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In utero genome editing (IUGE)

* In utero genome editing (IUGE) is defined as the site-specific
molecular correction of pathogenic variants within the developing
fetus.

* Constitutes a paradigmatic evolution in molecular medicine,
transitioning from reactive postnatal symptom management to
proactive prenatal genetic correction or even prevention.



Outline of steps involved in IUGE
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Rationale for Fetal Gene Therapy

THE PRENATAL ADVANTAGE

PREVENTION OF
IRREVERSIBLE DAMAGE

Therapy s deliverad before the

onset of permanent pathology
or newborn lethality.

CIRCUMVENTING
IMMUNE REJECTION

The fetus's naive immune
system allows for treatment
without the adverse reactions
seen postnatally.

OPTIMAL ACCESS

TO STEM CELLS

Rapidly dividing progenitor
cells in the fetal liver are highly
receptive to gene-editing tools.

SMALLER SIZE OF FETUS

Reduces the dose required,
lowering costs.




Rationale for Fetal Gene Therapy

THE PRENATAL ADVANTAGE

PREVENTION OF
IRREVERSIBLE DAMAGE
Tharapy is delivered before the
onset of permanent pathology
or newhom lethalty

Early intervention to prevent
irreversible damage: Enables
therapeutic outcomes during
early development for
disorders with time-sensitive
pathophysiology and severe
life-threatening prenatal
consequences.



Early intervention to prevent irreversible
damage

* [IUGE makes sense in diseases with severe clinical prognosis and
early-gestational phenotypic onset. Ideal candidates are monogenic
disorders that cause significant morbidity or lethality prior to birth, or
those for which existing enzyme replacement therapies (ERT) are
rendered ineffective by immune rejection or the inability to cross
protected physiological compartments if applied postnatally.

* This preventative logic is particularly relevant for disorders such as o-
thalassemia major, lysosomal storage disorders, and severe
neurodevelopmental pathologies, where pathogenic cascades may
begin in fetal life and postnatal intervention may occur only after
irreversible tissue injury has already been established



Rationale for Fetal Gene Therapy

THE PRENATAL ADVANTAGE Fetal im mune t0|e rance:

Reduces the risk of severe
immune response while
Ji CIRCUMVENTING inducing long-term tolerance to

IMMUNE REJECTION

The fetus's naive immune
.;-,)-.C;mer:l.-'\llm-.:l;:rl::n!n‘ltm exoge n O u S p rote i n S .
witho e adverse reactions

seen postnatally.




Advantages of the fetal immune system:

* The uniqlue characteristics of the fetal immune system offer significant advantages, includin
immunologic tolerance to novel antigens, reduced risk of immune-mediated rejection, and the
potential for long-term tolerance induction. The fetal immune system has evolved to be immature
and must not attack maternal antigens that cross the placenta.

* In animal models of hemophilia B, in utero delivery of adeno-associated virus (AAV) vectors
achieves sustained transgene expression without triggering the production of neutralizing
antibodies, offering a significant advantage over postnatal therapies.

* Patients who receive postnatal treatment for hemophilia B often develop inhibitory antibodies
against clotting factor IX, complicating management and reducing long-term efficacy.

* This immunological advantage may also be beneficial for disorders such as lysosomal storage
diseases since immune responses to enzyme replacement therapy in patients without
endogenous protein can limit efficacy and require long-term immunosuppression.



Rationale for Fetal Gene Therapy

THE PRENATAL ADVANTAGE Fetal biodistribution and tissues

accessibility: Allows widespread
biodistribution and targeting of
. critical tissue due to
a developmental factors such as
blood-brain barrier permeability.

OPTIMAL ACCESS

TO STEM CELLS

Ragidly cividing progenitor
cells in the fatal iver are highly
recoptive 1o gene-eating toois




Fetal biodistribution and tissues accessibility

* The proliferative and less differentiated state of certain cell types in the
fetus enhances the potential for widespread distribution of genetic
therapies, enabling systemic correction in multi-organ conditions.

e Additionally, some tissues, such as hematopoietic cells and the brain, may
be more accessible for targeting during the prenatal period due to the
ectopic location of hematopoietic progenitors and the increased
permeability of the blood-brain barrier during fetal development. Prenatal
systemic injection of AAV9 leads to superior neuronal accessibility
compared withdpostnatal delivery, representing a better opportunity to
target many pediatric neurological diseases.



Rationale for Fetal Gene Therapy

THE PRENATAL ADVANTAGE Smaller size of the fetus: Reduces

the dose required, lowering costs.

« SMALLER SIZE OF FETUS
- Reduces the dose raquired,
v /1 F lowerng costs.



Smaller size of the fetus:

* The smaller size of the fetus requires more modest amounts of the therapeutic
agent, simplifying manufacturing. [the high effective dose-to-mass ratio
achievable in the 100- to 500-g fetus]

* Central to the systemic viability of these platforms is their capacity to drastically
reduce the economic and logistical barriers associated with advanced therapies.

* Because the mid-gestational fetus possesses a physical mass several orders of
magnitude smaller than a neonate (e.g., 300 g at 20 weeks versus 3.5 kg at term),
the absolute quantity of good manufacturing practice (GMP)-grade materials
required for a therapeutic dose is reduced by approximately 10- to 40-fold

* This reduction in manufacturing burden may significantly attenuate the cost of
goods, potentially democratizinﬁ access to genetic remediation in low- and
middle-income regions where the burden of hemoglobinopathies is most acute
and if a cost-based model of treatment pricing is applied



Challenges of fetal gene therapy

/ | 1. Technical complexity: Requires precise targeting through invasive procedures
‘O' ' (e.g., intravascular or intracerebral injections), advanced imaging techniques and

skilled expertise for fetal injections.

insertional mutagenesis while non-viral vectors have lower transfection efficiency.

AR .
( :@: ) 2. Vector limitations: Currently, viral vectors carry risks of immunogenicity and
NS

A \ 3. Maternal risks: Complications of invasive procedures (infection, bleeding, preterm
| labor), maternal immune responses and maternal gene integration or editing.

4. Risks to the fetus: Invasive procedures complications (bleeding, infection, fetal
demise), oncogenic events (rapidly dividing fetal tissues may be more vulnerable)
and germline modifications.

( ) 5. Ethical considerations: Raises questions about consent for fetal interventions,
/ equity in access to this approach, and concerns about germline modifications.



Technical complexity: Routes of Administration

* The delivery of gene therapy vectors during prenatal development
requires precise targeting to help minimize off-target effects and
maximize therapeutic efficacy.

* Delivery methods, such as intra-amniotic, intraperitoneal,
intravascular, or intracerebral injections, can be technically
challenging and require advanced imaging techniques and highly

skilled individuals.



Technical complexity

Routes of administration
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Routes of admin
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Intra-amniotic (IA) Delivery: By
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amniotic fluid, this modality enables
organ-specific targeting of the
pulmonary epithelium and
gastrointestinal tract.



Routes of administration

Intracerebroventricular (ICV) Delivery:
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allows for the widespread transfection of
neural stem/progenitor cells (NSPCs),
bypassing the blood-brain barrier to treat
neurogenetic pathologies.

Too risky for fetal gene therapy?



Vector limitations

COMPARISON OF GENE DELIVERY PLATFORMS

112,
AAV #%% LIPID NANOPARTICLES

F Concme / Puyicad aeDNA ssRMA (Closs V1) , Genome / Paytosd mmmm
. prossing, etc.
Mostly episomaol Srable chromosomal
O miegration (vary bow integration risk] H  imegration intagration O  integration None (nen-integrating)
Leeg-tarm Shert-tem (honirs—days)
g Duration of Expression s A g Doration of Expression  Lifelorg, heritable 2 Duration of Expeession  Shert-twrn ¢ »
Dividing ard Efficient in dviding and Dividing and
“ Varget Cells ran-divding celts & Tt O non-dvding cels “ Terget Colle non-dhh?dinqads
Vary high {limed by
@  cargo Capacity ~a.7 Kt @  Cargo Capacity ~2-10kb @  Corgo Capacity pact ey g
Natural tropsers capaid Pamudotyped ervalopes Tunable va lpid comgosition,
@  rorweting / Tropism engineering & ligands @  tarpeting / Tropism for broad or specific fropism @  Tameting / Tropism PEGykation & figands
Lower than sdesovins . Low-modenite
U mmumogesicity Low-moderate @ vmmogenicity DUt ey trigges immenity @ immunogeniity [Iepra——
Excellent — dursble Highty sutable for fetal H5C Highy promising ~ ideal for
.'l Sutabillity for Fetal Therapy  exproasion, low taxicity, .ll Sutabiity for Fetal Thermapy  targeting and durabile .|I Sultablity for Fetal Therapy  transient genome editing
sade in preclivicad studis cerrection - omcv!odc therapes;
| st &mﬂ ng penabl:
@ rounmaes A vamons O rovnmoss A vmmamions @ sovwases A vwimations
v Low taxicity & geod satety % Small cargo cepacity « Stabis, kong-term sxpeessicn X Integration rak v :""M'ﬂ&m‘mm % Trnsie epression
v Darable sxpression X Pre-esisting bty v Eficient stem cel transduction T R e Loty S
v Efficient in mary tissues X Uimited packaging s2e v Largar cargo tham ALV ® cin b cen v [Casy & scotatie manufacturing X Endocomal escape
P scslly for gerwe editors 9 % e x :::?aum« v Repoat dasing possble mh‘vlmoo
N Ssoeders o 1 o I for CRIPR mBNA % Podtiution aeeds
y optmization
sl epigenetc adicrs
L X Moy requive repeated cosing
\
o SAFETY g DURATION OF CARGO GENONE STeMCaL C REPRAT DOSING SATABLUTY FOR
AT-A-GLANCE EXPRESSION CAPRCITY SAFETY H5C TARGETING POSSIBLE INUTERD THERAPY
COMPARISON AaV 8 & & S o ok ok ok ok kD * ok L & RoRvdy * ok okok
Q LENTWIRUS *okokho N * ok ok ok 2 8 3 BN L & LB 2 8 *ok ok kok
LWPs * ok k Kk Kk W L8 8 & & TR kAN L & & BN %ok ok kK L& & &

KEY TAKEAWAY: AAV offers excellent safaty and durable expression with low immuncgenicity; Lentivirus provides stable, lifelong
correction with efficient stem cell targeting; Lipid nanoparticles deliver unmatched genome safety, large cargo capacity, and
repeat dosing potéential, making them highly attractive for In utero gene editing and epigenetic therapies,




MATERNAL RISKS

Key maternal considerations in fetal gene therapy

%)

Fetal gene therapy requires invasive procedures that carry risks for the mother.
A 1. PROCEDURE- These include potential complications such as infection of the uterus, bleedin
o RELATED RISKS 2 ) S

preterm labor, and risk to the mother's health.

The mother may have to undergo emergency procedures such as caesarean section
2 SURGICAL RISKS secondary to fetal complications resulting from the gene therapy procedure - fetal
hemorrhage, fetal bradycardia, premature rupture of the membranes, infection,
— and preterm birth.

@ 3. IMMUNOLOGIC Maternal immunologic responses to the therapeutic vector or the introduced

N

RESPONSES transgenic protein can compromise the efficiency of gene transfer to the fetus
and potentially affect maternal health.

& 4. RISK OF UNINTENDED  There is a minimal but important risk of unintended maternal gene integration
//:\) MATERNAL GENE or editing due to low doses of therapeutic agents that may reach the mother
i, MO, INTEGRATION / EDITING  directly and cross biological barriers to the fetus.

The risk-benefit balance of fetal gene therapy must be carefully weighed, particularly
because the intervention is intended to benefit the fetus and not harm the unaffected mother.
A thorough assessment of maternal safety, including immunologic, genetic, and obstetric risks,
is critical in the development and clinical implementation of these therapies.

KEY TAKEAWAY




Risks to the fetus

@7& * Fetal gene therapy can result in fetal injury

¢
c = | The rapidly dividing fetal tissues are particularly susceptible to
oncogenic events following gene therapy due to off target editing.

=

SA

» Risk of altering the germline raising ethical and safety concerns



Risks to the fetus

* As an invasive procedure, fetal gene therapy can result in fetal injury,
hemorrhage, infection due to breaching, preterm birth, or even fetal death.

* The rapidly dividing fetal tissues may render the fetus particularly susceptible to
oncogenic events following gene therapy due to off target editing. The use of
integrating vectors, such as lentiviral vectors, which may activate
proto-oncogenes or disrupt tumor suppressor genes, carrying a risk of insertional
mutagenesis, potentially leading to cancer.

* Prenatal gene therapies risk altering the germline if therapeutic DNA integrates
into germ cells, raising ethical and safety concerns about passing genetic
modifications (on or off target) to future generations

Germline
gﬁne mo]dification is strictly prohibited and is not an objective of fetal gene
therapy.



Consent for fetal interventions

e Obtaining informed consent for fetal gene therapy presents the challenge that
the fetus cannot provide consent, and the decision is made by the parents.
Parents will have to weigh the potential benefits to the fetus against risks to
both the fetus and the mother, likely with some uncertainty about long-term
outcomes

* However, these ethical considerations are not unique to fetal gene therapy and
have been discussed in the context of other fetal interventions such as fetal
surgery. Nevertheless, consenting for fetal gene therapn raises specific concerns
including the risk of germline transmission that extend beyond the patient for
whom consent is sought.



Equity and accessibility concerns

* Fetal gene therapy is likely to be an expensive and resource
consuming intervention, raising concerns about equitable access.
There is a risk that this approach will be available only to populations
or countries with advanced healthcare systems, exacerbating health
disparities. Stakeholders and policymakers must ensure that fetal
gene therapy, if proven effective, will be accessible to underserved
populations.



ETHICAL CONSIDERATIONS

Fetal gene therapy raises several ethical challenges that must be
carefully addressed, in addition to regulatory considerations.

-~ e / \
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@ R R et e Al | 2. GERM LINE MODIFICATION
» The intervention must benefit the fetus | = v Mte,gmmn Y0 germ oulta paukieed i
heritable changes,

without expasing the mother to undue risk.

» Comprehensive assessment of maternal
safety {immunologic, genetic, obstetric)

« Germline madification is strictly prohibited
and not an objective of fetal gene therapy.
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. Ob(alniqg truly infermed consent from « Off-target edits and insertional
parents is complex and challenging. ETHICAL mutagenesis may Cause oncogenic
* Must include discussion of unknowns, events or other harms,
long-term risks, and alternatives. CONSIDERATIONS « Long-term follow-up and monitoring
ke - IN FETAL GENE | are ethically imperative.

THERAPY

5. EQUITY AND ACCESS 3 R 6. REGULATORY OVERSIGHT
- N é AND TRANSPARENCY
» Ensure fair sccess and avold exacerbating : : \
; o * Rigorous aversight, transparent reporting,
healthcare disparities. and adherence to international guidelines
» Prevent the creation of ‘genstic privilege’. are essential
» Alignment with frameworks (e.g,, WHO,
L )i ICH $12} is critical, ¥

Ethical success requires a commitment to safety, transparency and the well-being of both mother and child,

with the ultimate goal of preventing severe disease before birth.
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Hemoglobin
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Alpha thalassemia genotypes & phenotypes
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Gene Therapy for hemoglobinopathies (B-thal and SCD)

How ex vivo gene therapy works
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stem cells are ' (| P Celisare ’ receives I I > are reinfused ’ Modified cells
collected from 'N N genetically = 2 canditioning r into the engraft, produce \ e ‘
the patient. \l ' modified ex viva. .A. = therapy. 0l : :‘mctxor;; —_— .
\J | A ~J el’w in, a -
| | | \ '!-’.e - ) . A provide long-term

-~— < chnical benefit.

FDA-approved gene therapies
Real impact for patients

R
=4 ZYNTEGLO" 4,? CASGEVY* O ®
(betibeglogene autotemcel) (exa-cel) l 2 . | g |
o 11
Indication: Indication: | : = @
Transfusion-dependent Sickle cell disease (SCD)
-thala i d B-thal i
Fiuasisots gl S Reduces or Restores healthy Improves quality of life Durable, long-term
eliminates the hemoglobin and physical clinical benefit
FDA approved FDA approved : mog ¥s
| g
August 2022 & December 2023 "t:‘::’:us'm"g production functicning observed

These landmark approvals mark a new era in treatment for hemoglobin disorders
and pave the way for future advances in a-thalassemia.
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Gene Therapy for a-thalassemia

o-globin locus (16p13.3)
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Silencing of {-globin is a-thalassemia is caused by
stronger than y-globin large deletions

Genome editing and HDR are
likely inefficient as treatment

a-thalassemia major is lethal

No representative cell (- tetramers are not
systems exist naturally occurring
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Primary aim: Develop and evaluate optimized lentiviral vectors to restore a-globin
expression in a-thalassemia

ny cell model
cell model
CRISPR/Cas? editing in I .y 1 'm
HUDEP-1 and HUDEP-2 .
a-globin gene s '
knockout
Engineer GLOBal lentiviral 8 GLOBal lentiviral vector designs
o cang ddite Vet (Promoter / Enhancer / Element variations) _ GLOBal cassette
> A o
8 GLOBaL vectors with ~ P | g g [Reguiatoy| | wgiobn oo
promoter/enhancer/element .m m- ’j@ .ﬁ- m m‘ .ﬁ' - | Elemerits Qe0e
refinements >
: Compare all 8 GLOBal
9 Evaluate functional _m_ R a-globin expression Functional readouts s
rescue —t— 3 ® .' o
Measure c-globin expression [ ] EY g -) s o BN i ;
and functional restoration X ) & Erythvoid
" B = t s ¢ 7 8 differentiation Low
V‘mﬁ
o Benchmark in primary Primary human Transduction with a-globin expression Benchmark vs
CD34+ cells CD34+ cells top vectors & function published vector
Identify best
Test top vectors in primary 4 .m_ _@_ m_ e® ‘ petfomwng'y' vector
human CD34+ cells and SR + o 'ﬁ' & 'm' * for further
compare to lead publshed .,’ T @ B i development
vector ‘ | - | op L g
l‘ %": J vector(s) lead vector | >

Outcome: Identify and validate the best performing GLOBaL lentiviral vector(s) for a-globin gene therapy. 30



HBA1/HBA2 region was successfully deleted in bulk populations of HUDEP-2 (and
HUDEP-1) cells

MEDF MEDR

\/ \/

Ref HBA1 and HBA2 genes P ; e , TR J
’ - : : TGAGGAGTCCGGCCTCCCAAG =17.8 kb deletior ACGAGGCCCTGGACCCCLAGHE
Deleted
allele
WT HBAT and HBAZ genes —
Sequence ;
Primer pair 1
'._-. Trrereer TTTOIOOT
ﬂ Primer pair 2
MNew cell I'

line




CD235a

Unaffected erythroid differentiation capacity in HUDEP-2 a0-thalassemia clonal cell population

[

All cells exhibited sustained
differentiation through all time points

]

K Ceil Daath Over Differentabion Time Course
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(
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\U

Increased apoptosis
during differentiation in
all cell lines

\

J

(No impairment in

morphological
progression

kin a® HUDEP-2 cells

J
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No a-globin expressed in the a0-thalassemia biallelic clonal cell line both at the RNA

and protein level
RP-HPLC

RT-qPCR

CE-HPLC
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Engineer GLOBE-derived lentiviral vectors for a-globin gene delivery (GLOBal)

We designed and developed a panel of lentiviral vectors, which we call GLOBal vectors, to integrate an exogenous
a-globin gene into the genome and restore its expression

THESE VECTORS INCLUDE:

N S R —-m— C)\

a-globin coding Different promoter Alternative enhancer Distinguishable a-globin
sequences and regulatory elements elements variant
To restore functional To optimize expression Including a smaller enhancer To track transgene expression
a-globin production levels and specificity separately from endogencus globin
BUILT ON THE GLOBE VECTOR BACKBONE A PROVEN VECTOR BACKBONE
-— Y ‘r— m—f cPPT/CTS Promoter Tranagere FLTR 0 Fl'gh
5'LTR o "
GLOBE was the basis of Zynteglo® (betibeglogene autotemcel) Clinically tested Bamcrsteted Long-term Basis of a:;:pp“wed
f ) ene thera
- the first approved lentiviral gene therapy for B-thalassemia. in patients safety expression fzymg,d,';”)’
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GLOBaL vector structure:

CMV1222-CTCF
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All GLOBaL vectors show a-globin expression in adult and fetal-like cells lines

CE-HPLC-HEMOGLOBINS (HUDEP-1)
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All GLOBaL vectors drive exogenous alpha globin expression in

bulk-transduced HUDEP-2 a0 cells

Vector copy number
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All GLOBaL vectors drive exogenous alpha globin expression in
bulk-transduced HUDEP-2 a0 cells
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Comparison of a-globin expression vectors in HUDEP2 a0 cells
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Discussion

Engineered and assessed clonal a’-thalassemia adult (HUDEP-2)
model cell lines

Detected the benign a-globin transgene in adult and fetal erythroid cells

Generated a panel of 8 lentiviral GLOBaL constructs

Compared levels of exogenous a-globin expression.




Future Aims

Isolate and characterize HUDEP-1 a®-thalassemia biallelic clones

Functionally test and compare the 8 lentiviral vectors and published
control in HUDEP-1 a®-thalassemia clones

Pre-clinical validation of the lead vectors in human CD34+ cells from HbH
disease patients (o-/--)

In utero evaluation in alpha® thalassemic mice (intrahepatic lentiviral
injections)
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