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Historyof Haemophilia
Treatment

L) dzyGAf  GKS wmdc siQeémopdilia SeEeRréaged witls LIA & 2
whole blood or plasmaThe proportion of clotting factopresent in whole

blood or plasmawas so low thatthere was very little effecfor bleeding
episodesPrior to the development of viral inactivation procedures in the-mid
1980s, people with haemophilivho had previously received large pool
plasmaderived factor concentrates were infected with tiepatitis C virus

(HCV). A considerable number of these patients were also infected with
human immunodeficiency virus (HIV).

Today'soptimum therapy is prophylaxis with clotting factor concentratesin
whichit isattemptedto

prevent bleeding by regular intravenous infusion of theplasmatic or
recombinantclotting factor which is deficier{tvith haemophiliaAfactor Vllland
with haemophilia B factor 1X). Thigeatly reduces bleeding anallows the
patientto live a relativelynormallife.

Factor VIII (haemophilia)Aand factor IX (haemophilia Bxan be manufactured

as recombinant proteins using &ell line. Snce the beginning of then podpn Q &
recombinant factor concentrates have been availabte order to avoid
contamination with viruses. Currently, some recombinant products with
extended haHife are available,which can increasethe protection and / or
reduce the number oihfusions There arealsonewand exciingtherapies being
developedthat will allowsubcutaneous administrationmuch extendeddosing
intervals and in the long run, theure for both haemophiliaA and B, asthe
ongoinggene therapy tials progress

This brochure is aimed to provide an overviefwthese developmentsvith a
focus on products with extended hdife, currently availableor soon to be
available

History of Haemophilia Treatment

wlmmunetolerance?  First recombinant FVIII
wProphylaxi% and FIX products

Inactivation of New ways ofsubstitution
HIV and hepatitis wFVIIFIXproductswith
viruses extended half-life

Developmenibof
Cryoprecipitaté

1990s 1960s 1970s 195JOS 1990s 2010s

First plasma

wHigh purity

FVII concentrates Gene Therapy trials are gaining
Fractionation

wHome treatment momentum
wFirst FVIII

concentrates

1. Brackmann HH & Gomsen J. Lancet 1977; 2:33@anceJohnson M et al. NEJM 2007; 3535¢44.
2. MancoJdinson M et al. NEJM 2007; 3%85¢44.
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Factorlevels bleeding
andarthropathy

Haemophilia is a chronifelongdisease, which can lead to pain, joint damage
or life-threatening bleeding if the treatment is insufficiedbint damage can
lead to a considerable reduction in the quality of life. The prevention of joint
damage is an important treatment goarhe main goal of treatments to
enable patientsto live a normal life While treatment has been significantly
improved in thelast 30 years, people with haemophilia are dtited with
difficulties due to their condition ademonstratedin longitudinalstudieswith
follow-ups as long as80 years. Despite seemingly optimalprophylactic
therapy, patientsreported markedjoint damagein earlyto middle age.After

10 yearspatients reportedchangesin ankle joints, after 15 yearpatients
reported changesn kneejoints and after 20yearspatients reported changes

in elbow joints, all of which were clinicallyconfirmed Despite dw bleeding
rates, atrough level (ie a factor levedirectly before thenextinjection)of 1%
appearsto be insufficient. Trough leved of 3%, 36 or even 10%are being
discussedhowever some patients with a trough level of 3% may continue to
experiencebleeding episodes whereas a patient with a trough level maintained
at 1% may not bleedat all This emphasizes the importance of tailored
individual treatment for patients.

Extendedhalf-life productsallow not onl/ less frequent infusions, but also higher
troughsthan standard haliife productswhen used at the same frequenand
dosing. Thus, these products miagip manage patients who do well with a trough
level of 1% as well as those who need higher tratgtprevent all bleedsA long
term effect on the joints will, of course, only occur after a similar long observation
period as in the study described above.

1. Oldenburg J. Blood. 2015;125(13):20R8

Individual Dosing

Pharmacokinetis (halflife, course of degradation of FVIII / FIX)
varies wth each patient.

Dosage must be adapted to the patient.

Factor level must be adapted to the patient.
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Half-life extension and
alternative technologies

Theae are several newtreatment pathwaysand technologiesthat will
becomeavailable to patients with haemophilia A and B in the coming years
These techndogiesmay seem complex,ub we candivide them easily as
follows:

o0 PEGylationchemical modification ofFVIII and FIX molecules by
attachment of PEG. PEGs (polyethylene glycols) are chemical
substances that the body cannot degrade, but may shed via
different routes. The rate of excretion via the kidney depends on the
size of the PEG molecule and is not yet fully understood.

o0 Protein fusion: genetic engineering to produce factor VIl or factor
IX in the form of a large protein that consists of a coaguldtator
linked with another protein. The fusion partner protein may be-full
length or part of an endogenous protein (albumin or
immunoglobulin fragment, respectively). Thefssion proteinscan
be completely degraded and recycled by the body. Some of these
products are produced in a human cell line so that they are
SEGNBYSte aAYAtIN G2 GKS 02ReQa
Modification of clotting factor amino acid sequence:genetic
engineering to change the primary structure of a clotting factor. This
approach was used tobtain the singlechain FVIII. In the body,
factor VIl is cleaved before release into the bloodstream. The
products of this cleavage, called FVIII light and heavy chain, circulate
together as a protein complex. Introduction of changes at specific
sites d the FVIII protein through genetic engineering prevents the
cleavage and extends the FVIII Hd#H.

In most cases in haemophilia A the injection intesaibe prolonged from
three timesper week to twiceper week or from every two to every three
days. In Haemophilia Bhe dosing frequencgan be reducedrom twice per
week to onceper week. Some patientsay be able to extend their infusions
to every 1014 days. In many cases a much better protection ofpghtent

is also achievedin the medium tem further advances in treatmenfor
haemophilia Aincluding patients with inhibitorsyill be availablesuch asan
antibody that wiil be administered subcuaneoudlynder the skin) In the
long term,gene therapywill alsobe available.

Overview
Approaches to extended halife

In short-term or already available

Chemcal modification*?

wPEGylation

Protein fusion
WFVIIl or IX #c region of immmunoglobuli@&

wFVII or IX albumirt

Protein sequence modification
wSinglechan FVIlimoleculé

PEG = polyethylene glycol

1.Jevsevar S et al. Biotechno010;5:113128.

2.DeFrees S et al. Glycobiology. 2006;16:833.

3. FogartyPFHematol Am Soc Hematol Educ Progr&®11:2011:397404.
4.Schulte S. Thromb Res. 2013; 13p52:S26.

5. Schmidbauer S et al. Thrombosis Rese@@t6;136(2):38895.




Overview Summary

New technologies Half-life extension and other technologies

The followingare major methods for the haHife extensiomas well as

Medium to long termpossible therapies _
non-replacement therapies under development

There are severdherapies currently being investigated that atm
extend the haHiife of clotting factos or otherwise achieve prolonged
therapeutic effect

Antibodies

wEmicizumalfACE910factor VIHmimetic antibody*
wConcizumab (TFPI inhibitor)

Chemical modifications @
wPolysialylation (@njugation with polysialic ac)d -
sialylation

Protein fusion
WXTENylatioh

single-chain
FVIII

RNAI (genssilencing
wAntithrombinIll downregulatiord

Gene therapy @ °
uViral vectors with a correct copy of FVIII or FIX gene

FVIlimimetic antibodya monoclonal bispecific antibody that binds FIXa
and FX. Normally, FIXa activates FX, but requires FVIII to do so.

viral vectors
encoding
FVIII or FIX

Emicizumalmimics that function of FVIII. XTEN = polypeptide composed of natural amino acids
L . . . . PEG = polyethylene glycol

Polysialic acid: a biocompatible and biodegradable natural sugar TFPE tissue plasminogen factor pathway inhibitor

polymer. AT = antithrombin

XTENylation: XTEN is a large, unstructured recombinant proveisisting
of 864 natural amino acids, which when merged to a peptide or protein,
prolongs its haHife in the plasma.

1. Sampei Z et al., MAbs. 2015;7(1):80
2. PeyvandF.JThrombHaemos2013;11(suppl.1):84-98.
3. Schellenberger V et al. Nat Biotechnol. 2009;27:11880.
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Themechanisnof half-life extensionby
PEGylation

PEGylation of proteins (clotting factors)

TheillustratiorA K2 64 K2¢ t 9Defl A2y SE4SyRA
life. The polymer (PEG), represented as a green chain moletiédds
the protein from degrading substancasd slovs down its clearance

Veronese F & Pasut G. Drug Discovery Today 2005;10:2112881

Chemical attachment of PEG molecules of different sizes to specific sites

on the protein via covalent bonds
Ste-specific and controlled

3 Sitespecific
WrFVII (BY94-9027) ¢ 60 KDE&PEG
WrFEVII(NS-GP) ¢ 40 kDaPEG
WrFIX(N9-GP) ¢ 40 kDaPEG
OIFVINNZ-GP9) ¢ 40 kDaPEG

3 controlled
OrFVII(BAYBE5) ¢ 20 kDaPEG

0 KS Onheanilividua) ranutadtudeds BsN difierentylsized PEG molecules and bind

these at different sites of thelotting factor.

kDa = kilodalton = siz&f the PEG molecule

BAY= Bayer

N =Novo Nordisk

BAX= Baxalta / Shire

GP =glycopegylation

Ste-specific = binding site is predetermined (all procedures), very specific structures are created, to
whichPEG binds

InBax855,PEMindsto 1-2lysinegthereforecontrolled)

Covalenbond=strong chemical bond

12
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PEGylation GlycoPEGylated

BAY94-9027 rFVIII (N8-GP)and rFIX(N9-GP)

site-specific, covalent attachment of a branched PEG molecule Sitespecific PEGylation
of 60 kDa total size (about 2 x 30 kDa) Covalent binding 040 kDa PE@olecules

PEGylatiomf N-glycangFIX) or @lycars (FVIII)

Site-specific
PEGylation to
prolong the FVIII
half-life

o‘k
Theillustration showdhe key features of glycoPEGyitat in the case ofactor IX PEG
molecules are attached to-jlycans (complex carbohydrates linkedptoteins)on the
activation peptidg(pink)within the clotting factor (light blue)This modificatiorprotects

the factor fromprematuredegradation. Wherbleeding ensues antthe factoris needed

to stop it, theactivation peptideis cleaved off together with the PE@hichactivates

the clotting factor andallows itto promote clotting. FVIII differs in structure from FIX

and so in the case of NBP PEG is attached to a different carbohydrate chain (called O
glycan), bufVIIl activation proceeds in a similar way, wfita protein fragment

containing the P&ylated Gglycan being cleaved off.

The illustration showthe clotting factor VIII or IX (light blue) and a PEG polymer (green).
The green PEG polymglows dowrclearance.

ACTPEP = activation peptide
1. Mei B et alBlood 2010; 116 (2): 279
2.Coyle TE et al. J Thromb Haema@sil4; 12 (4)488-96. 1. 1. @stergaard H et al. Blood 2011, 118: 23331.
3.Bayer HealthCare Pharmaceujcals, Inc. Press release, Febru2gi48, 2. 2. Negrier C et dBlood 2011, 118: 269%01.
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Full-length PEGylated rFVIII Polysialylation (conjugation with

(BAX855) polysialic acid)

BAX 855 is REGylated fullength (with the whole B domain Biocompatible and Biodegradable Natural Polymer

retained, as opposed to B domatieleted)recombinantVill . * Polysialic acidRSA could significantly immve halflife 2, although a clinical trial
Covalent binding 020 kDa PE@olecules factor VIHPSA was discontinued due to disappointing results. Opportunities to u:
Controlled PEGylation of exposed amino aitté-chains technology with other clotting factors are being explored.

>4

e
*
s
N
\{1;;1‘.—\
B WEAAGERT _ Light blue: FVIII
e Green: PEG

The illustrationshows theclotting factor(blue) and4 polymers (green)which represent
PEGThe PE@olymersslow downclearance of thelotting factor.

The illustration showshe clotting factor (blue) and 9 @mrm-shaped polymerspplysialic
acid)(red). Thered polymersprotect the clotting factor from rapid degradation andlow
down its renalclearance

Polysiali@cidisa complex carbohydrateroduced and degradellythe bodyitself
as part of glycoproteis and glycolipid$

The mechanism of action is similar to the PEGylation.

1 Horling FM et al. Blod2D11;118(21):3323. 1. Peyvandetal.JThrombHaemost2013;11Suppll:84-98.
2. Rottensteiner H et al. Blood 2007, 110(B)50.
3. Zhandr etalAsianburnalof Pharmaceuticabcience2014;9:7581.

16 17



18

XTENylation

XTENylation :

a clotting factor is modified bfusionwith
XTEN, aibcompatibleandbiodegradable
physiologically inerpolypeptidet

XTEN could significantly improve héfé?

rEVIIEE ¢ 9 b k5 Q50
fusion protein

The illustration showsthe clotting factor (blue) and 2 coilshapedpolymers (XTEN,
amino acid sequence)(green). The green polymersdelay clearance of theclotting
factor.

1.Liu T et al. Haemophilia 2014; 20 (SuBpl1-186.[Abstract].
2.Podust VN. et al. J Control Release 2808,683659(15)30205t.

Protein fusion

i Fuwsion of the clotting factor with anotherblood protein or
a protein fragment(e.g.albumin and IgGFc, respectively,
whosehalf-life is longer

In protein fusiontechnology, aecombinantclotting factoris fusedwith another
protein (immunoglobulinfragment or albumin) by genetic engineering
resulting in a singlefusion protein Immunoglobulins and albuminshow
longer halflives(weeks)thanclottingfactors(hours).Thefusionprolongsthe
half-life of theclotting factor. These fusiogproteins are completely degraded
andrecyclednaturallybythe body.

19
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(FIX-FP

Factor|X-albuminfusionprotein

Albuminisaprotein with a longhalf-life?, producedin
largequantitiesinthebody

Genetidfusionof recombinantalbuminandrFIXwith
a cleavableinker®

Recycling by FcR(nheonatal Fc receptor)

When activated, FIXa is released and albumin is split off

rIX-Albumin fusior?
CSL654, rIXFP

-Q— ‘.

FVila/TF

FIX Albumin Acnvated FIX

Theillustration showsthe clotting factor IX (darkblue) fused withalbumin(yellow). The
activation peptidgconnectinghe two functional parts of the protein is showngneen).
The arrows indicateleavage sites (the cleavage activates FTKg albumin protects
the factor from rapid degradation. Whebleeding starts andhe clotting factor is
needed at the site of blood vessel injurythe activation peptideis excised,the
albumin molecule split off and the activatetbtting factorpromotesbloodclotting.

1. Schulte S. Thromb Res. 2011;128 SuppbS12.

2. Metzner HJ et al. Thromb Haema009;102(4):634644.
3. LillicrapD. Curr Opin HematoR010;17(5):393897.
4.Schulte S. Thromb Res. 2013; 131 SQpfpR6.

rFIX-Fc and rFVIlI-Fc fusion proteins

r FIXFc and’FVIIHFceach consist of a singlelX or=VIlimolecule
fusedto two Fc domains of the human IgG1+? 2

Recycling byrcRn

» = ,‘1“4‘
0'9‘1’ \ L f
!‘.',\-t"'/

A cartoon nodel ofrFIXFc

A cartoon nodel of rFVIHFC

A single=1X molecule (blue) or FVIII molecule (bisdyusedio a dimeric (double)

Fc region of human @1 (green).FcRn (neonatal Fc receptor) reverses the uptake
of FVIHFc or FI>@Fc and recycles it back to the bloodstreaRecycling bycRn
protects theclotting factor from degradation

rFIXFc = recombinant factor {Rcfragment
fusionprotein
IgG =inmunoglolulin G

1. Peters RT et al. Blood 20105(10):2057%4.
2. Shapiro A et al. Blood 2012;119(3):6656
3. Dumont J et al. TherapeuPc Monoclonal AnPbodies: John Wiley & Sons, Inc.; 20095S. 779
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Sequence modification

Antibodies: emicizumab

Singlechain FVIII moleculé->
rEVIII with a truncatedB-domain

Covalently boundFVIIFHCh(heavychain)andFVIIFLCh (light
chain)

Increased binding affinity to VWF

Activation by thrombingeneratesnative FVllla

c1 c2
Arg372¢ Arg740 ;ArgSOl
Thrombin- ]
[ Al M Activation az @

R i

rVIILSingleChaiMolecule rEVilla

Site-specific changes in the FVIII gene nucleotide sequence, and thuspirotiésn
amino acid sequencdead to formation of a stronger, covalent bond betwetre
heavy (light blue) and light chain (dark bluejtod clotting factor, generating aingle
molecule,as opposed to two parts (heavy and light chain) of FVIII held together by
weaker interactions in the unmodified FVMhisalso results in strongdsindingto
VWEF, whiclprotects FVIII from rapid degradatiofctivationbythrombin produces
anormalactiveclotting factor VIIL

1. Schulte S. Thromb Res. 2013; 131 Sa@pe6.

2.Thompson AR. Semin Thromb Hemost 202841):011022.

3. LacroixDesmazes S et al. Blood 2008;112:240

4. PipeSW.Haemophili2009:15(6):11876.

5. Schmidbauer S et al. Thrombosis Research 2015;136(30388

Concept of a FVIltenimetic bispecific atibody

Theantibody imitates (mimics)the function of the activatedfactor VIII
molecule,binding bothfactor 1Xa and factor X (bpecific).

The bispecificantibody allowsinteraction betweenFIXaandFX,
therebyactivatingFXand promoting blood clotting.

FiXa

- gy Bt

F Pbospholipxdm@bran

= is for activate clotting factor

Monoclonalbispecificantibody binds FIXaand FX(lower panel), so that FIXacan
activateFX Thisisexactlywhat FVIII does (upper pel).
1. Kitazawar et al. NatureMedicine2012;18(10):1570.

2. Samperetal.PLo®ne2013;8(2):e57479.
3.Muto A et al. J Thromb Haem@14;12(2):208213.
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Gene silencing Gene silencing

Downregulation of antithrombin (AT) Downregulation of antithrombin (AT)

Downregulation of atithrombin by RNAI ALNAT3

the body of healthy individuals, which prevents blood from

clotting excessively AT depletion byALNAT3 boosts hirombin generation in severe

haemophilia Aindividuals (FVI11<1%)

RNA interference (RNAI) is a natural mechanismgene silencing
(to decrease synthesis of respective proteirig)many organisms.

AT = 0%
AT =10%
AT =20%
AT =40%
AT =60%
AT=100%
Control

150

100

a0
o

0 20 40 60 80
Time(min)

Thrombin (nM)
o
|

Increase inhrombin generatiorcorrelates well with AT depletion. Total AT depletion
(blue curve) boosts thrombin generation &bout 50% of normalblack curve)

The siRNA molecule (AIAT3)that downregulates antithrombins conjugated withN-
acetylgalactosamine (a type of sugawhichallowsits uptake by theliver cels. Once in the
liver cell the siRNA molede targets the mRNAencoding antithrombin leading to its
breakdown,so that no antithrombin can bsynthesized

dsRNA=doublestranded siRNA=smallinterferingRNA(ribonucleicacid); RISGRNAinduced
silencingcomplexmRNA=messengeRNARNA=ribonucleicacid

R.RobinsorPLoS Biology 2004; Va(1):E28. Sehgal A et al. Nat Me#015;21(5):492.
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