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The a-globin cluster on chromosome 16
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The hemoglobin types expressed during different stages of development are embryonic (Hb Gower-I
[z2 e 2], Hb Gower-Il [a2 ¢ 2 ], and Hb Portland [z 2 g 2 ]), fetal (HbF [a 2 g 2 ]), and adult (HbA [a

2b2]and HbA2[a2d 2]



IpoTevikn 60u GUVGLOAOYIK®OV ULHOGPULPLVAOV
Protein structure of normal hemoglobins
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Hb Switching

Embryonic Fetal Adult
Yolk Sac Fetal Liver Bone Marrow
A
50-
g 40-
2
(%2}
Q
< 30-
s Embryonic to fetal Fetal to adult
n ' hemoglobin switch hemoglobin switch
= | .
3 A\
a 20’ ‘:
\ €
10| T
’ >
BRSRes et BpmeSsegEnanss P S SR EEansey enEnss [ e TRl R e sy e
6 12 18 2 30 36 Birth 6 12 18 24 30 36 42
Prenatal age (weeks) Postnatal age (weeks)
Time
Onset of symptoms in f3
thalassemia and SCD
Fetal hemoglobin ?? Adult hemoglobin .c .u
chrit o

B-globin Iocs -

LCRHSs 5 4 3 2 1
|

O e LCRHSs 5 4 3 2 1

Major Players in Fetal-to-Adult Hb Switching
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Fetal globin promoter

BCLI11A interacts with SOX6, GATA1, FOG1, and the NuRD repressor complex
to repress the expression of g-globin genes

BCL11A binding sites (light blue boxes) were mapped in the g-globin promoters
and in a putative 3.5-kb HbF silencer (a black box).

The expression of BCL11A is positively regulated by KLF1

KLF1: directly activating b-globin gene expression

LRF (TF): silences g-globin expression through the NuRD complex
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Segura, E et al, Viruses 2023, 15, 713
Cavazzana et al, Molecular Therapy Vol. 25 No 5 May 2017
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HBB gene mutations population-specific
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» Termination codon mutations of the
HBA2, such as Hb Constant Spring, Hb
Icarta, Hb Seal Rock, Hb Pakséand Hb
KoyaDora, alter the stop codon at position
142 1nto a coding sequence, which results in
an elongated a-chain and a highly unstable
hemoglobin variant expressed at low level.

» Pathophysiological =~ mechanism:  the
transcription of an unstable mRNA with a
shortened life span, unstable Hb wvariant
precipitates

TERMINATION CODON
(elongated globin chains,
including Hb Icaria,
Hb Constant Spring etc)




a-thalassaemia haemoglobinopathies involving
hyperunstable a-globin variant alleles

Hb Heraklion

Inhibit correct e W 0.Pro37del (a1)
' ‘o Hb Taybe
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tetramer when in

a1B1 contact SeClc el e s P Hb Agrinio
. % (7 RUCS] p. Leu29Pro (a2)

and/or
Affect interaction N T Hb Adana
: ; Hb Questembert
of variant a-globin p.Gly60Asp (a2 & al)
: ; Ser131Pro (al) _ :
chain with AHSP Wajcman et al, Hemoglobin 2008
Such unstable prOteinS may preCipitate CauSing insoluble Traeger-Synodinosetal,1999;Traeger-Synodinosetal,2000;0ron-
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inclusion and damage the red cell membrane. g;;gﬁ::oje‘;gﬁ;;:;,“" akatouetal,2004;Dounaetal,2008; Traeger



The structure of the a-globin gene cluster on
chromosome 16
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From Harteveld& Higgs, Orphanet] Rare Dis, 2010



DELETIONS GIVING RISE TO ALPHA-THALASSEMIA

a°’-thalassaemia a*-thalassaemia
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PP When a mutation(s) completely abolishes expression from a
chromosome this is called a0-thalassaemia and when the
_GEO mutation(s) only partially downregulate expression from the
()2 chromosome this is called a+-thalassaemia.

From Harteveld& Higgs, Orphanet]J Rare Dis, 2010



Rare deletions removing both HBA genes
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Moprokéc BAGPec

ZNUEIAKEC METAA. €AAEIYpa

a-Thalassemia +t ++
B- Thalassemia ++++ +
B0- Thalassemia S +
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Incidence of thalassemia trait in the Greek population

v’ B-thalassaemia trait7.4%
v 0-thalassaemia trait 8.5%
(a+: 7.1%, a0: 1.4%)
v'HbS trait ~ 1%
v'Births of homozygotes during 1966-75:
2,850
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Red cell pathology
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Hypercoagulable state I
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Cardiac complications Leg ulcers » Bone deformities
Liver disease Thrombotic events = Osteoporosis
Hypothyroidism PH
Hypogonadism

Hypoparathyroidism

Diabetes mellitus

Growth deficiency

Renal disease

Hepatosplenomegaly
Extramedullary

hematopoietic
pseudotumors

Marcon A. et.al.,Hematol Oncol Clin N Am 2017
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Kattamis A. et al, Lancet 2022
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Cooley B and Lee P: American Pediatric Society, 1925



KAINIKEZ EKAHAQZEIZ B-MA

Avaiuia 1. ASuvapia cOvOeonc B-aAvcwv
2. Mn anodotikn epuBpomoinon [Mueldg]
3. AlpoAuon [Nepiwpéperal]
OoTIKEC MaPOUOPPWOELC: Avarpia — lotikh avosio —
EpuBpomnowntivn — YnepnAaoio MO

ALO0YKWOoN AMATO¢-onANVOC: E§wpuehikr epuBpornoinon

Alpooldnpwon opyavwyv: Avgnon aroppodnon Fe, Metayyioeig
KaBuotépnon cwpatikng avénong

* H Bapitnta twv KAWVIKWV EKONAWoewV oXeTileTol HE TN YEVETIKA BAABN



KAINIKEY EKAHAQYEIX AIMOXIAHPQYHX

pituitary gland (hypogonadotrophic hypogonadism)
thyroid gland (hypothyroidism)
parathyroid gland (hypoparathyroidism)

heart (cardiomyopathy)

pancreas (diabetes)

liver (cirrhosis, carcinoma)

gonads (hypogonadism)
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Globin chain balance "f_:_&' ?__!——? Tﬂ—{z N ﬁ 7 4
Combination of BThal/p with a-gene B/B. B'/B°. BB, B*/B°. BIB°
multiplication (Beert/pent, et/ Betent/B0 with
elent/eient petent/@: Bstent/B0 B+/B- B[R, a-globin gene multiplication)
Genotypes B-thalassaemia BB B/B, B/B", BIB" B*/B", BE/P".
Combination of B™!/B™ with either
a-thalassaemia or increased fetal
haemoglobin production
a-thalassaemia - afaa -ao/-a,--/aa -—/-a, - afa"Pa, oo/, - /o -—/- a, a™a/a™at, -/, - /-
ol == - v~ ~ L= ~ - O Vi r 3 n_J
0%090 OJOS 0 ﬁ\, ] ')O‘_’;@ D .\l‘ O (O] -‘-‘/ e ’;‘ '. & ¢
Haematological indexes 'DO.OOOOQO. . ‘\fn 0 Q Og@ ® e G)) 'j o PC ¢ & ‘ .% |
%% 0 2 0ge® » 0059 z & S e Ao :
o° O°o°0c‘1 o 22006 9 2@ € - Peo. %
Clinical phenotype ‘ d ode
Non-transfusion-dependent thalassaemia  Transfusion-dependent thalassaemia
Transfusion
requirements
None
Thalassaemia Minor

Haematological and clinical phenotypes correlate with genotypes and severity of globin chain imbalance. ND=non deletional Kattamis A. et al, Lancet 2022



KAvika kpitnpia TDT/NTDT

Clinical Criteria TDT More Likely NTDT More Likely
Age at presentation <2 years >2 years
Degree of anemia at presentation Severe Mild to severe
Clinical anemia affecting daily living Yes No
Splenomegaly at presentation Severe Mild to severe
Jaundice No Mild
Skeletal deformities Yes Negative to mild
Growth retardation Moderate to Severe Negative to moderate
Transfusion requirements Lifelong, dependence for survival None, Dsiﬁlﬁalé;r frequent
Hb levels 6-7 gm/dL 8-10 gm/dL
Nucleated RBCs Numerous Negative to few
Reticulocytes >10% <10%

TDT: transfusion dependent thalassemia; NTDT: non-transfusion dependent thalassemia; RBCs: red blood cells.

Shash, H.. et al , Medicina 2022



ETtutAoKEC

Table 1

The difference in complications between transfusion-dependent thalassemia and
non—transfusion-dependent thalassemia

Complications TDT NTDT Management

Cardiac dysfunction +++ + Iron chelation + standard care
Arrhythmias + + + Standard care

Viral hepatitis +++ + HBV vaccination, antiviral therapy
Hepatic fibrosis, cirrhosis, and cancer ++ +++  Standard care

Growth retardation ++ + Transfusion + chelation + hormones
Sexual development

Glucose intolerance/diabetes -+ + Standard care

Bone disease -+ + 4+ + Standard care + specific therapy
Extramedullary hematopoietic masses —+ +++ Hypertransfusion, HU, radiation
Thrombosis + + -4+ Anticoagulation, transfusion
Pulmonary hypertension + +++ Standard care, sildenafil, bosentan
Leg ulcers + + + Topic measures, HU

Abbreviations: HBV, hepatitis B virus; HU, hydroxyurea.

Marcon A. et.al.,Hematol Oncol Clin N Am 2017



EtitAokEC Meooyeliakng Avaluiac

2001250mgr. Fast rate of |IOL

Pituitary dysfunction, ~-------
hypothyroidism,
hypoparathyroidism

Cardiac siderosis
(arrhythmias, =~
heart failure)

Liver fibrosis, __{--
cirrhosis, HCC ,

Diabetes .

Bone disease

Normal: Iron
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100%- roduced Fe Fe
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Fe Fe
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Slow rate of IOL S
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- I
, Blood Transfusion | Ineffective erythropoiesis
I increased intestinal
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I

. Silent strokes
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Pulmonary Hypertension

=---..__ Liver fibrosis,
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.. Proteinuria, glomerular
hyperfiltration

. Hypogonadism

Venous thrombosis

- Legulcers

" Bone disease

Pinto V. et al. Int J Mol. Sci. 2020



ETTITTAOKEC

KapSlakég
ETIUTAOKEG

EvOoKpPLVOAOYIKEG

Ayyelaka

Nedplkég
Slatapaxeg
NeupoPUXLOTPLKEG

Avooornoinon

MUOOKEAETIKO

Peupatoloykd

OdBaAporoyika

UTIEPKOLALOKN appuBplal KOATIKY) popUapuyng, ap. SucAeltoupyia KolAlag

Slaprtng

Slatapayn yAukoln vnoteiog/ Avtiotaon otnv vooulivn
AAAEC EVOOKPLVLKEG SLaTapayEG

Kevtplkog umoBupeoeldlopnog eviiikeg/ maidia 4.8%/0.5%

LOXALULKA eyKePOAKA eTtelcobia (0,5%), mapodikd toxatpkd (0,23%) kot olwmnnAd
eykedaAika epdpayuata (0,4%).

JwAnvoaplakn SucAettoupyia (TDT)

AcBeveic nAkiag >65 xpovia eixav 2,24 popeg peyalutepn mibavotnta va
avarntuéouv avola (95% Cl, 1.17-4.29)

H aAAoavooomnoinon epuBpokuTttdpwyv €vavtl avtlyovwy tou Rh (52,4%) kat Kell
(25,6%).
TDT/NTDT (15,5% / 12,8%)

apBpondBela mou oxetiletal pe Sedpepurpovn
0ONTITIKN VEKpWON KEDAANG pnplaiov 14,5%,
ooteonopwon /ooteomnevia, e cuppavta 66% kat 16,1%,

Pevpatoesldn apBpitida (Amer College of Rheumatology)

Pevdotavbwparta, EnpodpOalpia, katappaktng, ekpUAlon wxpag knAidag,
Slatapay£g onmtikwy mediwv
TDT/NTDT 68.5% /19.4%

10%-39%

6.5%

17.2% /12.5%
43.9%
4.8%/0.5%

1.13%

60%

11.4% (95% Cl,
9,3% -13,9%)

16-30%
14%
66% /16,1%,

4/90

41-85%

Koohi F et al. Ann Hematol. 2019

He LN et al, Biomed Res Int. 2019

De Sanctis V et. al Acta Biomed.
2019

Haghpanah S et al. Blood Coagul
Fibrinolysis. 2012

Ahmadzadeh A, et al. Saudi J Kidney
Dis Transpl. 2011
Chen Yg et al Eur J Intern Med. 2015

Franchini M et al. Blood Transfus.
2019

Noureldine MHA, et al.
Rheumatology (Oxford). 2018

Pliakou Xi et al. Rheumatol Int. 2012

Liaska Aet al.BMC Ophthalmol. 2016
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Alpha Thalassemia: Pathogenesis and clinical presentations VargStegert Ly
Revi :

Normal adult hemoglobin (Hb) is Two genes on chromosome 16 code for a-globin. Two copies of D:‘,l(li‘:ﬁ;sd
*+96% HbA (aaBB = 2 a + 2 B chains) chromosome 16 in each diploid cell makes for four a-globin alleles. Yan Yu

* 2% HbA, aa88 v

Sean Spence
* 2% HbF aayy (fetal hemoglobin)

Deletion mutation of one or more a-globin alleles Man-Chil Poon™
v g * MD at time of publication

Jin quantity of a-globin production
A

o e (e e B -2

One of the four a-globin
alleles deleted (a-/aa or

All four a-globin alleles
deleted (--/--)

Two of the four a-globin alleles

Three of the four a-globin alleles
deleted ( --/aa or -a/-a )

deleted ( --/-a or - a/--)

ao/-a)

'

Minimal { in a-globin
synthesis

'

Remaining three
functional alleles
synthesize adequate a-
globin

.

Asymptomatic, usually
with normal Hb,
hematocrit, and MCV

Silent Carrier
(Discovered with family
history and molecular
testing)

v

{' a-globin production, normal -
globin production

g e

{ HbA, lowers No significant
Hb content in excess B-globin

RBCs or 6-globin

Mild anemia Normal Hb
with microcytic, electrophoresis

hypochromic and protein
RBC chromatography

J

I
a Thalassemia Trait
(Occasional RBCs contain HbH
inclusion bodies on supravital stain
but difficult to find. Now diagnosed
with molecular testing)

L

J 4 a-globin production, normal
B-globin production

T e

{4 L HbA, Excess B-globins
lowers Hb bind to form

contentin RBCs unstable HbH

l (Ba)

Moderate l
anemia with Hb electrophoresis
microcytic, and protein
hypochromic chromatography
RBC show HbH

1

Hemoglobin H (HbH) disease
(Most RBCs contain HbH inclusion
bodies on supravital stain)

v

Fetus relies on HbF (aayy) to take
0, from maternal blood

v

No a-globin production, normal y-
globin production

v

Excess y-globins bind to each
other to form Hb Barts (y,)

v

Extremely high oxygen affinity of
Hb Barts (y,) prevents O, release
at the tissues

v

Tissue hypoxia and major organ
failure in fetus

Hydrops Fetalis
(fetus dies in utero as a result of

hypoxia and heart failure)

Legend: Pathophysiology

Mechanism

Sign/Symptom/Lab Finding  Complications

Published November 20, 2012 on www.thecalgaryguide.com I@ 0]2]6)



HEMOGLOBIN BART HYDROPS FETALIS SYNDROME

Deletion or inactivation of all four
a-globin genes leads to
haemoglobin Bart’s hydrops
fetalis, which typically results in
death either in utero or soon
after birth, unless the fetus is
rescued with intrauterine
transfusions

Harteveld CL, Higgs DR.Orphanet J Rare Dis.2010;5:13.



Alayvwon

e [evikn AlATOC (complete blood count)
 AEK (RET)

*MopdoAoyio Mikpokuttapkry/ utoxpwpn/ Evtovec aAAOLWOELG
* (Depprtivn (Ferritin)
eHAektpodopnon (HPLC)
*EykAelota inclusion bodies
*EAeyx0C YOVEWV
e[ovotuTioC (genotype)




Mop@oiroyia epvOp@v arpoc@arpiov otnyv opolvyn B-0aracoarpio
(o)) wikpokvtTapikd epudpd, (B) vopudypoua epvdpd, (y) otoyoxivtTapa,
(0) eMermtoxvTTOPQ, (€) GPalpokLTTOPX, (0T) EpLOpPOPAdGTN.
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AlpoodatpwvortaBeta H

An inclusion body positive cell seen in Brilliant Cresyl
Blue stained red cells of a a0-thalassaemia carrier
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Prevent/Treat
Anemia/lron/therapy/toxicity

‘Prevent lron
overload

@ i
Treat anemia



BOYS, WHITE mace/griuce v, HEIGHT FERCENT LES ACCORDING TO ADE

GROWTH PATTERN IN THALASSEMIA
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ChatterjeeR and BajoriaR. Ann NY Acad Sci2010;1202:100—114
Kattamis C. Et al. Arch. Dis. Child 45:502, 1970



Xra0uol oty EEMEN Ko Ogpoamelo TS OorAoco UG
Milestones in the evolution and treatment of Thalassemia

1955:
MePLOTACLAKES
Metayyloelg —

ZIMANVEKTOUN

1964 : Zuyveg
Metayyioelg

1972
Amnooldripwon
EM, YA, ED

1975
Huepnoteg
Movadeg
Oepaneiag

1981 :
Metauooyxeuon
MughoU
Ootwv-Apx.
A Kut.

1999 : Ano tou
OoTOMATOG
XNALKEG OUOILEG

2007 :
Fovidlakn
Oepaneia

2020 :
MapAyovteg
wplipavong
epubpofaoctwv



Management of TDT — Burden of Disease

Conservative Curative treatment

treatment

eDemanding schedule .
f g e Availability of blood ¢ CU rative
Tra NSTUSIoON eAlloimunization

¢Close monitoring

*‘Daily’ treatment ¢ Restricted

sTolerability / toxicity of chelators to feW
eCompliance

Iron

Indications
Overload

Mortality
eMultiple
CO = *Close monitoring Ch roniC

o« qege eTimely treatmen
Morbidities v treatment Morbidity

New

therapies
required




[Towov Ba petayylow?

* (Confirmed genetic diagnosis of thalassaemia major! \
= Laboratory criterial
— Hb < 7 g/dL on 2 occasions, > 2 weeks apart (excluding all
other contributory causes such as infections)

OR
* Laboratory and clinical eriteria, including!
Hb > 7g/dL with
— facial changes
— poor growth
— fractures

\ — extramedullary haemopoiesis /

1. Cappellini MD, et al. Guidelines for the management of TDT. 3rd ed.
Nicosia, Cyprus: Thalassaemia International Federation; 2014.




[Mote Ba Eeklvnow pETAYYLOELC??

Age at first Alloimmunization
transfusion (vears) rate (%)

<1 7.71

> 1 27.91

<3 20.92

>3 47.52

v'Evapén cvotnuatikdv petayyicemv yio ueilov Balocoopio < 2 ypdvia
v O xivovuvog arloovoooroinone avéavetor 660 kabvotepel 1 Evoapén Tov petayyicemy

1. Machail-Merianou V, et al. Vox Sang. 1987;52:95-8. 2. Spanos T, et al. Vox Sang. 1990;58:50-5.3. Cappellini MD, et al. Guidelines for the management of

TDT.3rd ed. Nicosia, Cyprus: Thalassaemia International Federation; 2014.4. Rebulla P, Modell B.Lancet. 1991;337:277-80.



Metayyioelc o TDT aoBeveic

2uxvotnta Metayyloewv
e KaBe 3-5 eBfdouadec

Entimeda Alpoodatpivng mpo tng LETAYYLONG

¢ >9-10.5g/dL

e >11-12 g/dLyla aoBeveic pe KapSLaKES TAONOeLS 1} AAAEC LATPLKEC MABnoeLg KOBwWC KoL yLa
EKEIVOUC TTOU OEV ETMITUYXAVOUV ETIOPKN KOTAOTOAN TOU MUEAOU TWV OOTWV OE XOLUNAOTEPO
enineda alpoodalpivng

Entimeda Alpoodatpivne HETA TN LETAYYLON

e >14-15g/dL

e [MopakoAouBeite TEPLOTACLOKA E£TCL WOTE VA EMLTPEYPEL TNV EKTIUNON TOU
puBPOL MTWOoNC TNC aLpoodaLpivng HETAEL TWV HETAYYIOEWV

Cappellini MD, et al. Guidelines for the management of TDT. 3rd ed. Nicosia, Cyprus:
Thalassaemia International Federation; 2014.




Transfusion therapy results in
iIron overload

1 blood unit contains 200 mg
iron

* A60 kg patient with thalassemia
receiving 45 units of blood
annually has transfusional iron
intake of 9 g iron/year

— 0.4 mg iron/kg body wt/day

* In addition, up to 4 mg/day may
be absorbed from the gut
— Upto 1.5 giron/year

\
\ * Qverload can occur after 10-20
. transfusions

200-250 mg iron:

Whole blood: 0.47 mg iron/mL

‘Pure’ red cells: 1.16 mg iron/mL
Porter JB. Br J Haematol 2001;115:239-252



Non — transferrin bound iron (NTBI)

Labile Plasma Iron (LPI)

Redox active
Chelatable

WW— rri
Iron-bound to transferrin 't'

Haber Weiss reaction

0, + HO, & 0, + OH + HO
Catalyzed by iron in two steps (Fenton reaction)

NTBI

Fe3* +0," = Fe2* + 0,
Fe2* + H,0, = Fe3* + OH + HO:




lotopLkn €€EALEN XNALKWV EVWOEWV

1970s 2005
Deferoxamine (the first iron Deferasirox approved by FDA.
chelator) introduced. Has had a Shown to control iron overload in
major impact on survival and iron- thalassaemia, SCD, and MDS, and to
elated complications reduce cardiac iron levels in
thalassapmia
1990s | 2000s ‘
1970s
1 9805 S0 | N 92 93 94 25 96 a7 98 95 00 | 01 02 03 04 05 06 o7 08
1999

Deferiprone approved by EMEA.
Shown to control iron overload and reduce

DFO = deferoxamine; EMEA = European cardiac iron levels as monotherapy and in

Medicines A 7 FDA = Food and D - - . - . .
Administration: MDS = myelodseplastie. combination with DFO in B-thalassaemia major

syndromes; S3CD = sickle cell disease.



Available Chelators

Property DFO Deferiprone Deferasirox
Iron binding 1:1 3:1 2:1
Route S.C., i.V. Oral Oral
over 8—12 hours, 3 times daily Once daily
5 days/week)
Half-life 20-30 minutes 3—4 hours 8—16 hours
Excretion Urinary, faecal Urinary Faecal
Usual dose 25-60 75-100 2040
(mg/kg/day)

Main adverse
effects in PI

Local reactions,
ophthalmologic, auditory,
growth retardation,
allergic

Gastrointestinal
disturbances,
agranulocytosis/
neutropenia, arthralgia,
elevated liver enzymes

Gastrointestinal
disturbances, rash, rise
in creatinine, renal
dysfunction , elevated
liver enzymes,
ophthalmologic, auditory




Epvaotnplakn dtepeuvnon alpooltdnpwonc

Pepptirivn opov
20npoc opov, Kopeopoc Tpavodepivng
Aeiktec eAeBepou odnpov (LPI, LIP)

Hnathéq Gianpog (LIC) Iron-overloaded state
_ BLOLI)(.(I Parameter Mild Moderate

LIC, Felgd 3-7 ¥
— sQuID sl - IE

Serum ferritin, ng/mL >100 to <25

— MRI(T,, Ry, T,*, SIR) S
Kapdiakoc olénpoc %
— MRI (Tz, Tz*); SIR (Tz) Myocardial T2*, ms

Alanine
aminotransferase, U/L

MRI: Magnetic Resonance Imaging
SIR: Signal Intensity Ratio
SQUID: Super Conducting Quantum Interface Device

LPI, uM




ATToucia oUoXETIONGS TNG CUYKEVTPWONGS O101ipou
OTO NTTAP KAl TNV Kapdia




O¢pamevTikol otoyor-Therapeutic goals

4. Decreasing Haemolysis
* Pyruvate kinase activators

2. Improving Ineffective
1.Improving / Erythropoiesis

Rest.orlng Globin *Blockade TGF superfamily
Chain Imbalance ligands

*Jak?2 inhibitors
s *GLYTI inhibitors
aa ﬂB E
3. Restoring Iron Homeostasis

*Gene addition *Hepcidin mimetics * Ferroportin inhibitors
*Gene editing *Stimulators of hepcidin
*Hb F inducers
*Allo-HSCT

X ‘."(7 Hepcidin 11

Kattamis A. Lancet 2022; in press



NMapayovTteg BeATiWONG avalpiag
-Mapayovtag d10@OPOTTOIiNONG EPUOPOKUTTAPWYV

Early erythropoiesis
(EPO-dependent)'

Ineffective erythropoiesis

d

F

¥

--.“

Late stage erythropoiesis
(luspatercept-responsive)’

™

=g

__..____.

Luspatercept: restoration of late-stage
erythropoiesis

‘ Luspatercept

@--.

RBCs are produced in the
bone marrow via maturation
of progenitor cells®

TGF-B superfamily ligands
(e.g. GDFs) are late-stage
regulators of erythropoiesis

Elevated GDFs block RBC
maturation and promotes
immature erythroblast
proliferation, leading to
ineffective erythropoiesis and
EPO-resistant anemia®6-8

Luspatercept acts as a trap
for TGF-f superfamily
ligands™6:89

Luspatercept diminishes
ineffective RBC production,
increasing circulating RBC
numbers and Hb levels':6.89

1. Suragani et al. Nat Med. 2014;20:408-14. 2. Tsiftsoglou et al. IUMBMB Life. 2009;61:800-30. 3. Singh et al. Adv Regen Med. 2014;2014:426520. 4. Zermati et al. Exp Hematol.
2000;28:885-94. 5. http://www.mds-foundation.org/wp-content/uploads/2014/06/Blood-Marrow-Booklet_English_ebook_5.02.2014.pdf. 6. Suragani et al. Blood. 2014;123:3864-72.

7. Zhou et al. Blood. 2008;112:3434-43. 8. Attie et al. Am J Hematol. 2014;89:766-70. 9. Sako et al. J Biol Chem. 2010;285:21037-48.



Luspatercept

‘Eykpion yio ) Oepaneio g avoupioc oe evniikeg acBeveic pe B-TDT
(FDA No¢uPpro 2019, EMA Iovvio 2020)

Xopnyeitar vwoooping kabe 3 efooudadeg

Aoon 1-1.25 mg/kg

NDC 59572-711-01 Rxonly
KOC §9572-775-0 Reonly
; 6.
Reblozyl Reblozvl &
(luspatercept-aamt) Zy
for Injection (luspatercept-aamt)
for Injection
25 mg/vial
E:gmws'}':fﬂgwmr For Subcutaneous Use Only
for Injection, USP, prior to :leclopslittule “gl; SIerileI Water
X sl or Injection, USP, prior to
Jpisrat. aiminisiation, |
ne Single-Dose Vial One Single-Dose Vial

scard Unused Portion Discard Unused Portion




Luspatercept

« ACE-536: avoouvdvacuEves TpmTeiveg cVVTNENG
» Tpomomomuévn uopen e eEmkuttaplag meployne tov avlpmmivov ActRIIB cuvdedeuévn pe
Vv eployn Fe g avBpomivng avosospapivng Gl
* Ta popioe TGF-B péom e oécuevonc tovg amd tov vroooysa aktiPiving 1B
(ActRIIB), eumAékovial otn O@OPOTOINGT TV TEAMK®OV LOPPDOV TOV TPOIPOLUMV
gpvOpokvttapov (SMAD2/3) mov sivor ovegdptnteg omd TNV  TOPAY®YN

epvBpomomrivng.
e %

TGF-p superfamily O
ligands
ActRIIB

Smad 2/3 o Smad 2/3

|

Ineffective erythropoiesis Erythroid maturation

+ Increased proliferation, abnormal » Increased quality, quantity, morphology,
differentiation, inhibited maturation, and and life span of late-stage RBC precursors
increased cell death of RBC precursors and RBCs

O




Evepyomomrtég Iupovpikng Kiwvaong

* To E&vCUPO TTUPOUPRIKNA KIVAoN
(PK) : mrailel onuavTiko poAo
OTO TEAEUTAIO OTADIO TNG
YAUKOAuonc ota RBC
(Trapaywyr evEPYEIQQ)

* H ammo Tou oTOpaToC AWn o€
uyIn aTopa, EVOog Jopiou
gevepyotroinTr) TnS PK yvwoToC
w¢ AG-348 (mitapivat) aucavel
T0 ATP Kal atroTeAECUATIKO KAl
ao@OaAEC O0€ aoBeveic e
avemrapkeia PK

Abdu | Alayash, Hematologica 2021 Jan 1;106(1):9-11

Pyruvate kinase deficiency

glucose

v
v
v

\/
1,3-biphosphoglycerate

3-phosphoglycerate

l

2-phosphoglycerate

l

2-phosphoenol pyruvate

ADP P ———

ATP <l b

2-pyruvate

%20 o

o 9lucose
Q\Q
\ , )

*~ band3 | /

" 2-phosphoglycerate

Normal RBC metabolism

glucose

\/
1,3-biphosphoglycerate

!

3-phosphoglycerate 2,3-DPG

!

2-phosphoenol pyruvate

@ ADP \ ,
Inactive ——— > Active l pyruvate kinase
ATP <«

2-pyruvate


https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Alayash+AI&cauthor_id=33386714

= Mitapivat (AG-348). pos MHIKPOG OAOCTEPIKOG

EVEPYOTTOINTAG TNG TTUPOURIKAG KIVAoNG

= Emipyueg pe B-TDT: Aucnoe 1a emritreda ATP& RBC
UEIWOE TNV AVATIOTEAECUATIKI €PUBPOTTOINCN KAl

aigoaoi1dnpwaon

= E¢patreia NTDT aoBevwv:
Augnoe TNV algoopalpivn
Meiwoe xoAepuBpivn, LDH

Mitapivat
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Kuo K et al; Presented at EHA 25™ Annual Conference, 2020



Evepyomomrtég Iupovpikng Kiwvaong

PK activators

Mitapivat ® NCTO3S592052 & Phase 2 ®&n— 20 ® Hb increase =1 g/dI®
(AG-348) ® Active, not recruiting® ® Open-label @ NTDT (including a-thalassemia) @ Hb, Reticulocytes, bilirubin,
with Hb =10 g/dl LDH, haptoglobin, & EPO,
I Eaaaas § aaaeas f eeees f ikl - seeass 5 s REC Shilessss 3 e
& EMERGIZE-T & Phase 3 ®n = 240 @ Transfusion reduction u
& NCTOAF7077I ® Randomized, placebo- @ TDT (incduding w-thalassemia) (=z50%° =33%) / @& independence
® Mot yet recruiting controlled, double-blind ® =18 vears ® Transfusion requirement
[ & SF, TSAT.TIBC
& EMERGIZE ® Phase 3 ®n=171 @® Hb increase =1 g!dld
& NCTO4770753 ® Randomized, placebo- @ NTDT (including a-thalassemia) & PRO
@ Mot yet recruiting controlled, double-blind with Hb =10 g/dl & Hb, Hb increase =1.5 g/dl
® =18 vears ® Reticulocoytes, bilirubin, LDH, "

haptoglobin, EPO,

& SF, TSAT I
I | I |

!
!
!
!
!
!

Musallam KM, Bou-Fakhredin R, Cappellini MD, et al.. Am J Hematol 2021; 96: 1518-31



OePUTEVTIKN UVTIUETOTTLON

» Ahhoyeviig Metapdcyevon Apyéyoveoyv
Awyporomtikov Kvttapov

- oVYYEVIKOC 1oTocLUPBaTOC 00TNG (~20%))

- OLlELPLVGT] 00TV (U1 GLYYEVEIC 0OTEC)

- VEEC TTNYEG OUULOTTONTIKMV KLTTAP®V

- 0GQUAECTEPU TPMOTOKOAAN TTPOETOLUACIOC

» T'oviowoxkn Ocpameia

- Aevtiikol petaopeic (mpocHnkn yovidiov B- N
Y-0paipivig)

- EmouopOwon petdiroéne Genome editing
(CRISPR/Cas9)

Allogeneic Hematopoietic Stem
Cell Transplantation

*matched related donor (~20%)
*expansion of donor options
(unrelated donors)

*new sources of hematopoietic
stem cells

safer conditioning regimens
Gene Therapy

*Lentiviral vectors (addition of -
or y-globin gene)

*Mutation correction — Genome
editing (CRISPR/Cas9)



EBMT — results in 3856 patients

TDT # 2936
SCD # 920
Years 2000-2017
Male/Female 2064/1750
Median age 7.2 years
(range 0.48- 17.9)
Median Follow 23.8 months
up (range 0.63-264)

Hap|o_\Unrelated CB  Family CB

MM Unrelated -
Unrelated
MUD
MM relative _ \
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Baronciani D et al; ASH 2018



EBMT — results in 3856 patients

mSCD mTDT
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Baronciani D et al; ASH 2018
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EBMT — ammoteAéopara o 3856 aoBeveic pye TDT/SCLE

Overall Survival Event Free Survival

TT—— gq\%
= ﬂ‘ﬁ—‘ ~
% o] - 2000-2004 3
¢ | ---2005-2009 s ¥ —-2000-2004
: | —-2010-2013 2 | --2005-2009
9 - 2014-2017 ¢ | ~-2010-2013
s P=0.567 ¢ | - 2014-2017
g P=0.294
C,0 g 112 118 214 310 3]6 o T T T T T 1
Months after SCT 0 6 12 18 24 30 36

Months after SCT

Age <14 years Age 214 years Age <14yo Age 214 years

T 0S 91% (90-93) 83% (79-87) P<0.001 SCD OS 95% (93-97) 90% (85-95) p=0.001
EFS 85% (83-86) 77% (72-82) P<0.001 EES 93% (90-95) 90% (84-96) P=0.064

Baronciani D et al; ASH 2018



[[ONIAIAKH ©EPATIIEIA: OPIZMOZ

['ovIOIOKN Bepartreia:

LUETABOAN YEVETIKOU UAIKOU O€
KUTTOPA-OTOXOUC, TTPOKEIMEVOU
Va TPOTTOTTOINOEI N EKppaon
TTPWTEIVNG 1] KUTTOPIKN
AEIToupyia yia BEpATTEUTIKOUC 1)
TTEIPAUATIKOUC OKOTTOUC




Gene addition involves adding an extra copy
of a healthy gene into a cell to functionally
replace the faulty gene

DNA encoding x
|” Proteins produced

“normal” gene
ﬁr by “normal” gene WNM Disrupt

T .

ttt
Delet
Nucleus XD EM elete
Viral %%ﬁ
e D
for insertion “‘
Human cell XD EK Correct or insert

To be effective, the additional gene ideally needs to be Gene editing results in a permanent
expressed over the entire lifetime of the patient change to the transformed cells

Gene editing alters the gene expression
by disrupting, deleting,
or correcting the faulty gene




Gene therapy in the clinic

EX VIVO CORRECTION

OF THE ABNORMAL
GENE .
Gene editing Gene addition
i SERAE
L HSC Lentiviral

vector particles

- - —
E
— Genetically

g modified HSCs
&
HSCs |
MOBILIZATION OF o P REINEUSION OF
amothera

AUTOLOGOUS CD34+ > SUFFICIENT
CELLS CORRECTED
> STEM CELLS

MYELOABLATIVE
CONDITIONING

Nienhuis et al, Cold Spring Harb Perspect Med 2012;2:a011833



Vitravene Gendicine Macugen Oncorine Rexin-G Neovasculgen  Glybera Kynamro Imlygic
e 1989 NG| 1920 O 1908 [P 1999 [N 2002 [N 2003 [ 2004 P 2005 Ry 2007 [ 200 [ 2070 [ 2o P 2012 Py 2012 Pd 2015 PR
v v v v v v v v v v v v v v v
First gene First First First fatality  First reported First First  First oncolytic First approved Successful Reported  Firstapproved  Firstviral-  Firstapproved  First gene
transfer in  successful commercial causedby  genetherapy- commercial commercial virotherapy broad- gene therapy  fatality after  anglogenic based gene  gene therapy therapy
humansto  gene therapy 3Pproval for gene therapy derived approval fora approval approved for spectrum for the CAR-T cell  gene therapy therapy for the approved for
insert a trialin  ASO-based gigeeffects  oncogenesis  viral-based  foran  genetherapy tumor-targeted treatmentofa therapy (39 yo (Neovasculgen) approvedin  treatment of cancer
foreign gene humans gene (Jesse in SCID gene therapy aptamer  (Oncorine) gene therapy rare blindness patient Europe hypercholeste- treatmentin
inthe immune  (Ashanthi therapy Gelsinger, patients (Gendicine) RNA- (Rexin-G)  disease (Corey  exhibited a (Glybera) rolemia Europe and US
cells of cancer DeSilva, 4yo (Vitravene, gy 7D treated with based Haas, 9 yo LCA cytokine storm ” ... (Kynamro) (Imlygic)
terminal SCID patient) withdrawn patient) retroviral gene patient) shortly after First pedlat{:c
patiens on 2002 vectors therapy treatment and pationt (Emsy
and 2006 in (Macugen) died days later) Whishead, 6
EU and US yo ALL patient)
respectively) g:;tmig;
LEGEND )
$ Pas— For children treatment
®  Zaimoxis x;} Tecartus 15 Abecma — ; For adult treatment
strimvelis (Y ibmeldy L) - /UU\AI" = FElevidy:
ot O ; Q W hiaart {3 s & Carvi e ; For children & adult treatment
A~ Exondys51 Kymriah / Collategene ~r\Giviaari $g Delytact ik Carvikly | — Roctavian
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for the treatmentof a  gene therapy  gene therapy leukemia after treated with SMA gene for the ("' DNA plasmld'based
treatment of rare retinal (Onpattro) trial (Victoria ADA-SCID gene gene therapy therapy (tw treatment of > 40 gene therapy — AAV-based
SMA disease Gray, 34 yo therapy  (LexaDennis, 4  pediatric SCD (Lyfgenia roducts in th
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Genome editing techniques for correction of molecular defects

C Overview of zinc finger nucleases -

Zinc Finger Domains

B Overview of TALE nucleases

TALE Binding Domain
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Several nucleases were developed for site-
specific genomic modification:

v’ Zinc finger nucleases (ZFNs)

v' Transcription activator-like effector nucleases

(TALENG) e -

v" Clustered regularly interspaced short ey
palindromic repeat (CRISPR)-associated L eiacine
nuclease Cas9 s

Srivastava et al, Haematologica 2017, Volume, 102(2):214-223



Genetic engineering techniques
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DNA

Guide RNA

> The CRISPR/Cas9 complex is composed of a
single guide RNA (sgRNA) and the Cas9
endonuclease

> The sgRNA binds to a specific sequence of
DNA

> Cas9 then creates a double strand DNA
(DSB) break at that precise sequence

MpokAnon dikAwvwv
Opavoswv oto DNA ano to
ovotnua CRISPR/Cas9 kou
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Exa-cel: Non-Viral, Ex Vivo CRISPR/Cas9-
Mediated Editing of BCL11A

» Editing of BCL11A reactivates y-globin expression
and formation of HbF (a2y2) in mouse models*

e target a critical transcription factor binding site
(GATA1) at an erythroid lineage-specific enhancer
region

e Repair of the DSB by NHEJ results in DNA

insertion/deletions (indels), disrupts GATA1 binding
- lowering BCL11A transcription

e Exa-cel is produced using non-viral, ex vivo editing
of the erythroid-specific enhancer region of
BCL11A in CD34* HSPCs and reduces
erythroid-specific expression of BCL11A

casgevy
— (exagamglogene autotemcel)

suspension for IV infusion

— Cas9
— DNA
— Guide RNA

i’ }
i e = =

Erythroid enhancer

$

7 ¢

+ K- I+ I I

Figure modified from Canver, et al.?

BCL11A gene

(chromosome 2)

Reduced expression in
erythroid lineage

B-globin locus

(chromosome 11)

BCL11A, B-cell ymphoma/leukemia 11A; CRISPR, clustered regularly interspaced short palindromic repeats; DNA, deoxyribonucleic acid; HbF, fetal hemoglobin; HSPC, hematopoietic stem and progenitor cell; RNA, ribonucleic acid; SCD, sickle cell disease;

TDT, transfusion dependent B-thalassemia.

1. Canver MC, et al. Blood. 2016;127:2536-2545; 2. Murray N, et al. Br J Haematol. 1988;69:89-92; 3. Bank A. Blood. 2006;107:435-443; 4. Bauer DE, et al. Science. 2013;342:253-257.



Study Endpoints .
CLIEVEB

THAL=-111
Proportion of participants transfusion independent for
12 consecutive months while maintaining a weighted

Primary Efficacy average hemoglobin 29 g/dL (TI12)
Endpoint o Assessed starting 60 days after last RBC transfusion for
post-transplant support or TDT disease management

Proportion of participants transfusion independent for
6 consecutive months while maintaining a weighted
Key Secondary average hemoglobin 29 g/dL (TI6)

Efficacy Endpoint o Assessed starting 60 days after last RBC transfusion for
post-transplant support or TDT disease management

* Total hemoglobin concentration
* Fetal hemoglobin concentration
Secondary & Other * Proportion of F-cells

CLI™B

Proportion of participants free of severe VOCs for 212 months (VF12)
o Assessed starting 60 days after last RBC transfusion for
post-transplant support or SCD disease management

Proportion of participants free from inpatient hospitalization for
severe VOCs for 212 months (HF12)
o Assessed starting 60 days after last RBC transfusion for post-transplant
support or SCD disease management

Efficacy Endpoints * Proportion of alleles with intended genetic modification in peripheral blood

Primary Safety * Neutrophil and platelet engraftment

* Proportion of alleles with intended genetic modification in CD34+ cells of the bone marrow
* Changes in markers of hemolysis (LDH, haptoglobin; CLIMB SCD-121 only)

Endpoints » Safety and tolerability assessments, including adverse events, clinical laboratory values, and vital signs
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ORIGINAL ARTICLE . < .
' v Patients 12 to 35 years of age were eligible
P v’ transfusion history of at least 100 ml of packed red
Exagamglogene Autotemcel for cells per kilogram of body weight per year or 10 units
Transfusion-Dependent 3-Thalassemia of packed red cells per year for 2 years before
F. Locatelli, P. Lang, D. Wall, R. Meisel, S. Corbacioglu, A.M. Li, J. de la Fuente, screening.
AJ Shah, B. Carpenter.JAL‘ K‘-‘li&ltkOV\’Skl, M. Mapard R.I. Lxem, M.D. Cdppelltm /After Completion Of the 2_year Study period patients
M. Algeri, A. Kattamis, S. Sheth, S. Grupp, R. Handgretinger, P. Kohli, D. Shi, . ’
L. Ross, Y. Bobruff, C. Simard, L. Zhang, P.K. Morrow, W.E. Hobbs, and were offered enrollment in a 13'year long'term
H. Frangoul, for the CLIMB THAL-111 Study Group* follow_up Study (CLIMB_13 1; ClinicalTrialS.gOV
number, NCT04208529).
ABSTRACT
BACKGROUND
Exagamglogene autotemcel (exa-cel) is a nonviral cell therapy designed to reactivate The authors’ full names, academic de- ; ;
fetal hemoglobin synthesis through ex vivo clustered regularly interspaced short =8 a"; a{ﬁ“a‘:"l’lfs are L‘S‘ed Tthte (:‘P; » granulocyte-colony stimulating factor (G-

. . . s . . endix. Ur. Locatelli can be contacted a . oq e .
palindromic repeats (CRISPR)-Cas9 gene editing of the erythroid-specific enhancer ?ranco‘locatelli@opbg.net it atihe De. CSF) and plerlxafor for HSPC mobilization
region of BCL11A in autologous CD34+ hematopoietic stem and progenitor cells partment of Pediatric Hematology and . .
(HSDC). Oncology, IRCCS Ospedale Pediatrico followed by apheresis for up to 3 consecutive

Bambino Gesu, Piazza Sant'Onofrio, 4,
st 00165 Rome, aly. days to collect CD34+ HSPCs
We conducted an open-label, single-group, phase 3 study of exa-cel in patients 12 *A list of the site investigators and co- > a myeloablative, pharmacokinetically adjusted
P gle-g ’

ordinators from the CLIMB THAL-111

to 35 years of age with transfusion-dependent B-thalassemia and a g"lg’, B'IB*like, ~_ : YR b LR :
: : i : usulfan conditioning regimen for 4 days
or non-B°|B°-like genotype. CD34+ HSPCs were edited by means of CRISPR-Cas9 fn‘;,,{f;"f\ﬁpinpéf’xv,' af,a;;:meewi:f F;hee greg y

with a guide mRNA. Before the exa-cel infusion, patients underwent myeloablative  full text of this article at NEJM.org. » Exa-cel was infused lntraVCHOUSIY through a
conditioning with pharmacokinetically dose-adjusted busulfan. The primary end This article was published on April 24, central venous catheter at least 48 hours but no
point was transfusion independence, defined as a weighted average hemoglobin 2024, at NEJM.org.

level of 9 g per deciliter or higher without red-cell transfusion for at least 12 con- N engl ) Med 2024;390:1663.76. more than 7 dayS

secutive months. Total and fetal hemoglobin concentrations and safety were also DO!:10.1056/NEJM0a2309673
assessed Copyright © 2024 Massachusetts Medical Society.

** ongoing phase 3, open label, single-dose study of exa-cel (CLIMB THALI111) at
13 sites



Demographics and Baseline Clinical Characteristics

Full Analysis Set Primary Efficacy Set

N =52 N=35

Age at baseline, years, mean (range) 21.5(6.7) 21.1(6.1)

212 and <18 years, n (%) 18 (34.6) 11 (31.4)

>18 and <35 years, n (%) 34 (65.4) 24 (68.6)
Sex, n (%)

Male 27 (51.9) 18 (51.4)

Female 25 (48.1) 17 (48.6)
Genotype, n (%)

BO/BO 19 (36.5) 10 (28.6)

BO/BO-like (B°/IVS-1-110; IVS-1-110/1VS-1-110) 12(23.1) 10 (28.6)

Non-B9/B0-like 21 (40.4) 15 (42.9)
Historical RBC transfusions per year,? units, mean (range) 36.0 (11.7) 37.1(11.0)

2 Annualized over 2 years before signing of the informed consent form; © Duration of follow-up include CLIMB SCD-131 trials.
RBC, red blood cell.

Locatelli F et al. N Engl J Med. 2024 May 9;390(18):1663-1676.



Treatment and Engraftment Results

Full Analysis Set
N =52

Number of mobilization cycles, median (range) 1.0 (1, 4)
CD34* cells x 10%/kg drug product cell dose, median (range) 36.6 (10.9, 202.4)
Duration (months) of follow-up after exa-cel infusion,® median (range) 20.4 (2.1, 26.4)
Neutrophil Engraftment®

Time to neutrophil engraftment (days), median (min, max) 29.0 (12, 56)
Platelet Engraftment¢

Time to platelet engraftment (days), median (min, max) 44 (20, 200)

aDuration of follow-up include CLIMB SCD-131 trials.’Defined as the first day of 3 consecutive measurement of absolute neutrophil count 2500 cells/uL on 3 different days. cDefined as the first day of 3 consecutive measurement of unsupported (no platelet transfusion in last
7days) platelet count 220,000/uL on 3 different days.

Locatelli F et al. N Engl J Med. 2024 May 9;390(18):1663-1676.



Patients Who Achieved Transfusion Independence (TI12) Maintained Transfusion Independence

Patient #

4
2
3
4
5
6
7
8
9

10

1

12

13

14

15

16

17

18¢

19

20

21¢

22

23

24

25

26

27

28

29

30*

31

32¢

33

34

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

RBC Transfusion
Volume Before

Screening
(mL/kg/Year)

159
307
253
131
21
126
127
229
182
191
205
220
15
127
138
190
155
131
189
216
306
207
213
150
331
229
215
243
166
165
253
264
197
296
237
214
206
122
301
160
140
168
110
164

266
300
104
273
125
213
246

Total
24 Months Prior to Screening After Exa-cel Infusion Follow-up
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* patients who achieved TI12; §patients who did not achieve TI12
exa-cel, exagamglogene autotemcel; RBC, red blood cell; TDT, TDT, transfusion dependent B-thalassemia; TI12; proportion of participants transfusion independent for 12 consecutive months while maintaining a weighted average hemoglobin >9 g/dL.

Adolescents and Adults

 Participants stopped transfusions after a
mean of 35.2 days; once T12 achieved, all
participants remained transfusion
independent through follow-up

» Three participants did not achieve TI12;
however, had substantial clinical benefit

- 1 participant had a relative reduction in

annualized red blood cell transfusion
volume of 83.9%

2 participants stopped red blood cell
transfusions 14.5 months and 12.2
months after exa-cel and have been
transfusion-free for 7.3 months and 4.0
months, respectively

Locatelli F et al. N Engl ] Med. 2024 May 9;390(18):1663-1676.



Exa-cel Safety Profile Is Consistent With Myeloablative Busulfan

Conditioning and Autologous HSCT

. Common Adverse Events:
Post-exa-cel AE Overview
Preferred Term

Participants with Febrile neutropenia 32 (61.5)
Any AEs, n (%) 52 (100.0) Headache 28 (53.8)
AEs related to exa-cel, n (%) 13 (25.0) Stomatitis 26 (50.0)
AEs related to busulfan, n (%) 51 (98.1) Thrombocytopenia 25 (48.1)
AEs Grade 3/4, n (%) 46 (88.5) Anemia 23 (44.2)
SAEs, n (%) 17 (32.7) Mucosal inflammation 23 (44.2)
SAEs related to exa-cel, n (%) 2 (3.8) Nausea 22 (42.3)
AEs leading to death, n (%)° 0 Vomiting 21 (40.4)
Any malignancies, n (%) 0 Table includes common adverse events occurring in >40% of participants.

All participants engrafted neutrophils and platelets.

aincludes related and possibly related AEs and SAEs. . h ° th f t
bSAEs previously reported in 2 participant and fully resolved. One participant had SAEs starting per-engraftment and in MO St adverse events Occurred Wlt ln e lrs

context of HLH (HLH, acute respiratory distress syndrome, and headache were related to exa-cel; idiopathic

pneumonia syndrome was related to exa-cel and busulfan). One participant had SAEs of delayed neutrophil 6 th ft th l ° f °
engraftment and thrombocytopenia both related to exa-cel and busfulfan (neutrophil engraftment achieved on Day 56 mon S a er e exa-ce ln uSlon
without use of backups cells).

AE, adverse event; exa-cel, exagamglogene autotemcel; HLH, hemophagocyticlymphohistiocytosis; HSCT, hematopoietic stem cell transplantation; SAE, serious adverse event.

Locatelli F et al. N Engl J Med. 2024 May 9;390(18):1663-1676.



Conclusions

v 91% transfusion independence for at least 12 consecutive
months.

v’ Patients stopped transfusions approximately 1 month
after the exa-cel infusion, and transfusion independence
was durable, with a mean duration of 22.5 months (range,

13.3 to 45.1)

v' adverse events occurring within the first 6 months after the
exa-cel infusion.

v No cases of myelodysplasia or other hematologic cancer
occurred

Locatelli F et al. N Engl J Med. 2024 May 9;390(18):1663-1676.
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Exagamglogene Autotemcel for Severe Sickle Cell Disease

H. Frangoul, F. Locatelli, A. Sharma, M. Bhatia, M. Mapara, L. Molinari, D. Wall, R.I. Liem, P. Telfer, A.J. Shah,
M. Cavazzana, S. Corbacioglu, D. Rondelli, R. Meisel, L. Dedeken, S. Lobitz, M. de Montalembert, M.H. Steinberg,
M.C. Walters, M.J. Eckrich, S. Imren, L. Bower, C. Simard, W. Zhou, F. Xuan, P.K. Morrow, W.E. Hobbs, and

S.A. Grupp, for the CLIMB SCD-121 Study Group*

The study was designed by Vertex harmaceuticals and

CRISPR

> phase 3, openl abel, single-dose, 2-year study of exa-cel v’ Autologous CD34+ HSPCs

(CLIMB SCD-121) at 16 sites

v’ after plerixafor mobilization of HSPCs,

> Patients 12 to 35 years of age with SCD v" apheresis for up to 3 consecutive days for each episode

» history of at least two vaso-occlusive episodes per year during

the 2 years before screening

ClinicalTrials.gov number, CTO4208529)

v" Exa-cel was manufactured from these CD34+ cells with the
use of CRISPR-Cas9,

. ) . v' with a single-guide RNA molecule selectively targeting the
» After completion of this study, patients were encouraged to enroll BCL11A

in the 13-year long-term follow-up study (CLIMB-131; v’ erythroid-specific enhancer Before the exa-cel infusion,

patients received myeloablative conditioning with
pharmacokinetically adjusted single agent busulfan for 4 days




Demographics and Baseline Clinical Characteristics

Full Analysis Set Primary Efficacy Set
N=44 N=30

Age at screening, years, mean (SD) 21.2 (6.1) 22.1(6.0)

212 and <18 years, n (%) 12 (27.3) 6 (20.0)

>18 and <35 years, n (%) 32(72.7) 24 (80.0)
Sex, n (%)

Male 24 (54.5) 16 (53.3)

Female 20 (45.5) 14 (46.7)
Genotype, n (%)

Bs/B* 40 (90.9) 29 (96.7)

B*/B° 3(6.8) 1(3.3)

B*/B* 1(2.3) 0
a-globin gene deletion status, n (%)

One-gene deletion 15 (34.1) 9 (30.0)
Two-gene deletions 2(4.5) 2(6.7)
Historical VOC episodes per year,® mean (range) 4.1 (2.0, 18.5) 3.9(2.0, 9.5)
Historical in-patient hospitalizations for severe VOCs per year,® mean (range) 2.7 (0.5, 9.5) 2.7 (0.5, 8.5)

Frangoul H et al..N Engl J Med. 2024 May 9;390(18):1649-1662



Treatment and Engraftment Results

Full Analysis Set
N=44

Number of mobilization cycles, median (range) 2.0 (1.00, 6.00)
Exa-cel dose: 10°x CD34* cells/kg, mean (range) 4.7 (2.9, 14.4)
Duration (months) of follow-up after exa-cel infusion?, mean (range) 20.1 (0.8, 48.1)
Neutrophil Engraftment®

Time to neutrophil engraftment (days), median (range) 27.0 (15, 40)
Platelet Engraftment¢

Time to platelet engraftment (days), median (range) 35.0 (23, 126)

Frangoul H et al..N Engl J Med. 2024 May 9;390(18):1649-1662



Participants Treated With Exa-cel Achieved Clinically Meaningful

and Durable Benefit - Free From VOCs
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* Participants stopped transfusions after a median
of 20 days

* One participant with complex comorbidities and
history of chronic pain did not achieve VF12;
however, achieved HF12 and remains free from
hospitalization for severe VOCs (24.9 months)

* 28 of 29 participants (PES) remained VOC-free
through follow-up; one participant had a VOC in
the setting of a parvovirus B19 infection
22.7 months after exa-cel infusion, fully
recovered, and has since been VOC-free
(12.3 months)

*participants who achieved VF12; #participants who did not achieve VF12; §participant whao died from respiratory fallure due to COVID-19 infection; not related to exa-cel. Data shown is based on the Full Analysis Set
exa~cel, exagamglogene autotemcel; HF12, proportion of participants free from in-patient hospitalization for severe VOCs for 212 consecutive months; PES, Primary Efficacy Set; VF12, proportion of participants free of severe VOCs for 212 consecutive months; RBC, red blood cell;
VOC, vaso-occlusive crisis,

Frangoul H et al..N Engl J Med. 2024 May 9;390(18):1649-1662



SCD: Early and Sustained Increases in Total Hemoglobin and Fetal Hemoglobin in
Pancellular Distribution Following Exa-Cel Infusion
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* Mean HbF was 36.8% at Month 3 and was then maintained at ~40.0% through follow-up
* Mean total Hb was 12.0 g/dL at Month 3 and was then maintained at 211.0 g/dL through follow-up

* Pancellular distribution of fetal hemoglobin (>95% of RBCs) observed early and maintained following exa-cel infusion

Frangoul H et al..N Engl ] Med. 2024 May 9;390(18):1649-1662

exa-cel, exagamglogene autotemcel; F-cells, circulating RBCs expressing detectable levels of HbF; Hb, hemoglobin; HbF, fetal hemoglobin; RBC, red blood cell; SCD: sickle cell disease; SE, standard error.



Exa-cel Safety Profile Consistent With Myeloablative Busulfan

Conditioning and Autologous HSCT

Post Exa-cel Adverse Events: Exa-cel Common Adverse Events: Exa-cel
Overview N=44 Preferred Term N=44

Participants with Nausea 31 (70.5)
Any AEs, n (%) 44 (100.0) Stomatitis 28 (63.6)
AEs related to exa-cel, n (%)? 13 (29.5) Vomiting 25 (56.8)
AEs related to busulfan, n (%)? 44 (100.0) Febrile neutropenia 24 (54.5)
AEs Grade 3/4, n (%) 42 (95.5) Abdominal pain 22 (50.0)
SAEs, n (%) 20 (45.5) Headache 22 (50.0)
SAEs related to exa-cel, n (%)? 0 Pruritus 22 (50.0)
AEs leading to death, n (%)® 1(2.3) o N N T e
Any malignancies, n (%) 0

All participants engrafted neutrophils and platelets.

“includes related and possibly related AEs One death from respiratory failure (SARS-CoV-2) in an
®One death, from respiratory failure due to COVID-19, was not considered to be related to exa-cel. . . .

adult patient (268 days after the exa-cel infusion)

v also had busulfan-associated lung injury

v’ preexisting lung disease

Frangoul H et al..N Engl ] Med. 2024 May 9;390(18):1649-1662



Conclusions

Treatment with exa-cel eliminated vaso-
occlusive crises in 97% of patients with sickle
cell disease for a period of 12 months or more

100% were free from inpatient hospitalization
for severe vaso-occlusive crises for at least 12
months,

Free from vaso-occlusive crises for a mean
duration of 22.4 months (range, 14.8 to 45.5)

Mean total hemoglobin level of 11.9+1.5 g per
deciliter at month 3 and 12.5+1.8 g per deciliter at
month 6

*  Frangoul H etal..N Engl J Med. 2024 May 9;390(18):1649-1662



Conclusions on Exa-cel CLIMB THAL-111 and CLIMB
SCD-121 Pivotal Trials

* Participants had early and sustained increases in total hemoglobin and fetal hemoglobin with pancellular
distribution

» Stable proportions of BCL11A edited alleles were seen in bone marrow and peripheral blood, indicating
successful and durable editing of long-term HSCs in TDT and SCD

» Safety profile of exa-cel is consistent with busulfan myeloablative conditioning and autologous
hematopoietic stem cell transplantation, based on 48 participants with TDT and 35 participants with SCD

who were dosed with exa-cel.

Exa-cel can provide a one-time functional cure to patients with TDT and SCD

exa-cel, exagamglogene autotemcel; HF12, proportion of participants free from inpatient hospitalization for severe VOCs for 212 months; SCD, sickle cell disease; TDT, transfusion-dependent B-thalassemia; TI6, maintained weighted average Hb >9 g/dL without red blood cell
transfusions for at least 6 consecutive months any time after exa-cel infusion; TI12, maintained weighted average Hb >9 g/dL without red blood cell transfusions for at least 12 consecutive months any time after exa-cel infusion; VF12, proportion of participants free of severe VOCs

for 212 months; VOC, vaso-occlusive crises
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* (Casgevy is the first FDA-approved therapy utilizing
CRISPR/Cas9, a type of genome editing technology.

* Lyfgenia uses a lentiviral vector (gene delivery
vehicle) for genetic modification

BREAKING | Vertex and CRISPR’s Gene-editing Therapy Casgevy
Receives Early FDA Approval for B-Thalassaemia Treatment

A 1 minute read

FDA NEWE RELEASE

FDA Approves First Gene Therapies to Treat

Patients with Sickle Cell Disease

f Share X Post in Linkedin = Email & Pont

For Immediate Release: December 08, 2023

Today, the U.S. Food and Drug Administration approved two milestone treatments,
Casgevy and Lyfgenia, representing the first cell-based gene therapies for the treatment of
sickle cell disease (SCD) in patients 12 years and older. Additionally, one of these
therapies, Casgevy, is the first FDA-approved treatment to utilize a type of novel genome
editing technology, signaling an innovative advancement in the field of gene therapy.

Casgevy received a conditional marketing
authorisation valid throughout the EMA on 9
February 2024.

On Tuesday, January 16, 2024, the FDA gave the green light to Vertex Pharmaceuticals and CRISPR Therapeutics’
groundbreaking Casgevy™ (exagamglogene autotemcel) Cas9 gene-edited cell therapy. This one-time treatment is

now approved for transfusion-dependent [B-thalassaemia patients aged 12 and up.



The Cost of Genetic Therapies to the Patients/Healthcare System

Lyfgenia will cost $3.1 M
Casgevy will cost $2.2 M

This is a huge burden on healthcare systems in the US
This is unaffordable in developing countries

W

While exciting that genetic therapies are getting approved, efforts need to continue to

cover the costs of these approved therapies so that they are accessible to all patients
in the US

Efforts need to be made to reduce costs of genetic therapies

Verdun N; presented at ASH-FDA symposium, ASH 2023
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