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Expression of a Fab Fragment

in CHO and Pichia pastoris
A Comparative Case Study

by Renate Kunert, Johannes Gach, Hermann Katinger

ammalian cell expression

systems are currently essential

for production of glycosylated

biopharmaceuticals such as
monoclonal antibodies or molecules
requiring even more complex glycan
structures. Various host cell and vector
systems aimed at improving expression
levels and quality have been established
(1,2). Development of biopharmaceutical
product candidates from genes to clinical
trials should be based on technology
platforms that will require no major
changes in the entire development chain,
including manufacturing once a product
candidate has successfully progressed
through phase 1-2 clinical testing. The
intrinsic cost structure thus is widely
determined by the category of
technology platform chosen very early in
development.

Development time is currently
considered by modern management to
be of utmost importance. Antibody
fragments (Fabs) represent an
interesting category of potential
biopharmaceuticals (3,4). About 20% of
all Fabs have glycosylation sites that
putatively might contribute to their
biological in vivo performance (5). We
investigated two different state-of-the-
art technology platforms — the CHO
mammalian system and the Pichia
pastoris yeast system — to produce Fab
fragments with identical primary
sequence and compared the results. We
analyzed the time needed for
development of different technology
platforms and intrinsic parameters such
as specific and volumetric productivity
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as well as quality criteria based on
preclinical and in vitro properties.

MATERIALS AND METHODS

3H6 Fab Expression Vectors: A human/
mouse Fab fragment, 3H6/Fab (6), was
expressed in CHO cells by using a two
plasmid strategy (7). We cloned the
light-chain vL-cx into the pIRESdhfr
vector derived from pIRESneo from
Clontech Laboratories, Inc. (www.
clontech.com) by exchanging the neom
ycinphosphotransferase with the
dihydrofolate reductase (dhfr) at 3" of
the internal ribosomal entry site
(IRES), resulting in the cotranscription
of 3H6 light chain and dhfr under
control of the human CMV promoter
(8). The heavy chain was separately
cloned into a eukaryotic expression
vector under control of the SV40 early
promoter. Expression of 3H6/Fab in P.

pastoris was accomplished by the

pPICZalphaA vector. Both chains
were cloned at 3" of the alpha mating
factor leader sequence, and expression

was controlled by the methanol-
inducible AOX promoter (9).

Clone Selection, Screening, and
Recombinant Production of Fab
Fragments: We transfected protein-free—
cultivated CHO cells (DUKX-B11,
ATCC CRL-9096) with a nucleofector
from Amaxa AG (www.amaxa.com) and
started selection (hypoxanthine/
thymidine-deficient medium) 24 hours
later in combination with limiting
dilution to select predominantly single
clones in 96-well plates (10). Transfection
was done in four independent
experiments, each with 4,000,000 cells
plated at 1,000,000 cells per plate.

After three weeks, 75% of seeded
wells showed a minimum of
semiconfluent growth, and we screened
the supernatants of such selected clones
using ELISA for human Fab
productivity. Those identified as best
producers (less than 10% of screened
wells) were further propagated in 50 nM
methotrexate (MTX) and in the next
passage adapted to 100 nM MTX for
gene amplification. Following
stabilization of clones, we subcloned the
best clone by limiting dilution and
implemented a second subcloning step
with 400 nM MTX before adapting the
best clones to 1.6 pM MTX. The best
clone was then evaluated according to
specific growth rate and productivity.

For expression in P. pastoris, we used
the wild-type strain X33 as our host
strain and transformed it with the
linearized pPICZalphaA3H6Fab
introduced into the cells by
electroporation (11). We then used
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Zeocin (100 pg/mL) for selection of
positively transformed clones and
cultivated more than 20 different clones
of two independent transformation
events in 10 mL volumes for more
detailed clone screening.

We then cultivated the best of the
3H6/Fab P. pastoris clones in a 1.8-L.
bioreactor to stress the yeast system and
evaluate its potency (9). The production
phase was induced by switching to
methanol metabolism after a 29-hour
batch phase, and cell density was
measured by OD,, of 100 (12). That
phase (methanol feeding) was
maintained at a constant feed rate of
0.121 g/min of methanol medium for a
total of 86.5 hours.

ELISA Quantification: We quantified
3Hé6/Fab fragments by double-sandwich
ELISA (13). Briefly, polyclonal goat
antihuman Fab-specific antiserum (gah-
Fab) was precoated onto the
immunosorbent plates. We used human
Fab antibody fragments from Sigma
(www.sigma-aldrich.com) as a standard
protein in an eightfold serial dilution
starting at 200 ng/mL. Then we allowed
50 pL per well of serially diluted
standard or samples to bind to the
precoated well for an hour before
detection with horseradish-peroxidase—
labeled gah-Fab.

Gel Analyses of Ab2/3H6: We
combined discontinuous sodium-dodecyl
sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) with subsequent Western-
blot analysis on a polyvinylidene
difluoride (PVDF) membrane from
Millipore (www.millipore.com).
Electrophoresis was carried out on 10%
polyacrylamide slab gels under
denaturing conditions in Laemmli SDS
running buffer from Hoefer, Inc. (www.
hoeferinc.com). Following
electrophoresis, we visualized the
proteins either by calconcarboxylic acid
(NN)-silver staining (14) or transferred
them to a PVDF membrane for
Western-blot analysis. We used alkaline-
phosphatase—coupled antihuman Fab
conjugate for detection of the Fab in
culture supernatant.

ResuLTs

Fab Expression in CHO cells: Following
transfection of CHO host cells, selection
with hypoxanthine and thymidine
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Table 1: Fermentation characteristics describing product formation, gP, and p calculated from one
sampling time to the next; maximal cell densities were about 85 g DCW per L, and the gP average is

0.5851 mg/g of dry cell weight (DCW) per day.

Sample Time Product qP M
23 hours 0 mg/L 0 mg/g DCW/day 4.82/day
29 hours 1.0 mg/L 0 mg/g DCW/day 3.06/day
46 hours 24.8 mg/L 0.4989 mg/g DCW/day 0.25/day
52 hours 27.0 mg/L 0.0891 mg/g DCW/day 0.45/day
70 hours 54.6 mg/L 0.4079 mg/g DCW/day 0.36/day
76 hours 68.9 mg/L 0.4819 mg/g DCW/day 0.22/day
94 hours 137.3 mg/L 0.7442 mg/g DCW/day 0.27/day
102 hours 163.6 mg/L 0.6380 mg/g DCW/day 0.11/day
116 hours 262.0 mg/L 1.2358 mg/g DCW/day 0.16/day

Figure 1: Timelines for development of a stable recombinant CHO working cell bank expressing a
chimeric Fab fragment; transfection was performed at day 0, and from day 55 the gP was analyzed

in T25 flasks.
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deficient medium takes two to three
weeks before culture supernatants can be
tested for human Fab secretion. By
seeding 10,000 cells per well (and based
on a calculated stable transfection efficacy
0f 0.01%), we expected each well to
develop one stably transfected clone. In
our experiment, 75% of the wells
contained growing cells. Only 101 out of
1,536 seeded wells produced more than
50 ng human Fab per mL when analyzed
in the first ELISA screening two to
three weeks after transfection.

All those clones were then amplified
to 50 nM MTX in a 48-well plate and
adapted to 100 nM MTX in T25-flasks
over two weeks. Again, we identified
the best producing clones by weekly
ELISA screening and tested specific
productivity from continuously growing
T25-flasks. The specific production rate
of clone 3H6/Fab/11F9, one of the
primary transfectants, was in the range
of 1-5 pg/cell/day for 12 weeks after
initial screening (Figure 1). We
subcloned 3H6/Fab/11F9 in week seven
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after transfection.

We performed limiting-dilution
subcloning with 10 and 20 cells per well,
resulting in 3.5% and 9.4% growing
wells. Single clones were then verified by
microscopic analysis of those wells, and
we went forward with only those. So
limiting-dilution cloning was performed
at 100 nM and 400 nM MTX, and the
final clone 3H6/Fab/11F9/4F9/6F6 was
adapted to 1.6 uM MTX, with
continuous screening of intermediate
clones. Figure 1 illustrates the time
schedule and stepwise increase of
specific productivity during clone
development of the different 3H6/Fab
subclone generations. The final clone
(3H6/Fab/11F9/4F9/6F6) has since
been cryopreserved as a working cell
bank. We have thawed and tested the
subsequent stability of that clone over a
period of 10 weeks.

Fab Expression in Pichia pastoris: We
transformed 3H6/Fab expression vectors
into P. pastoris wild-type strain X33 and
selected positively transformed clones
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Table 2: Overview of key data comparing cell volume (wet biomass) calculated from an average
diameter of 15 pm for CHO cells and 4 um for P. pastoris (cell counts calculated from weight cell
weight, WCW = 100g DCW X 4) divided by the volume of a single cell)

P. pastoris CHO Factor
Volume of single cells (mL) 3.35% 10" 1.767 x 107° 0.02
Cell counts at the end of fed batch (cells/L) 1.2x 10 2% 10° 6000
Accumulated wet biomass volume (mL/L) "2 400 3.53 113

"The specific gravity of cells is simplified with 1.

2The cell concentration of CHO cells is assumed with 2*10° cells per liter in a standard batch or continuous

culture (representing a rather low cell density).

insured with Zeocin antibiotic from
Invitrogen (www.invitrogen.com) at 100
pg/mL. After about three days, single
colonies were picked and 3H6/Fab clones
expressed at small scale after overnight
preculturing of clones in BMGY
medium (1% yeast extract, 2% peptone,
and 100 mM potassium phosphate at
pH 6.0 with 1.34% YNB, 4 x 10°%
biotin, 1% glycerol, and 100 pg/mL
antibiotic) from Difco Laboratories.

The next day, we inoculated the culture
with BMMY (BMGY using 0.1%
methanol instead of glycerol) to an
optical density (OD, ) of 0.1, then
adjusted methanol concentration to 0.1%
at intervals of 12 hours.

Generally the productivity of
recombinant yeast is expressed as
product secretion into culture
supernatant per OD,, and hour. In our
study, 24 clones from two different
transformations were inoculated with 0.1
ODy,, and harvested 56 hours later. Our
evaluation of these clones was based on
titer in the supernatant and the final
number of yeast cells measured by
0Dy, (Figure 2). Cultivation time was
kept constant for all experiments to
prevent differences in specific
productivity due to cells at unequal
growth stages. Our titers were in the
range of 1-5 pg Fab per mL, and OD
readings ranged from five to 14,
resulting in a specific productivity of
0.002—-0.006 pg/OD each hour.

Transformation did not influence the
average range of productivity in these
clones, and no significant differences
were detected with factors of more than
fivefold. Figure 2 shows the specific
productivity of 12 randomly picked
clones from two transformations sorted
by increasing specific productivity. That
seems rather low considering that
production in the medium is roughly
proportional to the concentration of cells
in culture (15). Nevertheless, with an

600

36 BioProcess International

JUNE 2008

inoculum density at about 2,000,000
cells/mL at an OD,, of 0.1, and the
time until harvest <3 days, those values
are reasonable considering the advantage
of this production system (its specific
growth rate).

Fab Fermentation in P. pastoris: One
clone was selected for fermentation in a
5-L bioreactor starting at an OD,, of
1.0 (1% yeast extract, 2% peptone, 2%
glycerol). During this fermentation
process, temperature was controlled at
25 °C, dissolved oxygen was set at
20%, and pH was controlled at 5.0
with 25% ammonium hydroxide.
When cell density reached an OD,,, of
~100, we initiated expression with
methanol. The accumulated
recombinant Fab fragment was two
orders of magnitudes higher than it had
been in the shake flasks, and it was the
first time such a high titer was reached
for a specific monoclonal Fab fragment.

After 86 hours of methanol
induction, the expression level of 3H6/
Fab reached 260 mg/L. Table 1 lists the
titer, specific productivity based on the
arithmetic average of cell counts, and
specific growth rates at different time
points. Yeast dry cell weight (DCW)
had been used for estimating the
number of cells and their specific
growth rate. We recalculated yeast wet
cell weight (WCW) based on the
generally accepted assumption that dry
mass represents 25% of wet mass.

To demonstrate the specificity and
integrity of our recombinant product,
we applied SDS gels and Western-blot
analyses to all samples collected. In
Figure 3, the increase of 3H6/Fab in
culture supernatant is indicated by
applying 10 pL of supernatant to each
slot. The lowest titers visible are
24.8 pg/mL 3H6/Fab at the silver
stain as well as Western blot lane 46.
No free heavy or light chains were
detected in the culture supernatant,

even at high secretion rates after >100
hours of fermentation.

The purity and quality of an expressed
protein depends on many factors such as
cell density and viability as well as media
components that might become product
contaminants themselves or through cell
metabolism. So we cultivated both
expression systems in the exponential
growth phase and with protein-free
media. No significant differences in
the amount of secreted product and
protein-related contaminants could be
detected (Figure 4).

Interestingly, despite the two products
being transcribed from identical coding
regions, they did not migrate with the
same mobility in SDS gels. One
explanation is the
N-glycosylation site on the protein,
which might not be deglycosylated
completely even in the lower band (9).
Another possible explanation might be
based on the fact that the yeast system
does not terminate translation at the first
stop codon and cotranslates the His-tag
that is fused in the pPICZalphaA vector.
With the higher band, it seems
reasonable that the yeast expression
system generates high-mannose
carbohydrate chains that increase the
molecular weight of the whole protein.

Discussion
For a basic comparison, we've expressed
a mouse/human chimeric Fab fragment
using two different eukaryotic state-of-
the-art expression systems: P. pastoris
and CHO cells. For clarity, we compare
the routine achievements for both
systems. Further optimizations of
specific productivities are undoubtedly
possible. The expression systems have
different advantages and disadvantages
concerning time schedule for the
establishment of expression clones,
quality and purity of expressed product,
fermentation properties, and costs (16).
Time to Establish Expression Clones:
Cloning distinct expression vectors is
similar in both cases, and genetic
transformation requires comparable
amounts of DNA and host cells. A
significant advantage of the P. pastoris
system is the time needed for clone
development. Particularly, the DHFR-
deficient CHO cells represent a major
time bottleneck by comparison.
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Isolation and selection of a recombinant
Pichia clone transformed by
homologous integration of the exogene
is completed after three days, whereas
the first round of picking CHO clones
alone takes over two weeks, followed
by two further rounds of amplification
and selection.

From the first P. pastoris clones a
convenient number is used for screening,
mostly in a shake flask under
reproducible conditions. Using this
strategy allows easy identification of the
best producer out of a hundred or more
clones in a short time through basic
efforts such as ELISA testing and
OD,,,, measurement.

Eukaryotic transcription is regulated
in two stages: Localized changes in
chromatin structure cause selected
regions of the chromatin to decondense,
and the uncoiled chromatin loops out.
DNA is then accessible for binding of
transcription factors, so RNA
polymerase and transcription follows. In
CHO cells and other higher eukaryotic
cells, development of a recombinant
stable clone is complicated because the
commonly used method for transgene
uptake is heterologous integration
combined with gene amplification to
increase copy number, transcription rate,
and product formation. Adding to that a
significantly lower growth rate than for
yeast cells leads to a time consuming
clone-selection process. It takes about 20
days to grow a single CHO clone in a
96-well plate for ELISA screening.

Furthermore, screening of the best
clone in a subcloning round must be
combined with adaptation to MTX for
gene amplification, which requires
another three to four passages at two

Figure 2: Specific productivity of 12 randomly selected clones picked

from two individual transformations

per week. At the end of this clone
development — realistically after

five to seven months — a recombinant
clone must be generated that is

ready for deposition as a cell bank

or for production culture in a
bioreactor. So clone development
clearly favors the Pichia system’s time
lines of just two weeks (rather than six
months for CHO).

Product Quality: Concerning product
quality, the focus is generally on
posttranslational modifications — and
not only glycosylation. Generation of
disulfide bonds and protein maturation
by proteolytical cleavage in complex
proteins with heteropolymeric structures
are not optimal in yeast systems yet (17).
However, single-chain proteins are often
expressed in yeast with great success,
though not objectively when compared
with CHO system results (18-20).

We so far have had the opportunity
to compare binding specificities and
affinities of our Fab fragment expressed
in both systems. Overall, the quality of
these molecules is identical when
measured by these parameters (7). For
the moment, unfortunately, we are
unable to predict deviations during in
vivo application as a therapeutic
immunogenic antigen administered to
human volunteers. So this latter question
remains unanswered.

Cell Density: Mammalian cells do
not have cell walls and are sensitive to
the osmolarity of their environment.
Consequently, achieving high CHO
cell densities in a bioreactor can be
extremely tedious (21,22). Balanced
growth media and perfused systems
with cell retention are used to
overcome these limitations (23).

The typical maximum cell density of
P. pastoris in high-density fed-batch
cultures is 50-100 g dry cell weight per
liter of culture broth with our feeding
and overall process control strategy.
There is a wide range of available
environmental parameters for a Pichia
recombinant expression system used to
promote specific productivities and/or
cell densities.

In terms of overall bioprocessing
technology, high cell densities in
upstream processing are favorable.
However, such cell densities in culture
broth — if we consider real large-scale
technology — can create severe overall
problems for downstream processing.
Consider our comparison of “cell
densities” on the basis of wet biomass
(metabolic active biomass) in Table 2.
The volume of a single CHO cell is fifty
times higher than that of a
P. pastoris cell. That is compensated,
however, by a 6,000-fold higher cell
count in a fed-batch process, meaning
that the accumulated biomass is still ~100
times higher in the P. pastoris system.

Productivities: The CHO cell system
constitutively and permanently expresses
recombinant proteins independent from
its growth phase; whereas Pichia requires
induction such as by methanol, which
has a significant effect on its growth
rate. The specific growth rate of
methanol-induced yeast is comparable
with that of CHO cells.

To compare the specific expression
potential of these systems, we estimated
the average specific productivity shown
in Table 1 for P. pastoris from the point
of induction to the end of fermentation.
Table 3 details specific productivities
(¢P) based on one cell, wet biomass in

Figure 3: Progress of product formation and increase of released host-

cell proteins during fermentation; lane “nK” shows a recombinant P.

Clones

Transformation 1
@ Transformation 2

000 100 200 3.00

38 BioProcess International

4.60 5.00
1,000x (ng/OD/hour)

JUNE 2008

6.00 7.00

pastoris strain expressing an alternative product at the end of a
comparable fermentation run. Lanes 23-116 are crude culture
supernatants from the fermentation collected at indicated time points
(hours); M is the molecular weight marker. The upper figure is a silver
stain, and the lower figure is a Western blot.
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Table 3: Specific (gP) and volumetric (Qp) production rate for CHO and Pichia

P. Pastoris CHO
Average specific productivity calculated from 0.5851 mg/g DCW/ 10 pg/c/day
Table 1 and Figure 1 day
gP related to one cell 0.0049 pg/c/day 10 pg/c/day
gP related to wet biomass 0.146 mg/mL/day 5.659 mg/mL/day

Qp related to 1 L cell culture broth at 10" cells/L
Qp related to 1 L cell culture broth 2 x 10° cells/L

(chemostat)*

Qp related to 1 L cell culture broth at 1 x 10

Cells/liter (continuous perfusion with cell
retardation)

49.02 mg/L/day
20 mg/L/day

100 mg/L/day

* Minimum routine mean values for both chemostat and perfusion with cell retardation

Figure 4: SDS-PAGE in silver stain (A) and
Western blot-stained (): culture supernatant of a
P. pastoris and a CHO clone after three days of
cultivation inoculated with cell densities
according to passaging continuously
exponentially growing cultures. Lane 1,

P. pastoris culture supernatant; lane 2, CHO
culture supernatant; M, molecular weight marker
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mL, and volumetric productivities
(Qp) based on one liter of cell broth
related to the data from Table 2.
Standard cultivation conditions are
assumed: fed batch and continuous
(chemostatic) culture for the Pichia
system and continuous or continuously
(chemostatic) perfused culture with
cell retention for the CHO system.
According to our manufacturing
experience, we conclude that this
represents a realistic approach for
comparing the systems.

Specific Productivity (gP): It is not
admissible to compare the ¢gP of these
systems based on a single cell, which is
commonly applied to characterize
recombinant mammalian cell systems
alone. Metabolic active wet biomass
volume represents a realistic and valid
base for comparing respective ¢Ps. In
our concrete comparative case study,
the quotient between the ¢P of CHO
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cells and P. pastoris is ~2,000
(10/0.0049), and considering the 50-
fold cell volume for CHO cells, the
CHO system is ~40x more efficient in
expressing and secreting the Fab
fragment into its culture supernatant.

We are fully aware of the potential
to optimize each system to improve
their respective specific expression
rates. We've established recombinant
CHO clones producing different
complex proteins showing 3x—4x
higher ¢Ps than the concrete case
considered here. The ¢Ps of
recombinant Pichia can be improved by
similar orders of magnitude. In both
systems, even minor differences in
target gene sequences and/or
expression vector design can lead to
different fidelities of recombinant
protein expression.

However our comparative case
study clearly indicates that expression
and particularly the secretion
machinery of the mammalian
eukaryotic cell is obviously more
potent within the controlled
environment of a bioreactor. The
different check points of controlling
expression and secretion in higher or
lower eukaryotes are widely unknown.
It should therefore be extremely useful
to deepen this comparative study with
a systems biology approach of
investigation using transcriptomics,
proteomics, and metabolomics.
Eventually we could learn how to
engineer the Pichia system using our
findings from the CHO system.

Volumetric Productivities (Qp):

Op (product + volume x time) is one
sensitive parameter for efficiency of
technology. With Pichia, high cell
biomass of 300-400 mL/L can be
accumulated in a relatively short time
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because of high growth rates before
induction.

It is a comparably tedious
undertaking to reach high biomass
with the mammalian system because of
low growth rates and limits in growth
media design due to cellular osmotic
pressure sensitivity. By designing
continuous culture processes (e.g.,
chemostatic manufacturing mode or
more effectively continuous perfusion
with cell retention), those clear
disadvantages can be compensated in
part. Cell numbers of ~1-2 x 10%°
cells/L (representing 18-36 mL of wet
biomass) are usually accumulated with
perfused cell retention modes.

Consequently, the Qp of the CHO
system would be roughly two times
higher than that for the Pichia system in
our concrete case of Fab fragment
production (Table 3). Another bonus in
favor of the CHO system comes from
more efficient product recovery in
downstream processing.

Costs of Culture Media: Another point
to consider here is costs of media
resulting from special supplements. Both
systems are cultivated in protein-free
media that are also free of animal-
derived ingredients. In mammalian cell
clone development, use of protein free
systems is state of the art (24).
Commercially available media are often
very expensive, and continuous perfused
cultures are even more sensitive to media
costs than are fed-batch cultures. The
costs of the growth medium we used for
the CHO system (including all additives,
routinely used for GMP-production of
clinical grade proteins) is about one Euro
per liter. The costs of media for the P.
pastoris system are only slightly lower
and on a similar order of magnitude.

A CompLEX COMPARISON
In our comparative case study, antibody
Fab fragments were cloned and
expressed using P. pastoris and CHO
cells. Fab fragments expressed by the
Pichia system showed nearly identical
binding affinities and in vitro inhibition
properties as those expressed by CHO
cells (7). However, although the two
products were expressed from identical
coding regions, they did not migrate
with the same mobility in SDS-PAGE.
Some questions that were not
investigated in detail still remain open

BioProcess International 39



and might or might not be significant to
human in vivo application. We
hypothesized that for glycosylated Fabs
the mammalian expression system is
closer to human nature than is Pichia.
With respect to speed of development —
from genes to clinical-grade products —
use of the Pichia platform is significantly
faster. And overall, technology cost
structures are comparable once an
established Fab-drug is reaching a state
of commercialization.
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