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1. Introduction

X-linked severe combined immunodeficiency (X-SCID)

X-linked severe combined immunodeficiency (X-SCID) is a rare primary
immunodeficiency disorder caused by the interleukin-2 receptor gamma (/L2RG)
gene mutation with X-chromosome-linked recessive inheritance. Typical X-
SCID manifests as a deficiency of T and nature killer (NK) cells, and loss-
functional B cells, which leads to severe and recurrent infections from bacterial,
viral and fungal pathogens among others (Puck et al., 1993). Most infants with
X-SCID are in a high risk of death within one year without any treatment
(Gaspar et al., 2013).

1.1 IL2RG gene

In 1993, Noguchi et al. (Noguchi et al., 1993) firstly reported that X-SCID was
caused by mutant IL2RG gene. Till now, more than 200 mutations have been
identified in IL2ZRG. The most common type of mutation is a missense or
nonsense mutation resulting from a single base change, followed by insertion or

deletion mutations (Lim et al., 2019).

The IL2RG gene is located at X chromosome and it comprises eight exons
encoding the interleukin-2 receptor common gamma chain (IL-2Ry, also known
as yc). The IL-2Ry is the shared receptor of various cytokines such as
interleukin (IL)-2, 4, 7, 9, 15 and 21 (Rochman et al., 2009). Among them, IL-2,
as the T-cell growth factor, is involved in T-cell proliferation and apoptosis
(Sakaguchi et al., 2008). It can promote immunoglobulin production of B cells
and enhances the cytotoxic effects of NK cells (Kim et al.,, 2006). IL-4 is
required for the development and function of T helper 2 (TH2) cells, and plays
an important role in immunoglobulin class switching and allergy (Holgate and
Polosa, 2008). IL-7 is a lymphocyte growth factor that promotes the
development of B cells derived from human bone marrow hematopoietic stem
cells (HSCs) in vitro (Rochman et al., 2009, Parrish et al., 2009). IL-9 is
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produced by activated CD4" T cells, and works in the late stage of the immune
response as the T cell growth factor although the mechanism is not known
(Veldhoen et al., 2008). IL-15 is essential for the development of NK cells and
the homeostasis of CD8" T cells (Surh and Sprent, 2008). IL-21 drives the
expansion of the CD8" T cells cooperating with IL-7 or IL-15 and is critical for
apoptosis of NK cells and incompletely activated B cells (Spolski and Leonard,
2008). Furthermore, these cytokines could activate different signal transducers
and activators of transcription (STAT) signaling pathway, for instance, STATS is
activated by IL-2, IL-7, IL-9 and IL-15; STATG6 is activated by IL-4; and STAT3 is
activated by IL-21 (Leonard and Spolski, 2005). Moreover, the IL-2Ry forms the
IL-2 receptor (IL-2R) with a (IL-2Ra) and B (IL-2RB) chains together (Wang et
al.,, 2009). To sum up, the integrity of the IL-2Ry plays a critical role in
lymphocyte development and immune function. In addition, the IL-2Ry not only
maintains the structure of the IL-2R complex, but also serves the connection
between the cytokine-binding region on the surface of the cell membrane and
downstream intracellular signaling molecules. Thus, the mutant IL2RG gene
leads to defects of the IL-2Ry in cytokine signaling that can cause

immunodeficiency of typical X-SCID (Noguchi et al., 1993).

However, various mutations in the IL2RG gene can lead to different phenotypes
of X-SCID cases. Some hypomorphic mutations, reducing but not eliminating
the gene's functionality, may allow partial expression and function of IL-2Ry. As
a result, some patients showing milder clinical manifestations are not as
sensitive to infections as typical X-SCID patients and present a relatively
moderate decrease of T cells, normal or slightly impaired lymphocyte
proliferation and STAT signaling (Brooks et al., 1990, Mella et al., 2000,
Felgentreff et al., 2011). Due to these atypical phenotypes, some leaky infants
of X-SCID cannot be classified by the newborn screening approaches (King and

Hammarstrom, 2018).

Furthermore, a few X-SICD cases with revertant mutations in the IL2RG gene
have been reported and these patients present milder clinical phenotype due to

the revertant mutation presenting in one or several lymphoid populations
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(Stephan et al., 1996, Kawai et al., 2012, Hsu et al., 2015, Kuijpers et al., 2013,
Kury et al., 2020, Okuno et al., 2015, Speckmann et al., 2008, Lin et al., 2020,
Hou et al., 2021). The revertant mutations refer to the mutant gene reversing
back to wild-type sequence resulting in reversion mosaicism, which could
partially or fully restore the gene functionality so it is termed as “natural therapy”
(Revy et al., 2019, Aluri and Cooper, 2021). Revertant mutations could occur in
different subsets of cells and the revertant cells show advantages in survival
and proliferation (Kuijpers et al., 2013) that provide beneficial evidence of gene
therapy for X-SCID.

1.2 Treatments

Currently, the clinical treatments for X-SCID include symptomatic cures,
alternative therapies, allogenic (allo-) and autologous (auto-) hematopoietic
stem cell transplantation (HSCT) (Lankester et al., 2021, Haddad and Hoenig,
2019, Gaspar et al., 2013). Symptomatic treatment (e.g. prophylactic isolation,
anti-infection, and nutritional support) and alternative therapies (e.g. intravenous
immunoglobulin) provide only temporary relief and do not significantly improve
the long-term survival and prognosis of patients (Bustamante Ogando et al.,
2019, Dorsey et al., 2017), while the curative approaches of allo-HSCT and

auto-HSCT could achieve immune reconstitution.

Gene therapy for X-SCID has achieved tremendous advancements since the
first successful auto-HSCT in an infant with X-SCID was reported by Gatti et al.
(Gatti et al., 1968) in 1968. Subsequent clinical trials of X-SCID gained
promising therapeutic benefits with auto-HSCT based on gene therapy using
retroviral vectors, such as gamma-retroviral and lentiviral vectors, expressing
wild-type IL-2Ry. However, some of the patients who were treated by these
methods developed T-cell lymphoblastic leukemia (T-ALL) due to cellular
oncogenes led by the promoter of vector integration (Hiramoto et al., 2018,
Hacein-Bey-Abina et al., 2003, Hacein-Bey-Abina et al., 2008). Despite recent
trials have reported that X-SCID patients treated with gene therapy using

second generation of self-inactivating (SIN) vectors have obtained encouraging
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clinical benefits of immune reconstitution without developing leukemia
(Mamcarz et al., 2019, De Ravin et al., 2016), it needs a longer term assess the
risk of insertional mutagenesis of SIN vectors (Miyazawa and Wada, 2021). To
improve the feasiblity and safety of gene therapy for X-SCID patients, more
advance approaches of gene editing have been studied, such as zinc-finger
nucleases (ZFNs) (Schiroli et al., 2017), transcription activator-like effector
nucleases (TALENs) (Menon et al., 2015), RNA-guided nucleases
(CRISPR/Cas) (Pavel-Dinu et al., 2019) and nuclease-free (adeno-associated
viruses (AAV) (Hiramoto et al.,, 2018). These methods have shown very
promising results in in vitro and in vivo pre-clinical studies of several genetic

diseases.

1.2.1 CRISPR/Cas9

The CRISPR/Cas system is engineered from the antiviral bacterial immune
system. It consists of single-guide RNA (sgRNA) and Cas9 endonuclease. In
brief, DNA double helix is unraveled after Cas9 recognizes the appropriate
protospacer adjacent motif (PAM), and sgRNA binds the target sequence to
complex an RNA-DNA heteroduplex. At this point, the conformation of Cas9 is
changed due to the formation of the R-loop, which activates the cutting function
of Cas9 and cleaves the DNA strands, generating the double-strand breaks
(DSBs). There are two main pathways to repair the induced DSBs:
nonhomologous end-joining (NHEJ) and homologous recombination (HR)
(Hartlerode and Scully, 2009). NHEJ repair is fallible as it could generate
unexpected insertions and/or deletions (indels) at the DSBs site (Symington and
Gautier, 2011), which leads to it being restricted to the knockout and disruption
of genes. NHEJ repair is susceptible to occur throughout the whole cell cycle,
while homology-directed repair (HDR) pathway only happens in the S and G2
phases, which limits HDR efficiency in the process of DNA repair (Liu et al.,
2018). Since HDR has high fidelity, it is generally used to specific genomic edits
such as substitutions, desired insertions or deletions with a suitable donor
template for effective DNA repair (Her and Bunting, 2018). The templates are

usually delivered as three main forms: plasmid or double-stranded DNA
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(dsDNA), adeno-associated virus (AAV), and single-stranded DNA (ssDNA).
The donor template is usually co-delivered to the cells with the CRISPR/Cas
component, either as ribonucleoprotein (RNP) complex, mRNA or DNA plasmid
(Devkota, 2018).

Cas9

sgRNA

/ \
i ot
IDID:D:DIIIdonor template

1 HDR pathway

[T I

Indels

NHEJ pathway l

Precise genome editing

Figure 1. Scheme of CRISPR/Cas9 system. The sgRNA binds the Cas9 and targets the
specific genome locus, then the Cas9 cuts DNA strands after recognizing the protospacer
adjacent motif (PAM sequence). The double-strand breaks (DSBs) of DNA can be repaired
eighter non-homologous end joining (NHEJ) resulting in insertions or deletions of random
nucleotides, or homologous directed repair (HDR) with a suitable donor template leading to

specific gene correction. (The image was created with BioRender.com)

Although ssDNA oligonucleotides (ssODNs) are limited to inserting short
sequences and their optimized design is unclear so far, it is one of the most
employed strategies as the design is easier than other methods and its
synthetic production is faster and cheaper (Romero et al., 2019). In the previous
studies using CRISPR/Cas9 strategy and ssODNs to correct the single
nucleotide mutations, DeWitt et al. (DeWitt et al., 2016) reported 33% of HDR
frequency targeting Hemoglobin Subunit Beta (HBB) gene mutation (c.20 A>T)
in hematopoietic stem/progenitor cells (HSPCs). Wen et al. (Wen et al., 2017)
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corrected the HBB gene (c.20 A>T) and achieved 9% HDR efficiency in HSPCs.
De Ravin et al. (De Ravin et al., 2017) edited the Cytochrome B-245 Beta Chain
(CYBB) gene (C676T) in HSPCs with 21% HDR rate. Compared to other
formats such as AAV or dsDNA, ssODN reduces the off-target frequency and
toxicity (Romero et al., 2019).

1.2.2. Prime editing

Because CRISPR/Cas9 mediated DSBs presents low HDR efficiencies, safety
concerns due to genomic instability, and PAM restriction, more advanced
genome editing tools have been emerged. Prime editing is a more precise
"search-and-replace" gene editing technique that can carry out small deletions,
insertions and base-base substitutions without the requriments of DSBs or
exogenous donor DNA templates (Anzalone et al., 2019). The system includes
a prime-editing RNA that is made up of a sgRNA, a primer binding site (PBS),
and a template that contains the desired sequence which is referred to as a
reverse transcript template or RT template. Another component of the system is
the prime editor (PE), which combines Cas9 nickase (nCas9) and reverse
transcriptase (Anzalone et al.,, 2019). The concise mechanism is: after PE-
pegRNA complex binds to the target sequence, nCas9 cleaves the PAM-
containing DNA strand, and the 3' flap of the target strand complements the
pegRNA to initiate reverse transcription; then the unmodified 5' flap is excised
and the broken end is joined by DNA ligase to generate the heteroduplex
constituting with one edited strand and one unedited strand; subsequently, with
the completion of new DNA duplex carrying the target modification under the
DNA genetics mechanism, precision editing is achieved (Anzalone et al., 2019).
Compared to CRISPR/Cas9 system, prime editing offers higher efficiency and
less off-target (Li et al., 2022).
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Figure 2. Scheme of prime editing system. Prime editing is a more accurate genome editing
technique that directly complete the genomic edit at the specified DNA site using a catalytically
impaired Cas9 fused to an engineered reverse transcriptase (RT), programmed with a prime
editing guide RNA (pegRNA) specifying the target site and encoding the desired modification.

(The image was created with BioRender.com and PowerPoint)

1.3 Aim of the study

Due to the novel mutation c.458T>C (p.lle153Thr) in IL2RG and rare somatic
mosaicism exhibited, this project aims to characterize this new mutation with
partial reversion, as well as discuss the possibilities of gene therapy targeting
the mutant IL2RG (c.458T>C) gene for X-SCID patients in mosaic T cells using
CRISPR/Cas9-ssODN and prime editing approaches.
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2. Materials and Methods

2.1 Materials

2.1.1 Cells

Table 1 List of cells employed in this work.

Cell Type Source/Supplier Culture
PBMC Healhty donors )
& patients
TexMACS medium,
+ 1% Penicillin/Streptomycin (P/S),
CD3" T cell Healhty donors + 10 ng/mL IL-7 & 5 ng/mL IL-15 (for healthy donors)
& patients or 50 units/ml IL-2 (for patients).
Incubation at 37 °C with 5% CO..
RPMI1640 medium,
+ 10% Fetal Bovine Serum (FBS),
. . . +1% L-glutamine,
K562 cell line Sigma-Aldrich +1% P/S.
Incubation at 37 °C with 5% CO.,.

2.1.2 Medium, supplements, growth factors and antibiotics

Table 2 List of used medium, supplements, growth factors and antibiotics.

Item

Manufacturer

TexMACS medium

Miltenyi Biotec

RPMI 1640 medium

Biochrom GmbH

Fetal Bovine Serum (FBS), heat inactivated

ThermoFisher Scientific

L-glutamine Sigma-Aldrich
Interleukin-2 Miltenyi Biotec
Interleukin-7 Miltenyi Biotec
Interleukin-15 Miltenyi Biotec
Penicillin ThermoFisher Scientific
Streptomycin ThermoFisher Scientific
Ampicillin Carl Roth GmbH
TransAct™ Miltenyi Biotec
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2.1.3 Reagents and buffers

Table 3 List of used reagents and buffers.

Item

Manufacturer

Biocoll separation solution

Biochrom GmbH

CD3" MicroBeads

Miltenyi Biotec

ddPCR ol Bio-Rad
ddPCR SuperMix for probes (no dUTP) Bio-Rad
Electrolytic buffer E Invitrogen
Electrolytic buffer R Invitrogen
Electrolytic buffer T Invitrogen

Ethanol ThermoFisher Scientific
Gel loading dye purple 6X New England Biolabs
GelRed Biotium

Lithium chloride

ThermoFisher Scientific

MACS buffer

Miltenyi Biotec

Nuclease-free water

ThermoFisher Scientific

Dulbecco's Phosphate Buffered Saline Sigma-Aldrich

Quick-load purple 100bp DNA ladder

New England Biolabs

Quick-load purple 1kb DNA ladder

New England Biolabs

SeaKem” LE Agarose

Lonza

ssRNA ladder

New England Biolabs

TAE buffer 10X, pH 8.5

ThermoFisher Scientific

TE Buffer Synthego

Trypan blue ThermoFisher Scientific
Ultra-Pure Agarose Invitrogen

2.1.4 Antibodies

Table 4 List of used antibodies.

Antibody Species Manufacturer
Anti-CD3 human Miltenyi Biotec
Anti-CD4 human Miltenyi Biotec
Anti-CD8 human Miltenyi Biotec
Anti-CD14 human Miltenyi Biotec
Anti-CD19 human Miltenyi Biotec
Anti-CD56 human Miltenyi Biotec

2.1.5 Enzymes

Table 5 List of used enzymes.

Enzyme

Manufacturer

Alt-R® S.p. Cas9 Nuclease V3

Integrated DNA Technologies (IDT)

GoTaq Green DNA polymerase

Promega

Proteinase K

Macherey Nagel

Pmel NEW England Biolabs
Msel NEW England Biolabs
Dpnll NEW England Biolabs
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2.1.6 Commercial kits

Table 6 List of used commercial kits.

Kit

Manufacturer

Ambion® Anti-Reverse Cap Analog (ARCA)

ThermoFisher Scientific

MEGAscript T7 transcription kit

ThermoFisher Scientific

NucleoSpin Tissue

Macherey Nagel

Poly(A) Tailing Ambion
QIAGEN Plasmid Maxi QIAGEN
QIAquick PCR purification QIAGEN

2.1.7 Plasmids

Table 7 List of used plasmids.

Plasmid Vector Genellnsert Manufacturer
backbone name
pCMV-PE2 pCMV PE2 Addgene (#132775)
pCMV-PE2-P2A-GFP | pCMV PE2-P2A-GFP Addgene (#132776)
pCS2* DsRed pCS2* DsRed Gift form Prof. Michael Kormann

* The plasmid of pPCMV-PE2 is termed PE2 and pCMV-PE2-P2A-GFP is PE2-GFP in the text.

2.1.8 Primers and probes

Table 8.1 List of used primers for polymerase chain reaction (PCR).

Amplicon

Gene Item Sequence (5'—3’) length Source
Forward | AGGCCACACAGATGCTAAAACT .
IL2RG "Reverse | TGCTACATTCACGTCCCTAGT 409 bp Own design
TRAC Forward | ATCACGAGCAGCTGGTTTCT 636 b (Osborn et al.,
Reverse | CCCGTGTCATTCTCTGGACT P 2016)
Table 8.2 List of used primers and probes for droplet digital PCR (ddPCR).
Gene Item Sequence (5'—3’) Source
Forward primer TATTAGGGGCACTACCTTC
IL2RG Reverse primer TTGTGAAGTGTTAGGTTCTC BIO-RAD
Edited Probe CCAGGGGATCACTGGA
Native Dark Probe | CCAGGGGGTCACTGGA
Forward primer AGATTTGGACCTGCGAGCG Profaizer and
RPP30 Reverse primer GAGCGGCTGTCTCCACAAGT ( Slev, 2020)
Probe TTCTGACCTGAAGGCTCTGCGCG ’

*Edited probe of IL2RG gene targets wild-type sequence while native dark probe binds mutant sequence.
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Table 8.3 List of used primers for inspecting the sequences of plasmids.

Item Sequence (5'—3’)
Primer 1 AATGTCGTAACAACTCCGCC
Primer 2 TGGAAGAGTCCTTCCTGGTG
Primer 3 CAGTACGCCGACCTGTTTCTG
Primer 4 TCGAGGAAGTGGTGGACAAGG
Primer 5 AGCAGTCCGGCAAGACAATC
Primer 6 TGACCAGAAGCGACAAGAACC
Primer 7 TTCAAGACCGAGATTACCCTGG
Primer 8 CTCCCCCGAGGATAATGAGC
Primer 9 AGGGTCCACATGGCTGTCTG
Primer 10 TGAGGCACTGCACAGAGACC
Primer 11 GCCTATCAAGAAATCAAGCA
Primer 12 TGCGGTGACCACCGAGACCG
Primer 13 AGCCATCACAGAGACTCCAG
Primer eGFP CCAGGATGTTGCCGTCCTCC

*Primers1-13 were used for plasmids of PE2 and PE2-GFP; primer eGFP was only for PE2-GFP.

2.1.9 SgRNAs and ssODNs

Table 9.1 List of used sgRNAs.

Gene Sequence (5—3’) Target Sequence | Source
sgRNA1 | ACATATCTCCAGTGATCCCCTGG | Wild-type
sgRNA2 | TTAGGTTCTCTGGAGCCCAGGGG | Wild-type & Mutant

IL2RG sgRNA3 | TAGGTTCTCTGGAGCCCAGGGGG | Mutant Own design

sgRNA4 | TCTGGAGCCCAGGGGGTCACTGG | Mutant
sgRNA5 | TCTGGAGCCCAGGGGATCACTGG | Wild-type
sgRNA6 | GGTGCAGTACCGGACTGACTGGG | Wild-type & Mutant

TRAC GAGAATCAAAATCGGTGAATAAA ; é?sggq%;at

* Underline base in sgRNAs of /L2RG correspond to mutation; last three nucleotides marked in red is PAM.

Table 9.2 List of used ssODNs.

Sequence (5—3’) Aim Size

A*T*C*CTGACTTGTCTAGGCCAGGGGAATGACCACAT

<SODN 1 ATGCACACATATCTCCAGTGACCCCCTGGGCTCCAGA | inducing 126 nt
GAACCTAACACTTCACAAACTGAGTGAATCCCAGCTA | mutation
GAACTGAACTGGAA*C*A*A
C*C*A*GGGGAATGACCACATATGCACACATATCTCCA | . duci

ssODN 2 | GTGACACCCTGGGCTCCAGAGAACCTAACACTTCACA | NAUCINg | 7q
AACT*G*A*G mutation
A*G*G*AGGTATTAGGGGCACTACCTTCAGGATCCTGA

sSODN 3 CTTGTCTAGGCCAGGGGAATGACCACATATGCACACA correqting 197 nt
TATCTCCAGTGATCCCCTGGGCTCCAGAGAACCTAAC | mutation
ACTTCACAAACTGAG*T*G*A
A*T*C*CTGACTTGTCTAGGCCAGGGGAATGACCACAT

ssODN 4 ATGCACACATATCTCCAGTGATCCCCTGGGCTCCAGA corregting 126 nt
GAACCTAACACTTCACAAACTGAGTGAATCCCAGCTA | mutation
GAACTGAACTGGAA*C*A*A

* The marked nucleotides in green aim to correct the mutation and the red ones aim to induce mutation.
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2.1.10 PegRNAs

Table 10 List of used pegRNAs.

Sequence (5'—3’) Aim Size
U*U*A*GGUUCUCUGGAGCCCAGGUUUUAGAGCUAG
6aRNA 1 AAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUC inducing 121 nt

Peg AACUUGAAAAAGUGGCACCGAGUCGGUGCAGUG mutation
ACCCCCUGGGCUCCAGAG*A*A*C
UAGGUUCUCUGGAGCCCAGGGUUUUAGAGCUAG

6aRNA 2 AAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUC correcting 122 nt

Peg AACUUGAAAAAGUGGCACCGAGUCGGUGCUCCA mutation
GUGAUCCCCUGGGCUCCAG*A*G*A

* The marked nucleotides in green aim to correct the mutation and the red ones aim to induce mutation.

2.1.11 Consumables

Table 11 List of used consumabiles.
Item Volume Manufacturer

Cell culture plates 24, 48, 96 wells Corning Costar

ddPCR plate 96 wells Bio-Rad

DG8 Cartridges - Bio-Rad

Droplet generator DG8 Gasket | - Bio-Rad

Falcon tubes 15mL, 50mL Greiner Bio-One

Filter tips 10uL, 100uL, 200ul, 1,000uL TipOne

Microcentrifugation tubes 500uL, 1.5mL, 2mL Eppendorf

PCR tubes 200uL ThermoFisher Scientific

Pipette tips 10ul, 100uL,200uL, 1,000uL Corning Costar

Pipette tips 5mL,10mL, 25mL, 50mL Corning Costar
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2.1.12 Instruments.

Table 12 List of used instruments.

Instrument Manufacturer
Biological Safety Cabinet Thermo Fisher Scientific
Centrifuge Mikro22R Hettich
Centrifuge Rotina420R Hettich

Erlenmeyer flasks (100mL, 250mL)

Thermo Fisher Scientific

BD FACS Calibur flow cytometer

BD Biosciences

Fridge 4°C

Liebherr

Freezer -20°C

Bosch

Freezer -80°C

Forma Scientific

HeraCell Incubator

Thermo Fisher Scientific

Improved Neubauer cell chamber (hemacytometer) Marienfield
Light microscope Zeiss
MiniGel2 electrophoresis system VWR

MiniSpin centrifuge

Heathrow Scientific

Nanodrop 2000

Thermo Fisher Scientific

Neon® electroporator Invitrogen

Neon® 10ul pipette Invitrogen

Pipettes (10uL, 20uL, 100uL, 200uL, 1000uL) Brand

Thermalcycler C1000 Touch BioRad

Thermoblock Thermo Fisher Scientific
Vortex reax 2000 Heidolph

GTX Transfection MaxCyte
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2.2 Methods

The study was performed in accordance with the Institutional Review Board
approval from the University of Tubingen Ethics Committee (No. 928/2020BO2).

2.2.1 Cell acquisition and culture

The peripheral blood mononuclear cells (PBMCs) and CD3" T cells from
peripheral blood were isolated from patients and age-matched healthy donors
after informed consent. PBMCs were studied to clarify the percentage of
lymphocytes and IL-2Ry expression in different subtypes of lymphocytes. CD3*
T cells were used to induce and correct the mutation in IL2RG gene by
CRISPR/Cas9 and prime editing systems. K562 cell line was employed to
establish the transfection protocol and detect the potential efficacy of gene-
editing since K562 cell line is easily cultured and the transfection protocol using
Neon Electroporation system has been previously established in our lab
(Lamsfus-Calle et al., 2021).

2.2.1.1 PBMCs isolation

PBMCs were harvested by traditional Ficoll density gradient centrifugation.
Briefly, blood and PBS were mixed 1:1 in volume, the mixture was added slowly
to the equal volume of Biocoll® and centrifugated at 20°C, 1/R1, 800g, 30 min.
PBMCs’ white ring was taken slowly by the pipette in a rotating manner and
washed with PBS twice (total volume up to 50mL). The pellet of PBMCs was
collected after centrifugations: 20°C, 9/R9, 500g, 10min (1st washing); 20°C,
9/R9, 400g, 10min (2nd washing). Then 10uL of resuspended cells were mixed
with Trypan Blue at specific dilutions and counted in a Neubauer chamber

under a light microscope.

2.21.2 CD3" T cells

CD3" T cells were isolated with Magnetic-activated cell sorting (MACS) system
(CliniMACS System, Miltenyi Biotec) according to the protocol from the

manufacturer. Following the above steps of PBMCs isolation, the cells were
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washed for one more time and were pelleted at 4°C, 9/R7, 200g, 10min.
Afterwards, up to 107 of PBMCs were resuspended in 80puL of pre-shaken, cold
MACS buffer, as well as labeled by 20uL of CD3* MACS® MicroBeads. After 15
minutes incubation at 4°C, the cells were washed again with MACS buffer
(1.5ml each 107 of cells) and gathered after centrifugation (4°C, 9/R9, 300g,
10min). The pellet was resuspended in MACS buffer (500uL for up to 108 cells),
then applied to the LS column placed at the magnetic field of the MACS
Separator and soaked by 3mL of MACS buffer in advance. Magnetically labeled
CD3" T cells were retained within the column, while CD3 cells flowed through.
After triple washing with 3mL of MACS buffer, the LS column was removed from
the magnetic separator. The target cells were eluted with 5ml of MACS buffer
by applying pressure with the syringe. CD3" T cells were isolated by positive
selection with CD3" MACS MicroBeads. After washing 3 times with RPMI 1640

medium at 4°C, CD3" T cells were counted with light microscope.

The purification of CD3" T cells was corroborated in flow cytometry analyses.
Cells were stained with human CD3, CD4, CD8, CD45 (positive T-cell markers)
and CD14, CD19 (negative T-cell markers) antibodies and incubated for 10 min
at room temperature in the dark. Then, the stained cells were washed with PBS
and suspended in 100uL of PBS. In the end, the cells were acquired on FACS
Calibur flow cytometer (BD Biosciences) and analyzed with FlowJo software

(the purity of CD3" T cells was more than 90% for all experiments).

Subsequently, every one million of cells were expanded by 10 pyL of TransAct
and cultured in TmL of TexMACS medium supplemented with 1% P/S, 10
ng/mL IL-7 and 5 ng/mL IL-15 for healthy donors or 50 units/mL IL-2 for patients,
at 37 °C with 5% CO..

2.2.1.3 K562 cells

K562 cells were used to establish the gene-editing protocols of this study. The
cell line was originally derived from Sigma-Aldrich. Frozen K562 cells were
recovered and thawed quickly in 37°C water bath. When only a little ice was left
in the cryovial, the cell solution (1mL) was transferred into 20mL of fresh
RPMI1640 medium with 10-20% FBS to neutralize the toxicity of the DMSO,
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and centrifuged at 400g for 5 min, following two washings with RPMI1640
medium. Afterwards, K562 cells were cultured in RPMI1640 medium
supplemented with 10% FBS, 1% L-glutamine, and 1% P/S at 37 °C with 5%
COa,.

2.2.2 Genetic analysis

To confirm the mutation (c.458T>C) in the IL2RG gene, genetic analyses were

performed by Sanger sequencing.

2.2.2.1 DNA extraction

The genomic DNA was isolated from cells using NucleoSpin Tissue kit following
the user manual. Firstly, cells pellets were acquired in 1.5mL microcentrifuge
tube by centrifugation (20°C, 9/R9, 400g, 5min). Up to 10’ cells were
resuspended in 200uL Buffer T1, subsequently 25uL Proteinase K solution and
200uL Buffer B3 were added before incubation at 70 °C for 15 min to lysate the
cells. After adding 210uL ethanol (100 %) to the lysate to improve DNA binding
to the silica membrane in the NucleoSpin® Tissue Columns, the mixture was
applied to the column with the collection tube and centrifuged. The column
carrying genomic DNA was placed back into the collection tube and washed
twice with 500ul Buffer BW and 600ul Buffer B5 by centrifugation. Another
centrifugation was done to dry silica membrane and remove residual ethanol.
Pure genomic DNA was eluted with 30uL of pre-warmed nucleotide-free water
into the 1.5mL tube and centrifuged after incubating for 1 min at room
temperature. All centrifugation settings during DNA isolation were performed for

1 min with 77,000xg at room temperature.
Finally, the DNA concentration was measured using NanoDrop 2000 by loading

1ulL of pre-mixed samples. All genomic DNA samples were stored at -20°C.

2.2.2.2 DNA amplification

The genomic region covering the IL2RG mutation (409bp) was amplified in a
PCR reaction using the following pair of primers: forward:
AGGCCACACAGATGCTAAAACT; reverse: TGCTACATTCACGTCCCTAGT.
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The TRAC region (636 bp) was amplified with forward primer:
ATCACGAGCAGCTGGTTTCT and reverse primer: CCCGTGTCATTCTCTGGA

CT. The reaction preparation and PCR settings are shown in the tables below:

Table 13 Preparation of PCR reaction mixes on ice.

Volume (uL) Final concentration
Genomic DNA X 5ng/uL
Primers Forward (5uM) 1 250nM
Reverse (5uM) 1 250nM
GoTaq® Green Master Mix 10 2X
Nucleotide-free water 8-X -
Total 20
Table 14 PCR cycling parameters.
. Cycles
Step Temperatura Time number
Initial Denaturation 95°C 2 min 1
Denaturation 95°C 40s
Annealing 62°C (IL2RG) & 55°C (TRAC) 30s 40
Extension 68°C 1 min
Hold 4°C 0 -

2.2.2.3 Amplicon visualization

Amplicon of PCR products were visualized by the Odyssey FC Imaging System
(LI-COR) after separation by electrophoresis on 1% agarose gel at 100 Volts for
30 min. For this purpose, 1g of agarose was dissolved in 100mL 1x TAE buffer
and boiled in a microwave at 600 W for 1 min. 5uL of GelRed® was mixed into
the liquid after cooling for 2 min. Then, the solution was added to the prepared
chamber for electrophoresis and gelified after incubation at room temperature
for 30 min. 5uL of 100bp DNA ladder and 6uL of products were applied to the
gel, respectively. Eventually, Odyssey FC Imaging System was used to develop

the membrane.

2.2.2.4 DNA purification

PCR products were purified by QIAquick PCR purification kit (Qiagen). 5
volumes of PB buffer were added and mixed to each volume of PCR production.

The mixes were transferred to QIAquick columns in 2mL collection tubes and
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centrifuged, then washed with 750uL PE buffer. After centrifuging to remove
residual wash buffer, purified DNA amplicon was eluted with 30uL of pre-
warmed nucleotide-free water into the 1.5mL microcentrifugation tube and
centrifuged after incubating for 1 min at room temperature. All centrifugation

settings during DNA purification are 1 min at 17,900xg at room temperature.

The DNA concentration was confirmed by Nanodrop 2000.

2.2.2.5 Sanger sequencing
The samples in the volume of 17uL were mixed by purified DNA (75ng), 4uL of

the forward primer (5uM) and Nucleotide-free water, and sent to Eurofins
Genomics company for Sanger sequencing analysis. The reported data were
analyzed by ApE software to compare the difference in target sequence

between patients and healthy donors.

2.2.3 Characterization analysis

To clarify and study the characteristics of this novel mutation on the IL2RG

gene, the following experiments were implemented.

2.2.3.1 Lymphocyte percentage and IL-2Ry expression

To compare the percentage of lymphocytes and IL-2Ry expression on subsets
of lymphocytes between patients and healthy donors, the fluorescence staining
was carried out using PBMCs. Isolated PBMCs were incubated with human
antibodies of CD132(IL2-Ry)-PE, CD3-FITC, CD4-PerCP, CD8-APC, CD14-
APC, CD19-FITC, CD56-PerCP for 10 min at room temperature in the dark.
After washing and resuspending in 100uL of PBS, the cells were acquired on
FACS Calibur flow cytometer (BD Biosciences) and analyzed by FlowJo
software. Suitable cell populations were gated for different purposes and
comparison of IL-2Ry expression was carried out between experimental and

control samples.
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2.2.3.2 CD3" T-cell proliferation

To study the proliferation of patients’ CD3" T cells ex vivo, 2 different
proliferation assays were performed. All cells isolated from patients and healthy
donors were expanded by TransAct as description on section 2.2.1.2. 300,000
cells were seeded in 48-well plates, in triplicate, with 200uL of medium. 200uL

fresh medium was given every 2 days.

- Stimulation with IL-7 plus IL-15: Cells were cultured in supplemented
TexMACS medium (10% FBS, 1% P/S) with IL-7 and (10 ng/mL) and IL-
15 (5 ng/mL).

- Stimulation with IL-2: Cells were cultured in supplemented TexMACS
medium (10% FBS, 1% P/S) with IL-2 (50 units/mL).

Cell counting was carried out by flow cytometer on days 1, 3, 5, 7 and 9 with the
mix of 10uL cells and 90uL PBS. Calibur flow cytometer was used to acquire all
liquid to determine the number of cells in 10uL followed by FlowJo analysis to
calculate the total number of cultured cells. The proliferation of T cells was
presented as fold-change which is the ratio of the number of cells between the

counting day (DayZ) and the first day (Day1).

(The number of cells in 10uL / 10uL) * total volume on DayZ

Fold-change =

The number of cells on Day1

2.2.4 Gene editing by CRISPR/Cas9-ssODNs strategy

2.2.4.1 Design of sgRNAs and ssODNs

The sgRNAs of IL2RG gene with 20nt length were designed by online
CHOPCHOP software (https://chopchop.cbu.uib.no/) to target the IL2RG
c.458T>C mutation on Exon4. All sgRNAs were synthesized by IDT (Coralville,

IA, USA) with chemically 2'-O-methyl 3'phosphorothioate modification (Table
9.1).

The ssODNs were designed using horizon online tool

(https://horizondiscovery.com/en/ordering-and-calculation-tools/edit-r-hdr-donor-

designer-oligo) to induce (ssODN 1/2) and correct (ssODN 3/4) the mutation at
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the site of c.458 IL2RG gene. They were synthesized by Metabion

(www.metabion.com) with chemical modification of 3'phosphonothioate 2'-O-

methyl in three terminal nucleotides at both 5’ and 3' ends (Table 9.2).

2.2.4.2 In vitro CRISPR/Cas9 cutting assay

To evaluate the cutting potential of designed sgRNAs for IL2RG, in vitro
CRISPR/Cas9 cutting assay was performed according to the in vitro cleavage
protocol to target DNA from IDT. As previously described (Antony et al., 2022),
the reaction including the 100nM of PCR product (Section 2.2.2.2) and
ribonucleoprotein (RNP) complex of 200nM sgRNA and 100nM Cas9 protein
was incubated at 37°C for 2 hours and stopped by adding proteinase K
(Macherey Nagel) and incubation for 10 minutes at 56°C. Agarose gel
electrophoresis (1%) for 30 min at 100V was done to visualize the resulting

products.

2.2.4.3 SgRNAs screening in K562 and T cells

In order to investigate the editing efficiency of CRISPR/Cas9 with designed
sgRNAs, sgRNAs screening was performed using cultured K562, isolated CD3"
T cells from healthy donors (3 days after activation and expansion) and CD3" T
cells from patient (1 day after activation). The RNP was prepared by mixing of
90pmol of each sgRNAs (IL2RG or TRAC) and 45pmol of Cas9 V3 protein (IDT)
and incubated at room temperature for 15 minutes. Moreover, 1ug DsRed
MmRNA was also transfected as the electroporation positive control. 100,000
cells were transfected using Neon electroporator and 10uL Neon transfection kit
(Thermo Fisher Scientific) with the following electroporation settings: 1450V,
10ms, 3 pulses for K562 cells, and 1800V, 10ms, 3 pulses for T cells. Following
transfection, the cells were transferred to the 48-well plate with 400uL pre-
warmed supplemented RPMI-1640 medium for K562 (Section 2.2.1.3) and
TexMACS medium for T cells (Section 2.2.1.2). 200uL of fresh medium was
added to cells every 2 days.
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Furthermore, cell proliferation assay was performed for CD3" T cells from
healthy donors using flow cytometry (BD FACS Calibur) on day 1, 3 and 5 post-
electroporation with RNP (Section 2.2.3.2).

2.2.4.4 Inducing & correcting the IL2RG ¢.458T>C mutation in K562 and T

cells

To induce or correct the IL2RG mutation, GTX Transfection System with R-
50X3 electroporation assemblies (50uL volumen in each electroporation
reaction, MaxCyte) was used to delivery RNP complex (sgRNA and Cas9 at
molar ratio of 2:1) and ssODN to K562 cells, T cells of healthy donors (activated
and expanded for 3 days post isolation) and patients (activated and expanded

for one day post isolation).

The cells were harvested and counted by microscope using Trypan Blue
(Thermo Fisher Scientific) staining to check for the viability (>80%), then were
pelleted by centrifugation for 5 minutes at 400g after washing with PBS and
resuspended in HyClone electroporation buffer (MaxCyte) at a density of 5x10”

cell/mL (for K562 cells) or 3x107 cell/mL (for T cells) as cell mastermix.

RNPs were incubated for 15 min at room temperatura, then placed on ice
before using. The 50uL cell mastermix were added to the RNP complex, then
the ssODN was added to the reaction right before electroporation. The final
mixes were transferred to the cuvettes and electroporations were carried out

with selected programs.

DsRed mRNA was transfected (5uyg mMRNA into 50uL reaction) as

electroporation control in every independent experiment.

The amount of components (sgRNAs, Cas9 protein, ssODNs) and the
concentration of cells are detailed in the Table 15. The selected electroporation
protocols of GTX system are “K562” for K562 cells and “Expanded T cell 3” for
T cells. After electroporation, the transfected cells were seeded in the plates
(warm-up and in the incubator in advance to get moisture) and recovered at
37°C for 30 min, then cultured in corresponding medium at 37 °C with 5% COx.

The culture conditions of post-transfected cells are showed in Table 16.
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Table 15 Components of electroporation reactions for CRISPR/Cas9-ssODNs strategy.

. . Number of
Final Loading cells for
Cells Sample | Component | Amount | concentration | agent each
(HM) (L) reaction
DsRed DsRed 5
control mRNA M9 ) )
ssODN
K562 cells | " ntrol ssODN 1/2 | 300pmol 6.00 3.00
(inducing KO sgRNA2 150pmol 3.00 1.50 2.5x10°
mutation) control | Cas9 protein | 75pmol 1.50 1.23
sgRNA2 150pmol 3.00 1.50
Kl Cas9 protein | 75pmol 1.50 1.23
ssODN 1/2 | 300pmol 6.00 3.00
DsRed DsRed 5
control mRNA M9 ) )
T cells of ssODN
healthy control ssODN 1/2 | 300pmol 6.00 3.00
donors KO sgRNA2 | 200pmol 4.00 2.00 1.5x10°
(inducing control | Cas9 protein | 100pmol 2.00 1.64
mutation) sgRNA2 200pmol 4.00 2.00
Kl Cas9 protein | 100pmol 2.00 1.64
ssODN 1/2 | 300pmol 6.00 3.00
DsRed DsRed 5
control mRNA M9 ) )
Tcellsof | sSODN | o nnN 34 | 300pmol 6.00 3.00
patients control
KO sgRNA 3/4 | 200pmol 4.00 2.00 1.5x10°
(correcting | control | Cas9 protein | 100pmol 2.00 1.64
mutation) sgRNA 3/4 | 200pmol 4.00 2.00
Kl Cas9 protein | 100pmol 2.00 1.64
ssODN 3/4 | 300pmol 6.00 3.00

* KO: knock-out; Kl: knock-in, the modified samples; Stock concentrations of sgRNAs and ssODNs were 100uM, Cas9

protein was 61uM.
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Table 16 Culture conditions of post-transfected cells.

. Volume
Seeding culture | Culture
Cells Sample density Culture medium
(cell/mL) needed plate
(mL)
E;i?:l . 100pL cell mastermix
(50uL electroporation
ssODN mastermix and 50uL
K562 cell line control washed buffer) to recover
KO 6 for 30 min;
. . 1x10 2.50 6-well ’
fr']”u‘:;gg”n% control . 2400uL RPMI1640 medium
supplied with 10% FBS,
Kl 1% L-glutamine,1% P/S
was added.
DsRed . 100uL cell mastermix
control (50pL electroporation
ssODN mastermix and 50uL
control washed buffer) to recover
T cells of KO for 30 min:
healthy control
donors . 650pL TexMACS medium
1x10° 1.50 24-well without supplements was
added;
(inducing
mutation) K| . After 4 hours, 75_OpL
TexMACS medium
supplied with 20 ng/mL IL-
7 & 10 ng/mL IL-15 was
added.
DsRed . 100uL cell mastermix
control (50uL electroporation
ssODN mastermix and 50pL
control washed buffer) to recover
T cells of KO for 30 min;
atients control . 650uL TexMACS medium
P 1x10° 1.50 | 24-well without supplements was
(correcting added;
mutation) " . After 4 hours, 750L

TexMACS medium
supplied with 100 units/mL
IL-2 was added.

* KO: knock-out; Kl: knock-in, the modified samples.
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2.2.5 Gene editing by prime editing system

2.2.5.1 Design of pegRNAs

The pegRNAs were designed by pegFinder online tool
(http://pegdfinder.sidichenlab.org/) and were synthesized by IDT with
Phosphonothioate 2'-O-methyl modification (Table 10).

2.2.5.2 Plasmids mRNA in vitro synthesis

Plasmids of pCMV-PE2 (PE2) and pCMV-PE2-P2A-GFP (PE2-GFP) (Anzalone
et al., 2019) were purchased from Addgene (pCMV-PE2 #132775; pCMV-PE2-
P2A-GFP #132776. https://www.addgene.orq).

2.2.5.2.1 Plasmid cultivation

Plasmids were provided in bacteria stocks by the manufacturer. To proceed
with plasmid maxipreparations, bacteria were inoculated in agar plates (Table
17) including ampicillin. Single colonies were isolated by streaking the plates
and were incubated at 37°C for 14-16 hours. Then, single colonies were picked
up under the flame of a Bunsen burner and transferred to Erlenmeyer flasks
with 150mL of Luria broth (LB) culture medium containing ampicillin (ingredients
of LB medium in Table 18). The culture was incubated at 37 °C overnight with

shaking at 800 rpm.

Table 17 Ingredients of agar plates.

Ingredient Volume
Milipore Water 1,000 mL
Agar 159
Luria Broth (LB) 25¢
Ampicillin 100 mg

Table 18 Ingredients of Luria Broth (LB).

Ingredient Volume
Milipore Water 1,000 mL
Luria Broth (LB) 25¢

Ampicillin 100 mg
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2.2.5.2.2 Plasmid isolation

Plasmids were isolated using the QIAGEN Plasmid Maxi Kit (QIAGEN) following
the manufacturer’s instructions. The cultured bacterial carrying plasmids were
harvested by centrifugation at 6000 x g for 15 min at 4 °C and then
resuspended in 10mL Buffer P1, as well as 10mL Buffer P2 by mixing
thoroughly by vigorously inverting 4-6 times. The mixtures were incubated at
room temperature for 5 min. After that, 10mL pre-chilled Buffer P3 was added to
the mixture by vigorously inverting 4-6 times to mix well and incubate on ice for
20 min. One centrifugation for the mixture was performed at = 20,000 x g for 30
min at 4 °C, and another one for supernatant coming from the former at =
20,000 x g for 15 min at 4 °C. During the time of centrifugation, a QIAGEN-tip
500 was equilibrated by applying 10mL Buffer QBT and allowed the column to
empty by gravity flow. Next, the supernatant after centrifuging was applied to
the QIAGEN-tip and allowed to enter the resin by gravity flow. Afterwards, the
QIAGEN-tip was washed twice with 30mL Buffer QC which was allowed to
move through the QIAGEN-tip by gravity flow. DNA was proceeded to elute with
15mL Buffer QF into a clean 50mL vessel and mixed with 10.5mL room-
temperature isopropanol. The mixture was centrifuged at = 15,000 x g for 30
min at 4 °C. After decanting the supernatant, the DNA pellet was washed with
50mL room-temperature 70% ethanol and centrifuged again with the former
setting. At last, the pellet was dissolved in 250uL of TE Buffer post air-dry.

Concentration of DNA was measured by NanoDrop 2000.
2.2.5.2.3 Plasmid Sanger sequencing

Sanger Sequencing of plasmids was carried out by Eurofins Genomics
company. The samples were sent after preparing 15uL of plasmid DNA
(100ng/pL) and 15uL of corresponding primers (5uM). A total of 14 primers
were used to assess the full sequence of the plasmids (Table 8.3). Sequencing

results verified the sequence of PE2 and PE2-GFP (results not shown).
2.2.5.2.4 Plasmid linearization

The reactions were prepared on the ice as indicated below and then incubated
at 37 °C for 2 hours.
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Table 19 Reaction for plasmids linearization.

Reagent Voulume (uL) Final concentration
Plasmid X 200ng/uL
pMel 5 1units/uL
rCutSmart buffer 5 10X
Nuclease-free water 40-X -
50

* X was calculated by the stock concentration of plasmids. The amount of plasmid was 10ug for every 50uL of reaction.

2.2.5.2.5 Plasmid visualization

Plasmid visualization was performed by electrophoresis on 1% agarose gel at
100V for 30 min and carried out the result with Odyssey FC Imaging System.
5uL of 1Kb DNA ladder was applied to the gel. 0.5uL of non-linearized plasmids
(as the control) and 0.5uL of linearized plasmids were separately mixed with
4.5uL of Nuclease-free water and 1uL of DNA Gel Loading Dye (6X).

2.2.5.2.6 Plasmids concentration

The remaining 49.5uL of linearized plasmids were purified by mixing 2.5uL
(1:20) of EDTA (0.5M), 4.95uL (1:10) of NH4 acetate (5M) and 24.75uL (1:2) of
ethanol (100%) and chilled at -20 °C for 15 min. A subsequent centrifugation
step was carried out at top speed for 15 min to precipitate the DNA, which was

eventually resuspended in 10uL of TE buffer.

DNA concentration was determined by NanoDrop 2000. Plasmid was stored at -
20°C.

2.2.5.2.7 mRNA in vitro transcription

The mRNA in vitro transcription was performed with linearized plasmids using
the MEGAscript T7 transcription kit. 20uL reaction was mixed with 1ug of the
plasmid (dissolved in 5uL Nuclease-free water), 2uL 10X Reaction buffer, 2uL
GTP (diluted in Nuclease-free water to 1:5) & ATP & CTP & UTP, 2uL T7
polymerase, 3uL Ambion® Anti-Reverse Cap Analog (ARCA, ThermoFisher
Scientific) and incubated at 37°C for 2 hours. Then, 1uyL TURBO™ DNase
(Thermo Fisher Scientific) was added at 37° C for 15 min to degrade the DNA
template from the reaction. The following reagents were loaded: 20uL 5X E-
PAP buffer, 10uL MnCl, (25nM), 10uL ATP (10mM), and 36uL Nuclease-free

water. After mixing by pipetting, 0.5uL aliquot was took out for non-
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polyadenylated control and 4L poly A polymerase was added to the rest of the

reaction, incubating at 37°C for 1 hour to polyadenilate the mRNA.
2.2.5.2.8 mRNA purification

30uL nuclease-free water and 30uL LiCl precipitation solution were added to
stop the tailing reaction. Next, the mixture was incubated at -20°C for 30 min
and centrifuged with maximum speed at 4°C for 15min. The pellet of MRNA was
obtained after removing the supernatant. Washing with 1mL ethanol (70%) and
centrifugation with maximum speed at 4°C for 15min were needed to maximize

the removal of unincorporated nucleotides.
2.2.5.2.9 mRNA verification

Purified mRNA was visualized on the 1% UltraPure Agarose gel by
electrophoresis. 2uL RNA ladder was mixed with 8uL Nuclease-free water and
2uL DNA Gel Loading Dye (6X). 0.5uL of non-polyadenylated control or poly-
adenilated samples were mixed with 9.5uL Nuclease-free water and 2uL DNA
Gel Loading Dye (6X). Samples were loaded and gel electrophoreses ran for 30
min at 100V. Then the size and polyadenilation of mMRNA was corroborated by

the Odyssey FC Imaging System.
The concentration of the mMRNAs was determined using NanoDrop 2000.

The mRNAs were stored in aliquots at -80° C.

2.2.5.3 Inducing the IL2RG c.458T>C mutation in K562 cells

After washing and pelleting 3x10° of K562 cells, the cells were suspended in
10uL electroporation NEON Buffer R (Thermo Fisher Scientific), and then 1ug
of either PE2 or PE2-GFP mRNA and 90pmol pegRNA1 were addedto the cells.
The transfection was performed by NEON Transfection System (Thermo Fisher
Scientific) with the following parameters: 1450V, 10ms, 3 pulses. DsRed mRNA
(1ug) was transfected as positive control of electroporation. The transfected
cells were transferred to 48-well plate with 400uL pre-warmed supplemented
RPMI1640 medium. The day after transfection, 400uL of fresh medium was
added to the cells.

38



2.2.5.4 Inducing & correcting the IL2RG c.458T>C mutation in T cells

To induce the ¢.458T>C IL2RG mutation into healthy donors’ T cells and correct
this mutation in patients’ T cells, transfections of PE2/PE2-GFP mRNA and
pegRNA were carried out by GTX Transfection System using Cuvette R-50X3.
The preparation of T cells of healthy donors and patients are detailed in Section
2244

For each reaction, 1.5x10° cells were suspended in 50uL HyClone
electroporation buffer (MaxCyte) and mixed with 5ug of PE2 or PE2-GFP
mRNA, and 150pmol of pegRNA 1 (for inducing the mutation in healthy donors’
T cells) or pegRNA 2 (for correcting the mutation in patients’ T cells, Table 20).
The mixtures of cells and prime editing component were loaded to the cuvette
and electroporated using the “Expanded T cell 3” program. After electroporation,
the cells were recovered at 37°C for 30 min on a 96-well round-bottom plate,
then transferred to 24-well plate containing 650uL warm TexMACS media
without any supplementation. After 4 hours, 750uL TexMACS medium
supplemented with 20ng/mL IL-7 and 10ng/mL IL-15 was added to the healthy
donors’ T cells and 750uL TexMACS medium supplied with 100 units/mL IL-2
was added to the patient T cells to make 1x10° cells/mL density of cells. Culture

conditions of transfected T cells is detailed in Table 16.

Table 20 Components of electroporation reactions for prime editing system

Cells Sample Component Amount Final )
concentration
T cells of DsRed control DsRengE;\lA 152“9 | 102”%“"
healthy donors PE2 Peg pmo M
induci PE2 mRNA 5ug 100ng/uL
(inducing 26aRNA 1 5o S
mutation) PE2-GFP PE2-GFP mRNA 5ug 100ng/pL
T cells of DsRed control DsRegl:lnEZNA 152“9 | 103”%“"
atients PE2 peg pmo u
(c%rrectin PE2 mRNA 5ug 100ng/uL
mutation)g PE2-GFP pegRNA 2 150pmol 3uM
PE2-GFP mRNA 5ug 100ng/uL
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2.2.6 Evaluation of gene editing efficiency

2.2.6.1 DsRed and GFP expression

The day after electroporation, cells transfected by DsRed or PE2-GFP mRNA
were analyzed by flow cytometry after washing with PBS once using the BD
FACS Calibur. Results were subsequently analyzed by FlowJo software and

DsRed or GFP expression was quantified.

2.2.6.2 Sanger sequencing

Genomic analysis of modified cells was performed by Sanger Sequencing. For
K562 cells, gDNA was isolated on day5 after transfection, while for transfected
T cells with prime editing, gDNA was acquired on day2, and the gDNA of
modified T cells with CRISPR/Cas9-ssODN was obtained on day5 post
electroporation. Genomic DNA isolation, PCR and Sanger sequencing were
carried out as described in Section 2.2.2. SYNTHEGO online Inference of
CRISPR Edits (ICE) tool (https://ice.synthego.com/#/) (ICE analysis) was used

to detect the insertion and deletion (InDels) rate and gene-editing efficiency by

analyzing the data from Sanger Sequencing of edited samples.

2.2.6.3 Restriction fragment length polymorphism (RFLP) assay

RFLP assay was performed to detect the induced mutation by prime editing on
K562 cells and CD3" T cells from healthy donors. 200ng of PCR product was
incubated with 5units of Dpnll (NEB) in total volume of 10ul at 37°C for 2 hours.
The digestion process was stopped by incubating of reaction at 65°C for 20 min.
5uL of digested and undigested samples was mixed with 1uL DNA Gel Loading
Dye (6X) (NEB) and loaded on the 2.5% agarose gel for electrophoresis. The
wild type sequence was expected to generate 167bp, 143bp, 55bp, 44bp
fragments and the mutated allele was expected to generate fragments with
222bp, 143bp, 44bp length (Figure 3).
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Figure 3. The expected fragments of RFLP assay with digestion of Dpnll enzyme in wild-type
(167bp, 143bp, 55bp, 44bp) and mutant (222bp, 143bp, 44bp) sequences respectively. (The

image was created by Ape software)

2.2.6.4 Droplet digital PCR (ddPCR) assay
The ddPCR assay was performed to quantify the gene-editing efficiency of

prime editing approach separately. The primers and probes were designed and
synthesized by Bio-Rad. The primers and probe of RPP30 (reference gene)
were obtained from a previous publication (Profaizer and Slev, 2020) and
synthesized by IDT company. The sequences of probes and primers are

presented in Table 8.2.

Firstly, 20uL of ddPCR reaction was mixed with 50ng of gDNA, 5units of
restriction endonuclease Msel (NEB), 1X of ddPCR™ Supermix for Probes (No
dUTP) (Bio-Rad), 900nM of primers and 250nM of probes of IL2RG and RPP30
genes, and nuclease-free water, and was incubated at room temperature for 15
min. Then, the reactions, as well as 70uL of droplet generating oil (Bio-Rad) for
each reaction, were loaded into the DG8™ Cartridges (Bio-Rad) to generate
droplets using the QX200™ Droplet Generator. After that, 42uL of droplet-
mixture were transferred into a 96 deep-well reaction plate (Bio-Rad), sealed
with PX1 PCR Plate Sealer (Bio-Rad) and run on the thermocycler following
program (Table21).

Table 21 ddPCR cycling parameters.

. o . Ramp Number
Cycling step Temperature °C Time Rate of cycles
Enzyme activation 95 10 min 1
Denaturation 94 30 sec 40
Annealing /Extension 55 1 min 2 °C/ sec
Enzyme deactivation 98 10 min 1
Hold 4 © 1
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Subsequently, droplet readings were performed by the QX200 Droplet Reader
and the data was analyzed with QuantaSoft software (version 1.7.4, Bio-Rad).
The difference in the ratio of IL2RG (copies/ul)/RPP30 (copies/ul) between

edited samples and the control was used to calculate the editing efficiency.

2.2.7 Statistical analysis

The statistical analysis was performed using the Graph Pad Prism 9.1.2
software (GraphPad Software, San Diego, CA, USA). Unpaired t-test was
applied to compare lymphocyte percentage between patients and healthy
donors. And Ordinary one-way ANOVA test was used to compare the
proliferation rate between transfected healthy donors’ T cells with IL2RG
sgRNAs and Cas9 and non-transfected cells (p < 0.05, * < 0.05, ** < 0.01,

***<0.001, *** < 0.0001).
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3. Results

3.1 Case report

Three 20-year-old brothers were born from nonconsanguineous, disease-free
German parents. Patient 1 (P1) has been suffering from opportunistic
respiratory and viral infections. He suffered from infectious molluscum
contagiosum at the age of 6 years and skin warts on his hands and feet at the
age of 11 years. Topical IL-2 injections, imiquimod cream, cryotherapy and
retinoids of treatments did not improve his condition significantly. Then the
subcutaneous interferon alpha (INF-) relieved some of his warts, but this
therapy was interrupted due to severe side effects of recurrent fever and
alopecia. In addition, chronic respiratory infections and bronchiectasis occurred
after the patient had severe lung infections twice. P1 was treated with
immunoglobulin and anti-microbial prophylaxis at 19 years old due to a
suspected immunodeficiency. After that, no further serious bacterial or viral
infections were reported, although skin warts persist. At 21 years old, a
molecular genetics diagnostic study revealed the IL2RG ¢.458T>C mutation.
Subsequently, it was confirmed that his mother is carrier of this mutation and
two brothers (Patient 2, P2, and Patient 3, P3) share the same mutation. P2 and
P3 also had suffered from respiratory infections and skin warts in the teenage

period, but with lower severity and fewer episodes than P1.

3.2 Genetic analysis

To confirm the presence of the IL2RG c¢.458T>C mutation, the Sanger
sequencing of CD3" T cells from patients and their mother was performed.
Compared to the healthy donor (Figure 4.A), patients’ mother is the
heterozygote carrying the IL2RG c.458T>C mutation (Figure 4.B). Noteworthily,
in patients’ cells, the coexistence of the mutant (c.458C) and wild-type (c.458T)
nucleotides was observed (Figure 4.C). Furthermore, the genetic analysis of

proliferated CD3" T cells of P1 showed that the frequency of the mutant
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sequence was reduced with culture time in vitro (64% on day1 to 47% on day5)

(Figure 4.D).

WT:T WET

<
9}

220 180
AGTGATCCCCT AGTGACCCCCT
Healthy donor Patients’ Mother
C
WT.T
M: C M: C

220 210 210

AGTG ACCCCCT AGTGACCCCCT AGTGATCCCCT
P1 P2 P3
D
WT:T
M: C WT.T
M: C

220 220
AGTG ACCCCCT AGTG ATCCCCT

Day1 Day5

Figure 4. Sanger sequence of CD3" T cells. Genetic Analysis of T cells based on Sanger
sequence of isolated CD3" T cells (day0) from (A) healthy donor, (B) patient’s mother, and (C)
patients. (D) Proliferated CD3" T cells from P1 cultured in TexMACS medium supplemented
with IL-2 (50 units/mL) were analyzed with Sanger sequencing on day1 (the mutant sequence
was 64% on day1 reduced to 47% on day5). The nucleotide T outlined arrow is wild-type (WT)
and C is mutant (M). (A-C cited (Hou et al., 2021), D cited (Hou et al., 2022)).
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3.3 Characterization analysis

To clarify the characteristics of this novel mutation in IL2RG, detections of
lymphocytes percentage, IL-2Ry expression, and CD3" T-cell proliferation were

implemented.

3.3.1 Inverted CD4*/CD8" ratio

Compared to healthy donors, patients had inverted CD4*/CD8" ratio with a
lower percentage of CD4" T cells (p ** < 0.01) and a higher frequency of CD8"
T cells (p *** < 0.001), while had similar levels of CD3", CD19", and CD56" cells
(Figure 5).

Lymphoctes in PBMCs

1007 Hl Healthy donors

T = Patients

* k %

80 T

60— * x

40

Lymphocyte [%]

20

. ] n- iﬁ

T T T
CD3 CD4 CD8 CD19 CD56

Figure 5. Lymphocytes percentage in PBMCs. PBMCs isolated form peripheral blood of
healthy donors and patients were detected by flow cytometry by staining with CD3, CD4, CD8,
CD19, CD56 antibodies. Bars represent mean + SEM from three biologically independent
experiments (N=3). Patients had low CD4" cells (** p < 0.01, unpaired t test) and more CD8"

cells (
CD4%/CD8" ratio. (Hou et al., 2021)

p < 0.001, unpaired t test), compared to healthy donors, which leaded to the inverted

3.3.2 Normal expression of IL-2Ry

Lymphocyte subsets of CD3", CD4", CD8", CD19" and CD56" cells of patients

expressed IL-2Ry at similar levels to the healthy donors (Figure 6).
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Figure 6. IL-2Ry expression. IL-2Ry was fully expressed in lymphocyte subsets of three

patients. PBMCs isolated from three patients and healthy donors (N=3, only one healthy donor

is shown here) were stained with CD132-PE antibody and corresponding antibodies of

lymphocyte subpopulations. Expression of IL-2Ry was detected by flow cytometry and analyzed

by FlowJo software. (Hou et al., 2021)

3.3.3 Impacted proliferation of CD3" T cells

CD3" T cells of patients did not proliferate in vitro in culture with TexMACS

medium supplemented with IL-17 (10 ng/mL) plus IL-15 (5 ng/mL) (Figure 7.A),

but showed similar proliferation as that of healthy donors when cultured in

medium supplemented with IL-2 (50 units/mL) (Figure 7.B).
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Figure 7. Comparison of proliferation of CD3" T-cell between patients and healthy donors.
Bars with mean £+ SEM represent the fold-change of cell proliferation as the ratio of cell number
between the counting days and day1. All of cells were activated by TransAct. (A) Patients’ cells
(N=3) cannot proliferate (the fold-change is less than 1, marked by the red threshold line) when
they were stimulated by IL-7 (10 ng/ml) and IL-15 (5 ng/ml) in TexMACS medium, while the cells
of healthy donors (N=3) proliferated considerably. (B) When the cells were cultured in the
medium with 50 units/mL of IL-2, a similar proliferation rate of cells was observed between
patients (N=2, P1 and P2) and healthy donors (N=2). (Hou et al., 2021)

3.4 Gene editing by CRISPR/Cas9-ssODN approach

3.4.1 sgRNAs screening for targeting IL2RG locus

Considering the mosaicism of CD3" T cells due to revertant /L2RG mutation, 6
different sgRNAs were designed. The sgRNA1 and sgRNA5 were expected to
work only on wild-type sequence, sgRNA2 and sgRNAG were for both wild-type
and mutant and sgRNA3 and sgRNA4 were designed to target only the mutant
sequence. Notedly, sgRNA3 was designed with a PAM variation to avoid re-

cutting the corrected or wild-type sequence. (Table 9.1, Figure 8)
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Q
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Figure 8. Scheme of IL2RG gene. IL2RG ¢.458T>C mutation is on Exon4. The cutting sites of
all 6 designed sgRNAs are presented. sgRNA1and 5 target wild-type sequence, sgRNA3 and 4

target mutant sequence, and sgRNA2 and 6 target both sequences. (The image was created in

Exon-Intron Graphic Maker (http://wormweb.org/exonintron) and modified in PowerPoint.)

To select suitable sgRNA for correcting the mutation, the cutting efficiency of
synthesized sgRNAs was validated by in vitro CRISPR/Cas9 cutting assay. As
depicted in Figure 9, only sgRNA3 worked differently between P1 and the

healthy donor since it did not cut the wild-type sequence.
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Figure 9. In vitro CRISPR/Cas9 cutting assay. Amplified DNA (409 bp) was incubated with the
RNP complex (respective sgRNAs and Cas9) and the potential cutting visualization (bands with
246bp and 163bp for sgRNA1, 251bp and 158bp for sgRNA2, 250bp and 159bp for sgRNA3,
243bp and 166bp for sgRNA4, 243bp and 166bp for sgRNAS, 364bp and 45bp for sgRNAG)
was analyzed in an agarose gel after two hours of incubation. sgRNA1,2,4,5,6 similarly cut the
target DNA amplicon of both healthy donor and P1, while sgRNA3 only worked for the DNA of
P1. (Hou et al., 2022)

Next, to detect the knock-out capability of sgRNAs using CRISPR/Cas9 system,
the sgRNA screening was performed in K562 and CD3" T cells. DsRed mRNA
was transfected as a reporter of transfection efficiency and its expression was
up to 90% of K562 and CD3" T cells (Figure 10.A). In K562 cells, all sgRNAs
produced more than 70% indels frequency, except sgRNA3 (4% indels) (Figure
10.B). Screening of sgRNAs in the T cells of healthy donors reported indels
frequencies of 21% for gRNA3 and up to 72% for the other sgRNAs (Figure
10.C). Patients' T cells were transfected with sgRNA2 (efficient in K562 and
healthy donors' T cells), sgRNA3 and sgRNA4 (targeting the mutant sequence)

in the following experiments. These sgRNAs achieved 32% to 64% of indels
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frequencies (Figure 10.D). In all steps, TRAC sgRNA (50%-95% indels
generation) was transfected to cells as the control sample for knock-out
efficiency. Moreover, the proliferation of transfected healthy donors' T cells with
RNP complex (IL2ZRG sgRNAs and Cas9) was evaluated. On day 5 post-
electroporation, the proliferation of transfected cells decreased significantly
compared to non-transfected cells (p<0.0001), however there was no significant

reduction in the proliferation of cells transfected with TRAC sgRNA (Figure
10.E).
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Figure 10. Screening sgRNAs in K562 and CD3" T cells of healthy donors and patients. Bars
represent mean = SEM in two or three independent biological experiments. (A) DsRed protein
expression was detected 24h post-transfection by flow cytometry as 90% in K562 and T cells.
(B) sgRNA screening in K562 cells (n=2). All sgRNAs led to more than 70% indels frequency,
except sgRNA3 (4%). (C) sgRNA screening in T cells of healthy donors (N=3). sgRNA3
generated 21% indels rate whereas the rest of sgRNAs generated more than 60% indels. (D)
sgRNA screening in T cells of patients (N=2, P1 and P2). sgRNAs induced 32-64% indels
formation. (E) The proliferation rate of transfected T cells (healthy donors, N=3) is calculated
according to the fold-change (ratio) of cell number between day 5 and day 1 post-
electroporation. Compared to non-transfected cells, the proliferation rate reduced significantly in
cells transfected with IL2RG sgRNAs and Cas9 (****p<0.0001, Ordinary one-way ANOVA test)
but not in cells transfected with TRAC sgRNA and Cas9. (Hou et al., 2022)

3.4.2 Inducing the IL2RG c.458T>C mutation in K562 and T cells

To determine whether our CRISPR/Cas9-ssODN method can modify the IL2RG
gene at position ¢.458, we first generated the IL2RG c.458T>C mutation in
K562 and healthy donors' T cells with two ssODNs carrying the mutant
nucleotide. SSODN1 contains the mutant nucleotide (c.458C), whereas ssODN2
carries this mutant nucleotide as well as a silent CRISPR/Cas9-blocking
mutation (c.459A) improving editing efficiency (Paquet et al., 2016, Medley et al.,
2022). DsRed control samples of K562 and T cells showed 96% expression of
DsRed (Figure 11.A). In samples transfected with RNP-ssODN, the indels
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frequencies were 78-84% in K562 cells and 35-55% in T cells (Figure 11.B).
Sanger sequencing detected the mutant nucleotides (c.458T>C and c.459C>A)
in transfected K562 (Figure 11.C) and T cells (Figure 11.D). ICE research
assessed HDR efficiency as 3.5%%1.5% in K562 cells and 15.0+5.7% in T cells

(Figure 11.E).
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Figure 11. CRISPR/Cas9-ssODN strategy for inducing mutation (c.458C>T) in K562
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performed to generate IL2RG mutation in K562 (N=2) and healthy donors’s T cells (N=3). (A)
DsRed was expressed in more than 96% of K562 and T cells control samples. (B) The
frequencies of indels was 96-97% (RNP transfection) and 78-84% (RNP-ssODN transfection) in
K562 cells; 66-80% (RNP transfection) and 35-54% (RNP-ssODN transfection) in T cells.
Sanger sequencing results of (C) K562 and (D) T cells transfected with RNP-ssODN showed
induced mutant nucleotides of ¢.458C (targeting inducing mu-tant base) and c.459A (silent
blocking mutation). (E) HDR efficiency quantified by ICE analysis based on Sanger sequencing
showed 3.5£1.5% HDR in K562 cells and 15.0#5.7% HDR in T cells. Mean + SEM of

biologically independent experiments are shown. (Hou et al., 2022)

3.4.3 Correcting the IL2RG ¢.458T>C mutation in mosaic T cells of patients

To correct the IL2RG ¢.458T>C mutation in mosaic T cells, two ssODNs
carrying the wild-type nucleotide (c.458T) were designed. Cells were
transfected with the RNP complex (Cas9 with sgRNA3 or sgRNA4) and ssODN
(ssODN3 or ssODN4). Up to 90% of cells expressed DsRed in the DsRed
transfected control sample (Figure 12.A), and 26-72% of indels frequencies
were detected in cells transfected with RNP-ssODN (Figure 12.B). However, it
was not possible to achieve a higher frequency of wild-type nucleotide in
modified T cells than the unedited (Figure 12.C), which was further validated by
ICE and ddPCR analysis (data not shown).
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Figure 12. CRISPR/Cas9-ssODN transfection in mosaic T cells of patients to correct the IL2RG
€.458T>C mutation. T cells of patients (N=2, P1 and P2) were transfected with RNP (IL2RG
sgRNA3/4 and Cas9)-ssODN3/4 to correct the IL2RG ¢.458T>C mutation. (A) DsRed mRNA
was expressed in up to 90% of cells. (B) The indels frequency of edited samples with different
RNPs and ssODNs was 26%-72%. Mean = SEM of biologically independent experiments are

shown. (C) The Sanger sequencing of non-transfected and transfected T cells with Cas9,

sgRNA4 and ssODN3/4 of P1 and P2. (Hou et al., 2022)
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3.5 Gene editing by prime editing strategy

3.5.1 mRNA transcription of PE2 and PE2-GFP plasmids

After performing the maxipreparation, the linearization of PE2 and PE2-GFP
plasmids was confirmed by gel electrophoresis (Figure13.A). The in vitro

transcribed mRNA from both plasmids was synthesized (Figure 13.B).

a Plasmid linearization b mRNA transcription in vifro
RNA PE2 PE2-GFP
1kb PE2 PE2-GFP ladder e e -
ladder = + = :
e T OSER— ron .
—— 5000bp e D . —
- :
e
- : Un-lingarized % ¥ s
+: linearized

- : non-palyadenylated control {(no PalyA)
+: with PolyA -

Figure 13. Gel visualization of (A) linearized plasmids and (B) synthesized mRNA in vitro.(Hou
etal., 2022)

3.5.2 Inducing the IL2RG c.458T>C mutation in K562 and T cells

To evaluate whether the prime editing strategy can achieve the single
nucleotide substitution in the IL2RG gene, we first designed pegRNA1 carrying
the IL2RG c.458T>C variation (Figure 14), then transfected PE2/PE2-GFP
MRNA and pegRNA into K562 and healthy donor T cells to induce the point

mutation.
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Figure 14. Scheme of pegRNA1. The pegRNA1 was designed to introduce the IL2RG
¢.458T>C mutation by PegFinder software online. It contains the sgRNA, RT template with edit
sequence (c.458C), and primer binding site (PBS).

24 hours after transfection, up to 88% of K562 cells and 91% of T cells
expressed DsRed in control samples transfected with DsRed mRNA, whilst 41-
62% of K562 cells and 47-76% of T cells expressed GFP in transfected
samples with PE2-GFP mRNA and pegRNA (Figure 15).
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Figure 15. DsRed and GFP expression. Up to 88% of K562 cells (N=2) and 91% of T cells
(N=3) expressed DsRed in DsRed transfected control simples. 41-62% of K562 cells (N=2) and
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47-76% of T cells (N=3) expressed GFP in transfected simples with PE2-GFP mRNA-pegRNA.
(Hou et al., 2022)

In K562 cells, Sanger sequencing identified the induced mutation (/IL2RG
c.458T>C) (Figure 16.A). RFLP analysis presented the 222bp band for this
mutation in transfected cells (Figure 16.B). ICE analysis showed 26.5+2.5%
induced mutation in PE2-mRNA and pegRNA transfected cells and 29.0£1.0%
in PE2-GFP mRNA and pegRNA transfected cells (Figure 16.C). ddPCR
analysis verified the generated mutation. The frequency of the induced mutant
nucleotide was 28.0+3.0% in PE2 mRNA and pegRNA and 27.5+1.5% in PE2-
GFP mRNA and pegRNA transfected cells in ddPCR (Figure 16.C).
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Figure 16. Prime editing in K562 to induce the IL2RG ¢.458T>C mutation. (A) PE2 mRNA-
pegRNA and PE2-GFP mRNA-pegRNA transfected cells showed the induced mutant base
¢.458C. (B) RFLP analysis showed the band with the expected size (222bp) after digestion of
PCR product (409bp) by Dpnll enzyme for the mutant sequence in PE-pegRNA transfected
samples. (C) The frequency of induced mutation was evaluated by ICE and ddPCR analysis:
26.5+2.5% (PE2 mRNA-pegRNA) and 29.0+1.0% (PE2-GFP mRNA-pegRNA) by ICE analysis;
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28.0+3.0% (PE2 mRNA-pegRNA) and 27.5+1.5% (PE2-GFP mRNA-pegRNA) by ddPCR

analysis. Mean + SEM of biologically independent experiments are provided (N=2). (Hou et al.,
2022)

Furthermore, the same mutation was induced into the T cells of healthy donors.
Likewise, the induced mutant nucleotide was identified by Sanger sequence
(Figure 17.A) and RFLP analysis (Figure 17.B). ICE analysis quantified the
frequency of induced mutation as 16.7£8.4% in PE2 mRNA and pegRNA
transfected cells and 21.0+4.0% in PE2-GFP mRNA and pegRNA transfected
cells. ddPCR analysis measured the rate of this mutation as 13.1£3.0% in PE2
MRNA and pegRNA transfected cells and 18.0+5.3% in PE2-GFP mRNA and
pegRNA transfected cells (Figure 17.C).
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Figure 17. Prime editing in T cells of healthy donors to induce the IL2RG ¢.458T>C mutation.
(A) PE2 mRNA-pegRNA and PE2-GFP mRNA-pegRNA transfection samples showed the
induced mutant base c.458C. (B) RFLP analysis revealed the mutant generation in the edited

samples with PE-pegRNA. (C) The frequency of induced mutation was 16.7+8.4% (PE2 mRNA-

58



pegRNA) and 21.0+4.0% (PE2-GFP mRNA-pegRNA) by ICE analysis and 13.1£3.0% (PE2
mRNA-pegRNA) and 18.0+5.3% (PE2-GFP mRNA-pegRNA) by ddPCR analysis. Mean + SEM
of biologically independent experiments are provided (N=3). (Hou et al., 2022)

3.5.3 Correcting the IL2RG ¢.458T>C mutation in mosaic T cells

After confirming the functionality of this approach, pegRNA2 (Figure 18)
carrying the wild-type nucleotide (c.458T) was designed to transfect patients T
cells with PE2/PE2-GFP mRNA in order to correct the IL2RG c.458T>C

mutation in mosaic T cells.

RT tg,
—_ Mith e "Plate
c -wl_“firiuen%
UGAgA

/ :
T T T T
LLRL LTI

Figure 18. Scheme of pegRNA2. The pegRNA2 was desigeed to correct c.458T>C IL2RG
mutation by PegFinder software online. It contains the sgRNA, RT template with edit sequence
(c.458T), and primer binding site (PBS).

Up to 92% of cells were positive for DsRed expression in control samples
tranfected with DsRed, whereas 19% expressed GFP in tranfected samples
with PE2-GFP mRNA and pegRNA2 (Figure 19.A). However, Sanger
sequencing (Figure 19.B), ICE analysis, and ddPCR analysis did not identify

correction in patients' mosaic T cells (data not shown).
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Figure 19. Prime editing in mosaic T cells of patients to correct the IL2RG ¢.458T>C mutation.
PE (PE2/PE2-GFP mRNA)-pegRNA2 (carrying wild type base c¢.458T of IL2RG) was
transfected to edit the IL2RG ¢.458T>C mutation in mosaic T cells of patients (N=2, P1 and P2).
(A) Up to 92% and 19% of cells expressed the DsRed and GFP respectively. Mean + SEM of
biologically independent experiments are shown. The Sanger sequencing did not exhibit

significate difference between NTC (non-transfected control) and edited samples (transfected

with PE2/PE2-GFP mRNA-pegRNA) in both (B) P1 and (C) P2. (Hou et al., 2022)
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4. Discussion

This study discusses the causes of atypical X-SCID in three 20-year-old
brothers who carry a novel IL2RG variant (c.458T>C, p.lle153Thr), as well as
the application of gene editing, CRISPR/Cas9-ssODN and prime editing

strategies, to achieve nucleotide substitution of IL2RG gene in K562 and T cells.

4.1 Revertant and/or hypomorphic mutation resulting in atypical X-SCID

Three brothers with mild presentation of X-SCID resulting in recurrent chronic
respiratory infections and skin warts have been recently described (Hou et al.,
2021). CD3" T lymphocytes isolated from the peripheral blood of patients
contain the mutant and wild-type neculeotides at the same locus of IL2RG gene
(c.458T>C/T). Excluding the possibility that the wild-type nucleotide was derived
from maternal transplantation (Hou et al., 2021), it assumes that the somatic
mutation inherited from their mother revertes to the wild type, which is called
revertant mutation. The revertant mutation can happen independently among
siblings (Ban et al., 2014), but all three brothers here have the reversion only in
T-cell populations (Hou et al., 2021) which suggests that the revertant mutation

occurs under an unidentified but regular mechanism.

Revertant mutation, also known as "back mutation", is an inherited somatic
mutantion that reverts back to the wild type, resulting in somatic mosaicism
(Aluri and Cooper, 2021, Revy et al., 2019). The reversion could partially or fully
compensate for the impairment caused by the initial mutation (Aluri and Cooper,
2021).The revertant cells may gain a proliferative advantage over mutant cells,
depending on a variety of parameters, such as the cell lineages and
differentiation stages in which the reversion occurs, the lifespan of revertant
cells, the characters of the mutant gene, as well as the extrinsic stimulations
(Kuijpers et al., 2013, Revy et al.,, 2019, Palendira et al., 2012). This study
showed that the IL-2Ry expressed in mosaic CD3" T cells of patients
equivalently to healthy donors, and STAT5 phosphorylation in CD4* and CD8" T
cells was stimulated similar to healthy controls by high concentrations of IL-2/7
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and 15 (Hou et al.,, 2021), implying that the revertant mutation partially or
completely reduces the defiency of the original mutation. Additionally, the
frequency of mutant nucletotide decreased in CD3" T cells of P1 with culture
days in vitro, whilst the frequency of wild-type sequence was increased, which
indicates the cells with revertant mutation have an advantage of proliferate.
According to the previous reports, the revertant mutation occurs more frequently
in T-cell populations of patients with X-SCID (Stephan et al., 1996, Kawai et al.,
2012, Kuijpers et al., 2013, Kury et al., 2020, Okuno et al., 2015, Speckmann et
al., 2008, Hsu et al., 2015), which may be explained as:

e Easily accessible, rapidly expanding and long-lasting cells are the most
potential for observing revertant mutation. (Revy et al., 2019, Hou et al.,
2021). While T-cell lineage satisfies these requirements, particularly
long-persisting memory T-cells (TSCM) with the extensive capacity for
division and self-renewal are the most suitatble candidates (Gattinoni et
al., 2017).

e The revertant mutation in the T-cell lines offers selection advantages in
activation and proliferation, but not in other cell types. This difference in
X-SCID may be related to the following: balanced expansion of T-cell
when the lymphocytes reduce, cross-functionality of genes for T-cell
proliferation, and sustained antigen-specific responses (Revy et al., 2019,
Miyazawa and Wada, 2021).

In addition, in terms of the molecular analysis, the amino acid at position 153 in
the IL-2R protein is positioned on the cytokine-binding surface of the
extracellular domain (Wang et al., 2005). The wild-type amino acid, isoleucine
(lle), at this site is critical to a B-sheet conformation of IL-2Ry, and its subchain
is not extremely active but takes part in the ligand recognition (Figure 20.A).
Substitution of isoleucine with threonine (Thr) with isoleucine could maintain the
B-sheet motif, due to the adoptable conformations from the main chain being
restricted by the two non-hydrogen substituents attached to the beta carbon
(Figure 20.B) which is similar to isoleucine. To a certain extent, we could

conclude that the mutation of p.lle153Thr has a slight influence on the protein
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tertiary structure of IL-2Ry. Furthermore, the IL2RG p.lle153Thr is considered
as benign mutation by two web-applications (PolyPhen-2:
http://genetics.bwh.harvard.edu/pph2/ ; JCVI:

http://provean.jcvi.org/protein_batch submit.php?species=human ) for

prediction of functional effects of human nsSNPs.

A B
CH; O OH 0O
NH, NH>
Isoleucine Threonine

Figure 20. The structure of Isoleucine (A) and Threonine (B). (The images were adopted from

https://pubchem.ncbi.nlm.nih.gov/compound/)

Besides, patients' CD3" T cells did not expand in culture medium supplemented
with exogenous IL-7 and IL-15, but they proliferated with addition of IL-2 in vitro.
This observation demonstrates that cells require exogenous IL-2 to maintain
their proliferation and survival as they might be unable to generate enough IL-2
on their own. Additionally, the CD4*/CD8" ratio in the lymphocyte populations of
patients was inverted. According to Kuijpers et al. (Kuijpers et al., 2013), one
possible explanation is that CD4™ T cells exhibit a slower cellular proliferation
than CD8" T cells since CD8" T cells have a higher antigen-driven. These
observations Indicate that the function of patients’ T cells is slightly impaired by
IL2RG c.458T>C mutation and/or is partly reconstituted due to the
compensatory revertant mutation. Besides, IL-2Ry expresses normally not only
in T cells with revertant mutation but also in B and NK cells without reversion,
and P1 has slight elevated IgG1, low IgG2, and undetectable IgG4 (Hou et al.,
2021) (only P1 is followed up with the evaluation of immunophenotype) which

means B and NK cells of patients have minor defects.

Therefore, it suggests that revertant and/or hypomorphic IL2RG ¢.458T>C

mutation results in the mild phenotype of patients with X-SCID in our study.
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4.2 Gene editing for nucleotide substitution of IL2RG in K562 and T cells

Although somatic revertant mosaicism have been considered as a “natural
therapy” for improving the clinical conditions of patients (Stephan et al., 1996,
Kawai et al., 2012, Hsu et al., 2015, Kuijpers et al., 2013, Kury et al., 2020,
Speckmann et al., 2008), some of the pateints present more severe symptoms
with age (Okuno et al., 2015, Lin et al., 2020). Therefore, gene therapy remains
an alternative potential treatment to increase the frequency of corrected cells in

somatic reverted mosaicisms.

In some studies, including this study, CRISPR/Cas9-ssODN was utilized as one
of the gene therapy techniques owing to its adaptability and simplicity of usage,
as well as easy design, quick and economical manufacture of ssODNs (Azhagiri
et al.,, 2021). Even though the CRISPR/Cas9 system is a highly effective
method for generating insertions and deletions in the target region, the
generation of HDR is relatively low. Because the maijority of DSBs are repaired
by the NHEJ pathway, resulting in nonspecific insertions, deletions, or other
variations (Hsu et al., 2014, Cong et al., 2013). As anticipated, our findings
revealed a higher indel frequency than HDR in edited samples with
CRISPR/Cas9-ssODN. Certainly, HDR formation is also dependent on the
features of ssODNs (such as the length of homology arms, size, orientation,
and blocking mutation), the type of modified cells, and gene locus (Cong et al.,
2013, Okamoto et al., 2019, Antony et al., 2018). Hence, it is necessary to

optimize ssODNs to increase HDR efficiency.

This study also employed prime editing as a safer and potentially more effective
technology. Theoretically, 89% of known mutations related to genetic disorders
can be modified using prime editing (Anzalone et al., 2019). More advanced
generation of prime editing could improve the editing effectiveness for
nucleotide substitutions, small insertion, and deletion (Anzalone et al., 2019).
Anzalone et al. (Anzalone et al., 2019) used PE2 to generate point mutation at
multiple genomic loci in HEK293T cells, achieving an editing efficiency of 1.1-
28.1%. Li et al. (Li et al.,, 2022) inserted point mutations in alpha-synuclein

(SNCA) gene (A30P) locus in wild-type human pluripotent stem cells (hPSCs)
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utilizing PE2 in the forms of plasmid, RNP, and mRNA and achieved around 5%,
1%, and 26.7% editing efficiency, respectively. This result showed that the
mRNA format in PE2 system is more effective. Here, using the PE2-pegRNA
method for introducing single nucleotide substitution achieved the IL2RG
c.458T>C mutation with a maximum efficiency of 31% and 26%, respectively, in
K562 and healthy donor T cells. This strtegy, provides an in vitro model for X-
SCID disease and would contribute to optimize the similar gene-editing strategy
in patient cells. Moreover, compared to the CRISPR/Cas9-ssODN method,
prime editing generated more efficiency in inducing IL2RG ¢.458T>C mutation.
Consistent with earlier research (Anzalone et al., 2019), Sanger sequencing
showed no on-target indels formation in samples edited with prime editing,

implying that indels introduction is rare during the prime editing process.

Although it was feasible to complete the nucleotide substitution of IL2RG with
CRISPR/Cas9-ssODN and prime editing in this work, similar techniques were
employed to modify the IL2RG ¢.458T>C mutation in mosaic T cells of patients
but it did not increase the frequency of wild-type nucleotide. It is hypothesized
that the revertant mutation in mosaic T cells of patients hampers a beneficial

result:

e The existence of revertant mutations impairs editing efficiency. The
coexistence of wild-type and mutant sequences with only a single
nucleotide difference in the targeted region hinders the precision
targeting of CRISPR/Cas9 and prime editing systems. In addition, when
the frequency of gene editing is low, it is more challenging to determine
the modified nucleotide. To accurately quantify the correction efficiency,
higher sensitive genotyping methods would be needed (Tsiatis et al.,
2010).

e In a mosaic population, the possibility of targeting mutant cells is
diminished. The proliferation rate of CD3" T cells from patients was
significantly lower than that of healthy donors. Genetic analysis of CD3"
T cells from patients cultured in vitro showed that the frequency of

mutant sequence decreased over time. These observations demonstrate
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that the mutant cells are poorly able to expand in vitro. Conversely, cells
carrying revertant mutations have a proliferative advantage which is
consistent with findings of previous studies (Miyazawa and Wada, 2021,
Kuijpers et al., 2013). This reduces the probability of targeting mutant

cells with the gene-editing strategy in a heterogeneous population.

The mutagenic outcome in this study suggests that using CRISPR/Cas9-ssODN
and prime editing strategies are suitable to modify mutations in the same locus
in IL2RG gene without reversions in X-SCID patient cells. However, further
technical optimization is required to correct mutations in somatic reverted

mosaicism background.

4.3 The importance of identification of genetic mosaicisms

In diagnosing genetic disorders, precise identification of mosaicisms should be
emphasized. Due to revertant mutations, recognizing defect DNA variations is
more difficult in mosaicisms (Aluri and Cooper, 2021). The accurate detection of
mosaicism is based on the type of acquired cells (in this instance, only subsets
of T cells showed the revertant mutation) and the sensitivity of genotyping
methods (Aluri and Cooper, 2021, Biesecker and Spinner, 2013). To determine
the existence of reversion in patients with atypical X-SCID, genomic sequencing
of multiple immune cell subtypes is recommended. Additionally, more sensitive
techniques, such as next-generation sequencing (NGS), quantitative PCR (g-
PCR), and ddPCR, should be utilized to determine and quantify mosaicism
(Tsiatis et al.,, 2010). Furthermore, exon sequencing and whole genome
sequencing are widely employed to identify pathogenic DNA variants (Tsiatis et
al., 2010). Therefore, patients with atypical clinical symptoms of genopathy
should be evaluated using a multitude of detecting methods. After a thorough
analysis of the detected results, the precise diagnosis and medical

management should be offered.
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4.4 Limitations of the study

It requires higher volumes of blood to obtain enough cellular material for
proliferation in vitro in order to preform a direct genetic modification of T cells
from patients, but for ethical reasons, no further investigation was performed.
Likewise, hematopoietic stem cells (HSCs) would fit more for gene modification
to establish persistent immune reconstitution but patients’ HSCs were not
collected or employed in the current work for medical ethics. Moreover, gene-
editing strategies and editing-efficiency measurements need to be further

optimized.

67



4.5 Conclusion

In summary, the X-SCID patients in this study present mild clinical presentation
due to the revertant and/or hypomorphic mutation of IL2RG gene allowing
particular immune reconstruction. As they still have symptoms with the natural
correction from the revertant mutation, it was considered to study the potential
of gene therapy to increase corrected cells. CRISPR/Cas9-ssODN and prime
editing methods were designed and applied to induce the IL2RG c.458C>T
mutation in K562 and healthy donors’ T cells. This in vitro model of X-SICD can
improve the accurate evaluation of possible progressions and potential
treatments of the disease. Based on the results, the strategies failed to increase
the frequency of wild-type sequence in mosaic T cells of patients since limited in
vitro proliferation of mutant cells and the presence of somatic reversion make
correcting of the mutant cells in the mosaic population more challenging.
Nevertheless, the potential of nucleotide substitution of the IL2RG gene by gene
therapy, particularly prime editing, could offer an alternative treatment for X-
SCID patients without revertant mutations. Additionally, further technological
optimizations and developments are required to modify the mutations in somatic

mosaicism.
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5.1 Summary

X-linked severe combined immunodeficiency (X-SCID) is a rare primary
immunodeficiency disorder with X-chromosome-linked recessive inheritance,
that is caused by the mutations of the interleukin-2 receptor gamma (IL2RG)
gene. The IL2RG gene encodes the interleukin-2 receptor common gamma
chain (IL-2Ry, also known as yc). The IL-2Ry is essential not only for
lymphocyte development and immune function but also for maintaining the
structure of the IL-2R complex and the link of intracellular signaling molecules.
The mutations of IL2RG can result in impaired lymphocytes and deficiency
immunity. Some patients of atypical X-SCID present mild syndrome due to

hypomorphic or revertant IL2RG mutations.

This study describes a novel IL2RG variant (c.458T>C, p.lle153Thr) in three 20-
year-old brothers with atypical X-SCID. They had a regular frequency of
lymphocytes in peripheral blood but an inverted CD4'/CD8" ratio. IL-2Ry
expression was detected commonly in lymphocyte subsets, while their CD3" T
cell proliferation in vitro was impacted. They have occasionally suffered from
respiratory infections and skin warts. The mutant and wild-type (the mutation
reverted to the wild type) nucleotides at the same site of IL2RG gene
(c.458T>C/T) were co- exist in their T-cell populations. Despite the observation
of somatic revertant mosaicism as a naturally occurring mechanism of gene
correction, the patients still exhibit symptoms. Therefore, gene editing offers a

potential therapy to increase the frequency of corrected T cells.

Here, advanced genome editing tools, CRISPR/Cas9-ssODN and prime editing,
were applied to modify the IL2ZRG gene at the specific locus 458 in exon 4.
These two methods were successfully applied to establish an in vitro model of
X-SCID in K562 cells and healthy donors’ T cells to introduce the c. 458T>C
mutation in IL2RG gene. However, the similar strategies were not able to
correct the IL2RG c. 458T>C mutation in patients’ T cells due to the limited in
vitro proliferation of mutant cells and the presence of somatic reversion. This

study describes that gene editing in a mixed population of mutated and reverted
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cells might hinder gene therapy application, and summarizes the main
challenges and limitations confronted with. Nevertheless, results of this project
implicate the feasibility of precise nucleotide substitution of IL2RG gene locus,
especially by prime editing. Gene therapy based on CRISPR/Cas9-ssODN and
prime editing could provide an alternative treatment for X-SCID patients. Further
technology improvement needs to be developed to correct the mutations in

somatic mosaicisms.
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5.2 Zusammenfassung

Die X-linked Severe Combined Immunodeficiency (X-SCID) ist ein seltener,
primarer Immundefekt, welcher Uber eine X chromosomale rezessive
Vererbung eine Mutation im Interleukin-2 Rezeptor Gamma (/IL2RG) Gen
verursacht. Das IL2RG Gen kodiert fur die Common Gamma Kette des
Interleukin-2 Rezeptors (IL-2Ry, auch als yc bezeichnet). Diese spielt eine
entscheidende Rolle bei der Entwicklung von Lymphozyten sowie der Funktion
des Immunsystems. Die IL-2Ry ist zudem beim Erhalt der Struktur des IL-2R
Komplexes sowie flr intrazellulare Signalmolekile und Signalkaskaden von
wichtiger = Bedeutung.  Mutationen im [L2RG Gen kbnnen zu
funktionsbeeintrachtigten Lymphozyten und somit zu Defekten in der
Immunantwort fihren. Einige Patienten mit atypischer X-SCID weisen aufgrund

hypomorpher oder revertanter IL2RG-Mutationen ein mildes Syndrom auf.

In dieser Studie wird eine neue IL2RG-Variante (c.458T>C, p.lle153Thr) bei
drei Geschwistern mit atypischem X-SCID beschrieben. Sie wiesen eine
Normverteilung von Lymphozyten im peripheren Blut, jedoch eine abweichende
CD4'/CD8"-Ratio  auf. Die  IL-2Ry-Expression  wurde  héaufig in
Lymphozytensubpopulationen  nachgewiesen, die in ihrer CD3"-T-
Zellproliferation in vitro beeintrachtigt waren. Betroffene Patienten litten
gelegentlich an Atemwegsinfektionen und Hautwarzen. In T-Zell-Populationen
dieser Patienten konnte das gleichzeitige Vorhandensein von mutierten und
Wildtyp-Nukleotiden (die Mutation kehrte zum Wildtyp zurlick) an derselben
Stelle des IL2RG-Gens (c.458T>C/T) nachgewiesen werden. Trotz
Vorhandenseins von somatisch revertantem Mosaizismus, der einen naturlich
vorkommenden Mechanismus der Genkorrektur darstellt, weisen diese
Patienten weiterhin Symptome auf. Daher bietet die Genomeditierung eine

potenzielle Therapieplattform zur Erhdhung der Frequenz korrigierter T-Zellen.

In dieser Studie wurden CRISPR/Cas9-ssODN und Prime Editing, zwei
fortgeschrittene Genomeditierung Methoden eingesetzt, um das IL2RG-Gen

spezifisch am Locus 458 in Exon 4 zu modifizieren. Diese beiden Methoden
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wurden hier erfolgreich angewendet, um ein in vitro Modell zur Einleitung der
c. 458T>C-Mutation im IL2RG-Gen von X-SCID in K562-Zellen und T-Zellen
gesunder Spender zu etablieren. Es war jedoch nicht moéglich mit ahnlichen
angewandten Methoden die IL2RG c. 458T>C-Mutation in T-Zellen von
Patienten zu korrigieren, da sich die mutierten Zellen in vitro nur begrenzt
vermehren und eine somatische Reversion in diesen vorlag. Folgend wird
beschrieben wie das Genomeditierung in einer gemischten Population von
mutierten und revertierten Zellen die Anwendung der Gentherapie behindern
kann. Des Weiteren werden hier die wichtigsten Herausforderungen und
Einschrankungen zusammengefasst. Nichtsdestotrotz deuten Ergebnisse
dieses Projekts darauf hin, dass eine prazise Nukleotidsubstitution des IL2RG-
Genlocus mdglich ist, insbesondere durch Prime Editing. Eine Gentherapie,
welche auf CRISPR/Cas9-ssODN beruht, konnte eine alternative Behandlung
fur X-SCID-Patienten in Zukunft darstellen. Weitere technische Verbesserungen
sind notwendig um die Mutationen bei Vorliegen eines somatischen Mosaiks

korrigieren zu konnen.
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