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ABSTRACT

Innate immune sensing and intrinsic expression of antiviral restriction factors
may contribute to the poor permissivity of hematopoietic stem and progenitor cells
(HSPC) to genetic engineering.

The first aim of my PhD thesis focuses on viral vectors sensing and stems from
our observation that human HSPC respond differently to distinct viral vectors. While
HIV-1-derived lentiviral vectors (LV) escape innate immune sensing, MLV -based y-
retroviral vectors (yRV) activate robust type I interferon (IFN) responses. Here we
exploited human primary macrophages and PMA-U937 cells that recapitulate the
same responses, as a model to better dissect mechanisms of RV recognition. We
observed that yRV-mediated signaling is independent of reverse-transcribed DNA
and occurred also with empty viral particles devoid of genomic RNA. In agreement,
PMA-U937 cells knock-out for the canonical nucleic acid sensors cGAS, STING, RIG-
I, or MAVS still up-regulated type I IFN responses upon YRV transduction,
suggesting that IFN-induction is mainly driven by recognition of viral structural
components. Interestingly, the yRV-mediated response was abrogated by inhibition
of the TBK1 kinase, suggesting its involvement in the activation of the downstream
antiviral responses. Remarkably, chimeric LV carrying the structural components of
the yRV-induced type I IFN responses in macrophages, highlighting a direct role of
the yRV structural components in vector recognition. To identify host factors
involved in the sensing of the retroviral core we performed a CRISPR/Cas9
screening targeting interferon-stimulated genes. Current work is aimed at assessing
the role of the most relevant candidate factors in the response to yRV transduction.

The second aim of my work tackles the role of antiviral host factors in poor
permissivity of human HSPC to viral transduction. Specifically, we focused on the
HIV-1 restriction factor SAMHD1 that hydrolyses intracellular dNTPs that are
required for viral reverse transcription, dampening infection in non-diving and
resting cells. The role of SMAHD1 has been poorly investigated in HSPC. To this
aim, we used LV that incorporate the SIV accessory protein Vpx, which degrades
SAMHD1. While Vpx-incorporation did not improve transduction efficiency in HSPC
pre-stimulated with growth-promoting cytokines, a modest but significant
advantage was observed in quiescent HSPC. Moreover, addition of exogenous
deoxynucleosides (dNs) improved transduction in quiescent HSPC with a striking
and synergistic benefit when combined with CsH, a compound we have shown to
overcome an innate block to vector entry in HSPC that acts prior to SAMHD1. Of



note, the combination of dNs and CsH significantly improved transduction also in
other quiescent cell sources, such as resting T cells. Importantly, we showed that
with the combination of dNs and CsH we could achieve efficient transduction and
higher engraftment in unstimulated HSPC as compared to stimulated cells,
highlighting how shorter ex vivo culture preserves HSC biological properties.
Together, our results indicate that gene transfer in unstimulated HSPC is hampered
by different immune barriers, and strategies to overcome these barriers allow for
improved genetic engineering in quiescent HSPC.

Overall, my PhD work, through in-depth investigation of vector-host interactions,
sheds light on novel HSPC immune defense mechanisms and informs the

development of improved gene therapy protocols.
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gRNA: guide RNA
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HSV-1: Herpes Simplex Virus-1

hTRIM5a: human TRIM5a

IAV: Influenza A Virus

IDLV: Integrase-Deficient Lentiviral Vector
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IFITMs: Interferon-Induced Transmembrane Proteins
IFN: Interferon
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IMP: Inosine Monophosphate

IN: Integrase

ISG: Interferon Stimulated Genes
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KI: Knock-In

KO: Knock-Out
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LV: Lentiviral Vector
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MDDC: Monocyte-Derived Dendritic Cells
MDM: Monocyte-Derived Macrophages

MEP: Megakaryocyte-Erythroid Progenitors
MLD: Metachromatic Leukodystrophy

MLV: Murine Leukemia Virus

MOI: Multiplicity of Infection
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NK: Natural Killer

NLS: Nuclear Localization Sequence

NSG: NOD Scid Gamma
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PAMP: Pathogen-Associated Molecular Patterns
PBS: Primer Binding Site

pDC: plasmacytoid Dendritic Cells

pegRNA: Prime-Editing Guide RNA

PGE2: Prostaglandin E2

PIC: Pre-Integration Complex

PID: Primary Immune Deficiencies

PPAT: Phosphoribosyl Pyrophosphate Amidotransferase
PR: Protease

PRR: Pattern Recognition Receptors

gLT-HSC: quiescent Long-Term repopulating HSC
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RIG-I: Retinoid acid-Inducible Gene-I

RLR: RIG-I-Like Receptors



RNP: Ribonucleoprotein complex

RRE: REV-Responsive Element

RSV: Rous Sarcoma Virus

RT: Reverse Transcriptase

RT: Reverse Transcription

RT: Room Temperature

RV: Retroviral Vectors

SAM: Sterile Alpha Motif

SAMHD1: SAM and HD containing protein 1
SCD: Sickle Cell Disease
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sgRNA: single guide RNA
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SR1: StemRegenin 1

ssODNs: single-stranded phosphorothioate-modified oligodeoxynucleotides
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ST-HSC: Short-Term HSC

STING: stimulator of interferon genes
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TALENs: Transcription Activator-Like Effector Nucleases
TAR: Transactivation Response Element
TBK1: TANK-binding kinase 1

THPO: Thrombopoietin

TIR: Toll-Interleukin-1 Receptor

TLR: Toll-Like Receptors

TSCM: Stem Memory T Cells
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VA: Valproic Acid

VCN: Vector Copy Number

VLPs: Virus-Like Particles
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WAS: Wiskott-Aldrich Syndrome

WNV: West Nile Virus

WPRE: Woodchuck Hepatitis Virus
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X-SCID: X-linked Severe Combined ImmunoDeficiency
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4. INTRODUCTION

4.1. The hematopoietic system

The hematopoietic system is fundamental for sustaining physiological processes and
in disease conditions, with specialized mature hematopoietic cell types that participate
in oxygen supply, nutrient transport to tissues, immune response and wound healing
processes (Loughran et al, 2020). Mature blood cells have a limited lifespan and their
lifelong supply is provided through hematopoiesis, starting from a limited pool of
multipotent hematopoietic stem cells (HSC) (Eaves, 2015; Orkin & Zon, 2008).

The cellular potential of HSC was discovered in the 50s by transplanting bone marrow
(BM) cells into lethally preconditioned recipients, which lacked a functional hematopoietic
system. Transplanted cells promoted mice survival, suggesting that donor BM contained
HSC (Lorenz et al, 1952; Jacobson et al, 1951). Later, colony-forming unit (CFU) assays
demonstrated the multilineage differentiation property of HSC as multilineage
progenitors could arise from a single hematopoietic precursor (Till & McCulloch, 1961;
BECKER et al, 1963).

With the identification of cell surface markers HSC started to be isolated from the BM
and it became possible to better investigate their properties and functions (Kondo et al,
1997; Akashi et al, 2000). This led to the establishment of the classical hematopoietic
hierarchy roadmap that illustrates the lineage relation between HSC and their progenies
(Doulatov et al, 2012). According to this classical model, HSC differentiate gradually
through a process in which they lose the potential of producing all the different
hematopoietic cells, moving from multipotency to oligopotency to unipotency until cells
can form only one type of mature blood cell (Figure 1).

Cells are classified in long-term (LT)-HSC or short-term (ST)-HSC, according to the
expression of the CD34 surface marker (Morrison & Weissman, 1994). LT-HSC are a rare
BM cell population that show long-term reconstitution ability. ST-HSC display only short-
term reconstitution capacity. LT-HSC are almost quiescent thus minimizing possible DNA
damage associated with cell cycle progression, and rely on ST-HSC and downstream
progenitors to support steady-state hematopoiesis. ST-HSC give rise to multipotent
progenitors (MPP) that display high differentiation ability while losing self-renewal ability

(Yang et al, 2005). MPP can give rise to common myeloid progenitors (CMP) or common
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lymphoid progenitors (CLP). CMP possess myeloid/erythroid/megakaryocyte potential
and they further branch into megakaryocyte-erythrocyte progenitors (MEP) and
granulocytes-macrophages progenitors (GMP). CLP display instead a lymphoid-restricted
potential and differentiate in T cells, B cells, natural killer (NK) cells, and dendritic cells.
This classic model of the hematopoietic hierarchy presents a series of punctuated lineage
decisions taken by functionally homogeneous cells that are defined according to their
cell surface markers expression (Figure 1).

Despite clearly explaining the HSC differentiation process, the classic model
represents an oversimplification. More recent advances in single-cell technologies, cell
tracking, and genetics have highlighted the great heterogeneity and complexity of HSC,
allowing to expand the knowledge of hematopoiesis (Liggett & Sankaran, 2020). This led
to a revised model of hematopoiesis, termed the continuum model (Velten et al, 2017;
Laurenti & Gottgens, 2018). According to this model, the acquisition of lineage-specific
fates is no more viewed as a stepwise process with transitions through the multi- bi- and
unipotent stages. Instead, it emerges from low-primed non differentiated HSC and
progenitors through a continuous process, suggesting the absence of specific boundaries

between stem cells and progenitors (Laurenti & Géttgens, 2018) (Figure 1).

A LT-HSC @ :) % hscs ’@ ’ 3
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Figure 1. Hierarchical models of hematopoiesis A) According to the classical view of
hematopoiesis HSC differentiate into multipotent, bipotent and unipotent progenitors until they
generate all mature hematopoietic cells. B) According to the continuum model of hematopoiesis
low-primed undifferentiated HSPC differentiate into lineage-restricted cells (McRae et al, 2019).
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4.2. Hematopoietic stem cells gene therapy

In the last 60 years, allogeneic HSC transplantation (HSCT) has been the standard
treatment for a growing number of human genetic diseases (Chabannon et a/, 2018).
HSCT demonstrated its efficacy in curing diseases such as X-linked Severe Combined
Immunodeficiency (X-SCID) (Gatti et al, 1968) paving the way for the treatment of an
increasing number of human diseases. However, the possibility to find donors with
human leukocyte antigen (HLA) genotype matching still represents a limitation in this
application (Styczynski et al/, 2020) and the use of non-immunocompatible donors may
lead to graft-versus-host disease (Ferrara et al/, 2009).

To overcome the limitations and hurdles of allogeneic HSCT, innovative techniques
aimed at genetically modifying autologous HSC have been explored. Indeed, several
diseases were considered good candidates for HSC gene therapy (GT) such as primary
immunodeficiencies that affect the lymphoid system, monogenic disorders that affect
the erythroid lineages, storage and metabolic disorders as well as bone marrow failure
syndromes (Naldini, 2019).

Hematopoietic stem and progenitor cells (HSPC) gene therapy approaches so far were
based on ex vivo procedures. HSPC are collected from the mobilized peripheral blood
(mPB) or bone marrow of a patient and are cultured ex vivo in a medium containing
cytokines that promote the maintenance and expansion of long-term HSC. During the
ex vivo culture, the cells are genetically modified, either through gene transfer or gene
editing, then they are reinfused back into the patient, who receives a conditioning
treatment to deplete HSPC from the BM and favor the engraftment of the newly
engineered cells. Upon engraftment, HSC can self-renew and generate gene-corrected
daughter cells along all the hematopoietic lineages driving the reversion of pre-existing
pathologies (Naldini, 2019; Ferrari et al, 2021a) (Figure 2).
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Figure 2. Schematic of a standard hematopoietic stem cell gene therapy protocol. In a
common gene therapy procedure HSPC are harvested from the BM or mPB of a patient (1) and
are cultured ex vivo with cytokines that promote their growth and maintenance, while being
subjected to gene transfer or gene editing approaches (2). The corrected cells are delivered to the
patient who receives a conditioning regimen to make space in the BM for the corrected cells (3).
Upon engraftment, gene-modified cells can self-renew and differentiate into mature blood cells,
restoring pre-existing pathologies (Naldini, 2019).

4.2.1. HSC collection and ex vivo culture

HSPC are harvested directly from the BM of the patient, through aspiration, or by
leukapheresis upon administration of mobilizing agents. Although both sources have
provided clinical benefits in clinical trials for immunodeficiencies (Ferrua et al, 2019),
mobilized peripheral blood is currently the source of choice as it provides a higher
number of HSPC, supporting a faster reconstitution, with a minimally invasive procedure
(Gertz, 2010). Granulocyte colony-stimulating factor (G-CSF) and plerixafor are the two
drugs currently used in gene therapy for mobilization (Ferrari et al, 2021a). G-CSF
suppresses niche-supportive cytokines release in the BM, while plerixafor acts directly

on HSC by antagonizing the CXCR4 chemokine receptors and impeding the binding with
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the stromal cell-derived factor-1-alpha (SDF-1a) that promotes retention of HSC within
the BM niche (Winkler et al, 2012).

Once isolated, the purified HSPC are cultured ex vivo for 2-5 days while they are
stimulated with a mix of early-active cytokines. Stem cell factor (SCF), FMS-like tyrosine
kinase 3 ligand (FLT3L), thrombopoietin (THPO), and Interleukin 3 (IL3) or 6 (IL6) are
required to promote cell-cycle progression, essential for achieving good levels of
lentiviral vector (LV) transduction of HSPC (Ailles et al, 2002). Moreover, multiple rounds
of transduction at high vector doses with a high infectivity vector are required to reach
clinically relevant gene targeting levels (Kajaste-Rudnitski & Naldini, 2015). The use of
cytokines is further more important when performing gene editing procedures that rely
on homology-directed repair (HDR) since the exit from the quiescence status is
fundamental for engaging the DNA repair mechanisms (Genovese et al, 2014; Ferrari et
al, 2020). However, despite being required for efficient transduction, the ex vivo culture
adversely affects HSC engraftment and their repopulation capacity. This occurs due to
cell cycle progression, which drives HSC differentiation and lineage commitment, and
lack of expression of adhesion molecules that impairs their homing capacity within the
BM (Glimm et al, 2000; Kallinikou et al, 2012; Larochelle et al, 2012; Mazurier et al,
2004; Zonari et al, 2017). Moreover, HSC vector manipulation can trigger harmful
signaling events which may negatively impact primitive or more committed HSC
progenitors affecting their clonogenic capacity and reducing the fraction of corrected LT-
HSC (Piras et al, 2017; Schiroli et al, 2019; Ferrari et al, 2022). Indeed, among the
drawbacks observed in some gene therapy trials is a delay in the engraftment of platelets
and myeloid cells, which can be remedied by administering high humbers of HSPC to
favor a faster hematopoietic reconstitution upon patient conditioning (Marktel et al,
2019).

To this aim, numerous studies are focusing on the identification of new pathways and
novel compounds to devise HSC ex vivo expansion protocols (Zimran et a/, 2021). The
goal is to increase the number of gene-corrected HSC, without compromising their
engraftment potential. StemRegenin 1 (SR1) emerged from a screening showing its
ability to promote cord blood-derived HSPC ex vivo expansion by 50-fold and to increase
the number of LT engrafting HSC in immunodeficient mice (Boitano et a/, 2010). SR1 is
a purine derivative and acts by antagonizing the aryl hydrocarbon receptor (AhR), which
is crucial for self-renewal (Gasiewicz et al, 2014). A clinical trial using SR1 demonstrated

early platelet and neutrophil recovery and better engraftments as compared to recipients
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that received an equal number of non-expanded HSPC (Wagner et al, 2016). A different
screening led to the identification of a pyrimidoindole derivative named UM171 able to
expand the pool of primitive HSC more efficiently than StemRegenin 1 (Fares et al/, 2014;
Zonari et al, 2017). UM171 acts in an AhR-independent manner but its physiological
target is still unclear (Fares et al, 2014). Other compounds such as nicotinamide (Horwitz
et al, 2014) or valproic acid (VA) (Moussy et al, 2019) have been used to promote HSC
expansion and engraftment. However, there is still a lack of a defined and robust protocol
for expanding ex vivo LT-HSC from BM or mPB (Naldini, 2019).

Thus, the purpose of the current protocols is to reduce the culture period and HSC
manipulation to the minimum required to reach sufficient transduction levels, despite
several factors may influence the transduction efficiency (Naldini, 2019). Indeed, it has
been shown that HSC have high intrinsic expression of antiviral interferon-stimulated
genes (ISG) that can underpin their resistance to vector-mediated gene therapy
approaches (Wu et al, 2018; Petrillo et al, 2018). Moreover, there could be variability
among individuals in the expression of specific antiviral factors known to impair viral
transduction (Petrillo et al, 2018) or in the quiescence state of the isolated HSC, which
can overall influence the outcome of the vector manipulation.

The introduction of transduction enhancers may allow overcoming some of these
limitations, reaching high gene transfer/editing levels while removing the need for
multiple hits of transduction (Ferrari et a/, 2021a). Different compounds have been
identified as transduction enhancers such as poloxamers (Hoéfig et al, 2012; Schott et
al, 2019), Rapamycin (Wang et al, 2014; Petrillo et a/, 2015), Cyclosporine A (CsA) and
H (CsH) (Petrillo et al, 2015, 2018) and Prostaglandin E2 (PGE2) (Heffner et al, 2018;
Zonari et al, 2017). The mechanism of action varies from promoting viral attachment to
increasing viral entry or post-entry steps such as viral integration. However, for some of
the enhancers, such as PGE2, the mechanisms behind improved transduction are poorly
understood and concerns for long-term safety remains. PGE2 and the poloxamer
LentiBOOST™ are already in the clinics (Gentner et al, 2019; Kanter et al, 2019). Still,
intensive investigation of the mechanism of action and long-term follow-up are required

to demonstrate their efficient and safe profile.
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4.2.2. Hematopoietic stem cell gene engineering

While HSPC are cultured ex vivo, they undergo gene transfer or gene editing
procedures to insert a therapeutic gene within the host DNA or correct a specific DNA
sequence. The corrected and functional copy of a gene can thus be maintained through

the lifespan of the individual and can be transmitted to the progeny.

4.2.2.1. Retroviral vectors origin

Gamma (y)-retroviral vectors (RV) and lentiviral vectors have been the most widely
used transfer tools in gene therapy to date (Naldini, 2019). Viral vectors are generated
from parental viruses, which are engineered to become replication-defective particles
while maintaining the potential to integrate their genetic material within the host (Kay
et al, 2001; Naldini, 2011).

YRV derive from murine leukemia viruses (MLV), while LV derive from human
immunodeficiency virus 1 (HIV-1), both belonging to the Retroviridae family.
Retroviruses are spherical or conical enveloped RNA viruses carrying two single-strand
(ss) RNA genome molecules of 7 to 12 kb in length (Vogt, 1997).

Retroviruses can be defined as simple or complex viruses, according to their genome
structure. y-retroviruses, such as MLV, are simple retroviruses; HIV-1 instead is a
complex retrovirus. Commonly, there are three domains within retroviral genome with
Gag, Pol, and Env genes surrounded by two long terminal repeats (LTR) (Coffin et al,
1997). From the Gag domain the structural proteins capsid (CA), nucleocapsid (NC), and
matrix (MA) are synthetized starting from a single polyprotein that requires proteolytic
cleavage by the HIV-1 protease. The CA protein forms the viral core, which
accommodates the viral genome that associates with the NC protein. The MA protein
forms a layer that surrounds the viral core. Pol encodes for the viral enzymes reverse
transcriptase (RT), integrase (IN), and protease (PR) that derive from the Gag-Pol
precursor protein. The RT allows the synthesis of viral DNA from the RNA genome, the
integrase mediates viral genome integration in the host, while the protease processes
the precursors polyproteins, allowing viral cores maturation (Coffin et al, 1997). All three
enzymes are located within the viral core. The transmembrane and envelope
glycoproteins, essential in determining viral tropism, are generated from the Env

domain. The LTR, essential for gene expression regulation, are composed of the U3, R,
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and U5 sequences located at the ends of the viral genome. The packaging sequence (y)
located outside the LTR is essential to encapsidate the genetic material in nascent virions
(Beasley & Hu, 2002; Watanabe & Temin, 1982; Coffin et al, 1997; D'Souza & Summers,
2005). The viral particle is surrounded by a lipid envelope that originates from the outer
layer of the cell and accommodate the viral envelope glycoproteins that bind cell surface
receptors to mediate vector entry into the host.

In addition to these common elements, complex retroviruses carry other regulatory
genes and accessory proteins. HIV-1 carry two regulatory genes called Tat and Rev. Tat
promotes HIV transcription by binding to the transactivation response element (TAR)
located at the beginning of the nascent RNA (Bieniasz et al, 1999). Rev promotes the
nuclear export of spliced and unspliced transcripts by binding to the REV-responsive
element (RRE) located in the Env region (Neville et al, 1997). Vif, Vpr, Vpu, and Nef are
additional auxiliary factors, critical for HIV pathogenesis in vivo (Basmaciogullari &
Pizzato, 2014; Seissler et al, 2017).

The retroviral life cycle starts with the binding between the viral envelope and the
target cell membrane receptor (Figure 3). Successful binding mediates virion
internalization, with release of the viral particle inside the cell (McClure et al, 1988;
Sinangil et al, 1988). Once entered the cells, the RNA starts to be reverse transcribed
into double-stranded (ds)DNA within the viral core where the proviral DNA associates
with the integrase to form the pre-integration complex that coordinates integration
concomitantly within the host chromatin leading to permanent infection of the host.
There is no clear consensus on when and where uncoating occurs. It was thought to
happen in the cytosol, concomitantly to RT (Aboud et al, 1979; Hulme et al, 2011;
Cosnefroy et al, 2016) (Figure 3). However, recent evidence has suggested that it may
take place during the nuclear import process before entering the nucleus (Francis &
Melikyan, 2018; Fernandez et al, 2019) or even within the nucleus, near integration sites
(Burdick et al, 2020). Upon integration, the viral genome is transcribed with generation
of spliced and unspliced transcripts. Once in the cytoplasm, RNA is translated to
synthesize the viral proteins. The precursor structural proteins and the replication
enzymes associate with the full-length RNA genome in new viral particles. During the
budding from the cell membrane, the immature core acquires the viral envelope
glycoprotein and undergoes further processing promoting the maturation of new

infectious viruses (Coffin et al, 1997) (Figure 3).
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Figure 3. Retroviral life cycle. The retroviral life cycle starts with the interaction between the
viral surface envelope glycoprotein and the host cell surface receptors. This mediates fusion with
cell membrane driving entry into the cell. Once inside the cell, the reverse-transcription starts and
the viral core reaches the nucleus and disassembles upon completion of the reverse transcription.
Reverse-transcribed DNA integrates into the host chromatin and upon transcription viral RNAs are
transported to the cytoplasm to form viral proteins. RNA genome and viral proteins assemble at
the cell surface forming new immature virions. Upon budding, immature cores are processed by
the produced protease enzyme to allow maturation of new viruses (Ramdas et al, 2020).

4.2.2.2. Retroviral vectors design and production

Both YRV and LV can accommodate an expression cassette of up to 8-12 Kb of
exogenous DNA (Sheridan, 2011).

Different retroviruses have been engineered to generate RV, with Moloney (Mo) MLV
being the most exploited for gene therapy purposes (Naldini, 2019; Ferrari et a/, 2021a).
The production of replication-defective RV was obtained by the split-packaging design
through separation of the Gag-Pol genes and the Env gene into distinct plasmids
provided in trans. The viral genome components instead were replaced by the gene of
interest, maintaining the LTR regions and the y sequence (Maetzig et al, 2011). In the
first RV generation, the expression of the therapeutic gene was dependent on enhancer-

promoter sequences located on the viral LTR. The deletion of these viral sequences in
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the U3 portion, and the inclusion of an internal promoter guided the generation of self-
inactivating (SIN) viral vectors that displayed reduced risk of mobilization,
recombination, and transactivation of proto-oncogenes near the integration sites (Dull
et al, 1998; Yu et al, 1986). Still, RV show some limitation as delivery vehicles for ex
vivo gene therapy application as lacking an active transport system across the nuclear
membrane they can integrate only in cycling cells during mitosis, thus being used only
for dividing cells (Bukrinsky et al, 1992). Moreover, despite the introduction of the SIN
vector design, the integration profile of RV remains of concern as they preferentially
integrate near cancer genes and can drive oncogenesis by insertional mutagenesis
(Montini et al, 2009).

LV have demonstrated superior safety and efficacy compared to RV, due to more
efficient gene transfer capacity and their safer integration profile (Naldini, 2019).
Moreover, LV give the possibility of transducing both cycling and resting cells, thus
representing a more versatile tool. Moreover, LV preferentially integrate within the
bodies of transcription units, reducing genotoxic risk (Montini et al/, 2006; Modlich et al,
2009; Biffi et al, 2011; Cesana et al, 2012). The design of LV has evolved through the
years to minimize the risks associated with the use of a viral platform (Figure 4). As for
RV, the three-plasmid design was initially used for the first generation of LV. The
packaging plasmid encoded for Gag-Pol and all regulatory and accessory sequences. A
second construct was used to carry the Env gene, while a third plasmid was used to
carry the transgene and retained only the LTR, gy, and RRE (from Env) essential
sequences (Follenzi & Naldini, 2002). To improve the expression of the transgene, other
sequences were included in the transfer plasmid (Vigna & Naldini, 2000). A regulatory
region from the woodchuck hepatitis virus (WPRE) was introduced at the 3' end of the
transgene to increase its expression (Donello et al, 1998). The addition in cis of the
central polypurine tract (cPPT) showed to improve proviral DNA nuclear import (Follenzi
et al, 2000). Advanced vector design with the deletion of all the accessory genes from
the packaging plasmid led to the development of the second generation of LV (Kim et
al, 1998; Zufferey et al, 1997). Further biosafety improvements in the third generation
of LV included the deletion of Tat and Rev (Figure 4). Tat absence was compensated by
the introduction of a strong promoter within the transfer vector while Rev was provided
in trans by a fourth plasmid (Dull et a/, 1998). As shown with retroviral vectors, the
development of SIN-LV improved the safety of the platform. The Env gene of HIV was

substituted by the glycoprotein of the vesicular stomatitis virus (VSV-G) to broaden the
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tropism (Burns et al, 1993; Cronin et al, 2005) (Figure 4). In addition to VSV-G, other
envelopes can be used to pseudotyped LV to successfully transduce the desired cell or
tissue type (Sandrin et al, 2002; Girard-Gagnepain et al, 2014; Lévy et al, 2017).

For the production of yRV and LV, HEK293 or HEK293T producer cell lines are co-
transfected with the above-described plasmids. Alternatively, stable producer cells with
inducible expression of viral genes can be exploited to produce high-titer vectors in a

scalable manner (Klages et al/, 2000).
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Figure 4. Lentiviral vectors design. A) Schematic of HIV-1 genome with gag, pol, env, and
accessory proteins coding genes flanked by the LTR. B) Third generation LV are produced by co-
transfecting four plasmids. The self-inactivating LV transfer plasmid expresses the transgene
under the control of exogenous promoter. The packaging sequence, RRE, cPPT, and the WPRE
regulatory sequence are included in the transfer plasmid to improve LV performance. The
packaging plasmid carries gag and pol. A third plasmid provides Rev in trans and the envelope
plasmid codes for the envelope glycoproteins used to pseudotype LV to broaden its tropism (Shaw
& Cornetta, 2014).

4.2.2.3. Retroviral vectors in HSC gene therapy

The first gene therapy applications exploited MoMLV-derived yRV as transfer tool
(Fischer et al, 2015; Ferrua & Aiuti, 2017). Despite proving the therapeutic potential of
the technology, some patients enrolled in clinical trials developed leukemia due to semi-
random integration of the vector near an oncogene (Hacein-Bey-Abina et a/, 2008; Howe
et al, 2008; Braun et al, 2014). Due to the risk of genotoxicity associated with the first

generation of yRV, ameliorations of the vector platform were introduced such as the
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previously mentioned design of SIN vectors (Miyoshi et al, 1998; Dull et a/, 1998) and
the use of LV (Naldini et al, 1996). Implementation of SIN yRV demonstrated an
improved safety profile in the treatment of X-SCID (Cavazzana et al, 2016). However,
the real safety improvement occurred with the development of HIV-derived LV.

LV are currently the most used vector in HSPC GT. LV-based HSC GT has allowed the
treatments of hundreds of patients affected by multiple diseases, including
Adrenoleukodystrophy (ALD), Metachromatic leukodystrophy (MLD), Wiskott—Aldrich
syndrome (WAS), Chronic Granulomatous Disease (CGD), Primary Immune Deficiencies
(PID), Mucopolysaccharidosis type I (MPS 1), thalassemia, sickle cell disease (SCD),
Fanconi anemia and HIV infection (Eichler et al, 2017; Sessa et al, 2016; Biasco et al,
2016; De Ravin et al, 2016; Cavazzana-Calvo et al, 2010; Ribeil et al, 2017; Thompson
et al, 2018; Marktel et al, 2019; Rio et al, 2019; DiGiusto et al/, 2010). In most of the
patients receiving the treatment, a remarkable disease correction was observed, with
long-term hematopoietic reconstitution and a lack of detectable genotoxic events
highlighting the efficacy and safety profile of LV (Ferrari et a/, 2021a).

The European Medicines Agency (EMA) have approved three products so far:
Strimvelis, for treatment of adenosine deaminase (ADA)-deficient specific form of SCID,
Zynteglo for treating transfusion-dependent B-thalassaemic patients and more recently
Libmeldy for the treatment of MLD (Aiuti et al, 2017; Schuessler-Lenz et al, 2020).

4.2.3. Gene editing

Gene editing procedures can allow the modification of specific genomic sequences
thus correcting gene mutations, disrupting genes or inserting a healthy copy of a gene
within ‘safe harbors’ (Pavani & Amendola, 2021). In addition, targeted gene addition can
allow a physiological regulation of the curative gene (Genovese et al, 2014). A gene
editing approach is based on the introduction of a double-strand break (DSB) by a
nuclease, which is resolved either by non-homologous end joining (NHEJ), which is an
error-prone repair mechanism, or by HDR when a donor cassette is provided (Wyman &
Kanaar, 2006). While NHEJ can be exploited to inactivate genes, HDR can be exploited
to correct gene mutation in disease conditions or to integrate a gene in a desired locus
(Prakash et al, 2016).
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4.2.3.1. Programmable nucleases

The real advances in gene editing occurred with the development of nucleases that
recognized and cleaved a desired DNA sequence with high specificity. Among the
traditional gene editing tools, there are Zinc Finger Nucleases (ZFNs), Transcription
Activator-Like Effector Nucleases (TALENs), and Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) Cas-associated nucleases (Li et al, 2020).

In ZFNs and TALENs a small protein that recognizes trinucleotide or single nucleotide
sequences, respectively, is fused to the Fokl endonuclease domain. The DNA-binding
region is engineered allowing the targeting of a precise DNA sequence that will be
cleaved by the nuclease. Thanks to the use of multiple ZF or TALE motifs, longer DNA
sequences can be recognized, providing the desired on-target specificity. FoklI requires
dimerization for the cleavage to occur, thus binding of two ZFNs or TALENs at different
positions close to the cut site is required, naturally limiting the off-target effects and
increasing the specificity and fidelity of these nucleases (Gupta & Musunuru, 2014).
However, both platforms have limitations in the spectrum of DNA sequences that can
target. In addition, their production is high cost and time-consuming, and their complex
structure poses limitations to their delivery within the host. Thus, viral vectors such as
adeno-associated virus (AAV) vectors or integrase-deficient LV (IDLV) may be exploited
to facilitate their delivery (Gupta & Musunuru, 2014; Genovese et al, 2014).

These limitations, together with the recent finding about the bacterial CRISPR/Cas9
system, motivated the development of a new genome editing platform (Doudna &
Charpentier, 2014; Shin & Oh, 2020) (Figure 5). The CRISPR/Cas9 system consists of
a Cas9 nuclease and single guide RNA (sgRNA) of 20 nucleotide base pairs in length,
which recognizes a desired DNA sequence specifically followed by a DNA motif called
protospacer adjacent motif (PAM). The Cas9 and the sgRNA form a complex that targets
the selected locus where the Cas9 induces a DSB near the PAM site (Figure 5). The
most used Cas9, from Streptococcus pyogenes, cut upon recognition of the NGG PAM
(Le Rhun et al, 2019). Thus, the PAM site distribution is a potential limitation of this
technology. However, many efforts have allowed increasing the repertoire of usable
Cas9, identifying other bacterial Cas9 (Ran et al, 2015; Mdller et al, 2016) or developing
unconventional PAM profiles by structure-guided engineering (Kleinstiver et al/, 2015,
2016). This technology is easier to design and cost-effective. Still, safety may represent

an issue as, despite the PAM requirement, mismatches can lead to unwanted breaks in
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the genome that can cause off-target events or DNA rearrangements (Zhang et al,
2015). Therefore, the screening of undesired DSB in the genome is essential, especially
for clinical translation.

Electroporation is currently the preferred strategy to deliver programmable nucleases
ex vivo for HSPC GT purposes. A ribonucleoprotein complex (RNP) made of recombinant
Cas9 protein pre-assembled with sgRNA is delivered to the cells allowing high and
transient nuclease activity. The donor template, for HDR applications, is provided by
electroporation of single-stranded phosphorothioate-modified oligodeoxynucleotides
(ssODNSs) (Pattabhi et a/, 2019; Romero et al, 2019) or by transducing HSPC with IDLV
or AAV6 vectors (Genovese et al, 2014; Schiroli et al, 2017; Rai et al, 2020).

In HSC, ex vivo gene editing can result in high NHEJ efficiency (Wu et al, 2019).
However, there are constraints to the HDR due to the quiescence status of the cells, as
this repairing machine is mostly express when cells are in S/G2 phase (Genovese et al,
2014). Thus, the gene correction levels that can be achieved in the LT-HSC are low
(Schiroli et al, 2019).

Several strategies have been devised to maximize HDR efficiency in HSC. Culturing
HSPC for 48-72h with inclusion of SR1, UM171, and PGE2 in the culture media allows
increasing the HDR efficiency minimizing the effect of prolonged ex vivo culture on HSC
repopulation capacity (Charlesworth et al, 2018; Ferrari et al, 2020). Initially, AAV6
showed superiority as template delivery vehicle as compared to IDLV (Schiroli et al,
2017; Pavel-Dinu et al, 2019). However, more recent data are highlighting a genotoxic
burden associated with the use of AAV due to persistent inverted terminal repeats (ITR)-
driven DNA damage response (DDR) activation. Optimization of the IDLV platform on
the contrary allows to reach higher editing in LT-HSPC and shows a safer profile (Ferrari
et al, 2022), supporting the use of IDLV for clinical translation. Finally, strategies aimed
at forcing cell cycle progression have shown benefits in HDR-based editing efficiency in
HSC (Ferrari et al, 2021b).

Two clinical trials are currently ongoing in HSC with ZFNs and CRISPR technologies to
knockout the erythroid enhancer of BCL11A with the aim of increasing fetal hemoglobin

levels in the context of B-thalassemia and SCD (Frangoul et a/, 2021).
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Figure 5. Gene editing platforms. A) CRISPR/Cas9 nuclease induces a DSB in the genome,
which can be repaired either by error-prone NHEJ or by HDR if a donor template is provided. B)
Base editor converts adenosine into guanosine or cytosine into thymine without introducing dsDNA
breaks in the genome. C) Prime editors can introduce specific DNA sequences in a desired locus
(Rittiner et al, 2020).

4.2.3.2. Base editors and prime editors

Base editors (BE) and prime editors (PE) are more recently developed gene editing
platforms that allow high-precision gene modification without the need of introducing
DSB in the genome and do not rely on the availability of a DNA template (Figure 5).

Different BE have been designed such as cytosine base editors (CBE), that deaminate
a desired cytosine (C) into thymine (T) (Komor et al, 2016; Nishida et al, 2016),
adenosine base editors (ABE), to deaminate adenosine (A) into guanosine (G) (Gaudelli
et al, 2017), and glycosylase base editors (GBE), which allow interconversions between
pyrimidines and purines (Kurt et al/, 2021).

Base editors rely on a fusion protein composed of a Cas9 nickase (nCas9), a Cas9
able to generate a single-strand break, and a nucleobase deaminase enzyme, which is
targeted to the desired locus by a sgRNA. Upon DNA binding, the DNA sequence is locally
denatured, allowing the deaminase to bind the base of interest and catalyze the
deamination reaction, which upon DNA replication will result in the desired base
modification (Gaudelli et al, 2017) (Figure 5). BE can be exploited to mutate the start
codon of a gene thus preventing its harmful expression, to restore gene expression by
reverting a premature stop codon, or to silence a gene by inserting a stop codon within
the coding sequence that will cause truncated mRNA degradation by the nonsense-
mediated decay (Billon et al, 2017; Kuscu et al, 2017). Base editors have been exploited,
as an alternative to NHEJ, to knockout BCL11A in gene therapy approaches for SCD and
B-thalassemia (Zeng et al, 2020).
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Prime editors can overcome the limited range of conversions that can be achieved by
base editors, allowing the generation of all possible transitions and transversions, thus
expanding the clinical applicability to a broad range of mutations (Kantor et al, 2020).
In prime editors, nCas9 is fused to a reverse transcriptase enzyme. The complex is
delivered to a desired sequence by a prime-editing guide (peg)RNA (Urnov, 2020), which
provides the template for the reverse transcription. Upon DNA binding, nCas9 induces a
break on the target strand and promotes hybridization with a primer-binding site (PBS)
located at the 3’ of the pegRNA. A new DNA fragment is synthetized by the reverse
transcriptase and it will contain the mutation of interest specified by the PBS. After DNA
repair, this sequence will be introduced in the target site (Anzalone et al, 2019; Yang et
al, 2019) (Figure 5). In vitro, prime editors have demonstrated the potential to correct
SCD-causing mutations (Anzalone et al, 2019).

Both BE and PE represent a promising therapeutic alternative for efficient and safe
genome engineering as they avoid the introduction of DNA breaks and rely on a repair
mechanism that, differently from the HDR, is active in both dividing and quiescent cells
(Yeh et al, 2018), rendering them an attractive tool for HSC gene therapy. Nevertheless,
base editors can promote non-specific RNA modification or introduce bystander
mutations (Grinewald et al/, 2019), with byproducts indels observed also with prime
editors (Anzalone et al, 2019). Thus, continuous efforts are in place to improve the

specificity and safety of these new emerging platforms (Doman et al, 2020).

4.2.4. Gene therapy hurdles: a focus on gene transfer

Despite the latest achievements in HSPC GT, which proved to be a safe approach for
relieving clinical manifestations or even curing a broad range of hematological disorders,
there are still some limitations that need to be addressed to broaden its applicability
(Naldini, 2019; Ferrari et al, 2021a). A major limitation is the extent of gene transfer
that can be achieved in repopulating HSC. Indeed, high variability in the outcome of
clinical trials has been observed both among different trials and among patients enrolled
in the same trial (Piras & Kajaste-Rudnitski, 2021). For instance, limited transduction
turned out to be a major hurdle to achieve transfusion independency that represents the
desired therapeutic benefit in B-thalassemia and SCD (Thompson et al, 2018; Marktel et
al, 2019).
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As previously mentioned, to achieve clinically relevant gene marking levels, HSC are
subjected to prolonged ex vivo culture in presence of growth-promoting cytokines and
are transduced twice at high vector doses. This implies costly large-scale vector
production while impairing HSPC biological properties (Kallinikou et a/, 2012; Larochelle
etal, 2012; Glimm et al, 2000; Zonari et al, 2017). Different factors may affect the gene
transfer into HSC, such as the vector design, the transduction protocol, and the nature
of isolated HSC, according to the age and the disease condition of the patient (Naldini,
2019). Despite these variabilities, HSC per se are poorly permissive to viral transduction
if compared to other cell types (Sutton et al, 1999). This is partly due to their quiescence
status and their intrinsic high expression levels of ISG, which physiologically protect
them against viral infection (Wu et al, 2018) while representing a barrier for vector-
mediated gene transfer.

Indeed, one of the causes of the low permissiveness of HSPC to gene transfer may
be ascribed to the viral origin of the vectors (Piras & Kajaste-Rudnitski, 2021). LV and
YRV share with retroviruses the entry step and the process of integration of the viral
genome in the nucleus (Figure 3). Each of these steps may be susceptible to host
antiviral factors termed restriction factors, limiting the number of viral particles able to
reach the nucleus (Piras & Kajaste-Rudnitski, 2021). The discovery of restriction proteins
has guided the development of drugs or compounds to overcome them promoting better
transduction (Wang et al, 2014; Petrillo et al, 2015; Zonari et al, 2017; Heffner et al,
2018; Petrillo et al, 2018).

Furthermore, recognition of viral vectors can activate signaling pathways that affect
transduction efficiency and the biology of the cells, transiently or long-term (Piras et al,
2017; Schiroli et al, 2019; Ferrari et al, 2022). The responses to the vector depends on
cellular sensors that are located within different cellular compartments and that can
recognize as foreign different vector components or DNA breaks triggering activation of
interferon responses or DDR (Piras & Kajaste-Rudnitski, 2021).

Devising strategies to counteract these cellular responses is important to ensure high
gene transfer levels and sustain the fitness of the genetically engineered LT-HSC. Thus,
a better understanding of vector-host crosstalk during HSC gene engineering will be
fundamental to identify new approaches to overcome cellular restriction and sensing of
viral vectors and guiding the progression toward more efficient gene therapy protocols
(Piras & Kajaste-Rudnitski, 2021).
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4.3. Vector-host crosstalk

4.3.1. Innate immune sensing

The innate immune system has a central role in host defense activating biological
responses that are fundamental to mount efficacious adaptive immune responses to
clear pathogens. Innate immune cells, such as monocytes, macrophages, neutrophils,
dendritic cells, and epithelial cells express pattern recognition receptors (PRR) which are
germline-encoded host proteins capable of recognizing general structures of pathogens,
called pathogen-associated molecular patterns (PAMP) or molecules produced upon
damage, named damage-associated molecular patterns (DAMP) (Amarante-Mendes et
al, 2018). PAMP may include lipopolysaccharide (LPS), mannose, peptidoglycans, or
bacterial and viral genetic material. Examples of DAMP are uric acid and extracellular
ATP (Tang et al, 2012).

Commonly, the activation of PRR initiates signaling events that culminate in the
recruitment of transcription factors, such as IRF3, IRF7, and NF-kB. This lead to the
transcription of pro-inflammatory cytokines, such as TNFa, IL6, IL8, or type I interferons
(IFN), which in turn up-regulate ISG, which exert the effector functions (Zhang & Liang,
2016).

There are different types of PRR, which differ in ligand specificity, can be cell-type
specific, can localize in different cellular compartments, and can trigger activation of
distinct signaling pathways. Among PRR mainly involved in the detection of viral nucleic
acids, there are toll-like receptors (TLRs), retinoid acid-inducible gene-I (RIG-I)-like
receptors (RLRs), and cytosolic DNA sensors (Figure 6).

Because retroviral vectors possess both RNA or DNA genome, according to the step
of their life cycle, the presence of host nucleic acid sensors can lead to unwanted innate
immune responses that can impair the transduction efficiency and affect the HSC
properties. In addition, differently from their parental viruses that enter the cells by
direct fusion, VSV-G pseudotyped vectors exploit the endocytic route, thus exposing

their genome not only to cytosolic sensors but also potentially to endosomal TLR.
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4.3.1.1. Toll-like receptors

There are 10 different TLR in humans (Bryant et a/, 2015). TLR1, TLR2, TLR4, TLR5,
TLR6, and TLR10 are located on the cell surface, where they mainly detect microbial
structures. TLR3, TLR7, TLR8, and TLR9 localize on the endosomal membrane where
they sense nucleic acids (Armant & Fenton, 2002). Among the nucleic acid sensors, TLR3
recognizes dsRNA molecules, TLR7 and TLR8 sense ssRNA and TLR9 detects
unmethylated CpG-rich dsDNA (Armant & Fenton, 2002) (Figure 6).

TLR are transmembrane receptors consisting of three domains. An amino-terminal
leucine-rich repeats (LRRs) region exposed to the lumen, a membrane-spanning domain,
and a cytosolic toll-interleukin-1 receptor (TIR) portion. Upon ligand binding, TLR
dimerize and the intracellular TIR domains associate promoting the recruitment of TIR-
containing adaptor proteins, Myd88 and TRIF. TLR7, 8, and 9 recruits MyD88, IRAK, and
TRAF6 with consequent activation of NFkB and recruitment of the IRF7 transcription
factor. TLR3 instead recruits TRIF, TRAF3, and TRAF6, with subsequent phosphorylation
of TANK-biding kinase (TBK1) and recruitment of IRF3 (El-Zayat et a/, 2019).

Different TLR have been described to be involved in the response to different viruses.
TLR3 activates immune responses against RNA viruses, such as West Nile virus (WNV)
and encephalomyelitis virus (EMCV), but also DNA viruses like herpes simplex virus 1
(HSV-1), probably due to recognition of intermediate dsRNA molecules. TLR7 and TLRS8
trigger immune responses against influenza A virus (IAV), HIV, and VSV. TLRY sense
DNA viruses, like MCMV, HSV-1/2 and adenoviruses (Xagorari & Chlichlia, 2008; Okude
et al, 2021).

4.3.1.2. RNA sensors

The RLR family in mammals is composed of three members: RIG-I, melanoma
differentiation-associated protein 5 (MDA5), and laboratory of genetics and physiology
2 (LGP2) (Hartmann, 2017; Goubau et al, 2013). They localize in the cytoplasm where
they sense RNA genomes released by invading viruses triggering robust interferon
responses, which induce their strong upregulation in various tissues (Xu et al, 2017)
(Figure 6).

The RLR receptors share a common structural architecture with a C-terminal domain

(CTD) that interacts with viral genome, a central DExD/H box catalytic helicase core that
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hydrolyzes ATP, and two N-terminal caspase activation and recruitment domains (CARD)
that are fundamental for the induction of the downstream signaling cascade (Liu & Gack,
2020; Rehwinkel & Gack, 2020). LGP2 lacks the CARD domains, making its role more
controversial. Still, it has been suggested that LGP2 can help other family members in
viral genome detection and signaling (Deddouche et al/, 2014).

Specificity in RNA binding is determined by different RNA-binding loops within the
CTD. RIG-I recognizes short RNA molecules. A 5'-triphosphate or diphosphate end as
well as blunt-end base pair region at the 5’ terminus are important for RIG-I activation
(Hornung et al, 2006). MDAS instead binds preferentially to dsRNA molecules longer
than 1 kb (Kato et al, 2008). Binding between receptors and RNA mediates ATP-
dependent exposure of the CARD domains that can bind CARD domains of mitochondrial
antiviral signaling protein (MAVS) located on the surface of mitochondria. This initiates
the recruitment of different signaling mediators including TRAF3 and I-kappa-B kinase-
epsilon (IKKeg)/TBK1 that activate IRF3 and IRF7 with subsequent production of
interferon (Rehwinkel & Gack, 2020).

The RNA genome of viral vectors may represent a source of PAMP. Like their parental
viruses, the genome of LV and yRV is capped at the 5’ end, resembling host RNA and
thus representing a poor activator for RIG-I (Chiu et a/, 2002). However, it has been
shown that RIG-I can recognize secondary structures within the HIV RNA genome,
triggering the activation of immune responses (Solis et a/, 2011; Berg et al, 2012). More
recently, DDX41, an RNA helicase usually involved in RNA splicing, was described to be
able to recognize RNA:DNA hybrids, that are produced during the RT of MLV genome.
Recognition of RNA:DNA hybrids by DDX41 triggers STING-dependent signaling in
murine macrophages and dendritic cells, through mechanisms that still need to be
determined (Stavrou et al, 2018).

31



TLR2 Cell Membrane

4
1
Cytoplasm
i dsRNA dsDNA y "p
C !
O, . e

1

\

1

X BRAC @
"\'-MAVS /%maf X
i :w @ f
A

4 Endosome %,
dsDNA ]

e ‘l dsRNA ¢ Sl L l /T ne — N
NLRP3) ' mitoth ndr‘on\‘ £
Inflammasome @ \ IkoXhond TLR7 : ssRNA :
(Pro-casp 1) ! ! IRF3 'RF7 :
D . X :
| ' X @ WA -
ivi T, P CpG DNA S
Caspase 1 \ Antiviral by % S
s U 3'» NF_KB TIR9
T " 000 | State 0eeo®
o \
Pro IL-1 IL-1B \ IFNa/B i
\
\
N\
_____ Inflammatory
A ISGs IFNo/B

Cytokines  TNF, IL-6, + Nucleus

@ - 83 ool
i MNONNNMNNNNNNNNNNNN“NNNN

Figure 6. Innate immune sensing of exogenous nucleic acids. The most common pathways
involved in the recognition of exogenous nucleic acids are shown. Endosomal nucleic acids, either
DNA, dsRNA, or ssRNA are sensed by endosomal TLRs, such as TL3, TLR7, and TL9. Cytosolic
dsDNA is recognized by cGAS, which activates its downstream adaptor STING. RIG-I, MDA5, and
their downstream adaptor MAVS are involved in the recognition of cytosolic dsSRNA molecules. All
these pathways culminate in the activation of transcription factors and production of interferons
and pro-inflammatory cytokines. IFN released by the cells binds the IFNAR receptor on the
neighboring cells causing up-regulation of ISG and induction of antiviral immunity (Shirley et al,
2020).

4.3.1.3. DNA sensors

Self-DNA usually localizes in the nucleus or mitochondria, thus cytosolic viral DNA
molecules alarm the cells and trigger the activation of cytosolic DNA sensors to ultimately
induce antiviral responses (Schlee & Hartmann, 2016). Among the best-described
cytosolic DNA sensors, we find absent in melanoma 2 (AIM2), IFN-gamma inducible
protein 16 (IFI16), and cyclic GMP-AMP synthase (cGAMP).

Recognition of cytosolic DNA by AIM2 and IFI16 mediates the assembly of the
inflammasome, a multiprotein complex that orchestrates a programmed inflammatory

cell death named pyroptosis (Hayward et al/, 2018).

The activation of type I IFN responses is mainly orchestrated by cGAS (Figure 6).
CcGAS binds to dsDNA molecules independently from the sequence with long dsDNA are
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more potent in activating cGAS in respect to short molecules (Xiao & Fitzgerald, 2013).
cGAS localizes mainly in the cytoplasm but can be present also in the nucleus (Volkman
et al, 2019). Moreover, host DNA is accessible when the nuclear envelope disassembles
during mitosis, thus mechanisms that prevent activation of cGAS against self-DNA are
essential. Indeed, it has been shown that upon nuclear envelope breakdown, cGAS is
phosphorylated by mitotic kinases, which results in its inactivation (Zhong et al, 2020).
In addition, interaction with nucleosomes prevents cGAS activation, allowing its
localization in the nucleus without triggering any aberrant activation (Kujirai et al, 2020).

Upon DNA binding, cGAS synthetizes the second messenger 2’3’-cGAMP that binds to
the stimulator of IFN genes (STING) that localizes on the endoplasmic reticulum (ER)
membrane. Once activated, STING moves to the Golgi while recruiting other signaling
proteins. Palmitoylation is essential for its activation (Mukai et a/, 2016) with subsequent
interaction with TBK1 that phosphorylates IRF3 leading to IFN responses. STING can
also induce nuclear translocation of NFkB with subsequent production of pro-
inflammatory mediators (Chen et al, 2016) (Figure 6).

In addition to taking part in the inflammasome, IFI16 can mediate IFN responses
upon intracellular DNA recognition, cooperating with the cGAS-STING pathway to
promote defense mechanisms against viral DNA in specific cell types (Unterholzner et
al, 2010; Almine et al, 2017).

The cytosolic DNA sensor cGAS has been described as critical sensor for retroviruses
in primary monocyte-derived macrophages (MDM) and dendritic cells (DC) and cell lines.
It recognizes the reverse-transcribed DNA when TREX1- or SAMHD1-dependent blocks
to RT are removed (Gao et al, 2013; Stavrou et al, 2015). Additionally, capsid stability
is fundamental to avoid innate sensing of viral genomes. Indeed, mutations in HIV-1
capsid that disrupt interaction with host cellular cofactors lead to earlier uncoating and
mediate cytosolic cGAS-dependent recognition of DNA, with activation of IFN responses
(Rasaiyaah et al, 2013). Similarly, a variant of MLV capsid that affects its stability
induces stronger IFN production in MDM in respect to the original virus (Stavrou et al,
2013). In addition to cGAS, also IFI16 has been described as a sensor for lentiviral
reverse-transcribed DNA. Upon binding to DNA, IFI16 activates STING-mediated
signaling promoting the synthesis of antiviral mediators in myeloid cells (Jakobsen et al,
2013).
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4.3.2. Viral vectors sensing in human hematopoietic stem cells

How all these factors play a role in sensing viral nucleic acids derived from gene
therapy vectors in HSC is still under investigation (Piras & Kajaste-Rudnitski, 2021). HSC
express a humber of TLR (Nagai et al, 2006), suggesting that they are competent for
pathogen immune detection and activation of effector functions. Moreover, it has been
shown both in vitro and in vivo that TLR engagement affects HSC function (Sioud et al,
2006). TLR7/8 activation leads to myeloid progenitor skewing in vitro, while in vivo
stimulation with the TLR4 ligand LPS, induces HSPC cycling and exhaustion with
lymphoid versus myeloid bias (Esplin et al/, 2011). In addition to TLR, HSC express
cytosolic sensors like RLR and DNA sensors (Bowman & Trompouki, 2021). Despite their
classical role in the host defense through exogenous nucleic acids detection, their
activation is important to shape HSC formation during physiological processes such as
development and regeneration (Lefkopoulos et al, 2020).

Based on these premises HSC are armed to potentially recognize and respond to
different nucleic acids derived from viral vectors. In this regard, we have recently shown
that distinct gene therapy vectors are differently recognized by HSPC (Piras et al, 2017).
In particular, LV and AAV do not induce any immune response in HSC, thus escaping
both endosomal and cytosolic nucleic acid recognition. Moreover, the removal of some
of the critical host factors required for LV capsid stability is insufficient to activate type
I IFN responses in human HSPC, suggesting that additional protective mechanisms are
in place in these cells (Petrillo et al/, 2015). However, despite avoiding immune
recognition, both LV and AAV trigger induction of DNA damage response in HSPC with
activation of apoptotic responses in vitro and reduced engraftment of ST-HSC in vivo
(Piras et al, 2017; Schiroli et al, 2019). DDR occurs in a DSB-independent manner and
is proportional to the amount of viral DNA that enters the nucleus (Piras et al/, 2017).
The steps leading to the induction of p53 are not fully understood. It could be that extra
DNA in the nucleus alarms the cells that in turn activate the DDR. The yet-to-be-
identified sensor of exogenous nuclear DNA could be a known DSB sensor or an innate
immune sensor that links nucleic acid recognition with DDR in HSPC. In this regard,
different reports are highlighting non-canonical roles for immune sensors in DDR
(Dunphy et al, 2018; Unterholzner & Dunphy, 2019; Jiang et al, 2019). Whether IFI16
or nuclear cGAS may participate in viral vector recognition in HSPC still requires

investigation. Differently from LV and AAV, yRV are unable to evade immune detection
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and activate a robust IFN response in HSPC (Piras et al, 2017). We have shown that
vector recognition is independent of the reverse transcription process, thus excluding
canonical DNA sensors as the mediators of type I IFN in HSPC. Whether yRV share other
common recognition mechanisms with the parental MLV remains to be addressed. Viral
RNA genome may trigger activation of endosomal TLR or cytosolic RLR in HSPC, while
structural components may represent an alternative detection platform for host immune

factors. These different possibilities will be investigated in this thesis.

4.3.3. Host restriction factors

Different steps of the viral life cycle can be targeted by host antiviral factors, thus
limiting viral replication and spread (Petrillo et al, 2015; Piras & Kajaste-Rudnitski,
2021). Most of the restriction factors are ISG highlighting their fundamental role in
innate immune responses against viruses (Schoggins, 2019).

Viruses have the ability to continuously evolve and develop new strategies to
overcome host restrictions, by expressing proteins able to directly target and inactivate
specific antiviral factors or by masking viral domains that represent the main recognition
site for host proteins. This ability of viruses to rapidly evolve has guided the adaptation
of host immune responses, with mammalian cells expressing numerous, often
redundant, host antiviral proteins (Duggal & Emerman, 2012).

Retroviral vectors used in gene therapy, like LV and yRV, can be targeted by
restriction factors at multiple steps of their life cycle from entry to RNA reverse
transcription into DNA, until viral DNA integration in the host genome. Moreover,
differently from viruses, viral vectors are pseudotyped with different envelope
glycoproteins and lack the expression of viral accessory proteins which overall may affect

the place and the way in which they are recognized by host target cells.

4.3.3.1. IFITMs

IFN-induced transmembrane proteins (IFITMs) are antiviral host factors capable of
restricting of a broad range of viruses including HIV, SARS, EBOLA, IAV, Dengue, WNV,
and VSV (Brass et al, 2009; Huang et al, 2011; Weidner et al, 2010). IFITM2 and IFITM3

localize mainly in the early and late endosomes and lysosomes (Chesarino et al, 2014a,
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2014b) while IFITM1, lacking the endo-lysosomal sorting motif, localizes in early
endosomes and on the cell surface (Bailey et al, 2014).

Despite the knowledge about IFITMs' activity is continuously improving, the precise
antiviral restriction mechanism of the different IFITMs is not fully elucidated and it varies
according to their cellular localization, the type of invading virus, and on the target cells.
IFITM3 exerts its antiviral function by blocking viral entry into target cells (Bailey et al,
2014; Smith et al, 2014). It has been proposed that IFITM3 can mediate alterations of
the cell membrane like altering the lipid composition, increasing the curvature, or
decreasing fluidity overall interfering with the viral fusion process (Amini-Bavil-Olyaee
et al, 2013; Suddala et al, 2019; Tartour et al, 2017). Additional restriction by IFITM3
is dependent on its incorporation in nascent virions (Tartour et al, 2017; Zhao et al,
2019). The presence of IFITM3 and other IFITMs proteins on the viral membrane can
lead to reduced infectivity, likely altering membrane fusion dynamics. Despite their
prominent role in viral restriction, to date, no viral protein capable of specifically
targeting IFITMs has been described.

We have demonstrated that IFITM3 is a major restriction factor against viral gene
therapy vectors in both human and murine HSPC (Petrillo et al, 2018) restricting
endocytic entry of VSV-G vectors. Indeed, when vectors are pseudotyped with the
baboon envelop (BaEV) glycoprotein or with the amphotropic envelope glycoprotein,
both of which mediate entry by fusion (Girard-Gagnepain et al, 2014; Ragheb et al,
1995), no restriction by IFITM3 is reported (Petrillo et al/, 2018). Differently from LV and
YRV, AAV6 remains insensitive to IFITM3, in line with the absence of a viral envelope
(Petrillo et al, 2018).

4.3.3.2. SAMHD1

Sterile Alpha Motif (SAM) and Histidine Aspartate Domain (HD) containing protein 1
(SAMHD1) is a deoxynucleotide triphosphohydrolase that hydrolyses the
deoxynucleotide triphosphates (dNTPs) into deoxynucleosides (dNs) and inorganic
triphosphate, thus playing a central role in maintaining balanced dNTP intracellular
concentrations (Goldstone et a/, 2011) (Figure 7).

As dNTPs are largely consumed during replication, quiescent cells display intrinsic
lower levels of intracellular dNTPs. In line, SAMHD1 has been described to potently

restrict HIV-1 in non-dividing myeloid cells, as well as resting CD4* T cells, where it
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limits viral RT by downregulating the intracellular dNTP pools (Lahouassa et al/, 2012;
Baldauf et al/, 2012). SAMHD1 possesses also an RNase activity. However, how this
contributes to SAMHD1-mediated restriction remains unclear (Antonucci et al, 2018;
Ballana & Esté, 2015). SAMHD1 has been described as restriction factors for viruses like
HIV-2, SIV, and MLV among others (White et al/, 2013).

SAMHD1 comprises an N-terminal portion, with a nuclear localization sequence (NLS),
a SAM domain involved in oligomerization, a functional HD domain through which binds
nucleic acids, and a C-terminal variable domain (White et al, 2013). Despite the presence
of a NLS, the catalytic activity and thus its antiviral function is independent of its
localization, which can be nuclear or cytoplasmic (Hofmann et al, 2012).
Deoxyguanosine triphosphate (dGTP)-dependent tetramerization is a key step for
SAMHD1 activity (Yan et al, 2013). The dNTPase function correlates with cell cycle
progression. During GO-G1 phases, SAMHD1 is dephosphorylated and can actively
hydrolyze dNTPs. However, when cells enter the S phase and higher amounts of dNTPs
are necessary for DNA synthesis, SAMHD1 is phosphorylated by cell cycle kinases such
as cyclin A, CDK1/2 and 6 abolishing the antiviral function (Cribier et al, 2013; Pauls et
al, 2014; Ruiz et al, 2015; Franzolin et al, 2013).

In line with the occurrence of RT, LV transduction is restricted in both human and
murine myeloid cells (Wittmann et al, 2015; Bobadilla et a/, 2013). HIV-2 and SIV
encode an accessory protein, Vpx, that overcomes SAMHD1l-mediated restriction
(Goujon et al, 2008) (Figure 7). Upon interaction with SAMHD1, Vpx recruits the Cullin-
4 E3 ubiquitin ligase complex that ubiquitinates SAMHD1 and promotes its proteasomal
degradation (Laguette et a/, 2011; Hrecka et a/, 2011; Ahn et al, 2012). HIV-1 lacks Vpx
and thus remains sensitive to SAMHD1 (Laguette et al/, 2011). Virus-like particles (VLP)
carrying Vpx or direct incorporation of Vpx into virions has demonstrated to be sufficient
to counteract SAMHD1 in myeloid and resting CD4* T cells (Sunseri et al, 2011; Bobadilla
et al, 2013) (Figure 7). Similarly, treatment of the culture media with dNs increases
HIV-1 infection and LV transduction in macrophages and non-activated lymphocytes
(Kootstra et al, 2000; O'Brien et al, 1994; Korin & Zack, 1999; Ravot et al, 2002;
Ghassemi et al, 2022).

SAMHD1 may contribute to the low LV transduction efficiency also in HSPC. However,
counteracting SAMHD1 through the accessory viral protein Vpx or with the delivery of
exogenous dNs did not significantly improve LV transduction in stimulated HSPC (Li et
al, 2015). As SAMHD1 restriction is limited to non-dividing cells, SAMHD1 role in LV
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transduction may be more relevant in the context of unstimulated HSPC. Indeed,
exogenous administration of dNTPs in murine unstimulated HSPC resulted in two folds
increase in lentiviral transduction (Mikkola et al, 2000). Moreover, the presence of
additional early restriction blocks to viral transduction in HSPC, like IFITM3, may

potentially mask SAMHD1-mediated effect on LV transduction.
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Figure 7. SAMHD1 restriction and Vpx counteraction of SAMHD1. In human myeloid-lineage
cells, HIV-1 infection is counteracted by SAMHD1, which acts at the level of viral RT by lowering
the cellular dNTPs. HIV-1 does not encode accessory proteins to counteract this restriction. HIV-2
and SIVmac instead express Vpx that mediates SAMHD1 proteasomal degradation through
recruitment of the host cell E3 ubiquitin ligase complex. This allows efficient viral reverse
transcription and a permissive infection to occur (St Gelais & Wu, 2011).

4.3.3.3. TRIM5

Tripartite motif (TRIM) proteins are a big family of E3 ligases (Han et al/, 2011)
implicated in many different cellular processes (Rajsbaum et al, 2014; Hatakeyama,
2017; Mandell et al, 2020).

TRIM members possess an N-terminal RING domain (R), one or two B-box domains
(B), and a coiled-coil domain (CC), collectively termed RBCC structure. The RING portion
possess an E3 ubiquitin ligase activity while the B-box and CC domains are important
for protein oligomerization. The C-terminal region may differ among members, with a

SPRY motif being the most common one. This domain is implicated in the interaction
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with the viral capsid and specifies the spectrum of antiviral activity (Sawyer et al, 2005;
Yap et al, 2005; Stremlau et al, 2005).

There are six main TRIM5 isoforms in human. TRIM5a has a SPRY domain and is the
most expressed one (Battivelli et al, 2011). In some monkey species, the SPRY motif
has been substituted by a cellular factor named cyclophilin A (CypA) leading to the
evolution of the TRIM-CypA protein (Stoye & Yap, 2008). Both TRIM5a and TRIM-Cyp
have species-specific antiretroviral activity (Stremlau et al, 2005). Rhesus monkey
(rh)TRIM5a is unable to restrict SIVmac strains, while potently restricts HIV-1 and other
SIV strains (Stremlau et al, 2004). On the other side, human (h)TRIM5a does not inhibit
HIV-1 while N-tropic MLV and EIAV are strongly restricted (Yap et al, 2004; Keckesova
et al, 2004).

It is currently suggested that the lack of human TRIM5a restriction of HIV-1 is not
due to a lack of binding with the HIV-1 capsid. Usually, the cellular CypA protects HIV-
1 capsid from recognition by hTRIM5a. When capsid-CypA interaction is disrupted,
TRIM5a associates with viral cores and HIV-1 becomes susceptible to its restriction (Kim
et al, 2019). Additionally, accelerated turnover of TRIM5a, mediated by the IFNa-
dependent activation of the immunoproteasome, reprograms hTRIM5a for effective
restriction of HIV-1 (Jimenez-Guardefio et a/, 2019).

To exert its antiviral activity TRIM5a directly interacts with the incoming retroviral
capsid through the SPRY domain, leading to its premature uncoating and impairing
reverse transcription, thus arresting the progression of post-entry steps (Stremlau et al,
2006; Perron et al, 2007). TRIM5a monomers weakly associate with the viral core and
the interactions through the CC and B domains are essential for higher-order assembly
and to promote the formation of a hexagonal lattice on HIV-1 capsid (Ganser-Pornillos
et al, 2011; Li et al, 2016). The subsequent recruitment of the proteasome machinery
through the RING domain helps in degrading the viral RT complex (Kutluay et al/, 2013;
Wu et al, 2006).

TRIM5a acts also as a sensor of the viral core, mediating induction of innate immune
responses. Assembly on the retroviral cores triggers N-terminal polyubiquitination of
TRIM5a. N-terminally anchored ubiquitin chains promote TAK1 activity and induction of
activator protein 1 (AP-1) and NFkB pathways (Pertel et a/, 2011; Fletcher et a/, 2018)
and promote capsid proteasomal degradation (Fletcher et a/, 2018).

Since hTRIM5a does not restrict HIV-1, LV transduction of HSC does not suffer from

hTRIMb5a restriction. Moreover, disruption of the interaction with CypA does not increase
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susceptibility to TRIM5 in HSPC, as we have shown that transduction with a capsid
mutant that is no more able to interact with CypA is not impaired (Petrillo et al, 2015),
highlighting possible cell-type specific effects. Similarly, commonly used yRV in gene
therapy are derived from the NB-tropic MOMLV which is insensitive to hTRIM5a (Perron
et al, 2004; Ulm et al, 2007), thus not representing a major critical factor for HSPC
transduction. Still, it has been suggested that hTRIM5a levels may correlate with
transduction levels achieved in hHSPC (Evans et al, 2014). Whether this is directly

dependent on TRIM5a or is an indirect effect remains to be elucidated.

4.3.4. Overcoming hurdles to gene engineering in HSPC

The innate immune sensors and restriction factors described above, as well as other
critical factors potentially yet to be identified, can be targeted pharmacologically or can
be counteracted by engineering gene therapy vectors to carry antagonizing accessory
proteins, overall increasing the efficiency and safety of GT strategies.

Cyclosporine H (CsH) represents a prototypic example of a compound used to
enhance HSC gene transfer that counteracts an antiviral restriction block. We have
shown that CsH can be added during the ex vivo culture of HSPC to overcome IFITM3-
mediated restriction (Petrillo et al, 2018). CsH acts by transiently degrading IFITM3 thus
relieving an early restriction block to VSV-G vector entry into the cells. CsH strongly
increases gene marking levels in the most primitive HSC compartment in vivo, without
affecting cell viability or engraftment capacity. Since CsH leads to increased availability
of IDLV, it potently improves also gene editing efficiency (Petrillo et a/, 2018). We have
reported that also Rapamycin significantly improves transduction in human and murine
HSPC (Petrillo et al, 2015) and recently it has been proposed that this can be due to
transient IFITM3-depletion (Shi et al, 2018). However, Rapamycin shows some degree
of toxicity in respect to CsH, especially in the mPB-derived HSPC (Petrillo et al, 2019),
and the fold enhancement achieved with Rapamycin is lower to CsH, with their
combination being additive (Petrillo et al, 2018), suggesting possible differences in their
mechanism of action. Recently, another compound, caraphenol A, has been shown to
relieve LV restriction in HSPC by altering the amounts of IFITM2 and IFITM3 in late
endosomes (0Ozog et al, 2019). IFITM3 restriction can also be overcome by using fusion-

dependent envelopes for pseudotyping LV (Petrillo et a/, 2018). However, non-VSV-G
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pseudotyped LV usually display a very low titer rendering it difficult to achieve clinically
relevant gene marking levels.

Another strategy that can be exploited to counteract restriction factors is based on
the natural activity of viral accessory proteins. Vpx incorporation, as described above
(Bobadilla et al, 2013), can increase transduction efficiency in primary myeloid cells and
has already been exploited in relevant preclinical settings (Escobar et al/, 2014; Chiriaco
et al, 2014), while only limited benefit has been observed in HSPC (Li et al, 2015).
Whether Vpx effect can be more evident if coupled with early-acting transduction
enhancers remains to be investigated.

As our knowledge about host-vector interactions increases, more tools to enhance
transduction become available rendering mandatory the investigation of aspects related
to dose-dependent vector signaling. For instance, the use of transduction enhancers may
cause loss of gene marking (Masiuk et al, 2019), which may be ascribed to strong vector-
dependent activation of DDR (Piras et al, 2017). We have shown that ataxia-
telangiectasia mutated (ATM) protein inhibition can be exploited to prevent LV- or AAV-
mediated p53 activation in HSPC, rescuing the delay in HSPC engraftment in vivo (Piras
et al, 2017; Schiroli et al, 2019). Another approach to overcome p53 is by transiently
overexpressing GSES56, a pb53-derived peptide that exert an inhibitory function
(Ossovskaya et al, 1996), which is currently exploited in gene editing procedures
(Schiroli et al, 2019; Ferrari et al, 2020).

Overall, a better knowledge of basic immune mechanisms behind HSC-vector
crosstalk may guide the amelioration of vectors and gene therapy platforms with the

aim of maximizing the outcome of cell manipulation while preserving cell fitness.
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5. AIM OF THE WORK

Hematopoietic stem cell gene therapy has demonstrated great potential in the
treatment of blood monogenic disorders. Still, prolonged ex vivo culture and multiple
rounds of transduction are necessary to reach the desired and sufficient gene marking
levels. One of the reasons behind poor permissiveness to transduction is the viral origin
of the vectors. On one side, HSPC express innate immune sensors that can recognize
the vector as foreign and trigger activation of immune pathways, on the other side
antiviral factors can hamper lentiviral transduction acting at different steps of the
retroviral life cycle, with an overall impact on gene therapy output.

On these premises, my PhD project focuses on shed light on the complex network of
vector-host interactions with two main aims focusing on the two aspects of this
interaction:

1. Investigate the molecular mechanism behind viral vector-mediated signaling in HSPC,
focusing on yRV-induced response.

2. Investigate the restriction mechanisms that contribute to HSPC resistance to viral
vector transduction, focusing on SAMHDL1 role in stimulated and unstimulated HSPC.

Investigation of immune players of cell-vector interaction would allow us to expand
our knowledge of the innate immune defense pathways of human HSPC and support the

development of improved gene therapy protocols.
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6. RESULTS

6.1. Investigating innate immune responses to viral vectors in

human hematopoietic stem cells

6.1.1. Lentiviral vectors escape innate immune sensing in HSPC while y-
retroviral vectors lead to robust activation of type I interferon

responses

Previous results of the lab have shown that different viral gene therapy vectors elicit
distinct responses in hematopoietic stem and progenitor cells (Piras et a/, 2017). While
LV and AAV6 vectors escape innate immune recognition, yRV induce strong type I
interferon responses in HSPC, as measured by the upregulation of different interferon-
stimulated genes (Figure 8A). Interestingly, this recognition occurs despite YRV is less
efficient in transducing HSPC as compared to LV (Figure 8B). Moreover, it has been
shown that the activation of type I IFN responses in HSPC seems not to be mediated by
the reverse-transcribed DNA genome, as transduction in presence of azidothymidine
(AZT), a reverse-transcription inhibitor, still triggered strong levels of ISG upregulation
(Figure 8C) (Piras et al, 2017).
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Figure 8. Lentiviral vectors escape innate immune sensing in HSPC while y-retroviral
vectors lead to robust activation of type I interferon responses. A) Human cord blood (CB)-
derived CD34* were transduced with LV (MOI=100), p24 equivalent of bald control vector, yRV
(MOI=100), or AAV (MOI=10000). IRF7, OAS1, ISG15 levels were measured 48h post-
transduction. mRNA expression was normalized to HPRT1 and expressed in fold versus bald control
vector (mean + SEM, for IRF7 and OAS1 n = 18 for Bald and LV, n = 12 for yRV and n = 8 for
AAV6, for ISG15n = 10 for Bald, LV , n = 8 for yRV and n = 2 for AAV6, Dunn’s adjusted Kruskal-
Wallis test, ***p < 0.001) (Piras et al, 2017). B) Human CB-CD34* were transduced with vectors
as in figure 8A. Percentages of transduced cells were assessed at 5 days post-transduction by
FACS (mean £ SEM, n = 11 for Bald and LV, n = 12 for yRV and n = 8 for AAV6, for ISG15 n =
10 forBald, n = 12 for LV, n = 9 for yRV and n = 13 for AAV6) (Piras et al, 2017). C) Human CB-
CD34* were transduced with yRV (MOI=100) in presence or not of the reverse-transcription
inhibitor Azidothymidine (AZT). IRF7, OAS1, ISG15 levels were measured 48 h post-transduction.
mRNA expression was normalized to HPRT1 and expressed in fold versus Bald control vector
(mean £ SEM, n = 6 for yRV, yRV + AZT) (Piras et al, 2017). D) Murine lineage negative cells
were transduced with the indicated vectors (MOI=100). OAS1 and IRF7 levels were measured 48h
post-transduction. mRNA expression was normalized to HPRT1 and expressed in fold versus
untransduced condition (UT) (mean £ SEM, n=2). E) Percentages of transduced cells from figure
8D were assessed at 5 days post-transduction by FACS (mean £ SEM, n=2).

The response to YRV is conserved across species, as similar activation of IFN response
was induced in murine HSPC, where we confirmed a reverse-transcription independent
recognition of the vector (Figure 8E). Given the strong immunogenicity of viral nucleic
acids (Habjan & Pichlmair, 2015; Hartmann, 2017) and given the lack of impact of RT
inhibitors on yRV signaling, we hypothesized that the RNA genome could be the main
source of ISG induction, prompting us to further elucidate the mechanisms behind yRV

recognition.

6.1.2. VYRV induce an early, reverse-transcription independent
upregulation of interferon-stimulated genes in primary human

macrophages

In the attempt to better dissect the mechanisms of yRV recognition, we searched for
alternative cheaper and easier to handle experimental models as compared to
human/murine hematopoietic stem cells that could recapitulate the responses to yRV.
We found that human primary macrophages responded to transduction similarly to HSPC
in terms of type I IFN responses, with LV escaping innate immune recognition and yRV
triggering robust upregulation of ISG (Figure 9A). This recognition occurred despite low
YRV transduction efficiencies in differentiated, non-proliferating cells (Figure 9B). In
line with the HSPC phenotype, ISG induction was still significant upon transduction in

presence of AZT (Figure 9C-D). The upregulation of ISG upon exposure to yRV was
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observed as early as 6h post transduction with levels increasing over time reaching a
peak around 24h. The response strongly decreased once the vector was washed away
at 24h (Figure 9E-F). We next wondered whether ISG induction in MDM was dependent
on IFN release, and thus on the type I IFN signaling. IFNa mRNA levels showed
upregulation at 12-24h post transduction (Figure 9G). Moreover, the response to the
vector was completely lost when we transduced the cells in presence of an anti IFNa
receptor (IFNAR) antibody (Figure 9H), suggesting a link between ISG upregulation and
type I IFN signaling. These results were confirmed in the murine setting as murine
lineage negative (Lin-) HSPC from mice knock-out (KO) for the IFNa receptor (Miller et
al, 1994) completely failed to elicit an immune response against the vector (Figure 9I),

despite being as efficiently transduced as their wild type (WT) counterparts (Figure 93).
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Figure 9. yRV induce an early, reverse-transcription independent upregulation of
interferon-stimulated genes in primary human macrophages. A) Human MDM were
transduced with LV or yRV (MOI=10). ISG levels were measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean £ SEM, for
OAS1 n=4 for LV, n=5 for yRV, for IRF7 n=3 for LV n=4 for yRV, for ISG15 n=7, Dunn’s adjusted
Kruskal-Wallis test, **p<0.01;, ***p<0.001). B) Human MDM were transduced with LV or yRV
(MOI=10). Percentages of transduced cells were assessed at 5 days post-transduction by FACS
(mean £ SEM, n=8). C) Human MDM were transduced with yRV in presence or not of AZT or by
volume equivalent of a bald RV vector. ISG levels were measured 24 h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean £ SEM, for
OAS1 n=3 for bald yRV, n=6 for yRV, n=4 for yRV+AZT, for IRF7 n=2 for bald yRV, n=5 for yRV,
n=3 for yRV+AZT, for ISG15 n=5 for bald yRV, n=7 for yRV, n=4 for yRV+AZT, Dunn’s adjusted
Kruskal-Wallis test, *p<0.05; **p<0.01 ). D) Human MDM were transduced as in C. Percentages
of transduced cells were assessed at 5 days post-transduction by FACS (mean £ SEM, n=3 for
Bald yRV, n=8 for yRV, n=5 for yRV+AZT). E-F) OAS1 (E) and ISG15 (F) levels were analyzed at
the indicated time points in MDM after yRV exposure. mRNA expression was normalized to HPRT1
and expressed in fold versus mock control (mean £ SEM, n=2 for 3h, n=4 for 6-12, n=5 for 24h,
n=1 for 48h). G) IFNa level was analyzed at the indicated time points in MDM after yRV exposure.
mMRNA expression was normalized to HPRT1 and expressed in fold versus mock control (mean %
SEM, n=1 for 3h, n=2 for 6-12, n=3 for 24h, n=1 for 48h). H) Human MDM were transduced with
YRV in presence or not of the anti-INFAR. ISG15 level was measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean £ SEM,
n=4, Mann Whitney test, *p<0.05). I) Murine Lin- from WT or IFNAR KO mice were transduced
with yRV (MOI=100). ISG15 level was measured 48h post-transduction. mRNA expression was
normalized to HPRT1 and expressed in fold versus WT mock control (n=1). J) Percentages of
transduced cells from figure I were assessed at 5 days post-transduction by FACS (n=1).

6.1.3. YRV is recognized in the cytosol in a nucleic-acid independent

manhner

Our previous data excluded the reverse-transcribed DNA as the trigger of yRV
recognition, leading us to hypothesize that the innate immune responses upon yRV
exposure could be induced by the viral RNA genome. We first investigated the
involvement of endosomal TLRs in yRV recognition, as these vectors are pseudotyped
with the VSV glycoprotein, which mediates entry through endocytosis. ssRNA is a natural
ligand of TLR7/TLR8 (Heil et al, 2004; Diebold et a/, 2004). TLR7 has been implicated in
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the sensing of different RNA viruses (Diebold et a/, 2004; Lund et al/, 2004). Moreover,
it has been identified as a murine leukemia virus sensing receptor in mice (Kane et al,
2011). In addition, ssRNA genomes may internally base pair forming secondary
structures, which can trigger activation of TLR3 (Tatematsu et al, 2013). For these
reasons, we tested which impact blocking TLRs activation or signaling during
transduction with yRV would have on ISG induction. While the TLR3/dsRNA complex
inhibitor controlled the response induced by the synthetic dsRNA analogue poly (1:C)
(Figure 10A), it had no impact on the response to yRV (Figure 10B), likely excluding
TLR3 as a candidate sensor. In absence of a direct antagonist targeting TLR7/8, we
exploited an inhibitor for their downstream adaptor MyD88. Again, while the MyD88
inhibitory peptide (Pepinh-MYD) antagonized the response induced by lipopolysaccharide
(LPS) (Figure 10C), ISG induction upon yRV exposure was not affected (Figure 10E).
Similarly, Lin- cells from MyD88~- mice (Hou et al/, 2008) maintained vector recognition
ability (Figure 10F-10G). To more broadly target other TLRs, potentially involved in
vector sensing, we tested the impact of inhibiting the adaptor protein TRIF. While the
TRIF inhibitory peptide (pepinh-TRIF) strongly reduced poly (I:C)-dependent signaling
(Figure 10D), no effect was observed when combined with yRV transduction (Figure
10E). We next investigated other potential TLR-mediated but nucleic-acid independent
sources of immune activation. As VSV-G has been reported to trigger a specific antiviral
TLR4-dependent interferon response in myeloid cells (Georgel et a/, 2007), we decided
to rule out the possibility that VSV-G sensing could participate in RV-mediated signaling.
The TLR4 inhibitor CLI-095 efficiently blocked canonical LPS-driven stimulation of the
receptor (Figure 10H) but did not impaired the activation of type I IFN response
occurring upon yRV transduction (Figure 10I). Similar data were obtained in Lin- from
TLR4”/- mice (Hoshino et al, 1999), in which yRV induced ISG upregulation similarly to
WT Lin- cells (Figure 10J) at comparable level of transduction (Figure 10K).
Together, this data supports the notion that recognition of YRV is not mediated by
TLRs and other RNA sensors could be involved. In agreement, when we pseudotyped the
YRV with the baboon endogenous retroviral envelope (BaEV) or with the RD114 envelope
that both mediate entry by direct plasma membrane fusion, we still observed a
significant induction of type I IFN responses upon transduction (Figure 10L) suggesting
that viral recognition likely occurs in the cytosol. At this point, to directly assess whether
the vector RNA genome was required for RV-induced signaling we produced virus-like

particles (VLP) devoid of the genomic RNA. Surprisingly these empty vectors that lack
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viral RNA genome still triggered significant ISG expression (Figure 10M), suggesting

that viral recognition is occurring in a nucleic-acid independent manner and highlighting

a possible role for the structural components of the vector.
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Figure 10. yRV is recognized in the cytosol in a nucleic-acid independent manner. A)
hMDM were stimulated with poly(1:C) in presence or not of the TLR3 inhibitor. IL6 level was
measured 24h post-transduction. mRNA expression was normalized to HPRT1 and expressed in
fold versus mock control (n=1). B) hMDM were transduced with yRV (MOI=10) in presence or not
of TLR3/dsRNA complex inhibitor. ISG levels were measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean = SEM,
n=3). C) hMDM were stimulated with LPS in presence or not of the MyD88 inhibitory peptide. IRF7
level was measured 24h post-transduction. mRNA expression was normalized to HPRT1 and
expressed in fold versus mock control (n=1). D) hMDM were stimulated with poly(I:C) in presence
or not of the TRIF inhibitory peptide. IL6 level was measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (n=1). E)
hMDM were transduced with yRV (MOI=10) in presence or not of the MyD88 or TRIF inhibitory
peptides. ISG levels were measured 24h post-transduction. mRNA expression was normalized to
HPRT1 and expressed in fold versus mock control (mean £ SEM, n=3). F) Murine Lin- cells from
MyD88 KO mice were transduced with LV or yRV (MOI=100). IRF7 level was measured 48h post-
transduction. mRNA expression was normalized to HPRT1 and expressed in fold versus mock
control (n=1). G) Percentages of transduced cells from figure F were assessed at 5 days post-
transduction by FACS (n=1). H) hMDM were stimulated with LPS, in presence or not of the TLR4
inhibitor. ISG15 level was measured 24h post-transduction. mRNA expression was normalized to
HPRT1 and expressed in fold versus mock control (n=1). I) hMDM were transduced with yRV
(MOI=10) in presence or not of TLR4 inhibitor. OAS1 level was measured 24h post-transduction.
MRNA expression was normalized to HPRT1 and expressed in fold versus mock control (mean %
SEM, n=2). J) Murine Lin- cells from TRL4 KO mice were transduced with LV or yRV (MOI=100).
IRF7 level was measured 48h post-transduction. mRNA expression was normalized to HPRT1 and
expressed in fold versus mock control (n=1). K) Percentages of transduced cells from figure H
were assessed at 5 days post-transduction by FACS (n=1). L) hMDM were transduced with VSV-
G YRV, BAEV yRV or RD114 yRV (MOI=10). ISG15 level was measured 24h post-transduction.
mMRNA expression was normalized to HPRT1 and expressed in fold versus mock control (mean %
SEM, n=5 for VSV-G-yRV and BAEV-yRV, n=6 for RD114-yRV, Dunn’s adjusted Kruskal-Wallis test
vs. mock control, *p<0.05; **p<0.01). M) hMDM were transduced with yRV (MOI=10) or volume
equivalent of empty yRV particles. ISG levels were measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean £ SEM,
n=4 for OAS1, n=3 for IRF7, Dunn’s adjusted Kruskal-Wallis test, *p<0.05; **p<0.01).

6.1.4. Interferon-stimulated genes response is not induced by vector

contaminants

It is known that laboratory grade vector productions lead to retained contaminants
within the vector stock (Merten et al, 2016; Soldi et al, 2020). Since different triggers
can activate macrophages, in line with their essential role in orchestrating immune
responses, we tried to carefully rule out the contribution of possible non-specific
responses mediated by our vector preparation to the induction of type I IFN responses
by yRV. Plasmids from the producer cells can activate antiviral immune responses
through TLR9 in plasmacytoid dendritic cells (pDC) (Pichlmair & Reis e Sousa, 2007).
However, we did not observe any lowering of the ISG response when we transduced the

cells in presence of a synthetic oligonucleotide that antagonizes TLR9 (Figure 11A).
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Another possibility could be that plasmid DNA is packaged within the viral core from the
producer cells and it is released only upon viral uncoating within the target cells. As the
cGAS/STING pathway plays a central role in detection of cytosolic DNA, we directly
assessed its involvement in yRV signaling. Importantly, pharmacological inhibition of
STING did not affect the response to yRV (Figure 11B), despite efficiently dampening
ISG induction upon stimulation with the direct STING agonist 2’3" cGAMP (Figure 11C).
We next measured the total amount of dsDNA and checked for the presence of
contaminating plasmid within yRV, empty yRV and LV stocks. Despite contaminants were
detected in all of the preparations, total DNA levels were comparable between yRV and
LV (Figure 11D). Moreover, DNase treatment of full and empty yRV stocks did not affect
the response to these vectors (Figure 11E), despite efficiently reducing the amount of
contaminants (Figure 11D).

Overall, our data suggest that the yRV vector preparations did not carry contaminants
responsible for eliciting ISG induction in MDM, supporting the possibility that structural

components of the vectors are the main trigger of RV sensing.
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Figure 11. Interferon-stimulated genes response is not induced by vector contaminants.
A) hMDM were transduced with yRV (MOI=10) in presence or not of TLR9 anatgonist. OAS1 level
was measured 24h post-transduction. mRNA expression was normalized to HPRT1 and expressed
in fold versus mock control (mean £ SEM, n=2). B) hMDM were transduced with yRV (MOI=10)
in presence or not of the synthetic indole derivative H151, a STING inhibitor. OAS1 level was
measured 24h post-transduction. mRNA expression was normalized to HPRT1 and expressed in
fold versus mock control (mean £ SEM, n=4). C) hMDM were stimulated with the 23’ cGAMP,
STING ligand, in presence or not of H151. OAS1 level was measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (n=1). D) Total
amount of dsDNA and VSV-G copies were measured within a yRV, empty yRV and LV vector stocks
before and after 2 hours treatment with DNasel at 37°C (n=1 stock for each indicated vector). E)
hMDM were transduced with yRV (MOI=10), volume equivalent of empty yRV or LV (MOI 10)
treated or not with DNasel for 2 hours at 37°C. OAS1 level was measured 24h post-transduction.
mMRNA expression was normalized to HPRT1 and expressed in fold versus mock control (n=1).

6.1.5. Canonical nucleic acid sensors are dispensable for yRV

recognition

To further exclude the role of nucleic acids in yRV-dependent induction of type I IFN,
we decided to validate genetically our preliminary observations pointing towards a
mechanism of structural rather than nucleic acid recognition of the vector. For this
purpose, we exploited the pro-monocytic U937 cell line to generate KO for the canonical
nucleic acid sensors. Interestingly we observed that U937 cells were unresponsive to
viral vectors, despite being efficiently transduced by both LV and yRV (Figure 12A-B).
However, upon differentiation in macrophage-like cells through PMA treatment they
started to recapitulate the yRV sensing phenotype observed in primary MDM. Indeed, in
PMA-differentiated U937 cells yRV triggered upregulation of ISG in a nucleic acid-
independent manner (Figure 12C), despite being restricted due to the unproliferative
status of the cells (Figure 12D). We thus exploited this cell line to address the
contribution of different cytosolic nucleic acid sensors in yRV recognition. We generated
KO cell lines for the cGAS and STING, involved in DNA sensing. After validation (Figure
12E-F), the cells were PMA differentiated and transduced with LV or yRV. Importantly
we observed that both KO cell lines still upregulated ISG upon RV but not LV exposure
(Figure 12G), confirming that the cGAS/STING pathway is not activated upon yRV
recognition. We next focused on RNA sensing, generating KO cell lines for RIG-I and
MAVS (Figure 12H-I). PMA-differentiated KO cells were still capable of responding to
YRV (Figure 12J), confirming also that the RNA genome is not the main trigger of

antiviral responses against yRV in MDM.
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Figure 12. Canonical nucleic acid sensors are dispensable for yRV recognition. A) U937
cells were transduced with yRV (MOI=50), volume equivalent of bald yRV and LV (MOI=50). ISG
levels were measured 24h post-transduction. mRNA expression was normalized to HPRT1 and
expressed in fold versus mock control (mean £ SEM, n=3). B) Percentages of transduced cells
from figure 12A were assessed at 5 days post-transduction by FACS (mean £ SEM, n=3). C) PMA
differentiated U937 cells were transduced with LV (MOI=50), yRV (MOI=50), volume equivalent
of bald and empty yRV, or yRV in presence of AZT. ISG levels were measured 24h post-
transduction. mRNA expression was normalized to HPRT1 and expressed in fold versus mock
control (mean £ SEM, n=3). D) Percentages of transduced cells from figure 12C were assessed
at 5 days post-transduction by FACS (mean £ SEM, n=2). E) U937 cells were transduced with LV
expressing Cas9 and a gRNA targeting STING or Cas9 only as a control. STING protein levels were
evaluated by western blot analysis in STING KO and control U937 cells and compared to TUBULIN
protein levels. F) U937 cells were transduced with LV expressing Cas9 and a gRNA targeting cGAS
or Cas9 only. Relative cGAS expression in cGAS KO and control KO U937 cells was evaluated by
gPCR, normalized to HPRT1. G) PMA differentiated WT, cGAS KO, STING KO and control KO U937
cells were transduced with LV or yRV (MOI=50). ISG15 level was measured 24h post-transduction.
mMRNA expression was normalized to HPRT1 and expressed in fold versus each mock control (mean
+ SEM, n=3/4, Dunn’s adjusted Kruskal-Wallis test versus each mock, *p<0.05). H) U937 cells
were transduced with LV expressing Cas9 and a gRNA targeting RIG-I or Cas9 only. RIG-I protein
levels were evaluated by western blot analysis in RIG-I KO and control KO cells after over/night
treatment £ IFNa and compared to B-ACTIN protein levels. I) U937 cells were transduced with LV
expressing Cas9 and a gRNA targeting MAVS or Cas9 only. MAVS protein levels were evaluated by
western blot analysis in MAVS KO and control U937 cells and compared to B-ACTIN protein levels.
J) PMA differentiated WT, RIG-I KO, MAVS KO and control KO U937 cells were transduced with LV
or yRV (MOI=50). ISG15 level was measured 24h post-transduction. mRNA expression was
normalized to HPRT1 and expressed in fold versus each mock control (mean £ SEM, n=3-6, Dunn’s
adjusted Kruskal-Wallis test versus each mock, *p<0.05).

6.1.6. YRV structural components are key mediators of type I IFN

response

To validate our hypothesis of a structural-mediated recognition of the vector, we
wondered whether the yRV structural components could be sufficient to transfer the
innate triggering phenotype to the usually stealth LV. For this purpose, we built a
chimeric vector in which the matrix and the capsid of the LV were replaced with the
structural components MA, p12, and CA of yRV (Figure 13A). We first verified that the
resulting chimeric Gag polyprotein could be correctly processed by the HIV protease
(Figure 13B), performing a western blot (WB) against the p30 capsid protein of MLV.
Mature p30 was detected within two different chimeric vector stocks, comigrating with
the WT MLV counterpart (Figure 13C). Moreover, correct intermediate cleavage
products of the Gag precursor were also produced (Figure 13C). Interestingly, MDM
exposed to this chimeric vector triggered strong upregulation of ISG, similarly to the
response induced by yRV (Figure 13D), highlighting the key role of the structural
components of the YRV in eliciting these responses. To further dissect which structural

component is the mediator of the recognition, we built other chimeric constructs
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replacing only the capsid or only the matrix within the LV packaging plasmid (Figure
13E). Unfortunately, we failed to produce LV with capsid of yRV, likely highlighting the
requirement of MLV matrix for correct assembly of the MLV viral core as previously
reported for infectious viruses (Yamashita & Emerman, 2004). Albeit with less efficiency,
we verified that the chimeric Gag from the LV carrying the yRV matrix protein was
correctly processed, by performing a WB against the p24 capsid of HIV (Figure 13F).
MDM transduced with this chimeric construct did not upregulate type I IFN responses
(Figure 13G), indirectly supporting a prominent role of the capsid, rather than of the

matrix, in mediating vector recognition in these cells.
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Figure 13. yRV structural components are key mediators of type I IFN response. A)
Scheme of the modified LV packaging construct where LV matrix and capsid are replaced with MA,
P12 and CA of the yRV. B) Scheme of the cleavage sites within GAG polyprotein of LV, yRV and
the chimeric LV/yRV. C) The presence of MLV capsid p30 protein and correct processing of chimeric
Gag polyprotein was evaluated by WB within two different chimeric LV/yRV vector stocks and
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compared to yRV and LV vector stocks. D) hMDM were transduced with LV, yRV or chimeric LV/yRV
(MOI 5). ISG levels were measured 24h post-transduction. mRNA expression was normalized to
HPRT1 and expressed in fold versus mock control (mean £ SEM, n=2/3). E) Scheme of the
cleavage sites within the modified GAG polyprotein of RV matrix in LV chimeric construct and RV
capsid in LV chimeric construct. F) Correct processing of the chimeric Gag polyprotein from RV
matrix in LV chimeric construct was evaluated by WB using an antibody against the p24 capsid
protein of HIV. E) hMDM were transduced with LV, yRV or chimeric RV matrix iin LV (MOI 5). ISG
levels were measured 24h post-transduction. mRNA expression was normalized to HPRT1 and
expressed in fold versus mock control (mean £ SEM, n=3).

6.1.7. yRV-induced response is orchestrated by the TBK1 kinase

As viral structural components have been reported to mediate interactions with host
factors that can restrict infection and elicit immune responses (Pertel et al, 2011;
Fletcher et al, 2018), we decided to address the involvement of a known restriction factor
capable of recognizing MLV. We investigated the role of TRIM5a in YRV sensing despite
it has been shown to restrict N-tropic but not NB-tropic MLV from which the yRV derives.
In agreement, TRIM5a KO cell lines (Figure 14A) maintained their antiviral immune
phenotype, triggering ISG expression upon RV exposure (Figure 14B), excluding
TRIM5a as our structural candidate sensor.

In the effort to narrow down on the sensors and pathways contributing to yRV
mediated type I IFN activation, we evaluated the role of common mediators of interferon
production that are located in the cytoplasm. TBK1, along with its analogue IKKg, is a
central kinase that links innate immune activation by different PRRs to regulation of
transcriptional programs leading to cytokines production and type I interferon responses.
As many different substrates are emerging for TBK1 (Zhou et a/, 2020), we wanted to
investigate its possible role in YRV recognition. Surprisingly, pharmacological inhibition
of TBK1 completely abrogated ISG induction in MDM exposed to YRV (Figure 14C). A
similar reduction was observed upon cells exposure to the known TBK1l-dependent
stimulus poly(I:C), validating the specificity of the inhibitor (Figure 14D). To further
dissect the role of TBK1, we evaluated TBK1 activation by immunofluorescent (IF)
staining in MDM 6h after transduction. Interestingly, a significant number of
phosphorylated-TBK1 (p-TBK1) foci per cell was detected in RV-exposed MDM as
compared to MOCK untransduced cells (Figure 14E-F), supporting direct engagement
of this kinase upon vector recognition. Genetic validation experiments in the U937 cell

line are ongoing to confirm the involvement of TBK1 in yRV sensing.
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Figure 14. yRV-induced response is orchestrated by the TBK1 kinase. A) U937 cells were
transduced with LV expressing Cas9 and a gRNA targeting TRIM5a or Cas9 only as a control.
TRIM5a protein levels were evaluated by WB in TRIM5a KO and control KO cells after over/night
treatment £ IFNa and compared to B-ACTIN protein levels. B) PMA differentiated WT, TRIM5a and
control KO U937 cells were transduced with LV or yRV (MOI=50). ISG15 level was measured 24h
post-transduction. mRNA expression was normalized to HPRT1 and expressed in fold versus each
mock control (mean £ SEM, n=4/6). C) hMDM were transduced with yRV (MOI=10) after 6h pre-
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exposure or not to the TBK1 inhibitor. OAS1 level was measured 24h post-transduction. mRNA
expression was normalized to HPRT1 and expressed in fold versus mock control (mean £ SEM,
n=4, Mann Whitney test, *p<0.05). D) hMDM were stimulated with poly(I:C) in presence or not
of TBK1 inhibitor. ISG levels were measured 24h post-transduction. mRNA expression was
normalized to HPRT1 and expressed in fold versus mock control (n=1). E-F) hMDM were
transduced with yRV (MOI=10). TBK1 phosphorylation was evaluated by IF staining 6h post-
transduction. The number of P-TBK1 foci per cell was quantified by Image] (E) (mean £ SEM,
n=6, Mann Whitney test, **p<0.01). Representative zoomed images are shown (F).

6.1.8. CRISPR/Cas9 screening to identify host factors involved in RV

recognition

Based on the notion that many innate immune sensors are also ISG (Schoggins &
Rice, 2011), we set up a screening exploiting a published, commercially available
CRISPR/Cas9 KO library targeting 1902 human ISG (OhAinle et al, 2018) with the aim
of identifying host proteins participating in the structural recognition of the yRV. First,
we needed to generate a tractable assay in which to easily visualize and screen for the
YRV responder cells. For this aim, we generated a reporter system exploiting our U937
cell line model. We desighed a Knock-In (KI) strategy for inserting the dTomato reporter
sequence under the control of the ISG15 promoter (Figure 15A), one of the most
upregulated genes upon YRV exposure in our context. We first designed and tested three
different guides RNA, targeting the last exon of ISG15, before the stop codon. Once
selected the best performing one (Figure 15B), we built a donor template cassette with
homology arms for ISG15 based on the gRNA cut site. Within the homology arms, we
inserted the last part of the ISG15 gene devoid of its stop codon, a 2A self-cleaving
peptide and the dTomato reporter sequence (Figure 15A). Nucelofection of U937 cells
with ribonucleoprotein complex followed by delivery of AAV6 vector carrying the donor
template allowed the insertion of the reporter sequence at the end of our gene of
interest. Through this strategy, the dTomato reporter would be transcribed and
translated under the control of the ISG15 promoter while maintaining the expression
and function of the ISG15 gene. Upon the editing procedure, we detected around 23%
of edited cells by FACS based on their basal dTomato expression (Figure 15C-D).
However, to avoid working with cells with a high basal dTomato, and thus ISG15,
expression level, we searched for clones carrying the targeted insertion among the
reporter negative population. For this purpose, we sorted at single cell level the dTomato
negative cells and, upon expansion, stimulated each single clone with IFNa to identify

the edited clones able to upregulate dTomato together with the IFN-induced ISG15 gene
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in response to IFNa (Figure 15E). Interestingly, among the 72-screened clones 13
edited clones became 100% dTomato* upon IFNa stimulation (Figure 15F). We next
evaluated the ability of these clones to recognize yRV upon differentiation into
macrophage-like cells with PMA, looking at the percentages of cells becoming dTomato®
upon YRV transduction. At the end, we selected the best candidate clone as the one
showing the highest percentage of dTomato™* cells after RV transduction and the lowest
increase in basal dTomato expression due to PMA differentiation (Figure 15G) to
perform the CRISPR screening. We thus transduced our reporter cell line with the pooled
library at limited multiplicity of infection (MOI) to achieve a single copy of a unique gRNA
per cell upon puromycin selection of the transduced cells. We then differentiated with
PMA the pooled KO population that was next transduced with yRV (Figure 15H). Based
on the idea that cells KO for factors potentially involved in yRV sensing lose their ability
to respond to the vector, we sorted the reporter negative cells to search for gRNA
enriched in that population. In parallel, dTomato* cells were also sorted to help exclude
candidate factors. Sorted cells, together with the bulk population, were PCR amplified
and sequenced. Bioinformatic analysis allowed us to identify factors for which an
enrichment of guides in the negative population was observed in respect to the bulk
population of represented guides (Figure 15I). As expected, ISG15 was among these
candidate factors as cells KO for this gene could not transcribe and translate the reporter
cassette. Additional confirmation of the validity of the screening was the presence of
STAT1 and IFNAR among the enriched genes as STAT1 is a signaling mediator for type
I IFN and IFN does not signal without its receptor. We are currently analyzing the results
from a second independent screening experiment that will allow us to increase the
significance of the results obtained and narrow down the list of candidate factors. Future

work will focus on the validation of the role of candidate factors in the response to yRV.
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Figure 15. CRISPR/Cas9 screening to identify host factors involved in RV recognition.
A) Schematic of the Knock-In strategy to generate an IFN-responsive reporter cell line in U937
cells. B) U937 cells were nucleofected with pre-assembled RNP complex made of Cas9 protein and
gRNA targeting the last exon of ISG15 gene or Cas9 only as a control. Cut efficiency was evaluated
3 days post nucleofection by non homologous end joining (NHEJ) assay. Tape station results are
shown. C-D) U937 cells were nucleofected with RNP complex made of Cas9 protein and gRNA
targeting the last exon of ISG15 gene, followed by delivery of AAV6 vector carrying the donor
template as shown in figure A. Editing efficiency was evaluated by FACS 3 days post nucleofection.
Representative FACS plots are shown in figure D. E) Schematic of the experimental procedure to
select KI clones from the reporter negative population after editing shown in C-D. F) Single cell
sorted negative U937 cells were stimulated with IFNa over/night and knock-in events were
identified by FACS analysis. G) U937 reporter clones from figure F were differentiated with PMA
and transduced with yRV (MOI=50). Percentages of dTomato™ cells were evaluated by FACS 24h
post-transduction and compared to PMA-differentiated mock untransduced cells and non PMA
differentiated cells. Results from the selected clone are shown. H) Schematic of the CRISPR/Cas9
screening with the CRISPR/Cas9 ISG KO library. I) List of genes for which an enrichments in gRNA
in the sorted negative population was found in respect to the gRNA present in the bulk population
of cells transduced with the library. The top 10 genes are shown.
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6.2. Investigating antiviral restriction mechanisms in human

hematopoietic stem cells

6.2.1. Combinatorial relief of SAMHD1l restriction of reverse
transcription together with the earlier IFITM3-mediated block to

lentiviral vector entry enhances transduction in quiescent HSPC

To address the role of SAMHD1 in human HSPC, we used lentiviral vectors that directly
incorporate the SIVmac accessory protein Vpx into the LV particle (Bobadilla et a/, 2013)
(Figure 16A). We first validated the system in primary human MDM in which we
confirmed significant increase in LV transduction upon Vpx-mediated degradation of
SAMHD1 (Figure 16B).

Other groups have already explored the role of SAMHD1 in HSPC with minimal impact
of Vpx observed on transduction efficiency of ex vivo cultured HSPC (Li et al, 2015).
Since we have shown that the IFITM3 that acts prior to the SAMHD1-imposed block to
reverse-transcription potently restricts VSV-G-mediated LV entry into HSPC (Petrillo et
al, 2018), we wondered whether SAMHD1-mediated restriction could be revealed by
CsH, a compound able to overcome IFITM3 restriction (Petrillo et a/, 2018). To this aim,
we evaluated the effect of Vpx incorporation in combination with CsH. In line with
previous reports (Li et al, 2015), Vpx did not improve lentiviral transduction of stimulated
HSPC, alone or in combination with CsH (Figure 16C). Thus, we wondered whether Vpx
effect could be more relevant in the context of unstimulated, quiescent HSPC. To test
this hypothesis we transduced freshly isolated, quiescent HSPC with Vpx-LV in presence
or absence of CsH. After 16h, we washed the cells and we added cytokines to the culture
media together with an inhibitor of RT, to evaluate only the transduction that occurred
in the unstimulated cells (Figure 16D). Interestingly Vpx-incorporation improved
transduction of quiescent HSPC in a slight but significant manner (Figure 16E). Of note,
Vpx-mediated increase in transduction in unstimulated HSPC was independent of CsH,
with the combination resulting in an additive increase in gene marking levels over control
transduced HSPC (Figure 16E). Importantly, this advantage was strong in the most
primitive CD34*CD133+*CD90* subset of HSPC (Figure 16F). Vpx delivery did not alter
overall subpopulation composition, suggesting that the HSPC phenotype was not affected

(Figure 16G). Moreover, in support of the safety of Vpx delivery, we did not observed
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any induction of DNA damage response or type I IFN responses upon transduction with
Vpx-incorporating LV, as measured by p21 and ISG15 expression respectively (Figure
16H).

We next assesses the effect of Vpx delivery on the intracellular dNTP pools in both
stimulated and unstimulated HSPC. While Vpx exposure only minimally influenced dNTPs
levels in stimulated HSPC, a stronger effect was observed in quiescent cells, with a
particular increase in the levels of dATP and dGTP (Figure 16I-J). In line with the
transduction data, these results indicate that the nucleotide pool may restrict quiescent
but not stimulated HSPC.
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Figure 16. Combinatorial relief of SAMHD1 restriction of reverse transcription together
with the earlier IFITM3-mediated block to lentiviral vector entry enhanced transduction
in quiescent HSPC. A) Schematic representation of the pMDLX packaging plasmid used for the
production of Vpx incorporating lentiviral vector (LV). A mutation in the p6 from SIVmac allows
packaging of Vpx that is provided in trans during the vector production (Bobadilla et al, 2013). B)
hMDM were transduced with LV that either or not directly incorporate Vpx into the LV particle at
MOI 1. Percentages of transduced cells were assessed at 5 days post-transduction by FACS (mean
+ SEM; n=8,; Wilcoxon signed rank test, **p=0.0078). C) Transduction efficiencies (MOI=1) in
stimulated hHSPC = Vpx+ 8 uM CsH, measured by FACS at 5 days (mean = SEM; n=2). D)
Schematic representation of the transduction experiment in unstimulated HSPC. E) Transduction
efficiencies (MOI=25) in unstimulated hHSPC * Vpx £ 8 uM CsH (mean £ SEM; n=8; Wilcoxon
signed rank test, *for p<0.05, **for p<0.01). F) Transduction efficiencies in the different
subpopulations of unstimulated hHSPC from figure E. G) The composition of unstimulated hHSPC
was evaluated by FACS 5 days post transduction. H) DNA damage or type I IFN responses upon
LV-Vpx delivery in unstimulated hHSPC were measured 24h post transduction in terms of p21 and
ISG15 expression respectively, by fold increase versus untransduced cells (mean £ SEM; n=3).
I-J) Intracellular dNTP levels were measured in stimulated (I) and unstimulated (J) hHSPC 24h
post transduction £ Vpx in presence of CsH (n=1).

6.2.2. Exogenous deoxynucleosides synergize with CsH to significantly

enhance lentiviral transduction in quiescent HSPC

As the increase in cellular dNTPs levels upon Vpx delivery might still be suboptimal
for efficient viral reverse-transcription, we evaluated the effect of providing an excess of
nucleotides on gene transfer efficacy, as an alternative strategy to overcome SAMHD1-
mediated restriction (Baldauf et al, 2012; Lahouassa et al, 2012). However, we observed
that dNTPs addition did not affect the transduction efficiency of unstimulated HSPC, even
in combination with CsH (Figure 17A). Deoxynucleosides (dNs), precursors of dNTPs,
during transduction have been reported to better penetrate within cells (Shepard et al,
2019). Remarkably, dNs alone rendered HSPC as permissive as CsH alone (Figure 17B),
but the most prominent effect was obtained by combining CsH and dNs during
transduction of quiescent HSPC, yielding up to 6-fold increase in transduction over CsH

alone control condition (Figure 17C). This benefit was significant among all fractions of
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HSPC with the strongest effect observed in the most primitive CD34+*CD133*CD90*
compartment, resulting in an average 18-fold increase in transduction over CsH alone
(Figure 17D). Importantly dNs addition did not affect HSPC subpopulation composition,
supporting preservation of the HSPC phenotype (Figure 17E). Of note, dNs retained
their ability to enhance transduction in unstimulated HSPC over a dose range of 25-1000
MM, with higher or lower concentrations still improving transduction but with a lower
effect as compared to the intermediate 100 and 500 pM doses (Figure 17F). As we
observed that dNs addition increased transduction also of IDLV (Figure 17G), we tested
the effect of dNs addition on the efficiency of IDLV-based gene editing (Figure 17H).
As expected, despite overall low efficiency due to the quiescent status of these cells,
combination of CsH and dNs enhanced targeted genome editing in unstimulated HSPC
(Figure 171-3), without affecting the composition of HSC subpopulations (Figure 17K).
Of note, similarly to Vpx, adding dNs did not improve transduction in pre-stimulated
HSPC, even in combination with CsH (Figure 17L), further suggesting that the
intracellular dNTP pools of stimulated HSPC are not limiting for viral reverse

transcription.
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Figure 17. Exogenous deoxynucleosides synergize with CsH to significantly enhance
lentiviral transduction in quiescent HSPC. A) Unstimulated hHSPC were pre-treated with
dNTPs before transduction with LV in presence of CsH. Percentages of transduced cells were
assessed at 5 days by FACS (mean £ SEM, n=2). B) Unstimulated hHSPC were pre-treated with
a mixture of the 4 dNs at a final concentration of 500 uM each before transduction with a LV in
presence or not of CsH. Percentages of transduced cells were assessed at 5 days post-transduction
and expressed as fold increase vs DMSO (mean = SEM, n =4). C) Transduction efficiency in
unstimulated hHSPC x dNs in presence of CsH, expressed as fold increase vs CsH control (mean
+ SEM, n=8, Wilcoxon signed rank test versus CsH=1, **p = 0.0078). D) Transduction efficiencies
in the different subpopulations of unstimulated hHSPC expressed as fold increase vs CsH control
(mean £ SEM, n=8, Wilcoxon signed rank test versus each CsH=1 **p = 0.0078). E) The
composition of unstimulated hHSPC was evaluated 5 days post transduction. F) Transduction
efficiency in unstimulated hHSPC in presence of different concentrations of dNs and expressed as
fold increase versus CsH control (mean £ SEM, n 22). G) Unstimulated hHSPC were transduced
with IDLV at MOI=200 % CsH in presence or not of dNs. Transduction efficiency was evaluated in
the different HSPC subsets 3 days post transduction (mean £ SEM, n=2). H) Scheme of the gene
editing protocol for unstimulated hHSPC. I-J) Percentage of edited cells at AAVS1 locus measured
within the bulk (I) or within the indicated HSPC subpopulations (J) 3 days post editing (n=2). K)
The composition of unstimulated hHSPC was evaluated 3 days post editing. L) Transduction
efficiencies in stimulated hHSPC £ dNs £ CsH (n=1)

6.2.3. Combination of CsH and exogenous deoxynucleosides improves
transduction across species and in multiple quiescent

hematopoietic cell types

To test whether the combination of CsH and dNs could improve transduction efficiency
across species, we tested our protocol in unstimulated murine HSPC. We confirmed also

in this context a dNs-mediated enhancement of transduction. Although a slightly higher
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basal level of transduction was observed in murine HSPC from SAMHD1 KO mice (Figure
18A), the effect of dNs was independent from SAMHD1-mediated LV restriction (Figure
18A). This data suggest that the intracellular dNTP pools may be a limiting factor also
in the murine context and that lack of SAMHD1 is not sufficient to fully remove this block.
Vpx-mediated degradation of SAMHD1 promotes HIV infection in resting T cells (Baldauf
et al, 2012). Since we did not see any benefit in terms of transduction efficiencies with
our Vpx-incorporating LV in resting T cells (Figure 18B), we decided to evaluate the
effect of dNs delivery in combination or not with CsH on the transduction rate of T cells.
While activated CD3* T cells did not benefit of dNs addition (Figure 18C), we observed
a significant benefit in gene transfer efficacy in quiescent CD3* T cells, within the CD14-
peripheral blood mononuclear cells (PBMC) population, in particular in combination with
CsH (Figure 18D). This effect was maintained within the CD4* and CD8"* T cell subsets
(Figure 18E), with no alteration observed on their frequency upon dNs addition (Figure
18F). Importantly, the dNs and CsH combination did not alter the T cell composition and
significantly improved LV transduction also in the quiescent stem memory T cells (TSCM)
(Figure 18G-H).

Taken together, these data suggested that addition of exogenous dNs together with
CsH-mediated removal of IFITM3 restriction enables efficient gene modification of

difficult to transduce quiescent targets of gene therapy.
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Figure 18. Combination of CsH and exogenous deoxynucleosides improves transduction
across species and in multiple quiescent hematopoietic cell types. A) Unstimulated murine
HSPC from WT or SAMHD1 KO mice were transduced with LV (MOI=10) £ 8 uM CsH £ dNs.
Percentages of transduced cells were assessed at 5 days post-transduction (mean £ SEM, n=3).
B) Resting T cells were transduced with LV * Vpx. Percentages of transduced cells were assessed
3 days post-transduction and expressed as fold versus Vpx- (mean £ SEM, n=6). C) Activated
primary CD3* T cells were transduced with LV (MOI=1) £ CsH %= dNs. Percentages of transduced
cells were assessed at 5 days post-transduction (mean £ SEM, n=4, Dunn’s adjusted Kruskal-
Wallis test; ns, not significant). D) PBMC depleted of the CD14% subset, were transduced with LV
(MOI=25-50) £ CsH £ dNs. Transduction efficiency was evaluated within the CD3* T cells subset
3 days post transduction (mean = SEM, n=4, Dunn’s adjusted Kruskal-Wallis test, **for p<0.01).
E) Transduction efficiency within the CD4* and CD8* T cells subsets (mean £ SEM, n=4, Dunn’s
adjusted Kruskal-Wallis test,*for p<0.05, **for p<0.01). F) The proportion of CD4* and CD8*
within the CD3* T cells was evaluated 3 days post transduction. G) Subsets composition of resting
CD3* T cells was evaluated 3 days post transduction. TSCM, Stem Memory T Cells; CM, Central
Memory; EM, Effector Memory; TEMRA, Terminally differentiated effector memory. H)
Transduction efficiency within the TSCM CD3* T cell subset expressed as fold increase versus
DMSO control (mean £ SEM, n=2, Tukey’s adjusted Kruskal-Wallis test, *for p<0.05).

6.2.4. Exogenous pyrimidines mediate lentiviral transduction

enhancement in quiescent HSPC

Given the advantage observed in transduction when adding dNs, we wanted to better
address the role of the different dNTPs in mediating the increase in viral reverse-
transcription. For this purpose, we transduced quiescent HSPC in presence of CsH and
the single deoxynucleosides or the combination of purines (dA and dG) or pyrimidines
(dC and dT) dNTP precursors. Remarkably, we observed no or minor impact on the
transduction rate of quiescent HSPC upon addition of dA or dG or of the combination of
the two purine dNTP precursors (Figure 19A). Instead, the transduction increase was
mainly mediated by the addition of the two pyrimidines dNTP precursors, with dC alone

leading to gene marking levels comparable to the combination of all dNs (Figure 19B).
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To further dissect the mechanism behind pyrimidines-mediated improvement of
transduction in quiescent cells we evaluated how addition of exogenous dNs to the
culture media influenced the intracellular pools of single dNTPs. We did not observe
homogeneous increase in all dNTP 24h after dNs delivery. The major changes occurred
in the levels of deoxyadenosine triphosphate (dATP), while minor differences were
observed for deoxythymidine triphosphate (dTTP) and very little or no effect was present
in deoxyguanosine triphosphate (dGTP) and deoxycytidine triphosphate (dCTP) levels
(Figure 19C). Of note, CsH per se did not alter intracellular dNTP pools in quiescent
HSPC (Figure 19C).

Although these results are somewhat unexpected, we cannot exclude that the timing
can be a critical factor to detect subtle changes in the levels of intracellular dNTPs and
that the consumption rate may vary across the different dNTPs, making it difficult for us
to conclude on the lack of an effective increase in all dNTPs. Of note, the increase in
intracellular dATP demonstrated that the lack of dA-mediated effect on transduction was
not due to limited entry or usage of this deoxynucleoside in the cells, while confirming

that the purine pool is not the limiting one.
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Figure 19. Exogenous pyrimidines mediate lentiviral transduction enhancement in
quiescent HSPC. A) Unstimulated hHSPC were transduced in presence of CsH upon exposure to
dA, dG or dA+dG mix. Percentages of transduced cells were evaluated 5 days post transduction
and expressed as fold increase versus CsH control (mean = SEM, n=2-3). B) Unstimulated hHSPC
were transduced in presence of CsH upon exposure to dC, dT or dC+dT mix. Percentages of
transduced cells expressed as fold increase versus CsH control (mean £ SEM, n=3-4). C)
Intracellular dNTP levels were measured in unstimulated hHSPC 24h post exposure to dNs in
presence or absence of CsH (n=1).
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6.2.5. Fueling the pyrimidine de novo biosynthesis enhances lentiviral

vector transduction in quiescent HSPC

Since our data suggested that pyrimidines are the limiting dNTPs in quiescent HSPC,
we decided to further investigate the role of pyrimidines to exclude potential dNTP-
independent effects of exogenous dNs addition on LV transduction. We thus exploited
publicly available datasets to look at the endogenous levels of the two rate limiting
enzymes of the ‘the novo pyrimidine synthesis’ pathway, in quiescent versus activated
HSPC (Garcia-Prat et al, 2021). As expected for low metabolically active cells, in
quiescent LT-HSCs the expression levels of carbamoyl-P synthetase (CPS) and
dihydroorotate dehydrogenase (DHODH) was significantly lower as compared to their
activated counterpart (Garcia-Prat et al, 2021) (Figure 20A), which instead actively
proliferate and require precursors for DNA synthesis. We validated these data in our
experimental context by checking the expression levels of these two key genes in
stimulated and unstimulated HSPC derived from the same donors (Figure 20B-C). We
thus hypothesized that fueling the de novo pathway with precursors of the pyrimidines
could have similar effects as providing exogenous dC and dT that fuel the ‘salvage
pathway’ of the pyrimidine synthesis. In line with this hypothesis, orotic acid (OA)
addition or uridine 5’-monophosphate (UMP) addition enhanced LV transduction in
quiescent cells, with significant increase when the two compounds were combined with
CsH (Figure 20D-E).

To determine if and how this increase was specific to the pyrimidine pools, we
interrogated the same published database (Garcia-Prat et al, 2021) to check the levels
of phosphoribosyl pyrophosphate amidotransferase (PPAT), the first enzyme of ‘de novo
purine synthesis’ pathway, in quiescent versus activated HSPC. As expected, also PPAT
appeared to be downregulated in unstimulated HSPC versus the stimulated counterpart
(Figure 20A). However, when we tried to fuel the purine biosynthetic pathway providing
the inosine monophosphate (IMP) precursor, no effect was observed on the transduction
level of quiescent HSPC, alone or in combination with CsH (Figure 20F). These results
are in accordance with our previous data showing that dA and/or dG addition did not
increase LV transduction (Figure 19A) despite increased levels of dATP upon dNs
delivery (Figure 19E).

Moreover, to further exclude dNTP-independent effects of exogenous dNs on LV

transduction, we confirmed that dNs addition improved transduction only of vectors that
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retro-transcribed their genome. Indeed, while dNs alone or in combination with CsH
increased transduction of unstimulated human HSPC with yRV (Figure 20G) or SIV
(Figure 20H) vectors, we did not observed any effect when dNs were added during
transduction with AAV (Figure 20I) or SENDAI (Figure 203) vectors, which have single
strand DNA and RNA genome respectively.

Overall, these findings support the idea that dNs addition enhances LV transduction
in unstimulated HSPC by directly increasing the intracellular pools of pyrimidines thus
allowing an efficient reverse transcription, and suggest that minor increases in dNTPs

upon dNs delivery could be explained by timing and/or consumption reasons.
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Figure 20. Fueling the pyrimidine de novo biosynthesis enhances lentiviral vector
transduction in quiescent HSPC. A) Heatmaps showing the expression levels of carbamoyl-P
synthetase and dihydroorotate dehydrogenase analyzed from publicly available dataset (Garcia-
Prat et al, 2021) where the gene expression profile of quiescent long-term-HSC is compared to
the one of activated long term-HSC. B-C) Relative gene expression levels of CPS (B) and DHODH
(C) in unstimulated and stimulated hHSPC from the same donors (mean = SEM, n=4, Mann
Whitney test, *for p<0.05). D) Unstimulated hHSPC were transduced with LV = 8 uM CsH after
exposure or not to dNs or 7.5 uM Orotic Acid. Percentages of transduced cells expressed as fold
increase versus DMSO control (mean £ SEM, n=4, Dunn’s adjusted Kruskal-Wallis test,*for
p<0.05, **for p<0.01). E) Unstimulated hHSPC were transduced with LV £ CsH after exposure
or not to dNs or 1 mM UMP. Percentages of transduced cells expressed as fold increase versus
DMSO control (mean £ SEM, n=4, Dunn’s adjusted Kruskal-Wallis test,*for p<0.05, **for
p<0.01). F) Unstimulated hHSPC were transduced with LV * CsH after exposure or not to dNs or
5 mM IMP. Percentages of transduced cells expressed as fold increase versus DMSO control (mean
+ SEM, n=3). G-H) Unstimulated hHSPC were transduced with yRV or SIV (MOI=10) £ CsH after
exposure or not to dNs (mean £ SEM, n=2 per yRV, n=3 per SIV, Dunn’s adjusted Kruskal-Wallis
test, *for p<0.05). I-J) Unstimulated hHSPC were transduced with AAV6 (MOI=10000) or SENDAI
vector (MOI=10) after exposure or not to dNs (mean £ SEM, n=3 AAV, n=4 SENDAI).

6.2.6. dNs and CsH increase transduction of more complex, clinical-like

vectors

Having demonstrated that our combinatorial transduction protocol in unstimulated
cells is highly efficient with canonical pgk-GFP lentiviral vector used so far, we decided
to validate the performance of the protocol with a more complex, clinical-like vector. To
this end, we used a vector derived from the therapeutic GLOBE LV that is currently used
in the clinics for treatment of B-thalassemia (Marktel et al, 2019). This vector retains
the B-globin promoter and locus control region (LCR) elements, while having GFP instead
of globin as transgene, allowing an easier tracking of transduced cells while maintaining
the complexity of a clinical grade vector. As the transgene expression is dependent on
an erythroid specific promoter, GFP can be visualized specifically in the erythroid lineage.
We thus evaluated the transduction efficiencies by vector copy number in the liquid
culture and performed colony-forming unit (CFU) assay to assess transduction
specifically in erythroid colonies (Figure 21A). Vector copy number (VCN) analysis
confirmed the synergistic effect of CsH and dNs in potently increasing transduction of
Globe-like LV, with 44-fold increase as compared to the DMSO vehicle control (Figure
21B). Similar results were obtained from the CFU assay both in terms of VCN (Figure
21C) and transgene expression in Burst Forming Units-Erythroid (BFU-E) colonies
(Figure 21D), in which the combination of CsH and dNs resulted in a significant

enhancement of transduction.
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Overall, these data suggest that the potential of our combinatorial protocol is not
limited to simple lentiviral expression vectors with strong promoters, but can be broadly
extended to more complex, clinical-like vectors with lineage-restricted promoter and

bulky regulatory regions.
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Figure 21. dNs and CsH increase transduction of more complex, clinical-like vectors. A)
Schematic representation of the transduction experiment with LV Globe-like vector in unstimulated
HSPC. B) hHSPC were transduced with Globe-like LV (MOI=25-50) £ CsH = dNs. Vector copy
numbers were evaluated 14 days post-transduction (mean £ SEM, n=4, Dunn’s adjusted Kruskal-
Wallis test, **for p<0.01). C-D) hHSPC from figure B were plated the day after transduction in
methocult to perform colony-forming unit assay. Vector copy numbers were evaluated in total
colonies 14 days after plating (A). Percentages of transduced cells were evaluated in Burst Forming
Units-Erythroid (BFU-E) by FACS 14 days after plating (Mean = SEM, n=4, Dunn’s adjusted
Kruskal-Wallis test, *for p<0.05).

6.2.7. dNs delivery does not impact on proliferation, apoptosis, and cell
cycle status of unstimulated hHSPC

To next determine the impact of dNs on HSC biological properties, we performed in
vitro assays to evaluate potential effects of dNs on proliferation, apoptosis or cell cycle
status of unstimulated HSPC. HSPC were stained immediately after thawing with a

fluorescent dye to monitor cell division at different time points. The proliferation of
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transduced or untransduced cells , upon exposure to dNs was compared to the one of
cells that did not receive the treatment. dNs addition did not cause any proliferation
change, at any of the time points analyzed, with LV transduction having no impact on
the proliferation rate of unstimulated HSPC (Figure 22A). We next checked by gene
expression analysis the levels of p21 at 48h post transduction, as surrogate marker of
DNA damage response. Importantly, we did not detect any strong p21 upregulation, with
the combination of CsH and dNs reaching less than two-fold of induction, probably due
to the increased vector copy numbers as reported for stimulated HSPC (Piras et al, 2017;
Petrillo et al, 2018) (Figure 22B). In line with absence of DNA damage, dNs were not
toxic, as no signs of apoptosis were detected in unstimulated HSPC 48h after dNs
exposure both in transduced and untransduced cells (Figure 22C).

As preservation of HSPC quiescent phenotype may allow maintaining their stem-cell
features, we evaluated whether dNs could alter the quiescent cell-cycle status of
unstimulated HSPC. As expected, at 24h unstimulated cells showed a greater percentage
of cells in GO in respect to their stimulated counterpart, with almost complete absence
of cycling cells (Figure 22D). dNs delivery did not alter the quiescence status of these
cells, neither at 24h (Figure 22D) nor at longer time points (Figure 22E) both in
transduced and untransduced conditions, suggesting that their stem-cell properties are
preserved upon dNs addition. We next investigated whether dNs addition could affect
the clonogenic potential of hematopoietic stem cells. We observed a small reduction in
the number of colonies of unstimulated HSPC, which may be ascribed to the shorter
culture time and thus a reduced number of progenitors (Figure 22F). Importantly we
did not detect any difference in the clonogenic potential of unstimulated cells that
received or not dNs (Figure 22F).

Overall, our data highlights a safe profile for dNs delivery in unstimulated HSPC,
prompting us to consider dNs as a valid option to reach good levels of transduction while
preserving the quiescence and stem cell properties of HSPC, potentially promoting higher

engraftment in vivo.
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Figure 22. dNs delivery does not impact on proliferation, apoptosis, and cell cycle status
of unstimulated hHSPC. A) Impact of dNs on cell proliferation was assessed in transduced or
untransduced quiescent hHSPC. Mean fluorescent intensity of cell proliferation dye was evaluated
at the indicated time points by FACS (mean £ SEM; n=4). B) p21 mRNA levels were evaluated by
gPCR in unstimulated HSPC 48h post transduction (mean £ SEM; n=3). C) Impact of dNs on
apoptosis was assessed in unstimulated hHSPC 48h after dNs delivery during or not LV
transduction (mean * SEM; n=2-3). D-E) Impact of dNs on cell-cycle status of unstimulated
hHSPC was evaluated at 24h (D) and at 5 days (E) after dNs delivery during or not of LV
transduction (mean £ SEM; n=4). F) Colony-forming unit output of unstimulated hHSPC + dNs
versus stimulated hHSPC (mean £ SEM; n=4).

6.2.8. Unstimulated HSPC engraft similarly to their pre-stimulated
counterpart, despite lower cellular input

Ex vivo culture of HSPC impacts on their engraftment potential, due to cell cycle
progression that drives lineage commitment and differentiation, as well as loss of
adhesion molecules, which impact on their homing capacity in the BM (Kallinikou et al,
2012; Larochelle et al, 2012; Glimm et al, 2000). On these premises, we reasoned that
an efficient gene transfer into quiescent HSPC should allow better preservation of their
biological properties, including long-term repopulation capacity. Therefore, we decided
to directly assess the HSC engraftment potential of unstimulated cells transduced with

our combinatorial transduction protocol, using gold-standard xenograft assay.
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Unstimulated human cord blood-derived CD34* cells were transduced with LV at MOI
25 with addition of CsH and dNs. As a control, HSPC were pre-stimulated over-night with
human cytokines and transduced in presence of CsH only at the same MOI. We then
transplanted HSPC into NOD scid gamma (NSG) mice by to equivalent and engraftment
and transduction efficiency were followed in vivo over time. Additional control conditions
were kept for the in vitro analysis only (Figure 23A). Importantly, from the in vitro data
of this experiment we observed that our combinatorial strategy in unstimulated HSPC
yielded higher gene marking levels compared to stimulated HSPC transduced in presence
of dimethyl sulfoxide (DMSO) alone, reaching 60% of GFP* cells at the moderate MOI
used (Figure 23B). The enhanced transduction was maintained across the different
HSPC subsets (Figure 23C), confirming no impact on their composition (Figure 23D).
The transduction increase was confirmed in terms of integrated viral copies, with CsH
and dNs in unstimulated HSPC leading to more than twice the copies observed in DMSO-
stimulated HSPC (Figure 23E). Overall integrated copies in unstimulated cells remained
lower compared to CsH-stimulated HSPC (Figure 23E), in line with the expected strong
enhancement mediated by CsH in these cells (Petrillo et al, 2018).

Importantly, despite lower initial cellular input (Figure 23F), unstimulated HSPC
showed similar engraftment compared to their stimulated counterpart at longer time
points (Figure 23G). This was confirmed by the analysis of BM at 20 weeks where a
similar percentage of hCD45* cells was observed between unstimulated and stimulated
HSPC (Figure 23H). Moreover, similar percentages of hCD34" cells were observed in
the BM of the two groups (Figure 231I) with similar composition of primitive CD34*CD38"
and more committed CD34* CD38* fractions (Figure 233). Similar engraftment between
the two groups was confirmed in other hematopoietic organs (Figure 23K-23M), with
no differences in lineage composition of the spleen of primary recipients (Figure 23L)
and similar frequency of hCD3* cells observed in the thymus from the two groups
(Figure 23N).

Remarkably, the high transduction level achieved with the combination of dNs and
CsH in unstimulated cells was maintained in vivo and remained stable among all the time
points analyzed (Figure 230). Similar gene marking levels were also confirmed in the
different organs at 20 weeks post-transplantation (Figure 23P-Q-R). While the
difference in transduction between unstimulated and stimulated HSPC was not strong in
terms of percentages of GFP* cells, the number of integrated copies in vivo remained

significantly lower in the unstimulated group in bone marrow, spleen and thymus
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(Figure 23S-T-U). This reflects the strong enhancement effect of CsH in stimulated

HSPC, as we have shown in the past that a I-hit CsH protocol outperforms the reference

II-hit clinical protocol in terms of long term gene marking levels (Petrillo et a/, 2018).

Indeed, although lower, we obtained around 2-3 copies in vivo in the non-stimulated

group, which may allow reaching physiological expression levels of a desired transgene

and is well within a safe and efficient target copy range for most gene therapy

applications currently tested (Tucci et al, 2022).
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Figure 23. Unstimulated HSPC engraft similarly to their pre-stimulated counterpart,
despite lower cellular input. A) Experimental scheme of the transplant experiment. Human
CD34* cells from cord blood were pre-stimulated 24h with a cocktail of early active cytokines
before transduction with LV (MOI=25) in presence of 8 uM CsH or kept unstimulated and
transduced immediately with LV (MOI=25) in presence of CsH and 500 uM mix of dNs. Cells were
then injected 20h post transduction by Ty equivalent into NSG mice. B-C) In vitro transduction
efficiency of the in vivo experiment was assessed 5 days post transduction in the bulk population
of HSPC (B) and in the indicated subpopulations (C) by FACS. D) The composition of hHSPC was
evaluated 5 days post transduction by FACS. E) In vitro VCN/genome were measured 5 days post
transduction. F) N° of cells injected into mice for each experimental group was counted
immediately before transplantation. G) Engraftment levels in the peripheral blood of mice from
the two experimental groups (mean £ SD; n=8 mice per group, t-test,*for p<0.05, ns=non
significant). H) Engraftment levels in the bone marrow at 20 weeks post-transplant (mean £ SD;
n=8). I) Percentages of hCD34"* cells within hCD45" in the bone marrow at 20 weeks (mean *
SD; n=8). J) Cell composition of the hCD34™ fraction in the bone marrow (mean £ SD; n=8). K)
Engraftment levels in the spleen at 20 weeks post-transplant (mean £ SD; n=8). L) Percentages
of different cell subpopulations of the spleen (mean = SD; n=8). M) Engraftment levels in the
thymus at 20 weeks post-transplant (mean £ SD; n=8). N) Percentages of hCD3* cells within
hCD45* in the thymus at 20 weeks (mean + SD; n=8). O) Transduction efficiencies in the
peripheral blood of mice from the two experimental groups measured as % of GFP* cells within
hCD45+ cells (mean £ SD; n=8 mice per group). P-Q-R) Transduction efficiencies measured as
% of GFP* cells within hCD45% cells in bone marrow (P), spleen (Q) and thymus (R) at 20 weeks
post-transplant (mean £ SEM; n=8). S-T-U) VCN/genome were measured in the bone marrow
(S), spleen (T) and thymus (U) at 20 weeks (mean = SEM; n=8).

6.2.9. dNs and CsH in unstimulated mPB HSPC allow reaching good
levels of transduction while preserving their repopulation

capacity
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On these premises, we decided to confirm the potential of our combinatorial
transduction protocol in a clinically relevant source, transplanting mobilized peripheral
blood-derived hHSPC. We transduced unstimulated mPB-derived HSPC at MOI 50 with
CsH and dNs. As a control, HSPC were pre-stimulated for 24h and transduced in presence
of CsH alone. We then injected cells into NSG mice by to equivalent and we follow
engraftment and transduction efficiency in vivo over time (Figure 24A). From the in
vitro analysis we confirmed that we can achieve high gene marking levels in
unstimulated mPB-CD34* cells by combining dNs and CsH, reaching 60% of GFP* cells
in the bulk and in the different HSPC subpopulations (Figure 24B-24C), with no major
impact observed on HSPC composition (Figure 24D). The transduction level was
confirmed in terms of integrated viral copies despite overall integrated copies in
unstimulated cells remained much lower compared to CsH-stimulated HSPC, as
previously observed in CB-CD34" cells (Figure 24E). Importantly, we confirmed similar
engraftment capacity for unstimulated mPB-CD34"* (Figure 24G) despite lower initial
cellular input (Figure 24F). Similar levels of engraftment were confirmed in the BM at
20 weeks post-transplantation (Figure 24H), with similar cell composition observed for
the two groups (Figure 24I). We also evaluated absolute counts to highlight potential
differences between the two groups. Indeed, while percentages were similar, we
observed a slight increase in human CD45* cells counts in the unstimulated group
(Figure 243), with consequent higher counts of human CD33*, CD19* and CD34" cells
(Figure 24K).

Importantly, we confirmed that with our transduction protocol we could achieve and
maintain high level of transduction in vivo also in the more clinically relevant mPB source
of unstimulated HSPC (Figure 24L). The high transduction levels were confirmed in the
different hematopoietic organs at 20 weeks post-transplantation (Figure 24M-N-0). As
previously observed, the difference in terms of integrated copies in vivo remained strong
if comparing our unstimulated group to the CsH-stimulated one (Figure 24P-Q-R). This
again reflects the fact that we are using as a reference for stimulated cells a protocol
which have been demonstrated to be superior to the current clinical reference protocol
(Petrillo et al, 2018). Indeed, we reasoned that the difference in vector copy number
between the two groups would be less if the VCN from the unstimulated HSPC is
compared to those usually retrieved from a standard II-hit clinical protocol in stimulated
HSPC (Petrillo et al, 2018). For this reason, we decided to perform an additional in vivo

experiment to compare our combinatorial approach in unstimulated HSPC with the
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current gold-standard reference II-hit transduction protocol used in the clinics for

stimulated HSPC.
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Figure 24. dNs and CsH in unstimulated mPB HSPC allow reaching good levels of
transduction while preserving their repopulation capacity. A) Experimental scheme of the
transplant experiment. Human CD34* cells from mobilized peripheral blood were pre-stimulated
24h with a cocktail of early active cytokines before transduction with LV (MOI=50) in presence of
8 uM CsH or kept unstimulated and transduced immediately with LV (MOI=50) in presence of CsH
and 500 uM mix of dNs. Cells were then injected 20h post transduction by Tp equivalent into NSG
mice. B=-C) In vitro transduction efficiency of the in vivo experiment was assessed 5 days post
transduction by FACS in the bulk population of HSPC (B) and in the indicated subpopulations (C).
D) The composition of hHSPC was evaluated 5 days post transduction by FACS. E) In vitro
VCN/genome were measured 5 days post transduction. F) N° of cells injected into mice for each
experimental group was counted immediately before transplantation. G) Engraftment levels in the
peripheral blood of mice from the two experimental groups as percentages of hCD45* cells (mean
+ SD; n=3 mice per group, t-test, ns=non significant). H) Engraftment levels in the bone marrow
at 20 weeks post-transplant as percentages of hCD45* cells (mean £ SD; n=3). I) Cell
composition of the bone marrow at 20 weeks (mean £ SEM; n=3). J) Absolute counts of hCD45*
cells in the bone marrow at 20 weeks (mean + SD; n=3). K) Absolute counts of hCD33*, hCD19%,
hCD34+* cells in the bone marrow at 20 weeks (mean £ SD; n=3). L) Transduction efficiencies in
the peripheral blood of mice from the two experimental groups measured as % of GFP* cells within
hCD45+ cells (mean £ SD; n=3 mice per group). M-N-0) Transduction efficiencies, measured as
% of GFP* cells within hCD45* cells, in bone marrow (M), spleen (N) and thymus (O) at 20 weeks
post-transplant (mean = SD; n=3). P-Q-R) VCN/genome were measured in the bone marrow (P),
spleen (Q) and thymus (R) at 20 weeks post-transplant (mean £ SD; n=3).
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6.2.10. CsH+dNs-transduced unstimulated HSPC show great superiority
in engraftment capacity as compared to HSPC transduced with

the gold-standard II-hit protocol

We thus decided to compare our combinatorial transduction protocol in unstimulated
cells to the reference II-hit protocol of transduction, in which mPB-CD34+* cells are pre-
stimulated for 24h with early active cytokines and transduced twice (after 20 hours) in
the absence of CsH with LV at MOI 100. 20h after the second hit of transduction (for
stimulated cells) or the single hit (for unstimulated cells) we transplanted an equal
number of cells into NSG mice, to compare side by side the engraftment potential of the
two groups (Figure 25A-B). The in vitro data confirmed our previous observations, with
unstimulated cells reaching around 70% of transgene expression within all the different
HSPC subsets (Figure 25C-D). As hypothesized, the difference in terms of integrated
viral copies between the two groups was still present (Figure 25F) but was lower as
compared to our previous experiment (Figure 24E). FACS analysis performed 5 days
after the last hit of transduction highlighted a strong decrease in CD34* percentages in
stimulated cells as compared to unstimulated ones, with a consequent reduction of the
most primitive CD34*CD133*CD90* HSPC subset (Figure 25E), highlighting the
negative impact of the longer ex-vivo culture on stemness properties. The most striking
observation was the significantly enhanced engraftment potential in vivo of the
unstimulated cells as compared to their stimulated counterpart at all the time points
analyzed (Figure 25G). The engraftment was significantly improved also in BM at 13
weeks after transplant, both in terms of percentages (Figure 25H) and absolute counts
(Figure 25I) of hCD45* cells. The advantage of unstimulated cells in engraftment was
not only quantitative but also qualitative, as demonstrated by the analysis of cellular
composition of the BM (Figure 253). Unstimulated cells showed increased percentage
of hCD34" cells (Figure 25J-K), which corresponded to a significant increase in their
total number (Figure 25L). Moreover, CD34" cells from unstimulated group were
slightly enriched in the more primitive CD34*38" fraction (Figure 25M), which appeared
significantly higher when looking at the total counts (Figure 25N). In addition, the
proportion of myeloid progenitors was enriched (Figure 25J) in unstimulated versus
stimulated group with overall higher total number of both myeloid (CD33*) and lymphoid
(CD19%) cells (Figure 250-P). Analysis of the thymus 13 weeks post transplantation

revealed high and comparable engraftment for both groups (Figure 25Q), with a
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significantly higher proportion of hCD3* cells in the unstimulated condition (Figure
25R).

In terms of gene marking levels, unstimulated cells maintained around 70-60% of
GFP* cells in vivo across all the time points analyzed (Figure 25S), and in the bone
marrow (Figure 25T). This was confirmed by VCN analysis in the BM, where we detected
at least one vector copy per cell as previously observed in vitro (Figure 25U).
Unexpectedly, in the stimulated condition we observed a huge increase in total VCN from
the in vitro condition to the in vivo (Figure 25U). Consequently, while the in vitro data
confirmed a smaller gap in transduction between unstimulated and stimulated cells, we
could not confirm the same from the in vivo data. However, we confirmed good
transduction levels for the unstimulated cells and since the engraftment data were
promising, we decided to evaluate long-term HSC function performing secondary
transplant experiment. This on-going experiment will allow us to better evaluate and
compare the fitness of the two groups and their ability to sustain hematopoietic

reconstitution long-term.
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25. CsH+dNs-transduced unstimulated HSPC show great superiority in engraftment
capacity as compared to HSPC transduced with the gold-standard II-hit protocol. A)
Experimental scheme of the transplant experiment. Human CD34* cells from mPB were pre-
stimulated 24h with a cocktail of early active cytokines and transduced twice with LV (MOI=100)
or kept unstimulated and transduced immediately with LV (MOI=100) in presence of CsH and 500
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uM mix of dNs. Cells were then injected 20h post transduction by cell number equivalent into NSG
mice. B) N° of cells injected into mice for each experimental group. C-D) In vitro transduction
efficiency of the in vivo experiment was assessed 5 days post transduction in the bulk population
of HSPC (C) and in the indicated subpopulations (D) by FACS. E) The composition of hHSPC was
evaluated 5 days post transduction by FACS. F) In vitro VCN/genome were measured 5 days post
transduction. G) Engraftment levels in the peripheral blood of mice from the two experimental
groups as percentages of human CD45% cells (mean £ SD; n=7 mice for stimulated group, n=6
mice for unstimulated group, Mann-Whitney test, ***for p<0.001). H) Engraftment levels in the
bone marrow at 13 weeks post-transplant as percentages of human CD45* cells (mean = SD;
n=6-7, Mann-Whitney test, *for p<0.05). I) Absolute counts of hCD45* cells in the bone marrow
at 13 weeks post-transplant (mean £ SD; n=6-7, Mann-Whitney test, **for p<0.01). J) Cell
composition of the bone marrow at 13 weeks (mean £ SEM; n=). K) Percentages of hCD34* cells
within hCD45% in the bone marrow at 13 weeks (mean £ SD; n=6-7, Mann-Whitney test, *for
p<0.05). L) Absolute counts of hCD34™ cells in the bone marrow at 13 weeks (mean £ SD; n=3,
Mann-Whitney test, **for p<0.01). M) Cell composition of the hCD34* fraction in the bone marrow
(mean £ SEM; n=6-7). N) Absolute counts of the hCD34*38" fraction in the bone marrow at 13
weeks (mean £ SD; n=6-7, Mann-Whitney test, *for p<0.05). O-P) Absolute counts of hCD33*
(0) and hCD19* (P) cells in the bone marrow at 13 weeks (mean = SD; n=6-7, Mann-Whitney
test, *for p<0.05, **for p<0.01). Q) Engraftment levels in the thymus at 13 weeks post-
transplant as percentages of human CD45% cells (mean £ SD; n=6-7). R) Percentages of hCD3*
cells in the thymus at 13 weeks post-transplant (mean £ SD; n=6-7, Mann-Whitney test, *for
p<0.05). R) Transduction efficiencies in the peripheral blood of mice from the two experimental
groups as percentages of GFP* cells within hCD45* cells (mean £ SD; n=6-7 mice per group). T)
Transduction efficiencies, measured as % of GFP* cells within hCD45% cells, in bone marrow at 13
weeks post-transplant (mean £ SD; n=6-7). U) VCN/genome were measured in the bone marrow
at 13 weeks post-transplant (mean £ SD; n=6-7).
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7. DISCUSSION

Hematopoietic stem cell gene therapy has demonstrated a great potential for treating
blood monogenic disorders with several clinical successes highlighting the potency and
safety of this application (Ferrari et al, 2021a). Still, prolonged ex vivo culture and
multiple rounds of transduction are required to achieve clinically relevant gene marking
levels. Both culture conditions and vector manipulation may negatively impact HSC
biology with harmful consequences on their repopulation capacity and overall gene
therapy efficacy. One of the reasons behind poor permissivity to transduction is the viral
origin of the vectors (Piras & Kajaste-Rudnitski, 2021). Thus, an improved understanding
of the interactions between HSC and viral vectors may support the improvement of gene
therapy protocols.

In this thesis, we focused on the two aspects of vector-host interactions. On one side,
we expanded our study of innate immune mechanisms of gene therapy vectors
recognition, focusing on yRV-induced signaling. On the other side, we investigated the
restriction mechanisms underlying the low permissivity of HSPC to viral transduction,
from SAMHDI1 role in stimulated and unstimulated HSPC to the design of a protocol for

efficient LV manipulation of quiescent HSPC.

7.1. Investigating innate immune responses to viral vectors in

human hematopoietic stem cells

We have previously shown that viral gene therapy vectors are differently recognized
by HSPC (Piras et al, 2017). While LV and AAV6 trigger p21 response, YRV induce strong
upregulation of type I IFN responses, through mechanisms there are still unclear.

Here we show that human monocyte-derived macrophages (MDM) recapitulate the
response to YRV and we used them as a model to investigate the molecular mechanisms
behind vector recognition. We show that yRV transduction leads to upregulation of
different ISG that raise from 6h to 24h after transduction, indicating that early steps of
the retroviral cycle lead to IFN production. Moreover, ISG induction can be prevented by
using a neutralizing antibody against the IFNa receptor.

Early recognition may suggest the involvement of nucleic acid sensing. While LV do
not trigger type I IFN responses, we hypothesized that recognition of yRV may be due

to a lower rate of nuclear entry in non-cycling cells, with accumulation of reverse-
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transcribed products within the cytosol that become accessible to cytosolic sensors,
differently from LV that actively enter the nucleus. Indeed, MLV DNA is recognized by
cGAS-STING in macrophage cells and primary macrophages, triggering activation of type
I IFN responses (Gao et al, 2013). However, the recognition occurs if mechanisms that
prevent the accumulation of viral DNA are lost, such as in the absence of the TREX1
endonuclease. Furthermore, different gammaretroviruses, including MoMLV, code for a
glycosylated Gag, named glyco-Gag, which originates from an earlier start codon
(Stavrou et al, 2013). The absence of glyco-Gag affects the stability of the capsid, which
induces strong antiviral responses due to increased detection of reverse-transcribed
products from cytosolic sensors (Stavrou et al/, 2013, 2015). MoMLV-derived yRV used
in gene therapy lacks the upstream initiation codon for the production of glyco-Gag
rendering plausible the possibility that the low capsid stability could be the cause of
vector recognition in primary HSPC and MDM. Differences in core stability could also
explain why only yRV and not LV trigger IFN responses in these cells (Piras et al, 2017).
Indeed, HIV-1-derived LV exploit cellular cofactors to tightly orchestrate reverse
transcription, uncoating, and nuclear entry, thus avoiding detection of viral DNA in the
cytoplasm (Rasaiyaah et a/, 2013). Nevertheless, the reverse-transcribed DNA is not the
trigger of YRV recognition, neither in HSPC (Piras et al, 2017) nor in MDM, as shown
here. Experiments in which cells are exposed to yRV with addition of the RT inhibitor
AZT demonstrate that lack of RT does not prevent induction of the antiviral response.
Moreover, knockouts of the cytosolic DNA sensors cGAS and STING, confirm that these
factors are dispensable for activation of immune responses upon yRV transduction.
Several TLRs are involved in immune responses against murine retroviral infections
in mice. TLR7-deficient mice display higher infection levels due to the inability of
mounting an effective immune response (Browne, 2013). TLR3 as well can limit viral
infection in mice with induction of type I interferon responses (Gibbert et a/, 2014). TLR3
likely detects endosomal dsRNA that generates from ssRNA secondary structures or
dimerization of the two genomic ssRNA molecules. Nevertheless, little is reported about
the mechanisms of murine retroviral nucleic acids recognition in human primary cells.
We show here that endosomal TLRs are not activated upon yRV entry into the cell, and
in line with a lack of endosomal recognition, vectors that are pseudotyped with plasma
membrane-fusing envelope continue to be recognized, suggesting a possible cytosolic
mechanism of RNA detection. It has been shown that RIG-I can sense purified genomic
RNA from HIV-1, which instead does not activate MDA5 (Solis et a/, 2011). In addition,
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RIG-I can mediate innate immune responses upon recognition of secondary structured
HIV-derived RNA (Berg et al, 2012), leading us to test its potential involvement in yRV
RNA sensing. However, we show that cells KO for RIG-I and MAVS retained the ability
to respond to the vector. While RIG-I is not the unique cytosolic RNA sensor, the MAVS
KO cell lines allow us to broaden our conclusions to other RLR members as all of them
recruit MAVS for downstream activation of type I IFN responses (Rehwinkel & Gack,
2020). Importantly, we show that transduction with empty particles devoided of the viral
RNA genome, induces similar induction of ISG in primary macrophages, suggesting a
mechanism of structural rather than nucleic acid sensing.

Viral vectors employed in this work were produced transfecting HEK293T from which
the supernatant is collected, filtered, and concentrated by ultracentrifugation. It is
known that this procedure for lab-grade vector production often leads to the
incorporation of contaminants within the stocks, which may cause toxicity and activation
of immune responses, as observed in in vivo setting (Baekelandt et al, 2003; Soldi et al,
2020). Since YRV undergoes two rounds of ultracentrifugation, we hypothesized that a
higher amount of contaminants could be present in the vector stocks becoming a source
of innate immune activation. Nevertheless, we show that similar amounts of
contaminants are present in both LV and yRV productions. Moreover, treatment of
vectors with DNase does not impair the recognition of yRV, suggesting that ISG induction
is not due to plasmid contaminants.

Based on the observation that empty particles retain immune triggering phenotype,
we made different hypotheses about the nature of the PAMP that can be sensed in MDM.
VLP lack viral nucleic acids but retain the structural components that derive from the
Gag gene, and viral enzymes from the Pol sequence. The viral structural core represents
an interaction platform for many different host proteins (Fletcher et al, 2018). Sensing
of the retroviral capsid by TRIM5a is unexpected, as hTRIM5a is unable to restrict NB-
tropic MLV strains such as MoMLV, from which yRV derive (Stremlau et al, 2006; Perron
et al, 2007). In addition, TRIM5a signaling involves NF-kB rather than IFN (Pertel et al,
2011; Fletcher et al, 2018). In line, we show that cells KO for TRIM5a continue to
recognize YRV, inducing ISG upregulation. Nevertheless, despite we have not been
successful in constructing MLV capsid chimeric LV, our data with the other structural
chimeric LV suggest that the yRV capsid represents the putative source of vector

recognition. As it is known that interfering with the retroviral core structure may affect
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its stability (Burdick et al, 2020), it will be important to evaluate capsid stability of the
chimeric constructs by either sucrose-gradient fractionation or electron microscopy.

Capsid sequence and three-dimensional structure may be fundamental in determining
interaction with host factors, as occurring with TRIM5a, where single amino acid
substitutions within the capsid sequence can promote or limit viral restriction (Maillard
etal, 2007). Thus, we are currently producing and testing retroviral vectors derived from
N- or B-tropic MLV, to determine whether they retain the immune-triggering phenotype
in primary macrophages. The alignment and comparison of the capsid sequence of NB-,
N-, and B-tropic MLV will allow us to better identify domains that are important for viral
recognition. In the capsid region that faces outside the core, only 11 amino acids differ
between the three viruses. In the case of an NB-tropic specific immune response, site-
directed mutagenesis will allow us to identify critical residues for capsid recognition.

While the host sensors that detect yRV in HSPC and MDM remain to be determined,
we highlight the involvement of the TBK1 kinase in mediating the downstream response
to the vector. While TBK1 role in canonical nucleic acid sensor-mediated responses is
extensively studied, less is known about other factors that engage TBK1. Of note, our
observations are based on the use of a chemical compound, BX795, described to inhibit
TBK1 phosphorylation and activation. Thus, the generation of U937 KO cell lines for TBK1
will be important to confirm the central role of this kinase. Indeed, despite we observe
early TBK1 phosphorylation, we cannot exclude that this may be an indirect consequence
of immune activation of the cells, rather than a direct engagement by host sensors.
Moreover, both our antibody and the BX795 inhibitor recognize and target also the close
homolog of TBK1, IKKe. It is known that the two kinases have overlapping functions,
with IKKe being able to phosphorylate IRF3 and IRF7 to mediate IFN production
(Fitzgerald et al, 2003; Perry et al, 2004; tenOever et al, 2004). In addition, TBK1-
deficient cells develop compensatory strategies, where IKKe upregulation may remedy
TBK1 loss (tenOever et al, 2004; Taft et al, 2021; Balka et al, 2020). We are currently
generating IKKe KO and double KO cell lines to better dissect the contribution of the two
kinases in orchestrating antiviral responses to the vector.

Genome-wide screening may allow us to identify host factors involved in vector
sensing in an unbiased way. However, some limits, such as the requirement of high
vector doses, exist in our experimental model rendering it difficult to work with very
large cell numbers to maintain the high coverage of genome-wide libraries. Thus, we

decided to exploit a CRISPR/Cas9 library targeting 1902 interferon-stimulated genes to
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search for candidate factors (OhAinle et al, 2018). cGAS, STING, RIG-I, MDA5, MAVS,
TRL3 and 7, and the structural sensor TRIM5a are all examples of innate immune sensors
that are ISG family members. Moreover, we observed that U937 cells are competent for
structural yRV sensing only when differentiated in macrophage-like cells with PMA
treatment. Interestingly, analyzing publicly available datasets we found that the many
ISG are upregulated upon PMA exposure (Baek et al, 2009), suggesting that the viral
immune phenotype may be linked to the upregulation of some specific factors in PMA-
treated cells. Together, these observations support our rationale for screening for ISG
in the search for the immune sensor recognizing the yRV core. Importantly, among the
highest-ranking genes, we found expected genes related to the IFNa signaling pathway,
thus confirming the success of our screening. Among others, many regulators of
transcription came out, which can broadly influence the expression of different genes
including interferon-stimulated genes, thus being potentially less relevant for our
purposes. We are currently focusing on less general and more interesting candidate
factors to assess their role in the response to yRV transduction in the U937 cell line
model.

Overall, the data presented in my work underline the existence of a novel immune
mechanism of viral structural recognition, shedding light on molecular mechanisms that
control innate immune defenses in HSPC and primary macrophages. The same
mechanisms may potentially apply to other primary cell types. This is relevant for future
gene therapy applications. Indeed, yRV are no longer considered the first choice as gene
transfer vehicle in current gene therapy approaches due to their genotoxic profile and
evidence of LV as a safer and more efficient platform (Ferrari et a/, 2021a). Nevertheless,
virus-like particles, including those derived from murine retroviruses, are emerging as
promising delivery vehicles for the new gene editing platforms, as well as for the delivery
of RNP in vivo (Gee et al, 2020; Banskota et al, 2022). As we have highlighted a nucleic-
acid independent recognition of the vector, it will be critical to evaluate possible
activation of immune responses to viral structural components that are retained in the
VLP in the target cells, either HSPC or other organ cell types. Indeed, while we have not
observed similar activation of type I IFN responses upon yRV exposure in T cells (data
not shown), it remains to be evaluated whether the recognition mechanisms are
conserved among other cell types that are targeted for in vivo gene therapy applications,
such as hepatocytes, neurons, or retinal cells. In addition, several CAR T cell products
are still produced using MLV-based yRV (Watanabe & McKenna, 2022). Current and
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future work will be important to identify the host sensor involved in the detection of
retroviral cores. This may allow identifying novel immune factors that despite being
involved in the recognition of murine retroviruses may be important for the recognition

of other viruses, including relevant human pathogens.

7.2. Investigating antiviral restriction mechanisms in human

hematopoietic stem cells

Genetic engineering of quiescent HSPC represents a challenge for gene therapy as
they are highly refractory to transduction and constraints inherent to their quiescent cell
cycle status impair efficient HDR-based gene editing approaches (Shin et al, 2020).
However, ex vivo manipulation of HSPC negatively impacts their fithess and repopulation
capacity (Larochelle et al, 2012; Kallinikou et al, 2012). The possibility to efficiently
transduce quiescent HSPC would therefore allow to preserve their biological properties
such as stemness and engraftment. With this in mind, we have developed here a novel
lentiviral transduction protocol that allows efficient gene manipulation of quiescent
HSPC, reaching good levels of transduction while promoting high engraftment in vivo.

Several attempts to increase transduction of ex vivo cultured HSPC have guided the
development of several transduction enhancers (Heffner et al, 2018; Ozog et al, 2019;
Petrillo et al, 2015, 2018; Wang et al, 2014). However, few studies have addressed the
poor permissiveness of quiescent HSPC. We have previously shown that CsH enhances
LV transduction also in quiescent HSPC (Petrillo et a/, 2018). However, the overall
transduction levels are too low for clinical translation, suggesting that additional blocks
exist beyond the IFITM3-mediated restriction of LV entry.

The role of SAMHD1 restriction in human HSPC has been explored in pre-stimulated
cells exploiting Vpx-incorporating LV, without significant improvements observed on
their transduction efficiency, despite stimulated HSPC display high levels of SAMHD1 (Li
et al, 2015). SAHMD1 phosphorylation is known to regulate its restriction against HIV
(Ryoo et al, 2014). The functional antiviral form of SAMHD1 may be less abundant in
HSPC despite the overall high expression of the protein. Indeed, increased levels of the
phosphorylated form have been observed in HSPC in respect to MDM, with Vpx slightly
reducing p-SAMHD1 in HSPC (Li et al, 2015). This may be the reason why Vpx delivery
does not affect transduction in pre-stimulated HSPC, although total SAMHD1 levels

decreased. Despite expressing lower levels of SAMHD1 protein (Li et al/, 2015), we show
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here that Vpx can modestly improve LV transduction in freshly isolated HSPC. This
benefit is additive with CsH, in agreement with the removal of sequential antiviral blocks
mediated by IFITM3 and SAMHD1 on the lentiviral life cycle.

In agreement with SAMHD1-mediated effects on LV reverse transcription through
regulation of the cellular dNTP levels (Lahouassa et al, 2012), the addition of exogenous
dNTPs moderately enhance LV transduction in quiescent murine HSPC (Mikkola et al,
2000). No impact instead has been observed in stimulated human HSPC, in line with the
lack of benefit from Vpx (Li et al, 2015). While we observe that dNTPs addition fails to
improve transduction in quiescent human HSPC, the delivery of exogenous dNs
significantly improves LV transduction, similarly to CsH, probably due their better
penetration in the cells as compared to dNTPs (Shepard et al, 2019). Moreover,
combining dNs and CsH has a potent synergistic enhancement effect on LV transduction,
with a more prominent effect observed in the most primitive HSPC compartment.

Interestingly, we show that dC is almost exclusively responsible for improving
transduction, highlighting a prominent role of the pyrimidines in quiescent HSPC
restriction. However, measurement of intracellular dNTP levels in quiescent HSPC after
exposure to exogenous dNs revealed variable changes in the levels of the four dNTPs,
with no impact on dCTP levels. The discrepancy between the levels of intracellular dNTPs
and the role of the different dNs may suggest a more complex mechanism behind the
dNs-mediated enhancement of transduction than simple additive removal of IFITM3 and
SAMHD1 mediated blocks. Nevertheless, we cannot exclude limitations in the sensitivity
of the assay, as well as variables that may affect the final readout such as timing or
differential dNTPs consumption rate (Rampazzo et a/, 2010). Of note, dNs addition leads
to an intracellular increase in dATP levels, despite dA alone having no effect on the
transduction rate of quiescent HSPC, further highlighting the differential importance of
the purine and pyrimidines pools.

The levels of intracellular dNTPs are tuned according to the replication rate of the
cells. Since quiescent cells are mainly in GO-G1 phase, they require low dNTPs supply.
dNTPs production during the S phase is sustained by the de novo synthesis pathway,
which is an energetically expensive process. Quiescent cells rely mainly on the salvage
pathway to recycle nucleic acids to regenerate dNTPs. The expression levels of synthetic
enzymes are induced or upregulated at the G1-S transition (Rampazzo et a/, 2010). In
line, we show and confirm that key enzymes of the de novo pathway are strongly

downregulated in quiescent versus activated HSC (Garcia-Prat et al, 2021). Interestingly

91



rescue of pyrimidines synthesis but not of purines, through the addition of exogenous
key intermediates molecules, has a similar effect of providing exogenous dNs, further
confirming a major role of the pyrimidine pool in restricting quiescent HSPC. The
observation that dNs specifically and solely enhance the transduction of vectors that
undergo reverse transcription is another indication of a specific effect on the intracellular
dNTP pools rather than a general and non-specific mechanism of enhanced transduction.

In the context of T cells, SAMHD1 has been suggested to play an important role in
restricting HIV reverse transcription in resting CD4* T cells (Baldauf et al, 2012).
Nevertheless, Vpx-mediated depletion of SAMHD1 did not lead to improved LV
transduction in the context of VSV-G pseudotyped vectors in resting T cells. We show
here that dNs and even more their combination with CsH may enhance transduction also
in resting T cells.

Chimeric antigen receptor (CAR)-T cells are a promising tool for treating cancers and
viral infections (Sadelain et al, 2017; Seif et al, 2019; Kuhlmann et al, 2018). However,
prolonged ex vivo culture, usually ranging from 7 to 14 days, is required to expand CAR
T cells, with potential progression towards cells with a terminally differentiated effector
memory phenotype and loss of the central memory phenotype (Lu et a/, 2016; Coeshott
et al, 2019; Pampusch et al, 2020; Sudarsanam et al, 2022). Clinical studies have
highlighted the importance of having T lymphocytes with a less differentiated phenotype
as they better engraft and persist long-term (Klebanoff et al, 2012). Indeed, shorter
culture protocols have highlighted a better preservation of T cell phenotype and function
(Ghassemi et al, 2018). In this context, our CsH + dNs-based LV transduction protocol
could offer the possibility to generate CAR-T cells from minimally manipulated PBMC as
well as to achieve gene marking also in the relevant resting T cell populations including
the T stem memory compartment (Gattinoni et al, 2011). Recently, it was developed a
24h short protocol for the generation of CAR T from non-activated cells. The authors
demonstrated an improvement in killing capacity in vivo with respect to standardly
produced CAR T (Ghassemi et al, 2022). Efficient transduction of unstimulated T cells
was obtained by combining different factors including starvation, to enhance expression
of the LDL receptor used by LV, the addition of dNs, and by incrementing the ratio
between the surface area and the volume of the culture plate. Although they are the
first to show how dNs can be exploited to generate CAR T from non-activated cells, we
believe that inclusion of CsH can represent a strength of our protocol as with the unique

combination of dNs and CsH we reach around 5-fold higher transduction without starving
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the cells. Thus different elements, including the use of alternative glycoproteins envelope
for LV, such as the measles virus glycoproteins (Frecha et al/, 2008), can be evaluated
together to further ameliorate resting T cells manipulation.

The design of lentiviral vectors may take into account the need of maintaining the
physiological expression of the transgene to reach the therapeutic benefit while avoiding
toxic effects. This may include the incorporation of large genomic sequences and
regulatory elements, as observed for CGD and B-thalassemia (Kohn et al/, 2020; Morgan
et al, 2020), representing a limit for the design and manufacturing of high-titer vectors.
We show here that vector complexity does not limit the applicability of our protocol in
quiescent HSPC. Indeed, the combination of dNs and CsH strongly enhances transduction
with a GLOBE-like LV (Marktel et al, 2019) that has a lineage-restricted promoter and
locus control region elements.

It has been shown that purine or pyrimidine imbalances may negatively impact on
cell proliferation (Diehl et al, 2022) and cellular pyrimidines deficiency has been linked
to mitochondrial DNA-dependent innate immune activation (Sprenger et a/, 2021). Thus,
despite observing that pyrimidine precursors are sufficient to enhance LV transduction,
we included all four precursors in our experiments to avoid unwanted harmful
consequences on cellular biology. On the other hand, excess intracellular dNTPs has been
linked to cell cycle progression and genomic instability (Kohnken et al/, 2015).
Imbalanced intracellular dNTP can cause uncontrolled and low-fidelity DNA replication
contributing to mutagenesis and cancer development. DNA replication stress arising from
increased mutation rate can contribute to genomic instability and trigger DDR activation
(Gorgoulis et al, 2005). Importantly, we observe that exogenous dNs addition does not
affect the proliferation rate of unstimulated HSPC nor alters their quiescent phenotype
with cells remaining in the GO-G1 phases of the cell cycle. Moreover, we do not observe
activation of the DDR response with only a slight increase in p21 expression levels when
combining CsH and dNs, which may be explained by higher amounts of vector copies
within the cells as previously observed for stimulated HSPC (Piras et al, 2017).

Overall, our in vivo data demonstrate that unstimulated HSPC engraft better and yield
superior hematopoietic output compared to the stimulated counterpart. This suggests
better preservation of their biological properties and repopulation capacity in line with
the lack of ex vivo culture. We have previously shown that CsH potently enhances
transduction in stimulated HSPC and that a I-hit CsH protocol can surpass the reference

II-hit clinical protocol in term of long-term gene marking levels (Petrillo et al/, 2018).
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Since CsH is not currently used in the clinic, we compared our protocol also to the II-hit
clinical protocol. Unluckily, we observe an unexpected increase in VCN in vivo in
stimulated cells, which makes it difficult to compare the two groups. Nevertheless, we
believe that this increase from the in vitro to the in vivo setting is not highlighting better
intrinsic properties of stimulated HSPC, as we have never observed such an increase in
our previous experiments or in other contexts (Petrillo et al, 2018), but is rather linked
to the animal model employed in these experiments. Moreover, despite the
demonstrated safety of LV as gene delivery platform, semi-random vector integration
remains of concern. For instance, in clinical trials for beta-thalassemia, LV integration
has been shown to cause transcriptional activation of HMGA2 leading to higher
production of a truncated form of the RNA (Cavazzana-Calvo et al, 2010). As high vector
copy numbers may promote oncogenic events, the FDA recommends less than five VCN
per genome (Zhao et al, 2017).

Importantly, despite overall transduction levels remain lower with respect to
stimulated HSPC, with our transduction protocol we reach high transgene expression
and clinically relevant number of integrated copies long-term in vivo without affecting
HSC function. While the levels of VCN achieved with our protocol will likely be insufficient
for disease contexts in which supraphysiological expression of the transgene is required
for clinical benefit, it may represent a safe strategy for diseases in which the gene-
corrected cells acquire engraftment and proliferative advantages, such as in the context
of Fanconi Anemia (Rio et al, 2019). Moreover, the possibility to reduce the culture time
is extremely important if we consider some of the limitations encountered in current
clinical trials. Thus far, X-CGD LV gene therapy has failed to fully restore functional
defects and several patients have lost engraftment of gene-marked HSC (Kohn et al,
2020; Magnani et al, 2014). While the etiology of graft loss remains unclear, increased
oxidative DNA damage and inflammation have been suggested to compromise X-CGD
HSC (Weisser et al, 2016; Yahata et a/, 2011). Similarly, current gene therapy protocols
for Fanconi Anemia disease rely on short transduction protocols aimed at limiting the ex
vivo manipulation of these extremely fragile cells (Rio et a/, 2019). On these premises,
we predict that our CsH+dNs transduction protocol that does not require prolonged ex
vivo culture of HSPC will provide a significant improvement for such settings in which
the disease background impacts HSC biological properties.

Secondary transplant experiments will allow us to evaluate and compare the ability

of HSPC, from unstimulated or stimulated sources, to sustain hematopoietic
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reconstitution long-term. Finally, studies aimed at evaluating the integration profile of
LV in unstimulated HSPC are ongoing. It will be important to highlight a benign
integration profile. Moreover, whether transduction of quiescent cells may lead to
benefits in terms of graft clonality remains to be addressed.

Overall, our data support the existence of multiple innate immune blocks to efficient
transduction of unstimulated HSPC and other quiescent cell sources, paving the way for
new genetic engineering strategies directly in unstimulated targets of cell and gene
therapies.

Together, my thesis work provides examples of how investigating the innate immune
mechanisms of cell-vector interactions can provide relevant insight into the biology and
innate defenses of clinically relevant primary cells and can fuel the development of

improved cell and gene therapies.

95



8. MATERIALS AND METHODS

8.1. Vectors

Lentiviral and y-retroviral vectors were produced and titered as described (Dull et al,
1998; Follenzi & Naldini, 2002; Montini et al, 2006). To produce IDLV the packaging
construct was replaced by the pMD.Lg/pRRE.D64VInt, as already reported (Lombardo et
al, 2007). Bald vectors were generated eliminating the use of the envelope plasmid;
empty vectors were generated eliminating the use of the transfer plasmid as previously
reported (Piras et al, 2017). To produce vectors pseudotyped with the baboon envelope,
the envelope plasmid was substituted with the BaEV-TR plasmid (Girard-Gagnepain et
al, 2014). To produce vectors with the RD114 envelope, the envelope plasmid was
replaced with the endogenous feline viral envelope RD114. Vpx-incorporating LV were
produced as described (Bobadilla et al, 2013). SIV vectors were generated transfecting
the SIVmacGFP transfer plasmid, the SIVmac packaging construct and usual envelope
plasmid (Mangeot et al, 2002). Globe-like vector was provided in collaboration by
Giuliana Ferrari group from SR-TIGET. Chimeric LV-yRV vectors were generated by
replacing the packaging construct with modified packaging plasmids synthesized and
purchased from GeneScript. All the chimeras were made by replacing HIV structural
components with indicated MLV sequences maintaining HIV sequences at junctions
between MLV and HIV sequences. AAV6 vectors were purchased from TIGEM Vector
Core. The donor template for reporter cell line generation was built by cloning the donor
cassette within a plasmid carrying AAV2 inverted terminal repeats, as described (Schiroli
et al, 2019). The donor cassette was designed with homology arms adjacent to the
selected gRNA cut site, the last portion of the ISG15 gene devoid of its stop codon, a 2A
self-cleaving peptide, and the dTomato reporter sequence. The construct was design in
collaboration with Angelo Lombardo group from ST-TIGET, synthesized, and cloned by
GeneScript. SENDAI vector was kindly provided by Luigi Naldini group from SR-TIGET.
Knock-out cells lines were generated transducing cells with LV produced with a transfer
plasmid coding for the Cas9 nuclease and sgRNA targeting the desired genes (Shalem
et al, 2014) (sgRNA STING: GTTAAACGGGGTCTGCAGCC; sgRNA cGAS:
GCTTCCGCACGGAATGCCAG, sgRNA MAVS: ACAGGGTCAGTTGTATCTAC, sgRNA RIGI:
AAAAGTGTGGCAGCCTCCAT, sgRNA TRIM5: CTCAAAATCTGCCAAGACGT). As control, LV
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generated using a transfer plasmid coding for the mammalian codon-optimized Cas9

nuclease only was used.

8.2. Cells

Human HEK293T cells were maintained in IMDM medium (Sigma). Human U937 cells
were cultured in RPMI medium (Lonza). All media were supplemented with 10% fetal
bovine serum (FBS), 100 IU/ml of penicillin, 100 mg/ml of streptomycin, and 2%
glutamine. For differentiation of U937 in macrophage-like cells, cells were kept in
complete RPMI with phorbol 12myristate 13acetate (PMA) at 40 ng/mL. After 2 days,
the medium was replaced with complete medium without PMA for one additional day.
U937 KO cells lines were transduced with the previously described LV, and selected with
puromycin. Human CD34* hematopoietic stem cells were isolated with Miltenyi
MicroBead Kit from CB of healthy donors following to the Institutional Ethical Committee
criteria (TIGET01/09). HSPC from different used sources were purchased from Lonza.
CD34* cells from cord-blood were cultured in StemSpan medium (StemcCell
Technologies), BM and mPB-derived HSPC were maintained in CellGro medium (Cell
Genix). Both media were supplemented with antibiotic and a mix of recombinant human
cytokines as previously reported (Petrillo et a/, 2018). Human CD14* monocytes were
isolated with Miltenyi MicroBead Kit, following manufacturer’s instructions from CB or
PB. Primary macrophages were differentiated from CD14* cells culturing them for 7 days
in complete DMEM medium supplemented with 5% of human serum (Lonza) (Petrillo et
al, 2018). T cells were obtained from CD14*-depleted peripheral blood mononuclear cells
from healthy individuals and activated using Dynabeads human T-activator CD3/CD28
(Invitrogen) in complete IMDM supplemented with 1 mM non-essential amino acids and
sodium pyruvate (GIBCO-BRL), 5 ng/ml of IL-7 and IL-15 (PeproTech) as previously
reported (Provasi et al, 2012). For resting T cells culture, CD14*-depleted mononuclear
cells were maintained in the same medium without addition of IL-7 and IL-5 cytokines.
Frozen BM samples from WT or SAMHD1 KO mice were kindly provided by Rayk
Behrendt’s group. BM samples from WT, MYD88, TLR4, and IFNAR KO mice were a gift
from Francesca Granucci’s group. Murine hematopoietic stem cells were isolated using
the mouse Lineage Cell Depletion Kit (Miltenyi Biotec). Cells were cultured in StemSpan
supplemented with penicillin and streptomycin. For stimulation of murine Lin- cells, a

mix of murine cytokines was added to the medium as described (Petrillo et a/, 2018).
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8.3. Transduction

Cells were transduced at the reported MOI according to vector titers, which were
evaluated as previously described (Follenzi & Naldini, 2002). Human HSPC were
transduced after 24h of cytokines stimulation and washed 16-20 hours after
transduction. The same medium described above was added for additional 5 days after
which they were maintained in complete IMDM without cytokines. Quiescent CD34* cells
were transduced immediately after isolation or thawing for 16-24 hours. After washing,
human cytokines and 10uM of the reverse-transcriptase inhibitor 3TC (SIGMA) were
added to the medium as reported (Petrillo et a/, 2018). Primary macrophages were
transduced at the end of the differentiation. After 24h, cells were washed and maintained
in the same medium. Activated T lymphocytes were transduced after 3 days of
stimulation with Dynabeads and washed after 16-20h, and maintained in the same
medium. Total CD14- PBMC were transduced freshly isolated and washed after 16-20h.
Lin- cells were transduced after 6h of cytokines stimulation. After 16-24h, cells were
maintained in StemSpam as described above. For transduction of unstimulated murine
Lin- cells, cells were transduced immediately after thawing or isolation and washed and

put in medium with cytokines after 20h.

8.4. Gene editing

The best gRNA for editing experiment in U937 cells was selected by electroporation
(SF Cell Line 4D-Nucleofector, Lonza) of 1.25 mM of RNP assembled as reported (Ferrari
et al, 2020). Cut efficiency was evaluated by NHEJ assay. The sequence recognized by
the selected gRNA targeting the IS15 gene is the following: TTCATGAATCTGCGCCTGCG.
For gene editing, cells were electroporated as before. 15 minutes after electroporation,
cells were transduced with AAV6 donor template described in section 8.1 at MOI 10000.
Editing efficiency was evaluated at 4 days by FACS looking at the percentages of
dTomato* cells. For gene editing experiments in quiescent hHSPC, cells were
immediately transduced with IDLV (Genovese et al, 2014) at MOI 100, with or without
addition of dNs and CsH. After 24 hours, cells were electroporated (P3 Primary Cell 4D-
Nucleofector, Lonza) as before. The sequence recognized by the gRNA for AAVS1 locus
is the following: TCACCAATCCTGTCCCTAG. After electroporation cells were cultured in

their medium supplemented with cytokines and 3TC. Editing efficiency was evaluated by
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FACS looking at percentages of GFP* cells, 3 days after electroporation. For the NHEJ]
assay, the Surveyor assay (IDT 706020) was performed on PCR amplified fragments
covering the sgRNA recognized region, according to manufacturer’s instruction. The

resulting digested amplicons were analyzed with the Tape Station Instrument (Agilent).

8.5. Compounds

All drugs were handled according to manufacturer’s instructions. All inhibitory drugs
were put in culture media during or prior to transduction according to the timing specified
in the products datasheet. The mouse monoclonal antibody against the human IFN a/f
receptor (PBL assay science 21385) was used at 1000x. TLR3 inhibitor (Calbiochem
614310) was used at 5 pM. Azidothymidine (Sigma 30516-87-1), Myd88 inhibitory
peptide (Invivogen tlrl-pimyd), and TRIF inhibitory peptide (Invivogen tirl-pitrif) were
used at 25 yM. TRL4 inhibitor (Invivogen tIrl-cli95) was used at 1 pg/mL. STING inhibitor
H151 (Invivogen inh-h151), TLRY inhibitor (Invivogen tIrl-2088), and TBK1 inhibitor
BX795 (Invivogen tirl-bx7) were used at 5 uM. Poly(I:C) (Invivogen tlrl-pic) was used
at 50 ng/pul. LPS (Enzo life science ALX-581-010-L001) was used at 10 ng/mL. 2'3’cGAMP
(Invivogen tirl-nacga23) was used at 5-10 ng/pl. Human IFNa (PBL assay science 11105-
1) was used at 1000x. Cyclosporine H (Sigma SML1575) was added during transduction
at 8 yM. dNTPs (NEB N1201AA) were added during transduction at 10uM. dA (D8668),
dC (D0776), dG (D0901) and dT (T1895) were all purchased from Sigma (Li et a/, 2015).
dNs mix, single dNs or combinations of dNs were used at the reported concentrations
(500-1000 pM) 2h before transduction. For dosage experiment 25 uM to 1000 uM
concentrations of each dN was tested. Uridine 5'-monophosphate (UMP) (Selleckchem
S9451), orotic acid (OA) (Sigma 02750), inosine 5’-monophosphate (IMP) (Sigma
PHR1475) were added to the media 4h before transduction at 1mM, 7.5 uM, and 5 mM
concentration respectively. All drugs were washed away 16-24h after

transduction/stimulation.

8.6. Gene expression analysis
RNA was extracted with the RNeasy Plus micro Kit (Qiagen 74034) and reverse-
transcribed using the SuperScript™ IV VILO™ Master Mix (Invitrogen 11766050) as

described (Petrillo et al, 2018). TagMan probes (Applied Biosystems) were used to
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perform RT-gPCR. The Viia 7 instrument and software were used for the analysis. The
following Tagman probes were wused: HPRT1 (Hs01003267_m1), ISG15
(Hs01921425_s1), IRF7 (Hs01014809_gl1), OAS1 (Hs00973637_m1), IFNA1
(Hs00256882_s1), cGAS (Hs00403553_m1), 1IL6 (Hs00174131_m1l), DHODH
(Hs00361406_m1); CPS II (Hs00983188_m1), p21 (Hs00355782_m1).

8.7. Immunofluorescence

Macrophages were differentiated directly on round coverslip in 48 multiwell plates.
24h after transduction cells were washed and fixed with 1% paraformaldehyde in PBS
for 10 minutes at room temperature (RT). Permeabilization was done with pure cold
methanol for 10 minutes at RT. After washing, blocking was performed with 5% BSA in
0.3% Triton X-100/PBS. Staining was done overnight at 4°C with rabbit anti-phospho-
TBK1 polyclonal antibody (Cell Signaling 5483) at 1:50 dilution. Cells were then stained
with Alexa Fluor 555 aRabbit antibody (1:2000, 2 hours RT), incubated 10 minutes with
DAPI (1:10000) and mounted upside down on a drop of FluorSave reagent. Images were

acquired with TCS SP5 Leica confocal microscope at Almebic core facility.

8.8. Western Blot

Protein extraction and WB were performed as previously reported (Petrillo et al,
2018). The following primary antibody were used: STING rabbit monoclonal antibody
(1:1000, Cell Signaling 13647); Rig-I rabbit monoclonal antibody (1:500, Cell Signaling
3743); MAVS mouse monoclonal antibody (1:1000, Santa Cruz 166583); TRIM5a goat
polyclonal antibody (1:500, Abcam ab4389); MLV p30 Gag rabbit polyclonal antibody
(1:1000, Acris Antibodies AP33447PU-N); HIV-1 p24 mouse monoclonal antibody
(1:2000, Acris 603-420). B-Actin (1:5000, Sigma-Aldrich A2228) or a-tubulin (1:1000,

Cell Signaling 2125) were used as normalizers.

8.9. DNA extraction and VCN analysis

DNA was extracted using the QIAamp DNA micro kit (Qiagen). VCN in transduced
cells were measured by droplet digital PCR using the following primers: RT-RV AU3

sense: CGAGCTCAATAAAAGAGCCCAC, PBS antisense: GAGTCCTGCGTCGGAGAGAG as
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previously described (Piras et al, 2017). Normalization was done as reported, using the
human TERT gene as reference (Piras et al, 2017; Lombardo et al, 2007). The

QuantaSoft software was used for the analysis.

8.10. Contaminants evaluation

Total DNA content within vector stocks was quantified with Quant-iT PicoGreen dsDNA
Assay Kit (Invitrogen) as previously reported (Soldi et al, 2020). For quantification of
residual plasmids contained within vector stocks, the VSV-G construct copies were
amplified by droplet digital PCR using primers and probe previously designed (Soldi et
al, 2020). For DNasel treatment, 50 ul of vectors stocks were incubated with 4 Units of
Ambion DNase I (Invitrogen AM2222) (2 hours, 37°C). As control, undigested vectors

were incubated in the same way.

8.11. CRISPR-Cas9 screening analysis

Libraries were prepared starting from amplicons with partial Illumina adaptors.
Sequencing was done on a MiSeq flowcell to produce 250bp-long reads in paired-end
mode and obtain a minimum coverage of 300x per sample. Model-based Analysis of
Genome-wide CRISPR-Cas9 Knockout (MAGeCK) software v 0.5.5 (Li et a/, 2014) was
applied to analyze the CRISPR screen output starting from raw fastqg files. The
quantification of sgRNAs was done with count function normalizing by the amount of
control guides included. Then, the differentially enriched sgRNAs/genes were identified
using the test function (rra method) with the following parameters: --paired --norm-
method control --adjust-method fdr --sort-criteria pos --remove-zero both --gene-Ifc-
method median. sgRNAs/genes were considered differentially enriched if the FDR was
less than 0.05.

8.12. Markers expression analysis

Expression analysis of quiescent and activated HSC markers genes for pyrimidines
(CAD; DHODH) and purines (PPAT) was performed by exploiting the publicly available
RNA-Seq dataset (GSE153911) from the Gene Expression Ominbus (GEO) database. In
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brief, the raw counts from qLT-HSCs and alLT-HSCs samples were retrieved and
normalized by calculating the relative CPM (Counts per million mapped reads) values.
Then, the CPM values for the marker genes were scaled by computing the z-scores.

Heatmap was generated with the pheatmap R package 1.0.12.

8.13. Colony-forming cell assay

Colony-forming cell assays was performed as previously described (Petrillo et al,
2018). Briefly, 800 hHSPC were plated in triplicate in a methylcellulose-based medium
(Methocult GF4434 Stem Cell Technologies). After 15 days colonies were counted and
erythroid and myeloid colonies were distinguished according to their morphology.
Triplicates of colonies were then pooled and either analyzed by flow cytometry or kept

for VCN analysis.

8.14. Apoptosis, cell cycle and proliferation

The apoptosis assay was performed with the Annexin V Apoptosis Detection Kit I (BD
Pharmigen 559763) 48 hours after dNs addition and/or transduction of hHSPC. Cell cycle
analysis was performed at the indicated time points with Ki67 (BD Pharmingen) and
Hoechst (Invitrogen) as previously described (Piras et al, 2017). For evaluating cellular
proliferation, the cell proliferation dye eFluor®670 (eBioscience 65-0840-85) was added

to the cells immediately after thawing and analyzed by FACS at the indicated time points.

8.15. dNTPs measurements

For dNTPs measurements, samples were prepared and processed following the
published protocol (Hollenbaugh & Kim, 2016).

8.16. Mice
NOD-SCID-IL2Rg—/— (NSG) mice were purchased from Jackson laboratory. All

procedures were performed according to protocols approved by the Animal Care and Use
Committee of the San Raffaele Hospital (IACUC 1220) and authorized by the Ministry of
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Health and local authorities according to the Italian law. For transplant experiments
hHSPC (CB or mPB-derived) were kept unstimulated or pre-stimulated for 24h and
transduced with one or two hit of LV at the indicated MOI with or without CsH and dNs.
After transduction, cells were injected in sublethally irradiated (200 cGy) 8-10 week-old
female mice (Petrillo et al, 2018). Peripheral blood samples were analyzed at the
indicated time points. At 15-20 weeks, mice were sacrificed by carbon dioxide and

different organs were collected and analyzed.

8.17. Flow cytometry

FACS Canto IV instrument and Cytoflex S instrument were used for the cytometric
analysis. For sorting experiments, the FACS Aria Fusion instrument was used.
Downstream analysis were performed using the FACS Express De Novo Software. Table
1 show the list of antibodies used. 7-Aminoactinomycin D was used to exclude dead cells

from the analysis.

8.17.1. Transduced cells

To evaluate transduction efficiency, the expression of the GFP was measured 3-5 days
post-transduction. dTomato expression was measured 24 hours after transduction. Cells
were detached by Tripsin-EDTA if adherent, or simply collected, centrifuged and
resuspended in PBS 2% FBS. To evaluate HSPC and T cells subpopulations composition,
cells were collected according to the reported timing, blocked with anti-human Fc-
receptor antibody (5 minutes, RT), and stained with indicated antibodies for 15 minutes
at RT. For HSPC anti-human CD34, CD133, CD90 antibodies were used. For T cells anti-
human CD3, CD4, CD8, CD45RA, and CD62L antibodies were used.

8.17.2. Colonies
Triplicates of each condition were pooled and resuspended at single cells. After
washing, anti-human Fc-receptor blocking antibody was added (5 minutes, RT), and

then cells were incubated (15 minutes, RT) with anti-human CD235a and anti-human

CD33 antibodies as previously reported (Petrillo et a/, 2019).
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8.17.3. Peripheral blood and organs of mice

For engraftment analysis in the periphery of mice, 100 pL of blood isolated from the

vein of mice was mixed with 20uL of PBS with 45 mg/mL EDTA. For the analysis of BM,

femurs were flushed in PBS 2% FBS, washed, and 10° cells were analyzed. The spleens

and thymus were smashed and passed through 40 um nylon mesh filter in PBS 2% FBS.

After washing, 10° cells were analyzed. All the samples were blocked with anti-human

and anti-mouse Fc receptor blocking antibodies (5 minutes, RT) and then stained with

indicated antibodies (15 minutes, RT). For peripheral blood samples, erythrocytes were

lysed using the TQ-Prep workstation (Beckman-Coulter) after addition of 100uL of FBS

(Petrillo et al, 2018).

Table 1. List of FACS antibodies

Antibody Fluorochrome | Dilution Company Code
Human FcR 1:50 Miltenyi Biotec 130-059-901
Blocking Reagent

Anti-Mouse 1:100 BD Biosciences 553142
CD16/CD32

hCD34 PeCy7 1:30 BD Biosciences 348811
hCD133/2 PE 1:25 Miltenyi Biotec 130-113-186
hCD90 APC 1:25 BD Biosciences 559869
hCD235a APC 1:25 BD Biosciences 551336
hCD33 BvV421 1:25 BD Biosciences 562854
hCD45 APCh7 1:30 eBioscience 47-0459-42
hCD45 PerCP PerCP/Cy5.5 1:30 BioLegend 304028
hCD19 PE 1:50 BD Biosciences 345789
hCD3 APC 1:50 BD Biosciences 555335
hCD13 BV 1:50 BD Biosciences 562596
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hCD33 PeCy7 1:25 BD Biosciences 333952
hCD4 Bv421 1:50 BD Biosciences 558116
hCD8 APCh7 1:50 Biosciences 641400
hCD38 PerCP/Cy5.5 1:25 BioLegend 356614
hCD45RA APC 1:25 BD Biosciences 550855
hCD62L PE 1:25 BioLegend 304822

8.18. Statistical analysis

Values in the presented figures are expressed as mean + standard error of the mean
(SEM) or mean =+ standard deviation (SD), as reported in the legends. Mann Whitney or
Wilcoxon Signed Rank tests were used to compare the mean of 2 groups, while Dunn’s
adjusted Kruskal-Wallis test was used to compare the mean when more than two groups
were present, as reported in the figure legends. The number of biological replicates and

the statistic applied are reported in the captions.
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