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Current Therapeutic Antibody
Production and Process Optimization

By FENG LI, JOE X. ZHOU,
XIAOMING YANG, TIM
TRESSEL, and BRIAN LEE

n today’s biopharmaceutical
pipeline, monoclonal antibod-
ies are a predominant modal-
ity for a broad range of clinical
indications, including inflamma-
tory disorders, oncology, and infectious
diseases.! More than two dozen anti-
body-based products are commercially
available. In 2004, six of the 12 new
biopharmaceutics that gained approval
in the United States and Europe were
antibody-based products.?

Most antibody therapies require high
doses over a long period of time, which
requires large amounts of purified prod-
uct per patient. Therefore, manufactur-
ing capacity to meet the demands of
antibody production is a real challenge.
It is desirable to have highly productive
and consistent manufacturing processes.
In addition, speed to market is critical
to deliver health benefits to patients
quickly and to achieve business success.
For early-stage clinical studies (Phase I
and II), an initial standardized platform
process is usually applied to satisfy the
material demand and quality require-
ments within a short period of time,
despite the relatively low productivity
and robustness.>* Once the product
candidate is proven safe for patients in
an early-phase clinical study, the process
is further optimized in order to maxi-
mize product yield and process robust-
ness, and reduce the cost of goods for
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Figure 1. A typical cell culture process comprises vial thaw, seed expansion, and production stages.

commercial manufacturing.

Two major areas of commercial anti-
body process development are described
in this review article: upstream cell cul-
ture and downstream purification pro-
cesses. Upstream process development
includes cell line development, media
optimization, and cell culture process
optimization. Downstream process
development comprises cell harvest,
antibody capture, viral inactivation, and
polishing steps. This article provides an
updated review and discussion of the
technologies used in recent therapeutic
antibody production processes.

Cell Culture

Recombinant mammalian cell cul-
ture is the most popular expression sys-
tem to produce monoclonal antibod-
ies. Chinese hamster ovary (CHO) and
murine myeloma (NSO) are the most
widely used cell lines.> A typical cell cul-
ture process starts with thawing a frozen

vial of a working cell bank (WCB), fol-
lowed by expanding the cell population
through a series of seed trains in differ-
ent culture vessels. The culture is then
transferred to a production bioreactor
where the cells continue to grow and
the expressed product accumulates in
the culture broth. In order to achieve a
high product titer, high cell mass and cell
viability need to be maintained in the
production bioreactor. Two of the most
popular process modes are fed-batch
(feeding concentrated nutrient solutions
to a batch production bioreactor) and
perfusion (maintaining and recycling
the cells to a bioreactor while continu-
ously replacing spent media with a fresh
supply). The fed-batch process is often
used due to its scalability, ease of opera-
tion, and high volumetric productivity.
An illustration of the unit operations of
a typical upstream process is shown in
Figure 1.

Although stainless steel bioreactors
are still the major choice for large-scale
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production, disposable bioreactor sys-
tems have become available. The Wave
Bioreactor® system, which uses a plastic
disposable bag, is commonly used dur-
ing seed culture expansion. Disposable
bioreactor systems can benefit the man-
ufacturing process by eliminating the
clean-in-place (CIP) and steam-in-place
(SIP) operations and by reducing the
expensive capital investment for stainless
steel bioreactors. The Wave Bioreactor
system at the 500-liter scale has achieved
high cell densities with CHO cells which
shows its potential application as a final
production vessel, especially for rapid
material supply during early stage clini-
cal studies.6

Cell culture process optimization is
an integrated activity involving cell line
selection, medium development, and
optimization of bioreactor conditions.
High titers up to approximately 5 g/L
and cell densities of more than 20 mil-
lion cells/ml have recently been reported
in fed-batch cultures.”.8 The specific
productivity of over 20 pg/cell/day can
be routinely achieved for production
cell lines.” Enhancement of specific
productivity per cell is accomplished
not only by selecting highly produc-
tive cell lines, but also by optimizing
medium compositions and bioreactor
operating conditions.

Clone Selection

Cell line development and master
cell bank (MCB) generation comprise
one of the most critical steps of process
development. After transfection with
plasmids bearing the antibody light- and
heavy-chain genes, cells are screened
for highly productive cell lines through
growth recovery, single-cell cloning,
serum-free and suspension adaptation,
amplification, and final clone selec-
tion. Screening and selecting a highly
productive and stable clone from the
transfectant population in a limited time
frame is a major challenge. Most com-
monly, the transfected cells are diluted
and cultivated in 96-well plates with a
basal growth medium and screened to
identify those with fast growth. The
productivity among the fastest growing
cell lines is then analyzed for prod-
uct titer. The candidates with the best

productivity and growth characteristics
are adapted to suspension culture using
serum-free medium in shake flasks.

At this stage, in order to predict the
performance of each clone candidate in
a large-scale production bioreactor, an
enriched medium similar to the final
production medium formulation, with a
similar feeding regime, can be employed
in shake flasks. Once promising candi-
dates are identified, the cell lines can be
amplified to increase the copy number
of the antibody gene by using higher
concentrations of inhibitors of selective
markers. For example, increased con-
centrations of methotrexate (MTX), a
dihydrofolate reductase (DHFR) inhibi-
tor, are added to culture medium where
CHO cells are growing. Under these
conditions, only the cells containing a
high copy number of the DHFR gene
can continue to grow. During amplifi-
cation of the selective marker gene, the
genes of interest expressing the antibody
may be co-amplified, which consequent-
ly results in a higher expression level and
enhanced productivity of the antibody.
A similar approach can be taken with
NSO cells containing glutamine synthe-
tase (GS) by using its inhibitor, methi-
oninesulfoximine (MSX). The amplified
cell lines need to be evaluated for genetic
stability in the absence of selective pres-
sure because the production stage usually
does not employ selective pressure.

High-throughput screening and
selection technologies have been devel-
oped to shorten the time required for
clone selection. Screening for cells with
high expression and secretion levels can
be accomplished using a fluorescently
tagged antibody against the product
expressed either on the cell surface or
secreted in a micro gel bead, followed
by fluorescence-activated cell sorting
(FACS).10.11 Another approach involves
miniaturized bioreactors or shake flasks
that can simulate standard production
bioreactor conditions, including nutri-
ent feeding. This technology usual-
ly employs high-speed automation to
streamline liquid handling and analyti-
cal capability for early evaluation of
growth and productivity profiles for
candidate clones. Once the production
cell line is identified, MCBs and WCBs
are generated under GMP conditions
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before initiating process development
for commercial production.

Medium and Feeding Strategy
Development

In general, medium development for
a fed-batch process involves batch medi-
um and feed concentrate development,
as well as feeding strategy optimization.
Optimization of cell culture processes
is often regarded as cell line-depen-
dent and is, therefore, based on the
metabolism and nutrient consumption
of a specific cell line. Several approaches
can be used systematically for medium
optimization, such as single-component
titration, spent medium analysis, and
medium blending.1? Due to regulatory
concern regarding serum and other ani-
mal-derived components, the addition of
animal-component-free hydrolysates to
chemically defined media is a common
approach to increase cell density, culture
viability, and productivity. Hydrolysates
are protein digests composed of amino
acids, small peptides, carbohydrates, vita-
mins, and minerals, which provide nutri-
ent supplements to the media. In addi-
tion, hydrolysate peptides can also act as
growth factors and stimulate production.
Non-animal-derived hydrolysates from
soy, wheat, and yeast are commonly used
in cell culture media and feeds. However,
due to their complex composition and
lot-to-lot variations, hydrolysates can be
a significant source of medium vari-
ability.

The most common approach to
developing a feed medium uses con-
centrated basal media without salts (to
avoid high osmolality). Certain key feed-
ing components (e.g., phosphate) have
also been identified.!3 During medium
preparation, pH and/or temperature may
need to be adjusted to completely dis-
solve some low-solubility components.14
To optimize a feeding strategy, con-
sideration should be given to nutrient
consumption, by-product accumulation,
and the balance between growth and
production.

Previous studies indicated that
byproducts such as lactate and ammonia
could be minimized by maintaining low
glucose and glutamine concentrations
through frequent feeding.!> However,
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frequent feeding is less desirable for
large-scale production in manufacturing,
due to its complexity. Stepwise bolus
additions of the feed solution to the
production bioreactor is widely used in
industry, due to its simplicity and scal-
ability. In general, medium development
is labor-intensive and time consum-
ing. Approaches that combine high-
throughput screening platforms with
statistical design of experiment (DOE)
are commonly applied to shorten the
development time.

Bioreactor Monitoring and Control

Process improvement can be
achieved through optimization of
bioreactor physicochemical environ-
ments. Optimization of culture condi-
tions needs to balance cell growth with
antibody production. A preferred cell
growth condition may not be the opti-
mal condition for productivity and vice
versa.

For mammalian cell culture, pH is
normally controlled within the range
of 6.5-7.8. High pH (27.0) is pre-
ferred for initial cell growth, whereas
low pH can facilitate antibody produc-
tion.16  However, high pH is usually
associated with increased anaerobic cell
metabolism that converts more glucose
into lactate. When lactate accumula-
tion exceeds the medium’s buffer capac-

ity, the pH of the medium decreases.
Because most bioprocesses are pH con-
trolled at a certain level, lower pH of
the culture medium induces base addi-
tion to the medium, which increases
osmolality. This can cause delayed cell
growth and accelerated cell death. Thus,
the initial pH control condition needs
to be optimized at an early stage of the
cell culture process in order to maxi-
mize initial cell growth. Once fast cell
growth is achieved, the pH set point can
be shifted to a lower level to facilitate
antibody production. Figure 2 shows
typical pH and lactate profiles in a fed-
batch process. As lactate was consumed
in the later stage of the process, pH was
allowed to increase.

Manipulating the cell cycle in CHO
cell culture through a temperature shift
has been reported to extend culture lon-
gevity. A temperature shift from 37° C
to 30° C after 48 hours post-inocula-
tion can retain cells in the Gl phase
longer and therefore delay the onset of
apoptosis.l? Dissolved oxygen (DO) is
usually considered a less critical param-
eter which can be controlled in a wide
range (between 20—100%) of air satura-
tion. Cell growth may appear unaffected
under a certain DO level; however, DO
can have significant impact on prod-
uct quality. For example, it has been
reported that a reduction in DO caused
decreased glycosylation of antibody N-
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Figure 2. Typical pH and lactate profiles in a fed-batch process.
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glycan chains.18

Although a bioreactor’s physical
environmental parameters, such as pH,
DO, and temperature, can be monitored
on-line and controlled, monitoring of
chemical and biological parameters
is limited due to the lack of reliable
on-line sensors. The measurement of
cell density, metabolites, and protein
concentrations usually occurs through
daily bioreactor sampling and subse-
quent analysis by off-line instrumenta-
tion assays such as the Cedex cell coun-
ter (innovatis AG, Bielefeld, Germany),
the Nova BioProfile, (Nova Biomedical,
Waltham, MA), YSI analyzer (YSI Inc.,
Yellow Springs, OH), and high-pres-
sure liquid chromatography (HPLC).
Within the last decade, many new on-
line monitoring and control techniques
for bioreactors have been developed.
Some novel biosensors are commer-
cially available (e.g., biomass sensors and
YSDs dissolved CO, probe). These can
measure on-line oxygen uptake rates to
optimize nutrient feeding strategy and
at-line HPLC is used to analyze cell cul-
ture broth amino acids and glucose.1%-20
Near-infrared (NIR) spectroscopy is a
nondestructive technique that can mon-
itor multiple components simultane-
ously from a single probe. With recent
advances in NIR instrumentation and
data analysis algorithms, its applica-
tions have been demonstrated in the
measurement of glucose, glutamine,
lactate, ammonia, and even recombi-
nant protein concentrations in cell cul-
ture broth.21,22 With FDA’s regula-
tory framework on Process Analytical
Technology (PAT), these new technolo-
gies for in-process, on-line, and at-line
monitoring are being heavily investi-
gated as tools to identify critical process
variables and initiate the appropriate
control actions to maintain process and
product consistency.

Cell Culture’s Impact On
Product Quality

Monoclonal antibodies are complicat-
ed glycoproteins subject to glycosylation
heterogeneity and other modifications
such as N-terminal pyroglutamate and
C-terminal lysine variants, methionine
oxidation, asparagine deamidation,
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disulfide bond scrambling, aggregation,
and fragmentation. Multiple process
factors have the potential to change these
product quality attributes, potentially
resulting in clinical implications includ-
ing efficacy and safety. While optimizing
processes to achieve high yield, it is criti-
cal to monitor product quality changes
at every stage of development.

Glycosylation variation, which can
impact in vivo IgG functions and prod-
uct stability, is one of the most sen-
sitive quality-related attributes that is
dependent on cell lines and cell culture
conditions. Most mouse-derived cell
lines are known to add Gal-o1,3-Gal
onto antibody heavy chain N-glycan.
High Gal-al,3-Gal content, which is
not found in human antibodies, raises
immunogenicity concerns. It has been
reported that this glycoform is varied in
different NSO clones. A high-through-
put screening approach was used to
select low Gal-0t1,3-Gal clones in early
process development stages.?3

The effects of cell culture media and
conditions on antibody glycosylation
have been extensively studied.242>
Factors such as medium serum, glu-
cose, ammonia, DO, dissolved CO,, and
culture osmolality have been reported
to cause glycosylation changes in dif-
ferent cell lines. These factors can likely
affect the activity of monosaccharide
transferases and/or sugar transport to
the Golgi apparatus, which is the major
glycosylation site in mammalian cells.

Although the integrity of a protein’s
backbone is usually unchanged across
different cell lines and culture condi-
tions, some modifications can occur
during cell culture processes. The IgG
heavy-chain C-terminal is conserved
as lysine, which is normally cut off
through post-transcriptional modifica-
tion. The presence or absence of
C-lysine can result in product charge
variants. Carboxypeptidase B specifi-
cally cleaves C-terminal lysine residues.
The activity of such metal enzymes can
be affected by some medium trace ele-
ment concentrations.

Downstream Processes and Optimization

As enhancement of the final product
titer and cell density of a cell culture

20

process continues, the subsequent puri-
fication stage can become a bottleneck
that impedes achieving a cost-effective
and robust manufacturing process. A
cell culture process with high product
titer generates a heavy burden on the
downstream process not only due to
increased non-product impurities, but
also because of a high amount of unde-
sirable product-related isomers. Major
challenges to developing an efficient
downstream process for monoclonal
antibody manufacturing with highly
productive cell culture materials include
the following three areas:

1. Process capacity: The equipment
and manufacturing facility need to have
an adequate capacity to handle the high-
titer cell culture broth. This includes
resin-binding capacity, process time,
number of process cycles, overall facility
size, schedule and facility flexibility, buf-
fer and water consumption, and compli-
ance with cGMP regulations.

2. Removal of product-related
impurities: Heterogeneity is common
in antibodies expressed by recombi-
nant mammalian cell culture processes.
These impurities include dimers, aggre-
gates, and various isoforms resulted
from amidation, deamidation, oxida-
tion, and shuffling of disulfide bonds.
Removal of these species cannot be
achieved by protein A affinity chroma-
tography alone, and requires additional
polishing steps.

3. Removal of process impurities:
Process impurities include host cell pro-
tein (HCP), nucleic acids (DNA, RNA),
leached protein A, and potential viral
contamination, all of which need to be
cleared according to FDA guidelines.
Currently accepted levels of impurities
for therapeutic antibodies reported in
the literature are: < 5 ppm for HCP,
< 10 ng/dose for rDNA, < 0.5% for
dimers or aggregates, and < 5 ppm for
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Figure 3. A typical antibody downstream process.
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leached protein A.26

A typical antibody downstream pro-
cess flow is shown in Figure 3. The most
common industrial purification process
for an antibody uses protein A affinity
chromatography as a capture step fol-
lowed by two or three additional chro-
matography polishing steps. The bulk
product is then filtered through a 20 nm
filter for viral removal, concentrated to a
certain target concentration in pre-form-
ulation buffers using an ultrafiltration/
diafiltration device, and finally, sterile
filtered through a 0.2 um membrane.
The entire purification process for GMP
manufacturing must be validated by
demonstrating a 12 to 20 log reduction
of viral load using at least four different
model viruses following FDA guidelines.

Centrifugation and Depth Filtration

The harvest process separates the anti-
body product released in the culture broth
(conditioned medium) from the cells. A
typical harvest diagram is illustrated in
Figure 4. Continuous centrifugation is
commonly used to harvest large-scale
cell culture broth ranging from 500 L to
20,000 L, resulting in a cell-free superna-
tant. Generation of a supernatant with
low cell turbidity depends on the choice
between a full and partial shot, as well
as the total number of shots and buffer
volume per shot during the continuous
centrifugation process. The supernatant
is then further clarified through depth
filtration followed by a 0.2 um filtration.
For optimal depth filtration, selection
of filter type, flux, and total membrane
surface area need to be considered. The
depth filtration step with a well-selected
filter can not only reduce the cell turbid-
ity, but can also remove up to 50% of
DNA impurities and 15% of host cell
protein at neutral pH. The filtrate is then
loaded on a purification column.

Protein A Affinity Chromatography

Protein A chromatography is the
most efficient purification step for anti-
bodies—it can purify the product to
more than 98% purity and remove most
process impurities, including proteases.

Two major types of protein A res-
ins are commercially available: agarose-

Bioreactor

Continuous centrifuge

Centrate tank

Filtrate tank
Depth filter

My

0.2 pm Sterile filter

Figure 4. A typical harvest diagram for an antibody process.

based resin from GE Healthcare and
glass bead-based resin from Millipore.
Both resins are robust enough to handle
a high flux and have acceptable chemi-
cal resistance, including resistance to
high concentrations of urea, GuHCI,
and reducing agents. Dynamic bind-
ing capacity is in the range of 20 to
50 g per liter of resin, and both resins can
be reused up to 200 times. Because of
different physical properties, each type
of resin has its advantages and disad-
vantages. For example, agarose-based
resin has very low non-specific binding.
However, high operational backpressure
is observed when the resin is used in a
column with an inner diameter (i.d.) of
greater than 45 cm and a bed height of
greater than 20 cm. In order to maintain
an operating backpressure below 30 psi,
a low linear flow rate of less than 200
cm/hr and a bed height lower than 20 cm
need to be employed. In contrast, glass-
bead resin can be used with a high flow
rate in a high bed height column with an
i.d. of 45 to 160 cm without significant
backpressure. However, the glass-bead
type resin is sensitive to caustic solutions
and has higher non-specific binding
with process contaminants compared
to the agarose-based resin. Additional
washes with a solvent-containing buffer
are required in order to reduce the HCP
level in the protein A pool. A low load-
ing temperature around 15° C (+3° C)
is recommended to minimize potential
proteolytic degradation of the product
and the protein A resin.2”

Operating conditions of the protein
A affinity chromatography step need to
be optimized in three areas: resin type
and sample loading residence time for

optimal binding capacity; composition,
pH, and volume of wash solution to
minimize the HCP and rDNA levels in
the pool; and composition and pH of
elution solution to minimize turbidity,
conductivity, dimer, and aggregate levels,
as well as volume of the final pool which
is important for the subsequent step.

Low pH Viral Inactivation

A viral inactivation step at low pH
usually follows the protein A affin-
ity chromatography step. Two model
viruses, minute virus of mice (MVM)
and murine leukemia virus (MuLV), are
commonly used for process optimiza-
tion. The protein A column pool is
titrated with 10% acetic acid or 1 M cit-
ric acid to a pH between 3.3 and 3.8 and
incubated for 45 to 60 minutes at room
temperature.?8 The choice of pH level
largely depends on the stability profile of
the antibody product and buffer compo-
nents. Use of low pH for viral inactiva-
tion is effective for MuLV, whereas MVM
viral particles are not efficiently killed at
low pH.

After viral inactivation, the pH of the
protein A pool is titrated up with 3 M Tris
buffer prior to the next step. Turbidity of
the solution increases as the pH of the
pool rises. The degree of turbidity of
the solution after pH adjustment var-
ies depending on process conditions for
each product. In order to remove the
turbidity, viral inactivation is followed by
depth filtration or 0.2 um filtration. An
optimized depth filtration step can great-
ly reduce turbidity, as well as HCP and
rDNA levels in the post-viral inactivation
pool solution. In addition, depth filtra-
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tion can efficiently remove MVM and
MulV viruses with log reduction values
(LRV) of four and two, respectively.28:29
Optimization of the depth filtration step
must consider the filter type, surface area,
and the operation flux rate.

Polishing

Two to three polishing steps are usual-
ly required to remove impurities. Typical
polishing objectives are to remove:

+ high molecular weight aggregates

+ trace amounts of host cell proteins
« isomers of the product

+ residual rDNA

+ leached protein A

+ viral contaminants

Cation-exchange chromatography
(CEX), hydrophobic-interaction chro-
matography (HIC), and anion-exchange
chromatography (AEX), are commonly
used for polishing (Table 1).

CEX Chromatography

CEX chromatography used for bind-
and-elution has proven to be a powerful
tool for removing product-related impu-
rities left behind by protein A affinity
chromatography. CEX resin screening
criteria include less HCP binding, high
product dynamic binding capacity at a
relatively high conductivity, and high
resolution to remove target protein vari-
ants. An ideal resin will leave about
70-80% of HCP and most of the DNA/
RNA and endotoxin in the flow-through
fraction. Deamidated or acidic mate-
rial can be separated in the front peak
while the amidated or basic material and
dimers/aggregates can be isolated in the
tailing part.

Elution can be performed stepwise
or as a linear gradient. Linear gradient
elution provides better purity, process
control, process monitoring, reproduc-
ibility, and PAT conformance.3? In con-
trast, stepwise elution has proven to
be mechanically simpler and results in
higher product pool concentration.3!

22

Recently, a linear pH gradient elution
mode in a narrow pH range has been
developed. Compared to salt gradient
elution, pH gradient elution can provide
similar product purity, higher yield, a
smaller pool volume (up to 50% of the
volume produced by salt gradient), and
the lower pool conductivity required for
the next step. pH gradient CEX chroma-
tography has been demonstrated at large
scale with a recovery rate of over 95%.32
Figure 5 illustrates the separation power
of Fractogel COO- (EMD Chemicals,
Inc., Gibbstown, NJ) using a pH gradi-
ent from 5.0 to 6.0. Fractogel COO- is
a weak CEX resin with high antibody-
binding capacity (>50 g/L).

HIC and CHT Chromatography

HIC is an efficient mode to remove
dimers and aggregates in bind-and-
elution fashion. However, this mode
has relatively low yield and separation
resolution for other product-related
isomers, and has to contend with
high salt concentration in the elution
pools.  Therefore, bind-and-elution
through HIC is becoming less popular
in antibody production. Instead, HIC
chromatography in a flow-through

mode is gaining interest as a way to
remove a large percentage of aggregates.
A slow flow rate is necessary because,
like other protein binding during HIC
chromatography, aggregate binding on
HIC resin is residence time-dependent.

CHT chromatography also can be
a robust step to remove dimers and
aggregates.33  Several technical issues
regarding CHT need to be addressed,
however, including lot-to-lot viability,
extractables, and the half-life of the
resin.

AEX Chromatography

Several chromatography modes have
proven very useful to remove trace
amounts of impurities (e.g., DNA and
endotoxin) and viruses. Among these,
AEX is perhaps the most powerful. In
most cases, AEX chromatography is
carried out using flow-through (FT)
fashion, in which impurities bind to the
resin and the product of interest flows
through. However, the use of conven-
tional packed-bed chromatography with
FT-AEX requires columns with a very
large diameter to permit high volumet-
ric flow rates necessary to avoid a pro-
cess bottleneck at the polishing step.26

Table 1. Applications of chromatography as polishing steps.

Impurity

Mode of Chromatography

High MW. Aggregate/lsomers/DNA

HIC, CEX, CHT (Ceramic Hydroxyapatite)

Haost cell protein impurities/DNA

Leached Protein A

AEX, HIC, CEX

CHT, HIC, CEX

Viral clearance

AEX, CEX, HIC, CHT

Table 2. Comparison of performance and operation between column.

Items Q Sepharose Fast Flow | Q Membrane

Flux/Flow rate 100-150 cm/hr 450-800 cm/hr

Capacity 50-70 g/L >3000 g/MZ or >10.9 kg/L
Buffer used 100% 5%

Operation Time 8-9 hrs 2-2.5 hrs

Cleaning Validation Yes Single use

Viral Clearance Good Good
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Figure 5. Comparison of antibody separation in CEX with pH-gradient and salt-gradient. A: Salt-gradient; B, C, D: pH-gradient with different
buffer B concentrations. Binding Capacity: 40 g/L, Linear Velocity: 300 cm/hr. Condition C was chosen due to low pool conductivity and small
pool volume. Arrows indicate pool conductivities by conditions B, C, and D, respectively.

In order to minimize the effect on the
column operation by inadequate header
design, a specific bed height is required
for proper flow distribution.3* This
leads to a large column volume which is
needed for fast flow but is not optimized
for binding capacity. This disadvan-
tage with AEX columns has led to the
development of membrane chromatog-
raphy or membrane adsorbers. Current
membrane chromatography offers a
convenient alternative to resin chro-
matography in the purification of
antibodies.3>

Q membrane chromatography
devices have been in development for
almost 15 years and are a very useful
approach in viral vaccine production
and DNA purification for gene thera-
peutics. The devices have also been used
for endotoxin removal in both labora-
tory and large-scale processes. Current
Q membrane technology offers major

advantages over packed-bed resin chro-
matography in antibody purification,
including fast operation, no require-
ment for cleaning or storage validation,
significantly low buffer consumption,
easy and quick qualification, good scal-
ability, and antibody recovery higher
than 989%.3>36

It was demonstrated that, with a
newly developed representative scale-
down model, a process capacity of
>3,000 g/m? (total membrane surface)
or >10.7 kg/L (membrane volume), a
MVM viral log reduction of >6.0, and a
MulV viral log reduction of ~5.0 could
be achieved.37:3¥ Q membranes can
significantly save operating time and
buffer consumption. Table 2 compares
the performance between Q Sepharose
Fast Flow (GE Healthcare) column
chromatography and the Sartobind Q
membrane (Sartorius AG, Goettinger,
Germany) device.
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Conclusion

Recent developments and improve-
ments on cell culture processes and
separation technologies make it pos-
sible to lower the manufacturing cost of
goods for antibody manufacturing, and
significantly reduce the overall devel-
opment time from clone selection to
clinical manufacturing. High product
titers greater than 2 g/L by the end of cell
culture, and purification recovery yields
greater than 75% are readily achievable.
While productivity and process efficiency
continues to be improved, it is important
to monitor product quality attributes to
ensure the comparability with any process
changes during commercial manufactur-
ing. Recent publication of the Q5E com-
parability guideline for biotechnological
and biological products by FDA provides
framework to consider for development
and manufacturing processes.3?
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