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.. Enrichment of CD34+ CD38- hematopoietic
Hematop0|eS|s precursors from the bone marrow and from
peripheral blood after mobilization

The whole hematopoietic system can be reconstituted by a single HSC

Principali difetti molecolare che portano allo sviluppo di SCID. AR: autosomica
recessiva; X-L: legata al cromosoma X
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Defects leading to the development of

severe combined immunodeficiency
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The Nobel Prize in Physiology or Medicine 1975 was awarded

jointly to David Baltimore, Renato Dulbecco and Howard Martin
Temin "for their discoveries concerning the interaction between
tumour viruses and the genetic material of the cell."

Taxonomy of the Retroviridae family

Deltaretrovirus

BLV-HLTV group retroviruses

Subfamily Genus. Former [Main species. Prototype viruses.
[Avian type C Avian leukosis virus ALV
Alpharetrovirus o comafleukosis viruses (ASLY) [Rous sarcoma virus RSV
Mouse mammary tumor virus _|MMTV
Betaret typcl
CIATEIOVILS  [Type D retroviruses Mason-Pfizer monkey virus MPMV
'Abelson-MLV, Friend-
Murine leukemia virus LY. olonoy MLV
Feline leukemia virus Felv
Gibbon ape leukemia virus GaLV
type C Harvey murine sarcoma virus _|Ha-MSV
Moloney murine sarcoma virus |Mo-MSV
Simian sarcoma virus ssv
virus IREV-A, REV-T
Bovine leukemia virus [BLv
Orthoretrovirinae

Primate T-lymphotropic viruses
(human and simian)

HTLV-1, STLV-1,
HTLV-2, STLV-2,
STLV-3

Epsilonretrovirus

Fish retroviruses

Walleye dermal sarcoma virus

wDsV

Lentivirus

Bovine i virus

EM

Equine infectious anemia virus

ElAV

Feline i iency virus

FIV-0, FIV-P

Caprine arthritis encephalitis
virus

CAEV

Visna/Maedi virus

VISNA

Human immunodeficiency virus
1and 2

HIV-1, HIV-2

Simian immunodeficiency virus

SIV-agm. 155, SIV-
opz, SIV-mac

Simian foamy virus

SFVmac (SFV-1 and
SFV-2), SFvagm
(SFV-3), SFVcpz and

SFVepz(hu)
Bovine foamy virus. BFV
Equine foamy virus EFV
Feline foamy virus. FFV
Human foamy virus HFV or HSRV

Common features of

retroviruses

They all contain LTRs (400-700 nt),
which form in the integrated pro-

virus

Viral particles contain mRNA

They all contain gag, pol and env

genes




The discovery of proto-oncogenes: a version of the src
gene carried by RSV is also present in uninfected cells

Examples of retroviruses carrying viral

Slowly transforming

Insertional mutagenesis
OnCOgeneS (V-OnC) retroviruses activate 8
Parental /helper virus Retrovirus Acronym v-onc pr().toonc-()genes.
Rous sarcoma virus RSV src by msertmg_thelr
genomes adjacent to
Avian myeloblastosis virus AMV myb these cellular genes
Avian erythroblastosis virus AEV erbA, B
Avian leukosis virus (ALV) | Avian myelocytomatosis virus 29 AMCV-29 myc
Y73 sarcoma virus Y73V yes
Avian sarcoma virus 17 ASV-17 jun
Abelson murine leukemia virus Ab-MLV abl
. . |Harvey murine sarcoma virus Ha-MSV ras
Moloney-Murine leukemia ; = = 5
virus (Mo-MLV) Moloney murine sarcoma virus Mo-MSV mos

Finkel-Biskis-Jinkins murine sarcoma

. FBJ-MSV fos
virus

Snyder-Theilen feline sarcoma virus ST-FeSV
Feline leukemia virus (FeLV) | Gardner-Arnstein feline sarcoma virus | GA-FeSV
Susan McDonough feline sarcoma virus | SM-FeSV fms

Hardy-Zuckerman 4 feline sarcoma

. HZ4-FesV | kit
virus

Simian sarcoma virus (SSV) | Woolly monkey sarcoma virus WMSV sis
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Genetic organization of generalized retrovirus
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Monogenic hereditary disorders for which
gene therapy clinical trials were conducted

by gene transfer into HSCs

Disease group Disease Defective gene
Severe combined SCID-X1 Gamma common (yc) chain of interleukin
immunodeficiency receptors
syndromes (SCID) ) -

ADA-SCID Adenosine deaminase

JAK-3

PNP-SCID Purine-nucleoside phosphorylase (PNP)

Lysosomal storage Hurler's disease (MPS I) a-L-iduronidase

disorders
Hunter's disease (MPS 1I)

Iduronate-2-sulfatase

Gaucher's disease

Glucocerebrosidase
(B-glucosidase)

Fabry's disease

a-galactosidase A

Sly syndrome (MPS VII)

B-glucuronidase

Defects of phagocytes Chronic granulomatous disease (CGD)

gpO1phox, p47ehox

Leukocyte adhesion disorder

CD18 (p2-integrin)

Other diseases Fanconi anemia, group C

FANCC
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Gene therapy of hematopoietic stem
cells: Conclusions from clinical trials

@ Virus-positive cells are detectable in
peripheral blood after several years from
treatment

@ Only a very small fraction (0.01-0.1%)
of reconstituting HSCs are transduced
with the currently available protocols

Defects leading to the development of
severe combined immunodeficiency
(SCID)
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Functional correction of NAPDH activity in myeloid
colonies from an X-CGD patient after gene transfer of the
gp91rhox cDNA into CD34+ hematopoietic stem cells

X-CGD patient after
gammaretrovirus-mediated

X-CGD patient Normal gp91-phox gene transfer

Zentilin, L, et al. 1996. Exp. Cell. Res. 225, 257.

Gene therapy of hematopoietic stem cells
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SCID-X1, the bubble boy disease



Molecular structure of the interleukin
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Leukemia case triggers tighter gene-therapy controls

Trials of gene therapy for SCID were halted in the United States and France following the report that a three-year-hold
patient treated by Alain Fischer in Paris had developed leukemia after being treated with a retroviral vector (ex vivo

transduction of bone marrow stem cells).

In October 2002 an advisory committee to the FDA ruled that gene therapy trials of that kind should now continue.
However, there must be increased monitoring for adverse events (abnormal activity of certain cells, integration sites),
and patients must receive modified informed consent forms to explain the chances of this side effect occurring.

“One adverse event, as serious as it is, in the context of the whole field us not enough to put all programs on hold”.

Ababy cured of SCID by gene therapy

Using a PCR-based technique, it was discovered that the retroviral vector
had inserted into more than 40 sites in the genome of different repopulating
cells. In the T-cell clone that grew abnormally, it had inserted in the LMO-2
oncogene, causing increased expression of the gene. Increased activity of
the T-cell clone carrying the LMO-2 integration was detected in blood
samples taken from the boy as early as 13 months after treatment, well
before he showed any clinical symptoms. However, this event was probably
not sufficient for leukemia, but a second event was required for cancer to
ensue.

Another question is the possibility that the boy had a genetic predisposition
to leukemia, as there have been two childhood cancers in the family.

Y. gene therapy trial
A. Fisher, Paris 2000

ligibili

SCID-X1 (proven y. gene mutation)
Lack of an HLA identical donor

Protocol

Bone marrow harvesting (30-100 ml)

CD34+ cell separation (immunomagnetic micro beads)
One day pre-activation with SCF, FLT 3L, IL-3 and MGDF
Three rounds of infection with the MFG y, vector-containing
supernatants in CH-296 fibronectin fragment-coated bags
1.V. infusion

SCID-X1 has been a suitable and
attractive setting for the clinical
translation of targeted gene correction
strategies and adoptive transfer of gene-
corrected cells, as cells bearing a
functional gamma chain show a positive
selective advantage in vivo in the
affected patients

December 2002



Good news for gene therapy

The finding that a retrovirally induced mouse leukaemia
contains integrations at both Lmo2 and yc loci provided
genetic evidence for cooperativity between LMO2 and yc

In most gene therapy trials, the transplanted gene is unlikely to be
oncogenic and occurrences of insertional mutagenesis will be low,
as has been seen in trials conducted during the past several years

Insertional mutagenesis

Patient. 1

Patient. 2

=) LMO2 encodes a LIM domain protein that binds to transcription
factors SCL/TAL1, GATA1, GATA2

=) Expressed by haematopoietic progenitors and cells of myeloid
lineage, but not in post-thymic T cells

=) LMO2 is activated in childhood ALL and in other spontaneous human
T cell leukaemias

= LMO?2 is leukaemogenic when overexpressed in transgenic mice

Science, 2002

The first report of immune restoration in 2 patients with ADA-
deficient SCID

These subjects were not treated with PEG-ADA enzyme-
replacement therapy, thought to reduce selective advantage of the
genetically corrected cells

These subjects received BM cytoreduction with a moderate
dosage of busulphan, which could promote engraftment of the
genetically modified cells



Modern taxonomy of the Retroviridae family

Subfamily Genus Former Main species Prototype viruses
Avian type C wian |Avian leukosis virus ALV
AlPharetrovirus | comalleukosis viruses (ASLV) |Rous sarcoma virus RSV
wpe B Mouse mammary tumor virus | MMTV
Betaretr -
Laretioviiis —|Type D retroviruses Mason-Plizer monkey virus _|MPMV.
. [Abelson-MLV, Friend-
Murine leukemia virus N o
Feline loukemia virus FeLv
Gibbon ape leukemia virus  |GaLV/
"
type C Harvey murine sarcoma virus _|Ha-MSV.
Moloney murine sarcoma virus |Mo-MSV
Simian sarcoma virus ssv
virus IREV-A, REV-T
Bovine leukemia virus
Orthoretrovirinae

HTLV-1, STLV-1,

HIV-1

and

Retroviruses: historical introduction

1908
1911
1936
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1964

1970
1976
1980/82:
1983:

Genetic
organization of
retroviruses

Complex
retroviruses

Chicken leukosis is caused by a virus (Ellerman and Bang)
Cell-free transmission of sarcoma in chickens (Rous)

Mammary carcinoma in mice caused by a filterable agent
(Bittner)

Development of the focus assay for RSV (Temin and Rubin)

Provirus hypothesis (generation of viral DNA copy and
integration in cellular genome) (Temin)

Reverse Transcriptase (Temin and Mizutani; Baltimore)
Probe for src oncogene hybridizes with cellular DNA (Stehelin)
First human retrovirus (HTLV-I)

HIV-1

Oncoretrovirus

HTLV LI

Lentivirus

Spumavirus
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Vettori lentivirali
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Variazioni nella costruzione dei
vettori gammaretrovirali
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Safety Concerns Specific to Lentiviral
vectors

» Recombination during manufacture may generate a
replication-competent lentivirus (RCL)
- HIV a known human pathogen
- vesicular stomatitis virus (VSV-G) envelope
broadens tropism
+ Recombination with wild type virus in HIV+ subjects
« Lentiviral vector mobilization by wild type virus

Reverse transcription

Retroviruses integrate near transcriptionally
active regions of DNA

Acceptor sites for retroviral integrations map near DNase | hypersensitive sites in
chromatin (S. Vijaya et al. J. Virol. 1986)

Retrovirus integration and chromatin structure: Moloney murine leukemia proviral
integration sites map near DNase |-hypersensitive sites (H. Rohdewohld et al. J. Virol.
1987)

Chromosome structure and human immunodeficiency type 1 cDNA integration:
centromeric alphoid repeats are a disfavored target (S. Carteu et al. J. Virol. 1998)

HIV-1 integration in the human genome favors active genes and local hotspots (A.R.W.
Schroder et al. Cell 2002)

5Kb upstream Transcribed gene dowf‘:[?eam




Integration is
not random

MLV: transcriptional start site

HIV: transcriptional units

Leukemia (018) 3215291541
Hitps1/d0L rg/10.1038/541375-018.0106-0
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Acute Iymphoblastic leukemia
Clinical use of lentiviral vectors

Michael C. Milone'? - Una O'Doherty"

Table 1 Ongoing clinical trials using lentiviral vectors to modify

hematopoietic stem cells

Condition Phase NCT number
Transfusion-dependent p-thalassemia 12 NCT02453477
3 NCT02906202
Cerebral adrenoleukodystrophy 2/3 NCT01896102
Sickle cell disease 1 NCT02140554
1 NCT02193191
Metachromatic leukodystrophy and 172 NCT02559830
adrenoleukodystrophy
Wiskott-Aldrich syndrome 12 NCTO01347346
172 NCTO01347242
12 NCT02333760
X-SCID 172 NCTO01306019
172 NCTO01512888
ADA-SCID 172 NCT02999984
12 NCT01380990
Fanconi anemia 2 NCT02931071
X-linked chronic granulomatous disease 172 NCT02234934

ADA adenosine deaminase, SCID severe combined immunodeficiency



Pro and cons of lentiviral vectors

Can carry large transgenes (up to 8
Kb)

Efficient gene transfer

Infects dividing and non-dividing cells

No immunogenic proteins generated

Stable integration into the host
genome and stable expression of
the transgene

Potential for generation of RCL

Potential for insertional mutagenesis:

Even replication-incompetent
lentiviruses with human tropism are
able to infect human cells and
integrate their genome into the host
cells->risk in case of accidental
exposure

In vivo inactivation by the
complement system

Do not work in all tissues
(muscle, heart, vessels)

No packaging cells for
scaling up

Real applications for ex vivo gene therapy

(HSC, epithelia)

Lentiviral Vector Generations Summary Table

; First i Second | Third 3
i Generation | Generation i Generation i
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Fe
| Plasmids 3 3 i 4
! Deletion in 3’ LTR - SIN No No ; Yes
| Packaging plasmids 1 1 i 2
i with HIV genes i
] o
3 A.ccessory genes: All absent All absent : All absent
: vif, vpr, vpu, nef :
i On a single On a single i tat is absent; revon a
| tat and rev genes . . : o .
i packaging plasmid | packaging plasmid ;  separate plasmid
i gag and pol genes i Same plasmid
! 4 recombinations

i
| Recombination events ! ! !
i i

i
i nee(il_ed to geénerate 2 binations | 3 recombinations | without homology & i
i jearon " i must pick a promoter |
i Lentiviruses (RCL)* H to co%plenfent SIN H
deletion !

... _GeleliOn H

between plasmids

Articles

Lentiviral haemopoietic stem/progenitor cell gene therapy ) b ®
for treatment of Wiskott-Aldrich syndrome: interim results
of a non-randomised, open-label, phase 1/2 clinical study

[

Francesca Ferrua, Maria Pia Ccalese*, i
Maria Ester Bernardo, Valeria Calbi, And: I 1l Marcella Facchini, Claudia Fossati, Elena Alb amantha Scaramuzza,
rena Scala, Luca Basso-Ri 3jno, Miriam Casiraghi, Daniele Canarutto, Federica Andrea Salerio, Michael H Albert,
Antonella Bartol;, Hermann M Wolf, Rossana Fiori, Paolo Silvani, Salvatore Gattillo, Anna Vila, Luca Biasco, Christopher Dott, Emily | Culme-Seymour,
Rossem, Gillian Atki razia Fabio Ciceri, Luigi Naldini, Alessandro Aiuti

Interpretation Data from this study show that gene therapy provides a valuable treatment option for patients with
severe Wiskott-Aldrich syndrome, particularly for those who do not have a suitable HSPC donor available.
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