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What is BTEC?

« Education/Training
» University students

* Professionals
 Contract Services
* Bioprocess Research

Economic development

Focus on biological products for treatment
or prevention of human disease
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Presentation outline

 Gene Therapy Overview

— Definitions and basic concepts
— Products

 Gene Therapy Vector Processes

— Upstream
— Downstream

* Analysis of Gene Therapy Vectors
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Gene therapy*

Gene therapy Is a technique that modifies a
person’s genes to treat or cure disease.
Gene therapies can work by several
mechanisms:

 Replacing a disease-causing gene with a
healthy copy of the gene

* Inactivating a disease-causing gene that
IS not functioning properly

* Introducing a new or modified gene Iinto
the body to help treat a disease

*https://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ucm573960.htm 5
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In Vivo VS. ex Vivo gene therapy

* In vivo: A gene is transferred to

cells inside the body.

Ex vivo: Patient cells are
harvested and cultivated in the
laboratory. A gene is transferred to
the cultivated cells. Cells with the
new genetic information are then
harvested and transplanted back
Into the patient from whom they

were derived.

In Vivo

%}

Ex Vivo

R =

http://www.danafarberbostonchildrens.org/
innovative-approaches/gene- 6
therapy/frequently-asked-questions.aspx



Ncstateonwersvp o lel
Types of gene therapy products*

« Plasmid DNA: Circular DNA molecules can be genetically engineered
to carry therapeutic genes into human cells.

« Viral vectors: Viruses have a natural ability to deliver genetic material
Into cells, and therefore some gene therapy products are derived from
viruses. Once viruses have been modified to remove their ability to
cause infectious disease, these modified viruses can be used as
vectors (vehicles) to carry therapeutic genes into human cells.

« Bacterial vectors: Bacteria can be modified to prevent them from
causing infectious disease and then used as vectors (vehicles) to
carry therapeutic genes into human tissues.

« Human gene editing technology: The goals of gene editing are to
disrupt harmful genes or to repair mutated genes.

« Patient-derived cellular gene therapy products: Cells are removed
from the patient, genetically modified (often using a viral vector) and
then returned to the patient.

*https://www.fda.gov/BiologicsBloodVaccines/CellularGeneTherapyProducts/ucm573960.htm
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Viruses

Viral particles, also known as virions, consist of two or
three parts:

() a nucleic acid genome (dsDNA, dsRNA, ssDNA, or
SSRNA)

(i) a protein coat, called the capsid, which surrounds and
protects the genetic material; and in some cases

(i) an envelope of lipids that surrounds the protein coat

Unenveloped Virus Enveloped Viruses

€ S Lipid ~
TR\ bilayer
/] A/
Genome Capsid Structural
Icosa(delta)hedral Helical

nucleocapsid Glycoprotein  nucleocapsid
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Why Use Viruses?
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Overview of a virus life cycle

‘ ( Binding

'.‘ ' v"':;J."k (@ Budding

Receptor 5 @ Fusion \ Cytoplasm
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NNN %UC@R Virus core
Viral Nucleic structure P
©) Reverse A
transcription or J
Replication @Transcription
@ Translation
YONONON AYOVOVOK
Viral DNA
YOQVOVON
. NYZNYZ\N7,N
\ / BioRender

The primary function of a virus is to deliver its genes to a host cell
causing that host cell to express those genes to make more virus.

. . 10
This makes them a perfect gene delivery vector.
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Types of gene therapy viral vectors

Desirable characteristics:

Viral vectors N _
= Ability to target the desired

type of cell
Adenovirus (AV) = Efficient gene delivery to host
cell
Adeno-associated * Be maintained successfully for
virus (AAV) long time periods

* Not elicit an immune response
Retrovirus (RV) (safe)
= High titer production

= Convenience and

Lentivirus reproducibility of production

11
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Comparison of most common viral vectors

Adeno-associated virus | Lentivirus (LV)
(AVA\Y))

Genome SSDNA SSRNA (+)

Coat Capsid-only Envelope and Capsid

Genome size 5kb 9kb

Infection and tropism  Dividing and non-dividing, broad Dividing and non-dividing, broad
range range

Integrating/Non- Non-integrating Integrating

integrating

Transgene expression Potentially long-lasting Long-lasting

Packaging Capacity 4.7 kb 8 kb

Transduction Medium Medium

efficiency

Immune Response Very Low Low

12
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Adeno-associated viral vectors (AAV)

« Smallest gene therapy vector

* |cosahedral assembly of 60 capsid
proteins

* VP1, VP2, VP3 (approx. 1:1:10)
Size ~ 25 nm; non enveloped

Single stranded DNA of 4.7 kb L /4

11 common serotypes

BTEC produces AAV2 with GFP transgene (AAV2-GFP)13
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AAYV serotypes and
the types of cells they infect

Tissue Optimal Serotype

CNS AAV1, AAV2, AAV4, AAVS5, AAVS,
AAV9

Heart AAV1, AAVS, AAV9

Kidney AAV?2

Liver AAV7, AAVS, AAV9

Lung AAV4, AAV5, AAV6, AAV9

Pancreas AAV8

Photoreceptor Cells AAV2, AAV5, AAV8

RPE (Retinal Pigment |AAV1, AAV2, AAV4, AAV5, AAV8

Epithelium)

Skeletal Muscle AAV1, AAV6, AAV7, AAVS, AAV9

https://www.addgene.org/viral-vectors/aav/aav-guide/

Work taking
place to
engineer
capsids for
modifying
tropism and
evading
circulating
neutralizing
antibodies (e.g.,
StrideBio)

14
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Gene therapy products approved USFDA, EMA

2017: Kymriah®,
Yescarta®,
Luxturna®

(FDA & EMA)

2015: Imlygic®

2019: Zolgensma®
(FDA & EMA) (FDA), Zynteglo®
(EMA)
2016: Strimvelis®

(EMA)

H NOC 0078084610 G —
tisagenlecleucel i Tei” nom g
| J KYMQIQI—I oo
. Tarpet Total Volume 10md -S04 per bag Duspense wih Medicaton Guide —
2012: Glybera® e i € a i
Aytpresacyed i 312N (w Tans Lyt A ) v *nte 5': ™
EMA . TR D 0 L e o e LUXTURNA b
Sl o 297G, vaper s o b g ; - . el oo “etigene nepa”
P oty st s D081 2500 voretigene neparvovecrzyl e
m:mwm 'o"ﬁi-:“; U p e 2 n %“05,
T pedi S
2.!".:':?&2""“""”3 7 Vol R RITI s s s ‘l:an? "
iy B PeeeEs Rk
& wovasris Memn it e E= N ) | S
T —
https://www.fiercepharma.com/manufacturing/novartis-still-struggling- https://eyewire.news/videos/gene-therapy-luxturna- 15
kymriah-manufacturing-providing-some-out-spec-doses-to

approved-in-europe-for-inherited-retinal-disease/
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Gene therapy clinical trials*

1517 gene therapy clinical trials recruiting,
enrolling, and active — growth of gene
therapies is inevitable 16

*from ClinicalTrials.gov
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Risks associated with gene therapy

« Unwanted immune system reaction — inflammation; in
severe cases, organ failure

 Health problems resulting due to overproduction of
enzymes/ proteins by the replaced gene

« Targeting the wrong cells can lead to healthy cells
being damaged, causing other illness or diseases,
such as cancer (viruses infect more than one type of
cell)

« (Gene Insertion at the wrong place

» Possibility of infection caused by the viral vector and
chances of the viral vector being contagious

* Possibility of tumor formation
17
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Gene therapy drug product example -

Luxturna® Drug product

« Water for injection (WFI)
« 5 x 10 vector genomes vg/mL

——— e N « 180 mM NaCl
S IlllljillII L * 10 mM sodium phosphate
:;:.c:n'?-w:”" Q@ne epan‘d‘“ ?’v&;.m 3
ST e SR * 0.001% Poloxamer 188
S canse No. 2% y M D:;gwa‘ e o 20 -
AN S « pH7.3

* Impurities: HEK293 DNA, HEK293
proteins, fetal bovine serum

* Total volume=0.5 mL

* Requires 1:10 dilution prior to

Diluent o .
T TR administration

 Sterile water *0.001% Poloxamer 188

«180 MM NaCl °*pH 7.3

10 mM sodium © Total volume=1.7 mL/vial,

phosphate 2 vials 18
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Generalized process for production of gene

th erapy vectors Impurities like host cell proteins,
Cells or cell debris endotoxin, host cell DNA, empty

A capsids, etca

Upstream : Downstream :

Stage 1.

Cell Growth Stage 2: St.a.ge 3
(Production) Harvest Purification

t Y

Cells + plasmids
or other agents

: : € , 5 ) =
carrying genetic LUXTURNA  afly
information / e e and Fill
/ = :
/ ;

Drug product Unwanted buffer components
19

Analysis
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Challenges

* Low Titer

« Wait time to get into a CDMO
— Plasmid preps
— Production

Low % full capsids
— 1-5% HEK293
— 60-90% Baculovirus/Sf9

Separation of full from empty capsids
Quantifying % full capsids
CQAs undefined -
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Presentation outline

 Gene Therapy Vector Processes

— Upstream
— Downstream

* Analysis of Gene Therapy Vectors

21
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AAYV production process

seed vial .
thaw ! R
| P|—| ! |— -
_ﬁ | .-ﬁ. a CO i //
seed culture  production | :
cell lysis depth v .
culture filtration g!trgtlltr?tlon/
\ 4
/7
""" D // —— | X2 | ——
7/
~Na / 4 A— y
l bulk fill ultrafiltration/ intgrm_ediate, capture
diafiltration ~ Polishing chroma-
A final fill chromatography tography

22
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Wildtype adeno-associated virus (AAV)

Inverted

a
B_‘ ﬂ/terminal repeat

(ITR)

ﬂi — )"}I \ Serotype of

capsid dictates
) ) P

oo Y serotype of
N T virus ol
mﬂh 50ki xgi

Applied Microbiology and Biotechnology ™
https://doi.org/10.1007/s00253-017-8670-1 Molecular Therapy (2016) 24(2) 287-297 20k l - -~
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Function of ITR

* 145 base pairs
* Form hairpin structure

* Required for:
— efficient multiplication of the AAV genome
— efficient encapsidation of the AAV DNA

— self-priming that allows primase-independent
synthesis of the second DNA strand

24
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How do you produce AAV?

 Numerous ways

« Today we will discuss:
— Transient transfection into HEK293 cells
— Recombinant baculovirus infection into insect cells

25
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HEK293 AAV vector production

b PAAVGFP

1. ITR-flanked VMOTV

i | c
== ,

*Ela E1b 2. Rep/Cap construct

Replication Capsid formation .- #
' QO

\ J 3. Helper construct

DNA Encapsidation -

SiSS

!\ VARNA Edorfe

HEK293

Applied Microbiology and Biotechnology
https://doi.org/10.1007/s00253-017-8670-1
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BTEC model system-HEK293

« HEK?293 cells

* Plasmids:
— PAAV-GFP
— pRC
— pHelper
« Scale up cells
* Transiently transfect using PEI

Harvest cells 72 hrs post-transfection
— Lysis in the bioreactor

Molecular Therapy (2016) 24(2):287-297 27
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Transfection reagents/methods

e Calcium phosphate

* Polyethyleneimine (PEI)

— Less toxic

— Inexpensive

— No method to quantify PEI in final product
* Liposomes

— EXxpensive

» Electroporation
— Hard to scale

28
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Optimization of transfection conditions

« Cell density

« Transfection reagent
+ Ratio of DNA to transfection reagent =
« Amount of DNA N
* Time of expression
 Temperature

» Post-transfection additives
« Ratio of transfection cocktall
* Transfection media

Transfection into HEK293 cells
Courtesy of Brenda ljeomah
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Baculovirus AAV vector production

A G ener ate 2 or 3 Vl ruses an d | n fe Ct | nse Ct ce I |S (@) (Glyco-)proteins, subunits and (e\VLPs Surface display, antigen carrier ®)

QA av ! 9o
_ C a ) \\§ //’//.GPGM:antigen 7/;}:
p eVLPs ! 1 / 7y

VLPs | (@
i oo © BV

- Rep N Alin ¥
i arof® 2% 7 S \4
— ITR-gene of interest oy ZQ[] . “ s
. PR . O = B\
« Historically, AVV vectors produced with triple «© %E\J \ P ) @
infection were not as infective €6
. . . AAV Y .
— Incorporation of V1/V2/V3 is stochastic Ny
. . triple infection //‘/’ fw} " ] - |
« Stable Sf-9 cell line expressing cap and rep s U & Bacmam St A
— OneBac 1.0 Sy \

— Inducible upon viral infection

www.pnas.orgcgidoi10.1073pnas.0810614106 30
Journal of General Virology (2015), 96, 6—23
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Glybera®

* Produced in Baculovirus

« Compensates for lipoprotein lipase deficiency, a rare
Inherited disorder which can cause severe
pancreatitis

« EU marketin 2015

e Cost: one million

__— AAV2ITR
ITR CMV LPLSHX WPRE pA  ITR

e S — T ee— 31
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Baculovirus model system for production of
AAV2-GFP

R
1 GM(R) ’:{ bGH poly(A) 2 MultiBac™ baculovirus genome

WPRE
A\cathepsin-type cysteine

Tn7R
7} %\hGFP F64L/S65T protease
/\chitinase
Col E1 ori A p10
pTR-Bac-UF26
8360bp /
\-\‘\.
Intron
blax

\Ch'k b-acti £
iken b-actin promoter
F1 intergenic region CMV ie enhancer
Tn7L TR

Shuttle plasmid

1 Sergei Zolotukhin, University of Florida Gainsville

Exon1

mini-attTn7

2 Geneva Biotech @
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AAV2 production — Sf9/baculovirus

Baculovirus expression system components

— Baculovirus
 *AAV2 ITR-flanked GFP
— Insect cells

» *F3: Recombinant Sf-9 cell line containing
AAV?2 capsid gene
and AAV2 replication gene

« Infection induces the production of cap and
rep

Shake flask 10-L rocker
bag

*Obtained under MTA with University of Florida
PNAS (2009) 106(13) 5059-5064

iy

stock

50-L stirred
bioreactor

Baculovirus

Uninfected Sf9 cells

Viable Cell Density (x 105/ml)

c o o o 9o
o N Bk o o

AAV2 Production with Baculovirus

1.8 Infection

o N R o

50

Hours

Harvest

100

23
22,5
22
21.5

L]
==

20.5

N
o
Cell Diameter (u)

19.5
19
18.5

—e—\/CD

—— Cell Diameter

33
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Single-use bioreactors

~ f—
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Upstream-adherent

Transfection cocktall

= B
Vial
wcp T-flask "
Cell stack Production bioreactor
—_— Inoculum train i l
Harvest

35



Upstream-suspension
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Transfection
cocktall
or Virus

PO 1% 250L .,
i ; — " SUB
—— _ (n-1)
Vial from Shake Wave Bioreactor

WCB  Flask STakf Production
F
= Bioreactor
(2000L) +
<—— |noculum train > Harvest

36
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Vector harvest process design options:
Intracellular vector, lysis in bioreactor

[N\,
-

> lysis —> —>
centrifugation depth surface
filtration filtration
| | I
op —> lysis —> | —> > :
= | : :
: primary depth secondary surface
bioreactor filtration depth filtration filtration
. Goal: produce a

—> lysis —> | 7
/

clarified liquid that
tangential flow  surface | €@N be loaded to a

microfiltration filtration | Chromatography
column 37

!
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Cell lysis for intracellular product

Detergent-based lysis Microfluidizer®
Incorporation of detergent
into the cell membrane, intensier Pump Exchaner

solubilizing lipids and
proteins in the membrane,
creating pores within the
membrane and eventually
full cell lysis.

Fixed
Geometry
Interaction
e® Chamber

Inlet
reservoir

* 50-500 um microchannels
Detergent / « Convert pressure to kinetic

\ energy
—) \ ' « Shear and impact forces lead
to lysis 38
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Depth filtration of clarified lysate

A_Qmmur % Depth filtration setup using the
e Ze < Millipore Sigma, Millistak+®HC

~ _‘,— 1 _3/

’ *
v &
— 1500 I‘:
&5
Pressure vs. throughput for the o 9) ..
Millipore Sigma, Millistak+®HC —> /____,.,,../ :
Pro DOSP y

39
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Product purity: Types of impurities

Process-Related Product-Related
* Residual host nucleic « Aggregates
acid + Empty capsids
* Residual plasmid DNA « Noninfectious particles
* Host-cell proteins + Encapsidated non-target
* Residual helper virus DNA (plasmid/host)
« Residual cell culture  Fragments
components - Degradants
» Residual leachables + Replication competent
virus

40
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AAYV Purification using AVB Sepharose resin
j L ! — 100
} - N
=™ momm JL
= £ 50
I | —
0
-50
Elution 1
36 38 40 42 44
: — AVB Sepharose Step Gradient Elution BLZI,I.SAS 010919 001 ////
AKTA avant / e et
2500 ,’ /’,
1 ///
II o’
2000 ! L
1 ¥
/ ///
1500 1 ¥
1 s
I o’
1 o f
1000 I’ ///
1 ¥
1 L
7
500
0 -Eguitibration— Samp... ggm‘mm—’mmﬁ
-20 0 20 40 60 80 100 m!

HiTrap AVB columns
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AAYV yields

« Baculovirus
— Voyager Therapeutics: >10% vg/ml
— 2000 L scale

« HEK 293 Triple Transfection?

— AskBio: 2.4 x 10 vg/ml
— 250 L scale

1Voyager Therapeutics presentation at Bioprocessing Summit 2019 42
2Grieger NIH presentation on AskBio website
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AAV dose Is dependent upon route of
administration

* Dose delivered locally is “small”

— Luxturna
« 1.5 x 10! vector genomes (vQg) per eye

* Dose delivered systemically is “large”
— >1000-fold higher

— Zolgensma
« 1.1 x 101% vg per kg of body weight e
« 80 Ib. person—> 49 x 1014vg

43

BioRender and product inserts for drugs
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How much AAV do we need to manufacture?

Type of Number Route of Dose Demand
Disease (patients/year) Administration (vg/patient) (vglyear)
Rare ~1000 Local ~101 ~10%4
Rare ~1000 Systemic ~10%5 ~1018
Prevalent ~100,000 Local ~1012 ~1017
(Parkinson)
Prevalent ~100,000 Systemic ~1015 ~1020

(Parkinson)

Modified from Voyager Therapeutics presentation at Bioprocessing Summit 2019 44
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Presentation Outline

 Analysis of Gene Therapy Vectors

45
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AAV complexity vs mADb

mADb

2 X Heavy Chain (50 kDa) 1 DNA fragment (up to 4.7 kb)
2 X Light Chain (25 kDa) 50 x VP3 (62 kDa)
Post translational modifications 5x VP2 (72 kDa)
5 x VP1 (87 kDa)

Post translational modifications (?)
~ 150 kDa 7.0 MDa (3.9 MDa protein + 3.1 MDa
DNA)
CQAs well-defined with available CQAs largely undefined

characterization methods
Well-characterized standard available No fully-characterized standard
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AAYV analytical tests performed

Quantity Total Capsid ELISA
Full Capsid (viral genomes) gPCR, ddPCR
Purity Host Cell Protein SDS-PAGE, HPLC
Full/empty Capsid ratio ELISA/gPCR, TEM, Spectrophotometry,
AUC, CDMS
Residual DNA (encapsidated and gPCR, pico-green
non)
Aggregates and fragments TEM, HPLC
Identity VP1, VP2, VP3 fingerprint Western blot, SDS-PAGE
Viral genome sequence PCR, DNA Sequencing
Potency Transduction and Expression Cell-based assay, and target gene
expression/activity
Infectivity TCID50
Safety Endotoxin, Sterility, Adventitious Various methods, as with traditional

agents, Mycoplasma, etc. biotherapeutics 47
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AAV guantification

 Viral Genomes

Total Genomic Infectious Transduction
Partlcles Particles Particles Units
s “ ’
8 ‘
« Capsids +* |
I 10 1:10 1:1,000 Transduction
! Full’empty capsids Infectious of target cells
e — = N —)
ELISA” uv Cell-based In vivo
HPLC assay potency
- . qPCR ) assay
* Infectious Titer Empty capsid
Full capsid e
infectious particle ®
1:100,000 particles delivered will achieve the desired clinical output
e Transduction Titer Hitchcock, 2017, BioProcess International

48
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Viral genome titer methods

CNV:1.09 Conc:93.3 FAM Pos:1505 Neg:15397
O 12,000
O
CICJ 10,000 .
B E’ m—..;-' * .'.-A...-.-;_,..t_.; .#:.:_-..-_;:_ ;
3
o § 4000~ = 1 3317
Oc.> - - - -
g § &8 § 8 § § ¢8
Cycle Number = & ¥
Event Number
gPCR ddPCR
Relative Quantification Absolute Quantification
Requires a Standard Curve No Standard Curve
Lower Precision Higher Precision
Sensitive to Inhibitors Less Sensitive to Inhibitors

49
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AAV potency assays

* Infectivity assay:
— TCIDg, utilizing Adenovirus and a rep/cap expressing cell line
— Measures AAV infectivity by gPCR
— Does not demonstrate delivered gene expression or MOA
— Variability

* Transduction assay:

— In vitro assay transducing target cell type or similar

— Measures expression or activity of delivered gene through RT-
PCR, western blot/ELISA, activity assay, etc.

— Some AAYV serotypes do not transduce well in vitro
— Variability
50
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Product related impurities
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 Empty capsids
* Noninfectious particles

« Encapsidated non-target
DNA (plasmid/host) i

* Replication competent virus
 Aggregates
 Fragments
 Degradants

51
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Empty capsids

« AAV capsids which lack the vector genome

« Comprise 50-98% of vector preparations from
transient transfection

« Packaging efficiency is effected by factors
such as transfection efficiency, size/sequence
of vector genome, etc.

* Potential Risks:
— Immunogenicity
— Inhibition of vector transduction (competition)
— Aggregation

52
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Empty capsid quantification

« Analytical ultracentrifugation A
« TEM |
- Anion exchange HPLC s Y /7
E A260/ A280 0.1 é'.1 62 63 64 65 66 67 68
« gQPCR/ELISA -

B

S 08 943

E 0.6 1 64S

T oe

§ 0.24 1 l

% 50 0 %0

Sedimentation Coefficient
Burnham, 2015, Human Gene Therapy Methods

53

Blessing, 2019, Molecular Therapy
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Encapsidated non-target DNA

« AAV containing host, plasmid, or incomplete genomic
DNA

« Packaging of host cell or plasmid DNA reported from
1-3% and 1-8%, respectively.

« The plasmid containing the ITR sequence Is most
common contaminant.

« Extremely difficult to eliminate by purification

* Potential Risks:
— Immunogenicity
— Oncogenes
— Viral genes from host cells

— Reduction in potency 54
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Product quality attributes AAV

Composition
« VPI1, 2, 3ratio
* Full vs. Empty ratio
« DNA sequence
« Titer

Activity
 Infectivity/Transduction
« EXxpression of target gene
« Transgene function

Others?
« Critical quality attributes for
AAV is a current area of
research.

o . ” o Issues in AAV gene
Neutralizing anti-capsid antibodies therapy
® @ (D Immunogenicity
¥ @( @ (@) Potency & Efficacy
}@ 1) AV N @ (3) Genotoxicity
ko @-r ® (@) Persistence
! Innate immune response
Receptor TLR2/9

Binding

) /,” Endosomal
! escape
Endocytosis @ \( \\
|
i\ﬂ @@ _ 9
s X
A N cytoplasm
O [ e lUncoatM‘lﬂ:'e"s
) MHC-I
O presentation SS H @

Anti-capsid
CD8 T-cell

| Q¥ g«
co0 >
ER INNVAVNYS
Episomal AAV Integrated
l genome AAV genome

Colella, et al. 2018, Mol.Ther. Methods & Clinical Development

55
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Short Course: Hands-on GMP Manufacturing of

Vectors for Gene Therapy

| NC STATE UKIVERSITY |
Training needs? Think BTEC

BTEC's open-enroliment training prog
in the country’s largest, most advanced blomanufacmnng training facility.
Guided by experienced instructors, participants engage in classroom and
hands-on learning in bench- and pilot-scale

labs, which are equipped with industry- i
standard equipment. Chack the schedule balow :
ard Esurtion Centar

and visit our website for mora information:
www.btec.ncsu.edu/industry.

2020 Professional Development Short Courses

COURSETITLE DATE TRACK
Hands-0n cGMP Biomanufacturing Operations Jan21-24 Biomanufacturing
Hands-On cGMP Biomanufacturing Operstions Mars-12 Biomsnuiacturing
ions of F ing and F 3 May 18-21 ® Bioprocess Development
Hands-0n cGMP Biomanufacturing Operstions May 13-22 Biomanufacturing
Chromatography Column Packing: Foundations and Applications Jun2-4 Biomanufacturing
Fermentation Engineering Junz-4 © Bioprocess Engineering
Hands-0n cGMP Biomanufacturing of Vectors for Gene Therapy Jun8-11 * Biomanufacturing
Downstream Biopharmaceuctical Processes: Fundamentals and Design Jun 16-18 ® Bioprocess Development
of Cell Line Jun 23-25 @ Bioprocess Development
Hands-0n cGMP Biomanufacturing Operstions Jul7-10 Biomanufacturing
Hands-0n ials of A ion for Bi ing Julg-9 © Bioprocess Engineering
Cell Cuture Engineering: A Single-Use F T Jul21-23 ® Bioprocess Engineering
Biopharmaceutical Assay Essentials Julz1-24 © Anaslytical Technologies
Applied Cleaning Validstion Practices: A STERIS Master Class Jul28-28 Biomanufacturing
Fermentation Engineering Jul 28-30 ® Bioprocess Engineering
Hands-On cEMP Biomanufacturing of Vectors for Gene Therapy Aug 3-6 * Biomanufacturing
fion ta Design of il {DoE) for Biopi Analysis and Optimizati Sep22-24 ® Bioprocess Development
Hands-On Single-Use Processing for Biopharmaceuticals Oct6-8 Biomanufacturing
Hands-0n cGMP Biomanufacturing Operations Oct13-16 Biomanufacturing
‘A_r;#pm P;m.u’;lmhxxmmm Filtration {DFF) and Tangential Flow Fitration e ®) Giorerms Nevsiasemmns
i ion Control in B ] i Dec1-3 Biomanufacturing

SELF-PACED ONLINE COURSE
Fundamentals of Biomanufacturing Enrolfiment ongoing

2020 offerings:
Jun 8-11, Aug 3-6

To register:

https://www.btec.ncsu.edu/ind
ustry/short_courses/index.php
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Conclusions

« Gene therapy is a rapidly growing biopharmaceutical
product class

« AAV is a popular viral vector for in vivo gene therapy
produced in HEK-293 and insect cells

« Many challenges exist in production and analysis of
AAV vectors including:
— Cost and material availability
— Low yield
— Product-related impurities
— Undefined CQAs
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Recent history of gene therapy

China became
the first country EMA recommended

Pfuderer Eirst to approve a for the first time a G bee ra, frO m

rate a proof-

st forvirus  Trerapeutic gene therapy genetherapy — &—— g
igene gene transfer based product product for uni Q ure
inADA patients for clinical use. approval in the EU.

1989 1990 2003 2009 2012

Wirth, Thomas, et

Stoven A. Rosenberg  Thedeath First al., "History 01:’
conducted the first ~ ofJesse successful gene therapy,
officially approved Gelsinger. phase |1l Gene, 525, 2013,
gene transfer into gene 162-169
humans. therapy
clinical trial
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Manufacturing of Gene Therapy Vectors: Synopsis

« Multiple different unit operations used — cell culture bioreactors,
depth filtration, chromatography, ultrafiltration, etc.

* No template for the process exists because virus vectors are diverse
In terms of size, structure, chemical properties, and host systems.

« Significant (?) process development required, using scalable unit
operations.

« Batch processing typically used.

« Combination of single-use and reusable equipment used.

According to BioPharm International’s 2015 Manufacturing Trends Survey* 71.4% of
respondents use hybrid manufacturing systems, which feature both traditional
stainless steel and disposable, single-use products

Extensive QC (analytical testing) performed.

* R. Peters, *"Technologies and Practices Must Evolve to Meet Demand,” BioPharm International, Vol 28 (1) 2015

61



I O (ce

Ex vivo gene therapy: allogeneic vs.
autologous

Gene Therapy

in Vivo ex Vvivo

Autologous Cells taken from/administered to
the same individual

Allogeneic Cells derived from a donor
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