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Abstract

Gene editing blood-derived cells is an attractive approach to cure selected mono-
genic diseases but remains experimental. A systematic search of preclinical controlled
studies is needed to determine the persistence of edited cells following reinfusion.
All studies identified in our systematic search (to 20 October 2020) examining the
use of CRISPR/Cas? gene editing in blood-derived cells for transplantation were
included. Meta-analysis was performed to determine the engraftment and persis-
tence of gene edited cells. A total of 3538 preclinical studies were identified with
15 published articles meeting eligibility for meta-analysis. These in vivo animal stud-
ies examined editing of hemoglobin to correct sickle cell disease (eight studies),
inducing resistance to acquired immunodeficiency syndrome (two studies), and six
other monogenic disorders (single studies). CRISPR-Cas9 edited hematopoietic stem
and progenitor cells demonstrated equivalent early engraftment compared to con-
trols in meta-analysis but persistence of gene-edited cells was reduced at later time
points and in secondary transplant recipients. Subgroup analysis in studies targeting
the hemoglobin gene revealed a significant reduction in the persistence of gene-
edited cells whether homology-directed repair or nonhomologous end-joining were
used. No adverse side effects were reported. Significant heterogeneity in study
design and outcome reporting was observed and the potential for bias was identified
in all studies. CRISPR-Cas? gene edited cells engraft similarly to unedited hematopoi-
etic cells. Persistence of gene edited cells, however, remains a challenge and
improved methods of targeting hematopoietic stem cells are needed. Reducing het-
erogeneity and potential risk of bias will hasten the development of informative clini-

cal trials.
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1 | INTRODUCTION

Recent advances in high-throughput sequencing technologies have
played a pivotal role in our understanding of genetic components that
drive human diseases. We now know that alterations in over 4000
genes are associated with diseases (www.omim.org/statistics/
geneMap; accessed November 15, 2020). Although some illnesses
such as acute myeloid leukemia and acute lymphoid leukemia are
driven by a complex interplay between various genetic and epigenetic

L2 others such as thalassemia, sickle cell disease (SCD),

factors,
Friedreich's ataxia (FRDA), severe combined immunodeficiency (SCID-
X1), and x-linked hyper-immunoglobulin M syndrome (XHIM) are
associated with monogenic mutations. Hematopoietic stem cell (HSC)
transplantation using HSCs obtained from human leukocyte antigen
(HLA) matched donors can be curative. HLA-matched donors, how-
ever, are not available for many patients® and transplant-related com-
plications such as infection and graft-vs-host disease introduce
significant morbidity and risk of mortality that complicates allogeneic
transplantation. Taken together, new approaches such as gene ther-
apy and/or gene editing of ex vivo expanded autologous HSCs have
attracted significant attention.

Gene therapy involves correction of a mutated gene either by
replacing the gene (gene replacement therapy) using exogenous DNA
or editing the gene at its native location using endogenous DNA
repair machinery. Although gene replacement therapy appears
straight forward, this strategy has limitations and involves multiple
risks that include unwanted immune system reactions to foreign DNA,
and insertional mutagenesis like oncogene activation caused by regu-
latory elements in the gene delivery vectors that can contribute to
leukemia.* Furthermore, in some monogenic illnesses, gene replace-
ment therapy might not be feasible because of tightly regulated trans-
gene expression. For example, gene replacement therapy in preclinical
models of XHIM has led to lymphoproliferative disorder because of
upregulation of the CD40 ligand.> For these reasons, gene editing
strategies may be more appealing and feasible and offer the potential
to cure a broader range of monogenic diseases with reduced risks.

Targeted gene editing strategies rely on endogenous cell repair
machinery that are activated once double-stranded breaks (DSBs) in
DNA are induced at the intended gene locus. The two canonical path-
ways involved in the repair of DSBs in DNA are homology-directed
repair (HDR) or nonhomologous end joining (NHEJ).%” In NHEJ, the
two DNA ends are ligated in an error-prone method, thereby creating
insertions and deletions (INDELs) that lead to functional gene knock-
outs (KOs). Unfortunately, this process cannot be controlled and often
creates a heterogenous population of gene-edited cells.® In contrast,
the HDR repair process is more precise and efficient. In HDR, the
DNA repair machinery uses the sister chromatid or externally supplied
homologous donor template as a scaffold to repair the DSB.” There-
fore, by designing specific homologous donor templates, one can effi-
ciently edit disease causing missense or nonsense mutations present
within the human genome. The three popular platforms that currently
exist to induce site specific DSBs within mammalian cells are

(a) transcription activator-like effector nucleases (TALENS), (b) zinc-
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Significance statement

Gene editing of blood-derived cells is a promising strategy
to correct genetic disorders but remains experimental. This
study conducted a systematic review of the literature and
identified 15 animal studies that transplanted blood-forming
stem cells that were edited using CRISPR/Cas9. Although
edited cells engrafted similarly to unedited cells, this meta-
analysis revealed that edited cells declined over time after
transplantation. New approaches that better target blood
stem cells are needed to overcome this limitation. Also,
future studies should reduce potential sources of bias by
blinding outcome assessors and randomizing animals to

accelerate translation to clinical studies.

finger nucleases (ZFNs), and (c) the CRISPR-Cas9 system. CRISPR-
Cas9 is the most commonly used and efficient platform that allows
multiplexed gene editing and studies have progressed to the preclini-
cal stage.

Clustered regularly interspaced short palindromic repeats
(CRISPR) are short repeat sequences separated by spacers found
within microbes.” In prokaryotes, CRISPR-associated genes (Cas)
encode proteins that can complex with phage or plasmid DNA, cut
the DNA into short sequences, and integrate the short DNA
sequences into the host genomic CRISPR locus as spacers. These
spacers are expressed as mobile surveillance RNAs that direct Cas
proteins to protect against subsequent attack by the same phages or
plasmids. In essence, CRISPR serve as a prokaryotic adaptive immune-
system and protects bacteria from invading phages and plasmids.'°
Cas9 is derived from Streptococcus pyogenes and is the most com-
monly used endonuclease as part of the CRISPR platform. In 2008,
Brouns et al'? discovered that the Cas9 protein forms a ribonucleo-
protein (RNP) complex with a RNA duplex consisting of CRISPR RNA
sequences (crRNA transcribed from the acquired phage sequences)
and a second RNA molecule (tracrRNA). The duplex is known to guide
the Cas9 protein to the DNA target site upon which the Cas9 induces
DSBs.'? In 2012, Gasiunas et al'® and Jinek et al'* demonstrated that
the first 20 nucleotides of the crRNA could be designed against a
desired DNA target site. Jinek et al'* further simplified the CRISPR-
Cas9 platform into a two-system platform by fusing the tracrRNA and
crRNA into a single 100 nucleotide guide RNA (sgRNA). Subsequently
in 2013, Cong et al'®> demonstrated for the first time that the CRISPR-
Cas9 system can be used to edit mouse and human cells.

Given the rapid increase in publications reporting the preclinical
use of CRISPR/Cas9 gene editing for transplantation and cellular ther-
apy, a knowledge synthesis study of preclinical data is needed to gain
an objective understanding of what approaches are most effective for
the persistence of gene-edited cells upon reinfusion. Important ques-
tions remain in relation to the ability of CRISPR-Cas9 gene edited
human cells to engraft and their ability to persist for long term. Fur-

thermore, insight regarding safety and the identification of barriers
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that hinder progression into clinical trials is also needed. In this manu-
script, we performed a systematic review and meta-analysis of pre-
clinical controlled animal studies where CRISPR/Cas9 gene edited
blood-derived human cells were administered in a transplantation
approach. Of note, our preliminary search confirmed that clinical trials
examining the use of CRISPR/Cas9 gene edited blood-derived cells
have not yet been published, even though some trials may be ongoing

or recently completed.

2 | METHODS

21 | Search strategy

The systematic search of the published literature was performed in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines.'® Our search strat-
egy was developed to identify studies in Medline, Embase, and
Pubmed. The following terms: (hematopoietic stem cell transplanta-
tion) AND (transplantation) AND (bone marrow [BM] transplantation)
AND (cord blood transplantation) AND (peripheral blood progenitor
cell transplantation) AND (CRISPR) AND (gene editing) were used as
part of our search strategy. Databases were searched from 1947 up
to 20 October 2020. The complete electronic search strategy is pres-
ented in Supplementary Table 1 and was prepared with the assistance
of an information specialist (Risa Shorr). The search strategy was peer
reviewed by a second information specialist. Our research protocol
was registered with the International Prospective Register of System-
atic Reviews (PROSPERO; registration number CRD42020207607
registered 12 October 2020; https://www.crd.york.ac.uk/prospero/).

2.2 | Study selection and data extraction

We included all controlled interventional preclinical studies that
tested the in vivo use of CRISPR-Cas9 gene edited blood-derived cells
for transplantation. Review articles, editorials, preclinical in vitro or
ex vivo studies, and conference abstracts were excluded. Studies that
specifically addressed the treatment of cancer, including studies that
reported the use of CRISPR/Cas9 gene editing as a means to manu-
facture chimeric antigen receptor T cells, were excluded from further
analysis in this study since these studies were primarily focused on
cancer-related outcomes with less focus on persistence of gene-
edited cells following infusion and will be analyzed and reported sepa-
rately. Studies that reported on blood-derived cells for applications
other than restoration of the blood system were also excluded’ (ie,
marrow-derived mesenchymal stromal cells) as persistence of these
cells after infusion may not have been a primary concern.

All records from the search were imported into Rayyan (https://
rayyan.qcri.org/; accessed October 12, 2020). Duplicates were excluded.
Abstracts of all the identified studies were independently screened by
three investigators (H. Maganti, A. Bailey, A. Kirkham), and all potentially
relevant articles were retrieved for further review based on the eligibility

criteria (see below). Data were extracted independently by H. Maganti
and A. Bailey using standardized forms (created using Excel, Microsoft,
Seattle, Washington). Consensus was achieved through discussion with
a senior team member (D.S. Allan) as needed to resolve discrepancies.
Data were estimated from published graphs using Digitizelt (Version 2.2;
Braunschweig, Germany) when raw data were not reported.

2.3 | Data analysis

For the meta-analysis involving preclinical in vivo studies, raw data relat-
ing to engraftment percentages and/or percentage edited cells within
the BM at input and endpoint were abstracted from the manuscripts or
from published supplementary data. In studies where the raw data were
not presented, the data were estimated from the presented graphs using
Digitizelt (Version 2.2). To minimize bias, raw data were extracted by
two individuals (H. Maganti and A. Bailey) and all discrepancies were
resolved through consensus. Control (unedited) and edited arms of indi-
vidual pre-clinical studies were compared using Student's t test. Bias and
significance in pooled analysis was done using DerSimonian and Laird
random effects model for long-term persistence of gene-edited cells and
fixed effects model for cell engraftment. Key parameters such as the
number of animals which contributed to specific results reported in the
study, cells used for transplantation in mice, randomization, and
reporting of investigator and/or lab personnel blinding were also noted
and summarized. These key parameters have been previously identified
as potential sources of bias in systematic reviews and their reporting is
crucial in order to strengthen the conclusions of the review.'® Potential
sources of bias were examined in each study using the Systematic

Review Centre for Laboratory Animal Experimental (SYRCLE) tool.*?

3 | RESULTS

3.1 | Identification of relevant published studies

A total of 3538 studies were identified in our systematic literature
search. After excluding duplicates and screening for potential rele-
vance, 26 studies underwent comprehensive review for assessment
of eligibility. Eleven studies were subsequently removed for the fol-
lowing reasons: in vitro studies only (three reports), nonhematopoietic
gene edited cells (two report), case reports (two reports), and CAR-T
(four studies), which will be analyzed and reported separately. The
summary of the study selection process is provided in Figure 1. A total
of 15 studies?®** met the eligibility and underwent further analysis.

No published clinical studies were identified.

32 |
studies

Characteristics of published preclinical

The included studies addressed gene editing of several gene loci impli-

cated in monogenic diseases, and/or monogenic approaches to
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FIGURE 1 Result of

systematic search of the literature search (duplicates and abstracts

included)

3538 studies identified through database

2279 studies excluded

v

\4

- 1218 duplicates
- 1061 conference abstracts

search (duplicates excluded)
424 — Medline
420 — Embase
415 — Pubmed

1259 studies identified through database

1233 studies excluded
- 947 non hematopoietic cells

A

A4

-204 in vitro
- 84 non rodents

26 studies reviewed

11 studies excluded
- 3 CRISPR-Cas9 used in vitro
> -1iPSC and 1 non-HSPC

A 4

- 2 case report comparing Cas9 vs Cas12
-4 CART cells

15 — Pre clinical in vivo studies

15 studies included in the qualitative synthesis

disease amelioration, including hemoglobin disorders such as SCD
(eight studies), resistance to human immunodeficiency virus (HIV)
infection through deletion of C-C chemokine receptor five (CCR5)
(two studies), XHIM (one study), X-linked chronic granulomatous dis-
ease (X-CGD) (one study), FRDA (one study), immunodysregulation
polyendocrinopathy entropathy X-linked syndrome (IPEX) (one study),
and SCID-X1 (one study). All studies used mouse models (Table 1).

All studies provided information regarding the number of animals
used for the control and experimental conditions. Information regard-
ing animal allocation to treatment groups was provided in the Results
section (3 studies) or in the figure legends where they contributed
data (12 studies). None of the preclinical studies reported on randomi-
zation, allocation concealment, or provided information regarding
physiological baseline characteristics to ensure the treatment and con-
trol groups were balanced. All included studies, however, provided
information about the mice (strain and source) and method of trans-
plantation (Table 2). No information pertaining to power calculations

and sample size determination was provided in any of the studies.

3.3 | Characteristics of cells types targeted

Blood-derived cells were isolated from frozen samples using density
gradient centrifugation methods. None of the studies utilized freshly
collected cells. The tissue sources were all human-derived and included
umbilical cord blood (four studies), BM (one study), peripheral blood
(one study), mobilized peripheral blood (mPB) following administration
of granulocyte colony-stimulating factor and/or plerixafor (eight stud-
ies), and fetal liver (one study). One study?’ used mPB or BM in their
transplant experiments. Fourteen studies isolated and/or targeted
HSPCs from the tissue source for gene editing by selecting CD34+ cells
prior to gene editing and cell expansion in culture. T lymphocytes were

targeted in one study (Table 1). Two studies derived their HSPCs from

mobilized PB of patients with SCD and one study derived their HSPCs
from mobilized PB of patients with X-CGD (Table 1). All other cells
used were derived from healthy subjects.

3.4 | CRISPR-Cas9 gene editing

Cas9 protein was transfected via electroporation (14 studies) or trans-
duced using lentivirus (1 study). Cas9 was delivered either in a ribonu-
cleoprotein complex with sgRNA (10 studies) or as separate protein
and RNA components (2 studies). Two studies delivered Cas9 as
mRNA and one study delivered Cas9 as a plasmid (Table 1). The den-
sity at which the cells were plated for CRISPR-Cas9 editing varied
between studies. All studies cultured cells in media that promoted
active proliferation and minimal differentiation (Table 2). The number
of days the cells were expanded post gene-editing varied between
studies (Table 2). Two studies created functional gene KOs. Ten stud-
ies used the CRISPR-Ca9 system to either induce or edit specific
mutations (Table 1). Three studies created cells with gene knock-ins.
Nine studies used donor templates to facilitate HDR. The donor tem-
plate was delivered as either Adeno-associated virus type 6 (AAV6)
(six studies) or single stranded donor oligonucleotides (ssODN) (four
studies). One study®® used both AAVé and ssODN as donor tem-
plates. Only three studies attempted to correct the abnormal gene
and disease phenotype in animal models (two studies of SCD and one
study of X-CGD) while the remainder demonstrated their ability to
target gene loci implicated in disease by introducing marker gene
expression such as green florescent protein (GFP) or to knock-in or
knock-out a gene at a specific locus such as CCR5 (Table 2). Correc-
tion of abnormal genes from patients and/or cell lines, and gene
expression levels and protein function assays were performed in com-
plementary in vitro testing and are not summarized or analyzed fur-

ther in this report.
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TABLE 1
cells were transduced with AAVé6 24 hours post electroporation

Targeted gene Cells

Study (disease) edited Tissue source

Xiao et al 2019 CCRS5 (AIDS) CD4" T Peripheral Blood

Xu et al 20178 CCRS5 (AIDS) CD34"  Fetal Liver

Kuo et al 2018%° CD40L (XHIM) CD34* mPB

De Ravin et al 2017%° CYBB (X-CGD) CD34" X-CGD patient
mPB

Goodwin et al 2020%* FOXP3 (IPEX) CD34*  Umbilical Cord
Blood

Rocca et al 202072 FXN (FRDA) CD34" mPB

Charlesworth et al 20182° HBB (SCD) CD34"  Umbilical Cord
Blood

Dever et al 20162 HBB (SCD) CD34* mPB

Dewitt et al 2016%° HBB (SCD) CD34* mPB

Park et al 20192%¢ HBB (SCD) CD34* P1:mPB

P2: BM

Pattabhi et al 2019%7 HBB (SCD) CD34* mPB

Wu et al 201928 BCL11A (SCD) CD34* mPB

Metais et al 2019%° HBG1/HBG2 (SCD) CD34" SCD patient mPB

Weber et al 2020%° HBG1/HBG2 (SCD) CD34" mPB

Pavel-Dinu et al 201932 IL-2RG (SCID-X1) ~ CD34"  Umbilical Cord
Blood

Summary of preclinical studies. Unless specified the tissue source of all studies were from healthy donors. In Charlesworth et al,

In vivo
Cas9 delivery Repair follow-up Goal of gene
(electroporation) template (weeks) editing
Lentivirus None 6.5 Gene knock-out
Plasmid None 12 Gene knock-out
mRNA/RNP AAV6 12 Gene knock-in
mRNA ssODN 20 Targeting a point mutation
and correcting it
RNP AAV6 14 cDNA knock-in
RNP None 12 Deleting GAA expansions
(intron 1)
RNP *AAV6 1% 16 Targeting a point mutation
2*:16 and correcting it
RNP AAV6 16 Targeting a point mutation
and correcting it
RNP ssODN 16 Targeting a point mutation
and correcting it
RNP ssODN P1:19 Targeting a point mutation
P2: 16 and correcting it
RNP AAV6 12 Targeting a point mutation
ssODN and correcting it
RNP None 1% 16 Disruption of GATA1
2% 16 binding sequences
within the promoter
mRNA/RNP None 17 Disruption of BCL11a
binding site within the
HBG1/2 promoter
RNP None 16 Disruption of LRF binding
site within the HBG1/2
promoter
RNP AAV6 1* 16 cDNA knock-in
2*:16

Abbreviations: 1*, primary transplant; 2*, secondary transplant; AAV, adeno-associated virus; AIDS, acquired immunodeficiency syndrome; ALL, acute
lymphoblastic leukemia; AML, acute myeloid leukemia; FRDA, Friedreich's ataxia; IPEX, immunodysregulation polyendocrinopathy entropathy X-linked
syndrome; mPB, peripheral blood mobilized with GCSF or plerixafor; P1, patient 1; P2, patient 2; RNP, ribonucleo-protein complex; SCD, sickle cell
disease; SCID-X1, X-linked severe combined immunodeficiency; ssODN, single stranded donor oligonucleotides; X-CGD, X-linked chronic granulomatous

disease; XHIM, X-linked hyper IgM syndrome.

3.5 | Transplantation and long-term engraftment
of gene-edited cells

CRISPR-Cas9 edited cells were transplanted via tail vein (six stud-
ies), retro-orbital (two studies), intrahepatic (five studies), or via
intrafemoral injection (three studies) (Table 2). Fourteen studies
performed long-term (>12 weeks) primary transplant experiments
(Table 2). Eleven studies reported a decline in the percentage of
gene-edited human cells within the BM at the endpoint of the study
compared to the time of transplantation (Table 2). Gene edited cells
were typically sorted by flow cytometric cell sorting, gating on
expression of a marker gene such as GFP. Some cells appear to
have manifested transient expression of GFP which was later lost

prior to infusion, which likely accounts for the percentage of edited

cells at the time of transplant that was less than 100% in most
studies.

A total of 12 studies reported in vivo engraftment data of gene
edited hematopoietic cells based on samples of peripheral blood or
BM from the transplanted mice. Following a pooled-fixed effects anal-
ysis, the mean difference in engraftment of gene edited cells showed
no significant difference when compared to unedited cells (-1.26%;
95% confidence interval [Cl], —=3.47% to 0.95%; 12 24%; P = .17) with
overall human engraftment ranging from 7.5% to 92% (see Figure 2).

A total of 14 studies (21 individual cohorts) reported the long-
term persistence (>12 weeks) of gene edited cells within the BM or
peripheral blood of transplanted mice. One study did not report the
end-point data and hence was precluded from meta-analysis. Follow-

ing a pooled random effects analysis, the mean reduction of gene-
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% Engraftment
of gene edited cells

% Engraftment
of unedited cells

Mean difference

Mean difference

Study or subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
De Ravin 2017 32 129 3 387 16.3 3 0.9% -6.70[-30.22, 16.82] —
Denver 2016 21.7 2.6 6 293 14.6 10 5.7% -7.60 [-16.89, 1.69] /]
Goodwin 2020 91.8 53 5 925 12.8 6 3.9% -0.70[-11.95, 10.55] -

Kuo 2018 122 151 16 12.8 19.9 7 1.8% -0.60[-17.09, 15.89] I —
Metais 2019 79.8 9.6 4 823 11.5 3 1.9% -2.50[-18.56, 13.56] -1
Metais-P2 2019 74.2 3.5 5 737 2.3 3 30.2% 0.50 [-3.52, 4.52] L d

Park 2019 42 6 3 37 5 3 6.3% 5.00 [-3.84, 13.84] T
Park-P2 2019 7.5 9 3 16.8 5.5 3 3.4% -9.30 [-21.24, 2.64] I
Pattabhi 2019 64.3 19.2 17 83.98 8.59 8 4.1% -19.68 [-30.58, -8.78] I
Pattabhi-2 2019 83.8 13 18 83.98 8.59 8 6.8% -0.18 [-8.64, 8.28] -1
Pavel-Dinu 2019 456 153 10 61 227 7  1.3% -15.40[-34.71,3.91] —
Rocca 2020 249 212 8 28 246 8 1.0% -3.10 [-25.60, 19.40] I —
Weber 2020 396 20.7 4 456 295 4 0.4% -6.00[-41.32,29.32] L
Weber-2 2020 44  19.2 4 456 295 4 0.4% -1.60[-36.09, 32.89] I
Weber-3 2020 348 157 4 456 295 4 0.5% -10.80 [-43.55, 21.95] - 1
Wu 2019 16 135 5 216 8.6 3 21% -5.60[-20.92,9.72] I
Wu-P2 2019 88.8 2.8 3 884 3.4 3 19.7% 0.40 [-4.58, 5.38] o

Xu 2017 13 9.5 9 9.5 5.1 9 9.8% 3.50 [-3.54, 10.54] ™
Total (95% CI) 127 96 100.0% -1.26 [-3.47, 0.95] 4
Heterogeneity: Chi? = 22.45, df = 17 (P=.17); I* = 24% _160 _5=0 S 5=0 150

Test for overall effect: Z=1.11 (P=.27)

Favors unedited

Favors gene edited

FIGURE 2 CRISPR-Cas9 gene editing does not negatively impact the ability of hematopoietic stem and progenitor cells to engraft in vivo, as
measured by fluorescent-activated cell sorting

% End point % Input

edited cells edited cells Mean difference Mean difference
Study or subgroup  Mean SD _Total Mean SD__ Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Charlesworth 2018 3.1 0.1 8 362 144 11 4.8% -33.10[-41.61, -24.59] —
Charlesworth-2 2018 16.6 0.7 7 81 14.4 2 3.5% -64.40 [-84.36, -44.44] -
De Ravin 2017 12.1 3.7 6 183 2.7 2  52%  -6.20[-10.97,-1.43] -
De Ravin-2 2017 10.2 3.2 5 201 2.7 3 5.2% -9.90 [-14.05, -5.75] -
Dever2016 9.5 22 6 16 5.2 10 5.2% -6.50 [-10.17, -2.83] -
Dewitt 2016 48 35 6 66.8 15 6 44% -18.80[-31.12, -6.48] -
Goodwin 2020 67.7 17.16 4 701 4.5 2 3.7% -2.40 [-20.34, 15.54] I
Kuo 2018 103 11.2 15 276 4 6 5.0% -17.30[-23.81,-10.79] -
Metais 2019 70.7 25 3 797 2.5 1 5.1% -9.00 [-14.66, -3.34] -
Metais-P2 2019 18.5 2.8 5 549 238 1 5.1% -36.40 [-42.41, -30.39] -
Park 2019 46 8 3 43 5 3 4.6% 3.00 [-7.68, 13.68] -
Park-P2 2019 64 4 3 60 8 3 4.7% 4.00[-6.12, 14.12] "_
Pattabhi 2019 0.66 0.66 17 243 7.5 17 52% -23.64[-27.22,-20.06] -
Pattabhi-2 2019 414 21 17 17.5 6 8 52% -13.36 [-17.64, -9.08] -
Pavel-Dinu 2019 255 13.2 19 45 15 3 3.7% -19.50 [-37.48, -1.52] I
Rocca 2020 5.4 6.8 8 375 12.3 8 4.7% -32.10[-41.84, -22.36] I
Weber 2020 43 9.3 4 773 3.7 4 4.7% -34.30 [-44.11, -24.49] -
Weber-2 2020 60.3 6.1 4 874 4.6 4 4.9% -27.10[-34.59, -19.61] -
Weber-3 2020 47.6 4.2 4 89.6 2.8 4 5.1% -42.00 [-46.95, -37.05] -
Wu 2019 95.6 15 2 945 2.6 1" 5.3% 1.10 [-1.49, 3.69] I~
Xu 2017 252 17 12 422 3.6 5 47% -17.00 [-27.12, -6.88] -
Total (95% CI) 158 114 100.0% -18.79 [-25.11, -12.46] L 2
Heterogeneity: Tau? = 196.49; Chi2 = 479.21, df = 20 (P < .00001); /2 = 96% F 100 _590 5 550 p 00=

Test for overall effect: Z = 5.82 (P< .00001)

Decline in gene edited cells

Increase in gene edited cells

FIGURE 3 The percentage of gene edited hematopoietic cells decline over long-term, as measured by digital droplet PCR at input and

endpoint

edited cells at endpoint compared to input was 18.79% (95% Cl, —25.11

36 |

Impact of the CRISPR-Cas9 gene editing

to —12.46; P < .00001; Figure 3) with the percentage of edited cells at
endpoint ranging from 3.1% to 95%, although significant heterogeneity
was observed between studies (I = 96%). Only three studies?®3%%* per-
formed secondary transplants to evaluate the ability of gene-edited
HSPCs harvested from the BM of transplanted mice and used to engraft
and repopulate the BM of a second set of mice. The percentage of
engrafted cells following secondary transplants was reduced compared

to primary animals (from 84% to 0.26%) in all cases.

vector: Analysis of studies editing the
hemoglobin gene

A total of eight studies addressed editing HSPCs at the hemoglobin B
locus (HBB). Analyzing this group of homogenous studies provided an
opportunity to compare the impact of different gene editing plat-
forms. Although two studies used the AAVé6 platform to deliver the
donor vector, two studies used ssODN to deliver the donor vector.
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One study used both ssODN and AAVé6 independently in separate
experiments. Three studies did not use a donor vector. In subgroup-
analysis regarding the reduction in long-term persistence of gene-
edited cells when using ssODN (-12.16% compared to baseline levels
of engraftment, 95% Cl: —16.45 to —7.86; Figure 4A) compared to
studies using AAV6 as the transduction vector (—28.94%; 95% Cl:
-43.78 to —14.11; Figure 4B), there was no significant difference

observed between the two methods.

37 |
of AIDS

CRISPR-Cas9 gene edited cells for treatment

Two studies?>?? investigated the use of CRISPR-Cas9 gene edited T
cells and CD34-positive cells for the management of the acquired
immunodeficiency syndrome (AIDS). The in vivo results from one
study?® demonstrated that KO of CCRS5 did not affect T-cell function.
The in vivo data from the second study?! demonstrated that HSPCs
devoid of CCR5 could differentiate into T cells that lacked CCRS5.
Interestingly, mice transplanted with either CCR5 KO T cells or HSPCs

showed reduced viral burden and resistance to HIV infection.

4 | RISKOF BIAS ANALYSIS

Two independent reviewers (H. Maganti, A. Bailey) assessed the risk

of bias of each study included study according to the Systematic

¥ TRANSLATIONAL MEDICINE

Review Centre for Laboratory animal Experimentation (SYRCLE) risk
of bias tool for animal studies.'® Consistent with most preclinical stud-
ies, we found the included preclinical studies had potential risk of bias
in several areas such as outcome reporting, use of randomization
methods, blinding, and a priori protocols. None of the studies men-
tioned whether the experiments were done in a double-blinded man-
ner, whether randomization was performed among the control and
treatment cohorts or how the animal cohort size was determined.
Future studies should strive to reduce bias by following reporting
guidelines outlined by the SYRCLE tool.

5 | DISCUSSION

The CRISPR/Cas9 gene editing system offers an efficient way of mak-
ing precise genetic changes to the human genome. CRISPR-Cas9 can
therefore be employed for disruption, addition, and correction of
genes, thereby enabling a new class of genetic/cellular therapies. The
preclinical data summarized in this review confirm that CRISPR/Cas9
edited hematopoietic cells can be used as cellular therapy for the
treatment of monogenic disease and induce resistance to infectious
diseases. We identified that preclinical studies mostly addressed
hemoglobin disorders such as SCD (50%) followed by inducing resis-
tance to HIV infection (12.5%). Meta-analysis of transplant data from
studies included in our analysis revealed that gene edited HSPCs
engraft similarly to unedited cells. The percentage of gene-edited cells

was shown to decline over time in these studies, however,

(A) % Endpoint % Input
edited cells edited cells Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dewitt 2016 48 3.5 6 66.8 15 6 11.3% -18.80[-31.12,-6.48]
Park 2019 36 8 3 43 5 1 9.8% -7.00 [-20.34, 6.34] -
Park-P2 2019 54 4 3 60 8 3 16.2% -6.00 [-16.12, 4.12] 1
Pattabhi-2 2019 4.14 2.1 17 175 6 8 62.7% -13.36[-17.64,-9.08] |
Total (95% Cl) 29 18 100.0% -12.16 [-16.45, -7.86] ¢
ity 2 = - Chi2 = - = .2 =199 + + t +
Heterogeneity: Tau? = 2.90; Chi2 = 3.39, df = 3 (P=.33); I?= 12% 100 20 o 50 100

Test for overall effect: Z = 5.55 (P < .00001)

Decline in gene edited cells Increase in gene edited cells

(B) % Endpoint % Input
edited cells edited cells Mean difference Mean difference
Study or subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Charlesworth 2018 3.1 0.1 8 362 14.4 11  25.8% -33.10[-41.61, -24.59] -
Charlesworth-2 2018 16.6 0.7 7 81 14.4 2 18.7% -64.40[-84.36, -44.44] [
Dever 2016 9.5 22 6 16 5.2 10 27.7% -6.50 [-10.17, -2.83] Ll
Pattabhi 2019 0.66 0.66 17 243 7.5 17  27.8% -23.64[-27.22,-20.06] =
Total (95% CI) 38 40 100.0% -28.94 [-43.78, -14.11] P
it Tau? = . Chiz = - 12 = 9RY } t t }
Heterogeneity: Tau? = 203.02; Chi? = 79.88, df = 3 (P < .00001); I? = 96% 2100 50 0 50 100

Test for overall effect: Z = 3.82 (P =.0001)

Decline in gene edited cells Increase in gene edited cells

FIGURE 4 The percentage of hematopoietic cells within sickle cell disease (SCD) studies edited using single stranded donor oligonucleotides
(ssODN) decline slower over long-term compared to hematopoietic cells edited using AAV6, as measured by digital droplet PCR at input and
endpoint. A, The percentage of hematopoietic cells within SCD studies using ssODN as measured by digital droplet PCR at input and endpoint. B,
The percentage of hematopoietic cells within SCD studies using AAV6 as measured by digital droplet PCR at input and endpoint
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highlighting the challenge of improved targeting of HSCs. Improved
targeting of HSCs through isolation of more homogenous stem cell
populations and/or more effective methods of transducing quiescent
stem cells will improve outcomes and accelerate progress toward clin-
ical application. Moreover, reducing sources of potential bias in future
studies, through greater use of randomization and blinding of out-
come assessors will accelerate the development of studies that can be
translated to the clinical domain.

Re-establishing hematopoiesis in transplant recipients involves
early repopulation with short-term hematopoietic progenitor cells
(ST-HPCs), which are responsible for initial engraftment after trans-
plantation, and long-term hematopoietic stem cells (LT-HSCs). LT-
HSCs and ST-HPCs differ markedly in their in vivo repopulation
capacity. Although primary transplantation experiments in mice mea-
sure the ability of ST-HPCs and progenitors to support initial hemato-
poiesis, secondary transplantation experiments directly measure the
ability of LT-HSCs to engraft to the BM and support longer-term and
sustained hematopoiesis. Engraftment is the process by which
transplanted cells home to their niche, start to repopulate, and give
rise to progeny. Several seminal studies have reported that human
HSPCs when transplanted into mice home to the BM and their differ-
entiated progeny make their way into the peripheral blood of mice.
Within the studies included in our systematic review, engraftment
was assessed using peripheral blood of mice approximately 2 to
8 weeks after transplantation when human engraftment typically
emerges and BM samples at the endpoint of the study, typically at
12 to 16 weeks after transplant. The long-term persistence of the
engrafted gene-edited HSCs and their progeny are critical for gene-
therapy to be a viable treatment option for monogenic ilinesses. Inter-
estingly, while our meta-analysis revealed that gene-edited HSPCs
have similar initial engraftment potential compared to mock-treated
controls, we observed that the percentage of gene-edited cells
declines significantly over time. Surprisingly, only three studies per-
formed secondary transplantation experiments using gene edited cells
derived from primary transplant recipients. Nevertheless, all the three
studies did report a further decline in the percentage of gene edited
cells compared to the proportion of edited cells that were recovered
from initial animals. While the heterogeneity between studies
reporting on ST-HPC engraftment in primary animals was low
(12 = 24%), the heterogeneity between the few studies reporting on
LT-HSC engraftment in secondary animals was high (> = 96%) and
limits confidence in the pooled estimates from these studies. Taken
together, these analyses suggest that (a) insufficient numbers of gene-
edited LT-HSCs may have been transplanted into mice and (b) that
the population of LT-HSCs transplanted into the mice may have var-
ied significantly in terms of gene editing efficiency between the differ-
ent studies. One strategy that could help overcome this limitation is
by enriching for gene-edited LT-HSCs prior to transplantation. Most
studies used CD34-expression as a means of HSC enrichment prior to
transplantation. Several seminal studies®>3” have reported that CD34
is not a robust marker for HSC enrichment from cultured HSPCs as
cell surface expression may diminish during cell culture. Combinations
of additional cell surface markers (eg, CD34+CD90+, CD34

+CD45RA-) or novel markers like EPCR, ITGA3, and AC133 have
enabled improved enrichment of HSCs from ex vivo cultured HSPCs
isolated from UCB. Studying the isolation of HPCs from other sources
such as BM and mPB will also be needed.

Interestingly, another model that has aided researchers to study
the long-term persistence of gene edited cells is the nonhuman pri-
mate (NHP) autologous transplantation model.>84° Unfortunately,
because the NHP model does not use human hematopoietic cells, it
did not fit our inclusion criteria and hence we did not include NHP
studies within our analysis. Nevertheless, it is important to note that
the NHP system has several advantages and has provided valuable
preclinical data. The NHP HSCs express common cell surface markers
that are homologous to human surface markers therefore reagents
such as growth factors or selection reagents such as MGMT/P140K
platform that are used to select gene-edited NHP HSCs are easily
transferable to the human HSCs.®® Furthermore, the scale of cell
populations collected, edited, and transplanted into NHPs is similar to
human patients therefore this model allows to better predict the num-
ber of gene edited cells required for transplantation and the cost asso-
ciated with this process. Seminal work by the Hans-Peter Kiem's
group has shown that CRISPR-Cas9 gene edited cells persist long-
term within the NHP model.*® Moreover, the data from the NHP
models have been consistent with the early human SCD clinical trial
(NCT03655678 and NCT03745287) data that report the persistence
(1 year post transplantation) of CRISPR-Cas9 gene edited hematopoi-
etic cells within the peripheral blood and BM of SCD patients at high
levels. 4t

Hemoglobinopathies have been previously treated successfully
using ex vivo lentiviral therapy where a functional HBB gene was
delivered into autologous HSCs.*? Our systematic review also identi-
fied hemoglobin disorders such as SCD to be an appealing target for
CRISPR-Cas9 mediated precision gene therapy, comprising 50% of
the articles included in our systematic review. Although studies previ-
ously attempted to correct mutations associated with SCD using
ZFNs and TALENS,**** it was done with limited success and many
off-target effects. All eight studies identified in our systematic review
were able to partially rescue the SCD phenotype with minimal off-
target effects. Interestingly, although five studies targeted the HBB
gene, two studies targeted the HBG1/2 promoter region to disrupt
the binding sites of LRF and BCL11a. In one study, the promoter
region of the BCL11A gene was targeted to disrupt the binding site of
GATA1.3? Within the studies that targeted the HBB gene directly,
two used AAV6 as the donor vector and two studies used ssODN.
One study used both AAV6 and ssODN as donor vectors. When we
compared the long-term persistence of gene-edited cells using the
two different methodologies, we did not detect a significant differ-
ence and we were limited in our analysis by heterogeneity between
studies and the small sample size. Further studies that examine the
methodology for donor template delivery are needed to understand
any potential impact on long-term persistence of gene edited cells.

Data from preclinical in vivo studies included in our analysis rev-
ealed the majority of the CRISPR-Cas9 gene edited HSPCs underwent
NHEJ repair, which induces new INDELs. These data are consistent
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with other observations from DNA repair studies that show HDR
machinery to be enriched within actively dividing (cells in S and G2
phases) but not quiescent (Go) cells.*> However, unlike HDR, NHEJ
machinery is found to be active throughout all stages of cell cycle.
Therefore, it is likely that within uncultured LT-HSCs
(CD34*CD38~CDY0*CD45RA™CD49f" and present in Go stage),*¢4”
the NHEJ repair machinery is more abundant relative to HDR machin-
ery and that LT-HSCs readily undergo NHEJ compared to HDR. Sev-
eral studies have attempted to resolve this potential limitation by
shifting the NHEJ/HDR equilibrium toward HDR with the help of
NHEJ inhibitors.*8-°° Although data from these studies are promising,
this approach has mostly been restricted to studies using murine plu-
ripotent cells. The relative success of this approach using human LT-
HSCs remains unknown.

Traditional antiretroviral therapy does not appear capable of
eradicating the entire HIV-1 reservoir. In patients that have under-
gone antiretroviral therapy, the HIV-1 provirus often remains hidden
and can reactivate after cessation of therapy, which is followed by
productive infection and disease progression.>'>? Therefore, it seems
impossible to completely cure HIV with drug treatment alone at this
juncture. Furthermore, antiretroviral therapy is often associated with
side effects and is expensive for people in developing countries. Inter-
estingly, a subset of people that have deletions of CCR5 have demon-
strated resistance to HIV and allogeneic transplantation of BM from
CCR5-negative donors into patients with HIV has been curative,
although can be associated with significant toxicity and is resource
intensive.>>>* Autologous gene therapy could be a viable option to
cure patients with HIV and avoid the risks of allogeneic transplanta-
tion. Two studies?®?? included in our systematic review investigated
the use of CRISPR-Cas9 gene edited T cells and CD34 cells for the
management of AIDS. Both the studies knocked out CCR5 gene using
CRISPR-Cas9. Interestingly, KO of CCR5 did not significantly affect T-
cell function. Furthermore, the CCR5 KO HSPCs showed healthy
long-term engraftment and gave rise to functional T cells that were
also devoid of CCR5. These CCR5 KO T cells showed resistance to
HIV. Together, these studies demonstrated that CRISPR-Cas9 pro-
vides another avenue to develop gene therapy products for the treat-
ment of HIV.

Our analysis has several limitations worthy of mention. First,
included studies had potential risk of bias in at least some categories
of the SYRCLE analysis.'? Future studies can address these limitations
through the consistent reporting of randomization methods, blinding,
and registering protocols a priori. Second, significant heterogeneity
was detected in our analysis focusing on the long-term persistence of
gene-edited cells. This heterogeneity was likely attributed to several
factors including the HSPC tissue source (ie, umbilical cord blood vs
mobilized PB vs BM), the method used to deliver the HSPCs
(intrahepatic vs intra-femoral vs retro-orbital vs tail vein injection), the
number of HSPCs transplanted, the ex vivo HSPC culture conditions,
and/or the donor delivery vectors used (ssODNs vs AAV6). Moreover,
in some of our pooled estimates of effect size, some studies appeared
to garner more significant weight than others, related to the method

for calculating weighting based on the variance reported for each

¥ TRANSLATIONAL MEDICINE

study. The inclusion of more studies with similar variance would avoid
unbalanced weighting of studies that influence meta-analysis. Stan-
dardization of gene editing, cell culture, and transplantation protocols
would enable more impactful knowledge synthesis efforts that should
further accelerate translation to clinical studies.

To conclude, CRISPR-Cas9 gene edited hematopoietic cells dem-
onstrate initial engraftment similar to unedited hematopoietic cells
within preclinical animal models of monogenic diseases. Data from
long term preclinical in vivo studies suggest that the overall percent-
age of gene edited cells decline significantly over time perhaps
because of low targeting efficiencies of LT-HSCs or deleterious
impact on their engrafting potential.>> Future studies should leverage
insights gained from our systematic review and meta-analysis by
reducing heterogeneity between studies, limiting potential risk of bias,
and improving the targeting efficiency of HSCs. This will hasten the
translation of this novel therapeutic technology toward clinical trials

that may benefit patients.
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