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Abstract

Here I review the scientific background, current stage of develop-
ment and future perspectives that I foresee in the field of genetic
manipulation of hematopoietic stem cells with a special emphasis
on clinical applications.
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Introduction

Hematopoietic stem cell gene therapy (HSC GT) is becoming a

powerful and versatile strategy to treat a growing number of human

diseases. Hematopoietic stem/progenitor cells (HSPC) are harvested

from the body, genetically engineered ex vivo, and re-infused into

the same individual after administration of a conditioning treatment

that favor their engraftment in the bone marrow. The engrafted

HSPC ensure a steady supply of genetically engineered progeny

potentially for the recipient’s lifetime. Mature cells of different

lineages may then reverse pathological conditions such as inherited

immune deficiencies, blood and storage disorders, infections, and

cancer (Fig 1).

From early HSC gene therapy testing to the development
of lentiviral vectors

Whereas HSC GT has been one of the earliest and longest sought

application of gene therapy, its clinical development followed a long

and bumpy road, probably defining better than any other the course

of the whole gene therapy field. HSC GT started with premature and

overly hyped expectations, soon faced unexpected hurdles and toxic-

ity derailing its course and only recently reached safe and successful

clinical results in a growing number of diseases thanks to an improved

generation of tools (Naldini, 2011, 2015; Dunbar et al, 2018).

Successful HSC GT requires inserting the therapeutic gene into

the cellular chromosomal DNA, or editing a selected nucleotide

sequence, to ensure maintenance of gene correction as the cell repli-

cate its genome and transmit it to the progeny, whether during self-

renewal or in the output of differentiating cell lineages. The most

commonly used gene transfer tools rely on the ability of retroviruses

to integrate into the chromatin of infected cells and are obtained by

engineering the virus into replication-defective vehicles (vectors) of

self-contained gene expression cassettes (Kay et al, 2001; Naldini,

2011). Early HSC GT trials proved the remarkable therapeutic poten-

tial of this strategy in some primary immunodeficiencies (PID)

where a low input of gene corrected progenitors was sufficient to

reconstitute a functional T-cell compartment (Fischer et al, 2015;

Ferrua & Aiuti, 2017). Unfortunately, some of these trials also

reported delayed emergence of leukemia in a fraction of treated

patients, whose origin was traced to a vector insertion near an onco-

gene resulting in activation of its tumorigenic potential (Hacein-

Bey-Abina et al, 2008; Howe et al, 2008; Stein et al, 2010; Braun

et al, 2014). The low efficiency of HSC gene transfer and the risk of

genotoxicity associated with early generation c-retroviral vectors

used in these trials prompted further research toward developing

improved gene transfer tools with enhanced efficiency and safety.

Toward these goals, we have contributed over the past 25 years

to develop a new gene transfer system based on the human lentivirus

HIV, which has become widely used in biomedical research (Naldini

et al, 1996, 2016). These lentiviral vectors (LV) exploit the core

machinery of HIV for efficient nuclear translocation and integration

of their genetic payload into the chromatin of human cells and are

packaged with the surface envelope of other viruses to allow target-

ing a wide range of cells. Vector development throughout the years

stripped them of HIV components contributing to pathogenesis but

dispensable for gene transfer (Dull et al, 1998; Zufferey et al, 1998)

and validated their safety and efficacy in several experimental assays

and disease models. It was shown that LV, as compared to c-retro-
viral vectors, not only provide for higher efficiency of gene transfer,

but also for a significantly decreased risk of genotoxicity, thanks to

an advanced vector design and the HIV integration pattern in the cell
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genome, which alleviates the risk of occurrence of oncogene activat-

ing insertions (Modlich et al, 2009; Montini et al, 2009; Wang et al,

2009; Zhou et al, 2010; Biffi et al, 2011).

Lessons from current HSC GT trials

LV first entered clinical testing in T cells of HIV-infected patients

to instruct viral resistance (Levine et al, 2006; Tebas et al, 2013)

and, few years later, in HSC (Cartier et al, 2009). The rationale for

the first-in-human testing of LV-based HSC GT was built on the

premise that high gene transfer efficiency would allow broadening

application to the treatment of diseases conventionally treated with

allogeneic HSC transplantation (HSCT), with enrollment offered to

patients lacking a suitably matched HSC donor. The demyelinating

leukodystrophies Adrenoleukodystrophy (ALD) and Metachromatic

Leukodystrophy (MLD), and the combined immune and platelet

deficiency Wiskott-Aldrich syndrome (WAS) were the first diseases

tested (Cartier et al, 2009; Aiuti et al, 2013; Biffi et al, 2013;
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Figure 1. HSC gene therapy.

A schematic representation of HSC GT showing the crucial steps of the process and its potential clinical applications: (1) HSPC are harvested from themobilized peripheral
blood or bonemarrow of a patient and (2) cultured ex vivo in suitable conditions allowingmaintenance or expansion of the rare cellswith long-term repopulating potential,
while they are subjected to gene transfer or gene editing. The patient is then administered a conditioning regimenwhich depletes endogenousHSPC from the bonemarrow
andmakes space for her/is ex vivo engineered cells, which are then infused back (autologous cell therapy). The gene-modified cells engraft in the bonemarrow, where they
self-renew potentially for the lifetime of the individual while giving rise to differentiating progeny along all hematopoietic lineages. The mature gene corrected cells
repopulate vascular and extravascular compartments with functional cells that can reverse pre-existing pathologies affecting the lymphoid system, such as primary
immunodeficiencies, the erythroid lineages, such as thalassemia and sickle cell disease, scavenger cells ofmyeloid lineage found throughout peripheral organs and, in part,
the central nervous system and suffering from storage disease due to a lysosomal enzyme deficiency. As we are becoming confident with the safety and efficacy of genetic
engineering of hematopoiesis, new applications are also exploredwhich, rather than replacing inherited defective genes, are instructing new functions to selected lineages
to better fight cancer or chronic infections.
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Hacein-Bey Abina et al, 2015). Today > 200 patients have been

treated worldwide by LV-based HSC GT for several diseases, includ-

ing ALD (Eichler et al, 2017), MLD (Sessa et al, 2016); WAS (Biasco

et al, 2016); chronic granulomatous disorder, some PID (De Ravin

et al, 2016b); and mucopolysaccharidoses, thalassemia, and sickle

cell disease (Cavazzana-Calvo et al, 2010; Ribeil et al, 2017; Thomp-

son et al, 2018; Marktel et al, 2019); Fanconi anemia (Rio et al,

2018); and HIV infection (DiGiusto et al, 2010), with a follow-up

reaching up to 10 years for the earliest treated patients. According to

available disclosures, most patients treated with LV-based HSC GT

show safe establishment and stable long-term hematopoietic recon-

stitution with a polyclonal graft comprising a substantial proportion

of gene-modified cells throughout all lineages, conceivably main-

tained by sizable numbers of engrafted transduced bona fide HSC.

Lack of expanding or dominant clones enriched for vector insertion

at oncogenes supports the predicted low risk of genotoxicity of LV

insertion. Substantial correction of disease is observed in most

treated patients, provided that sufficiently high levels of chimerism

with gene-modified cells and of transgene expression within the

transduced cell progeny are concurrently achieved in the graft. If

these positive clinical results continue to be reproduced in more

patients and at longer follow-up, several HSC GT currently in

advanced clinical testing are expected to become registered drugs

and eventually provide the standard-of-care for some genetic

diseases. Because of the increasing confidence with its safety and

therapeutic potential, clinical testing of LV-based HSC GT has now

moved from confined testing in otherwise lethal conditions to

broader application wherever HSCT is considered as treatment

option, and patient inclusion criteria are expanding from the lack of

a suitably matched HSC donor to the rationale of potentially provid-

ing better efficacy and/or improved safety over allogeneic transplan-

tation. Emerging trials of HSC GT are testing its potential for

delivering biotherapeutics in some cancer conditions (Escobar et al,

2014, 2018), thus further expanding its application from the replace-

ment of faulty inherited genes to cell and gene-based delivery of

transgene products and the instruction of novel functions to the engi-

neered HSC and/or their progeny.

Looking forward: prospective development of HSC
gene therapy

HSC GT may eventually surpass allogeneic HSCT because of lower

treatment related short- and long-term morbidity and, in some

cases, improved efficacy (Touzot et al, 2015; Sessa et al, 2016;

Thrasher & Williams, 2017). Because HSC GT exploits autologous

cells, it is virtually available to every patient, abrogates the risk of

graft versus host disease, and does not need to overcome immuno-

logical barriers in the recipient (except, in some cases, to the thera-

peutic gene product), thus sparing the need for immune suppression

in the recipient.

Autologous setting also allows exploring a range of reduced

intensity conditioning. These maneuvers allow reducing the morbid-

ity of the procedure as compared to standard allogeneic HSCT

because of faster immune reconstitution, albeit this benefit is often

counteracted by the impact of ex vivo culture and transduction on

HSPC engraftment (see below). We are just beginning to capture all

HSC GT advantages in the clinic, also considering that most condi-

tioning strategies have been shaped in the context of immune

mismatch between donor and recipient and may need adjustment

for best proficiency in the autologous setting. New depleting drugs

could be tested, which better target hematopoietic progenitors while

sparing the stromal components of bone marrow. These strategies

may allow rapidly establishing sufficient chimerism of modified

progenitors without exposing the patient to the risk of neutrophil

and/or lymphoid cytopenia/aplasia. If successful, these advances

may alleviate the time and need for hospitalization and eventually

transform HSC GT into an out-patient treatment.

Furthermore, whether all cell populations in the administered

product need to be gene modified or only a subset thereof,

comprising the long-term engrafting progenitors, may be explored

and adjusted to the need of the condition (Baldwin et al, 2015;

Zonari et al, 2017). One could envisage administering unmodified

short-term progenitors which, having been spared ex vivo culture

and transduction, should ensure faster reconstitution, admixed

with transduced HSC, which would progressively replace the graft

with gene-modified progeny (Zonari et al, 2017). On the other

hand, were only short-term progenitors transduced and adminis-

tered, one might obtain a time-limited graft of transduced cell

possibly restricted to selected lineages, best fitting genetic engi-

neering applications fighting cancer and infection. Whereas HSC

GT has been performed until now with cells purified according to

surface expression of the CD34 marker, we can envisage exploring

new protocols that further enrich for the repopulating HSPC frac-

tion by adding other markers to the selection profile, provided that

clinically compliant technologies for multi-parametric cell sorting

coupled with advanced microfluidics become available (Notta

et al, 2011; Fares et al, 2017; Radtke et al, 2017). HSC-enriched

cell products would allow saving on culture volume and vector

need, enabling more cost-effective industrialization of automated

cell processing.

The potential advantages of HSC GT should be assessed in view

of the continuous improvements in overall and disease-free survival

after allogeneic HSCT, which have been made possible by more

refined donor typing and matching, purging of selected immune

populations and even ex vivo HSPC expansion prior to transplanta-

tion, together with better prophylaxis and treatment of post-

transplant infections, using drugs, adoptive immunotherapy, and

pathogen-specific T-cell clones (Li Pira et al, 2017). Allogeneic

HSCT and HSC GT may mutually benefit from these progresses,

which may eventually transform life-saving but until now clinically

demanding strategies into low-morbidity and more broadly applica-

ble procedures. As we improve the overall quality of the genetically

engineered cell product, we may eventually phase-out mutagenic

conditioning drugs while phasing-in biologicals that selectively act

on resident HSPC and/or their niche to promote engraftment of the

administered cells. This endeavor, long-sought in the HSCT field,

will be facilitated by HSC GT because partial donor cell chimerism

may be more easily established in the autologous setting and be suf-

ficient to achieve full therapeutic benefits in several diseases. Niche

antagonists, HSPC-depleting antibodies, and immunotoxins may all

work better in the autologous setting and could find a favorable test-

ing ground in HSC GT (Chhabra et al, 2016; Palchaudhuri et al,

2016).

One of the most intriguing possibility offered by genetic engineer-

ing versus donor HSC transplantation is increasing the therapeutic

gene dosage above the wild-type level, which is proving crucial in
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treating disease manifestations in the central and peripheral nervous

system and, possibly, other organs of some lysosomal storage disor-

ders, such as MLD (Biffi et al, 2006, 2013; Gentner et al, 2010;

Visigalli et al, 2010). Here, HSC GT becomes a platform for both cell

replacement and sustained tissue release of biotherapeutics. Microglia

progenitors, which have been partly depleted by the chemotherapeu-

tic conditioning (Capotondo et al, 2012), are replaced by the infused

gene corrected HSPC and give rise to a steady supply of functional

progeny, which not only clear the storage and prevent inflammatory

activation but also release in part the functional enzyme for its uptake

and metabolic cross-correction of neighboring CNS-resident cells. The

more enzyme they produce from the integrated vector cassette, the

more efficacious is the strategy, surpassing the limited benefits

reported for HSCT from healthy donors. An unexpected advantage of

cell-based local delivery appears to be substantial efficacy despite a

relatively minor extent of overall cell replacement achieved in the

affected tissue. This benefit may reflect improved bioavailability

because the biotherapeutics is locally released within the extracellular

milieu of the tissue, bypassing the need for systemic biodistribution

and extravascular access, which requires substantially higher input

doses. The potential scope of this cell- and gene-based delivery strat-

egy may be further expanded to acquired diseases such as neurode-

generative diseases, cancers, and chronic infections, where selected

hematopoietic populations may become smart vehicles of a biothera-

peutics homing to the organs and tissue sites affected by the disease.

One could envisage its application to the delivery of enzymes in the

extracellular milieu to promote extracellular matrix remodeling, clear-

ance of toxic deposits, but also of signals or cytokines promoting

cellular survival and growth, or modulating immune response (Ben

Nasr et al, 2017), either positively or negatively, or of factors mediat-

ing resistance to specific pathogens. In several such applications,

HSPC-mediated delivery may be designed to target the diseases sites

by advanced engineering of the vector cassette, which could be selec-

tively expressed in the lineage/cell state of choice, such as microglia,

tumor-infiltrating macrophages (Escobar et al, 2014), or cells

responding to chemotactic cues toward specific pathogen-infected

areas. Local release of a biotherapeutics, rather than relying on its

exogenous administration, spares off-target tissues from exposure

while reaching sustained expression at physiological levels in the

target sites, thus limiting the risk of off-target adverse events and,

possibly target desensitization from exposure to excess or fluctuating

doses.

Outstanding challenges and further goals ahead

Whereas clinical deployment of LV-based HSC GT has been consis-

tently safe, the extent of gene transfer into repopulating HSC and

the proportion and time course of establishment of the transduced

cells graft have sometimes been limiting and highly variable among

trials and even patients treated within the same protocol, highlight-

ing the impact of variables that currently escape our understanding

or control. For instance, in ongoing HSC GT trials of b-thalassemia

and sickle cell disease, limited transduction rate has been identified

as a major hurdle to achieve consistent and robust therapeutic

benefit, i.e., transfusion independence, in most treated patients

(Thompson et al, 2018; Marktel et al, 2019).

Among the factors that affect HSC gene transfer are the vector

type and design, the quality and infectivity of the vector batch, the

transduction protocol and the age and healthy versus diseased

condition of the HSPC donor. As compared to other cell types,

HSC are poorly permissive to LV gene transfer, due to quiescence

and the presence or enhanced expression of innate or adaptive

restriction factors acting at different steps of the transduction path-

way (Santoni de Sio et al, 2006; Wang et al, 2014). Robust gene

transfer thus requires cell pre-stimulation with activating cytokines

and high concentrations of LV with high specific infectivity. Vector

entry may occur from the plasma membrane or from endosomes

following phagocytosis, as dictated by the choice of envelope pseu-

dotype, and is subject to differential restriction. Upon entering the

cytosol, the vector core undergoes partial uncoating while engag-

ing in reverse transcription and translocation to the nucleus. These

steps are sensitive to a combination of cellular effectors and antag-

onists, resulting in a variable but generally small fraction of the

up-taken cores reaching the nucleus. Depending on the target cell

type, some of the best-known factors affecting these steps include

the uncoating co-factors cyclophilin A and CPSF6, cytosolic

sensors of exposed nucleic acids, such as cGAS and AIM2, and

enzymes controlling the availability of a balanced deoxynucleotide

pool to support reverse transcription, such as SAMHD1 (Kajaste-

Rudnitski & Naldini, 2015). More recently, IFN-inducible antiviral

factors, such as IFITM3, have been shown to impair LV entry into

HSPC according to donor-dependent expression level (Petrillo et al,

2018). As more restriction factors are uncovered, new drugs

become available to counteract them and enable enhanced (Wang

et al, 2014; Petrillo et al, 2015; Zonari et al, 2017; Heffner et al,

2018) and better matched gene transfer among donors, as in the

case of cyclosporin H, which overcomes IFITM3 restriction

(Petrillo et al, 2018).

Another set of variables that affect the transduced cells graft are

the administered dose of repopulating cells and the extent of cellular

depletion achieved in the bone marrow by the conditioning regi-

men, whose pharmacokinetic and pharmacodynamic may vary

among individual patients. The HSPC source, with mobilized

peripheral blood now preferred over bone marrow, and the mobi-

lization protocol affect the total amount and proportion of long-term

repopulating versus committed progenitor cells in the harvest.

Current efforts toward increasing the yield of transduced cells

comprise more effective mobilization and collection regimes, using

antagonists of the CXCL12/CXCR4 axis, such as Plerixafor

(Broxmeyer et al, 2005), and of the VLA-4/VCAM-1 axis (Ghobadi

et al, 2018), which mediate HSPC homing and retention in the

marrow niche, and/or granulocyte colony-stimulating factor (G-

CSF) and CXCR2 agonists, such as GROb, acting on neutrophils and

resulting in MMP-9 secretion, matrix digestion and HSPC release

(Hoggatt et al, 2018), and ex vivo expansion of the collected HSPC

(see below).

Many diseases impact on the HSPC and their bone marrow niche.

For instance, HSC may accumulate DNA damage or replication

stress because of excess demand posed by chronic infection, lack or

dysfunction of individual lineages, enhancing susceptibility to

ex vivo culture and gene transfer, as well as decreasing engraftment

capacity (Flach et al, 2014). The same and other conditions may

also modify the composition of the bone marrow population, the

relative proportion, and lineage commitment of different progeni-

tors. The non-hematopoietic components of the bone marrow niche

may also be affected by disease, directly or through cross-talk with
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the altered hematopoietic populations and provide a less favorable

environment for engraftment and reconstitution by the infused

gene-modified HSPC. The deployment of HSC GT should thus be

suitably adjusted when the bone marrow health is compromised by

disease, for instance by pre-treating the underlying condition (i.e.,

alleviating storage in lysosomal storage disorders by enzyme

replacement therapy, iron overload, and erythroid lineage expan-

sion in hemoglobinopathies, inflammation in immunodeficiencies).

We still lack robust predictors of the treatment outcome when

administering HSC GT, as the HSPC content and vector copy number

per cell genome (VCN; a measure of the extent of transduction) in the

cell product often but not always correlate positively with the extent

and duration of the transduced cell graft. This is likely because only a

minute fraction of HSC among the cultured cells contributes to the

graft, with different cell subsets contributing to early versus late

phase of the graft. These rare cell subsets may respond differently to

the culture conditions and gene transfer, and their response may be

difficult to readout because of the confounding effect of the excess

downstream progenitors and differentiating cells growing in the

culture. As we better characterize surface markers of HSPC in culture,

we could envisage assessing VCN in a prospectively identified subset

of engrafting HSC in the product, provided that the employed markers

are not altered by the ex vivo culture.

As mentioned above, ex vivo culture and stimulation of HSPC,

while being needed for efficient gene transfer, may adversely

impact their engraftment and long-term repopulation capacity

(Mazurier et al, 2004; Piras et al, 2017; Zonari et al, 2017).

Indeed, HSC GT trials often report delayed engraftment of myeloid

cells and platelets as compared to conventional HSCT, a serious

drawback which is addressed by increasing the dose of adminis-

tered cells as much as feasible, and investigating novel administra-

tion routes such as intra-osseous, which bypasses the splenic filter

(Mazurier et al, 2003; Marktel et al, 2019). HSPC culture condi-

tions have been continuously improved as we moved away from

serum-containing to fully defined media, and novel compounds

and signaling pathways are discovered that better maintain or

expand HSC in culture (Boitano et al, 2010; Cutler et al, 2013;

Watts et al, 2013; Horwitz et al, 2014; Wagner et al, 2016; Fares

et al, 2017; Zonari et al, 2017). We still lack, however, a robust

protocol for expanding long-term repopulating HSC from bone

marrow or mobilized peripheral blood ex vivo, thus currently most

strategies aim to limit culture time and extent of stimulation to the

minimal requirements for achieving the desired level of transduc-

tion and exploiting, where necessary, transduction enhancing

compounds. It is also likely that preserving short-term but rapidly

engrafting progenitors and long-term repopulating HSC pose dif-

ferent requirements and can thus be hardly optimized in the same

culture. Cell separation, admixing of differently processed prod-

ucts, including expanded cell fractions, may eventually be the way

to attain the most rapid as well as durable hematopoietic reconsti-

tution in HSC GT. Meanwhile, research will continue to explore

new and emerging strategies to better reproduce ex vivo the crucial

biological components of the bone marrow niche supporting HSC

self-renewal, i.e., by co-culturing HSPC with mesenchymal stromal

cells (de Lima et al, 2012) and endothelial cells (Hadland et al,

2015), or to generate bona fide HSC from pluripotent stem cells

(iPSC/ESC) (Gori et al, 2015; Sugimura et al, 2017) or endothelial

cells (Lis et al, 2017) to provide an unconstrained HSC source,

particularly important when underlying disease or conditions have

exhausted the HSC of the patient.

Genetic modification, whether by vector-mediated gene transfer

or nuclease-mediated gene editing (see below), may trigger intracel-

lular responses in HSPC affecting proliferation, differentiation, and

overall fitness, whether transiently or long-term (Rossetti et al,

2011; Piras et al, 2017). Such responses are dependent on sensors,

in the cytoplasm and nucleus, of exogenous nucleic acids as well

of DNA breaks, fragments, and free ends, which may trigger a DNA

damage response (DDR) (Ciccia & Elledge, 2010), with activation of

p53-dependent cell cycle arrest, senescence or apoptosis, as well as

an interferon response, with ensuing HSPC activation and myeloid

commitment, which may exhaust long-term repopulation potential

(Beerman et al, 2014). Perfecting genetic engineering technologies

to prevent or counteract nucleic acid sensing and the downstream

responses may be important to ensure long-term hematopoietic

reconstitution of the recipient by genetically engineered HSC.

A major concern remains the long-term genotoxicity of quasi-

random genome-wide integration of LV. Whereas this risk has not

surfaced in the clinic to this date as a pathological finding, we

must remain aware of its possible occurrence and continue our

efforts toward further alleviating its risk. Several conditions may

decrease the risk that a gain- or loss-of-function in a growth

controlling gene in a transduced cell progresses to transformation,

including the status of that cell in the hematopoietic hierarchy,

the proliferation demand posed on that cell in vivo, the competi-

tion for engraftment, growth and repopulation with other trans-

duced cells, the presence of selective pressure that may enhance

its growth advantage, or of tumor promoting conditions, such as

chronic inflammation (Cooper et al, 2017). The current design of

LV alleviates but does not fully abrogate the risk that a rare inser-

tion may transcriptionally activate and/or truncate an oncogene or

disrupt a tumor-suppressor gene by promoter insertion or aberrant

splicing (Biffi et al, 2011; Cesana et al, 2014). Improved vector

designs addressing one or more of these adverse outcomes have

been proposed and one wonders whether their clinical testing

should await actual emergence of the risk they are meant to

address or start on the bases of pre-clinical studies in models that

amplify the risk of genotoxicity.

All limitations and adverse responses to HSPC gene transfer

discussed above may contribute to determine oligoclonal composi-

tion and premature clonal exhaustion in the transduced cell graft.

These conditions are risk factors for the emergence, selection, and

expansion of abnormal clones bearing gain-of-function mutations

acquired because of vector insertion or spontaneously during

ex vivo cell culture or from residual recipient cells exposed in vivo

to the mutagenic effect of chemotherapy. Longitudinal clonal track-

ing of the reconstituted graft in HSC GT therapy trials thus repre-

sents an important line of investigation to firmly establish the

safety and efficacy of the strategy. Because LV insertion occurs

semi-randomly, each transduced cell acquires a unique genetic

marker represented by the joined vector sequence to the flanking

genomic sequence, which may be used to track its progeny in vivo

(Gabriel et al, 2009; Berry et al, 2014). By vector insertion analy-

sis, the behavior and lineage output of individual gene-modified

HSC can be longitudinally tracked in GT patients. These studies

are providing an unprecedented granular insight into the popula-

tion dynamics of hematopoiesis post-transplant and are
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challenging predictions based on murine models and xenotrans-

plantation studies. Recent studies report that ex vivo activated and

proliferated HSC may return to short- or long-term quiescence

in vivo, while more committed progenitors, or a fraction of the

infused HSC, provide for early and rapid reconstitution of the

recipient hematopoiesis in an emergency-driven modality, before

steady-state hematopoiesis driven by long-term self-renewing HSC

eventually establishes (Biasco et al, 2016; Scala et al, 2018). As

we are revising our understanding of the hierarchical relationship

among hematopoietic progenitors engaged in lineage commitment

and a picture emerges of a quasi-continuum of states able to tran-

sition from undifferentiated stem cell to mono-lineage commitment

(Notta et al, 2016; Velten et al, 2017; Belluschi et al, 2018), we

must question whether the different repopulation modalities

observed early versus late post-transplant are facultative options of

a plastic HSC, or represent the activity of different types of HSPC

intrinsically wired for short- versus long-term reconstitution. It

would also be important to assess whether ex vivo culture primes

some HSPC for emergency repopulation drive or differentially

affect defined subsets of HSPC. Insights into this fascinating biol-

ogy may guide better cell manipulation and improve our prediction

on the in vivo behavior of administered cells.

Another route to better vector design concerns improving the

stringency of transgene expression control to better reproduce the

endogenous pattern of expression of the replaced gene and sharply

target the desired cell lineage. These aims are undertaken exploiting

transcriptional control sequences derived from the endogenous

affected gene, and by the inclusion of microRNA target sequences in

the transgene transcript which prevent its ectopic or aberrant

expression in off-target cell types expressing the cognate microRNA

(Brown et al, 2007; Gentner et al, 2010).

Finally, even within the setting of autologous HSC GT we should

be aware of the potential emergence of immune response to the

therapeutic gene product, which may act as foreign antigen in the

recipient, and to the transduced cells, which may transiently express

after transduction vector-derived components, such as allogeneic

HLA molecules incorporated into the virions when budding from

the plasma membrane of the human LV producer cell (Milani et al,

2017). Although the occurrence of such immune complications has

not been reported yet in clinical trials, we should closely watch for

them as the application of HSC GT broadens to new diseases and

exploits milder conditioning regimens where an immune response

may be more easily encountered. Were such responses be observed

and have detrimental impact on HSC engraftment, one could exploit

a range of immune suppression strategies, whether broadly acting

or transgene-specific, to overcome them and ensure graft take and

maintenance.

Precision genetic engineering: targeted gene editing

Whereas LV have provided the means to improve the risk/benefit

ratio and broaden the applications of HSC GT, it remains chal-

lenging to reconstitute physiological expression in every trans-

duced cells when replacing genes by random integration of an

expression cassette of constrained size. Aberrant expression may

pose a safety risk when the replaced gene controls cell growth.

Moreover, a residual genotoxic risk remains associated with

genome-wide vector insertion, despite the advances in its design.

More precise strategies of genetic engineering based on targeted

genome editing have the potential to overcome these hurdles by

allowing in situ correction of mutant genes and targeted integra-

tion of transgene cassettes into safe genomic harbors (Urnov,

2018). In situ correction may stringently reconstitute both function

and physiological expression control of mutant defective genes.

Targeted integration into a safe genomic harbor, empirically iden-

tified as tolerant to insertion and permissive to robust and consis-

tent transgene expression without adverse effects on the nearby

or distant genome, allows reconstitution of gene expression at

predictable and homogeneous levels in nearly all transduced cells

(Lombardo et al, 2011). Both approaches limit the genotoxic risk

to the small fraction of genome which may be targeted, whether

intentionally or because of off-target activity, by the chosen

designer endonuclease.

Targeted genome editing is based on delivering a double-

stranded DNA break (DSB) by a designer endonuclease to a chosen

and unique sequence of the genome and exploiting distinct repair

pathways of that DSB for the intended editing outcome. If the DSB

affects a coding or essential regulatory sequence and the repair

occurs by non-homologous end joining (NHEJ), an error prone path-

way available to most cell types and throughout all cell cycle

phases, the outcome may be disruption of the encoded function. In

HSC GT, this may be exploited for instance to silence a repressor of

the fetal globin gene in the erythroid lineage and rescue by its

compensatory expression the hemoglobin defect in b-thalassemia or

sickle cell disease (Orkin & Bauer, 2019). If instead the DSB is

repaired by the homology-dependent recombination (HDR) path-

way, which is restricted to cells engaged in S/G2 phases of the cell

cycle, and an exogenous repair DNA template is provided carrying

the intended sequence framed by homology to the DNA flanking the

break site, the outcome may be conversion of the targeted sequence

to the provided one (editing). The latter strategy may be used for

correcting individual mutations or, more often, for targeted insertion

of a functional cDNA version of the mutant gene downstream its

endogenous promoter (Lombardo et al, 2007), or of a whole trans-

gene expression cassette into a safe genomic harbor (Lombardo

et al, 2011).

Designer DNA endonucleases targeting the intended sequence

can be generated using several platforms, which consist of

sequence-specific DNA recognition modules combined with endonu-

clease domains. Zinc-finger, TALEN, and meganuclease platforms

exploit dimeric or monomeric protein-based DNA sequence recogni-

tion to tether an endonuclease on the target DNA, while the more

recently developed CRISPR/Cas systems exploit RNA-based

sequence recognition coupled to activation of the protein endonucle-

olytic activity (Doudna & Charpentier, 2014). Current data support

the contention that all platforms may be optimized to achieve robust

and highly specific cleavage of the intended target DNA with limited

off-target activity. Given the wide choice of platforms and the

continuously emerging variants with novel or expanded target

sequence recognition properties, improved activity and specificity,

one may assume that virtually every sequence uniquely occurring in

the genome might be efficiently and specifically targeted (Tsai &

Joung, 2016; Urnov, 2018).

Because HSPC engineering is currently performed ex vivo, deliv-

ery of the machinery required for targeted genome editing can be

satisfactorily achieved. Today, this is most often done by
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electroporating purified nuclease ribonucleoprotein complexes (i.e.,

Cas nucleases preassembled with single guide RNA) or nuclease-

encoding mRNAs (for the other platforms), followed, when

required, by the delivery of the repair template through a

viral vector, such as adeno-associated virus-derived (AAV6) or inte-

grase-defective LV (IDLV) (Genovese et al, 2014; Wang et al, 2015;

Dever et al, 2016; De Ravin et al, 2016a, 2017; Schiroli et al, 2017).

Whereas AAV6 and IDLV can shuttle relatively large DNA

molecules into the nucleus, thus enabling large edits and insertions,

co-electroporation of short single- or double-stranded oligonu-

cleotides with the nuclease can instead be used for editing few base

pairs. All these approaches have the advantage to achieve a high

but transient spike of nuclease expression in the cultured cells, thus

limiting its activity to a small window of time and, consequently,

alleviating toxicity and off-target activity. The major hurdle to

exploit targeted gene editing in HSC is that procedures based on

HDR suffer from limited efficiency in the most primitive progenitors,

likely due to low expression and proficiency of the HDR machinery,

cell quiescence, and limited uptake of repair template (Genovese

et al, 2014). We and others could overcome at least in part these

barriers by extending culture in conditions that drive even the most

primitive cells into replication while preserving their engraftment

capacity and by tailoring the gene editing machinery to avoid trig-

gering innate immune cellular responses (Genovese et al, 2014;

Wang et al, 2015; De Ravin et al, 2016a, 2017; Dever et al, 2016;

Schiroli et al, 2017). Yet, the extent of HDR-mediated DSB repair

still decreases as we move from the most committed to the most

primitive HSPC in culture, resulting in hematopoietic grafts of xeno-

transplant recipients comprising ≤ 20% HDR-edited cells in the long

term and showing oligoclonal composition. Whereas these levels of

editing may be sufficient to treat some PID, such as SCID-X1, in

which a relatively small fraction of functional progenitors in the

administered cell product nearly completely rescued the T-cell defi-

ciency in mouse models and in early gene therapy trials performed

with relatively inefficient c-retroviral vectors (Fischer et al, 2015;

Schiroli et al, 2017), they may be limiting in other applications,

where more robust correction is needed, particularly of long-term

repopulating HSC.

Because nuclease-mediated gene editing strictly depends on

inducing DNA DSB, the concern was raised whether such breaks,

albeit limited to few or even a single genomic site, trigger a DNA

damage response (DDR) in the edited HSPC with the potential of

inducing adverse effects on their key functional properties, such as

long-term hematopoietic repopulation (Ciccia & Elledge, 2010;

Milyavsky et al, 2010; Biechonski et al, 2018; Conti & Di Micco,

2018). We recently investigated the transcriptional and functional

impact of gene editing on HSPC and found that even a single DSB

triggers a detectable transcriptional DDR with p53 pathway activa-

tion, p21 induction, and delayed cell proliferation (Schiroli et al,

2019). The response was independent on the platform used for DSB

induction and similar at different targeted loci. On the other hand,

the extent and time course of DDR were strictly dependent on nucle-

ase specificity; i.e., the total DSB load delivered to the treated cells.

Nucleases of lesser specificity, which cleaved DNA at the target and

few other off-target sites, resulted in robust and prolonged DDR

induction, halted proliferation up to irreversible arrest and loss of

clonogenic activity. Highly specific nucleases, on the other hand,

with cleavage virtually detectable only at the target site, triggered a

transient and fully reversible DDR, whose only impact appeared to

be a lower yield of edited versus untreated repopulating cells,

because of the transient proliferation delay imposed on the former

by the DSB repair. These findings suggest that, provided that highly

optimized reagents and protocols are used, seamless targeted gene

editing should be feasible in human HSPC and conceivably compati-

ble with preservation of their long-term repopulation capacity,

although only clinical testing in humans, now well on its way, will

ultimately prove it.

Ongoing research on HSC gene editing aims to further improve

the efficiency of HDR in the most primitive cells, i.e., by favoring

HDR versus NHEJ or customizing template design and enhancing its

tethering to the repair site (Richardson et al, 2016), and to increase

the yield of edited cells, i.e., by transiently inhibiting the p53

response (Schiroli et al, 2019). In vitro selection of edited HSC might

also compensate for a low editing efficiency as it would allow

obtaining a virtually pure population of edited cells that can be

administered or further expanded before transplantation. Other

approaches being investigated dispense of the need of inducing

DNA DSB, such as editing mutations by base editors (Rees & Liu,

2018) and silencing genes or regulatory sequences by hit-and-run

delivery of designer epigenetic modifiers, which instruct an inherita-

ble repressive chromatin configuration on the targeted locus (Ama-

bile et al, 2016). As these studies progress and we learn from the

follow-up of the first clinical testing of gene editing, we expect that

an increasing number of genetic engineering options will become

available when contemplating HSC GT and that each treatment

could be optimized to the specific features of the underlying disease

and, possibly, affected individual.

Reaching the market

None of the promises of HSC GT spelled out above could be real-

ized or become accessible to patients worldwide without the

involvement of pharmaceutical industry and the processes of drug

development, registration, and commercialization. Despite relying

on an early c-retroviral vector design, HSC GT for one type of

PID, Adenosine Deaminase Severe Combined Immunodeficiency

(ADA-SCID), has uniquely and consistently proven safe and has

become the first ex vivo GT drug now available on the EU market

(Aiuti et al, 2017). This milestone achievement proves that the

challenges posed by commercial deployment of personalized thera-

pies entailing complex ex vivo processing of autologous cells can

be successfully met even in the setting of rare diseases when there

is evidence of strong benefits to the patients. Several of the LV-

based HSC GT mentioned above are expected to reach the market

in one or few years ahead. Our early experience in the field

suggests that the most favorable path to further clinical develop-

ment and market access of HSC GT is an early alliance between

academic institutions that pioneered clinical testing and pharma-

ceutical companies.

The challenges faced by these types of GT-based advance therapy

medicinal products (ATMPs) when reaching the market are cost

sustainability and fair public access. One acknowledges that the

market cost of these therapies might be very high, considering:

(i) the likelihood of providing robust therapeutic benefits up to a

“cure”, resulting in dramatic improvement in survival and quality of

life; (ii) the once-in-a-lifetime nature of the treatment, which entails
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substantial saving on conventional symptomatic treatments other-

wise constantly required by the untreated condition; (iii) the

complexity of product manufacturing and its highly personalized

nature, requiring individual processing of each patient’s own cells;

(iv) the need to reward industry investments in an area where pref-

erential applications to rare diseases and the novelty and complexity

of the drug challenge financial returns, especially in the short term.

Whereas all these factors might justify the high costs of the first

ex vivo GT, as their commercial deployment continues one expects

that scale-up and industrialization of product manufacturing and

distribution will allow cost saving, also thanks to common exploita-

tion across multiple applications. Moreover, once these therapies

have become established and expand to new applications, we might

envision designing together with regulatory authorities a more rapid

and cost-effective track to registration, which takes advantage of the

previous clinical validation of the genetic engineering platforms

used, whether based on gene transfer or editing, and limit the

burden of pre-clinical testing to address the novel and specific

features of the new drug product. Because these ATMPs comprise

multiple components (in the case of HSC GT: the gene transfer

vector batch, an heterogeneous patient-specific cell harvest, the

transduction process), we should also avoid constraining by stan-

dard regulatory requirements the incorporation of incremental

improvements to either step/component of a registered product,

also considering that most improvements in platform efficiency and

safety are likely to work across different applications and could be

satisfactorily cross-validated.

In conclusion, we are at the dawn of a new era in medicine,

when many treatments such as the HSC GT discussed here chal-

lenge the traditional framework of drug development and require

creative solutions to grant sustainable commercialization and fair

public access, but also offer the reward of dramatic therapeutic

benefits. Only a newly forged cooperation among all stakeholders in

science, medicine, pharma industry, advocacy groups, regulatory

and decision-making bodies across nations, grounded on scientific

evidence and inspired by the ethical principles of a just society will

enable addressing these challenges and capturing the promise of

providing long-awaited relief to some of the unmet disease burden

on our human brotherhood.

Acknowledgements
I am grateful to my mentors Inder Verma, Didier Trono and Maria Grazia

Roncarolo, colleagues Alessandro Aiuti, Fabio Ciceri, Anna Villa, Giuliana

Ferrari, Maria Sessa, Chiara Bonini, alumni Antonia Follenzi, Elisa Vigna,

Laurie Ailles, Miki De Palma, Angelo Lombardo, Mario Amendola, Antonella

Consiglio, Alessandra Biffi, Brian Brown, Eugenio Montini, Francesca R.

Santoni, Mary Venneri, Bernhard Gentner, Roberta Mazzieri, Anna Kajaste,

Giulia Escobar, Giulia Schiroli, and current senior laboratory members Alessio

Cantore, Andrea Annoni, Pietro Genovese, Nadia Coltella, Tiziano di Tomaso

who not only made my long journey toward making HSC GT an emerging

clinical reality possible but also immensely enriched it with their example,

competence, enthusiasm, and friendship. Many of my contributions to this

field described here would not have been possible without the support of

Francesca Pasinelli and Fondazione Telethon (FT), the generous funding

obtained throughout the last 20 years from Fondazione Telethon, the Euro-

pean Union (FP5-7 and ERC), the Italian Association of Cancer Research

(AIRC), the Italian Ministries of Heath and of Scientific Research, the unique

clinical and scientific environment provided by SR-Tiget and the San Raffaele

Scientific Institute, the endurance and determination of patients and their

families who engaged in first-in-human clinical trials, a strategic alliance

between SR-Tiget and Glaxo-Smith-Kline (GSK) that early embraced further

development of HSC GT toward the market, and the love and support of my

wonderful family.

Conflict of interest
LN is an inventor on pending and issued patents on LV technology, miRNA-

regulated LV, and targeted genome editing filed by the Salk Institute, Cell

Genesys, Telethon Foundation, and/or San Raffaele Scientific Institute.

According to the respective institutional policies, inventors may be entitled

to receive some financial benefits from the licensing of such patents. In

2010, SR-Tiget entered into a strategic alliance with GlaxoSmithKline (GSK)

for the development up to marketing authorization of HSC GT for some rare

diseases, starting with ADA-SCID GT. Whereas SR-Tiget remained responsible

for pre-clinical development and early clinical testing of all other therapies,

GSK had option rights once clinical proof-of-concept was achieved. In 2014,

MLD and WAS GT were licensed to GSK and GSK became the financial spon-

sor of the trials. In 2017, HSC GT for beta-thalassemia was similarly licensed

to GSK. Telethon and San Raffaele Scientific Institute are entitled to receive

milestone payments and royalties upon commercialization of such therapies.

In 2018, GSK transferred its portfolio to Orchard Therapeutics, which

acquired the same rights and responsibilities of GSK on the further develop-

ment of the program. SR-Tiget had research collaboration on targeted

genome editing in hematopoietic cells for treating some rare diseases with

Sangamo Therapeutics and Editas Medicine. LN is a founder, owns equity,

chairs the scientific advisory board, and is a consultant of Genenta Science,

a biotechnology startup aiming at developing alpha-IFN gene therapy of

some types of tumors by tumor-infiltrating monocytes. LN is a founder, owns

equity and is a member of the scientific advisory board of Magenta Thera-

peutics, and is a member of the scientific advisory board of Oncorus and

Sangamo Therapeutics.

References

Aiuti A, Biasco L, Scaramuzza S, Ferrua F, Cicalese MP, Baricordi C, Dionisio F,

Calabria A, Giannelli S, Castiello MC et al (2013) Lentiviral hematopoietic

stem cell gene therapy in patients with Wiskott-Aldrich syndrome. Science

341: 1233151

Aiuti A, Roncarolo MG, Naldini L (2017) Gene therapy for ADA-SCID, the first

marketing approval of an ex vivo gene therapy in Europe: paving the road

for the next generation of advanced therapy medicinal products. EMBO

Mol Med 9: 737 – 740

Amabile A, Migliara A, Capasso P, Biffi M, Cittaro D, Naldini L, Lombardo A

(2016) Inheritable silencing of endogenous genes by hit-and-run targeted

epigenetic editing. Cell 167: 219 – 232 e214

Baldwin K, Urbinati F, Romero Z, Campo-Fernandez B, Kaufman ML, Cooper

AR, Masiuk K, Hollis RP, Kohn DB (2015) Enrichment of human

hematopoietic stem/progenitor cells facilitates transduction for stem cell

gene therapy. Stem Cells 33: 1532 – 1542

Beerman I, Seita J, Inlay MA, Weissman IL, Rossi DJ (2014) Quiescent

hematopoietic stem cells accumulate DNA damage during aging

that is repaired upon entry into cell cycle. Cell Stem Cell 15:

37 – 50

Belluschi S, Calderbank EF, Ciaurro V, Pijuan-Sala B, Santoro A, Mende N,

Diamanti E, Sham KYC, Wang X, Lau WWY et al (2018) Myelo-lymphoid

lineage restriction occurs in the human haematopoietic stem cell

8 of 12 EMBO Molecular Medicine 11: e9958 | 2019 ª 2019 The Author

EMBO Molecular Medicine Hematopoietic stem cells gene therapy Luigi Naldini



compartment before lymphoid-primed multipotent progenitors. Nat

Commun 9: 4100

Ben Nasr M, Tezza S, D’Addio F, Mameli C, Usuelli V, Maestroni A, Corradi

D, Belletti S, Albarello L, Becchi G et al (2017) PD-L1 genetic

overexpression or pharmacological restoration in hematopoietic stem and

progenitor cells reverses autoimmune diabetes. Sci Transl Med 9:

eaam7543

Berry CC, Ocwieja KE, Malani N, Bushman FD (2014) Comparing DNA

integration site clusters with scan statistics. Bioinformatics 30: 1493 – 1500

Biasco L, Pellin D, Scala S, Dionisio F, Basso-Ricci L, Leonardelli L, Scaramuzza

S, Baricordi C, Ferrua F, Cicalese MP et al (2016) In vivo tracking of

human hematopoiesis reveals patterns of clonal dynamics during early

and steady-state reconstitution phases. Cell Stem Cell 19: 107 – 119

Biechonski S, Olender L, Zipin-Roitman A, Yassin M, Aqaqe N, Marcu-Malina

V, Rall-Scharpf M, Trottier M, Meyn MS, Wiesmuller L et al (2018)

Attenuated DNA damage responses and increased apoptosis characterize

human hematopoietic stem cells exposed to irradiation. Sci Rep 8: 6071

Biffi A, Capotondo A, Fasano S, del Carro U, Marchesini S, Azuma H, Malaguti

MC, Amadio S, Brambilla R, Grompe M et al (2006) Gene therapy of

metachromatic leukodystrophy reverses neurological damage and deficits

in mice. J Clin Invest 116: 3070 – 3082

Biffi A, Bartolomae CC, Cesana D, Cartier N, Aubourg P, Ranzani M, Cesani

M, Benedicenti F, Plati T, Rubagotti E et al (2011) Lentiviral vector

common integration sites in preclinical models and a clinical trial reflect

a benign integration bias and not oncogenic selection. Blood 117:

5332 – 5339

Biffi A, Montini E, Lorioli L, Cesani M, Fumagalli F, Plati T, Baldoli C, Martino

S, Calabria A, Canale S et al (2013) Lentiviral hematopoietic stem cell

gene therapy benefits metachromatic leukodystrophy. Science 341:

1233158

Boitano AE, Wang J, Romeo R, Bouchez LC, Parker AE, Sutton SE, Walker JR,

Flaveny CA, Perdew GH, Denison MS et al (2010) Aryl hydrocarbon

receptor antagonists promote the expansion of human hematopoietic

stem cells. Science 329: 1345 – 1348

Braun CJ, Boztug K, Paruzynski A, Witzel M, Schwarzer A, Rothe M, Modlich

U, Beier R, Gohring G, Steinemann D et al (2014) Gene therapy for

Wiskott-Aldrich syndrome–long-term efficacy and genotoxicity. Sci Transl

Med 6: 227ra233

Brown BD, Gentner B, Cantore A, Colleoni S, Amendola M, Zingale A, Baccarini

A, Lazzari G, Galli C, Naldini L (2007) Endogenous microRNA can be

broadly exploited to regulate transgene expression according to tissue,

lineage and differentiation state. Nat Biotechnol 25: 1457 – 1467

Broxmeyer HE, Orschell CM, Clapp DW, Hangoc G, Cooper S, Plett PA, Liles

WC, Li X, Graham-Evans B, Campbell TB et al (2005) Rapid mobilization of

murine and human hematopoietic stem and progenitor cells with

AMD3100, a CXCR4 antagonist. J Exp Med 201: 1307 – 1318

Capotondo A, Milazzo R, Politi LS, Quattrini A, Palini A, Plati T, Merella S,

Nonis A, di Serio C, Montini E et al (2012) Brain conditioning is

instrumental for successful microglia reconstitution following

hematopoietic stem cell transplantation. Proc Natl Acad Sci USA 109:

15018 – 15023

Cartier N, Hacein-Bey-Abina S, Bartholomae CC, Veres G, Schmidt M,

Kutschera I, Vidaud M, Abel U, Dal-Cortivo L, Caccavelli L et al (2009)

Hematopoietic stem cell gene therapy with a lentiviral vector in X-linked

adrenoleukodystrophy. Science 326: 818 – 823

Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K, Fusil F, Down J,

Denaro M, Brady T, Westerman K et al (2010) Transfusion independence

and HMGA2 activation after gene therapy of human beta-thalassaemia.

Nature 467: 318 – 322

Cesana D, Ranzani M, Volpin M, Bartholomae C, Duros C, Artus A, Merella S,

Benedicenti F, Sergi Sergi L, Sanvito F et al (2014) Uncovering and

dissecting the genotoxicity of self-inactivating lentiviral vectors in vivo.

Mol Ther 22: 774 – 785

Chhabra A, Ring AM, Weiskopf K, Schnorr PJ, Gordon S, Le AC, Kwon HS, Ring

NG, Volkmer J, Ho PY et al (2016) Hematopoietic stem cell transplantation

in immunocompetent hosts without radiation or chemotherapy. Sci Transl

Med 8: 351ra105

Ciccia A, Elledge SJ (2010) The DNA damage response: making it safe to play

with knives. Mol Cell 40: 179 – 204

Conti A, Di Micco R (2018) p53 activation: a checkpoint for precision genome

editing? Genome Med 10: 66

Cooper AR, Lill GR, Shaw K, Carbonaro-Sarracino DA, Davila A, Sokolic R,

Candotti F, Pellegrini M, Kohn DB (2017) Cytoreductive conditioning

intensity predicts clonal diversity in ADA-SCID retroviral gene therapy

patients. Blood 129: 2624 – 2635

Cutler C, Multani P, Robbins D, Kim HT, Le T, Hoggatt J, Pelus LM, Desponts

C, Chen YB, Rezner B et al (2013) Prostaglandin-modulated umbilical

cord blood hematopoietic stem cell transplantation. Blood 122:

3074 – 3081

De Ravin SS, Reik A, Liu PQ, Li L, Wu X, Su L, Raley C, Theobald N, Choi U,

Song AH et al (2016a) Targeted gene addition in human CD34(+)

hematopoietic cells for correction of X-linked chronic granulomatous

disease. Nat Biotechnol 34: 424 – 429

De Ravin SS, Wu X, Moir S, Anaya-O’Brien S, Kwatemaa N, Littel P, Theobald

N, Choi U, Su L, Marquesen M et al (2016b) Lentiviral hematopoietic stem

cell gene therapy for X-linked severe combined immunodeficiency. Sci

Transl Med 8: 335ra357

De Ravin SS, Li L, Wu X, Choi U, Allen C, Koontz S, Lee J, Theobald-Whiting N,

Chu J, Garofalo M et al (2017) CRISPR-Cas9 gene repair of hematopoietic

stem cells from patients with X-linked chronic granulomatous disease. Sci

Transl Med 9: eaah3480

Dever DP, Bak RO, Reinisch A, Camarena J, Washington G, Nicolas CE, Pavel-

Dinu M, Saxena N, Wilkens AB, Mantri S et al (2016) CRISPR/Cas9 beta-

globin gene targeting in human haematopoietic stem cells. Nature 539:

384 – 389

DiGiusto DL, Krishnan A, Li L, Li H, Li S, Rao A, Mi S, Yam P, Stinson S, Kalos

M et al (2010) RNA-based gene therapy for HIV with lentiviral vector-

modified CD34(+) cells in patients undergoing transplantation for AIDS-

related lymphoma. Sci Transl Med 2: 36ra43

Doudna JA, Charpentier E (2014) Genome editing. The new frontier of

genome engineering with CRISPR-Cas9. Science 346: 1258096

Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D, Naldini L (1998) A

third-generation lentivirus vector with a conditional packaging system. J

Virol 72: 8463 – 8471

Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, Sadelain M (2018) Gene

therapy comes of age. Science 359: eaan4672

Eichler F, Duncan C, Musolino PL, Orchard PJ, De Oliveira S, Thrasher AJ,

Armant M, Dansereau C, Lund TC, Miller WP et al (2017) Hematopoietic

stem-cell gene therapy for cerebral adrenoleukodystrophy. N Engl J Med

377: 1630 – 1638

Escobar G, Moi D, Ranghetti A, Ozkal-Baydin P, Squadrito ML, Kajaste-

Rudnitski A, Bondanza A, Gentner B, De Palma M, Mazzieri R et al (2014)

Genetic engineering of hematopoiesis for targeted IFN-alpha delivery

inhibits breast cancer progression. Sci Transl Med 6: 217ra213

ª 2019 The Author EMBO Molecular Medicine 11: e9958 | 2019 9 of 12

Luigi Naldini Hematopoietic stem cells gene therapy EMBO Molecular Medicine



Escobar G, Barbarossa L, Barbiera G, Norelli M, Genua M, Ranghetti A, Plati T,

Camisa B, Brombin C, Cittaro D et al (2018) Interferon gene therapy

reprograms the leukemia microenvironment inducing protective immunity

to multiple tumor antigens. Nat Commun 9: 2896

Fares I, Chagraoui J, Lehnertz B, MacRae T, Mayotte N, Tomellini E, Aubert L,

Roux PP, Sauvageau G (2017) EPCR expression marks UM171-expanded

CD34(+) cord blood stem cells. Blood 129: 3344 – 3351

Ferrua F, Aiuti A (2017) Twenty-five years of gene therapy for ADA-SCID:

from bubble babies to an approved drug. Hum Gene Ther 28: 972 –

981

Fischer A, Hacein-Bey Abina S, Touzot F, Cavazzana M (2015) Gene therapy

for primary immunodeficiencies. Clin Genet 88: 507 – 515

Flach J, Bakker ST, Mohrin M, Conroy PC, Pietras EM, Reynaud D, Alvarez S,

Diolaiti ME, Ugarte F, Forsberg EC et al (2014) Replication stress is a

potent driver of functional decline in ageing haematopoietic stem cells.

Nature 512: 198 – 202

Gabriel R, Eckenberg R, Paruzynski A, Bartholomae CC, Nowrouzi A, Arens A,

Howe SJ, Recchia A, Cattoglio C, Wang W et al (2009) Comprehensive

genomic access to vector integration in clinical gene therapy. Nat Med 15:

1431 – 1436

Genovese P, Schiroli G, Escobar G, Tomaso TD, Firrito C, Calabria A,

Moi D, Mazzieri R, Bonini C, Holmes MC et al (2014) Targeted genome

editing in human repopulating haematopoietic stem cells. Nature 510:

235 – 240

Gentner B, Visigalli I, Hiramatsu H, Lechman E, Ungari S, Giustacchini A,

Schira G, Amendola M, Quattrini A, Martino S et al (2010) Identification of

hematopoietic stem cell-specific miRNAs enables gene therapy of globoid

cell leukodystrophy. Sci Transl Med 2: 58ra84

Ghobadi A, Rettig MP, Holt MS, Ritchey JK, Kennerly K, Chendamarai E,

Eissenberg L, DiPersio JF (2018) Ixazomib, an oral proteasome inhibitor,

induces rapid mobilization of hematopoietic progenitor cells in mice.

Blood 131: 2594 – 2596

Gori JL, Butler JM, Chan YY, Chandrasekaran D, Poulos MG, Ginsberg M, Nolan

DJ, Elemento O, Wood BL, Adair JE et al (2015) Vascular niche promotes

hematopoietic multipotent progenitor formation from pluripotent stem

cells. J Clin Invest 125: 1243 – 1254

Hacein-Bey Abina S, Gaspar HB, Blondeau J, Caccavelli L, Charrier S, Buckland

K, Picard C, Six E, Himoudi N, Gilmour K et al (2015) Outcomes following

gene therapy in patients with severe Wiskott-Aldrich syndrome. JAMA 313:

1550 – 1563

Hacein-Bey-Abina S, Garrigue A, Wang GP, Soulier J, Lim A, Morillon E,

Clappier E, Caccavelli L, Delabesse E, Beldjord K et al (2008) Insertional

oncogenesis in 4 patients after retrovirus-mediated gene therapy of SCID-

X1. J Clin Invest 118: 3132 – 3142

Hadland BK, Varnum-Finney B, Poulos MG, Moon RT, Butler JM, Rafii S,

Bernstein ID (2015) Endothelium and NOTCH specify and amplify aorta-

gonad-mesonephros-derived hematopoietic stem cells. J Clin Invest 125:

2032 – 2045

Heffner GC, Bonner M, Christiansen L, Pierciey FJ, Campbell D, Smurnyy Y,

Zhang W, Hamel A, Shaw S, Lewis G et al (2018) Prostaglandin E2

increases lentiviral vector transduction efficiency of adult human

hematopoietic stem and progenitor cells. Mol Ther 26: 320 – 328

Hoggatt J, Singh P, Tate TA, Chou BK, Datari SR, Fukuda S, Liu L,

Kharchenko PV, Schajnovitz A, Baryawno N et al (2018) Rapid

mobilization reveals a highly engraftable hematopoietic stem cell. Cell

172: 191 – 204 e110

Horwitz ME, Chao NJ, Rizzieri DA, Long GD, Sullivan KM, Gasparetto C, Chute

JP, Morris A, McDonald C, Waters-Pick B et al (2014) Umbilical cord blood

expansion with nicotinamide provides long-term multilineage

engraftment. J Clin Invest 124: 3121 – 3128

Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C, Hubank M,

Kempski H, Brugman MH, Pike-Overzet K, Chatters SJ, de Ridder D et al

(2008) Insertional mutagenesis combined with acquired somatic

mutations causes leukemogenesis following gene therapy of SCID-X1

patients. J Clin Invest 118: 3143 – 3150

Kajaste-Rudnitski A, Naldini L (2015) Cellular innate immunity and restriction

of viral infection: implications for lentiviral gene therapy in human

hematopoietic cells. Hum Gene Ther 26: 201 – 209

Kay MA, Glorioso JC, Naldini L (2001) Viral vectors for gene therapy: the art

of turning infectious agents into vehicles of therapeutics. Nat Med 7: 33 – 40

Levine BL, Humeau LM, Boyer J, MacGregor RR, Rebello T, Lu X, Binder GK,

Slepushkin V, Lemiale F, Mascola JR et al (2006) Gene transfer in humans

using a conditionally replicating lentiviral vector. Proc Natl Acad Sci USA

103: 17372 – 17377

Li Pira G, Di Cecca S, Biagini S, Girolami E, Cicchetti E, Bertaina V, Quintarelli

C, Caruana I, Lucarelli B, Merli P et al (2017) Preservation of antigen-

specific functions of alphabeta T cells and B cells removed from

hematopoietic stem cell transplants suggests their use as an alternative

cell source for advanced manipulation and adoptive immunotherapy.

Front Immunol 8: 332

de Lima M, McNiece I, Robinson SN, Munsell M, Eapen M, Horowitz M,

Alousi A, Saliba R, McMannis JD, Kaur I et al (2012) Cord-blood

engraftment with ex vivo mesenchymal-cell coculture. N Engl J Med 367:

2305 – 2315

Lis R, Karrasch CC, Poulos MG, Kunar B, Redmond D, Duran JGB, Badwe CR,

Schachterle W, Ginsberg M, Xiang J et al (2017) Conversion of adult

endothelium to immunocompetent haematopoietic stem cells. Nature 545:

439 – 445

Lombardo A, Genovese P, Beausejour CM, Colleoni S, Lee YL, Kim KA, Ando D,

Urnov FD, Galli C, Gregory PD et al (2007) Gene editing in human stem

cells using zinc finger nucleases and integrase-defective lentiviral vector

delivery. Nat Biotechnol 25: 1298 – 1306

Lombardo A, Cesana D, Genovese P, Di Stefano B, Provasi E, Colombo DF, Neri

M, Magnani Z, Cantore A, Lo Riso P et al (2011) Site-specific integration

and tailoring of cassette design for sustainable gene transfer. Nat Methods

8: 861 – 869

Marktel S, Scaramuzza S, Cicalese MP, Giglio F, Galimberti F, Lidonnici MR,

Calbi V, Assanelli A, Bernardo ME, Rossi C et al (2019) Intrabone

hematopoietic stem cell gene therapy for adult and pediatric patients

affected by transfusion dependent b-thalassemia. Nat Med in press

Mazurier F, Doedens M, Gan OI, Dick JE (2003) Rapid myeloerythroid

repopulation after intrafemoral transplantation of NOD-SCID mice reveals

a new class of human stem cells. Nat Med 9: 959 – 963

Mazurier F, Gan OI, McKenzie JL, Doedens M, Dick JE (2004) Lentivector-

mediated clonal tracking reveals intrinsic heterogeneity in the human

hematopoietic stem cell compartment and culture-induced stem cell

impairment. Blood 103: 545 – 552

Milani M, Annoni A, Bartolaccini S, Biffi M, Russo F, Di Tomaso T, Raimondi A,

Lengler J, Holmes MC, Scheiflinger F et al (2017) Genome editing for

scalable production of alloantigen-free lentiviral vectors for in vivo gene

therapy. EMBO Mol Med 9: 1558 – 1573

Milyavsky M, Gan OI, Trottier M, Komosa M, Tabach O, Notta F, Lechman E,

Hermans KG, Eppert K, Konovalova Z et al (2010) A distinctive DNA

damage response in human hematopoietic stem cells reveals an

apoptosis-independent role for p53 in self-renewal. Cell Stem Cell 7:

186 – 197

10 of 12 EMBO Molecular Medicine 11: e9958 | 2019 ª 2019 The Author

EMBO Molecular Medicine Hematopoietic stem cells gene therapy Luigi Naldini



Modlich U, Navarro S, Zychlinski D, Maetzig T, Knoess S, Brugman MH,

Schambach A, Charrier S, Galy A, Thrasher AJ et al (2009) Insertional

transformation of hematopoietic cells by self-inactivating lentiviral and

gammaretroviral vectors. Mol Ther 17: 1919 – 1928

Montini E, Cesana D, Schmidt M, Sanvito F, Bartholomae CC, Ranzani M,

Benedicenti F, Sergi LS, Ambrosi A, Ponzoni M et al (2009) The genotoxic

potential of retroviral vectors is strongly modulated by vector design and

integration site selection in a mouse model of HSC gene therapy. J Clin

Invest 119: 964 – 975

Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D

(1996) In vivo gene delivery and stable transduction of nondividing cells

by a lentiviral vector. Science 272: 263 – 267

Naldini L (2011) Ex vivo gene transfer and correction for cell-based therapies.

Nat Rev Genet 12: 301 – 315

Naldini L (2015) Gene therapy returns to centre stage. Nature 526: 351 – 360

Naldini L, Trono D, Verma IM (2016) Lentiviral vectors, two decades later.

Science 353: 1101 – 1102

Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica I, Dick JE (2011) Isolation of

single human hematopoietic stem cells capable of long-term multilineage

engraftment. Science 333: 218 – 221

Notta F, Zandi S, Takayama N, Dobson S, Gan OI, Wilson G, Kaufmann KB,

McLeod J, Laurenti E, Dunant CF et al (2016) Distinct routes of lineage

development reshape the human blood hierarchy across ontogeny. Science

351: aab2116

Orkin SH, Bauer DE (2019) Emerging genetic therapy for sickle cell disease.

Annu Rev Med 70 in press

Palchaudhuri R, Saez B, Hoggatt J, Schajnovitz A, Sykes DB, Tate TA,

Czechowicz A, Kfoury Y, Ruchika F, Rossi DJ et al (2016) Non-genotoxic

conditioning for hematopoietic stem cell transplantation using a

hematopoietic-cell-specific internalizing immunotoxin. Nat Biotechnol 34:

738 – 745

Petrillo C, Cesana D, Piras F, Bartolaccini S, Naldini L, Montini E, Kajaste-

Rudnitski A (2015) Cyclosporin a and rapamycin relieve distinct lentiviral

restriction blocks in hematopoietic stem and progenitor cells. Mol Ther 23:

352 – 362

Petrillo C, Thorne LG, Unali G, Schiroli G, Giordano AMS, Piras F, Cuccovillo I,

Petit SJ, Ahsan F, Noursadeghi M et al (2018) Cyclosporine H overcomes

innate immune restrictions to improve lentiviral transduction and gene

editing in human hematopoietic stem cells. Cell Stem Cell 23: 820 – 832

e829

Piras F, Riba M, Petrillo C, Lazarevic D, Cuccovillo I, Bartolaccini S, Stupka E,

Gentner B, Cittaro D, Naldini L et al (2017) Lentiviral vectors escape innate

sensing but trigger p53 in human hematopoietic stem and progenitor

cells. EMBO Mol Med 9: 1198 – 1211

Radtke S, Adair JE, Giese MA, Chan YY, Norgaard ZK, Enstrom M, Haworth KG,

Schefter LE, Kiem HP (2017) A distinct hematopoietic stem cell population

for rapid multilineage engraftment in nonhuman primates. Sci Transl Med

9: eaan1145

Rees HA, Liu DR (2018) Base editing: precision chemistry on the genome and

transcriptome of living cells. Nat Rev Genet 19: 770 – 788

Ribeil JA, Hacein-Bey-Abina S, Payen E, Magnani A, Semeraro M, Magrin E,

Caccavelli L, Neven B, Bourget P, El Nemer W et al (2017) Gene

therapy in a patient with sickle cell disease. N Engl J Med 376:

848 – 855

Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE (2016) Enhancing

homology-directed genome editing by catalytically active and inactive

CRISPR-Cas9 using asymmetric donor DNA. Nat Biotechnol 34:

339 – 344

Rio P, Navarro S, Bueren JA (2018) Advances in gene therapy for fanconi

anemia. Hum Gene Ther 29: 1114 – 1123

Rossetti M, Gregori S, Hauben E, Brown BD, Sergi LS, Naldini L, Roncarolo MG

(2011) HIV-1-derived lentiviral vectors directly activate plasmacytoid

dendritic cells, which in turn induce the maturation of myeloid dendritic

cells. Hum Gene Ther 22: 177 – 188

Santoni de Sio FR, Cascio P, Zingale A, Gasparini M, Naldini L (2006)

Proteasome activity restricts lentiviral gene transfer into hematopoietic

stem cells and is down-regulated by cytokines that enhance transduction.

Blood 107: 4257 – 4265

Scala S, Basso-Ricci L, Dionisio F, Pellin D, Giannelli S, Salerio FA, Leonardelli

L, Cicalese MP, Ferrua F, Aiuti A et al (2018) Dynamics of genetically

engineered hematopoietic stem and progenitor cells after autologous

transplantation in humans. Nat Med 24: 1683 – 1690

Schiroli G, Ferrari S, Conway A, Jacob A, Capo V, Albano L, Plati T, Castiello

MC, Sanvito F, Gennery AR et al (2017) Preclinical modeling highlights the

therapeutic potential of hematopoietic stem cell gene editing for

correction of SCID-X1. Sci Transl Med 9: 411

Schiroli G, Conti A, Ferrari S, Della Volpe L, Jacob A, Albano L, Beretta S,

Calabria A, Vavassori V, Gasparini P et al (2019) Precise gene editing

preserves hematopoietic stem cell function following transient

p53-mediated DNA damage response. Cell Stem Cell in press

Sessa M, Lorioli L, Fumagalli F, Acquati S, Redaelli D, Baldoli C, Canale S,

Lopez ID, Morena F, Calabria A et al (2016) Lentiviral haemopoietic stem-

cell gene therapy in early-onset metachromatic leukodystrophy: an ad-hoc

analysis of a non-randomised, open-label, phase 1/2 trial. Lancet 388:

476 – 487

Stein S, Ott MG, Schultze-Strasser S, Jauch A, Burwinkel B, Kinner A,

Schmidt M, Kramer A, Schwable J, Glimm H et al (2010) Genomic

instability and myelodysplasia with monosomy 7 consequent to EVI1

activation after gene therapy for chronic granulomatous disease. Nat

Med 16: 198 – 204

Sugimura R, Jha DK, Han A, Soria-Valles C, da Rocha EL, Lu YF, Goettel JA,

Serrao E, Rowe RG, Malleshaiah M et al (2017) Haematopoietic stem

and progenitor cells from human pluripotent stem cells. Nature 545:

432 – 438

Tebas P, Stein D, Binder-Scholl G, Mukherjee R, Brady T, Rebello T, Humeau L,

Kalos M, Papasavvas E, Montaner LJ et al (2013) Antiviral effects of

autologous CD4 T cells genetically modified with a conditionally

replicating lentiviral vector expressing long antisense to HIV. Blood 121:

1524 – 1533

Thompson AA, Walters MC, Kwiatkowski J, Rasko JEJ, Ribeil JA, Hongeng S,

Magrin E, Schiller GJ, Payen E, Semeraro M et al (2018) Gene therapy in

patients with transfusion-dependent beta-thalassemia. N Engl J Med 378:

1479 – 1493

Thrasher AJ, Williams DA (2017) Evolving gene therapy in primary

immunodeficiency. Mol Ther 25: 1132 – 1141

Touzot F, Moshous D, Creidy R, Neven B, Frange P, Cros G, Caccavelli L,

Blondeau J, Magnani A, Luby JM et al (2015) Faster T-cell development

following gene therapy compared with haploidentical HSCT in the

treatment of SCID-X1. Blood 125: 3563 – 3569

Tsai SQ, Joung JK (2016) Defining and improving the genome-wide

specificities of CRISPR-Cas9 nucleases. Nat Rev Genet 17: 300 – 312

Urnov FD (2018) Ctrl-Alt-inDel: genome editing to reprogram a cell in the

clinic. Curr Opin Genet Dev 52: 48 – 56

Velten L, Haas SF, Raffel S, Blaszkiewicz S, Islam S, Hennig BP, Hirche C, Lutz

C, Buss EC, Nowak D et al (2017) Human haematopoietic stem cell lineage

commitment is a continuous process. Nat Cell Biol 19: 271 – 281

ª 2019 The Author EMBO Molecular Medicine 11: e9958 | 2019 11 of 12

Luigi Naldini Hematopoietic stem cells gene therapy EMBO Molecular Medicine



Visigalli I, Delai S, Politi LS, Di Domenico C, Cerri F, Mrak E, D’Isa R, Ungaro D,

Stok M, Sanvito F et al (2010) Gene therapy augments the efficacy of

hematopoietic cell transplantation and fully corrects

mucopolysaccharidosis type I phenotype in the mouse model. Blood 116:

5130 – 5139

Wagner JE Jr, Brunstein CG, Boitano AE, DeFor TE, McKenna D, Sumstad D,

Blazar BR, Tolar J, Le C, Jones J et al (2016) Phase I/II trial of

stemregenin-1 expanded umbilical cord blood hematopoietic stem

cells supports testing as a stand-alone graft. Cell Stem Cell 18:

144 – 155

Wang GP, Levine BL, Binder GK, Berry CC, Malani N, McGarrity G, Tebas P,

June CH, Bushman FD (2009) Analysis of lentiviral vector integration in

HIV+ study subjects receiving autologous infusions of gene modified CD4+

T cells. Mol Ther 17: 844 – 850

Wang CX, Sather BD, Wang X, Adair J, Khan I, Singh S, Lang S, Adams A,

Curinga G, Kiem HP et al (2014) Rapamycin relieves lentiviral vector

transduction resistance in human and mouse hematopoietic stem cells.

Blood 124: 913 – 923

Wang J, Exline CM, DeClercq JJ, Llewellyn GN, Hayward SB, Li PW, Shivak DA,

Surosky RT, Gregory PD, Holmes MC et al (2015) Homology-driven genome

editing in hematopoietic stem and progenitor cells using ZFN mRNA and

AAV6 donors. Nat Biotechnol 33: 1256 – 1263

Watts KL, Delaney C, Nelson V, Trobridge GD, Beard BC, Humphries RK, Kiem

HP (2013) CD34(+) expansion with Delta-1 and HOXB4 promotes rapid

engraftment and transfusion independence in a Macaca nemestrina cord

blood transplant model. Mol Ther 21: 1270 – 1278

Zhou S, Mody D, DeRavin SS, Hauer J, Lu T, Ma Z, Hacein-Bey Abina S,

Gray JT, Greene MR, Cavazzana-Calvo M et al (2010) A self-

inactivating lentiviral vector for SCID-X1 gene therapy that does

not activate LMO2 expression in human T cells. Blood 116:

900 – 908

Zonari E, Desantis G, Petrillo C, Boccalatte FE, Lidonnici MR, Kajaste-Rudnitski

A, Aiuti A, Ferrari G, Naldini L, Gentner B (2017) Efficient ex vivo

engineering and expansion of highly purified human hematopoietic stem

and progenitor cell populations for gene therapy. Stem Cell Rep 8:

977 – 990

Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, Trono D (1998)

Self-inactivating lentivirus vector for safe and efficient in vivo gene

delivery. J Virol 72: 9873 – 9880

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

Luigi Naldini

San Raffaele Telethon Institute for Gene Therapy IRCCS San Raffaele Hospital and

Research Institute “Vita - Salute San Raffaele” University Medical School Milan Italy

E-mail: naldini.luigi@hsr.it

Luigi Naldini is awarded the 2019 Louis-Jeantet Prize for Medicine for his

pioneering work taking gene therapy from the bench to the bedside. He is

Professor of Cell and Tissue Biology and of Gene and Cell Therapy at the San

Raffaele University School of Medicine and Scientific Director of the San Raf-

faele Telethon Institute for Gene Therapy, Milan, Italy.

12 of 12 EMBO Molecular Medicine 11: e9958 | 2019 ª 2019 The Author

EMBO Molecular Medicine Hematopoietic stem cells gene therapy Luigi Naldini

mailto:

