation of interspecies chimeras. (B) In addition, the cell–cell interactions between different 
species and tissues are currently being explored to better understand the compatibility of ligands and receptors, which are involved in 
the formation of interspecies chimera. The Venn diagram depicts human, rodent, and pig cell–cell relationships. The question marks 
allude to the unknown ligand–receptor pairs that may be crucial for development in chimeric animals. The species may have similarities 
or differences in these ligand–receptor pairs that may provide insight into interspecies chimera formation.
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cells or the embryo through anti-apoptotic compounds. Even 
in in vitro cultures of pancreatic progenitor cells derived 
from human PSCs, the levels of expression of BCL-XL 
become upregulated when apoptosis requires prevention43. 
Those studies demonstrated that the anti-apoptotic activity 
occurs in PSCs that are used in creating chimeras. Anti-
apoptotic activity contributed to the role of cell competition 
observed when generating chimeras, suggesting a type of 
survival of the fittest40. The role of gene expression in regu-
lating cell death in chimeras demonstrated one important 
anti-apoptotic activity to consider in developing chimera 
competency and efficiency. In addition to the importance  
of genes, the embryonic environment during development 
remains a crucial factor to consider, and this includes the 
stress of embryonic development.

Ethical Concerns

The production of interspecies chimeras has been an instru-
mental animal model in the pursuit of one day achieving exo-
genic organs for transplantation. However, the use of these 
models to treat a myriad of human disease presents chal-
lenges, not the least of which are ethical in nature. Chimeras 
derived from blastocyst complementation have organs that 
develop from both the host embryo and donor stem cells, and 

the long-term goal of developing autologous human organs 
within a different species is to then transplant them into the 
human host. The concern of crossing the species boundaries 
between humans and animals may encounter public resis-
tance, as the thought of mixing human and animal genes or 
cells is potentially worrisome45,46. In addition, laws and regu-
lations within various countries regulate the production of 
interspecies chimeras in research. In fact, some forms of 
interspecies chimeras are actually illegal in some countries, 
such as human interspecies chimeras45,47.

The introduction of human cells and genome into animals 
drives two major ethical concerns that focus primarily on 
brain chimerism and gamete production. No doubt, there 
may be a risk of potentially “humanizing” animals created 
from the integration of human PSCs into an animal’s blasto-
cyst stage. There is a palpable concern for producing human-
like “consciousness” or “sentience” in the brain of the host 
animal or contributing to its reproductive system leading to 
hybrid embryos48. Methods to mitigate the risk of humaniz-
ing the host brain include using pluripotent stem cells that 
are either unable to differentiate into neural cells or undergo 
a type of programmed cell death referred to as “targeted 
organ generation”45,48. However, a recent report by Crane 
et al.49, on the transplantation of neurological chimeras  
with human progenitor cells, suggests that the resulting 

Figure 4. Generation of MISTRG mice requires the knocking in of human cytokine genes. When knocked in and expressed, human 
M-CSF, IL-3, SIRP alpha, TPO, and human GM-CSF provide the appropriate microenvironment for human hematopoietic cells to 
successfully engraft into the mouse. By so doing, this prevents the engulfment of the human cells by phagocytes in the mouse. MISTRG: 
M-CSF, IL-3, SIRP alpha, thrombopoietin, and human GM-CSF; M-CSF: macrophage colony-stimulating factor; IL-3: interleukin 3; SIRP: 
signal regulatory protein α; TPO: thrombopoietin; KO: knockout.
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differentiated human neuronal cells were able to modulate 
the brain connectome of the recipient species. However, and 
most importantly, no humanized behaviors emerged from 
the integration of these human neuronal cells with the neural 
network of the host brain.

It is important to note that interspecies offspring develop-
ment via gamete transmission is low due to the strong inter-
species reproductive barriers that are in place. This problem 
can be ceded by the sterilization of these organ donating 
animals or by using a similar notion proposed for the inte-
gration into the brain in which the human PSCs are modified 
not to differentiate into gametes or undergo apoptosis if  
differentiation occurs45. Despite these concerns regarding 
the potential contribution of human cells to the brain and 
reproductive organs of host chimeras, the attitudes of both 
the Japanese50 and American51 publics were positive toward 
interspecies chimera research to generate organs for trans-
plantation. The technology is literally at the forefront of 
personalized medicine.

Conclusion

Developing interspecies chimeras is a crucial step toward the 
progress and application of autologous organ transplanta-
tions, and a more accessible interspecies chimeric model to 
begin with is that of human and mouse. With many inter-
species chimeric models, there are current challenges and 
questions that complicate the ability to produce interspecies 
chimeras with high efficiency and efficacy. By increasing 
our understanding of these barriers, the potential to mitigate 
and strategize ways to overcome the human–animal barriers 
and obtain successful interspecies chimeras is attainable.  
As interspecies chimera research continues to advance, the 
scientific questions, ethical concerns, and public percep-
tions must be routinely and continually considered in the 
development of this new and cutting-edge technology for 
developing organs.
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