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Abstract

Introduction: In haematopoietic stem cell transplantation (HSCT),
haematopoietic stem cells (HSCs) from a healthy donor replace the
patient’s ones. Ex vivo HSC gene therapy (HSC-GT) is a form of HSCT in
which HSCs, usually from an autologous source, are genetically modified
before infusion, to generate a progeny of gene-modified cells. In HSCT
and HSC-GT, chemotherapy is administered before infusion to free space
in the bone marrow (BM) niche, which is required for the engraftment of
infused cells. Here, we review alternative chemotherapy-free approaches to
niche voidance that could replace conventional regimens and alleviate the
morbidity of the procedure.

Sources of data: Literature was reviewed from PubMed-listed peer-reviewed
articles. No new data are presented in this article.

Areas of agreement: Chemotherapy exerts short and long-term toxicity to
haematopoietic and non-haematopoietic organs. Whenever chemotherapy

© The Author(s) 2023. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution NonCommercial-NoDerivs licence (https://creativecommo
ns.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not
altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Gz0z JoquiedaQ /| Uo Josn JT3V44VH'S LNTVS VLIA VLISHIAINN Ad €2€5222/801/1L/ L1 |/3101ME/qIG/WOD dNO"0IWSpEedE//:SdRY WO papeojumoq


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://academic.oup.com/
https://doi.org/10.1093/bmb/ldad017
https://orcid.org/0000-0001-6999-8479
https://orcid.org/0000-0001-8889-5686
https://orcid.org/0000-0003-1504-4623

Chemotherapy-free haematopoietic stem cell transplantation, 2023, Vol. 147

109

is solely used to allow engraftment of donor HSCs, rather than eliminating
malignant cells, as in the case of HSC-GT for inborn genetic diseases, non-
genotoxic approaches sparing off-target tissues are highly desirable.

Areas of controversy: In principle, HSCs can be temporarily moved from
the BM niches using mobilizing drugs or selectively cleared with tar-
geted antibodies or immunotoxins to make space for the infused cells.
However, translation of these principles into clinically relevant settings is
only at the beginning, and whether therapeutically meaningful levels of
chimerism can be safely established with these approaches remains to be
determined.

Growing points: In pre-clinical models, mobilization of HSCs from the niche
can be tailored to accommodate the exchange and engraftment of infused
cells. Infused cells can be further endowed with a transient engraftment
advantage.

Areas timely for developing research: Inter-individual efficiency and kinet-
ics of HSC mobilization need to be carefully assessed. Investigations in
large animal models of emerging non-genotoxic approaches will further
strengthen the rationale and encourage application to the treatment of
selected diseases.

Key words: haematopoietic stem and progenitor cells, mobilization, autologous stem cell transplantation, gene therapy,

chemotherapy-free conditioning

Haematopoietic stem cell
transplantation

Haematopoietic stem cell transplantation (HSCT)
consists in the partial or complete replacement of the
patient’s haematopoietic stem and progenitor cells
(HSPCs), which reside in bone marrow (BM) niches,
with healthy donor cells.! As HSPCs self-maintain
and give rise to multi-lineage progeny, comprising
leukocytes, erythrocytes and platelets, HSCT results
in long-term substitution of haematopoiesis with
donor-derived cells.

HSCT is standard practice for the treatment of
several non-malignant haematopoietic diseases, both
genetic (e.g. immune deficiencies) and acquired (e.g.
aplastic anaemia), as well as malignant diseases, e.g.
leukaemia and lymphomas. HSCT is also used to
rescue haematopoiesis after high-dose chemotherapy
for solid tumours (e.g. sarcomas), whose haemato-
logic toxicity would otherwise be dose limiting.?

HSCT is undoubtedly the longest, best devel-
oped and most successful cell therapy in the regen-
erative medicine field.? HSCT may be summarized
as follows. Firstly, HSPCs are harvested from the
donor, either the patient (autologous) or a third
party (allogenic). Secondly, the patient BM is con-
ditioned, i.e. prepared to receive the HSPC graft,
by depleting the resident HSPCs from their niches.
Thirdly, autologous or allogenic HSPCs are infused
and home to the emptied niche, where they engraft
and give rise to their progeny progressively recon-
stituting haematopoiesis. In case of allogenic HSCT,
the patient thus becomes a chimera, whereby the
host and donor cells may both contribute to the
haematopoietic output, each between 0 and 100%,
the extremes being full donor chimerism and graft
rejection.’

If the donor is allogenic, incompatibilities
between the host and the donor may give rise to

G20z Jequiada /| uo Jasn 313v44vd'S ILNTVS VLIA VLISYIAINN Ad €2€5222/801/L/L¥7L/3101E/qUIG/WO dno"dlWwapede//:sdjy woly pspeojumod



110

D. Canarutto et al., 2023, Vol. 147

averse immunological reactions, due to non-self
recognition. Graft-versus-host disease (GvHD) is
due to the graft lymphocytes attacking the recipient’s
tissues'; vice versa, graft failure may arise when the
recipient’s immune system attacks the HSPC graft.
Characterization of the human leukocyte antigen
family (HLA) of recipient and donor is used to
determine the degree of immunological compatibility
between them. The greater the matching, the lower
the risk of adverse immunological reactions.*’
Notably, racial minorities have harder time finding
a suitable match for HSCT, resulting in poorer

outcomes.’**

HSPC sources and collection

HSPCs can be manually aspirated from the BM.
Alternatively, HSPCs can be mobilized from the BM
niche and collected from the peripheral blood by
apheresis. In the latter case, they are called periph-
eral blood stem cells (PBSCs). Usually, PBSCs are
the preferred source, as they may be collected in
larger numbers” with a less invasive procedure and
often result in prompter haematological reconsti-
tution as compared to BM.* Umbilical cord blood
(UCB), collected at birth after clamping, is a less
commonly used source of HSPCs. Whereas UCB has
been shown to be less prone to give rise to GvHD
and be more enriched in more primitive stem cells,’
the weight-adjusted HSPC content from a single
cord may be limiting and not reaching the dose
threshold required safe and prompt haematological
reconstitution of a conditioned adult individual (see
Conditioning Prior HSCT).* Generally speaking, the
choice of HSPC donor source depends on the avail-
ability of HLA-matched donors in the patient’s fam-
ily, international BM donors’ registry, being matched
donors preferred over mismatched ones. Donor char-
acteristics, such as age, cytomegalovirus serostatus,
gender, blood group, parity and weight, also play a
role in the decision, along with practical factors such
as the donor’s availability for harvest in the desired
timeframe.” Donor sources differ in the number of
HSPCs, being lowest in UCB and highest in PBSCs;
the latter are associated with faster haematological
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Fig. 1 HSPC collection. HSPCs reside in the BM
niche, where they are retained by molecular inter-
actions (e.g. CXCR4-CXCL12). Mobilizing drugs like
lenograstim and plerixafor disrupt these interactions,
and HSPCs can leave the BM niche and enter the
peripheral circulation. HSPCs are then collected by
apheresis.

reconstitution and lower risk of graft rejection but
higher risk of GvHD.’

Mobilization procedures for HSPC
collection

At steady state, HSPCs reside in the BM and are
found in low numbers (0.01-0.05%) in circulation.
Retention of HSPCs in the BM and their egression
into peripheral blood are regulated by the local
niche microenvironment, comprising stromal cell-
expressed cytokines, growth factors and hormones,
the adhesive properties of the extracellular matrix
(ECM) and the input of adrenergic nerve terminals,
which contribute to instruct a circadian rhythm in
the mobilization (Fig. 1). The number of circulating
HSPCs can be exogenously increased through a pro-
cess termed mobilization, which acts on the niche
factors that retain HSPCs.'""!

Granulocyte colony-stimulating factor (G-CSF,
e.g. lenograstim)'? is the most commonly used
drug for this purpose. The mechanism of action
of G-CSF in HSPC mobilization is not yet fully
understood. Alone, it increases circulating PBSCs by
6-7-fold. Among other pathways, G-CSF induces
the release of serine proteases (e.g. cathepsin G,
neutrophil elastase and matrix metalloproteinase-
9) from BM neutrophils. These proteases partially
digest molecules mediating cell-ECM adhesion
and cell—cell interaction, such as VCAM-1, ¢-KIT,
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CXCL12 and CXCR4, which is a major homing
receptor.””* G-CSF is administered once or twice
daily for up to 6 days, either alone or in conjunction
with mobilizing chemotherapy.'®

G-CSF-alone mobilization may fail in up to
10% of donors. For this reason, novel molecules
disrupting cell-cell interactions within the BM
stem cell niche have been developed. Plerixafor
(AMD3100/Mozobil®) is a competitive antagonist
of CXCR4, reversibly inhibiting the key interaction
between CXCR4 and its ligand CXCL12. Free from
the homing signal delivered by CXCL12, HSPCs
egress into the periphery.” Notably, G-CSF and
plerixafor synergize in mobilizing HSPCs, reaching
levels 10-fold above baseline in peripheral blood.
For these reasons, plerixafor is now approved in
combination with G-CSF for patients that fail to
mobilize with G-CSF alone'®. Of note, the relative
progenitor composition of HSPC collected with G-
CSF alone differ from those mobilized also with
plerixafor, with the latter being more enriched
in primitive progenitors and providing for faster
engraftment."”’ =

Other antagonists of adhesion molecules are
being explored in preclinical models. Ramirez and
colleagues showed that BIO5192, a VLA-4 inhibitor,
antagonizes the VCAM-1/VLA-4 and results in a
30-fold increase in mobilization of murine HSPCs
over basal levels.*** Others are investigating the
use of recombinant Gro-g8T (SB-251353; MGTA-
145), an agonist of the CXCR2 receptor, currently
in clinical testing (NCT03932864; NCT04552743;
NCT05445128). It has been shown that when used
in combination, Gro-B increases G-CSF or Plerixafor
effects.*~2

Conditioning prior HSCT

Conditioning is administered to vacate the niche for
the engraftment of donor HSPCs”. Depending on
the underlying disease, conditioning regimens are
tailored for providing anti-tumoral effects, immune
suppression, penetration in the central nervous

system and the required degree of myeloablation

to establish a therapeutically effective level of
chimerism.

Conditioning regimens might involve total body
irradiation (TBI) and/or cytotoxic drugs, both of
which are genotoxic. * By killing the host HSPCs,
conditioning has the unescapable on-target effect of
haematological suppression. In general, once condi-
tioning has been administered, infusion of an HSPC
graft is required for haematological reconstitution,
which is gradual, with lineage specific kinetics. In
between, patients are exposed to a very high infec-
tious risk, mostly stemming from neutropenia, which
is a major morbidity and mortality burden. ** Red
blood cells and platelet transfusions are required to
ensure oxygen delivery and mitigate bleeding risk.”'
Time to engraftment, which ideally is as short as
possible, mostly depends on graft source, cell dose
and conditioning regimen; neutrophil recovery may
also be stimulated with G-CSE*»*

Furthermore, as these cytotoxic regimens are
not targeted, they have multiple short- and long-
term off-target adverse effects, including vomiting,
nausea, multi-organ damage, mucositis, intersti-
tial pneumonia, idiopathic pulmonary fibrosis,
secondary tumours and infertility. The effects
of conditioning regimens can vary substantially
based on their mechanism of action and their
intensity. Regimens may be non-myeloablative or
myeloablative, depending on the partial or complete
ablation of resident HSPCs.*

Ex vivo HSC-GT

HSC-GT builds on the successful clinical track
record of HSCT and the possibility to genetically
modify ex wvivo HSPCs for therapeutic benefit.
As schematically shown in Figure 2, cells are
harvested from the patient, purified and cultured
ex vivo. Therapeutic genes may be delivered into
the cells’ genome with viral or non-viral vectors.”-*
Alternatively, one or more endogenous genes may
be edited with custom designed nucleases’
(Fig. 3). After conditioning, the modified cells are

infused back into the patient and give rise to
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Fig. 2 Mobilization mechanism. HSPCs are retained
in the BM niche by several interaction with stro-
mal cells, as CXCL12-CXCR4, KITLG-KIT and VCAM1-
ITGA4. G-CSF stimulates neutrophils to release pro-
teases (MMP9, cathepsin G and neutrophil elastase)
that cleave these receptors on both stromal cells and
HSPCs, causing their release and egression into the
blood stream. Plerixafor (AMD3100) acts as a com-
petitive antagonist of CXCL12, disrupting the CXCR4-
CXCL12 axis and causing the release of HSPCs. These
two drugs can be used in combination to mobilize
HSPCs.

a genetically modified progeny. Successful gene
therapies have been developed for the treatment of
several congenital immune deficiencies, metabolic
disorders, haemoglobinopathies and stem cell-
depleting disorders. *°

Genetic manipulation does not come without a
cost. Per se, current ex vivo manipulation procedures
may negatively impact the content and fitness of
gene-modified HSCs, hampering homing and their
long-term repopulation potential.**** Moreover, not
all the cells that are infused into the blood stream
find their way to the stem cell niches in BM, as the
majority is trapped in different non-haematopoietic
organs and phagocytosed.** Therefore, there is the
need to develop strategies to improve homing and
repopulation of the BM niche, especially when the
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Fig. 3 Strategies for HSPC genetic modification. In
gene transfer approaches (left panel), HSPCs are
transduced with a lentiviral vector encoding for a
functional version of the disease-causing mutated
gene. Upon infection, the viral genome is retro-
transcribed and integrates semi-randomly in the cell
genome. In gene-editing strategies (right panel),
Cas9 nuclease introduces a targeted double-strand
break in the cell genome, disrupting the mutated
gene. Providing a DNA template, for example, with
adeno-associated viral vectors or integrase-deficient
lentivirus, it is possible to trigger the homology-
directed repair mechanism, introducing a functional
copy of the mutated gene in a specific region of the
genome.

number of engrafted HSPCs is low and their fitness
is hampered.”

Chemotherapy-free replacement
of HSPCs

Engraftment, as reflected by chimerism, may be
thought of as a competition for occupying the
‘niche space’ between resident and transplanted
cells. In absence of any preparatory regimen,
transplanted HSPCs do not engraft or engraft very
poorly, as the space is nearly completely occupied

46

by resident cells.® To a certain extent, increasing

the number of infused cells, either by repeated
harvests* or ex vivo expansion before infusion,*->
may allow establishing some chimerism, albeit to
a very low level. Niche space may be vacated

with chemotherapy, to an extent that depends
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on the intensity of the conditioning regimen (see
Conditioning Prior HSCT). A fully myeloablative
conditioning may eliminate most resident cells
from the niche and allow infused cells engraft to
substantial levels. Conversely, if not all resident cells
are removed, as is the case with milder conditioning,
engraftment is a competitive process between
endogenous and infused HSPCs.”'»*> Chemotherapy,
however, also impacts stromal cells in the niche,
whose damage may, in turn, affect the engraftment
of the newly infused cells in different and sometimes
opposite manners.” On the one hand, niche damage
may reduce the BM capacity for optimal recruitment
and homing of the infused HSC. On the other
hand, the secretome induced by local BM injury
and depletion of its peripheral output may promote
active HSC proliferation and prompt haematopoietic
reconstitution.

In principle, however, removal of host HSCs does
not require targeting of other cell types and tissues,
nor using chemotherapy. Indeed, chemotherapy-
free engraftment of genetically modified HSPCs is
a highly desirable goal. Targeted removal of the
recipient’s resident HSPC, increasing niche avail-
ability and increasing the competitiveness of donor
cells are alternative, and possibly complementary,
strategies that can be pursued to this end.

Increasing the competitiveness of donor
cells

Engraftment of donor cells can be achieved in uncon-
ditioned hosts by tilting the competition between
resident cells and donor cells, either by enhanc-
ing features of donor cells or exploiting defects of
recipient cells.”* For instance, in mice, engraftment
of wild-type HSPCs is easier if the host cells are
carrying an hypomorphic ¢-KIT receptor, interfering
with the transduction of an essential survival signal
for HSC.”>»** A similar concept applies to Fanconi
anaemia patients, whose HSPCs disappear over time
due to inherited defects in DNA repair pathways.
HSPCs that have been corrected with lentiviral gene
therapy and do not suffer this impairment are thus
relatively more competitive, can engraft even in the

absence of conditioning and progressively expand to
rescue the haematopoietic insufficiency.”

In more experimental scenarios, donor cells may
be artificially endowed with an engraftment advan-
tage by constitutively expressing CXCR4; in mouse
models, this resulted in higher levels of reconstitu-
tion.”” Taken together, these observations indicate
that it is at least theoretically possible to avoid the
use of conditioning regimens prior to HSCT. This
is even more relevant in the context of HSC-GT for
diseases where partial chimerism with corrected cells
is sufficient to rescue the phenotype or if corrected
cells (or their progeny) can outcompete their diseased
counterpart.”**** For example, combined immun-
odeficiencies are excellent disease models for novel
conditioning strategies as few engrafting HSPCs are
usually sufficient to stably reconstitute T-cell immu-
nity.”

Antibody-based conditioning

The exquisite specificity of monoclonal antibodies
has been extensively investigated as a mean to
selectively remove a cell population of interest.
Non-genotoxic conditioning aims to make space in
the BM niche without conventional chemotherapy
regimens, by using safer drugs that target HSPCs
while sparing non-haematopoietic cells. Surface
markers such as CD43, expressed by all blood cells,
or c-KIT, an HSPC marker, have been considered as
prime candidates for antibody- or immunotoxin-
mediated targeting. These antibodies could also
be conjugated to radioactive isotope to direct the
delivery of radiation specifically to the BM, allowing
to maintain the efficacy of the conditioning while
reducing its toxicity.® Of note, anti-CD435 antibodies
coupled with saporin—a potent toxin that halts
protein synthesis—can clear the white blood cell
compartment. Administration into mice prior to
HSCT resulted in comparable haematopoietic
reconstitution as TBI, with less side effects®' and
faster T-cell repopulation likely due to sparing
radio damage to the thymic stroma.” Due to
the importance of ¢-KIT for HSPC retention and
maintenance, antibody-mediated blocking of c¢-Kit
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can deplete murine HSPCs in vivo, allowing for
establishing donor chimerism levels of up to 90%
after HSCT.®* Similar results have been replicated in
non-human primates (NHPs), and are being tested
in humans, within the context of HSCT for severe
combined immunodeficiencies (NCT02963064).%
Anti-c-KIT antibodies may also be coupled with a
toxin, such as saporin, increasing the efficacy (up
to > 99% depletion of host HSPCs) and enabling
rapid and efficient engraftment of donor HSCs.*
As the pharmacokinetics and pharmacodynamics of
these antibody-drug conjugates is further refined to
enable safe and efficient clinical use, their adoption
for HSCT conditioning may grow to an increasingly

number of indications.

Niche vacation with mobilizing agents

As mentioned above, mobilization is commonly used
to free HSPCs from their niche and harvest them
from the circulation. It follows that if HSPC egress
from the niche, there is space that becomes available
for the same—or other cells—to engraft.”” As a proof
of concept, low-level engraftment (<5%) of donor
cells could be achieved in parabiotic mice treated

¢ Later, serial mobilization and

with plerixafor alone.
transplantation cycles were used to engraft donor
HSPCs in murine models of aging and Parkinson’s
disease.”*

The same principle of chemotherapy-free exchange
can be applied in the context of autologous HSC-GT.
G-CSF, plerixafor, with or without BIO5192, can
substantially, albeit transiently, empty BM niches,
creating a window of opportunity for seamless

65

engraftment of exogenous cells.” Indeed, timely
infusion of HSPCs at the peak of mobilization allows
them to compete with those freshly egressed from
the niche (Fig. 4). Of note, the engraftment fitness
of infused and resident cells during mobilization
may be different according to prior treatment.
Mobilizing drugs negatively affect freshly egressed
HSPCs, transiently impairing their homing and
engraftment fitness due to the cleavage of homing
and retention surface molecules. Conversely, cells
cultured ex vivo can reconstitute the expression of

Bone marrow at T Infusion of edited
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= S S S S S eSS S S S B S S S
Blood (4 ® oﬁk ) ) 'y i® o O
L ST S
Bone marrow f : s
: : @) =k
i P 4 ! =N . -
: ] ) ) )
Pl et el iy M PR e =
| I (alal [

Resident HSC @ Edited HSC

Fig. 4 Mobilization-based conditioning strategy. After
administration of the mobilization regimen, HSPCs
egress the BM niche, entering in the peripheral blood
(panel 2). Careful timing of the transplant at the peak
of mobilization (i.e. peak of BM depletion—panel 3),
enables the competition of donor cells and mobilized
resident cells for the repopulation of the BM niche
and an exchange between donor and resident cells
(panel 4).

the aforementioned surface receptors, thus gaining a
relative competitive advantage.*

The principle of mobilization-based HSCT (M-
HSCT) was achieved in a mouse model of Hyper
IgM Syndrome I (HIGM-1), a combined immun-
odeficiency. HSPC exchange resulted in long-lasting
stable chimerism and biologically significant restora-
tion of immunological function.”” The applicabil-
ity of this approach was further proven in human
haematochimeric mice that allow the engraftment of
human HSPCs in their BM niches. Human HSPCs
were first transplanted in these mice and allowed to
establish a human graft. Mice were then mobilized,
and infused with genetically marked cells originating
from the same human donor, mimicking autolo-
gous HSC-GT,” achieving stable levels of chimerism
averaging 30% of the human graft.

Intriguingly, this exchange of HSPCs can be fur-
ther modified to enhance the functionality of infused
cells to outcompete those in circulation. By exploit-
ing recently optimized RNA-based delivery, a tech-
nology similar to the one exploited by common
Coronavirus-19 vaccines, it is possible to transiently
and safely overexpress key biological effectors in
ex vivo manipulated HSPCs, in order to improve
their homing and engraftment capacity. This com-
petitive advantage resulted in higher stable long-term
chimerism in haematochimeric mice.”” Furthermore,
this transient enhancement of engraftment ability
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may also overcome detrimental impacts of ex vivo
genetic manipulation on cell fitness, thus enhancing
their clinical translatability.

Based on available data from clinical trials,
we can estimate that the levels of chimerism with
corrected cells achieved in haematochimeric mouse
models, if reproduced in humans, could be adequate
to provide a therapeutic benefit in many diseases
currently amenable to HSPC-GT, including primary
immunodeficiencies (e.g. SCID-X1, HIGM1*)
schiroli 2017 and possibly hemoglobinopathies and
lysosomal storage disorders.

Discussion

Unresolved concerns

Usually, autologous HSC-GT protocols are deployed
as follows: cells are harvested after mobilization,
genetically modified and frozen for quality control
assays. Once these are passed, the patient under-
goes chemotherapy and then receives the drug prod-
uct (DP). Prospectively, mobilization-based HSC-GT
protocols need to fit into this scheme for clinical
application. It is likely that HSPCs would need to be
mobilized once for harvest and DP manufacturing
and quality controls, and then, the patient would
have to be treated again with the mobilizers right
before DP infusion. However, all-in-one mobiliza-
tion and engraftment protocols could be eventually
devised if the ex vivo manufacturing process can
be achieved within 24-48 h (as it already occurs
for some current clinical studies) and qualified for
reproducible and satisfactory outcome. It is conceiv-
able that repeat administration of a stored DP could
be performed in case of unsatisfactory engraftment
through successive mobilization cycles, given the
safety profile of the mobilization protocol.”””" How-
ever, the kinetic of HSPC egression and recirculation
during subsequent rounds of mobilization require
further modelling.

Additional factors to be addressed are the fol-
lowing. The kinetics of HSPC mobilization and its
variability in human patients must be character-
ized for timely infusion of the DP, given its crucial

importance. If the DP is infused too early or too
late, it may find the niches occupied by resident
cells and thus not engraft. Combining mobilization
with removal of circulating HSPCs by apheresis—the
standard procedure of HSPCs collection—has not
yet been modelled in the reported animal studies; in
principle, it may be expected to further reduce the
competition between resident and infused cells. To
some extent, these questions will be best addressed
in NHPs, which are considered to be the most strin-
gent model of human HSPC physiology. Moreover,
as NHPs are expected to reflect the human tissue
distribution of CXCL12 better than mice, NHPs are
better tailored to confirm the engraftment advantage
of infused cells that are transiently overexpressing
CXCR47.

Potential advantages and applications of
mobilization-based conditioning

A major advantage of mobilization-based condition-
ing is the sparing of the immune system of the host.
Thus, one would expect no neutropenia upon its
application. This would avert the profound immuno-
suppression that follows conventional conditioning,
and its short- and long-term consequences, such
as mucositis, veno-occlusive disease and endocrine
dysfunction, greatly shortening the morbidity and
hospital stay of the procedure.”»**73:7*

Once mobilization-based HSCT has been fully
validated for clinical testing, it could be first applied
to HSCT settings that do not require (i) a high
threshold of correction, nor (ii) lymphodepletion/im-
mune suppression. The most suitable setting may be
autologous HSC-GT for SCIDs” and DNA repair
diseases,”® which are at increased risk of chemother-
apy toxicity. These diseases are usually treated with
low-dose conditioning regimens, which may well be
replaced by HSPC mobilization. Indeed, congenital
disorders of haemopoiesis have long been excellent
model diseases for the development of novel thera-
pies and therapeutic approaches.”® Another intrigu-
ing application may be emerging HSPC-based anti-
cancer therapies,”"”® which rely on the gain of func-
tion of some HSPC progeny.
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Expansion to more common conditions, such as
allogenic HSCT, or HSCT for malignant diseases will
be far more challenging, as HSPC exchange on its
own does not suppress the immune system, nor does
it kill tumour cells. Different approaches could be
envisioned here:

(i) combination with low-dose chemotherapy”
or (ii) combination with immune-depleting agents,
both antibody based (alemtuzumab, anti-thymocyte
globulin) or not (cyclophosphamide, fludarabine).

Of note, a previous trial testing G-CSF and
AMD3100 as preparative regimen for patients
with SCID undergoing HSCT was unsuccessful®
Retrospectively, however, the efficiency of mobiliza-
tion was suboptimal” highlighting a limited BM
vacancy that would explain the low chimerism.
Moreover, donor HSPCs were mobilized but not
cultured ex vivo and thus most likely had reduced
expression of adhesion molecules and lower homing
and engraftment potential.*

Until now, genetic engineering of human hae-
matopoiesis has been mainly approached by ex
vivo strategies, which require resource-intense
manufacturing processes, well-developed healthcare
systems and logistical infrastructures. Yet, these
features are only found in a fraction of clinical
centres, precluding access to these treatments to
most patients worldwide. Prospectively, mobilization
protocols could transiently enhance accessibility and
permissiveness of HSPCs to in vivo gene therapy,
as supported by recent data obtained in mice
and NHPs.”**'-% While promising, the levels of
transduction obtained so far are low (7%) and
obtained following a stringent selection step, whose
clinical compatibility remains to be demonstrated.
Despite the challenges ahead, in vivo HSPC editing
could present a major advance and allow to bypass
current manufacturing challenges.

In summary, mobilization-based HSPC exchange
could provide an alternative to conventional
chemotherapy-based conditioning regimens, at least
for the treatment of congenital diseases amenable
to treatment with autologous HSC-GT. Engraft-
ment enhancers, removal of mobilized HSPCs by
apheresis, addition of new mobilization drugs and

possibly antibody-conjugated immunotoxins and
optimization of mRNA delivery may all help in
further improving this platform and eventually
broaden its applicability to more patients and
diseases.
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