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CRISPR-targeted MAGT1 insertion restores XMEN patient
hematopoietic stem cells and lymphocytes

Julie Brault,” Taylor Liu," Ezekiel Bello," Siyuan Liu,? Colin L. Sweeney," Ronald J. Meis,® Sherry Koontz,! Cristina Corsino," Uimook Choi,’
Guillaume Vayssiere,1 Marita Bosticardo, Kennichi Dowdell,* Cicera R. Lazzarotto,® Aaron B. Clark,? Luigi D. Notarangelo,1 Juan C. Ravell,’
Michael J. Lenardo,® Benjamin P. Kleinstiver,”-8 Shengdar Q. Tsai,® Xiaolin Wu,? Gary A. Dahl,? Harry L. Malech," and Suk See De Ravin'

"Laboratory of Clinical Immunology and Microbiology, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), Bethesda,
MD; ?Cancer Research Technology Program, Leidos Biomedical Research, Frederick, MD; 3CeIIscript, Madison, WI; 4Laboratory of Infectious Diseases, NIAID, NIH,
Bethesda, MD; *Department of Hematology, St Jude Children’s Research Hospital, Memphis, TN; ¢Laboratory of Immune System Biology, and Clinical Genomics
Program, NIAID, NIH, Bethesda, MD; ’Center for Genomic Medicine and Department of Pathology, Massachusetts General Hospital, Boston, MA; and 8Depar‘t—
ment of Pathology, Harvard Medical School, Boston, MA

XMEN disease, defined as “X-linked MAGT1 deficiency with increased susceptibility to
® CRISPR-AAV achieves Epstein-Barr virus infection and N-linked glycosylation defect,” is a recently described pri-
efficient targeted mary immunodeficiency marked by defective T cells and natural killer (NK) cells. Unfortu-
i)'('::;\ir:a:ifeﬂAGﬂ in nately, a potentially curative hematopoietic stem cell transplantation is associated with
hematopoietic stem high mortality rates. We sought to develop an ex vivo targeted gene therapy approach
cells and lymphocytes. for patients with XMEN using a CRISPR/Cas9 adeno-associated vector (AAV) to insert a ther-
apeutic MAGT1 gene at the constitutive locus under the regulation of the endogenous pro-
moter. Clinical translation of CRISPR/Cas9 AAV-targeted gene editing (GE) is hampered by
low engraftable gene-edited hematopoietic stem and progenitor cells (HSPCs). Here, we
optimized GE conditions by transient enhancement of homology-directed repair while sup-
) pressing AAV-associated DNA damage response to achieve highly efficient (>60%) genetic
correction in engrafting XMEN HSPCs in transplanted mice. Restored MAGT1 glycosylation
function in human NK and CD8™* T cells restored NK group 2 member D (NKG2D) expression and function in XMEN lym-
phocytes for potential treatment of infections, and it corrected HSPCs for long-term gene therapy, thus offering 2 effi-
cient therapeutic options for XMEN poised for clinical translation.

® MAGT1 correction
restores NKG2D
expression on gene-
edited XMEN CD8* T
and NK cells.

We sought to develop a gene therapy approach that would address
most of the mutations and maintain endogenous regulation to
ensure physiological expression using the CRISPR/Cas? approach
to target insertion (Tl) of a corrective MAGTT complementary
DNA (cDNA) near the transcription start site."®"'? Exciting develop-
ments in CRISPR gene correction for several PIDs?*?® are unfortu-
nately not matched by the pace of clinical translation.?® A major

Introduction

Defective magnesium transporter 1 (MAGT1) impairs N-linked
glycosylation of some key immune proteins' such as the
natural killer (NK) group 2 member D (NKG2D) receptor
expression on CD8" T cells and NK cells that causes a primary
immunodeficiency (PID) XMEN disease. XMEN disease is defined
as "X-linked MAGT1 deficiency with increased susceptibility to

Epstein-Barr virus (EBV) infection and N-linked glycosylation
defect’3” and is associated  with  lymphomas.®"’
Transfection of XMEN lymphocytes with exogenous MAGT1
messenger RNA (mRNA) reversed defective glycosylation in
lymphocytes and restored NKG2D expression,*'? demonstrat-
ing that NKG2D is an effective biomarker for MAGT1
correction. Despite the role of MAGT1 in homeostasis of
intracellular Mg®*, magnesium supplements have not been
effective for treatment. Potentially curative hematopoietic stem
cell transplantation is associated with high mortality rates,'3'®
and there is currently no gene therapy option for this newly
described PID.
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barrier to clinical translation of promising CRISPR gene correction
procedures is the low engraftment rates of edited hematopoietic
stem and progenitor cells (HSPCs) with substantially reduced correc-
tion rates after transplantation in mouse xenograft models, which
indicates poor targeting of engrafting human HSPCs.?*° We
address this by transient suppression of both TP53-binding protein
1(53BP1) and the p53 pathway to enhance the homology-directed
repair (HDR) process and dampen DNA damage response (DDR),
respectively, to achieve highly efficient MAGTT correction in
engrafting XMEN patient HSPCs for potential gene therapy. This
versatile approach was also readily applied to correction of XMEN
T cells, offering an altemate cell therapy option for XMEN disease.
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Methods

Human samples

Healthy donors (HDs) and XMEN patients underwent apheresis
after providing written informed consent (National Institute of
Allergy and Infectious Diseases [NIAID] protocols 05-1-0213 and
94-1-0073) for collection of CD34" HSPCs and peripheral blood
mononuclear cells (PBMCs).

Recombinant adeno-associated virus serotype 6
(rAAV6)-MAGT1 donor template

The codon-optimized MAGT1 cDNA (Integrated DNA Technolo-
gies) was cloned into a pUC57 plasmid containing AAV vector
genome inverted terminal repeats for production of rAAV6-
MAGT1 donor template (Vigene Biosciences, Inc) for HDR.

Gene editing (GE) of T cells and HSPCs

Prestimulated PBMCs (as a source of T cells)®* or HSPCs®' were
electroporated in the presence of glycerol, single-guide RNA
(sgRNA), Cas9 from Streptococcus pyogenes, inhibitor of 53BP1
(i53), and human genetic suppressor element (hGSE) of p53 path-
way mRNAs and then immediately transduced with rAAV6-
MAGTI1.

Transplantation studies

Triple transgenic immunodeficient NOD.Cg-Prkdc®@|I12rg™mWiTg
(NSGS) mice expressing human interleukin-3, granulocyte-macro-
phage colony-stimulating factor, and stem cell factor cytokines®?
(013062; The Jackson Laboratory) were used for transplantation
studies (NIAID Institutional Animal Care and Use Committee
approved protocol Laboratory of Clinical Immunology and Micro-
biology 1E [LCIM-1E]). Newborn mice (0-4 days old) that had been
iradiated at 100 cGy were injected intrahepatically with 1 X 10® to
1.5 X 10® HSPCs per mouse. At 16 weeks, peripheral blood (PB),
bone marrow (BM), spleen, and thymus were collected for analysis.

Flow cytometry

Flow cytometric analysis was performed using a BD Canto flow
cytometer, DIVA software (BD Biosciences), and FlowJo 10.6.1
software (Tree Star) and by using monoclonal antibodies or apo-
ptosis and proliferation kits as listed in supplemental Table 1 (avail-
able on the Blood Web site).

Molecular analysis

Genomic DNA was extracted using QlAamp DNA mini kit (QIA-
GEN). Quantification of indels at MAGT1 exon 1 was performed
using tracking of indels by decomposition (TIDE) analysis®® after
polymerase chain reaction (PCR) amplification and Sanger
sequencing. Targeted insertion of MAGT1 cDNA was quantified
by droplet digital PCR. Experimental identification of off-target
(OT) sites was performed in vitro using circularization for high-
throughput analysis of nuclease genome-wide effects by sequenc-
ing (CHANGE-seq).34

Statistical analysis

Differences between the means were tested using a Student t test
or 1-way analysis of variance (ANOVA) with Tukey’s post hoc mul-
tiple comparisons test. Spearman’s correlation test was used to
analyze the association between parameters. Statistical analyses
were performed using GraphPad Prism (version 8.1.0) and statisti-
cal significance was indicated by providing P values.
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Results

Optimization of HDR efficiency in CD34" HSPCs
Of the 10 sgRNAs designed for CRISPR/Cas?9 targeting of the
MAGT1 gene transcription start site (Figure 1A), 5 achieved
>70% cutting efficiency (Figure 1B) and sgRNA#1 was selected
for the remaining studies because of its proximity to the ATG start
codon (6 bp downstream) and a predicted highly specific profile
(supplemental Table 2). Cas? mRNA and sgRNA were delivered
by electroporation into PB CD34" HSPCs after a 2-day prestimu-
lation post thaw. We compared the effects of varying amounts of
Cas? mRNA and glycerol on correction efficiency to identify opti-
mal concentrations (25 pg/mL Cas? mRNA, 2% glycerol; supple-
mental Figure 1A-B). We designed a corrective rAAV6-MAGT1
donor template for HDR containing an ~3-kb codon-optimized
MAGT1 cDNA, woodchuck hepatitis virus posttranscriptional reg-
ulatory element sequence to improve mRNA stability and maxi-
mize protein expression, B-globin polyadenylation signal, and
homology arms complementary to the sequences adjoining the
predicted site of the Cas?-induced double-strand break (DSB) at
the target site (Figure 1C).

Homology-directed repair of the DSB is necessary to incorporate
the donor sequence, but it is limited to the S/G; phase of the cell
cycle and competes with the alternate canonical repair pathway by
nonhomologous end joining (NHEJ) that is rapid, dominant, and
active in all cell cycle phases.®® We transiently blocked NHEJ
and skewed the competition to favor HDR by transient inhibition
of 53BP1 with i53 to block 53BP1 accumulation at the DSB site
that is essential for NHEJ repair.***” Increased Tl rates from
31.45% * 15.1% to 50.0% = 18.2% with i53 confirmed its effec-
tiveness at promoting HDR-mediated Tl in HSPCs (Figure 1D).
However, we observed a loss in cell viability compared with the
untreated (naive) cells at 2 days after editing, suggesting toxicities
unrelated to i53 (Figure 1E).

Next, we assessed the impact of editing on the stemness of
HSPCs by determining the relative proportions of CD34" subpo-
pulations. Cells treated with AAV showed an increase in differen-
tiation markers with increased proportions of common myeloid
progenitor (CD34"CD38" CD45RA") and decreased hematopoi-
etic stem cell (HSC) and multipotential  progenitor
(CD34*CD38 CD45RA") subpopulations (Figure 1F; supplemen-
tal Figure 1C).

DNA damage response to AAV transduction

To further investigate these concerns of cytotoxicity related to GE,
we assessed phosphorylation of H2AX (yH2AX) as a marker of
DDR. Exposure to AAV alone, even in the absence of Cas9/
sgRNA-induced DSBs, elicited a sharp increase in percentages
of YH2AX™ cells observable by 2 days (Figure 2A) to 24 hours (Fig-
ure 2B-C), which was indicative of a massive early-onset DDR upon
exposure that decreased significantly by 48 hours after treatment
(Figure 2C). DDR pathways are controlled by ataxia telangiectasia
mutated (ATM), ATM- and Rad3-related (ATR), and DNA-
dependent protein kinase which, upon activation, phosphorylate
various proteins, including H2AX, to orchestrate DNA repair and
maintain genomic integrity.*® We evaluated the effects of caffeine
(4 mM), a known inhibitor of ATM/ATR, on HSPC GE during AAV
transduction. Caffeine decreased H2AX phosphorylation by 40%
at 24 hours (Figure 2B), confirming AAV-induced activation of
ATM/ATR kinases.>”*°
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Previous studies reported the detrimental effects of the DDR-
activated p53 pathway after nuclease-induced DSBs, including
cell cycle arrest, senescence, or apoptosis,‘”’43 which could be
alleviated by adding a rat-derived TP53 inhibitor or a genetic sup-
pressor element (GSE).*' To avoid potential immune responses to
rat-derived sequences, we evaluated the use of a humanized TP53
inhibitor/hGSE mRNA, which maintained Tl rates (62.3% * 8%)
(Figure 1D) with significantly improved cell viability (Figure 1E)
and preserved HSC subpopulations at a level comparable to
that of naive cells (Figure 1F). A colony-forming unit assay also
demonstrated that HSPCs edited in the presence of hGSE
retained their hematopoietic potential (supplemental Figure 1D).

We also performed cell cycle analysis which revealed that at 24
hours after editing, there was significant G; arrest exacerbated
by AAV that was mitigated with hGSE, which led to an increase
in G2/M phase cells and a relative preservation of S phase in the

presence of hGSE (Figure 2D). By 48 hours after editing, the dis-
tribution of cells in different phases had normalized except for
cells edited with AAV without hGSE. We also assessed cell
apoptosis that resulted from DDR by evaluating cleaved poly-
(ADP-ribose) polymerase 1 (c-PARP-1; a biomarker of apoptosis)
expression, demonstrating a significant decrease in apoptosis at
24 hours after GE (Figure 2E) and preservation of proliferative
capacity (Figure 2F; supplemental Figure 1E) with transient sup-
pression of p53. Taken together, these data confirm the effects
of hGSE in mitigating adverse responses to AAV for GE.

In vitro phenotypic and functional correction in T
and NK cells differentiated from gene edited
XMEN HSPCs

Because MAGT1-dependent expression of NKG2D is restricted to
mature cells (supplemental Figure 2A), we assessed rescue of
functional MAGT1 correction by evaluating NKG2D expression
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Figure 1. Design of rAAV6-MAGT1 donor for CRISPR/Cas9 targeted integration into XMEN CD34* HSPCs. (A) Location of the 10-candidate sgRNAs targeting
MAGTT1 gene transcription start site. Each sgRNA (sg) is represented as a 20-bp sequence (light pink or green) associated with the 3-bp protospacer adjacent motif
sequence (darker color). (B) Evaluation of the percentage of cutting activity by tracking of indels by decomposition (TIDE) assay of indel formation after guide DNA
(gDNA) extraction from untreated vs Cas9/sgRNA-treated HD CD34" cells at 5 days post-electroporation (EP), sequencing of exon 1, and comparison of the sequences
using TIDE software (data represent 1-5 independent experiments ). (C) Design of the rAAV6-MAGT1 donor. (D) Molecular analysis showing the percentage of Tls in
gene-edited CD34" cells (3 different donors, 2 HDs and XMEN patient 1) using GE enhancers as described. gDNA was extracted at 5 days post-EP, and insertion of
the MAGT1 cDNA donor was quantified by droplet digital PCR (ddPCR) (4 independent experiments for —i53, 7 for +i53, and 7 for +i53+hGSE). (E) Viability was determined
by trypan blue exclusion in naive and rAAV6-MAGT 1-treated HSPCs at day 2 post-EP (5 independent experiments for —i53, 10 for +i53, and 10 for +i53+hGSE). (F) Bar
graphs of HSPC subpopulations (multilymphoid progenitor [MLP], CD34*CD38*CD45RA™; common myeloid progenitor [CMP], CD34"CD38"CD45RA™; HSCs,
CD34"CD38 CD45RA"CD90*CD133"; and multipotential progenitor [MPP], CD34*CD38 CD45RA"CD907]) 2 days EP (data represent 4 independent experiments for
-i53, 4 for +i53, and 7 for +i53+hGSE), compared with naive cells. Data are shown as mean =* standard deviation (SD); analysis of variance (ANOVA) 1-way test and Tukey's
post hoc multiple comparisons test were used. *P < .05; **P < .01; ***P < .001; ****P < .0001. Fwd, forward; ITR, inverted terminal repeat; ns, nonsignificant; LHA, left
homology arm; polyA, poly(A) tail; RHA, right homology arm; Rev, reverse; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element.
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Figure 2. Effect of hGSE mRNA on DDR after GE with AAV. (A) Representative flow cytometric dot plots showing yH2AX expression in CD34" cells (naive, AAV alone
without Cas9/sgRNA-induced DSB, Cas9/sgRNA-induced DSB + AAV) 2 hours after treatment. (B) Histogram summarizing the percentages of yH2AX™ marker in the con-
ditions indicated at 24 hours (h) after DSB induced by Cas9/sgRNA (data represent 2-7 independent experiments). (C) Evolution of percentages of YH2AX™ cells after 48 to
96 hours after treatment (data represent 2-7 independent experiments). Paired sample Student t test was used to compare the proportion of positive cells at 24 and 48
hours. (D) Percentage of CD34™ cells in Gy, S, or Go/M cell cycle phases at 24 and 48 hours after treatment. Significance compared with naive condition is indicated. (E)
Histograms summarizing the percentages of cleaved poly(ADP-ribose) polymerase (c-PARP)* cells, a marker of apoptosis, at 24 hours in the conditions indicated (data
are representative of 3 independent experiments). (F) Proliferation index (FlowJo software) comparing carboxyfluorescein succinimidyl ester (CFSE)-stained HSPCs at
day 1 and day 6 post-EP (data are representative of 3 independent experiments). Data are shown as mean = SD. ANOVA 1-way test and Tukey's post hoc multiple com-
parisons test were used. *P < .05; **P < .01; ***P < .001; ****P < .0001. SSC, side scatter.
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after in vitro differentiation of edited HSPCs. With the use of an
artificial thymic organoid (ATO) system that was recently instru-
mental in characterizing T-cell differentiation defects in PIDs,*44°
edited XMEN HSPCs underwent T-cell differentiation and
expressed NKG2D in CD3™ T cells that was indistinguishable

from that of HD cells (Figure 3A; supplemental Figure 2B). Molec-
ular analysis of cells harvested from the ATOs confirmed mainte-
nance of Tl in the MAGT1 gene (Figure 3B). In addition, using a
K562 erythroleukemia cell line modified for constitutive surface
expression of supportive cytokine interleukin 15 and stimulatory
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Figure 3. In vitro phenotypic and functional correction in immune cells after GE of XMEN CD34* HSPCs. (A) Dot plots showing the gating strategy after in vitro T-cell
differentiation of CD34" cells using the ATO system; bar graph on the right shows NKG2D expression in CD3" T cells at 6 weeks of differentiation (data are representative of
2-4 independent experiments; 300-20000 events acquired in CD3" gate). (B) Targeted integration measured by ddPCR analysis in ATO-derived cells at week 6 of in vitro
differentiation (data are representative of 2 independent experiments). (C) Dot plot showing the gating for NK cells (CD3"CD56™) and NKG2D expression after 35 days of in
vitro NK-cell differentiation from CD34™" cells; bar graph shows the percentage of CD34-derived NK cells in each condition. (D) NKG2D expression (% positive cells), (E) level
of expression determined as the percentage of mean fluorescence intensity (MFI) of HD NK cells, and (F) targeted integration by ddPCR analysis in NK cells at day 35 of in
vitro differentiation (4 independent experiments for -i53, 5 for +i53, and 8 for +i53+hGSE). (G) Cytotoxic activity of CD34" -differentiated NK cells against K562 cells at an
effector:target ratio of 2:1 (4 independent experiments for —i53, 9 for +i53, and 8 for +i53+hGSE). (H) Correlation between the NKG2D expression (%) and the killing activity
(%) in NK cells at day 35 was calculated using Spearman’s correlation coefficient and 2-tailed P value (n = 33 pairs). Data are shown as mean = SD. *P < .05; **P < .01;
**xp < 001; ****P < .0001. FSC, forward scatter.
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4-1BB ligand,* we efficiently differentiated edited XMEN HSPCs
in vitro into NK cells (CD3"CD56 ") (Figure 3C). The percentage of
NKG2D-expressing NK cells almost doubled with i53, and it was
highest with 53 and hGSE combined (-i53, 15.9% *8.1%;
+i53, 29.2% *+ 15.9%,; +i53+hGSE, 35% = 16.1%) (Figure 3D),
and the level of expression was also similar to that of HD NK cells
(Figure 3E). Molecular droplet digital PCR assessment confirmed
significantly improved Tl rates with the combined enhancers
(47.0% = 15.5% with i53+hGSE vs 26.6% * 16.9% without
enhancers) (Figure 3F). Furthermore, we found that NK cytotoxic-
ity was comparable between edited XMEN and HD cells at an
effector:target ratio of 2:1 (Figure 3G; supplemental Figure 2C),
and that the killing activity correlated with the level of NKG2D
expression (Figure 3H). Thus, our data demonstrated that gene-
edited XMEN HSPCs maintained their capability to differentiate
to T and NK cells, with restored MAGT1 glycosylation function
that led to the expression of NKG2D in T and NK cells.

Engraftment of gene-edited XMEN HSPCs and in
vivo correction

A major determining factor for clinical translation of GE is the dura-
bility of the gene correction, which is dependent on the correction
of true engrafting HSPCs. To assess this, we transplanted gene-
edited XMEN HSPCs into irradiated NSGS newborn mouse
pups, a model that allows the development of lymphocytes in
vivo.? The engraftment (human CD45%) rates of XMEN HSPCs
edited in the presence of enhancers were comparable with those
of HD cells in mouse BM (HD, 16.4% + 12.1%; XMEN naive,
55% *+2.2%, gene-edited XMEN, 2.8%*1.2% without
enhancers, 11.2% =9.1% with 53, and 11.8% *=8.9% with
i53+hGSE), with successful colonization of multiple organs (PB,
spleen, and thymus) at 16 weeks after transplant (Figure 4A).
The percentages of myeloid cells (CD33™), B cells (CD19™), and
T cells (CD3™) in BM was comparable to that of HD controls, indi-
cating that differentiation capability was maintained in gene-
edited XMEN HSPCs (Figure 4B). In addition, low levels of human
CD34" cells remained detectable in BM (Figure 4B).

Analysis of mouse PB, spleen, and thymus also confirmed robust
human T- and NK-cell development (supplemental Figure 3A-B),
independent of enhancers (i53, hGSE) and normal differentiation
to mature CD4", CD8", and double-positive T cells (supplemen-
tal Figure 3C). Restoring specific NKG2D expression in XMEN
edited NK and CD8" T cells to the level of HD cells confirmed
functional correction of MAGT1 (Figure 4C-D).

Importantly, molecular analysis in  BM-sorted human
CD45%(hCD45™) cells revealed a remarkable persistence of
enhanced Tl rates at 63.1% =+ 8.8% compared with in vitro Tl rates
(62.3% =+ 8%,; Figure 1D) when edited with i53+hGSE or with i53
alone (54.5% * 18.3% in vivo vs 50.0% =+ 18.2% in vitro) (Figure
4E), indicating efficient targeting of engrafting HSPCs. Tl was
also confirmed in human myeloid cells, lymphoid B cells, and
spleen T cells (Figure 4F). Overall, we demonstrated efficient GE
of engraftable XMEN HSPCs that successfully differentiated into
NKG2D-expressing NK and CD8" T cells in vivo.

Efficient gene correction of apheresis XMEN T cells
Defective lymphocytes account for the major morbidity rates in
XMEN patients with chronic EBV infections and lymphoprolifera-
tive disease. In addition, there is a latency for competent T-cell
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development after successful HSC transplant. We have previously
shown that correction of T cells with MAGTT mRNA restores
NKG2D expression and lymphocyte function.®"? Here we sought
to genetically correct XMEN lymphocytes using the approach
optimized in HSPCs (Cas?/sgRNA/AAV). At 2 days after editing,
we observed restoration of MAGT1 expression (Figure 5A) and
a range of 4% to 42% of NKG2D-expressing XMEN CD8" T cells
(Figure 5B) that correlated with Tl percentages (Figure 5C), both of
which increased significantly with time in culture (Figure 5B-C). In
addition, the level of restored NKG2D expression in corrected
XMEN T cells also reached the same level as that in HD T cells (Fig-
ure 5D), as did CD70, another MAGT1 glycosylated protein, but
not CD28 (Figure 5E). These data confirmed that MAGTT correc-
tion in T cells restores the glycosylation of proteins such as
NKG2D and CD70. The growth advantage of gene-corrected cells
during in vitro culture indicates a favorable potential for cell ther-
apy with gene-corrected T cells for short-term treatment of infec-
tions in XMEN patients.

Identification and quantification of OT events
Candidate OT sites were identified using an ultrasensitive, unbi-
ased, genome-wide in vitro CHANGE-seq approach.** As shown
in the Manhattan plot, we observed robust editing of the
on-target site and some evidence of in vitro targeting of several
OT events (Figure 6A), with estimated specificity ratios of 0.14
to 0.36 (Figure 6B). Most of these OT event sites were located
in intergenic (36% to 40%) and gene intronic (40% to 46%)
regions, whereas 14% to 20% were located in exonic regions (Fig-
ure 6C). To verify potential indels at predicted sites, we performed
high-throughput sequencing of the top 8 OT event candidates
(Figure 6D; supplemental Table 3) and observed no increase in
indels in edited (in vitro pretransplant and in vivo posttransplant)
samples compared with untreated naive samples (Figure 6E).
Reassuringly, the addition of i53+hGSE did not increase the fre-
quency of OT indels.

Discussion

Great strides in the availability of whole-exome sequencing has
led to the recent discovery of many PIDs such as XMEN disease.
To address most of the pathogenic mutations that span
MAGTT1, we targeted the insertion of a MAGT1 cDNA donor tem-
plate near the transcription start site for physiological regulation
by the endogenous promoter. Despite promising levels of in vitro
correction levels,?’=° failure to maintain GE rates in engrafted
cells is a major impediment to clinical translation.?’3° Schiroli et
al*' demonstrated significant DDR after genome editing of HSPCs
with the widely used AAV vectors for donor template deliv-
ery. 202124253047 Our data on yH2AX expression kinetics confirm
the DDR that occurs rapidly after exposure to AAV, even in the
absence of nuclease-induced DSBs. This massive DDR causes
widespread detrimental effects with induction of apoptosis, cell
death, and cell cycle arrest that impairs cell fitness and engraft-
ment capabilities that are demonstrable only after transplant.
This DDR pertains particularly to AAV donors and significantly
less so to oligonucleotide donors.®” By using a humanized version
of the dominant negative TP53 (hGSE) to transiently dampen
AAV-mediated DDR effects, we achieved robust engraftment of
edited XMEN HSPCs with HDR enhanced by i53.
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The precise mechanism for AAV triggering of DDR remains
unclear. Our data demonstrating reduced YH2AX expression after
treatment with caffeine are consistent with the involvement of

reported.>?484? Although the mechanism was initially attributed
to the inverted terminal repeats flanking the AAV genome,*® Frag-
kos et al*" subsequently identified a cis-acting replication element

ATR/ATM  kinases in AAV-induced DDR as previously in the p5 promoter of AAV2 DNA capable of initiating stalled
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Figure 4. Hematopoietic reconstitution of gene-edited HSPCs in immunodeficient mice. (A) Human engraftment measured by the presence of human CD45" cells by
flow cytometry at week 16 in the BM, PB, spleen, and thymus of NSGS mice transplanted with HD, naive (n = 15 mice), or gene-edited XMEN CD34* HSPCs (n = 3 mice
[-i53, 2 experiments], 12 mice [+i53, 5 experiments], and 24 mice [+i53+hGSE, 4 experiments]). The dotted line indicates the threshold for engraftment at 0.2% hCD45*
cells in the BM. (B) Immunophenotypic analysis of BM at 16 weeks posttransplant by flow cytometry showing the percentages of CD34" cells, myeloid (CD33™), lymphoid B
(CD19"), and T (CD3*) after gating on the hCD45" population. (C-D) Percentage of NKG2D expression in NK cells from the spleen (C) and CD8" T cells from the PB (D),
spleen, and thymus at week 16 posttransplant. (E) Targeted insertion quantified by ddPCR in human CD45" cells isolated from the BM after GE without enhancers (red bar),
with i53 (blue bar), or with i53+hGSE (green bar); BM from the mice injected with the same cells were pooled. (F) Targeted insertion quantified by ddPCR in the lymphoid
T (CD3), myeloid (CD33/CD14), and lymphoid B (CD19) cells sorted from the spleen after GE with i53+hGSE. Data are shown as mean = SD.
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replication complexes and stimulating DDR, and thus recombi-
nant AAV is devoid of that activity. Our data showed the contrary
because rAAV6-MAGT1 triggered robust DDR. Future research in
AAV engineering to minimize DDR is important for improving the
fitness of HSPCs gene edited with AAV donors. Our current
approach using hGSE mRNA to transiently suppress the massive
DDR after exposure to AAV promotes engraftment to achieve clin-
ically relevant rates of correction after transplantation of gene-
edited HSPCs.

Although gene correction of HSPCs can provide definitive treat-
ment, human T-cell reconstitution from engrafted HSPCs can
take a period of many months during which the patients are at
increased risk of infections. Infections in patients with PIDs that
provide the rationale for hematopoietic stem cell transplantation
also significantly increase the risks associated with transplant mye-
loablation. Therefore, cellular therapy that provides immediate
protection may offer an important therapeutic bridge or a short-
term therapeutic option. The same CRISPR/Cas? approach was
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Figure 6. Analysis of OT activity. (A) Manhattan plot showing the results of off-targets for CD34" cells by CHANGE-seq assay using gDNA extracted from HD male donor
CD34" cells electroporated with Cas9 mRNA and sgRNA#1. The brown arrow indicates the on-target site (MAGT1 gene) on chromosome X. (B) Table reporting the total number
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fraction of cleavage sites categorized according to their genomic features after CD34" cells from HD male and female donors were edited. (D) Identity of the nucleotide mis-
matches at the OT sites. ON indicates the on-target site without mismatch, whereas OT1-OT8 indicate the top 8 OT sites shared by male and female HD CD34" HSPCs and HD
PBMCs. (E) Percentage of cutting activity evaluated by sequencing at ON and OT sites detected by CHANGE-Seq in in vitro (CD34" cells 2 days after gene editing) and in vivo
(hCD45" cells from the BM of NSGS mice that had received a transplant at week 16 posttransplant) samples. For all the graphs, data are shown as mean = SD.

2776 & blood” 30 DECEMBER 2021 | VOLUME 138, NUMBER 26

BRAULT et al

%202 AeIN gz uo 3sanb Aq ypd g6l | L01.20ZPIGPo0|d/9£09581/89.2/92/8€ L /Pd-a1o1e/poo|q/jousuonedligndyse//:dpy woly papeojumoq



easily applied to XMEN T cells, in which gene-edited XMEN T cells
showed restored MAGT1 expression and N-glycosylation func-
tion, as indicated by the increased expression of
N-glycoproteins NKG2D and CD70 at a physiological level which
was, in the case of NKG2D, restricted to CD8™ T cells. Of interest,
CD28 expression in the edited T cells did not increase signifi-
cantly, consistent with our previous observation in XMEN T cells
corrected with MAGT1 mRNA."? This may be attributable to the
expansion of residual CD28-expressing XMEN T cells by the
CD3 and CD28 beads used in our cell culture proliferation.

Importantly, our data demonstrate a survival advantage in gene-
corrected T lymphocytes with increased correction rates over
time, suggesting the possibility of achieving clinical benefit from
even low numbers of corrected cells. This survival advantage
accounts for the outgrowth of normal cells in PB from XMEN
female carriers with markedly skewed lyonization favoring the nor-
mal X-allele,”® "> with mutations detectable only in BM cells.®
CRISPR/Cas9 editing of chimeric antigen receptor T cells is cur-
rently being studied in a phase 1 trial for the treatment of refrac-
tory cancer.>? Additional preclinical studies with in vivo infusion
of the gene-corrected T cells in immunodeficient mice will help
evaluate the persistence of correction over time. Cellular therapy
with gene-edited autologous lymphocytes for prompt control of
EBV infections in XMEN patients before high-risk chemotherapy
therefore offers an attractive therapeutic bridging option.

To address the limited human lymphocyte development typically
observed in HSPC xenografts in adult NSG mice, we transplanted
edited XMEN HSPCs into the liver of newbomn pups?®>?® of the
NSGS mouse strain, which provides constitutive expression of
human cytokines to support robust lymphocyte development.?
The efficient and stable in vivo gene correction achieved with
our CRISPR/Cas?/AAVé6 approach using gene-edited enhancers
in XMEN HSPCs restored MAGT1 glycosylation function and
expression of NKG2D receptor on NK and CD8" T cells after
HSPC transplant, with high Tl rates (~60%) maintained in
engrafted NSGS mice. The percentages of NKG2D expression
in CD8" T cells from the spleen were slightly higher when treated
with i53+hGSE (53% in blood, 61.2% in spleen, and 62.7% in thy-
mus) than when treated with i53 only (41.8%, 56%, and 58.1%)
despite similar engraftment rates, indicating a relative increase
in correction of engrafting HSPCs when treated with both gene-
edited enhancers.

Because functional correction of lymphocytes from spleen and
thymus of transplanted mice could be assessed only several
months after HSPC engraftment, we also demonstrated reliable
tools for in vitro differentiation of T and NK cells using the recently
described ATO system, which has been reported to support the
development and differentiation of HSPCs into T lymphocytes*
and has allowed for the characterization of T-cell differentiation
blockades that result from a variety of genetic causes.*® By using
the ATO system, we showed that our gene editing process retains
the capability of HSPCs to differentiate into CD3* T cells, which
allows us to assess the functional correction of MAGT1 glycosyla-
tion by measuring NKG2D expression. In parallel, we harnessed
the capability of K562-IL15-41BBL stimulatory cells used for clini-
cal large-scale expansion of NK cells*® supplemented with hema-
topoietic cytokines to establish an efficient in vitro NK
differentiation protocol from the edited XMEN HSPCs. This
allowed us to demonstrate corrected MAGT1 glycosylation

EFFICIENT GENE EDITING IN XMEN HSPCs AND T CELLS

function as well as NK cell cytolytic activity. These two in vitro
models provide robust tools for assessing MAGT1 functional cor-
rection in 5 to 6 weeks.

For clinical application, safety considerations are as important as
correction efficiency. A common concem for the use of CRISPR/
Cas9 nucleases is the risk of OT DNA cuts that result in genomic
insertions or deletions. There are evolving nucleases with
improved specificities or nickases that avoid double-strand DNA
cuts,** but the accompanying decrease in editing efficiency
must be considered. OT risks are also highly dependent on the
innate specificity of the sgRNA.3*83% |n addition, there are
potential concerns related to transient 53BP1 inhibition and sup-
pression of the p53 pathway in HSPCs because of tumor suppres-
sor function of p53,%° especially because interference with the
p53-mediated DDR that normally removes cells after DNA delete-
rious events may potentially allow survival of cells with genomic
aberrations.’ To ensure a transient effect, both i53 and hGSE
were added as mRNA in our study, so they could be easily
degraded and their activity could be synchronized with the
co-administered Cas9 mRNA activity.

Identifying OT sites by using in vivo genome-wide OT analysis vs
in silico computational analysis prediction can yield markedly dif-
ferent results. We compared CHANGE-seq assay with the in silico
prediction tools Cas-OFFinder, CCTop, and COSMID, and we
found that Cas-OFFinder was the most reliable; it predicted 5 of
the 8 top sites (62.5%) identified with CHANGE-seq (supplemen-
tal Table 3). Sequencing analysis performed on in vitro and in vivo
samples showed very low OT activity at the 8 identified top OT
sites for the sgRNA used in this study; it also confirmed that our
combined approach with i53 and hGSE did not lead to any detect-
able genomic modifications at the top predicted OT sites com-
pared with untreated samples, which demonstrated the high
specificity of this guide RNA. A limitation of our targeted sequenc-
ing of predicted sites is the inability to detect large deletions or
translocations. However, sophisticated studies using high-
throughput genome-wide translocation sequencing or targeted
capture deep sequencing previously confirmed that 53BP1 inhibi-
tion had no adverse impact on Cas9 specificity. 34?43 Extensive
investigations by Schiroli et al*' also demonstrated a lack of gen-
otoxicities after transient p53 inhibition during CRISPR/Cas? edit-
ing based on the absence of increased chromosomal
abnormalities, translocations, or mutational burden associated
with the use of GSE56.4"%* Furthermore, the immunodeficient
mice in our study did not show any hematologic aberrations or
gross tumors at 16 weeks after transplant with gene-edited HSPCs
(12 mice for +i53; 24 mice for +i53+hGSE). Molecular studies for
additional safety assessment before clinical application may be
warranted, and the potential risks need to be weighed against
the risks of low correction of engrafting HSPCs in the absence of
enhancers.

In summary, we provide the first description of a precise targeted
gene insertion approach to functionally correct MAGT1 genetic
mutations in XMEN HSPCs and apheresis T lymphocytes. Our
data demonstrate that our optimized GE conditions with com-
bined GE enhancers (i53 and hGSE) achieved sustained efficient
gene correction in engrafting HSPCs and in T cells. For patients
with acute infections, functional gene correction of HSPCs and T
cells potentially offers a two-pronged approach for more immedi-
ate protection by corrected T cells, whereas latent T-cell
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differentiation from engrafted gene-edited HSPCs allows for per-
manent correction. The survival advantage in corrected cells also
improves the likelihood of clinical benefit from even low numbers
of corrected cells. We observed no detectable OT activity in either
in vitro or in vivo engrafting XMEN patient HSPCs after transplant,
thus providing important safety data for clinical application of this
approach for ex vivo gene therapy or cellular therapy for XMEN
patients. These gene-edited enhancers are also widely applicable
for improving the levels of engrafting gene-edited HSPCs for
HDR-mediated gene correction for potential treatment of many
other blood and immune cell diseases.
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