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Nonhuman primate (NHP) induced pluripotent stem cells
(iPSCs) offer the opportunity to investigate the safety, feasi-
bility, and efficacy of proposed iPSC-derived cellular delivery
in clinically relevant in vivo models. However, there is
need for stable, robust, and safe labeling methods for NHP
iPSCs and their differentiated lineages to study survival, prolif-
eration, tissue integration, and biodistribution following
transplantation. Here we investigate the utility of the adeno-
associated virus integration site 1 (AAVS1) as a safe harbor
for the addition of transgenes in our rhesus macaque iPSC
(RhiPSC) model. A clinically relevant marker gene, human
truncated CD19 (hACD19), or GFP was inserted into the
AAVS1 site in RhiPSCs using the CRISPR/Cas9 system. Genet-
ically modified RhiPSCs maintained normal karyotype and
pluripotency, and these clones were able to further differentiate
into all three germ layers in vitro and in vivo. In contrast to
transgene delivery using randomly integrating viral vectors,
AAVS1 targeting allowed stable transgene expression following
differentiation. Off-target mutations were observed in some
edited clones, highlighting the importance of careful character-
ization of these cells prior to downstream applications. Genet-
ically marked RhiPSCs will be useful to further advance
clinically relevant models for iPSC-based cell therapies.

INTRODUCTION

The combination of somatic cell reprogramming and powerful new
gene editing methods is poised to revolutionize personalized cell-
based therapies for inherited and acquired diseases. However, preclin-
ical investigation of safety and efficacy is required before moving
these treatment modalities into human clinical trials. Nonhuman pri-
mate (NHP) induced pluripotent stem cells (iPSCs) have been valu-
able resources to model iPSC-based cell therapies in clinically relevant
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settings." * The close phylogenetic relationship of NHPs to humans,
as well as their size, longevity, and the well-developed understanding
of NHP physiology, makes these models very well suited to preclinical
iPSC development. The ability to track derivation of tissues from
iPSCs is necessary; thus, engineering NHP iPSCs to strongly and sta-
bly express reporter genes is desirable for monitoring of autologous or
allogeneic transplanted cells in vivo. Additionally, development of
these methodologies with reporter genes potentially paves the way
for therapeutic gene addition or correction in iPSCs and their

progeny.

Traditional methods of non-targeted gene transfer using viral vectors
often suffer from transgene silencing during differentiation of
PSCs.”” Genomic safe harbors (GSHs) refer to regions in the genome
that permit sufficient expression of newly integrated DNA without
adverse effects on the host cell or organism.® Although specific loci
or general criteria identifying prospective GSHs have been pro-
posed,>” no GSH has yet been fully validated in a large animal model
or a clinical setting.'” Adeno-associated virus integration site 1
(AAVS]) locus in the first intron of PPPIRI2C gene is one of most
commonly used GSH sites in human cell studies. The AAVSI locus
has an open chromatin configuration in a variety of human cell types,
including iPSCs, making this site readily accessible to site-specific
endonucleases.'’ Genes introduced into the AAVSI site in human
PSCs showed stable expression after in vitro and in vivo differentia-

tion.>"*'> The clustered regularly interspaced short palindromic
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Figure 1. Generation of Targeted Rhesus iPSC Clones Using CRISPR/Cas9 System

(A) Cutting efficiency of the rhesus AAVS1 gRNA was 46% in the rhesus FRhK-4 cell line by the T7E1 assay. (B) The rhesus AAVS1-CAG-human truncated CD19 (hACD19)

donor plasmid was modified from human AAVS1-CAG-copGFP vector by replacing the human AAVS1 homology arms with orthologous rhesus AAVS1 sequences and the

GFP cDNA with hACD19. (C) GFP- or hACD19-expressing RhiPSC colonies following nucleofection and puromycin selection. The GFP clone is shown under UV light, and
(legend continued on next page)
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Table 1. Summary of CRISPR/Cas9-Mediated Gene Editing in RhiPSCs

Parental iPSC Reporter Targeted Single-Copy Off-Target
Clone Gene Insertion” Integration” Mutations*
hACD19 8/8 2/8 172
ZG15-M11-10
GFP 14/14 5/9 1/4
hACD19 4/4 2/4 1/1
7G32-3-4
GFP 4/4 1/4 171
ZH26-HS41 hACD19 5/5 2/5 172
Total 35/35 (100%) 12/30 (40%) 5/10 (50%)

?Clones with targeted integration/transgene-positive clones, based on PCR analysis.
"Monoallelic clones without random integration/clones with targeted integration, based
on Southern blot analysis. The rest of colonies had additional random integration event
or events, as well as the targeted integration event.

“Clones with off-target mutations/clones with single-copy integration, based on Sanger
sequencing.

repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9) system is a
highly efficient RNA-guided DNA nuclease system modified from
an adaptive immune system of bacteria and archaea to allow
sequence-specific genome editing in human cells."®"'® Recent reports
have indicated that the CRISPR/Cas9 system can be used for genetic
modification in NHPs; however, this approach has not yet been
applied to insert genes of interest into the AAVSI safe harbor in
NHP PSCs.'”*!

We have identified a CRISPR/Cas9 target sequence in the rhesus
macaque PPPIRI2C gene, generated safe harbor-targeted rhesus
macaque iPSC (RhiPSC) lines with two relevant marker genes, and
documented the stability of expression both in iPSCs and after differ-
entiation to tissues of interest. Genes encoding human truncated
CD19 (hACD19) or GFP were chosen as reporters. GFP provides
convenient and reliable in vivo imaging, but it is highly immunogenic
and can result in a substantial loss of gene expression in immunocom-
petent recipients. The hACD19 is desirable for preclinical studies
because it has not induced immune rejection in humans or
NHPs.”>** To evaluate transgene stability in clinically relevant cells,
we assessed expression of the transgene in directed differentiated cells
representing all three germ layers. The AAVSl-targeting strategy
combined with differentiation protocols described in this manuscript
provides a foundation for the development of preclinical models for
iPSC-based cell therapies.

RESULTS

Generation of AAVS1-Targeted RhiPSC Clones via CRISPR/Cas9
The human AAVSI locus is located in the first intron of the
PPPIRI2C gene on chromosome 19, and it is actively expressed in
human pluripotent as well as differentiated cells, making it an

Molecular Therapy

attractive target for the introduction of a marker or other trans-
genes.”'? The rhesus PPP1R12C gene also is located on chromosome
19, and it has a comparable gene structure to the human ortholog,
consisting of 22 exons, with 95% amino acid homology (Fig-
ure S1). We confirmed that rhesus PPP1IRI2C mRNA (Ensembl:
ENSMMUT00000030906) was expressed in various rhesus cell types,
including iPSCs, bone marrow stromal cells, and primary hepatocytes
(Figure S1).

Next, we identified a CRISPR/Cas9 guide RNA (gRNA) intronic
target sequence (ggggccactagggacaggaCtgg), which differs only at a
single base compared to a highly efficient target sequence (ggggccac
tagggacaggaTtgg) found at the human AAVSI site.'” We subse-
quently cloned this sequence into an all-in-one CRISPR/Cas9 plasmid
expression vector. The cutting efficiency of this gRNA was 46%, as
determined by the T7 endonuclease I (T7E1) assay performed in a
fetal rhesus monkey kidney cell line, FRhK-4 (Figure 1A). A donor
plasmid containing the hACD19 marker gene was constructed (Fig-
ure 1B), and CD19 expression from this plasmid was confirmed in
293T cells (Figure S1). The CRISPR/Cas9/gRNA and donor plasmids
(GFP or hACD19) were delivered via nucleofection to three RhiPSC
lines derived from three independent animals. After puromycin selec-
tion, GFP- or hACD19-positive colonies were manually picked and
expanded for further characterization (Figure 1C). All RhiPSC clones
tested had targeted integration of GFP or hACDI19 at the intended
AAVS]I site, confirmed by PCR (Figure 1D; Table 1). A total of 30 tar-
geted clones were screened by Southern blot analysis. Among them,
12 clones had the desired monoallelic transgene insertion, without
any additional random genomic insertions (Figure 1E; Table 1).
The AAVSI locus of the non-targeted allele was sequenced in each
clone to detect any on-target mutations. The majority of clones (eight
of nine tested) had various insertions or deletions (indels) at the non-
targeted allele, leaving one of nine clones with an intact wild-type
allele (Figure S2). The targeted clones maintained a normal karyotype
(Figure S3), and they showed stable transgene expression during
7 months of in vitro culture (Figure 1F).

Off-Target Analysis

To investigate off-target (OT) effects of our CRISPR/Cas9 system
in RhiPSCs, potential OT sites were identified based on a recently
published algorithm>* (Table S1). Among those, the top ten potential
off-target sites were sequenced in ten edited RhiPSC clones. Based on
BLAT online analysis, off-target site 2 (OT2), OT5, and OT8 located
in the intron of CADPS2, ENSMMUG00000003164, and ITGA11,
respectively, while other loci did not overlap with any gene.
Sequencing analysis revealed that five of ten clones had mutations
in OT5 and/or OTS, suggesting higher frequency of off-target
events at gene-related sites among the top ten off-target sites

the hACD19 clone is shown with anti-CD19 live staining. M11-10, unedited parental clone. Scale bars, 200 um. (D) Puromycin-resistant and GFP- or hACD19-expressing
CRISPR/Cas9-edited clones were plucked, isolated, and subjected to PCR screening for targeted integration, using one primer within the cassette and one outside in the
predicted remaining AAVS1 genomic sequences. All puromycin-resistant and GFP- or hACD19-expressing clones tested had integration at the AAVS1 site. (E) Southern blot
was performed to exclude RhiPSC clones with additional transgene integrations (labeled with black numbers). Red numbers indicate clones had single targeted integrations
at the AAVS1T site. WT, wild-type; Tl, targeted integration. (F) Transgene expression was maintained after long-term culture.
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(Table 1; Figure S4). Precise sequences of indels were confirmed by
subcloning of PCR fragments (Figure S4). Indels ranged from 5- to
162-bp deletions; however, we also confirmed a large insertion
(212 bp) into the OTS8 site of one clone, which matched the sequence
near the left homology arm of the donor plasmid DNA.

Stable Expression of Transgene in Edited RhiPSC Clones
following In Vitro Spontaneous Differentiation

Among clones that were confirmed to have monoallelic integration of
transgenes by Southern blot, two CD19 clones (clones 7 and 22
derived from parental ZG15-M11-10 iPSC) and two GFP clones
(clones 5 and 21 derived from ZG15-M11-10 iPSC) were chosen
for further in vitro and in vivo differentiation. Of note, subsequent
analysis revealed that two of these clones (CD19-22 and GFP-5)
had off-target mutations (Figure S4). Embryoid body (EB) formation
was induced in the edited RhiPSC clones to monitor expression of the
transgenes following spontaneous in vitro differentiation. After
15 days of culture, EB cells maintained strong expression of GFP or
hACD19 (Figure S5).

Mesodermal Differentiation from Edited RhiPSC Clones

We then investigated whether genetically modified RhiPSCs could
generate clinically relevant target tissues while maintaining stable
expression of transgenes. Differentiation of rhesus PSCs into meso-
dermally derived hematopoietic stem/progenitor cells (HSPCs) using
human protocols has been known to be extremely inefficient.”” We

differentiation of the RhiPSC-GFP-21 clone. A total of 24
colonies were produced in this differentiation experiment
and 24 of 24 were GFP positive.

speculated that inefficient rhesus receptor acti-
vation by some human cytokines, particularly
IL-3, could be a principal reason for the rela-
tively low differentiation efficiency, given signif-
icant protein sequence differences between
rhesus and human IL-3 and documented ineffi-
cient activity of human IL-3 on rhesus hemato-
poietic cells.® We compared the effect of
human IL-3 versus rhesus IL-3 during hemato-
poietic differentiation from RhiPSCs. Rhesus
IL-3 significantly increased the number of
CD34/45 (0.7% versus 5.4%, respectively) cells
measured by flow cytometry on day 20 of
differentiation as well as the output of colony-forming units (CFUs,
Figure S6). The HSPC differentiation capacity of genetically modified
RhiPSCs was comparable to the parental RhiPSC, with the majority of
differentiated cells expressing transgenes (Figures 2A-2D). Similarly
RhiPSC-derived cardiomyocytes, defined by positive troponin I stain-
ing, co-expressed the hACD19 (Figure 3).

Endodermal Differentiation from Edited RhiPSCs

We also investigated whether edited clones could be differentiated
into endoderm-derived cells. We adapted a recently published proto-
col that described the derivation of functional hepatocyte-like cells
from human embryonic stem cells (ESCs) and iPSCs.””** Although
the kinetics of hepatic differentiation of RhiPSCs was similar to
that of human iPSCs, we found that hypoxic culture (5% O,) during
definitive endoderm induction was necessary in RhiPSC differentia-
tion (Figure S7). After 4 days of differentiation, pluripotent genes
were downregulated and RhiPSCs generated homogeneous definitive
endoderm, which expressed SOX17 and FOXA2. Hepatoblasts, ex-
pressing alpha-fetoprotein (AFP) but no albumin (ALB), were present
by day 12, and, following the addition of dexamethasone, ALB+ hepa-
tocyte-like cells were observed by day 15. The efficiency of generation
of hepatocyte-like cells was lower from all RhiPSC clones as compared
to human iPSC clones, indicating some species differences and room
for further optimization. However, edited RhiPSC clones generated
hepatocyte-like cells co-expressing ALB and the knocked-in trans-
genes (Figure 4A). Marker genes were expressed throughout the
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differentiation procedure, indicating no significant silencing of the
transgenes (Figures 4B and 4C). Of note, for some hACD19 clones,
we measured lower mean fluorescence intensity of the marker during
early stages of hepatic differentiation.

Ectodermal Differentiation from Edited RhiPSCs

To study transgene expression during directed differentiation toward
ectoderm, the RhiPSC-hACD19-7 line was differentiated toward neu-
ral lineages. At day 10, RhiPSC-derived neural stem cells, defined by
positive PAX6 staining, co-expressed the transgene (hACDI19)
(Figure S8).

Stable Expression of Transgene in Edited RhiPSC Clones
following Teratoma Formation

To monitor long-term in vivo gene expression stability, undifferenti-
ated edited RhiPSC clones were injected subcutaneously into the
NOD-scid IL2rynull (NSG) mice and monitored for teratoma forma-
tion. All clones induced teratoma formation within 6-8 weeks (Fig-
ure 5A), a similar latency to parental clones. The majority of cells
present in the teratomas expressed GFP or hACDI19, including
mature cells derived from all three germ layers (Figures 5B-5D).

DISCUSSION

The development of PSC-based systems for disease modeling and
regenerative therapies of human diseases is promising. Gene targeting
can be used to correct certain genetic mutations or to add therapeutic
genes into safe harbor loci in PSC-derived therapeutic products. To
monitor long-term cell survival, migration, and incorporation of
these genetically modified PSCs into the recipient organs, engineered
PSCs with proper reporter genes in large animal models are desirable.
Traditionally, most genome editing and marker introduction have
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Figure 3. Cardiac Differentiation from Genetically
Modified RhiPSCs

After 30 days, terminally differentiated cardiomyocytes
derived from RhiPSC-hACD19 co-expressed transgene
(hACD19) and a cardiac-specific marker, troponin .
Images were taken at 200x. Representative images from
the RhiPSC-hACD19-7 clone are shown.

been done using integrating vectors, such as
lentiviruses, due to reliable efficiency and the
need to have the marker or therapeutic gene
passed on to all daughter cells.”” However,
random integration, particularly in stem cells,
can be associated with either of two undesirable
outcomes: ectopic activation of nearby proto-
oncogenes or inactivation due to gene
silencing.”>”' In human cells, it is now feasible
to achieve high gene-targeting efficiency with
the CRISPR/Cas9 system. Recently, gene-modi-
fied cynomolgus monkeys were generated using
CRISPR/Cas9, demonstrating that CRISPR/
Cas9-mediated gene editing is also feasible in
primates.”’ It was confirmed in another study where authors per-
formed targeted genome editing in a single rhesus ESC line at the hy-
poxanthine-guanine phosphoribosyl transferase (HPRT) locus.*’

This is the first study reporting successful CRISPR/Cas9-mediated
gene addition at the AAVS1 safe harbor locus in NHP PSCs. Modified
cells retained their pluripotent phenotype and showed no abnormal
karyotype. Importantly, we demonstrated stable expression of our
transgenes in undifferentiated and terminally differentiated RhiPSCs.
However, for some hACD19 clones, we measured heterogeneous
transgene expression of the marker during intermediate stages of
differentiation. Ordovds et al. recently reported that transgene expres-
sion inhibition at the AAVSI site was observed in a lineage-depen-
dent manner in human iPSCs due to DNA methylation and other
unknown mechanisms.”> We did not observe transgene silencing in
GFP clones that showed robust GFP expression not only in undiffer-
entiated status but also throughout the differentiation toward all three
germ layers. This result suggests that the AAVSI site can indeed sup-
port stable transgene expression in rhesus macaque. On the other
hand, tissue- and transgene-specific post-transcriptional regulation
may explain the heterogeneity of hACD19 expression in some cell

types.

In this study, we developed protocols for the efficient differentiation
of RhiPSCs toward hematopoietic cells and hepatocytes, both under
development in our rhesus models of in vivo tissue regeneration.
These differentiation studies required some modifications from hu-
man differentiation approaches. Derivation of blood cells from rhesus
PSCs has been found to be less efficient compared with humans using
the identical protocols.”® Rhesus bone marrow cells have been shown
to form in vitro hematopoietic colonies inefficiently in response to
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Figure 4. Hepatic Differentiation from Genetically
Modified RhiPSCs

(A) Imaging demonstrates co-expression of GFP and ALB
after 15 days of differentiation of an RhiPSC-GFP clone.
Scale bar, 200 um. (B) GFP expression at days 0, 4, 10,
and 15 of hepatic differentiation from an RhiPSC-GFP
clone is shown. (C) hACD19 expression at days 0, 4, 10,
and 15 of hepatic differentiation from two RhiPSC-
hACD19 clones is shown.
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human IL-3, with 50-fold lower potency of human in comparison to
rhesus IL-3, likely due to several important changes in the IL-3 amino
acid sequence between the two species.”® We found that hematopoi-
etic differentiation of rhesus PSCs can be greatly enhanced by replac-
ing human with rhesus IL-3. Although NHPs are highly similar to
humans, our data highlight the importance of careful optimization
to increase differentiation efficiency.

While CRISPR/Cas9 shows great promise and is highly efficient, this
approach also has been shown to result in off-target genomic
changes.”***7° Previous studies on a limited number of human
CRISPR/Cas9-edited PSC clones reported a low incidence of off-
target mutagenesis as detected by whole-genome sequencing, but
they concluded that these changes were most likely not related to

utilization.
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In summary, we demonstrate that gene tar-

geting into the safe harbor AAVSI is feasible
in rhesus macaque, and targeted RhiPSC clones maintain stable
transgene expression without significant silencing during in vitro
and in vivo differentiation. The AAVS1-targeting strategy in combi-
nation with efficient differentiation protocols described in this
manuscript will be useful to further develop autologous preclinical
models for iPSC-based cell therapy. For example, a reporter gene
inserted at the AAVSI locus could be used as a marker to closely
track the iPSC-derived cells in vivo and to assess efficacy of the
transplanted cells. Additionally, the introduction of suicide genes
at this site might permit on-demand ablation of transplanted cells
in the case of an adverse event.*""” Further exploration of NHP
homologs of other human safe harbor loci, such as ROSA26 and
CLYBL,*"*? will allow multiplexed transgene knockin and cell
marking.
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MATERIALS AND METHODS

Animal Use

All animals used in this study were housed and handled in accor-
dance with protocols approved by the Animal Care and Use
Committee of the National Heart, Lung and Blood Institute

(H-0294).
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Figure 5. Stable Transgene Expression in
CRISPR/Cas9-Edited Clones after In Vivo
Differentiation

(A) Representative images of a teratoma formed by an
edited RhiPSC-hACD19-7 clone. On H&E staining, all
three germ-line tissue types were found in each injected
animal, demonstrating pluripotency of edited clones.
Ectoderm and mesoderm images were taken at 200x and
Endoderm was 400x. (B) Representative images show
transgene expression in teratoma tissues. Left panel:
original RhiPSC-derived teratoma (20x); middle panel:
RhiPSC-hACD19-7-derived teratoma (20 x); right: primary
cells isolated from teratoma tissue derived from an
RhiPSC-GFP-21 clone (100x). (C) Transgene (hACD19)
expression in the nestin-positive neuroectoderm (800x).
Serial sections of a teratoma derived from RhiPSC-
hACD19-7 were used for staining. (D) Teratoma cells were
dispersed using collagenase |, dispase, and trypsin for
flow cytometry analysis. Edited clones exhibited strong
expression of GFP (left panel) or hACD19 (right panel) after
in vivo teratoma formation (top row). Teratoma-derived
single cells were further cultured in vitro for 1 week and
re-analyzed by flow cytometry (bottom row).

Vector Construction and gRNA Screening

The all-in-one CRISPR/Cas9 plasmid PX458
(Addgene 48138), expressing Streptococcus
pyogenes Cas9, EGFP, and U6 promoter-driven
custom gRNA sequences, was modified to
replace CBh with CAG promoter, which was
known to drive strong and stable transgene
expression in human PSCs,”** and was depos-
ited to Addgene (79144). A rhesus AAVS1
candidate gRNA sequence was identified, con-
sisting of ggggccactagggacaggac (chromosome
19: 61115594-61115613), with a single base
change from the corresponding human
AAVS1 T2 gRNA sequence.'” To access its cut-
ting efficiency, T7E1 assay was performed.
Briefly, rhesus FRhK-4 cell line was transfected
with the candidate gRNA, and the AAVSI re-
gion of the target cells was amplified by PCR us-
ing Platinum PCR SuperMix (Thermo Fisher
Scientific, Life Technologies). Sequences for
the primers we utilized are listed in Table S2.
The PCR products were denatured (95°C for
5 min) and reannealed (95°C-85°C, ramp rate
of -2°C/s followed by 85°C-25°C, ramp rate
of -0.3°C/s) to allow heteroduplex formation

between wild-type DNA and CRISPR/Cas9-editied DNA. T7El
(2.5 U/reaction) was added to heteroduplex and incubated at 37°C

for 20 min. The resulting cleaved and full-length PCR products
were visualized using 2.5% agarose gel. The donor plasmid used for
transgene knockin was modified from the human AAVSI-CAG-

copGFP vector*' (Addgene 66577) by replacing the human AAVS1
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homology arms with rhesus homologous sequences. Rhesus AAVS1
5" and 3’ homology arm sequences were amplified from RhiPSC
genomic DNA, and they were cloned into the vector following diges-
tion with Notl for the 5 homology arm and Pmel for the 3’ homology
arm using Gibson Assembly method. The rhesus AAVS1-CAG-
copGFP donor plasmid was deposited at Addgene (73439). The
copGFP marker gene was replaced with hACD19*** following diges-
tion with BsrGI and Mlul. The PCR primers used to produce each
insert for Gibson Assembly are listed in Table S2.

RhiPSC Culture and EB Differentiation

RhiPSC lines derived from three independent rhesus macaques were
used for gene targeting. ZG15-M11-10 and ZG32-3-4 lines were
derived from bone marrow stromal cells and skin fibroblasts, respec-
tively, using the Cre-excisableSTEMCCA vector.! ZH26-HS41 was
derived from bone marrow CD34+ cells using the CytoTune-iPS
2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific). RhiPSCs
were cultured either on mouse embryonic fibroblasts (MEFs,
GlobalStem) feeder or Matrigel (BD Biosciences) plates. RhiPSC
medium was knockout (KO)/DMEM (Gibco, Life Technologies)
supplemented with 20% knockout serum replacement (Life Technol-
ogies), 20 ng/ml human bFGF (PeproTech), 0.1 mM minimum essen-
tial medium (MEM) nonessential amino acids (Life Technologies),
1% penicillin-streptomycin-glutamine (Life Technologies), and
0.1 mM 2-mercaptoethanol (Sigma-Aldrich). For EB differentiation,
day 3-4 undifferentiated RhiPSCs were harvested using a cell scraper
and incubated in EB formation medium (RhiPSC medium without
bFGF) overnight. The medium was replaced with fresh medium every
4-5 days.

Gene Targeting, Colony Isolation, and Screening

One day before the transfection, puromycin-resistant MEFs (puro-
MEF, GlobalStem) were plated. On day 0, nucleofection of RhiPSCs
was performed with the 4D-Nucleofector System (Lonza), and
1 x 10° cells were plated onto the puro-MEF plates in RhiPSC
medium supplemented with 10 pM Rock inhibitor (Stemgent).
Then 2 days following transfection, 0.5 pg/ml puromycin (Sigma-
Aldrich) was added for 5 days, and the medium was changed daily
until ESC-like colonies appeared. To select hACD19-positive clones,
cells were live-stained with an anti-human CD19-PE (BD Biosci-
ences). GFP- or hACD19-positive colonies were mechanically trans-
ferred onto new MEFs and expanded for further analyses. PCR and
Southern blot analysis were performed as previously described'>**
in order to screen for targeted integration and exclude clones with
random integration. Sequences for the primers we utilized are listed
in Table S2. An AAVS1 5" homology arm probe was used for South-
ern blot.

Teratoma Formation

Teratoma formation by RhiPSCs was assessed as previously
described.! Frozen tissue sections were stained with anti-human
CD19 (1:800, BD Biosciences) and Nestin (1:400, Neuromics)
antibodies.

Off-Target Analyses

To perform off-target analyses, we developed an in-house Python
script that calculated the scores for each off-target site, based on the
previously published algorithm®* as well as the updated formula
posted by the same group (http://crispr.mit.edu/about). The reference
genome was downloaded from the Ensembl website (http://www.
ensembl.org, release 77), and the unmasked version was used. The
script searches for all possible guide sequences in a given region,
and it lists off-target sites associated with guide sequences up to
four mismatches. We validated our script by comparing results
with the online tool for a test region within the human genome. Using
this pipeline, 403 candidate off-target sites in the rhesus genome were
computationally identified. The top ten potential off-target loci were
amplified using the primer sets listed in Table S2. The Platinum PCR
SuperMix High Fidelity was used as directed, with optimization of an-
nealing temperature to 61°C for amplification of OT10. The purified
PCR products were Sanger-sequenced, and each sequence chromato-
gram was analyzed with the online Tracking of In/dels by Decompo-
sition (TIDE) software (https://tide.nkinl). To confirm a precise
sequence of indels in some clones, subcloning of PCR fragments
was performed using the Zero Blunt TOPO cloning kit (Invitrogen).

Hematopoietic Differentiation

Undifferentiated iPSCs were harvested with Accutase (EMD Milli-
pore), and they were either plated on Matrigel for monolayer
differentiation or incubated in ultra-low-attachment 96-well plates
(Corning) to generate EBs, in STEMdiff APEL Medium (STEMCELL
Technologies) supplemented with 10 pM Rock inhibitor. After
1-2 days, medium was replaced with STEMdiff APEL Medium
with 30 ng/mL VEGF (R&D Systems), 30 ng/mL BMP-4 (R&D
Systems), 40 ng/mL SCF (Amgen), and 50 ng/mL Activin A (R&D
Systems). On day 4, this medium was replaced with hematopoietic
differentiation medium: STEMdiff APEL Medium supplemented
with 300 ng/mL SCF, 300 ng/mL Flt-3 ligand (Miltenyi Biotec),
10 ng/mL IL-3 (human IL-3 from R&D Systems, rhesus IL-3 from
ProSpec), 10 ng/mL IL-6 (R&D Systems), 50 ng/mL G-CSF (filgras-
tim, Amgen), and 25 ng/mL BMP-4. Medium was replaced with fresh
hematopoietic differentiation medium every 3-4 days. After hemato-
poietic differentiation, cells were dissociated into single cells and
analyzed by flow cytometry or plated in CFU assays. For flow cytom-
etry, cells were stained for viability using LIVE/DEAD Fixable Violet
Dead Cell Stain Kit (ViViD, Invitrogen), along with CD34 and CD45
(BD Biosciences). Data were acquired on a LSRII flow cytometer (BD
Biosciences) and analyzed using FlowJo software (Tree Star). For
CFU assays, 50,000 EB-derived cells were plated in MethoCult
H4435 medium (STEMCELL Technologies) supplemented with
10 ng/mL rhesus IL-3 and incubated for 12-14 days.

Cardiac Differentiation

Cardiomyocytes were differentiated from RhiPSCs by treating with
BMP-4, Activin A, and bFGF followed by the Wnt inhibitor IWP-2.
At day 30 of differentiation, cells were stained with anti-human
CD19-PE and anti-cardiac Troponin I (1:100, Santa Cruz Biotech-
nology) antibodies.

Molecular Therapy Vol. 25 No 1 January 2017 51


http://crispr.mit.edu/about
http://www.ensembl.org
http://www.ensembl.org
https://tide.nki.nl
http://www.moleculartherapy.org

Hepatic Differentiation

RhiPSCs were first differentiated to SOX17- and FOXA2-positive
definitive endoderm in STEMdiff Definitive Endoderm medium
(STEMCELL Technologies) in 5% O,. After 4 days, cells were trans-
ferred to a normoxic incubator and further differentiated to hepato-
blasts in medium with 100 ng/ml hepatocyte growth factor and 1%
DMSO for 8 days, as previously described.””*® Finally, cells were
pushed toward hepatocyte-like cells with the addition of 1077 M
dexamethasone for 3 additional days. At each time point, cells were
analyzed by Tagman RT-qPCR and immunostaining as previously
described.””

Neural Induction from RhiPSCs

RhiPSCs were differentiated toward neural stem cells using PSC Neu-
ral Induction Medium (Gibco). After 7 days of differentiation, cells
were passaged according to the manufacturer’s protocol and cultured
for 3 more days. Cells were stained with anti-human CD19-PE and
anti-PAX6 (1:100, BioLegend) antibodies.

Statistical Analysis

Prism 6 software (GraphPad) was used in statistical analysis and
graph creation. Student’s t tests were utilized to analyze flow cytom-
etry and CFU data; p < 0.05 was considered statistically significant.
Data are presented as mean + SEM in all figure panels in which error
bars are shown.
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Figure S1 CRISPR/Cas9-mediated targeting of rhesus macaque AAVS1
(a) Comparison of structure of the PPP1R12C gene and the AAVSI site in the human and rhesus

macaque genome. Small letters represent gRNA target sequences while capital letters indicate
PAM sequences. Note that the last base pair of the gRNA target sequence is different between
human and rhesus. (b) The rhesus PPP1R12C gene is expressed in various rhesus macaque cell
types, including induced pluripotent stem cells (iPSC), embryonic stem cells (ESC), bone-marrow
stromal cells (BMSC), and primary hepatocytes. Two different primer sets (PPP1R12C-1 and -2)
were used to confirm the pattern of gene expression. (C) CD19 expression in 293T cells after
transfection of the hACD19 donor plasmid



Reference seq CCGT
ZG15 M11-10 CCGT
ZG15 M11-10-CD19-7 CCGT
ZG15 M11-10-CD19-22 CCGT:
ZG15 M11-10-GFP-5 CCGT
ZG15 M11-10-GFP-11 CCGT
ZG15 M11-10-GFP-20 CCGT
ZG15 M11-10-GFP-21 CCGT
2G32-3-4 CCGT
Z2G32-3-4-CD19-1 CCGT
ZG32-3-4-GFP-10 CCGT
ZH26-HS41 CCGTGGGGCCACTAGGGACAGGAQC
ZH26-HS41-CD19-3  CCGTGGGGCCACTAGGGACAGHRC

Figure S2 On-target mutations in non-targeted alleles

The AAVSI locus in a non-targeted allele of CRISPR/Cas9-edited clones was sequenced.
Parental RhiPSC clones were highlighted in bold. The clone with intact non-targeted allele
without any mutation is highlighted in red. The boxes indicate the 20 bp gRNA-targeting
sequence and the 3 bp protospacer-associated motif or PAM (Chromosome 19:61115591-
61115613). Red highlight indicates mismatches compared to the rhesus macaque reference
sequence.
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Figure S3 CRISPR/Cas9-edited clones maintained normal karyotype, representative examples
are shown.



Animal ID RhiPSC clone

Predicted off-target site
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2G15-M11-10-GFP-5

ZG15
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ZG15-M11-10-GFP-20

ZG15-M11-10-GFP-21

2G32-3-4-CD19-11
2G32

ZG32-34-GFP-10

ZH26-HS41-CD19-3
ZH26

ZH26-HS41-CD19-7

*.38, -162; **-5, 13, -23

b ZH26-HS41-CD19-3

TCCTTCACCAGGTTAGGGGACCATGAGGGACAGGAC
TCCTTCACCAGGTTARGGGACCATGAGGGACAGGAC]
OT 5 TCCTTCACCAGGTTARBGGGACCATGAGGGACAGGAC]
TCCTTCACCAGGTTAGGGGACCATGAGGGACAGGAC
TCCTTCACCAGGTTAGGGGACCAT! C

TCCTTCACCAGGTTAGGGGACCAT! C
TCCTTCACCAGGTTAGBGGGACCAT C

TGRCTCTCAGCCTAAGGAGCACTCA
TGRCTCTCAGCCTAAGGAGCACTCA
TGRCTCTCAGCCTAAGGAGCACTCA
TGRCTCTCAGCCTAAGGAGCACTCA
TGACTCTCAGCCTAAGGAGCACTCA
TGRCTCTCAGCCTAAGGAGCACTCA
TGRCTCTCAGCCTAAGGAGCACTCA

ZG15-M11-10-CD19-22
]

GCATAGAGGGCCCTHGGGAGCACTAAGGACAGGACCGGGGRACCCTCCAGTCTGAGGTAGAACTCT

GCATAGAGGGCCCTRGGGAGCACTAAGGACAGGACCGOGRACCCTCCAGTCTGAGGTAGAACTCT
GCATAGAGGGCCCTRGGGAGCACTAAGGACAGGACCGGGRACCCTCCAGTCTGAGGTAGAACTCT
0T8 GCATAGAGGGCCCTR

GGGAGCACTAAGGACAGGACCGOGGRACCCTCCAGTCTGAGGTAGAACTCT

GCATAGAGGGCCCTRGGGAGCACTAAGGACAGGACCGGGGRACCCTCCAGTCTGAGGTAGAACTCT
GCATAGAGGGCCCTRGGGAGCACTAAGGACAGGACCGGGCRACCCTCCAGTCTGAGGTAGAACTCT

GCATAGAGGGCCCTHGGE
GCATAGAGGGCCCTGRGGE.

GRACCCTCCAGTCTGAGGTAGAACTCT
GRACCCTCCAGTCTGAGGTAGAACTCT

Figure S4 Off-target analysis of CRISPR/Cas9 system

wit

-19bp

(a) Summary of off-target analysis in six RhiPSC clones. The top 10 potential off-target sites

were sequenced. Red: Insertions/deletions (indels) were found at the off-target site with the
respective size of indel(s) denoted. White: No mutation was found at the off-target site. (b) After
off-target PCR, TOPO cloning was performed to identify exact sequence of the indels.
Representative sequencing results of off-target sites five and eight are from clones ZH26-HS41-
CD19-3 and ZG15-M11-10-CD19-22, respectively. The boxes indicate the 20 bp off-target

sequence and the 3 bp PAM sequence.




Parental RhiPSC

RhiPSC-GFP

b RhiPSC-GFP Parental RhiPSC RhiPSC-hACD19
A GFP+ CD19+ CD19+
A 839% 0.121% N 668%
[ ) A
z [ z '
J | =
S ‘J \ 3 f |
J &
X\ f -
GFP CD19-PE
— Parental RhiPSC — Unstained
= RhiPSC-GFP

e CD19-stained

Figure S5 Stable transgene expression in CRISPR/Cas9-edited clones after in vitro
spontaneous differentiation
(a) Representative images of embryoid bodies (EBs) derived from parental RhiPSC (left) and
edited clones (right) on 15 days of differentiation. Scale bars, 200 um (b) Flow analysis

confirmed stable transgene expression in EBs from both RhiPSC-GFP (left) and RhiPSC-
hACDI19 (right) clones.
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Figure S6 Effect of rhesus IL-3 versus human IL-3 on RhiPSC hematopoietic differentiation
(a) CD34+CD45+ cells were detected at the end of differentiation by flow cytometry.

Representative flow cytometry plot comparing hematopoietic differentiation from RhiPSC with
human versus rhesus IL-3 at a concentration of 10 ng/ml is shown. (b) A summary graph of flow
cytometry analysis from 3 independent experiments. (C) Number of CFU colonies from
CD34+CDA45+ cells differentiated using either human or rhesus IL-3. In all bar graphs, the final

result given for a sample represents the mean and standard error of the mean. Student’s t-tests, *P
<0.05, n=3
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Figure S7 Establishment of hepatic differentiation protocol for RhiPSC
(a) 5% O, hypoxic culture was required for definitive endoderm (DE) induction from RhiPSC (b)

Undifferentiated RhiPSCs before hepatic differentiation (C) After 4 days, RhiPSC-DE cells
expressed SOX17 and FOXA2, but not AFP. (d) By Day 12, AFP+ hepatoblasts were derived. (€)
After dexamethasone treatment, ALB+ hepatocyte-like cells were observed. (f) RT-PCR analysis
of relevant transcripts during differentiation. Scale bars, 200 pm.



Figure S8 Ectodermal differentiation from edited RhiPSCs
RhiPSC-hACD19-7-derived neural stem cells co-expressed early neural marker, Pax6 and the
transgene (hACD19). Scale bars, 200 um.



Table S1 Top 10 potential off-target sites

Off-target PAM | Chr | Position | Strand | MM #of | Score Overlapping
Sequence Locations | MMs Gene®

1 | AGGGCCACTT | TAG |4 7769928 | - 1,10 2 7.414830508 | None
GGGACAGGAC 4

2 | GGCCCCACTA | AAG |3 1603552 | + 34 2 5.146703297 | CADPS2°
GGGACAGGAC 67

3 | GGGGCCAGTG | AGG | 13 1272827 | - 8,10 2 5.028448276 | None
GGGACAGGAC 74

4 | GGCCCCATTA |CAG |1 1853601 | + 3,48 3 2.448888889 | None
GGGACAGGAC 6

5 | GGGACCATGA | TGG | 19 1914504 | - 4,8,9 3 1.51751634 | ENSMMUGO
GGGACAGGAC 6 0000003164

6 | GGGGGCAGCA | TGG | 17 9356319 | - 5,8,9 3 1.482630907 | None
GGGACAGGAC 1

7 | GGAGCTAATA | TGG | 14 3006406 | - 3,6,8 3 1.481577778 | None
GGGACAGGAC 2

8 | GGGAGCACTA | CGG |7 4697801 | - 4,511 3 1.446502058 | ITGA11°
AGGACAGGAC 8

9 | GGGAGCAGTG | TGG | 11 3181345 | - 4,5,8,10 4 1.257112069 | None
GGGACAGGAC

10 | GGGGCCAGTG | GGG | 12 9580652 | - 8,10,20 3 1.141953521 | None
GGGACAGGAA 3

MM stands for Mismatch.

*Gene information was found using BLAT online analysis (www.ensembl.org).
°Off-target sequence is located in the intron of the corresponding gene.




Table S2 List of primers and probes used in this study

Gene/Target

Forward sequence (5'-3")

Reverse sequence (5°-3")

Gibson Rhesus AAVSI1 tatgaccatgattacgccgccacctectt | tatgctatacgaagttatgectgtccctagtggecce
Assembly 5” homology arm | caggttccagcttcct acggtggg
Rhesus AAVSI agtcagtgagaatattgtttgactggtga | taaaacgacggccagtgtttcggagcagggectta
3’ homology arm | caaaaagccccatect gggaagaggg
hACD19 tcattttggcaaagaattgtatgccacctc | gcacctgaggagtgaattcattagaatctectggtg
ctcgcectectettct gggtcagtc
PCR tcetgetttcactgacctge ggcttgtactcggtcatcctag
screening
for targeted
integration
PPPIRI12C | PPP1R12C-1 aggtggtgcgcttcttggtg tgttgacggcggcgatgttg
expression (primer #1)
PPP1R12C-2 tggtgegcttcttggtggag tgttgacggcggegatgttg
(primer #2)
T7El assay | RhAAVSI] tgctttctttgectggacac tgatgcacagaggaacagtac
OT-1 agagagtgtgtaggtgootatt gectcttggaatggtgctataa
OT-2 aaagttcaaagtggagacagga aagagcaagcagggtgttta
OT-3 ccaggttagaggaggcataaac ggaactgaagagatgcccaa
OT-4 tttgaaccgtgctcctage gctggacttcaggectattt
Off-target OT-5 gctcatcttgagagagagaagaaa gctgtagegggttatttgaatg
analysis OT-6 atgtcacaagcgtgcctt atccatgaagcctccaagatg
OT-7 ttctggtggttacacttcattca agggctctttgacagatcattac
OT-8 ggttactgttcttagccactgt gactcagggaatgcgttict
OT-9 tgtgaggtactgtgcctgga gaaaggccattgcattagga
OT-10 tccacctctcaggttcaage acccaaggaacctttgcttt

OT: predicted potential off-target locus
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