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Current immunotherapeutic targets are often shared between
neoplastic and normal hematopoietic stem and progenitor cells
(HSPCs), leading to unwanted on-target, off-tumor toxicities.
Deletion or modification of such targets to protect normal
HSPCs is, therefore, of great interest. Although HSPC modifi-
cations commonly aim to mimic naturally occurring pheno-
types, the long-term persistence and safety of gene-edited cells
need to be evaluated. Here, we deleted the V-set domain of
CD33, the immune-dominant domain targeted by most anti-
CD33 antibodies used to treat CD33-positive malignancies,
including acute myeloid leukemia, in the HSPCs of two rhesus
macaques, performed autologous transplantation aftermyeloa-
blative conditioning, and followed the animals for up to 3
years. CD33-edited HSPCs engrafted without any delay in re-
covery of neutrophils, the primary cell type expressing CD33.
No impact on the blood composition, reconstitution of the
bone marrow stem cell compartment, or myeloid differentia-
tion potential was observed. Up to 20% long-term gene editing
in HSPCs and blood cell lineages was seen with robust loss of
CD33 detection on myeloid lineages. In conclusion, deletion
of the V-set domain of CD33 on HSPCs, progenitors, and
myeloid lineages did not show any adverse effects on their hom-
ing and engraftment potential or the differentiation and func-
tionality of myeloid progenitors and lineages.
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INTRODUCTION
Cancer cells often upregulate cell surface markers present on healthy
tissues, leading to challenges for the design of antigen-specific treat-
ment strategies. For example, immunotherapeutics such as the
CD33 antibody-drug conjugate gemtuzumab ozogamicin (GO),
used for the treatment of acute myeloid leukemia (AML), show off-
leukemia toxicities on healthy hematopoietic cells because of the
expression of CD33 on normal myeloid cells.1–4 To avoid such effects,
multiple groups have used CRISPR tomodify CD33 expression on the
surface of human and nonhuman primate (NHP) hematopoietic stem
and progenitor cells (HSPCs).5–8 While identical in goal, CD33
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CRISPR-Cas9 editing has been reported either via gene ablation using
a standard CRISPR-Cas9 approach to disrupt CD33 expression with
insertions or deletions (indels)4 or by mimicking a naturally occur-
ring phenotype using a dual guide excision approach removing
exon 2, which encodes the extracellular V-set domain of CD33, the
immune-dominant domain recognized by GO and most other cur-
rent anti-CD33 targeting moieties.9 Successful non-homologous
end-joining-mediated disruption of CD33 was achieved by Kim
et al.6 in human and NHP HSPCs without any impairment of the
engraftment or differentiation potential of edited cells in the mouse
xenograft or autologous NHP models. Similarly, we have shown
that deletion of exon 2 in human HSPCs does not impair cell prolif-
eration, differentiation, or multilineage engraftment in the NSG
mouse model.5 Here, we comprehensively evaluated the safety and
long-term persistence of CD33 exon 2-deleted HSPCs in NHPs after
autologous transplantation of ex vivo gene-edited HSPCs.
RESULTS
Efficient CRISPR-mediated deletion of the V-set domain of CD33

in NHP HSPCs

To test the feasibility and efficiency of our CD33-deletion approach in
NHP cells, we transplanted two rhesus macaques (A17039 and
A18092) with V-set domain deletion of CD33 (CD33DE2) HSPCs.
Briefly, CD34+ cells were isolated and CD33 deleted by excising exon
2 using CRISPR-Cas9 as previously described5,7 using two human/
NHP cross-reactive guide RNAs (Figure 1A). Successful editing of
the CD33 locus in NHP CD34+ HSPCs was confirmed by flow cytom-
etry showing 53.4% editing efficiency in A17039 and 46.7% in A18092
(Figure 1B). To confirm loss of CD33 antibody binding, edited CD34+

cells were cultured for 7 days, showing highly efficient loss of CD33
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Figure 1. Efficient deletion of CD33 in NHP CD34+ cells without impacting the in vitro differentiation potential

(A) Experimental workflow for the CRISPR-Cas9-mediated deletion of CD33. (B and C) Loss of CD33 signal on CD34+ cells 7 days post-editing measured by flow cytometry.

(D) Colony-forming potential of gene-modified CD34+ cells and FACS-purified CD34-subsets enriched for HSCs (CD34+CD90+), EMPs (CD34+CD90–), and LMPs

(CD34+CD45RA+). BFU, burst-forming unit; E, erythrocyte; G, granulocytes; GM, granulocyte-macrophage/monocyte; M, macrophages/monocytes; MIX, erythro-myeloid

colony.
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expression as assessed by flow cytometry using the anti-CD33 anti-
body, clone AC104.3E4, which binds the V-set domain (Figure 1C).
To ensure that CD33DE2 does not impact myeloid differentiation,
CD33-edited bulk CD34+ cells, as well as fluorescence-activated
cell sorting (FACS)-purified CD34-subsets enriched for HSCs
(CD34+CD90+), erythro-myeloid progenitors (EMPs: CD34+CD90–),
and lympho-myeloid progenitors (LMPs: CD34+CD45RA+) were
introduced into colony-forming cell (CFC) assays. Edited cells were
not impaired in their total capacity to form colonies (total height of
bars) or in their ability to form erythroid, granulocytic, and monocytic
lineages (Figure 1D). As previously described,10 granulocyte colonies
were enriched in the HSC-containing subset, erythroid progenitors
in the CD34+CD90– cell fraction, and granulocyte/monocyte progeni-
tors in the CD34+CD45RA+ subset.

The CD33DE2 phenotype persists long-term in the peripheral

blood

Edited CD34+ cells were transplanted into animals after total body
irradiation (TBI) (1,020 cGy) to assess the long-term multilineage
engraftment potential. A total of 26.2 � 106 and 20.5 � 106 CD34+

cells per kilogram bodyweight were infused into A17039 and
A18092, respectively. In comparison with historic controls,10,11 no
impact of CD33 editing was seen on the hematopoietic recovery as
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measured by the time to recovery for both neutrophils (A17039,
day 10; A18092, day 13) and platelets (A17039, day 26; A18092,
day 19) (Figures 2A and 2B). Total white blood cell and lymphocyte
counts in both animals were in the normal range after 1–2 months
and remained stable (Figures 2C and 2D). Detailed analysis of the
blood composition by flow cytometry showed recovery of all immune
compartments in both animals, with granulocytes rapidly recovering
after transplantation, followed by T cells and B cells recovering by
2 months post-transplant (Figure 2E).

Long-term persistence of editing was assessed by flow cytometric
analysis of CD33 surface expression within the granulocyte compart-
ment in the peripheral blood (PB) (Figure 3A). Immediately after
transplant, both animals demonstrated near-total loss of CD33 signal
on granulocytes. CD33+ granulocyte signals rebounded after trans-
plantation to 60% in A17039 and 10% in A18092 and remained stable
throughout the entire course of the long-term follow-up.

To verify CD33 editing across all blood cells, droplet digital PCR
(ddPCR) was performed (Figure 3B). Peak editing of 50%–60% was
seen immediately after transplant, declining over the course of
2 months, then stabilizing long term at 20% for A17039 and 10%
for A18092. Next, we investigated whether the editing was equally
er 2023



Figure 2. Hematopoietic recovery of the PB after transplant

(A–D) Neutrophil, platelet, white blood cell (WBC), and lymphocyte counts measured by complete blood cell counts. Horizontal dotted lines indicate range of normal as

determined by historical data as well as published values.12 (E) Phenotypic composition of the PB measured by flow cytometry.
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present in all lineages, confirming successful introduction of
the CD33DE2 edit in long-term persisting multipotent HSCs. T cell
(CD3+), B cells (CD20+), natural killer cells (CD16+), as well as gran-
ulocytes (CD11b+CD14–SSChigh) and monocytes (CD11b+CD14+

SSClow), were purified using FACS; DNA was analyzed by ddPCR.
Editing in all lineages at 1 year and 3 years post-transplant closely
tracked with the editing we observed in bulk white blood cells, aver-
aging 20% in A17039 and 10%–15% in A18092 (Figure 3C).

Efficient engraftment of CD33DE2 HSPCs in the bone marrow

stem cell compartment

Concurrent with our tracking in the PB, we obtained BM (BM) sam-
ples from both animals at 1 and 3 years post-transplant. Gene-edited
Molecular T
CD34+ cells efficiently engrafted into the BM stem cell niche without
any impairment caused by the deletion of CD33 (Figure 4A). All
CD34 subsets including phenotypical HSCs (CD34+CD90+), EMPs
(CD34+CD90–), and LMPs (CD34+CD45RA+) were re-established
at normal frequencies.10 CD33 surface expression was inconsistent
in between the CD34 subsets and did not reflect the downregulation
seen on granulocytes in the PB (Figure 3A). The lowest expression
was found on HSCs (A17039, 6.3%; A18092, 1.2%), whereas EMPs
(A17039, 29.6%; A18092, 40.8%) and LMPs (A17039, 58.7%;
A18092, 30.9%) showed heterogeneous presentation of CD33 at 3
years post-transplant. To verify successful genomic editing, bulk
CD34+ cells as well as phenotypic subsets were FACS purified and
CD33 deletion was quantified using ddPCR (Figure 4B). Genomic
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 3. Long-term persisting multi-lineage gene-editing in the PB

(A) Loss of CD33 signal on PB granulocytes measured with flow cytometry. (B) Genomic deletion of CD33measured by ddPCR. (C) CD33 deletion efficiency in FACS-purified

PB lineages measured by ddPCR at 1 year post transplant.
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editing efficiency in both animals was highly consistent across the
different cell populations and between the two BM draws at 1 and
3 years post-transplant. Consistent with the editing levels seen in
PB lineages (Figure 3C), 15%–25% and 8%–12% CD33 editing was
seen in A17039 and A18092, respectively.

Long-term engrafted CD33DE2 HSCs maintained erythro-

myeloid differentiation potential

To verify that long-term engrafted CD33DE2 HSPCs retain their full
erythro-myeloid differentiation potential, CD34+ cells and subsets
were FACS purified and introduced into CFC assays at 1 and 3 years
post-transplant. CD33 editing did not impact the total colony forming
potential or the ability to generate erythroid, myeloid, or mixed col-
onies in A17039 (Figure 5A). However, in A18092, impaired CFC po-
tential was seen in EMPs (CD90–) and LMPs (CD45RA+), with skew-
ing toward granulocytes in year 1 that entirely resolved in year 3.
PCR-based assessment of extracted single-cell-derived colonies
from both animals at year 3 showed monoallelic as well as biallelic
deletion of exon 2 (Figures 5B and 5C). Finally, indel formation of
at both cut sites was assessed on wildtype and monoallelic CD33DE2

colonies from A18092. No indels were found in wildtype colonies,
whereas in 5 out of 31 monoallelic CD33DE2 colonies indels causing
a frameshift were found on the second allele (Table S2).

DISCUSSION
In this study, we demonstrate that CRISPR-mediated deletion of the
CD33 V-set domain in NHP HSCs preserves their ability to stably
engraft and persist long term without any measurable impact on their
multilineage differentiation potential or the development of myeloid
lineages. CD33 editing neither impacted homing of HSCs to the BM
nor prolonged the neutrophil recovery after transplantation in com-
parison with historic control animals. No obvious impact was seen on
the myeloid colony-forming potential of HSCs and generation of
phenotypic neutrophils in the PB or BM. Most important, highly effi-
cient editing was achieved with our two-guide CRISPR approach
ex vivo on NHP HSPCs, with editing levels remaining long term in
reach of the therapeutic threshold.

We here successfully used a previously reported two-guide CRISPR-
based approach to delete the CD33DE2 in NHP HSPCs. We observed
ex vivo an almost complete loss (80%–90% reduction) of CD33 detec-
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
tion by flow cytometry on the surface of CD34+ HSPCs using a V-set
domain-directed anti-CD33 antibody, closely recapitulating our previ-
ous observations in human HSPCs using the exact same guide se-
quences.5 In contrast, 3%–5% editing of CD33 was achieved by Kim
et al.6 using either a single- or dual-guide CRISPR approach intro-
ducing indels with the goal to create a full knockout of the protein.
Similar to our studies in human HSPCs, our CD33 editing approach
did not have any quantitative or qualitative impact on the differentia-
tion potential of HSPCs in CFC assays realizing erythroid as well as
myeloid lineages.10 Similarly, we did not appreciate any negative im-
pacts of our editing strategy on cell viability or engraftment potential,
despite the previously reported Cas9-induced p53 induction or the
known occurrence of large scale genomic rearrangements caused by
double-strand break formation.13,14

Importantly, ablation of exon 2 did not have any negative impact on
the reconstitution potential after myeloablative irradiation and autol-
ogous transplantation of ex vivo gene-edited CD34+ cells. No delay in
the neutrophil recovery was seen, with the only cell type in the PB ex-
pressing CD33 on the cell surface, indicating there was no functional
impairment of the myeloid compartment due to exon 2 ablation.
Similarly, all other blood lineages and cell types recovered to normal
levels within 1–2 months without any delay in comparison with his-
toric controls undergoing autologous HSPC gene therapy, suggesting
that the genetic modification of CD33 does not trigger a delay in the
maturation or differentiation of HSCs into progenitors and mature
blood cells.

As previously reported by us and others in the autologous NHP gene
therapy model,11,15 editing levels in the PB peaked shortly after trans-
plant, reaching similar frequencies as observed ex vivo in the infusion
product. Thereafter, the frequency of CD33– granulocytes by flow cy-
tometry, as well as CD33-edited PB mononuclear cells by ddPCR,
gradually decreased and plateaued at 10% in A18092 and 20% in
A17039 because of the competition with remaining endogenous
HSPCs after non-lethal TBI at 1,020 cGy. Observed frequencies of ed-
iting in our CD33 exon 2 excision approach are above the single-guide
CRISPR study by Kim et al.6 that reported about 20% at peak and 3%–
4% editing long term in steady-state. The frequency of editing in both
animals remained stable throughout the 3 years of follow-up, demon-
strating no selective advantage or disadvantage.
er 2023



Figure 4. Long-term engraftment of CD33-edited HSPCs in the BM

(A) Flow-cytometric assessment of the recovery of the BM stem cell compartment and loss of CD33 on the surface of CD34+ cells 3 years post transplant. (B) Quantification of

CD33 editing by ddPCR 1 year and 3 years post transplant.

www.moleculartherapy.org
Last, the long-term frequency of editing in the PB closely matched
the editing achieved in long-term persisting, BM-engrafted HSPCs,
ensuring no disadvantage of CD33 ablation on the homing and
reconstitution potential of ex vivo edited HSPCs. The BM stem
cell compartment fully recovered, establishing a similar composition
of phenotypic and functional subsets as previously reported for
naive animals.11 CD33-edited HSPCs showed no change in the line-
age output or bias toward distinct lineages in the PB or BM indi-
cating that CD33 is not essential for the long-term persistence
and maturation of HSCs. Like the study by Kim et al., monoallelic
as well as biallelic edits were found in engrafted NHP HSPCs at
3 years post transplant, demonstrating no obvious selection against
CD33 biallelic-edited HSCs or impairment in the long-term
persistence.6

A major concern in the field of gene-edited HSCTs is the ability to
reach and maintain sufficient editing to convey therapeutic benefit.
It has been shown previously that, in the case of sickle cell disease,
20% editing is a critical threshold for therapeutic efficacy.16–18

Although the editing levels in the reported animals here remained
below the therapeutic threshold, we demonstrate feasibility to intro-
duce a non-therapeutic edit that allows targeted depletion of non-edi-
Molecular T
ted cells and provides the opportunity to increase the levels above the
20% threshold. Our group has previously explored overexpression of
O6-methylguanine-DNA methyltransferase P140K to this effect.19,20

We and others are also investigating alternative non-genotoxic ap-
proaches using modifications to CD117 and CD45 to allow anti-
body-mediated selection of gene-modified cells; however, the editing
efficiency required to effectively leverage these modalities for enrich-
ment is subject to future studies.21–23

In regard to CD33, previous studies have explored selection modal-
ities such as antibody-drug conjugates (ADCs) and chimeric antigen
receptor (CAR) T cells in the context of CD33-overexpressing AMLs,
both of which are currently US Food and Drug Administration-
approved or undergoing phase Ib/II clinical trials, respectively. Recent
work with CD33-directed CAR T cells as well as the ADC GO has
demonstrated selective killing of CD33+ HSCs, potentially allowing
these modalities to be paired with CD33 editing multiplexed with a
therapeutic edit to facilitate enrichment of edited cells.3,24,25 However,
prior work from our group and others has demonstrated that
CRISPR-Cas9, particularly with multiple guide RNAs, can lead to
large-scale recombination events such as inversions and transloca-
tions.26 The advent of base editing technology, which does not rely
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 5. CFC potential of CD33DE2 HSPCs in the BM stem cell compartment

(A) (top) Total CFC potential and (bottom) erythro-myeloid differentiation potential of HSPCs 1 year and 3 years post-transplant. BFU-E, burst-forming unit erythrocyte; G,

granulocytes; GM, granulocytes-macrophage/monocytes; GEMM, granulocytes-erythrocytes-monocytes-megakaryocytes; M, macrophage/monocytes. (B) Representa-

tive PCR-based assessment of CD33 deletion in individual colonies. DE2, CD33DE2; WT, wildtype. (C) Quantification of colonies with WT CD33 or mono-/biallelic editing of

CD33DE2.
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on double-strand breaks for editing, will allow for safer multiplex ed-
iting without concern for unwanted off-target effects.27

In conclusion, we demonstrate the long-term safety and feasibility of a
two-guide CRISPR approach to CD33 editing in an NHP model.
Deletion of exon 2 not only allowed us to attain higher editing than
previously observed in NHP models, but also had no observable
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
impact on reconstitution of the hematopoietic system after transplan-
tation and did not alter the constitution of the PB. Even after 3 years
of longitudinal follow-up, wemaintained up to 20% CD33 editing and
did not observe any significant adverse events associated with the
transplantation of CD33-edited HSCs. This work supports the safety
of CD33 editing in the context of anti-CD33 AML therapeutics, but
the ramifications extend beyond this and toward the use of CD33
er 2023
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editing as an enrichment handle for therapeutic edits geared toward
other hematologic diseases.

MATERIALS AND METHODS
Animals

Healthy juvenile rhesus macaques were housed at the University of
Washington (UW) National Primate Research Center (WaNPRC)
under conditions approved by the American Association for the
Accreditation of Laboratory Animal Care. All experimental proced-
ures performed were reviewed and approved by the Institutional An-
imal Care and Use Committee of the Fred Hutchinson Cancer
Research Center (Fred Hutch) and UW (Protocol No. 3235–01).
This study was carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (The Guide), and monkeys were
randomly assigned to the study. This study included at least twice
daily observation by animal technicians for basic husbandry param-
eters (e.g., food intake, activity, stool consistency, and overall appear-
ance), as well as daily observation by a veterinary technician and/or
veterinarian. Animals were housed in cages approved by The Guide
and in accordance with Animal Welfare Act regulations. Animals
were fed twice daily and were fasted for up to 14 h before sedation.
Environmental enrichment included grouping in compound, large
activity, or run-through connected cages, perches, toys, food treats,
and foraging activities. If a clinical abnormality was noted by
WaNPRC personnel, standard WaNPRC procedures were followed
to notify the veterinary staff for evaluation and determination for
admission as a clinical case. Animals were sedated by administration
of ketamine HCl and/or telazol and supportive agents for balanced
anesthesia (such as diazepam and midazolam) before all procedures.
After sedation, animals were monitored according to WaNPRC stan-
dard protocols. WaNPRC surgical support staff are trained and expe-
rienced in the administration of anesthetics and have monitoring
equipment available to assist with electronic monitoring of heart
rate, respiration, and blood oxygenation; audible alarms and digital
readouts; and monitoring of blood pressure, temperature. For minor
procedures, the presence or absence of deep pain was tested by the
toe-pinch reflex, and the absence of response (leg flexion) to this
test indicated adequate anesthesia. In cases of general anesthesia,
similar monitoring parameters were used, and anesthesia was tested
by the loss of palpebral reflexes (eye blink). Analgesics (generally bu-
prenorphine with meloxicam or buprenorphine slow release) were
provided as prescribed by the clinical veterinary staff for at least
48 h after the procedures and could be extended at the discretion of
the clinical veterinarian based on clinical signs. Autologous NHP
transplantation, priming (mobilization), collection of cells, and ge-
netic engineering were conducted consistent with our previously pub-
lished protocols.10,13,28 In parallel to cell processing, macaques were
conditioned with myeloablative TBI of 1,020 cGy from a 6-MV
X-ray beam of a single-source linear accelerator located at the Fred
Hutch South Lake Union Facility (Seattle); irradiation was adminis-
tered as a fractionated dose over the 2 days before cell infusion. Dur-
ing irradiation, animals were housed in a specially modified cage that
provided unrestricted access for the irradiation while simultaneously
Molecular T
minimizing excess movement. The dose was administered at a rate of
7 cGy/min delivered as a midline tissue dose. Granulocyte colony-
stimulating factor was administered daily from the day of cell infusion
until the animals began to show onset of neutrophil recovery. Sup-
portive care, including antibiotics, electrolytes, fluids, and transfu-
sions, was given as necessary, and blood counts were analyzed daily
to monitor hematopoietic recovery. Cytomegalovirus (CMV) moni-
toring was performed by quantitative PCR as described previously.29

Briefly, DNA was isolated from whole blood using Qiagen DNA
Blood Mini Kit (Qiagen) using the manufacturer’s instructions. Iso-
lated DNA was then used for quantitative real-time PCR analysis
on a QuantStudio Real-Time PCR system (12K Flex) (Applied
Biosystems) using CMV-specific primers (forward: ATC CGC GTT
CCA ATG CA; reverse: CGG AGG AGC ACC ATA GAA GGT)
and a TaqMan Probe (6FAM CCT TCC CGG CTA TGG
MGBNFQ). Each sample was run in triplicate for 40 cycles along
with positive controls. Copy numbers were calculated by comparison
to a standard curve, and the viral load was reported as CMV copies
per milliliter of whole blood.

CD34 enrichment and in vitro cultures

Primed NHP BM was harvested, enriched, and cultured as previously
described.28,30 Briefly, before enrichment of CD34+ cells, red cells
were lysed in ammonium chloride lysis buffer, and white blood cells
were incubated for 30 min with the 12.8 immunoglobulin M anti-
CD34 antibody and then washed and incubated for another 30 min
with magnetic-activated cell-sorting anti–immunoglobulin M mi-
crobeads (Miltenyi Biotec). The cell suspension was run through
magnetic columns enriching for CD34+ cell fractions with a purity
of 60%–80% confirmed by flow cytometry. Enriched CD34+ cells
were cultured in StemSpan serum-free expansion medium II
(SFEM II) (StemCell Technologies) supplemented with penicillin
and streptomycin (100 U/mL; ThermoFisher Scientific), stem cell fac-
tor (PeproTech), thrombopoietin (PeproTech), and Fms-related tyro-
sine kinase 3 ligand (Miltenyi Biotec) (100 ng/mL for each cytokine).

CFC assay

For CFC assays, 1,000–1,200 sorted cells were seeded into 3.5-mL
ColonyGEL 1402 (ReachBio). Hematopoietic colonies were scored af-
ter 12 to 14 days. Arising colonies were identified as colony-forming
unit (CFU) granulocyte, CFU macrophage, CFU granulocyte-macro-
phage, and burst-forming unit-erythrocyte. Colonies consisting of
erythroid and myeloid cells were scored as CFU-MIX. Colony form-
ing potential was calculated following the equation: (Number of col-
onies formed/Number of cells plated) � 100.

Colony PCR

White blood cells

Genomic DNA was extracted from samples using the QIAamp DNA
Blood Mini Kit (Qiagen). Excision of exon 2 was detected by PCR
amplification on 40–60 ng genomic DNA using 20 mM forward and
reverse primers as listed in Table S1. The target sequence was ampli-
fied running 35 cycles (assumed to be within the window of linearity),
and the resulting amplicon was run on a 2% agarose gel (UltraPure
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Agarose, Thermo Fisher Scientific) with a 100-bp ladder (Thermo
Fisher Scientific). Bands corresponding to 200 bp indicated the dele-
tion of exon 2, while bands corresponding with 601 bp indicated the
wildtype exon.

CFC colonies

Individual colonies were picked and stored in QuickExtract DNA
Extraction Solution (Lucigen, QE09050). Colonies were heat lysed
at 65�C for 20 min, 99�C for 10 min, and then cooled down. We
used 5 mL of the lysed colony as a template for PCR amplification us-
ing the forward and reverse primers listed above. Resulting amplicons
were run on a 2% agarose gel with 100-bp ladder. Bands correspond-
ing with 200 bp indicated the deletion of exon 2, while bands corre-
sponding to 600 bp indicate the wildtype exon.
CRISPR-Cas9 gene editing

Cas9 purified protein was obtained from Thermo Fisher Scientific
(TrueCut Cas9 Protein v2, 5 g/L, A36499), and chemically modified
guide RNA (gRNAs) (20-O-methyl analogs and 30 phosphorothioate
internucleotide linkages at the first three 50 and 30 terminal RNA res-
idues) were custom ordered from Synthego and are listed in Table S1.
Lyophilized gRNAs were resuspended in nuclease-free water at a con-
centration of 200 pmol/L and stored as frozen aliquots at�80�C. For
the editing of rhesus CD34+ cells, cells were first cultured overnight
after enrichment and/or sorting. CRISPR-Cas9 RNPs were formed
by combining 180 pmol of Cas9 protein with 1,800 pmol gRNA at
room temperature for 10 min and used for the electroporation of 3
million cells in 2-mm cuvettes following the manufacturer’s instruc-
tions (Harvard Apparatus). Edited cells were recovered in medium
overnight at 37�C before infusion in the animals.
Flow cytometry and FACS

Antibodies used for analysis and FACS sorting of NHP cells are listed
in Tables S3 and S4. Dead cells and debris were excluded by FSC/SSC
gating. Flow cytometric analysis was performed on an LSR Iiu,
FACSAria Iiu, and Canto II (BD). Cells for in vitro assays as well as
autologous NHP stem cell transplants were sorted right after
CD34+ enrichment using a FACSAria Iiu cell sorter (BD) and sort pu-
rity assessed by recovery of sorted cells.
ddPCR

Two sets of primer and probe were selected based on three CD33 se-
quences provided (human, rhesus, and pseudogene), which share the
same forward primer and probe. The reverse primer CD33Rev1
1210–1189 is specific to rhesus CD33. Duplex rhesus CD33
ddPCR is performed with CD33Fwd723-740, CD33Probe760-774,
CD33Rev1 1210–1189 (Rhesus), and rhesus RPP30 primer and probe
set. The primer and probe sequences are all listed in Table S1. The
DNA ddPCR was performed on a BioRad QX200 instrument with
ddPCR Supermix for probe (Biorad). The DNA droplets were gener-
ated with an Auto-Droplet Generator. The thermal condition of
ddPCR were 95�C for 10 min, then 40 cycles at 94�C for 30 s, 60�C
for 1 min, followed by 98�C for 10 min. The copy number of CD33
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
and RPP30 per reaction were analyzed and calculated with
QuantaSoft analysis Pro software (BioRad).

STATISTICS
Statistical analysis of data was performed using GraphPad Prism
Version 5. Details for the statistical analyses used can be found in
the figure legends.
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