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Abstract
Nonhuman primate (NHP) experimental models have contributed greatly to human health research by assessing the safety
and efficacy of newly developed drugs, due to their physiological and anatomical similarities to humans. To generate NHP
disease models, drug-inducible methods, and surgical treatment methods have been employed. Recent developments in
genetic and developmental engineering in NHPs offer new options for producing genetically modified disease models.
Moreover, in recent years, genome-editing technology has emerged to further promote this trend and the generation of
disease model NHPs has entered a new era. In this review, we summarize the generation of conventional disease model
NHPs and discuss new solutions to the problem of mosaicism in genome-editing technology.

Introduction

Laboratory animals have long played a useful role in brid-
ging in vitro research and clinical medicine. Mice are
widely recognized as the most popular experimental animal
and various disease models have been generated over the
years that have greatly contributed to the elucidation of
human diseases. Mouse models are genetically well con-
trolled and their fecundity is useful for easily and clearly
understanding the relationships between gene abnormalities
and diseases. However, the physiological differences
between rodents and humans are obvious and, in some
research areas, such as the development of new drugs, it is
difficult to extrapolate the results from mouse models to
humans. Nonhuman primates (NHPs) are suitable experi-
mental animals for ameliorating the species differences
between rodents and humans because they have high
homology with humans in terms of physiological functions
and drug metabolism. In the field of neuroscience research,
in particular, there is a high possibility for novel findings in
NHPs that are beyond the limitations of rodent research, in

that, brain structure and functions of NHPs more closely
resemble those of humans.

Until recently, the methods for generating NHP disease
models were drug induction, disorders due to surgical
procedures, the use of spontaneous disease models, and the
generation of transgenic NHPs using developmental engi-
neering approaches. These methods have contributed to the
generation of many kinds of disease models; however,
target gene knockout (KO), which is the most commonly
used genetic modification method for producing mouse
disease models, has not been accomplished in NHPs. With
the advent of genome editing, a recent and innovative set of
genetic modification technologies, it has become possible to
generate disease models by modifying specific genes in
NHPs. In this review, we summarize methods of genetic
modification in NHPs, including the utilization of genome-
editing technology, and discuss mosaicism, which is a
major concern in NHP genome editing.

Development of genetically engineered NHPs

The development of transgenic NHPs began with a report
that described the introduction of a green fluorescent protein
(GFP) transgene into rhesus monkeys in 2001 [1]. In this
study, a high titer of a pseudotyped replication-defective
retroviral vector carrying the GFP gene was injected into
the perivitelline space of rhesus monkey oocytes, which
were then transplanted into the uteri of surrogate mothers
after fertilization. In the analysis of the ensuing animals,
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insertion of the GFP transgene into somatic cells was con-
firmed; however, GFP expression was not observed in any
accessible tissues. In the same year, the generation of
genetically modified rhesus macaques was achieved using
replication-defective lentiviral vectors carrying the GFP
gene [2]. In this study, GFP expression was confirmed in
the placenta and umbilical cord blood in two living off-
spring but GFP expression was not observed in somatic
cells. In 2008, the production of rhesus macaques with the
huntingtin (HTT) gene, the gene causing Huntington’s dis-
ease (HD), was reported [3]. In this study, a high titer of a
lentivirus, carrying exon 1 of the human HTT gene with 84
CAG repeats and the GFP gene, was injected into the
perivitelline space of rhesus monkey oocytes, which were
then transplanted into the uteri of surrogate mothers after
fertilization. Five transgenic macaques with the mutant HTT
and GFP were obtained and four of the five candidate ani-
mals showed the hallmark features of HD. This study was
the first report of an NHP disease model in which genetic
modification and associated phenotypes were shown.
Although the above three reports are pioneering and showed
the potential contributions of genetically modified NHPs in
medical research, none of the reports confirmed, at the time
of publication, the transmission of the transgene to the next
generation of animals for establishing colonies of geneti-
cally modified disease model organisms. Therefore, further
technical innovation was necessary to stably maintain
transgenic NHPs.

To solve this problem, our research group devised a new
method of transgenic NHP production using lentiviral
vectors and, in 2009, we reported the generation of a
transgenic marmoset in which transgenes and their func-
tions were transferred to the next generation [4]. In this
study, two key technologies were used to acquire geneti-
cally modified animals with high efficiency. One was the
artificial expansion of the perivitelline space. If the fertilized

egg is suspended in PB1 medium containing 0.25M sucrose
before injecting the virus solution, the perivitelline space
expands due to dehydration of the embryo. Consequently, it
is possible to easily inject large amounts of viral vector into
this space, and rehydrates the embryo with the virus solu-
tion (Fig. 1). The other method was the selection of
embryos by fluorescent protein expression prior to transfer
to surrogate mothers. When the fertilized egg, injected with
the virus solution, is cultured for several days, GFP
expression can be observed under a fluorescence micro-
scope and fluorescent protein-expressing embryos can be
selected for transplantation into surrogate mothers. There-
fore, it is guaranteed that all animals will harbor the trans-
gene. Indeed, in our study, by injecting lentiviral vectors
carrying enhanced GFP (EGFP) into embryos, and selecting
and transplanting based on fluorescence expression, EGFP
expression was confirmed in infant tissues and placenta in
all five founders. Furthermore, in vitro fertilization of wild-
type marmoset oocytes with transgenic sperm resulted in
healthy offspring that expressed EGFP. This was the first
report of a transgenic NHP with germline transmission, and
since its publication, F2 generation animals have been
obtained (Fig. 2). In this study, the offspring that were
obtained systemically expressed the GFP transgene, and the
procedure succeeded in increasing the efficiency of gen-
erating transgenic individuals and reducing mosaicism. The
use of this technology resulted in the generation of trans-
genic marmoset and cynomolgus monkey models [5, 6]. In
2016, a new transgenic marmoset line generated with a
lentiviral vector carrying the fluorescent calcium sensor
GCaMP gene, useful for evaluating nerve cell activity in the
brain, was reported [7]. In this study, eight transgenic
marmosets were obtained, stable and functional expression
of GCaMP was confirmed, and transgene transmission in
the gametes of mature individuals was achieved. It is
thought that this model will greatly contribute to the future
development of in vivo technology capable to monitor
cranial nerve activity. Most recently, the generation of
polyglutamine (PolyQ) disease model marmosets, for the

Fig. 1 A new method for viral vector injection. Illustration of the new
method for viral injection into embryos using 0.25M sucrose-
supplemented medium before viral injection. The embryos are
slightly dehydrated and the perivitelline space expands 1.2-fold to 7.5-
fold. Consequently, more viral solution can be injected into the
embryos

Hisui Kou

Wakaba

Circles: Female
Squares: Male
Colored symbols: Transgenic animals
Clear symbols: Wild-type animals
Symbols with oblique line: Dead animals

Fig. 2 Transgenic marmoset pedigree diagrams. From the founder
EGFP transgenic marmosets that we generated (Hisui, Wakaba, Kou),
transgene transmission has been confirmed up to the F2 generation
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purpose of analyzing pathological conditions in age-related
neurodegenerative diseases, has been reported [6]. In this
study, seven transgenic marmosets were obtained using a
lentiviral vector carrying the human ataxin 3 gene with 120
CAG repeats encoding an elongated PolyQ stretch. In
phenotypic analyses, three marmosets showed age-related
neurological symptoms specific to PolyQ disease patients,
and transmission of the transgene was also confirmed in the
next generation derived from these individuals. This is
expected to be a useful disease model, which will exceed
the limitations of current rodent models, for obtaining new
findings on the pathology and treatment of neurodegen-
erative diseases.

In macaque monkeys, acquisition of the next generation
of mutant HTT transgenic macaques described above was
reported in 2015 [8]. In this study, sperm from the three
founder generation animals was used for artificial insemi-
nation to generate F1 animals. As a result, two F1 animals
harboring the transgene derived from the founder animal
were obtained. Macaque offspring with the autism-
associated methyl-CpG-binding protein 2 (MeCP2) trans-
gene have been successfully acquired by intracytoplasmic
injection of sperm, which was developed in xenografted
testicular tissue in immunodeficient mice [9, 10]. Pheno-
typic analysis of these offspring showed that social inter-
actions were reduced in F1 animals compared to the wild
type. These improved technologies for generating trans-
genic NHPs will enable the use of many kinds of NHP
models to bridge the gap between basic and clinical
sciences.

Target gene modification in NHPs using genome-editing
technologies

To analyze the functions of genes and their relevance to
diseases in detail, it is necessary to disrupt (KO) the target
gene or artificially replace (knock in; KI) the gene sequence.
Gene targeting, which uses homologous recombination to
replace an endogenous gene with a targeting cassette gene,
is the most reliable genetic manipulation method for gen-
erating KI and KO animals [11]. For gene targeting in mice,
targeting constructs containing the gene mutations of
interest are introduced into mouse embryonic stem cells
(ESCs). Mouse ESCs can contribute to both somatic and
germ cells after ESC injection into mouse host blastocysts.
Therefore, when endogenous genes in ESCs are manipu-
lated through target gene KO or KI, these mutated genes
will be introduced into the chimeric mouse tissues, includ-
ing the germline, via ESCs. However, in animal species
other than mice and rats, ESCs do not have the competency
to generate chimeric animals. In fact, we reported the
establishment of ESCs, the induction of pluripotent stem
cells (iPSCs), and homologous recombination within ESCs

from marmosets [12–14]. Nevertheless, ESCs derived from
marmosets cannot contribute to somatic tissues or the
germline of chimeric animals because they are not in a naive
state, which is characteristic of mouse ESCs capable of
contributing to the germline [15, 16]. This was originally
thought to be a species difference but, in 2007, new stem
cells, called epiblast stem cells (EpiSCs), were established
from post-implantation embryos [17, 18]. EpiSCs have the
ability to differentiate into three germ layers but do not have
chimeric competency. Furthermore, the EpiSC colonies
were flattened and required basic fibroblast growth factor to
maintain an undifferentiated status, and X chromosomes
were inactivated in female cell lines. These characteristics
are similar to the ESCs of primates, including humans.
From these findings, it is thought that primate ESCs are
much more similar to mouse EpiSCs, which are derived
from post-implantation embryos. Based on several studies,
it was hypothesized that there are two different types of
pluripotency, namely, a naive type, which has chimeric
competency, and a primed type, which does not have chi-
meric competency [16]. The signaling differences involved
in pluripotency between marmosets and mice have also
been clarified by embryonic transcriptome analysis [19].

However, the recent development of innovative genome-
editing technologies, such as zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs),
and clustered regularly interspaced short palindromic
repeat/CRISPR-associated protein 9 (CRISPR/Cas9), have
enabled the generation of targeted KO or KI animals
without the use of ESCs or iPSCs. In NHPs, several
investigations have established new approaches for produ-
cing targeted KOs or KIs with genome editing tools [20–
22]. In these approaches, artificially designed nucleases
were used to induce specific double-strand breaks at tar-
geted positions in the genome. Double-strand breaks initiate
endogenous cellular repair mechanisms, either homology-
directed repair (HDR) or nonhomologous end-joining
(NHEJ). Through these repair processes, mutations of
endogenous genes can be inserted. Importantly, genome
editing by engineered nucleases can be applied to all model
animals, as HDR and NHEJ are essential functions in all
organisms. ZFN is an artificial restriction enzyme composed
of a sequence-independent DNA cleavage domain derived
from the type II restriction enzyme FokI and a specific
DNA-binding domain consisting of a tandem zinc-finger-
binding motif [20]. TALEN is a chimeric protein produced
by the fusion of the transcription activator-like effector
DNA-binding domain and the endonuclease FokI [23].
Furthermore, a highly active form called Platinum TALEN,
in which the amino acids of the DNA-binding module have
been modified, has been newly developed and genome
editing is reportedly possible with high efficiency in various
animals and plants [24, 25]. CRISPR/Cas9 is a genome
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editing system that utilizes the RNA-based adaptive
immune system of bacteria and archaebacteria. A simple
base pair complementarity between a single-guide RNA that
recognizes a target sequence and a target DNA sequence
guides the Cas9 nuclease [26, 27]. The innovative devel-
opment of such genome editing tools has enabled the
manipulation of specific genes in many organisms and the
generation of NHP disease models has become realistic.

The first generation of genetically modified NHPs by
genome editing was reported in cynomolgus monkeys using
CRISPR/Cas9 [28]. In this study, simultaneous KO of three
target genes (Nr0b1, Ppar-γ, and Rag1) was attempted. To
generate the candidate animals, the CRISPR/Cas9 compo-
nents Cas9 mRNA and single-guide RNAs were injected
into one-cell-stage cynomolgus monkey embryos and 19
candidate animals were obtained. Genetic analysis con-
firmed that two of the target genes (Ppar-γ and Rag1) were

modified in the ear tissues and the placenta in two of the 19
animals. However, these genetic modifications occurred in a
mosaic manner and phenotypes associated with the mod-
ified genes were not confirmed. Although the efficiency of
genetic modification was low in this study, it represents a
milestone in proving that CRISPR/Cas9 can modify an
NHP embryonic genome and that multiple genes can be
altered in one step. In the same year, the generation of
genetically modified rhesus and cynomolgus monkeys using
TALEN technology was reported [29]. In this study, the
MeCP2 gene, which is related to autism spectrum disorder,
was modified by a TALEN. As a result, male rhesus and
cynomolgus fetuses carrying mutations in the MeCP2 gene
in various tissues were miscarried at mid-gestation, con-
sistent with Rett syndrome, which is male embryonic lethal
in humans. However, one live female cynomolgus monkey
was obtained, with abundant MeCP2 mutations in

Fig. 3 Illustration of the
correlation between genome
editing and phenotype. When
complete genome editing occurs
in the one-cell-stage embryo
with the smallest number of
target genes, the wild-type gene
sequence does not remain and
the founder animal displays the
expected phenotype (upper). On
the other hand, when partial
genome editing occurs in
embryos that have developed,
wild-type and mutant gene
sequences are mixed across cells
and, in many cases, the expected
phenotypes do not appear
(middle and lower)

Fig. 4 Strategies for evaluating genome editing tools. The illustration of a functional method for selecting the genome editing tool with the highest
genome modification activity. a After transfecting candidate genome editing tools into cultured cells, it is possible to roughly confirm the presence
or absence of genome modifications by analyzing the genomic DNA of the cells for the targeted gene. b By analyzing the development of an
embryo injected with the selected genome editing tool and the target gene using the collected embryonic genome, the ratio of the generation of
founder animals to genetically modified animals can be predicted
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peripheral tissues. Phenotypic analysis of this MeCP2 gene-
modified cynomolgus monkey have continued and detailed
analyses using eye tracking and magnetic resonance ima-
ging showed similarities with the physiology, behavior, and
brain structural characteristics of Rett syndrome in humans
[30]. Furthermore, another research group also reported
genome editing of the MeCP2 gene in cynomolgus mon-
keys using a TALEN in the same year [31]. TALEN
mRNAs were injected into one-cell-stage cynomolgus
monkey embryos and one male candidate cynomolgus
monkey was obtained. Unfortunately, the animal failed to
survive after birth but genetic analysis confirmed that
MeCP2 gene was modified in several tissues in a mosaic
manner.

In 2016, our research group focused on improving the
efficiency of genome-editing technology in NHPs and
reported the generation of immunodeficiency-related inter-
leukin 2 receptor common gamma (IL2RG) KO marmosets
using ZFN and TALEN [32]. In this study, we succeeded in
the highly efficient generation of phenotypic individuals in
the founder generation by carrying out detailed preliminary
examinations using a genome editing tool. NHPs, generated

by our research, showing symptoms of immunodeficiency
are predicted to be a disease model contributing not only to
the pathological analysis of immunodeficiency but also to
the fields of regenerative medicine and neuroscience in the
near future. In the same year, microcephaly-associated
MCPH1 KO cynomolgus monkeys were produced using a
TALEN. In this study, detailed tests of altered genomic
activity using cultured cells and embryos were performed,
and one cynomolgus monkey that was obtained as a result
of this study recapitulated most of the clinical features
observed in microcephalous patients [33].

Reducing mosaicism

Genome-editing technology is expected to continue as a
powerful tool for generating NHP disease models but it will
be necessary to improve the design of the experiments for
targeting NHPs. In many species, including NHPs, pheno-
types associated with genetic modification do not always
appear due to target genes being modified in a mosaic
pattern (Fig. 3). Mosaic mice can generate genetically
modified animals in a relatively short period of time by

Fig. 5 The blastomere splitting method for predicting mosaicism. Illustration of a useful method for predicting mosaicism, which predominantly
affects the rate of obtaining phenotypic animals using genome editing. After injecting the candidate genome editing tool into the embryo, the
homogeneity of genome modification can be confirmed by isolating the blastomeres of the embryo developed up to the eight-cell-stage and
analyzing the target gene. When mutant genes are detected in all blastomeres, the appearance of the desired phenotype in the animals produced is
highly likely (left). On the other hand, when the wild-type gene partially remains, it is suggested that the animals will become mosaic and the
appearance of the desired phenotype cannot be expected (right). Photographs: Surveyor nuclease (Cel-1) assays visualizing the presence of genetic
modifications. The yellow arrowheads are digestion bands showing genetic modifications
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backcrossing but it is difficult to obtain the next generation
in NHPs owing to their long lifespan. Also, to maintain
NHPs, it is necessary to obtain the maximum number of
results with as few individuals as possible, for ethical rea-
sons and due to breeding costs. Furthermore, unlike gene
targeting in ESCs, genetic modification efficiency and
genetic modification patterns are different in each experi-
ment. To solve this problem, it is important to verify the
genome editing tools in detail prior to producing NHP
models. This point has been thoroughly studied in our
research [32]. First, tools for use in genome editing in NHP
embryos can be easily screened by evaluating genome
modification activity in cultured cells (Fig. 4a). Next, it is
desirable that the selected genome editing tool should allow
detailed examination in embryos prior to generating indi-
viduals (Fig. 4b). Examining the embryos not only evalu-
ates the efficiency of producing genetically modified
individuals but can also evaluate the presence or absence of
embryonic lethality due to genome editing tool toxicity and
detect biallelic modification of the target gene or off-target
effects. In addition, a method recommended for final eva-
luation, the blastomere splitting test, should be mentioned
(Fig. 5). This method analyzes isolated blastomeres by
incubating them to around the eight-cell stage after injection
of the genome editing tool, making it possible to predict the
proportion of mosaicism in the animals to be generated in
advance. In 2017, a similar study was also performed in
cynomolgus monkey embryos using CRISPR/Cas9 [34].
Recently, in genome editing using CRISPR/Cas9, a method
of using Cas9 nuclease in the form of a protein to shorten
the timing of target gene modification has become popular
because Cas9 nucleases can escape translation from mRNA
[35]. This method contributes greatly to a higher efficiency
of genetic alteration but mosaicism also occurs, caused by
the continued cleavage of the target site by Cas9, which has
sustained activity in cells. This group utilized Cas9 protein
tagged with an ubiquitin proteasome degradation signal,
injected it into cynomolgus monkey embryos, and analyzed
the blastomeres after culturing. The use of the mutant Cas9
reduced mosaicism and improved genome editing efficiency
compared with that of wild-type Cas9. This research pro-
vides useful information for applying genome editing by
CRISPR/Cas9 to NHPs with a long generation time.

Future perspectives for genetically modified NHPs

In recent years, the generation of NHP disease models by
genome-editing technology has rapidly developed and is
attracting many researchers, especially in the neuroscience
field. It is very innovative for the replacement of various
studies carried out in conventional mouse disease models
with NHPs, which have highly similar brain functions to
humans. As a result, it is expected that new findings will be

obtained for topics that are difficult to analyze in experi-
mental animals, such as neurodegenerative diseases, psy-
chiatric disorders, and cognitive function. Thus, in the
future, further acceleration of the generation of various
models in NHPs is expected and efficient generation of the
desired animals is critical for maintaining the speed of
research as well as for ethical considerations.
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