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Abstract

Genetic modification of the embryo or germline of nonhuman primates is envisioned as a method 

to develop improved models of human disease, yet the promise of such animal models remains 

unfulfilled. Here, we discuss current methods and their limitations for producing nonhuman 

primate genetic models that faithfully genocopy and phenocopy human disease. We reflect on how 

to ethically maximize the translational relevance of such models in the search for new therapeutic 

strategies to treat human disease.

Single Sentence Summary:

Here, we discuss current methods to introduce genetic mutations into NHP embryos and reflect on 

the advances, limitations and translational relevance of such studies.

Introduction

Advances in medical research have improved and extended human life, yet many diseases 

are still waiting for a cure. There are many reasons for why treatments are lost in 

translation, including lack of reproducibility among studies which diminishes trust in 

laboratory results and investment in emerging technologies (1). The mapping of the human 

genome (https://www.genome.gov/human-genome-project) has accelerated the identification 

of disease-associated genes. According to the Online Mendelian Inheritance in Man 

catalogue (https://www.omim.org/statistics/geneMap) 4,211 single gene disorders have been 

identified (as of 7 February 2022). Interestingly, individual mutations are infrequent even 

in relatively common diseases, such as the leucine-rich repeat kinase 2 (LRRK2) G2019S 

mutation in Parkinson’s disease (PD) (Fig. 1).

Research using nonhuman primates (NHPs) plays a critical role toward understanding 

mechanisms of human disease and bringing effective and safe therapies into the clinic. 

NHPs are our closest relatives according to phylogenetics, anatomy and behavior and have 
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proven critical for translational studies. For example, studies in NHPs helped to decipher the 

brain’s basal ganglia neural network that led to the development of deep brain stimulation 

for treating patients with PD who respond to drug treatment but have motor complications 

(2). NHP studies also prevented a clinical trial for PD when preneoplasia pancreatic lesions 

were found during the testing of a “Trojan horse technology” based on a monoclonal 

antibody against the human insulin receptor for trophic factor delivery to the brain (3). 

Mapping of NHP genomes has highlighted similarities and differences among model 

species for disease-related research (4). It helped unravel the genetic basis and biological 

mechanisms of vision and ocular diseases in macaques that resulted in gene therapies for 

treating inherited and age-related retinal disorders (5). Efforts to identify spontaneous gene 

mutations in NHPs that are associated with human diseases are currently ongoing [e.g.: 

(6)], yet this approach is limited by the low incidence of spontaneous mutations in NHPs. 

Embryonic and germline genome modification has been proposed as a more effective way 

to create faithful NHP models that genocopy and phenocopy human disease, although its 

promise remains unfulfilled.

Technologies for generating mutations can be broadly divided into transgenic and genome 

editing methods. Transgenesis refers to the insertion of a gene or DNA sequence into the 

genome and is typically achieved by delivery of a viral vector encoding the sequence of 

interest. Genome editing is the process by which genetic material is added (knocked-in), 

removed (knocked-out), or altered (point mutation) at a target site in the genome. Zinc finger 

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

regularly interspaced palindromic repeats (CRISPR) combined with CRISPR associated 

protein 9 (Cas9) are molecular methods currently available for genome editing (Fig. 2).

Theoretically, exact genetic modifications can be introduced into NHP gametes or embryos 

in vitro and upon successful embryo transfer to a female NHP recipient can produce 

a genetically modified offspring that genocopies and phenocopies the human disease 

condition. NHP species vary in their reproductive traits, which affects the methods of 

assisted reproduction needed for generating these animal models of human disease (Table 

1). Compared to rodents that have short gestational length (~21 days), large litter sizes 

(~6 to 10 pups) and multiple pregnancies per year, rhesus or cynomolgus macaques (Old 

World monkeys) produce one offspring annually after a pregnancy of ~165 days. Across 

NHPs, common marmosets (New World monkeys) are often viewed as a better choice for 

genetic modification based on their smaller size, shorter lifespan, shorter time to puberty and 

ability to produce twins or triplets either annually or biannually. However, the application 

of assisted reproductive technologies to macaques yields more consistent results across 

and within research groups compared to marmosets. Differences in genetic, physiological, 

anatomical and behavioral characteristics define the choice of NHP species. For example, 

high quality brain imaging is easier in rhesus macaques using standard equipment and 

techniques, whereas study of vocalizations and social dynamics can be more readily 

evaluated in common marmosets.

Inefficiencies in assisted reproductive methods, coupled with a high degree of variability 

in response to ovarian stimulation and restrictions on the number of oocyte retrievals to be 

performed per animal, necessitate abundant resources to generate live NHP offspring. Many 
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NHP studies report the number of oocytes used rather than the number of oocyte donors that 

underwent ovarian stimulation, including those that failed to respond to hormonal treatment, 

thus it is difficult to assess and estimate the true number of females needed for these studies. 

The need for substantial animal resources in turn affects the reproducibility of the approach 

and its outcome, a cornerstone of biomedical research. Notably, the efficiency of transferring 

in vitro produced embryos is very low in NHPs, often resulting in miscarriage or stillbirth 

and the birth of few live offspring.

Here, we provide an overview of current methods to introduce genetic mutations into NHP 

embryos and reflect on the limitations and translational relevance of such studies. Scientific 

and ethical considerations regarding choice of disease model, experimental design, ability 

to genocopy and phenocopy the human disease and emerging technologies are included to 

stimulate dialogue on how to prioritize the use of limited animal and human resources. 

Furthermore, the role of the stakeholders including scientists, veterinarians, funders, and 

institutions, for selecting the human disease to be modeled is emphasized. The disease to 

be modeled should be highly impactful to human health and physiologically feasible in 

NHPs. The stakeholders are also ultimately responsible for recognizing disease outcomes 

and providing humane treatment of NHPs in response to debilitating phenotypes.

Transgenesis in NHPs: proof of principle

Transgenic NHPs have been generated by microinjection of retroviral vectors into oocytes 

or embryos for transgene incorporation into host DNA (7). The vector design depends on 

the transgene of interest and the scientific question driving the research. Commonly used 

retroviral vectors include gammaretroviruses (e.g. murine Maloney leukemia virus, MMLV) 

and lentiviruses (e.g. human immunodeficiency virus, HIV) (7). Ubiquitous promoters like 

human ubiquitin C (UbC), cytomegalovirus (CMV), elongation factor-1 alpha (EF1-α) and 

chicken ß-actin with a CMV early enhancer (CAG) can drive gene expression in most 

cell types throughout the body (7). However, heterogeneous distribution across tissues has 

been detected in transgenic cynomolgus macaques (8). Cell-type-specific promoters (e.g. 

neural-specific synapsin) attain a restricted transgene expression pattern and confer cell 

directed phenotypes. The maximum insert size of the promoter and gene sequence into 

a lentiviral vector is <10 kb (7), and <5 kb has performed optimally for NHP germline 

transgenesis (9). Larger insert sizes are proportional to decreased viral titers (10), thereby 

reducing the efficiency of inserting larger DNA sequences.

In proof-of-principle studies, the reporter gene enhanced green fluorescent protein (eGFP) 

was introduced by transgenesis into macaques and marmosets. A pioneering study by Chan 

et al. (11) described the delivery of a MMLV vector carrying eGFP into rhesus oocytes. 

Oocyte microinjection before fertilization resulted in transgene expression in all three germ 

layers with transgene incorporation and expression in one live male and miscarried twins. 

In comparison, microinjection into embryos, e.g., into the morula or the blastocoel cavity, 

restricted transgene expression to the placenta as shown in rhesus macaques by Wolfgang et 

al. (12) and in marmosets by Sasaki et al. (13). Niu and colleagues (14) reported that viral 

vector delivery to one- to eight-cell stage rhesus macaque embryos yielded between 33 and 

50% transgenic offspring. In contrast, Seita et al. (15) reported that viral vector delivery to 
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cynomolgus macaque oocytes before fertilization resulted in 100% transgenic offspring (two 

live births). Relatively few offspring (three to eight per study; one to four live births) were 

generated in each of these preliminary eGFP transgenic studies upon transfer of 22 to 40 

embryos to female NHP recipients, resulting in three to seven pregnancies.

Using Transgenesis To Model Human Disease in NHPs

As transgenesis through viral vector microinjection often introduces multiple copies of 

a gene or nucleotide sequence, this method may be well-suited for NHP modeling of 

human diseases associated with gene or sequence multiplication. PolyQ diseases, including 

Huntington’s Disease (HD) and Spinocerebellar ataxia, are caused by an expansion of 

trinucleotide CAG repeats (Table 2)(16). Yang et al. (17) obtained transgenic HD rhesus 

macaques by microinjection of oocytes with a lentiviral vector containing exon 1 of the 

human Huntingtin (HTT) gene with 84 CAG repeats (HTT-84) under the polyubiquitin-

C promoter. A transgenic animal with a normal range of CAG repeats (<35) (18) was 

apparently healthy. Four live transgenic rhesus macaques with expansion of CAG repeats 

displayed HD-like motor symptoms (e.g. dystonia, chorea) and three of them died early, 

most likely due to the higher number of CAG repeats (~69 to 88) and mutant HTT copy 

number. Tomioka et al. (19) introduced a lentiviral vector containing 120 CAG repeats 

in ataxin 3 (the gene mutated in spinocerebellar ataxia) into marmoset four-cell embryos 

to morula stage embryos. A high spontaneous abortion rate was observed with miscarried 

fetuses having 3.7 to 12.9-fold higher transgene expression. Three live transgenic marmosets 

with two to three transgene integration sites had decreased body weight at birth and 

developed neurological symptoms at 3 to 4 months of age.

Patients with methyl-CpG binding protein 2 (MECP2) gene duplication overproduce the 

MECP2 protein leading to disruption of neuronal function (20). Liu et al. (21) introduced 

the human MECP2 gene driven by the neuronal-specific synapsin promoter into cynomolgus 

macaque one-cell embryos by microinjection. Transgene expression in a stillborn fetus was 

restricted to neuronal tissues. In 14 live transgenic births and one stillborn animal, the 

transgene copy number ranged from 1 to 8.5 with integration and expression from autosomal 

chromosomes, whereas in humans, the MECP2 gene is located on the X-chromosome.

Genes containing point mutations associated with human disease also have been introduced 

into NHPs by transgenesis. Niu et al. (22) reported the microinjection of rhesus macaque 

oocytes with a lentiviral vector carrying the SNCA gene encoding alpha synuclein with the 

A53T mutation, which is one of 90 independent risk-associated gene variants linked to PD 

(23). The mutant alpha synuclein protein was expressed in various regions of a stillborn 

infant’s brain with enriched expression in synaptic terminals (22). In the MECP2 and SNCA 
A53T NHP studies, the random transgene insertion and multiple integration sites created 

overexpression of the mutated protein.

Considerations and Caveats for Transgenic NHP Studies

NHP transgenic studies underscore the importance of the timing of viral vector delivery 

by microinjection relative to the efficiency of transgene propagation. Across studies, viral 
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vectors have been delivered to a considerable number of NHP oocytes (94 to 264 oocytes) 

or early embryos (29 to 476 embryos), but embryo transfer to recipient females has resulted 

in low pregnancy rates (11–15, 17, 19, 21, 22, 24, 25). The proportion of transferred 

embryos that produce a transgenic offspring ranges across studies from 4.8 to 22.6% (11–

15, 17, 19, 21, 22, 24, 25), which showcases the need for abundant animal resources to 

procure a few live transgenic animals. The design of the viral vector construct requires 

careful consideration. The efficiency of virus-mediated infectivity can result in widespread 

transgene expression under a ubiquitously expressed promoter. Moreover, multiple transgene 

copies and insertion sites can contribute to a more severe phenotypic outcome with disease 

onset at an earlier age than observed in the human disease. Furthermore, transgenic animals 

express both the mutated and the wild-type gene, which may also affect the resulting 

phenotype. Future studies should consider the association between copy number of mutated 

genes, gene expression of mutated and wild-type protein and the severity of disease 

symptoms in transgenic NHP models.

Germline transmission of the transgene is essential for breeding animal carriers of the 

mutation, by either natural or assisted reproductive technologies. Sasaki et al. (13) 

demonstrated that founder (F0) transgenic eGFP marmosets, when crossed with wild-type 

animals, were capable of producing transgenic offspring. Similarly, germline transmission 

of mutant HTT has been demonstrated by Putkhao et al. (26) and Moran et al. (27). Sperm 

cells from the F0 male carried mutant HTT with 71 to 74 CAG repeats, whereas mutant 

HTT in the infant offspring ranged from 53 to 61 or 72 to 74 CAG repeats, suggesting that 

the CAG repeats are present but variable in F1 offspring (26, 27). Embryonic stem cells 

were derived from in vitro produced embryos fertilized by F0 mutant HTT males and were 

used as an in vitro platform to assess pathogenesis of mutant HTT in NHPs (26–31). These 

studies demonstrate germline transmission for supporting colony expansion of transgenic 

NHPs, although the extent to which additional transgenic animals have been generated from 

founder animals remains unclear.

The Genome-Editing Revolution and its Impact on NHP Research

Targeted genome modification in NHPs for modeling human disease has been made possible 

by the development of ZFNs, TALENs, and CRISPR-Cas9 genome editing technologies 

(Table 2 and Fig. 2). Each technology uses a unique recognition system that directs an 

endonuclease to the target DNA sequence, resulting in the creation of a double-stranded 

DNA break (32). The ability to harness the nuclease activity along with sequence-specific 

recognition has revolutionized genetic engineering.

ZFNs and TALENs bind antiparallel to a DNA sequence, and then a double-stranded DNA 

break is introduced through dimerization of a FokI restriction enzyme. ZFNs were first 

recognized for their gene editing potential in 1996 by Kim and colleagues (34, 36, 37), and 

the potential of TALENs emerged in 2010 as an alternative to ZFNs for genome editing 

(33, 38). A ZFN array is constructed for each DNA strand by assembling three to six 

ZFNs linked to a FokI restriction enzyme. Each ZFN is engineered to recognize a three-

nucleotide sequence that when assembled will recognize the target DNA region spanning 18 

to 36 base pairs (bp) (32). TALEN technology also utilizes a FokI restriction enzyme, but 
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applies TAL arrays as the target DNA recognition element. A TAL array is composed of 

a sequence of TAL effector proteins that bind 1:1 to the DNA nucleotide sequence. When 

assembled together, the TAL effector proteins target a DNA region spanning 30 to 40 bp 

(32, 38). Although both ZFNs and TALENs involve protein engineering to create the editing 

construct, TALENs are more advantageous because of the ease of their monomeric design, 

high efficiency rate, and expansive targeting range (33, 35).

In 2012, the CRISPR-Cas9 mechanism identified in prokaryotes was exploited as a 

technology to create double-stranded DNA breaks in eukaryotic cells (32, 39). The CRISPR-

Cas9 complex is composed of Cas9 protein and a single guide RNA (sgRNA). Specific 

sequence recognition occurs when the sgRNA aligns to the target DNA sequence. The DNA 

is then cleaved 3 bp upstream of the Cas9 recognition sequence, termed the protospacer 

adjacent motif (PAM) which consists of a 5’-NGG-3’sequence (39, 40). In contrast to ZFNs 

and TALENs, CRISPR-Cas9 technology does not require intense protein engineering, thus 

facilitating more rapid design and production of the constructs. Online tools are available 

for designing sgRNAs at the DNA target site and also provide predictions for on-target and 

off-target efficiencies. Laboratories can readily synthesize sgRNA and Cas9 mRNA, and 

Cas9 mRNA and Cas9 protein are commercially available. CRISPR-Cas9 constructs can 

then be delivered to cells in the form of plasmids, RNA or ribonucleoprotein complexes 

(RNPs) (39, 41). CRISPR-Cas9 has emerged as a superior technology for gene modification 

because of its low off-target effects and limited toxicity to cells and embryos compared to 

other methods (32).

The double-stranded DNA breaks created by the Fok1 or Cas9 nucleases are repaired by 

the cell’s intrinsic DNA repair mechanisms, through either nonhomologous end-joining 

(NHEJ) or homology-directed repair (HDR) (32). NHEJ may occur throughout the cell 

cycle and is error prone, because base substitutions, insertions and deletions may occur 

(32, 42, 43). Alternatively, DNA repair by HDR requires a donor strand or an endogenous 

DNA sequence to serve as the repair template (43, 44). A gene knockout can be created 

by NHEJ through the formation of insertions or deletions (INDELs) leading to missense or 

frameshift mutations, whereas a gene knockin can be introduced by HDR upon delivery of 

an exogenous DNA repair template (Fig. 2).

Creating Mutations by ZFNs and TALENs in Marmosets and Macaques

Sato et al. (45) compared targeting by ZFNs and TALENs in the first report of genome 

editing in marmosets. To model severe combined immunodeficiency (SCID), a variety of 

ZFN and TALEN constructs were tested to knockout the Interleukin 2 receptor subunit 

gamma (IL2RG) gene (45). Patients with SCID can carry one of 62 different mutations 

across all eight exons of the X-linked IL2RG gene (46). An obligate FokI heterodimer ZFN 

(HiFi-ZFN), a ZFN vector with improved FokI restriction endonuclease specificity (eHiFi-

ZFN) (45), or TALENs targeting exons 2 or 4 of the marmoset IL2RG gene were introduced 

into marmoset embryos. Editing of the IL2RG gene was observed in 37.5% of HiFi-ZFN, 

100% of eHiFi-ZFN, and 100% of TALEN-exon 2 and TALEN-exon 4 blastomeres. The 

eHiFi-ZFNs and TALENs introduced editing events soon after injection, whereas HiFi-ZFN 

editing occurred later at the four- to eight-cell stage. The IL2RG gene-edited marmosets, 
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like patients with SCID, showed reduced thymic development, specifically a decreased 

number of T cells and natural killer (NK) cells and an increase in B cells.

TALENs also induced gene disruption in rhesus and cynomolgus macaque embryos. Two 

separate research groups (47–49) targeted exon 3 of the MECP2 gene, aiming to model 

the development of human Rett syndrome, an X-linked monogenic neurological disorder. 

The MECP2 mutation is embryonic lethal in males, but in females there is a wide 

range of phenotypes due to random X-inactivation (50), which was also observed in the 

macaque studies. MECP2 gene mutations reduced cellular MeCP2 protein and alterations 

in neurodevelopment and behaviors were observed in MECP2-edited cynomolgus macaques 

compared to control animals.

Ke et al. (51) used TALENs to target exons 2 and 3 and disrupt the microcephalin 1 
(MCPH1) gene in cynomolgus macaques. MCPH1 protein in biallelically-edited offspring 

was reduced in both peripheral blood mononuclear cells and dermal fibroblasts compared to 

controls. Human MCPH1 mutations are associated with a head circumference that is three 

SDs below that for healthy children of the same age and sex (52). The head circumference 

of the MCPH1-edited cynomolgus macaque offspring was −4 to −11 SDs below the mean 

head circumference for age-matched controls in the first year of life. Magnetic resonance 

imaging (MRI) showed that brain volume was reduced by −8 SDs with hypoplasia of the 

corpus callosum in the MCPH1-edited macaque offspring.

Using CRISPR-Cas9 in Macaques: Proof of principle

The delivery of CRISPR-Cas9 constructs to NHP embryos was reported by Niu and 

colleagues (14, 53). Genes encoding nuclear receptor subfamily 0 group B member 1 

(NR0B1), peroxisome proliferator-activated receptor gamma (PPARγ) and recombination 

activating gene 1 (RAG1) were simultaneously targeted in one-cell cynomolgus macaque 

embryos to create gene disruptions. Gene editing at the NR0B1, PPARγ and RAG1 target 

sites occurred in ~27, 46 and 60% of embryos, respectively. Live female twin offspring 

contained mutations in PPARγ and RAG1, with no wildtype sequences for RAG1 in one 

offspring. A mosaic editing pattern (that is, the presence of more than one edited genotype) 

was observed in both preimplantation embryos and tissues obtained from the live offspring, 

with no off-target gene editing observed. A subsequent report showed germline acquisition 

of CRISPR-Cas9 mutations in both the male and female gonad of the gene edited offspring 

(54).

The live birth of a cynomolgus macaque with a biallelic mutation of p53 introduced by 

CRISPR-Cas9 was reported by Wan et al. (55). Microinjection of macaque fertilized oocytes 

with a higher Cas9 mRNA:sgRNA ratio produced a high rate of biallelic gene editing at 

the cost of reduced embryonic development. Additional experiments were performed to 

determine the optimal ratio of Cas9 mRNA:sgRNA that would result in high gene-editing 

efficiency and low embryotoxicity. Three live births and two miscarried fetuses were 

produced with INDELs in p53 present in four of the five offspring. No wildtype sequences 

were present in one live CRISPR-edited animal, suggesting that biallelic editing took place 

at the one-cell embryo stage.
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Delivery of Cas9 mRNA or protein to NHP embryos can produce various on-target 

editing efficiencies and genetic mosaicism. To minimize genetic mosaicism, Tu et al. (56) 

engineered Cas9 mRNA containing a ubiquitin-proteasomal degradation signal (Ubi-Cas9) 

to decrease its half-life. The delivery of the engineered, Ubi-Cas9 nuclease to cynomolgus 

macaque embryos resulted in similar on-target gene-editing efficiencies (73.8%) compared 

to wildtype Cas9 mRNA (77.3%), but with less diverse gene-editing events and reduced 

mosaicism. The Cas9 protein-injected embryos had a ~55% reduction in on-target gene-

editing efficiency compared to microinjection of wildtype Cas9 mRNA or Ubi-Cas9 mRNA. 

In contrast, Midic et al. (57) reported that microinjection of fertilized oocytes with wildtype 

Cas9 protein resulted in 100% of the blastocysts (n=5) containing an on-target edited gene 

that likely occurred at the one-cell to two-cell embryo stage. The appropriate ratio of Cas9 

protein to sgRNA is crucial to forming RNP complexes (41, 58). Differing ratios of Cas9 

and sgRNA between studies plausibly contributed to the different results.

Creating Mutations in Macaques Using CRISPR-Cas9

Modeling human diseases in NHPs using CRISPR-Cas9 has primarily focused on disruption 

of human disease-associated genes. Duchenne muscular dystrophy (DMD) is an X-linked 

recessive muscle degenerative disorder caused by mutations within exons 2 to 19 or 45 to 

55 of the DMD gene encoding the muscle protein dystrophin. DMD is characterized by 

progressive muscle degeneration leading to early death in male patients. Chen et al. (59) 

have reported that the targeting of exons 4 and 46 of the rhesus macaque DMD gene resulted 

in ~61% of the offspring carrying an edited DMD gene. Two stillborn fetuses had mosaic 

editing patterns across their tissues. Dystrophin protein was reduced or absent in the muscle 

tissues of stillborn offspring with a corresponding disruption in muscle fiber architecture 

compared to control fetuses. At 6 months of age, the nine live DMD-edited offspring did 

not present phenotypic symptoms of DMD. No off-target editing was observed after whole 

genome sequencing of cells and tissues from two live DMD-edited rhesus macaques (60).

Gene disruption of the SH3 and multiple ankyrin repeat domains 3 (SHANK3) gene in 

cynomolgus macaques was explored in order to model human autism spectrum disorders 

(ASD). SHANK3 encodes a scaffold protein at excitatory synapses of brain neurons, and 

43 different mutations have been associated with ASD (Table 2). Haploinsufficiency of 

SHANK3 is thought to be the mechanism responsible for the developmental disorder 

Phelan-McDermid syndrome (61). Zhao et al. (62) targeted exons 6 and 12 of SHANK3 
by CRISPR-Cas9 in one-cell cynomolgus macaque embryos. These exons are present in all 

transcript variants of SHANK3, hence creating a disruption in either exon that could alter 

gene function. A range of edited genotypes was observed in NHP offspring including an 

11.5-kb deletion between exon 6 and 12 in a miscarried fetus, a 5-bp deletion and a 1-bp 

insertion in a stillborn infant, and a 2-bp deletion in a live infant. The brains of two deceased 

fetuses had reduced SHANK3 protein with near-complete loss of SHANK3 in the prefrontal 

cortex. Zhou et al. (63) reported a different approach by targeting exon 21, which resulted in 

two homozygous and three mosaic live infants. A homozygous-edited F0 animal produced 

an F1 offspring with a mix of wild-type and edited SHANK3 alleles, further demonstrating 

germline transmission of CRISPR-edited SHANK3 in NHPs.
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In a follow up study to the Zhao et al. report (62), Tu et al. (64) compared a cynomolgus 

macaque offspring carrying a 2-bp SHANK3 deletion in exon 12 to control offspring. The 

edited NHPs generated by both Zhou et al. (63) and Tu et al. (64) had a greater frequency 

and duration of stereotypic behaviors reminiscent of human ASD and initiated fewer social 

interactions with other macaques. Positron emission tomography imaging showed reduced 

glucose metabolism in multiple brain regions, and MRI revealed reduced gray matter and 

regional differences in hypo-connectivity and hyper-connectivity in the brains of SHANK3-

edited macaques compared to control animals. A result that differed between the two 

studies was that only Tu et al. (64) found reduced overall growth, delayed vocalizations 

and impaired social interactions in the one edited offspring compared to age- and gender-

matched controls (63). The low embryo transfer efficiency (116 embryos transferred to 37 

female recipients resulted in 3 pregnancies; 0.86% of transferred embryos produced live 

edited offspring) in the study by Tu et al. (64) underscores the need for sufficient animal 

resources to produce live edited offspring.

The disruption of genes with known roles in human development has been achieved in 

cynomolgus macaques using CRISPR-Cas9 gene targeting. In humans, the NR0B1 gene, 

also known as DAX1, plays a critical role in the development of the adrenal gland and 

the hypothalamic-pituitary-gonadal axis, and if disturbed, results in adrenal insufficiency, 

hypogonadotropic hypogonadism, and, in some cases cryptorchidism (65). Kang et al. (66) 

reported the generation of a stillborn cynomolgus macaque offspring with an 8-bp deletion 

in DAX1 that had an enlarged fetal adrenal cortex zone and disordered neovascularization 

and abnormal fibrosis in the testis compared to control animals. The in utero developmental 

defects associated with DAX1 editing observed in the edited stillborn macaque could have 

affected adrenal and reproductive physiology if the animal had survived. Zhang et al. (67) 

targeted exons 5 and 7 of the Sirtuin-6 (SIRT6) gene in cynomolgus macaque one-cell 

embryos to create a gene knockout and to assess its role in development (no disease has yet 

been linked to mutations in this gene). A lack of SIRT6 protein expression was observed 

in the brain and muscle of SIRT6-edited offspring that carried biallelic deletions, all of 

which died shortly after birth. The brain and muscle of SIRT6 mutation carriers were 

underdeveloped at term compared to wildtype control animals. Interestingly, knockout of 

SIRT6 was associated with up-regulation of the imprinted gene H19. SIRT6 was proposed to 

bind to the imprinting control region of H19, which contributes to maturation of the primate 

brain.

A knockout of the brain and muscle aryl hydrocarbon receptor nuclear translocator-like 
1 (BMAL1) gene to disrupt circadian rhythms in cynomolgus macaques was reported 

by Qiu et al. (68). BMAL1 forms a heterodimeric complex with CLOCK that acts 

as a transcriptional activator of genes regulating circadian rhythm (69). Five of eight 

live offspring produced from CRISPR-Cas9 microinjected embryos contained BMAL1 
mutations, and three of them were heterozygous for the BMAL1 deletion. Widespread 

absence of BMAL1 protein was observed by immunoblotting of tissues from a stillborn 

fetus with a heterozygous BMAL1 deletion. Live mutated offspring displayed increased 

nocturnal activity by 10 months of age, reduced melatonin concentrations, reduced sleep in 

one mutant animal, and an increased stress response.
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Mutations in the PTEN-induced kinase 1 (PINK1) gene are associated with a rare form 

of autosomal recessive early-onset (24 to 47 years old) PD. Several missense, nonsense, 

and frameshift mutations, as well as large deletions of multiple exons have been identified 

that lead to loss of function of PINK1 protein (70). Yang et al. (71) targeted exon 2 and 

4 of PINK1 in rhesus macaques as these exons encode the kinase domain. Eleven rhesus 

macaque offspring were produced and eight carried PINK1 mutations. Notably, a ~7.2-kb 

deletion in PINK1 was observed in the brains of two offspring that died shortly after birth. 

Another PINK1-edited offspring with the ~7.2-kb deletion was euthanized at 3 years of age 

due to progression of neurodegenerative disease symptoms. Evaluation of the brain of this 

animal revealed neuronal degeneration in the cortex, substantia nigra, and striatum (72).

Disease-causing mutations can be heterozygous, such as mutations in the polycystic kidney 
disease 1 (PKD1) gene that cause autosomal dominant polycystic kidney disease. Tsukiyama 

et al. (73) targeted exon 2 of the PKD1 gene in cynomolgus macaque embryos to create 

a frameshift mutation. An embryonic editing efficiency of 88.7% was reported, the highest 

to date in NHP embryos. As embryonic lethality has been noted in Pkd1-null mice, the 

authors opted to microinject embryos with a lower concentration of Cas9 and sgRNA. The 

live birth rate after embryo transfer was reduced for PKD1-edited compared to wildtype 

offspring. This finding highlights that genes targeted by CRISPR-Cas9 may have unknown 

roles in embryonic development and that their editing may result in reduced embryo or fetal 

development rates. Genetic analysis of kidney DNA from 12 stillborn or deceased infants 

showed that eight animals contained biallelic PKD1 mutations, three were heterozygotes, 

and one could not be genotyped. Heterozygous editing of PKD1 was achieved, which 

is likely attributable to the low rate of biallelic editing that occurs in NHP embryos. 

Histopathological analysis of kidney specimens revealed severe to mild cyst formation with 

a tendency towards greater pathologies observed in macaques with frameshift mutations. 

Notably, the appearance of small cysts in the perinatal stages of kidney development in the 

heterozygotes parallels human polycystic kidney disease.

Next-Generation Editing Technologies for NHP Research

Next-generation Cas nucleases such as base editors and prime editors were engineered 

to overcome limitations in creating point mutations and are promising alternatives for 

introducing precise gene edits (Fig. 2). These technologies use modified Cas9 variants, 

such as Cas9 nickase (nCas9) or catalytically deficient Cas9 (dCas9), to nick one strand of 

DNA and bypass activation of DNA repair mechanisms at both strands thereby mitigating 

potentially adverse editing outcomes (74, 75). In base editing, nCas9 is fused with a 

nucleobase deaminase enzyme. Upon DNA recognition, a deamination reaction occurs that 

facilitates the following nucleotide changes: C to T [cytosine base editors (CBE)], A to G 

[adenosine base editors (ABE)], or C to G [guanosine base editors (GBE)] (75).

Wang et al. (76) applied base-editing technology to cynomolgus macaque embryos aiming 

to create a C-T conversion in the lamin A/C (LMNA) gene to mimic the point mutation that 

causes Hutchinson-Gilford progeria syndrome in humans. Live edited macaques displayed 

clinical features of this disease including reduced growth, hair loss, skeletal aberrations 
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and expression of progerin protein, a toxic protein formed by truncation of the prelamin A 

protein.

Multiplexed editing in NHPs would revolutionize disease modeling by enabling creation 

of point mutations underlying polygenetic disorders. Zhang et al. (77) demonstrated that 

multiplex base-editing in cynomolgus macaque embryos successfully created precise edits 

in three targeted genes in 23% of the injected embryos. Testing of four base editors across 

11 loci showed that two enzymes, the Staphylococcus aureus Cas9-based SaKKH-BE3 and 

ABE7.10, consistently created C-T and A-G conversions, respectively. No INDEL formation 

was observed, but mosaic editing occurred regardless of the base editor used.

Considerations and Caveats of Genome Editing in NHPs

The reports of gene disruption by CRISPR-Cas9 editing in macaque embryos demonstrate 

the ability to target genes associated with human disease. Such studies have revealed 

phenotypic outcomes for aberrantly expressed genes in macaques and identified gaps in 

our knowledge about how to efficiently and accurately perform genome editing in NHPs. 

Biallelic and heterozygous gene editing were achieved without reports of off-target effects 

(53, 55, 60, 78), although editing mosaicism occurred across tissues. Precise control of gene 

editing including propagation of the mutation to all cells of the body remains a challenge. 

Similar to transgenesis, embryonic genome editing relies on the ability to manipulate 

embryos followed by the successful establishment and maintenance of a pregnancy after 

embryo transfer. Across studies of genome editing in NHPs (45, 47–49, 53, 55, 59, 62, 

63, 67, 71, 79, 80), the number of embryos transferred ranged from ~21 to 179 and the 

number of female NHP recipients of CRISPR-Cas9-targeted embryos ranged from ~4 to 

113; the percentage of transferred embryos resulting in live edited NHP offspring ranged 

from 0.87 to 7.1%. These results further exemplify the necessity for a large cohort of 

both oocyte donors and embryo transfer recipients. The total number of female NHPs that 

have undergone ovarian stimulation and that serve as a pool of candidate embryo transfer 

recipients is not well described in many studies, hence the total number of animals required 

to produce a few offspring is likely to be under estimated. In addition, the low live birth 

rate after embryo transfer, resulting in one to a few edited offspring that contain diverse 

mosaic editing patterns, hinders the ability to draw conclusions about genotype to phenotype 

relationships and the development of reproducible genetic models.

Optimization of the delivered concentration and volume of CRISPR-Cas9 constructs should 

be considered when assessing editing outcomes relative to the impact on embryo viability. 

An inverse relationship between editing efficiency and embryonic development has been 

noted upon microinjection with TALENs (51) and CRISPR-Cas9 constructs (55, 80). A ratio 

of 100 ng/μL Cas9 10 ng/μL sgRNA produced a high rate of biallelic mutants, but 200 

ng/μL:10 ng/μL resulted in reduced embryonic development (55). In addition, Yao et al. 

(80) described that a microinjection volume of ~4 pL of CRISPR-Cas9 construct resulted 

in no pregnancies, whereas reducing the volume to ~2 pL increased the pregnancy rate 

to ~41%. It is possible that the targeted gene may have an unknown role in embryonic 

or fetal development resulting in lower pregnancy or live birth rates compared to control 

animals. Although NHP resources are limited, testing multiple concentrations to assess 
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editing efficiencies and embryonic development rates may improve pregnancy rates upon 

embryo transfer and should be performed with control embryos when feasible to determine 

whether a mutation contributes to embryonic or fetal lethality.

Introducing a DNA sequence, such as a fluorescent reporter gene, has been successfully 

achieved using TALENs and CRISPR-Cas9 in NHP embryos (79–82). Chu et al. (83) 

reported a TALEN-mediated gene knockin of GFP that was introduced into the cynomolgus 

macaque OCT4 locus. TALEN-mediated GFP expression was observed in ~11% of the 

injected embryos. The reporter genes mCherry and GFP were introduced into cynomolgus 

macaque embryos via CRISPR-Cas9 by Yao et al. (80) and Cui et al. (79), respectively. 

Mosaic editing patterns were noted in both studies. Yoshimatsu et al. (82) described 

the first knockin marmoset using CRISPR-Cas9 to incorporate a modified PLP exon 2 

sequence. A ~10% increase in editing rate was reported for NHP embryos where CRISPR-

Cas9 constructs were delivered by electroporation rather than microinjection. Furthermore, 

Kumita et al. (81) described optimization of the design of the DNA donor repair template 

and showed that a 36-nucleotide donor template orientated in the sense strand direction 

more efficiently produced a c-Kit knockin with 30.8% of marmoset embryos containing the 

precise mutation. Allele-specific gene targeting offers promise in generating heterozygous 

mutations. Tsukiyama et al. (73) fertilized cynomolgus macaque oocytes containing a 

single-nucleotide polymorphism (SNP) in exon 4 of the PKD1 gene with wildtype sperm 

followed by microinjection of CRISPR-Cas9 sgRNAs targeting the wildtype paternal allele; 

the SNP present in the maternal allele would not confer sgRNA recognition at the target 

site. This targeting approach reduced mosaicism and was more efficient at generating 

heterozygote offspring.

Improving the specificity and targeting efficiency of both base-editing and prime-editing 

technologies is ongoing (75). The ability to create gene edits without the need for 

HDR makes these Cas9 nucleases more advantageous for use in NHP embryos. The 

implementation of next-generation nucleases will accelerate the ability to create precise gene 

edits in NHP embryos. Future NHP studies are needed to assess the degree of mosaicism, 

INDEL formation and on- and off-target effects with these technologies compared to 

wildtype Cas9 in NHP embryos. In the cynomolgus macaque study modeling Hutchinson-

Gilford progeria syndrome, only two mosaic LMNA-edited animals lived beyond 5 months 

of age (76), underscoring the difficulty of the task and the need to prioritize efforts towards 

specific genes and diseases.

The ethical development of NHP genetic models of human disease

The available peer-reviewed studies of genetically modified NHPs showcase the technical 

challenges of developing these disease models and the importance of ethical and responsible 

use of NHPs. There are thousands of possible human disease gene targets that could be 

explored. Stakeholders have the critical and difficult task of prioritizing the gene mutations 

that should be investigated using limited NHP resources.

Animal research is justified by the potential benefit to humans, other animals and science. 

The close phylogenetic relationship of NHPs to humans as well as their complex behavior 
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and cognition require application of the highest criteria and welfare standards (84). As 

developing genetic models of human disease creates risk of harm or discomfort to NHPs 

(e.g. the severe muscle weakness associated with DMD) the justification of the studies 

becomes even more critical. We propose that the target gene/human disease should affect a 

large number of individuals and affect specific traits unique to primates (e.g. frontotemporal 

dementia requires a highly developed neocortex) and that previous models in rodent or other 

non-primate species have proven inadequate to understand the pathological process or to 

evaluate the efficacy of interventions (e.g. Alzheimer’s disease). Yet ultimately the decision 

to model severely debilitating diseases in NHPs should be carefully considered by multiple 

stakeholders. Some human diseases may not be advisable or possible to model. For example, 

generation of NHPs with genetic mutations that impair fertility would not allow for colony 

expansion, resulting in a reduced number of subjects for meaningful research. Chromosomal 

disorders, such as Down’s syndrome, cannot be modeled with current technologies, yet even 

if modeling was possible, the different number of chromosomes between humans (23 pairs) 

and rhesus macaques (21 pairs) would further complicate the challenge.

For investigators, the well-known principles of the 3Rs (Replacement, Reduction and 

Refinement) provide a framework for guiding the ethical development of NHP genetic 

disease models at every step of the process. Several factors need to be considered before 

targeting the NHP embryonic genome to create models of human disease. First, the choice 

of NHP species requires careful consideration as the nucleic acid and protein sequences of 

the disease-associated gene must be highly conserved between humans and the NHP species 

to be genetically modified. Behavior, anatomy and physiology of the NHP species should 

also be considered to phenocopy and detect disease traits. For example, common marmosets 

naturally have a threonine at the 53rd amino acid residue of α-synuclein (85), which makes 

them an unsuitable species for modeling the α-synuclein A53T point mutation associated 

with PD. However, their genetics and motor behavior make marmosets well suited for 

modeling the most frequent PD mutation, the LRRK2 G2019S protein mutation caused 

by a G6055A point mutation in the LRRK2 gene (Fig. 1). Second, construct design for 

accurate, impactful disease modeling should aim to introduce the same mutation as occurs in 

humans. Most genetic diseases are associated with single point mutations that cause amino 

acid substitutions, such as A53T in α-synuclein or G2019S in LRRK2. Deleting regions 

of the kinase domain of LRRK2 may provide valuable information about PD pathogenic 

mechanisms, but will not specifically model PD that is associated with the LRRK2 G2019S 

mutation. Deletion mutations may be valid for modeling some PD-associated PINK1 
mutations, where multiple exons have been deleted (70, 71). Third, selection of highly 

efficient guide RNAs is needed before injection into embryos. NHP cell culture systems 

can serve to initially screen guide RNAs and allow for on-target and off-target editing 

analysis before introducing the genome-editing constructs into NHP embryos (86–88). 

Moreover, NHP stem cell cultures can be directed toward cellular differentiation after gene 

targeting, enabling in vitro disease modeling. Vermilyea et al. (88) introduced the precise 

point mutation G2019S into the PD-associated LRRK2 of marmoset stem cells and then 

induced these cells to differentiate into neurons. The edited neurons displayed a reduced 

response to oxidative stress and reduced viability compared to wild-type LRRK2. Fourth, 

extensive resources are required to generate a sufficient number of live genome-edited NHP 
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offspring. Meaningful research requires studies that are appropriately statistically powered. 

Similar to transgenesis, embryonic genome editing relies on the ability to manipulate 

embryos followed by the successful establishment and maintenance of a pregnancy after 

embryo transfer. Assisted reproductive technologies are well established for macaques and 

marmosets, yet the limited consistency in yield of oocytes and embryos necessitates a 

large pool of animals. Fifth, veterinarians and medical scientists with knowledge of disease-

specific and species-specific care and evaluation should be ready to provide long-term 

animal care. These resources are required for years compared to rodent models because of 

the longer life span of NHP species.

Germline-based editing relies on the reproductive efficiency of assisted reproductive 

technologies, and improvements in these technologies would aid in reducing the number 

of animals needed. Without experimental genetic manipulation, in vitro oocyte fertilization 

rates are typically ~70 to 80%, and of those that are fertilized, ~30 to 40% develop to 

the blastocyst stage. There is high embryonic and fetal loss after embryo transfer, and the 

attrition greatly hinders the success rate of producing live genetically-modified NHPs. A 

large pool of female macaques undergoing regular ovarian cycles is needed to increase the 

likelihood that a female will be available for embryo transfer, because ovarian stimulation 

and embryo transfer in this species are initiated relative to the timing of menses onset 

(89, 90). In addition, rhesus macaques are seasonal breeders with reduced oocyte quality 

in the non-breeding season, thus restricting the window for optimal embryo development 

each year (91). Optimization of methods for synchronizing the macaque menstrual cycles of 

oocyte donors and embryo recipients would help to decrease the number of NHPs required. 

In comparison, the marmoset’s ovarian cycle can be regulated pharmacologically, which 

facilitates synchronization (92, 93). Improving cryopreservation strategies for NHP gametes 

and embryos to ensure post-thaw viability would allow for flexibility in embryo transfer 

timing and also would allow for preserving genetically-edited animals for future colony 

expansion. In addition, steps to optimize construct design in cell culture systems, plus 

incorporation of fluorescent tags and utilization of next-generation editor nucleases may 

improve selection of edited embryos for transfer. The greatest hurdle is the production of a 

cohort of genetically modified animals that contain the human disease mutation of interest 

with phenotypic observations that parallel human disease. Moreover, reproducibility of a 

model has not yet been proven and often expansion of the genetically modified animal is 

hindered by symptom progression resulting in humane euthanasia before the animal reaches 

puberty.

Technological advances will modestly aid in reducing NHP numbers required for human 

disease modeling in the near future, and alternative strategies should be pursued. Progress 

in creating such NHP models of human disease will likely not be a one-size fits all 

approach. Somatic cell delivery of gene-editing constructs by viral vectors or nanoparticles 

are promising alternatives that have limitations but would mitigate delays in waiting for 

offspring to be born and develop to adulthood. Another possibility is the screening of NHP 

colonies for naturally-occurring mutations using whole genome and exome sequencing. 

Larger primate centers could maximize resources for creating colonies of NHP disease 

models. Breeding of NHPs with naturally-occurring mutations or genetically-modified 

NHPs will require careful attention in expanding the mutation while minimizing inbreeding. 
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Disease symptoms in genetically modified NHPs will require extensive monitoring. Some 

primate centers are already equipped with specialized units for infant and aged NHP 

care. Both national and international consortia are needed to establish guidelines that are 

specific for the care and use of genetically-modified NHPs. A collaborative approach with 

an initiative to establish a shared genome database of naturally-occurring and introduced 

mutations in NHPs as well as gamete and embryo cryobanks and tissue banks would 

facilitate greater access to specimens (age-matched, control or mutated) and reduce the 

number of NHPs required.

Conclusions

Currently, modeling of human genetic diseases in NHPs is limited by existing technologies, 

animal availability and NHP reproductive biology. Studies have focused on multiplying 

genes by transgenesis or disrupting genes by genome editing, which may not faithfully 

model human disease. Advances in genome modification have put pressure on research 

systems to create NHP models of human disease, yet now more than ever scientific 

and ethical considerations should guide such research. Stakeholders, including scientists, 

veterinarians, funders and institutions should consider the overall impact of creating 

genetically-modified NHPs. National and international collaborations can help to maximize 

efforts and apply guidelines for the ethically responsible use of NHPs. Safeguarding the 

overall scientific enterprise requires prioritizing the use of resources and finding suitable 

alternatives. It would be naïve to think that NHP genetic models will solve all therapeutic 

shortcomings in human disease, because disease etiologies are complex and are not limited 

to genetic factors, but NHP genetic models can support the process toward improved 

medical outcomes and ultimately cures.
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Figure 1. Prevalence of the PD-associated LRRK2 G2019S mutation.
The prevalence of PD in the global population over the age of 65 is 1 to 2%. The G6055A 
point mutation in the LRRK2 gene results in a change from glutathione to serine at position 

2019 (G2019S) in the LRRK2 kinase domain (70). The LRRK2 G2019S mutation is the 

most frequently found mutation in PD and is associated with both familial and sporadic 

diseases. Of familial PD cases, 2 to 40% carry the LRRK2 G2019S mutation (2% European 

ancestry, 20% Ashkenazi Jew, 40% Berber). The genetics and motor behavior of marmosets 

Schmidt et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2022 August 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



make this NHP species well suited to model PD caused by the LRRK2 G2019S mutation. 

Source* (70).
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Figure 2. Genome editing of the NHP LRRK2 gene.
Transgenesis or genome editing using CRISPR-Cas could be used to introduce the G6055A 
point mutation into the NHP LRRK2 gene. The G6055A point mutation results in a 

glutathione to serine switch at position 2019 in the LRRK2 kinase domain and is the 

most common PD-associated mutation. (A) Random incorporation of a mutant LRRK2 
transgene into the NHP genome by transgenesis. (B) Genome editing using CRISPR-Cas 

results in a double-stranded DNA break in the NHP LRRK2 gene that then undergoes 

cellular DNA repair. DNA repair occurs through one of two processes: non-homologous 
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end joining (NHEJ), which creates insertions or deletions (INDELs) in the LRRK2 gene, or 

homology directed repair (HDR), which uses a single-stranded oligodeoxynucleotide donor 

template (ssODN) to introduce a specific nucleotide sequence change. (C) Next-generation 

nucleases are modified versions of Cas9 that create precise edits in the target gene sequence. 

Base editor nucleases create a C-to-T nucleotide change [cytosine base editors (CBE)], an 

A-to-G nucleotide change [adenosine base editors (ABE)], or a C-to-G nucleotide change 

[guanosine base editors (GBE)]. There is currently no base editor that can introduce a 

G-A conversion to create the G6055A point mutation in the LRRK2 gene. Prime editors 

nucleases are able to create any nucleotide change (represented as n-n).
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