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Abstract

Research with non-human primates (NHP) has been essential and effective in increasing our 

ability to find cures for a large number of diseases that cause human suffering and death. 

Extending the availability and use of genetic engineering techniques to NHP will allow the 

creation and study of NHP models of human disease, as well as broaden our understanding of 

neural circuits in the primate brain. With the recent development of efficient genetic engineering 

techniques that can be used for NHP, there’s increased hope that NHP will significantly accelerate 

our understanding of the etiology of human neurological and neuropsychiatric disorders. In this 

article, we review the present state of genetic engineering tools used in NHP, from the early efforts 

to induce exogeneous gene expression in macaques and marmosets, to the latest results in 

producing germline transmission of different transgenes and the establishment of knockout lines of 

specific genes. We conclude with future perspectives on the further development and employment 

of these tools to generate genetically engineered NHP.
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Introduction

The ability to modify the mouse genome has given rodents a tremendous importance in 

biomedical research. Genetic engineering techniques allow both complete or controlled 

inactivation of endogenous genes, regulated expression of transgenes, and induction of 

specific mutations. These tools enable the study of neural circuits in the brain. They also 

allow the investigation of causes for human diseases of genetic origin, including age-related 

diseases (Bales, 2012; Elder, Gama Sosa, & De Gasperi, 2010; Lampreht Tratar, Horvat, & 

Cemazar, 2018; Scheikl, Pignolet, Mars, & Liblau, 2010; Wilcock, 2010). However, the 

significant anatomical, physiological, cognitive and behavioral differences between rodents 

and humans make it essential to extend the availability of genetic tools to non-human 

primates (NHP) (Izpisua Belmonte et al., 2015). NHP share the same mammalian order with 
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humans, and both anatomical and functional organization of their brains are homologous to 

those of humans. In particular, the NHP brain has specialized motor, perceptual and 

cognitive aptitudes not found in rodents, and neurological and neuropsychiatric disorders are 

better modeled in NHP than in rodents. Primates are also excellent models of aging, a major 

co-morbidity factor in many human diseases (Mattison & Vaughan, 2017; Power, Ross, 

Schulkin, Ziegler, & Tardif, 2013; Riesche et al., 2018; Salmon, 2016; Tardif, Mansfield, 

Ratnam, Ross, & Ziegler, 2011; Vaughan & Mattison, 2016). Unlike rodent models of aging, 

which do not develop significant neurodegeneration with aging, aged NHP demonstrate 

structural and functional brain changes, including an age-dependent decline in cognitive 

function similar to those reported in humans (Lane, 2000; Mitchell, Scheibye-Knudsen, 

Longo, & de Cabo, 2015). Extending the availability and use of gene editing techniques to 

NHP will allow the creation and study of NHP models of human age-related diseases, 

especially those of genetic origin, as well as broaden our understanding of physiological and 

pathological status of neural circuits in the primate brain.

In this article, we first review the present state of genetic engineering techniques as applied 

to NHP, from the early efforts to induce exogeneous gene expression in macaques (Chan, 

Chong, Martinovich, Simerly, & Schatten, 2001; Chan et al., 2000; Niu et al., 2015; Niu et 

al., 2010; Yang et al., 2008), to the latest results in producing germline transmission of 

different transgenes (Liu et al., 2016; Park et al., 2016; Putkhao et al., 2013; Sasaki et al., 

2009) and the establishment of knockout lines of specific genes (Y. Chen et al., 2017; Y. 

Chen, Zheng, et al., 2015; Ke et al., 2016; H. Liu et al., 2014; Z. Liu et al., 2014; Niu et al., 

2014; Sato et al., 2016; Wan et al., 2015; Zuo et al., 2017). We then report our own efforts to 

generate transgenic marmosets expressing genetically-encoded calcium indicators (Park et 

al., 2016), and talk about our preliminary efforts to generate a marmoset model of 

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy). We conclude with some future perspectives on the further 

development of genetic tools for generation of genetically engineered NHP. Another 

excellent review of the development of genetically engineered NHP and their potential use in 

biomedical research can be found in (Chan, 2013).

Generation of transgenic non-human primates: macaques

Several strategies for the delivery of exogenous genes have been explored in the early stages 

of making transgenic NHP, first in macaques and later in marmosets, as listed in Table 1. 

The first effort used intracytoplasmic sperm injection (ICSI) into mature rhesus macaque 

oocytes collected via surgical laparotomy (Chan et al., 2000). The oocytes were injected 

with plasmid-bound spermatozoa tagged with exogenous DNA encoding the green 

fluorescent protein (GFP) gene (Chan et al., 2000). The resulting embryos expressed the 

transgene in vitro and were transferred into surrogate mothers. While integration of the 

exogenous gene was not detected in the offspring, this study demonstrated the theoretical 

possibility of transgenesis by ICSI in primates (Chan et al., 2000). In a second attempt to 

produce transgenic macaques, the same group decided to use a pseudotyped, replication-

defective retroviral vector that overexpressed GFP, taking advantage of the well-known 

ability of retroviruses to efficiently transfer exogenous genes to cell nuclei in a way that 

allows stable integration of the transgene into the genome (Chan et al., 2001). In 2001, the 
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first transgenic rhesus monkey overexpressing GFP was born following injection of a 

retroviral vector into the perivitelline space of mature rhesus oocytes, which were later 

fertilized by ICSI (Chan et al., 2001). Although only one of three offspring was shown to be 

transgenic, and germline transmission could not be verified, that study clearly demonstrated 

the feasibility of generating transgenic NHP.

Once the first transgenic NHP were generated, attention quickly shifted towards creating 

NHP models of neurodegenerative diseases. In 2008, the first transgenic rhesus macaque 

model of Huntington’s disease (HD) was produced by injecting perivitelline space of mature 

oocytes with high titer lentiviruses expressing both GFP and exon 1 of the human huntingtin 

(HTT) gene with 84 CAG repeats, which were later fertilized with ICSI and transferred to 

surrogate mothers (Yang et al., 2008). Integration of both GFP and mutant HTT genes was 

confirmed in five newborn monkeys, which later developed important clinical features of 

HD, including variable extents of motor dysfunction and abnormal involuntary movements, 

such as chorea and dystonia (Yang et al., 2008). To provide an insight of HD cellular 

pathogenesis, induced pluripotent stem cells (iPSCs) were established from HD monkeys 

(Chan, Cheng, Neumann, & Yang, 2010). This in vitro model of HD developed distinctive 

cellular features, including the accumulation of mutant HTT aggregates and the formation of 

intranuclear inclusions during the course of neural differentiation, holding promise for the 

development of novel cellular-based therapies that can be tested and validated in HD 

monkeys prior to being tested in human patients (Carter & Chan, 2012; Y. Chen, Carter, 

Cho, & Chan, 2014). One example of this promising line of work came in 2014, when stable 

neural progenitor cell (NPC) lines were derived from HD-iPSCs (Carter et al., 2014). The 

resulting HD-NPCs were differentiated into neural cells featuring classic HD cellular 

phenotypes, which were rescued by therapeutic treatments that included RNAi-mediated 

reduction of HTT transcripts and drug-mediated amelioration of neurotoxicity. These results 

established this cellular platform of HD as a powerful resource for screening therapeutic 

strategies aimed at treating HD monkeys (Carter et al., 2014). In parallel with the in vitro 

studies, longitudinal clinical measurements consisting of morphometric MRI measures of 

the brain and cognitive behavior evaluation of a single HD transgenic monkey showed 

reduction in the volume of the striatum and hippocampus with gradual impairment in motor 

functions and cognitive decline (Chan et al., 2014). These findings were later confirmed in a 

cohort of HD monkeys which were studied at up to 48 months of age, establishing HD 

monkeys as a suitable preclinical animal model for HD (Chan et al., 2015).

One of the key justifications for the development of transgenic animals of disease is that the 

inheritance of the transgene through the germ cells causes inheritance of the disease’s 

pathogenic phenotype in subsequent generations, allowing researchers to establish a cohort 

of transgenic animals which mimic human inherited genetic disorders (Chan, 2004; Y. Chen, 

Niu, & Ji, 2012). Germline transmission of the mutant HTT was confirmed in embryonic 

stem cells generated from a HD founder (Putkhao et al., 2013) and in second-generation 

offspring produced via artificial insemination by using intrauterine insemination technique 

(Moran et al., 2015). The stable germline transmission and expression of the mutant HTT 

transgene in HD monkeys makes it possible to expand the HD monkey colonies for future 

translational studies.
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A similar strategy was used to produce a transgenic rhesus macaque model of Parkinson’s 

disease (PD). Oocytes collected from donor females were injected with lentiviral vectors 

encoding a mutant α-synuclein (A53T) expressed under control of the human ubiquitin 

promoter (Niu et al., 2015). Six transgenic A53T monkeys were produced, and the mutant 

A53T was shown to be expressed in their brains. One A53T monkey presented cognitive 

deficits and anxiety like behaviors compared to an age-matched control, but no obvious 

motor symptoms were noticed (Niu et al., 2015). However, these transgenic monkeys may 

develop more robust PD phenotypes as they age, and thus it is important to continue their 

neurological and behavioral evaluation.

More recently, a lentivirus-based transgenic cynomolgus monkey model of autism was 

produced via overexpression of the human Methyl-CpG binding protein 2 (MeCP2) (Liu et 

al., 2016). Overexpression of MeCP2 was confirmed in brain tissues and these transgenic 

monkeys exhibited an autism-like disorder that was largely characterized by behavioral 

abnormalities, including repetitive circular locomotion, reduction in social interactions and a 

mild impairment of cognitive functions. To speed up the generation of F1 offspring, the 

authors used a testicular tissue xenografting method to rapidly mature sperm cells from a 

pre-puberty founder (Liu et al., 2016). Oocytes collected from donor females were fertilized 

via ICSI, and transgenic F1 offspring were born, confirming germline transmission of the 

transgene (Liu et al., 2016). This method significantly shortened the time required for 

producing the next generation of transgenic cynomolgus monkeys (~3 years in this study vs. 

~5 years under natural conditions).

Since the birth of the first transgenic macaque (Chan et al., 2001), strategies that use 

different types of lentivirus and optimization of virus injection timing were assessed as a 

way to improve the methodology for making transgenic NHP. In one study, simian 

immunodeficiency virus (SIV)-based vector and a protocol for infection of early cleavage-

stage embryos were used for making GFP transgenic rhesus monkeys (Niu et al., 2010), 

showing the usefulness of SIV-based lentiviral vectors for transgenesis in NHP. Early-

cleavage stage embryos are known to be more resistant to damages incurred by the 

microinjection procedure than oocytes, but mosaic expression of the transgene due to 

delayed lentivirus-mediated gene integration during cell division cycles needs to be further 

addressed. In another study, transgenic cynomolgus macaques expressing GFP 

homogenously throughout the whole body were generated by high-titer purified lentivirus 

injection into matured oocytes before fertilization (Seita et al., 2016). These results can be 

applied to generate transgenic monkeys that overexpress causative genes for human diseases 

evenly throughout the entire body.

Generation of transgenic non-human primates: marmosets

Although Old World monkeys, in particular cynomolgus and rhesus macaques, have been 

traditionally used in biomedical research due to their close relationship to humans, the 

common marmoset (Callithrix jacchus) has several advantages as an ideal species for 

developing NHP models of human diseases (Cyranoski, 2014; Kropp, Di Marzo, & Golos, 

2017; Mansfield, 2003). The marmoset is a small New World primate that is particularly 

adapted to the laboratory setting. They are the most prolific of the NHP species, reaching 
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sexual maturity around 15-18 months of age and giving birth twice a year, with litter sizes of 

2-3 offspring (Tardif et al., 2003). In 2009, the first GFP transgenic common marmoset was 

produced via injection of a high titer lentivirus containing an enhanced green fluorescent 

protein (EGFP) into fertilized embryos (Sasaki et al., 2009). This study revealed that it was 

beneficial to place the embryos in 0.25 M sucrose solution for making an expanded 

perivitelline space, allowing delivery of a larger amount of viral particles containing the 

transgene into preimplantation embryos obtained both from natural mating or from oocytes 

fertilized in vitro. Owing to the high reproductive efficiency and recent progress in assisted 

reproductive technologies in this species, germline transmission of transgene was promptly 

confirmed in GFP-expressing embryos and in offspring derived from transgenic marmosets. 

This feasibility of rapid expansion of transgenic marmoset colonies has brought more 

attention to this species (Cyranoski, 2009; Schatten & Mitalipov, 2009) and provided its 

promising role as a bridge between mouse models of disease and human disorders (Izpisua 

Belmonte et al., 2015). In particular, marmosets are poised to become a prime NHP aging 

model, as they are short-lived and yet they show age-related pathologies, including the 

presence of neurodegeneration, that mirror those seen in humans (Tardif et al., 2011).

After the initial technical breakthrough in making GFP-expressing transgenic marmosets 

(Sasaki et al., 2009), we reported marmosets expressing functional reporter genes (Park et 

al., 2016), while another group reported a marmoset model of polyglutamine (polyQ) 

disease (Tomioka, Ishibashi, et al., 2017; Tomioka, Nogami, et al., 2017). The transgenic 

marmosets expressing functional reporter genes were generated by our own efforts and the 

summary of our work and ongoing progress will be discussed later in this review. In an 

attempt to mimic inherited human neurodegenerative diseases, transgenic marmosets 

expressing the human ataxin 3 gene with expanded polyQ stretch were developed as a model 

of polyQ diseases (Tomioka, Ishibashi, et al., 2017). These transgenic marmosets 

demonstrated no neurological symptoms at birth, but showed slower growth curves, and 

gradual decreases in spontaneous activity and grip strength. Some hallmarks of the human 

disease were also demonstrated, including cerebellar atrophy, neurodegeneration and 

intranuclear polyQ protein inclusions accompanied by gliosis, which recapitulate the 

neuropathological features of polyQ disease patients. Successful germline transmission was 

confirmed in F1 offspring derived from a symptomatic F0 transgenic marmoset, allowing for 

the establishment of a symptomatic marmoset colony that can be used in future translational 

studies. However, one caveat when trying to establish transgenic NHP models of disease is 

that transgenic monkeys may carry a high rate of infant mortality, and even juveniles or 

young adults may acquire early symptoms with rapid disease progression, making it difficult 

to use these animals to expand the colony. To circumvent this problem, the same group 

pursued a parallel effort to develop transgenic marmosets expressing the mutant human 

ataxin 3 gene under control of a tetracyclin-inducible transgene expression (tet-on) system 

(Tomioka, Nogami, et al., 2017). The offspring harboring the transgene under the control of 

tet-on system showed increased transgene expression with doxycycline administered in the 

drinking water and live F1 transgenic marmosets were easily produced from a founder 

marmoset before the disease onset. Nevertheless, it will be a future challenge in this 

transgenic model to demonstrate the triggering of disease onset with the relatively modest 

changes of transgene expression obtained (1.7-1.8 fold) after doxycycline administration.
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Thanks to the higher efficiency in transgene delivery to NHP oocytes or embryos via virus-

mediated vectors and successful generation of various transgenic NHP models, several 

additional lines of transgenic marmosets, including Cre expression under cell-specific 

promoters, Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis 

models are expected to be available in the near future (Okano & Kishi, 2018). Despite these 

considerable efforts, however, translational research conducted with transgenic NHP still 

appears impractical. Technical limitations associated with the use of viral vector-mediated 

gene delivery range from insert size limitation, to random insertion (integration) site in the 

genome, to an uncontrollable number of copies of the transgene, to potential silencing of the 

transgene. These limitations need to be considered when designing and utilizing viral 

vectors to generate transgenic NHP models.

Targeted gene disruptions in non-human primates

Recent advances in genetic engineering have led to the development of effective tools to 

introduce site specific double-stranded breaks (DSBs) in DNA, including zinc finger 

nucleases (ZFNs), transcription activator-like endonucleases (TALENs) and clustered 

regularly interspaced short palindromic repeats (CRISPR)-associated Cas9 endonucleases 

(Jinek et al., 2012; Y. G. Kim, Cha, & Chandrasegaran, 1996; T. Li et al., 2011). These 

programmable site-specific nucleases have already shown their ability to edit the genome in 

cultured cells and in organisms from plants to human embryos precisely and proficiently 

(Bak, Gomez-Ospina, & Porteus, 2018; H. Ma et al., 2017). Subsequent to the discovery of 

the programmable site-specific nucleases, researchers have rapidly applied them to generate 

NHP knock-out (KO) models of specific genes via mutagenesis mediated by non-

homologous end joining (NHEJ) repair mechanisms (Table 2). The relative ease of handling, 

relatively high efficiency, and multiplexable targeting has made the CRISPR/Cas9 system a 

preferable option for genomic editing (Doudna & Charpentier, 2014). In 2014, founder 

cynomolgus macaques harboring Ppar-r, and Rag1 gene modifications were successfully 

obtained after simultaneous injection of multiple sgRNAs targeting Nr0b1, Ppar-r, and Rag1 

with Cas9 mRNA into zygotes (Niu et al., 2014). In a follow-up study, germline 

transmission of Cas9-mediated genome modifications was examined in gonad and germ 

cells of Cas9-manipulated monkeys (Y. Chen, Cui, et al., 2015). Results demonstrated 

extensive gene modifications in various somatic tissues as well as the gonads, providing 

strong evidence that Cas9-mediated gene modifications can be transmitted through the 

germline to the next generation. A further assessment of an aborted fetus from this study 

revealed that the targeted mutations in Nr0b1 were only detected in aborted fetuses, but not 

in live founders (Kang et al., 2015). Interestingly, the aborted male fetuses carrying Nr0b1 

gene mutation displayed similar features to human adrenal hypoplasia congenita and 

hypogonadotropic hypogonadism, which are known to be caused by mutations in the human 

homologous gene, providing evidence that genetically engineered monkeys represent more 

faithful models of human genetic diseases.

In another study, live p53 biallelic mutant cynomolgus monkeys were successfully obtained 

in a single step without potential off-target mutations after systemic optimization of 

CRISPR/Cas9 and sgRNA combination (Wan et al., 2015). Although this study provided no 

descriptions of phenotypes for homozygous mutations in the p53 gene, this result holds great 
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value, as it brings gene editing in NHP closer to practical applications by avoiding the 

difficulty of producing biallelic monkeys through breeding. Similarly, a CRISPR/Cas9 

construct targeting the dystrophin gene was microinjected into fertilized rhesus monkey 

embryos to generate a monkey model of Duchenne muscular dystrophy (DMD) (Y. Chen, 

Zheng, et al., 2015). Two stillborn and 9 live offspring had multiple types of dystrophin gene 

mutations. Despite a high degree of mosaicism, analysis of the stillborn muscle revealed that 

the CRISPR/Cas9 induced mutations led to depletion of dystrophin and caused muscle 

changes similar to those found in early stage DMD patients. Since DMD is an age-

dependent disorder and live offspring in this study were younger than 6 months at the time 

of the report, further investigations of their phenotype are yet to be performed.

As CRISPR-Cas9 induced mosaic mutations have drawn concerns about the functional 

mosaicism in genetically edited animals, approaches for nearly complete knockout of 

specific genes using multiple sgRNAs were tested in cynomolgus monkeys (Zuo et al., 

2017). Zygotic injection of Cas9 mRNA with multiple adjacent sgRNAs that target only a 

single key exon of the target gene enabled complete gene knockout with high efficiency in a 

single step. Using this method, cynomolgus macaques with a complete knockout of the Prrt2 

gene were successfully generated without significant off-target mutations, offering an 

efficient one-step process for studying gene function in NHP (Zuo et al., 2017).

The use of TALENs for genomic editing in NHP follows closely behind the use of CRISPR/

Cas9. TALEN-mediated gene editing has been an effective tool to induce loss of function 

mutations in rhesus, cynomolgus monkeys and marmosets (Y. Chen et al., 2017; Ke et al., 

2016; H. Liu et al., 2014; Z. Liu et al., 2014; Sato et al., 2016). Knockout of the MECP2 

gene was successfully mediated by delivery of three TALENs pairs of exon3 targeting 

plasmid into single cell rhesus and cynomolgus zygotes together with RAD51, which 

enhance DNA repair following TALEN mediated DSBs (H. Liu et al., 2014). Cytoplasmic 

injection of circular plasmid DNA resulted in prolonged episomal form of TALENs 

expression during early embryonic development without genomic integration and 

maximized the disruption of the target gene, so that all miscarried and live-born monkeys 

carried mutations. In addition, when mRNA form of TALENs were injected into 

cynomolgus embryos in other study (Z. Liu et al., 2014), only one offspring harbored 

MECP2 mutations out of 5 neonates born, indicating that optimization of targeting TALENs 

construct, as well as delivery form of the constructs, were important factors for efficient 

TALEN-mediated mutagenesis approach. Human MECP2 mutations are known to be 

associated with an autism spectrum disorder (Rett syndrome, RTT) and hemizygous loss of 

function mutations of MECP2 in males leads to embryonic lethality. In this study, both male 

rhesus and cynomolgus MECP2 targeted fetuses were miscarried during mid-gestation, 

confirming its equivalent phenotype to RTT in human males (H. Liu et al., 2014). Later, the 

same group obtained additional TALEN-mediated MECP2 mutant cynomolgus monkeys (Y. 

Chen et al., 2017). Similar to previous results, all male mutants were embryonic lethal. 

Through an imaging, physiological and behavioral analysis of live female mutants, 

reductions of sub-regional brain volumes were noticed in longitudinal MRI with 

complicated behavioral abnormalities such as fragmented sleep, increased stereotypic 

behavior and reduced social interactions in eye tracking experiments. These symptoms are 

analogous to some of the clinical symptoms of RTT, making the MECP2 deficient mutant 
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NHP valuable for studying the mechanisms of RTT and facilitating the development of new 

treatments.

Another example of the use of TALEN-mediated gene targeting to model human 

microcephaly was accomplished in cynomolgus monkeys. The MCPH1 gene was 

successfully targeted by TALENs mRNA injection into embryos (Ke et al., 2016). One live 

monkey carrying biallelic MCPH1 mutation was obtained in a single step and reduced 

MCPH1 expression was confirmed by western blot. Noticeable microcephaly with 

hypoplasia of the corpus callosum and upper limb spasticity in MCPH1 mutant monkey 

were similar to symptoms of autosomal recessive primary microcephaly (MCPH) patients, 

indicating its high potential to be a faithful model of the human disease.

In parallel with gene editing work in rhesus and cynomolgus monkeys, continuous efforts to 

generate marmoset models of human disease with disrupted expression of targeted genes 

have been ongoing. Using optimized ZFNs and TALENs targeting the marmoset IL2RG 

gene, mutant founder marmosets with severe combined immunodeficiency were generated 

(Sato et al., 2016). Nine of 21 neonates exhibiting mutations in the IL2RG gene were 

generated after multiple screening of ZFN and TALENs pairs for high targeting efficiency 

with low mosaic rate. The immunological analysis of IL2RG KO marmoset demonstrated 

typical immunodeficient phenotypes, including lack of thymus, reduction in the number of T 

cells and natural killer cells in blood samples collected from the umbilical cord, and gradual 

decrease of B cells in peripheral blood, all of which mimic clinical symptoms of human X-

SCID (X-linked severe combined immunodeficiency) patients. These IL2RG KO marmosets 

demonstrated the feasibility of employing ZFN/TALEN mediated genome editing in NHP, 

and can serve as a valuable model for understanding function of the IL2RG gene during the 

thymic development in primates.

Our own ongoing effort for generation and utilization of genetically modified marmosets

Recently, we generated transgenic marmosets expressing GCaMP under the regulation of 

either ubiquitous (CMV) or neuron-specific (hSyn1) promoters by lentivirus based 

transgenesis (Park et al., 2016). The GCaMP protein is one of the GFP-based genetically 

encoded calcium indicators, which works as a visible marker of cellular calcium dynamics, 

allowing monitoring of neuronal activity in vitro and in vivo (T. W. Chen et al., 2013). Eight 

founder transgenic marmosets were born and shown to have stable and functional GCaMP 

expression in several different tissues. Among these 8 newborns, 3 died of unknown causes 

within a few hours to 15 days after birth. The remaining 5 founders (3 males, 2 females) 

developed normally. Successful germline transmission of the transgene was confirmed in F1 

marmosets generated from GCaMP transgenic founders of both genders and both CMV and 

hSyn promoters (Figure 1). We are currently pursuing the establishment of a cohort of 

GCaMP transgenic marmosets, owing to their short intergeneration time and prolific 

reproductive capacity (Tardif et al., 2003). Various neuroimaging modalities, including 

anatomical (MRI) and functional magnetic resonance imaging (fMRI) together with two-

photon laser scanning microscopy and electrophysiology have been applied to study the 

marmoset brain, which will be eventually used to better understanding of corresponding 

functional network of the human brain (Huang, Merson, & Bourne, 2016; Silva, 2017). Fully 
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grown GCaMP transgenic marmosets have been trained for ongoing awake fMRI studies 

(Belcher et al., 2016; Hirano et al., 2018; Silva, 2017; Yen, Papoti, & Silva, 2018) and we 

are currently working on developing multimodal neuroimaging studies to unveil the 

functional brain networks in marmoset. We believe these transgenic marmosets will be 

invaluable NHP models in neuroscience, allowing the monitoring of neural activity in awake 

behaving animals with functional confocal and multi-photon optical microscopy imaging of 

intracellular calcium dynamics (Santisakultarm et al., 2016).

Concurrently, we are also pursuing development of marmoset models of neurovascular 

disorders using the advantages of the newest engineered nuclease technologies, in particular 

the CRISPR/Cas9 system. Successful generation of CRISPR/Cas9 targeted marmoset 

models have not been reported yet, but marmoset gene targeting with optimized gRNA and 

CRISPR/Cas9 has been effective in our experience. We are targeting the marmoset notch3 

gene to model the CADASIL, a monogenetic cerebral small vessel disease caused by 

mutations in the notch homolog protein 3 (notch3) (Di Donato et al., 2017; Rutten et al., 

2014). Cerebral small vessel disease is an important cause of stroke, cognitive impairment 

and disability in the elderly and CADASIL provides a unique inheritable model for the study 

of the most prevalent forms of sporadic small vessel disease (Di Donato et al., 2017). 

Specific CRISPR gRNAs for targeting the marmoset notch3 gene were designed and gRNA/

Cas9 protein complexes were microinjected into the cytoplasm of single cell stage marmoset 

embryos, resulting in successful mutations in the target region, as confirmed by both T7E1 

assay and sanger sequencing of PCR amplicons spanning the targeted exon. We believe that 

successful development of a notch3 mutant marmoset will lead to a better understanding of 

the physiological functions of notch3 and give significant insight into the pathogenesis of 

CADASIL. Development of marmoset model of CADASIL will constitute a useful model 

for developing novel and effective therapies as well as extending the applicability of 

CRISPR/Cas9 mediated gene editing for future production of marmoset models of human 

diseases.

Future perspectives

Significant progress has been made in the past 10 years in the development of genetically 

engineered NHP, bringing great hope to the ability of NHP to bridge the gap between 

promising, yet incomplete or inadequate rodent-based research, and their use in clinical 

practice. Figure 2 illustrates current and future approaches to generate genetically modified 

NHP. However, several challenges still remain before these NHP models can be made 

widely available.

The first challenge is the long time necessary to generate genetically engineered NHP. The 

availability of oocytes or embryos necessary to generate and/or expand genetically modified 

NHP is significantly limited by the availability of donor females. Second, genetic 

modifications are inherently inefficient techniques. While viral vector mediated transgenesis 

(Table 1) and TALENs or CRISPR/Cas9 mediated KO (Table 2) have been successfully 

demonstrated in NHP, more precise and complicated genome modifications, such as targeted 

gene knock-in (KI) and making or repairing point mutations without occurrence of genetic 

mosaicism, remain impractical in NHP, largely due to the low efficiency of these techniques. 
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This can be partially overcome by developing methods to screen and select genetically 

manipulated embryos prior to implantation. However, embryo biopsy techniques still need to 

be optimized in NHP. The third challenge is in the number of recipient females needed for 

implantation of genetically modified NHP. In most reports to date, the number of positive 

pregnancies per embryo transfer ranges between 7.6% and 75%, depending on the species 

(Tables 1 and 2). And of those, only a fraction turns into live births. Adding to the above 

difficulties the long gestation time, low number of offspring and the much longer maturation 

time of NHP relative to rodents, the production of genetically engineered NHP is a task only 

possible in few select institutions around the globe.

Another potential approach for making genetically modified animal is to perform gene 

modification in embryonic stem cells (ESC) or iPSC followed by selection of appropriately 

modified stem cells via genetic screening which will then develop into chimeric gene edited 

offspring. Reminiscent of the investigations on conversion of human and monkey ESC into 

naïve like state (Fang et al., 2014; Hackett & Surani, 2014; Takashima et al., 2014), 

generation of chimeric cynomolgus fetuses were demonstrated using naïve-like state induced 

ESCs introduced into host embryos (Y. Chen, Niu, et al., 2015). This approach could pave 

the way for the production of a new gene edited NHP models of human disease. However, 

the long time necessary for generation of chimeras, verification of germline transmission 

and chimeric cleanup by breeding is a major impediment that needs to be overcome. 

Derivation of germ cells from ESC or iPS holds the potential to yield the gene edited 

gametes for genetically engineered NHP, but techniques for maintaining stable cultures of 

NHP germ cell lineages, including primordial germ cells, spermatogonial stem cells and 

oogonial stem cells, still need to be developed and optimized (Izpisua Belmonte et al., 

2015).

The successful generation of cloned cynomolgus macaques by somatic cell nuclear transfer 

(SCNT) using both fetal fibroblasts and adult cumulus cells has just been reported (Liu et 

al., 2018). This follows many years of pioneering efforts, including production of rhesus 

macaques from blastomere transferred embryos (Meng, Ely, Stouffer, & Wolf, 1997), 

establishment of rhesus ESC derived from SCNT embryos (Byrne et al., 2007), and 

modification of the SCNT approach for improved nuclear remodeling (Mitalipov et al., 

2007; Sparman, Tachibana, & Mitalipov, 2010). In vitro screening of gene-edited donor cells 

prior to SCNT will circumvent the problems related to off-targeting and mosaicism, as well 

as open up opportunities for the introduction of predefined genetic modifications that are not 

feasible in direct genetic manipulation of embryos. Nevertheless, it is important to consider 

the drawbacks associated with cloning, in particular very low cloning efficiency, which will 

be challenging to overcome without ready access to a large number of oocytes and recipient 

females. Other challenges to SCNT include low survival rates, as evidenced by reports of 

associated birth defects, abortions and early postnatal death (Keefer, 2015; Long, Westhusin, 

& Golding, 2014; Tan, Proudfoot, Lillico, & Whitelaw, 2016). Further research is necessary 

to fully develop SCNT techniques to allow them to be effectively and efficiently used to 

produce genetically modified NHP.

Motivated by the unmet need for the achievement of efficient strategies to introduce or 

correct point mutations via homology directed repair pathway, new approaches that enable 
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the direct and irreversible conversion of target DNA base are currently under development. 

The catalytically dead CRISPR/dCas9 was engineered to fuse with a cytidine deaminase 

(cytidine base editor) or with an adenine deaminase enzyme (adenine base editor), which 

mediates the targeted base conversion of C to T and T to C, respectively, without requiring a 

donor template (Gaudelli et al., 2017; Komor, Kim, Packer, Zuris, & Liu, 2016). This system 

has proven to be an efficient method for generation of targeted point mutations in various 

species, including plants, mammalian cells, mice and even human embryos (Hess et al., 

2016; K. Kim et al., 2017; G. Li et al., 2017; Liang et al., 2017; Y. Ma et al., 2016; 

Shimatani et al., 2017). The use of base editors could offer an attractive strategy for making 

various NHP models with single amino acid substitutions and for correcting genetic defects 

in NHP in the future.

Conclusions

In summary, there’s a bright and promising future for the generation of transgenic and gene-

edited NHP. NHP have an essential role in the study of human diseases and for the 

development of effective therapeutic strategies, particularly in neurological disorders, where 

aging is a major factor (Chan et al., 2015; Mattison & Vaughan, 2017; Salmon, 2016; Tardif 

et al., 2011), and in neuropsychiatric disorders that affect cognitive function and behavior 

(Chan, 2013; Chan et al., 2015; Liu et al., 2016). Much of the initial work to adopt and adapt 

genetic and gene-editing tools to NHP was done in macaques (Chan, 2013; Chan et al., 

2001). However, marmosets offer several advantages as an ideal NHP species for the 

development of genetically engineered lines (Izpisua Belmonte et al., 2015; Okano & Kishi, 

2018; Okano, Miyawaki, & Kasai, 2015), in particular, an intergeneration time and 

establishment of transgenic lines two-three times faster than in macaques (Park et al., 2016; 

Sasaki et al., 2009). This is as important a factor as the continued development of efficient 

genetic tools adapted to NHP. Another factor of major importance in the continued 

development of genetically modified NHP models of neurological and neuropsychiatric 

disorders is the support of the general public and of funding agencies, such as the U.S. 

National Institutes of Health and its Primate Research Centers, the Japanese Consortium 

BRAIN/Minds – which uses the marmoset as the main animal model for neuroscience 

research (Okano et al., 2015; Okano et al., 2016), and the recent but very accelerated 

development of NHP research in China (Liu et al., 2018). While much of the applications of 

genetically engineered NHP to biomedical research are only now emerging, the relatively 

few reports to date show that this effort has a tremendous potential to impact our 

understanding of human disease and to advance the development of effective therapies.
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Figure 1: 
Confirmation of germline transmission in GCaMP transgenic marmosets. Bright field 

images (A, B) and corresponding epifluorescence images (A’, B’) of F1 embryos obtained 

by collecting oocytes from founder marmoset TG-Y (A-A’, CMV-GCaMP5g) or from 

founder marmoset TG-E (B-B’, CMV-mKO-GCaMP6s) (Park et al., 2016). The oocytes 

were matured (IVM) and fertilized (IVF) in vitro using sperm from a wild-type marmoset. 

Some of the resulting embryos expressed GCaMP5g (A’, arrowheads) or GCaMP6s (B’, 

arrowheads) and were selected for embryo transfer into surrogate females. Wild-type 

embryos are shown as a control for fluorescence (A-A’, B-B’, arrows). Successful surrogate 

pregnancies were carried out to term and F1 transgenic marmosets were born. From founder 

marmoset TG-E (CMV-mKO-GCaMP6s): marmosets TG-R (male, C) and TG-L (female, 

D). From founder marmoset TG-Y (CMV-GCaMP5g): marmosets TG-F (male, E) and TG-

V (male, F). F1 marmoset TG-A (female, G) was obtained by using sperm collected from 

founder marmoset TG-L (male, hSyn-mKO-GCaMP6s) to fertilize wild-type oocytes.
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Figure 2: 
Approaches to generate genetically modified NHP: (A) Injection of viral vectors into either 

oocytes or embryos results in random insertion and integration of multiple copies of the 

transgene into the genome with high efficiency, but it is not applicable for targeted gene 

modification. Programmable nucleases such as ZFN, TALEN, and CRISPR/Cas9 are 

injected into fertilized oocytes to directly modify the embryo genome. (B-D) Precise 

targeted genetic manipulations of either PGC (B), somatic cells (C) or ES/iPS (D) are 

performed in cell cultures and the cells carrying the desired mutation are selected for 

production of genetically engineered NHP. See text for details. PGC: Primordial Germ Cells; 

SCNT: Somatic Cell Nuclear Transfer; ES: Embryonic Stem cells; IPS: Induced Pluripotent 

Stem cells; ICSI: Intracytoplasmic Sperm Injection; IVF: In Vitro Fertilization. ZFN: Zinc 

Finger Nuclease; TALEN: Transcription Activator-Like Effector Nuclease; CRISPR: 

Clustered Regularly Interspaced Short Palindromic Repeats; Cas9:CRISPR ASsociated 

protein 9.
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