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Review

Introduction

Human–Animal Chimeras for Regenerative 
Medicine

Since the first successful kidney transplantation in 19541, 
and the first human heart transplant in 19672, the idea of 
transferring organs to save lives has been a scientific and 
humanitarian breakthrough1. Physicians now routinely trans-
plant kidneys, livers, hearts, lungs, pancreas, and other 
organs from living or recently deceased donors. But despite 
these medical breakthroughs on transplantation, the supply 
of viable organs is still far below demand. In 2021, the wait-
ing list for kidneys was three times greater than the number 
of kidney transplants actually performed3. The organs most 
sought for transplant are the kidney, liver, heart, lungs, pan-
creas, and intestines, and of the approximately 75,000 people 
on the active waiting list for an organ4, 17 will die each day 
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Abstract
Organ transplantation is a highly utilized treatment for many medical conditions, yet the number of patients waiting for 
organs far exceeds the number available. The challenges and limitations currently associated with organ transplantation and 
technological advances in gene editing techniques have led scientists to pursue alternate solutions to the donor organ shortage. 
Growing human organs in animals and harvesting those organs for transplantation into humans is one such solution. These 
chimeric animals usually have certain genes necessary for a specific organ’s development inhibited at an early developmental 
stage, followed by the addition of cultured pluripotent human cells to fill that developmental niche. The result is a chimeric 
animal that contains human organs which are available for transplant into a patient, circumventing some of the limitations 
currently involved in donor organ transplantation. In this review, we will discuss both the current scientific and legal landscape 
of human–animal chimera (HAC) research. We present an overview of the technological advances that allow for the creation 
of HACs, the patents that currently exist on these methods, as well as current public attitude and understanding that can 
influence HAC research policy. We complement our scientific and public attitude discussion with a regulatory overview of 
chimera research at both the national and state level, while also contrasting current U.S. legislation with regulations in other 
countries. Overall, we provide a comprehensive analysis of the legal and scientific barriers to conducting research on HACs 
for the generation of transplantable human organs, as well as provide recommendations for the future.
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without receiving a transplant5. Although doctors try to 
ensure the health of the organs donated, by necessity many 
are donated after a trauma occurs, or by older individuals. 
Organs from deceased donors make up over half of all organs 
transplanted4,6, and over half of those donors were over the 
age of 50 years, implying their organs are aged as well7. As 
the U.S. population increases and lives longer, organ demand 
will likely increase, while the organ supply will likely 
decrease as advances in vehicle safety and improved medical 
interventions result in fewer deceased donors8.

If an organ becomes available for transplant, recipient 
accessibility is currently limited by geographical proximity 
and travel efficiency since some organs only remain viable 
outside of the body for a few hours. In addition, the issue of 
organ rejection and the dangers of immunosuppression for 

patients remain9. The number of available organs can also be 
impacted by current events, as demonstrated when the 
COVID-19 pandemic initially caused donations to plunge, 
costing people on the waitlist their lives5. Technological 
improvements in the fields of genetics and immunology are 
advancing solutions to the organ shortage problem that 
address some of the current system’s major disadvantages. 
The creation of exogenic human organs in human–animal 
chimeras (HACs) is one such approach (Figure 1).

Chimeras are organisms composed of at least two geneti-
cally distinct populations of cells, such as a dog and a wolf, 
or a cat and a human. A type of chimerism called mosaicism 
or micro-chimerism happens when genetically distinct cells 
are present in a single organism, as sometimes happens when 
cells from a human fetus transmigrate from the placenta and 

Figure 1. Generating exogenic human organs in interspecies chimeras using blastocyst complementation. Human cells (teal) are added 
to gene-edited porcine (purple) blastocysts. The porcine cells are genetically modified to be incapable of specific organogenesis (eg, 
liver) by single or multiple gene manipulation. The human pluripotent cells can integrate into the modified porcine blastocyst to form 
the missing organ. The blastocyst is then implanted into a surrogate and allowed to grow normally. The organ produced in the chimeric 
animal can then be used for transplantation into the human cell donor.
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incorporate into the mother10. The distinct cell population 
can be small or large, scattered throughout the organism, or 
concentrated in a particular location or niche11. Chimerism is 
a natural phenomenon since it happens in human pregnan-
cies between mothers and their fetus, as well as occasionally 
between developing fraternal twins.

Chimeras developed for human organ production can be 
created in various ways, including blastocyst complementa-
tion and xenotransplantation, but they are not the result of 
sexual reproduction12 (such as a mule). A neural chimera 
refers to a chimera in which some cells from an independent 
source become part of the central nervous system, meaning 
the brain or the spinal cord. The concerns about creating neu-
ral chimeras echo the concerns about chimera creation in 
general—crossing species boundaries through reproduction, 
playing God, human uniqueness, the violation of natural 
laws—but also give rise to more nuanced and complex 
issues. Since the brain contributes to intelligence, emotion, 
memory, and learning, all traits that are frequently associated 
with humans as a category, the integration of human and 
nonhuman cells in the central nervous system leads us to ask 
questions about the nature of human consciousness and intel-
ligence and the reasons that humans receive special consid-
erations over other species.

Chimeras have the potential to address several problems 
in the field of clinical research. First, they are important for 
modeling human development and disease. Neural chimeras, 
in particular, would enable researchers to model traditionally 
high-risk or protected populations, including young develop-
ing brains or brains with neurological disorders, without risk 
to those populations. Creation of chimeric models would 
also avoid most consent issues involved with vulnerable 
populations, such as children and people with cognitive 
impairments13.

Second, animal models are imperfect predictors of what 
therapies are efficacious in humans, especially when study-
ing diseases unique to humans14. Even when using nonhu-
man primates, long considered the gold standard of animal 
models, human vaccines tested in our closest genetic rela-
tive, the chimpanzee, failed 90% of the time15. Therefore, 
being able to create a human organ in an animal would be 
invaluable for drug testing and disease modeling. Currently, 
we are unable to keep large lab-grown organs and organoids 
alive outside of a body for more than a few days16. Creating 
humanized tissues and organs in animals would enable scien-
tists to test possible therapies in a system much closer to that 
of a human for much longer durations than currently avail-
able in vitro, therefore potentially increasing predicative 
validity. Chimeras would also be useful for device testing 
because many medical devices cannot be made small enough 
to test on a mouse without major redesigning. However, pig 
organs are similar in size to human organs, and producing a 
human organ in a pig could be a way of testing new devices 
on human-sized organs17.

Third, chimeras could help with the organ scarcity prob-
lem as well as provide a source of cells for cellular transplan-
tation. Animals like pigs develop faster than humans, so it 
would be possible to grow organs in a single year, which is a 
shorter time than most people spend on the transplant list18. 
Autologous transplants are better clinically because less 
immunosuppression is needed to prevent rejection of the 
transplanted tissue. The transplantable organ can be pro-
duced from cells from the recipient themself through induced 
pluripotent stem cell (iPSC) production19. Immunological 
chimeras could enable the patient’s own cells to be grown in 
an animal to create immune cells. Further, under the National 
Organ Transplant Act (NOTA; Pub.L. 98–50720), “[o]rgan 
donor means a human being who is the source of an organ for 
transplantation into another human being.” If the organ donor 
was a chimeric animal, it would not fall under the auspices of 
NOTA and the normal consent requirements would not be a 
barrier. Alternatively, the patient who donated the cells to 
generate their own tissue grown in the animal could be con-
sidered the donor; either way avoids issues of consent. 
HACs, once thought a myth and an impossibility, have huge 
potential to address problems in medicine and are now 
squarely within the capabilities of modern science as a result 
of technological advances.

Technological Developments

The generation of exogenic organs using blastocyst comple-
mentation requires targeted knockout of gene(s) that are criti-
cal for the development of specific organs/cells. Several 
technological advances for the deletion of genes have recently 
been developed and have been shown to facilitate the genera-
tion of exogenic organs in chimeras. These genome engineer-
ing technologies include transcription activator-like effector 
nucleases (TALENs) and clustered regularly interspaced short 
palindromic repeats (CRISPR) for gene editing. TALENs uses 
TALE proteins that bind to specifically targeted regions of 
DNA, and a nuclease that cuts the DNA strand at the targeted 
location. In addition, nuclear localization signals can enable 
TALE proteins to access and bind specific DNA sequences to 
specifically edit portions of the genome21. While this tech-
nique has been essential to the process of gene editing for suc-
cessful DNA sequence recognition and allowing target 
specificity, TALENs have drawbacks that make CRISPR a 
more useful gene editing tool. TALENs can easily target spe-
cific sequences; however, they are known to be much greater 
in size, which makes it more difficult for TALENs to reach and 
enter the cells that are being targeted22.

CRISPR also has the advantage of being highly accurate, 
which has resulted in its increased utilization in the chimera 
creation process. CRISPR involves the use of customized 
single-guide RNA (sgRNA); the endonuclease Cas-9; and 
insertion, deletion, or modification of DNA using homolo-
gous DNA Repair (HDR)23 (Figure 2). Off-target binding is 
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very uncommon with CRISPR even when compared with 
TALENs, minimizing extraneous genome alterations beyond 
the intended sequence targeted. CRISPR/Cas9 is commonly 
used in research settings to knock out genes within develop-
ing embryos, creating a vacated niche which IPS cells can 
integrate and occupy. This is the basic setup for most blasto-
cyst complementation experiments.

Intraspecies and Interspecies Chimeras

The chimera of Greek mythology features a creature with the 
head of a lion, the body and additional head of a goat, and the 
tail of a snake, but while interspecies chimeras where there is 
a fusion of zygotes of different lineages within a single 
embryo (Figure 3) are possible, that exact combination 
remains unlikely24. There are limits to what species can sexu-
ally reproduce to create chimeras. The science on this topic 
is well established: Human germ cells would not be able to 
integrate and produce a viable embryo in any organism other 
than a human germ cell. Discussion of the chances of a 
human sperm or egg combining with a mouse sperm or egg 
cell is moot because they will not combine and form a viable 
embryo. There are specific instances where the risk of germ-
line contribution would be of crucial importance, specifically, 

any chimera studies that would attempt to combine human 
and nonhuman primate cells. The more similar the species 
are in genetic lineage, size, and developmental progression, 
the more likely it is that a chimera can be created25, and the 
more careful scientists need to be of off-target effects. 
Several mammalian intraspecies and interspecies chimeras 
have already been generated in laboratory settings, as shown 
in Tables 1 and 2.

The public reaction to HACs has been varied. Some see 
them as a mark of scientific advancement and an opportunity 
to cure human disease59. Others see chimeras as a stain on 
nature and a violation of the dignity of humans and animals 
alike60. The regulation of chimeras reflects this lack of con-
sensus and overall misunderstanding of the technologic 
capability. Society now must react to and regulate something 
most people were skeptical could ever exist, with limited 
understanding of the technical details. Throughout this arti-
cle, we focus on germline contributions and the creation of 
neural chimeras, as surveys of public opinion61,62 have indi-
cated those are the primary areas of public concern. Neural 
chimeras further pose more complex questions than other 
types of chimeras about the nature of consciousness and 
humanity, as well as pose unique regulatory challenges, and 
so will be given special attention.

Figure 2. Gene editing to generate niches for exogenic organ and cell development. TALENs: transcription activator-like effector 
nucleases; CRISPR: clustered regularly interspaced short palindromic repeats.
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In regard to germline contribution and the generation of 
chimeric animals through unintended sexual reproduction, 
the fear is greater than the biological reality. Integration of 
germ cells from two disparate species would not result in 
viable offspring. The greatest risk of such a cross occurring 
would be with nonhuman primates due to their genetic simi-
larity to humans. However, nonhuman primate chimera 
research is already banned in two states (see Figure 4), and 
nonhuman primate research in general is already heavily 
regulated. Thus, if germline contribution in chimera research 
needs regulation, specifically preventing human and nonhu-
man primate chimerism might be the best option to mitigate 
the greatest risks while allowing other research to continue. 
In addition, off-target analyses of reproductive tissues could 
be required by any group producing chimeras, to ensure no 
unintended germline integration occurs. A further failsafe is 
not allowing any neural chimera to proceed to full term, thus 
preventing the risk of germline contribution from animals 
manifesting in a mostly-human seeming being. The biologi-
cal realities of chimera creation are only one part of the dis-
cussion when it comes to chimera research, however, as the 
existence of HACs implicates deeper philosophical and legal 
issues.

The ethical discussion regarding chimera research has 
been active even before chimera research began, and incor-
porates ideas discussed in early debates about human cloning 
and in vitro fertilization (IVF). Hence, there already exists a 
robust and comprehensive literature regarding the ethical 
issues involving chimeric research. Because this article is 
focused on public attitudes and current legal frameworks, we 
will not discuss these arguments in depth, but we reference 
several64–71 because of their impact on current public atti-
tudes and regulatory schemes.

Public Attitudes Toward Creating 
HACs for Generating Exogenic Organs 
and Cells

U.S. Public Attitudes

In 2020, Kwisda et al. conducted a review of the ethical rea-
sons cited in academic publications, both for and against 
HAC research72. Four hundred thirty-one articles published 
through 2017 were included in their analyses, with argu-
ments falling into several general categories. The main argu-
ments against HAC research, which included concerns 
regarding creation, treatment, future effects, and social 
issues, have all been discussed in this article72. Interestingly, 
of the arguments against HAC research, metaphysical and 
social concerns made up almost half of the entire category72. 
This indicates that there is an inherent distaste for the idea of 
an animal–human hybrid that stems from cultural norms and 
ethical worries. But once examined and dissected more 
closely, many of these concerns can be addressed through 
education on technical methodology and the potential posi-
tive impact of chimera research. As the public better under-
stands what this work entails and the restrictions upon it, 
cultural norms may shift and some of the emotional revul-
sion may recede. Another meta-analysis indicates that 
research into public perceptions on this issue is scarce73.

A previous study by our group attempted to fill this gap 
by asking about public perceptions of HAC research in the 
United States61. Our study population, which was recruited 
online, was skewed toward younger individuals and to 
higher education levels74; however, our findings were as fol-
lows. Following a brief explanation of the concept of blasto-
cyst complementation and how functional organs could be 
developed, we asked 430 individuals in the United States 
various questions to assess their support for or against chi-
mera research, as well as demographic information to iden-
tify subpopulations that may be more accepting of, or 
resistant to, chimera research. We found that 59% of respon-
dents were in support of all components of chimera research 
regarding generation of a functional human pancreas in 
pigs, including creation of human–pig chimeras and subse-
quent transplantation of the resulting human pancreas into 
a human recipient. A total of 12% supported chimera 

Figure 3. Generating exogenic organs in intraspecies and 
interspecies chimeras. (A) Exogenic pancreas generated in 
intraspecies mouse–mouse chimeras by targeted knockout of 
the PDX1 gene. (B) Exogenic pancreas generated in intraspecies 
rat–mouse chimera.
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Table 1. Generation of Intraspecies Exogenic Organs and Cells.

Chimera type Organs and cells generated Gene knocked out References

Mouse > Mouse Immune system cells RAG2 Chen et al.26

RAG Young et al.27

C-KIT Jansson and Larsson28

RUNX2 Chubb et al.29

FOXN1 Yamazaki et al.30

Lens PITX3 Liégeois et al.31

Pancreas and islet cells PDX1 Kobayashi et al.32

Kidney SALL1 Usui et al.33

Liver HHEX Ruiz-Estevez et al.34

Lung CTNNB1 Mori et al.35

FGFR2 Mori et al.35

FGF10 Kitahara et al.36

NKX2.1 Wen et al.37

Li et al.38

Thyroid FGF10 Ran et al.39

CNS and PNS EMX1 Chang et al.40

DCX Chang et al.40

NEUROG1 Steevens et al.41

Endothelial cells VEGFR2 Hamanaka et al.42

Bone and skull RUNX2 Chubb et al.29

Pig > Pig Pancreas and islet cells PDX1 Matsunari et al.43

Liver HHEX Matsunari et al.44

Ruiz-Estevez et al.34

Kidney SALL1 Matsunari et al.44

Endothelial vasculature FLK1 Matsunari et al.44

KDR Matsunari et al.44

Retinal pigment epithelium MITF Zhang et al.45

Skin, heart, and kidney WILD TYPE Ji et al.46

Cow > Cow Germline NANOS3 Ideta et al.47

PNS: peripheral nervous system; CNS: central nervous system.

Table 2. Generation of Interspecies Exogenic Organs and Cells.

Chimera type Organs and cells generated Gene knocked out References

Rat > Mouse Pancreas and islet cells PDX1 Kobayashi et al.32

Endothelial vasculature FLK1 Wang et al.48

Immune cells FLK1 Wang et al.48

Enhanced general chimera IGFR1 Nishimura et al.49

Mouse > Rat Pancreas and islet cells PDX1 Yamaguchi et al.50

Kidney SALL1 Goto et al.51

Germline PRDM14 Kobayashi et al.52

Monkey > Pig General chimera Wild-type Fu et al.53

Human > Mouse Skin Wild-type Cohen et al.54

PNS cells Wild-type Cohen et al.54

Human > Pig Endoderm, mesoderm, ectoderm Wild-type Wu et al.55

Endothelial vasculature ETV2 Das et al.56

Skeletal muscle MYF5
MYF6
MYOD

Maeng et al.57

Human > Cow Endoderm, mesoderm, ectoderm Wild-type Wu et al.55

Human > Monkey Epiblast, hypoblast, extraembryonic mesenchymal cells Wild-type Tan et al.58

PNS: peripheral nervous system.
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production but not transplantation of produced organs, 11% 
only supported injection of human iPSCs into porcine 
embryos, and 17% supported no aspects of chimera research. 
Further, total support for neural chimerism (51%) and germ-
line-related chimerism (44%) was lower than other chimera 
types, likely for reasons involving cognition and reproduc-
tion. Together, these findings suggest the U.S. populace is 
generally supportive of chimera production and the trans-
plantation of generated organs, with the greatest areas of 
concern being neural and germline chimerism, which show 
reduced support compared with other organs such as the 
liver or kidney.

Self-identified conservative individuals showed 55% sup-
port for all aspects of chimera research, from development of 
organs to transplant into humans. According to the Pew 
Religious Landscape Study, 85% of conservative Americans 

are Christian75, and we expected this population to show less 
support for chimera research than other populations due to 
historic beliefs regarding similar topics such as stem cells 
and metaphysical concerns. However, our study showed sim-
ilar support between conservative participants and the total 
population surveyed. A possible reason for this finding is the 
impact of the communication strategy used in our survey, or 
the population skewing toward younger individuals with 
more years of schooling. Without a clear description of the 
process and purpose, people are left to imagine their worst-
case scenarios. When the benefits to patients and the risk 
mitigation strategies are presented in an easily digestible 
framework, HAC research might receive more support than 
previously thought possible from the general public, high-
lighting the need for outreach and public engagement on this 
topic.

Figure 4. Overview of U.S. states with human cloning, stem cells, or chimera research regulations. Orange states are the most 
restrictive, with direct legislation restricting chimera research. Purple states have existing legislation restricting aspects of human–
nonhuman primate chimerism but not other types of chimerism. Teal states primarily have legislation banning human cloning, but no 
mention or discussion of chimeras at all63. States in gray do not have cloning laws or laws related to human–animal chimeras. Figure 
made using MapChart.
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Legal Frameworks for HAC Research

U.S. Federal Laws and HAC Research

Chimera regulation in the United States is currently a patch-
work system, coming from the National Institutes of Health 
(NIH), individual state laws, as well as reports from the 
National Academy of Sciences (NAS), President’s 
Commissions professional agencies, and other advisory 
groups10. While few laws directly regulate chimeras, several 
do impose guidelines on related areas. For instance, 1 U.S.C. 
§ 8 states that

[i]n determining the meaning of any Act of Congress, or of any 
ruling, regulation, or interpretation of the various administrative 
bureaus and agencies of the U.S., the words “person,” “human 
being,” “child,” and “individual,” shall include every infant 
member of the species Homo sapiens who is born alive at any 
stage of development.76

1 U.S.C. § 8 is the only guidance provided on what “human” 
means in terms of the statutory law. As HACs would not be 
members of the species Homo sapiens, human-level protec-
tions would likely not apply to them. But granting HACs 
human-level protections is a solution that might not be nec-
essary, as other regulations apply to nonhuman animals and 
could cover HACs as well.

Society has already weighed the risks and consequences 
inherent in using nonconsenting animals for research, food, 
and labor. Although debate continues on the legitimacy of 
such use, it is generally seen as a necessary sacrifice, and one 
that already has clearly defined limits. Research animals are 
currently protected from unnecessary suffering in research 
by the Animal Welfare Act, and chimeras would likely fall 
under its protections77. The Animal Welfare Act has three 
main components that must be evaluated in the experiment 
review process. The necessary factors are (1) research should 
not exceed a minimal amount of pain and steps should be 
taken to minimize pain, (2) no alternative to using animals is 
available, and (3) the research must be monitored by a veteri-
narian. The committees that review proposals to use animals 
in research, commonly called Institutional Animal Care and 
Use Committees (IACUCs), serve a similar function as an 
institutional review board (IRB) for human research. The 
factors IACUCs are mandated to consider could apply to 
research using HACs as well. There is even special statutory 
protection for nonhuman primates—animals that provoke 
the highest degree of concern due to their intelligence and 
genetic and evolutionary similarity to humans. The 1985 
amendment to the Animal Welfare Act in the United States, 
§43(a)(2)(A)78 requires that special steps be taken to ensure 
the psychological well-being of nonhuman primates. If, for 
example, pig–monkey chimeras were created, and had cog-
nitive and emotional abilities similar to those normally pos-
sessed by monkeys, they could be protected by these same 
laws79.

In terms of new technology and procedures, the 
Coordinated Framework for Regulation of Biotechnology, 
which describes the federal system for evaluating products 
developed using modern biotechnology, states the follow-
ing: “[n]o single agency, however, provides for the compre-
hensive regulation of genetically modified organisms, and 
none of the agencies address modern chimera technology 
directly”80. Despite chimeras clearly falling into the cate-
gory of “genetically modified organisms,” it is not clear 
which agency has jurisdiction over them. Human IVF tech-
niques also sparked debate and stretched the limits of the 
regulatory system81. The Food and Drug Administration 
(FDA) regulates drugs, devices, and donor tissue related to 
IVF in conjunction with genetic modification, but otherwise 
State regulations, which have jurisdiction over the practice 
of medicine82, dominate.

Currently, the authors could identify no federal law pro-
hibiting human cloning outright. However, it is illegal to use 
federal funds to create or use human embryos for research 
purposes83. The Dickey–Wicker Amendment is a federal 
budget rider that has been renewed every year since 1996 
and limits funding of research involving the creation or 
destruction of embryos84. The most recent iteration can be 
found in the 2022 Consolidated Appropriations Act85. Thus, 
federal funds cannot be utilized to create or use human 
embryos for research purposes83.

The only federal legislation touching directly on neural 
chimeras was a failed bill called the Human Chimera 
Prohibition Act of 200586. The Bill was introduced by Samuel 
Brownback, a republican senator from Kansas. Senator 
Brownback tried several times to push his bill through the 
senate, all of which failed. Provision I of the bill would have 
prohibited “a non-human life form engineered such that it 
contains a human brain, or a brain derived wholly or pre-
dominantly from human neural tissues.” Although the 
Brownback bill did not make it out of committee, two states, 
Arizona87 and Louisiana88, passed laws nearly identical to 
the Brownback Bill. Senator Brownback put forth three rea-
sons chimeras should be prohibited: (1) to prohibit the most 
ethically challenging chimeras, such as neural chimeras, (2) 
to prohibit science that compromises human dignity by blur-
ring the line between animal and human, and (3) to prevent 
the transfer of infectious disease89. This was the prevailing 
viewpoint of many advisory panels and elected officials for 
years90–92.

In 2009, President Obama removed some of the barriers 
his predecessors had placed on using stem cells for research 
purposes93. The NIH, freed from previous prohibitions, then 
issued guidelines for using stem cells in research that 
encompassed the creation of chimeras94. In 2016, scientific 
advances such as the use of CRISPR-CAS9 for targeted 
genome editing and a greater understanding of developmen-
tal processes pushed the NIH to halt funding for chimera 
research95,96. This moratorium on publicly funded chimera 
research was to give the NIH time to restructure their review 
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process for chimeras and specifically, chimeras where there 
was a “substantial contribution or a substantial functional 
modification to the animal brain by the human cells.” 
Despite constant rumors that the moratorium will soon be 
repealed, it is currently still in place over seven years later. 
The NAS guidelines from 2010 state that Embryonic Stem 
Cell Research Oversight (ESCRO) approval should be 
required for experiments where cells introduced into ani-
mals could possibly develop into neural tissue and suggested 
prohibiting the introduction of human stem cells to nonhu-
man primate blastocysts97. The ESCRO approval would be 
on a case-by-case basis for chimera work. The NAS, while 
taken very seriously by states and researchers, is not a gov-
ernmental agency and has no enforcement power. Thus, 
despite existing review structures and protections for both 
humans and animals, the moratorium on federally funding 
HAC research continues.

Overall, federal funding for research using human 
embryos and neural chimeras is severely restricted in the 
United States, despite the existence of regulations and com-
mittees that could be adapted to cover many of the associated 
risks. The outright banning of an entire field of technology 
research and development, such as the one currently in place 
for chimera research, not only prevents potential lifesaving 
alternative methods of procuring viable transplantable organs 
but also directly places the United States behind other coun-
tries that are still actively pursuing chimera research. The 
longer the moratorium remains, the greater the deficit will 
be, and the greater the harm to living patients.

State and Institutional Guidelines for HAC 
Research

While most of the states with regulations relating to HACs 
also ban attempts at human cloning—where the result is a 
human being genetically identical to an existing or previ-
ously existing human—state rules regarding human–animal 
mixes are much more disparate (Figure 4). Many states do 
not explicitly mention human–animal hybrids or chimeras at 
all, while at the opposite end of the spectrum, some states 
provide guidance on the percentage of cells that are accept-
able in specific systems, as well as an approval process for 
conducting such research. A brief overview of such regula-
tions by state is provided in Table 3. One potentially confus-
ing variable is that many states utilize terms such as “embryo” 
or “blastocyst” or “human-animal hybrid” as terms of art 
with explicitly stated definitions, so anyone using these regu-
lations should also consult the definition sections of individ-
ual state statutes.

For example, one of the Arizona definitions of human–
animal hybrid is “A human embryo into which a nonhuman 
cell or cells, or any component part of a nonhuman cell or 
cells, have been introduced.”87 The Arizona statute is almost 
identical to the Louisiana statute; however, Louisiana88 

added some language that expands the definition of human–
animal hybrid to include “nonhuman embryo[s] into which a 
human cell or cells or the component parts thereof have been 
introduced,” altering the application of these nearly identical 
laws. Many states are also careful to mention that their regu-
lations are not intended to restrict biomedical research unless 
expressly prohibited, and restrict the use of funds for these 
activities, rather than banning them outright. States that do 
not specifically address human–animal hybrids do tend to 
have laws prohibiting human cloning, indicating that the pri-
mary concern of these laws is the protection of human genetic 
identity rather than general animal welfare.

Louisiana and Arizona each allow research in which 
human-derived cells contribute to brain tissue in animals, if 
the percentage of cells is less than 51%. Illinois could allow 
similar work, but instead of specifying that the human cells 
must not predominate the brain, the Illinois ESCROs instead 
consider what functional contributions the human cells will 
have to the brain of the developing organism when consider-
ing research approval98. California seems to have taken the 
most inclusive approach by limiting state funding but allow-
ing many of these activities with Stem Cell Research 
Oversight (SCRO) approval and including restrictions on 
how long such crosses can be cultured99. California includes 
more explicit regulations that differentiate between nonhu-
man primates and other animals, consider the addition of ani-
mal stem cells into human embryos, and call for special 
consideration of any contribution of human cells to nonhu-
man mammalian central nervous systems and their potential 
functional impact. Arizona similarly has considered the con-
tribution of human cells to animal brains, but instead of using 
a functional analysis, it allows contributions to nonhuman 
brains if the system is not “predominantly” created from 
human neural tissues while not clearly defining what “pre-
dominantly” means87.

The states with such regulations are fundamentally con-
cerned with the same issue: limiting the contribution of 
human cells to animal brains to protect the Homo sapiens 
identity, but their approaches differ. One approach focuses 
on the exact percentage of cells or organ composition, while 
the other is concerned with the functional impact of those 
cells, but neither is foolproof. There may be brain regions 
where less than 51% of human-derived cells are enough to 
induce significant changes in an animal. Conversely, it is dif-
ficult to try and predict the extent of functional contributions 
of human cells in an animal before any testing has been done. 
While creation of a neural chimera capable of higher order 
cognition or of feeling existential angst is to be avoided, the 
current state laws, even those focused on functional impact, 
are not adequate to regulate this area. The phrasing of these 
state laws directly relates to the commonly cited ethical con-
cern about blurring the line between animals and humans, 
but neither explains why this problem should be solved 
through legislation about the percent contribution of cells to 
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an organism or the functional impact of those cells. We are 
left to indirectly infer that either a majority of human cells in 
the central nervous system or a set of “human-like” charac-
teristics could be enough to potentially trigger human-level 
protections. If this is the real concern, there are likely better 
ways to handle it than state-level legislation, but at mini-
mum, clearly defining what aspects of cognition should be 
assessed, how much change is considered “too much,” and 
other variables is necessary.

There are clear gaps in the state-level frameworks already. 
Most states are focused on animal contributions to human 
cells, primarily germline cells and to a lesser extent, the 
brain, but not on human contributions to animal cells. No 
state currently regulates animal–animal chimeras, few regu-
late human cells transferred into animals, and only two states 
specifically prohibit human cells transferred into early devel-
oping nonprimate mammals (Table 3). Therefore, significant 
regulatory gaps exist on the topic of HACs, and the extent of 
those gaps and what science is currently permitted with state 
funding differ wildly. Without clear guidance on what we are 
aiming to avoid with chimeras and especially neural chime-
ras, it is difficult to write laws that prevent the worst-case 
scenarios without unduly stifling other areas of research. 
While state lawmakers might not be familiar with some of 
these topics and pitfalls, many of the issues have been well 
thought out in the animal research space, and those regula-
tory schemes (IACUCs, IRBs, etc.) might be better equipped 
to deal with HACs than state legislatures.

International Laws on HACs

The international law on HAC production is largely undevel-
oped to date, with most legislation in existence being directed 
toward stem cell biology in general or human embryos con-
taining animal cells specifically, not the inverse. For instance, 
Australia and Canada both have regulations prohibiting the 
production of human embryos containing animal material. 
Australia has the “Prohibition of Human Cloning for 
Reproduction Act”100, while Canada has the “Assisted 
Human Reproduction Act 2004”101. Both lack any specific 
guidance regarding the status of animal embryos with intro-
duced human cells while clearly prohibiting human embryos 
with animal cells introduced. This is similar to the primary 
concern of most of the U.S. laws touching on HACs, which 
is human species protection. Similar to the U.S. NIH, 
Canada’s main funding agencies do not allow funding for 
chimera research in either human–animal or animal–human 
capacity, while Australia has no further regulation. This is a 
key point in existing chimera legislation, namely that chi-
mera research is currently residing in a loophole in most 
countries, in a similar fashion to individual U.S. states as dis-
cussed above (for review, see Koplin and Savulescu102).

Scientists and regulators in the United Kingdom have 
been discussing chimera research for decades, with two 
major publications of note. The first is the seminal “Animals 

Containing Human Material” (ACHM) publication from 
July 2011103, which discusses all aspects of stem cell and chi-
mera research as pertains to animal systems that include 
human material introduction at any point. The ACHM was 
produced by the U.K. Academy of Medical Sciences, and 
although providing all necessary material to develop sound 
regulatory practices, has not materialized into codified U.K. 
legislation to date. The ACHM also discusses the primary 
ethical concerns regarding chimera generation in all various 
forms, synthesizing the robust ethics literature on chimera 
research and the public opinion of the U.K. populace. The 
second U.K. work was a joint statement by the U.K. Academy 
of Medical Sciences and the U.S. Committee on Guidelines 
for Human Embryonic Stem Cell Research, which recom-
mended against the creation of HACs capable of human 
gamete production and against allowing HACs to breed79. 
Again, these are recommendations that have not manifested 
in codified law. This contrasts with Japan, where debate and 
public survey has led to government policy to regulate chi-
mera research.

In 2019, the Japanese Ministry of Education, Culture, 
Sports, Science and Technology updated their guidelines 
regarding HACs in two significant ways104,105. First, they 
now will allow human brain cell–containing chimeras, in 
addition to in utero development beyond the previously 
established 14-day point. This update is likely a response to 
the recent national survey conducted in Japan, which found 
81% of public and 92.4% of researchers supported HACs in 
some capacity106. The primary concerns regarding HACs in 
Japan were human–animal neurological chimerism and 
germline integration, similar to our previous survey in the 
United States61 and Kantor62. Prior to 2019, Japan’s legisla-
ture established a 14-day limit on any chimera development 
in place under the 2001 Guidelines for Handling of a 
Specified Embryo105. This update specifically regarding chi-
mera production was influenced by two major developments, 
the first being successful chimera research being conducted 
internationally (by Hiromitsu Nakauchi, currently at Stanford 
University but also faculty at the University of Tokyo), 
necessitating regulations; and the second being a survey con-
ducted by the Japanese Ministry of Education, Culture, 
Sports, Science and Technology assessing the likelihood of 
any animal model receiving human neural cells to develop 
human-like brain functions, which was found to be very 
unlikely105. Thus, Japan made logical legislative updates to 
specifically address the unique concerns regarding chimeras 
compared with other stem cell and embryo research, allow-
ing development of the field.

In summary, there is a lack of consensus on chimera regu-
lation internationally that mirrors the state-by-state variabil-
ity present in the United States, with most countries lacking 
any regulation at all. This ambiguity and lack of legislation 
has led the International Society for Stem Cell Research 
(ISSCR) to develop and include specific recommendations 
for human cells in animal chimeras in their semi-regularly 
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updated “Guidelines for Stem Cell Research and Clinical 
Translation”107. This publication and the accompanying 
white paper published in Stem Cell Reports by the same 
authors108 provide the most cohesive and moderate set of 
regulations and processes for organizations and governments 
to implement legislation by incorporating the ethical con-
cerns, public opinion, and scientific literature into their rec-
ommendations. Their general conclusion is to regulate 
chimera research in a stepwise or incremental fashion by pri-
marily extending current existing guidelines for animal and 
stem cell research to chimera research107,108.

As discussed above, animal research in the United States 
already necessitates several requirements that are equally 
important in chimera work: sound scientific rationale and 
experimental design, rationale for necessity of animal model 
versus other models, minimizing suffering and number of 
animals needed, and so on. The ISSCR largely concludes 
that non-neurological or germline chimera research should 
not require much beyond standard institutional review para-
digms already in use. However, ISSCR also addressed the 
unique concerns and challenges neurological human chimera 
research entails. They recommended that researchers should 
identify why the proposed host species was chosen, confirm 
that researchers have established concrete baseline measures 
of cognition and intelligence, and can test whether human 
cells augment these measures, the use of methodologies to 
target introduced stem cells to a particular niche (blastocyst 
complementation), and potentially establishing a unique 
review board of experts in stem cell biology, neurodevelop-
ment, and ethics to provide additional scrutiny to any neuro-
logical chimera work before approval.

Finally, ISSCR adamantly claims that neurological chi-
meras should be allowed, but the key is that we progress in a 
controlled and gradual process with low sample sizes and 
early developmental endpoints until we develop a more con-
crete understanding of how HACs develop and whether there 
is cause for concern. This stepwise process includes begin-
ning with low numbers of produced chimeras, minimizing 
gestational times to the shortest period necessary to deter-
mine end results of study (and never to full term), and consis-
tent and bidirectional status updates to regulatory boards to 
ensure transparency. They rightly identify that nearly all con-
cern at present is theoretical regarding human traits being 
developed in animals, and thus, entirely prohibiting this sci-
ence is not in line with the scientific endeavor, where data 
guide the science rather than emotion. Further, our review109 
of most of the literature concerning human cells introduced 
into animal nervous systems found at most small benefits in 
cognitive function, thus suggesting that the animal host 
likely constrains any introduced foreign cells to function 
within the existing brain connectome system. However, until 
more neurological chimeras are made, especially ones that 
include human stem cells introduced in animal embryos that 
incorporate and develop in utero, guidelines like the ones 

provided by ISSCR are reasonable and sufficient to allow 
HAC research to progress.

Patent Law and HACs

Patents are an integral part of the legal framework used to 
provide protection of intellectual property for the purpose of 
commercialization. When thinking about patents as applied 
to chimeras, the first basic question is whether man-made 
living organisms can be patented, and thus become eligible 
for patent protection. For many years, federal courts held 
firm against patenting living organisms. However, in 1980, 
the courts held that man-made living organisms not found in 
nature could be patented110 (Figure 5). This change in patent-
able subject matter resulted from the ruling in Diamond v. 
Chakrabarty, in which Chakrabarty attempted to patent a 
new type of bacterium. It was determined that it fell under 
the category of manufactured material, allowing certain 
man-made living organisms to be patented, and was a signifi-
cant event in the patent legal system111.

But the ability to patent living organisms that are man-
made did not fully translate to the issue of chimeras. The first 
patent filed on chimeras was the Newman–Rifkin patent of 
1998, which sought to cover a general description of chimera 
work. The patent discussed the use of embryos from mon-
keys, apes, or other animals in combination with humans 
without explicitly stating the combination percentages that 
the patent attempted to cover112. This patent was the start of 
an HAC dialogue in the patent world. Newman and Rifkin 
attempted to deter the use of chimeras either through the 
execution of a strict patent or through a general strike down 
of the patentability of chimeras. Their patent employed such 
general terminology that it would have prevented any others 
from using almost any chimeras in their work.

Patent approval requires meeting five criteria: (1) be a 
patentable subject, (2) be a useful invention, (3) not be used, 
created, or published in the United States or other countries, 
(4) be a process that is not obvious, and (5) the invention, 
methods, and claims of the subject matter must be dis-
closed113. The Rifkin–Newman patent was finally denied in 
2005 because it was unable to show that it was not being 
used or created by others. The main motive for patent rejec-
tion other than standard patent criteria released by the U.S. 
Patent and Trademark Office (USPTO) included the inability 
to own a human being (U.S. Const. amend. XIII)114. Although 
other rulings allowed patents of living organisms, the USPTO 
believed that these rulings did not intend to include human 
beings and that humans were not considered to be patentable 
subject matter. This is very interesting given the statutory 
definition of “human”; the USPTO seems to have taken a 
much wider view because the patent was focused on primate 
embryos with human cells, not human embryos with animal 
cells. Slow progress has been made on patents involving 
human cells and transfected cell lines, but no ruling has been 
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made that would allow the patent of HACs in the United 
States. We do not propose here that they should be patent-
able, merely draw attention to the differences between the 
USPTO’s wider view and the current narrower state legisla-
tion. The lack of legislative action providing general guide-
lines for patentability of partially human subjects and the 
continuous refiling and ultimate rejection of the Newman–
Rifkin patent in 2005 helped to define the limits of what 
might be acceptable in a future chimera patent.

Following the strike down of the general chimera patent, 
several chimera-related patents such as organ regeneration 
using blastocyst complementation115, chimeric embryonic 
auxiliary organs,116 and compositions and methods for chi-
meric embryo-assisted organ production117 have been sub-
mitted worldwide. These utility patents focus on generating 
various mouse organs using chimeras. While only a few pat-
ents have been approved in other countries like Japan, the 
continual submission of patents involving specific comple-
mentation techniques and gene knockouts shows a move-
ment toward the acceptance of chimera patents in specific 
contexts.

In the approved Japanese utility patent on organ regenera-
tion using blastocyst complementation, the application 
claims to produce target organs or body parts created from 
nonhuman mammals via organ deficits at the developmental 
stage. It also claims that the method uses pluripotent stem 
cells derived from humans, rats, or mice to target the pan-
creas, kidney, thymus, or hair. The patent uses SAL1 knock-
out, PDX1 knockout, PDX1-Hes1 transgenic, or nude mice 
to induce a deficit in the target organs that are then targeted 
by the pluripotent stem cells (Figure 3). The subsequent 
claim details the process of producing the target organ by 
introducing a defective causative gene preventing organ 

development for function, which is then supplemented by 
blastocyst complementation. An egg from the donor animal 
is collected, grown to the blastocyst stage, and exposed to 
pluripotent stem cells that can target the deficit, creating a 
chimeric blastocyst.

This procedural patent has been submitted for approval in 
the United States, which will necessitate a reevaluation of 
chimera patents by the USPTO. Although human chimeras 
have yet to be patented in any country, the fundamental 
methods for HAC creation have been granted patent protec-
tion. The next step would be to go beyond animal–animal 
chimera patents and use the methods from those patents to 
begin the conversation of possibly integrating HACs them-
selves into patent law. This will require more discussion and 
development, as being able to patent HAC technology would 
allow research institutes (both commercial and academic) to 
protect their intellectual property, thus incentivizing further 
development and utilization of this technology. However, 
such patenting could also restrict access to the technology 
and advances based on the fee structures.

Conclusion

With the rapid development and advancement of transplan-
tation and stem cell science, the technologies to develop 
human organs in other organisms are nearly a reality. In 
2015, the NIH made the decision to prohibit any federal 
funding of HAC research, claiming the field was advancing 
into unknown territory and the moratorium would allow for 
discussion and necessary regulatory frameworks to be estab-
lished and implemented95,96. Now, the moratorium has 
existed for many years, with minimal progress on regula-
tion. Although the guidance regarding HACs has not 

Figure 5. Timeline of landmark patent approvals and rejections. The initial guidelines regarding patentable material were published 
in 1952. The guidelines were altered in 1980 to include non-naturally occurring man-made living organisms. In 1998, Newman–Rifkin 
applied for a general chimera patent and continued to apply until all reapplications were exhausted. A patent for organ regeneration 
using pluripotent cells was approved in Japan in 2015 and submitted for U.S. approval in 2021.
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progressed, the science of chimera research has continued, 
primarily through private funding sources and international 
efforts that circumvent the NIH moratorium. This observa-
tion highlights two key points: first, that chimera research 
continued and will likely continue regardless of whether 
federal funding and oversight is provided, and second, that a 
federal moratorium did not result in the intended outcome of 
halting chimera work until agreed-upon limitations were in 
place. In contrast, the federal moratorium likely had the 
opposite effect, stymying chimera research in the United 
States by restricting the largest public research funding 
agency (NIH) from funding this research, and therefore 
simultaneously limiting their ability to regulate the develop-
ing field and allowing other countries to continue to advance 
their chimera research programs. A moratorium to ensure 
that proper ethical consideration is given to the impact of 
new technologies is sensible, but the moratorium on chi-
mera funding has been in place too long when some com-
mon sense and scientifically backed limits and guidelines 
already have been developed and could be quickly applied 
to chimera work.

Most of the concerns regarding human and nonhuman 
chimera production are already properly accounted for in 
existing animal welfare legislation or research advisory 
boards. These frameworks simply need to explicitly apply to 
chimera research as well, which has already been proposed 
by Insoo Hyun in 2019118. Most scientific evidence analyz-
ing chimeras reported only incremental and restricted 
changes to behaviors in the host animal, as our review of 
neurological chimerism shows.

Three areas of chimera research deserve special attention, 
namely, human–nonhuman primate chimerism, neurological 
chimerism, and germline contribution, as these are likely the 
areas where human cell integration into host animals could 
have the largest unintended effects and/or are the most con-
cerning to the general populace. Although nonhuman pri-
mates likely would be the best host organism for human 
organs considering evolutionary relation, the risks of off-
target incorporation are greater as well. Considering that pig 
tissues have been used for transplantation in humans as well 
as in chimera research, we suggest using pigs for chimera 
studies on human organ generation instead of nonhuman pri-
mates to prevent some of these high-risk consequences 
altogether.

No “human” characteristics have been found in nonhu-
man organisms that have received human cells in their brains, 
as of the writing of this article. This does not preclude the 
possibility that future procedures may produce more sub-
stantial changes, but current scientific evidence suggests the 
host organism significantly constrains the human cells to 
function along host species lines109. Thus, we suggest 
expanding current regulation via IRBs, IACUCs, and other 
boards that regulate animal research and research involving 
human genetic material to also review chimera research, 

with additional requirements of surveillance for cognitive 
changes, scale of incorporation of human cells, and off-target 
incorporation. By requiring scientists to interrogate these 
aspects in each chimera study, regardless of whether the goal 
is making neural tissue or not, the governing bodies can 
promptly identify any issues as they arise and prevent the 
science from surpassing the regulatory framework. Science 
primarily progresses in incremental steps, and this method of 
experimental design with added surveillance should prevent 
the creation of anything remotely close to human-like con-
sciousness in animals, which is one of the ethically least 
desirable outcomes.

In conclusion, we recommend the following changes to 
develop and refine policy toward chimera research. First, 
using the existing stem cell advisory boards like ESCRO and 
the existing animal welfare committees like IACUC to 
review and critique proposed experiments utilizing HACs. 
This is in line with ISSCR’s recommendations on chimera 
research, and as previously discussed, many of the issues 
raised are already being addressed by these committees. In 
addition, updating existing stem cell and cloning laws to 
include chimera research or creating new legislation address-
ing chimeras should be done as soon as possible. As we dem-
onstrated, there are few states that directly regulate HAC 
research, and usually only in a narrow scope. Because chi-
mera research is a rapidly advancing field where unintended 
consequences are possible (albeit very unlikely), we recom-
mend the implementation of additional surveillance mea-
sures such as assessment of cognitive capacity; human cell 
integration into neural, germline, and other off-target tissues; 
and any other scientifically backed concerns that are deter-
mined by ESCRO, IACUC, NIH, or other governing bodies. 
These steps will ensure unintended consequences can be rap-
idly identified and addressed in the unlikely event they occur. 
Proactive regulation and oversight are far more effective and 
desirable in this type of research than reactionary responses. 
Lifting the NIH moratorium on funding HAC research will 
allow the scientific community to make more informed and 
calculated decisions regarding research directions.

Finally, investments in public education and outreach 
regarding chimera research will likely serve multiple benefi-
cial functions. In addition to increasing public awareness and 
understanding, our previous survey hinted at how a clear 
understanding of actual chimera research methods and their 
possible beneficial impact on the donor organ shortage prob-
lem seems to alleviate some of the concerns regarding HAC 
research. Thus, we expect education and outreach will allow 
the public to engage with this new avenue of research, to 
understand the scientifically backed concerns and what the 
governing bodies are doing to ensure those concerns are 
addressed. Only by closely examining the possible pitfalls 
and ethical quandaries presented by chimera research can we 
develop a system that utilizes the technology to its fullest 
potential while respecting humans and animals alike.
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