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Abstract

With the advent of safer and more efficient gene
transfer methods, gene therapy has become a viable
solution for many inherited and acquired disorders.
Hematopoietic stem cells (HSCs) are a prime cell
compartment for gene therapy aimed at correcting
blood-based disorders, as well as those amenable to
metabolic outcomes that can effect cross-correction.
While some resounding clinical successes have recently
been demonstrated, ample room remains to increase
the therapeutic output from HSC-directed gene
therapy. In vivo amplification of therapeutic cells is one
avenue to achieve enhanced gene product delivery.
To date, attempts have been made to provide HSCs
with resistance to cytotoxic drugs, to include drug-
inducible growth modules specific to HSCs, and to
increase the engraftment potential of transduced HSCs.
This review aims to summarize amplification strategies
that have been developed and tested and to discuss
their advantages along with barriers faced towards
their clinical adaptation. In addition, next-generation
strategies to circumvent current limitations of specific
amplification schemas are discussed.

Key words: Gene therapy; Hematopoietic stem cells;
In vivo selection; Chemical Inducer of Dimerization;
Chemo-selection; Lentivirus
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Core tip: Though hematopoietic stem cell (HSC)-
directed gene therapy is becoming a viable therapy for
many disorders, optimization of clinical output needs
improvement. One approach to circumvent lower
efficiencies of gene transfer and/or engraftment is to
apply /n vivo amplification strategies. Here we review
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various modules that have been developed and tested
to mediate amplification of HSCs after gene transfer.

Nagree MS, Lopez-Vasquez L, Medin JA. Towards in vivo
amplification: Overcoming hurdles in the use of hematopoietic
stem cells in transplantation and gene therapy. World J Stem
Cells 2015; 7(11): 1233-1250 Available from: URL: http://www.
wjgnet.com/1948-0210/full/v7/i11/1233.htm DOI: http://dx.doi.
org/10.4252/wjsc.v7.i11.1233

INTRODUCTION

Hematopoietic stem cells (HSCs) are long-term, multi-
potent, self-renewing cells that reside in specialized
bone marrow (BM) niches and are capable of genera-
ting and repopulating the entire spectrum of blood
and lymphoid cells™?. Due to these unique properties,
HSCs are targets for therapy for a number of hema-
tological malignancies and many inherited blood dis-
orders including p-thalassemia, sickle cell anemia,
chronic granulomatous disease, and severe combined
immunodeficiencies (SCID-X1 and ADA-SCID) among
others®®, Additionally, HSC transplants have been used
in attempt to correct other monogenic deficiencies, such
as the mucopolysaccharidoses and Gaucher disease®*"’,

There are still numerous drawbacks of allogeneic
transplantation despite its clinical utility. Often, HSCs
are collected from the patient’s sibling, parents, or a
matched donor. HLA-identical donors can be difficult to
find and there are risks involved with the use of HLA-
haploidentical or non-identical donors including rejection
or poor engraftment of HSCs along with the occurrence
of graft-versus-host disease (GVHD). Conditioning is
also necessary for engraftment of HSCs, which can
increase the risk of infections™* ', As a consequence,
HSC allo-transplantation is still considered a fairly risky
intervention and is applied with caution in the clinic.

Gene therapy targeting patient-derived HSCs is a
viable solution for some monogenic diseases!® (Figure
1A). Autologous transplantation has been well studied
and detailed clinical protocols are available for this
procedure™, Additionally, autologous transplantation
does not have a risk of GVHD associated with it and
immune reconstitution after ablation occurs in a shorter
period of time!**'”), Gene transfer into HSCs has been
traditionally achieved by stable transduction of target
cells using replication-incompetent retrovirusest!.
There the expression of transgenes can be driven by
constitutive or tissue-specific promoters, giving a range
of control over the intended therapeutic intervention.
Next-generation strategies are also being developed
to correct original nucleotide mutations with the use of
gene-editing technologies, such as TALENs and CRISPR-
Cas9, though these remain to be optimized for clinical
application™®%,

Over 2000 clinical gene therapy trials have been
conducted to date!'>**?!, Most earlier trials employed
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onco-retroviral vectors, which have shown to be clinically
disadvantageous because of their tendency to integrate
close to genes that are important for cell growth and
proliferation, enhancing their expression and increasing
the likelihood of developing leukemias™*>**??, So far
it appears that this genotoxicity and tendency towards
insertional mutagenesis has been diminished with the
introduction of HIV-1-derived, replication-incompetent,
and self-inactivating lentiviral vectors (LVs), which do
not show preferential integration near genes involved in
cell growth and/or proliferationt**3%,

There are other caveats to using HSCs as target
cells for gene therapy that are a result of their unique
biology. HSCs can be more difficult to transduce than
some other cell types, partially owing to the difficulty of
culturing them ex vivo. Longer-term culturing ensures
that the cells will differentiate. Transduction also requires
transient activation of the cell cycle, especially with
onco-retroviral-based vectors since their downstream
integration requires a breakdown of the nuclear mem-
brane. As a consequence of ex vivo manipulation and
cell-cycle activation, transduced HSCs often have lower
engraftment potential and reduced longevity once
engrafted. These additional limitations have also been
partially addressed with the use of LVs, which need
shorter transduction times and do not require target
cells to be fully cycling™">*,

In spite of the progress made in HSC gene therapy
with the implementation of recombinant LVs, there is
ample room for additional improvements to increase
therapeutic efficacy. Many active fields of research are
geared towards optimizing gene therapy for HSCs.
Efforts are under way to hone GMP-grade LV production
to subsequently allow modulation of multiplicities of
infection at a clinical level, whilst reducing the cost of
gene therapy™®*’). Improvements are also being made
to protocols for ex vivo handling and culture of HSCs
with studies demonstrating enhanced transduction
with shorter culture times and less activation, which
have resulted from better understanding of the biology
of HSCs and their BM microenvironments****, In
addition, in-depth studies of HSC biology have identified
molecular targets for drugs that allow more efficient
and safer mobilization of patient stem cells™**?, The
gene therapy field has also sought out methods to
provide extrinsic selective pressure for transduced cells,
though clear dlinical utility of any system has yet to be
demonstrated, especially in the context of reconstitutive
HSC-directed gene therapy.

Reconstitution of deficient gene products in some
inherited blood diseases leads to innate positive selec-
tive pressure in vivo for mature cells derived from
transduced progenitor cells, especially when the gene
product is necessary for the development or function
of those cells. For example, reconstitution of the
common gamma chain (y¢/CD132) in SCID-X1 allows
immune cells to develop normally, thus progeny cells
are derived from successfully transduced HSCs almost
exclusively™**], Selectivity for donor-derived late-stage
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Figure 1 General outline of ex vivo hematopoietic stem cell gene therapy and pre-selection methods. A: CD34" cells are enriched by CliniMACS after
apheresis of peripheral blood of patients following mobilization. These cells are then briefly activated ex vivo and can be modified, commonly by viral transduction, to
express a desired therapeutic protein. Cells are then assessed for quality control metrics and engrafted into patients following ablation; B: Pre-selection of transduced
cells. Cells can be engineered to express an inert surface marker that can be used to immuno-enrich for the transduced population prior to engraftment. This strategy
can increase the chances of hematopoietic reconstitution from the transduced population. Alternatively, cells can be given resistance to cytotoxic drugs. Pre-treatment
of the cells ex vivo with drugs can kill off the non-transduced population. Ex vivo treatment allows the use of drugs that would normally not be efficacious in the bone

marrow environment at a tolerable dose.

erythrocytes has also been observed in pB-thalassemia
patients that have received allo-transplantations; and
a similar trend has been observed with gene therapy in
mouse models of the disorder””***”), HSC gene therapy
may therefore become routine clinical practice some
day for patients suffering from such hematological
disorders that do not have matched donors, considering
the innate advantage of such reconstituted cells.

There is also great potential of HSC-directed gene
therapy for the treatment of non-hematological, mono-
genic enzyme deficiencies, such as those that lead to
lysosomal storage disorders (LSDs) and other metabolic
indications. In most cases, functional enzymes expressed
after gene transfer into LSD patient cells have the
potential to be secreted and subsequently taken up by
other cells that do not have the transgene, a process
termed metabolic cooperativity or “cross-correction”.
This occurrence has been demonstrated for a number of
LSDs including Gaucher, Farber, and Fabry diseases™**",
The current standard of care for many LSDs, enzyme
replacement therapy (ERT), is actually a corollary of
this phenomenon. HSC-directed gene therapy presents
numerous putative advantages over conventional
ERT, including sustained and continuous secretion of
therapeutic enzyme by ubiquitously circulating cells,
improvements in patient lifestyle by reducing the
need for biweekly enzyme infusions, and overall cost
savings. It is necessary to tailor HSC gene therapy for
individual patients, however, which is incongruous with
many current industrial business models, highlighting
the necessity of shifting industrial focus from general to
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personalized therapeutics.

Our laboratory is currently pursuing first-in-man
HSC-based gene therapy for Fabry disease and is
concomitantly demonstrating the utility of gene therapy
for amelioration of Farber disease. However, in these
cases, as with many such target disorders, expression
of the functional gene product imparts no innate
growth advantages to transduced cells. Vector-encoded
transgenes alone or in tandem that allow extrinsic
selective pressure to be applied in vivo, leading to an
increased percentage of vector-transduced cells over
background could therefore be highly beneficial in
the context of HSC gene therapy for LSDs and many
other monogenic deficiencies. Additionally, application
of positive selective pressure could result in cell popu-
lations that have higher transgene expression, resulting
in an increased therapeutic benefit.

In this review, we aim to summarize the various
strategies that have been employed to date in attempts
to increase vector-transduced HSC numbers, thereby
increasing the efficacy of HSC-targeted gene therapy.
In addition, we will discuss putative next-generation
strategies aimed at addressing current shortcomings
of applying selective positive pressure on transduced
HSCs.

EX VIVO PRE-SELECTION STRATEGIES

Resistance to cytotoxic drugs
Selection of genetically modified cells is a compilation
of laboratory techniques commonly applied to acquire
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polyclonal cell lines after gene transfer. To achieve this,
target cells are engineered to express proteins that
confer resistance to drugs or proteins that allow selection
by immune-affinity methods such as fluorescence-
and magnetic-activated cell sorting (FACS and MACS,
respectively)®>**! (Figure 1B). Ideally, proteins expressed
for enrichment should have low or no endogenous
expression in target cells, and should have no effect
on the biology of the transduced cells or their progeny.
Traditionally, xenogenic enzymes have been used to
confer cells with resistance to pan-toxic drugs in this
context. For example, neomycin and hygromycin pho-
sphotransferases (NeoR and HygR) derived from bacteria
are commonly used to provide protection against
neomycin and hygromycin B, respectively®* . As
such, first attempts at conferring resistance to cells for
engraftment were made with these enzymes. However,
the use of xenogenic enzymes in clinical protocols has
been limited by their tendency to be highly immunogenic
once such modified cells are engrafted®®***. To address
this, mutants of various endogenous enzymes have
been used to confer resistance to other cytotoxic drugs.
These enzymes are discussed in the section below in the
context of in vivo selection. However, most drugs require
prolonged ex vivo culture to effectively enrich for the
gene-modified population. Prolonged ex vivo handling
of HSCs reduces their usefulness post-selection due to a
loss of “stemness” and engraftment potential®!. Thus,
drug-mediated ex vivo pre-selection may not be ideal in
current iterations for clinical purposes.

Cell-surface marking for imnmuno-enrichment
Transduced HSCs can also be enriched ex vivo with
the use of cell-surface markers. Selectable cell-surface
markers that have been studied for HSC marking and
pre-selection include truncated forms of the human low-
affinity nerve growth factor receptor (ALNGFR)™%?, the
heat stable antigen (HSA/CD24)#°%6*%4 the human
lymphocyte antigen T1 (CD5)">®®, and the human
interleukin-2 receptor alpha chain (IL-2Ro/huCD25)"".
In mouse allograft experiments, long-term engraftment
of transduced and FACS-enriched BM cells along with
hematopoietic cell marking has been demonstrated
using CD24*" and CD5"® as selectable markers.
However, it must be noted that those experiments did
not include a control in which no pre-selection was
applied prior to engraftment. This makes it difficult to
unequivocally assess the contribution of pre-selection to
the engraftment and repopulating ability of transduced
cells.

Despite positive results in pre-clinical settings with
the use of FACS for enrichment, it has more detrimental
effects on cell survival, viability, and function than
MACS, even though FACS can lead to higher purity™®.
It is also difficult to physically and/or temporally achieve
enrichment of large numbers of clinically-applicable
cells by FACS. As such, MACS and analogous schemas
are preferred for enrichment prior to engraftment in
patients. Over 90% purity has been achieved with
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MACS enrichment of ALNGFR-marked HSCs in vitro®”
and similarly marked lymphocytes in clinical trials'®7*.
In an allograft experiment with a mouse model of
Fabry disease, BM mononuclear cells were transduced
with a therapeutic vector capable of co-expressing
a-galactosidase A and huCD25"®"), Pre-selection of
transduced cells by MACS led to a long-term increase
of huCD25-marked peripheral blood mononuclear cells
when compared to controls. Therapeutic benefit of pre-
selection was demonstrated by a higher o-galactosidase
A activity in plasma and most organs. Additionally,
the utility of pre-selection in long-term HSC marking
has been demonstrated in some cases by secondary
transplant experiments®*®”.,

Since pre-selection strategies reduce the size of the
transduced cell population™”, however, their application
to HSC gene therapy can be critically limited if there
are difficulties in collecting large numbers of patient
HSCs. Ex vivo expansion of HSCs is currently not a
viable solution in order to compensate for reduced cell
numbers since over-activation can have detrimental
effects on their “stemness” and engraftment potential®®'..
In addition, pre-selection increases time of ex vivo
manipulation, which increases costs and risks of conta-
mination. It is therefore difficult to obtain a post-sele-
ction yield high enough to exert a therapeutic effect.
Nevertheless, these studies demonstrate the benefit
of enriching transduced cells ex vivo and that clinical
translation may be augmented by higher yields of HSCs
during their acquisition.

IV VIVO CHEMO-SELECTION
STRATEGIES

Various proteins have been shown to grant variable
degrees of chemoprotection in the context of cancer
therapy, such as ATP-binding cassette, sub-family B,
member 1 (ABCB1), dihydrofolate reductase (DHFR),
and O°-alkylguanine DNA alkyltransferase (MGMT).
Overexpression of these proteins in HSCs has been
pursued with the aim of protecting the hematopoietic
compartment from the severe toxicity of many cytotoxic
drugs used in cancer chemotherapy”?.

Pan-resistance to chemotherapeutic agents using
ABCB1

ABCB1 [also known as multidrug resistance protein 1
(MDR1); or P-glycoprotein 1 (P-gp1)] is a cell membrane
transporter with broad specificity that pumps foreign
compounds out of the cell and is also involved in lipid
translocation”*’*. ABCB1 mediates chemoresistance in
cancer cells in which its expression is upregulated”'.
Overexpression of ABCB1 in murine BM was shown to
confer protection to many chemotherapeutic agents
such as vinblastin, doxorubicin, daunomycin, taxol,
vincristine, etoposide, actinomycin D, colchicine, and
paclitaxel”®””), Early studies with mouse allografts
showed in vivo selection of hematopoietic cells derived
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from ABCB1-overexpressing HSCs, but it is unclear
whether selection occurred at the stem cell level”®”.
Later studies demonstrated successful selection of
human HSC-derived cells in the BM of murine xenograft
models®®, In contrast to these outcomes, early
autograft experiments in large animals and clinical
trials demonstrated rather disappointing results. In a
canine model, high toxicity was documented despite
long-term ABCB1"-peripheral blood cell enrichment
in the only surviving animal®. In a study involving
non-human primates, there was low initial ABCB1 cell
marking, drug-induced neutropenia, and no significant
increase of neutrophil counts after drug treatment®®?.
In clinical trials, selection after drug treatment has been
low and predominantly transient, albeit with little or no
toxicity™®®”. The inefficacy of ABCB1-mediated selection
may have been due to insufficient expression of the
transgene in hematopoietic cells®®. Onco-retrovirally-
mediated expression of ABCB1 was found to be
unstable due to cryptic splice sites within the cDNA®,
This issue was resolved by introducing a silent mutation
that inactivates that splice site, which subsequently
increased expression of onco-retrovirally-delivered
ABCB1®%°Y, Nevertheless, the robustness of this system
must be reliably demonstrated in large animal models
before it can be considered a feasible strategy to
enrich HSCs after transplant for clinical gene therapy in
patients.

Antifolate resistance using mutant DHFR

DHFR catalyzes the reduction of dihydrofolate to tetrahy-
drofolate, a precursor required for the de novo synthesis
of purines and some amino acids. Antifolate drugs
such as methotrexate (MTX) and trimetrexate (TMTX)
inhibit DHFR activity, thus blocking cell proliferation and
promoting apoptosis in dividing cells. HSCs and myeloid
progenitor cells, however, can employ nucleotide salvage
mechanisms to escape antifolate toxicity™®. In order to
overcome this, the nucleoside transport inhibitor nitro-
benzylthioinosine 5’-monophosphate (NBTI/NBMPR-P)
has been used in combination with MTX or TMTX®?,
Transplanted HSCs have been engineered to over-
express mutant forms of DHFR, such as DHFR™, that
are resistant to antifolate agents™, In vivo enrichment
of transduced HSCs in murine allogeneic transplants
has been demonstrated®®*!. However, translation of
this method into large animal models has been rather
discouraging. In a study in rhesus macaques that used
a recombinant onco-retrovirus to deliver DHFR"*?,
enrichment of cells derived from the transduced graft
was only transient, indicating poor selection at the HSC
level®, To address this problem, enrichment of CD34"
progenitor cells in a xenograft transplant of human
embryonic stem cells (hESCs) into mice has been
demonstrated, though this enrichment was only modest
and no clinically established methods to transplant
hESCs exist™). High toxicity and lethality has been
documented in antifolate-mediated selection studies in
dogs and rhesus macaques®®®®, Additionally, antifolate
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toxicities are well documented when such compounds
are indicated for treatment of cancer patients®**%,
These toxicities and the lack of positive evidence
suggest that DHFR-mediated in vivo selection may not
be useful for HSC gene therapy targeting monogenic
diseases. Instead, it may be better suited to prevent
graft rejection after HSC transplants, because antifolates
would spare highly-proliferating T lymphocytes
arising from transduced donor HSCs while eliminating
alloreactive recipient T cells as shown recently in
vitro™® and in a canine model™®.

Selectivity using 0°BG-resistant MGMT
MGMT repairs DNA damage by removing adducts from
the O° position of guanine, and thus confers resistance
to the cytotoxic effects of alkylating agents such as
dacarbazine, temozolomide (TMZ), procarbazine, and
nitrosoureas such as 1,3-bis-(2-chloroethyl)-1-nitrosourea
(BCNU)™'%1 MGMT is expressed at very low levels in
the BMI'7%1 MGMT overexpression was attempted in
murinet’®1%% 3nd human!'®! HSCs to confer BCNU
resistance. A modest increase in resistance to BCNU
was achieved in murine progenitors, both in vitro and
in vivo®%!% Human HSCs, however, had poor
resistance in vitro™", In order to sensitize the HSC
compartment to alkylating drugs to achieve better in
vivo selection, BCNU or TMZ have been co-administered
with O°-benzylguanine (O°BG), a pseudosubstrate that
irreversibly inactivates endogenous MGMT™?, O°BG-
resistant mutants MGMT "% and MGMT®"*** have also
been studied™. The former is more commonly used in
selection strategies, despite having a modest reduction
in its DNA-repair activity compared to the wild-type
enzyme™*?, Indeed, MGMT"** has been shown to
mediate selection of transduced HSCs in murine and
canine allograft and autograft models™****”), and in
murine xenograft models with human HSCs!!8119,
However, high dose administration of BCNU and/or TMZ
has been shown to cause toxicity™****?, For example,
selection experiments have shown up to 75% mortality
in mice treated with TMZ!"** or BCNU"*", and 88%
mortality in rhesus macaques treated with TMZ!**%,
Optimization of drug dosing by co-administering
high doses of 0°BG with low doses of BCNU or TMZ
has partially ameliorated the cytotoxic effects of the
alkylating drugs and allowed better engraftment of
HSCs transduced at low MOIs!*?**?*'*_ The improve-
ments in survival are thought to be a result of lower-
ing the threshold of MGMT expression required for
resistance, which allows partial fulfillment of condi-
tions expected in clinical trials. This dose-adjusted
protocol has conferred successful chemoprotection of
the hematopoietic compartment in a canine™* and a
nonhuman primate model'**®!, with no significant toxicity
reported in the former. Despite survival of the macaques
in the latter study, administration of chemoselective
agents led to substantial peripheral blood cell depletion
and enrichment of different blood lineages was
highly variable™®. In the same study, use of a muilti-
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cistronic vector to co-express C46, which is an anti-HIV
transgene, MGMT ***, and enhanced green fluorescent
protein (eGFP) resulted in lower selective potential™™*®.,
From a translational point of view, the risk-to-benefit
ratio is currently not in favor of implementation of such
chemoselective strategies though further adjustments
to drug regimens can be done.

In the context of gene therapy for murine models
of p-thalassemia'**!, hemophilia A™*Y, and hemophilia
B"*), amelioration of the disease phenotype has been
enhanced with the use of bicistronic LVs encoding the
therapeutic gene and an MGMT"***-based selection
module. Additionally, increased expression of the
therapeutic gene after drug selection in secondary!*>*'**
and tertiary™”! recipients of serial BMT demonstrated
enrichment at the HSC level. MGMT-mediated enrich-
ment of eGFP* BM and peripheral blood cells has also
been demonstrated in a murine model'**®!. Despite these
promising results, there are still no reports of successful
MGMT-mediated selection following gene therapy in large
animals that we are aware of, wherein HSC selection
may be less efficient because of their lower replication
rates**), However, autologous MGMT ***-transduced
HSC transplants have been attempted in MGMT", TMZ-
resistant glioblastoma patients!™®!. Drug selection
resulted in no significant extra-medullary toxicity and
all three participants surpassed the median survival
(12 mo) for glioblastoma patients with unmethylated
MGMT-promoter status. Despite these promising results
in the context of chemoprotection of the hematopoietic
compartment during glioblastoma treatment!**”, it must
be noted that gene-modified circulating blood cells were
depleted from the patients with termination of treatment.
As such, repeat administration of chemotherapy may be
required for the use of this system for amplification of
transduced HSCs for gene therapy.

Hypoxanthine-guanine phosphoribosyltransferase
inactivation for 6-thioguanine resistance

While the strategies described above rely on the
overexpression of a protein that confers chemopro-
tection to transduced cells, down-regulating endogenous
enzymes necessary to activate cytotoxic drugs can
achieve analogous outcomes. Hypoxanthine-guanine
phosphoribosyltransferase (HPRT) is an enzyme
involved in the purine nucleotide salvage pathway.
HPRT can catalyze the addition of ribose 5-phosphate
to the purine analog 6-thioguanine (6TG) to generate
thioguanosine monophosphate (thio-GMP)!"*"!, Thio-
GMP is then converted into thiodeoxyguanosine tripho-
sphate (thio-dGTP), which can be incorporated into
DNA inducing futile mismatch repair and consequent
apoptosis. It has been shown that BM cells of HPRT-
deficient mice are resistant to 6TG treatment**.
Transplantation of HPRT-deficient BM into wild-type HPRT
mice under 6TG selection resulted in good engraftment
and long-term hematopoietic reconstitution in primary
and secondary recipients!***!, Furthermore, transduction
of murine hematopoietic progenitor cells with a LV
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encoding a short-hairpin RNA (shRNA) that targets
HPRT can confer resistance to 6TG in vitro™*. The same
knockdown strategy has shown effective enrichment in
murine allograft models'*® and human HSC xenograft
models'*®. This approach has some advantages over
other drug selection methods described above. 6TG can
be used for both pre-conditioning and chemoselection,
and the shRNA sequence is very short, which makes
it easier to include in a dual-gene vector. Also, ample
information about 6TG dosage and toxicity is available
because it has been used in the dlinic for decades”. A
recent study suggests, however, that this method may
be limited to enrichment of committed progenitor cells,
which would decrease long-term efficacy with single-
dosing regimens™®. Also, hereditary HPRT deficiency is
the cause of Lesch-Nyhan syndrome, which has been
associated with megaloblastic anemia**®!, Therefore, it is
necessary to carefully assess long-term consequences of
HPRT deficiency in the hematopoietic lineage, especially
in large animal models. Nevertheless, selective induction
of an enzyme deficiency, as demonstrated by virally-
induced HPRT knockdowns, may be a powerful method
of introducing selective pressure following gene therapy.

ENGINEERED INDUCIBLE GROWTH AND
SELECTION MODULES

Cytotoxic chemical inducers of dimerization

Discoveries relating to functional consequences of
forcing proteins such as receptor tyrosine kinases into
proximity with each other have allowed the use of
protein engineering to confer specific biological charac-
teristics to a subset of modified cells with exposure
to various stimuli. For example, chemical inducers of
dimerization (CIDs) are synthetic compounds that
can be used to induce dimerization of proteins that
are expressed as fusions to CID-binding domains
(CBDs). With the use of CBDs, cell-fates can be made
dependent upon the addition of CIDs (Figure 2A). One
of the first examples of such a system utilized FK1012,
a synthetic dimer of the immunosuppressant FK506
(Tacrolimus)™*?, Proteins that can modulate cell biology,
including proliferation™*®’ and apoptosis'**!, have been
engineered from growth factor receptors and the FK506
binding domain from FK506-binding protein (FKBP12).
However, FK1012 retains the ability to bind endogenous
FKBP12™, This is undesirable from a clinical point of
view because endogenous FKBP12 could sequester the
drug, preventing its intended effect. In addition, FK1012
administration could affect the normal physiological role
of FKBP12"**'**] As a result, the use of these systems
has been limited, though thorough clinical evaluation of
the drug has yet to be completed. However, amplification
protocols can be envisioned wherein the underlying
toxicities of FK1012, which are expected to be similar to
FK506, are exploited. Future systems can be developed
using other cytotoxic agents with their respective binding
targets as CBDs fused to survival or growth signaling
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Figure 2 Summary of next-generation amplification modules. A: Fusion proteins comprised of chemical inducer of dimerizations (CBDs) such as FKBP12
(WT CBD) or F36V (Mut CBD) and receptors involved in hematopoietic stem cells (HSC) growth, proliferation, and survival. Activation of signaling by CIDs allows
expansion of the transduced population. The use of cytotoxic CIDs (CID™) can allow simultaneous depletion of the non-transduced population. FK1012 is a putative
cytotoxic CID-binding domain. Examples of inert or neutral CIDs (CID"®") include AP20187 and AP1903; B: Controlled overexpression of HSC homing and adhesion
molecules can increase the potential for therapeutic cells to survive and can promote long-term engraftment. Examples of such molecules include but are not limited to
CXCR4, VLA4, and Tie2. Their corresponding ligands (SDF-1, VCAM-1, and Ang-1, respectively) are usually expressed on osteoblasts, osteoclasts, MSCs, and other
cells that make up the bone marrow stroma; C: Downstream effectors of key signaling pathways involved in maintaining HSC phenotypes that are down-regulated
during ex vivo handling of CD34" cells can be reconstituted to prevent stem cell exhaustion and to increase long-term engraftment of transduced cells. HoxB4 is an

s Homing
A Engraftment
4 ‘Stemness’

example of a transcription factor that is activated in response to Wnt signaling and is key to maintenance of the stem phenotype of HSCs.

factors!**®). Careful dosing can allow for simultaneous
depletion of non-transduced cells and expansion of
the transduced population (Figure 2A). Such studies
have yet to be performed in clinically-relevant settings.
Conversely, the application of such current systems
remains risky as the continuous use of cytotoxic agents
in general can have detrimental effects on patient quality
of life. A potential solution is to aim for selective pressure
to be applied to more mature cells, where dose reduction
can be envisioned whilst clinical benefit is still achieved.

Neutral CIDs

Reverse-engineering of proteins and drugs that bind to
them have led to numerous other CIDs and their respec-
tive CBDs. Progress in understanding the modularity of
protein signaling has yielded numerous opportunities
to generate CBD-signaling domain fusions. From a
gene therapy perspective, ideal CIDs are those that
would have little to no effect on any cells other than the
transduced population. Ideal CBDs should also have
no effect on the biology of transduced cells without the
presence of a CID. As well, engineered polypeptides
with CBDs should be derived from endogenous proteins
where possible to minimize the potential immunogenicity
of the fusions. In addition, unexpected effects of CID-
induced dimerization of CBD fusion proteins should not
occur in cells derived from transduced HSCs. “Bump and
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hole” engineering of FK1012 and FKBP12 has yielded
derivative CIDs such as AP20187 (B/B homodimerizer;
Takara) and AP1903 (Rimiducid; Bellicum)™”. Such
CIDs are chemically modified to prevent them from
binding the original CBD. The derivative CBDs, such
as FKBP127% (F36V) for AP20187 and AP1903, have
mutations that confer ability to bind the engineered
CIDs™” (Figure 2A). These modifications allow such
CID-CBD systems to be acceptable for use in gene
therapy, as outlined above.

Amplification of HSCs using neutral CIDs

Multiple studies have been performed in cell, mouse,
and canine models that utilize AP20187 and protein
receptors fused to F36V™**™**, Our lab has previously
shown the utility of a kinase insert domain receptor
(KDR/CD309)-F36V fusion to control cell-fate in an
AP20187 dependent manner, and we characterized the
molecular mechanisms that are induced as a conse-
quence of KDR dimerization in TF1 cells™®. The utility
of this system has yet to be demonstrated in an animal
model of HSC engraftment. The characterization of
HSC cells and their signaling components have yielded
other targets for F36V fusion and CID-mediated control
of cell fate, such as c-Kit (SCF receptor)™, and c-Mpl
(thrombopoietin receptor)***>*>! (Figure 2A). It must
be noted that these signaling components are not fully
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unique to the HSC compartment and subsequent risk
of unwanted proliferation can exist. That said, restricted
expression of CBD-receptor fusions using HSC-specific
promoters in gene transfer vehicles could reduce effects
on non-target cells.

A long-term study in canines using an engineered
thrombopoietin receptor, Mpl-F36V, has demonstrated
the utility of intermittent use of AP20187 and AP1903
administration over the course of a number of years
with no effect on the normal physiology of the dogs
and no effect on the HSC compartment without drug
administration™?!. However, this study only involved
long-term monitoring of two dogs and did not test the
utility of such a system in a reconstitutive gene therapy
context. Studies in healthy human volunteers (see
below) may need to be conducted to unravel the effects
of long-term administration of AP20187 in order to
inform the FDA prior to administration in patients.

Unlike AP20187, AP1903 has gained more momen-
tum with respect to its translation into the clinic.
It induces dimerization through the same CBD as
AP20187, extending the utility of studies that use F36V
fusions!**™l, Most importantly, a phase I clinical trial
in which a single infusion of AP1903 was administered
to 28 healthy volunteers at a range of doses has
already been conducted*”. No relevant adverse effects
were observed at any of the doses. Furthermore,
donor T cells that are genetically modified with a CID-
inducible caspase-9 (iCasp9) suicide system have
been administered to leukemia patients to enhance
immune reconstitution in recipients of allogeneic HSC
transplants™®**°!, A single dose of AP1903 was sufficient
to ameliorate the GVHD. T cell counts were reduced in
as little as 30 min after drug administration followed
by resolution of GVHD symptoms in 24 h. Further
administration of AP1903 is being tested in patients
receiving cell products that have been gene modified
with iCasp9 (www.bellicum.com). The dosing for these
patients has been informed by the pharmacokinetics
observed in healthy volunteers!**”), Long-term follow-up
of patients from one study has been published with up
to 4-year occurrence-free survival of patients receiving
iCasp9-modified T cells and AP1903%”, However, it
must be noted that repeated administration of the drug
and associated safety profiles have not been published
to the best of our knowledge. This is mainly because
single-administration of the drug resolved symptoms
in the studies conducted thus far and eliminated the
need for further intervention™*"*°!, Additionally, no
information about biodistribution and pharmacogenomics
of AP1903 in humans is available - that we are aware
of. As such, the drug is still considered experimental
and there is no prior knowledge about its efficacy in
the bone marrow niche other than that which has
been observed in animal models™**'*!). Further studies
conducted in healthy volunteers to assess a full set of
biological parameters can boost the clinical development
of enrichment modules relevant to HSC-directed gene
therapy.
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Engineering alternative amplification modules

While FDA approval and consequential routine admini-
stration of existing CIDs in patients may be achievable
in the future, there is value in stepping away from sole
confinement to FKBP12-derived systems. Multiple other
technologies exist that utilize either compounds known
to be benign along with reverse engineered signaling
domains or compounds and their respective binding
domains derived from other species. For example, a
recently demonstrated degron-system that uses an
auxin-inducible domain derived from plants'®? could
be engineered to enhance Wnt signaling in HSCs by
targeting axin degradation in an auxin analog-dependent
manner'®!. Mouse studies have shown no effect of this
analog on normal physiology™®¥. In addition, reverse
engineering of G-protein-coupled receptors (GPCRSs)
have led to the development of a variety of Designer
Receptors Activated by Designer Drugs (DREADDs)!¢.,
One DREADD has been designed to mediate chemotaxis
of monocytes and neutrophils in a drug-dependent
manner and highly promising results have been
demonstrated in vivo'®, This DREADD is activated
in response to Clozapine-N-oxide (CNO), a benign
metabolite of the clinically-approved anti-psychotic
agent, Clozapine!*®”), With our growing understanding
of protein modularity, it is not difficult to envision
the development of a similar DREADD that potently
activates HSC-specific survival and proliferative signals.
Development of systems that utilize compounds with
known pharmacokinetics and biodistribution that can be
fast-tracked for FDA approval can provide a significant
boost to in vivo enrichment strategies for HSC-directed
gene therapy.

MODULES TO ENHANCE ENGRAFTMENT
OF THE TRANSDUCED HSC SUB-
POPULATION

HSCs are housed in specialized compartments in the
BM. They use cell surface receptors and ligands to
anchor themselves in their niche and to modulate signals
for long-term survival and self-renewal'*®. Roles of
multiple signaling pathways have been elucidated; as
well, cell surface proteins that can demarcate HSCs as
single cells that can stably engraft and that are capable
of reconstituting the entire hematopoietic system have
been uncovered™®. 1t is therefore not difficult to envision
novel clinical roles for these cell surface proteins. For
example, plerixafor (Mozobil, Sanofi) is a drug that was
developed to disrupt the interaction of C-X-C chemokine
receptor type 4 (CXCR4, fusin) and C-X-C motif
chemokine 12 (CXCL12, or SDF-1)""%, Greater numbers
of CD34" cells can be acquired with administration of
plerixafor over the traditional mobilization strategy
that uses granulocyte-colony stimulating factor!’**7%,
Recently, experiments have shown the potential of
another drug, Bortezomib (Velcade, PS-341), in HSC
mobilization via disruption of very late antigen 4 and
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vascular cell adhesion molecules (VCAM-1) in mice!*”.

Enhancement of engraftment can also be envisioned
using information resulting from such aforementioned
studies. Specifically, interactions that can be disrupted
for HSC mobilization can also be used to increase
engraftment potential. To this effect, studies have shown
stage-specific roles for CXCR4 in BM homing and survival
of engrafted HSCs™"’*'”! (Figure 2B). In addition, the
benefit of virally-mediated CXCR4 transgene expression
for HSC engraftment into a humanized mouse model
has been shown with ex vivo-cultured human CD34"
cells!’®'7), Concerns of long-term side effects of CXCR4
expression, such as diminished repopulating potential
of the transduced cells and off-target expression in non-
HSCs, still remain. For example, high CXCR4 expression
is associated with worse prognosis in acute myeloid
leukemia, amongst other cancers!’®'”?!, Developments
in transient cDNA introduction, conditional control of
transcription, and/or robust, tissue-specific control
of expression may minimize these concerns, though
they remain to be tested. Should such technologies be
developed in a dlinically-relevant manner, multiple other
cell surface targets for enhancing HSC homing, survival,
and “stemness” could be utilized, such as Tie2, VLA4,
and c-Kit!'*®%% (Figure 2B). Other methods relying on
expression of downstream components of survival and
self-renewal signaling such as homeobox protein Hox-B4
(HoxB4) can also be envisioned to be employed in a
controlled manner'*®® (Figure 2C). Though introduction
of transgenes may provide the ultimate solution to these
challenges, other groups are focusing on development
of small molecules and co-injection protocols as
alternative methods; such as co-injection of BM-derived
mesenchymal stem cells!® %],

LINEAGE-SPECIFIC ENRICHMENT

As discussed previously, it can be conceptually difficult
to target therapeutic HSCs for in vivo amplification
due to the unique microenvironment in the BM niche
in which they reside and because of their inherently
quiescent nature. Whilst it is generally agreed that the
most clinical benefit can be obtained by targeting long-
term precursor cells, it is not conclusively proven to be
so. Examples of gene therapy that result in enrichment
of cells derived from transduced HSCs, such as in
SCID-X1 and B-thalassemia, provide proof-of-concept
for the clinical utility of targeting a subset of the mature
hematopoietic compartment for selection”"***", Appli-
cation of enrichment strategies in such a manner can
overcome many of the hurdles of attempting to enrich
the original HSC engraftment, such as bioavailability
of the compounds used for enrichment and toxicities
towards the core center of hematopoiesis. In addition,
targeting mature cells, and more importantly, excluding
the HSC compartment, reduces the chances of long-
term complications in patients that have already gone
through a risky intervention and reduces the likelihood
of sporadic malignant disease arising from alterations
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in “stem-like” progenitor cells. One conceptual disadvan-
tage of such a targeted system is the lack of persistence
of selection, since mature hematopoietic cells will
be replaced over time. Enrichment protocols can be
developed, however, that utilize either drug dosing that
has little or no toxicity in normal cells, or compounds
that specifically act on cells that arise from transduced
HSCs. As such, continuous administration of the res-
pective agent can provide for prolonged enrichment
with minimal or no side effects.

IMPDH2 mutants for MMF resistance in T/B cell progeny
Inosine monophosphate dehydrogenase 2 (IMPDH2)
is the rate-limiting enzyme involved in the de novo
biosynthesis of guanosine monophosphate (GMP)™",
While most cells in the body have a salvage pathway,
T cell activation and proliferation as well as B cell
maturation are highly dependent upon this biosynthetic
pathway™®*'**, Mycophenolic acid (MPA) is a potent,
non-competitive, reversible inhibitor of IMPDH2!9%9,
Its prodrug, Mycophenolate Mofetil (MMF, Roche), is
routinely used in the clinic as an immunosuppressant to
control GVHD amongst other indications!***!, Mutants of
IMPDH2 that have diminished binding affinity for MPA
have been described™****!, The most potent amongst
these is the combination of T333I and S351Y (IMPDH2"™).
The utility of this double mutant has been demonstrated
in the context of donor T cell selection, both in vitro and
in mouse models using primary human T cells#*",
It should be noted that the total lymphocyte count in
these experiments was dramatically lowered with MMF
treatment, reducing the benefit of such a system with
respect to T cell gene therapy™.. The dosage of drug
used in that study, however, was considerably higher
than that used to treat patients for GVHD. The effect of
low-dose MMF treatment on engrafted cells expressing
IMPDH2" has yet to be shown. In addition, it has been
demonstrated that there is no biological effect of con-
stitutive expression of this mutant enzyme on HSC
differentiation***. Therefore, use of such an enrichment
strategy could exclude HSCs and all hematopoietic
progeny other than T and B cells from being affected.
That said, previous work has only described the use of
IMPDH2" for application in T cell-related disorders, such
as HIV treatment and prevention of GVYHD™****"), To our
knowledge, in vivo use of this enrichment module in
HSC gene therapy has not yet been demonstrated.

CID-dependent enrichment of gene modified progeny

Numerous examples exist of receptor-CBD fusions that
can provide a proliferative advantage to subsets of
mature cells. Most recently, an erythropoietin receptor
(EpoR)-F36V fusion has been developed for use in
facilitating AP20187-dependent erythropoiesis*®®. The
fusion is engineered with the minimal components of
EpoR required for dimerization-induced signaling along
with a myristoylation signal. The fusion is expressed
under the control of an erythrocyte-specific promoter.
The goal of that study was to design a system to
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replace the necessity of recombinant Epo administration
in anemic patients. The authors have successfully
demonstrated CID-dependent erythropoiesis in vivo in
a mouse model™®. Though this group has not shown
the utility of their system in the context of HSC gene
therapy, it can be postulated that it would be applicable
for enhancement of treatment for disorders that affect
erythropoiesis. It must be noted that such systems are
hindered to date in their clinical translation due to their
use of clinically-unavailable CIDs. Future studies utilizing
clinically-available compounds and a variety of lineage
specific growth signals are anticipated.

DISCUSSION

Safety of LV-mediated gene therapy

With the initial implementation of recombinant onco-
retroviruses in gene therapy strategies, an emergent
obstacle to be considered when genetically modifying
long-term, stem-like cells is the potential for the deve-
lopment of malignancy''>**?**), As discussed above,
LVs greatly diminish the likelihood of integration near
known oncogenes or tumor suppressors-****%), However,
multiple other mechanisms that can lead to gross
cellular aberrations or changes in function of cells derived
from transduced HSCs are still of concern. Though
improbable, integrative modification of gene loci can
lead to alternative splicing of putative oncogenes, or to
the insertional inactivation of tumor suppressors*®®*°,
Additionally, a comprehensive understanding of onco-
genesis has yet to be achieved in all its different forms,
especially within the complex network of cells in the
hematopoietic system. As such, continuation of long-
term studies investigating the effects of transplanting
patients with transduced HSCs is a necessity, especially
with new knowledge being acquired regarding the
functional importance of intergenic “junk” DNA.

One strategy to circumvent putative side effects
of HSC gene therapy is to include suicide modules
(or “cell-fate control” systems) in the transfer vector.
Suicide modules refer to elements of therapeutic vectors
that are capable of inducing specific cell-death of
transgenically modified cells. This is especially important
when considering the inclusion of amplification modules,
which have not been thoroughly tested in patients.
These systems can be designed to induce cell death by
providing a surface target for antibodies, by inclusion
of an inducible component that activates the apoptotic
pathway, or by being able to activate a normally non-
toxic prodrug. For example, there are multiple CID-
based systems that bring together components of the
apoptotic-signaling pathway!'*****?°*2%_ One of these,
iCasp9, is currently being tested in patients receiving
haploidentical donor T cell infusions amongst other
indications, as discussed previously, though the CIDs
being used have yet to acquire FDA approvall**®*9,
Additionally, such systems have been tested for their
ability to eliminate autologous HSC engraftments in
rhesus macaquest®*.
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The ability to conditionally activate prodrugs has
been a useful tool in molecular biology to induce killing
of subsets of cells, though many of the enzymes used
are derived from other species. For example, thymidine
kinase (tk), derived from the herpes simplex virus
(HSV-tk), can be used to render cells sensitive to the
drug ganciclovir, a commonly employed laboratory tech-
nique®®!. HSV-tk has been used to ameliorate GVHD
in patients receiving allogeneic transplants and in anti-
tumor suicide gene therapy!**%?%!, However, use of
this system is limited by concerns of immunogenicity
of non-human proteins that can cause elimination of
otherwise useful cells®**”, Additionally, ganciclovir and
acyclovir are commonly prescribed for viral infections
following engraftment, and use of HSV-tk can lead
to unintended elimination of transduced cells'*®’. Our
lab has developed a fusion protein comprised of the
extracellular and transmembrane components of LNGFR
(CD271) along with an engineered variant of human
thymidylate kinase™'". This module combines the
advantages of being able to overexpress a cell surface
marker for tracking transduced HSCs and their progeny,
since CD271 expression is absent in circulating blood
cells, and the ability to activate azidothymidine to a
toxic form.

Stem cell exhaustion and clonal selection

One of the principal advantages of in vivo selection is
the potential for an increase in therapeutic benefit from
an initially lower number of transduced repopulating
cells. Yet, proliferative stress on few selected HSCs can
occur, resulting in a gross negative, long-term impact
on HSC proliferation and lineage differentiation. This
is termed “stem cell exhaustion” and can eventually
lead to BM failure in recipients. Such concerns have
been studied in mice™? and dogs™® that underwent
serial MGMT"**-expressing HSC transplantation under
prolonged O°BG/BCNU treatment. Importantly, these
studies revealed no apparent impairment in HSC repo-
pulation, proliferation, or differentiation, suggesting
that stem cell exhaustion may not be an issue, at least
in the context of that mode of chemoselection. Further
studies in long-lived, clinically-relevant models need
to be conducted, however, especially in the context of
HSC gene therapy, to demonstrate lack of long-term
exhaustion within primary autologous recipients. Ex
vivo selection may also be achievable without stem
cell exhaustion with the co-expression of factors that
maintain HSC “stemness”, such as HoxB4'**!,

In vivo drug selection can also exacerbate clonal
dominance, a phenomenon readily observed with the
use of recombinant onco-retroviruses. Amplification
strategies could augment the proliferative advantage
of cells with proviral integration sites in or near proto-
oncogenes, risking the development of hematopoietic
malignancies. For example, analysis of tertiary MGMT-
transduced BM recipients showed only 17 unique
retroviral integration sites (RIS) following chemo-
selection®*?, Most RIS in that study were in or near
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genes involved in important cell regulatory processes,
such as cell growth, cell development, and/or cell
differentiation. However, this observation may be
an artifact of the use of derivatives of murine stem
cell retrovirus. In contrast, studies in canines and
humanized mice that utilized recombinant LVs, and
a mouse allograft study utilizing a foamy viral vector,
showed no observable evidence of clonal dominance
following chemoselection®*?**?**], Taken together,
current data suggests that stem cell exhaustion and
clonal dominance are unlikely to occur with amplification
strategies, especially with the use of recombinant
LVs. Nevertheless, a persistent concern remains when
considering HSC gene therapy in patients. As such, an
excellent strategy to address issues surrounding in vivo
amplification of transduced HSCs is to apply enrichment
to mature hematopoietic cells, as discussed previously.
However, more studies need to be conducted to demon-
strate clinical efficacy and safety of amplification of
mature cells subsequent to HSC gene therapy.

Future considerations

Many of the enrichment strategies that have been
suggested or tested for use in gene therapy applications
are designed to be expressed in a constitutively “on”
manner. While this may increase the potency of the
given strategy, unexpected secondary effects on normal
physiology may occur. Therefore, conditional expression
cassettes for clinical use should be developed in order
to minimize unwanted expression of amplification
modules. This is paramount when considering the use
of highly engineered or trans-species proteins, which
can, over time, elicit immune responses against target
cells. In addition, to avoid similar issues at a genomic
level, use of innate promoters, such as that derived from
the elongation factor 1-alpha locus (EFla), in contrast
to virally-derived promoters, such as that derived from
cytomegalovirus (CMV), should be considered for clinical
application™",

Greater focus in the gene therapy field is placed
upon the improvement of gene delivery methods
and, in the context of HSC gene therapy, efforts are
being made to increase the efficacy of various aspects
of HSC acquisition, engraftment, and patient care.
However, there is limited research to develop next-
generation strategies for other aspects of HSC gene
therapy that can improve clinical efficacy of this
treatment modality. Clinically-feasible strategies need
to be developed that allow for selection or enrichment
of transduced, therapeutic HSCs after engraftment.
In addition, strategies that use other target cell
types, such as MSCs, should also be considered for
tandem gene therapeutics, to increase the efficiency
of correction mediated by HSC gene therapy. More
specifically, enrichment strategies that utilize clinically-
approved compounds with known pharmacokinetics
and pharmacodynamics, such as MMF, need to be
developed. Such systems have the potential to be
employed in the clinic more quickly and can allow for
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repeated administrations or continuous low dosing
for long-term benefit. Dose adjustments can also be
safely made to compensate for variability in patient
pharmacogenomics. The development of modules
that allow resistance to drugs used for the treatment
of benign hematopoietic hyperplasias can encompass
many of the aforementioned advantages.
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