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A B S T R A C T

Monoclonal antibody fragments (Fab) are a promising class of therapeutic agents. Fabs are aglycosylated pro-
teins and so many expression platforms have been developed including prokaryotic, yeast and mammalian cells.
However, these platforms are not equivalent in terms of cell line development and culture time, product quality
and possibly cost of production that greatly influence the success of a drug candidate’s pharmaceutical devel-
opment. This study is an assessment of the humanized Fab fragment ACT017 produced from two microorganisms
(Escherichia coli and Pichia pastoris) and one mammalian cell host (CHO). Following low scale production and
Protein L-affinity purification under generic conditions, physico-chemical and functional quality assessments
were carried out prior to economic analysis of industrial scale production using a specialized software (Biosolve,
Biopharm Services, UK). Results show higher titer production when using E. coli but associated with high het-
erogeneity of the protein content recovered in the supernatant. We also observed glycoforms of the Fab produced
from P. pastoris, while Fab secreted from CHO was the most homogeneous despite a much longer culture time
and slightly higher estimated cost of goods. This study may help inform future pharmaceutical development of
this class of therapeutic proteins.

1. Introduction

Major rapid advances in antibody engineering and biopharmaceu-
tical manufacturing have made antibodies and their derivatives the
fastest growing class of therapeutics [1,2]. However, pharmaceutical
development is not an easy task and the choice of an efficient expres-
sion platform is essential to guarantee quick and economically viable
production [3]. In regard to antibody fragments, a number of expres-
sion systems ranging from bacterial hosts to transgenic animals have
been developed but none of them is regarded as optimal [4]. Today,
prokaryotes remain the workhorse for the expression of antibody
fragments, because most do not require post-translational glycosylation
or, where this is not the case, have previously been modified to avoid
these issues [5]. E. coli K12 is the most attractive prokaryotic host, well

ahead of Gram-positive bacteria and two of the FDA approved Fabs
(certolizumab pegol and ranibizumab) are produced in E. coli [6,7].
This bacterium requires simple genetic manipulation, molecular
cloning and economical media. The recombinant protein can be ex-
ported to the periplasm via the “SEC-dependent pathway” using ap-
propriate signal sequences. Chaperones and the oxidizing environment
of the periplasm favor correct folding and disulfide bridge formation
[8]. However, expression quality may greatly vary from product to
product. Large amounts of unprocessed antibody fragments may ag-
gregate in the cytoplasm and, to a more limited extend, in the periplasm
[9]. New E. coli expression platforms which allow the secretion of fully
folded functional recombinant proteins into the culture medium have
been developed [10]. Gram quantity per liter of fermentation broth can
be achieved without requiring cell disruption and thus with lower
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amounts of contaminants and endotoxins, which often complicate the
downstream process (DSP) [11].

Yeast have been used as well for expression of biotherapeutics since
the early 1980s. Pichia pastoris has become the most popular strain for
industrial scale production because it can achieve a high biomass
concentration within a reasonable fermentation time [12]. Recently,
variants making possible strong expression even with just glycerol or
glucose as the sole carbon source outperformed conventional methanol-
inducible promoter systems [13]. In this way, the yeast expression
platform is regarded as an alternative when antibody fragments are
difficult to express in bacteria. Yeast are even more robust than E. coli.
Typical expression levels can reach 2 to 5 g L−1 after five days fer-
mentation processes in the absence of endotoxins. However, while
yeasts have a consistent glycosylation capability, the glycosylation
pattern may differ significantly from human and this is a disadvantage.
In addition, incomplete or incorrect N-terminal processing is sometimes
observed resulting in product impurities [6,14].

Today, the preferred expression systems for producing complex
multimeric proteins and glycoproteins such as whole antibody mole-
cules are mammalian cells that have glycosylation repertoires most si-
milar to humans [15]. In the biopharmaceutical industry, stably
transfected cells generated within five to seven months are the standard
procedure, due to high batch-to-batch consistency and yields [16].
Chinese hamster ovary (CHO) cells have been predominantly used for
expression of full length IgGs ahead of mouse myeloma (Sp2/O and
NSO) cells and human embryo kidney (HEK-293) cells, while em-
bryonic retinoblasts of human origin (PER.C6) are emerging as a viable
alternative [17]. Upstream processes have been optimized to reach
typical yields of 5 g L−1 within 10–15 days [18]. However, when con-
sidering antibody fragments, the advantage of mammalian cells for
expression is not obvious [19]. Up to now, two commercially available
therapeutic antibody fragments are expressed in mammalian cells,
namely idarucizumab, produced in CHO cells, and abciximab which is
generated by papain cleavage of the intact chimeric IgG produced in
Sp2/O cells.

Several less common systems, including algae, whole plants and
plant cell culture are catching up while others such as insect cells have
never experienced the expected industrial development [20]. An in-
teresting alternative platform for biopharmaceutical production is the
use of transgenic animals [21]. They are capable of authentic glyco-
sylation patterns and offer an economically feasible alternative. Several
companies are now developing this technology and several antibodies
have been produced, mainly in transgenic goats [22]. However, this
approach still remains tedious for several reasons including the risk of
transmission of infections.

Within this context, the most successful and leading expression
platforms remain E. coli, P. pastoris and CHO cells, which have proved to
be robust and efficient enough for expression of recombinant proteins
that meet all US and EEC regulatory requirements. Because selection of
a good production platform is a key issue for a commercially viable
process, here we have undertaken a case study and analytical early
assessment. An Fab fragment (ACT017) was produced under generic
conditions from the three hosts developed by Contract Research
Organization (CRO) platforms and dedicated to high scale production of
biopharmaceuticals. We carried out an early developability screen and
analyzed the purity, integrity, homogeneity and activity of the secreted
recombinant proteins. Each platform was found suitable for expression
of soluble and functionally active protein. However, quality assessment
revealed subtle differences that may have to be considered before de-
veloping a Chemistry, Manufacturing and Controls (CMC) strategy and
moving forward to human in vivo applications.

2. Materials and methods

Materials

The humanized Fab fragment ACT017 is a drug candidate dedicated
to the treatment of acute ischemic stroke and related diseases. It targets
the glycoprotein (GP) VI of human platelets and inhibits collagen-in-
duced platelet aggregation [23]. Its sequence was reported previously
[24]. ACT017 reference material was produced at NVH-Medicinal from
CHO-S cells transiently transfected with vector pBIC-PS (NVH-Medic-
inal, FR) under standard conditions and then purified using Capto L
affinity chromatography [24]. Fab fragments assessed here were pro-
duced at Contract Research Organizations (CRO) at a pre-industrial
scale by fermentation of recombinant E. coli (3 L), P. pastoris (0.4 L) or
by stably transfected pool of CHO cells (1.4 L) using proprietary signal
peptides and host preferable codons for efficient gene expression
[25–27]. Expression and secretion were carried out under generic
conditions without any upstream process optimization. Cell free media
were collected after centrifugation and filtered over 0.8/0.2 μm mem-
branes. Buffer exchange to 100mM Na-Phosphate buffer with 150mM
NaCl (PBS), pH 7.2 was carried out on a desalting column or after ex-
tensive dialysis. Samples were aliquoted and stored at −20 °C before
further blind analysis.

Recombinant GPVI-Fc comprising the extracellular domain of
human GPVI fused to human IgG1 Fc domain, was produced and pur-
ified at Syngene International Ltd (IN), after transient expression in
HEK 293-6E cells and affinity chromatography using MAbselect matrix
(GE Healthcare, 17519901) followed by a polishing chromatography on
Nuvia™ HR-S cation exchange resin (BioRad, 156051).

Methods

Protein concentration
Protein concentrations were determined after micro BCA titration

(ThermoFisher, 23235) using abciximab (Reopro®) as a standard for
calibration, since its composition matches that of ACT017 (recombinant
humanized Fab). Alternatively, the concentration of the purified Fab
was evaluated after measuring absorbance using an extinction coeffi-
cient of 1.541M−1 cm−1 at 280 nm.

Electrophoresis
Samples (0.5–4 μg/lane) were analyzed by SDS-PAGE under redu-

cing (DTT 50mM and heating for 5min at 95 °C) or non-reducing
conditions, either on a 10% PAGE homogeneous gel (Invitrogen,
NW00100BOX) or a 4–20% gradient gel (Life technologies, 25269) and
stained with Colloidal Blue Staining kit (Invitrogen, LC6025). Gels were
run at 4 °C under 200 V for 50min using running buffer (Invitrogen,
NP0001), sample buffer (Invitrogen, B0007) and molecular weight
ladders (Invitrogen, 10747-012).

Alternatively, gels were glyco-stained using the Pierce glycoprotein
staining kit (Pierce, 24562). In this case, 10 μg of proteins were loaded
onto the gel. Horseradish peroxidase (HRP) was used as positive control
and Soybean Trypsin Inhibitor (STI) as a negative control.

For Isoelectrofocusing (IEF) analysis, samples (500 ng/lane) were
analyzed on a pH 3–10 IEF protein gel (Invitrogen, EC6655 box) and
stained with colloidal blue staining kit (Invitrogen, LC6025). Gels were
run at 4 °C under successive voltages (100, 200 and 300 V) for 60min
each, using appropriate running buffers (Invitrogen, LC5300 and
LC5310), sample buffer (Invitrogen, LC5311) and standard IEF markers
(Serva, 39212;01).

Western blot
Western blotting was carried out after SDS-PAGE under reducing or

non-reducing conditions on a 4–12% PAGE gradient gel (Invitrogen,
NW0321BOX) or 4–20% gradient gel (Life technologies, 25269) and
electrical transfer onto PVDF membrane on ice for 70min at 100 V
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using a Mini trans blo cell (BioRad 170, 3930). Seeblue Plus 2 pre-
stained protein ladder was used as a molecular weight marker
(Invitrogen, LC5925). Following 1 h blocking at 37 °C in PBS buffer pH
7.2 with 0.2% Tween-20 and BSA 3%, blots were incubated 1 h at room
temperature and overnight at 4 °C in 1:20,000 mouse anti-human IgG
Fd region (ABIN, 952843) or mouse anti-human κ chain (Tebu-bio,
GTX21050) in blocking buffer. After three washes for 10min each in
PBS, Tween-20 1%, blots were incubated for 1 h at room temperature
with 1:30,000 dilution of peroxidase-conjugated affinity pure donkey
anti-mouse IgG (Jackson Immunoresearch, 715-035-151) in blocking
buffer. After three additional washes, blots were incubated with
Western blotting detection reagent (Amersham) for 10min at room
temperature.

Affinity chromatography
Recombinant Fab fragments from 50 to 100mL of clarified super-

natants were loaded onto a pre-packed Protein L (PpL) affinity chro-
matography column (GE Healthcare 17-5478-01) in PBS pH7.2. After
washing with two column volumes of PBS pH 7.2, bound proteins were
eluted with 0.1M glycine-HCl (pH 2.5–3.5) (15mL) in 1mL fractions,
and immediately neutralized with 50 μL of 1M Tris on ice. Fractions
with A280nm higher than 0.2 were pooled, extensively dialyzed against
PBS at 4 °C before being filtered through a 0.2 μm membrane. Fab
concentration was adjusted to 0.8mgmL−1. Aliquoted samples were
stored at −80 °C.

Size-exclusion high performance liquid chromatography
100 μL of PpL-purified Fabs at 0.98 AU280nm or diluted 1:2 were

analyzed by size-exclusion high pressure liquid chromatography (SEC-
HPLC) using a prepacked Superdex 75 10/300GL column calibrated
with standards from GE Healthcare. Proteins were eluted with PBS pH
7.2 at a rate of 0.5 mLmin−1 and detected with a UV recorder at
280 nm. Two injections per samples were performed.

Hydrophilic interaction liquid chromatography
Protein deglycosylation and sugar labeling were carried out using

the Glycoworks rapiFluor-MS N-Gycan kit (Waters) following the
manufacturer’s indications. Samples were analyzed by hydrophilic in-
teraction liquid chromatography using an Acquity UPLC BEH Glycan
column (Waters, ref. 186004742).

N-terminal sequencing
PpL-purified Fab preparations were submitted to 10% SDS-PAGE

electrophoresis under reducing conditions and transferred onto PVDF
membrane before being excised washed with methanol and loaded onto
a 494 Procise sequencer (Applied Biosystems) for N-terminal sequen-
cing.

UV–vis analysis
UV–vis spectra (from 220 to 350 nm) were carried out in triplicate

in order to identify the presence of aggregation/precipitation phe-
nomenon after dilution of samples in PBS pH7.2. Samples were diluted
to obtain the targeted concentration of 0.5mgmL−1 (range 0.25 to
0.74mgmL−1).

Enzyme-linked immunosorbent assay (ELISA)
For GPVI-Fc binding assay in ELISA, immunoplates were coated

with GPVI-Fc (0.2 μg/100 μL in PBS). After blocking with 1% BSA,
ACT017 reference material diluted in PBS, BSA 0,1%, Tween 20 0.05%
in a range of protein concentration from 0 to 800 μgmL−1 was in-
cubated on the coated antigen for 30min at 37 °C. Bound Fab were
detected by adding anti-human IgG (Fab specific)-peroxidase conjugate
(Sigma, A0293), using 1-Step™ Ultra TMB-ELISA (ThermoFisher,
34028) to develop. The reaction was stopped with H2SO4 2M (50 μL/
well). Absorbance was read at 450 nm. At least 3 washings with 200 μL
of the dilution buffer were performed between each intermediate step.

Each point was measured in triplicate. Titration of ACT017 was carried
out using crude samples or PpL-purified ACT017 in PBS at two dilutions
in order to be in the linear part of the titration curve.

Platelet preparation and aggregation assay
Blood from a healthy volunteer (with appropriate consent) who had

taken no medication during the previous two weeks, was drawn into
3.2% sodium citrate. Platelet-rich plasma (PRP) and platelet poor
plasma were obtained by centrifugation of the citrated blood, at
120× g for 15min and 14,000× g for 3min, respectively.

ACT017 (2.5–10 μgmL−1) was incubated for 10min at 37 °C with
160 μL of PRP. The platelets were then activated with type I collagen
1 μg/mL (Horm Kollagen, Takeda, 1130630). Platelet aggregation was
measured by turbidimetry at 37 °C under stirring conditions and re-
corded for 6min as changes in light transmission (APACT 4004, Elitech,
F).

Estimation of cost of goods manufactured per gram for GMP antibody
fragment production

BioSolve process-cost model software provides rapid analysis of the
impact of process and technology choices on manufacturing costs and
facility operations [3]. It is an Excel-based tool implemented modularly.
The cost model is driven by a process definition (including upstream,
recovery and purification operations) at its core. A sequence of unit
operations with key process parameters (e.g., yields, binding capacities,
flux rates) is defined in the model. It also captures a detailed breakdown
of unit operations into substeps with solution type/quantity, operating
time, and personnel requirements. The model computes facility
throughput, materials and consumables use, labor requirements,
cleaning requirements, waste management and plant equipment. Op-
erating costs account for both indirect/fixed costs (e.g., capital charges,
insurance, and taxes) and direct/variable costs (e.g., consumables,
materials, and labor). Key output parameters include plant pro-
ductivity, capital investment, and a bill of materials, all of which con-
tribute to the overall CoG calculation.

3. Results

Productivity under standard conditions

Here, recombinant Fab ACT017 was produced from prokaryotic,
yeast and mammalian expression systems under generic culture or fed
batch conditions with no process optimization. Culture times
(42 h–10 d) were imposed by the host cell type metabolism and time of
division, which vary greatly and generate very different biomasses
depending on the cell type, the highest being observed for P. pastoris
followed by E. coli (160 and 39 g of dry cell mass L−1). Despite the high
biomass, the supernatant recovered from microbial platforms after cell
harvesting remained fluid and not viscous (Table 1). GPVI-binding ac-
tivity was detected in each ACT17 containing supernatant, whichever
the host cell line was, but the specific activity (antigen-binding activity
per unit mass of protein) varied dramatically depending on the host,
which may be related to the presence of cell host proteins, partial de-
gradation, post-translational processing or misfolding of ACT017.

Table 1
Productivity and main features of each cell host system when secreting re-
combinant ACT017 into the culture supernatant. Sample were analyzed after
buffer exchange to PBS.

Host Cell Protein conc. g L−1

(colorimetric assay)
Titer g L−1

(ELISA/GPVI-Fc)
Culture time

E. coli 39 g L−1 7.0 0.593 42 h
P. pastoris 160 g L−1 1.8 0.631 108 h
CHO 1010 cells L−1 1.0 0.464 10 days
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Electrophoretic and Western blot analysis of the samples indicated a
major band with the expected size for well-processed ACT017 (45 kDa)
(Fig. 1). Western blotting performed with anti-κ chain antibody under
non-reducing conditions revealed an additional 25 kDa band in the
CHO supernatant likely to be free ACT017 light chain, not linked to Fd
by disulfide bridges. Finally, E. coli sample was definitely the most
heterogeneous containing many proteins differing in size, of which only
one was detected after Western blotting (Fig. 1). Electrophoresis per-
formed under reducing conditions confirmed the E. coli sample het-
erogeneity while a doublet at ∼25 kDa, with both bands in rather
equivalent amounts was observed with P. pastoris and CHO samples as
is the case with abciximab and the reference material.

Purity and integrity of the PpL-purified Fabs

ACT017 was purified from each supernatant after PpL affinity-
chromatography with no additional filtration or polishing step. No
change in A280nm before and after buffer exchange and filtration of the
elution peak was observed, indicating that no sub-visible aggregates
formed upon this process.

PpL-purified ACT017 samples were first analyzed by SDS-PAGE and
Western blot (Fig. 2). Under non-reducting conditions, after Coomassie
staining, all samples showed a major unique band of between 40 and
50 kDa corresponding to the expected Mr (48.3 kDa) of the Fab. Addi-
tional faint bands corresponding to 20–25 kDa proteins were detected
for each sample (Fig. 2A). Interestingly, a faint smear between 50 and
60 kDa was also noticed for the sample issuing from P. pastoris. Western
blotting confirmed the identity of the PpL-purified product regardless of
the type of the primary antibody used for detection (anti-κ chain or

anti-Fd) (Fig. 2C). Because the Western blot performed with the anti-κ
chain primary antibody was carried out under very sensitive conditions
and even slightly overexposed, a 25 kDa band was observed in each
sample at about the same intensity. This could be free monomeric light
chain. An additional strongly stained band that may correspond to
partial degradation products was observed in the vicinity of the Fab
fragment issued from P. pastoris and E. coli. A faint band or smear with
higher Mr for each sample was also noted. The sample issuing from
CHO cells was undoubtedly the most homogeneous (Fig. 2A–C).

SDS-PAGE under reducing conditions revealed two bands between
25 and 30 kDa, corresponding to the two polypeptide chains con-
stituting the Fab (Fig. 2B). The staining intensity of both bands was the
same indicating that the proportion between them was close to equi-
molarity. Western blotting with the anti-κ chain antibody confirmed
these observations, although an additional faint band of 49 kDa was
detected with samples produced from E. coli (Fig. 2D). Under reducing
conditions, the mouse anti-human Fd antibody (ABIN, 952843) did not
react with any protein on the membrane even with the abciximab used
as a control, which may be related to the fine specificity of this reagent
(data not shown) [28].

The isoelectrofocussing profiles of the three samples was the same,
with a single band at a pI above 8.0 which did not allow discrimination
between the Fab (pI: 8.65) and the monomeric form of the Fd, for which
the pIs as defined by the Prot-Param tool of the Expasy portal are 8.65
and 8.90 respectively (data not shown) [29]. However, no band cor-
responding to the monomeric κ chain (theoretical pI: 7.77) or to the
dimeric form of the κ chain (pI: 7.99) was observed.

Sequencing of the κ chain and Fd chains excized from the SDS-PAGE
performed under reducing conditions indicated that the N-terminal

Fig. 1. Typical expression of ACT017 from distinct cell host types under generic conditions.
A–B) Cell free media were analyzed by 4–20% SDS-PAGE under non-reducing conditions (A) or reducing conditions (B).
C–D) Western blot under non-reducing conditions using anti-κ chain (C) or anti-Fd (D) antibody.
Loading: 4 μg of protein/lane. (A) Abciximab, (R) ACT017 reference material, (E) E. coli; (P) P. pastoris, (C) CHO cells, (M) Molecular weight marker (kDa).
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sequence of the light chain of the three tested Fabs was identical to the
theoretical sequence up to the 6th residue (DIQMTQ). For the Fd, the N-
terminal sequence was determined as QVQLVQS. All together these
observations allowed confirmation of the correct cleavage of the signal
peptide for both, the κ and Fd chains, within each of the three ex-
pression systems.

Homogeneity

Submicron- aggregates by UV-Spectroscopy
The UV–vis spectra of the three PpL-purified Fab were monitored to

detect the presence of large particles. For each sample, the shape of the

spectra conformed to that of a soluble protein and confirmed that no
significant aggregation/precipitation phenomenon occured (data not
shown). In all cases, the value recorded at 320 nm, which reflects light
scattering by large aggregates present in the sample was very low
compared to the value recorded at 280 nm, the ratio A320nm/A280nm

ranging between 0.4 and 4.43%. The lowest ratio was observed for the
protein expressed in CHO cells (between 0.4 and 0.7%) and the highest
was for that expressed in E. coli (between 2.48 and 4.43%).

Nano-aggregates by SEC-HPLC
PpL-purified Fab preparations were analyzed after SE-HPLC using a

calibrated Superdex 75 10/300 GL column in order to detect aggregates

Fig. 2. PpL-purification of ACT017.
A–B) Coomassie stained 10% SDS-PAGE under non-reducing (A) or reducing (B) conditions.
C–D) Western blot after 4–12% SDS-PAGE under non-reducing (C) or reducing (D) condition using anti-kappa chain or anti-Fd primary antibody as indicated.
(E): E. coli; (P): P. pastoris; (C): CHO cells; (M) Molecular weight marker (kDa).
1 μg of proteins per lane.
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and/or degradation products of the Fab in solution (Fig. 3A). Two
elution peaks were observed for the material expressed from P. pastoris
and E. coli whereas only one peak was found for the material produced
from CHO cells. The smaller peak eluted at the retention time (RT) of
∼18min (Ve ∼9mL), corresponding to proteins with an apparent Mr
of 70–77 kDa, whereas the major peak eluted at RT ∼21min (Ve
∼10.5 mL), corresponding to proteins with an apparent Mr of
39–40 kDa. Based on these values, the first peak was expected to be a
multimeric form of the Fab (di-, tri-mer) related either to misfolding
occurring during the fermentation or an aggregation phenomenon
during the purification, such as elution in acidic condition. The second
peak was likely to be monomeric Fab. We also observed that the major
peak recorded for the material produced from E. coli showed a tailing
that could reflects some degradation by limited proteolysis of the Fab.

The profile recorded for the PpL-purified Fab produced from CHO
cells exhibited a single homogeneous and symmetric peak with a purity
being close to 100%. The elution profile was the same regardless of the
concentration of the samples loaded. The purity of the monomeric Fab
was estimated to be 96.6–96.7% for the material produced from E. coli,
whereas that produced from P. pastoris was of 83.3–83.7% and re-
mained independent of the dilution of the samples loaded.

No peak corresponding to the monomeric κ chain as revealed on
SDS-PAGE under non-reducing conditions was observed at a Mr of
24 kDa (RT ∼24mL). This is likely related to the fact that monomeric κ
chains in solution associate into non-covalent dimeric structures that
dissociate in the presence of SDS. These non-covalent dimeric structures
have rather the same shape and Mr as the Fab (48.165 and 48.31 kDa,
respectively).

Post-translational modifications
Since the enzymatic machineries of CHO cells and P. pastoris allow

glycosylation we investigated the glycosylation patterns of the Fab
samples even if no N-linked glycosylation site (Asn-X-Ser/Thr) occurs in
the ACT017 sequence. For this, SDS-PAGE under non-reducing condi-
tions was glyco-stained (Fig. 3B). As expected, no stained band was
observed for the protein produced in CHO cells or for that produced in
E. coli, using soybean trypsin inhibitor as a negative control. In contrast,
a pink colored smear between 49 and 62 kDa was observed for the
proteins produced in P. pastoris. The stained smear migrated at the same
level as that observed for the Coomassie stained SDS-PAGE (Fig. 2A)
and may correspond to nonspecific glycosylation of the Fab fragment
when produced in P. pastoris. Absence of N-glycosylation on the Fab

Fig. 3. Homogeneity and post-translational modification analysis of PpL-purified ACT017.
A) Size-exclusion chromatography. 100 μL at 0.98 AU280nm were loaded on a calibrated Superdex 75 10/300 GL column.
Elution profiles are superimposed. Expression system: CHO in green; P. pastoris in blue; E. coli in red.
The insert indicates the average percent of each peak.
B) Glyco-stained SDS-PAGE profile under non-reducing conditions. 10 μg of protein was loaded for each sample:
(M) Molecular weight marker (kDa), (C): CHO, (P): P. pastoris, (E): E. coli; (H): Horseradish peroxidase, (S): Soybean trypsin inhibitor.
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produced by CHO cells was confirmed by hydrophilic interaction liquid
chromatography in comparison with an IgG control profile (data not
shown).

Activity

First, each PpL-purified ACT017 preparation was shown to be able
to bind recombinant hGPVI-Fc in an ELISA assay, at two distinct con-
centrations, using the titration curve carried out with ACT017 reference
material, in which active Fab concentration per absorbance unit was
0.628mgmL−1 AU−1

280nm (Fig. 4A). Under these experimental condi-
tions, material from CHO cells exhibited the highest active Fab con-
centration per absorbance unit (0.700mgmL−1 AU−1

280nm) while the
concentration of active Fab in samples from E. coli and P. pastoris was
lower (0.530 and 0.491mgmL−1 AU−1

280nm, respectively).
Inhibition of collagen-induced platelet aggregation was also ana-

lyzed after pre-incubating human PRP with increasing concentrations of
ACT017 (2.5 to 10 μgmL−1) (Fig. 4B). The capacity of ACT017 to in-
hibit collagen-induced platelet aggregation was quantified on the speed
and intensity of the response. The former was very similar for each PpL-
purified ACT017 preparation and total inhibition was observed at a
concentration of 5 μgmL−1, as in the case of the reference material. The
IC50 differed slightly from one preparation to another, which may be
related to qualitative variations. These observations demonstrated that
all PpL-purified ACT017 Fab fragments were potent inhibitors of col-
lagen-induced human platelet aggregation whatever the expression
system from which they were produced.

Estimated development and cost

BioSolve software was used to compare production of ACT017 in the
three different expression systems, (Fig. 5). An assumption was made
that the same downstream steps would be used for microbial platforms
while viral removal steps (virus inactivation and virus filtration) would
be added to the treatment of samples from CHO, as requested by the
authorities. The process sequence is depicted in Fig. 5A for the three
systems.

E. coli production is a fed-batch mode, with one batch mode seed
fermentations steps. The medium used is a typical glucose-based mi-
neral salt medium commonly used for E. coli fermentation. The pro-
duction medium has the same base format with higher concentration of
additives. Target protein production is induced by isopropyl β-D-1-
thiogalactopyranoside. The expressed proteins are secreted into the
medium. No homogenization, centrifugation or refolding steps are re-
quired. In regard to the contaminant levels we observed here in the low
scale pilot study, the overall process yield for this base case of E. coli is
conservatively estimated at 50%.

P. pastoris production is a fed-batch fermentation with glycerol and
methanol feeds with one batch mode seed fermentation. The seed
medium is a buffered minimum glycerol medium solution and the main
production medium is a fermentation basal salts medium with some
mineral trace elements. The feeds are a 50% w/v glycerol solution and a
100% w/v methanol solution with additives. Overall downstream
processing is the same as for E. coli. However, the overall yield of 70% is
higher than E. coli, due to the heterogeneity of the harvested material
observed in our pilot small-scale study (Fig. 1).

Fig. 4. Functional characterization of PpL-purified ACT017.
A) Isotherm binding curve of ACT017 reference material to immobilized GPVI-Fc. The insert shows the concenration of active ACT017 in PpL-purified ACT017
produced from E. coli (E), P. pastoris (P) and CHO cells (C) as deduced from the standard curve. Results are mean ± SD from two independent experiments each point
being measured in triplicate.
B) Inhibition of collagen-induced human platelet aggregation. Residual aggregation intensity (upper graph) and residual velocity (lower graph). The results are from
one representative experiment.
PpL – purified ACT017 produced from E. coli (purple), P. pastoris (green), CHO cells (blue) and ACT017 reference material (red).
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Fig. 5. Cost of Goods evaluation.
A) Unit operation cost breakdown.
SF: Seed fermentation, n-2S: first seed expansion; n-1S: second seed expansion; Prod: Production; DF:Depth filtration; Capt: PpL-capture; VirIn: Viral inactivation;
CIEX: Cation exchange chromatography; AIEX: Anion exchange chromatography; VirFi: Viral filtration; UF/DF: Ultra- and Dia-filtration; Fil: Filtration 0.45 μm.
B) Typical cost categories.
C) Cost distribution in percentages.
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The mammalian process begins with a fed batch culture, with two
seed bioreactors operated in batch mode. Both the growth and pro-
duction media are serum free but contain a supplement of nutrients,
growth factors and hormones. The feeds are glucose and glutamine
solutions. The harvest steps are centrifugation and depth filtration.
Purification process is similar to microbial cells except that a virus in-
activation is added before cation exchange chromatography and fol-
lowed by a viral filtration step. The overall process yield is 70% because
the purity of the harvested material is quite similar to the one derived
from P. pastoris.

In evaluating a theoretical CoG, we hypothesized a constant annual
requirement for 150 kg of ACT017, in line with our market needs, and a
conservative product titer of 2 g L−1 within each of the three expression
systems. Based on the productivity and the purity of the samples ana-
lyzed in the low-scale study, we assumed a final industrial yield of 50%
for E. coli versus 70% for both P. pastoris and CHO. Under these, con-
ditions, the yeast expression system is the most cost effective with a
CoG of 96€/g. The E. coli system is marginally more expensive (105€/g)
whereas the mammalian system is the most expensive of the three
(119€/g), but remains within the range of the P. pastoris and E. coli
platforms (Fig. 5B–C).

4. Discussion

Time and intrinsic cost of goods are currently considered by modern
management to be of the utmost importance in the pharmaceutical
development of biodrug candidates. This problem is exacerbated by
market access changes and the healthcare reforms promulgated by
governments to contain their healthcare expenditures [30]. However,
clear quality differences may be observed among all the existing ex-
pression platforms, not only in terms of yield of production, but also in
terms of protein processing and aggregation propensity, with potential
deleterious consequences. This point must not be an afterthought and
has to be explored empirically. Indeed, any change in manufacturing is
definitely detrimental, once a product candidate has successfully pro-
gressed towards clinical testing [31].

Each of the three leading expression platforms benchmarked al-
lowed successful secretion of ACT017 as a soluble covalent hetero-
dimeric protein with appropriate folding and antigen-binding function,
with a slightly better specific antigen-binding activity for CHO derived
PpL-purified ACT017. Both light chain and Fd chain were correctly
processed and the signal sequences used for extracellular expression
were all removed regardless of the expression system. However, the
early quality control implemented here also allowed us to observe
subtle differences between E. coli, P. pastoris and CHO platforms that
must be considered prior to developing an acceptable cost-effective,
risk-based CMC regulatory compliance strategy for manufacturing.

Even if the protein materials of this case study were produced under
routine conditions without further optimizations of specific pro-
ductivity, the results observed demonstrated the superiority of E. coli in
terms of cultivation time and volumetric productivity (14mg L−1 h−1)
compared to P. pastoris (6mg L−1 h−1) and CHO (2mg L−1 h−1), as
deduced from data listed in Table 1. In addition to a quick strain de-
velopment duration and low medium cost, this feature could be seen as
an advantage. However, higher amounts of impurities and degradation
products were also observed as compared to P. pastoris and CHO, in-
dicating that optimization of downstream processes may be more
complex and laborious. The use of alternative resins such as KappaSe-
lect®, a recombinant protein with affinity for antibody light chain
constant domain, or CaptureSelect® (an anti-CH1 VHH), did not enable
us to improve ACT017 recovery or host cell protein removal (data not
shown). We did not investigate non-affinity processes and multimodal
chromatography because they are usually considered to be still asso-
ciated to disappointing outcomes [32,33].

We investigated the glycosylation of the recombinant ACT017 be-
cause the presence of glycans can affect the quality of the product and

impact its biological activity, clearance rate and immunogenicity
[5,6,34]. This point was not an issue for ACT017 expressed in bacteria
since E. coli lacks N-glycosylation machinery. Conversely, when ex-
pression was carried out in yeast, glycosylated variants that increased
the Mr of the whole aglycosylated protein were detected after glyco-
staining, while no glyco-isoforms were detected in samples from CHO
cells. We considered that glycosylation negatively impacts the quality
of the product since ACT017 is an aglycosylated protein and, even more
importantly, because the glycosylation profile in P. pastoris is far from
human-type. P. pastoris N-glycans are rich in mannose structures likely
to exhibit high immunogenicity in humans [35–37]. These modifica-
tions could definitely hamper downstream processing and further op-
timization is required. Protocols have now emerged using P. pastoris
mutants, new vector technologies that allow humanization of the gly-
cosylation pathway in P. pastoris [38–40]. Alternatively, more adapted
media formulations and feeding strategies could be defined to decrease
the amount of glyco-isoforms synthesized [41]. In addition, purification
processes could be improved to remove glycoforms. However, all these
strategies are time consuming and remain unproven options.

Another point of major concern when implementing an expression
system is the propensity of the recombinant protein to form aggregates
[42]. Here, we used SEC-HPLC, considered as one of the primary ana-
lytical techniques to characterize proteins and their non-particulate
aggregates in pharmaceutical products [43,44]. Due to its fairly good
resolution, SEC-HPLC allows identification of soluble aggregates in-
cluding reversible or irreversible non-covalent oligomers and can also
contribute to confirming the presence of degradation products and
other contaminants within a short time and reproducible manner. The
ACT017 preparation derived from CHO cells showed superior perfor-
mance with no oligomers and no degradation products detected in the
chromatography record. Material produced by microbial expression
systems was much more heterogeneous with an additional peak cor-
responding to multimers and, in the case of E. coli, a major peak ex-
hibiting tailing that could be related to degradation products or mis-
folded recombinant protein. All these differences of profile are unlikely
to be related to hydrophobic spots that could have been generated
during the humanization process of ACT017, because all the proteins
produced here have the same amino acid sequence and were analyzed
under the same conditions in terms of concentration, buffer and tem-
perature, after a unique freeze/thaw cycle. The differences observed are
more likely to be related to the production and secretion pathways of E.
coli and P. pastoris which differ from mammalian cells [38].

When using the “SEC-dependent pathway” in E. coli, as was the case
here, proteins of high complexity, having disulfide bonds, are better
secreted and folded at a low production rate. Product formation rate
and secretion must be well-balanced, otherwise the neo-synthesized
protein accumulates before being folded and then has a tendency to
aggregate. Here, signal peptides play a pivotal role in governing se-
cretion efficiency, while the transcriptional rate is more dependent on
the promoter system, the induction mode and fermentation conditions.
In addition to the SEC-dependent pathway, two other pathways have
been considered for antibody secretion. The SRP (Signal Recognition
Particle) was successfully used for periplasmic expression of soluble
scFvs and antibody mimetics (DARPins), but how this strategy can be
extended to other antibody fragments remains to be explored [45].
Finally, the TAT (Twin-Arginine Translocation) pathway enables
translocation of folded protein but only in E. coli mutants where the
cytoplasm is oxidative. These host cells have not yet reached industrial
development [38,46].

When developing a new drug, it is worthwhile not only to select an
adequate production process that preserves product quality and safety,
but also to measure the associated manufacturing cost very early on,
because all changes in process development will compromise access to
the market [3,47,48]. At this stage, the estimated CoGs remain theo-
retical, but clearly demonstrate that the three expression systems could
be operated at an industrial scale as all are in the same range. However,
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the cost model configured as modules also allowed us to point out
substantial differences in the allocation of costs. The CHO platform is by
far the most expensive in terms of capital and consumables and this
assessment is supported by consistent data and field tests of the tech-
nology. Conversely, developing a process using E. coli or, to a lesser
extent, P. pastoris, platforms may require high labor costs and addi-
tional processing steps to prevent heterogeneity, proteolysis and hy-
perglycosylation. This point is crucial in order to minimize quality risks,
but it is difficult to predict how much it could adversely affect cost and
time development. The considerable degree of contingency that re-
mains when moving from small-scale process models to industrial
production should lead us to consider appropriate confidence limits of
−20 to +40% costs. Therefore, it is hardly possible make a choice on
this theoretical criterion alone.

Here, we have demonstrated clearly that all three expression plat-
forms (E. coli, P. pastoris and CHO) allow recovery of an active Fab
fragment without requiring a long and tedious refolding process. In
addition the expected CoG does not dramatically vary from one ex-
pression system to another. However, we observed differences between
each product in terms of homogeneity, which highlight the relevance of
small-scale process models and first line quality controls prior to the
conception of an industrial development. Such a strategy should un-
doubtedly help in derisking an expensive step in biopharmaceutical
development and contribute to maintainance of product quality and
safety.
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