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Abstract

Introduction: With recent approval of the first two gene therapies for haemophilia
A and B, educational materials about AAV-based gene therapy are needed by the
haemophilia community for a better understanding of this novel therapeutic approach
and helping healthcare providers and patients making personalized choices amongst
an increasing array of therapeutic options.

Aim: To provide a comprehensive summary of the whole process of AAV-based gene
therapy from basic principles to clinical implementation through an illustrated review.
Methods: The authors, with expertise in and knowledge about gene therapy for
haemophilia A and B, reviewed relevant articles from PubMed database and translated
them intoillustrations.

Results: The review is divided into eight illustrated sections providing an overview of
gene therapy for haemophilia A and B from haemophilia basics and current treatment
landscape, principles of the AAV-based liver-directed gene therapy, through exploring
the efficacy and safety results of published phase Il clinical trials, current and future
challenges, to implementation in clinical practice, including the hub and spoke models
and the patient journey.

Conclusion: This illustrated review educates healthcare professionals on AAV-based
gene therapy for haemophilia A and B enabling them to further educate their peers

and their patients.
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Haemophilia is a hereditary bleeding disorder

Aectiology % Clotting factor
Patients without
haemophilia >
F8 gene (~180 kb)"
F9 gene (~34 kb)?
Functional Functional
FVIII protein FIX protein
X

Patients with

haemophilia

Haemophilia A Defect in F8 gene > : )
Haemophilia B Defect in F9 gene e e

Absent or deficient  Absent or deficient
FVIII protein FIX protein

Epidemiology

Clotting factors are produced by the liver.

« FVIIl is naturally produced by liver sinusoidal
endothelial cells®.

+ FIX is naturally produced by hepatocytes®.

Patients with haemophilia A Patients with haemophilia B
/20,000 male births®

The prevalence of haemophilia in female patients is
lower than in males, accounting for only 3% and 6%
of the total patient population in haemophilia A and B,
respectively®

Haemophilia severity®

Bleeding symptoms are quite similar for both
haemophilia A and B. They depend on the haemophilia
. severity. Some patients with moderate or mild
No haemophilia haemophilia may have severe bleeding phenotype.

40 IU/dL

Mild:

Rare or no spontaneous bleeding

Severe bleeding with major trauma or surgery
Moderate:

Occasional spontaneous bleeding

Severe bleeding with minor trauma or surgery
Severe:

Spontaneous bleeding mostly into joints

or muscles

51U/dL

11U/dL

FVIII, factor VIII; FIX, factor IX Capsu Ie 1
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Approved treatments for patients with haemophilia*

For haemophilia A and B: FVIII and FIX concentrates

Prophylaxis aimed at preventing bleeds and subsequent arthropathy,

Treatment regimen
E is the current standard of care for patients with severe haemophilia’®

/w} intravenous
$ injections /

& M 22 % P g P
4 with factor //f / /// Y 4 /j}i
concentrate 7

0
Q
>
Q
S
. o
,oa | several times S
\" per month 8
or week 2
g 1]
o / St For a lifetime
‘/,'\\\, for a lifetime — SHL Factor concentrates — EHL Factor concentrates
\¢”/ - Have longer half-life for less frequent
Trough levels where patients

inj i 8
are at higher risk of bleeding [pjeetion=

For haemophilia A with and without inhibitors: emicizumab

Treatment regimen Emicizumab is a bispecific monoclonal antibody that mimics FVIII7:®

/\‘/ ¢ subcutaneous

& injectionswith  §
emicizumab ®
=
\ c
=\ 9
3 up to several 2
f \ times per 8 W?/\, //\/ /I/ /
month o
£
[ \ 3
) &
' P " o
/s or a lifetime A
/ /lx\ g For a lifetime
- >

The above treatments still need regular administrations and additional on-demand
factor concentrates in case of breakthrough bleeds or surgery™®11.

For haemophilia A and B without inhibitors: AAV-based gene therapy

Approved gene therapy
products for haemophilia

With only one infusion, gene therapy may have advantages for the
treatment of patients with haemophilia by producing stable factor VI

and IX activity levels, providing better bleeding protection and Haemophilia A: valoctoco%ene
subsequent increased quality of life. roxaparvovec ROCTAVIAN
Y, (Biomarin) approved in
(\ US (Jun/23)% EU and UK (Aug/22)™
S /
N7 Haemophilia B: etranacogene
% dezaparvovec HEMGENIX®
] — (CSL Behring) approved in US
5 (Nov/22)", EU (Feb/23)',
5 UK (Mar/23)'¢, and Canada (Oct/23)"
o
.g Other gene therapies are in various
k) ) stages of clinical development for
© RuraRllit: » haemophilia A and B.
A e st nun Eo Eorama comvosny . sxantod T FOA Eou and Drag cmiiotaton Evih acor I E facir e wansmanare  Capsule 2
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Principles of gene therapy for haemophilia

AAV viral vector manufacturing workflow

1.Specifically developed plasmid transduction
into manufacturing cells'"
HEK293T (human) cells

or sf9 (insect) cells??!

2.Viral production by
manufacturing cells'®'®

Rep/Cap
plasmid

Transgene
plasmid

Helper
plasmid*

recombinant AAV

4.Viral vector
formulation
(final product)'®

One-time infusion K

.Attachment to specific

@
\

2

3.Intracellular sorting x

7
2

hepatocyte

(rAAV) @ @
4—.

’

1
glycosylated cell-surface receptors

2.Internalisation

: translation

4.Nuclear import

ITR pr Transgene pA ITR
g Packaging capacity is 4.7kb?
liver specific promoter
ITR Zlsp! BDD F8 transgene _pA IITR
[ a1 [ A2 [ESSSSRERRN A3 [ c1 [ c2]
B domain is deleted
ISP F9 transgene pA ITR
Empty capsid
@ Full capsid

>34

3.V|ral vector purification?*24

*Helper plasmid is only used in the HEK293T cells

% AR . Ehonies L

8.Protein secretion into
blood compartment

2.

\

MRNA

Q‘Uncoatmg

The transgene mainly

ersnsts in episomal form

nucleus

7.Protein synthesis
by hepatocytes

4 iSae 4

6.Therapeutic
gene expression

Figure adapted from 2°

to wild-type FIX26%7.

For haemophilia A, the approved gene therapy product drives endogenous
production of B-domain deleted FVIII. For haemophilia B, the approved
gene therapy product drives endogenous production of coagulation FIX
Padua (FIX R338L) variant, which has higher specific activity compared

;.
Y

AAV, adeno-associated virus; BDD, B-domain deleted; FVIII, factor VIII; FIX, factor IX; ITR, inverted terminal repeat; Isp, liver specific promoter; pA, polyadenylation signal;
pr, promoter

Capsule 3
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Overview of the efficacy of the first approved
gene therapies for haemophilia patients

Haemophilia A Haemophilia B
Valoctocogene roxaparvovec Etranacogene dezaparvovec
Phase lll clinical trial: GENEr8-125%° Phase lll clinical trial: HOPE-B3°="
[ ) [ )
= 1 34 adult patients with severe haemophilia A 54 adult patients with moderate or moderately
K=l (FVIII <1 1U/dL) without FVIII inhibitors. severe haemophilia B (FIX <2 1U/dL)
% without FIX inhibitors.
-: =~K Excluded patients with pre-existing AAV5 NAbs. ={ Included patients with pre-existing AAV5 NAbs.
3 =
= : + .
5 Rollover population received FVIII prophylaxis Lead-in: FIX prophylaxis for 26 months.
for =26 months
Single infusion AAV5-hFVIII-SQ Single infusion AAV5-LP1-hFIXco Padua
(6x1072 gc/kg). (2x1072 gc/kg).
Primary endpoint: change from baseline Primary endpoint: non-inferiority of ABR after
@ in FVIII activity after infusion. @ infusion versus lead-in period.
400, Modified intention-to-treat 125 (N=54 for baseline, N=51 for W26,
o 3004 Population (N=132) N=50 for W52, W78, W104)
-_— 2004 ¢ Mean; — Median 100 ® Mean; —— Median
[ = 100/ =
3 3 3
pt < 804 2 751
= : 7 5
™ > 601 2 5o
-] S 504 =
= S 40- 2
2 = 301 & 2o
§ T 20 =
S 10] S o ——
i & o 8 -
Baseline 26 52 78 104 Weeks
> 77% Reduction @ 64% Reduction
(7] .
: O
G
o LSRR 1.2
) —— P<0.001
< 5.4
c
8 Baseline All post prophylaxis Lead-in period Months 7-24
=S (24-month cut-off) post treatment
From the rollover population from the 270-902 study (n=112) From the full analysis population (n=54)
= . .
o 98% Reduction* 96% Reduction
2
: A A
»n P<0.001 ~-..__ P<0.0001
o = =
O - R Bl W 2
= 3,961 70 257,339 9,751
- IU/kg/year IU/kg/year IU/year/participant IU/year/participant
c = 7 < =
@© Baseline All post prophylaxis Lead-in period Months 19-24
= (24-month cut-off) post treatment
2 *From the rollover population from the 270-902 study (n=112)
L O patients (0/52) returned to prophylaxis. Two patients
6 patients (6/134) returned to prophylaxis did not discontinue prophylactic treatment
SQX'S.O?‘:_esr;g-ga::t;giaayted virus serotype 5; ABR, annualized bleeding rate; CSA, chromogenic substrate assay; gc, genome copies; NAbs, neutralizing antibodies; Ca ps u I e 4
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Short-term safety of the first approved
gene therapies for haemophilia

* Haemophilia A Haemophilia B
8 Valoctocogene roxaparvovec Etranacogene dezaparvovec
=
»
‘—;E Phase Ill clinical trial: GENEr8-1282° Phase lll clinical trial: HOPE-B20="
£9
53 | | | |
=] Io) o
s o 3.7% 0%
t ™
= 5 patients out of 134 0 patients out of 54
n
# (There were no patients who developed inhibitors to FVIII or FIX. > vl
o T
g 1 salivary gland cancer 1 hepatocellular carcinoma
- 1 acute leukaemia 1 death 1 death ’
4
£
ch All malignancies (studied by molecular analysis) and deaths were considered not related to treatment.
4 "
AST increase Headache o “
8 Oy 29-1% l " 8 pts . 14.8% |
c <
-] .
ow Nalsea Influenza-like
g [T} ¥ 7 pts
™
ot [ 4 ALT
gt ALT increase increase
0w o
oc 108 pts 80.6% - " 10 pts -‘I 8.5% | "'
=3
9 I |
=
- ALT elevation may be associated with partial loss of transgene expression, which
\S can be managed with transient use of immunosuppressive treatments.

R :

of all patients received of all patients received

lucocorticoids (106 / 134 lucocorticoids (9 / 54
79% I ° ‘ ’ iz b G

Treatment related
ALT elevation

Mean treatment duration of 234.5t116 days ~ Mean treatment duration of 81.4+28.6 days'
(range 22 to 551) (range 51 to 130)

In both trials, no new safety signals developed up to 24-months.

{ Patients should be monitored before and after gene therapy administration”'”.j

Vi T

*The determination of whether an event was related to the study drug was made by the investigator. C I 5
AE, adverse event; ALT, alanine transaminase; AST, aspartate aminotransferase; pts, patients apsu e
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Long-term challenges of gene therapy
for haemophilia

After administration of gene therapy, the patient will develop anti-AAV antibodies,
which will preclude redosing®.

Known and unknowns on the durability of the
transgene expression

Haemophilia A Haemophilia B

Valoctocogene roxaparvovec Etranacogene dezaparvovec
Demonstrated FVIII transgene Demonstrated stable FIX transgene
= expression for up to 5 years —> expression for 3 years?’
with a decrease over time®®
Estimated median FVIII levels extrapolated to Estimated median FIX activity levels extrapolated to
5 years* 2 25 years** 3¢
= —
3 ol The prediction 5 507 -
= of durability may - = o=
% 30- fjepend on the g 30- N\\ — — — —positive
= different models 3 Sesaae
s ] and time 2 SSme——
8104 -~ projections that Z 104 T m————
= - 2 (Iu/dL) are used. R == == o s s o o S e B PESEEE B S TSR 2 (lu/dL)
o ‘é"'syears i .....5...................z.syears
*A linear mixed-effects approach was used to obtain ** Post-analysis baseline with 95% prediction intervals. Bayesian
estimates of FVIII activity half-life in order to extrapolate approach with pre-infusion AAV5 NAD status as covariate (N=55).

median FVIII activity levels beyond the 2-year period.
Measurements were obtained with the use of
chromogenic substrate assay.

-term and long-term follow-up of patients is needed to determine long term efficacy and safety of

gene therapy for haemophilia.

Immunogenicity to the AAV vectors

Hepatotoxicity
Genotoxicity possibly leading
to cancer

Identified risks®”3¢

P——— Thromboembolism

(unknown)

Infusion reactions

Germline and horizontal
transmission

9
3

Patients with profiles eligible for gene
4 therapy for haemophilia are
currently limited?.

4

Development of FVIII and FIX inhibitors

AAV, adeno-associated virus; NAb, neutralizing antibody

Capsule 6

Haemophilia OWFH WILEY-Z
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AY ET AL.
Models for implementation of gene therapy for
haemophilia in clinical practice
Hub and spoke models*’# Multidisciplinary approach
The patient journey in gene therapy o gr
i.«_ for haemophilia is complex and o0 Henatoloaist Q
A multifaceted. Care delivery models Haematologist ERa e Pharmacist
. may vary between regions and/or
countries, and over time. \ /
P 5y
Administration of gene therapy / \ @
and management centre <» Patient .
Nurse Psycho-social worker
HTC and/or HCCC
Close collaboration and
communication between
hub and spoke are required Gaining access to gene therapy for
haemophilia patients globally is a
key issue, according to the World
ﬂl Ll.:!l Federation of Hemophilia®.
Implementing gene therapy for
haemophilia depends on contextual
—— == factors and costs.
HTC Spoke: HTC .
Referral and management centre w
»>
Patient journey for gene therapy*?4
=
" b <Clp} - ™ g;‘
= &
Initial discussion Eligibility assessment (product specific)
- Consider gene therapy + Medical history and comorbidities assessment
 Patient- or physician-driven + Blood test (e.g. AAV NADb test and factor inhibitors)
+ Basic education and liver health
GOAL: Establish a good general
understanding of gene therapy Shared decision making process
for haemophilia + Detailed education on all treatment options
« Discussing individual expectations
« Awareness of known and potential
unknown risks
P2 ey
-a D f
@ @
Infusion at the hub center Informed decision
The patient:
- arrives at a decision
+ commits to follow-up
Short-term follow-up
Intensive monitoring of: Long-term follow-up ﬁ
- factor level increase ) Regular monitoring for safety and efficacy
* hepatotoxicity (ALT elevation) GOALS:
GOAL: Achieve best possible outcome + Learning more about gene therapy
reeeey « |mproving its management going forward
1 year after the infusion l
[
am> -
-
AAV NAbs, adeno-associated virus neutralizing antibodies; ALT, alanine ; HCCC, haemophilia comprehensive care centre; HTC, haemophilia treatment centre. C a ps u I e 7
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Summary of gene therapy for haemophilia A and B®

Production of the vector Current standard of care
Home injections

MANUFACTURING

1
LY gl |||
— 1
33' T

o
+F
+++

One-time gene therapy* Eligibility and shared decision making
infusion at the hospital
A J i
0 7

dmguin Short-term follow-up Long-term follow-up —

(up to one year)
See you at the next
B follow-up visit!
One time

infusion

Reduction ABR (all bleeds) \

|
¢ .
- /
/ ALT levels maintained \
s "' ==

\ /

°The information displayed in this capsule serves as a general overview and does not provide specific data. Please refer to previous capsules for specifics
and all numerical values. C I 8
ABR, annualized bleeding rate; ALT, alanine transferase a pS u e

<

=

\ Gotting factor levelh
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