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Abstract

cell-based therapies for curing HIV.

Nonhuman primates (NHPs) are well-established basic and translational research models for human immunodefi-
ciency virus (HIV) infections and pathophysiology, hematopoietic stem cell (HSC) transplantation, and assisted repro-
ductive technologies. Recent advances in CRISPR/Cas9 gene editing technologies present opportunities to refine NHP
HIV models for investigating genetic factors that affect HIV replication and designing cellular therapies that exploit
genetic barriers to HIV infections, including engineering mutations into CCR5 and conferring resistance to HIV/simian
immunodeficiency virus (SIV) infections. In this report, we provide an overview of recent advances and challenges in
gene editing NHP embryos and discuss the value of genetically engineered animal models for developing novel stem
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Background

Nonhuman primates (NHPs) have been instrumental in
advancing our knowledge of HIV pathogenesis, preven-
tion, and therapies [1, 2]. Simian immunodeficiency virus
(SIV) and chimeric simian-human immunodeficiency
virus (SHIV) infections of NHPs are well-characterized
models of HIV infections, faithfully recapitulating key
aspects of HIV infections, including the rapid seeding of
viral reservoirs, sustained virus replication, the gradual
loss of peripheral CD4+T cells, and the development
of simian acquired immunodeficiency syndrome (AIDS)
[3-5]. Additionally, NHPs provide several advantages
over humans for HIV-cure research. First, antiretroviral
therapy (ART)-suppressed NHPs can undergo treatment
interruption to measure the time to viral rebound (TTR)
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to determine intervention efficacy (i.e., more efficacious
cure strategies creating longer TTRs), without the ethi-
cal concerns of enriching drug-resistant variants. Second,
NHPs can be used in terminal studies to systematically
measure viral reservoirs in lymphoid and non-lymphoid
tissues, identifying tissues that are refractory to treat-
ment and focus new cure strategies to these reservoirs.
Third, infecting NHPs with clonal SIV/SHIVs makes it
possible to track viral evolution in response to therapeu-
tic pressures, identifying mutations that escape various
cure interventions and providing insights into counter-
acting these viral adaptations.

The emerging field of genetically modified NHPs can
complement HIV studies by editing genes responsible
for controlling HIV infections. Here, we review recent
progress in using CRISPR/Cas9 methods to edit NHP
genomes and how gene-edited NHPs can advance HIV
research. We also highlight current progress in edit-
ing the CCR5 gene in NHP embryos and induced pluri-
potent stem cells (iPSCs), and highlight the value of
CCR5-edited macaques for developing curative stem cell
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therapies. Figure 1 provides an overview of iPSC- and
embryo-based editing approaches that will be discussed
as well as predicted editing outcomes for generating
NHPs containing human disease-associated mutations.

CRISPR/Cas9 technology for introducing mutations

Genome editing by application of CRISPR/Cas9 tech-
nology offers promise for creating genetic nonhuman
primate models of human disease. The advantage of the
CRISPR/Cas9 system over other genome editing sys-
tems (i.e. zinc finger nucleases (ZFNs) or transcription
activator-like effector nucleases (TALENS)) is the rela-
tive ease in design of the guide RNA (gRNA) to target

Page 2 of 12

the gene of interest and the ability to readily synthesize
Cas9 mRNA or protein for delivery to cells. The CRISPR/
Cas9 system is comprised of a gRNA that when com-
plexed with Cas9 endonuclease guides the ribonucleo-
protein complex (RNP) to the target site [6, 7]. The Cas9
endonuclease recognizes a protospacer adjacent motif
(PAM), or 5'-NGG-3’ sequence, and will cleave the DNA
3 base pairs upstream of the PAM resulting in a double-
stranded DNA break [6, 7].

The double-stranded DNA break induced by the Cas9
endonuclease is repaired with intrinsic cellular machin-
ery in one of two ways, either through nonhomologous
end joining (NHEJ) or homology directed repair (HDR)
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into monkey iPSCs and embryos, a Cas9-gRNA ribonucleoprotein complex (RNP) with or without a single-strand oligodeoxynucleotide (ssODN)
template containing the desired mutation may be delivered via cell electroporation or microinjection into one-cell embryos. The double-stranded
DNA break incurred upon Cas9 cleavage may be repaired preferentially by non-homologous end joining (NHEJ) or alternatively, by homology
directed repair (HDR). Repair by canonical NHEJ or an alternative NHEJ pathway via microhomology-mediated end joining (MMEJ) are the cellular
default repair mechanisms which often introduce insertions or deletions resulting in gene disruption due to frameshift, nonsense or missense
mutations. When provided an ssODN template, repair may occur by HDR to create more precise edits by utilizing the provided template to
introduce the desired mutation. Of note, despite co-delivery of an ssODN template, repair by NHEJ will predominate. Upon introducing edits,
iPSCs can be differentiated into immune cells and subjected to experimental infection to assess phenotypic and functional responses to validate
gene editing strategy and targeted embryos may be transferred to a surrogate to produce edited offspring containing the desired mutation.
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[6, 8, 9]. Repair by canonical NHE] entails the ligation of
the ends without utilizing a homologous template serving
as a guide. An alternative NHE] pathway utilizes micro-
homology of 5-25 base pairs near the cut site to serve
as a guide for joining ends and is known as microho-
mology-mediated end joining (MME]) [8]. DNA breaks
are more commonly repaired by NHE] as the repair can
occur at any time during the cell cycle, however, this
mechanism is error prone and may result in insertions
or deletions (INDELS) that are often less than 20 base
pairs, and in some instances the sequence may be cor-
rectly repaired [8—10]. The introduction of INDELS can
create frameshift, missense, or nonsense mutations that
may disrupt or knock out gene function. Repair by HDR
is much slower in comparison to NHE]J and its occur-
rence is restricted to the S- or G2-phase of the cell cycle
as it requires a template for homologous recombination
[8, 9]. To facilitate more precise editing, a single-stranded
oligodeoxynucleotide (ssODN) homologous to the tar-
get region and containing the edit of interest may be
delivered with the CRISPR/Cas9 construct to serve as a
homologous template for repair by homologous recom-
bination [8]. NHE] is considered to be the default repair
mechanism for cellular DNA damage [8], thus the effi-
ciency of HDR for creating precise edits is considerably
lower in comparison to introducing INDELS.

Advances and challenges in using CRISPR/Cas9
technologies for generating genetically engineered NHP
models

Genome editing by CRISPR/Cas9 in NHP studies has
predominantly focused on creating disruption in genes
associated with human diseases [11]. Human dis-
eases, however, are often associated with a single point
mutation(s) rather than a deletion or disruption of the
genetic sequence. Genetic disruptions by targeting DNA
with wild-type Cas9 nucleases in NHPs have elucidated
the physiological roles of genes in NHPs [12-15], par-
ticularly those genes that do not share similar expres-
sion patterns between rodents and primates (e.g. PINK1,
associated with Parkinson’s Disease [14]). In reports of
NHP embryo-based genome editing, various targeting
approaches have been applied leading to observations
that highlight the strengths and limitations of the tech-
nology for developing reproducible genetic NHP models
of human disease.

The recent CRISPR/Cas9 revolution has impacted
NHP research and led to several advances towards cre-
ating NHP models of human disease. Table 1 provides
an overview of reports of embryo-based genome edit-
ing in NHPs with the objective of creating NHP models
of human disease by transfer of CRISPR/Cas9 micro-
injected embryos into surrogates; the table does not
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include reports describing knock-in sequences or report-
ers in NHP embryos [16—18]. These studies have yielded
a number of important outcomes. First, CRISPR/Cas9
microinjection into NHP embryos has proven successful
for targeting single and multiple genes to cause gene dis-
ruption [11, 19]. Second, transfer of CRISPR/Cas9 edited
embryos into surrogates has led to the birth of live-edited
NHDPs, albeit the efficiency of obtaining live, edited ani-
mals remains low (Table 1; [20]). In addition, edited NHP
offspring are predominantly mosaic and it is uncertain
that these mutations both genocopy and phenocopy the
human disease. Third, genotyping of gonads and gametes
has shown that the germline is also edited in offspring
derived from CRISPR/Cas9 microinjected embryos,
allowing for colony expansion of the mutation [21, 22].
Fourth, several research groups have conducted studies
to optimize CRISPR/Cas9 delivery to one-cell fertilized
NHP embryos, including testing injection of Cas9 mRNA
versus RNP complexes of Cas9 protein and the gRNA
[23-25] and varying the concentrations of Cas9 and
gRNA [26] or microinjected volume [17], reporting the
resulting on-target and off-target genotypes. These stud-
ies can serve as a guide for designing NHP CRISPR/Cas9
targeting experiments and have highlighted variables that
contribute to the success of early embryo targeting out-
comes. Fifth, the demonstration of biallelic editing sug-
gests that creating homozygous NHP mutants is feasible
[13, 20, 26, 27]. Finally, a shift in research focus to create
heterozygous mutations has led to successful allele-spe-
cific targeting. For example, Tsukiyama et al. [28] tar-
geted the paternal allele of the PKDI gene in cynomolgus
macaque one-cell embryos as most human patients with
autosomal dominant polycystic kidney disease are het-
erozygous for PKD1 mutations.

These pioneering CRISPR/Cas9 studies in NHPs
have also revealed several challenges that prevent high
throughput production of edited-NHPs to recapitulate
human disease phenotypes. While genetic disruption can
highlight the physiological roles and impact of a specific
gene, disruptions may not produce similar symptoms
that arise from a point mutation associated with human
disease. This could be attributed at least partially/or in
many cases to mosaicism in CRISPR/Cas9 edited ani-
mals [22, 24, 28-30], while human patients contain the
disease-associated mutation in every cell within the body.
Microinjection into mature oocytes at the time of fertili-
zation as shown in human embryos may result in a more
uniform editing pattern [31, 32], although this approach
remains to be explored in NHPs. Despite transfer of a
large number of embryos to many surrogates, relatively
few live, edited NHP offspring have been produced [20],
thus requiring substantial NHP resources to produce
few subjects. Of those edited offspring, a wide range of
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mosaic genotypes are observed across small cohorts lead-
ing to disparity and lack of repetition in molecular and
physiological outcomes associated with the mutation.
Breeding of founder (FO) animals that carry mosaic edits
in the germline may produce a cohort of F1 edited infants
with a wide range of editing genotypes. However, both
homozygous and heterozygous CCR5-edited F1 infants
are relevant for modeling human HIV infection because
CCR5A32 heterozygous individuals have delayed disease
progression. Whole genome sequencing (WGS) of DNA
from FO animals and progeny would serve to determine
the genotypes of the model animals to better understand
genotype to phenotype relationships.

The consequence of undesired on-target editing war-
rants concern. Yang et al. [15] showed that targeting
the PINK1 gene to induce gene disruption resulted in a
large-scale deletion of ~7.2 kb that likely contributed to
early death and the extent of neuronal loss in deceased
newborn monkey brains. Similarly, large deletions have
also been observed following CRISPR/Cas9 target-
ing in another NHP study [33], and mouse and human
embryos [32, 34, 35]. Genetic aberrations associated with
embryonic genome editing will be expanded below, and
is mentioned here to highlight an issue hampering the
introduction of precise genetic mutations.

Recognizing that several of the aforementioned chal-
lenges hinder disease modeling in NHPs, careful design of
the targeting experiment and advances in both CRISPR/
Cas9 targeting approaches and assisted reproductive
technologies could serve to improve the success rates
in obtaining live-edited offspring and generating NHP
models that truly reproduce genetic diseases. The NHP
species selected for the genetic model needs to have high
DNA sequence homology to the human gene of interest
and share similar RNA and protein expression profiles.
The gRNAs should be tested in cell culture platforms of
the NHP species selected to ensure targeting is achieved
before transitioning to embryo injections. Although
gRNA design tools may take into account SNPs [36], de
novo mutations may arise across generations, hence prior
to CRISPR/Cas9 experiments the cells or gamete donors
should be sequenced to ensure gRNA complementarity.
For validation studies, iPSCs provide a unique platform
since they can be easily edited and used to generate the
desired cell type to assess the impact of the mutation
on the disease phenotype in vitro. Microinjection of
CRISPR/Cas9 constructs after fertilization at the one-
cell stage has been shown to result in mosaic editing [24,
28-30], whereas injections at the time of fertilization in
human embryos have resulted in more uniform editing
patterns when performing allele-specific targeting of the
paternal allele [31, 32]. Concurrent CRISPR/Cas9 target-
ing of both parental alleles at fertilization remains to be
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explored in human or NHP embryos, so it is unclear if
biallelic editing would occur. Allele-specific targeting has
been demonstrated in human and cynomolgus macaque
embryos where the gRNA sequence was homologous to
a specific parental allele that contained a SNP unique to
the targeting allele, allowing for the introduction of het-
erozygous mutations [28, 31, 32]. Importantly, humans
having a heterozygous CCRS deletion show delayed HIV
progression [37, 38]; thus, creating either homozygous or
heterozygous mutations is relevant to understanding HIV
resistance in a NHP CCR5-edited genetic model.

A strategy to create precise edits is to implement next-
generation Cas9 nucleases, such as base or prime editors,
that do not introduce double-stranded DNA breaks and
rather facilitate single base conversions [39, 40]. Base
editors have been introduced into NHP embryos, dem-
onstrating multiplex editing of several genes [41], and
the birth of three live homozygous edited monkeys that
displayed features of Hutchinson-Gilford progeria syn-
drome upon introducing a C-T base conversion to the
lamin A/C gene [42]. Optimization of base-editing tech-
nology to obtain a more uniform editing pattern and
comprehensive assessment of on- and off-target editing
consequences remains to be explored upon NHP embryo
microinjection.

The value of a CCR5-edited NHP model

The chemokine receptor CCR5 binds RANTES (CCL5),
MIP1-alpha (CCL3), and MIP1-beta (CCL4) cytokines
[43] and plays a role in mounting an inflammatory
response to infection. CCR5 is also the predominant
co-receptor for most HIV-1 strains, binding to the
HIV envelope protein, promoting viral and cell mem-
brane fusion and viral entry into the host cells [44—47].
However, polymorphisms in the CCR5 gene can dis-
rupt this essential molecular interaction [37, 48-50].
The best characterized CCRS5 allelic variant contains a
CCR5A32 in the coding region of the second extracel-
lular loop, creating a severely truncated molecule that
prevents CCR5 expression, thereby disrupting viral
entry [37] and making CCR5A32 homozygous individu-
als resistant to infection with CCR5-tropic strains of
HIV [37, 50-52]. The CCR5A32 is the most common in
individuals of European descent with heterozygous and
homozygous allele frequencies of 10 and 1%, respec-
tively [50, 53]. However, this mutation is rare in Afri-
can and Indian populations. In African populations,
other types of CCR5 mutations have been identified,
including CCR5A24 [48], C101X [54], the R225X muta-
tion which prevents CCR5 expression and the D2V
mutation which decreases binding to HIV [55]. Other
multiple polymorphic variations have been described
in the CCRS5 gene, however, many of them fail to



Schmidt et al. Retrovirology (2022) 19:17

protect against HIV infection, even if the same muta-
tion caused impaired binding and functional responses
to chemokines [54].

Given the critical role of CCRS5 in HIV infection, dis-
rupting CCR5 binding is a core strategy for HIV cure
initiatives [56, 57]. Supporting this strategy are alloge-
neic hematopoietic stem cell transplants (alloHSCTs)
with cells from CCR5A32 homozygous donors [58]. In
two high profile cases, HIV-resistant donor cells replaced
recipient immune cells post-transplant, resulting in the
rapid depletion of viral reservoirs, enabling the “Ber-
lin” and “London” patients to stop ART without viral
rebound, functionally curing them of HIV[59-62]. To
date, these transplants are the only medical interventions
to eradicate HIV reservoirs, but they are not scalable nor
relevant to most people with HIV. Therefore, advancing
our understanding of the underlying mechanism(s) that
eradicate HIV reservoirs after CCR5-mutant alloHSCT
transplants will aid the design of more efficacious treat-
ment regimens available to all people with HIV.

To this end, critical questions remain about how the
Berlin and London patients alloHSCTs eliminated viral
reservoirs and prevented viral rebound. These ques-
tions include: Do allogeneic T cells play a significant
role in eliminating host leukocytes and eliminating
endogenous HIV reservoirs? Are HIV cures only attain-
able with CCR5-mutant cells, or are similar outcomes
achievable with allogeneic HSCs expressing functional
CCR5 (wild-type)? When is it safe to withdraw ART
after CCR5-mutant HSCTs? Are CCR5-mutant cells
broadly protective against infection, or are they only
effective against viral strains using CCR5 as a coreceptor
(R5-tropic)? Are homozygous CCR5-mutant cells needed
to cure HIV, or are heterozygous cells also effective? Does
CCRS5 heterozygosity influence HIV reservoir size, and
does it help shrink viral reservoirs after alloHSCTs? What
engraftment thresholds are necessary to achieve signifi-
cant clinical benefits from CCR5-mutant HSCs? What
role do pre-transplant conditioning regimens play in
eliminating HIV reservoirs? Can nontoxic conditioning
regimens still produce HIV cures?

Investigators have sought to determine whether natu-
rally-occurring CCRS mutations exist in experimental
NHP models. A genetic study by Chen et al. [63] identi-
fied a 24-bp deletion in CCRS that prevents CCR5 from
being functionally expressed by more than 98% of red-
capped mangabeys. However, this study did not find any
deletions within the CCR5 locus of 9 chimpanzees and
35 rhesus macaques. Thus, genetically modified NHPs
are highly desirable for modeling CCR5-mutant HSC
therapies. In contrast to approaches that employ trans-
genic HSCs, the use of HSCs from CCR5-mutant animals
eliminates the issues associated with variations in HSC
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gene editing efficiency and diminished HSC engraftment
potential following ex vivo manipulation of CD34 + cells.

Outside of HIV, CCR5 polymorphisms may affect the
inflammatory responses to other infectious agents. CCR5
is predominantly expressed on leukocytes and, upon
binding its pro-inflammatory cytokine ligand, enhances
the effector functions of these cells and directs them to
sites of infection [44]. Thus, the loss of function with the
CCR5A32 variant may disrupt immune cell activity and
inhibit CCR5-mediated inflammation, which can have
beneficial or detrimental impacts on disease outcomes.
Indeed, human and animal studies have shown that CCR5
deficiency has a protective effect against diseases caused
by viral, bacterial, and parasitic infections, including
Toxoplasma gondii, Mycobacterium tuberculosis, Myco-
plasma pneumoniae, Streptococcus pneumoniae, Herpes
Simplex Virus, Hepatitis B virus, Trypanosoma cruzi,
Cryptococcus neoformans, Chlamydia trachomatis, Lis-
teria, and Plasmodium (reviewed in [49, 64]) and severe
SARS-CoV-2 infections [65]. Conversely, CCR5A32 is
associated with increased susceptibility to severe infec-
tions with flaviviruses West Nile Virus [66—68] and Tick-
borne encephalitis virus [69, 70]. Access to CCR5-mutant
NHPs may open unique opportunities to establish NHP
models for severe West Nile virus infection and advance
the use of NHPs to study unique disease courses or con-
ditions that occur in humans with CCRS polymorphisms.
For example, CCR5-deficiency is also associated with
decreased risk of graft-versus-host-diseases (GVHD)
[71], CCR5-mutant NHPs can be used to explore the
potential of CCRS5 targeting for GVHD therapies. CCR5
also plays a role in neuroplasticity, learning and memory
and can potentially contribute to cognitive deficit caused
by HIV infection [72]. Thus, CCR5-edited animals could
be an integral tool for assessing mechanisms of HIV neu-
rocognitive disorders.

Editing CCR5 in Mauritian cynomolgus macaque embryos

To facilitate NHP modeling of curative alloHSCT-based
HIV therapies, we explored editing the CCRS gene in
embryos via CRISPR/Cas9 in Mauritian cynomolgus
macaques (MCMs), which have limited major histo-
compatibility complex (MHC) diversity [73, 74], allow-
ing for control of genetic factors during alloHSCTs and
quantifying the effect of MHC-matched allogeneic cells
on purging SIV reservoirs. To disrupt CCR5, we used
two gRNAs to target sequences within exon 2, includ-
ing a 24-bp deletion region known to be essential for
expressing functional CCRS in NHPs [63]. Previously, we
showed that the CCR5 gene is more efficiently edited in
human iPSCs with dual gRNAs than a single gRNA [75].
To confirm that CRISPR/Cas9-targeted CCRS edits also
protects macaque cells from SIV infection, we generated
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iPSCs from MCM fibroblasts, edited their CCRS locus,
and derived T cells and macrophages. We found that
T cells and macrophages produced from CCR5-edited
fibroblast-derived iPSCs did not support replication of
the CCR5 T cell-tropic SIVmac239 and macrophage-
tropic SIVmac316 simian immunodeficiency viruses,
thus validating our CCRS editing strategy [76].

The methods for producing in vitro fertilized embryos
from rhesus and Chinese cynomolgus macaques (CCMs)
are well established [77-79]. However, our studies unex-
pectedly revealed differences in reproductive biology
between Mauritian and Chinese subspecies, requiring
further optimization of assisted reproductive methods
for MCMs. Applying a CCM ovarian stimulation pro-
tocol to MCM oocyte donors produced relatively few
mature oocytes upon laparoscopic follicular aspiration
(~13.4 oocytes, 4.2% mature oocytes). Extending the
follicle stimulating hormone treatment to 11-12 days
and performing follicle aspiration between 38 and 40 h
post-human chorionic gonadotropin treatment improved
recovery of mature MCM oocytes (~24.3 oocytes, 56%
mature oocytes). Additionally, we optimized in vitro cul-
ture conditions to support MCM embryo development to
the blastocyst stage [80].

Following fertilization of 240 MCM oocytes by intra-
cytoplasmic sperm injection (ICSI), we microinjected
oocytes with Cas9 alone (no gRNA) or a RNP com-
plex comprised of Cas9 complexed to the gRNAs (see
Fig. 1 for an overview of the embryo editing approach),
or were not microinjected and cultured as control. A
reduced cleavage rate in CCR5 RNP injected oocytes
was observed compared to unmanipulated non-injected
control oocytes (45.8% vs 72.7%, respectively) [80]. Time-
lapse imaging showed a tendency for delayed embryo
development in Cas9 alone and CCR5 RNP-microin-
jected embryos in comparison to control embryos [80].
Heterozygous and homozygous mutations were detected
by PCR in 53.3% and 36.7% of 73 CCR5 RNP injected
embryos, respectively. In addition, analysis of 129 indi-
vidual blastomeres from 18 embryos showed that 82%
were heterozygotes and 23.5% were homozygotes for the
CCRS deletion. A mosaic genome editing pattern was
observed in ~50% of the CCRS5-edited embryos. Thus, by
refining the ovarian stimulation and in vitro culture con-
ditions, we obtained for the first time a cohort of mature
MCM oocytes, fertilized them in vitro, and efficiently
edited them using CRISPR/Cas9, introducing muta-
tions into CCR5 in more than 50% of embryos. Signifi-
cant challenges were encountered with transfer of edited
embryos to surrogates to achieve pregnancy, signifying
the need for better characterizations of menstrual cycle
in MCMs to synchronize embryo transfer timing with
surrogates’ implantation window.
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Genomic aberrations following embryo editing in primates
A consequence of introducing mutations with CRISPR/
Cas9 is the introduction of undesired mutations at the
on- and/or off-target sites. Undesired edits introduced
at the on-target site by CRISPR/Cas9 include large
deletions, translocations and whole or partial chromo-
some elimination often associated with the formation of
micronuclei [10, 32, 34, 81, 82]. Complex chromosomal
rearrangements may result in disruption of neighboring
genes, chromothripsis and also loss of heterozygosity due
to homologous recombination near the target site [35,
81-83]. Figure 2 illustrates potential editing errors that
could occur at the on- and/or off-target site(s).
CRISPR/Cas9-associated anomalies at the on-target
site have been observed in human and mouse CRISPR/
Cas9 microinjected embryos, and include large scale
deletions, complete loss of whole and chromosomal
segments, and loss of heterozygosity [32, 34, 35, 84].
Embryonic loss of whole chromosomes is particularly a
concern as aneuploidy has been associated with implan-
tation failure and miscarriage in humans [85]. Neither
the incidence of chromosomal loss and segmentation in
CRISPR/Cas9 microinjected embryos, nor the impact of
CRISPR/Cas9 induced chromosomal anomalies on devel-
opmental trajectory to the blastocyst stage or pregnancy
have been extensively explored in NHPs. Off-target anal-
ysis following NHP embryo microinjection has focused
on WGS and/or cloning PCR amplicons of candidate off-
target regions, and no off-target edits with CRISPR/Cas9
have been reported following NHP embryo microinjec-
tions [15, 18, 26, 29, 30, 86—88]. However, Zuccaro et al.
[32] reported the introduction of segmental losses and
indels at off-target sites in human embryos when utiliz-
ing an allele-specific targeting approach and microinjec-
tion at the time of fertilization. Similarly, WGS analysis
of CCR5-targeted MCM blastomeres has revealed large-
scale deletions at the on-target site that were not pre-
viously identified by PCR-based analysis and has also
identified off-target edits (Schmidt et al. unpublished,
in preparation). Therefore, it is necessary to continue
assessing off-target mutations in NHP embryos.

Success of live edited offspring hinges on advances

in assisted reproduction technologies

The greatest hurdle in generating cohorts of live,
edited offspring is the lack of efficiency in generat-
ing pregnancies from CRISPR/Cas9 microinjected
embryos, where advances in assisted reproductive
technologies are greatly needed. Assisted reproduc-
tive technologies in NHPs are relatively inefficient,
where ~ 30% of unmodified in vitro fertilized embryos
develop to the blastocyst stage and transfer of cleavage
to blastocyst stage embryos results in a pregnancy rate
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Fig. 2 Potential on- and off-target editing outcomes. CRISPR/Cas9 editing can result in both desired on-target editing events and the potential for
introducing unexpected gene modifications. Editing errors that may be incurred include off-target edits, whole or segmental chromosome losses

and translocations, large-scale insertions and/or deletions (INDELS), and loss of heterozygosity due to a loss of one parental allele and homologous
recombination of the retained allele. Editing anomalies can occur at the on-target site as well as at an off-target site(s) that shares homology to the

of ~30-36% [28, 89]. In the instance of embryonic gene
targeting, the target gene may have previously uniden-
tified roles in embryo or fetal development. Hence,
it is crucial to know the embryo transfer success rate
for a research program’s culture system and breeding
colony to identify whether specific mutations result in
embryonic lethality. To perform these types of experi-
ments, a substantial pool of regularly cycling females
are needed to serve as oocyte donors and/or embryo
recipients. In addition, developing embryo cryopreser-
vation strategies would allow for subsequent thaw and
transfer of genotyped embryos with confirmed CCR5
edits.

Conclusions

The generation of genome edited NHPs will provide a
powerful tool to further advance studies of HIV patho-
genesis and curative therapies. Studies implement-
ing CRISPR/Cas9 technology to target genes in NHP
embryos demonstrate that microinjection of RNPs is suf-
ficient to induce on-target mutations, including CCRS5
mutations rendering cells resistant to SIV. However,
across CRISPR/Cas9 genome editing studies in NHPs,
the percentage of embryos being transferred resulting
in a live, edited NHP offspring ranges from 0 to 16.28%
[13, 15, 17, 18, 20, 22, 25-30, 33, 42, 88] and models car-
rying SIV-resistance mutations are not available yet.
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Improving embryo culture condition, reducing toxicity of
RNPs and frequency of chromosomal aberrations follow-
ing CRISPR/cas9 editing will be essential to improving
NHP model creation. Finally, scientific and ethical con-
siderations, including the selection of proper gene tar-
gets, implementation of high animal care standards, and
use of validated phenotypic evaluations are also central to
ensuring that the created models have translational rele-
vance. Although this review describes advances in CCR5
editing, CRISPR/Cas9 gene editing in the NHP embryo
and iPSCs can be also employed for generating in vitro
models and animals with other mutations which affect
susceptibilities to HIV, thus facilitating development
of highly desirable but currently not available research
tools. For example, a recent study knocked out TRIMS,
a gene encoding a restriction factor that blocks cross-
species retrovirus infections, in NHP iPSCs yielding NHP
macrophages that are permissive to HIV infection [90],
further demonstrating utility of gene editing technologies
in advancing NHP models for studies of HIV infections.
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