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Abstract Fermentations carried out at 450-L and 20-L
scale to produce Fab’ antibody fragments indicated a
serious problem to control levels of dissolved oxygen in
the broth due to the large oxygen demand at high cell
densities. Dissolved oxygen tension (DOT) dropped to
zero during the induction phase and it was hypothesised
that this could limit product formation due to inadequate
oxygen supply. A gas blending system at 20-L scale was
employed to address this problem and a factorial 2?
experimental design was executed to evaluate indepen-
dently the effects and interaction of two main engineering
factors: agitation rate and DOT level (both related to
mixing and oxygen transfer in the broth) on Fab’ yields.
By comparison to the non-gas blending system, results in
the gas blending system at same scale showed an increase
in the production of Fab’ by 77% independent of the
DOT level when using an agitation rate of 500 rpm level
and by 50% at an agitation rate of 1,000 rpm with 30%
DOT. Product localisation in the cell periplasm of
>90% was obtained in all fermentations. Results ob-
tained encourage further studies at 450-L scale initially,
to evaluate the potential of gas blending for the industrial
production of Fab’ antibody fragments.

Introduction

Oxygen availability is very critical for the aerobic growth
of Escherichia coli in fermentations and, at the same
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time, difficult to achieve, due to the poor solubility of
oxygen [16]. In industrial fed-batch fermentations, pro-
duction often begins with an exponential feed phase of a
limiting carbon source, until the limit of adequate oxy-
gen transfer is reached [38].

Gas blending has been proposed as a technique to
address the problems of inadequate oxygen supply.
Flores et al. [14] reported that this led to increases in
product yields for xanthan gums during cultivation of
Xanthomas campestris where the proportion of
high molecular weight polymers was higher as DOT
levels were increased. Changes in agitation and shear
rate are also linked to oxygen mass transfer rates and
consequently, it is not always possible to identify the
independent effect of oxygen levels on the fermentation,
and the levels of metabolite production achieved. For
example, Aurebasidium pullulans was found to be
sensitive to high levels of oxygen independent of the
agitation rate, and an increase of polysaccharide yield
was possible by maintaining a low level of DOT at
1,000 rpm [15].

In another study, gas blending was used to separate
the effects of DOT from agitation in a fungal fermen-
tation for the production of pneumocandins. In this
case, the effect of dissolved oxygen was independent of
agitation rate within a power range of 2-15 kW/m’,
helping to define operating boundary conditions for
successful scale up to 19 m® [35]. Also, the effect of
agitation on the interaction between the extent of mixing
in Xanthan fermentation broths and the rate of oxygen
transfer was investigated. Findings showed that the
biological performance of the culture was independent
of agitation rate as long as broth homogeneity could be
assured and that critical values of DOT of 6-10% were
maintained in the production phase [2].

Information on the effect of DOT on recombinant
protein production by E. coli is relatively scarce and no
general rules can be derived. DOT has been shown to
have variable effects on the production of different re-
combinant proteins. For example, Li et al. [28] examined
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four recombinant strains of E. coli for the effects of the
dissolved oxygen level on the level of biomass, the
plasmid content, and the levels of chloramphenicol
acetyltransferase and beta-galactosidase. The optimal
dissolved oxygen concentration for the specific activity
of recombinant proteins was found to be dependent
upon the strain. In another study by De Leon et al. [11],
1-L bioreactors were used to determine the effect of
DOT on the production of penicillin acylase by E. coli
and maximum activity was obtained at 1% DOT. An-
other work [6] studied over-expression of a target pro-
tein (Mspl methylase) in recombinant E. coli. Results
indicated that under oxygen-deficient conditions, the
level of target protein decreased drastically.

This study is concerned with maximising the pro-
duction titres of antibody fragments through control of
DOT levels. The importance of Fab’ and other antibody
fragments is based on two properties of particular
interest: (a) highly specific (involving multiple non-
covalent contacts between antigen and antibody based
upon complementary in shape and charge) and, (b) high
binding strengths (with affinities between 10%/M and
10''/M) [17]. The prospect of being able to exploit these
properties and generate molecules of high binding
affinity against any chosen target led Paul Ehrlich to
predict (in his Croonian Lecture to the Royal Society in
1900) an ‘“‘age of magic bullets” providing great appli-
cations in human therapeutics. At present, there are
approximately 200 recombinant antibodies that are ei-
ther approved for use or in a late stage of clinical trials
for the treatment of large number of diseases. For
example, three different humanised Fab’ fragments are
in phase II and III of drug development for cancer,
rheumatoid arthritis, and age-related macular degener-
ation. Furthermore, a chimeric Fab’ has been approved
for prevention of blood clotting and refractory unstable
angina [9, 36].

Fed-batch fermentations are preferable to batch
operation for the production of antibody fragments
since batch methods usually result in low biomass con-
centrations with reported titres from 40 mg/L [7] to
450 mg/L [25]. On the other hand, fed-batch fermenta-
tions using a highly defined medium can result in levels
up to 50 g/L of dry cell weight (DCW) [18] and titres up
to 1-2 g/L [10]. Titres as high as 3 g/L using an opti-
mised expression vector under non-limited growth con-
ditions have been reported [20].

This study examines the effect of DOT levels and
agitation rates on Fab’ production by E. coli at 20-L
scale. The principal aim was to design and carry out
experiments to test the hypothesis that increased Fab’
titres can be achieved in a fermenter system that is not
oxygen limited. The questions tackled by this research
have been addressed by comparison of a batch-fed fer-
mentation of an oxygen deprived culture with those
growing in environments with constant DOT levels of
30% or 50%. In particular, the effect of DOT and agi-
tation rate on growth kinetics, Fab’ yield and cellular
localisation were determined.

Furthermore, the interaction between operating
parameters and cell productivity has been evaluated by
using statistical design of experiments (DoE). It is hoped
that the results will help guide future optimisation
studies.

Materials and methods
Strain

Escherichia coli strain W3110 pAC tAC 4D5 Fab’ pro-
vided by Celltech Chiroscience Ltd, Slough, UK was
used to prepare a working cell bank (WCB) as described
elsewhere [8]. The plasmid pAC tAC encoded the light
chain and heavy chain Fd’ fragment of the parent
antibody under transcriptional control of the E. coli tac
promoter. Each antibody chain was preceded by the E.
coli ompA signal sequence to direct expression to the
periplasmic space.

Inoculum development

Cultures of 0.25 mL were first grown in 250 mL of
complex media (2xYT) in shake flasks. The starter cul-
tures were incubated for 8 h in an orbital shaker
(200 rpm) at 30°C. Then an aliquot was taken and the
optical density (OD) at 600 nm measured. Samples of
25 mL culture (ODggy 2.0-3.0) were transferred to de-
fined media flasks of 250 mL working volume. The
flasks were incubated for 12 h in an orbital shaker
(200 rpm) at 30°C in order to obtain the required ODyg,
of 1.5-2.0. This provided an inoculum in mid-exponen-
tial growth phase, and resulted in an initial ODgg of
0.2-0.3 in the 20-L fermenter.

The fermenter had an initial working volume of
12.5 L and contained the same defined medium as the
shake flasks. For the pilot plant scale experiments, a seed
fermenter of 15 L working volume was cultivated in
order to obtain the required ODggy of 6.0-6.5 before
inoculating the 450 L fermenter. The fermenter had an
initial working volume of 300 L and contained the same
defined medium as the seed fermenter. The preparation
of the medium was as previously described [8].

Fermentation protocol and setup

Fermentations were carried out at 20-L and 450-L scale
in computer-controlled bioreactors (Applikon, Schie-
dam, Holland and Chemap AG, Volketswil, Switzer-
land, respectively). The 20-L vessel was sterilised using a
steam jacket and a holding time of 20 min at 121°C. The
pH was measured using a pH probe (Broadley Tech-
nologies Ltd, Bedford, UK) and maintained at
6.95+£0.05 by computer-controlled additions of either
sulphuric acid (5% v/v) or ammonia (15% v/v). The
temperature was maintained at 30+£0.5°C by using a
heated jacket. The temperature was reduced to 27°C



before induction in order to promote correct product
folding. The agitation rate was set at either 500 rpm or
1,000 rpm. DOT was monitored using a DOT probe
(Broadley Technologies Ltd). Fermenter exit/inlet gas
compositions were monitored by mass spectroscopy
(MMS 80 Instrument, VG Gas Analysis Ltd, Middle-
wich, UK). Data were logged using BioXpert software
(Applikon, Schiedam, Holland). The airflow rate was set
at 2.5 L/min in all the gas blending experiments. Gas
blending was achieved by mixing the inlet air with pure
oxygen (BOC Gases, Surrey, UK). The valve releasing
oxygen into the inlet stream was set according to a
computer control so as to maintain the DOT at 30% or
50%. The oxygen flow rate was varied under the control
of the PID controller from 0 L/min to 2.5 L/min.

Samples of 30 mL of fermentation broth were taken
in universal bottles every 4-6 h in order to measure
ODyggp and on which additions of glycerol, cation solu-
tion (magnesium sulphate and calcium chloride to en-
hance cell wall strength [40]), and lactose were based (see
Table 1). Two glycerol additions were made during
exponential phase after reaching the maximum specific
growth rate and a third addition was made prior to
addition of lactose (as detailed in Table 1). Lactose ac-
ted as the inducer for Fab’ formation and resulting in a
reduction of the cell growth. This batch-fed feeding
strategy was based on the protocol developed by Cell-
tech Chiroscience Ltd. and is reported elsewhere [§, 23].
Assays were carried out on these samples to determine
the concentrations of residual substrates, the levels of
product formation and the biomass achieved.

Biomass measurement by optical density

The growth profile of the strain was followed by optical
density measurements of the broth, measured at a
wavelength of 600 nm with a spectrophotometer (DU-
Spectrophotometer, Beckman Instruments Ltd., High
Wycombe, UK). Samples were diluted with RO water
(reverse osmosis purified) in order that the absorbance
measurement was in the linear range of the instrument,
i.e. 0-0.8 absorbance units.

Dry cell weight

Samples of 1 mL were placed into pre-weighed ep-
pendorfs, and then spun down in a mini-centrifuge
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(Eppendorf Centrifuge 5415R, Hamburg) at 13,000 rpm
for 5 min. The supernatant was discarded and the
recovered pellets were dried to constant weight in an
oven at 100°C for 24 h. The eppendorfs were then
weighed again and the difference between the final
weight and the empty eppendorfs taken as the DCW.

Glycerol, lactose and acetate analysis by HPLC

Glycerol, lactose and acetate concentrations were
determined via high pressure liquid chromatography
(HPLC). Samples of fermentation broth, 1 mL, were
centrifuged at 13,000 rpm for 5 min, and the superna-
tant filtered using a 0.22-pm filter (Sigma-Aldrich,
Dorset, UK). Glycerol, lactose and acetate in each
sample were separated with an Aminex HPX-87H col-
umn (300 mmx7.8 mm) on a Summit HPLC system
(Dionex Corp., CA, USA), with 5 mM sulphuric acid as
the mobile phase. Glycerol and acetate concentration
were determined using UV detection at 215 nm and
lactose concentration was measured using a RI (refrac-
tive index) detector (Dionex Solution GmbH, Germer-
ing, Germany). The system was calibrated with known
concentrations of glycerol, lactose and acetate each time
the assay was performed.

Fab’ concentration measurement by ELISA

Fab’ concentration in the supernatant was measured by
an enzyme linked immuno assay (ELISA) following
periplasmic lysis as described in Bowering et al. [8].
ELISA plates were coated overnight with HP6045 (a
mouse antihuman monoclonal antibody supplied by
Celltech Chiroscience, Ltd.) in phosphate-buffered saline
(PBS). After washing four times with distilled water,
serial dilutions of samples and standards were per-
formed on the plate in 100 pL sample/conjugate buffer
and left to shake at 250 rpm, and room temperature for
1 h. After washing four times with dH,O (distilled wa-
ter), the revealing antibody GDI12 peroxidase (The
Binding Site, Birmingham, UK) was added and diluted
1/1,000 in sample/conjugate buffer and left to shake at
250 rpm, and room temperature for 1 h. After washing
four times with dH,O, tetramethyl benzidine (TMB)
substrate was added and the absorbance at 630 nm was
recorded using an automated plate reader. The concen-
tration of Fab’ was calculated by comparison with

Table 1 Protocol of additions to the E. coli fermentation at 20-L scale

Optical density (ODggo) Addition made Mass [W(g)] Volume [V(L)] Viotal (L)
15 Glycerol (30 g/L) 375 0.09 0.39
35 Glycerol (20 g/L) 250 0.06 0.26
40 Cations solution: (MgSO47H,0 to 443 0.055 0.12
14.4 mM and CaCl,-6H,0 to 1.7 mM) 5.2 0.065
50 Glycerol (10 g/L) and Lactose (50 g/L) 125 0.03 0.13
625 0.625 0.94
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purified Fab’ standards of the appropriate isotype. As-
says were run at least in duplicate to ensure reproducible
results.

Total protein assay

The Total protein assay was performed using a BioRad
diagnostic kit (BioRad Laboratories GmbH, Miinchen,
Germany) according to the manufacturer’s instructions.
Assays were run at least in duplicate to ensure repro-
ducible results within a range of £4%.

Experimental design

Fermentations in the two different reactor systems were
carried out:

1. Fermentation at 450-L scale without gas blending. A
single fermentation was performed to evaluate O,
levels at pilot scale using off-gas analysis.

2. Fermentation at 20-L scale without gas blending.
Experiments were performed in duplicate to evaluate
O, levels at bench scale based on off-gas analysis.

3. Fermentation at 20-L scale with gas blending. A
factorial 2% experiment [32] was performed to evalu-
ate effects and interactions of agitation rate and DOT
level on Fab’ yields and cell growth. As detailed in
Table 2, four fermentations with different O, transfer
environments were set and analysed. All fermenta-
tions were carried out in duplicate.

Statistical analysis of the results obtained was carried
using the data analysis and graphical data presentation
program MINITAB (Minitab Ltd., Coventry, UK). A
standard analysis of variance (ANOVA) was employed
to identify and quantify effect and interactions of agi-
tation rate and DOT Ilevel on the production of Fab’
fragments.

Results and discussion

Both the fermentations at 20-L and 450-L scale without
gas blending had similar initial Kja values. Overall
volumetric mass transfer coefficients (Kpa) were esti-
mated using the oxygen-balance technique, as described

Table 2 Factorial experiment 22 to evaluate the effects and inter-
actions of DOT level and agitation rate on Fab’ yields

Exp. no. A=impeller speed (rpm) B=DOT (%)
GB-1 - -
GB-2 + —
GB-3 - +
GB-4 + +

= —(500 rpm), + (1,000 rpm); B= —(30%), + (50%)

in Bailey et al. [5]. Furthermore, both fermentations
were operated under cascade control to maintain a DOT
level of 30%. Nevertheless, in both cases the DOT level
dropped close to zero before induction. By contrast in
fermentations which employed gas blending a constant
level of DOT (ca. 30%) was maintained throughout the
fermentation (see Fig. 1).

The 450-L fermentation data were only used to assess
whether a 20-fold increase in scale has an effect on the
fermentation performance. Results at 450-L scale indi-
cated total Fab’ levels of 75 mg/L, which represents
0.0018 mg of Fab’/L/g of lactose consumed. This value
was found to be ~95% less when compared to a total
Fab’ yield of 35 mg/L at 20-L scale, which represents
0.055 mg of Fab’/L/g of lactose utilised.

Results at pilot scale strengthened the hypothesis that
O, limitation could limit product formation as the cul-
ture at this scale observed longer periods with DOT
levels near to zero resulting in lower product formation
per lactose consumed than that at 20-L scale. It is con-
ceivable that the long period of O, depletion prior to
induction (ca. 10 h) may have lead to a reduction in
viable cells and this contributed to the reduced Fab’
production obtained compared to that at 20-L scale.

This study focuses on comparison of fermentations
with and without gas blending at 20-L scale to allow the
effect of gas blending on final Fab’ yield, growth kinetics
and cellular localisation of the product to be identified.
Furthermore, the effect of mixing and oxygen transfer
on biomass levels and product yields were evaluated
using a factorial design 2- . In Table 3, the performances
of these five different fermentations are summarised. As
can be seen, an increase in the production of Fab’ by
77% was achieved using a low agitation rate indepen-
dent of the DOT level. Furthermore, similar biomass
yields on glycerol (Yx/giycerol Of 0.35 £ 0.01) were ob-
served in all fermentations with and without gas blend-
ing, except GB-4 (+ rpm and + DOT) that exhibited
reduced biomass and product yields. Results suggest
that acetate levels be related to biomass yields as GB-4

0

60
poT
(%)

30

time (h)

Fig. 1 DOT profiles of Fab’ antibody fragment fermentation in a
(filled diamond) 450-L scale with no gas blending and two 20-L
scale fermentation dashed line with and solid line without gas
blending. The arrow indicates the point of induction



Table 3 Effect of agitation rate and DOT level on an E. coli fermentation performance with and without gas blending to produce Fab’ at 20-L scale

lactose Y?’/’lactose (mg/g)

Product yield on

)’(/glycerol (g/g)

Biomass yield on

glycerol

Specific oxygen uptake
rate® (mmol/g/h)

Fab’ conc.
(mg/L)

Final acetate conc.

(g/L)

Extra-cellular protein
conc. (mg/L)

DCW
(g/L)

Exp.

0.57
2.68
1.40
2.67
0.47

0.35
0.34
0.34
0.34
0.26

=N q
NN

28.3
134.0
71.2
133.5
23.7

28.8
24.6
334
234
27.6

32.0
30.7
31.0
30.6
23.5

Non-GB
GB-1
GB-2
GB-3
GB-4

ygen uptake rate after induction was used to estimate the values of specific oxygen uptake rates

A total amount of 1,125 g of glycerol was used (including initial concentration plus additions)

°A total amount of 625 g of lactose was added

Total working volume = 12.5 L
“Maximum ox

b
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observed the highest final acetate level and the lowest
maximum biomass yield. Furthermore, specific oxygen
uptake rates seem to be related to Fab’ yield as the non-
GB and GB-4 observed the lowest specific oxygen up-
take rates and the lowest Fab’ yields. The following
sections discuss each of these aspects in turn.

Effect of gas blending on biomass levelsss

A maximum specific growth rate of 0.17+0.02/h was
obtained for all fermentations with and without gas
blending. In Fig. 2a, biomass accumulation profiles of
fermentations GB-1 (—rpm and —DOT), GB-4 (+ rpm
and + DOT) and the non-GB fermentation are pre-
sented. Fermentations GB-2 and GB-3 exhibited very
similar profiles to GB-1 (results not shown). Biomass
levels of ca. 30 g/L were obtained in all

20-L fermentations except for that when the most
extreme conditions of DOT and agitation speed were
used (GB-4). For the fermentation GB-4 (+ rpm and +
DOT) the biomass levels produced were 17% lower than
the average level of all the other fermentations.

The lower level of biomass in GB-4 was unexpected
and the protein concentration was therefore measured
in the supernatant, to determine whether the reduced

a) 3

Induction

b) 60

Glycerol
concentration
(glL) &

N
o
4

time (h)

Fig. 2 Effect of gas blending on final biomass levels (a) and
glycerol uptake rates (b) in two different fermentation systems at
20-L scale (from left to right): (open circle) non-gas blending, gas
blending: (filled circle) GB-1 (—rpm, —DOT), and (filled square)
GB-4 (+rpm, +DOT). Error bars represent standard deviations of
duplicate fermentations
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biomass levels could be attributed to increased levels of
cell lysis or shear damage under conditions of high
agitation and aeration. Results presented in Table 3
showed total protein values of 25-30 mg/L were ob-
tained in supernatants of all fermentations, effectively
ruling out cell lysis as a reason for the differences in
biomass levels.

As can be seen in Table 3, GB-4 (+ rpm and + DOT)
exhibited the highest concentration of acetate at the end
of the fermentation. Although cycles of excretion and re-
consumption could be expected throughout the fermen-
tation, it is an indication that the acetate levels reached in
GB-4 most probably where higher than those of the other
fermentations. This may explain the low biomass level
achieved as it is known acetic acid leads to growth inhi-
bition of E. coli [24]. For example, it has been shown that
in glucose-feedback-controlled fed-batch fermentations,
biomass concentrations up to 30 g/L were produced
while accumulating 2 g/l of acetate. When 8 g/L of
acetate was accumulated the biomass concentration was
less than 10 g/L. The acetate level realised was strain
specific [30]. The excretion of acetate under fully aerobic
conditions was not expected because it is generally
accepted that E. coli does not produce acetate when
growing on carbon sources such as glycerol [19]. This was
explained to be an effect of the restricted substrate uptake
and the maximal uptake rate was not suppose to reach
the threshold required to trigger acetate excretion [20].
However, a study by Korz et al. [26] has shown that
acetate is produced up to 3.3 g/L in high cell density fed
batch cultures grown on glycerol. Based on their findings
the authors concluded that the critical growth rate with
regard to acetate formation is ca. 0.17/h . This was sup-
ported by the work of Macaloney et al. [31], who also
found acetate excretion in fed-batch cultures of E. coli
grown on glycerol when a critical specific growth rate was
exceeded. Since the specific growth rates obtained in all
GB and non-GB fermentations are very close to the
reported threshold value the excretion of acetic acid
during the growth phase is likely.

In order to help to explain our findings, glycerol
utilisation profiles were determined. In Fig. 2b, profiles
of fermentations GB-1 (—rpm and —DOT), GB-4 (+
rpm and + DOT) and the non-GB fermentation are
presented. Fermentations GB-2 and GB-3 exhibited
similar profiles to GB-4 and GB-1, respectively (results
not shown). Values of specific glycerol uptake rate could
not be estimated due to the substrate oscillations related
to the batch-fed feeding strategy. Nevertheless, it is
noticeable that a twofold higher glycerol level at the time
of induction could be seen in the fermentations with high
agitation rate (GB-2 and GB-4) compared to the fer-
mentations with low agitation rate (GB-1 and GB-3).
The difference in agitation rate and therefore mass
transfer conditions could have affected the fermentation
performance with regard to glycerol utilisation and
acetate formation and thus could have caused an addi-
tional strain on the cells leading to a reduction in glyc-
erol consumption after induction. It has been reported

that acetate is produced when carbon flux exceeds the
biosynthetic demands of the capacity for energy gener-
ation within the cell in a glucose-based system [12, 27,
37]. Therefore, a similar phenomenon in this glycerol-
based system could have occurred and the carbon flux
was exceeded in GB-2 and GB-4 due to the high mass
transfer as a result of the higher agitation rate. On the
other hand, Table 3 shows that the final acetate level in
the non-GB fermentation was similar to that observed in
GB-2 despite using gas blending. Furthermore, the
acetate level in GB-2 was 47% lower than that in GB-4.
This last result suggests that oxygen has a significant
effect on acetate formation, as the main difference be-
tween GB-2 and GB-4 is the DOT level.

It is known that high concentrations of oxygen can be
toxic, highly reactive and can spontaneously cause un-
wanted oxidation reactions within the cell [29]. On the
other hand, levels up to 100% air saturation in E. coli
fermentations using DOT control have been reported
with no inhibitory effect on biomass formation [28]. All
fermentations in this work used oxygen levels up to 90%
air saturation to maintain a constant DOT of 30% or
50%. Nevertheless, GB-4 (+ rpm and + DOT) ob-
served the highest concentrations of dissolved oxygen at
the highest agitation rate. It has been found that the
catabolic activities of E. coli are affected by the actual
oxygen availability per unit of biomass rather than by
the residual dissolved oxygen concentration of the cul-
ture [1]. Therefore, as GB-4 was the culture with highest
DOT level at the highest agitation rate, it is speculated
that toxic concentrations of oxygen in the cell could have
been reached in this culture due to high transfer rates of
O,. For example, oxygen enriched E. coli batch cultures
showed that an increase of oxygen supply decreased both
the glucose based biomass yield and maximum specific
growth rate in addition to increasing excretion of the by-
product acetate [34]. It was only hypothesised that the
intermediates produced as a result of the reduction of an
oxygen molecule were themselves toxic. Further work is
needed to evaluate whether similar behaviour is observed
when glycerol is used as the main C-source and a
mechanistic explanation can be proposed.

Effect of gas blending on Fab’ production

In this system, lactose acts as inducer of product for-
mation and therefore a reduction of growth is expected
due to the switch of metabolism to product expression
leading to a redirection of carbon and energy away from
cell growth and towards product formation. Results
shown in Fig. 3 indicate the switch of metabolism after
induction based on the pH profiles. A pH increase in the
culture broth is likely due to the consumption of amino
acids for energy generation and the production of
ammonia ions associated with the proton symport for
lactose uptake [39]. As cells adapted to lactose metabo-
lism, medium pH dropped again. Fermentation GB-4
observed the latest switch of metabolism (~40 h),
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Fig. 3 Effect of gas blending on metabolic switch from glycerol to lactose based on pH profiles in two different fermentation systems at 20-
L scale with gas blending (GB) and without gas blending (non-GB): a GB-1 (—rpm, —DOT); b GB-2 (+rpm, —DOT); ¢ GB-3 (—rpm,

+DOT); d GB-4 (+rpm, +DOT); and e non-GB

possibly due to the effect of the high glycerol concen-
tration on lactose consumption. It has been shown that
excessive uptake of carbon sources such as glycerol or
lactose can be deleterious to E. coli cells as a consequence
of the formation of high levels of the toxic compound
methylglyoxal in the case of glycerol or due to the col-
lapse of the proton motive force when exposed to high
levels of lactose [13, 21]. The deleterious effects of both
glycerol and lactose are in agreement with the low levels
of Fab’ seen in fermentation GB-2 and GB-4 and the
high levels of GB-1 and GB-3 (these fermentation ob-
served low levels of glycerol at the point of induction).
Nevertheless, fermentation GB-2 observed a similar high
level of glycerol at the point of induction, but the time of
switch of metabolism was similar to that of the other

fermentations. This suggests again that the effect of
oxygen available to the cell is relevant as the main dif-
ference between GB-2 and GB-4 is the DOT level.
After induction, cell growth and metabolic activity
are often influenced by the on-going expression of re-
combinant proteins within the cell [3, 4, 33]. This met-
abolic activity could be related to respiratory data such
as RQ values and specific oxygen uptake rates. For
example, values of RQ were in agreement with the
switch of metabolism. A switch of RQ fromca. 0.7 to 1.0
was observed at the same time as that of the pH peak in
all fermentations. Furthermore, when comparing spe-
cific oxygen uptake rates obtained from off-gas analysis
during the induction period (see Table 3), values of 3
and 4 mmol/g/h for the non-GB and GB-4 fermenta-
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Table 4 Specific Fab’ titres and the proportion of periplasmic expression as functions of scale and application of gas blending in three
different fermentation systems: 20 L without gas blending, 20 L gas blending from run one to four according to the 2> factorial DoE (see

Table 1)
Fermentation Fab’ titres (mgFab’/gDCW) Retention in periplasm (%)
Periplasm Extracellular Total
20 L without gas blending 0.9 0.7 1.6 56
GB-1 44 0.6 5.0 88
GB-2 1.9 0.4 2.3 84
GB-3 4.0 0.3 44 93
GB-4 1.5 0.1 1.6 92
150 Table 5 Analysis of variance (ANOVA) to evaluate effects and
B Periplasm interactions of DOT and agitation speed on the production of Fab’
O Eytracellular at 20-L scale in a gas blending system
100 | Factor Coefficient SD 13 P
Fab A = Agitation —42.13 3.64 11.57 0.001
(mglL) B = DOT —10.95 3.64 3.01 0.057
AxB —8.62 3.64 2.37 0.099
50 [
ty is the ‘¢ test for the distribution F with three degrees-of-free-
i dom and P is the probability to test
ml E=N S -

GB-1 GB-2 GB-3 GB-4
(- rpm, - DOT) (+ rpm, -DOT) (- rpm, + DOT) (+ rpm, + DOT)

non-GB

Fig. 4 Final periplasmic and extracellular Fab’ antibody fragment
concentration in two different fermentation systems: 20-L scale
with gas blending according to the 22 factorial DoE (see Table 1),
and 20-L scale without gas blending. Error bars represent standard
deviations of duplicate fermentations

tions, respectively were determined. Both fermentations
exhibited similar low Fab’ yields. By contrast, fermen-
tations GB-1 and GB-3 that both yielded higher Fab’
titres observed values of ~10 mmol/g/h . It appears that
the higher the oxygen consumption is by the cells the
higher are metabolic activity and therefore product
formation. Nevertheless, at this point it is not possible to
determine what percentage of oxygen is related to
product metabolism as opposed to cell maintenance and
therefore further work is needed to establish if a direct
correlation between specific oxygen uptake rate and
product yield exist.

In Table 4, the effect of gas blending on product
formation is summarised. The Fab’ titres were measured
at the time of harvest (~46 h) for all fermentations.
Based on these results, a 77% increase in Fab’ yield was
achieved when comparing the gas blending system with
low agitation rate with the non-gas blending fermenta-
tion. However, it can also be suggested that high agita-
tion rate had a detrimental effect regardless of the DOT
level used in the gas blending system. In the case of the
fermentations without gas blending, the cells ran out of
oxygen after 30 h (i.e. during the induction period). In
this case, expression of Fab’ possibly occurred under
conditions of low oxygen, which might have limited
product synthesis. In terms of economics, low agitation
and low DOT (GB-1) is a less expensive system as it

requires less oxygen while obtaining similar levels of
Fab’ and biomass when compared to low agitation and
high DOT (GB-3). This will become an important con-
sideration at large-scale. Furthermore, in all gas blend-
ing fermentations, the level of periplasmic product
localisation was high, with >85% being retained in the
periplasm.

A comparison of the final volumetric Fab’ concen-
trations in Fig. 4 shows that conditions of low agitation
and low DOT (GB-1) and low agitation and high DOT
(GB-3) gave threefold higher concentrations of Fab’
compared to those of the other fermentations.

Statistical analysis

DoE methodology [32] allowed obtaining further
information towards the optimisation of this fermenta-
tion process. In Table 5, the ANOVA to evaluate the
effects and interactions of DOT and agitation speed on
Fab’ production is summarised. It can be observed, that
the effect of A (agitation speed) is significant for Fab’
titres as the P value is 0.001. This would imply that
there is 95% probability that agitation rate has a large
impact on Fab’ yield when considering experimental
error from duplicates. The effect of B (DOT) and its
interaction with A appeared to be small relative to the
main effect of A and seems to be not statistically sig-
nificant (P>0.01). Results suggest that from the two
engineering factors studied, agitation rate is the main
factor to focus on towards optimisation of this fer-
mentation process. Nevertheless, further work is needed
to evaluate different levels of agitation rate to study the
effect on Fab’ yields and by-product formation in more
detail.



Conclusions

The results reported in this work suggest a fermentation
operating strategy that employs gas blending can in-
crease Fab’ titres in bioreactor systems that are not
oxygen limited when appropriate mass transfer condi-
tions are achieved. Gas blending was successful in
maintaining constant levels of DOT at 20-L scale with a
resulting increase in the production of Fab’ of 77% at an
agitation rate of 500 rpm independent of the DOT level,
compared to operation at the same scale, but without
gas blending. In all cases, a level of product localisation
in the periplasm of 84-93% was also obtained.

An increase in Fab’ yields due to gas blending sug-
gests that protein synthesis is related to oxygen con-
sumption, whereby a constant oxygen supply at an
appropriate agitation rate supports higher product ti-
tres. Results presented here suggest an alternative ap-
proach to increase Fab’ yields. However, further work
should be carried out towards improving the feeding
strategy partly because the current batch-fed feeding
strategy leads to glycerol oscillations that might be
limiting Fab’ productivity.
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