AV2ILNIDOVWEVHA

~_<._.m2<>n_<<\






Supplement to:
INTERNATIONAL

BioPhariti

The Science & Business of Biopharmaceuticals

EDITORIAL

Editorial Director Michelle Hoffman mhoffman@advanstar.com

Senior Managing Editor Angie Drakulich adrakulich@advanstar.com

Managing Editor Susan Haigney shaigney@advanstar.com

Editor (Europe) Rich Whitworth rwhitworth@advanstar.com

Scientific Editor Amy Ritter aritter@advanstar.com

Assistant Editors Erik Greb & Stephanie Sutton
egreb@advanstar.com, ssutton@advanstar.com

Art Director Dan Ward dward@media.advanstar.com

Washington Editor Jill Wechsler

Contributing Editor Jim Miller

ADVERTISING

Publisher Allen Basis abasis@advanstar.com

Associate Publisher Pat Venezia, Jr. pvenezia@advanstar.com
European Sales Manager James Gray jgray@advanstar.com

Market Development, Classifieds, and Recruitment Tod McCloskey

& Melissa Brown tmccloskey@advanstar.com, mbrown@advanstar.com
Direct List Rentals Tamara Phillips tphillips@advanstar.com

Reprints The YGS Group AdvanstarReprints@theYGSgroup.com,
800.290.5460 ext 100 or +1.717.505.9701 ext 100

Sales Assistant Daisy Roman-Torres droman-torres@advanstar.com

PRODUCTION, MARKETING, GIRGULATION

Production Manager Dave Erickson derickson@media.advanstar.com

Marketing Promotions Specialist Cecilia Asuncion
casuncion@advanstar.com

Audience Development Manager Wendy Bong wbong@advanstar.com

y‘ADVANSTAR

PHARMACEUTICAL

President, Chief Executive Officer Joe Loggia; Vice-President, Finance &
Chief Financial Officer Ted Alpert; Executive Vice-President, Corporate
Development Eric l. Lisman; Chief Administrative Officer Tom Ehardt;
Executive Vice-President, Pharma/Science Group Ron Wall; Vice-
President and General Manager, Pharma/Science Group Dave Esola;
Vice-President, Information Technology J. Vaughn; Vice-President,
Electronic Media Group Mike Alic; Vice-President, Media Operations
Frandis Heid; Vice-President, Human Resources Nancy Nugent; Vice-
President, General Counsel Ward D. Hewins;

Director of Content Peter Houston

Right to privacy: Advanstar Communications, Inc., provides certain customer
contact data (such as customers’ names, addresses, phone numbers, and email
addresses) to third parties who wish to promote relevant products, services, and
other opportunities that may be of interest to you. If you do not want Advanstar
Communications to make your contact information available to third parties for
marketing purposes, simply call toll-free 866.529.2922 between the hours of 7:30
am and 5 pm CT, and a customer service representative will assist you in removing
your name from Advanstar’s lists. Outside of the United States, please phone
218.740.6395. BioPharm International welcomes unsolicited articles, manuscripts,
photographs, illustrations, and other materials but cannot be held responsible for
their safekeeping or return.

© 2011 Advanstar Communications Inc. All rights reserved. No part of this
publication may be reproduced or transmitted in any form or by any means, electronic
or mechanical including by photocopy, recording, or information storage and retrieval
without permission in writing from the publisher. Authorization to photocopy items
for internal/educational or personal use, or the internal/educational or personal use of
specific clients is granted by Advanstar Communications Inc. for libraries and other
users registered with the Copyright Clearance Center, 222 Rosewood Dr. Danvers, MA
01923, 978.750.8400 fax 978.646.8700. For uses beyond those listed above, please
direct your written request to Permissions: Maureen Cannon, 440.891.2742 or toll-free
800.225.4569, mcannon@advanstar.com.

Conterns

Advances in Fermentation, Cell
Culture, and Expression Systems

SINGLE-USE SYSTEM
Increasing Efficiency in Protein Supply
and Cell Production by Combining Single-

Use Bioreactor Technology and Perfusion
Thorsten Adams, Ute Noack, Tanja Frick,
Gerhard Greller and Christel Fenge

An off-the-shelf, single-use perfusion system enables high-
density cell culture with high viability and high protein yield.

s4
ANALYSIS, FDA
Application of lon Chromatography
with Electrochemical Detection in
Optimization and Control of
Fermentation and Cell Culture
Lokesh Bhattacharyya
An overview of applications in the analysis of
nutrients and metabolites. s12
BIOREACTORS

The Potential Application
of Hollow Fiber Bioreactors to

Large-Scale Production
William G. Whitford and John J.S. Cadwell

A hollow fiber matrix can be used for large-scale cell culture,
and allows for efficient harvest of secreted proteins. s21

PLANT-BASED EXPRESSION
Plants As an Innovative and Accelerated

Vaccine-Manufacturing Solution
Louis-P. Vézina, Marc-André D’Aoust, Nathalie Landry,
Manon M.J. Couture, Nathalie Charland, Frédéric Ors,
Brigitte Barbeau, and Andrew J. Sheldon

A plant-based expression system could provide greater speed

and capacity at a comparatively low cost. s27

AD INDEX

3M PURIFICATION INC s/
DSM PHARMACEUTICALS INC s9
MIRUS BIO LLC s31
NEW BRUNSWICK SCIENTIFIC s13
NOVA BIOMEDICAL s
Pall Corporation s32
PHAGE CONSULTANTS sl7
SARTORIUS STEDIM N AMERICA INC s15
SHEFFIELD BIO-SCIENCE s2

Cover: Steve Gschmeissner/SPL/Getty Images

www.biopharminternational.com

May 2011 Supplement to BioPharm International

s3



Advances in Fermentation and Cell Culture

Single-Use System

Photo courtesy of the authors

Increasing Efficiency in Protein
Supply and Cell Production by
Combining Single-use Bioreactor
Technology and Perfusion

An offthe-shelf, single-use perfusion system enables high-density cell
culture with high viability and high protein yield.

THORSTEN ADAMS, UTE NOACK, TANJA FRICK, GERHARD GRELLER, AND CHRISTEL FENGE

Perfusion processes in mammalian cell cultivations are cur-
rently experiencing a renaissance, and are making their way
into modern single-use bioreactor systems. In this article, the
authors review the common challenges and main applica-
tions for perfusion processes. The authors present experi-
mental evidence for reaching extreme cell densities of 150
x10¢ cells/mL in an easy to use, high-performance, single-
use bioreactor that provides an efficient way to generate cell

mass for cell banking or seed trains, as well as production
of considerable amounts of monoclonal antibodies (mAbs),
even from cell lines with mediocre expression levels.

THORSTEN ADAMS* is product manager, single use bioreactors, UTE NOACK
is head of process engineering, upstream technology, TANJA FRICK is in
upstream technology, GERHARD GRELLER is director, upstream technology,
and CHRISTEL FENGE is vice-president, marketing and product management,
fermentation, all at Sartoius Stedim Biotech, Géttingen, Germany, Thorsten.
Adams@Sartorius-Stedim.com.
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uring the past

decade, the phar-

maceutical indus-

try has increasingly

switched focus from
small molecule-based drugs to
recombinant therapeutic pro-
teins, mAbs, vaccines and more
recently, cell therapy products to
find novel treatments for unmet
medical needs. Considerable
effort has been dedicated to
improving the efficiency of cell
lines, vectors, culture media and
the production process itself.
Today, a number of platform
approaches to high-titer expres-
sion, especially of mAbs, have
been reported (1, 2). These plat-
forms consist of a host cell line,
vectors, media, and feeds that
are crucial to reach titers of >2-5
g/L in a 14 day fed-batch process.

MAIN DRIVERS FOR USING
PERFUSION CULTURE

Recently, there has been renewed
interest in perfusion processes.
In perfusion culture, fresh
medium is continuously fed to
the culture while the cells are
retained in the bioreactor, and
metabolic waste products are
removed. Depending on the
chosen cell retention device,
the large molecular product can
either be retained in the bioreac-
tor (concentrated fed-batch) or
removed from the culture (per-
fusion). The latter production
mode is typically used when the
recombinant protein is prone
to degradation, toxic, or inhibi-
tory to the cells. In perfusion
processes, cell densities are typi-
cally 5- to 10-fold higher than
in batch or fed-batch processes.
Process optimization of perfu-
sion processes is intended to
maintain cell-specific produc-
tivity by optimizing the compo-
sition of the perfused medium

and/or applying a certain cell
bleed stream to control cell den-
sity and growth rate. It is then
possible to achieve 5 to 10 times
higher total amount of product
compared with batch and fed-
batch (3). An economic com-
parison of the different process
modes has recently been pub-
lished (4). Due to significantly
increased productivity, a num-
ber of companies have identified
concentrated fed-batch and per-
fusion as tools to reduce produc-
tion scale and ultimately make
commercial production amena-
ble to single use bioreactors. This
growing interest in continuous
perfusion is further fueled by the
increased number of recombi-
nant therapeutic proteins in the
development pipeline.

Several cell-retention devices
have been developed during the
past 20 years. Today, there are
a handful of systems that have
proven suitable for suspension
cell culture at process scale: con-
tinuous centrifugation, inclined
settlers, hydrocyclones, and
alternating tangential filtration
(3, 4).

In addition to improved yields
in protein production, high
cell-density culture also offers
advantages for seed production
by reducing the bioreactor scale
and number of steps necessary
to generate the seed for the final
production bioreactor. A 10-fold
increase in cell density reduces
the required inoculum volume
by the same factor. To increase
flexibility and reduce the time
from thawing a cell bank vial to
inoculation of the production
bioreactor, studies have been
performed examining the use
of large volume, cryopreserved
cultures in cryobags, where the
concentrated seed culture has
been produced using a perfu-

Single-Use System

Growing interest in
continuous perfusion

is further fueled

by the increased
number of recombinant
therapeutic proteins

in the development
pipeline.

sion process in order to replace
shake flask technology (5, 6). This
approach not only reduces the
number of bioreactors and steps
involved, but also the necessary
footprint for seed bioreactors, and
investment in equipment.

CHALLENGES WITH CONVENTIONAL
CELL-RETENTION SYSTEMS

Perfusion often requires expen-
sive investment in cell-retention
equipment, certain infrastruc-
ture, and personnel with spe-
cialised skills. Therefore, it has
not been widely adopted for the
production of proteins that are
used for research purposes, such
as target proteins or therapeu-
tic lead proteins used in early
preclinical research. At the
same time, early protein sup-
ply is often characterised by
low expression rates of the cell
lines used and the need to pro-
duce many different proteins in
a given period of time to fuel
the development pipeline. We
have therefore developed a
novel, easy to use, benchtop per-
fusion bioreactor that is based
on rocking motion agitation
(BIOSTAT CultiBag RM 20 perfu-
sion, Sartorius Stedim Biotech).
In this study, we present data on
the high cell-density culture of
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Figure 1: Viable cell density and viability of batch and perfusion process.
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Figure 2: Glucose, glutamine and lactate concentrations over the course of

the culture.
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a mAb-producing Per.C6 model
cell line.

CELL PROPAGATION AND
BIOREACTOR INOCULATION

A Per.C6 cell line expressing a
monoclonal anti—-EpCAM (epi-
thelial cell adhesion molecule, a
cancer marker) immunoglobulin
G (IgG) antibody (licensed from
Crucell) and commercially avail-
able, chemically-defined serum-
free medium, CDM4 PerMab

(Hyclone), was used for the batch
and perfusion phases of the cul-
tivation. Inoculum was pro-
duced in two 1 L polycarbonate
Erlenmeyer flasks (Corning) with
300 mL culture, each incubated in
a Certomat CT plus shaker incuba-
tor (Sartorius Stedim Biotech) at
85% humidity, 37 °C, 5% CO, and
a shaker rate of 240 rpm.

The bioreactor bag (CultiBag
RM10 perfusion, Sartorius Stedim
Biotech), equipped with single-

Single-Use System

use optical pH and DO probes,
was filled with 5 L of medium
and equilibrated to process tem-
perature. After calibration of the
optical sensors, the reactor was
inoculated with a seeding density
of 5 x 10° cells/mL. The initial
process parameters were 19 rocks/
min, a rocking angle of 6° and a
temperature of 37 °C. The pH was
controlled at pH 7.1 with CO, and
1M Na,CO,. Dissolved oxygen
(DO) was controlled at 40% by
automatically adjusting the gas
flow rate (range 0.3 to 3 L/min)
and the composition of N,, air,
and O,. For comparison to the
perfusion process, a batch culture
was performed using the above
mentioned parameters.

CONTROL OF THE PERFUSION PROCESS
An empty bag was welded to the
perfusion outlet of the bioreactor
bag, and a 50 L media bag was
welded to the perfusion inlet and
placed on a balance. Perfusion
was started at an exchange rate
of 0.5 reactor volumes/d, which
corresponds to a feed and har-
vest flow of 0.105 kg/h. The per-
fusion rate was subsequently
increased based on the measured
glucose and glutamine concen-
tration as detailed below. As the
bioreactor controller automati-
cally increased the gas flow rate
and oxygen content in the pro-
cess gas, the angle and rocking
rate were adjusted manually from
initially 6° to 10°, and 19 rocks/
min to 23 rocks/min. Due to the
increased angle and rocking rate,
oxygen transfer from the head-
space to the liquid phase could
be further improved.

Samples were taken at regu-
lar intervals for offline pH mea-
surement (Sartorius PB-11 pH
meter) and monitored for cell
count (Nucleocounter, Sartorius
Stedim Biotech), glucose, gluta-

All figures courtesy of the authors
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mine, and lactate concentration
(Bioprofile 100plus Analyzer,
Nova Biomedical) and antibody
concentration (ELISA).

HIGH CELL DENSITY CULTIVATION OF
AN ANTIBODY EXPRESSING CELL LINE
In batch mode, a cell density of
17 x 10° cells/mL at a viability
of 98% was reached (see Figure
1). This result is typical for a
pH and DO controlled bioreac-
tor batch culture of this specific
Per.C6 clone and the PerMAB
medium used. Once the substrate
was depleted, cells went into the
stationary phase. In contrast, in
an uncontrolled process, e.g., in
a shaker flask, the cell density
typically reaches about 12 x 10°
cells/mL under similar conditions
(data not shown).

In perfusion culture using the
BIOSTAT CultiBag RM 20, we

Single-Use System

Figure 3: Biorector pH control and comparison between online and offline

pH data.
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were able to reach a very high
cell density of 150 x 10° cells/mL
at a viability of 99%. Up to now,
the highest reported cell density
of a wave-type, single-use biore-

actor has been 60 x 10° cells/mL
(7). Typically, we achieve about a
10-fold higher cell density in per-
fusion culture using this bioreac-
tor set up compared to the batch
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Single-Use System

Figure 4: Dissolved oxygen concentration (DO), gas flow, percentage of pure
oxygen (O,) in gas stream, rocking rate and angle.
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Figure 5: Total Immunoglobulin (IgG) amount in batch and perfusion cultivations.
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results (data not shown). The
total cell yield was 7.5 x 10! cells
derived from 5 L of reactor culture.

EASE OF HANDLING

It was possible to obtain very
high cell densities without the
need for sophisticated equip-
ment, fed-batch strategies or
process optimization by using
off-the-shelf equipment with
powerful control capabilities.

The L-glutamine and glucose
concentrations were used to ini-
tiate the perfusion mode and to
determine the medium exchange
rate. When the glutamine con-
centration dropped below 1 g/L,
which was 66 h after inocula-
tion, addition of fresh medium
started. In order to maintain
the glutamine concentration
at above 0.5 g/L, the perfusion
rate was increased step-wise.

After 138 hours, the perfusion
rate was increased to 1.5/d (0.315
kg/h), and after 163 hours, to an
exchange rate of 3/d (0.63 kg/h)
(see Figure 2).

It was possible to
obtain very high cell
densities without the
need for sophisticated
equipment, fed-batch
strategies or process
optimization.

The perfusion process was ter-
minated after 9 days when the
perfusion membrane started to
block; the perfusion control sys-
tem detected the reduced har-
vest flow rate and shut down
the pumps. Consequentially, the
remaining substrate was con-
sumed, lactate accumulated, and
the logarithmic growth phase
ended. Typically, in a production
setting, one would directly move
to harvest of the supernatant.
In our set up, we wanted to test
the limit and robustness of the
bioreactor system. In the case of
cell production, e.g., for inocula-
tion of a production bioreactor or
large scale cell banking in cryo-
bags, the culture would be termi-
nated before reaching the limit
of the perfusion membrane.

The signals from the disposable
optical DO and pH sensors that
are integrated into the single use
bioreactor bag were used to con-
trol the respective process param-
eters. pH was controlled mainly
by adjustment of CO, in the gas
stream. Disposable optical sen-
sor technology is a rather new,

s10  Supplement to BioPharm International

May 2011

www.biopharminternational.com



Advances in Fermentation and Cell Culture

but versatile, technology which
is suitable even for challenging
applications like this high cell
density perfusion culture. Regular
off-line measurement using a
conventional pH meter served to
check the precision of the opti-
cal pH sensor, and to determine
if recalibration of the optical pH
sensor would be necessary to
compensate for a potential drift.
Also, changes in ionic strength
might affect the accuracy of the
sensor readout. During culture,
the ionic strength might be influ-
enced by accumulation of lactate
or ammonia or other metabolic
by-products. A comparison of the
pH values obtained from the dis-
posable optical sensors and the
off-line values is shown in Figure
3. At the beginning of the per-
fusion process, one recalibration
of the optical pH sensor based
on the off-line value was per-
formed. During the course of the
high density culture, pH could
be maintained at the set point
despite a change of the perfusion
rate, which temporarily led to an
increased pH in the bioreactor.

HIGH OXYGEN DEMAND IS EASILY MET
Process parameters affecting DO
in a rocking motion bioreactor
are shown in Figure 4. The DO
could be maintained through-
out the whole high cell density
culture at approximately 40%.
The rocking rate was increased
manually from 19 rocks/min
to 21 rocks/min, and finally to
23 rocks/min. The angle was
increased from 6° to 7° and
finally to 10°. As the rocking rate
and angle increased, the wave
formation in the bag became
stronger, hence increasing the
surface exchange rate at the gas-
liquid interface and ultimately
the oxygen transfer rate (OTR)
of the bioreactor. The OTR could

further be increased by adding
pure oxygen to the process gas.
Since we worked with moderate
rocking rates, which leave room
for further increase for most
common cell lines, it can be con-
cluded that we are still far away
from the upper limit of the oxy-
gen transfer capacity that can be
achieved in this type of biore-
actors. It should be noted that
the increase of the rocking angle
from 7° to 10° at process time
160 h reduced the requirement
of pure oxygen in the process gas
dramatically.

INCREASE IN PRODUCTIVITY

AND CELL DENSITY

We have compared the
productivity of recombinant
anti-EpCAM in the bioreactor
system operating in batch and
perfusion mode. During the
perfusion run, approximately
50 L of medium had been
consumed, which was 10 times
the amount that was used in
batch mode. The maximum
viable cell concentration was
increased by a factor of 10. The
total IgG yield in the perfusion
run was 5900 mg, which was
approximately 30 times greater
than in the batch mode, where
the total amount was 205 mg (see
Figure 5). This illustrates that
the perfusion system is perfectly
suited for the fast production of
high amounts of proteins such as
monoclonal antibodies.

CONCLUSIONS

The authors demonstrated that an
easy to use, off-the-shelf, single-
use, bench-top perfusion bioreac-
tor is capable of producing and
supporting very high cell density
cultures of up to 150 x 10° cells/
mL. This approach can be applied
to mediocre cell lines in order to
quickly produce the amounts of

Single-Use System

recombinant proteins typically
required during drug discovery
or early development (e.g., for
high throughput screening, or
early preclinical studies in ani-
mals), and formulation develop-
ment. Furthermore, this is a simple
approach to improve the efficiency
of seed production in large scale
production. A typical seed train
for a 1000 L bioreactor consists of a
50 L and 200 L bioreactor applying
a dilution factor of 1:5 to 1:10 at
maximum. Assuming an inoculum
cell density of 5 x 10° cells/mL at
1000 L scale, which is equivalent
to 5 x 10! cells, this density can
be achieved by approximately 20 L
of a high cell density culture grown
in a rocking-motion perfusion bio-
reactor. Certain limitations of this
technology could be expected in
larger bag systems, such as 100 L
or 200 L rocking motion bags with
integrated membranes for cell
retention. The oxygen transfer rate
in these systems is usually lower,
and the ratio of membrane surface
area to culture volume can not be
scaled in a linear fashion due to
size restrictions. While cell densi-
ties of 30-40 x 10° cells/mL have
been reported for these larger scale
rocking motion systems, it is likely
that extreme high cell densities as
reported in this article may not be
reached. BP
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Analysis, FDA

Application of lon Chromatography
with Electrochemical Detection in
Optimization and Control of
Fermentation and Cell Culture

An overview of applications in the analysis of nutrients
and metabolites.

LOKESH BHATTACHARYYA

rugs, biological therapeutics, and

vaccines manufactured under cGMP

must be controlled at all stages of the

production process. The final release

testing is not in itself sufficient to
guarantee quality, safety, purity and efficacy of
the final product (1). It is necessary to ensure that
the manufacturing operations perform as intended
within the established specifications. This implies
that any given process is well characterized, ade-
quately controlled, and reproducible. Fermentations
are complex processes used in the manufacture of
recombinant proteins and peptides, vaccines, and
other therapeutic products. The performance of
fermentation (and cell culture) processes are criti-
cal to the quality and consistency of production
of the therapeutic products and are influenced by
parameters, such as pH, temperature, dissolved
oxygen, as well as nutrients and other compo-
nents necessary for cell growth, and metabolites.
The nutrients include carbohydrates, amino acids,
and other organic compounds, which act as car-
bon sources essential for cell growth and product
synthesis. Inorganic cations (metal ions) also play
critical roles for optimum activities of enzymes and
in cell growth. The metabolic products sometimes
act to inhibit the product synthesis and affect the
desired yield. Thus, measurements of nutrients and
metabolites in fermentation broths (and culture
media) are important for understanding the roles
they play and microbial physiology, as well as for
the development, optimization, characterization,

and control of the process. Such measurements also
permit improvement of the process performance
by providing the ability to determine the need
for supplementation, as well as to the develop-
ment of defined media to replace complex media
formulations. Most of the nutrients and metabo-
lites, including inorganic ions, carbohydrates, aldi-
tols, alcohols, and aliphatic carboxylic and amino
acids are ionic or polar in nature, and do not have
chromophores necessary for analysis by absorp-
tion measurements. lon chromatography (IC) with
electrochemical detection (ED) presents a suitable
technique for the determination of these compo-
nents. The technique usually requires no sample
preparation other than dilution with water. Other
chromatographic methods often require complex
pre- or postcolumn derivatization for the detection
of analytes.

This article will provide a brief overview of IC
and ED, as well as their applications in the analysis
of nutrients and metabolites in fermentation broths
and neomycin in selective culture media.

lon chromatography

IC is a form of high-performance liquid chroma-
tography (HPLC), which involves separation based
on ionic interactions among ionic or polar ana-

LOKESH BHATTACHARYYA is a supervisory chemist in the Division of Product
Quality, Office of Compliance and Biologics Quality, Center for Biologics
Evaluation and Research, US Food and Drug Administration.
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lytes, ions present in the mobile
phase (eluent), and ionic func-
tional groups on chromato-
graphic support (stationary
phase). This can lead to two dis-
tinct mechanisms of separation

based on the type of interac-
tions—(a) ion exchange in which
the analyte ions are adsorbed to
and desorbed from the station-
ary phases repeatedly leading to
separation, and (b) ion exclusion

Figure 1: A time course of analysis of cations in an insect cell culture

using a complex medium with glucose and sucrose as the primary carbon
sources. Peaks: 1=sodium, 2=ammonium, 3=potassium, 4=magnesium, and
5=calcium. Column: lonPac CS12; elution: 20 mM MSA, isocratic, 1.0 mL/
min. (Reprinted from Ref. 9 with permission from Elsevier)
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due to repulsion between simi-
larly charged analyte ions and
the ions on the chromatographic
support. Separation based on ion
exchange has been the predomi-
nant application of IC to-date.

In ion-exchange chromatog-
raphy, ionic functional groups
on the chromatographic sup-
port have charges opposite to
those of the analyte ions. That
is, a column for separation of
cations, a cation-exchange col-
umn, contains negative ions.
This technique is widely used in
the analysis of cations, including
metal ions, anions, mono- and
oligosaccharides, alditols (sugar
alcohols), aminoglycosides (anti-
biotics), amino acids, peptides,
organic acids, amines, alcohols,
glycols, thiols, and other polar
molecules. Ion-exclusion chro-
matography uses strong cation-
or anion-exchange columns to
separate ionic, polar, weakly
polar, and apolar analytes. The
ionic analytes experience strong
repulsion from similarly charged
functional groups on the chro-
matographic support and are

Figure 2: Resolution of carbohydrates, alditols, alcohols, and glycols commonly found in fermentation broths by (A)
CarboPac MA1 column and (B) CarboPac PA1 column. (Reprinted from Ref. 12 with permission from Dionex)
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Figure 3: A time course of analysis of carbohydrates in H. influenzae cultivation
using complex medium with glucose as the major carbon source. Peaks:
1=glucose, 2=fructose, 3=ribose; 4=maltose. H=hours. Elution: 150 mM NaOH,
isocratic, 1.0 mL/min. (Reprinted from Ref. 11 with permission from Elsevier)
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eluted first, with little or no
separation. An apolar analyte
experiences no repulsion and is,
therefore, eluted late from the
column. Polar analytes experi-
ence less repulsion than an ion
but more than an apolar mol-
ecule and are separated in order

of their polarity (more polar
compound eluting earlier). This
technique has been used in the
analysis of organic acids, alco-
hols, glycols, and sugars.

Any suitable detector can
be used for the detection and
quantitation of analytes by IC.

Analysis, FDA

However, two forms of ED, sup-
pressed conductivity detection
(SCD) and pulsed amperometry
detection (PAD), have distinct
advantages over other detec-
tion methods. They provide the
selectivity and sensitivity nec-
essary for the measurement of
critical components of fermen-
tation broths without any pre-
or post-column derivatization or
complex sample preparation pro-
cedures.

When a constant voltage is
applied across two electrodes
between which the effluent from
a column flows, a current is gen-
erated because the effluent con-
tains ions and polar molecules.
The current is proportional to
the conductivity of the solution,
which, in turn, is proportional
to the concentration of ionic spe-
cies in solution, leading to the
detection and quantitation of
polar analytes by a conductiv-
ity detector. The problem, how-
ever, is that the conductivity of
the mobile phase is significantly
higher than the conductivities
of the analytes, simply because
the concentrations of ions in the
mobile phase is 104-105 times
higher than that of the analytes.
SCD permits detection and quan-
titation of analytes by reducing
the conductivity of the mobile
phase (baseline conductivity)
to nearly zero. It also enhances
the conductivity of the analytes,
thereby enhancing sensitivity by
about an order of magnitude (2).
The peaks of apolar and weakly
polar molecules, such as sugars
(except the ionic sugars, e.g.,
sialic acids, sugar-phosphates),
alditols, alcohols, and glycols are
not detected or remain close to
the noise level, providing selec-
tivity of detection to the ionic
and polar components of the
media.
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PAD is specific for compounds,
such as, carbohydrates, amino
acids, alditols, glycols, and alco-
hols, which can be oxidized at a
selected potential (applied volt-
age), leaving most of the other
compounds undetectable, and
thus, providing selectivity of
detection.

A detailed discussion on the
mechanisms of ion-exchange
and ion-exclusion chromatog-
raphies as well as those of SCD
and PAD is beyond the scope
of this article. Interested read-
ers are encouraged to read books
and publications that provide
details of the principles and
mechanisms of IC, SCD and PAD,
including selection of columns
and detectors for different types
of applications (3-6).

Cations and anions

Fermentation broths typically
have several cations and anions,
including amino, carboxylic and
other organic acids, as well as
amines and other organic bases.
However, concentrations of inor-
ganic cations and anions are
significantly higher than their
organic counterparts. Thus, inor-
ganic ions show significant peaks
by IC when fermentation broths
are diluted 1000-fold or more,
while their organic counterparts
are reduced to undetectable lev-
els. This provides necessary selec-
tivity for analysis.

The first report of the deter-
mination of cations and anions
using IC to follow a fermentation
process of methanotrophic bac-
teria was published in 1992 (7).
Using OmniPac PAX-500 anion-
exchange column and SCD, the
authors followed several anions
over the course of fermentation
and found acetate to accumu-
late when natural gas was used
as the substrate, which inhibits

the growth of the methanotro-
phic bacteria. Mono- and diva-
lent cations were monitored by
SCD using IonPac CS10 cation-
exchange column eluted isocrat-
ically with 40 mM HCI-4 mM
DL-2,3-diaminopropionic acid
(DAP) as the eluent. The results
indicated that the concentration
of Mg?+ must be above 60 ppb to
maintain optimum growth of the
bacteria.

Robinette et al. (8, 9) reported
quantitation of eight mono- and
divalent cations in fermenta-
tion broths for recombinant and
pathogenic microorganisms,
as well as in mammalian and
insect cell cultures in complex
and defined media. The authors
employed IonPac CS10 and CS12
cation-exchange columns eluted
isocratically with 20 mM HCI - 4
mM DAP and 20 mM methane-

sulfonic acid (MSA), respectively.
The cations are detected by SCD.
The sample preparation involves
simple 1000-2500 fold dilution
of filtered broth with water. The
reports indicate good precision
and accuracy, and a wide linear
range for each cation, with detec-
tion limits <1 pg/mkL.

Figure 1 shows a time course
of an insect cell culture using
a complex medium. The chro-
matograms show that the levels
of sodium, potassium, magne-
sium, and calcium remained vir-
tually unchanged throughout the
fermentation, while ammonium
concentration increased approx-
imately 2-fold. Similar investi-
gations were reported for S.
cerevisiae (eukaryotic) grown in a
chemically defined medium, and
E.coli (prokaryotic) and a mam-
malian cell culture in complex
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Figure 4: Chromatograms of the analysis of S. cerevisiae fermentation broth
using CarboPac MAT; (A) 0 h and (B) 24 h. (Reprinted from Ref. 12 with

permission from Dionex)
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media containing glucose as the
primary carbon source.
Aliphatic carboxylates
(e.g., acetate, lactate, pyru-
vate) are metabolites that often
reduce fermentation yields.
In an Application Note (10),
Dionex reported the analysis

of aliphatic carboxylates and
inorganic anions in the fermen-
tation broths of S. cerevisiae in
YPD medium and E.coli in LB
medium using IonPac AS11-HC
column eluted with 1-60 mM
NaOH and SCD. The results show
well resolved peaks with good

Analysis, FDA

precision and accuracy, wide lin-
ear range and low detection limit
for each anion.

Carbohydrates and alcohols

Carbohydrates are carbon
sources essential for cell growth
and product synthesis, while
alditols and alcohols are metabo-
lites. High Performance Anion-
Exchange Chromatography
(HPAEC) coupled with PAD
(HPAEC-PAD) or Integrated PAD
(IPAD), which is an improved
PAD application, is the most
widely used chromatographic
technique for the analysis of car-
bohydrates and alditols (3-6).
The CarboPac MA1 column has
the ability to analyze mono-
and disaccharides, alditols, and
alcohols present in fermenta-
tion broths (see Figure 2A) in a
single run. However, the chro-
matography takes as long as 60
min for each run and uses a
high concentration of NaOH as
the mobile phase. The CarboPac
PA series of columns (e.g., PAL,
PA10, PA20) take significantly
less time and use low NaOH
concentration. But alcohols and
alditols are eluted early and
are poorly resolved (Figure 2B).
Therefore, the PA series columns
are better suited for mono- and
disaccharide analysis. Thus, the
choice of column depends on
the analytes to be monitored in
the media. Herber and his col-
leagues (8, 11) used a CarboPac
PA1 column to monitor micro-
bial fermentations using chemi-
cally defined and complex
media. The samples were diluted
50 fold with water and eluted
from the column with NaOH
(isocratic and gradient) to moni-
tor ethanol, glycerol, galactose,
glucose, mannose, fructose,
raffinose, ribose, and lactose.
Carboxylic acids and inorganic
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Figure 5: Amino acid analysis of (1) a standard amino acid mixture containing 277.5 uM glucose;(2) GMEM medium; (3)
GMEM medium + 1% (v/v) peptone; (4) GMEM medium+10% (v/v) FCS + 1% (v/v) peptone. Norleucine was added as the
internal standard. Column: AminoPac PA10; elution: as per the procedure described in Ref. 16. (Reprinted from Ref. 13

with permission from Elsevier)
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ions are transparent to PAD.
Most of the other media com-
ponents were below the detec-
tion limit at this dilution.
Indeed, only proline, arginine
and lysine exhibited any notice-
able detector response (see later
for the detection of amino acids
by PAD). Figure 3 shows a time-
course study of carbohydrates in
a H. influenzae fermentation in a
complex medium with glucose as
the major carbon source. Figure
4 shows the chromatograms of
the analysis of S. cerevisiae fer-
mentation broth using CarboPac
MA1 (12). Glucose is the most
predominant component of
the media at O h. At the end of
fermentation, no glucose was
detected and the predominant

components are the metabolites.

Amino Acids

The amino acid compositions
of cell culture and fermenta-
tion broths can be determined
by HPAEC-PAD without sample
derivatization (13-15). However,
the presence of carbohydrates
and alditols in the media may
interfere. By optimizing the elu-
tion method, Genzel et al. (13)
reported that the amino acids
were well resolved and also
resolved from the predominant
carbohydrate, glucose, in GMEM
media used in the production
of inactivated influenza vac-
cines (see Figure 5). The authors
reported good precision, accu-
racy, linear range, and low quan-
titation limit for each amino
acid. Similar results were also
reported for the supernatants of

YPD broth, LB broth, Minimum
Essential Fagle’s Medium and a
serum-free, protein-free hybrid-
oma medium (14, 15).

Antibiotics

Selective media are used for the
growth of select microorganisms.
For example, if a microorganism
is resistant to a certain antibi-
otic, then that antibiotic can be
added to the medium in order
to prevent other cells, which do
not possess the resistance, from
growing. Selective growth media
for eukaryotic cells commonly
contain neomycin to select cells
that have been successfully
transfected with a plasmid car-
rying the neomycin resistance
gene as a marker. Generally,
neomycin is assayed follow-
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amino acids. These features make
IC with ED an effective tech-
nique in analysis of fermentation
broths in a simple and cost effec-
tive manner. ¢

Figure 6: HPAEC-PAD chromatograms of a neomycin standard and two
selective culture media containing neomycin. Column: CarboPac PAT1; flow
rate: 0.5 mL/min. The effluent from the column was mixed with 100 mM NaOH
before entering into the detector for baseline stabilization.
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Bioreactors

The Potential Application of
Hollow Fiber Bioreactors to
Large-Scale Production

A hollow fiber matrix can be used for large-scale cell culture, and
allows for efficient harvest of secreted proteins.

WILLIAM G. WHITFORD AND JOHN J.S. CADWELL

Hollow fiber bioreactors have been in use for more than
30 years for the production of secreted proteins and
antibodies from mammalian cells. Advances in fiber con-
struction and methods for oxygenation have the potential
to bring the advantages of hollow fiber cell culture to
biomanufacturing.
n order to more closely approximate in vivo cell
growth conditions, Richard Knazek developed the
hollow fiber bioreactor (HFBR) in 1972 (1). The
HFBR system is a high-density, continuous-perfu-
sion culture system. It is a well-established system
for the production of secreted proteins from hybridoma,
Chinese hamster ovary cells (CHO), human embryonic
kidney (HEK) 293 and other mammalian and insect
cells. The primary advantage is that it is possible to cul-
ture large numbers of cells at high density, resulting in
product accumulating to very high concentrations. Up
until now, the application of HFBR technology has been
limited to laboratory scale applications. HFBRs provide
some features that are advantageous in biopharmaceuti-
cal manufacturing, such as continuous, modular, flex-
ible manufacturing formats employing compact and
disposable systems. There is also growing interest in
perfusion-based bioproduction protocols (2). FiberCell
Systems has developed a large-scale HFBR system that
brings the benefits of hollow fiber cell culture to the
bio-production arena (see Figure 1).

HFBRs consist of thousands of semi-permeable hollow
fibers in a parallel array within a tubular housing or car-
tridge, fitted with inlet and outlet ports. These fiber bun-
dles are potted at each end so that any liquid entering
the ends of the cartridge will necessarily flow through
the interior of the fibers. Cells are generally seeded
within the cartridge, but outside of the hollow fibers in
what is referred to as the extra capillary space (ECS) (see

Figure 2). Culture media is pumped inside the hollow
fibers, allowing dissolved gas, nutrients, and waste prod-
ucts to diffuse across the fiber walls. Once having passed
through the cartridge, the culture medium is oxygen-
ated and returned to the cartridge.

Unlike current popular batch-style manufacturing
formats, including such disposable systems as rocked
bags and bags supported by stainless steel containers,
HFBRs do not subject cells to significant variations in
primary and secondary metabolites (such as glucose
and lactate), oxygen, or product levels. A HFBR sig-
nificantly cuts the operating footprint and reduces the
product harvest volume by factor of 10 to 100 times.
Furthermore, it avoids such scale-determined discrep-
ancies as impeller and sparge-induced hydrodynamic
forces, and reactor column height-induced differential
gas solubility. The high cell density and low-sheer
environment permits the use of simplified serum-free,
protein-free media that can be less expensive and that
does not require such components as synthetic mem-
brane protective surfactants or antifoams. Attached
cultures are supported, therefore no lengthy adapta-
tion of cells to suspension growth is required. The
10-100 times more concentrated secreted product,
the absence of high molecular weight medium com-
ponents, and the greatly reduced levels of host-cell
proteins and DNA facilitate downstream processing, a
major cost in bioproduction.

SCALING UP A HBFR

Bringing the advantages of HFBRs to large-scale bio-
manufacturing has long been a goal for those familiar

WILLAM G. WHITFORD is senior manager, bioprocessing market, Thermo
Fisher Scientific, Logan UT, and JOHN J.S. CADWELL* is president and CEO of
FiberCell Systems, Frederick, MD, jcadwell@fibercellsystems.com
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Figure 1: Cells growing at high density
in Fibercell Systems hollow-fiber
bioreactor (HFBR).

with hollow fiber systems. The
operational scale for HFBR systems
has been limited by several
factors:

e  Solubility of gas in cell cul-
ture medium decreases as
the temperature is increased
to 37 °C.

e It is difficult to design a
pump that will provide 6-10
L/min flow rate without
denaturing biological com-
ponents or generating signifi-
cant backpressure.

e The gross filtration rate of
cellulosic hollow fibers (i.e.,
the rate of nutrient and waste
product exchange) have typi-
cally been too low to effec-
tively support the culture of
adherent cell lines such as
CHO and HEK293.

e Fiber geometry is such that
the fibers were not uniformly
distributed within the car-
tridge housing, resulting in
areas where a large inter-fiber
distance led to necrotic areas
within the cartridge.

FiberCell Systems has devel-

oped a unique approach to
address these issues. Instead of
using pumps and systems to per-
form gas exchange with the cell

Figure 2: Schematic of the growing
conditions within a HFBR.
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culture medium, a gravity-based
system for medium flow that also
directly oxygenates the bioreac-
tor cartridge from the inside out
has been developed (see Figure
3). A new generation of high flux
fibers is employed, and they are
also cast with “waves” in them to
evenly distribute the fiber bundle
within the hollow fiber cartridge.
With a cartridge volume of 1 L,
this fully disposable system has
the potential to replace up to
10,000 L stirred tank reactors for
mammalian protein production
over a 100-day period of culture.
This large-scale system offers all
of the advantages outlined above,
along with others that are spe-
cific to bio-production in a dis-
posable system.

UNIQUE PROPERTIES OF HFBRS

There are four fundamental char-
acteristics that differentiate hollow
fiber cell culture from classic sus-
pension culture:

e Cells are bound to a porous
matrix much as they are in
vivo.

e Cells are cultured in a gen-
tly perfused, non-shear
environment.

Bioreactors

e  The molecular weight cut off
of the support matrix can be
controlled.

e The system possesses an
extremely high surface area
to volume ratio (150 cm? or
more per mL).

Cells are bound to a porous sup-
port much as they are in vivo.
There is no requirement to split
cells. Cells in this perfusion system
maintain viability and production-
relevant metabolism in a post-con-
fluent manner for extended periods
of time, months or longer. Passage
number is basically irrelevant and a
certain percentage of the cells will
become quiescent, that is, they will
produce protein but do not divide.
For example, one hybridoma was
reported to maintain efficacious
productivity for over one year of
culture while a glioma cell line was
cultured for nearly two years of con-
tinuous HFBR culture.

The primary advantage
of a HFBR is that it

Is possible to culture
large numbers of cells
at high density, result-
ing in product accu-
mulating to very high
concentrations.

Cells are cultured in a gently per-
fused, non-shear environment.

Unlike suspension culture, the cells
are constrained within a non-shear
compartment with gas, nutrition
and waste transport moving across
the fibers. Lack of shear simplifies
the medium composition, and per-

All figures courtesy of the authors
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Figure 3: Fibercell Systems
prototype large-scale HFBR.

Figure 4: Hollow fiber cartridge on
Fibercell Systems prototype large-
scale HFBR.

fusion permits a more homeostatic,
in vivo-like environment for the
cells. This can result in improved
protein translational fidelity. These
growth conditions and lack of shear
also result in significantly reduced
apoptosis (3). The majority of cells
that become necrotic will not
release host cell proteins or DNA
into the culture medium, resulting
in a product that is cleaner and eas-
ier to purify from the bulk harvest

The molecular weight cut off of
the fiber can be controlled.
Desired products can be retained
to 10-100 times higher concentra-
tions. Toxic or unstable products
can be selectively removed, and
the effects of cytokines controlled.
An example of this is hybridoma
culture, in which the inhibitory
cytokine transforming growth fac-
tor beta can be selectively removed
from the culture, while the
secreted antibody is retained.

The system possesses an extremely
high surface area to volume ratio.

HFBRs have an extremely high sur-
face area to volume ratio (in the
range of 100-200 cm?/mL of vol-
ume). Coupled with the high gross
filtration rate of FiberCell Systems’
polysulfone fibers, the exchange
of nutrients and waste products is
rapid. Cell densities of 1-2 x 108
or more are achieved, close to in

vivo tissue-like densities. A mod-
ule with a volume of 1 L would
support as many cells as a 100 L
stirred tank, as well as providing
continuous production. High cell
densities support higher volumetric
productivities, and facilitate adap-
tation to lower serum concentra-
tions or serum free culture. In fact,
a simplified, protein-free, chemi-
cally defined, animal component-
free serum replacement, CDM-HD
has been developed by FiberCell
Systems and is optimized for use
in hollow fiber systems. The use
of a protein-free medium such as
CDM-HD provides cleaner harvests
of product, easier regulatory com-
pliance and simplified downstream
purification.

The more in vivo-like cell cul-
ture conditions can also result in
improved protein folding and more
uniform glycosylation patterns over
time. Since it is a continuous perfu-
sion system, the amount of protein
produced is determined as much
by the length of time the culture is
maintained as by such parameters
as the clone’s specific productivity
or the size of the cartridge.

The combination of an unlim-
ited nutrient supply and the abil-
ity to de-bulk the culture through
the cartridge ports allows the sys-
tem to be maintained at relative
equilibrium for several months or
longer. This continuous produc-

Bioreactors

tion over long periods of time,
rather than the severely batch-style
results from other systems, pro-
vides several benefits, including:
consistency in culture condition,
dramatically increased production
per unit footprint and culture vol-
ume, continuous or daily product
harvest allowing timely and con-
venient stabilizing treatment or
storage conditions, and products
that might be toxic or inhibitory
to cells can be selectively removed
from the culture.

IMPLEMENTING A HFBR SYSTEM
The system included the following
components:

e A disposable, preassem-
bled, and sterilized package
including the cartridge, two
media bags with fittings, and
two disposable sensor “win-
dows” with reactive pads
bound inside.

e  Gravity pump with motorized
cartridge angle controller.

e Environmental enclosure.

e Control unit with monitor-
ing devices.

The diameter of the fibers has
been increased to reduce the resis-
tance to flow while still present-
ing a large surface area to volume
ratio. This allows the use of a grav-
ity pumping mechanism that can
generate a flow of 5-10 L of media
per minute through the interior of
the hollow fiber bundle. The gravity
pump will then simply reverse direc-
tion. The bags contain both medium
and gas, and when the liquid is fin-
ished flowing through the cartridge,
the gas is drawn through the inte-
rior of the fibers, directly oxygenat-
ing the cartridge from within. The
disposable bags (Thermo Scientific
HyClone BPCs employing CX5-14,
a pentalaminate animal compo-
nent-free film) are gas-impermeable,
and the gas composition inside the
bags is tightly controlled for opti-
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mum cell culture performance.
The environmental enclosure is a
simple, non-pressurized, tempera-
ture controlled incubator, but can
be modified to include further envi-
ronmental control such as HEPA fil-
ters to create a Class 100 clean room
environment within the system for
c¢GMP operation. Sensors for pH, O,,
and potentially real-time glucose
monitor the culture environment.
The absence of cells in the medium
bags to be monitored supports more
robust and sensitive measurements.
These sensors will support the con-
trol of medium and gas in the media
bags. More advanced monitoring is
possible using any one of a number
of new approaches, including capaci-
tance based monitoring probes.
This exciting new technology
employs passive electrical (dielec-
tric) radio frequency-based sensors
to measure the overall capacitance,
and therefore viability, of the cell
mass within the cartridge. The low
volume in both the cartridge and
the medium present in the system at
any one time makes both monitor-
ing and process control more pre-
cise and responsive, even though
the system may consume 50-100 L/
day. Stacking like-sized cartridges
with their media bags on top of each
other can provide additional scale.

The FiberCell Systems HFBR
allows the production of about
20-200 mg of antibody per week
using the 20 mL cartridge (FiberCell
Systems catalog # C5011). The prod-
uct is harvested in a concentrated
form 500-5000 pg/mL in a volume
of 20-40 mL and production of the
antibody can be accomplished in a
standard CO, incubator.

As an example, two monoclonal
antibodies produced in DMEM +
CDM-HD are shown in Figure S.
Length of culture was three weeks,
total antibody produced was in
excess of 140 mg each, and aver-
age concentration was 3.0 mg/mL.

Figure 5: Raw supernatant harvest
was briefly dialyzed to reduce
sample tonicity. No other purification
was performed. The heavily loaded
samples demonstrate low levels of
contaminating proteins. (Data courtesy
of Dr. Erin Bromage, U. Mass.,
Ambherst)
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The dialyzed supernatants had their
protein concentration quantified
and purity check on a 12% sodium
dodecyl sulfate polyacrylamide gel.
A total of 12 L of medium per anti-
body was consumed.

Extrapolating this data to a 1 L
sized hollow fiber bioreactor car-
tridge would result in total antibody
production of approximately 3 g/
day in a volume of 1 L, consuming
50 L of DMEM/CDM-HD per day.

473 mg of purified recom-
binant protein recovered from
an 1CHO cell line was harvested
from the FiberCell Systems 20kd
MWCO cartridge (FiberCell
Systems catalog # C2018). Medium
was Dulbecco’s Modified Eagles
Medium (DMEM) with 2% fetal
bovine serum, each harvest was
70 mL in volume, and total har-
vest volume was 4.8 L, for an
average protein concentration
of approximately 100 png/mL/d.
The protein was a very complex,
hexamerized immunoglobulin
G (IgG) consisting of 6 1gG1 sub-
units held together with three IgA

Bioreactors

Figure 6: Gel filtration
chromatography of a hexeramized
recombinant immunoglobulin (IgG).
When cultured in flasks (top trace),
approximately 40% of the protein
is expressed as an improperly
folded monomeric subunit (B) rather
than the hexamer (A). These cells
when transferred to a hollow fiber
bioreactor exhibit 95% complete
folding ( C ) as a result of the
improved cell-culture conditions.

150 cm? tissue culture flask

Abs 280

Volume

Fibercell polysulphone cartridge

Abs 280

Volume

tails. The variable fragment (Fv)
region was modified to contain
the CD4 receptor (2). The car-
tridge consumed an average of 2 L
of medium per day over a 60-day
period of production.

An interesting observation was
the comparison of protein produced
using T-flasks versus the hollow
fiber cartridge (see Figure 6). When
produced in flasks, approximately
40 % of the protein was secreted as
an unfolded monomeric subunit.
Placing the same cells into the HFBR
cartridge resulted in nearly 95 %
of the protein being produced as a
properly folded hexamer (3). Better
cell culture conditions resulted in
better protein expression fidelity.

Expression levels were signifi-
cantly below those found in com-
mercially optimized CHO cell lines,
although the results are still impres-
sive. A 1 L sized HFBR cartridge
would have a total harvest volume
of 100 L, total protein recovered
would be 10 g and total medium
consumed would be 2,400 L.
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Figure 7: Harvest from bioreactor rCHO cells. Raw supernatant was briefly
dialyzed to reduce sample tonicity, no further purification was performed.

Harvested media

#2 #4 #6 #8

After 1st purification

Target
protein

246 mg of purified recombinant
IgG1 from a CHO (DG44) cell line
was harvested from the FiberCell
Systems 20kd MWCO cartridge
(FiberCell Systems catalog #C2011).
Medium was a serum-free, pro-
tein-free formulation similar to
CDM-HD. Each harvest was 20 mL
in volume; total harvest volume was
320 mL for an average concentra-
tion of over 800 pg/day/mL. The
cartridge consumed 1 L of medium
every three days and the culture was
maintained for a total of 35 days.
For technical reasons, the cell viabil-
ity in this run dropped rather low,
however, the harvested protein pro-
duce was remarkably uncontami-
nated, as demonstrated by the gel
of the unpurified harvest in Figure
7.In a 1L sized HFBR, the total
protein recovered would be 12.5 g
in a volume of 16 L with 500 L of
medium consumed.

To extrapolate these results to a
commercially prepared recombinant
CHO cell line with expression in the
range of 1 g/L in a standard stirred
reactor, the 1 L sized HFBR cartridge

should be capable of producing 10
g or more of protein per day, while
consuming 100 L of medium.

CONCLUSIONS

This system offers the following

advantages:

e Completely disposable system
components

e Product can be accumulated at
extremely high concentrations.

e The system supports the pro-
duction of enzymes, mono-
clonal antibodies, therapeutic
proteins and a variety of vac-
cine components

e Cell-culture conditions are
optimized for protein produc-
tion over long periods of time

e Simplified, low cost, serum-free
medium can be used, reducing
expense, enhancing regulatory
compliance, and simplifying
downstream processing

e Cells do not require adapta-
tion to suspension culture,
saving time

e Further productivity scale-
up can be accomplished by

Bioreactors

longer culture times, not new
equipment

e Culture monitoring sensors are
located in the medium reservoir
bags, not in the area containing
cells, making process monitor-
ing more robust

e Product quality such as protein
fidelity may be improved based
upon optimized cell culture
conditions

e Apoptosis is reduced, further
removing cellular proteins
and DNA from the harvest
supernatant, simplifying
downstream processing

e Intensive cleaning involved in
traditional stir-tank bioreactors
is not an issue

e The small volume of medium
present at any time renders
control of parameters rapid
and efficient.

The large-scale HFBR has the
potential to bring all of these
advantages to the manufacture of
proteins from mammalian cells.
If the oxygen transfer rates are
high enough, this system could
also be used for some fermenta-
tion processes as well. A dispos-
able, compact replacement for
large stirred tanks that produces
protein at high concentrations in
a simplified, chemically-defined
medium represents a possible par-
adigm shift in the production of
biopharmaceuticals.
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Plant-Based Expression

Plants as an Innovative and Accelerated
Vaccine-Manufacturing Solution

A plantbased expression system could provide greater speed and
capacity than other recombinant fechnologies at a comparatively low cost.

LOUIS-P. VEZINA, MARC-ANDRE D’AQUST, NATHALIE LANDRY, MANON M.J. COUTURE, NATHALIE CHARLAND, FREDERIC ORS,
BRIGITTE BARBEAU, AND ANDY J. SHELDON

Medicago has developed a proprietary plant-based manu-
facturing platform that produces vaccines made of influenza
antigen scaffolds (i.e., viruslike particles) that are currently in
clinical trials in Canada and the United States. This platform
produces vaccine doses within a month of the disclosure of
hemagglutinin sequences from emerging strains. It is now
being automated and scaled up in North Carolina to bring
its surge capacity to more than 10 million doses/month. The
platform will be housed in a facility that will be built within 12
months for less than $35 million.
he recent swine HINI1 influenza pandemic
revealed the limitations of the current influenza-
vaccine manufacturing technologies. Although
Wyman and colleagues had predicted in 2007 that
egg-based manufacturing would be able to supply
at least 60 million vaccines doses within five months of the
declaration of a pandemic, the actual vaccine output in the
2009-2010 porcine HIN1 (pH1N1) pandemic was much
lower (1). In fact, only three million doses were available
five months after the identification of the causal strain.
The first doses of split vaccine became available shortly
thereafter, but at levels far below expectations. Fortunately,
the pH1NT1 strain had a low mortality rate. Had the pH1N1
pandemic had a higher severity index, the global human
cost of the delays in egg-based vaccine production could
have been catastrophic. Nevertheless, this outbreak has
underscored the need for a faster, simpler, and more flex-
ible manufacturing technology to respond to an emerging
threat and to protect as many people as possible rapidly.

To meet the surge capacity required for the production
of pandemic vaccines, recombinant technologies are being
actively developed with various expression hosts, such
as bacteria, yeast, insect, or mammalian cells. Medicago
developed a plant-based expression system designed to
provide great surge capacity and safety, at low cost. This
article will describe how this new manufacturing platform
is combined with a nanoparticle antigen-presentation

scaffold (i.e., viruslike particles or VLPs) that is synthesized
in plants, with an extraction approach that separates the
nanoparticles from the host cell components early in the
process, and with a purification scheme that yields highly
purified particles as drug substance.

The authors have demonstrated that this platform
efficiently produces VLPs from the sole expression of
recombinant influenza hemagglutinin (HA), and that
administration of these purified influenza VLPs was well
tolerated and triggered an immune response of great
strength and breadth in animals and humans (2, 3). The
speed at which influenza VLPs can be produced following
the identification of a new HA gene sequence was assessed
in the context of the pH1N1 pandemic. The first doses of a
plant-made H1 VLP candidate vaccine against the pHIN1
strain were produced within three weeks of the disclosure
of the new HA sequence by the Centers for Disease Control
and Prevention (see Figure 1).

The manufacturing platform based on transient expres-
sion, and the VLP-based antigen-presentation platform
were developed in the context of the pandemic threat.
They now have been applied successfully to the develop-
ment of a trivalent seasonal vaccine. Vaccine products for
these two indications have been produced under good
manufacturing practice (GMP) conditions and currently are
in clinical trials in Canada and the United States.

THE TRANSIENT EXPRESSION SYSTEM

The transient expression system uses the capacity of a
bacterium, Agrobacterium tumefaciens, to infect plant cells
and transfer essential genetic information in the form of a

LOUIS-P. VEZINA* is vice-president and chief scientific officer, MARC-ANDRE
D’AQUST s director of innovative technology, NATHALIE LANDRY is vice-
president of product development, MANON M.J. COUTURE s director of new
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is vice-president of business development, BRIGITTE BARBEAU s vice-president of
operations, and ANDY J. SHELDON is president and chief executive officer, all
at Medicago, 1020 Route de I'Eglise, Suite 600, Québec, QC, Canada, G1V
3V9, vezinalp@medicago.com.
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Figure 1: H1 viruslike particle (VLP) experimental vaccine production timeline.
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mobile DNA fragment to the nucleus
of the infected cell. Because this
mobile DNA fragment only remains
viable for a few days in the nucleus
and is not integrated in the plant
genome, the cells are only transiently
transformed. Despite the transient
nature of the transformation, this
technology results in extremely high
expression of the gene of interest for
days after cell infection, and enables
synthesis of large quantities of the tar-
geted protein.

Medicago’s transient expression sys-
tem starts with the assembly of an
expression cassette where the target
gene is positioned within transcrip-
tion and translation components
adapted for expression in plants. The
expression cassette is inserted within
mobile DNA borders of a plasmid,
which is transferred into the bacte-
rial transfection vector A. tumefaciens.
Transfection of the mobile DNA copy
containing the expression cassette
to Nicotiana benthamiana leaf cells is
performed by soaking healthy plants
upside down in a vacuum tank con-
taining a liquid suspension of A. tume-
faciens, the inoculum. As vacuum is
applied, the air-filled cavities inside
the leaves are emptied, thus leaving
space for infiltration of the bacterial
inoculum upon release of the vac-
uum. As the inoculum is infiltrated,
the A. tumefaciens establish contact
with parenchyma cells, which con-
stitute the vast majority of the leaf
active cells. Because vacuum infil-
tration is instantaneous and highly

invasive, infection of leaf cells is also
instantaneous, which helps to syn-
chronize cell infection and the result-
ing transfer of mobile DNA copies
containing the expression cassette.
Transient expression is extremely fast
and results in high accumulation of
the recombinant protein within three
to six days.

THE VLP PRESENTATION SYSTEM

In the life cycle of the influenza virus,
formation of the viral particle involves
the budding of a portion of the host
plasma membrane saturated with the
viral surface proteins. HA is the major
surface protein of the influenza virus
with a transmembrane domain that
spans through the viral envelope. The
authors demonstrated that transient
expression of the HA surface protein
in plant cells results in the formation
of VLPs budding from microdomains
of the plasma membrane saturated
with recombinant HA.

At maturity, these VLPs have mor-
phological features similar to those
of the influenza virus, but only con-
tain its immunogenic determinants,
with none of the viral RNA, which is
packaged within the enveloped par-
ticles of true viruses. Compared with
isolated soluble antigens, antigens at
the surface of VLPs have the double
advantage of adopting a conforma-
tion that is identical to those found
on the cognate virus, and of being
presented in a multivalent structure
similar to that of the native virus.
These features enable VLPs to achieve

Plant-Based Expression

enhanced stimulation of the immune
response with balanced humoral and
cellular components. This benefit of
VLPs over soluble recombinant anti-
gens is believed to be particularly
strong in vaccine products against
enveloped viruses because VLPs pres-
ent the surface antigens in their natu-
ral, membrane-bound state (4). As the
influenza viral particle, influenza VLPs
are enveloped, pleiomorphic, and 100
to 150 nm in size (see Figure 2).

THE MANUFACTURING

OF INFLUENZA VLPS

HA expression plasmid, master, and
working cell bank of transformed
Agrobacteria

The recombinant influenza HA gene
is built in such a way that native HA
is expressed, thus yielding a mature
protein product identical to the wild
type influenza HA protein. Expression
is maximized by the integration of
elements that result in high transcrip-
tion of mRNA and hypertranslation
of the product. In addition to these
elements, a suppressor of silencing is
coexpressed with the HA protein to
counteract specific HA mRNA degra-
dation (i.e., mRNA silencing) that is
triggered by the significant accumula-
tion of HA mRNA in plant cells.

Before their transfer into A. tumefa-
ciens, the plasmids are fully sequenced
to ensure sequence integrity. Upon
confirmation of integrity, plasmids
are introduced into A. tumefaciens,
selected clones are grown in a master
cell bank (MCB) that generates the
working cell bank (WCB). The MCB
and WCB are tested for purity and
plasmid integrity.

A liquid culture of the bacterial vec-
tor is produced from the WCB and
used to prepare the A. tumefaciens
inoculum for infiltration.

Plant biomass production

N. benthamiana is a wild Australian
relative of cultivated tobacco (i.e.,
Nicotiana tabacum), but has no agro-

FIGURES ARE COURTESY OF THE AUTHORS
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nomic or food use. N. benthamiana
plants are grown in controlled and
contained conditions. A high-qual-
ity, soilless, sterilized root-substrate
medium provides physical support
and optimal water retention. Apart
from fertilization and substrate mois-
ture, which are adjusted during plant
development, all growth conditions
remain unchanged during the pro-
duction cycle (i.e., 40 days). All com-
ponents used for biomass production
are released under standard operating
procedures. Special care is taken to
control the presence of heavy metals
in all liquids and solids that contact
the biomass. Fungal, microbial, and
algae growth are strictly controlled
during all phases of growth.

Plant development is monitored
from seeding to infiltration to ensure
proper and reproducible biomass
development. Plants are character-
ized during their growth and must
meet specific criteria to be accepted
for inoculum infiltration.

Inoculum infiltration and incubation
The authors’ pilot facility in Québec
City, Canada, has an inoculum infil-
tration capacity of 1200 plants per
day. Infiltration is performed in
a stainless-steel tank, 15 plants at a
time. The vacuum infiltration lasts
only 1 min, and the procedure is com-
puter-controlled to ensure reproduc-
ibility. At a plant under construction
in North Carolina, the infiltration
unit will accommodate 15,000 plants
per day. Transportation of the biomass
to and from the infiltration unit will
be completely automated. Following
infiltration, plants are again main-
tained in controlled and contained
conditions during the three to six
days required for transient expression
to take place.

Harvest, extraction, and conditioning

Plant leaves are collected and mixed
with a depolymerization solution.
Medicago has developed a proprie-

Figure 2: Structural characteristics of
influenza virus and viruslike particles,
including (a) a comparison of surface
attributes, (b) a cross-section showing
internal distinctions, and (c) transmission
electron microscopy images of influenza
viral particles and influenza viruslike
particles.

Viral particles Viruslike particles

(a)

(b)

(c)

tary technology that treats the bio-
mass with cell-wall depolymerization
agents. This treatment acts on struc-
tural or cross-linking components
of the cell wall, which loosens the
rigid extracellular matrix of the leaf
cells, and subsequently releases the
VLPs into the solution. The procedure
releases more than 90% of intact VLPs
with less than ~5% of the host-cell
components (i.e., protein and DNA),
and is thus an extremely efficient pri-
mary recovery step.

Because VLPs are large particles
(130 nm in diameter), they can be
concentrated by tangential-flow filtra-
tion (TFF). This concentration step
also eliminates most of the remain-
ing host-cell components, including
low molecular-weight compounds.
Diafiltration at this stage conditions
the VLPs in preparation for chroma-
tography.

Chromatography and formulation

VLPs are purified by ion-exchange
chromatography, concentrated,
and diafiltered against the formu-
lation buffer through a final TFF.

Plant-Based Expression

Chromatography also allows the
removal of residual DNA and endo-
toxins.

CHARACTERISTICS OF

PURIFIED INFLUENZA VLPS

The purified influenza VLP vaccines
used in clinical trials were released
under the criteria used for licensed
influenza vaccines and have met all
standards for purity and identity.
DNA and endotoxins were always
below acceptable limits, and these
preparations were tested for steril-
ity and subjected to General Safety
Testing in guinea pigs before being
released.

Mass spectrometry helps to iden-
tify trace protein contaminants. Most
of the contaminants are naturally
associated with plant plasma mem-
brane and are neither immunogenic
nor induce an allergic response in
animal and human models. Because
this product arises from a new plat-
form, an extensive complementary
physicochemical characterization
was performed on purified prepara-
tions. Table I presents the measured
attributes of the pandemic H5 VLP
vaccine product analyzed on multi-
ple lots. The narrow range of mea-
surements for mean particle size, HA
purity, and lipid—protein ratio dem-
onstrates the high lot-to-lot reproduc-
ibility of the manufacturing process.
The Coomasie-stained SDS-PAGE and
Western blot analysis of the pandemic
HS VLP vaccine product in Figure 3
further illustrate the purity level of the
product (i.e., 98-99% purity).

EFFICACY OF INFLUENZA VLPS

The pandemic H5 VLP vaccine prod-
uct has been tested for safety and
immunogenicity in a completed
Phase I clinical trial and an ongoing
Phase II trial in Canada. The Phase
I results demonstrated that the vac-
cine product was safe and well toler-
ated and did not induce allergenic
responses. No increase in the level of
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naturally occurring serum antibodies
to plant N-glycans was observed. The
evaluation of immune response to
VLP immunization by hemagglutina-
tion-inhibition, single-radial hemo-
lysis, and microneutralization assays
were well correlated and showed a
clear dose-response (3). In the Phase
II trial, the preliminary results showed
65% seroprotection and 65% serocon-
version after the administration of
two 20-pg doses to 18 to 49 year-old
subjects.

CONCLUSION

Today, the globalization of trade and
the amount of international travel
provide many opportunities for infec-
tious diseases to spread rapidly and
globally. As seen with the outbreak of
the 2009 A-HI1IN1 influenza, within
two days of the first confirmed cases
from Mexico, the virus was reported
in five additional countries. Because
of difficulties in producing the vac-
cine, initial doses became available
only after 26 weeks in the US, and
supplies for the protection of all US
citizens would have taken almost a
year to produce. The President’s
Council of Advisors on Science and
Technology stated that more than
2000 lives—with an average age of
less than 40—could have been saved
if vaccination had begun even one
month earlier (5).

This increasing risk is posing new
challenges to public-health agencies
around the globe and stressing the
need for effective vaccines sourced
from highly flexible manufacturing
facilities that can be mobilized rap-
idly and cost-effectively. The great-
est potential to meet this challenge
lies in the use of recombinant DNA
technologies.

Medicago is pursuing a promising
alternative approach that combines
the speed of transient-expression
technology with the efficacy of VLPs
as antigen-presentation scaffolds.
The company’s manufacturing plat-

Table I: Characteristics of purified H5
viruslike particles (VLPs).

VLP attribute Value

Mean particle size 124-137 nm
Hemagglutinin purity 98-99%
Lipid—protein ratio 0.12-0.13

form offers surge capacity and cost
advantages over recombinant tech-
nologies, such as mammalian and
insect cells. The technology can
deliver a vaccine for testing in less
than a month after the disclosure of
genetic sequences from a pandemic
strain, as demonstrated by the first
doses of plant-made H1 VLP can-
didate vaccine that were produced
at the onset of the 2009 pandemic.
This production time frame thus
has the potential to allow the vac-
cination of a population before the
first wave of a pandemic strikes, and
therefore to supply large volumes of
vaccine to the world market.

In the past five years, Medicago
has successfully developed this tech-
nology from the bench scale to the
pilot scale according to cGMP. The
compnay is now transitioning into
large-scale manufacturing. Since
2008, Medicago has operated a
24,000-ft* pilot clinical cGMP facility
located in Québec City. This facil-
ity includes 10,000 ft* of high-tech
contained plant biomass produc-
tion space, as well as 14,000 ft*> of
cGMP manufacturing units for plant
manipulation, product recovery, and
purification.

In August 2010, Medicago began
building a 97,000-ft> cGMP facil-
ity in Research Triangle Park, North
Carolina. Designed to produce 10
million doses of pandemic influenza
vaccine per month, this facility will
include a fully automated and con-
tained plant biomass production
facility and a state-of-the-art extrac-
tion-and-purification unit. On an
annual basis, this facility would have
a production capacity of 40 million
doses of seasonal-trivalent influ-

Plant-Based Expression

Figure 3: Purity and identity of an
H5 viruslike-particle (VLP) vaccine:
Coomassie-stained SDS-PAGE of (1)
molecular-weight marker and (2) 2.5-ug
of influenza H5 VLP vaccine, and Western
blot analysis using polyclonal antibodies
against influenza H5N1 virus (strain A/
Indonesia/5/05) of (3) 50 ng and (4) 500
ng of the influenza H5 VLP vaccine.
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enza vaccine or 120 million doses
of pandemic-influenza vaccine. The
facility will be built in a 12-month
timeframe at a cost of less than $35
million.

The capacity, speed of construc-
tion, and low cost of Medicago’s
large-scale facility clearly illustrates
the promises of the company’s manu-
facturing platform. These factors, in
addition to the interim Phase II clini-
cal results of Medicago’s first envel-
oped VLP vaccine, could form the
basis for a fast, high-quality, and cost-
effective manufacturing solution to
address the needs for improved 21st-
century vaccines. BP
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Bacterial Penetration of 0.2 pm Sterilizing-
Grade Filters with a Cholesterol Liposome

Carrier: A Comparison of Data
Michael Moussourakis, Marketing Manager

The occurrence of bacterial penetration of integral 0.2

(or 0.22) um sterilizing-grade filters, although rare, is not
a new phenomenon.! As noted in a review of bacterial
retention studies, adjuvanted vaccines, liposome drug
delivery, and similar surfactant or emulsion-based product
fluids can increase the potential for sterilizing-grade filter
penetration events.'

While 0.2 um rated filters are the accepted biopharmaceutical
industry standard for sterilization in aseptic processes, the rare
penetration occurrence creates an opportunity to investigate
retention mechanisms and to identify robust solutions with
increased retention assurance. Due to the high microbial load
and worst-case process parameters applied in bacterial
challenges conducted during validation of sterilizing filtration,
risk of microbial penetration can be determined and avoided
well before patient safety or commercial risk is possible.
However, retesting to confirm penetration and evaluate
alternate filters during process validation is costly for both the
filtration validation service provider and the drug manufacturer.
When not considered until final process validation conducted
late in clinical development, these costs can extend to delays
to market as well as financial impact of materials required

for what can be multiple tests and retests of filter choices.

Scientists at Pall have been studying the mechanisms of
bacterial filter penetration and developing strategies and
tactics to avoid costly rework. Figure 1 summarizes results
of bacteria challenges of several integral Pall and competitor
filters, where penetration of Brevundimonas diminuta
bacteria was observed with a cholesterol liposome carrier.
This liposome carrier was previously determined through
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A comparison of the average B. diminuta titer reductions on bench-
scale filter discs. Only the Pall Fluorodyne EX EDT 0.1 um rated filter
(on right) consistently provided sterile effluents. Three additional
sterilizing-grade filters (not shown) had average titer reductions
below the measurable limit in all cases (recovery TNTC, TR <10°).
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repeated trials at Pall to have a high probability of bacterial
penetration associated with it. Penetration was through a
variety of filters with bacterial challenges conducted under
worst-case bacteria loading conditions.

Based on the data presented here, only the Pall Fluorodyne®
EX EDT sterilizing-grade filter (0.2 pm nominal PES membrane
over two layers of 0.1 um PVDF membrane) consistently
provided complete retention. The Pall Fluorodyne EX EDT
filters have high permeability 0.1 pm membranes in a patented
high area laid-over pleat and narrow core 10-inch module
cartridge construction for high filtration area (0.95 m? EFA

per 10-inch module). The filter thus provides enhanced
capacity for biological fluids such as culture media, even
though the filter is 0.1 pm rated. This makes it a viable
sterilizing alternative for complex fluid streams like cholesterol
liposomes normally filtered with 0.2 pm membranes.

Despite this development, there are some conditions that may
still require filtration with a 0.2 pm filter instead of 0.1 um due
to filterability requirements. When 0.2 pm filtration is deemed
necessary, the filter showing highest probability of sterilization
in known penetrative fluids and conditions is the Fluorodyne
EX EDF filter. This filter incorporates a nominal 0.2 ym
asymmetric PES prefitter membrane layer over a symmetric
0.2 ym PVDF sterilizing membrane. The 0.2 ym rated
Fluorodyne EX EDF filter provided enhanced retention and
reduction of the risk of bacterial penetration even in the highly
penetrative liposome carrier fluid used for this study. The
results demonstrated complete retention in 3 of 6 trials and
the highest titer reductions when penetration did occur.

All other 0.2 pm rated filters tested showed penetration in all
cases with lower average titer reductions. This indicates that
the Fluorodyne EX EDF filter provides the highest probability
for a successful sterilizing filtration validation effort, even in
fluids known to have a greater risk for bacterial penetration.
After the Fluorodyne EX EDT 0.1 pm rated sterilizing-grade
filter, the Pall Fluorodyne EX EDF filter should be considered
a lead candidate for 0.2 pm sterilizing filtration of liposomal

or other emulsion products in vaccine and drug manufacturing
industries. See Folmsbee and Moussourakis for further details
of this study.? Pall is pleased to work with you to qualify the
most appropriate filtter to ensure sterilization of your drug or
vaccine product. Please contact Michael Moussourakis at
mmoussourakis@pall.com for further information.
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