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The next generation of single-use bioreactors, inspired by forward thinking
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Presentation Topics

Challenges of Manufacturing Allogeneic Cells

Benefits of Vertical-Wheel Bioreactors

Examples of Microcarrier-Based Processes

Examples of Aggregate-Based Processes

Key Takeaways
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[ Choosing the Right Allogeneic Manufacturing Platform ]

+ Scalable technology needed for large patient populations

«» Static planar platforms adequate for R&D or clinical scale but not commercial

» Limited process monitoring & control
» Labor and material expenses

» Variability among planar units

» Simaria A. et al., Biotech & Bioeng, 2014

« Campbell A. et al., Stem Cells Trans. Med., 2015
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Single-Use Bioreactor As Cost-Effective Solution For Scale Up

Full production [~ I I

scale at peak Cost per Million MSCs

commercial | 1,000

Lot Size (Billions of cells)

Achieve greater lot sizes while reducing manufacturing cost per dose

demand L
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Un-optimized Multi-Layer Vessel Suspension
T-Flask Production Production Bioreactor Production

Figure adapted from Rowley & Montgomery, BioProcess International 2018
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Manufacturing Different Cell Types in Suspension Culture

PSCs & ESCs: self-forming cell aggregates

0 hrs 24 hrs 72 hrs

MSCs & Primary Cells: grown on surface of microcarriers

NK & T cells: suspended single cells or loose clumps
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[ Hydrodynamic Considerations for Suspension Cultures J

Originally proposed by Croughan et al. (1985) and confirmed for FS-4 cells (1987)

Fluid shear
for_ces ) a) Eddy larger than microcarrier b) Eddy smaller than microcarrier
(microcarrier
example): ) Surface with
) cells removed

“Eddy streamlines

._\..\1“
\ \ \
'Detached
dead cells
Microcarriers” Microcarrier
with attached — with
viable cells attached
viable cells

<+ Increased agitation rate > smaller Kolmogorov eddies = potential shear stress

Fluid environment <+ Variable fluid flow - variable shapes and sizes
for cell aggregates: <+ Homogeneous environment - uniformly spherical

«»  Shear forces = limit on maximum size

WWW.PBSBIOTECH.COM INNOVATIVE BIOPROCESS SOLUTIONS




‘Q BIOTECH®

Challenges for Allogeneic Cell Therapy Manufacturing

Significantly different from traditional biotech

Biological considerations
Anchorage-dependent & mortal cells are final product
Bioreactor manufacturing considerations

Effects of hydrodynamic conditions on cells

Scalability of hydrodynamic environment
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[ Vertical-Wheel (VW) Bioreactors as Enabling Technology ]

NS

- Single-use system that is plug-and-

play

)
0’0

Wide range of volumetric scales

)
0’0

True Scalability: scale down models

with representative performance
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[ Combination of Unique VW Impeller and U-Shaped Vessel ]

g 4 d &
St

Vertical-Wheel
Impeller
~
Strong Sweeping
Naml:m Gap Flow
? Large Swept Volume

Large diameter & vane surface areas _ _
Radius and placement of impeller creates

Internal vanes to promote “cutting & strong sweeping flow along U-shaped bottom

folding” action of fluid o _
Homogeneous fluid mixing environment

Combination of tangential and axial fluid throughout vessel with no dead zones
flow
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[ CFD Analysis of VW Bioreactor’s Hydrodynamic Environment ]

3L scale

Wall Shear Stress: Magnitude (Pa)

I4.78

3.82
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10E-(2

287

10E-04

10E-06

I 10E-08

Solution Time = 80.01 (s)

%+ Consistent shear stress levels across “» Homogeneous distribution of turbulent
entire surface of impeller with no hot energy dissipation rates throughout
spots vessel

Croughan M. et al., Stem Cell Manufacturing, Elsevier, 2016
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Benefits of VW Bioreactors For Cell Aggregate Morphology

Number of Cell Aggregates

Spherical aggregates ideal for expansion and differentiation

Optimal diameter for even diffusion of nutrients and growth factors

Avoid necrosis or heterogeneous differentiation in central cells

Vertical-\Wheel Bioreactor

Stirred S B . 9

. 7 ‘\
Bioreactor f \

AN

Cell Aggregate Diameter

Narrower diameter distribution in VW
bioreactor compared to stirred bioreactor

Number of Cell Aggregates

Vertical-\Wheel Bioreactor

Higher Lower
RPM RPM

Cell Aggregate Diameter

Inverse correlation between agitation rate
and average diameter



D PBS BOTECH® RoosterBio

[ Scalable Expansion of hMSCs in VW Bioreactors ]
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CQAs and Functionality of hMSCs in VW Bioreactors

Post-harvest expansion OSTEOGENESIS ADIPOGENESIS CHONDROGENESIS
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plifying Use of MSCs

Production of hMSC-Derived EVs in VW Bioreactors

hMSC expansion EV collection hMSC expansion EV collection
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Scalable Expansion of eMSCs in VW Bioreactors

Process Optimization Scale-Up from 0.5L to 3L

Effects of Medium Feeding Regimes on Comparison of eMSC Growth at 0.5L and 3L
eMSC Growth at 0.5 L Scale Scales
1400000 1,400,000
1200000 1,200,000
- )
% 1000000 g 1,000,000
3 3
L 800000 2 800,000
e )
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Time (days) Time (days)
-6-No Medium Feeding -A-Medium Feeding - 1 “-PBS-3 (1st Run) -&-Control PBS-0.5
-A-PBS-3 (2nd Run) -¢-Satellite Control PBS-0.5
- Medium Feeding - 2 -8-Medium Feeding - 3 -A-PBS-3 (3rd Run)
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Diabetes is a Large Burden on Patients
Disease management and risk of secondary complications

A Year in the Life of a Type 1 Diabetes Patient

5 glucose tests/day 4 insulin injections/day
X X

365 days/year 365 days/year

1825 finger pricks 1460 injections

< Type 1 Diabetes Patients inUS: 1M
< Type 2 Diabetes Patients in US: 28M

Despite insulin therapy, diabetics face increased risk of amputation,
renal and retinal failure, and lasting nerve damage
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[ Transplantation of B Cells Derived from PSCs ]
ES/iPS ’
s
(&
| 4
()
Dead or 4
dysfunctional B Ce".
B cells
pancreas Transplantation \
Immunoprotective
device
125 125
Fasting blood glucose Fasting blood glucose
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[ Multi-Step Expansion and Differentiation Process for 8 Cells }

Stage 0 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Human R
. Definitive Primitive gut :
pluripotent Endocrine
stem cells =ndoderm tube
T Differentiate to P Prepafe SC-Islets in
Propagate hPSC 5 SC-Islets immunoprotective device

7 ,.

»] A Y - (: {

o

Cell Line hPSC Cell Product Freeze Post-Thaw Manufacture
Selection Expansion Scale Up & SC-Islets Maturation and Load
and Manufacturing Devices
MCB/WCB
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[ Comparison of Cell Aggregate Expansion ]
24 hr 72 hr
» Greater variation in morphology
_ after 72 hours for aggregates
Spinner . .
0.5L grown in spinner
<+ Consistent aggregate
morphology maintained during
scale up from 0.5 to 3L VW
bioreactors
VW
05L 300
250
Fo |
‘E bt T 'I- “VWosL
3L o
0 e .
24 hr 72hr
T A

WWW.PBSBIOTECH.COM

INNOVATIVE BIOPROCESS SOLUTIONS



UNIVERSITY OF

BIOTECH® CALGARY

@

i STEM CELLS
MANUFACTURING FORREGENERATIVE MEDICINE " TRANSLATIONAL MEDICINE

Optimized serial expansion of human induced pluripotent stem
cells using low-density inoculation to generate clinically
relevant quantities in vertical-wheel bioreactors

Breanna S. Borys¥?3T | Tania So'?' | JamesColter'? | Tiffany Dang?® |
Erin L. Roberts® | TamasRevay? | LeilaLarijani®> | Roman Krawetz® |

lan Lewis”’ | Bob Argiropoulos* | Derrick E. Rancourt® | Sunghoon Jung® |
Yas Hashimura® | BrianLee® | Michael S. Kallos??2 ©

!Pharmaceutical Production Research Facility, “Department of Medical Genetics, Cumming
Schulich School of Engineering, University of School of Medicine, University of Calgary,
Calgary, Calgary, Alberta, Canada Calgary, Alberta, Canada

“Biomedical Engineering Graduate Program, “Department of Cell Biology and Anatomy,
University of Calgary, Calgary, Aberta, Canada Cumming School of Medicine, University of
*Department of Chemical and Petroleum Calgary, Calgary, Alberta, Canada

Engineering, Schulich School of Engineering, 7

University of Calgary, Calgary, Alberta, Canada Department of Biological Sciences, University

“Department of Medical Genetics, Aberta of Calgary, Calgary, Aberta, Canada

Health Services, Alberta Children's Hospital, #PBS Biotech Inc., Camarillo, California
Calgary, Alberta, Canada
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[ CFD Analysis of 0.1 L VW Bioreactor }
Shear Stress

Velocity Streamline through VW Bioreactor Height (60rpm)

40rpm

Energy Dissipation
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[ Comparison of iPSC Aggregate Yield ]

Vertical-Wheel (VW)
@

0.1 L vessels

40 rpm
= 60 rpm
e 80 rpm

Spinner (STR)

= == 40 rpm
= == 60 rpm
= = 80 rpm

Single cell inoculation, 20,000 cells/ml seeding, batch culture

3.E+05

2.E+05

Viable Cells/mL

1.E+05

0.E+00

Day 6 Fold Expansion

VW STR
40 rpm 16.7+1.1 49+2.38
60 rpm 11.2+0.9 33+03
80 rpm 7.7£0.5 6.3+2.7

Time (Days)
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Comparison of iPSC Aggregate Morphology

Single cell inoculation, 20,000 cells/ml seeding, batch culture
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[ Effective Serial Passaging of iPSCs in VW Bioreactors ]

Serial Passaging

7.E45 | @ Fed (S0mL media change)
.45 | @ Passage
S.E+5
4.E+5
3.E+5
2.E+5
1.E45
I
2 4

0.e+0
0 6 8 10 12 14 16 18 20 22 24 26 28 30

Viable Cells/mL

Time (Days)
n=1 bioreactor/passage
0.1L working volume and 40 rpm

<+ Consistent formation of uniform aggregates even after multiple passages
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Dissociation of hiPSC Aggregates in VW Bioreactor

5 min 15 min 25 min

-

Trypsin
0.05%

Accutase
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Pluripotency and Functionality of Serially-Passaged iPSCs

Traditional human pluripotency markers

Function

TRA-1-60

‘\ TS r s
',)N T s ’."" \-&J‘- R %‘? 4 }‘L‘:_‘,i\‘lla
ﬂ‘:’;j “,, | e \t}\;u——m
ﬁ;’ T *‘3’ |

In vivo
teratoma formation

iIPSC pluripotency and ability to form teratoma germ layers maintained after serial
passaging
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Testing Various PSC Expansion Media in VW Bioreactor ]

Viable Cells/mL

1.4E+6
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Yes Yes Human origin free
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No X No X Supports single-cells
Yes Yes Low levels of bFGF
100
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\; - l I 80
Media i
—A 60
— B 0.1L
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Time (days)

5 6

Viability (%)

All 6 media designed
for static cultures

Optimized media will
improve scalable
PSC expansion in
VW bioreactors

. | Fold Expansion
Media
(Day 6)

36
41
31
46
31
28

H
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[ Long-Term Expansion of iPSC Aggregates in VW Bioreactors ]

<+ Process: 10 serial passages over 60 days, 0.1L scale, 40 rpm, media “C”

>

<+ Consistent aggregate morphology with cumulative cell multiplication of 4.6E13

>
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Time (days)

INNOVATIVE BIOPROCESS SOLUTIONS

WWW.PBSBIOTECH.COM



& BIOTECH?®

[Proposed Commercial Manufacturing Using VW Bioreactors]

Example Protocol for PSC Manufacturing

Cell inoculation density 20,000 cells/mL

l Medium feeding 50% exchange on day 3 or 4

Cell density, post-expansion >600,000 cells/mL (>30-fold)

Working

Cell Bank
Cell harvest efficiency >80%

Culture period 6 days per passage

Seed 2 M cells

| S
P+1 Stage  |ulubulalr > P+2 P+3

1 x PBS-0.1 1 x PBS-3 1 x PBS-80
0.1 L working volume 2.4 L working volume 55 L working volume

Cell yield: 48 M Cell yield: 1.15B Cell yield: 26.4 B
<€ 24 Days

Differentiation or

Downstream
Processes

/I\ >600 B

I cells

----- > P+4

3 x PBS-500

440 L working volume each
Combined cell yield: 634 B
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Scalable Generation of Mature Cerebellar Organoids from
Human Pluripotent Stem Cells and Characterization by
Immunostaining

Teresa P. Silva"z, Tiago G. Femandes', Diogo E. S. Nogueira1, Carlos A. V. Rodrigues', Evguenia P. Bekman1'2'3, Yas
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Medicine, Lisbon Campus, Universidade de Lisboa 4 PBS Biotech, Inc, Camarillo, CA, USA
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Differentiation of iPSCs Into Cerebellar Organoids in VW Bioreactor

Day 14 Day 21 Day 35
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o
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Homogeneous distribution of organoid morphology throughout differentiation (0.1 L vessel)

Immunofluorescence shows efficient neural induction Mature granule cells and high
during differentiation process cell viability after 80 days
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Key Takeaways from this Webinar

Bioreactor should provide optimal hydrodynamic conditions

Unique benefits of VW bioreactors, backed up by data:
Consistently low shear particularly for cells on microcarriers
Homogenous energy dissipation rates for spherical aggregates
Size control through inverse correlation with agitation rate

True scalability for potential commercial manufacturing
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Additional Publications: MSCs

Production of Oncolytic Adenovirus and Human Mesenchymal Stem Cells in a
Single-Use, Vertical-Wheel Bioreactor System: Impact of Bioreactor Design on
Performance of Microcarrier-Based Cell Culture Processes

Marcos F. Q. Sousa, Marta M. Silva, Antonio Roldao, Paula M. Alves, and Margarida Serra
Inst. de Tecnologia Quimica ¢ Biologica Anténio Xavier, Universidade Nova de Lisboa, Av. da Repiblica, 2780-157 Oeiras, Portugal

iBET, Inst. de Biologia Experimental ¢ Tecnologica, Apartado 12, Ociras, 2780-901, Portugal

Daniel Giroux, Yas Hashimura, Robin Wesselschmidt, and Brian Lee
PBS Biotech, CA

Manuel J. T. Carrondo
iBET, Inst. de Biologia Experimental ¢ Tecnolégica, Apartado 12, Ociras, 2780-901, Portugal

Dept. de Quimica, Faculdade de Ciéncias ¢ Tecnologia, Universidade Nova De Lisboa, 2829-516 Monte da Caparica, Portugal

DOI 10.1002/btpr. 2158
Published online September 4, 2015 in Wiley Online Library (wileyonlinelibrary.com)
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Bioreactor Parameters for Microcarrier-Based Human
MSC Expansion under Xeno-Free Conditions in a
Vertical-Wheel System

Josephine Lembong , Robert Kirian, Joseph D. Takacs, Timothy R. Olsen, Lye Theng Lock,

Jon A. Rowley and Tabassum Ahsan **
RoosterBio, Inc., 5295 Westview Drive, Suite 275, Frederick, MD 21703, USA; josephine@roosterbio.com (J.L.);
robert@roosterbio.com (R.K.); joseph@roosterbio.com (J.D.T.); tim@roosterbio.com (T.R.0.);
lyetheng@gmail.com (L.T.L.); jon@roosterbio.com (J.A.R.)
* Correspondence: taby@roosterbio.com Published: 8 July 2020
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[ Additional Publications: PSCs J
Research Article C'SCI

(wileyonlinelibrary.com) DOl 10.1002/jctb.5738

Scalable culture of human induced pluripotent
cells on microcarriers under xeno-free
conditions using single-use vertical-wheel™
bioreactors

Carlos AV Rodrigues,®?" - Teresa P Silva,*”< Diogo ES Nogueira,®
Tiago G Fernandes,*® Yas Hashimura, Robin Wesselschmidt,4
Maria Margarida Diogo,*? Brian Lee? and Joaquim MS Cabral®®

.b Nogueira et al. Journal of Biological Engineering (2019) 13:74
I‘ Q https://doi.org/10.1186/513036-019-0204-1

dvencing Biology-Mnspired Engineerin

Strategies for the expansion of human
induced pluripotent stem cells as
aggregates in single-use Vertical-Wheel™
bioreactors

Diogo E. S. Nogueira'?, Carlos A. V. Rodrigues'*'®, Marta S. Carvalho'?, Claudia C. Miranda'?, Yas Hashimura’,
Sunghoon Jung?, Brian Lee® and Joaquim M. S. Cabral'?
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