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Abstract

Recombination activating genes (RAGS) are tightly regulated during lymphoid differentiation,
and their mutations cause a spectrum of severe immunological disorders. Haematopoietic stem
and progenitor cell (HSPC) transplantation is the treatment of choice but is limited by donor
availability and toxicity. To overcome these issues, we developed gene editing strategies targeting
a corrective sequence into the human RAGI gene by homology-directed repair (HDR) and
validated them by tailored 2-dimensional, 3-dimensional and in vivo xenotransplant platforms

to assess rescue of expression and function. Whereas integration into intron 1 of RAGI achieved
suboptimal correction, in-frame insertion into exon 2 drove physiologic human RAG1 expression
and activity, allowing disruption of the dominant-negative effects of unrepaired hypomorphic
alleles. Enhanced HDR-mediated gene editing enables the correction of human RAGI in HSPCs
from patients with hypomorphic RAGI mutations, allowing the overcome of T- and B-cell
differentiation blocks. Gene correction efficiency exceeded the minimal proportion of functional
HSPCs required to rescue immunodeficiency in RagZ~~ mice, supporting the clinical translation
of HSPC gene editing for the treatment of RAG1 deficiency.

One Sentence Summary:

Gene editing enables rescue of RAGI expression and function in human hematopoietic stem and
progenitor cells by exploiting homology-directed repair.

INTRODUCTION

Recombination activating genes (RAGSs) orchestrate V(D)J recombination, required for
lymphocyte development and somatic diversity of the T-cell receptor (TCR) and B-cell
receptor (BCR) (1). Loss of function mutations in RAGSs result in absence or severe
reduction of T and B cells (T-B- severe combined immunodeficiency, SCID), whereas
hypomorphic mutations decrease recombination activity, leading to a spectrum of immune
dysregulation phenotypes including Omenn Syndrome (OS), leaky SCID with residual T
and B cells (2), presence of autoimmune and autoinflammatory manifestations (3-5), and
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delayed-onset combined immunodeficiency, often associated with granulomatous and/or
autoimmune manifestations (CID-G/Al) (6).

RAG defects accounts for 20% of all SCID cases, and human RAGI (hRAGI) mutations are
more common than RAGZ mutations (7). Allogeneic hematopoietic stem cell transplantation
(HSCT) is the treatment of choice, with optimal results in SCID or OS patients receiving
fully HLA-matched donor cells in early life and in the absence of organ damage (8-11).
Conversely, unconditioned transplantation from haploidentical donors is associated with a
high rate of graft failure (12). Although improved survival has been reported in recent

years following haploidentical transplantation with conditioning, graft-versus-host disease
and incomplete immune reconstitution remain substantial problems (9, 11). Gene addition
to autologous hematopoietic stem and progenitor cells (HSPCs) with retroviral and lentiviral
(LV) vectors has been investigated to overcome these limitations (13). Preclinical data
showed variable results in terms of immune reconstitution and safety, supporting the need

to preserve the endogenous regulation of /RAG1 expression during cell cycle and lymphoid
differentiation (13-18). Gene addition studies in /RagZ~~ mice based on a lentiviral vector
(LV) carrying a codon optimized #RAGI (co.hRAG1) cDNA driven by the strong MND
promoter derived from a murine y-retrovirus (14), provided the rationale to start a phase 1/11
clinical trial to treat T-B- SCID patients up to 2 years old (NCT04797260). Nevertheless,
constitutive ARAGI expression and genome-wide insertions of a vector bearing powerful
transcriptional enhancers raise concerns for the risks to develop immune dysregulation and
insertional mutagenesis, respectively (18, 19).

HDR-mediated knock-in of a corrective sequence provides an alternative approach (20, 21)
for in situ correction of most disease-causing mutations while preserving the physiological
regulation of the targeted gene (22-26). Here, we developed and selected the best
performing strategy to correct RAG1 deficiency targeting either intron 1 or exon 2 of
hRAG1 in human HSPCs. Our results support the implementation of the exonic gene editing
(GE) strategy toward clinical application for the treatment of RAG1 deficiency.

Immune recovery in Rag1™~ mice with low dose of functional HSPCs

To model the therapeutic potential of HSPC GE, we took advantage of RagZ~~ mice,
which recapitulate the human T-B-SCID (27). We performed competitive transplantations
of wild-type (WT) and RagZ™~ HSPCs, admixed at different ratios, in total body irradiated
Rag1~" recipient mice to determine the minimal fraction of corrected cells required to
rescue the immunological defects seen in these mice (Fig. 1A). We stratified transplanted
mice into four experimental groups, based on the myeloid chimerism of donor WT cells in
their peripheral blood, and compared them to WT untreated mice (WT untreated), and to
Rag1™~ mice transplanted with either fully WT-HSPC (70-100% WT chimerism, positive
controls) or fully RagZ~”~-HSPC (100% KO, negative controls). As expected, all Rag1~~
mice treated with fully WT-HSPCs rescued white blood cell (WBC), T- and B-lymphocyte
proportions and counts in parallel with reciprocal decrease in the proportion of myeloid
cells (CD11b*/B220~CD19") in peripheral blood as compared to mice receiving KO cells
(fig. S1, A and B). The redistribution of hematopoietic lineages also occurred in the groups
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with the lowest doses of WT cells (0-5%). Of note, the frequency and counts of peripheral
T cells approached values that were similar to those observed in WT mice; however, only
marginal reconstitution of the B-cell compartment was observed, supporting the notion

that in RagZ~~ mice a stronger competition occurs during B-cell differentiation in the

bone marrow (BM) than among thymaocytes, limiting the expansion and differentiation
capacity of B-cell precursors (16). Granular analyses of T cell differentiation in the thymus
indicated that 0-5% WT cells could overcome T cell development block in RagZ ™~ mice,
as shown by a decrease in the proportion of double negative (DN) CD4-CD8™ T cells and
by progression of T cell differentiation through double positive (DP) CD4*CD8™" and single
positive CD4*CD8~ and CD8"CD4" cell stages as compared to what observed in Ragl™~
mice receiving KO cells. A statistically significant decrease in the proportion of DN cells
was reached in RagZ™~ mice with >5% WT cells (p values vs 100% KO: 5-10% WT
0.035; 10-15% WT 0.0006; 70-100% WT <0.0001; Fig. 1B). These findings paralleled a
significant increase of CD4" and CD8* T cell counts in the thymus (fig. S1C) and spleen
(Fig. 1C and fig. S1D). Rescue of the proportion of naive and effector/memory T cells

was observed in the spleen of RagZ~~ mice transplanted with increasing doses of WT

cells (fig. S1E), suggesting that the increased T-cell counts were not due to peripheral
homeostatic proliferation. In the B-cell compartment, all mice engrafted with WT cells
showed a significant increase of immature B cells in BM (p values vs 100% KO: 0-5%
WT 0.0072; 5-10% WT 0.0007; 10-15% WT 0.001; 70-100% WT <0.0001; Fig. 1D),
demonstrating that even a low WT-cell proportion could overcome the B-cell differentiation
block. These data suggested that the peripheral B-cell lymphopenia (fig. S1B) was due to
low B-cell output from the BM (fig. S1F), further corroborating the hypothesis of high
cellular competition in BM. Nevertheless, RagZ~~ mice with low fractions of WT cells
showed statistically significant improvement of B-cell counts in the spleen (p values vs
100% KO: 0-5% WT 0.0067; 5-10% WT 0.0006; Fig. 1E) encompassing all stages of
B-cell maturation (Fig. S1G). in vivo B-cell function was demonstrated in terms of 1gG,
IgM and IgA production at steady state (Fig. 1F and fig. S1H) and specific Ig response
upon in vivo T-cell dependent antigen immunization (fig. S11). The decrease of B-cell
activation factor (BAFF) concentration (Fig. 1G), a cytokine required for B-cell homeostasis
and associated with autoimmunity when overexpressed (28), supported the normalization of
B-cell compartment.

To more stringently mimic the rescue potential of cells bearing monoallelic editing, which
conceivably represents the most frequent HDR outcome upon GE of HSPCs, we verified
whether the transplant of low proportions of heterozygous Rag*” (Ragl-HETERO) HSPCs
rescued immune cell defects in RagZ~~ mice. The proportion of 0-5% of RagI-HETERO
allowed the improvement of WBC, T- and B-cell frequency and counts in peripheral

blood (fig. S2, A and B). We observed a decrease in the proportion of DN cells in the
thymus of RagZ™~ mice with 0-5% of RagZ-HETERO chimerism, and normalization in
the distribution of differentiating T-cell subsets in RagZ~~ mice with >7-15% of Rag1-
HETERO cells (Fig. 1H). These findings translated into increased proportions and counts
of differentiated CD4" and CD8* T cells in thymus (fig. S2C) and spleen (Fig. 11 and

fig. S2D) with naive and effector/memory phenotypes (fig. S2E). The B-cell differentiation
block was also overcome with more than 0-5% of RagZ-HETERO cells (Fig. 1J) and B-cell
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counts in the BM improved as compared to RagZ ™~ mice, although they did not reachthe
values of positive controls (fig. S2F). Nevertheless, the presence of B cells in the spleen of
Rag1™~ mice with 0-5% and 7-15% of RagI-HETERO cells (Fig. 1K and fig. S2D) with
proper peripheral maturation (fig. S2G) led to Ig production at steady state (Fig. 1L and fig.
S2H) and after antigen challenge in vivo (fig. S21) and was associated with decreased BAFF
concentration (Fig. 1M).

Overall, low proportions of WT or RagZ-HETERO HSPCs improved the immune cell
defects of Ragi-deficient mice, likely due to the strong selective advantage of properly
maturing lymphocytes over their deficient counterparts, supporting the therapeutic potential
of gene edited HSPCs.

hRAGL1 editing by intronic knock-in

The human RAGI gene is composed of two exons, with exon 2 containing the whole
coding sequence (5). We first designed a CRISPR/Cas9 GE strategy aimed at integrating a
corrective ARAGI coding sequence into intron 1 to potentially correct any #RAGI mutation
with clinical relevance by trapping the transcriptional activity of the endogenous promoter
with a previously validated splice acceptor (SA) site (22, 26) (Fig. 2A). We screened a panel
of nine guide RNAs (gRNASs) in NALM6-WT cells, a human pre-B cell line constitutively
expressing hRAGI, selected the gRNA 9 as having the best on/off-target activity rofile (dig.
S3, Ato D and Tables S1 to S3), and validated its performance in human cord blood (CB)
and mobilized peripheral blood (mPB) HSPCs upon delivery as preassembled gRNA/Cas9
ribonucleoproteins (RNPs) by electroporation (fig. S3E).

We then screened seven reporter constructs, all containing the splice acceptor (SA)
sequence and homology arms for the gRNA 9 target site and each containing a different
terminal sequence (SA-GFP constructs, fig. S3F) in NALMG6-WT cells. The presence of an
exogenous poly-adenylation site resulted in higher GFP expression compared to all other
donors exploiting the #/RAGI 3’UTR for transcriptional termination (fig. S3G), suggesting
that the ARAG1 3’UTR negatively affects its expression. To evaluate regulation of transgene
expression by the ARAGI promoter, edited NALM6-WT cells were deprived of serum
supplementation (hereafter referred to as “serum starvation”) to synchronize their cell cycle
at GO/G1 phase when ARAGI gene was upregulated. Whereas all donors carrying or using
the endogenous 3’UTR resulted in modulation of GFP expression upon starvation, this

was not observed for the donor with exogenous polyA (fig. S3H). We thus selected the
SA-c0.hRAG1-BGHpA and the SA-co.hRAG1-SD for further testing upon incorporation
into AAV6 donors carrying the corrective codon optimized #/RAG1 cDNA (co.hRAG1) (Fig.
2, A and B).

To assess the functionality of the different editing configurations of A/RAGI, we generated

a hRAGI1-deficient NALM6 clonal cell line by Cas9 disruption confirmed in terms of RNA
and protein expression (fig. S4, A to E). RAG1 recombination activity was then assessed

by transducing bulk NALM6-WT cells and its single-cell-derived clone (E150) with LV
carrying an inverted GFP (LV.PGK-iGFP) cassette flanked by the recombination signal
sequences (RSS) specifically recognized by the hRAG1/RAG2 complex and followed by
IRES-hCD4 as transduction marker (fig. S4F). If the RAG complex is functional, it will bind
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the RSS and recombine the GFP cassette, which will be placed in the correct orientation
resulting in GFP expression (29-32). Functional hRAG1 inactivation was confirmed in clone
E150 (hereafter named NALM6-RAG1.KO) and its parental targeted population (fig. S4G).

NALM®6-RAG1.KO cells were then treated with gRNA9/Cas9 RNP and either the
SA-c0.hRAG1-BGHpA or SA-co.hRAG1-SD AAV6 donor and their single-cell clonal
outgrowths were screened for successful #RAGI editing by locus-specific ddPCR (Fig.

2C). Two out of 7 SA-c0.hRAG1-BGHPpA edited clones and 7 out of 12 SA-c0.hRAG1-SD
edited clones showed rescued recombination activity upon transduction with LV.PGK-iGFP
as compared to unedited NALM6-RAG1.KO cells but with lower values than NALM6-WT
cells (Fig. 2D and fig. S4H), suggesting suboptimal expression and/or regulation of the
edited gene. Although co.hRAG1 mRNA was expressed in most edited clones, it was low
and not modulated by starvation (Fig. 2E), different from the endogenous #RAGI expression
in starved NALM6-WT cells (Fig. 2F).

Despite the incomplete rescue of expression, we decided to test the extent of functional
correction achieved by these constructs in human HSPCs. We first optimized conditions
for ARAGI intron 1 GE in CB and mPB-HSPCs (Fig. 2G) in terms of RNP and AAV6
doses, and co-delivered an mRNA encoding a dominant negative truncated p53 polypeptide
(GSE56) (fig. S5, A to D) allowing transient inhibition of the p53-dependent DDR induced
by DNA DSBs and AAV6 transduction (33, 34). When using the SA-co.hRAG1-BGHpA
donor we achieved high proportions of targeted integration in bulk mPB-HSPCs from HDs
(Fig. 2H), which lowered in the most primitive fraction (fig. S5E), as previously reported
(22, 26, 34). Similar targeted integration was observed in mPB-HSPCs derived from two
RAG1-deficient patients carrying hypomorphic #RAG1 mutations and presenting with CID-
G/Al (Fig. 21). Although GE preserved the most primitive HSPCs and culture composition
(Fig. 2, J and K), clonogenic assays showed reduced numbers of colonies as compared to
untreated cells (Fig. 2L). To investigate the impact of GE on HD and patient HSPCs, we
performed whole transcriptomic analysis of untreated and edited cells (fig. S5, F to H).
Considering differentially regulated genes and pathways, we observed a higher activation
status in hypomorphic RAG1-patients mPB-HSPCs induced by the culture manipulation,
and the alleviation rather than full abrogation of the editing induced p53-dependent DNA
damage response (DDR) by GSE56 (fig. S5, G and H).

To assess the engraftment potential and the multilineage repopulation capacity of gene
edited HSPCs, we transplanted untreated and edited cells into NOD-SCID IL2Ry null
(NSG) mice.

Although RAG1-patient HSPCs resulted in lower engraftment as compared to HD-HSPCs,
there was multilineage engraftment in all groups with no significant differences between
edited and their unedited counterpart (Fig. 3, A and B), suggesting that the editing protocol
did not substantially affect engraftment and repopulation capabilities. Although edited cells
engrafted in the BM and spleen (fig. S6, A and B), no correction of lymphoid compartments
was observed in mice transplanted with edited patient-HSPCs (Fig. 3, B to D), indicating
that the intronic GE platform did not rescue the lymphoid defect.
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For better characterization of T-cell differentiation after GE we exploited the artificial
thymic organoid (ATO) platform (35). To improve HDR efficiency and to maximize the
output of edited T cells from ATOs seeded with edited mPB-HSPCs, we also included in
the GE protocol the adenoviral protein Ad5-E4orf6/7 to force cell-cycle progression and to
upregulate components of HDR machinery (34, 36-39). The combination of the adenoviral
protein Ad5-E4orf6/7 with GSE56 (COMBO) improved organoid morphology (fig. S6C),
increased the number of viable cells (Fig. 3E), and improved the targeting efficiency yield
of edited-ATO cells as compared to either GSE56 or Ad5-E4orf6/7 alone (Fig. 3F and fig.
S6D). These findings were confirmed in mPB-HSPCs edited using the PGK-GFP-BGHpA
donor, with an increase of HDR-efficiency in all T-cell subsets, especially in CD3*TCRa/p*
cells (fig. S6, E and F). Next, we compared the SA-co.hRAG1-BGHpA and SA-co.hRAG1-
SD AAV6 templates, using ATOs generated from HD and Pt_1-derived edited mPB-HSPCs.
Although HDR efficiency in bulk and sorted T cells (Fig. 3G) was comparable and in

line with that of HSPCs (Fig. 3H), edited patient’s HSPCs remained mostly blocked at the
DP stage, with lack of CD3*TCRa/p* T cells (Fig. 31), ultimately showing insufficient
expression and rescue of recombination activity from the intronic knock-in correction
strategy.

Combined knock-out and knock-in by editing hRAG1 exon 2

We speculated that preservation of the intronic sequence could be required for physiological
gene regulation and set out to develop a strategy targeting the second #RAG exon, which
contains the entire coding sequence. We selected gRNA target sites to disrupt gene function
to abrogate the interference or possible dominant negative effect of residual hypomorphic
mutants on HDR corrected alleles (combined knock-out/knock-in strategy), and to further
enhance the selective advantage of corrected cells over the others. We designed two
corrective donors for each candidate target site that differed in the downstream configuration
(Fig. 4, A and B). The “targeting” donor bore homology to both immediate sides of the
DNA double strand break and the co.hRAG1 sequence would be inserted in-frame, leaving
downstream the endogenous exon 2 sequence (Fig. 4A), whereas the “replacement” donor
was conceived to favor excision of the downstream endogenous A/RAGI sequences by
recombining within the 3’UTR through a more distal but longer 3° homology arm (Fig. 4B).

To select gRNAs able to abolish endogenous #RAGI expression, we targeted nonstandard
ATGs present at the N-terminus of #RAGI gene that might be engaged as alternative
translation start sites resulting in truncated RAG1 with decreased recombination activity (40)
(gRNAs glex to g6ex) (fig. STA) in NALM6-WT cells. gRNA g6ex showed the highest
cutting efficiency (fig. S7B), resulting in damping of #RAG1 recombination activity (fig.
S7, C and D). Functional correction of hRAG1 activity assessed in NALM6-RAG1.KO
mono- and bi-allelic clones showed restoration of hRAG1 recombinase activity, reaching the
proportion of GFP* cells observed in untreated NALM6-WT cells at different time points

of analysis (Fig. 4C and fig. S7E). Mono-allelic correction was sufficient to rescue hRAG1
function and its significantly increased expression upon starvation (Fig. 4C-D; p values vs
bulk Ragl.KO: g6ex/Targ 0.0098; g6ex/Repl <0.0001; Fig. 4C; p values vs bulk Rag1.KO:
g6ex/Targ 0.0078; g6ex/Repl 0.0312; Fig. 4D). However, the strategy resulted in low HDR
efficiency in mPB-HSPCs, likely due to low nuclease activity (Fig. 4E). Thus, we selected 2
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additional gRNAs (g1lex and g13ex) from a new panel targeting the same region (fig. S7TA)
and achieved more efficient targeting in HD-derived mPB-HSPCs (fig. S7F) with marked
reduction of CD3*TCRa/B* T-cell frequency in ATOs (fig. S7G), confirming effective
non-homologous or microhomology-mediated end joining (NH/MMEJ)-mediated /RAG1
inactivation. Three-to-four-fold higher HDR efficiency was then documented in HD-derived
mPB-HSPCs edited with g1lex or g13ex (Fig. 4H) instead of g6ex (Fig. 4E and fig. S7L).

We then assessed functional RAG1 correction in NALM6-RAG1.KO cells edited with g1lex
or g13ex in combination with the targeting or replacement AAV6 donor. The increased
recombination activity in bulk edited NALM6-RAG1.KO cells was in line with HDR values
(fig. S7, H and 1). Recombination activity in mono- and bi-allelic clones (fig. S7J) was
significantly higher than untreated NALM6-RAG1.KO cells (Fig. 4F, p values vs bulk
Ragl.KO: gllex/Targ 0.0002, gllex/Repl 0.0136, g1l3ex/Targ 0.0073, g13ex/Repl 0.0004;
and fig. S7K) along with the modulation of co.hRAG1 expression upon starvation (Fig. 4G),
confirming the robust correction potential of the exonic strategy.

In silico prediction of gllex and g13ex off-targets returned high specificity scores and
identified putative sites mostly in intronic or intergenic regions (fig. S8A and Tables S4

and S5). We complemented this analysis with a GUIDE-seq assay (41) using relaxed
bioinformatic constraints to capture more potential off-target sites. GUIDE-seq detected
two exonic and four intronic off-target sites for gllex and only two intronic for g13ex (fig.
S8A), indicating a more specific profile of g13ex (Fig. S8A and Table S6). Deep sequencing
of g13ex off-targets was performed in three different mPB HD-derived HSPCs, edited with
g13ex RNP alone and untreated (UT) as controls, confirming absent or very low nuclease
activity at /n silico predicted off-target sites and undetectable nuclease activity at off-targets
sites nominated by GUIDE-seq analysis (fig. S8B and Table S7).

Rescue of hRAG1 in patient-derived HSPCs by editing exon 2

We tested our exonic GE strategy in Pt_1 mPB-HSPCs that could not be rescued with the
intronic strategy. Both exon editing templates resulted in a high percentage of HDR-edited
alleles in HD and patient-derived mPB-HSPCs, with a tendency to a higher proportion

of edited alleles in g13ex-edited cells than gllex-edited cells (Fig. 5A), in line with

data on HD-HSPCs (Fig. 4K). GE preserved the most primitive CD34*CD133*CD90*
fraction, especially in patient HSPCs (Fig. 5B). We then transplanted unedited and edited
RAG1-patient-HSPCs in NSG mice, using g13ex alone due to constraints in availability

of patient-derived HSPCs. Both HD- and Pt_1-derived HSPCs engrafted in NSG mice,
with the latter showing a lower engraftment rate, improved at early time points for the
edited cells (Fig. 5C). HDR-editing efficiency was high and stable in peripheral blood cells
(fig. S9A). The frequency of B, T and myeloid cells was comparable among groups (Fig.
5D and fig. S9B), confirming that multilineage differentiation was not impaired by GE.
The mouse transplanted with untreated patient cells showed low B-cell frequency when
compared to HD-treated mice (Fig. 5D and fig. S9B), in line with the immune phenotype
of patients carrying hypomorphic mutations (42). Both targeting and replacement strategies
rescued peripheral B-cell frequencies in mice transplanted with edited patient HSPCs, with
a kinetics of cell repopulation that was similar to that observed after transplantation of
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HD cells (Fig. 5D and fig. S9B) explaining the improved graft size. The improved B-cell
output in mice treated with edited patient-HSPCs was associated with reduced proportion

of myeloid cells as compared to untreated patient-HSPCs transplant (Fig. 5D). Consistent
with these observations, GE of #/RAG1 exon 2 allowed substantial improvement in the B-cell
compartment in terms of frequencies and B-cell differentiation in the BM (Fig. 5, E and

F). We observed a reduction of progenitor-B cell (Pro-B and Pre-B cells) subsets associated
with the relative expansion of the last stages of B-cell development in mice treated with
edited patient-HSPCs as compared to unedited cells (Fig. 5F). T-cell differentiation and
output, which typically occur only at delayed times after transplant in this humanized model,
were not affected by the editing procedure and the two corrective platforms in HD-grafted
mice (Fig. 5D and fig. S9B). We observed a slight increase in T cells after editing of
patient-HSPCs with the replacement donor (Fig. 5D and fig. S9B). However, the low or
absent T-cell reconstitution in mice treated with edited patient HSPCs (Fig. 5D and fig. S9B)
could be explained by the lower engraftment in BM of edited patient HSPCs as compared to
HD-HSPCs (fig. S9, C and -D). Despite the low engraftment of edited RAG1-patient cells in
the thymus (fig. S9, E and F), an increased proportion of CD3*TCRa/p* cells was observed
in mice treated with edited patient-HSPCs as compared to mice with RAG1-mutated HSPCs
(Fig. 5G).

Analysis of the kinetics of CD3*TCRa/B* cell generation in ATOs showed that g13ex RNP
treatment fully blocked T-cell differentiation in HD cells (Fig. 5H and fig. S7G), which was
restored by HDR when adding the corrective templates (Fig. 5H and fig. S9G), indicating
the dual efficacy of the exonic knock-out/knock-in GE strategies. As expected and consistent
with previously reported data (43), CD34" cells from patients carrying hypomorphic RAG
mutations were unable to differentiate into CD3*TCRaf* cells in the ATO platform due to
the missense RAG1 mutations (Fig. 51 and fig. S9H). Both corrective donors were able to
rescue hRAGL1 function and overcome the T-cell differentiation block in edited patient cells
when g13ex was used (Fig. 51 and fig. S9H), supporting the therapeutic potential of our
exonic GE strategy. Molecular analysis of HDR efficiency in sorted T-cell subsets harvested
from the ATOs showed higher proportions of edited alleles in g13ex-treated samples as
compared to gllex-treated samples (Fig. 5J), in line with the HDR values of input HSPCs
(Fig. 5A).

To further investigate the robustness of T-cell development rescue, we analyzed the TCR
repertoire of bulk or sorted CD3*TCRa/B* ATO cells by the high-throughput TCRB
immunoSEQ assay. This analysis was not performed in UT RAG1 patients due to the absent
CD3*TCRa/p™ differentiation in the ATO platform (Fig. 31, Fig. 41 and fig. S9H)(43).
Hierarchical packcircle plots showed a similar diversity profile of TCRp rearrangements
between cells harvested from ATOs seeded with edited HD and RAG1-patient HSPCs

(Fig. 5K), as confirmed by the Simpson Complexity index, a diversity metric measuring

the sample clonality (Fig. 5L). Consistently, the productive entropy, corresponding to the
Shannon’s entropy, confirmed a greater number of rearrangements and little dominance

by a subset of rearrangements in all tested samples (fig. S9I). we did observe a restricted
repertoire in the case of HD-HSPCs electroporated with g13ex alone which was rescued by
coadministration of the targeting and replacement donor templates (fig. S9J), in line with the
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different impact on T cell output. Overall, our results support the therapeutic potential of the
optimized exonic GE strategy for /n situ genetic correction of human RAG1 deficiency.

Choice of IDLV as template delivery platform for exonic hRAG1 gene editing

To support the clinical translation of GE and mitigate the adverse cellular impact and
potential genotoxic risk associated to AAV6-mediated template delivery in HSPCs (44),

we tested an optimized protocol exploiting integrase-defective lentiviral vector (IDLV).

We cloned and manufactured IDLV targeting and replacement donors specific for g13ex
target site and tested different doses, timings and rounds of IDLV transduction to select

the best performing protocol, which was directly compared with the optimized AAV-based
one. Cyclosporin H (CsH)-enhanced one hit IDLV transduction upon editing in presence

of Ad5-E4orf6/7 and GSE56 (COMBO) was the best performing protocol for mPB HSPCs
(Fig. 6A). A direct comparison between the optimized GE protocols using either AAV6-

or IDLV-based template delivery showed similar HDR efficiency in bulk CD34" cells (Fig.
6B). Analysis of HSPC subpopulations showed a trend toward more efficient HDR editing
in the most committed progenitors with AAV-based delivery, as previously reported (44). Of
note, no difference was observed in the most primitive HSPCs (Fig. 6C), which were slightly
better preserved upon IDLV than AAV6-based editing (Fig. 6D). Moreover, we observed

a tendency to a more sustained HSPC clonogenic capacity with IDLV-mediated delivery
(Fig. 6E). As performed above for the AAV6 delivery platform, hRAG1 functional rescue
was tested after IDLV GE by exploiting the NALM6-RAG1.KO clones. Recombination
activity assessed by LV.PGK-iGFP assay displayed higher frequency of GFP* cells in both
IDLV targeting and replacement donors than untreated bulk KO cells (Fig. 6F). Furthermore,
modulation of the co.hnRAG1 expression after starvation was observed (Fig. 6G), indicating
that the IDLV GE successfully rescued hRAG1 expression and function in KO edited clones.
Taken together these data support that the IDLV platform can be a valuable alternative

to AAV6-based GE and suggest its further development for the clinical translation of the
exonic hRAG1 GE strategy.

DISCUSSION

Here, we developed an HDR-mediated GE strategy in human HSPCs that rescues
physiologically regulated #RAG1 expression and function, enabling V(D)J recombination
during lymphopoiesis for the treatment of RAG1 deficiency. The proportion of corrected
human HSPCs in mice xenotransplanted with edited HD or patient derived cells surpasses
the lower threshold for correction of immune dysfunctions.

RAG gene defects lead to reduced survival and poor quality of life, unless treated by HSCT.
However, HSCT outcome can be compromised by several factors including age, clinical
status at the time of transplantation, donor availability, and transplant-related GvHD (3, 8,
11, 12). Autologous HSC gene therapy may thus provide an alternative treatment option.

In an ongoing phase I/1l clinical trial (NCT04797260) RAG1 SCID patients are being
treated by HSC gene replacement therapy with an LV carrying the co.nRAGL1 driven by the
YRV-derived MND promoter and lacking the endogenous RAG1 3’UTR post-transcriptional
regulation (14). However, the choice of a retroviral strong and constitutively active
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promoter raises concerns for the long-term safety of this strategy, given the occurrence

of myelodysplastic syndromes in adrenoleukodystrophy patients treated with an LV carrying
the same promoter (https://www.fda.gov/media/159129/download). Moreover, constitutive
expression of ARAGI cannot recapitulate physiological regulation, which could result in
poor immune reconstitution and dysregulation (14, 18, 45), and potentially off-target RAG
recombinase activity (46, 47). Instead, HDR-mediated GE offers the unique advantage of

in situ editing the affected gene and preserving its physiological regulation (22, 24-26,

48, 49). We tailored 2D, 3D and in vivo tools to predict and validate the feasibility and
efficacy of our platforms. We adapted the recombination assay and the ATO system to the
GE platform, further expanding their application in the field of gene manipulation. Together
with xenograft models, we exploited these tools to show that the exonic GE strategies
outperformed the intronic one at the RAG1 locus, although we cannot exclude that selection
of different intronic target sites may alleviate this disadvantage. Despite effective targeted
integration of the corrective donor template and detectable expression of co.hRAG1, the
intronic strategy might disrupt regulatory elements, reported in other first introns to control
complex gene expression patterns (50, 51). Although intronic regulatory features mapping
into ARAGI targeted region are currently unknown, a homozygous mutation in first intron
of AhRAGI caused lymphoid differentiation block and reduced /gH repertoire diversity (52).
This evidence corroborates the hypothesis that the preservation of the intronic regulation

of hRAG1 is relevant for obtaining a functional rescue, as also demonstrated for X-CGD
GE targeting the CYBB locus (53). At variance with the intronic strategy, the exonic
targeting also maintains the proximity of the coding region to the endogenous 3’UTR,
critical for post-transcriptional regulation (54). (49)Our data obtained from the screening of
distinct corrective templates for intronic HDR-integration indicate that 3’UTR plays a role
in the modulation of transgene expression. Thus, various regulation layers synergistically
cooperating to stringently maintain proper /RAGI expression are preserved by our exonic
GE platform.

A successful GE platform relies on the tailored selection of all reagents necessary to
achieve substantial efficacy, specificity and predicted safety, while mitigating cytotoxicity
and genotoxic risks, especially in the context of HSPCs which have self-renewal capacity.
The selected gRNAs showed high specificity and a low risk profile based on off-target

site analyses. However, deeper studies are needed to investigate genome integrity in an
unbiased manner in gene edited HSPCs before moving to the clinical arena. Indeed,
growing evidence shows that a relevant fraction of cells treated with editing nucleases may
experience large deletions at the targeted locus, translocations, chromosomal arm loss and
even chromotripsis (44, 55-58). Nevertheless, assessing genome integrity using PCR-based
sequencing methods might introduce amplification artefacts and should be complemented
by multimodal innovative platforms, such as optical genome mapping, long read sequencing
and CAST-seq(59-61).

We exploited GSE56 and Ad5-E4orf6/7, which have been previously demonstrated to
enhance HDR-editing efficiency in long-term HSPCs and to allow polyclonal composition
of the human edited graft (34). Although inhibition of p53 may raise concerns for the
acquisition of genomic rearrangements, the partial and transient nature of the inhibition
alleviates this concern, and it may have the advantage of preventing selection of clones
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bearing pre-existing or induced loss-of-function p53 mutations (62). It is likely that disease
background factors, pharmacological treatments and disruption of BM niche (63),may
account for the higher sensitivity to cell manipulation observed here for h/RAGI mutated-
HSPCs than HD cells and impacting on their clonogenic potential, transcriptomic profile
and engraftment capability. The AAV6 vector platform was initially tested to deliver the
donor repair cassette. However, increasing evidence has shown that the high burden of
intact and fragmented AAV DNA triggers prolonged DNA damage response impacting the
repopulation potential and graft clonal diversity in xenograft models(44, 64-67). Although
AAVs has been considered a non-integrating platform, integration of inverted terminal
repeats (ITRs) or full-length AAV DNA in on and off-target sites (44, 68-70) raised
concerns for the possible impact of ITR transcription promoting activity on genes flanking
insertions (44, 71-77). We moved to the IDLV platform and achieved in the most primitive
HSPC subset similar HDR efficiency obtained with the AAV6 platform, indicating the
feasibility and potential advantage of IDLV. Other protocols are emerging, such as lipid
nanoparticles and prime editing to overcome the risk of viral sequence integration (78, 79),
dsDNA and ssDNA as corrective donors, and base editing to target hot spot mutations

(80, 81). Moreover, small molecules interfering with NHEJ-based repair could further
enhance the target integration frequency (82) limiting the need for high IDLV multiplicity of
infection (MOI).

Competitive transplant experiments showed that a threshold of >5-10% functional HSPCs
provide benefits in RagZ~~ mice, especially in the T-cell lineage. B-cell reconstitution
required higher donor chimerism, mirroring HSCT outcomes where patients often require
prolonged immunoglobulin replacement therapy because B-cell reconstitution occurs later
than other hematopoietic lineages (83). Our data indicated that a low proportion of WT/
HETERO cells in RagZ™~ mice, engrafted upon conditioning, allowed long-term rescue of
the secondary humoral response and argue in favour of including a conditioning regimen
in HSCT-based therapies for RAG1 deficiency as recently indicated by the EBMT/ESID
guidelines (9, 12, 84),(3, 16). Moreover, a stronger competition barrier is present in RAG1
hypomorphic conditions because of the additional presence of mutated mature T and B
cells in periphery. For this reason, the exonic strategies were designed with the dual aim

to dampen the competition exerted by host-derived lymphoid progenitors by exploiting
NHEJ-mediated ARAGI disruption of the mutant endogenous RAGI gene and to ARAG1
expression and function by HDR-mediated integration of a corrective copy of the gene.
These strategies can enhance the potential of corrected HSPCs and, in turn, of their
progeny to outperform mutant cells, thus effectively expanding the therapeutic application
of exonic GE to hypomorphic A/RAGI mutations. However, the complex scenario caused by
the competition between residual hematopoiesis, RAGI HDR-edited and RAGI disrupted
HSPCs has not been addressed in vivo. To further enhance the therapeutic advantage of
gene edited HPSCs, we envisage combining autologous GE with biological conditioning
that preserves non-hematopoietic tissues supportive for HSPC engraftment and fitness, and
lymphoid maturation (22, 85-87), as we have previously shown in RagZ mouse models (13,
88).

There are several limitations to our study. Although we combined several tools to
comprehensively demonstrate the efficacy of the exonic combined “knock-out and knock-in
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editing, the limited availability of RAG1 patient cells did not allow us to further investigate
the biology and transcriptional profile of mutant RAG1 HSPCs after donor template
delivery. As well, xenotransplant assays may not fully recapitulate all aspects of human
RAG1 deficiency, although this is partially compensated by the competitive mouse-in-mouse
transplant experiments.

Overall, we showed that HDR-editing of /RAGI exon 2 allows functional rescue of RAG1
defects by restoring its expression and activity, overcoming lymphoid differentiation block
and leading to the generation of mature T and B cells. This study represents a proof-of-
concept demonstration of therapeutically relevant HDR-correction of the #/RAGI locus for
the treatment of RAG1 deficiency, supporting further study of this exonic GE platform
towards clinical testing.

MATERIALS AND METHODS

Study design

The goal of this study was to develop a GE strategy to functionally correct the #/RAG1
locus and treat RAG1 deficiency. Different panels of CRISPR/Cas9 nucleases and corrective
donor templates were tested in HD and patient-derived HSPCs. Because of the limited
availability of human HSPCs, especially those that were patient-derived, the sample size

in each independent experiment was determined by the total number of available treated
cells. To overcome this limitation, we generated a NALM6.Rag1-KO cell line to challenge
all our platforms and assess the rescue of hRAGL1 expression and function in terms of
recombination activity. Moreover, we exploited the ATO system to use fewer HSPCs

and assess their fitness and the ability of GE to overcome of the T-cell differentiation
block. Each experiment was performed as independently as possible, on different days
with different cell stocks, different batches of reagents and mouse litters. For all in

vivo experiments, mice of similar age and sex were randomly assigned to experimental
groups. Sample sizes were determined according to previous publications and experimental
experience. All end points were prospectively determined by experimental design and

each experiment was performed with sufficient power to detect effects. The investigators
were blinded from the group allocation until the treatment and data collection were done.
Experimental data were repeated to obtain an adequate number of biological replicates

and the sample sizes, replicates, and statistics are reported in figures, figure legends,
supplementary and data tables.

Mice and transplantation protocols

For competitive transplant experiments, C57BI/6 wild-type (WT) mice were purchased from
Charles River Laboratories Inc. (Calco, Italy). B6.12957-Rag.12Mom/ mice (referred to as
Rag1™"), purchased from The Jackson Laboratory, were maintained in specific pathogen-
free (SPF) conditions (4 mice per cage) with 14-hour light/10-hour dark cycle or 12 light/12
dark cycle and a temperature of 65-75°F (~18-23°C) with 40-60% humidity following a
normal diet of fat content ranges from 4% to 11%. Ragl™~ mice were mated to C57BI/6
mice to generate Rag*” mice. Lineage-negative (Lin") cells were isolated as described (89)
from 6- to 10- weeks-old donor C57BL/6-CD45.1 WT or CD45.1/2 Rag*"~ mice, mixed at
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different ratios with CD45.2 Rag1™~ Lin~ cells, and intravenously transplanted at a total
dose of 0.5x108 cells into conditioned CD45.2 Ragl™~ mice (6-8 Gy total body irradiation).

For transplantation of human HSPCs, NOD-SCID IL2Rgnull mice (NSG) were purchased
from Charles River Laboratories Inc and maintained in SPF conditions. Sublethally
irradiated (180 cGy) 8-10 weeks-old NSG mice were transplanted with human CD34*
cells (0.4-1x10%) at day +1 of the GE protocol (Fig. 2C). All animal procedures were
performed with the approval of the Animal Care and Use Committee of the San Raffaele
Hospital (Protocol 910 for competitive transplant experiments and Protocol 1129 for
xenotransplantation in NSG mice) and communicated to the Ministry of Health and local
authorities according to Italian law.

ELISA and in vivo immunization

Steady state plasma concentrations of total 1gG, IgM, and IgA were measured 16 weeks
after the transplant by using a multiplex assay (Beadlyte Mouse Immunoglobulin Isotyping
kit, Millipore) on a Luminex Magpix instrument (Luminex Corp). B cell-activating

factor (BAFF) concentrations were analyzed with the mouse BAFF Quantikine ELISA
(R&D Systems), according to the manufacturer’s instructions. In vivo challenge with the
T-dependent antigen 2,4,6-trinitrophenyl (TNP)- conjugated keyhole limpet hemocyanin
(TNP-KLH, Biosearch Technologies) and measurement of TNP-specific antibody titers were
performed 16 weeks after transplantation as previously described (89).

Flow cytometry analyses

For analyses of competitive transplant experiments, single-cell suspensions were obtained
from BM, spleen, thymus, and peripheral blood and stained with the mAbs listed in

Table S8. Streptavidin phycoerythrin (PE)-cyanine 7 (Cy7) (BD PharMingen) was used

for the detection of biotinylated antibody. For analyses of human HSPCs subpopulations and
xenotransplant experiments with HSPCs, single-cell suspension was stained with the mAbs
listed in Table S9. For the evaluation of hRRAG1 recombination activity, GFP expression

was analyzed on NALMS6 cells collected 4 and 7 days upon starvation and stained with
anti-human CD4 mADb (Table S9).

For all samples, LIVE/DEAD Fixable Yellow (ThermoFisher Scientific) or 7-
aminoactinomycin (Sigma-Aldrich) was included in the sample preparation to exclude
dead cells from the analysis according to the manufacturer’s instructions. Sphero Rainbow
Calibration Particles (Spherotech) beads were used to calibrate the instrument detectors for
analysis performed at different time points. All samples were acquired on a FACSCanto Il
system (BD Biosciences, Calif) and analyzed with FlowJo software (TreeStar).

Cell lines and primary cell culture

K562, 293T, NALM6-WT (ATCC) and NALM6-RAG1.KO cell lines were cultured in
RPMI 1640 medium (Corning) supplemented with 10% heat-inactivated fetal bovine

serum (FBS) (Euroclone), 2mM L-glutamine (Euroclone) and 100U/1 penicilin/streptomycin
(Lonza). The murine stromal cell line (MS5) edited to ectopically express human Notch
ligand, delta-like 4 (hDLL4) was used for ATO (35).
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Human cord blood CD34* cells (CB-HSPCs) were obtained frozen from Lonza (PoieticsTM
cat# 2C 101) and Granulocyte colony-stimulating factor (G-CSF) or G-CSF*Plerixafor
mPB CD34* (mPB-HSPCs) cells were purchased frozen from Lonza or purified in house
with the CliniMACS CD34 Reagent System (Miltenyi Biotec) from Mobilized Leukopak
(AllCells) according to the TIGET-HPCT protocol approved by OSR Ethical Committee
and following the manufacturer’s instructions. They were stimulated before GE at the
concentration of 0.5x106 cells/ml in serum-free StemSpan™ SFEM (StemCell Technology)
medium supplemented with specific early-acting cytokines (26, 34)

Patient mPB-CD34" cells were kindly provided by L.D. Notarangelo (Laboratory of
Clinical Immunology and Microbiology, Division of Intramural Research, National Institute
of Allergy and Infectious Diseases, National Institutes of Health,). Informed consent

for biological samples’ collection and anonymized biological sample/data sharing for
RAG1 patients were obtained according to protocol NCT00001405 (www.clinicaltrials.gov),
approved by the National Institutes of Health Institutional Review Board (IRB). RAG1-
patient here named Pt_1 (NIHPID0021) is an adult male patient with CID-G/AI due to
missense RAGI mutations (C1228T; G1520A), receiving anti-CD20 mAb treatment to
control severe autoimmune manifestations. Pt_2 (NM_000448) is a 43 year-old male with
compound heterozygous mutations (¢.322C>T, p.R108X; ¢.1566G>T, p.W522), presenting
with recurrent sinopulmonary infections, autoimmunity, and vocal cord granulomas. Both
patients were under corticosteroid treatment. Peripheral blood-CD34* cells were isolated
after mobilization with G-CSF and plerixafor. The experiments conformed to the principles
set out in the WMA Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

Nucleases and viral vectors

Sequences of the gRNAs were designed using CRISPOR online tool (http://
crispor.tefor.net/) and selected for predicted specificity score and on-target activity.
Ribonucleoproteins (RNPs) were assembled by incubating at a predefined 1:1.5 molar ratio
Alt-R S.p. HiFi Cas9 Nuclease V3 protein (Integrated DNA Technologies) with synthetic
two part gRNAs (cr:tracrRNA) (Integrated DNA Technologies) for 5 min at 95° and cool for
10 min at room temperature, or with synthetic single guide RNAs (sgRNASs) (Synthego)

for 10 min at room temperature. Alt-R Electroporation Enhancer (Integrated DNA
Technologies) was added prior to electroporation according to manifacturer’s instructions,
only when adding synthetic two-parts gRNAs from Integrated DNA Technologies. Guide
RNA sequences are reported in the Table S10.

Donor construct maps were designed with SnapGene software v.6.0.2 (from GSL Biotech,
available at snapgene.com). Plasmid for LV.PGK-iGFP was modified by substituting the
GFP cDNA with the GFP.WPRE cassette from the pMX-RSS-GFP/IRES-hCD4 (pMX-INV)
(29, 32) retroviral vector-based plasmid kindly provided by Prof. L.D. Notarangelo. Briefly,
LVs were produced as previously described (90) by transient transfection of 293T cells with
the transfer vector mixed with VSV-G envelope encoding plasmid, pMDLg/pRRE, REV
plasmids and pADVANTAGE (Promega).
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Plasmids carrying GFP cassette were generated in house by specific restriction enzyme
(New England BioLabs) digestion and inserted into a dephosphorylated linearized backbone
with either Quick Ligase or T4 Ligase after purification with QIAquick PCR Purification Kit
(QIAGEN). After ligation, TOP10 chemically competent £. Colibacteria were transformed
and plated on plates containing antibiotics. Plasmid DNA was extracted and purified with
Wizard Plus SV Minipreps DNA Purification System (Promega) and EndoFree Plasmid
Maxi Kit (QIAGEN).

Donor Plasmid carrying the corrective co.hRAGI cDNA were synthetized by Genscript
Biotech Corp. Lyophilized constructs were resuspended in water (0.4ug/ul) and transformed
using One Shot™ TOP10 Chemically Competent E.coli cells. Plasmidic DNA was isolated
using NucleoBond Xtra Maxi Endotoxin Free kit (Macherey-Nagel). AAV6 vectors were
produced by the AAV Vector core at InnovaVector (TIGEM, Pozzuoli, Italy) by triple-
transfection of HEK293 method and purification by ultracentrifugation with two rounds of
cesium chloride gradient.

IDLV donors ware generated by the SR-Tiget Vector Core using HIV-derived, third-
generation self-inactivating transfer constructs for the donor template, a D64V integrase
mutant packaging construct and an HIV Rev and VSV.G expressing plasmids. IDLV
stocks were prepared by transient transfection of HEK293T. At 30 hours post-transfection,
vector-containing supernatants were collected, filtered, clarified, DNAse treated and loaded
on a DEAE-packed column for Anion Exchange Chromatography. The vector-containing
peaks were collected, subjected to a second round of DNAse treatment, concentration by
Tangential Flow Filtration and a final Size Exclusion Chromatography separation followed
by sterilizing filtration and titration of the purified stocks as previously described (90).

Gene editing on cell lines and primary cells

For GE on cell lines, after three days of culture, 0.5-1x10° cells were washed with
Dulbecco’s Phospate Buffered Saline (DPBS, Corning) and electroporated using SF

Cell 4D-Nucleofector X Kit and Nucleofector 4D device (programs: NALM6, DS100;
K562, FF120; 293T, Q-001; Lonza). Cells were electroporated with linearized nuclease
plasmids or RNPs (at concentrations specified in the text) with Alt-R Electroporation
Enhancer (Integrated DNA Technologies) only for two-parts gRNAs. Fifteen minutes after
electroporation, cells were transduced with donor templates at indicated MOI.

For GE on human CB- or mPB-HSPCs we followed the previous described protocols

(34). After three days of stimulation 0.2—0.7x106 cells were washed with DPBS and
electroporated using P3 Primary Cell 4D-Nucleofector X Kit and Nucleofector device
(program EO-100) (Lonza). Cells were electroporated with RNPs at indicated concentrations
together with Alt-R Electroporation Enhancer (Integrated DNA Technologies) only for two-
parts gRNAs. AAV6 transduction was performed 15 minutes after electroporation at the
indicated doses. For 1-hit IDLV GE protocol, treatment with CsH (8uM) and transduction
with IDLVs (MOI 150) were performed 15 min after electroporation. According to the
experiments, 3 g of GSE5S6 mRNA, 1.5 pg Ad5-E4orf6/7 mRNA or 5 g of their
combination as single RNA(34)were transfected along with RNP before AAV6 or IDLV
transduction.

Sci Transl Med. Author manuscript; available in PMC 2024 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Castiello et al. Page 17

Recombination activity assay

NALM6-WT or NALM6-RAG1.KO cells transduced with LV.PGK-iGFP (MOl 5) and
kept in culture in RPMI 1640 medium (Corning) supplemented with 10% heat-inactivated
FBS (Euroclone), 2mM L-glutamine (Euroclone) and 100U/mL penicillin/streptomycin
(Lonza). After six days cells were kept in serum starvation or treated with 4uM CDKA4/6i
(CalbioChem) to synchronize cell cycle phase in G1 phase when recombination activity is
high. No differences were observed between the two starvation methods (fig. S7F). Flow
cytometric analysis was performed after four and seven days of starvation: cells efficiently
transduced were hCD4+ and only those cells with functional RAG1/2 complex were GFP™,
Four days after starvation, cells were collected for gene expression analyses.

Clonogenic assay

Colony-forming-unit cell (CFU-C) assay was performed by plating in three technical
replicates 800 HSPCs/each in methylcellulose based medium (MethoCult, STEMCELL
Technologies) supplemented with 100 IU/ml penicillin and 100ug/ml streptomycin. Two
weeks after plating, colonies were counted and classified according to morphological
criteria.

Artificial thymic organoids

The ATO platform is generated by aggregating a MS5-hDL L4 cell line (kindly provided
by G.M. Crooks, Department of Pathology and Laboratory Medicine, David Geffen School
of Medicine, Univ. of California, Los Angeles (UCLA)) with CB- or mPB-HSPCs, as
previously described (35).

Molecular analyses

Indels induced by NHEJ were measured by a mismatched-sensitive endonuclease assay by
PCR-based amplification of the targeted locus (as previously described (22, 34)) followed
by digestion with T7 endonuclease | (T7E1, New England Biolabs) according to the
manufacturer’s instructions. Digested DNA fragments were resolved and quantified by
capillary electrophoresis on LabChip® GX Touch HT (Perkin Elmer) or 4200 TapeStation
System (Agilent) according to manufacturer’s instructions. NHEJ efficiency was calculated
as the ratio of the uncleaved parental fragment versus cleaved fragments.

For HDR digital droplet PCR (ddPCR) analysis, 15-10ng of genomic DNA were analyzed
using the QX200 Droplet Digital PCR System (Bio-Rad) according to manufacturer’s
instructions. Primers and probes for ddPCR were designed on the junction between the
targeted locus and the donor sequence. Human TTC5 (Bio-Rad) was used as normalizer. The
percentage of cells harboring biallelic integration was calculated with the following formula:
(concentration (copies/ul) of target+ droplets / concentration of TELO+ droplets) x100.

Expression of the endogenous /RAGI or the exogenous co.hRAG1 was assessed on total
RNA extracted using RNeasy Micro Kit (QIAGEN) according to manufacturer’s instructions
and retrotranscribed to cDNA using High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). 1-5ng of cDNA was then used for quantification by RT-qPCR using
Power SYBR™ Green PCR Master Mix (Applied Biosystems). Human RPLPO and Beta-
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actin were used as normalizers. Primers and probes sequences for NHEJ, HDR and gene
expression are listed in Table S11.

Whole transcriptomic analysis was performed on a pool of HSPCs derived from 2 mPB HDs
and 2 RAG1 patients. Total RNA was isolated before the stimulation culture (d-3) and 24
hours after the editing (d+1) using miRNeasy Micro Kit (QIAGEN), and DNase treatment
was performed using RNase-free DNase Set (QIAGEN), according to the manufacturer’s
instructions. Unedited cells (not electroporated and not transduced) collected at d+1 were
used as comparative group for the edited cells at same time point. RNA samples passed
quantity and quality criteria for library preparation and sequencing on a NextSeq 500 High
150 (Illumina). RNA-seq details and bioinformatic analysis are described in Supplementary
Materials and Methods.

Western blot assay

Cellular proteins were extracted, separated by SDS-PAGE and transferred onto Trans-Blot
Turbo Mini 0.2 um Nitrocellulose Transfer Packs (BioRad) using the Trans-Blot Turbo
Apparatus (BioRad). The following primary antibodies were used: anti-human RAG1
(1:500; Cell Signaling Technology- cat. #D36B3); anti-human p38 (1:2000 Cell Signaling
Technology — cat. #9212); b-actin. Goat anti-rabbit 1gG (1:2000; Cell Signaling Technology
- cat. #7074) was used as secondary antibody conjugated to horseradish peroxidase

(HRP). Immunostained bands were detected using the chemiluminescent method (ECL
Prime Western Blotting Detection Regeants — Amersham™) and images were obtained by
ChemiDoc Imaging Systems (BioRad).

Off-target analyses

In silico prediction of off-target profile was performed with CRISPOR (http://
crispor.tefor.net). For GUIDE-seq analysis 1x108 K562 cells were electroporated with 50
pmol of High Fidelity Cas9 Nuclease V3 and a specific gRNA as RNP in presence of
200pmol dsODN (41). After editing with dsSODN, cells were collected, and genomic DNA
was extracted with QlAamp DNA Micro Kit (QIAGEN). Successful dsODN integration at
the on-target site was evaluated by restriction fragment polymorphism assay using Ndel
enzyme (NEB) and 4x106 viable cells were collected for library preparation and sequencing
performed by Creative Biogen Biotechology using Unique Molecular Identifier (UMI) for
tracking PCR duplicates. Quality checking and trimming were performed on the sequencing
reads, using FastQC (v 0.11.9) and Trim_galore (v 0.6.6), respectively. High quality reads
were aligned against the human reference genome (GRCh38), using Bowtie2 (v 2.3.5) (91)
in the “very-sensitive-local” mode, in order to achieve optimal alignments. GUIDE-seq data
analysis was performed employing the R/Bioconductor package GUIDE-seq (v.1.24.0) (92),
and using UMI to deduplicate reads. To deepen the investigation to very weak potential
off-targets, relaxed constraints (minimum number of 10 reads and maximum number of 10
mismatches) were applied. Visualization of off-target alignments were perfomed by Jalview
cross-platform program (v 2.11.2.6, https://www.jalview.org) (93).
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Deep sequencing and bioinformatic analysis

For amplicon deep sequencing, we generated amplicon libraries with two rounds of PCR
(primers listed in Table S11) starting from >50-100 ng of purified gDNA from three
independently edited and unedited HDs. The first PCR step was performed with GoTaq G2
Flexi DNA Polymerase (Promega) according to manufacturer instruction using the following
amplification protocol: 95°C x 5’min, (95°C x 0.45 min, 60-65°C x 0.45 min, 72°C x 1
min) x 20 cycles, 72°C x 10min. The second PCR step was performed with GoTaq G2

Flexi DNA Polymerase (Promega) according to manufacturer instruction using 5 ul of the
first-step PCR product and the following amplification protocol: 95°C x 5’min, (95°C x 0.45
min, 60-65°C x 0.45 min, 72°C x 1 min) x 20 cycles, 72°C x 10min. Second-step PCR was
performed with primers containing sample specific barcodes and adaptors. PCR amplicons
were then purified with Wizard SV Gel and PCR Clean-Up (Promega). Concentration and
quality of amplicons were assessed by QuantiFluor ONE dsDNA system (Promega) and
4200 Tapestation System (Agilent). Amplicons from up to 100 differently tagged samples
were multiplexed at equimolar ratios and run by Genewiz (Azenta Life Sciences) on HiSeq
2x150bp paired end sequencing (Illumina).

Sequencing analysis was performed by using CRISPResso2 (http://
crispresso2.pinellolab.org/submission), a software tool for the evaluation and comparison
of sequencing data from gene editing samples (94). We post-processed the CRISPRess02
outputs by comparing each sample with the corresponding UT control for the identification
of indel events and excluded substitutions to reduce potential false positive outputs.

TCRB repertoire

TCR repertoire was analysed by a high-throughput and bias-controlled multiplex PCR
amplification of TCR Beta sequence performed by immunoSEQ assay (Adaptive
Biotechnology). Details are described in Supplementary Materials and Methods.

Statistical analyses

Inferential and modelling techniques were applied in presence of adequate sample sizes

(n = 5), otherwise only descriptive statistics are reported. Due to the nature of collected
variables, nonparametric inferential procedures have been implemented: the Mann-Whitney
test was performed to compare two independent groups, Wilcoxon matched-pairs test was
used for paired comparisons; whereas in presence of more than two independent groups the
Kruskal-Wallis test followed by post-hoc analysis using Dunn’s test was used. The false
discovery rate (FDR) approach was used to adjust p-values for multiplicity. To analyze

the kinetics of cell reconstitution over time, random-intercept linear mixed-effects (LME)
models (95) were fitted, including a mouse specific random-effect term and results are
shown in Table S12. When fitting LME models, standard transformations (logarithm, square/
cubic root, ordered quantile normalization) were applied to outcome variables in order to
satisfy model assumptions. Post-hoc analysis after LME was performed to examine all the
pairwise comparisons between treatment groups at a fixed time point. Once more, FDR
procedure was used as method for adjusting p-values.
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Analyses were performed using GraphPad Prism v.9.4.0 (GraphPad) and R statistical
software (version 4.1.2, https://cran.r-project.org/index.html). Values are expressed as Mean
+ SEM and Pvalues are showed as: *<0.05; **<0.01; ***<0.001; ****<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunereconstitution in competitive transplant experiments
A. Schematics\ of competitive transplant of CD45.1 WT Lineage negative (Lin™) cells

admixed at different ratio with CD45.2 Rag1™~ (Rag1-KO) cells in conditioned Rag1-KO
mice. Immune reconstitution was assessed over time in peripheral blood and at termination
by collecting bone marrow (BM), thymus and spleen. In vivo T-cell dependent response
was evaluated by TNP-KHL challenge. B. Live double-negative (DN) CD4~CD8", double-
positive (DP) CD4*CD8*, single positive (SP) CD4*CD8~ and CD8*CD4™ cells were
analyzed at termination by flow cytometry and shown as proportion of live thymocytes
(WT untreated n=10; 70-100% WT n=32; 15-30% WT n=4; 10-15% WT n=7; 5-10% WT
n=14; 0-5% WT n=18; 100% KO n=20). C. Splenic CD3*CD4* and CD3*CD8* T-cell
counts are shown (WT untreated n=7; 70-100% WT n=30; 15-30% WT n=4; 10-15%
WT n=7; 5-10% WT n=14; 0-5% WT n=17; 100% KO n=9). D. B-cell differentiation
was analyzed by flow cytometry and shown as proportion of live BM B cells according
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to the following immunophenotype: PreProB cells B220+CD43*CD24™, ProB cells
B220*CD43*CD24*, PreB cells B220*CD43~1gM~, Immature cells B220*CD43~IgMN|
Mature recirculant cells (Mature rec.) B220NCD43-IgMInhigh (WT untreated n=10; 70—
100% WT n=33; 15-30% WT n=4; 10-15% WT n=7; 5-10% WT n=15; 0-5% WT

n=19; 100% KO n=24). E. Splenic B-cell counts. F-G. Immunoglobulin G (IgG, F) and
B-cell activating factor (BAFF, G) concentrations were analyzed in plasma 16 weeks after
the transplant. H. Thymopoiesis in RagZ-KO mice transplanted with CD45.1/2 Rag™"
(HETERO) Lin- cells admixed at different ratio with CD45.2 KO Lin~ cells (WT untreated
n=10; 70-100% WT n=32; 70-100% HETERO n=14; 50-60% HETERO n=5; 35-50%
HETERO n=2; 7-15% HETERO n=4; 0-5% HETERO n=5; 100% KO n=20). |. Splenic
CD4* and CD8* T-cell counts in RagI-KO mice transplanted with HETERO Lin~ cells (WT
untreated n=10; 70-100% WT n=30; 70-100% HETERO n=14; 50-60% HETERO n=6;
35-50% HETERO n=3; 7-15% HETERO n=4; 0-5% HETERO n=5; 100% KO n=9). J.
B-cell differentiation in BM of RagI-KO mice transplanted with HETERO Lin~ cells (WT
untreated n=10; 70-100% WT n=30; 70-100% HETERO n=14; 50-60% HETERO n=6;
35-50% HETERO n=3; 7-15% HETERO n=4; 0-5% HETERO n=5; 100% KO n=24). K.
Splenic B-cell counts in RagZ-KO mice transplanted with HETERO Lin~ cells. L and M.
Immunoglobulin G (IgG, L) and B-cell activating factor (BAFF, M) concentrations were
analyzed in plasma of RagZ-KO mice transplanted with HETERO Lin~ cells 16 weeks after
the transplant. B-M. One-way ANOVA, Kruskal-Wallis test was used to assess statistically
significant differences; asterisks were colored according to the legend; n.p., statistical
analysis not performed when sample size was <5; arrows at the end of bars indicate the
group to which all comparisons are statistically significant. Pvalues are showed as: *<0.05;
**<0.01; ***<0.001; ****<0.0001.
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Figure 2. Development and impact of intronic gene editing strategies on human HSPCs
A and B. Schematics of GE strategies exploiting the #RAG1 intronic target site and

two distinct corrective donor templates: the SA-co.hnRAG1-BGHPpA, including the polyA
sequence derived from Bovine Growth Hormone gene (BGH) (A), and the SA-co.hRAG1-
SD which allows the use of the endogenous 3” UTR sequence (B). Panels were created
using www.BioRender.com. C. Schematic of the GE protocol in NALM6-RAG1.KO
cells edited by gRNA 9 and SA-co.hRAG1-BGHpA or SA-co.hRAG1-SD AAV6 donor.
Bulk edited cells were single-cell sorted and mono- and bi-allelic edited clones were
identified by ddPCR. D. RAG1 recombination activity was measured as proportion of
GFP* cells gated on transduced CD4* cells in edited and unedited NALM6 cells (as bulk
and single clones) assessed 7 days after serum-starvation by flow cytometry. One-way
ANOVA, Kruskal-Wallis test was used to assess statistically significant differences. E
and F. Expression of co.hnRAG1 CDS in edited NALM6-RAG1.KO clones and controls

Sci Transl Med. Author manuscript; available in PMC 2024 June 04.


http://www.biorender.com/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Castiello et al.

Page 31

(unedited bulk NALM6-RAG1.KO cells) (E) and endogenous #RAGI in unedited NALM6-
WT cells (F) were assessed 4 days after serum-starvation. Wilcoxon matched-pair test

was used to assess statistically significant differences. G. Schematic of the GE protocol

in human HSPCs. H. Percentage of HDR-edited alleles in untreated (UT) and gene edited
(GE) HD mPB-HSPCs measured by ddPCR 4 days after editing. Mann-Whitney test was
used to assess statistically significant differences. |. Percentage of HDR-edited alleles was
measured by ddPCR 4 days after editing in untreated (UT) and gene edited (GE) mPB-
HSPCs derived from HDs and patients with RAG1 deficiency (RAG1-PTs). J. Analysis

of culture composition of mPB-HSPCs derived from HDs (n=3) and patient cells was
performed by flow-cytometry four days after editing. K. Multiparametric dissection analysis
of HSPC composition was performed before the prestimulation phase (d-3) and 1 day

after the GE procedure (d+1) in unedited (UT) and edited (GE) cells. Graphs show 20
subtypes analysed in the Lineage negative (Lin~) CD34" gate including: hematopoietic stem
cells (HSC), multipotent progenitors (MPP), multi-lymphoid progenitors (MLP), early T
progenitors (ETP), B and NK cell precursors (Pre-B/NK), common myeloid progenitors
(CMP), granulocyte-monocyte progenitors (GMP), megakaryo-erythroid progenitors (MEP),
megakaryocyte progenitors (MKp) and erythroid progenitors (EP). L. Number of colonies
belonging to erythroid burst forming units (BFU-E), granulocyte-macrophage colony
forming units (CFU-GM), and granulocyte, erythroid, macrophage, megakaryocyte units
(CFU-GEMM). Pvalues are showed as: *<0.05; **<0.01; ***<0.001; ****<0.0001.
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Figure 3. Suboptimal correction efficiency of intronic gene editing strategy in HD and RAG1-
patient HSPCs

A. Kinetics of human CD45* engraftment in peripheral blood of NSG mice transplanted
with HD and RAG1-patient mPB-HSPCs unedited (UT) or edited (GE) by g9/Cas9 RNP
and SA-co.hRAG1-BGHpA AAV6 donor in presence of GSE56. B. Kinetics of human B
cell (hCD19%), T cell (hCD3*) and Myeloid cell (hCD13™) reconstitution in peripheral blood
shown as proportion of total human CD45™ cells. C and D. Immune cell composition in BM
(C) and spleen (D) of NSG mice transplanted with unedited or edited HD and RAG1-patient
mPB-HSPCs; sample size is shown in the legend of panel A. E. Number of live cells
harvested 4 weeks after ATOs seeding with HD mPB-HSPCs edited by g9/Cas9 RNP and
SA-c0.hRAG1-BGHpA AAV6 donor in presence of different HDR-enhancers. F. Percentage
of HDR-edited alleles measured in ATO-derived cells 4 weeks after ATOs seeding with
mPB HD-HSPCs. G-H. Percentage of HDR-edited alleles measured in ATO-cells (6 weeks
after ATOs seeding (G)) or in mPB-HSPCs (4 days after GE, H) derived from HD and
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patients with RAG1 deficiency and edited by g9/Cas9 RNP and SA-co.hRAG1-BGHpA or
SA-c0.hRAG1-SD AAV6 donor in presence of GSE5S6 and Ad5-E4orf6/7. | . Representative
plots of T-cell differentiation in ATOs (gated on live CD45*CD56~ cells) 6 weeks after

the seeding with HD and RAG1-patients mPB-HSPCs untreated or edited by g9 and
SA-c0.hRAG1-BGHpA or SA-co.hRAG1-SD AAV6 donor in presence of GSE56 and Ad5-
E4orf6/7.
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Figure 4. Functional correction of hRAG1 expression and function mediated by exonic gene
editing strategies

A and B. Schematic representation of the targeting (A) and replacement (B) gene editing
strategies targeting #/RAGI exon 2. Panels were created using www.BioRender.com. C.
Graph shows proportion of GFP* cells measured 7 days after serum starvation by flow
cytometry as surrogate of RAG1 recombination activity in unedited bulk NALM6-WT (Bulk
WT), unedited bulk NALM6-RAG1.KO (Bulk RAG1.KO) cells and in NALM6-RAG1.KO
clones edited by g6ex/Cas9 RNP and targeting (Targ) or replacement AAV6 donor (Repl).
Square with dot is for bi-allelic clone; full-colored square symbols indicate samples assayed
in parallel. One-way ANOVA, Kruskal-Wallis test was used to assess statistically significant
differences. D. Expression of co.hRAG1 assessed before and 4 days after starvation in edited
NALM6-RAG1.KO clones in parallel to unedited WT and NALM6-RAG1.KO controls.
Wilcoxon matched-pair test was used to assess statistically significant differences. E.
Editing efficiency in terms of percentage of NHEJ- and HDR- edited alleles was evaluated
in HD mPB-HSPCs edited by g6ex/Cas9 RNP alone or transduced with targeting (Targ)
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or replacement (Repl) corrective AAV6 donors. Mean values are shown into the columns
(n of independent HDs = 3,4,4). F. Functional correction of RAG1 recombinase activity in
NALM6-RAGL.KO clones edited by gllex/Cas9 RNP and g13ex/Cas9 RNP with targeting
or replacement AAV6 donors measured by GFP* cells 7 days after starvation induced

by CDK4/6i. Square with dot is for bi-allelic clone; full-colored square symbols indicate
samples assayed in parallel. One-way ANOVA, Kruskal-Wallis test was used to assess
statistically significant differences. G. Expression of co.nRAG1 CDS assessed before and
4 days after starvation in edited NALM6-RAG1.KO clones. H. Editing efficiency in terms
of percentage of NHEJ- and HDR- edited alleles evaluated in HD mPB-HSPCs edited

by gllex/Cas9 RNP or g13ex/Cas9 RNP alone or transduced with targeting (Targ) or
replacement (Repl) corrective AAV6 donors. Mean values are shown into the columns (n
of independent HDs: gllex n=4, gllex/Targ n=2, gllex/Repl n=2, g13ex n=5, g13ex/Targ
n=3, g13ex/Repl 3). Pvalues are showed as: *<0.05; **<0.01; ***<0.001; ****<0.0001.
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Figure 5. Functional rescue of hRAG1 defects by exonic gene editing of RAG1-patient HSPCs
A. Percentage of HDR-edited alleles measured by ddPCR 4 days after editing in HD and

RAG1-patient mPB-HSPCs edited by gllex/Cas9 or g13ex/Cas9 RNP and targeting (Targ)
or replacement (Repl) AAV6 donor in the presence of editing enhancers (GSE56 and Ad5-
E4orf6/7). B. Composition of unedited and edited HD and patient-derived HSPCs evaluated
by flow cytometry 4 days after editing. C. Kinetics of human CD45* engraftment in
peripheral blood of NSG mice transplanted with HD and RAG1-patient (Pt_1) mPB-HSPCs
unedited (UT) or edited by g13ex/Cas9 RNP and targeting (Targ) or replacement (Repl)
AAV6 donor in presence of editing enhancers. D. Kinetics of human B cell (hCD19%), T cell
(hCD3*) and myeloid cell (hCD13™) reconstitution in peripheral blood shown as proportion
of total human CD45™ cells. E. Hematopoietic cell composition in BM of transplanted

NSG mice. F. Differentiation stages of B-cell lymphopoiesis in BM of transplanted NSG
mice was evaluated by flow cytometry according to the following immunophenotype: Pro-B,
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CD34*CD19-CD22*; Pre-Bl, CD34*CD19*; large Pre-Bll, CD34"CD19*CD10*CD207;
small Pre-BIl, CD34~CD19*CD10*CD20'"; immature, CD34-CD19*CD10*CD20*; mature
circulant, CD34-CD19*CD10~CD20*. G. Proportion of live CD3*TCRa/B* cells gated on
single positive CD4* cells (SP4) was measured by flow cytometry in thymocytes isolated
from transplanted NSG mice. H and I. Proportion of differentiated live CD3*TCRa/p*

T cells was measured at indicated weeks (wks) in ATOs seeded with HD (H) and
RAG1-patient (RAG1 Pt_1, 1) mPB-HSPCs edited with g1llex or g13ex and targeting

(/T) or replacement (/R) AAV6 donors in presence of editing enhancers. J. Percentage of
HDR-edited alleles in sorted T-cell subsets harvested from ATOs 6 weeks after seeding.
Analysis was not done in samples indicated by § asterisk because of few cell numbers. K.
Packcircle plots displaying abundance of TCRB rearrangements in bulk cells harvested 7.5
weeks after ATO seeding with HD and RAG1-patient mPB-HSPCs edited by g13ex/Cas9
RNP and Replacement (Repl) AAV6 donor. L. Simpson complexity index measuring the
sample clonality (ranging from O for a properly diverse population, to 1 for a monoclonal
population) in CD3*TCRa/B* cells sorted 6.5 weeks upon ATO-seeding or in bulk ATO
cells 7.5 weeks upon ATO-seeding.
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Figure 6. Comparison of AAV6 and IDLV asdelivery platformsfor RAG1 GE in HSPCs
A. Schematic representation of AAV6 and IDLV deliveries for the GE strategies targeting

the hRAG1 exon 2. B. Editing efficiency in terms of percentage of NHEJ- and HDR- edited
alleles evaluated in HD mPB-HSPCs edited by g13ex/Cas9 RNP alone or transduced with
AAV6 and IDLV targeting (Targ) or replacement (Repl) corrective donors evaluated 4 days
after editing. Mean values are shown into the columns (n. of independent HDs: g13ex n6,
AAV6 Targ n=6, AAV6 Repl n=4, IDLV Targ n=6, IDLV Repl n=4). C. Percentage of
HDR-edited alleles measured in sorted HSPC subsets, from the most committed (CD347)
to the most primitive subpopulation (CD34+*CD133*CD90*). Mean values are shown into
the columns (n of independent HDs: AAV6 Targ,n=3, AAV6 Repl n=1, IDLV Targ n=3,
IDLV Repl n=1). D. Composition of unedited and edited HD HSPCs evaluated by flow
cytometry 4 days after editing (n. of independent HDs: UT n=3, g13ex n=4, AAV6 Targ
n=4, AAV6 Repl n=3, IDLV Targ n=4, IDLV Repl n=2. E. Number of colonies belonging
to erythroid burst forming units (BFU-E), granulocyte-macrophage colony forming units
(CFU-GM), and granulocyte, erythroid, macrophage, megakaryocyte units (CFU-GEMM).
Mean values are shown into the columns (n. of independent HDs: UT n=4, g13ex n=4,
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AAVG6 Targ n=4, AAV6 Repl n=4, IDLV Targ n=4, IDLV Repl n=3. F. Graph shows
proportion of GFP* cells measured 7 days after serum starvation by flow cytometry as
surrogate of RAG1 recombination activity in unedited bulk NALM6-WT (Bulk WT),
unedited bulk NALM6-RAG1.KO (Bulk RAG1.KO) cells and in NALM6-RAG1.KO clones
edited by g13ex/Cas9 RNP and targeting (Targ) or replacement IDLV donor (Repl). One-
way ANOVA, Kruskal-Wallis test was used to assess statistically significant differences.

G. Expression of co.hRAG1 assessed before and 4 days after starvation in edited NALM6-
RAG1.KO clones in parallel to unedited WT and NALM6-RAG1.KO controls. Wilcoxon
matched-pair test was used to assess statistically significant differences. Pvalues are showed
as: *<0.05; **<0.01; ***<0.001; ****<0.0001.
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