Produzione di proteine
terapeutiche



Proteine di interesse terapeutico:
biofarmaci

Bio-pharmaceutical market

Others: therapeutic
enzymes, blood factors
recombinant vaccines
anti-coagulants

* Proteine come farmaci I
* Proteine come antigeni (vaccini) __

(5.8 billion USD)
(8.1 tullion USD)

Hormones
(16.2 billion USD)

La produzione industriale di
proteine terapeutiche
richiede l'uso della
tecnologia del DNA
ricombinante per ottenere

Used host systems

le elevate quantita di s
M . Saccharomyces {112%) »
profeina necessarie e

(18.5 %)

\ (39 %)

Escherichia coli
(29.8 %)



Table 1

Comparison of expression systems used for biopharmaceutical production [4,6,7]

Higher eukaryotes

Yaast

Eschavichia coll

Ease of genetic modifications
Cultivation

Contaminations

Post translational modifications
(PTMs)

Protein yvields and sacratory
capacities

Moderate

Slow growth rates, expensive complax

{or synthetic) media requined
Risk of viral contaminations, viral
clearance requined

Closely resembling human
PTMs; usually mixtures of several
glycoform variants

High yields, highly efficient

secretion, high specific productivity

Simple

Fast and robust growth, defined minimal media

Little risks of endotoxins or viral DNAS

Meost human PTMs achievable, but natural glycosylation
patterns differ from humans, ypermannosylation,
engineerad strains can achieve human glycoforms and high

uniformity

High yields, secretory capacities depending on the species

Meost commonly used species

Recently approved
biopharmaceuticals®

Additional information and
specific differences batwean

host species of the
same class

Mammalian cells

32

Commonly used cell lines: CHO
{Chinezse Hamster Ovary),

BHK (baby hamster kidmey),
muring-myeloma-derived

NS0, SP2/0 cell lines [2] and
HEK293

Insect cells

Baculo virus based
systems most
commonly usad
for transfection

Easy scale up

Contaminations less
problematic
Mammalianized
glycosylation [5]

Pichia pastoris

Eb

Efficient and selective sacretion,
aften higher protein titers: than

5. cereviziae, for example, [B7]

Crabtree negative, high cell
density cultivations

Sacchamomyces cemvisias

4

Important eukaryotic model
organism, high maolecular- and
cel biological knowledge

Crabtree positive, leading to
ethanol production

GRAS status
Hypermannosylation is less pronounced in P. pastoris
and critical terminal «-1,3-mannose linkages were not
observed [19], engineered strains providing fully
humanized ghcosylation not available for 5. ceravisiae

Simple

Fastest growth, defined
minimal media

Endotoxins presance requires
thorough purification, possible
phage infections

Limited set of PTMs, some
human PTMs (e.g. glycosylation)
difficult to achieve

High expression capacities,
sacretion mostly inefficient,
extensive purification and
downsiream processing required

17

Fastest afficient expression
system

Inexpensive

Well established processes
suitable for mass production

Folding problams may lead to
the fomation of inclusion
bodies and require expensive
refolding (yet, inclusion
bodies provide a valuable
strategy to achieve high
protein yields and simple
purification)

Inefficient acetate
metabolism may hamper
high cell density cultivation
of some strains

? Data from Walsh [1], time percd: January 2006-June 2010, in total 58 biopharmaceuticals have been approved, two biopharmaceuticals produced in transgenic animals were not listed.
® In this number Jetrea by ThromboGenics is included (approved in 2012 and not listed by Walsh [1]).



Table 1 Examples of biopharmaceuticals produced in E. coli, yeast and mammalian cells (from [126])

Therapeutic group

Recombinant protein

Host

Protein properties

Molecular weight

(kDa)

Post-translational modifications

Blood factors,
thrombolytics,
anticoagulants

Hormones

Growth factors

Cytokines

< Monoclonal antibodies >

Factor VIII

Tissue plasminogen activator

Himdin

Human growth hormone

Follicle-stimulating hommone
Gluca

Granulocyte-colony
stimulating factor

Granulocyte-macrophage
colony stimulating factor

Interferon-alpha
Interferon-beta

Infliximab

Alpha-galactosidase

Deoxyribonuclease
Uricase

Mammalian cells

Mammalian cells,
E. coli (fragment)

8. cerevisiae
E. coli, 5. cerevisiae
E. coli, 8. cerevisiae

Mammalian cells
E. coli, 8. cerevisiae
Mammalian cells

E. coli, mammalian
cells

E. coli

E. coli
E. coli

Mammalian cells
Mammalian cells
Mammalian cells
8. cerevisiae

267.0

62.9

7.0

12.0

24.8

14.7 (subunit beta)
20.1
21.3
22.3

16.3

21.5
223

144.2
48.8
314
34.2

Disulphide bonds, glycosylation,
sulphation

Proteolytic cleavage, disulphide
bonds, glycosylation

Disulphide bonds, glycosylation,
sulphation

Proteolytic cleavage, disulphide
bonds

Disulphide bonds,
phosphoprotein

Disulphide bonds, glycosylation

Amidation, proteolytic cleavage

Disulphide bonds, glycosylation

Disulphide bonds, glycosylation

Disulphide bonds, glycosylation

Disulphide bonds, glycosylation

Disulphide bonds, glycosylation,
phosphoprotein

Disulphide bonds, glycosylation

Disulphide bonds, glycosylation

Disulphide bonds glycosylation

Acetylation

Protein properties that influence host selection include, among others, molecular weight and post-translational modifications, and were obtained
from UniProt (http://www.uniprot.org/) and DrmgBank (hiip:/fwww.drugbank.ca/)



Biosintesi dell'insulina nelle cellule  del
pancreas

CatenaA ™— 2laa

CatenaB = 30aa Unite da due ponti S-S

ESONE 1 ESONE 2
[ ] | \/ [
B PREPROINSULINA
— Peptide segnale
PROINSULINA

l\‘ Nell'apparato di Golgi
un enzima rimuove 33

i INSULINA aa che costituiscono il
peptide C
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PRODUZIONE DI INSULINA
RICOMBINANTE IN BATTERI

Plasmidi separati codificano per la
catena A e B in ceppi di E. coli
separati

Le catene A e B sono prodotte sotto
il controllo del promotore lac come
proteine di fusione con la regione N-
terminale di LacZ

Le sequenze LacZ sono eliminate con
trattamento con bromuro di
cianogeno (scinde legami Met-X)

Le catene A e B sono mescolate
assieme in condizioni ossidanti, si
formano i ponti S-S e viene
purificata la forma nativa
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Produzione di insulina ricombinante nel lievito
Saccharomyces cerevisiae (via della proinsulina)

Pro-insulina costituita da catena B1-29 (mancante di Thr30) e
catena A1-21 fusa al peptide segnale dell'a-factor per produrre

insulina secreta (mini-peptide C).

< — .f‘ .......... B AR TSR

Signal peptidase
I

—_—— = e ===

- ¥

Pre Pro

Fig. 2 Schematic representation of the leader-insulin precursor fusion
protein expressed in Saccharomyces cerevisiae. A leader consists of a
pre-peptide and a pro-peptide. Here the S. cerevisiae x-factor leader is
indicated (leader). Pre indicates the pre-peptide (signal peptide) and
Pro indicates the pro-peptide. The dibasic Kex2 endoprotease
processing site, localised at the pro-peptides C-terminus, is shown in
black. The single-chain insulin precursor (/P), comprising the first 29

amino acids of the human insulin B-chain ( B/-B29) is joined to the 21
amino acids of the human insulin A-chain (A/-A421) by the mini
C-peptide AAK (C) connecting lysine™ and glycine™'. Certain fusion
proteins also feature a spacer peptide (S) with the amino acid sequence
(EEAEAEAEPK, or derivatives of this sequence). Sites for attaching
N-linked carbohydrate chains, for processing by the signal peptidase
and for processing by the Kex2 endoprotease are indicated



Espressione costitutiva
sotto il controllo del
promotore TPI (trioso-
fosfato isomerasi),
selezione mediante

complementazione con il
gene della TPI di S. pombe
in un ceppo di S. cerevisiae

tpii:LEU2

TPI-PROMOTER

il —_— N LP

ORIGIN / '
TPI-TERMINATOR
| TPI-POMBE
|
pAK?Zl
11228 bp
. X
" ORIGIN-PBR322
AMP-R

Fig. 4 The pAKT721 S. cerevisize expression plasmid expressing the
LA19 leader-EEAEAEAEPK -insulin precursor fusion protein. The
pAKT72] expression plasmid was based on the S cerevisiae-
Escherichia coli shuttle POT plasmud (MacKay et al. 1990; Kawasaki
and Bell 1999). L-IP indicates the fusion protein expression cassette,
TPI-PROMOTER the S. cerevisiae TPIl promoter and TPI-
TERMINATOR the S. cerevisiae TPIl terminator. TPI-POMBE
indicates the S. pombe POT gene used for selection in S. cerevisiae;
ORIGIN indicates a 8. cerevisiae origin of replication derived from the
2-um plasmid. AMP-R indicates the fi-lactamase gene conferring
resistance toward ampicillin and facilitating selection in E coli.
ORIGIN-PBR322 indicates an E. coli orgin of replication



Valutazione dell'efficienza della sequenza del pro-
peptide e della sequenza spacer nella produzione di
insulina ricombinante nel lievito

Table 1 Fermentation yield of insulin precursor expressed in
Saccharomyces cerevisiae by different leaders. Insulin precursors
comprise the first 29 amino acids of the human insulin B-chain,
joined to the 21 amino acids of the human insulin A-chain by a
“mini C-peptide”, AAK. The insulin precursor was expressed in
the S. cerevisiae strain MT663“ (a gift from Mogens Trier Hansen,
Novo Nordisk; MATa/MATu pepd-3/pep4-3 HIS4 hisd tpi::LEU2/
tpizLEU2 Cir ") using the POT expression plasmid (Fig. 4). Each
leader consists of a pre-peptide (the a-factor leader signal peptide
or the Yap3 endoprotease signal peptide) and a pro-peptide, but

only the pro-peptide and spacer peptides are shown here, see Fig. 2.
Fermentation was at 30 °C for 72 h in YPD. Yield was determined
by RP-HPLC of the culture supernatant, and is expressed as
mean + standard deviation (SD) of the values obtained in four
individual fermentations. Where leaders lack the Kex2 en-
doprotease site, fermentation yield was determined as des(B30)
insulin after maturation by A. lyticus lysyl specific endoprotease
(EC 3.4.21.50). Consensus N-linked glycosylation sites [NX(T/S)]
as well as mutated non-functional glycosylation sites (QTT) are
underlined

S. cerevisiae  Pro- Pro-peptide amino acid sequence Spacer Yield

strain peptide peptide (mg/1)

MT 748 o APVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFI - 165 + 0.2
NTTIASIAAKEEGVSLDKR

yAKT08 x APVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNGLLFI EEAEAEAEPK  41.1 + 0.9
NTTIASIAAKEEGVSMAKR

yAKT721 LA19 QPIDDTESNTTSVNLMADDTESRFATNTTLALDVVNLISMAKR EEAEAEAEPK 503 + 38

yAKTT5 LA  ———— Qri —" 0 4 - - — — ——— Qr°7r— - ——— AA EEAEAEAEPK 25.6° + 3.9

yAKS817 TA3Y  —mm—— NIT-—————————— NTT-GGLDVVNLISMAKR EEGEPK 595 £+ 6.7

yAKSBS55 TA5ST @ ———— Qr7— — — —— —— A——QTNSGGLDVVGLISMAKR EEGEPK 792 +£ 3.7

“An o-factor leader in which the C-terminus has been modified from “SLDKR™ to “SMAKR”. The LA19 pro-peptide amino acid
sequence is shown; for the next three pro-peptides the sequence is given only at positions where it differs from the LA19 pro-peptide amino

acid sequence
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Fig. 1 A generalized overview of the industrial-scale production of modern high-purity recombinant insulins via the “proinsulin route” (a)
An industrial-scale preparative HPLC column (photograph courtesy of NovaSep, France) (b)



Analoghi dell'insulina approvati per I'uso come farmaci

Table 1 Recombinant human msuling/engineered insuling currently approved for geneml medical use in the USA and’or EU

Product Description Structure Company Approved

Humulin Recombinant human insulin Identical to native human Eli Lilly 1982 {(UUSA)
produced in Escherichia coli insulin

Movolin Recombinant human insulin Identical to native human MNovo Nordisk 1991 {LUUSA)
produced in Sacchanemyces insulin
CEreVisiae

Iy v Recombinant human insulin Identical to native W Hosec hist 1997 {EU)
produced in E. colf nsulin

Actrapi dVelosulin/ All contain recombinant human Identical to native hman MNovoe Nordisk 2002 (EL)

Monotard/ Tnsulatard! mnsulin produced in 5 cerevisioe insulin

Protaphane Mixtand/ formulated as short/intermediate/

ActraphaneTltratard long-acting product

Humalog (insulin Lispro)

Liprolog (insulin Lispro)

MovoRapid (insulin Aspart)

Movolog (insulin Aspart)

Levemir (insulin Detemir)

Apidra (insulin Cilulisine )

Lantus {insulin Glargine;
Optisuling

Recombinant short-acting hurman
insulin analogue produced in

E coli

Recombinant short-acting human
insulin analogue produced in

E coli

Recombinant short-acting human
insulin analogue produced n

8§ cerevisiae

Recombinant short-acting human
insulin analogue produced in

& cerevisiae

Recombinant long-acting human
insulin analogue produced in

& cerevisiae

Recombinant rapid-acting insulin
analogue produced in £ colf

Recombinant long-acting human
insulin analogue produced in
E coli

Engineered: inversion of
native B28-B29 proline
Ivsinge sequence
Engineered: inversion of
native B28-B29 proline
Ivsine sequence
Engineered: B28 proline
replaced by aspartic acid

Engineered: B28 proline
replaced by aspartic acid

Engineered: devoid of B30
threonine and a Cl4 fatty
acid is covalently attached
o B29 lysine

Engineered: B3 asparagine
is replaced by a lysine and
B29 lysine is replaced by
glutamic acid

Engineered: A 21 asparagine
replaced by glycine and

B chain elongated by two
arginines

Eli Lilly

Eli Lilly

MNovoe Nordisk

MNovoe Nordisk

MNovo Mordisk

Aventis
Pharmaceuticals

Aventis
Pharmaceuticals

1996 (LUSA

and EU)

1997 (EL)

1999 (EL)

2001 (USA)

2004 (EL)

2004 (USA)

2000 (USA
and EU)




Insulin

A chai
chain o @
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Glargine
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B chain (Pro)LysXim)(arg)rg)
4, - Detemir

26 272529‘
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glycol chain, n=450

FIGURE2 Molecular structure of insulin analogues. Molecular modifications made to the human insulin molecule in order to protract action are
shown. The isoelectric point of IGlar U100 was raised by substituting glycine 21 on the A chain (A21) of human insulin for asparagine, and
adding 2 asparagine molecules to the amino terminal of the B chain. IDet is an analogue in which threonine B30 has been removed and hysine
B29 is acylated with a 14-carbon myristoyl fatty acid. Threonine B30 is also removed in 1Deg but lysine B29 is attached to a 16-carbon fatty
diacid via a glutamic acid spacer. In PEGlispro, the order of proline and lysine is reversed such that proline 29 follows lysine 28, which is
attached to a polyethylene ghycol chain via a urethane bond.



Proprieta farmacocinetiche degli analoghi dell'insulina

Table 2 General pharmacokinetic characteristics of representative
short-, intermediaie- and long-acting native and engineered insulins

Cate pory Cmaet Peak activity  Duration
(time after (time after
administration) administration)

Mative msulin; 30 min-=1 h 2=5h 6-8 h
short-acting

formnlation

Matrve msulin; 2 h 4-12h Up to
intenmediate- 24h
action

formnlation

Matrve mnsulin; 4 h 10-20 h Up to
long-acting o h
formnlation

Humalog 20 min F0-S min =3h
(engineered,

rapid acting)

Movorapid 15 min 30-120 min
(engineered,

rapid acting)

Lan tus lh 24 h
(engineered,

long acting)

el
LA
=




Glicoproteine terapeutiche

Table 2 Approved glycosylated therapeutic proteins (listed by trade name)

Product category

Specific products (by trade name)

Blood factors, anticoagulants
and thrombolytics

Antibodies

Hormaones

EPO and granulocyte-macrophage
colony-stimulating factors

Interferons
Additional

Activase, Advate, Benefix, Bioclate, Helixate/Kogenate, Metalyse/
TNKase, Novoseven, Recombinate, Refacto, Xigiris

Avastin, Bexxar, Erbitux, Herceptin, Humaspect, Humira,
Mabcampath/Campath-H1, Mabthera/Rituxan, Mylotarg, Neutrospec,
Oncoscint, Orthoclone OKT-3, Prostascint, Raptiva, Remicade,
Simulect, Synagis, Xolair, Zenapax, Zevalin, Tysabri

Gonal F, Luveris, Ovitrelle/Ovidrel, Puregon/Follistim, Thyrogen
Epogen/Procrit, Leukine, Neorecormon, Nespo/Aranesp

Avonex, Rebif

Aldurazyme, Amevive, Cerezyme, Enbrel, Fabrazyme, Inductos, Infuse,
Osigraft/OP-1 implant, Pulmozyme, Regranex, Replagal, Myozyme,
Naglazyme



L'eritropoietina & un ormone che stimola
I'eritropoiesi

o PP

EPC mcagion

BFU-E / CFU-E

l Increase of RBCs

Fig. 2. Schematic model of the control of red blood cell production and the sites of action of erythropoiesis-stimulating agents. EPO s produced in the kidney under the
control of HIFs which can be modulated by different substances. As a drculating endogenous hormone, EPO enters the bone marrow and activates the EPO receptor in BRJ-E and
CRU-E cells. Signal transduction through the JAK2 [STAT5 pathway induces the differentiation, survival, and proliferation of red blood cell precursors. Recombinant human EPO and

EPO biomimetic peptides also activate EPOR. Sotatercept prevents the binding of GDF-11 to its receptor and blocks the inhibition of differentiation of erythroblasts (Shenoy et al,
2014).



Eritropoietina

L'eritropoietina (EPO) ¢ un ormone

che stimola la produzione di globuli

rossi. E' una glicoproteina di 165 aa

con 4 catene di carboidrati (3 N-e 1

O-glicosilazione).

* La N-glicosilazione é necessaria
per la secrezione e la stabilita
dell'EPO nel plasma.

 La O-glicosilazione non sembra
avere influenza sull'attivita
biologica dell'EPO.

MecheleMoctog

A EPO ricombinante prodotta in CHO e
Flgure 2 Schematic of human EPO indicating the positions of the three nel Iievi“‘o PICh ia Pastor'is

asparagine residues and single sarine residue that are sites of N- and
O-linked glycosylation respectively.



Umanizzazione

della glicosilazione

del lievito Pichia
pastoris

N-linked glycosylation pathways
in humans and yeast.
Representative N-linked
glycosylation pathways in humans
and P. pastoris (a).

An alternative humanized N-
linked glycosylation pathway in P.
pastoris (b). Mns; o 1,2-
mannosidase, MnsII;
mannosidase IT, 6nTI; B 1,2-
Nacetylglucosaminyltransferase
I, 6nTIIL B 1,2-N-
acetylglucosaminyltransferase
IT, GalT; B 1,4-
galactosyltransferase, SiaT; o
2,6-sialyltransferase, MnT;
mannosyltransferase. For
simplicity the two GIcNAc
residues present at the reducing
end of all glycans have been
omitted.
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Come ingegnerizzare la via della
glicosilazione in lievito?

- Inattivazione dei geni per gli enzimi endogeni
- Marker di selezione

- Introduzione di nuovi enzimi con attivita catalitica

e localizzazione desiderata
- Protein engineering

* Introduzione di enzimi/trasportatori per i
precursori???
- Galattosio e acido sialico



Costruzione di ceppi mutanti
Cassette per la rigenerazione di marker di selezione
dopo inattivazione genica e knock-in

P1
P | GicNAc Transp.

Linearized
pJN407

Genomic
Locus

—_—
OCH1 ORF

Inattivazione di OCH1 e introduzione *Disruption
del trasportatore GIcNAc

GiIcNAc Transp. TT laczZ URA5 lacZ

I N ~
- - - Ll

Selezione negativa con 5-FOA lMarker Recycling

GlcNAc Transp. TT lacZ
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Strategie per costruire glicosidasi e
glicosiltrasferasi ibride

Semi-synthetic

Natural @ o
glycoysltransferases : ! % : i glycoysltransferases
and glycosidases [ R i —i and glycosidases

TN se8a
Combinatorial libraries [19,21,22] w% .4 m% @] 4p 10 600

ER/Golgi

Catalytic domain
Stem > variants
region m 3 screened
CTS7  twmp Rational design [23-25]
>
Cytosclic
tail 9 + o + g g 124

Current Opinion in Biotechnology

Design strategies to create semi-synthetic glycosyltransferases and glycosidases for glycoengineering. On the left side, the general domain structure
of glycosyltransferases and glycosidases is shown. These type |l membrane proteins consist of an N-terminal cytosolic tail, a transmembrane domain
(TMD), a stem region (these elements are referred to as CTS), and a C-terminal catalytic domain. In the middle and on the right side, design strategies
for creating tailor-made enzymes with the [desired catalytic act[vrtz and the proper localization in the sec pathway are shown. The combinatorial library
approach involved the combination of large sets of catalytic domains with CTS fragments to fusion proteins, which were then screened for the desired
activity [19,21,22]. Different lengths of the catalytic domains and the CTS fragments were tested (referred to as *s’ for short, ‘'m’ for medium, *I' for long
and shown exemplarily for one catalytic domain and one CTS). Rational approaches were also used to design these chimerc enzymes [23-25]. The
schematic for the domain architecture and the combinatorial libraries is based on Czlapinski ef al. [20] and Nett et al. [2677].




N-Acetylneuraminic acid
(Sialic acid)

OH

« Glycoengineering steps required for sialic acid
fransfer in the yeast Golgi.

« Endogenous UDP-GIcNAc, present in the yeast
cytoplasm, is converted to CMP-sialic acid by
UDP-N-acetylglucosamine-2-epimerase/N-
acetylmannosamine kinase (GNE), N-
acetylneuraminate-9-phosphate synthase
(SPS), sialylate-9-P phosphatase (SPP) and
CMP-sialic acid synthase (CSS).

« The product is translocated into the Golgi by
the CMP-sialic acid transporter (CST) and
sialic acid is transferred onto the acceptor
glycan by sialyltransferase (ST).

Enzymes are indicated by blue text and metabolic
infermediates by black text. For simplicity the two
GlcNAc residues present at the reducing end of all
glycans have been omitted.

Sintesi e incorporazione di
acido sialico in glicoproteine in

lievito
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Produzione di eritropoietina umana in Pichia pastoris
glicoingegnerizzato

e B W
S & b b
weore @11 ¥ Yy

&

Th E PO ® N-acatylgiucosamine
O befa 1,4-manncse
B alphe 1,6- mannose

B sphe 13- manncse
& apha 1,6-fucose
¢ beta 1.4 galactose

1 1
PEG-rhEPO @ T

Fig. 1. Schematic structure of the three currently marketed erythropoiesis stimulating agents Epogen®, Aranesp®, Mircera®, and the PEGylated and non-PEGylated forms of
rhEPO produced in glycoengineered P. pastoris.



Costruzione del ceppo di lievito
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PpPMATTT CO hGNE ‘ ;
YGLY3159 & SO

\

PpPWA1T Prom, POAP

PpARG 1 r 4 .

YGLY1703: Aargl, Aochl, Apnol, Amnn4B, Abmt2, K. lactis UDP-GIcNAc transporter, a-1,2 M.
musculus Mnsl, 3-1,2 GIcNAc transferase I, B-1,2 R. norvegicus GIcNAc transferase II, D.

melanogaster Mnsll, S. cerevisiae Gal epimerase, D. melanogaster UDP-Gal transporter, H. sapiens
B-1,4 galactosyl transferase



Produzione di eritropoietina umana in Pichia pastoris
glicoingegnerizzato

o N  espressione sotto il controllo del
‘ promotore AOX1

PpAOX1 Prom . .
et * segnale di secrezione a-factor
— * induzione per 40 ore
- « resa 50 mg/L (12-13 copie del
pGLY2088 .
a7 ) cor vettore integrate nel genoma)
[ MW Mw

kDa
199 W —
116 = —
85 - - S e—PEGhEPO
el | - H‘(O‘CHz‘CHz)n’OH
Glycosylated thEPO 37 ™ o - PEG
20 - &
Deglycosylated mEPO?. e =
Table 1 7 [ -y
Glycosylation differences between rhEPO produced in CHO and glycoengineered P. pas
CHO Glycoengineered P. pastoris Human
Antennae 2-4 2 2-3 (mainly 2)
Folylactosamine Yes (heterogeneous) No Mo
Sialic acid linkage o 2-3 o 2-6° it 2-3 and o 2-6°
Core fucose Yes (heterogeneous) No Yes
MNGMNA (non-human) Yes No Mo
0-glycosylation 0-GalNAC? (heterogeneous) 0-mannose (below detection limit of HPAEC-PAD) 0-GalMac, partially occupied

2 Human contains both o 2-3 and o 2-6, predominant is o 2-6 linkage.
B A substantial fraction of human serum EPO lacks O-glycosylation at Ser-126 while the rthEPD produced in CHO is fully occupied (Skibeli et al., 2001).
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Fig. 6. Pharmacodynamic activity of PEG-rhEPO in mice is similar to Aranesp®.
Groups (n=10/group) of CD-1 mice were injected with various amounts of PEG-
rhEPO or Aranesp®™ (between 0.3 and 30 pg/kg, molar equivalent based on protein
mass) via IP route and hemoglobin levels were measured after 7 days. The data
shown are group means of hemoglobin + SEM. Statistical analyses were performed
in GraphPad Prism. Significant difference from vehicle at *p<0.05, **p< 0.01.

*This step was only applied at scales larger than 40 liters
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Fig. 1. Advantages and disadvantages of the three different generatdons of recomblnant human EPO for athletes and patients The benefits are inversely comelated between
patients suffering from chronic anemia and cheating athletes for the different generations of rHUERDs. The first generation is advantageouss for athletes, becawse of its short
detection window and its simd arity to endogenous B0, However, high doses are needed to treat anemia, and it requires multiple uncomfortable injections per week The benefits
are reversad with knger half-life rHuEPOs




Analisi diretta dell'EPO ricombinante
Iso-Elettro-Focalizzazione a pH 2-6 identifica varianti
con diversa carica dovuta alle catene oligosaccaridiche

Basic area

Endogenous area

Acidic area

Fig 3. Bample of isoelectric focusing analysks of a sample podtive for rhEPO. Lane 1: Reference marker corresponding to a mix of epoetin beta (Recormon) and d arbe poetin alfa
(Aranesp). Lane 2: human urine spiked with epoetin beta Lane 3: endogenous urinary EPO. Lane 4: sample positive for epoetin alfa/beta Lane 5: urinary BPO standard (National
Institute for Biological Standard and Contral; NIBSC).



Una modifica post-sintetica inusuale:
la y-carbossilazione del glutammato
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Figure 4 Frotein carboxglation. Vitamin K-dependant carboxylase (left) corverts glutamate (E) to carbosyglutamate (9 by the addition of CO,, to 2l utamata
ina raaction requiring ceggen and reduced witamin K. Carboeylation substrates (Blue ling) contain a corsarved propsplids region, which binds to the
carboeylase, acting &= a decking sibe that localizes the glutamate residues near the carbosglass active site. Multiple carboeylations are accomplished Wa
‘tatharad pracessivity,’ in which the propaptide remains bound throughout the raaction. Vitamin K epodida reductase iight) reduces vitamin K after it has

bean ceidized in the carboeylation of glutamate. KH;, reducad vitamin K; KO, vitamin K epoxide; K, vitamin K; Glu, glutamate; Gla, carboeyglutamate.
{Zourca: Carrel Stafford, University of Morth Carclina at Chapal Hill, NC, U583




La cascata della coagulazione del sangue
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Disordini genetici della coagulazione

Emofilia A (fattore VIII) ed emofilia B (fattore IX)

*  Malattie genetiche legate al sesso caratterizzate da emorragie
spontanee e di origine tfraumatica.

* La World Federation of Haemophilia stima che nel mondo ci siano
400.000 emofiliaci.

* La produzione dei fattori della coagulazione attraverso la
tecnologia del DNA ricombinante permette di superare i problemi
di contaminazioni virali che rendono meno sicuri i derivati del
pIClSI'T\Cl. Table 1

Currently marketed recombinant coagulation factors,

Segment Manufacturer Product Molecule
Hemophilia A Baxter Recombinate® rFVIII
Advate® rFVIII
Bayer Kogenate® rFVIII
Kogenate F5®
Weth ReFacto® BDD-rFVIIT*
Xyntha® BDD-rFVII
Hemophilia B Weth BeneFIX® rFIX
Hemophilia A or B Novo Nordisk MNovoSeven® FVlla
with inhibitors NMovoSeven® RT

*: B-domain deleted rFVIIL



Hemophilia therapy: the future has begun

* Extended half

Pier Mannuccio Mannucci life FVIII & FIX
Fondazione IRCCS Ca' Granda Ospedale Maggiore Policlinico, Angelo Bianchi Bonomi ; :%?;?;t!?ernt
Hemophilia and Thrombosis Center, Milan, Italy therapies
» Gene therapy in
. development
Viral «APCC  Consolidation P

inactivation |
« Plasma _or removal | r':g('" decade
derived ng o « rFVila
FVIIl and FIX and
FIX FVIII genes
concentrates
* DDAVP
Cryo-
precipitate
Plasma
lcé Blood
« Splinting transfusion
« Bed rest

1920s 1930s 1940s 1950s 1960s 1970s 1980s 1990s 2000s 2010s

rFVIII = recombinant FVIII; rFIX = recombinant FIX; rFVIla = activated recombinant FVII;
APCC= activated prothrombin complex concentrates.

Figure 1. Progress in hemophilia therapy. Each decade of the last and current century features the main weapons available at the time for the treatment of patients
with hemophilia. Each column represents a decade.




Fattore VIII

Il fattore VIII e una proteina di 2332 aa che ha una
struttura a domini A1-A2-B-A3-C1-C2. I| dominio B viene
inizialmente rimosso e nel plasma il fattore VIITI é associato
al fattore di von Willebrandt (vWF), che lo stabilizza. I
dominio C2 é coinvolto nel legame a vVWF e alle membrane.

Figure 5. Location of hemophilia A-associated A
missense mutations across the r-fVIil structure.
{(A) The disease phenotype/symptom designations of
“mild,” “moderate,” and “severe” are taken from the
HamSters database*® and correspond to plasma fVllla
activity levels of 6% to 30%, 1% to 5% and less than
1%, respectively. (B) The presence of mutations in the
interfaces of the C domains with each other and with

the A3 domain. (B-domain)

Moderate -

Severe



Fattore VIII: organizzazione strutturale e
modifiche post-sintetiche

101100 1l

Turoctocog alfa

Figure | Protein structures and post-translational modifications reported for factor VIl and turoctocog alfa, respectively.
Motes: Both are characterized by the same heavy chain and light chain and differ in the B-domain. Domains are indicated with capital letters and subdomains with lower case

letters. Glycosylation sites are denoted by triangles, disulfide bonds are denoted by arches, reduced cysteine residues are denoted by orange vertical lines, and “S" inside
a circle indicates sulfated tyrosine residues. Brackets mark the areas of interaction with corresponding clotting factors, phospholipids (Pl), von Willebrand factor (VvWF),
calcium {Ca™), and copper (Cu*) ions.

Abbreviation: 5P, signal peptide.

Table 2 Function specificity of sulfated tyrosine residues in factor VI

Tyrosine residues Significance and activity for FVIII
346 and | 664 Increase of affinity for thrombin interaction and thereby the rate of FVIIl activation by thrombin
718,719, and 723 Increase of specific procoagulant activity of F¥llla in the complex with FIXa and FX bound to the phospholipid membrane

| 680 Prerequisite for complex formation with VWF, influencing half-life of FVIIl in the circulation




Processamento proteolitico del Fattore VIII

Factor VIII-BDD (single chain)

1 At A2 . A3 C2 2332
M, = 165 000 = :
E _..-"'"...I - o ."'":--.
- 1635-8-F-5-Q-N-P-P-V-L-K-R-H-Q-R-1648  human
& _ —_— :
E _— - g -
ac Furin cleavage recognition site
13
2
o Factor VIII-BDD (| heterodimer)
[=
Heavy Chain Light Chain
1 oo QR T o
M_ = 90 000 M, = 80 000
=
£
& Factor Villa
AR T -
M, = 50 000 M_ = 43 000 M =73 000

Fig. 1. Factor (F) VIII processing. FVIII has a domain structure that includes the Al1-A2-B-A%C1-C2 domains. The B domain is not required
for procoagulant activity. In the B-domain-deleted form of FVIII (FVIII-BDDY) there are 14 residual amino acids and within that region is the
furin recognition motif (R-X-X-R). Furin cleaves after the arginine residue (R1648) to give rise to two polypeptide chains, the heavy chain
(HC) and the light chain (LC). The HC and LC form a heterodimer that is the predominantly secreted form of FVII in humans. Cleavage by
thrombin (Ila) generates a heterotrimer, the activated form of the protein.



Fattore VIII ricombinante

Espresso in cellule di mammifero BHK e CHO a livelli bassi:
secrezione poco efficiente. Costi molto elevati (oltre
100.000 $/anno per paziente)

Produzione di fattore VIII ibrido uomo/maiale (sequenze
FVIII di maiale nei domini Al e A3 aumentano livelli di
espressione migliorando la velocita di secrezione) con un

sistema lentivirale sotto il controllo del promotore EF-la in
cellule BHK

Livelli di espressione: 9 pg/cellula/giorno cioé circa 7.3 mg in
2.5 It raccolti dal giorno 3 al giorno 7 di coltura

Purificazione mediante cromatografia a scambio cationico su
SulfoPropyl-Sepharose: 4.9 mg di fattore VIII con elevata
purezza



Fattore VIII ricombinante -

a
1 a1 | ae B A3 |c1]cz|
/ Activation peptide
2 | I (11 [ | |
3 LLIEIEY 11 T
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b
517 3 LTR
U3 R U5 CPECTS AUS R bGHpA
M FRE EF-1a VIl transgens WPRE

Figure 1 Design of ET-801i and the lentiviral production platform.
(a) Design of ET-801i. The percent amino acid identities to B-domain-
deleted recombinant human fVIII (h-fVIIl) are 100, 90, and 88, respec-
tively for constructs 2, 3, and 4. FVIll domain boundaries were defined
using the human fVIll amino acid sequence numbering?' as follows: resi-
dues 1-372 (A1), 373-740 (A2), 1,649-1,689 (ap), 1,690-2,019 (A3),
2,020-2,172 (C1), and 2,173-2,332 (C2). (b) Schematic representation
of the ET-801i transgene in the LentiMax expression vector. ET-801i was
cloned into the LentiMax expression vector and recombinant lentivirus
vector encoding the ET-801i transgene under the control of the elon-
gation factor 1-o (EF-Ta) promoter was generated using the LentiMax
production system. cPPT, central polypurine tract; CTS, central termina-
tion sequence; LTR, long-terminal repeat; RRE, Rev-responsive element;
WPRE, woodchuck hepatitis post-transcriptional regulatory element.
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Figure 5 Analysis of purified ET-801i. (a) FVlll-containing cell culture
supernatant was loaded onto an SP-Sepharose Fast Flow column and
ET-801i was eluted using a linear 0.18-0.7 mol/lI NaCl gradient. Fractions
collected were assayed for A,,, fVIIl activity, AQ, and conductivity.
(b) Two ug of human VIl and ET-801i were subjected to 4-15% gradient
sodium dodecyl sulfate—polyacrylamide gel electrophoresis under reduc-
ing conditions and visualized by silver staining. Where indicated, samples
were treated with 100 nmol/l porcine thrombin + PNGase F endoglycosi-
dase for 5 minutes before analysis to demonstrate proteolytic activation
and the presence of N-linked glycan modifications, respectively. BDD,
B-domain-deleted; HC, heavy chain; LC, light chain; SC, single chain.



Fattore VIITI ricombinante: caratteristiche di
diversi sistemi di produzione e purificazione

Table 2. Comparison of principal manufacturing steps for BAY 81-8973 and sclected marketed r FVIH products.
BAY 81-8973 Kogenate™ Mow oeight™
Kovalmy™) [17] FS [9,26] Advare™ [27] Wyntha™ [28,29] [30,31) Muwiq® [32,33] Afstila®™ [34-36]  Floctare™ [37,38]  Advnovare™ [39]
Haost cell BHE BHE CHO CHO CHO HEE CHO HEEK CHO
FVIN molecule Full length Full length Full length B-domain deleted B-domain B-domain deleted B-domain B-domain-deleted  Full length;
truncated truncated; Fe fusion protein PEGylated
single chain
Human- or Mone HPFPS in cell Mone Mone None MNone MNone MNone MNone
animal-derived aulture medium
additives in cell
culture,
purification,
or formulation
processes
Purification Rapid membrane lon exchange Series of Series of lon exchange Multimodal cation  Multistep Affinity Series of
adsorber capture chromatogra phy chromatography chromatography chromatogra phy chromatography chromatography chromatography chromatogra phy
Immunoaffinity Immunoaffinity steps steps, including Immuncaffinicy lon exchange process lon exchange sieps, including
chromatography chromatogra phy Immunoa fiinity affinity chromato-  chromatogra phy chromatography chromatography immunocaffinity
using monodonal  using monoclonal  chromatography graphy using using monoclonal — Affinity Ultrafiltration/ chromatogra phy
antibody antibady using monoclonal  synthetic peptide antibody chromatography diafiltration using monoclonal
Metal chelate Metal chelate antibody affinity ligand el Altration Size exclusion antibody
affinity affnity chromatography
lon exchange lon exchange
chromatography chromatogra phy
Membrane Ultrafiltration/
adsorber diafiltration
Ulerafiltration
Manofiltration 20 nm Mone Mone 35 nm 20 nm 20 nm Mone 15 nm Mone
Viral Dretergent Solvent'detergent Solvent/'deter gent Solvent/detergent Dretergent Solvent/'detergent 2 dedicated wviral Detergent Solvent/detergent

inactvation

inactvation
and removal steps

BHE, baby hamster kidney; CHO, Chinese hamster ovary; FVIL factor VIIE HEK, human embeyonic kidney; HPPS, human plasma protein solution; rFVIIL recombinant factor VIL



Fattore IX

Il fattore IX e una proteina di 461 aa

che ha una struttura a domini Gla-
EGF1-EGF2-SP.

Il dominio SP e una serina proteasi.

Il dominio Gla & modificato post-
traduzionalmente da y-carbossilazione
vitamina K-dipendente di 12 residui di
glutammato.

L'attivazione richiede un
processamento proteolitico per

rimuovere un peptide di 35 aa trai
domini EGF2 e SP.

\ Active site

SP

" FVllla
< interaction

""" Phospholipid
e  interaction



Espressione del Fattore IX in cellule CHO

Fattore IX (415 aaq)
espresso in CHO a 180
mg/It (forma attiva solo
1.5 mg/I%).

I livelli di espressione
aumentano se viene co-
espressa la furina
(proteasi che rimuove un
peptide segnale necessario
per la y-carbossilazione).

Approvato con il nome
BeneFIX nel 1998.

Table 2 Comparison of PTMs of plasma-derived and recombinant blood factor 1X2

Structural character

Plasma-derived factor 1X

Recombinant factor 1X

Frimary structurs

Sacondarytertiary structurs

-Carboxyglutamic acid (Gla)

12 0f 12 Gla residues
11 of 12 Gla residues
100f 12 Gla residues

f-hydrosyaspartic acid (64)

Carbohydrats
M-linksd glyzans
A=nl57
A=nl&y
O-linked glycans
Sersa
Serg 1!
Thrl3%, Thrl&?, Thrl72
Twrl 55 =ulfation
Sarl 38 phosphorylation

Alal48Thrlas

Indistinguizhable by flucrescence, circular dichroism, or analytical

ultracentrifugation

100%
0%
0%
7%

High heterogeneity
Fully sialylated

(¥yl), oGl
MeulcGal Glc MAz Fuc
Clazsical, partially filled
»50%

=50%

Alalds

&60%
35%
5%

45%

Lovw hetercganaity,
Less fully sialylated

(yl)o-Gle
NeulciGalGlcMacFuc
Clazsical, partially filled
=1 5%

=1%

IReproduced with permission from ref. 137.



Espressione del Fattore IX in cellule HEK293

Aumento di circa 4 volte dei livelli di espressione di FIX attivo se
viene co-espressa VKORCI (vitamina K epossido reduttasi)

TABLE 1

Barium citrate adsorption of recombinant human FIX. Factor IX antigen and activity was assessed in conditioned media prior to

barium citrate adsorption (-Ba") or after barium citrate adsorption (+Ba®") in the precipitate and supernatant. The data are the means of three
individual experiments

Cell type
HEK-hFIX

HEK-hFIX-
VKORC1

Abbreviations: FIX, factor IX; HEK, human embryonic kidney.

(hr)

24
48
72

24
48
72

FIX +Ba®*
FIX -Ba2+

Precipitate Supematant

FIX

Concentration Activity Concentration Activity recovery Concentration Activity
(ng/mi) (mU/mi) (ng/mi) (mU/mi) (%) (ng/mi) (mU/ml)
57 4 35 3 &2 21 2
102 15 58 58 41 &
124 34 80 21 &4 42 12
169 20 138 146 82 27 3
248 48 183 35 74 &0 12
305 109 233 82 76 &4 23



Nuovi approcci per aumentare |'emivita di
FVITI, FIX e FVIIa

Table 1.
Protein Name Modification Clinical status*
Protein replacement strategies
Fyll wt FWII Peqgylated liposomes Mo increase in T,.; phase 3 completed
MNE-GP Single 40 kDa PEG attached to 21 amino acid Well-tolerated; in phase 3
B-domain
BAXBL5 ~ 2 mol PEG/ulk-length FVIII ~ 1.5x increased Ty=; in phase 1
BAY 340027 60 kDa PEG attached to single site in A3-domain In phase 3
rFVII-Fc Fclg fusion to =Vl ~ 1.5-2x increased T,z; phase 3 completed
scFVIN Single chain FVINI ~ 1.14= increased T,z
rhFVII h-d rFVIll manufactured in a human cell line In clinical trials
Flx MNI-GP 40 kDa PEG attached to activation peptide 5% increased T,; phase 3 completed
Fo-FIx Fclg fusion protein to FIX ~ 34 increased T, phase 3 finished
rFl X-FF rFIX fusion to albumin ~ B¥ increased Tyz; in phase 3
Bypassing strategies
FVTla N7-GP 40 kDa attached to 1 glycan Characterization stopped due to lack of effect
FWlla-FP hFVlla fusion to albumin ~ Bx increased T,z in dinical trials
mAb hBS23 Xase mimetic Bispecific mAb binds FlXa and FX Fredinical
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Fig. 2. Three-dimensional structure of the FVIla-TF complex. The FVIla molecule is
shown in cartoon representation with the Gla domain in orange, the first and second
EGF-like domains in yellow and brown, respectively, and the serine protease domain in
raspberry. The TF molecule is shown in surface-rendered representation in gray. An
arginine sidechain positioned in the S1 pocket of FVlla is shown in green spheres. Panel
A illustrates the extensive interface between the two proteins resulting in high affinity.
Panel B is rotated along the vertical axis to show the location of methionine-306 of
FVlla. This residue is depicted as spheres at the bottom of the serine protease domain
and buried ina TF surface pocket. An arrow points to the bottom of the surface pocket to
assist in locating methionine-306. The figure was generated using the coordinates from
PDB entry code 1.dan [10] and the PyMOL software version 1.1.

Fattore VIIa
ricombinante

Il fattore VII & espresso in cellule
BHK come proteina a singola catena.
L'attivazione (proteolisi R152-I153) &
spontanea. Purificazione mediante
cromatografia a scambio ionico,
cromatografia di affinita su
anticorpo monoclonale contro il
dominio Gla e altre due
cromatografie a scambio ionico.

Il fattore VIIa ¢ indicato nei
pazienti con emofilia A o B che hanno

sviluppato anticorpi inibitori contro i
fattori VIIT o IX.



Emicizumab: un
anticorpo bispecifico
per il frattamento
dell'emofilia
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Terapia genica
Hemgenix® (2023) Roctavian® (2022)
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ORIGINAL ARTICLE
Generation of an optimized lentiviral vector encoding a

high-expression factor VIII transgene for gene therapy
of hemophilia A

JM Johnston'?, G Denning?, CB Doering' and HT Spencer’

We previously compared the expression of several human factor VIl (fVlll) transgene variants and demonstrated the superior
expression properties of B domain-deleted porcine fVIll. Subsequently, a hybrid human/porcine fVIll molecule (HP-fVIIl) comprising
91% human amino-acid sequence was engineered to maintain the high-expression characteristics of porcine fVIIl. The
bioengineered construct then was used effectively to treat knockout mice with hemophilia A. In the current study, we focused on
optimizing self-inactivating (SIN) lentiviral vector systems by analyzing the efficacy of various lentiviral components in terms of virus
production, transduction efficiency and transgene expression. Specifically, three parameters were evaluated: (1) the woodchuck
hepatitis post-transcriptional regulatory element (WPRE), (2) HIV versus SIV viral vector systems and (3) various intemal promoters.
The inclusion of a WPRE sequence had negligible effects on viral production and HP-fVIIl expression. HIV and SIV vectors were
compared and found to be similar with respect to transduction efficiency in both K562s and HEK-293T cells. However, there was an
enhanced expression of HP-fVIll by the SIV system, which was evident in both K562 and BHK-M cell lines. To further compare
expression of HP-fVIIl from an SIV-based lentiviral system, we constructed expression vectors containing the high expression
transgene and a human elongation factor-1 alpha, cytomegalovirus (CMV) or phosphoglycerate kinase promoter. Expression was
significantly greater from the CMV promoter, which also yielded therapeutic levels of HP-fVIIl in hemophilia A mice. Based on these
studies, an optimized vector contains the HP-fVIIl transgene driven by a CMV internal promoter within a SIV-based lentiviral
backbone lacking a WPRE.
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