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Abstract

High numbers of genetically modified hematopoietic stem cells (HSCs) equipped with enhanced engrafting
potential are required for successful stem cell gene therapy. By using thalassemia as a model, we investigated
the functional properties of hematopoietic stem and progenitor cells (HSPCs) from Hbb™/45.2" mice after
mobilization with G-CSF, plerixafor, or G-CSF+ plerixafor and the engraftment kinetics of primed cells after
competitive primary and noncompetitive secondary transplantation. G-CSF+ plerixafor yielded the highest
numbers of HSPCs, while G-CSF + plerixafor-mobilized Hbb™/45.2" cells, either unmanipulated or trans-
duced with a reporter vector, achieved faster hematologic reconstitution and higher levels of donor chimerism
over all other types of mobilized cells, after competitive transplantation to B6.BoyJ/45.1" recipients. The
engraftment benefit observed in the G-CSF + plerixafor group was attributed to the more primitive stem cell
phenotype of G-CSF+ plerixafor-LSK cells, characterized by higher CD150"/CD48 expression. Moreover,
secondary G-CSF + plerixafor recipients displayed stable or even higher chimerism levels as compared with
primary engrafted mice, thus maintaining or further improving engraftment levels over G-CSF- or plerixafor-
secondary recipients. Plerixafor-primed cells displayed the lowest competiveness over all other mobilized cells
after primary or secondary transplantation, probably because of the higher frequency of more actively prolif-
erating LK cells. Overall, the higher HSC yields, the faster hematological recovery, and the superiority in long-
term engraftment indicate G-CSF+ plerixafor-mobilized blood as an optimal graft source, not only for
thalassemia gene therapy, but also for stem cell gene therapy applications in general.

Introduction

ACONSIDERABLE NUMBER of genetic diseases, including
various immunodeficiencies (Cavazzana-Calvo et al.,
2000; Aiuti et al., 2009, 2013), lysosomal storage diseases
(Cartier and Aubourg, 2010; Biffi ef al., 2013), and thalas-
semia (Cavazzana-Calvo et al., 2010), have been cured dur-
ing the last decade by stem cell gene therapy. Despite
successes, stem cell gene therapy still faces major limitations.

A major issue is the availability of high numbers of he-
matopoietic stem cells (HSCs) that display high engrafting
capacity under competitive conditions. This is especially
important when (1) a nonmyeloablative conditioning is
preferably applied, (2) the disease background does not
provide a selective advantage at the level of stem/progenitor
cells to allow an enrichment of gene-corrected cells after
infusion, and (3) a low to modest in vivo gene transfer is
anticipated. Under these competitive conditions, large numbers
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of transduced CD34™" cells displaying enhanced engrafting
potential may most effectively compete for niche occupancy
over the endogenous unmodified bone marrow cells.

In gene therapy of genetic diseases such as thalassemia,
Fanconi anemia, Gaucher disease, and chronic granuloma-
tous disease, in which a competitive bone marrow envi-
ronment exists, the quantity but also the quality of the
infused cells are critical for the outcome.

In the present study, we used thalassemia as a disease
model, in order to determine the optimal graft source for
stem cell gene therapy, as defined by an increased content in
HSCs with enhanced long-term repopulating capacity.

We previously addressed the issue of HSC quantity in
mobilized grafts in two clinical trials testing G-CSF- and
plerixafor-based mobilization approaches in adult patients
with thalassemia major (Yannaki et al., 2012, 2013). We
concluded from these studies that the G-CSF+ plerixafor
combination is the optimal mobilization approach for pa-
tients with thalassemia, yielding in a synergistic manner, high
numbers of CD34* cells by single-apheresis collections, even
when G-CSF is administered at low doses in splenectomized
patients to avoid hypeleukocytosis (Yannaki et al., 2013).

Here, we focus on the quality of mouse thalassemic HSCs
mobilized by G-CSF, plerixafor, or G-CSF+ plerixafor,
exploring their functional properties in vitro and in vivo
under competitive transplantation settings.

Our results indicate that G-CSF+ plerixafor-mobilized
HSCs exhibit clear quantitative and qualitative superiority over
HSCs obtained by either single-agent mobilization. G-CSF +
plerixafor-mobilized cells, either unmanipulated or genetically
modified, achieved faster hematologic recovery and the higher
chimerism levels after competitive and serial transplantation.
Consequently, G-CSF + plerixafor-mobilized blood potentially
represents an optimal graft source, the clinical relevance of
which extends beyond thalassemia gene therapy, practically
applying to the whole stem cell gene therapy field.

Materials and Methods
Mice

B6.129P2-Hbb-b1'™!Y™  Hbb-b2'™!Y"¢/J  (Thalassemic,
Hbb"™ ) and B6.SJL-Ptrc*Pepc®/BoyJ (B6.BoyJ) mice were
purchased from Jackson Laboratory (Bar Harbor, ME), and
bred and/or maintained under an individually ventilated
cage system and in accordance with the Institutional Animal
Care and Use Committee. The thalassemic mouse model
(Hbb™), developed by Yang er al. (1995), represents a vi-
able form of the disease, which clinically resembles the
human f-thalassemia intermedia.

Mobilization

Recombinant hG-CSF (Tevagrastim; TevaGenerics GmbH,
Freiburg, Germany) was administered intraperitoneally (ip)
at 250 ug/kg, once a day for 6 days. Plerixafor (Mozobil,
Genzyme Corp., Cambridge, MA) was administered ip at a
dose of 5mg/kg, once a day for 3 days. In the combination
setting, G-CSF was administered in the evening (days 1-6)
and plerixafor in the morning (days 5-7). The mice were
sacrificed 1 hr after the last plerixafor dose, and the hema-
topoietic tissues were harvested for analysis. Control mice
received no treatment.
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Splenectomy

Splenectomy was aseptically performed under general
anesthesia. A small incision was made in the peritoneal
wall, the blood vessels supporting the spleen were ligated
with 3-0 silk sutures, and the spleen was removed. The
incision was closed in two layers using 3-0 silk sutures.
Mice were left to recover for 15 days before being used in
the experiments.

Histopathological and immunohistochemical analysis

Thalassemic spleens were fixed after removal, in 4%
formaldehyde buffer for at least 24 hr, dehydrated, and
embedded in paraffin. Sections of 2.5 yum were routinely
stained with eosin—hematoxylin for histology. For immu-
nohistochemistry, spleen sections were labeled with anti-
SDF-1a (FL-93, dilution 1:200; Santa Cruz Biotechnology,
Santa Cruz, CA) according to manufacturer’s recommen-
dations, and 10 optical fields per section were counted
blindly by a pathologist.

Flow cytometry

Cells were labeled with directly fluorescence-conjugated an-
tibodies and subsequently analyzed on a FACS flow cytometer
(FACS Calibur; BD, San Jose, CA) with the CELLQuest
software, according to standard procedures, unless otherwise
stated.

Lin~/sca-1*/c-kit" cells. Blood, bone marrow, and spleen
cells were stained with APC-Mouse Lineage Cocktail (con-
taining anti-CD3, anti-CD11b, anti-B220, anti-GR-1, anti-
Ter-119) and FITC-anti-Sca-1 (D7) and PE-anti-c-kit (2B8)
(BD Biosciences, San Jose, CA). The absolute number of
LSK cells per milliliter of peripheral blood, per two femurs,
and per spleen was calculated based on the following for-
mula: LSK% X absolute cell count per milliliter of blood or
per tissue x 1072,

Signaling lymphocyte activation marker LSK cells. For
evaluation of the percentage of CD150*/CD48~ LSKs
(signaling lymphocyte activation marker [SLAM] LSKs),
peripheral blood cells were depleted of Lin™ cells (Lineage
Cell Depletion kit; MiltenyiBiotec, Auburn, CA), stained
with FITC-anti-Sca-1/PE-anti-c-kit (BD Biosciences) and
with PE-Cy7-anti-CD48 (HM48-1)/APC-anti-CD150 (mShad150)
(eBioscience, San Diego, CA), and analyzed via flow cy-
tometry (FACS Aria II, FACSDiva Software).

Cell cycle analysis. Mobilized blood cells were fixed in
70% ethanol and incubated at —20°C for at least 2 hr, before
staining with PE-anti-c-kit, APC-Mouse Lineage Cocktail,
and propidium iodide. The fraction of cells in the GO, G1, S,
and G2/M phases of cell cycle was determined by gating on
Lin~/c-kit™ cells.

CXCR4 and CD26. The expression of the CXCR4 and
CD26 surface molecules in Lin~/c-kit* cells (LKs) was
evaluated by the frequency and geometric mean fluores-
cence intensity after staining with FITC-anti-CD184 (2B11/
CXCR4)/PE-anti-c-kit/APC-Mouse Lineage Cocktail and
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FITC-anti-CD26 (H194-112)/PE-anti-c-kit/ APC-Mouse Lineage
Cocktail (BD Biosciences).

Hematopoietic progenitor cell studies

Peripheral blood cells (10%), bone marrow, and spleen
single-cell suspensions (5x 10%) were plated in duplicate
according to the manufacturer’s instructions in cytokine-
supplemented (rmlIL-3 and rmSCF; R&D Systems, Min-
neapolis, MN) methylcellulose medium (Methocult 3134;
Stem Cell Technologies Inc., Vancouver, CA). Absolute
CFU-GM numbers per milliliter of blood, per two femurs,
and per spleen were determined based on the following
formula: (CFU-GM X absolute cell count per tissue or per ml
of blood)/number of plated cells.

Hematologic parameters and spleen size

White blood cell counts were blindly measured in blood
smears stained with May-Grunwalds-Giemsa (Merck,
Darmstadt, Germany). Reticulocytes were stained with
Thiazole Orange (RetiCount; BD Biosciences) and samples
were analyzed by flow cytometry. Spleen size was assessed
in the excised spleen by the ratio of spleen weight (mg)/
body weight (g).

Migration assays

Migration assays were carried out as previously described
(Voermans et al., 1999). The lower compartments of
Transwell systems (24-well Transwell plate; Corning,
Boston, MA) were supplemented with IMDM + 100 ng/ml
SDF-1a (R&D Systems). Mobilized and nonmobilized pe-
ripheral blood cells (10°) were placed in the upper chambers
and input control wells. After 4hr incubation (37°C, 5%
CO,), the input and the migrated cells were collected,
double-stained with PE-anti-c-kit/APC-Mouse Lineage
Cocktail (BD Biosciences), and counted with BD Trucount
(BD Biosciences). The percentage of LKs migrated to SDF-
la was calculated as follows: (number of cells migrated/
number of input control cells) x 100.

Lentiviral vector. We used a reporter vector based on a
self-inactivating lentiviral vector backbone containing an
internal PGK promoter and an enhanced green fluorescent
protein expression cassette (kindly provided by Kiem HP).
The vector was produced by 293T cells transient cotrans-
fection with transfer vector, gag—pol construct, and VSV-G
envelope construct (kindly provided by Emery DW) ac-
cording to established protocol (Zufferey et al., 1997).
Vector was harvested, filtered, and 1000-fold concentrated.
Titer estimates were calculated by flow-cytometric deter-
mination of GFP expression in HeLa cells, indicating a titer
between 1 and 2x 108 transducing units (TU)/ml of con-
centrated vector supernatant.

EXx vivo culture and transduction. Murine mobilized PB
cells containing equal numbers of LSK cells were presti-
mulated for 10hr with cytokine combinations of mlIL-3
(10ng/ml), mSCF (50 ng/ml), and Flt-3L (10 ng/ml) (R&D
Systems). Transduction was performed as 8 hr vector ex-
posures, by adding vector supernatant at a low multiplicity
of infection (MOI 1) to the cells plated in fibronectin
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fragment-coated (Retronectin; Takara, Shuzo, Japan), non-
tissue culture-treated six-well plates, in the presence of
protamine sulfate at 4 ug/ml plate. Transduction efficiency
was evaluated after flow-cytometric determination of GFP
expression in bulk culture and in single CFU colonies.

Competitive transplantation and secondary
transplantation

For competitive stem cell transplantation experiments,
G-CSF-, plerixafor-, G-CSF + plerixafor-mobilized and steady-
state blood cells from Hbbth-3/CD45.2 donors were mixed
with 5% 10° competitor bone marrow cells from B6.BoyJ mice
(CD45.17) and transplanted into lethally irradiated (1050 cGy)
B6.BoyJ/CD45.1 recipients. The entire blood volumes, ob-
tained by cardiac puncture, from 3 donor mice were pooled
and infused to each recipient (3:1). In other sets of experi-
ments, a peripheral blood volume containing the same LSK
cell number (10%) was infused to each recipient along with
2% 10° competitor bone marrow cells. The absolute number of
LSKs to be infused as well as the LKs (Lin—/c-kit*), LSs
(Lin"/sca-1*), Lin~ cells, and CD150*/CD48~/LSKs con-
tained in the grafts was calculated based on their frequency
by FCM and the absolute cell counts within the graft. The
absolute number of colony forming cells (CFCs) was calcu-
lated based on the number of colonies generated by plating 10°
cells and the absolute cell counts within the graft.

At 6 months, pn'ma? recipients were sacrificed, bone marrow
was collected, and 10 cells were transplanted into lethally ir-
radiated secondary recipients in a noncompetitive fashion.

Hematologic recovery and donor chimerism. Hematol-
ogic recovery was assessed weekly for 8 weeks, starting on day
15, by the absolute neutrophil counts in blood smears. Re-
cipients were considered hematologically reconstituted when
neutrophils were consistently above 500/ul. Platelet counts
were obtained by absolute count beads (BD Trucount) and by
flow cytometry based on forward and side scatter character-
istics. Platelet recovery was calculated as a percentage to av-
erage normal platelet levels. Donor chimerism was determined
monthly up to 6 months by flow cytometry (FITC-anti-CD45.2
and PE-anti-CD45.1; Immunostep) as the proportion of
CD45.2% cells in the CD45.1/CD45.27 cells.

Statistical analysis

Results are expressed as mean=*SE, and statistical sig-
nificance was determined by ANOVA with Bonferroni
correction using Minitab v.16; p-value <0.05 was consid-
ered statistically significant.

Results

Characteristics of HSC mobilization
in thalassemic mice

Thalassemic mice were mobilized by G-CSF-alone,
plerixafor-alone, or a combination of the two agents.
Plerixafor-alone significantly peripheralized LSKs and CFU-
GM as compared with steady-state condition; however, it did
not further improve hematopoietic stem and progenitor cell
(HSPC) mobilization over G-CSF-alone. The G-CSF+
plerixafor combination not only induced an 11-fold and a
50-fold increase in the number of LSKs/ul and CFU-GM/ml
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over steady-state condition, respectively, but also markedly genitor cells from their niches to circulation, thus resulting
increased the magnitude of mobilization over G-CSF-alone in reduced numbers of LSKs in the plerixafor-mobilized
and plerixafor-alone (Fig. 1A). Importantly, the G-CSF+ bone marrow over either steady state or G-CSF-mobilized
plerixafor combination also significantly increased the num- bone marrow. Because of the opposing effects of G-CSF and
bers of circulating SLAM (signaling lymphocyte activation plerixafor, G-CSF + plerixafor combination increased the
markers)-LSK cells, defined as CD150*/CD48 ~/LSKs, over  bone marrow LSKs over the steady-state condition, but at a
single-agent mobilization (Fig. 1B). lower level than G-CSF-alone (Fig. 1C).

G-CSF stimulated the proliferation of LSKs and CFU- G-CSF or the combination of G-CSF+ plerixafor mark-
GM within the bone marrow before their peripheralization, edly increased LSKs and CFU-GM in the spleen over the
whereas plerixafor rather directly released stem and pro- steady-state condition, whereas no significant change was
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FIG. 1. Distribution of mobilized HSPCs among hematopoietic compartments and the mobilization effect on the spleen.
(A) Absolute numbers of LSK cells and CFCs are presented per milliliter of blood. (B) Absolute numbers of SLAM LSKs
are presented per milliliter of blood. (C) Absolute numbers of LSK cells and CFCs are presented per two femurs and spleen
(x 10~ ) Data are expressed as mean=* SEM from untreated (n=13), G-CSF-treated (n 13), plerixafor-treated (n=13),
and G-CSF + plerixafor-treated (n=16) thalassemic mice. *p<0.05 vs. untreated, p<0 05 vs. G-CSF, #p<0.05 vs.
plerixafor, and "p<0.05 vs. all other. (D) Quantitation and representative images of SDF-1 expression by immunohisto-
chemistry in spleen sections of untreated (a), G-CSF-mobilized (b), plerixafor-mobilized (c), and G-CSF + plerixafor-
mobilized (d) mice. Original magnification x200. (E) Absolute numbers of LSK cells and CFU-GM are presented per
milliliter of blood of untreated, G-CSF-treated, plerixafor-treated, and G-CSF + plerixafor-treated, nonsplenectomized, and
splenectomized mice. Data are expressed as mean* SEM (n=3-6 animals/group per experiment X3 independent experi-
ments). *p <0.05. (F) Splenic infarcts were detected in all mobilization groups. Original magnification X 20 (left) and x 100
(right). CFCs, colony forming cells; HSPCs, hematopoietic stem and progenitor cells; SLAM, signaling lymphocyte
activation marker.
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observed in the plerixafor spleens (Fig. 1C). Moreover, in-
creased SDF1a expression was demonstrated in the spleens
of G-CSF- or G-CSF + plerixafor-mobilized mice, as com-
pared with the untreated and plerixafor-mobilized mice, thus
suggesting that G-CSF mobilization generates achemotactic
cell motility toward spleen niches, finally resulting in stem
and progenitor cell sequestration in the spleen (Fig. 1D).
The increased cell migration to the spleen with G-CSF
suggests that splenectomy may positively affect G-CSF
mobilization. Indeed, splenectomy greatly augmented G-
CSF and G-CSF + plerixafor mobilization in terms of LSKs
and CFCs, but had no impact on cell yields with plerixafor-
alone mobilization (Fig. 1E).

The trapping of HSPCs in the spleen may, at least partially,
interpret the significant organ size increase in G-CSF- and
G-CSF + plerixafor-mobilized mice over the steady-state
condition (Supplementary Table S1; Supplementary Data are
available online at www .liebertpub.com/hgtb) and the higher
frequency of G-CSF-induced splenic infarctsin tissue sections
(Fig. 1F and Supplementary Table S1). Despite the significant
organ enlargement in mice receiving G-CSF, no splenic
rupture or death was observed during mobilization in neither
G-CSF-treated nor plerixafor-treated groups.

G-CSF-alone- and G-CSF + plerixafor-mobilized mice
developed significant leukocytosis, whereas plerixafor-
induced leukocytosis was less prominent. These differences
were more profound in the mobilized splenectomized mice
(Supplementary Table S1). The mobilization per se or the
type of mobilization had no effect on reticulocyte counts,
whereas splenectomy resulted in all cases in reduced re-
ticulocytosis, probably by ameliorating hemolysis (Supple-
mentary Table S1).

Functional in vitro properties of mobilized
thalassemic HSCs

The in vitro chemotaxis of mobilized blood demonstrated
enhanced migration of G-CSF + plerixafor-mobilized Lin~c-kit™
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(LK) cells toward SDF-1 as compared with all other groups,
implying a better homing potential of G-CSF+ plerixafor-
mobilized cells upon transplantation (Fig. 2A).

All mobilized groups exhibited similar LK cell CXCR4
expression and percentage of positive cells, whereas pler-
ixafor-alone-mobilized LK cells showed higher CD26 ex-
pression and percentage of positive cells over G-CSF- or G-
CSF + plerixafor-mobilized cells (Fig. 2B and C). Cell cycle
analysis of the differently mobilized cells showed that
plerixafor mobilized more actively cycling LK cells than G-
CSF or G-CSF+ plerixafor (Fig. 2D).

Accelerated hematologic reconstitution
and superior engraftment of G-CSF+
plerixafor-mobilized blood cells

To assess the long-term repopulating (LTR) ability of
plerixafor-alone-, G-CSF-alone- and G-CSF + plerixafor-
mobilized thalassemic HSCs, we used a competitive repopu-
lating assay at a 3:1 ratio, in which, each lethally irradiated
CD45.1% recipient received a whole blood transplant from 3
Hbb™3/CD45.2" mobilized donors plus a standard dose of
congenic CD45.1* bone marrow competitor cells. Control
mice received steady-state peripheral blood.

Hematologic recovery was significantly accelerated in
G-CSF + plerixafor cell recipients as evidenced by the 1-2-
week faster reconstitution of neutrophils and platelets
(Fig. 3A).

Accordingly, significantly higher donor chimerism was
detected in the recipients of cells mobilized with the com-
bination of G-CSF + plerixafor versus plerixafor-alone or G-
CSF-alone, at all time points after transplantation and at
sacrifice (CD45.2%: 88.34+2.93 vs. 54.4018.69 vs. 69.69 +
10.20, p=0.003 and p=0.05, respectively) (Fig. 3B). Ba-
lanced multilineage engraftment was achieved in all groups,
with plerixafor-engrafted mice showing a tendency toward
higher T-lymphocytic representation within the CD45.27"
blood cells (Fig. 3C).
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FIG. 3. Competitive repopulation in mice after 3: 1 transplantation. Whole blood from mobilized thalassemic 45. 2% mice
was infused 1nto lethally 1rrad1ated B6.BoyJ (45.1™) mice at a 3:1 (donor:recipient) ratio, along with a steady number of
competitor 45.17 cells (0.5 x 10°). (A) Hematologic recovery in terms of platelet recovery (%) is depicted as a percentage to
average normal platelet levels and neutrophil recovery as absolute neutrophil cell count (ANC) at different time points
after transplantation. Data are expressed as meant SEM of recipients receiving unmoblhzed and G-CSF-, plerixafor-, and
G-CSF + plerixafor-mobilized grafts. (B) Engraftment based on the % donor’s (45.2%) chimera of 45. 1+ recipients. (C)
Representative dot plots depictive of multilineage reconstitution capacity of differently mobilized CD45.2" (donor) cells.
Each experiment was performed 3 times; n=35 animals per group per experiment. *p <0.05 vs. all other groups. Content of

infused grafts in LSK and CFCs, expressed as mean+ SEM; *p <0.05 vs. all other groups.

The engraftment potential did not differ between thalas-
semic and normal mobilized cells, as similar chimerism
levels were reached by mobilized C57B1/6 cells after 3:1
competitive transplantation (Supplementary Fig. S1). Inter-
estingly, steady-state thalassemic blood cell recipients
showed modest and persistent chimerism levels (~20%;
Fig. 3B), which could be interpreted by the higher LSK cell
and CFU-GM content in the unmobilized blood of thalas-
semic mice as compared with normal mice (p=0.03) (Fig.
3B and Supplementary Fig. S2).

G-CSF +plerixafor-mobilized HSCs demonstrate a quali-
tative advantage for engraftment, over plerixafor-alone- or
G-CSF-alone-mobilized cells. The higher engraftment levels
and faster hematological recovery observed with G-CSF+
plerixafor-mobilized blood cells when three donors were

used to reconstitute one recipient could simply reflect the
presence of higher numbers of LSK cells in the G-CSF+
plerixafor-mobilized graft rather than LSK cells with en-
hanced repopulating ability.

To address this question, we performed competitive trans-
plantations of equal numbers of immunophenotypically char-
acterized mobilized LSK cells to lethally irradiated recipients.
As in the 3:1 transplantation, the donor chimerism levels in
the G-CSF + plerixafor group were significantly higher over
plerixafor-alone or G-CSF-alone groups, at all time points
after transplant and at sacrifice (CD45.2%: 80.43+£5.99 vs.
38.78+£8.73 vs. 40.8419.57, p=0.01 and p=0.02, respec-
tively) (Fig. 4A), suggesting that G-CSF + plerixafor LSKs
are probably qualified with an intrinsic engraftment bene-
fit. Importantly, when G-CSF+ plerixafor-mobilized cells
were transduced with a GFP reporter lentiviral vector
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FIG. 4. Competitive re-
population after transplantation
of equal number of LSKs and
secondary transplantation from
primary engrafted recipients.
(A and B) Mobilized peripheral
blood containing equal num-
bers of immunophenotypically
characterized G-CSF-, plerix-
afor-, G-CSF + plerixafor-mo-
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(Supplementary Fig. S3) and transplanted at equal LSK
numbers under competitive settings, the long-term engraft-
ment superiority was maintained again, over the differently
mobilized cells infused into the recipients after transduction
(Fig. 4B).

The superior long-term engraftment potential of G-CSF +
plerixafor-mobilized grafts is associated with a more primitive
stem cell phenotype of mobilized cells. To address whether
by transplanting equal numbers of nonpurified LSKs we
might had infused higher numbers of different primitive or
committed cell subpopulations to G-CSF + plerixafor-cell
recipients, thus favoring engraftment over plerixafor- or
G-CSF-cell recipients, we analyzed the content of the dif-
ferently mobilized grafts containing equal LSK cells, in terms
of Lin~c-kit™ cells (LK), Lin "sca-1" cells (LS), Lin~ cells,
and CFCs.

Despite that plerixafor-mobilized grafts contained sig-
nificantly higher numbers of LK cells and Lin~ cells (Fig.
4C), neither short- nor long-term engraftment was enhanced

BLOOD

Secondary Primary Secondary

BM

over all other types of grafts. In contrast, the significantly
higher numbers of CFCs infused to G-CSF+ plerixafor-
equal LSK cell recipients (Fig. 4C) were correlated with
increased competiveness of the G-CSF+ plerixafor-cells
over single-agent mobilized cells. However, the higher pro-
genitor cell content cannot robustly support the sustained
long-term engraftment superiority of this type of graft.

To further investigate the engraftment privilege of the G-
CSF + plerixafor-mobilized cells, we quantitated the fre-
quency of SLAM (CD150"/CD487) cells within the donor
LSKs. A higher fraction of SLAM cells was present in the
LSK cell population of G-CSF + plerixafor-mobilized grafts
compared to single—agent mobilized grafts (Fig. 4D).

To evaluate if G-CSF+ plerixafor-mobilized cells truly
have greater inherent long-term repopulating/self-renewal
activity, 6 months after primary transplantation, 2x 10°
bone marrow cells from the competitively engrafted primary
mice were injected into lethally irradiated secondary recip-
ients in a noncompetitive manner. Six months after sec-
ondary transplant, the comparison of donor chimerism in
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hematopoietic tissues of secondary engrafted mice versus
primary engrafted recipients showed that secondary recipi-
ents that received G-CSF+ plerixafor-mobilized cells dis-
played stable or slightly increased chimerism levels, whereas
the engraftment superiority was further augmented over the
secondary recipients that received G-CSF- or plerixafor-
mobilized cells (Fig. 4E).

These data imply that G-CSF + plerixafor-mobilized cells
are inherently more competitive than single-agent-mobilized
cells.

Discussion

The successful application of stem cell gene therapy
requires availability of large numbers of pluripotent re-
populating stem cells. G-CSF-mobilized hematopoietic
grafts have largely replaced bone marrow in autologous and
allogeneic transplantation (Bensinger et al., 2001, 2009),
and until recently, G-CSF was the only HSC-mobilizing
agent available for clinical use. G-CSF-mobilized grafts
were shown to be richer in CD34 ™ cells and to display faster
engraftment kinetics over grafts collected by conventional
bone marrow harvest (Bensinger et al., 1993; Heldal et al.,
2000; Ringdén et al., 2000). Consequently, G-CSF-mobilized
CD34™" cells currently represent the main source of HSCs
for transplantation and a preferable graft source for several
stem cell gene therapy applications (Ott et al., 2006; Cartier
et al., 2009; Boztug et al., 2010).

Successful stem cell gene therapy, however, does not
simply rely on the availability of high numbers of CD34*
cells, but also on the quality of the cells to be genetically
modified, in order to ensure robust, long-term engraftment
after administration to the host.

It is known that the ex vivo transduction process alters the
stem/progenitor cell behavior by inducing changes in cell
cycle, apoptosis, and adhesion molecules, rendering the
gene-modified cells less competitive over their unmanipu-
lated counterparts (Szilvassy et al., 2001; Yong et al., 2002;
Ahmed et al., 2004; Mazurier et al., 2004). Moreover, in
chronic diseases in which partial myeloablation is preferable
to ensure low peritransplant toxicity (i.e., hemoglobinopa-
thies) and/or there is no selective pressure favoring the en-
graftment of and enrichment in the genetically engineered
HSCs (i.e., hemoglobinopathies, Fanconi anemia), the avail-
ability of large numbers of not only pluripotent repopulating
stem cells but also stem cells with enhanced engrafting
properties is mandatorily required.

In recent years, an alternative mobilizing agent, plerixafor,
which is a synthetic, reversible inhibitor of the CXCR4 re-
ceptor, has been shown to rapidly mobilize human and murine
HSCs (Liles et al., 2003; Devine et al., 2004, 2008; Hiibel
et al., 2004; Larochelle et al., 2006) and to exhibit marked
synergism in combination with G-CSF, increasing CD34™" cell
yields by several fold (Broxmeyer et al., 2005; Flomenberg
et al., 2005; DiPersio et al., 2009; Nademanee et al., 2012).

We have previously explored, in two clinical trials, mo-
bilization by G-CSF or plerixafor-based strategies in adult
patients with f-thalassemia major (Yannaki efr al., 2012,
2013) and demonstrated that the combination of G-CSF+
plerixafor is the optimal mobilization strategy in thalasse-
mia, yielding very high numbers of CD34 ™ cells by single
collections, even when low doses of G-CSF are adminis-
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tered in splenectomized patients to avoid G-CSF-induced
hyperleukocytosis.

In the present study, by using thalassemia as a model, we
sought to define the optimal graft source for stem cell gene
therapy, in terms of both quantity and quality of HSCs. To
this end, we tested in a thalassemic mouse model the
functional characteristics of LSK cells mobilized by G-CSF-
alone, plerixafor-alone, and G-CSF+plerixafor, and the
engraftment kinetics of differently mobilized cells, either
unmanipulated or genetically modified, in competitive trans-
plantation settings. In addition, the thalassemic mouse model
offered us the opportunity to study the different kinetics of
HSPCs in the hematopoietic compartments during mobiliza-
tion by various modes.

Herein, we confirmed the superiority of G-CSF + plerixafor
combination as a mobilizer and described a distinct role
of the spleen during mobilization by G-CSF-alone and
plerixafor-alone. An increased homing/trapping of HSPCs
to the spleen, associated with increased splenic SDF-1a
expression, was observed during G-CSF mobilization but
not plerixafor mobilization. Reasonably, splenectomy greatly
augmented G-CSF mobilization, in consistency with our
previous study (Yannaki et al., 2010), whereas it had no ef-
fect in plerixafor mobilization. In a clinical setting, this could
be translated to improved G-CSF mobilization of splenecto-
mized patients over the nonsplenectomized, although in hu-
mans where the spleen is not highly active as a hematopoietic
organ, this effect may not be so prominent.

G-CSF + plerixafor-mobilized cells demonstrated enhanced
engraftment properties over G-CSF-alone- or plerixafor-
alone-mobilized cells, which were firstly apparent in the fast
kinetics of white blood cell and platelet recovery after
transplantation at a 3:1 ratio. The benefit of the earlier he-
matopoietic reconstitution after full or partial myeloablation
is clinically translated to lower incidence of infections or
hemorrhagic complications during the early posttransplant
period and thus abbreviated hospitalizations (Sheridan et al.,
1992; To et al., 1992). The absolute number of transplanted
stem and progenitor cells is critical toward accelerated he-
matologic recovery, and the increased content in LSK cells
and CFU-GM of G-CSF+plerixafor-mobilized cells, as
compared with single agent-mobilized grafts, was probably
associated with this effect.

In addition, the G-CSF + plerixafor-mobilized cells, when
transplanted at a 3:1 ratio, demonstrated more competitive
long-term repopulation ability throughout the whole post-
transplantation period than G-CSF- or plerixafor-mobilized
cells. Although the increased stem cell frequency in this
graft type may have contributed to this effect, the superior
performance of G-CSF + plerixafor-mobilized cells also re-
flected intrinsic differences in the repopulating potential
over the cells mobilized by different modes. Indeed, com-
petitive transplantation of equal numbers of LSK cells, both
with unmanipulated or genetically modified cells and with
serial transplantation, demonstrated consistently superior
LTR/self-renewal ability of G-CSF + plerixafor- over single-
agent-mobilized cells, thus suggesting that a qualitative, in
addition to quantitative, advantage accounts for the superior
performance of G-CSF + plerixafor-mobilized cells. G-CSF +
plerixafor-mobilized LSK cells displayed a more primitive
HSC phenotype over the differently mobilized LSKs, ex-
pressed as CD150*/CD48~. CD150 and CD48 glycoproteins



SUPERIOR ENGRAFTMENT OF G-CSF + PLERIXAFOR CELLS

belong to the SLAM family members and have been identi-
fied as useful markers for the enrichment of HSCs (Kiel et al.,
2005; Kim et al., 2006; Oguro et al., 2013). CD150* /CD48~/
LSK cells represent a cell population highly enriched in
HSCs and greatly capable of reconstituting a lethally irradi-
ated recipient with almost 50% of single CD150*/CD48~/
LSK cells providing multilineage reconstitution (Kiel et al.,
2005). Our data show that G-CSF+ plerixafor-mobilized
LSKs contain CD150"/CD48~ cells at a significantly higher
frequency over single-agent-mobilized LSKs, thus elucidat-
ing the higher engraftment scores in both primary and sec-
ondary recipients.

To determine other mechanisms responsible for the en-
hanced hematopoietic repopulation by G-CSF + plerixafor-
mobilized cells, we studied the in vitro migratory capacity to
SDF-1a, the expression of CXCR4 and CD26, and the cell
cycle status of mobilized LK cells. The SDF-1a/CXCR4
migration axis is considered to play a major role in hema-
topoietic stem/progenitor cell trafficking and homing (Kim
and Broxmeyer, 1998; Ma et al., 1999; Peled et al., 1999;
Kollet et al., 2001; Lapidot et al., 2005; Bonig et al., 2006)
and the in vitro migratory capacity of CD34 " cells to SDF-
1a to be associated with hematopoietic recovery (Voermans
et al., 2001; Marquez-Curtis et al., 2009). In addition, CD26,
a dipeptidylpeptidase IV (DPPIV), mediates the cleavage
of SDF1 and it has been shown that CD26 expression on
donor cells negatively regulates their homing and engraft-
ment, whereas inhibition or deletion of CD26 significantly
improves the transplantation outcome (Christopherson
et al., 2004; Campbell and Broxmeyer, 2008). The cell cycle
state can also greatly impact engraftment and homing of
HSCs and quiescent HSCs have higher long-term repopu-
lating ability than actively cycling cells (Gothot et al., 1998;
Jetmore et al., 2002; Ahmed et al., 2004; Passegué et al.,
2005) although this still remains arguable (Goldberg et al.,
2013).

In our study, the increased in vitro migratory capacity to
SDF-1a of G-CSF + plerixafor-mobilized cells over single-
agent-mobilized cells was not associated with differences in
CXCR4 or CD26 expression. The increased migration to
SDF-1a of G-CSF+ plerixafor-mobilized cells could have
played a role to the faster hematologic reconstitution and the
enhanced engraftment after competitive transplantation. On
the other hand, plerixafor-mobilized LK cells displayed
higher CD26 expression, and, in agreement with other re-
ports (Larochelle er al., 2006; Welschinger et al., 2013),
they were more actively proliferating than G-CSF- or G-
CSF + plerixafor-mobilized cells. These features, as well as
the lower frequency of SLAM cells in plerixafor-mobilized
LSK population, could interpret the lower competiveness of
plerixafor-mobilized cells in primary and secondary trans-
plantations as compared with G-CSF- or G-CSF + plerixafor-
mobilized cells.

Overall, our data suggest that the G-CSF+ plerixafor-
mobilized cells represent a superior graft source for thal-
assemia gene therapy, because of the higher yields of HSCs
displaying a more primitive phenotype, the faster hemato-
logical recovery, and the superiority in long-term engraft-
ment over single-agent-mobilized cells. Obviously, these
data are not restricted to thalassemia but could be clinically
translated to all other gene therapy applications where
ex vivo HSC manipulation is needed.
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