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Abstract

Background: CRISPR-Cas9 (clustered regularly interspaced short
palindromic repeats and CRISPR-associated protein 9)-based gene
editing represents a promising frontier for treating monogenic hema-
tologic disorders. Several preclinical studies have demonstrated the
transplantation efficiency of CRISPR-Cas9-mediated gene editing in
hematopoietic stem and progenitor cells (HSPCs) using various ani-
mal models. Nonetheless, these studies have employed diverse gene-
editing strategies, utilizing HSPCs from different origins and trans-
planting them into distinct mouse strains. The present study aimed to
determine the optimum conditions for efficient engraftment of geneti-
cally modified HSPCs across various organs, thereby facilitating the
translation of preclinical research into clinical applications.

Methods: We conducted a comprehensive literature search using
PubMed Medline, Web of Science, and Google Scholar for relevant
articles published from 2014 to 2025 that evaluated the engraftment
potential of CRISPR-Cas9 HSPCs in genetic disease models. A total
of 39 studies met the inclusion criteria and were included in a meta-
analysis using Jamovi software.

Results: The study revealed a significantly reduced engraftment of
gene-edited cells in the bone marrow, spleen, and peripheral blood
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in the pooled analysis. Subgroup analyses revealed that knockout
cells exhibited diminished engraftment, whereas knock-in cells dem-
onstrated engraftment levels comparable to those of their non-edited
counterparts. No evidence of publication bias or substantial heteroge-
neity in the study design or outcomes was detected.

Conclusions: Identifying the optimal parameters for gene editing to
enhance engraftment efficiency may provide crucial insights for de-
signing future clinical trials and advancing the therapeutic application
of CRISPR-Cas9 edited HSPCs.

Keywords: Hematopoietic stem cell; Gene editing; Transplantation;
Mice model; Engraftment efficiency; Peripheral blood; Bone mar-
row; Spleen

Introduction

Genetic diseases from mutations in hematopoietic cell lineages,
such as sickle cell disease, -thalassemia, and severe combined
immunodeficiency (SCID), pose significant clinical challenges
with limited curative options available. Hematopoietic stem cell
transplantation (HSCT) offers a potential cure for numerous in-
herited conditions, including thalassemia, bone marrow (BM)
failure syndromes, primary immunodeficiencies, Gaucher dis-
ease, Hunter syndrome, or various mucopolysaccharidoses [1].
In HSCT, hematopoietic stem cells are intravenously infused
to restore blood cell production. Transplants can be autologous
(patient’s own cells), allogeneic (from a donor), or syngeneic
(from an identical twin). Cell sources include BM, peripheral
blood (PB), umbilical cord blood (UCB), and fetal liver, each
with distinct advantages and limitations. Successful transplanta-
tion depends on donor availability and conditioning regimens
involving chemotherapy, radiation, or monoclonal antibodies
[2]. Currently, HSCT is used to treat over 70 diseases, with the
number growing rapidly. According to the Worldwide Network
for Blood and Marrow Transplantation, approximately 90,000
HSCTs are performed annually worldwide, of which 53% are
autologous and 47% are allogeneic [3]. Advances in condition-
ing strategies, infection control, and graft-versus-host disease
(GVHD) management have improved patient outcomes despite
persistent donor matching challenges [4].

Gene therapy has emerged as a transformative approach
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for treating genetic disorders, particularly those involving he-
matopoietic dysfunctions. Ex vivo gene transfer into hematopoi-
etic stem and progenitor cells (HSPCs) is a pivotal strategy for
diseases amenable to BM transplantation [5]. Hematopoietic
gene therapy has pioneered the initial clinical proof of concept
for treating SCID in human patients [6]. Recent advancements
in genome-editing technologies such as transcription activator-
like effector nucleases (TALENS), zinc-finger nucleases (ZFNs),
homing endonucleases, and especially CRISPR-Cas9 (clustered
regularly interspaced short palindromic repeats and CRISPR-
associated protein 9) facilitate precise, efficient, and versatile
modifications of cellular genomes [7]. When HSPCs are edited
ex vivo and subsequently transplanted, they can achieve long-
term engraftment and confer systemic therapeutic benefits [§].
Currently, several hematopoietic gene therapy products are
available, including the first CRISPR/Cas9-based therapy using
ex vivo edited HSPCs for treating sickle cell disease [9].

The success of hematopoietic gene therapy has historically
relied on myeloablative conditioning, which enhances multi-
lineage HSPC engraftment and enables sustained gene correc-
tion [10]. Over the years, mobilized PB HSPCs have emerged
as the standard cell source for ex vivo therapies, demonstrat-
ing long-term multilineage engraftment comparable to that of
BM-derived HSPCs [11]. Gene transfer vectors play a crucial
role in ensuring the safety and efficacy of these therapies [12].
Recent advances, including mRNA-based and non-viral in vivo
approaches, offer the potential for non-genotoxic conditioning,
thereby obviating the need for chemotherapy by facilitating
the selection of HSPCs with a high degree of gene modifica-
tion [13]. Despite these advancements, a significant challenge
persists in achieving a safe gene dose that ensures an effective
therapeutic level in vivo [14]. Preclinical evaluation of gene-ed-
ited HSPCs in animal models is essential to assess engraftment
efficiency, long-term persistence, and functional correction of
target diseases [15]. Engraftment reflects the ability of edited
HSPCs to repopulate the BM and sustain multilineage hemat-
opoiesis [16]. Despite numerous studies demonstrating CRIS-
PR/Cas9-mediated gene editing in HSPCs, variability in design,
delivery, efficiency, and outcome metrics makes it challenging
to synthesize the data. This systematic review and meta-analysis
consolidates current preclinical evidence to quantitatively as-
sess the engraftment potential of CRISPR/Cas9-edited HSPCs
in curing monogenic hematologic disorders.

Materials and Methods

Study design

We conducted this study in accordance with the protocols es-
tablished in previously published systematic reviews and meta-
analysis, adhering to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines [17].

Eligibility criteria

We established specific inclusion and exclusion criteria for

the results obtained from the literature search and screened the
studies accordingly. The inclusion criteria were as follows: 1)
original and full-length articles; 2) preclinical animal models
transplanted with CRISPR/Cas9-edited HSPCs; 3) non-edited
HSPCs; 4) studies using laboratory mice; and 5) articles pub-
lished in English.

The exclusion criteria were as follows: 1) review arti-
cles; 2) clinical reports and/or trials; 3) studies involving non-
CRISPR gene editing techniques; and 5) studies that failed to
provide the required information. There were no restrictions
regarding species, age, gender, duration of transplantation, and
administration of CRISPR/Cas9-edited HSPCs.

Search strategy

Three independent researchers (SY, PKS, and AK) conducted a
comprehensive literature search using PubMed Medline, Web
of Science, and Google Scholar to identify studies that assessed
the effect of CRISPR/Cas9-mediated gene editing of HSPCs on
transplantation in mice to correct genetic diseases. The search
strategy employed various terms, including (“CRISPR-Cas9”)
AND (“gene therapy” OR “gene editing”) AND (“Hematologic
disorder” OR “Hemoglobinopathy” OR “Hemoglobinopathies”
OR “sickle cell disease” OR “sickle cell anemia” OR “SCD”
OR “hematopoietic progenitor stem cell” OR “HSPC” OR “he-
matopoietic stem cell” OR “HSC” OR “thalassemia” OR “beta
thalassemia” OR “alpha thalassemia” OR “thalassemia major”
OR “thalassemia minor” OR “animal engraftment” OR “mouse
engraftment” OR “HSC engraftment” OR “HPSC engraftment”
OR “stem cell transplantation” OR “bone marrow transplanta-
tion” OR “peripheral blood stem cell transplantation” OR “he-
matopoietic stem cell transplantation” OR “HSC transplanta-
tion” OR “hematopoietic progenitor stem cell transplantation”
OR “HPSC transplantation”). We manually reviewed the refer-
ences cited in the relevant articles. The results of the literature
search are presented in a PRISMA flow chart (Fig. 1), showing
the study selection process.

Data extraction

Three investigators (SY, BC, and BA) independently screened
the literature, resolving any disagreements through discussions
with additional authors (AK, SY, and PKS). Data were quantita-
tively extracted from bar plots in each article using the WebPlot-
Digitizer program and from the tables, subsequently organized
in a Microsoft Excel spreadsheet (Windows 10 edition; Micro-
soft Corporation, Lisbon, Portugal) to record species and strains,
the number of animals/groups, model cell lines, route of admin-
istration of cell used for engraftment in animal models.

Quantitative data analysis

Pooled data analysis was conducted using Jamovi Software
Version 2.6.45.0, with Hedge’s g selected as the “effect size”
metric [18]. Heterogeneity among studies was evaluated using
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Cochran’s Q test and the heterogeneity index (I?). A significance
threshold of P < 0.10 was applied because of the sensitivity of
the test. The quantitative assessment of heterogeneity was based
on the I? scale: low (< 25%), moderate (50-75%), and high (>
75%). The fixed or random effects model was chosen to com-
pute the pooled effect size based on the level of heterogeneity.
When the I2 value was < 50%, fixed effect models were applied;
however, data with an I? value > 50% were analyzed using the
random effect model. Subgroup analysis was conducted based
on mouse strains, knock-in or knockout strategy, mode of trans-
plantation, source of HSPC, CRISPR system, homology-direct-
ed repair (HDR) template, and targeted disease.

Sensitivity analysis

Sensitivity analysis was conducted by systematically exclud-
ing one study at a time to assess its impact on the pooled effect
size estimate. This approach was used to evaluate the influence
of individual studies on overall findings.

Publication bias analysis

We conducted an analysis of publication bias by qualitatively
examining the asymmetry in the funnel plot and quantitatively
based on Egger’s intercept and Begg and Mazumdar rank test.

Institutional review board approval and ethical compli-
ance with human or animal studies were not applicable for this
study.

Results

Study design and parameters measured

A comprehensive literature search yielded 1,682 potential arti-
cles, of which 39 studies were included. These studies targeted
18 different gene loci, distributed as follows: HBB (n = 8),
HBG (n=15),CD33 (n=4), CCRS, ELANE, and BCL1l (n=3
each), CYBB, CD45 (n =2 each), and TET2, Cohesin, ITGB2,
CDA40L, FXN, FOXP3, MAGTI, PKLR, WAS, IL2RG, and BTK
(n = 1 each). All these studies employed Cas9 as a nuclease
delivered in the form of ribonucleoprotein (ribonucleoprotein
complex (RNP), n = 31), RNA (n = 4), plasmid (n = 3), and
virus (n = 1) via electroporation (n = 36), transfection (n = 2),
and nanoparticles and transduction (n = 1 each). These articles
utilized Cas9 for genomic modifications through knockout and
knock-in (n = 19 each), while one study performed base edit-
ing. During gene editing via knock-in, HDR templates were
delivered as single-strand oligonucleotide (ssODNs, n = 6) and
through adeno-associated virus (AAV, n = 15), where two stud-
ies used both, as indicated in Table 1 [19-57]. The literature
review and study screening results are shown in the PRISMA
flow diagram in Figure 1.

The majority of the studies utilized mobilized PB stem cells
(n = 32), while some used UCB stem cells and BM-derived
HSPCs (n =3 each). One study utilized fetal liver derived stem

cells. Mobilized PB HSPCs and BM-derived HSPCs were iso-
lated from patient samples or healthy individuals. These cells
were purified using antibodies against the CD34 epitope. Puri-
fied CD34" cells were suspended in 1 X phosphate-buffered sa-
line (PBS) or 1% saline at various concentrations for injection
into mice. The total number of cells injected per mouse ranged
from 0.09 x 10° to 3 x 10 cells. Specifically, 20 studies used
0.09-0.5 x 106 cells, 18 studies used 0.5—1 x 10° cells, seven
studies used 1-1.5 x 10° cells, and six studies used 1.5-3 x 10°
cells (Table 1) [19-57]. Some studies have employed varying
cell quantities across different experiments.

We have provided details of the mice models and trans-
plantation techniques used in all investigations (Table 1) [19—
57]. Most of the studies utilized the tail vein as the preferred
transplantation route (24 studies). Alternative methods includ-
ed retro-orbital (six studies), intraperitoneal (one study), intra-
hepatic (five studies), and intra-femoral (two studies), while
one publication did not provide the route of transplantation
[38]. All of these studies utilized four different mouse strains,
NSG (23 studies), NSGS, NSGSGM3 (three studies each),
NBSGW (nine studies), and one study used the NOG-EXL
mouse strain. The follow-up period for engraftment analysis
varied from 8 weeks to 24 weeks, where most of the experi-
ments were terminated between 12 and 16 weeks (25 studies),
while other studies monitored the engraftment within 8—12
weeks (eight studies), 16-20 weeks (seven studies) and 2024
weeks (four studies), as detailed in Table 1 [19-57].

We measured the engraftment potential of gene edited ver-
sus unedited cells in the BM, spleen, thymus and PB (Table 2).
Human cell chimerism in all transplanted mice was analyzed
by flow cytometry using CD45 as a marker, while two studies
used human leukocyte antigen ABC (HLA-ABC) for quantifi-
cation because they had deleted the CD45 locus for their study.

Effect of CRISPR/Cas9-edited HSPCs on engraftment po-
tential in BM, PB, spleen, and thymus

In a pooled group analysis following the fixed effect model,
a significant difference was observed in the mean difference
between gene-edited and unedited cells. Twenty-nine studies
using BM for their engraftment analysis with 68 datasets were
incorporated into the pooled analysis (Supplementary Mate-
rial 1, jh.elmerpub.com). The fixed effect model analysis dem-
onstrated a significant reduction in the engraftment of gene-
edited cells in the BM (95% confidence interval (CI), —0.292
to —0.028; P = 0.018) (Fig. 2a). The findings of the studies
were unbiased, as neither the rank correlation nor the regres-
sion test indicated any funnel plot asymmetry (P = 0.1373 and
P=0.7823, respectively) (Supplementary Material 2A, jh.elm-
erpub.com). Additionally, 11 studies presented 24 datasets for
spleen engraftment (Supplementary Material 3, jh.elmerpub.
com), and 24 studies presented 41 datasets for PB engraftment
(Supplementary Material 4, jh.elmerpub.com). The fixed ef-
fect model analysis revealed a significant decline in the en-
graftment of gene-edited HSPCs in the spleen and PB (95% CI,
—0.542 to —0.097; P = 0.005; 95% CI, —0.464 to —0.075; P =
0.007, respectively) (Fig. 2b, c). However, the spleen data were
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Figure 1. Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA) flowchart for the systematic literature

search and study inclusion.

homogenous in nature (Tau? = 0.0316; 12 = 9.07%) and biased,
as both the rank correlation and regression tests indicated po-
tential funnel plot asymmetry (P < 0.0001 and P = 0.0016, re-
spectively) (Supplementary Material 2B, jh.elmerpub.com).
Conversely, the PB data were homogeneous and unbiased, as
evidenced by funnel plot symmetry (correlation P = 0.9023 and
regression P = 0.7030) (Supplementary Material 2C, jh.elmer-
pub.com). Furthermore, the data presented for thymus engraft-
ment (five studies, 11 datasets) indicate no discernible differ-
ence in engraftment capacity between gene-edited and unedited
HSPCs (Supplementary Material 5, jh.elmerpub.com).

Effect of CRSIPR/Cas9 gene editing strategy through
knock-in or knockout on engraftment potential

Gene editing encompasses both the insertion of DNA (knock-
in) and the deletion of genes (knockout), and both methodolo-
gies were reported in the included studies. HSPCs genetically
modified through knock-in did not exhibit a significant dif-

ference in the standardized mean difference compared to non-
edited cells for the data provided across all analyzed organs.
Conversely, knockout HSPCs demonstrate significant varia-
tions in engraftment efficacy in specific organs. For BM en-
graftment, 13 studies provided 28 datasets for knock-in, and
15 studies provided 38 datasets for knockout HSPCs. A fixed
effect model applied to knockout HSPCs revealed a statistical-
ly significant standardized mean difference (95% CI, —0.401
to —0.035; P = 0.020) (Fig. 3a), suggesting a decrease in the
engraftment of knockout HSPCs in the BM; however, the data
were homogenous without any funnel plot asymmetry (Sup-
plementary Material 6A, jh.elmerpub.com). For PB engraft-
ment, 11 studies provided 33 datasets for the knockout, and 34
datasets from 13 studies for knock-in HSPCs. There was no
heterogeneity; however, some bias in the data was determined
based on Tau? and funnel plot asymmetry (Supplementary Ma-
terial 6C, jh.elmerpub.com). Using a fixed effect model, the
data analysis revealed a significant difference in the standard-
ized mean difference measure (95% CI, —0.442 to —0.020; P
= 0.032) (Fig. 3c). This concedes the lower engraftment of
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Figure 2. CRISPR-Cas9 gene editing negatively impacts the ability of hematopoietic stem and progenitor cells to engraft in vivo,
as measured by fluorescent-activated cell sorting. (a) Analysis of bone marrow engraftment comprised a total of 68 datasets.
Most estimates were negative (68%), with observed standardized mean differences ranging from —1.8391 to 0.7740. (b) Analysis
of spleen engraftment comprised a total of 24 datasets. Most estimates were negative (88%), and the observed standardized
mean differences varied from —1.8629 to 0.4730. (c) Analysis of peripheral blood engraftment comprised a total of 41 datasets.
The majority of estimates (78%) were negative, with observed standardized mean differences ranging from —1.1051 to 0.7224.
CRISPR-Cas9: clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9.

knockout HSPCs in the PB compared to unedited counterparts.
Among the 12 articles providing data on spleen engraftment,
14 experimental studies contributed data on gene knockout
and nine on knock-in. The available data exhibited no hetero-
geneity but were slightly biased, as revealed by the Tau? and
funnel plot asymmetry (Supplementary Material 6B, jh.elmer-
pub.com). The fixed effect model analysis concedes a highly
significant standardized mean difference for the engraftment
of knockout HSPCs in the spleen compared to non-edited ones

(95% CI, —1.00 to —0.327; P < 0.001) (Fig. 3b).

The consequences of CRISPR-Cas9 system used for gene
editing on the engraftment of gene-edited HSPCs

To perform gene editing, guide RNA and CRISPR-Cas9 can be
introduced into cells as RNA, RNP, or in the form of plasmids.
Among all the studies included in the BM engraftment analysis,
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Figure 3. The in vivo engraftment potential of human CD34* HSPCs is impacted by the gene knockout approach used for gene
editing. (a) Analysis of bone marrow engraftment included 38 datasets. The majority of estimates (76%) were negative, with
observed standardized mean differences ranging from —1.8391 to 0.7740. (b) Analysis of spleen engraftment comprised a total
of 14 datasets, of which 93% of the estimates were negative, with the observed standardized mean differences ranging from
—1.8629 to 0.2046. (c) Analysis of peripheral blood engraftment comprised a total of 33 datasets. Most estimates (85%) were
negative, with the observed standardized mean differences ranging from —1.1051 to 0.7534. HSPCs: hematopoietic stem and

progenitor cells.

25 articles provided 61 investigations with data for RNP, while
seven datasets for RNA from four studies, for gRNA/CRISPR-
Cas9 delivery system. No heterogeneity was found in the data
for RNP (Supplementary Material 7A, jh.elmerpub.com); there-
fore, the fixed effect model analysis suggested a significant vari-
ation in the standardized mean difference (95% CI, —0.318 to
—0.037; P = 0.014) (Fig. 4a). This signifies decreased engraft-
ment of gene-edited HSPCs in the BM when using RNP as a
delivery system for CRISPR-Cas9, while no effect was observed
when using them in RNA form. For the investigation of spleen
engraftment of gene-edited HSPCs, eight studies from 21 exper-
iments provided the data for RNP, and three studies provided the
three experimental data for RNA. Using the fixed effect model,
the standardized mean difference yielded a highly significant

Articles © The authors
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value for RNP-mediated delivery (95% CI, —0.702 to —0.212;
P <0.001) (Fig. 4c). The analysis revealed altered engraftment
of RNP-mediated gene-edited HSPCs, whereas no effect was
observed when RNA was used. However, the available data
showed a potential funnel plot asymmetry, suggesting a bias in
the study (Supplementary Material 7B, jh.elmerpub.com). In to-
tal, for the PB engraftment study, 21 studies with 60 experiments
provided the data for RNP and eight for RNA from three studies.
A fixed effect model was selected to measure the outcome of the
standardized mean difference as the data were homogenous and
unbiased (Supplementary Material 7C, D, jh.elmerpub.com).
The outcome showed the decreased engraftment of RNP and
increased engraftment of RNA-mediated gene-edited HSPCs in
the spleen (95% CI, —0.388 to —0.096; P = 0.001; 95% CI, 0.046
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to 0.649; P = 0.024, respectively) (Fig. 4b, d).

The implications of mouse strain used in engraftment
studies for CRISPR-Cas9-mediated gene-edited HSPCs

a

Tothova etal., 2017 ——— 0.74% 057 [-1.06, 2.20 Dever st al., 201 [E— 2.00% -0.61[-1.64, 0.
Tothova et al, 2017a ——— 0.72% 0.77[-0.89. 2.43 DarXl ot 200 |_._j| 3% 0hef1%% 0a2
Kim etal., 2018 -y 257% -0.18 [-1.05 0.70] Tothova et al’, 2017 ——i -1.56, 0.54
Yen et al., 2018 e 1.40% -0.07 [-1.26, 1.12] Tothova et al., 2017a Pioe -0.31, 1.82]
Pattabhi et al_, 2019 bom 2.79% -0.22[-1.06, 0.62] Yen et al., 2018 Peoe -1.19, 1.19]
Pattabhi et al_, 2019a I 2.85% 0.00 [-0.83, 0.84] Yen et al., 2018a . S -1.34, 1.04
Borot et al., 2019 ——i 1.59% -0.95(-2.06. 0.17] Yen ot al.. 2018b —— 120 117
Borot et al ; 2019a [ 1.75% -0.30[-1.37. 0.76 Metais et al., 2019 [ -0.79, 0.49
Metais et al., 2019 4.86% -0.02 [-0.66, 0.62, Romero et al., 2019 ——ai—] -1.47, 1.00
Metais et al., 2019a 4.86% 0.00[-0.64, 0.64 Romero et al.. 2019a U - “1.58, 0.89
Metais et al, 2019b 4.86% -0.01[-0.65, 0.62 Park et al., 2019 093, 2.37
Metais et al, 2019¢ | 062% 002[-1.77, 181 Park et al- 2019a - 289, 0.70
Metais et al, 2019d f—ei— 1.28% -0.26[-1.51, 0.98] Tran et al., 2020 " 206, 1.18
Yudovich et al_, 2020 e 1.01% -0.37 [-1.76, 1.03] Tran ot al. 2020a 165 155
Rai et al., 2020.1 b 1.50% -0.18|-1.33, 0.97] Rai et al., 2020 ——— 158, 0.74
Rai et al | 2020 2 —— 150% 0.15(-1.00. 130 Ral ot & 5050a la L 087 144
Goodwin et al., 2020 A 048% 072[-131, 274 Racea et al., 2020 = L0.72. 1.04
Goodwin et al.. 2020a —— 050% 0.48[-151. 2.47 Cosemin atal 5020 167 136
Goodwin et al., 2020b ——— 0.75% 0.49(-1.13, 2.12 Goodwin et al., 2020a —— -0.93, 157
Weber et al., 2020 —ei—o 1.03% -0.20[-1.59, 1.19] Goodwin et al.. 2020b —— 121, 1.16
Weber et al., 2020a i 1.03% -0.05[-1:43, 1.34] Goodwin ot al” 50500 10 12y
Weber et al., 2020b boee ] 1.01% -0.40[-1.79, 1.00] Weber et al.. 2020 —— 224 064
Weber et al | 20200 [ 0.93% -091[236 0.55 Webor ot al . 2020a — 220, 0.67
Bloomer.. et al 2020 boe 1.54% -0.211-1.34, 0.93] Weber et al . 2020b —_ 2,59, 0.38
Psatha et al., 2021 077% O -1.59, 1.62] Weber et al 2020¢ Y 535 0.56
Psatha et al_, 2021a 0.77% -0.02 [-1.62. 158 & ot o202 4 — =2 7S
Psatha et al_, 2021b 0.77% -0.00 [-1.60. 1.60) Sy ot 22l —— 13 18
Psatha et al_, 2021c 077% 0.01[1:59. 1.61 Uehda ot ol 2021 ::: ot
Psatha et al_; 2021d P 0.77% -0.04 [-1.64. 1.56 Uehdaga 2212 14 18
Baquero et al., 202 [ 1.80% 0.00 [-1.05, 1.05 cRaa st | r—— e o
Samuelson et al., 2021 — 1.14% -0.18[-1.50, 1.14 [jhida et al, 2020 | )::ﬁ 1128 2.02,
Samuelson et al., 2021a —— 114% 0.06[-1.25, 13 oida et ot 2021 B
Samuelson et al.. 2021b | 1.14% -0.13 [-1.45, 1.1 chida et al., e F—e— -1.88, 1.
Samuslson et al.; 2021¢ 1:23% -0.19[-1.46. 1.0 Lietal., 2021 — -2.57, 0.79
harrag et al., 2022 i 0.86% -0.47[-1.99. 1.0: Lietal, 2021a f——et— -1.81, 1.40
harrag et al_, 2022a —— 0.91% -1.01[-2.48. 0.4 Lietal, 2021b | -2.60, 0.77
harrag et al., 2022b —e— 1.03% -0.10[-1.49. 1.29 Lietal, 2021c F——— -1.69, 1.52
arrupusamy et al., 2022 ——r 1.62% -0.43[-1.54. 067 Samuelson et al., 2021 —— -143, 1.21
Lydeard et al., 2023 ] 3.09% -0.05[-0.85. 0.75 Samuelson et al., 2021a —— -1.26, 1.37
Lydeard et al., 2023a .y 3.09% 0.02[-0.78. 0.82] Samuelson et al., 2021b }7:‘ -1.37, 1.26
nkatesan ot al. 2023 —_—y 1095 -0.03[1 42 136 Samuelson et al., 2021¢ —s -1.26, 1.27
Venkatesan et al., 2023 a b 131% 0.06[-1.17. 1 Samuelson et al., 2021d l:::' -1.54, 1.10
Wellhausen et al | 2023 LI — 194% -016[148. 1 Samuelson et al.; 20218 152, 1712
Wellhausen et al., 2023a [ 1.15% -0 32, 1 Samuelson et al., 20211 I—»:‘ -1.65, 1.00]
Rai el al., 2023 b 2.56% -0 08. 0 Samuelson et al., 20219 ':: -1.54, 1.00
Rai et al.. 2023a [— 253% -0.39(-1.28. 0.4 Samuelson et al., 2021h — -1.54, 1.09
Rai et al., 2023b 2.58% -0.02[-0.90, 0. Samuelson et al., 2021 e -1.43, 1.20
Rai et al., 2023¢ 2.58% -0.00[-0.88. 0 Samuelson et al., 2021 e 1149, 114
Bahal et al., 2024 =t 252% -0.41[-1.29. 0.4 Samuelson et al., 2021 | -1.47, 1.07
Bahal 9‘( a|| _226)245 [ 2)57522., 8 x.g - gg (2) Harm|pu‘sazn‘(\,y2§! al., 2022 = lgg 855,2
asri et al., —— Yo - 3 ai et al., -1.25, 0.!
asri et al., 2024a | 077% 0.05[-1.55, 1 Rai et al., 2023a !::j -1.28, 0.49
Pugliano ef al., 2024 [ 5.88% -0.06[-0.65. 0 Rai et al., 2023b et -1.58, 0.22
udek et al., 2024 p—— 0.96% -0.78[-2.21. 0 Rai et al., 2023¢ [R—— -1.24, 053
Dudek et al., 2024a i 0.99% -0.56 [-1.97, 0. Venkatesan et al., 2023 I -1.43, 1.34
udek et al.. 2024b [ 1.03% -0.15[-1:54. 1 Venkalesan et al_, 2023a [ -1.57, 0.90
Dudek et al.; 2024¢ [ 1.03% -0.06 [-1.45, 1.33] Demirci et al., 2024 [ T 116, 1.86
Frati et al., 202 — 1.15% -0.00[-1.32, 1.31 Demirci et al_; 2024a —— -1.92, 0.45
Frati et al_, 2024a e 1.28% -0.23[-1.48, 1.01 Pugliano et al., 2024 0.84, 034
Frati et al., 4] .22% -1.25[-2.19, -0.31 ugliano et al., 2024a -0.80, 0.37
.. 2024b 2.229 5 [-2.19. -0.30] P
Frati et al., 2024¢ —— 1.60% -1.84[-2.95,-0.73 Pugliano et al, 2024b —m— .20, -0.00;
FE Model [ 100.00% -0.18 [-0.32,-0.04] FE Model [} 100.00% -0.24 [-0.39, -0.10]
Tt 1 —r— T 1 11
-4 -2 0 2 4 3 210 1 2 3
i eid 20 —F 1% SRhe d
‘attabhi et al., 2019a -t .66%  -0.4 0/,
Wobor etal. 5630 R s S oaoe 0.09 [o50: Ravin etal., 2017 2.36% 0.11[-1.85, 2.07]
Weber et al., 2020a — 3.00% -0.59 [-2.00,
Weber et al., 2020b iy 2.74% -1.06 [-2.54, Ravin etal., 2017a —_— 2.31% 0.45[-1.53, 2.44]
\}?:ber eta\.‘I 2020¢ 4 2.47% -1.46 %73 02,
arrag et al., 2022 —— 2.14% -1.45[-3.12, - % =
&parrag et a: . 20222 e 2.18% -1.86 [['3.52, Ravin etal., 20170 364% 0.36[1.22,1.94]
arrag et al., 2022 e 3.12% -0.14[-1.53, .
Kartupusamy ot al, 2022 R 296% 034 (144, Ravin etal., 2017¢ P 3.11% 0.37[-1.34,2.08)
Venkaiesn o al 563 = 39 020 Tee
enkatesan et al., a e % 0.20 [- 3 . 1 —— .90% -0.13[-1. :
Flalano ot o, 2024 e 1765 002f080 Brault et al., 202 5.90% -0.13[-1.37, 1.11]
udek et al ] % -0.1 -
Dudak otar. 2024 —— T 2y Sesesn Brault et al., 2023 - 38.81% 0.37[-0.11, 0.85]
Dudek et al., 2024b e 3.03% -0.51[-1.92,
Dudek et al., 2024c —_— 3.12% -0.17 [-1.55, Brault et al., 2023a i 38.68% 0.41[-0.08,0.89]
Frati ot al., 2024 - 3 90;% -087[-2.11,
Fiatl ot ol 2034 el 8830 033118 Hardouin et al, 2023 —t— 519% 0821101, 1.64]
Frati et al., 2024c - 6.23% -0.53[-1.52, :
FE Model -> 100.00% -0.46 [-0.70,
—— FE Model - 100.00% 0.35 [ 0.05, 0.65]
-4 -3 2 1 0 1 2
| I e . E— —

Figure 4. CRISPR-Cas9-mediated gene editing using RNP complex affects the in vivo engraftment of human HSPCs in mice
model. (a) The analysis of bone marrow engraftment comprised 61 datasets that used the RNP version of the CRISPR-Cas9
system. The majority of estimates (72%), with observed standardized mean differences ranging from —1.8391 to 0.7740, were
negative. (b) The study of peripheral blood engraftment included 60 datasets that used the RNP version of the CRISPR-Cas9
technology. A significant proportion of estimates (77%), with observed standardized mean differences ranging from —1.1051 to
0.7534, were negative. (c) Twenty-one datasets in all that used the RNP version of the CRISPR-Cas9 technology were analyzed
for spleen engraftment. The observed standardized mean differences were mostly negative (95%), with a range of —1.8629 to
0.2046. (d)The investigation of peripheral blood engraftment comprised a total of eight datasets that used the CRISPR-Cas9
system in RNA form. The majority of estimates (88%), with observed standardized mean differences ranging from —0.1343 to
0.4505, were positive. CRISPR-Cas9: clustered regularly interspaced short palindromic repeats and CRISPR-associated protein
9; HSPCs: hematopoietic stem and progenitor cells; RNP: ribonucleoprotein complex.

strains were used. When employing NBSGW and NSGSGM3
mouse strains, subgroup analysis based on mouse strain us-
ing a fixed effect model revealed no difference in the engraft-
ment of edited cells compared to non-edited HSPCs in all four
organs investigated. However, when the NSGS mouse model
was used for HSPC transplantation, there was a significant in-

In the 39 publications included in our study, four distinct mouse crease in the engraftment of HSPCs in the PB (95% CI, 0.011
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Figure 5. The genetic background of NSGS and NSG Inbred mice influences the engraftment of gene-edited hHSPCs in the spleen,
bone marrow, and peripheral blood. (a) The analysis of bone marrow engraftment comprised 38 datasets that used the NSG strain
of mice model. The majority of estimates (74%), with observed standardized mean differences ranging from —1.8391 to 0.5537, were
negative. (b) Analysis of spleen engraftment was conducted on 11 datasets that used the NSG strain of mice model. All estimations
were negative (100%), and the observed standardized mean differences varied from —1.8629 to -0.1399. (c) The analysis comprised
five datasets on peripheral blood engraftment using the NSGS mouse strain model. The observed standardized mean differences
varied from —0.5092 to 0.7534, with 60% of the estimations being positive. h(HSPCs: human hematopoietic stem and progenitor cells.

to 0.615; P =0.042) (Fig. 5¢). The data analyzed using a fixed
effect model from five datasets across two studies were ho-
mogenous, with no bias inferred from funnel plot asymmetry
(Supplementary Material 8C, jh.elmerpub.com). Additional
subgroup analysis using the NSG mouse model, based on 38
datasets from 29 studies for BM and 11 studies with 11 datasets
for spleen engraftment, indicated a significant reduction in the
engraftment of gene-edited cells (95% CI, —0.426 to —0.051;
P=0.013;95% CI, —1.145 to —0.383; P < 0.001, respectively)
(Fig. 5a, b). Neither the rank correlation nor the regression test
indicated any funnel plot asymmetry in the data provided for
the BM; however, the data for spleen showed some bias (Sup-
plementary Material 8A, B, jh.elmerpub.com).

Impact of different cell delivery methods for CRISPR-
Cas9-mediated gene-edited HSPCs on organ-specific
engraftment

We categorized the studies into subgroups based on the dif-

ferent routes of cell administration. Five distinct routes of cell
administration were identified across all 39 studies. In all, 11
experiments from four studies provided data for BM engraft-
ment through the retro-orbital route of transplantation, whose
funnel plot was asymmetrical for the regression test but not for
the correlation one (Supplementary Material 9A, jh.elmerpub.
com). Fixed model analysis revealed deficient engraftment of
gene-edited cells compared to unedited ones (95% CI, —0.894
to —0.109; P =0.012) (Fig. 6a). For spleen engraftment, eight
datasets from four studies utilized tail vein injection, 10 data-
sets from four studies utilized the retro-orbital route, and four
datasets from one study preferred the intraperitoneal route.
Data provided in all subgroups were independently analyzed
using a fixed effect model. There was no heterogeneity or bias
in the data of any subgroup (Supplementary Material 9B-D,
jh.elmerpub.com); however, the engraftment potential of gene-
edited cells was found to be minimized. The standardized mean
difference was statistically significant in the tail vein (95% CI,
—0.837 to —0.019; P = 0.04) (Fig. 6b), retro-orbital (95% CI,
—0.657 to —0.004; P = 0.047) (Fig. 6¢), and intra-peritoneal
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(95% CI, —1.721 to —0.245; P = 0.009) (Fig. 6d) subgroups.

In total, 14 studies provided 45 datasets on PB engraftment
via tail vein transplantation, nine datasets from four studies for
intrahepatic, eight datasets from four articles for retro-orbital,
four datasets for intraperitoneal, and two datasets for intra-
femoral from one study each. The cells transplanted through
the tail vein and intraperitoneal route engrafted less efficiently
when edited with CRISPR-Cas9 compared to non-edited ones.
A fixed effect model was fitted to the analysis, which yielded a
statistically significant value for the standardized mean differ-
ences (95% CI, —0.394 to —0.020; P = 0.030) for the tail vein
(Fig. 6e) and (95% CI, —1.614 to —0.160; P = 0.017) for the
intraperitoneal (Fig. 6f) routes. No heterogeneity was found
in the data for either subgroup. Neither the rank correlation
nor the regression test indicated any funnel plot asymmetry for
the data in the intraperitoneal subgroup (P = 0.0833 and P =
0.7220, respectively), while the rank correlation test indicated
funnel plot asymmetry (P = 0.0127) for the tail vein subgroup,
indicating bias in the data (Supplementary Material 9E, F, jh.
elmerpub.com).

The influence of several tissue-specific HSPCs obtained
from various sources on cell engraftment after gene editing

There are four sources of HSPCs: BM, PB, UCB, and fetal
liver, from which cells are obtained for gene editing and trans-
plantation. After analysis using a fixed effect model, HSPCs
from PB showed reduced engraftment in the BM and PB. In
BM engraftment studies, 58 investigations from 22 publica-
tions used HSPCs from PB, and six datasets each from BM
and UCB from three and four publications, respectively. The
analysis was carried out using the standardized mean differ-
ence as the outcome measure, using a fixed effect model that
showed a significant difference in the outcome for HSPCs
from PB (95% CI, —0.305 to —0.027; P = 0.019) (Fig. 7a). Of
the 25 studies that provided data on PB engraftment, 23 pub-
lications with 60 datasets used PB-derived HSPCs, while one
each with four datasets used BM- and UCB-derived HSPCs.
The estimated average standardized mean difference based on
the fixed effects model differed significantly (95% CI, —0.324
to —0.035; P = 0.015), suggesting decreased engraftment of
PB-derived gene-edited HSPCs in PB (Fig. 7b). There was no
heterogeneity in the data, nor was there any funnel plot asym-
metry (Supplementary Material 10A, B, jh.elmerpub.com).

The impact of disease-specific gene editing using the
CRISPR-Cas9 approaches on HSPC engraftment effi-
ciency

A total of 18 gene loci were targeted across the 39 studies in-
cluded in this analysis, which were associated with five distinct
diseases: human immunodeficiency virus (CCRS), immune-
mediated disease (CYBB, ITGB2, FOXP3, MAGTI, WAS,
BTK, CD40L), hemoglobinopathies (HBB, HBG, BCL11), leu-
kemia (TET2, cohesin, CD33, CD45), and severe congenital
neutropenia (ELANE). Transplantation of gene-edited HSPCs

in various disease conditions improved the overall outcomes
in mouse models. The engraftment of CRISPR-Cas9-mediated
genetically modified HSPCs was found to be comparable to
that of unedited HSPCs in all disease conditions analyzed in
the BM and thymus. In the spleen and PB, except for hemo-
globinopathy, gene-edited HSPCs for other targeted disease
conditions engrafted similarly to the control. Homogeneous
and unbiased data on PB engraftment of HSPCs for CRISPR-
Cas9 based modifications of genetic loci involved in hemoglo-
binopathy were provided by 12 studies with 40 datasets (Sup-
plementary Material 11C, jh.elmerpub.com). The engraftment
of gene-edited HSPCs was found to be diminished when ana-
lyzed using the fixed effect model (95% CI, —0.432 to —0.016;
P=0.035) (Fig. 7c).

A total of five studies provided 13 datasets for spleen
engraftment targeting hemoglobinopathy, which were biased
(Supplementary Material 11A, jh.elmerpub.com), and three
datasets from one study targeted leukemia genes, which were
homogenous and unbiased (Supplementary Material 11B, jh.
elmerpub.com). A fixed effect model analysis revealed less
engraftment of gene-edited cells targeted for hemoglobinopa-
thy compared to non-edited cells (95% CI, —0.793 to —0.166;
P =0.003) (Fig. 7d) and leukemia genes (95% CI, —1.919 to
—-0.121; P=0.026) (Fig. 7e).

Discussion

Allogeneic HSPC therapy for hereditary blood disorders is
limited by donor availability and immunological complica-
tions, whereas autologous HSPC gene therapy offers a safer
alternative. Recent advances in vector-mediated gene addition
and CRISPR-Cas9 gene editing have expanded the therapeutic
potential of genetic disorders. Preclinical studies remain crucial
for assessing the engraftment efficiency of edited HSPCs in or-
gans such as the BM, spleen, thymus, and PB. Our systematic
review and meta-analysis showed that gene-edited cells exhibit
lower engraftment efficiency than unmodified cells, except in
the thymus. Subgroup analysis revealed that knock-in cells were
engrafted similarly to unaltered cells, whereas knockout cells
showed reduced engraftment, reflecting the challenges of HDR,
which requires the co-delivery of a donor template (ssODN or
AAV6). No significant difference in engraftment was observed
between the HDR templates, suggesting that the template type
may not influence engraftment outcomes. Enhancing HSPC
proliferation may partially mitigate reduced engraftment but of-
ten compromises stemness, emphasizing the need for improved
gene editing techniques (Table 3).

CRISPR-Cas9 enables precise and regulated gene correc-
tion, avoiding the genotoxic risks associated with semi-random
viral vector integration. Nevertheless, the success of this plat-
form is contingent upon the meticulous selection of reagents to
achieve a balance between efficacy, specificity, and safety while
minimizing cytotoxicity, especially in self-renewing HSPCs.
Our subgroup analysis revealed that the CRISPR-Cas9 delivery
mode significantly influenced engraftment outcomes. Specifi-
cally, RNP-based delivery reduced engraftment in both the BM
and spleen, whereas both RNP and RNA delivery decreased PB
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Figure 6. Utilizing the tail vein, intraperitoneal, and retro-orbital routes to deliver cells compromises the engraftment efficiency
of gene-edited hHSPCs in the spleen and peripheral blood. The analysis of spleen engraftment comprised (a) eight datasets on
spleen engraftment that used the tail vein as the delivery route. The observed standardized mean differences varied from —1.8629
to 0.2046, with 88% of estimates being negative. (b) Ten datasets that used retro-orbital administration. The observed standardized
mean differences varied from —0.8680 to 0.2357, with 90% of the estimations being negative. (c) A total of four datasets that used in-
traperitoneal as the delivery method. All estimations were negative (100%), and the observed standardized mean differences varied
from —1.4638 to -0.5878. In order to analyze peripheral blood engraftment (d), 45 datasets that used tail vein injection were consid-
ered. A significant portion of estimates (73%), with observed standardized mean differences ranging from —0.9161 to 0.4505, were
negative. (e) A total of four datasets with intraperitoneal delivery were included. All estimations were negative (100%), and the ob-
served standardized mean differences varied from —1.1051 to —0.7621. hHSPCs: human hematopoietic stem and progenitor cells.
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Figure 7. The engraftment capacity of cells is affected by CRISPR-Cas9-based gene editing of peripheral blood-derived HSPCs
and hemoglobinopathy-related genes. The investigation of HSPCs obtained from peripheral blood in (a) bone marrow engraft-
ment included 58 datasets in total. With 72% of estimations being negative, the observed standardized mean differences varied
from —1.8391 to 0.7740. (b) Peripheral blood engraftment included a total of 60 datasets. The observed standardized mean
differences ranged from —1.1051 to 0.7534, with 70% of estimations being negative. To examine the editing effect of hemoglo-
binopathy-related genes (c) on peripheral blood engraftment, 40 datasets were analyzed. The majority of estimates (78%), with
observed standardized mean differences ranging from —1.1051 to 0.7224, were negative. (d) For spleen engraftment, data from
13 datasets were utilized. Most estimates (85%) were negative, and the observed standardized mean differences varied from
—1.4431 to 0.2338. CRISPR-Cas9: clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9;
HSPCs: hematopoietic stem and progenitor cells.
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Table 3. Practical Recommendations for Optimizing Engraftment

Gene editing gaIst::yl:t-em Mice strain ll)ll(::lttztoi(f):lrans- IS-IOSul:‘ées of HDR template
Bone marrow Knock-in RNA NSGS Tail vein BM AAV6
NBSGW Intrahepatic UCB ssODN
NSGSGM3 Intraperitoneal
Spleen Knock-in RNP NBSGW Intrahepatic? Unknown AAV6
NSGSGM3
Thymus Knock-in RNA NSG Tail vein Unknown AAV6
Knockout RNP NSGS Intrahepatic
Intraperitoneal
Peripheral blood Knock-in Plasmid? NBSGW Intrahepatic BM AAV6
NSGSGM3 Retro-orbital UCB ssODN

CRISPR-Cas9: clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9; HSPCs: hematopoietic stem and pro-
genitor cells; HDR: homology-directed repair; RNP: ribonucleoprotein complex; BM: bone marrow; UCB: umbilical cord blood; AAV6: adeno-associ-

ated virus type 6; ssODN: single-strand oligonucleotide.

engraftment. Although plasmid-based CRISPR-Cas9 systems
are simpler and prevent multi-component transfection, and Cas9
mRNA systems exhibit reduced stability, the limited data avail-
able preclude robust statistical conclusions. Crucially, further
investigation is required to assess the genome integrity of edited
HSPCs, as emerging evidence indicates the potential risks of
chromosomal arm loss, translocations, deletions, and chromoth-
ripsis following nuclease treatment [S8—60].

Engraftment outcomes are influenced by the HSPC source.
Each source BM, PB, or cord blood has distinct advantages
regarding engraftment kinetics, immune recovery, and GVHD
risk. Preclinical studies have relied on animal models to explore
HSPC transplantation and gene editing. Repeated HSPC trans-
plantation leads to exhaustion, although primary transplants
achieve robust engraftment across organs [61]. Our findings
showed that the administration route and animal strain affected
engraftment potential. Spleen engraftment diminished when
cells were delivered via the tail vein, intraperitoneal, or retro-
orbital routes, whereas PB engraftment was compromised fol-
lowing tail vein or intraperitoneal injection. The spleen, a po-
tential extramedullary hematopoietic site, contributes to early
cytokine-driven engraftment reactions. Splenectomy facilitates
early engraftment, whereas splenomegaly delays it, possibly ex-
plaining the diminished splenic engraftment [62].

Engraftment differences across mouse strains reflect im-
mune modulation. NSG and NSGS mice, which lack T, B, and
natural killer (NK) cells, showed lower engraftment of gene-
edited HSPCs than NBSGW and NSG-SGM3 strains, which
possess modifications facilitating enhanced human HSPC
engraftment [63]. While pooled analyses indicated reduced
persistence of gene-edited HSPCs in the BM, disease-specific
subgroups showed no consistent impact on transplantation ef-
ficiency. In HIV, immune-mediated disorders, hemoglobinopa-
thies, leukemia, and severe congenital neutropenia models,
CRISPR-Cas9—corrected HSPCs maintained robust engraft-
ment. Gene-edited HSPCs restored immune function and con-
ferred HIV-1 resistance; corrected hemoglobinopathy models
showed reduced HbS levels, mimicking asymptomatic phe-

notypes; and edited HSPCs improved outcomes in immune-
mediated disease and neutropenia models. In chimeric antigen
receptor T-cells (CAR-T) modifications, HSPC gene editing
reduces tumor burden while preserving stem cell function.
CRISPR-Cas9-based HSPC gene therapy shows promise but
faces challenges in optimizing delivery, preserving stemness,
and ensuring genomic stability. Understanding the effects of
editing on engraftment will be crucial for translating preclini-
cal success into clinical therapies.

Limitations

The nonhuman primate (NHP) autologous transplantation
model is a valuable tool for assessing the long-term durabil-
ity of gene-modified cells; however, it was excluded because
it does not use human hematopoietic cells. Our analysis is
subject to several limitations, including the lack of reported
blinding and randomization, unaccounted ex vivo HSPC cul-
ture conditions and cell doses, and uneven study weighting
resulting from variance differences. These issues highlight the
necessity of standardized protocols in transplantation, cell cul-
ture, and gene editing, as well as preregistered study designs.
The standardization of these procedures would facilitate more
comprehensive information synthesis initiatives, which should
hasten the transition to clinical trials.
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