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Ex vivo expansion of mobilized peripheral blood (mPB) he-
matopoietic stem cells (HSCs) represents a promising
approach to advance cell and gene therapy strategies yet is
hampered by loss of stem cell function when applying
commonly used culture protocols. We performed in-depth
characterization of mPB expansion cultures by single-cell
RNA sequencing, which highlighted differentiation trajec-
tories with preservation of lineage fidelity in committed pro-
genitors. Defining a putative HSC cluster allowed an estima-
tion of transduction efficiency in ex vivo cultures, which
correlated with long-term gene marking in xenografts and pa-
tients enrolled in a gene-therapy study. We then developed
a clinically translatable, good manufacturing practice-
compliant process to expand lentiviral (LV)-transduced
HSCs from mPB of pediatric patients and adult donors by bio-
logically informed protocol improvements of cytokine supple-
mentation, media choice, timing of LV transduction, and com-
binations of small molecules preventing the activation of
differentiation programs. Our optimized process outperforms
validated state-of-the-art cord-blood expansion protocols
when applied to mPB. LV integration site analysis and
genomic barcode-based clonal tracking provided definitive
proof for symmetric HSC self-renewal divisions occurring
during ex vivo culture. These results warrant clinical testing
of this HSC transduction/expansion process in an upcoming
clinical gene-therapy trial for autosomal recessive osteopetro-
sis (EU CT 2024-518972-30).

INTRODUCTION
Continuous production of blood and immune cells throughout an
individual’s life relies on a reserve of quiescent hematopoietic stem
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cells (HSCs) that may dynamically respond to hematopoietic de-
mand by undergoing self-renewal or multilineage differentiation.
This triple ability- quiescence, self-renewal and differentiation- is
impressively recognizable after HSC transplantation, where a few
thousand donor HSCs reconstruct and maintain a full blood and im-
mune cell compartment in the recipient.” The functional potential
of HSCs is intimately linked to a complex bone marrow (BM) niche.’
Transplantation of unmodified or genetically engineered HSCs can
be an effective treatment for hematological malignancies and non-
malignant disorders* but may be limited by availability of human
leukocyte antigen (HLA)-matched HSCs (in allogeneic settings) or
yield of genetically engineered cell products (in autologous gene
therapy settings). Ex vivo expansion of HSCs aims to overcome
such limitations by increasing numbers of functional HSCs/progen-
itors and/or enhancing their engraftment potential, thus potentially
widening access to HSC-based treatments.

One clinically relevant application for ex vivo expansion is allogeneic
umbilical cord-blood (CB) transplantation, where the small size of
most CB units precludes their safe clinical use, especially in adults.
This bottleneck could be overcome by ex vivo expansion before infu-
sion into patients, allowing for a potentially broader choice of CB
units with improved HLA matching.” ® Successful approaches have
leveraged cytokine stimulation to promote CB HSC proliferation
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and survival, combined with molecules that counteract HSC
commitment to differentiation, the default program triggered under
these culture conditions, during which protein synthesis, signaling,
and stress responses are upregulated.”'' Molecules shown to
help maintain CB HSCs modulate histone modifiers,"”” '® the aryl
hydrocarbon receptor pathway,'””'® metabolism and organelle
biology,'* > and Notch signaling.>**> Many of these strategies have
shown functional evidence for some degree of HSC expansion
when using CB as a source. Still, it remains largely unclear whether
the combination of molecules acting through different mechanisms
could further improve HSC expansion and whether these protocols
perform similarly on other HSC sources. Another approach has
focused on chemically defined culture media titrating the activation
of essential signaling pathways and minimizing batch variability and
contaminants often associated with products of biological origin.”
Experimental research approaches are also exploring more complex
systems, such as 3D cultures in hydrogels®* or co-culture with HSC-
supporting scaffolds or stromal cells mimicking the BM niche.”>*°
While promising, these models present significant limitations in
terms of translational potential toward clinical applications, which
require scalability and compliance with good manufacturing practice
standards.

5,22

Another emerging application for ex vivo expansion is gene therapy
(GT) of the patient’s own HSCs, which is associated with less
morbidity and potentially higher efficacy compared to allogeneic
transplantation, when it comes to the treatment of select monogenic
disorders.”” In GT protocols, HSCs are genetically modified by vec-
tor mediated addition of a therapeutic gene or edited for correction
of genetic defects.”® However, GT protocols may reach suboptimal
gene-transfer/correction efficiencies or may involve manipulation
of autologous patient HSCs with low yield (e.g., in very young pedi-
atric patients ineligible for leukapheresis or individuals with poor
stem cell mobilization potential) or disorders where HSC quantity
and quality are inherently compromised, such as reversible niche de-
fects, BM failure syndromes, or chronic inflammatory conditions.
Ex vivo expansion applied to GT protocols may allow to expand
and/or select for genetically modified HSCs to achieve sufficient
transgene-carrying cells for therapeutic efficacy. Furthermore,
expansion of corrected HSCs may allow downscaling of transduction
and editing steps reducing manufacturing costs. Hence, there are
multiple arguments for applying ex vivo HSC expansion protocols
in the autologous HSC gene-therapy context. Unfortunately, autolo-
gous CB units are generally not available as an HSC source. Mobi-
lized peripheral blood (mPB)-derived HSCs are currently the
preferred cell source for most clinical gene-therapy applications
due to their easy access and their proven robust engraftment, faster
neutrophil and platelet recovery, increased clonal diversity, and bet-
ter transduction as compared to BM-derived HSCs.””*" Although a
previous study has examined whether HSC expansion protocols
developed for CB may sustain stemness in mPB HSCs,”" functional
evidence for ex vivo expansion of mPB or BM HSCs remains limited,
and the underlying biological differences of such sources, including
different proliferative capacity, differentiation priming, and progen-
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itor composition, may impact the response to ex vivo stimulation.*”
Likewise, the impact of the genetic-engineering step on ex vivo
expansion protocols is poorly characterized.

With the objective to optimize an ex vivo expansion protocol for len-
tiviral (LV)-transduced mPB HSCs for clinical use, we performed an
in-depth characterization of LV-transduced, ex vivo-expanded mPB-
HSCs from pediatric patients enrolled in a gene-therapy trial
(NCT03488394) and from adult healthy donors, including single-
cell RNA sequencing (scRNA-seq) and clonal graft analysis in pri-
mary and secondary xenografts.

While showing robust evidence for symmetric HSC division in
ex vivo culture, we found that net HSC expansion is considerably
lower compared to the data described for CB. To improve net
mPB-HSC expansion, we explored combinations of HSC-maintain-
ing molecules and undertook a hypothesis-driven, iterative optimi-
zation of the culture protocol toward the development of a clinically
applicable process to produce LV-transduced, ex vivo-expanded
HSCs from mPB.

RESULTS

UM171 ex vivo expansion results in net mPB-derived HSC
maintenance from healthy donors and gene-therapy patients

To test previously described ex vivo expansion protocols, developed
for umbilical CB'? on mPB-derived HSCs, a clinically relevant HSC
source in a gene-therapy context, we cultured hematopoietic stem
and progenitor cells (HSPCs) from n = 5 mPB drug products
(DPs) from a pediatric gene-therapy trial (NCT03488394) for muco-
polysaccharidosis type I (MPS)*° for 6-7 days using commercial me-
dia supplemented with early acting cytokines (SFT6: stem cell factor
(SCF), 100 ng/mL; Fms-related tyrosine kinase 3 ligand (FLT3L),
100 ng/mL; thrombopoietin (TPO), 50 ng/mL; interleukin [IL]-6,
50 ng/mL), with or without the epigenetic modifier UM171
(Figure 1A). DP-derived cells expanded 8- to 27-fold (Figure 1B)
and, as expected, the addition of UM171 increased the proportion
of cells with a primitive immunophenotype compared to cytokine-
only cultures (Figure 1C).

To assess the repopulating potential of MPSI-H patient-derived DPs
expanded in the presence of UM171 (EX-U), we measured human
cell engraftment and lineage composition at 12 weeks after xeno-
transplantation into primary (readout for short term (ST)-HSC;
Figures 1D-1F) and secondary recipient immunodeficient mice
(readout for long-term (LT) HSC; Figures 1E and 1G). EX-U cells
were compared, at matched pre-expansion cell doses (“day-0 equiva-
lent”), to their respective non-expanded DPs and the non-cultured
(NC) CD34" cells used as starting material for the ex vivo engineer-
ing/culture process. All conditions resulted in detectable human cell
engraftment in the BM of primary and secondary recipients
(Figures 1D and 1E), with multilineage output (Figures 1F and
1G). Ex vivo culture had a different impact on ST-HSC function
from the DPs of the two patients, resulting in a similar-sized primary
graft for the DP from patient 1 (Ptl) (Figure 1D, left) but



www.moleculartherapy.org

A 'y . "0
Pt n:PB Drug Product DP \ > ) > Analysis
CD34* cells (DP) — - Engraftment
Primary BMT 12-17 wks Secondary BMT 172 wks - Lineage
6 36h GMP & %0 %0 composition
EX rUE—— F——

O manufacturmg OO Ex vivo expansion ») ) - Clonality

for 6-7 days (EXtU)

B Cc D Primary BMT
Pt1-Xeno Pt2-Xeno *
30 @ PU_EXU w4 * & 100 & 100
-~ P2_EX-U = = =0 % s
c 251 o o O 80 O 80
gl < 3 =} =
@ 204 @ é < £
S - r) X 60 & 60
1548 2 € €
s | S & 40 T 40
g 017 3 £ £
oo, a1 T 20 S 20
Q 2 2
0 T T T T T T s 0 w o w 0
1.3 4 5 7 8 EX EX-U O &KL\
Time (Days) s 9 &
E Secondary BMT F Primary BMT G Secondary BMT
Pt1-Xeno Pt2-Xeno I CD19 HE CD34
@ 100 @ 100 100088 G019 HM CD34 1000 == €033 ] CD3
[a)] o — — [ neg
(5) 80 g 80 Q\O/ 100 2 100
RS : c :
oj 60 § 60 S S 10
- = B 10 3
é 40 é 40 é g 1
IS
= =
g 20 T 20 SE 8 o1
2 2
w o w o 0.1 0.01
O LD O LD L g O & ,o
AAY) Q;\. <~ QO Q;\. Q;\~ &F
H | J
2 1.5x107 5_ *
T o ur 5x10 100%-|
S © Mot o .
5 e MO0 g 4x10%7 75%-|
 1.0x10"{@ MOI100 5 by ax108 °
%105
[ o
2 % K 2x108 50%1
%105
o 5.0x10° D§§§ ] .
é gt) 1105 25% -
Q [ 05 0]
< opoloccee —— o 0%
1 3 7 10 KN Q
NS b
Time (Days) S @0\ > d‘ © <<,+
BARCODE Pt1-Xeno
x 8 [\ EMN HD1
o0 ﬁ* g = = 2%  *
X
£ 6 ’—‘ HSC Xz = £
600 = symmetric | XYZ & g 6 T g
P4 [4 ns division T~ vz s 5
g .GEJ 4 % ¢ < Q
& 400 ] e @ 44 3 44
z ns s | 3 =)
200 £2 % |8 ‘ 5 o
2 & 27 £ 27
0 R Vool £ . R . -
OQQ;\"\) 626_\5 (5\‘ <§2 +0 .0 .0 NS ; L
Ba i) S o
Primary Secondary Primary  Secondary XYz FGH SPQ Q;\.'
ABC XYz RTU
BDE LMN DEF

(legend on next page)

Molecular Therapy Vol. 34 No 8 August 2026 4583



significantly reduced engraftment for the DP from Pt2 (Figure 1D,
right). Nevertheless, proficient transfer of the grafts from the two pa-
tients to secondary recipients (Figures 1E and 1G) suggested that
ex vivo-expanded cells maintained LT-HSC potential.

We hypothesized that the reduced primary engraftment of EX-U
cells from Pt2 in xenotransplantation assays could be related to LV
transduction when coupled to ex vivo expansion, as this patient
had the most highly transduced DP in the study, with an average
Vector Copy Number (VCN) per cell of 5.2, compared to a median
VCN of 2.2 when considering all the eight treated patients.” To
further test this hypothesis, we transduced mPB CD34" cells from
four healthy adult donors with increasing LV doses observing, simi-
larly to the DP of Pt2, a dose-dependent decrease in cell growth dur-
ing ex vivo culture (Figure 1H), with concomitant reduction in the
absolute number of immunophenotypically more primitive cells
(Figure 1I). Thus, ex vivo culture may amplify well-described
HSPC stress responses induced by genetic-engineering technologies
particularly impacting ST-HSC function,” investigated in more
detail below.

Next, we analyzed LV vector integration sites (LVISs) to determine
the clonal structure of EX-U versus DP-derived grafts from Ptl.
LVISs distribute semi-randomly across the genome. Hence, each in-
dividual transduced clone is characterized by one or more unique
integration site(s) stably transmitted to the progeny. Xenografts
derived from DP and EX-U had a highly polyclonal pattern in the
primary mice, without detection of dominant clones (Figure 1J).
As expected from a procedure enriching for LT-HSCs, secondary
grafts had a less polyclonal composition in both groups but still
showed no signs of clonal dominance (Figure 1J). Quantitative com-
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parison between EX-U and DP showed that primary, but not second-
ary, grafts originating from EX-U had significantly fewer unique
integration sites and a lower Shannon diversity index, suggesting
some loss of ST-HSC activity also for cells from Ptl during ex vivo
expansion. Comparison of secondary recipients, a stringent
approach for assessing LT-HSC output, showed preserved LT
engraftment potential (Figure 1K).

To confirm the broader applicability of our expansion protocol to
adult mPB, we compared the engraftment potential of EX-U and
DPj;. HSPCs from an adult healthy donor (HD1) after transduction
with a highly diverse LV barcode library, simulating a gene-therapy
context and allowing simultaneous clonal graft analysis by an inde-
pendent methodology (Figure S1A). EX-U were xenotransplanted
at decreasing day-0-equivalent cell doses, resulting in a dose-depen-
dent decrease in peripheral blood human cell engraftment
(Figure S1B). After 16 weeks from xenotransplantation, EX-U
showed comparable engraftment to DPy, cells when injecting the
same day-0 dose equivalent (Figure S1C), yet lower but still detect-
able multilineage engraftment (Figure S1D) when decreasing the
dose to 33% and 9% of the DPy;.. input dose. Extreme limiting dilu-
tion analysis (ELDA) estimated an HSC frequency of 1 in 44,318
when calculated on the day-0-equivalent dose (Figure SIE). We as-
sessed graft clonality by two methods, either by LVIS or by quanti-
fying the abundance of individual barcodes introduced into the cells
by the LV vector barcode (LVBC) library. Both methods consistently
showed polyclonal reconstitution even at the intermediate expanded
cell dose, with a concordant and strikingly similar clonal abundance
pattern supporting the robustness of the two methods (Figures SIF
and S1G; Table S1). Clonal diversity and the estimated number of
human repopulating clones per mouse were equivalent or higher

Figure 1. Net HSC maintenance in UM171-expanded mPB CD34" cells

(A) Schematic representation of the experimental design. (B) Ex vivo expansion of drug products (DPs) from different MPS1 patients (Pt) for 67 additional days in the presence
(dot; EX-U) or absence (square; EX) of UM171 (35 nM). Fold expansion is calculated as a ratio between final cell count on day7/8 with respect to seeding on day 1. (C) Fraction
of HSC-enriched CD34"CD90*CD45RA™ cells at the end of expansion culture of the samples from (B). *p < 0.05, Mann-Whitney test. (D) Human CD45" cell engraftment in
the BM of NSG mice at 12 weeks post intravenous (i.v.) injection of the following mPB-derived HSPC products from 2 MPS1 patients: Pt1-Xeno (1) 400,000 non-cultured
CD34" cells (NC; n = 2), (2) 400,000 DP cells (DP; n = 5), or (3) 4,000,000 ex vivo-expanded cells (outgrowth of 400,000 DP cells; EX-U; n = 6). Pt2-Xeno (1) 150,000 non-
cultured CD34* cells (NC; n = 2), (2) 150,000 DP cells (DP; n = 4), or (3) 1,100,000 ex vivo-expanded cells (outgrowth of 150,000 DP cells; EX-U; n = 4). *p < 0.05, Mann-
Whitney test. BM cells were obtained as terminal procedure or BM aspirate for the mice injected with cells from Pt1 and Pt2, respectively. See Figure S3 for the endpoint
analysis of Pt2-Xeno. (E) Secondary transplantation of 2 and 1 x 10° CD34* cells isolated from primary NSG recipients engrafted with HSPC from Pt1-Xeno and Pt2-Xeno,
respectively. BM engraftment of secondary recipients was assessed at 12 weeks post transplantation, respectively. Each dot represents an individual mouse. (F and G)
Lineage composition of the human CD45* cell graft from (D) and (E), respectively. CD19*, B cells; CD33*, myeloid cells; CD3*, T cells; CD34*, HSPC; neg,
CD197CD33 CD3 CD34™ cells. Shown is the mean + SEM from the pooled individual mice from Pt1-Xeno and Pt2-Xeno. (H) Ex vivo expansion (mean + SEM) of mPB
CD34™ cells from n = 4 adult donors under EX-U conditions following transduction with a LV vector at increasing multiplicities of infection (MOI). UT, non-transduced cells. (I)
Absolute number of CD34* CD90™ cells on day 7 of expansion culture from (H). Each line represents a donor (*p < 0.05, Kruskal-Wallis test with Dunn’s multiple comparison).
(J) Relative abundance of unique LV integration sites (LVIS) from DP and EX-U groups from Pt1-Xeno in primary and secondary recipient mice. Bottom light gray stacks
indicate the sum of integrations with <1% relative abundance, middle stacks indicate insertions >1% abundance, whereas the top abundant integrations are highlighted in
red. (K) Left: box plots indicating number of integration sites normalized on transduction efficiency (VCN). Right: box plots indicating the Shannon diversity index as measure of
clonal population diversity. Each dot represents an individual mouse of the treatment group: DP and EX-U in primary and secondary recipient, respectively (‘o < 0.05, Mann-
Whitney test). (L) Left: schematic representation on how unique LVIS or LV vector barcodes (LVBC), introduced at transduction, can be exploited to prove symmetric HSC
divisions in culture by retrieving, at the experiment endpoint, the same genetic mark in two different mouse recipients transplanted with cells from a given ex vivo culture batch.
Right: boxplots showing the proportion of shared LVIS (Pt1-Xeno) or shared LVBCs (HD1) between at least two individual mice receiving the same day-0-equivalent CD34*
cell doses from the indicated HSPC products (intragroup sharing). Each dot represents the percentage of LVIS/LVBCs shared with at least one other mouse in the same
experimental group. (o < 0.05, **p < 0.01, Mann-Whitney test). Further details on HD1 are presented in Figure S1. In all box plots shown in the figure, the whiskers represent
the minimum and maximum values of the data.
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in the EX-U compared to the DPj;. group at equivalent day-0 start-
ing cell doses in line with at least LT-HSC maintenance during
ex vivo culture (Figures SIH and S1I). To prove that some of these
HSCs had undergone symmetric self-renewal divisions during
ex vivo expansion, we identified unique LVISs or LVBCs from Ptl
and HD1, respectively, that could be detected in different mice in-
jected with the same cell-therapy product (Figure 1L). Only back-
ground levels of such shared clones were detected in mice trans-
planted with DP (DPy,) cells, where cell counts remained stable
during the short duration of culture, while 2%-7% of clonal markers
were shared between mice that received EX-U cells (Figure 1L;
Table S1).

Opverall, these data suggest that the UM171 culture allowed net main-
tenance of adult and pediatric HSC from mPB, likely due to some
HSCs undergoing symmetric division ex vivo and others being lost
during the culture process. Ex vivo culture did not result in clonal
dominance, preserving clonal diversity.

Ex vivo culture of mPB CD34* cells mostly expands committed
progenitors with preserved lineage fate and allows prediction of
in vivo DP characteristics by scRNA-seq

To characterize mPB CD34" cell population dynamics during EX-U
culture, we performed scRNA-seq on cells from two adult healthy
donors. CD34" cells from donor 1 were analyzed before culture,
on day 4, and on day 8 of expansion. For donor 2, in addition to
the CD34" bulk expansion culture, part of the CD34" cells were
sorted by fluorescence-activated cell sorting (FACS) into subpopula-
tions enriched in multipotent HSPC (CD34"CD387), committed
granulocyte-monocyte progenitors (GMPs) or megakaryocyte-
erythrocyte progenitors (MEPs), and each subpopulation was
marked by transduction with an LV expressing a different fluores-
cent protein for tracing back the population of origin prior to remix-
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ing the subpopulations together for expansion (Figure 2A). Colony-
forming cell assay confirmed functional enrichment of, respectively,
GMPs and MEPs post sorting (Figure 2B). A single object containing
single-cell transcriptomes from all samples was generated following
batch correction and dimensionality reduction. Unsupervised clus-
tering was performed, and cellular states were manually annotated
(Figure 2C; Table S2). Compared to NC cells, presumably more en-
riched in primitive cells, HSCs and multi-lymphoid progenitors
(MLPs) progressively diminished over time in culture, while
progenitor cell states, erythroid/megakaryocytic, actively cycling
myeloid progenitors, and mast cell precursors (MCPs) increased
(Figure 2D). These data suggest that expansion culture mainly sup-
ported the growth of mPB-derived progenitors, rather than more
primitive HSCs, which are progressively diluted during culture.
We next asked whether committed progenitors were able to main-
tain lineage fate during culture or whether there was plasticity. The
expansion culture output of day-0-sorted GMPs and MEPs faithfully
mapped on the myeloid/monocytic and erythroid/megakaryocyte
progenitor clusters, respectively (Figures 2E and 2F). The day-0
CD34"CD38™ progeny lacked the most differentiated states, showed
a bias for the myeloid progenitor area, and maintained a sizable
fraction of cells within the HSC cluster (Figure 2F), in line with
our previous data advocating the CD347CD38" population as an
HSC-enriched starting population for expansion cultures.”’ Taken
together, these data support that HSPC fate is maintained during
expansion culture.

To evaluate the overall impact of ex vivo culture on HSPC transcrip-
tomes, we identified longitudinally deregulated genes common
across HSPC populations in the scRNA-seq dataset and assessed
for enrichment of hallmark gene expression signatures (Figure
S2A; Table S2). Hallmarks enriched from upregulated genes over
time included those related to proliferation, oxidative metabolism,

Figure 2. Characterization of expansion cultures by scRNA-seq

(A) Adult mPB CD34" cells from n = 2 healthy donors were expanded with UM171 in bulk following transduction with a barcoded LV library (upper panel) or after marking
FACS-sorted GMPs (CD34"CD38*CD45RA" or CD34*CD38*CD45RA-BAH1~CD717), MEPs (CD34"CD38*CD45RA~CD71%), or multipotent HSPCs (CD34+*CD38 ™) with
acolor-coded LV expressing a blue (BFP), red (Cherry), or green (GFP) fluorescent protein, respectively (lower panel). Cells were harvested on day 4 and/or day 8 for scRNA-
seq library preparation. (B) Colony-forming cell assay on sorted progeny of GMPs, MEPs, and CD38™ cells after 7 days of expansion. Absolute number of colony-forming
units (CFU) with red (BFU-E) or white (CFU-G/M) morphology are shown for the three populations of origin (mean + SEM, n = 5 technical replicates). (C) Uniform manifold
approximation and projection (UMAP) encompassing the samples described in (A) with manually curated cell type annotation, as described in materials and methods. HSC/
MLP, hematopoietic stem cells/multi-lymphoid progenitors; HSPC, hematopoietic stem/progenitor cells; Mye, myeloid lineage progenitors; Mono, monocyte progenitors;
MCP, mast cell progenitors; Mk-Ery, megakaryocyte/erythroid lineage progenitors; Prog-Cycling, progenitors predicted to be in active phases of the cell cycle. (D) Alluvial plot
showing population frequencies over time, calculated within each time point. NC, non-cultured sample (day 0). (E) Distribution of the expanded day-7 progeny of FACS-
sorted cell populations across UMAP embedding according to cell population of origin and (F) relative frequency of scRNA-seq-based cell type annotations as defined in (C).
(G) Expression of key cytokine receptors in the indicated cell type annotations. The color palette (from blue to red) represents the Z score of receptor expression (from low to
high, respectively), while the size of the dots represents the percentage of cells expressing the indicated cytokine receptor transcript in the indicated population. (H) Pediatric
mPB DPs fromn =2 MPS1 patients (Pt1, Pt4) were sorted for CD34+*CD90*CD45RA ™ cells (dp = day 1) or expanded for 4 (EX4) and 7 days (EX7) in UM171 before sorting into
the CD34*CD90"CD45RA™ cell fractions. scRNA-seq was performed on the HSC-enriched subpopulations at the three time points. The UMAP on the left shows automated
cell type annotation using scGate leveraging the adult mPB dataset described in (A)-(G) as reference (see materials and methods for details). The alluvial plots on the right
show time-dependent changes in population frequencies. Note that CD34*CD90"CD45RA™ cells, an HSC-enriched subset of the cultures, were analyzed here. () Cells with
LV-derived transcripts (WPRE") are projected on the UMAP plot as a surrogate for estimating transduction efficiency (TE). (J) Proportion of LV transcript+ cells over time in the
two patients. TE over time and across major populations. (K) Proportion of LV transcript+ cells in the DP (intensely colored bar) vs. the expanded cells (faintly colored bars; EX4
and EX7 samples were aggregated) for the entire population (All) or within the indicated, scRNA-seq-defined subpopulations. HSCs and HSPCs were aggregated to obtain a
representative number of cells for all conditions. Left graph (blue bars), Pt1; right graph, orange, Pt4. (L) TE assessed by digital droplet PCR on individually plucked colony-
forming units (gold-standard assay), either on the DP (bulk) or in the BM of the patients at 1 year after gene therapy, as reported in Gentner et al.*°
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mTORCI1 signaling, and lipid metabolism, while hallmarks
associated with inflammation and immediate-early response genes
were suppressed. DNA damage- and senescence-associated gene sig-
natures were also enriched during culture, with a noticeably stronger
induction in the bulk HSPC population compared to the molecularly
defined HSC cluster, a peak at day 4 concomitant with highest TP53
levels, and partial resolution by day 7 (Figures S2B-S2D). To confirm
these transcriptomic data, we performed MitoTracker staining, alka-
line COMET assays, and measured protein markers of senescence on
mPB CD34" cells (n = 3 donors) during culture, with or without LV
transduction (Figures S2E-S2H). Mitochondrial mass increased,
peaking on day 4, more strongly in CD34" bulk cells than in the
primitive compartment and further boosted by LV transduction
(Figure S2F). Culture was also associated with increased olive tail
moment, with a trend toward higher values upon LV transduction
(Figure S2G). Increased SA-p-galactosidase activity with moderate
increase in lipofuscin, but a decrease of p16INK4a in the expanded
population, argued in favor of a transient stress response rather
than irreversible senescence, independently from LV transduction
(Figure S2H).

To evaluate the influence of cytokine supplementation on culture dy-
namics, we assessed the expression of key cytokine receptors on
different cell populations in scRNA-seq. In addition to KIT and
FLT3, IL-3RA was also highly expressed in the most primitive
annotated HSC subpopulation, while the IL-6 receptor was
predominantly detected in the HSPC and monocyte progenitors
(Figure 2G). These findings prompt additional investigations on
the role of IL-6 and IL-3 supplementation during mPB expansion
(see below).

Next, we hypothesized that in-depth characterization of expansion
cultures by single-cell transcriptomics could aid in understanding
DP characteristics where current standard release assays may not
fully correlate with in vivo behavior. Although HSC-GT treatment
in the MPSI-H trial resulted in encouraging metabolic correction
and early clinical outcomes in all treated patients as of an interim
analysis, the in vivo VCN stabilized in three out of eight patients at
values below 0.3, while in vitro assays on the DPs measured a trans-
duction efficiency >60% and VCN > 1.*° Xenotransplantation accu-
rately recapitulated steady-state VCN in patients (Figure S3A), thus
confirming that the VCN drop upon transplantation in the three pa-
tients was not due to reduced conditioning. We performed scRNA-
seq on CD34"CD90"CD45RA ™, HSC-enriched populations from
DP, day-4 EX-U, and day-7 EX-U cultures from two representative
MPS patients, namely Pt1 (correspondence between in vitro/in vivo
VCN) and Pt4 (VCN drop upon transplantation). Cell populations
were annotated by label transfer from the dataset of Figure 2C
(Figure 2H; Table S3). The DPs from the two patients had similar
compositions, and EX-U showed the expected population dynamics,
with a contraction of the HSC population (more in Pt1 than in Pt4)
and an expansion of HSPC and Ery/Mk progenitors (more in Pt1).
By assessing expression of LV-specific transcripts (WPRE,
Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element)

at single-cell resolution (Figure 2I), we were able to estimate the per-
centage of LV transcriptomes over time and within specific cell clus-
ters as a putative surrogate for transduction efficacy (Figure 2J;
Table S3). Strikingly, we recapitulated a drop in WPRE" cells during
EX-U for Pt4, but not Ptl, and this was evident in HS(P)C but not
Ery/MK progenitors (Figure 2K; Table S3), resembling the drop in
LV" colony-forming units (CFU) in the BM of the patient with
respect to the DP (Figure 2L). These data highlight the potential of
scRNA-seq of expansion cultures to predict upfront critical DP char-
acteristics such as gene transfer into LT-HSCs.

Iterative optimization of mPB CD34 cell expansion for gene-
therapy applications

To further optimize the EX-U protocol for gene-therapy applica-
tions, we took an iterative approach. First, we asked whether IL-6
could be substituted with IL-3 based on receptor expression in
cultured HSCs (see Figure 2G). Culture in the presence of IL-3
increased expansion by >3-fold (n = 3 volunteer mPB donors) while
reducing the proportion of CD34" cells, leading, nevertheless, to a
net gain in the absolute number of CD34" cells (Figures 3A and
3B). On the other hand, IL-6 tended to increase the absolute number
of more primitive CD34"CD90" cells (Figure 3C), and this effect was
maintained when combined with intermediate doses of IL-3 (condi-
tion G, SFT63 combo). Linear mixed-effects models showed signifi-
cant main effects of IL-3 and IL-6 on all three readouts (p < 0.05) and
a significant IL-3 x IL-6 interaction for fold expansion (p = 0.005)
reflecting a dominant IL-3 proliferative effect and a stronger IL-6-
driven proliferative effect in the absence of IL-3 (Table S8). Xeno-
transplantation confirmed a trend for improved engraftment upon
EX-U with SFT63, suggesting that intermediate doses of both IL-6
and IL-3 are beneficial (Figure 3D).

Second, EX-U was tested with SET63 on mPB CD34" cells from n = 4
volunteer donors in the context of different commercial media.
While fold expansion was similar, medium A (SCGM, CellGenix)
best maintained cells with a primitive immunophenotype in culture,
which translated into significantly higher engraftment as compared
to medium B (Figures 3E and 3F). We then benchmarked our me-
dium A/SFT63 condition against a chemically defined (ChemD) cul-
ture medium, which has recently been advocated for the expansion
of CB HSCs.”” Importantly, ChemD was unable to expand mPB
HSPCs from n = 2 adult donors (Figure 3G). Expansion of CD34"
cells was partially rescued when IL-3 was added to ChemD, confirm-
ing the importance of this cytokine for mPB cultures.

Third, we tested the addition of other small-molecule compounds,
which have been shown to promote HSC expansion, to the EX-U
condition. CD34" cells from mPB were transduced with the LVBC
and expanded in medium A with SFT63 and UM171 (EX-U) or
UMI171 plus StemRegeninl (SR1), an aryl hydrocarbon receptor
antagonist (EX-US) (Figure 3H). Xenotransplantation showed no
statistically significant differences in human CD45" cell engraftment
of the EX-US condition compared to EX-U in the blood (Figure 31I)
and the BM (Figure 3]), and neither in terms of clonal graft diversity
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(Figure 3K; Table S4) or barcode sharing between mice (Figure 3L;
Table S4), suggesting that EX-U and EX-US were similarly permis-
sive to symmetric self-renewal divisions in culture. However, sec-
ondary transplantation showed significantly higher engraftment in
the blood (Figure 3M) and a trend for higher BM engraftment
(Figure 3N) in the EX-US group. To better understand the dynamics
of secondary repopulation, we analyzed the clonal abundance
of shared clones between the primary and secondary grafts
(Figure 30; Table S5). In both EX-U and EX-US conditions, the ma-
jor clones contributing to hematopoiesis in secondary mice were
initially minor clones in the primary grafts, and vice versa, confirm-
ing that these assays are reading out different waves of hematopoiesis
driven by LT-HSC with different degrees of latency. Thus, SRI,
though not critical when using optimized culture conditions, may
provide additional benefits in maintaining LT-HSC with latency
characteristics in culture.

Fourth, we investigated the use of the DEGSI inhibitor, N-(4-hy-
droxyphenyl)retinamid (4HPR), in ex vivo expansion protocols. In
line with previous reports,”’ we confirmed that 4HPR increased
the in vitro clonogenic output of CB HSC (CD347CD38 CD90"
CD45RA™CD49f") but not of progenitors (CD34" 49f")
(Figure 4A). Enhanced CFU-forming potential was found also for
sorted HSCs from mPB when supplemented with 4HPR irrespective

of UM171 addition (Figure 4B), also when 4HPR was added after LV
transduction, during a 7-day ex vivo expansion period prior to CFU
seeding (Figure 4C). Encouraged by these data suggesting a specific
impact of 4HPR on mPB HSCs, we expanded another DP from an
MPS patient (Pt5) with the triple combination of UMI171, SRI,
and 4HPR (EX-US4) and compared engraftment to EX-US, EX-U,
or the DP itself (Figure 4D). The EX-US4 condition showed signifi-
cantly reduced BM engraftment as compared to EX-U at 12 weeks
(Figure 4E) but no evident difference from the other conditions in
secondary repopulation potential (Figure 4F). Clonal analysis by
LVIS confirmed reduced number of unique integration sites in the
4HPR supplemented culture (Figure 4G) with no major changes in
clonal size distribution of primary grafts (Figure 4H). We also
confirmed no benefit from the addition of 4HPR to UM171 alone
in the absence of SR1 (EX-U vs. EX-U4) for Ptl and Pt2 xenografts
(Figures S3C and S3D).

To understand whether LV transduction had a role in this unex-
pected outcome, we performed limiting dilution xenotransplanta-
tion experiments on mPB CD34"CD38™ cells from day-8 expansion
cultures with the EX-US or EX-US4 condition, following mock- or
LV transduction (Figures 41 and 4]). HSC estimates were 1/8,000
for EX-US and 1/4,200 for EX-US4 (p = 0.3, chi-squared test) in
the mock groups when calculated on the day-0-equivalent dose.

Figure 3. Expansion protocol optimization for mPB HSPC gene-therapy applications

(A (Top) The matrix outlines the IL-6 and IL-3 doses (ng/mL) used in the different culture combinations (identified by the letters A-H), tested on three healthy donors. All
conditions contained SCF 100 ng/mL; FLT3L 100 ng/mL; TPO 50 ng/mL. (Bottom) Fold expansion over time (mean + SEM) from three donors cultured with the different IL-3
and IL-6 concentrations. (B) The percentage (top) and absolute number (bottom) of CD34™ cells after 7 days of expansion. Bars represent the mean + SEM, individual donor
values are shown as dots. (C) Absolute number (#) of CD34*CD90" cells after 7 days of expansion . Bars represent the mean + SEM, individual donor values are shown as
dots. (A-C) Linear mixed-effects models with fixed effects: IL-3, IL-6, IL-3 x IL-6 and random effect for donor; log2-scale for fold expansion and absolute output, raw scale for
%CD34". Type Il ANOVA (Satterthwaite); post hoc Holm-adjusted contrasts. See materials and methods. (D) Percentage of human CD45* cells present in the BM of mice
transplanted (n = 3-6) with cells derived from the indicated culture conditions 17 weeks post transplant. The mice were transplanted using a pooled sample from the three
donors for each condition, each mouse receiving a limiting dose of 35,000-39,000 day-0-equivalent cells (Kruskal-Wallis test). (E) Different commercial media were
compared (A, SCGM Cell Genix; B, StemSpan StemCell Technologies; C, StemPro GIBCO). Boxplot (left) showing the in vitro fold expansion measured after 7 days of culture
of mPB CD34" cells from four different healthy donors. In all tested conditions, the culture media were supplemented with the same cytokine cocktail (100-ng/mL SCF,
100-ng/mL FLT3L, 50-ng/mL TPO, 50-ng/mL IL-6, 50-ng/mL IL-3). The percentage of primitive CD34*CD90*CD45RA~CD201*ITGA3" cells (right) was measured by flow
cytometry after 7 days of expansion in different media. Each dot represents an individual donor (Kruskal-Wallis test with Dunn’s multiple comparison, *p < 0.05, **p < 0.01). (F)
Boxplot showing the percentage of human CD45* cells engraftment in the BM of mice transplanted (n = 8) with cells cultured in medium A or medium B at 16 weeks post
transplant. Each dot represents a single mouse; mice were transplanted using a pool from different donors for each condition, with 48,000-57,000 day-0-equivalent cells
injected per mouse (Mann-Whitney test, *o < 0.05). (G) CD34" cells from n = 3 adult mPB donors were expanded over 3 weeks in medium A supplemented with SFT63
cytokines, UM729 and SR1 (SFT63), or a chemically defined medium (ChemD; see materials and methods) with or without IL-3. The projected absolute number (#) of
CD34"9" cells (left) and more primitive CD34"CDY0*CD45RA ™ cells (right) over a 3-week culture period is shown, taking into consideration the proportion of cells that has
been removed during consecutive passages. Connected dots refer to longitudinal data from an individual donor and the indicated condition. (H) Schematic representation of
the experimental design. Different compound combinations were tested: UM171 (35 nM) alone (U) or in combination with SR1 (US) (750 nM). In both conditions, cells were
cultured in SCGM with the optimized cytokine cocktail described above. (I) Percentage of human CD45™ cells (mean + SEM) present in the peripheral blood (PB) of U (n = 8)
and US (n = 10) conditions at the indicated number of weeks post transplant. ns, not significant (U vs. US, mixed-effects analysis). (J) Percentage of human CD45" cells
present in the BM at 17 weeks post transplant. (K) Box plots indicating the Shannon diversity index as measure of clonal population diversity. Each dot indicates an individual
mouse of the U and US primary recipient groups. (L) Sharing of barcodes within the same treatment group, measured as the percentage of shared barcodes from individual
mice (dots) of the same treatment group. Each dot represents the percentage of LVBCs shared with at least one other mouse in the same experimental group. (M) Percentage
of human CD45* cells (mean + SEM) present in the peripheral blood (PB) of U and US (n = 4) conditions at the indicated number of weeks post-secondary transplant. The
mice were transplanted using a pooled sample from BM of primary recipients depleted of murine cells. The amount of CD34" cells transplanted into secondary recipients
ranged between 1-1.3 x 10° CD34* cells. *p < 0.05 (U vs. US, two-way ANOVA). (N) Boxplot with percentage of human CD45" cells present in the BM of mice transplanted
(n = 4) with cells derived from primary recipients, 17 weeks post secondary transplant. (O) Alluvial plots showing the frequency of shared barcodes between primary and
secondary transplants. Barcode frequencies are arranged from most abundant to least abundant within the primary transplant recipients’ BM, only shared barcodes across
primary and secondary transplant recipients are plotted. Barcode frequency is calculated as the mean abundance of the barcode across mice from the same experimental
condition in which the barcode could be detected. Left and right alluvial plots show the sharing in the UM171 (U) and UM171/SR1 (US) conditions, respectively.

Molecular Therapy Vol. 34 No 8 August 2026 4589



Molecular Therapy

A B il Lv transductlon . um171
kK @ 7 days Ex vivo culture @
- e —
o *x UM/4H >
12
é 10 UM171
4HPR
% 2 @ @ 4010 cru-GM *
1] -|
S umizt umir @ 4o ® BFUE
c
2 +AHPR &
— 0 + + UM171 8 20
N z T
HSC CD34*49f S A 4 3+
10
D 0
Pt mPB Drug Product R 1y & 2v BMT (12wks um UM/4H um UM/4H
CD34* calls Min.manipulated (DP) (»p ) o 36 TOX o i A .
- UM171 (EX-U) %0 o 7d exp nd nd - +
Cé?j 36h GMP C?O() 7d ex vivo | - U+SR1 (EX-US) D) = o " _ N
O productlon O expans:on - US+4HPR (EX-US4)
*kkk
E Pt5-Xeno F G - H
* - 3/6 3/8 3/9 4/7
21997 3 150 * 100%
8 8o 8 '
2 u 2 8 75%|
< =
5 6o ﬂ o £ . % Z 100
= o = > o
% 404 5 2 ) 50%
£ & E 1 z 50 @
25%
S 204 o
g) g) 0.5
w o w g.25-1 0 0%
6“ _\9%06& L _\_ S O<2(</+>>+p% &xx
FF K &
|
CD34+*CD38-
Xenotransplant
cells M k
OC -4HPR ) USuos
Injected dose:
Be G@ +4HPR |y USAvex 30k eq.
-4HPR usw 10k eq.
us4
L (U +4HPR B w
8 days expansion in
UM171/SR1 (US)
Y 60 e US o US4
79} Mock ns Mock :I kk
E ° e US, e o© o US4,
(@) oo
S 40 :If
< )
—
C
2 o
2 -
= 0 o
o 8 o
(@]
(5
0- T o ,ooo—%—,—cnm—
30keq 1 Okeq 3keq 30keq 1 Okeq 3keq

dose of injected cells

4590 Molecular Therapy Vol. 34 No 8 August 2026

(legend on next page)



www.moleculartherapy.org

However, LV transduction significantly decreased HSC day-0-equiv-
alent frequency to approximately 1/18,000 cells in both the EX-US
and EX-US4 conditions (p < 0.03, chi-squared test) (Figure S3E).

Taken together, these data suggest that LV transduction cumula-
tively adds to a stress response in the ex vivo expansion setting, which
may render HSC functionally deficient in xenotransplantation as-
says. Combination of proteostasis inhibition with LV transduction
is thus not considered beneficial for mPB-HSC gene-therapy
protocols.

Controlling dose and transduction time window alleviate LV
toxicity in the ex vivo expansion setting

Considering the unexpected sensitivity of ex vivo expansion cultures
to LV transduction, we further investigated this critical genetic-engi-
neering step to evaluate conditions that could mitigate LV-induced
toxicity and better preserve engraftment potential by shifting the
LV exposure time window from the canonical time window of 24-
48 h after the start of ex vivo culture by 24-h increments
(Figure 5A). In vitro maintenance of CD34 expression was consistent
across all conditions (Figure 5B), while longer pre-stimulation
increased overall transduction efficiency (Figure 5C). However,
engraftment potential of EX-U cells dropped sharply when transduc-
tion was carried out in the 72- to 96-h window (late transduction
group, EX-U3), while it was equal or slightly superior to DPy;. cells
if transduction was conducted before (Figure 5D). Analysis of intra-
group barcode sharing confirmed symmetric ex vivo HSC division,
with a trend for fewer shared barcodes in the late-transduction group
compared to EX-U2 (Figures 5E; Table S6). To gain further insight
into the mechanism behind LV-induced loss of HSC potency, we
performed bulk RNA sequencing on ex vivo-expanded HSPCs trans-
duced at early (24-h) or late (72-h) time points. CD34" HSPCs
exposed to the LV during the 72- to 96-h window of ex vivo expan-
sion showed strong enrichment of senescence- and aging-associated
pathways, adding to the evidence that LV transduction may be detri-

mental in the context of ex vivo expansion in a dose- and time-
dependent manner (Table S7; Figure 5F). Based on these findings,
we selected an intermediate transduction time window from 36 to
48 h (EX-U2) after starting pre-stimulation for further testing.

We benchmarked this optimized transduction/expansion protocol
(EX) against a clinically validated short manufacturing protocol
(DPyy) for gene therapy (Figures 5G and 5H).”"** The comparison
was conducted using a good manufacturing practice-compliant,
large-scale process run in gas-permeable bags and a therapeutically
relevant, purified LV vector, developed for the treatment of auto-
somal recessive osteopetrosis, a setup suitable for clinical transla-
tion.” Engraftment of DPjy. (2 X 10° cells/mouse) was compared
to a low or high dose of EX, chosen to mimic clinically validated hu-
man transplant doses (EXjqy, 4 X 10° and EXhpigh, 28 X 10° cells/
mouse, corresponding to a day-0 equivalent of 1 x 10° and
7 x 10° cells/mouse or 5 x 10° to 35 x 10° cells/kg, respectively;
n = 14 per cohort). Multilineage human cell engraftment in the blood
at 8 weeks post transplantation and in the BM at 19 weeks (Figure 5I)
was highest for the EXy,;q, group, while the DPy;. group positioned in
between EXy,;o and EXo,,. These data align with a net HSC mainte-
nance during ex vivo culture when considering the overall graft.
However, engraftment of genetically engineered cells, which are
the therapeutically relevant part of the graft, was higher in EX as
compared to DPyy, even in the EXj,, group, as shown by an
increased VCN per human genome (Figure 5]), an increased abso-
lute number of unique integration sites normalized to VCN
(Figure 5K), and an increased Shannon diversity index (Figure 5L).
These results highlight an advantage of the optimized expansion pro-
tocol over the current standard, even at lower transplant cell doses.

DISCUSSION

Efforts to optimize ex vivo HSC manipulation protocols have mainly
focused on minimizing culture time to preserve repopulating
potential, reduce clonal loss, and mitigate senescence or genomic

Figure 4. Cumulative toxicity between proteostatic cellular stress and lentiviral transduction

(A) Colony count in CFU assays with sorted HSCs (CD34*CD38~CD90*CD45RA~CD49f*) or CD34* (CD34* 49f™) cells (pool of n = 4 CB donors) in presence (+) or absence
(=) of 4HPR (2 pM). The mean + SEM of four replicates (600 cells/plate) is shown (unpaired t test). (B) Colony count in CFU assays with sorted HSCs (n = 1 mPB donor) in
presence (+) or absence (—) of 4HPR (2 uM) and or UM171 (35nM). The mean + SEM of four replicates (800 cells/plate) is shown (one-way ANOVA with Bonferroni correction).
(C) (Top) Experimental design. Expansion culture and/or colony assays were conducted with UM171 (UM) in presence (+) or absence (—) of 4HPR (4H). (Bottom) Colony count
in CFU assays with sorted HSC (n = 1 new mPB donor) performed either on freshly sorted cells (two groups on the left) or after LV transduction and ex vivo expansion (two
groups on the right), in the presence (+) or absence (—) of 4HPR (2 pM), as shown at the bottom of the graph (nd, not done). The mean + SEM of three replicates (1,000 cells/
plate) is shown. (D) Schematic representation of xenotransplantation experiments performed on the DP from an MPS patient (Pt5). (E) Human cell engraftment in the BM of
NSG mice at 12 weeks after transplantation of (1) 200,000 cells from the drug product (DP) (n = 5); (2) 5,400,000 ex vivo-expanded cells EX-U (equivalent to 200,000 CD34*
cells at day 0, expanded for 7 days with UM171; n = 6); (3) 6,200,000 ex vivo-expanded cells EX-US (equivalent to 200,000 CD34* cells at day O, expanded for 7 days with
UM171 and SR1;n =7); (4) 1,300,000 ex vivo-expanded cells EX-US4 (equivalent to 200,000 CD34* cells at day 0, expanded for 7 days with UM171, SR1, and 4HPR; n = 7);
Kruskal-Wallis test with Dunn’s multiple comparison, *p < 0.05. (F) Human cell engraftment in the BM, 15 weeks after secondary transplantation of 1 x 10° CD34* cells per
mouse, isolated from primary recipients described in (E). The number of mice with multilineage engraftment over the total number of transplanted mice is shown. (G) Box plots
indicating the number of unique integration sites normalized on VCN retrieved from the BM of primary grafts described in (E). One-way ANOVA with Tukey’s multiple
comparison test. (H) Relative abundance of integration sites in the primary recipient mice. Bottom light-gray stacks indicate the sum of integrations with <1% relative
abundance, middle stacks (shades of gray) indicate integrations >1% abundance, and the top abundant integrations highlighted in blue. (I) Schematic representation of
xenograft experiments performed on the progeny of sorted CD34*CD38™ cells from adult mPB testing the following 2 variables: (1) transduction (LV) or not (mock) with a
purified LV vector; (2) expansion culture with or without 4HPR. (J) Human cell engraftment in the BM was evaluated by analyzing the proportion of CD45" cells 16 weeks post
injection. Shown is the mean + SEM; each dot represents an individual mouse. A mouse was classified as engrafted if it contained >0.5% of hCD45™ cells. ns, not significant;
**p < 0.01 (mock vs. LV, two-way ANOVA).
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instability. The inclusion of molecules that antagonize undesired cul-
ture effects and the careful protocol optimization we have under-
taken have made it possible to extend ex vivo culture time of mPB
to at least a week without losing HSC function or clonality compared
to state-of-the art short-culture protocols. Not surprisingly, the de-
gree of net HSC expansion was lower in mPB as compared to pub-
lished CB studies,'>'® which may be explained by higher functional
HSC content’ and faster cell cycle kinetics™® in the latter. Neverthe-
less, expanded mPB products exhibited potent multilineage engraft-
ment potential, higher VCNs per genome, and preserved clonal
diversity even at lower transplant doses compared to shortly cultured
cells. Thus, ex vivo expansion of mPB HSCs represents a promising
avenue for overcoming limitations in cell availability and enhancing
therapeutic efficacy for gene-therapy applications.

We present the stepwise optimization of a clinically translatable,
good manufacturing practice-compliant expansion protocol tailored
for mPB-derived HSCs from both adult and pediatric donors. We
optimized cytokine combinations by exploiting predicted receptor
expression in sScRNA-seq identifying a benefit in adding intermediate
doses of IL-3 to promote the growth of progenitors while maintain-
ing the absolute number of phenotypic HSCs, potentially by stimu-
lating asymmetric HSC division. Even though the receptor for IL-6
does not appear to be highly expressed on HSCs, intermediate doses
of IL-6 increased the number of phenotypic HSCs. This may poten-
tially be due to non-cell autonomous effects, e.g., by stimulating
crosstalk between monocyte precursors, on which the IL-6 receptor
is upregulated, and HSCs, a phenomenon that has been described to
enhance engraftment potential.”’ Often overlooked in protocol
design, medium selection significantly influenced the yield of func-
tional HSCs as defined by xenograft assays, a cumbersome readout
generally not performed by developers of commercial cell-culture
media. Lack of transparency on formulations and single ingredients
preclude identification of the beneficial and harmful components

contained in the different commercial products. Lastly, we explored
combinations of HSCs maintaining molecules on top of UMI171,
which, in our hands’' and in the hands of others,'>** has been the
most potent compound. Our data now show an added benefit of
blocking the aryl hydrocarbon receptor pathway by SRI1, most
notably on LT-HSCs when challenged in secondary repopulation as-
says or under non-optimal ex vivo expansion conditions (data not
shown). We observed toxicity from the addition of 4HPR to mPB
HSCs in our protocol, aggravated by LV transduction. While the
exact mechanism of this toxicity remains to be investigated, we
may speculate that mPB HSCs, by themselves poised to an increased
basal pro-inflammatory state,”>”” which is further enhanced by cyto-
kine pre-stimulation and LV exposure, may exhaust compensatory
mechanisms when challenged with 4HPR-induced oxidative/ER
stress.”!

An unexpected finding was also the influence of the timing of LV
transduction on HSC functionality. The response of human
HSPCs to exposure of purified LVs has been described as rather
limited, with some degree of p53 activation through nuclear sensing
of vector DNA but little evidence for innate immune activation.*
This is in line with clinical data whereby even highly transduced
DPs engrafted promptly and did not cause measurable side effects
in the context of a short ex vivo culture protocol.’® Interestingly,
the sensitive time window of LV transduction coincides with the first
cell division of purified mPB LT-HSCs, estimated to occur around
62.0 £ 6.5 h,"" which may increase the susceptibility of HSCs to un-
dergo senescence upon p53 activation. Alternatively, the higher VCN
obtained from longer pre-stimulation times may also contribute to
the observed reduction in engraftment potential. These findings
require follow up studies but place special attention to HSC manip-
ulations when performing prolonged ex vivo HSC cultures, where
cells are exposed to metabolic activation and proliferative stress.
Notably, a recent study has found a very similar vulnerability time

Figure 5. Controlling dose and transduction time window alleviates LV toxicity in the ex vivo expansion setting

(A) Schematic representation of the experimental design for data shown in (B)—(F). Two separate transplant sessions were performed using CD34* cells from the same adult
mPB donor under the same protocol; each session transplanted cell products from all groups, except the EX-U2 condition, which was added during the second transplant
session. Pooled results from the two sessions are shown. (B) The percentage of CD34" cells measured by flow cytometry after 7 days of expansion under different conditions.
Bars represent the average from the two experimental sessions. Data not shown for EX-U2 (76%) as only a single replicate was performed. (C) Relative VCN change in the
EX-U condition with respect to DPjye, as determined by ddPCR on liquid culture (n = 2 experimental sessions; n = 1 for EX-U2 [4.8], data not shown). (D) Engraftment potential
of MPB CD34" cells in NSG mice transplanted with either (1) 200,000 cells from the DPy,.-U1 condition (n = 22) or (2) 3,200,000 ex vivo-expanded cells (equivalent to 200,000
CD34* cells at day 0) expanded for 7 days and transduced at the following time points: EX-U1, 24 h, n = 21; EX-U2, 48 h, n = 7; EX-U3, 72 h, n = 22. Human cell engraftment
in the BM was evaluated by analyzing the proportion of CD45" cells 17 weeks post injection (Kruskal-Wallis test with Dunn’s multiple comparison). (E) Intragroup LVBC
sharing percentages. Each dot represents the percentage of sharing between an individual mouse vs. all other mice receiving the same HSPC product (Kruskal-Wallis test
with Dunn’s multiple comparison, *p < 0.05, ***p < 0.001, ***p < 0.0001). (F) Bulk RNA sequencing was performed to identify DEGs between the EX-U3 and EX-U1 groups.
The cnet plot shows enriched senescence terms obtained from GSEA,; blue and red dot colors represent down-/upregulated genes, respectively. The dot sizes represent the
number of genes that belong to the term. (G) Experimental scheme. Adult mPB CD34" cells were transduced with a clinical-grade LV and either expanded (EX) or not (DPjie)
using a good manufacturing practice-compliant process. The following groups were injected into NSG mice: (1) 200,000 DPyye cells (n = 14), (2) 20,000,000 ex vivo-expanded
cells at high-dose EXygn (equivalent to 530,000 CD34* cells at day 0; n = 12), or (3) 4,000,000 ex vivo-expanded cells low-dose EX;,, (equivalent to 100,000 CD34" cells at
day 0; n = 14). (H) Percentage of CD34" cells and subset composition measured by flow cytometry in the respective products (day 2, DPy.; day 8, EX) before xeno-
transplantation. (I) Human CD45* cell engraftment measured in the peripheral blood (left) and BM (right) at the indicated time points (Kruskal-Wallis test with Dunn’s multiple
comparison). (J) VCN determined by ddPCR on BM cells from mice of different groups (Kruskal-Wallis test with Dunn’s multiple comparison). (K) Box plots indicating number
of unique integration sites normalized on VCN (Kruskal-Wallis test with Dunn’s multiple comparison). Each dot represents an individual mouse (Kruskal-Wallis test with Dunn’s
multiple comparison). (L) Box plots indicating the Shannon diversity index as a measure of clonal population diversity, (Kruskal-Wallis test with Dunn’s multiple comparison).
Each dot indicates an individual mouse.
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window of HSCs to gene editing triggering a DNA damage response,
which could be mitigated by slowing cell-cycle progression through
p38 mitogen-activated protein kinase (MAPK) inhibition.*’

A major challenge in successful development of ex vivo expansion
protocols is accurately predicting in vivo repopulating capacity based
on in vitro product characteristics. Many validated surface HSC
marker profiles, such as CD38, lose their predictive value once cells
are manipulated ex vivo, or they may not be consistently expressed
across cell sources.”*""*> We thus undertook an unbiased character-
ization of ex vivo-cultured HSPCs by scRNA-seq, which provided
high-resolution insights into cellular heterogeneity and lineage fidel-
ity of committed precursors during culture. Additionally, scRNA-seq
enabled predictive analyses confined to functionally relevant, select
cell populations, namely molecularly defined HSCs, in which
in vitro VCN prediction correlated with the VCN measured in xeno-
grafts and, importantly, with the VCN reported in patients following
LT engraftment.”® Expansion culture was required to accurately
assess transduction efficiency in HSCs, since direct analysis of the
DP may yield false-positive results, presumably due to the presence
of transcripts from non-integrated vector forms. Hence, this pro-
vides a proof-of-concept that ex vivo expansion cultures may serve
as a cost-effective surrogate for in vivo cell product dynamics assess-
ment, which may eventually replace xenograft experiments, even
though additional validation on a higher number of samples is
needed.

Clonal tracking analyses stringently validated our ex vivo culture by
assessing for the presence of symmetric self-renewal divisions ex vivo
with increased sharing of genetic marks across mice transplanted
from expansion culture as well as ruling out clonal dominance or
oligo-clonal selection—a critical safety consideration in gene-ther-
apy applications. A recent study has used barcoding to show self-
renewal of molecularly defined HSCs (by scRNA-seq) during
in vitro culture of CB in the presence of UM171.” We add to this
conclusion by demonstrating self-renewal of functionally defined
HSCs derived from mPB. Integrating scRNA-seq-based identifica-
tion of HSC transcriptional states with in vivo clonal tracking by
scRNA-seq-compatible barcoded LV libraries could yield even
deeper insights into cellular states and dynamics during ex vivo
expansion and related in vivo implications. Our clonal bulk analysis
in vivo revealed distinct waves of hematopoietic repopulation be-
tween primary and secondary xenografts, mirroring what has been
previously described as the output of latent LT-HSC subsets resistant
to minor stress-induced activation.** These latent CD112'° LT-HSCs
are supposed to preserve self-renewal capacity by remaining quies-
cent under stress conditions but are recruited during major regener-
ative demands such as those imposed by a secondary transplantation.
Nevertheless, our data suggest that these latent HSCs have a memory
of the ex vivo culture, as suggested by improved secondary reconsti-
tution of HSCs exposed to the combination of SR1 and UM171. The
ability to show polyclonal engraftment in secondary transplants with
our protocol is again a strong indicator of preservation of bona fide
HSC functionality with our optimized expansion protocol.
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Despite our in-depth functional and molecular characterization of
ex vivo mPB expansion cultures down to single-cell/single clone res-
olution, and systematic process optimization, we could not obtain a
consistently high expansion of mPB LT-HSC numbers, which may in
part be explained by distinct biological properties with respect to CB.
Two approaches can be envisioned to further increase net HSC
expansion: (1) stimulate HSC self-renewal divisions, by targeted mo-
lecular interventions in the self-renewal program™ or, most simply,
by increasing the length of culture considering that slow cell-cycle
entry and progression is a core property of LT-HSCs.* (2) Mitigate
the loss of HSCs through irreversible differentiation, e.g., by
reducing culture stress through inhibition of pathways such as
JAK,'' MAPK,* or mTORC'Y; titration of oxygen levels'’; and me-
chanoregulation.*® It should be highlighted that our functional read-
outs concentrate on HSCs and do not assess early hematopoietic
reconstitution driven by progenitors, which cannot be read out in
the NSG model and has not been further evaluated in this work. A
clinical implication of limited net LT-HSC expansion from mPB is
that, unlike CB-based protocols, the starting cell requirement may
not be dramatically reduced, and adequate mobilization remains
essential. Nevertheless, the substantial amplification of committed
progenitors during expansion is expected to shorten the duration
of post-transplant cytopenia. Hence, ex vivo mPB expansion with
our optimized protocol is expected to offer clinical benefit in terms
of myeloid and platelet reconstitution over NC or minimally
cultured cells, pending confirmation in future clinical trials. Notably,
we have submitted a clinical trial application for a phase I/IIa gene-
therapy study (EU CT 2024-518972-30) in children affected by auto-
somal recessive osteopetrosis (ARO), a rare and severe genetic bone
disorder characterized by defective osteoclast function and the lack
of a BM HSC niche, where rapid reconstitution of resorption-
competent osteoclasts may allow proficient engraftment of corrected
LT-HSCs.”

Importantly, our optimized expansion protocol is compatible with
existing good manufacturing practice-compliant workflows and
standard release testing, including viability, immunophenotype, ste-
rility, and VCN assessment. However, extended culture and addi-
tional reagents may increase operational complexity and costs. Scal-
able implementation using automated or modular expansion
systems is feasible, and the use of clinically validated materials en-
sures alignment with current regulatory frameworks. Overall, these
features support both the practical integration of the protocol into
manufacturing pipelines and its potential broader clinical applica-
tion where further disease-specific optimizations may be imple-
mented. In sum, we have developed an optimized ex vivo mPB
expansion protocol to aid in genetic correction of ex vivo-expanded
autologous circulating HSCs to address unmet medical needs.”

MATERIALS AND METHODS

Human HSPCs

Human CB and mPB CD34" HSCs were purchased from commer-
cial sources (Lonza, HemaCare, All Cells, and Charles River). Ali-
quots of DPs from patients enrolled in the TigetT10_MPSIH trial
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Table 1. List of anti-human antibodies used for flow cytometry

Antibody Fluorochrome Clone Company Code

FcR blocking reagent - - Miltenyi Biotec 130-059-901
CD45 APC-eFluor780 HI30 eBioscience 47-0459-42
CD45 VioBlue REA747 Miltenyi 170-081-077
CD19 PE-Cy7 HIB19 BioLegend 302216
CD19 PE SJ25C1 BD Biosciences 345789
CD3 PE SK7 BD Biosciences 345765
CD3 PB UCHT1 BioLegend 300431
CD13 APC WMI15 BD Biosciences 557454
CD33 APC ACI104.3E3 Miltenyi Biotec 130-091-731
CD33 PE-Cy7 P67.6 BD Biosciences 333952
CD33 APC-Vio770 REA775 Miltenyi Biotec 130-111-022
CD34 VioBlue AC136 Miltenyi Biotec 130-095-393
CD34 PE-Cy7 8G12 BD Biosciences 348811
CD34 APC AC136 Miltenyi Biotec 130-120-519
CD34 BV421 561 BioLegend 343610
CD34 PE AC136 Miltenyi Biotec 130-113-179
CD38 PE-Vio770 IB6 Miltenyi Biotec 130-099-151
CD90 APC 5E10 BD Biosciences 559869
CD90 BV421 5E10 BD Biosciences 562556
CD45RA PE T6D11 Miltenyi Biotec 130-092-248
CD45RA FITC HI100 BioLegend 304106
CD56 PE NCAM 16.2 BD Biosciences 345812
BAH1 PE BAH-1 BD Biosciences 565746
CD71 BV711 M-A712 BD Biosciences 563767
CD49f PC5 GoH3 BD Biosciences 562495
7AAD - - Miltenyi Biotec 130-111-568
Zombie Aqua™ - - BioLegend 423101

P16 INK4A - D7CIM rabbit mAb Cell Signaling Technology 807728
Alexa Fluor 488- labeled secondary antibodies - - Thermo Fisher Scientific A-21206
MitoTracker™ Green FM Dye - - Thermo Fisher Scientific M46750

mADb, monoclonal antibody.

(NCT03488394, see Gentner et al.”” for relevant design details) and
specifically allocated for research purposes were available in accor-
dance with the clinical trial protocol and the associated research
protocols (TIGET09), which have been approved by the responsible
ethical committees. Informed consent for the use of these materials
in research was obtained from all patients’ legal guardians.

Sample size and replicates

Sample size pre-determination was used for the experiment vali-
dating the optimized expansion culture setup (Figures 5G-5L). For
the experiments with patient cells, exploratory experiments and iter-
ative process optimization steps, sample size for each experiment was
dependent on the total number of available HSPCs, which is con-
strained by the human source of the material and limited by trans-

duction efficiency, scale, and recovery from cell expansion culture
or primary recipient xenografts. Whenever possible, we aimed to
reach n > 5 per group, which is considered adequate for carrying
out nonparametric statistical comparisons.

Data were collected at prespecified endpoints for transplantation ex-
periments, with primary recipients euthanized at 12 weeks post
engraftment if secondary transplants were to be carried out or at
longer time points (>16 weeks). All samples passing prespecified
quality-control metrics were included in the presented analyses.

Due to the limitations on animal experimentation, some exploratory
experiments were performed once. If replicate experiments were
conducted, they are specified within the specific figure legend.
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Study design and research objective

We here show data from controlled laboratory experiments. Each
experimental design is appropriately outlined in the text or figure
and addresses a specific hypothesis for the improvement of ex vivo cul-
ture protocols for mPB HSPC expansion. When performing mouse
experiments, mice were randomly allocated to the control or experi-
mental arm. Experiments were not conducted in a blinded fashion,
as blinding was not relevant for objective outcome measures.

HSPC culture, transduction, and expansion protocols

HSPC pre-stimulation and transduction was performed in serum-
free medium at a cell density of 1 x 10° cells/mL. For ex vivo expan-
sion culture, cell density was reduced to 2 X 10° cells/mL and main-
tained at <1 x 10° cells/mL. Specific culture media and cytokine
addition varied across experimental plan, as detailed in the results
section and figure legends.

mPB HSPC DPs were cultured in SCGM medium (Cell Genix)
supplemented with the following cytokines: 60-ng/mL IL-3,
100-ng/mL TPO, 300-ng/mL SCF, and 300-ng/mL FLT3L (all
from CellGenix).”*"!

Unless otherwise indicated, expansion cultures were established
in serum-free SCGM CellGenix medium supplemented with
100 ng/mL SCF, 100 ng/mL FLT3L, 50 ng/mL TPO, 50 ng/mL
IL-6, and 35 nM UM171 (Stem Cell Technologies or ExCellThera).
In selected conditions, 750 nM SR1 (StemRegeninl; Stem Cell Tech-
nologies) and/or 2 pM 4HPR (a kind gift from the J.E. Dick labora-
tory) were also included. Cultures were maintained at 37°C in 5%
CO2 under normoxic conditions.

A ChemD expansion medium was adapted from the literature®>*” as
follows: Iscove’s modified Dulbecco’s medium (IMDM) supple-
mented with Soluplus (BASF) 1 mg/mL, 740 Y-P (Cayman Chemi-
cal) 1 pM, Butyzamide (TargetMol) 0.1 pM, monothioglycerol
(Sigma) 100uM, UM?729 (Stem Cell Technologies) 1 pM, ITSX, Glu-
tamax, and low-dose SCF and FLT3L (CellGenix), both 25 ng/mL.
LV transduction was performed by addition of 10® transducing
units/mL (multiplicity of infection 100, unless otherwise indicated)
to the cell cultures for 16-24 h.

LV production, titration, and molecular analysis of gene-transfer
efficiency

Purified vectors PGK.IDUA or TCIRGI1 (Phosphoglycerate kinase
promoter driving the alpha-L-iduronidase or T cell immune
regulator 1 gene) LVs were produced and titered by MolMed (now
AGC Biologics) according to the good manufacturing practice pro-
cess employed for gene-therapy clinical trials.””' Lab-grade vectors,
third-generation self-inactivating (SIN) LV (PGK.GFP, PGK.BFP,
PGK.mCherry) expressing different fluorescent proteins under the
control of a PGK promoter stocks were produced and titered on
293T cells according to standard lab protocols as previously
described.”® Large-scale LV barcode library was produced and puri-
fied by a specialized institutional process development lab as
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described in Soldi et al.”*> Molecular quantification of gene-transfer
efficiency was performed using specific digital droplet PCR (ddPCR)
assays.

Clonogenic assay on Methocult

Clonogenic assays were plated at the time point described for each
single experiment. Cells were washed, counted, and resuspended
in complete human Methocult medium (Stem Cell Technologies)
at a concentration of 800-2,000 cells/mL. Fourteen days later,
colonies were scored by light microscopy for number and
morphology. CFU-E and BFU-E were scored as erythroid col-
onies; CFU-G, CFU-M, and CFU-GM as myeloid; and CFU-
GEMM as mixed colonies. If necessary, at day 14, colonies were
single-picked and analyzed by ddPCR to evaluate transduction
efficiency.

Determination of VCN by ddPCR

Genomic (g)DNA was extracted using QIAmp DNA micro kit
(Qiagen) or QIAmp DNA mini kit according to the starting number
of cells (as suggested by manufacturer). DNA was quantified and as-
sessed for purity. Vector copies per diploid genome (VCN) of the in-
tegrated LV vectors were quantified by ddPCR on a QX200 Droplet
Digital PCR System (Bio-Rad) starting from 10 to 100 ng of template
genomic DNA (gDNA) using the following primers (HIV sense,
5'-TACTGACGCTCTCGCACC-3'; HIV antisense, 5-TCTCGAC
GCAGGACTCG-3'), and probe (FAM 5-ATCTCTCTCCTTCTA
GCCTC-3') against the primer-binding-site region of LVs. Endoge-
nous DNA amount was quantified by a primer/probe set against the
human telomerase gene (Telo sense, 5-GGCACACGTGGCTT
TTCG-3'; Telo antisense, 5-GGTGAACCTCGTAAGTTTATGC
AA-3'; Telo probe, VIC 5-TCAGGACGTCGAGTGGACACG
GTG-3' TAMRA). Alternatively, the region of the primate transcrip-
tion initiation factor TFIID subunit 7 gene (TAF7), which is
conserved among primates and humans, was used as an endogenous
control assay (sequence not disclosed). The VCN was determined by
calculating the ratio of the target-molecule concentration to the
reference-molecule concentration times the number of copies
of reference species in the genome. All the reactions were performed
according to the manufacturer’s instructions and analyzed with a
QX200 Droplet Digital PCR System (software: QuantaSoft
Versionl.7.4.0917; Bio-Rad).

Cell sorting and flow cytometry

Sorting for CD34" cells (and CD38 cells, where indicated) was per-
formed by magnetic beads (Miltenyi). FACS for HSPC subpopula-
tions was performed on a MoFlo XDP sorter (Beckman Coulter)
or BD FACSAria Fusion (BD). Analytical flow cytometry was per-
formed on a FACSCanto II or LSR II Fortessa instrument (BD
Bioscience).

Immunophenotypic analyses were performed by flow cytometry us-
ing Canto II (BD Pharmingen). From 5.0 X 10° to 2.0 x 10° cells
either from culture or mouse-derived samples were analyzed. Cells
were stained for 15 min at 4°C with antibodies listed in Table 1, in
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a final volume of 100 pL, and were washed with Dulbecco’s Phos-
phate-Buffered Saline (DPBS) + 2% heat-inactivated fetal bovine
serum (FBS). Single-stained and fluorescence-minus-one-stained
cells were used as controls.

Senescence-associated-p-galactosidase analysis
Senescence-associated-p-galactosidase analysis was performed with
the fluorescent SPiDER-B-Gal system (Dojindo), as described.”
Briefly, 1 x 10° cells were washed with 2% FBS in DPBS and incubated
with 150 pM chloroquine (Sigma-Aldrich) for 1 h at 37°C. Then,
SPiDER-fB-Gal was added to the cell suspension at a final concentra-
tion of 0.57 ng/pL, together with anti-human CD34 BV421
(BioLegend, 1:100 dilution), anti-human CD90 APC (BD Biosciences,
1:100 dilution), and Zombie Aqua viability dye (BioLegend, 1:400
dilution) for 15 min at 37°C. Cells were washed with 2% FBS in
DPBS, and samples were immediately acquired on a FACSCanto II
(BD Biosciences). Data were analyzed using the FlowJo software.

p16 analysis

p16 analysis via flow cytometry was performed as recently described.™
Briefly, 1 x 10° cells were washed with 2% FBS in DPBS and stained
for 15 min at 4°C with anti-human CD34 BV421 (BioLegend, 1:100
dilution), anti-human CD90 APC (BD Biosciences, 1:100 dilution),
and Zombie Aqua viability dye (BioLegend, 1:400 dilution). After
washing with 2% FBS in DPBS, cells were fixed with 4% paraformal-
dehyde (Santa Cruz Biotechnology) at room temperature for
15 min. Cells were washed again with 2% FBS in DPBS and permea-
bilized with 100pL of 1x Click-iT saponin-based permeabilization
(Thermo Fisher Scientific) at room temperature for 15 min. Cells
were stained with P16 INK4A antibody (Cell Signaling Technology,
1:100 dilution) at 4°C overnight. After washing with 2% FBS in
DPBS, samples were stained with Alexa Fluor 488- labeled secondary
antibodies (Thermo Fisher Scientific, 1:1,000 dilution) (Alexa Fluor
488 or Alexa Fluor 647; Thermo Fisher Scientific) for 45 min at
room temperature. After washing with 2% FBS in DPBS, sample
acquisition was performed with FACSCanto II (BD Biosciences).
Data were analyzed using the Flow]Jo software.

Lipofuscin analysis

Lipofuscin analysis via flow cytometry was performed using GLF16
(QR LABS), as recently described.” Briefly, 1 x 10° cells were
washed with 2% FBS in DPBS and stained for 15 min at 4°C with
anti-human CD34 BV421 (BioLegend, 1:100 dilution) and Zombie
Aqua viability dye (BioLegend, 1:400 dilution). After washing with
2% FBS in DPBS, cells were fixed with 4% paraformaldehyde (Santa
Cruz Biotechnology) at room temperature for 15 min. Cells were
washed again with 2% FBS in DPBS and permeabilized with
500 pL of 0.3% Triton X-100 (Sigma-Aldrich) at room temperature
for 20 min. After centrifugation and removal of excess permeabiliza-
tion solution, cells were stained with 50 pL of GLF solution (1:40
dilution of 200 pg/mL GLF stock solution in 2.5% DMSO + 2.5%
TWEEN 20 (Sigma-Aldrich)) at room temperature for 8 min. After
washing once with 2.5% DMSO + 2.5% TWEEN 20 in DPBS and
once with 2% FBS in DPBS, sample acquisition was performed

with FACSCanto II (BD Biosciences). Data were analyzed using
the FlowJo software.

Mitochondrial mass analysis

Mitochondrial mass analysis was performed using the MitoTracker
Green FM Dye (Thermo Fisher Scientific). Briefly, 1 x 10° cells
were washed with 2% FBS in DPBS and stained for 15 min at 4°C
with anti-human CD34 PE (Miltenyi Biotec, 1:100 dilution) or
anti-human CD34 BV421 (BioLegend, 1:100 dilution), anti-human
CD90 APC (BD Biosciences, 1:100 dilution), and Zombie Aqua
viability dye (BioLegend, 1:400 dilution). After washing in DPBS,
cells were resuspended in 1 mL of DPBS and incubated with 1 pL
of MitoTracker dye for 30 min in the incubator at 37°C. After
washing in 2% FBS in DPBS, samples were immediately acquired
with FACSCanto II (BD Biosciences). Data were analyzed using
the FlowJo software.

Mice

All experiments and procedures involving animals were performed
with the approval of the Animal Care and Use Committee and
Ethical Board of the San Raffaele Hospital (IACUC 923, 1183,
1207) and were authorized by the Italian Ministry of Health and local
authorities in compliance with Italian law. NOD-scid-Il2rg—/—
(NSG) female mice (The Jackson Laboratory) were held under spe-
cific-pathogen-free conditions.

CD34* HSPC xenotransplantation experiments in NSG mice

For xenotransplantation of mPB HSPCs, the outgrowth of 2 x 10° to
5 x 10° HSPCs at the start of the culture (day-0 equivalent) were in-
jected intravenously into sublethally irradiated (180-200 cGy) fe-
male NSG mice. Matched numbers of HSPCs were seeded at day
0 of culture for each experimental group to transplant the same num-
ber of culture-initiating HSPCs in each mouse. The precise dose of
injected cells differed according to the experimental conditions
and is described in the figure legend for each experiment. Mice
were randomly distributed to each experimental group. Human
CD45" cell engraftment and the presence of transduced cells were
monitored by serial collection of peripheral blood (approximately
every 4 weeks) and, at the end of the experiment (12-18 weeks after
transplantation), BM was collected for endpoint analyses. Hindlimb
BM was flushed with PBS 2% FBS and 2 x 10° cells were stained for
surface markers. The remaining cells, if required, were used to
perform secondary transplantation in NSG mice after bead purifica-
tion with mouse cell depletion or enriched for human CD34" cell kit
(Miltenyi Biotec) according to the manufacturer’s instructions.

Peripheral blood analysis

Mice were bled via the tail vein following analgesia. For each mouse,
250 pL of peripheral blood was added to 10 pL of PBS containing
45-mg/mL EDTA. For immunostaining, a known volume of whole
blood (100 pL) was incubated with anti-human Fc receptor-blocking
antibodies for 10 min at room temperature and then incubated in the
presence of monoclonal antibodies (for a list of antibodies, see
Table 1) for 15 min at room temperature. Erythrocytes were removed
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by lysis with the TQ-Prep workstation (Beckman Coulter) in the
presence of an equal volume of FBS (100 pL).

Bone marrow analysis

At the experimental endpoint, mice were humanely euthanized, and
BM cells were obtained by flushing the femurs in PBS 2% FBS solu-
tion. Cells (1-2 x 10° cells) were washed, resuspended in 100 pL of
PBS containing 2% FBS, and incubated with anti-human and/or anti-
mouse FcyIII/IT receptor (Cd16/Cd32)-blocking antibodies for
15 min at 4°C. Staining was performed with monoclonal antibodies
(Table 1) for 20 min at 4°C.

Lentiviral barcode next-generation sequencing library
preparation

PCR products compatible with Illumina sequencing were generated
by targeted amplification of the integrated LV vector barcode from
gDNA isolated from the BM of murine xenografts. A total of 50-
100 ng of gDNA was used as input. Amplification was performed
using Phusion High-Fidelity DNA Polymerase (Thermo Fisher Sci-
entific) according to the manufacturer’s protocol, with the following
thermal cycling conditions: initial denaturation at 98°C for 60 s,
26 cycles of denaturation at 98°C for 10 s, annealing at 56°C for
30 s, and extension at 72°C for 15 s, followed by a final extension
at 72°C for 10 min.

Custom next-generation sequencing (NGS)-grade primers were used
at a final concentration of 10 pM. Primers included Illumina adapter
sequences (P5 and read 1 for forward primers; P7 and read 2 for
reverse primers) along with unique 8-base sample-specific barcodes
(denoted as “xxxxxxxx”) for multiplexing.

Primer sequences were as follows:

e Forward primer: 5-AATGATACGGCGACCACCGAGATCTA
CACTCTTTCCCTACACGACGCTCTTCCGATCTxxxxxxxxCTA
CTCAGACAATGCGATGC-3

e Reverse primer: 5-CAAGCAGAAGACGGCATACGAGATGT
GACTGGAGTTCAGACGTGTGCTCTTCCGATC CTxxxxxxxxCG
TGCCTTCCTTGACCCTG-3'

PCR products were resolved on a 1.35% agarose gel, and the 255-bp
band corresponding to the expected barcode amplicon was excised
and purified using the Promega Wizard SV Gel and PCR Clean-
Up System in accordance with the manufacturer’s instructions.
Purified libraries were pooled at equimolar concentrations and sub-
jected to paired-end sequencing (2 x 75 bp) on an Illumina NextSeq
platform.

Lentiviral integration-site library preparation

Integration sites were retrieved by Sonication Linker Mediated
(SLiM)-PCR, as previously described,’® with minor modifications.
Briefly, for each sample, up to 300 ng of gDNA were processed by
DNA shearing using the Covaris E220 Ultrasonicator, generating
fragments with an average size of 1,000 bp. The fragmented DNA
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samples were subjected to end repair and 3’ adenylation and then
ligated to linker cassettes containing an 8-nucleotide sequence bar-
code used for sample identification and all the sequences required
for the read 2 paired-end sequencing. The ligation products were
split in three technical replicates and subjected to 35 cycles of expo-
nential PCR using primers specific for the LV vector long terminal
repeats (LTR) and the linker cassette. A subsequent amplification
with additional 10 PCR cycles was performed using a primer specific
for the linker cassette and the LTR. These primers contain an
8-nucleotide length barcode used for sample identification (coupled
with the barcode on the linker cassette) and the sequences needed for
the read 1 sequencing, plus a sequence of 12 random nucleotides al-
lowing easier cluster recognition in the first sequencing cycles on the
NGS sequencer. The generated SLiM-PCR products are thus associ-
ated to a unique pair of barcodes, assembled into libraries, and sub-
jected to NGS Illumina sequencing.

LVIS bioinformatic analysis

Sequencing reads were processed using VISPA2”" that isolates
genomic sequences flanking the vector LTR and maps them to the
human genome (hgl9). Because vector integration in the same
genomic position in different cells is a very low probability event,
identical integration sites (IS) in independent samples were consid-
ered as contamination or amplification artifacts, which may occur
during the technical procedure. Datasets were pruned from potential
contaminations and false positives between each primary mouse and
from IS deriving from unrelated secondary mice. IS with identical
genomic coordinates shared between mice belonging to different
experimental groups were reassigned based on identification of the
integration site by at least two SLiM technical replicates and
sequence-count numbers. Downstream analyses of vector integra-
tion sites, such as relative abundance analysis, sharing analysis and
common integration site (CIS) analysis, were performed using ISA-
nalytics.”® Clonal abundance estimates as the relative percentage of
genome numbers was determined by the R package “sonicLength.”>’
Common insertion sites were calculated by the Grubbs test for
outliers.®’

Lentiviral barcoding preprocessing and quantification

Demultiplexed raw data were quality checked using fastqc tool to
check for low-quality samples in terms of base quality scores and
to check the presence of a barcoded region characterized by high het-
erogeneity. All samples were down sampled to 300k input reads us-
ing seqtk (1.4-r130) to avoid coverage biases and allow direct com-
parison of all runs and conditions, as well ensure reproducibility
using a fixed seed. The distribution of barcodes counts and Shannon
entropy indexes were compared between raw and subsampled sam-
ples to verify that complexity and library saturation were maintained.

Identification and quantification of barcodes was performed with
barseq”’
tively. Barcode extraction parametrization was the following: -1
P:CTACTCAGACAATGCGATGC -2 S:AATTTCCTCATTTTA
TT -3 R:N -4 S:STACGTCGA -5 P:GCGAGGA. Extraction metrics

setting edit distance and minimal counts to 2 and 3 respec-
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provided by TagDust v2.33 were hence inspected to identify and
discard samples with low extraction rates (<80%).

Lentiviral barcoding processing and downstream analysis

To assess the threshold for the minimum barcode abundance to
identify a clone, we employed a strategy that relies on the comparison
of shared clones between 17 and 2* transplant samples. We lever-
aged SCGM(CQG) barcoded libraries treated with UM171 (UM) and
UM171+SR1 (US) for which primary and secondary transplant data
were available (Data S4). Using raw barcode counts provided by bar-
seq, we looked for the lowest frequency barcode in first transplant
that was expanded in second transplant. Barcodes present in more
than three mice in first transplant group were considered artifacts
and discarded. The identified threshold equal to (0.005%) was then
applied to all the experimental groups analyzed in this work. Barco-
des with frequency less than 0.005% were considered artifacts, con-
taminants, or unreliable.

Moreover, we applied two strategies to further discard or minimize
contaminants. The first strategy aimed to discard barcodes that
were shared in more than n animals (Nmax parameter, see code
for details) within each experimental group, whereas the second
one consisted in the re-assignment of barcodes that were shared be-
tween independent groups. In particular, the barcode was reassigned
to the top sample whose quantification was 10 higher than the sec-
ond most abundant sample sharing the barcode. If none of the sam-
ples met this rule, the barcode was considered shared across samples
of independent groups.

We focused on the evaluation of the barcodes sharing within and be-
tween groups of samples as well as the clonal distribution and
complexity. This latter topic was assessed evaluating the Shannon en-
tropy index using the vegan R package (v.2.5-7).

Barcode count data processing and figure preparation was per-
formed within R environment (v4.1.0), using several packages
including among the most used: ggplot2 (v3.3.5), ggalluvial
(v0.12.3), and dplyr (v1.0.8).

Bulk RNA sequencing

Raw data in fastq format were quality control (QC)-checked and
trimmed using TrimGalore (v0.5.0) to get rid of adapters at 3’ of
reads. Trimmed reads were then aligned to the GRCh38 reference
genome using STAR (v2.7.0d). Gencode genes primary assembly
gene-transfer file (GTF) v35 was used as reference gene annotation
file. Post-alignment metrics, including coverage distribution across
gene length and percentage of reads mapping to exons, were
collected by using Qorts (v1.3.5). We then assigned reads to genes
(gene counting) by using feature counts (v1.6.3). Gene-count
matrices were analyzed in the R environment (v4.0.3). We employed
a data-analysis workflow that relied on edgeR identification of differ-
entially expressed genes (DEGs) setting custom biological variation
coefficients (BCVs) to 0.1-0.3 for the different 1-vs-1 comparisons
performed (72 vs. 24 h in each batch separately). Counts were

normalized using the Trimmed Mean of M-values (TMM) method,
and the differential test was performed with the exactTest function
provided by the edgeR package (v3.32). Genes with an adjusted
P < 0.05 (Benjamini-Hochberg false discovery rate [FDR] method)
were considered differentially expressed.

DEG lists and pre-ranked gene lists according to log2FC were used
for performing over-representation analysis (ORA) and gene set
enrichment analysis (GSEA), respectively. Terms with an adjusted
p < 0.05 were considered statistically significant. Analyses and charts
were produced with clusterProfiler (v4.7.1),°” enrichplot (v1.16.2),
and ggplot2 (v3.3.5) R packages.

GSEA pre-ranked list for the evaluation of the transduction timing
was prepared calculating a mean fold change value of the two batches
adding an offset of 1 to avoid infinite values in log transformation.
Both ORA and GSEA were computed considering different reference
datasets including Gene Ontology, Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database, Reactome pathway database,
and Molecular Signatures Database (MSigDB). In addition, for the
evaluation of senescence signatures, we relied on a custom gmt refer-
ence file that includes literature and database-based signatures.

scRNA-seq

HSPCs were resuspended at the appropriate concentration for
loading into the Chromium 10X single-cell 3’ Gene Expression v2
or v3 chip according to the manufacturer’s protocol. 3’ gene expres-
sion libraries construction and sequencing on Illumina platforms
NextSeq or NovaSeq S1 were performed following the manufac-
turer’s indications.

Raw data were processed by Cell Ranger Single-Cell Software Suite,
with cellranger count pipeline (version 7.0.1, 10X Genomics) to pro-
duce feature-barcodes matrices with Unique Molecular Identifier
(UMI) counts for each cell. GRCh38 genome genes annotations pro-
vided by the manufacturer were used as reference data. Feature bar-
code counts matrices were then imported and processed within the R
environment (v4.1.3) and analyzed with several R and Bioconductor
packages. Figures 2C and 2H datasets were analyzed with Seurat R
package.”® Figure 2H dataset raw matrix was pre-processed with
the adaptively thresholded low-rank approximation (ALRA) algo-
rithm using default settings. For both datasets, we performed quality
control by discarding cells with lower number of expressed genes and
genes expressed by few cells. Counts were log normalized with a scale
factor of 10,000, and most variable genes were identified (the top 15%
of expressed genes). Normalized data were then scaled accounting
for cell cycle (CC.Difference), total depth (nCount_RNA), and mito-
chondrial content (pct_mito). Hence, we performed dimensionality
reduction by calculating principal components (PCs) and selecting
the top components based on the elbow rule. Harmony methods
were employed to remove potential batch effects, using sample iden-
tity or time point + patient (pt.tp) as the batch variable for Figures 2C
and 2H datasets, respectively. Clustering was computed by Louvain
improved algorithm on neighborhood graph built on top harmony
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components. Marker genes for each cluster were computed using the
FindAllMarker function in Seurat package. Parameters used for each
dataset can be found in the GitLab repository provided with the
manuscript. For Figure 2C dataset, cluster annotation was manually
curated by inspecting marker genes and SingleR (v1.8.1) classifica-
tion,”* using the dataset from Sakurai et al. as reference.”” As a result,
we obtained a two-layer annotation, a more granular one referred to
as classification variable and a less granular one named population to
ease data interpretation. For the Figure 2H dataset, cell annotation
was performed with scGATE (v1.6.2) R package"5 using the
Figure 2C dataset as reference.

To assess the effect of expansion culture on mPB CD34" cells, we
identified genes significantly deregulated across culture time points
starting from uncultured (day 0) cells to day-4 and day-8 expansion
time points. To correct for differences in cell population abundances,
we performed all comparisons across time points within each cell
population (classification label). First, we identified differentially ex-
pressed genes between time points (day 4 vs. day 0; day 8 vs. day 4,
and day 8 vs. day 0) by the FindMarker function from Seurat R pack-
age. According to fold-change direction, we defined different pat-
terns of modulation that could be simplified as up- or downregulated
across culture (consistently up/down, early or late up/down accord-
ing to day-4 and day-8 significance and direction). We next looked
for a more comprehensive set of genes that could summarize a global
culture effect across most populations, and selected sets of common
up- and downregulated genes shared in at least four populations out
of seven identified by our population label. Lists of common up-/
downregulated genes across culture were used as input for ORA us-
ing clusterprofiler R package (v4.7.1).°> Enrichment terms (adjusted
P <0.05; Benjamini-Hochberg correction) were then plotted with the
cnetplot function provided in the enrichplot r package (v1.14.2). To
assess senescence and DNA Damage Response (DDR)-associated
transcriptional programs across culture time points, we quantified
expression of several gene panels within our datasets by UCell’s
rank-based gene signature scoring (AddModuleScore_UCell). Per-
cell UCell scores were then aggregated as median values within
HSC cluster (Figure 2C) and bulk (non-HSC clusters) compartments
at each time point.

To evaluate the transduction efficiency of MPS patient samples, we
assessed for expression of WPRE (LV-specific gene) transcripts as
surrogate of the IDUA LV-derived transgene, which itself could
not be discriminated by IDUA transcripts originating from the
native gene. Alignment and quantification of WPRE transcripts
was ensured by adding the WPRE sequence to the reference human
genome in cellranger (10X Genomics). Transduction efficiency (TE)
was calculated as the fraction of cells bearing the WPRE transcripts
within each sample and/or cell population.

Statistical analysis

The number of biologically independent samples, animals, or exper-
iments is indicated by n. For some experiments, different HSPC do-
nors were pooled to account for donor-related variability and to

4600 Molecular Therapy Vol. 34 No 8 August 2026

Molecular Therapy

achieve a sufficient number of cells required for the experiment. In
all studies, values are expressed as means + SEM unless otherwise
indicated.

Two-tailed tests were performed throughout the study. The Mann-
Whitney test was performed to compare two independent groups,
while, in the presence of more than two independent groups, the
Kruskal-Wallis test followed by post hoc analysis using Dunn’s test
was used. In all box plots shown in the figure, the whiskers represent
the minimum and maximum values of the data. Throughout the
manuscript significance levels are coded as follows: *p < 0.05,
**p < 0.01, ***p < 0.001. For the cytokine-optimization experiments
(Figures 3A-3C), linear mixed-effects models were fitted using the
Ime4 and ImerTest R packages, with IL-3 dose and IL-6 dose as fixed
effects (including their interaction) and donor as a random intercept.
Overall effects were assessed by type IIIl ANOV A with Satterthwaite’s
approximation for denominator degrees of freedom. Post hoc pair-
wise comparisons of estimated marginal means (emmeans package)
were adjusted using the Holm method (Table S8). ELDA was per-
formed by accessing https://bioinf.wehi.edu.au/software/elda/.®

Statistical testing, if not specified otherwise, was performed with
GraphPad Prism software (v. 10.6.1) or in the R environment
(Rv. 4.1.0).

DATA AND CODE AVAILABILITY

Lentiviral barcoding and integration site analysis raw data were deposited on ENA
(ENA: PRJEB76976, PRJEB77101, PRJEB77102, and PRJEB94025). Bulk RNA
sequencing raw data were deposited at the GEO repository (GEO: GSE292605).
scRNA-seq raw data were deposited under GSE292604 and GSE292606 GEO reposi-
tories for Figures 2H and 2C datasets, respectively. Code used to analyze data can be
found in the following GitLab repository: http://www.bioinfotiget.it/gitlab/custom/
zonari_mpbhscexp_2025.

Materials can be made available upon signing a material transfer agreement with stan-
dard provisions, except UM171 (requests to be made to ExCellThera) and patient ma-
terial/data from the MPS1-H study (requests to be approved by Orchard Therapeutics
Ltd. (OTL).
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