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Preclinical modeling highlights the therapeutic
potential of hematopoietic stem cell gene editing
for correction of SCID-X1
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Targeted genome editing in hematopoietic stem/progenitor cells (HSPCs) is an attractive strategy for treating
immunohematological diseases. However, the limited efficiency of homology-directed editing in primitive
HSPCs constrains the yield of corrected cells and might affect the feasibility and safety of clinical translation.
These concerns need to be addressed in stringent preclinical models and overcome by developing more effi-
cient editing methods. We generated a humanized X-linked severe combined immunodeficiency (SCID-X1)
mouse model and evaluated the efficacy and safety of hematopoietic reconstitution from limited input of func-
tional HSPCs, establishing thresholds for full correction upon different types of conditioning. Unexpectedly,
conditioning before HSPC infusion was required to protect the mice from lymphoma developing when trans-
planting small numbers of progenitors. We then designed a one-size-fits-all IL2RG (interleukin-2 receptor com-
mon g-chain) gene correction strategy and, using the same reagents suitable for correction of human HSPC,
validated the edited human gene in the disease model in vivo, providing evidence of targeted gene editing
in mouse HSPCs and demonstrating the functionality of the IL2RG-edited lymphoid progeny. Finally, we opti-
mized editing reagents and protocol for human HSPCs and attained the threshold of IL2RG editing in long-term
repopulating cells predicted to safely rescue the disease, using clinically relevant HSPC sources and highly spe-
cific zinc finger nucleases or CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 (CRISPR-
associated protein 9). Overall, our work establishes the rationale and guiding principles for clinical translation of
SCID-X1 gene editing and provides a framework for developing gene correction for other diseases.

INTRODUCTION
Targeted genome editing may enhance the precision of genetic engi-
neering in cell and gene therapy. It exploits artificial nucleases, such
as zinc finger nucleases (ZFNs), transcription activator-like effector nu-
cleases (TALENs), and RNA-based CRISPR (clustered regularly inter-
spaced short palindromic repeats)/Cas9 (CRISPR-associated protein 9)
nucleases, to target a DNA double-strand break (DSB) or nick into a
predetermined sequence of the genome (1, 2). Depending on the DSB
repair pathway engaged, the outcomemay be functional inactivation of
the targeted locus by nonhomologous end joining (NHEJ), which often
introduces small insertions or deletions (“indels”), or introduction of a
new sequence by homology-directed repair (HDR) from an exogenous
template DNA bearing homology to the sequences flanking the DSBs.
The latter strategy has been used to knock in exogenous gene sequences,
such as functional complementary DNA (cDNA), into inherited defec-
tive genes downstream of their own promoter, thus reconstituting the
function and endogenous expression control of the mutant gene, with-
out the risk of random insertional mutagenesis (3–6). Moreover, this
approach has the advantage that most disease-causing mutations

affecting the locus, including deletions, can be treated with the same
engineered nucleases.

Notwithstanding the therapeutic potential of gene editing for the
treatment of immune hematological diseases, a major challenge to its
application comes from the limited efficiency of HDR in hematopoietic
stem/progenitor cells (HSPCs). Despite recent reports of improvements
in ex vivo gene editing protocols for human (7–11) and nonhuman
primate HSPCs (12), HDR-mediated insertion of exogenous genes re-
mains constrained in long-term severe combined immunodeficiency
(SCID)–repopulating HSPCs (7–11), likely because of low expression
of the HDRmachinery, cell quiescence, induced differentiation or ap-
optosis in response to DNA DSBs, and limited uptake of template
DNA. A limited yield of edited hematopoietic stem cells (HSCs)
may affect the feasibility and safety of clinical development of gene
editing. Moreover, stem cell–based therapeutics will require highly
specific targeted gene editing, which might be achieved with new or
improved nuclease platforms.

We have been developing a gene editing strategy to correct muta-
tions in the interleukin-2 receptor common g-chain (IL2RG) gene,
which are responsible for X-linked SCID (SCID-X1) (13), by knocking
in a corrective cDNA into the affected locus (7). Although we have
shown expression of a functional IL2RG from the edited allele in human
HSPCs (7), it remains unknown whether the edited locus fully recapi-
tulates the physiological gene expression pattern and its function during
cell differentiation and in orchestrating an immune response in vivo.
The knock-in strategy may fail to preserve or rescue some fine regula-
tory features associated with transcription and/or alternative splicing of
intronic sequences not included within the corrective cDNA or induce
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an epigenetic memory of the DNA repair, which may affect gene reg-
ulation.Moreover, it remains unclear whether a low input of edited pro-
genitors can safely and effectively rescue the disease, even in the
presence of the growth advantage conferred by gene correction. Thus,
there is a need to develop stringent preclinical models of disease correc-
tion by HSPC gene editing that suitably interrogate the features of the
therapeutic cell product and its administration strategy, two parameters
that may affect the timing and extent of immune reconstitution.

RESULTS
Establishing the threshold proportion of functional HSPCs
required for immune reconstitution
To model SCID-X1 gene correction, we developed a mouse model
carrying the human IL2RG gene with a disease-causing mutation
(R226H), which abrogates g-chain ex-
pression (13), in place of the murine
Il2rg gene (fig. S1A). By immunopheno-
typical and histological characteriza-
tion, we found that these humanized
SCID-X1 mice had impairments in
lymphoid development that phenocopy
those reported for Il2rg−/− mice (figs. S1
and S2 and table S1) (14–16).

We then determined the lowest frac-
tion of functional HSPCs required to res-
cue the immune function of SCID-X1
mice. We performed competitive trans-
plantations with wild-type (WT) and
IL2RG−/−HSPCsmixed at different ratios
in SCID-X1 recipients conditioned by
total body irradiation (TBI) and moni-
tored lymphohematopoietic reconstitu-
tion over time (Fig. 1A). We found that
B and T cells derived almost completely
fromWT cells, even in mice transplanted
with the lowest fraction (1%) of functional
HSPCs, demonstrating their strong se-
lective advantage over defective cells. Se-
lective advantage was also found within
the Lin−Sca1+ bone marrow (BM) cells,
which include progenitors endowed
with lymphoid potential (fig. S3A) (17).
Conversely, the WT chimerism observed
within mature myeloid cells in the pe-
ripheral blood (PB), myeloid progenitors,
and the more primitive KLS+ (Kit+Lin−

Sca1+) cells closely mirrored those of the
inputHSPC, as expected for cell types that
are not dependent on IL2RG signaling for
their survival and proliferation (Fig. 1B
and fig. S3A). Consistent with the selec-
tive advantage of WT lymphoid cells, we
foundhigh amounts of B andT cell recon-
stitution, measured as percentage (Fig. 1C)
and absolute counts (Fig. 1D) at long-term
follow-up after transplantation. Adminis-
tration of 10%WT cells almost completely
rescued the B and T cell lineages, and even

administration of as little as 1%WT cells was still sufficient to support a
partial reconstitution of both compartments and normalization of the
CD4/CD8 ratio in the PB (Fig. 1E). A similar dose-dependent correction
of B and T cell compartments and phenotypes was found at end-point
analysis in the BM and spleen (fig. S3, B to E).

To determine what amount of correction is sufficient to confer
in vivo resistance to viral infections, we challenged some of the trans-
planted mice with a high dose of lymphocytic choriomeningitis virus
(LCMV). Mice reconstituted with increasing proportions of WT cells
displayed a dose-dependent T cell response to the virus, measured both
as increased total CD8+ counts in PB and as a percentage of cells
producing interferon-g (IFN-g) against an immunodominant viral pep-
tide (Fig. 1F, left and middle panels). Whereas mice transplanted with
10% of WT HSPCs successfully cleared the virus, mice transplanted
with 1%WTHSPCs developed fewer T cell clones responsive to LCMV
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Fig. 1. Competitive transplantation of WT and SCID-X1 HSPCs. (A) Schematic representation of competitive
transplant at different ratios of WT (black) and SCID-X1 Lin− HSPCs (red) into lethally irradiated SCID-X1 recipients. HSCT,
hematopoietic stem cell transplantation. (B) Chimerism of WT and SCID-X1 cells observed within CD19+ B cells, CD3+ T cells,
and CD11b+ myeloid cells 15 weeks after transplant (n = 7 or 8 per group, pooled from two independent
experiments). (C) Percent composition of myeloid and lymphoid lineages in PB 18 weeks after transplant. (D) Total
counts of CD19+ B cells (left) and CD3+ T cells (right) in PB 18 weeks after transplant (Kruskal-Wallis test, median is
plotted). (E) Ratio of CD4 to CD8 T cells in the PB of mice 12 weeks after transplant (Kruskal-Wallis test, median is plotted).
(F) Left: Total number of CD8+ T cells measured in PB at indicated times after LCMV Armstrong infection (100% WT, 10%
WT, and 1% WT: n = 4; SCID: n = 3). Middle: Percent of CD8+ cells producing IFN-g measured in PB 8 days after LCMV
infection (Kruskal-Wallis test, median is plotted). Right: LCMV titer [log viral genome (VG)/ml] measured in the serum
[two-way analysis of variance (ANOVA)]. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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and achieved limited viral clearance (Fig. 1F, right panel). Overall, these
results suggest that the threshold of functional HSPCs required to re-
constitute immune function is between 1 and 10% of a standard trans-
plant dose.

Safety and efficacy of reconstitution without conditioning
Because T cell reconstitution can be achieved in transplanted SCID-X1
patients even in the absence of conditioning regimens (18–20), we eval-
uated their impact on the reconstitution from a limited number of func-
tional cells in competitive transplantation settings. By transplanting
matched doses and ratios of WT to SCID-X1 HSPCs in SCID-X1 mice
that were previously irradiated or not, we found that the transplanted
progenitors colonized the thymus but did not engraft the primitive he-
matopoietic compartments of the BM in the absence of conditioning
(fig. S4A), thus mainly providing T cell output (Fig. 2A). Mice trans-
planted without irradiation displayed a more robust T cell output from
3 to 6 weeks after HSPC administration, possibly as a result of better
homing and expansion of progenitors within an undamaged thymic
microenvironment (Fig. 2B) (21). When we measured the absolute
T cell counts at long-term follow-up,we found less reconstitutionwithout
conditioning at all transplanted ratios (Fig. 2C), likely due to the limited
naïve T cell output in the absence of a constant supply of progenitors
from the BM (fig. S4B). Notably, 50%of themice transplantedwithWT
cells without conditioning developed aggressive T cell lymphoblastic
lymphomas starting from 20 weeks after infusion (Fig. 2D), unlike
irradiated mice, which remained mostly tumor-free throughout
the follow-up of the experiment. The tumors developed within the thy-
mus, which became enlarged, and disseminated to other sites in some
mice (Fig. 2, E and F, and fig. S4, C to G). Tumors originated from one
or few clones, as determined by T cell receptor rearrangement analysis
(fig. S5A), and possibly from committed T cell progenitors in the thy-
mus, because similar malignancies were previously reported to develop
from thymic grafts of normal mice in SCID recipients (22). The
lymphomas were transplantable into immunodeficient and immuno-
competent mice, in which they broadly infiltrated hematopoietic and
nonhematopoietic organs (fig. S5B). Notably, upon stratifying the mice
according to the input or engrafted fraction of transplantedWTHSPCs,
we noticed that the fewer WT cells engrafted, the higher the fraction of
mice (65%) that developed lymphomas (Fig. 2G). To unravel whether
the protection from tumorigenesis observed upon conditioning is
linked to the slower T cell reconstitution observed after TBI or the en-
graftment of HSPCs in the BM that maintain thymus colonization in
the long term (22), we transplanted mice with a low WT HSPC input,
shielding the thymus during irradiation (fig. S5C). After this procedure,
T cell reconstitution showed a robust spike as in the nonirradiatedmice
but was then sustained at a higher level, likely because the mice
established a pool of functional HSPCs in the BM (Fig. 2H and fig.
S5D). These irradiated and shielded mice showed strongly reduced
but not abrogated occurrence of thymic lymphoma compared to the
nonirradiated mice, suggesting a partially protective effect from the en-
graftment of even a few corrected HSPCs within the BM in our SCID-
X1 model (Fig. 2I).

Immune reconstitution with clinically relevant and new
conditioning strategies
Because TBI is rarely used for transplant conditioning for non-
malignant diseases, we tested whether transplantation of 10% WT
HSPCswould achieve full immune reconstitutionwithmore clinically
relevant regimens. Treatment of themice with amyeloablative dose of
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Fig. 2. Efficacy and safety of hematopoietic reconstitutionwithout conditioning.
(A) Percent composition of myeloid and lymphoid lineages in the PB 12 weeks after
transplanting 10%WT cells without irradiation (No irrad; n= 8) or after lethal irradiation
(TBI, n = 10) of recipient SCID-X1 mice. (B) Percentage of PB T cells at indicated times
after transplant. TBI,n=15; no irradiation,n=21 (two-wayANOVA). (C) Total counts of PB
T cells measured 12 weeks after transplant. 100% TBI groups (black), n ≥ 7; no-irradiation
groups (red), n ≥ 10 (Kruskal-Wallis test, median is plotted). (D) Percentage of lymphoma-
freeanimals in the follow-upofSCID-X1mice transplantedwithWTHSPCswith (TBI,n=14)
or without (n = 32) irradiation (log-rank test). (E) Representative image of a thymic lobe
from amouse with thymic lymphoma and a control C57BL/6 mouse. Scale bar, 1 cm.
(F) Hematoxylin and eosin–stained section of thymic lymphoma. Scale bar, 20 mm.
(G) Percentage of lymphoma-freemice as in (D) after stratifying the data according to the
dose ofWT cells transplanted without conditioning (100%WT, n = 15; 10%WT, n = 17) or
the extent of PB engraftment with WT cells at 100 days after transplant (above or below
40% threshold). P= 0.14 and P> 0.05, respectively (log-rank test). (H) Percentage of T cells
in PB of SCID-X1mice transplanted withmatched doses of WT cells without irradiation
(n = 25) or after TBI without (n = 8) or with shielded thymus (TBI + screen, n = 13) (two-
way ANOVA). (I) Percentage of lymphoma-free animals in transplanted SCID-X1 mice
from (H) (k-sample log-rank test). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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the alkylating agent treosulfan resulted in myeloid engraftment with
WT cells approaching the input ratio, as observed after TBI, and full
reconstitution of the lymphoid compartments (Fig. 3, A and B). We
also explored a nongenotoxic strategy to selectively deplete hemato-
poietic cells with an immune toxin while sparing toxicity to the other
organs, as recently reported (23). SCID-X1 mice were treated with a
single dose of anti-CD45 antibodies conjugated to the protein synthe-
sis inhibitor toxin saporin (CD45-SAP), which caused substantial de-
pletion (~70%) of the HSPC compartments and milder depletion of
the more mature cell populations (fig. S6, A to C), and transplanted
with 10% WT cells 3 days later. Myeloid engraftment with WT cells
was lower for CD45-SAP than for TBI, used as a reference, but stable
in the follow-up, indicating successful HSC engraftment (Fig. 3C and
fig. S6D). Notably, T cell reconstitution after CD45-SAP was faster
and as robust as that achieved after TBI, despite the lower HSC en-
graftment, possibly because of the sparing of the thymus and BM
environments, resulting in similar counts of circulating T cells at long-
term follow-up (Fig. 3, D and E) and, upon LCMV challenge, similar
expansion of total and virus-specific CD8 T cells and a considerable al-
beit less robust viral clearance (Fig. 3F). These findings confirm that an
input of 10% functional HSPCs can support full lymphoid reconstitu-
tion across different conditioning strategies and highlight the potential
advantages of a milder regimen that selectively targeted hematopoietic
lineages and effectively rescued T lymphopoiesis even after engraftment
of only a few percent of WT HSCs.

Functional validation of the edited human IL2RG gene in the
SCID-X1 mouse model
To establish the therapeutic potential of a gene correction strategy for
the treatment of SCID-X1, we developed protocols for gene editing in
mouse HSPCs (“electro ZFN” and “lentiviral vector (LV) guide RNA
(gRNA)”; fig. S7) targeting either intron 1 or exon 5 of IL2RG (fig.
S7A). We first explored a procedure based on the delivery of donor
DNA template by integrase-defective lentiviral vectors (IDLVs) and
the transfection of ZFN mRNAs (fig. S7B, top). This protocol yielded
high on-target nuclease activity and transgene integration (fig. S7C),
but also high cytotoxicity, mostly due to the electroporation of ex-
ogenous mRNAs (fig. S7D). By sorting cells for Sca1 expression, we ob-
served a lower proportion of edited cells—both by NHEJ andHDR—in
the Sca1+ fraction, which contains the more primitive HSPCs, suggest-
ing lower activity of nucleases and/or more pronounced toxicity in
this compartment (fig. S7E). After transplantation into SCID-X1
mice, we observed stable engraftment of green fluorescent protein–
positive (GFP+) cells in a fraction ofmice (30%; fig. S7F), withmarking
confined to lymphoid cells, in which the corrected gene confers a se-
lective growth advantage, and lack of engraftment of edited HSCs (fig.
S7, G and H). To distinguish whether the lack of edited mouse HSCs
might be due to hypersensitivity of these cells to mRNA electropora-
tion or represents a general biological response of mouse HSPCs to
DNA DSBs, as previously reported (24–27), or a specific liability of
the SCID-X1 model, we used a transgenic mouse constitutively ex-
pressing SpCas9 (28). We verified robust Cas9 expression in the prim-
itive hematopoietic compartments in both the homozygous and
heterozygous mice (fig. S7I) and transiently expressed the gRNA in
these cells by IDLV transduction (fig. S7J). We first targeted a locus
expected to be neutral for hematopoiesis, the noncoding region of the
Ghr gene, reaching up to 80% indels ex vivo with onlymild toxicity (fig.
S7K), and scored stable long-termmaintenance of the edited cells upon
transplantation in the mice, accounting for an average of 40% of the

graft (fig. S7L). Upon sorting the different hematopoietic populations
from the spleen and BM, we confirmed editing in lymphoid and mye-
loid lineages, as well as progenitors and HSCs from the BM (fig. S7M),
demonstrating that the few DNA DSBs are well tolerated by mouse
HSCs and do not impair their engraftment and long-term repopulation
ability. To adapt the procedure to the correction of the SCID-X1model,
we crossed the Cas9 transgenic mice with SCID-X1 homozygous
females and treated the male offspring (SCID-X1–Cas9+/− mice).
SCID-X1–Cas9+/−HSPCs were transduced with an optimized protocol
based on a single IDLV containing either of the two IL2RG donor
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Fig. 3. Hematopoietic reconstitution with clinically relevant conditioning reg-
imens. (A) Chimerism of WT and SCID-X1 cells observed within CD11b+ myeloid cells
12weeks after transplant of 10%WTLin− cells after conditioning the recipientswith TBI
(n = 5) or treosulfan (n = 5). (B) Percent PB composition of myeloid and lymphoid
lineages in mice from (A). (C) Chimerism of WT and SCID-X1 cells observed within
CD11b+ myeloid cells 15 weeks after transplant of 10% WT Lin− cells in recipients
conditionedwith TBI (n=5) or CD45-SAP (n=5). (D) Percent PB compositionofmyeloid
and lymphoid lineages at the indicated times after transplant inmice from (C). (E) Total
counts of CD3+ T cells measured in PB 15 weeks after transplant in mice from (C)
(Mann-Whitney test,median is plotted). (F) Left: Total number of CD8+ T cellsmeasured
in PB at indicated times after LCMV Armstrong infection of mice from (C). Middle: Per-
cent of CD8+ cells producing IFN-gmeasured in PB 8 days after LCMV infection (Mann-
Whitney test, median is plotted). Right: LCMV titer (log VG/ml) measured in the serum
at the indicated times; nontransplanted WT and SCID-X1 mice were used as controls.
**P < 0.01 and ***P < 0.001 (two-way ANOVA).

S C I ENCE TRANS LAT IONAL MED I C I N E | R E S EARCH ART I C L E

Schiroli et al., Sci. Transl. Med. 9, eaan0820 (2017) 11 October 2017 4 of 11

D
ow

nloaded from
 https://w

w
w

.science.org at Sapienza U
niversit di R

om
a on N

ovem
ber 17, 2021



templates described above and expressing the cognate gRNA target-
ing a region within either ZFN cleavage site (fig. S7, N to P). By by-
passing the nuclease mRNA delivery step, we alleviated the cytotoxicity
of the ex vivo editing protocol in mouse HSCs (mean 93% live cells) and
also obtained high levels of NHEJ and improved HDR within the Sca1+

compartment (fig. S7, Q andR). By this procedure, we obtained engraft-
ment of the edited cells in nearly all the transplanted SCID-X1 mice
(93%; fig. S7S), with a median of 0.5% BM KLS+ cells edited by HDR,
as measured by the expression of the GFP marker knocked in with the
corrective cDNA (fig. S7T) and substantial numbers of indels measured
in IL2RG in circulating cells (fig. S7U). Overall, our data provide evi-
dence of successful targeted gene editing of mouse lymphoid progeni-
tors and HSCs, although it was still limited when the intended outcome
was dependent on HDR.

By analyzing the cellular composition of the PB and spleen of the
mice transplanted with SCID-X1 HSPCs treated for gene editing with
these protocols, we observed the emergence of B cells and expanded
and persistent T cells, unlike our findings in SCID-X1 mice trans-
planted with uncorrected HSPCs (Fig. 4A and fig. S8A). The mature
lymphoid compartments were almost completely composed of GFP+

cells, confirming the selective advantage of edited cells over the un-
edited SCID-X1 cells. The extent of T cell reconstitution achieved in
these mice was similar to that obtained by transplanting 1% WT
HSPCs (Fig. 4, B and C).

By characterizing the reconstituted lymphoid lineages within the
BM and spleen, we found that the immunophenotype and distribution
of the gene-corrected cells were similar to those of WT mice. In par-
ticular, the CD4/CD8 T cell ratio was completely restored (Fig. 4D).
Moreover, whereas SCID-X1 B cell progenitors were blocked at the
pre-pro-B early stage of differentiation, the corrected B cells normally
progressed across all differentiation stages (Fig. 4E). Corrected B cells
were also able to proliferate and up-regulate the CD69 activation
marker when stimulated ex vivo (Fig. 4F). To test the functionality
of the gene-corrected T cells, we harvested T cells from the spleen
and confirmed their IL2RG-dependent proliferation in response to
several stimuli with both exon 5 and intron 1 gene-correcting reagents
(Fig. 4G and fig. S8B). Finally, we challenged the reconstituted mice
with LCMV and observed emergence of viral-specific CD8+ T cells
expressing IFN-g, demonstrating the ability of the corrected cells to
engage in an effector response in vivo (Fig. 4H). Together, these results
show that the transplantation of editedHSPCs can generate functional
lymphoid progeny in the engrafted mice to an extent similar to that
expected after transplanting a matched proportion of WT HSPCs,
thus providing validation of our corrective gene knock-in strategy in
a disease model. We did not detect occurrence of thymic lymphoma-
genesis in the follow-up of mice transplanted with edited HSPCs with
either protocol, further supporting the protective role of conditioning
when a small input of functional HSPCs is infused (fig. S8C).
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Fig. 4. Functional validation of IL2RG-edited lymphoid cells in transplantedmice. (A) Composition of myeloid and lymphoid lineages in PB after transplantation with SCID-
X1 cells (n=7), 1%WT cells (n=8), or SCID-X1 cells treatedwith the exon 5 IL2RG electro ZFN (n=12) or LV gRNA (n=15) protocols. Significance is shown relative toSCID-X1. (B) PB
T cell counts 18weeks after transplant (n = 8, 12, and 20 forWT, electro ZFN, and LV gRNA, respectively). (C) Percentage of naïve cells within CD8+ (left) and CD4+ (right) splenic
T cells (n = 3, 5, 11, and 12 for 1%WT, SCID, electro ZFN, and LV gRNA, respectively; median is plotted). (D) Ratio of CD4 to CD8 T cells in the spleen ≥21weeks after transplant;
untransplanted WT mice reported as controls (n = 8, median is plotted). (E) Percent of the indicated B cell subpopulations within BM B220+ cells ≥21 weeks after transplant
[SCID-X1, n = 8; WT, n = 9; EDITED (either of the protocols), n = 15]. (F) Proliferation index (left) and percentage of CD69+ B cells (right) among exon 5 IL2RG-edited B cells from
the spleen of transplanted mice (n = 8) or from a WT mouse as control, stimulated or not with unmethylated CpG oligodeoxynucleotides (CpG). Unst, unstimulated. (G) Cell
proliferationmeasured by fluorescent dye dilution of exon 5 IL2RG-edited T cells and SCID-X1 cells, stimulated as indicated. ConA, concanavalin A. (H) Percentage of CD8+ cells
expressing IFN-g from PB 7 days after LCMV infection of transplantedmice (n = 5, 7, and 4 for EDITED, SCID-X1, and 1%WT, respectively; Kruskal-Wallis test, median is plotted).
*P < 0.05, **P < 0.01, and ***P < 0.001.
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Efficient, highly specific, and scalable editing of human
CD34+ HSPCs for IL2RG gene correction
Having obtained functional evidence of the therapeutic potential of our
gene correction strategy in the SCID-X1 mice, we aimed to optimize
humanHSPC gene editing to reach the threshold for safe reconstitution
predicted in our SCID-X1 mouse model (≥10% IL2RG editing in the
more primitive HSPC fraction). We focused on targeting the intron
1 IL2RG site to correct the vastmajority of SCID-X1–causingmutations
with the same reagents. Whereas the choice of donor template and the
design of the edited locus could be stringently validated in our human-
ized mouse model, the same cannot be said of the specificity of the nu-
cleases on the genome, given the species-specific sequence. For the
studies described so far, we used a pair of six-finger ZFNs that was high-
ly specific for the intended target, as gauged by the percentage of indels
found by deep sequencing at the target site (66% indels at the highest
ZFN dose) and all the off-target sites identified by an unbiased genome-
wide screening (29). For the humanHSPC studies, this pair was further
optimized bymutations that reduce the affinity of the protein backbone
for the phosphate group in the DNA and allow increased activity and
selectivity of cleavage (Table 1 and table S2). The improved ZFNs
gained >2 log in selectivity (ratio between on-target indels and the
sum of indels at all interrogated off-target sites) over the pair used in
the previous studies while displaying higher on-target activity and im-
proved tolerability at increasing doses. To further validate the improved
intron 1 IL2RG gene editing reagents on a human cell type that depends
on expression of the targeted gene for survival and proliferation, we per-
formed the editing procedure on primary T lymphocytes frommale do-
nors (which contain only one IL2RG allele). For comparison, we used
ZFNs targeting exon 5 of IL2RG or an unrelated locus (AAVS1) (30).
Whereas the subset of exon 5 IL2RG-edited cells that repaired the DNA
DSBs by NHEJ, thus disrupting the reading frame of the gene, was
counterselected shortly after the treatment, the subset of cells that re-
paired the break by HDR grew in culture similarly to the AAVS1-
targeted control cells. Intron 1–targeted T cells that underwentNHEJ or
HDR at the site, measured by a newly validated droplet digital polymer-
ase chain reaction (ddPCR) assay (fig. S9A), expanded similarly to the
other unedited or control cells, demonstrating that the intron 1–
targeted cDNA supports survival and normal proliferation of human
T cells (Fig. 5A and fig. S9, B to D). By evaluating the extent of g-chain
expression on the surface of the targeted cells, the closest amount of ex-
pression to that of nontargeted cells was obtained for a donor construct
containing a codon usage optimized cDNA, likely compensating for
the lack ofmultiple introns in the primary transcript of the edited gene
(fig. S9E). The functionality of the edited allele was confirmed by
showing similar kinetics and extent of phosphorylation of downstream

effectors of the g-chain signaling pathway between edited and unedited
T cells upon cytokine stimulation (fig. S9F).

We then turned to CD34+HSPCs to establish a gene correction pro-
tocol that would be transferable to the clinic. We first investigated
whether introducing exogenous RNA may trigger innate cellular re-
sponses potentially detrimental to cell fitness and found a substantial
but transient up-regulation of several IFN-responsive genes (IRGs)
in CD34+ cells (fig. S10A). This response was specifically triggered
by the exogenous RNA and amplified by the release of type I IFN in
the culture medium, as shown by its blockade upon addition of the
B18R IFNdecoy receptor (fig. S10B). Because IFN exposuremay be det-
rimental to HSC repopulation activity and may impair transduction by
viral vectors carrying the donor template, we modified the ZFNmRNA
during in vitro transcription by incorporation of base analogs that pre-
vent recognition by cellular sensors. Furthermore, we purified the
mRNAs by high-performance liquid chromatography (HPLC) to re-
move shorter RNA contaminants. Both strategies strongly reduced
IRG up-regulation, and their combination nearly completely abrogated
this IRG response (fig. S10C) and increased HDR-mediated editing in
all HSPC subpopulations, including the most primitive fraction (fig.
S10D). We then treated CD34+ cells derived from the cord blood
(CB) of a SCID-X1 patient (bearing the R289X mutation) and showed
extensive editing of the targeted locus (Fig. 5B).

To further optimize editing, we evaluated whether using an adeno-
associated virus type 6 (AAV6) donorDNAvehicle shortly aftermRNA
electroporation could yield higher rates of gene editing, as recently re-
ported (9, 10), and achieved up to fivefold higher HDR-mediated gene
editing over IDLV-treated cells in all hematopoietic subpopulations
analyzed (mean 27% in themost primitive CD34+ CD133+ CD90+ cells).
This increase was observed for both CB- and BM-derived CD34+ cells
(Fig. 5C and fig. S10, E and F). Similar editing efficiencies were also ob-
tained by using state-of-the-art CRISPR/Cas9 reagents targeting the
same locus and delivered as ribonucleoprotein complexes (10), demon-
strating the portability of our procedure to other editing platforms, al-
thoughwe did not further investigate the latter in this study (Fig. 5C).We
did not observe any significant changes in the relative composition of the
hematopoietic subpopulations 3 days after the treatment compared
to untreated controls, suggesting that the optimized gene editing
procedure did not adversely affect the survival and growth of the
more primitive cells (Fig. 5D and fig. S10F, right panel). By trans-
planting the ZFN + IDLV or AAV6-treated cells into nonobese dia-
betic SCID g (NSG) mice, we obtained comparably high long-term
human cell engraftment (Fig. 5E) butwith a significantly higher fraction
of HDR-edited cells in the AAV6 treatment group (P < 0.05), reaching
an average of 13% in the PB (Fig. 5F) and >20% in the sorted myeloid,

Table 1. Off-target quantification for optimized intron 1 IL2RG ZFNs. Percentages of indelsmeasured by deep sequencing at the on-target and three off-target sites,
as well as cell viability formobilized human PB CD34+ cells treatedwith the selected intron 1 IL2RG ZFN lead pair or its optimized version. *P< 0.01 (Bonferroni sigificance).
OT, off-target site.

ZFN Dose (mg/ml) On OT1 OT4 OT6 On/∑OT % Cell viability

57629 + 57718 20 64.69* 6.18* 0.03 0.08 10.27 76.35

40 65.78* 14.88* 0.09* 0.45* 4.27 67.85

57629 improved version +
57718 improved version

20 74.53* 0.05 0.04 0.02 710.46 74.40

40 79.71* 0.03 0.03 0.05 733.99 74.75
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lymphoid, and progenitor cell popula-
tions from the BM (Fig. 5G), consistent
with the higher rates of HDR measured
in the most primitive cell fraction in the
ex vivo culture.

To mimic a clinically ready protocol
for HSPC gene editing, we scaled up the
entire process using a donor template
lacking the GFP reporter cassette. We
treated up to 2.5 × 107 CB-derived CD34+

cells with the optimized reagents and
reproduced the high rates of editing
observed at small scale within the dif-
ferent hematopoietic subpopulations,
analyzed after cell sorting (Fig. 5H).
Deep sequencing performed on the
treated CD34+ cells confirmed the high
specificity of the optimized ZFNs. We
did not detect significant amounts of
modification above the threshold of sen-
sitivity in any of the off-target sites iden-
tified byunbiased genome-wide screening
for the earlier generation ZFN set in the
bulk or sorted subpopulations (Table 2).
Transplantation of large-scale treated
cells into NSG mice confirmed robust
engraftment and HDR-mediated edit-
ing, which was also detected upon serial
transplantation in secondary recipients
(Fig. 5, I to K, and fig. S10G). IL2RG-
edited T cells harvested from trans-
plantedmice grew ex vivo in the presence
of g-chain–dependent cytokines to a
similar extent as their unedited counter-
parts, further confirming their function-
ality (Fig. 5L). Overall, these results
indicate that we can reach the threshold
of IL2RG gene editing for safe and effi-
cient correction of SCID-X1 established
in our preclinical model in human long-
term repopulating HSPCs.

DISCUSSION
Here, we report preclinical studies
geared toward clinical translation of tar-
geted genome editing of HSCs and its
application to the stable correction of
SCID-X1 disease. The proportion of
functional HSPCs in the cell product re-
quired to correct the disease in our
mouse model (~10%) was determined
using cells expressing the WT murine
Il2rg. This figure was true across dif-
ferent types of conditioning, including
TBI, myeloablative chemotherapy, and
a milder immunotoxin-based selective
depletion of hematopoietic cells. Whereas
the two myeloablative strategies (TBI
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Fig. 5. Efficient and scalable IL2RG editing in human CD34+ and T cells. (A) Percentage of primary human male T cells
edited by HDR (left) or NHEJ (right) at intron 1 IL2RGusingWT (intron 1 IL2RG, n= 6) or codon usage optimized (intron 1 IL2RG
rec, n = 9) donor template or edited at AAVS1 (n = 3). (B) HDR and NHEJ 3 days after intron 1 IL2RG gene editing of CB CD34+

cells from an SCID-X1 patient (R289X) or WT cells as control. (C) Percentage of GFP+ cells measured within the indicated
subpopulations 3 days after intron 1 IL2RG editing of CB-derived CD34+ using the indicated donor template vector and
nuclease (n = 5, 7, and 6 for IDLV + ZFN, AAV6 + ZFN, and AAV6 + CRISPR/Cas9, respectively; Mann-Whitney test). (D) Sub-
population composition of treated CD34+ cells from (C). (E) Human CD45+ cell engraftment in PB at indicated times after
transplantation of CB CD34+ cells edited at intron 1 IL2RG using IDLV (n = 7) or AAV6 as donor (n = 9) (two-way ANOVA).
(F) Percentage of HDR within human cells measured by ddPCR in mice from (E) (n = 9; two-way ANOVA). (G) Percentage
of HDRmeasuredbyddPCR in sorted BMCD34+HSPCs, CD19+B cells, andCD33+myeloid cells frommice in (E) (Mann-Whitney
test,median is plotted). (H) HDR andNHEJ 3 days after intron 1 IL2RG editing of increasing amounts of CB-derived CD34+ cells in
bulk population (left) or within sorted subpopulations (right). (I) Percentage of HDR editing within human cells from mice trans-
planted with medium-scale (n = 6) or large-scale (n = 12) IL2RG-edited CD34+ cells from (H). (J) Percentage of HDR as in (G) from
large-scale transplantedmiceat the23-weekendpoint (n=6;median is plotted). (K) PercentageofHDRmeasured in the indicated
organs and sorted cells as in (G) 12 weeks upon secondary transplant of human CD34+ cells frommice in (I) (n = 6, median is
plotted). (L) Ex vivo growth of IL2RG-edited and unedited T cells (n= 9) from the spleen of NSGmice transplantedwith edited
CD34+ cells upon stimulation with g-chain–dependent cytokines (Mann-Whitney test). *P < 0.05, **P < 0.01, ***P < 0.001.
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and chemotherapy) established a WT HSC chimerism in the BM re-
flecting the input ratio, the biological conditioning was less efficient
but still resulted in robust lymphoid reconstitution, likely because of
better preservation of the tissue niches. This finding is encouraging from
the perspective of clinical translation, because treatment of SCID-X1
would most likely rely on a mild conditioning regimen that may lower
the proportion of engrafted HSCs from the administered cell product.
Extrapolation of the mouse data to the human setting should also con-
sider the following aspects. Whereas the thymus in SCID-X1 mice is
hypomorphic but its overall structure is partially preserved, this organ
is more severely affected by the disease in humans, possibly hindering
the extent of reconstitution, even if the T cell compartment is success-
fully restored upon allogeneic transplantation or autologous gene ther-
apy. On the other hand, the complete lack of T cells in SCID-X1
children might provide for lower competition in the thymus than ob-
served in SCID-X1mice, thus resulting in overestimation of the thresh-
old in the mouse model. Overall, our prediction that engraftment of
≥10% corrected HSPCs will provide benefits in human patients is in
line with recent clinical data on LV-based gene therapy for SCID-X1,
where patients showing a vector copy number ≤0.1 in the HSC and
myeloid compartments showed substantial clinical improvement (31).

TBI before transplant also protected the mice from an unexpectedly
high incidence of thymic lymphoma during long-term follow-up. Our
findings suggest that these tumors might arise as a consequence of sus-
tained thymocyte proliferation from a limited input of administered
progenitors that lack or have limited replenishment from the BM and
a preserved thymicmicroenvironment allowing their rapid growth. The
increasing rate of tumorigenesis inmice receiving a lower input of func-
tional cells suggests that the fewer Il2rg+/+ thymic progenitors contrib-
ute to thymopoiesis, the stronger the replicative stress they are subjected
to, raising concerns for the long-term safety of functional reconstitution
by a limiting number of corrected progenitors. Our findings are con-
sistent with a previous report of tumorigenesis from WT thymic pro-
genitors growing in the absence of BM replacement in SCID mice (22)
and further supported by a recent study in another model of SCID-X1,
where thymic lymphomas arose upon limiting transplant doses after
sublethal irradiation as conditioning (32). Although the lymphomagen-

esis observed in transplanted SCID-X1 mice might be a mouse-specific
effect, it could help in explaining the high leukemia incidence observed
in SCID-X1 gene therapy trials performedwith early-generation vectors
(33), at variance with gene therapy trials performed for adenosine
deaminase–SCID with a similar type of vector but including adminis-
tration of amild conditioning regimen to allow someHSC engraftment.
The inverse dependence of lymphomagenesis on input cell dose might
help explain why no leukemic events have been reported in SCID pa-
tients after allogeneic BM transplantation, which is usually performed
without conditioning but with the infusion of a full dose of functional
donor cells (20).

We demonstrated functional correction of the edited human gene in
vivo by developing a gene editing protocol for mouse HSPCs. Whereas
previous reports showed strong impairment of self-renewal and repo-
pulation ability of mouse HSPCs with multiple DNADSBs (24–27), we
showed that a few nuclease-induced DNA DSBs are well tolerated by
primitive KLS cells. However, mouse HSCs were exceedingly sensitive
to electroporation (see fig. S7D), which we had to bypass, using viral
transduction and/or transgenesis to achieve robust expression of the
editing machinery without excess toxicity. Using these protocols, we
achieved high and stable rates of NHEJ-mediated gene editing in the
reconstituted hematopoiesis, which should be useful for future gene
discovery and functional studies on mouse HSCs. However, HDR-
mediated gene editing was much lower, although still detectable
long-term after transplant and sufficient for providing functional
readouts of the edited HSC output.

A potential limitation of testing the functionality of human genes
in the mouse cell context is the failure to fully reconstitute protein-
protein interactions across species, which may result in underestimation
of efficacy. Here, however, HSPCs with edited human IL2RG rescued
the investigated SCID-X1 phenotypes with similar efficiency as WT
mouse cells, thus indicating functional cross-reaction of the human
g subunit with the other murine subunits contributing to cytokines
binding in the receptor complexes. These data agree with previous re-
ports of functional reconstitution of mouse lymphoid compartments
after human IL2RG gene transfer using g-retroviral and lentiviral vec-
tors (34, 35).

Notably, HDR-mediated editing was substantially higher in human
thanmouse HSPCs, possibly because of the improved quality and spec-
ificity attained for the editing reagents and the optimization of the
culture conditions for humanHSPCs, which better support their ex vivo
proliferation while reducing the impact on their repopulation capacity.
The enhancement ofHDR-mediated editing in SCID-repopulating cells
using AAV6 in our study is substantial even with respect to the studies
that first reported the advantage of using this donor DNA vehicle in
HSPC editing (9, 10). This improved benefit might be due to the sup-
pression of type I IFN release after the electroporation procedure, which
likely impairs subsequent transduction by viral vectors. Notably, con-
version of a single base-pair mutation to the normal sequence with
similarly high efficiency to that shown here was recently reported in
SCID-repopulating humanHSPCs using an oligonucleotide donor, al-
though this outcome required individualized editing reagents and op-
timized correction protocols (11). Our protocol was reproducible
across several donors and HSPC sources, portable to the CRISPR/Cas9
platform, scalable to large numbers of treatedHSPCs, and achieved yields
of edited SCID-repopulatingHSPCs, meeting the predicted threshold for
safe immune reconstitution according to our mouse model studies.

Our study supports a rationale for moving toward clinical testing of
HSPC gene correction in SCID-X1 patients who lack a compatible HSC

Table 2. On- and off-target analysis in CD34+ cells treated at increasing
scales for intron 1 IL2RG editing with optimized ZFNs. Percentages of
indels at the ZFN on-target and identified off-target sites measured by deep
sequencing from samples shown in Fig. 5H. LS, large-scale treated CD34+

cells; MS, medium-scale treated CD34+ cells; SS, small-scale treated CD34+

cells. *P < 0.01 (Bonferroni significance) compared to untreated sample (UT).

Sample On OT1 OT2 OT3 OT4 OT5 OT6 OT7

LS bulk 40.84* 0.05 0.10 0.18 0.04 0.04 0.04 0.03

MS bulk 66.48* 0.03 0.08 0.18 0.03 0.03 0.04 0.01

SS bulk 65.87* 0.05 0.12 0.14 0.04 0.06 0.03 0.02

LS CD34− 38.09* 0.07 0.08 0.16 0.02 0.02 0.03 0.03

LS CD34+ CD133− 43.03* 0.06 0.13 0.17 0.03 0.03 0.04 0.03

LS CD34+ CD133+ CD90− 50.41* 0.11 0.11 0.13 0.04 0.04 0.05 0.04

LS CD34+ CD133+ CD90+ 50.40* 0.10 0.10 0.14 0.03 0.03 0.02 0.05

UT 0.03 0.05 0.11 0.13 0.02 0.02 0.03 0.04
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donor and would be at high risk if undergoing allogeneic hematopoietic
stem cell transplantation (HSCT). Administration of the autologous edi-
ted HSPCs could be performed upon partial conditioning, aiming to es-
tablish sufficient engraftment of corrected HSCs to provide long-lasting
reconstitution of T cell, B cell, and natural killer cell lineages (31). An
alternative treatment for these patients is conventional gene replacement
using self inactivating-g-retroviral vectors or LVs, which have been inves-
tigated in recent clinical trials (19, 31). Whereas extensive clinical data
show safe, robust, and stable engraftment of LV-modifiedHSCs in several
disease settings (36), the specific features of SCID-X1 discussed above
may exacerbate any residual risk of insertional mutagenesis and
constitutive transgene expression, supporting the potential benefits of a
more precise gene correction strategy. On the other hand, there are still
several unknowns concerning initial clinical testing of HDR-mediated
HSPC editing that may be difficult to comprehensively address in pre-
clinical models, including the genotoxic risk associated with any
residual off-target activity of the nucleases and the impact of DNA
DSBs on the long-term repopulation capacity of HSCs in humans. Ul-
timately, a stringent risk/benefit assessment of either gene therapy
strategy will only come from clinical testing and the long-term follow-
up of treated patients. Whether they will be applied to SCID-X1 or
other diseases with even stronger requirements for faithful reconsti-
tution of the affected gene, our results pave the way toward clinical
translation of targeted HSC gene editing by drafting a roadmap of pre-
clinical studies to interrogate the efficacy and safety of the procedure and
establishing clinically compatible processes for efficient manufacturing
of the therapeutic cell product.

MATERIALS AND METHODS
Study design
The objectives of this study were to establish the conditions for safe and
effective correction of SCID-X1 in a humanized mouse model of the
disease, used here as representative of functionally g-chain–negative
mice, and to validate a gene correction strategy for IL2RG in HSPCs.
Kinetics and extent of hematopoietic reconstitution from limited input
of WT or gene-edited HSPCs were analyzed in transplanted SCID-X1
mice upon different types of conditioning. Functionality of IL2RG-
edited cells was verified using in vivo and in vitro functional studies.
Optimization of treatment protocols and gene editing reagents was
performed on mouse and human HSPCs to determine their effects
on gene editing efficiency and in vivo repopulation capacity. Mice
were randomized to treatment groups, without blinding. Criteria ap-
plied for mouse termination before the established end point were in
accordance with the Institutional Animal Care and Use Committee
protocol of the San Raffaele Scientific Institute. Cohort sizes were
informed by previous experiments and by the total number of avail-
able treated cells; no outliers were excluded.

Statistical analyses
When normality assumptions were not met, nonparametric statistical
tests were performed. Mann-Whitney test or Kruskal-Wallis test with
Dunn’s multiple comparison post hoc test were performed when com-
paring two or more groups, respectively. For paired observations, Wil-
coxon matched-pairs signed-rank test was performed. For repeated
measures over time, two-wayANOVAwithBonferroni’smultiple com-
parison post-test was used. For survival studies, log-rank (Mantel-Cox)
test was used for pairwise comparison, and k-sample log-rank test was
used when comparing three groups. Values are expressed as means ±

SEM unless otherwise indicated. Percentage values were transformed
into a log-odds scale to perform parametric statistical analyses.
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Gene correction, one step at a time
Although gene therapy has been proposed for a variety of genetic disorders, including severe combined
immunodeficiency, it has not yet found routine use in the clinic, in part because of potential complications. To help
pave the way for safer translation of such gene therapy, Schiroli et al. studied potential approaches to it in mouse
models of severe combined immunodeficiency. The authors systematically analyzed the outcomes of using different
approaches to conditioning, different numbers of gene-edited cells, different techniques for editing the faulty gene, and
other aspects of the technology to find the safest and most effective method.
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