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Key Points

• UM171 reduces stress
and genotoxic damage
of SCD stem cells
during ex vivo culture.

• UM171 increases
reconstitution of
lentivirus-transduced
SCD stem cells.
Hematopoietic stem cell (HSC) transplantation with lentiviral vector (LVV)-transduced

autologous cells has proven an effective therapeutic strategy for sickle cell disease (SCD).

However, ex vivo culture or proliferative stress associated with in vivo reconstitution may

amplify any underlying genetic risk of leukemia. We aimed to minimize culture-induced

stress and reduce genomic damage during ex vivo culture and enhance stem cell fitness and

reconstitution of SCD CD34+ cells transduced with BCL11A shmiR-encoding LVV. UM171, a

pyrimidoindole derivative, can expand normal HSCs during in vitro culture and has been

shown to be safe and effective using umbilical cord blood. We examined the effect of UM171

during ex vivo LVV transduction of SCD HSCs. Culture of SCD CD34+ HSCs with UM171

during transduction reduced DNA damage and reactive oxygen species, decreased

apoptosis, and was associated with increased numbers of immunophenotypically defined

long-term HSCs. UM171 increased the engraftment of LVV-transduced human HSCs in

immunodeficient mice and barcode tracing revealed increased clonal diversity of

engrafting cells. In competitive transplantation assays, analysis of bone marrow showed

that cells transduced in the presence of UM171 consistently outcompeted those transduced

under control conditions. In summary, exposure of SCD peripheral blood CD34+ cells to

UM171 during LVV transduction enhances stem cell fitness. These findings suggest

manufacturing of genetically modified HSCs in the presence of UM171 may improve

efficacy, safety, and sustainability of gene therapy using ex vivo approaches. BCL11A

shmiR-encoding LVV is in clinical trials to treat SCD (NCT03282656), UM171 is in clinical

trials to culture umbilical cord blood (NCT02668315).

Introduction

Treatment of sickle cell disease (SCD) remains a challenge in the landscape of genetic disorders,
affecting millions worldwide. SCD is characterized by the production of abnormal hemoglobin that leads
to acute and chronic pain, hemolytic anemia, and end-organ damage with significantly reduced life
expectancy.1,2 Autologous gene therapy has emerged as a promising disease-modifying therapy with
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significant strides in recent years, including 2 recently approved
commercial products using distinct approaches to treatment
(Casgevy and Lyfgenia).3,4

Ex vivo gene therapy using autologous hematopoietic stem cells
(HSCs) involves harvesting a patient’s HSCs, genetically modifying
these cells to mitigate the erythrocyte cellular phenotype of sickle
hemoglobin polymerization, and subsequently transplanting them
back into the patient.5 Several different lentiviral vectors (LVVs)-
based approaches have proven effective in clinical trials.3,6,7 How-
ever, the occurrence of myeloid leukemia and myelodysplastic
syndrome seemingly unrelated to vector insertional mutagenesis
has prompted further scrutiny and adjustments in the manufacturing
process, emphasizing the critical importance of rigorous safety
measures in advancing genetic therapies for complex diseases such
as SCD.8-10 Notably, the occurrence of oncogenesis has high-
lighted the still undefined possibility of an underlying predisposition
to cancer in patients with SCD that may be amplified with stress of
ex vivo manipulation and in vivo reconstitution.11,12 In the present
work, we used a lentiviral shmiR vector targeting BCL11A,6,13 a
major repressor of gamma-globin expression, to induce fetal
hemoglobin. We modified cell transduction processes targeting
HSCs from patients with SCD in an attempt to reduce stress during
the manufacturing process to increase stem cell fitness.

The recent discovery of small molecules stimulating the expansion
of human HSCs in vitro, such as StemRegenin1 (SR1),14 fenreti-
nide (4HPR),15 or enhancing engraftment, such as Prostaglandin
E2,16 raises the possibility of their application in the setting of
ex vivo cell manufacturing for genetic modifications. The pyr-
imidoindole derivative UM171 has been described as one of the
most potent small molecules that stimulates HSC expansion
in vitro.17 UM171 expands Endothelial protein C receptor (EPCR)+

cord blood (CB) HSCs with sustained short- and long-term repo-
pulation potential18 and mobilized peripheral blood HSCs after
lentiviral transduction19,20 and Cas9 gene editing.21 UM171 has
been reported to target multiple cellular processes involved in HSC
expansion, including self-renewal, differentiation, cell metabolism,
cell cycle regulation, and epigenetic regulation.17,22 UM171 has
been used in clinical trials to expand human CB-derived HSCs
ex vivo for allogeneic transplantation.23

We hypothesized that UM171 could reduce stress on HSCs
during ex vivo culture required for genetic manipulations and miti-
gate the risk of accumulated genomic damage during these cul-
tures, and better HSC fitness and numbers should reduce
repopulation stress during hematopoietic reconstitution. Our find-
ings demonstrate that transient exposure of SCD CD34+ cells to
UM171 improves transduction efficiency, stem cell fitness, and
reconstitution of SCD CD34+ cells transduced with LVV. Our
study suggests a practical approach to enhancing the safety of
ex vivo manipulations necessary for any genetic therapy in SCD,
including LVV gene therapy and gene editing, and may have
applications in other diseases.

Materials and methods

Construction of lentivirus vector

The generation of LV-BCL11A (LV-LCR-mir223 BCL11A) vectors
has been described previously,13,24 and the structure is shown in
supplemental Figure 1A. The green fluorescent protein (GFP)
5886 LIU et al
transfer vector (pCCL.cPPT.PGK.MGMT-P140K.T2A.eGFP.pre)
encodes a self-inactivating HIV-1–derived LVV genome consisting
of a human phosphoglycerate kinase (PGK) promoter regulating
GFP.25 A barcoded third-generation LVV library was generated by
introducing an oligonucleotide containing 16 randomized nucleo-
tides into the pCCL.PGK.MGMT-P140K.T2A.eGFP.pre plasmid
upstream of the PGK promoter. The plasmid was digested with
SphI and BsiWI, and the phosphorylated oligonucleotide 5′-CTA-
CACGACGCTCTTCCGATCTCACCGGAGACGNNCACNNA-
GANNCTTNNCGANNCTANNGGANNCTTNNCGTCTCTTCGAA-
GATCGGAAGAGCACACGTCT-3′ was introduced by HiFi DNA
cloning kit (New England Biolabs, Ipswich, MA) via a 21 nt
compatible overhang, followed by transformation into ElectroMAX
Stbl4 Competent Cells (Invitrogen, Waltham, MA),26,27 as shown in
supplemental Figure 1B. Barcode diversity and distribution were
confirmed by amplicon sequencing of plasmid maxi preparations.

Virus production and titration

Lentiviral supernatants were produced by transfection of third-
generation lentiviral packaging plasmids (10 μg lentiviral transfer
vector [LV-LCR-mir223 BCL11A or pCCL.cPPT.PGK.MGMT-
P140K.T2A.eGFP.pre], 5 μg lentiviral gag-pol [pMDLg/pRRE],28

2.5 μg RSV-REV [pRSV-Rev],28 and 2.5 μg of VSVG [hCMV-
VSVG]29) into HEK293T cells grown in 10 cm plates. Plasmids
were mixed with 1 mL Dulbecco’s modified Eagle medium (Cytiva,
Marlborough, MA) and 60 μL of 1 mg/mL linear polyethylenimine
(Polysciences, Warrington, PA), incubated for 15 to 20 minutes at
room temperature, and added to the culture dish. The medium was
changed 7 hours later and viral supernatants were collected 48
hours after transfection, filtered through a 0.45 μm polyethersulfone
filter (Corning, Corning, NY), and then concentrated by ultracentri-
fugation at 24 000 rpm for 2 hours in a Beckman XL-90 centrifuge
with SW-28 rotor with swinging buckets. Infectious titers were
determined on HEK293T cells by applying serial dilutions of vector
supernatant followed by flow cytometric analyses 4 days later.

Transduction of SCD CD34+ cells

CD34+ HSCs from patients with SCD were isolated from unmo-
bilized PB following a protocol approved by the Boston Children’s
Hospital Institutional Review Board and an informed patient con-
sent. The CD34+ HSCs were enriched using the Miltenyi CD34
Microbead kit (Miltenyi Biotec, Auburn, CA). CD34+ cells were
prestimulated for 36 to 40 hours at 1 × 106 cells per mL in Stem
Cell Growth Media (CellGenix, Portsmouth, NH) supplemented
with human stem cell factor (hSCF, 100 ng/mL), human FMS-like
tyrosine kinase 3 ligand (hFLT3L, 100 ng/mL), and human throm-
bopoietin (hTPO, 100 ng/mL), all from PeproTech (Rocky Hill, NJ)
in the presence or absence of 35 nM UM171 provided from
ExCellThera (Montreal, Canada), 500 nM StemRegenin1 (Stem
Cell Technologies, Vancouver, Canada), or 4 μM 4HPR (Med-
ChemExpress, Monmouth Junction, NJ). At the end of the presti-
mulation period, cells were then enumerated and transduced with
the LVVs in presence of Poloxamer Synperonic F10830 at the
indicated multiplicity of infection for 24 hours before downstream
processing for in vivo or ex vivo studies.

Flow cytometry assay

After 3- or 7-day ex vivo culture, immunophenotyping of cells was
performed by flow cytometry using a LSRII cytometer (BD
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22



Biosciences, Woburn, MA) and the following antibodies: CD34-
PerCP/Cy5.5, CD90-APC, CD201-FITC, CD45RA-APC/Fire750,
CD133-BV421, and CD38-PE/Cy5. Briefly, cells were stained
with antibodies at 4◦C for 30 minutes at dilutions recommended by
the manufacturer. Then cells were washed with 1 mL phosphate-
buffered saline (GIBCO, Grand Island, NY) and analyzed by flow
cytometry.

DNA damage assay

After 3- or 7-day ex vivo culture, cells were washed in phosphate-
buffered saline, pelleted, and then fixed and permeabilized using
Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD Bio-
sciences), followed by staining with H2A.X-PE.

Vector copy number

After 7-day ex vivo culture, genomic DNA was extracted using
the QIAGEN (Hilden, Germany) DNeasy protocol. Vector copy
number (VCN) was assessed by quantitative reverse transcrip-
tion polymerase chain reaction (PCR), performed with the use of
TaqMan Fast Advanced Master Mix (Applied Biosystems, Wal-
tham, MA) as per manufacturer’s instructions, and used the
following primers and probes. The HIV Ψ RNA packaging signal
(Psi), which is contained in lentivirus vector, was used as basis
for quantitative PCR of the integrated vector in the genome
(forward primer 5′-CAGGACTCGGCTTGCTGAAG-3′, reverse
primer 5′-TCCCCCGCTTAATACTGACG-3′, probe FAM-5′-
CGCACGGCAAGAGGCGAGG-3′), and the human Glycosyl-
transferase Like Domain Containing 1 gene (hGTDC1) as an
internal reference standard (forward primer 5′-GAAGTT-
CAGGTTAATTAGCTGCTG-3′, reverse primer 5′-TGGCACCT-
TAACATTTGGTTCTG-3′, probe VIC-5′-ACGAACTTCTTGGAGTT-
GTTTGCT-3′) for comparison. A series of diluted plasmid containing
both HIV Psi and hGTDC1 genes was used as standard curve to
calculate the copies of GTCD1 and HIV in test samples. VCN was
calculated as (copies HIV Psi/copiesGTDC1) × 2.

Cell cycle and reactive oxygen species expression

After 3- or 7-day ex vivo culture, cell cycle status was assessed by
using the APC BrDU Flow Kit (BD Biosciences) followed by
staining with Bromodeoxyuridine-Allophycocyanin and 7-
aminoactinomycin D according to the manufacturer’s instructions.
Reactive oxygen species (ROS) expression was analyzed by flow
cytometry with CellROX Orange Flow Cytometry Assay Kit
(Thermo Fisher Scientific, Waltham, MA) following the manufac-
turer’s instructions.

SCD CD34+ HSC transplant and flow cytometry

analysis

All animal experiments were approved by the Boston Children’s
Hospital Institutional Animal Care and Use Committee. NOD.Cg-
KitW-41J Tyr+ Prkdcscid Il2rgtm1Wjl/ThomJ (NBSGW) mice were
obtained from the Jackson Laboratory (Bar Harbor, ME). Nonirra-
diated NBSGW female mice (4-6 weeks of age) were infused by
retro-orbital injection with 0.2 × 106 LVV expressing GFP (LV-GFP)
virus–transduced SCD CD34+ HSCs. For competitive repopula-
tion experiments, equal numbers of cells (total of 0.2 × 106 cells
per animal) from different transduction groups (LV-BCL11A virus–
transduced SCD CD34+ cells with or without UM171) were mixed
before transplantation into NBSGW mice. Cell mixtures were
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
analyzed via flow cytometry to confirm equal contributions of both
competitor cell fractions and readjusted if required. PB samples
were collected at weeks 4, 8, 12, and 16 to measure engraftment
by flow cytometry analysis of human CD45 and to determine gene-
marked cells. At week 16, mice were euthanized, and bone marrow
(BM) was isolated for human xenograft analysis. A portion of the
BM cells were used for erythroid differentiation in vitro and for
genomic DNA isolation. For flow cytometric analyses of BM, the
following antibodies were used: hCD45-APC, mCD45-PE/Cy7,
fixable viability dye eFluor 780 (Thermo Fisher Scientific),
hCD235a-AF700, hCD33-PE, hCD19-BV605, hCD34-AF700,
and hCD3-PerCP/Cy5.5 (BioLegend) at dilutions recommended
by the manufacturer.

In vitro erythroid differentiation of CD34
+
cells

The erythroid differentiation protocol used is based on a 3-phase
protocol adapted from Giarratana et al.31 Briefly, the CD34+

cells were cultured in erythroid differentiation medium (EDM)
consisting of Iscove-modified Dulbecco’s medium (CellGro, Man-
assas, VA) supplemented with 1% L-glutamine and 2% penicillin-
streptomycin (Thermo Fisher Scientific), 330 μg/mL human holo-
transferrin, 10 μg/mL recombinant human insulin and 2 IU/mL
heparin (Sigma-Aldrich, Burlington, MA), 5% human solvent
detergent pooled plasma AB (Rhode Island Blood Center, Provi-
dence, RI), and 3 IU/mL erythropoietin (Amgen, Thousand Oaks,
CA). During phase 1 of expansion (days 0-7), CD34+ cells were
cultured in EDM in the presence of 10–6 mol/L hydrocortisone
(Sigma-Aldrich), 100 ng/mL hSCF (PeproTech), and 5 ng/mL hIL-3
(R&D Systems, Minneapolis, MN), as EDM-1. In phase 2 (days 7-
11), the cells were resuspended in EDM supplemented with
100 ng/mL hSCF, as EDM-2. For phase 3 (days 11-18), the cells
were cultured in EDM without additional supplements, as EDM-3.

Barcode recovery and data analysis

Genomic DNA from transplanted BM cells was extracted with the
DNeasy Kit (Qiagen) and 200 to 500 ng DNA or the whole cell lysis
from each cell population was used for barcode retrieval. PCR
amplification (35 cycles) of the barcode region was performed
using primers (forward 5′-ATCGATCACGAGACTAGCCTCG-3′,
reverse 5′-CCAACCCCGTGGAATTCGATATC-3′) with Q5 High-
Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA).
After gel purification of the PCR products, samples were prepared
for barcode sequencing. Postsequencing data were processed
using custom Python code to identify barcoded clones. Data
analysis and plot generation were performed using Prism (Graph-
Pad Software, San Diego, CA).

Colony-forming assay

Hematopoietic colony-forming potential was assessed using a
methylcellulose assay by mixing 1000 cells of interest with 1 mL
H4435 Methocult (StemCell Technologies, Vancouver, Canada).
Cell suspensions was then transferred to 35-mm dishes (StemCell
Technologies) and cultured for 12 to 14 days at 37◦C. Triplicates
was performed for each sample. Hematopoietic colonies were
counted and classified according to cellular morphology.

Statistical analysis

All the data are reported as mean ± standard deviation unless
otherwise stated. Statistical analyses were performed using
UM171 ENHANCES AUTOLOGOUS SCD GENE THERAPY 5887



GraphPad Prism version 10.2 (GraphPad Software). The statistical
significance between averages was established using the unpaired
t test. When the statistical significance among 3 or more averages
were evaluated, analysis of variance test was applied. All the
statistical tests were 2-tailed; statistical significance differences are
indicated with asterisks (*P < .05; **P < .01; ***P < .001;
****P < .0001), and N.S. denotes P > .05.

Results

UM171 enhances expansion of phenotypically

defined SCD HSCs during LVV transduction

The small molecule UM171 has been validated as a novel and
potent agonist for the renewal of human HSCs (supplemental
Figure 2). In initial experiments, we sought to determine whether
UM171 can preserve or expand HSCs from patients with SCD
during ex vivo manipulation for gene modification. CD34+ cells
obtained from the PB of patients with SCD were transduced with
an LVV containing the BCL11A shmiR (LV-BCL11A) in the
presence or absence of UM171 and cultured for 7 days
(Figure 1A). Transduced cells were assayed for cell number,
immunophenotype, VCN, DNA damage and ROS generation. In
the presence of UM171, the expansion of transduced SCD
CD34+ cells was significantly increased (Figure 1B). In additional
analyses, we focused on various HSCs subsets defined by spe-
cific cell surface markers including CD34, EPCR, CD133, CD90,
and CD45RA as shown in Figure 1C-F and supplemental
Figures 3 and 4. Compared with the cells transduced with LV-
BCL11A in the absence of UM171, cells transduced with LV-
BCL11A + UM171 showed similar frequencies of live events
and an increase in the frequencies of CD34+ CD133+ HSCs
(47.7% vs 36.0%; P < .001), CD34+ CD133+ CD90+ CD45RA–

long-term hematopoietic stem cells (LT-HSCs) (3.5% vs 1.4%;
P < .01) (Figure 1C,E; supplemental Figure 5), and CD34+

EPCR+ cells (12.2% vs 0.38%; P < .0001) (supplemental
Figure 3A). Differences in the absolute numbers of CD34+

CD133+ HSCs, CD34+ CD133+ CD90+ CD45RA– LT-HSCs,
and CD34+ EPCR+ were even more pronounced (1.9-, 3.6-,
and 45.4-fold expansions, respectively; Figure 1D,F and
supplemental Figure 3B; P < .001). We also analyzed these
populations 3 days after UM171 culture replicating our standard
ex vivo transduction duration. The result showed a significantly
higher CD34+ CD133+ CD90+ CD45RA– population. UM171
treated cells showed a trend toward higher CD34+ EPCR+ that
was not significant (supplemental Figure 6). These findings indi-
cate that UM171 promotes the ex vivo expansion of immuno-
phenotypically defined LV-BCL11A-transduced CD34 HSCs and
LT-HSCs from patients with SCD.

UM171 enhances the efficiency of gene transfer

To investigate the impact of UM171 on LVV-mediated gene transfer
specifically in SCD cells, VCN was determined by quantitative PCR
after transduction and an additional 7-day culture period in cytokine-
supplemented medium with or without UM171. As shown in
Figure 2A, the presence of UM171 was associated with a modest
but significant 1.4-fold increase in the VCN of transduced SCD
CD34+ -derived cells compared with controls (0.97 vs 0.71; P < .05).
Given that the LV-BCL11A contains the β-globin locus control region
restricting expression of the BCL11A shmiR and Venus to erythroid
5888 LIU et al
cells, to facilitate additional analysis, we tested an alternative LV-GFP
in all hematopoietic lineages. As shown in supplemental Figure 1B,
the LV-GFP (pCCL.cPPT.PGK.MGMT-P140K.T2A.eGFP.pre)
encodes a self-inactivating HIV-1-derived LVV genome consisting of a
human PGK promoter driving expression of GFP. UM171 also
significantly increased the transduction efficiency of LV-GFP in SCD
CD34+ cells, as indicated by both the proportion of GFP+ cells and
the VCN (supplemental Figure 7).

To evaluate the effect of UM171 on the frequency and trans-
duction rate of multilineage hematopoietic progenitor cells, we
performed hematopoietic progenitor colony assays. We found
that there is a significant increase in clonogenic cells, including
burst-forming erythroid progenitor cells, granulocyte-macrophage
colony-forming unit (CFU) progenitor cells, and multipotent
granulocyte, erythroid, macrophage, and megakaryocyte CFU
progenitor cells, as well as higher numbers of transduced col-
onies, in the LV-GFP + UM171 group compared with the LV-GFP
group (supplemental Figure 8). These findings suggest that the
expanded SCD CD34+ cells cultured with UM171 retain the
capacity for multilineage differentiation. In summary, these initial
experiments demonstrated that prestimulation, transduction, and
culture of SCD HSCs in the presence of UM171 lead to sub-
stantial increases in the efficiency of LVV gene transfer while
preserving multilineage differentiation capacity.

UM171 reduces stress associated with ex vivo

manipulation of SCD CD34+

Given the potential toxicity associated with ex vivo cultures and
cell expansion, we sought to assess the capacity of UM171 to
mitigate genome damage and minimize stress during cell
manufacturing. As shown in Figure 2B and supplemental
Figure 9A, transduction with LV-BCL11A in the presence of
UM171 was associated with a reduction in DNA damage as
measured by γH2AX+ staining compared with the control cells
(6.3% vs 11.0%; P < .01). In addition, the transduction in the
presence of UM171 resulted in a significant decrease in ROS
expressed cells (8.0% vs 14.2%, with UM171 vs without UM171;
P < .0001) (Figure 2C; supplemental Figure 9B). We tested SCD
CD34+ cells from different sources, including clinically used BM
CD34+ cells and mobilized peripheral blood CD34+ cells from
patients with SCD. In CD34+ cells from all of these sources,
UM171 reduced DNA damage and ROS generation and
increased total number of cells and CFU clones (supplemental
Figure 10). In contrast, the addition of UM171 had no signifi-
cant effect on the proportion of cells in the G0 to G1, G2 + M,
and S phases of the cell cycle (Figure 2D) but the presence of
UM171 led to a significant reduction in apoptosis in LVV-
transduced SCD CD34+ cells (13.8% vs 26.2%; P < .05)
(Figure 2E). These results collectively suggest that UM171 miti-
gates stress on HSCs from patients with SCD during ex vivo
manipulations, increasing the efficiency of manufacturing and
potentially enhancing the safety of the manufacturing process.
We also compared UM171 with the compounds SR114 and
4HPR,15 which have been reported to support ex vivo HSC
expansion. The result showed that UM171 performed superior to
these compounds in terms of cell expansion and reduction of
DNA damage, ROS levels, and apoptosis (supplemental
Figure 11).
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
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Figure 1. UM171 enhances the in vitro expansion of CD34
+
cells from patients with SCD. (A) Outline of in vitro manipulations and analysis. CD34+ cells from patients with

SCD were prestimulated and transduced with LV-BCL11A in the presence or absence of UM171 and cultured 7 days for readouts. See “Material and methods” for details. (B)

Total cell numbers of CD34+ cells transduced with LV-BCL11A in presence or absence of UM171. (C) The percentage of CD34+ CD133+ cells and (D) CD34+ CD133+

absolute cell numbers after transduction in the presence or absence of UM171. (E) The percentage of CD34+ CD133+ CD90+ CD45RA– cells and (F) absolute numbers of

CD34+ CD133+ CD90+ CD45RA– after transduction in presence or absence of UM171. Data represent mean ± standard deviation (SD), n = 3, 3 independent experiments from

cells of different patients with SCD. **P < .01; ***P < .001.
UM171 increases engraftment of transduced SCD

CD34+ cells in xenografts

To validate the findings in immunophenotypically defined HSCs, we
sought to assess the in vivo engraftment and differentiation capa-
bilities of cultured HSCs. To evaluate this, we conducted xeno-
transplantation of transduced cells in NBSGW mice, as illustrated
in Figure 3A. SCD CD34+ cells were transduced with or without
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
UM171, and 200K cells were injected into NBSGW mice. Mice
were bled every 4 weeks after transplantation and BM was
collected at week 16 to analyze the engraftment of human cells.
Engraftment was calculated as a percentage of human CD45+

cells in the total human and murine CD45+ cell populations. Cells
transduced in the presence of UM171 showed 70% engraftment in
the BM compared with 35% engraftment in the absence of UM171
(Figure 3B) representing a nearly twofold increase in human cell
UM171 ENHANCES AUTOLOGOUS SCD GENE THERAPY 5889
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Figure 2. UM171 enhances the efficiency of gene transfer into CD34+ from patients with SCD and reduces manufacturing stress in vitro. (A) Lentiviral VCN in
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engraftment. UM171 also enhanced the engraftment of gene-
marked cells in the BM (18% vs 11%; P < .01; Figure 3C), as
well as in PB (supplemental Figure 12). To investigate whether
UM171 preserves the multilineage differentiation potential of HSCs
in vivo, we analyzed the lineage distribution of BM cells obtained at
week 16 of engraftment. As shown in Figure 3D, although a
moderately higher percentage of myeloid cells was observed
(25.9% vs 12.3%; P < .05) in the UM171 group, the overall lineage
distribution was similar in both groups (supplemental Figure 13). In
addition, a higher proportion of gene-marked human cells was
found across all lineages after UM171 treatment (Figure 3E; P <
.05). These data demonstrate that exposure of SCD CD34+ cells
to UM171 not only enhances LVV-mediated transduction efficiency
with repopulating potential but also maintains their normal differ-
entiation into lineage cells.

UM171 enhances repopulation of SCD CD34+ cells

expressing BCL11A shmiR in NBSGW mice

To better assess the impact of UM171 on functionally defined
HSCs, we used a competitive repopulation assay in which equal
numbers of SCD CD34+ cells transduced separately with color
coded LV-BCL11A virus (Venus or blue fluorescent protein [BFP])
in the presence or absence of UM171 were mixed and
5890 LIU et al
cotransplanted into recipient NBSGW mice (Figure 4A). After
transplant, mice were bled every 4 weeks and BMs were collected
at week 16 for analysis. Analyses of the PB demonstrated that cells
transduced in the presence of UM171 consistently outcompeted
those transduced under control conditions for up to 16 weeks of
follow-up. The proportion of engrafted SCD cells transduced in the
presence of UM171 group increased over time (Figure 4B-C)
suggesting a larger impact on a more primitive hematopoietic HSC
population. Specifically at the time of euthanasia at 16 weeks, the
erythroid cell population derived from SCD CD34+ cells trans-
duced in the presence of UM171 was significantly higher than that
derived from those transduced under control conditions, 63.6% vs
37.4% (P < .001; Figure 4B). Overall, there was a 1.8-fold increase
for the UM171-treated group of mice compared with the control
group (Figure 4C). We next assessed the output of gene-marked
erythroid cells derived from transplanted BM CD34+ cells. These
data confirmed that the LV-BCL11A + UM171 treated group had
significantly higher levels of gene-marked erythroid cells than the
LV-BCL11A group (supplemental Figure 14A). In addition, given
that the BCL11A shmiR targets a repressor of γ-globin expression,
we evaluated γ-globin induction in sorted Venus+ and BFP+

erythroid cells derived from transplanted BM CD34+ cells. γ-globin
expression was comparable as expected, demonstrating no unto-
ward effects on the expression and function of the integrated
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
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Figure 3. UM171 increases engraftment of CD34+ cells in xenografts. (A) Outline of assay. CD34+ cells from patients with SCD were prestimulated and transduced with

LV-GFP in the presence or absence of UM171 and transduced cells were injected into NBSGW mice. (B) Engraftment of CD34-derived CD45+ cells and (C) gene-marked

CD45+ cells in BM of NBSGW mice at week 16 after transplant. (D) Lineage distribution and (E) the percentage of gene-marked human cells from BM. Data represent mean ±

SD, n = 6, each data point represents an individual mouse. *P < .05; **P < .01.
vector (supplemental Figure 14B). In addition, the human cells
frequency in PB was normal (5%-10%) and reached 80% in BM
(supplemental Figure 15A), and BM cells demonstrated the
expected multilineage differentiation potential (supplemental
Figure 15B-C). Taken together, these results suggest that
UM171 enhances the reconstitution of SCD CD34+ cells
expressing BCL11A shmiR in vivo with no discernible impact on
the functionality of the BCL11A shmiR or γ-globin expression in
erythroid cells.

Transduction in the presence of UM171 increases

clonality of engrafted BM cells

We next examined whether UM171 influenced the clonal
composition of engrafting cells in vivo. CD34+ cells from
patients with SCD were transduced with an LVV containing
random barcodes as unique molecular identifiers in the presence
or absence of UM171 and transplanted into NBSGW mice
(supplemental Figure 16). Amplicon sequencing was conducted
on BM cells collected at week 16 of engraftment to identify and
quantify the barcodes. Engrafted SCD CD34+ cells transduced
both in the presence or absence of UM171 displayed a high
degree of clonal diversity, as shown in supplemental Figure 17,
with a median of 600 to 800 different barcodes per animal.
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
Figure 5A-B demonstrates the unique barcode and clonal con-
tributions from each mouse transplanted with CD34+ cells of
different patients with SCD. Six of 8 engrafted samples exhibited
more unique barcodes after transduction in the presence of
UM171 (supplemental Figure 17).

As another measure of the clonal balance of transduced cells,
we compared the contributions of the top 5 clones from the
CD34+ cells engrafted from the LV-GFP + UM171 group with
control groups. As shown in Figure 5C, the top 5 highest
contributing clones with the LV-GFP + UM171 groups showed
aggregated contribution of 24% of total clones, whereas the top
5 clones of the CD34+ cells without UM171 exposure contrib-
uted 49%, indicating that UM171 exposure favors engraftment
of more HSC clones. The clonal contributions of all barcoded
cells, as shown in Figure 5A, demonstrated that the UM171
treatment groups consistently exhibited fewer large clones than
the cells transduced in the absence of UM171. As an aggregate
measure of clonal diversity and clonal balance, the Shannon
diversity index further confirmed that the UM171-treated group
performed significantly better than the control group (Figure 5D).
Taken together, exposure to UM171 for a short duration
increases clonal diversity and clonal balance of transduced
engrafting populations.
UM171 ENHANCES AUTOLOGOUS SCD GENE THERAPY 5891
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Discussion

A primary finding of the studies presented here is that UM171
improves the fitness of SCD HSCs transduced with LV-BCL11A.
This enhanced fitness includes reduction of DNA damage, ROS
formation, and apoptosis—key cellular assays measuring
stress associated with ex vivo cell manufacturing. UM171 also
enhances the proliferative capacity of SCD CD34+ cells as we
demonstrate increased numbers of immunophenotypically defined
HSCs. Overall, these effects culminate in improved competitive
repopulation of transduced SCD HSCs after a brief UM171
exposure.

Stem cell autologous transplantation, crucial for successful gene
therapy, is challenged by the complexities of prolonged ex vivo
culture, leading to stem cell loss, genomic instability, and senes-
cence.32 Several small molecules, including UM171, have been
reported to preserve or expand HSCs during culture. Various other
small molecule compounds such as SR1,14 4HPR,15 resveratrol,33

and eupalinilide E34 have been previously investigated. To date,
most research examining the effects of additives on expanding
human pluripotent stem cells has focused on using UM171 and
SR1, and some studies have even combined UM171 and SR1 or
other reagents to expand stem cells.15,34-38 Indeed, clinical use of
UM171 has demonstrated its feasibility, safety, and ability to
expand CB-derived HSCs through successful engraftment, and
studies have shown UM171 to be one of the most effective
agents.23,39,40 Our focus on UM171 is also underpinned by its
putative mechanism of action, involving the activation of the E3
ligase complex CRL3KBTBD4, which influences epigenetic mod-
ulation and maintains the lympho-myeloid potential of expanded cell
populations.22,41-43
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Our findings demonstrate UM171’s efficacy in enhancing the
expansion of LV-BCL11A-transduced SCD HSCs, including
various CD34+ cell subtypes, aligning with previous research
demonstrating the epigenetic impact and effect on HSC pop-
ulations.18,20,44 UM171 has been reported to target multiple
cellular processes involved in HSC expansion, including self-
renewal, differentiation, cell metabolism, cell cycle regulation, and
epigenetic regulation, which is consistent with our result about
UM171 work on SCD stem cells.17,22

UM171 is currently in clinical testing focusing on the ex vivo
expansion of CB-derived HSCs. Although UM171 has proven
effective in expanding human CB HSCs, its impact on HSCs
derived from PB of patients with SCD has previously not been
explored. These results are likely relevant from a clinical trans-
lation standpoint given ongoing concerns about transformation
events in SCD gene therapy trials and the use of PB in current
US Food and Drug Administration–approved therapies and
ongoing clinical trials. Furthermore, we investigated UM171’s
influence on clonal diversity in vivo, which has not previously
been explored. UM171 increased the diversity of transplanted
stem cells, which may be a result of the combined effect of
UM171 on improving transduction efficiency as previously
reported and expanding stem cells.20 This result underscores
UM171’s potential in mitigating clonal selection concerns
postgene therapy and fostering a diverse and robust stem cell
pool.

In conclusion, UM171 may prove a significant factor in
enhancing SCD gene therapy. Our study validates that UM171
improves fitness, transduction, and numbers of SCD CD34+

cells during ex vivo manipulation. This improved fitness includes
26 NOVEMBER 2024 • VOLUME 8, NUMBER 22
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reduced DNA damage, apoptosis, and ROS expression, coupled
with increased engraftment and clonal diversity in xenograft
models. These findings position UM171 as a clinically viable
approach to optimize ex vivo manufacturing for SCD autologous
transplantation, aligning with current safety and efficacy stan-
dards in gene therapy. Ultimately, UM171’s role in this thera-
peutic landscape needs clinical testing with long-term follow-up
to validate the relevance of these preclinical findings in the large-
scale setting.
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