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The short-term and long-term effects of genotoxic pre-transplant conditioning remain

barriersto the broader application of haematopoietic stem/progenitor cell (HSPC)
transplantation and gene therapies'™. Although monoclonal antibodies targeting
KIT have been proposed as alternatives to chemotherapy or radiotherapy®”, their
pharmacokinetics hinder clinical applications owing to the risk of depleting
transplanted HSPCs. Here, to address this issue, we identified amino acid changes
inthe extracellular domain of KIT that disrupt the binding of two therapeutic
monoclonal antibodies®®, which impair stem cell factor (SCF)-mediated signalling
without affecting KIT expression or functionality. We exploited adenine base editing™
or prime editing" to efficiently introduce these mutations in HSPCs and combined them
with the disruption of the BCL11A erythroid enhancer to promote expression of fetal
haemoglobin (HbF)'>%, a therapeutic approach for several haemoglobinopathies.
This strategy enables in vivo co-selection of gene-engineered cells to reach the
threshold required to provide therapeutic benefit in patients affected by sickle cell
disease and -thalassaemia. We show progressive enrichment of KIT plus BCL11A
multiplex-edited haematopoiesis under selective pressure with KIT monoclonal
antibody, in vitro and in vivo. We report that extended treatment with anti-KIT
regimens leads to superior in vivo enrichment while avoiding clonal selection, as
assessed by alentiviral barcoded library. Finally, by overcoming the limitations of
monoclonal antibody pharmacokinetics, epitope editing enables novel haematopoietic
replacement regimens that are not limited by on-target graft elimination, allowing
prolonged immune-based conditioning that maximizes haematopoietic niche
clearance without chemo-radiotherapy or monoclonal antibody wash-out.

HSPC transplantation (HSCT) is a cornerstone therapy for awide range
of malignant and non-malignant conditions, leveraging the unique
regenerative capacity of HSPCs to replenish the haematopoietic sys-
tem™, Eachyear, more than 8,000 individuals undergo allogeneic HSCT
inthe USA, with even more receiving autologous transplants**%, The
therapeutic potential of HSCT hasbeen further expanded by advance-
ments in gene therapy, which entail the genetic modification of host
HSPCs to ameliorate disease phenotypes'. However, HSCT carries
substantial early and late treatment-related morbidity and mortality' ™.
Even in patients who surviving more than five years after transplant,
mortality remains fourfold to ninefold higher thaninthe general popu-
lation*", The toxicities associated with conditioning regimens, which
rely on high-dose chemo- and radiotherapy, are major contributors to
these risks'®'”, Myeloablative agents clear the haematopoietic stem cell

(HSC) niche and, in allo-HSCT, contribute to host immunosuppres-
sion to overcome immunological barriers*?°. However, non-specific
genotoxicity has bothimmediate and long-lasting effects'", including
multi-organ damage (to lung, liver, kidney and nervous system) and
haematopoietic aplasia, leading to infections, anaemia and bleed-
ing. Survivors facelifelong risk of secondary malignancies, endocrine
dysfunction and infertility. Furthermore, inflammation triggered by
genotoxic conditioning may increase the risk of graft-versus-host dis-
ease’?, These effects disproportionately affect frail individuals with
multiple comorbidities and those with advanced malignancies, thereby
constraining the broader applicability of HSC therapies.
Toovercomethese challenges, targeted immunotherapies have been
repurposed as safer alternatives to conventional regimens. Monoclonal
antibodies (mAbs)*”, antibody-drug conjugates (ADCs)? and chimeric
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antigen receptor (CAR)-T cells?** that recognize the HSC marker KIT
(also known as CD117) have been investigated to selectively deplete
endogenous HSPCs* 28, Such approaches minimize organ damage,
shorten aplasia and decrease pro-inflammatory mediators, sparing
bone marrow and thymic niches, enabling faster immune recovery®.
These strategies are particularly suitable for autologous gene therapies,
where immune-suppression or complete haematopoietic replace-
ment are not necessarily required. However, immune-based agents
pose efficacy and safety challenges due to nonselective targeting of
transplanted HSPCs and prolonged half-life, leading to on-target deple-
tion®*?!, Consequently, transplantation must be delayed until the drugis
cleared or sufficiently inactivated. This delay can result in competition
between transplanted and host HSPCs, resulting in lower chimerism
compared with conventional conditioning®. To ensure time-limited
HSPC depletion, ADCs with accelerated pharmacokinetics have been
used, but these may increase damage to organs that metabolize the
toxic payload®. Althoughin certain settings corrected cells have aselec-
tive advantage that may compensate for lower engraftment levels**,
most genetic diseases require aminimum threshold for correction. For
instance, B-haemoglobinopathies, prevalent blood disorders caused
by mutations in the 3-globin gene (HBB), require more than 20% cor-
rection for therapeutic benefit>*,

We recently showed that precise editing of target epitopes within
donor HSPCs confers selective resistance to mAbs or CAR-T cells,
without compromising protein function or regulation®. Here we
leverage this technology to develop a clinically applicable plat-
form for selective engraftment and progressive enrichment of
therapeutically gene-modified HSPCs by coupling non-genotoxic
immunotherapy-based myeloablation with epitope engineering.

Multiplex editing of KIT and BCL11A

We previously® identified mutations in KIT extracellular domain
4 (ECD4) that abrogate the binding of Fab-79D, a mAb that blocks
SCF-induced KIT homodimerization®. Conversion of histidine 378 to
arginine (Fig.1aand Extended Data Fig.1a) canbe achieved in primary
human mobilized peripheral blood-derived CD34" HSPCs by adenine
base editing (ABE), leading to permanent loss of mAb recognition
(Fig.1b) while preserving functionality, engraftment and differentiation
capacity>®. As ABE is well-suited for multiplexing, we combined epitope
editing with disruption of the erythroid-specific BCL11A enhancer
(+58 and +55 sites; Fig. 1c), a strategy to enforce HbF de-repression
and improve sickle cell disease (SCD) and transfusion-dependent
B-thalassaemia phenotypes'?*>¥. A similar SpCas9 nuclease strat-
egy (exagamglogene autotemcel (Casgevy)) has recently received
approval from the US Food and Drug Administration®. After electropo-
ration optimization (Extended Data Fig. 1b), mutiplex base editing of
KIT8® BCL11A™® and BCL11A™ resulted in efficient editing (78%, 72%
and 74%, respectively; Fig. 1d-k and Extended Data Fig. 1c-e), with
levels only slightly lower than for individual editing (Fig. 1k). KIT"8%
plus BCLIIA*®*55 triplex base editing did not affect the phenotypic
composition of CD34* HSPCs (Fig. 1e), with similar editing across
progenitors sorted by fluorescence-activated cell sorting (FACS)
and stem-enriched subsets (CD34°CD133"CD45RA"CD90"; Fig. 1fand
Extended Data Fig. 1h). In vitro erythroid differentiation confirmed
induction of HbF in BCL11A-edited cells (Fig. 1g and Extended Data
Fig. 1f). Similar to nuclease-mediated disruption®, dual +58 and +55
targeting by ABE resulted in superior HbF induction compared with
individual edits (Fig. 1g). Single-cell FACS confirmed that HbF expres-
sion was proportional to the number of disrupted core-half E-box/
GATA motifs (TGN, ,WGATAR; Fig. 1h). Genomic analyses revealed a
large fraction of biallelic edits (78%, 62% and 68% for KIT™7*}, BCLIIA™®
and BCLIIA™, respectively; Fig. 1i), which translated to a high rate of
KIT™R and BCL1IA™®* co-editing in single cells (Fig. 1j), providing
the basis for co-selection.
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To characterize their immune resistance, combinations of KIT,
BCLI1A™® and BCLI1IA™ base-edited HSPCs (Fig. 1k) were cultured in
SCF-containing medium with different Fab-79D concentrations. After
7 days, KIT-unedited conditions showed significant growthinhibition,
whereas KIT"7® cells—alone or combined with BCL11A base-edited
cells—expanded similarly to untreated cells (Fig. 11). This protection
matched that conferred by SpCas9-mediated K/T knockout, which
reduced expansion but rendered cells unresponsive to mAb-mediated
selection (Extended Data Fig. 1g). Similarly, colony-forming unit
(CFU) assays of triplex-edited CD34" HSPCs plated with or with-
out Fab-79D confirmed growth inhibition of KIT-unedited colonies
(Fig. 1m,n). Genomic analysis of individual colonies revealed signifi-
cant co-occurrence of KIT and BCL11A editing before mAb-mediated
selection (Supplementary Table1). Consistently, exposure to Fab-79D
co-enriched editingacrossall threeloci (Fig.10). The allelic composition
of Fab-79D-treated colonies showed selection of biallelic edits not only
for KITbut also for BCLIIA™® and BCL1IA* loci (Fig. 1p). These results
confirmthatbase editing-mediated disruption of HbF-repressive ele-
ments canbe combined with epitope editing in asingle ex vivo manipu-
lation, and that multiplex-edited HSPCs can be enriched by antagonistic
anti-KIT mAbs.

KIT**"*R base editing enables in vivo co-selection

To demonstrate the feasibility of selecting epitope-edited cellsin vivo,
CD34" HSPCs edited for KIT"%R and BCL1IA*®*> were co-injected
alongside control AAVSI-edited HSPCsin NBSGW mice (Extended Data
Fig.1i). Starting two weeks post-transplant, mice received 8 intravenous
doses of Fab-79D (0.5 mg per dose) or PBS. Longitudinal peripheral
blood analyses revealed delayed growth of human chimerism in mAb-
treated mice, with differences narrowing over the subsequent 14 weeks
and becoming negligible at euthanasia (Extended Data Fig. 1j). Fab-79D
did not affect lymphoid or myeloid composition (Extended Data Fig. 1k),
and multiparametric FACS analysis of bone marrow subsets showed no
differencein absolute counts (total cells from hind limbs and sternum)
between Fab-79D-treated and mock groups (Extended Data Fig.11). How-
ever, genomic analysis revealed an approximately twofold increase in
KITplus BCL11A editingin peripheral blood and bone marrow (Extended
DataFig. 1m,n). To improve detection of lineage-specific effects and
effects of non-genotoxic selection on HSC clonality, we designed lentivi-
ral vectors carrying a28-base degenerate barcode within the 3’ untrans-
lated region (UTR) of constitutively expressed mNeonGreen (mNG) or
mTagBFP (mtBFP) cassettes (Fig. 2a). To confirm cell-of-origin track-
ing, we transduced KIT"® and AAVSI base-edited HSPCs with mtBFP
or mNG, respectively, which efficiently marked CD34" progenitors,
including stem-enriched fractions (CD34°CD133*CD45RA"CD90") and
enabled discrimination of their progeny (Extended DataFig.2a). Com-
petitiveinvitro selection, performed by pooling mtBFP-marked KITH78%
and mNG-marked AAVSI base-edited HSPCs, confirmed that Fab-79D
enriched mtBFP* cells and depleted mNGF cells (Fig. 2b). Conversely, the
balance between non-edited mNG and mtBFP lentivirus-marked cells did
not change after challenge with Fab-79D. The absolute count of mtBFP*
KITRHSPCs increased despite Fab-79D exposure (Extended Data
Fig.2b), with only the highest dose causing a decrease, probably owing to
replacement of medium with mAb volume. To establish efficient in vivo
co-selection, we investigated different Fab-79D administration sched-
ules. We hypothesized that prolonged KIT blockade would enhance the
depletion of non-edited cells using the same cumulative dose. To test
this, NBSGW mice received a pool of KIT™®R plus BCLIIA™Y* or AAVS1
base-edited CD34" HSPCs marked by barcoded mtBFP or mNG lentivi-
ruses, respectively (Fig. 2c). Starting at 6 weeks, mice received 6 doses
of Fab-79D (0.5 mgeach), according to 3 regimens—dose-dense, every
other day; q5d (every 5days); or q10d (every 10 days)—whereas control
mice received PBS. Cumulative Fab-79D exposure was approximately
120 mg kg™ In vivo selection dynamics was monitored by fluorescent
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Fig.1|Multiplex KITand BCL11A base editing enables HbF induction and
supports mAb-basedselection. a, Structural model (adapted from Protein
DataBank (PDB): 4K9E) of KIT ECD4 bound to Fab-79D. His378 is indicated.
HC, heavy chain; LC, light chain. b, Top, strategy tointroduce the H378R
mutationby ABE in exon 7 of KIT (structure adapted from PDB: 6VPC). Bottom,
representative flow cytometry of bone marrow from NBSGW mice engrafted
withunedited or KIT"*"** base-edited CD34" HSPCs stained with Fab-79D and
controlclone104D2. ¢, Base editing at the +58 and +55 DNase | hypersensitive
sites within the BCL11A enhancer. Target edits within WGATAR motifs are
highlightedinred. d, Representative base-editing efficiencies for KIT78%
and BCL1IA™¥*5 multiplex editingin HSPCs (n =1). e, Phenotypic analysis of
edited CD34" HSPCs. Stacked bars show composition accordingto CD34,
CD133,CD45RA and CD90 expression. Dataare mean +s.d. n=3 donors.

EP, electroporation. f, Heat maps of editing outcomes across sorted stem and
progenitor subsets (CD45RA"CD90~, CD45RA"CD90 and CD45RA™90") by
editing combinations (left) and sequencing targets (top).n =3 donors. g, HbF
quantification by HPLC following single or multiplex edits. One-way ANOVA,

Q<0.05indicated.Dataaremean +s.d.n=3donors. UT, untreated. h, HbF
quantification after erythroid differentiation of single-cell clones according
to the number of disrupted TGN, sWGATAR motifs. One-way ANOVA, Q< 0.05
indicated. Dataare mean ts.d., n=>50clones. ,j, Single-cell genotyping of
edited CD34"HSPCs, Distribution of monoallelic (Mono), biallelic (Bi) and indel
outcomes for KITH7} BCL11A™® and BCLIIA™* (i) and allelic composition heat
maps showing frequent biallelic co-editing (j). n = 50 cells. WT, wild type.

k1, Invitro selection of multiplex-edited HSPCs using Fab-79D antibody.
Baseline editing efficiencies (k; n =3 donors) and normalized live CD34" counts
after 7-day culture across mAb doses (I; normalized to dose = 0; data are

mean +s.d. n=4replicates). m,n, CFU assays plated with or without 50 ng pl™
Fab-79D. Representative images (m) and CFU quantification (n; n = 2; editing
conditions asindicated). Scale bar,5 mm. BE, base editing. o,p, Single-colony
genotyping. Unpaired t-test (P< 0.05indicated) (o) and allelic composition
heat maps of KITH7%R BCL11A*® and BCLI1A**® with or without Fab-79D (p).
Two-sided t-test.
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Fig.2|Invivo Fab-79D antibody-based co-selection of multiplex-edited
HSPCs. a, Lentiviral constructs for HSPC marking and clonal tracking. 7<xNNNN
basesserveasgenomicbarcode. cPPT, central polypurine tract; hPGK, human
phosphoglycerate kinase promoter; LTR, long terminal repeats; WPRE,
woodchuck hepatitis virus post-transcriptional regulatory element. b, In vitro
competitive assay of KIT"%® or AAVS1 edited or unedited HSPCs transduced
withmtBFP or mNG, respectively. Cells were pooled and cultured with Fab-79D
atdifferent concentrations. Relative composition after 7 days shows selective

advantage of KIT™7*R (mtBFP*) marked cells. Dataare mean + s.d. n =4 replicates.

BE, base-edited; LV, lentivirus. Ctrl, control. ¢, Design of the in vivo competitive
transplant selection experiment. NBSGW mice were transplanted with pooled
mtBFP* KIT"78R BCL11A™¥** and mNG" control edited HSPCs. Fab-79D mAb

(3 mg cumulative dose) was administered according to different regimens:
dose-dense (q2d), q5d and q10d, in addition to amock group (PBS).n =6 mice
pergroup.d, Representative flow plots showing human engraftmentand
mtBFP*and mNG' composition acrossregimens. e, Relative composition
across 21bone marrow haematopoietic subsets at week 18, with mNG* cells
ingreen and mtBFP* cellsinblue. Dataare mean +s.d. n= 6 mice per group.
cDC, classical dendritic cells; CMP, common myeloid progenitors; ETP, early
Tcell progenitors; GMP, granulocyte-monocyte progenitors; iPMN, immature
polymorphonuclear granulocyte; LMPP, lymphoid-primed multipotent
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progenitors; MEP, megakaryocyte-erythroid progenitors; MLP, multi-
lymphoid progenitors; mono, monocytes; MPP, multipotent progenitors;
PMN, polymorphonuclear granulocyte; pre-B/NK, B and naturalkiller cell
progenitors; prolymph., prolymphocytes. f, Subset-resolved selection (q10d
cohort). Pie charts show proportions of mtBFP*and mNG® cells. Radii are
proportional to KIT MFI (mast cell MFInot to scale). g, Absolute bone marrow
counts of edited (mtBFP*) and control (mNG") cells across lineages and Fab-79D
dosing regimen. Dataare mean = s.d.n =6 mice per group. h, Fluorescence
composition of erythroid and myeloid colonies derived from bone marrow
atend-point.i-k, Editing efficiencies for KIT"5R (i), BCL11A™® (j; from left to
right, A4, A7 and A9 target adenines) and BCLIIA* (k; from left toright, AS

and A7targetadenines) in bulk bone marrow (BM) and their erythroid progeny
(Ery. prog.) across regimens (mock, dose-dense, q5d and q10d); Dataare
mean +s.d.;one-way ANOVA, g < 0.05indicated.1, Quantification of HbF in
erythroid progeny by HPLC. One-way ANOVA, g < 0.05 indicated. n = 6 mice per
group.m,n, Clonality from barcode librariesin FACS-sorted bone marrow
subsets (CD33* myeloid, CD19* lymphoid and Lin"CD34" progenitors). Number
of barcodes and Shannon diversity index (H) for mNG (m) and mtBFP (n).

One q5d outlier was excluded (ROUT (robust regression and outlier removal)
Q=1%); one-way ANOVA, g < 0.05indicated.



marking of peripheral blood myeloid cells, which readily reflects changes
in the progenitor compartment owing to the short half-life of these
cells (Extended Data Fig. 2c). In peripheral blood, mtBFP” cells were
progressively enriched from weeks 6 to 13, most prominently inthe q5d
and q10d groups. At 18 weeks, haematopoietic organs (bone marrow
and spleen) were analysed by flow cytometry to assess graft composi-
tion (Fig. 2d; gating strategy in Extended Data Fig. 7h). All conditions
showed high transduction levels (around 80% mtBFP* or mNG" cells
among cells expressing human CD45 (hCD45); Extended Data Fig. 2d).
Whereas mock-treated mice had a baseline of 21.38 + 8.9% of mtBFP*
cells, dose-dense, q5d and q10d regimens resulted inincreasing enrich-
ment for mtBFP* cells (37.03 +17.03%, 64.54 + 29.03% and 71.48 + 20.53%,
respectively; Fig. 2e). This observation was also reflected by the absolute
countsinhumangrafts, whichwerereducedinthe mAb-treated cohorts,
butonly withreduced mNG* control edited cells (Extended DataFig. 2d,
right). Myeloid and erythroid lineages exhibited higher mtBFP* frac-
tions compared with lymphoid subsets, with near-complete selection
for cells carrying KIT"7®® plus BCLIIA™®*% among mast cells, polymor-
phonuclear granulocytes and monocytes in the q5d and q10d groups
(Fig. 2e and Extended DataFig. 2e). Although overall KIT expression was
maintained (Extended Data Fig. 2f), Fab-79D-mediated selection tracked
with surface KIT expression and differentiation dependence across
the haematopoietic hierarchy. HSCs, myeloid progenitors and their
progeny, which express higher KIT levels, showed a direct correlation
between mean fluorescence intensity (MFI) and selection (Fig. 2f and
Extended DataFig. 2h,i). Conversely, lymphoid cells downregulated KIT
after the lymphoid-primed multipotent progenitor stage, with differ-
entiated B cells being KIT-negative. This observationis likely to explain
the differential enrichment within myeloid and lymphoid lineages in
q5d and q10d groups, as these cohorts had shorter intervals between
the last mAb dose and euthanasia, highlighting the slower turnover of
lymphoid populations. We also observed reduced numbers of control
edited mNG"HSPCs and their myeloid progeny, especially with extended
regimens (Fig. 2g). By contrast, mtBFP* cells showed a minimal reduc-
tion compared with mock treatment, consistent with the fraction of
KIT8R base-edited HSPCs at the time of transplant. To provide evi-
dence that engrafted HSPCs retain multilineage differentiation after
in vivo selection, we performed CFU assays with bulk bone marrow
cells. Both erythroid and myeloid colonies retained fluorescent markers
similar to HSPCs at the end-point (Fig. 2h). To confirm enrichment at
the genomiclevel and provide afunctional readout for BCL11A editing,
we performed molecular analyses and in vitro erythroid differentia-
tion of bone marrow-derived HSPCs. Editing at all three loci (KITH75R,
BCL11A*® and BCL11A™) was significantly enriched in end-point bone
marrow and erythroid progeny (Fig. 2i-k), which translated into HbF
de-repression (Fig. 21). Consistently, the degree of KIT"*"*® genomic
editing significantly correlated with the proportion of mtBFP* HSPCs
acrosstreatment cohorts (Extended DataFig. 2g). Overall, these results
show that immunotherapy can enrich multiplex co-edited HSCs and
their progeny in vivo, and that prolonged mAb exposure enhances
selection outcomes.

Invivo selection does not affect clonality

To assess clonal diversity across haematopoietic lineages within
edited (mtBFP*) and unedited (mNG*) haematopoiesis after selec-
tion, we sorted CD19* lymphoid, CD33" myeloid and lineage™ (Lin")
CD34" fractions from transplanted mice using FACS and analysed
lentivirus genomic barcodes by next-generation sequencing (NGS),
which enabled unambiguous barcode quantification (Extended Data
Fig.2jand Supplementary Fig.1). Analysis of CD19" cells revealed mini-
mal changes in unique barcode retrieval, Shannon diversity (H) and
Pielou’s evenness (/) indexes inmNG* unedited fractions of mAb-treated
and untreated groups (Fig. 2m and Extended Data Fig. 2k), consistent
with the relative stability of lymphoid cells (see Fig. 2g). Conversely,

in myeloid and Lin"CD34" populations, the total number of retrieved
mNG'barcodes was significantly decreased across mAb-treated groups
(from 1,301 + 537 and 505 + 127 in the mock-treated group, to 632 + 91
and 252 + 65inthe q5d group, respectively; Fig. 2m). Although unedited
HSPC clones were not entirely eliminated even with prolonged treat-
mentregimens, Shannon diversity decreased among mNG*Lin"CD34"
cells in antibody-treated groups, consistent with Fab-79D-mediated
growth inhibition of KIT* progenitors (Fig. 2m, right). By contrast,
mtBFP* multiplex-edited HSPCs (Lin"CD34") and their CD19* and CD33*
progeny showed no reduction in unique barcode counts, Shannon
diversity or Pielou’s evenness, underscoring protection from mAb-
mediated depletion conferred by epitope editing (Fig. 2n and Extended
DataFig. 2l).

Overall, these experiments show that multiplex-edited HSPCs can
be uniformly enriched by anti-KIT regimens without inducing clonal
selection or expansion, with theinput number of edited HSCs as well as
durationand intensity of antibody conditioning emerging as key deter-
minants of in vivo selection outcomes. The preservation of unedited
HSC clones suggests that haematopoietic output may be skewed even
with partial host HSC ablation, potentially mitigating risks of graft
failure or transplant-related cytopenias.

Epitope editing enables HSPC transplant

To test whether epitope editing enables antibody-mediated replace-
ment of established haematopoiesis, we performed sequential
transplantation experiments. Mice were first humanized with HSPCs
transduced with the mNG-expressing lentivirus. After confirming
engraftment, we administered Fab-79D conditioning (8x 0.5 mg
intravenous doses, approximately ~-160 mg kg™ cumulative dose)
and performed a second transplant of KIT"R or AAVSI edited cells.
To maximize enrichment, we combined conditioning and selection
by administering the second HSPC transplant between the fourth
and fifth mAb doses (Extended Data Fig. 3a); mice were euthanized
10 weeks later. Using mNG as a marker of the first unedited donor
(90% transduction), we assessed lineage origin by flow cytometry
(Extended Data Fig. 3b). Whereas pre-engrafted haematopoiesis was
significantly depleted (-72.2% hCD45'mNG* cells), only mice receiving
KIT"7R edited cells showed substantial second donor engraftment
(2.86 x10°+9.32 x 10° for KIT""*Rversus 3.93 x 10° + 1.58 x 10° for AAVSI;
Extended Data Fig. 3¢). This led to inversion of the fluorescent com-
position within the human graft (90% mNG" to 95% mNG~; Extended
Data Fig. 3d). These findings suggest that epitope editing can enable
innovative transplantation protocols that are unconstrained by mAb
pharmacokinetics, allowing HSPC engraftment close to, or even dur-
ing, conditioning.

Epitope mapping of the high-affinity SR-1mAb

Although Fab-79D can select epitope-edited cellsin vivo, certain clini-
cal applications may require more complete eradication of host hae-
matopoiesis, particularly when high chimerism is needed or residual
host cells are at risk of malignant transformation. To address this, we
evaluated different KIT mAbs and identified the SCF-antagonistic SR-1
clone’ as an ideal candidate. SR-1 competitively blocks SCF and has
been clinically evaluated for non-genotoxic conditioning as its human-
ized aglycosylated counterpart, briquilimab®®*"* (ClinicalTrials.gov:
NCT05357482%,NCT06145282,NCT04784052* and NCT05903274%).
SR-1binds KIT-expressing cells and inhibits expansion of CD34" HPSCs
in vitro at more than tenfold lower concentration than Fab-79D
(0.098 ng pl™ and 1.824 ng pl™, respectively; Fig. 3a,b). Since SR-1
does not recognize mouse KIT, we localized its epitope by screening
SR-1along with other KIT mAbs against human-mouse chimeric KIT
constructs in which each extracellular domain (ECD) was replaced by
its mouse orthologue (mD1-mDS5; Fig. 3c). Loss of staining indicated

Nature | www.nature.com | 5


https://clinicaltrials.gov/study/NCT05357482
https://clinicaltrials.gov/study/NCT06145282
https://clinicaltrials.gov/study/NCT04784052
https://clinicaltrials.gov/study/NCT05903274

Article

a b C d mAb binding (%)
08 N terminus
A SR-1 1.25 o 4~ SR-1 Fab-79D
® Fab-79D A ® Fab-79D
_ 06 1.00 | »
s SR-11C,,=0.014 £ 10402 50
3 79D1C,, = 1199 2 075 .
'S 04| 2 A3C6E2
2 @ 0.50
= 2
* 024 - ~ 1 I W [ SR
0.25 | a
SR-11C,, = 0.098 N
- SEgegese 75
79D 1C,, = 1.824 & Ab-55
0 F=F—0 " o T T T T T KIT 25
° gé)\ S & PO SN N ©
& o RS, §
mADb (ng ul™) mADb (ng ui™)
f g9 ECD2 library Sorted Sorted h
pre-sort 104D2* SR-1 104D2° SR-1
s s
PAC m(BFP K 10° 10 0 2
g
W 10 10 10¢ ]
HPBSA 5 2
S 10
8 10t 10° 10° g
ECD2 NNN library 3 20
E 10 10 0 QAK
g
...LVRCPLTDPEVTNYSLKGCQGKPLPKDLRXIPDPKAGIMIKSVKRAYHRLCLHCSVDQEGKSVL... 10 -1 1
..LVRCPLTDPEV' PLPKDLRFXPDPKAGIMIKSVKRAYHRLCLHCSVDQEGKSVL... T S T T 107 T T T 107 o ™ N PAKLFLVDRSLYGKEDN
- LVRCPLTDPEV N GCOGKDLEKDLRF 1XDPkAGIMIKSVKRATHRLCLHCSVDOBGKAVE., 8 S8 8 $.88 8 8 RS K K 5O 000 N5 oo
FFFFFF SIYRILELNERS
WTSRAARGS . Trrrcrofgcdoodoge
%
F ¢ @
- i & -
K o
1 MFI N ] K os - I
4,000 wr 0.96 1,500 w S123P o
'Y -
30000 4508 4.00 1,000 T Lo z ™ = D121L § 100 4 ST
. X T z
2,000 s & D121l < 8 m D121l
= 3 e
1000  Vieol 114 500 g g 034 2 075
S s H
0 D121l 1.20 0 £ £ S
2 2 024 B 050+
D121G 1.14 - = 2
o« 15 g
@ @ E
DI2IN 083 014 po 5 025 p-oir
S123A 1.1
O 0 " " ; ;
s123P 1.02 S S RSP 0.1 1 10 100 1000
o AT QT »
S123F 1.10 . SCF (ng mI™)
SRe1 (ng ") SCF (ng ml™)
m S123 n; - O 15000 _ 6,000 p
miBFP miBFP
GCTTTTCCTTGTT CCGCT CCTTGTATGGG D (K/TSWKP BE) 4 D 'K,T;U;P BE)
CGA" " *GGRACAACTGGCGA GGAACATACCC . 8,000
£ 60 v 4500 o MNG” S
8 K] 3 (AAVST BE) mreg
123P s 4. 6,000 B KIT*™" BE
KITWT KITS 2 ] [ BCL1 1A g
10° 3 %07 £ 1 300 g End-point
o 5 4 E KIT SR-1 1P P
? 5 4,000 <
g " 2 : ARRER' |
3 Z ] S
£ 4 2 w0 = o k1500 2 954
I mNG" ) NG* 0 6 12 18
& 12 v (control) 1 (control) Time (weeks)
10 30 [ B 0 T T T T 1 0
T4 & PO S S
S$ 8 88 RGNS SN N \9@ &}@ O N \@Q Q@Q
SR-1 AF488 ~ A
SR-1 (ng u™) SR-1 (ng u™)
q NG g miBEe 120 0.0058 S t
(control) (KITS"*" BE) 20006 <0.0001 mNG* —e— 15mg mtBFP* —e— 15mg
T - 50 — <0.0001 1o —=— 03mg 5
<0.0001 ﬁﬁ\ 006 mg \
s . & a0 Booss 10—/ b 0.012mg 8
£ g E] d ©  —o— Mock
3 s 5 T 00047 - a,
e g ° = 105
§ e 3 a0 0.0070 H 5o
g 8 | g
3 8 o 2 10t
8 & 2 2 10 o R
] IS 3 3 ' P
2 < £ 2 4
3 s 2 10° | LIIL % &
o S / N 1+
] / \
w0 LYt {i
10" — [ % LA /\
T Tt Tt T T T T T T T T T I T T T T It rrTd
BZZOFOALANAOAAAXSSOML FZZO3QLALAOOMAAX S -ODMO
85S580>5uUa0adpz66oeg 855580>5Ua0adp26604g
SEE35550=5733 G EELR8 2382500027330 ¢EeR8
3 [ S 63
2 c88 2 c88
o o

Fig. 3 |Identification of KIT mutations that conferresistance to SR-1.
a, Affinity of Fab-79D and SR-1on Ba/F3 cells expressing human KIT. Data are mean
normalized MFI £ s.d. n=3; sigmoidal four-parameter logistic curve fitting (4PL).
I1Cs,, half-maximalinhibitory concentration. b, mAb-mediated growth inhibition
inCD34"HSPCs; normalized absolute counts; n=3 (Fab-79D) and n=4 (SR-1)
replicates; dataare mean +s.d.; 4PL. ¢, Mouse:humanKIT chimeras for epitope
mapping: mouse ECDs are shown inmagenta. hKIT, humanKIT; mKIT, mouseKIT.
d, mAbbindingacross ECD chimeras for Fab-79D,104D2, A3C6E2, SR-1and Ab-55.
e, Fine mapping of SR-1binding by progressive mouse substitutions. F1,F2

and F3:mouse ortholog fragment 1,2 and 3, respectively; S-S, disulfide bond.
Percent SR-1binding detected by flow cytometry. f, Schematic of mutagenesis
library encoding KIT ECD2 withindividual degenerate codons. PAC, puromycin
N-acetyl-transferasereporter casssette. g, Flow cytometry of FACS-sorted SR-1*
104D2" and SR-1'104D2" fractions. h, Logo plot of enriched substitutionsin SR-1°

versus SR-1* fractions (amino acids 115-131).

i, Validation of SR-1binding (left) and

SCF affinity (right) for KIT variants.j,k, Affinity curves for SR-1(j; n = 3) and SCF

6 | Nature | www.nature.

com

binding (k; n = 4) for wild-type KIT and S123P and D121L mutants (MFInormalized
to104D2). Dataare mean +s.d.; 4PL, extrasum-of-squares F-test. 1, Kinase
complementation assay onKIT variant-expressing Ba/F3 cells. Absolute counts
normalized to [SCF]=0.Dataare mean +s.d.n =4;4PL, extrasum-of-squares
F-test.m, ABE strategy to introduce S123P (top) and flow plots of KITS'** base-
edited K562 cells (bottom). n-o, Invitro competitive assay of KIT*'***versus
AAVSIbase-edited HSPCs cultured with SR-1. Relative (n; n=4) and absolute
(0; n=4) counts of mtBFP* (KIT*'**") (blue) and mNG" (AAVSI-edited) (green)
cells. Dataare mean +s.d. p, Invivo SR-1dosing experiment. NBSGW mice were
transplanted with KIT'% plus BCLIIA™®** (mtBFP*) and control (mNG*) base-
edited HSPCs. q, Relative mtBFP*and mNG* compositionin human grafts with
differentintraperitoneal (IP) doses of SR-1. Dataare mean + s.d. n=4 mice per
group. r, KIT"?* editing efficiency inbone marrow at end-point with different
doses of SR-1.s,t, Engraftment and lineage output. TotalhCD45* bone marrow
cells (s) and absolute counts across haematopoietic subsets (t) at end-point.
Dataaremean ts.d.n=4mice per group. One-way ANOVA, g < 0.05 indicated.



that SR-1 primarily binds ECD2 (Fig. 3d). Inline with this observation,
KIT™R (whichis mutatedin ECD4), did not confer protection to HSPCs
cultured with SR-1 (Extended Data Fig. 3e). Progressive restriction of
the chimeric region narrowed the SR-1 epitope to positions 118-127
(Fig.3e). Toidentify single point mutations, we designed a degenerate
codon library spanning ECD2 (Fig. 3f) and screened it using SR-1and
104D2, which binds anon-overlapping epitope on ECD1 (Fig. 3g). NGS
of FACS-sorted SR-1"and SR-1* cells revealed amino acid substitutions
at two positions within the mapped interval (Extended Data Fig. 3f),
prompting the validation of selected variants at 121 and 123 (Fig. 3h,i).
By assessing loss of SR-1recognition, preservation of KIT expression,
and SCF-binding capacity (Fig. 3i), D121L and S123P emerged as the most
promising candidates, the latter corresponding toa mouse orthologue
residue. Affinity analysis showed near-complete loss of SR-1recognition
for D121L, whereas S123P retained partial binding at high concentra-
tions (>100 ng pl™; Fig. 3j). Neither mutation altered SCF affinity, which
remained similar to that of the wild type (Fig. 3k), nor SCF-induced
proliferation in mouse IL-3-dependent Ba/F3 cells transduced with
human KIT variants and exposed to human SCF (Fig. 31). These data
support the development of SR-1epitope editing at D121 or S123 posi-
tions without disruption of the SCF-KIT ligand-receptor interaction.

S123P confers partial resistance to SR-1

Given the efficiency and multiplexing potential of base editing, we first
assessed installation of the S123P mutation by ABE. Using our K562
reporter line, which overexpresses KIT from the endogenous locus™,
we selected the best-performing single guide RNA (sgRNA) to effi-
cientlyintroduce S123P (Extended Data Fig. 3g,h) and tested itin CD34"
HSPCs, achieving an editing efficiency of about 75% (Fig. 3m and
Extended Data Fig. 3i). sgRNA_3 provided the highest efficiency, but
introduced non-silent bystander mutations at positions L124 and
Y125. Conversely, sgRNA_1 displayed marginally lower editing (60%)
but generated a silent bystander (All, Extended Data Fig. 3i). We next
evaluated whether KIT"2" HSPCs were protected from SR-1-mediated
SCF blockade in vitro. In competitive cultures, KIT**f base-edited
HSPCs labelled with mtBFP were pooled with control AAVSIbase-edited
cellslabelled with mNG. Challenge with increasing SR-1concentrations
enriched mtBFP* HSPCs, plateauing at 10-100 ng pl™ SR-1 (Fig. 3n).
At concentrations greater than 100 ng pl™, the relative selection for
KIT'>* waned, probably reflecting mAb-mediated depletion regardless
of editing status, as supported by decreased absolute counts of both
mtBFP"and mNG cells (Fig. 30). We therefore evaluated whether SR-1
dosetitration could uncover atherapeutic window for in vivo selection
of KIT'>* haematopoiesis. mtBFP-marked KIT3'%" plus BCL11A "%/
base-edited HSPCs were pooled with mNG-marked AAVSI base-edited
HSPCs and competitively transplanted into NBSGW mice (Fig. 3p).
After 6 weeks, mice received 6x weekly intraperitoneal administra-
tions of SR-1, based on the superior performance of prolonged mAb
regimens. We tested 4 dosages of SR-1 (cumulative doses 0.012 mg,
0.06 mg, 0.3 mgand 1.5 mg, corresponding to 0.48 mg kg™, 2.4 mgkg™,
12 mg kg™ and 60 mg kg™), in addition to PBS control. Eighteen weeks
after transplant, mock-treated mice showed amedian 0f12.63% mtBFP*
cells across haematopoietic bone marrow subsets (Fig. 3q). SR-1-treated
cohorts showed dose-dependent selection of mtBFP* haematopoiesis,
which was nearly complete at doses of 0.3 mg and higher (Fig. 3q).
As with Fab-79D, selection was lineage-dependent, with myeloid sub-
sets being preferentially derived from mtBFP* progenitors, whereas
lymphoid cells tended to retainamNG" origin (Extended Data Fig. 3)).
Molecular analyses confirmed efficient selection of KIT**" (Fig. 3r).
Despite this, quantitative analyses showed that mtBFP* enrichment was
associated with a marked decrease in the absolute number of human
cells (Fig. 3s,t). At doses lower than 0.3 mg, this decrease aligned with
thelowinputfraction of transplanted mtBFP” cells (around 13%). How-
ever, at higher doses, graft composition and absolute counts indicated

that KIT"'>** HSPCs and their progeny were incompletely protected.
We concluded that KIT"* base editing enables enrichment of engi-
neered cellsand enhances the therapeuticindex of the SR-1, but careful
dosing is essential to ensure shielding of edited cells.

KIT°?™" prevents SR-1-mediated depletion

Since KIT™ showed lower residual SR-1binding than KIT"* (Fig. 3j) but
couldnotbeinstalled by adenine or cytidine base editing, we utilized a
prime-editing" approach and leveraged the PE7 configuration*, which
incorporates the RNA-binding protein La to enhance prime-editing
guide RNA (pegRNA) stability. Toinstall KIT"*, we designed a pegRNA
that maximized C-C mismatches atthe targeted tripletandintroduced
neighbouring silent mutations to evade mismatch repair (Fig. 4a
and Extended Data Fig. 4a,b). KIT pegRNA was co-delivered with our
BCLI1IA™8-disrupting pegRNA* to achieve double editing and enable
co-selection (Fig. 4b). After optimizingelectroporation for prime edit-
ing delivery in human HSPCs (Extended Data Fig. 4c), we evaluated
different culture media formulations to improve editing, viability and
maintenance of stem cell phenotype (Extended DataFig. 4d-i). X-VIVO15
mediumyielded the highest editing efficiencies (Extended Data Fig. 4f),
which were associated with higher expression of a co-electroporated
spike-ineGFP mRNA (Extended Data Fig. 4h,i), but significantly reduced
the stem-enriched CD45RA"CD90" fraction compared with SFEMII
medium (Extended Data Fig. 4f). We thus selected SFEMII and the
cytokine combination that produced the highest absolute number of
edited CD45RA"CD90" cells, potentially maximizing engrafting HSC
numbers and clonal diversity. To enhance reverse transcription for
prime editing, we exploited deoxynucleoside supplementation (dNS)
and Vpx mRNA co-delivery**, which furtherincreased KITand BCL11A™®
editing (Extended Data Fig. 4j). Using an optimized PE3 design, we
achieved up to 55% KIT and 75% BCL11A editing (Fig. 4c). After erythroid
differentiation, BCLIIA™® prime editing induced robust HbF expression,
with consistently higher levels with PE3 than PE2 (Fig.4d). The BCL1IA™®
prime-editing strategy resultedin greater HbF induction than BCLIIA*®
base editing at similar editing rates (Figs. 1g and 4c,d), possibly owing
to different base changes within the WGATAR motif or occurrence of
PE3-associated insertion-deletion mutations (indels). To assess mono-
allelic versus biallelic BCLIIA™® disruption, we performed erythroid
differentiation from individually sorted prime-edited CD34" HSPCs.
BCLIIA™®PE3 produced morebiallelic edits than PE2 (Fig. 4€), resulting
in more robust HbF induction (Fig. 4d-f). As with base editing, prime
editing did not skew stem and progenitor cell composition (Fig. 4g)
or impair HSPC expansion in SCF-containing culture (Extended Data
Fig. 4k). Phosphoflow analysis®* of KIT*"?' HSPC-derived myeloid cul-
tures confirmed preserved responses to multiple stimulicompared with
unedited cells (Extended Data Fig. 4l and Supplementary Information 6
and 7). RNA-sequencing (RNA-seq) analysis of HSPCs edited at KIT"2'",
BCLI11A™® or AAVS1 using PE2 or PE3 and stimulated with SCF produced
the expected SCF-induced transcriptional response in all conditions
(Extended DataFig.4m-o0), with no discernible alterations attributable
to KIT"?"editing (Extended Data Fig. 4p). Notably, KIT"* and BCL11A*®
prime-editing outcomes were similar across FACS-sorted progenitors
andstem-enriched subsets, regardless of Vpx co-transfection or PE2 or
PE3 design (Fig.4h). We next assessed protection of prime-edited HSPCs
from SR-linvitro. As observed for KIT"*** and Fab-79D, KIT""" endowed
CD34" cellswith selective resistance to SR-1-mediated SCF blockade pro-
portionalto editing efficiency (54 + 3.3%). This protection persisted even
at the highest dose (Fig. 4i), thereby improving upon S123P mutation
(Fig.3n,0). KIT""" conditions retained higher CFU counts than unedited
counterparts exposed to SR-1(Fig. 4j). As with base editing, editing rates
forboth KIT"™ and BCLIIA™®increased ina SR-1dose-dependent man-
ner among CFUs derived from multiplex prime-edited HSPCs (Fig. 4k),
suggesting that both editing technologies produce non-independent
co-editing of different loci within the same cells, thereby minimizing
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enrichment of KIT-only edited cells. Allelic analysis of individual CFUs
showed that SR-1exposure up to 250 ng pl™ mostly depleted cells with
wild-type KITwhile preserving KIT" monoallelic edits, whereas higher
doses specifically enriched for biallelic edits (Fig. 41).

Genomic safety of KIT and BCL11A editing

Prime editing is considered a high-fidelity genome-engineering
approach; however, PE3 can introduce DNA double-strand breaks
through second-strand nicking, potentially generating indels. To
quantify editing purity, we performed NGS of the KIT and BCL11A
loci in prime-edited HSPCs and in vitro differentiated erythroid cells
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(Extended Data Fig. 5a-d). At KIT, indels were negligible with PE2
(0.02+0.01% and 0.013 + 0.015% for HSPCs and erythroid progeny,
respectively), whereas PE3 produced higher indel rates (4.06% and
2.05%, respectively). By contrast, BCL11A PE3 generated substan-
tially higher indel frequencies, up to 44.8% and 25.2%, compared
with 5.28% and 1.51% for PE2 in HSPCs and erythroid progeny, respec-
tively, probably reflecting the short distance between the pegRNA
and nicking guide (29 nt). Although these findings may raise con-
cerns, BCL11A™® enhancer-disrupting indels still contribute to thera-
peutic effect. We next evaluated genomic off-target profiles of our
genome-editing strategies. Candidate off-target sites were nominated
using complementary approaches: GUIDE-seq*’, CHANGE-seq-BE**



Fig.4|Prime editing enables KIT epitope editingand BCL11A erythroid
enhancer disruptionand enhancesinvivo selection by SR-1.a,b, Design of
prime editing to install K/T*'*'* (a) and disrupt the DNase I hypersensitive site at
BCL11A +58 (WGATAR) (b). PBS, primer-binding site; RTT, reverse transcription
template. ¢, Multiplex KIT plus BCL11A prime editing efficiencies using PE2
and/or PE3 designs. Dataaremean +s.d.n=3donors.d, Detection of HbF by HPLC
inerythroid progeny fromc. One-way ANOVA, ¢ < 0.05indicated. Dataare
mean +s.d.n=3donors. e, Allelicity distributions at KIT*'** and BCL11A™® for
PE2or PE3 designs. f, HbFinerythroid progeny from single-cell-derived clones
editedwith PE2 or PE3. Dataare mean +s.d.n=8,34 and 20 for control, PE2

and PE3, respectively. g, Immunophenotype of edited CD34" HSPCs. Dataare
mean =s.d.n=3donors. h, Heat map of editing across FACS-sorted progenitors
(CD45RA'CD907, CD45RA"CD90and CD45RA"CD90+) with or without Vpx
mRNA. n=3replicates. i, Growth inhibition of KIT"'** and/or BCL11A**® prime-
edited HSPCs by SR-1. Absolute counts normalized to dose = 0. Dataare

mean *s.d.n=4.j, Total CFU counts for KIT*" and/or BCL11A™® prime-edited
HSPCsexposedtoSR-1. Dataaremean +s.d. n=2.k,l, Single-colony genotyping

after SR-1treatment (250-2,500 ng pl™): editing efficiencies for KIT"'* and
BCL11A*® (k; one-way ANOVA (g < 0.05)) and heat map of allelic distribution (I).
m, Invivo dosing experiment. Mice were treated with 6x weekly intraperitoneal
doses of SR-1 (cumulative dose 0.012-1.5 mg). n =4 mice per group. PE, prime
editing.n, Human cell engraftmentin bone marrow at end-point: percentage
of hCD45" cells (left) and absolute counts (right). Data are mean + s.d. n =4 mice
pergroup, one-way ANOVA. o, Absolute counts of human haematopoietic
subsetsinbone marrow with different doses of SR-1. Dataaremean+s.d.n=4
mice per group.p,q, Invivo epitope editing outcomes. Dual SR-1plus104D2
stainingin CD33/66b*KIT myeloid cells showing wild-type (SR-1*), monoallelic
(intermediate) and biallelic (SR-1") fractions (p), with representative flow plots
showing the CD33/66b*CD14-SSC" fraction (q). Fractions are highlighted as
follows: biallelic-edited, magenta; monoallelic, light pink; and unedited, blue.
Dataare mean *s.d. n =4 mice per group. r, Genotyping of KIT"'?* prime editing
and BCL11A™®prime editing inbulk bone marrow and sorted CD33" (myeloid) or
CD19" (lymphoid) compartments. Data are mean + s.d. n = 4 mice per group.

(Supplementary Figs.2and 3), and insilico prediction (CRISPOR*) for
base editing; CHANGE-seq (Supplementary Figs.3-5) and CRISPOR for
prime-edited pegRNAs and nicking sgRNAs. For CHANGE-seq, the top
30 non-intergenic sites shared across 2 replicates were selected. For
GUIDE-seq, top non-intergenic sites with fewer than eight mismatches
and NRN protospacer-adjacent motifs (PAMs) were prioritized. These
candidates were incorporated into rhAmpSeq panels comprising 193
and 111 base-editing and prime-editing sites, respectively (Supple-
mentary Table 6), and analysed by NGS in edited HSPCs from three
donors. Consistent with prior reports, prime editing did not induce
detectable off-target base substitutions (Extended Data Fig. 5f). By
contrast, SpRY-ABES8e base editing produced measurable off-target
deamination (positions1-10) at several loci, most prominently for the
BCL11A*® sgRNA (Extended Data Fig. 5e and Supplementary Tables 7-9).
rhAmpSeq confirmed on-target indel frequencies consistent with those
observed by locus-specific sequencing (Extended Data Fig. 5a-d) and
detected noindels at off-target sites (Extended Data Fig. 5f).

Given the non-negligible indel incidence with PE3, we assessed the
possibility of genomic translocations between KIT and BCL11A. We
first implemented screening with uni-directional targeted sequenc-
ing (UDiTaS*®) for KIT, BCL11A™ and BCL11A™® sites (Extended Data
Fig. 5g-i). No rearrangements were detected (=1% threshold) in tri-
plex base-edited HSPCs (Extended Data Fig. 5Sh and Supplementary
Table 11). However, in 2 out of 3 PE3-edited donors, UDiTaS revealed
evidence of translocations, including one event involving the on-target
sites on chromosomes 2 and 4 (Extended Data Fig. 5j). To quantify
on-target translocations, we optimized PCR assays for KIT-BCL11A
rearrangements using ‘short’ or ‘long’ amplicons and validated them
inSpCas9 nuclease-treated K562 cells, which generated translocation
products that confirmed assay sensitivity (Extended Data Fig. 6a-e).
We then applied short-amplicon assays to CD34" HSPCs across mul-
tiple gRNA plus nuclease combinations, as controls, and the KIT
plus BCL11A PE3-PE3 condition, which produced detectable bands
(Extended Data Fig. 6f,g). For quantitative analysis, we developed digital
droplet PCR (ddPCR)-assays using primers combinations targeting
KIT-BCL11A rearrangements in every orientation (Extended Data
Fig. 6h,i). Specificity and sensitivity were benchmarked using PCR
products from nuclease-treated cells (Extended Data Fig. 6g,h), which
were re-sequenced to confirm bona fide KIT-BCL11A breakpoints.
In CD34" HSPCs, SpCas9 nuclease treatment produced relatively
high translocation frequencies (0.98 + 0.39 and 1.16 + 0.38 events per
1,000 diploid genomes for KIT_Fw-BCL11A_Rv and KIT_Rv-BCL11A_
Fw amplicons, respectively). PE3 showed a trend toward increased
translocation frequency (0.16 + 0.02 and 0.13 + 0.04, for Fw-Rv and
Rv-Fw, respectively) relative to PE2 (0.02 + 0.04 and 0.09 + 0.08)
or unedited controls (0.02 + 0.04 and 0.02 + 0.04; Extended
DataFig. 6i).

Collectively, these analyses provide an in-depth genomic safety
assessment of KIT-BCL11A multiplex base editing and prime
editing-based strategies. KIT epitope editing showed an excellent
safety profile for both mutations (H378R and D121L), even with
PAM-flexible Cas9 variants. By contrast, BCL11A targeting was asso-
ciated with off-target deamination with base editing and on-target
indels with PE3. Although current designs prioritized maximal effi-
ciency for proof-of-concept studies, future clinical translation will
benefit from further optimization of editor-guide combinations,
including PAM-restricted Cas variants to reduce BCL11A base-edited
off-target activity and optimization of prime editing configurations
toachieve efficient editing with PE2 systems, thereby minimizing risk
of double-strand breaks.

KIT*™" cells are enriched in vivo by SR-1

We next assessed the in vivo protection conferred by KIT>?* prime
editing. NBSGW mice were xenografted with KIT"'"* plus BCLIIA™®
dual prime-edited HSPCs (Fig. 4m) and, after steady-state engraft-
ment, treated them with a 6-dose SR-1regimen as in Fig. 3n (0.012 to
1.5 mg). At end-point, both the fraction and absolute counts of bone
marrow hCD45" cells decreased (Fig. 4n) uniformly across all lineages
(Fig.40). Thisreductionwas partial at the lowest dose but, as the dose
increased, it approached a plateau consistent with KIT editing in the
input HSPCs (approximately 36%), suggesting selective depletion of
unedited cells. Evenat the highest dose, SR-1-mediated depletion was
less severe than previously observed with KIT2F (Fig. 3q-t), highlight-
ing the increased therapeutic index conferred by KIT™™!" (Fig. 40). By
co-staining bone marrow cells with SR-1and clone 104D2, we identified
wild-type, monoallelic and biallelic edited cells within the myeloid
progeny (Fig. 4p,q). We observed a dose-dependent elimination of
wild-type KIT and monoallelic-edited cells, with only SR-1-negative
cells persisting at higher doses (Fig. 4q). Genomic analysis confirmed
dose-dependent selection of KIT prime-edited cells in bulk bone mar-
row and FACS-sorted CD19" and CD33" subsets (Fig. 4r). Owing to the
high-input BCL11A*® editing, we were unable to confirm co-enrichment
in this non-competitive transplant setting.

KIT’ enables efficient HSCT

To demonstrate how KI/T"?"" prime editing could improve non-
genotoxic transplantation protocols, we modelled HSCT with SR-1
immune conditioning. NBSGW mice were pre-engrafted with unedited
mNG-transduced HSPCs, monitored until full human engraftment,
and then conditioned with two intravenous SR-1doses (2x 0.25 mg or
2x 0.5 mg). Twelve hours after the second dose, mice received mtBFP*
HSPCs with BCLIIA™® or KIT"'™" plus BCL1IA*® prime editing (Fig. 5a).
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Fig.5|Seenext page for caption.

Unlike current non-genotoxic conditioning trials, this short interval
was chosen to simulate early transplantation without mAb wash-out.
Inthe KIT?™2* plus BCL1IA**® group, we confirmed near-complete eradi-
cation ofthe first mNG* graft and establishment of an entirely mtBFP*
second graft (Fig. 5b,c). Conversely, withholding mAb conditioning
produced mixed chimerism regardless of editing (around 50% mNG"*;
Fig. 5b). Critically, in the BCL11A*® prime-edited group, the absolute
number of engrafted cells was negligible (Fig. 5d), highlighting that, as
intended, residual SR-1levels were sufficient to eradicate the first graft
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Retention time (min)

and prevent engraftment of non-epitope-edited HSPCs. Remarkably,
KIT"™" plus BCL11A™® prime-edited HSPCs produced a multilineage
graft even in this challenging setting. Genomic analysis confirmed
selective engraftment of KIT? prime-edited cells and co-selection for
BCL11A™® (Fig. 5e), resulting in efficient HbF induction after erythroid
differentiation (Fig. 5f). Owing to low residual cell numbers after mAb
depletion, genomic and functional readouts could not be completed
for the BCLIIA™® prime-edited condition. NGS revealed significant loss
oftotal retrieved barcodes and Shannon diversity among mNG-marked



Fig. 5| KIT"'* epitope editing enables non-genotoxic haematopoietic
replacement and selection of BCL11A-edited SCD progenitors. a, Invivo
haematopoietic replacement experiment. NBSGW mice pre-engrafted with
mNG* unedited HSPCs received SR-1 conditioning (2 doses) and, after12 h, were
transplanted withmtBFP* BCL11A™® or BCL11A*® plus KIT"'*" prime-edited HSPCs.
n=4pergroup.lV,intravenousinjection. b, Relative mNG (green) and mtBFP
(blue) composition of hCD45" cells across time points or groups. BM, end-point
bone marrow; PB pre-TX, pre-treatment peripheral blood. Dataare mean +s.d.
c,Representative flow plots (bi-exponential axis) of hCD45" cellsin pre-treatment
peripheral blood and in bone marrow at end-point.d, Absolute bone marrow
counts of mtBFP*and mNG" human haematopoietic subsets following SR-1
conditioning and haematopoietic replacement. Dataare mean +s.d.n =4 mice
pergroup.e, End-point genotyping of KIT"? and BCL11A**. Dataare mean + s.d.

n=4micepergroup.One-way ANOVA, g < 0.05.f, HbF expression after erythroid
differentiation of end-point bone marrow cells, determined by HPLC. Data are
mean +s.d.n=4micepergroup.One-way ANOVA, g <0.05.g,h, Clonality of the
humangraftinbone marrow. Number of retrieved barcodes (g) and Shannon
Hindex (h). One-way ANOVA, ¢ < 0.05indicated. i, Experimental design to editand
select for KITepitope and BCL11A-edited HSPCs from a patient with SCD. j, Editing
efficiencies for KITand BCL11Ainerythroid cultures exposed to different
concentrations of Fab-79D or SR-1. EP, electroporation only. k, Representative
haemoglobin HPLC of SCD-derived erythroid cells under anti-KIT mAbs (Fab-79D
orSR-1) atindicated doses; unedited and triplex KIT"75R, BCL11IA™® plus BCLIIA™®
base-edited conditions are shown (with or without 500 pg ml™ Fab-79D). HbF
and HbS peaks are labelled with the respective per cent composition. I, HbF
quantificationin differentiated erythroid cells fromi-k by HPLC.

cellsinmice receiving either SR-1dose (Fig. 5g,h). Consistent with SR-1
susceptibility, the BCLIIA*® prime-edited group also showed negli-
gible barcode counts compared with the no-conditioning control.
Conversely, KIT"?" plus BCL11IA™® prime-edited groups preserved bar-
code numbers and Shannon diversity regardless of SR-1 conditioning
(Fig.5g,h), supporting the feasibility of generating a clonally diverse,
multiplex prime-edited graft that is resistant to SR-1.

To determine whether epitope-edited CD34*HSPCs could maintain
long-term repopulating capacity after SR-1selection, we performed
secondary transplantation (Extended Data Fig. 7a-g). Robust multi-
lineage reconstitution was observed insecondary mice receiving bone
marrow from no-conditioning groups, regardless of editing (K/T*'*!*
plus BCL11A™® or BCLIIA™®). By contrast, among mice receiving bone
marrow from SR-1-conditioned primary recipients, only grafts contain-
ing KIT""™" edited cells generated significant secondary engraftment
(Extended DataFig.7a,b), which was derived exclusively from mtBFP-
marked cells (Extended Data Fig. 7c,d). In non-conditioned cohorts,
dual staining using SR-1and 104D2 revealed mixed monoallelic and
biallelicedited cells within the mtBFP-marked myeloid compartment
(Extended Data Fig. 7e,f). By contrast, secondary recipients derived
from SR-1-conditioned mice showed exclusively KIT"?* biallelic-edited
progeny (Extended DataFig. 7e), indicating that only fully edited HSCs
were capable of serial repopulation at this dose level, thereby explaining
the lower haematopoietic outputinsecondary recipients. As expected,
bone marrow from SR-1-conditioned mice edited only at BCL11A**® did
not engraft in secondary recipients (fewer than 10° cells per mouse),
confirming that SR-1 eliminated long-term HSCs lacking KIT editing
(Extended Data Fig. 7b). These results show that KIT>""" enables HSPC
engraftment despite stem cells-ablating SR-1levels, allowing effective
replacement of established haematopoiesis without skewing clonal
diversity.

Immune selection enhances SCD gene therapy

To validate this strategy in disease-relevant cells, we edited SCD
patient-derived CD34*HSPCs at BCLIIA"® and/or BCL1IA™ with either
KIT™ 8 base editing or KIT"?" prime editing and performed erythroid
differentiation with escalating doses of the corresponding KIT mAb
(Fab-79D or SR-1; Fig. 5i). To model a low-chimerism post-transplant
setting, edited cells were mixed with unedited controls before differ-
entiation. Antibody exposure strongly enriched KITand BCL11A edits,
reaching 83.6% KIT, 76.5% BCL11A*® and 84.5% BCL11A™ in multiplex
base editing and 60.8% KIT and 59.75% BCL11A*® in multiplex prime edit-
ing, compared to22%,22.7% and 24.5% for base editing and 4.4 and 7.5%
for prime editing without mAb (Fig. 5j). Selection was already evident at
low mAb doses, consistent with the essential role of SCF-KIT signalling
during erythroid differentiation. High-performance liquid chroma-
tography (HPLC) analysis showed increased HbF and corresponding
decreased HbSin antibody-selected KIT plus BCL11A-edited erythroid
progeny (Fig. 5k,1). Collectively, these data show that KIT epitope edit-
ing enables functional co-selection of therapeutic BCL11A edits in SCD

HSPCs, resulting in HbF induction and concomitant decrease of HbS
above clinically relevant thresholds.

Discussion

Nearly all HSCT protocols rely on genotoxic conditioning. Here
we establish KIT epitope editing as a versatile platform to enhance
antibody-mediated, non-genotoxic conditioning and enable in vivo
co-selection of multiplexed genome edits. Although epitope editing has
beenused toselectively target haematopoietic malignancies without
on-target, off-tumour toxicity***”*%, our findings significantly expand
this concept to encompass HSCT and gene therapy.

Emerging conditioning strategies based on targeted immunother-
apies or mobilizing agents*® have the potential to reduce systemic
genotoxicity and accelerate haematopoietic recovery. Early clinical
experience with Fc-silenced KIT mAbs support an acceptable safety
profile, despite concerns associated with extra-haematopoietic anti-
gen expression (melanocytes, germ cells and Cajal cells). Briquilimab
combined with low-intensity irradiation has shown engraftment with-
out mAb-related toxicities in patients with haemoglobinopathies*,
Fanconianaemia® and low-risk myelodysplastic syndrome*’. However,
briquilimab alone does not fully ablate host HSCs*® and yields subopti-
mal engraftment unless transplanted HSPCs have anintrinsic selective
advantage®*'. Moreover, HSPCs must be infused after plasma mAb
levels fall below a defined threshold*®. ADCs*, such as the fast-clearing
o-amanitin conjugate MGTA-117%, can improve myeloablation and
enablerapid donor engraftment while preserving fertility>>. However,
clinical testing resulted in dose-limiting toxicities, including a fatal
event, probably reflecting off-target payload effectsin KIT-expressing
tissues or non-specific amanitin toxicity.

Epitope editing directly addresses these limitations by unlocking two
critical advantages: (1) transplantation can be performed at the peak of
host HSPC depletion, when bone marrow niches are maximally avail-
able; and (2) continued post-transplant mAb dosing, driving progres-
siveinvivoselection. The former can enhance engraftment and avoid
antibody wash-out delay, thereby potentially reducing the window of
severe haematopoietic aplasia. The latter enables the administration of
extended-interval, low-intensity regimens that yield superior expansion
of KIT-edited HSPCs while minimizing acute toxicities. Together, these
featuresredefine the therapeutic window for biological conditioning,
offering modular and safer alternatives to genotoxic regimens.

Epitopeeditingis particularly suited to autologous gene therapies,
whereimmunologicbarriers are absent and partial chimerismis often
sufficient for efficacy. Unlike overexpression of chemoresistance genes,
such as MGMT***, epitope editing uses minimal, nuclease-free engi-
neering of HSPC antigens by base editing or prime editing, avoiding
exogenous alterations of HSC biology and use of chemotherapies.
Critically, base editing and prime editing enable efficient multiplexing,
allowing combination with therapeutic editing. In our experiments,
KIT and BCL11A were efficiently co-edited in primary HSPCs, endowing
their progeny with both HbF induction and mAb resistance. Although
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we focused on haemoglobinopathies, many disorders that benefit
from partial haematopoietic correction or mixed chimerism, including
inborn errors of immunity and bone marrow failure syndromes, may
be suitable early clinical indications.

Notably, haematopoietic recovery after anti-KIT selection did not
resultin clonal expansion or dominance. Loss of unedited cells reflected
lack of protection rather than proliferative bias, and these findings
were unchangedinsecondary transplantation. Thisindicatesthat the
number of edited long-term HSCs transplanted will be a key determi-
nantof clonal repertoire after selection, emphasizing theimportance
of efficient HSC collection, editing efficiency, and ex vivo preserva-
tion. Unlike innate clonal dominance, where driver mutations confer
a permanent growth advantage, immune-based selection imposes a
cell-extrinsic, tunable and transient advantage that disappears when
antibody dosing stops.

Optimization of mAb schedule and cumulative exposure will be cru-
cialto balance niche clearance with preservation of progenitor pools.
Largerimmunocompetent models (such as non-human primates) will
help to define dosing and the theoretical risk of immune response
against neo-epitopes™. Clinical translation will also be facilitated by
growing experience with HSPC genome editing, including CRISPR-
Cas9°¢, base-editing® and prime-editing platforms. Our genomic analy-
sesindicate that K/IT epitope editing can be achieved with minimalindels
and no detectable off-target substitutions. Additionally, the targeted
KIT epitopes are distant from known cancer-associated mutational
hotspots; thus, residual indels are likely to be spontaneously counter-
selected due to decreased cell fitness. By contrast, BCL11A editing was
associated with PE3-dependent on-target indels and SpRY-ABE8e off-
target deamination. These findings underscore the trade-offbetween
efficiency and genomicintegrity when multiplex gene editingis used,
and support the importance of further optimization, including PAM-
restricted base editing and improved PE2 configurations. Ultimately,
the safety of this strategy must be weighed against disease-specific
risks and available alternatives. Although gene editing carries residual
concernsregarding genomic integrity, genotoxic conditioning remains
the dominant source of morbidity in current HSPC therapies. In the
BEAM-101 study, a patient died four months after infusion, probably
owing to busulfan-related toxicities. Although Cas9 disruption of the
BCL11A erythroid enhancer was reported to impair erythroid precursor
expansion in model systems®, the most common grade 3-4 adverse
eventsassociated with Casgevy are linked to myeloablative condition-
ing. Finally, the modularity of our approach extends beyond K/T and
BCL1IA. Other surface antigen genes could be explored to identify
epitope-disrupting mutations paired with diverse therapeutic edits.
Epitope editing can also be combined with CAR-T cells, ADCs or bispe-
cific antibodies directed against host haematopoiesis and malignant
cells, offering a dual-arm strategy for disease clearance and haemat-
opoietic replacement.

Inconclusion, our findings support the paradigm-shifting potential
of epitope editing to design next-generation HSCT. By decoupling stem
cell conditioning from toxicity, this approach overcomes key obsta-
clestothe broader deployment of gene and cell therapies. Moreover,
in vivo co-delivery of therapeutic and epitope edits could leverage
immune-mediated selection to enrich genome-modified cells within
the host. We envision a future where patients receive life-saving stem
celltherapies without risks of prolonged aplasia, infertility or secondary
malignancies, and with minimal or no hospitalization.
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Methods

Sleeping Beauty transgene overexpression

Bidirectional Sleeping Beauty plasmids encoding codon-optimized
cDNA of the gene of interest (KIT) or its mutated variants were cloned
downstream of an EFla promoter. The same construct included a
reporter cassette constituted by a fluorescent protein (mTagBFP2) and
puromycin-acetyltransferase (PAC) separated by aP2A peptide down-
stream of an RPBSA chimeric promoter. dsDNA inserts used for cloning
were synthesized by IDT (IDT gBlocks). Human (K562, HEK-293T) or
mouse (NIH-3T3 or Ba/F3) cell lines were electroporated using Lonza
4D-Nucleofector systemaccording to the manufacturer’sinstructions
with 500 ng pSB100x transposase plasmid (Addgene #34879) and
100 ngof the transfer plasmid, unless stated otherwise. Cells underwent
puromycinselection (1-2 pg ml™) starting 5 days after electroporation
and analysed by flow cytometry 7-14 days after the start of the selection.

KIT mAbs

The SR-1mAb (mouse IgG2a) was produced by BioXcell. The BA7.3 C.9
hybridomaline was purchased through ATCC and sent to BioXcell for
mAb productionand purification. SR-1later became available as BioX-
cell InVivoMADb anti-human KIT (BE0380). Fab-79D was produced as
recombinant mAb by Genescript using the TurboCHO service as human
IgGl. A briquilimab research analogue sharing the publicly available
sequence of briquilimab (record UNIIQWX84DODRC, DrugBank acces-
sion DB18136) was produced as an aglycosylated (N297Q) recombinant
mAb by Genescript.

KIT degenerate codon library

We cloned a bidirectional Sleeping Beauty plasmid encoding for
a codon-optimized human KIT cDNA bearing unique restriction
sites flanking each ECD and areporter cassette composed of mTag-
BFP2-P2A-puromycin N-acetyl-transferase (PAC). To introduce ran-
domaminoacids, we generated alibrary insert by PCR amplification of
350 bplong pooled ssDNA oligos (IDT oPools), encoding the KIT ECD2
bearing degenerate bases (NNN) at each amino acid position, flanked
by homology arms for the backbone plasmid. The gel-purified insert
was then clonedinto the Sleeping Beauty transfer by HiFi cloning (NEB
E2621L) and plated on10x 15 cmagar dishes to estimate library complex-
ity by counting bacterial colonies. Electroporation of HEK-293T cells
with low plasmid doses (50-250 ng per100 pl electroporation volume)
allowed to select cells transduced with (-5-10%) efficiency and obtain
approximately lintegration per cell. Sorting of cells positive for KIT
controlantibody (104D2 clone) and negative for therapeutic SR-1clone
and cells positive for both antibodies was carried out using aBD Melody
or BD FACS Aria sorter. Genomic DNA (gDNA) of sorted fractions was
extracted (Qiagen DNAeasy Blood&Tissue Kit, 69504) and the library
regionwas amplified by PCR with primersbearing Illumina partial adapt-
ers for NGS sequencing (Genewiz Amplicon EZ, Azenta Life Sciences).

Fluorescent ligand binding assay

hSCF (Peprotech 300-07) was resuspended at 1 mg ml™and conjugated
with AlexaFluor-488 or AlexaFluor-647 (Invitrogen AF488 or AF647
Antibody Labeling Kit, A20181 and A20186) for 1 h at room tempera-
ture. The reaction was quenched with 1% 1 M Tris-HCI pH 8. Cell lines
transduced with the respective KIT variant by Sleeping Beauty trans-
posase were incubated in the presence of AF488-conjugated SCF for
15 min at room temperature, washed with PBS + 2% FBS and analysed
by flow cytometry. The data obtained from the antibody and ligand
affinity assays at different concentrations were analysed using Graph-
pad Prism v10.5.

Base editing and prime editing of cell lines
Human K562 cells were cultured in IMDM supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin (10,000 U ml™),

2% L-glutamine (200 mM). For base-editing and prime-editing experi-
ments, K562 cells were collected and resuspended in electroporation
solution®® supplemented with 500 ng base editor plasmid and 150-
360 pmol of sgRNA (IDT) ina 20 pl electroporation volume. Cells were
electroporated using Lonza 4D-Nucleofector system (FF-120 pulse)
and cultured for 72 h before evaluation by flow cytometry or gDNA
collection.

Base editing and prime editing evaluation by Sanger sequencing
gDNA was extracted using DNeasy Blood & Tissue Kit (Qiagen no.
69506) or QuickExtract solution (Lucigen, QE0905T). PCR amplifica-
tion of the 350-600 bp region surrounding the target residue was
performed using GoTaq G2 polymerase (Promega, M7848) and puri-
fied using SV-Wizard PCR Clean-Up kit (Promega, A9282) or sparQ
PureMag magnetic beads (QuantaBio, 95196-060). Sanger sequencing
was performed through Genewiz (Azenta Life Sciences). Base editing
outcomes were estimated using editR v1.08 R package® for both base
editing and prime editing, as the intended edits accounted for single
base substitutions with no indels.

Invitro antibody-mediated selection assays

Human stem cells (mobilized peripheral blood-derived CD34*HSPCs,
either unmodified or edited for KIT) were plated in flat-bottom 96-well
plates, with 10,000-15,000 cells per well in StemCell SFEMII medium
supplemented with100 ng mI™ human SCF (Peprotech). SR-10r Fab-79D
anti-KIT mAbs were then diluted to the indicated concentrations in
SFEMII medium and then added to the cultured cells, with technical
quadruplicates. The plates were incubated at 37 °C in a humidified
incubator with 5% CO, for 3 days (early time point) or 7 days (late time
point). For analysis, cells were transferred to V-bottom plates supple-
mented with 10-15 pl Countbeads (Biolegend 424902), centrifuged and
resuspended in staining mix, containing human Fc-blocking reagent
(Miltenyi 130-059-901) and anti-CD34-BV421, CD133-PE, CD90 APC
and CD45RA APC-Cy7 mAbs (Biolegend; see Supplementary Table 3).
Afterincubation at room temperature for 15 min, the cells were washed
andresuspended in AnnexinV binding buffer (Biolegend 422201) con-
taining AnnexinV FITC or Pacific Blue (Biolegend 640945 or 640918)
and 7-AAD. Plates were analysed using a BD Fortessa high-throughput
system (HTS) and acquired with BD FACS Diva software v6. Absolute
counts of live (AnnV-7-AAD-) target cells were calculated using Count-
Beads and normalized on the no-antibody condition (absolute count of
cellsdivided by the median of the cells in the no-antibody replicates).

Base editor mRNA invitro transcription

Base editor or prime editor mRNA was prepared by T7 run-offin vitro
transcription (IVT) using a custom plasmid template encoding for
aT7 promoter, aminimal 5 UTR, the base editor reading frame, 2x
HBB 3’ UTR and a 110-120-bp poly-A sequence®. The plasmid tem-
plate waslinearized by BbsI-HF restriction digestion (NEB, R3539) and
purified by phenol-chloroform extraction (Sigma Aldrich, P2069).
mRNA IVT was performed using NEB HiScribe T7 kit (E2040S) and
co-transcriptionally capped with ARCA (3’-O-Me-m7G(5)ppp(5')G
RNA cap analogue, NEB S1411L) or CleanCap AG (Trilink N-7113). Partial
(75%) or total UTP substitution with N1-methyl-pseudo-UTP (Trilink
N-1103) or 5-methoxy-UTP (Trilink N-1093) was performed as indi-
cated. DNAse treatment (NEB M0303L) was added after IVT reaction
(30 min at 37 °C). IVT mRNA was purified using NEB Monarch RNA
Cleanupkit (T2050L) and resuspended in RNase-free water. mRNA was
quantified using a Nanodrop-8000 Spectrophotometer and quality
control was performed using Agilent Fragment Analyzer with RNA
Kit-15NT (Agilent DNF-471). For Vpx mRNA, we used a template con-
taining a 5’ UTR composed of an elF4G aptamer, a Kozak sequence,
the Vpx cassette, and a3’ UTR constituted by the Woodchuck Hepatitis
Virus Post-transcriptional Regulatory Element (WPRE) sequence. This
template was prepared by PCR using a forward primer to correctaT7



promoter inactivating mutation and areverse primer toappend a119-nt
poly(A) tail tothe 3’ UTR.

CD34"base editing and prime editing

Cryopreserved human CD34*HSPCs from mobilized peripheral blood
of eight deidentified healthy donors were obtained from the Fred Hutch
Cooperative Center of Excellence in Hematology (U54 DK106829).
Plerixafor-mobilized peripheral blood from patients with SCD was
procured after Boston Children’s Hospital institutional review board
(IRB) approval and patient-informed consent. CD34* HSPCs were iso-
lated using the CliniMACS CD34 reagent (Miltenyi, 130-017-501) and
CliniMACS LS tubing set (Miltenyi, 170-076-651). CD34* HSPCs were
thawed, cultured, and electroporated as previously described®. In
brief, cryopreserved cells were thawed in RPMI +20% FBS and cultured
in StemSpan SFEMII medium (StemCell 09655) supplemented with 1%
penicillin-streptomycin (10,000 U mlI™), 1% L-glutamine (200 mM),
150 ng mI™ hSCF (Peprotech 300-07), 150 ng mI™ hFLT3L (Peprotech
300-19), 75 ng mI™" hTPO (Peprotech 300-18), 0.75 mM StemRegenin-1
(StemCell 72344), 35 nM UM171 (Sellekchem, S7608), unless stated
otherwise. For experiments comparing SFEMII versus X-VIVO15 medium
(Lonza 02-060Q) for prime editing, supplements, and concentrations
arereported in Extended Data Fig. 4d. Cells were collected and elec-
troporated using Lonza 4D-Nucleofector system 24 h (for prime edit-
ing) or 48 h (for base editing) after thawing. Cells were resuspendedin
P3 solution (Lonza V4XP-3024) supplemented with 60-240 nM base
editor or prime editor mRNA, 10-20 pM sgRNA or pegRNA (IDT) and
1.2U mI'RNAseinhibitor (Promega RNAsin Plus, N2611). In PE3 experi-
ments, the nicking guide(s) was added at half the concentration of
the pegRNA. We used electroporation pulse EO100 or CA-137 for base
editing (see Extended Data Fig. 1b), and DS-130 for prime editing (see
Extended DataFig. 4c). Forinvivo experiments, cells were counted and
transplanted 24 h after the electroporation or, for invitro experiments,
cultured for an additional 5-7 days in the same medium described
above at a density of 0.5 million per ml.

Invitro erythroid differentiation

Bone marrow cells collected from humanized mice or cultured CD34*
HSPCs were transferred into erythroid differentiation medium
(EDM) consisting of IMDM (GibcoTM, 12440061) supplemented with
330 pg ml™ holo-human transferrin (Sigma, T0665-1G), 10 pg ml™
recombinant human insulin (Sigma, 19278-5 ML), 2 IU ml™ heparin
(Sigma, 19278-5 ML), 5% human solvent detergent pooled plasma AB
(RhodelIsland Blood Center), 3 IU ml™ erythropoietin (Amgen, 55513-
144-10). During days O-7 of culture in EDM-1, EDM was further supple-
mented with10-6 M hydrocortisone (Sigma Aldrich, H0135),100 ng mlI™
human SCF (CellGenix, 1418-050) and 5 ng mI™ of recombinant human
IL-3 (Peprotech, 200-03). During days 7-11 of culture in EDM-2, EDM
was supplemented with 100 ng ml™ human SCF (CellGenix, 1418-050).
During days 11-18 of culture in EDM-3, EDM had no additional supple-
ments. Differentiated cells were then used for experimental readouts.

Haemoglobin HPLC

Haemolysates were prepared from erythroid cells after 18 days of eryth-
roid differentiation using Hemolysate reagent (Helena Laboratories
5125) and analysed with D-10 Hemoglobin Analyzer (Bio-Rad) according
to the manufacturer’s recommendations.

Genotyping and haemoglobin measurement of
single-cell-derived erythroid colonies

Single cells derived from human CD34" HSPCs were FACS-sorted 24 h
after editing. The cells were sorted by BCL2-ARIA Il SPEC (BD Bio-
sciences) into 150 pl of EDM-1 (see in vitro erythroid differentiation)
in 96-well round-bottom plates (ThermoFisher Scientific, 3799) at
onecell per well. After 7 days of EDM-1 culture, if colonies were visible
at the round bottom of plates, the medium was exchanged to 300 pl

of EDM-2. After an additional 4 days of EDM-2 culture, half of the cells
were keptin 500 pl of EDM-2, while half of the cells were passaged into
300 pl of EDM-3. After an additional 7 days of EDM-3 culture, cells in
EDM-2were used for genotyping analysis, whereas cellsin EDM-3 were
used for haemoglobin HPLC measurement.

Fluorescent barcoded library preparation

To generate fluorescently labelled barcoded lentivirus libraries, we
cloned a hPGK-mNeonGreen or hPGK-mTagBFP cassette followed
by an SV40 polyadenylation signal into a third generation lentivirus
backbone in antisense direction. We placed Mlul and Xbal unique
restriction sites in the 3’ UTR region just downstream of the fluo-
rescent protein stop codon to enable cloning of the barcoded oligo.
A125-127bplongUltramer (IDT) with appropriate homology regions
and containing 7 stretches of 4 degenerate bases (NNNN, for a total
of 28 N), separated by constant anchors, was directly used for clon-
ing through NEB HiFI Assembly. Plating into 15-cm LB-Agar dishes
enabled colony screeningto ensure product purity and estimation of
library complexity, with a minimum goal of 100,000 bacterial colo-
nies. Recovery of the bacteriainto liquid LB medium and ashort (3 h)
growthat 37 °C enabled the extraction of sufficient plasmid material
for downstream steps (Macherey-Nagel NucleoBond Xtra Maxi Plus EF
740426.50). Lentiviral production was performed by Calcium-Phos-
phate transient transfection of the packaging and transfer plasmids
(pPMDL-RRE, pREV, pMD2, pAdvantage) into HEK-293T cells growing
at ~70% confluency. Medium was exchanged 12 h after transfection
and, after 30 h since medium change, the culture supernatant was
collected, filtered through a 0.22-um filter and ultracentrifuged at
~72,000g, for 2 hat 20 °C using a Beckman Optima L-90K centrifuge
to achieve 500x concentration. Viral preps were titrated by serial
dilution on HEK-293T cells and transduced cells analysed by flow after
7-14 days to calculate functional titre (TU mI™?). Lentiviral transduc-
tion of primary mobilized peripheral blood-derived CD34* HSPCs
was performed after overnight culture (12-24 h after thawing) at
multiplicity of infection =30 in the presence of 8 UM Cyclosporine
H (Sigma) as transducer enhancer to achieve >70-80% transduction.
In experiments where CD34" HSPCs are both transduced and base-
edited or prime-edited, cells were electroporated 24 h after lentivirus
transduction.

Invivo xeno-transplantation experiments

Allanimal experiments were performed inaccordance with regulations
set by the American Association for Laboratory Animal Science and
Institutional Animal Care and Use Committee (IACUC) approved proto-
col (DFCI#21-002). Mice were housed in specific pathogen-free facility
(temperature 20-24 °C; relative humidity 30-70%) with sterile individu-
ally ventilated cages and fed autoclaved food and water, with a standard
12 hday/nightlight cycle. Six- to eight-week-old female® NOD.Cg-Kit"*
Tyr* Prkdc*® [12rg™™"'/Thom) mice (NBSGW, Jackson Laboratories,
026622) were xeno-transplanted with 1 million human CD34" HSPCs
per mouse by tail vein injection. Human engraftment was monitored
by peripheral blood flow analysis at 7-9 weeks. Anti-KIT/CD117 mAbs
were administered to NBSGW mice by intravenous or intraperitoneal
injection at the indicated intervals and for the indicated number of
doses. Unless otherwise specified, doses are reported as absolute mass
(mg) per mouse; approximate mg kg equivalents were additionally
calculated using an average adult female NBSGW body weight of -25 g
(0.025 kg) tofacilitate cross-study comparison. Cumulative antibody
exposure for each regimen was defined as the sum of all administered
doses. Antibodies were diluted insterile vehicle (PBS) and injectedina
constant volume per dose (0.2 ml); control groups received matched
vehicle. At the end of the experiment, bone marrow (hind limbs and
sternum), spleen, and peripheral blood were collected for FACS and
genomic analyses. To evaluate editing efficiency within different hae-
matopoietic subsets, ~20% of total bone marrow cells were FACS-sorted
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toisolate haematopoietic lineages (CD33" myeloid, CD19* lymphoid,
and CD33°CD19°CD34" progenitors), then used for gDNA extraction.
Secondary transplantation was performed by transplanting total bone
marrow from primary recipientsinto a second cohort of NBSGW mice.
Bone marrow cells were administered intravenously either as freshly
prepared single-cell suspensions or after thawing from viable cryopre-
served bone marrow samples. Each secondary recipient received ~25%
of the total bone marrow cells obtained from a single primary donor
mouse. Mice were monitored by peripheral blood analysis to confirm
human engraftment and euthanized after 16-18 weeks.

Colony-forming assays

CFU assays were performed by plating 1,000 CD34" cells per well, for
invitro CD34"HSPCs experiments, or 25,000 total bone marrow cells
per well for xeno-transplanted bone marrow-derived assays, unless
stated otherwise. Cells were resuspended in Methocult H4034 medium
(StemCell 04034) and plated in SmartDish meniscus-free six-well
plates. Wells were imaged and analysed after 2 weeks using StemCell
STEMvision system and STEMvision software using the 14-day bone
marrow setting. For flow cytometry analysis, methylcellulose medium
was softened with pre-warmed PBS, collected, and washed twice before
analysis. Myeloid and erythroid cell discrimination was achieved by
staining for CD33 and CD71, respectively, while mMNG and mtBFP detec-
tion enabled the identification of the edited versus non-edited cell of
origin.

Myeloid differentiation culture and phosphoflow analysis of
HSPCs

CD34"HSPCs derived fromthree different healthy donors were thawed,
cultured in HSC expansion medium and edited as previously described.
Five days after electroporation, cells were transitioned to myeloid
differentiation medium (SFEMII, penicillin-streptomycin 1%, Q 1%,
SCF100 ng mI™, FLT3L 100 ng mI™, TPO 50 ng mI™, GM-CSF100 n I,
IL-6 50 ng mI™, and IL-3 10 ng ml™ (Peprotech)). After 5 days, cells
were starved overnight in SFEMII (not supplemented with cytokines)
and then stimulated with SCF 100 ng ml™, G-CSF 100 ng mI™, IFNj3
5,000 Uml™, IFNy 10 ng ml™, IL-4 50 ng mI™, PMA 100 ng mI™ plus
lonomycin1pg ml™ or LPS 100 ng ml™ for 20 min at 37 °C. Cells were
then collected and immediately fixed with Biolegend fixation buffer
(420801) and permeabilized with Biolegend TruePhos Perm Buffer
(425401) according to the manufacturer’sinstructions. Cells were then
aliquoted into two fractions and stained with the following antibody
mixes: (1) pSTAT1 PE-Cy7, pSTAT3 BV421, pSTATS PE, pSTAT6 AF647
and pAKT AF488; (2) pERK1/2 BV421, pMEK1 AF647, p38/MAPK PE and
pRPS6 PE-Cy7 (Biolegend). Cells were then analysed on aBD Fortessa
Analyzer with HTS sampler.

Gene expression analysis of edited CD34* HSPCs

RNA-seq gene expression analysis was performed using Plasmid-
saurus Nanopore RNA-seq platform. n =32 samples from CD34" cells
isolated fromthree donors (donors1,2and 3), corresponding to com-
binations of editing locus (BCL1IA, KIT or AAVSI), prime editing strat-
egy (PE2 and/or PE3), and SCF stimulation conditions (unstimulated
versus stimulated) were sequenced. Raw fastq files underwent quality
assessment using FastQCv0.12.1, followed by quality filtering with fastp
v0.24.0 (poly-X tail trimming, 3’ quality-based tail trimming, minimum
Phred score of 15, minimum Iength 50 bp). Quality-filtered reads were
aligned to the human reference genome hg38 using STAR v2.7.11 with
non-canonical splice junction removal and unmapped read output,
followed by coordinates sorting withsamtools v1.22.1. PCR and optical
duplicates were removed using unique molecularidentifier (UMI)-based
deduplication (UMiIcollapse v1.1.0). Alignment quality, strand speci-
ficity, and read distribution were evaluated using RSeQC v5.0.4 and
Qualimap v2.3, aggregated into a MultiQC v1.32 report. Gene-level
quantification was performed using featureCounts (subread v2.1.1)

with strand-specific counting, multi-mapping fractional assignment,
and grouping by gene_id. Differential expression analysis was per-
formed in Python using the PyDESeq2 (Love et al., 2014, adapted for
Python) implementation of the DESeq2 negative binomial model.
Gene-level counts for all retained genes were modelled with the fol-
lowing design formula for the full model:

GeneExpr = 'BO + ﬁdonor + 'Bstimu[ation + ﬂguide + ﬁprime-editor

withreference levels set to donor-unspecified, unstimulated (unstim),
AAVSI guide and PE2 prime editor. In this model, S, represents the
gene-specificintercept corresponding to the reference condition, while
Bdonorrﬁstimulation' ﬁguide andﬁprime-edi(or represent gene-speciﬁc coefficients
for donor, stimulation status, guide/editing locus and prime-editing
system, respectively. Donor, guide and prime-editor terms were treated
as categorical covariates using reference-level coding. The stimula-
tion coefficient B;muiacion Was used to test the adjusted main effect of
SCF stimulation across donors, guides and prime-editing systems.
Model coefficients were tested using the Wald test with Benjamini-
Hochberg correction for false discovery rate (FDR) correction. The
primary contrast tested was the main effect of stimulation (stimulated
versus unstimulated) across all donors, guides, and editing systems,
representing the global stimulus response while controlling donor,
guide, and prime editing effects. Significant genes were identified
using thresholds of adjusted Pvalue < 0.001with |log, fold change| > 1.0
(moderate). Heat maps of z-score normalized expression for high-
confidence differentially expressed genes (adjusted P < 0.05,
[log,FC| >1.5) were generated using hierarchical clustering (Euclid-
ean distance, Ward linkage) with sample annotations for stimulation,
guide, prime editing, and donor, visualized using seaborn clustermap.
Figures were generated using matplotlib, seaborn.

Flow cytometry

Cell lines were collected, washed in PBS + 2% FBS, resuspended in
100 ml, incubated with human or mouse Fc-blocking reagent (Milte-
nyi130-059-901and 130-092-575) and then stained with the indicated
antibodies for 20-30 min at 4 °C and washed. Viability was assessed
by LiveDead yellow (Invitrogen L34959), 7-AAD (Biolegend 420404),
or propidiumiodide (PI, Biolegend, 421301) staining. Imnmunophe-
notyping of in vitro base-edited CD34" HSPCs was evaluated by stain-
ing for 30 min at 4 °C with CD34 BV421, CD45RA APC-Cy7, CD90 APC,
and CD133 PE antibodies after incubation with Fc-blocking reagent
(Miltenyi130-059-901). Viability was assessed by 7-AAD or propidium
iodide (PI) staining. Peripheral blood collected from in vivo experi-
ments was lysed twice for 10 min at room temperature twice using
ACK reagent (StemCell 07850), washed, incubated with human and
mouse Fc-blocking reagent (Miltenyi130-059-901 and 130-092-575) and
stained at room temperature for 15 min with hCD45 BV421 or BV786,
mCD45 PE, CD3 AF647, CD19 BV605, CD33 PE-Cy7 antibodies, unless
stated otherwise. 7-AAD was included as viability stain. To comprehen-
sively identify haematopoietic populationsin bone marrow samples®,
collected cells were lysed using ACK reagent, washed twice and sup-
plemented with CountBeads (50-100 pl per tube) for absolute cell
number quantification. Samples were then incubated withhuman and
mouse Fc-blocking reagent and stained for 30 min on ice with hCD45
BV786, mCD45 PerCP-Cy5.5, CD3 PE-Cy5, CD7 AF700, CD10 BUV737,
CD11cBUV661, CD14 BV510, CD19 BV605, CD33 PE-Cy7, CD38 BUV396,
CD45RA APC-Cy7,CD34 BUV496, CD90 APC, FLT3 PE and KIT 104D2
BV711antibodies (Supplementary Table 3), with the addition of 50 ml
per sample Brilliant Stain buffer (BD 659611). In some experiments, a
KIT dual staining with SR-1 AF488 and 104D2 BV711 was performed to
directly visualize editing status. Cells were acquired on afive-laser BD
Fortessa flow cytometer using BD FACS Diva software v6 and analysed
using FCS Express 7 (DeNovo Software).



Bioinformatic processing of epitope mapping libraries
Amplicon sequencing data were first processed to merge raw
paired-end reads into single consensus sequences using BBMerge,
which corrects discrepancies between forward (R1) and reverse (R2)
reads. The merged reads were aligned to a DNA reference correspond-
ingtothesection of wild-type (WT)KIT sequence undergoing screening
using the BWA-MEM algorithm. Only high-confidence alignments were
retained by filtering for amapping quality score (MAPQ) greater than
60, and unmapped or low-quality reads were discarded. High-quality
mapped reads were translated into amino acid sequences using the
Biopythonlibrary. These translated sequences were then compared to
the wild-typeKIT protein (120 amino acids in length) using BLASTP. The
BLASTP output was generated in tabular format (outfmt 6) to report
alignment featuresincluding query ID, sequence length, per centiden-
tity, number of mismatches, and aligned regions for both query and
subject sequences. For each query, the best alignment was selected
based on alignment length. Only sequences with an alignment length
greater than 110 amino acids were retained to allow flexibility at the
read extremities while ensuring coverage of the epitope region. Input
sequences containing amino acid insertions relative to the reference
were excluded from further analysis. From the filtered BLASTPresults,
we generated a datamatrix for each sample with22 rows representing
the 20 canonical amino acids, the stop codon, and deletions, and 120
columns corresponding to each position in the wild type sequence.
Each cell in the matrix records the number of reads in which a given
amino acid was observed at a specific position, allowing quantitative
profiling of epitope mutation frequency across the entire sequence.
The frequency matrices corresponding to single-positive samples
(characterized by abrogated binding affinity to the SR-1antibody) and
double-positive samples (with conserved SR-1binding) were modelled
using logistic regression for count data. Specifically, the number of
reads carrying a specific mutation over the total number of readsina
sample was modelled to estimate whether significant enrichment of
particular mutations was observed in single-positive samples. Statisti-
cal significance was assessed using a likelihood ratio test comparing
two nested models. Asameasure of enrichment or depletion, we used
the chi-squared test statistic. A positive value indicates that a muta-
tionis enriched in single-positive samples relative to double-positive
samples, while anegative valueindicates depletion. P-values associated
with mutation enrichment were adjusted for multiple testing using
the FDR, and mutations with FDR-adjusted P values below 0.05 were
considered statistically significant.

Barcode-based clonal tracking of edited HSPCs

To evaluate the clonal architecture of edited haematopoietic popula-
tions, barcode libraries were amplified from gDNA extracted from
sorted bone marrow fractions, including CD33" myeloid, CD19" lym-
phoid and Lin"CD34" progenitor cells. Libraries were generated using
atwo-step PCRstrategy. InPCR1, library-specific primers targeting the
mNG or mtBFP constructs were used to amplify barcode-containing
regions (Supplementary Table 2). The forward primer contained a
seven-nucleotide degenerate sequence, which served as a UMI to
account for PCR amplification bias and enable identification of PCR
duplicates. In PCR2, common primers incorporating partial lllumina
adapter sequences were used to generate sequencing-ready librar-
ies (Supplementary Table 2). Following amplification, purified PCR
products derived from the mNG and mtBFP libraries were pooled for
Illumina amplicon sequencing (Amplicon EZ, Azenta). Sequencing
reads were first quality filtered using Flexbar (v3.5.0) with aminimum
quality threshold of qt = 30, using parameters q = TAIL and qf =i1.8.
Only reads passing these criteria were retained for downstream analy-
sis. High-quality reads were processed to detect and annotate the
7-nt UMl embedded in the forward primer using Flexbar (-at LEFT
--adapter-trimmed-out ONLY -m1). UMIs were used for PCR duplicate

removal, and the maximum permissible error rate for UMI detection
wassetto 0.1. A 6-nt unique sequence embedded in the library design
was used to assign fluorescence identity (mNG or mtBFP) to eachread.
Reads were further processed to identify the 28-nucleotide lineage
barcode, corresponding to the designed barcode structure NNNNT
GNNNNCANNNNACNNNNGANNNNGTANNNNAGCNNNN. Only reads
with consistent fluorescence assignments and valid UMI or barcode
annotation were retained and exported as text files for downstream
processing using custom Python scripts. To reduce artificial infla-
tion of barcode counts arising from sequencing or PCR artefacts,
barcode sequences were clustered using the DBSCAN (density-based
spatial clustering of applications with noise) algorithm, using Lev-
enshtein distance as a similarity metric with a distance threshold of
eight nucleotides (Extended Data Fig. 2j and Supplementary Fig. 1).
This approach groups highly similar barcode sequences into uni-
fied clusters representing the same clonal lineage, improving the
robustness of clonal assignments. Additionally, singleton UMlIs
(UMIs supported by asingle read) were removed to reduce the impact
of residual sequencing noise. Clone size was estimated using both
total read counts and the number of distinct UMIs associated with
eachbarcode. Fromthese values, clonal diversity metrics were calcu-
lated, including species richness (S), the Shannon diversity index (H),
Simpson’s diversity index (Simp), and Pielou’s evenness index (/),
enabling quantitative characterization of clonal composition and
distribution within each sample.

CHANGE-seq

CHANGE-seq was performed for prime-editing targets as previously
described®. In brief, the purified gDNA tagmented using custom
Tn5-transposome to an average length of 400-800 bp, and gap repaired
with HiFi HotStart Uracil+ Ready Mix (Kapa Biosystems KR0413). USER
enzyme (NEBM5505L) and T4 polynucleotide was then used to treat the
gap-repaired DNA. DNA circularization was performed using T4 DNA
ligase (NEB M0202L) and residual traces of linear DNA were removed
by exonuclease cocktail and followed by dephosphorylation with
Quick CIP (NEB M0525L). In vitro cleavage reactions were performed
with 125 ng of circularized DNA, 90 nM SpCas9 protein (NEB), NEB
buffer3.1(NEB),and 270 nMgRNAsina 50 plvolume. Cleaved products
wereincubated with proteinase K (NEB), A-tailed, hairpin adapter (NEB)
ligated, and treated with USER enzyme. Products were amplified by PCR
with the Kapa HiFi polymerase (Kapa Biosystems), and libraries were
quantified by qPCR (Kapa Biosystems) and sequenced on the Illlumina
NextSeq2000 with the following cycles151-8-8-151. CHANGE-seq data
analyses were performed using open-source software https://github.
com/tsailabS)/changeseq. Plots representing top nominated sites for
eachgRNA are reported as Supplementary Figs. 2-5.

CHANGE-seq-BE

CHANGE-seq-BE was performed as previously reported** using the same
circularized, exonuclease cocktail, and CIP treated gDNA as mentioned
above from CHANGE-seq. In brief, ABE in vitro deamination performed
ina 50-pl reaction with deamination buffer (50 mM Tris-HCI pH 8.0,
25 mMKCI, 2.5 mMMgS04, 0.1 mMEDTA, 10%glycerol,2 mMDTT and
10 uM ZnCI2). ABE and gRNAs final concentrations were 300 nM and
900 nMwith 125 ng of circularized DNA. ABE8e-deaminated DNA prod-
ucts weretreated with proteinase K (NEB), followed by Endonuclease V
(NEB,MO0305S) treatment. Linearized DNA fragments were treated with
Klenow fragment (3’>5’ exo-, NEB M0212L), dA-tailed, ligated with a
hairpin adaptor (NEB), USER treated and amplified by PCR using HiFi
HotStart Uracil (Kapa/Roche). Completed libraries were quantified
by qPCR using the Kapalibrary quantification kit and sequenced with
151-bp paired-end reads onan Illumina NextSeq2000. CHANGE-seq-BE
data analyses were performed using open-source software https://
github.com/tsailabSJ/changeseq/tree/BE. Plots representing top nomi-
nated sites for each gRNA are reported as Supplementary Figs. 2-5.
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rhAmpSeq and analysis of off-target base editing and prime
editing

Multiplex targeted sequencing (rhAmpSeq, IDT) performed on gDNA
extracted from base- or prime- edited CD34" cells and unedited con-
trols to validate off-target activity from CRISPOR®*, CHANGE-seq, and
CHANGE-seq-BE designated sites. Libraries prepared and sequenced
with 151-bp paired-end reads on an Illlumina NextSeq 2000 accord-
ing to the manufacturer’s protocol. Data was analysed using CRIS-
PResso Pooled (v2.0.41). For base-editing analysis, the parameters
were --quantification_window_size 10 --quantification_window_center
-10. The percentage of reads containing A-to-G mutations within the
protospacer positions 1-10 at on- or off-target sites was used for sta-
tistical analysis*. For prime editing analysis, the parameters were
--quantification_window_size 1 --quantification_window_center -3.
For pegRNA off-target analysis, the percentage of substitution that
could be encoded by the RTT sequence and the percentage of indels
at on- or off-target sites were used for statistical analysis. For nicking
sgRNA off-target analysis, only the percentage of indels was used®®. For
the statistical analysis, chi-squared test was performed and false dis-
covery rate (FDR) calculation using the Benjamini-Hochberg method.
The reported off-target sites with difference > 0.5% for at least one
treatment and with FDR < 0.05 were determined as significant. Custom
code was used to conduct base-editing off-target quantification is
available from GitHub https://github.com/tsailabS)J/MKSR _off targets
and https://github.com/YichaoOU/PE_off target.

Uni-directional targeted sequencing

A custom Tn5-transposome with the full-length Illumina forward (i5)
adapter,asample barcode, and unique molecule identifier was used for
the gDNA tagmentation. After tagmentation of the gDNA to approxi-
mately1,500 bp fragments, 2 rounds of PCR were performed. The first
PCRamplified the target site using the gene-specific anchor primer, and
thesecond round of PCR added the reverse (i7) llluminaadapter withan
additional sample barcode. Sequences of oligos and PCR components
are provided in Supplementary Table 10. Both PCR1 and PCR2 condi-
tions were as follows: denaturation, 95 °C for 5 min; touchdown (15%
cycles), 95°C, 70 °C, 72 °C for 0.5 min, 2:00 (1 °C per cycle), 0.5 min;
amplification (12x cycles), 95 °C, 55 °C, 72 °Cfor 0.5 min, 1:00, 0.5 min
(at 1.2°C s™ ramp rate); extension 72 °C for 5 min; hold 4 °C. Final
libraries were then quantified by qPCR, pooled, and size-selected for
400-850 bp using Yourgene Health LightBench, and then sequenced
on an Illumina NextSeq 2000 with 301-8-18-301 cycles. Analysis was
performed as previously reported®. Source code available at https://
github.com/editasmedicine/uditas. UDiTaS was run with parameters
-window size 10 -min_MAPQ10.

Qualitative junction PCR and ddPCR quantification of prime
editing-induced translocations

To detect potential inter-chromosomal rearrangements between the
KIT and BCL11A sites, a panel of cross-chromosomal PCR primer pairs
was designed to flank the edited regions of both loci (Supplementary
Table 2). The positive strand was defined as the strand with the 5" end
at the short (p) arm terminus, and primers were designated as for-
ward or reverse according to each gene’s open reading frame orienta-
tion. Two amplicon sizes were evaluated (-400 bp,~900 bp) toenable
orientation-specific detection of reciprocal and non-reciprocal junc-
tions. Primer performance was validated on-target (Promega GoTaq
G2 MasterMix), with short amplicons demonstrating superior ampli-
fication efficiency and specificity on both loci. We used K562 edited
with SpCas9 nuclease and different combinations of KIT and BCL11A
pegRNAs and nicking gRNAs to generate positive controls for chromo-
somal translocations. Annealing temperature for all primer combina-
tions was optimized within the range identified for on-target amplicons
(60-67 °C),and 65 °Cwas selected based on specificity versus unedited

controls. Thermal cycling was performed as follows: initial denatura-
tionat 95 °Cfor2 min; 35 cycles of 95 °Cfor30s, 65 °Cfor30s,and 72 °C
for 45 s; followed by a final extension at 72 °C for 5 min. Amplification
products wereresolved by agarose gel electrophoresis (1.5-2% agarose
in TAE buffer) and visualized by SYBR-based staining. To enable absolute
quantification of translocation frequency, ddPCR assays targeting
KIT-BCLI11A junctions were developed. FAM-fluorescent probes (IDT)
were designed for each short-amplicon primer pair (Supplementary
Table 2) and tested for on-target and cross-chromosomal amplicon
detection, using both gDNA from nuclease-treated cells and spike-in
of the gel-purified translocation products generated in the PCR opti-
mization described above. A genomic control locus (TTC5 gene) was
used as normalizer (with HEX as fluorophore). ddPCR reactions were
prepared according to the manufacturer’s recommendations (Bio-Rad
QX200 ddPCR system) using ddPCR Supermix no dUTP for probes
(Bio-Rad) using 50 ng input gDNA per reaction, with 4 replicate wells
per sample (200 ng total input) to maximize assay sensitivity. Thermal
cycling was performed for 40 cycles as follows: 95 °C for 3 min; 95 °C
for30s,59 °Cfor30s(ramprate2°Cs™),and 72 °C for1 min; followed
by a final extension at 72 °C for 5min and a4 °C hold. Droplets were
generated using the QX200 Droplet Generator (Bio-Rad) according to
the manufacturer’sinstructions. Data were analysed with QuantaSoft
Manager software (Bio-Rad). Positive and negative droplet thresholds
were defined based on no-template and unedited genomic controls.
Translocation frequencies were calculated as copy number normal-
ized toreference gene copies (n=2) and reported as events per 1,000
diploid genomes.

Statistical analyses

The n indicates the number of biologically independent samples,
animals, or experiments. Data are summarized as mean + s.d. Infer-
ential techniques were applied in presence of adequate sample sizes
(n=5),otherwise only descriptive statistics are reported. Comparisons
between two groups are performed by unpaired ¢-test. FDR-adjusted
Pvaluesarereported when appropriate. Whenone variableis compared
among more than two groups, one-way ANOVA is used. When multi-
ple variables are compared among more than two groups, two-way
ANOVA is used. The P value of the row or column effect is reported as
appropriate to describe the significance of the selected parameter
onthe measured variable. Multiple comparisons between groups are
performed with two-stage step-up procedure of Benjamini, Krieger
and Yekutieli to control the false discovery rate (FDR, Q = 0.05), when
appropriate. When dose-response relationships were compared across
experimental groups, data were fit by global nonlinear regression using
afour-parameter logistic (Hill) model. Differences in HillSlope were
evaluated by comparing a constrained model with ashared HillSlope to
anunconstrained model allowing group-specific HillSlope values using
an extra sum-of-squares F-test (nested model comparison; a = 0.05).
Inall the analyses, the significance threshold was set at 0.05, and ‘NS’
means not significant. Data were collected in Microsoft Excel, and sta-
tistical analyses were performed in GraphPad Prismv10.5 (GraphPad).

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allrelevant data are included in the manuscript. Source data are pro-
vided with this paper.

Code availability

Codeused toanalyse CHANGE-seq data canbe found at https://github.
com/tsailabSJ/changeseq. Code used to analyse CHANGE-seq-BE


https://github.com/tsailabSJ/MKSR_off_targets
https://github.com/YichaoOU/PE_off_target
https://github.com/editasmedicine/uditas
https://github.com/editasmedicine/uditas
https://github.com/tsailabSJ/changeseq
https://github.com/tsailabSJ/changeseq

datasets can be found at https://github.com/tsailabS]/changeseq/
tree/BE. The custom code used to conduct base-editing off-target
quantification in rhAmpseq datasets is available at https://github.
com/tsailabSJ/MKSR_off _targets and https://github.com/YichaoOU/
PE_off _target. The source code to analyse UDiTaS assays is available at
https://github.com/editasmedicine/uditas. Sequencing data were
aligned to the human reference genome GRCh38 (hg38; Genome
Reference Consortium; https://www.ncbi.nlm.nih.gov/datasets/
genome/GCF_000001405.40/).
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Extended DataFig.1|Functional characterization of KIT"*** and
BCL11A*%**®pase edited HSPCs and proof-of-conceptinvivoselection.

(A) Cartoon model of humanKIT extracellular domains (ECD4-ECDS5). The
position of H378 - the residue that is mutated to R to abrogate Fab-79D binding
within ECD4 - is highlighted inred. Adapted from https://www.rcsb.org.
ref.2E9W. (B) Electroporation pulse optimization for efficient delivery of SpRY-
ABE8e mRNA into CD34+HSPCs using Lonza-4D Nucleofector. Reported
editing efficiency is normalized on EO100, which s the pulse reccommended

by the manufacturer forhuman CD34+HSPCs. Mean +SD. N =3 experimental
replicates. (C) Sanger sequencing chromatograms showing efficient adenine
base editing (ABE) at the H378 codon (CAT>CGT, red arrow) withinKIT ECD4
following ABE (bottom trace). Asilent bystander mutation editis indicated by
thegrey arrow. The gRNA spacer and the PAM are highlighted by the dark grey
andyellow barsat the bottom, respectively. (D) Quad-plotindicating the base
changes at each position within the KIT-Y sgRNA for editing the H378 codon,
with highlighted editing of the target base (red arrow) and the silent bystander
adenine (grey arrow). (E) Editing efficiency of the As within editing window for
KIT-Y sgRNA using SpRY-ABE8e. Target A6 indicated by red arrow, bystander by
thegreyarrow. Mean+SD. N =4replicates. (F) Representative high-performance
liquid chromatography (HPLC) plots showing hemoglobin expression profiles
inunedited HSPCs, and cells edited with KIT*™®*® only, BCL11A"*® only, BCL11A"*
only, BCL11A™% or KIT"¥8R + BCL11A™®*5, The pink arrow identifies the fetal
hemoglobin (HbF) peak along withits relative abundance (%). (G) In vitro
expansion culture assay of KIT*5® BE, KIT knock-out (KO) and unedited HSPCs,
cultured with SCF and with increasing concentrations of Fab-79D antibody.

The plotreports absolute counts normalized on no-Ab control to highlight only
the effects of Fab-79D-mediated blockade of KIT signaling. KIT"7** BE cells
display resistance to SCF-blockade and overlap with KIT¥? cells. Mean + SD.
N=3replicates. (H) Representative flow plots demonstrate the gating strategy
for phenotypic characterization of human CD34" HSPCsin liquid culture
expansion experiments using CD34,CD133, CD45RA and CD90. (I) Schematic
oftheinvivo competitive transplant experiment performed by mixing KIT and
BCL11A edited with AAVSI control-edited HSPCs (1:1ratio) to obtain proof-of-
conceptoftheselection of KIT"*R epitope edited HSPCs and their progeny by
Fab-79D mAb. BE, base editing. Mock group, N =5 mice; Fab-79D mAb,N=7
mice. (J-K) Longitudinal analyses of PB by flow cytometry, reporting (J), the
human engraftment (hCD45+ within total CD45+) and (K), the fraction of
lymphoid (CD19+, left) and myeloid (CD33+, right) cells within CD45+ human
cells.Mean +SD. N = 5mice for the untreated group, N = 7 mice for Fab-79D-
treated group. (L) Absolute counts of hematopoieticlineagesinthe BM at
endpoint by flow cytometry, according to treatment condition. Mean + SD.

N =5mice fortheuntreated group, N =7 mice for Fab-79D-treated group.

(M) KIT""®R editing efficiency in the pre-transplant liquid culture (LC), 12-week
peripheral blood (W12) and BM at endpoint, according to treatment group.
Mean +SD. N =5mice for the untreated group, N = 7 mice for Fab-79D-treated
group. (N) Editing efficiency of KIT"*”®* and BCL11A*****|oci in pre-transplant
liquid culture (LC, blue bars) and BM at endpoint according to treatment group
(grey, mock-treated; purple, Fab-79D). Mean + SD. N = 5 mice for the untreated
group, N =7 mice for Fab-79D-treated group. One-way ANOVA.
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Extended DataFig.2|Invivoselection of KIT"*%R edited multilineage
hematopoiesis following Fab-79D administration. (A) Representative flow
cytometry plots showing fluorescent marking with mNeonGreen or mTagBFP
by lentiviral transduction (TDX) of CD34+HSPCs during in vitro expansion
culture and after humanizationin the PBof NBSGW mice from the experiment
describedinFig.2c (right-most plot). HSCs are pre-gated on the stem-enriched
CD34+CD133+CD45RA-CD90+ fraction. (B) In vitro competitive selection
experiment of KIT"7*® edited HSPCs (mTagBFP transduced, reported in blue)
vs control-edited (mNeonGreen transduced, reportedin green), cultured with
different concentrations of Fab-79D mAb. Relative abundance (%, left) and
absolute counts (right) of total CD34" human cells. Mean + SD. N =4 replicates.
(C) Relative abundance of mNeonGreen+and mTagBFP+ cells within pre-
transplantliquid culture (LC), peripheral blood (PB) timepoints (6w-15w), and
BM at endpoint, across different Fab-79D dosing regimens (mock, dose-dense,
q5d, q10d). This panel refers to the same in vivo competitive experiment
describedin Fig.2c.Mean +SD. N = 6 mice/group. (D) Left to Right: Lentiviral
transduction (TDX) efficiency (%) within human CD45+ cells inthe BM at
endpointacross Fab-79D treatment; absolute counts of total hCD45+ cells
within CD45+inthe BM; absolute counts of mNeonGreen" (mNG) and mTagBFP*
(mtBFP) hCD45+ cells across Fab-79D treatment regimens. Mean + SD.N =6
mice/group. One-way ANOVA with multiple comparisons. This panel refers to
the sameinvivo competitive experiment described in Fig. 2c. One-way ANOVA.
(E) Absolute counts of human hematopoietic subpopulationsinthe BM at
endpoint, stratified by mTagBFP and mNeonGreen expression, across mock,

dose-dense, q5d, and q10d Fab-79D treatment regimens. This panel refers to
thesameinvivo competitive experiment describedinFig.2c.Mean+SD.N=6
mice/group. (F) KIT surface expressionas Median Fluorescence Intensity (MFI)
of KIT104D2 antibody clone across hematopoietic subpopulationsinthe BM at
endpoint for each treatment regimens. This panel refers to the samein vivo
competitive experiment described in Fig.2c.Mean + SD. N = 6 mice/group.

(G) Correlation of mTagBFP+ cells w/in TDX hCD45+ by flow (%) with KIT genomic
editing efficiency at position A6 (%). Linear regression model statistics are
reported within the plot. N = 6 mice/group. (H) Pie charts representing the
outcomesof theinvivoselectionacross hematopoietic subsetsinrelation
totheKIT surface expression by flow. Pie slice compositionreports the
proportion of mTagBFP+versus mNeonGreen+ cells, while the radius of each
pieis proportional to the KIT MFI. The q10d groupisreportedin Fig. 2f.

N =6 mice/group. (I) Correlation of KIT Median Fluorescence Intensity (MFI)
by mTagBFP+fractionindifferent hematopoietic subpopulationsinthe q10d
treatment cohort. N = 6 mice/group. (J) Representative barplotsreporting the
pairwise UMI distance distributions used to define clustering thresholds.
Levenshtein distances for the mTagBFP (top, blue) and mNeonGreen (bottom,
green) barcodelibraries. The cut-off used is highlighted by the red line.

(K,L) Pielou’s Evenness Index (J) in FACS-sorted myeloid (CD33+), lymphoid
(CD19+), and progenitor (lineage-CD34+) compartments, within the
mNeonGreen+ (K) and mTagBFP+ (K) fractions across treatment groups.

N =6 mice/group.
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Extended DataFig.3|Enhanced hematopoietic replacement made possible
by KIT"®Repitope editing and optimization of KITS'**" base editing for
SR-1shielding. (A) Experimental design to evaluate anti-KIT non-genotoxic
conditioningand hematopoietic replacement. NBSGW mice were pre-engrafted
withmNeonGreen LV-transduced (transduction efficiency 90%) unedited
CD34+HSPCsand, starting at week 12, conditioned with 8 doses of Fab-79D,
followed by infusion of CD34+HSPCs from asecond donor, either KITH78R

or AAVSl1 control base edited. N = 4 mice per group. (B) Representative flow
cytometry plots showing the BM composition of human CD45+ cells by
mNeonGreen fluorescence at endpoint, according to treatment group.

(C) Absolute cell counts of mNeonGreen+ (pre-engrafted donor) and
mNeonGreen- (transplanted second donor) human CD45" cellsinthe BM at
endpoint. Mean +SD. N =4 mice per group. One-way ANOVA. (D) Relative
composition (%) by mNeonGreen within hematopoietic subpopulationsin

the BMatendpoint, according to treatment group. mNeonGreen+ cells are
reportedingreen, untransduced cells arereportedingrey. Mean+SD.N =4
mice pergroup. (E) Invitroselection assay of CD34+HSPCs cultured with
different concentrations of SR-1mAbinthe presence of SCF showing
orthogonality between the KIT*”*R epitope editing and SR-1mAb mediated
depletion. Absolute counts are normalized on SR-1dose = 0. KIT knock-out (KO)
cellsshow comparable counts to dose level = 0 due to loss of SCF-stimulated

growth orinhibition. Mean + SD. (F) Sequence logo showing the full range of
theKITECD2 degenerated library (same as Fig. 3h). The axis reports the log-
enrichment of amino acid substitutionsin KIT 104D2+SR1- vs 104D2+SR+FACS-
sorted fractions, compared to the wild-type sequence. The black bar highlights
therange of thelogo reported in Fig. 3h. (G) Representative flow cytometry
plots of gRNA and BE screening tointroduce the KITS'* mutation. 3 sgRNAs
(columns) are tested in combination with 2 ABE8e variants (fused either with
NG-Cas9n, blue outline; or SpRY-Cas9n, pink outline). Cells are co-stained with
control clone 104D2 (y-axis) and SR-1 (x-axis). Gating identifies bi-allelicand
mono-allelic edited cells. (H) Bar plots reporting the outcomes of the KIT®23"
BE screening reported in panel G, separated in mono- and biallelic editing.

(I) Base editing efficiencies at different adenines within the window of KITS'%"
sgRNA_1(A4) and sgRNA_3 (A7), with their respective Anumbering reported
above or below the plot. Bystander mutations are labelled with the possible
codon changesbelow the plot. Mean +SD. (J) Relative composition by
fluorescence marking of mTagBFP+and mNeonGreen+ populations across
hematopoietic subsets within the BM at endpoint from the in vivo competitive
selection experiment described in Fig.3p. The cumulative SR-1doseisreported
above eachplot.N.E., notevaluable due to low number of events. Mean +SD.
N=4mice/group.
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