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SUMMARY

Ex vivo gene therapy based on CD34" hematopoietic stem cells (HSCs) has shown promising results in clinical trials, but genetic engi-
neering to high levels and in large scale remains challenging. We devised a sorting strategy that captures more than 90% of HSC activity
in less than 10% of mobilized peripheral blood (mPB) CD34" cells, and modeled a transplantation protocol based on highly purified,
genetically engineered HSCs co-infused with uncultured progenitor cells. Prostaglandin E, stimulation allowed near-complete trans-
duction of HSCs with lentiviral vectors during a culture time of less than 38 hr, mitigating the negative impact of standard culture on
progenitor cell function. Exploiting the pyrimidoindole derivative UM171, we show that transduced mPB CD34*CD38~ cells with repo-
pulating potential could be expanded ex vivo. Implementing these findings in clinical gene therapy protocols will improve the efficacy,
safety, and sustainability of gene therapy and generate new opportunities in the field of gene editing.

INTRODUCTION

Introduction of the lentiviral vector (LV) platform has
spurred applications of gene therapy based on the trans-
plantation of ex-vivo-engineered, autologous hematopoi-
etic stem and progenitor cells (HSPCs) (Naldini, 2015).
Recent clinical trials for patients affected by primary immu-
nodeficiencies, hemoglobinopathies, or inborn errors of
metabolism have shown high levels of gene transfer into
HSPCs, which were stably maintained in multiple hemato-
poietic lineages until the latest follow-up, reaching up to 9
years in the earliest trial (Cartier et al., 2009; Aiuti et al.,
2013; Biffi et al., 2013; Hacein-Bey Abina et al., 2015; Sessa
et al., 2016). The post-transplant hematopoiesis reconsti-
tuted by polyclonal, gene-marked HSPCs has provided sub-
stantial and sustained therapeutic benefit to most treated
patients to date. Contrary to the gene therapy trials per-
formed with gamma-retroviral vectors, no adverse events
related to insertional mutagenesis of semi-randomly inte-
grating LVs have been reported to date, even though sub-
stantial integration loads, typically ranging over 5-20
million integrations per kg body weight, have now been
infused into >150 patients. The side effects reported in these
gene therapy trials are typically related to the conditioning
regimen and include mucositis and temporary bone
marrow (BM) aplasia. Trials employing full myeloablation
and BM-derived transduced CD34" cells often showed
more prolonged grade 4 neutropenia and thrombocyto-
penia than allogeneic BM transplantation, despite adminis-
tering at least similar doses of CD34" cells/kg (Sessa et al.,

2016). Delayed recovery may be caused by the ex vivo cul-
ture of the cell therapy product, which typically lasts
more than 60 hr (Aiutietal., 2013; Biffietal., 2013). Indeed,
experimental evidence has accumulated that cultured
HSPCs progressively lose engraftment potential by recruit-
ment into cell cycle and loss of adhesion molecules, thus
impeding their homing into the niche and driving lineage
commitment and differentiation (Glimm et al., 2000; Kalli-
nikou et al., 2012; Larochelle et al., 2012). This notion
contrasts with recent reports on successful ex vivo cord
blood (CB) expansion leading to accelerated hematologic
recovery in patients (reviewed in Kiernan et al., 2016). Dif-
ferences among HSPC sources (CB versus BM or mobilized
peripheral blood [mPB]) may contribute to diverging out-
comes, and a complete understanding is key to harnessing
emerging CB expansion protocols for ex vivo gene transfer
procedures, which utilize BM or mPB HSPCs. Moreover,
CD34" HSPCs comprise a heterogeneous mixture of pro-
genitors at various stages of lineage commitment, the
composition of which changes according to age, cell source,
and mobilization procedure, and studies investigating the
impact of ex vivo culture on defined subpopulations are
lacking. Only a minute fraction of these CD34" cells corre-
sponds to long-term (LT) hematopoietic stem cells (HSCs).
Limiting-dilution transplants into immunodeficient mice
indicate that no more than 0.1% of lineage-negative CB
cells (50%-75% CD34"%) engraft longterm (McDermott
et al., 2010). In line with an even lower HSC frequency in
BM or mPB CD34" cells, capture/re-capture statistics per-
formed on longitudinally sampled LV integration sites
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from patients treated by gene therapy indicate that ~0.01%
of the infused CD34" cells contribute to long-term hemato-
poiesis (Aiuti et al., 2013; Biffi et al., 2013; Biasco et al.,
2015). These data indicate that there is a substantial margin
to more precisely tailor gene transfer to LT-HSCs as opposed
to the bulk of CD34" cells, adapting ex vivo manipulation
specifically to the requirements of the therapeutically rele-
vant cell subsets. Several landmark studies have identified
surface markers that allow prospective isolation of func-
tionally diverse HSPC subsets (Majeti et al., 2007; Notta
et al., 2011). However, most of these studies were done on
CB cells that did not undergo ex vivo culture, making there-
sults not necessarily representative of the cells typically
used in HSPC gene therapy trials. Furthermore, most studies
functionally validating HSC markers employed binary sort-
ing gates (markerP>"™® versus marker*8"¢). Given that
antibody staining for many HSPC markers, such as CD38,
CD49f, and CD90, results in a gradient of cells with
increasing antigen density rather than clearly segregating
two populations, large proportions of HSPCs with an inter-
mediate phenotype have not been analyzed in these func-
tional assays.

Here we undertake a comprehensive strategy to advance
ex vivo genetic engineering of HSPCs for gene therapy. We
experimentally define an optimal, clinically applicable
strategy to purify HSCs, which allows uncoupling long-
term from short-term hematopoietic reconstitution, and
implement ex vivo conditions that best preserve their
biological properties applying transduction-enhancing
compounds and pyrimidoindole derivatives to support
ex vivo HSC expansion.

RESULTS

Definition of Functionally Distinct CD34"
Subpopulations in the Setting of Ex Vivo Gene
Therapy

We devised an experimental model that allows tracing the
origin of human hematopoiesis to diverse CD34" HSPC
subpopulations, defined at transplantation, in a xenograft
over 6 months. First, we sorted CD34" cells from mPB
into four subpopulations according to CD38 expression
and stably marked each with a different LV expressing
one of the following fluorescent proteins (FP): green FP
(GFP), red FP (Cherry), cyan/blue FP (CFP/BFP), or orange
FP (OFP) (Figures 1A and S1A). By setting closely spaced
sorting gates encompassing the CD38%™ populations, we
could interrogate the entire CD34" cell population for dif-
ferential engraftment potential. In vitro assays confirmed
similarly high (>85%) transduction efficiencies for all sub-
populations (Figures 1B and S1B) and reduced, myeloid-
biased colony-forming capacity within the most primitive
CD34*CD38 fraction (Figures 1C and S1C). One day after
transduction, we re-assembled the following cell popula-
tions for xenotransplantation: CD34''@! (all four subpopu-
lations re-assembled to the original proportions at sorting),
CD34P™8 (the three CD38" subpopulations), and CD34%*™
(the subpopulation with the 10% lowest CD38 expression).
CD34°*™ cells showed little engraftment at 3 weeks but
neared the level of the CD34'°®! group 2 months post-
transplantation (Figures 1D and S1D). Instead, CD34P™#
cells were responsible for the majority of short-term
engraftment at 3 weeks post-transplant; their myeloid

Figure 1. In Vivo Tracking of Hematopoietic Reconstitution by CD34" mPB Subpopulations

(A) Four mPB CD34" cell subpopulations differing in CD38 expression levels were sorted and transduced with LVs expressing the indicated
FPs (PGK, phosphoglycerate kinase promoter). Subpopulation frequency within total CD34" cells and CD38 expression upon post-sorting
re-analysis are shown (histogram plot). The scheme on the right shows how transduced subpopulations were mixed in the three xeno-
transplantation groups, maintaining their relative frequency at sorting.

(B) Representative transduction efficiency of the indicated subpopulations, as measured in the myeloid colonies after 14 days of culture.
(C) Clonogenic potential of the transduced subpopulations (n = 4 per group). Statistics by one-way ANOVA with Bonferroni’s multiple
comparison test: white colonies, CD38 ™~ versus CD38"™/'° ** (D38~ versus CD38™ *; for red colonies, CD38~ versus Bulk ***, (D38~ versus
CD38™MY1° ** (D38~ versus CD38™/M *** (D38~ versus CD38M ***,

(D) Human CD45" cell engraftment in PB and BM at the indicated number of weeks post-transplant (n = 4 mice per group). Data were
analyzed by two-way ANOVA with Bonferroni’s multiple comparison test, significant differences with respect to the CD34°*™ group are
shown.

(E) Lineage composition (left axis) of the human CD45" cell graft in the PB at the indicated number of weeks post-transplantation. Black
dots indicate huCD45" cell engraftment levels (right axis). B cells, CD19"; myeloid cells, CD13", T cells, CD3*; Lin—, CD19~, CD13~, CD3~
cells.

(F) Distribution of the four FPs in the CD34%°%! group before injection (in vitro) or within human CD45* cells sampled from the PB and BM at
the indicated number of weeks post-transplantation allows back-tracking the origin of hematopoietic reconstitution to the originally
transplanted cell subpopulations indicated in the legend.

(G) Four subpopulations differing in CD38 and CD90 expression levels were sorted, transduced with the indicated LVs, mixed back
maintaining their relative frequency, and xenografted (n = 9 mice, representative experiment). Hematologic reconstitution at the
indicated number of weeks post-transplantation in PB and BM is back-tracked to the population of origin, as in (F).

Error bars represent SEM. See also Figures S1-S3.
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Figure 2. Co-transplantation of Gene-Modified, Long-Term Repopulating Cells with Uncultured Short-Term Progenitors

(A) Batches of CD34"CD38" and CD34*CD38~ cells were generated and cryopreserved. As shown in the scheme, CD34"CD38~ (CD34°™™) cells
were LV transduced and xenotransplanted with or without uncultured CD347CD38" (CD34"™9) cells.

(B) Representative transduction efficiency of CD347CD38™ cells, as measured in the myeloid progeny after 14 days of culture.

(C) Human CD45" cell engraftment in PB and BM following transplantation of 50,000 GFP LV-transduced CD34°*™ cells (46 hr culture
protocol; n = 5 mice), 350,000 uncultured CD34"™9 cells (n = 5 mice), or a mix of both (CD34%%! cells, stem:prog ratio 1:8; n = 6 mice).

Significant differences with respect to the CD345*™
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potential extinguished thereafter, with persistence of low
lymphoid (mostly T cell) engraftment at the latest time of
analysis (Figures 1E and S1E). Within the CD34P™# popula-
tions, almost no engraftment was derived from the highest
CD38 subset, while short-term engraftment (3 weeks) was
equally derived from CD38™" and CD38'Y cells (Figures
1F and S1F). Within the CD34"%! population, the domi-
nance of the CD34*CD38" fraction in mediating nearly
all multi-lineage long-term engraftment became evident
at 9-10 weeks post-transplant (Figures 1F and S1F). We
reached similar conclusions for BM-derived CD34" cells
(Figure S2) and CB cells, where separation into CD38"
and CD38" fractions was carried out with a bead-based
sorting procedure (Figure S3).

A common practice to further enrich for engrafting HSCs
is to purify the CD90" fraction of CD34"CD38~ HSPCs. We
thus sought to define the engraftment kinetics of CD90*/~
subpopulations of short-term (CD34*CD38'°"/i"%) or long-
term (CD34*CD38") repopulating HSPCs using a similar
marking/re-assembly approach (Figure 1G). Again, long-
term engraftment was almost exclusively derived from
CD34*CD38" cells. However, approximately one-third
originated from the CD90™ compartment, indicating that
CD90™ HSCs contribute to a substantial fraction of the se-
vere combined immunodeficient mouse-repopulating cell
(SRC) pool in mPB HSPCs (Figure 1G). CD90 was also
expressed on 20%-30% of CD34*CD38" progenitors,
correlated with lower CD38 expression, and defined a
population of short-term repopulating HSPCs that showed
kinetics similar to CD38"" cells.

A Gene Therapy Protocol Based on Transducing
Purified HSCs

Our modeling suggested that CD34*CD38" cells could
substitute CD34* cells currently used in gene therapy
trials when long-term correction of a genetic defect is
the ultimate goal. However, CD38™" cells may be critical
for timely hematopoietic reconstitution following mye-
loablative conditioning. We therefore simulated a clinical
scenario addressing this potential issue by co-trans-
planting gene-modified CD34*CD38~ (CD34%™) cells

with uncultured CD34*CD38" (CD34P™#) cells in our
xenograft model (Figure 2A). MPB-derived CD34%™
cells were transduced with a GFP-expressing vector
under saturating conditions resulting in >85% transduc-
tion efficiency in vitro (Figure 2B). Mice received either
an ex-vivo-modified CD34°*™ graft, an uncultured
CD34P™8 graft, or a total CD34* (CD34"™%)) graft re-
assembled from the aforementioned two components
(CD34°'*™:CD34P™8 ratio 1:8). Surprisingly, we found
that the CD34P™8 fraction persisted longer and even re-
tained some long-term repopulating potential. Human
cell chimerism of the re-assembled sample was approxi-
mately the sum of the CD34%*™ and CD34P™8 groups
(Figure 2C) and GFP" cell chimerism in the re-assembled
graft stabilized around 50% in all lineages except T cells,
where the CD34P™# contribution was higher (Figure 2D).
This result is in contrast to the experiments described in
Figure 1, where similar sorting gates and transduction
conditions have been used, except for the transplantation
of cultured versus uncultured CD34P™% cells.

These data suggest that fresh CD34P™% cells (likely,
within the CD38'°" cell fraction) contain some long-
term repopulating capacity, which is lost during 2 days
of ex vivo culture. To directly test this hypothesis, we
xenotransplanted mPB CD34P™8 cells (the same donor
and sorted aliquot as in the experiment shown in Figures
2B-2D) that were either uncultured, or cultured and
transduced with a GFP LV during a 24 hr or a 48 hr
ex vivo protocol. While engraftment at 3 weeks was
similar or slightly better for the cultured cells, the 46 hr
ex vivo group showed no short- or long-term engraftment
thereafter, at variance to the uncultured group (Figure 2E).
Interestingly, the shorter 24 hr ex vivo culture time
restored engraftment potential to similar levels seen
in uncultured cells. We repeated the experiment with
CD38P™8 cells from a different donor, confirming
that short-term engraftment potential starts to decrease
after 36 hr of culture (Figure 2E). These findings provide
a strong rationale to reduce ex vivo culture times
to improve progenitor cell potency in gene therapy
products.

(D) Top: GFP* and GFP™ cell chimerism in PB and BM within the human CD45" cell compartment following transplantation of CD3

4%t colls,

Red arrow: GFP*/GFP™ cell chimerism in CD19" B cells, CD13* myeloid cells, and CD3" T cells (PB, 23 weeks post-transplant).

(E) Left: mice were xenotransplanted with CD347CD38" cells that were uncultured (n = 4 mice), or cultured for 24 hr (n =5 mice) or 46 hr
(n =4 mice) under standard conditions. Human CD45" cell engraftment in the PB is shown. Right (replicate experiment): PB engraftment of
CD34*CD38" cells cultured for 22 hr (n = 4 mice), 36 hr (n = 6 mice), or 62 hr (n = 3).

(F) Mice were xenotransplanted with CD34%%! cells composed of 50,000 GFP LV-transduced CD34°™ cells (24 hr ex vivo protocol, no IL-3)
and 200,000 uncultured CD34P™9 cells (ratio 1:5, n = 5 mice) or 450,000 uncultured CD34P™? cells (ratio 1:10, n = 6 mice). Human CD45*

cell engraftment in PB and BM is shown.

(G) GFP* and GFP~ cell chimerism of the transplanted CD34™%! cells (in vitro) or the resulting human CD45" cell graft in the PB at the
indicated time points post-transplant for the 1:5 (top) or 1:10 (bottom) stem:prog ratio.

Error bars represent SEM.
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Figure 3. Prostaglandin E, Enables Efficient HSC Transduction with Shortened Ex Vivo Protocols
(A) CB CD34" cells were transduced with LVs in the presence or absence of 10 uM PGE,. VCN was measured in the progeny after >7 days
culture (n = 5) orin the human CD45" cell xenograft harvested from the PB (n = 2 experiments, blood from individual mice was pooled) or
BM (2 experiments, n = 13 mice in the no PGE; group, n = 10 mice in PGE, group, statistics by Student’s t test).
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We thus reasoned that CD34°™ HSPCs might better
compete with uncultured progenitor cells when their
ex vivo culture is reduced to 24 hr. In addition, we elimi-
nated interleukin-3 (IL-3) from the culture medium, given
that it stimulates progenitors rather than HSCs and has
recently been implicated in accelerated loss of short-term
repopulation potential (Miller et al., 2016). Using mPB
CD34%¢™ and CD34P™# aliquots from the same donor
and a sorting strategy as in the experiment shown in Fig-
ures 2B-2D, we co-transplanted mPB CD34°™ cells trans-
duced with GFP LV according to the optimized and short-
ened ex vivo protocol with uncultured CD34P™8 cells
mixed in a 1:5 ratio or a 1:10 ratio. The fraction of GFP*
cells scored in vivo was used as a surrogate marker for
CD34"CD38 -derived hematopoiesis, assuming that most
CD34%°™ cells were transduced even under the shortened
24 hr ex vivo culture protocol. Engraftment levels were
similar between the 1:5 and 1:10 groups (Figure 2F). Impor-
tantly, up to 80% and 70% of hematopoietic progeny were
stably gene marked in vivo, respectively, and equilibrium
was reached between 3 and 4 months post-transplantation
(Figure 2G). We conclude that shortening the culture time
of CD34"CD38" cells to 24 hr in an IL-3-free medium
significantly enhanced progenitor fitness within the
gene-modified CD34*CD38™ cells allowing a contribution
of up to 80% of the long-term graft even when large
amounts of uncultured CD34"CD38* progenitor cells
were co-infused.

Robust HSC Gene Transfer Using Short Culture Time
and Prostaglandin E,

To date, most clinical protocols employ culture times of
more than 60 hr and multiple exposures to LV (in general,
two transduction cycles). Therefore, a significant challenge
when implementing shorter transduction protocols in the
clinic is to achieve sufficiently high levels of gene transfer
with large-scale LV preparations produced under good
manufacturing practice (GMP). Unexpectedly, we found
that the more primitive CD34*CD38" cells were trans-
duced to almost 2-fold-higher vector copy number per
genome (VCN) than the more committed counterparts
after a single LV exposure (Figure S4). This phenomenon
may facilitate gene transfer when manipulating more puri-
fied HSC populations.

Furthermore, we sought to enhance transduction
by small-molecule compounds. While employing 16,16-
dimethyl prostaglandin E, (PGE;) as an anti-apoptotic
agent in ex vivo HSC gene-editing protocols, we noted
that it increased gene-targeting efficiency (Genovese
et al., 2014). We hypothesized that PGE, may also increase
transduction by integrating LV. Indeed, pre-stimulating CB
CD34* HSPCs with 10 uM PGE, before transduction
increased VCN in the progeny ~1.5-fold in vitro, an in-
crease that was maintained or increased after xenotrans-
plantation (Figure 3A). PGE, also enhanced transduction
of CD34" cells from BM (Figure 3B), including the more
primitive CD34*CD38" subset, and mPB, whereby the

(B) BM CD34" subpopulations (n = 3 donors) were transduced with GFP LV (MOI = 100) + 10 uM PGE, or DMSO, and VCN was measured in the
myeloid progeny after 14 days of culture or on myelo-erythroid colonies obtained from clonogenic assay. Statistics by two-way ANOVA with
Bonferroni’s multiple comparison test.

(C) mPB CD34" cells (n =8 donors) were transduced with GFP LV (38 hr protocol) + 10 uM PGE, added at the beginning of culture (t0) or
during pre-stimulation, 120 min before LV addition (—120’). Transduction was evaluated after 14 days in culture. Left: VCN relative to the
no PGE, group (statistics by Wilcoxon signed rank test). Right: transduction efficiency measured by flow cytometry (n = 6) (statistics by
Student's t test).

(D) mPB CD34" cells (n = 3 donors, with two replicates each) were transduced with GFP-expressing LV variants after adding PGE, or DMSO
(—120'). IDLV, integrase-deficient, VSV-G pseudotyped LV; VSV LV, integration-competent, VSV-G-pseudotyped LV; P90A and N74D, VSV-
G-pseudotyped LV with capsid mutants; BaEV-TR and RD114-TR, integration-competent LV pseudotyped with the BaEV-TR and RD114-TR
envelopes, respectively. VCN were measured by specific droplet digital PCR assays. Statistics were performed by Mann-Whitney test.

(E) Quantification of late reverse-transcription DNA intermediates (late-RT) in mPB CD34™ cells (n = 6 donors), 6 hr after transduction (TD)
in PGE, or DMSO.

(F-H) mPB CD34" cells were transduced with gp91P"**-expressing LVs (MOI = 100) using a 24 or 46 hr ex vivo protocol + 10 uM PGE,, and
xenotransplanted with the day 0 equivalent of 500,000 cells (n = 6-9 mice/group). (F) Human CD45" cell engraftment in the PB. (G)
Lineage composition of the human CD45" cell graft in the BM at 20 weeks post-xenotransplantation. B cells, CD19*; myeloid cells: CD33%;
T cells: CD3¥; CD34™: HSPCs; Lin~ (D34 : CD19~ CD337CD37CD34 cells. (H) VCN in the human graft recovered from the BM at 20 weeks
post-xenotransplantation. Statistics by one-way ANOVA with Bonferroni’s multiple comparison test.

(I-K) mPB CD347CD38™ cells were transduced with purified Globe LV (MOI = 100) using a 24 or 38 hr ex vivo protocol +10 uM PGE,, and
xenotransplanted with the day 0 equivalent of 50,000 cells (experiment 1: 38 hr no PGE,, n = 4; 38 hr + PGE,, n = 4; 24 hr + PGE,, n = 5;
experiment 2: 38 hr no PGE;, n = 4; 38 hr + PGE,, n = 4; 24 hr no PGE,, n=5; 24 hr + PGE,, n = 4). (I) Human CD45" cell engraftment in the
PB. (J) Lineage composition of the human CD45™ cell graft in the BM at 20 weeks post-xenotransplantation (representative mice from
experiment 1). (K) VCN in the human graft recovered from the BM at 18 weeks (experiment 2) or 20 weeks (experiment 1) post-xeno-
transplantation. Statistics by one-way ANOVA with Bonferroni’s multiple comparison test.

Error bars represent SEM. See also Figure S4.
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Figure 4. Ex Vivo Expansion of Gene-Modified HSCs Supported by Small-Molecule Compounds

(A) LV-transduced CB (left panel, n = 6 donors) or BM (right panel, n = 5 donors) CD34* HSPCs were expanded ex vivo in the presence of
vehicle (DMSO) or StemRegenin 1 (SR1, 1 uM), as described by Boitano et al. (2010). The fraction of CD34M9"CD90* cells in the culture at
the indicated number of days is shown (statistics by matched two-way ANOVA with Bonferroni’s multiple comparison test).

(B) CB or BM (D34" cells were divided into equal fractions and transduced with GFP- or OFP- expressing LVs. GFP* and OFP* cells were
expanded for 12 days (CB) and 7 days (BM) in the presence of SR1, followed by sorting of each group into a CD34™9"CD90* and CD34*CD90~
fractions. Each GFP* fraction was then re-combined with the complementary OFP* CD34" cell fraction and xenotransplanted. The fraction of

(legend continued on next page)
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timing of PGE, stimulation was flexible (Figure 3C). At
non-saturating LV doses, PGE, also increased the fraction
of transduced cells, not only VCN (Figure 3C). We then
tested whether PGE,; increased transduction by vector var-
iants to determine a mechanism of action. Gene transfer
was increased when using vesicular stomatitis virus G
protein (VSV-G)-pseudotyped, integrase-deficient LV, or
gamma-retroviral vectors, and also in the case of HIV1
capsid mutants that reduce interaction with cyclophilin
A (P90A) or CPSF6 (N74) during uncoating (Figure 3D).
On the other hand, when pseudotyping LVs with alter-
native, non-endocytosis-dependent envelopes, we could
not appreciate a significant impact of PGE, on transduc-
tion. Quantification of reversely transcribed vector DNA
intermediates 6 hr post-transduction further indicated
that PGE, acted during the early steps of transduction
(Figure 3E).

We then performed in vivo repopulation assays on
CD34" mPB cells transduced in the presence or absence
of PGE, using either a 46 hr or an ultra-short 24 hr
ex vivo culture protocol. Despite injecting fewer cells in
the 24 hr protocol groups (the yield of 500,000 plated
CD34" cells was lower after 24 hr with respect to 46 hr,
because of less proliferation during the shorter ex vivo cul-
ture), huCD45" cell engraftment was equivalent to the
46 hr protocol (Figure 3F). PGE, treatment had no overall
effect on ex vivo proliferation, colony-forming potential
(Figure S4D), or engraftment levels (Figure 3F), nor did it
alter the lineage composition of the human graft (Fig-
ure 3G). At the experimental endpoint (20-24 weeks
post-transplant), we noted significantly higher VCN in
the PGE, groups (Figure 3H).

Next, we transduced CD34*CD38~ mPB cells with
a purified LV expressing a therapeutic gene. We
tested the impact of PGE, on gene transfer efficiency
in the context of a short 38 hr or an ultra-short 24 hr
ex vivo culture protocol. In vitro results of VCN

in liquid cultures established from CD34*CD38 cells
showed that exposure to PGE, doubled VCN (Fig-
ure S4E). Following transplantation, we detected no sta-
tistically significant differences in engraftment or graft
composition (Figures 31 and 3J). Importantly, differ-
ences in VCN were maintained in the human graft at
18-20 weeks post-transplant, confirming that PGE,
increased gene transfer into long-term repopulating
cells (Figure 3K).

Taken together, these results suggest that a minimal
ex vivo manipulation protocol, as short as 24 hr, can achieve
substantial levels of gene transfer by therapeutic LVs in
human HSCs from clinically relevant sources. The effect of
PGE, was particularly robust for the 38 hr protocol in
CD347CD38" cells, motivating its clinical implementation.

Ex Vivo Expansion of CD34"CD38~ Cells from mPB in
the Presence of Pyrimidoindole Derivatives

Based on our finding that short-term engrafting cells are
particularly sensitive to ex vivo culture, we hypothesized
that HSC expansion protocols could be more suitably
applied to highly purified HSC fractions. First, we set out
to functionally validate surface markers that prospectively
identify SRC after 1-2 weeks of expansion culture. BM or
CB CD34" cells were cultured in the presence or absence
of the arylhydrocarbon receptor antagonist StemRegenin 1
(SR1) (Boitano et al., 2010). Serial flow cytometric analysis
indicated that CD38 expression was rapidly lost in culture,
while a fraction of cells maintained a CD34"#"CD90*
phenotype. This fraction was higher when cells were
cultured with SR1, especially for CB (Figure 4A). Peak
expansion of CD34"8"CD90* cells occurred around
2 weeks for CB and 1 week for BM. In a separate experi-
ment, we transduced 50% of CB or BM CD34" cells with
a GFP-expressing LV, while the other 50% were transduced
with an OFP-expressing LV. Both GFP* and OFP™ cells were
expanded for 12 days (CB) or 7 days (BM) in the presence of

CD34"CD90* cells in vitro after re-combining, as well as the in vivo output deriving from this fraction tracked by expression of the
associated FP (CB CD34" cells: BM at 20 weeks post-xenografting; BM CD34" cells: PB and BM up to 16 weeks) are shown. CB, n =6 mice; BM,
n =6 mice.

(C) mPB (D34*CD38™ cells were expanded ex vivo in the presence of increasing concentrations of SR1, UM171 or combinations of both.
Reported are the percentages of CD34* and CD90* cells in the culture at 7 and 14 days.

(D) Growth kinetics of total CD34" versus CD347CD38™ mPB cells expanded in the presence of UM171 (35 nM).

(E) mPB CD347CD38 cells were LV transduced and xenotransplanted after <36 hr ex vivo (minimally manipulated cells, 50,000-75,000
cells/mouse) or after an additional 7-8 days of expansion in 35 nM UM171. Injected cell dose is indicated relative to the minimally
manipulated cell dose (t0 equivalent). Upper graphs show the percentage of huCD45" cells in the PB. Lower graphs show BM engraftment
relative to administered cell dose (tO cell equivalents) at the experimental endpoint, 20 weeks (left) or 13-14 weeks (middle and right
graphs) post-transplant. The number of engrafted mice (>0.5% huCD45" and both myeloid and lymphoid reconstitution in BM at the
endpoint) is indicated.

(F) Estimation of SRC frequency in ex-vivo-expanded CD347CD38™ cells by extreme limiting dilution statistics, considering the t0 cell dose
equivalents (62,500-20,000-4,000) transplanted in four independent experiments (Exp).

Error bars represent SEM.
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SR1. To test whether CD90 expression could be useful to
enrich for engrafting cells following prolonged ex vivo
culture, we sorted the cultures into CD34"8CD90* or
CD34M8hCD90" fractions, mixed the GFP*CD90* cells
with the OFP*CD90™ cells and vice versa without altering
their original ratio (CD90" cells constituted 10%-20% of
the CD34M8 cells or 1%-5% of the total cells) and xeno-
transplanted them (Figure 4B). Both for CB and BM, most
long-term engraftment derived from the CD34M&"CD90*
fraction.

Using the CD34 and CD90 markers as surrogates for SRC,
we next screened different expansion conditions for mPB
CD34*CD38™ cells by varying the concentrations of SR1
and/or the pyrimidoindole derivative UM171 (Fares et al.,
2014). Notably, CD34*CD38" cells proliferated little dur-
ing the first week and homogeneously maintained CD34
expression. UM171 substantially increased the fraction
and number of CD90" cells over control cultures or cells
cultured with SR1, while combination of UM171 and SR1
had additive effects during the first week of culture (Fig-
ure 4C). We then compared the growth characteristics of
transduced CD34" and CD34*CD38 mPB cells during
expansion culture (Figure 4D). CD34*CD38" cells gener-
ally showed little growth in the first days of ex vivo culture
and then expanded at variable rates, which differed by
donor and experiment. On the other hand, CD34" cells
steadily duplicated every 2 days, likely reflecting the pro-
genitors responding to cytokine stimulation. This over-
growth of progenitors rapidly drove up culture volumes
while keeping the concentration of CD34" cells stable,
highlighting a substantial practical advantage of the
CD34*CD38" cultures. To functionally test the repopula-
tion potential of UM171-expanded, genetically engineered
HSPCs, we xenotransplanted LV-transduced CD34*CD38~
cells either after a minimal, 24-36 hr ex vivo culture (mini-
mally manipulated cells) or after an additional 7-8 days of
ex vivo expansion (Figure 4E). When matching trans-
planted cell number according to the same “t0 equivalent”
(1x t0), we found higher engraftment in the ex vivo
expanded sample (Figure 4E, pink dots). When the
transplanted cell dose was matched according to the post-
culture counts, ex vivo expanded cells showed lower
engraftment compared with minimally manipulated cells,
consistent with the 3- to 25-fold lower “t0 equivalent”
cell dose (0.38-0.04x t0) injected (Figure 4E, green dots).
To estimate the frequency of SRC in UM171-expanded
CD347CD38~ HSPCs, we performed limiting-dilution sta-
tistics on the “t0 equivalent” cell doses that were trans-
planted in four replicate experiments (Figure 4F). Estimated
SRC frequency was 1 in 10,700 (95% confidence interval:
5,500-21,100), which compares with a recently reported
SRC frequency of ~1 in 141,203 in uncultured CD34" cells
from G-CSF-mPB (Lidonnici et al., 2016). Taken together,
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these data indicate that our protocol allows ex vivo expan-
sion of genetically engineered mPB CD34"CD38" cells
with SCID-repopulating potential and warrants further
protocol optimization for clinical application.

DISCUSSION

Transplantation of genetically engineered, autologous
HSPCs is emerging as a less risky and potentially more effi-
cacious alternative to allogeneic transplantation for a series
of non-malignant indications (Naldini, 2015). To fully
harness the advantages of gene therapy, genetic engineer-
ing of HSPCs must be developed into a standardized and
sustainable method. To reach this objective, key challenges
include improving LV transduction, minimizing the nega-
tive impact of ex vivo culture to ensure faster and more
polyclonal long-term reconstitution, and alleviating the
safety concerns related to insertional mutagenesis. Here
we developed a series of readily translatable strategies
that overcome these hurdles and help to establish gene
therapy as a widely available standard treatment.

We revealed the PGE,-enhanced transduction of human
HSPCs by VSV-G-pseudotyped LV, possibly by acting
on the endocytosis-dependent entry pathway. Applying
PGE; makes shorter ex vivo manipulation protocols that
feature a single transduction cycle clinically viable, miti-
gating the negative effect of prolonged culture on progen-
itor cell engraftment and allowing to double the number of
patients that can be treated with a given vector batch with
respect to current clinical standards. Importantly, the
enhancing effect of PGE, on LV transduction has recently
been reported by an independent group (Heffner et al.,
2016). In contrast to other pharmacological interventions
that enhance transduction but may also have broader
effects on HSC biology and/or cause toxicity (Wang et al.,
2014; Petrillo et al., 2015), PGE, was non-toxic, did not
change the biological properties of the cells, and has
already been safely employed in an ex vivo setting to in-
crease CB engraftment in patients (Cutler et al.,, 2013).
We did not note a significant increase in engraftment levels
in the PGE, groups, as could be expected from published
data (Goessling et al.,, 2011). Further studies on diverse
cell sources employing ultra-short ex vivo protocols are
warranted to understand whether the promoting effects
of PGE, on LV transduction and engraftment capacity are
functionally linked to a common mechanism and whether
both effects can be exploited contemporaneously. The
shortened PGE, protocol can be readily applied to current
ex vivo gene therapy trials and should translate clinically
into accelerated hematologic recovery.

We provide evidence here that CD34*CD38" cells trans-
duce at higher levels than total CD34" cells, consistent



with a recent report (Baldwin et al., 2015). In vitro, the ef-
fect was most robust (1) when cell populations were sorted
before transduction (Figure S4C), (2) when saturating vec-
tor doses were used (Figure S4B), and (3) when PGE, was
employed (Figure 3B). We hypothesize that the lack of
cell division of CD34*CD38~ cells during the first days
of culture (Figure 4F) may give more time for infecting LV
to complete integration before DNA replication, thus
transmitting a copy of each provirus to both daughter
cells, whereas the rapidly dividing CD38" progenitors
may randomly sort the LV pre-integration complexes be-
tween the two daughter cells. Considering that PGE, re-
lieves an early transduction block, applying it to purified
CD34*CD38" cells may provide added benefits in terms
of gene transfer efficiency. Robust gene transfer into
HSCs may allow reducing the intensity of the conditioning
regimen and implementing non-genotoxic and stem
cell-specific conditioning strategies (Palchaudhuri et al.,
2016). Regarding safety, avoiding the infusion of CD38"
progenitors carrying semi-random LV integrations would
reduce the integration load 10-fold, thereby decreasing
the chances of gain-of-function events due to insertional
mutagenesis, which may originate from immortalized pro-
genitor cells (Cavazzana-Calvo et al., 2010; Stein et al.,
2010; Braun et al., 2014).

We argue that gene therapy based on transduced, puri-
fied CD34"CD38~ cells is clinically feasible and offers
advantages over alternative strategies that have previously
been employed in clinical trials to obtain HSC-enriched cell
populations, including positive selection for CD133" cells
(Gordon et al., 2003) or CD34*CD90* cells (Michallet
et al., 2000; Negrin et al., 2000). Combining a negative
(CD38) with a positive (CD34) selection marker allows us-
ing a sequential, bead-based selection procedure that can
be made GMP compliant and implemented in centers
that already possess standard cell separation equipment.
The 10-fold gain in HSC purity with respect to CD34" cells
is higher than what can be achieved with the CD133* (2x)
or the CD34*CD90" (up to 5 x) selection strategies. Further-
more, we show that almost all long-term repopulation ac-
tivity is captured within the CD34"CD38~ fraction, while,
in agreement with CB data (Notta et al., 2011), substantial
numbers of HSCs are contained within the CD34"CD90~
fraction of mPB, which would be discarded in the case of
a CD34*CD90" selection. While more stringent gating on
CD90"8" cells may increase HSC purity, it would at the
same time aggravate the loss of CD90™'°% HSCs.

Our functional analyses showed that CD38 expression
inversely correlated with time of onset and persistence
of the graft, confirming and extending published results
obtained in xenograft models (Glimm et al., 2001; Kerre
et al., 2001; Mazurier et al., 2003). Interestingly, analysis
of clonal dynamics by LV integration sites in a clinical

gene therapy trial pointed to two distinct waves of re-
population, switching between the third and sixth month
post-transplant, which may correspond to the waves gener-
ated by CD34*CD38™"* and CD34*CD38" cells, respec-
tively (Biasco et al., 2015). Transplantation of genetically
engineered CD34"CD38~ cells may repopulate patients
following the kinetics of the second wave resulting in
a fully established transgenic hematopoiesis beyond
3 months after transplantation. While this may be sub-
optimal for genetic diseases with an urgent transplant indi-
cation such as PIDs, it may be acceptable for chronic condi-
tions such as hemoglobinopathies. Considering the timing
of repopulation by CD34*CD38~ cells, co-infusion of pro-
genitor cells is advisable when a fully myeloablative condi-
tioning regimen is applied to facilitate short-term engraft-
ment. These short-term engrafting progenitors can be
conveniently obtained from the CD38™"* fraction left
over from the negative selection step and cryopreserved
as a whole, without further ex vivo manipulation. Infusing
uncultured progenitors may be particularly beneficial for
hematologic recovery, considering their selective vulnera-
bility to ex vivo culture. Low CD38 expression on CB
HSPCs has been associated with stem cell activation and
recruitment into the G1 phase of the cell cycle (McKenzie
etal., 2007). Unbalanced stimulation by high doses of cyto-
kines may irreversibly push these cells to differentiate re-
sulting in a loss of self-renewal potential and premature
exhaustion in vivo.

On the contrary, the more primitive CD34*CD38™ mPB
cells appeared to be more tolerant to ex vivo culture. Using
the shortened transduction protocol, we effectively allevi-
ated competition from a 10-fold excess of uncultured pro-
genitors. Moreover, we demonstrate that, with the help
of the pyrimidoindole derivative UM171 (Fares et al.,
2014), the culture time of mPB CD34*CD38~ cells can
extend beyond 7 days, with evidence for SRC expansion.
We foresee numerous applications for ex vivo expansion
of postnatally derived HSCs in the gene therapy field.
This technology can overcome disease- or patient-specific
cell shortages, allow more complex genetic manipulations
such as serial transductions by multiple vectors, possibly
with selection of engineered cells, and enable therapeutic
application of emerging gene-editing technologies (Nal-
dini, 2015). The use of purified CD34*CD38 cells and
the associated reduction in culture volumes and vector
amount promises substantial cost savings and quality im-
provements, also considering that differentiating progeni-
tor and mature cell populations may give rise to inhibitory
feedback and differentiation signaling exhausting the
long-term repopulating potential of the more primitive
cells in the culture (Csaszar et al., 2012).

In conclusion, our data support the stepwise introduc-
tion of incremental improvements in the ex vivo HSPC
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engineering process into clinical testing, ultimately fulfill-
ing the promise of gene therapy to the community.

EXPERIMENTAL PROCEDURES

Mice

NOD.Cg-Prkdc*1L2rg"™™Wil/Sz] (NSG) mice were acquired from
the Jackson Laboratory. All animal procedures were performed ac-
cording to protocols approved by the Institutional Animal Care
and Use Committee (IACUC 618) and communicated to the
Ministry of Health and local authorities according to the Italian
law. Eight week old mice were sublethally irradiated (200-220
cGy) and transplanted with human HSPCs by tail vein injection.
All mice were randomized into different HSC transplantation
groups. On the basis of a standard backward sample size calcula-
tion, we transplanted at least three to ten mice per condition and
performed at least two independent experiments to obtain a suffi-
cient number of mice to perform statistical analysis. Human cell
engraftment was blindly assessed by serial bleeding or BM aspi-
rates, as described in the Supplemental Experimental Procedures.

Procurement, Culture, and Transduction of Human
HSPCs

Human CB, BM, or mPB was purchased from commercial sources
(Lonza, HemacCare, or All Cells). CD34" or CD34"CD38" cells
were pre-stimulated in serum-free medium supported with early-
acting human cytokines (SCF, FLT3L, or TPO with or without
IL-3 or IL-6), and transduced with concentrated LV at an MOI of
100, unless otherwise indicated. Where indicated, 10 uM 16,16-
dimethyl-prostaglandin E, (Cayman Chemical) was added before
LV transduction. Additional details can be found in the Supple-
mental Experimental Procedures.

Cell Sorting and Flow Cytometry

Sorting for CD34" cells (and CD38~ cells, where indicated) was per-
formed by magnetic beads (Miltenyi). Fluorescence-activated cell
sorting for CD38 and CD90 subpopulations was performed on a
MoFlo XDP sorter (Beckman Coulter). Analytical flow cytometry
was performed on a FACSCanto II or LSR II Fortessa instrument
(BD Bioscience). Details on protocols and reagents can be found
in the Supplemental Experimental Procedures.

Ex Vivo HSPC Expansion

Expansion cultures were set up in serum-free medium (StemSpan,
STEMCELL Technologies or StemMacs, Miltenyi) containing, un-
less otherwise indicated, 100 ng/mL SCF, 100 ng/mL FLT3L,
50 ng/mL TPO, 50 ng/mL IL-6, 35 nM UM171 (STEMCELL Tech-
nologies), and/or 1 uM SR1 (BioVision Technologies). Starting
cell density was 1 x 10° cells/mL, and fresh medium was manually
added as needed, to keep cell concentration always below 1 x 10°
cells/mL. Cultures were kept at 37°C, 5% CO, under normoxia.

LV Production, Titration, and Molecular Analysis of
Gene Transfer Efficiency

Purified vectors (Globe LV, some batches of PGK.GFP LV) were
produced and titered by MolMed, according to the GMP process
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employed in our clinical trials (Biffi et al.,, 2013; Aiuti et al.,
2013). Lab-grade vectors were produced and titered on 293T cells
according to standard lab protocols, as described previously.
Molecular quantification of gene transfer efficiency was performed
using specific qPCR assays, as detailed in the Supplemental Exper-
imental Procedures.

Statistical Analysis

In all studies, values are expressed as means + SEM, unless other-
wise indicated. Statistical analyses were performed by Mann-
Whitney test, Student’s t test, Wilcoxon signed rank test, or
ANOVA test as indicated. Percentages were converted into log
odds for statistical analysis. Significance levels are coded as follows
throughout the manuscript: *p < 0.05, **p < 0.01, ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, four figures, and one table and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.
2017.02.010.
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