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Hematopoietic stem cell gene therapy (HSCGT) is a promising
therapeutic strategy for the treatment of neurodegenerative,
metabolic disorders. The approach involves the ex vivo intro-
duction of a missing gene into patients’ own stem cells via len-
tiviral-mediated transduction (TD). Once transplanted back
into a fully conditioned patient, these genetically modified
HSCs can repopulate the blood system and produce the func-
tional protein, previously absent or non-functional in the pa-
tient, which can then cross-correct other affected cells in
somatic organs and the central nervous system. We previously
developed an HSCGT approach for the treatment of Mucopo-
lysaccharidosis type II (MPSII) (Hunter syndrome), a debili-
tating pediatric lysosomal disorder caused by mutations in
the iduronate-2-sulphatase (IDS) gene, leading to the accumu-
lation of heparan and dermatan sulfate, which causes severe
neurodegeneration, skeletal abnormalities, and cardiorespira-
tory disease. In HSCGT proof-of-concept studies using
lentiviral IDS fused to a brain-targeting peptide ApoEII
(IDS.ApoEII), we were able to normalize brain pathology and
behavior of MPSII mice. Here we present an optimized and
validated good manufacturing practice hematopoietic stem
cell TD protocol for MPSII in preparation for first-in-man
studies. Inclusion of TEs LentiBOOST and protamine sulfate
significantly improved TD efficiency by at least 3-fold without
causing adverse toxicity, thereby reducing vector quantity
required.

INTRODUCTION
Over the past decade, the hematopoietic stem cell gene therapy
(HSCGT) approach has proved to be an effective, well-tolerated,
and safe treatment strategy for several congenital immunodefi-
ciencies, hematological disorders, and metabolic diseases.1–3 Hun-
dreds of patients have received HSCGT treatment in clinical trials
for conditions such as adenosine deaminase severe combined immu-
nodeficiency (ADA-SCID), SCID-X1, b-thalassemia, chronic granu-
lomatous disease (CGD), X-linked adrenoleukodystrophy, metachro-
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matic leukodystrophy (MLD), and mucopolysaccharidosis type IIIA
(MPSIIIA), with the vast majority demonstrating positive clinical
benefit.4–10 As a result, substantial commercial interest has paved
the way for advanced therapeutic medicinal products (ATMPs) to
be developed for several of these conditions, gaining regulatory
approval by the EuropeanMedicines Agency in the form of Strimvelis
for ADA-SCID, Zynteglo for b-thalassemia, and Libmeldy for
MLD,11–13 with more approved treatments expected to follow in
the coming years.

The HSCGT approach involves harvesting hematopoietic stem cells
(HSCs), that express the cell surface marker CD34, from apheresis
of mobilized stem cells from peripheral blood.14 To mobilize stem
cells into the peripheral blood, patients are typically given a combina-
tion of granulocyte-colony stimulating factor (G-CSF) and plerixafor,
a small molecule bicyclam CXCR4 antagonist (although the drug
combination can vary depending on disease-specific factors), and a
leukapheresis performed to harvest the cells.15 Under aseptic condi-
tions, CD34+ cells are then isolated and undergo a pre-stimulation
step in preparation for ex vivo transduction (TD), typically two
TDs with a lentiviral vector (LV) at a high multiplicity of infection
(MOI), to introduce correct copies of the defective gene responsible
for the condition.16 The harvested gene-modified cells, the investiga-
tional medicinal product (IMP), then undergoes various quality con-
trol (QC) checks before it can be administered back to the patient. The
product can be given fresh; however, it is more commonly cryopre-
served until needed, while the patient undergoes a conditioning
regime, typical for many of the conditions being treated using this
approach.17 Once genetically modified HSCs are infused into the pa-
tient, they home to the bone marrow where they engraft in the niche
afforded by conditioning, maintaining their self-renewing capacity.
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From here, HSC progeny can differentiate into all immune-hemato-
poietic lineages, passing on the genetic correction as cells divide.18

Crucially for the treatment of neurological disorders such as MLD
and MPSIIIA, HSC progeny can differentiate into monocytes, traffic
to the brain, further differentiate into microglial-like cells, and secrete
functional enzymes for uptake by affected brain cells in a process
called cross-correction.19

We have developed an HSCGT treatment for MPSII, a rare, X-linked
lysosomal storage disease caused by a defective iduronate-2-sulfatase
(IDS) gene (GenBank: NM_000202). MPSII typically affects males,
with an incidence of approximately 1.3 per 100,000 live births and
disease onset between 2 and 4 years of age.20,21 Absence of functional
IDS enzyme results in the accumulation of undegraded heparan sul-
fate and dermatan sulfate in the body, causing a range of symptoms
including skeletal abnormalities, joint pain, short stature, cardiorespi-
ratory disease, hepatosplenomegaly, and, in severe forms of MPSII,
neurodegeneration.22 We have completed proof-of-concept studies
in the MPSII murine model demonstrating efficacy and safety of a
brain-targeted HSGCT approach using lentiviral IDS fused to
the blood-brain barrier-crossing peptide ApoEII (IDS.ApoEII).23,24

Sustained IDS enzyme activity was observed in the organs of
IDS.ApoEII-treated MPSII mice, with continued clearance of storage
material in the brain and peripheral organs, correction of astrogliosis
andmicrogliosis, and correction of altered cytokines and chemokines,
with no observed toxicity after treatment, making this therapy an
excellent candidate for translation to the clinic.23–25

In preparation for a phase 1/2 HSCGT clinical trial in MPSII patients,
we have developed, optimized, and validated a clinical stem cell
manufacturing process that we report here. We have optimized the
LV TD process with the inclusion of TD enhancers (TEs),
LentiBOOST and protamine sulfate, in addition to testing different
culture vessels and media constituents during scale up validations.
Furthermore, we have validated the manufacturing process in a
new cleanroom facility in the UK, thereby expanding ATMP
manufacturing capacity in the UK in preparation for future
HSCGT trials.

RESULTS
TEs significantly improve TD efficiency and efficacy at low

vector concentrations

An overview of the HSCGT treatment strategy forMPSII is detailed in
Figure 1, with the focus of this work, the manufacture of genetically
modified patient cells, highlighted in blue. LVmade to GMP standard
is required to develop, optimize, and validate a clinical stem cell TD
protocol. For this study, GMP-grade IDS.ApoEII LV was manufac-
tured by Indiana University Vector Production Facility.26 We per-
formed TD optimization studies using cryopreserved human
CD34+ cells (hCD34), previously isolated from a healthy donor leuka-
pheresis unit by magnetic bead separation using a CliniMACSplus in-
strument.27 We compared a range of IDS.ApoEII LV concentrations
(12.5, 25, 50, and 100 MOI) with and without the TEs LentiBOOST
and protamine sulfate, as tested in similar TD optimization studies,
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albeit with different LVs.28,29 The growth media chosen for these
studies was serum-free X-VIVO-15 with the inclusion of 1% human
albumin serum (HAS) and fms-related tyrosine kinase 3 ligand
(Flt3-L), stem cell factor (SCF), thrombopoietin (TPO) and
interleukin-3 (IL-3), as used in a number of GMP cell manufacturing
protocols for ADA and CGD.5,10,30,31 Transduced or mock-trans-
duced cells were seeded in the colony-forming unit (CFU) assay
and a number of parameters evaluated after 14 days in culture. The
number of burst-forming unit-erythroid (BFU-E), CFU granulocyte,
macrophage (GM), and CFU granulocyte, erythrocyte, monocyte,
megakaryocyte (GEMM) colonies were counted for each condition
to assess lineage development (Figure 2A). In the absence of any
LV, there seemed to be a degree of toxicity from TEs alone, with a
40%–50% decrease in colony numbers across the three colony types
(140 vs. 73 for BFU-E, 127 vs. 73 for CFU-GM, and 21 vs. 12 for
CFU-GEMM). AtMOI of 12.5 and 50 + TEs, there were no significant
differences in colony numbers compared with the same MOIs
without TEs (95 vs. 99, 124 vs. 134 BFU-Es at MOI 12.5, and 50
respectively; 98 vs. 105, 118 vs. 105 CFU-GMs at MOI 12.5 and 50,
respectively) and these numbers were comparable with non-trans-
duced cells without TEs. At MOI 25 we observed a reduction in col-
onies in the presence of TEs, but we suspect this may be down to vari-
ability in the assay rather than toxicity, as reduced numbers were not
observed at the higher MOI of 50 + TEs (Figure 2A). At the highest
LV concentration, MOI of 100 + TEs, it was evident there was toxicity
as we observed less than 10 combined BFU-E and CFU-GM colonies
and no identifiable CFU-GEMMs across three methylcellulose dishes.

We observed that TEs were particularly effective at enhancing TD
efficiency at low LV concentrations meaning a greater proportion
of cells receive the insert (Figure 2B). At MOI 12.5, we observed
an increase from 33.3% to 94.1% TD of BFU-Es and from 55.6%
to 94.1% in CFU-GM colonies, and at MOI 25 an increase from
72.2% to 82.4% TD of BFU-Es and from 61.1% to 94.1% in CFU-
GM colonies (Figure 2B). This was consistent with an overall
increase in vector copy number (VCN) across all vector concentra-
tions of between 2.5- and 2.9-fold for pooled CFU colonies and cells
grown in 14-day liquid culture (LC) (Figure 2C). Similarly, intracel-
lular IDS activity increased on average by 4.8-fold in pooled CFUs
and 2.1-fold in LCs seeded from cells transduced with TEs (Fig-
ure 2D). Comparing VCN vs. IDS activity in pooled CFUs there
was an exponential correlation, compared with a positive linear cor-
relation in LCs (Figures 2E and 2F). These small-scale TD studies
confirmed that inclusion of TEs in the TD media can significantly
improve TD of hCD34+ cells with IDS.ApoEII LV at low vector
concentrations.

Optimized TD conditions can be effectively scaled for

transducing larger hCD34+ cell numbers required for clinical

application

Following TD optimization studies performed at small scale, we took
forward vector concentrations of MOI 12.5 and MOI 25 with the in-
clusion of TEs and evaluated them in at-scale TDs using larger CD34+

stem cell quantities more relevant to clinical application. First, we
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Figure 1. HSCGT overview

The patient is given recombinant human granulocyte colony stimulating factor by subcutaneous injection (G-CSF; 5–16 mg/kg per day for 5–6 days) to mobilize HSPC from

the bone marrow (BM) into the peripheral circulation. On the last day, plerixafor maybe given to maximize mobilization. CD34+ cell counts are monitored from day 3 and

leukapheresis performed on days 5 and 6 provided cell count is greater than 1 � 104 CD34+ cells/mL. Following leukapheresis, CD34+ cells are isolated by magnetic bead

separation and a back-up of a minimum of 3� 106 CD34+ cells/kg cryopreserved for potential stem cell transplant rescue in the event that engraftment of the IMP fails. The

main bulk of selected CD34+ stem cells are pre-stimulated overnight in growth media plus cytokines prior to TD with GMP LV. The following day, the transduced cells are

harvested and themajority cryopreserved tomake the IMP, with a subset sent for quality assurance (QA) analysis to confirm sterility, absence of mycoplasma and endotoxins,

CD34+ cell purity and viability, normal progenitor development in the CFU assay, number of integrated VCNs, and, depending on the specific product, protein activity. The

patient undergoes myeloablative conditioning before the IMP can be administered. Following transplant, the gene-corrected HSCs replenish the blood system. Differentiated

progenitors can distribute throughout the body, including the brain, and produce functional protein to alleviate the disease phenotype.
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performed two test runs of the CD34+ isolation procedure, using
a CliniMACS plus instrument,32,33 on healthy donor-derived leuka-
pheresis units supplied by BIOIVT (USA-based supplier) and the
UK Anthony Nolan trust (AN), to establish the typical number and
viability of CD34+ cells that could be isolated from a standard unit.
We isolated 1.23 � 108 and 1.17 � 108 CD34+ cells from the
BIOIVT and AN leukapheresis units respectively, with post-selection
CD34+ cell viabilities of greater than 97% as determined by fluores-
cence-activated cell sorting (FACS) and hemacytometer counts. We
opted to source leukapheresis units from AN for all subsequent vali-
dation work, as we could receive the product on day of donor collec-
tion (compared with 48-h shipment from the United States for the
BIOIVT product), ensuring a fresher product with greater longevity,
Molec
thereby allowing some flexibility with timings for initiation of CD34+

stem cell selection.

To refine the manufacturing process and draft an initial batch
manufacturing record (BMR) in preparation for translation to
GMP, we performed a pilot TD run in the Manchester University
research laboratory. We transduced 8.9 � 106 CD34+ cells (thawed
cryopreserved CD34+ product [BIOIVT]) with research grade
IDS.ApoEII LV at an MOI of 60 without TEs (an LV concentration
used in our previous proof-of-concept murine studies24,34), including
a mock transduced group as a control. We achieved a VCN of 1.83 in
pooled CFUs seeded from the transduced product with an IDS activ-
ity of 780 mM 4-MU/4 h/mg protein (Figures 3D–3F). We next
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Figure 2. Small scale h CD34+ stem cell TD

optimization

(A) CD34+ stem cells were transduced with and without

TEs (±TE) at a range of vector concentrations (MOI)

and then seeded in 14-day CFU assays and the

number of BFU-E, CFU-GM and CFU-GEMM colonies

assessed. Data are mean ± SEM. One-way ANOVA.

****p < 0.0001. (B) TD efficiency was determined by

picking 18 individual BFU-E and CFU-GM colonies for

each condition, extracting gDNA and determining if the

colonies are positive for the integrated genome by

qPCR. (C) The VCN was determined in 14 day pooled

CFU or LCs by qPCR. (D) IDS activity in 14-day pooled

CFU or LCs. VCN vs. IDS activity in pooled CFU (E) and

LCs (F).
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performed a complete manufacturing validation run, including a
CD34+ cell selection and TD with our optimized concentrations of
MOI 12.5 and 25 + TEs with GMP IDS.ApoEII LV (7.5 � 106

CD34+ cells per group). CD34+ cell purity and viability was assessed
post-selection, after pre-stimulation and after TD by FACS and all
were above 98% (Figure 3A). Overall TD efficiency was 100% for
both concentrations (Figure 3B) and CFU colonies followed a normal
lineage development pattern (Figure 3C). VCN at the lower concen-
tration of MOI 12.5 + TE in pooled CFUs was 1.9, equivalent to the
previous, approximately 5-fold, higher LV concentration of MOI 60
tested without TEs (Figure 3D). An MOI of 25 increased the VCN
to 2.7 (Figure 3D). LC VCNs were 3.84 and 4.66 for MOI 12.5 and
25, respectively. Intracellular IDS activity increased following an in-
crease in vector concentration as expected (Figures 3E and 3F).
This at-scale study demonstrated effective scale up of the
manufacturing process and allowed for development of the BMR
required for GMP working.

Process development in preparation for GMP validations

We continued process development in a new, recently opened clean
room facility at NHSBT Barnsley UK and performed a pilot
manufacturing run to further optimize the manufacturing and cryo-
preservation process ahead of full-scale GMP validations. This run
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024
was used to define QC sampling timepoints
and to confirm accurate quantities of reagents
and consumables to define accurate picking lists
for the BMR. In addition, the product produced
during the development run was used to validate
various QC tests, including sterility, endotoxin,
and mycoplasma assays performed at internal
and external laboratories and developed specif-
ically for this manufacturing process to Euro-
pean Pharmacopeia standards. For the pilot
run, we also evaluated whether the exclusion of
IL-3 from theTDmedia had any noticeable effect
on product viability and efficacy. Many clinical
TD protocols include IL-3 in the TD media30,31;
however, some recent trials have moved away
from using IL-3 in the TD media, as it has been suggested it could
have a negative impact on engraftment.28,35,36 Following magnetic
bead separation, 8 � 106 CD34+ cells were transduced with GMP
IDS.ApoEII LV for each condition in either a retronectin-coated
T75 flask with IL-3 or without IL-3. A subset of each product from
the last wash step and from the infusion buffer were seeded in
14-day CFU assay and the remainder cryopreserved and assigned
for QC testing. Exclusion of IL-3 from the media resulted in a small
reduction in colony numbers and TD efficiency (Figures 4A–4C). In
the flask with IL-3, we observed an overall TD efficiency of 97.2%
compared with 86.1% in the flask without IL-3 (Figure 4C). Exclusion
of IL-3 from the TD media also had a significant impact on overall
VCN, with a reduction of 2.4-fold observed in the 14-day LC (3.4 vs.
1.4) (Figure 4D), with a similar pattern observed in the pooled CFU
assay colonies (3.5 vs. 0.96 and 2.63 vs. 1.43) (Figures 4E and 4F).

GMP validation runs

Wenext performed two full-scale GMP validations runs in the NHSBT
cleanroom. From the pilot study data, we chose to move forward with
a vector concentration of MOI 25 + TE with IL-3 and using rectronec-
tin-coated T175 culture flasks. Figure 5 shows a schematic of the
finalized manufacturing process validated at NHSBT Barnsley. CFU
assays were performed on the product at various stages including
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pre-cryopreservation and at 24 h, 6 weeks, and 12weeks post-thaw time
points to provide some stability data. LC assays were performed on the
post-thaw 12-week product, following optimization of the protocol at
earlier time points. For both runs, we achieved high CD34+ cell viability
of 94.8% or above. For run 1, we recovered 127 � 106/kg transduced
CD34+ cells with 88% overall recovery from cells seeded and for run
2, 104� 106/kg transduced CD34+ cells and 88.2% recovery (Table 1).
Twenty-four milliliters of cryopreserved product was sent to the Scot-
tish National Blood Transfusion Service for validation of the QA
approved sterility assay from run 1, accounting for the lower percentage
Molec
overall recovery in the post-thaw samples (Table 1). VCN in pooled
CFUs ranged between 6.27 and 7.55 for run 1 and between 5.65 and
6.62 for run 2 (Table 1). VCN of the LC was 5.09 and 6.34 for runs 1
and 2, respectively. The final products were absent ofmycoplasma, ster-
ile and endotoxin levels were below 0.1 EU/mLmeeting release criteria
specification (Table S1). CFU counts from the pre-cryopreserved cells
indicated slightly reduced colonies numbers post-TD compared with
pre-TD cells (203 vs. 274)with a normal pattern of lineage development
(Figures 6A and 6E). CFU assays performed at 6 and 12 weeks show
BFU-E, CFU-GM, and CFU-GEMM colony numbers comparable
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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with pre-cryopreserved cells (Figures 6B, 6C, 6F, and 6G). For LC assays
performed at 24 h and 6weeks after cryopreservation, we observed high
cell death (>50%, data not shown), prompting a change in protocol to
include twice weekly media changes. We used this refined protocol to
perform the LC assay on the 12-week cryopreserved products for
runs 1 and2.Cell viabilitywasmuch improvedover the 2weeks, leveling
out to 69% and 66%, respectively, for runs 1 and 2 by days 12–14
(Figures 6D and 6H).

In parallel to GMP validations being performed at NHSBT Barnsley,
GMP validations runs were also being completed at the Great
Ormond Street Hospital (GOSH) cleanroom using a similar
manufacturing process, and the findings are presented in Table 3.
The most notable differences to highlight in the manufacturing pro-
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
cess are the exclusion of IL-3 from the media and the use of SCGM
(Cellgenix) culture media instead of X-VIVO 15 (Lonza) (Table 2).
Lower VCNs were observed in pilot studies with these culture con-
ditions; therefore, a higher vector concentration of MOI100 + TEs
was implemented (Tables S2 and S3). Important to note here is
that the LV concentrations were calculated based on an LV titer
evaluated independently at the GOSH site using a slightly different
titration method and thus determined to be 1.4 � 109 TU/mL
(compared with 1 � 109 TU/mL determined at the University of
Manchester). Therefore, at equivalent MOIs, the vector concentra-
tion is approximately two-thirds lower for TDs performed at the
GOSH site (Table S4). Cell viability for the transduced product
(DP) on day 3 was 91.79 and 91.63% for run 1 and run 2, respec-
tively (Table 3). In the 14-day LC, VCNs were 3.3 and 2.25 for runs
4



Figure 5. Overview of the GMP manufacturing process

(1) Stem cells are isolated from the leukapheresis unit by magnetic bead separation using a CliniMACS plus or prodigy instrument. (2) The number, purity, and viability of

isolated CD34+ cells is determined by FACS. (3) Before genetic modification, the cells undergo a pre-stimulation step in growth media + cytokines that allows more effective

TD. (4) Cells are transduced with LV, which introduces correct copies of the defective gene into patient cells. (5) Following TD, cells are washed by centrifugation, cells

counted, and resuspended in Cryostor at 2 � 106 cell/mL prior to being cryopreserved in a controlled rate freezer (6). The IMP to be transplanted in the patient is stored in a

cryobag, while smaller vials for QC analysis are stored as cryovials. (7) Before and 24 h after cryopreservation, the viability and post-thaw recovery of the product is assessed

by FACS. (8) Some of the transduced cells are seeded in colony-forming unit (CFU) and LC assays. (9) Samples of the IMP and samples taken throughout the manufacturing

run are assessed for sterility, mycoplasma and endotoxin. (10) Individual colonies from the CFU assay are picked and TD efficiency assessed by determining the presence of

the integrated transgene by qPCR. Pooled colonies and LCs are also assessed for VCNs.
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1 and 2, respectively, and in pooled CFUs, 2.56 and 3.18. The final
products were absent of mycoplasma, sterile and endotoxin levels
were below 0.1 EU/mL, meeting release criteria specification (Ta-
ble 3). These GMP validations allow for the first patients to be
treated for MPSII in a recently opened phase 1/2 clinical trial
(NCT05665166).

DISCUSSION
As an increasing number of HSCGT treatments advance toward
clinical translation, it is important to address the current bottlenecks
in the manufacturing of IMPs for patients. Very few GMP
manufacturing sites in the UK have the capacity to isolate h
CD34+ cells from a patient leukapheresis and transduce them in
a cleanroom environment to make an IMP. Our objective for
this study was to develop, optimize, and validate a GMP cell
manufacturing protocol for MPSII in a newly opened cleanroom
facility in the northwest of England at NHSBT Barnsley, to expand
Molec
IMP manufacturing capacity for HSCGT trials in the UK. We suc-
cessfully completed this objective and compared and contrasted
the protocol with existing GMP cell manufacture taking place
at GOSH.

Completion of this study was necessary to satisfy Medicines and
Healthcare Products Regulatory Agency regulatory requirements
for IMP manufacture ahead of a phase I/II clinical trial for MPSII.
No in vivo data demonstrating transplantation of the IMP in a hu-
manized mouse model were required, as this procedure has been
shown to work ex vivo by applicants on other similarly designed
HSCGT clinical trials.37 We have demonstrated effective engraftment
of gene-modified HSCs in MPSII mice in our previous proof-of-
concept publications.23,24 Immunocompromised NSGmice are sensi-
tive to busulfan conditioning, and so cannot be given full condition-
ing like the patients and as such are a poor model for engraftment
efficiency in this case.38
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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Gene transfer into HSPCs can be challenging and historical clinical
TD protocols rely on the use of high MOIs, typically combined
with multiple rounds of viral vector administration and prolonged
ex vivo culture, which is more expensive, requires more time, and
may ultimately have a detrimental effect on long-term cell engraft-
ment, favoring the expansion of more committed HPCs at the cost
of repopulating HSCs.39,40 In a recent phase 1/2 HSCGT clinical trials
for MPSIIIA, the TEs LentiBOOST and protamine sulfate, were suc-
cessfully used to significantly improve TD and therefore reduce vector
amounts and costs for IMP manufacture (NCT04201405, unpub-
lished data).28 Here, we demonstrated the effectiveness of the same
TE combination to significantly improve TD of hCD34+ stem cells
with IDS.ApoEII LV for the treatment of MPSII. Overall, in our
small-scale TD optimization experiments, we observed an approxi-
mate 2.5-fold increase in VCN in LC samples and 2.9-fold increase
for pooled CFU at the 12.5, 25, and 50 MOI vector concentrations
with TEs. IDS activity similarly increased in cells transduced with
TEs. The inclusion of IL-3 in the growth media further amplified
the effects of TEs. However, with the highest vector concentration
tested, MOI 100, we observed significant toxicity in the CFU assay,
most likely due to massive overexpression of the therapeutic gene
in those cells to toxic levels. CFU counts were significantly down
at MOI 100 + TE, with the remaining surviving colonies being
those present with a lower VCN. Potential improvements to TD
with IDS.ApoEII LV may be possible by further optimization of TE
type and concentrations; however, this was outside the scope of the
project.

When scaling up the manufacturing process to transducing an at-scale
amount of cells in a T75 flask, comparable VCNs were achieved at LV
concentrations of MOI 60 without TEs and MOI 12.5 with TEs, indi-
cating that the enhancers can allow a significant decrease in vector
amounts by almost 5-fold, while achieving equivalent efficacy in terms
of VCN and IDS activity. For these initial research and development
(R&D) studies, wewere usingX-VIVO-15 (Lonza)media and cytokines
Flt-3 ligand, SCF, TPO, and IL-3 (Peprotech) in the TD media. Several
current HSCGT clinical trial manufacturing protocols have moved to
using GMP SCGM due to its ability to support greater expansion in
HSPCprim percentage compared with X-VIVO-15 and HSC
brew.28,41 For our GMP process at the NHSBT Barnsley facility, our
initial aim was to use SGCMmedia; however, this study was being con-
ducted during the coronavirus disease 2019 pandemic and unfortu-
nately SCGMwas on back order for >9monthswith supply being prior-
itized for active clinical trials only. For this reason, we opted to continue
process development with GMP X-VIVO-15 media, which demon-
strates comparable results with SCGM in terms of total cell counts
and HSPC maintenance and expansion.28 Many BMRs have flexibility,
allowing for the use of flasks or culture bags depending on consumable
availability. In our initial R&D scale up work at the NHSBT Barnsley
site, we compared culturing CD34+ cells in flasks vs. a Vuelife bag; how-
ever, we identifiedbacterial contamination from Staphylococcus haemo-
lyticus in the cells cultured in the Vuelife bag and as such the data were
omitted from this manuscript. Bacterial contamination was most likely
a consequence of our limited experience at the time using this system.
4
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Figure 6. CFU and LC assays from Barnsley GMP runs 1 and 2

CFU colony counts from run 1 GMP product pre-cryopreservation (A), and following 6 and 12 weeks cryopreservation (B and C). (D) GMP run 1: 12-week stability and 14-day

LC cell viability. CFU colony counts from run 2 GMP product pre-cryopreservation (E), and following 6 and 12 weeks cryopreservation (F and G). (H) GMP run 1 12 week

stability 14 day LC cell viability. Data are mean ± SEM. One-way ANOVA. ***p < 0.001. *p < 0.05.
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The use of culture bags should in theory decrease the risk of contamina-
tion due to the reduced number of open manipulations.

Moving to cleanroom GMP validation runs conducted at NHSBT, we
took forward our TD protocol utilizing X-VIVO-15-based TDmedia,
including IL-3 and using retronectin coated T175 flasks, similar to
other HSCGT methods such as for Artemis-deficient SCID and
ADA-SCID,31,42 and transducing cells with GMP IDS.ApoEII LV at
an MOI of 25 with TEs. After two manufacturing runs, we achieved
consistently high VCNs (approximately 5–7 copies) in the 14-day
CFU assays and LCs seeded with cryopreserved product immediately
post-thaw and following 6- and 12-week cryopreservation, indicating
the product is stable for at least 12 weeks. Both GMP products met
specification with CD34+ cell viability of 94.8% or above and high re-
covery rates after thawing. We compared the manufacturing process
developed at NHSBT, with GMP validations performed at GOSH, us-
ing a protocol that uses SCGM media without IL-3 and the same
batch of GMP vector. The GOSH TD step also uses approximately
one-third less vector at equivalent MOIs, due to the differences in
LV titer determination. Under these conditions, greater vector con-
Molec
centrations were required to achieve similar VCNs (Tables 3, S2,
and S3). An MOI of 100 + TEs resulted in VCNs in the 2.3–3.3 range
from two validation runs and was not toxic at this concentration, un-
like the small-scale TD studies performed at Manchester, where IL-3
was included (Figure 2).

There has been much debate about inclusion of IL-3 in the cytokine
cocktail, with some current HSCGT protocols include IL-3 in TDme-
dia, where others exclude the cytokine.35,43,44 It was evident from our
studies that including IL-3 in addition to the standard SCF, FLT-3,
and TPO cytokines increased VCN and IDS enzyme activity when
evaluated after short-term CFU and LCs, in agreement with findings
from other studies evaluating LV-EFS-ADA TD of CD34+ cells for
ADA deficiency.45 Carbonaro et al.45 suggested in their work that
the higher VCN observed in short-term bulk culture and CFUs was
a consequence of a subset of progenitors receiving increased vector
copies, rather than significant TD of additional cells. In our hands,
with the addition of IL-3 to the media and in combination with
TEs for the TD step, we detected vector copies in 94%–100% of trans-
duced CD34+ cells following large-scale TDs with an IDS.ApoEII LV
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 9
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Table 2. Comparison of the Barnsley and GOSH GMP manufacturing

protocols

GMP
facility

CD34 cell
selection GMP TD media

Culture
vessel

IDS.ApoEII
LV titer

NHSBT,
Barnsley

Clinimacs
Plus

X-VIVO15, 1%
HAS,
300 ng/mL SCF,
300 ng/mL FLT-3,
100 ng/mL TPO,
20 ng/mL IL3

flask
1.0 � 109

TU/mL

GOSH,
London

Clinimacs
Prodigy

SCGM, 1% HAS,
300 ng/mL SCF,
300 ng/mL
FLT-3, 100 ng/mL
TPO

bag or
flask

1.4 � 109

TU/mL
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concentration of MOI 25, with a similar distribution of vector insert
in those cells (Table S5). Exclusion of IL-3 resulted in overall lower
vector copies and to compensate, higher vector concentrations were
required. For the imminent phase 1/2 clinical trial of HSCGT in
MPSII patients using IDS.ApoEII vector, IL-3 will be excluded from
the GMP manufacturing protocol to maximize the number of early
progenitors for engraftment; however, TEs will be implemented to
decrease the concentration of LV required.

In summary, we have designed, optimized and validated a new GMP
stem cell TD protocol for MPSII utilizing TEs in preparation for
future HSCGT clinical trials in the UK. Future development work
will look toward fully enclosing the system and to adopt a semi-auto-
mated manufacturing process.

MATERIALS AND METHODS
Vector manufacture and titer

Sufficient quantities (>4 mL total) of concentrated, VSV-G pseudo-
typed research-grade CD11b.IDS.ApoEII.WPRE LV (IDS.ApoEII
LV),24 for both small and at-scale TD validations, were produced
via the following method. HEK 293T cells of low passage were
seeded in 65 � 15-cm tissue culture plates (Corning) in DMEM/
10% fetal calf serum (FCS)/2 mmol/l L-glutamine (Lonza) and
cultured overnight at 37�C/5% CO2 until 70%–80% confluent.
Confluent HEK 293T cells were transiently transfected with third-
generation plasmids composed of pCCLsin.hCD11b.IDS.ApoEII.
WPRE, pMDG, pMDLgpRRE, and pRSVREV in a 2:1:1:2 ratio us-
ing a total of 12 mg plasmid DNA per dish. Plasmid DNA sufficient
for three plates was added to 3 mL TD media containing 150 mM
NaCl and 0.5 mM polyethyenimine (molecular weight = 40 kDa)
(Polysciences). We added 1 mL of the TD media to each plate in
a dropwise fashion and the plates were incubated overnight
(approximately 17 h) at 37�C/5% CO2. The following morning, me-
dia were replaced and supernatant harvested at 24 and 48 h. Any
detached cells were removed by centrifugation at 200�g for 5 min
at 4�C, prior to filtration through a 0.45-mm low protein-binding fil-
ter (Nalgene). Supernatent harvests were pooled and LV particles
were concentrated by centrifugation at 21,191�g for 150 min
at 4�C and then resuspended in formulation buffer (tissue culture
10 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
grade PBS, 1 mg/mL human serum albumin, 5 mg/mL protamine
sulfate, 40 mg/mL lactose, pH 7.2), aliquoted and stored
at �80�C until ready for use.

Clinical-grade IDS.ApoEII LV was produced to Good Manufacturing
Practices (GMPs) at Indiana vector production Facility (concentrated
from a 60-L batch) and QC testing was performed prior to final vector
release.

The titer of LVs was determined by both qPCR and droplet digital PCR
(ddPCR)-based methods. We cultured 2 � 105 HCT116 cells (ATCC
CCL-247) in McCoy’s 5a Medium (Lonza)/10% FCS/2 mmol/L
L-glutamine and transduced with 10-fold serial dilutions of concen-
trated LV starting at 1 in 100. Four days later, genomic DNA was ex-
tracted from the cells using the GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich) and analyzed by quantitative PCR and
ddPCR to determine the number of integrated lentiviral genomes
per cell. HIV forward primer (100 mM) (50-TCTCGACGCAGGACT
CG-30), HIV reverse primer (100 mM) (50-TACTGACGCTCTCG
CACC-30), SDC4 forward primer (100 mM) (50-CAGGGTCTGG
GAGCCAAGT-30) and SDC4 reverse primer (100 mM) (50-GCACA
GTGCTGGACATTGACA-30) were purchased from Integrated DNA
Technologies as were the HIV probe (100 mM) (50-ATCTCTCTCCTT
CTAGCCTC-30 FAM/ZEN-IOWA) and SDC4 probe (100 mM)
(50-CCCACCGAACCCAAGAAACTAGAGGAGAAT-30 HEX/ZEN-
IOWA). The infectious titer was calculated as the number of cells at
TD multiplied by the number of lentiviral copies per cell divided by
the volume of LV added. The titer of LVs at GOSH was performed us-
ing a similar HIV PSI ddPCR approach but using an HT29 cell line
for TD.

TD optimization at small scale

Cryopreserved CD34+ cells (mobilized peripheral blood mononuclear
cells derived) were thawed by rapidly incubating at 37�C and then add-
ing 10� volume of IMDM (Lonza) + 5% FBS (Sigma), with a 10-min
recovery time at room temperature (RT). Cells were centrifuged for
200�g for 10 min at RT prior to being resuspended in 1mL growth
media (x-vivo 15 [Lonza] + 1% HSA [Bio Products Laboratory Ltd],
100 ng/mL TPO, 300 ng/mL SCF, 300 ng/mL Flt3-L, 20 ng/mL IL-3
[cytokines from Peprotech]). The number and viability of cells was as-
sessed by trypan blue staining. In a 48-well plate, CD34+ cells were
seeded at a density of 5 � 105–1 � 106 cells/mL in growth media
(500 mL) and prestimulated for 18 ± 2 h at 37�C/5%CO2. The number
of cells in a representative well were counted by hemacytometer and
the volume of LV to add calculated by the following equation: LV
(mL) = (MOI� cell number)/LV titer (TU/mL). Cells were transferred
to 1.5-mL Eppendorf’s and centrifuged at 300�g for 5 min at RT then
resuspended in 450 mL growth media. The desired amount of LV plus
TEs were added (LentiBOOST (1 mg/mL, Sirion Biotech) and prot-
amine sulfate [4 mg/mL, Wockhardt UK]). The total volume made
up to 500 mL with growth media and cells transferred back to the
48-well plate. Cells were transduced for 24 ± 2 h at 37�C/5% CO2

and washed by centrifugation and resuspending in fresh growth
media. Cells were then seeded in the CFU assay.
24



Table 3. GMP validation runs 1 and 2 performed at GOSH cleanroom facility

GMP run1

Condition
Acceptance
criteria

Pass/
fail GMP run2

Condition
Acceptance
criteria

Pass/
failDP UNT DP UNT

Cell
viability

day 1 N/A 91.09% R70% viable
cells

pass
cell
viability

day 1 98.27% 98.27% R70% viable
cells

pass
day 3 91.79% 92.27% day 3 91.63% N/A

VCN

liquid 3.3 0 R0.5 pass

VCN

liquid 2.25 0 R0.5 pass

CFUs 2.56 0
for information
only

N/A CFUs 3.175 0.0085
for information
only

N/A

CFU content

508 CFUs/1,000
cells

596 CFUs/1000
cells

R4 CFUs/1,000
cells plated

pass

CFU content

398 CFUs/1000 cells
338 CFUs/1000
cells

R4 CFUs/1000
cells plated

Pass

achieved R50% of
UNT value

N/A for UNT
R50% of the
UNT control
value

pass
Achieved R50% of
UNT value

N/A for UNT
R50% of the
UNT control
value

Pass

mean 41.73 BFU-E
and 51.97 CFU-GM
counted

mean 30.2 BFU-E
and 66.44 CFU-GM
counted

R1 BFU-E and
R1 CFU-GM
counted

pass
mean 45.73 BFU-E
and 50.25 CFU-GM
counted

mean 42.01 BFU-E
and 51.48 CFU-GM
counted

R1 BFU-E and
R1 CFU-GM
counted

pass

CD34
expression

99.80% 99.50%
for information
only

N/A
CD34
expression

97.00% 99.60%
for information
only

N/A

Mycoplasma not detected N/A not detected pass mycoplasma Not Detected N/A not detected pass

Sterility no growth N/A no growth pass sterility No Growth N/A no growth pass

Endotoxin <0.100 EU/mL N/A %5 EU/mL pass endotoxin <0.100 EU/mL N/A %5 EU/mL pass

IDS
activity

liquid 64.4 8.82 for information
only

N/A
CFUs 1511.9 33.7

DP, transduced cell product; UNT, un-transduced cells.
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CFU assay and LC

Vials of 4 mL methocult (H4034 Stem Cell Technologies) were
thawed overnight in the fridge or on the bench at RT prior to use.
One thousand cells from each treatment group were added to a total
of 400 mL IMDM (Lonza) and then added to 4 mL methocult using a
P1000 pipette with gentle stirring. The methocult media was then
divided into 3 � 3.5 cm dishes using a 16G blunt-ended needle and
a 5-mL syringe as per manufacturer’s instructions. Dishes were incu-
bated in a humid environment at 37�C/5%CO2 for 14 days. Colonies
were identified by visual inspection using a light microscope following
the manufacturer’s guidelines. Eighteen individual BFU-E and CFU-
GM colonies were picked under the microscope using a P2 pipette.
Remaining colonies were pooled across the three dishes and divided
for VCN and enzyme assay analysis. For LC samples, transduced and
non-transduced CD34+ cells were seeded at 0.5 � 106 cells/mL in a
six-well plate in growth media (x-vivo 15 + 1% HSA, 100 ng/mL
TPO, 300 ng/mL SCF, 300 ng/mL Flt3-L, 20 ng/mL IL-3) for
14 days with media change twice per week. For media changes, cells
were transferred to a 1.5-mL tube and spun at 200�g for 5 min at RT,
with 100 mL of growth media added to wells to cover any adherent
cells. Cell pellets were resuspended in growth media, counted with
trypan blue to assess viability and re-seeded at 0.5 � 106 cells/mL
per well.

VCN and TD efficiency assessment

The number of integrated vector copies in transduced cells were as-
sessed by qPCR using primer and probe sets described above. For
Molecu
pooled CFU and LCs gDNA was extracted and eluted in 200 mL
elution buffer as per kit instructions (Sigma GenElute Mammalian
Genomic DNA Miniprep Kit). For individual colonies, gDNA was
eluted in 50 mL. TD efficiency was determined by assessing VCN in
individual colonies by qPCR (36 per group). Positive colonies were
defined as having more than 0.3 copies on integrated insert. The
TD efficiency was calculated by dividing the number of positive col-
onies by total colonies � 100.

IDS enzyme activity assay

IDS enzyme activity was measured in a two-step protocol using the
fluorescent substrate MU-aIdoA-2S (Carbosynth) and Aldurazyme
(Genzyme) as previously described.46 Starting material was standard-
ized to 5–10 mg total protein for CD34+cells using a BCA assay
(Thermo Fisher Scientific). Fluorescence was measured using the
BioTek Synergy HT plate reader (excitation, 360 nm; emission,
460 nm).

Flow cytometry

Flow cytometry was performed using a Beckmann Coulter Gallios
FACS instrument. CD34 and CD45 fluorescent antibodies and a
7AAD live dead stain (Beckmann Coulter) were used to determine
CD34 stem cell purity and viability. The method in brief used two
Trucount tubes (Becton Dickinson) for each sample to be tested in
duplicate. Ten microliters of CD34-PE, CD45-FITC, and 7-AAD
were added to the tubes followed by 50 mL of diluted sample. The cells
and antibodies were mixed by shaking tubes within the rack, followed
lar Therapy: Methods & Clinical Development Vol. 32 June 2024 11
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by an incubation in the dark for 15 min at 18�C–25�C. One milliliter
of diluted lysing solution was added to all tubes and then mixed with
an incubation in the dark at 18�C–25�C for a further 5–10 min before
being run of the flow cytometer.

Pilot at-scale manufacturing validations

AnmPBSC leukapheresis unit was purchased from the AN and CD34+

cells isolated bymagnetic bead separation using a clinimacs plus instru-
ment andCD34+ cell separationkit (Miltenyi Biotech).AT175flaskwas
pre-coated with 16 mL of 20 mg/mL retronectin solution (Takara Bio)
overnight at 4�C. The flask was then incubated in blocking solution
(2% HAS [Bio Products Laboratory Ltd] in PBS) for 30 min at RT
and then washed with PBS. CD34+ stem cells were prestimulated over-
night for 18± 2 h in a rectronectin-coated T175 flask or VueLife culture
bag in culture media containing IL-3 (X-VIVO 15 [Lonza], 100 ng/mL
TPO, 300 ng/mL SCF, 300 ng/mLFLT3, 20 ng/mL IL-3 [cytokines from
Peprotech], 1%HAS [BioProducts LaboratoryLtd]) or in aVueLife cul-
ture bag absent of IL-3 in culture media (X-VIVO 15, 100 ng/mL TPO,
300 ng/mL SCF, 300 ng/mL FLT3, 1% HAS). CD34+ cells were trans-
duced with research-grade IDS.ApoEII LV with TEs LentiBOOST
(1mg/mL, Sirion Biotech) and protamine sulfate (4 mg/mL,Wockhardt
UK) for 24± 2 h. CD34+ cell viability and purity were assessed by FACS
and cells seeded in CFU and LC assays.

GMP manufacturing validations

Large-scale GMP manufacturing runs performed at NHSBT Barnsley
cleanroom facility. All reagents and consumables used were GMP
compliant. Leukapheresis units were purchased from the AN and
CD34+ cells isolated by magnetic bead separation using a clinimacs
plus instrument and CD34+ cell separation kit (Miltenyi Biotech).
CD34+ stem cells were prestimulated overnight for±18 h in cultureme-
dia (lonza x-vivo 15, IL-3, TPO, SCF, FLT3, and HSA) in rectronectin-
coatedT175flasks. CD34+ cells were transducedwithGMP IDS.ApoEII
LV with TEs lentiboost (1 mg/mL, Sirion Biotech) and protamine sul-
fate (4 mg/mL, Wockhardt UK) for ±24 h. The next day, cells were
washed twice (0.9% normal saline, 1% HAS) and cryopreserved at
2 � 106 cell/mL in CryoStor CS5 containing 5% DMSO in KryoSure
20-F cryobag (Saint-Gobain) using a controlled rate freezer (Planer
Kryo 560). The cryopreserved product, in volumes of 20 ± 2.5 mL, is
then stored in the vapor phase of LN2 (VPLN) at a temperature
of�130�C or less. Cryopreservation protocol (Kryo 560-16 controlled
rate freezer): Hold at 4�C for 5 min, first ramp cools at a rate of�1�C/
min to�30�C, second ramp cools at a rate of�2�C/min to�60�C, and
ramp three cools at a rate of �20�C/min to �180�C. Hold at �180�C
until unloaded into VPLN upon completion of program. Cells were
transferred immediately to VPLN storage.

QC testing

Sterility testing was performed to European Pharmacopeia by the
Scottish National Blood Transfusion Service (Jack Copeland Center).
Sampling time points throughout the manufacturing process and vol-
umes taken are detailed in Table S6. Endotoxin testing on 100 mL of
cryopreserved final product was performed by NHSBT (Clinical
Biotechnology Center). Mycoplasma PCR was performed on spent
12 Molecular Therapy: Methods & Clinical Development Vol. 32 June 20
TD media from day 4 of the manufacturing run by Micropathology
(University of Warwick Science Park).

Large-scale GMP manufacturing runs performed at GOSH clean-
room facility—StemExpress (USA) G-CSF mobilized leukapheresis
units were purchased from Caltag and CD34+ cells isolated by mag-
netic bead separation using a clinimacs prodigy instrument and
CD34+ cell separation kit (Miltenyi Biotech). CD34+ stem cells
were prestimulated overnight for 20 ± 6 h in culture media (GMP
SCGM [Cellgenix], 100 ng/mL TPO, 300 ng/mL SCF, 300 ng/mL
Flt3-L [cytokines from Cellgenix], 1% HAS [Bio Products Laboratory
Ltd]) in Vuelife cell culture bags (Saint Gobain) at 37�C/5% CO2.
CD34+ cells were transduced at MOI 100 with GMP IDS.ApoEII
LV for 18 ± 6 h, washed and cryopreserved at 17.5 � 106 cells/mL
or less.

Cryopreservation protocol

The start temperature was 4�C; the first ramp cools at a rate of�1�C/
min to�20�C, hold for 5 min at�20�C, and the second ramp cools at
a rate of�2�C/min to�80�C, hold for 10 min. Specification for batch
release testing of the cryopreserved product is described in Table S1.
Barnsley MOI vs. GOSH MOI vector concentrations used are
compared in Table S4.

DATA AND CODE AVAILABILITY
Raw data were generated at University of Manchester, NHSBT Barns-
ley, and GOSH, London. Derived data supporting the findings of this
study are available from the corresponding author (B.W.B.) on
request if authorized by our study sponsor.
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