-1 Universiteit
%47 Leiden
The Netherlands

From stem cells to functional lymphocytes: cell
differentiation and gene therapy implementation for RAG-
SCID

Garcia Pérez, L.

Citation

Garcia Pérez, L. (2021, October 6). From stem cells to functional
lymphocytes: cell differentiation and gene therapy implementation for RAG-
SCID. Retrieved from https://hdl.handle.net/1887/3214836

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3214836

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3214836

Chapter 4

Successful preclinical development
of gene therapy for Recombinase
Activating Gene-1-deficient SCID

Laura Garcia-Perez!, Marja van Eggermond’, Lieke van Roon', Sandra Vloemans®,
Martijn Cordes’, Axel Schambach?, Michael Rothe?, Dagmar Berghuis®, Chantal Lagresle-
Peyrou?*, Marina Cavazzana®, Fang Zhang®, Adrian J. Thrasher®, Daniela Salvatori®®,
Pauline Meij’, Anna Villa8, Jacques J.M. Van Dongen', Jaap-Jan Zwaginga', Mirjam van
der Burg?, H Bobby Gaspar®, Arjan Lankester®, Frank J.T. Staal', Karin Pike-Overzet'.

Department of Immunohematology and Blood Transfusion,
Leiden University Medical Center, The Netherlands.
2 Institute of Experimental Hematology, Hannover Medical School, Germany.

3 Willem-Alexander Children’s Hospital Department of Pediatrics,
Leiden University Medical Center, The Netherlands.
4 Biotherapy Clinical Investigation Center, Groupe Hospitalier Universitaire Ouest, Assistance

Publique-Hbpitaux de Paris, INSERM CIC 1416, Paris, France. Laboratory of Human
Lymphohematopoiesis, INSERM UMR 1163, Imagine Institute and Paris Descartes University —
Sorbonne Paris Cité, France And Department of Biotherapy, Necker Children's Hospital, Assistance
Publique-Hopitaux de Paris, France.

5 Molecular and Cellular Immunology, Great Ormond Street Institute of Child Health, and Great
Ormond Street Hospital NHS Trust, UK.

8 Central Laboratory Animal Facility, Pathology Unit,

Leiden University Medical Center, The Netherlands.

- Department of Pharmacy, Leiden University Medical Center, The Netherlands.

8 Pathogenesis and treatment of immune and bone diseases Unit, San Raffaele, Telethon Institute
for Gene Therapy (SR-Tiget), IRCCS San Raffaele Scientific Institute, Italy

9 Anatomy and Physiology Division; Clinical-Sciences,

Faculty of Veterinary Medicine, Utrecht University, The Netherlands

Molecular Therapy: Methods&Clinical Development,2020,Vol.17,666



Chapter 4

ABSTRACT

Recombinase-activating gene-1 (RAG1) deficient SCID patients lack B and T
lymphocytes due to the inability to rearrange immunoglobulin and T-cell receptor
genes. Gene therapy is an alternative for those RAG1-SCID patients who lack a
suitable bone marrow donor. We designed lentiviral vectors with different internal
promoters driving codon optimized RAG1 to ensure optimal expression. We used
Rag1-/- mice as preclinical model for RAG1-SCID to assess the efficacy of the
various vectors. We observed that B- and T-cell reconstitution directly correlated
with RAG1 expression. Mice with low RAG1 expression showed poor immune
reconstitution; however higher expression resulted in phenotypic and functional
lymphocyte reconstitution comparable to mice receiving wild type stem cells. No
signs of genotoxicity were found. Additionally, RAG1-SCID patient CD34+ cells
transduced with our clinical RAG1 vector and transplanted into NSG mice led to
improved human B- and T-cell development. Together with favorable safety data,
these results substantiate a clinical trial for RAG1-SCID.
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INTRODUCTION

Severe combined immunodeficiency (SCID) is a life-threatening disorder of the adaptive
immune system *. In all forms of SCID, the development of T cells in the thymus is arrested
due to genetic defects in genes essential for this complex process, while concomitant
deficiencies in B lymphocytes and NK cells are depending on the SCID genotype. Affected
infants are born with a severe T-lymphocyte deficiency and die within the first year of life
unless effective treatment is given. Curative treatment options are limited and confined to
allogeneic hematopoietic stem cell transplantation 2 3 and autologous stem cell gene
therapy 4 5.

Over 20 different genes have been shown to be causative for SCID'. Three major types
of SCID exist, the common gamma chain cytokine deficiencies, mainly due to defects in
the [I2Ry chain (which is also termed the common y-chain). The JAK3 and II7Ra deficiency
are much more rare but also fall into this category. The second type of SCID concerns
metabolic enzymes that affect highly proliferating cells such as immature thymocytes.
Adenosine deaminase (ADA) deficiency is the prototype disease for this subtype, but other
deficiencies have also been found, for instance PNP deficiency. The third major type of
SCID is formed by recombination deficiencies. In these types of SCID the recombination
machinery that is responsible for VDJ recombination of T-cell receptor (TCR) and
Immunoglobulin (Ig) genes is affected. Examples are Recombination-activating gene 1
(RAG1), RAG2 deficiency and Artemis mutations. The exact nature of the T-cell
developmental arrests in SCID patients has been difficult to elucidate because thymic
biopsies cannot be taken, however recent functional experiments using bone marrow
stem/progenitor cells from SCID patients has shown that most mutations lead to very early
blocks in thymic differentiation €2,

Over the last 15 years, clinical trials of gene therapy for two major forms of SCID (SCID-
X1 and ADA SCID) have shown significant safety and efficacy in correcting the
immunodeficiency and allowing children to live normal functional lives 4 % %5, This despite
the occurrence of T-cell acute Lymphoblastic Leukemia (T-ALL) as a severe adverse effect
in some of these early trials 119, which has led to an impetus to further develop safer
vectors, the so-called self-inactivating (SIN) vectors 20-22,

For the recombination deficiencies, major steps have been made for correcting RAG1,
RAG2 and Artemis deficiency. Artemis gene therapy is closest to clinical implementation
and a first clinical trial has started in the US 2. For RAG1-SCID several attempts to
develop gene therapy have been made in the past, first with the now no longer acceptable
y-retroviral vectors 24, later with SIN lentiviral vectors 2> 26, Our previous work reported
successful restoration of Rag1 deficiency using SIN lentiviral vector technology and codon
optimized RAG1 (c.0.RAG1) 26, however with a LV vector backbone that is not suitable for
large scale GMP production and with a promoter that may lead to genotoxicity (see below).
In this previous report, we obtained full restoration of peripheral T-cell numbers after 5
months using spleen focus-forming virus [SFFV]), approximately 35% of normal B-cell
numbers, and importantly a polyclonal T-cell receptor (TCR) and B-cell receptor repertoire
and full restoration of serum Ig levels, allowing functional responses after immunization
with the T-cell-dependent antigens.
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However, others have argued that using this approach, it is not possible to fully correct the
RAG1 immune deficiency %, and that oligoclonal T cells could develop, reminiscent of
human Omenn syndrome, a disorder known to arise from hypomorphic RAG mutations,
resulting in low recombinase activity. We have stated elsewhere 28 that these discrepant
results can likely be explained by differences in the expression levels and low transduction
efficiencies obtained for the therapeutic gene, RAG1. Here we report that successful
restoration of the Rag1 deficiency can be obtained using SIN LV vectors that are clinically
acceptable and importantly at low vector copy numbers (i.e., ~ 1 copy per cell).

A disadvantage of our previous lentiviral vectors was the use of the so-called RRL
backbone, that gives relatively low titers in scaled-up virus productions needed for clinical
application. Therefore, we switched to the CCL backbone that has been widely used
clinically. In addition, the SFFV promoter sequence that was the most successful in our
hands, has become less attractive due to assumed high risk of insertional mutagenesis 2°.
Therefore we set out to develop a new set of SIN lentiviral vectors to express c.0.RAG1
with different types of promoters and to test if they could correct Rag1 deficiency in a
preclinical mouse model with low vector copy numbers, as to carry a lower risk of
insertional mutagenesis. Through serendipitous effects in the viral production and titration
of viral transduction, we obtained a whole range of RAG1 expression in vivo ranging from
very low to close to wild type levels. This allowed us to directly address the effects of
differences in RAG1 expression in a gene therapy setting. In addition, it has enabled us to
choose a new SIN LV vector that functionally corrects the Rag1 deficiency in vivo in mice.
The MND-c.0.RAG1 is now the vector of choice capable of high RAG7 expression that is
produced at clinical grade for an international multi-center RAG1-SCID gene therapy trial
that is planned in the near future.

MATERIALS AND METHODS

Mice

57BL/6 Rag1”’ mice were originally obtained from The Jackson Laboratory (USA).
C57BL/6 wild-type mice and NOD.Cg-Prkdcsed 112rg™"Wi/SzJ (NSG) mice were purchased
from Charles River (France). Mice were bred and maintained in the animal facility of Leiden
University Medical Center (LUMC). All animal experiments were approved by the Dutch
Central Commission for Animal experimentation (Centrale Commissie Dierproeven, CCD).

Lentiviral vectors and vector production

The RAG1 gene sequence was optimized as described by Pike-Overzet et al (2011).
Briefly, this resulted in 90% of the codons being adapted to the codon bias of Homo
sapiens genes. Furthermore, the GC-content was raised from 48 to 61% and the number
of cis-acting motifs was reduced from 21 to 0. The optimized RAG7 sequence was
synthesized by GeneArt (Regensburg, Germany). Codon optimized RAG1 (c.0.RAG1)
was cloned into self-inactivating lentiviral pCCL plasmid resulting in pCCL-
Cbx3.MND.coRAG1 (hereafter: Cbx3.MND-c.0.RAG1), pCCL-MND-c.0.RAG1 (hereafter:
MND-c.0.RAG1), pCCL-PGK-c.0.RAG1 (hereafter: PGK-c.0.RAG1) and pCCL-UCOE-
¢.0.RAG1 (hereafter: UCOE-c.0.RAG1). DNA sequencing of the transgene was performed
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to validate the gene transfer constructs. Helper plasmids pMDLg/pRRE, pRSV-Rev and
pMD2.VSVG for lentiviral production were kindly provided by L.Naldini (San Raffaele
Telethon Institute for Gene Therapy, Milan, ltaly) %0. Large-scale helper-plasmid
preparations were obtained through PlasmidFactory (Bielefeld, Germany).

293T cells were transiently transfected with the transfer and helper plasmids using X-
tremeGene HP DNA transfection reagent (Sigma-Aldrich). Lentiviruses were harvested
24h, 30h and 48h after transfection, filtered through 0.22um pore filters (Whatmann) and
stored at -80°C. Pooled lentiviral supernatant was concentrated by ultracentrifugation
(Beckman Optima™ LE-80K, rotor SW32Ti) for 16 hours at 10.000 rpm and 4°C under
vacuum conditions. Pellets were resuspended in StemSpan Serum-Free expansion
medium (SFEM; Stemcell Technologies Inc) and aliquoted to avoid multiple freeze/thaw
cycles. Since no suitable anti-RAG1 antibodies were available, we determined the viral
titer using gPCR as described later on. A clinical GMP-grade vector was generated by
Batavia Biosciences (Leiden, The Netherlands), aliquoted in 200 pL vials and stored at -
80 degrees until use. The GMP-grade vector was tested and validated on murine Rag1
deficient bone marrow cells, human CD34+ cells.

Transduction of murine lineage negative bone marrow cells and human CD34+ cells
Murine bone marrow (BM) cells were obtained from femurs and tibias of C57BL/6 wild-
type and C57BL/6 Rag1”- mice. The obtained bones were flushed or crushed, cells were
passed through a 0,7 um cell strainer (Falcon), washed and viable frozen. After thawing,
lineage negative cells were isolated using mouse lineage depletion kit and AUTOMacs cell
sorter (Miltenyi Biotech). Lineage negative cells were stimulated overnight in StemSpan-
SFEM containing Penicilin/Steptamycin (5,000 units/5,000 pg/ml; Gibco) and
supplemented with 50 ng/mL recombinant mouse FMS-related tyrosine kinase 3 ligand
(rmFLT3L; R&D systems), 100 ng/mL recombinant mouse Stem-Cell Factor (rmSCF; R&D
systems) and 10 ng/mL recombinant mouse thrombopoietin (rmTPO; R&D systems).
Rag1” cells were subsequently transduced with the different lentiviruses using 4 ug/ml
proteamine sulphate (Sigma-Aldrich) and by way of spin-occulation at 800xg and 32°C for
1 hour. Cells were cultured at 37°C, 5% CO:2 for 24h in medium supplemented with
cytokines.

Human bone marrow from children diagnosed with SCID was obtained according to the
Medical Ethical Committee and IRB guidelines at Leiden University Medical Center. The
patient in this study was a compound heterozygote with the following confirmed mutations:
RAG1 allele 1 C 256-257 deletion AA, allele 2 C 1677 G>T. Mononuclear cells were
separated by Ficoll gradient centrifugation, frozen in fetal calf serum (Greiner Bio-
one)/10% DMSO (Sigma-Aldrich) and stored in liquid nitrogen. After thawing, human
CD34" cells were isolated using CD34 MicroBead UltraPure Kit (Milteny Biotec). Enriched
CD34+ cells were stimulated overnight in X-VIVO15 without Gentamycin and phenol red
(Lonza) -1% human albumin (200 g/L; Sanquin) - Pen/Strep medium supplemented with
300 ng/ml huSCF (Milteny Biotec), 100 ng/ml huTPO (Milteny Biotec), 300 ng/ml huFIt3L
(Milteny Biotec) and 10 ng/ml hulL3 (Milteny Biotec). Cells were transduced in X-VIVO-15
complete medium with 4 ug/mL proteamine sulphate as described previously and cultured
for 24h.
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Transplantation of Rag1”- and NSG mice

Control mock-transduced cells (C57BL/6 wild-type cells referred as WT control and
Rag1”- cells referred as KO control) and transduced Rag1~- murine cells (equal amount of
cells per group, up to 5*10° cells/mouse depending on the experiment) were mixed with
supportive Rag1” spleen cells (3*10°® cells/mouse) in Iscove’s Modified Dulbecco’s
Medium (IMDM) without phenol red (Gibco) and transplanted by tail vein injection into pre-
conditioned Rag1-- recipient mice. Recipient mice (8-12 week old mice) were conditioned
with a total body single dose irradiation 24h prior the transplantation using orthovoltage X-
rays (8.08Gy) or with two consecutive doses of 25 mg/kg Busulfan (Sigma-Aldrich) (48h
and 24h prior transplantation).

After overnight culture, 60.000 to 70.000 human CD34* cells were resuspended in (IMDM)
without phenol red (Gibco) and transplanted intravenously into busulfan pre-conditioned
NSG recipient mice (5week old mice, busulfan conditioning as described above).

Mice used for transplantation were kept in a specified pathogen-free section. The first four
weeks after transplantation mice were fed with additional DietGel recovery food (Clear
H20) and antibiotic water containing 0.07 mg/mL Polymixin B (Bupha Uitgeest), 0.0875
mg/mL Ciprofloxacin (Bayer b.v.) and 0.1 mg/mL Amfotericine B (Bristol-Myers Squibb)
and their welfare was monitored daily. Peripheral blood (PB) from the mice was drawn by
tail vein incision every 4 weeks until the end of the experiment. PB, thymus, spleen and
BM were obtained from CO: euthanized mice.

Immunization

Mice were immunized with synthetic TNP-KLH antigen 4 weeks before the end of the
experiment. 100 ug TNP-KLH (Biosearch Technologies Inc.) in 50% Imject Alum (Thermo
Scientific) was injected intraperitoneal (i.p.). 3 weeks later, mice were boosted i.p. with 100
pMg TNP-KLH in PBS. Serum was collected before immunization and 1 week after the boost
injection.

Flow cytometry

Single cell suspensions from thymus and spleen were prepared by squeezing the organs
through a 70 uM cell strainer (BD Falcon) and single cell suspension from BM was made
as described above. Erythrocytes from PB and spleen were lysed using NH4Cl (8,4
g/L)/KHCOs (1 g/L) solution. Single cell suspensions were counted and stained with the
antibodies listed in Table S2. Briefly, cells were incubated for 30 min at 4°C in the dark
with the antibody-mix solution including directly conjugated antibodies at the optimal
working solution in FACS buffer (PBS pH 7.4, 0.1% azide, 0.2% BSA). After washing with
FACS buffer, a second 30 min incubation step at 4°C was performed with the streptavidin-
conjugated antibody solution. When necessary, 7AAD (BD Biosciences) was used as
viability dye. Cells were measured on FACS-Cantoll and LSR Fortessa X-20 (BD
Biosciences) and the data was analysed using FlowJO software (Tree Star).

Determination vector copy number (VCN) and c.0.RAG1 expression by RT-gPCR
gPCR was used for the quantitative analysis of genomic lentiviral RNA, proviral DNA

copies and transgene mRNA expression using WPRE, c.0.RAG1, ABL and PTBP2 as
targets (Table S3). Total RNA from single cell suspensions was purified using RNeasy
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Mini kit (Qiagen) and reverse transcribed into cDNA using Superscript Il kit (Invitrogen).
Genomic DNA was extracted from single cell suspensions using the GeneElute
Mammalian Genomic DNA kit (Sigma-Aldrich). Dneasy Blood and Tissue Kit (Qiagen) was
used to isolate genomic DNA from murine organs and tissues. VCN was determined on
DNA samples by the detection of WPRE and PTBP2. The levels of transgene expression
were determined on cDNA samples, by normalizing c.0.RAG1 to the expression of the
ABL gene. gPCR was performed using TagMan Universal Master Mix Il (Thermofisher) in
combination with specific probes for indicated genes from Universal Probe Library
(Roche). Primers and probes used are listed in Table S3. PCR reactions were performed
on the StepOnePlus Real-Time PCR system (Thermofisher). All samples were run in
triplicate.

Serum immunoglobulin quantification

Murine 1gG, IgM, IgE, TNP-specific IgG and human IgM were determined by a sandwich
enzyme-linked immunosorbent assay (ELISA). NUNC Maxisop plates (Thermo Scientific)
were coated with unlabeled anti-mouse IgG, IgM (11E10), IgE antibodies
(SouthernBiotech) or unlabeled anti-human IgM antibody (Jackson Immuno Research
laboratories, kindly provided by Dr. Karahan, LUMC). For detection of TNP-specific IgG,
plates were coated with synthetic TNP-KLH (Biosearch Technologies Inc.). Blocking was
done with 1% BSA/PBS (mouse) or 2% BSA/0.025 Tween/PBS (human) for 1h at room
temperature (RT) and subsequently serial dilutions of the obtained sera were incubated
for 3h at RT. After washing, plates were incubated with biotin-conjugated anti-mouse IgG,
IgM, IgE (SouthernBiotec) or anti-human IgM (Novex life technologies, kindly provided by
Dr. Karahan, LUMC) for 30 min at RT. For detection, plates were incubated for 30 min at
RT with streptavidin horseradish peroxidase (Jackson Immuno Research laboratories) and
subsequently azino-bis-ethylbenzthiazoline sulfonic acid (ABTS, Sigma-Aldrich) was used
as a substrate. Data was acquired at a wavelength of 415 nm using Bio-Rad iMark
microplate reader and MPM 6 software (Bio-Rad). Antibody concentration was calculated
by using serial dilutions of purified IgG, IgM, IgE proteins (SouthernBiotech) and human
reference serum (Bethyl Laboratories, kindly provided by Dr. Karahan, LUMC) as
standards.

Repertoire analysis

Total RNA was purified from murine spleen cells and reverse transcribed into cDNA as
described previously. GeneScan analysis procedure of the murine T-cell repertoire was
adapted from 3'. cDNA was amplified using a FAM-labeled C gene segment-specific
primer along with 24 TCR VB-specific primers (See Table S$3). GeneScan™ 500 ROX™
(ThermoFisher) was used as internal size standard. Labeled PCR products were run on
the ABI Prism® Genetic Analyzer (Applied Biosystems) for fragment analysis. Raw
spectratype data was analyzed, visualized and scored by ImSpectR, a novel spectratype
analysis algorithm for estimating immunodiversity 32 ImSpectR identifies and scores
individual spectratype peak patterns for overall (Gaussian) peak distribution; shape of
individual peaks, while correcting for out-of-frame TCR transcripts. Scores range from 0
when no peaks detected, to 100 for a diverse TCR repertoire.
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Human immunoglobulin and T-cell receptor repertoire generated in NSG mice was
analyzed on DNA samples from BM and thymus (DNA was extracted as described
previously). Rearrangements were analyzed using the EuroClonality/BIOMED-2 multiplex
PCR protocol 3. Amplification of IgH, IgK, TCRB and TCRy rearrangements were
performed following the IGH + IGK B-Cell Clonality Assay (InvivoScribe) and TCRB +
TCRG T-Cell Clonality Assay (InvivoScribe) instructions respectively. PCR products were
analyzed by differential fluorescence detection using ABI-3730 instrument (Applied
Biosystems) for fragment analysis. The output files were visualized and analyzed using
ImSpectR.

Non-restrictive Linear Amplification Mediated PCR (nrLAM-PCR)
Lentiviral insertion site was analysed by nrLAM-PCR on murine bone marrow DNA
samples as described by Schmidt M. et al 3.

In Vitro Immortalization assay (IVIM)
Genotoxic potential of the viral vectors (Cbx3.MND-c.0.RAG1, MND-c.0.RAG1, PGK-
c.0.RAG1, UCOE-c.0.RAG1) was quantified as previously described by Baum et al. %5,

Gross pathology and histopathology

A full necropsy was performed, organs were collected subjected to macroscopic and
microscopic examination (Table S1 of collected organs). The selection of organs to be
examined for gross pathology and histopathology analyses followed the applicable
European and international guidelines (EMEA 1995, WHO 2005) . For gross pathology,
the external surface of the body, orifices, the thoracic abdominal and cavities were
examined (Analyzed organs are listed in Table S1).

For histopathological examination organs were fixed in 4% neutral buffered formalin for 24
hours and paraffin embedded, 5 ym sections were processed for hematoxylin and eosin
(HE) and for immunohistochemistry stainings according to standard procedures 3. All
slides were examined blindly by a European board certified pathologist (ECVP).

Before staining, paraffin sections were deparaffinated. Antigen retrieval was performed for
antibody against FOXP3 and Cytokeratin 5/6 by heating during 12 minutes at 98 °C in
citric acid buffer (0,01 Mol/L, pH 6,0). Inhibition of endogenous peroxidase was done in
0.3% H202 in PBS. After incubation overnight at room temperature with antibody against
FOXP3 (1/70, 700914; Thermo Scientific, Waltham, MA, USA) and Cytokeratin 5/6 (1/100,
GA780; DAKO, Glostrup, Denmark) the secondary antibody biotinylated Goat anti Rabbit
IgG (1/200, BA-1000; Vector Labs, Burlingame, CA USA) and biotinylated Horse anti
Mouse (1/200, BA-2000; Vector Labs, Burlingame, CA USA) was incubated for 90
minutes. Visualization was enforced with ABC staining kit (Vectastain ABCkit, HRP,
PK6100, Vector Labs, Burlingame, CA USA ) for 45 minutes. As substrate for horseradish
peroxidase 3,3’-diaminobenzidine tetrahydrochloride (DAB, D5637, Sigma-Aldrich, St
Louis, MO USA) was applied for 10 minutes. Mayer’s hematoxylin was utilized as nuclear
counterstaining.

Statistics
Statistics were calculated and graphs were generated using GraphPad Prism6 (GraphPad
Software). Statistical significance was determined by standard one/two-tailed Mann-
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Whitney U test, ANOVA test or two-tailed non-parametric Spearmen correlation (*p<0.05,
**p <0.01, **p < 0.001 and ****p<0.0001).

RESULTS

MND promoter as most optimal vector to correct Rag1 deficiency.

At the onset of this project we constructed four different SIN LV transfer plasmids in the
CCL backbone and tested four different promoters: PGK (Human PhosphoGlycerate
Kinase (PGK)-1 promoter, nucleotides 5 to 516; GenBank accession no.M11958; 3°, MND
(myeloproliferative sarcoma virus enhancer, negative control region deleted, dI587rev
primer binding site substituted promoter; 38, UCOE (the modified chromatin-remodeling
element, devoid of unwanted splicing activity and minimized read-through activity; %,and
a tandem combination of UCOE and MND (Cbx3.MND) were used to drive expression of
a codon optimized version of the RAG1 (Fig 1A).

Recombinant lentiviruses were produced at small and large scale to evaluate virus
production and in vitro expression efficiency of the different vectors. The transfer vectors
in conjunction with GAG-Pol, REV and VSV-G plasmids were transiently transfected into
293T cells to produce the different lentiviruses. The number of infectious particles of the
small and large virus batches was assessed before and after concentration by Q-PCR.
Consistently, both the small and large batches of UCOE-c.0.RAG1 lentivirus (both
unconcentrated and concentrated) had a significantly lower number of infectious genomes
per mL compared to the other vectors (Fig 1B and Fig 1C), highlighting a difficulty to
scale up its production. These lentiviruses were subsequently used to transduce lineage
negative bone marrow (BM) cells from Rag1-deficient mice in order to determine their
functional characteristics under conditions relevant for in vivo application. We found that
UCOE-c.0.RAG1 reached lower VCN (Fig 1D) than the other vectors and PGK-c.0.RAG1
was the vector with lowest promoter strength (Fig 1F). Unfortunately, both PGK and
UCOE-c.0.RAG1 only resulted in low levels of c.0.RAG1 expression (Fig 1E) whereas
quite high levels are known to be required for immune reconstitution 2+ 4041 Indeed, an in
vivo pilot experiment where Rag1-deficient mice were transplanted with wild-type (WT)
stem cells, mock transduced Rag1-deficient stem cells or gene therapy treated stem cells
using the four different promoters, revealed that the promoter strength and essentially the
level of c.0.RAG1 is crucial to obtain adequate immune reconstitution (2 independent pilot
experiments, total 6 or 7 mice per group). Immune reconstitution of these mice was
followed in the peripheral blood every 4 weeks, showing that B-cell and T-cell
reconstitution were achieved in the different gene therapy group to different extents (Fig
S1A). Reflecting the known promoter strengths of these four vectors, a wide range of
c.0.RAG1 expression was created by this initial experiment. Interestingly, 16 weeks after
transplantation, we observed a clear linear correlation between the expression of
c.0.RAG1 achieved in the BM and the number of B cells (B220+IgM+ cells) generated (Fig
1G, left and middle panel). For T cells, we observed that there was a threshold of minimal
¢.0.RAG1 expression to develop an active double positive CD4 and CD8 (DP) population
in the thymus, roughly at 10x the house keeping control level (Fig 1H, left and middle
panel). Mice reconstituted with stem cells having lower c.0.RAG1 expression than this
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Figure 1: Selecting the Optimal SIN LV Plasmid: Virus Production and In Vitro Efficiency. (A)
Four different SIN LV plasmids in the CCL backbone carrying different promoters (Cbx3.MND, MND,
PGK, and UCOE promoter) were tested to drive expression of a codon-optimized version of RAG1.
(B) Production of lentivirus batches with the different constructs. The number of infective particles
(infectious genomes/mL) from unconcentrated and concentrated small batches was determined.

Three independent lentivirus small batches per plasmid were produced and analyzed (two-way
ANOVA test; *p < 0.05, **p < 0.01). (C) Production of lentivirus batches on a large scale with the
different constructs. The number of infectious genomes/mL after concentration of large lentiviruses
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batches was determined. (D) Transduction efficiency of the different SIN lentiviruses in murine
lineage-negative cells. VCN was determined by WPRE determination on genomic DNA. Three
independent lentivirus batches per plasmid were produced and analyzed (one-way ANOVA test; *p <
0.05, **p < 0.01. (E) Determination of transgene expression in the transduced cells by the different
constructs. c.0.RAG1 expression relative to ABL1 was determined by qPCR. Three independent
lentivirus batches per plasmid were produced and analyzed (one-way ANOVA test; *p < 0.05, **p <
0.01. (F) Determination of the promoter strength (c.0.RAG1 expression/VCN) of the different plasmids.
Three independent lentivirus batches per plasmid were produced and analyzed (one-way ANOVA
test; *p < 0.05, **p < 0.01). (G) Total number of B220- cells (left panel) and total number of B220+IgM-
cells (middle panel) correlated with the expression of c.0.RAG1 in BM. The correlation between VCN
and c.0.RAG1 expression in BM of immune reconstituted mice is shown (right panel) (:, Cbx3.MND;
5, MND;-, PGK;C, UCOE promoters; gray indicates low-expressing plasmids; black indicates
highOexpressing plasmids; green circles indicate mice with acceptable immune B and T cell
reconstitution). Data shown represent two independent in vivo experiments with in total six or seven
mice per group. Each dot represents one mouse. Nonparametric Spearman r correlation, two-tailed;
**p < 0.01, ***p < 0.001, ***p < 0.0001. (H) Correlation between total thymocytes (left panel) and DP
cells (middle panel) with c.0.RAG1 expression in the thymus. Correlation between VCN and c.0.RAG1
expression in the thymus of immune reconstituted mice (right panel) (:, Cbx3.MND;;, MND;-, PGK;C,
UCOE promoters; gray indicates low-expressing plasmids; black indicates high-expressing plasmids;
green circles indicate mice with acceptable immune B and T cell reconstitution). Data shown
represent two independent in vivo experiments with in total six or seven mice per group. Each dot
represents one mouse. Nonparametric Spearman r correlation, two-tailed; **p < 0.01, ***p < 0.001,

kkkk,

D < 0.0001.

threshold barely reconstituted thymic T-cell development. Accordingly, B- and T-cell
reconstitution was consistently achieved in the BM and in the thymus when c.0.RAG1
expression at 10x the house keeping control level or higher which could be achieved. This
expression level was mainly reached with VCN'’s of 1 and lower (Fig 1G&H, right panels)
using the high expressing vectors such as Cbx3.MND and MND-c.0.RAG1 (black symbols
in Fig. 1G&H). We considered mice achieved immune reconstitution when B- and T-cell
development was successful (overcoming the early developmental block), the cells were
functional, with a diverse TCR Vf repertoire and without signs of toxicity or adverse side
effects (Fig 1G&H, green circle). In the low c.0.RAG1 expression mice (grey dots, mainly
PGK and UCOE promoter), we found a number of mice (n=4 out of 9) that developed skin
rashes and wasting during the course of the experiments which resulted in the death of
some mice (similar to the features due to low RAG1 activity described previously ?7), while
the animals in the higher c.0.RAG1 expression group (black dots,Cbx3.MND and MND
promoter) as well as the animals that received wild-type cells or uncorrected Rag1 knock-
out cells did not display any health problems. Collectively, our in vitro and in vivo pilot data
highlight the importance of achieving sufficient c.0.RAG1 expression, at VCN around or
below 1, in order to obtain successful immune reconstitution, which was only
accomplished using Cbx3.MND-c.0.RAG1 and MND-c.0.RAG1 lentiviruses (Fig S1B).

To better compare both vectors, an additional in vivo reconstitution experiment was done,
with more comparable VCNs. Rag1-deficient mice transplanted with WT stem cells, mock
transduced Rag1 KO stem cells, Cbx3.MND-c.0.RAG1 (starting VCN = 0.95) or MND-
c.0.RAG1 (starting VCN = 1.1) treated stem cells were extensively analyzed 16 weeks
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after transplantation by flow cytometry and gPCR for viral copy number (VCN) measuring
WPRE (Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element and
expression of the therapeutic gene c.0.RAG1. Mice were sacrificed after 4 months and
immune organs were analysed by flow cytometry (pilot experiment with a total of 3 mice
per group). Restoration of IgM+B220+B cells (Fig 2A) in the BM was seen in mice treated
with WT stem cells and MND-c.0.RAG1 treated gene therapy mice and occasionally in
mice with Cbx3.MND elements, even with comparable VCN. Mock transduced Rag1 KO
stem cells did not restore B-cell development, where cells were blocked at the pre B cell
stage, as expected. In contrast, in gene therapy treated mice the arrest in B-cell
development was alleviated, and immature and mature B cells developed (Fig 2B, left
panel). MND-c.0.RAG1 gene therapy mice successfully developed all B-cell
developmental subsets in the BM, similarly to WT transplanted mice and significantly
different from the mock KO transplanted mice. We observed that even though B-cell
development in BM was satisfactory, B cells numbers detected in the peripheral blood
were significantly lower than in the WT situation (Fig 2B, right panel). However, B cell
functionality was fully restored to WT degree as the levels of immunoglobulins (IgG and
IgM) detected in serum were comparable to WT transplanted mice (Fig 2G). We next
analysed the thymus for T-cell marker-expression, using (amongst other markers) CD4
and CD8. Proper T-cell development with a full spectrum of DP and single positive CD4
or CD8 (SP) developmental stages was observed with WT and MND-c.0.RAG1 cells, but
not with Cbx3.MND-c.0.RAG1 cells where mice showed an exhausted thymus phenotype
with mature CD4 and CD8 SP cells but not DP cells anymore 16 weeks after
transplantation (Fig 2C&D). Similar to B cells, the total number of T cells in the periphery
was lower than in mice treated with WT cells; nonetheless mature T cells after gene
therapy showed a diverse T cell receptor (TCR) repertoire. We used GeneScan analysis

for 24 different VBgenes and calculated the cumulative complexity score. As shown in the

representative plots (Fig 2E) as well by the ImSpectR score (Fig 2F), the MND promoter
performed closer to WT treated mice, revealing an active V(D)J recombination machinery
able to successfully rearrange TCR genes.

Besides efficacy, safety is an important aspect for clinical use of gene therapy vectors. As
an additional selection criterion our research grade lentivirus batches were tested in the
IVIM assay, which is the currently accepted (FDA and EMA approved) standard assay for
safety of viral vectors. Even though high VCN per cells were achieved in this assay with
the test vectors, both vectors were shown to have a frequency of insertional mutagenic
events, that were at least 50 fold lower than classical RSF91 gamma-retroviral vectors
with known mutagenic potential (Fig 2H). In three independent IVIM assays, we did not
observe cytotoxicity of the vector supernatants on lineage negative bone marrow cells.

This safety selection criterium, together with the successful in vivo immune reconstitution
given by the MND-c.0oRAG1 treated cells (Fig S1C), led us to conclude that the pCCL-
MND-c.0.RAG1 LV vector is the best vector of choice and we therefore proceeded to have
the vector produced at GMP grade. All following experiments described were conducted
with this clinical grade vector for further preclinical testing.
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Figure 2: Selecting the Optimal SIN LV Plasmid to Drive an Immune Reconstitution of Rag1
Deficiency. Rag1-deficient mice (experiment with a total of 3 mice/group) were transplanted with
500,000 stem cells: WT cells, mock Rag1 KO cells, Cbx3.MND-c.0.RAG1-treated KO cells (VCN of
0.95), and MND-c.0.RAG1-treated KO cells (VCN of 1.1). (A) Representative FACS plots showing
the restoration of B220high+ B cells in the BM. (B) Total number of the different B cell subsets in the
BM (left panel) and total number of B cells (B220high+) in the PB (right panel) 16 weeks after SC
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transplantation. Graphs represent the means and standard deviation of a pilot experiment with two to
three mice per group (Mann-Whitney test, one-tailed; *p%0.05; NS, not significant). (C)
Representative FACS plots of the thymus reconstitution (CD4 versus CD8) with the different
constructs. (D) Total number of the different T cell subsets in the thymus (left panel) and total number
of T cells (CD3+TCRab+) in PB (right panel) 16 weeks after transplantation. Graphs represent the
means and standard deviation of a pilot experiment with two to three mice per group (Mann-Whitney
test, one-tailed; *p % 0.05; NS, not significant). DN, double negative; ISP, immature single positive;
DP, double positive; SP, single positive. (E) Representative samples of GeneScan plots are shown
for four different families (x axis indicates CDR3 length; y axis shows the fluorescence intensity of the
runoff products). (F) TCR Vb repertoire analysis by GeneScan. A total of 24 Vb families were analyzed
on spleen cells from three mice per group. Overall score of all of the families was calculated for the
different constructs (Mann-Whitney test; p values are represented on the plot; ****p < 0.0001; NS, not
significant). (G) Quantification of total IgG and IgM in mice serum by ELISA (one-way ANOVA test;
*p < 0.05, *p < 0.01). (H) IVIM assay was performed on the two constructs to assess their safety
(mock cells as negative control; RSF91 g-retroviral vector as a positive control). Data show results
from three complete IVIM assays.

Extensive preclinical testing of the pCCL-MND-c.0.RAG1 LV vector in Rag1-/- mice.
Initial analysis of 8 Rag1-/- mice treated with the MND vector (starting VCN = 0,2 ), positive
(WT stem cells; 3 mice) and negative controls (mock transduced Rag1-/- stem cells; 3
mice) 24 weeks after transplantation confirmed good B-cell reconstitution in the periphery
(PB) and in BM (Fig 3A), although the numbers remained lower than mice treated with
WT stem cells (Fig 3B and Fig S2A), which could be due to partially arrested development
from pre-B to immature B-cell stages (Fig S2B) originating from cells that were transduced
with insufficient levels of c.0.RAG1 to support full Ig rearrangements. Alternatively,
residual pro- and pre-B cells could inhibit B-cell development by occupying important
developmental niches. However, gene therapy mice showed similar proportion of
immature and mature B-cell subsets in the spleen (Fig 3C). Concerning T-cell
reconstitution, most GT mice showed next to complete thymic T-cell development with
thymocyte numbers almost normal (Fig 3D and Fig S2A&B), although the T-cell numbers
in the periphery were restored to ~30% of normal levels (Fig 3E), with somewhat lower
proportion of naive CD4 and CD8 T cells and increased effector memory subsets (Fig 3F),
most likely due to homeostatic proliferation from initial T cell that egressed from the
thymus. Indeed, delayed T-cell development can be observed in the GT mice compared
to WT controls (Fig S2A&B) and therefore the proportions of naive and memory T cells
might still not be entirely balanced after GT. Besides analysing the primary and secondary
immunological organs by flow cytometry, we also checked restoration of the immune
system by histological analyses. Spleen, lymph nodes and thymus showed remarkably
normal architecture after GT (Fig 3G), comparable to mice treated with WT stem cells,
and quite different from the negative control mice treated with mock transduced Rag1-/-
cells. Importantly, restoration of FoxP3 expression which directs T cells into the CD4+
regulatory T cell lineage (Treg) was also observed in mice treated with MND-coRAG1
gene therapy (Fig 3G).
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Figure 3: Extensive Immune Reconstitution of Mice Receiving Gene Therapy of Stem Cells
with a Clinical-Grade MND-c.0.RAG1 Vector. Rag1-deficient mice were transplanted with 250,000
stem cells: WT cells (three mice), mock KO cells (three mice), and MND-c.0.RAG 1-treated cells (VCN
of 0.2; eight mice). (A) Representative plots of B cell reconstitution in the blood (B220+IgM/IgD cells;
top panel) and B cell development in the BM (B220+CD19+ cells; bottom panel) 24 weeks after
transplantation. (B) Total number of B cells (B220+CD11b/CD43_ cells) in the PB (Mann-Whitney
test, one-tailed; *p < 0.05, **p < 0.01). (C) Immature (B220+CD93+ cells; left panel) and mature
(B220+CD93- cells; right panel) B cell subsets distribution in spleen. Two-way ANOVA test; ***p <
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0.001; ***p < 0.0001. (D) Representative plots of T cell reconstitution in the blood (CD3+TCRab+
cells; top panel) and T cell development in the thymus (CD4 versus CD8 cells; bottom panel) 24
weeks after transplantation. (E) Total number of T cells (CD3+TCRab+ cells) in PB at the end of the
experiment (24 weeks) (Mann-Whitney test, one-tailed; *p < 0.05, **p < 0.01). (F) Naive, effector
memory (EM), and central memory (CM) subset distributions for CD4 (CD3+TCRab+CD4+; left panel)
and CD8 (CD3+TCRab+CD8+; right panel). T cell subset distributions in spleen are shown: naive
cells (CD44_CD62L+), EM cells (CD44+CD62L-) and CM cells (CD44+CD62L+) 24 weeks after
transplantation. (G) Left panel: Hematoxylin and eosin staining of mesenteric lymph nodes (scale
bars, 200 mm) and spleen (scale bars, 100 mm; purple indicates germinal centers, and red indicates
red pulp). Representative FoxP3 staining in spleen tissue (scale bars, 100 mm) is shown. Arrows
indicate positive FoxP3 in germinal centers. Representative images are from WT control, KO control,
and MND-c.0.RAG1 gene therapy mice. Right panel: Histological analysis of thymus reconstitution
by hematoxylin and eosin staining (scale bars, 50 mm) and cytokeratin 5/6 staining (scale bars, 100
mm) . Representative images from WT control and MND-c.0.RAG1 mice. KO thymus was completely
used for phenotyping (FACS, DNA, RNA), but KO thymic histology was previously described by van
Til et al.?”

Functional reconstitution of immunity after Rag1 gene therapy

Next, we tested if the T and B cells that developed had a diverse repertoire and were
capable of mounting an immune response against a T cell dependent neo-antigen.
GeneScan analysis (3 WT control mice, 1 KO control mouse and 8 MND-c.0.RAG1 mice)
showed a diverse TCR V{ repertoire, that was slightly less complex before immunization
than in mice reconstituted with WT stem cells (Fig 4A), but after immunization there was
no statistical difference in immune repertoire. Total IgM, IgG and IgE levels were also
checked (Fig 4B and Fig S2D) and reached close to normal levels in GT treated mice.
Therefore, although GT mice were lagging behind with regard to B-cell numbers, their
functionality in the form of antibody production was restored to WT levels. We used TNP-
KLH as T-cell specific antigen and measured the production of TNP specific IgG
antibodies, thereby investigating whether the developed T and B cell could collaborate in
an active immune response. The TNP-specific IgG levels in serum were similar between
mice treated with WT stem cells and GT treated mice (Fig 4C), showing the potential of a
robust immune response after GT.

Pre-clinical release tests of the vector

As required by regulatory authorities the clinical grade vector was tested by external
parties for the presence of replication competent virus (RCL). The vector tested negative
in two independent tests (data not shown). Other release tests that are commonly required
included biodistribution of the vector in vivo, checking of vector insertion sites, especially
on possible clonal outgrowth, and tests for insertional mutagenesis such as IVIM.

We checked vector distribution on a large number of perfused organs (Table S1) in all GT
treated mice (a total of 8 mice; Fig 5A). Perfusion was used to remove most of the blood
cells, in which the leukocytes should carry the vector. As expected, given the positive
selection for c.0.RAG1 transduced cells, high VCN was found in the thymus, followed by
other immune organs, spleen, bone marrow, lymph nodes and peripheral blood. All other
organs had very low signals, except some incidental positivity in stomach and lungs,
possibly due to incomplete perfusion, or an ongoing infection in rare individual mouse.
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Figure 4: Functional Ig and TCR Rearrangements and lg Class-Switch after RAG1 Gene
Therapy. (A) TCR Vb repertoire analysis by GeneScan from three WT control mice, one KO control
mouse, and eight MND-c.0.RAG1 mice. A total of 24 Vb families were analyzed on spleen cells from
three WT control, one KO control, and eight MND-c.0.RAG1 mice (non-immunized and immunized).
Overall score of all of the families was calculated by ImSpectR (Mann-Whitney test; p values are
represented in the plot; *p < 0.05, ****p < 0.0001; NS, not significant). Representative samples of
GeneScan plots are shown for three different families (x axis indicates CDR3 length; y axis shows
the fluorescence intensity of the runoff products). (B) Quantification of total IgG and IgM in serum by
ELISA (three mice/control group, eight MND-c.0.RAG1 mice) (one-way ANOVA test; *p < 0.05). (C)
Quantification of TNP-specific IgG in serum of immunized mice. Each dot represents a value obtained
in one mouse (three mice/control group, eight MND-c.0.RAG1 mice) (one-way ANOVA test; *p <
0.05).

Importantly, pathological examination of histology slides of 29 different organs per mouse
(n=14) did not show any abnormalities in mice treated with MND-c.0.RAG1 gene therapy
(Examples of 4 organs shown in Fig S2C). Indeed, no signs of Omenn syndrome such as
skin rashes, high IgE levels, oligloclonal TCR V@ repertoire or T cell infiltrates in the skin
were detected in the immune reconstituted mice.

Next, we checked viral insertion sites using nrLAM-PCR (Fig 5B), a sensitive technique
that can detect clonal insertions as discrete bands, which can then be sequenced if
needed.®*. We invariably found a smear of bands indicating polyclonal haematopoiesis
with very little indication of oligoclonality, except for a few minor bands from which we
could not get extra specific insertion site information by sequencing. We conclude that
there was no evidence of vector-induced clonal selection. This is in line with findings by
others on using SIN LV vectors in HSCs. Safety of the clinical grade MND-c.0.RAG1 was
also tested using the IVIM assay. The clinical vector showed no clonal outgrowth in
different independent experiments, close to results from mock-transduced cells (Fig 5C).
This is better than the research grade vector presumably due to higher purity resulting in
a better functional titer leading to fewer side effects after transduction.
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A Figure 5: Preclinical Safety
) Testing of the Clinical-
Grade. (A) Vector
biodistribution in immune and
non-immune organs
é assessed by qPCR on DNA
3 samples from 16 organs in
ol , total. Each dot represents a

g value from one mouse (three
§ mice/control  group,  eight
2 MND-c.0.RAG1 mice). The
horizontal dashed line
represents the threshold of
the VCN of immune organs
versus non-immune organs
(starting VCN of transplanted
cells of 0.2). (B) LV insertion
immune organs = Non-immune organs ' site analysis by nrLAM-PCR

of isolated DNA from BM

B) — obtained from Ragl_.
3 ' # M’M‘ untransduced control mouse
(mock) and four MND-

c.0.RAG1 mice (male non-
immunized/immunized,

female nonimmunized/
" immunized). Gels shows
' i results ~ of  the linear

amplification from the 3o long
= Prg— terminal repeat (LTR) and 5o
LTR, respectively (L = 1 kb

oo

Spleen A
PB -
LN4 ©

Thymus p ©

c) Assays > Q1 19:195 13245 120 0:6 72 09
MA-Mock- -

g%:ﬁ MiMode - - Ns ;‘-; NS plus marker). (C) Replating
B frequencies (RFs) of the

- control samples mock or

';\ﬁ: s RSF91 and the test vector

6t A MND-c.0.RAGT, in

R o % . .. comparison to data of a meta-
§ ?&::. :' < analysis for control samples
£ T _;_ (Mock-MA, RSF91-MA, Iv-SF-
g s = 2y MA [a lentiviral vector with an
PSS 7. o SFFV promoter]). The data

i points  below the limit of

detection (LOD; plates with no

iy wells above the MTT

[ WO o soneores threshold) were  manually

WMIok MACTALEL NARGEE Nostt: RSEL IO inserted into the graph (due to

the logarithmic scale of the y axis). Above the graph, the ratios of positive (left number) and negative
plates (right number) according to the MTT assay are shown. Differences in the incidence of positive
and negative assays relative to Mock-MA or RSF91-MA were analyzed by Fisher’s exact test with a
Benjamini-Hochberg correction (*p < 0.05, *p < 0.01, ***p < 0.001; NS, not significant). If above the
LOD, bars indicate the mean RF.

138



Successful preclinical development of gene therapy for
Recombinase Activating Gene-1-deficient SCID

Restored B- and T-cell development in RAG1-SCID patient cells

We have previously shown that transplantation of BM CD34+ cells from SCID patients in
NSG mice is informative for identifying where T-cell development is arrested in human
SCID 4243, This same model should also be suitable as preclinical efficacy model with
patient cells. Hence, we purified CD34+ cells from cryopreserved BM cells from a RAG1-
SCID patient. The patient was hypomorphic, with some residual B cells but no T cells. We
transplanted busulfan-conditioned mice with either mock transduced or MND-c.0.RAG1
transduced CD34+ cells (1 mouse per group; starting VCN = 0.2) and followed the
development of T and B cells over time up to 24 weeks. Human cell engraftment was
similar between mice transplanted with gene therapy treated cells and mock transduced
cells, indicating that gene therapy did not affect the engraftment of human cells (Fig S3A).
As expected from the patient phenotype, B cells were observed in the mock transduced

humanized mouse, but much higher numbers of B cell were found in the spleen of the GT
treated mouse (Fig 6A and Fig S3B). The B cells that were present also showed
polyclonal Ig rearrangement (Fig S3E) and produced immunoglobulins, as human IgM
could be detected in the sera of the mice (Fig 6D), with a tendency towards a more
polyclonal repertoire after GT.

Importantly, while no T cells developed in the mouse transplanted with mock transduced
RAG1-SCID cells, the gene therapy mouse showed clearly detectable T-cells in PB
(Fig.6B and Fig S3C). After scarifying the mice, we also checked their thymi. As the
patient was hypomorphic, we observed that some stages of T-cell development were
present, including all double negative (DN; CD4-CD8- cells), immature single positive (ISP;
CD4*CD8CD3 cells) and the early CD3- DP stages (Fig. 6C and Fig S3D). However,
there were no cells that were CD3+, so no late CD3+ DP thymocytes, or any SP
thymocytes, suggesting that especially the rearrangement of TCRa was affected by this
RAG1 mutation. Although immune reconstitution was still not optimal, likely due to the low
VCN achieved in that experiment, lentiviral RAG1 GT of CD34+ Rag1-SCID patient cells
allows alleviation of the T-cell developmental block and to generate an active thymus.
Moreover, human cell engraftment and peripheral B and T cell levels after GT was close
to healthy BM CD34+ cell transplantation described in previous work 42. Finally, we
checked TCRB and TCRG rearrangements by GeneScan analysis. Because of the very
limited amount of DNA material, not all possible Vy and V3 genes could be analysed, but
the selected gene segments showed many more in frame rearrangements in the gene
therapy treated group for TCRG, while for TCRB only in the GT group, rearrangements
could be detected (Fig 6E). nRLAM_PCR on BM cells revealed a polyclonal pattern with
no signs of clonal dominance (Fig. 6F).
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Figure 6: Restored T Cell Development in RAG1 SCID Patient Cells. 65,000 human CD34- cells
were transplanted intravenously into busulfan pre-conditioned NSG recipient mice (one NSG mouse
with untreated cells and one NSG mouse with MND-c.0.RAG1 gene therapy cells with a VCN of 0.1).
(A) FACS plots of human B cells (CD13/33 CD19-CD20- cells; top panel) and total number of B cells
(CD13/33.CD19-CD20+IgD/IgM cells; bottom panel) in the spleen at week 24 after transplantation.
(B) FACS plots of human T cells (CD3+TCRab-; top panel) and total number of T cells, CD4 cells, and
CD8 T cells in the PB at week 24 after transplantation (bottom panel). (C) Human T cell development
in the thymus: FACS plots (CD4 versus CD8) and distribution of the different T cells subsets in the
thymus (24 weeks after transplantation) are shown. (D) Quantification of total human IgM by ELISA
of serum from a control NSG mouse transplanted with RAG1-SCID control untreated CD34- cells
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(non-hypomorphic), our SCID patient CD34- cells, and our SCID MND-c.0.RAG1 CD34- cells. (E)
Human TCR Vb and Vg repertoire analysis of isolated DNA from NSG thymus (SCID patient and SCID
MND-c.0.RAG1) using a TCRB + TCRG T cell clonality assay (x axis indicates fragment sizes; y axis
shows the fluorescence intensity of the runoff products). (F) LV insertion site analysis by nrLAM-PCR
of isolated DNA from BM obtained from NSG SCID patient untransduced cells (mock) and NSG SCID
MND-c.0.RAG1 mice. Gel shows results of the linear amplification from the 50LTR (L = 1 kb plus
marker). Data are from an independent experiment with n = 1 per condition.

DISCUSSION

Patients with RAG1-SCID are hampered in the genetic assembly of TCRs and BCRs.
Affected children typically experience a wide range of serious, life-threatening infections.
Replacing the affected bone marrow with healthy, unmodified, allogeneic stem cells is
currently the only therapy for RAG1-SCID. Although overall survival is satisfactory in
matched-donor SCT, the outcome in mismatched donor SCT, which represent the majority
of cases, is significantly worse. Moreover, approximately 25% of allogeneic SCT-treated
patients develop graft vs. host disease, which significantly impairs outcome in terms of
morbidity, immune reconstitution, and transplant-related mortality 4. Additionally,
transplant outcome in RAG-SCID (and other recombination-defective forms of T-B-SCID)
is significantly worse than for SCID with B cells (i.e. T-B+ SCID) 4445

Transplantation of genetically corrected autologous HSCs, eliminates the risks associated
with allogeneic stem cell transplantation (GvHD and rejection) and would therefore provide
a valuable alternative particularly for patients lacking a matched donor. Gene therapy for
X-SCID with LV or RV SIN vectors has shown to be successful and to lack the xenotoxicity
problems previously observed when using y-retroviral vectors 46 4748 For ADA-SCID, both
RV vectors (currently marketed as approved therapy under the name Strimvelis) and LV
vectors have shown excellent clinical results which are comparable to HSCT with matched
donors 10, 49, 50.

Unlike X-linked SCID and ADA-SCID, developing gene therapy for RAG-SCID has been
notoriously difficult. Previous attempts 2 used gamma retroviral vectors in a preclinical
Rag1” model, which carried a high risk of insertional mutagenesis. Although RAG1
gamma retroviral vectors were able to correct the deficiency more readily, SIN lentiviral
vectors initially resulted in insufficient expression of the therapeutic RAG7 gene, leading
to ‘leaky’ SCID or an Omenn-like phenotype. A breakthrough came with the introduction
of codon-optimization of the human RAG7 gene 26.This innovation yielded higher viral
titers and much higher levels of RAG1 expression without the need to introduce multiple
copies per cell. Here we have used the same codon optimized RAG1 therapeutic gene,
but in a different lentiviral backbone and under the control of a clinically approved
promoter. The first challenge was to develop a vector with a strong promoter driving the
high expression of c.0.RAG1, to similar levels as native expression. According to Immgen
dataset and our previous data in human thymi 4°, native Rag? expression needed for B-
and T-cell development in mouse is at least 10x and 13x the household gene expression
(Abl1). In accordance, we here show that durable, functional immune reconstitution can
be obtained at low VCN (1 or lower) with our MND-c.0.RAG1 vector that is consistently
driving sufficient c.0.RAG1 expression above 10x the household gene. As proper RAG1
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expression was achieved, gene therapy treated mice survived healthy, without showing
representative features of leaky SCID in mice as discussed by Marrella et al. (Rag2
Omenn syndrome mouse model '), Khiong et al. (Rag1 Omenn Syndrome %2), Giblin et
al. 2009 (Atypical SCID phenotype %) and Ott de Bruin et al. (CID-G/Al phenotype 54). Our
data suggest that the approach using pCCL-MND-c.0.RAG1 transduced HSCP should be
able to overcome the broad range of clinical and immunologic phenotypes due to RAG1
deficiency, including hypomorphic RAG1 disease. Experimental proof for correction of
hypomorphic RAG1 deficiencies requires extensive experimentation in appropriate mouse
models, which are planned in the near future. Moreover, we show that the human RAG1
deficiency can be functionally restored in patient cells, providing important additional
efficacy data required for successful clinical implementation.

In some mice, the reconstitution of T- and B-cell development with RAG1 transduced cells
lagged behind compared to development observed in wild type stem cells. This indicates
that some additional improvements could be made. For example, by optimizing
transduction efficiencies which can be achieved by using a non-toxic transduction
enhancer %; however, VCN numbers should not increase too much as this may increase
insertional mutagenic events. Another approach to improve at least the T-cell development
may be to co-transplant or the use of CD34+ CD7+ cells prior transplantation % 57 from
the same patient to support the thymic microenvironment in which the stem/progenitor
cells that seed the thymus find their niches. This can be especially important to boost
development in the DN compartment.

Insertional mutagenesis has been shown to occur in gene therapy trials using y-retroviral
vectors without SIN configuration. In our study a SIN LV vector using the MND promoter
was chosen, because this fairly strong promoter is most efficacious in our preclinical
models. The MND promoter has previously been used in gene therapy trials for ADA-SCID
% and Adrenoleukodystrophy (ALD), without any reports of insertional mutagenesis 5° €0,
In the ALD trials there were some clones showing clonal dominance with over-
representation of insertion site near SMG6, CCND2 and HMGAZ2, but this has not led to
development of leukemia and may be transient as was reported for a SIN LV vector used

for treating B-thalassemia 8. In addition, our collective preclinical safety data indicate that

the MND-c.0.RAG1 vector is relatively safe. Nevertheless, genotoxicity cannot be fully
excluded and we therefore favor clinical implementation initially in patients in whom only
HLA incompatible donors are available. After clinical efficacy and safety has been
demonstrated in this patient group, wider implementation could be considered; potentially,
not only for RAG1-SCID, but also for Omenn Syndrome and other RAG1 deficiencies.

Clinical trials have shown that ADA-SCID and X-linked SCID gene therapies result in
significant clinical benefit, as well as a significant reduction in healthcare-related costs
(reviewed in 58 62). We expect similar benefits from our approach to treat patients with
RAG1-SCID, as it will reduce the suboptimal outcomes in (mismatched) allogeneic
transplants, which are often associated with the need to administer immunoglobulins, and
treat infectious and GvHD-related complications. Based on the results reported here, a
phase I/ll clinical trial is planned to open in 2020. We expect that this trial will provide an
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alternative curative treatment for patients with RAG1-SCID, for whom no matched stem
cell donor is available.

SUPPLEMENTARY MATERIAL
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Figure S1: Choice of the optimal SIN LV plasmid. A) Percentage of B cells (CD11b/CD43-B220+
cells; left panel) and T cells (CD3+TCRaB+ cells; right panel) over time in PB after stem cell
transplantation with the different constructs (Cbx3.MND-c.0.RAG1, MND-c.0.RAG1, PGK-c.0.RAG1
and UCOE-c.0.RAG1) (Data from 2 independent experiments, total of 6-7 mice/group). B) Summary
of the in vitro decision criteria (from 3 independent lentiviral batches) taken into account for the choice
of the most optimal plasmid to correct RAG1 deficiency. C) Summary of the In vivo decision criteria
(2 independent experiments with total of 6-7 mice per group) taken into account for the choice of the
most optimal plasmid to correct RAG1 deficiency.

143



Chapter 4

A) 50
! WT Control
= WT Control -
a0 - KO Control g 404 & KO Control
§_ &= MND«c o RAGY 2 - MND-co RAGY
o 304
£ g
£
: 2
204
T 3
@ -
»
10 ol
2 ® \m‘-’n e = 4 L 12 1 20
Weeks
g 100 - "'I' ™ Matue B w
o Immature B E.
H Pro B =
35 -
2 - poB H
: - pppoB :
&
i :
°
H i
= ]
3 L
= 3
-

WT Control KO Control MND-¢ 0 RAGY WT Control KO Control MND-.0 RAGY

2/

WT Control KO Control MND-c.0.RAG1

Liver

Kidney

Lungs

Lo

::
g

»
£ 4.
€
2
LT
£
% °
3
0,0
K3 ()

WT Contrel KO Control MND.<¢.0.RAG1

Figure S2: Inmune development after MND-c.0.RAG1 gene therapy in Rag1-/- mouse model.
A) Percentage of B cells (CD11b/CD43-B220+ cells; left panel) and T cells (CD3+TCRaf+ cells; right
panel) over time in PB after stem cell transplantation with the clinical MND-c.0.RAG1 batch (3 WT
control mice, 3 KO control mice and 8 MND-c.0.RAG1 mice). B) B-cell development subsets
distribution in BM (left panel) and T-cell development populations distribution in the thymus (right
panel) 24 weeks after SC transplantation. Graphs represent the means and standard deviation of 3
mice for control groups and 8 mice in the gene therapy group. C) Histologic analysis of the liver (scale
bar = 100um), kidney (scale bar=200um), lungs (scale bar=100um) and BM (scale=100um) stained
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with hematoxylin and eosin. Representative images from WT Control, KO Control and MND-
c.0.RAG1 mice. D) Quantification of total IgE in serum by ELISA. Each dot represents a value
obtained in one mouse (3 mice/control group, 8 MND-c.0.RAG1 mice). Mann-Whitney test (Two-

tailed, *p<0,05; **p<0,01).
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Figure S3: Human immune reconstitution after CD34+ MND-c.0.RAG1 transplantation. A)
Percentage of human chimerism (hCD45+/(hCD45+mCD45+) in immune organs of NSG mice

145



Chapter 4

transplanted with CD34+ SCID patient cells and CD34+ SCID patient cells transduced with MND-
c.0.RAG1, 24 weeks after transplantation (1 NSG mouse per condition). B) Human B-cell percentage
(CD19+ cells per total hCD45+ cells) over time in peripheral blood during transplantation. C)Human
T-cell development (CD3+ cells per total hCD45+ cells) over time in PB during transplantation. D)
Flow cytometry analysis of thymocytes 24 weeks after transplantation showing T-cell development
through the different stages. E) Human IgH and IgK repertoire analysis of isolated DNA from NSG
BM (SCID patient and SCID MND-c.0.RAG1) using IgH + IgK B-Cell Clonality Assay. (x-axis indicates
fragment sizes; y-axis shows the fluorescence intensity of the runoff products).
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